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A better understanding of geological structures, stress regimes, and rock burst risks around longwall mining
panels can allow for higher extraction efficiency with reduced safety concerns. In this paper, the stress change
of rock mass was first examined by using ultrasonic technique into laboratory-scale rock samples. Subsequently,
the active and passive seismic velocity tomograms were simultaneously applied into two study cases with field-
scale. Similar characteristics can be found between the active and passive tomography results. More specifically,
in the first case, a geological discontinuity was clearly indicated by a linear image in both active and passive seis-
mic tomography results. The results of the second case suggest that seismic tomography can be used to infer
stress redistribution, and assess rock burst hazard or locate high-seismicity zones. Ultimately, comparisons
have been made between the results of active and passive seismic tomography. Active tomography is found to
be better applied in accurately detecting stress distribution and geological structures prior to the extraction of
longwall panels, while passive tomography has advantages in continuously monitoring the stress changes and
assessing rock burst potential during the mining of longwall panels. This study is expected to increase the safety
and efficiency of the underground mining.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Problem

With the development of the mechanized longwall mining method,
underground coalmining has been improved both from production and
productivity point of views (Hosseini et al., 2012b, 2013). However,
there are still certain risks and hidden structure defaults during mining
operation that can result in a persistent safety hazard and an impedi-
ment to production. Mining activity in the Yima coal mining area
(China) and elsewhere have reached the mining depths of about 1 km.
The lithostatic stress at this depth is about 25 MPa and mining activity
causes substantial perturbation of the ambient stress field. Abutment
pressures occur along or near the boundary where material has been
removed. During longwall mining, removal of coal and fracturing of
adjacentmaterial by blasting result in the transfer of stress immediately
in front of the face and to the sides of the longwall panel, headgate and
tailgate (Peng, 2008). In particular, the front and the side abutment
pressure are important for determining the location of terminal line
and the size of chain pillar, and designing the support system of the
oal Resources and Safe Mining,
logy, Xuzhou, Jiangsu 221116,

ye@163.com (A. Cao).
longwall panel and side entries (Peng, 2006). Moreover, concentration
of stress to levels exceeding the strength of rock or structure defaults
often results in catastrophic and unpredictable risks (Friedel et al.,
1997), such as fallings of roof, rib, or face, and rock bursts. Herein, rock
bursts are considered as a natural disaster caused by elastic strain ener-
gy emitted in a sudden, rapid, and violent way from coal or rock mass,
often accompanied by an airblast or windblast and violent failures
which can disrupt mine ventilation, pose a danger to miners due to
flying material, and may also cause a large release of strata gas and
propagate explosive dust into the air (Bräuner, 1994; Dou et al., 2012).
For example, a rock burst accident (equivalent to Mw 4.1) induced by
a large thrust fault caused 10 deaths and trapped 75 people at
7:18 pm local time on Nov. 3, 2011 during the headgate excavation of
LW 21221 at the Yima Qianqiu coal mine, Henan Province, China.

Several methods to estimate abutment pressures, detect structure
defaults, and determine rock burst hazard around the longwall mining
panel have been introduced, such as drilling pulverized coal parameters
(Gu et al., 2012), electromagnetic emission (He et al., 2011b; Wang
et al., 2011), borehole exploration, counter stresses through bolt or
pressure sensor installation (Zhang et al., 2014), and distressing
through a drill. For this purpose, conventional methods are time con-
suming and difficult, cause disruption in production, andmay generally
only provide a relative state of stress in a localized area. To date, the
above methods are not sufficient to meet the needs of underground
mining and engineering projects. Hence, there remains the need to
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Fig. 2.Monitoring results for uniaxial compression test on a typical cylindrical sandstone
sample.
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develop a simple, rapid, and cost-effective tool for imaging locations of
high stress andmine structures under the full range of stress conditions.
A better approach to performing high resolution imaging is seismic
velocity tomography, which is unique because it allows for noninvasive
measurement of a large region.

