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Researches focusing on shock and vibration in the deep
mining environment have rapidly increased in recent years
because of the exhaustion of shallow mineral resources and
the dramatic increase of destructive hazards induced by
intensive deep mining. "ese challenging issues require
researchers to investigate the generation, characteristics, and
mechanisms of shock and vibration in deep mining from
multiple aspects through different research techniques, as
well as to explore feasible solutions to establish a solid
foundation for safe and efficient deep mining.

"is special issue collects two review articles, where one
comprehensively summarizes the damage and failure
mechanism of rock under combined multiple strain rates as
well as its numerical simulation and another reviews some
developments for microseismic/acoustic emission (AE)
source localization. Besides, this special issue also collects
thirty-one original research contributions that present re-
cent advances about shock and vibration in deep mining
science by applying theoretical analysis, numerical simula-
tion, laboratory experiments, field tests, and some coupled
research techniques. "e collection of papers with different
research interests evidently points to the need for com-
munication among these researches. It is hopeful that this
special issue will help the dialog to fruition and access in-
sights into directions for future research.

W. Zhu et al. in the review article entitled “Numerical
Simulation on Damage and Failure Mechanism of Rock
under CombinedMultiple Strain Rates” reviewed the state of
the art of rock damage and failure under different strain
rates, summarized the corresponding numerical models, and

presented some numerical examples to provide insights into
the rock failure mechanism. "e review article by L. Dong
et al. entitled “Some Developments and New Insights for
Microseismic/Acoustic Emission Source Localization” pre-
sented the MS/AE source localization methods used in the
dynamic mining environment, and some novel perspectives
were proposed for improving location accuracy considering
different engineering backgrounds.

"e theoretical analysis is mainly applied in six papers,
where four papers proposed new methods for effectively
analyzing mine seismicity and two papers focused on the
damage mechanisms of rock/coal mass. "e paper entitled
“A Nonparametric Method for Automatic Denoising of
Microseismic Data” by P. Peng and L. Wang proposed a
nonparametric automatic denoising method for microseis-
mic data that consists of three major steps. Z. Zhou et al. in
the paper entitled “Discrimination of Rock Fracture and
Blast Events Based on Signal Complexity and Machine
Learning” developed a new method for discriminating rock
fracture and blast events by combining signal complexity
and machine learning. "e paper by M. Zhang et al. entitled
“Focus Energy Determination of Mining Microseisms Using
Residual Seismic Wave Attenuation in Deep Coal Mining”
presented a method to determine the microseismic focus
energy based on the energy attenuation characteristics of
residual waves in deep rock. "e paper by B. Li et al. entitled
“Discriminant Model of Coal Mining Microseismic and
Blasting Signals Based on Waveform Characteristics”
established a discriminant model for coal mining MS and
blasting signals by using the Fisher linear discriminant
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method. Combined with synthetic datasets and filed data-
sets, the methods proposed by the above four papers showed
good performances regarding their research issues. In ad-
dition, Y. Wang et al. in the paper entitled “Blast Induced
Crack Propagation and Damage Accumulation in Rock
Mass Containing Initial Damage” researched the effect of
small blasthole diameter blast on crack propagation and
damage accumulation in water-bearing rock mass con-
taining initial damage. "e paper by F. Li et al. entitled “"e
Dynamic Damage Mechanisms and Failure Modes of Coal-
Rock Masses under the Action of High Order P-Waves”
obtained a cylindrical wave propagation frequency equation
and established a dynamic calculation model for the radial,
axial, and shear stresses under high order P-waves.

Four papers mainly applied the numerical simulation to
reveal the fracture propagation and mechanics responses
during the mining process. "e paper entitled “Adaptive
Finite Element-Discrete Element Analysis for Microseismic
Modelling of Hydraulic Fracture Propagation of Perforation
in HorizontalWell considering Pre-Existing Fractures” by Y.
Wang et al. utilized the adaptive finite element-discrete
element method to identify the fracture propagation and
investigate microseismic modelling. D. Bing et al. in the
paper entitled “A Numerical Research on Crack Process of
Gypsum Containing Single Flaw with Different Angle and
Length in Uniaxial Loading” investigated the crack behavior
of rock or rock-like materials in uniaxial loading. Addi-
tionally, the responses of the roadheader’s body during the
horizontal cutting process are analyzed in the paper by K.
Zong et al. entitled “Multifactor Analysis of Roadheader’s
Body Pose Responses during the Horizontal Cutting Pro-
cess.” Similarly, the paper by M. Zhang et al. analyzed the
vibration of the roadheader rotary table through the finite-
element numerical simulation method.

"e laboratory experiment is an effective method for
exploring the behavior of rock mass and its characteristics
under different engineering backgrounds. "is special issue
collects sixteen original contributions that take the labora-
tory experiment as a main research technique. To be specific,
Z. Wu et al. in the paper “Experimental Study on the Stress
Sensitivity and Influence Factors of Shale under Varying
Stress” investigated the relationships between the shale
porosity and permeability and the effective stress, as well as
analyzed the stress sensitivity of shale. "e paper by L. Chen
et al. entitled “Laboratory Testing on Energy Absorption of
High-Damping Rubber in a New Bolt for Preventing
Rockburst in Deep Hard Rock Mass” presented a series of
impact experiments used to analyze the practicability and
obtain the quantified behaviors of a new energy-absorbing
bolt. "e paper by H. Wang et al. entitled “Experimental
Study on Acoustic Emission ofWeakly Cemented Sandstone
considering Bedding Angle” investigated the AE charac-
teristics of bedding sandstone by using the influencing
mechanism of bedding angle on characteristics, spatial
distribution, and b value changes of AE activity. Q. Zhu et al.
in the paper entitled “An Experimental Investigation on the
Relationship betweenMS Frequency Response and Coal and
Gas Outburst” obtained the characteristics of MS activity
and typical signals CGOB. F. Gong et al. in the paper entitled

“"e Effect of High Loading Rate on the Behavior and
Mechanical Properties of Coal-Rock Combined Body”
conducted the dynamic compressive tests for the coal-rock
combined body by using the SHPB system under different
high loading rates. "e paper entitled “"e Mechanical and
Fracturing of Rockburst in Tunnel and Its Acoustic Emission
Characteristics” by X. Liu et al. utilized a biaxial loading
experiment system to investigate the influence of tectonic
stress on rockburst in a tunnel. "e paper entitled “MEMS
Inertial Sensor for Strata Stability Monitoring in Un-
derground Mining: An Experimental Study” by K. Zhang
et al. redeveloped an inertial MEMS sensor module to in-
vestigate the fracture and deformation characteristics of the
strata in underground mining. W. Wang et al. in the paper
entitled “Strength and Failure Characteristics of Natural and
Water-Saturated Coal Specimens under Static and Dynamic
Loads” conducted comparative tests of coal specimens
containing different water content under static and static-
dynamic loading through SHPB and RMT-150C test sys-
tems. "e paper by F. Zhao et al. entitled “Research on
Acoustic Emission and Electromagnetic Emission Charac-
teristics of Rock Fragmentation at Different Loading Rates”
investigated the relationships among the generation of
acoustic emission, electromagnetic emission, and the frac-
ture stress of rock grain. D. Bian et al. in the paper entitled
“Rock Fracturing under Pulsed Discharge Homenergic
Water Shock Waves with Variable Characteristics and
Combination Forms” modeled crack propagation of rocks
under homenergic water shock waves (HWSW) with dif-
ferent characteristics and combination forms using a
combination of experimental analysis and numerical sim-
ulation. "e paper entitled “Dynamic Mechanical Behavior
of Dry and Water Saturated Igneous Rock with Acoustic
Emission Monitoring” by J. Guo et al. showed the uniaxial
cyclic loading tests that are aimed at studying themechanical
behavior of dry and water saturated igneous rocks with
acoustic emission (AE) monitoring. J. Zhang in the paper
entitled “Investigation of Relation between Fracture Scale
and Acoustic Emission Time-Frequency Parameters in
Rocks” investigated the relation between fracture scale and
AE time-frequency parameters in rocks through granite
uniaxial compression. B. Zhao et al. in the paper entitled
“Mechanical Behavior of Red Sandstone under Incremental
Uniaxial Cyclical Compressive and Tensile Loading” in-
vestigated the short-term and creep mechanical behavior of
red sandstone under incremental cyclic compressive and
tensile loading. "e paper entitled “Nonlinear Dynamics
Mechanism of Rock Burst Induced by the Instability of the
Layer-Crack Plate Structure in the Coal Wall in Deep Coal
Mining” by Y. Chen et al. revealed the formation and in-
stability processes of the layer-crack plate structure in the
coal wall through experiments. S. H. Li et al. in the paper
entitled “Constant Strain Rate Uniaxial Compression of
Green Sandstone during SHPB Tests Driven by Pendulum
Hammer” conducted the SHPB tests driven by a pendulum
hammer and analyzed the effect of hammer geometry on the
waveform of excited incident stress waves. "e paper by M.
Li et al. entitled “Effects of Heating Rate on the Dynamic
Tensile Mechanical Properties of Coal Sandstone during
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"ermal Treatment” reported the effects of thermal condi-
tions on the physical andmechanical properties of sandstone
by performing dynamic Brazilian disk tests and SHPB tests.
In particular, the paper by X. Lou et al. entitled “"eoretical
Calculation and Experimental Analysis on Initial Shock
Pressure of Borehole Wall under Axial Decoupled Charge”
combined the theoretical analysis, laboratory experiment,
and numerical simulation to calculate the exact initial shock
pressure of the borehole wall induced by blasting with axially
decoupled charge.

"e field test can provide intuitive visual cognitions and
feasible solutions for engineering problems, which is mainly
applied in four papers collected in this special issue. C.-W.
Lee et al. in the paper entitled “Full-Scale Tests for Assessing
Blasting-Induced Vibration and Noise” predicted blasting-
induced vibration through the full-scale blasting test. "e
paper by Z. Tao et al. entitled “Analysis of the Critical Safety
"ickness for Pretreatment of Mined-Out Areas Underlying
the Final Slopes of Open-Pit Mines and the Effects of
Treatment” clarified the instability mode and failure char-
acteristics of an open-pit slope near a mined-out area in
China using the geological field survey and the polar ste-
reographic projection method. G. Liu et al. in the paper
entitled “Investigation into Mechanism of Floor Dynamic
Rupture by Evolution Characteristics of Stress and Mine
Tremors: A Case Study in Guojiahe Coal Mine, China”
explored the mechanism of floor dynamic rupture by re-
solving the 3D location of mine tremors and seismic
computed tomography. D. Yang et al. designed and de-
veloped an environmentally friendly blast hole plug for
underground coal mines that can prevent premature det-
onation gas emissions and improve the effect of rock blasting
in the paper entitled “Application and Development of an
Environmentally Friendly Blast Hole Plug for Underground
Coal Mines”.

We believe that this special issue will be useful for re-
searchers and practitioners working in the broad rock en-
gineering and underground engineering.
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*e purpose of this review is to discuss the development of the methods in microseismic/acoustic emission (AE) source lo-
calization and detail the principles of the mainly developed methods. *e important applications of the microseismic/AE in
engineering practice and the history of the source localization (from the initial Geiger method of localization to the later double-
difference method) are introduced briefly in the beginning of the review.*e factors that influence the accuracy of source locating
are discussed in Section 2 to provide references on how to improve the accuracy of the localization methods. *en, the main
localization methods in the history of the source and AE research have been classified into four parts (i.e., the localization methods
for single event, the joint inversion methods, the relative localization methods, and the localization methods in spatial domain);
each part is extended and systematically reviewed, respectively, from Sections 3 to 6, where the merit and demerit of the methods
are discussed. Finally, a brief summary and some aspects of prospective research are presented.

1. Introduction

Seismic source localization is one of the most classic and
fundamental problems in seismology, and it is of great
significance for researching the basic problems of seismol-
ogy and rock mechanics (e.g., the structure of seismic ac-
tivity, the internal structure of the Earth, the geometry
structure of the seismic source, the response of microseismic
to the rock mass, rock support under seismic loads, and the
evolution of energy in the rock mass) [1–6]. Furthermore,
fast and accurate source locating is also crucial for rescue and
relief work after the earthquake disaster and mine earth-
quake. *e localization methods were also widely applied to
the location of microseismic sources in mines, defects in
materials, and AE sources of indoor experiments [7–9],
which can effectively analyze the evolution law of the high
stress area and explore the propagation of material cracks
[10, 11]. *erefore, fruitful results have been achieved in the
field of microseismic/AE source localization, and a series of
effective localization methods have been developed.

Due to the limitation of experimental equipment and
computational tools, the generally used method to locate the

sources in the early days was the geometry graphing method
which confined the dissemination of the microseismic/AE
technique. *e application and optimization of microseis-
mic/AE source localization methods have been advanced
greatly as a result of the rapid development of the computer
technology (e.g., the Geiger localization method was pro-
posed in 1910 [12, 13], but it was not widely used for source
locating until the 1970s [14]). Meanwhile, new localization
methods (e.g., HYPOINVERSE [15], HYPOCENTER [16],
simplex method [17], genetic algorithm [18], joint inversion
methods [19–21], and double-difference localization method
[22]) have gradually emerged, of which the mainly used
methods are detailed in this paper.

*is review is arranged in seven sections: After the “In-
troduction,” the factors influencing the locating accuracy are
discussed in Section 2 to provide references for improving the
accuracy of the localization methods. Four groups of locali-
zationmethods are critically assessed from Sections 3 to 6.*e
localization methods for a single event, including analytical
methods, linear iterative methods (Geiger method and its
optimized methods), and nonlinear methods, are reviewed in
Section 3, followed by the joint inversionmethods in Section 4
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where the methods considering the correction of station and
velocity structure are discussed to reduce the effects caused by
the error of P-wave picking and the velocity structure model.
*en, the relative localization methods for earthquake swarm
are reviewed, and the principle of the methods is presented.
*e localization methods in spatial domain are briefly
reviewed in Section 6. Finally, a brief summary and some
perspectives are presented.

*e objective of this review paper is to (1) reveal the
factors influencing the locating accuracy; (2) detail the merit
and demerit of different localization methods; (3) provide
some proposal to improve the location accuracy; and (4)
discuss the current challenges facing the field of micro-
seismic/AE source localization.

2. Factors Influencing the Locating Accuracy

All the microseismic/AE source localization methods follow
the basic distance-time constraints and can be expressed as

t− t0 � 
1

v(s)
ds, (1)

where t is the moment when the sensor receives the signal, t0
is the time when the event happens, s is the wave propagation
path from the source to sensor, and v(s) is the wave velocity
on the propagation path which is a path-dependent function.
Each localization method is based on these constraint
conditions using a variety of algorithms to obtain the source
coordinate values. *e error of calculated ∆t can be written
as a function as follows:

E(Δt) � f EA + EV + EMth( , (2)

where EV, EA, and EMth are the errors caused by the arrivals,
velocity, and methods employed and E(Δt) is the total error
in the locating system. It can be seen from the formula that
the determination of the arrival time, the wave velocity, and
the localization algorithm is crucial to the locating result.
*e impact of these factors is analyzed as follows.

2.1. Noise. *e microseismic signal is usually of small
magnitude, which is different from the normal earthquake
signal. In this case, the background noise signal can greatly
affect the waveform of the microseismic signal and decrease
the utility of the microseismic data. *erefore, it is extremely
essential to preprocess the microseismic signal to separate the
noise from the microseismic signal [23]. Forghani-Arani et al.
[24] suppressed surface-wave noise in microseismic data by
conducting signal-noise separation in the τ-p domain. Due to
the distinct characteristics that microseismic signal and noise
show in the τ-p domain, the noise can be separated from the
microseismic signal. Chen [25] proposed an algorithm which
uses the least squares inversion method to decompose the
signal into a set of components; then, the noise can be filtered
out based on the predictive property of the microseismic
event along the time direction. Furthermore, the methods
using mathematical morphology to detect the microseismic
signal were also proposed by Huang et al. [26] and Li et al.
[27, 28], which decompose data set into multiscale compo-
nents and obtain more information by detecting more waves.

Dong et al. [29] proposed two indicators using the origin time
of blasts and established some discriminant models of blasts
and seismic events in mine seismology, which has a rea-
sonably good discriminating performance for classifying
between events and blasts in mines.

2.2. P-WaveArrivals. *e arrival data of the P-wave reaching
the sensor are widely used to locate the microseismic/AE
sources. Picking the arrivals of the P-wave triggered by events
is the most fundamental and important step in source lo-
calization. Moreover, the impact of the error arrivals on lo-
calization results cannot be eliminated by algorithms. At
present, the widely used identification method is STA/LTA
algorithm [30–32].*e principle of this algorithm is to use the
ratio of short-term signal average to long-term average to
reflect the change of signal amplitude and energy. Gibbons
and Ringdal [33] proposed the arrival identification method
of P-wave based on the cross-correlation technique and used
the RAM seismogram method to determine the P-wave ar-
rivals. Based on DWT and STA/LTA methods, Li et al. [34]
used the kurtosis (WS/LK) method to pick up P-wave arrivals
precisely and automatically. *is method can accurately
identify P-wave signals in the presence of noise, with 97.5%
events identification accuracy within 15ms. Taken together,
the accuracy of arrival-time picking up is the crucial basis for
precise source localization, and the improvement of the ar-
rival pick-up method greatly enhances the efficiency and
accuracy of source localization. Furthermore, with the de-
velopment of machine learning algorithms, the picking
methods using machine learning algorithm were proposed
[35, 36], which can pick the arrivals automatically even in the
case of moderately strong background noise.

2.3. P-Wave Velocity. *e impact of velocity can be con-
sidered as two aspects, one is the simplification of the ve-
locity structure and the other is the impact of P-wave
velocity measurement. For most of the localization methods,
the velocity structure is assumed to be a constant and the
propagation path of the P-wave also becomes a straight line;
then, equation (1) can be written as

t− t0 �

��������������������������

x− x0( 
2

+ y−y0( 
2

+ z− z0( 
2



v
, (3)

where (x, y, z) are the coordinates of the sensors and
(x0, y0, z0) are the coordinates of the source. It is obvious
that the simplification of velocity structure can lead to a huge
error while the velocity structure is complex.

*e premeasured P-wave velocity is generally used in
many source localization methods. In practical application,
the P-wave velocity is usually measured by conducting in-
door tests on the rock samples taken from the site. *e
disadvantage of this method is that the rock samples cannot
represent the wave velocity characteristics of rock mass
under actual geological conditions, so relatively big error still
exists. Another method is to calculate the wave velocity of
the rock mass by monitoring the data of the active blasting
event, as shown in Figure 1, which is of engineering sig-
nificance to a certain degree. However, the blasting event will
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create empty zones and plastic zones in the rock mass, which
can change the wave velocity structure of the rock mass and
result in a greater locating error.

*e dynamic changes of the wave velocity in engineering
practice have greatly confined the application of the pre-
measured P-wave velocity localization methods. *erefore,
the localization method without the premeasured P-wave
velocity was developed. By simplifying the nonlinear
equations to linear equations, Dong et al. [37] developed an
analytical localization method to solve the coordinates of the
sources, in which the necessity of the premeasured P-wave
velocity and the square root operations are avoided. To
compare the accuracy of the locating methods with or
without the premeasured velocity, Dong et al. [38] analyzed
the locating accuracy using the virtual position test by
considering the velocity with small error rates of 1%–5%
floating. Results show that the floating of the velocity
resulted in large errors of the source coordinates. *e result
reflects that localization methods without the premeasured
velocity are likely to be the main direction of source
localization.

2.4. Localization Algorithm. Algorithm means an un-
ambiguous specification of how to solve a class of problems.
For the microseismic/AE source localization area, the lo-
cating accuracy is the most important criterion to evaluate
the pros and cons of the localization algorithm. Inaccurate
localization algorithm has no engineering application value.
In addition to the requirements for localization accuracy and
stability, the proposed real-time localization also puts for-
ward certain requirements on the calculation time of the
localization algorithm. *e speed of source localization is
also of great significance in engineering practice. Dong et al.
[39] used the famous optimization algorithms including
Levenberg–Marquardt (LM) algorithm, simplex method
(SM), quasi-Newton method (QN), maximum inherit op-
timization (MIO), self-organizing migrating algorithms
(SOMAs), and global optimization coupled with MIO, QN,
and LM to locate the events of Dongguashan copper mine in
China. *e locating errors of algorithms are compared and
listed in Figure 2. *e result shows that the SOMA locali-
zation algorithm is the most stable, while MIO, QN, and LM
are relatively easy to fall into the local optimal solution. It is
noteworthy that source localization algorithms are formed
in different engineering backgrounds with specific appli-
cation conditions, so the appropriate localization algorithm
should be selected based on the actual engineering envi-
ronment rather than the accuracy.

3. Localization Methods for Single Event

3.1. Analytical Localization Methods. *e coordinates and
arrival time of each sensor are used in the analytical localization
method, to derive the analytical solutions of AE with mathe-
matical formulas. In 1928, Inglada [40] proposed an efficient
and explicit method to solve the location equation, whose
advantage lies in that fewer sensors (4) are needed to locate the
AE. In addition, there is a unique analytic solution in the central
region of the sensor array. Essentially, the analytical method is

also used to obtain the localization result in the Ingladamethod.
Although the unique solution can be determined, the wave
velocity needs to be measured in advance. Christy [41] per-
formed an iterative optimization of the Inglada method and
achieved better localization results than noniterations. In 1968,
Mogi [42] of the Japan Institute of Geological Survey carried out
the transverse bending test of long strip samples with pre-
measured wave velocity, where two and four sensors were used
for 1D and 2D localizations, respectively. It can be classified as a
localization method of arrival-time difference due to the small
number of deployed sensors.

In 1970, Leighton and Blake [43] of the US Bureau of
Mines developed an analytical localization method with
simple steps, namely, USBM. *e arrival times and co-
ordinates of 4 sensors are recorded to achieve better lo-
calization accuracy, which is widely applied in the
localization of MS/AE. In 1974, Blake [44] proved the
uniqueness of the USBM solution. Godson and Bridgs [45]
designed a 32-channel localization system, where USBM
were applied to locate AE with high accuracy. Strang [46]
conducted an iterative study of USBM and obtained a better
localization effect compared to the noniterative method.

Smith and Abel [47] developed a new analytical localization
method using the sphere interpolation and least squares.
Duraiswami et al. [48] proposed a set of analytical localization
methods based on time difference localization. *e localization
solutions can be optimized using the L1 normwhen the number
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Figure 1: Graph shows the microseismic events, blasting events,
and monitoring sensors in a mine. In the localization method that
requires premeasured velocity, the average wave velocity is pre-
measured through the blasting events. However, the propagation
paths are different for the blasting events and the microseismic
events located at different coordinates. Due to the difference of rock
mass structure, the values of wave velocity will not be the same for
different travel paths. *erefore, it is inaccurate to use the average
velocity premeasured through the blasting events to locate the
future microseismic event, where the velocity is different from the
premeasured velocity (from [37]).
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of sensors is more than 4. Brandstein et al. [49] proposed a
three-position method based on linear interpolation.

All the analytical localization methods mentioned above
share the same disadvantage: the wave velocity needs to be
determined in advance. In fact, in many practical engi-
neering applications, the real-time wave velocities are un-
known or di�cult to measure, which will cause great
temporal and spatial errors due to the dynamic velocities and
complex environment. Focusing on the vital issue, many
scholars have proposed a series of optimized analytical lo-
calization methods to eliminate the e ects of premeasured
velocity on localization accuracy. Dong et al. [50] proposed
the 2D and 3D analytical localization methods without
premeasured velocity. �e main methodology of 3D ana-
lytical localization method is summarized as follows:

xi − x( )2 + yi −y( )2 + zi − z( )2 � v2 ti − t0( )2. (4)

�e governing equation for the coordinates of the AE
source P (x, y, z) is shown in (4), where ti (i� 1, 2, 3, 4, 5, 6) is
the arrival time corresponding to the sensor Si (xi, yi, zi). t0 is
the origin time of the AE source.�e symbol v represents the
average P-wave velocity in the travel path.

By taking di erence between the equation with i� 1 and the
others (i� 2, 3, 4, 5, 6), we can obtain the following equation:

2x xm −x1( ) + 2y ym −y1( ) + 2z zm − z1( )

+ 2v2 tm − t1( )t0 + v
2 t21 − t

2
m( ) � lm−1,

(5)

where m� (2, 3, 4, 5, 6) and lm−1 � (x2m −x21) + (y2m −y21)
+(z2m − z21).

By substituting V and S for v2 and Vt0, respectively, (5)
can be transformed into the following equation:

2x xm − x1( ) + 2y ym −y1( ) + 2z zm − z1( )

+ 2 tm − t1( )S + V t21 − t
2
m( ) � lm−1.

(6)

Equation (6) can also be rewritten as

AS � B, (7)

where

A �

2 x2 − x1( ) 2 y2 −y1( ) 2 z2 − z1( ) 2 t2 − t1( ) 2 t21 − t22( )
2 x3 − x1( ) 2 y3 −y1( ) 2 z3 − z1( ) 2 t3 − t1( ) 2 t21 − t23( )
2 x4 − x1( ) 2 y4 −y1( ) 2 z4 − z1( ) 2 t4 − t1( ) 2 t21 − t24( )
2 x5 − x1( ) 2 y5 −y1( ) 2 z5 − z1( ) 2 t5 − t1( ) 2 t21 − t25( )
2 x6 − x1( ) 2 y6 −y1( ) 2 z6 − z1( ) 2 t6 − t1( ) 2 t21 − t26( )




,

S �

x

y

z

S

V




,

B �

l2
l3
l4
l5
l6




.

(8)

�us, the source coordinates (x, y, z), average wave
velocity v, and origin time t0 can be obtained by solving the
proposed linear equations with �ve unknowns.

�e above method is under the condition that the
number of sensors is 6. In fact, it is common that greater
than 6 sensors are used to improve the locating accuracy
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4 Shock and Vibration



in practical engineering. *erefore, it is a vital problem to
take full advantage of the rest sensors to obtain a more
accurate solution. Dong et al. [37, 50] proposed the
multisensor analytical localization method based on the
logistic probability density function. *e proposed ana-
lytical localization method was applied to locate and verify
the blast tests in the Dongguashan copper mine (China).
Results show that the effect of premeasured wave velocity
is eliminated and the location accuracy is improved
significantly.

*e basic methodology of this multisensor analytical
localization method is explained as follows: 6 sensors are
selected randomly from m triggered sensors to combine
n � C6

m groups of analytical solutions. Figure 3 shows an
example of the combination process, where m and n are
both equal to 7. *en, the logistic probability density
function is applied to fit the whole solutions; the co-
ordinates of the AE source are exactly the abscissas
corresponding to the maximum value of the logistic
probability density function. Figure 4 clarifies the local-
ization process and highlights the proposed 3D analytical
localization method.

*e basic methodology of this multisensor analytical
localization method is explained as follows: 6 sensors are
selected randomly from m triggered sensors to combine
groups of analytical solutions. *en, the logistic probability
density function is applied to fit the whole solutions; the
coordinates of the AE source are exactly the abscissas
corresponding to the maximum value of the logistic prob-
ability density function.

3.2. Geiger Method. Current mostly used localization
methods are usually based on the classic method proposed
by Geiger in 1910 [12, 13], while until 1970s, with the rapid
development of the computer technology, the Geiger
method was applied to microseismic/AE locating field [51].
*e main idea of Geiger method is to linearize the problem,
make the residual of arrivals reach the minimum or a certain
accuracy (by using iterative computations), and finally
obtain the coordinates of the source. *e specific steps are
listed as follows:

For the arrivals data received by the AE sensors, con-
struct the following function:

Φ t0, x0, y0, z0(  � 
n

i�1
r
2
i , (9)

where ri is the residual between the observed arrivals ti and
calculated arrivals t0 + Ti(x0, y0, z0). Φ(t0, x0, y0, z0) is the
quadratic sum of the arrivals residual ri which represents the
fitting degree between the hypothetical source and true
source, a smallerΦmeans that the data (t0, x0, y0, z0) we set
are more fitted to the actual measured data.

In addition to the Geiger method, many scholars also
proposed the localization methods based on the least squares
method. Twenty-two significant AE events during rock
failure were located using the least squares method based on
the time difference between the arrival of S-waves and the six
sensors [52]. *e location results were used to analyze the

propagation of microcracks during rock loading. Fedorow
[53] described the least squares method, introduced a
consistent estimator with normal distribution and solved it
iteratively, and applied this method to AE localization.

3.3. Optimized Algorithms Based on the Geiger Method.
*e Geiger method of seismic source localization is an it-
erative method; the iterative process usually converges
rapidly unless the data are badly configured or the initial
guess is very far from the true solutions. However, it also
happens that the solution converges to a local minimum and
this would be difficult to detect in the output unless the
residuals are very bad. Many scholars have proposed opti-
mized algorithms based on the Geiger method: Buland [54]
combined the QR algorithm with the Geiger method to solve
the solution. Aki and Lee [55] proposed a series of improved
schemes based on the Geiger algorithm, including parameter
separation, joint inversion of the 3D velocity structure, and
the source and coupling velocity with source resolution to
solve the problem. *urder [56] expanded the residuals
formula with the second-order Tailor expansions and solved
the coordinates of the epicenter. *e second-order Tailor
expansions were used to improve the convergence and
stability of the algorithm, but the amount of computation
also increased.

In 1975, Lee [14] released a series of computer pro-
grammers for determining hypocenter, magnitude, and first
motion pattern of local earthquakes named HYPO71 and
HYPO78-81 written in FORTRAN. Instead of carrying out
the traditional procedure, a stepwise multiple regression in
used in the HYPO71. A statistical analysis is first performed
to see which independent variable should be included in the

Sensor 1

Sensor 7Sensor 2

Sensor 6Sensor 3

Sensor 5Sensor 4

Figure 3: Example for the combination process of analytical so-
lutions. Every 6 triggered sensors can constitute a set of sensor
networks, and 7 kinds of networks are represented by curves with
different colors (from [37]).
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regression, and the normal equations are then set up for only
those significant variables. *erefore, the adjustment vector
is obtained by solving a matrix which is never ill-condi-
tioned. Furthermore, convergence to a final hypocenter
solution is also more rapid. *e HYPO71 program also
requires considerable efforts: accurate station coordinates,
reasonable crustal structure model, and reliable P and S
arrivals. Herrmann et al. [57] relocated the Denver earth-
quakes of 1967-1968 using HYPO71.

Byerlee [58] applied the Geiger method to the fluid
injection test of rocks where six sensors were used to receive
the AE signals and establish the 3D location equations with
multiparameters.

Klein [15] developed the HYPOINVERSE program to
obtain the coordinates and the magnitude of the hypo-
center. Lienert et al. [16] combined features of the two well-
known methods HYPO71 and HYPOINVERSE, with a new
technique—adaptive damping—and proposed a localiza-
tion method—HYPOCENTER. Each column of the line-
arized condition matrix T, which relates changes in arrival
time to changes in the hypocenter position, is centered and
scaled to have zero mean and a norm of one, solved it-
eratively by adding a variable damping factor, θ2, to their

diagonal terms before inversion. If the residual sum of
squares increases, return to the previous iteration, increase
θ2, and then try again. *is procedure, which we called
adaptive damping, always results in residuals which are less
than or equal to the HYPO71 and HYPOINVERSE re-
siduals. HYPOINVERSE fails to converge when the true
depth is greater than about 40 km, while HYPO71 fails at
depths of greater than 50 km. HYPOCENTER has a better
performance on the difference in true versus calculated
coordinates, especially depth.

Nelson and Vidale [59] improved the HYPOCENTER
method and presented a new method for locating in a region
with arbitrarily complex three-dimensional velocity struc-
ture called QUAKE3D. *e method is a grid search method
which searches all possible hypocenters and occur times and
finds the global minimum travel-time residual location
within the volume. It is obvious that the criterion is much
important in the grid search method. QUAKE3D employs
the L1 criterion (absolute value) instead of the commonly
used L2 criterion (least squares method) based on the fact
that L1 criterion is more robust than L2 criterion while the
station coverage is sparse [60]. *e HYPOINVERSE and
QUAKE3D are applied to locate the source of earthquakes
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Figure 4: Localization process and advantages of the proposed 3D analytical localization method. To eliminate the effects of the iterative
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for random sensor networks. *e localization processes for 6 sensors networks and random sensor networks are shown above. *is
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occurred in Bear Valley from 1977 to 1986, which suggests
that the QUAKE3D has more accuracy in locating the result
than HYPOINVERSE.

3.4. Nonlinear Localization Methods. *e above localization
methods are all based on linear methods. In recent years, the
nonlinear method theory has become the frontier in the
fields of natural science. Since most of the geophysical
problems are nonlinear problems, nonlinear methods tend
to be more realistic than the linear methods while solving the
geophysical problems. Various nonlinear optimization
methods have been developed rapidly, including the
methods based on derivatives such as the steepest descent
method, Newton method, and conjugate gradient method
and the nonlinear methods based on nonderivatives in-
cluding Monte Carlo method, genetic algorithm (GA),
simulated annealing (SA), and random search and simplex
search algorithm. Moreover, the waveform-based source
localization method based on wave equation is also a
nonlinear localization method, which can obtain both the
source location and velocity inversion information [61]. Due
to the rapid development of computer technology, nonlinear
methods have played an important role in geophysical
inversion.

*e essence of nonlinear localization methods is solving
the least squares problem based on equation (1). *e
principles of some nonlinear localization methods are listed
in the following.

3.4.1. Localization Methods Based on Powell’s Method.
Powell’s method [62] is a direct method of searching for the
minimum value of the objective function. *e method does
not require partial derivatives or inverse matrices, has low
requirements on the initial iteration value, and has good
adaptability. *e basic principle is to divide the whole
calculation process into several stages. Each stage (one it-
eration) consists of n + 1 one-dimensional search. At each
stage, we search first along the known n directions to get the
best point and then search along the line connecting the
initial point and the best point of this stage to find the best
point. After this, the last search direction is used to replace
one of the first n directions to start the next stage until the
calculated residual value is less than the given allowable error
or the number of iterations has reached the restraint. Many
scholars have applied Powelll’s method for locating the
earthquake [63–65].

3.4.2. Localization Methods Based on the Monte Carlo
Method. Monte Carlo method was first proposed by Me-
tropolis and Ulam [66]; the method does not search thor-
oughly in the model space but searches randomly compared
to the exhaustion method. Practice shows that if we ran-
domly select the model in the model space and find the
global minimum of the objective function, we will save a lot
of time compared with planning the space of model space to
calculate the global minimum of the model, but the
workload is still huge and cannot guarantee the minimum

value we found is the global minimum value. Meanwhile, the
inherent randomness of the Monte Carlo method can lead to
the failure of the calculation. Billings et al. [67] applied the
Monte Carlo method to investigate the effect of picking
errors.

3.4.3. Localization Methods Based on the Simplex Method.
In 1962, Spendley et al. [17] proposed the simplex method
which is widely used as a mathematical tool in a variety of
engineering fields. As a geometric search method, the
simplex method has a property that each iteration is better
than the previous one, so the optimal solution can be ob-
tained only by repeated iterations. Meanwhile, if there is no
optimal solution, the simplex method can also be used to
judge. Nelder and Mead [68] proposed a search iterative
method based on the work of Spendley in 1965.

Prugger and Gendzwill [69] introduced the simplex
method into the seismic location and got a satisfactory
localization result. *is method avoids the derivative op-
eration and the matrix transpose operation which greatly
reduces the computational complexity and adapts L1 norm
to reduce the influence of residual on arrival. Ge [70]
evaluated Prugger’s method and refined it. Zhao et al. [71]
used the simplex method to locate the earthquakes in Tibet.

3.4.4. Localization Methods Based on the Genetic Algorithm.
Genetic algorithm [18, 72] is also a nonlinear global opti-
mization method; its basic idea is imitating the genetic
process of the biological world. *e first step in using a
genetic algorithm is to determine the encoding of the
problem parameters, usually encoding of the parameters in
binary. For earthquake location, the parameters are
(x, y, z, t0). *e upper and lower bounds of the param-
eters are coded, and a set of individuals are randomly
generated, called population. *e residual between the
calculated time and the actual observed time is used as the
fitness function. *e smaller the residual is, the higher the
survival probability of the individual is and so is the
probability of being the parent. Offspring can be created by
crossover, and a certain probability of mutation is in-
troduced to enrich the diversity of the population.*e above
process is repeated for the offspring obtained until the stop
rule is satisfied and the individual with the highest fitness
function is obtained, which is the optimal hypocenter
parameter.

*e advantage of genetic algorithm lies in that the
process of solving is only related to the object. It only needs
to carry out simple operations such as crossover and mu-
tation without complicated mathematical operations such as
calculating derivatives and has good global optimization
ability. *e genetic algorithm has been widely used in the
field of source location and geophysical inversion [73–79].

3.5. Microseismic Source Location Method without the Pre-
measured Wave Velocity (MSLM-WV). It is discussed in
Section 2.2 that the premeasured wave velocity can result in a
large error in source locating, which indicates that the
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localization method without premeasured P-wave velocity
can obtain a more accurate result. Dong et al. [80] pre-
sented a microseismic/AE (MS/AE) source location
method without the need for a premeasured wave velocity.
Tests of both the pencil lead break and the thermal
fracture in granite were carried out to estimate the ap-
plicability and accuracy of the method. Results show that
the location accuracy of the proposed method is signifi-
cantly improved, which is superior to the results of the
traditional location method (TM) using premeasured
wave velocity. *e merit and demerit of the TM and
MSLM-WV are listed in Table 1.

3.6. Multistep Localization Method without the Premeasured
Velocity (MLM). Based on the localization function with
the model of arrival-time difference, Dong et al. [81]
proposed a multistep localization method without pre-
measured velocity, named MLM. *e velocity interval can
be narrowed and optimized continuously according to the
obtained minimum and maximum velocities, which can be
solved in each localization process. *e optimal velocity
can be determined until the velocity differences are less
than the threshold, where the localization results corre-
sponding to this velocity interval have the highest location
accuracy. MLM can improve the location accuracy and
computation efficiency in the complex environment
compared to both the traditional localization method
(TLM) and TD method [38]. Figure 5 is the comparison of
the MLM, TLM, and TD method.

3.7. Collaborative Localization Method Using Analytical and
Iterative Solutions (CLMAI). *e abnormal arrival of a
certain sensor is another main factor that affects the lo-
calization accuracy. Note that a stable solution with high
precision can be obtained using the analytical localization
method when the accurate data are provided. Dong et al.
[82] proposed a collaborative localization method using
analytical and iterative solutions to solve the source co-
ordination, in which the analytical localization method
without premeasured wave velocity was applied to remove
the abnormal arrivals and the iterative localization method
without premeasured wave velocity was used to solve the
source coordination with the clear arrivals. It can effectively
eliminate not only the error caused by the abnormal ar-
rivals but also the error caused by the difference between
the measured wave velocity and the dynamic wave velocity.
*e proposed CLMAI was verified using the recorded data
of blasts and microseismic events in Kaiyang Phosphorous
Mine, China, where most of the mining works mainly
concentrated in six mining areas [83], and a 32-channel
microseismic monitoring system, including 26 single-
component sensors and 2 three-component sensors, was
established to avoid the destructive disasters [82]. *e
locating results of the CLMAI are compared with the re-
sults of LM-PV and TD. *e compared result is shown in
Figure 6. It shows that the localization results of CLMAI are
obviously better than the results of the LM-PV and TD.

4. Joint Inversion Methods

*e localization methods of single event shown in Section 2
mainly concern about the optimization of the method while
ignoring the influence of the arrivals and velocity structure.
It is noteworthy that the simplification of the wave velocity
structure is an important factor affecting the locating ac-
curacy. *e effect of arrivals can be corrected by adding a
station correction parameter to equation (1). *e error
caused by the simplified wave velocity structure can be
solved by joint inversion of source parameters and wave
velocity structure. *e joint inversion problem is no longer
about the location of a single source, but the location of the
earthquake area. Two main methods of joint inversion are
described in the following.

4.1. Joint Inversion of Source Location and Station Correction.
Cleary andHales [84] found that equation (1) should consider a
term for the correction of the station to describe the difference
between the observed travel time and the travel time recorded
in travel time table. A joint hypocenter location method–joint
epicenter determination (JED)—was first proposed by Douglas
in 1967 [19]. *e travel time residual can be obtained by
applying the station correction Δts

0 to the arrivals:

ri � Δt0 +
zTi

zx0
Δx0 +

zTi

zy0
Δy0 +

zTi

zz0
Δz0 + Δts

0. (10)

*e coordinates of the events and the correction of the
stations can be obtained by applying the standard least
squares technique to equation (10).

Dewey [20] proposed a modification of Douglas’ method
called joint hypocenter determination (JHD) and applied it
to relocate the earthquakes happened in western Venezuela
[85]. For a locating system, m × n equations can be obtained
where m is the number of events and n is the number of
stations. It should be noticed that the number of equations is
always so large that the efficiency of the JHD can be very low.
To solve the problem of oversized matrices due to the large
number of AE events and stations, the PMLE method using
parameter separation based on JHD was proposed by Pavlis
and Booker in 1983 [86]. *e PMLE requires less compu-
tation and still has strong stability. Pujol [87] discussed the
relationship between the JHD method and the rough so-
lution of Frohlich [88] to optimize the PMLE.

*e JHD method and parameter separation method was
applied to the monitoring data of the Kunming seismic
network to obtain the corrected P-wave arrivals [89]; the
result shows that an accurate locating result can be obtained
by using the corrected arrivals. Ratchkovsky et al. [90] applied
the JHD to relocate 1604 earthquakes occurred from 1988 to
1993 in the Wadati-Beinioff zone. Guo et al. [91] used the
Geiger method and the JHD to locate the earthquakes of Jiashi
area in Xinjiang Region, which suggests that the JHD has a
much higher locating accuracy than the Geiger method.

4.2. Joint Inversion of Source Location and Velocity Structure.
*e joint inversion of source location and wave velocity
structure was first proposed by Crosson [21]. *is method
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uses the optimized least squares method [92] and inverts the
wave velocity structure as an unknown parameter with
source parameters simultaneously to reduce the errors
caused by the simplified wave velocity structure. *e pa-
rameters of an earthquake, as well as the information about
the velocity structure, can be obtained by this method. Even
if there are low-velocity zones in the velocity structure, the
inversion results can still be reasonable.

5. Relative Localization Methods

Absolute localization method can get accurate locating re-
sults when the structure of wave velocity is known or the
velocity is under good condition. However, when the geo-
logical structure or the structure of the wave velocity is

complex, solving the solution with a uniform wave velocity
structure will cause great locating errors. *erefore, under
such conditions, it is necessary to eliminate the influence of
the complex velocity structure. In seismology, the relative
localization method is an accurate method under the con-
dition of complex wave speed.

5.1. Master Event Localization Method. *e master event
localization method was developed from the JED. *e
principle of the method is that when the distance between
two events is far less than the distance between the event and
the station, it can be considered that the time difference
between the two events and the stations is determined by the
relative distance and the wave speed between them.

Updating and optimizing the P-wave velocity
interval with multiple localization process

Locating source
coordinates with

the optimized
P-wave velocity

interval

Comparing the MLM, TD, and TLM with different
premeasured velocities

The proposed MLM is distinctly superior to both TD and TLM in the
heterogeneous and complex media

The MLM can eliminate the locating errors caused by premeasured
velocity
The locating accuracy and computation efficiency are improved
significantly
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Figure 5: Multistep localization method (MLM) for locating sources in the heterogeneous and complex media. *rough the continuous
narrowing and optimization for P-wave velocity interval, the optimal localization results with higher accuracy can be solved successfully.
Based on the field test, as well as the comparison between MLM, TD, and TLM, it can be proved and concluded that MLM is superior to
other two methods and has higher locating accuracy and computation efficiency (from [81]).

Table 1: Characteristics and comparisons of the MSLM-WV and TM methods (from [80]).

Method Known parameters Unknown parameters Advantages Disadvantages

TM
Coordinates of sensors;
arrivals of P-wave;

premeasured velocity

Source coordinates; origin
time of source

*e minimum number of
sensors is 4

Induce locating error by the
premeasured velocity;

consume massive manpower
and material for blasting test

MSLM-
WV

Coordinates of sensors;
arrivals of P-wave

Source coordinates; origin
time of source; average

velocity

Weakening the locating error
caused by premeasured

velocity; save manpower and
material for blasting test

*e minimum number of
sensors is 5
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*erefore, it can eliminate the influence of complicated wave
velocity structure between source and station. Spence [93]
put forward the master event localization method based on
multievent joint location method. In this method, one
specially well-located event called master event is selected
and the location of a group of earthquakes around it is
calculated to determine the source location of these events.
*e method does not need iterative computation; however,
the accuracy of the method depends on the selection of the
master event.

Ma [94] used the master event localization method to
relocate the focal position of the Huoshan earthquake swarm
in 1973 in Anhui province. Poupinet et al. [95] used the
method to locate the earthquake of the Calaveras Fault in
California. Hu et al. [96] developed a relative localization
method for AE in a laboratory. *is method has less de-
pendence on velocity structure and is of great significance
when applying to the AE locating in rock tests which is
nonintegral and anisotropy media.

5.2. Double-Difference Method. If the focal mechanisms of
the two earthquakes are similar and closely spaced, the
propagation paths and the waveforms recorded on the same
station are similar. *rough the use of waveform cross
correlation, the time difference can be accurate to the
millisecond travel time and the relative errors between the

two earthquakes can be reduced to tens of meters [97].
Waldhauser and Ellsworth [22] proposed a double-differ-
ence method (DD) and developed a localization pro-
gram—hypoDD [98]—based on this method in 2000. *e
method was applied to the locating of earthquakes in the
Northern Hayward Fault of California.

*e double difference between the station k and event i
can be defined as

dr
ij

k � t
i
k − t

j

k 
obs
− t

i
k − t

j

k 
cal

. (11)

*e following equation can be obtained by applying the
first order of Taylor expansion:

zti
k

zm
Δmi −

zt
j

k

zm
Δmj

� dr
ij

k . (12)

Equation (12) can be written as

zti
k

zx
Δxi

+
zti

k

zy
Δyi

+
zti

k

zz
Δzi

+ Δτi −
zt

j

k

zx
Δxj −

zt
j

k

zx
Δxj

−
zt

j

k

zy
Δyj −

zt
j

k

zz
Δzj −Δτj

� dr
ij

k .

(13)

For all stations and events, the following matrix can be
obtained:
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Figure 6: Locating results of 1891 events using three methods. (a) *e locating results of the LM-PV method. (b) *e locating results of the
TD method. (c) *e locating results of the CLMAI method. (d) *e number of effective results for the three methods (from [82]).
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WGm � Wd, (14)

whereG is a matrix of size p × 4q (p is the number of double-
difference observations and q is the number of events)
containing the partial derivatives, d is the data vector
containing the double differences,m is a vector of length 4q,
[Δxi,Δyi,Δzi,Δti . . .]T contains the changes in hypocenter
parameters we wish to determine, and W is a diagonal
matrix to weight each equation. *e location of the events
can be obtained by solving equation (14).

*e difference between the double-difference method
and other methods is that no station correction term is
needed to eliminate the effect of the velocity structure. *e
outstanding advantage of the double-difference method is
that it can use the cross-correlation analysis of waveform to
pick the arrival time of the event and greatly improve the
accuracy of the data. *e double-difference localization
method inverts the relative position of each earthquake in a
cluster of earthquakes relative to the centroid of the cluster,
which is much different from the master event localization
method with greatly improved applicability. In addition, the
anti-interference and robustness of the double-difference
localization method are also strong. *e double-difference
method has been widely used in the locating of earthquakes
[99]. Another multievent localization method is PMEL
[100], which is a grid search method. *e JHD, HDC, DD,
and PMEL were applied to the locating of the earthquakes in
Izmit/Duzce, and the results were compared [101].

6. Localization Methods in Spatial Domain

*e above methods are all localization methods based on the
time domain. *ere are many deficiencies using the local-
ization method in the time domain. For example, the mo-
ment of occurrence is always unknown, the joint significant
problems exist between the parameters of the source, and the
localization results seriously depend on the velocity struc-
ture and the distribution of the network. In order to
overcome the above shortcomings, the localization methods
based on the spatial domain have been developed. In 1977,
Lomnitz [102] proposed a method by replacing the arrivals
residual with the distance residual. *e equation in this
method only involves the location of the epicenter, the depth
of the source, and the time of occurrence, which avoids the
mutual influence of the parameters. Carza et al. [103]
proposed a source localization method without travel time
data and used this method to locate the teleseism.*e results
show that the error of this method is 8–20 km. *e method
does not need to make a priori assumption of travel time and
can be used for the inversion of structures inside the Earth.

In 1957, Romney [104] proposed a method for the lo-
cating of the near earthquake and established the distance-
residual equation by using the arrival-time difference and
surface average apparent velocity of two stations adjacent to
each other. *e number of needed conditions is small, and it
is easy to solve the equation. *e locating results have little
dependence on the structure. However, the determination of
focal depth and time is not well solved. Zhao and Zeng [105]
made improvements on this point by using the slope of the

arrival curve to determine focal depth and using the in-
tercept of the arrival curve on the time axis to determine the
occurrence time.

7. Suggestions and Conclusions

*is review of research since the pioneering work of the
1910s is intended to present the state of the localization
methods in both microseismic and AE sources. It appears
that from the initial single-event, linear algorithm to the later
multievent, nonlinear algorithm, the size, complexity, and
locating accuracy of hypocenters are constantly improving.
*is section presents concluding remarks and some pros-
pects requiring investigation.

For single-event localization methods, the velocity is the
main effect that influences the locating accuracy. It means
that the analytical method shall be applied to the system
where the structure of P-wave velocity is isotropy (e.g., metal
and intact rock). Meanwhile, the analytical methods can be
applied to filter out the abnormal arrivals on account of that
the analytical methods are sensitive to the input of arrivals.

*e nonlinear localization methods can obtain more
accurate results than that based on the linear methods, while
the main constraint of its application is the calculation ef-
ficiency. Note that the development of computer technology
plays a very important role in promoting the evolution of the
localization method; more-efficient nonlinear localization
methods would be proposed in the future.

For the multievent localization methods (i.e., joint in-
version methods and relative localization methods), the
coordinates of source swarm can be obtained; however, the
defect of the methods is that the methods can only be applied
when the events are close to each other so that they can be
regarded as a swarm.

As for the localization methods in spatial domain, it
provides a new idea for source locating but the accuracy is
the main constraint of the methods. More investigation is
needed to develop the methods and expand its application.

It should be noted that various localization methods are
formed in different engineering backgrounds, which leads to
a big difference in the way of the construction, processing,
and evaluation of the objective function, so the appropriate
localization method should be selected based on the actual
background for experiments and engineering rather than the
accuracy.

*rough the above comprehensive review of microseis-
mic/AE source localization, it can be realized that the location
accuracy is significantly affected by some factors, which
mainly includes the identification and picking of P/S-wave
arrivals, P-wave velocity structure, and P-wave travel path.

As for the P/S-wave arrivals, it is evident that their
identifying accuracy needs to be improved, which is the most
direct and effective approach to guarantee the location ac-
curacy. *erefore, we can merge some more-advanced al-
gorithms into the current algorithms, to develop several joint
identification and picking algorithms, which are beneficial for
improving identifying accuracy and computational efficiency.
On the other hand, the comprehensive verification of P/S-
wave arrivals through multiple identifying methods is also
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another way to ensure the location accuracy. It is common
that an identifying method may be unstable in some situa-
tions, which means that it is necessary to apply other iden-
tifying methods to verify the previous identifying results.
*us, only the P/S-wave arrivals satisfy all the identifying
methods can be inputted for source localization.

*e P-wave velocity structure has close relationship with
P-wave travel path. In this paper, many localization methods
can improve location accuracy, whereas they still assume the
P-wave travel path as a straight line. *is assumption will
only adapt to the monitoring environment containing single
propagation media, which is obviously improper for the
actual engineering. In the complex rock mass structure, the
authentic P-wave travel paths cannot simply be a straight
line. For example, the underground goafs generated in the
mining process can significantly change the P-wave velocity
structure of rock mass and then influence the P-wave travel
paths of microseismic sources. *erefore, the location ac-
curacy can be improved if the P-wave travel paths can be
indicated by curves, multisegment lines, and the combi-
nation of curves and multisegment lines, where the differ-
ences between the authentic and calculated P-wave travel
paths will be much smaller. For example, we can use the ray-
tracing methods to continuously optimize the P-wave travel
paths since they can divide the original straight ray into
multiple rays according to the actual P-wave velocity
structure.
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During underground hard-rock mining, the drilling and blasting method currently remains the most economical excavation
method, and the rock may experience a multistrain-rate spectrum under quasi-static, dynamic, and rheological loading
conditions and their combination as well. )e study on the damage mechanism of rock under multistrain-rate condition that
induced by mining excavation is the fundamental issue for predicting the mining-induced hazards such as rockburst. In this
study, the state of the art of rock damage and failure under different strain rates is reviewed first. )en, the numerical model for
rock failure under multiple strain rates is formulated when the rock damage is taken as the main thread. Meanwhile, we
summarize our work in this area over the past ten years, and the constitutive law for the damage and failure of rock under
multistrain rates is presented. Finally, several numerical examples, i.e., rock damage and failure under combined static and
dynamic load, rock damage and failure triggered by dynamic stress redistribution due to excavation, rock damage and failure
induced by blasting, and rock damage and failure due to the combination of dynamic disturbance and rheological load, are
presented. Based on these numerical simulations, the associated rock damage mechanism and failure behaviors under dif-
ferently combined multiple strain rates are clarified, which may provide a theoretical basis for clarifying the rock failure
mechanism during rockbursts and rock blasting. Also, further studies on the damage and failure of rock under multiple strain
rates are suggested.

1. Introduction

)e mineral resources are the material bases of economic
development and national security. )e depletion of shallow
ore reserves is forcing human to exploit reefs at ever-
increasing depths [1]. Underground mining is now
extracting mineral resources at the depth that would have
been thought un-minable previously [2]. )ere are over 100
mines currently developing at depths more than 1000m,
e.g., Tau Tona, Savuka, Mohab Khotsong, Elandsrand, and
Mponeng mines in South Africa; Laronde, Creighton, Kidd
“D,” Craig, and Fraser mines in Canada; Enterprise, Mount
Magnet Hill 50, Otter-Juan, and Perseverance mines in
Australia; Galenna, Sun shine, and Henderson mines in
America; Champion Reef, Nundydroog, and Mysore mines
in India; and Kristineberg, Kiirunavaara, and Malmberget

mines in Sweden [2, 3]. In China, Hongtoushan, Dong-
guashan, Huize, Fankou, and Zhaogezhuang mines are also
developed below 1000m. In future, more and more mines
will go deeper and deeper in China.

Deep mining is a very challenging task, where the un-
derground rockmass is under the so-called H3-D1 (e.g., high
geo-stress, high geo-temperature, high fluid pressure, and
strong mining-induced disturbance) conditions [4]. In this
respect, the H3 environment is the natural hotbed for
mining-induced hazards, while D1-induced multistrain-rate
disturbance induced by excavation is the key artificial factor
to trigger the mining-induced hazards. As for underground
mining, the drilling and blasting method currently remains
the most economical excavation method for underground
hard-rock mining, which poses one of the most important
dynamic disturbances. In terms of rockburst in deep mining,
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it is generally acknowledged that the main reason for the
rockburst is the abrupt release of elastic strain energy [5].
However, the sufficient strain energy is the only prerequisite
of the rockburst; in this respect, D1 (mining-induced dis-
turbance) is the key factor to trigger the rockburst [6–8].
Deep rockmass is usually under a state that transits from
stable to unstable equilibrium; it is prone to rockburst due to
the mining-induced disturbance.

As for the dynamic disturbance of rock blasting, it is
generally considered that the blasted rock is subjected to
a strain rate in the range of 10−8 –104 s−1 [9]. Both the the-
oretical study and field investigation indicate that it takes only
several to tens of milliseconds for the formation of a new open
surface [10]. Hence, during underground excavation, the
release of in situ stress can induce a strong unloading wave to
the surrounding rockmass. Blasting excavation changes the
rockmass structure of the mining area, which causes the stress
redistribution of the surrounding rockmass. )e local stress
concentration can induce the damage and fracture and even
failure of the rockmass, especially in deep mining. )is
phenomenon reflects the quasi-static effect of excavation. In
addition, blasting vibration is one of the main sources of
dynamic disturbance. )ere are many roadways and stopes
are excavated in underground mines, during which the
blasting may induce the vibration of existing adjacent
opening. When the compressive wave reaches the free surface
of rockmass, the reflected wave induces a tensile stress and
tensile spalling because the tensile strength of rockmass is low
[11].)is is also onemechanism associated with the rockburst
triggered by dynamic disturbance [7, 8, 12].

Moreover, mining-induced hazards such as rockburst do
not always occur during blasting; instead, a large number of
evidences in the field investigation suggest that rockburst
often lags behind the blasting, especially in the high stress
level. )is is because rock has rheological characteristics,
suggesting time-dependence of rockburst that is triggered by
rock blasting [1, 13]. In most cases, even though blasting
vibration may not induce the instant rock failure, multiple
blasting vibrations may induce the accumulation of rock
damage and growth of pre-existing cracks, facilitating the
rock creep. On the other hand, this phenomenon becomes
more pronounced with the increase of mining depth because
there is vast energy stored in the rockmass, especially in the
blasting-induced excavation damage zone (EDZ). )is is the
mechanism for time-lagged rockburst.

In this respect, during the drilling and blasting, the
blasting stress wave, blasting-induced gas pressure, transient
unloading, quasi-static secondary stress, and rock rheology
may all contribute to the damage and unstable failure of
rockmass, which spans about 12 orders of magnitude of
strain rate from rheology to impact loading [14, 15].
)erefore, the rockburst mechanism in deep mining is
usually associated with the multistrain-rate damage and
failure of rock under the combined dynamic, quasi-static,
and rheological loading conditions, which poses a big
challenge for the prediction of rockbursts. However, cur-
rently, there are few studies that could cover the multistrain-
rate response of rock as a whole process, either in theoretical
model or numerical simulation.

In this study, when the rock damage is taken as the main
thread, the state of the art of rock damage and failure in-
duced by multistrain-rate (i.e., quasi-static, dynamic,
combined static and dynamic, and rheological) conditions is
reviewed first. )en, in consideration of the multistrain-rate
effect of rockmass induced by deep mining, several exam-
ples, e.g., rock damage and failure under multiple strain rates
ranging from rheological, quasi-static, and dynamic loading
conditions, are demonstrated with numerical simulations,
which may provide a theoretical basis for clarifying the
mechanism of mining-induced hazards.

2. Review of Rock Damage and Failure under
Multistrain-Rate Loading Conditions

In this section, the damage and failure of rock under
multiple strain rates are reviewed, where the damage of rock
is considered as the main thread. Based on this review, the
general-purpose constitutive law for rock damage is pre-
sented in Section 3.

2.1. Rock Damage and Failure under Quasi-Static Loading.
While the damage and failure of rocks is highly desirable
during the excavation process, it should of course be
avoided or at least controlled for the safety of the rock
engineering [16]. For this reason, the damage and failure of
rock has been one of the most important topics in rock
mechanics. Much of the early work on rock mechanics is
based on the theory of elasticity and failure criterion,
especially for rock under quasi-static loading. However, it
usually ignores the critical role of structural features of
rockmass. A particularly important event in the devel-
opment of the subject is the merging of elastic theory with
the discontinuum approach [17]. Hereafter, the theory of
plasticity, fracture mechanics, damage mechanics, fuzzy
mathematics, fractal theory, grey theory, etc. are all applied
to study the rock damage and failure under quasi-static
loading [18].

)e laboratory test is the main method to study the rock
deformation and damage and failure processes. In experi-
mental rock mechanics, important developments were made
between 1945 and 1960, based on laboratory large-scaled
experimental works conducted by Mogi [19]; the friction of
discontinuities studied by Jaeger [20] and large-scale triaxial
tests performed by Blanks and McHenry [21]. In addition,
studies by Rocha et al. [22] and John [23] motivated a more
common use of large-scale field shear failure testing of rock
discontinuities. Carneiro [24] developed an indirect tensile
method for determining the tensile strength of rock called
the Brazilian test. Another important advance in rock testing
was the development of stiff and servo-controlled testing
machines [25]. After the establishment of the ISRM Com-
mission on Testing Methods in 1966, a number of suggested
testing methods for rock were developed and improved
[16, 26]. In addition, the applications of X-ray, SEM, infrared
remote sensing, laser speckle, acoustic emission, etc. provide
more effective ways for disclosing the intrinsic mechanism
for rock damage and failure.
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In the aspect of numerical modeling, different numerical
methods have been developed for the rock progressive failure
simulation. Generally, they are categorized into two groups:
continuum-based methods, e.g., finite element method (FEM),
finite differencemethod (FDM), and boundary elementmethod
(BEM) and discontinuum-basedmethods, e.g., discrete element
method (DEM), discrete fracture network (DFN), and dis-
continuous deformation analysis (DDA) [27, 28].)ere are also
some hybrid methods coupling continuum and discrete ap-
proaches, e.g., hybrid FEM/BEM, hybrid BEM/DEM, and
hybrid FEM/DEM.)e recently developed numerical manifold
method (NMM) is a promising method because it is treated as
a combination of FEM and DDA [29–31]. Nowadays, the re-
search on continuous-discontinuous simulation of rock is still
a hot spot in rock mechanics.

)e field study on rock mechanics problems, such as the
rockburst induced by deep-level hard-rockmining, had been
conducted in South Africa since 1953 [32, 33]. )e similar
rockburst study was experienced at the Kolar goldfield, India
in the 1960s [34]. Moreover, in order to examine the ex-
cavation damaged zone (EDZ), many field laboratories were
established, such as Äspö Hard Rock Laboratory (HRL)
[35, 36, 37] in Sweden, AECL Underground Research
Laboratory (URL) [38, 39, 40] in Canada, Kamaishi mine
[41] and Mizunami Underground Research Laboratory [42]
in Japan, Mont Terri Rock Laboratory [43, 44] and Grimsel
Test Site [45] in Switzerland, Mol Underground Research
Laboratory [46, 47] in Belgium, and Meuse/Haute-Marne
Underground Research Laboratory [48, 49] in France. In
China, the rockburst studies in the tunneling of Jinping
project made significant contributions to the development of
rockburst prediction [50, 51]. Although those underground
research laboratories are not designed for mining applica-
tion, they provide deep insight into the rock damage in
response to underground excavation.

2.2. Rock Damage and Failure Induced by Dynamic Loading.
)e principles of brittle materials such as rock and concrete
under dynamic loading have been extensively reviewed
[15, 52–55]. One of the most widely used loading techniques
for the purpose of performing tests and investigating dy-
namic behavior of materials is the SHPB device developed by
Kolsky [56]. Davies [57] improved the measurement tech-
nique by utilizing parallel plate and cylindrical condenser
microphones to electrically measure the stress wave. Kolsky
[56] developed the split bar system, which included two bars
with a specimen sandwiched in between, and obtained the
dynamic relationship between stress and strain for several
materials including polythene, copper, lead, and so on. Krafft
et al. [58] applied a striker bar to produce a repeatable impact
stress wave and the strain gauge to measure the stress waves,
which has become a standard measurement technique.
Lindholm [59] combined previous modifications and
designed an updated version of the Kolsky bar system, which
became a template of the current SHPB system. Recently,
suggested methods for the dynamic SHPB test for de-
termining the dynamic strength parameters and mode-I
fracture toughness of rock materials are proposed [60].

)e SHPB tests are based on two fundamental as-
sumptions. One is the one-dimensional elastic wave prop-
agation in the bars; the other is the stress uniformity in the
rock specimen during the dynamic loading. )e assumption
of one-dimensional elastic wave propagation is affected by
two factors: inertia effects and dispersion effects. )e stress
uniformity in the rock specimen is affected by inertia effects
and end friction effects.

Due to Poisson’s ratio effect, the stress wave propagating
in SHPB tests causes inertia and influences measured me-
chanical properties. Davies and Hunter [61] firstly in-
vestigated the inertia effect and suggested that there exists an
optimal length-to-diameter ratio to minimize it. For the
inertia effect, significant progress has been conducted in
experimental tests [62], theoretical investigations [63], and
numerical simulations [64–66].

)e end friction between the specimen and the loading
device may lead to a complex stress state of multiaxial
compression which influences the accuracy of the testing
results. Friction effects can be lessened by minimizing the
area mismatch between the specimen and the bars [67], by
an optimal length-to-diameter ratio [61, 68] and by using
lubricants [69] and ring specimens [62, 70, 71].

)e effects of dispersion accumulate with wave propa-
gation over distance and the bar diameter increase. For wave
dispersion, analytical, numerical, and experimental correc-
tions were conducted [72–74]. In order to minimize the
effects of dispersion and inertia for maintaining the one-
dimensional wave propagation and facilitate dynamic stress
equilibrium in the specimen, several methods are designed
to change the shape of the incident wave and slow down its
rising. One way is to place a small thin disc made of soft
materials between the striker and the incident bar [75, 76].
Another way is placing a pulse shaper rod [77] or the extra
sample (the same material as the tested) between the striker
and the incident bar [78]. )e third way is to design variable
geometry of the striker. Tapered and cone-shaped strikers
are used by [60, 74] to generate an approximate half-sine
incident waveform. In this respect, half-sine incident wave is
easier than rectangular wave to achieve the dynamic stress
equilibrium and constant strain rate in the rock sample.

)e dynamic mechanical behavior of rock materials has
been extensively studied since significant progress in ex-
perimental methodology, including the dynamic compres-
sive strength and dynamic stress-strain curve [75, 79–82],
dynamic tensile strength [83–86], dynamic bending strength
[87], dynamic shear strength [88, 89], dynamic triaxial
strength [90, 91], dynamic fracture [92–96], and coupled
compression-shear failure [97].

)e strength of hard rock under dynamic loading in-
creases with the strain rate, showing strong strain-rate de-
pendency [83]. At lower strain rates, strength increase is very
gradual and constant, and above a certain strain rate, the
increase in strength with strain rate is drastic. )is transition
occurs at a strain rate between 10−3 and 102 s−1, which may
be dependent on the rock type [14] and is particularly
important to determine the dynamic response of rock under
the intermediate strain rate. Apparatus for intermediate
strain rate (100–102) testing are mainly pneumatic-hydraulic
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and completely gas-driven machines, servo-hydraulic test
machine, drop-weight machine, and pendulum hammer
machine. A specially designed servo-hydraulic test machine
can impose strain rates up to approximately 1 s−1 [86], while
the Split-Hopkinson pressure bar (SHPB) has become
a commonly accepted test method for strain rates in the
range of 101–104 s−1 [88, 98, 99]. Dynamic tests on sandstone
for measuring dynamic tensile strength and strain rate
were carried out using underwater shock waves under the
strain rate ranging from 10 to 40 s−1 [100]. )e pneumatic-
hydraulic testing machine has been developed for studying
the strain rate ranging from 100 s−1 to 101 s−1, and drop-
weight machines have been used to achieve strain rate
ranging from 100 s−1 to 102 s−1 [15]. )e dynamic Brazilian
test of rock specimens was conducted with the pendulum
hammer-driven SHPB test in order to determine the tensile
strength of rock under an intermediate strain rate ranging
from 5.2 to 12.9 s−1 [101].

2.3.RockDamageandFailure InducedbyCombinedStaticand
Dynamic Load. During the underground excavation with
the drilling and blasting method, rockmass is subjected to
the high-in situ stress firstly and subsequently disturbed by
the blasting, which is a process of combined static and
dynamic loading. Compared to cases that are subjected to
static loading or dynamic loading separately, the rock be-
haves differently under combined static and dynamic
loading. )erefore, it is of great importance to consider the
damage and failure of rock under combined static and
dynamic loading, in order to clarify the rockbursting
mechanism triggered by dynamic disturbance.

Christensen et al. [102] and Lindholm et al. [103] per-
formed some of the most pioneering work subjecting the
specimen to hydrostatic pressure before axial impact load.
Two pressure chambers (a confining pressure vessel and an
axial pressure vessel) are introduced by Frew et al. [104],
where the axial pressure supplied by the axial pressure vessel
and the lateral pressure supplied by the confining vessel
create a hydrostatic pressure before axial impact. In addi-
tion, based on the ISTRON1342 electro-hydraulic servo
testing machine, a combined static and dynamic loading
testing system was developed by Zuo et al. [105].

)e SHPB apparatus was modified for rock subjected to
combined static and dynamic loads, which was able to study
the failure of the statically loaded rock specimen sub-
sequently triggered by dynamic disturbance under high
strain rate [106–108]. )e dependency of rock strength on
strain rate and static stress level is examined, and the damage
and failure mechanism of rock during combined static and
dynamic loading were investigated. Cui [109] and Gong et al.
[110] studied the mechanical response and failure charac-
teristics of rock under three-dimensional combined static
and dynamic loads, considering the effects of axial static
stress, confining pressure, and dynamic stress. Li et al. [111]
found that the strengths of rock material under coupled
static and dynamic loads are generally higher than the
uniaxial static compression strength and dynamic strength
under only impact loads. )e mechanisms associated with

the increase of dynamic strength of rock subjected to the
combined static and dynamic loading are clarified using the
simulator RFPA-Dynamics by Zhu et al. [112]. Jia and Zhu
[12] studied the rockburst mechanism in jointed rock mass
under dynamic load based on coupled static-dynamic
analysis. Zhou et al. [113] investigated the dynamic tensile
behavior of granite rocks under combined static and dy-
namic loads using the Brazilian disc. Wu et al. [114] studied
the influence of static pre-tension on the dynamic tensile
failure of rocks and found that the dynamic tensile strength
decreases with the increase of the pre-tension. Liu et al. [115]
studied the influence of bedding direction on the strength of
rock under combined static and dynamic uniaxial com-
pressions.Wu [116] reported an experimental observation of
the slip initiation of granular gouge friction in a rock dis-
continuity triggered by static and dynamic loads at a wide
range of loading rates. Zou et al. [117] studied different
mechanical and cracking behaviors of single-flawed brittle
gypsum specimens under dynamic and quasi-static loading.

2.4. Rock Damage and Failure Induced by Blasting. )e
drilling and blasting method has been widely used in un-
derground excavation and construction, and it is still
a popular method of rock fragmentation. So, blasting is the
major source of dynamic loads in rock engineering. Proper
design and control of blasts as well as prediction of blasting
results has become imperative in many operations. )ere-
fore, a lot of works are done on damage and failure during
rock blasting.

Some investigators consider the major portion of frag-
mentation to be caused by the initial explosive stress pulse
[118, 119]. Others think the action of the gas pressure plays
a dominant role in the rock-blasting process [120, 121].
Afterwards, a comprehensive theory concerned with the
combined effects of both stress wave and gas pressure and
their interaction is devised [122]. In order to clarify the
respective roles of stress wave and gas pressure in the rock
fragmentation during blasting, Kutter and Fairhurst [122]
studied the fracture process around the borehole by sepa-
rating the two principal blast forces. )e gas pressure was
shown to play an important role in blasting, but it was also
shown to be only effective if the cavity and free surface have
been preconditioned by the stress wave. Hereafter, many
studies have revealed that the stress wave is responsible for
initiation of the crushing zone and the surrounding radial
fractures, while the gas pressure further extends the fractures
(Figure 1) [123–125].

As for the excavation-induced response of rock blasting,
as early as 1966, Cook et al. [126] pointed out that the
impulsive release of load during excavation could cause the
over-relaxation of the loaded rock, generating tensile
stresses. Abuov et al. [127] pointed out that the unloading
wave was induced with the formation of a new free surface,
and a rockburst might occur when the potential energy of
compression reached a specific level. Cai [18] deemed that,
in addition to blasting stress wave and blasting gas pressure,
dynamic unloading was another factor that contributed to
the blasting-induced rock damage. Zhou and Qian [128] and
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Li et al. [129] took the stress redistribution as a dynamic
process to interpret the tension-compression alternation and
zonal disintegration phenomena around the deep tunnel. Lu
et al. [10] studied the process of in situ stress release ac-
companying rock fragmentation by blasting and the dy-
namic response of rockmass induced by the transient
unloading. Tao et al. [130] investigated the unloading failure
mechanisms of hard rock in a confined state during the
unloading process. Zhu et al. [131] revealed transient
unloading could cause tensile stress near the free excavation
surface, which might result in tensile failure of the sur-
rounding rockmass. Fan et al. [132] discussed the influence
of unloading rates on the strain-burst characteristics during
the excavation of deep-rockmasses. Li et al. [133] studied the
influence of unloading disturbance on the adjacent tunnel.
Yang et al. [134] investigated the influences of blast loading,
dynamic unloading, and the combined effects on the
rockmass vibrations, respectively.

During rock blasting, the blasting-induced responses,
e.g., rock fragmentation, failure pattern, and excavation
damage zone are what we concerned most. In the labo-
ratory and field experiments, Bergmann et al. [135] in-
vestigated the effects on blasting results of explosive
energy, pressure, detonation velocity, and density as well as
the effects of geometric factors such as burden distance.
Fourney et al. [136] studied the effect of stemming on
crater-blasting fractures and assessed the validity of small
model testing to predict results for larger-cratering tests.
Badal [137] studied the controlled blasting in jointed rocks
to explain the explosive-induced damage and failure de-
velopment. Cho et al. [138] investigated the effect of the
notched guide hole on failure pattern control in blasting.
Saiang [139] investigated the blast-induced damaged zone
around excavations and rock parameter sensitivity. Lu
et al. [140] analyzed the influence of excavation sequence
on the propagation of cracks during contour blasting. Zhu
et al. [141] observed the crack distribution of concrete
specimens subjected to high-pressure air blasting. Zhang
et al. [142] developed a system for blasting under static
stress and investigated the influence of static stress on
explosion crater.

Numerical approaches were widely used to study the
rock blasting. Grady and Kipp [9] thought that the

dynamic fracture of rock-like materials is a process of
continuous accumulation of damage, which promoted
the research of rock dynamic failure mechanism. Yang
et al. [143] developed a blast damage model to model rock
damage resulting from impulsive loading which can re-
produce the field observation well. Hao et al. [144] de-
veloped an anisotropic damage constitutive model to
simulate the propagation of blasting stress wave and
associated rock damage. Ding and Zheng [145] developed
a blasting model fit for loosening blasting and achieved
the simulation of blasting vibration. Zhu et al. [146]
simulated the rock blasting-induced crack initiation and
propagation using Autodyn2D and discussed the influ-
ence of blasting parameters on the rock-blasting results.
Ma and An [147] simulated the blasting-induced rock
fractures using LS-DYNA and explored the influences of
the key parameters on the rock failure pattern during the
smooth blasting. Ning et al. [148] modeled blast-induced
rockmass failure via the discontinuous deformation
analysis (DDA). Yilmaz and Unlu [149] took into account
four different explosive-rockmass combinations to in-
vestigate blast-induced damage zones. Yan et al. [150]
modeled the dynamic cracking and casting process of
bench blasting with consideration of blasting fragmen-
tation size using the three-dimensional distinct element
code (3DEC). An et al. [151] implemented a hybrid finite-
discrete element method (FEM-DEM) to simulate rock
fracture and resultant fragment muck piling in various
blasting scenarios.

Currently, it is generally agreed that the rock around the
blast hole is subjected to the following phases of loading: (a)
dynamic loading, during detonation of the explosive charge,
and generation and propagation of the stress wave in the
medium; (b) quasi-static loading, under the residual blast-
hole pressure applied by the explosion gas; (c) release of
loading, during the period of rock displacement and re-
laxation of the transient stress field [11]. Based on the above
literature reviews, in this study, we attempt to characterize
the rock-blasting damage as a gradual multistrain-rate
process with a general-purpose damage-based model, in
order to numerically simulate the rock damage and failure
induced by blasting.

2.5. Rock Damage and Failure under Rheological Load. It is
generally considered that rheology is one of the key reasons
inducing the instability of the surrounding rockmass.
Laboratory tests and in situ rheological observations are the
major methods employed to study time-dependent behavior
of rock [152]. )ree regimes are usually observed during
brittle creep experiments (when the measured strain is
plotted against time): primary creep or transient creep (with
decelerating strain rate), secondary creep or steady-rate
creep (with constant strain rate), and tertiary or accelerat-
ing creep (with accelerating strain rate) [153–155]. During
primary creep, the strain rate usually decreases as a power
law of the time since the stress change [156]. )e strain rate
during secondary creep is nearly constant and strongly
depends on the applied stress. Usually, an exponential law

(a) Crushing

Dynamic Quasi-static

Crushing and fracture
in non-linear zone

(b)

Extension of non-linear
crushed zone Growth of
radial fractures

(d)

Radial cracks
from elastic wave 

(c)

Figure 1: )e evolution of fracture patterns at the consecutive
stages in the fracture process of one-borehole blasting [122].
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and a power law provide a good fit to experimental mea-
surements of the strain rate during steady-rate creep
[156, 157]. In this regard, Brantut et al. [158] indicated that
the strain rate during the so-called secondary creep is, in fact,
never constant; it is simply an inflection period during which
the strain rate remains close to or at its minimum for an
extended period of time. )ey suggested using a decelerating
and an accelerating portion to describe the creep curve [158].
During tertiary creep, creep experiments on heterogeneous
materials have revealed a power law acceleration of the strain
rate [159–161]. In this respect, a power-law model has been
applied to fit the tertiary creep curves for a series of exper-
iments with different constant applied differential stresses
[162, 163]. Creep tests have also been carried out on soft rocks
such as lignite, tuff, shale, and sandstone, medium-hard rocks
such as limestone, marble, and rock salt, and hard rocks such
as andesite and granite [153, 156, 164–170]. )ese experi-
ments were mostly conducted under uniaxial compression.
)ere are few studies using creep tests under a tensile-loading
regime [171].

Although the laboratory experiment is the fundamental
prerequisite for our understanding of time-dependent de-
formation of rocks, some experiments can be rather un-
feasible in laboratory due to the complexities and difficulties
in performing them and the unacceptably long test period. A
number of approaches have been developed to model the
time-dependent deformation of rocks. In general, creep
models can be divided into two categories: phenomeno-
logical approaches and micromechanical approaches [172].
It should be noted that these approaches can often be co-
operative rather than competitive.

Phenomenological models are developed on the basis of
empirically observed internal variables [173] or the super-
position of several viscous and elastic elements [174, 175].
Constitutive laws, based on laboratory experiments, provide
a relation between strain, stress, and strain rate [173–180].
)ese models are normally defined using a logarithmic
function, a power function, and other differential equations
to reproduce the behavior of different types of rocks under
different loading conditions (creep, constant stress rate, or
strain rate). However, the inherent physical mechanisms of
creep deformation are not accommodated in empirical
models, so the key mechanical parameters remain unclear in
physics. In the aspect of component models, they included
the linear superposition of some viscous and elastic ele-
ments, such as the linear Burgers body [171]. But none of
these linear models can explain the stage of nonlinear- and
unstable-accelerating creep. In order to explain this phe-
nomenon, more complex models with a battery of New-
tonian elastic and viscous elements are required [181].
However, the separation of deformation into elastic, plastic,
and viscous components can be difficult to achieve [182].

Micromechanical models, based on a suitable analysis of
subcritical microcracking within fracture mechanics, may
contribute a link between the microcracking and macro-
scopic creep response [172]. Costin [183] proposed
a microcrack model to represent the time-dependent de-
formation and failure of rock by introducing subcritical
damage laws. Kemeny [184] developed a micromechanical

model for subcritical crack propagation, by incorporating
Charles’ power law relation into a sliding crack model. )e
model reproduces the trimodal form of the creep curve,
indicating that there is a critical density of microcracks at the
onset of tertiary creep and realizing the time-to-failure
prediction. Lockner and Madden [185] proposed a numer-
ical model of multiple-crack interaction to simulate the
failure process in solid materials containing a number of
flaws. Lockner [156] derived a time-dependent model for the
temporal evolution of strain and reproduced empirical laws
between strain rate and stress during secondary creep.
Golshani et al. [186] developed a micromechanics-based
numerical model to examine the time-dependent micro-
cracking and the evolution of the excavation damage zone
(EDZ) around an opening. Konietzky et al. [187] proposed
a numerical cellular automata approach based on subcritical
crack propagation to predict the rock lifetime. Main [163]
further developed the mean-field theory of damage me-
chanics and suggested a simple damage mechanics model for
the apparently trimodal behavior of the strain and event rate
dependence, by invoking a phase of strain hardening in-
volving distributed crack damage and a phase of strain
softening involving crack interaction and coalescence.
Turcotte et al. [188] proposed a one-dimensional model
based on a simple damage criterion. Amitrano and Helm-
stetter [189] proposed a numerical approach based on the
one-dimensional model of Turcotte et al. [188] to model the
time evolution of strain (three-creep phases), as well as the
progressive damage localization before failure, by in-
troducing an empirical time-to-failure law and the intrinsic
heterogeneities of rocks at the microscale. Brantut et al. [190]
developed a micromechanical model to describe the time-
dependent creep of water-saturated rocks under triaxial
stress conditions. In this model, the incremental strains due
to the extension of cracks in compression are derived from
the sliding wing-crack model of Ashby and Sammis [191],
and the crack length evolution is calculated according to
Charles’ law. Xu et al. [192] proposed a two-dimensional
numerical rheological model by using an exponential-
softening law for the time-dependent brittle deformation
of heterogeneous brittle rock under uniaxial loading
conditions.

2.6. Rock Damage and Failure under Combined Rheological
Load and Dynamic Disturbance. )e time-dependent effect
of deformation, damage, and failure of deep rockmass is
significant, even in hard rock [1], which is considered as
one of the most mechanisms for the delayed rockburst.
Based on the instability analysis of plate and beam struc-
tures according to viscoelastic theory, Zhang [193] quali-
tatively explained the time-lagged rockburst. Xu et al. [194]
discussed the occurrence prerequisite and time of rock-
burst in rheological strata. )ese two theoretical models
demonstrate the time-lagged instability triggered by dy-
namic disturbance.

In mining practice, time-delayed rockburst is considered
to be closely related to rock damage after blasting. Even if
blasting excavation may not trigger rockburst immediately,
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rockbursts often occur after it. )e relationship between
rockburst and blasting vibration in deep mining was in-
tensively studied in South Africa [13]. )e rockburst fre-
quency within two hours after blasting was multiple times or
even tens of times higher than that in other time periods. In
the Hongtoushan copper mine in China, most rockbursts
occurred within several hours after blasting [195]. In the
construction of the auxiliary tunnel of Jinping-II hydro-
power station, it was also found that most of these rockburst
events occurred within 2-3 hours after blasting [196]. Yan
et al. [197] found that the disturbances from excavation
particularly under blasting excavation have an important
influence on the intensity and the scale of rock bursts. In this
respect, excavation-induced rock instability, such as the
time-delayed rockburst, can be considered as the unstable
failure of rock under the combined quasi-static, dynamic,
and rheological load.

In order to clarify the influence of dynamic disturbance
on the rock rheology, Gao et al. [198] developed a testing
machine to measure the response of rock under the com-
bined rheological and dynamic loading. Zhu et al. [199]
invented a stress relaxation-dynamic disturbance testing
machine to study the rock damage and failure under stress
relaxation and dynamic disturbance. Also, a damage-based
constitutive model for rocks subjected to stress relaxation
and dynamic disturbance is proposed based on damage
mechanics.

)erefore, based on the above literature review, it can
be concluded that it is very necessary to study the rock
damage mechanism under multiple strain rates, in order to
clarify the failure mechanism of mining hazards such as
rockbursts.

3. Governing Equations

3.1. Mechanical Equilibrium Equations. )e equilibrium
equation for solid mechanics is given by Newton’s second
law. It is usually written using a spatial formulation in terms
of the Cauchy stress tensor [200]:

σij,j + Fi � ρ
z2ui

zt2
(i, j � x, y, z), (1)

where σij denotes the stress tensor, Fi denotes the body force
per unit deformed volume, ρ denotes the material density, ui

denotes displacement, and t denotes time. )is equation
expresses the mechanical equilibrium in rock subjected to
dynamic load. It could be used for quasi-static analysis when
the acceleration term in the right-hand term is specified to
zero.

Under the assumption of small displacements and ro-
tations, the normal strain components and the shear strain
components are related to the displacement as follows:

εij �
1
2

ui,j + uj,i , (2)

where εij denotes the strain tensor.
For rocks under static or dynamic loading, the behaviors

of them are assumed to be linear elastic. )e strain tensor
follows Hooke’s law:

εij �
1 + ]

E
σij −

]
E
δijσmm (i, j, m � x, y, z), (3)

where E denotes Young’s modulus, v denotes Poisson’s ratio,
and δij denotes Kronecker function σmm � σx + σy + σz.

For rocks under rheological load, the behaviors of them
are assumed to be nonlinear elastic. )e strain tensor can be
expressed by [198, 200]

εij �
1 + ]

E
σij − δij

]
E
σmm + εcij, (4)

where εcij is the creep strain tensor. )e creep strain rate is
defined by [202]

zεcij
zt

�
3
2

SijAn0σ
m0−1
e t

n0−1, (5)

where Sij is the deviatoric stress tensor, A, m0 and n0 are
experimentally determined parameters, and σe is the ef-
fective stress, defined as

σe �
1
�
2

√ 

·

����������������������������������������������

σx − σy 
2

+ σy − σz 
2

+ σx − σz( 
2

+ 6 σ2xy + σ2xz + σ2yz 



.

(6)

Differentiating Equation (4) with respect to time, the
strain rate can be described by

zεij

zt
�
1 + ]

E

zσij

zt
− δij

]
E

zσmm

zt
+
3
2

SijAn0σ
m0−1
e t

n0−1. (7)

3.2. Damage Evolution Equation. As illustrated in Figure 2,
the damage of the medium in tension or shear is initiated
when its state of stress satisfies the maximum tensile stress
criterion or the Mohr–Coulomb criterion, respectively, as
expressed by

F1 ≡ σ1 −ft0 � 0 or

F2 � −σ3 + σ1
(1 + sinϕ)

(1− sinϕ)
 −fc0 � 0,

(8)

where ft0 and fc0 are uniaxial tensile and compressive
strength (Pa), respectively, ϕ is internal frictional angle, and
F1 and F2 are two damage threshold functions.

According to the elastic damage theory, the elastic
modulus of an element degrades monotonically as damage
evolves, and the elastic modulus of the damaged material is
expressed as

E � (1−D)E0, (9)

where D represents the damage variable and E and E0 are the
elastic moduli of the damaged and the undamaged material
(Pa), respectively. In this kind of numerical simulation, the
element as well as its damage is assumed isotropic, so E, E0,
and D are all scalar. According to Figure 2, the damage
variable can be calculated as [203]
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D �

0, F1 < 0 and F2 < 0,

1−
εt0

ε1





n

, F1 � 0 and dF1 > 0,

1−
εc0

ε3





n

, F2 � 0 and dF2 > 0,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

where εt0 and εc0 are maximum principal strain in tension and
maximum principal strain in compression when damage
occurs, respectively, and n is a constitutive coefficient, and it is
2.0. In this respect, the damage variable calculated with
Equation (10) is always from 0 to 1.0 regardless of what kind
of damage it may suffer. However, in the damage zone figure,
in order to distinctly display the two kinds of damage modes
(i.e. tensile damage and shear damage); the tensile damage is
represented as negative numbers, while the shear damage is
represented as positive ones.

Equations (1)–(10) are implemented into COMSOL
Multiphysics, a partial differential equation-based finite
element modeling environment. )us, the damage and
failure process of rocks under multiple strain rates is studied.
)e validation of the numerical model and its numerical
implementation has been presented in the previous publi-
cations [141, 199, 201].

)e above damage model was also implemented into the
RFPA (rock failure process analysis) code and was used to
study the failure process of rock under multiple strain rates
[125, 203]. RFPA-Dynamics is one of the RFPA versions in
simulating the rock dynamics problems. As suggested in Zhu
and Tang [203], RFPA is effective in simulating the rock
failure under quasi-static and dynamic loading when the
rock heterogeneity is incorporated into the model. In this
respect, the damage and failure process of rock can be vividly
simulated and presented graphically, which facilitates clar-
ifying of the rock failure mechanism.

4. Numerical Examples

4.1. Rock Damage and Failure under Combined Static and
Dynamic Loading. )e damage and failure process of rock
under combined static and dynamic loading under the SHPB

test is simulated by using RFPA-Dynamics. )e model used
for the numerical simulation is shown in Figure 3. )e rock
specimen is sandwiched between two steel bars (incident bar
and transmission bar), and the stress is applied at the top
surface of the incident bar. )e incident strain measured
during a SHPB test is used as the boundary input for the
numerical simulation.

As shown in Figure 3, the history of the incident stress
(σi), reflected stress (σr), and transmitted stress (σt) can be
obtained from the numerical simulation, in which the in-
cident stress (σi) and reflected stress (σr) are retrieved from
the stress history at Point B (25,100), and the transmit-
ted stress (σt) is from Point F (25,400). In this study, the
stresses retrieved with different methods are compared,
where σs(� (σi + σr + σt)/2) is calculated, and σave is stress
averaged over 5 typical points in the specimen (Figure 3(c)).

In Figure 4, the incident and reflected strains retrieved at
Point C (25, 200) and the transmitted strain retrieved at
Point F (25,400) are obtained from the numerical simulation
and compared to the SHPB test results. )e reflected wave is
especially well reproduced. However, the magnitude of the
transmitted wave is overestimated by the numerical simu-
lation because of the complex strain wave attenuation during
rock failure. In general, the acceptable agreement between
the experimental and numerical results confirms the capa-
bility of RFPA-Dynamics in reproducing the failure process
of rock during SHPB tests.

When different confining stresses are applied at the
lateral surface of the specimen, the dynamic increase factor
(DIF) of the rock strength calculated using σave varies
considerably (Figure 5). In this case, σave denotes the average
stress distribution in the rock specimen, which is more
reasonable to describe the stress condition in the rock
specimen. First, it is found that the DIF increases with the
rising confining stress. Under the confining stress, the DIF
characterized by σave increases gradually until a peak and
then decreases with static stress when the static stress ps
approaches the uniaxial static compressive strength of rock
σc. In this regard, the rock strength denoted by σave shows
a similar tendency to experimental response determined by
Li et al. [204]. )is variation of DIF that depends on static
stress can be qualitatively explained as follows: when the
static stress is low, the static stress enhances the DIF due to
the confinement effect; however, under the higher-static
stress that approaches σc, the static stress may induce ini-
tial damage in the rock specimen, thus leading to the de-
crease of DIF.

4.2. Rock Damage and Failure Triggered by Dynamic Stress
Redistribution. During the excavation of underground
opening, excavation may trigger sudden release of in situ
stress, leading to strong disturbance to the surrounding rock
masses. Some studies have revealed the necessity of studying
the transient process of stress redistribution and related
dynamic response. )eoretical analysis indicates that during
the dynamic unloading process, radial stress undergoes
several smaller fluctuations and finally remains stable in the
quasi-static secondary stress field (Figure 6(a)).)e dynamic

ft0

–fc0

–εc0

εt0 ε

σ = E0ε (εt0/ε)n

Figure 2: )e elastic damage-based constitutive law under uniaxial
stress condition.
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unloading induced by excavation could lead to tension-
compression alternation of stress adjacent to the excava-
tion perimeter. Tangential stress increases rapidly and
then decreases, undergoing several smaller fluctuations and

remains stable finally (Figure 6(b)). )e dynamic effect of
stress redistribution is more substantial for the shorter
unloading duration. In particular, when t0 equals to 2ms, the
tensile stress is induced at about 4ms. In contrast, when
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t0 � 24ms, the dynamic effect could be negligible, and thus
tensile stress is never found.

)e consideration of dynamic unloading during the
numerical simulation can increase the extent of the damage
zone, which may become larger with the shorter unloading
duration. For instance, as shown in Figure 7, the depth of the
damage zone may increase to 12.1m and 13.4m when the
dynamic unloading with the duration of 24ms and 2ms is
considered.

4.3. RockDamage andFailure Induced byBlasting. A damage
model for rock blasting is developed, in which the blasting
process is considered as two consecutive stages, i.e., the
dynamic stage caused by the stress wave and the static stage

caused by explosion gas pressure. As shown in Figure 8, the
blasting-induced damage agrees well with the laboratory
experiment (Figure 8(d)). It is confirmed that the blasting
stress wave initiates the primary radial cracks (Figure 8(a)),
and the explosion gas pressure results in the increase of the
crushed zone radius, extension of existing cracks, and
creation of new radial cracks (Figures 8(b)–8(c)).

As shown in Figure 9, the blasting-induced crack is
closely related to the in situ stress conditions, and the crack
propagation direction coincides with the maximum com-
pressive principal stress. Furthermore, the crack radius
decreases with the increase of depth and in situ stress,
denoting the confinement of in situ stress on the blasting-
induced crack propagation in rock.
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Figure 6: Analytical solution to time history of stress for different unloading durations (at r � 5.1m and p0 �−25MPa) [131]: (a) radial stress
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4.4. Rock Damage and Failure Induced by Combined
Rheological Load and Dynamic Disturbance. )e numerical
simulation on the accelerating creep of rock triggered by
dynamic disturbance is conducted, in which the effect of the
creep stage and waveform of dynamic disturbance on

damage and failure of rock is examined. )e validations of
the numerical model and constitutive parameters for the
rock damage under rheological load and dynamic distur-
bance have been presented in previous publications [201], so
they are not repeated in this study.

)e specific geometries and loading conditions for this
model are shown in Figure 10.)e numerical simulations on
creep tests were performed under three stress boundaries
(ps � 0MPa, 10MPa, and 15MPa, respectively) and sus-
tained for 12 hrs. )e dynamic loading conditions is a tri-
angle-shape stress pulse pd(t), which is applied at the top
boundary of the specimen after a constant static stress (ps) is
maintained on the specimen.

Figure 11 shows the damaged zone during the creep of
rock specimens triggered by dynamic disturbance. Damage
of elements induces degradation of elastic modulus, and the
elements totally damaged in the tensile mode are displayed
as black. It is found that the incident stress wave travels
downwards along the rock specimen.When amplitude of the
impact load is 10MPa and 20MPa, although more new
damages are created, the dispersely distributed damage did
not propagate and coalesce with each other. When the
amplitude pd � 30MPa and duration pd � 80 μs, in addition
to the initial damage zone induced by creeping stress, the
damage of several elements is induced at t � 10 μs. When the
incident stress wave travels downwards, at t � 50 μs, more
cracks are initiated inside the rock specimen. At t � 70 μs,
a visible damage zone formed because of the cluster of the
inner damage. At time t � 80 μs, the damage zones passed
through the rock specimen, and therefore the rock specimen
fails completely. It is concluded that the rock will become
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Figure 7: Final damage zone distribution under different unloading durations and without considering transient unloading (κ � 2) [131].

(a) (b) (c) (d)

Figure 8: Numerical results on blasting-induced damage of rock specimens [205]: (a) step30_006; (b) step50_009; (c) step80_002; and (d)
laboratory experiment.
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Figure 9: )e development of rock-blasting damage under dif-
ferent in situ stress conditions [206].
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more fractured with the increase of the input energy. As
shown in Figure 11(c), under the higher impact loading III,
at t � 80 μs, the shear-type macroscopic failure pattern is
observed.

5. Conclusions

)e mining-induced disturbance is characterized as
a multistrain-rate condition including transient unloading,
quasi-static stress distribution, dynamic disturbance, and
rheological loading. In this study, the damage and failure of
rock under multiple strain rates is reviewed. Meanwhile, our
study on numerical models of rock damage and failure under
different strain rates over the past ten years is briefly
summarized. )e main conclusions and outlooks are pre-
sented as follows:

(1) During the SHPB test, the strength of rock under
combined static and dynamic loads is generally
higher than the static uniaxial compressive strength
and dynamic uniaxial compressive strength. )e
combined static-dynamic strength of rock increases
gradually with the increase of prestatic stress;
however, it may decrease when the prestatic stress
approaches the uniaxial compressive strength of
rock. According to the numerical simulation, the
mechanism responsible for the increase of rock
strength under combined static and dynamic loading
is explained.

(2) In terms of rock blasting, it can be simulated as two
consecutive loading stages: (a) dynamic loading
applied by the blasting stress wave and (b) quasi-
static loading applied by the expansion of explosion
gas. )e numerical simulation reproduces the ini-
tiation of cracks induced by the blasting stress wave
and further propagation of cracks driven by the
explosion gas pressure. Numerical simulation also
indicates that the blasting-induced crack is closely
related to the in situ stress conditions, and the crack
propagation direction coincides with the maximum
compressive principal stress.

(3) )e dynamic disturbance may trigger the unstable
rheological deformation of hard rock, which is
considered as one of the most mechanisms for the
delayed rockburst. In this respect, numerical simu-
lation reproduces the time-dependent damage and
failure of rock under combined rheological load and
dynamic disturbance.

)e study on the multistrain-rate effect of rock induced
by deep mining provides not only important scientific
significance in understanding the deformation and damage
mechanism but also wide perspectives in various rock en-
gineering applications. )is study summarized the unified
constitutive equations proposed by the authors to describe
the multistrain-rate response of rock from the low strain rate
of rheology to high strain rate of dynamic impact. However,
as suggested by Jing [27]; full validation of the numerical
model and numerical simulation in rockmechanics is always

not possible and can at best be only partial. In this respect,
our confidence in the numerical models can be raised when
they are successfully calibrated against well-controlled lab-
oratory and in situ experiments.

A lot of work needs to be done for development of this
kind of damage model for rock under multiple strain rates.
Firstly, some fundamental rock mechanic issues related to
the multistrain-rate conditions of rock, such as strain-rate-
dependent failure criterion, strain-rate-dependent consti-
tutive law, and continuous-discontinuous numerical simu-
lation, should be studied further and validated for more
loading conditions. In future, the 3D numerical simulation
should be undertaken in order to capture the rock failure
mechanism under real-mining conditions. Secondly, rock-
mass is a geological body characterized by discontinuous-
ness, anisotropy, inhomogeneity, and not-elasticity
(abbreviated as DAINE). Consequently, one of the major
difficulties in the application of rock mechanics is the
characterization of rockmass. )is kind of numerical sim-
ulation should provide insights into the behavior of rock-
masses by considering the rockmass structures and
boundary conditions with chosen sophistication in rock-
mass parameters and engineering perturbations.
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[45] A. Möri, W. R. Alexander, H. Geckeis et al., “)e colloid and
radionuclide retardation experiment at the grimsel test site:
influence of bentonite colloids on radionuclide migration in
a fractured rock,” Colloids and Surfaces A: Physicochemical
and Engineering Aspects, vol. 217, no. 1–3, pp. 33–47, 2003.

[46] J. D. Barnichon and G. Volckaert, “Observations and pre-
dictions of hydromechanical coupling effects in the Boom
clay, Mol underground research laboratory, Belgium,”
Hydrogeology Journal, vol. 11, no. 1, pp. 193–202, 2003.

[47] L. Q. Dao, Y. J. Cui, A. M. Tang, J. M. Pereira, X. L. Li, and
X. Sillen, “Impact of excavation damage on the thermo-
hydro- mechanical properties of natural Boom Clay,” En-
gineering Geology, vol. 195, pp. 196–205, 2015.

[48] G. Armand, F. Leveau, C. Nussbaum et al., “Geometry and
properties of the excavation-induced fractures at the meuse/
haute-marne URL drifts,” Rock Mechanics and Rock Engi-
neering, vol. 47, no. 1, pp. 21–41, 2014.

[49] M. Souley, G. Armand, and J. B. Kazmierczak, “Hydro-elasto-
viscoplastic modeling of a drift at the Meuse/Haute-Marne
underground research laboratoratory (URL),” Computers and
Geotechnics, vol. 85, pp. 306–320, 2017.

[50] X. T. Feng, B. R. Chen, S. J. Li et al., “Studies on the evolution
process of rockbursts in deep tunnels,” Journal of Rock
Mechanics and Geotechnical Engineering, vol. 4, no. 4,
pp. 289–295, 2012.

[51] C. A. Tang, J. M. Wang, and J. J. Zhang, “Preliminary en-
gineering application of microseismic monitoring technique
to rockburst prediction in tunneling of Jinping II project,”
Journal of Rock Mechanics and Geotechnical Engineering,
vol. 2, no. 3, pp. 193–208, 2010.

[52] J. E. Field, S. M. Walley, W. G. Proud, H. T. Goldrein, and
C. R. Siviour, “Review of experimental techniques for high
rate deformation and shock studies,” International Journal of
Impact Engineering, vol. 30, no. 7, pp. 725–775, 2004.

[53] B. A. Gama, S. L. Lopatnikov, and J. J. W. Gillespie,
“Hopkinson bar experimental technique: a critical review,”
Applied Mechanics Reviews, vol. 57, no. 4, pp. 223–250, 2004.

[54] K. T. Ramesh, “High rates and impact experiments,” in
Springer Handbook of Experimental Solid Mechanics,
pp. 929–960, Springer, Berlin, Germany, 2008.

[55] K. W. Xia and W. Yao, “Dynamic rock tests using split
Hopkinson (Kolsky) bar system—a review,” Journal of Rock
Mechanics and Geotechnical Engineering, vol. 7, no. 1,
pp. 27–59, 2015.

[56] H. G. Kolsky, “An investigation of the mechanical properties
of materials at very high rates of loading,” Proceedings of the
Physical Society. Section B, vol. 62, no. 11, pp. 676–700, 1949.

[57] R. M. Davies, “A critical study of the Hopkinson pressure
bar,” Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences, vol. 240,
no. 821, pp. 375–457, 1948.

[58] J. M. Krafft, A. M. Sullivan, and C. F. H. Tipper, “)e effect of
static and dynamic loading and temperature on the yield
stress of iron and mild steel in compression,” Proceedings of
Be Royal Society A: Mathematical, Physical and Engineering
Sciences, vol. 221, no. 1144, pp. 114–127, 1954.

[59] U. S. Lindholm, “Some experiments with the split Hop-
kinson pressure bar,” Journal of the Mechanics and Physics of
Solids, vol. 12, no. 5, pp. 317–335, 1964.

[60] Y. X. Zhou, K. Xia, X. B. Li et al., “Suggested methods for
determining the dynamic strength parameters and mode-I
fracture toughness of rock materials,” International Journal
of Rock Mechanics and Mining Sciences, vol. 49, pp. 105–112,
2012.

[61] E. D. H. Davies and S. C. Hunter, “)e dynamic compression
testing of solids by the method of the split Hopkinson
pressure bar,” Journal of the Mechanics and Physics of Solids,
vol. 11, no. 3, pp. 155–179, 1963.

[62] M. Zhang, H. J. Wu, Q. M. Li, and F. L. Huang, “Further
investigation on the dynamic compressive strength en-
hancement of concrete-like materials based on split Hop-
kinson pressure bar tests. Part I: experiments,” International
Journal of Impact Engineering, vol. 36, no. 12, pp. 1327–1334,
2009.

[63] M. J. Forrestal, T. W. Wright, and W. Chen, “)e effect of
radial inertia on brittle samples during the split Hopkinson
pressure bar test,” International Journal of Impact Engi-
neering, vol. 34, no. 3, pp. 405–411, 2007.

[64] Q. M. Li, Y. B. Lu, and H. Meng, “Further investigation on
the dynamic compressive strength enhancement of concrete-
like materials based on split Hopkinson pressure bar tests.
Part II: Numerical simulations,” International Journal of
Impact Engineering, vol. 36, no. 12, pp. 1335–1345, 2009.

[65] Q. M. Li and H. Meng, “About the dynamic strength en-
hancement of concrete-like materials in a split Hopkinson
pressure bar test,” International Journal of Solids and
Structures, vol. 40, no. 2, pp. 343–360, 2003.

[66] Y. B. Lu, Q.M. Li, andG.W.Ma, “Numerical investigation of
the dynamic compressive strength of rocks based on split
Hopkinson pressure bar tests,” International Journal of Rock
Mechanics and Mining Sciences, vol. 47, no. 5, pp. 829–838,
2010.

[67] G. T. Gray, “Classic split-Hopkinson pressure bar testing,”
ASM Handbook, vol. 8, pp. 462–476, 2000.

[68] F. Dai, S. Huang, K. W. Xia, and Z. Y. Tan, “Some funda-
mental issues in dynamic compression and tension tests of
rocks using split Hopkinson pressure bar,” Rock Mechanics
and Rock Engineering, vol. 43, no. 6, pp. 657–666, 2010.

[69] J. F. Bell, “An experimental diffraction grating study of the
quasi-static hypothesis of the split hopkinson bar experi-
ment,” Journal of the Mechanics and Physics of Solids, vol. 14,
no. 6, pp. 309–327, 1966.

[70] M. Alves, D. Karagiozova, G. B. Micheli, and M. A. G. Calle,
“Limiting the influence of friction on the split Hopkinson
pressure bar tests by using a ring specimen,” International
Journal of Impact Engineering, vol. 49, pp. 130–141, 2012.

[71] R. S. Hartley, T. J. Cloete, and G. N. Nurick, “An experi-
mental assessment of friction effects in the split Hopkinson
pressure bar using the ring compression test,” International
Journal of Impact Engineering, vol. 34, no. 10, pp. 1705–1728,
2007, in Chinese.

Shock and Vibration 15



[72] J. C. Gong, L. E. Malvern, and D. A. Jenkins, “Dispersion
investigation in the split Hopkinson pressure bar,” Journal of
Engineering Materials and Technology, vol. 112, no. 3,
pp. 309–314, 1990.

[73] D. A. Gorham, “A numerical method for the correction of
dispersion in pressure bar signals,” Journal of Physics E:
Scientific Instruments, vol. 16, no. 6, pp. 477–479, 1983.

[74] X. B. Li, T. S. Lok, J. Zhao, and P. J. Zhao, “Oscillation
elimination in the Hopkinson bar apparatus and resultant
complete dynamic stress-strain curves for rocks,” In-
ternational Journal of Rock Mechanics and Mining Sciences,
vol. 37, no. 7, pp. 1055–1060, 2000.

[75] D. J. Frew, M. J. Forrestal, and W. Chen, “A split Hopkinson
pressure bar technique to determine compressive stress-
strain data for rock materials,” Experimental Mechanics,
vol. 41, no. 1, pp. 40–46, 2001.

[76] D. J. Frew, M. J. Forrestal, and W. Chen, “Pulse shaping
techniques for testing brittle materials with a split hopkinson
pressure bar,” Experimental Mechanics, vol. 42, no. 1,
pp. 93–106, 2002.

[77] R. Gerlach, S. K. Sathianathan, C. Siviour, and N. Petrinic, “A
novel method for pulse shaping of split Hopkinson tensile
bar signals,” International Journal of Impact Engineering,
vol. 38, no. 12, pp. 976–980, 2011.

[78] S. Ellwood, L. J. Griffiths, and D. J. Parry, “Materials testing
at high constant strain rates,” Journal of Physics E: Scientific
Instruments, vol. 15, no. 3, pp. 280–282, 1982.

[79] J. Lankford, “)e role of tensile microfracture in the strain
rate dependence of compressive strenght of fine-grained
limestone-analogy with strong ceramics,” International
Journal of Rock Mechanics and Mining Sciences & Geo-
mechanics Abstracts, vol. 18, no. 2, pp. 173–175, 1981.

[80] G. W. Ma, J. C. Li, and J. Zhao, “)ree-phase mediummodel
for filled rock joint and interaction with stress waves,” In-
ternational Journal for Numerical and Analytical Methods in
Geomechanics, vol. 35, no. 1, pp. 97–110, 2011.

[81] Z. L. Zhou, X. Cai, W. Z. Cao, X. B. Li, and C. Xiong,
“Influence of water content on mechanical properties of rock
in both saturation and drying processes,” Rock Mechanics
and Rock Engineering, vol. 49, no. 8, pp. 3009–3025, 2016.

[82] C. J. Zou and L. N. Y. Wong, “Experimental studies on
cracking processes and failure in marble under dynamic
loading,” Engineering Geology, vol. 173, pp. 19–31, 2014.

[83] F. Dai and K. Xia, “Loading rate dependence of tensile
strength anisotropy of barre granite,” Pure and Applied
Geophysics, vol. 167, no. 11, pp. 1419–1432, 2010.

[84] J. T. Gomez, A. Shukla, and A. Sharma, “Static and dynamic
behavior of concrete and granite in tension with damage,”
Beoretical and Applied Fracture Mechanics, vol. 36, no. 1,
pp. 37–49, 2001.

[85] Q. Z. Wang, W. Li, and X. L. Song, “A method for testing
dynamic tensile strength and elastic modulus of rock ma-
terials using SHPB,” Pure and Applied Geophysics, vol. 163,
no. 5-6, pp. 1091–1100, 2006.

[86] J. Zhao and H. B. Li, “Experimental determination of dy-
namic tensile properties of a granite,” International Journal
of Rock Mechanics and Mining Sciences, vol. 37, no. 5,
pp. 861–866, 2000.

[87] F. Dai, K. Xia, J. P. Zuo, R. Zhang, and N. W. Xu, “Static and
dynamic flexural strength anisotropy of Barre granite,” Rock
Mechanics and Rock Engineering, vol. 46, no. 6, pp. 1589–
1602, 2013.

[88] W. Goldsmith, J. L. Sackman, and C. Ewerts, “Static and
dynamic fracture strength of Barre granite,” International

Journal of Rock Mechanics and Mining Sciences & Geo-
mechanics Abstracts, vol. 13, no. 11, pp. 303–309, 1976.

[89] P. D. Zhao, F. Y. Lu, R. Chen et al., “A new technique for
combined dynamic compression-shear test,” in Proceedings
of the 2010 Annual Conference on Experimental and Applied
Mechanics, pp. 417–424, Springer New York, New York, NY,
USA, June 2011.

[90] W. N. Chen and G. Ravichandran, “Dynamic compressive
failure of a glass ceramic under lateral confinement,” Journal
of the Mechanics and Physics of Solids, vol. 45, no. 8,
pp. 1303–1328, 1997.

[91] G. Gary and P. Bailly, “Behaviour of quasi-brittle material at
high strain rate. Experiment and modelling,” European
Journal of Mechanics—A/Solids, vol. 17, no. 3, pp. 403–420,
1998.

[92] Z. T. Bieniawski, “Fracture dynamics of rock,” International
Journal of Fracture Mechanics, vol. 4, no. 4, pp. 415–430,
1968.

[93] R. Chen, K. Xia, F. Dai, F. Lu, and S. N. Luo, “Determination
of dynamic fracture parameters using a semi-circular bend
technique in split Hopkinson pressure bar testing,” Engi-
neering Fracture Mechanics, vol. 76, no. 9, pp. 1268–1276,
2009.

[94] F. Dai, Y. Xu, T. Zhao, N. W. Xu, and Y. Liu, “Loading-rate-
dependent progressive fracturing of cracked chevron-
notched Brazilian disc specimens in split Hopkinson
pressure bar tests,” International Journal of Rock Mechanics
and Mining Sciences, vol. 88, pp. 49–60, 2016.

[95] Y. Liu, F. Dai, P. Fan, N. Xu, and L. Dong, “Experimental
investigation of the influence of joint geometric configura-
tions on the mechanical properties of intermittent jointed
rock models under cyclic uniaxial compression,” Rock
Mechanics and Rock Engineering, vol. 50, no. 6, pp. 1453–
1471, 2017.

[96] Y. Xu, F. Dai, N. W. Xu, and T. Zhao, “Numerical in-
vestigation of dynamic rock fracture toughness de-
termination using a semi-circular bend specimen in split
Hopkinson pressure bar testing,” Rock Mechanics and Rock
Engineering, vol. 49, no. 3, pp. 731–745, 2016.

[97] Y. Xu and F. Dai, “Dynamic response and failure mechanism
of brittle rocks under combined compression-shear loading
experiments,” Rock Mechanics and Rock Engineering, vol. 51,
no. 3, pp. 747–764, 2018.

[98] D. Asprone, E. Cadoni, and A. Prota, “Experimental analysis
on tensile dynamic behavior of existing concrete under high
strain rates,” ACI Structural Journal, vol. 106, no. 1,
pp. 106–113, 2009.

[99] C. A. Ross, P. Y. )ompson, and J. W. Tedesco, “Split-
Hopkinson pressure-bar tests on concrete and mortar in
tension and compression,” ACI Materials Journal, vol. 86,
no. 5, pp. 475–481, 1989.

[100] S. Kubota, Y. Ogata, Y. Wada, G. Simangunsong,
H. Shimada, and K. Matsui, “Estimation of dynamic tensile
strength of sandstone,” International Journal of Rock Me-
chanics and Mining Sciences, vol. 45, no. 3, pp. 397–406,
2008.

[101] W. C. Zhu, L. L. Niu, S. H. Li, and Z. H. Xu, “Dynamic
Brazilian test of rock under intermediate strain rate: Pen-
dulum hammer-driven SHPB test and numerical simula-
tion,” Rock Mechanics and Rock Engineering, vol. 48, no. 5,
pp. 1867–1881, 2015.

[102] R. J. Christensen, S. R. Swanson, and W. S. Brown, “Split-
hopkinson-bar tests on rock under confining pressure,”
Experimental Mechanics, vol. 12, no. 11, pp. 508–513, 1972.

16 Shock and Vibration



[103] U. S. Lindholm, L. M. Yeakley, and A. Nagy, “)e dynamic
strength and fracture properties of dresser basalt,” In-
ternational Journal of RockMechanics andMining Sciences &
Geomechanics Abstracts, vol. 11, no. 5, pp. 181–191, 1974.

[104] D. J. Frew, S. A. Akers, W. Chen, and M. L. Green, “De-
velopment of a dynamic triaxial Kolsky bar,” Measurement
Science and Technology, vol. 21, no. 10, article 105704, 2010.

[105] Y. J. Zuo, L. I. Xibing, C. A. Tang, Y. P. Zhang, M. A. Chunde,
and C. B. Yan, “Experimental investigation on failure of rock
subjected to 2D dynamic-static coupling loading,” Chinese
Journal of Rock Mechanics and Engineering, vol. 25, no. 9,
pp. 1809–1820, 2006, in Chinese.

[106] X. B. Li, F. Q. Gong, M. Tao et al., “Failure mechanism and
coupled static-dynamic loading theory in deep hard rock
mining: a review,” Journal of Rock Mechanics and Geo-
technical Engineering, vol. 9, no. 4, pp. 767–782, 2017.

[107] X. B. Li, Z. L. Zhou, T. S. Lok, L. Hong, and T. B. Yin,
“Innovative testing technique of rock subjected to coupled
static and dynamic loads,” International Journal of Rock
Mechanics and Mining Sciences, vol. 45, no. 5, pp. 739–748,
2008.

[108] X. B. Li, Z. L. Zhou, Z. Y. Ye et al., “Study of rock mechanical
characteristics under coupled static and dynamic loads,”
Chinese Journal of Rock Mechanics and Engineering, vol. 27,
no. 7, pp. 1387–1395, 2008, in Chinese.

[109] D. L. Cui, Study of Rock Dynamical Characteristics and
Rockburst Mechanism under Bree-Dimensional Coupled
Static-Dynamic Loads, Central South University, Changsha
Shi, China, 2007, in Chinese.

[110] F. Q. Gong, X. B. Li, and X. L. Liu, “Preliminary experimental
study of characteristics of rock subjected to 3D coupled static
and dynamic loads,” Chinese Journal of Rock Mechanics &
Engineering, vol. 30, no. 6, pp. 1179–1190, 2011, in Chinese.

[111] X. B. Li, Z. L. Zhou, F. J. Zhao et al., “Mechanical properties
of rock under coupled static-dynamic loads,” Journal of Rock
Mechanics and Geotechnical Engineering, vol. 1, no. 1,
pp. 41–47, 2009.

[112] W. C. Zhu, Y. Bai, X. B. Li, and L. L. Niu, “Numerical
simulation on rock failure under combined static and dy-
namic loading during SHPB tests,” International Journal of
Impact Engineering, vol. 49, pp. 142–157, 2012.

[113] Z. L. Zhou, X. B. Li, Y. Zou, Y. H. Jiang, and G. N. Li,
“Dynamic Brazilian tests of granite under coupled static and
dynamic loads,” Rock Mechanics and Rock Engineering,
vol. 47, no. 2, pp. 495–505, 2014.

[114] B. B.Wu, R. Chen, and K.W. Xia, “Dynamic tensile failure of
rocks under static pre-tension,” International Journal of Rock
Mechanics and Mining Sciences, vol. 80, pp. 12–18, 2015.

[115] X. H. Liu, F. Dai, R. Zhang, and J. F. Liu, “Static and dynamic
uniaxial compression tests on coal rock considering the
bedding directivity,” Environmental Earth Sciences, vol. 73,
no. 10, pp. 5933–5949, 2015.

[116] W. Wu, “Slip initiation of granular gouge friction in a rock
discontinuity induced by static and dynamic loads,” In-
ternational Journal of Rock Mechanics and Mining Sciences,
vol. 80, pp. 196–201, 2015.

[117] C. J. Zou, L. N. Y. Wong, J. J. Loo, and B. S. Gan, “Different
mechanical and cracking behaviors of single-flawed brittle
gypsum specimens under dynamic and quasi-static load-
ings,” Engineering Geology, vol. 201, pp. 71–84, 2016.

[118] W. I. Duvall and T. C. Atchison, Rock Breakage by Explosives,
Department of the Interior, Bureau of Mines, Washington,
DC, USA, 1957.

[119] A. Starfield, “Strain wave theory in rock blasting,” in Pro-
ceedings of 8th Symposium on Rock Mechanics, vol. 23,
pp. 538–548, Minneapolis, MN, USA, September 1966.

[120] U. Langefors and B. Kihlström, Be Modern Technique of
Rock Blasting, Almquist and Wiksell, Stockholm, Sweden,
1963.

[121] S. S. Saluja, “Mechanism of rock failure under the action of
explosives,” in Proceedings of 9th U.S. Symposium on Rock
Mechanics, pp. 297–319, Golden, Colorado, April 1967.

[122] H. K. Kutter and C. Fairhurst, “On the fracture process in
blasting,” International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts, vol. 8, no. 3,
pp. 181–202, 1971.
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Noise suppression or signal-to-noise ratio (SNR) enhancement is often desired for better processing results from a microseismic
dataset. In this paper, we proposed a nonparametric automatic denoising algorithm for microseismic data. The method consists
of three major steps: (1) applying a two-step AIC algorithm to pick P-wave arrival; (2) subtracting the noise power spectrum from
the signal power spectrum; (3) recovering the microseismic signal by inverse Fourier transform.The proposed method is tested on
synthetic datasets with different signal types and SNRs, as well as field datasets. The results of the proposed method are compared
against ensemble empirical mode decomposition (EEMD) and wavelet denoising methods, which shows the effectiveness of the
method for denoising and improving the SNR of microseismic data.

1. Introduction

In the past few decades, microseismic monitoring has been
widely used in a variety of applications, ranging from
hydraulic fracturing to mining and geotechnical engineering
[1, 2]. The signal is crucial for microseismic monitoring, and
its quality will significantly affect the results of event detec-
tion, location, and source mechanism estimation. However,
there are plenty of noise sources due to the complex situation
of the project site, such as artificial activities, mechanical
equipment, electrical interference, and equipment noise,
which can severely affect the quality of the seismograms
[3]. As a result, microseismic signals are often strongly
contaminated by unwanted noise.

Noise suppression is a key step in microseismic data
processing, aiming at improving the signal-to-noise ratio
(SNR) [4]. Hence, numerous methods have been presented
for this in the past few decades that can be classified into four
main categories: (1) infinite impulse response (IIR) filters,
known as low-pass, high-pass, band-pass, and band-stop
filter (e.g., [5]); (2) Fourier-based filters (e.g., [6–8]); (3)
EMD-based (empiricalmode decomposition) filters (e.g., [9–
14]); (4) wavelet-based filters (e.g., [15–17]).

Huang et al. [18] introduced the EMD algorithm to
the signal processing community and it has been widely
used since then. Bekara and Van der Baan [9] proposed
a frequency-offset EMD technique to suppress the seismic
random and coherent noise. In order to eliminate mode
mixing present in the original EMD algorithm, ensemble
empirical mode decomposition (EEMD) method has been
recently proposed by Wu and Huang [19]. Han and van
der Baan [10] developed a novel seismic and microseismic
denoising method based on EEMD combined with adaptive
thresholding. To et al. [20] compared Fourier-based and
wavelet-based denoising techniques applied to geophysical
data. Gaci [21] studied soft thresholding denoising techniques
based on the discrete wavelet transform to enhance the first-
arrival picking. In addition toMousavi et al. [1], Mousavi and
Langston [22] also used synchrosqueezed continuous wavelet
transform (SS-CWT) for seismic denoising.

The aforementioned methods have played an important
role in enhancing the quality of microseismic signals, but
there is still room for SNR improvement. On the other hand,
many of these methods have a large number of parameters,
which must be tuned for each data set, and the goal of our
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work is to reduce the number of adjustable parameters that
make the process more automatic.

In this paper, we introduce a nonparametric method for
automatic denoising of microseismic data based on Akaike’s
Information Criterion (AIC) and Fourier transform, called
PD (Pick & Denoise) method. In the following sections,
a brief theoretical introduction to Akaike’s Information
Criterion and Fourier transform will be presented, as well
as the details of our method. We analyze the performance
of the proposed method applied to both synthetic and
field microseismic data in terms of efficiency and signal
preservation and contrast the results against standard EEMD
and wavelet denoising methods.

2. Theoretical Background and Development

2.1. Akaike’s Information Criterion. AIC is one of the com-
monly used methods for P-wave arrival picking in both
the seismic and microseismic field. It is assumed that a
seismogram can be divided into locally stationary segments,
each modeled as an autoregressive process, and that the
intervals before and after the onset time are two different
stationary processes [23]. The AIC function for seismogram
of length N is defined as

𝐴𝐼𝐶 (𝑘) = (𝑘 −𝑀) log (𝜎21,max)+ (𝑁 −𝑀 − 𝑘) log (𝜎22,max) + 𝐶 (1)

where 𝑘 is the kth sampling point, 𝑘 = 1, 2, 3, . . . , 𝑁; 𝑀 is
the order of the autoregressive process; 𝐶 is a constant; 𝜎21,max
and 𝜎22,max indicate the variance of the seismogram in the two
intervals not explained by the autoregressive, respectively.
Since the calculation of (1) is very complex, Maeda [24]
proposed a simpler method as follows:

𝐴𝐼𝐶 (𝑘) = 𝑘 log (V𝑎𝑟 {𝑥 (1, 𝑘)})
+ (𝑁 − 𝑘 − 1) log (V𝑎𝑟 {𝑥 (𝑘 + 1,𝑁)}) (2)

where var represents the variance of the data, V𝑎𝑟 = (1/(𝑁 −1))∑𝑁𝑘=1 |𝑥𝑘 − (1/𝑁)∑𝑁𝑘=1 𝑥𝑘|2. The P-wave arrival is the
corresponding point where the AIC has a minimum value.

AIC function will have a minimum value for any input.
When SNR is relatively low, the global minimum cannot be
guaranteed to indicate the P-wave arrival. Thus, the accuracy
of Maeda’s AIC method depends heavily on the choice of the
time window.

2.2. Fourier Transform and Its Inverse Transform. Fourier
transform is an important tool to convert the signal from
time domain to frequency domain, and its inverse transform
can be used to restore the signal from frequency domain to
time domain. For signal 𝑥(𝑗), 𝑗 = 1, 2, 3, . . . , 𝑁, the Fourier
transform and its inverse transform can be expressed as

𝑌 (𝑘) = 𝑁∑
𝑗=1

𝑥 (𝑗) 𝑒−𝑖2𝜋(𝑗−1)(𝑘−1)/𝑁 (3)

𝑥 (𝑗) = 1𝑁
𝑁∑
𝑘=1

𝑌 (𝑘) 𝑒𝑖2𝜋(𝑗−1)(𝑘−1)/𝑁 (4)

Because Discrete Fourier Transform (DFT) requires large
computational cost, we generally reduce the amount of
computation by decomposing the time series into odd and
even subsequences by Fast Fourier transform (FFT).

For a signal𝑥(𝑗) of length𝑁 = 2𝑀 (M is a positive integer;
zero-padding is used if the signal length is insufficient),
we split the N-point data sequence into two N/2-point
data sequences 𝑥1(𝑗) and 𝑥2(𝑗), corresponding to the even-
numbered and odd-numbered samples of 𝑥(𝑗), respectively;
that is,

𝑥1 (𝑗) = 𝑥 (2𝑗) , 𝑗 = 1, 2, . . . , 𝑁2
𝑥2 (𝑗) = 𝑥 (2𝑗 − 1) , 𝑗 = 1, 2, . . . , 𝑁2

(5)

Thus 𝑥1(𝑗) and 𝑥2(𝑗) are obtained by decimating 𝑥(𝑗) by a
factor of 2, and the above decimation-in-time decomposition
can be performed 𝑀-1 times, until each DFT is length 2. A
length 2 DFT requires no multiplies, and the computational
cost is evidently reduced. Finally, the N-point DFT can be
expressed as follows:

𝑌 (𝑘) = 𝑌1 (𝑘) +W𝑘𝑁𝑌2 (𝑘) , 𝑘 = 1, 2, . . . , 𝑁2 (6)

𝑌(𝑘 + 𝑁2 ) = 𝑌1 (𝑘) − 𝑊𝑘𝑁𝑌2 (𝑘) , 𝑘 = 1, 2, . . . , 𝑁2 (7)

where𝑊𝑘𝑁 is the rotation factor, 𝑌1(𝑘) is the DFT of the odd
sequence, and 𝑌2(𝑘) is the DFT of the even sequence.

2.3. The Proposed Method. A typical microseismic signal
consists of three segments: the presignal noise, microseismic
event, and background noise level, as shown in Figure 1. Nor-
mally, the microseismic event starts from the P-wave arrival
and ends at the S coda, containing the key information of rock
fracture. If we can extract the noise-related information from
the presignal noise and then subtract this part from the entire
signal, we can restore the original signal better. According
to this idea, a nonparametric automatic denoising method
is proposed for microseismic data as well as earthquake data
that includes presignal noise.

The first step is to apply a modified AIC autopicker [24]
to find the P-wave arrival. Then, the spectral component
of the noise is subtracted from the spectrum of the noisy
microseismic signal in the frequency domain. Finally, the
denoised signal is restored by inverse Fourier transform. Our
proposed method is automatic and does not need to tune any
parameter. The implementation procedure for PD method is
as follows:

(1) Let y = 𝑥(𝑖) be the noisy microseismic signal, calcu-
late the value of the characteristic function according
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Table 1: Comparison of signal denoising indicator with different types.

Signal type PD method EEMDmethod Wavelet method𝜇 𝜎 𝜇 𝜎 𝜇 𝜎
Sinusoidal signal 0.0258 0.0416 0.0618 0.0775 0.0475 0.0592
Double sinusoidal signal 0.0179 0.0286 0.0330 0.0408 0.0332 0.0422
Blast signal 0.0083 0.0153 0.0316 0.0708 0.0274 0.0588
Microseismic signal 0.0075 0.0140 0.0278 0.0507 0.0184 0.0284

pre-signal noise microseismic background noise level
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Figure 1: Classical microseismic event waveform.

to (8), and denote the sampling point corresponding
to the maximum value of the characteristic function
as 𝑅.

𝐶𝐹𝑖 = |𝑥 (𝑖)| + 4 |𝑥 (𝑖) − 𝑥 (𝑖 − 1)| (8)

(2) For time interval [1, 𝑅], apply the AIC method and
denote the primitive P-wave arrival as 𝑄.

(3) For time interval [𝑄 − (𝑅-𝑄)/4, 𝑄 + (𝑅 −𝑄)/4], apply
the AIC method again and denote the corrected P-
wave arrival as 𝑇. Thus we get the presignal [1, 𝑇],
denoted by 𝑛(𝑖).

(4) Add Hamming window and apply Fast Fourier trans-
form to 𝑥(𝑖) and 𝑛(𝑖), respectively, then we get 𝑋𝑤(𝑖)
and𝑁𝑤(𝑖).

(5) Calculate the average amplitude |𝑋𝑤(𝑖)| and phase
angle 𝜑(𝜔) of 𝑋𝑤(𝑖); calculate the average amplitude|𝑁𝑤(𝑖)| of 𝑁𝑤(𝑖). Since the microseismic event is
assumed to be uncorrelated with the presignal and
background noise, the clean signal can be estimated
by subtracting a noise estimate from the noisy signal.
Hence, 𝐷𝑤 (𝑖)2 = 𝑋𝑤 (𝑖)2 − 𝑁𝑤 (𝑖)2 (9)

(6) Use the phase angle 𝜑(𝜔) instead of the phase angle of
the noise-free signal, then the denoisingmicroseismic
signal can be restored by inverse Fourier transform.

𝑦 (𝑖) = 𝑖𝑓𝑓𝑡 (𝐷𝑤 (𝑖) 𝑒𝑖𝜑(𝜔)) (10)

3. Tests on Synthetic Data

3.1. Results for Signals with Different Types. We first apply
the algorithm to synthetic microseismic signals to test its
performance. The procedure for creating synthetic signals is
based on the work of Halldorsson and Papageorgiou [25].

A noisy sample was generated by adding white Gaussian
noise to a synthetic signal. We have tested the algorithm for
synthetic examples with different noise level and compared
it with the EEMD denoising [26] and wavelet denoising
method [27], which are widely used in noise reduction of
microseismic signals.

We use the mean absolute error 𝜇 and the standard
deviation 𝜎 as the evaluation criteria of the denoising perfor-
mance. 𝜇 represents the extent of discrimination between the
denoised signal and the real signal. The smaller the value is,
the more similar the denoised signal is to the real signal. 𝜎
is used to quantify the amount of variation or dispersion. A
low standard deviation indicates that the data points tend to
be close to the mean value, while a high standard deviation
indicates that the data points are spread out over awider range
of values, defined as follows:

𝜇 = 1𝑁
𝑁∑
𝑖=1

𝑑𝑖 − 𝑠𝑖 (11)

𝜎 = √ 1𝑁 − 1
𝑁∑
𝑖=1

(𝑑𝑖 − 𝑠𝑖 − 𝜆)2 (12)

where 𝜆 = (1/𝑁)∑𝑁𝑖=1(𝑑𝑖 − 𝑠𝑖), d is the denoising signal, 𝑠 is
the real signal, and𝑁 is the number of signal points.

Four types of signals that include presignal noise are
synthesized: sinusoidal signal, double sinusoidal signal, blast
vibration signal, and microseismic signal. The amplitude of
the signal with additive white Gaussian noise is normalized
to ±1. After that, we denoise the signal by PD, EEMD, and
wavelet denoising method. Results are shown in Figure 2. It
can be seen that the presignal noise of the denoised signal
by PD method is basically closer to zero, while the others
still have some noise. PD method has a better performance
in restoring the original signal compared with EEMD and
wavelet-based algorithms.

Table 1 summarizes themean absolute error and standard
deviation for three methods. It can be seen that the mean
absolute error and standard deviation of PD method are less
than that of EEMDandwaveletmethods, which indicates that
PDmethod has the ability to adapt to different noise types like
white and colored ones.

3.2. Results for Signals with Different SNRs. SNR is a crucial
indicator of signal quality, defined as follows:

𝑆𝑁𝑅 = 10 log(∑𝑁𝑖=1 𝑠𝑖2∑𝑁𝑖=1 𝑑𝑖2) (13)
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Figure 2: Comparison of signal denoising result with different types.
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Table 2: Comparison of signal denoising indicator with different SNR.

SNR PD method EEMDmethod Wavelet method𝜇 𝜎 𝜇 𝜎 𝜇 𝜎
-6 0.0163 0.0282 0.0851 0.1073 0.0530 0.0738
-5 0.0149 0.0263 0.0760 0.0956 0.0423 0.0593
-4 0.0132 0.0245 0.0677 0.0852 0.0359 0.0500
-3 0.0128 0.0233 0.0410 0.0656 0.0306 0.0428
-2 0.0120 0.0215 0.0308 0.0585 0.0269 0.0375
-1 0.0099 0.0187 0.0355 0.0616 0.0233 0.0330
1 0.0084 0.0162 0.0383 0.0479 0.0203 0.0309
2 0.0080 0.0162 0.0245 0.0559 0.0186 0.0292
3 0.0066 0.0125 0.0278 0.0570 0.0185 0.0292
4 0.0054 0.0099 0.0256 0.0556 0.0159 0.0266
5 0.0048 0.0090 0.0248 0.0519 0.0149 0.0260
6 0.0044 0.0077 0.0215 0.0269 0.0147 0.0260
7 0.0037 0.0070 0.0236 0.0527 0.0144 0.0258
8 0.0036 0.0066 0.0171 0.0214 0.0130 0.0241
9 0.0030 0.0057 0.0222 0.0524 0.0127 0.0248
10 0.0028 0.0054 0.0212 0.0522 0.0124 0.0244

Table 3: Influence of picking error.

Picking error in samples -400 -200 -100 -50 0 50 100 200 400𝜀 19.8% 18.2% 8.8% 6.5% 0 8.1% 9.6% 27.8% 46.8%

The lower the SNR is, the more difficult to distinguish
signal fromnoise is.Therefore, a signal with low SNR requires
enhancement prior to the main process. In order to compare
the performance of PD algorithm for low SNR signal, we add
different level whiteGaussian noise to the synthetic signals. 16
examples with different SNRs ranging from -6db to 10db are
generated and denoised by PD, EEMD, and wavelet method,
as shown in Figure 3. The mean absolute error and standard
deviation are summarized in Table 2.

It can be seen that the mean absolute error and the
standard deviation of PD, EEMD, and wavelet denoising
increase with decrease of SNR (Table 2). When SNR reaches
-4 or lower, P- and S-wave have been almost covered by the
noise; PD method can still suppress the noise effectively and
enhance the P- and S-wave phase. When SNR is -6, the mean
absolute error of PD method is 0.0132, which is relatively
smaller than that of the EEMD algorithm (0.0677) and the
wavelet method (0.0359). We can conclude that PD method
can perform better in low SNR cases.

3.3. Results for Signals with Wrong Autopicking Arrivals.
Our proposed method is fully automated and has not any
parameter to tune, which is more suitable for automatic
processing in microseismic monitoring. However, it is well
known that no autopicker is 100% accurate especially in
presence of noise, as well as our modified AIC picker used in
PDmethod.That is to say, the picking error is always existing
and can not be eliminated. In order to examine the influence

of picking error caused by our modified AIC picker, we use
the synthetic signal with the lowest SNR (-6db) generated in
Section 3.2 for experiments. The length of this seismogram
is 3000 points, and the actual P-wave arrival is 1001 points.
We assume that the picking P-wave arrival is ranging from
the 601 to 1401 points and then compare the denoising results
between the right P-wave arrival input and the wrong P-wave
arrival input. The mean absolute percentage error is used to
exhibit the deviations, defined as follows:

𝜀 = 1𝑁
𝑁∑
𝑖=1


𝐷𝑤(𝑖) − 𝐷𝑟(𝑖)𝐷𝑟(𝑖)

 (14)

where 𝐷𝑤 and 𝐷𝑟 are the denoised signals with wrong and
right P-wave arrival input, respectively; N is the number of
points of the whole signal.

The results are summarized in Table 3. We can observe
that, as the picking error increases, the absolute percentage
error increases. If the difference between the autopicking
arrival and the actual arrival is less than 100 points, the
absolute percentage error is less than 10%. As suggested
by Leonard [28], for many applications, the time estimated
by AIC picker can be used without review by a seismic
analyst, with minor differences between analysts. Therefore,
we can conclude that our proposed method is applicable for
denoising of most microseismic data. However, it should also
be noted that our method may not have a perfect denoising
result for extreme seismograms with autopicking arrivals far
away from the actual arrival.
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Microseismic signals with different SNRs Waveforms after PD denoising
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Figure 3: Comparison of signal denoising result with different SNR by PD method.

4. Field Data Example

In this section, we demonstrate the performance of the pro-
posed method using a field dataset recorded at Dongguashan
Copper Mine located in southern Anhui Province, China.
Dongguashan is famous in China for its large and deep
porphyry copper deposits. Althoughmining at Dongguashan
currently takes place at depths ranging from 730m to 875m,
its mining depth was extended to 1000m underground.
Dongguashan was one of the first mines in China to deploy a
microseismic monitoring system for rockburst management,
in 2004 [2]. The system was abandoned since 2013. Recently,
a newly microseismic monitoring system was installed in
October 2017. Six accelerators with a sensitivity of 10V/g
were embedded in -730m level and -790m level, as shown in
Figure 4. The sampling frequency was set to 10KHz.

Our dataset is composed of 348 highly noised seis-
mograms associated with 58 microseismic events occurred
during December 8∼10, 2017. As the original signal cannot
be restored, SNR is unable to calculate using (13). A new
indicator is introduced to illustrate the quality of the signal,
which is defined as follows:

𝑃𝑆𝑁𝑅 = 10 log( ∑𝑝+𝑙𝑖=𝑝 𝑥𝑖2∑𝑝
𝑖=𝑝−𝑙

𝑥𝑖2) (15)

where 𝑝 is the exact P-wave arrival and 𝑙 is the window length
in sampling points. PSNR represents the discrimination
between signal and background noise nearby P-wave arrival.

Figure 4: Layout of six accelerators embedded in Dongguashan
Copper Mine (a gray inverted cone is used to indicate the accelera-
tor).

PD, EEMD, and wavelet denoising methods were applied
to the dataset. The average PSNR after denoising with these
methods was compared with the original one. Results are
summarized in Table 4. The average PSNR is improved from
5.8010 to 25.1369 after PD method, which is better than
14.8202 of EEMDmethod and 17.3983 of wavelet method.

The improvement of SNR has a great influence on
the subsequent microseismic data processing (e.g., arrival
picking and event location).The accuracy of P-wave arrival is
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STA/LTA on noisy microseismic signal
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(c) P-arrival picked by STA/LTA on microseismic signal denoised by
PD method
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Figure 5: Different P-wave autopicking result before and after PD denoising.

Table 4: Mean P-wave SNR.

Type Original
signals

After EEMD
denoising

After wavelet
denoising After PD denoising

Mean
PSNR 5.8010 14.8202 17.3983 25.1369

pivotal for event location and source parameters calculation.
For high SNR signal, automatic algorithm can pick the first-
arrival accurately. For low SNR signal, automatic pickingmay
have a large deviation.

The SNR of microseismic signal can significantly be
improved by applying our proposed method, which will
benefit the accuracy of automatic P- and S-wave picking. As
shown in Figures 5(a) and 5(b), P-wave arrival is automati-
cally picked by STA/LTA method, resulting in 192 sampling
points error (19.2 ms) compared with manual picking. As
shown in Figures 5(c) and 5(d), the signal quality is improved
obviously after PD algorithm denoising, and the P-wave
arrival is picked again by STA/LTA method, resulting in
6 sampling points error (0.6 ms) compared with manual
picking.

5. Conclusion

We have introduced a simple nonparametric denoising
method based on two-step AIC and Fourier transform. The
method consists of three major steps: (1) applying a two-
step AIC algorithm to pick P-wave arrival; (2) subtracting

the noise power spectrum from the signal power spectrum;
(3) recovering the microseismic signal by inverse Fourier
transform. Our proposed denoisingmethod has been applied
to both synthetic and real microseismic data. Results show
that the new method outperforms EEMD and wavelet fil-
tering methods and considerably improves the SNR of the
waveforms.
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Shale reservoirs are characterized by extremely low permeability and high clay content. To further study the stress sensitivity of a
shale reservoir, the Lower Cambrian shale in north Guizhou was utilized. Through laboratory testing, the relationships between
the shale porosity and permeability and the effective stress were established, and the stress sensitivity of shale was analysed. The
mechanical properties and mineral composition of this shale were studied by rock mechanics testing and X-ray diffraction. The
main factors affecting the stress sensitivity were analysed. The results show that the porosity and permeability of this shale decrease
with increasing effective stress; the shale reservoir permeability damage rate is 61.44 ∼ 73.93%, with an average of 69.92%; the
permeability stress sensitivity coefficient is 0.04867 ∼ 0.05485 MPa−1, with an average of 0.05312 MPa−1; and the shale reservoir
stress sensitivity is strong. Shale stress sensitivity is related to the rock mineral composition and rock mechanical properties. The
higher the clay content in the mineral composition, the lower the elastic modulus of shale, the higher the compressibility, and the
greater the stress sensitivity coefficient.

1. Introduction

Shale gas is an important unconventional natural gas whose
higher content, long production cycle, and other advantages
have earned it extensive attention across the world. It is
one of the most realistic alternatives to conventional oil
and gas resources, giving it an important strategic position
[1–10]. Porosity and permeability are important reservoir
characteristics that directly affect shale gas production. The
pore characteristics influence the storage capacity, occur-
rence state, and migration capacity of shale gas within the
reservoir. Permeability is a measure of the ability of porous
media to allow fluid flow and is the key parameter of shale gas
production capacity [11, 12]. Experimental research has been
an important means to study the permeability of shale gas;
some scholars have analysed the permeability characteristics
of shale gas accounting for Klinkenberg’s effect and the shale

gas migration form [13–18]. Nelson [19] found the nano pores
in the shale, which revealed a huge shale gas storage sites, and
increased the study of the spatial scale of shale gas seepage.

Many scholars have studied the relationship between
the permeability and stress of conventional oil and gas
reservoirs and have achieved remarkable results [20–24].The
definitions of the volume compression coefficient and pore
compression coefficient of rock and their relations have been
given explicitly, the concept of the pore compression coeffi-
cient and stress sensitivity coefficient have been introduced
into reservoir engineering problems, and the effect of the
deformation of the pore volume change and permeability
has been analysed [24, 25]. Compared with conventional
oil and gas reservoirs, shale gas formations and reservoirs
have the same layer and geological characteristics, including
obvious elastic and plastic deformation and stress sensitivity.
Scholars have extensively studied the stress sensitivity of
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Table 1: Basic data of shale samples.

Sample ID Test core size Moisture Permeability/10−3𝜇m2 Porosity/%
Diameter, mm Length, mm

1 25.23 50 Dry 0.0060 1.67
2 25.27 51 Dry 0.0052 1.62
3 25.21 50.5 Dry 0.0071 1.85
4 25.30 51 Dry 0.0073 1.80
5 25.20 49 Dry 0.0056 1.56

shale matrix. Dong et al. [26] studied the porosity and
permeability of shale samples, and the testing results showed
that the stress sensitivity of shale was stronger than that of
sandstone, and the change of porosity and permeabilitymeets
the power relationship under effective stress. Chalmers [27]
used the pulse method to show that shale has strong stress
sensitivity by changing the effective stress. Kwon et al. [28]
researched the influence of internal and external pressure
changes on shale stress sensitivity by the pulse method. Reyes
andOsisanya [29]measured 4 shale cores from theOklahoma
area using the steady state method, and the results showed
that the stress sensitivity of shale exhibited the highest
degree of exponential fitting. Although various studies have
investigated the stress sensitivity of shale, the previous studies
were mostly intuitive analyses of the experimental results,
rock mineral composition, and rock mechanical properties;
several factors have rarely been analysed.

This study utilizes the overburden pressure permeability
and porosity measurement experiment of the Lower Cam-
brian shale core to evaluate the shale stress sensitivity. At the
same time, for a shale reservoir with a series of characteristics
different from conventional reservoirs, our study combined
X-ray diffraction and rock mechanics testing to analyse the
factors affecting the shale stress sensitivity. It is anticipated
that our study will have theoretical and practical significance
to revealing the law of permeability stress sensitivity of shale
reservoirs and to the rational and effective exploitation of
shale gas resources.

2. Experimental Method

2.1. Experimental Conditions for Permeability of Shale under
Overburden Pressure. The experimental samples were from
the Lower Cambrian Niutitang Formation in north Guizhou,
with shale composed mainly of siliceous shale and grey-to-
black shale with high TOC content ranging from 3.54 wt%
to 8.12 wt%, with an average TOC content of 7.24 wt%. The
brittleness index is in the range of 19.14-51.87. The sample
diameter is approximately 25mm, the length is approximately
50 mm, and the sample basic data are shown in Table 1.

Using an FYKS-2 high-temperature coating porosity
and permeability measuring instrument, the name of the
manufacturer is JiangsuHaian Petroleum Instrument Factory
in China. The test was conducted at a temperature of
150 C∘; the porosity and permeability were measured by
using nitrogen gas. All data acquisition and recordings were
calculated through the computer. To study the influence of

stress on the porosity and permeability of shale, the change
of effective stress was simulated by increasing the effective
confining pressure of shale. The porosity and permeability
under effective confining pressure were measured, and the
relationships of the shale reservoir porosity and permeability
with stress were analysed. Each confining pressure (3, 5, 7,
9, and 11 MPa) and each stress point were sustained for a
sufficiently long time (tomaintain balance of at least 30min),
and the gas permeability at each stress was determined.

3. Results and Discussion

3.1. The Relationships of Porosity and Permeability with Stress
for Shale. The relationships of the porosity and permeability
with the effective stress are shown in Figure 1.

3.1.1. Relationship between Shale Porosity and Effective Stress.
As seen in Figure 1, the relationship between the porosity of
shale samples and the effective stress follows a negative expo-
nential function.The porosity of the shale reservoir decreases
with increasing effective stress as a negative exponential
function.Through the regression analysis of the experimental
results, the relationship can be defined as follows:

𝜑 = 𝜑0𝑒
−𝑚𝑝 (1)

where 𝜑 is the porosity under a specific effective stress, 𝜑0
is the porosity under the initial effective stress, m is the
coefficient of compressibility (MPa−1), and p is the effective
stress (MPa).

The experimental results of 5 samples under varying
effective confining pressure are shown in Table 2. In Table 2,
the compression coefficient of the Lower Cambrian shale
is from 0.1093 to 0.2814 MPa−1, with an average of 0.1734
MPa−1.

3.1.2. Relationship between Gas Permeability and Effective
Stress of Shale. As seen in Figure 1, the gas permeability
and effective stress of shale samples are also subject to a
negative exponential function. The permeability of the shale
reservoir decreases with increasing effective stress in the
negative exponential function; the relationship can be shown
as

𝐾 = 𝐾0𝑒
−𝑛𝑝 (2)

where K is the permeability under a specific effective stress
(10−3𝜇m2), K0 is the permeability under the initial effective
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Figure 1: Relationships of the permeability and porosity with the effective confining pressure of shale.

stress (10−3𝜇m2), and n is the stress sensitivity coefficient of
permeability (MPa−1).

The experimental results of 5 samples under the overbur-
den pressure are shown in Table 2.

In Table 2, the stress sensitivity coefficient of the shale
reservoir is 0.08664 to 0.12223 MPa −1, with an average of
0.11030 MPa −1.

3.2. Stress Sensitivity Analysis of Shale Reservoirs. At present,
there is no industry standard for shale stress sensitivity. Our
experiment referenced the petroleum and natural gas indus-
try standards of China (SY/T 5336, 5358, 6385). The change
of effective stress was simulated by increasing the effective
confining pressure of shale, and the change of the perme-
ability of shale samples with changing effective confining
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Table 2: Statistic analysis results of the relationships of the porosity and permeability of shale with the effective stress.

Sample ID Compressibility
m/MPa−1

Porosity
𝜑0/%

R12
Coefficient
n/MPa−1

Permeability
K0/10

−3𝜇m2 R22

1 0.1093 2.3858 0.9643 0.08664 0.00768 0.9724
2 0.1457 2.6589 0.9341 0.12223 0.00758 0.9838
3 0.1586 3.0753 0.9298 0.11981 0.00990 0.9705
4 0.1720 3.1822 0.9133 0.12013 0.01023 0.9689
5 0.2814 3.6318 0.9987 0.10271 0.00671 0.9615
Maximum value 0.2814 3.6318 0.9987 0.12223 0.01023 0.9838
Minimum value 0.1093 2.3858 0.9133 0.08664 0.00671 0.9615
Average value 0.1734 2.9868 0.9480 0.11030 0.00842 0.9714
R12 is the correlation coefficient of the porosity and effective stress of shale; R22 is the correlation coefficient of the permeability and effective stress of shale.

pressure was measured. The degree of stress sensitivity of the
shale reservoir was then analysed.

3.2.1. Shale Reservoir Stress Sensitivity Parameter. According
to the petroleum and natural gas industry standards of China
(SY/T 5336), the authors used the permeability damage rate
and the stress sensitivity coefficient to evaluate the sensitivity.

(1) Permeability Damage Rate. The permeability damage rate
is reflected in the percentage of the permeability damage of
the shale reservoir under the effective stress.The permeability
damage rate D𝐾2 caused by the stress sensitivity can be
calculated according to

𝐷𝑘 =
𝐾1 − 𝐾min
𝐾1
× 100% (3)

where D𝑘 is the maximum value of permeability damage
caused by the process of increasing stress to the highest point;
𝐾1 is the permeability at a given effective pressure p; and𝐾min
is theminimum permeability obtained at the highest effective
confining pressure achieved in this study.

(2) Stress-Sensitive Coefficient, theDefinition of the Shale Stress
Sensitivity Coefficient [30].

𝛼𝐾 = −
1
𝐾0
𝜕𝐾
𝜕𝑝 (4)

Equation (4) reveals that the larger the value of 𝛼𝐾 is, the
more sensitive the permeability of shale samples to the change
of effective pressure. Under the same change of effective
pressure, the permeability of the shale is larger for a larger 𝛼𝐾.
Conversely, the smaller the value of 𝛼𝐾 is, the less sensitive the
shale sample permeability is.

3.2.2. Relationship between Stress Sensitivity Parameters and
Effective Stress of Shale. Five shale samples were tested.When
the effective pressure increased to 11 MPa, the shale perme-
ability was 0.00198×10−3𝜇m2 to 0.00296×10−3𝜇m2, and the
average was 0.00249×10−3𝜇m2.The permeability damage rate
was 61.44 ∼ 73.93%, with an average of 69.92%. According to
the petroleum and natural gas industry standard (SY/T 5336,

5358, 6385), it is known that the permeability damage degree
of this area is moderately strong. The permeability stress
sensitivity coefficient was 0.04867∼0.05485 MPa−1, with an
average of 0.05312 MPa−1. Therefore, the stress sensitivity
of shale reservoirs in this area is strong. The minimum
average stress sensitivity coefficient of sample No. 1 of the five
samples was 0.04867×10−3𝜇m2. Themaximum average stress
sensitivity coefficient of sample 2 was 0.05511×10−3𝜇m2. The
stress sensitivity evaluation parameters of the 5 shale samples
tested are shown in Table 3.

Figure 2 shows the evolution of the permeability dam-
age rate and the stress sensitivity coefficient under varying
effective pressure for the 5 samples. The stress sensitivity
coefficient of the shale reservoir decreases with increasing
effective stress, and the permeability damage rate increases
with increasing effective stress (Figure 2).

The stress sensitivity coefficient of the shale reservoir
changes similarly in pressure ranges 0-11 MPa for the 5 shale
samples.The stress sensitivity coefficient of the shale reservoir
decreases with increasing effective stress. At the same time,
the damage rate of permeability increases with increasing
effective stress.

3.3. Discussion and Analysis of Shale Stress Sensitivity Factor

3.3.1. Component Analysis of Shale Mineral. There is a
difference in the degree of deformation of different rock
minerals under compression, which is mainly related to the
skeleton structure and mineral composition of the rock. The
mineral composition of the 5 samples was analysed by X-ray
diffraction, and the test results are shown in Figure 3.

As seen in Figure 3, shale samples consist mainly of
quartz, plagioclase, K-feldspar, pyrite, clay minerals, calcite,
and dolomite, and the quartz content is greater than 50%.The
stress sensitivity of sample 2 is the highest; its clay content
is the highest, reaching 30%, and the quartz content is 50%.
The stress sensitivity of sample No. 1 is the weakest; its quartz
content is the highest, more than 80%, and the clay content is
3%. Samples No. 3 and No. 4 have similar contents of quartz
and clay minerals, and the stress sensitivity coefficients are
also similar. This shows that quartz and clay mineral are the
two mineral components that most significantly control the
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Table 3: Evaluation parameters of stress sensitivity for the shale reservoir.

Sample ID Permeability/10−3𝜇m2 Permeability damage rate/% Average value of stress sensitivity coefficient/MPa−1
3 MPa 11 MPa

1 0.00592 0.00296 61.44 0.04867
2 0.00525 0.00198 73.93 0.05511
3 0.00691 0.00265 73.23 0.05481
4 0.00713 0.00273 73.32 0.05485
5 0.00493 0.00218 67.69 0.05218
Maximum value 0.00713 0.00296 73.93 0.05485
Minimum value 0.00493 0.00198 61.44 0.04867
Average value 0.00603 0.00249 69.92 0.05312

Figure 2: Relationships of the permeability damage rates and stress sensitivity coefficient with the effective stress.
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Table 4: Shale elastic modulus and Poisson’s ratio.

Sample ID Elastic modulus (GPa) Poisson’s ratio
1 27.53 0.24
2 20.46 0.26
3 24.15 0.22
4 23.82 0.27
5 25.37 0.29

Figure 3: Mineral composition of the Lower Cambrian Niutitang
Formation shale.

shale compressibility. In general, rocks with high argillaceous
content are more prone to deformation than those with low
argillaceous content. At the same time, porosity decreases
with increasing effective stress, but the decreasing trends are
not the same, which is mainly related to the distribution
of the shale microstructure and mineralogical composition.
Overall, the lower the quartz content and the higher the clay
content are, the stronger the stress sensitivity of shale is.

3.3.2. Rock Mechanics Analysis of Shale. Shale mechanical
parameters not only provide the necessary technical basis
for the design of horizontal drilling and fracturing param-
eters in the exploitation of hydraulic fracturing but also
are an important factor affecting the shale stress sensitivity.
Therefore, uniaxial compression tests were used to test the
mechanical parameters of 5 shale samples to further study
the relationship between themechanical properties and stress
sensitivity. Young’s modulus and Poisson’s ratio for the 5
samples according to the experimental results are shown in
Table 4 and Figure 4.

The elastic modulus of rock is an important parameter
to determine the compressibility of reservoir rock, and the
compression coefficient of rock is related to the volumetric
modulus of the skeleton: the harder the skeleton is, the
smaller the compression coefficient is [31]. The compression
coefficient of rock is also related to the porosity of the
rock: the greater the porosity is, the higher the compression
coefficient is. The relationship of the compression coefficient
of rock, the porosity, and the skeleton compression coefficient
is

𝐶p =
𝜑
1 − 𝜑
𝐶s (5)

where 𝐶s is the skeleton compression coefficient of rock;
𝐶p is the coefficient of rock compressibility; and 𝜑 is rock
porosity.

Elgmati [32] gave the constitutivemodel of the volumetric
strain as a function of Young’s modulus and Poisson’s ratio;
the expression of volumetric strain in the elastic deformation
of rock is derived by the constitutive model

𝜀V = 𝐶s
(1 + V) (𝜀𝑥 + 𝜀𝑦 + 𝜀𝑧)

3 [V𝜀𝑥 + V𝜀𝑦 + (1 − V) 𝜀𝑧]
(𝜎𝑡 − 𝑝) (6)

where 𝜀V is the volumetric strain; 𝜀𝑥, 𝜀𝑦, 𝜀𝑧 are x, y, z in the
direction of the strain; v is Poisson’s ratio; and 𝜎t is the
overburden stress.

According to (6), the volumetric strain is proportional
to the coefficient of skeleton compression. The skeleton
compression coefficient of the rock can be expressed as

𝐶s =
3 (1 − 2V)
𝐸

(7)

Formula (7) shows that the greater the Young modulus
of the rock is, the smaller the volume strain is and the
less deformed the rock is. The relationship between Young’s
modulus and the stress sensitivity index of 5 samples is shown
in Figure 5. The experimental results are consistent with
the theoretical analysis of the elastic modulus and the stress
sensitivity.

4. Conclusions

(1)The experimental results show that the effective stress and
the permeability and porosity of the Lower Cambrian shale
in north Guizhou Province follow a negative exponential
function, and the correlation coefficient is greater than
0.9. Under compressive stress, shale reservoirs have normal
compressive deformation with increasing stress, while the
porosity and permeability of the shale reservoir decrease.

(2)The compression coefficient m of the Lower Cambrian
shale reservoir is 0.1093 ∼ 0.2814 MPa−1, and the average is
0.1734MPa−1; the regression coefficient of stress sensitivity is
0.08664 ∼ 0.12223 MPa−1, and the average is 0.11030 MPa−1.
The compressibility and stress sensitivity regression coeffi-
cients can be used to calculate the porosity and permeability
of a shale reservoir under the present formation pressure,
which is very important for shale reservoir physical property
research.

(3) The shale permeability damage rate was 61.44 ∼
73.93%,with an average of 69.92%.Thepetroleumandnatural
gas industry standards (SY/T 5336, 5358, 6385) show that the
degree of permeability damage in the region is moderately
strong. The stress sensitivity coefficient of permeability is
0.04867 ∼ 0.05485 MPa−1, and the average is 0.05312 MPa-
1, so the stress sensitivity of the shale reservoir is strong.

(4) The degree of shale stress sensitivity is related to the
rock mineral composition and rock mechanics properties.
The higher the clay mineral content in the mineral com-
position is, the smaller the elastic modulus of the shale is,
the higher the compressibility is, and the greater the stress
sensitivity coefficient is.
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Figure 4: Stress-strain curve of samples.
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This paper attempts to calculate the exact initial shock pressure of borehole wall induced by the blasting with axially decoupled
charge. For this purpose, Starfield superpositionwas introduced considering the attenuation and superposition of blasting pressure,
and the theoretical solution of initial borehole wall pressure was obtained for the upper andmiddle air-decked charging structures.
Then, the explosive pressure field around the borehole wasmeasured by cementmortar models and a dynamic pressure test system,
and the pressures at multiple measuring points were simulated with numerical models established by ANSYS/LS-DYNA. The
results show that the deviations between simulated and theoretical pressures are smaller than 10%, indicating the reliability of
the theoretical formula derived by Starfield superposition. For the upper air-decked charging structure, the initial shock pressure
of the charging section followed a convex distribution, with the peak value near the charge centre.With the increase in the distance
from the charging section, the borehole wall shock pressure in the air gap underwent a sharp decline initially before reaching a
relatively constant level.The minimum pressure was observed at the hole collar. For the middle air-decked charging structure, the
pressures at both ends of the charging section obeyed a convex distribution, with the peak value near the charge centre. Finally,
the author optimized air-decked charging structure of periphery boreholes within Grade III surrounding rocks of Banjie tunnel,
China, and proved the enhancement effect of the theoretical findings on smooth blasting. The research findings provide valuable
references to the theoretical and experimental calculation of air column length and other key parameters of air-deck blasting and
shed new light on the charging structure determination of smooth blasting and blasting vibration control for the excavation of
large-section, deep mining roadways.

1. Research Status

During the excavation of deep roadway or tunnel under
high crustal pressure, the stability of the surrounding rock
is dependent on the effect of smooth blasting, which itself
hinges on the selection of axial decoupling coefficient. Con-
cerning the close ties between the coefficient, the air gap, and
the initial shock pressure of the borehole wall, below is a brief
review of the existing studies on mine blasting, especially air-
deck blasting, that involves these three elements.

In previous research, the initial shock pressure of bore-
hole wall with air-decked charge is considered as 8∼11 times
the quasi-static pressure of the detonation gas [1], provided
that the borehole wall is rigid and subject to orthogonal

impact from the detonation wave and that the shock waves
which attenuate and superpose along the borehole axis are
negligible; i.e., the initial shock pressure of borehole wall is
uniformly distributed in the axial direction. This conclusion
may apply to short air gap or axially coupled charge but does
not suit long air gap or axially decoupled charge. Hence, it
is necessary to explore the initial shock pressure of borehole
wall under axially decoupled charge.

To disclose the mechanism of air-deck blasting, Kabwe
[2] suggested that the surrounding rock can be enhanced by
repeated oscillation of shock wave at air space sections and
verified the suggestion with the distribution of rock frag-
ments after blasting with top air-decked charge (hereinafter
referred to as “top air-deck blasting”) at Chimiwungo Pit of
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Lumwana, an open-pit copper mine. Similarly, Jhanwar and
Jethwa [3], through an air-deck blasting at an open-pit coal
mine in India, discovered that the blastingmethod can reduce
the yield of fines and boulders, and that the length of air
space directly bears on the distribution of rock fragments.
Fourney et al. [4] concluded that, in top air-deck blasting, the
shockwave is reflected upon reaching the plug, and the shock
pressure on the surrounding rock lasts 2∼5 times that under
coupled charge. Moreover, it is critical to determine a proper
length of air gap, because the surrounding rock will not be
further broken if the pressure of the reflected shock wave fails
to surpass the tensile strength of the rock.

Yang et al. [5] numerically simulated the distribution of
initial shock pressure at different air gap ratios, pointing out
that the optimal directional fracture effect appears at the air
gap ratio of 33.3%∼50% in slit-charge blasting. Saharan et
al. [6] proposed to improve the energy utilization rate of
explosives through rational setting of air gap and plug lengths
and achieved the expected improvement with different com-
binations of air gap and plug. Furthermore, Park and Jeon [7]
put forward an air-deck blasting method with a thin paper-
tube and quantified its shock absorption effect and tunnelling
efficiency through numerical simulation and experiments.
Roy et al. [8] applied the mature air-deck blasting technique
of open-pit mining and tunnelling to an underground coal
mine in India and succeeded in enhancing the blasting effect
and controlling the deflagration and harmful gases.

Over the years, much research has been done on the
pressure distribution of borehole wall. Despite the lack of
direct measuring methods, the borehole wall pressure has
been estimatedwith various empirical formulas or detonation
theories [9]. Taking borehole wall pressure as the basis of
blasting design, Cunningham [10] derived borehole wall
pressure via polynomial decay and presented an alternative
to the pressure. Otuonye et al. [11] calculated borehole
wall pressure through lab tests on stemming movement.
Homment et al. [12] determined borehole wall pressure based
on the expanding volume of blasting cavity. Swoboba [13]
developed a novel numerical model on the propagation of
explosion pressure, which describes the crack propagation
in the borehole wall and deduces borehole wall pressure
based on blasting cavity or crack volume. Likewise, Liu
and Katsabanis [14] created a new computing method after
exploring the initial shock pressure of borehole wall. Yilmaz
and Unlu [15] provided the estimation formula of borehole
wall pressure in light of the explosion pressure expressions
under decoupled charge in [16, 17].

With the development of computer technology and
intelligent testing, a series of new approaches have been
introduced to reveal the dynamic effect of rock blasting,
e.g., numerical simulation and model test. With the aid of
LS-DYNA and FLAC3D, Jiang et al. [18] investigated the
blasting damage of vertical crater retreat (VCR) mining
method, laying the theoretical basis for rational control of
stope boundaries and optimization of blasting parameters.
Through numerical simulation of bottom air-deck blasting,
Wu et al. [19] studied the dynamic pressure features and
failure mechanism of near-field boreholes, compared the
dynamic pressure features of different detonation methods,

and found that indirect initiation can easily destroy the bot-
tom rock of borehole by enhancing static function intensity.

Focusing on directional pressure-relief blasting, Xiao et
al. [20] carried out cementmortarmodel tests on the dynamic
strain of borehole wall and other parts. The test results
are in good agreement with those of numerical simulation,
indicating that the pressure-relief effect of the borehole can
protect the wall materials and the bottom air gap columns.
Ma et al. [21] tested 4 types of millisecond blasting models
with three-circle boreholes, aiming to find the blast damage
on the surrounding rock in vertical shaft excavation and
put forward effective damage control measures. Zhao et al.
[22] performed a blasting model test with similar materials
and dosages by Froude scaling and provided theoretical and
empirical references to the selection ofmaterials and charging
conditions for blasting test models.

The above studies open a new direction for quantifying
the distribution of initial shock pressure in borehole wall.
Considering air-deck blasting, Yang et al. [23] probed into the
borehole pressure distribution under different charging con-
ditions and disclosed the heterogeneous pressure distribution
across borehole wall: the initial shock pressure peaks at the
centre of the charging section, far higher than that in the air
gap. This means the initial shock pressure of borehole wall
distributes unevenly along the axial direction. Nevertheless,
there is no report on the mathematical expressions of the
uneven distribution pattern.

Under coupled/decoupled charge, Ling [24] tested the
initial shock pressure of cement mortar and organic glass
and obtained the initial shock pressure at each point of
borehole wall. Using manganese-copper piezoresistor, Ni et
al. [25] measured the peak initial shock pressure produced
by ammonium nitrate explosive, emulsion explosive, and
water-gel explosive in granite and concrete and conducted
a regression analysis of the relationship between borehole
wall pressure and the incident angle. Their research shows
the correlation between the initial shock pressure and the
distance to the explosive source along the borehole axis.
Nonetheless, the finding is only suitable for single-stage
charging. Further research is needed to ascertain the dis-
tribution of borehole wall pressure of double- or multistage
charging.

2. Introduction

This paper aims to select a proper axial decoupling coefficient
for air-deck blasting. To this end, it is necessary to investigate
the air gap and the initial shock pressure of the borehole
wall under axial decoupled charge. Here, the Grade III
surrounding rock of Banjie tunnel, a 4,806m-long deep-
buried tunnel, is taken as the object. The tunnel is one of
the three main tunnels in Yongren-Guangdong section of
Chengdu-Kunming railway. In the tunnel, the surrounding
rock masses are mostly Grade III∼V sandstone and sandy
mudstone. The tunnel segments through Grades III, IV,
and V rocks are, respectively, 4,115m, 530m, and 161m in
length. Thus, the object tunnel segment accounts for 85.6%
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Table 1: Physical-mechanical parameters of Grade III surrounding rock.

Density(kg/m3) Compressive
strength(MPa)

Tensile strength
(MPa)

Shear strength
(MPa)

Longitudinal
wave velocity

(m/s)
Poisson ratio

2700 75 5.6 23.3 3350 0.23

Figure 1: A typical working face with overbreak and underbreak
after two-step blasting.

of the total length of Banjie tunnel. The physical-mechanical
parameters of Grade III surrounding rock are listed in Table 1.

The previous smooth blasting of Grade III surround-
ing rock was carried out in two steps with the following
parameters: the total sectional area=116.02m2, the excavation
height= 5.81m (upper stage) and 5.52m (lower stage), and
the cyclic advancement=3∼3.2m. In the upper stage, the con-
struction parameters are as follows: borehole distance= 50cm
(periphery holes) and 80cm (auxiliary holes); and borehole
depth=3.8m (periphery holes) and 4m (auxiliary holes). For
the five-stage double horizontal wedge cutting, the vertical
hole is 4m in depth. The density and detonation velocity
of 2# emulsion explosive are 1,300kg/m3 and 3,200m/s,
respectively. Due to the high detonator cost and complex
process, the periphery holes were charged continuously at
the bottom (hereinafter referred to as the continuous bottom
charging).

The above blasting structure has some problems that led
to an unsuccessful tunnelling. After the smooth blasting on
the upper stage, the maximum overbreak was as high as
0.4m near the working face (hole bottom) of the hance, and
the maximum underbreak near lining (hole collar) stood at
0.25m. At the vault, the postblast outline exhibited as a large
flat plate with severe rockfall. In general, the working face
had an uneven contour and barely any visible hole profiles
(Figure 1).

The unsuccessful blasting in Banjie tunnelling is mainly
caused by inappropriate charging. When continuous charg-
ing structure is used at the hole bottom, the over concentrated
charging in this section is prone to bring about heavy shock
pressure to the borehole wall. The uncharged hole collar,
however, tends to result in an underbreak due to insufficient
shock pressures.

The unsuccessful blasting is mainly attributable to
improper charging. With continuous bottom charging, the

charged bottomapplied a heavy shock pressure onto borehole
wall, while the uncharged hole collar generated so few shock
pressure as to cause underbreak. In light of these, Starfield
superposition was introduced considering the attenuation
and superposition of blasting pressure, and the theoretical
solution of the initial borehole wall pressure was obtained for
top and middle air-deck blasting.

Meanwhile, the author constructed a stable dynamic
pressure test system that avoids the interference and signal
distortion of the previous test method and validated the
theoretical analysis results throughmodel tests. To determine
the optimal axial decoupling coefficient, the distribution
features of the initial borehole wall pressure were analysed
under different axial decoupling coefficients and contrasted
with each other by numerical simulation.

Based on the findings, the peripheral hole charging
structure was optimized for the blasting of Grade III rocks in
Banjie tunnel, aiming to enhance the smooth blasting effect.
Then, the damping effect of air-deck blasting was compared
with that of the blasting with continuous bottom charging.

3. Theoretical Analysis

3.1. Starfield Superposition Method. Starfield superposition
treats the column charge as the superposition of a finite
number of spherical charges with equal radius, that is, the
equal charging principle. Let dc and re be the diameter
of column charge and the equivalent radius of spherical
charge, respectively. Then, the equal charging principle can
be expressed as

4
3𝜋𝑟𝑒3 = 𝜋(𝑑𝑐2 )

2 (2𝑟𝑒) (1)

For simplicity, it is assumed that the peak pressure pattern
remains the same independent of the detonation order of
spherical charges in each unit, such that the peak pressure
at a point in the air gap equals the pressure of the shock
wave at the point produced by the blasting of the equivalent
unit spherical charge lying the closest to the air gap. This
value is close to the actual peak pressure and thus satisfies the
computing demand [26].

By Starfield superposition, the time effect of the explosion
of unit spherical charge cannot be ignored while computing
the blasting effect of the column charge. This is because both
the detonation velocity of explosives and the longitudinal
wave velocity of rock are both in the 103 m/s order of
magnitude. Hence, the following exponential function was
adopted to depict the time attenuation of the shock wave
induced by unit spherical charge [27]:

𝜎𝑟 (𝑡) = 𝑃1𝑒−𝐴𝑡 (2)
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where A (A=Cp(1-2𝜇)/[a(1-𝜇)k]) is the pressure attenua-
tion coefficient of equivalent unit spherical charge A=Cp(1-
2𝜇)/[a(1-𝜇)k] [28, 29]; Cp is the longitudinal wave velocity of
rock; a is a constant related to rock properties; and t is the
decay time of shock wave.

For a point in the air gap, each equivalent unit spherical
charge has a pressure effect on the time of positive pressure.
Without the loss of generality, the peak pressure is assumed
to occur when the shock wave induced by a unit spherical
charge arrived at a specified point. For example, the pressure
of a point in the air gap reaches the peak when the shockwave
induced by spherical charge unit k propagates to that point,
indicating that the pressure induced by the preceding unit i
at this point has attenuated. The decay time can be expressed
as

𝑡 = 2𝑟𝑒 (𝑘 − 𝑖)𝐷 + 𝑙𝑘𝐶𝑝 −
𝑙𝑖𝐶𝑝 𝑖, 𝑘 = 1, 2 ⋅ ⋅ ⋅ 𝑛 (3)

where li is the distance from unit spherical charge i to the
specified point in the air gap; lk is the distance from unit
spherical charge k to the specified point in the air gap; D is
the detonation velocity of the explosive.

In accordance with the shock wave theory, the peak
pressure of shock wave attenuates with the distance, under
a single spherical charge, following the pattern below [30]:

𝑃1 = 𝐵
𝑅𝛼 (4)

where 𝑅 is a scaled distance; B is a constant; 𝛼 is the
attenuation coefficient of peak shock wave pressure along the
borehole axis. The scaled distance is calculated as 𝑅 = 𝑅/ 3√𝑄,
with R being the distance between the calculation point and
the explosive source, and Q being the TNT equivalent of
actual charge quantity (Q=Qs𝑊𝑠/𝑊𝑇, where Qs is the actual
charge quantity; 𝑊𝑠 is the specific detonation heat of the
explosive;𝑊𝑇 is the specific detonation heat of TNT).

According to (1), the actual charge quantity of a single
spherical charge can also be expressed as

𝑄𝑠 = √6𝜌𝜋𝑑𝑐38 (5)

Thus, (4) can be rewritten as

𝑃1 = 0.98𝛼 (𝜌𝑊𝑠/𝑊𝑇)𝛼/3 𝑑𝑐𝛼𝐵𝑅𝛼 (6)

where 𝜌,𝑊𝑠, B, and 𝛼 are constants for specific explosive and
surrounding rock.

For better accuracy, the attenuation coefficient of shock
pressure along the borehole axis is denoted as 𝛿. Assuming
that K=0.98𝛼(𝜌𝑊𝑠/𝑊𝑇)𝛼/3B, the peak pressure of a single
equivalent unit spherical charge at the specified point can be
obtained as

𝑃 = 𝐾( 𝑅
𝑑𝑐)
−𝛿 𝑒−𝐴𝑡 (7)

· · · PEn-1 PEn

le

de

dc

En En-1 · · · E3 E2 E1

x

la

A

PE1 PE2 PE3 · · ·

air stemmingcharge

Figure 2: Initial shock pressure of borehole wall with upper air-
decked charge.

When ignoring the interaction of explosion for adjacent
unit spherical charges, the peak pressure at the specified point
of the column charge can be approximately considered as the
superposition of the peak stress at the point of all spherical
charges.

3.2. Initial Shock Pressure of Borehole Wall with Upper Air-
Decked Charge. In the upper air-decked charging structure,
the length of the air gap is assumed as la, the charge length
at hole bottom as le, and the charge diameter is dc. As shown
in Figure 2, a random point A in the air gap is x (x≤la) away
from the top of the charging section. At the blasting of the unit
spherical charge i, the shock pressure of the spherical charge
at point A can be expressed as

𝑃 = 𝐾(𝑥 + 2𝑖𝑑𝑒𝑑𝑐 )−𝛿 (8)

In this case, the shock pressure produced by the entire
section of column charges at point A equals the pressure
superposition of n unit spherical charges at that point:

𝑃𝑑 =
𝑛∑
𝑖=1

𝐾(𝑥 + 2𝑖𝑑𝑒𝑑𝑐 )−𝛿 (9)

3.3. Initial Shock Pressure of Borehole Wall with Middle Air-
Decked Charge. In the middle air-decked charging structure,
the length of the air gap is assumed as la, the charge length
at hole bottom as le, and the length of upper charging section
and the lower charging section are l1 and l2, respectively. As
shown in Figure 3, a random point A’ in the air gap is x
(x≤la) away from the top of the lower charging section. At
the blasting of the unit spherical charge i, the shock pressure
of the spherical charge at point A’ can be expressed as

𝑃 = 𝐾(𝑥 + 2𝑖𝑑𝑒𝑑𝑐 )−𝛿 (10)
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Figure 3: Initial shock pressure of borehole wall with middle air-
decked charge.
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Figure 4: Variation in initial shock pressure of borehole wall.

At the blasting of the unit spherical charge j, the shock
pressure of the spherical charge at point A’ can be expressed
as

𝑃 = 𝐾(𝑙𝑎 − 𝑥 + 2𝑗𝑑𝑒𝑑𝑐 )−𝛿 (11)

In this case, the shock pressure produced by the upper
and lower charging sections at point A’ equals the pressure
superposition of all unit spherical charges at that point:

𝑃
= 𝑛1∑
𝑗=1

𝑛2∑
𝑖=1

[𝐾(𝑥 + 2𝑖𝑑𝑒𝑑𝑐 )−𝛿 + 𝐾(𝑙𝑎 − 𝑥 + 2𝑗𝑑𝑒𝑑𝑐 )−𝛿] (12)

where n1 and n2 are the number of equivalent unit spherical
charges in the upper and lower charging sections, respec-
tively.

The variation curve of the initial shock pressure along the
borehole axis of the upper and middle charging structures
were derived by (9) and (12) (Figure 4).

4. Experiment Verification

4.1. Pressure Test System. Based on the principle of resistance
strain, the pressure test system applies a dynamic pressure on
the specimen, and the resulting deformation of the specimen
is recorded by the strain gauges at themeasuring points.Then,
the deformation-induced resistance change is converted into
the change of voltage or current, making it possible to
deduce the value of deformation. Here, the pressure at each
monitoring point is approximated by Hooke’s law, with the
aim of reflecting the distribution features of the initial shock
pressure of borehole wall along the axial direction.

The test instruments include a Blast-Ultra multichannel
shock tester (Chengdu Tytest Co., Ltd.), a KD6009A strain
amplifier (Yangzhou Kedong Electronics Co., Ltd.), etc. The
strain gauges are attached to prefabricated strain bricks and
embedded in a concrete model to receive the explosive
signals. The entire test system is illustrated in Figure 5.

4.2. Preparation of Cement Mortar Models and Strain Bricks.
The 40cm×20cm×50cm (L×W×H) cement mortar model
was castedwith 42.5# ordinary portland cement and screened
fine sands (size: <1mm) at the mix proportion of 1:1:0.5
(cement: sand: water). The model was cured for 28 days at
room temperature. The holes (depth: 40cm; blasting burden:
5.5cm)were reversed by a solid fiberglass pipe (OD: 12mm) at
10cm away from the front boundary and the back boundary.

For the upper air-decked charging structure, one 2#
Nonel rock detonator was installed at the hole bottom, a
28cm air gap was reserved at the upper part, and the axial
decoupling coefficient Kl was set to 5. For the middle air-
decked charging structure, one 2# Nonel rock detonator was
installed at the hole bottom and the hole collar, respectively, a
21cm air gap was reserved at the middle part, and the axial
decoupling coefficient Kl was set to 2.5. In both charging
structures, the hole collars were blocked with 5cm long
cement plugs (Figure 6).

The strain bricks are 3cm×3cm×40cm (L×W×H)
cuboids.These were prepared with the same mix proportion,
seeking to prevent the reflection of instantaneous explosion
signals and maintain a uniform wave impedance between the
model and the bricks [31, 32]. To capture explosion pressure,
two strain sticks were arranged in parallel with the holes
by a spacing of 2cm. One of them has 8 measuring points
and the other has 11 (Figure 6). On each measuring point,
two BX120-4AA resistance strain gauges (resistance: 120Ω;
sensitivity: 2.08±1%; Yangzhou Kedong Electronics Co., Ltd.)
were pasted vertically via half-bridge connection.

Before pasting the strain gauges, the specimen surfacewas
polished with sandpaper at 45∘ to the axis of the strain brick
to remove the sands and gravels. The strain gauges were them
pastedwith strong glue.The redundant gluemust be squeezed
out to ensure the good contact between the gauge and the
stick.

In the meantime, three standard 5cm×5cm×10cm
(L×W×H) specimens were produced and cured for 28 days
in the same environment as the models. The physical-
mechanical parameters of the models were determined after
the curing (Table 2).
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Figure 5: Pressure test system.
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Figure 6: The cement mortar model and layout of measuring points.

Table 2: Physical-mechanical parameters of the models.

Specimen
number Density (kg/m3)

Longitudinal
wave velocity

(m/s)

Modulus of
elasticity (GPa)

Compressive
strength(MPa)

1 2247.12 3115 26.44 20
2 2153.24 3067 25.85 30
3 2177.00 3139 24.50 20
Average 2192.45 3100 25.50 23.33

4.3. Experimental Result. The experimental parameters
are as follows: sampling rate=4 each/min, data collection
time=10ms, negative delay=1ms, trigger level=5%, gain=100,
bridge voltage=2V, and the low-pass frequency=1kHz. The
shock pressures of upper and middle air-decked charging
structures are recorded in Table 3.

4.4. Discussion. Figures 7 and 8 display the test results
of the upper and middle air-decked charging structures,
respectively. It is clear that the initial shock pressure along the
borehole axis obeys the same distribution pattern as that in
Figure 4.

(1) For the upper air-decked charging structure, the
initial shock pressure of the charging section followed
a convex distribution, with the peak value near the
charge centre. With the increase in the distance

from the charging section, the borehole wall shock
pressure in the air gap underwent a sharp decline
initially before reaching a relatively constant level.The
minimum pressure was observed at the hole collar.

(2) For the middle air-decked charging structure, the
pressures at both ends of the charging section obeyed
a convex distribution, with the peak value near the
charge centre. By contrast, the pressure in the air
gap was exhibited as a concave distribution and
minimized at the middle of the air column.

(3) In both the upper and middle air-decked charging
structures, the initial borehole wall shock pressure
increased with the decrease in the distance from the
charging section. When that distance was on the rise,
the initial pressure experienced a gradual decrease.
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Table 3: Experimental results of upper and middle air-decked charging structure.

Charge structure Measuring point Distance from
hole bottom (m)

Relative
distance from
hole bottom

Peak voltage (V) Peak strain Peak pressure
(MPa)

Up-air-deck charge
structure

1 0 0 2.895 14092 359.346
2 0.035 2.92 3.106 15118 385.505
3 0.070 5.83 2.836 14180 361.590
4 0.105 8.75 2.106 10530 268.515
5 0.175 14.58 1.042 5210 132.855
6 0.245 20.41 0.332 1660 42.330
7 0.315 26.25 0.195 975 24.863
8 0.385 32.08 0.162 810 20.655

Middle-air-deck
charge structure

1 0 0 3.345 16725 426.488
2 0.035 2.92 3.504 17521 446.778
3 0.070 5.83 3.258 16290 415.395
4 0.105 8.75 2.421 12105 308.678
5 0.140 11.67 1.273 6365 162.308
6 0.175 14.58 1.188 5940 151.470
7 0.210 17.50 1.193 5965 152.108
8 0.245 20.42 2.285 11425 291.338
9 0.280 23.33 3.150 15748 401.573
10 0.315 26.25 3.512 17559 447.753
11 0.350 29.17 3.276 16377 417.608

Note.(1) Instead of actual pressure values, the peak pressures obtained by Hooke’s law are a rough representation of the distribution features of initial borehole
wall shock pressure in the axial direction. (2)The relative distance from hole bottom is the quotient of the distance from hole bottom and the hole diameter.

Figure 7: Variation in initial borehole wall pressure with relative
distances from hole bottom (upper air-decked charging structure).

The decline rate was fast at the beginning and slow
on the later stage. In the end, the borehole wall shock
pressure reached a relative stable state.

(4) In the middle air-decked charging structure, the
pressure values at major monitoring points in the air
gap were close to the minimum value. This feature
was particularly prominent when the air space was
fairly long. Besides, the initial shock pressure in the

Figure 8: Variation in initial borehole wall pressure with relative
distances from hole bottom (middle air-decked charging structure).

upper and lower charge sections obeyed the same
distribution of that in the upper air-decked charging
structure. The initial shock pressure distribution of
the two charge sections could be combined into the
superposed impact pressure.

To sum up, the axial distribution curve of the initial
borehole wall shock pressure in the two charging structures
agrees well with that of the theoretical analysis.
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Figure 9: Numerical simulation models.

Table 4: Material model and state equation parameters of the rock.

Density (kg/m3) Modulus of
elasticity (GPa) Poisson ratio Yield stress

(MPa)
Tangent

modulus (GPa)
Hardening
coefficient

2350 61.0 0.31 75.0 2.0 1.0

Table 5: Material model and state equation parameters of the explosive.

Density
(kg/m3)

Explosion
velocity (m/s)

Detonation
pressure (GPa) A (GPa) B (GPa) R1 R2 𝜔 E0 (GPa) 𝑉0

1300 4000 5.2 211.4 0.182 4.2 0.9 0.15 4.192E6 1.0
Note: A, B, R1, R2 , and 𝜔 are material model parameters; R1 and R2 are nondimensional parameters; 𝜔 is Grüneisen constant (change rate of pressure relative
to internal energy under constant volume); E0 is initial internal energy per unit volume of explosive;𝑉0 is relative volume.

Table 6: Material model and state equation parameters of the air.

Density (kg/m3) C0 C1 C2 C3 C4 C5 C6 E0 (GPa) 𝑉0

1.29×10−2 0 0 0 0 0.4 0.4 0 0 1.0
Note: C0 ∼ C6 are multinomial coefficients of the state equation; E0 is initial internal energy per unit volume of explosive;𝑉0 is relative volume.

5. Numerical Simulation

5.1. Verification of Theoretical Formula for
Initial Shock Pressure

5.1.1. Numerical Model and Parameters. Five numerical mod-
els were established to verify the accuracy of the theoretical
formula derived by Starfield superposition, which calculates
the blast-induced initial shock pressure in the air gap. The
numerical simulation considers both upper and middle air-
decked charging structures, as well as five different charging
lengths. In these models, the column charge was 1∼4 times
longer than equivalent spherical charge. For the middle air-
decked charging structure, the lengths of the upper and lower
charging sections are both 1∼5 times of the diameter of
equivalent spherical charge.

As shown in Figure 9, the column charge is 1.2cm in
diameter, which puts the diameter of the equivalent spherical
charge as 1.46cm according to (1), the length of the reserved
air gap is 5cm, and the borehole burden is 5.5 cm. Moreover,

the borehole size is Φ1.2 cm×[(1∼5)×1.46]cm (the length of
column charge)+5 cm (the length of air gap) for the upper air-
decked charging structure, and Φ1.2 cm×[2×(1∼5) ×1.46]cm
(the length of column charge)+5 cm (the length of air gap)
for the middle air-decked charging structure. The initiation
points were arranged along the charging section at an interval
of 1.46cm and designed to initiate simultaneously.

For better accuracy, the rock, explosive, and air were
described separately by ∗MAT-PLASTIC-KINEMATIC,∗MAT-HIGH-EXPLOSIVEBURN, and ∗MAT-NULL
models, and the state equations of the explosive and the
air were illustrated by ∗EOS-JWL and ∗EOS-LINEAR-
POLYNOMAIAL, respectively [33–35]. The parameters of
each material model and its state equation are provided in
Tables 4–6. Concerning the boundary conditions, the left
side and the top of the model were set as free faces, and the
other planes as nonreflecting boundaries. Specifically, the
explosive and air were processed with Arbitrary-Lagrangian-
Eulerian (ALE) algorithm, while the rock was treated by
Lagrangian algorithm [36, 37].
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Table 7: The charging parameters.

Axial
decoupling
coefficients

Hole length
(cm)

Stemming
length (cm)

Air column
length (cm)

Charge length (cm)
Total length

(cm)
Upper length

(cm)
Lower length

(cm)
2.5 40 5 21 14 4.7 9.3
3.5 40 5 25 10 3.3 6.7
4.0 40 5 26.25 8.75 2.9 5.85
5.0 40 5 28 7 2.3 4.7
6.0 40 5 29.16 5.84 1.95 3.89

Figure 10: The variation in initial shock pressure with column
lengths at specified points.

5.1.2. Result Analysis. The intersection points between the
borehole wall and the axial cross-section of air column, which
is far away from free faces, were selected to monitor the
initial shock pressure of borehole wall. Through simulation,
two sets of initial shock pressure values were obtained
from the monitoring points for upper and middle air-
decked charging structures. Meanwhile, the shock pressures
at the specified points were acquired through theoretical
analysis.

Figure 10 compares the theoretical and simulated values
of initial shock pressures at the specified points under the
two charging conditions. It can be seen that the simulated
pressures deviated from the results of (9) by 8.82% and those
of (12) by 8.96%. Since neither of the deviations surpassed
10%, the simulated results agree well with the conclusion
of theoretical analysis, an evidence to the reliability of the
theoretical formula derived from the Starfield superposition
under both upper and middle air-decked charging condi-
tions.

Furthermore, the theoretical and simulated initial shock
pressure at specified points of the air gap increased with the
charging length, according to the variation in initial shock
pressure with column lengths at specified points. The trend
echoes with the classical blasting theory.

5.2. Verification on Axial Distribution Pattern
of Initial Borehole Shock Pressure

5.2.1. Numerical Model and Parameters. The author estab-
lished the numerical models by ANSYS/LS-DYNA, using
the same dimension, borehole size, and borehole pattern
with the test model (Figure 11). For the upper air-decked
charging structure, five models were created with different
axial decoupling coefficients: Kl=2.5, Kl =3.5, Kl =4, Kl=5.0,
and Kl =6.0. Among them, Kl =5.0 corresponds to the charg-
ing structure of the test model. In this charging structure,
the overall charging length equals the length of the lower
charging section.

For the middle air-decked charging structure, five models
were created with different axial decoupling coefficients:
Kl=2.5, Kl =3.5, Kl =4, Kl=5.0, and Kl =6.0. Among them,
Kl =2.5 corresponds to the charging structure of the test
model.The charging parameters of thesemodels are shown in
Table 7. In this charging structure, the overall charging length
equals the sum of the length of the upper and lower charging
section.

The material models of the rock, explosive, and air and
the relevant state equations (Tables 4–6) are the same with
those in the verification of theoretical formula for the initial
borehole wall shock pressure. The stemming material is
described by the ∗MAT-SOIL-AND-FOAM model, and its
parameters are shown in Table 8.

5.2.2. Results and Discussion. To capture the initial bore-
hole wall shock pressure, row elements were selected from
borehole wall as pressure monitoring points along the axial
direction from hole bottom to hole collar. Figures 12 and 13
depict the distribution curves of the initial shock pressure
along the borehole axis under different decoupling coeffi-
cients, respectively.

As shown in Figures 12-13, the simulated pressure dis-
tributions of the two charging structures are similar to
those obtained by theoretical analysis. In particular, the
curves at Kl = 5.0 of the upper air-decked charging struc-
ture and Kl =2.5 of the middle air-decked charging are
consistent with the theoretical results and the experimen-
tal findings. Suffice it to say that the simulation demon-
strates the reliability of theoretical analysis and physical
experiments.
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Figure 11: Numerical simulation models.

Table 8: Parameters of the stemming material.

Density (kg/m3) Shear modulus
(GPa)

Bulk
modulus(GPa) A0 A1 A2 PC EPS1 EPS2

1800 1.60E-2 1.328 0.0033 1.31E-7 0.1232 0.0 0.0 0.05
EPS3 EPS4 EPS5 EPS6 EPS7 EPS8 EPS9 EPS10 P1(GPa)
0.09 0.11 0.15 0.19 0.21 0.221 0.25 0.30 0.0
P2 (GPa) P3 (GPa) P4 (GPa) P5 (GPa) P6 (GPa) P7 (GPa) P8 (GPa) P9 (GPa) P10 (GPa)
3.42 4.53 6.76 12.70 20.80 27.10 39.20 56.60 123.0
Note: A0 , A1, and A2 are constants of yield function; PC is truncation pressure of tensile failure; EPS1∼ EPS10 are characteristic bulk strains; P1 ∼ P10 are
pressures corresponding to characteristic bulk strains.

Figure 12: Initial shock pressure of borehole wall with upper air-
decked charging structure.

6. Case Study and Comparative Model
Test of Blasting Vibration

6.1. Case Study. The borehole length in a single blasting row
is relatively long in Grade III surrounding rock of Banjie
tunnel. To ensure the effect of smooth blasting, the peripheral
hole was designed with air-decked charging structure. In the
middle air-decked charging structure, the initial borehole
wall shock pressure obeyed a wavy distribution (peak value>
valley value>0). The peak and valley values, respectively,

Figure 13: Initial shock pressure of borehole wall with middle air-
decked charging structure.

correspond to the charging section and the air gap. To
achieve a consistent impedance of the explosive and rock, it
is necessary to appropriate the length of the air column [38].

In Banjie tunnel, the compressive strength and tensile
strength of Grade III surrounding rock are 75MPa and
5.6MPa, respectively (Table 1). According to the simulated
distribution of initial borehole wall shock pressure in middle
air-decked charging structure (Figure 13), the initial shock
pressures in the air gap were all higher than the tensile
strength of the rock when the axial decoupling coefficient
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Figure 14: Optimized charging structure of peripheral hole in Grade III surrounding rock.

Table 9: Comparison of blasting vibration vector synthesis velocity.

Distance from explosive
source(cm) 10 20 40 80

Vector synthesis velocity of
blasting vibration in model
I(cm/s)

20.1759 9.3194 6.0529 3.4562

Vector synthesis velocity of
blasting vibration in model
II(cm/s)

17.3309 8.0813 5.1540 2.9053

Relative decreasing
amplitude ratio (%) 14.10 15.32 14.85 15.94

varied in the range of Kl =2.5∼6. This means blasting cracks
formed among the adjacent peripheral holes. However, the
shock pressures at major monitoring points in the air gap
were above the compressive strength of the rock, when
Kl=2.5, Kl =3.5,Kl =4.0, andKl =5.0.The result shows that the
rock was crushed but not sufficient to achieve a good smooth
blasting effect.

In contrast, when Kl =6.0, the pressures at most moni-
toring points in the air gap were close to the valley value,
except the charging section and a small portion of the air
gap, and were below the compressive strength of the rock. In
this case, the surrounding rock remained integrated after the
blast and kept a half-hole profile, revealing enhanced smooth
blasting effect. Therefore, the axial decoupling coefficients of
the peripheral hole were designed as Kl =6.0 in Grade III
surrounding rock of Banjie tunnel. In light of the field condi-
tions, four-stage charges and three air-gaps were adopted for
tunnelling. The optimized charging structure of peripheral
hole in Grade III rock is given in Figure 14.

In Figure 14, the hole profile is clearly visible after blasting,
and over 90% of half-holes are reserved. According to the
blasting effect in Figure 15, there is barely any overbreak
or underbreak after excavation, and the surrounding rock
remained stable for a long time.

6.2. Comparative Model Test of Blasting Vibration. In tun-
nel blasting, the vibration, a key impact factor of rock
stability, is the combined effect of the blasting of cutting
holes, auxiliary holes, and peripheral holes. However, it is
difficult to accurately extract the variation induced by the
blasting of peripheral holes in field monitoring. To com-
pare the blasting vibration of continuous bottom charging
with air-decked charging structure, two 100cm×20cm×60cm
(L×W×H) cement mortar models, denoted as model I and
model II, respectively, were prepared for blasting experiment.

The mix proportion, curing environment, and curing
time were exactly the same as the cement mortar models

Figure 15: Optimized smooth blasting effect of Grade III surround-
ing rock.

of Section 4.2. One borehole (depth: 40cm; blasting burden:
5.5cm) was reversed at 10cm away from the front boundary
and the back boundary. With the same explosive payload,
Models I and II, respectively, adopt continuous bottom charg-
ing and air-decked charging. The blasting was monitored by
sensors placed at 10cm, 20cm, 40cm, and 80cm away from
borehole. Figure 16 illustrates the cement mortar models and
the layout of vibration measuring points.

The monitoring results are shown in Table 9, and the
typical waveforms of vibration vector synthesis velocities are
given in Figure 17. As can be seen in Table 9, the vibration
velocity of model II was much lower than that of model 1 at
the same distance fromborehole, revealing the good damping
effect of air-deck blasting. Comparedwith continuous bottom
charging, the air-decked blasting structure had a 15.05%
lower average amplitude under the same explosive payload.
Thus, the air-decked blasting structure can reduce the integer
blasting vibration velocity during the tunnelling in Grade III
surrounding rock of Banjie tunnel and, in turn, assure the
stability of the surrounding rock.
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Figure 16: The cement mortar models and layout of vibration measuring points.

Figure 17: Typical waveforms of blasting vibration vector synthesis velocity.

7. Conclusions

(1) Based on Starfield superposition, the theoretical
solutions of the initial pressure on borehole wall
were obtained for upper and middle decked charged
structures. Through field monitoring and numerical
simulation, it is learned that the initial borehole
wall pressure was unevenly distributed at long air
columns.

(2) For the upper air-decked charging structure, the
initial shock pressure of the charging section followed
a convex distribution, with the peak value near the
charge centre. With the increase in the distance
from the charging section, the borehole wall shock
pressure in the air gap underwent a sharp decline
initially before reaching a relatively constant level.The
minimum pressure was observed at the hole collar.
For the middle air-decked charging structure, the
pressures at both ends of the charging section obeyed

a convex distribution, with the peak value near the
charge centre.

(3) The deviations between simulated and theoretical
pressures are smaller than 10%, indicating the relia-
bility of the theoretical formula derived by Starfield
superposition. It is concluded that this formula works
well in computing the blasting-induced initial shock
pressure in the air gap under both upper and middle
air-decked charging conditions.

(4) Compared with the continuous bottom charging, the
air-decked charging is suitable to the actual condi-
tions thanks to the distribution features of initial
borehole wall shock pressure. The application of the
structure in Grade III surrounding rock of Banjie
tunnel led to an expected smooth blasting effect.

(5) The research findings provide valuable references to
the theoretical and experimental calculation of air
column length and other key parameters of air-deck
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blasting and shed new light on the charging structure
determination of smooth blasting and blasting vibra-
tion control for the excavation of large-section, deep
mining roadways.
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Vibration and noise problems caused by a number of construction processes, specifically blasting for infrastructure development,
are becoming important because of their civil appeal. In this study, a square root equation (SRE) with a 95% confidence level was
proposed for predicting blasting-induced vibration through full-scale test blasting, and the vibration value predicted from this
equation was located between the values predicted from the USBM (US Department of Interior, Bureau of Mines), NOF (Nippon
Oil & Fats Co., Ltd.), andMCT (Ministry of Construction and Transportation) equations. Additionally, by comparing themeasured
noise level at full-scale test blasting with the calculated noise levels from several noise prediction equations, it was determined
that the noise level predicted by the ONECRC equation had the best agreement with the measured results. However, in cases
where blasting includes tunnel excavation, simultaneous measurement of vibration and noise is required to prevent damage to the
surrounding facilities.

1. Introduction

Generally, in developing and developed countries, the expan-
sion of national infrastructure and the number of high-
ways, railways, subways, ports, and residential land devel-
opment and redevelopment are increasing. Such construc-
tion requires underground excavation through rock cutting
and breakage, underground drilling and piling, and ground
compaction, and thus environmental damage caused by the
inevitable vibration, noise, and dust also increases contin-
uously. Recently, it has become one of the main causes
of environmentally related social conflicts [1]. Along with
noise, vibrations due to blasting are considered to be a
major environmental damage factor, and they have significant
meaning in terms of construction’s disaster prevention.

The magnitude of the vibration varies depending on
the type and characteristics of the explosive, the amount of
charges, the method of explosion, the state of tamping or

density of loading, the size of the free surface, the distance
between the explosives and the measuring point, the geolog-
ical condition, and other factors. The maximum charge per
delay ignition over regularly spaced intervals due to the usage
of a delay detonator and the distance from the explosives
are the factors affecting the propagation characteristics of the
vibration.When the relationship between the true maximum
vector sum and the scaled distance from the detection data
of vibration is represented on the full logarithmic scale,
and the linear regression is based on the method of least
squares, it is possible to derive a linear correlation that reflects
the propagation characteristics of the vibration. This is the
common practice for presenting blast-induced vibration.

Many researchers have made great efforts to theoretically
understand the propagation characteristics of such vibrations
[2–16]. Based on the dimensional analysis of variables related
to the blasting phenomenon, they presented that the vibration
velocity of the ground, which is a measure of the damage
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of the surface structure, can be represented in an empirical
relationship by using the maximum charge per delay and the
distance from the explosives as parameters. By including their
studies and the empirical research result, the relationship can
be expressed as (1) with the maximum charge per delay and
the distance from the explosives as themain variables. On the
other hand, in Japan, it is expressed in the form of (2), called
the location characteristic conversion formula.

𝑉 = K( 𝐷𝑊𝑏 )
𝑛

(1)

𝑉 = K𝑊𝑚𝐷𝑛 (2)

Here, 𝑉 is the vibration velocity of the ground (particle
velocity, cm/sec), 𝐷 is the distance from the blasting source
to the point of measurement (m), and 𝑊 is the amount of
charge per delay (kg/delay). Additionally, 𝐾, 𝑛, and 𝑚 are
constants that depend on the rock condition of geological
features and the blasting condition, and 1/2 or 1/3 is used for
b. In (1), 𝐷/𝑊𝑏 is Scaled Distance (SD), and if 𝑏 is 1/2 then
it is called Square Root Scaled Distance (SRSD) [17]; if b is
1/3, it is called Cube Root Scaled Distance (CRSD) [8, 18]. It
is known that the equations using these scaled distances are
linear on the log-log paper, and it is appropriate to use the
cubic root equation for short distances and the square root
equation for long distances [19]. This study analyzes the size
of cataclasite rock according to the type of Stage Advance V-
Cut by performing the full-scale test blasting.Then, based on
the result of the vibration measurement, this study compares
the blasting vibration estimation with the existing blasting
vibration equations in order to examine its applicability.

Blasting noise, a major construction pollution factor
alongwith vibration, can be caused by air pressure waves gen-
erated from self-deformation accompanied by the destruc-
tion of rocks or structures and pressure waves due to ground
vibrations, but it is mainly caused by air pressure waves.
The methods of expressing blasting noise include sound
pressure (Pa) and sound pressure level (dB). Since the sound
pressure is too wide and not proportional to the human
body's sensitivity, the sound pressure level, which is expressed
in an index scale, is widely used.Themethod of obtaining the
sound pressure level from the sound pressure is shown in the
following [20]:

𝑆𝑃𝐿 = 20 log 𝑃𝑃0 (3)

Here, the SPL means the sound pressure level (dB), P
is the sound pressure (wind pressure, Pa), and 𝑃0 is the
reference sound pressure (2 × 10−5 Pa), and it is the lowest
sound pressure that a person can recognize. The degree of
attenuation according to the distance of noise depends on the
type and form of the noise source. In a typical construction
machine, it can be assumed that the noise source is in the
form of a point at a distance of several meters. If the noise
source is assumed to be a point source of sound, the degree
of attenuation according to the distance of the noise is given
by the following [21]:

𝑆𝑃𝐿 = 𝑆𝑃𝐿0 − 20 log 𝑟𝑟0 (4)

Here, the SPL is the noise prediction level (dB (A))
according to the separation distance, and 𝑆𝑃𝐿0 is the syn-
thesized noise level (dB (A)) for work classification, r is the
distance (m) from the sound source to the predicted point,
and 𝑟0 is the distance (m) from the sound source to the base
point, in which 15m is applied [21]. Since the human ear is
insensitive to low frequencies —even if the pressure is con-
stant regardless of frequency— the noise should be measured
using a filter that is appropriately calibrated according to the
human perception of the frequency. For most environmental
noises, a decibel A filter is used and the measured sound
pressure level using the A filter in the field is expressed in dB
(A).

The blasting noise includes (as mentioned above) the
distance from the blasting source, and it is influenced by
the charge per delay, the tamping length, the quality of the
rock, the availability of the blasting mat, and moreover the
weather conditions such as the topography and temperature
of the blasting site and air pressure. Wind velocity and wind
direction can also be major factors. Therefore, even if the
noise prediction equation is derived through test blasting, the
credibility of the equation is very low, whichmakes it difficult
to predict the noise. This study compared the noise levels
obtained from themeasurements with the data of the existing
noise prediction equations [20, 22–25] and thus studied the
applicability of the predictive equations.

Namely, in this study, despite the location restriction, full-
scale test blasting in Korea was performed to analyze the
particle size of crushed rocks with the type of blasting. In
addition, this study proposed a blasting-induced vibration
equation based on the result of vibration measurements and
compared this with the existing equations to examine its
applicability. Also, the applicability of the noise prediction
equations is examined by comparing the noise value obtained
from the blasting measurements with the noise values
obtained from the existing noise prediction equations. The
results of this study will contribute to the optimal blast design
of Korea.

2. Full-Scale Blasting Tests

Theblasting design is usually performed based on the follow-
ing three methods.

(i) Methods based on empirical data such as existing
design data and design factors of similar cases

(ii) Methods using a vibration formula derived from
borehole test blasting using a geotechnical borehole

(iii) Methods using full-scale test blasting in the field
bedrock or adjacent to the designed area to derive the vibra-
tion formula

When using existing empirical data, it is not possible to
reflect the characteristics of the field bedrock, and there is no
specific criterion among the data. As a result, the confidence
of the design is very low.Therefore, it is desirable to determine
the applicability after mutual analysis and review with the
results of the test blasting performed on the field bedrock or
adjacent area.

After installing the explosives at several points where
the rocks appear in the borehole and installing a measuring
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instrument a certain distance from the borehole, the bore-
hole test blasting is carried out. The borehole test blasting
measures the elastic wave propagating the rock.This data can
be used as basic data for examining the sphere of influence
from blasting in actual construction and the optimal design.
However, since the vibration measurement results from
this method are about the degree of measuring the size
of the waves generated by blasting with a small amount
of explosives, not about the vibration quantity generated
when the force of the explosives break rock mass like
actual blasting, there is a significant difference from the
characteristic of vibration measured during actual blasting.
Therefore, empirically, it is difficult to apply the design
because the result of borehole test blasting ismostly conserva-
tive.

Finally, the full-scale test blasting is a method of testing
the blasting pattern of the form to be applied in future blasting
with the same pattern in the field bedrock or similar rock,
which makes it the optimal pre-design test method. The
full-scale test blasting has two experimental methods: large-
scale blasting in a tunnel room and large-scale blasting in
an open-room. The large-scale blasting in a tunnel room
is a more practical method than any other test blasting
since it blasts with a blasting pattern in accordance with the
planned design at the tunnel site with the same rock quality
as the designed area. However, this method has the following
problems.

(i) It is very difficult to obtain an optimal site for test
blasting. Even if it is obtained, it is practically impossible
to apply a blasting pattern according to the task sched-
ule.

(ii) Tunnel blasting differs from open blasting because it
is difficult to divide the blastings. Therefore, it is necessary to
perform blasting several times to obtain data for the design,
which is almost impossible. Even if it is possible to perform
it, it should be performed for a long time considering the
time required for the work process of the site where the test
blasting is performed.

(iii) When blasting, 5 to 10 measuring instruments are
installed. In this case, the installation position should be
a place where vibration measurement can be properly per-
formed, and the work space to install this many instruments
must be provided. However, most of the tunnels are inmoun-
tainous areas, and it is not easy tomeet these conditions. If the
measurement position is poor, the credibility of data for the
design application also decreases.

On the other hand, for open-air blasting, the blasting
pattern which will be performed in open-air can be carried
out in full scale by reducing the Stage Advance V-Cut for
the creation of free-side surface and tunnel blasting. It is
possible to obtain all the elements necessary for the design
since the location of the measuring device can be selected
and preformed freely within the blasting location. However,
it is impossible to analyze the excavation boundary line, the
excavation field, the scattering distance of the crushing rock,
and the particle size analysis of the crushing rock as in an
actual tunnel. It is also impossible to analyze the overbreak
of the excavation boundary line as in an actual tunnel, the
advance, the scattering distance, and the particle size of

the cataclastic rock. Alternately, since the vibration quantity
generated during the blasting, which is the most important
factor for blasting design, can be measured accurately in
field bedrock or the same rock type, it can be applied in
the design by deriving a highly reliable lasting vibration
estimation equation for the relevant rock. Therefore, in this
study, open-air blasting is performed to derive the blast
vibration estimation equation.

2.1. Prediction of Blasting-Induced Vibration. As described in
Section 1, the equation for estimating the blasting vibration
has been proposed by a number of researchers so far. A
typical example of this is the analysis of the results of blasting
vibration on the quarry for around 10 years in USMby the US
Department of Interior (Bureau ofMines), which is presented
in the following [26]:

𝑉 = 160( 𝐷√𝑊)
−1.6

(5)

In addition, the Japanese gunpowder manufacturer Nip-
ponOil (currentlyNOFCorporation) proposes (6) for tunnel
blasting [27].

V = 80𝑊0.75𝐷−1.5 = 80( 𝐷√𝑊)
−1.5

(6)

In Korea, also, the blast vibration estimation equation is
proposed to aid in selecting the blasting method appropriate
to the vibration standard and the separation distance of the
security facility as well as the appropriate blasting technique.
For this, (1) where 𝐾 = 160, 𝑛 = -1.6, which is based on the
above-mentioned US Bureau of Mining with a confidence of
75% [28], is used. In December 2006, in order to improve
the credibility of the reflection of the characteristics of the
ground medium in Korea, the “Guidelines for the Design
and Construction of Open Blast” published (7) with an 84%
credibility using 𝐾 = 200, 𝑛 = -1.6 [29].

V = 200 ( 𝐷√𝑊)
−1.6

(7)

2.2. Prediction of Blasting-Induced Noise. Noises refer to an
undesirable sound in terms of the human senses with the
frequency of the audible range (20 to 20,000 Hz) among
the sound waves due to the vibration of the air. In general,
the undesired sound is defined as noise. Whether or not
the sound is desired is often based on subjective human
judgment, and it is impossible to accurately define it as a
physical quantitative objective. However, in general, noise is
considered to be a particularly loud sound, an unpleasant
sound or an impact sound, a sound that interferes with
listening to music or other voices, a sound that interferes
with one’s concentration or work, and thus a sound caused
by blasting can be classified as noise. The unit is dB (A),
and when the frequency magnitude changes, the sensory
size of the sound pressure level varies with the human body,
so the value is corrected based on the sensory sensitivity
curve which is based on the center frequency of 1,000Hz
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Figure 1: Schematic diagram on directions of blasting-induced
vibration.

[30]. Siskind et al. [20] is shown in (8) as a noise prediction
equation.

𝑑𝐵 (𝐴) = 20 log( 𝑃𝑃0) , P = 82 ( D
𝑊1/3 )

−1.2

(8)

Here,𝑃0 is the reference sound pressure (2× 10−5 Pa),W is
the maximum charge per kg (kg/delay), and D is the distance
from the source (m). ONECRC [23] proposed (9) as a noise
prediction equation.

𝑑𝐵 (𝐴) = −16.02 log( D
𝑊1/3 ) + 97.46 (9)

Here, 𝑊 is the maximum charge per delay (kg/delay),
and 𝐷 is the distance from the source (m). IOERSNU
[24] presented the following equation as a noise prediction
equation:

𝑑𝐵 (𝐴) = −14.05 log( D
𝑊1/3 ) + 97.46 (10)

whereW is themaximum charge per delay (kg/delay) and
𝐷 is the distance from the source (m). Yang and Kim [22]
proposed a noise prediction equation shown in the following:

𝑑𝐵 (𝐴) = −14.0 log( D
𝑊1/3 ) + 88.1 (11)

Crocker [25] presented (12) as a predictive equation for
the reduction of blasting noise caused by semispherical wave
attenuation.

𝑑𝐵 (𝐴) = 120 − 𝑆𝑃𝐿 (12)

Here, 𝑆𝑃𝐿 = 20 log 𝑟 − 8 and 𝑟 is the distance (m) from
the source to the predicted point.

2.3. Specifications to Measure Blasting Vibrations and Noise.
The instrument used for measuring vibrations and noise dur-
ing test blasting is one BlastMate II, one BlastMate III, and
three Minate 077 from the company Instantel in Canada and
one SSU2000DKandoneNOMISNS 5400 from the company
Geosonics in the US. These devices can measure ground
vibrations as a dedicated device for blasting vibration and
noise generated by blasting. The basic equipment configu-
ration is shown in Figure 1 and is composed of a three-axis

(a) Portable seismic

(b) Microseismographs

Figure 2: Shape of Geosonics SSU2000DK.

transducer to detect ground vibrations in three directions:
the vertical direction, longitudinal direction, and transversal
direction of the vibration source proceeding from the width
source, a sound level meter for sensing the blasting wind
pressure transmitted to the air A, and a monitor for con-
trolling and recording the measurement. For each vibration
occurrence, the maximum particle velocity, the maximum
particle displacement, the maximum particle acceleration,
the frequency at the maximum velocity, the maximum vector
sum rate, and the noise information for three directional
components are produced and shown. Figures 2 and 3 rep-
resent Geosonics SSU2000DK and Blastmate Series, respec-
tively.

2.4. Performing Full-Scale Blasting Test. The key problem
with using equations for estimating the blasting-induced
vibration and noise proposed in Sections 2.1 and 2.2 is that
they are not site-specific. Hence, in this study, the full-scale
test blasting was conducted. For this test, the rocks were
composed of dacite, and an electric detonator (MS detonator)
and a New Emulite 150 (160 g/ea × 32 mm diameter × width
200 mm) for explosives were used. The test blasting was
carried out five times: V-cut full-scale blasting, cylinder-cut
full-scale blasting, cylinder Stage Advance V-Cut blasting,
cylinder StageAdvanceV-Cut blasting, and StageAdvanceV-
Cut. Herein, the diameter of the empty hole at the time of the
cylinder blasting was 102 mm.The conditions and patterns of
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(a) Blastmate II (b) Blastmate III (c) Minate 077

Figure 3: Shape of Blastmate series.

Table 1: Conditions of each test blasting.

Test Number #1 #2 #3 #4 #5
Blasting method V-cut (Real scale) Cylinder-cut (Real scale) Cylinder-cut Cylinder-cut V-cut
Blasthole

Diameter 45 mm 45 mm 45 mm 45 mm 45 mm
Length 2200 mm 2200 mm 2200 mm 2200 mm 2200 mm

Explosive Emulsion Emulsion Emulsion Emulsion Emulsion
Number of blasthole 32 36 14 14 16
Total charge 30.76 kg 34.56 kg 11.52 kg 15.36 kg 15.36 kg

the test blasting for each test are shown in Table 1 and Figures
4–7. The drilling operation condition and blasting operation
preparation conditions are shown in Figures 8 and 9.

3. Results of Test Blasting

3.1. Particle Size Analysis of Blasted Rocks by Type of Cylinder-
Cut Blasting. Cylinder-cut (Test # 4) and V-cut (Test #
5) blastings were performed to confirm the blasting rock
condition. As a result, the particle diameter of the crushed
rocks was 40∼50cm in the case of the cylinder blasting
and 30∼60cm in the case of the V-cut blasting (Figure 10).
WipFrag, a digital particle size analysis program, was used
to analyze the particle size of the crushed rocks. WipFrag
analyzes the particle size of blasted or crushed rocks by
inputting images or photographs. The results of the image
processing by this program, the resulting crushed particle size
distribution curve, and the crushed particle size cumulative
curve obtained by cylinder blast blasting (average particle
diameter 8.8 cm) and V-cut blasting (average particle diam-
eter 10.5cm) did not show any significant differences. The
digging lengths of Test #4 and Test #5 are 2.2m. Generally,
the cut blast design is determined with the digging length.
If the digging lengths match, the size of the crushed rocks
seems to be similar as well. The image processing results of
the crushed rocks for Test #4 and Test #5 and the crushing
particle size distribution curve and the crushing particle
size accumulation curve are shown in Figures 11 and 12,
respectively.

3.2. Results of Vibration Measurements. Table 2 shows the
results of the vibration measurements at the actual scale test
blasting. It is typical to select themost adequate equation after
calculating each constant through regression analysis from
the measurement data which shows the propagation charac-
teristics of blasting vibration. Therefore, for the vector sum
of the three components of the blasting vibration, which are
the vertical direction (𝑉, Vertical), direction of progress (𝐿,
Longitudinal), and direction of tangent (𝑇, Transversal), this
study deduced an equationwhich shows a level of vibration of
50% (Confidence level 50%) and an equation which includes
95% of the data (Confidence level 95%) by using the square
root scale distance and cube root scale distance methods.
Thus, from this, the blast vibration estimation equation was
determined to be the most suitable equation. The linear
regression results and the derived coefficients for the SRSD
and CRSD are shown in Figure 13 and Table 3.

3.3. Determination of Vibration Estimation Equation for the
Blasting Design. The charge per delay based on the square
root equation (SRE) and cube root Equation with 50% and
95% confidence levels gained from the full-scale test blasting
was calculated for the following cases where the standard of
vibration management was 0.2 cm/sec, 0.3 cm/sec, and 0.5
cm/sec. The results of the calculations are shown in Table 4,
and the resulting graph is shown in Figure 14. The graph
shows that when the confidence level is 50% and the vibration
control standards are 0.2 cm/sec, 0.3 cm/sec, and 0.5 cm/sec,
the SRE produces a safety level of 55 m, 45 m, and 30 m
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Figure 4: Blasting pattern (V-cut, real scale) (Test #1).
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Figure 5: Blasting pattern (cylinder-cut, real scale) (Test #2).
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Figure 6: Blasting pattern (cylinder-cut) (Test #3, #4).

Location

Blasthole Blasthole

diameter

(mm)

depth

(m)

Detonator 

No.

Number perChargeperCharge

of 

blasthole

blasthole

(kg/hole)

delay

(kg/delay)

Baby-Cut 45 1.50 0 4 0.48 1.92

Center Cut

(V-cut)
45 2.40

1

2

3

2

2

2

1.28

1.28

1.28

2.56

2.56

2.56

Supplementary 

center cut
45 2.30

4

5

6

2

2

2

0.96

0.96

0.96

1.92

1.92

1.92

Total 16 15.36

0

0

0

0

1 1

2 2

3 3

44

5 5

6 6

40
0

40
0

40
0

40
0

22
00

14
50

23
40

22
30

12
50

700 200300 300

80
∘

70
∘

6
0
∘

Figure 7: Blasting pattern (V-cut) (Test #5).

compared to the CRE. When the confidence level is 95%, it
produces a safety level of 105 m, 80 m, and 60 m compared
to the CRE. In other words, a safety level was produced at
a comparatively long distance when the SRE’s confidence
level was 50% and 95%. Based on the results, this paper’s
researchers decided to use the blasting vibration estimation
with a 95% confidence level.

This study evaluates the applicability by comparing the
proposed equation for estimating other blasting vibrations
and the SREwith a 95% confidence level, which is determined
as the blasting vibration estimation. For comparison, this
study used the estimation equations from theUSDepartment

of the Interior, Bureau of Mines (USBM) [26]; the NOF
Corporation [27]; and the MCT (Ministry of Construction
and Transportation) of Korea [29]. These equations are used
for the blast design when test blasting is not conducted. In
order to compare these equations under the same conditions,
this study’s researchers set the maximum charge per delay
at 1.0 kg to compare the vibration velocity of the ground
(particle velocity, cm/sec) according to the scaled distance
of the blasting vibration estimation (SD, Scaled Distance),
which is shown in Figure 15. Here, the scaled distance
becomes equal to the actual distance. Compared to the actual
scale blasting results, the blast vibration estimation according
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(a) Preparation of blasthole-drilling (b) Drilling of blasthole

Figure 8: Performing blasthole-drilling.

(a) Blasting pattern (V-cut, real scale) (Test #1) (b) Covering by blasting mat

Figure 9: Preparation of blasting.

(a) Blasting pattern (V-cut) (Test #4) (b) Blasting pattern (V-cut) (Test #5)

Figure 10: Shape of blasted rock with blasting method.
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(a) Image-processed result
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Figure 11: Particle size histogram and particle size distribution
curve of blasted rock (WipFrag). (cylinder-cut, Test #4; Min. 0.7cm,
Max. 27.5cm, Ave. 8.8cm).

to the distance is themost conservative in the case of theMCT
of Korea, and the actual scale blasting results show a middle
tendency between the Japanese full-scale blast (NOF) and
the US full-scale blast (USBM). Hence, a prediction equation
for blasting-induced vibration should be developed based

(a) Image-processed result

0

5

10

15

20

25

0.001 0.01 0.1 1
Block Size (Diameter of an Equivalent Sphere (m))

min = 0.006 m
max = 0.253 m
blocks 186=
mean m0.105=
stdev = 0.056 m

W
ei

gh
t (

%
)

(b) Particle size histogram

0

20

40

60

80

100

0.001 0.01 0.1 1
Block Size (Diameter of an Equivalent Sphere (m))

D10 = 0.0470 m
D25 m0.0665=
D50 m0.1149=
D75 m0.1560=
D90 m0.1990=
Xc m0.1408=

Fi
ne

r b
y 

w
ei

gh
t (

%
)

(c) Particle size distribution curve

Figure 12: Particle size histogram and particle size distribution
curve of blasted rock (WipFrag). (V-cut, Test #5; Min. 0.6cm, Max.
25.3cm, Ave. 10.5cm).

on full-scale blasting tests in the field for the optimal blast
design.

The proposed equation in this study was induced through
the full-scale blasting test for field bedrock composed of
dacite. Hence, this equation has the advantage and can more
accurately predict blast-induced vibration than the current
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Table 2: Measured results of blasting-induced vibration.

Blasting pattern Test No. Measuring
location

Max. Charge
weight (kg)

Trans.
(cm/sec)

Vert.
(cm/sec)

Long.
(cm/sec) PVS (cm/sec) Distance (m)

V-cut (Real scale) 1

NO. 1

2.56

1.03 0.978 0.876 1.22 17
NO. 2 0.762 0.356 0.381 0.787 23
NO. 3 0.622 0.711 0.495 0.887 30
NO. 4 0.292 0.267 0.140 0.346 44
NO. 5 0.445 0.222 0.235 0.498 38
NO. 6 0.45 0.20 0.40 0.53 50
NO. 7 0.20 0.14 0.20 0.27 58

Cylinder-cut (Real
scale) 2

NO. 1

2.56

0.584 0.432 0.660 0.775 23
NO. 2 0.203 0.190 0.165 0.236 29
NO. 3 0.324 0.254 0.330 0.410 36
NO. 4 0.184 0.152 0.146 0.205 44
NO. 5 0.184 0.114 0.0953 0.216 50
NO. 6 0.25 0.05 0.30 0.33 56
NO. 7 0.08 0.07 0.08 0.13 64

Cylinder-cut 3

NO. 1

1.92

0.127 0.762 0.241 0.257 38
NO. 2 0.152 0.0508 0.0762 0.161 42
NO. 3 0.146 0.0826 0.0826 0.151 47
NO. 4 0.159 0.0572 0.0762 0.173 53
NO. 5 - - - N/A -
NO. 6 0.05 0.05 0.05 0.10 63
NO. 7 0.06 0.07 0.06 0.10 71

Cylinder-cut 4

NO. 1

2.56

0.445 0.165 0.597 0.598 45
NO. 2 0.229 0.114 0.127 0.235 50
NO. 3 0.165 0.108 0.159 0.194 56
NO. 4 0.222 0.127 0.184 0.284 63
NO. 5 0.152 0.0762 0.133 0.176 68
NO. 6 - - - N/A -
NO. 7 0.02 0.02 0.03 0.04 81

V-cut 5

NO. 1

2.56

0.203 0.0889 0.279 0.335 37
NO. 2 0.140 0.0762 0.140 0.193 40
NO. 3 0.197 0.0699 0.114 0.214 45
NO. 4 0.140 0.0635 0.114 0.176 52
NO. 5 0.0889 0.0381 0.0635 0.105 57
NO. 6 - - - N/A -
NO. 7 0.14 0.08 0.13 0.20 69

Table 3: Determined parameters for square root and cube root equations with confidence levels (50%, 95%).

Parameter Linear regression using SRSD Linear regression using CRSD
50% 95% 50% 95%

K 56 118 74 167
n -1.565 -1.565 -1.576 -1.576
R2 0.776 0.776 0.762 0.762

equations such as those proposed by USBM, NOF, and so on
in dacite bedrock. However, this equation is limited because
it was induced from only one study. Therefore, verification is
required for this equation through continuous field tests.

3.4. Determination of Noise Estimation Equation for Blasting
Design. As described in Section 1, blasting noise is greatly
affected by weather conditions such as topography, tem-
perature, air pressure, wind velocity, and wind direction of
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(b) Linear regression using CRSD

Figure 13: Determination of equation for predicting blasting-induced vibration.

Table 4: Maximum charge per delay with vibration value and distance (unit: kg/delay).

(a) V = 0.2cm/sec

Equation Confidence level Distance (m)
10 20 30 40 50 60 70 80 90 100 110

SRE 50% 0.07 0.30 0.67 1.19 1.86 2.68 3.65 4.77 6.04 7.46 9.02
95% 0.03 0.12 0.26 0.46 0.72 1.04 1.41 1.84 2.33 2.88 3.48

CRE 50% 0.01 0.10 0.35 0.83 1.62 2.79 4.43 6.62 9.42 12.92 17.20
95% 0.00 0.02 0.07 0.18 0.34 0.59 0.94 1.41 2.00 2.74 3.65

(b) V = 0.3cm/sec

Equation Confidence level Distance (m)
10 20 30 40 50 60 70 80 90 100 110

SRE 50% 0.13 0.50 1.13 2.00 3.13 4.51 6.14 8.01 10.14 12.52 15.15
95% 0.05 0.19 0.43 0.77 1.21 1.74 2.37 3.09 3.91 4.83 5.85

CRE 50% 0.03 0.22 0.75 1.79 3.49 6.04 9.59 14.31 20.38 27.96 37.21
95% 0.01 0.05 0.16 0.38 0.74 1.28 2.04 3.04 4.33 5.94 7.90

(c) V = 0.5cm/sec

Equation Confidence level Distance (m)
10 20 30 40 50 60 70 80 90 100 110

SRE 50% 0.24 0.96 2.16 3.85 6.01 8.66 11.79 15.39 19.48 24.05 29.11
95% 0.09 0.37 0.84 1.48 2.32 3.34 4.55 5.94 7.52 9.28 11.23

CRE 50% 0.07 0.59 2.00 4.73 9.24 15.97 25.36 37.85 53.89 73.92 98.39
95% 0.02 0.13 0.42 1.00 1.96 3.39 5.39 8.04 11.45 15.70 20.90

the blasting point. Therefore, even if the noise prediction
formula is derived through field test blasting, the reliability
of the equation is not satisfactory. Therefore, in this study,
the researchers tried to compare the results of the typical
noise prediction formula applied in Korea and the measured
values by test blasting. A blasting point distance of 29 m was
used along with the previously proposed noise prediction
equations [20, 22–25], and the calculated noise level was
compared as shown in Table 5 and Figure 16. As a result, the
noise prediction equation of ONECRC [23] was found to be
most similar to the onemeasured from test blasting.However,
since the propagation pattern of noise varies depending
on various weather conditions such as temperature and

pressure, it is necessary to constantly measure and manage
the noise to prevent damage to surrounding security objects
when performing actual blasting operations, such as tunnel
construction.

4. Conclusion

In this study, the researchers performed real scale test blasting
to analyze the particle size of crushed rocks according to
the type of blasting and based on the result of vibration
measurement. The proposed blasting vibration equation was
comparedwith existing equations to examine its applicability.
Additionally, the applicability of the estimations was also
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Figure 14: Graph of maximum charge per delay with vibration value and distance.

Table 5: Comparison among noise levels obtained from test blasting and several equations for noise prediction.

Method for obtaining noise level Noise level (dB(A))
Test blasting 89.50
Siskind et al. [20] 80.42
Yang and Kim [22] 69.53
ONECRC [23] 96.40
IOERSNU [24] 78.82
Crocker [25] 98.75
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Figure 15: Comparison between tendencies of blasting-induced
vibration with distance.

examined by comparing the noise values obtained from the
blasting measurements with the noise values obtained from

the existing noise estimations. The conclusions drawn from
this are as follows.

(1) The diameters of crushed rocks in the case of cylinder
andV-cut blastingwere 40∼50cm and 30∼60cm, respectively.
In addition, the fragment size distribution curve and the
fragment size cumulative curve from the results of the
image processing by WipFrag, a digital particle size analysis
program, did not show a significant difference between the
cylinder blast (average particle diameter of 8.8 cm) and the
V-cut blast (average particle diameter of 10.5 cm).

(2) Based on the results of the vibration measurement
from the actual scale blasting test, the square root equation
and cube root equation with confidence levels of 50% and
95%, respectively, were derived. For both levels of confidence,
the square root scale equation produced a better safety level
at long distances than the cube root equation. Therefore, in
this study, the equation at the confidence level of 95% is used
for the blast vibration estimation equation.

(3)The results of the comparison between the blast vibra-
tion estimation equation obtained by actual scale blasting
and the existing blast vibration estimation equations from
the Japanese blast vibration (NOF), the US Bureau of Mines
(USBM), and the Ministry of Construction and Transporta-
tion (MCT) of Korea showed that the MCT equation had the
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Figure 16: Graph for comparison of each noise level (based on Table 5).

most conservative result. The blasting vibration estimation
equation in this study showed amiddle tendency between the
US and the Japanese equation.

(4) After comparing the noise levels measured by actual
scale test blasting with the previously calculated noise pre-
dictions, the noise prediction equation of ONECRC [23] was
found to be the most similar to the data measured from
the test blasting. However, since the propagation pattern of
noise varies depending on various weather conditions such
as temperature and pressure, it is necessary to continuously
manage the noise so as not to cause damage to surrounding
security objects when performing actual blasting work, such
as tunnel construction.
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Blast induced rock mass damage and crack propagation play important roles in structure safety and stability in mining, quarrying,
and civil constructions. This paper focuses on the effect of small blasthole diameter blast on crack propagation and damage
accumulation in water-bearing rock mass containing initial damage composed of inherent geological discontinuities and previous
multiblast induced damage. To elucidate this effect, theoretical analysis of calculationmethod for several important blast influencing
factors is firstly presented. Secondly, definition of a practical damage variable using ratio of longitudinal wave velocity in rockmass
before blast occurrence to that after blast occurrence and derivation of a damage accumulation calculation equation accounting for
initial damage and blasting effect are described. Lastly, a detailed description of the conducted in situ blast tests and plan layout
of the sonic wave monitoring holes is reported. The results indicate that blast activates and then extends the initial cracks in rock
mass, leading to accumulation of rock mass damage. The rock mass damage accumulation can be conveniently quantified using
the proposed damage variable. When the damage variable reaches its threshold of 0.19, occurrence of damage in the surrounding
rock mass is indicated. It is also found that the blast induced rock mass damage extent and the blast induced vibration velocities
decrease nonlinearly with increasing the distance between blast source and monitoring position.

1. Introduction

The application of the drill and blast method (DBM) remains
a preferred rock mass excavation method worldwide in
engineering practice such as underground caverning, min-
ing, quarrying, tunneling, and dam construction. Despite
the advantages of DBM including low construction cost,
short construction period, wide acceptability, and broad
applicability [1], DBM holds inevitably the disadvantages
of deteriorating the surrounding rock mass and creating
adverse environmental effects such as ground vibration, fly
rock, and back break [2–4]. Among these disadvantages,
the deterioration of the surrounding rock mass frequently
referred to as blast induced rock mass damage and the
blast induced ground vibration are two major concerns for
engineers and researchers [5–7].

Blast induced rock mass damage, defined as the prop-
agation of inherent geological discontinuities and/or the
formation of new cracks along weak planes in rock mass [8,
9], is affected by both the controllable and the uncontrollable
parameters [10, 11]. The controllable parameters including
mainly burden, spacing, stemming, subdrilling, and delay
time can be optimized during blast design aiming at mini-
mizing blast induced adverse effect, while the uncontrollable
parameters are associated with the complex geotechnical
characteristics of rock mass [12]. Due to the complexities of
the geotechnical characteristics of rock mass and the diffi-
culties in theoretical modelling of the interaction between
blast and rockmass response, the extent of blast induced rock
mass damage is generally estimated using simplistic models
in which some important influencing factors such as the
presence of water, explosive confinement, and blast sequence
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and geometry are extruded [13]. In these models, the blast
induced rock mass damage is predicted and evaluated using
the parameter, peak vibration velocity (PVV), or blasting
vibration velocity (BVV) as a measure of ground vibration
intensity and structure damage extent induced by blasting.

To calculate and predict PVV or BVV, a variety of
models have been proposed in the literature based on empir-
ical and/or semiempirical formulae using field monitoring
data [14, 15], artificial intelligence algorithms [16–18], and
numerical analysis [19, 20]. In addition, a sophisticated
blast modelling research tool, namely, the Hybrid Stress
Blasting Model (HSBM) has become the latest development
within the blasting modelling field and has been validated
to be capable of predicting the extent and shape of blast
induced damage zone and accounting for the effect of point
of initiation and free face boundary conditions [21]. These
models used for predicting blast induced ground vibrations;
however, according to Lu et al. [22], they are not applicable
to prediction of PPV of the vibrations induced by transient
release of in situ stress (TRIS). And, on the basis of analysis of
the factors influencing the TRIS induced PPV, they developed
a new model to accurately forecast the TRIS induced PPV.

Apart from PPV or BVV as an indicator of the extent of
blast induced rock mass damage, rock mass crack initiation
and propagation induced by blast also indicate the adverse
effect of blasting on the surrounding rockmass. During blast-
ing, the explosive chemical reaction in blasthole changes the
explosive from a condemned material to a gaseous product
of high pressure and high temperature. In the meantime,
stress wave (or shock wave) and explosion gas pressure are
produced and loaded on the surrounding rock mass. The
stress wave propagates at a higher velocity for a shorter
duration in comparison to the explosion gas pressure [23,
24]. The explosion gas pressure can cause further extension
and propagation of the cracks around the blasthole that are
created by the stress wave. Therefore, both explosive gas
pressure and stress wave should be featured in the study
of rock mass fracture and fragmentation. In the literature,
considerable effort at investigating blast induced rock mass
crack initiation and propagation has beenmade. For example,
Zhu et al. [25] numerically studied the role of stress wave
loading on crack initiation and propagation during the initial
stage of detonation in a borehole by using the AUTODYN
2D code. Based on a coupled numerical method using both
LS-DYNA and UDEC, Wang and Konietzky [26] modelled
the dynamic fracturing process of jointed rock masses due to
blast wave loading. Banadaki and Mohanty [27] conducted
laboratory blast experiments and numerical simulation using
ANSYS AUTODYN to study blast stress wave induced frac-
ture patterns in granitic rock.

Despite the wealth of the studies on blast induced rock
mass damage and blast induced rock mass crack initiation
and propagation, it is far from complete for study of blast
induced crack propagation and damage accumulation in
rock mass containing initial damage composed of inherent
geological discontinuities and previous multiblast induced
damage [28]. The incomplete knowledge of the effect of
small blasthole diameter blasting on rock mass containing
initial damage hinders the estimate of long-term stability

of the structure and the surrounding rock mass in that
case, indicating the significance of investigating this field of
research.Therefore, the objective of this study is to investigate
small blasthole diameter blast induced crack propagation and
damage accumulation in water-bearing rockmass containing
initial damage. The investigation consists of a theoretical
analysis of coupled and decoupled blasting shock parameters,
a quantitative discussion of blast induced damage and dam-
age accumulation calculation methods, and a well-designed
implementation of field blast tests.

2. Blasting Impact Parameters

Although the existence of water medium in water-bearing
rock mass can exert an influence over the blasting effect, the
stress wave aroused in water in blasthole satisfies the funda-
mental equations for wave. These equations are expressed as𝜌0 (𝐷 − 𝑢0) = 𝜌 (𝐷 − 𝑢) (1)

𝑃 − 𝑃0 = 𝜌0 (𝐷 − 𝑢0) (𝑢 − 𝑢0) (2)

𝐸 − 𝐸0 = 𝑃 + 𝑃02 ( 1𝜌0 − 1𝜌) (3)

where𝑃0,𝐸0, 𝜌0, and 𝑢0 are, respectively, the pressure, energy,
density, and particle movement speed for the water medium
before arousing of stress wave, P, E, 𝜌, and u are, respectively,
the pressure, energy, density, and particle movement speed
for the water medium after arousing of stress wave, and D is
wave velocity propagating in the water medium.

On the interface between explosive and water, the follow-
ing equation is satisfied:

𝑃𝑤 = 𝑃𝐻𝑢0 = 𝑢𝑤 (4)

where 𝑃𝑤 is shock wave’s original pressure, 𝑢𝑤 is water
medium’s original movement speed, 𝑃𝐻 is detonation pres-
sure, and 𝑢𝐻 is detonation products’ particle movement
speed. Therefore, the following equation can be derived:

𝑃𝑤 = 𝑃𝐻 = 𝜌𝑒𝐷2𝑒4
𝑢𝑤 = 𝑢𝐻 = 𝐷𝑒4

(5)

where 𝜌𝑒 is explosive density and 𝐷𝑒 is detonation velocity.
At the moment blasting begins, assuming water pressure𝑃0 = 0 and water particle movement speed 𝑢0 = 0 leads to

𝐷𝑒 = 𝜌𝑒𝐷𝑤𝜌0 (6)

where 𝜌0 is original water density and 𝐷𝑤 is original shock
wave velocity.

An isentropic process can be approximately assumed dur-
ing shock wave propagation, indicating that water medium’s
state equation can be expressed as

𝑃 = 𝐴[( 𝜌𝜌0)
𝛽 − 1] (7)
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The density of water medium subject to compression of
shock wave during water-coupling blasting becomes

𝜌𝑤 = 𝜌0 (𝑃𝑤𝐴 + 1)1/𝛽 (8)

Energy attenuation and reduction in peak pressure can
occur for shockwavewhenpropagating along blasthole radial
direction and compressingwatermedium. For columncharge
blasting, the reduction in shock wave’s peak pressure can be
expressed as a function of distance:

𝑃𝑤 = 𝐵𝑅𝑎 (9)

Propagating of shock wave to blasthole wall produces a
blasthole wall pressure of

𝑃1 = 𝐵𝐾𝑎
𝑑

(𝜋𝜌𝑒 𝑄V𝑠𝑄𝑉𝑇)
𝛼/2

(10)

Therefore, some parameters corresponding to blasthole
wall, according to Kachanov [29], can be calculated as

𝜌1 = 𝜌0 (𝑃1𝐴 + 1)1/𝛽

𝑢1 = √𝑃1𝜌0 [1 − ( 𝐴𝑃1 + 𝐴)1/𝛽]

𝐷1 = √𝑃1𝜌0 [1 − ( 𝐴𝑃1 + 𝐴)1/𝛽]−1
(11)

Reflected wave and transmitted wave are produced from
blasthole wall when radially propagated shock wave reaches
blasthole wall. To theoretically solve this problem, elastic
theory and wave theory can be referred to. The shock
wave pressure on blasthole wall under the normal incidence
circumstance is calculated as

𝑃 = 2𝜌𝑚𝐶𝑝𝜌𝑚𝐶𝑝 + 𝜌0𝐷1𝑃1 (12)

where 𝜌𝑚𝐶𝑝 is rockmass’s wave impedance and 𝜌0𝐷1 is water
medium’s wave impedance when shock wave velocity equals𝐷1.

However, coupling charge blasting is hardly encountered
in underground rock mass excavation. Generally, there is
no choice but treating air or water as the axial cushion and
water contained in rock mass as axially decoupled charge
structure when implementing analysis. In the experimental
study by the authors, in situ blasting tests are performed
treating water as the cushion, taking into consideration that
rainwater has flowed into blasthole exposed to nature. Initial
damage, such as crack, is believed to have been existing in the
in situ surrounding rock mass relative to the blasthole due
to influence of previous multiblasting tests in the blasthole.
In that crack, water is filled; therefore, in study the fact that

blasting exerts influence over the crack water in the in situ
surrounding rock mass to the blasthole can be considered as
axially water-decoupled.

For convenience in terms of comparison and analysis,
the blasthole located out of the rock mass crack water is
selected as the study object for decoupled blasting with
air as its cushion. For decoupled charge blasting, the pro-
duced stress wave and detonation gas will compress the
decoupled medium. This compression leads to an increase
in the decoupled medium’s pressure. Upon reaching peak
pressure, the detonation energy will be transmitted to rock
mass through the decoupled medium. A ‘squeezing’ effect
on the surrounding rock mass relative to the blasthole can
be produced by the energy that is transmitted from blasting
stress wave or by detonation products through rock mass
crack water [30]. This ‘squeezing’ effect is in part related to
the contraction of brittle material subject to impact load [31],
but their energy attenuations are different in energy reflection
and energy transmission.

When air is the cushion at the bottom of blasthole, the
density of detonation gas that fills the whole blasthole due to
expansion can be expressed as follows [32]:

𝜌0 = 𝐿𝑐𝐿𝑐 + 𝐿𝑎 𝜌0 = 𝜌0𝐾𝐿 (13)

Meanwhile, detonation gas’s pressure is

𝑃0 = 18𝜌𝑐𝐷2 ( 𝐿𝑐𝐿𝑐 + 𝐿𝑎)
6 ≈ 18𝐾−6𝐿 𝜌𝑐𝐷2 (14)

And the sound velocity of detonation gas is

𝐶0 = √𝐾𝑃0𝜌0 = 3√2𝐾𝐿8 𝐾−3𝐿 𝐷 (15)

When water in blasthole is the cushion at the bottom of
blasthole, the density of water subject to squeeze given by
blasting stress wave and detonation gas can be expressed as

𝜌𝑤 = 𝐿𝑎𝐿𝑎 − ℎ𝜌𝑤 (16)

In the meantime, the pressure in blasthole is

𝑃𝑏 = 𝜌𝑐𝐷28 ( 𝐿𝑐𝐿𝑐 + ℎ)3 (17)

The dynamic failure process of water-bearing rock mass
subject to blasting shock wave is a process during which
damage accumulates till rapture failure of rock mass occurs.
A good deal of defects, such as microfissure and microcracks,
exist in rock mass as a brittle material. The existence of
water in rock mass expedites stress wave propagation. Rock
mass’s macro-mechanical properties can be weakened due
to microcrack initiation, propagation, and even penetration
in rock mass, under the effect of water-decoupled blasting.
Definition and selection of damage variable are implemented
by the authors with the help of the understandings discussed
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above. In an in situ blasting test coupling chargewith air being
the cushion and coupling chargewithwater being the cushion
are performed simultaneously. In this context, for simplicity,
analysis of decoupling charge with air or water being the
cushion ismerely conducted in this experimental study.With
water being the cushion and rock mass crack as well as blast-
hole being filled with water, the equations presented above
can be used to calculate the parameters corresponding to
water-coupling and water-decoupling charges.The calculated
parameters enable analysis of the experimental results.

3. Calculation of Blasting
Damage Accumulation

3.1. Determination of Damage Threshold. A damage variable
is a representation of deterioration degree for material or
structure. To define a damage variable, both micro- and
macroparameters can be used. The microparameters include
crack number, crack length, crack area, and crack volume,
etc. And elasticity modulus, yield stress, tensile strength, and
density are some of the macroparameters [33–35]. Lemaitre
[36], for example, pointed out based on effective stress that for
isotropic distribution of microcracks the damage to material
was shown in the reduction in elasticity modulus. This point
of view gives a damage variable, D, being expressed as

𝐷 = 1 − 𝐸1𝐸0 (18)

where 𝐸0 and 𝐸1 are, respectively, elasticity moduli of rock
mass before and after occurrence of damage.

Assume that rock mass damage is isotropic, rock mass
damage can also be quantified using the change in ultrasonic
velocity in rock mass. Calculation of longitudinal wave
velocity is performed using

𝐶0 = √ 𝐸0 (1 − 𝜇)𝜌0 (1 + 𝜇) (1 − 2𝜇)
𝐶1 = √ 𝐸1 (1 − 𝜇)𝜌1 (1 + 𝜇) (1 − 2𝜇)

(19)

where C0 and C1 are, respectively, longitudinal wave veloc-
ities before and after damage occurrence, 𝜌0 and 𝜌1 are,
respectively, rock mass densities before and after damage
occurrence, and 𝜇 = Poisson’s ratio of rock mass.

In general, detection and representation of rock mass
damage are implemented using the difference between longi-
tudinal wave velocity in rockmass before damage occurrence
and longitudinal wave velocity in rock mass after damage
occurrence. Therefore, the damage variable in (18) can be
rewritten as

𝐷 = 1 − 𝐸1𝐸0 = 1 − 𝜌1𝜌0 (𝐶1𝐶0)
2

(20)

Note that the difference between 𝜌0 and 𝜌1 is negligibly
small, the damage variable, D, in (20) can be expressed as

𝐷 = 1 − (𝐶1𝐶0)
2

(21)

According to the Chinese construction specification [37],
the following equation can be used to determine blast
induced rock mass damage degree:

𝜂 = 1 − 𝐶1𝐶0 (22)

where 𝜂 is rate of change in sonic wave velocities in rockmass
before and after damage occurrence. For 𝜂 > 10%, rock mass
damage occurs. Consequently, bymanipulating (21) and (22),
the expression of the damage variable, D, in (21) becomes

𝐷 = 1 − (1 − 𝜂)2 (23)

Regarding 𝜂 = 10% as the threshold for occurrence of rock
mass damage leads to the determination of rockmass damage
criterion. Substitute 10% for 𝜂 in (23), then the damage
variable D is equated to 0.19. Correspondingly, the critical
rock mass damage variable is 𝐷𝑐𝑟 = 0.19. The elastic wave
theory reveals that longitudinal wave velocity in rock mass is
capable of reflecting some of the mechanical characteristics
of rock mass. Hence, it is a convenient and efficient method
of determining rock mass damage variable in engineering
practice by using the change in longitudinal wave velocity in
rock mass before and after damage occurrence.

3.2. Damage Variable and DamageAccumulation Calculation.
Original defects of various types exist in rock mass subject
to blasting effect. These defects can be regarded as rock
mass’s initial damage,𝐷0. Under effect of blasting stress wave
the rock mass crack can be activated. The activated rock
mass crack propagates continuously, producing new damage.
Therefore, rock mass damage after blasting occurrence, D,
should include the initial damage, 𝐷0, and the new damage
induced by blasting effect, ΔD, which gives

𝐷 = 𝐷0 + Δ𝐷 (24)

The initial damage, D0, can be calculated using the
effective area, A0. Assume that in a rock mass of dimension
2L × h there exists a single original crack of length 2a and
of statistical distribution. Then the initial damage, D0, is
calculated by

𝐷0 = 𝐴0𝐴 = 2𝑎ℎ2𝐿ℎ = 𝑎𝐿 (25)

As is shown in Figure 1, the crack length increment
induced by the last blasting after multiblasting of n times
is assumed to be 2𝑟𝑛. The rock mass damage variable after
multiblasting of n times, 𝐷𝑛, according to Ma [38], is
calculated as

𝐷𝑛 = 2𝑎ℎ + 2𝑟1ℎ + ⋅ ⋅ ⋅ + 2𝑟𝑛−1ℎ + 2𝑟𝑛ℎ2𝐿ℎ
= 𝑎 + ∑𝑛𝑛=1 𝑟𝑛𝐿

(26)

Consequently, for rock mass containing initial damage,
the rock mass damage variable in the far-field of blasting
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Figure 1: Schematic illustration of rock mass damage evolution
induced by multiblasting.
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Figure 2: Schematic illustration of rock mass damage induced by
single-hole blasting.

source after multiblasting of n times, 𝐷𝑛, can be expressed
as

𝐷𝑛 = 𝐷𝑛−1 + 𝐷0 𝑟𝑛𝑎 (27)

And the general form of𝐷𝑛 in (27) can be written as

𝐷𝑛 = 𝑎 + ∑𝑛𝑛=1 𝑟𝑛𝐿 = 𝐷0 + ∑𝑛𝑛=1 𝑟𝑛𝐿 = 𝐷0𝑎 (𝑎 + 𝑛∑
𝑛=1

𝑟𝑛) (28)

The existence of initial damage in rockmass, such as joint
fissure, causes the blasting stress wave to decay in rock mass.
The decay degree is varying depending on the joint fissure
distribution and form. Figure 2 depicts the rockmass damage
effect induced by single-blasthole blasting.

The decay of the original axial stress peak for air-coupling
charge blasting satisfies the following equation:

𝑃𝑐 = 𝐾𝜌0𝐷2𝑐8 (𝑟𝑖𝑟 )6 ( 𝑟𝑅)𝛼/(1−𝐷0) (29)

where K is amplification coefficient for detonation gas pres-
sure on blasthole wall, ranging generally from 8 to 11, 𝜌0 is
explosive density, 𝐷𝑐 is detonation velocity, 𝑟𝑖 is explosive
diameter, r is blasthole diameter, R is distance to blasting

source, and 𝛼 is decay coefficient. The decay coefficient, 𝛼,
can be expressed as a function of dynamic Poisson’s ratio, 𝜇𝑑,
which is

𝛼 = 2 − 𝜇𝑑1 − 𝜇𝑑𝜇𝑑 = 0.8𝜇 (30)

where 𝜇 is rock mass’s static Poisson’s ratio.
Water-coupling blasting is formed when a great deal of

water fills rock mass crack and blasthole. For this case, the
shock pressure on blasthole wall can be calculated using (12).

The particle vibration velocity, V, which can be used to
calculate the stress peak, is generally obtained by in situ
monitoring and by resorting to the Sadov’s formula:

V = 𝐾( 3√𝑄𝑅 )𝛼 (31)

where K is site coefficient related to rock mass property,
blasting parameter, and blasting method, Q is maximum
charge in blasting segment, R is distance to blasting source,
and 𝛼 is decay coefficient.

The dynamic stress peak at this point produced by
blasting is

𝑃𝑐 = 𝜌𝑟𝐶𝑟V (32)

The total crack length in a rock mass of reference
dimension 2L × h subject to multiblasting can be calculated
using the empirical formula proposed by Meng et al. [39] of

𝑙max = 2𝑟max = 50.26𝑎𝑡 ( 𝜌𝑟𝐶𝑟V1 − 𝐷0)
2 ( 1𝜎𝑑)

2.23

(33)

where 𝜌𝑟 is rockmass density,𝐶𝑟 is longitudinal wave velocity,
V is particle vibration velocity, and 𝜎𝑑 is dynamic tensile
strength.

Combination of (29), (31), (32), and (33) enables the
calculation of rock mass damage accumulation. In recent
decades, great progress has been made in ultrasonic testing
technology and relevant testing equipment [40, 41]. There-
fore, it is feasible to determine rock mass damage using sonic
wave test in engineering practice.

4. Analysis of Blast Induced
Crack Propagation in Rock Mass
Containing Initial Damage

Characteristics of blasthole wall crack propagation before
and after blasting occurrence are shown in Figure 3. From
Figure 3 it can indicated that I-type crack as illustrated in
Figure 4 dominates the blasthole wall propagation induced
by blasting. Reflection and diffraction occur for stress wave
induced by detonation gas when it propagates to the original
crack. The reflection occurs on the crack surface while the
diffraction occurs at the original crack tip, intensifying the
near-crack-tip stress field [42]. In Figure 4, the stress field
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(a) Before blast (b) After blast

Figure 3: Photograph showing crack propagation in blasthole before and after multiblast.

Figure 4: Schematic illustration of I-type crack in blasthole induced
by blasting.

at point A of distance r to crack tip O and of angle 𝜃 from
direction OX is calculated by

𝜎𝑥 = 𝐾𝐼 (𝑡)√2𝜋𝑟 (1 − sin𝜃2 sin 3𝜃2 ) cos 𝜃2
𝜎𝑦 = 𝐾𝐼 (𝑡)√2𝜋𝑟 (1 + sin 𝜃2 sin 3𝜃2 ) cos 𝜃2
𝜏𝑥𝑦 = 𝐾𝐼 (𝑡)√2𝜋𝑟 sin 𝜃2 cos 3𝜃2 cos 𝜃2

(34)

where 𝐾𝐼(𝑡) is dynamic stress intensity factor, depending on
blasting stress wave shape.

For I-type crack, unstable propagation occurs when the
strain energy release rate reaches its threshold, which is

d𝑊
d𝑎 − d𝐸

d𝑎 > 𝐺0 (35)

Because I-type crack dominates the blasthole wall orig-
inal crack, the stress intensity factor for the blasthole wall
original crack can be approximately calculated by

𝐾𝐼 = 2.24𝑃√𝜋 (𝑎 + 𝑟) (36)

whereP is detonation gas or water pressure, a is original crack
length, and r is blasthole diameter.

As the criterion for dynamic crack propagation is com-
plex, approximate treatment is implemented, which gives
that the original crack propagation is induced by the blast-
ing stress wave. Therefore, a quasi-static criterion for blast
induced crack propagation is derived and is expressed as

𝐾𝐼 ≥ 𝐾𝐼𝐶 (37)

The minimum detonation pressure corresponding to
initial propagation of the original crack, according to manip-
ulation of (27) and (28), can be calculated by

𝑃𝐶 = 𝐾𝐼𝐶2.24√𝜋 (𝑎 + 𝑟) (38)

By using the equations presented above, the minimum
explosive equivalent required for propagation of original
crack in in situ blasting tests can be derived, which lays the
foundations for further calculation of the blasting energy and
the damage diameter, etc.

5. In Situ Blast Test

The in situ blasting tests in this study are conducted in an
outdoor blasting test site. The blasthole and the sonic wave
monitoring holes (SWMHs) are drilled into marble rock
mass. The blasting pattern used is characterized by single-
blasthole, small explosive equivalent, and multiblasting. The
use of the blasting pattern is to study the blast induced
rock mass damage accumulation characteristics of different
distances to a particular geological section. To monitor the
blasting sonic wave velocity, the intelligent sonic tester Geode
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Figure 5: Layout of blasthole and sonic wave monitoring holes.
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Figure 6: Three-dimensional illustration of locations of blasting
source, blasthole, and sonic wave monitoring holes.

is used. And an ultraportable microseismograph is utilized
to monitor the blasting vibration. A high-precision, high-
resolution digital camera is used to photograph the blasthole
crack propagation before and after blasting occurrence.

The plan layout of blasthole and SWMHs is shown in
Figure 5. In this figure, the quadrate blue dot represents the
blasthole of diameter 75 mm, and the ten circular red dots
represent the SWMH of depth 3.3 to 6.0 m and of diameter
60 mm. For convenience in terms of comparison of testing
results, in each group the two SWMHs are positioned sym-
metrically with an identical distance to the blasting source.
And the depths of these SWMHs are varied. Therefore, an
all-around, three-dimensional sound signal for the fractured
rock mass of different distance to blasting source is derived,
enabling a comprehensive analysis of blast induced rock
mass damage. Figure 6 shows three-dimensional illustration
of locations of blasting source, blasthole, and sonic wave
monitoring holes. A comparison of rock mass damage before
and after blasting occurrence ismade in Figure 3 derived from
photograph using the high-precision, high-resolution digital
camera. The monitoring items include particle vibration
velocity, sonic wave velocity, and rock mass crack propaga-
tion, etc.
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Figure 7: Particle vibration velocity-time curve for sonic wave
monitoring hole No. 9.

Discussions of single-blasthole blast induced sonic wave
velocity, particle vibration velocity, and rock mass damage
accumulation for different distances to the blasting source are
made in this study.The basic parameters in this experimental
study are rock mass density 𝜌𝑟 = 2800 kg/m3, original rock
mass damage variable 𝐷0 = 0.56, original rock mass crack
length = 1.2 m, rock mass dynamic tensile strength 𝜎𝑑 = 18
MPa, blasthole diameter = 75 mm, explosive diameter of r1
= 55 mm and r2 = 35 mm, explosive density 𝜌0 = 1100 kg/m3,
detonation velocity = 4000m/s, and rockmass Poisson’s ratio𝜇 = 0.25.

In situ blasting tests of different explosive equivalents
and of different blasthole depths are conducted in this study.
SWMH No. 9 as shown in Figure 5 is selected as the study
object. For this SWMH, the particle vibration horizontal
velocity versus time curve is presented in Figure 7. The
particle vibration velocities for different distances to blasting
source are paralleled between theoretical and experimental
results in Figure 8. And Figure 9 shows the comparison of
sonic wave velocity versus distance to blasting source curves
between theoretical and experimental results. In Figure 10,
the variations in blast induced rock mass damage variable,
D, with an increase in the distance to blasting source
are compared between theoretical and experimental results.
From Figure 8 it can be indicated that the particle vibration
velocity decreases nonlinearly with increasing the distance to
blasting source. Occurrence of rockmass damage is identified
when the monitored 𝐷𝑛 becomes greater than 𝐷𝑐𝑟 equaling
0.19.

The deep blasthole camera detection before and after
blasting occurrence indicates that the blast induced rockmass
crack propagation pattern is rather complex. Nevertheless,
the rock mass crack length increment induced by the first
blasting,Δr, dominates, whichmeans that observable damage
to rock mass occurs after the first blasting. When 𝐷𝑛 >𝐷𝑐𝑟 = 0.19 is satisfied after multiblasting of certain explosive
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Figure 8: Particle vibration velocities for various distances between
blasting source and sonic wave monitoring hole.
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Figure 9: Experimental and theoretical sonic wave velocities versus
distance between blasting source and sonic wave monitoring hole.

equivalent, then the blasting test for this explosive equivalent
comes to an end because rock mass damage has occurred.

It is indicated from Figures 8 and 9 that the decay of the
particle vibration velocity is related to the distance to blasting
source.The rate of the decay is greater for smaller distance to
blasting source. The reason this phenomenon occurs is that
wave propagation condition is poorer for smaller distance
to blasting source due to a larger extent of blast induced
rock mass damage. For two SWMHs adjacent to each other,
the difference between their particle vibration velocities
decreases with an increase in the distance to blasting source.
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Figure 10: Experimental and theoretical curves showing accumu-
lated rock mass damage.

Figure 10 shows that the blast induced rock mass damage
variable, D, decreases with an increase in the distance to
blasting source, indicating a damage of smaller degree that
blasting causes to rock mass in far-field of blasting source.
This rock mass damage of smaller degree can be further
reduced when joint fissure is encountered because the joint
fissure in rock mass has a strong inhibition on blasting stress
wave.

6. Conclusions

The conclusions drawn from this study are summarized as
follows.

(1) For small blasthole blasting in rock mass containing
initial damage, the method of calculating relevant
parameters is analyzed. The analysis is conducted
under four different circumstances which are water
being the cushion at the bottom of blasthole, air
being the cushion at the bottom of blasthole, cou-
pled charge, and decoupled charge. To conveniently
characterize rock mass damage, a damage variable is
defined using the rate of change in the longitudinal
wave velocities in rockmass before and after blasting.
And the equation for calculating blast induced rock
mass damage accumulation is derived.

(2) In situ small blasthole blasting tests are conducted.
The blasthole wall crack propagation subject to blast-
ing is experimentally observed and theoretically cal-
culated. Analysis of the derived results indicates that
blasting activates the original crack in rock mass,
and the effect of the first blasting dominates. Besides,
occurrence of rock mass damage adjacent to the
blasthole can be identified when rock mass damage
variable satisfies Dn > Dcr = 0.19.
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(3) Experimental results indicate that the distance to
blasting source controls the extent of blast induced
rock mass damage. With an increase in the distance
to blasting source, a nonlinear decrease in rock
mass damage increment or accumulated rock mass
damage is observed, and the rate of the decrease drops
gradually. This phenomenon is also applicable for the
particle vibration velocity.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This research work was funded by the CRSRI Open Research
Program (CKWV2017509/KY), the National Natural Science
Foundation of China (51774107; 51774131), the Opening
Project of State Key Laboratory of Explosion Science and
Technology (Beijing Institute of Technology) (KFJJ17-12M),
the Opening Project of Work Safety Key Lab on Prevention
and Control of Gas and Roof Disasters for Southern Coal
Mines, Hunan Provincial Key Laboratory of Safe Mining
Techniques of Coal Mines (Hunan University of Science
and Technology) (2017), the Fundamental Research Funds
for the Hefei Key Project Construction Administration
(2013CGAZ0771), and the Fundamental Research Funds
of the Housing and Construction Department of Anhui
Province (2013YF-27). All the financial support is gratefully
acknowledged.

References

[1] H. Verma, N. Samadhiyab, M. Singh, R. Goel, and P. Singh,
“Blast induced rock mass damage around tunnels,” Tunnelling
and Underground Space Technology, vol. 71, pp. 149–158, 2018.

[2] M. Monjezi, M. Hasanipanah, andM. Khandelwal, “Evaluation
and prediction of blast-induced ground vibration at Shur River
Dam, Iran, by artificial neural network,”Neural Computing and
Applications, vol. 22, no. 7-8, pp. 1637–1643, 2013.

[3] I. Ocak andN. Bilgin, “Comparative studies on the performance
of a roadheader, impact hammer and drilling and blasting
method in the excavation of metro station tunnels in Istanbul,”
Tunnelling andUnderground Space Technology, vol. 25, no. 2, pp.
181–187, 2010.

[4] D. J. Armaghani, A. Mahdiyar, M. Hasanipanah, R. S. Faradon-
beh, M. Khandelwal, and H. B. Amnieh, “Risk Assessment
and Prediction of Flyrock Distance by Combined Multiple
Regression Analysis and Monte Carlo Simulation of Quarry
Blasting,” Rock Mechanics and Rock Engineering, vol. 49, no. 9,
pp. 3631–3641, 2016.

[5] R. Nateghi, “Evaluation of blast induced ground vibration for
minimizing negative effects on surrounding structures,” Soil
Dynamics and Earthquake Engineering, vol. 43, pp. 133–138,
2012.

[6] X. Y.Wei, Z. Y. Zhao, and J. Gu, “Numerical simulations of rock
mass damage inducedbyundergroundexplosion,” International
Journal of RockMechanics andMining Sciences, vol. 46, no. 7, pp.
1206–1213, 2009.

[7] M. Cai, P. K. Kaiser, and C. D. Martin, “Quantification of rock
mass damage in underground excavations from microseismic
event monitoring,” International Journal of Rock Mechanics and
Mining Sciences, vol. 38, no. 8, pp. 1135–1145, 2001.

[8] A. K. Raina, A. K. Chakraborty, M. Ramulu, and J. L. Jethwa,
“Rock mass damage from underground blasting, a literature
review, and lab- And full scale tests to estimate crack depth by
ultrasonic method,” Fragblast, vol. 4, no. 2, pp. 103–125, 2000.

[9] E. Villaescusa, I. Onederra, andC. Scott, “Blast induced damage
and dynamic behaviour of hangingwalls in bench stoping,”
Fragblast, vol. 8, no. 1, pp. 23–40, 2004.

[10] M. Monjezi, M. Ahmadi, M. Sheikhan, A. Bahrami, and A. R.
Salimi, “Predicting blast-induced ground vibration using vari-
ous types of neural networks,” Soil Dynamics and Earthquake
Engineering, vol. 30, no. 11, pp. 1233–1236, 2010.

[11] M. Saadat, A. Hasanzade, and M. Khandelwal, “Differential
evolution algorithm for predicting blast induced ground vibra-
tions,” International Journal of Rock Mechanics and Mining
Sciences, vol. 77, pp. 97–104, 2015.

[12] Y. Zhao, L. Zhang, W. Wang, J. Tang, H. Lin, and W. Wan,
“Transient pulse test and morphological analysis of single rock
fractures,” International Journal of Rock Mechanics and Mining
Sciences, vol. 91, pp. 139–154, 2017.

[13] F. Garcı́a Bastante, L. Alejano, and J. González-Cao, “Predicting
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mechanical analysis of a near-crack-tip stress field in wedge
splitting test specimens,” Computers & Structures, vol. 89, no.
21-22, pp. 1852–1858, 2011.



Research Article
Laboratory Testing on Energy Absorption of
High-Damping Rubber in a New Bolt for Preventing
Rockburst in Deep Hard Rock Mass

Lu Chen , Qingwen Li , Jianming Yang, and Lan Qiao

Department of Civil Engineering, University of Science and Technology Beijing, Beijing 100083, China

Correspondence should be addressed to Qingwen Li; qingwenli@ustb.edu.cn

Received 15 August 2017; Revised 22 March 2018; Accepted 24 April 2018; Published 27 June 2018

Academic Editor: Longjun Dong

Copyright © 2018 Lu Chen et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

With the increase in mining depth, the deep hard rock mass is under threat of rockburst under high geostress, high temperature,
high osmotic pressure, and strong disturbance. To reduce the probability and strength of rockburst, a new energy-absorbing bolt
for guaranteeing the stability of deep hard rockmass was developed utilizing the energy absorption characteristic of high-damping
rubber. To analyze the practicability and obtain the quantified behaviors of this new energy-absorbing bolt, a series of impact tests
on specimens of high-damping rubber, granite, and granite–rubber composite specimens was carried out by a split Hopkinson
pressure bar (SHPB) method. Further, considering the different working depths with different rock temperatures, the dynamic
energy-absorbing characteristics of high-damping rubber under different temperatures were tested. The testing results show that
the new energy-absorbing bolt can consume the storage energy in host rock effectively, and the environmental temperature will
produce certain effects on the energy-consuming rate. In addition, the optimal energy-absorbing thickness–diameter ratio of high-
damping rubber was confirmed by SHPB tests.

1. Introduction

As shallow resources decrease constantly, peoplemust pursue
much deeper resources. Therefore, the excavation depths of
mines are becoming deeper, and kilometer-level and even
deeper mining are becoming normal. In a deep underground
environment, the high geostress, high temperature, high pore
pressure, and strong disturbance will result in stronger rock-
burst and other dynamic disasters, which seriously threaten
mine safety. Rockburst is a serious disaster affecting an
excavation or pillars. It occurs in a sudden or violent manner
and is associated with a seismic event, especially during deep
mining. It can cause serious casualties, mechanical damage,
project delays, and economic loss. Increasingly, scholars are
paying attention to its occurrence mechanism [1, 2], influenc-
ing factor [3], and monitoring method [4, 5]. In a constant-
depth study, researchers found that it is easier to understand
the nature of rockbursts by adopting energy theory. Jiang et
al. (2010) studied rockburst characteristics based on the new
energy index in a 2500-m depth tunnel [6]; Kornowski and

Kurzeja (2012) predicted rockburst probability by employing
the given seismic energy [7]. Sirait et al. (2013) also predicted
the rockburst by using the principle of energy balance [8].
Weng et al. (2017) adopted the strain energy density index
to analyze the rockburst characteristics of roadways in the
Linglong gold mine, China [9]. For increasingly serious
rockburst disasters, people have tried some active defense
methods to release the storage energy in the host rock, such
as the deep-hole directional fracturing method [10], blasting
fracturingmethod [11], hydraulic fracturingmethod [12], and
optimization of mining parameters [13, 14].

Despite much effort, these active defense methods cannot
work well, so the best processing method is still using the
rock bolts to resist the impact, instability, and rockfall [15–20].
Also taking advantage of the principle of energy, the concept
of an energy-absorbing bolt was proposed in South Africa
in the early 1990s [21]. Subsequently, many kinds of energy-
absorbing bolt were developed; Ansell (2005) developed a
new type of energy-absorbing rock bolt that can absorb the
kinetic energy by utilizing the plastic lengthening of steel bars
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Anchorage section Steel bar Metal pallet 

High-damping rubber 
Hold-down nut 

Figure 1: Schematic diagram of energy-absorbing bolt.

[22], and the dynamic testing was carried out in his next study
[23]; Li (2010) proposed a new energy-absorbing bolt for rock
support in high-stress rock masses, a D-bolt with deformable
sections [24]; then, the performance of D-bolts under static
loading [25] and dynamic loading [26] was studied in 2012.
Wang et al. (2013) did quasistatic laboratory testing of a
novel rock bolt for energy-absorbing applications. The results
show that the bolt can accommodate large deformations
without experiencing serious damage [27]. He et al. (2014)
developed a novel energy-absorbing bolt with extraordinarily
large elongation and constant resistance, called a cone bolt
[28]. Liang et al. (2017) further proposed a mechanical model
for cone bolts by analyzing the cone anchorage function as a
wedge-style mechanical anchor [29].

The above-mentioned energy-absorbing bolts all permit
a larger deformation between the bolt and rock mass to
realize stress unloading and energy absorbing. However,
for the deep hard rock, such as granite in a deep gold
mine or a deep iron ore mine, the rockburst type mainly is
strain rockburst. This means that there will be a very small
deformation of the rock mass when the rockburst occurs.
Thus, current energy-absorbing bolts may not guarantee the
stability of deep hard rock mass well. Moreover, rockburst
is a dynamic problem, and some of the mentioned research
was based on static tests, which are not suitable for the
dynamic problem. With the purpose of reducing the prob-
ability and strength of rockbursts and using as an example
the high-damping rubber employed in structural seismic
engineering [30–36], a new energy-absorbing bolt with high-
damping rubber must be developed to guarantee the stability
of deep hard rock mass. High-damping rubber is the key
assembly unit for dynamic energy absorption in this bolt.
Hence, the energy-absorbing behaviors of high-damping
rubber should be analyzed systematically. Considering the
rockburst as a typical dynamic problem, a series of impact
tests on specimens of high-damping rubber under different
strain rate can be done. Granite–granite and granite–rubber
composite specimens can also be carried out by an SHPB
system to examine the energy-absorbing effect. For the high-
damping rubbermaterial, the energy will be consumed by the
resistance between the macromolecular chains, and then the
consumed energy can transform into heat exchanging into
the surrounding environment. In deep mining, the higher
rock temperature is a factor that cannot be ignored, and
the environmental temperature may produce certain effects
on the energy consumption rate. Thus, the energy-absorbing
characteristic of high-damping rubber with different envi-
ronmental temperatures also should be quantified. Finally,

the optimal energy-absorbing thickness–diameter ratio of
high-damping rubber was confirmed by SHPB tests.

2. The Energy-Absorbing Bolt and
Its Working Mechanism

2.1. Structure of Energy-Absorbing Bolt. Because of the high
geostress and high temperature environment, the rock mass
deep underground will store a mass of strain energy, espe-
cially for the unbroken hard rock. After the tunnel or
underground structure has been excavated, the stored energy
in nearfield host rock will accumulate. If the accumulated
energy is larger than the limited energy storage, the superflu-
ous energy must be released at free surfaces or transfer into
the inner host rock. Meanwhile, this energy release process
will cause plastic damage and even detritus to be thrown.
Because of the particular characteristics of hard rock, usually
very small deformation will cause the rock to fracture, and
the larger stored energy will produce a stronger rockburst.
According to this and taking advantage of the principle of
energy conservation, if part of the accumulated energy could
be consumed smoothly, the rockbursts would be controlled
effectively. A new energy-absorbing bolt that uses high-
damping rubber, called an R-bolt, is presented in Figure 1.

As shown in Figure 1, the R-bolt is composed of an
anchorage section, steel bar, high-damping rubber, metal
disc, and hold-down nut. The steel bar is processed by round
steel with a rough anchorage segment at the bottom and a
screwed end at the top. The high-damping rubber blanket is
placed adjoining the rockmass.The damping ratio of current
high-damping rubber materials in the market is from 10% to
24%, and rubber with a 15% damping ratio was selected in
this study. When the R-bolt is under an impact, the shock
energy from the rockmass could be consumed by the viscous
resistance, to reduce the risk of the rockburst effectively.

2.2. Energy-Absorbing Mechanism of Higher Damping Rubber.
Under dynamic load, the high-damping rubber will suffer
cyclic deformation. In addition, the high-damping rubber is
a viscous-elastic material, and its strain change always lags
behind the stress change. The typical response of sinusoidal
stress and strain can be expressed by the following formula:

𝜎 (𝑡) = 𝜎0 sin (𝜔𝑡 + 𝜉) ,
𝜀 (𝑡) = 𝜀0 sin𝜔𝑡, (1)

where 𝜎0 is the stress amplitude, 𝜀0 is the strain amplitude, 𝜔
is the angular frequency of periodic change, 𝑡 is the time, and𝜉 is the phase difference between stress and strain.
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Table 1: Physical and mechanical parameters of high-damping rubber (provided by supplier).

Damping ratio Stiffness Tensile strength Elongation at failure Tear strength Shear modulus Density Compression set value
15 75 17.22MPa 436 80 N/mm 1.33MPa 1.22 g/cm3 <25%

(t)

0



(t)

0

t

Figure 2: Response of sinusoidal stress and strain in high-damping
rubber.

−

+

O− +

Figure 3: The dynamic sketch curve between stress and strain.

Following the above formulas, the schematic diagram of
sinusoidal stress and strain in high-damping rubber is shown
in Figure 2.

As shown in Figure 2, the strain lags behind the stress;
hence, the relationship between the stress and strain is not
linear, and there is a stable hysteresis loop, as shown in
Figure 3.

In Figure 3, the area of the hysteresis loop is the value of
absorbing energy in a vibrational period (damping rate), and
it can be calculated by the curvilinear integral,

Δ𝑊 = ∫2𝜋/𝜔
0

𝜎 𝑑𝜀 = ∫2𝜋/𝜔
0

𝜎𝑑𝜀𝑑𝑡 𝑑𝑡. (2)

According to the definition of modulus, the synchronous
change ratio between stress and strain is the storage modulus𝐸, which is reflected in the stretching–crimping movement
of macromolecular chains during the reciprocating deforma-
tion.The ratio between stress and strain with phase difference𝛿 is loss modulus 𝐸, which expresses that the material

should overcome the resistance of macromolecular chains.
The formulas of storage modulus and loss modulus are

𝐸 = 𝜎0𝜀0 cos 𝛿, (3)

𝐸 = 𝜎0𝜀0 sin 𝛿, (4)

𝐸 = 𝐸 + 𝐸, (5)

where 𝜎0 is the stress, 𝜀0 is the strain, and 𝐸 is the total
modulus.

Thus, the absorbing energyΔ𝑊 could be further deduced
as

Δ𝑊 = ∫2𝜋/𝜔
0

𝜔𝜀20 (𝐸 sin𝜔𝑡 cos𝜔𝑡 + 𝐸cos2𝜔𝑡) 𝑑𝑡

= 4𝜀20 (𝐸


2 + 𝜋
𝐸
4 ) .

(6)

As introduced above, the high-damping rubber with a
15% damping rate was selected to perform the laboratory
tests. The physical and mechanical parameters are listed in
Table 1.

2.3. Energy-Absorbing Mechanism of R-Bolt. When the host
rock is excavated, the large quantity of elastic energy will
be adjusted and increased in surrounding rock. The higher
stored elastic energy maybe induces the rockburst. During
the rockburst process, part of the stored energy will be
consumed by rock fracture and crack friction, and the
residual energy is the kinetic energy of rock blocks. If there
is an additional device to consume some more stored energy,
the tendency and intensity of rockburst will be reduced. As
shown in Figure 1, the R-bolt is composed of an anchorage
section, steel bar, high-damping rubber,metal disc, and hold-
down nut. After the R-bolt is set in the rock mass, the high-
damping rubber blanket is placed between the rock mass
and the metal disc, and some of the stored elastic energy in
rockmass will be transmitted to deformation energy of high-
damping rubber and then transferred to thermal energy due
tomacromolecular chains’ effect.The working principle of R-
bolt was shown in Figure 4.

For the placing density of the R-bolt, the typical pressure
arch theory of bolt is adopted to confirm the number of R-
bolts [38].

3. SHPB System and Absorbed Energy Analysis

3.1. SHPB System. To understand the dynamic energy-
absorbing characteristics, the SHPB system in North China
University of Science and Technology (Hebei Province,
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Figure 4: Working principle of energy absorption bolt.

Figure 5: The diagram and physical photo of the SHPB test system.

China) was used. The typical SHPB test system comprises
three systems: the power system, the work system, and the
monitoring system. The power system contains a pressure
chamber.Thework system contains the impact bar, incidence
bar, and transmission bar. The monitoring system contains
the laser velocity measurement, the signal-acquiring device,
and the high-speed camera. The physical photo of the SHPB
test system and tests are shown in Figure 5.

3.2. Energy Analysis Using SHPB System. Without consider-
ing the friction effect between the test bars and specimen
and by adopting the principle of energy conservation, the
absorbed energy of the specimen could be confirmed by

𝑊𝑐 (𝑡) = 𝑊𝑖 (𝑡) − 𝑊𝑟 (𝑡) − 𝑊𝑡 (𝑡) , (7)

where 𝑊𝑐(𝑡) is the absorbed energy, 𝑊𝑖(𝑡) is the incident
energy,𝑊𝑟(𝑡) is reflected energy, and𝑊𝑡(𝑡) is the transmitted
energy. Each type of energy can be calculated by

𝑊𝑥 (𝑡) = ∫
𝑡

0

𝐴𝑥𝜎𝑥 (𝑡) 𝐶0𝜀𝑥 (𝑡) 𝑑𝑡,
𝜎𝑥 (𝑡) = 𝐸0𝜀𝑥 (𝑡) ,

(8)

where 𝐴𝑥 is the cross-sectional area of the bar. In this test,
the cross-sectional area of the bar is the uniform section, so𝐴𝑥 = 𝐴0, and 𝐶0 is the stress wave propagated in the test
bars, 𝐸0 is the elastic modulus of the test bars, 𝜎𝑥(𝑡) are the
stress time histories of the incident wave, reflected wave, and
transmitted wave, and 𝜀𝑥(𝑡) are the corresponding strain time
histories. Hence, the incident energy𝑊𝑖(𝑡), reflected energy𝑊𝑟(𝑡), and transmitted energy𝑊𝑡(𝑡) could be expressed as

𝑊𝑖 (𝑡) = 𝐸0𝐶0𝐴0 ∫
𝑡

0

𝜀𝑖2 (𝑡) 𝑑𝑡,
𝑊𝑟 (𝑡) = 𝐸0𝐶0𝐴0 ∫

𝑡

0

𝜀𝑟2 (𝑡) 𝑑𝑡,
𝑊𝑡 (𝑡) = 𝐸0𝐶0𝐴0 ∫

𝑡

0

𝜀𝑡2 (𝑡) 𝑑𝑡,
(9)
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Figure 6: The preparative samples of high-damping rubber.
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Figure 7: Each type of energy with different strain rates.

where 𝜀𝑖(𝑡), 𝜀𝑟(𝑡), and 𝜀𝑡(𝑡) could be monitored by the
superdynamic collection instrument.

4. SHPB Test Results and
Energy-Absorbing Analysis

4.1. Energy-Absorbing Characteristic of High-Damping Rubber.
To understand the energy-absorbing characteristics of high-
damping rubber, 15 rubber samples with 50-mm diameter
and 25-mm height were cut from a rubber plate, and the
rubber plate and preparative samples are shown in Figure 6.

After SHPB tests were carried out under different strain
rates, each kind of energy could be calculated by formula (5),
and the curves of each type of energy with different strain
rates are shown in Figure 7.

As the fitted results in Figure 7, with the strain rate
increase, the incident energy and reflected energy are the
quadratic-form increase, but the transmitted energy is stable
at 0.16∼0.2 J. The difference indicated that the high-damping
rubber can absorb part of the input energy, except that a
certain energywas reflected at the interface of the incident bar
and rubber samples. The relationship between the absorbed

energy and incident energy and the energy-absorbing rate are
shown in Figures 8(a) and 8(b).

In Figure 8, it is shown that the absorbed energy is linear
to the total incident energy, which means the high-damping
rubber can consume more energy under a stronger impact.
For a 100 s−1 to 600 s−1 impact load, the energy-absorbing
rates are mainly between 25% and 30%.

4.2. Energy-Absorbing Characteristic under Different Environ-
mental Temperatures. For the high-damping rubbermaterial,
the energy is consumed by the resistance between the macro-
molecular chains, and then the consumed energy can trans-
form as the heat exchanging to the surrounding environment.
Thus, the surrounding environmental temperature may have
an effect on the energy-absorbing rate. Furthermore, consid-
ering the higher rock temperature in a deep underground
environment, five groups of 25 rubber SHPB tests with
different environmental temperatures—indoor temperature
(22∘C), 30∘C, 40∘C, 50∘C, and 60∘C—anddifferent strain rates
were carried out, and the temperature control device and the
heated sample are shown in Figure 9.

After the SHPB tests were carried out under differ-
ent environmental temperatures, the incident energy and
absorbed energy were calculated by formula (5). The rela-
tionship between the absorbed energy and incident energy
under different environmental temperatures is shown in
Figure 10(a).

After calculation, the energy-absorbing rates under dif-
ferent environmental temperatures (indoor temperature,
30∘C, 40∘C, 50∘C, and 60∘C) are 29.6%, 28.4%, 27.5%, 23.9%,
and 21.4%, respectively, and the variation trend is also shown
in Figure 10(b). The testing results show that the energy-
absorbing rates are decreasing with the environmental tem-
peratures increasing. There is an obvious inflection point at
40∘C. This means that the environmental temperatures will
produce some negative effect on the energy’s absorption rate,
especially for more than a 40∘C temperature.

4.3. Energy Distribution and Fractal Features of Compos-
ite Specimens. To make a quantitative description of the
energy-absorbing characteristic of high-damping rubber, the
granite–granite composite specimens and granite–rubber
composite specimens were tested by the SHPB system and
contrasted. To simulate the real installation condition of
the R-bolt, all the composite specimens were compressed
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Figure 8: Relationship between the absorbed energy and incident energy and the energy-absorbing rate.
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Figure 9: The temperature control device and the heated sample (50∘C).

together without any adhesive. To eliminate the anisotropic
effect of rock samples, all the granite samples were drilled
from a granite block without any obvious cracks and defects.
The composite specimens in the tests are shown in Figure 11.

After six groups of composite specimens were obtained
by SHPB, the incident energy, reflected energy, transmitted
energy, and absorbed energy of different composite speci-
mens under approximately 200 s−1, 300 s−1, and 400 s−1 were
obtained, as in Figure 12.

As shown in Figure 12, the average energy-absorbing
rate of granite–granite composite specimens is approximately
23%, and the average energy-absorbing rate of granite–rubber
composite specimens is approximately 30%. The difference
indicates that the rubber plays an important role in consump-
tion of incident energy.

To learn more about the energy absorption effect, the
damage degree of granite–granite composite specimens and
granite–rubber composite specimens should be analyzed. In
this research, the fractal dimension of mass of the fragment
size distribution was adopted to describe quantitatively the
energy-absorbing characteristic of high-damping rubber.The
calculating formulas are

𝛼 = lg (𝑀𝑟/𝑀𝑡)
lg 𝑟 ,

𝐷 = 3 − 𝛼,
(10)

where 𝑀𝑟 is the mass of rock fragments whose diameter is
less than 𝑟,𝑀𝑡 is the total mass of rock samples, 𝛼 is the slope
of double logarithmic, and 𝐷 is the fractal dimension of the
fragments.
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Figure 10: Energy-absorbing rates and their variation trend under different environmental temperatures.

Impact 
direction

(a) Granite–granite

Impact 
direction

(b) Granite–rubber

Figure 11: Composite specimens in SHPB tests.

The impacted rock fragments were collected after SHPB
tests, and the physical photos of the fractured samples are
shown in Figure 13.

As shown in Figure 13, the crushing degrees are seri-
ous with the strain rate increase. The crushing degrees of
granite–rubber composite specimens are much smaller than
for the granite–granite composite specimens, and the results
express the better energy-absorbing characteristic of high-
damping rubber directly. To make a quantitative description,
the mass distribution of rock fragments was filtered by
different-purpose sifters. The filtered results are shown in
Table 2.

Using the data in Table 1, the slopes of the double
logarithmic and fractal dimension of different composite
specimens were fitted and are shown in Figures 14(a) and
14(b), respectively.

As indicated in Figure 14, the fractal dimension of com-
posite specimens increases with the impact energy improve-
ment. The higher fractal dimension expressed that the rock
sample was cracked more seriously, and the crushing particle
size is smaller. There is an obvious energy-absorbed effect

of high-damping rubber by contrasting the fractal dimen-
sions between the granite–granite composite specimens and
granite–rubber composite specimens, as in Figure 14(b).

4.4. Optimal Thickness–Diameter Ratio for Energy Absorbing.
In Figure 7, there is not any transmitted energy under
impact with different strain rates, and, in Figure 8, there is
a linear relationship between absorbed energy and incident
energy. The above analysis results mean that there is a
potential thickness–diameter ratio of high-damping rubber.
To obtain the optimal thickness–diameter ratio, six groups
of thickness–diameter ratios (6/10, 5/10, 4/10, 3/10, 2/10, and
1/10) of rubber samples were tested by the SHPB system with
different strain rates. After calculating the test data, the curves
between incident energy and absorbed energy under different
thickness–diameter ratios were fitted, as shown in Figure 15.

As shown in Figure 15, with the increase in the incident
energy, the energy-absorbed rates are still in linear form at
6/10, 5/10, and 4/10 thickness–diameter ratios; for the 3/10
thickness–diameter ratio, the energy-absorbed rate becomes
nonlinear in form, and the energy-absorbed rate begins to
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Table 2: Filtered results of mass distribution of fragment size.

Serial no. Accumulated mass under sifter/kg Fractal dimension
0.15 0.3 0.6 1.18 2.36 4.75 9.5 13.2 16 19 26.65

GG1 (200 s−1) 12.7 18 26.9 39.8 51.4 68 93 122.6 147.2 159.8 164 2.50
GG2 (300 s−1) 16.9 26.9 35.2 45.1 64.2 78.5 115.7 131 143.4 156.3 162.7 2.57
GG3 (400 s−1) 31.4 42.9 53.2 62.5 78.3 89.5 111.2 129.4 145.1 159.5 163.2 2.69
GR1 (200 s−1) 0.8 1.7 3 4.5 9.5 15.2 23.3 35.3 45.3 57.2 81.9 2.15
GR2 (300 s−1) 1.1 2 4 7.3 14.4 24.3 36.4 40.7 52.8 81 82.6 2.17
GR3 (400 s−1) 2.7 3.5 6.5 11.9 21.2 35 58.3 70.2 78.1 80.7 81.8 2.28
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Figure 12: Energy distribution results of composite specimens in SHPB tests.

decrease as the incident energy increases. Thus, the optimal
thickness–diameter ratio for energy absorbing is from 3/10 to
4/10 under the condition of less than 1 × 107 J/m3 incident
energy density.

5. Discussion

Taking as an example one of the main roadways in the
Sanshandao gold mine, the roadway is excavated along the
maximum horizontal principal stress, and the value of the

vertical principal stress is close to the minimum horizontal
principal stress (at a depth of 1000m, the vertical principal
stress is 27MPa, and theminimumhorizontal principal stress
is 25.4MPa); the excavated roadway can be equivalent to an
infinite-roundness roadway with a 4.2-m radius. In addition,
the far-field geostress effect can be approximate to hydrostatic
pressure, which means 𝑃0 = 𝜎V ≈ 𝜎ℎ. Using the plane
strain problem method and rock mechanics theory, it is easy
to calculate that the maximum accumulated energy of the
roadway is 116.65 kJ/m3. According to the value of the elastic
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Figure 13: Physical photos of cracked samples under strain rates.
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Figure 14: Slope of double logarithmic and fractal dimension of different composite specimens.

energy criterion, the rockburst intensity can be divided into
four degrees, as shown in Table 3.

As calculated above, without considering the R-bolt
support method, the maximum accumulated energy of the
roadway is 116.65 kJ/m3 after excavation. This value indicates
that the rockburst intensity is “medium.” After considering

an approximately 25% energy-absorbing rate, the absorbed
value is 29.16 kJ/m3 .Then, the accumulated energy is reduced
to 87.49 kJ/m3 of the roadway, so the rockburst intensity
becomes “slight.” The R-bolt obviously decreases the prob-
ability and intensity of the rockburst, which reduces the
potential threat of a rockburst to a certain extent.
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Table 3: Grading value of rockburst tendentiousness [37].

Rockburst degree None Slight Medium Intensity
Energy density value (kJ/m3) 𝑈𝑒 < 40 40 ≤ 𝑈𝑒 < 100 100 ≤ 𝑈𝑒 < 200 200 < 𝑈𝑒
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Figure 15: Curves between absorbed energy and incident energy
under different thickness–diameter ratios.

With rapid development of energy-absorbing materials,
many new products are proposed. A representative material
is aluminum honeycomb. Many scholars have done research
on its material properties. Ivañez et al. (2017) studied the
compressive deformation and energy absorption capability
of aluminum honeycomb cores [39]. Al Antali et al. (2017)
researched the energy-absorbing properties of composite
tube-reinforced aluminum honeycomb [40]. Furthermore,
enormous advantages, such as light weight and a wide range
of strain rates, were found in the above studies. Because
of the limitations of the energy-absorbing characteristic of
plastic deformation, however, the aluminum honeycomb
cannot repeatedly be used. This is why the selected energy-
absorbing material is high-damping rubber in this work. In
addition, the difference between the R-bolt and the above
lager deformation bolts is that the R-bolt can consume the
stored energy repeatedly.

Based on the above systematic tests and simple calcu-
lations, the presented energy-absorbing bolt (R-bolt) was
found to have a good energy-absorbing characteristic under
high-strain-rate impacts. Comparison with existing bolts and
typical energy-absorbing material shows that the R-bolt can
prevent rockburst in hard rock and consume the stored
energy repeatedly.

6. Conclusions

To reduce the probability and strength of rockbursts in deep
hard rock, considering the limitations of current energy-
absorbing bolts and taking advantage of high-damping

rubber, a novel energy-absorbing bolt, the R-bolt, was
designed by employing high-damping rubber. Then, a series
of SHPB tests of high-damping rubber were done. Some
important results were obtained.

(1) The absorbed energy is linear to the total incident
energy, which means the high-damping rubber can consume
more energy under stronger impact. Under an impact load of
600 s−1, the input energy is 205.8 J, absorbed energy is 60.89 J,
and energy-absorbing rate is 29.6%.

(2) The energy-absorbing rates under different environ-
mental temperatures (22∘C, 30∘C, 40∘C, 50∘C, and 60∘C)
are 29.6%, 28.4%, 27.5%, 23.9%, and 21.4%, respectively. The
testing results show that the energy-absorbing rate decreases
with the increase in environmental temperature. There is
an obvious inflection point at 40∘C. This means that the
environmental temperatures will produce a negative effect
on the energy-absorbing rate, especially for more than 40∘C
temperatures.

(3) The fractal dimensions of composite specimens
increase with increase in the impact energy. The higher
fractal dimension expressed that the rock sample was cracked
more seriously, and the crushing particle size is smaller.
The testing result shows that there is an obvious energy-
absorbing effect of high-damping rubber by contrasting the
fractal dimensions between the granite–granite composite
specimens and granite–rubber composite specimens.

(4) With the increase in the incident energy, the energy-
absorbing rates are still linear at 5/10 and 4/10 thickness–
diameter ratios, and, for the 3/10 thickness–diameter ratio,
the energy-absorbing rate becomes nonlinear, and the
energy-absorbing rate begins to decrease along with the inci-
dent energy increase. Thus, the optimal thickness–diameter
ratio of energy absorbing is from 3/10 to 4/10 under the
condition of less than the 1 × 107 J/m3 incident energy den-
sity.

Last, based on the above systematic tests, the presented
energy-absorbing bolt (R-bolt) was proved to have a good
energy-absorbing characteristic under a high-strain-rate
impact. In comparison with other bolts and typical energy-
absorbing materials, the R-bolt can prevent rockbursts in
hard rock and can consume the stored energy repeatedly.
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Uniaxial compression experiments and acoustic emission (AE) tests were conducted on weakly consolidated sandstone samples
with bedding angle of 0∘, 45∘, and 90∘ collected from Xiaojihan coal mine in Shaanxi Province, China; the acoustic emission (AE)
characteristics of bedding sandstone were investigated, including the influencing mechanism of bedding angle on characteristics,
spatial distribution, and 𝑏 value changes of AE activity. According to the research, AE ringing counting rate and energy rate are
the highest and energy release is intense during the loading process when the bedding angle is 0∘, and these values decrease and
the energy release is gentle with rising of the angle. Based on spatial distribution, the number of AE events was the largest and
cluster phenomenon occurs between the bedding plane when the bedding inclination was 0∘, which decreased and sprouted along
the plane of bedding plane at 45∘ and which was smaller and evenly distributed in the space at 90∘. With the increase of bedding
angle, the proportion of large-scale microcracks decreases and the variation range of microcracks narrows down.Therefore, under
the same uniaxial compression conditions, the 𝑏 value increases by the increase of bedding angle. The research results offer reliable
reference to carry out monitoring work on acoustic emission and microseism of mine with layer rock (rock mass).

1. Introduction

With the popularization of mechanization and high-intensity
mining of coal mines in western China, prevention of
mine roof and floor accidents and disasters had become an
important issue in coal mine safety production. Sandstones
widely exist in the roof and floor of coal mines in this area,
a large part of which has a bedding structure and a weak
cementation, and are important to mine safety production.
Compared with common rocks, bedded rocks have some
special characteristics. Some sedimentary rocks (such as
sandstone, limestone, and shale) and metamorphic rocks
(such as granite, basalt, and granulite) have obvious bedding
structure, and the rocks show manifest anisotropy. Studies
have shown that [1–5] the strength of the bedding plane in
these rocks is generally weak, which has a significant effect on
the mechanical properties of the rock.Therefore, study of the
mechanical characteristics of this type of rock has important
theoretical and practical values for the safe production of coal
mines.

A large number of experimental studies have been uti-
lized for studying layered rock, of which the Brazilian disk-
splitting test, shear test, and the compression test are more
common. Chen et al. [6] studied the anisotropy of tensile
strength of bedded rock under Brazilian disk-splitting test
conditions. From the theoretical and experimental stand-
points, the systematic analysis shows that the tensile strength
is closely related to the angle between bedding and loading
direction.Hou et al. [7] conducted the Brazilian disk-splitting
tests on black shale from different bedding angles for study of
the anisotropic characteristics of tensile strength and failure
mode and the variation of absorption energy in deformation
in the failure process.The results show that the bedding angle
is closely related to the tensile strength and the absorption
energy. Zhou et al. [8] conducted a Brazilian splitting exper-
iment on layered rocks and established an equivalent con-
tinuous model of layered rocks and verified it by numerical
simulations. They believed that layered rock masses exhibit
significant anisotropy in both the deformability and strength.
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Chong et al. [9] studied the anisotropy of the stratigraphic
shale by numerical simulation of Brazilian splitting experi-
ments and proposed the AMBBM model. They found found
that the ratio of cohesion to tensile strength of SJ mainly
affects the number of cracks formed, which further leads to
different failure modes. Liu and Zhang [10] studied the
anisotropic characteristics of layered rocks through shear
tests and obtained the changes of 𝑐 and 𝜑 values, stress states,
and the relative orientations of layers and external loads on
the direction of shear failure surfaces. Qi et al. [11] used the
frozen rock structure with a bedding structure to perform
shear experiments and studied its shear deformation charac-
teristics. Heng et al. [12] analyzed the mechanical properties
of the bedding plane and the anisotropic characteristics of the
shear strength of the shale under the influence of the experi-
ment and analyzed the causes of the characteristics from dif-
ferent angles.

In addition to the Brazilian disk-splitting test and share
test, scholars have also studied the bedded rocks under com-
pressive loading. Cheng et al. [13] performed uniaxial and
triaxial compression tests on coal measure shale under dry
and saturated conditions.The results show that the anisotropy
and water content of the shale bedding have important influ-
ence on the strength and deformation of the coal measure
shale. Guo et al. [14] performed a fatigue test on layered shales
under cyclic loading and found that the rock failure process
is related to bedding and can be divided into three stages,
namely, initial damage stage, constant velocity damage stage,
and accelerated damage stage. Hou et al. [15] conducted uni-
axial compression tests on the bedded shale with bedding ori-
entations.The results show that different bedding angles lead
to different types of rock failure, and the correlation between
elastic modulus and longitudinal wave velocity is good, and
both decrease with the increase of bedding angle. Li et al. [16]
studied the mechanical properties of layered brittle shale and
its failure characteristics under hydraulic fracturing by nu-
merical simulation. In the uniaxial compression test of shale,
Liu et al. [17] used X-ray CT to scan the specimens, which
illustrated the micromechanics of the failure process in the
anisotropic shale. Xu et al. [18] performed a uniaxial com-
pression experiment on limestone at 0∘ and 90∘ bedding and
studied the effect of bedding angle on strength characteristics
and conductivity anisotropy.

The above studies are of great significance for under-
standing the bedding angle and the mechanical properties of
bedded rock, the mechanism of failure, and the evolution of
internal energy. However, these studies are still based on the
conventional description of the relationship between stress
and strain and have failed to conduct an in-depth study in the
mechanism of inside mesodamage of rock under the external
load. Acoustic emission (AE) technology can effectively
and continuously monitor generation and expansion of fine
cracks in brittle materials in real time under load effects and
achieve positioning of the cracks. It has become an important
monitoring method for rock or rock mass deformation and
failure. Wasantha et al. [19] investigated the mechanical
behavior and energy releasing characteristics of bedded-
sandstone under dry andwater saturated conditions. Liu et al.
[20] and Yang et al. [21] carried out experiments on rocks

under confining pressure and studied the initiation and evo-
lution of damage and their destabilizing behavior during
loading. Zhang et al. [22] studied the AE characteristics of
rock-like material under different loading rates and obtained
the effect of loading rate on acoustic emission signals. Liu et
al. [23] studied the initiation and propagation of cracks in the
rock under pressure and made relevant assessments through
the acoustic emission technique. Liu et al. [24] studied the oc-
currence and failuremechanism of collapse columns through
the numerical simulation of acoustic emission characteristics.
Dong et al. [25–27] proposed novel localization methods to
improve location accuracy of AE/microseismic sources in
rocks.

Based on the above studies, the present study conducted
uniaxial compression tests on the bedded weakly cemented
sandstones with AEmonitor. Experiments were conducted to
study the characteristics of AE activities and energy changes,
as well as the temporal and spatial evolution of AE events and
the variation of 𝑏 values. It is of academic value to reveal the
mechanism of stratified rock in depth by means of acoustic
emission.

2. Tested Rock Material and Testing Method

2.1. Sandstone Material. The rocks used for the experiment
were collected from Xiaojihan coal mine, Yuyang District,
Yulin City, Shaanxi Province, China, which is located in
Hengyu Mine Area of northern Shaanxi. First, massive rocks
without obvious defects were selected for processing. The
angle of the core drilling rigwas adjusted to create an included
angle of 0∘, 45∘, and 90∘ between the bedding direction and
axial direction so as to drill the rock core; then the massive
rock was processed to a cylinder of 50mm × 100mm accord-
ing to ISRM standards after passing through the cutting and
grinding procedure.Thewave speed of the specimens is tested
with the ultrasonic wave velocity measuring instrument pro-
duced by Proceq Company of Switzerland. Test pieces with
similar wave speed were selected to carry out tests, in order to
reduce the dispersion degree of the test results.The surface of
the sandstone specimens had a visible layer of bedding. The
sandstone specimens used in this experiment are shown in
Figure 1.

The specimens were analyzed by XRD (X-ray diffraction
analysis) test. The results showed that the mineral compo-
nents contained in the samplewere ordered by probability: (1)
quartz; (2) albite; (3) iron dolomite; (4) red uranium ore; (5)
mastic chlorite. In addition there aremicro-hematite, siderite,
plagioclase, illite, copper chloride aluminum vanadium, and
other minerals, but the content is minimal. The content of
mineral components can be roughly judged. The specimens
are argillaceous cemented sandstone, along with some iron
cementation.Meanwhile, themesoscopic images of the sand-
stone specimens were observed using a polarizing micro-
scope. The distribution and appearance of quartz, feldspar,
and cement can be clearly seen in Figure 2. A detailed com-
position of this rock is described as follows: Quartz grains are
angular and subangular, with a content of 55%–60%. Feldspar
grains are angular, with a content of 20%–25%. The content
of mica and other rock fragments is approximately 10%,
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0∘ 45∘ 90∘

Figure 1: Rock samples with different dip angles.

Table 1: Parameters of specimens.

Number Size
(mm)

Mass
(g)

Density
(g/cm3)

Velocity
(m/s)

Peak strength
(MPa)

Average
strength
(MPa)

0002
0004
0005

48.86 ∗ 100.04
48.65 ∗ 99.95
48.26 ∗ 100.03

428.74
430.88
427.32

2.38
2.42
2.43

2888.34
2947.02
2933.87

68.71
62.53
73.18

68.14

4501
4503
4504

48.91 ∗ 100.12
48.59 ∗ 100.32
48.63 ∗ 100.10

432.34
427.96
428.14

2.40
2.40
2.40

3078.52
3054.34
3028.47

38.53
41.77
40.12

40.14

9002
9003
9005

48.48 ∗ 100.06
48.76 ∗ 100.07
48.83 ∗ 100.09

432.10
418.52
429.27

2.44
2.33
2.39

2958.62
2865.01
2947.68

60.35
59.58
58.64

59.52

with a particle size of 0.2–0.5mm. Cement exhibits mostly
pelletization cementation properties and also has a small
amount of carbonate cements.

The tests were carried out with three test pieces whose
bedding angles were 0∘, 45∘, and 90∘, respectively. See Table 1
for statistics of physical and mechanical parameters of each
test piece, of which there are no obvious differences in basic
physical properties such as density and wave speed. But the
average uniaxial compressive strength of test pieces with
different angles is 68.14MPa, 40.14MPa, and 59.52MPa,
respectively, under the effect of bedding angle.

2.2. Testing Equipment and Experimental Method. The uni-
axial compression test used a HUALONG-600 microcom-
puter control compression-testing machine and the acoustic
emission monitoring used a PAC’s PCI-II acoustic emission
acquisition system, including PCI-2 host and Nano30 sen-
sor and Mistras preamplifier. Through real-time acquisition
of acoustic emission events, the waveform of events was

recorded, combined with built-in A/D transition card, tran-
sited into a digital signal and stored in the computer. The
main parameters (occurrence time, momentary magnitude,
energy, maximum amplitude, etc.) were analyzed by using
the AEwin Acoustic EmissionHandler and were stored in the
database. The indoor test system was as shown in Figure 3.

During the test, the operation of loading system and
the acoustic emission monitoring system shall be kept syn-
chronously. The uniaxial compression loading control was
loaded at a rate of 0.15mm/min using a displacement loading
method until the specimen was broken. Acoustic emission
monitoring used 8 Nano30 sensors to collect the signal at the
same time. A rubber belt was used to evenly fix the sensor
around the specimen. The sensors were 25mm from the
upper cross section and lower cross section of the specimen.
In order to ensure that the acoustic emission signal could
be effectively received by the sensor, butter shall be applied
on the contact position of the specimen and the sensor for
coupling. At the same time, the test set amplitude threshold of
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Figure 3: Testing machine and AE monitoring system.

the acoustic emission system to 45 dB to eliminate the effect of
ambient noise on the acoustic emission test.The sampling fre-
quency of the acoustic emission system was set to 1MHz, the
main amplifier was 40 dB, and the probe resonant frequen-
cy was 20–400 kHz. Schematic diagram of AE and loading
system and the transducer arrangements were as shown in
Figure 4.

3. Acoustic Emission Characteristics of
Specimens with Different Bedding Angles

3.1. Acoustic Emission Activity Characteristics. As a result of
the limitation of space, a representative specimen shall be
selected for analysis and description of each bedding angle.
Respectively, theywere 0004 (bedding angle of 0∘), 4503 (bed-
ding angle of 45∘), and 9003 (bedding angle of 90∘). Figure 5
shows relations of rings rate-strain, accumulated rings-strain,
and stress-strain curves of specimens with different bedding
angles. In order to clearly reflect the acoustic emission ringing
rate and ringing cumulative number, the vertical axis unit in
the figure was not normalized.

It could be seen from accumulated rings number-strain
curve that when the bedding angle was 0∘, that is, when

the bedding direction was perpendicular to the axial direc-
tion, the accumulated rings number was 16.81 × 105 times;
when the bedding angle was 45∘ and the bedding direction
obliquely crossed the axial direction, the accumulated rings
numberwas 7.02× 105 times; andwhen the bedding angle was
90∘, that is, the bedding direction was parallel with the axial
direction, the accumulated rings number was only 1.02 × 105
times. It could be seen that with the increase of the bedding
angle the overall activity level of AE was decreasing signifi-
cantly, and when the bedding angle was 90∘, the numerical
value was only 6.1% of the numerical value when the bedding
angle was 0∘. The test results of the remaining specimens also
showed the same trends, as shown in Table 2.

Because when the bedding angle was 0∘ stress concentra-
tion was likely to occur between the bedding planes, the orig-
inal crack was constantly compacted and new crack occurred
continuously, acoustic emission activities were frequent, and
the ringing cumulative numbers were the most; when the
bedding angle was 45∘, the new crackwasmore likely to occur
along the bedding plane, but under the same stress condition
the activity level of AE was lower than the activity level of AE
when the bedding angle was 0∘, and the ringing cumulative
number was low; when the bedding angle was 90∘, that is,
the bedding direction was parallel with the axial direction,
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Figure 5: Relations of rings rate-strain, accumulated rings-strain, and stress-strain of rock samples in different bedding angles.
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Table 2: AE accumulated rings and energy.

Serial number Bedding angle Accumulated rings
(105)

Energy
(J)

0002
0004
0005

15.87
16.81
13.82

3.76 × 10−9
4.03 × 10−9
3.41 × 10−9

4501
4503
4504

6.82
7.02
7.58

1.46 × 10−9
1.54 × 10−9
1.69 × 10−9

9002
9003
9005

0.98
1.02
0.96

2.33 × 10−10
2.03 × 10−10
1.89 × 10−10

the bed plane reduced the rock tension-compression ratio,
the specimen was likely to generate crack along the bedding
plane under tension, consolidation in the horizontal direction
basically disappeared, AE activity was placid, and the ringing
cumulative numbers were the least.

From the perspective of ringing counting rate-strain
curve, during the stage of which AE event occurred, after the
AE several extremely large ringing rates were removed, the
average value of ringing count rates under the three kinds of
bedding angle is as follows: 1176 times/s (0∘), 758 times/s (45∘),
and 211 times/s (90∘). It showed that the ringing times in unit
time were more when the bedding plane was perpendicular
to the axis, and the intensity of activity of AE was the highest,
and when the bedding plane was parallel with the axis, the
intensity of activity of AE was the lowest.

Because when the bedding angle was 0∘ stress concen-
tration area occurred between horizontal bedding planes
under the stress effect, resulting in the original cracks closing
and the generation, development, and eventually integration
of a large number of new cracks, the ringing count rate
increased sharply during integration and AE ringing count
rate suddenly increased; when the bedding plane was parallel
to the axial direction, the vertical bedding plane was equiv-
alent to the weak plane existing along the axial direction,
and the tension effect caused by the early axial stress could
easily crack it, but the rock still had a certain axial bearing
capacity and would lead to damage in later period under the
action of shear force, so the ringing count rate during the
whole process was relatively low; when the bedding plane
and axial direction were 45∘, the specimen would occur with
crack under compressive stress and slid for friction along the
bedding plane under force action. During this period, ringing
count rate slowly increased and achieved peak value while
being disrupted. The activity intensity was between 0∘ and
90∘.

3.2. Characteristics of Acoustic Emission Energy. Figure 6
shows the energy rate-strain, energy-strain, and stress-strain
curves of the specimen with different bedding angles. The
total energy of AE was 4.03 × 10−9 J with the bedding angle of
0∘; the total energy of AE was 1.54 × 10−9 J with the bedding
angle of 45∘; and the total energy of AE was 2.03× 10−10 J with
the bedding angle of 90∘, indicating that the energy released
by the densification, initiation, expansion, and penetration
of the crack was the largest when the bedding plane was
perpendicular to the axis during the specimen loading; with
the increase of bedding angle, the energy was gradually
reduced. The variation trend of energy showed the activity
level of weakly cemented sandstone.

From the energy rate-strain curve of the different bedding
angles in Figure 6 it can be concluded that the time of
increasing of the energy rate is less when the bedding angle
is 0∘, which occurs at the strain of 0.012 and break, but
under high strain the energy is sharply released in a short
time, because the horizontal bedding specimen canwithstand
greater load, and more energy is required to make the cracks
between the bedding surface expansion and cut-through;
when the bedding angle is 45∘, the energy required for sliding
failure along the bedding surface due to transpression is less
than 0∘ of the bedding angle, so the increasing energy rate
before the damage is more dispersed and the amplitude is not
large, and high rate of energy is concentrated in the vicinity of
the destruction phase; when the bedding angle is 90∘, the high
rate of energy is scattered in thewhole process of deformation
and the amplitude is low, and the latter is more centralized
than the previous period; this is because the axial direction is
the same as the bedding plane, and the nonpenetrating part
inside the rock can withstand low loads.The crack has begun
to expand, penetrate, and release energy when the energy has
not yet reached a higher value, and such a process has been
repeated until the specimen is damaged, during which each
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Figure 6: Relationships of energy rate-strain, energy-strain, and stress-strain of rock samples in different bedding angles.

propagation and coalescence of crack correspond to a high
energy value.

4. Spatial Distribution of AE Locations with
Different Bedding Angle

AE localization can reproduce the internal damage process
during rock compression from space; it is important to study
the temporal and spatial distribution of AE for characterizing
the internal failure zone and damage point of rock. Figure 7
shows the spatial distribution of AE locations for three
kinds of bedding angle specimens at different strain levels
during uniaxial loading. The following could be seen from
the number of AE locations in three different bedding angle
specimens: 1646 at most at 0∘, 1339 at 45∘, and 560 at 90∘.
This phenomenon coincides with the change in the number
of bells and the energy discussed in the previous article; that
is, when the bedding direction is perpendicular to the axis,

the AE activity is more intense. The color of the pellets in the
model represents themagnitude of the AE locations, with red
showing the higher magnitude and blue showing the lower
one.

The AE locations in Figure 7(a) are distributed substan-
tially along the horizontal direction and have a significant
correlation with the bedding angle. Before 0.6𝜎 (𝜎 represents
the UCS) the locations showed a slow growth trend, and balls
were mostly blue, indicating a small magnitude event; the
locations at the top of the specimen suddenly increased to
691 as it was up to 0.7𝜎, and the balls were yellow-green,
indicating themagnitude increased; when it reached 0.9𝜎, the
number of AE locations in the lower part of the specimen
increased sharply; the number of balls was 1.3 times that
of 0.9𝜎 during peak stress, and the new AE locations were
mostly green and red, indicating the magnitude was larger.
This indicated that the AE location increased sharply, and
a lot of energy was suddenly released before the specimen
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Figure 7: AE space-time evolution of rock samples in different bedding angles.



Shock and Vibration 9

with the bedding angle of 0∘ close to be damaged. This was
because the strain of the specimen was continuously con-
centrated along the layer during compression; firstly the
cracks appeared in the middle part and orderly developed
and formed AE location cluster, with the increasing strain, it
began to expand toward the upper and lower part and formed
AE location cluster at the upper and lower part, respectively,
AE location magnitude also gradually increased, and finally
the lower part of the specimen suddenly occurred in AE
location with large magnitude; the crack quickly penetrated
upper part, and the rock had unstable failure.

Figure 7(b) showed that the AE location was distributed
along the bedding angle of 45∘. AE locations firstly occurred
in the middle and formed balls clusters; it began to expand
toward 0.4𝜎 and formed balls clusters along the bedding
plane at 0.9𝜎. The numbers of AE locations were 763 at that
moment, and the number of balls increased sharply to more
than 1300 during peak stress, while it could be seen that new
balls included many higher magnitudes of yellow and red
balls, which indicated that near the peak stress the produced
AE location and energy accounted for a large proportion in
the whole process, and the crack penetrated from the middle
to the bottom left; finally, the rock had unstable failure. The
reason is that, under the influence of bedding angle, the
strain firstly concentrated on the weak surface between the
bedding and the crack continually produced, and the crack
was more likely to expand along the bedding plane with
the increasing strain. Under the action of friction, the strain
was concentrated in the lower part of the specimen, and
the increase of the number of crack expansion led to the
accumulation of AE locations. The damage speed of the rock
was intensified and the crack penetrated through the upper
right finally and the specimen was broken.

Figure 7(c) shows the distribution of AE locations when
the bedding angle was 90∘; compared with (a) and (b), the
distributionwas scattered and therewas no obvious direction.
During the entire loading process, there was no sudden
increase in AE locations, but balls accelerated after 0.8𝜎. The
number of AE locations was smaller than the previous two
kinds of bedding angle, and the number of red balls in the
middle and highmagnitudes was less.This was because when
the bedding angle was parallel to the axial direction, the
specimen was more prone to tensile damage under tensile
stress; due to the less energy required for tensile damage, the
number of middle and high-level AE locations was lower.
Although the event was cracked, the specimen still withstood
pressure, so the lower part of the specimen generated the
stress concentration under the action of axial stress, the crack
propagated and penetrated, and the specimen was broken.

5. Evolution of 𝑏 Value of
Specimens with Different Angles of
Bedding via Acoustic Emission

In 1941, the statistical relation between earthquakemagnitude
and frequency was put forward by Gutenberg and Richter in
the study of the seismic activity of the world.The famous G-R
relationship [28, 29] is expressed in the following formula:

lg𝑁 = 𝑎 − 𝑏𝑀, (1)

where 𝑀 refers to the magnitude, 𝑁 refers to the acoustic
emission times greater than the magnitude 𝑀, and 𝑎 and 𝑏
are constants, of which 𝑏 value is the function of the relative
magnitude distribution of acoustic emission.

In rock mechanics, 𝑏 value can be used as the function
of crack expansion scale to represent the ratio of different
amplitude acoustic emission events or the ratio of different
scale cracks in the process of rock failure. According to the
research of Lockner et al. and Zeng et al. [30, 31] and other
scholars, the increase of 𝑏 value shows that the proportion of
small-scale cracks increases, which are mainly microcracks;
the 𝑏 value invariant indicates that the size-scale crack dis-
tribution is unchanged, and the state of different scale micro-
cracks is relatively constant; the decrease of 𝑏 valuemeans the
increase of large-scale cracks in ratio. If 𝑏 value changes in a
small range, it represents the fact that the state of microcracks
changes slowly; and it is an asymptotic, stable expansion
process; if 𝑏 value has a burst transition in a large extent,
it indicates a burst change of microcrack state and a burst
failure.

In this manuscript, 𝑏 value was calculated by the Matlab
program by means of discrete frequency method. A number
of 1000 of AE data pieces were selected as a group, and sam-
pling calculation was conducted as per 200 event slides; by
doing so, excessive calculation errors resulting from the lower
number of AE data in a certain magnitude were avoided.
When the change rule of 𝑏 value with the time is obtained
and the variation regularity of 𝑏 value with the stress level
is gained through combining the relationship between stress
and time, the 𝑏 value-stress horizontal curve of test piece with
different bedding angles is shown in Figure 8.

It can be seen from Figure 8 that the development trend
of 𝑏 value in AE event had obvious bedding effect, and the 𝑏
value-stress horizontal curve in the deformation of specimen
with different angles of bedding showed different patterns.
When the bedding anglewas 0∘, the curve presented the trend
of rise first and drop next, and the increase and decline ranges
were large, indicating that the 𝑏 value was increasing and
then had a rapid decline when reaching a certain stress level;
when the bedding anglewas 45∘, the curve changed to bemild
from the load, and when the stress level increased to 60%, the
curve slowed down, which indicated that 𝑏 value had little
change in the early stage, and it decreased at the late stage;
when the bedding angle was 90∘, the curve was basically in
horizontal fluctuation state, and there was a small range of
decline after the stress level reached to 80%; that is, the change
of 𝑏 value was kept within a stable scope.This is because when
the bedding surface was in horizontal state, with the increase
of stress, the original cracks in the specimen were compacted
and the new initiated microcracks had a rapid growth, AE
event was mainly small-scale cracks, and 𝑏 value rose; when
the stress reached 60%, the expansion and communicating of
microcrack rapidly led to a larger crack; at this time, there
were mainly large-scale cracks, and 𝑏 value decreased, and
the crack scale differentiation was obvious; when the bedding
angle was 45∘, microcracks along the bedding surface began
to sprout, the number was increasing but the crack scale
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Figure 8: Curves of different 𝑏 value with the stress in different bedding angles.

remained stable, and small-scale cracks accounted for a high
ratio, so the change range of 𝑏 value was small; with the
increase of shear force, large-scale cracks were increasing,
with a high the proportion, and 𝑏 value decreased; when
the bedding angle was 90∘, the expansion of microcracks of
the specimen is stable during the loading process, and the
number of cracks is lower than the former two angles. The
only decrease observed in the proportion of large-scale cracks
was before the damage, and the 𝑏 value had a small range of
decrease.

In addition, the 𝑏 value in AE event also showed bedding
effect. It can be seen from the figure that, in the case of the
same stress, when the bedding angle was 90∘, the mean value

of the 𝑏 value was the highest; when the bedding angle was 0∘,
the mean values of the 𝑏 value are the lowest; and when
the bedding angle was 45∘, the mean value of 𝑏 value was
medium. For example, when the stress level is 40%, the 𝑏
values at 90, 45, and 0 degrees are 1.68, 2.04, and 2.37, respec-
tively, while when the stress level is 80%, the 𝑏 values are 1.32,
1.81, and 2.34, respectively. This is because, under the same
stress, when the bedding angle was 90∘, the small-scale cracks
had a higher proportion and the energy of AE event was low;
when the bedding angle was 0∘, the energy of AE event was
high and the large-scale cracks had a higher proportion.This
conclusion is also consistentwith the previous trend of energy
change in AE event with different angles of bedding.
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6. Conclusion

Based on the AE test of weakly cemented sandstone samples
with different bedding plane under uniaxial compression,
the influence of bedding plane on the compression strength
and spatial distribution of AE events, energy release, and 𝑏
value during rock failure was studied, and the conclusions are
summarized as follows.

(1) Bedding plane has an important influence on the com-
pression strength of the rock. With different bedding angles,
the order of uniaxial compression strength of the rock speci-
men is as follows: 0∘ > 90∘ > 45∘.

(2) Bedding plane is related to the AE activities during
the loading process of rock. With the increase of the bedding
angle, the AE rings rate decreases and the AE activity is less.
The rock specimen with large bedding angle is more prone to
rupture along the bedding plan when it is destroyed. Simul-
taneously, AE energy rate is higher when the bedding angle is
smaller, and the energy sudden release will occur before the
specimen failure.

(3) The spatial distribution rule of AE location event is
closely related to the bedding angle.With the increase of bed-
ding angle, the number of AE location events inside the spec-
imen decreases, and the location is easier to occur along bed-
ding plane.

(4) With the increase of the bedding angle, the expansion
of the microcrack initiation in the rock specimen gradually
weakens, and the proportion of the large-scale cracks increas-
es.Therefore, the variation of 𝑏 value progressively decreases,
and the average 𝑏 value increases gradually at the same stress
level.
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Microseismic (MS) frequency response is an important part of high-efficiency data mining to achieve the aim of coal and gas
outburst (CGOB) early warning. Based on the variation pattern of acoustic emission (AE) signal in the coal failure process,
the experimental characteristics of MS activity and typical signals CGOB were obtained in this study. First, the AE behavior of
coal failure experiment was studied, and an explanation of laws was provided as follows: the fracture behavior of coal sample
exhibits certain characteristics of AE response in terms of AE event count, signal amplitude, and frequency; each stage has its
own physical meaning during the process of loading test. Based on these laws, CGOB experiments were carried out using a
large CGOB physical simulation system with a MS monitoring system. Notching filter and wavelet packet transform technique
were used in the denoising and feature extraction of six typical MS events (signals). The features of each stage, including the
time-frequency domain, were extracted and quantitatively expressed. We finally arrive at the following conclusions: (1) CGOB
exhibits significantly periodic characteristics, and each CGOB stage corresponds to the significant response characteristics of MS.
CGOB presents varying characteristics, such as “valley-peaks-valley”. (2) From the incubation stage to happen stage of outburst,
the spectrum significantly moved from extremely low frequency (100-200 Hz) to high-frequency band (approach to 1600 Hz).
During the residual stage, MS frequency manifested the concentration distribution (50 Hz) and offered the advantage of energy
concentration. (3)The phenomenon of signal energy also shows the trend of energy transform low to high and to low modes along
with the process. Signals total energy distribution (42.81%, 1,437.5-1,812.5 Hz) in the happen stage are markedly larger than those of
events in incubation stage (7.01%) and residual stage (1.44%). The methodology presented in this paper for CGOB signal analysis
provides a new method to obtain MS response precursor and predict CGOB disaster. This approach can be useful for rockburst
anticipation and control during mining in gas and highly stressed coal mines.

1. Introduction

Coal and gas outburst (CGOB) disasters are characterized
by a complicated mechanism, sudden occurrence, and mas-
sive harm [1–4]. CGOB disasters not only affect normal
operations of mining but also seriously restrict mine safety
and efficient production. To date, existing parameters and
methods are limited in making accurate predictions and
fail to satisfy the requirements of mining safety; Figure 1
shows a typical unforecasted CGOB accident that occurred
in Guizhou Province. Therefore, prediction and prevention

studies should be related to reduce casualties and economic
losses caused by CGOB disasters.

CGOBs are controlled by multiple factors, such as
stress, gas, physical, and mechanical properties of coal [5–
12]. Capturing characteristic information before the disaster
occurs is crucial to achieve accurate and timely warning.
According to the investigation and analysis of accidents,
CGOB is commonly accompanied by precursor information
[13, 14], such as drilling jamming, gas abnormal effusing,
temperature changes of coal body, gas pressure increase,
and hissing noise released from coal body. Many researchers
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(a) Outburst and piling up seam (b) Dumping and buried single hydraulic props

Figure 1: Disaster of CGOB in Guizhou Province, China.

suggested using gas pressure, coal bed stresses, and methane
concentration parameters based on these characteristic pieces
of information to predict CGOB disasters. The main con-
tactless monitoring and early warning methods to predict
theCGOBdisasters include electromagnetic radiation (EMR)
method [15–18], acoustic emission (AE) method [19, 20],
and microseismic (MS) method [21]. Compared with AE
and EMR, MS inversion technology exhibits advantages in
source inversions, monitoring range, and signal connotation
aspects over a large size monitoring range [22–24]. MS
method has been widely used for mining disaster prediction,
such as CGOB, because onsite monitoring and laboratory
research indicate that microfracturing is a typical precursor
of dynamic disaster [25–27].

MS signal analysis, processing, and feature mining are
key to realize accurate and early warning, which is still an
urgent problem. In practice, the characteristics of MS event,
signal recognition [28], and precise positioning [29, 30] are
the important parts of signal process and analysis.The related
theory of signal has been advanced formany years. At present,
certain methods such as time-domain analysis, frequency-
domain analysis, and time-frequency domain analyses have
been conducted to capture signal characteristics. Among
these methods, time-frequency analysis method is widely
used in blasting, machinery, and the other areas of sig-
nal analysis, especially seismic signal processing [31–33].
Typical methods, such as Fourier transform, continuous
wavelet transform, S transform, Wigner–Ville distribution,
and Hilbert transform (HHT), are based on signal frequency
analysis with primary short-time Fourier transform [34],
wavelet transform [35], discrete wavelet transform (DWT)
[36], and wavelet packet transform [37]. Time frequency
analysis is a complex signal processing method that can be
used for constituent and transient nonstationary MS signals.
Kang (2010) analyzed the time frequency of AE signals
from rock damage and obtained time-delay estimation in a
single band, which resulted in a damage localization with
enhanced accuracy [38]. Zhu (2012) also conducted research
on wavelet packet energy to classify blasting and MS signals
[39]. Guizhou Coal Mine Design and Research Institute has
investigated MS signal analysis and prediction of CGOB in
recent years and obtained significant results through a series
of laboratory experiments [40, 41].

This paper aims to find an effective feature for describing
the process changes of CGOB and explore a new approach
to disaster prediction. In general, this study can be primarily
divided into two parts: uniaxial compression test (UCT)
of coal specimens containing gas (CSCG) and large-scale
CGOB test in the laboratory. In previous experiments [40, 41],
we found that the main frequency of AE signal changes
with the coal specimen failure process. On the basis of this
result, we present a novel method to analyze the weak and
nonstationary transient characteristics of MS signals during
CGOB. Through analysis and processing, we observed that
AE or MS signal frequency was regularly changed during
CGOB. We describe the problem in detail and demonstrate
how to find a solution.

2. AE Behavior of Coal Failure Process

2.1. AE Dynamic Response under UCT. Previous studies
show that the failure process of coal-rock combined body
exhibits apparent AE characteristics that are significant when
the specimen is initially damaged, yielded, and destroyed
[42–44]. The AE characteristics in UCT with different gas
pressures should be understood and interpreted to confirm
the coal and rock fracture. Therefore, we performed the
UCT study on AE characteristics of coal failure with coal
samples stored in a gas pressure environment before the
CGOB experiment. The experimental study on the mechani-
cal properties of coal containing methane was performed on
raw coal samples in a coal mine located in Guizhou Province,
China. AE system choice of high precision equipment from
PAC (Physical Acoustic Corporation), the parameters of
AE device were set as follows: main amplifier, 40 Hz;
threshold value, 35 db; sensor resonant frequency, 20–400
kHz; sample frequency, 1 MHz (more details about this
system and parameters can be seen in [43–45]). Figure 2
clearly shows that the AE event count changes with loading
stress in different stages. During the laboratory experiment,
AE signals occurred along with uniaxial loading at every
stage, and AE space-time evolution corresponded to the
complete stress-strain curves. Clearly, the fracture behavior
of coal sample exhibits certain characteristics, and each stage
denotes its own physical meaning during loading test. After
a gap, the stage of specimen failure arrives. The count of
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Figure 2: AE event count and loading stress for different gas pressure levels.
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Figure 3: Relationship curves of stress-time-AE signal peak frequency.

AE event increases sharply along with the loading stress and
then reaches a maximum value. Afterward, the process is
completed and enters a quiet period.

2.2. Peak Frequency Variation of AE Signal. In addition,
several new conclusions can be defined as an indications
or precursors for the CSCG to sprout and develop during
loading. As shown in Figure 3, the frequency of AE signals
shows an apparent periodic pattern. Sporadic AE responses
with high frequency (> 200 kHz) appeared in the initial
period. The process then developed into a brief period of
“blank.” When the signal starts to become unsteady, the
signal frequency presented a sharp increase from 20 kHz
to 500 kHz and remained at high-frequency levels for a
short time until the coal ultimately failed. Three specimens
with different gas pressure levels displayed similar frequency
response patterns, most of which depicted frequency changes
from sporadic, blank to shoot up, and from low to high
frequency. Our results gave agreement with the correspond-
ing result reported by JI (2015) [46], in which the basic AE
characteristics in the low and high frequencies are similar
during failure matching the mechanical properties. Thus,
signal frequency regularly changes in the cracking process of
rock and coal.

The process of UCT exhibits certain regularity of AE
response in terms AE event count, signal amplitude, and
frequency.This finding is followed by a description of CGOB
laboratory and a detailed presentation of how to quantita-
tively represent the MS signal and apply it in predicting haz-
ards. In the subsequent sections, we describe the experiment

on CGOB disaster to verify whether the result is the
same.

3. CGOB Experiment

In this section, we introduce the CGOB experimental appa-
ratus and scheme. The experiments were completed on
December 25, 2011. Experiment phenomena, especially the
MS dynamic response of the experiment, are shown in the
following description.

3.1. Experimental Apparatus and Scheme. CGOB experi-
ments were carried out by means of a large CGOB physical
simulation system, which was developed independently by
Chongqing University (see [7] for more details about this
system). The simulation system includes three functional
parts (see Figure 4): model steel structure (including sample
box), loading device and air ejecting device (including gas
compressor), and external monitoring equipment (such as
gas pressure and temperature). MS equipment from Engi-
neering SeismologyGroup,Canada Inc. (ESG), was one of the
external equipment used to record the MS vibration in real-
time dynamic monitoring during the total CGOB process.
The parameters of MS monitoring device were set as follows:
sampling frequency, 4,000 Hz; continuous-acquisition buffer
length, 15min with a subsequent STA/LTA for picking up and
intercepting the events; speed sensor frequency, 50–5 kHz
with a sensitivity of 30 V/g; acquisition frequency, 0–2,000
Hz.
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(a)

(b) (c) (d)

Figure 4: Analog simulation system of coal and gas outburst (ASSCGO): (a) steel experimental structure, (b) gas compressor, (c) sample box,
and (d) installation of MS sensors.

Table 1: Experimental parameters and result.

Items Content Result

Key parameters

1 Gas content 20.125 m3/t
2 Gas pressure 1.41 MPa
3 Description of thrown body Shape Cylinder
4 Size None recorded

Key moments

1 Beginning time 15:30:50
2 Shutting time 16:29:00
3 Preparation time 17:06:54
4 Occurring time of CGOB 19:04:31

The total experiment process can be summarized as
follows: coal sample production, coal packing and pressing,
box sealing and installation, chamber air tightness test, coal
inflatable adsorption, MS equipment installation, and press
loading. During each experiment, the signals were recorded
by the ESG MS equipment in real-time. The recorded events
can be used to analyze the response and internal activities in
the tested chamber. The rest of the detailed parameters of the
process are referred to in the literature [40].

3.2. Experimental Process and Phenomena. The duration of
coal outburst simulation parameters and result are summa-
rized in Table 1, which corresponds to the test parameters and
results of an experiment completed on December 25, 2011.
Themonitoring and analysis results indicate that the duration
of the outburst process was approximately 15 s. A total of
20.125 kg coal was ejected (77.5 kg coal with 3.6 kg yellowmud
infilling was installed). The key time points and parameters,
including beginning time, occurring time, gas pressure, and
other parameters, are shown in Table 1. Figure 5 reflects
outburst situation at different times. Figure 5(d) displays the
ejected coal in the outburst stage.

Responses during CGOB process were monitored by the
MS system. Figure 6 shows the typical MS waveforms during

the CGOB experiment. We can clearly observe the variation
in MS signal in different moments, including amplitude and
waveforms. For CGOB quantitative characterization, three
aspects of the issues are discussed and validated in the next
step.

4. Time-Frequency Characteristic
Analysis of MS Signals

Mining MS signals possess typical nonstationary random
and nonlinear properties. Time-frequency analysis is an
important new branch of mathematics that has been recently
developed. Time-frequency analysis has become of consider-
able research interest worldwide and thus has been used to
analyze nonstationary MS signals.

4.1. Data Preprocessing. During the experiment, the vibration
of loading device can trigger the MS monitoring system. The
signal during CGOB was different from microcrack signal
caused by coal and rock fracture. As the effect of gas, this
kind of signal belonged to high-frequency vibration, and its
frequency was higher than the original. In this experiment,
the maximum frequency was close to 2,000 Hz (sampling
frequency of 4,000 dBm/Hz). Therefore, signal component
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Figure 5: Phenomena of CGOB.
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Figure 6: Typical waveforms of MS signals in the CGOB laboratory.

distributed in the range of 0–100 Hz was not useful for
analysis in this study and should be deleted before signal
analysis.

Based on the comparison of several denoising methods,
the notch filter was eventually elected to denoise MS signals.
Figures 7(a1) and 7(b1) exhibit variations in the original wave-
form (Figure 7(a)) and the denoising waveform (Figure 7(b))
versus time, and Figures 7(a2) and 7(b2) show the signal
frequency of original and filter signal. Information of the
original signal compared with Figure 7 shows that wavelet
packet denoising better retained details and useful wavelet
denoising. In addition, the processed signal was smoother
than before.

4.2. MS Dynamic Response. The response frequency of the
experiment was recorded at every 4 min during the burst
process to highlight the features of the burst. The peak of
the signal frequency (Hz) versus time (min) (solid lines)
and gas pressure (MPa) versus time (min) (solid lines with
marker “o”) are given in Figure 8. From the signal intensity
of this figure, the distribution can be roughly divided into
four stages, namely, incubation, inspire, happen, and residue
stages, which agreed with the findings of Hu (2008) [10].
With the objective to observe the frequency change for a long
period, the raw signal data were sliced to data pieces and

data lengths of 4,000 sampling points (equal to 1 second) to
mitigate the effects caused by data size. Figure 8 shows that
the frequency distribution of MS signals scattered around is
low in Stage I (event 1, almost less than 200 Hz).

In Stage II (events 2 and 3), a general but slow increase in
MS signal frequency of less than 400 Hz was observed with
the gas pressure increase. The highest value of frequency in
this stage can reach 632.68 Hz. However, Stage III (events
4 and 5) deviated from Stages I and II. Large numbers of
high-frequency signals emerged, and the signal frequency
markedly changed from low (0–400 Hz) to high frequency
(up to 1,600 Hz). In Stage IV (event 6), calm was restored,
and the frequency decreased to 50Hz (power frequency).The
variation curve of gas pressure matches the frequency change
of MS signal.The CGOB exhibits significant periodic charac-
teristics, and each CGOB stage corresponds to significantMS
signal frequency.

This figure provides further evidence that the process of
CGOBchanges according to different stages alongwith a clear
frequency change trend; that is, the variation trend in signal
frequency moves from low to high.

4.3. Frequency Spectrum Analysis. According to Section 4.2,
time-frequency analysis, an important method, was used
for feature extraction of MS signal [35, 47]. This method
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Figure 7: MS signal preprocessing results sampling point versus amplitude and frequency versus (a) original MS signal and (b) filtered MS
signal.
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Figure 8: Variation in gas pressure levels and MS response (frequency) during the experiment.

can describe the relationship between time and frequency
domains and provides conjoint distribution information
of both sides (namely, energy density and intensity). Six
typical events numbered 1–6 were detected from the CGOB
experimental process and analyzed using short-time Fourier
transform (see Figure 9) to mirror the microseismic signal’s
features in different stages.

Figure 9 shows that the distribution of frequency and
energy with the variation in time and frequency can reflect
certain characteristics. Events 1 and 2 occurred during Stage
I. Event 1 mainly concentrated in 800 Hz with the subjective

maximum value of 6,000 dBm/Hz.This event was speculated
as a mechanical vibration caused by experimental apparatus.
Event 2 differed from 1 and 2 focused on 100–200 Hz and
belonged to background noise. After a quiet period, event 3
occurred in Stage II with the increase in frequency (from 300
to 800 Hz). CGOBs occurred in Stage III. Event 4 occurred
with a series of MS events. Signal dominant frequency and
energy reached 1,350 Hz (in the range 480–1,600 Hz) and
1,800 dBm/Hz in this stage. Frequency was then distributed
from 800 to 1,380 Hz and was concentrated at 850 Hz
(see 5). After coal ejection, the frequency decreased to 50



Shock and Vibration 7

50 100 150 200 250
Time (ms)

200
400
600
800
1000
1200
1400

50 100 150 200 250
Time (ms)

100
200
300
400
500
600
700

Time (ms)
0 50 100 150 200 250A

m
pl

itu
de

 (m
V

)

−5000

0

5000

Time (ms)
0 50 100 150 200 250A

m
pl

itu
de

 (m
V

)

−5000

0

5000

50 100 150 200 250
Time (ms)

Time (ms)

1000

2000

3000

4000

5000

6000

50 100 150 200 250
Time (ms)

Time (ms)

500

1000

1500

2000

2500

0 50 100 150 200 250A
m

pl
itu

de
 (m

V
)

−5000

0

5000

0 50 100 150 200 250A
m

pl
itu

de
 (m

V
)

−5000

0

5000

50 100 150 200 250
Time (ms)

500

1000

1500

2000

2500

3000

50 100 150 200 250
Time (ms)

200
400
600
800
1000
1200
1400
1600
1800

Time (ms)
0 50 100 150 200 250

A
m

pl
itu

de
 (m

V
)

−5000
0

5000

Time (ms)
0 50 100 150 200 250

A
m

pl
itu

de
 (m

V
)

−200
0

200

20
40
60
80

100
120
140
160
180
200

Fr
eq

ue
nc

y 
(H

z)

500

1000

1500

2000

Fr
eq

ue
nc

y 
(H

z)

500

1000

1500

2000

Fr
eq

ue
nc

y 
(H

z)

500

1000

1500

2000

Fr
eq

ue
nc

y 
(H

z)

500

1000

1500

2000

Fr
eq

ue
nc

y 
(H

z)

500

1000

1500

2000

Fr
eq

ue
nc

y 
(H

z)

1 2

43

65

Figure 9: Evolution diagrams of MS signal spectrum under the CGOB test.

Hz, and energy was 700 dBm/Hz at maximum (see 6).
Comprehensive analysis shows no apparent changes in the
energy and frequency ofMS signals. In the outburst stage, the
complicated frequency components gradually shifted from

low to high frequency.This result validates the assumption in
Section 2. The remaining problem was how to quantitatively
represent the MS signal and apply it in CGOB hazard
prediction.
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5. Prominent Signs of Seismic
Energy Development

5.1. Time-Frequency Analysis of Wavelet Packet Method.
Wavelet packet transform (WPT), which can capture detailed
information with fine resolution in both low- and high-
frequency bands, was proposed by Wickerhauser [48] and
Coifman [49] as generalization and improvement of wavelet
transform.TheWPT roughly divides the frequency space of a
signal into a low-frequency and a high-frequency component
by using a pair of low pass and high pass filters; the same
splitting procedure is repeated for all obtained components
until a specified level is reached. Through this process, the
total frequency space of a signal can be divided into various
narrow bands, allowing improved time-frequency localiza-
tion and frequency components containing low energy to
be readily identified [50]. This method exhibits good time-
frequency characteristic, multiple scales, andmultiresolution
for confirming the features of MS signals. By assuming the
MS signal is 𝑠(𝑡), wavelet packet decompositionmodel can be
expressed as follows:

s (𝑡) =
2𝑘−1

∑
𝑛=0

𝑠(𝑗)𝑛 (𝑡) (1)

where 𝑠𝑛𝑗(𝑡) represents the 𝑛-th decomposed signal at 𝑗 layer
scale.

Thus, the wavelet packet time-frequency component
spectrum𝑊𝑃𝑆(𝑗)n (𝜏, 𝑓) is given as follows:

𝑊𝑃𝑆(𝑗)n (𝜏, 𝑓) = ∫
𝑅
𝑢[j,0]𝑛 (𝑡 − 𝜏) 𝑠(𝑗)𝑛 (𝑡) 𝑒−𝑗2𝜋𝑓𝑡𝑑𝑡

= 2−𝑗/2 ∫
𝑅
𝑢𝑛 [2−𝑗 (𝑡 − 𝜏) 𝑠(𝑗)𝑛 (𝑡) 𝑒−𝑗2𝜋𝑓𝑡𝑑𝑡]

(2)

The time-frequency component spectrum in 𝑘 layer and
𝑗 scale can also be expressed as

𝑊𝑃𝑆(𝑗) (𝜏, 𝑓) =
2𝑘−1

∑
𝑛=0

𝑊𝑃𝑆(𝑗)n (𝜏, 𝑓) (3)

Meanwhile, the time-frequency component spectrum
accords with the conservation of energy. Hence, (3) can be
expressed in Fourier transform method:

∫
𝑅
|s (𝑡)|2 dt =

2𝑘−1

∑
𝑛=0

∫
𝑅
∫
𝑅

𝑊𝑃𝑆(𝑗)n (𝜏, 𝑓)

2 𝑑𝜏 𝑑𝑓 (4)

With the help of the above equations, analysis of MS
signals by using wavelet packet method becomes feasible.

5.2. Frequency Band Energy Calculation Method. Signal 𝑠(𝑡)
(see (1)) can be decomposed into 2𝑗 band components [39],
forming 𝑠(𝑗)0 (𝑡), 𝑠(𝑗)1 (𝑡), . . . , 𝑠(𝑗)𝑛 (𝑡), and 𝑠(𝑗)2𝑗-1(𝑡) because the MS
signal is decomposed with wavelet packet, and the signal
of each frequency band is reconstructed. The energy 𝐸(𝑗)

𝑘
of

component 𝑠(𝑗)
𝑘
(𝑡) is given as

𝐸(𝑗)
𝑘
= ∫
𝑅

𝑠
(𝑗)

𝑘 (𝑡)

2 𝑑𝑡 (5)

where 𝑘 ∈ {0, 1, 2, . . . , 2𝑗–1}.
The energy percentage of 𝑘-th component in the total

original signal can be described as

𝑃(𝑗)𝑛 =
𝐸(𝑗)
𝑘

𝐸 =
𝐸(𝑗)
𝑘

∑2𝑗−1𝑛=0 𝐸(𝑗)𝑛
= ∫𝑅

𝑠
(𝑗)

𝑘 (𝑡)

2 𝑑𝑡

∑2𝑗−1𝑛=0 ∫𝑅
𝑠
(𝑗)
𝑛 (𝑡)

2 𝑑𝑡
(6)

5.3. Distribution of Wavelet Packet Energy. Wavelet packet
analysis was applied to analyze the MS signal to extract the
feature of stage signals.The basis function of wavelet package
was “sym6”. One channel signal was divided into 5 layers
and 32 subbands, and every subband was 62.5 Hz. Table 2
and Figure 10 show six events, and the distribution of band
energy variation in time reflects the characteristics of four
stages.

Table 2 and Figure 10 show apparent characteristics of
frequency and energy variation, and frequency band energy
distributions of MS signal largely differed from different
stages during gas outburst. In this stage (before outburst),
signal energy of number 2 is mainly distributed in the range
of 187.5–250 Hz (S3), which accounts for up to 34.68% of
the total signal. The same situation occurred in number
1. The distribution trend changes to high frequency along
with the process. In the second stage (event 3), frequency
composition is dispersed along a wide frequency range from
S1 to S14. Signal energy increased to 12.75% in the S14 band.
At the same time, bands S29 and S30 experience a modest
increase of accumulated energy. The variation of frequency
and energy distribution is apparent in events 4 and 5. The
signal energy in this stage (outburst occurrence) distributes
in a local area, such as S24–S30. In this frequency band range,
total energy is 42.76% and 42.86% (average value 42.81%),
which are markedly larger than those of events 1–3 (7.01%,
(9.13%, 0.32%, and 11.59%, respectively)) and 6 (1.44%). This
phenomenon also shows the trend of signal frequency and
energy transfer from low to high modes along with the
process. Until the end of outburst (event 6, later period),
the signal frequency changes and reverts to low frequency
(S0).

For clearly showing the frequency band energy distribu-
tion of CGOB, MS signal versus time dependence was gener-
ated to obtain the characteristics of frequency band energy.
Frequency band energy distribution of CGOB MS signals
in different stages was clearly given in Figure 10, in which
the high amplitude denotes large concentration and high
energy of frequency. Signal change during the total process
can be characterized as a progressive procedure involving
“low frequency distribution-high-frequency transformation-
low frequency rotation;” each step corresponded to “before-
during-after” stages of the gas outburst. Therefore, the MS
precursor characteristics of CGOB process can be excavated
effectively by means of this quantitative method.

According to the above analysis, MS signal characteristics
can be effectively obtained by thewavelet packetmethod.This
method can provide detailed information by using wavelet
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Figure 10: Frequency band energy distribution percentages of MS signals at different stages.

packet decomposition. Moreover, wavelet packet method can
provide the frequency spectrum and energy characteristics
of CGOB. Therefore, finding the precursor information of
CGOB is crucial.

The discussion in this paper is only an initial conclu-
sion, and numerous problems have to be solved until the
goal of CGOB forecasting is achieved. Identification and
intercept of valid waveform from MS real-time data and
warning threshold value setting may be key issues in the
future.

6. Results and Discussion

Through the above analysis, we obtain preliminary precursor
and regularity of CGOB.This work is only the initial research
about CGOB disaster prediction, and much remains to be
done. The foreboding information is taken as prediction
index for CGOB, and a system of CGOB disaster predic-
tion based on MS monitoring is proposed (Figure 11). The
system is established based on the fundamental research
about mechanism, influence factor of CGOB disaster, and
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Mechanism and influence factor of CGOB
disaster

Signal recognition and precise
positioning

MS events spatial clustering and
statistical analysis

Signal feature extraction and
quantitative expression

Typical MS
signal of
CGOB
disaster

Early warning indicators and
system

Electromagnetic radiation

Acoustic emission

Gas density, pressure and
so on

Multi-parameter fusion system

Prediction of CGOB disaster

Etc..

Figure 11: Prediction of CGOB disaster based on MS monitoring.

multiparametermonitoring, includingMS, EMR,AE, and gas
density andpressure.Theprinciple ofMSmethoduses feature
mining and waveform recognition between monitoring data
and typicalMS signal of CGOBdisaster.This research content
includes several aspects, such as signal recognition and
precise positioning,MS event spatial clustering and statistical
analysis, signal feature extraction, quantitative expression,
and early warning indicators and system.

7. Conclusions

Rockburst, especially the mixed disaster of coal and gas rock-
burst, is a challenging problem in coal mines that imposes
serious danger to personnel and investment safety. Owing
to its complexity associated with stress, gas, and physical
and mechanical properties of coal, CGOB damage is difficult
to forecast and control. Onsite monitoring and laboratory
research indicate that microfracturing is a typical precursor
of dynamic disaster, andMS technology has been widely used
formining disaster prediction. For this purpose, someCGOB
experiments were carried out by means of a large CGOB
physical simulation system with MS monitoring system.

Based on the MS monitoring system experiments and
corresponding signal analysis and extractions, the conclu-
sions of CGOB in this study can be drawn as follows. (1)
The MS/AE behavior of coal failure experiment was studied
first, followed by an explanation of laws: the fracture behavior
of coal sample exhibits certain characteristics of MS/AE
response in terms of MS/AE event count, signal amplitude,
and frequency, and each stage presents its own physical
meaning during loading test. The precursor characteristics
of AE signal/event can be a foundation of CGOB labora-
tory studies. (2) The approach presented in this study can
capture dynamic response under CGOB testing. Through
data preprocessing of MS signals, the method of wavelet

packet transform is preferred in time-frequency, nonsta-
tionary outburst MS data, and even characteristic signal
extraction. The features of each stage (incubation, inspire,
happen, and residue stages), including the time-frequency
domain, were extracted and quantitatively expressed. (3)
Results of the CGOB MS data analysis showed that (1) the
process exhibits its own MS response in different stages and
represents using the time-frequency analysis method; (2) the
frequency and energy density gradually transformed to high-
frequency band (600–1,800 Hz), especially in 1,600 Hz; (3)
varying characteristics, such as “valley-peaks-valley,” were
observed in the total CGOB process.

Therefore, we assumed that the typical waveforms at dif-
ferent times in CGOB also exhibited different characteristics,
especially the significant signal frequency changes before
burst. If the assumption is reasonable, the quantization of
CGOB signal characteristic, which is the basis of our present
study, can be achieved.

The approach presented in this study can capture the
dynamic response of a rock mass. The results of MS data
analysis and interpretation provide dynamic response charac-
teristics, changing characteristics, and a new idea for disaster
prediction.
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In order to investigate the high loading rate effect on the behaviour and mechanical properties of coal-rock combined body, the
dynamic compressive tests were conducted by using the Split-Hopkinson Pressure Bar (SHPB) device under the loading rate
range from 2.7×105MPa/s to 4.0×105MPa/s. The stress-strain curves, dynamic peak stress and strain, elastic modulus, and energy
distribution law of coal-rock combined body under different loading rates were analyzed and discussed. The results show that the
dynamic stress-strain curves of coal-rock combined body have a double-peak feature under high loading rate range, which can be
divided into the initial bearing stage, the bearing decline stage, the bearing enhance stage, and the unstable stage. The first peak
stress of the coal-rock combined body is independent of the loading rate, while the dynamic compressive strength (the second
peak stress) and dynamic peak strain (the second peak strain) have a strong loading rate effect and will generally increase linearly
with the loading rate. The first and second elastic moduli of coal-rock combined body are not sensitive to the loading rate. With
the increase of the loading rate, the incident energy and reflective energy of coal-rock combined body increase rapidly, while the
change of transmitted energy is very small. The absorption energy ratio of the coal-rock combined body shows a good linear law
with the incident energy under different loading rates.

1. Introduction

In deep mining of coal mine, rock burst or coal burst is often
encountered and is becomingmore andmore seriouswith the
increase of depth, which seriously threatens the safety ofmine
production [1]. Rock burst is essentially a dynamic failure
of coal-rock combined body under the mining disturbance
[2–5]. In order to investigate the mechanical properties and
failure modes of coal-rock combined body, many researchers
have done a lot of experimental researches [6–10]. For
example, Zuo et al. [6–8] studied the influence of dip angle,
confining pressure, and different stress conditions on the
failure characteristics of coal-rock combined body. Huang et
al. [9] and Gong et al. [10] analyzed the effect of low loading
rate on the mechanical behaviour of coal-rock combined
body. In the above researches, the mechanical response of
coal-rock combined body in quasi-static range was mainly
studied. However, in the process of excavation, the coal-rock
combined body will inevitably be influenced by the dynamic

disturbances (such as mechanical shock, blasting load, etc.),
and it is also necessary to study the strength and deformation
characteristics of coal-rock combined body under high load-
ing rate. In addition, the experimental research on coal-rock
combined body under high loading rate was relatively few. In
this paper, the dynamic compressive tests were conducted by
using a Split-Hopkinson Pressure Bar (SHPB) device under
the loading rate range from 2.7×105MPa/s to 4.0×105MPa/s,
and the strength characteristics, failure modes, and energy
distribution law of coal-rock combined body were obtained
and analyzed.

2. Specimen Preparation and
Testing Methodology

2.1. Specimen Preparation. Referring to literature [11], the
specimen of coal-rock combined body was designed into a
cylinder with a diameter of 50mm and height of 50mm.
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Figure 1: Specimen photograph of coal-rock combined body.
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Figure 2: Experimental system sketch of SHPB apparatus.

The coal block and rock block were taken from Zhaogu
2# mine of Jiaozuo mining area, China. The average com-
pressive strength and elastic modulus of coal are 16.2MPa
and 3.22GPa, and those of sandstone are 95.4MPa and
16.8GPa. Moreover, the densities of coal and sandstone are
1371.4 kg/m3 and 2301.2 kg/m3, respectively. Both the coal
sample and rock sample were processed into a cylinder of
50 ∗ 25mm firstly. In order to get the complete coal-rock
combined body specimen, the adhesive was used to bond the
coal sample and the rock sample together subsequently. In
the existing literature, there are a variety of adhesives used
in the manufacture of coal-rock combined body specimen,
such as the super glue [9], the latex adhesive [11, 12], the
strong adhesive [13], the 502 glue [14], and the AB adhesive
[15]. Based on the consideration of the properties of above
adhesives and to satisfy the requirements of experimental
precision, a kind of modified acrylate adhesive with small
colloid volume, whose property is similar to that of the
strong adhesive or AB adhesive, was adopted to bond
the coal sample and rock sample. A representative well-
processed coal-rock combined body specimen is shown in
Figure 1.

2.2. Test Equipment and Testing Methodology. In the investi-
gation of the dynamic characteristics of rock or coal materials
under high loading rate [16–19], the Split-Hopkinson Pres-
sure Bar (SHPB) has been used widely and also adopted in
the dynamic compression tests of coal-rock combined body
in this paper (Figure 2). As shown in Figure 2, in order
to eliminate wave oscillation and reduce wave dispersion
effects, the half-sine incident stress wave generated with a
spindle-shaped striker has been suggested as the ideal loading
waveform for SHPB device [20]. Before the dynamic tests, the
coal-rock combined body specimenwas sandwiched between
the incident bar and the transmitted bar, and the stress wave
transfer is made from the rock sample to the coal sample in
the combined body specimen to simulate the actual stressed
state of coal-rock strata under impact loading. After the
impact loading, the incident and reflective signals can be
recorded by strain gauge 1, and the transmitted signal was also
recorded by strain gauge 2 (Figure 3).

Before the tests, the basic geometric and physical param-
eters of coal-rock combined body were measured (Table 1).
The nitrogen valve was used to adjust the impact pressure and
to achieve different levels of incident energy. Three impact
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Incident wave signal

Reflective wave signal

Transmitted wave signal

Figure 3: Incident wave, reflective wave, and transmitted waves recorded during the impact test.

Table 1: Testing results of coal-rock combined body.

No. 𝐷
(mm)

𝐿
(mm)

𝜌𝑚𝑟
(kg/m3)

V
(km/s)

Impact pressure
(MPa)

A1 48.0 51.2 1886.2 2.1 0.5
A2 48.1 50.9 1909.0 1.8 0.5
A3 48.0 52.4 1862.2 2.4 0.6
A4 48.0 51.3 1852.9 2.0 0.6
A6 48.0 52.2 1871.4 2.1 0.7
A7 48.1 52.4 1901.1 1.9 0.7
Note. 𝐷: diameter of combined body; 𝐿: thickness of combined body; 𝜌𝑚𝑟:
total density of combined body; V: longitudinal wave velocity of combined
body.

pressures of 0.5, 0.6, and 0.7 MPa were set separately and two
specimens were tested at each impact pressure. Both the ends
of specimen were evenly coated with Vaseline to reduce the
influence caused by the end-face friction.

During the SHPB tests, stress equilibrium at both ends
of the specimen is the necessary condition to ensure the
accuracy of the test results. Figure 4 shows the results of stress
equilibrium check for the dynamic compression tests of coal-
rock combined body. It can be seen that the stresses on both
ends of the coal-rock combined body specimen are very close,
which indicates that the specimen will be in a state of stress
equilibrium during the dynamic loading process.

3. Dynamic Compressive Test
Results and Discussions

According to the principle of one-dimensional stress wave
propagation during SHPB test, the stress-strain curves of
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Figure 4: Stress equilibrium check for the dynamic compression
tests of coal-rock combined body.

coal-rock combined body can be obtained. The results of
the loading rate, stain rate, peak stress, elastic modulus,
and energy consumption parameters are also calculated
(Table 2).

3.1. The Corresponding Relation of Rate Effect Parameters.
In dynamic tests, both loading rate and strain rate are
usually used as the rate effect parameters. However, the
corresponding relation between the two parameters was
rarely investigated. The previous studies show that there is a
linear function relationship between the logarithm of loading



4 Shock and Vibration

Table 2: Test results of dynamic compressive tests of coal-rock combined body.

No. �̇�
(MPa/s)

̇𝜀
(s−1)

𝜎1
(MPa)

𝜎2
(MPa)

𝐸1
(GPa)

𝐸2
(GPa)

𝐸𝐼
(J)

𝐸𝑅
(J)

𝐸𝑇
(J)

𝐸𝐴
(J)

A1 2.71×105 65.90 11.06 28.23 7.5 2.2 55.67 37.54 2.89 15.23
A2 2.74×105 70.25 9.51 34.43 8.2 2.3 52.02 34.83 6.75 10.44
A3 2.98×105 65.90 9.36 37.23 6.8 2.7 60.49 40.02 3.87 16.58
A4 3.36×105 77.07 9.43 41.32 8.5 2.6 79.81 56.91 6.22 16.67
A6 3.41×105 80.14 10.63 43.36 7.5 2.8 88.15 58.93 5.85 23.35
A7 4.01×105 92.12 10.20 44.49 8.0 2.8 107.42 74.38 6.00 27.03
Note. �̇�: loading rate; ̇𝜀: strain rate; 𝜎1: the first peak stress; 𝜎2: the second peak stress; 𝐸𝐴: absorption energy; 𝐸1: the first elastic modulus before the first peak
stress; 𝐸2: the second elastic modulus before the second peak stress; 𝐸𝐼: incident energy; 𝐸𝑅: reflective energy; 𝐸𝑇: transmitted energy.
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Figure 5: Relationship between the logarithm of loading rate and
the logarithm of strain rate.

rate and the logarithm of strain rate under low loading rate
range [10]. Under high loading rate range of this paper,
the relationship between the logarithm of loading rate and
the logarithm of strain rate can also be expressed as linear
function as follows (Figure 5):

log ( ̇𝜀) = 𝑘 log (�̇�) + 𝑐 (1)

where 𝑘 and 𝑐 are fitting coefficients.

3.2.The Failure Mode of Coal-Rock Combined Body Specimen.
The failure modes of the coal-rock combined body specimen
at different loading rate are shown in Figure 6. It can be seen
that there is a great difference between the failure modes of
coal samples and rock samples in the coal-rock combined
body specimen. The coal samples were broken into small
pieces, while all rock samples have relatively large failure
blocks under different loading rates, which show that the
bearing capacity of rock samples was greater than that of coal
samples. With the increase of the loading rate, the broken
blocks of rock sample are getting smaller and smaller. When
the loading rate is less than 3.00×105 MPa/s, rock samples
were generally broken into 2-3 blocks. When the loading rate

is greater than 3.00×105 MPa/s, the number of broken blocks
of rock samples is 6-8. The above results show that with the
increase of the loading rate, the external energy applied to
coal-rock combined body is getting higher and higher, and
the damage degree of coal-rock combined body is becoming
more and more serious.

3.3. The Stress-Strain Curves of Coal-Rock Combined Body.
The stress-strain curves of coal-rock combined body speci-
mens under high loading rate are shown in Figures 7 and 8. It
can be seen that all the stress-strain curves have a two-peak
feature on the whole. The stress-strain curve can be divided
into four stages, that is, the initial bearing stage I (𝑎𝑏), the
bearing decline stage II (𝑏𝑐), the bearing enhance stage III
(𝑐𝑑), and the unstable stage IV (𝑑𝑒) (Figure 7(a)).

The reason why there are two peak stresses in the
stress-strain curve of combined specimen is closely related
to the propagation of stress waves in coal body and rock
body. During the loading process, the stress wave was first
introduced into the sandstone from the incident bar. Owing
to fast wave velocity and higher strength of sandstone,
the sandstone sample remains stable at the initial stage of
loading. When the stress wave is approximately transmitted
to the rock-coal body interface, a local failure occurs in
the coal sample because of its low velocity and weaker
strength. Thus, the first peak stress was formed in the early
stage of loading. However, with the transmission of stress
wave, the coal sample still possesses certain bearing capacity
that enables it to be compacted together with the rock
sample and continues to bear the dynamic load until the
rock sample also breaks up, then forming the second peak
stress.

3.4. Strength and Deformation Characteristics of Coal-Rock
Combined Body. To more systematically investigate the
strength and deformation characteristics of coal-rock com-
bined body under different high loading rates, the maximum
stress (the second peak stress) was defined as the dynamic
compressive strength of coal-rock combined body and the
corresponding strain (the second peak strain) is the dynamic
peak strain. As shown in Figure 9(a), the dynamic compres-
sive strength of coal-rock combined body increases with the
loading rate, which exhibits a strong rate effect on the strength
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(a) A1: 2.71×105 MPa/s (b) A2: 2.74×105 MPa/s

(c) A3: 2.98×105 MPa/s (d) A4: 3.36×105 MPa/s

(e) A6: 3.41×105 MPa/s (f) A7: 4.01×105 MPa/s

Figure 6: Failure modes of coal-rock combined body specimen.

of coal-rock combined body. And as illustrated in Figure 9(b),
the dynamic peak strain of coal-rock combined body also
shows a good positive linear relationship with the loading
rate.

The stress values of the first peak in the stress-strain
curves of all specimens were also measured. As shown in
Figure 10, the first peak stress of coal-rock combined body
is not sensitive to the increase of loading rate. Compared to
Figures 9 and 10, it is concluded that the loading rate mainly
affects the second peak strength of coal-rock combined
body.

Due to the double-peak characteristic in stress-strain
curves, the elastic modulus of coal-rock combined body
cannot be calculated with the conventional method. The
first and second elastic moduli 𝐸1 and 𝐸2 can be obtained,
respectively, in the initial bearing stage I and the bearing
enhance stage III (Figure 11). From Figure 11, it can be seen
that both the first and second elastic moduli are insensitive
to loading rate, and the first modulus is always greater than
second modulus. Comparing Figures 9, 10, and 11, it can
be inferred that the loading rate mainly affects the dynamic
compressive strength and strain of coal-rock combined body

and does not change the ability of coal-rock combined body
to resist deformation.

3.5. Energy Characteristics of Coal-Rock Combined Body.
According to the one-dimensional stress wave propagation
theory in SHPB test, the incident energy 𝐸𝐼, reflective energy𝐸𝑅, and transmitted energy 𝐸𝑇 during the dynamic loading
process can be expressed as

𝐸𝐼 = 𝐴𝑒𝜌𝑒𝐶𝑒 ∫
𝜏

0
𝜎2𝐼 (𝑡) 𝑑𝑡

𝐸𝑅 = 𝐴𝑒𝜌𝑒𝐶𝑒 ∫
𝜏

0
𝜎2𝑅 (𝑡) 𝑑𝑡

𝐸𝑇 = 𝐴𝑒𝜌𝑒𝐶𝑒 ∫
𝜏

0
𝜎2𝑇 (𝑡) 𝑑𝑡

(2)

where 𝜎𝐼(𝑡), 𝜎𝑅(𝑡), and 𝜎𝑇(𝑡) are the incident stress, reflective
stress, and transmitted stress correspondingto the time 𝑡,
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(a) Impact pressure of 0.5 MPa
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(b) Impact pressure of 0.6 MPa
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(c) Impact pressure of 0.7 MPa

Figure 7: Stress-strain curves of coal-rock combined body specimens.

respectively; 𝜌𝑒𝐶𝑒 and 𝜌𝑠𝐶𝑠 are wave impedances of the elastic
bar and specimen, respectively. The incident energy, reflec-
tive energy, and transmitted energy of coal-rock combined
body specimen under different loading rates are shown in
Figure 12. With the increase of the loading rate, the rate
effect of the incident energy and reflective energy of coal-
rock combined body is particularly obvious, and transmitted
energy is insensitive to rate effect.

In the analysis of energy consumption law, the absorption
energy can directly reflect the energy consumption of coal-
rock combined body specimen and is given by

𝐸𝐴 = 𝐸𝐼 − 𝐸𝑅 − 𝐸𝑇 (3)
Further, the unit volume absorption energy 𝐸V can reflect

the material absorptive capacity of coal-rock combined body
and is calculated by

𝐸V = 𝐸𝐴𝑉 (4)

where V is the total volume of specimen.
As shown in Figure 13, the unit volume absorption energy
𝐸V of coal-rock combined body will increase linearly with the
increase of the loading rate, which shows that the increase
of the loading rate will make the combined body specimen
absorb more energy, and the specimen will be more broken
after the impact of the high loading rate.

4. Conclusions

By using SHPB testing system, the dynamic compression tests
of coal-rock combined body were carried out under different
high loading rates. Before the test, the stress equilibrium at
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Figure 8: Stress-strain curves of coal-rock combined bodies under different loading rates.
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Figure 9: The relationship between dynamic compressive strength, dynamic peak strain, and loading rate.

both ends of coal-rock combined body specimen has been
checked, and the results show that the specimens can achieve
stress equilibrium during the impact process. 3 kinds of air
pressure were set for impact, and the stress-strain curves
under 6 loading rates were obtained. The characteristics of
failure mode, strength and deformation, and energy dis-
tribution law of coal-rock combined body specimens were
analyzed. The main conclusions are as follows.

(1) The stress-strain curves of the coal-rock combined
body can be divided into four stages: the initial bearing stage,
the bearing decline stage, the bearing enhance stage, and the
unstable stage.

(2) The stress-strain curves of coal-rock combined body
have double-peak feature under high loading rate.The second
peak stress is defined as the dynamic compressive strength
of coal-rock combined body specimen and will increase with
the increase of the loading rate. The first peak stress has no
loading rate effect. Both the first and second elastic moduli
of coal-rock combined body are independent of the loading
rate.

(3) With the increase of the loading rate, the incident
energy and reflective energy of coal-rock combined body
will increase linearly, while the transmitted energy has
little change. Both the unit volume absorption energy and
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breaking degree of coal-rock combined body specimen will
increase obviously when the loading rate increases.
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The phenomenon of acoustic emission (AE) is associated with rock failure and rock fracturing. In order to investigate the influence
of tectonic stress on rockburst in tunnel, a biaxial loading experiment system was used in this study. The excavation operation
is undertaken at the center of samples to monitor the tunnel forming process in situ, and the different horizontal stresses can
be studied by using the AE monitoring technique. The dynamical fracturing process of the tunnel model was summarized, and
the timing parameters of AE signals in rockburst stages were obtained. The curves of AE energy and cumulative AE energy with
time show a “step-like” rising trend before the occurrence of rockburst. The evolution of macro- and mesocracks is captured, and
the mechanical conditions for a “V-shaped” rockburst pit are derived. As the horizontal stress increases, the effect of excavation
unloading becomesmore pronounced, and the damage caused by the rockburst intensifies. In the early stage of rockburst evolution,
the fracturing type follows a model of tensile-shear mix model. A positive relationship between the ratio of shear fracturing type
and the horizontal stress can be noted when the rock is about to burst, and the high intensity and the high energy released of from
the rock-fracturing event have become evident. Thus, the results indicate that one should focus on monitoring both sides of the
surrounding rock of the tunnel so as to extract the characteristics of the process of tunnel in tunnel. The applications of biaxial
loading system and during an excavation operation provide a useful tool to simulate the rock burst in tunnel at an engineering site.

1. Introduction

The rockburst is a class of rock failure where strain energy is
suddenly released by an unstable fracture of rock [1–4]. Typ-
ically occurring in deep underground mines, rockburst is a
common disaster. The opening of a tunnel relieves neighbor-
ing rocks of tremendous pressure, which can literally cause
the rock to explode as it attempts to reestablish stress and
strain equilibrium [5]. The released energy leads to a violent
fracture of the surrounding rock around the excavation and
reduces the potential energy of the rock, which makes the
surrounding rock reach another equilibrium state [6].

In the past few years, many methods of forecasting
rockbursts have been proposed, including the assessment of
rock, stress and strain detection, and modern mathematical
theories. However, a comprehensive understanding of rock
bursts and associated damage mechanisms has remained

elusive [7, 8]. Based on the agitated behavior of animals prior
to earthquakes, a semiquantitative study has been carried
out on the possibility of the emission of acoustic strain and
fracture radiation prior to such events. Such emission has
been observed in the laboratory and in mines and is termed
as an acoustic emission (AE) phenomenon [9]. The AE phe-
nomenon is defined as elastic mechanical waves associated
with a rapid release of localized stress energy propagated
within the material. AE monitoring is a useful tool for
studying rock fracturing [10, 11]. In order to understand
the physical process generating seismicity within volcanic
edifices, some studies have been based on monitoring an
array of transducers around a rock sample, permitting the
full-waveform capture, location, and analysis ofmicroseismic
events [12, 13]. In order to distinguish between the seismic
events and blasts generate seismic waveforms, several charac-
teristic parameters were extracted as discriminant indicators.
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Figure 1: Tunnel model.

Fisher classifier, naive Bayesian classifier, and logistic regres-
sion were used to establish discriminators between them.
Research result showed a reasonably good discriminating
performance [14, 15]. In order to solve the accuracy of
localization methods based on the arrival time difference,
the collaborative localization method using analytical and
iterative solutions (CLMAI) was proposed, which combined
with the arrivals of multisensor and inversion of the real-time
average wave velocity, to seek the optimal locating results.
This method has the following four advantages: without
iterative algorithm, without premeasured velocity, without
initial value, and without square root operations [16, 17]. In
in situ direct shear test studies, an initially intact region of
rock bounded by joints and a seam are fractured, generating
an AE. Large-scale inhomogeneous rock-fracturing experi-
ments, such as the in situ direct shear tests, may provide
useful insights as analog models of seismogenic faulting [18].
The rockburst proneness index and the AE energy rise as
the temperature increases. That is, the degree of rockburst
increases rather than decreases with rising temperature, and
this is helpful for explaining rockburst disasters in tunnels
at high ground temperature [19]. A true-triaxial unloading
testing machine was utilized to perform rockburst tests on
granite specimens with changing heights for size effect inves-
tigations. A size effect exists during a rockburst simulation
process and affects the rock failure strength and fracture
mode [20–22]. Because of high stiffness and strength in
high stress conditions, a rockburst in brittle fracturing can
produce intensive AE activity and large amounts of energy. It
is appropriate to locate the failure positions anddetermine the
energy released in rock fracturing by using the AE technique
[23–25]. In order to investigate the distribution regularity of
microseismic events released by the coal mining, the micro-
seismic monitoring technique is used to monitor induced
roof rock mass along the vertical and horizontal directions.
A method is developed to determine the displacement angle
using the microseismic monitoring data [26].

It is generally accepted that a rockburst is dependent on
the size and depth of the excavations, and we also know
that the likelihood of rockbursts occurring increases as depth
increases. In this study, rockburst in tunnel wasmonitored on
granite rocks using the AE monitoring system, and different
horizontal stresses were considered.The characteristics of AE
signals were analyzed to predict the occurrence rockburst.

2. Rockburst in Tunnel Experiments

2.1. Sample Preparation. Granite rocks were chosen as the
samples in this experiment, and the size of rock samples was
set at 150mm × 150mm × 150mm. The specimen indexes
were prepared in accordance with the Standard for Test
Method of Engineering Rock Mass (GB/T50266-99).

As shown in Figure 1, to simulate the tunnel model, a hole
of Φ = 45mm was set in front and rear center of the rock
sample, and the parallelism error of two head faceswaswithin
0.02mm. The filling body is filled up around the hole, and
the filling body is made by the quartz sand and the special
expansion cement at the mixture ratio of 1 : 1.

2.2. Laboratory Equipment. The experimental system is com-
prised a loading system and an AE system (Figure 2).

(i) Loading system (RLW-3000): the servo-controlled
rock-testing machine is produced by Chaoyang Test
Instrument Corporation, China. The deformation
and applied vertical force can be monitored. The
capacity of the axial load transducer is up to 3000 kN,
and the capacity in the horizontal direction is up to
1000 kN.

(ii) AE monitoring system (PCI-2): the AE monitoring
system is produced by Physical Acoustics Corpora-
tion in the US. The AE activities of rock fracturing
were recorded by an AE detector with eight channels.
The multiparameter AE data, including waveform,
hits, ring-down counts, and amplitudes, are obtained
using the AE system.

In addition, the air conditioner, which is used to guaran-
tee a constant temperature in the laboratory, is produced by
Gree Company, China.

In order to guarantee the conformity of the experimental
data, the equipment setup should be kept consistent [28].The
AE devices were set as follows: the sampling time was set at
0.2 𝜇s, and thememory lengthwas set at 2 k (i.e., 2048words).
In this case, the recording time was approximately 0.4ms
(0.2 𝜇s× 2048).The pretrigger was set at 1 k; the sampling rate
was set at 1MHz.

2.3. Loading Condition. In general, the underground rock is
mainly affected by vertical stress and horizontal stress, both
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Figure 2: The experimental setup ((a) the experimental system; (b) the RLW-3000 biaxial loading system; (c) acoustic emission monitoring
system of PCI-2; (d) acquisition card; (e) preamplifier; (f) sensor).

of which form the initial stress field [29]. The vertical stress
is affected by depth and upper overburden; the horizontal
stress (also called the tectonic stress) is affected by diagenesis
and tectonic movement. Thus, in this experiment, the biaxial
servo experimental testing machine is used, which applies
pressure both horizontally and axially.

The operating steps of the biaxial servo experimental
testing machine are as follows (Figure 3):

(1) The first step is to preload 20 kN horizontally and
axially before the experiment officially starts.

(2) Both directions are loaded at a rate of 1000N/s.
The horizontal directions are loaded to 100 kN, 200 kN, and
300 kN, respectively, and the axial directions are loaded to
800 kN.

(3) After the mechanical state completion (where the
horizontal force is 100 kN, or 200 kN, or 300 kN, and the axial
force is 800 kN), the force boundary condition is maintained
for 5min.

(4) The filling body is detached by the extrusion device,
and the current stress state is maintained for another 5min
to the stress adjustment.

(5) Finally, the tunnel model is loaded in the vertical
direction at a rate of 0.3mm/min until the rockburst appears
around the tunnel wall.

Time (s)

Axial loading
Horizontal loading of 100 kN
Horizontal loading of 200 kN 
Horizontal loading of 300 kN 

I II III IV V
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rc

e (
kN

)

2500

2000

1500
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0 500 1000 1500 2000 2500

Figure 3: Loading process (I: initial loading; II: maintaining the
loading number in two directions; III: detaching the filling body;
IV: maintaining the loading number in two directions; V: loading in
the vertical direction again).
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(b) X-ray diffraction results
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Figure 4: Rock composition.

3. Experimental Results

3.1. Rockburst Tendency

3.1.1. Mineral Composition Analysis. A number of engineer-
ing cases show that rockbursts often take place at rockmasses
that have hard texture, good brittleness, and elasticity [30].
Granite rock has a high modulus of elasticity. This study uses
granite rock from Laizhou in China. Rockburst often occurs
in the deep mines located around this area.

The granite samples were observed under a polarizing
microscope by transmitted light, as well as detected by X-ray
diffraction. The results are shown in Figure 4. The dominant
components of the granite samples are plagioclase, potash
feldspar, quartz, hornblende, and biotite.The specificmineral
form and its components are accounted for as follows. The
flaggy plagioclase content is approximately 35–40%, and it
has albite twins and a circle-type structure, obviously kaolin-
ization and sericitization. The flaggy potash feldspar content
is approximately 25–30% and shows different degrees of
kaolinization and sericitization. The granular quartz content
is approximately 20–25%.The columns hornblende content is
approximately 3–5%, also showing chloritization. Some other
minerals, such as biotite, titanite, monazite, and magnetite,
also appear, their contents being approximately 2-3%.

3.1.2. Analysis of Rockburst Tendency. One of the necessary
conditions for rockburst to occur is that the rock should
have the capacity for a large amount of elastic energy storage
[31]. Thus, we selected the Energy Criterion to calculate the
rockburst tendency of granite rock.The Energy Criterion can
be expressed as follows:

𝑈 = 𝜎
2

𝑐

2𝐸 ,
(1)

where 𝜎
𝑐
is the uniaxial compressive strength; and 𝐸 is the

elastic modulus.

When 𝑈 is larger, the ability of energy storage of rock
is higher, so that the rockburst tendency is greater. Based
on these results, we can divide the rockburst tendency into
four levels: (1) Grade I, the weak rockburst, 𝑈 < 40 kJ/m3;
(2) Grade II, the medium rockburst, 40 kJ/m3 < 𝑈 ≤
100 kJ/m3; (3) Grade III, the strong rockburst, 100 kJ/m3 <
𝑈 ≤ 200 kJ/m3; and (4) Grade IV, the strongest rockburst,
𝑈 ≥ 200 kJ/m3.

The mechanical parameters of granite rock can be seen
in Table 1. Based on the experimental results, the rockburst
tendency of the granite samples is 74.63–94.03; it is Grade II,
corresponding to medium rockburst.

3.2. Destruction Phenomenon of Rockburst in Tunnel on the
Macroscale. Along with the rockburst evolution, the evolu-
tion of rockburst in tunnel can be divided into four stages
[20, 32], the quiet period stage, the particle ejection stage, the
flaking and particle ejection stage, and the complete ejection
stage. In this research, the evolution of rockburst in tunnel
can be seen in Figure 5. There is no significant significance
with regard to the early loading (Figure 5(a)). An increase of
loading results in small particles of rock appearing up along
the tunnelmodel (Figure 5(b)), and then the particles become
larger (Figure 5(c)). Thereafter, misty rock powder can be
observed in the tunnel model (Figures 5(d) and 5(e)). As the
loading continues to increase, a rockburst occurs and many
rockburst pits can be found at approximately waist height in
the surrounding rock in the tunnel.

The relationship between the horizontal force and the
rockburst fracturing characteristics is seen in Table 2.

3.3. Relationship between Horizontal Stress and Rockburst
Intensity in a Tunnel. The rockburst intensity in a tunnel can
be described by themorphological characteristics of the burst
surface, the depth and width of fracturing, and the acoustic
features [33]. The final fracturing morphology of different
horizontal stresses can be seen in Figure 6.
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Table 1: Rockburst proneness of granite samples.

No. Elastic Modulus
(GPa)

Uniaxial compressive
strength (MPa)

Energy criterion
(kJ/m3) Level of rockburst tendency

HGY–1 61.1 72.8 74.63 II
HGY–2 51.8 83.6 94.03 II
HGY–3 56.2 75.8 93.84 II

Table 2: Experimental results of a rockburst in tunnel.

Horizontal
force (kN)

Peak force of axially
direction (kN) Fracturing characteristics during rockburst evolution

100 2223
When the axial loading reaches 1927 kN, the rock granules catapult from the surrounding rock, and
then flake peeling occurs in the surrounding rock. When the axial loading reaches 2128 kN, “V-shaped”
rock burst pits appear.

200 2492
When the axial loading reaches 2127 kN, the rock granules catapult from the surrounding rock, then
flake peeling appears with a small amount of rock dust discharged as a mist. When the axial loading
reaches 2437 kN, “V-shaped” rock burst pits appear.

300 2423 When the axially loading reaches 1754 kN, the rock granules and flake peeling catapult from the
surrounding rock. When the axially loading reaches 2400 kN, “V-shaped” rock burst pits appear.

(a) 669 s

small particles

(b) 889 s

larger particles

(c) 1001 s

misty rock powder

(d) 1042 s

misty rock powder

(e) 1054 s

Rockburst pit

(f) 1100 s

Figure 5: Process of rockburst in tunnel.

(a) Horizontal stress is 100 kN (b) Horizontal stress is 200 kN (c) Horizontal stress is 300 kN

Figure 6: Final fracturing morphology of rockburst in tunnel under different horizontal stresses.
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Figure 7: Macroscopic morphology of a rockburst.

During the same time, there is a positive correlation
between the horizontal stress and the accumulation of strain
energy [34].The horizontal stress has a close influence on the
final fracturingmorphology of rockburst in tunnel, such as (1)
when the horizontal stress is 100 kN (Figure 6(a)), the inten-
sity of rockburst in tunnel is the lowest; (2) when the horizon-
tal stress is 200 kN (Figure 6(b)), the intensity of rockburst in
tunnel is greater than 100 kN (the bottom of the tunnel has
several rock fragments, and the both sides of the tunnel have
a cratering shape from the rockburst); and (3) while the hor-
izontal stress is 300 kN (Figure 6(c)), the rockburst intensity
causes the most serious damage and forms a clear “V-shape”
of continuous rockburst pits along both sides of the tunnel.

3.4. Macroscopic Morphology of Rockbursts. In underground
mines, the elastic strain energy release of rocks is accompa-
nied by the formation of new free surfaces during the rock
fragmentation by blasting and is a transient process [35].
In the different areas of surrounding rock of a tunnel, the
tensile- and shear-crack can be found from time- and space-
scales. For this problemof a rockburst in tunnel, the following
process occurs: split (tension stress) into a plate → shear
(shearing stress) into a column.

From Figure 7, we can analyze the geometric features of
rockburst.The overall fracturing surface of a rockburst is seen
to have a “V-shape”.The edge of the fracturing surface is seen
to have serrated shape. Both sides of the rockburst pits are
seen to have a stepped shape.

4. Analysis of AE Characteristics of
Rockburst in Tunnel

4.1. Influence of AE Characteristics under Different Horizontal
Stresses. Thephases of the evolutionary process of AE energy
characterize the energy evolution during a rockburst process
(Figure 8). Based on the pattern of the axis loading curve,
the schematic change of AE timing parameters (energy and
cumulate energy) can be divided into four stages.

(I) The stage of pregnant rockburst: the amount of AE
energy and cumulative AE energy is at a very low level. Some
random fracturing occurs.

(II) The stage of small particle ejection: the curves of AE
energy and cumulative AE energy have a slight upward trend,
so that the strength of fracturing is greater.

Table 3: Accumulation AE energy and precursor time for different
horizontal stress.

Horizontal
stress
(kN)

Accumulation AE energy
(E10 × aJ)

Relative time of
precursor

100 4.82 0.90
200 6.56 0.89
300 9.39 0.86

(III) The stage of flake peeling: the AE energy curve
displays several obvious surge events, and the cumulative AE
energy curve displays a phenomenon of “step-like” rising.
Some rock burst events with high intensity appear.

(IV) The stage of rockburst occurrence: the AE energy
curve starts to display the phenomenon of a sudden increase
in frequently, and the cumulative AE energy curve is in a
rising state.The high intensity and high energy release of rock
fracturing appears in this.

The amount of cumulative AE energy refers to the energy
release during rock burst evolution. From the amount of
energy released during rockburst evolution, the time of rock-
burst occurrence and precursor time for different horizontal
stresses also have some variances (Table 3). The relationship
between horizontal stress and amount of energy release is
positively correlated and is the same as the horizontal stress
and degree of intensity of a rockburst. By different conditions
of horizontal stress, the cumulative AE energy curve displays
“step-like” inflection points before the rockburst occurs
(Figure 8).

4.2. Analysis of the Rockburst Fracturing Model. The original
stress of the surrounding rock of a tunnel will cause redis-
tribution because of the unloading excavation [36]. It forms
a disturbance stress distribution, and the disturbance stress
is in an unstable state. Research shows that the relationship
between RA and AF reflects the crack mode during rock
fracturing [37, 38], where

RA = Rise Time
Amplitude

AF = Counts
Duration Time

.
(2)
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Figure 8: Loading curves andAEparameters; (I: pregnant rockburst stage; II: small particle ejection stage; III: flake peeling stage; IV: rockburst
occurrence stage).
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This type of cracking can be classified by the following
factors [27]: (1) Mode I, tensile crack, has a high AF value and
a low RA value; (2) Mode II, shear movement, has a low AF
value and a high RA value (Figure 9).

By analysis of the rockburst evolution, the process can be
divided as follows: the stage of quiet period → the stage of
particle ejection→ the stage of flaking and particle ejection
→ the stage of complete ejection. From the view of crack

analysis, the process of “V” formation can be divided as
follows: “split (tension stress) into a plate → shear (shear
stress) into a column → fly out”. As shown in Figure 10,
the crack distribution during rockburst evolution reflects and
characterizes the effect of horizontal stress as follows.

(1) In general, there is a common feature in the three types
of horizontal stress.Themain fracturingmode is tensile in the
quiet period stage, whichmatches the process of split (tension
stress) into a plate. In the complete ejection stage, the fractur-
ing mode switches to shear (shear stress) into a column.

(2) There are also some personality characteristics
between the three types of horizontal stress. When the
horizontal stress is 100 kN, the fracturing mode from the
quiet period stage to the flaking and particle ejection stage
is tensile fracturing; shear fracturing appears in the final
stage. When the horizontal stress is 200 kN, the fracturing
mode in the particle ejection stage begins to appear as shear
fracturing. When the horizontal stress is 300 kN, the quiet
period stage and the particle ejection stage are a mixed mode
of tensile- and shear fracturing but displays a state of pure
shear fracturing in the stage of flaking and particle ejection
and the complete ejection stage.

The results are consistent with the relationship between
the stress boundary conditions and the characteristics of
rockburst occurrence.Thus, as the horizontal stress increases,
the fracturing type in the early stage is displayed as a
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Figure 10: Distribution patterns in the rockburst evolution process under different confining pressures; ((a) the quiet period stage; (b) the
particle ejection stage; (c) the flaking and particle ejection stage; (d) the complete ejection stage).

mixed mode of tensile- and shear fracturing; pure shear
fracturing occurs at a later stage. The strength of rock-
burst occurrence is positively correlated with the horizontal
stress.

5. Discussion

5.1. Derivation of Tunneling Model Excavation Mechan-
ics. This is supported by the excavation operation in the
experimental setting (see Figure 11), where 𝑞 and 𝑃 have been
constructed as the boundary conditions of the tunnel model.
Firstly, the axis and horizontal force should be kept constant.
Then, the surrounding tunnel wall appears as the prima facie
by the tunnel excavation. Lastly, the tensile stress can be found
on both sides of the surrounding wall; fracturing will have
taken place first in these areas.

The force of decomposition of the “V-shaped” block of
rock is shown in Figure 12. In accordance with the effects
of force, the formation of “V-shaped” rock burst pits can be
broken down into the following three characteristics: Firstly,
the effect of the normal stress of 𝑄𝑃 is to form a number of
tensioning surfaces. Secondly, the effect of the shear stress of
𝑄
𝑆
is to cut the block out of the mother rock and to put the

block out of the surrounding rock. Lastly, under the action of
𝑄
𝑃
and𝑄

𝑆
, the area of OAB forms the “V-shaped” rock burst

pits.

The calculations for 𝑄𝑆 and 𝑄𝑃 can be expressed as

𝑄
𝑃
= 𝑄 × cos𝛼
𝑄
𝑆
= 𝑄 × sin𝛼,

(3)

where 𝑄 = √𝑞2 + 𝑃2.
With the operation of excavation unloading, both the

surrounding walls of a tunnel form a “V-shape” rockburst
pit; the shear stress of 𝑄

𝑆
is parallel to the “V-shape” block of

rock, and the normal stress of 𝑄
𝑃
is perpendicular to the “V-

shape” block of rock.The other stresses are shown in Table 4.
We propose that the size of “V-shape” is determined by three
parameters, namely,𝑄𝑃,𝑄𝑆, and 𝛼 (Figure 12).The size of the
“V-shaped” is determined by themagnitude of the destructive
force of rockburst occurrence. As described later, there is a
positive correlation between the horizontal stress,𝑄, and𝑄𝑃.
There is also a positive correlation between the horizontal
stress and 𝑄𝑃, 𝑄𝑆, and 𝛼.

Along with the above analysis, the rockburst intensity is
positively related to horizontal stress, which means that the
greater the horizontal stress, the more serious the rockburst
situation. On site, the horizontal stress usually refers to
the tectonic stress. If it is observed that this area has high
tectonic stress, we should paymore attention to the rockburst
occurrence.
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Figure 12: Analyzing the stress in the surrounding rock.

5.2. Monitoring Key Areas of Rockburst in Tunnel. The split
fracturing caused by the unloading at the left and right sides
of a tunnel is the formation mechanism of single rock burst
[39]. Essentially, the tunnel enters into the stage of complete
ejection and the inner wall of the tunnel produces a rockburst
that has the following circulating process: rockburst →
stress adjustment → stress adjustment failure → repeated
rockburst. While the accumulated energy is released, the
process of stress adjustment is over. Finally, a rockburst pit
of continuous “V-shape” can be formed on both side walls
of the tunnel. For example, by analyzing the advantages
and disadvantages of qualitative classification methods for
the rockburst intensity at the Jinping II Hydropower Station
in Sichuan province, China, we found that the rockburst
area along the axis of the hole was either intermittent or
continuously distributed. Some rockburst in partial areas
lasted for 7–10 days or even up to a month.The experimental
conditions are very similar to those encountered at this site.

As can be seen from the above discussion, themiddle part
of the tunnel first has small particles of popped-up rock, then
the rock cuttings begin to eject one after another, and finally
the rockburst occurs in the same place. Thus, for this type of

rockburst, we should focus on monitoring the space of the
middle part of the tunnel.

6. Conclusion

In this research, we carried out the simulation test of a
rockburst in tunnel, and the process of rockburst evolution
was analyzed under different horizontal stresses. In order to
capture the characteristics of rockburst in tunnel in various
stages (the quiet period stage, the particle ejection stage,
the flaking and particle ejection stage, and the complete
ejection stage), the mesofracturing mechanical method and
AE monitoring were used. We considered the relationship
between horizontal stress and the rockburst intensity. The
results indicate the following.

(1)The rockburst tendency of granite samples is in Grade
II, corresponding to amedium rockburst.Thegranite samples
have a higher elastic modulus and compressive strength, and
their capability for withstanding strain is stronger. They are
suitable samples for studying the rockburst in tunnel.

(2) According to the stress analysis of the rockburst pits,
the horizontal stress and rockburst intensity are positively
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Table 4: Mechanical response characteristics of rock blasting process.

Horizontal
stress (MPa)

Vertical stress
(MPa)

Average vertical
stress (MPa) 𝜑 (∘) Average 𝜑 (∘) 𝑄 (MPa) Average

𝑄 (MPa) 𝛼 (∘) 𝑄
𝑃
(MPa) 𝑄

𝑆
(MPa)

4.44

100.62

98.80

87.47

87.41

100.72

98.90 45.94 68.78 72.3886.31 87.05 86.43
101.20 87.48 101.30
107.07 87.62 107.16

8.89

107.64

107.71

85.28

85.28

108.01

108.08 76.42 76.42 45.00109.78 85.37 110.14
111.47 85.44 111.82
101.96 85.02 102.35

13.33

108.44

110.79

82.99

83.14

109.26

111.59 81.41 76.32 43.15109.78 83.07 110.58
111.47 83.18 112.26
101.96 82.55 102.82

correlated. Thus, the greater the horizontal stress, the higher
the impact of the rockburst.

(3) The horizontal stress and fracture type are related.
The early stages of rockburst evolution are characterized by
a tensile-shear mixed model. Thereafter, the ratio of shear
fracturing is positively correlated to the horizontal stress.

(4) In the early stages of a rockburst, the curve of
cumulative AE energy shows a “step-like” rising trend. The
high intensity and high energy released from the rock-
fracturing event appear at the rockburst occurrence stage.
Thus, we can use this characteristic of a “step-like” rising
trend to predict the occurrence of a rockburst in tunnel.
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To investigate the fracture and deformation characteristics of the strata in underground mining as well as the effectiveness and
sensitivity of the MEMS inertial sensor for strata stability monitoring, a low cost, small size, and easy implementation inertial
MEMS sensormodulewas redeveloped. Sensormoduleswere installed on roof strata in an undergroundmining equivalentmaterial
simulation experiment.Then,monitoring signal of twomodules near themiddle and end section of caving strata was processed.The
processed signal presents stepped change, and each step consists a vibration stage and a stable stage. Further analysis of each stage,
a strategy to estimate the deformation and stability of strata, can be reached: the duration of each vibration stage and complete stage
with rising trend indicates that the deformation of strata is growing to the ultimate state. In this study, this method could recognize
the destructive deformation of strata at least 1 hour before the strata caving.

1. Introduction

Underground excavation is extensively made for varying
purposes such as mining, storage of natural gas and oil,
underground powerhouse cavern, and highway and railway
tunnels with large sections. As the scale and depth of under-
ground space increase, the risks of roof strata failure become
higher due to complex geological environment. In particular,
for coal mining, the maximum excavation scale could be up
to hundreds and thousandsmeters in dip and strike direction,
respectively. For such scale excavation, it is impossible to
maintain the roof strata in stability without deformation; the
very core is to monitor the movement characteristics of roof
strata, to know when it would be failure, and then to make an
accurately warning as early as possible.

In recent decades, numerousmonitoring techniques have
been conducted to investigate the deformation and stability
of the surrounding rock mass in underground excavation.
Microseismic (MS) monitoring technique, with remarkable

advantages in terms of real time, three-dimensional posi-
tioning of mechanical breaking events, has been successfully
utilized in underground mining [1–3], powerhouse cavern
[4], tunnels [5, 6], and oil and gas extraction [7, 8]. Elec-
trical resistivity tomography [9, 10], acoustic Emission [11],
synthetic aperture radar interferometry [12], and many other
advanced technologies such as themicrowave nondestructive
inspection technique [13, 14] were also applied in strength
prediction and underground excavation engineering. Those
monitoring techniques do make a great contribution for the
underground excavationmonitoring; however the large scale,
complex, and costlymonitoring facilitiesmay be the obstacles
of applying monitoring system in universal application.

Themicro-electro-mechanical systems (MEMS) technol-
ogy makes it possible to achieve low cost, high precision,
small size, wireless, and easy implementation monitoring
method to obtain the vibration and motion states of civil
structures. For instance, MEMS accelerometers were applied
in an exploratory field measurement of ground surface
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vibration during an underground blasting [15], to research
the characterizations of how the shear zone in a soil mass
evolves both spatially and temporally before developing into
a full-scale flow landslide in experimental tests [16].

In this paper, a low-cost MEMS inertial sensor, MPU-
6050, is conducted to monitor the vibration of roof strata
in an underground mining equivalent material simulation
experiment. The main objective of this study is to present the
effectiveness and sensitivity of the MEMS inertial sensor to
strata interfracture and deformation and to develop an early
warning strategy for strata deformation and caving.

2. Monitoring System

2.1. Monitoring Method. The strata failure occurs almost
instantly, whereas the preparation of failure requires a
relatively long-term process, usually accompanied by
microstructure crack and macrostructural deformation,
which could cause small vibrations and bending deformation.
As amatter of fact, not only the strata failure but also the great
majority of structure failures would have such processes,
which make it possible to characterize these processes by the
monitoring data of vibration.

Vibration can be characterized in terms of three parame-
ters: amplitude, velocity, and acceleration. The technology in
vibration instrumentation and measurements has advanced
significantly over past four decades, particularly in the area of
industrial machinery health monitoring. Our study focuses
on the vibration caused by rock damage, and a research for
the microseismic frequency-spectrum of rock deformation,
fracturing, and failure has suggested that the low-frequency
components (<25Hz) of monitoring signals are the key
factors for rock damage assessment [17, 18]. The sensitivity of
sensors used for measuring these parameters varies with the
frequency of the vibration, and the common understanding
is to use amplitude sensors to pick up low-frequency signals,
velocity sensors in the middle ranges, and accelerometers at
higher frequencies (accelerometers mentioned here mainly
for the piezoelectric accelerometer). However, to achieve
measurement of vibration in one tiny sensor module, we
would try to measure the low-frequency vibration by MEMS
inertial sensormpu-6050, which combines a 3-axis gyroscope
and a 3-axis accelerometer providing up to ±16 g accelerom-
eter and ±2000∘/s gyroscope and output data rate between
4Hz and 8 kHz [19].

2.2. Monitoring System. To utilize the MEMS sensor in lab
and field monitoring, there is a need to develop the signal
processing, communication module, and terminal software.
The mpu-6050 devices have an onboard Digital Motion
Processor� [19], which processes complex 6-axis Motion
Fusion algorithms, butwehave conducted a testwhich reveals
that such algorithms may not be suitable in this study for the
unstable monitoring data. Several studies [20–25] adopted
and developed types of algorithms to obtain better results
in terms of acceleration. In this study, we process the signal
with the Kalman filter by an onboard STM32 processor
(STM8S003); the processed data present the desirable accu-
racy. Since the sensor has a high sensitivity performance,

Host computer

Bluetooth adapter

MPU6050 STM8S003 CSR BC417

Sensor module

Monitored structure

Figure 1: Architecture of monitoring system.

problems can sometimes arise with noise signals induced
by the connecting cable. Normally, power supply and signal
transmission need 4 single conductor cables; as an improve-
ment, in this casewemount a Bluetoothmodule (CSRBC417)
on the PCB board for wireless communication. Thus, only 2
cables connect with the sensormodulewhich couldminimize
the measurement error caused by connecting cable vibration.
The whole sensor module can then be encapsulated in a 36 ×
36× 15mmwall-mounting enclosure and total cost of a single
sensor module less than 20 dollars. The terminal software for
Window OS programmed by C# can display and record the
sensor data in real time. The architecture of the monitoring
system is shown in Figure 1.

3. Experiment Setup

3.1. Geological Background. The test was conducted in an
experimental model based on the “Yushuwan” coal mine
located in Yulin city, the region in the northwest part of
China. The excavated coal bed 2# was located at the average
depth of 180mundersurface, the thickness of coal seamvaries
from 1.5∼9.4m, the angle of dip is 0∼2∘, and mechanical
properties of the rocks near coal seam are described inTable 1.

The roof rock strata of coal seam consist of softer rock
(mudstone, sandy mudstone) and harder rock (siltstone,
gritstone). For the softer rock strata, it would fall following
the excavation of coal seam. In contrast, for the harder rock
strata, it would not fall until the excavation area meets its
strength limit, and if there is no an accurate early warning,
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Table 1: Mechanical properties of rocks near coal seam.

Stratum
Parameter

Thickness
h (m)

Poisson’s
ratio
(])

Compressive
strength
𝜎𝛾 (MPa)

Tensile
strength
𝜎𝑡 (MPa)

Elastic
modulus
𝐸 (GPa)

Density
𝜌 (kg/m3)

. . . 170 - - - - -
Gritstone 3.3 0.27 65 4.60 5.5 2580
Siltstone 2.6 0.30 72 7.50 9.0 2400
Sandy mudstone 3.1 0.25 26 1.80 3.5 2440
Mudstone 2.2 0.44 19 0.17 1.7 2660
Coal seam 3.6 0.26 14 0.06 1.2 1540
Mudstone 2.5 0.44 19 0.17 1.7 2660
. . . - - - - - -

X
Y

Z

Figure 2: Equivalent material simulation model.

the sudden failure of larger-area rock strata could induce
a catastrophic accident. Consequently, the very core is to
monitor the movement characteristics of siltstone rock layer,
which plays a very important role in the whole roof strata
movement.

3.2. Model Building. To investigate the fracture and defor-
mation characteristics of the strata in underground mining,
an equivalent material model with scale 1 : 60 size 220 × 180
× 22 cm (X × Y × Z) is built based on the aforementioned
geological background. To simulate the rock strata with
various mechanical properties, 4 kinds of materials, sand,
calcium carbonate, gypsum, and water, will be mixed in
different ratio.

The coal seam, black part shown in Figure 2, will be
excavated along the positive direction of 𝑥-axis from 𝑥 =
15 cm. In order to cover key positions of fracture and
deformation as much as possible, 4 sensor modules, numbers
S1–S4, are installed on the siltstone stratum at section of 𝑥 =
17, 27, 37, and 47 cm, as shown in Figure 3.The sensormodule
can be set to the initial state; therefore the installation errors
would not affect the accuracy of monitoring.

3.3. Excavation. With the increase of the excavation area, the
overlying mudstone and sandy mudstone stratum cave into
small blocks (see Figure 4(a)), and the siltstone, gritstone,
and upper strata structure cave suddenly when the excavation
distance reaches 50 cm (see Figure 4(b)). From Figure 4(b)
we learn that 3 sensor modules S2–S4 are at the caving
part of siltstone stratum, S1 is at the uncaving suspended
part, and S2 is the nearest one to the end section with most
obvious inclination angle change. Digging further into the
strata fractures layout, we can also find cracks mainly located
at middle section of strata, and S3 is the nearest one to the
middle section.

4. Monitoring Results Analysis

In terms of acceleration, theory of beam on elastic foundation
has been revealed: for roof strata in underground mining,
the middle section and end section are the key parts,
withstanding a maximum shear force and bending moment,
and could present more precursory vibration signals as well
[26–29]. Regarding the relative location of sensors to the
fractured strata, S1 is located at the stable cantilever strata and



4 Shock and Vibration

Coal seam

Mudstone
Sandy mudstone

Siltstone
Gritstone

Mudstone

Overlying
strata

Underlying
strata

Excavation area

S1S2S3S4

Y

ZX

Figure 3: Sensor modules layout.
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Y

ZX

(a)

S4

Middle section

Cracks

S3 S2 S1

End section

Y

ZX

(b)

Figure 4: Roof strata caving with excavations. (a) Excavation distance = 40 cm. (b) Excavation distance = 50 cm.

S2, S3, and S4 are located at failure strata, among which S2
and S3 are located at the right side of middle section and S4
is located at the other side. This means that sensors can be
divided into 3 groups, with variousmovement characteristics,
in accordance with the different position of strata structure.
Considering that S2 and S3 are the nearest sensors to the
middle section and end section, respectively, in addition,
both S2 and S3 located at the same structure area that can
be compared to each other. Hence, the monitoring data of S2
and S3 will be further analyzed.

4.1. Signal Processing. In order to present the data more
directly and clearly, we set 6000 seconds before fracture as
time 0 and set the acceleration data at the time 0 to 0 as
well. Figures 5(a) and 5(b) are the original acceleration signal

data of S2 and S3 in 𝑥-axis 100 minutes before strata fracture,
respectively.

Figure 5(a) shows the acceleration signals of S2 fluctuate
around 0 (±0.002 g) and then witnessed a rapid rise since
5800 s caused by strata rotational deformation near the end
section. Figure 5(b) shows that S3 signals keep a state of
fluctuation without any marked changes until 6000 s that
tally with a middle section movement characteristic of a
beam structure. The dramatic growth of S2 indicates that
the macroscopic movement of different strata parts before
5800 s is the same in general. However, as a preparation
process more features need to be extracted and analyzed at
the microlevel; therefore, the signal should be postprocessed.

As illustrated in Figure 6(a), it is almost impossible to
read effective features from the original signal as undesirable
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Figure 5: Original acceleration signal. (a) Sensor module S2. (b) Sensor module S3.
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Figure 6: Acceleration signal of S2 in 3000–3050 s. (a) Original signal. (b) Processed by median filter with 𝑛 = 10. (c) Processed by median
filter with 𝑛 = 100. (d) Processed by median filter with 𝑛 = 250.

noises. To further investigate the signal features, signals will
be processed by a median filter to remove the noise and to
keep important features as much as possible [30–32]. Figures
6(b)–6(d) shows the signal processed by the median filter
with different 𝑛 (order of the one-dimensional median filter).
Signal shown in Figure 6(b) has a similar but better result
(±0.001 g) than Figure 6(a), the original one; however it is
still hard to tell the signal features. Figures 6(c) and 6(d)
further improve the signal performance to a desirable level
(±0.00025 g); in particular, Figure 6(d) filtrates most of the
noise, meanwhile keepingmain characteristics of the original
signal.

4.2. Signal Analysis. According to the filtering performance,
the acceleration signals of S2 and S3will be processedwith the
same setting in Figure 6(d) and the processed data as shown
in Figure 7.

This figure describes that there are 6 discontinuous
vibration stages, from I to VI, within 6000 s. The periodic
change of signal means that both themiddle and end sections
of strata will go through 6 periods of internal structural
fracture, and after a period of fracture the strata will be
relatively stable without new fractures for a period of time
and then to the next period of fracture, and so on until strata
caving. As the component of the gravity acceleration in 𝑥-
axis is rising, so there is an acceleration difference, 5 × 10−4 g,
between 2 adjacent stages. Thus, the signal with stage change
and rising trend is caused not only by the internal structural
fractures of strata, but also by the deformation.

For the convenience of analysis, we define the concept of
“vibration stage” as each signal vibration part from the start
time to the end time; for more details see Table 2; we define
the concept of “complete stage” as the part from the start of a
vibration stage to the start of next vibration stage; for instance,
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Figure 7: Acceleration signal processed by median filter with 𝑛 = 250. (a) Sensor module S2. (b) Sensor module S3.

Table 2: Start and end time of vibration stages (s).

I II III IV V VI
S1 725–1002 1224–1619 2105–2397 3001–3567 4055–4727 5359–caving
S2 127–430 830–1371 1587–2138 2637–3347 3709–4935 5369–caving
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Figure 8: Duration of vibration stage.

complete stage S2 (I-II) is the time period from 725 s to
1224 s.

The duration of each vibration stage, except stage VI
caused by strata caving, can be calculated by the data of
Table 2, as shown in Figure 8. The line graph illustrates that
the duration of S2 and S3 saw an upward trend in general,
which means that internal structural fractures increased
gradually whilst the strata got closer to caving. Meanwhile,
the S3 green line keeps in above of the S2 blue line; namely,
the durations of S3 last longer than S2 at each stage, which
indicates that the fractures at middle section of strata last
longer than that at end section. In fact, this may be explained
by Figure 4(b); we can find more observed unpenetrating
fractures located at the middle section and only one pene-
trating fracture at the end section, which is the end section
itself.

Furthermore, in terms of the complete stage, the duration
of each complete stage can be achieved from Table 2, shown
in Figure 9. And the lines show a steady climb, without
exception, to the highest point at the last vibration stage.
This change pattern could offer a new way to make an early
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Figure 9: Duration of complete stage.

warning of strata instability. In this study, this trend of change
can be observed at least 1 hour before strata caving.

5. Conclusions

In this study, low-cost MEMS inertial sensor modules are
adopted to investigate the fracture and deformation charac-
teristics of the overlying strata in an underground mining
equivalent material simulation experiment. The monitoring
data of two sensor modules, near to the middle section and
end section of suspended strata, are processed by median fil-
ter. Processed data shows that the median filter is an effective
signal processing method for the denoising of acceleration
data. Furthermore, comparison and statistical analysis are
conducted to investigate the movement characteristics of
strata prior to the first weighting, and then the following
conclusions can be drawn:

(1) The effectiveness and sensitivity of the low-cost
MEMS inertial sensor, less than 20 dollars, to strata
interfracture anddeformation, are tested andproofed.
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(2) The strata deformation presents a characteristic of
step change, rather than continuous change; each step
consists of two parts: a vibration stage and a stable
stage.

(3) The duration of each single period with rising trend
indicates that the deformation of strata is growing
to the ultimate state, which could be as a criterion
for early warning and recognizing the destructive
deformation of strata.

The experimental test results demonstrate the validity of
the MEMS inertial sensor; theoretically, for an underground
excavation only 2 sensormodules are required.This approach
may hopefully serve as a new low-cost monitoring method
applied in related research areas and engineering practice.
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Where a mined-out area underlies a slope, it is a direct threat to slope safety and stability. This is of particular concern where
a mined-out area underlies the slope of an open-pit mine, and it has a serious impact on the design and safety measures used
for the mine. If a mined-out area underlying the final slope of an open-pit mine is not treated adequately and at the appropriate
time, it may cause the slip failure of the final slope during the service life of the mine, posing a serious threat to the safety of
personnel and equipment during the stripping phase. In light of the potential for such problems, this paper analyzes the instability
mode and failure characteristics of an open-pit slope near a mined-out area in China using geological field survey and the polar
stereographic projection method. The scale span method, in combination with engineering analogy and consideration of open-
pit mining technology, is then used to determine the critical safety thickness at which pretreatment of mined-out areas should be
carried out. A pretreatment process to infill the mined-out area during construction of open-pit mine steps is put forward, and its
effects on slope stability and reliability are comprehensively evaluated.The results show that circular sliding is the most appropriate
instability mode for a slope near a mined-out area. The failure initiates through breakage in the roof of the mined-out area, which
induces subduction sliding of the free face of the slope at the left boundary of the mined-out area and subsequent failure of the
entire regional slope. Comprehensive analysis methods are used to determine that the critical safety thickness at which amined-out
area under the final open-pit slope should be pretreated is 24 m.The recommended treatment countermeasure is to transfer filling
slurry into the mined-out area through drilling holes in benches. This can satisfy the stability and reliability requirements for the
slope under different working conditions.

1. Introduction

A large proportion of mining in China uses the open-pit
method. Slope stability is a core safety issue at such mines.
Illegal mining, which has been on the rise since the 1980s,
has resulted in numerous undocumented underground goafs
around such mines [1] and these present a clear threat to
open-pit mine safety, especially where a mined-out area
underlies the open-pit slope and seriously affects slope
stability [2–4]. Mining and blasting generate large disturbing

shock forces, and the resulting stress redistribution and
consequent changes to the engineering geology conditions
will affect the internal mechanics of slope failure [5, 6].
This can cause mined-out areas to collapse instantaneously,
directly threatening overall slope stability and the lives of
the miners. In recent years, extensive research has been
carried out into mined-out areas under slopes with regard
to such factors as the influence of the mined-out area on
slope stability, the critical safety thickness of the roof of the
mined-out area, and treatment methods for the mined-out
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area [7–13]. Hoek proposed that failure would take the form
of progressive caving and that steeply dipping slopes are
prone to topple when an inclined ore body is mined out;
he proposed a limit equilibrium method for slope stability
analysis [14]. Brown and Ferguson, meanwhile, analyzed
slope stability by taking into account the slope angle, tension
cracks, and hydraulic pressure on the shear surface [15]. Li
et al. developed a pseudostatic method based on Janbu’s
Limit Equilibrium Method (LEM) to analyze the influence
of dynamic loads from blasting on slope stability [16]. They
found that the horizontal loads produced by blast vibrations
cause an increase in sliding forces, and this leads to a lower
slope stability coefficient. Chai et al. studied the mechanism
and degree of influence that mined-out areas located in
different parts of open-pit slopes have on the slope stability,
using a strength reduction method [17]. Wan proposed
applying an accelerating hybrid genetic algorithm to the old
slope of a mined-out area under the Jiagou aluminum mine
and used FLAC software to analyze the influence of mined-
out areas of different sizes and locations on the slope stability,
evaluating the degree of influence of various factors [18].
Ao et al. used 3D turbulence modeling to determine the
flow characteristics of grout and a sequence of multihole
grouting. By applying hydromechanical coupling theory, they
performed 3D stability analysis based on a geoengineering
model to analyze the effectiveness of grouting reinforcement
in stabilizing the goaf [19]. Wu et al. evaluated the effects of
cemented filling on amined-out area through the coupling of
CMS and 3DMime-FLAC3D based on a scan of the original
mined-out area obtained with a CMS 3D mined-out area
detection system [20]. Based on uncertainty measurement
evaluation and an analytic hierarchy, Dong et al. carried out
a comprehensive risk evaluation of underground goafs using
multiple indices and found that this method can reduce the
risk of accident and improve the mining environment in
practice [21]. Another manner by which a mined-out area
under an open-pit can be effectively treated is by using the
downward deep hole cutting mining caving method of strip
mining, as this method does not influence the stability of the
final slope.

If the mined-out area underlying the final slope of an
open-pit mine is not treated effectively and at the appropriate
time, it may cause the slip failure of the final slope during the
service life of the mine, posing a serious threat to the safety
of personnel and equipment during the stripping phase.
Therefore, an assessment of the critical safe roof thickness
is urgently required, so that grouting of mined-out areas
can be carried out when this critical thickness is reached
to ensure overall slope stability. The present study takes the
Niukutou open-pit mine in Qinghai Province as an example.
Themode of instability and failure characteristics of the slope
overlying mined-out areas at this site are analyzed, and the
critical safety thickness at which pretreatment of mined-out
areas should be conducted is determined synthetically using
a variety of methods. Pretreatment measures for mined-out
areas are then proposed, and a comprehensive evaluation of
the effects of the treatment on slope stability and reliability is
carried out, providing a reference for engineering practice at
mines where similar conditions pertain.
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d shaft 

Niukutou open pit mine

Mined out area 

Mining area of hang-wall ore 
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Figure 1: Distribution and scale ofmined-out areas underNiukutou
open-pit mine.

2. Project Overview

Niukutou Mine in Qinghai Province is a polymetallic mine
that uses open-pit to undergroundmining.The service life of
the open-pitmine is eight years.Themain strata lie in a nearly
northeast orientation. Lithologically, it ismainly composed of
marble, skarn rock (including the ore layer), and granite.This
is covered by quaternary alluvial-diluvial glutenite, generally
30–70m thick. The mining area is located in the 6-degree
earthquake zone.

There are a large number of civil mined-out areas beneath
the mining area (Figure 1). The combined volume of the
mined-out area is 32,000 m3 under the open-pit as a whole,
and 16,000 m3 under the final slope.The mined-out areas are
mostly of gallery type. There is a large mined-out area in the
northwest of the mine, in the lower part of its final slope.
Thismined-out area seriously hampers safe production at the
mine because it has a major impact on slope stability. On the
basis of the results of an existing study [22], the final slope
angle recommended by the engineering geology division in
this area is 45∘.

Because the depth to mined-out areas below the final
slope varies, the mined-out area with the largest scale closest
to the final slope and with the greatest influence on the
stability of the slope is taken as the study area.The length and
width of this mined-out area are 27 m and 18 m, and the area
of the roof is approximately 425 m2.

3. Analysis of the Failure Characteristics of
the Slope Overlying a Mined-Out Area

3.1. Determination of the General Instability Mode of the Slope.
There are many groups of joint fissures in the rocky slope
rock mass, and the intersection of many such groups with
the excavated slope could potentially give rise to a variety of
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Figure 2: Geological field investigation in an inclined shaft in the mined-out area.
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Figure 3: Stereographic projection analysis of slope failure mode.

instability modes.Therefore, before a quantitative calculation
of slope stability can be undertaken, it is necessary to make a
preliminary analysis of the mode of slope failure so that the
appropriate stability analysis method can be selected.

The distribution of joints in the rock mass is the decisive
factor controlling the stability of a highly jointed rock mass.
A geological field investigation was carried out into the
occurrence of structural planes in an inclined shaft in the
mined-out area using a scanline method, and a statistical
analysis of the structural plane and its features was then
conducted using the stereographic projection method. The
results of these investigations are shown in Table 1 and
Figure 2.

The results regarding advantageous joint parameters,
slope parameters, and the measured shear strength of the
structural plane were summarized [23, 24] to achieve a
discrimination diagram for the slope failure mode near the
mined-out area (Figure 3). The advantageous joint occur-
rence and intersection of joint surfaces do not fall in the
regions indicating a tendency to sliding or tilting, indicating

Table 1: Characteristics of structural planes within the study area.

Superior joint group or side
slope number Tendency/∘ Inclination /∘

1 286 71
2 248 72
3 321 72
I - I profile 92 45

that there is a low probability that plane sliding failure
(including plane sliding and wedge sliding) or tilting damage
will occur in this area. Because there are three groups of
structural planes in the slope rock mass, there is no group
of structural planes that would be advantageous for tilting.
As it can be considered that the rock mass is isotropic and
the Proctor hardness coefficient of the marble composing
the main rock mass of the slope is small (f=5) when the
scale of the side slope is relatively large, a combination of
discrimination standards for slope instability models [25, 26]
indicates that the slope in this area will fail by circular sliding.

3.2. Mechanical Parameters of the Rock Mass. In light of
the mode of slope failure identified, the selection of the
mechanical parameters of the rock mass has a serious impact
on the reliability of the slope stability analysis. Therefore, it is
important to determine reasonablemechanical parameters to
be used for this purpose.

The standard recommended methods were used [25].
The Feixinke Method, Georgi Method, experience reduction
method, proposed RMR method, comparison of structural
plane and rock strength, Hoek-Brown strength criterion
(2002), and engineering analogy were used to comprehen-
sively determine the shear strength index of the rock mass
within the scope of the study [27]. Specific parameters can be
seen in Table 2.

3.3. Evolution of the Slope Failure. On account of the failure
mode identified, Phase 2 7.0 and Slide 6.0 software were used
to analyze the process of slope failure when underlain by a
mined-out area. The results are shown in Figure 4.

The process of failure calculated using the strength
reduction method of Phase2 7.0 and the simplified Bishop
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Failure curve of slope and crown pillar

The demarcation line
of the Quaternary Strata

Calculation curve with the Simplified
bishop method

Failure curve of slope and crown pillar

Calculation curve with the Simplified
bishop method

(a) Instability of crown pillar (b) Slope sliding

Figure 4: Evolution of the failure of a slope overlying a mined-out area.

Table 2: Physical and mechanical parameters of rock mass and soil.

Type of rock
mass and soil

Weight 𝛾
/kN/m3

Cohesion c
/kPa

Angle of internal friction 𝜑
/∘

Quaternary 18.7 27 25
Marble 26.5 90 31
Skarn 37.6 170 32
Granite 26.4 180 33
Filling 20.0 85 27

method of Slide 6.0 is consistent. Namely, failure occurs by
fracturing of the roof of the mined-out area, which causes
subduction sliding of the free face of the slope at the left side of
the mined-out area, leading to slope failure across the whole
area. Therefore, the existence of the mined-out area seriously
affects the stability of the slope, and relevant pretreatment
measures must be taken to deal with the mined-out area.

4. Determination of the Critical
Safety Thickness for Pretreatment of
the Mined-Out Area

Treatment of the mined-out area must be carefully timed so
that it does not affect production but guarantees the stability
of the slope during the production process. Therefore, it is
necessary to determine the critical thickness at which the
mined-out area should be pretreated.

There have been studies into the safe thickness for the
roof (crown pillar) of a mined-out area, in both China
and elsewhere, using approaches such as the load transfer
line intersection method, span-to-depth ratio method, bro-
ken arch theory method, Rubienie Yite theory estimation
method, and Bogoliubov theory calculation method. These
methods are mainly based on single geometric parameters
relating to the span of the mined-out area and so have
certain limitations. On the basis of data from more than 300
boundary crown pillars, Carter et al. proposed the scaled

span method, which determines the critical safety thickness
for the roof of a mined-out area based on its geometrical
parameters and the dip angle of the orebody in themined-out
area [28–30].This method can estimate the safety coefficient,
service term, and probability of failure of roofs of different
thicknesses, and abundant use has proven its practicability,
safety, and scientificity. This paper analyzes the critical safety
thickness for pretreatment of the mined-out area using the
scaled span method and engineering analogy with similar
open-pit mines in China and abroad.

4.1. Scaled Span Method. The key to using the scaled span
method to determine a safe thickness for the roof is to
determine the scaled span of the crown pillar.The calculation
formula is as follows:

𝐶𝑆 = 𝑆 [ 𝛾
𝑇 (1 + 𝑆𝑅) (1 − 0.4 cos 𝜃)]

0.5

. (1)

𝐶𝑆 is the scaled span of the crown pillar in meters; 𝑆 is the
actual span of the crown pillar, here 18 m; 𝛾 is the rock mass
weight, which is 2.7 t/m3; 𝑇 is the actual thickness of the
crownpillar inmeters; 𝜃 is the dip angle of the ore body,which
is 90∘; and 𝑆𝑅 is the span ratio 𝑆/𝐿, which is 18/27.

𝑆𝑐 = 3.3𝑄0.43 [sinh (𝑄)]0.0016 . (2)

𝑆𝐶 is the critical scaled span in meters; 𝑄 is the 𝑄 value
obtained using the Q-system classification method, which,
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according to the geological field investigation of the connect-
ing shaft of this mined-out area and adjusted on the basis of
the results of supplementary drilling, is 6.913; and sinh() is
the hyperbolic sine function.

The probability 𝑃𝑓 of failure of crown pillars of different
thicknesses is calculated using 𝐹𝐶, the safety coefficient of the
crown pillar, which can be calculated as

𝐹𝐶 = 𝑆𝐶𝐶𝑆 . (3)

The formula for 𝑃𝑓 is then
𝑃𝑓 = 1 − erf [2.9𝐹𝐶 − 14 ] , (4)

where 𝑃𝑓 is the probability of failure and erf[]is the error
function.This formula has a high accuracy for estimating the
probability of failure when 𝑃𝑓 <<50% and 𝐹𝐶 >1.

The relationship between the thickness of the crown pil-
lar, the safety coefficient of the crown pillar for pretreatment
at Niukutou Mine, and the failure probability as determined
using the above formula is shown in Figure 5.

As shown in Figure 5, with an increase in the thickness of
the crown pillar, the safety coefficient, Fc, increases and the
probability of failure, Pf , decreases. If strip mining is carried
out in accordance with the original design scheme, the final
thickness of the crown pillar is 2.4 m, which has a safety
coefficient of only 0.58 and a probability of failure as high
as 85.1%, far in excess of stability requirements. According to
the requirements for the stability of the crown pillar under
similar conditions using the scaled span method, the safety
coefficient must be above 1.5, and the critical safety thickness
of the roof determined thereby is 20.2m, giving a probability
of failure of 23.6%.

4.2. Engineering Analogy Method. Engineering analogy has
frequently been used to determine the safe thickness of
a mined-out area roof in China and abroad, and a large
number of engineering examples have therefore become
available. Mines with a similar span and extent of mined-
out area, slope scale, and rock lithology as Niukutou Mine
were selected for statistical analogy and are listed in Table 3.
The safe thicknesses of the crown pillars of these mines are
obtained using the Rubienie Yite theory estimation method
and engineering experience. Through engineering analogy,
the critical safety thickness of the roof of the mined-out area
is 15–25 m.

4.3. Comprehensive Determination of Critical SafetyThickness
for Pretreatment. The safe thickness of the roof determined
by the scaled span method and engineering analogy is
essentially the same. To reduce the impact that pretreatment
of themined-out area has on production and considering that
strip mining at Niukutou Mine uses a step height of 12 m,
the critical safety thickness for pretreatment of themined-out
area under the slope is 24 m. This means that pretreatment
should be conducted two steps ahead.
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Figure 5:The relationships between the thickness of the crownpillar
and both the safety factor and probability of failure.

Block retaining wall
Filling hole of first construction
Filling hole of subsequent construction
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Filling hole of subsequent
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Filling hole of first construction

Block retaining wall

Figure 6: Treatment scheme for the mined-out area under the final
slope of the open-pit mine.

5. Analysis of the Effect of Pretreatment of
the Mined-Out Area

5.1. Pretreatment Strategy. The selection of pretreatment
strategy has a decisive effect on the stability of the open-
pit slope. After a comprehensive comparison of a variety of
treatment methods, the method that has been adopted is to
fill the mined-out area is to discharge filling slurry into drill
holes during step construction (Figure 6). This method has
the advantages of improving the load-bearing status of the
rock mass surrounding the mined-out area and increasing
the shear strength of the potential sliding surface of the
mined-out area, playing an “antisliding” role. The treatment
measures are as follows:(1)General principles: the initial area to be filled and areas
for subsequent filling are divided according to the critical
depth at which pretreatment is required. Concrete block
retainingwall 1 is constructed between the two areas to ensure
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Table 3: Statistics of boundary pillar thickness in comparable mines.

Name of mines Span of mined-out
area/m

Area of mined-out
area/m2

Safety thickness of crown
pillar/m

Krivoy Rog Mine 15–25 200–600 20–30
Haydargangski Mine 25–30 100–500 15–20
Nuosisiji Chai Mine — 200–2100 14–16
Niki Torfs Ki Mine 20–25 — 15–30
Datang Mine 20 — 15
Chuanyandong Mine 20–25 — 24
Jinchangyu Mine >20 — 25
Shirengou iron Mine 20 — 20

Table 4: The slope stability safety factor and probability of slope failure under different working conditions.

Working conditions
Calculation method

Safety coefficient Failure probability
Simplified Bishop method Strength reduction method

Unfilled mined-out area
No earthquake force 0.756 0.49 100%
Earthquake force 0.747 0.49 100%

Filled mined-out area
No earthquake force 1.169 1.13 0.2%
Earthquake force 1.145 1.10 0.4%

the quality and effectiveness of filling, and concrete block
retaining walls 2 and 3 are constructed subsequently. The
filling area that has the largest influence on the slope should
be filled first, before the critical treatment depth is reached
and then, for areas that have a smaller influence on the slope,
it can subsequently be determined whether and when filling
should be carried out.(2) Blocking measures: a hole of the same diameter
as the blasting hole is drilled down at the center of the
blocking position. C20 concrete is injected into the mined-
out area until the concrete fills the whole drilling hole. Several
holes are then drilled adjacent to the filled drilling hole to
test the blocking effect. If some locations are not blocked
satisfactorily, more C20 concrete can be added until the hole
is filled. Accelerator can be added to ensure that the concrete
in the mined-out area solidifies as quickly as possible.(3) Filling measures: backfill drilling holes with a spacing
of 10–15mare drilled in the area to be filled andfilling slurry is
discharged into them. Depending on the actual filling effect,
the spacing of the backfill drilling holes can be densified to
ensure that the filling body fully contacts the roof. When the
filling slurry reaches the top of each backfill drilling hole, the
filling of the hole can be considered complete. Amixer is used
to mix the filling slurry of cemented tailings uniformly, and
the pressure difference at the mixer is used to flow the filling
slurry into the mined-out area.(4) Requirements for filling slurry: on the basis of indoor
test results of a mine-filling body under similar lithologi-
cal conditions and engineering geological conditions [31],
when cemented tailings are used as filling materials and the

cement-sand ratio is 1:6, the concentration of filling slurry can
reach above 70% after filling without emitting water.

5.2. Stability Evaluation. The pretreatment measures directly
affect the stability of the slope near the mined-out area.
The failure mode near the mined-out area was preliminar-
ily determined to be circular sliding. On the basis of a
combination of related standards [25, 26, 32], slope stability
was analyzed using the simplified Bishop limit equilibrium
method and the strength reduction method. The results
regarding slope stability under different working conditions
are shown in Table 4.

The two methods both indicate that the safety coefficient
of the slope when the mined-out area is not treated is
much less than 1.0: the slope cannot be kept stable. When
pretreatment filling of the mined-out area is carried out, the
slope stability is greatly improved, meeting the requirements
that the safety coefficient of the slope over the service life
is not less than 1.15 and the safety coefficient of slope under
earthquake force is not less than 1.10 [32, 33]. Thus, this slope
pretreatment strategy is reasonable and practical and meets
the slope stability requirements.

5.3. Reliability Evaluation. Due to the specific characteristics
of the rock itself, the shear strength index has a certain vari-
ability. Therefore, the influence of the random distribution
of the shear strength index on the analysis of slope stability
must be considered. A large number of studies have shown
that the probability density function of the shear strength
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Figure 7: Typical probability density functions of shear strength index.

index, which plays a key role in slope stability analysis, has a
normal distribution or an approximately normal distribution
(Figure 7). Another key problem in slope reliability analysis
is to determine the value of the minimum shear strength
index. Through engineering analogy, comparison of the
shear strength parameters of interior structures, and other
methods, the lower limit of the shear strength index is
determined to be c=40 kPa, 𝜑=25∘. Taking the shear strength
parameters of the rock mass in Table 2 as the average values
and c=40 kPa and 𝜑=25∘ as the average value to deduct the
lower limit value of a probability density function of 3 times
the standard deviation, the taking value interval is up to a
confidence level of 99.74%.

The analysis of slope reliability was carried out with Slide
6.0 slope stability analysis software and the Monte Carlo
method, running 1,000 cycles. As shown in Table 4, the
probability of failure of the slope is 100%when themined-out
area is not pretreated, but after filling, even under earthquake
force, the probability of slope failure meets the reliability
requirement that the probability of slope failure at an open-pit
mine must be [34] 0.3%–1.0%.Thus, slope reliability is better
after the mined-out area has been filled.

6. Conclusions

(1) At Niukutou Mine in China, structural plane occurrence,
the slope, and the structural planes together indicate that a
slope overlying a mined-out area will fail by near-circular arc
sliding.(2) Slope failure develops through breaking of the roof of
the mined-out area, subduction sliding failure of the free face
of the slope along the left boundary of the mined-out area,
and then slope failure across the whole area.(3)The comprehensive scaled span method, engineering
analogy, and the parameters ofNiukutouMine’s stepped slope
design are used to determine that the critical safety thickness
for pretreatment of the mined-out area under the slope is 24
m. (4) The mined-out area under the slope can be filled
by discharging filling slurry into backfill drilling holes dur-
ing step construction. This treatment meets requirements

regarding slope reliability and the slope safety coefficient
under different conditions.
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In the process of deep mining, the coal-rock masses were subjected to different types’ disturbance of dynamic loading, and they
propagated to the depth of coal and rock in the forms of stress waves. It has been determined that coal-rock masses mainly show
shear-compression failures under static pressure. However, under dynamic loading, they had consistently demonstrated crashing
or splitting failure, which showed strong dynamic mechanical characteristics. Therefore, the propagation and interaction of stress
waves have great effect for the dynamical damage of coal-rock masses. The current research regarding the dynamic mechanical
characteristics of coal-rock masses is still in the qualitative analysis stage, with the dynamic damage mechanism and failure modes
remaining unclear. Based on the propagation characteristics of a plane strain and cylindrical wave control equations, this paper
obtained a cylindrical wave propagation frequency equation and established a dynamic calculation model for the radial, axial, and
shear stresses under high order P-waves. We have noticed, most surprisingly, that the amplitude directions of the radial and axial
stress waves were almost opposite, with the amplitude values being basically the same when the vibration remained stable. And the
vibration amplitude of shear stress wave was found to be the largest. Therefore, the coal-rock masses generally experienced tensile
and shear failures under high order P-waves. The following results can be obtained: tensile failure easily occurred to the surface or
axis of cylindrical coal-rock masses when there was no confining pressure, and the coal-rock masses generally experienced tensile-
shear failures when confining pressure was present. And we found that the vibration amplitudes and dimensionless radius (𝑟/𝑅)
were in approximately the −0.5 power relationship, and the dimensionless wave numbers (𝑘𝑅), dimensionless frequency (𝑤𝑅), and
the wave length of stress waves propagating in cylindrical coal-rockmasses weremainly within 85, (0.1∼1.8) × 105, and 0.24𝑅 ∼1.08𝑅
respectively.

1. Introduction

The buried depth is one of the main geological factors effect-
ing coal and gas outbursts and rock burst. The increase of
buried depth enhanced the potential energy for the outburst
initiation due to higher crustal stress. Therefore, coal and gas
outburst and rock burst accidents in China easily occur in the
process of deep mining.The coal-rock masses were subjected
to different types’ disturbance of dynamic loading in the
process of deep mining, and they propagated to the depth of
coal and rock in the forms of stress waves, leading to alter-
nating occurrence of compressive stress and tensile stress.
At present, many scholars have systematically examined the

static mechanical characteristics of coal-rock masses under
the action of static load.Meanwhile, preliminary explorations
of the dynamicmechanical characteristics under the action of
dynamic loading have beenmade with split-Hopkinson pres-
sure bar (SHPB) [1–6]. Coal-rock masses have been found
to consistently show shear-compression failures under the
action of static load [7, 8], as shown in Figure 1(a). However,
the brittleness of coal-rock masses tends to increase under
the action of dynamic loading, and it will always eventually
display crashing or splitting failures [9], as shown in Figures
1(b) and 1(c). And during underground chamber excavations,
if the dynamic effects of transient ground stress unloading are
considered, then the damage area in surrounding rock will be
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Figure 1: Failure mode of coal-rock masses: (a) static failure, (b) crashing failure, and (c) splitting failure.
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Figure 2: Damage distribution of the surrounding rock in a
chamber under transient unloading.

obviously larger than that determined when only the quasi-
static unloading effects are considered, as shown in Figure 2
[10].

According to the SHPB test results under the combined
actions of dynamic and static loads, the confining pressure
limited the radial deformations of coal-rock masses during
initial elastic and plastic deformation stages. Therefore, the
majority of damaged coal-rock masses were conical and in
“V” or “X” shaped failure modes, as shown in Figure 3.

Therefore, under the action of dynamic loading, coal-
rock masses would show strong dynamic mechanical char-
acteristics, and the dynamic damage and failure modes
would become even more complicated [11–13]. Currently, the
dynamic failuremodels of coal-rockmasses, which have been
established based on the present experimental data statistics,
mainly include the K-G, KUS, and viscoelastic continuous
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fracture plane

microcrack

Figure 3: “V”-shaped failure.

damagemodels, along with dynamic discrete elementmodels
[14–18]. However, there still remains a lack of fundamental
theory research regarding the dynamic damage mechanisms
of coal-rock masses under the action of dynamic loading.

Generally speaking, the current research regarding the
dynamic mechanical characteristics of coal-rock masses is
still in the qualitative analysis stage, with the dynamic
damage mechanisms, failure modes, and disaster-causing
mechanisms remaining unclear, which seriously restricted
the technology development for coal-rock dynamic disaster
control. Therefore, arising from these factors and taking
homogeneous cylindrical coal and rock mass for the research
object, the dynamic damage mechanisms and failure modes
of coal-rock masses were analyzed in the paper, and the
results have important significance for the control of coal and
rock dynamic disasters.
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2. Calculation Model for the Dynamic Stress
Distribution of Coal-Rock Masses

As shown by the SHPB testing process, a bottom surface of
cylindrical coal-rock mass (𝑧 = 0) was under the instantane-
ous shock of the bullet.Therefore, the cylindrical coordinates
of 𝑟, 𝑧, and 𝜃 were selected to analyze the action of dynamic
load. It was assumed that the section of coal-rockmass sample
showed a plane strain after the bullet shock, and it was found
to propagate in the form of plane strain wave; thus the wave
control equation did not contain the variable 𝜃. With 𝑧 and𝑟 as the axial and radial directions, respectively, the wave
control equation could be expressed as follows [19]:

𝜕2𝑢𝜕𝑡2 = 𝑎2∇2𝑢 = 𝑎2 (𝜕2𝑢𝜕𝑟2 + 1𝑟 𝜕𝑢𝜕𝑟 + 𝜕2𝑢𝜕𝑧2) , (1)

𝑎 = (𝜆 + 2𝜇𝜌 )1/2 , (2)

where 𝑢 is the displacement; 𝑡 is the time; 𝜆 and 𝜇 are the
Lame coefficients; and 𝜌 is the density.

Then, we set 𝑢 = V(𝑟, 𝑧)𝑇(𝑡) and insert it into (1) as fol-
lows:

V𝑇 = 𝑎2∇2V𝑇. (3)

After the deformation,

∇2V
V

= 𝑇𝑎2𝑇 = −𝑤0. (4)

Then,

𝑇 + 𝑎2𝑇𝑤0 = 0, (5)

∇2V + 𝑤0V = 0. (6)

With (5),

𝑇 = 𝑒−𝑖𝑡𝑎√𝑤0 . (7)

With (6),

𝜕2V𝜕𝑟2 + 1𝑟 𝜕V𝜕𝑟 + 𝜕2V𝜕𝑧2 + 𝑤0V = 0. (8)

Then, we set V(𝑟, 𝑧) = 𝑅(𝑟)𝑍(𝑧) and insert it into (8) as fol-
lows:

𝑍𝜕2𝑅𝜕𝑟2 + 𝑍𝑟 𝜕𝑅𝜕𝑟 + 𝑅𝜕2𝑍𝜕𝑧2 + 𝑤0𝑅𝑍 = 0. (9)

We divide both sides of (9) with RZ:

1𝑅 𝜕2𝑅𝜕𝑟2 + 1𝑅𝑟 𝜕𝑅𝜕𝑟 = − 1𝑍 𝜕2𝑍𝜕𝑧2 − 𝑤0 = −𝑘0. (10)

Then, we set 𝑥 = 𝑟√𝑘0 and insert it into (10):

𝑟2𝑘0 𝜕2𝑅𝜕𝑥2 + 𝑟√𝑘0 𝜕𝑅𝜕𝑥 + [(𝑟√𝑘0)2 − 02]𝑅 = 0. (11)

After the deformation,

𝑥2 𝜕2𝑅𝜕𝑥2 + 𝑥𝜕𝑅𝜕𝑥 + [𝑥2 − 02] 𝑅 = 0. (12)

With (10),

𝜕2𝑍𝜕𝑧2 + (𝑤0 − 𝑘0) 𝑍 = 0. (13)

Then,

𝑍 = 𝑒𝑖𝑧√𝑤0−𝑘0 . (14)

With (9), (12) becomes a zero-order Bessel equation, and 𝑅
is bounded (𝑅(0) < +∞). Therefore, a particular solution of
(12) may be as follows:

𝑅 (𝑥) = 𝐴 ∞∑
𝑚=0

(−1)𝑚𝑚! ⋅ Γ (𝑚 + 1) (𝑥2)2𝑚 = 𝐴𝐽0 (𝑥)
= 𝐴𝐽0 (𝑟√𝑘0) .

(15)

Therefore, a particular solution of the wave control equation
(see (1)) can be expressed as follows:

𝑢 (𝑟, 𝑧, 𝑡) = 𝐴𝐽0 (𝑟√𝑘0) 𝑒𝑖𝑧√𝑤0−𝑘0𝑒−𝑖𝑡𝑎√𝑤0

= 𝐴 ∞∑
𝑚=0

(−1)𝑚𝑚! ⋅ Γ (𝑚 + 1) (𝑟√𝑘02 )2𝑚 𝑒𝑖𝑧√𝑤0−𝑘0𝑒−𝑖𝑡𝑎√𝑤0 .
(16)

In order to obtain the general solution of the wave
control equation and according to the Stokes-Helmholtz
decomposition theorem, the displacement vector field 𝑢 was
decomposed into irrotational and solenoidal fields. Then,
the displacement vector 𝑢 could be expressed using scalar
potential function 𝜑 and vector potential function 𝜓 as
follows:

𝑢 = ∇𝜑 + ∇ × 𝜓. (17)

The P-wave in cylindrical coal-rock mass was an axially
symmetric wave, characterized by both axial and radial dis-
placement components.Then, in accordancewith a particular
solution formof thewave control equation, the forms of𝜑 and𝜓 could be expressed as follows [19]:

𝜑 = 𝐴𝐽0 (𝑝𝑟) 𝑒𝑖(𝑘𝑧−𝑤𝑡), (18)

𝜓 = 𝐶𝐽1 (𝑞𝑟) 𝑒𝑖(𝑘𝑧−𝑤𝑡),
𝑝2 = 𝑤2𝐶2𝐿 − 𝑘2,
𝑞2 = 𝑤2𝐶2𝑇 − 𝑘2,

(19)

where 𝑤 is the wave frequency; 𝐶𝐿 and 𝐶𝑇 represent the
speeds of the P wave and S wave (m/s), respectively; and 𝑘
is the wave number.
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The radial displacement 𝑢𝑟 and axial displacement 𝑢𝑧 of
the cylindrical coal-rock mass could then be expressed as
follows:

𝑢𝑟 = 𝜕𝜑𝜕𝑟 − 𝜕𝜓𝜕𝑧 ,
𝑢𝑧 = 𝜕𝜑𝜕𝑧 + 1𝑟

𝜕 (𝑟𝜓)
𝜕𝑟 .

(20)

The zero-order and first-order Bessel functions possess
the following characteristics:

𝑑𝑑𝑥 [𝑥𝐽1 (𝑥)] = 𝑥𝐽0 (𝑥) ,
𝑑𝑑𝑥 [𝐽0 (𝑥)] = −𝐽1 (𝑥) .

(21)

With (18) and (20), the radial and axial displacements could
be expressed as follows:

𝑢𝑟 = 𝜕𝜑𝜕𝑟 − 𝜕𝜓𝜕𝑧 = [−𝑝𝐴𝐽1 (𝑝𝑟) − 𝑖𝑘𝐶𝐽1 (𝑞𝑟)] 𝑒𝑖(𝑘𝑧−𝑤𝑡),
𝑢𝑧 = 𝜕𝜑𝜕𝑧 + 1𝑟

𝜕 (𝑟𝜓)
𝜕𝑟

= [𝑖𝑘𝐴𝐽0 (𝑝𝑟) + 𝑞𝐶𝐽0 (𝑞𝑟)] 𝑒𝑖(𝑘𝑧−𝑤𝑡).
(22)

The calculationmodels for radial, axial, and shear stresses
dynamic distribution are as follows:

𝜎𝑟 = 𝜆(𝜕𝑢𝑟𝜕𝑟 + 𝑢𝑟𝑟 + 𝜕𝑢𝑧𝜕𝑧 ) + 2𝜇𝜕𝑢𝑟𝜕𝑟
= 2𝜇𝐴{𝑝𝑟 𝐽1 (𝑝𝑟) − 12𝐽0 (𝑝𝑟) (𝑞2 − 𝑘2)
+ 𝑖𝑘𝐶𝐴 [1𝑟 𝐽1 (𝑞𝑟) − 𝑞𝐽0 (𝑞𝑟)]} ,

(23)

𝜎𝑧 = 𝜆(𝜕𝑢𝑟𝜕𝑟 + 𝑢𝑟𝑟 + 𝜕𝑢𝑧𝜕𝑧 ) + 2𝜇𝜕𝑢𝑧𝜕𝑧
= 2𝜇𝐴[(𝑝2 − 𝑞2 + 𝑘22 ) 𝐽0 (𝑝𝑟) + 𝑖𝑘𝑞𝐶𝐴𝐽0 (𝑞𝑟)] ,

(24)

𝜎𝑧𝑟 = 𝜇(𝜕𝑢𝑟𝜕𝑧 + 𝜕𝑢𝑧𝜕𝑟 ) = 2𝜇𝐴 [𝐶𝐴 (𝑘2 − 𝑞2) 𝐽1 (𝑞𝑟)
− 2𝑖𝑘𝑝𝐽1 (𝑝𝑟)] .

(25)

3. Boundary Conditions of the Dynamic
Stress Calculation Model

The radial and shear stresses on the cylindrical coal-rock
masses’ surfaces (𝑟 = 𝑅) were zero; then, with (23) and (25),

𝐴[𝑝𝑟 𝐽1 (𝑝𝑟) − 12𝐽0 (𝑝𝑟) (𝑞2 − 𝑘2)]
+ 𝐶[𝑖𝑘𝑟 𝐽1 (𝑞𝑟) − 𝑖𝑘𝑞𝐽0 (𝑞𝑟)] = 0,

[−2𝑖𝑘𝑝𝐽1 (𝑝𝑟)] 𝐴 + [(𝑘2 − 𝑞2) 𝐽1 (𝑞𝑟)] 𝐶 = 0.
(26)

In the above two equations’ solutions, the determinant of
the coefficient must be 0. Then, the frequency equation of
the stress waves during the propagation can be expressed as
follows:

2𝑝𝑟 (𝑞2 + 𝑘2) 𝐽1 (𝑝𝑟) 𝐽1 (𝑞𝑟) − (𝑞2 − 𝑘2)2
⋅ 𝐽0 (𝑝𝑟) 𝐽1 (𝑞𝑟) − 4𝑘2𝑝𝑞𝐽1 (𝑝𝑟) 𝐽0 (𝑞𝑟) = 0,

(27)

𝐶𝐴 = −2𝑖𝑘𝑝𝐽1 (𝑝𝑟)(𝑞2 − 𝑘2) 𝐽1 (𝑞𝑟) . (28)

Equation (27) is the transcendental equation of the radial
wave number k and frequency 𝑤. For every selected real
wave number k, the infinite roots of the frequency equation
could be found, and these represented the frequencies of the
propagation modes in the cylindrical coal-rock mass. Then,
the frequency-wave number curve, or the frequency-phase
velocity curve, could be drawn.

4. Dynamic Stress Distribution of
the Cylindrical Coal-Rock Mass in
a High Order P-Waves Mode

4.1. The Frequency Equation of High Order P-Waves. If only
the real root of the phase velocity 𝑐 between the P-waves
velocity and S-wave velocity was considered, namely, high
order P-waves, then 𝐶𝑇 < 𝑐 < 𝐶𝐿. Next, the phase velocity𝑐 (𝑐 = 𝑤/𝑘) and dimensionless wave number 𝑢 (𝑢 = 𝑘𝑅)
formed a wave mode containing frequency 𝑤 and wave
number 𝑘. We set the following:

𝛼 = √ 𝑐2𝐶2𝑇 − 1,

𝛽 = √1 − 𝑐2𝐶2𝐿 ,
𝛾 = 4𝛼𝛽

(1 − 𝛼2)2 .

(29)

The frequency equation (see (27)) of high order P-waves
was changed into the following:

𝐼0 (𝑢𝛽) 𝐽1 (𝑢𝛼)𝐼1 (𝑢𝛽) 𝐽0 (𝑢𝛼) + 2𝛽𝑐2
𝑢𝐶𝑇2 (1 − 𝛼2)2

𝐽1 (𝑢𝛼)𝐽0 (𝑢𝛼) − 𝛾 = 0, (30)

where 𝐼0 and 𝐼1 are 0-order and 1-order first-class Bessel
functions, respectively.

Then, assuming that 𝑢 is infinitely small, (30) can be
simplified into the following [20]:

𝑢𝑛 = 1𝛼 (𝑛𝜋 + 𝜋4 + tan−1𝜂) , (31)
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Figure 4: Relationships between the phase velocity and dimensionless frequency 𝑤𝑅 of high order longitudinal waves: (a) 𝑛 = 0, (b) 𝑛 = 1,
(c) 𝑛 = 6, and (d) 𝑛 = 8.

where

𝜂 = 𝛾 − 3/8𝛼𝑢𝑛01 + 𝐴/𝛼𝑢𝑛0 − 𝛾/8𝛼𝑢𝑛0 ,
𝐴 = ( 12𝛽 + 2𝑐2𝛽

𝐶𝑇2 (𝛼2 − 1)2)𝛼,
𝑢𝑛0 = 1𝛼 (𝑛𝜋 + 𝜋4 + tan−1𝛾) .

(32)

4.2.TheResults of Frequency Equation. If the P-waves velocity
of coal-rock mass was 2000m/s and the Poisson ratio was
0.355, according to the simulation results of (31), the rela-
tionships between the phase velocity 𝑐 and dimensionless
frequency 𝑤𝑅 of P-waves were shown in Figure 4. The phase
velocity 𝑐 and dimensionless frequency 𝑤𝑅 of high order P-
waves showed an exponentially declining relationship. When𝑛 was equal to zero, the dimensionless 𝑤𝑅 was less than 1.0 ×
104 and vibration frequency was very slow.When 𝑛was equal
to one, most of the dimensionless 𝑤𝑅 were approximately

(1∼3.5) × 104, with the vibration frequency increasing while
still remaining relatively small, which could be regarded as
the startup value of dimensionless frequency 𝑤𝑅. But if 𝑛
was equal to six or eight, the vibration frequency obviously
increased, and the majority of dimensionless 𝑤𝑅 centrally
distributed in (0.5∼1.4) × 105 and (0.6∼1.8) × 105, respectively.

The relationships between the phase velocity 𝑐 and
dimensionless wave number 𝑘𝑅 of P-waves were as shown
in Figure 5. The phase velocity 𝑐 and dimensionless 𝑘𝑅
of high order P-waves also showed an exponential decline
relationship. When 𝑛 was equal to zero, the dimensionless
wave numbers 𝑘𝑅 were very small and within 5. When 𝑛
was equal to one, the dimensionless 𝑘𝑅 increased but still
remained relatively small, at less than 16. But if 𝑛 was equal
to six or eight, the dimensionless wave numbers 𝑘𝑅 displayed
obvious increases and were in 10∼70 and 15∼85, respectively.
4.3. The Simulation Results of Dynamic Stress Calculation
Model. According to the simultaneous results based on (23)∼
(25) and (31), under the action of high order P-waves (𝑛 =0, 1, 6, and 8), dynamic distribution curves of the radial,
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Figure 5: Relationships between the phase velocity and dimensionless wave number 𝑘𝑅 of high order P-waves: (a) 𝑛 = 0, (b) 𝑛 = 1, (c) 𝑛 = 6,
and (d) 𝑛 = 8.

axial, and shear stresses in the cylindrical section of coal-rock
masses were shown in Figure 6. As shown in Figure 6, under
the action of high order P-waves, the extreme amplitude
of shear stress wave was determined to be the largest. The
symbols of the radial and axial stress waves were almost
opposite, with the amplitude values being basically the same.
But their vibrations were not completely synchronous during
the radial propagation of stress waves, with phase differences
of approximately one half of the vibration period.

The change trends of the vibration amplitude and 𝑟/𝑅
during the stress wave propagation with the extreme values
of the radial, axial, and shear stress waves were then drawn as
shown in Figures 7–9.

The vibration amplitudes of the radial, axial, and shear
stress waves and dimensionless radius (𝑟/𝑅) were in an
approximate −0.5 power relationship as follows:

(𝜎𝑟, 𝜎𝑧𝑟, 𝜎𝑧) = 𝐴 ⋅ ( 𝑟𝑅)−0.5 , (33)

where 𝐴 is a constant coefficient.

Under the action of high order P-waves (𝑛 = 3, 4, 5, and
7), the dynamic distribution curves of radial, axial, and shear
stresses in the cylindrical section are shown in Figure 10.

In accordance with Figures 6–10, the following findings
could be confirmed:

(1) The vibration amplitudes of the radial and axial stress
waves were found to differ a great deal at the initial moment.

(2) With the increases in 𝑟/𝑅, the symbols of the radial
and axial stress waves were found to be almost opposite, with
the amplitude values being basically the same. This indicated
that, under the action of high order P-waves, the radial and
axial stresses in any section of the cylindrical coal-rock mass
were basically the same, and their directions were opposite.
In other words, when the axial stress was a pressure stress,
the radial stress was a tensile stress with the same amplitude.

(3) The vibration amplitude of the shear stress wave was
determined to be the largest, at approximately 1.73 times that
of the radial and axial stress waves.

(4) Under the action of high order P-waves, the wave
lengths of the radial, axial, and shear stress waves weremainly
in the range of 0.24R∼1.08R.
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Figure 6: Dynamic distribution curves of the radial, axial, and shear stresses under the action of high order P-waves: (a) 𝑛 = 0, (b) 𝑛 = 1, (c)𝑛 = 6, and (d) 𝑛 = 8.

5. Discussion Regarding the Dynamic Damage
and Failure Modes of the Coal-Rock Masses

Many experiments show that high amplitude acoustic emis-
sion (AE) signals would occur before the initiation of cracks
in coal and rock mass under dynamic loading. In fact, each
time an AE signal was generated, the coal and rock would be
subjected to a transient pressure relief action propagating in
the form of stress waves [21]. Most of these stress waves are
composed of high order P-waves with relatively high phase
velocity. A large number of AE signals were generated during
the damage of coal and rock, and a lot of high order P-waves
were produced at the same time.

The failure mode of marble was shown in Figure 11 under
cyclic loading with the rate of loading of 1 kN/s. The marble
rock was brittle fracture and contained a main splitting crack
with many small cracks associated with the main crack [22].

The hydraulic fracturing tests of different frequency
pulsations were carried out on the cylindrical rock mass. As

shown in Figure 12, the main failure form of the rock mass is
the splitting failure.

By using the SHPB test system, the failure state of
rock specimen under impact load with axial and confining
pressure was eventually prone to cone damage, as shown in
Figure 13 [3].

Therefore, we could obtain that the coal and rock mass
with no confining pressure was prone to brittle splitting
failure containing a main crack under high order P-waves.
In addition, the initial failure positions were observed to
be on the external surfaces of the ends (𝑧 = 0; 𝑟 = 𝑅)
or central axis (𝑧 = 0; 𝑟 = 0). When confining pressure
was present, the radial deformations were confined, and
most of coal-rock masses were eventually prone to cone
damage.

The main reasons for the above dynamic failures of coal-
rock mass were found to be as follows: (1) the impact load
action time was very short (unit: 𝜇s), and the loading and
unloading stress waves were observed to occur along the
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Figure 7: The vibration amplitude of radial stress waves.
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Figure 8: The vibration amplitude of shear stress waves.

direction of the radial sections, which formed high order
P-waves. When the radial stress waves propagated to the
surface (𝑟 = 𝑅), they were completely reflected in the
cases of no confining pressure and easily formed tensile
stress waves together with the unloading stress waves. Due
to the low tensile strength of coal-rock masses, tensile failure
potentially formed easily on the surfaces of cylindrical coal-
rock masses. (2) It was observed that multibeam tensile
stress waves had formed, which had arisen during the
interactions of the surface reflections of cylindrical coal-
rock masses gathered at the axis center. In this way, large-
amplitude tensile stress waves were formed, which easily
led to serious tensile failure at the axis centers of the
cylindrical coal-rock masses (𝑟 = 0). (3) When confining
pressure was present, the vibration amplitude of shear stress
waves along the radial section direction was observed to
be the largest, and the shear stress waves were reflected
and transmitted when propagating to the cylindrical coal-
rock mass surfaces. Moreover, the confining pressure loading
devices weremainlymade of steel or alloy, with large densities
and strength. The majority of the reflected stress waves
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z

Figure 9: The vibration amplitude of axial stress wave.

were enhanced shear stress waves. These waves gathered
at the axis centers, interacted with each other, and formed
large-amplitude shear stress waves. And the shear strength
of the coal-rock masses was found to be smaller than the
compressive strength. Therefore, shear failures in the coal-
rock masses could potentially easily occur, and cone-shaped
failure modes were evident.

In summary, when there was no confining pressure
present, multibeam tensile stress waves were observed to
form, which had arisen during the reflection of the radial
stress waves on the surfaces of the cylindrical coal-rock
masses under the action of high order P-waves. And they
gathered at the axis centers in a reverse radial direc-
tion, resulting in interactions and the formations of large-
amplitude tensile stress waves. It was found that tensile
failures easily occurred on the surfaces or at the axis centers
of the cylindrical coal-rockmasses. However, when confining
pressure was present, the vibration amplitude of the shear
stress waves in the radial section direction was observed to be
the largest, and the waves were reflected and transmitted on
the surfaces of the cylindrical coal-rock masses.Themajority
of the reflected shear stress waves would be enhanced and
gather at the axis centers, interacting with each other to
easily form large-amplitude shear stress waves.Therefore, the
coal-rockmasses easily showed shear failures when confining
pressure was present.

6. Conclusions

(1) This paper obtained a cylindrical wave propagation
frequency equation and established a dynamic calculation
model for the radial, axial, and shear stresses in cylindrical
coal-rock masses under the action of high order P-waves,
which was based on the propagation characteristics of plane
strain waves, along with a cylindrical wave control equa-
tion.

(2) It was surprising that, with the increases in r/R, the
symbols of radial and axial stress waves were almost opposite,
with the amplitude values being basically the same. In other
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Figure 10: Dynamic distribution curves of the radial, axial, and shear stresses under the action of high order P-waves: (a) 𝑛 = 3, (b) 𝑛 = 4,
(c) 𝑛 = 5, and (d) 𝑛 = 7.

words, when the axial stress was a pressure stress, the radial
stress was a tensile stress with the same amplitude.

(3) For the cylindrical coal-rock masses under the action
of high order P-waves, when there was no confining pressure,
tensile failures easily occurred on the surfaces or at the axis
centers. However, when there was confining pressure, it was
found that shear failure easily occurred at the axis center.

(4) Under the action of high order P-waves, the dimen-
sionless wave numbers kR were within 85, and the dimen-
sionless frequencies 𝑤𝑅 were mainly within (0.1∼1.8) × 105.
The vibration amplitudes of shear stress waves were found to
be the largest, at approximately 1.73 times those of the radial
and axial stress waves. The vibration amplitudes of the stress
waves and 𝑟/𝑅 were all determined to be in an approximate−0.5 power relationship.

(5) Under the action of high order P-waves, the wave
lengths of radial, axial, and shear stress waves propagating in
the cylindrical coal-rock masses were mainly approximately
within 0.24 to 1.08𝑅.

Symbols

𝑢: Displacement𝑡: Time𝜆, 𝜇: Lame coefficients𝜌: Density𝑤: Wave frequency𝐶𝐿: Speed of the P-wave𝐶𝑇: Speed of the S-wave𝑘: Wave number𝑢𝑟: Radial displacement𝑢𝑧: Axial displacement𝑐: Phase velocity𝑅: Cylindrical radius𝑘𝑅: Dimensionless wave number𝑤𝑅: Dimensionless wave frequency𝐼0 and 𝐼1: 0-order and 1-order first-class Bessel
functions.
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Figure 11: Dynamic failure mode of marble.

Figure 12: Failure mode of rock mass under pulsating hydraulic
fracture.

Figure 13: Dynamic failuremode of cylindrical rockmass with axial
and confining pressure.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was financially supported by the National Key
R&D Program of China (2016YFC0801800) and Basic Re-
search Free Program of Central University (2014QZ06).

References

[1] L. F. Fan, Z. J. Wu, Z. Wan, and J. W. Gao, “Experimental
investigation of thermal effects on dynamic behavior of granite,”
Applied Thermal Engineering, vol. 125, pp. 94–103, 2017.

[2] X. B. Li, F. Q. Gong, J. K. Zhao, and T. B. Yin, “Test study
of impact failure of rock subject to one dimensional coupled
static and dynamic loads,” Chinese Journal of Rock Mechanics
and Engineering, vol. 29, no. 2, pp. 251–260, 2010.

[3] JF. Jin, Li. XB, GS. Wang, and ZQ. Yin, “Failure modes
and mechanisms of sandstone under cyclic impact loadings,”
Journal of Central South University of Technology, vol. 43, no.
4, pp. 1453–1461, 2012.

[4] T. Szwedzicki, “A hypothesis onmodes of failure of rock samples
tested in uniaxial compression,” Rock Mechanics and Rock
Engineering, vol. 40, no. 1, pp. 97–104, 2007.

[5] J. Feng, E. Wang, R. Shen, L. Chen, X. Li, and Z. Xu, “Investi-
gation on energy dissipation and its mechanism of coal under
dynamic loads,”Geomechanics and Engineering, vol. 11, no. 5, pp.
657–670, 2016.

[6] J. He, L. M. Dou, W. Cai, Z. L. Li, and Y. L. Ding, “In situ test
study of characteristics of coalmining dynamic load,” Shock and
Vibration, vol. 2015, Article ID 121053, 8 pages, 2015.

[7] Q. S. Liu, K. D. Liu, J. B. Zhu, and X. L. Lu, “Study of
mechanical properties of raw coal under high stress with tri-
axial compression,” Chinese Journal of Rock Mechanics and
Engineering, vol. 33, no. 1, pp. 24–33, 2014 (Chinese).

[8] J. S. Yoon, A. Zang, and O. Stephansson, “Simulating frac-
ture and friction of Aue granite under confined asymmetric
compressive test using clumped particle model,” International
Journal of Rock Mechanics and Mining Sciences, vol. 49, pp. 68–
83, 2012.

[9] P. F. Lv, Research on coal body permeability increase and
crack generation mechanism under cumulative blasting, China
University of Mining and Technology, Beijing, China, 2014.

[10] QH. Zhu, Influence on damage characteristics of surrounding
rock induced by in-situ stress transient unloading, Wu Han
University, 2010.

[11] L. Hong, Z.-L. Zhou, T.-B. Yin, G.-Y. Liao, and Z.-Y. Ye, “Energy
consumption in rock fragmentation at intermediate strain rate,”
Journal of Central South University of Technology, vol. 16, no. 4,
pp. 677–682, 2009.

[12] FQ. Gong, Li. XB, and XL. Liu, “Preliminary experimental
study of characteristics of rock subjected to 3d coupled static
and dynamic loads,” Chinese Journal of Rock Mechanics and
Engineering, vol. 30, no. 6, pp. 1179–1190, 2011.

[13] X.-H. Liu, R. Zhang, and J.-F. Liu, “Dynamic test study of coal
rock under different strain rates,”Meitan Xuebao/Journal of the
China Coal Society, vol. 37, no. 9, pp. 1528–1534, 2012.

[14] L. F. Fan, F. Ren, and G. W. Ma, “Experimental study on vis-
coelastic behavior of sedimentary rock under dynamic loading,”
Rock Mechanics and Rock Engineering, vol. 45, no. 3, pp. 433–
438, 2012.

[15] Z. Ye, X. Li, X. Liu, C. Ma, and T. Yin, “Testing studies on
rock failure modes of statically loads under dynamic loading,”
Transactions of Tianjin University, vol. 14, pp. 530–535, 2008.



Shock and Vibration 11

[16] H. B. Li, J. Zhao, and T. J. Li, “Micromechanical modelling of
the mechanical properties of a granite under dynamic uniaxial
compressive loads,” International Journal of RockMechanics and
Mining Sciences, vol. 37, no. 6, pp. 923–935, 2000.

[17] Z.-L. Wang, Y.-C. Li, and J. G. Wang, “A damage-softening sta-
tistical constitutive model considering rock residual strength,”
Computers & Geosciences, vol. 33, no. 1, pp. 1–9, 2007.

[18] J.-Q. Xiao, D.-X. Ding, G. Xu, and F.-L. Jiang, “Inverted S-
shaped model for nonlinear fatigue damage of rock,” Interna-
tional Journal of Rock Mechanics and Mining Sciences, vol. 46,
no. 3, pp. 643–648, 2009.

[19] G. T. Yang, Foundations of Elastoplastic Dynamics, Science
Press, Beijing, China, 2008.

[20] F. Ahmad, “A simple formula for the longitudinal modes in a
cylinder,” The Journal of the Acoustical Society of America, vol.
115, no. 2, pp. 475–477, 2004.

[21] L. F. Fan, X. W. Yi, and G.W.Ma, “Numerical manifold method
(NMM) simulation of stress wave propagation through frac-
tured rock mass,” International Journal of Applied Mechanics,
vol. 5, no. 2, Article ID 1350022, pp. 238–249, 2013.

[22] Y. F. Zhao, C. Zhang, and L. Q. Liu, “Experimental research
on multi-parameter rules of rock under cyclic loading,” China
Safety Science Journal, vol. 26, no. 5, pp. 105–111, 2016.



Research Article
Strength and Failure Characteristics of Natural
and Water-Saturated Coal Specimens under Static and
Dynamic Loads

WenWang ,1,2 HengWang,1 Dongyin Li ,1,2 Huamin Li,1,2 and Zhumeng Liu1

1School of Energy Science and Engineering, Henan Polytechnic University, Jiaozuo 454003, China
2State and Local Joint Engineering Laboratory for Gas Drainage & Ground Control of Deep Mines,
Henan Polytechnic University, Jiaozuo, Henan 454003, China

Correspondence should be addressed to WenWang; wwang306@foxmail.com and Dongyin Li; lidongyin@126.com

Received 21 December 2017; Accepted 21 March 2018; Published 8 May 2018

Academic Editor: Longjun Dong

Copyright © 2018 Wen Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Rock bursts occur frequently in coal mines, and the mechanical properties of saturated coal specimens under coupled static-
dynamic loading need to be studied in detail. Comparative tests of coal specimens having different water content under static
and static-dynamic loading are conducted using the split Hopkinson pressure bar (SHPB) and RMT-150C test systems. The results
demonstrate that the natural specimen strength is greater than that of seven-day (7D) saturated specimens under both uniaxial
compression and triaxial static compression loading; however, the dynamic strength of 7D saturated specimens is lower than that
of natural specimens under one-dimensional static-dynamic loading. The particle size of the 7D saturated specimens is relatively
small under uniaxial static compression and one-dimensional static-dynamic loading, and the specimen particle sizes before and
after static triaxial loading tests and three-dimensional static-dynamic loading tests do not exhibit an obvious difference.

1. Introduction

Geotechnical engineering practices, such as mining, slope
stability, and water conservation, are significantly affected
by water. Rocks and rock masses are multiphase composite
natural mediums including a large number of pores and
cracks with different scales, thereby containing a certain
amount of water. In general, under saturated conditions, the
presence of water has a significant effect on the physical,
chemical, and mechanical properties of coal and rocks.

Microseismic monitoring can play an important role in
the prediction of the rock bursts in deep mines [1–3]. As the
moisture content of coal increases or decreases, the charac-
teristics of microseismic and acoustic emissions also change.
Few studies exist on the strength and failure characteristics of
water-saturated coal specimens under impact, and the results
of such an investigation are helpful in preventing rock burst.

The mechanical properties (namely, uniaxial compres-
sive, tensile, and shear strengths) of saturated and dry rocks
have been studied extensively under static loading. Research
results demonstrate a trend whereby the quasistatic rock

strength decreases following saturation [4–10]. However, the
dynamic rock strength following saturation exhibits uncer-
tainty in terms of increase and decrease. Thus far, numerous
research studies have been conducted on the mechanical
properties of rock under dynamic loading at different strain
rates [11]. Huang et al. [12] studied the mechanical properties
of saturated sandstone tensile strength under dynamic load-
ing in SHPB system, and the results indicated that the tensile
strength softening factor decreases with the loading rate. Yan
and Ma [13] conducted uniaxial dynamic compression tests
on sandstone under different saturation conditions, demon-
strating that the dynamic strength of saturated sandstone
increased by 18 to 29% compared to dry sandstone.Moreover,
static and dynamic loading strength tests of sandstone under
different water bearing conditions were carried out in SHPB
system by Zhou et al. [14, 15], revealing that the static
and dynamic sandstone strengths decreased by 29.88% and
40.55%, respectively, following saturation.

Rock bursts frequently occur around roadways andwork-
ing faces in coal mines [16–19]. During this process, a coal
seam exists in the stress environment under medium strain
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Figure 1: Rock burst induced by breaking of hard roof structure.

rate loading, and the coal seam failure degree can be directly
affected by water content. Water injection may alleviate or
prevent the occurrence of rock bursts [20, 21]. Numerous
research studies have been carried out on the mechanical
properties of coal specimens under static loading: Su et al.
[22, 23] studied the effects of saturation time on the coal
burst tendency index; Pan et al. [24] conducted research on
the saturated time effect in the Qianqiu coal mine as well
as the coal seam water injection method; and Liu et al. [25,
26] investigated the mechanical properties of water-injected
coal specimens by using water injection test equipment.
However, the dynamic mechanical properties of saturated
coal specimens have rarely been studied.

Rock bursts with static and dynamic coupling loading fre-
quently occur in the Yima coal mining area, Henan province,
China. The thick (80∼400m) and hard rock roof may be
broken, as shown in Figure 1, generating frequent impact
loadings on coal seamunder a preexisting high static load and
resulting in the occurrence of rock bursts. In order to alleviate
coal seam rock burst, the water injection method is used to
increase the coal water content, which weakens the coal seam
and thus reduces the possibility of rock burst. Therefore, the
strength characteristics and damage morphology of natural
and seven-day (7D) saturated specimens under both a 1D and
3D static load (static-dynamic load loading) are studied. The
results provide theoretical and engineering guidance for rock
burst prevention in coal mines.

2. Experimental Work

2.1. Specimen Preparation. Coal specimens were collected
from the number 21 coal seam in the Yuejin coal mine. In
order to reduce data scattering in the tests, the specimen
was cut from the same working face, as shown in Figure 2.
The main component of the number 21 coal seam is long
flame coal, with a Wf of 4.88%, Hf

m of 4.25%, and Rom of
0.505. The specimens were 𝜑50mm × 30mm cylinders with
nonparallelism of less than 0.05mm and surface evenness
of less than 0.02mm, in accordance with standards in

the International Society for Rock Mechanics (ISRM) [27],
suggested specification, as illustrated in Figure 3.

With porosity cracks and a multijoint structure inside,
coal is a complicated and heterogeneous type of rock, dif-
fering from limestone, granite, and sandstone on both the
macroscopic and microcosmic scale. When enlarged 200 to
500 times using the scanning electron microscope (SEM),
as shown in Figure 4, the coal specimens exhibited obvious
voids and clear cracks with a large opening degree, while few
cracks were present in the limestone. During the test, the
selected specimens were divided into two groups: coal in its
natural state and that in 7D saturation (saturated in water for
168 h).The water content of the specimens ranged from 3.2 to
6.1%, and the porosity and the coefficient permeability were
5.83% and 0.3541∼0.3849m2/(Mpa2⋅d), respectively.

To enable comparison, the specimen sizes used in the
static and static-dynamic coupling tests were the same.
Specimens numbered fromA1 to A6, B1 to B6, C1 to C10, and
D1 toD10were used in the static uniaxial compression test, 1D
static-dynamic loading, true triaxial static compression test,
and 3D static-dynamic loading, respectively.

2.2. Testing Facilities. Static tests were conducted using the
RMT-150C rock mechanism experimental system at Henan
Polytechnic University, China, as shown in Figures 5(a) and
5(b). The testing frame stiffness was 5.0 × 109N/mm; the
strain rates covered in the tests ranged from 10−1 to 10−6 s−1,
and the maximum load was 1000 kN. The test range was
50mm, the maximum confining pressure was 50MPa, and
the confining pressure rate ranged from 0.001 to 1MPa/s.This
system can characterize dynamic responses and obtain stress-
strain curves for uniaxial and triaxial compression tests using
different control methods.

Experiments under static-dynamic loading were per-
formed using SHPB system at Central South University,
China, as shown in Figures 5(c) and 5(d). The SHPB system
consisted of two bars made of 40Cr alloy; the diameter
of the bars was 50mm and the elastic compression wave
velocity was 5410m/s.This system can be used for testing the
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Figure 2: Location of Yuejin coal mine: (a) Yuejin coal mine inHenan province, China, and (b) selected specimen locations in 25080 working
face.
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Figure 3: Specimens for static and dynamic testing: (a) specimens before processing and (b) specimens after processing.
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Figure 4: SEM testing photos of coal and Shendong limestone specimens.
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Figure 5: Various parts of RMT-150C and SHPB testing system: (a) uniaxial static system; (b) triaxial static system; (c) SHPB testing system;
and (d) triaxial static-dynamic system.
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Figure 7: Mechanics diagrams of specimen under static and dynamic coupling loads.

dynamic properties of heterogeneous brittle materials, such
as rock, concrete, and coal seams, under different confine-
ment conditions. The axial precompression ranged from 0 to
200MPa the confining pressure ranged from0 to 20MPa, and
the dynamic impact load ranged from 0 to 500MPa. The
system employs half-sine wave loading in order to reduce the
waveformdispersion and achieve a constant deformation rate
by using a special-shaped bullet. Further details can be found
in [28].

2.3. Experimental Plans. During static compression tests,
the axial deformation and the load were measured by a
5mm displacement transducer and 1000 kN compression
transducer, respectively.During the experiment, axial loading
was applied by means of displacement control with a loading
speed of 0.002mm/s. In the triaxial confining compression
tests, the confining pressures were set as 2, 4, 6, 8, and
10MPa. The natural and 7D saturated specimens were tested
under uniaxial and triaxial static compression conditions,
respectively.

For the static-dynamic coupling tests, 1D static-dynamic
tests were conducted, where a static load of 12MPa was firstly
imposed on the specimenprior to dynamic loading, following
which dynamic loading was applied by a bullet impacting the
end of the incident bar. The bullet was driven by a gas gun
having 0.4MPa gas pressure. In thismanner, the strength and

failure characteristics of natural and 7D saturated specimens
were investigated. In the 3D static-dynamic loading tests, a
confining compression of 4MPa and axial compression of 8,
12, 16, 20(28), and 36MPa were applied to the natural and
7D saturated specimens in order to conduct group tests. A
schematic of the SHPB testing system is provided in Figure 6.
The specimen stress states under different loadings are shown
in Figure 7, where (a) illustrates the specimen loading process
under static uniaxial compression; (b) shows the 1D static-
dynamic loading process; (c) illustrates the loading process of
specimens under triaxial static compression; and (d) shows
the loading process of specimens under 3D static-dynamic
loading.

The SHPB tests were based on the assumption that the
1D elastic wave theory is applicable during stress wave
propagation in the long bar. The stress, strain, and strain
rate of the specimens were measured by strain gauges on the
pressure bars, which can be determined by

𝜎 (𝑡) = 𝐴𝑒𝐸𝑒2𝐴 𝑠 [𝜀𝐼 (𝑡) + 𝜀𝑅 (𝑡) + 𝜀𝑇 (𝑡)] ,

𝜀 (𝑡) = 𝐶𝑒𝐿 𝑠 ∫
𝑡

0

(𝜀𝐼 (𝑡) − 𝜀𝑅 (𝑡) − 𝜀𝑇 (𝑡)) 𝑑𝑡,

̇𝜀 (𝑡) = 𝐶𝑒𝐿 𝑠 [𝜀𝐼 (𝑡) − 𝜀𝑅 (𝑡) − 𝜀𝑇 (𝑡)] ,

(1)



Shock and Vibration 5

A4

A6

A5

A2

A1

A3

0

10

20

30

40

50


 (M
Pa

)

5 10 15 20 25 30 350
/10−3

0

5

10

15

20

25

30


 (M

Pa
)

5 10 15 20 25 30 35 400
/10−3

Figure 8: Stress-strain curves of natural and saturated coal samples under static loads.

where 𝐴 𝑠 and 𝐴𝑒 are cross-sectional areas of the specimens
and pressure bar, respectively; 𝐸𝑒 is the elastic modulus of
the pressure bar; 𝜀𝐼, 𝜀𝑅, and 𝜀𝑇 denote the incident, reflected,
and transmitted strain waves measured on the incident
and transmission bars, respectively; and 𝐶𝑒 and 𝑙𝑒 are the
stress wave velocity in the bar and tested specimen length,
respectively.

3. Results and Discussion

3.1. Results of 1D Static Tests. Stress-strain curves for the
natural and 7D saturated specimens under static uniaxial
compression are depicted in Figure 8. The uniaxial com-
pression strength of natural coal specimens ranges from
42.07 to 43.11MPa, with an average of 42.71MPa, as shown
in Table 1. The uniaxial compression strength for the 7D
saturated coal specimens ranges from 20.40 to 25.30MPa,
with an average of 22.17MPa. The softening coefficient of
the uniaxial compression strength between the 7D saturated
and natural state ranges from 0.49 to 0.59, and the average
is 0.52. The coal strengths exhibit certain scatterings, and the
coal compression strength and elastic modulus are affected
by 7D saturation to a certain degree, indicating a trend
of decreasing strength with increasing saturation time. In
general, the coefficient of rock is between 0.7 and 0.95. As
coal is sedimentary with natural multicracks, these cracks are
more developed than in other rocks; therefore, the coal peak
softening coefficient is higher than that of rocks.

The specimen fissure development during static com-
pression tests can be divided into four stages, as follows: (Ι)
Compaction stage: the microcracks are compacted, and the
stress-strain curve exhibits an upward concave shape during
this stage. (ΙΙ) Elastic stage: the characteristics of this stage are
that themicrocracks continue to compact and close, while the
stress-strain curve exhibits a linear increase. (ΙΙΙ) Expansion
and failure stage: primary cracks develop, and secondary
cracks are induced, and the stress-strain curve exhibits a
fluctuation, declining and reaching the peak value. (ΙV) Peak

failure stage: slip failure of the specimen appears during this
stage.

3.2. Results of 1D Static-Dynamic Loading Tests. 1D static-
dynamic loading tests were conducted on natural and 7D
saturated specimens, with four specimens used in each state.
The dynamic strain rate ranges from 90 to 155 s−1. Figure 9
illustrates the specimens in different saturated states.

The dynamic compression strengths of the natural spec-
imens range from 43.47 to 46.93MPa, with an average of
46.71MPa, as shown in Table 2. The dynamic compression
strengths of the 7D saturated specimens range from 13.50 to
40.63MPa, with an average of 28.20MPa.The average soften-
ing coefficient of dynamic strength between the natural and
7D saturated specimens is 0.60. The dynamic compression
strength exhibits a decreasing tendency with an increase in
water content. A large difference exists between the natural
and 7D saturated specimen dynamic compression strengths,
and the specimen strengths in the same saturated state also
exhibit scattering, indicating that coal specimens possess
heterogeneous characteristics.

The compression strength of the coal specimen under
both static and 1D static-dynamic loadings decreases with an
increase in saturation time. Although the stress-strain curves
of the natural and 7D saturated specimens under 1D static-
dynamic tests exhibit a similar trend, certain differences
remain in the elastic stage. The yield strength of the static-
dynamic loading tests is close to that in the static loading tests.
The strength of specimens under static-dynamic loading
conditions is increased by 10 to 30% compared to that under
static loading.

Experimental results from Wang et al. [29] demonstrate
that, at a strain rate of 52–56 s−1, the saturated sandstone
stress-strain curve is similar to that of natural sandstone in
the uniaxial dynamic test; however, the saturated sandstone
dynamic strength is higher than that of natural sandstone,
which is opposite to the tendency of the saturated sandstone
dynamic strength decreasing with increasing water content.
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Figure 9: Stress-strain curves of natural and 7D saturated specimens in uniaxial static-dynamic loads.
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Figure 10: Static stress-strain curves of natural and 7D saturated specimens under triaxial compression.

The saturated sandstone dynamic strength is twice as high as
the static strength, with a greater improvement than that of
coal specimens.

3.3. Results of 3D Static Loading Tests. As illustrated in
Figure 10, the static strength of natural specimens under
triaxial loading ranges from 76.39 to 84.41MPa, with an
average of 81.01MPa and fluctuation of 10.49%. The static
strength of 7D saturated specimens ranges from 49.39 to
77.54MPa, with an average of 65.54MPa and fluctuation of to
59.98%, as shown in Table 3. The softening coefficient of 7D
saturated specimens compared to natural specimens is 0.81.

The deformation behavior of the natural state and 7D
saturated specimen stress-strain curves are roughly the same
before the peak value, exhibiting impaction, elastic, and yield
stages. However, distinct differences are apparent following
the peak. The postpeak stress of natural specimens obviously
decreases and shows the features of brittle failure, while

the postpeak stress of the 7D saturated specimens decreases
slowly and exhibits plastic features. As coal contains multi-
voids and multicracks, under triaxial static loading, the coal
strength and deformation behavior are affected by saturation
conditions to differing extents, and water has an obvious
softening effect on cracked coal specimens.

3.4. Results of 3D Static-Dynamic Loading Tests. Under the
3D loading system with the same dynamic loading and
confining pressure, the dynamic strength of the natural and
7D saturated specimens under different axial pressures are
obtained when the confining pressure is 4MPa, as shown in
Table 4.The dynamic strength of the natural specimens under
different axial pressures (8 to 36MPa) varied from 54.23 to
70.16MPa, as shown in Figure 11. The results demonstrate
that the dynamic strength of 20MPa under axial compression
is 39.02% higher than that of axial compression at 8MPa.
The dynamic strength of the 7D saturated specimens under
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Figure 11: Dynamic stress-strain curves of natural and 7D saturated specimens under confining pressure of 4MPa.

different axial pressures (8 to 36MPa) was 63.21 to 75.67MPa.
The 7D saturated specimen test results indicate that the
dynamic strength of axial pressure at 28MPa is 30.85%
higher than that at 8MPa. During the elastic stage, it appears
that the specimens subjected to larger axial pressure exhibit
greater dynamic strength under the 3D stress condition.
Furthermore, the influence of axial pressure on the dynamic
strength of the 7D saturated specimens is similar to that of
the natural specimens.

Under different axial pressure conditions, the dynamic
strength of the specimens first increases and then decreases
with an increase in axial pressure. The turning points of the
specimen dynamic strengths occur when axial pressure is
20 and 28MPa (47% and 66% of the uniaxial static strength,
resp.), and the dynamic strength of the natural and 7D sat-
urated specimens exhibits a decreasing characteristic during
the test. The dynamic strength of the saturated 7D specimens
is higher than that of the natural specimens by 7.85% to
18.44%, which indicates that the dynamic strength of 7D
saturated specimens increases compared to that of natural
specimens in the 3D static-dynamic tests.

As a porous medium, coal often has a lower compact-
ness than ordinary sandstone and limestone, and numerous
irregular fissures and pore exist in the coal seam. When
the coal specimen is loaded under axial compression and
confining pressure, it remains in the elastic state under 3D
compression stress, and it becomes smaller in volume as
the fissures and pores are gradually compressed. When the
axial pressure increases and the specimen remains in the
elastic range, the specimen dynamic strength also increases.
The effects of axial compression and confining pressure
on the specimen dynamic strength manifest mainly in the
elastic range; when the axial pressure increases to the point
where specimens show swelling damage, the internal cracks
of the coal increase gradually and the dynamic strength
decreases.

4. Broken Characteristics of Natural and
Saturated Specimens

4.1. Broken Characteristics of Specimens in 1D Static-Dynamic
Loading. To monitor the failure process of specimens under
dynamic loading, a high-speed camera (FASTCAM SA1.1)
was employed to capture coal specimens during the SHPB
test. Under the condition of 1024 × 1024 resolution, the
camera can achieve a frame rate of 5400 fps, and it can
be as high as 675000 fps at the lowest resolution. In this
experiment, the frame rate was 100000 fps, with pixels at 192
× 192 resolution, and the time space between two adjacent
captured photos was approximately 10𝜇s. In the 1D static-
dynamic loading tests, both the natural and 7D saturated
specimens were photographed, based on which the surface
crack propagation characteristics of the specimens were
analyzed, and the dynamic failure process of the natural and
7D saturated specimens is discussed in detail.

Figures 12 and 13 illustrate the fracture propagation and
failure process of the natural specimen (B2) and 7D saturated
specimen (B8), respectively.

When the natural specimen (B2) is impacted in the uniax-
ial dynamic test, a single crack appears on it at the 200th𝜇s. At
the 400th and 600th𝜇s, the cracks increase significantly and
penetrate the entire specimen. At the 800th 𝜇s, the number of
cracks and the crack width gradually increases, accompanied
by the appearance of small secondary cracks. The specimen
fracture width gradually increases at the 1000th𝜇s, and at
the 1200th𝜇s, the integrity of the specimens changes, and
they lose bearing capacity as particles begin to burst out. The
period of the specimen fracture from first damaged to total
failure lasted for 1200th𝜇s, and the specimen fragmentation
degree is relatively large.

The 7D saturated specimen (B8) appears obvious cracks at
100th 𝜇s. Although numerous cracks penetrate the specimens
at the 300th 𝜇s, the specimen remains intact; more cracks
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Figure 12: High-speed photos of natural specimen (B2) in dynamic failure processing.
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Figure 13: High-speed photos of 7D saturated specimen (B8) in dynamic failure processing.

appear at the 500th s, at which point the cracks coalesce with
one another. The crack width at areas A and B increases
gradually, along with serious damage occurring. At the
700th𝜇s, relatively wide cracks appear in areas A and B,
and large coal particles are ejected, with specimen integrity
being destroyed. At the 900th and 1100th 𝜇s, large numbers
of particles are ejected and the fragments are relatively small.

Comparing the dynamic failure process of the natural and
7D saturated specimens, the failure duration of the natural
specimens is longer, the fragment is larger, and the specimen
integrity is maintained for longer, while the destruction
duration of the 7D saturated specimens appears shorter
and the destroyed particles are smaller. The reason for this
phenomenon is that the coal specimens contain numerous
voids, and the voids in the natural specimens contain air,
while those in the 7D saturated specimens contain water.The
failure process of the natural and saturated 7D specimens
was statistically analyzed, demonstrating the failure charac-
teristics of the natural (B2) and 7D saturated (B8) specimens.
The water content of the 7D saturated specimen increases
and both the voids and cracks contain water. When the static
load is applied, the specimen is in the elastic state, and the
pores and fractures are compressed. In this case, the fracture
is under the compression of the void water pressure.

Under the action of dynamic loading, the stress wave
propagates onto the fracture and the water contained therein,
and the pore compression deformation is equivalent to the
pore water pressure acting on the fracture wall; thus, the
failure time of the 7D saturated specimen shortens.Moreover,
the saturated water has a weakening effect on the fracture
bond, resulting in a decrease in the fracture cohesive force.
Therefore, compared to static loading, coal specimen cracks

appear to initiate and propagate more easily under the action
of a stress wave, and the particle breakage size is smaller.

4.2. Destroyed Particle Statistics of Natural and 7D Saturated
Specimens. The particle masses following impact were sta-
tistically analyzed. The particles were classified into three
grades, according to fragment sizes of less than 30, 10, and
5mm. The particles were screened, and the quality of each
grade and total quality percentage (%) were calculated as
shown in Table 5.
(1) In the static uniaxial compression test for the natural

and 7D saturated specimens, the natural specimen integrity
following failure is more obvious, and the average sizes of
particles less than 30mm range from 26 to 33% of the total
mass in Figure 14. However, the failure degree of the 7D
water-saturated specimens became more serious following
impact, and the percentage of particles with diameters less
than 30mm ranges from 39 to 74% of the total mass.
(2)While testing the natural and 7D saturated specimens

under 1D static-dynamic loading, the average size of the
natural specimen broken particles is larger than that of the
7D saturated specimen, as shown in Figure 15. For the natural
coal specimens, the sizes of particles of less than 30mm
range from 69.6 to 82.5% of the total mass; for 7D saturated
specimens, the percentage ranges from 83.8 to 94.1% of the
total mass.
(3) In the triaxial static compression test and 3D static-

dynamic loading test, the natural and 7D saturated specimen
fragment sizes are large, and certain specimens retain the
same shape as before testing. In fact, only small size differ-
ences exist between the broken particles. It should be noted
that, as the specimen is fully confined during the triaxial tests,
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Table 5: Quality percentage and fragment sizes of specimens.

Size
Quality

A1
(%)

A2
(%)

A3
(%)

A4
(%)

A5
(%)

A6
(%)

B1
(%)

B2
(%)

B3
(%)

B4
(%)

B5
(%)

B6
(%)

B7
(%)

B8
(%)

<30mm 33 28.5 26 56 39 74 69 74.4 69.4 82.5 90.7 94.1 84.9 83.8
<10mm 12 16 8 21 19 33 6.9 9.1 7.5 9.8 8.9 13.1 8.7 8.2
<5mm 6.4 7.6 4.4 7.5 6.8 8 3.1 3.4 4.3 4.8 6.3 9.3 8.3 5.9

A1 A2 A3

A4 A5 A6

Figure 14: Failure forms of natural and 7D saturated specimens under uniaxial static loads.

B1 B2 B3 B4

B5 B6 B7 B8

Figure 15: Failure forms of natural and 7D saturated specimens under uniaxial static-dynamic loads.
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C1 C2 C5

Figure 16: Failure forms of natural and water-saturated specimens under triaxial static loads.

D1 D2 D3

Figure 17: Failure forms of natural and water-saturated specimens under triaxial static-dynamic loads.

saturation has little influence on the broken particle sizes, as
shown in Figures 16 and 17.

5. Conclusion

In this paper, the strength and failure characteristics of natu-
ral andwater-saturated coal specimens are investigated. Static
and static-dynamic loading tests, including uniaxial static
and triaxial static loading, 1D static-dynamic loading, and
3D static-dynamic loading, are conducted using the RMT-
150 and SHPB system. The main conclusions are as follows.
(1) Under uniaxial compression and the 1D static-dynamic
condition, the 7D saturated specimen strengths are lower
than those of the natural specimens. (2) Under the triaxial
static condition, the 7D saturated coal specimen strengths are
lower than those of the natural specimens; however, in the 3D
static-dynamic loading condition, the 7D saturated specimen
strengths are higher than those of the natural specimens. (3)
Under uniaxial compressional and 1D static-dynamic loading
conditions, the broken particle sizes of the 7D saturated
specimens are smaller than those of the natural specimens,
indicating that saturation has a significant influence on
particle breakage. However, under triaxial and 3D static-
dynamic loading, saturation has no obvious influence on the
broken particle sizes, due to the confinement effect.
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The relationships among the generation of acoustic emission, electromagnetic emission, and the fracture stress of rock grain are
investigated, which are based on the mechanism of acoustic emission and electromagnetic emission produced in the process
of indenting rock. Based on the relationships, the influence of loading rate on the characteristics of acoustic emission and
electromagnetic emission of rock fragmentation is further discussed. Experiment on rock brakingwas carried outwith three loading
rates of 0.001mm/s, 0.01mm/s, and 0.1mm/s. The results show that the phenomenon of acoustic emission and electromagnetic
emission is produced during the process of loading and breaking rock.Thewave forms of the two signals and the curve of the cutter
indenting load show jumping characteristics. Both curves have good agreement with each other. With the increase of loading rate,
the acoustic emission and electromagnetic emission signals are enhanced. Through analysis, it is found that the peak count rate,
the energy rate of acoustic emission, the peak intensity, the number of pulses of the electromagnetic emission, and the loading rate
have a positive correlation with each other. The experimental results agree with the theoretical analysis. The proposed studies can
lead to an in-depth understanding of the rock fragmentation mechanism and help to prevent rock dynamic disasters.

1. Introduction

Machinery is frequently used to break rock in mining,
tunnel driving, drilling blasting andoil-gas drilling, and other
geotechnical engineering fields. The intrusive rock fragmen-
tation mechanism is of great importance, since the intrusive
rock is the basic form of mechanical broken rock. Rock
fragmentation mainly related to the rock crack initiation and
propagation in the process of indenting rock. The process of
crack propagation can be described as the stress relaxation
process and releasing parts of the internal energy in the rock.
As a result, this part of the energy is manifested in the form of
elastic waves and electromagnetic waves, generating acoustic
emission (AE) and electromagnetic emission (EME) [1, 2].
The AE and EME signals can reflect the crack propagation
and energy evolution of rock material continuously and in
real-time [3–7]. Nowadays, most of researchers concentrated
on the studies of the AE and EME generation, propagation,

and characteristics during the rock break process [8–22].
Dong et al. [23, 24] studied the article on theoretical and
experimental studies of localizationmethodology for AE and
microseismic sources without premeasured wave velocity in
mines. However, our works focus on the study of the rock
fracture damage mechanism under different loading rates
with the help of AE and EME signal. Therefore, in this paper,
the brittle rock granite, which is common in engineering
as research project, is used to study the mechanism of the
AE and EME at different loading rates. Our work can lead
to an in-depth understanding of the rock fragmentation
mechanism and help to prevent rock dynamic disasters.

2. Theoretical Analysis

2.1. Effect of Loading Rate on AE. AE is generated by rapidly
releasing energy in the local domain source of rock material
generating the transient elastic wave, and the characteristic
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2 Shock and Vibration

parameters of AE are parameters that represent the whole
or individual behavior properties of the rock particles in the
whole process. According to the principle of AE testing, the
total relationship of AE is as follows [25]:

𝑁 = 𝑓𝛽 ∫ ln(√ 𝐸𝑔𝐸𝑔0)𝑑𝜙, (1)

where𝑁 is the total number of AE, 𝑓 is working frequency, 𝛽
is the attenuation coefficient of AE wave, 𝐸𝑔 is the AE energy
released by rock particle failure, 𝐸𝑔0 is the initial loading
AE energy, and 𝜙 is the number of AE events for particle
deformation and failure.

The experimental results show [26] that, in the wide
frequency band (0.1∼1.0MHz), the working frequency 𝑓 and
the attenuation coefficient beta 𝛽 are proportional functions,
so the upper formula can be simplified as

𝑁 = 𝐴∫ ln(√ 𝐸𝑔𝐸𝑔0)𝑑𝜙, (2)

where 𝐴 is constant, 𝐴 = 𝑓/𝛽.
In a micropoint of view, when the rock is broken by

a single grain under external stress, the magnitude for the
released AE energy is

𝐸𝑔 = 𝜎22𝐸𝑑3, (3)

where 𝜎 is external stress, 𝐸 is elastic modulus, and 𝑑 is grain
size.

If the stress threshold is seen as the stress at which
the grain begins to break, the energy emitted by the initial
acoustic emission is (stress is 𝜎0)

𝐸𝑔0 = 𝜎022𝐸 𝑑3. (4)

Since the total probability of rock grain fragmentation
obeys the Weibull distribution [1], a grain fragmentation
produces an AE event. The total number of AE events
produced by the rupture of rock grain under external stress
(stress is 𝜎) is

𝜙 = (𝐿 + 1) {1 − exp [−𝐵( 𝜎𝜎0)
𝑚]} . (5)

Take the general circumstances into account (𝜙 ≪ 𝐿), so
the type can be simplified as

𝜙 = 𝐿𝐵( 𝜎𝜎0)
𝑚 , (6)

where 𝐿 is the number of existing grains of rocks, 𝐵 is
a constant related to rock properties, and 𝑚 is a constant
associated with rock fracture.

Substituting (3), (4), and (6) into (2), the total number of
AE is

𝑁 = 𝐴𝐿𝐵𝑚[( 𝜎𝜎0)
𝑚 ( ln𝜎 − ln𝜎0𝑚 − 1𝑚2) + 1𝑚2 ] . (7)

The relationship between AE rate and stress and loading
rate is obtained by taking the derivative of (7):

𝑑𝑁𝑑𝑡 = 𝐴𝐿𝐵𝑚𝜎0 ( 𝜎𝜎0)
𝑚−1

ln( 𝜎𝜎0)
𝑑𝜎𝑑𝑡 . (8)

As a result, the relationship between the AE rate of the
cutter is derived. According to (8), the AE rate is related to
the loading rate, and the AE rate increases with the increase
of loading rate.

2.2. Effect of Loading Rate on EME. Many scholars have
analyzed the mechanism of EME from different standpoints.
When the rock is loading, the rock crack acceleration gener-
ates charge and the charges’ motion produces EME. Based on
the piezoelectric effect of crystal, Chen et al. [27] proposed
that the phenomenon of EME during the rock broken is
caused by the destruction of the piezoelectric crystal, which
leads to the instantaneous charge movement.

Let the voltage of the crystal element be 𝑑𝑙 × 𝑑𝑙 × 𝑑𝑙,
the piezoelectric modulus be 𝑝, and the microelement be
destroyed during compressive stress 𝜎; then, the charge of the
microelement end surface is

𝑞 = 𝑝𝜎 (𝑑𝑙)2 , (9)

where 𝑞 is the charge amount.
The electric field intensity of EME can be obtained by the

EME model [28]:

𝐸 = 
𝑞𝑎 sin2 𝜃4𝜋𝜀0𝑐2𝑟

 , (10)

where 𝑎 is the acceleration of crack propagation, 𝑞 is the
charge amount, 𝑐 is the speed of light, 𝑟 is the charge distance,
and 𝜀0 is the vacuum dielectric constant.

According to the mechanical model of the broken rock
to analyze the force of the tool rock fragmentation [29],
the tool intrudes into the broken rock and overcomes the
rock breaking strength and frictional force and generates the
tooling force of the rock:

𝑃 = 𝑅 + 𝐹𝑚 = 2ℎ𝑙𝜎𝑐 (tan 𝛼2 + 𝑓) , (11)

where ℎ is invasion depth, 𝛼 is the tool edge angle, 𝑙 is tool
length, 𝜎𝑐 is the rock uniaxial compressive strength, and 𝑓 is
the friction coefficient.

Due to the relationship between loading rate and rock
single axial compressive strength [30],

log𝜎𝑐 = 1𝑛 + 1 log V + 𝐴, (12)

where 𝑛 is the coefficient of rock corrosion, 𝑛 ≥ 0; V is the
loading rate; and 𝐴 is the dimensionless coefficient.

Substitute formula (12) into formula (11).The relationship
between the intrusion force and loading rates is obtained:

𝑃 = 2𝑙𝐾(tan 𝛼2 + 𝑓) ⋅ ℎ ⋅ V𝑏, (13)

among them𝐾 = 10𝐴, 𝑏 = 1/(𝑛 + 1), 0 < 𝑏 ≤ 1.
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Figure 1: Diagram of test equipment.

The piezoelectric microelement is assumed to be the unit
piezoelectric microelement. By substituting formula (13) into
(10), the electromagnetic emission intensity of the broken
rock was derived.

𝐸 = 
𝑝𝑎𝑙𝐾 (tan (𝛼/2) + 𝑓) ℎV𝑏sin2𝜃2𝜋𝜀0𝑐2𝑟

 . (14)

Through the above analysis, the relationship between the
EME strength of the cutter is derived. According to formula
(14), the EME intensity is related to the loading rate, and the
intensity of EME increases with the increase of loading rate.

3. Testing System

The experimental system consists of loading system and AE
and EME collection system, shown in Figure 1. The loading
system of the test is the RMT-150C pressure testing machine;
the signal acquisition system consists of AEwin-USB AE
detection system, KBD5 EME monitoring system, and EME
shielding system. To eliminate the friction between cutter and
specimen face and environmental noise of the AE and EME
signals, the total system gain is set to 76 dB (which is placed
in front of 40 dB, the main discharge is 36 dB), the threshold
value is set to 40 dB, and the sampling frequency is set to
5Msps. The sample size of granite specimen is 150mm ×
150mm × 150mm; the physical and mechanical parameters
are as follows: modulus of elasticity 𝐸 = 21.35GPa, density
𝜌 = 2.6 × 103 kg/m3, compressive strength 𝜎𝑐 = 106.46MPa,
and tensile strength 𝜎𝑡 = 7.65MPa. The displacement control
method was adopted to perform a type-tool static intrusion
breaking experiment, and the loading rate was set at three
levels: 0.001mm/s, 0.01mm/s, and 0.1mm/s.

Table 1: Characteristics of AE and EME.

Comparison parameter Loading rate (mm⋅s−1)
0.001 0.01 0.1

Limit load (kN) 144.86 169.02 175.32
Peak AE rate (⋅s−1)

Count rate 30303 36329 38360
Energy rate 30876 120356 189748
Load level (%) 96 96 95

Peak EME
Strength (mv) 133 153 261
Pulse number 18509 35000 48000
Load level (%) 95 97 96

4. Testing Results

4.1. AE and EME Characteristics at Different Loading Rates.
Experiments are conducted where a single cutter is pene-
trated into granite under different loading rates. The AE sig-
nal parameters, the EME signal parameters, and the load are
recorded as shown in Table 1 and Figures 2 and 3, respectively.
Through the analysis of the influence of the loading rate on
the AE, EME, and rock breaking characteristics, it can be
concluded as follows.(1) As shown in Figures 2 and 3, AE and EME signal are
basically increased with the increase of load. When loading
rate is 0.001mm/s, the jump phenomenon happens when the
cutter is penetrated into the rock (A, B, C, D); AE and EME
signals also have a sudden increase. AE and EME have same
tendency under different loading rate.(2) The loading rate affects the damage of rock. The
greater the loading rate, the greater the rock fragmentation.
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Figure 2: Curves of AE parameters under different loading rates.
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Figure 3: Curves of EME parameters under different loading rates.
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Figure 4: Failure characteristics of the granite at different loading rates.

According to Table 1, it can be seen that, in the ultimate load
condition, the crush of granite increases with the loading
rate. Besides, the peak value and the energy rate of the AE
and the peak intensity and the number of pulses of the
EME increasing gradually with the loading rate show good
agreement with theoretical analysis.(3)The EME signal generated by the granite failure with
small loading rate shows large vibration before the EME
signal reaches the first peak value. This can be interpreted
as follows. The energy need to be accumulated when the
cutter penetrates into the rock with the small loading rate,
and the energy accumulation process affects the intensity of
electromagnetic emission, resulting in the large vibration of
the EME signal [31].(4)As shown in Table 1, when the indentation load is near
95% of the limit load, the AE and EME signals show jumping
characteristics, reaching itsmaximumvalue. Itmeans that the
AE and the EME signal have a threshold. Since the thresholds
of the AE and EME are reached before the rock broke, it is
possible to use those thresholds to predict the rock damage
instability.

4.2. Failure Characteristics of This Granite. The failure char-
acteristics of this granite in the process of cutter invasion
are given in Figure 4. Figure 4(a) shows this granite failure
at different loading rates. When the cutter intrudes into the
granite specimen, there is no obvious crack on the surface

of the specimen. However, when the load reaches 95% of the
limit load, the instantaneous failure of the specimen occurs
suddenly and the expansion is rapid and violent. It can be
found that the failure of the rock specimen is moving along
one or a few main cracks, showing brittle fracture.

Compared with the failure mode of granite specimen
under different loading rates, it can be found that the
granite failure at different loading rates is similar to the
one-word failure. The larger the loading rate is, the more
severe the crack is, and the “crackling” sound can be heard
simultaneously. Comparing the results in Figures 2 and 3
with the failure characteristics in Figure 4, one can find that
the peak value and the energy rate of the AE, and the peak
intensity and the number of pulses of the EME are related to
the size of the crack.

Figure 4(b) shows this granite fragmentation at different
loading rates. When the sample is loaded with the rate
of 0.001mm/s, large particle fragmentation is the main
fragmentation. In contrast, when the sample is loaded with
the rate of 0.1mm/s, small particle fragmentation is the main
fragmentation.The loading rate has a great influence on rock
failure pattern, as well as the rock fragmentation.

5. Conclusions

(1)This paper proposed the relationship among the genera-
tion of AE, EME, and the fracture stress of rock grain during
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rock broken process. Based on the relationships, the influence
of loading rate on the characteristics of AE and EME of rock
fragmentation is discussed. Theoretically, the AE and EME
signals are enhanced with the increase of loading rate.(2) Experimental results with three rates show that the
loading rate has a significant effect on the AE and EME sig-
nals. The greater the loading rate is, the greater the intensity
of the AE and EME signals produced is. The peak value and
the energy rate of the AE and the peak intensity and the
number of pulses of the EME increasing gradually with the
loading rate show good agreement with theoretical analysis.
Therefore, it is possible to use AE and EME technology to
monitor the rock breaking process.(3) Experimental results show that the AE and the EME
signal have a threshold. Since the thresholds of the AE and
EME are reached before the rock broke, it is possible to use
those thresholds to predict the rock damage instability.
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In order to explore the mechanism of floor dynamic rupture, the current study adopts a thin plate model to further investigate
the condition of floor failure. One of the possible explanations could be floor buckling due to high horizontal stress and dynamic
disturbance ultimately leading to rapid and massive release of elastic energy thus inducing dynamic rupture. Seismic computed
tomography and 3D location were employed to explore the evolution characteristics of floor stress distribution and positions of
mine tremors. In the regions of floor dynamic rupture, higher P-wave velocity was recorded prior to the dynamic rupture. On the
contrary, relatively lower reading was observed after the dynamic rupture thus depicting a high stress concentration condition.
Meanwhile, evolution of mine tremors revealed the accumulation and subsequent release of energy during the dynamic rupture
process. It was further revealed that dynamic rupture was induced due to the superposition of static and dynamic stresses: (i) the
high static stress concentration due to frontal and lateral abutment stress from coal pillar and (ii) dynamic stress from the fracture
and caving of coal pillar, hard roof, and key stratum. In the later part of this study, the floor dynamic rupture occurrence process
would be reproduced through numerical simulations within a 0.6 sec time frame.The above-mentioned findings would be used to
propose a feasible mechanism for prewarning and prevention of floor dynamic rupture using seismic computed tomography and
mine tremors 3D location.

1. Introduction

Recently, demand for fossil fuel, especially coal, has been
increasing rapidly in China and worldwide. Presently, under-
ground mining operations have been increasing their opera-
tional depth at an annual rate of 10–20m [1]. In deep mining,
floor heave is the principal part of roadway deformation
failure [2]. In recent years, several scholars have adopted
variousmethods to study floor failure, for example, numerical
simulation (UDEC), laboratory experiments, and in situ tests.
For example, Jiang et al. [3] explored the floor rupture
mechanism using theoretical analysis as well as a similarity
simulation test. Since 2001, more and more researchers have
adopted many numerical simulations to research floor rup-
ture mechanism and its control indices and method [4–
8]. Jeon et al. [9] studied excavation-related problems with
application of small model testing. Lee and Schubert [10]

investigated the roadway faces failure mechanism by con-
ducting small scale model tests. S. B. Tang and C. A. Tang [11]
adopted numerical simulations to study the impact of humid
conditions on the floor rupture of roadway in the swelling
ground. Zhong et al. [12] conducted various field investi-
gations and geological surveys to analyze the floor rupture
occurrencemechanism for soft-rock roadways. Evidently, the
floor process mentioned in the above literatures is time-
affected, completion of which usually involves considerable
time period ranging from hours to days and even months.
However, its instant occurrence and resulting energy release
could induce dynamic rupture.

High pressure levels trigger violent rock failure which
could also be associated with strong seismic activity. In
other words, a dynamic rupture might occur upon total
stress attainment of a certain critical stress value (due to the
static stress of roadway combined with the tremors induced
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Figure 1: The geographical location of Guojiahe Coal Mine. It is
located in Baoji, Shaanxi, China.

dynamic stress) [13]. Unfortunately, dynamic rupture events
in recent past had posed severe threats to mine workers
thus adversely affecting continuous production in coal mines
[1]. In recent years, many scholars have studied dynamic
rupture induced by hard rock [14], coal pillar [15, 16], fault
[17, 18] and tectonic stress [19, 20], employing stress, strain
and energy, and so forth as frequently used parameters
but very few literatures had focused on floor dynamic
rupture. This paper investigates mechanical mechanism of
floor dynamic rupture by adopting an elastic thin plate theory.
The seismic computed tomographymethods and 3D location
of mine tremors were used in the case study in Guojiahe
Coal Mine. Numerical simulation was adopted to reproduce
the floor dynamic rupture process owing to its geological
setting.

2. A Case of Floor Dynamic Rupture

2.1. General Situation of the 1307 LCF. The 1307 LCF is
located in the first panel of the Guojiahe Coal Mine, situated
in Shaanxi, Baoji, China (Figure 1). Its west is 1301 LCF
(mined), north is 1303 and 1305 LCFs (mined), and the south
is 1309 LCF (unmined). With the lengths of 1387m and
235m in strike and sloping, the maximum mining of the
coal face has depth of 586m. The mining seam is 3# coal
with thickness of 7–17.7m (average is 14.3m) and average
dip angle of 10∘. According to geological survey, in the 1307
LCF, the immediate roof is fine sandstone (6.12m), main roof
is siltstone (6.28m), the key stratum is medium sandstone
(27.72m), and immediate floor (12.5m) and the main floor
(12.5m) are siltstone. The spacing between 3# coal seam and
upward key stratum is 37.79m. The mining period was from
July 10, 2016, till April 4, 2017, with total advancing distance of
1053m. A 30m wide coal pillar was left out between the 1305
and 1307 LCFs. Figure 2 shows the plane sketch of the 1307
LCF whereas Figure 3 depicts the illustration of coal and rock
layers. Using the laboratory burst proneness identification

method, themain roof; floor; and 3# coal seamwere classified
as prone to weak burst.

2.2. MS Monitoring System. The sources of in situ data
were utilized to obtain the details of dynamic disturbance.
The sources were monitored by Seismological Observation
System (SOS). It was developed by Poland Central Mining
Institute and was installed at Guojiahe CoalMine onOctober
1, 2016, which mainly consists of the real-time monitoring
recorder, analyzer, sensors, the digital transmission system,
and so forth [21]. The frequency range of single vertical-
component sensor is 1–600Hz, horizontal location error
is less than 20m, vertical positioning error is less than
30m, the sampling rate is 500Hz, A/D converter is 16 bits,
the maximum data transmission rate is 1MB/s, and the
maximum data transmission distance is 10 km. In addition,
the system uses the triggering mode for recording event.
Only when more than four sensors simultaneously receive a
clear waveform, theMS event can be recorded and accurately
located. The following study is based on Microseismic (MS)
signals monitored by SOS system mentioned above.

2.3. Process and Description of the Dynamic Rupture. At
19 : 24 : 14 on April 4, 2017, a mine tremor of magnitude 1.9
occurred in the 1307 LCF, and the estimated energy release
was 2.55× 105 J.The coordinates in 𝑥, 𝑦, and 𝑧 directions were
7914.18m, 2137.98m, and 798.71m, respectively. According to
the source’s horizontal coordinates, mine tremor was verified
to be in area A (see Figure 2), influenced by three factors of
coal pillar, synclinal axial part, and the square (the 1303, 1305,
and 1307 LCFs), respectively. Based on the source’s vertical
level, it was verified that themine tremorwas directly induced
by fracturing in key stratum (area A) overlying 3# coal
seam. Approximately less than 1 second later, a floor dynamic
rupture of magnitude 1.76 was observed in the tailentry and
local 1307 LCF, and the estimated energy was 2.55 × 105 J,
as shown in Figure 2. Prior to the dynamic rupture, several
mine tremors occurred with the calculated energy more than
1.0 × 105 J also located in the coal pillar thus indicating
association of dynamic rupturewith fracturing of key stratum
and coal pillar. After dynamic rupture occurrence, a scraper
conveyor was jacked in the tailentry up to 400mm in the
1307 LCF, and a hydraulic prop was inserted into the bottom
and top coal with dynamic rupture value up to 600mm. The
shock wave also caused some machines to shut down. The
three-dimensional coordinates of the sensors were shown in
Table 1.

3. Mechanism of Floor Dynamic Rupture

In a coal mine, presence of soft rock, coal seam, or weak
interlayer leads to formation of a composite floor. Due to
accumulation of elastic energy, the high horizontal stress
would cause the floor to buckle thus inducing floor heave
[22]. Additionally release ofmassive elastic energywould lead
to occurrence of dynamic rupture. This study establishes a
mechanical model of composite floor to study the buckling
criterion. Hence, dynamic rupture mechanical mechanism
was investigated based on elastic thin plate model.
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Table 1: Relative coordinates of sensors.

Sensor number 𝑥-coordinate (m) 𝑦-coordinate (m) 𝑧-coordinate (m)
5 6862.16 2060.89 730.1
6 7409.71 2589.06 767.8
7 7441.5 2131.7 767.8
8 7465.66 1567.24 643.3
11 7447.68 1894.06 724.45
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3.1. Elastic Thin Plate Model. Figure 4 depicts sketch prior to
and after dynamic rupture. From Figure 4, assuming that the
first layer (ℎ1) had been fractured completely, the composite
floor is a simply supported plate, with the thickness ofℎ1, ℎ2, . . . , ℎ𝑛. Figure 5 is sketch map of elastic thin plate

theory with simply supported plate [23]. The thickness is ℎ;
the length along the cross section of roadway is 𝑎 with force
of 𝑃𝑥; the length along the axial of roadway is 𝑏 with force of𝛼𝑃𝑥; 𝛼 is lateral pressure coefficient; and bending rigidity is𝐷.
3.2. Mechanical Mechanism. According to elasticity, if buck-
ling damages the thin plate, the stress differential equation
could be written as follows [24]:

𝐷∇4𝜔 − (𝑁𝑥 𝜕
2𝜔
𝜕𝑥2 + 2𝑁𝑥𝑦

𝜕2𝜔
𝜕𝑥𝑦 + 𝑁𝑦

𝜕2𝜔
𝜕𝑦2 ) = 0, (1)

where 𝑁𝑥 is the force in 𝑥-direction; 𝑁𝑦 is the force in 𝑦-
direction;𝑁𝑥𝑦 is the sheer force; 𝜔 is deflection.

The force in the thin plate could be obtained as

𝑁𝑥 = −𝑃𝑥,
𝑁𝑦 = −𝛼𝑃𝑥,
𝑁𝑥𝑦 = 0.

(2)

For the sake of simplicity, assume 𝑏 = 1 and the deflection
of thin plate as follows [24]:

𝜔 = ∞∑
𝑚=1

𝐴𝑚 sin 𝑚𝜋𝑥𝑎 , (3)
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Figure 5: The sketch map of elastic thin plate theory. Note: 𝑎 is the
width of roadway; 𝑏 is the length and set as 1.

where 𝐴𝑚 is the maximum deformation; 𝑚 is the character-
istic value; 𝑥 is the horizontal coordinate.

Combining (1), (2), and (3),
∞∑
𝑚=1

𝐴𝑚 (𝐷𝑚
4𝜋4
𝑎4 − 𝑝𝑥𝑚

2𝜋2
𝑎2 ) sin 𝑚𝜋𝑥𝑎 = 0. (4)

Solving (4),

𝑝𝑥 = 𝑚
2𝜋2
𝑎2 𝐷. (5)

According to (5), as 𝑚 increases, 𝑃𝑥 would also increase.
Assuming𝑚 = 1, critical stress is obtained as follows:

𝑝cr = 𝜋
2

𝑎2𝐷, (6)

where 𝑝cr is the critical stress; 𝐷 is the bending stiffness of
floor, 𝐷 = 𝐸ℎ3/12(1 − 𝜇2); 𝐸 is the elasticity modulus; 𝜇 is
Poisson’s ratio; ℎ is the thickness.

Based on rock stress calculation method, the horizontal
stress could be expressed as

𝑝ℎ = 𝜎ℎℎ, (7)

where 𝑝ℎ is the horizontal force; 𝜎ℎ is the horizontal stress.
Based on (6) and (7), themechanical mechanism of heav-

ing floor is as follows:

𝑝ℎ𝑝cr =
12𝜎ℎ𝑎2 (1 − 𝜇2)

𝐸𝜋2ℎ2 ≥ 1. (8)

From (8), the factors of floor dynamic rupture are road-
way width, floor thickness, modulus of elasticity, Poisson
ratio, and horizontal stress. In Guojiahe Coal Mine, keeping
the modulus of elasticity and Poisson ratio as constant, the
risk of floor dynamic rupture is positively related to roadway
width and horizontal stress, while being negatively related to
the thickness.Therefore, the horizontal stress is the key factor
to floor dynamic rupture.

3.3. Dynamic Rupture Induced by the Static Stress Combined
with the Dynamic Stress. According to Li et al. [13], when
total stress attains a certain critical stress level, it leads to
occurrence of floor dynamic rupture:

𝜎𝑠 + 𝜎𝑑 ≥ 𝜎𝑟, (9)

where 𝜎𝑠 is the static stress in the floor which is due to
high horizontal stress; 𝜎𝑑 is the dynamic stress induced by
occurrence of tremors due to hard roof, coal pillar and fault
slip, and so forth; and 𝜎𝑟 is the critical stress required for
dynamic rupture. Hence, in the event of existence of mine
tremors containing large energy, high horizontal stress could
induce floor dynamic rupture.
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4. Evolution Characteristics of Mine Tremors
Position and Stress Distribution

As permonitoring stress in the 1307 LCF, the date of weighing
of periodical roof is shown in Figure 6. The time periods
for data analysis (3D location of mine tremors and seismic
computed tomography) are also shown in Figure 6.

4.1. Mine Tremors Position: A 3D Location Approach. Parsons
[25] reported a similar structural evolution of the systems
which cause earthquakes. According to some scholars [26–
28], the position of Acoustic Emission (AE) events can be
calculated using the following formulas:

√(𝑥𝑖 − 𝑥)2 + (𝑦𝑖 − 𝑦)2 + (𝑧𝑖 − 𝑧) = 𝑆,
𝑉 = 𝑆 (1 − 𝜀)𝑇2 − 𝑇1 ,

(10)

where 𝑉 is AE signal velocity (m/s), 𝑇1 is the initial pro-
pagation time of AE signal (s), 𝑇2 is the first-arrival time
of AE signal at AE sensor (s), 𝑆 is the distance from
AE source to sensor (m), 𝜀 is the strain of coal sample,(𝑥0, 𝑦0, 𝑧0) are the three-dimensional coordinates of source,
and (𝑥1, 𝑦1, 𝑧1) are the three-dimensional coordinates of the
#𝑖 sensor. Commonly, 𝑖 is numbered sequentially from 1 to 𝑛,
and 𝑛 should be larger than 4 for positioning. The larger the
number 𝑛 𝑖𝑠, the more accurate the position is.

In order to reveal the location evolution of mine tremors
prior to and after floor dynamic rupture in the 1307 LCF,
the evolution of mine tremors distribution fromMarch 23 to
April 14 is illustrated (Figure 7). FromFigure 7 it could be seen
thatmajority ofmine tremorswere in regions of the coal pillar
and roof, which initially indicated that the dynamic rupture
might have been induced by the fracturing of coal pillar and
periodical roof weighting.

As shown in Figure 7, from March 23 to March 29,
majority of mine tremors were scattered in regions B and
C, which indicated that many fractures were induced by the
frontal abutment stress and mining. Interestingly, region B
had more mine tremors than region C, which indicated that
the mined out LCF possessed the ability to induce more
severe fractures. A large number of mine tremors in region
A indicated that mining influence renders the multiroadway

cross area unstable. Additionally, several fractures were found
out in floor, coal seam, and roof, but they were very few
in the key stratum. Besides, several mine tremors, induced
by syncline activities; coal pillar; and the first square (1303,
1305, and 1307 LCFs), were discovered in region D.The mine
tremors (red) indicated fracturing and caving of key stratum
[29–33].

From March 30 to April 4, more mine tremors were dis-
covered in region A, indicating increase in fractures activity
in the multiroadway cross area along with the advancement
of mining face. Contrarily, the mine tremors (red) were
reduced in regions B and C, which indicated accumulation of
energy in coal and rock mass for the dynamic rupture, while
the increase (blue and yellow) was induced by the dynamic
rupture in region B [29–31]. On April 4, the weighing of
periodical roof took place. Hence, dynamic loading resulting
from fracturing and caving of coal pillar and roof induced
dynamic rupture. The mine tremors in region D remained
unchanged.

From April 5 to April 9 (after dynamic rupture occur-
rence), steady distribution of mine tremors was observed in
region of A, B, C, and D, with nonoccurrence of large energy
mine tremors thus indicating significant energy release due to
dynamic rupture.Themine tremors and the aftershocks (blue
and yellow) were induced by roof instability and coal mining
[32].

From April 10 to April 14, amplified mine tremor activity
was recorded which indicated increasing fracture activity in
regions A, B, C, andD. Compared to preceding three periods,
the larger mine tremors (yellow and red) indicated increased
fractures occurrence in regions A, B, and C due to being a
coal pillar [31–33].

4.2. Stress Distribution: A Seismic Computed Tomography
Approach. Thestress field in coal and rockmass in coalmines
could be easily obtained by using theoretical calculation and
numerical simulation. However, complex geological setting
andmining activities make it extremely difficult to obtain the
in situ stress field in time and space. To eradicate this problem,
many researchers have studied the P-wave tomography for
evaluating the high stress in coal mines [34–36].

Tomography requires dividing the body into grid cells
called pixels in two-dimensional situation, or cubes called
voxels in three-dimensional situation to estimate the body
characteristics in all pixels or voxels. Velocity tomography
depends on the relation that the wave velocity along a seismic
ray is the ray path distance divided by the time to travel
between the seismic source and sensor. Suppose the ray path
of the 𝑖th seismic wave is 𝐿 𝑖 and the travel time is 𝑇𝑖; thus,
the time is the integral of the inverse velocity (or slowness),
multiplied by the distance traveled from the source to the
sensor [37]:

𝑉𝑇 = 𝐿,
𝑇𝑖 = ∫

𝐿 𝑖

𝑑𝐿
𝑉 (𝑥, 𝑦, 𝑧) = ∫𝐿 𝑖 𝑆 (𝑥, 𝑦, 𝑧) 𝑑𝐿,

𝑇𝑖 =
𝑚∑
𝑗=1

𝑑𝑖𝑗𝑆𝑗 (𝑖 = 1, . . . , 𝑛) ,
(11)
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where 𝑉(𝑥, 𝑦, 𝑧) is the velocity (m/s), 𝐿 𝑖 is the ray path of
the 𝑖th seismic wave (m), 𝑇𝑖 is the travel time (s), 𝑆(𝑥, 𝑦, 𝑧)
is the slowness (s/m), 𝑑𝑖𝑗 is the distance of the 𝑖th ray in the𝑗th voxel, 𝑛 is the total number of rays, 𝑚 is the number of
voxels.

Generally, seismic event location and subsequent ray path
are calculated using an initial velocity model. However, the
velocity, distance, and time in an individual voxel are not
known. Thus, arranging the slowness, distance, and time for
each voxel into matrices, the velocity can be determined in
matrix form as [37]

T = DP → P = D−1T, (12)

where T is the travel time per ray matrix (1 × 𝑛), D is the
distance per ray per voxelmatrix (𝑛×𝑚), andP is the slowness
per grid cell matrix (1 × 𝑚).

Matrix inversion methods are effective but require con-
siderable computational power for large datasets. Usually, the
inverse problem is either underdetermined (more voxels than
rays) or overdetermined (more rays than voxels). The most
effective way to solve this problem is iterative process. Cur-
rently, the most referenced iterative methods are Algebraic
Reconstructive Technique (ART) and Simultaneous Iterative
Reconstructive Technique (SIRT) [37].

In this paper, parameters of velocity distribution and
stress concentration factor were used to explore the evolution
characteristics of dynamic rupture in the 1307 LCF. The
time interval was from March 23 to April 14 and the size
of the model is about 1000m (length) × 800m (width).
After 3D location, the total mine tremors were 1519. For
modeling simplification, the range of relative coordinate was
6800–8300m in direction𝑋 and 1400–2600m in direction𝑌,
respectively. Meanwhile, because the 1307 LCF elevation was
approx. 750m, the elevation in direction 𝑍 was 600–900m.
The average velocity of P-wave was 4.35 km/s, which was
measured by laboratory tests [26, 38]. The modeling in the
tomography is depicted in Figure 8.

After modeling, the data analysis ranges in directions𝑋 and 𝑌 were 7000–8000m and 1600–2400m, respectively,
and the section in direction 𝑍 was 750m. The contour map
of velocity distribution is shown in Figure 9. As per the
relationship [38], the contour map of stress concentration
factor is displayed in Figure 10. A comparison of the two
figures reveals their identicalness thus indicating that velocity
could reflect stress distribution. Therefore, it is reasonable to
use Figures 9 and 10 to explore the stress distribution prior to
and after the dynamic rupture in the 1307 LCF.

From March 23 to March 29, high velocities in regions
A1 (5.8 km/s) and A2 (6.0 km/s) as well as the high factors
in regions A1 (4.5) and A2 (5.0) indicated the existence of
high stress concentration in multiroadway cross area region.
Similarly, high velocities in regions B (5.8 km/s) and C
(5.5 km/s) and high factors in regions B (3.5) and C (3.0)
indicated that high stress concentration was induced by
mining face’s frontal abutment stress. Comparatively, region
B had a larger area and greater velocity and factor than region
C, possibly induced by mined LCF (1305) coal pillar and the
coal pillar (between the 1305 and 1307 LCFs) [26].

From March 30 to April 4, both area and velocities in
regions A1 (5.9 km/s) and A2 (6.0 km/s) as well as the factors
in regions A1 (5.0) and A2 (5.5) increased, which indicated
increasing degree of high stress concentration and reduction
of distance from multiroadway cross area. Simultaneously,
the area and velocity in region B (6.0 km/s) as well as the
factor in region B (5.2) increased rapidly indicating that the
dynamic rupture was induced by the high stress concentra-
tion (from the frontal abutment stress, mined LCF, and coal
pillar). However, the overall velocity in region C remained
unchanged thus indicating obstructive behavior towards the
dynamic rupture.

From April 5 to April 9 (after the dynamic rupture
occurred), the velocities and areas as well as factors in regions
A1, A2, B, and C all decreased (the maximum velocities were
up to 5.7 km/s, 5.8 km/s, 5.7 km/s, and 5.4 km/s, resp.; the
maximum factors were up to 5.0, 4.5, 3.5, and 3, resp.) which
indicated release of high stress concentration.

From April 10 to April 14, the velocities and factors in
regionA1, A2, B, andC all increased (themaximum velocities
were up to be 6.0 km/s, 6.0 km/s, 5.8 km/s, and 5.5 km/s, resp.;
the maximum factors were up to be 5.0, 5.0, 4.5, and 3, resp.),
which indicated reoccurrence of high stress concentration
because of the multiroadway cross, the frontal abutment
stress, the 1305 mined LCF, and coal pillar.

FromMarch 23 toApril 14, the area of regionA1 increased
and that of A2 decreased, thus indicating transfer of high
stress from region A2 to A1 along with advancement of
mining face and the reduction of coal pillar. The location of
regions B and C changed/transferred with gradual advance-
ment of the 1307 LCF. For this reason, the stress in high
level could have been caused by frontal abutment pressure
from the mining activity and the coal pillar belonging to
static stress in high level. In region D, the velocity (less than
4.35 km/s) and the factors (less than 1.0) remained lower, and
the tip of the left was sensor #5, which indicated reduced
velocity following spread of seismic wave in the 1301 mined
LCF [26].
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Figure 9: The contour map of velocity distribution. The floor dynamic rupture occurred in region B.

Consequently, it was revealed that floor dynamic rupture
was induced due to superposition of the high static stress
concentration from the frontal and lateral abutment stresses
from coal pillar and the dynamic stress from the fracture and
caving of coal pillar, hard roof, and key stratum.

5. Process Reproduction of Floor Dynamic
Rupture by Numerical Simulation

According to the geological condition of the 1307 LCF in
Guojiahe Coal Mine, using numerical simulation (UDEC) a
model was established to reproduce the occurrence process
of floor dynamic rupture (Figure 11). The model size was
60 × 50m in length and height, and the roadway was 5 ×
4m in length and height. The bolts were pushed into the
roof and both sides of the roadway. In order to avoid errors
and improve calculation efficiency, the code of Triangle was
adopted in the range of 25 × 20m (around the roadway) and
the code of Voronoi was used in the other range. Each block
is made elastic and hence is fail safe. Failure could occur only
along the contacts. The simulation parameters of block and
joint were shown in Tables 2 and 3.

In the static equilibrium stage, taking into the account the
simulated vertical depth (600m) of the model, due to over-
burden 15MPa vertical stress was applied on the top surface
of themodel and along with application of 25MPa horizontal
stress. The entire model uses fixed horizontal displacement
(left and right boundaries) and vertical displacement (bottom
boundary) (Figure 11). However, in dynamic analysis stage,
free-field boundary conditions are applied, and the local
damping is set as 0.1. In this study, after baseline correction
of mine tremor before the dynamic rupture, the waveform
is taken as the vibration source input wave to carry out the
floor dynamic rupture numerical analysis, which is shown
in Figure 11(a). After occurrence of the dynamic rupture, the
cohesion and tension of the floor joints were set at zero.

The simulation results are shown in Figure 12 wherein
it is evident that the whole floor dynamic rupture process,
induced by shockwave disturbance, clearly recurred, with the
0.6 s impact time. Prior to application of dynamic loading, no
obvious failure was observed in the roadway floor (𝑡 = 0 s).
Furthermore, after dynamic disturbance, it was observed that
cracks initiated in the floor and converged and connected to
form a weak surface with an inclined angle of 27∘ (𝑡 = 1.08 s).
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Figure 10: The contour map of stress concentration factor. The floor dynamic rupture occurred in region B.
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Figure 11: The model by UDEC. Note: (a) the source wave from a mine tremor; (b) the whole model.

With further shock wave disturbance, through shear or
tension cracks begun to expand rapidly along the contacts
around the weak surface (𝑡 = 1.2 s), which indicated trigger-
ing of dynamic rupture. Meanwhile, due to shock wave affect,
the coal mass was ejected outward from the roadway floor

(𝑡 = 1.32 s) andwas thrown into roadway at a certain velocity.
After the dynamic rupture, the failure area stopped expanding
(𝑡 = 1.44 s). As the friction angle indicates, the failure in the
roadway floorwas not symmetrical although the symmetrical
dynamic stress was generated accordingly [21].
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Figure 12: Process simulation of floor dynamic rupture. Note: before 𝑡 = 1.0 s, it is static stage; after 𝑡 = 1.0 s, it is dynamic stage.

According to the above analysis, assuming that the re-
leased energy was converted into the kinetic energy of rock
blocks wholly, we put forward a method to calculate the
kinetic energy as follows:

𝐸𝑘 = 12
𝑛∑
𝑖=1

𝜌𝑠𝑖V𝑖2, (13)

where 𝐸𝑘 is the kinetic energy of rock blocks in floor; 𝜌 is the
density; 𝑠𝑖 is the area in 𝑥-𝑦 plane; V𝑖 is the maximum velocity
in 𝑦-direction. A fish function is used to obtain 𝑠𝑖 and V𝑖.

In (8), the factor of horizontal stress has an effect on
floor failure. Therefore, its effect on the kinetic energy was
carried out, as shown in Figure 13. From Figure 13, the kinetic
energy increases almost exponentially with the horizontal
stress increasing, which indicates the horizontal stress is the
key factor to floor dynamic rupture.

Figure 14 is the evolution characteristic of horizontal
stress in floor rupture process. Figures (a), (b), and (c) are in
static stage; Figures (d) and (e) are in dynamic stage. In static
stage, the horizontal stress in the floor reduces gradually as
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Table 2: The parameters of blocks.

Lithology Density/(Kg/m3) Bulk modulus/GPa Shear modulus/GPa
Fine sandstone 2550 18.4 9.6
Siltstone 2510 12.2 6.6
Mudstone 2500 8.1 3.1
3# coal 1400 3.05 2.1
Mudstone 2500 8.1 3.1
Siltstone 2510 12.2 6.6
Fine sandstone 2550 18.4 9.6

Table 3: The parameters of joints.

Lithology Normal stiffness/GPa Shear stiffness/GPa Friction angle/∘ Cohesion/MPa Tension/MPa
Fine sandstone 7500 3100 26 15.8 6.4
Siltstone 5200 2100 25 10.3 5.6
Mudstone 3300 1400 20 8.2 3.2
3# coal 2000 800 18 3.0 1.1
Mudstone 3300 1400 20 8.2 3.2
Siltstone 5200 2100 25 10.3 5.6
Fine sandstone 7500 3100 26 15.8 6.4
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Figure 13: The effect of horizontal stress on the released kinetic
energy.

well as the horizontal stress in both sides. In dynamic stage,
the horizontal stress in the floor reduces rapidly and even
becomes tensile stress.

6. Conclusions

The floor heave activity within a given time frame corre-
sponds to the dynamic rupture, which earlier had caused
severe threats to mine workers and affected continuous
production in coal mines. In order to explore the mechanism
of floor dynamic rupture, this paper adopts a thin plate
model to investigate the floor failure condition. The floor
dynamic rupture risk was positively related to roadway width

and horizontal stress but negatively related to the thickness.
Subsequently, the high stress concentration caused the floor
to buckle, and the dynamic disturbance led to the rapid
release of large elastic energy, which could induce dynamic
rupture. Using the parameters of P-velocity distribution and
stress concentration factor, the evolution characteristics of
dynamic rupture were explored in the 1307 LCF, and the
regions of tailentry and local 1307 LCF experienced higher
wave velocity prior to the dynamic rupture and lower wave
velocity after the dynamic rupture. Meanwhile, the evolution
of mine tremors revealed the accumulation and subsequent
release of energy in the dynamic rupture process and the
presence of mine tremors with large energy. It was found that
superposition of the high static stress concentration from the
frontal and lateral abutment stress from the coal pillar and
the dynamic stress from the fracturing and caving of coal
pillar, hard roof, and key stratum induced the floor dynamic
rupture. Finally, the occurrence process of floor dynamic
rupture was reproduced by numerical simulation within 0.6 s
time frame setting. The findings mentioned above could
be used to propose a certain reference for earlier warning
and prevention of the floor dynamic rupture using seismic
computed tomography and location of mine tremors.
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High voltage pulsed discharge in water (HVPD) is used throughout industry for fracturing both natural and man-made materials.
Using HVPD, wemodeled crack propagation of rocks under homenergic water shock waves (HWSW)with different characteristics
and combination forms using a combination of experimental analysis andnumerical simulation.The experimental results show that,
under the same discharge energy (2 kJ), water shock waves (WSW) with different characteristics fractured the rock mass distinctly
different. With a higher the peak pressure (𝑃𝑃) of WSW, more long cracks and microcracks were formed, creating a larger damage
area.Thenumerical simulation results show that a singleHWSWs impactwith different characteristics will still only cause three long
cracks to be well developed and almost nomicrocracks, when 𝑃𝑃 of HWSWwas 3MPa.With the increase of𝑃𝑃, the number of both
long cracks and microcracks increased. This is consistent with the experimental results. When the peak pressure became greater
than 15MPa, crack propagation gradually became concentrated and the surrounding borehole wall became more severely broken.
The rock model had optimal fracturing under the impact of the HWSW with a 𝑃𝑃 of 10MPa. Also, the simulations showed that,
under repeated-impacts of HWSWs with consistent characteristics, the fracturing characteristics were basically identical to those
by a single-impact. While under the repeated-impact of HWSWs with variable characteristics, there was almost no relationship
between the fracturing effect and the sequence of repeated-impacts. Finally, under a single-impact of HWSW with low 𝑃𝑃 and
hydrostatic pressure (𝑃𝐻) acting within an initial crack (similar to hydraulic fracturing in a hydrocarbon well), the initial crack had
excellent propagation with an increase in hydrostatic pressure. However, when 𝑃𝑃 of HWSW was too high, increasing 𝑃𝐻 had no
effect on initial crack propagation.

1. Introduction

High voltage pulsed discharge inwater (HVPD) has primarily
been used in the mineral industry, including but not limited
to such practices as breaking down oil and gas wells [1], rock
breaking and well drilling [2], and natural gas extraction [3].
The control, repeatability, and high stability of water shock
wave (WSW) have great potential for industrial applications
in the oil and gas industry for uses with oil and gas well break
down and reservoir fracturing [4].The studies in recent years
found that the dynamic characteristics ofWSWs produced by
HVPD were influenced by many factors, including discharge
voltage, capacitor value, discharge energy, electrode gap and
type [5], and water conductivity [6]. There were significant

differences in amplitude, frequency-domain characteristics,
and energy spectrum of the WSWs when the discharge
conditions were varied [7–9].

There have been several studies on the effects of HVPD
on the rock fracturing process. During the process of loading
repeated impulses on coal samples by HVPD, as the impact
number increased, themicrocrack line density increased [10].
Furthermore, as the impact number of HVPD increased, the
coal pore structure improved, enhancing pore connectivity
and overall permeability [11]. A single-impact with a higher
WSW amplitude more clearly damaged the rock sample,
and there was cumulative damage of the rock mass under
repeated-impacts [12]. These studies greatly improved the
understanding of HVPD on rock fracturing; however, they
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2 Shock and Vibration

Table 1: High voltage pulsed discharge parameters table.

Group Charging voltage 𝑈 Capacitance 𝐶 Discharging energy 𝐸0 Number of discharges Number of specimens
𝛼 8156V 60 uF 2 kJ 1 2
𝛽 11547V 30 uF 2 kJ 1 2

did not consider the influence of WSWs’ waveform charac-
teristics, combination forms, and hydrostatic pressure (𝑃𝐻)
on rock fracturing.

WSW as a type of dynamic load would show different
loading characteristics due to the change of discharge con-
ditions, and it has been shown that the dynamic response
and characteristics of rock fracturing are not identical
when WSW’s loading characteristics are different. Cho and
Kaneko found that a higher stress-loading rate of shock wave
increases the number of radial cracks. The stress released
from adjacent cracks affects crack extension and results in
shorter crack propagation lengths. At lower stress-loading
rates, the number of crack and crack arrest caused by stress
released at adjacent cracks is reduced. This leads to greater
crack extension [13]. However, their study does not unify the
energy of WSWs which has different loading characteristics.
Whether or not different characteristics of rock fracturing are
caused by differentWSWs’ energy needs further study. In this
paper, we studied the dynamic response and characteristics of
rock fracturing under a single-impact and repeated-impacts
ofHWSWs. In addition, with𝑃𝐻 affecting the initial crack, we
also studied initial crack propagation under a single-impact.
This research was accomplished through numerical simu-
lation and single pulsed HVPD experiments on concrete,
providing a theoretical basis for improving the technology
principle of HVPD in rock fracturing, optimizing the effect
of rock breakage and improving the working efficiency of oil
and gas reservoir fracturing.

2. The Experimental Principle

2.1. The Principle of HVPD. HVPD is a very intense energy
release process. Research findings showed that there is a close
relationship between discharge form, WSW’s characteristics,
and discharge voltage, and capacitance of high voltage storage
capacitor [14].The energy (𝐸) stored in the storage capacitors
can be determined by the formula (1):

𝐸 = 12𝐶𝑈
2, (1)

where𝐶 is the capacitance of energy storage capacitors and𝑈
is the voltage of energy storage capacitors after charging.

The combination of different 𝑈 and 𝐶 also generates
discharge breakdown processes with different characteristics,
which then affect the characteristics of the WSWs, even
when 𝐸 is constant. Two examples of WSWs generated by
HVPD with different discharge parameters (𝛼 and 𝛽; for
specific parameters, see Table 1) indicate that the waveforms
of WSWs are indeed different when parameters are varied
(Figure 1). This is because the electric potential difference at
the electrode tips in the discharge process of the 𝛽 group is

higher than that of the 𝛼 group when 𝑈𝛽 > 𝑈𝛼. The speed
of energy injection into the water by capacitors is higher in
𝛽 group, and the energy injected into the plasma channel per
unit time increases.The plasma channel of the𝛽 group is then
able to achieve higher energy density before the channel wall
expands; thus the plasma channel has higher temperature
and pressure. However, because the energy stored by the
capacitors is the same in both groups, high energy input
density is bound to cause the inflation pressure duration of
the 𝛽 group to be significantly shortened compared with to
the𝛼 group.This causes the𝛽 group to have a shorter duration
of positive pressure (TDPP) and higher peak pressure (𝑃𝑃) in
WSW’s characteristics compared to the 𝛼 group.
2.2. The Principle of Fracturing by Dynamic Impact Loads.
Loading rate has an important role in the process of rock
fracturing by dynamic impact loads. Common rock dynamic
damage models show that, with an increase in loading rate,
rock fragment size decreases, microcrack density increases,
and number of macro long cracks decreases.When theWSW
loading rate decreases, the rock fragmenting by dynamic
impact load tends to gradually be static hydraulic fracturing
[12]. This is mainly because the rock mass has different
response characteristics under different dynamic impact
loadings. Generally speaking, the dynamic strength of a rock
mass increases with an increase in the loading rate of the
dynamic impact load [15].

In addition, Kalthoff and Shockey [16] found that only
when the time duration of the dynamic stress intensity factor
exceeded material dynamic fracture toughness and was more
than the required minimum duration for dynamic fracturing
of a rock mass did cracks lose their stability and begin to
extend. Even if the dynamic stress intensity factor of the crack
tips was more than the dynamic fracture toughness of a rock
mass, cracks did not necessarily extend, and it remains to
be seen whether the time duration has a minimum duration
needed for dynamic fracturing of rock mass.

Therefore, under a higher loading rate of a dynamic
impact load, the rock mass appears to have a stronger
dynamic strength, and TDPP is concurrently shortened.
Thus, these phenomena make the expansion of macro long
cracks more difficult, and much of the energy is dissipated
in fractures, forming a large number of comminuted micro-
cracks.

3. The Experimental Equipment and Methods

Single pulsed discharge rock fragmenting experiments were
performed on four concrete samples using a custom made
apparatus (Figure 2). The sand-binder ratio of the four
concrete specimens was 10 : 3. The uniaxial tensile strength
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Figure 1: Pressure waveforms of WSWs in 𝛼 and 𝛽 group.

and uniaxial compressive strengthwere 0.2MPa and 9.4MPa.
Before the start of the experiments, the original cracks
in the concrete specimen were detected using a NM-4b
nonmetal ultrasonic flaw detector. The plane transducer’s
frequency of the ultrasonic flaw detector was 50KHz. Four
specimen surfaces parallel to the axis of the borehole were
arranged with 100 measuring points for each surface. After
flaw detection, a specimen was placed on the test bench,
electrodes were placed into a borehole filled with water, and
the discharge ends of the electrodes were located in the
center of specimen (Figure 2). After affixing and sealing the
electrodes, the pulsed discharge cabinet and control box for
charging operation were opened. Discharge parameters are
shown in Table 1.

When charging was completed, a single pulsed discharge
rock fragmenting experiment was carried out. After the
discharge, the electrodes were removed and the water in the
borehole was emptied. The cracks on the specimen surface
were observed by a B008 handheld electronic microscope
which has a 500x magnification, and the ultrasonic flaw
detector then detected internal cracks in the specimen after
the discharge.

4. Experimental Data Analysis

4.1. Morphology Analysis of Surface Cracks. Two groups (𝛼
and 𝛽) of single HVPD rock fragmenting experiments were
carried out on four concrete specimens. The surface cracks
forms are shown in Figure 3.

The surface crack morphologies of the two samples
were clearly different. There were more than three long
penetrating cracks and several short nonpenetrating cracks
in the 𝛽 group, with the long cracks apparently undergoing
bifurcation. However, there were only two long penetrating
cracks and no short nonpenetrating cracks in the 𝛼 group,
with no bifurcation of the long cracks.

4.2. The Ultrasonic Flaw Detection Analysis. In practical
application, the more commonly used method of detecting
internal cracks of a concrete specimen is to test the velocity
variation of ultrasonic sound waves and use the velocity
variation to indirectly represent the degree of rock damage.

The internal damage of the two groups of concrete
specimens was significantly different (Figure 4). The long
penetrating crack in the 𝛼 group can be clearly observed (in
the 𝑋𝑂𝑍 plane), and the damage factor slightly increased
near the detonation point. With this type of damage, there
was basically no serious damage in the inner concrete
specimens when the surface of the corresponding area had
no cracks. Whether in the 𝑋𝑂𝑍 plane or 𝑌𝑂𝑍 plane, the
damage shown by ultrasonic flaw detection in the 𝛽 group
was significantly greater than that in the 𝛼 group, and a larger
damage area was located near the detonation point area in the
𝛽 group compared to the 𝛼 group.

Overall,𝛽 group’s rock fracturingwas significantly greater
than that of the 𝛼 group. When 𝑃𝑃 was higher, the WSW
was able to more effectively fracture the cement sample.
When the discharge energy (𝐸) was invariant, it is unknown
if the fracturing effect would continue to strengthen if we
continued to improve the discharge voltage, as these experi-
ments were limited by the capability of discharge experiment.
Therefore, numerical simulation was used to study the effects
of increased discharge voltage on rock fracturing.

5. Numerical Simulations

5.1. Establishment of a Discrete Element Model with Particle
Flow Code (PFC). Before the Particle Flow Code (PFC)
fracturingmodel was established, a standard specimenmodel
was established using two-dimensional PFC (PFC2D). The
uniaxial tensile strength (UTS) test and the uniaxial com-
pressive strength (UCS) test were used select and verify the
particle parameters in PFC2D. The final particle parame-
ters are shown in Table 2. With those particle parameters,
the standard specimen model’s uniaxial tensile strength
was 0.9MPa and the uniaxial compressive strength was 11
MPa.

The WSWs was caused by the HVPD impact on the
borehole wall directly as a form of pressure pulse. It was
assumed that the expansion process of the plasma channel
was spherical. To reduce the amount of calculation, the PFC
fracturing model was simplified as two-dimensional plane
model (Figure 5). Several unbonded particles were close to
the borehole wall and were uniformly distributed as annular.
These particles were used to simulate the WSWs’ impact on
the borehole wall. Seven gauge balls (numbers 1–7) were
uniformly spaced between the hole wall and the model
edge.

The experience formula for computing the energy of
WSW is as follows [17]:

𝐸𝑠 = 𝑆𝜌V ∫
+∞

0
𝑃2𝑑𝑡, (2)
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Figure 3: Photos of the surface cracks forms 𝛼 and 𝛽 group.

where 𝐸𝑠 is the energy of WSW in J, 𝑆 is the wavefront area
in m2, 𝜌 is the density of water in kg/m3, V is the velocity of
WSW in m/s, and 𝑃 is the pressure of WSW in Pa.

Nine groups of homenergic WSWs (HWSWs) pressure
time interval curves were built according to formula (2)

(Table 3). A part of those HWSWs pressure time interval
curves is shown in Figure 6. Those nine groups of HWSWs
had the same impact energy (35.6 J), and those nine groups
of HWSWs were placed into those unbonded particles. The
model ran 1400 steps and each step length was 6.59723 ×
10−7 s.

5.2. Crack Propagation under Single-Impact ofHWSW. When
the dynamic impact load was applied to the borehole wall, it
provoked the corresponding stresswave in the PFC fracturing
model (Figure 7). Cracks propagation of each group is shown
in Figure 8.

The influence and propagation of cracks caused by the
nine HWSWs groups were different (Figure 8). There were
only three long cracks and no microcracks under the single-
impact of group I (𝑃𝑃: 3MPa). This is relatively similar
to static hydraulic fracturing. With the increase of 𝑃𝑃 and
decrease of TDPP, the number of long cracks increased and
several microcracks appeared around the borehole. The vari-
ation from group I to III was consistent with the experimental
results (group 𝛼 to 𝛽). Due to the lower 𝑃𝑃 and longer TDPP,
there were only two long cracks and almost nomicrocracks in
group𝛼, and the damage surrounding the boreholewas lower.
This is similar to the fracturing of group I (three long cracks
and no microcracks). With higher 𝑃𝑃 and shorter TDPP in
group 𝛽, there were more than three long penetrating cracks
and several short nonpenetrating cracks that appeared, and
the long cracks that appeared underwent bifurcations. The
damage around the borehole was larger than group 𝛼. This is
similar to the fracturing of groups II and III. Under the single-
impact of group III (𝑃𝑃: 10MPa), both long and microcracks
were well developed, and the rock specimens had optimal
fracturing. However, with increasing 𝑃𝑃 further, the amount
and length of the long cracks started to decrease. In groups
IV–IX (𝑃𝑃: 15–40MPa), the shape of the cracks was almost
identical. No long cracks appeared and the distribution of
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Table 3: Characteristics of nine groups HWSWs.

Group 𝑃𝑃/MPa TDPP/𝜇s Loading rate/MPa⋅𝜇s−1 Energy ratio
I 3 1140 0.011 100.59%
II 5 408 0.049 100%
III 10 102 0.417 100.03%
IV 15 45 1.364 99.40%
V 20 25 3.33 98.47%
VI 25 16 6.25 99.06%
VII 30 11 10 99.08%
VIII 35 8 11.667 99.28%
IX 40 6 20 100%

TDPP: Time duration of  positive pressure

50 75 10025 125
Time (s)

0

10

20

30

40

W
at

er
 sh

oc
k 

w
av

e 
pr

es
su

re
 (M

Pa
)

PP: Peak pressure

IX (PP: 40MPa, TDPP: 6 s)
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III (PP: 10MPa, TDPP: 102 s)

Figure 6: A part of HWSWs pressure time interval curves.

microcracks became more and more concentrated around
the borehole. Furthermore, as the peak pressure increased
from 3MPa to 40MPa, rock fracturing augmented and then
diminished slowly under a single-impact (Figure 9).

As the peak pressure increased from 3MPa to 10MPa
(groups I to III), the vibration velocities at different distances
were also enhanced (Figure 10). However, when the peak
pressure increased from 20MPa to 40MPa (V to IX), the
vibration velocity at different distances decreased. Within
75mm, the vibration velocity of group III with a single-
impact was smaller than that of groups IV∼IX. However,
when the distance exceeded 175mm, group III had the
largest vibration velocity. Namely, the stress wave in the PFC
fracturing model caused by group III’s single-impact had
both strong vibrational velocity (compared with groups I and
II) and weak vibration attenuation (compared with groups
IV through IX), causing group III to have the optimal rock
fracturing capability.

In conclusion, according to the impact energy (35.6 J) and
the physical and mechanical properties of the PFC fracturing
models in this article, the optimizationwaveform should have
similar characteristics to group III. If the impact energy of
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Figure 7: Transmission of stress waves.
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Figure 8: Crack propagation under a single-impact.

the WSW could not continue to improve, it is feasible and
necessary to achieve a better fracturing and disturbance effect
by optimizing theWSWwaveform. Formethane gas typically
enriched in a reservoir in an adsorbed state, the better frac-
turing and disturbance effect could produce more methane
gasmigration channels and promotemethane gas desorption.
The optimization of the WSW waveform is mainly achieved
by adjusting capacity and discharge voltage, and the above
study provides a design basis for pulse discharge equipment
for engineering application.

5.3. Crack Propagation under Repeated-Impacts of HWSWs

5.3.1. Crack Propagation under Repeated-Impacts of HWSWs
with the Same Characteristics. Compared to the explosive

impacts, the obvious advantage of impacts caused by HVPD
is their repeatability within a short period of time. In order
to study the fracturing effects of the repeated-impacts of
HWSWs with same characteristics, three groups of pressure
curves were chosen from the above model (I𝑛, III𝑛, and IX𝑛).
Each group of those pressure curves was composed of 𝑛 times
single-impact by the same corresponding HWSWs. These
three groups were chosen because these three groups can
achieve fracturing effects with more distinct characteristics.

The PFC fracturing models were impacted repeatedly
until there were no further fractured Force-Chains appearing
in the simulation. The long cracks of I𝑛 and III𝑛 extended
further when compared with their single-impact counterpart
from the previous section (groups I and III) (Figure 11). The
repeated-impacts of the IX𝑛 group, on the other hand, just
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increased the density of microcracks around the borehole
wall and were almost no help for increasing crack propaga-
tion. On the whole, the characteristics of fracturing by groups
I𝑛, III𝑛, and IX𝑛 were basically the same as those by I, III, and
IX. Repeated-impacts of HWSWs with same characteristics
can strengthen the fracturing effect of a single-impact with a
correspondingHWSW.When the number of impacts reached
a certain number (I𝑛 group: 7 times, III𝑛 group: 15 times, and
IX𝑛 group: 15 times), the cracks did not continue to expand
(Figure 12).

5.3.2. Crack Propagation under Repeated-Impacts of HWSWs
withDifferent Characteristics. Four groups of pressure curves

were selected from the initial numerical simulation to study
the effects of different characteristics of HWSW on crack
propagation within a sample (groups I7III15IX15, IX15III15I7,⟨I-III-IX⟩12 and ⟨IX-III-I⟩12) (Figure 13).

The final number of fractured Force-Chains (Figure 14)
and crack propagation under four groups of repeated-impacts
(Figure 15) was just slightly different. There were limits to the
crack propagation in these four groups of repeated-impacts.
This suggested that there is almost no relationship between
the final fracturing effect and the sequence of repeated-
impacts. As long as the characteristics and impact times
of repeated-impact were certain, no matter the sequence of
these repeated-impacts, their final fracturing effects were
almost the same.

5.4. Crack Propagation under a Single-Impact of HWSW with
𝑃𝐻 in the Initial Crack. Because oil and gas well fracturing is
generally performed in shafts which are hundreds of meters
deep, the water in the shaft must contain certain hydrostatic
pressure (𝑃𝐻) when HVPD is implemented. Therefore, the
PFC fracturing model with an initial crack in it was estab-
lished. The distribution of the initial crack was horizontal
and the length of it was 100mm. The maximum 𝑃𝐻 in the
initial crack was 0.5MPa (if 𝑃𝐻 > 0.5MPa, initial crack
would continue to expand under the effect of 𝑃𝐻 without any
impact).

Under a single-impact in groups I and III, the greater the
𝑃𝐻 in the initial crack, the stronger effect on the initial crack
extension (Figure 16). With the aid of 𝑃𝐻, the HWSWs can
achieve a wider range of fracturing. In addition, under the
single-impact of group III, with an increase in𝑃𝐻, microcrack
formation around the end of the initial crack (the endnear the
borehole wall) was inhibited.This would have a positive effect
for maintaining the integrity of the borehole wall. However,
under the single-impact of group IX (𝑃𝑃: 40MPa), 𝑃𝐻 in
the initial crack was almost no help for the propagation of
the cracks and there was no inhibiting effect on microcrack
formation around the borehole wall.

6. Conclusions

In this paper, using a combination of experiments and
numerical simulation, we studied the dynamic response and
characteristics of rock fracturing under a single-impact and
repeated-impacts of HWSWs. In addition, with different
hydrostatic pressures affecting the initial crack, we also
studied initial crack propagation under a single-impact. The
following can be concluded from this work:

(1) The characteristics of rock fracturing and vibration
were different under single-impact HWSW (impact energy
= 35.6 J) with variable peak pressures. The characteristics
of fracturing by the HWSW with a peak pressure (𝑃𝑃) of
3MPa (group I) tended to be static hydraulic fracturing: only
three long cracks were well developed and there were no
microcracks. With an increase in 𝑃𝑃 and decrease of TDPP,
the number of both long cracks and microcracks increased
(groups II, III). This is consistent with experimental results.
However, when 𝑃𝑃 of HWSWs were greater than 15MPa
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Figure 14: Growth curves of fractured Force-Chains under
repeated-impacts of HWSWs with different characteristics.

(groups IV–IX), the amount and length of the long cracks had
started to decrease, and the range of crack propagation was
gradually concentrated to the center of the borehole. Under
the single-impact of HWSW, there appears to be an optimal
HWSW waveform (groups III), which can achieve the best
fracturing effect in a rock mass.

(2) Under the repeated-impacts of HWSWs with same
characteristics, the characteristics of fracturing were basically
identical to those by a single-impact. Repeated-impacts
by HWSWs with same characteristics can strengthen the
fracturing effect of a single-impact by correspondingHWSW.
Under the repeated-impacts of HWSWs with different char-
acteristics, there was almost no relationship between the
fracturing effects and the sequence of repeated-impacts.
As long as the characteristics and number of repeated-
impact were definite, the final fracturing effects were basically
definite. Under the repeated-impacts of HWSWs, regardless
ofwhether the characteristics of thoseHWSWswere identical
or not, there were limits to crack propagation when the
impact times reached a particular number.

(3) Under a single-impact of HWSWwith low 𝑃𝑃 (groups
I and III), the initial crack would have better propagation
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Figure 15: Crack propagation under four groups’ repeated-impacts of HWSWs with different characteristics.
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Figure 16: Crack propagation under single-impact with 𝑃𝐻 in initial crack for groups I, III, and IX.

along with an increase in 𝑃𝐻. Furthermore, microcrack
formation near the borehole wall was inhibited (group III).
However, when 𝑃𝑃 of HWSW as too high (group IX), 𝑃𝐻 was
almost no help for increasing crack propagation and had no
inhibition effect on microcrack formation.

Additionally, with respect to the hydrostatic numerical
simulations in Section 5.4, with different 𝑃𝐻 affecting the
rock, the PFC fracturing model was not adequate to fully
understand the fracturing characteristics of a rock sample
under repeated-impacts of HWSWs. In the process of rock
fracturing by repeated-impacts,𝑃𝐻 in cracks can transmit the
impact force to the crack tips very well and also effectively
prop the fracture.This would greatly promote crack propaga-
tion in the PFC model. Besides, when the impact force was
transmitted to the crack tips by 𝑃𝐻, the sequence of repeated-
impacts by different HWSWwould have an effect on the final

fracturing. Therefore, a fluid-solid coupling dynamic model
which conforms to the actual fracturing process needs to be
created to accurately perform further research.
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The uniaxial cyclic loading tests have been conducted to study the mechanical behavior of dry and water saturated igneous rock
with acoustic emission (AE) monitoring. The igneous rock samples are dried, naturally immersed, and boiled to get specimens
with different water contents for the testing. The mineral compositions and the microstructures of the dry and water saturated
igneous rock are also presented.The dry specimens present higher strength, fewer strains, and rapid increase of AE count subjected
to the cyclic loading, which reflects the hard and brittle behavior and strong burst proneness of igneous rock. The water saturated
specimens have lower peak strength, more accumulated strains, and increase of AE count during the cyclic loading.The damage of
the igneous rocks with different water contents has been identified by the Felicity Ratio Analysis. The cyclic loading and unloading
increase the dislocation between the mineral aggregates and the water-rock interactions further break the adhesion of the clay
minerals, which jointly promote the inner damage of the igneous rock. The results suggest that the groundwater can reduce the
burst proneness of the igneous rock but increase the potential support failure of the surrounding rock in igneous invading area. In
addition, the results inspire the fact that the water injection method is feasible for softening the igneous rock and for preventing
the dynamic disasters within the roadways and working faces located in the igneous intrusion area.

1. Introduction

Igneous intrusions that penetrate rock and coal strata are a
common geologic phenomenon [1–3]. In China, the whole
Permo-Carboniferous coal system was invaded by magma
from the south area to the north area. The cooling magma
can form hard igneous sill and dyke [4]. With the increasing
mining depth of coal mines, intrusive igneous rock is usually
found around roadways and in the overlying strata above
mining stopes [5]. Influenced by the multiple human mining
activities and the natural shock and vibrations of earthquake,
the hard igneous rock would suddenly break, instantly releas-
ing a tremendous amount of elastic strain energy, which will
easily induce the occurrence of complex dynamic disasters,
such as rock bursts, water inrush, and gas outbursts [6–
10]. The dynamic disasters in coal mines caused by the
intrusive igneous rock impact the safety and productivity

of the coal mines. Therefore, it is significant to investigate
the deformation and failure characteristics of igneous rock
and further study burst risk assessment, monitoring, and
forecasting as well as burst control measures.

Cyclic loading and unloading tests with acoustic emission
monitoring are an effective approach to quantitatively mea-
suring deformation and damage characteristics of various
materials [11–20]. Sherif et al. [12] captured and analyzed AE
signals to characterize the crack formation and crack width
development in the cyclic loading processes. AE method
had been utilized to capture the fatigue crack growth of
concrete mortar under cyclic contact loading [14]. Chilali et
al. [15] studied the effect of water ageing on the mechanical
behavior of flax fibre-reinforced thermoplastic and ther-
mosetting composites using load-unload cyclic tests with
AE monitoring. The features of AE signals were found to
be very useful in classifying damage mechanisms of the
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material. In addition to the fibre-reinforced composites and
metallic materials, the AE method also is applied to research
the mechanical behaviors of rock material. Browning et al.
[16] used cumulative AE hits and AE hits rate to evaluate
the onset and evolution of new crack damage caused by
inelastic processes in rocks under different loading con-
ditions. Trippetta et al. [17] found that there is a certain
relation between the AE energy and the elastic moduli of
seismogenic Triassic Evaporites subjected to cyclic stressing.
Wang and Park [18] carried out cyclic loading tests on granite
samples and pointed out that the strain energy analysis is
necessary for the prediction of rock burst hazard before a
practical mining activity. Fan et al. [19] concluded that the
intervals of discontinuous cyclic loading strongly change the
mechanical response of the salt samples. The fatigue life and
the residual strain prior to the failure of the salt samples
can be verified by the acoustic emission (AE) activity. Yue
[20] proposed a tentative formula for predicting the level of
damage and the closeness to failure of a RC column on the
bases of AE monitoring technique. They proved that that AE
technique is very effective for assessing the damage of RC
columns subjected to earth quake-type loadings. He et al. [21]
conducted a true-triaxial unloading test on limestone with
acoustic emissionmonitoring and researched the relationship
between the characteristics of rock burst and AE parameters.
Tan et al. [22] found that the AE characteristics can be
used to predict the rock burst tendency of the coal-rock
combination body. The Kaiser Effect [23] and Felicity Effect
[24] of rock were found and used to reflect the damage and
failure characteristics of rock materials [25, 26]. Not just
in laboratory tests, the acoustic emission and microseismic
monitoring are also applied to detect faults/breaking signals
for both healthy evaluation and disaster control in mining
engineering [27–29].

In addition to the various loading actions, groundwa-
ter has significant effect on the mechanical properties of
rock materials [30]. Coupling of water-rock interaction is
very complex, which has aroused extensive attention among
researchers. The water content is known as one of the most
notable factors for lowering the strength of rocks [31]. A
large number of studies [32–34] consistently show that the
water-rock interaction undermines the mechanical property
of rock, which ismainly found expressed in strength decrease,
the change of the deformation, and failure characteristics. Li
et al. [35] suggested that moisture content has a significant
effect on shear properties reduction of both sandstone and
mudstone, which must be considered in mining or exca-
vation processes. Lei et al. [36] indicated that the drainage
conditions have clear effect on the mode of deformation of
porous rocks and the diffusion of pore pressure, which leads
to a significant reduction in rock strength and stabilization of
the dynamic rupture process. Some researchers have revealed
that a small increase in water content may significantly lower
the strength and stiffness of rock [30, 37, 38]. Actually, the
surrounding igneous rock is commonly found immersed in
groundwater during the extraction of coal seams in Permo-
Carboniferous coal system. Thus, it is necessary to study
the influence of water-rock interaction on the mechanical
properties of igneous rock.

This paper presents the microstructures and mineral
compositions of the igneous rock firstly and then shows the
results of uniaxial compressive tests with incremental cyclic
loading and acoustic emission (AE) monitoring of the dry
and different water saturated igneous rock specimens. The
stress-strain curves of the specimens are compared with each
other. The evolution of the accumulated AE count is shown
to be strongly dependent on the cycle number and water
saturation level, which is explained by the evolution of the
damage accumulation caused by coupled effect of water-rock
interaction and the incremental cyclic loading in the igneous
rock. Besides that, Felicity Ratio is discussed to reveal the
plastic deformation and stability of the igneous specimens
with different water content.

2. Experimental Conditions and Methodology

The igneous rock samples were collected from the Tashan
coalmine in China.The designed annual production capacity
of the mine is 15 million tons, which is one of the largest
coal mines in China. The coal seam being extracted in the
mine is the no. 3–5 coal seam, which is buried in Permo-
Carboniferous coal system. The thickness of the no. 3–5 coal
seam is as large as 20mand the layered igneous sill is 30.5 km2
overlaying the coal seam.

Firstly, the igneous rock was processed into rock slices to
identify its lithology. The X-ray diffraction and transmission
and scanning electron microscopic methods were used to
investigate the mineral components and microstructures of
the igneous rock. The instruments are shown in Figure 1.

Then, the samples were processed into cylinders with
50mm in diameter and 100mm in length (Figure 2(a)). The
specimens were divided into three groups and each group has
three specimens. Under the guidance of the Code for Rock
Tests of Hydroelectric and Water Conservancy Engineering
(SL 264-2001) of China, the preliminary tests are conducted
and indicate that the water content of the dry igneous
rock specimens does not increase more than 8 days and 24
hours under natural temperature water and boiling water,
respectively. According to the above-mentioned procedures
the specimenswith different water content (dry, natural water
saturated, and boiled water saturated) were obtained:

(1) Drying: the specimens (1#, 2#, and 3#) were dried 24
hours in an electric dry oven and the temperature was
set to 105∘C (Figure 2(b)).

(2) Natural temperature immersed saturated: the speci-
mens (4#, 5#, and 6#)were immersed 8 days in natural
temperature water (Figure 2(c)).

(3) Boiled saturated: the specimens (7#, 8#, and 9#)
were immersed 24 hours in boiling water and the
temperature is 100∘C (Figure 2(d)).

In this study, during the uniaxial compression strength
(UCS) test, the specimens were subjected to an incremen-
tal cyclic axial loading until failure using a conventional
mechanical rigid testingmachine.The initial and lower limits
of the load applied on the specimens are 𝑃0 = 40 kN and
𝑃min = 10 kN, respectively. The incremental load is set to
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(a) (b)

Figure 1: D8 Advance X-ray diffractometer (a) and JSM-7001F Field Emission Transmission Electron Microscopy (b).

(a) (b) (c) (d)

Figure 2: Natural specimens (a), dry specimens (b), natural immersed saturated specimens (c), and boiled saturated specimens (d).
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Figure 3: Loading path. The initial load 𝑃0 = 40 kN, the lower limit
𝑃min = 10 kN, and the incremental load Δ𝑃 = 40 kN.

Δ𝑃 = 40 kN. The loading-unloading velocities were both
0.002mm/s. The loading path shown in Figure 3 was applied
on each group of the specimens.Three duplicate tests for each
group specimens were conducted to enhance the reliability of
the results.

To characterize the damage and its evolution of the
igneous rock,Micro-II digital AE system (Physical Acoustics,
NJ, USA) was employed to monitor the AEs in the specimens
under the cyclic compression. The two pairs of piezoelectric
receivers were fixed on the sample surface at 1/4 and 3/4 to
orientate the AEs. The AE sampling frequency and threshold

were set to 1MHz and 40 dB, respectively. The test system is
shown in Figure 4.

3. Results and Discussion

The rock thin section, mineral components, and microstruc-
tures of the igneous rock are shown in Figures 5 and 6.
Water contents of the natural water saturated and boiled
water saturated specimens are calculated. Then, the stress-
strain curves, residual strains, and accumulated residual
strains of specimens with different water contents under
the incremental cyclic loading are described. Additionally,
the stress and AE count of specimens with different water
contents during the cyclic loading are compared. Lastly,
the Felicity Ratios of the igneous rock in different water
saturation states are analyzed. Those results are shown in the
following sections, respectively.

3.1. Lithology andMineral Components. The igneous rockwas
identified as lamprophyre based on the rock thin section (Fig-
ure 5(a)), which is mainly composed of dioritic porphyrite
and some clay minerals. Some microvoids can be found on
the surface of the rock samples and themagnified image (Fig-
ure 5(b)) shows that the microvoids extend to the interior of
the rock and thesemicrovoids provide the pathways forwater.
Figure 5(c) suggests that the lamprophyre mainly contains
the orthoclase, dolomite, pyroxmangite, bloedite, quartzite,
and some clayminerals.The content of the orthoclase reaches
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Figure 4: Scheme of the testing system. Micro-II digital AE system (a), position of AE sensors (b), andWAW-1000 conventional mechanical
rigid testing machine (c).

31.4%. The clay minerals interact with water and then soften
the rock [39], such as the chlorite, kaolinite, montmoril-
lonite, and illite (Figure 5(d)). These minerals are called
“water sensitive minerals.” Figures 6(a) and 6(b) unfold the
microstructures of lamprophyre in dry state. Some cracks are
found in the mineral aggregates. Figures 6(c) and 6(d) reveal
the microstructures of lamprophyre in water saturation state.
Figure 6(c) demonstrates that the aggregate of orthoclase is
usually surrounded by clay minerals. The alterations of the
clay minerals under the water-rock interaction improve the
extension of crack between orthoclase and clay minerals.
The water interactions finally result in the disintegration of
mineral aggregates, which is shown in Figure 6(d).

3.2. Water Content. The water content of the rock is calcu-
lated by the following equation:

𝑤𝑡 =
𝑚𝑡 − 𝑚0

𝑚0
× 100, (1)

where 𝑤𝑡 is the water content of the rock,𝑚𝑡 is the weight of
the saturated rock, and𝑚0 is the weight of the dry rock.

The parameters to calculate the water contents of the
specimens in natural temperature immersed saturated and
boiled saturated state are shown inTables 1 and 2, respectively.
It is found that the average water contents of the natural tem-
perature immersed saturated and boiled saturated specimens
are 0.64% and 0.89%, respectively.

As shown in Figure 5, the tested hard brittle igneous
samples contain cleavage planes (Figure 5(a)) andmicrovoids

(Figure 5(b)). These planes and voids provide channels for
water to enter the inside of rock. Besides that the brittle
igneous rock contains some water sensitive minerals [39],
such as montmorillonite, chlorite, and illite. The water chan-
nels and the water sensitiveminerals within the rock promote
the water-rock interaction and further increase the inner
damage of the igneous rock. The damage is basically divided
into three categories [39], themineral dissolution, expansion,
and disintegration. The dissolution and disintegration of
the bloedite and orthoclase promote the destruction of the
mineral aggregates in lamprophyre; the expansion of the
montmorillonite and illite result in the degradation of the
lamprophyre specimens. These actions directly break the
structural integrity of the mineral aggregate in the rock. In
addition, the saturated rock has a higher pore water pressure
than the dry rock and the increase of the pore water pressure
leads to the decrease of the effective stress, which weakens the
elastic modulus and strength of the igneous rock.

3.3. Stress-Strain. Figure 7 shows the strain-stress curves of
specimens with different water content from incremental
cyclic loading tests. In experiments, rectangular rosettes were
used to record the strain data and the 1# and 2# strain
gauges record the axial and lateral strain, respectively. The
comparisons of the axial strain and the loading andunloading
displacement for the tested specimens are shown in Figure 8.
Though there are some differences, the strain data basically
correspond to the loading and unloading displacement. The
cycle number in the tests decreases with increase of water
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Figure 5: SEM and thin section image of igneous rock sample showing the microstructure (a), (b) and the components analysis of the dry
igneous rock based on XRD pattern (c).

Table 1: Weight of specimens in natural temperature, immersed saturated, and dry state and their water content.

Specimen 𝑚01/g 𝑚𝑡1/g 𝑤𝑡1/% Average value/%
4# 522.27 524.76 0.48

0.645# 535.93 539.64 0.69
6# 530 534 0.76

Table 2: Weight of specimens in boiled saturated and dry state and their water content.

Specimen 𝑚02/g 𝑚𝑡2/g 𝑤𝑡2/% Average value/%
7# 529.16 533.25 0.77

0.898# 537.14 542.73 1.04
9# 536.71 541.32 0.86
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Figure 6: Typical microstructures of the mineral aggregates in lamprophyre.

content and the peak strength of the specimens also decreases
obviously. The average peak strength of the dry, the natural
water saturated, and the boiled water saturated specimens
are 162MPa, 128MPa, and 85.4MPa, respectively. The peak
strength of the boiled water saturated specimens is just 52.7%
of that of dry specimens. However, the higher the water
content a specimen has, the larger the strain the specimenwill
have under the same stress condition.Aplastic hysteresis loop
is formed for each cycle, and after each cycle there remains
a residual strain which increases from one cycle to another
meaning that the sample undergoes inelastic deformation
and damage during each cycle.

The differences between the residual strains (𝜀𝑟) and
the accumulated strains (𝜀𝑙) of the three groups of water
content specimens are plotted in Figure 9 with respect to
cycle number. Figure 9(a) indicates that the residual strains
(𝜀𝑟) of the specimens in the two types of water saturated
states rapidly decrease at the beginning, and then the residual
strain (𝜀𝑟) of the natural immersed specimens slowly reaches
its minimum value before failure, while the residual strain
(𝜀𝑟) of the boiled saturated specimens increases again before
failure. As for the dry specimens, the residual strain decreases
slowly at the beginning, and then rapidly decreases at the
middle, and finally reaches the minimum value before fail-
ure. The residual strain in the first cycle of the specimens
increases with the increase of the water content. As shown
in Figure 9(b), the accumulated residual strain increases
with increasing of loading cycles, and the rise speed is more
apparent when the specimen is in boiled saturated state.

Figure 9(b) also indicates that the accumulated residual strain
increases with increasing of water content, especially for
the boiled saturated specimen. The dry specimen shows its
hard brittle characteristic in the incremental cyclic loading
process. Figure 7 shows that the strength of the dry specimen
reaches 162MPa, while small amounts of residual strains
(Figure 9) are accumulated during the cyclic loading. Less
strains and high strength suggest the hardness and brittleness
of the igneous rock. Due to boiling, strength of igneous rock
with higher water content is reduced to 85.4MPa (52.7% of
the dry specimen); meanwhile, the double residual strains
are accumulated compared with the dry specimen.The lower
strength and higher strains indicate that the hard brittle
characteristic of the igneous rock is weakened with the
increase of the water content. Some researchers reported that
the hard brittle rock has strong burst proneness [40], which is
an important reason of the dynamic disasters in geotechnical
engineering. From this aspect, the groundwater can reduce
the burst proneness of the igneous rock to some degree.
However, the stability of the surrounding rock in the igneous
invading area will be influenced by the groundwater, which
increases the support difficulty in the field.

3.4. Stress and AE Parameters. AE monitoring has been
widely employed as an effective technology to research the
damage process of the rock materials [41]. As one of the AE
parameters, AE count directly reflects the evolution of the
plastic failure in the rock [42]. AE energy is a kind of defined
energy, which is a parameter related to the amplitude and the
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Figure 7: Axial stress and strain curves of the different water content samples from incremental cyclic loading tests.

amplitude distribution of the signals. The AE energy is the
area under the envelope of signal detection; it only has the
mathematical meaning, rather than the actual energy of the
acoustic emission signal. Nevertheless, the acoustic emission
energy is of great significance for the fracture and damage
degree of materials. The cumulative AE energy refers to the
cumulative value of AE energy during a sound emission.This
parameter describes the total intensity of acoustic emission
in the testing progress, which is the process parameter,
and is also the external performance of the change of the
internal structure of the material. The laws of the AE count,
cumulative AE energy, and the axial stress in function with
time can describe the fatigue feature of the rock subjected to
cyclic load. Figure 10 shows that the AE count and stress of
the tested three duplicates are basically same in each group.
The comparisons of AE count and accumulated AE energy
for three specimens with different water contents are shown
in Figure 11. Figure 11(a) shows that the number of AEs slowly
increases in the former seven cycles, while it rapidly increases

in the eighth cycle; meanwhile, a large amount of cumulative
AE energy is concentrated in the peak stage of stress. These
results indicate that the plastic failures of the dry igneous rock
suddenly occur at a high stress level and the stored energy
is suddenly released, which fully reflects the hard and brittle
behavior and the strong burst proneness of the igneous rock.
Therefore, more attention should be paid to the potential
dynamic disasters induced by the rock burst of the igneous
rock in the deep mining engineering. The AE features of
the water saturated igneous rock are significantly different
than the dry rock. Figure 11(b) shows that the numbers
of AEs of the natural water saturated specimen are more
concentrated in the former loading cycles.The cumulativeAE
energy is stepwise increased and a relatively larger step of AE
accumulated energy is produced at a lower stress level during
the loading process. These mean that the plastic failures of
the water saturated igneous rock are contiguously extended
and the igneous rock lost its burst proneness under the water-
rock interaction. The concentrated AE count in the former
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Figure 8: Direction and location of strain gauge. Strain data and loading and unloading displacement of different water content specimens
with time.
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Figure 9: Residual strains of the three specimens in each loading cycle. Residual nominal strain (a) and the accumulated residual strain (b).
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Figure 10: AE counts and stress of the tested specimens versus time.
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Figure 11: Comparison between the axial stress, cumulative AE energy, and AE counts with time of specimens with different water content
Felicity Ratio.

loading cycles of the natural water saturated specimen reflects
that the water-rock interaction improves the development of
the damage in the igneous rock. Figure 11(c) shows that the
numbers of the AEs of the boiled water saturated specimen
uniformly occurred during both the loading and unloading
of each cycle and the cumulated AE energy also increases
stepwise. During the loading, the axial deformations of the

rock specimen are its macroresponse to its accumulated
intrinsic microdamage and cracking. Water-rock interaction
promotes the development of themicrodamage and cracking,
which can be proved by the active AEs responses for the
specimens with higher water content. The AE counts that
occurred during both loading and unloading reflect dramatic
plastic feature of the specimen. The igneous rock completely
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loses its burst proneness under the actions of the water. The
AE count can reflect the real-time microfracture actions;
the higher AE count represents the specimen being in high
damage state. Compared with the dry specimens, the AE
count of the boiled saturated specimens reaches high levels
in its all loading cycles, which proves that the higher the
water content of the igneous rock is, the easier it is to
enter the high damage state. The peak stresses of the three
different water content specimens are 162MPa, 128MPa,
and 85.4MPa, respectively. Obviously, the peak stress of the
specimens decreases with the increase of their water content.
These results proved that the water can obviously change the
properties of the igneous rock, especially under the dynamic
loading and unloading process. Effective measures should
be taken based on a comprehension of the hydrogeological
conditions of a filed mining project in igneous intrusion
area.

3.5. Felicity Ratio. The phenomenon that acoustic emission
only starts when the stress exceeds the previously applied
stress is called Kaiser Effect (KE), whichwas first propounded
by Dr. Joseph Kaiser in his doctoral dissertation in 1950 [43].
Another phenomenon is that a significant acoustic emission
might be generated before the previous maximum load was
reached in the cyclic process, which was discovered and
defined as Felicity Effect (FE) by Fowler in the 80s. Based
on the principles of the KE and FE, Felicity Ratio (FR)
was defined to describe the damage state of the material
quantitatively. Researchers concluded that the higher the FR
is, the lower the damage state is. In other words, a high FR
value (FR > 1) is linked to low damage state, while the lower
FR value (FR < 1) is related to high damage state. In this
paper the FR is defined as (2) to show the damage state of
the specimens with different water contents.

𝐹 =
𝑃1

𝑃2
, (2)

where𝑃1 is the stress corresponding to the significant acoustic
emission that occurred in the repeated loading process; 𝑃2 is
the maximum stress in the former loading process.

Considering the changes of properties of the rock speci-
mens caused by water-rock interaction and a fixed threshold
in the experiments, the numbers of AE event or AE count
are not suitable for determining the “the significant AE
occurred” time in the present paper. In order to find the
“the significant AE occurred” time, take the results of natural
water saturated specimens as an example; the relationship
between the accumulative count and stress with time is
presented in Figure 12.

We take the time when the obvious inflection point
occurred in the cumulative acoustic AE count curve as the
“the significant AE occurred” time (Figure 12). Based on (2)
and the stress, AE count data of specimens with different
water contents, the FR, and the initial time of the AE counts
in each cycle are listed in Table 3. Figure 13 shows the FR of
specimens with different water contents with respect to time.
Overall, the FR of the specimen decreases with the increase
of the time. In practical terms, the FR of the dry specimen in
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Figure 12: The stress corresponding to the significant acoustic
emission that occurred in the repeated loading process.

the first six cycles is larger than 1.0 and less than 1.0 in the
last cycle. As for the natural water saturated specimen, the FR
is larger than 1.0 in the first three cycles and less than 1.0 in
the later three cycles.The FR of the boiled saturated specimen
is larger than 1.0 only in the first cycle and then less than 1.0
in the later cycles. Basically, the brittle igneous rock presents
the FE earlier with higher water content. In other words, the
higher the water content of igneous rock is, the more easily it
is to enter the high damage state.

4. Conclusions

The fewer accumulated residual strains, abrupt occurrence
of a large amount of AE counts, and rapidly increased AE
energy at high peak stress stage in the uniaxial cyclic loading
and unloading process of the dry igneous rock reflect its hard
brittle characteristic and strong burst proneness. Thus, more
attention should be paid to the potential dynamic disasters
induced by the rock burst of the igneous rock in the deep
mining engineering.

The average peak strengths of the dry, the natural water
saturated, and the boiled water saturated specimens are
162MPa, 128MPa, and 85.4MPa, respectively. With the
increase of the water content, the strength of igneous rock
decreases obviously. The natural water saturated and boiled
saturated rocks present lower peak strength, more residual
strains, and the stepwise increased AE energy during the
cyclic loading and unloading process. The Felicity Ratios of
igneous samples with different water contents further con-
clude that the water-rock interaction promotes the igneous
rock into the high damage state. These results suggest that
the water injection method is a feasible method that can be
used to soften the igneous rock and to prevent the dynamic
disasters within roadways and working faces located in the
igneous intrusion area.

The cleavage planes and microvoids of the igneous rock
provide the channels for water to enter the inside of the rock.
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Table 3: Felicity Ratio and initial time of the AE counts in each cycle of specimens with different water contents.

Cycle number 2 3 4 5 6 7 8
Dry 1.143 1.09 1.042 1.03 1.03 1.02 0.97
time/s 587 923 1260 1660 2141 2654 3263
Natural water-saturated 1.19 1.03 1.02 0.9 0.87 0.93 0.91
Time/s 300 623 1000 1400 1822 2320 2878
Boiled-saturated 1.13 1 0.98 0.85 0.83 - -
Time/s 464 873 1451 2053 2604 - -
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Figure 13: Felicity Ratio and stress of the different water content specimens in function with time. KE refers to the Kaiser Effect; FE refers to
Felicity Effect.

The researched igneous rock mainly contains the orthoclase,
dolomite, pyroxmangite, bloedite, quartzite, and some clay
minerals. The content of the orthoclase reaches 31.4%. The
orthoclase and clay minerals constitute themineral aggregate
of igneous rock. The cyclic loading and unloading increase
the dislocation between the mineral aggregates and water-
rock interaction further breaks the adhesion of the clay
minerals, which jointly promote the inner damage of the
igneous rock.
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Hydrofracturing technology of perforated horizontal well has beenwidely used to stimulate the tight hydrocarbon reservoirs for gas
production. To predict the hydraulic fracture propagation, the microseismicity can be used to infer hydraulic fractures state; by the
effective numerical methods, microseismic events can be addressed from changes of the computed stresses. In numerical models,
due to the challenges in accurately representing the complex structure of naturally fractured reservoir, the interaction between
hydraulic and pre-existing fractures has not yet been considered and handled satisfactorily. To overcome these challenges, the
adaptive finite element-discrete elementmethod is used to refinemesh, effectively identify the fractures propagation, and investigate
microseismic modelling. Numerical models are composed of hydraulic fractures, pre-existing fractures, and microscale pores, and
the seepage analysis based on theDarcy’s law is used to determine fluid flow; thenmoment tensors inmicroseismicity are computed
based on the computed stresses. Unfractured and naturally fractured models are compared to assess the influences of pre-existing
fractures on hydrofracturing.The damaged and contact slip events were detected by the magnitudes, 𝐵-values, Hudson source type
plots, and focal spheres.

1. Introduction

Hydrofracturing technology has been extensively used to
stimulate low-permeable unconventional oil and gas reser-
voirs to increase production rates [1]. The fracture growth is
hidden from the designers and microseismicity is often used
to infer hydraulic fractures state. Microseismic output can
also be computed from changes of the stresses in the numer-
ical model and compared against field microseismicity, in
which the fracturing process needs to be properly addressed
in numerical simulation for detecting the mechanism of
hydrofracturing [2]. A rising tide of evidence from practical
treatments in the field suggests that hydrofracturing cracks
may initiate and grow in a complicated way that is highly

affected by the complexity of naturally fractured reservoir
formations [3–5]. If the influencing mechanisms and factors
are not fully considered, clearly understood, and resolved,
it will not be possible to predict, control, and optimize
the hydraulic fracturing efficiency, which would ultimately
negatively impact oil and gas production.

Themicroseismic event can be triggered by different types
of failure modes, termedMode I, Mode II, andMode III. The
damaged event caused by tensile failure, Mode I, represents
sources with a volume change. The contact slip event caused
by shear slip failure, Mode II and Mode III, represents
sliding and tearing, both of which represent slip most likely
appearing on the pre-existing fracture surfaces.Microseismic
events arise due to displacements in the earth’s crust, resulting
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in faint earth tremors. The information at the source of the
displacements can be calculated and stored in a moment
tensor, which provides information on the magnitude and
orientation of an event. Moment tensors can be determined
in several ways, including stress drop, kinetic energy, or
internal forces. Once the moment tensor is determined, the
information may be presented in a variety of forms, such as
Hudson source type plots and focal mechanisms as beach
ball plots [6]. The concept behind integrating geomechanics
and microseismic prediction for the finite element method
(FEM) [7] is based on the approach proposed byHazzard and
Young [8]. The integrated geomechanics and microseismic
prediction was applied to a North Sea field, where subsi-
dence prediction was used to calibrate the coupled flow-
geomechanical model of the field [9]. This paper will detect
monitoring fractures in the reservoir layer with the potential
increased risk of microseismicity. The approach adopted in
this paper is outlined by Angus et al. [7]. Seismic events are
monitored in space and time, where a microseismic event
is predicted to occur within an element when the effective
stress satisfies the Mohr-Coulomb yield envelope. Based on
the differential stress tensor Angus calculates a pseudo-scalar
seismic moment (i.e., stress drop) which can be used to infer
microseismicity. In order to describe a seismic event in terms
of moment tensors, the physical processes are connected to
the system of equivalent forces. In an unfaulted medium, the
equivalent force system would produce the same displace-
ments in the far field as at the source [10]. Observations of the
displacement field can provide information on the equivalent
force system. Failure can be thought of as a sudden change
in the stress-strain relation. Prior to an event, the stress field
satisfies the equations of equilibrium.At failure time the stress
field will change, causing dynamic motions which release
elastic waves. Many researchers express the equivalent forces
in terms of a stress “glut” from [11]. However, this paper uses
the true stress, which is not known, to express a moment
tensor through a stress “drop” [12], that is, the temporal
difference in stress which occurs before and after an event.
The method calculates the moment tensor through the stress
drop and then uses this information to output the relevant
results to obtain the event number, the location coordinates,
“beach ball” plot, and so forth.

In situ monitoring and laboratory experiments have been
used to identify the morphologies of hydrofracturing cracks
[13–17]. Microseismic and nondestructive testing methods
have been used to investigate the hydrofracturing crack mor-
phologies [18–22]. The laboratory experiments show that the
dip angle affects crossing behaviours between hydraulic and
pre-existing fractures to form the complex fracture networks
[23]. Some other techniques, that is, microseismic mea-
surements, mine-back experiments, and surface tiltmeter,
also have been effectively applied [24–28]. The significant
effects of pre-existing fractures on hydraulic fractures were
investigated [29–31]. However, the actual hydrofracturing
behaviours and evolutionary process are difficult to be
detected, so numerical methods have been developed as
alternatives.

Recently, some numerical methods and models consid-
ering the effects of hydromechanical (HM) coupling and

pre-existing fractures have been developed to simulate the
hydraulic fracturing. For analysing the effects of pre-existing
microcracks on the supercritical CO2 fracture network
[32], the authors of this paper have established the three-
dimensional (3D) bonded particle models (BPMs), based
on the discrete element method (DEM) [33]. For investi-
gating the hydrofracturing cracks in heterogeneous media,
the authors of this paper developed the continuum-based
discrete element method (CDEM) [34]. The conventional
FEM has limitations to deal with the fracture propagation;
furthermore, the mesh refinements have to be adopted [35].
The coupled finite element- (FE-) discrete element (DE)
method makes the cracks flexibly propagate between the
elements; the adaptive analysis and remeshing strategy could
conquer the problems in solving fracture propagation by
conventional FEM [36]. Using the FE-DE method and local
remeshing technique, the software package ELFEN TGR [37]
has been developed and will be applied in this paper.

In order to represent the actual fractured characteristics
of a rock, this study uses the discrete fracture network
(DFN) model for modelling naturally fractured reservoir.
The unfractured and fractured models will be compared
with identical conditions to study the effects of pre-existing
fractures on hydrofractures andmicroseismicity.The remain-
der of this paper is organized as follows. In Section 2, the
numerical simulation using the adaptive FE-DE method and
the governing equations are described in detail; the adaptive
remeshing technique of fractures propagation is presented.
Section 3 presents themicroseismicmodelling techniques for
evaluation and visualization of moment tensors. Section 4
presents the numerical fracturing models in perforated hor-
izontal wells, DFN model for naturally fractured reservoir.
Section 5 outlines the numerical results, the analysis of
the crack growth, and distribution in naturally fractured
reservoir, and the damaged and contact slip events were
detected by magnitudes, 𝐵-values, Hudson source type plots,
and focal spheres. Concluding remarks are summarised in
Section 6.

2. Adaptive Finite Element-Discrete Element
Method for Hydraulic Fracturing

2.1. Governing Equations. In this study, the adaptive FE-DE
algorithm combining the FEM and DEM, complementary
HM coupling, and fracture network mechanism are intro-
duced by transfer between physical quantities of the solid
stress, fluid pressure, and fracture network. The three main
sets of governing equations are for structure field, seepage
field, and network field.

The main governing equations are derived assuming that
the equilibrium of stresses with an appropriate constitutive
model is able to mimic both tensile and shear failure, and the
mass conservation of fluid flow inside the fracture regionwith
a flow constitutive response is able to recover parallel plate
flow theory.Theupdate of themechanical stresses satisfies the
momentum balance equation, with the assumption that fluid
acceleration relative to the solid and the convective terms can
be ignored. The mechanical governing equation is given by
the following [35]:
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L𝑇 (𝜎𝑒 − 𝛼m𝑝𝑠) + 𝜌𝑏g = 0, (1)

where L is the spatial differential operator; 𝜎𝑒 is the effective
stress tensor; 𝛼 is the Biot coefficient;m is the identity tensor;𝑝𝑠 is the pore fluid pressure in the rock formation; 𝜌𝑏 is the
wet bulk density; and g is the gravity vector.

The liquid seepage equation combines mass conservation
along with Darcy’s law and is given as follows [37]:

div [ 𝑘𝜇𝑙 (∇𝑝𝑙 − 𝜌𝑙𝑔)] = (
𝜙𝐾𝑙 +

𝛼 − 𝜙𝐾𝑙 )
𝜕𝑝𝑙𝜕𝑡 + 𝛼𝜕𝜀V𝜕𝑡 , (2)

where 𝑘 is the intrinsic permeability of the porousmedia; 𝜇𝑙 is
the viscosity of the pore liquid; 𝑝𝑙 is the pore liquid pressure;𝜌𝑙 is the density of the pore liquid; 𝜙 is the porosity of the
porous media;𝐾𝑙 is the bulk stiffness of the pore liquid;𝐾𝑠 is
the bulk stiffness of the solid grains; 𝜀V is the volumetric strain
of the porous media.

The fracture fluid flow governing equation of the network
field is given by the following [35]:

𝜕𝜕x [𝑘
fr

𝜇𝑛 (∇𝑝𝑛 − 𝜌𝑓𝑛g)] = 𝑆
fr d𝑝𝑛

d𝑡 + 𝛼 (Δ ̇𝑒𝜀) , (3)

where 𝑘fr is the intrinsic permeability of the fractured region;𝜇𝑛 is the viscosity of the fracturing fluid; 𝑝𝑛 is the fracturing
fluid pressure; 𝜌𝑓𝑛 is the density of the fracture fluid; 𝑆fr is
the storage coefficient which is effectively a measure of the
compressibility of the fractured regionwhen a fluid is present;
and Δ ̇𝑒𝜀 is the aperture strain rate. Assuming parallel plate
theory, the intrinsic permeability of a fractured region is given
by the following:

𝑘fr = 𝑒212 , (4)

where 𝑒 is the fracture aperture. The storage term is given by
the following:

𝑆fr = (1𝑒)[( 1𝐾fr
𝑛

) + ( 𝑒
𝐾fr
𝑓

)] , (5)

where 𝐾fr
𝑛 is the fracture normal stiffness and 𝐾fr

𝑓 is the bulk
modulus of the fracturing fluid.

The mass transport equation is based on the convection
equation and given as

𝜕 (𝑤eff𝐶V)𝜕𝑡 + 𝜕 (𝐶V𝑞fr)𝜕𝑥 − 𝑞𝑙𝐶V = 0, (6)

where𝐶V is the volumetric concentration; 𝑞fr is theDarcy flux
for the fluid phase in the fracture; 𝑤eff is the effective width
of the fracture; 𝑞𝑙 is the fluid flux through the fracture walls.

The three main equations governing a production stage
are derived assuming that the equilibrium of stresses is
established based on an appropriate constitutive model for
mechanical analysis, the mass conservation is based on the
Darcy’s law for gas seepage analysis, and fracture region
considers gas flow characteristics for gas network analysis.

Note that themass transport field analyses are inactive during
the gas production stage. The update of the mechanical
stresses satisfies the momentum balance equation with the
assumption that the fluid acceleration relative to the solid
and the convective terms can be neglected. The mechanical
equation is given as (1).

The gas seepage equation combines mass conservation
along with Darcy’s law and is given as follows [37]:

div[𝑘 (𝑝𝑔)𝜇𝑔 ∇𝑝𝑔 − 𝜌𝑔𝑔]

= [𝜙𝜕𝜌𝑔𝜕𝑝𝑔 + (𝜌𝑔 − 𝑞)
𝜕𝜙𝜕𝑝𝑔 + (1 − 𝜙)

𝜕𝑞𝜕𝑝𝑔]
𝜕𝑝𝑔𝜕𝑡 ,

(7)

where 𝜇𝑔 is the viscosity of the pore gas; 𝑝𝑔 is the pore gas
pressure; 𝜌𝑔 is the density of the pore gas; 𝜙 is the porosity of
the porous media;𝐾𝑔 is the bulk stiffness of the pore gas; 𝑞 is
the mass of adsorbed gas per unit volume.

Similar to the gas seepage equation, the gas network
equation combines mass conservation along with Darcy’s law
and is given by the following:

𝜕𝜕𝑥 [𝐾
fr

𝜇𝑔 (∇𝑝𝑔 − 𝜌𝑔g)] = 𝜙(𝐶𝑔 −
𝜌𝑔𝑍
𝜕𝜌𝑔𝜕𝑍 )

𝜕𝜌𝑔𝜕𝑡 , (8)

where𝐶𝑔 is the gas compressibility;𝑍 is the gas compressibil-
ity factor.

2.2. Adaptive Remeshing for Fractures Propagation. The
geometry insertion technique is a means of introducing
new geometry lines in two-dimensional (2D) models or
geometry areas in 3Dmodels into the FEdiscretisation,which
do not necessarily follow the edges of the FE mesh. The
newly introduced geometry lines or areas simulate fracture
growth during hydraulic stimulation. In addition, a local
remeshing algorithm is implemented, which only operates
around the fracture tip region, thus avoiding the need for a
computationally exhaustive global remeshing.

At the material level each element response follows
continuum damage theory [37].The schematic of the damage
process zone and its numerical treatment introduce the
opening of a crackmouthwith a tensile damage zone ahead of
the fracture tip.The elements at the tip are fully damagedwith
the remaining elements below this threshold and still capable
of supporting load. The predicted fracture surface is not
forced to follow the element edges and can follow the stress
state as dictated by the simulation. Due to the assumption
of failure, the failure direction is defined as orthogonal to
the maximum tensile principal stress. When the failure path
exceeds a user-specified length, all points along the path are
used to form a geometric entity, and this finally leads to the
fracture surface. According to the above loop for fracture
propagation, the hydraulic fractures effectively extend based
on the remeshing.

The important modelling aspect is the capability to
deal with meshing the new geometry in a computationally
attractivemanner. A localmeshingmethodology is employed
which makes the need for a traditionally expensive global
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remeshing redundant, which is also likely to introduce
dispersion of key material variables such as stress, strain,
and damage indicators. The local meshing zone is defined
via a patch region which is adjacent to the fracture tip, and
it is always very small compared to the problem size, so
in relative terms the computational cost is low. It is very
important that the remeshing is only performed locally at a
fracture tip. The mesh in all other regions of the problem
domain remains unchanged. Clearly, fracturing is a very
dynamic process in that the model is constantly changing,
so this procedure of following the fracture tip via a patch
region and subsequently only remeshing locally is continually
being updated during hydraulic stimulation.This is extremely
important for this class of problem as it has been observed
that for some tight gas reservoir stimulated fracture lengths
reach values of many hundreds of metres [37]. Here the key
techniques are the error estimation and adaptive remeshing
for the above-mentioned fracture propagation and local
remeshing. The error estimation method is based on the
superconvergent patch recovery (SPR), in which the stress
recovery of element using the higher-precision stress results
in Gaussian integration points as the natural superconvergent
points in triangular and quadrilateral element [38, 39].
There is a parent-child relationship between the network
and fracture surface nodes which allows, for example, the
fluid pressure from the network field to be transferred as an
external load to a corresponding node on the fracture surface
of the structure field. During a local remeshing around a
fracture tip this mesh topology must be maintained, and
this is achieved by initially stitching the mesh back to a
nondiscrete body, performing the local remeshing on the
resulting bonded domain and then displacing the elements
back to their original spatial location after the remeshing.This
is achieved by monitoring the displacements of the fracture
surfaces such that they can be returned to their position after
the remeshing.

3. Microseismic Modelling Techniques

3.1. Evaluation ofMoment Tensors. Thedifferential stressΔ𝜎𝑒
from before and after events is calculated over a single time
step, and the eigendecomposition of the drop in the effective
stress tensor is carried out as follows:

Δ𝜎𝑒k = 𝜆k, (9)

where k is the eigenvector and 𝜆 is the eigenvalue. The
eigenvalues are used to scale the eigenvector, resulting in the
definition of the moment tensorM as follows:

M = 𝜆k. (10)

The moment tensor is rotated into its principle direction
using the unit eigenvectors; then the moment tensors could
be computed [37].

3.2. Visualization of Moment Tensors. The Hudson plot is
concerned with the relative sizes of the three principle
moments and representing the probability density of these
sizes [40]. The aim is to separate the force system from the
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Figure 1: Hudson source plot indicating the regions for each
mechanism.

information related to orientation in themoment tensor.This
is done to ensure that the model is capable of interpreting
the single or combined physical processes, for example,
shear, tensile, explosion, or implosion, each of which would
have their own force system and principle moments. A
parameterisation method is used to separate the physical
processes [40], and two parameters are used:

(1) 𝑇 is used to describe the constant volume in the
source and provides information on shear failure.

(2) 𝑘 is used for the changing volume.

The parameters can be plotted for each source type on a
2D diagram, known as the Hudson source type plot as shown
in Figure 1. For a specific region of the 𝑇-𝑘 plane, an equal
area distribution of the source is produced. When there is
no prior knowledge of a specific source type, the probability
of the source type which corresponds to a range of 𝑇 and 𝑘
values is directly proportional to the region area.TheHudson
source type plot can thus be used to determine the type of
mechanism occurring for every event. This can be plotted
against known distances from the source and a frequency plot
for each mechanism.The decomposition of a moment tensor
can be done in various ways and therefore is not unique.
However, a method is used to determine the probability
density of the source types which compose moment tensor
[40]. The probability of each source type is then plotted in
a Hudson source type plot. Together with the orientations
of the principal moments, it is then possible to obtain a full
picture of the event.

Focal mechanisms, also known as “beach ball plots,” are
used to illustrate the moment tensor in ways to conveniently
visualize orientation, location, and magnitude of a hydraulic
fracture. Additionally, they provide information regarding
the𝑃-wave’s first motion.The beach ball plot relates the stress
state to the fault plane solution. Since the moment tensor
describes the stress drop at the event time, it is a symmetric
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Figure 2: Fault types with corresponding beach ball plots seen in
map view as shown in upper row and side view as shown in lower
row.

tensor. Therefore, through an eigendecomposition, the prin-
ciple axis for the stress drop is obtained. The principle stress
axis orientation can be used to determine the fault behaviour.
This is done by obtaining a slip vector and the normal fault
plane, which in turn will provide the information regarding
the slip, dip, and strike angles.

Using the strike, dip, and slip angles, the strike and dip
angles can be plotted onto a stereonet, where the slip angle
provides information regarding the P-wave’s first motion.
The stereonet will be centred on the event location and
its magnitude will be illustrative of the event’s magnitude.
Further examples are illustrated in Figure 2, which illustrates
how a single fault type can be described with different
patterns on a beach ball plot.

In hydraulic fracturing, it is necessary to avoid fault
reactivation for several reasons: it can cause larger events;
larger events aremore likely to be felt away from the proposed
area of work and thus felt by populations, causing public
objections; hydraulic fracturing fluid will be spent filling the
existing fractures rather than opening up new ones. The
Gutenberg-Richter law [41] can be used in hydraulic fractur-
ing to give an indication of fault reactivation by determining
the maximummagnitude of the expected seismic events.The
Gutenberg-Richter law provides a relationship between the
number of events and magnitudes:

log10𝑁 = 𝑎 − 𝑏𝑀𝑤, (11)

where𝑁 is the cumulative number of seismic events, that is,
number of events with amagnitude greater than𝑀𝑤, and𝑀𝑤
is the magnitude of the seismic event.

The Gutenberg-Richter law provides a relationship which
is constant for lower magnitudes and closely follows a linear
trend beyond a certain magnitude, in which the value of 𝑏
serves as slope. The gradient of this linear curve is taken
to be the 𝐵-value. Generally, the number and magnitude
of seismic events depend on the changes of the stresses
and displacements on the current time in hydrofracturing
process; so, the 𝐵-value is not equivalent on each time step
even in the especially different cases, for example, the unfrac-
tured and naturally fractured reservoirs and the damaged
and contact slip events. In seismology, a low 𝐵-value, around
1, is indicative of an earthquake. In hydraulic fracturing
situations, the 𝐵-value is expected to be higher and the

occurrence of a low 𝐵-value is an indication of reactivation
[35, 37]. The 𝐵-value calculation can be calculated from the
magnitude of each event. The magnitudes of the events are
ordered and the number of events which have a greater
magnitude than the current magnitude is recorded.

4. Numerical Models

4.1. Fracturing Models in Perforated Horizontal Wellbore.
Consider the unfractured and naturally fractured 2D models
as shown in Figure 3, with the length of side 1000m and the
height of side 600m, the single cluster and initial perforation
at the middle of the model in the horizontal well. In both
models, the initial fracture length of perforations is 2m, and
the depth of the horizontal well is 3000m. The horizontal in
situ stress 𝑆ℎ and vertical in situ stress 𝑆V in 𝑥 direction and 𝑦
direction are 40MPa and 44MPa, respectively.

In naturally fractured model as shown in Figure 3(b),
the pre-existing fractures are imbedded, the domain of pre-
existing fractures around the single cluster is local rather than
the global domain, that is, not only considering the adequate
propagation of hydrofractures in the domain containing
the pre-existing fractures, but also avoid the redundant
computation caused by excessive pre-existing fractures. The
details techniques of pre-existing fractures will be introduced
in the next section. In the models, to achieve high computing
accuracy and efficiency simultaneously, many meshes have
been investigated to determine the optimized mesh; the
optimized initial FE meshes near the vicinity of the clusters
were refined and increasingly denser in domains II and I,
in which the different maximum side lengths of elements
are 25m and 5m, respectively. The refined domain I in
unfractured model has the length of side 400m and the
height of side 100m as shown in Figure 4(a); the refined
domain I in unfractured model has the length of side 400m
and the height of side 200m as shown in Figure 4(b).
Considering the mesh dependence, it should be noted that
the above technique was adopted to obtain the reliable and
effective results and to ensure that the results in the initial
geometrical state containing the clusters are reliable. On
the other hand, as the geometry changing is caused by
the propagation of hydrofracturing fractures, the original
mesh could be not still suitable and should be adjusted,
so the adaptive remeshing technique was introduced and
developed to ensure that the results in each geometri-
cal state describing hydrofracturing fractures growth are
reliable.

4.2. Discrete Fracture Networks Model for Naturally Fractured
Reservoir. Discrete fracture networks (DFNs) can be gener-
ated serving as pre-existing fractures to explore the effects of
a number of different natural fractures on the same domain
[35, 37]. For each DFN, the following data is specified:

(1) Region and global data: the bounds of theDFN region
and the layers are specified.

(2) Natural fracture sets: one or more fracture sets can be
defined, which may intersect.
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Figure 3: Geometrical models of staged hydraulic fracturing in perforated horizontal well.
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Figure 4: FE models and initial meshes (increasingly denser FE meshes for domains II and I).

Each pre-existing natural fracture set is created using the
following properties as shown in Figure 3(b), and it should be
noted that all distances and lengths are in model units:

(1) Orientation: this is given in degrees measured clock-
wise from vertical; for a plan view, this is azimuth; for
an elevation, it is dip.

(2) Spacing: it is the perpendicular distance between
adjacent fractures.

(3) Fracture length: it is the distance along fracture tips.

(4) Persistence: it is longitudinal distance between ends
of adjacent fractures.

5. Results and Discussion

In this section, for comparative microseismic analysis, the
two representative numerical examples of the unfractured
model (Case I) and naturally fractured model (Case II) of
perforation in horizontal well for hydraulic fracturing are
computed.This study addresses some key concerns described
in the introduction section, that is, the HM coupling,
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Table 1: Duration of fracturing and gas production stages.

Stage Duration (s)
Initial balance 2
Pad fracturing 600
Slurry fracturing 600
Shut-in fracturing 300
Flowback 300
Gas production 32400000

the propagation of hydrofracturing cracks, flowback and
gas production, and microseismic modelling. Table 1 and
Table 2 list the duration of each stage and the basic physical
parameters, respectively. There are three fracturing stages:
the pad fracturing is the first stage for fracturing with the
injected liquid; the slurry fracturing is the second stage with
proppant introduced; the shut-in fracturing allows a period
of settlement following a pumping period. The numerical
examples were run utilising the ELFEN TGR 4.9.7 [37] on
a desktop computer with an Intel (R) Core (TM) 3.40 GHz
CPU.

5.1. Cases Study of Unfractured and Naturally
Fractured Models

Case I (unfractured model). Consider an unfractured model
(Case I), with the length of side 1000m and the height of
side 600m, as shown in Figure 3(a). The regions of intensive
mesh for perforation in hydraulic fracturing are listed in
Table 3.Themorphology of the hydrofracturing cracks of the
unfractured model was obtained by the proposed method,
as shown in Figure 5, in which the dynamic propagation of
hydraulic fracturing cracks and stresses at different stages
are simultaneously revealed: Figure 5(a) shows the initial
balance state of the global reservoir imposing the initial
in situ stresses; Figures 5(b)–5(d) show the dynamic prop-
agation of hydrofracturing cracks in each stage, and the
stress concentration appears at both top and bottom tips of
the hydrofracturing cracks; Figures 5(e) and 5(f) show the
hydraulic fluid flowback and gas production form the frac-
turing domain into the fracture cluster and well based on the
final hydrofracturing cracks, respectively.The dynamic prop-
agation of cracks and stress evolution in fracturing (pad frac-
turing, slurry fracturing, and shut-in fracturing), flowback,
and gas production stages of perforation in horizontal well in
unfractured reservoir are effectively simulated through this
model. It can be seen that the single hydrofracturing cracks
are typical phenomenon in unfractured reservoir.

Case II (naturally fractured model). For comparison, a nat-
urally fractured model (Case II) is considered, with the
same geometric size as the above-mentioned unfractured
model (Case I), as shown in Figure 3(b). The pre-existing
natural fracture sets of naturally fractured model, that is,
orientation, spacing, length, and persistence, are listed in
Table 4. The regions of intensive mesh for perforation in
hydraulic fracturing are listed in Table 3. The morphology

Table 2: Basic physical parameters.

Parameter Value
Horizontal in situ stress in𝑥 direction 𝑆ℎ (MPa) 40

Vertical in situ stress in 𝑦
direction 𝑆V (MPa) 44

Fluid injection rate 𝑄
(m3/s) 0.1

Proppant concentration
(Kg/m3) 200

Proppant volume in one
fracturing stage (m3) 11.45

Leak-off coefficient 𝐶I
(𝑚3/𝑠1/2) 0.15 × 10−6
Leak-off coefficient 𝐶II
(𝑚3/𝑠1/2) 0.15 × 10−6
Pore pressure 𝑝𝑠 (MPa) 30
Density 𝜌𝐵 (Kg/m3) 2.615 × 103
Biot coefficient 𝛼 0.8
Young’s modulus 𝐸 (GPa) 32
Poisson’s ratio ] 0.2
Permeability 𝑘 (nD) 50
Porosity 𝜙 0.05
Cohesion c (MPa) 25
Friction angle 𝜙𝑓 45
Gravity 𝑔 9.81
Tensile strength 𝜎𝑡 (MPa) 1.0
Fracture energy 𝐺𝑓 (N⋅m) 50
Dynamic viscosity
coefficient of the pore fluid𝜇𝑔 (Pa⋅s)

1.00 × 10−3
Dynamic viscosity
coefficient of the fracturing
fluid 𝜇𝑛 (Pa⋅s)

1.67 × 10−3
Liquid density of the pore
fluid 𝜌𝑔 (Kg/m3) 1 × 103
Liquid density of the
fracturing fluid 𝜌𝑓𝑛 (Kg/m3) 1 × 103
Bulk modulus of the pore
fluid 𝐾𝑔 (MPa) 2050

Bulk modulus of the
fracturing fluid 𝐾fr

𝑓 (MPa) 2000

Table 3: Region of intensive mesh for multiple perforations in
staged hydraulic fracturing.

Cases Region

Unfractured model 450m ≤ 𝑥 ≤ 550m,100m ≤ 𝑦 ≤ 500m
Naturally fractured model 400m ≤ 𝑥 ≤ 600m,100m ≤ 𝑦 ≤ 500m

of the hydrofracturing cracks of the naturally fractured
model was obtained by the proposed method, as shown
in Figure 6, in which the dynamic propagation process of



8 Shock and Vibration

−3.707e + 007
−3.742e + 007
−3.777e + 007
−3.812e + 007
−3.847e + 007
−3.881e + 007
−3.916e + 007
−3.951e + 007
−3.986e + 007
−4.021e + 007
−4.056e + 007
−4.091e + 007
−4.126e + 007

(a) Preproduction
−6.277e + 007
−5.754e + 007
−5.231e + 007
−4.708e + 007
−4.185e + 007
−3.662e + 007
−3.139e + 007
−2.616e + 007
−2.092e + 007
−1.569e + 007
−1.046e + 007
−5.231e + 006
7.451e − 009

(b) Pad fracturing
−5.683e + 007
−5.209e + 007
−4.734e + 007
−4.26e + 007
−3.785e + 007
−3.311e + 007
−2.837e + 007
−2.362e + 007
−1.888e + 007
−1.413e + 007
−9.387e + 006
−4.642e + 006
1.027e + 005

(c) Slurry fracturing

−4.682e + 006
−9.363e + 006
−1.404e + 007
−1.873e + 007
−2.341e + 007
−2.809e + 007
−3.277e + 007
−3.745e + 007
−4.213e + 007
−4.682e + 007
−5.15e + 007
−5.618e + 007

2.484e − 009

(d) Shut-in fracturing

−9.849e + 006
−1.357e + 007

−2.102e + 007

−3.22e + 007

−4.337e + 007

−5.082e + 007

−1.73e + 007

−2.475e + 007

−3.592e + 007

−2.847e + 007

−3.964e + 007

−4.709e + 007

−5.454e + 007
(e) Flowback

−1.211e + 007

−4.238e + 007

−5.373e + 007

−2.346e + 007

−3.103e + 007

−1.589e + 007

−4.616e + 007

−5.751e + 007

−2.725e + 007

−3.481e + 007

−1.968e + 007

−4.995e + 007

−3.86e + 007

(f) Gas production

Figure 5: Dynamic propagation of cracks and first principal stress (Pa) in preproduction, fracturing, flowback, and gas production stages in
unfractured reservoir.
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Figure 6: Dynamic propagation of cracks and first principal stress (Pa) in preproduction, fracturing, flowback, and gas production stages in
naturally fractured reservoir.

Table 4: Natural fracture sets of naturally fractured model.

State Natural fracture set 1 Natural fracture set 2
Orientation (degrees) 60 120
Spacing (m) 30 25
Fracture length (m) 50 35
Persistence (m) 20 25

hydraulic fracturing cracks and stresses at different stages
are simultaneously revealed: Figure 6(a) shows the initial

balance state of the global reservoir imposing the initial in situ
stresses; Figures 6(b)–6(d) show the dynamic propagation
of hydrofracturing cracks in each stage and interaction of
hydraulic and pre-existing natural fractures; Figures 6(e) and
6(f) show the hydraulic fluid flowback and gas production
form the fracturing domain into the fracture cluster and
well based on the final hydrofracturing cracks, respectively.
The dynamic propagation of cracks and stress evolution in
fracturing (pad fracturing, slurry fracturing, and shut-in
fracturing), flowback, and gas production stages of perfora-
tion in horizontal well in unfractured reservoir are simulated
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Figure 8: Evolution of maximum magnitude and accumulated magnitude of damaged events.

through this model. From the computed results of the both
cases, it can be obviously seen that the hydrofracturing cracks
in fractured reservoir are more complex than the unfractured
reservoir, which initiate multiple microcracks and propagate
along the pre-existing fractures.

For the results of dynamic propagation of cracks, for both
models, the hydraulic fracturing cracks change from the open
state to close state and supported by proppant to provide
space for the gas transport. The stress concentration appears
at the frack tips in the fracturing stages; however the stress
concentration transfers to the middle of the fracture near the
injection point in the flowback and gas production stages,
caused by removing the injected fluid pressure. Figure 7
shows the final mesh around the domain of hydraulic and
pre-existing fractures in gas production stage in naturally
fractured reservoir. It can be seen that the local intensive
meshes are adaptively adjusted to match the propagation of
the cracks.

5.2. Microseismicity Analysis. Using the computed results,
for example, the effective stress, the moment tensors can be
evaluated and the microseismicity can be detected. For com-
parative study, some important information as the damaged
events, contact slip, 𝐵-value, Hudson source type plots, and

focal spheres are obtained for both fractured and naturally
fractured models.

The evolution of maximum magnitude and accumulated
magnitude of damaged events are shown in Figure 8. It can be
seen that the damaged events appear at the three fracturing
stages for both reservoirs. For unfractured reservoir, the
magnitude and accumulated magnitude of damage keep
fluctuating; however, the damaged events in slurry and shut-
in fracturing stages of naturally fractured reservoir have
a flat platform, which is the damage effect of pre-existing
fractures.Thedamaged events in naturally fractured reservoir
are obviously more prone to occur.

The evolution of maximum magnitude and accumulated
magnitude of contact slip events is shown in Figure 9.
For unfractured reservoir, it can be seen that the contact
slip events just appear at the flowback stage rather than
three fracturing stages. For naturally fractured reservoir, the
contact slip events always appear in fracturing and flowback
stages, and the magnitude and accumulated magnitude are
higher than the unfractured case. The pre-existing fractures
have an important influence on the contact slip.

The evolution of 𝐵-value for damaged events is shown
in Figure 10. It can be seen there is one damaged event
with big 𝐵-value appearing in the slurry fracturing stage
for the unfractured reservoir, and the flat platform also
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Figure 9: Evolution of maximum magnitude and accumulated magnitude of contact slip events.
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Figure 10: Evolution of 𝐵-value for damaged events.
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Figure 11: Evolution of 𝐵-value for contact slip events.

appears in slurry and shut-in fracturing stages of natu-
rally fractured reservoir corresponding to the results shown
in Figure 8(b). The evolution of 𝐵-value for contact slip
events is shown in Figure 11. For unfractured reservoir,

it can be seen that the contact slip events with big 𝐵-
value just appear in the flowback stage rather than three
fracturing stages corresponding to the results shown in
Figure 9(a), in which contact slip events with big 𝐵-value
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Figure 12: Hudson source type plots for damaged events and contact slip events.

are also detected in the flowback stage in naturally fractured
reservoir.

The Hudson source type plots for damaged events and
contact slip events are shown in Figure 12. For both unfrac-
tured and naturally fractured reservoirs, it can be seen that
the distribution of damaged events and contact slip events
is almost the same in Hudson source type plots, and the
accumulated magnitude of microseismic events in naturally
fractured reservoir are higher. But contact slip events of both
cases are quite the same in the middle of Hudson source
type plots, in which source types are the double couple of the
moment tensor.

The focal spheres for distribution of final damaged events
are shown in Figure 13, in which the damaged events appear
along the contrary directions from the fluid injection point.
For unfractured reservoir, the damaged events happen along
the straight line, because the in situ stresses are almost

isotropic leading to hydraulic fractured propagate straightly.
For naturally fractured reservoir, the damaged events happen
dispersedly; the interaction of hydraulic and pre-existing
fractures form clusters of damaged events; the propagation
of the fractures are also controlled by the in situ stresses
state.Themagnitude of damaged events in naturally fractured
reservoir is obviously higher than the unfractured case.

The focal spheres for distribution of final contact slip
events are shown in Figure 14. For unfractured reservoir,
the contact slip events happen along the straight line as the
damaged evented shown in Figure 12(a), because of the effect
of the almost isotropic in situ stresses. For naturally fractured
reservoir, the contact slip events happen dispersedly by the
interaction of hydraulic and pre-existing fractures; some
microcracks are propagating along the pre-existing fractures.
The magnitude of contact slip events in naturally fractured
reservoir are obviously higher than the unfractured case.
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Figure 14: Focal spheres for distribution of final contact slip events.

The distribution of final damaged events and contact slip
events bymicroseismic analysis in global domain in naturally
fractured reservoir is shown in Figure 15. It can be seen that
the damaged events and contact slip events are detected near
the accumulation domain of microseism around the fluid
injection point, but, in the far field, there are some isolated
contact slip events in crossing points of preexiting fractures.
The far-field contact slip events can provide the basis for the
evaluation of fracturing effect and engineering design.

6. Conclusions

In this study, the adaptive FE-DEmodels considering the pre-
existing fractures, and the hydrofracturing cracks propaga-
tion and microseismic modelling were studied. Unfractured
and naturally fractured models subject to same conditions
were used to probe the effects of pre-existing fractures
on the growth and distribution of hydrofracturing cracks.

y
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o

Far-field contact
slip in crossing

points of pre-existing
fractures

Accumulation
domain of

microseism

Figure 15: Distribution of final damaged events and contact slip
events by microseismic analysis in global domain in naturally
fractured reservoir.
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Furthermore, the moment tensors in microseismicity were
evaluated based on the computed stresses, and the damaged
and contact slip events were detected by magnitudes, 𝐵-
values, Hudson source type plots, and focal spheres.Themain
conclusions drawn were as follows:

(1) Adaptive FE-DE models considering HM coupling
for hydrofracturingwere proposed. Based the coupled
FE-DE method, the cracks which propagate between
the elements aremore flexible; the adaptive remeshing
strategy is expected to be characterized for reliable
crack propagation path, conquering the challenging
problems in solving fracture propagation by conven-
tional FEM.

(2) Effects of pre-existing fractures on hydraulic fractur-
ing were investigated. The hydrofracturing fracture
network in naturally fractured reservoir is obviously
more complex than the single cracks in the unfrac-
tured reservoir, which initiates some microcracks
and propagates along the pre-existing fractures. The
microseismic activities are also affected by the pre-
existing fractures.

(3) Moment tensors in microseismicity were evaluated
based on the computed stresses. Based on the reli-
able computed differential stresses computed by the
adaptive FE-DE method for unfractured and natu-
rally fractured models, the moment tensors in the
microseismic activities are evaluated.

(4) Damaged and contact slip events were detected by
magnitudes, 𝐵-values, Hudson source type plots, and
focal spheres.The damaged events in slurry and shut-
in fracturing stages of naturally fractured reservoir
have a flat platform, which is the damage effect of
pre-existing fractures. For unfractured reservoir, the
contact slip events just appear at the flowback stage
rather than three fracturing stages. For both fractured
and naturally fractured reservoirs, the distribution of
damaged events and contact slip events are almost
the same in Hudson source type plots, and the
accumulated magnitude of microseismic events in
naturally fractured reservoir is higher. For naturally
fractured reservoir, the contact slip events happen
dispersedly by the interaction of hydraulic and pre-
existing fractures. In the far field, there are some
isolated contact slip events in crossing points of pre-
existing fractures.

The present work presents the adaptive FE-DE analysis
formicroseismicmodelling of hydraulic fracture propagation
of perforation in horizontal well considering pre-existing
fractures using the actual engineering scale models and
mechanical parameters.The numerical simulation provides a
way to understand the microseismicity mechanisms in tight
reservoirs. Future workwill consider the fracturing optimiza-
tion and microseismic modelling of multistage hydrofrac-
turing in multiple wells and involve the development of 3D
models.
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Based on the Lagrange equation in system dynamics, aiming at the horizontal cutting process, the dynamical coupling model of
boom-type roadheader’s body pose was established. According to input problem of solving the model, a calculation method of the
cutting head load was proposed, and the relationship between the cutting head load and pressure of the driving cylinders and swing
angle of the cutting arm was obtained through simulating analysis. The simulation model was established to solve the dynamical
coupling model. The cutting head load, horizontal swing angle of the cutting arm, and dip angle of coal seam were regarded as
independent variables to perform changing parameter analysis in variations of the body pose.The field experiment was carried out,
and the measured data is basically consistent with the simulation values.The results show that lateral displacement of the body can
reach up to 6.5 cm, backward displacement can reach up to 5.2 cm, floor-based quantity can reach up to 11 cm, pitch angle of the
body can reach up to 7.8∘, and roll angle can reach up to 2.1∘. Variations of the body pose parameters are influenced greatly by the
cutting head load, while the influence from horizontal swing angle of the cutting arm and dip angle of coal seam is slighter. Among
the pose parameters, floor-based quantity and pitch angle of the body vary relatively greatly, which tend to seriously influence
forming quality of the roadway and should be mainly considered in deviation rectification of the roadheader’s body pose.

1. Introduction

Coal is the main energy source in China, accounting for
65% of China’s primary energy consumption, which supports
sustainable development of national economy and society. At
present, the depth of coal mining in China keeps increasing,
and some coal mines have exceeded 1000m; therefore coal
mining faces more and more difficulty. The mining and
excavating operation are the most important and difficult
production links. There are high risk factors in deep coal
seam, so it is very significant to study the key basic problems
of the fully mechanized excavation face [1–6].

Boom-type roadheader is the most important equipment
in the fully mechanized excavation face, mainly used for
excavation of the roadway to prepare the working face for
coal mining. Due to the complexity and changeableness of
the occurrence condition and physical mechanical properties
of coal and rock in roadway cross-section, the hardness of

coal and rock during cutting process is changing constantly
and randomly; therefore the cutting head load is also contin-
uously changing during the cutting process [7–12]. The com-
plex and changeable cutting head load, different dip angles
of coal seam, and constantly changing horizontal swing angle
of cutting arm cause constant change of roadheader’s body
pose during the horizontal cutting process, which seriously
influences the positioning and orienting excavation of the
roadheader and leads to reduction in forming quality and
drivage efficiency of the roadway [13–16]. Therefore, study
on the regularities of roadheader’s body pose responses
during the horizontal cutting process has great significance
in improvement of forming quality and drivage efficiency of
the roadway, realization of robotized automatic cutting, and
ultimately realization of “unmanned” operation in the fully
mechanized excavation face.

Some domestic and international scholars have done
some researches on related aspects of roadheaders. Ergin
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and Acaroglu and Acaroglu and Erdogan established the
mathematical model of the cutting system of a longitudinal
axial roadheader during the horizontal cutting process and
obtained the three-dimension forces on the cutting head
through theoretical calculation and field test methods, then
analyzed stability of the cutting systemduring cutting process
and the influencing factors through simulations, and finally
ascertained the maximum working range of the cutting
system under stable state [17, 18]. Jang et al. and Chen et
al. analyzed dynamical behaviors of the execution system
of a boom-type roadheader during cutting process through
the method of multi-rigid-body dynamics modeling and
simulation and designed the attachments of the cutting head
in order to improve the cutting performance of roadheader
[19, 20]. Li et al. and Zhao et al. established the overall
dynamical model of a boom-type roadheader based on the
Lagrange equation, constructed the theoretical virtual cutting
head load, and analyzed the vibration characteristics of
the overall unit system during the horizontal process and
obtained the results of vibration frequency and amplitude
responses [21, 22]. Du et al. and Fu et al. built a measurement
system based on the intersectional lasers, laser target, and
calculation method of roadheader’s body pose to carry out
real-time measurement of roadheader’s body pose when it
moves in the roadway during the cutting process, and verified
the system and method through experiment [23, 24].

In conclusion, some researches conducted on dynamical
behaviors of key mechanisms of the boom-type roadheader
during cutting process, vibration characteristics of the overall
unit, and measurement of the body pose have been cer-
tainly achieved. However, research on the regularities of
roadheader’s body pose responses under influence of various
factors during cutting process is still vacant. Based on EBZ-
160 type roadheader, aiming at the horizontal cutting process
and the three factors of the cutting head load, horizontal
swing angle of cutting arm, and dip angle of coal seam, this
paper is going to analyze the regularities of roadheader’s body
pose responses through overall unit dynamical modeling and
simulation.

2. Dynamical Coupling Model
of the Body Pose

2.1. Overall Mechanical Analysis during the Horizontal Cutting
Process. Theoretically, due to the extremely complex working
environment of coal mine, the boom-type roadheader should
be a system with infinite degree of freedom during the
horizontal cutting process.Therefore, in order to establish the
dynamical coupling model of roadheader’s body pose, it is
necessary to make reasonable and appropriate simplification
and assumption for the working state of roadheader [25–27].

According to the actual structure and working envi-
ronment of roadheader, its working state is simplified and
assumed as follows.

(1) In general, the quality distribution of the parts of
roadheader is relatively uniform and the elasticity is small,
so the elasticity can be ignored and the overall unit can be
simplified as concentrated quality: quality of cutting head𝑚1,
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machine.
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Figure 2:The coordinate system in left view of the overall machine.

quality of the cutting arm 𝑚2, and quality of the body 𝑚3
(including the travelling mechanism).(2) Assuming that the parts of roadheader are connected
by massless elastic element, the rigidity coefficient between
the cutting head and the cutting arm is expressed by 𝐾1, the
rigidity coefficient between the cutting arm and the body is
expressed by𝐾2, and the rigidity coefficient between the body
and the bottom ground is expressed by 𝐾3.(3) Assuming that the damping between all parts of
roadheader is viscous damping, the damping between the
cutting head and the cutting arm is expressed by 𝐶1, the
damping between the cutting arm and the body is expressed
by 𝐶2, and the damping between the body and the bottom
ground is expressed by 𝐶3.(4) The cutting head load can be simplified as three-
dimension forces, namely, the force in the horizontal direc-
tion, the force in the vertical direction, and the force perpen-
dicular to the coal wall.

Take the initial position of roadheader’s center of gravity
as the origin to establish a three-dimensional fixed rectan-
gular coordinate system 𝑂𝑋𝑌𝑍, and take the roadheader’s
center of gravity as the origin to establish amoving coordinate
system 𝑂𝑋𝑌𝑍 fixed on the body and moving with the
body, as shown in Figures 1 and 2. The 𝑥-axis is in the
horizontal direction, the 𝑦-axis is perpendicular to the coal
wall, and the 𝑧-axis is in the vertical direction.

In Figure 1, 𝜆 is the horizontal swing angle of the cutting
arm relative to the body, 𝜃2 is the roll angle of the body, 𝑆𝑋
is displacement of the body in the 𝑥-axis direction, and 𝑆𝑌 is
displacement of the body in the 𝑦-axis direction; 𝑅𝑋 is the
component force of the cutting head load in the horizontal
direction, 𝑅𝑌 is the component force of the cutting head load
perpendicular to the coal wall, and 𝐹𝑋 is the friction force
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between the crawler and the bottom ground in the 𝑥-axis
direction. 𝐹𝑌 is the friction force between the crawler and the
bottom ground in the 𝑦-axis direction. In Figure 2, 𝛾 is the
vertical swing angle of the cutting arm relative to the body, 𝜃1
is the pitch angle of the body, 𝑆𝑍 is displacement of the body in
the 𝑧-axis direction, 𝑅𝑍 is the component force of the cutting
head load in the vertical direction, and 𝜑 is the dip angle of
coal seam.

2.2. Dynamical Coupling Model. Since a roadheader can be
considered as a complete system during cutting process, the
differential equations of roadheader’s body pose can be estab-
lished based on the Lagrange equation in systemdynamics, so
as to accurately describe the overall unit dynamical behaviors
of roadheader during the horizontal cutting process.

The second-kind Lagrange equation in system dynamics
[28] is

𝑑
𝑑𝑡 (

𝜕𝑇
𝜕 ̇𝑞𝑖) −

𝜕𝑇
𝜕𝑞𝑖 = 𝑄𝑖. (1)

Considering viscous resistance, Rayleigh dissipation
function𝐷 is introduced into the Lagrange equation:

𝑑
𝑑𝑡 (

𝜕𝑇
𝜕 ̇𝑞𝑖) −

𝜕𝑇
𝜕𝑞𝑖 +

𝜕𝐷
𝜕 ̇𝑞𝑖 = 𝑄𝑖. (2)

Separating the potential forces from the right side of (2),
which is to introduce the energy function 𝑈(𝑞𝑖), (2) can be
furtherly transformed into:

𝑑
𝑑𝑡 (

𝜕𝑇
𝜕 ̇𝑞𝑖) −

𝜕𝑇
𝜕𝑞𝑖 +

𝜕𝐷
𝜕 ̇𝑞𝑖 +

𝜕𝑈
𝜕𝑞𝑖 = 𝑄𝑖. (3)

In (3), T is the kinetic energy of the system,𝐷 is the dissi-
pative energy, 𝑈 is the potential energy, 𝑞𝑖 is the generalized
coordinate, 𝑖 is the number of generalized coordinates, and𝑄𝑖 is the generalized force.

Based on the Lagrange equation (3), the dynamical
coupling model of roadheader’s body pose is going to be
established through energy method in following part:

𝑑
𝑑𝑡 (

𝜕𝑇
𝜕 ̇𝑆𝑋) = (𝑚1 + 𝑚2 + 𝑚3) ̈𝑆𝑋 − (𝑚1𝐿 + 𝑚2𝐿𝑦) cos 𝛾 (�̈� cos 𝜆 − �̇�2 sin 𝜆) ,
𝜕𝑇
𝜕𝑆𝑋 = 0,

𝜕𝐷𝐻𝜕 ̇𝑆𝑋 = 𝐶1 sin
2 𝜃2

cos2 𝛾 ̇𝑆𝑋 + 𝐶1 sin 𝜃2 [
̇𝑆𝑌 sin (𝜑 − 𝜃1) + ̇𝑆𝑍 cos (𝜑 − 𝜃1)]

cos2 𝛾 ,
𝜕𝑈𝐻𝜕𝑆𝑋 = (𝑚1 + 𝑚2 + 𝑚3) 𝑔 sin 𝜃2 + 𝐾1

sin2 𝜃2
cos2 𝛾 𝑆𝑋

+ 𝐾1 sin 𝜃2 [𝐿 sin (𝛾 + 𝜑 − 𝜃1) − 𝐿 sin (𝛾 + 𝜑) − 𝑏 sin 𝜃2 + 𝑆𝑌 sin (𝜑 − 𝜃1) + 𝑆𝑍 cos (𝜑 − 𝜃1)]cos2 𝛾 .

(4)

The above equations are plugged into (3), and then the
differential equation of motion to describe 𝑆𝑋 was derived as

(𝑚1 + 𝑚2 + 𝑚3) ̈𝑆𝑋 + 𝐶1 sin
2 𝜃2

cos2𝛾 ̇𝑆𝑋 + 𝐾1 sin
2 𝜃2

cos2𝛾 𝑆𝑋 + (𝑚1 + 𝑚2 + 𝑚3) 𝑔 sin 𝜃2 − (𝑚1𝐿 + 𝑚2𝐿𝑦) cos 𝛾 (�̈� cos 𝜆 − �̇�2 sin 𝜆)

+ {𝐶1 sin 𝜃2 [ ̇𝑆𝑌 sin (𝜑 − 𝜃1) + ̇𝑆𝑍 cos (𝜑 − 𝜃1)] + 𝐾1 sin 𝜃2 [𝐿 sin (𝛾 + 𝜑 − 𝜃1) − 𝐿 sin (𝛾 + 𝜑) − 𝑏 sin 𝜃2 + 𝑆𝑌 sin (𝜑 − 𝜃1) + 𝑆𝑍 cos (𝜑 − 𝜃1)]}
cos2 𝛾

= 𝑅𝑋 + 𝐹𝑋.

(5)

In the same way, the differential equations of motion to
describe 𝑆𝑌, 𝑆𝑍, 𝜃1, and 𝜃2 were derived as follows:
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(𝑚1 + 𝑚2 + 𝑚3) ̈𝑆𝑌 + 𝐶1 sin
2 (𝜑 − 𝜃1)
cos2 𝛾 ̇𝑆𝑌 + 𝐾1 sin

2 (𝜑 − 𝜃1)
cos2 𝛾 𝑆𝑌 + (𝑚1 + 𝑚2 + 𝑚3) 𝑔 sin (𝜑 − 𝜃1) − (𝑚1𝐿 + 𝑚2𝐿𝑦) cos 𝛾 (�̈� sin 𝜆 − �̇�2 cos 𝜆)

+ {𝐶1 sin (𝜑 − 𝜃1) [ ̇𝑆𝑍 cos (𝜑 − 𝜃1) + ̇𝑆𝑋 sin 𝜃2] + 𝐾1 sin (𝜑 − 𝜃1) [𝐿 sin (𝛾 + 𝜑 − 𝜃1) − 𝐿 sin (𝛾 + 𝜑) − 𝑏 sin 𝜃2 + 𝑆𝑍 cos (𝜑 − 𝜃1) + 𝑆𝑋 sin 𝜃2]}
cos2 𝛾 = 𝑅𝑌

+ 𝐹𝑌,
(𝑚1 + 𝑚2 + 𝑚3) ̈𝑆𝑍 + [2𝐶3 + 𝐶1 cos

2 (𝜑 − 𝜃1)
cos2 𝛾 ] ̇𝑆𝑍 + [2𝐾3 + 𝐾1 cos

2 (𝜑 − 𝜃1)
cos2 𝛾 ] 𝑆𝑍 − (𝑚1𝐿 + 𝑚2𝐿𝑦) (�̈� sin 𝜆 − �̇�2 cos 𝜆) + (𝑚1 + 𝑚2 + 𝑚3) 𝑔

⋅ cos (𝜑 − 𝜃1) + 𝑎𝐾3𝜃2 + 𝑏𝐾3𝜃1 + 𝑎𝐶3 ̇𝜃2 + 𝑏𝐶3 ̇𝜃1
+ {𝐶1 cos (𝜑 − 𝜃1) [ ̇𝑆𝑌 sin (𝜑 − 𝜃1) + ̇𝑆𝑋 sin 𝜃2] + 𝐾1 cos (𝜑 − 𝜃1) [𝐿 sin (𝛾 + 𝜑 − 𝜃1) − 𝐿 sin (𝛾 + 𝜑) − 𝑏 sin 𝜃2 + 𝑆𝑌 sin (𝜑 − 𝜃1) + 𝑆𝑋 sin 𝜃2]}

cos2 𝛾 = 𝑅𝑍
+ 𝑁 + 𝐺,

𝐽𝑋 ̈𝜃1 + 𝑏2𝐶3 ̇𝜃1 + 𝑏2𝐾3𝜃1 + (𝑚1 + 𝑚2 + 𝑚3) 𝑔 [𝑆𝑍 sin (𝜑 − 𝜃1) − 𝑆𝑌 cos (𝜑 − 𝜃1)] − (𝑚2 + 𝑚3) 𝑔𝐿𝛼 cos (𝛼 + 𝜑 − 𝜃1) − (𝑚1𝐿 + 𝑚2𝐿𝑦) 𝑔 cos (𝛾 + 𝜑 − 𝜃1)
+ 𝐾1
⋅ [𝐿 sin (𝛾 + 𝜑 − 𝜃1) − 𝐿 sin (𝛾 + 𝜑) − 𝑏 sin 𝜃2 + 𝑆𝑌 sin (𝜑 − 𝜃1) + 𝑆𝑍 cos (𝜑 − 𝜃1) + 𝑆𝑋 sin 𝜃2] [𝑆𝑍 sin (𝜑 − 𝜃1) − 𝐿 cos (𝛾 + 𝜑 − 𝜃1) − 𝑆𝑌 cos (𝜑 − 𝜃1)]

cos2 𝛾
+ 𝑏𝐶3 ̇𝑆𝑍 + 𝑏𝐾3𝑆𝑍 = 𝑀𝜃

1

,
𝐽𝑌 ̈𝜃2 + 𝑎2𝐶3 ̇𝜃2 + 𝑎2𝐾3𝜃2 + [(𝑚1 + 𝑚2 + 𝑚3) 𝑔𝑆𝑋 − (𝑚1 + 𝑚2) 𝑔𝑏] cos 𝜃2 + 𝐾1
⋅ cos 𝜃2 (𝑆𝑋 − 𝑏) [𝐿 sin (𝛾 + 𝜑 − 𝜃1) − 𝐿 sin (𝛾 + 𝜑) − 𝑏 sin 𝜃2 + 𝑆𝑌 sin (𝜑 − 𝜃1) + 𝑆𝑍 cos (𝜑 − 𝜃1) + 𝑆𝑋 sin 𝜃2]

cos2 𝛾 + 𝑎𝐶3 ̇𝑆𝑍 + 𝑎𝐾3𝑆𝑍 = 𝑀𝜃
2

.

(6)

Equations (5) and (6) are the dynamical coupling model of
roadheader’s body pose. In the equations, 𝐿 is the distance
between the center of gyration of the cutting arm and the
center of gyration of the cutting head, 𝐿𝑦 is the distance
between the center of gravity of the cutting arm and its center
of gyration, 𝐽𝑋 is the moment of inertia of the body about the𝑥-axis, 𝐽𝑌 is the moment of inertia of the body about the 𝑦-
axis, a is 1/2 of the width of the body, 𝑏 is 1/2 of the length of
the body 𝑓, 𝐺 is the gravity of roadheader, 𝑁 is the bearing
reaction on roadheader from the bottom ground,𝑀𝜃1 is the
resultantmoment of the system corresponding to 𝜃1, and𝑀𝜃2
is the resultant moment of the system corresponding to 𝜃2.
3. Calculation Method of the
Cutting Head Load

According to (5) and (6), the cutting head loadmust firstly be
obtained as the initial input quantity to solve the dynamical
coupling model of the roadheader’s body pose. With the
complexity and changeableness situation of the cutting head
load, it is difficult to obtain the cutting head load spectrum
directly in the field, and the spectrum obtained by individual
researchers is too complex and irregular to process and
utilize efficiently. Aiming at the present situation, a method
is proposed to calculate the cutting head load in this paper.

The cutting arm of roadheader is driven by a pair of
angling cylinders during the horizontal cutting process and
driven by a pair of lifting cylinders during the vertical
cutting process. The pressure of angling cylinders and lifting
cylinders is changingwith different hardness of coal and rock,

and there is a positive correlation between them [22, 29].
The pressure of angling cylinders and lifting cylinders can
be accurately measured by sensors; therefore, the breaking
forces of the cutting head to the coal wall can be calculated
according to the pressure of cylinders. According to Newton’s
third law, the breaking forces are equal to the cutting head
load.

3.1. The Component Force in the Horizontal Direction. The
cutting arm is fixedly connected to the revolving platform
and driven by a pair of symmetrically arranged cylinders.
The cylinder pole is connected to the revolving platform and
the cylinder barrel is connected to the frame. At work, the
cylinder on one side is elongated and the cylinder on the
other side is shortened synchronously, and the synergistic
motion drives the revolving platform to revolve, leading the
cutting arm to swing around its center of gyration. As shown
in Figure 3, the center of gyration of the revolving platform is
point𝑂, the hinge point of the cylinder pole and the revolving
platform is point 𝐴, the hinge point of right cylinder barrel
and the frame is point𝐵, the hinge point of left cylinder barrel
and the frame is point 𝐶, the hinge point of left cylinder pole
and the revolving platform is point 𝐷, and the force bearing
point of the cutting head is point𝑅.The gyration radius of the
revolving platform is 𝑂𝐴 = 𝑂𝐷 = r, 𝑂𝐵 = 𝑂𝐶 = 𝑙1, 𝑂𝑅 = 𝐿1,
and∠𝐴𝑂𝐵 =∠𝐶𝑂𝐷 = 𝛼. After the cutting arm swings beyond
a certain angle 𝜆, point𝐴 has moved to point𝐴, point𝐷 has
moved to point𝐷, 𝐶𝐷 = 𝑙2, and 𝐴𝐵 = 𝑙3.

Take the horizontal swing process towards the right side
as an example. As the cutting arm swinging horizontally
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Figure 3: Two-dimensional diagram of the cutting arm during the
horizontal swing process.

towards the right, the component force of the cutting head
load in the horizontal direction presents towards the left.
During this process, the hydraulic oil is entering into the head
port of the left cylinder to push the revolving platform, and
the hydraulic oil is entering into the rod port of the right
cylinder to pull the revolving platform. When the cutting
arm swings towards the left, the force condition is oppositely
symmetrical to the above analysis.

Taking the center of the revolving platform as the base
point 𝑂, the moment of push force of the left cylinder about
the point 𝑂 is

𝑀𝑇 = 𝑃1𝑆1 𝑟𝑙1 sin (𝛼 + 𝜆)𝑙2 . (7)

The moment of pull force of the right cylinder about the
point 𝑂 is

𝑀𝐿 = 𝑃1 (𝑆1 − 𝑆2) 𝑟𝑙1 sin (𝛼 − 𝜆)𝑙3 . (8)

Themoment of the cutting head load about the point𝑂 is

𝑀1 = 𝑅𝑓1𝐿1 cos 𝛾. (9)

The revolving platform bears a large unilateral pressure
while the roadheader is drilling into the coal wall, but the
pressure to the revolving platform is very small and relatively
dispersed during the section cutting process. The revolving
platform and its support are connected with sufficiently
lubricated rolling bearing. Therefore, the friction moment
of the revolving platform itself is negligible relative to the
driving force of the cylinder and the resistance of the coal wall
to the cutting head.

According to (7), (8), and (9), the circumferential force of
the cutting head in the horizontal direction is

𝑅𝑓1
= 𝑃1𝑟𝑙1 [𝑙3𝑆1 sin (𝛼 + 𝜆) + 𝑙2 (𝑆1 − 𝑆2) sin (𝛼 − 𝜆)]𝑙2𝑙3𝐿1 cos 𝛾 . (10)

In the above formula, 𝑃1 is the pressure of the angling
cylinders, 𝑆1 is the cross-sectional area of the cylinder diam-
eter, and 𝑆2 is the cross-sectional area of the pole diameter.
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Figure 4: Two-dimensional diagram of the cutting arm during the
vertical swing process.

The component force of the cutting head load in the
horizontal direction is

𝑅𝑋 = 𝑅𝑓1 cos 𝜆
= 𝑃1𝑟𝑙1 cos 𝜆 [𝑙3𝑆1 sin (𝛼 + 𝜆) + 𝑙2 (𝑆1 − 𝑆2) sin (𝛼 − 𝜆)]𝑙2𝑙3𝐿1 cos 𝛾 . (11)

3.2. The Component Force in the Vertical Direction. The
cutting arm is driven by a pair of lifting cylinders arranged
parallelly and symmetrically to each other during the vertical
swing. The cylinder pole is connected to the cutting arm and
the cylinder barrel is connected to the revolving platform.
At work, lifting cylinders are elongated or shortened syn-
chronously, driving the cutting arm to swing up or down.
As shown in Figure 4, the hinge point between the cutting
arm and revolving platform is point 𝑂, the hinge point of
the cylinder barrel and the revolving platform is point 𝐸, the
hinge point of the cylinder pole and the cutting arm is point𝐹, and the force bearing point of the cutting head is point 𝑅.
The distance between the center of gravity of the cutting arm
and point 𝑂 is 𝐿𝐺, 𝑂𝐸 = 𝑙4, 𝑂𝐹 = 𝑙5, 𝑂𝑅 = 𝐿2, and ∠𝐸𝑂𝐹
= 𝛽. After the cutting arm swings beyond a certain angle 𝛾,
point 𝐹 has moved to point 𝐹, and 𝐸𝐹 = 𝑙6.

Take the vertical upward swing process as an example.
With the cutting arm swinging vertically upward, the com-
ponent force of the cutting head load in the vertical direction
presents downward, and the hydraulic oil is entering into the
head port of the lifting cylinders to push the cutting arm to
swing upward. When the cutting arm swings downward, the
force condition is oppositely symmetrical.

Taking the hinge point 𝑂 between the cutting arm and
revolving platform as the base point, the moment of the
cutting head load about the point 𝑂 is

𝑀2 = 𝑅𝑓2𝐿2 cos 𝜆. (12)

The moment of the gravity of the cutting arm about the
point 𝑂 is

𝑀𝐺 = (𝑚1 + 𝑚2) 𝑔𝐿𝐺 cos 𝜆 cos 𝛾. (13)
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The moment of push force of the lifting cylinders about
the point 𝑂 is

𝑀𝑆 = 2𝑃2𝑆3 𝑙4𝑙5 sin (𝛾 + 𝛽)𝑙6 . (14)

According to (12), (13), and (14), the circumferential force
of the cutting head in the vertical direction is

𝑅𝑓2 = 2𝑃2𝑆3𝑙4𝑙5 sin (𝛾 + 𝛽)𝑙6𝐿2 cos 𝜆 − (𝑚1 + 𝑚2) 𝑔𝐿𝐺 cos 𝛾𝐿2 . (15)

In the above formula, 𝑃2 is the pressure of the lifting
cylinders, and 𝑆3 is the cross-sectional area of the cylinder
diameter.

The component force of the cutting head load in the
vertical direction is

𝑅𝑍 = 𝑅𝑓2 cos 𝛾

= 2𝑃2𝑆3𝑙4𝑙5 cos 𝛾 sin (𝛾 + 𝛽)𝑙6𝐿2 cos 𝜆
− (𝑚1 + 𝑚2) 𝑔𝐿𝐺 cos2 𝛾𝐿2 .

(16)

3.3. The Component Force Perpendicular to the Coal Wall.
The component force of the cutting head load perpendicular
to the coal wall can be calculated through addition of
the component forces of the circumferential forces in the
horizontal and vertical direction. As shown in Figure 3, the
circumferential force of the cutting head in the horizontal
direction is 𝑅𝑓1, and its component force perpendicular to
the coal wall is

𝑅𝑌1 = 𝑅𝑓1 sin 𝜆

= 𝑃1𝑟𝑙1 sin 𝜆 [𝑙3𝑆1 sin (𝛼 + 𝜆) + 𝑙2 (𝑆1 − 𝑆2) sin (𝛼 − 𝜆)]𝑙2𝑙3𝐿1 cos 𝛾 . (17)

As shown in Figure 4, the circumferential force of the cut-
ting head in the vertical direction is 𝑅𝑓2, and its component
force perpendicular to the coal wall is

𝑅𝑌2 = 𝑅𝑓2 sin 𝛾

= 2𝑃2𝑆3𝑙4𝑙5 sin 𝛾 sin (𝛾 + 𝛽)𝑙6𝐿2 cos 𝜆
− (𝑚1 + 𝑚2) 𝑔𝐿𝐺 sin 𝛾 cos 𝛾𝐿2 .

(18)
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Figure 5: The pressure of the angling cylinders.

In summary, the component force of the cutting head load
perpendicular to the coal wall is

𝑅𝑌 = 𝑅𝑌1 + 𝑅𝑌2
= 𝑃1𝑟𝑙1 sin 𝜆 [𝑙3𝑆1 sin (𝛼 + 𝜆) + 𝑙2 (𝑆1 − 𝑆2) sin (𝛼 − 𝜆)]𝑙2𝑙3𝐿1 cos 𝛾
+ 2𝑃2𝑆3𝑙4𝑙5 sin 𝛾 sin (𝛾 + 𝛽)𝑙6𝐿2 cos 𝜆
− (𝑚1 + 𝑚2) 𝑔𝐿𝐺 sin 𝛾 cos 𝛾𝐿2 .

(19)

3.4. The Calculation Results of the Cutting Head Load. Based
on underground engineering experiment, the pressure data
of angling cylinders and lifting cylinders on the EBZ-160
type roadheader was acquired by the BYD-60 type mining
explosion-proof pressure transmitter, and the experiment
data was processed. During the cutting process, the pressure
of angling cylinders is changing in the range of 5∼21MPa,
as shown in Figure 5. According to the pressure of angling
cylinders and horizontal swing angle of the cutting arm,
the component force 𝑅𝑋 of the cutting head load in the
horizontal direction was simulated and calculated, and the
result is shown in Figure 6. The pressure of lifting cylinders
is changing in the range of 8∼21MPa, as shown in Figure 7.
According to the pressure of lifting cylinders and vertical
swing angle of the cutting arm, the component force 𝑅𝑍 of
the cutting head load in the vertical direction was simulated
and calculated, and the result is shown in Figure 8. According
to the pressures of angling cylinders and lifting cylinders, the
component force 𝑅𝑌 of the cutting head load perpendicular
to the coal wall was simulated and calculated, and the result
is shown in Figure 9.

4. Simulation and Analysis

4.1. Simulink Model and Initial Conditions Setting. Accord-
ing to the dynamical coupling model of roadheader’s
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Figure 6: The component force 𝑅𝑋 of the cutting head load in the horizontal direction.

50 100 150 200 250 3000
Time of data acquisition (s)

6

8

10

12

14

16

18

20

22

Th
e p

re
ss

ur
e o

f t
he

 li
fti

ng
 cy

lin
de

rs
 (M

Pa
)

Figure 7: The pressure of the lifting cylinders.
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vertical direction.
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Figure 9: The component force 𝑅𝑌 of the cutting head load
perpendicular to the coal wall.

body pose during the horizontal cutting process, namely,
(5) and (6), the simulation model to solve the differen-
tial equations was established in Simulink, as shown in
Figure 10.

The horizontal swing process of EBZ160 type road-
header’s cutting arm has the characteristic of axial symmetry,
and the maximum of the swing angle is 28∘ in both left and
right side. In coalfields of different areas, the dip angle of coal
seam is different, but it is nomore than 15∘ in most areas [30],
and the maximum of the dip angle of coal seam adapted for
EBZ160 type roadheader is 18∘.Therefore, five positions of the
cutting arm and five dip angles of coal seam are selected to
perform changing parameter analysis of roadheader’s body
pose responses during the horizontal cutting process.The five
positions of the cutting arm are expressed by 𝜆 = 0, 𝜆 = 8∘, 𝜆 =
14∘, 𝜆 = 20∘, and 𝜆 = 28∘, and the five dip angles of coal seam
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(c) The simulation model to solve 𝑆𝑌

Figure 10: Continued.
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Figure 10: The simulation model to solve roadheader’s body pose during the horizontal cutting process.



10 Shock and Vibration

30 40 50 60 70 80 90 100
−7

−6

−5

−4

−3

−2

−1

0

The cutting head load Rx (kN)

di
re

ct
io

n 
Sx

 (c
m

)
D

isp
la

ce
m

en
t o

f t
he

 b
od

y 
in

 th
e X

-a
xi

s

 = 0

 = 8∘

 = 14∘

 = 20∘

 = 28∘

(a) The relationship between 𝑆𝑋 and the cutting head load in different
horizontal swing angles of the cutting arm

50 60 70 80 90 100 110 120
−7

−6

−5

−4

−3

−2

−1

0

di
re

ct
io

n 
Sx

 (c
m

)
D

isp
la

ce
m

en
t o

f t
he

 b
od

y 
in

 th
e X

-a
xi

s

The cutting head load Rx (kN)

 = 0

 = 5∘

 = 10∘

 = 15∘

 = 18∘

(b) The relationship between 𝑆𝑋 and the cutting head load in different dip
angles of coal seam

0
10

20
30

0
5

10
15

20
−7

−6.5

−6

−5.5

−5

−6.4

−6.2

−6

−5.8

−5.6

−5.4

Dip angle of coal
seam

 ( ∘
) Horizontal swing angle of the

cutting arm  (
∘ )

di
re

ct
io

n 
Sx

 (c
m

)

D
isp

la
ce

m
en

t o
f t

he
bo

dy
 in

 th
e X

-a
xi

s

(c) The relationship of 𝑆𝑋, horizontal swing angle of the cutting arm and the dip
angle of coal seam

Figure 11: The response results of displacement of the body in the 𝑥-axis direction 𝑆𝑋.

are 𝜑 = 0, 𝜑 = 5∘, 𝜑 = 10∘, 𝜑 = 15∘, and 𝜑 = 18∘. The initial
parameters of simulation are shown in Table 1 [31, 32].

4.2. Analysis of the Simulation Results. The dynamical cou-
pling model was simulated and solved in the simulation
model. The cutting head load, horizontal swing angle of
the cutting arm, and dip angle of coal seam were regarded
as independent variables to perform changing parameter
analysis in variation of the five body pose parameters, which
are displacement of the body in the 𝑥-axis, 𝑦-axis, and 𝑧-
axis direction, pitch angle, and roll angle of the body, and the
results are shown in Figures 11–15.

According to Figure 11, displacement of the body in the𝑥-axis direction 𝑆𝑋, namely, the lateral displacement, is in
the minus 𝑥-axis direction, and its maximum can reach up
to 6.5 cm. At different horizontal swing angles of the cutting
arm and dip angles of coal seam, with the increase of the

cutting head load 𝑅𝑋, 𝑆𝑋 basically increases linearly at first,
then slightly decreases, and reaches up to themaximumwhen
the cutting head load is in the range of 70∼90 kN. With the
increase of horizontal swing angle of the cutting arm, 𝑆𝑋
increases parabolically, and, with the increase of the dip angle
of coal seam, 𝑆𝑋 increases parabolically as well.

According to Figure 12, displacement of the body in the𝑦-axis direction 𝑆𝑌, namely, the backward displacement, is
in the minus 𝑦-axis direction, and its maximum can reach
up to 5.2 cm. At different horizontal swing angles of the
cutting arm and dip angles of coal seam, with the increase of
the cutting head load 𝑅𝑌, 𝑆𝑌 basically increases at first and
then decreases linearly. The horizontal angle of the cutting
arm has no influence on the maximum point of 𝑆𝑌, and,
at different horizontal swing angles of the cutting arm, 𝑆𝑌
reaches up to the maximum when the cutting head load
is about 40 kN. But the dip angle of coal seam has great
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(b) The relationship between 𝑆𝑌 and the cutting head load in different dip
angles of coal seam
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(c) The relationship of 𝑆𝑌, horizontal swing angle of the cutting arm, and the dip
angle of coal seam

Figure 12: The response results of displacement of the body in the 𝑦-axis direction 𝑆𝑌.

Table 1: Initial parameters of simulation.

Parameters Value Unit
𝑚1 1600 Kg
𝑚2 5700 Kg
𝑚3 37700 Kg
𝐾1 6.31 × 107 N⋅m−1
𝐾2 7.45 × 106 N⋅m−1
𝐾3 1 × 104 N⋅m−1
𝐶1 400 N⋅s⋅m−1
𝐶2 3.49 × 104 N⋅s⋅m−1
𝐶3 10 N⋅s⋅m−1
𝐽𝑋 118123 Kg⋅m2
𝐽𝑌 25381 Kg⋅m2
𝑎 1.15 m
𝑏 2.95 m
𝐿 3.9 m
𝐿𝑦 1.75 m

influence on the maximum point of 𝑆𝑌, and, at different dip
angles of coal seam, the cutting head load 𝑅𝑌 corresponding
to themaximumpoint of 𝑆𝑌 is in the range of about 40∼95 kN,
and as the dip angle of coal seam is greater, the cutting head
load𝑅𝑌 corresponding to themaximumpoint of 𝑆𝑌 is smaller.
With the increase of horizontal swing angle of the cutting
arm, 𝑆𝑌 decreases linearly, and, with the increase of the dip
angle of coal seam, 𝑆𝑌 decreases parabolically.

According to Figure 13, displacement of the body in the𝑧-axis direction 𝑆𝑍, namely, the floor-based quantity, is in
the minus 𝑧-axis direction, and its maximum can reach up
to 11 cm. At different horizontal swing angles of the cutting
arm and dip angles of coal seam, when the cutting head
load 𝑅𝑍 is less than 70 kN, with the increase of the cutting
head load 𝑅𝑍, 𝑆𝑍 increases linearly, and when the cutting
head load 𝑅𝑍 is more than 70 kN, 𝑆𝑍 still increase linearly,
but the gradient is significantly decreased. With the increase
of horizontal swing angle of the cutting arm, 𝑆𝑍 increases
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(b) The relationship between 𝑆𝑍 and the cutting head load in different dip
angles of coal seam
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Figure 13: The response results of displacement of the body in the 𝑧-axis direction 𝑆𝑍.

parabolically, and, with the increase of the dip angle of coal
seam, 𝑆𝑍 increases parabolically as well, but its amplitude of
variation is smaller.

According to Figure 14, pitch angle of the body 𝜃1 is
in the −𝑍𝑂𝑌 plane and its maximum can reach up to 7.8∘.
At different horizontal swing angles of the cutting arm and
dip angles of coal seam, with the increase of the cutting
head load 𝑅𝑍, 𝜃1 decreases linearly. With the increase of
horizontal swing angle of the cutting arm, 𝜃1 increases
linearly, but its amplitude of variation is relatively small, and,
with the increase of the dip angle of coal seam, 𝜃1 decreases
parabolically.

According to Figure 15, roll angle of the body 𝜃2 is in
the −𝑍𝑂𝑋 plane, and its maximum can reach up to 2.1∘.
At different horizontal swing angles of the cutting arm and
dip angles of coal seam, with the increase of the cutting
head load 𝑅𝑍, 𝜃2 decreases parabolically. With the increase
of horizontal swing angle of the cutting arm, 𝜃2 basically

increases linearly, but its amplitude of variation is relatively
small, and, with the increase of the dip angle of coal seam, 𝜃2
decreases parabolically.

5. Experimental Research

EBZ160 type roadheader is selected to conduct field exper-
iments in YunJiaLing mine, the depth of which is between
580 and 1200m. Environments and conditions of the fully
mechanized excavation face are highly representative, so it is
suitable for experiments.

BYD-60 type mining explosion-proof pressure trans-
mitter is selected to detect the pressure of the driving
cylinders. Intrinsic safety type GUC360 mining angle sensor
is selected to detect the vertical swing angle of the cutting
arm. W18LD type dual speed sensor is selected to detect
the horizontal swing angle of the cutting arm. TS15-A type
explosion-proof automatic total station with high precision
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(b) The relationship between 𝜃1 and the cutting head load in different
dip angles of coal seam
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(c) The relationship of 𝜃1, horizontal swing angle of the cutting arm and the dip
angle of coal seam

Figure 14: The response results of the pitch angle of the body 𝜃1.

is selected to measure the pose of roadheader. All the
detected data are stored in the onboard large-capacity data
recorder.The pictures of experiment equipment are shown in
Figure 16.

While measuring the horizontal swing angle of the
cutting arm, two arc-shaped steel racks are installed in the
inside torus of the revolving platform. One rack is fixed,
and the other one rotates with the revolving platform. The
tooth width of the rack is 4mm, corresponding to 1∘ of
horizontal swing angle of the cutting arm. The sensitive
surface of W18LD type dual speed sensor faces the rack, and
the range of reaction is 0∼2mm, as shown in Figure 17. With
rotation of the revolving platform, the dual speed sensor can
directly output horizontal swing angle signal of the cutting
arm.

While measuring the roadheader’s body pose, a round
prism was fixed on the upper surface of the body above the

center of gravity of roadheader and the automatic total station
was set behind the roadheader at a certain distance. Before
the cutting operation, the three-dimensional coordinate of
the prism in the coordinate system of the total station was
measured by the total station and expressed by 𝑃0(𝑥0, 𝑦0, 𝑧0).
During the cutting process, the three-dimensional coordinate
of the prism was measured and expressed by 𝑃𝑖(𝑥𝑖, 𝑦𝑖, 𝑧𝑖). A
series of calculations between 𝑃𝑖(𝑥𝑖, 𝑦𝑖, 𝑧𝑖) and 𝑃0(𝑥0, 𝑦0, 𝑧0)
was carried out, and variations of roadheader’s body pose
were obtained as follows:

𝑆𝑋 = 𝑥𝑖 − 𝑥0,
𝑆𝑌 = 𝑦𝑖 − 𝑦0,
𝑆𝑍 = 𝑧𝑖 − 𝑧0,
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(b) The relationship between 𝜃2 and the cutting head load in different dip
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(c) The relationship of 𝜃2, horizontal swing angle of the cutting arm, and the dip
angle of coal seam

Figure 15: The response results of the roll angle of the body 𝜃2.

𝜃1 = arctan
𝑧𝑖 − 𝑧0𝑦𝑖 − 𝑦0 ,

𝜃2 = arctan
𝑧𝑖 − 𝑧0𝑥𝑖 − 𝑥0 .

(20)

Pressure of the driving cylinders and swing angle of the
cutting arm during the cutting process were detected by the
sensors. According to the calculation method of the cutting
head load in Section 3, the cutting head load was calculated
and processed with the pose data of roadheader, as shown in
Figure 18.

According to Figure 18, the experiment results of road-
header’s body pose are basically consistent with the sim-
ulation results both in data and in changing trend. The

regularities of roadheader’s body pose responses during the
horizontal cutting process are verified experimentally.

6. Conclusions

In this paper, a calculation method of the cutting head load
is proposed, and the relationship between the cutting head
load and pressure of the driving cylinders and swing angle of
the cutting armwas obtained. Based on the experimental data
of pressure of the driving cylinders, the spectrum of cutting
head load was obtained.

Based on the Lagrange equation method, the dynami-
cal coupling model of roadheader’s body pose during the
horizontal cutting process and the corresponding simulation
model were established. The dynamical coupling model was
simulated and solved, and the regularities of roadheader’s
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(a) Angle sensor (b) Dual speed sensor (c) Pressure transmitter (d) Onboard large-capacity data recorder

(e) Automatic total station (f) Round prism

Figure 16: The pictures of the experiment equipment.

(a) Installation position (b) Measurement schematic diagram

Figure 17: Installation position of dual speed sensor and measurement schematic diagram.

body pose responses influenced by different factors during
the horizontal cutting process were obtained through the
processing and changing parameter analysis of the simulation
results. Finally, the simulation results are verified through
field experiment.

The cutting head load is calculated based on the pressure
of the driving cylinders and swinging angle of the cutting
arm, and pressure of the driving cylinders, swinging angle
of the cutting arm, and the dip angle of coal seam can be
detected and obtained in real time.Therefore, the regularities

of roadheader’s body pose responses during the horizontal
cutting process can provide important theoretical basis for
rectification of roadheader’s body pose and control of auto-
matic cutting operation.
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(a) Experiment result of 𝑆𝑋
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(d) Experiment result of 𝜃1
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Figure 18: The experiment results of roadheader’s body pose.
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To investigate relation between fracture scale and acoustic emission time-frequency parameters in rocks, experiments of acoustic
emission monitoring of granite uniaxial compression were carried out. The AE signal energy and dominant-frequency of granite
fracture process were extracted bymeans of AE time-frequency analysis.The relation between fracture scale andAE time-frequency
parameters (energy and frequency) in granite fracture process was analyzed. The evaluation model of rock fracture scale based on
AE energy and dominant-frequency was established by using the intrinsic relation between the scale of rock fracture and the time-
frequency parameters of rock mass. The evolution of crack scale in the process of uniaxial compression was analyzed based on the
evaluation model of rock fracture scale. Results show that the AE energy and the dominant-frequency can reflect the crack scale
inside the rock. The scale of rock fracture is proportional to the AE energy, which is inversely proportional to the AE dominant-
frequency. Signals with low frequency and high energy usually represent large-scale cracks. On the contrary, if the high frequency
has low energy value, it indicates a small-scale crack.The theory and method of evaluation of rock rupture scale based on AE time-
frequency information (energy, frequency) can describe the failure process of rock crack scale variation characteristics. It provides
a way and method for investigating the characterization of fracture size evolution process of rock fracture.

1. Introduction

The phenomenon that the rock releases stress-strain energy
in the form of elastic waves during the process of stress
catastrophe is called acoustic emission (AE). The rock failure
is actually the process that the initial fissures are closed and
the cracks are gradually generated, expanded, and penetrated.
The acoustic emission/microseismic monitoring technolo-
gies can monitor rock fracture process in real time and have
been widely used in the study of rock failure process and
instability information [1, 2]. As an attendant phenomenon
in the process of rock failure, rock acoustic emission contains
many information of rock internal fracture process [3].
Therefore, studying the relation between acoustic emission
parameters and rock fracture during the rock failure process
and establishing the relation model between acoustic emis-
sion information and rock fracture characteristics (model,
scale, etc.) are helpful in understanding the rock failuremech-
anism and have important scientific research significance and

engineering significance to deeply comprehend the rock
dynamic disaster mechanism.

There are two analysis methods of acoustic emission
information of rock fracture process. (1) Parametric analysis:
the parameter analysis method is based on the recorded
time-domain waveform of acoustic emission signal; then
several related statistical data are directly extracted by the
system to simplify the waveform characteristic parameters to
represent the characteristics of acoustic emission signal, so
the relevant information on acoustic emission sources can be
analyzed and processed. Commonly used acoustic emission
parameters include the number of events, ring count, abso-
lute energy, amplitude, duration, rise time, and threshold.
Parameter analysis is currently the most commonly used
method for analyzing acoustic emission signal. Many of the
characteristics of acoustic emission sources can be described
with these parameters, which are easy and quick in practical
application.
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The parametric analysis of acoustic emission was used
in [4–6]. Cai et al. [7] analyzed rock acoustic emission
characteristics in laboratory test to get the initial crack
initiation time and the relation between rock failure process
and stress according to the acoustic emission event. Yu et al.
[8] conducted direct tensile, splitting, and uniaxial compres-
sion tests and analyzed the acoustic emission characteristics
of rock samples under several stress states. Li et al. [9]
performed uniaxial compression experiment to study the
relation between the number of acoustic emission events (AE
number), event rate and stress, and time. Yang et al. [10]
carried out triaxial compression acoustic emission tests on
limestone, by using acoustic emission parameters (acoustic
emission ringing count and acoustic emission energy); the
damage evolution characteristics were analyzed. The above
results lay the foundation for the study of rock acoustic
emission.However, the acoustic emission parametric analysis
only simply described the waveform characteristics and
provided limited information of acoustic emission source,
which can not accurately and comprehensively reflect the
characteristics of the acoustic emission signal. Therefore, the
time-domain statistical parameters of the acoustic emission
signal of rock fracture process are of great randomness, and
the parameters characteristics of rock with different lithology
are similar, which makes it difficult to predict rock fracture.
Therefore, studying the mechanism of rock failure process
from the angle of acoustic emission parameters analysis is not
very satisfactory for the prediction of rock burst so far [11]. (2)
Waveform analysis: waveform analysis is based on acoustic
emission time-domain waveform and signal spectrum anal-
ysis method to obtain the waveform spectrum information
of acoustic emission signal. The acoustic emission waveform
carries all information such as the stress state, structure,
and physical and mechanical properties of the rock. The
analysis of the waveform information can better understand
the rock failure mechanism and precursor [12]. In recent
years, scholars began to study the rock failure mechanism
from the perspective of acoustic emission waveform analysis,
which aims to find the necessary and sufficient conditions
for rock failure. Ji et al. [13, 14] found that the dominant-
frequency scale of granite acoustic emission signal is 41∼
85 kHz, and as the amplitude of the acoustic emission signal
increased, so does the stress level. Miao et al. [15] studied
the acoustic emission spectral characteristics of limestone
and marble indoor rock burst simulation experiments and
pointed out that the initial loading showed high frequency
and low amplitude, and rock burst showed low frequency
and high-amplitude. This demonstrates that a large number
of high-amplitude acoustic emission signals are generated
when the rock is approaching the main fracture [16]. The
most prominent research result in the acoustic emission
spectrum analysis of rockmass is that the rock AE dominant-
frequency moves from high frequency to low frequency
with the stress level increasing [17–19]. Dong et al. [20, 21]
proposed acoustic emission source locationmethods without
the need of premeasured wave velocity to improve the source
location accuracy. The characteristics of acoustic emission
waveform are directly affected by the type of acoustic
emission sources, and acoustic emission signals demonstrate

different characteristics when the scale of cracking, scale,
and type are varied. Therefore, the study of the spectrum
characteristics of rock acoustic emission signal should focus
on the corresponding relation between the properties (scale,
type) of crack expansion of rock fracture process and the
characteristics of acoustic emission signal (energy, amplitude,
and dominant-frequency) and then understand the physical
mechanism generated by the different modes of acoustic
emission signals, which is of great significance to reveal the
nature of rock fracture process.

Focusing on the relation between rock fracture scale
and acoustic emission information, scholars have conducted
some relevant researches. The 𝑏-value of the acoustic emis-
sion of rock fracture process can characterize the fracture
scale; when the 𝑏-value is big, the small-scale microfracture
dominates, while when the 𝑏-value is small, the large-scale
fracture occupiesmore proportion [22].The theoretical study
of seismology suggests that there is a certain degree linear
relation between the source scale and the frequency [23,
24]. The larger the source scale is, the lower the frequency
of the generated signal. The existing studies have shown
that the spectrum characteristics of acoustic emission are
related to the inherent properties of rock [25, 26]. The rock
fracture scale has natural correspondence with frequency,
but currently there is not a unified understanding of the
relation between rock fracture scale and the acoustic emission
frequency-domain characteristics. At the same time, the
researches of scholars often focused on the relation between
the single acoustic emission parameters and the rock frac-
ture scale, and discussed the correspondence. The relation
between rock fracture scale and multiple acoustic emission
information (time-frequency) characteristics has not yet been
under systematic and in-depth study, neither a classification
method of rock fracture scale based on acoustic emission
time-frequency information is proposed.

Based on this, the experiment of acoustic emission mon-
itoring of granite uniaxial compression was carried out. The
AE signal time-domain and frequency-domain information
of granite fracture process are extracted by means of para-
metric analysis and waveform analysis.The variation features
of the acoustic emission energy and the dominant-frequency
of the granite fracture process as well as the relation between
fracture scale and twoAE time-frequency parameters (energy
and frequency) are analyzed. The evaluation model of rock
fracture scale based on AE energy and dominant-frequency
is established by using the correspondence relation between
the scale of rock fracture and the AE time-frequency infor-
mation. On the basis of this, the evolution of crack scale in
the process of rock uniaxial compression is analyzed based on
the evaluationmodel of rock fracture scale. Finally, the theory
and method of acoustic emission evaluation of rock fracture
scale are proposed, which provide the theoretical basis for
quantitatively characterizing the crack scale of rock fracture
process.

2. Experimental Design

�.�. Experimental Samples and Equipment. The experimental
granite is from Laizhou, Shandong, made into 50 × 50 ×
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Figure 1: Experimental system.

100mm standard rectangular sample. The unevenness error
of two sides of the rock specimen is less than 0.05mm, and
the length error of two sides is less than 0.3mm. Considering
that the rock mass of engineering practice is always hosted in
a certain groundwater environment and is often in a saturated
state, the granite is subjected to saturated water treatment.
According to the Water and Hydropower Engineering Rock
Test Rules, the saturated water treatment is conducted by free
water absorption method. The detailed process is as follows:
put the sample into the tank, dump water to the 1/4 height of
sample, and then to the 1/2 and 3/4 height of sample every 2 h,
submerge all samples after 6 h, and finally place the sample in
the water for 48 h. The percentage of saturated water content
of granite is 0.149%∼0.167%. Five samples were selected to
carry out the experiment.The samples numbers were HSHG-
1, HSHG-2, . . ., HSHG-5.

The loading system used in the experiment is the TAW-
3000 servo rockmechanics test system.The acoustic emission
is the PCI-2 multichannel acoustic emission monitoring
system produced by PAC in the United States. Two acoustic
emission sensors are placed in the experiment. Experimental
site is shown in Figure 1(a); sensors layout is shown in
Figure 1(b).

�.�. Experimental Process. In this experiment, the axial dis-
placement control method is used to load. To ensure that
the specimen is in complete contact with the loading surface
and avoid the contact noise affecting the acoustic emission
monitoring results, firstly, preload to 1.5 kN and then load at
the rate of 0.2mm/min until damage. The acoustic emission
system is used to synchronously monitor the fracture process
of the sample in real time. In order to eliminate the impact of
the external environment, the press and the acoustic emission
host are grounded to eliminate the noise caused by current.
The experimental preamplifier threshold (gain) is 40 dB and
the acoustic emission sampling threshold is 45 dB. People are
prohibited to move and talk after the start of the experiment.

The sampling frequency of the acoustic emission instrument
is set to 1 kHz∼3MHz, the sampling rate of acoustic emission
waveform is 1MSPS, the pretrigger is 256, and the length
is 2 K. The acoustic emission sensor is R6𝛼 type resonant
high sensitivity sensor; the frequency response range is 0∼
300 kHz. During the experiment, Vaseline is applied between
the sensor and the coal sample to enhance their coupling and
reduce the attenuation of the acoustic emission signal.

3. The Method of Time-Frequency
Information Extraction of AE Signal

The analysis of acoustic emission characteristic parameters
is performed to find the characteristic and intrinsic law of
acoustic emission source, which is one of the most basic
methods to analyze the damage of material or structure.
Among them, the acoustic emissionwaveform characteristics
are generally considered to be an effective way to reflect
the fracture failure scale. The characteristic parameters of
acoustic emission signal include ringing count, amplitude,
energy, rise time, and dominant-frequency, as shown in
Figure 2.

�.�. Time-Domain Information Extraction. Based on the
parametric analysis method, the acoustic emission event
rate and the acoustic emission energy rate are selected
to characterize the time-domain waveform of the acoustic
emission signal.

(�) Acoustic Emission Event Rate.The acoustic emission events
are signals whose amplitude exceed the threshold and allow
the monitoring channel to acquire data. The number of
signals detected at a certainmoment is the number of acoustic
emission events. The acoustic emission event rate is the
number of acoustic emission events per unit time. It can
quantitatively describe the law of crack propagation in the
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Figure 2: Acoustic emission signal.

rock: the high acoustic emission event rate indicates that there
are more cracks in the rock sample.

(�) Acoustic Emission Absolute Energy Rate

Absolute Energy. It is a true reflection of the energy of the
acoustic emission impact signal. It reflects the energy released
by a cracked source in the form of elastic waves in an acoustic
emission event. The unit of energy is attojoules (abbreviated
as aJ); 1 aJ corresponds to 10−18 J. According to the definition
of signal energy, the area enclosed by the squared amplitude
of acoustic emission signal can be used as a measure, and the
energy of acoustic emission signal can be calculated by root
mean square voltage (𝑉rms) or mean square voltage (𝑉ms):

𝑉ms = 1Δ𝑇 ∫
Δ𝑇

0

𝑉2 (𝑡) 𝑑𝑡,

𝑉rms = √𝑉ms,
(1)

where Δ𝑇 is average time;𝑉(𝑡) is time-varying signal voltage.
According to the theory of electronics, it can be obtained

that the variation of 𝑉ms with time is proportional to the
change rate of the AE signal energy. The total energy 𝐸 of the
AE signal during the time 𝑡1 ∼ 𝑡2 can be expressed as follows:

𝐸 ∝ ∫
𝑡
2

𝑡
1

(𝑉rms)2 𝑑𝑡 = ∫
𝑡
2

𝑡
1

𝑉ms 𝑑𝑡. (2)

The acoustic emission energy rate is the sum of the
absolute energy of the acoustic emission events per unit time,
reflecting the elastic energy released by the internal cracks or
expansion of the rock.

The experiment considers the influence of the distance
and location of the fracture source and the sensors. Without
affecting the observation, two sensors are used to collect the
acoustic emission signals of the rock fracture process at the
same time. Through analyzing the characteristics of acoustic
emission parameters of two channels during the experiment,
it is concluded that the distance and location of the fracture

source and the sensors in the experiment will have, to a
certain degree, an impact on the acoustic emission received,
but there are similarities in the characteristics of the AE
signals received by sensors at different locations. It is found
that the acoustic emission absolute energy rate and the event
rate curves of two channels are approximately the same, and
the values are different.When calculating the absolute energy
of acoustic emission, with the choice of a channel, or two
channels, the energy of which only exists in the numerical
differences, there is no regular change. Therefore, during
energy calculation, only one channel is selected for energy
statistics. The selection is based on a channel with a relatively
large absolute energy rate peak.

�.�. Frequency-Domain Information Extraction. The AE sig-
nal is a nonstationary signal. Fast Fourier transform (FFT) is a
classical spectral analysismethod for analyzing nonstationary
signals [28]. The spectral characteristics of the acoustic
emission signal produced by the rock can characterize the
rock state, rock structure, and mechanical properties. Select
the sample HSHG-2 to conduct acoustic emission number
24926 of waveform to illustrate the waveform file frequency-
domain parameters (frequency, dominant-frequency ampli-
tude) extraction process; the specific process is as follows:
(1) Using MATLAB to write the program, extract the

original acoustic emission waveform signal, as shown in
Figure 3(a).
(2) The filtered waveform is subjected to fast Fourier

transform to obtain a two-dimensional spectrum, as shown
in Figure 3(b).

By changing the acoustic emission waveform from the
time domain to the frequency-domain, the frequency dis-
tribution characteristic can be obtained, and the dominant-
frequency is defined as the frequency corresponding to the
maximum amplitude in the spectrum [11]. Observing the
waveform spectrum, it can be seen that the dominant-
frequency of acoustic emission waveform signal is 38.09 kHz.

4. The Relation on Rock
Fracture Scale and Acoustic Emission
Time-Frequency Information

�.�. Quantitative Characterization of Crack Scales in Rock
Fracture Process. Some studies have shown that the crack
scales of rock fracture process can be indirectly characterized
by the 𝑏 value of acoustic emission. In 1941, Gutenberg
and Richer proposed statistical relations between magnitude
and frequency of earthquakes in the study of worldwide
seismicity, namely, the well-known G-R relation [29]:

log𝑁 = 𝑎 − 𝑏𝑀, (3)

where 𝑀 is the magnitude and 𝑁 is the number of earth-
quakes. 𝑎 and 𝑏 are constants, where 𝑏 is a function of relative
magnitude distribution of acoustic emission. Therefore, 𝑏
value is also a function of crack propagation scale, and
actually characterizes the distribution of the number of
microcracks with the microcrack scale. The 𝑏 value not only
is a statistical analysis parameter, but also has a direct physical
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Figure 3: The extraction process of AE dominant-frequency.

meaning. The increase of 𝑏 value means the proportion of
small-scale cracks increases. The stagnancy of 𝑏 value means
that the crack scales distribution is constant. The decrease of
𝑏 value means the proportion of large-scale cracks increases.

The calculation method of acoustic emission 𝑏 value
is as follows. First, determine the acoustic emission event
magnitude (there is no uniform definition on the acoustic
emission magnitude at present, and this paper defines the
magnitude𝑀 of the acoustic emission event is the logarithm
of the acoustic emission energy at the base of 10 with 0.5
magnitude interval).The cumulative frequency is selected for
the statistical𝑁 value, and the acoustic emission 𝑏 value can
be calculated by the linear least squares method. In order to
avoid the error of 𝑏 value calculation since the number of
acoustic emission events is too scarce in a certain period of
time, 1000 acoustic emission events are taken as a set of data to
calculate the 𝑏 value, and 100 acoustic emission events are set
as the sliding window and the window ending time is chosen
as the moment of 𝑏 value to get the change process of 𝑏 value
with time (strain). Based on the analysis of Figure 5, it is found
that there are only small-scale fractures in stages I, II and III,
and large-scale fractures in stage IV. Therefore, the average 𝑏
value in stages I, II and III is taken as the overall 𝑏 value of
small-scale fractures, and the average 𝑏 value of IV stage 𝑏
value is taken as the overall 𝑏 value of large-scale fractures,
as shown in Table 1 with 𝑏 value of different rock samples. It
can be seen from the table that 𝑏 value of small-scale crack
is 0.6648 and 𝑏 value of large-scale crack is 0.4028, which
conforms to the relation between 𝑏 value and crack scales.
Therefore, 𝑏 value can be used to characterize the scales of
crack.

�.�.�e Relation of Rock Fracture Scale and Acoustic Emission
Energy. In Section 4.1, the 𝑏 value of acoustic emission was
used to quantitatively characterize the crack scale in the
granite fracture process. On the basis of this, the correlation
between the 𝑏 value of the acoustic emission and the absolute
energy of the granite fracture process was analyzed. Then
the relation between AE absolute energy and crack scales
is established according to 𝑏 value. Figure 4 shows the
correlation between the 𝑏 value of acoustic emission and
the absolute energy during the fracture process of different
granite samples. It can be seen from the figure that the

Table 1: 𝑏 value of small- and large-scale cracks.

Sample number 𝑏 value
Small-scale Large-scale

HSHG-1 0.737 0.445
HSHG-2 0.615 0.319
HSHG-3 0.654 0.433
HSHG-4 0.688 0.308
HSHG-5 0.630 0.509
Average 0.6648 0.4028

absolute acoustic emission energy is the maximum value
when the 𝑏 value of acoustic emission is the minimum
value, which shows that the large-scale cracks are dominant
with relatively high absolute energy; with the increase of 𝑏
value of acoustic emission, the absolute energy of acoustic
emission decreases sharply and becomes stable. According to
the physical meaning that the 𝑏 value of acoustic emission
increases, it means that the proportion of small-scale cracks
increases. Therefore, corresponding to the increase of the
proportion of small-scale cracks, the absolute energy of
acoustic emission decreases sharply and then becomes stable.

Based on the above analysis, the relation between the
crack scales and the absolute energy of acoustic emission can
be obtained. For large-scale cracks, the absolute energy of
acoustic emission is relatively high, while the absolute energy
of acoustic emission corresponding to small-scale cracks is
often low.

Figure 5 shows the variation curve of the load, the
acoustic emission event rate, and the absolute energy rate
changing with time in granite fracture process. It can be seen
from the figure that the evolution of the acoustic emission
event rate in granite fracture process can be divided into four
stages: (I) slow ascent period, the acoustic emission event rate
is maintained at a relatively low value and rises slowly; (II)
accelerated ascent period, the acoustic emission event rate
rises sharply; (III) accelerated descent period, the acoustic
emission event rate drops quickly; (IV) quiet period, the
acoustic emission event rate was kept at a small constant
value until the rock ruptured. At the same time, it can be
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Figure 4: Correlation diagram between AE 𝑏 value and absolute energy in the granite fracture process.

seen that the absolute energy rate of acoustic emission is
maintained at a low level in the stages of I and II, which release
basically no energy during the whole process. In stage III,
the acoustic emission energy rate starts to rise slowly with
a small amount of energy release; in stage IV, the acoustic
emission energy rate rises sharply during the quiet period,
which means that the accelerated energy release at this stage.
The above analysis shows that the acoustic emission event
rate falls from the peak to a small constant value of about
10 beats/second before the granite fracture happens, which
can be called the quiet period of acoustic emission. During
the period, the acoustic emission energy accelerated releasing
which results in the phenomenon that the acoustic emission
event rate is calm while the energy rate is not. During
the quiet period, correlation analysis results of the acoustic
emission characteristics and the acoustic emission event and
energy rate are consistent.The acoustic emission event rate is
maintained at a low constant value of about 10 times/sec and
the acoustic emission energy rate is relatively high.

For the quiet period of acoustic emission before rock
burst, Yin et al. [30], Liu et al. [4], and Zhao et al. [31]
pointed out that there is an objective phenomenon of acoustic
emission calm period in acoustic emission test under rock
uniaxial compression. For the reasons of the absence of

acoustic emission events before rock failure, Li et al. [32]
explained that one reason is that a large number of cracks
are accumulated before failure, which make the acoustic
emission radiation wave attenuate seriously and even be
blocked by the crack; another reason is that when the
destruction is approaching, the surface of the rock has
been seriously damaged and become uneven. The coupling
between the acoustic emission sensor and the rock surface
is close to disengagement, so that the sensor can not receive
the waveform normally. The author believes that the above
two aspects only explain the physical factors of propagation
and reception of acoustic emission waves. After analysis, it is
found that when the granite enters into the acoustic emission
calm period before rupture, the acoustic emission event rate
is small while the absolute energy rate rises sharply. This is
mainly due to the rapid expansion of a large number of small-
scale cracks which forms large-scale cracks before granite
fracture.Thenumber of cracks decreases continuously during
the formation of large-scale cracks, but the scale increases
sharply, resulting in the decrease of the acoustic emission
events of unit time and the dramatic increase of energy
released, which shows the quiet period of acoustic emission
event rate, while the absolute energy rate of acoustic emission
is not calm.
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Figure 5: The change curve of load, AE event rate, and the absolute energy rate during the failure process of granite.

Table 2: Characteristic of time-domain parameters of AE quiet period of granite.

Sample number AE quiet period
AE event rate times/s Energy release percentage%

HSHG-1 10 80.05
HSHG-2 10 81.33
HSHG-3 10 93.31
HSHG-4 10 75.46
HSHG-5 10 89.22
Average 10 83.87

Table 2 shows the characteristics of event rate and energy
rate of the granite acoustic emission in the quiet period. The
acoustic emission event rate is a constant value of the event
rate during the quiet period.The energy release proportion of
acoustic emission is the ratio of the release of energy during
the acoustic emission quiet period and the total release of
energy during the rock fracture process. It can be found that
the acoustic emission event rate is maintained at 10 times/s
during the quiet period and about 83.87% energy of thewhole
fracture process is released in a very short period of time.

According to the results of Table 2, during the quiet
period of acoustic emission before the granite fracture, the
acoustic emission event rate is 10 times/s, and about 83.87%
energy of the whole fracture process of granite is released
in a very short period of time. This means that, before the
granite fracture, the acoustic emission event rate is low, but
the fracture scale is large and the energy release is high. In
summary, the acoustic emission energy can represent the
crack scale in the rock fracture process: when the acoustic
emission energy is high, the corresponding acoustic emission
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event fracture scale is large, and when the acoustic emission
energy is low, the corresponding acoustic emission event
fracture scale is small. According to the principle of acoustic
emission monitoring, some of the energy is released in the
form of elastic waves during the crack propagation process.
The acoustic emission signals can be received by sensors.
Thus, the acoustic emission energy is related to the energy
released at the time of crack propagation and is proportional
to it. According to the theory of fracture mechanics [33],
considering the new crack at the length of 2 c unit width
and the new surface energy of the crack generation process
being proportional to 2 c, the energy released at this time is
equal to the newly added surface energy of crack expansion.
Thus, the energy released by the crack propagation process
is proportional to 2 c; that is, the acoustic emission energy is
proportional to the crack scale [34].

�.�.�e Relation of Rock Fracture Scale and Acoustic Emission
Dominant-Frequency. According to Figure 3(b), it can be
seen that the frequency range of the acoustic emission
signal is 0∼500 kHz after FFT transformation. Considering
the distribution characteristics of the dominant-frequency
of the granite acoustic emission signal, three frequency
bands of 0∼128 kHz, 128∼256 kHz, and 256∼500 kHz are
called low frequency,medium frequency, and high frequency,
respectively. When the dominant-frequency statistical anal-
ysis is carried out, the acoustic emission frequency of the
mechanical vibration during the rock loading process is
basically the low frequency component that is lower than
30 kHz according to the spectral transformation result [35].
Therefore, the low frequency (mechanical vibration) and low
amplitude (electromagnetic signal collected by instruments)
are removed; then, the statistical range of low frequency is
30∼128 kHz, the medium frequency is 128∼256 kHz, and the
high frequency is 256∼500 kHz.

All the acoustic emission waveforms of the experi-
ment are processed and statistically analyzed to obtain the
dominant-frequency characteristics of the acoustic emission
signals in the rock fracture process. According to the idea
of acoustic emission energy characterizing the energy of
acoustic emission signal from the perspective of time domain,
the corresponding relation between acoustic emission energy
and dominant-frequency is analyzed, and the dominant-
frequency characteristics of high and low acoustic emission
energy signals, respectively, are studied. Based on the relation
between the energy and the fracture scale above, the relation
between the fracture scale and the dominant-frequency is
discussed, that is, the dominant-frequency characteristics
corresponding to the small and the large-scale fracture.

Figure 6 shows the correlation between the absolute
energy and the dominant-frequency of the acoustic emission
during the granite fracture process. It can be seen from
Figure 6 that there are three absolute high-energy peak values
(as shown in the figure) in the low frequency region of the
dominant-frequency of acoustic emission signal, the corre-
sponding main frequencies of which are 41 kHz, 92 kHz, and
103 kHz, that is, the low frequency high-energy signal. The
dominant-frequency distribution of the acoustic emission
signal with low absolute energy is about 34∼115 kHz, 150 kHz,

175 kHz, and 275 kHz. In general, the dominant-frequency of
the acoustic emission signal corresponding to low energy is
distributed among the low, medium, and the high frequency
region, so three types of acoustic emission signals, low
frequency low energy, medium frequency low energy, and
high frequency low energy, appeared. According to the pro-
portional relation between the fracture scale and the energy
in the process of granite fracture, it can be concluded from
further analysis that the dominant-frequency of high-energy
signal corresponding to the large-scale fracture is mainly
concentrated in the low frequency region, which is 41 kHz,
92 kHz, and 103 kHz, respectively; the dominant-frequency
distribution of the acoustic emission corresponding to the
small-scale fracture is within the range of low frequency (34∼
115 kHz), medium frequency (150 kHz, 175 kHz), and high
frequency (275 kHz).

From the relation between the acoustic emission domi-
nant-frequency and the fracture scale, it can be found from
the point of view of dominant-frequency that, in the low
frequency region, the dominant-frequency characteristics
corresponding to the small and large-scale fracture coexisted,
which makes it difficult to distinguish the characteristics of
acoustic emission signals corresponding to different fracture
scales. Wan and Zhou argue that the high frequency of
the acoustic emission signal corresponds to the small-scale
fracture, and the low frequency corresponds to the large-
scale fracture; that is, the fracture scale and the frequency
are inversely proportional [36]. The results show that, in
the low frequency region, the high-energy low frequency
acoustic emission signals correspond to large-scale fractures.
In the medium and high frequency regions, the energy of
acoustic emission signals is low, and the medium frequency
low energy and high frequency low energy acoustic emission
signals correspond to small-scale fractures. Based on the
above analysis, it can be seen that the large-scale fractures
correspond to the low frequency and high-energy acoustic
emission signals, and the small-scale fractures correspond
to the medium and high frequency low energy acoustic
emission signals. Only in the case that the rock fracture
scale and energy were proportional, the conclusion that the
fracture scale of granite and the dominant-frequency are
inversely proportional can be drawn.

Therefore, the use of single parameter (such as dominant-
frequency) of acoustic emission usually can not accurately
characterize the relation between rock fracture scale and
acoustic emission information; therefore, the acoustic emis-
sion energy is needed to combine with the dominant-
frequency to determine the acoustic emission characteristics
corresponding to different fracture scales.

�.�. Relation between Rock Fracture Scale and Acoustic Emis-
sion Time-Frequency Information. Based on the discussion of
the relation between rock fracture scale and acoustic emission
time-frequency information (energy, frequency) based on
Sections 4.1 and 4.2, the time-frequency characteristics of
acoustic emission signals corresponding to different frac-
ture scales are obtained. Considering the two parameters
of acoustic emission energy and dominant-frequency, it
can be concluded that the fracture scale and the acoustic
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Figure 6: The correlation diagram of dominant-frequency and energy in the process of granite fracture.

emission energy of the rock fracture process are proportional
and are inversely proportional to the acoustic emission
dominant-frequency. Low frequency high-energy acoustic
emission signals often correspond to large-scale fractures;
high frequency low energy acoustic emission signals often
correspond to small-scale fractures. The studies of Santis
and Tomor indicate that high-amplitude waveform signals
are usually concentrated in low frequency regions, which
forebodes the high-energy release [37]. It is consistent with
the analysis results of large-scale fractures corresponding to
slow-frequency high-energy signals.

5. Theory and Application of
the Relation between the Acoustic Emission
Time-Frequency Information and Rock
Fracture Scale

	.�. Analysis of the Relation between Rock Fracture Scale and
Acoustic Emission Time-Frequency Information. Based on the

above analysis of time-frequency characteristics of acoustic
emission signals during the rock fracture process, it is found
that there is a correspondence between the type of acoustic
emission signals and the fracture scale, as shown in Table 3.
It should be pointed out that the statistics of absolute energy
of acoustic emission refers to the 𝑏 value statistical methods.
In Figure 5, the average absolute energy in stages I, II, and
III is taken as the total absolute energy of small-scale cracks,
and the average absolute energy in phase IV is taken as the
total absolute energy of large-scale cracks. Large-scale cracks
in granite fracture process correspond to the low frequency
and high-energy acoustic emission acoustic signals, whose
dominant frequencies are often located in the low frequency
region of 41 kHz, 92 kHz, and 103 kHz with relatively high
absolute energy, about 1.15 × 109 aJ; while small-scale cracks
show medium/high frequency and low energy features, the
dominant-frequency is often located in the medium/high
frequency regions of 150 kHz, 175 kHz, and 275 kHz with
relatively low absolute energy, about 9.20 × 106 aJ. On the
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Table 3: Corresponding acoustic emission characteristics of different fracture scale cracks.

Crack scale 𝑏 value Types of AE signal Dominant frequency/khz Absolute energy/aJ

Large scale cracks 0.6648 Low frequency and high energy
Low frequency

(41 khz, 92 khz, and
103 khz)

High energy (1.15 × 109)

Small scale cracks 0.4028 Medium/high frequency and low energy
Medium/high frequency
(150 khz, 175 khz, and

275 khz)
Low energy (9.20 × 106)

RA value

Tensile
cracks

Shear
cracks

Av
er

ag
e f

re
qu

en
cy

Figure 7: Conventional crack classification [27].

whole, the acoustic emission signals of large-scale fracture in
the granite rupture process is characterized by low dominant-
frequency and high-energy, and the small-scale fracture of
which is characterized by low energy and medium/high
frequency.

Based on this, the energy and the dominant-frequency
of the AE parameters can reflect the scale of cracks inside
the material. In practical applications, the two parameters
should be combined to better describe the acoustic emission
characteristics corresponding to different crack sizes, and
then put forward the evaluation method of rock fracture
scales based on the acoustic emission signal energy and
frequency. According to the correlation analysis between
rock fracture scales and acoustic emission time-frequency
information (energy and frequency), it is found that the rock
fracture scales are proportional to the energy of acoustic
emission signals and inversely proportional to the dominant-
frequency of acoustic emission signals. In general, acoustic
emission signals with low dominant-frequency and high-
energy generally represent the generation or development of
large-scale cracks.On the contrary, high dominant-frequency
and low energy are the generation or development of small-
scale cracks.

It has been shown that acoustic emission signals with high
RA values and low AF values correspond to shear fractures.
Meanwhile, acoustic emission signals with low RA values
and high AF values correspond to extension fractures. Based
on this, the rock fracture mode analysis method based on
acoustic emission RA-AF values is established, as shown
in Figure 1. Therefore, with reference to the classification
method in Figure 7, the paper sets up a method to classify
the crack scales in the rock fracture process based on the
dominant-frequency and energy of AE, as shown in Figure 8.

Smale-scale fracture

A
E 

do
m

in
an

t f
re

qu
en

cy
AE energy

Large-scale fracture

Figure 8: Rupture scale classification diagram.

	.�. Application Example. Based on the theory of rock
fracture scale and acoustic emission information (energy,
dominant-frequency) in Section 5.1, the crack scales of
change of granite uniaxial compression and rupture pro-
cess is analyzed. Figure 9 shows the acoustic emission
energy—dominant-frequency scatter plot for the whole pro-
cess of typical granite specimen fracture. According to the
crack classification map of the rock fracture process, it can
be seen from Figure 8 that the rock fracture process mainly
consists of small-scale cracks, resulting in a small amount of
large-scale cracks.

In order to better express the characteristic distribution
of the acoustic emission parameters and then reflect the crack
types, the concept ofmathematical stochastic data probability
density function is selected to perform distribution density
calculation on the energy—dominant-frequency parameters,
as shown in Figure 10. Figure 10 depicts the density distri-
bution diagram of the acoustic emission energy—dominant-
frequency at each stage of the granite fracture process.The red
area represents the densest area, that is, the core area of data
distribution; the blue area is free of data point distribution
so the density is 0, and the transitional region from red to
blue area represents a certain amount of data. By analyzing
the density distribution diagram of the acoustic emission
energy—dominant-frequency of the granite fracture process,
the evolutionary characteristics of fracture scale of each stage
of the rock fracture process can be found.

(1) Compression stage: the red area in the figure shows
that the acoustic emission signal is mainly concen-
trated in the low frequency and low energy area, and
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Figure 9: Acoustic emission energy during the granite rupture process dominate frequency scatter plot.
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Figure 10: Acoustic emission energy-frequency distribution of granite during rupture.



12 Shock and Vibration

the acoustic emission demonstrates low frequency
and low energy characteristics, which means that
small internal scale fracture happens in this stage.

(2) Elastic stage: the red area is also concentrated in the
low frequency region but larger than the previous
stage, and in the medium and high frequency region,
the transitional region from red to blue area appears.
Itmanifests that the acoustic emission signal ismainly
concentrated in the low frequency and low energy
region, but there are medium and high frequency
low energy acoustic emission signals, which means
that the components of acoustic emission frequency
are complex in elastic phase. The range of acoustic
emission frequency widened, but the energy is low,
resulting in small-scale fractures.

(3) Plastic stage: the red data core area is getting smaller
but is still in the low frequency low energy area. The
transitional region of high frequency ranges from
red to blue area and disappears and transfers to low
frequency region, so the distribution area increases,
especially transitional region from red to blue area
in the low frequency high-energy range. It is shown
that the high frequency low energy acoustic emission
signal disappears during the plastic phase, which is
due to the high attenuation of the high frequency
signal in the propagation process [38], so the acoustic
emission sensors can not receive the signal. The
distribution of AE signal dominant-frequency is in
the medium and low frequency region, but as the
acoustic emission energy increases, the emergence of
low frequency high-energy acoustic emission signal
could happen. This means that, in the plastic phase,
there aremainly small-scale fractures within the rock,
but the fracture scale changes leading to complete
destruction eventually.

Through the above analysis, by using the acoustic emis-
sion energy-frequency density cloud map, the evolution
characteristics of the rupture scale at different stages of rock
fracture process under uniaxial compression can be found. In
the compression stage, small internal scale fracture happens;
in the elastic phase, there are also small-scale fractures, but,
comparing with the compression stage, the range of acoustic
emission frequency widened, which means that the small-
scale fracture modes are getting complex. In the plastic stage,
there are mainly small-scale fractures within the rock as
well as the occurrence of large-scale fractures. The above
results are consistent with the analysis of the evolution
characteristics of the rupture scale of rock fracture process
under uniaxial compression in literature [39]. Therefore,
based on the acoustic emission time-frequency information
(energy, frequency), the theory and method of evaluation
of rock fracture scale can accurately describe the variation
characteristics of the crack scale during the rock fracture
process and provide a way to quantitatively characterize the
crack scales of the rock fracture process.

6. Discussion


.�. Physical Significance of Experimental Results. From the
analysis results of this paper, it is found that the acoustic
emission dominant-frequency of the large-scale cracks in the
granite fracture process is often located in the low frequency
region and the acoustic emission energy is relatively large.
The acoustic emission dominant-frequency of the small-scale
cracks is usually located in the middle and high frequency
regions with relatively low AE energy. Namely, the larger the
rock fracture scale, the smaller the acoustic emission fre-
quency and the greater the acoustic emission energy. There-
fore, it can be considered that the crack scales in the rock
fracture process are one of the main factors that influence
the dominant-frequency and energy of acoustic emission. As
the crack scale increases, the dominant-frequency of the AE
signal gradually decreases and the energy gradually increases.
This result is in agreement with the researches of Ohnaka and
Mogi [40, 41]. The decrease of AE frequency and increase of
AE energy before rock failure are a sign of the crack scale
becoming larger. The physical mechanism is that when the
fracture occurs, the scale of the fracture source increases, so
the interaction of cracks is significantly enhanced, leading to
dominant-frequency reduction and energy increase.

Based on the above analysis, the author believes that the
increase of crack scale in the rock fracture process results in
scale effect which causes the dominant-frequency of acoustic
emission signal to decrease and acoustic emission energy
to increase. As a result, different crack scales correspond
to different acoustic emission signal types. Therefore, the
variation of AE frequency and energy in rock fracture
process is significant and may provide the monitoring basis
for predicting the occurrence of rock catastrophe (rock
burst).


.�. Discussion on the Application of Experimental Results.
With the increase of energy demand and the intensity of
mining, the resources in the shallow areas are declining, and
the mines both at home and abroad have entered the state of
deep resource exploitation successively. According to incom-
plete statistics, there are over 80 ultra-deep (more than 1000
kilometers) metal mines in the world, most of which are in
SouthAfrica.Themining depth of vastmajority of goldmines
in SouthAfrica exceeds 1000m. In addition, some nonferrous
metal mines in Canada, the United States, and Australia also
have a depth of over 1000m. It is estimated that, in the next 20
years, many coal mines in our country will enter the depth of
1000∼1500m.At the same time, China’smetal and nonferrous
metal mines will enter a depth of 1000∼2000m. What clearly
distinguishes between deep and shallowmining is the special
environment in which deep rocks are located, that is, the
complex mechanical environment of the three highs and one
disturbance, which includes the high ground stress, high tem-
perature, high karst water pressure, andmining disturbances.
After entering the deep mining, under the influence of three
highs and one disturbance, the geotechnical environment
of the deep engineering surrounding rock has undergone
great changes, so that the surrounding rock of deep roadway
shows its unique mechanical characteristics. And with the
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complexity of the environment, rock dynamic disasters such
as rock bursts have become more and more serious, posing
a huge threat to the safe and efficient exploitation of deep
resources.

It is well known that any destruction takes place from
quantitative change to qualitative change, that is, the process
of rock mass from minor fracture to destruction, so does the
occurrence of rock burst. In essence, rock burst is the process
of primary fissure closure, crack formation, expansion, and
penetration. In this process, the scale of crack increases
continuously which reflects in the decrease of the dominant-
frequency and the increase of energy of acoustic emission.
For deep rock burst disaster, the rock burst process can also
be monitored by acoustic emission technology in real time.
The analysis of the change of acoustic emission dominant-
frequency and energy in the rock burst process plays an
extremely important role in the research of rock burst
mechanism and the prediction of rock burst which has a wide
range of engineering application value.

7. Conclusions

(1) A single acoustic emission parameter can not accurately
reflect the relation between fracture scale and acoustic emis-
sion information. It is necessary to combine the acoustic
emission time domain and frequency-domain characteri-
zation parameters, that is, using acoustic emission energy
and dominant-frequency to determine the acoustic emission
characteristics corresponding to different fracture scales.
Large-scale fracture corresponds to low frequency high-
energy acoustic emission signal, and small-scale fracture
corresponds to high frequency low energy acoustic emission
signal.

(2) The acoustic emission energy and dominant-
frequency can reflect the internal crack scale of the rock, and
the evaluation method of the rock rupture scale based on
the energy and frequency of the acoustic emission signal is
proposed. The fracture scale of the rock fracture process is
proportional to the acoustic emission energy and is inversely
proportional to the acoustic emission dominant-frequency.
In general, a low frequency, high-energy acoustic emission
signal usually represents the generation or development of
large-scale cracks; on the contrary, if it is a high frequency,
low energy value, it is a small-scale crack.

(3) The evolution law of the fracture scale under uniaxial
compression fracture scale shows that the evaluation theory
and method of rock fracture scale based on the acoustic
emission time-frequency information (energy, frequency)
can accurately describe the variation characteristics of the
crack scale during the rock fracture process and provide a
way to quantitatively characterize the crack scales of the rock
fracture process.
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The intense vibration of a roadheader rotary table damages the cutting system of the roadheader and reduces the efficiency. This
paper analyzes the vibration of a rotary table by combining the finite elementmodelwith tested data fromanunderground coalmine.
First, the force of the rotary table during the cutting procedure was analyzed, and the finite element model was built using Pro/E
and ADAMS. The tested data were then imported into the model after selection, procession, and combination were conducted.
Next, the six lowest-order parameters of the rotary table were calculated. A vibration analysis of the rotary table under certain
working conditions was conducted, and the results were compared with those from a modal experiment using a single-point
excitation method. According to the comparison between the simulation result and experiments, it is clear that this method is
both reasonable and feasible. And it could supplement the theoretical foundation of the analysis of other roadheader components,
providing reference for the improvement of the structure and dynamic properties of a roadheader. In addition, other vibration
components of a roadheader such as the cutting head and the cutting arm could also be analyzed through the proposed method,
with very reliable precision.

1. Introduction

A roadheader is themost important piece of equipment in the
deep mining industry for excavating a roadway. Its reliability
and efficiency are crucial to the production efficiency of
the deep mining. The breakdown of the roadheader would
lead to the interruption of the roadway tunneling. According
to statistics, most problems in a roadheader are caused by
vibration, particularly in the cohesive components. During
the cutting process, severe irregular vibration can be caused
by a nonuniformworkmedium, varying degrees of hardness,
and irregular shape of the rock [1–4]. These vibrations have
a direct effect on the cutting arm, and the rotary table is
the bridge between the cutting arm and body. Therefore, the
rotary table plays an important role in the roadheader. The
rotary table is usually impacted by a complex and variable
load, which could lead to the fatigue cracking [5]. Therefore,

the present research focuses on an analysis of roadheader
vibration with an aim to control any harm occurring from
such vibration. Moreover, via the analysis of the vibration
of the rotary table, vulnerable spots could be located which
could be helpful to the improvement of reliability and stability
of the roadheader [6].

There are a lot of vibration analysis methods, such as the
bond graph theory method, but the working condition of the
deep mining is very special compared with other fields [7].
Aiming for a more accurate analysis, some researches have
discussed the vibration different components of a roadheader
working in the deep mining. A virtual prototype [8] was
employed for simulating a vibration model of roadheader
cutting head, and the load of the cutting head was calculated
based on a theoretical method imported into the finite
element model. An analysis of the dynamics of the cutting
arm and a simplified 3D model using SolidWorks was also
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(a) The location of the rotary table on the roadheader
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(b) The general rotary table structure

Figure 1: Location of the rotary table on a roadheader and the general rotary table structure.

described [9], where ADAMS was used for a simulation of
the simplified model. A force analysis and kinetic equations
of the roadheader under deep mining working conditions
were proposed [10], and, to simplify the calculation, some
insignificant variables and coefficients were ignored. A road-
header EBZ135 working in deep mining was also modeled
using virtual prototype technology [11], and the force and
vibration of its rotary table were simulated using ADAMS.

Modal analysis theory has increasingly been matured in
recent years, and the use of different software has become
widespread. This progress allowed the researches above to
employ such techniques in their vibration analyses. However,
a simulation and analysis based on software are unable
to match the actual working conditions of a roadheader
[12]. Owing to a lack of actual data from actual working
conditions, little research has applied actual data to a modal
analysis of vibration.This paper aims to analyze the vibration
of the rotary table of a roadheader to put forward an accurate
vibration analysis method of the equipment used in an
underground coalmine.

In the following sections, a vibration model of a rotary
table built using Pro/E is described, along with the actual data
from the coalmine that were collected, filtrated, and imported
into the model. Based on an actual modal analysis and the
above data, a simulated vibration model of a rotary table load
was built. The vibration characteristics were then analyzed
through a vibration simulation. Finally, the simulation results
were compared with the modal experiment. The results of a
comparison between the simulation and experiment indicate
that the vibration characteristics of a rotary table are reliable
and reasonable.

2. Analysis of Force and Structure

2.1. Introduction of Roadheader and Rotary Table. A rotary
table is a structural component connecting the cutting arm
and body of a roadheader [13, 14]. It has a significant influence
on the reliability and stability of the complete machine. A
general rotary table is composed of a revolved body, slewing
bearing, and two symmetrical rotary cylinders, as shown in
Figure 1. In Figure 1(a), 1 is the cutting head, 2 is the cutting
arm, 3 is the hoist cylinder, 4 is the rotary table, and 5 is
angling cylinder. In Figure 1(b), 1 is the rotary body, 2 is the
rotating support, and 3 is the angling cylinder.

The cylinders provide a drive force to revolve the rotary
table, thereby allowing the cutting arm to revolve when exca-
vating a roadway. The rotary table and body are connected

�휂
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r

L2 L1 L0
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Figure 2: Force diagram of a rotary table.

using a pivotal bearing.The rotary table is fixed to the pivotal
bearing by bolts that are closely distributed around the table
center. At the same time, the pivotal bearing is also fixed to
the roadheader body using bolts.

2.2. Force Analysis. The force of a rotary table along the
horizontal plane is shown in Figure 2. Here, 𝜂 is the rotational
angle of the rotary table, and 𝐹1 is the force of the first
cylinder. The direction of 𝐹1 is the same as that of the two
hinge joints of the first cylinder, as is that of 𝐹2. In addition,
𝐿 is the distance between the rotation center and the hinge
joint of the cylinder, 𝐿1 and 𝐿2 are the lengths of these two
cylinders when 𝜂 is not zero, and 𝐹𝑧 is the force produced by
the vibration. Under the action of 𝐹𝑧, 𝛿 is the dip angle of the
cutting arm. Thus, the moment of the center of gyration can
be described as

𝑀1 = 𝐹𝑧 ∗ (𝑐 ∗ cos 𝛿 + 𝑑) . (1)

In (1), 𝑑 is the horizontal distance between the rotation
center and hinge joint of the cutting arm. Based on the law of
cosines, (2) can be written as

𝐿1 = √𝑟2 + 𝐿2 − 2 ∗ 𝑟 ∗ 𝐿 ∗ cos (𝛿 − 𝜂),

𝐿2 = √𝑟2 + 𝐿2 − 2 ∗ 𝑟 ∗ 𝐿 ∗ cos (𝛿 + 𝜂).
(2)

When the rotary table rotates around 𝜂, the law of sines
can be employed in the triangle connecting the two hinge
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joints and the rotary table center. In addition,Ψ and 𝜉 are the
angles between one of the cylinders and the line connected by
the center and one of the hinge joints, as shown in Figure 2.

Thus, (3) can be written as

𝜓 = arcsin 𝑟 sin (𝛿 − 𝜂)𝐿1
,

𝜉 = arcsin 𝑟 sin (𝛿 + 𝜂)𝐿2
.

(3)

If the rotary table rotates uniformly around the center
of the gyration, the direction of the contact force between
the rotary table and the frame points toward the center of
gyration. The moment provided by the contact force is 0.
According to moment balance, the moment provided by the
cylinder is equal to the moment of 𝐹𝑧. Thus, the moment of
the angled cylinder is shown through

𝑀1 = 𝐹1𝑟 sin (𝜓 + 𝛿 − 𝜂) + 𝐹2𝑟 sin (𝜓 + 𝛿 + 𝜂)1 . (4)

The force provided by the cylinder can be calculated based
on the product of the cylinder pressure and the effective
piston area. The braced force of the cylinder is in direct
proportion to the effective piston area. In addition, 𝑆1 is the
effective area of the cylinder, which can be calculated through
the piston area minus the piston rod area, and 𝑆2 is the piston
area. Thus, (5) can be obtained as follows:

𝐹1
𝐹2
= 𝑃 ∗ 𝑆1𝑃 ∗ 𝑆2

= 𝑆1𝑆2
= 𝐶 (<1, constant) . (5)

Based on (4) and (5), (6) can be obtained as

𝐹1
𝑀1
= 𝐶
𝑟 [𝐶 sin (𝜓 + 𝛿 − 𝜂) + sin (𝜀 + 𝛿 + 𝜂)] ,

𝐹2
𝑀1
= 1
𝑟 [𝐶 sin (𝜓 + 𝛿 − 𝜂) + sin (𝜀 + 𝛿 + 𝜂)] .

(6)

According to (6), when the rotating angle is certain, 𝐹1 is
in direct proportion to𝑀1, and when 𝐹𝑧 is constant, 𝛿 is zero,
and𝑀1 reaches the maximum level.

3. Model of Vibration

3.1. Three-Dimensional (3D) Solid Model. During the cutting
of the roadheader, the swing of the cutting arm is driven
by the rotation of the rotary table [15]. The resistance and
impulse load caused by cutting the coal may be transmitted
from the cutting head and arm. To simplify the calculation,
some unimportant parts are dismissed, and a solid model of
the rotary table, as shown in Figure 3, could be developed.

3.2. Selection and Import of the Vibration Data. To record the
data of the roadheader vibration, the state parameters and
position angle of the roadheader working in the excavation
face of an underground coalmine are recorded [16, 17]. Taking
the work period of the roadheader as an example, the time
series of the cutting head and load can be calculated, as shown
in Figure 4.

Figure 3: Solid model of the rotary table and cylinder.

Table 1: Simulation parameters.

Parameter type Value
Material ZG35CrMo
Elasticity modulus 210GPa
Density 7800 kg/m3

Poisson’s ratio 0.3

The monitoring period is 1,000 s. According to the rela-
tionship between the time and torque, the load amplitude
increases distinctly during this time period. In addition,
during this time period, the force amplitude in the 𝑧-axis and
𝑦-axis also increases, and the impulse load and vibration of
the roadheader are themost severe. At this time, a breakdown
of the rotary table and other vulnerable parts can easily occur.
Therefore, the simulated load data should be selected from
this time period.

Because the sampling frequency is 1Hz during the cylin-
der pressuremeasurement, the time series of the cutting head
is unable to be applied during the simulation. Therefore, the
data are selected and fitted by linear least square method for
use in the vibration simulation.

After the load is imported, the force of the joints hinged
to the rotary table, the cutting arm, and the cylinder are
measured using ANSYS. The load on the rotary table under
the working conditions can then be obtained. Based on an
analysis of the rotary table, when 𝜂 is 20∘, 𝛿 is −15∘, the
pressure of the hoist and rotating cylinders is larger, and the
force condition is complex. The force and torque are larger
than at any other position angle, and this is therefore a typical
case for the vibration analysis of a rotary table.

Taking the two hinge joints of the rotating cylinder and
the table as examples, the force changes over time, as shown
in Figure 5.

The force of all six marked points is processed using FFT,
and the power spectrum density (PSD) and phase curves
could be obtained for import into the vibration model of
ADAMS.This could be regarded as the excitation load of the
rotary table vibration model.

3.3. Vibration Model. The parameters of the roadheader
simulated inANSYS are shown inTable 1. In the finite element
model of the rotary table, the RBE2 rigid constraint units are
used. The degree of freedom (DOF) of the underside node
and pins of the rotary table is constrained. The finite element
model after the constraint is then analyzed, and the exported
modal neutral file is imported intoADAMS [18]. Based on the
MNF document and flexible body port, the vibration model
is built using ADAMS, and the finite element and vibration
models are developed, as shown in Figure 6.
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(a) The force in 𝑍 direction changes over time
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(b) The force in 𝑌 direction changes over time
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(c) The torque of the cutting head changes over time

Figure 4: Changes in torque and force of the cutting head over time.
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(b) The force of the 2nd hinge point

Figure 5: Changes in the force of the hinge joint over time.

In the vibration model, the rotary table rotates around
the center at a 20∘ angle. The rotating center and frame are
linked using fixed joints, and the 6 DOFs of the center are
constrained. The excitation points of the three different force
directions are settled at the hinge joints between the cylinder
and cutting motor. The monitoring points are marked near
the hinge joints and vulnerable points. All of the vibration
excitation is imported into the input channel for a vibration
analysis. The frequency range of the excitation is 0 to 100Hz,
with load steps of 500.

In the finite element model of the rotary table, displace-
ment of the nodes is not constrained. After the modal analy-
sis, the modal frequency and corresponding vibration mode
could be obtained.The first six-order frequency and vibration
modes under free conditions are shown in Figure 7. Figures
7(a)–7(f) are the first 6 orders’ vibration mode simulation
pictures. The detailed description of the transformation and
frequency is provided in Table 2. It introduces the detailed
vibration amplitude, location, and inherent frequency of the
first 6 orders.
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Figure 6: Finite element and vibration models of the rotary table.

(a) First order of vibration (b) Second order of vibration (c) Third order of vibration

(d) Fourth order of vibration (e) Fifth order of vibration (f) Sixth order of vibration

Figure 7: First six modal vibration modes of the rotary table.

Table 2: First six modal modes of the rotary table.

Order Inherent
frequency (Hz)

Mode of vibration
Arm Shoulder Posterior

Direction Amplitude Direction Amplitude Direction Amplitude

(1) 152.399 Outward and
upward Large None Little Downward Small

(2) 166.591

Left (entirety)
Upward (left

arm)
Downward
(right arm)

Medium
Upward (left)
Downward
(right)

Small Little None

(3) 251.626 Outward and
upward Small Downward Small Upward Large

(4) 311.365

Right (entirety)
Upward (left

arm)
Downward
(right arm)

Largest in right Downward
(center section) Small Little Little

(5) 321.16 Outward and
downward

Right arm is
larger than the

left

Downward
(center) Small Downward Small

(6) 470.726 Outward and
downward Small Upward (center) Small Downward Larger
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(b) The PSD of the right gauge point

Figure 8: PSD of the gauge point.
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Figure 9: Frequency response amplitude curve of the gauge point at the rotary point.

3.4. Analysis of the Vibration. In the vibration of a rotary
system, an excitation force occurs on every hinge joint in
3 directions. Every exciting force corresponds to an input
channel, and the response from every output channel varies.
In a linear system, the response of every channel is a
summation of every force response in the corresponding
channel. The PSD of the output channel is shown in Figure 8.

According to Figure 8, the PSD reaches its maximum
level when the frequency is 1.5, 3.9, 7.1, 8.3, or 14.5Hz. The
vibration response of the rotary table contains a greater

amount of vibration energy when the frequency nears these
points. At the same frequency, the vibration amplitude is
also larger. The reaction of the vibration performance in
the frequency domain could be reflected based on the
frequency response, as can the relation between the input and
output.

Because a rotary table is symmetric, the frequency
response of the sum of excitations of the symmetrical points
is similar. The amplitude curves of the symmetrical point
frequency response are shown in Figure 9.
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Table 3: Equipment used in the test.

Number Name Type Parameters and number

(1) DASP analysis
platform DASP-V10 1

(2) Modal software MIMOmodal
analysis software 1

(3) Signal collecting
device INV3018C 8 channels/24 bits; sample frequency: 25.6 kHz

(4) Acceleration sensor INV9824
1∼15 kHz, 5mV/g, range: 1000 g, DPI: 0.04m/s2; Imp: 2∼10mA;
impedance < 100Ω, voltage 1–28DCV, operating temperature:

−20∼120∘C
(5) Nylon hammer DFC-2 12.5 t force sensor inside 1
(6) Conditioner INV1841C 1

(7) Others

Computer 1
Magnetic suction 10

Chalk 10
Insulating tape 3

Wire 20

When all of the channels are excited, the amplitude of the
frequency response function increases from0 to 20Hz.When
the frequency is greater than 20Hz, there is a sharp decrease
in this large amplitude. A minor response of the rotary table
also occurs when the excitation frequency is greater than
20Hz. When the frequency is similar, the amplitude of the
points near the two arms and cylinder hinge joints is larger,
and that of the undersurface of the rotary table is minimal.
The largest vibration parts of the rotary table are the most
vulnerable parts. When the frequency is 4 or 14.6Hz, the
response amplitude is larger than that at a frequency of 10Hz.

4. Vibration Modal Tests

To verify the accuracy of the analysis method, vibration
modal test of a EBZ-160 roadheader rotary table was con-
ducted [19]. The experiment system used in the modal tests
consisted of an excitation system, ameasurement system, and
an analysis system, as shown in Figure 10.

In this modal experiment, the excited system included
an exciting hammer and force sensor. The force sensor was
installed inside the hammer, and thus the input exciting
signal could bemeasured directly when the hammer knocked
the rotary table. An acceleration sensor was installed at the
measurement point of the rotary table, and the response at
every point could be measured. Both the exciting signal and
the response could be recorded concurrently using a signal-
collection device.

Because a vibration analysis using software is under free
conditions, the modal parameters of the rotary table during
these tests should also be under such condition [20]. To
imitate the free condition of the rotary table, it was hung up
using a crown block. For safety reasons, the upholder was
laid on the ground. During the test, the hammer method
was employed for the excitation. Because of the relatively
lower weight of the rotary table, any additional weight

ComputerSignal collecting
deviceConditioner

Exciting
hammer

(force sensor)

Acceleration sensor
(linked on the rotary table)

Figure 10: System diagram of the modal experiment.

would be influential. Therefore, the hammering method was
applied for this test. Moreover, the method is convenient for
experimentation.

The selection of the hammer is a fundamental aspect of
this method. Because the stiffness of the rotary table is large
and only low-frequency vibration and low modality need to
be analyzed, a nylon hammer was chosen for this experiment.
Thus, the type and parameters of all the instruments in this
experiment are as shown in Table 3.

During this experiment, as many response and excita-
tions points as possible were applied, and the measurement
points were evenly arranged. More measurement points were
arranged in the vulnerable area, as determined based on the
breakdown statistics available, so as to reduce any modal
leaks.Themarks on the rotary table andmeasurement points
on the DASP are shown in Figure 11.

There were four excitation points on the rotary table. One
point was in the horizontal direction (𝑋-axis) at point 46.
Another was in the axial direction (𝑌-axis) at point 1. The
remaining two points were in the vertical direction at points
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Figure 11: Measurement points marked on the rotary table.

Table 4: Modal experiment results of the rotary table.

Order Inherent
frequency (Hz)

Mode of vibration
Arm Shoulder Posterior

Direction Amplitude Direction Direction Amplitude Direction

(1) 139.581
Lower right side
and left upper

side
Larger None Little Downward Small

(2) 170.601

Left (entirety)
Upward (left

arm)
Downward
(right arm)

Normal
Upward (left)
Downward
(right)

Small Little None

(3) 270.549 Outward and
upward Small Downward Small Upward Large

(4) 363.650

Right (entirety)
Upward (left

arm)
Downward
(right arm)

Right arm is
larger than the
downward

Downward
(center section) Small Little Little

(5) 414.087 outward and
downward

right arm is
larger than the

left

downward
(center) small downward small

(6) 438.216 outward and
downward small upward (center) small downward larger

14 and 26. During the experiment, the excitation points were
knocked. Meanwhile, the acceleration sensors were moved
in batches, and, in this way, 62 points could be covered.
The coefficient of association of the target frequency range
should be close to 1. When the coefficient did not satisfy this
requirement, the step was repeated until a satisfying result
was obtained.

For a quality hammer excitation, the hammer needed
to be perpendicular to the plane of the excitation point,
knocking the point quickly and being quickly brought back.
In addition, the excitation force needed to be averaged over
three attempts to avoid randomerrors asmuch as possible. All
of the data were then recorded.The data were processed using
DASP and then fitted through PolyIIR. The vibration order
was determined based on a stabilization diagram. Finally, the

vibrationmode of themodal, the frequency, and the damping
ratio were obtained.

5. Results and Discussion

A description of the transformation and frequency is pro-
vided in Table 4, and a comparison between the experiment
and simulation is shown in Table 5.

The vibration mode, frequency, and damping ratio deter-
mined through the experiment results correspond to the
simulation results. However, there is a clear distinction in
the vibration mode between the simulation and experiment.
The simulation was unable to recognize the lower right and
left upper side vibrations of the rotary table. Although both
the simulation and experiment made use of free conditions,
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Table 5: Comparison between the experiment and simulation.

Order Frequency (Hz) Damping ratio
Simulation Experiment Simulation Experiment

(1) 152.399 139.581 0.999 1.469
(2) 166.591 170.601 0.645 0.400
(3) 251.626 270.549 0.274 0.155
(4) 311.365 363.650 0.199 0.204
(5) 321.16 414.087 0.247 0.258
(6) 470.726 438.216 0.086 0.092

a difference in the assembly and constraint remained. The
simulation was based on the actual assembly conditions, and
hinge pins were used. Therefore, the vibration of the hinge
pins in the adjacent area was restricted to a certain extent,
and thus this type of vibration cannot be recognized through
a simulation. As a result, despite some subtle distinctions,
the consistency between the simulation and experiment is
clear, and thus this type of analysis approach can be deemed
reasonable and feasible for this particular equipment.

6. Conclusions

According to the simulation results for the first six vibration
modes, as well as the frequency, damping ratio, and the
corresponding experiment results, the vibration of a rotary
table in a roadheader used in an underground coalmine
was determined. A vibration model of the rotary table was
created, which includes the data collected from the under-
ground coalmine. A simulation of the vibration was then
conducted using ADAMS, leading to solved terms regarding
the vibration mode, frequency, and damping ratio.

(1) This study introduced a vibration model and test data
imported into an analysis of the rotary table vibration, the
results of which were shown to correspond with the modal
experiments. The dominant frequency of the rotary table
vibration response is determined by this method.

(2) Based on the above analysis, it could be concluded that
the amplitude of the points near the two arms and cylinder
hinge joints are the largest area of the rotary table. The
vibration of the rotary table undersurface is the minimum.
Compared with the common breakdown of the rotary table,
the breakdown area of the rotary table is corresponding to the
largest vibration points determined in this study. Therefore,
this type of vibration analysis is reasonable and feasible. In
addition, the tested data from the underground coalmine is
developed to a greater extent to be analyzed.

(3) The vibration energy during cutting could be trans-
ferred by the cutting head, cutting arm, and rotary table.
According to the vibration analysis of the rotary table, the
vibration elimination parts could be located. According to
the vibration analysis, the vulnerable parts of the rotary table
could be determined and predicted. During the design and
manufacturing, these vulnerable parts could be reinforced or
improved by structure optimization and vibration reduction
measures.

(4) As a further step, when applying a vibration model
and tested data to the rotary table vibration, other vibration
components of a roadheader such as the cutting head and
the cutting arm could also be analyzed through the proposed
method, with very reliable precision. In addition, optimiza-
tion of the components can be achieved based on the analysis
presented herein. Based on this vibration analysis method of
different components of a roadheader, the cutting efficiency,
stability, and cost could be improved in some degree.

Some relative conclusions found through the analysis of
the vibration can be summarized as follows:

(1)There are still some differences between the simulation
and experiment results, and a modal experiment would be
more reliable if it could be carried out under real working
conditions.

(2) The vibration mode, frequency, and damping ratio of
the rotary table of a roadheader applied in the experiment
depend on the excitation time, intensity, knock angle, and
other factors, so it is not accurate completely. For a better
correspondence between the simulation and experiment
results, the knocking approach will require several attempts.

Nomenclature

ADAMS: Automatic Dynamic Analysis of
Mechanical Systems

Pro/E: Pro/Engineering
FFT: Fast Fourier Transformation
PSD: Power spectrum density
ANSYS: Software of finite element analysis
RBE2: The 2nd rigid binding element in ANSYS;

the load is transmitted by the parasite
displacement DOF

DOF: Degree of freedom
MNF: Modal neutral file
DASP: Data Acquisition and Signal Processing
PolyIIR: Infinite impulse response filtering model

algorithm.
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The automatic discrimination of rock fracture and blast events is complex and challenging due to the similar waveform
characteristics. To solve this problem, a new method based on the signal complexity analysis and machine learning has been
proposed in this paper. First, the permutation entropy values of signals at different scale factors are calculated to reflect complexity
of signals and constructed into a feature vector set. Secondly, based on the feature vector set, back-propagation neural network
(BPNN) as ameans ofmachine learning is applied to establish a discriminator for rock fracture and blast events.Then to evaluate the
classification performances of the new method, the classifying accuracies of support vector machine (SVM), naive Bayes classifier,
and the new method are compared, and the receiver operating characteristic (ROC) curves are also analyzed. The results show
the new method obtains the best classification performances. In addition, the influence of different scale factor 𝑞 and number of
training samples 𝑛 on discrimination results is discussed. It is found that the classifying accuracy of the new method reaches the
highest value when 𝑞 = 8–15 or 8–20 and 𝑛 = 140.

1. Introduction

In laboratory rock tests, in situ rock excavation, and a lot
of other rock engineering, signals of rock fracture events
are often mixed with other signals such as environmental
noise, impact and vibration, and blast signal. When these
signals are monitored by microseismic or acoustic emission
machines [1–4], the presence of jamming signals, especially
blast signals, may result in the wrong interpretation, for
example, erroneous state evaluation and disaster prediction
[5, 6]. Consequently, it is necessary to ensure a clean database
of rock fracture signals. Although the discrimination of rock
fracture andblast events can be performedby experts,manual
discrimination of rock fracture and blast signals is time-
consuming and subjective due to the fact that it depends on
the experience.Therefore, discrimination of rock fracture and
blast signals, in particular large quantities of signals, requires
a reliable and automatic method.

In recent years, machine learning has been widely applied
to realize automatic identification and classification about
signals. Machine learning [7–10] includes many methods,

such as neural network [11–13], support vector machine [14,
15], and naive Bayes classifier [16, 17]. Currently, several
recognition methods of rock fracture or similar signals were
proposed in some studies. For example, Shang et al. [18]
classified microseismic events and quarry blasts according to
artificial neural networks (ANN) based on principal com-
ponent analysis. Yildirim et al. [12] used the extracted peak
amplitude ratio (𝑆/𝑃 ratio) of quarry blasts and earthquakes
to contrast classification accuracies of FFNN, PNN, and
ANFIS. Liu et al. [19] proposed amethod ofwavelet transform
and ANN to recognize acoustic emission signals for different
rocks. Del Pezzo et al. [20] used ANN based on seismogram
signatures to classify earthquakes and underwater explosions.
Peng et al. [21] used improved BPNN and combined feature
extraction method to recognize seismic signal.

All the aforementioned methods usually conduct feature
extraction before feature recognition. Waveform parameters
of signals, such as amplitude, frequency, and total radiated
energy, are extracted as eigenvectors. However, those wave-
form parameters are sometimes impossible to reflect the
characteristic of the total waveform absolutely. In addition,
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the process of extracting parameters also consumes much
time and effort. In order to classify signals more precisely and
easily, it is vital to find a classification method that need not
depend on waveform parameters of rock fracture and blast
signals.

In this study, a new method based on signal complexity
analysis and machine learning has been proposed to achieve
automatic identification of rock fracture and blast signals
without waveform parameter. The method calculates signal
complexity based on multiscale permutation entropy (MPE)
and uses back-propagation neural network (BPNN) as a tool
of machine learning. To calibrate and validate the proposed
method, the signal complexity values of predetected events
were also input into support vectormachine (SVM) and naive
Bayes classifier to classify signal category. In addition, the
influence of scale factors and number of training samples on
classifying accuracy was also analyzed for the new method.

2. Methodology

2.1. Signal Complexity Analysis with Multiscale Permutation
Entropy. Feature extraction of signals is usually required
before signal discrimination. Almost all the previous studies
used waveform parameters as discrimination features. For
example, Vallejos and McKinnon [22] used 13 parameters of
seismic full waveform as discrimination feature vectors of
blast and microseismic events. Mousavi et al. [23] extracted
40 features from time, frequency, and time–frequency
domains to classify deep and shallow microearthquakes.
However, the commonly used characteristic parameters are
difficult to obtain automatically, which limits the automatic
identification of rock fracture events. Furthermore, the above
waveform parameters are obtained from single scale analysis,
which reflects less information of signals. To solve the
above problems, this paper extracts feature vectors of signals
based on signal complexity standpoint. Signal complexity is
expressed primarily by correlation and random degree of
time series for a signal, which reflects the overall feature
of a signal. The complexity of a signal can be described by
many methods, such as permutation entropy (PE) [24, 25],
multiscale permutation entropy (MPE) [26, 27], Lempel-Ziv
complexity [28], and multiscale Lempel-Ziv complexity [29].
MPE is more robust due to the only use of the order of time
series values; meanwhile MPE can obtain multiscale signal
information. This paper applies thus MPE to calculate signal
complexity as signal recognition features.The basic principles
are introduced as follows.

A one-dimensional time series is given as follows:

𝑋 = {𝑥 (𝑖) , 𝑖 = 1, 2, . . . , 𝑛} . (1)

Coarse graining of the above time series can be expressed
by

𝑥𝑞 (𝑗) = 1𝑞
𝑗𝑞∑

𝑖=(𝑗−1)𝑞+1

𝑥𝑖, 1 ≤ 𝑗 ≤ [𝑛𝑞] , (2)

where 𝑞 stands for the scale factor and 𝑥𝑞(𝑗) stands for the
multiscale time series. When 𝑞 = 1, the coarse graining time
series stands for the original time series.

Phase space reconstruction of coarse graining series is
performed:

𝑋𝑞 (𝑖) = [𝑥𝑞 (𝑖) , 𝑥𝑞 (𝑖 + 𝜏) , . . . , 𝑥𝑞 (𝑖 + (𝑚 − 1) 𝜏)] ,
𝑖 ∈ [1, 𝑛𝑞 − 𝑚 + 1] , (3)

where𝑚 is the embedded dimension and 𝜏 is the time delay.
If the𝑚 number of real values contained in each 𝑋(𝑖) can be
arranged in ascending order as

{𝑥𝑞 (𝑖 + (𝑗1 − 1) 𝜏) ≤ 𝑥𝑞 (𝑖 + (𝑗2 − 1) 𝜏) ≤ ⋅ ⋅ ⋅
≤ 𝑥𝑞 (𝑖 + (𝑗𝑚 − 1) 𝜏)} (4)

and if there exist two or more elements in𝑋𝑞(𝑖) that have
the same value, for example, 𝑥𝑞(𝑖+(𝑗1−1)𝜏) = 𝑥𝑞(𝑖+(𝑗2−1)𝜏),
their original positions can be sorted such that, for 𝑗1 < 𝑗2,

𝑥𝑞 (𝑖 + (𝑗1 − 1) 𝜏) ≤ 𝑥𝑞 (𝑖 + (𝑗2 − 1) 𝜏) (5)

Accordingly, any vector 𝑋𝑞(𝑖) can be mapped onto a
group of symbols as

𝑃𝑞 (𝑙) = [𝑗1, 𝑗2, . . . , 𝑗𝑚] , (6)

where 𝑙 = 1, 2, . . . , 𝑘 and 𝑘 ⩽ 𝑚!; 𝑚! is the largest number
of permutations. The permutation entropy of time series at 𝑞
scale is expressed as follows:

𝐻𝑞𝑝 (𝑚) = − 𝑘∑
𝑙

𝑃𝑞 (𝑙) ln𝑃𝑞 (𝑙) . (7)

If 𝑃𝑞(𝑙) = 1/𝑚!,𝐻𝑞𝑝(𝑚) will reach a maximum ln(𝑚!) and𝐻𝑞𝑝(𝑚) will be normalized; then

0 ≤ PE𝑞𝑝 = 𝐻𝑞𝑝 (𝑚)
ln (𝑚!) ≤ 1. (8)

Then

MPE = [PE1𝑝,PE2𝑝, . . . ,PE𝑞𝑝] , (9)

where PE𝑞𝑝 in MPE represents signal complexity when the
scale factor is equal to 𝑞. The size of PE𝑞𝑝 value indicates the
degree of randomness of time series. The smaller the value
of PE𝑞𝑝 is, the more regular the time sequence states are. The
greater the value of PE𝑞𝑝 is, the more random the time series
is.

2.2. Signal Identification with Back-Propagation Neural Net-
work. After signal features are extracted by signal complexity,
then discrimination of rock fracture and blast signals is
performed by feature recognition. However, manual identifi-
cation is time-consuming and easily influenced by individual
factors. In order to reliably discriminate rock fracture and
blast signals automatically, BP neural network [30] as an
identification tool is applied. It is made up of an input layer, a
hidden layer, and an output layer.
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There are two kinds of signals flowing between layers
in BP neural network. The working signals spread forward
and other error signals between actual outputs and expected
outputs are back-propagated. The basic process is shown as
follows.

The hidden layer input of the 𝑖th node:

net𝑖 = 𝑚∑
𝑗=1

𝜔𝑖𝑗𝑥𝑗 + 𝜃𝑖, (10)

where net𝑖 represents the hidden layer input of the 𝑖th node,𝜔𝑖𝑗 stands for theweight value from the 𝑖th node of the hidden
layer and the 𝑗th node of the input layer, 𝑥𝑗 is the 𝑗th input of
input layer, and 𝜃𝑖 is the 𝑖th threshold of the hidden layer.The
hidden layer output of the 𝑖th node:

𝑦𝑖 = 𝜙 (net𝑖) = 𝜙( 𝑚∑
𝑗=1

𝜔𝑖𝑗𝑥𝑗 + 𝜃𝑖) . (11)

In the formula, 𝑦𝑖 is the hidden layer output of the 𝑖th
node and𝜙 stands for the inspirit function of the hidden layer.
The output layer input of the 𝑘th node:

net𝑘 = 𝑞∑
𝑖=1

𝜔𝑘𝑖𝑦𝑖 + 𝑎𝑘 = 𝑞∑
𝑖=1

𝜔𝑘𝑖𝜙( 𝑚∑
𝑗=1

𝜔𝑖𝑗𝑥𝑗 + 𝜃𝑖) + 𝑎𝑘, (12)

where net𝑘 represents the output layer input of the 𝑘th node,𝜔𝑘𝑖 stands for the weight value from the 𝑘th node of the out
layer and the 𝑖th node of the input layer, and 𝑎𝑘 is the 𝑘th
threshold of the output layer. The output layer’s output of the𝑘th node:

𝑜𝑘 = 𝜓 (net𝑘) = 𝜓( 𝑞∑
𝑖=1

𝜔𝑘𝑖𝑦𝑖 + 𝑎𝑘)

= 𝜓( 𝑞∑
𝑖=1

𝜔𝑘𝑖𝜙( 𝑚∑
𝑗=1

𝜔𝑖𝑗𝑥𝑗 + 𝜃𝑖) + 𝑎𝑘) .
(13)

In the formula, 𝑜𝑘 is the output layer’s output of the 𝑘th node
and 𝜓 stands for the inspirit function of the output layer.

The error function 𝐸𝑘𝑝 is given by (14) and the BP ANN
stops when 𝐸𝑘𝑝 < 𝜉 is satisfied, where 𝜉 is a given precision.

𝐸𝑘𝑝 = 12∑𝑝∑𝑘 (𝑇𝑘 − 𝑜𝑘)
2 , (14)

where 𝑇𝑘 is expected value of output node 𝑘.
A learning process updates the weights 𝜔𝑖𝑗 for each

neuron based on the following equation:

𝜔𝑖𝑗 = 𝜔𝑖𝑗 − 𝜂𝜕𝐸
𝑘
𝑝𝜕𝜔𝑖𝑗 , (15)

where 𝜂 is learning rate, 𝜂 ∈ (0, 1).

3. Discrimination Process and Performance of
the New Method

3.1. Discrimination Process. This section describes the pro-
cess of whole discrimination of rock fracture and blast signals
based on the proposed method. The process divides signals
waveform data into training and test and validation sets. The
specific steps of the new method are as follows.

Step 1 (sample selection). Choose training samples of 𝑙 (𝑙 ⩾0.5𝑆) numbers from 200 sets of samples that are named 𝑆.The𝑙 samples are composed of blasting and rock fracture signal
samples. And the remaining data in 𝑆 are regarded as test and
validation data.

Step 2 (feature extraction). Use MPE to calculate permuta-
tion entropies 𝐻mpe of training samples with different scale
factors to form feature vectors of training sets; the remaining
data are also extracted to form features vectors of test and
validation sets.

Step 3 (train machine learning tools). Input the feature
vectors 𝐻mpe of training samples to train BPNN and make
it adjust the weight value constantly until the error is below
the set error value.

Step 4 (classification of test and validation data). Input the
feature vectors 𝐻mpe of test and validation samples to the
BP neural network that has been trained. Through network
internal calculation, the accuracies of test and validation data
can be derived.

According to the above operation, the classification
results are derived. The whole process sketch is shown in
Figure 1.

3.2. Discrimination Performance Evaluation. In order to
evaluate the performance of the new methods, the receiver
operating characteristic (ROC) curve is applied. ROC is a
graphical plot which illustrates the performance of a binary
classifier system, as its discrimination threshold is varied. It
is created by plotting the fraction of true positives out of
the positives (TPR = true-positive rate) versus the fraction
of false positives out of the negatives (FPR = false-positive
rate), at various threshold settings. In this study, rock fracture
and blasts events are considered as a two-class prediction
problem; there are four possible outcomes from a binary
classifier, as shown in Table 1. A true positive (TP) means that
a rock fracture event has been identified as a rock fracture
event and a false negative (FN) means that a rock fracture
event has been identified as a blast event. A true negative (TN)
means that a blast event has been identified as a blast event
and a false positive (FP) means that a blast event has been
identified as a rock fracture event. Then

TPR = TP
TP + FN

,
FPR = FP

TN + FP
. (16)
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Figure 1: Sketch of the whole discrimination process.

Table 1: Contingency matrix for two-class prediction problem.

Predicted outcome Actual value𝑝 𝑛𝑝 True positive (TP) False positive (FP)𝑛 False negative (FN) True negative (TN)

The accuracy (ACC) can be expressed as

ACC = TP + TN
TP + TN + FP + FN

. (17)

4. Experiment Verification

4.1. Data Set. The experimental data sets were collected from
Hubei Province, including one hundred rock fracture signals
and a hundred blast signals. The partial signals are shown in
Figure 2.

4.2. MPE-BPNN Analysis. Before MPE values are calculated,
the coefficients of MPE method itself need to be chosen.
The coefficients include embedding dimension𝑚, time delay𝜏, and scale factor 𝑞. Bandt and Pompe [31] suggested that

Figure 2: Partial signal data from sample set.

the embedding dimension 𝑚 should take a value from 3
to 7. Meanwhile, with the time delay 𝜏 increasing, small
changes in signals are more difficult to monitor. Therefore,
this paper selects 𝑚 = 4 and 𝜏 = 1. The scale factor 𝑞 is
determined by comparing two groups of rock fracture and
blast events, which are selected from200 sample data sets.The
permutation entropies of the optional signals are calculated
when 𝑞 = 1, 2, . . . , 30; the results are shown in Figure 3. From
Figure 3, when 𝑞 > 7, the two have better discrimination.
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Figure 3: Effect of the scale factors on the PE values. (a) No. 1 sample; (b) No. 2 sample.

Thus, the value of scale factor 𝑞 is chosen from 8 to 15. That
is, an eight-dimensional vector can be constructed for each
signal to describe its characteristic.

After the related coefficients are chosen, permutation
entropies of rock fracture and blast signals with different scale
factors (8–15) are calculated and shown in Figure 4.

ThenMPE values of 140 waveforms from 𝑆which include
rock fracture and blast signals are chosen to train the BPNN.
The remaining data are regarded as test data and validation
data to evaluate the performance of MPE-BPNN method.
AmongBPNN that employed the typical network of three lay-
ers, Reyes et al. [32] stated that there should be 2𝑛+1 neurons
in the hidden layer, where 𝑛 is the number of input neurons.
Due to the scale factors 𝑞 = 8–15, the nodes of input are 8, so
the hidden layer has 17 neurons and then BPNN is trained.

BPNN is trained for 71 loops by 140 groups of data. The
cross entropies of training and test and validation data are
shown in Figure 5. Best validation performance is 0.01458
at 65th iteration from Figure 5. And error of each data is
calculated and shown in Figure 6. FromFigure 6, errors of 200
eight-dimensional vectors that are made up of permutation
entropy are within −0.02664∼0.02664; individual data have
superior errors, which reveals little miscarriage of justice of
events.

Results of classification of three data sets and total data set
are shown in Table 2. From Table 2, three rock fracture events
are regarded as blast events falsely and four blast events are
misjudged as rock fracture events in the training data. TPR,
FPR, and ACC of training data are 95.8%, 5.9%, and 95%,
respectively. In the validation data, a blast event is regarded
as a rock fracture event falsely and a rock fracture event is
regarded as a rock fracture event falsely when TPR, FPR,
and ACC of validation data are 92.9%, 6.3%, and 93.3%,
respectively. Meanwhile, a rock fracture event and two blast
events are not misjudged in the test data. Their TPR and FPR
are 92.9% and 12.5%, respectively, and ACC reaches 90%.
Overall, five rock fracture events are regarded as blast events

Table 2: Classification results for different sets.

Training Validation Test Total
TP 69 13 13 95
FP 4 1 2 7
TN 64 15 14 93
FN 3 1 1 5
TPR 95.8% 92.9% 92.9% 95%
FPR 5.9% 6.3% 12.5% 7%
ACC 95% 93.3% 90% 94%

falsely and seven blast events are misjudged as rock fracture
events in the total data. TPR and FPR of training data are
95.0% and 7%, respectively, and ACC reaches 94%.

In order to display classification performance of the new
method more intuitively, ROC curves of different sets of data
are shown in Figure 7. From Figure 7, corner point of training
set is closest to top left corner, which means TPR achieves
maximum rapidly when related FPR is low and represents the
better accuracy of classification of two signals in training. As
a result of training, corner points of test set and validation set
are both close to top left corner, which means rock fracture
and blast events are classified accurately in test and validation
sets. ROC curve of total set is also drawn in Figure 7. Corner
point of total set is also close to top left corner. Thus this
illustrates that the proposed method has high accuracy of
discrimination of rock fracture and blast signals.

4.3. Comparison of Discrimination Performance for SVM,
Naive Bayes, and the Proposed Method. To evaluate the per-
formance of the proposed method in this paper, Naive Bayes
and support vectormachine [33] have also been implemented
collectively.The first 70% of the rock fracture and blast events
have been used as training samples and the remaining 30% of
data have been used as test samples. The total data numbers
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Table 3: Classification results for different methods.

Classifier SVM Naive Bayes Proposed method
TP 27 24 26
FP 11 5 3
TN 19 25 29
FN 3 6 2
TPR 90% 80.0% 92.86%
FPR 36.67% 16.67% 9.38%
ACC 76.67% 81.67% 91.67%

are 200 groups.The classification results are shown in Table 3
and Figures 8–10.

As shown in Table 3 and Figures 8 and 9, FP that indicate
blasts are regarded as rock fracture events mistakenly, being
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Table 4: Classification accuracy with different scale factors.

Scale factor 8–10 8–15 8–20 8–25 8–30
Rock fracture 90% 95% 94% 93% 92%
Blast 91% 93% 94% 91% 92%
Total accuracy 90.5% 94% 94% 92% 92%

11, 5, and 3, respectively, for SVM, naive Bayes, and the new
method. FN that indicate rock fracture events are regarded
as blasts falsely, being 3, 6, and 2, respectively, for SVM,
naive Bayes, and the new method. FP and FN reveal that
the proposed method has lower miscarriage of justice than
others.The accuracies (ACC) are 76.67%, 81.67%, and 91.67%,
respectively, for SVM, naive Bayes, and the new method,
which illustrates that the proposed method obtains the best
classification accuracies on the whole and shows the highly
nonlinear mapping ability of the proposed method.

From Figure 10, corner point of the new method is
closest to top left corner in ROC curve, which shows that
the new method has high TPR when FPR is low. This
phenomenon exposes the fact that the newmethod possesses
better performance than other classifiers mentioned in this
paper. As Table 4 shows, TPR are 90%, 80%, and 92.86% for
the new method, SVM, and naive Bayes, respectively, when
FPR are 36.67%, 16.67%, and 9.38%.

In conclusion, the new method obtains the best classifi-
cation results.

5. Discussion

In order to further evaluate the performance of the proposed
method, the influence of different scale factors and training
sample numbers is discussed.

Table 5: Classification accuracies with different training numbers.

Training set 100 120 140 160 180
Rock fracture 90% 90% 95% 92% 90%
Blast 91% 91% 93% 92% 92%
Total accuracy 90.5% 90.5% 94% 92% 91%

5.1. The Influence of Scale Factors on the Identification Results.
From Section 4, an eight-dimensional vector [𝐻8pe, 𝐻9pe, . . . ,𝐻15pe ] is selected to express characteristic of each waveform.
In order to further analyze the influence of scale factors on
the identification results, the new method is run when 𝑞 are
chosen from 8 to 10, 15, 20, 25, and 30, respectively. The
changes in the classification accuracies are shown in Table 4
when the number of scale factors increases.

As shown in Table 4, when the feature vector is three-
dimensional, the total classification accuracy of the new
method is 90.5%, andwith an increase of scale factor, the total
classification accuracy increases. When 𝑞 are 8–15, the rock
fracture accuracy reaches the highest value.When 𝑞 are 8–20,
the blast classification accuracy only has the modest growth.
When 𝑞 are greater than 20, the classification accuracy
declines and tends to be stable afterwards. The reason is that
the increase of the scale factor could make it more difficult
to express the complexity of the signal. Meanwhile, the
increasing number of scale factors increases the calculating
time. Therefore, the best choices for scale factors that should
be selected, according to this experiment, are 8–15 or 8–20.

5.2. The Influence of Training Sample Numbers on the Iden-
tification Results. Appropriate numbers of training samples
are vital for the proposed method to determine classification
accuracy. Here, 100, 120, 140, 160, and 180 samples of 200
groups of data are chosen, respectively, as training sets. The
accuracies of different training sample numbers are shown in
Table 5.

As shown in Table 5, with the number of training samples
increasing, classification accuracies of all events first remain
unchanged and then rise and decline lastly. Due to the fact
that rock fracture and blast signals have complex waveform
features, an excessive number of training samples may lead
to an overfitting problem, which results in the decreased
classification accuracy. According to the above analysis, it is
appropriate to select the number of samples as 140.

6. Conclusion

In this paper, a new method has been proposed for distin-
guishing rock fracture and blast events. The new method
has many advantages. First, the method turns out to be
rather fast and it does not seek for waveform parameters
of detected signals and only signal time series are required,
which is more convenient and simple because signal time
series have been detected by related equipment on the site.
Secondly, depending on self-learning capacity of BPNN, it
can classify rock fracture and blast signals automatically,
which deals with time-consuming and subjective problem of
manual discrimination.
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In this study, multiscale permutation entropy (MPE)
is applied to calculate complexity values for two hundred
signals including 100 rock fracture and 100 blast signals.
The calculated MPE values can indicate signal complexity
and characteristic and are regarded as feature vectors of
rock fracture and blast signals.Then back-propagation neural
network as means of machine learning is used to construct
discriminator for rock fracture and blast signals based on fea-
ture vectors. Accuracies of training, validation, and test sets
from 200 data sets reach 95%, 93.3%, and 90%, respectively.
Accuracy of all data reaches 94%. TPR of training, validation,
and test sets and all data both achieve maximum rapidly
when related FPR is low, which reveals better accuracy and
sensitivity of classification of two signals.

To evaluate the performance of the new method, the
comparison of classification performances of SVM, naive
Bayes, and the new method is carried out. Accuracies of
the above three methods are 76.67%, 81.67%, and 91.67%,
respectively. The results show the new method obtains the
best classification accuracy. ROC curves of the above three
methods are also contrasted. Corner point of the newmethod
is closest to top left corner in ROC curve, which illustrates
that the new method has the best specificity and sensitivity.

It is noted that the scale factors of MPE and quantities
of training samples for BPNN are very important for iden-
tification results. For 200 data sets, the best scale factors
are 8–15 or 8–20 and the best quantities of training samples
are 140. Excessive number of training samples may lead to
an overfitting problem, which would reduce classification
accuracy.
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Based on the energy attenuation characteristics of residual wave in deep rock, a method was developed to determine the
microseismic focus energy. Differential energy loss in infinitesimal spreading distance is logically deduced, upon which energy
attenuation equation was established. With a logarithmic transformation, a linear relation of the residual seismic energy with
distance is formulated. Its intercept was used to determine the microseismic focus energy. The result is compared with that
determined by the energy density method. The reliability of the determined focus energy and the impact of the built-in
velocity threshold on the residual wave energy computation are discussed. Meanwhile, the energy absorption coefficient used for
representing the absorption characteristics of the rock medium in the mining region under study is also clarified. Key findings
show that the microseismic focus energy confirmed by the residual wave attenuation is reliable. The result’s accuracy is quite high,
especially for the events in deep rockwith great homogeneity.Thedeveloped focus energy computationmethod is closely dependent
on the integrity of waveform, accuracy of repositioning, and reliability of effective components extraction. The new method has
been shown to be effective and practical.

1. Introduction

Due to the large-scale exploitation in recent years, shallow
coal resources gradually decrease and the mining depth
increases year by year [1]. Underground geological dynamic
disasters such as rock burst and coal and gas outburst are
getting more and more serious with the increase of mining
depth and exert a negative influence on safe mining [1–3]. To
eliminate the adverse impact, microseismic technique devel-
oped from mining geophysics is applied gradually into the
monitoring, assessment, prevention, and control of dynamic
disasters in these years and has already played a certain
effective role [4–8]. For the passive microseismic method,
the focus position and releasing energy of microseismic

event are two significant fundamental elements to ensure
the availability of a correlative solution. Microseismic focus
position and energy indicate the mode, range, and direction
of rock failure and stress drop in a specific spatial scale,
which prompts microseismic method to become a principal
advanced approach for dynamic disaster control and helps
to achieve the great progress in mining hazard management
[9–11]. As such, accuracy and reliability of focus position
and focus energy become one of the main research interests
and are already in full swing [11–13]. The former started
earlier and is more mature. By contrast, determination of
elastic strain energy released from microseismic focus has
been paid less attention. Current focus energy computation
methods applied formicroseisms such as the seismic duration
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Figure 1: Energy emission of microseismic event in deep rock and the reference sphere model for focus energy calculation.

and phase integral are mainly referred from the seismology,
for which equivalent energy density using the reference
equiphase surface is the common approach [14–19].

However, it is commonly found that microseismic focus
energy obtained from the energy density method is relatively
defective and is not reliable enough [20, 21]. As obtained from
the idealized theoretical model, focus energy computation is
easily influenced by geological difference, manual operation,
and firmware performance [22, 23]. Relative dispersion of
individual focus energy obtained from different channels is
great with the high dependency on the physical properties
of rock medium. And a 102∼105 times of difference exists
between the maximum and the minimum individual energy
magnitude. The reliability of final focus energy determined
by the mathematical average is low, especially in complicated
geological conditions. In addition, focus energy variation
results from artificial influences [24, 25]. For the samemicro-
seismic event, diverse focus energy magnitude is processed
obviously by different operators. Disparate focus energy
magnitude is also obtained from repetitive solutions obtained
by the same operator. This makes calculated results of focus
energy have an obvious uncertainty and great randomness.

Microseismic focus energy deviation does not help for
the dynamic disaster management in deep mining [2, 26].
Accurate focus energy contributes to positive hazard man-
agement [27]. Evaluation on geological dynamic disasters
shall get more scientific and effective once conducted upon
the more reliable focus energy. Thus, in this study, based
on the exploration on energy attenuation characteristic of
microseismic wave in deep rock, the authors put forward a
more objective method for computing microseismic focus
energy.

2. Attenuation Characteristics

After a microseismic event occurs, a large amount of elastic
strain energy releases rapidly and propagates in surrounding
rock mass in the form of stress wave. An idealized prop-
agation of the spherical radiant energy released from the
microseismic focus is demonstrated in Figure 1. During the
wave propagation in deep rock, wave energy attenuates grad-
ually with the increase of propagation distance. The impact
of rock mass on the microseismic wave energy attenuation is
significant. Energy attenuation behavior is closely related to
the physical properties and structures of rock mass [28, 29].
Energy attenuation effect is induced from the scattering con-
version and absorption action of the propagation medium,
and energy absorption is the dominant intrinsic attribute of
rockmedium.Wave energy attenuation contains information
about microscopic properties and physical changes of rock
structure such as density and distribution of internal cracks,
which is fundamentally important to describe deep rock [30,
31].

Energy attenuation behavior of microseismic wave has
some apparent characteristics such as the rapid decrease
of peak particle velocity (PPV) and amplitude with the
increasing propagation distance from focus [32]. Decay of
the PPV and wave amplitude is synchronized, which directly
reflects the intensity of a microseismic event. Energy atten-
uation behavior also appears in the frequency spectrum. An
attenuation case of microseismic wave energy in the entire
frequency spectrum is shown in Figure 2. Microseismic wave
components in the entire frequency domain are absorbed by
the rock medium. Compared with the energy attenuation in
low frequency range, dissipation of wave components in high
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Figure 2: Congruent relation of frequency spectrum and energy distribution of microseismic wave during the remote attenuation.

frequency range is more obvious and complete. The width
and amplitude of the dominant frequency band decrease
gradually, which leads most of the residual high-energy
wave components to concentrate in the low frequency range
[33]. This filtering action of propagation medium increases
the wave duration, yet it decreases the wave resolution.
Compared to the wave with a short propagation distance,
remote microseismic wave shows up the briefer features in
frequency-energy spectrum.

If the wave energy 𝐸 is residual as the propagation
distance is 𝑅, a differential energy 𝑑𝐸 will be lost in the
subsequent infinitesimal spreading distance 𝑑𝑅 as shown in
Figure 3. This is expressed in the following equation:

−𝑑𝐸 = 2𝛼𝐸𝑑𝑅. (1)

Then, the energy attenuation behavior of microseismic
event in the propagation medium is defined as

𝐸 = 𝐸0𝑒
−2𝛼𝑅, (2)

where 𝐸0 is the original focus energy, 𝑅 is the wave propaga-
tion distance, 𝐸 is the residual energy at a specific location,
and 𝛼 is the energy absorption coefficient. This quantifica-
tional relation reveals that the elastic energy released from
a seismic event dissipates exponentially with the increase of
propagation distance. Meanwhile, energy absorption coeffi-
cient is an important parameter representing the dissipation
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Figure 3: Theoretical analysis model of microseismic focus energy
attenuation behavior.

characteristics of wave energy in rock mass and plays a
primordial role in mirroring the vibration behavior, inelastic
performance, and intrinsic property of propagationmedium.
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3. Reverse Analytical Thought for
Microseismic Focus Energy Determination

Equation (1) is applied for solving the residual elastic energy
at a specific location. It indicates the definite relationship
between the initial wave energy at microseismic focus and
residual wave energy at somewhere with a specific propaga-
tion distance. To make the residual wave energy clear, energy
absorption coefficient and microseismic focus energy are
the two essential elements that shall be known beforehand.
However, they are not available for passive microseismic
event. It requires that the residual wave energy at a specific
location shall be known firstly. There are four unknown
variables in this equation. Only when the residual wave
energy at a specific propagation location is known can the
energy absorption coefficient and microseismic focus energy
be possibly solved upon at least two equation sets. Essen-
tially, based on the focus repositioning and wavelet packet
transform [13, 34–36], themore accurate focus location, wave
propagation distance, and residual wave energy are feasibly
computed, which theoretically makes it practicable for a
microseismic event to establish the mathematical relation
between known variables and unknown variables and then to
obtain the corresponding energy absorption coefficient and
focus energy.Thus, theNapierian logarithmic transformation
of focus energy attenuation equation is processed as follows:

ln (𝐸) = ln (𝐸0𝑒
−2𝛼𝑅) ; (3)

then,

ln (𝐸) = −2𝛼𝑅 + ln (𝐸0) . (4)

The above equation reveals that Napierian logarithm
of residual wave energy is linearly dependent on wave
propagation distance, in which elements −2𝛼 and ln(𝐸

0
)

are the slope and intercept of the straight line, respectively.
Under the preconditions of knownwave propagation distance
and residual wave energy, the slope and intercept of the
straight line can be confirmed. If 𝑘 = −2𝛼 and 𝐵 =
ln(𝐸
0
), themicroseismic focus energy and the relevant energy

absorption coefficient are naturally obtained by the following
expressions:

𝐸
0
= 𝑒𝐵

𝛼 = −𝑘
2
.

(5)

Based on the attenuation characteristics of microseismic
wave energy and the indispensable Napierian logarithmic
transformation, not only is the magnitude of microseismic
focus energy explored by the intercept 𝐵, but also the energy
absorption coefficient can be determined by the slope 𝑘.
Exponent 𝐵 is the key parameter that determines the amount
of released elastic strain energy from the microseismic focus.
It can be obtained by the fitted attenuation expression.This is
the precise analytical thought for microseismic focus energy
determination method recommended in this research.

4. Results

4.1. Field Investigation. To specify the theoretical relation,
clarify the feasibility of the analysis thought, and further
make the energy computation method more representative
and universal, fifteen days of field investigation using the
continuous microseismic monitoring operation were carried
out in the deep Xingcun Coal Mine, located in East China. 10
detectors were located in underground coalmining region. In
total, 92 available microseismic wave groups were randomly
screened from the database and treated as the analysis
objects. Original waveform of a microseismic event is shown
in Figure 4. Generally, as the noise interference, original
microseismic wave is unqualified to be directly applied into
the wave energy computation, especially for the microseism
with a remote propagation distance [37]. The denoising
process using the effective wave component extraction in
the time domain, frequency domain, and energy domain
is necessary to decrease the noise, improve the signal-to-
noise ratio, purify the waveforms, and highlight the wave
substantive characteristics. After the effective component
extraction, variation of the basic characteristic information
of the microseismic event is revealed in Table 1. Here, arrival
time was determined using the P-wave.

4.2. Relation Establishment of the Residual Wave Energy
versus Wave Propagation Distance. Corresponding to the
reverse analytical thought for microseismic focus energy
computation, quantitative relation of residual wave energy
versus wave propagation distance is established as shown
in Figure 5. In this case, all of the residual wave energy is
logarithmically processed and wave propagation distance is
confirmed upon the focus repositioning.This relation reveals
the attenuation characteristics of the residual microseismic
wave energy. Upon the least square method, linear relation of
logarithmic wave energy and propagation distance is fitted as

ln (𝐸) = −0.0057𝑅 + 9.9189. (6)

Then, the magnitude of the energy absorption coefficient
and the focus energy of the microseismic event is inversely
obtained:

𝛼 = −−0.0057
2
= 2.85 × 10−3

𝐸0 = 𝑒
9.9189 = 20310.64.

(7)

The new microseismic focus energy of the individual
case is 1.36 times greater than that obtained from the
energy densitymethod,which indicates that determination of
microseismic focus energy is completely feasible on the basis
of the wave energy attenuation characteristics.

Meanwhile, it is also noted in Figure 5 that the expo-
nential fitting relation between the logarithmic residual wave
energy and the wave propagation distance possesses greater
correlation coefficient. After the logarithmic transformation,
the exponential fitting reflects the quantitative relationship
better and more sensitive than the linear fitting. However,
this phenomenon does not mean that microseismic focus
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Figure 4: Original waveform of a microseismic event obtained in the field investigation.

14

12

10

8

6

4

2

0

−2

Re
sid

ua
l w

av
e e

ne
rg

y 
(ln

(E
))

0 500 1000 1500 2000

Wave propagation distance (m)

y = 12.73e−0.001x

R2 = 0.9754

y = −0.0057x + 9.9189

R2 = 0.9223
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energy calculated using the exponential fitting relation is
more accurate. The microseismic focus energy confirmed by
the exponential fitting is

𝐸
0
= 𝑒12.73 = 337729.31. (8)

This magnitude of focus energy is equivalent to a ML0.48
unfelt earthquake. In deep underground mining, this level
of seismic effect is destructive, which is at variance with
the reality. The exponential fitting relation is consistent
with the rules of wave energy attenuation in classical
seismology.

4.3. Big Data Analytics on the Targeted Verification of the
Inverse Microseismic Focus Energy Determination. Similarly,
for the other 91 microseismic events, the linear relations
between the logarithmic residual wave energy and wave
propagation distance are revealed in Figure 6 using the same

treatment. The redetermined magnitude of the microseismic
focus energy compared to the original ones is listed in
Table 2.

Field experiment shows that, during the entire attenua-
tion of microseismic wave in deep rock, variation of logarith-
mic residual wave energy and the corresponding propagation
distance is consistent with the linear relation. The linear
attenuation characteristics of logarithmicmicroseismic focus
energy are fairly obvious at the near-focus location, for which
the propagation distance is generally less than 500m. The
energy attenuation gets conspicuous at the location that is
closer to the focus.

5. Discussions

5.1. Critical Parameters and Resolution. Residual wave energy
and wave propagation distance are the two critical fun-
damental factors for the new focus energy computation
method. The quantitative relation can only be established
in the mathematic fitting algorithm if the above factors are
fixed. Residual wave energy is determined by the integrity of
waveform and the reliability of effective wave components.
No matter where a microseism is monitored and how much
elastic energy the event releases, the monitored microseismic
signal with a specific waveform is inevitably corresponding
to a naturally given residual energy. The key point is just the
determination of residual wave energy. All of the residual
wave energy magnitude applied in this study is calculated
from the microseismic wave reconstructed by the purified
effective components extracted by the domain decomposition
method. The wave propagation distance is confirmed by
the focus repositioning. As the microseism is passive, its
focus location is indeterminate. Better focus repositioning
contributes to a more reliable logical relationship.The crucial



Shock and Vibration 7

D1-1
D1-2
D1-3
D1-4
D1-5

D1-6
D1-7
D1-8
D1-9

12

9

6

3

0

−3

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

W
av

e e
ne

rg
y 

(ln
(E

))

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

D2-1
D2-2
D2-3

D2-4
D2-5

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

D3-1
D3-2
D3-3

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

D6-1
D6-2
D6-3

D6-4
D6-5
D6-6

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

D5-1
D5-2
D5-3
D5-4

D5-5
D5-6
D5-7

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

D4-1
D4-2

D4-3
D4-4

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

D7-1
D7-2
D7-3
D7-4

D7-5
D7-6
D7-7

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

D8-1
D8-2
D8-3
D8-4

D8-5
D8-6
D8-7

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

D9-1
D9-2
D9-3

D9-4
D9-5
D9-6

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

D10-1
D10-2
D10-3

D10-4
D10-5

D11-1
D11-2
D11-3

D11-4
D11-5

D12-1
D12-2
D12-3
D12-4

D12-5
D12-6
D12-7

12

9

6

3

0

−3

−
25

0 0

25
0

5
00

7
5
0

10
00

12
5
0

15
00

17
5
0

20
00

Wave propagation distance (m)

 = 3.902 × 10−3

 = 2.537 × 10−3

 = 2.963 × 10−3

 = 2.856 × 10−3

 = 2.918 × 10−3

 = 2.553 × 10−3
 = 3.941 × 10−3

 = 3.301 × 10−3

 = 2.580 × 10−3

 = 4.601 × 10−3

 = 4.432 × 10−3

 = 2.728 × 10−3

 = 3.280 × 10−3

 = 4.407 × 10−3

 = 6.698 × 10−3
 = 2.223 × 10−3

 = 3.666 × 10−3

 = 4.157 × 10−3

 = 2.922 × 10−3

 = 4.862 × 10−3
 = 3.372 × 10−3

 = 3.626 × 10−3

 = 2.220 × 10−3

 = 2.817 × 10−3

 = 1.850 × 10−3

 = 3.388 × 10−3  = 2.418 × 10−3

 = 2.635 × 10−3

 = 4.457 × 10−3

 = 3.965 × 10−3

 = 3.519 × 10−3

 = 4.251 × 10−3

 = 2.728 × 10−3

 = 2.086 × 10−3

 = 2.648 × 10−3

 = 2.374 × 10−3

 = 3.892 × 10−3
 = 2.704 × 10−3

 = 2.576 × 10−3

 = 2.651 × 10−3

 = 2.967 × 10−3

 = 4.409 × 10−3

 = 3.056 × 10−3

 = 3.665 × 10−3

 = 2.379 × 10−3

 = 2.528 × 10−3

 = 2.340 × 10−3

 = 2.786 × 10−3

 = 3.665 × 10−3

 = 2.494 × 10−3

 = 2.384 × 10−3

 = 2.060 × 10−3

 = 1.768 × 10−3

 = 2.392 × 10−3

 = 2.963 × 10−3

 = 2.867 × 10−3

 = 3.843 × 10−3
 = 2.590 × 10−3

 = 2.345 × 10−3

 = 2.958 × 10−3

 = 2.691 × 10−3

 = 2.768 × 10−3

 = 4.649 × 10−3

 = 2.352 × 10−3

 = 2.572 × 10−3

 = 3.441 × 10−3

 = 2.779 × 10−3

 = 2.144 × 10−3  = 2.156 × 10−3

 = 3.292 × 10−3

 = 3.977 × 10−3

 = 2.673 × 10−3

Figure 6: Continued.
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Figure 6: Linear relations of logarithmic residual wave energy and wave propagation distance for the great sample microseisms.

approach of solution algorithm used for figuring out the
magnitude of focus energy releasing from a microseismic
event can be summed up as follows: (1) effective components
extraction of original microseismic wave; (2) focus repo-
sitioning upon reconstructed wave to obtain reliable wave
propagation distance; (3) residual wave energy calculation;
(4) fitting relationship establishment between wave propa-
gation distance and residual wave energy; (5) obtaining the
exponent 𝐵 and calculating focus energy.

5.2. Reliability. Microseismic focus energy determination
is executed upon the real values of calibrated parameters.
This fitting criterion attempts to obtain the focus energy
as accurate as possible, which undoubtedly is an innovative
method for exploring focus energy of unknown microseism
and correcting the calculated microseismic focus energy.
Compared to the practical algorithm using the wave energy
attenuation, microseismic focus energy calculated by the
energy density method is the average result of a number of
probable focus energy values deduced from themicroseismic
waves on individual detectors. Average error gets greater with
the increase of the amount of individual focus energy. And
the dispersion of the individual focus energy for the same
microseismic event also increases, which results in serious
indeterminacy of the average microseismic focus energy. In
contrast, microseismic focus energy determined by the new
method is the optimal fitting value of all effective individuals,
and the fitting result is unique. The fitting effectiveness in
the linear relationship mirrors the accuracy of microseismic
focus energy calculated by the new method. Indeterminacy
of focus energy decreases with the restraint of multiple
available residual wave energy individuals, and the standard
error of the actual focus energy and fitting one decreases.
In addition, two individual residual waves are basically
satisfied for preliminarily estimating the focus energy when
using the energy fitting determination. Yet, at least four
individual residual waves are feasible to achieve the focus
energy estimation in the energy density method. Advantages
induced from the improved algorithm indicate that the
reliability and accuracy of the microseismic focus energy

resulting from the wave energy attenuation relationship are
higher.

5.3. Uncertainty of the Determination of Microseismic Focus
Energy. Like the previous methods, the accuracy of the
microseismic focus energy computation based on the wave
energy attenuation characteristics is closely correlated with
the physical properties of rockmedium including rock homo-
geneity. The higher the homogeneity of the rock medium is,
the greater the accuracy of the microseismic focus energy
is. The impact of geological structures, such as the faults,
folds, and karst collapses, weakens rock homogeneity, espe-
cially in the deep mining circumstances. Roadways, goafs,
and chambers also have an adverse impact on the rock
homogeneity and result in the irregular microseismic wave
energy attenuation. As such, spherical microseismic waves
propagating in deep rock are not equiphase as the anisotropic
features of rock medium. And the attenuation of residual
microseismic wave energy gets more complicated for waves
with longer propagation distance. Residual wave energy
reflects the vibration intensity of rock particle induced by
the microseismic event, which is greatly influenced by the
geological structures, physical properties, and the types of
rock medium. Rock property varies in different locations. It
results in that the residual energy magnitude of microseismic
sphere wave is quite different in separate directions and
propagation paths and gets various for the same microseism,
which to some extent brings adverse impact on the linear
relationship between logarithmic residual wave energy and
focus-to-detector distance. In particular, the linear relation-
ship gets inconspicuous in the deep mining. This abnormal
phenomenon in wave energy attenuation results in that the
energy absorption coefficient as an average representation
for rock properties changes easily. Thus, the accuracy and
adaptability of the new method can be improved based
upon the inversion of energy absorption coefficient in the
complicated deep rock. A corrected parameter is generally
necessary for an appropriatemagnitude. Statistical features of
these 92 energy absorption coefficients are shown in Figure 7.
Energy absorption coefficient reflects the dissipation velocity
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Table 2: 𝐵 value and redetermined magnitude of the microseismic focus energy comparison.

Wave group 𝐵 value Microseismic focus energy/J Difference ratio
(𝐸
𝑅
− 𝐸
𝑂
)/𝐸
𝑂Original Redetermined

D1-1 7.967 1838.744 2883.627 0.568
D1-2 6.877 574.344 969.440 0.688
D1-3 7.688 889.335 2181.579 1.453
D1-4 7.804 875.636 2450.619 1.799
D1-5 12.217 96008.181 202294.736 1.107
D1-6 7.109 377.824 1223.027 2.237
D1-7 8.123 710.519 3371.011 3.744
D1-8 7.796 618.731 2431.934 2.931
D1-9 4.988 342.844 146.587 −0.572
D2-1 10.277 2878.756 29070.058 9.098
D2-2 9.283 915.574 10754.483 10.746
D2-3 9.879 17571.647 19518.597 0.111
D2-4 9.379 993.190 11837.373 10.919
D2-5 8.237 929.051 3776.625 3.065
D3-1 6.794 975.155 892.733 −0.085
D3-2 10.010 17069.975 22247.657 0.303
D3-3 7.997 858.596 2971.229 2.461
D4-1 8.461 351.830 4727.080 12.436
D4-2 8.532 280.423 5072.342 17.088
D4-3 9.804 8666.027 18109.664 1.090
D4-4 9.348 9094.919 11471.007 0.261
D5-1 6.917 798.185 1008.965 0.264
D5-2 9.936 7651.878 20667.341 1.701
D5-3 7.859 1534.007 2589.370 0.688
D5-4 6.035 81.631 417.778 4.118
D5-5 8.247 1756.953 3814.977 1.171
D5-6 7.710 1336.598 2230.250 0.669
D5-7 8.658 741.897 5754.538 6.757
D6-1 8.215 193.194 3694.587 18.124
D6-2 9.740 3721.416 16987.669 3.565
D6-3 6.377 1567.251 588.269 −0.625
D6-4 8.323 342.728 4117.045 11.013
D6-5 8.184 703.436 3582.403 4.093
D6-6 11.128 878.651 68082.331 76.485
D7-1 8.695 3388.395 5975.679 0.764
D7-2 8.400 14896.719 4445.537 −0.702
D7-3 7.982 862.068 2928.076 2.397
D7-4 8.278 312.303 3937.826 11.609
D7-5 8.475 649.662 4792.996 6.378
D7-6 7.605 806.959 2007.770 1.488
D7-7 8.563 2321.286 5235.272 1.255
D8-1 10.678 803.972 43393.459 52.974
D8-2 7.148 1608.375 1271.385 −0.210
D8-3 8.049 5772.219 3131.906 −0.457
D8-4 7.652 1821.967 2105.097 0.155
D8-5 7.748 3094.361 2317.034 −0.251
D8-6 8.564 1790.451 5238.875 1.926
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Table 2: Continued.

Wave group 𝐵 value Microseismic focus energy/J Difference ratio
(𝐸
𝑅
− 𝐸
𝑂
)/𝐸
𝑂Original Redetermined

D8-7 9.448 2473.380 12682.914 4.128
D9-1 9.103 3843.190 8981.166 1.337
D9-2 8.003 33776.282 2991.000 −0.911
D9-3 10.094 98254.202 24200.631 −0.754
D9-4 8.744 4258.074 6272.436 0.473
D9-5 9.945 6926.762 20853.248 2.011
D9-6 8.680 844.062 5885.995 5.973
D10-1 7.731 1713.440 2278.872 0.330
D10-2 6.670 671.156 788.251 0.174
D10-3 8.007 647.045 3003.120 3.641
D10-4 7.708 396.921 2225.874 4.608
D10-5 8.315 2069.528 4083.713 0.973
D11-1 9.099 3261.223 8946.530 1.743
D11-2 9.644 15963.736 15426.545 −0.034
D11-3 8.173 1721.555 3545.027 1.059
D11-4 8.540 4517.461 5115.436 0.132
D11-5 9.902 909.451 19962.544 20.950
D12-1 8.546 1730.590 5144.379 1.973
D12-2 6.641 187.526 765.665 3.083
D12-3 7.886 434.279 2659.400 5.124
D12-4 6.687 265.001 802.132 2.027
D12-5 8.023 12161.523 3050.135 −0.749
D12-6 5.572 325.080 262.838 −0.191
D12-7 10.470 3485.852 35229.814 9.107
D13-1 4.447 229.590 85.399 −0.628
D13-2 7.628 918.990 2055.498 1.237
D13-3 9.213 9196.919 10021.688 0.090
D13-4 9.500 10776.991 13356.470 0.239
D13-5 10.025 5122.511 22575.164 3.407
D13-6 9.519 11364.339 13612.694 0.198
D14-1 9.057 726.592 8582.068 10.811
D14-2 9.692 2518.948 16193.715 5.429
D14-3 6.165 1332.728 475.631 −0.643
D14-4 8.515 2896.582 4989.234 0.722
D14-5 8.597 3470.861 5413.433 0.560
D14-6 10.775 4377.518 47792.979 9.918
D15-1 9.894 5197.978 19812.785 2.812
D15-2 7.226 593.022 1375.085 1.319
D15-3 10.467 18903.281 35142.490 0.859
D15-4 9.292 3013.907 10852.587 2.601
D15-5 8.540 2600.196 5116.402 0.968
D15-6 7.939 2005.059 2805.073 0.399
D15-7 8.530 411.417 5064.845 11.311
D15-8 9.238 1360.940 10279.781 6.553
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Figure 7: Histogram, boxplot, normal test, and Q-Q plot of
observed EAC magnitude.

of the focus energy in rockmedium.Themagnitude is closely
related to the physical properties of rock. Energy absorption
coefficient provides an indication of how effective a given
rock medium is in promoting energy interactions. Individual
energy absorption coefficient is quite different in separate
locations.

5.4. Impact of Built-In Velocity Threshold. In addition, due to
the influence of built-in velocity threshold of the monitoring
firmware, it is always found that the waveform of a few of
microseismic events is incomplete as shown in Figure 8.
This causes that components of dominant particle velocity
which exceed the threshold are unable to be recorded. This
data deficiency gets more serious as the focus-to-detector
distance is closer, especially for the events with the serious
releasing elastic energy. These missed dominant wave com-
ponents are unable to be retrieved. This results in that the
calculated residual wave energy is obviously less than the
actual energy the wave carries, which brings adverse impact
on the accuracy. Such phenomena are shown in Figures 8 and
9.

Wave energy distribution in frequency spectrum changes
with the velocity threshold. Wave energy loss induced by the
velocity thresholdmainly appears in the low frequency range,
located around the basic frequency.Meanwhile, the restricted
wave energy increases linearly with the growth of velocity
threshold. It indicates that although those lost dominantwave
components are unable to be fixed, the linear relationship
between the velocity threshold and residual energy implies
the relative reliability ofmicroseismic wave energy prediction
once a probable PPV is given. Based on this linear relation
and probable PPV confirmed by the trend curve, the missed
microseismic wave energy at a near-source location is able to
recover to a certain degree. The accuracy of the focus energy
can then be corrected. It will greatly increase the utilization
efficiency of impaired microseismic wave data. Only when
the waveform integrity is ensured can residual wave energy
be possibly abstracted accurately. The new determination
method for microseismic focus energy has high dependence

on the integrity of waveform, accuracy of focus position, and
reliability of effective wave components.

6. Conclusions

(1) In view of the seismic energy attenuation characteristics
in deep rock, a mathematical solution for determining the
focus energies of microseismic events was proposed. In the
solution, improved wave propagation distances and residual
wave energies are the two critical and fundamental factors
for seismic energy determination. The propagation distances
of the seismic waves are more accurately calculated using
focus repositioning, and the equivalent residual energies
of seismic waves were confirmed using the wavelet packet
transform. After the relevant Napierian logarithmic transfor-
mation, the linear attenuation relationship between the wave
propagation distance and the logarithmic residual seismic
energy was established on the basis of the seismic wave atten-
uation characteristics. The seismic focus energy was then
inversely determined by the intercept of the fitted straight
line.

(2) The calculated microseismic focus energy is the opti-
mal fitting magnitude resulting from the individual residual
wave energies. Given the constraints of multiple available
residual wave energy individuals, the standard deviation
between the actual focus energy and the fitting energy greatly
decreases. In addition, the uniqueness of the energy compu-
tation approach increases as the number of available residual
individuals increases. In the improved algorithm, the seismic
energy determination is executed using the real values of
the calibrated parameters. The solution is highly dependent
on the integrity of the seismic waveforms, the accuracy
of the focus position, and the effectiveness of the wave
components. Waveform restoration increases the utilization
efficiency of impaired seismic wave records. The reliability of
the determined seismic energy is therefore greatly improved.

(3) Given the anisotropic features of a rock medium,
seismic waves change with directions and propagation paths.
Energy attenuation becomes more complicated for resid-
ual waves with longer focus-to-detector distances. Seismic
energy determination using residual wave attenuation char-
acteristics is greatly influenced by rock properties and struc-
tures. The seismic energy reliability increases with increasing
rock homogeneity. The energy absorption coefficient is a
significant representation of the seismic energy dissipation
in the propagation medium, which is sensitive to the rock
properties and structures. The reliability and adaptability
of the seismic energy determination in complicated rock
are improved using the inversion of the energy absorption
coefficient.

(4) It must be noted that the proposed microseismic
focus energy computation method in this research is a key
fundamental framework, and further studies will be under-
taken mainly around two points: (1) the investigation on
the logical algorithm between total energy released from the
microseismic event and initial energy used for propagating in
rock medium in the form of stress wave; (2) the exploration
on the correction coefficient of the computation method to
improve its adaptability in rough geological environments.
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Drilling and blasting technology is one of the main methods for pressure relief in deep mining.The traditional method for blasting
hole blockage with clay stemming has many problems, which include a large volume of transportation, excess loading time, and
high labor intensity. An environmentally friendly blast hole plug was designed and developed.This method is cheap, closely blocks
the hole, is quickly loaded, and is convenient for transportation. The impact test on the plug was carried out using an improved
split Hopkinson pressure bar test system, and the industrial test was carried out in underground tunnel of coal mine. The tests
results showed that, compared with clay stemming, the new method proposed in this paper could prolong the action time of the
detonation gas, prevent premature detonation gas emissions, reduce the unit consumption of explosives, improve the utilization
ratio, reduce the labor intensity of workers, and improve the effect of rock blasting with low cost of rock breaking.

1. Introduction

With the increase of coal mining depth, a large number of
coal mines have entered deep mining in China [1, 2]. Deep
mining faces the problem of high in situ stress, in order to
maintain the stability of surrounding rock of roadway and
working face, drilling and blasting technology is needed for
pressure relief [3, 4]. Blasting will lead to the occurrence of
large microseismic events, so the energy accumulated in the
rock mass can be released [5–7].

Drilling and blasting technology is one of the main
methods for breaking mining rocks for a long time. In
order to improve the blasting effect, blasting hole blockage
is often needed. Blasting hole blockage is an important
part of blasting construction and also one of the important
factors affecting the blasting effect [8]. Many theories and
practices [9] prove that, compared with nonblocking, good
hole blockage could limit the early emissions of detonation
gas from the stemming region, prolong the action time of
the detonation gas, promote sufficient explosive reaction,
improve the utilization ratio of explosive blasting, increase

the blasting range of fractured rock mass, improve the blast-
ing effect, reduce the generation of dust and harmful gases,
prevent the spray of hot solid particles and the explosion
flame, and effectively prevent gas explosion and coal dust
explosion.

The movement of hole stemming in the hole is the result
of the joint action of many factors, including explosive shock
wave, detonation gas generator, hole wall friction resistance,
and its own inertial resistance [10].The plugging effectmainly
depends on the plugging material and block length. Various
types of blast hole blockages are summarized, and the advan-
tages and disadvantages of different kinds of stemming and
their application ranges are analyzed in Table 1. According
to the properties of the materials, blast hole blockage can be
divided into four categories: loose solid, compressive fluid,
expansion colloid, and mechanical structure.

Many scholars [11–16] have studied loose solid blocking
materials such as sand, debris, and clay. The results show
that granular materials with multiple edges could achieve
good blockage effect, and reasonable stemming material type
and particle size could increase the stemming volume by
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Table 1: Classification of hole stemming.

Class Material Name Advantages Disadvantages Use References

(a)
Rock powder, sand, clay,
water and their
mixtures, and so on

Clay Strong plasticity, good
blockage effect, low cost

Large volume of
transportation, long
loading time

(i)

Cummins and
Given, 1973

Sand General blockage effect,
high density

Large volume of
transportation, long
loading time, used with
clay

Konya, 1996

Rock powder General blockage effect,
low cost

Large volume of
transportation, long
loading time

Sharma and Rai,
2015

A mixture of
clay, sand,
and water

Composite blockage,
good blockage effect

High operating
requirements, large
volume of
transportation, long
loading time

Choudhary and
Rai, 2013

(b) Water, air, aqueous
solution, gel material,
and so on

Water
injection

Reduces dust and
harmful gas

Small friction, cannot be
used alone (i) Unver and

Ozozen, 1998

Gas injection Reduces dust and
harmful gas

Small friction, cannot be
used alone (ii) Kang, 2006

Gel
Reduces dust and
harmful gas, good
blockage effect

Slow setting and
hardening, complex
process

(i) Wang, 2007

Surfactant
Reduces dust and
harmful gas, good
blockage effect

Polluted air, high cost (i) Jin et al., 2007

(c)

Expansion agent,
accelerator,
early strength agent,
water glass, cement,
gypsum, and so on

Water-
absorbent
rubber

General blockage effect,
low cost

Poor blockage effect,
used with water
stemming

(i) Wang et al., 2015

Organic
quick-setting

General blockage effect,
low cost

Used with pressure and
water stemming (iii) Marinho et al.,

2017

Inorganic
quick-setting

General blockage effect,
low cost

Used with pressure and
water stemming (iii)

Cevizci and
Özkahraman,

2011

(d) Plastic, rubber, wood,
ceramic, and so on

Bottom cone
plug

General blockage effect,
easy to use Cannot be used alone

(iv)

Skaggs, 1998

Wedge plug General blockage effect,
easy to use

Preloading, stemming
sealing again Worsey, 1993

Spherical
plug

General blockage effect,
easy to use

Preloading, stemming
sealing again

S. Jenkins and T.
S. Jenkins, 2001

Spiral burst
plug

Good blockage effect,
easy to use Complex structure Shann, 2002

Combination
plug

Good blockage effect,
easy to use Complex structure Sazid et al.,

2011
(a) Loose solid; (b) compressive fluid; (c) expansion colloid; (d) mechanical structure; (i) widely used; (ii) air interval blasting; (iii) large diameter pole; and
(iv) special diameter pole.

41%. When the average particle size of stemming is 1/25 of
the blast hole diameter, the blockage length is the shortest,
and the blockage effect is the best. Water stemming and
air stemming have a small hole wall friction resistance and
cannot be used alone. When they are used, the blast hole
orifice should also be filled with a certain length of loose
solid materials. Plaster stemming [17], non-Newtonian fluid
mixture [18], gel stemming [19], and so on have sufficient
strength, but the hardening speed is slow and the cost is
high.

Accordingly, various types of novel blast hole plugs of
the mechanical structure have been developed [20–26]. They
are made of plastic, wood, rubber, ceramics, and other
raw materials, with structures such as bottom cone, wedge,
spherical, spiral bursting, and combination. The blockage
effects are uneven.The length and diameter of the plug should
be designed according to the specific blast conditions. When
a blast hole plug is used, a certain amount of pressure is often
required in advance, or clay, sand, and other loose materials
should be used to block the blast hole orifice again; otherwise,
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the blockage effect is unsatisfactory. At present, there are
few studies on the mechanical structure plug, which can be
used alone and whose blockage effect is good, let alone the
formation of serialized products.

At present, a large amount of clay and its mixtures are
being used to produce the stemming in coal mines in China.
Since problems such as a large volume of transportation and
long loading time have existed in blast pole stemming, the
workers would often adopt reverse charge with nonblocking,
or they would simply increase the explosive charge in order to
save working hours and reduce the labor intensity.Therefore,
many problems have occurred, such as reduction of the
utilization ratio of explosive energy, serious overexcavation
and underexcavation of the surrounding rock, and the poor
formation of the section [27–32].

According to the aforementioned problems, in order to
enhance the blockage efficiency and blockage effect, improve
the blasting effect, and reduce the labor intensity of workers,
an environmentally friendly blast hole plug that is cheap,
closely blocks the hole, is quickly loaded, and is conve-
nient for transportation was designed and developed, which
combines the advantages and disadvantages of the domestic
and foreign mechanical structure plugs. The improved split
Hopkinson pressure bar (SHPB) test system was carried out
for the blocking impact test of the plug.The industrial test was
carried out in 2415 roadway, 404 area, 8# layer of the Yungang
Coal Mine of the Datong Coal Mine Group and the return
entry of Wuyang Coal Mine in Lu’an Group. The blockage
effect of the plug is good, which can offer reference for the
development of similar plug products.

2. Environmentally Friendly Blast Hole
Plug Design

Based on the above analysis of blast hole stemming mecha-
nism, stemming length, and stemming material, in order to
obtain better blockage effect, the design of blockage should
possess the following properties: it has a certain length; it has
a certain density; it has large hole wall friction resistance;
it has dispersion and a buffer, and the friction resistance
gradually increases with buffer and burst; it has compression
function, which could increase the effective cavity and buffer
blasting pressure during the movement; it can realize self-
locking using an explosive shock wave; it has a certain initial
blockage force; it is convenient and cheap.

According to the aforementioned design idea, a new type
of environmentally friendly blast hole plug was designed and
developed. In contrast to other plugs, the blast hole plug
was designed with a composite structure system, including
impact plug, multistage bursting cylinder with compressible
burst, water stemming inner core with high-efficiency dust
reduction and environmental protection, and wedge plug.
The blast hole plug is cheap, closely blocks the hole, is quickly
loaded, and is convenient for transportation. It exhibits
good rock breaking effect and reduces the labor intensity.
The plug has the advantages of being flame retardant,
antistatic, waterproof, and water-resistant, which could be
used for drilling holes with different angles and interval
blasting.

Pull rope

Fixed wedge blockSliding wedge block

Water stemming

Wedge plug Bursting cylinder Impact plug

Figure 1: The blast hole plug and its components.

The image of the blast hole plug is shown in Figure 1.
The plug is made of polyethylene (LDPE) as raw material.
Its structure is composed of an impact plug, three bursting
cylinders, a wedge plug, environmentally friendly water
stemming, and a pull rope. The impact plug is a hollow plug,
half of which is a hemisphere and the other half is a cone.
The hemispherical structure can fully utilize the reflection
principle of explosive shock wave propagation in different
media, which can reduce a part of the shock wave. One
end of the cone is socketed with a bursting cylinder. The
bursting cylinder is a hollow cylinder with certain inner and
outer cone angles and four openings that are designed for the
rapid expansion of the bursting cylinder. The length of the
three openings is half of the cylinder length, and the other
opening is as long as the cylinder. The bursting cylinders can
be socketed with each other. The socket number depends
on the length of the plug. The wedge plug is composed
of a fixed wedge block (large) and a sliding wedge block.
The water stemming is composed of a polyethylene bag and
mixed aqueous solution. The polyethylene bag is obtained
via a high-frequency, high-pressure, and high-temperature
forming process. The aqueous solution is a mixed liquid with
polyethylene glycol, sodium chloride, and ferrous sulfate in a
certain proportion. For convenience of application, the plug
combination is closely wrapped in a layer of plastic package.

The key to the design of the plug is the diameter and
length of the bursting cylinder.The cylinder diameter should
be neither too big nor too small. If it is too big, it would
be difficult to be loaded. If it is too small, it cannot be
closely contacted with the hole wall after complete burst. The
bursting cylinder length is closely related to the cone angle.
The cone angle is designed to be 4–8∘ for full burst after the
compression of the bursting cylinder. The borehole diameter
of the heading face in a coal mine is usually 42mm in China.
Therefore, the outer diameter of the bursting cylinder is
designed to be 40mm. The specific parameters of the plug
are listed in Table 2.The plug is designed with a total length of
280mm,weight of 140 g, and cost of 1.1 RMB. It ismainly used
in blasting engineering in coal mine underground roadway
and chambers and can also be used in the subway, tunnel,
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Table 2: Parameters of the blast hole plug.

Structure name OD (mm) L (mm) deg. (∘) T (mm) 𝜌 (kg/m3) Q (g)
Impact plug 36 38 6 4.0 918 30
Bursting cylinder 40 57 6 1–3.5 918 10 × 3
Wedge plug 40 100 14 1–3.0 918 40
Water stemming 22 200 — 0.5 1128 40
Plug 40 280 6/14 1–4.0 918 140
OD, outside diameter; deg., inner cone angle; T, thickness.

PlugExplosive cartridge

Blast hole Shot stick puddling

Rock mass

Explosive wire

Figure 2: Schematic diagram of the blast hole plug and its location
in rock mass.

and noncoal mines. With the large-scale application of the
products, the cost will be gradually reduced. At present, other
series of products (such as those with the diameter of 60mm,
75mm, 90mm, and 120mm) are being tested.

When the plug is used, the entire product is manually
fed into the orifice. A worker pulls the pull rope fixed on
the wedge block and strikes the sliding wedge block using a
shot stick as shown in Figure 2, which can provide the initial
friction resistance for the movement of the plug and enable
the impact plug and bursting cylinder to produce quick mul-
tistage horizontal expansion under the action of a detonation
gas generator. This type of plug is designed with a composite
structure system, which can use an explosive shock wave as
a source power of self-bursting, extend the action time of the
explosion gas, and improve the utilization ratio of explosive
energy. It can also be effectively combined and reasonably
configured according to the hole depth and stemming length.
The water stemming filled inside the bursting cylinder can
achieve flexible compression expansion, increase the fric-
tion resistance, and improve the plug strength. The water
mist formed after the blasting can result in dust reduction,
cooling, flame reduction, and absorption of harmful gases,
which could improve the working environment. Therefore,
the product is named as hydraulic pressure resistant and
environmentally friendly blast hole plug with impact self-
locking and increased resistance with water pressure.

3. Impact Load Test

3.1. Test Equipment. In order to study the blockage effect of
the environmentally friendly blast hole plug, the improved
SHPB test system was carried out for the blocking impact
test of the plug. The theoretical basis of the SHPB test is

based on propagation of a stress wave in elastic rod with
uniform stress assumption [33–38].The test system, as shown
in Figure 3, adopts the loading mode of a half sine wave.
During the test, a high-pressure gas was injected from the
gas gun into the pressure cylinder. The striker in the pressure
cylinder was pulled out by the high-pressure gas and impact
incident bar. The incident stress wave excited by the impact
was transmitted to the simulated blast hole along the incident
bar.The strain gauge signal output posted on the incident bar
was in the form of a voltage time curve.The typical waveform
curves of the sample are shown in Figure 4. The incident
stress can be calculated from the measured voltage value of
the strain gauge. Based on the law of conservation of energy,
the incident energy can be obtained as follows:

𝐸𝐼 = 𝐴𝑒𝜌𝑒𝐶𝑒 ∫
𝑡

0

𝜎2𝐼 (𝑡) 𝑑𝑡, (1)

where 𝐸𝐼 represents the incident energy, 𝐴𝑒 represents the
compression bar sectional area,𝜌𝑒 represents the compression
bar density, 𝐶𝑒 represents the velocity of stress pulse in the
incident bar, and 𝜎𝐼(𝑡) represents the incident wave stress of𝑡 at a certain time.

In order to obtain test results closer to the actual under-
ground results in a coal mine, the sample loading device of
the lower left corner of Figure 3 was used. The device was
composed of a steel pipe used for simulating the blast hole
and a cylinder steel bar. The inner and outer diameters of the
pipe were, respectively, 46mm and 60mm, and the length
was 420mm. The bar diameter was 40mm, and the length
was 500mm. In order to facilitate observation and record,
two grooves were cut on the side of the steel pipe, and a high-
speed camera was used to record the dynamic movement of
the plug in the blast hole.

3.2. Test Sample. The contrast tests were carried out by using
the clay stemming and the plug. Twelve plugs were used as the
samples of groupA, and theirmaterial density was 918 kg/m3.
The bag filled with loess was used as the clay stemming. It
was made of yellow paper and cut into a cylinder and was
subsequently bound using glue. Its diameter was 40mm, and
length was 300mm.The loess was from a hill near the Datong
Yungang Coal Mine, and its density was 1808–1983 kg/m3.
Eight bags of loess were used as the samples of group B. The
test samples are shown in Figure 5.

When the sample was loaded, the clay stemming was
puddled by the shot stick to provide the initial friction
resistance, and the plug was locked by the wedge plug. The
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Figure 3: Schematic diagram of Hopkinson bar structure improvement in the blocking impact test.
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Figure 4: Typical waveform of the blocking impact test.
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Figure 5: Test samples in the blocking impact test.

blockage effect of the clay stemming was directly related to
the degree of ramming of clay. When the degree of contact
between the clay and inner wall of the steel pipe was different,
the bearing load was different. In order to fully achieve the
blockage effect of the sample, sample group A should be
puddled. The sliding wedge block of group B was hit as hard
as possible, such that the sample was closely contacted with
the inner wall of the steel pipe.

4. Test Results and Analysis

The research results show that the longer motion time and
the lower exit velocity of the stemming from the hole could
prolong the action time of the detonation gas, prevent the
rapid attenuation of stress wave, fully utilize the blasting
energy, and act as the gas wedge.The radial cracks are further
extended to the depth of the rock mass movement or throw.
In the test, the absolute movements of the head and tail of
the stemming were measured using a tape, and the absolute
difference between the calculations was considered as the
compression deformation. The motion time of stemming in
the blast hole was calculated using the high-speed camera.
Based on the analysis of the test stress waves and high-speed
photography images, the relationship between the impact
incident energy andmotion time and that between the impact
incident energy and compression deformation of the samples
in the hole were obtained. Further, the deformation and
failure characteristics of the test were analyzed. The purpose
was to analyze the blockage effect of clay stemming and
plug. The physical and mechanical parameters of the sample
under impact load are listed in Table 3. It can be observed
that, for the clay stemming and plug, the impact incident
energy is 119.91–568.22 J and 114.35–360.25 J, respectively; the
motion time in the hole is 2.82–16.08ms and 1.80–9.74ms,
respectively; the compression deformation is 2–9.7 cm and
2.3–10.1 cm, respectively.

4.1.Motion Time in theHole of the Sample. Figure 6 shows the
relationship between the impact incident energy and motion
time in the hole for different blockage samples. The impact
incident energy is approximately linear with the motion time
in the hole. Under the condition of the same impact incident
energy, the motion time of the plug in the hole is longer than
that of the clay stemming. According to the fitting curve,
when the impact incident energy is in the range of 100–500 J,
compared with the clay stemming, the motion time of the
plug in the hole can be extended by 14%–63% by using the
plug. It can be observed that the blockage effect of the plug is
better, which can fully utilize the explosive performance.

4.2. Compression Deformation of the Sample. Figure 7 shows
the relationship between the impact incident energy and end
movement for different blockage samples. Figure 8 shows
the relationship between the impact incident energy and
compression deformation. There is a positive correlation



6 Shock and Vibration

Table 3: Physical and mechanical parameters of different samples under impact load.

Sample L (cm) 𝜌 (kg/m3) P (MPa) 𝐸𝐼 (J) t (ms) EL (cm) TL (cm) WL (cm) Remarks
A1 28.0 918 0.5 119.91 2.82 2.4 0.4 2.0
A2 28.4 918 0.6 177.48 7.00 2.5 0.3 2.2
A3 27.8 918 0.7 202.01 8.44 3.5 0.3 3.2
A4 27.9 918 0.8 248.23 8.78 5.3 0.5 4.8
A5 27.9 918 0.9 282.90 9.66 6.7 0.6 6.1
A6 27.9 918 0.9 275.45 7.98 8.5 1.0 7.5
A7 28.2 918 1.0 307.97 9.98 8.2 0.4 7.8
A8 28.2 918 1.1 353.90 11.08 10.9 1.2 9.7
A9 27.8 918 1.2 411.51 16.08 14.6 — — Run out
A10 27.7 918 1.2 402.56 13.54 11.5 5.2 6.3
A11 27.8 918 1.3 510.66 15.00 15.4 — — Run out
A12 28.1 918 1.3 568.22 14.40 17.9 — — Run out
B1 27.5 1890 0.5 114.35 1.80 2.8 0.5 2.3
B2 28.0 1839 0.6 182.87 5.38 5.9 0.4 5.5
B3 27.1 1808 0.7 190.58 6.10 7.2 0.5 6.7
B4 26.9 1867 0.8 228.12 6.90 8.5 0.9 7.6
B5 27.8 1958 0.9 292.59 7.04 10.2 1.1 9.1
B6 28.2 1914 1.0 305.32 7.38 11.5 1.4 10.1
B7 28.4 1881 1.1 342.45 9.74 12.8 — — Run out
B8 28.1 1983 1.1 360.25 8.78 13.8 — — Run out
𝑃, nitrogen pressure; 𝐸𝐼, impact incident energy; 𝑡, motion time of sample in the hole; EL, end movement of the sample; TL, tail movement of the sample; and
WL, compression deformation of the sample.
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Figure 6: Relationship between the impact incident energy and
motion time.

between the impact incident energy and end movement
and between the impact incident energy and compression
deformation.

By comparing and analyzing Figures 7 and 8, the regres-
sion line between the end movement of the plug and clay
stemming is close, and hence, the difference between the
movement and compression is not evident. The results show
that the plug and the clay stemming have good blockage
effect. Under the condition of the same impact incident
energy, the end movement and compression deformation of
the plug in the hole are larger than those of the clay stemming.
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Figure 7: Relationship between the impact incident energy and end
movement.

According to the fitting curve, when the impact incident
energy is in the range of 100–500 J, compared with the clay
stemming, the end movement and compression deformation
of the plug in the hole can be reduced by19%–54% and
22%–66%, respectively, by using the plug; furthermore, the
hole wall friction resistance is greater and the blockage
effect is better. However, when the impact incident energy
is small, the movements of samples A1 and B1 are relatively
close.The compression deformation of sample A10 is unique,
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Table 4: Main parameters of the industrial test tunnels.

Name Properties Section shape Lithology Dimensions
(𝑊 × 𝐻,m2)

WI
(N/M,m3/h)

GQ
(m3/min) Drilling way

2415
roadway

Coal rock,
𝑓 = 2–4 Rectangle Coal arenaceous

shale interbed 4.20 × 2.45 0.6/0.7 0.3 YT2 air-jack leg drill

Return
entry

Rock,
𝑓 = 5-6

Semicircular
arch

Siltstone sandy
mudstone
interbed

5.75 × 1.50 5/25 0.5 CMJ2-27 hydraulic
jumbo

WI,N/M, water inflow; normal/maximum water inflow; and GQ, absolute gas emission quantity.
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Figure 8: Relationship between the impact incident energy and
compression deformation.

which is related to the quality of the artificial loading
sample.

4.3. Deformation Characteristics of the Sample. The defor-
mation process of the sample under the impact load can be
clearly recorded using the high-speed camera. Figure 9 is
the impact failure process of the sample in the simulated
hole. First, the plug instantly burst into the first bursting
cylinder under the impact load, which resulted in rapid
movement and expansion of the bursting cylinder. At that
time, the wedge plug had not yet moved owing to the initial
pretightening force during loading. Subsequently, the three
bursting cylinders moved and expanded gradually, which
resulted in close contact with the hole wall and produced
friction resistance. Finally, the wedge plug moved.

When the impact incident energy was small, the wedge
plug at the end of the plug only produced a slight movement,
as shown in Figure 9(a). When the impact incident energy
was sufficiently large, the end of the plug rapidly generated
compression deformation. The plug overall instantly moved
fast toward the blast hole. When the plug moved toward the
orifice, a collision took place between the sample and the left
momentum bar. Under the action of the momentum rod, the
sample was further compressed and deformed, resulting in a
slight springback of the blast hole. At this time, the plug exited
the blast hole, and the final state is shown in Figure 9(b).
The deformation process of the clay stemming under the
impact load was similar to that of the plug. First, the end of

the clay stemming generated compression deformation, and
subsequently, the plug overall moved toward the blast hole,
which led to the overall inhomogeneous slip deformation.
When the impact incident energy was small, the compression
deformation of the clay stemming was small, as shown in
Figure 9(c).When the impact incident energywas sufficiently
large, the clay stemming also exited the blast hole, as shown in
Figure 9(d). In the test, the loess flew out of the observation
tank with the clay stemming, which resulted in the decom-
position of the force along the ring; further, the radial force
was reduced, and the compression deformation of the clay
stemming was smaller than the actual value.

After the impact load, the samples were removed as
shown in Figure 10. In addition to the A1 sample, the other
impact plugs were in the first bursting cylinder; further,
the first expansion cylinders with a large number of radial
scratches exhibited apparent damage, and the second and
third bursting cylinders exhibited less damage. The samples
A9, A11, and A12 that exited the blast hole produced large
cracks at the opening of the fixed wedge block, whereas the
other samples did not. The cracks were caused by the instant
impact of the strong incident energy.

The test results show that samples A9, A11, A12, B7, and
B8 exited the blast hole. From Table 3, it can be concluded
that, when the impact incident energy is greater than 410 J,
the plug will exit the hole, and when the impact incident
energy is greater than 340 J, the clay stemming will exit
the hole. Therefore, more energy is required for the plug
to exit the hole. It can be observed that the blockage effect
of the plug is better, which can fully utilize the explosive
performance and improve the blasting effect of rock mass.
The test results demonstrate that the structure design of
the plug is reasonable and advantageous. Under the same
working conditions, the stemming length can be shortened
by the plug.

5. Underground Industrial Test

The industrial test was carried out in 2415 roadway, 404
area, 8# layer of the Yungang Coal Mine of the Datong Coal
Mine Group and the return entry of Wuyang Coal Mine in
Lu’an Group. The main parameters of the tunnels are listed
in Table 4, and the drilling pattern and charge weight are
listed in Tables 5 and 6. A hexagon hollow steel rod with
the diameter of 25mm and length of 3000mm and a line-
styled drill with the diameter of 42mm were used for the
wet drilling on the 2415 roadway and the return entry. The
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Figure 9: Impact failure process of typical samples at different test times.

Table 5: Drilling pattern and charge weight in 2415 roadway.

Hole name Number Hole depth (m) Angle (∘) Total charge (kg) Firing sequence Connection way Filling way
Horizontal Vertical

Cut hole 1–6 2.0 73 90 1.0 × 6 1

Series Fully filled
Auxiliary hole holes 7–10 1.8 90 90 0.8 × 4 2
Trim hole 11–24 1.8 83 83 0.6 × 14 3
Bottom hole 25–31 1.8 83 83 0.6 × 7 4
Total 31 21.8
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Table 6: Drilling pattern and charge weight in return entry.

Hole name Number Hole depth (m) Angle/∘ Total charge (kg) Firing sequence Connection way Filling way
Horizontal Vertical

Intermediate hole 1∼4 2.7 90∘ 1.6 × 4 1

Series Full filled

Intermediate hole 5 2.7 90∘ 0.6 × 1 2
Cut hole 6∼11 2.5 83∘ 85∘ 1.6 × 6 2
Auxiliary hole 12∼25 2.5 90∘ 1.6 × 14 3
Brukup borehole 26∼45 2.5 90∘ 1.4 × 20 4
Trim hole 46∼70 2.5 87∘ 0.6 × 25 5
Bottom hole 71∼82 2.5 90∘ 85∘ 1.2 × 12 5
Total 82 96.4

A1 A5

Scratch
Crack

A7 A8 A10A9 A11 A12

First bursting cylinder

Second bursting cylinder

Third bursting cylinder

Figure 10: The scratch and crack of the plug after the impact test.

forward charge adopted a third-grade coal mine permissible
emulsion explosive. The diameter, length, and weight of
cartridge were 32mm, 200mm, and 200 g, respectively. The
tunnel hole depths were 1.8m and 2.5m, and the stemming
lengths were 600mm and 800mm for the clay stemming.
Two sets of 280mm length environmentally friendly blast
hole plugs were used, and the blast hole charge weight was
optimized. The blockage blasting tests with 31 and 82 cycles
were carried out. In most cases, a large amount of clay is
carried by the worker in a coal mine. The weight of the clay
stemming of 280mm length is 600 g, and that of the plug
is 140 g; the weight is reduced by 77%, which significantly
reduces the labor intensity. The blockage time of 60 and 20
vertical upward boreholes was counted for the clay stemming
and plug, the blockage time of the horizontal boreholes was
51 s and 20 s, respectively, and that of the vertical upward
boreholes was 98 s and 35 s, respectively; the blockage time
was decreased by 61% and 64%, respectively, and the blockage
efficiency was significantly improved by the plug.The specific
blasting results are presented in Table 7 and Figure 11.

The results of the industrial test show that, compared
with the clay stemming, using the plug can reduce the unit
explosive consumption by 28.4% and 19.7% (average of 24%),
respectively, improve the footage driving cycle by 8.7% and
9.1% (average of 8.9%), respectively, increase the blasting
efficiency by 8.6% and 1.0% (average of 4.8%), respectively,
reduce the dust concentration by 32.1% and 15.1% (average of
23.6%), respectively, lower the harmful gas content by 13.2%
and 8.8% (average of 11.0%), respectively, and increase the

blockage cost per unit length by 3.9% and 31.2% (average
of 17.5%), respectively, in the 2415 roadway and the return
entry. It can apparently decrease the labor intensity, reduce
the blockage time, reduce the boulder yield, increase the half-
hole marks, render the blasting rock block more uniform,
and significantly improve the blockage speed and loading
efficiency. Therefore, the use of the environmentally friendly
blast hole plug could improve the effect of rock blasting,
prevent premature detonation gas emissions, and prolong
the action time of the detonation gas, with low cost of rock
breaking.

6. Conclusions

(1) The test results show that when the plug was used
under the condition of the same impact incident
energy, the motion time in the hole was prolonged
by 14%–63% and the endmovement and compression
deformation decreased by 19%–54% and 22%–66%,
respectively, as compared with clay stemming. When
the impact incident energy was greater than 410 J, the
plug exited the hole; when the impact incident energy
was greater than 340 J, the clay stemming exited the
hole. Therefore, more energy is required for the plug
to exit the hole. It could be observed that the blockage
effect of the plug was better, which can fully utilize the
explosive performance and improve the blasting effect
of rock mass. This demonstrates that the structure
design of the plug is reasonable and advantageous.
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Table 7: Main test parameters between traditional clay stemming and new plug.

Items 2415 roadway Return entry
Clay stemming Plug Ratio Clay stemming Plug Ratio

Hole depth (m) 1.8 1.8 — 2.5 2.5 —
Cycle number (number) 31 31 — 82 82 —
Cycle charge (kg) 21.8 17.0 128% 96.4 84.6 114%
Footage driving cycle (m) 1.50 1.63 92% 2.2 2.4 92%
Unit explosive consumption (kg/m3) 1.41 1.01 140% 1.98 1.59 125%
Blast hole utilization factor (%) 83.3 90.5 92% 88.0 88.9 99%
Cyclic block number (piece) 8.4 2.8 300% 9.2 3.3 279%
Half-hole marks (strip) 2.5 8.3 30% 3.8 8.9 43%
Cyclic over excavation (cm) 5.1 4.2 121% 6.3 4.8 131%
Dust concentration (mg/m3) 336 228 147% 456 387 118%
Harmful gas content (L/kg) 38 33 115% 34 31 110%
Blockage cost (RMB/m) 16.00 16.63 96% 28.64 37.58 76%
Ratio, the ratio of clay stemming to plug.
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Figure 11: Comparison of blasting effect between traditional clay stemming and new plug.

(2) The results of the industrial test show that, compared
with the clay stemming, using the plug can reduce
the unit explosive consumption by 24%, improve the
footage driving cycle by 8.9%, increase the blasting
efficiency by 4.8%, reduce the dust concentration by
23.6%, lower the harmful gas content by 11.0%, and
increase the blockage cost per unit length by 17.5%
in the 2415 roadway and return entry on average. It
can apparently decrease the labor intensity, reduce
the blockage time, reduce the boulder yield, increase
the half-hole marks, render the blasting rock block
more uniform, and significantly improve the blockage
speed and loading efficiency.

(3) An environmentally friendly blast hole plug was
designed with a composite structure system, includ-
ing an impact plug, multistage bursting cylinder with
compressible burst, water stemming inner core with
high-efficiency dust reduction and environmental
protection, and wedge plug. The hole plug could
be used as a source power of plug burst using an
explosive shock wave, achieve multilevel buffer com-
pression burst, extend the action time of the explosion
gas, improve the utilization ratio of explosive blasting,
improve the embrasure blockage effect, and improve
the blasting effect. It can also be effectively combined
and reasonably configured according to the hole
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depth and stemming length, which provides a new
method for blast hole blockage.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was financially supported by the State Key
Research Development Program of China (Grant no.
2016YFC0801401) and Shanxi Provincial Science and
Technology Development Plan (Industrial) (20140321003-
05). The authors specially thank Professor Xibing Li and Dr.
Qiuhong Wu of Central South University for their help in
the testing.

References

[1] L. Yuan, J.-H. Xue, Q.-S. Liu, and B. Liu, “Surrounding rock
stability control theory and support technique in deep rock
roadway for coal mine,” Journal of Coal Science & Engineering
(China), vol. 36, no. 4, pp. 535–543, 2011.

[2] L. Yuan, Y. Qin, Y.-P. Cheng, J.-B. Meng, and J. Shen, “Scenario
predication for medium-long term scale of coal mine methane
drainage in China,” Meitan Xuebao/Journal of the China Coal
Society, vol. 38, no. 4, pp. 529–534, 2013.

[3] C. Zhang, S. Tu, M. Chen, and L. Zhang, “Pressure-relief
and methane production performance of pressure relief gas
extraction technology in the longwall mining,” Journal of
Geophysics and Engineering, vol. 14, no. 1, pp. 77–89, 2017.

[4] C. Zhang, S. Tu, Q. Bai, G. Yang, and L. Zhang, “Evaluating
pressure-relief mining performances based on surface gas
venthole extraction data in longwall coal mines,” Journal of
Natural Gas Science and Engineering, vol. 24, pp. 431–440, 2015.

[5] L.-J. Dong, J. Wesseloo, Y. Potvin, and X.-B. Li, “Discriminant
models of blasts and seismic events in mine seismology,”
International Journal of Rock Mechanics & Mining Sciences, vol.
86, pp. 282–291, 2016.

[6] L. Dong, J. Wesseloo, Y. Potvin, and X. Li, “Discrimination of
mine seismic events and blasts using the fisher classifier, naive
bayesian classifier and logistic regression,” Rock Mechanics and
Rock Engineering, vol. 49, no. 1, pp. 183–211, 2016.

[7] L.Dong,W. Shu,X. Li, G.Han, andW.Zou, “ThreeDimensional
Comprehensive Analytical Solutions for Locating Sources of
Sensor Networks in Unknown Velocity Mining System,” IEEE
Access, vol. 5, pp. 11337–11351, 2017.

[8] C. J. Konya, “Problems with deck-loaded blastholes,” Engineer-
ing & Mining Journal, vol. 197, no. 7, pp. 73-73, 1996.

[9] K. H. Kutter and C. Fairhurst, “On the fracture process in
blasting,” International Journal of Rock Mechanics & Mining
Science&Geomechanics Abstracts, vol. 8, no. 3, pp. 181–202, 1971.

[10] W. I. Duvall, “Strain-wave shapes in rock near explosions,”
Geophysics, vol. 18, no. 2, pp. 310–323, 1953.

[11] B. A. Cummins and I. A. Given, “Mining Engineering Hand-
book,” in American Review of Respiratory Disease, vol. 2, pp.
203–206, 1973.

[12] N. T. Hagan and B. J. Kennedy, “Practical approach to the
reduction of blasting nuisances from surface operations: aust
min, V69, N11, Nov 1977, P36–46,” International Journal of Rock

Mechanics &Mining Sciences & Geomechanics Abstracts, vol. 15,
no. 3, 65 pages, 1978.

[13] C. J. Konya, “Comparison of different blast design methods,”
Engineering & Mining Journal, vol. 197, no. 9, 1996.

[14] Z. G. Yang, “Study on hole blasting congestion,” Blasting, vol. 4,
pp. 6–11, 1985 (Chinese).

[15] Y. Luo and Z. Shen, “Investigation on length of stemming
material and its effect in hole-charged blasting,” in Mechanics
in Engineering, vol. 28, pp. 48–52, 2006.

[16] S. K. Sharma and P. Rai, “Investigation of crushed aggregate as
stemmingmaterial in bench blasting: a case study,”Geotechnical
and Geological Engineering, vol. 33, no. 6, pp. 1449–1463, 2015.
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To investigate the crack behaviour of rock or rock-likematerial in uniaxial loading, a series of numerical simulationswere conducted
on gypsum specimens containing a single flaw with different inclination angle (0∘–90∘) and length (10mm–30mm). Based on the
numerical simulations results, the effect of flaw length on peak strength, the CI stress, and the CD stress were investigated with
different inclination angles.The results show that the peak strength decreased initially and then increasedwith increasing of the flaw
angle. Meanwhile, the peak strength decreased gradually when the length of the preexisting flaw increased. When the inclination
angle was 30∘, 45∘, and 60∘, the reduction degree of peak strength increased with increasing of the flaw length. The CI stress and
CD stress not only depend on the inclination angle but also depend on flaw length. Four types of crack were observed in numerical
simulations. The present research facilitates increased understanding of crack behaviour of rock under different conditions.

1. Introduction

The cracking behaviour of rock and rock-like specimens
containing artificial flaws under compressive loading has
been experimentally investigated for decades. For example,
gypsum [1–5], glass [6], polymethyl methacrylate (PMMA)
[7–9], diastone [1–3, 7, 10–13], sandstone [8, 14], granite [7],
and limestone [9] were tested. Similar observations have been
made in their experiments using different terms—two types
of cracks are observed in compression: tensile or wing cracks
and shear or secondary cracks (Figure 1). Wing or tensile
cracks were usually found to be the first cracks to appear
from the preexisting flaws. Secondary cracks are shear cracks
and always initiate from the tips of the flaws after the first
cracks.They are initially stable, but theymay becomeunstable
during the loading process near crack coalescence or near
specimen failure. Some studies revealed that crack inclination
angles have significant effect on the crack propagation and
coalescence process. Bobet [15] analysed the initiation of
secondary cracks in gypsum with two flaws (angle from 30∘
to 60∘) under compression. It observed all flaw inclination
angles, wing cracks, and secondary cracks initiate at the
same stress level. Park and Bobet [16] investigated crack

coalescence in gypsum specimens with open and closed
flaws under compression and one of their results showed
that the mean wing and secondary crack initiation stresses
increase with flaw inclination angle and coalescence stress
slightly increases as the flaw angle increases. Yang and
Jing [14] analysed strength failure and crack coalescence
behaviour of brittle sandstone samples containing a single
fissure (angle from 0∘ to 75∘) under uniaxial compression.
They found that the fissure angle has a key effect on the
strength and deformation behaviour of sandstone samples
under uniaxial compression, and the mechanical parameters
(uniaxial compressive strength Young’s modulus and peak
axial strain) of flawed sandstone firstly decrease and then
increase with increasing fissure angle. Zhou et al. [17, 18]
conducted a series of uniaxial compression experiments and
numerical simulation on rock-like materials (formed from a
mixture of sand, plaster, limestone, and water at mass ratio
of 126 : 9 : 9 : 16) containing multiple flaws (angle from 30∘ to
60∘) and concluded that the crack initiation modes depend
on the flaw angle and the nonoverlapping length.

A number of experimental and numerical investigations
have been conducted for fractured rock under compression
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Figure 1: Crack types observed in precracked samples of rock under
compression [15].

since Nemat-Nasser and Horii [20] investigated the fractur-
ing mechanisms of flaw plates (model material) and obtained
that flaw length is one of the parameters controlling the failure
mode of sample. Wong et al. [21], Tang and Kou [22], and
Tang et al. [23] performed uniaxial and biaxial compression
on numerical model samples containing a number of large,
preexisting flaws and a row of suitably oriented smaller flaws
by RFPA2D software, which shows that the crack growth is
stable and stops at some finite crack length with the increase
of lateral pressure, while a lateral tensile stress with even a
small value will result in an unstable crack growth after a
critical crack length is attained. Yang and Jing [14] performed
a series of uniaxial compressive tests on brittle sandstone
which contained a single fissure (angle from 30∘ to 60∘ and
length from 0 to 25mm). Zhang et al. (2017) proposed a
modified phase-field model for mixed mode fracture. Zhou
et al. (2016) used the nonordinary state-based peridynamics
to investigate crack propagation and coalescence in pre-
cracked rock-like Brazilian disks. Zhou et al. (2017) used
the improved peridynamic method to simulate the failure of
rock-likematerial under the compressive loading.Wang et al.
(2016, 2017) also analysed crack propagation and coalescence
in rocks under uniaxial compression using peridynamic
method.

It was found that the uniaxial compressive strength,
Young’s modulus, and peak axial strain of sandstone samples
with preexisting single fissure are all lower than those of intact
sandstone sample, which is closely related to the fissure length
and fissure angle.

The above experimental and numerical results for pre-
cracked rock or rock-like material have distinctly shown
that inclination angle and length of cracks in rock or rock-
like material have an important influence on the crack
behaviours. However, it should be noted that some previous
investigations focused mainly on a fixed length of precrack
with varying inclination angle for rock and the length of crack
was not taken in account. Some previous literatures analysed
the peak strength and deformation modulus with different
crack lengths but lower inclination angle (30∘–60∘), due to
hard fabrication of crack. Less experimental studies were

performed on rock with different crack lengths and different
inclination angles (0–90∘) to investigate the initiation and
propagation process of precrack rocks. Therefore, in this
paper, to better understand the effects of inclination angle and
length of crack on the peak strength, crack initial stress, crack
secondary stress, and failure behaviour of precrack rock, a
series of numerical simulations with distinct element code
(UDEC) on the uniaxial compression tests were conducted
for precrack gypsum specimenwith varying inclination angle
(0–90∘) and length (10–30mm) of cracks. Moreover, the
Voronoi block in UDEC is adopted to better describe crack
initiation, propagation, and coalescence process.

2. The 2D Distinct Element Method

2.1. Introduction about Distinct Element Method. UDEC is a
two-dimensional numerical program based on the distinct
element method for discontinuity modelling. It has been
widely used in the literature to explore damage of rock
[24–29], as well as Brazilian test analysis [30, 31]. UDEC
especially jointmodel used inUDEC captures several features
that are representative of the physical response of joints.
For joint model in UDEC, all blocks have connection with
contacts (corner-to-corner contacts, edge-to-corner contacts,
and edge-to-edge contact). However, edge-to-edge contact is
important, because it corresponds to the case of a rock joint
closed along its entire length (Figure 2). If the maximum
tensile stress exceeds the tensile strength of the contact or
the maximum shear stress exceeds the shear strength of
the contact, contact will break. And a microtensile crack
or a microshear crack, respectively, will form. The contact
behaviour is described by

𝜎𝑛 = −𝑘𝑛𝑢𝑛 if 𝜎𝑛 < −𝐽
𝑇, 𝜎𝑛 = 𝐽

𝑇

𝑟
= 0

𝜏𝑠 = 𝑘𝑠𝑢𝑠

𝜏max = 𝐽
𝐶 + 𝜎𝑛 tan𝜑

if 𝜏𝑠
 ≥ 𝜏max, 𝜏𝑠 = sign (Δ𝑢𝑠) ⋅ (𝐽

𝐶

𝑟
+ 𝜎𝑛 tan𝜑𝑟) ,

(1)

where 𝜎𝑛 and 𝜏𝑠 are the normal and shear stresses, 𝑢𝑛
and 𝑢𝑠 are the normal and shear displacements, 𝐽𝑇 and 𝐽𝑇

𝑟

are the tensile and residual tensile strengths, 𝜏max is the
shear strength, 𝐽𝐶 and 𝐽𝐶

𝑟
are the cohesive and the residual

cohesive strengths, 𝜑 and 𝜑𝑟 are the friction and the residual
friction angles, and Δ𝑢𝑠 is the incremental contact shear
displacement.

2.2. Procedure of the Simulation. In this study, the UDEC
model is the gypsum specimen which was selected from
previous literature [1]. The reason is that the experiment
tests about gypsum specimen containing single crack under
different conditions were conducted by Wong [1], and the
physical experiments were also repeated numerically by PFC
in previous literatures [32, 33]. The UDEC model was set
up with elastic but indivisible Voronoi blocks. Model size
was chosen to replicate those of the diametrical cross section
of specimens used for laboratory testing (i.e., 50mm width
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Figure 2: The contact behaviour in UDEC model.

Table 1: The parameters of gypsum in experimental tests [1] and
numerical simulations.

Parameter Experimental tests UDEC
Density (g/cm3) 1.54 1.54
Young’s modulus (GPa) 5.96 5.79
Poisson’s ratio 0.15 0.15
Uniaxial compressive strength (MPa) 33.85 33.5
Tensile strength (MPa) 3.2 4.2

and 100mm height) (see Figure 2). Average edge length
of Voronoi blocks was selected as 0.002m which yielded
about 1320 Voronoi blocks in total within the model. Every
Voronoi block is divided into a plurality of triangular-shaped
block. The maximum edge length of the triangular zones is
0.00133m. Figure 2 shows a typical UDEC model and how
individual Voronoi blocks are numerically interconnected.

For a distinct element model such as the UDEC that
synthesizes macroscale material behaviour from the inter-
actions of microscale components, the input properties of
the microscopic constituents are usually not known. Such
intrinsic characteristics imply that it is nearly impossible to
calibrate a set of macro output properties from the assembly
such that they are exactly equal to that of the physical tests.
Only a set of comparable properties can be obtained from the
calibrated model.The parameters of gypsum in experimental
tests and numerical simulations are shown in Table 1. Figure 3
shows the stress-strain curves of the intact gypsum specimen
of UDEC and experiment test under uniaxial compression.

The second stage of simulation involved a series of
numerical simulation tests with single crack under different
conditions: the crack length 𝐿 of gypsum specimen is fixed
at 10mm, 15mm, 20mm, 25mm, and 30mm, respectively,
while the crack inclination angle 𝛽 measured horizontally is
varied from 0∘ to 90∘ (see Figure 2).
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Figure 3:The stress-strain curves of the intact gypsum specimen of
UDEC under uniaxial compression.

In the present numerical study, specimens are loaded
under a uniaxial vertical compression in a velocity controlled
manner. A sufficiently low loading rate of 0.005m/s is
applied to ensure that the specimen remains in a quasi-
static equilibrium throughout the test. It takes approximately
1000000 steps to load one specimen to complete failure.

3. Numerical Simulation Results and Analysis

The results of the simulation work performed as described
in the previous section were analysed in different ways to
meaningfully describe crack behaviour of gypsum in different
conditions under uniaxial compression.

3.1. Stress-Strain Characteristics. Figure 4 shows the axial
stress-axial strain curves and failed contact number-axial
strain curves of UDEC model containing a single flaw
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Figure 4: Axial stress-axial strain curves and contact number-axial strain curves for UDEC model containing a single flaw with different
inclination angle and different length under uniaxial compression.
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Figure 5: The axial stress-axial strain curve for model containing a single flaw (𝛽 = 30∘ and 𝐿 = 10mm) under uniaxial compression.
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Figure 6: The failed contact numbers at the points of peak strengths.

with different inclination angles and lengths under uniaxial
loading, respectively. As shown in Figure 4, all axial stress-
axial strain behaviour can be divided into four stages. To
show this part clearly, an axial stress-axial strain curve for
model containing a single flaw with inclination angle 30∘
and length 10mm under uniaxial compression is depicted,
and four pictures of UDEC model at different stages were
included in Figure 5.

Before the initiation of macrocrack from the preexisting
crack, only a few microcracks (white colour) initiated at
the axial stress of 9MPa. In this stage, the curve of failed
contact number is almost unchanged. As the axial stress
reached 17.6MPa, macrotensile crack (white colour) initiated
from both ends of preexisting crack. The number of failed
contacts increased steadily with increasing axial strain in this
stage. When the axial stress increased to about 25.5MPa,
the secondary crack initiated from left top of preexisting
crack. The number of failed contacts increased rapidly
when the axial strain is changed a little. The peak value
of stress-strain curve is 26MPa. After the peak point, a
large macrocracks’ coalescence has happened and the model
failed.

The failed contact numbers under different conditions
are shown in Figure 6. It can be observed from Figure 6
that the failed contact number at first increased and then
decreased with increasing of inclination angle 𝛽 under the
same length of preexisting crack. When the inclination angle
𝛽 was 0∘ and 90∘, respectively, the failed contact number
is almost unchanged with length of preexisting crack from
10mm to 30mm. However, when the inclination angle 𝛽 was
15∘ and 60∘, respectively, the failed contact number increased
gradually when length of preexisting crack increased. But
when the inclination angle 𝛽 was 30∘ and 45∘, respectively,
the failed contact number increased gradually when length of
preexisting crack decreased. And this decrease trend is most
obvious when the inclination angle 𝛽 was 45∘, as shown in
Figure 6.

The peak strengths of model containing single flaw are
shown in Figure 7. It is shown from Figure 7 that the peak
strength at first decreased and then increased with increasing
of the flaw angle. The behaviours are akin to those observed
by Zhou et al. [17], Yang and Jing [14], Xu et al. [34], and
Wasantha et al. [35]. Meanwhile, the peak strength decreased
gradually when length of preexisting crack increased. To
show the extent of the reduction in peak strength of themodel
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Table 2: Reduction factor [%] for the peak strength of model containing single flaw.

Parameters 𝛽 = 0∘ 𝛽 = 15∘ 𝛽 = 30∘ 𝛽 = 45∘ 𝛽 = 60∘ 𝛽 = 75∘ 𝛽 = 90∘

𝐿 = 10mm 16.1 19.1 22.1 19.1 19.1 10.1 2.6
𝐿 = 15mm 11.6 20.3 24.2 22.7 21.2 13.7 2.9
𝐿 = 20mm 14.6 23.6 30.5 40.1 25.7 16.1 2.9
𝐿 = 25mm 14.6 17.9 47.3 47.6 30.2 17.0 3.2
𝐿 = 30mm 14.3 26.3 52.0 50.5 38.6 18.2 3.8
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Figure 7: The peak strengths of model containing single flaw.
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Figure 8: Reduction degrees for the peak strengths of model containing single flaw.

in relation to an intact specimen, the reduction degree (Yang
et al., 2012) [17] is defined as

𝐷𝑒 =
𝜎cm − 𝜎cn
𝜎cm
, (2)

where 𝜎cm is the peak strength of intact model (the value is
33.5MPa). 𝜎cn is the peak strength ofmodel containing single
flaw.

The reduction degrees for peak strengths of different
models are listed in Table 2 and Figure 8.

For the model with flaw length 𝐿 of 10mm and 15mm,
𝐷𝑒 increased from 2.6% to 24.2% when the inclination angle
𝛽 was increased from 0∘ to 90∘. For the model with flaw
length 𝐿 of 20mm, 25mm, and 30mm, 𝐷𝑒 increased from

2.9% to 50.5% when the inclination angle 𝛽 was increased
from 0∘ to 90∘. For the model with flaw length 𝐿 > 15mm,
𝐷𝑒 increased when the inclination angle 𝛽 was 30∘, 45∘, and
60∘, respectively. For the model with flaw length 𝐿 < 15mm,
𝐷𝑒 almost unchanged when the inclination angle 𝛽 was 0∘ to
90∘, respectively. When the inclination angle 𝛽 was 90∘, 75∘,
and 0∘, the flaw length has no influence on 𝐷𝑒. When the
inclination angle 𝛽 was 30∘, 45∘, and 60∘, 𝐷𝑒 increased with
increasing of the flaw length 𝐿.

3.2. Crack Initiation Stress and Crack Damage Stress. In most
of the literatures studied crack behaviour, crack initiation (CI)
stress, and crack damage (CD) stresswere themost frequently
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Figure 9: The methods used to establish crack initial stress and crack damage stress [19].

Figure 10: Axial and lateral strains are recorded at the locations shown to monitor the specimen response.

discussed. Nicksiar and Martin (2012) [19] reviewed the
various methods about crack initiation stress in previous
literatures. In this study, Poisson’s ratio method was used to
obtain the crack initiation stress (see Figure 9(b)). The ratio
remains constant until cracking occurs. The stress associated
with the change in Poisson’s ratio is referred to as the CI stress
[19, 36]. And the volumetric strainmethodwas used to obtain
the damage stress (see Figure 9(a)). When the unstable crack
begins to grow, the volumetric strain reaches maximum.The
stress associated with maximum volumetric strain is referred
to as the CD stress [19, 37, 38]. In general, Poisson’s ratio
and volumetric strain are calculated based on the lateral and
axial strains. In UDEC model, the lateral and axial strains
are calculated using the average displacement in the 𝑥 and
𝑦 directions at dozens of locations in some sampling area to
monitor the specimen response (Figure 10).

The CI stresses 𝜎ci and 𝜎ci/𝜎cn are shown in Table 3 and
Figure 11 by a series of calculations. As shown from Table 3, a
general increase of the CI stress 𝜎ci with the increase of flaw

inclination angle 𝛽 from 30∘ to 90∘ is observed. The CI stress
𝜎ci decreased mainly when flaw inclination angle 𝛽 < 30∘.
The CI stress 𝜎ci decreased gradually with increasing of flaw
length 𝐿. The effect is relatively more prominent for 30∘, 45∘,
and 60∘.
𝜎ci/𝜎cn displayed the similar law in Figure 11. 𝜎ci/𝜎cn

decreasedmainly when flaw inclination angle 𝛽 < 45∘. 𝜎ci/𝜎cn
increased with the increase of flaw inclination angle 𝛽 from
45∘ to 90∘. 𝜎ci/𝜎cn increased with the decrease of flaw length
𝐿. In addition, for the model with flaw inclination angle 𝛽 of
0∘, 15∘, 75∘, and 90∘, 𝜎ci/𝜎cn changed from about 0.6 to 0.8. For
the model with flaw inclination angle 𝛽 of 30∘, 45∘, and 60∘,
𝜎ci/𝜎cn changed from about 0.1 to 0.3.

The CD stresses 𝜎cd and 𝜎cd/𝜎cn are also shown in Table 4
and Figure 12 by a series of calculations. The CD stresses 𝜎cd
and 𝜎cd/𝜎cn decreased with the increase of flaw length 𝐿. And
the CD stress 𝜎cd at first decreased and then increased with
the increase of flaw inclination angle 𝛽 from 0∘ to 90∘. 𝜎cd/𝜎cn
decreasedmainlywhenflaw inclination angle𝛽 < 30∘.𝜎cd/𝜎cn
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Table 3: The CI stress 𝜎ci versus flaw inclination angle 𝛽 and length 𝐿.

Parameters 𝐿 = 10mm 𝐿 = 15mm 𝐿 = 20mm 𝐿 = 25mm 𝐿 = 30mm
0∘ 23 22 20 18 17
15∘ 21 18 16 16 15
30∘ 12.5 8 5 3 2
45∘ 7.5 6 4 2.8 2
60∘ 8.5 7 6 4 2.5
75∘ 24 20.5 19 18 16
90∘ 28 25.9 25 25 25

Table 4: The CD stress 𝜎cd versus flaw inclination angle 𝛽 and length 𝐿.

Parameters 𝐿 = 10mm 𝐿 = 15mm 𝐿 = 20mm 𝐿 = 25mm 𝐿 = 30mm
0∘ 28.8 29.4 28 27.4 28.4
15∘ 30 23.4 22.8 24.8 21.2
30∘ 16.5 13 10 6.54 5.25
45∘ 17.8 14 9 7.07 5.03
60∘ 24.5 20.8 17.5 12 8.11
75∘ 29.6 27.8 26.2 22.4 20.4
90∘ 32.5 32.2 32.4 32.4 32.1
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Figure 11: 𝜎ci/𝜎cn versus flaw inclination angle 𝛽 under different flaw length 𝐿.
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Figure 13: The crack types initiated from the preexisting flaws (T: tensile crack opening, S: shearing displacement).

increased with the increase of flaw inclination angle 𝛽 from
30∘ to 90∘. In addition, when flaw inclination angle 𝛽 < 15∘
or 𝛽 > 75∘, the CD stress 𝜎cd is substantially equal to the
peak strength.With the decrease of flaw length 𝐿, the effect is
relatively more obvious.

3.3. Description of Crack Behaviour. In a flaw-containing
specimen, the block sizes have effect on the crack processes
[33]. Wong results showed seven crack types with different
trajectories and initiation mechanism (Figure 13). Based on
Wong results, this section will analyse the crack types of
model containing single flaw with different inclination angle
and length. The crack behaviours of model containing single
flawwith different inclination angle and length were analysed
in Figures 14, 15, and 16. Four pictures of eachmodel show the
crack initiation, propagation, crack type at peak stress, and
sketch of cracks.

For length 𝐿 of 10mm and flaw angle 𝛽 of 30∘, 45∘, and
60∘, the crack initiation and crack propagation processes are
shown in Figure 14. As can be seen from Figure 14, the first

macroscopic cracks which are wing cracks (T1) are initiated
from the tips of flaws. Cracks initiating later than the first
cracks were usually referred to as secondary cracks. For
the flaw angle 𝛽 of 30∘, a portion of the secondary cracks
initiated upwards near the left tip, which are antitensile cracks
(T3). A portion of the secondary cracks initiated downwards
from the left tip, which are mixed tensile-shear cracks (S-T)
(Figure 14(30-4)). For the flaw angle 𝛽 of 45∘, the secondary
cracks consisted of some microcracks clusters initiated at a
distance away from the preexisting flaw, which are tensile
cracks (T) (Figure 14(45-4)). For the flaw angle 𝛽 of 60∘, three
secondary cracks initiated from the left tip of flaw, two of
them initiated downwards are mixed tensile-shear cracks (S-
T), the third crack initiated upwards is antitensile crack (T3).
One secondary crack initiated downwards from the left tip of
flaw is antitensile crack (T3) (Figure 14(60-4)).

Figure 15 shows the crack initiation and crack propaga-
tion processes with length 𝐿 of 20mm and flaw angle 𝛽 of
30∘, 45∘, and 60∘. For the flaw angle 𝛽 of 30∘, twomacroscopic
wing cracks initiated from the flaw tip as the first cracks
(T1). Three secondary cracks initiated near the left flaw tip,
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Figure 14:The failures modes at different inclination angles (𝛽). Length of the preexisting flaws is 10mm. T: tensile crack, S: shear crack, and
the number represents crack type.

which are substantially parallel to the first crack. The one
initiated upwards is antitensile crack (T3). And other cracks
are mixed tensile-shear cracks (S-T). Three secondary cracks
initiated from right flaw tip, which are type 2 tensile cracks

(T2) (Figure 15(30-4)). For the flaw angle 𝛽 of 45∘, two first
cracks initiated from the flaw tip, which are wing cracks (T1).
Two secondary cracks initiated upwards from right flaw tip
are mixed tensile-shear cracks (S-T). Two secondary cracks
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Figure 15:The failures modes at different inclination angles (𝛽). Length of the preexisting flaws is 20mm. T: tensile crack, S: shear crack, and
the number represents crack type.

initiated downwards from left flaw tip are type 2 tensile
cracks (T2) (Figure 15(45-4)). For the flaw angle 𝛽 of 60∘, two
macroscopicwing cracks (T1) initiated from the flaw tip as the
first cracks and then four secondary cracks initiated from the

right flaw tip, one of which is type 2 tensile crack (T2). Other
secondary cracks are tensile cracks (T) (Figure 15(60-4)).

Figure 16 shows the crack initiation and crack propaga-
tion processes with length 𝐿 of 30mm and flaw angle 𝛽 of
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Figure 16:The failures modes at different inclination angles (𝛽). Length of the preexisting flaws is 30mm. T: tensile crack, S: shear crack, and
the number represents crack type.

30∘, 45∘, and 60∘. For the flaw angle 𝛽 of 30∘, twomacroscopic
wing cracks (T1) initiated from the flaw tip as the first cracks.
Four secondary cracks consisted of some microtensile cracks
initiated near the left flaw tip region. Two of them extended

upwards are type 3 tensile cracks (T3). One secondary crack
initiated from right flaw tip is type 2 crack (T2) (Figure 16(30-
4)). For the flaw angle 𝛽 of 45∘, two first cracks initiated
from the flaw tip, which are wing cracks (T1). Two types
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Table 5: The crack types under different geometries.

Parameters Crack types
30∘ 45∘ 60∘

𝐿 = 10mm T1, T3, S-T T1, T T, T1, T3, S-T
𝐿 = 20mm T1, T2, T3, S-T T1, T2, S-T T, T1, T2
𝐿 = 30mm T,T1, T2, T3 T1, T2, S-T T1, S, S-T

of macroscopic cracks initiated from the flaw tip. The one
initiated from the left flaw tip is mixed tensile-shear crack (S-
T). While the one initiated from the right flaw tip is type 2
tensile crack (T2) (Figure 16(45-4)). For the flaw angle 𝛽 of
60∘, two macroscopic tensile wing cracks (T1) initiated from
the flaw tip as the first cracks. One secondary crack as shear
crack (S) initiated at distance from the right flaw tip. Two
secondary cracks initiated near the left flaw tip are mixed
tensile-shear cracks (S-T) (Figure 16(60-4)).

Five crack patterns are observed in single flaw with
different geometries shown in Table 5: tensile crack (T),
type 1 tensile crack (T1), type 2 tensile crack (T2), type 3
tensile crack (T3), mixed tensile-shear crack (S-T), and shear
crack (S). Meanwhile, the crack types changed with different
geometries. This indicated that the geometries have great
effect on the crack type.

4. Discussion

From the loading of UDEC model, the peak strength, the
CI stress, and the CD stress were obtained. The CI stress
ratios (𝜎ci/𝜎cn) at first decreased and then increased as the
flaw inclination angle𝛽 increased, whichwas also observed in
some references [7, 32, 39].With the increasing of flaw length,
the variation shape of the CI stress ratios changed from “V”
into “U”; note that some points are not within the scope of the
law. One plausible explanation was due to definition of the CI
stress. In this paper, Poisson’s ratiomethodwas used to obtain
the crack initiation stress [19]. But in actual operation, the CI
stress is defined with 10% change of Poisson’s ratio in some
models. Another plausible explanation was due to random
distribution of block sizes.

In the present numerical study, tensile crack (T), type 1
tensile crack (T1), type 2 tensile crack (T2), type 3 tensile
crack (T3), mixed tensile-shear crack (S-T), and shear crack
(S) were obtained. Compared with Wong literature [2, 3],
some of the paths of cracking were different in the present
study. One plausible explanationwas due to influence of grain
size. The grain size in UDEC influences the onset of cracking
and possible initiating mechanisms [19]. Table 3 shows the
crack process with length 𝐿 of 10mm and flaw angle 𝛽 of
30∘, 45∘, and 60∘ under different grain sizes. The number of
microcracks increased with the increase of grain size. The
first crack which is wing crack (T1) has the same trend. With
the increase of grain size, the trend becomes better. Table 6
also shows difference about the type of secondary crack. For
example, for the flaw angle 𝛽 of 45∘, the secondary cracks for
𝑁 = 853 appear to be tensile crack (T). But the secondary
cracks for 𝑁 = 2295 appear to be antitensile crack (T3),
mixed tensile-shear crack (S-T), and shear crack (S) together.

So, the grain size has effect on type of crack in numerical
simulation. In particular, the smaller the grain sizes, themore
the time required for calculations. In the future research, to
obtain good results, a more reasonable block size should be
adopted.

5. Conclusion

A series of numerical simulations on rock-like specimens
containing single flaw with different inclination angle and
flaw length were subjected to uniaxial compressive loads.The
main conclusions can be summarized as follows:

(1) The peak strength at first decreased and then
increased with increasing of the flaw angle. Moreover,
the peak strength decreased gradually when length
of preexisting crack increased. When the inclination
angle𝛽was 90∘and 0∘, the flaw length has no influence
on𝐷𝑒. When the inclination angle 𝛽was 30∘, 45∘, and
60∘,𝐷𝑒 increased with increasing of the flaw length 𝐿.

(2) The CI stress and the CI stress ratios (𝜎ci/𝜎cn) depend
on the inclination angle and flaw length.TheCI stress,
the CI stress ratios (𝜎ci/𝜎cn), and the CD stress at first
decreased and then increased as the flaw inclination
angle 𝛽 increased. With the increasing of flaw length,
the variation shape of the CI stress and the CI stress
ratios changed from “V” into “U”; the inclination
angle andflaw length almost have no effect on𝜎cd/𝜎cn.

(3) The crack behaviour also depends on the inclination
angle and flaw length. Four types of crack were
observed in numerical simulations, involving tensile
crack (T), type 1 tensile crack (T1), type 2 tensile crack
(T2), type 3 tensile crack (T3), mixed tensile-shear
crack (S-T), and shear crack (S).
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Uniaxial experiments were carried out on red sandstone specimens to investigate their short-term and creep mechanical behavior
under incremental cyclic compressive and tensile loading. First, based on the results of short-term uniaxial incremental cyclic
compressive and tensile loading experiments, deformation characteristics and energy dissipation were analyzed. The results show
that the stress-strain curve of red sandstone has an obvious memory effect in the compressive and tensile loading stages. The
strains at peak stresses and residual strains increase with the cycle number. Energy dissipation, defined as the area of the hysteresis
loop in the stress-strain curves, increases nearly in a power function with the cycle number. Creep test of the red sandstone was
also conducted. Results show that the creep curve under each compressive or tensile stress level can be divided into decay and
steady stages, which cannot be described by the conventional Burgers model. Therefore, an improved Burgers creep model of rock
material is constructed through viscoplastic mechanics, which agrees very well with the experimental results and can describe the
creep behavior of red sandstone better than the Burgers creep model.

1. Introduction

In many rock engineering fields such as underground exca-
vation, rock slope engineering, and mining, rock materials
often experience cyclic loading [1]. It is well known that
the mechanical behavior of rocks under cyclic loads differs
dramatically from that under static loads [2]. Therefore, it
is necessary to understand the response of rock mass under
cyclic loads.

Laboratory testing is the main method to understand
the mechanical behaviors of rock mass. Therefore, in the
past several decades, extensive investigations have been
carried out on the mechanical behavior of rock mass under
cyclic uniaxial or triaxial compressive loads on the basis
of laboratory experimental results. Based on the uniaxial
cyclic compression test results, Ge et al. [3] discussed the
threshold of axial stress for fatigue failure of rocks. Ma et
al. [4] and Fuenkajorn and Phueakphum [5] investigated

Young’smodulus degradationwith loading cycles. Huang and
Li [6] investigated the characteristics of strain energy accu-
mulation, dissipation, and release based on the axisymmetric
triaxial compression loading-unloading test results. He et
al. [7] carried out an experimental investigation of strength
and fatigue properties of intact sandstone samples subjected
to dynamic cyclic loading in the laboratory. Erarslan and
Williams [8] examined the damage mechanism of rock
fatigue and its relationship to the fracture toughness of rocks
using Brisbane tuff disc specimens. Zhao et al. [9] analyzed
the creep behavior of intact and cracked limestone by a series
of triaxial creep tests under multilevel loading and unloading
cycles.

The above experimental results provide a better foun-
dation for the construction of a damage evolution equation
and a creep model under cyclic compression load. Liu et
al. [10] proposed a damage evolution equation for rock salt
under uniaxial compression loading condition. Wang et al.
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[11] proposed a constitutive model for the fatigue behavior
of rocks subjected to cyclic loading according to the triaxial
compression test results. Liu et al. [12] developed a new
damage constitutive model through energy dissipation to
describe the behavior of rocks under uniaxial compression
cyclic loading. Yang et al. [13] constructed a viscoelastoplastic
creep model of rock material, which can better describe the
triaxial compressive loading and unloading creep behavior
of marble. Khaledi et al. [14] employed an elastoviscoplastic
creep model to predict the stress-strain relation around the
cavern during the construction and cyclic operation phases.

It is noteworthy that the abovementioned studies mainly
focus on the mechanical behavior of rocks under cyclic
loads of compressive loading and unloading, while the
stability of many geotechnical engineering processes, such as
underground excavation, mining tunnel, and slope, may be
dominated by tensile stress. Since the tensile creep rupture
strength of red sandstone is about 1/40 of its compressive
creep rupture strength [15], it is very necessary to consider
the tensile stress in the mechanical behavior study of red
sandstone under cyclic loading.

To better understand the uniaxial mechanical behavior of
deep rock mass, short-term and creep tests were conducted
for red sandstone located at an underground tunnel in
Chongqing city under uniaxial cyclic incremental compres-
sive and tensile loading. Based on the short-term uniaxial
cyclic experimental results for red sandstone, the strain at
peak stress, residual strain, area of hysteresis loop, and energy
dissipation behavior of red sandstone were first analyzed. In
accordance with creep experimental results, Burgers creep
model was used to describe the behavior of the red sandstone,
but it was found to be not fitting with the experimental
data very well. Thus, an improved Burgers creep model was
constructed to capture experimental results of red sandstone
creep under cyclic compressive and tensile loading. The
comparison of the improved Burgers creep model with the
experimental results shows an excellent match and verifies
the validity of the suggested model.

2. Specimens and Method

2.1. Specimen Preparation. Sandstone specimens for incre-
mental uniaxial cyclical testing were collected from a deep
underground tunnel inChongqing city. Sandstone in this area
is red. The average unit weight is about 2380 kg/m3. Accord-
ing to the method suggested by ISRM, all tested sandstone
specimens are cylindrical with a diameter of 50mm and a
length of 100mm approximately (see Figure 1). More than
15 specimens were prepared for the tests: three specimens
(numbers 1∼3) for conventional uniaxial compression exper-
iments, three specimens (numbers 4∼6) for conventional
uniaxial tensile experiments, one specimen (number 7) for
incremental uniaxial cyclical compressive and tensile loading
test, and one specimen (number 8) for incremental uniaxial
cyclical compressive and tensile loading creep test, and the
remaining specimens were prepared for compensatory tests.

2.2. Testing Equipment. Both conventional experiments (in-
cluding uniaxial compression and tension) and incremental

Figure 1: Rock specimens.

Figure 2: Experimenting machine of INSTRON 1342.

cyclic experiments of specimens were carried out using a
servo-controlled experiment machine INSTRON 1342 with
axial loading in the range of 0–200 kN. The experimen-
tal setup and deformation sensor measurement system are
shown in Figure 2. The cyclic incremental uniaxial compres-
sive and tensile creep experiments of specimens were carried
out using a self-made lever-type tensile and compression
rheological tester (see Figure 3). By removing the tension
supporting bar, the tester can apply compressive loads, and
by adding this supporting bar and removing the transfer bolt,
the tester can apply tensile loads easily [16].

To avoid the eccentric force under cyclic compressive and
tensile loading, a self-made specimen holding device [15] was
also used in both short-term and creep cyclic loading tests.
The specimen holding device is shown in Figure 4.

2.3. Experimental Setup. Two different kinds of incremen-
tal uniaxial cyclic compressive and tensile loading tests
were conducted in this research, which were short-term
incremental compressive and tensile cyclic loading test and
incremental compressive and tensile cyclic loading creep test,
as shown in Figures 5(a) and 5(b), respectively.

The procedure of incremental cyclic compressive and
tensile loading test can be described as follows: first, the
specimens are installed on the specimen holding device by
using high performance resin adhesive, and at least 48 hours
is required for the adhesive to be cured (as shown in Figure 4).
The holding device was then placed on the testingmachine. A
loading rate of 0.005mm/min was used to give the specimen
cyclic loading paths of compressive loading, compressive
unloading, tensile loading, and tensile unloading. Different
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Figure 4: Specimen holding device [15].

stress levels such as 20%, 40%, 60%, and 80%of the specimen’s
average uniaxial tensile and compressive strength are used
(Figure 5(a)).

The procedure of cyclic incremental compressive and
tensile creep loading test was conducted on another specimen
(number 8). In the creep experiments, stress levels are also
20%, 40%, 60%, and 80% of the specimen’s average uniaxial
tensile and compressive strength, which are the same as the
short-term stress levels, as shown in Figure 5(b).The duration
for each stress level (each compressive or tensile stress stage)
was about 12 hours. Calculated weights were used to apply
the compressive and tensile stress levels. Before switching
between the compressive and tension phase, each kind of
stress will be removed. Forminimum influence on the testing
results, the load switch procedure needs to be completed
in two minutes. The electrical resistance strain gauges were

used to measure the axial strain and the lateral strain of
the specimens (as shown in Figure 1). Gauges with the size
of 3 × 5mm were used to measure the lateral strain of the
specimens and gauges with the size of 3 × 20mm were used
to measure the axial strain. All the electrical resistance strain
gauges have the same resistances which are 120 ohms.

3. Experimental Results and Discussions

3.1. Conventional Uniaxial Tests Results. Before the cyclic
loading tests, conventional uniaxial compression and tension
tests for the red sandstone samples were carried out to
measure their short-term strength and deformation behavior.
Figures 6 and 7 show the typical curves of stress versus
strains of sandstone specimens under compression and direct
tension, respectively. The volumetric strain during the tests
was calculated by the axial and the lateral strain from (1).
In accordance with the stress-strain curves of red sandstone
specimens under uniaxial compressive loading, the compres-
sion deformation of red sandstone can be divided into four
stages (Figure 6): (I) pore and fissure closure, (II) elastic
deformation, (III) crack growth, and (IV) postpeak softening,
as shown in Figure 6. The uniaxial compressive strengths of
the specimens (numbers 1–3) are 52.85MPa, 56.55MPa, and
53.57MPa, respectively, with an average value of 54.32MPa.
While there are two or three stages in the stress-strain curves
of red sandstone specimens (numbers 4–6) under uniaxial
tensile loading, the stages are (I) elastic deformation, (II)
crack growth, and (III) postpeak softening, as shown in
Figure 7. The uniaxial tensile strengths of the specimens
(numbers 4–6) are −1.39MPa, 1.41MPa, and −1.40MPa,
respectively, with an average value of −1.40MPa.

𝜀V = 𝜀1 + 2𝜀3, (1)

where 𝜀
1
is the axial strain, 𝜀

3
is the lateral strain, and 𝜀V is the

volumetric strain.
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Figure 5: The sketch of incremental compressive and tensile cyclic loading.
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Figure 6: Typical curves of stress versus axial strain of sandstone specimens under compression.
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Figure 7: Typical curves of stress versus axial strain of sandstone specimens under direct tension.
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3.2. Mechanical Behavior under Short-Term Cyclic Loading

3.2.1. Deformation Characteristics. The relationship between
stress and axial strain of red sandstone specimens under the
cyclic incremental uniaxial compressive and tensile stress is
shown in Figure 8. The maximum compressive stresses in
Figure 8 are 10.86MPa, 21.73MPa, 32.59MPa, and 43.46MPa,
respectively, and themaximum tensile stresses in Figure 8 are
−0.28MPa, −0.56MPa, −0.84MPa, and −1.12MPa, respec-
tively. It can be seen from Figure 8 that the curve of
stress-strain formed hysteretic loops after each stress path of
compressive loading, compressive unloading, tensile loading,
and tensile unloading and that the area of the hysteretic loops
increased with the increasing of the loading stress. It was also
found that the stress-strain curves in the compressive loading
stages and the tensile loading stages were overlapped.

There is a certain value of residual strain after each cyclic
load. Figure 9 shows the strain at peak stress and the residual
strains with cycle number. It was found that the strains at
the peak compressive stress increase nearly linearly with the
increase of the cycle number, while the power function can
better express the relationship between the strains at peak
tensile and the cycle number and the relationship between the
residual strains and the cycle number.

3.2.2. Energy Dissipation Characteristics. Rock is a natural
geological material containing joints andmicrocracks. Cyclic
compressive and tensile loads will cause microcracks to
coalesce, develop, and extend, and the whole process subse-
quently causes energy dissipation. The considered dissipated
energy in each loading cycle (𝑊diss) can be obtained by
calculating the area defined by the hysteresis loop in the
stress-strain curves [17]. Since the zone between the loading
and unloading stress-strain curves represents the dissipated
energy density 𝑤 [18], the dissipated energy 𝑊diss can be
expressed as [19]

𝑊diss = 𝐴𝐿∫𝜎1𝑑𝜀1 = 𝐴𝐿𝑤, (2)

where𝑊diss is the dissipated energy,𝑤 is the dissipated energy
density, 𝐴 is the cross-sectional area of the specimen, 𝐿 is the
length of the specimen, and 𝜎

1
and 𝜀
1
are the corresponding

stress and strain.
According to (2), the dissipated energy of the red sand-

stone was calculated in each cycle loop, and the relationship
between the dissipated energy and the cycle number is shown
in Figure 10. It was found that the dissipated energy increases
nearly in a power function with the cycle number.

3.3. Creep Behavior of the Specimens under Cyclic Loading

3.3.1. Cyclic Creep Test Results. In accordance with the testing
procedure shown in Figure 5(b), cyclic loading creep test
results of red sandstone with different uniaxial compressive
and tensile stress were obtained, as shown in Figure 11.
The stress levels were the same as these of the short-term
compressive and tensile cyclic loading tests, and they lasted
for about 12 hours at each compressive or tensile stress level.
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It can be deduced from Figure 11 that, for each compres-
sive or tensile stress level, the axial and the lateral strain rates
increase first and then gradually decrease to a constant value
after a period of time. According to the evolution of the creep
strain, the creep curve under each stress level can be divided
into decay and steady stages.

3.3.2. Creep Model and Parameter Identification

(1) Burgers CreepModel and Parameter Identification. Accord-
ing to the creep data of the red sandstone under compressive
and tensile stress (Figure 11), there exists instantaneous strain,
decay creep, and steady creep under each stress level of com-
pressive or tensile stress stages, and the steady creep strain
approaches a certain constant value with time.Therefore, it is
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Figure 11: Curves of strain versus time of sandstone specimens under cyclic compressive and tensile stress: (a) axial and lateral strain and (b)
volumetric strain.

necessary to simulate the creep behavior of rocks by using a
creepmodel. As we all know, the creep curve of Burgers creep
model starts with transient deformation, and then it grows
in an exponential decline rate and tends to be constant [20],
which can be regarded as the combination of the Maxwell
model and Kelvin model.

The creep function of the Burgers creep model is

𝜀 = 𝜎𝐸
1

+ 𝜎𝜂
1

𝑡 + 𝜎𝐸
2

(1 − exp(−𝐸2𝜂
2

𝑡)) , (3)

where 𝜎 is the stress; 𝐸
1
and 𝐸

2
are the elastic moduli; 𝜂

1
and

𝜂
2
are the viscosity coefficients.
Take the processed data of axial creep as an example;

in accordance with (3), the creep parameters (𝐸
1
, 𝜂
1
𝐸
2
, 𝜂
2
)

for Burgers model can be identified by the nonlinear curve
fitting. The identified Burgers creep model parameters are
listed in Table 1, and Figure 12 presents a comparison of
the Burgers creep model curves and the experimental results
for red sandstone. From Figure 12 and Table 1, we can see
that Burgers creep model can describe the creep behavior
of the red sandstone under the cyclic incremental uniaxial
compressive and tensile stress, but the precision of the model
still needs improving.

From Table 1, it also can be seen that, under the compres-
sive stress, the elastic parameters 𝐸

1
and 𝜂
1
vary slightly with

the increase of stress. The parameter 𝐸
2
decreases with the

increase of stress, whereas the parameter 𝜂
2
has no marked

relationship with the stress. However, the parameters 𝐸
2
and
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Figure 12: Comparison between Burgers creep model curves with the experimental result (a) under compressive stress and (b) under tensile
stress.

Table 1: Burgers creep model parameters of red sandstone.

𝜎 (MPa) 𝐸
1
(MPa) 𝜂

1
(MPa⋅h) 𝐸

2
(MPa) 𝜂

2
(MPa⋅h) 𝑅2

10.86 4050.14 2731654.32 42273.41 209.75 0.827
21.73 5254.52 7795505.19 301936.79 87284.57 0.978
32.59 6279.33 8455407.36 272555.11 63324.74 0.963
43.46 7027.61 7675487.69 293402.52 77424.65 0.954
−0.28 −2379.26 168450.11 3438.36 1395.44 0.976
−0.56 9210.78 105074.47 4397.46 2042.85 0.987
−0.84 1353.98 115643.16 5988.89 3541.60 0.974
−1.12 667.00 112377.40 5757.59 3254.71 0.973

𝜂
2
increase with the stress and 𝜂

1
decreases with the stress

under tensile stress. It is noteworthy that, due to the positive
strain value, the parameter 𝐸

1
is −2379.26MPa under the

stress of −0.28MPa. So, it can be obtained that the loading
stress value, as well as the stress condition, was of great
significance and affected the Burgers creepmodel parameters
of red sandstone.

(2) Improved Burgers Creep Model and Parameter Identifica-
tion. It can be obtained from Figure 11 that the axial and the
lateral creep curves show obvious nonlinear behavior; the
instantaneous strain, decay creep, and steady creep reveal a
trend of increase with the cycle number and cycle loading,
indicating that both the cycle number and the level of the
stress are the primary reason for the nonlinear behavior of
the red stone under uniaxial cyclic loading.

In order to better describe the creep behavior of red sand-
stonematerial under cyclic incremental uniaxial compressive
and tensile stress, by adopting the decreasing hypothesis
of viscosity coefficient [21–23], an improved Burgers creep
model of rock material can be proposed, as shown in
Figure 13.

The creep equation of the improved Burgers creep model
can be written as

𝜀 = 𝜎𝐸
1

+ 𝜎𝐸
2

(1 − exp(−𝐸2𝜂
2

𝑡)) + 𝜎𝜂 (𝑛, 𝑡) 𝑡, (4)

where 𝜎 and 𝜀 are the creep stress and creep strain, respec-
tively; 𝐸

1
and 𝐸

2
are the elastic moduli; 𝜂

2
is the viscosity

coefficient; 𝑡 is the creep time under each creep stress level.
Here, 𝜂(𝑛, 𝑡) can be expressed as

𝜂 (𝑛, 𝑡) = 𝜂0 𝑡
𝑛−1

𝑡𝑛−1
0

, (5)

where 𝜂
0
is the initial viscosity coefficient; 𝑡

0
is the unit time,

whose value is 1; and 𝑛 is the creep parameter, which is related
to the cycle number and cycle loading.

Based on the creep test data under compressive and
tensile stresses, the relevant parameters of the improved
Burgers creep model were identified from data processing,
as shown in Table 2. The calculated results of the creep
curves and the tested ones are shown in Figure 14, and
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Table 2: Improved Burgers creep model parameters of red sandstone.

Σ (MPa) 𝐸
1
(MPa) 𝐸

2
(MPa) 𝜂

2
(MPa⋅h) 𝜂

0
(MPa⋅h) 𝑛 𝑅2

10.86 4101.21 57010.75 154.76 100171.55 0.101 0.982
21.73 5313.05 661873.20 104699.32 276591.10 0.155 0.997
32.59 6368.00 316958.07 33275.06 392902.99 0.184 0.990
43.46 7219.34 517211.08 48227.04 197992.56 0.111 0.994
−0.28 −1724.62 5574.04 2060.16 4000.58 0.122 0.990
−0.56 37340.00 9066.80 3328.24 5667.07 0.220 0.997
−0.84 1670.03 21792.39 3772.93 4379.21 0.183 0.993
−1.12 740.19 19186.75 3030.06 4209.71 0.180 0.994

1 2 3

E2

E1 

2

(n,t)

Figure 13: Illustration of the improved Burgers creep model.
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Figure 14: Comparison between improved Burgers creep model curves with the experimental result (a) under compressive stress and (b)
under tensile stress.

Figure 15 presents a comparison of the Burgers creep model
curves and the improved Burgers creep model curves with
experimental results for red sandstone. From Figures 14 and
15 and Table 2, it is found that the calculated results of the
proposed improved Burgers model are in good agreement
with the tested results. The correlation coefficient square
(𝑅2) of three curves is more than 0.982, which indicates the
prediction precision of the improved Burgers creep model in

simulating the properties of the sandstone under incremental
uniaxial cyclic compressive and tensile loading.

4. Conclusion

In this paper, the results of short-term and creep experiments
on red sandstone specimens under uniaxial incremental
cyclic compressive and tensile loading are reported. In
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Figure 15: Comparison between calculated results and experimental results (a) under compressive stress of 10.86MPa and (b) under tensile
stress of −0.28MPa.

accordance with the experiment results, deformation char-
acteristics and energy dissipation of red sandstone under
short-term cyclic loading were analyzed, and the Burgers and
the improved Burgers creep model of rocks were used to
evaluate the creep behavior of red sandstone. Based on our
experimental andmodeling results, the following conclusions
can be drawn:

(1) In accordance with the short-term uniaxial experi-
mental results of red sandstone under cyclic loading,
the curve of stress-axial strain formed hysteretic loops
after each cyclic loading and the area of the hysteretic
loops increased with the loading stress. The stress-
strain curves in the compressive loading stages and
the tensile loading stages have an obvious memory
effect. It was also found that the dissipated energy
increased nearly in a power function with the cycle
number.

(2) Under each uniaxial compressive or tensile loading,
the axial and the lateral creep strain rates increase first
and then gradually decrease to a constant value after a
period of time.The creep curve under each stress level
can be divided into decay and steady stages.

(3) Compared to the traditional Burgers creepmodel, the
proposed improved Burgers creep model has higher
prediction precision in simulating the behavior of
the sandstone under incremental uniaxial cyclical
compressive and tensile loading.
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Generally, there are two important types of microseismic (MS) signals caused by mining and blasting activities at coal mines. The
waveform characteristics of MS signals using FFT, STA/LTA method, and envelope analysis were studied to distinguish these two
types of MS signals. The main results are as follows: the dominant frequency and duration of two types of signals are significantly
different. The following peak envelope curves of two types of MS signals fit a power function.The power exponent was obtained to
describe the attenuated speed of theMS signals.The attenuation of the coalminingMS signals is slower andmore fluctuant than that
of the blasting signal. Waveform characteristics consisting of the dominant frequency, duration, and attenuation coefficient were
extracted as the discriminating parameters. The discriminating performance of these parameters was compared and discussed.
Based on the waveform characteristics, a discriminant model for coal mining MS and blasting signals was established by using
Fisher linear discriminant method and its performance was checked.The results show that the accuracy of the discriminant model
is more than 85%, which can meet the requirements of MS monitoring at coal mines.

1. Introduction

The rockburst is a sudden, violent fracture of rock mass
in tunnels and mines, generally caused by failure of highly
stressed rock and the rapid instantaneous release of accu-
mulated stain energy [1–3]. The rockburst often causes coal
mass failure, roadways collapse, casualties, mining equip-
ment, ground building damage, and so on. The occurrence
of the rockburst is accompanied by many small energy
microseismic activities which are of great importance for
rockburst research [4]. A MS monitoring system installed in
a mine can monitor the state of the rock mass by analyzing
the MS events caused by the mining activities. The core
parts of the MS monitoring system include the layout of the
monitoring network, data processing, MS source location,
and MS early warning [5]. One of the challenges of the data
processing is to identify theMS signals caused by coal mining
activities among themany interference signals [6–8]. In these
complex waveforms, the blasting signals are dominant and

can be easily confused with the coal mining MS signals.
Thus, distinguishing between the coal miningMS signals and
blasting signals becomes themain task of data processing and
worth further study.

Recently, MS monitoring systems were widely installed
in coal mines in China, and considerable MS data has been
recorded. However, little attention has been paid to the
discrimination of coal miningMS signals and blasting signals
and there is also lack of related literature based on wave-
form analysis. By contrast, the discrimination of earthquake
signals against those of nuclear explosions has been studied
extensively. The widely used methods of discrimination can
be divided into two categories. One is based on source or
waveform characteristics which includes the source location,
source depth, origin time, direction of first motion of P wave,
ratio of surface wave magnitude to body wave magnitude,
ratio of Pwave first arrival amplitude tomaximumamplitude,
ratio of Love wave amplitude to Rayleigh wave amplitude,
and ratio of P wave spectral amplitude to S wave spectral
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amplitude [9–11]. The other is based on statistical identifi-
cation which includes Fisher discriminant classifier, logistic
regression, unascertainedmeasurement, andneural networks
[12–14].

Studies on MS signals were also conducted in non-coal
mines. Dong analyzed the source parameters of blasting
and MS events of three mines in Australia and Canada
and established three statistical discriminant models by the
Fisher classifier, the naive Bayesian classifier, and the logistic
Regression.The classification performances and discriminant
precision of three statistical techniques were discussed and
compared [8, 15]. Ma et al. analyzed seven parameters to
distinguish between mining MS signals and blasting signals
in a phosphorite mine, based on which, two statistical
discriminantmodels were proposed by the Bayesian classifier
and the Fisher classifier. Their models were more accurate
than traditional methods [16, 17]. Based on the works
of Booker and Taylor, Malovichko applied a multivariate
maximum-likelihood Gaussian classifier technique to dis-
criminate between mining MS and blasting events. Analysis
of a large number of events showed that approximately 20%
(1431 out of 7053) of MS mining events were reclassified as
blasting events [7]. Vallejos and Mckinnon applied logical
regression and neural network modeling to classify mine
earthquake and blasting events. The location error and 13
seismic parameters provided by full-waveform system of
ESG were used to calibrate the models. The logical regres-
sion and neural network approaches can effectively classify
different event categories under nonlinear conditions [18].
Zhao et al. decompose the signals in time and frequency
domains, and time-frequency characteristics of two kinds
of waveforms are analyzed. The results showed that the
energy of MS signals was mainly concentrated in the lower
frequency band than blast vibration signals [19]. Pan et al.
proposed a comprehensive analysis method to identify and
calibrate microseismic events by using STA/LTAmethod and
waveform information [20]. Zhu et al. analyzed the fractal
dimension box of specified frequency bands through the
wavelet analysis and the fractal theory and obtained 23-
dimensional values of pattern recognition feature vector.
Finally, a SVM network model was established to recognize
MS events, but the efficiency of identification still needs
further improvement [21]. Jiang et al. presented a strategy
for classifying local multichannels MS waveforms, triggered
by a single event. However, the method required a lot of
computation and the efficiency of identification needs further
improvement [22]. Li et al. analyzed the characteristics of
coal miningMS and blasting signals using theHilbert-Huang
Transform (HHT) method, but, no clear line of demarcation
between these characteristics of the two types of signals was
obtained [23].

As the geological conditions in coal mine areas are
complex and the transmission medium is not homogenous,
the MS signals in coal mines are more complicated than
those in non-coal mines and natural earthquakes. Thus, it is
difficult to differentiate the two kinds of signals with high
precision. Moreover, because most MS monitoring sensors
used in coal mines are single component and the monitoring
region is small, the difference between the propagation time

of the P waves and S waves produced by the rupture of coal
and rock is small. The S waves are likely to overlap the P
coda waves, making it difficult to detect them. Therefore,
the recognition method, utilizing the P/S-wave energy ratio
which is widely used to identify nuclear explosion signals
and natural earthquake signals, is not suitable for coal mines.
In this paper we analyzed three significant characteristics of
these two types of signals using the Fourier transform (FFT),
short-term averaging/long-term averaging (STA/LTA), and
envelope analysis. Based on the characteristics, a discrim-
inant model for coal mining MS signals and blasting sig-
nals, with the help of Fisher linear discriminant method,
is established, which are useful to improve the efficiency
of automatic discrimination and reduce the workload of
artificial discrimination.

2. Outline of the Mine and MS
Monitoring System

2.1. Coal Mine and Field MS Site Description. The Qianqiu
coal mine is located at Sanmenxia city, Henan province,
China, with a history of rockburst. It is one of the core mines
in the Yima Coal Group with the annual coal production
of 2.1 million tons. The number 21 mining district was the
main production area and the number 21141 working face
was the main mining face when this work was conducted.
As shown in Figure 1, the 21141 is a longwall panel in the
number 21 mining district with a dimension of 1500m ×
130m. The average overburden depth is 684.4m, and the
average coal seam thickness and dip angle are 10.6m and
13∘, respectively. The number 21121 goaf and number 21161
virgin field are located in the northern and southern side
of number 21141 longwall panel, respectively. The immediate
roof of the coal seam is composed of dark greymudstonewith
the thickness of 23.02–27.63m.Themain roof is composed of
mottled sand, conglomerates, and sandstone with an average
thickness of 612m. The huge thick gravel roof can easily
accumulate a great deal of elastic energy which can be
released suddenly during the process of fracturing or sliding,
leading to a rockburst. According to the field statistical
analysis, 5 rockbursts occurred within 100–200m of the
working face and 9 rockbursts occurred more than 200m
from the working face from 2008 to 2012.

2.2. The MS Monitoring System. The rockbursts and mine
earthquakes have become more and more severe with the
increase of mining depth and intensity. To monitor these
mining induced seismic activities, the ARAMIS M/E MS
monitoring system was installed in the Qianqiu coal mine.
This system was developed by EMAG mining automation
center, Poland. MS signals are recorded by the SPI-70 micro-
seismic sensors and transmitted these signals to the data
analysis center by the digital transmission system (DTSS).
The system canmonitor events with energy greater than 100J,
frequency less than 250Hz, and dynamic ranges less than
100 dB. The MS technique has been a daily rockburst mon-
itoring tool because of the real time monitoring capability,
source location, events energy calculations, and rockbursts
risk assessment.The ARAMISM/EMSmonitoring system at
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Figure 1: Number 21141 longwall panel and layout of the ARAMIS M/E system sensors network.

the Qianqiu coal mine is equipped with 16MS sensors, S1, S2,. . ., S16. The layout of the MS monitoring network is shown
in Figure 1.

2.3. Sample Database. The MS events recorded by the
ARAMIS MS monitoring system can be divided into two
main categories: (1) coal mining MS events, which refer to
the vibration caused by mining; they contain abundant infor-
mation on the fracturing of the coal and rock; (2) blasting
events, which refer to the vibration caused by blasting. The
type of recorded event was manually confirmed and marked
with different symbols in the database of ARAMIS system. To
establish discriminant model of coal mining MS and blasting
signals, fifty coal mining MS events and fifty blasting events
were randomly selected as the training sample; the other fifty
coal mining MS events and fifty blasting events were selected
as the testing sample. As the distance between sensors and
hypocenter increases, the attenuation and changes of signals
become stronger. Therefore, the earliest available signal,
received by the nearest sensor from the source, should be
selected as the representative signal of the event. Finally, a
total of one hundred training sample signals and one hundred
testing sample signals are obtained.

3. Characteristics of the Coal Mining MS and
Blasting Signals

3.1. Spectral Characteristics of the Coal Mining MS
and Blasting Signals

3.1.1. Fourier Transform Method. In the field of frequency
spectrum analysis, the fast Fourier transform (FFT) is often

used to convert signals from the time domain into the
frequency domain [24, 25]. The theoretical basis of FFT is
as follows: any function that satisfies the Dirichlet condition
can be expressed as a sum of sinusoidal functions of different
frequencies. The proportion of sine waves of frequency 𝑤 in
these signals is given by [26]

𝐹 (𝑤) = ∫∞
−∞

𝑓 (𝑡) 𝑒−𝑗𝑤𝑡𝑑𝑡. (1)

3.1.2. Dominant Frequency Statistics for the Coal Mining
MS and Blasting Signals. For the signal processing in this
work, the MATLAB command FFT was used to perform the
frequency spectrum analysis. The dominant frequencies of
100 training sample signals (50 coal mining signals and 50
blasting signals) were obtained and analyzed statistically. As
shown in Figure 2, the dominant frequencies lie in the band
of below 150Hz. The majority of the coal mining MS signals
fall within the low-frequency range whilemost of the blasting
signals are in the high-frequency range. Below 80Hz there are
39 signals, which are 78% of all the coal mining MS signals.
Above 80Hz there are 42 signals, comprising 84% of all the
blasting signals. The results demonstrate that the dominant
frequency of the coal mining MS signals is generally lower
than that of the blasting signals.Thus the dominant frequency
can be an important index for distinguishing the two types of
signals.

3.2. Duration of the Coal Mining MS and Blasting Signals

3.2.1. Calculating the Signal Duration. The duration of the
signals is the time from the arrival time to the end of
undulations (Figure 3).We define𝑇start as the arrival time and
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a coal mining MS signal.

𝑇end as the terminate time of awave. For the sample frequency𝑓𝑠, the duration is given by

𝑇𝐿 = (𝑇end − 𝑇start)𝑓𝑠 . (2)

The arrival time and termination time can be determined
by the short-term average/long-term average (STA/LTA)
method as [27–29]

𝑅𝑖 = STA
LTA

(𝑖) = 𝑛𝑙𝑛𝑠
∑𝑖𝑗=𝑖−𝑛𝑠 CF (𝑗)∑𝑖𝑗=𝑖−𝑛𝑙 CF (𝑗) , (3)

where 𝑖 is the sampling moment, which represents the com-
mon position of short time window and long time window.𝑗 ranges in each of short time and long time window, and
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Figure 4: Duration distribution of coal mining MS and blasting
signals recorded in the coal mine.

it is used to calculate average values of signal amplitude in
the windows. 𝑛𝑙 is the length of the long time window, and𝑛𝑠 is the length of the short time window. CF(𝑖) represents
the characterization function at point 𝑖. In practice, CF(𝑖) is
often replaced with the signal energy or the absolute value of
amplitude. When the ratio 𝑅𝑖 > 𝜆 (𝜆 is the trigger threshold),
an event is detected. Thus, automatic recognition and arrival
picking can be implemented. In this study, the values for𝑇start
are 𝑛𝑙 = 50 (sampling points), 𝑛𝑠 = 20 (sampling points), and𝜆 = 2 and the values for 𝑇end are 𝑛𝑙 = 50 (sampling points), 𝑛𝑠
= 20 (sampling points), and 𝜆 = 1.5.

3.2.2. Duration Statistics of the Coal Mining MS and Blasting
Signals. Taking one of the coal mining MS signals as an
example, the STA/LTA time series of the arrival time and
terminate time are shown in Figure 3. The windows move
from the first point to the last point for picking 𝑇start, and the
windowsmove from the last point to the first point for picking𝑇end. The coal miningMS signal starts at the 920th data point
and ends at the 1398th data point in Figure 3. So the duration
is 𝑇 = (1398 − 920)/500 = 0.956 s according to (2).

Figure 4 shows the durations of 100 training sample
signals. The duration distribution of all the signals is in the
range of 0.5∼6 s; most of the coal mining MS signals last
longer than the blasting signals. With 2 s as the dividing line,
44 signals lasted 2∼6 s, making up 88% of the coal mining
signals and 35 signals lasted 0.5∼2 s, contributing 70% of the
blasting signals. Therefore, the duration of the signal can be
another important index to differentiate between the coal
mining MS and blasting signals in coal mines.

3.3. Attenuation Characteristics of the Coal Mining MS
and Blasting Signals

3.3.1. Calculating the Attenuation Coefficient. We defined the
period from the peak point of the MS waveform (maximum
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Figure 5: Following peak attenuation curve of typical coal mining MS signal.

amplitude) to the corresponding point of terminate time
as the attenuation of the MS signal. The following peak
attenuation curve is proposed for quantitative analysis of the
MS signal attenuation. In Figure 5, 𝑇high is the time of peak
point, 𝑇end is the termination time, the envelope fitting curve
from𝑇high to𝑇end is defined as the following peak attenuation
curve.

To investigate the following attenuation curve, the enve-
lope curve should be obtained first. The steps to obtain the
envelope curve are as follows:

(1) Picking all the peaks of the waveform
(2) Interpolating the discrete peaks using cubic spline

interpolation to obtain a complete envelope curve.

The cubic spline interpolation [30, 31] is based on the
following method: the interval [𝑎 𝑏] is divided as 𝑎 ≤ 𝑥0 <𝑥1 < ⋅ ⋅ ⋅ < 𝑥𝑛 ≤ 𝑏. For the point 𝑥𝑖, 𝑦𝑖 = 𝑓(𝑥𝑖), if the function𝑆(𝑥) is cubic polynomial in every small interval [𝑥𝑖, 𝑥𝑖+1] and
also has second-order continuous derivatives in [𝑎, 𝑏], 𝑆(𝑥) is
regarded as a cubic spline function in [𝑎 𝑏]. Moreover, if 𝑆(𝑥)
satisfies

𝑆 (𝑥𝑖) = 𝑦𝑖 (𝑖 = 0, 1, . . . , 𝑛) (4)

after derivation, the expression of 𝑆(𝑥) is
𝑆 (𝑥) = 𝛼𝑖 (𝑥) 𝑦𝑖 + 𝛼𝑖+1 (𝑥) 𝑦𝑖+1 + 𝛽𝑖 (𝑥𝑖)𝑚𝑖 + 𝛽𝑖+1𝑚𝑖+1,

𝑥 ∈ [𝑥𝑖, 𝑥𝑖+1] . (5)

To study the function form corresponding to the fol-
lowing peak envelope curve of the coal mining MS and
blasting signals recorded in the mine and then to describe
the signal attenuation process quantitatively, it is necessary
to fit the following peak envelope curve of the signals. Gao
et al. found that the shock vibration energy in rock-soil
medium diminished in a power relation with respect to the

travel distance [32]. This power function is adopted here to
investigate the attenuation of the recorded signals:

𝑦 = 𝑎𝑥𝑏, (6)

where 𝑦 is the amplitude of the signal, 𝑥 is the sampled
point, and 𝑎 and 𝑏 are the fitting parameters corresponding
to the peak value and attenuation rate, respectively. Generally
speaking, the energy of the signal decreases more rapidly
when the absolute of 𝑏 (|𝑏|) increases; thus, |𝑏| is called the
attenuation coefficient. The fitting precision is represented
by the adjusted 𝑅-squared value, which is a calibration
correlation coefficient and is widely used in Origin and
MATLAB. A coefficient value close to 1 indicates a high-
fitting precision and stable attenuation of the signal’s energy.

3.3.2. Statistics of Attenuation Coefficient and Fitting Preci-
sion. Taking the coal mining MS signal in Figure 3 as an
example, the envelope curve of the waveform is given by the
cubic spline interpolation and the termination time point
is determined by the STA/LTA method. The fitted envelope
curve stretching from the maximum amplitude point to the
termination time point is shown in Figure 6. The attenuation
coefficient of the signal is 27.73 with a fitting precision (Adj.𝑅-square) of 0.96, indicating that the following peak envelope
curve satisfies the power function.

The fitting precision and attenuation coefficient of 100
training sample signals are obtained as shown in Figure 7.
Figure 7(a) shows the distribution of the fitting precision of
the following peak attenuation curve. Of the 100 sampled
signals, 93% show a fitting precision above 0.8, indicating
that the attenuation curve of both types of signals satisfy
the power function. The fitting precision of the following
peak attenuation curve of the coal mining MS signals is
mainly within 0.8∼1, with 42% between 0.8 and 0.9 and 48%
between 0.9 and 1. The fitting precision of the following peak
attenuation curve of the blasting signal is higher, with 84%
of the signals falling in the range of 0.9∼1. Therefore, in most
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Figure 7: Distribution of fitting precision and attenuation coefficient of all the signals.

cases, the fitting precision of the attenuation curve of the coal
mining MS signals is lower than that of the blasting signals.
Themain reason is that the attenuation of the coalminingMS
signals often fluctuates while the attenuation of the blasting
signals is rapid and steady.

Figure 7(b) shows the distribution of the attenuation
coefficient for the coal mining MS and blasting signals,
which is generally within the range of 2∼25. The attenuation
coefficients of the coal mining MS signals are smaller than
those of the blasting signals, which demonstrates the slower
damping of the coal mining MS signals. Among all the
coal mining MS signals, the attenuation coefficients of 39
signals (78%) are located in the range 2∼8. Among all the
blasting signals, the attenuation coefficients of 35 signals
(70%) are located in the 8∼25 range. This demonstrates that

the attenuation coefficient can reflect the difference between
the two kinds of signals and can be used as an important index
to distinguish between the two types of signals.

4. Discriminant Model of the Coal Mining MS
and Blasting Signals

4.1. Fisher Linear Discriminant. Pattern recognition is an
emerging subject in the 1960s. After decades of research, it has
been successfully used in various fields. For instance, it has
been applied to analyze nuclear explosion and earthquakes
and has achieved some results [12–14]. However, it is seldom
applied in the discrimination of coal mining MS signals
and blasting signals. Considering that there is a lack of
the corresponding geophysical models and equations in the
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discrimination of coal miningMS signals and blasting signals
and the data are not subject to the classical statistics, so the
pattern recognition has become an effective researchmethod.
The pattern recognition methods include Bayes method,
minimum distance method, ICHAM, Fisher, SVM, and BEG,
in which Fisher linear discriminant analysis has been widely
used in seismology. Therefore, this paper introduces the
Fisher linear discriminant analysis for the discrimination of
coal mining MS signals and blasting signals.

The basic principle of Fisher linear discriminant analysis
is to project multidimensional and multiclass data to the
same direction and separate two or more classes [15, 17].
In fact, it is a dimension reduction process. Suppose the
number of collectivity is 𝑚, that is, 𝐺1, 𝐺2, . . . , 𝐺𝑚. The
corresponding mean vectors and covariance matrices are𝜇(1), 𝜇(2), . . . , 𝜇(𝑚) and 𝑉(1), 𝑉(2), . . . , 𝑉(𝑚), respectively. The
number of 𝑛𝑖 samples is selected from the total samples, as
follows [33, 34]:

𝑋(𝑖)𝛼 = {𝑥(𝑖)𝛼1, 𝑥(𝑖)𝛼2, . . . , 𝑥(𝑖)𝛼𝑝}𝑇
(𝛼 = 1, 2, . . . , 𝑛𝑖; 𝑖 = 1, 2, . . . , 𝑚) .

(7)

𝜇𝑇𝑋(𝑖)𝛼 is the projection of 𝑋(𝑖)𝛼 on the axis, which is defined
as

𝜇𝑇𝑋(𝑖)𝛼 = {𝜇1𝑥(𝑖)𝛼1, 𝜇2𝑥(𝑖)𝛼2, . . . , 𝜇𝑝𝑥(𝑖)𝛼𝑝}𝑇
(𝑖 = 1, 2, . . . , 𝑚)

𝑋(𝑖) = 1𝑛𝑖
𝑛𝑖∑
𝑖=1

𝑋(𝑖)(𝛼)
𝑋 = 1𝑛

𝑚∑
𝑖=1

𝑛𝑖∑
𝛼=1

𝑋(𝑖)(𝛼)
𝑛 = 𝑚∑
𝑖=1

𝑛𝑖,

(8)

where 𝑋(𝑖) and 𝑋 are the intergroup average and the total
average, respectively. The intergroup difference is as follows:

𝑒 = 𝑚∑
𝑖=1

𝑛𝑖∑
𝛼=1

(𝜇𝑇𝑋(𝑖)(𝛼) − 𝜇𝑇𝑋(𝑖))2

= 𝜇𝑇{ 𝑚∑
𝑖=1

[ 𝑛𝑖∑
𝛼=1

(𝑋(𝑖)(𝛼) − 𝑋(𝑖)) (𝑋(𝑖)(𝛼) − 𝑋(𝑖))𝑇]}𝜇

= 𝜇𝑇{ 𝑚∑
𝑖=1

𝑆𝑖}𝜇 ≜ 𝜇𝑇𝑊𝜇

𝑊 = { 𝑚∑
𝑖=1

𝑆𝑖} ,

(9)

where 𝜇 is the maximum eigenvalue 𝜆’s corresponding
eigenvector and 𝑆𝑖 is the deviation matrix of 𝑛𝑖 samples

𝑋(𝑖)𝛼 (𝛼 = 1, 2, . . . , 𝑛𝑖) in𝐺𝑖 samples.The intergroup difference
is as follows:

𝑏 = 𝑚∑
𝑖=1

𝑛𝑖∑
𝛼=1

(𝜇𝑇𝑥(𝑖) − 𝜇𝑇𝑥)2

= 𝑚∑
𝑖=1

𝑛𝑖𝜇𝑇 (𝑋(𝑖) − 𝑋) (𝑋(𝑖) − 𝑋)𝑇 𝜇

= 𝜇𝑇 [𝑛𝑖 𝑚∑
𝑖=1

(𝑋(𝑖) − 𝑋) (𝑋(𝑖) − 𝑋)𝑇 𝜇] ≜ 𝜇𝑇𝐵𝜇.

(10)

To let the discrimination function better distinguish
samples from different population samples, the difference
between two groups from two population samples is expected
to be bigger while the intergroup difference is expected to be
smaller. Above all,

Φ = 𝑏𝑒 = 𝜇𝑇𝐵𝜇𝜇𝑇𝑊𝜇. (11)

For this, the Lagrange’s multiplier is applied and the
equation of 𝐹 = 𝜇𝑇𝐵𝜇 − 𝜆(𝜇𝑇𝑊𝜇 − 1) can be obtained. The
partial differential result for 𝐹 is 0:

𝜕𝐹𝜕𝜇 = 2𝐵𝜇 − 2𝜆𝑊𝜇 ≜ 0. (12)

By calculating the above formula, the following result
could be obtained.

(𝑊−1𝐵 − 𝜆𝐼) 𝜇 ≜ 0. (13)

Then the coefficients of the discrimination function could
be calculated. 𝐼 is the ratio of sum of squares of deviation
within the group to the sum of squares of deviation between
groups. By solving the equations, 𝑆-2 discrimination func-
tions could be obtained (𝑆 = min{𝐺 − 1,𝑚}). Generally, most
of the information of the sample could be explained by the
first equation. If the first discrimination function is difficult
to distinguish, the following discrimination functions could
be applied for comprehensive consideration.

Writing the function 𝑦 = 𝜇𝑇𝑋 and plugging𝑋(𝑖) into 𝑦 =𝜇𝑇𝑋, 𝑦(𝑖) could be obtained. Then values of 𝑦(𝑖) are ranged
from small to large; for example, if 𝑦(1) < 𝑦(2) < ⋅ ⋅ ⋅ 𝑦(𝑚), the
threshold value between 𝐺𝑖 and 𝐺𝑖+1 is as follows:

𝑦𝑐 (𝑖, 𝑖 + 1) = 𝑛𝑖𝑦(𝑖) + 𝑛𝑖+1𝑦(𝑖+1)𝑛𝑖 + 𝑛𝑖+1 . (14)

Take the training sample data of the known type into the
above formula and predict its type. For the given sample𝑋, if𝑦 = 𝜇𝑇𝑋 is between 𝑦𝑐(𝑖 − 1, 𝑖) and 𝑦𝑐(𝑖, 𝑖 + 1), 𝑋 belongs to𝐺𝑖.
4.2. Discriminant Model. To use Fisher linear discriminant
analysis to get the discriminant function of coal mining MS
and blasting signals and establish discriminant model, it is
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Table 1: Tests of equality of group means.

Characteristic variables Lambda of Wilks 𝐹 df1 df2 Sig.
Dominant frequency 0.427 131.674 1 98 0.000
Duration 0.654 51.917 1 98 0.000
Attenuation coefficient 0.701 41.775 1 98 0.000

Table 2: Structure matrix.

Characteristic variables Correlation coefficient
Dominant frequency 0.796
Duration −0.500
Attenuation coefficient 0.448

necessary to select proper signal characteristics to establish
eigenvectors. According the discussion of third chapter, we
can find that these two types of signals are significantly
different in dominant frequency, duration, and attenuation
coefficient. Therefore, these three characteristics are chosen
to construct the eigenvector. The 100 × 3 characteristic
matrix is composed of training sample signal’s dominant
frequency, duration, and attenuation coefficient. Meanwhile,
the modeling needs one column of data to show the real type
of signals in each group. Thus the coal mining MS signals
are marked as 1 and the blasting signals are marked as 2.
Importing the characteristic matrix and categorical data of
samples into SPSS to establish the model, partial results are
as follows.

(1) Tests of Equality of Group Means. Table 1 shows the tests of
equality of group means. It reflects these two types of signals’
mean differences in different indexes.The probability 𝑝 (Sig.’s
corresponding data in Table 1) is all less than 0.001 in the
detection of the coal mining MS signals and blasting signals.
It is indicated that there are significant differences between
these two types of signals in each index, so the discriminant
analysis could be carried out.

(2) Structure Matrix. The structure matrix in Table 2 shows
signals’ dominant frequency, duration, and attenuation coef-
ficient and the final discriminant functions’ correlations
between groups. It could be seen that the bigger the cor-
relation coefficient’s absolute value, the greater the effects
of the variable on these two types of signals’ discriminant
functions. As shown in the table, the dominant frequency has
the greatest effects on the discriminant functions followed by
duration.The attenuation coefficient’s impact is minimal, but
the correlation coefficient still reaches 0.448.

(3) Central Values of the Final Discriminant Function in the
Coal Mining MS and Blasting Signals. Table 3 shows the
central values of the final discriminant functions in the coal
mining MS signals and blasting signals. The result shows
only one discriminant function, with a discriminant score
of −1.442 and 1.442 in the center of coal mining MS signals
and blasting signals, respectively.Therefore, when the signal’s
discriminant score is near −1.442, the signal will belong to

Table 3: Central values of the final discriminant function in the coal
mining MS signals and blasting signals.

Category of signal Central values of the function
Coal mining MS −1.442
Blasting 1.442
Table 4: Discriminant function coefficients of two types of signals.

Characteristic variables Discriminant function coefficients
Dominant frequency 0.029
Duration −0.643
Attenuation coefficient 0.081
Constant −1.592

the coal mining MS signal. When the discriminant score is
close to 1.442, the signal will be considered as the blasting
signal. Due to the only discriminant function, the obtained
scores change in the 1D line, and the values of the coal mining
MS signal and blasting signal are symmetric about the origin.
Then the demarcation point of the scores could be considered
as the origin and the discriminant process could be simplified.
When the signal’s discriminant score is less than zero, the
signal will be determined as the coal mining MS signal,
whereas the signal is considered as the blasting signal. The
discriminant result is more reliable with the score larger or
smaller than zero.

(4) Discriminant Function Coefficients of Coal Mining MS
and Blasting Signals. Table 4 shows the discriminant function
coefficients of coal mining MS and blasting signals through
modeling. With 𝑓𝑟 representing the signal’s dominant fre-
quency, 𝑡𝑑 representing the duration, and 𝑐𝑎 referring to the
attenuation coefficient, the discriminant function formula of
the coal mining MS and blasting discriminant model could
be expressed as follows:

𝐹 (𝑓𝑟, 𝑡𝑑, 𝑐𝑎) = 0.029𝑓𝑟 − 0.643𝑡𝑑 + 0.081𝑐𝑎 − 1.592, (15)

where 𝐹(𝑓𝑟, 𝑡𝑑, 𝑐𝑎) refers to the discriminant score of the
signal. If 𝐹(𝑓𝑟, 𝑡𝑑, 𝑐𝑎) < 0, the signal is determined as the coal
mining MS signal; if 𝐹(𝑓𝑟, 𝑡𝑑, 𝑐𝑎) > 0, the signal will belong
to the blasting signal.The discriminant result is more reliable
with 𝐹(𝑓𝑟, 𝑡𝑑, 𝑐𝑎) larger or smaller than zero.

4.3. Performance of the Discriminant Model. Table 5 shows
the eigenvalues of the discriminant analysis. The eigenvalues
represent the amount of information, so the larger the
eigenvalue, the higher the discriminating performance of
the function. The canonical correlation coefficient refers to
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Figure 8: Comparison of discriminant results of three classifiers and single characteristic.

Table 5: Eigenvalue of discriminant analysis.

Function Characteristic value Variance contribute rate% Cumulative variance contribute rate % Regular relativity
1 2.122 100.0 100.0 0.824

Table 6: Identification results of training sample.

Category of signal Total Number of correct identifications Number of error identifications Correct recognition rate%
Coal mining MS 50 45 5 90
Blasting 50 46 4 92

the correlation between the function coefficients and the
classified group. It could be seen from the table that the
discriminant function capability is significant. The variance
contribution rate is 100%, which could explain 100% of the
sample information, and the canonical correlation coefficient
is higher.

The constructed coal mining MS and blasting discrimi-
nant model is utilized to test the signal data of 100 training
samples, and the testing results are shown in Table 6.
Among 50 groups of coal mining MS signals, 45 groups
are recognized correctly, and 5 groups are recognized as the
blasting signals mistakenly. Among 50 groups of blasting
signals, 46 groups are recognized correctly, and 4 groups are
wrongly recognized as the coal miningMS signals.Therefore,
the correct recognition rates of the discriminantmodel for the
coalminingMS signals and blasting signals are 90% and 92%,
respectively, which has relatively higher recognition rate than
the single criterion.

To further check the performance of the discriminant
model, 100 testing sample signals were identified and clas-
sified by using this model and then compared with the real
category. Besides, two other classifiers (Bayes and Random
forest (RF)) were applied to establish discriminant models
using 100 training sample signals and check the accuracy of
the discriminantmodels using 100 testing sample signals.The
discriminant results of three classifiers for 100 testing sample
signals were compared with the discriminant results using

single characteristic. As shown in Figure 8, the discriminant
results using multiple characteristic indexes are much better
than the single indexes.The performance of the Fisher, Bayes,
and RF will have little difference as long as the proper
characteristic indexes are used, which indicates that selecting
proper characteristic indexes is one of the key steps to
distinguish different types of MS signals before establishing
discriminant model. Take the discriminant results of Fisher
as an example, among 50 groups of coal mining MS signals,
7 groups of signals are wrongly recognized as the blasting
signals. Among 50 groups of blasting signals, 5 groups
are wrongly recognized as the coal mining MS signals. It
could be obtained that the correct recognition rates of the
model for the coal mining MS signals and blasting signals
are 86% and 90%, respectively. The average accuracy of
Fisher for two types of signals is 88%, which is higher
than the other two classifiers (the average accuracy are both
87%). Thus, this Fisher discriminant model has relatively
high accuracy and stability and its application could be
promoted.

4.4. Application of the Discriminant Model. According to
the analysis results of field MS monitoring at Qianqiu coal
mine, a typical destructive mining MS event with energy
more than 107 J and a roof-break blasting test occurred at
number 21141 longwall panel, respectively. Figures 9 and
10 are the waveforms of these MS events recorded by the
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Figure 9: Waveforms of the destructive mining MS event.

ARAMIS MS monitoring system. As shown in Figure 9,
there are 15 waveforms, among which, the waveform of S16
is not complete and its zero line drifts. Therefore, there are
14 waveforms involved in the source location. As shown in
Figure 10, there are 16 waveforms, among which, S13 and S15
have low signal-noise ratio (SNR) and the arrival time and the
terminal time could not be picked up. Therefore, the other 13
waveforms are involved in the source location.

The sensor with the earliest arrival time usually has the
smallest travel distance from the source, and the recorded
waveform has high SNR and is suitable for distinguishing
the type of MS signals. For the destructive mining MS and
blasting events, sensor S7 and sensor S3 had the earliest
arrival time, and the signals of S7 and S3 were selected as the
analysis object, respectively.

The analysis results of the destructive mining MS event
are shown in Figure 11. The arrival time and the terminal
time of sensor S7 are obtained by the STA/LTA method
(the 1152th sampling point and the 2906th sampling point,
resp.). Therefore the signal duration is (2906 − 1152)/500 =3.51 s. Figure 11(b) is the spectrum of the signal, which was
obtained by FFT method. It is found that the frequency
distribution is dispersed. There are wideband signals with
10–250Hz frequency. The dominant frequency is 37.76Hz
and the subdominant frequency and the third frequency are
86.7Hz and 123.1 Hz. As shown in Figure 11(c), the following
peak envelope curve (red line) corresponds to the section
from the 1344th sampling point to the 2906th sampling point.
The declining process of the signal is not steady, which is
the typical characteristic of the coal mining MS signals. The
attenuation coefficient (|𝑏|) is 6.14 and the fitting precision
(Adj.𝑅-square) is 0.85.Thediscriminant score is−2.26, which
means this is a coal mining MS event.

The analysis results of the blasting event are shown in
Figure 12. The signal duration is (1686 − 990)/500 = 1.39 s
(Figure 12(a)). Figure 12(b) is the spectrum of the signal, and
the frequency distribution is relatively dispersed. There are
obvious signals in 20–150Hz frequency range.The dominant
frequency is 135.97Hz. Figure 12(c) is the following peak
envelope curve and attenuation curve of the signal. The
following peak envelope curve (red line) corresponds to the
section from the 1110th sampling point to the 1686th sampling
point. The declining process of the signal is relatively steady
and there are no obvious fluctuations. The attenuation coef-
ficient (|𝑏|) is 9.04 and the fitting precision (Adj. 𝑅-square) is

0.96. The discriminant score is 2.19, indicating that the signal
belongs to blasting event.

5. Conclusions

Three significant characteristics of the coal mining MS and
blasting signals were studied by using FFT, STA/LTA, and
envelope analysis. Based on these characteristics and Fisher
method, a discriminant model for these two types of signals
was established. The conclusions are as follows.

(1) The following peak attenuation curves of the mining
MS and blasting signals satisfy the power function,
whichmakes it reasonable to quantify the attenuation
and stability of the signals utilizing the correspond-
ing fitting coefficient and fitting precision values.
Generally, the fitting precision and the attenuation
coefficient of the coal mining MS are smaller than
that of the blasting signals, which means that the
attenuation of the coal mining MS signals is slower
and more fluctuant than that of the blasting signals.

(2) Waveform characteristics consisting of the dominant
frequency, the duration, and the attenuation coeffi-
cientwere extracted as the discriminating parameters.
And the boundaries between the two types of signals
on the three characteristics were obtained. At the
same time, the discriminating performance of the
three characteristics was compared and discussed.
The dominant frequency is most significant in dis-
tinguishing between two types of signals followed
by duration. The attenuation coefficient’s impact is
relatively minimal.

(3) Based on thewaveform characteristics, a discriminant
model of coal mining MS and blasting signals was
established using Fishermethod. Its performance was
checked and compared with other methods by using
the real data from Qianqiu coal mine. Results show
that the correct discriminant rate of the coal mining
MS and blasting signals in the testing samples is 86
percent and 90 percent, which can basically meet the
requirements of the MS monitoring data processing
at the coal mine site. Besides, results also demon-
strated that the identification results using multiple
characteristic indexes are much better than the single
indexes. The performance of different recognition
methods such as the Fisher method, Bayes method,
and Random Forest will have little difference as long
as the proper characteristic indexes are used, which
indicates that selecting proper characteristic indexes
is one of the key steps to distinguish different types of
MS signals before establishing discriminant model.

(4) The results are useful to improve the efficiency of
automatic recognition for coalminingMS signals and
blasting signals and reduce the workload of artificial
recognition. Although the established discriminant
model in this paper is based on the monitoring data
in Qianqiu coal mine, the research results could be
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Figure 10: Waveforms of the blasting event.
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Figure 11: Signal characteristics of sensor S7 for the destructive mining MS event.
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Figure 12: Signal characteristics of sensor S3 for the blasting event.

utilized for other mines and tunnel engineering to a
great extent by adjusting the parameters.
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The instability of layer-crack plate structure in coal wall is one of the causes of rock burst. In the present paper, we investigate the
formation and instability processes of layer-crack plate structure in coal wall by experiments and theoretical analysis. The results
reveal that layer-crack plate structure formed near the free surface of the coal wall during the loading. During the formation of
the layer-crack plate structure, the lateral displacement curve of the coal wall experiences a jagged variation, which suggests the
nonlinear instability failure of the coal wall with a sudden release of the elastic energy. Then, a dynamic model for the stability
analysis of the layer-crack plate structure was proposed, which takes consideration of the dynamic disturbance factor. Based on
the dynamic model, the criterion for dynamic instability of the layer-crack plate structure was determined and demonstrated by an
example. According to the analytical results, some control methods of dynamic stability of the layer-crack plate structure was put
forward.

1. Introduction

Rock burst is a typical dynamic disaster for deep coal mining.
During the rock burst, there is a huge release of elastic strain
energy which can result in serious threats to the safety of
coal mine production [1–3]. With the increase of the coal
mining depth, the occurrence frequency of rock burst also
increases in China [4–10]. Among the different kinds of rock
burst, sloughing rock burst is the most common one, which
usually results from the local instability of a mine roadway
[11–13]. The sloughing rock burst not only brings harms to
the support systems and human lives but also can cause other
mine disasters, such as gas explosion [14–16]. The sloughing
rock burst often occurs in areas with high stress and is caused
by the formation and instability of layer-crack plate structure
in coal wall near a roadway [17, 18], as demonstrated in
Figure 1.

Roadway excavation always leads to the redistribution
and concentration of the surrounding rock stress. Figure 1(a)
shows the stress condition of the coal rib of the roadway,
and Figure 1(b) displays the stress state of a microunit near
the coal wall. When the depth of the roadway is high,
the preexisting cracks in the surrounding rock expand and
form a set of vertically extending wing cracks under high
vertical stress, as displayed in Figure 1(c). These vertical
cracks continually expand and combine, resulting in single-
layer or multilayer plate structures which are parallel to the
rib of the road way (Figure 1(d)) and called layer-crack plate
structure. Figure 2 shows some layer-crack plate structures
in the field, which form around the surface of the rib of the
roadway after the roadway excavation.

Based on engineering practices, many scholars have stud-
ied the coal wall instability in deep coal mining by simulation
method and the elastic plate theory [19–26]. The internal
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Figure 1: The formation process of the layer-crack plate structure in coal wall near a roadway.

Layer-crack plate

Layer-crack plate

Figure 2: Layer-crack plate structure of the roadway coal wall.
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crack expansion and nonlinear instability features of the coal
wall layer-crack structurewere focused [27–32]. However, the
formation mechanism of the layer-crack plate structure has
not been validated by the laboratory test. In addition, the
instability mechanism of the layer-crack plate structure is not
cleared yet.Moreover, in the previous literatures, the dynamic
disturbing load was not considered to analyze the stability of
the layer-crack plate structure, which may result in an unsafe
conclusion.

In the present paper, we discussed the forming process
and stability of the layer-crack plate structure by experiments
and theoretical analysis. First, some experiments were carried
out in the laboratory to investigate the response of coal
specimen during the formation of the layer-crack plate
structure. Then, a dynamic model for the stability analysis
of the layer-crack plate structure was proposed, which takes
consideration of the dynamic disturbance. Based on the
experimental and theoretical results, some measurements
were put forward to control the instability of the coal wall.

2. Experiment Study

2.1. Test System. The test system (in Figure 3) consists of
a MTS815 electrohydraulic servo loading system, a self-
designed loading device, a displacement sensor, a data col-
lection system, and other auxiliary devices. As displayed
in Figure 4, a loading and restraint device is designed to
provide specific stress conditions for the specimen. The
device consists of a floor plate, lateral pressure plates, lateral
reinforcement plates, adjusting nuts, and an upper (load-
ing) pressure plate. These components are joined via high-
strength welding.

During the testing, the loading device was placed on
the loading platform of the MTS815 Testing System. The
baseboard of the loading device was placed in horizontal
contact with the loading platform. The MTS815 loading
system applied vertical pressure to the coal specimen. To
ensure that the pressure was uniformly distributed on the
specimen, the upper pressure plate was placed on the top
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Table 1: Basic physical and mechanical parameters of the coal specimen.

𝜌 (g/cm3) V (km/s) 𝐸 (GPa) 𝜆 (GPa) 𝜇 𝜎𝑐 (MPa) 𝜎𝑡 (MPa) 𝑘
1.21 1.12 8.70 47.06 0.32 19.47 0.96 0.18
Note. 𝜌 is density; V is P-wave velocity; 𝐸 is Young’s modulus; 𝜆 is softening modulus; 𝜇 is Poisson’s ratio; 𝜎𝑐 is compressive strength; 𝜎𝑡 is tensile strength;
𝑘 is burst tendency parameter, 𝑘 = 𝐸/𝜆.

Figure 5: Coal specimens.

surface of the specimen. The lateral pressure plates provided
lateral pressure for the specimen.The lateral resistance was in
tight anduniform contactwith the specimen. By adjusting the
nuts on the fixed restraint plate, lateral displacement restraint
on the specimen was applied. In order to ensure the stability
of the lateral restraint plate, four lateral reinforcement plates
were symmetrically welded to the two sides of the lateral
restraint plate. To simulate the coal wall surface after roadway
excavation, the front and back surfaces of the specimen were
free. In addition, in order to minimize the friction between
the steel plates and the sample, Vaseline was smeared on the
contact surfaces to achieve the lubrication effect.

2.2. Specimens. Specimens were sampled from the working
face of a coal mine. During the testing, when uniformly
distributed pressure was applied on the top surface of the
test system, the specimen deformation was symmetric to the
middle section. To reduce the influence of free surface failure
on the middle section during testing, the coal specimen were
made into cuboids which are 150mm in length, 100mm in
height, and 75mm in width (Figure 5). The basic physical
and mechanical parameters of the coal specimen are listed in
Table 1.

It is necessary to test the rock burst tendency of coal
samples before the instability test of coal wall layer-crack plate
structure. The measurement method proposed by Zhang
et al. [33] stated that the coal rock burst tendency can be
characterized by the ratio of the elastic modulus 𝐸 to the
softening modulus 𝜆. Figure 6 shows the complete stress-
strain curve of a standard coal specimen (50mm in diameter
and 100mm in height) under uniaxial compression. Here, a
rock burst tendency factor 𝑘 is defined as 𝑘 = 𝐸/𝜆, where 𝐸
and 𝜆 are determined as described in the figure. Zhang et al.
asserted that when 𝑘 ≤ 0.5 the coal rock burst tendency is
very strong; 0.5 ≤ 𝑘 ≤ 2 implies that the rock burst tendency
is relatively strong; 2 ≤ 𝑘 ≤ 5 indicates that the rock burst
tendency is comparably weak; and when 𝑘 > 5, no rock burst
tendency exists. The burst tendency factor of the specimen
used in this study is 0.18, which means that they have a very
strong rock burst tendency.
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Figure 6: Complete stress-strain curve of a uniaxially compressed
coal specimen.

2.3. Test Scheme and Process

2.3.1. Specimen Installation. Specimens were placed into
the designed loading device, and the lateral displacement
restraint was applied by adjusting the nuts.

2.3.2. Measuring Points. In order to obtain the deformation
of the specimen, three measuring points (upper, middle, and
lower) were uniformly arranged along the central line of the
front free surface, as displayed in Figure 7. The displacement
sensor was fixed on the loading baseboard by a magnetic
stand.

2.3.3. The Loading Mode. In order to reduce the influence
of the loading rate on the coal specimens, the displacement
loading control mode was adopted, with a constant loading
rate of 0.005mm/s. The variables, such as axial displacement
and force, were collected with a sampling interval of 0.25 s.

2.4. Forming Process of the Layer-Crack Plate Structure. The
experimental results show that the deformation characteris-
tics of the four specimens are the same. Therefore, only the
results of specimen #1 are used for demonstration. Figure 8
illustrates the curves of the lateral deformation at the three
measuring points on the free surface of specimen #1.

The formation and instability process of the layer-crack
plate structures indicates the following.(1) At the initial loading stage, the original defects inside
the coal gradually close. The lateral deformation of the coal
wall is relatively small, around 2mm. As the load increases,
defects close and mutual compression takes place inside the



Shock and Vibration 5

100 mm

75 mm

20 mm

30 mm

20 mm

30 mm

P-1

P-2

P-3

F
Coal sample

Testing loading
equipment

Sensors

Figure 7: Arrangement of the measuring points.
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Figure 8: The deformation-time curves of the three measuring points.

coal, and the lateral deformation increases sharply when 𝑡 is
about 75 s.When 𝑡 is from 75 to 200 s, the lateral deformation
of coal wall continuously increases. At about 237.5 s, the
lateral deformation suddenly decreases and then returned
to the original level after 30 s. This is due to the peel-off of
the free surface. With the increase of the load, the bearing
capacity of the coal wall starts to reduce and the plate-like
coal briquettes collapse one after another. Meanwhile, the
lateral deformation quickly increases. After 526.5 s, the coal
specimen is broken into blocks.(2) By comparing the deformation-time curves of the
threemeasuring points, it is found that themiddlemeasuring
point (P-2) has the largest deformation, followed by the
bottom measuring point (P-3), and the upper measuring
point (P-1) has the smallest deformation. Because of the
different boundary constraints, the three measuring points
have the different deformation. As a result, themiddle section
of the coal wall fails first.(3) From the experimental results, the lateral displace-
ment curves of the coal wall present a jagged variation feature.
When there are flake-like coal briquettes bulging in the coal
wall, the displacement experiences a large and sudden jump.
The jagged curve shape reflects the expansion and failure
process of small defects inside the coal. Meanwhile, the large

sudden jumps indicate the unstable failure feature of the coal
wall with a sudden release of the elastic energy.

Figure 9 shows the specimen morphologies after failure.
The figure indicates that, after failure, layer-crack plate
structures form in all specimens with different layer width.
The distribution features of the layer-crack plate structures
present that splitting cracks near the free surface are relatively
dense, while those far away from the coal wall surface are
sparse. The distribution of the layer-crack plate structures in
the in situ roadways displays the same character.

Observations on the failed coal walls show that there
are vertically parallel cracks along the wall direction in the
remaining intact block. There is also obviously a stripping
layer gap between layer-crack plates. Some cracks have cut
through the coal wall while some are still expanding. Several
locally formed plate-crack rocks are peeling off. The plate-
crack rock, which has already peeled, appears to be plate-like
and has lamellar morphologies. Meanwhile, observations on
the peeled plate-like coal and coal wall show that the layer-
crack plate surface is rough and contains smooth surfaces
along the coal wall direction. After the formation of layer-
crack plate structures, instability failure occurs under the
continuous action of the load, such as the dynamic distur-
bance.
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Figure 9: Characteristics of the layer-crack plate structures in the
coal wall.

3. Nonlinear Dynamic
Mechanism of the Instability of the
Layer-Crack Plate Structure

After the formation of layer-crack plate structure in the coal
wall, the internal storage energy of the structure continues
to increase under the roof and floor clamping load. The
energy will be released when small disturbance occurs, which
will cause large area instability failure of the coal wall and
induce the sloughing rock burst. During the mining process,
various types of disturbing loads have significant impacts on
the stability of coal walls, such as mine blasting, mechanical
operation, and roof breakage. The disturbing load exerts
a significant effect on the stability of the layer-crack plate
structure. In this section, the dynamic stability analysis
model of the layer-crack plate structure is established, and
the nonlinear instability mechanism of the layer-crack plate
structure of coal wall is revealed.

3.1. Establishment of the Mechanical Model. According to the
mechanical characteristics of the layer-crack plate structure
in coal wall, the proposed mechanical model is shown in
Figures 10(a) and 10(b). For the model, 𝑎 is the height of
the roadway; 𝑏 is the length along the roadway; and ℎ is the
thickness of the layer-crack plate structure. The layer-crack
plate structure of the surrounding rock is mainly subject to

the pressure along the vertical direction of the plate 𝑁𝑥, the
horizontal shear force 𝑄, and the bending moment 𝑀. The
layer-crack plate structure is subject to the inner rock mass
and the disturbance effect load 𝑞. As is known, 𝑞 is the main
inducing factor of instable failure. Because the cross length
of the roadway is much smaller than its axial length and the
force is approximately constant along the length direction of
the roadway, the analysis can be regarded as a plane strain
problem. It means that the layer-crack plate structure of the
surrounding rock deforms uniformly along the horizontal
direction. For the vertical direction, the layer-crack plate
structure shows bending deformation under the pressure𝑁𝑥
and the expansion effect of the coal wall.

According to the stability structure theory, the stability of
the structure is mainly determined by the pressure𝑁𝑥 along
the vertical direction, the geometric size, and the constraint
condition of the structure. When the integrity of coal near
the upper and lower corners of the roadway is good and the
corner of the layer-crack plate structure has a good constraint,
the upper and lower ends of the layer-crack plate structure
can be regarded as fixed constraints. The corresponding
constraintmodel is shown in Figure 10(c).When the integrity
of coal near the upper and lower corners of the roadway
is bad, the upper and lower ends of the layer-crack plate
structure can be regarded as simple supported constraints.
The corresponding constraintmodel is shown in Figure 10(d).

The boundary conditions at both fixed and simply sup-
ported ends of the layer-crack plate structure are shown in

𝑤 (𝑥, 𝑦, 𝑡) 𝑥=0
𝑥=𝑎

= 0,
𝜕𝑤 (𝑥, 𝑦, 𝑡)

𝜕𝑥
 𝑥=0
𝑥=𝑎

= 0,
𝑤 (𝑥, 𝑦, 𝑡) 𝑥=0

𝑥=𝑎
= 0,

[𝜕2𝑤 (𝑥, 𝑦, 𝑡)
𝜕𝑦2 + 𝜇𝜕2𝑤 (𝑥, 𝑦, 𝑡)

𝜕𝑥2 ] 𝑥=0
𝑥=𝑎

= 0,

(1)

where 𝑤(𝑥, 𝑦, 𝑡) is the deflection function of the layer-crack
plate structure and 𝜇 is Poisson ratio of the material.

3.2. Dynamic Stability Control Equation. For the layer-crack
plate structure of coal walls (Figure 10), the oscillation differ-
ential equation is

𝜕4𝑤𝜕𝑥4 + 2 𝜕4𝑤𝜕𝑥2𝜕𝑦2 + 𝜕4𝑤𝜕𝑦4 = 1𝐷 (𝑁𝑥 𝜕2𝑤𝜕𝑥2 − 𝑚𝜕2𝑤𝜕𝑡2 ) , (2)

where 𝑚 is the mass per unit volume of the layer-crack plate
structure and𝐷 = 𝐸ℎ3/12(1 − 𝜇2) is the stiffness of the layer-
crack plate structure.

The deflection function is expressed in series form:

𝑤 (𝑥, 𝑦, 𝑡) = ∞∑
𝑘=1

𝑓𝑘 (𝑡) 𝜑𝑘 (𝑥, 𝑦) , (3)

where 𝑓𝑘(𝑡) is the undetermined time function and 𝜑𝑘(𝑥, 𝑦)
is the natural vibration function.
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Figure 10: The mechanical model of the stability analysis of layer-crack plate structure: (a) the front view of the mechanics model; (b) the
side view of the mechanics model; (c) two-end clamped; (d) two-end simply supported.

Equation (4) is obtained by substituting (3) into (2):

𝑓𝑖 + 𝜔2𝑖 [𝑓𝑖 − ∞∑
𝑘=1

𝐹𝑖𝑘 (𝑡) 𝑓𝑘] = 0, (4)

where

𝐹𝑖𝑘 (𝑡) = 1𝑚𝜔2𝑖 ∫𝜑𝑖 (𝑁𝑥
𝜕2𝜑𝑘𝜕𝑥2 )𝑑𝑥. (5)

The disturbed effect of the dynamic load on the rect-
angular plate is analyzed. The internal force of the plate is
expressed by the quasi-static stress in the plane problem,
and the longitudinal inertia force is not considered. The
expression is

𝑁𝑥 (𝑥, 𝑦, 𝑡) = 𝛼𝑁𝑥 (𝑥, 𝑦) + 𝛽𝜙 (𝑡)𝑁𝑥𝑡 (𝑥, 𝑦) , (6)

where 𝛼, 𝛽 are the association coefficients. They can be
determined by the invariant of the disturbance load and the
periodic component.

Equation (7) is derived by substituting (6) into (4):

𝑓𝑖 + 𝑐𝑖𝑘 [𝑓𝑖 − 𝛼∞∑
𝑘=1

𝑎𝑖𝑘𝑓𝑘 − 𝛽𝜙 (𝑡) ∞∑
𝑘=1

𝑏𝑖𝑘𝑓𝑘] = 0
(𝑖, 𝑘 = 1, 2, 3, . . .) ,

(7)

where

𝑎𝑖𝑘 = 1𝑚𝜔2𝑖 ∫𝜑𝑖 (𝑁𝑥
𝜕2𝜑𝑘𝜕𝑥2 )𝑑𝑥,

𝑏𝑖𝑘 = 1𝑚𝜔2𝑖 ∫𝜑𝑖 (𝑁𝑥𝑡
𝜕2𝜑𝑘𝜕𝑥2 )𝑑𝑥,

𝑐𝑖𝑘 = 𝛿𝑖𝑘𝜔2𝑖 .

(8)

The matrix form of (7) can be represented as

𝑓 + 𝐶−1 [𝐼 − 𝛼𝐴 − 𝛽𝜙 (𝑡) 𝐵] 𝑓 = 0, (9)

where elements in 𝐴 correspond with 𝑎𝑖𝑘, elements in 𝐵
correspond with 𝑏𝑖𝑘, elements in 𝐶 correspond with 𝑐𝑖𝑘, and 𝐼
is the unit matrix. The characteristic equation of (9) is

|𝐼 − 𝛼𝐴| = 0,
𝐼 − 𝛽𝐵 = 0, (10)

where 𝛼, 𝛽 correspondwith the solution of the static equation
under external loads.

The natural vibration frequency of the layer-crack plate
structure satisfies the following equation:

𝐼 − 𝜔2𝐶 = 0. (11)

And the stability equation of the layer-crack plate struc-
ture can be expressed by

𝑓𝑘 + 𝜔2𝑘 [1 − 𝛼𝛼𝑘 −
𝛽𝛽𝑘 𝜙 (𝑡)] 𝑓𝑘 = 0

(𝑘 = 1, 2, 3, . . .) .
(12)

Equation (12) is a differential-integral Mathieu equation.𝛼𝑘 and 𝛽𝑘 are the load critical parameter values. They
correspond to the dead load critical load values. 𝜔𝑘 is the
natural vibration frequency value.

3.2.1. Two-EndClamped. The longitudinal load𝑁𝑥 is reduced
to the sum of the static pressure 𝑁0 and the periodic load𝑁𝑡 cos 𝜃𝑡.

𝑁𝑥 (𝑡) = 𝑁0 + 𝑁𝑡 cos 𝜃𝑡. (13)
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The dynamic equation of the layer-crack plate structure
under this condition is

𝜕4𝑤𝜕𝑥4 + 2 𝜕4𝑤𝜕𝑥2𝜕𝑦2 + 𝜕4𝑤𝜕𝑦4 − 𝑁0 + 𝑁𝑡 cos 𝜃𝑡𝐷 𝜕2𝑤𝜕𝑥2
+ 𝑚𝐷 𝜕2𝑤𝜕𝑡2 = 0.

(14)

The vibration equation is

𝜕4𝑤𝜕𝑥4 + 2 𝜕4𝑤𝜕𝑥2𝜕𝑦2 + 𝜕4𝑤𝜕𝑦4 + 𝑚𝐷 𝜕2𝑤𝜕𝑡2 = 0. (15)

According to the static boundary condition and the
vibration boundary displacement condition of the layer-crack
plate structure, the deflection function of the layer-crack plate
structure in the case of simply supported ends is given as
follows:

𝑤 (𝑥, 𝑦, 𝑡) = 𝐴 sin 𝑛𝜋𝑥𝑎 sin (𝜔𝑡 + 𝛿)
(𝑛 = 1, 2, 3, . . .) .

(16)

The shape function can be expressed as

𝜑𝑛 (𝑥, 𝑦) = 𝐴 sin 𝛼𝜋𝑥𝑎 . (17)

Natural vibrational differential equation can be achieved
by substituting (17) into (15):

𝜕4𝜑𝜕𝑥4 + 2 𝜕4𝜑𝜕𝑥2𝜕𝑦2 + 𝜕4𝜑𝜕𝑦4 − 𝜔2𝑚𝐷 𝜑 = 0. (18)

Natural vibration frequency can be obtained in the case
of simply supported ends according to the energy method:

𝜔𝑚 = (𝑛𝜋𝑎 )2√𝐷𝑚. (19)

The dynamic stability equation can be achieved by substi-
tuting (19) into (12):

𝑓𝑛 + 𝜔2𝑛 [1 − 𝑁0 + 𝑁𝑡 cos 𝜃𝑡(𝑁𝑛)𝑠 ]𝑓𝑚 = 0
(𝑛 = 1, 2, 3, . . .) ,

(20)

where (𝑁𝑛)𝑠 = (𝑛2𝜋2/𝑎2)𝐷 is the static and unstable critical
load value of the layer-crack plate structure in the case of the
simple support [32]. 𝑛 = 1 is used in the actual calculation.

3.2.2. Two-End Simply Supported. The kinetic equation and
oscillation equation in the case of the fixed ends are the same
as the case of simply supported ends, just like (14) and (15).

The expression of the deflection function in this condition
can be expressed by

𝑤 (𝑥, 𝑦, 𝑡) = 𝐴 sin2 𝑛𝜋𝑥𝑎 sin (𝜔𝑡 + 𝛿)
(𝑛 = 1, 2, 3, . . .) .

(21)

Then the vibration-shape function is

𝜑𝑛 (𝑥, 𝑦) = 𝐴 sin2 𝛼𝜋𝑥𝑎 . (22)

Take 𝑛 = 1, and then get the minimum natural frequency
of the layer-crack plate structure:

𝜔 = (𝜋𝑎)
2√16𝐷3𝑚 . (23)

At this time, the dynamic stability equation of the layer-
crack plate structure is considered as follows:

𝑓 + 𝜔2 [1 − 𝑁0 + 𝑁𝑡 cos 𝜃𝑡(𝑁)𝑠 ]𝑓 = 0, (24)

where (𝑁)𝑠 = (4𝜋2/𝑎2)𝐷 is the static and unstable critical
load value of the layer-crack plate structure in the case of the
fixed support [32].

3.3. Characteristics of the Dynamic Instability Zone. In the
process of longitudinal load disturbance, the longitudinal
dynamic disturbances are taken as the parameters of the
loading system. When the disturbance frequency is located
in the dynamic instability zone, the parameters of the layer-
crack plate structure are resonated and the structure will be
unstable. In the process of calculation, the dynamic instability
region is the infinite growth solution of the differential-
integral Mathieu equation.

Considering the correspondence with the longitudinal
dynamic form of the boundary of the coal and rock mass, (9)
can be expressed as

𝑓 + 𝐶−1 [𝐼 − 𝛼𝐴 − 𝛽𝐵 cos 𝜃𝑡] 𝑓 = 0. (25)

In this formula, 𝛼 is the constant load component in
the disturbance load and 𝛽 is the periodic load amplitude
component in disturbance load. And 𝑓(𝑡) is

𝑓 (𝑡) = ∞∑
𝑘=1,3,5

(𝑎𝑘 sin 𝑘𝜃𝑡2 + 𝑏𝑘 cos 𝑘𝜃𝑡2 ) , (26)

where 𝑎𝑘 and 𝑏𝑘 is time-independent vectors.
Apply (11) into (10), and consider that when the periodic

component of the load is very small (𝛽 → 0), assuming that
the load invariant component does not exist (𝛼 = 0), then the
first three representations of the critical frequency equation
are 

𝐼 − 14𝜃2𝐶 0 0
0 𝐼 − 𝜃2𝐶 0
0 0 𝐼 − 94𝜃2𝐶


= 0. (27)

The existence of the periodic solution is consistent with
the equation and is determined by the following conditions:

𝐼 −
𝑘2𝜃24 𝐶 = 0 (𝑘 = 1, 2, 3, . . .) . (28)
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The characteristic quantity 1/𝜔2𝑘 of the matrix can be
obtained from formula (11), and then the dynamic instability
of the corresponding area can be found as

𝜃 = 2𝜔𝑘 (𝑘 = 1, 2, 3, . . .) . (29)

In (29), different 𝑘 values can be used to define different
dynamic instability zones. When 𝑘 = 1, the first dynamic
instability zone in the vicinity of 2𝜔 is the most dangerous in
practice, and its practical application is also the largest. This
area is called the main dynamic instability zone.

For solving a specific problem, it can be assumed that
the periodic solution on the boundary of the main dynamic
instability zone has a harmonic property and satisfies the
following form:

𝑓 (𝑡) = 𝑎 sin 𝜃𝑡2 + 𝑏 cos 𝜃𝑡2 . (30)

The approximation equation of the boundary of dynamic
instability zone is

𝐼 − 𝛼𝐴 ± 12𝛽𝐵 − 14𝜃2𝐶
 = 0. (31)

Let the diagonal elements in (31) be zero, and then the
approximate expression of the boundary of the dynamic
instability zone can be obtained.

3.3.1. Two-End Clamped. Equation (31) corresponds to the
assumption of (30):

𝐼 − (𝑁0 ± 12𝑁𝑡)𝐴 − 14𝜃2𝐶
 = 0. (32)

Let the diagonal elements of (32) be zero, and the approx-
imate dynamic instability zone boundary can be obtained:

𝜃 ≈ 2𝜔𝑚√1 − (𝑁0 ± 𝑁𝑡)(𝑚2/𝑎2)𝐷 × 𝑚2𝜋𝑎2 . (33)

When 𝑚 = 1, we can obtain the boundary of the main
dynamic unstable area in simple constraint model:

𝜃 = 2𝜔√1 − (𝑁0 ± 𝑁𝑡)𝑁𝑐 , (34)

where 𝜔 is the minimum natural frequency of this model
and 𝑁𝑐 is the static minimum critical buckling load of the
corresponding constraint model.

3.3.2. Two-End Simply Supported. The main dynamic insta-
bility zone of the fixed constraint model is the same as that of
(34).

For (34), the expression is

𝜃2𝜔 = √1 − (𝑁0 ± 𝑁𝑡)𝑁𝑠 . (35)
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Figure 11: The main dynamic instability zone of layer-crack plate
structure.

Suppose the longitudinal dynamic load of the layer-crack
plate structure can be expressed by

𝑁0 = 0.5𝑁𝑠,
𝑁𝑡 = 𝜇𝑠𝑁𝑠. (36)

In this formula, 0 ≤ 𝜇𝑠 ≤ 0.4, and it is called excitation
rate.

According to (35), the boundary of the main dynamic
instability zone of the layer-crack plate structure is obtained.
As shown in Figure 11, the two boundary lines correspond to
the main dynamic instability zone of the structure. When the
longitudinal perturbation load frequency of the layer-crack
plate structure is in the main dynamic instability zone, the
plate will resonate and the structure will be unstable.

When the external disturbance load is constant, the elastic
modulus of the layer-crack plate is small. The smaller the
thickness is and the larger the height is, the smaller the
natural frequency of the layer-crack plate structure. Then the
possibility of external disturbance frequency in the dynamic
instability zone is relatively decreased, and the resonance
possibility of the layer-crack plate structure is reduced. Thus,
the risk of dynamic instability is increased, and the risk of
impact rock pressure is correspondingly reduced as well.

It is shown by (35) that the boundary of the dynamic
instability zone of the layer-crack plate structure is closely
related to the natural frequency of the layer-crack plate
structure and the disturbance load. When the natural fre-
quency of the layer-crack plate structure is constant, the
boundary of the dynamic unstable zone depends on the
size of the longitudinal disturbance load. When the static
load amplitude of the vertical load is determined, the main
dynamic instability zone expands as the amplitude of the
periodic load increases. As shown in Figure 11, when 𝜇 is
in the range of 0 to 0.4, the main dynamic instability zone
reaches the maximum value at 𝜇 = 0.4. At that time,
the possibility that the external disturbance frequency is
located in the dynamic unstable region and the possibility of
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structural parameter resonance become larger.Therefore, the
risk of dynamic instability is increased.

3.4. Control of the Dynamic Stability of the Layer-Crack Plate
Structure under Disturbance. The dynamic load pattern in a
coal mine is complex and diverse. According to the operation
in the coal mine, a simple example is given to illustrate the
influence of drilling and blasting disturbance on the dynamic
stability of coal walls.

According to literature [34] of blasting seismic wave
propagation in rockmass recorded by field test, the dominant
frequency range of blasting seismic wave which has the
main influence on rock mass concentrated at 15∼40Hz. The
boundary of the coal wall of the roadway is considered as
a simple constraint at both ends. The height and thickness
of the layer-crack plate, rock mass medium elastic modulus,
Poisson ratio, density, loading, and periodic load amplitude
coefficient are as follows: 𝑎 = 3m, ℎ = 0.1m, 𝐸 = 5GPa,𝜇 = 0.3, 𝜌 = 1500 kg/m3, 𝑁0 = 0.5𝑁𝑐, 𝑁𝑡 = 𝜇𝑠𝑁𝑐, and0 ≤ 𝜇𝑠 ≤ 0.4.

Themain dynamic instability zone boundary of the layer-
crack plate structure can be expressed as

𝜃 = 2𝜔√1 − (𝑁0 ± 𝑁𝑡)𝑁𝑐 . (37)

Then we get the following formula:

𝜔 = 4 (𝜋𝑎)
2√ 𝐷3𝑚 ≈ 52.65Hz. (38)

Considering the variation of the periodic load amplitude,
we take 𝜇 in the range of 0 to 0.4. When 𝜇 is 0.4, the main
dynamic instability zone reaches the maximum value. It can
satisfy the following formula:

0.31623 ≤ √1 − (𝑁0 ± 𝑁𝑡)𝑁𝑐 ≤ 0.94868. (39)

The main dynamic instability zone of the coal wall is in
the range of 33.3–100.13Hz. And the dominant frequency of
blasting seismic wave is located in themain dynamic instabil-
ity region. Under the influence of drilling and perturbation
disturbance, the parameters will resonate and the cracked
plate will be unstable, which may exert large-scale impact.

In order to maintain the stability of the structure, we
should pay attention to the influence of the disturbance load
on the stability. By controlling the range of the disturbance
frequency of the dynamic load, the disturbance intensity is
reduced to weaken the amplitude of the disturbance periodic
load.This can avoid themain dynamic instability of the layer-
crack plate structure by preventing the occurrence of param-
eter resonance. Based on the above analysis and previous
research [35, 36], the following measures are proposed.

3.4.1. Change the Natural Frequency of the Layer-Crack Plate
Structure. Through grouting, strengthening support, and
other measures, we can change the stiffness, control the
damage degree and integrity, and change the longitudinal
geometrical dimensions of the layer-crack plate structure.

3.4.2. Control the DynamicDisturbance Frequency and Reduce
the Disturbance Intensity. Themain form of dynamic load in
coal mine is drilling and blasting. Therefore, we can control
the amount of explosives and change the location and depth
of the hole. In the case of areas with high risk of instability, we
can take short propulsion, less-dose smooth blasting. These
practices can reduce the dynamic disturbance frequency,
reduce the disturbance intensity, and reduce the amplitude
of the periodic load to control the dynamic instability of the
regional range.

4. Conclusions

This paper investigated the formation and instability pro-
cesses of layer-crack plate structure in the coal wall based on
experimental studies and theoretical analysis. The following
conclusions can be drawn from our work.(1) From the static loading test of strong rock burst
tendency coal sample, the formation process of layer-crack
plate structure in the coal wall is simulated. In loading
process, the coal wall lateral displacement curves present
a jagged variation tendency, which reflects the expansion
of small defects in the coal wall. Meanwhile, sudden large
jumps demonstrate the unstable failure features of the sudden
release of elastic energy.(2) After specimen failure, many layer-crack plate struc-
tures parallel with the free surface form. The splitting cracks
near the free surface of the coal wall are relatively dense, while
those inside the coal-body are comparably sparse.(3) The nonlinear dynamic models of layer-crack plate
structure under two conditions (two-end clamped, two-end
simply supported) are established, and the dynamic stability
control equation is proposed. By solving the equation, the
main dynamic instability zone of layer-crack plate structure
can be obtained. The effects of disturbance frequency, ampli-
tude of disturbance load, and inherent characteristics of the
cracked plate structure on the stability of the structure are
investigated.(4) When the amplitude of the disturbance load is the
maximum, the boundary of the dynamic instability zone is
the largest, and dynamic instability is mostly likely to happen
in the layer-crack plate structure. By changing the natural
frequency of the layer-crack plate structure controlling the
dynamic disturbance frequency and reducing the disturbance
intensity, the instability of the layer-crack plate can be
prevented effectively.
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During the Split-Hopkinson pressure bar (SHPB) tests driven by pendulum hammer, employing a proper special shape striker
is an effective way to obtain dynamic stress equilibrium condition and to get constant strain rate of the rock specimen. To find
the proper special shape striker, a striker with a cambered surface was introduced and eight geometrically different hammers
were designed to analyze the effect of hammer geometry on the waveform of excited incident stress waves. Based on experiments
and simulations, parameter effects, including the cambered hammer curvature radius and hammer diameter, length, and impact
velocity, on the incident wave shape were examined. These parametric studies provided guidelines for achieving constant strain
rates in rock specimens during SHPB tests. The use of different diameter hammers was noted for shaping stress-time curves to
follow the stress-strain behavior of green sandstone. Finally, to examine the applicability of using hammer geometry for shaping
incident waves to achieve constant strain rate, SHPB tests on green sandstone specimens were conducted.The results demonstrated
that a constant strain rate (100 s−1) lasting for 70 𝜇s was achieved with the 8# hammer (3.7 kg; curvature radius, diameter, and length
of 100, 70, and 126.3mm, resp.). In addition, dynamic experiments on green sandstone were carried out under various strain rates
and the results showed that the initial tangential modulus was almost unaffected by strain rate. The strain at peak stress tended to
increase with rising strain rate and the dynamic strength of green sandstone showed an apparent rate dependency.

1. Introduction

In a variety of rock engineering and geophysical applications,
such as earthquakes, mining, civil engineering, petroleum
engineering, and physical geography, rock materials are in
a dynamic loading state, where the strain rate is in the
range of 10−4 to 103 [1, 2]. The mechanical characteristics
of rock materials show strong strain rate dependency and,
therefore, it is very meaningful and important to accurately
determine the dynamic constitutive relation of rockmaterials
in a specific range of strain rate.

The Split-Hopkinson pressure bar (SHPB), originally
developed by Kolsky, is a commonly used apparatus to obtain
the dynamic properties of materials at high strain rates [3, 4].
To accurately obtain dynamic constitutive relations of rate-
dependent rock from SHPB tests, dynamic stress equilibrium
and constant strain rate conditions in samples are required
[5]. However, in a common SHPB test, the incident pulse is a

square waveform characterized by a short rising time, which
is not ideal in rocks for approaching dynamic equilibrium
and a constant strain rate. Usually, most results from SHPB
tests are presented with an average strain rate, which is not
proper formost rockmaterials, as they show strong strain rate
effects [6]. A longer rising time in the incident wave pulse
is an indispensable condition for achieving dynamic force
equilibrium in rock samples before failure. Meanwhile, the
incident wave pulse must mimic the stress-strain behavior of
rock materials to achieve a constant strain-rate state.

In the past,many studies have been performed into strate-
gies for shaping the incident pulse. Among them, there are
two main methods, involving a pulse shaper and a specially
shaped striker. To shape the incident pulse to guarantee a
constant strain rate condition in a rock specimen, Ellwood
et al. [7] have presented a preloading bar together with a
dummy sample. Frantz et al. [8] have also placed a dummy
sample directly on the impacting surface of the incident bar
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as a pulse shaper. However, these methods use an identical
material as the pulse shaper and it is not suitable for brittle
materials, such as rocks, ceramics, and cement. Reference [9]
has reported that the loading stress wave is smoothed with
a preloading bar material with lower strength than the main
bar. Afterwards, in experiments on brittle materials, Frew et
al. [10, 11] have placed a thin copper disk on the incident
bar impact surface and analyzed the copper disk geometry
effects on the incident pulses. In addition, Chen et al. [12]
and Frew et al. [13] have proposed a copper-steel pulse shaper
to obtain compressive stress-strain data for elastic-plastic
materials. Furthermore, Vecchio and Jiang [14] have reported
that, in SHPB tests conducted on high-work-hardeningmate-
rials, high-strength, high-work-hardening rate (HSHWHR)
materials are more conducive than soft materials for shaping
an incident pulse for a constant strain rate. Xia et al. [15]
have obtained constant strain rate conditions during dynamic
loading by applying pulse shaper technique in Barre granite
studies. In tests of low impedance specimens, such as POM
and PP plastics, Lee et al. [16] have used a pulse shaper
to increase the incident wave rise time. With a H62 pulse
shaper, Li and Xu [17] have achieved an incident pulse with a
shape similar to a triangular waveform. Naghdabadi et al. [18]
have reported the effects of parameters such as pulse shaper
thickness and diameter and striker bar length and velocity on
the incident pulse shape. Chen et al. [19] have used a pulse
shaper to filter out high frequency noise generated during
impact and maintaining force equilibrium across a sample.
Moreover, Heard et al. [20] have designed a novel annular
pulse shaper, which produces stress equilibrium and constant
strain rate in a chosen concrete test material. Chen et al. [21]
have employed a pulse-shaping technique by sticking a pulse
shaper on the impact end of the incident bar to prevent a
sudden hit by the striker bar and ensure a nearly constant
strain rate condition in a concrete specimen. Chen et al. [22]
have showed that pulse-shaping effect with a small diameter
copper shaper was best. Bagher Shemirani et al. [23] have
studied the effects of parameters, such as striker bar velocity
and diameter and pulse shaper thickness, on the incident
wave and concluded that a small diameter and thick pulse
shaper is proper for concrete tests. Song et al. [24] have stated
that the thickness of a pulse shaper was proportional to the
pulse wave rising time.

In addition to the aforementioned research on pulse
shaper methods, specially shaped strikers have also been
widely used to obtain a proper incident pulse for different
materials. Initially, Christensen et al. [25] verified that conical
striker bars shaped the input-stress to a rampwaveform.With
a spindle-shaped ram, Li et al. [26] have produced a half-sine
loading waveform, which is better in eliminating oscillation
in tests and for providing better strain rate stability. To
initiate a half-sine loading waveform that eliminates violent
oscillation of the resulting dynamic stress-strain curve, Lok
et al. [27] have proposed a tapered impact ram instead of
the conventional uniform solid cylindrical bullet. By using
two tapered striker bars at appropriate impact velocities,
Lok and Zhao [28] have achieved approximately constant
strain rate in dynamic tests of steel fiber-reinforced concrete.
Notably, Li et al. [29–31] have presented a tapered striker to

produce a half-sine waveform to ensure specimen deforma-
tion for dynamic stress equilibrium and constant strain rate
conditions. Also, Lee and Park [32] have presented a pulse-
shaping technique for investigating the dynamic deformation
behavior of bovine femur specimens. Baranowski et al. [33]
have presented a parametric study of the Split-Hopkinson
pressure bar to elaborate the striker’s design variables, which
influence the pulse peak shape produced by the incident bar.
In experiments on cortical bone with viscoelastic properties,
Bekker et al. [34] have presented a conically shaped striker.
Moreover, Chen et al. [22] have reported that changing the
striker dimensions, such as shape and length, and choosing a
reasonable velocity produce better pulse-shaping effects.

Although there are many studies on pulse-shaping tech-
niques, the proper dimensions of a pulse shaper and spe-
cially shaped striker for testing samples under conditions
of dynamic equilibrium and constant strain rate are usually
selected via trial and error [14, 18].Therefore, prior to testing,
some general considerations should be addressed, based on
the specimen’s qualitative behavior, to properly select the
pulse shaper and special shape striker dimensions, which
can considerably reduce the trial and error process usually
used for selecting the proper pulse shaper. Meanwhile, the
stress-strain relationships under different constant strain
rates have been rarely reported, although it is essential for the
development of physically based, predictive, and constitutive
material models [14].

In consideration of the poor repeatability of the pulse
shaper method and the advantages of the specially shaped
strikermethod, such as reusability and increased test repeata-
bility [6, 34], the special shape striker method was selected as
the first priority for further investigation. In this study, the
goal was to produce constant strain rate incident waves by
impacting the incident bar with a pendulum hammer with
different geometric parameters at different impact velocities.
To design the shape of this pendulum hammer, a one-
dimensional wave propagation program was used that was
based onHertz contacting theory and one-dimensional stress
wave theory to simulate the input wave generated by a series
of hammers with different geometric parameters. Moreover,
the effects of geometric parameters, including curvature
radius and hammer length, diameter, and impact velocity on
the incident wave shape, were investigated based on experi-
ments and simulations. From the obtained results, guidelines
for achieving constant strain rate conditions were proposed.
Finally, these guidelines were applied for producing constant
strain rate conditions in green sandstone and the effects of
strain rate on the stress-strain curves of green sandstone
under dynamic loading were presented.

2. Experimental Setup and
Theoretical Formulations

2.1. Qualitative Stress-Strain Relationship of Green Sandstone.
Thegreen sandstone specimenswere obtained from amine in
Neijiang, China. The composition of green sandstone is 60%
quartz, 20% feldspar, 15% cement, and 5% mica. The grain
size of the green sandstone varies from 200 to 500𝜇m. The
physical-mechanical parameters of green sandstone samples
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Table 1: Physical-mechanical parameters of green sandstone samples.

Density
(g⋅cm−3) Wave velocity

(km⋅s−1) Elastic Modulus
(GPa)

Uniaxial compressive
strength (MPa)

Tensile strength
(MPa)

Poisson’s
ratio

2168.4 2.63 8.4 30.1 2.27 0.29

St
re

ss

Strain

(a)

(b)

o

(c)

Figure 1: Qualitative stress-strain relationship of green sandstone.

are shown in Table 1. In the SHPB tests, rock specimens were
prepared according to previously suggested test methods
of the International Society for Rock Mechanics [36]. The
diameter and thickness of green sandstone specimens were
28 and 15mm, respectively. The ends of the specimen are flat
to 0.02mm and parallel to within 0.25∘.

From a qualitative aspect, the stress-strain curve of green
sandstone was nearly a straight line in the lower stress range
(Figure 1, (a)(b)), and after stress exceeds the elastic limit
(Figure 1, (b)(c)), the stress increases with a decreasing rate.
That is to say, the slope of the curve becomes lower with
increasing stress.

In a conventional SHPB test, the specimen is sandwiched
between the incident and transmission bars (Figure 2). As
an incident wave (𝜀𝐼(𝑡)) propagates in the pressure bar, a
tensile wave (𝜀𝑅(𝑡)) is reflected into the incident bar and a
compressive wave (𝜀𝑇(𝑡)) transmitted into the transmission
bar because the impedance of the rock specimen is smaller
than the impedance of the pressure bars [3].

Assuming dynamic stress equilibrium in the rock sample
is achieved, we obtain [18]

𝐸0𝐴0𝜀𝐼 (𝑡) − 𝐴 𝑠𝜎𝑠 (𝑡) = 𝐻𝑠𝐴0𝐸02𝐶0 ̇𝜀𝑠 (𝑡) , (1)

where 𝐶0 is the P wave velocity propagating in the pressure
bars, 𝐻𝑠 and 𝐴 𝑠 are the length and the cross-sectional
area of the rock specimen, respectively, 𝐴0 and 𝐸0 are the
cross-sectional area and Young’s modulus of the elastic bars,
respectively, and ̇𝜀𝑠(𝑡) and 𝜎𝑠(𝑡) are the strain rate and stress
of the rock specimen, respectively.

Incident bar Transmission bar

I TR

u1 u2

Figure 2: Schematic of wave propagation in Split-Hopkinson
pressure bars.

From (1), the constant strain rate condition needs the
incident pulse, which is proportional to the rock sample
stress.Therefore, in a SHPB experiment, it was crucial to find
an incident wave with a shape similar to the curve of the
stress-strain of green sandstone.

2.2. Pendulum Hammer-Driven SHPB Apparatus. A Pendu-
lum hammer-driven SHPB apparatus was selected for the
SHPB tests (Figure 3). During SHPB tests, the incident
bar was impacted by the cambered surface hammer, which
generated a ramp incident wave with a long wave rising
time. Introducing a cambered surface as the impact site was
expected to result in a gradual building up of the incident
wave thus increased the wave rise duration, which is essential
for SHPB testing of rock materials.

By using a striker with a particular shape (Figure 4), it
was possible to produce an appropriate incident stress wave
that was similar to the stress-strain curve of green sandstone
(Figure 5). In this respect, a constant strain rate in a rock
specimen can be achieved during SHPB tests. To further
study features of the incident wave, the rising portion of
the incident wave was divided into three segments: initial
segment (𝑡1), linear segment (𝑡2), and curved segment with a
decreasing slope trend (𝑡3). The initial segment is just a small
part of the wave rise and, because rock samples did not fail in
this initial loading phase, it was not discussed in this study.

The shape and duration of the incident wave depend
on the geometry of the hammer and its impact velocity.
This study presents a comprehensive parametric study of
geometric parameters, including the curvature radius of the
cambered surface (𝑅), hammer length (𝐿) and diameter (𝐷),
and the impact velocity (𝑉), to clarify the factors affecting
incident wave shape generated by pendulumhammer impact.

The rising portion of the incident wave was of greatest
importance for achieving dynamic stress equilibrium and
ensuring constant strain rate conditions in the rock spec-
imen. As attaining stress equilibrium in the specimen is a
prerequisite for valid SHPB tests, the time duration of the
rising portion has to be long enough such that the stress
wave travels in the specimen for more than 3-4 rounds [5].
Unlike a conventional rectangular incident wave, the rising
pulse shape should be shaped to mimic the constitutive
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behavior of the green sandstone specimen [18]. Therefore, to
accurately achieve a constant strain rate, the incident wave
should be shaped to have a nearly linear segment in the lower
stress range and a curved segment in the higher stress range
to mimic the stress-strain behavior of green sandstone [6].
According to the discussion above, it was crucial to study
how to simply and effectively alter the rising portion of the
wave to mimic the constitutive behavior of a green sandstone
specimen, which is a requirement for a constant strain rate.

2.3. The Nonlinear Theory Model of the Impact. Based on
Hertz contacting theory, [37] presented a nonlinear theory
model of the partial deformation on longitudinally impacted
surface of bars to theoretically analyze the impact process
between hammer and drill rod, as shown in Figure 6. Zou
built on the nonlinear theory model of the impact and
presented the one-dimensional wave propagation program,
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Figure 6: The nonlinear theoretical model of the impact.

a combination of the nonlinear theory model and one-
dimensional stress wave theory, which is proved to be able to
get the simulated wave similar to the ones from experiments.
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The characteristic of the impact surface local deformation
is simulated by a massless nonlinear spring. The mechanics
equations in the processing of impacting are given by

𝑃2/3 = ℎ1 (𝑢𝐻 − 𝑢𝐵) , (2)

where 𝑢𝐻 and 𝑢𝐵 are the displacements in the hammer and
incident bar, 𝑃 is the pressure on the impact surface, 𝑉𝐻 and𝑉𝐵 are the particle velocities in the hammer and incident bar,
and ℎ1, the most important parameter, is the “characteristic
parameter” of the impact surface, which is given by

ℎ1 = ( 169𝜋2 𝑅1𝑅2(𝑘1 + 𝑘2)2 (𝑅1 + 𝑅2))
1/3

𝑘1 = 1 − ]12𝜋𝐸1 , 𝑘2 =
1 − ]22𝜋𝐸2 ,

(3)

where 𝑅1, 𝑅2 are the radiuses of curvature of contact surfaces
of the hammer and incident bar, ]1, ]2 are Poisson’s ratios
of the impactors, and 𝐸1, 𝐸2 are the Elastic Moduli of the
impactors.

By taking the derivatives of (2), we obtain

23𝑃−1/3 𝑑𝑃𝑑𝑡 = ℎ1 (𝑉𝐻 − 𝑉𝐵) . (4)

We get the fundamental equations by combining (4)
and the equations of stress wave propagation, which can be
expressed as

23𝑃−1/3 𝑑𝑃𝑑𝑡 = ℎ1 (𝑉𝐻 − 𝑉𝐵)
𝑃 = 𝑝𝐻 + 𝑞𝐻 = 𝑝𝐵 + 𝑞𝐵
𝑉𝐻 = V𝐻 + V𝐻;
𝑉𝐵 = V𝐵 + V𝐵
𝑝𝐻 = 𝑚𝐻V𝐻;
𝑞𝐻 = −𝑚𝐻V𝐻
𝑝𝐵 = 𝑚𝐵V𝐵;
𝑞𝐵 = −𝑚𝐵V𝐵,

(5)

where𝑉𝐻 and𝑉𝐵 are the velocity in the hammer and incident
bar; 𝑝𝐻 and 𝑞𝐻 are pressure of advancing downstream wave
in the hammer and incident bar; 𝑞𝐻 and 𝑞𝐵 are pressure of
retreating upstream wave in the hammer and incident bar;
V𝐻 and V𝐵 are the particle velocity of advancing downstream
wave in the hammer and incident bar; V𝐻 and V𝐵 are the
particle velocity of retreating upstream wave in the hammer
and incident bar; 𝑚𝐻 and 𝑚𝐵 are wave impedance of the
hammer and incident bar.

In the pendulum hammer-driven SHPB apparatus, a
hammer with a cambered surface as the impact end instead
of the conventional cylinder is used to impact the incident
bar, which is in accord with the contact theory of two

elastomers presented by Hertz. So, the one-dimensional wave
propagation program,which is based on the nonlinear impact
model and the one-dimensional stress wave, is used to
simulate the stress wave created by the pendulum hammer-
driven SHPB apparatus.

3. The Parameter Analysis

The dynamic behavior of green sandstone was studied by
examining the influence of geometric parameters and impact
velocity of the pendulum hammer on the shape of the
incident wave.

According toHertz contacting theory, Zou et al. [37] have
presented a nonlinear theory model of partial deformation
on longitudinally impacted surfaces of bars to theoretically
analyze the hammer impact process and, based on the princi-
ple of one-dimensional wave propagation, a one-dimensional
stresswave programhas beendeveloped [35] to simulatewave
propagation in rock specimens and bars during SHPB tests
driven by a pendulum hammer (Figure 3).

According to the theory of stress wave propagation, the
stress wave, created by the pendulum hammer, is affected by
many factors, generally including geometrical shape,material
parameters, and impact velocity. Number 45 steel, with a
quenching hardness of HRC45, was selected as the hammer
material. In the case of a certain metal, the hammer weight
is determined by the volume and the volume determined by
its geometric parameters, that is, the curvature radius of the
hammer’s cambered face and hammer diameter and length.

The effects of curvature radius and hammer diameter
and length on the shape of incident waves generated by the
hammer were studied using a series of hammers. As hammer
geometry needed to be controlled within a reasonable range
for ease of use, the hammer weight was chosen to be <5 kg
and hammer length < 300mm. Three diameters (56, 70, and
80mm) and three curvature radiuses (40, 100, and 160mm)
were selected to produce eight hammers (Table 2).

3.1. Linear Wave Segment

3.1.1. Effects of Geometric Parameters on Linear Wave Seg-
ments. The linear segment of an incident wave generated
by hammers with different geometries and the same impact
velocity (2.5m/s) showed that the experimental results were
in good agreement with simulation results (Figure 7). The
loading rate (slope) of linear segments showed strong depen-
dence on curvature radius. Increasing the radius resulted in
significant increases in the loading rate of linear segments. In
contrast, with the same radius, changes in weight, diameter,
and length showed little influence on the loading rate of linear
segments. Moreover, the data showed that the duration of
linear segments decreased slightly with the radius.

3.1.2. Effects of Impact Velocity on Linear Wave Segments.
The results from experiments and numerical simulations for
the linear wave segments generated by the 7# hammer with
different impact velocities showed that, despite some dif-
ferences in the values, the results were in good agreement
(Figure 8). Increased impact velocity was concluded to have
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Table 2: Hammer geometric parameters.

Number (#) Weight (kg) Diameter (mm) Curvature radius (mm) Length (mm)
(1) 4.9 56 40 271.4(2) 4.9 56 100 268(3) 4.9 56 160 267.2(4) 4.9 80 40 135.9(5) 4.9 80 100 126.7(6) 4.9 80 160 125.1(7) 2.4 56 100 124(8) 3.7 70 100 126.3
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Figure 7: Hammer geometric parameter effects on linear segments
of incident waves.

great influence on the loading rates of linear segments.
Therefore, a high impact velocity led to a large loading rate.

3.1.3. Quantitative Relationship of between the Loading Rate
and Curvature Radius. The results from comparison of the
loading rate of incident waves versus hammer curvature
radius under different impact velocities showed that the
relationship between loading rate (�̇�) and curvature radius(𝑅) under different impact velocities was expressed as follows
(Figure 9):

Impact velocity = 2.0m/s: �̇� = 0.0025𝑅 + 0.1797
Impact velocity = 2.5m/s: �̇� = 0.0039𝑅 + 0.2791
Impact velocity = 3.0m/s: �̇� = 0.0052𝑅 + 0.3704
Impact velocity = 3.5m/s: �̇� = 0.0061𝑅 + 0.438
Impact velocity = 4.0m/s: �̇� = 0.0072𝑅 + 0.5186.

(6)
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Figure 8: Impact velocity effects on linear segments of incident
waves.

Using these equations, selection a hammer curvature
radius under different impact velocities was easier for achiev-
ing a specific loading rate of the incident wave.

3.2. Curved Wave Segment

3.2.1. Effects of Geometric Parameters on Curved Wave Seg-
ments. The effects of hammer geometric parameters on the
shape of curved wave segments generated by hammers with a
2.5m/s impact velocity showed that the experimental results
and simulations were in a good agreement (Figure 10).
Clearly, increasing of the curvature radius led to a higher
loading rate in the curved segment. By comparing 3# and 6#
hammer (Table 1), which had the same weight and radius,
the shapes of the curved segments were affected by hammer
shape.These results exhibited slight differences in the curved
segment duration, although the duration and peak values of
the curved segments generated by 3# hammer were longer
than those of 6# hammer. Comparing the results from 2#
and 7# hammers, the shapes of the curved segments were
concluded to be affected by hammer length. Moreover, the
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Figure 9: The relationship between loading rate and curvature
radius under different impact velocities.
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Figure 10: Hammer geometric parameter effects on the curved
segment of incident waves.

duration of the curved segments showed an increasing trend
with length. Meanwhile, the curved segment loading rate
increased with increased length. Comparing the results of 5#,
7#, and 8# hammers, the shapes of the curved segments were
concluded to be affected by hammer diameter. The duration
of the curved segments as well as the loading rates of the
segments increased with increased diameter.

The effects of hammer diameter and length on the curved
segment shape were further investigated using simulations
(Figures 11 and 12).
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Figure 11: Hammer diameter effects on the curved segment of
incident waves.
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Figure 12: Hammer length effects on curved segments of incident
waves.

The effects of hammer diameter on the shape of curved
wave segments, with hammer length, curvature radius, and
impact velocity at 125mm, 100mm, and 2.5m/s, respectively,
showed that the duration and stress peak of curved segments
increased with increased diameter (Figure 11). Moreover, the
curved segments showed little overlap and the slope of the
curved segment increased with increased hammer diameter.
Interestingly, this relationship conveniently produced a series
of incident waves with different curved segments by adjusting
the hammer diameter while keeping the hammer length,
curvature radius, and impact velocity constant.
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The effects of hammer length on the shape of the curved
segments showed that, with hammer diameter, curvature
radius, and impact velocity at 56mm, 100mm, and 2.5m/s,
respectively, the duration and stress peak of the curved seg-
ments increased with increased hammer length (Figure 12).
Unlike the results from hammers with different diameters,
the majority of the incident wave curves generated by smaller
hammer length overlapped with the curves generated by
longer lengths, such that the curves did not show clear differ-
ences with increasing hammer length.

By comparing the above results, adjusting hammer diam-
eter was concluded to be more efficient than adjusting ham-
mer length for producing abundant and adjustable curved
wave segments.

3.2.2. Effects of Impact Velocity on the CurvedWave Segments.
Comparison of curved wave segment results generated by
7# hammer with different impact velocities showed that the
experimental and simulation results were in good agreement
(Figure 13). Clearly, the loading rates of the curved segments
increased significantly with increased impact velocity. Also,
with increased impact velocity, the duration of the curved
segments decreased and the stress peak increased.

3.3. Guidelines for Achieving Constant Strain Rates. From the
above results, the parameters affecting the shape of the inci-
dent wave, that is, hammer diameter and length, curvature
radius of the cambered surface, and impact velocity, were
experimentally and numerically examined.

In this study, the purpose was to determine the quanti-
tative behavior of green sandstone under a desired constant
strain rate level. By determining the proper dimensions
and impact velocity of the hammer, the incident wave can
be shaped to achieve a constant strain rate condition and
dynamic stress equilibrium in a rock specimen. In SHPB tests,
to achieve a constant strain rate condition, the linear segment
should be held invariable to ensure the same loading history,
and then the curved portion can be adjusted to mimic the
constitutive behavior of the green sandstone specimen.

Guidelines for achieving a constant strain rate condition
under different strain rates are presented here:(1)Thedesired loading rate of the incident stress wave can
be obtained mainly by changing the hammer impact velocity
or curvature radius of the hammer’s cambered surface.(2) The constant rate condition in the green sandstone
specimen under a desired strain rate can be fulfilled primarily
by adjusting the hammer diameterwhile keeping the hammer
curvature radius, length, and impact velocity constant.

4. Application to SHPB Tests

4.1. SHPB Test for Green Sandstone. The incident stress waves
were generated by hammers of 2#, 5#, and 8# under the
velocity of 3.0m/s (Figure 14). The three hammers were with
the same curvature radius and almost same length. Mean-
while, their diameters were 50, 70, and 80mm. The linear
wave segments of the three incident stress waves are the same,
while the curved wave segments of the three incident stress
waves are with different shapes.
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Figure 13: Effects of impact velocity on curved segments of incident
waves.
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Figure 14: Incident waves generated in SHPB tests.

Due to the long duration of the linear segment of three
incident waves, dynamic stress equilibrium was achieved
theoretically. For simplification, only the stress condition in a
specimen with 8# hammer as the striker bar was considered
here. The dynamic stress in the green sandstone specimen
dynamic compression test showed that the value of the
transmitted wave equaled the incident wave plus the reflected



Shock and Vibration 9

−60

−40

−20

0

20

40

60

80

100

0 50 100 150 200 250

St
re

ss
 (M

Pa
)

Incident wave
Reflected wave

Transmitted wave
Incident wave +

Time (Ｍ)

reflected wave
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wave nearly exactly after the stress waved had traveled in
the rock sample for ∼5 rounds (30 𝜇s, Figure 15). With long
duration of the rising part, dynamic stress equilibrium in the
rock specimen was easily achieved. That is to say, the axial
inertial effect was considered to be negligible as there was no
stress gradient in the rock specimen.

Comparing the incident waves and the strain rate vari-
ations from SHPB tests with different hammers in three
experiments revealed that the strain rates were very close over
the time span from 0 to 90 𝜇s because the incident wave is
very close at the same time span (Figure 16), while the strain
rate showed gaps between the three experiments from 90 to
160 𝜇s because the incident waves diverged in this time span.
The method for achieving a constant strain rate condition
of the rock specimen involved adjusting the incident wave
according to the strain rate during the rock’s deformation. In
results using 5# hammer, the strain rate continued to increase
to a peak value at 110 𝜇s and then decreased with time. In
results from 7# hammer, the strain rate continued to increase
to a peak value at 100 𝜇s and then also decreased with time.
Notably, the strain rate values from 5# hammer were higher
than those of 7# hammer from 90 to 160 𝜇s.Thus, an incident
wave with a loading rate between those of 5# and 7# hammer
was needed for achieving a constant strain rate condition of a
rock specimen from 90 to 160 𝜇s. According to the guidelines
presented above, to achieve a constant strain rate, a hammer
with a diameter between 56 and 80mm was needed. Thus,
8# hammer with the diameter of 70mm was selected and
a constant strain rate of 100 s−1 which lasted for 70 𝜇s in a
green sandstone specimen was produced. The trial and error
process for selecting the proper hammer to achieve a constant
strain rate was considerably reduced by knowing to adjust the
hammer diameter, per the guidelines.
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Figure 16: SHPB results for rock specimenswith different hammers.
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Figure 17: Strain rate histories of three green sandstone specimens.

4.2. Influence of Strain Rate on the Dynamic Property of
Green Sandstone. Using the guidelines listed above, dynamic
experiments of green sandstone were performed under strain
rates of 54, 100, and 152 s−1, with the corresponding impact
velocities of 2.5, 3.0, and 4.0m/s, respectively.

Strain rate histories and stress-strain curves are shown
in Figures 17 and 18, respectively. The stress-strain curves
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Figure 19: Failure patterns of green sandstone specimens.

showed that the slope remained linear up to higher stress lev-
els under dynamic impact, which indicated a delay in inter-
nal microcracking process. Furthermore, the initial tangent
modulus was almost unaffected by strain rate, which was due
to there being no significant internal microcracking during
the initial loading stage [38]. In addition, with strain rates
of 54, 100, and 152 s−1, the dynamic compressive strengths of
the green sandstone were 33, 43, and 56MPa, respectively,
showing a rate-dependent effect. The critical strains (the
strain corresponding to themaximum stress) were 0.01, 0.014,
and 0.017, respectively, which showed a rising trend with
increased strain rate and meant that the green sandstone
became more ductile at higher strain rates. In particular,
owing to rebound of the rock specimen, the peak strain
decreased with decreased stress under strain rate of 54 s−1.

The failure patterns of green sandstone specimens under
strain rates of 54, 100, and 152 s−1 are shown in Figure 19. It
is showed that the lateral strain was a main factor which led
to spalling around the specimen edges at 54 s−1. Then, as the
strain ratewas increased from54 to 100 s−1, the rock fractured
into many pieces, including 5 wedge-shaped blocks.The rock
sample fractured into small and pulverized pieces at 152 s−1.
Thus, the dynamic fragmentation of the green sandstone
showed an apparent rate-dependent property.

5. Conclusions

In this study, combining SHPB experiments with simu-
lations, the effects of hammer geometric parameters and
impact velocity on the shape of incident waves were studied.
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Simulations using a one-dimensional wave propagation pro-
gram were validated by experimental results and could be
utilized to predict the shape of incident waves generated by
a hammer with a cambered surface at the impact site.

The loading rate of the incident wave linear segments,
generated by the same hammer impact velocity, was affected
mostly by hammer curvature radius.With the same curvature
radius, the linear segment loading rate changed slightly
with increased hammer diameter. Increased hammer impact
velocity was found to have great influence on the linear
segment loading rate. In SHPB experiments, an almost
constant linear segment loading rate was achieved by keeping
the curvature radius and impact velocity constant. Also, the
shapes of the curved segment of incident waves were affected
by hammer diameter as well as hammer length. With a larger
diameter or a longer length, incident wave curvatures and
curve stress peaks showed increasing trends, such that the
general guidelines for selecting the proper hammer geometric
parameters and impact velocity were presented. Thus, the
trial and error process for selecting the proper hammer for
SHPB tests was reduced.

Three hammers with different diameters were employed
in SHPB tests to achieve a constant strain rate condition in
green sandstone specimens. Because of the long duration
of the linear portion of incident waves generated by three
different hammers, dynamic stress equilibrium in specimens
was perfectly fulfilled. Employing the guidelines for selecting
the proper hammer, a constant strain rate condition that
lasted for 70 𝜇s was achieved with 8# hammer.

Dynamic experiments on green sandstone were carried
out under strain rates of 54, 100, and 152 s−1. The results
showed that the initial tangent modulus was almost unaf-
fected by strain rate, the strain of peak stress showed a rising
trend with increased strain rate, and the dynamic fragmen-
tation of green sandstone specimens exhibited a rate-depend-
ent property.
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The effects of coal layered combustion and the heat injection rate on adjacent rockwere examined in the process of underground coal
gasification and coal-bedmethanemining. Dynamic Brazilian disk tests were conducted on coal sandstone at 800∘C and slow cool-
ing from different heating rates bymeans of a Split Hopkinson Pressure Bar (SHPB) test system. It was discovered that thermal con-
ditions had significant effects on the physical andmechanical properties of the sandstone including longitudinal wave velocity, den-
sity, and dynamic linear tensile strength; as the heating rates increased, the thermal expansion of the sandstone was enhanced and
the damage degree increased. Compared with sandstone at ambient temperature, the fracture process of heat-treated sandstone was
more complicated. After thermal treatment, the specimen had a large crack in the center and cracks on both sides caused by loading;
the original cracks grew andmineral particle cracks, internal pore geometry, and other defects gradually appeared.With increasing
heating rates, themicroscopic fracturemode transformed from ductile fracture to subbrittle fracture. It was concluded that changes
in the macroscopic mechanical properties of the sandstone were result from changes in the composition and microstructure.

1. Introduction

During underground coal gasification and coal-bed methane
mining, the adjacent rock is exposed to two-sided conditions
[1, 2]: impact loads (such as mechanical rock fragmentation,
roof breaking, and rock bursts [3–5]) and high temperatures
followed by cooling. However, due to different heating rates
during coal combustion and the heat injection of the coal-bed
methane, the macroscopic mechanical properties of jointed
rock vary greatly from each other. In particular, when rock
burst or large-area roof collapse occurs near the combustion
zone, the impact load will seriously affect the stability of
roadway surrounding rock, which is a serious challenge to
the safe and efficient exploitation of resources. Therefore, in
order to ensure the safe and efficient exploitation of resources,
we must put forward the methods to control the stability of
roadway surrounding rock through the use of effective mon-
itoring technology [6] combined with scientific experiments
and theoretical research [7, 8]. The variational characteristics

of mechanical properties and the damage mechanism are the
crucial mechanical problems of coal and rock medium under
the combined action of heat treatment and impact load.

When exploiting deep deposits, failure of the surrounding
rock primarily depends on its tensile properties. During
thermal treatment the physical properties of the rock change
remarkably, which further alters its tensile mechanical prop-
erties [9–15]. Based on previous analyses and conclusions, it
is known that heat plays an important role in the weakening
of mechanical properties of rocks.

With recent advances in engineering, researchers have
begun to study the influence of thermal treatments on rocks’
dynamic mechanical properties. By testing the dynamic frac-
ture toughness of gabbro andmarble that had undergone heat
treatments in high temperatures, Zhang et al. [16] discovered
that the dynamic fracture toughness of both rocks increased
in increments as the strain rate rose; however, they remained
basically stable throughout heat treatment processes. Yin et
al. [17] tested the dynamic fracture toughness of Laurentian
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granite during thermal treatments and established that the
granite fracture toughness decreased rapidly with rising
temperatures; their more recent study reported that the
tensile strength of granitewas enhanced by thermal treatment
temperatures up to 100∘C [18]. However, the tensile strength
decreased quickly and the dynamic mechanical properties
of the granite weakened significantly when the temperature
rose above 100∘C. By conducting a dynamic Brazilian disk
test with a SHPB system on Longyou sandstone after thermal
treatments and analyzing the damage properties using CT
scanning, scholars discovered a relationship between damage
variables and loading strength; their studies concluded that
the dynamic tensile strength of the rock increased as the load-
ing rate and temperature decreased [19, 20]. Further research
results have shown that the dynamic tensile mechanical
properties of rock are strongly dependent on temperature,
and changes in mechanical properties are the result of
varying temperatures that alter the rock’s composition and
microstructure [21–24].

Until now, studies on the mechanical properties of rocks
have somewhat overlooked the influence of heating rate.
Actually, the fundamental reason for different heating rates
is not the temperature, but the heat injection rate and/or
combustion speed during underground coal gasification and
coal-bedmethanemining. Furthermore, heat effect is the key
factor in the influence of heating rate on the macroscopic
mechanical properties of rock. Thirumalai and Demou [25]
tested granite at different heating rates (5∘C/min, 20∘C/min,
and 50∘C/min) in heat treatments of 20–400∘C and found
that, at the same temperatures, the effects of heat gradually
increased as the heating rate increased. By heating gabbro to
300∘C at heating rates of 5∘C/min and 1∘C/min, Richter and
Simmons [26] found that thermal expansion differed by 10
percent between the two heating rates, and the fracture char-
acteristics of the sandstoneweremore remarkable at the faster
heating rate. Inmetalmaterial engineering, heating rate is the
key factor in changing the mechanical properties of mate-
rials because it not only significantly affects crystal texture
and recombination but also further influences the macro-
scopic mechanical properties [27–30]. From this perspective,
because heating rate affects the crystal structure of rock, it
inevitably changes its macromechanical properties as well.

Current studies focus on the impact of heating rates on
the mechanical properties of rocks only as far as thermal
expansion and thermal decomposition, while variations in
their mechanical properties under different heating rates
receive much less attention [31]. In order to provide valid the-
ory support for the development of underground coal gasifi-
cation and coal-bed methane mining, this paper conducted
Brazilian disk tests on coal measure sandstone at 800∘C
temperature at different heating rates (5, 10, 20, 30, 40, and
50∘C/min) and observed the subsequent slow cooling. Then,
the material group and fine morphology of sandstone during
heat treatmentsweremeasured by usingX-ray diffraction and
scanning electron microscopy (SEM), respectively. Finally,
the change law of dynamic tensile characteristics of sandstone
according to heating rates was investigated through both
macro- and microapproaches.

2. Experimental Setup and Methods

2.1. Preparation of Specimens. Sandstone is themost common
sedimentary rock and is the primary rock surrounding deep
coal seams. Test samples were gathered from sandstone
located at the top of a coal seam in a 1000-meter-deep work-
ing face at the Jiahe coal mine in Xuzhou, Jiangsu province of
China. In its natural condition, the main ingredients of this
sandstone include calcium feldspar (73%), kaolinite (11.60%),
quartz (10.48%), and microcline (4.50%); the physical and
strength properties are provided in Table 1. For this study,
cylindrical rock specimens were acquired with a drilling
machine and then cut to the appropriate lengths (25mm in
length and 50mm in diameter). The ends of the finished
specimens were ground with a surface grinder to ensure
flatness and parallelism at both ends at less than 0.05mm and
0.02mm, respectively.

2.2. Testing Equipment. For this study, the specimens were
heated with the MTS653 high-temperature furnace. The
impact loading tests were performed on a 50mm diameter
SHPB setup, and the structure of SHPB system is shown
in Figure 1. The SHPB apparatus consisted of a launching
device, pressure bars, energy absorption device, signal acqui-
sition system, and signal processing system. To measure the
dynamic tensile characteristics of the sandstone, Brazilian
disc tests were conducted with the specimens placed in the
diameter direction between the incident bar and the cast bar.

2.3. Testing Methods. During the process of underground
coal gasification, the burning temperature is maintained at
about 800∘C, and it is known that heating rate makes a
difference in the changes of the rock’s mechanical properties
when the heating rate is greater than 5∘C/min [32].Therefore,
in order to observe differences in the mechanical properties
of the samples under different heating rates, the specimens
were heated to 800∘C at different heating rates (5∘C/min,
10∘C/min, 20∘C/min, 30∘C/min, 40∘C/min, and 50∘C/min)
and maintained at each temperature for 5min. Then, the
specimen in furnace was cooled to room temperature at a
slow rate to avoid thermal shock.

After the thermal treatment, dynamic tensile tests were
carried out by using the SHPB test system at an impact load of
0.4MPa. To test the dynamic characteristics of the sandstone
samples more accurately, a T2 round copper sheet (1mm
thick and 30mm in diameter) was used to modulate impact
load waves. The waveforms were shown in Figure 2, where
it could be seen that the stress waves revealed prominently
lateral vibration phenomenon during the wave propagation,
and the specimens reached stress equilibrium before failure.
This was checked by comparing the stress accounts at the two
ends of the specimen (𝜀𝑖 + 𝜀𝑟 ≈ 𝜀𝑡) [33].

3. Experimental Results and Analysis

3.1. Physical Properties Analysis. Table 2 shows the longi-
tudinal wave velocity V, density 𝜌, and thermal expansion
coefficient 𝛼 of sandstone under different heating rates at
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Figure 1: Split Hopkinson Pressure Bar (SHPB) system.

Table 1: Physical and strength properties of coal measure sandstone.

Density 𝑝-velocity Young’s modulus Poisson’s ratio Tensile strength Compressive strength
𝜌 (g/cm3) V (km/s) 𝐸 (GPa) 𝜇 𝜎𝑡 (MPa) 𝜎𝑐 (MPa)
2.45 2.50 6.36 0.25 3.62 74.65
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Figure 2: Strain balance check for a typical dynamic SHPB test with
pulse shaping.

800∘C; the corresponding curves are shown in Figure 3, where
data in the table and figure are the averaged values of the
sandstone’s physical parameters.

In this paper, the thermal expansion coefficient was the
coefficient of cubical expansion, that is, the rock volume
change caused by an increase of 1∘C. It can be defined as
follows:

𝛼 = Δ𝑉𝑇
𝑉𝑇0Δ𝑇

=
(𝑉𝑇 − 𝑉𝑇0)
𝑉𝑇0 (𝑇 − 𝑇0)

, (1)

where Δ𝑉 is the thermal expansion volume; 𝑇 and 𝑇0 are
the insulating temperature and initial temperature of the
specimen, which were 800∘C and 25∘C, respectively; and 𝑉𝑇
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Figure 3: Relationship between physical parameters and heating
rates. V is the longitudinal wave velocity, 𝜌 is the density, and 𝛼 is
the thermal expansion coefficient.

and𝑉𝑇0 are the specimen volume corresponding to 𝑇 and 𝑇0,
respectively.

As shown in Figure 3, the longitudinal wave velocity
and density of the sandstone specimens heat treated at
800∘C were both lower than those at room temperature, with
difference amplitudes of 66.68%–71.84% and 5.31%–11.02%,
respectively. Both the longitudinal wave velocity and the
density decreased linearly with increasing heating rates.
When the heating rate increased from 5∘C/min to 50∘C/min,
the longitudinal wave velocity decreased from 2.500 km/s
to 0.704 km/s, with an amplitude of 15.49%; the density
decreased from 2.32 g/cm3 to 2.18 g/cm3, with an amplitude
of 6.02%; and the thermal expansion coefficient increased
linearly. At the same time, the thermal expansion coefficient
increased from 1.83 × 10−5 to 4.61 × 10−5, which was an
increase of 1.53 times.

3.2. Dynamic Tensile Mechanical Properties of Sandstone.
According to the Brazilian disc (SNBD) test’s computing
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Table 2: Physical parameters of sandstone under different heating rates.

�̇� (∘C⋅min−1) 0 5 10 20 30 40 50
(Normal temperature)

V (km/s) 2.50 0.833 0.806 0.781 0.758 0.732 0.704
𝜌 (g/cm3) 2.45 2.32 2.29 2.26 2.23 2.21 2.18
𝛼 (10−5) — 1.83 2.28 2.99 3.31 3.81 4.61

Table 3: Dynamic tensile strength of sandstone under different heating rates.

�̇� (∘C⋅min−1) 0 5 10 20 30 40 50
(Normal temperature)

𝜎dt (MPa)

Data 1 18.97 14.14 14.18 14.63 14.06 13.31 12.81
Data 2 18.73 15.18 15.11 13.67 13.55 12.74 11.71
Data 3 19.04 14.99 14.22 14.13 13.23 13.33 12.43
Average 18.91 14.77 14.50 14.14 13.61 13.13 12.32

method for tensile stress, tensile strength can be obtained
from the following formula:

𝜎dt =
𝑃1 + 𝑃2
𝜋𝐷𝐵

, (2)

where 𝜎dt is the Brazilian dynamic tensile strength; 𝑃1 and 𝑃2
are the pressure on either side of the specimen (Figure 1); 𝐷
and 𝐵 are the diameter and thickness of the disc specimen,
respectively.

The loading forces𝑃1 and𝑃2 on the two ends of the sample
can be determined using the following formula:

𝑃1 = 𝐴𝐸𝑏 (𝜀𝑖 + 𝜀𝑟) ,

𝑃2 = 𝐴𝐸𝑏𝜀𝑡,
(3)

where 𝐴 and 𝐸𝑏 are the cross-sectional area and elasticity
modulus of the elastic bar, respectively; 𝜀 is the strain caused
by the stress wave in the elastic bar; and 𝑖, 𝑟, and 𝑡 are
the incident wave, reflected wave, and transmitted wave,
respectively.

As Figure 2 shows, the experimental process corre-
sponded to the stress equilibrium assumption, so the follow-
ing was obtained:

𝜀𝑖 + 𝜀𝑟 = 𝜀𝑡. (4)

Then the following formula was acquired:

𝑃1 = 𝑃2 = 𝐴𝐸𝑏𝜀𝑡. (5)

The tensile strength was obtained when (5) was plugged
into (2).The tensile stress history was acquired by (2), and the
slope of a straight line before peak stress was defined as the
loading rate, as shown in Figure 4 [34]. Figure 5 shows that
the dynamic tensile loading rate (at 0.4MPa) of sandstone
was about 152.6GPa/s (±0.5GPa/s) and remained the same
at different heating rates.

The dynamic tensile strength of sandstone under different
heating rates at 800∘C can be acquired by (2)∼(5), as shown
in Table 3, and the corresponding curve is shown in Figure 6.
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Figure 4:Calculationmethodof loading rate for the dynamic tensile
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FromTable 3 and Figure 6, the following information was
then obtained.

(1) Compared with room temperature, the dynamic ten-
sile strength was significantly lower (by about 21.89–34.84%)
under 800∘C heating rates. Because the high temperature
changed the main ingredients in the sandstone and the
resultant warm molten caused flaws in the specimens, the
specimens’ dynamic tensile strength decreased markedly.

(2) As the figure shows, the dynamic tensile strength of
the sandstone underwent significant changes under thermal
treatments of different heating rates. Specifically, the dynamic
tensile strength dropped linearly by 16.59% (from 14.77MPa
to 12.32MPa) with the heating rate increase of 5∘C/min to
50∘C/min. The thermal stress difference between the inside
and outside of the specimen increased when the heating
rate increased, and, at the same time, the dynamic tensile
strength of the sandstone decreased because the number of
flaws inside the sandstone increased.

3.3. Macroscopic Failure Characteristics of Sandstone. The
failure process and form of the test specimen were different
between normal temperature and heat treatment temper-
atures, as shown in Figure 7. Under normal temperature,
the specimen showed a primary crack in the centre, which
expanded rapidly along the loading direction. The specimen
was divided into two parts of equal size and then there
were a number of small pieces in both sides of the loading
due to local shear effect. After the high-temperature heat
treatment, the specimen underwent three failure stages, as
shown in Figure 8. First, there was a primary crack in the
centre of the specimen along the loading direction. Second,
both ends of the sample produced X-shaped cracks along
the primary loading orientation from the continuation of
the primary crack. Finally, the cracks intersected each other,
causing macroscopic failure. When the specimen was broken
into two pieces, there weremany fine-grained chippings from
shear and tension effects. There are many differences in the

sandstone specimens’ failure processes because the thermal
evaporation and melt caused by the 800∘C heat treatment
created many flaws inside the specimens that weakened the
local bearing capacity.

To prove the heating rate’s influence on the specimen
failures, the average grain diameter was analyzed after failure.
First, the fragment was divided into eight groups using classi-
fying screensmeasuring 0–2.5mm, 2.5–5.0mm, 5.0–8.0mm,
8.0–10.0mm, 10.0–12.0mm, 12.0–15.0mm, 15.0–20.0mm,
and >20.0mm. Next, the proportion of every group fragment
mass accounting for the total mass𝑊𝑠𝑛 was analyzed. Finally,
the average grain diameter was obtained according to the
following equation:

𝑟 =
8

∑
𝑛=1

𝑊𝑠𝑛𝑑V𝑛, (6)

where 𝑑V𝑛 is the mean particle among every particle group, in
other words, the average between the biggest particle and the
smallest particle. Specifically, the smallest particle is 20.0mm
and the biggest is 50.0mm when 𝑛 is eight.

Figure 9 shows the change rule of the fragmentation
distribution parameter, which dropped linearly by 48.84%
(from 23.61mm to 12.08mm) as the heating rate rose from
5∘C/min to 50∘C/min. From this, it was seen that the heating
rate played a significant role in the dynamic tensile failure
of the sandstone under the loading impact, and the failure
gradually strengthened when the heating rate increased.

4. Analysis of the Effects of
Heating Rate on the Dynamic Tensile
Mechanical Properties of Sandstone

The mechanical properties of a material are closely related
to its composition microstructure. To analyze the influence
of heating rate on the mechanical properties of coal series
sandstone, the material composition and microstructure
morphology characteristics of sandstone subjected to dif-
ferent heating rates above 800∘C were examined using a
D8 Advance X-ray diffractometer and FEI Quanta TM 250
scanning electron microscope.

4.1. The Effects of Heating Rate on Sandstone Characteristics.
Figure 10 shows a typical X-ray diffraction figure following
800∘C heat treatment in which the material composition
and content were acquired by Jude6.0. The rock quality
percentages of key components are presented as Table 4,
which lists the mean of three groups.

As can be seen in the table, from room temperature to
<800∘C thermal treatment, feldspar was the key component
of the sandstone (calcium feldspar accounted for themajority
and microcline occupied a few parts) along with some
quartzes. The biggest difference of the sandstone material
composition before and after the heat treatment was the
fact that the sandstone originally contained 11.60% kaolinite,
which is a typical clay material and the main cementing
material in sandstone; however, after the heat treatment,
there was no kaolinite present [35]. It was concluded that
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(a) (b)

Figure 7: Dynamic Brazilian disc experiment specimen destruction: (a) normal temperature; (b) after 800∘C heat treatment.

(a) (b) (c)

Figure 8: Schematics of failure model of specimen [15]: (a) initial cracks; (b) crack propagation; (c) crack transfixion.

the kaolinite underwent irreversible decomposition during
the thermal treatment, which contributed to the significant
decrease of dynamic tensile strength compared with that of
sandstone at room temperature.

After the 800∘C thermal treatment, the major compo-
nents of the sandstone remained stable, and their contents
were nearly the same when the heating rate was between
5∘C/min and 30∘C/min. However, when the heating rate
rose further, 1.90% carbonated calcium was detected in the
sandstone components. Moreover, microcline and calcium
feldspar levels increased from 0.039 to 0.081 when the heating
rate rose from 30∘C/min to 40∘C/min, and, at 50∘C/min
heating rate, the two components increased to 0.49. The
content of quartz also increased significantly.

The analysis of the molecular structure revealed that
the molecular interaction between the grains was attractive.
Furthermore, the force between the molecules remained
balanced at room temperature; however, under high temper-
ature and high heating rates, the energy input was larger at

unit time and there was a certain stress difference between
the molecules, which was significant enough to change the
chemical structure. Dawe et al. [36] discovered that, under
high temperature and high heating rates, calcium feldspar
underwent the following decomposition reaction:

CaO⋅Al2O3⋅2SiO2 → CaO + Al2O3 + 2SiO2 (7)

When the temperature gradually decreased, the CaO
reacted with CO2 and H2O in the air, as shown in the
following:

CaO + CO2
H2O→ CaCO3 (8)

From that point, material decomposition reduced the
mass fraction of anorthite and substance transformation
improved that of the microcline. And CaCO3 was produced
when the heating rate rose from 30∘C/min to 50∘C/min.

Under high temperature, the calcium feldspar produced a
certain amount of quartz.During the gradual cooling process,
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Table 4: Main components of sandstone.

Substance
(chemical composition)

Heating rates/(∘C/min)
Room temperature 5 10 20 30 40 50

Quartz (SiO
2
) (%) 10.80 4.00 4.20 3.20 1.80 11.50 7.50

Kaolinite (Al2Si2O5(OH)4) (%) 11.60 0 0 0 0 0 0
Microcline (KAlSi3O8) (%) 4.50 2.70 5.10 3.30 3.70 6.50 29.70
Anorthite (CaAl2Si2O8) (%) 73.00 93.30 90.70 93.50 94.50 80.10 60.90
Calcium carbonate (CaCO3) (%) 0 0 0 0 0 1.90 1.90
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Figure 9: The change rule of fragmentation distribution parameter
with heating rates. Figure 9 shows the change rule of the fragmenta-
tion distribution parameter, which is dr.
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Figure 10: X-ray typical diffraction figure (86-2237 > Quartz-SiO2
(4.0%): PDF the card number > material composition-chemical
formula (composition percentage)).

the calcium feldspar decomposed molten Al2O3 and SiO2,
and potassium minerals crystallized to produce a certain
amount of microcline, which increased the microcline in
the sandstone. Although microcline and calcium feldspar
were feldspathoid and contained the same crystal morphol-
ogy, the material transformation resulted in changes to the

macromechanical properties of the sandstone. Meanwhile,
the dynamic tensile strength of the sandstone dropped
significantly during the high heating rates because of the
lubrication of the calcium carbonate.

4.2. Effects of Heating Rate on Microscopic Features of
Sandstone Failure

4.2.1. Evolutional Characteristics in the Sandstone with Heat-
ing Rates. Figure 11 shows microscopic features in the sand-
stone during different heating rates at room temperature and
thermal treatment <800∘C, under which the profiles did not
go through loading impact. From the figure, the following
conclusions were drawn.

First, at room temperature, the interior of the sandstone
was dense with some minor, connected cracks (Figure 11(a)).
However, after the heating treatment, thereweremany cracks,
holes, and other defects in the sandstone. The difference of
microscopic features was one reason why the macromechan-
ical properties of the sandstone were weakened.

Second, heating rate played a significant role in changing
the microfeatures of the sandstone. Specifically, the cracks in
the sandstone were relatively flat at the lower heating rate
(Figures 11(b) and 11(c)). Holes and cracks in the sandstone
incrementally increased at the heating rate of 20∘C/min (Fig-
ure 11(d)). At the heating rate of 30∘C/min, structure defects
in the sandstone were found inmineral volatility and thermal
melting (Figure 11(e)). At the heating rates of 40∘C/min and
50∘C/min, network structure defects connected to microc-
racks in the sandstone (Figures 11(f) and 11(g)).

4.2.2. Evolutional Rules of Morphology Features in Sandstone
Failure with Heating Rates. After the damage, morphology
features in the sandstone were obtained by means of a
scanning electron microscope, as shown in Figure 12. The
following conclusions were drawn.

First, intensive dimples were observed in the sandstone
fracture, which was an important morphology feature of a
ductile fracture. Meanwhile, brittle transcrystalline fracture
morphology represented by cleavage fractures and transcrys-
talline cracks existed in the sandstone fracture at the lower
hating rate (Figure 12(a)). At the heating rate of 20–30∘C/min,
there were two kinds of brittle fracture morphology (tran-
scrystalline cracks and intergranular cracks) in the sandstone
fracture after the impact tensile damage (Figure 12(b)). At the
heating rates of 40–50∘C/min, tearing ridges became the key
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Figure 11: Microscopic features of the sandstone.

fracture morphology, and transcrystalline cracks occurred
locally and propagated gradually (Figure 12(c)).

Second, from the fracture morphology in the sandstone
at different heating rates, it was seen that the fracture mode
transformed from ductile fracture to subbrittle fracture. Fur-
thermore, from the endergonic angle, the following several
fracture modes, arranged in order of size, were observed:
dimple fractures, whichwere represented by ductile fractures,
absorbed the most energy; transcrystalline fractures and
quasicleavage fractures, embodied by transcrystalline cracks
and tearing ridges, respectively, absorbed the second most
energy; the brittle intergranular fractures representative of
intergranular cracks absorbed the least.

Based on the evolution of the microfracture mode in
the sandstone, the following conclusion was drawn: during

loading impact, the energy dissipation of the sandstone’s
microfractures gradually decreased with increasing heating
rate. However, the input energy and energy dissipation of
the specimen were equal to each other under the same
loading impact. Meanwhile, the decreasing microfracture
energy made a significant difference in increasing the extent
of macrodestruction, which explained why the sandstone’s
tensile fractures gradually increased as the heating rate
increased.

5. Conclusions

Using a MTSMTS653 high-temperature furnace and Split
Hopkinson Pressure Bar (SHPB) experimental system, this
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Figure 12: Microproperties of fracture morphology in the sandstone after loading impacts.

paper performed Brazilian disk tests on coal measure sand-
stone specimens at 800∘C heat treatment and slow cooling
from different heating rates. Additionally, the sandstone
material composition and microstructure morphology char-
acteristics of each specimen were assessed through X-ray
diffraction and scanning electron microscopy (SEM) images.
Based on the findings, the following conclusions were drawn.

Compared with those at room temperature, the longi-
tudinal wave velocity, density, and dynamic tensile strength
were less to different extents after heat treatments, while
the physical mechanical geometrical factors dropped linearly
with increasing heating rate. Additionally, the sandstone’s
thermal expansion ability was improved as the heating rate
increased.
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In the dynamic Brazilian disc experiments, the speci-
mens’ macroscopic failures were caused by a center crack
extending at normal temperature; however, the center cracks
and cracks on both loading sides merged together and
then ran throughout the specimen following the 800∘C
heat treatment. As such, the specimens’ failure form was
more complicated after heat treatment. As the heating rate
increased, the average grain diameter decreased and the
degree of specimen failure increased.

It was also discovered that kaolinite in the sandstone
was decomposed by heat treatment, which was the main
cause of weakness in the macroscopic mechanical proper-
ties. Moreover, the main causes of variations in the rocks’
physical mechanical characteristics with heating rates were
related to the changes of the composition proportion between
anorthite, microcline, and calcium carbonate produced at a
heating rate over 40∘C/min.

Although the sandstone originally contained small
cracks, the original cracks grew incrementally after thermal
treatment, and mineral particles cracks, internal pore geom-
etry, and other defects gradually appeared with increases in
heating rates. The fracture mode transformed from ductile
fracture to subbrittle fracture, and in the process,microscopic
energy consumption of the sandstone gradually decreased,
which contributed to the macroscopic damage.
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