1.2. Approach

Seismic velocity tomography, classified as “active” and “passive”
based on the type of source used (Luxbacher, 2008), has been applied
in various fields including analysis of stress distribution in laboratory
samples (Eberhart-Phillips et al., 1989; Meglis et al., 2005; Mitra and
Westman, 2009; Nur and Simmons, 1969; Westman, 2004), mapping
of geologic structures and discontinuities (Peng et al., 2002; Zhao
et al., 2000), earthquake tomography (Pei et al., 2013; Ustaszewski
et al., 2012; Zhang et al., 2013), rock burst hazard detection (Banka
and Jaworski, 2010; Dou et al., 2012; Gong, 2010; He et al., 2011a;
Lurka, 2008; Wang et al., 2012), and stress identification in under-
ground mines (Friedel et al., 1995, 1997; Hosseini et al., 2012a, 2012b,
2013; Luo et al., 2009; Luxbacher et al., 2008; Scott et al., 2004;
Westman et al., 1996, 2012). However, there are few examples of rock
burst hazard detection using seismic velocity tomography, especially
the passive seismic velocity tomography (Banka and Jaworski, 2010;
Gong, 2010; Lurka, 2008). Meanwhile, few studies in a comparison of
the active seismic velocity tomography with a passive source image
calculated with mining-induced tremors (Maxwell and Young, 1993)
can be found.

In this paper, the relationship between the ultrasonic wave velocity
and the stress changes as load being applied to rock masses was first
examined at the laboratory-scale. Subsequently, the active and passive
seismic velocity tomography were simultaneously applied on the
longwall mining panels to illustrate the geological discontinuity, stress
redistribution, and rock burst hazard at the Yima Yuejin coal mine,
Henan Province, China. Ultimately, comparisons have been made
between the results of active and passive seismic tomography to help
us better select the right approach for our project in underground coal
mines.

2. Failure in rock masses

Rupture events are observed at scales ranging from laboratory sam-
ples to the Earth's crust, including rock failures in laboratory tests and
field experiments, landslides, mining-induced seismicity, and crustal
earthquakes (Amitrano, 2012). Numerous researchers have verified
that rocks under stress can emit the acoustic waves in the laboratory
and microseismic events in mines (Filimonov et al., 2005; Hardy,
2003; Iannacchione et al., 2004). Namely, acoustic emissions of rocks
observed in the laboratory can be considered as a small-scale model of
the seismicity of the Earth's crust (Scholz, 1968). In tomography, ultra-
sonic waves are used for laboratory studies while seismic waves are
employed in the field studies (Mitra and Westman, 2009).

To understand how seismic velocity tomography can be applied in
underground coal mines, we must first understand the relationship
between the ultrasonic wave velocity and the mechanics parameters
when load is applied to a rock in the laboratory, and how rock masses
fail. For this purpose, cylindrical sandstone samples (taken from an un-
derground coal mine) with a height of 100 mm and diameter of 50mm
were tested uniaxially in the laboratory and the parameters including
axial strain, circumferential strain, axial stress, and ultrasonic wave
velocityweremonitored.Moreover, the Young'smodulus, the compres-
sive strength, and the dilatant strain were calculated with the above
monitoring data. Fig. 1 displays the test system before the sample
being loaded. There are two built-in ultrasonic sensors which function
as receiver and transmitter in the upper and lower plates, respectively.
At certain load intervals (i.e., 3 s), the data for the propagation velocities
of acoustic waves through the sample were acquired along with the
sample loaded. Meanwhile, one circumferential and two axial exten-
someters were used for acquiring the data of the circumferential and
the axial strain. It should be noted that a layer of lead foil with a
0.3 mm thickness was attached to the upper and lower surfaces of the
sample, respectively.

The curves created from the monitoring results of a typical sand-
stone rock sample test can be found in Fig. 2. There are five stages:
(1) OA stage: closure of microcracks, (2) AB stage: linear elastic defor-
mation, (3) BC stage: stable microcrack growth, (4) CD stage: unstable
microcrack propagation, (5) DE stage: macrocraking by joining of
microcracks, ultimately including sliding on macrocracks. During stage
one, the indenter settles into place, closing any microcracks and pore
space. As this process continues, the loading reaches stage two where
the rock begins to deform, which is referred to as linear elastic stage.
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During the two stages mentioned above, an exponential increase in the
P-wave velocity can be found. During stage three, the new microcracks
begin to grow steadily. At stage four, the density of the cracks increases,
ultimately inducing failure of the rock sample. During these two stages,
the P-wave velocity begins to taper off to a linear increase. Finally, just
after the peak stress at point D, the microcracks coalesce into
macrocracks, which may be the reason causing a linear decrease in the
velocity.

The above results in the laboratory can be extended to the under-
ground mine fields, i.e., high seismic velocity may be expected as the
stress builds upprior to failurewhile the low velocitymight be expected
due to the roof cracks, gob, and structure defaults such as fault, fractured
or broken zone, joint zone, and hidden voids.

3. Tomography

Tomography was first described by J. Radon (1917) who theorized
that the interior of a body could be imaged by analyzing energy which
passed from one boundary to another. It requires dividing the body
into grid cells called pixels in two-dimensional situation, or cubes called
voxels in the three-dimensional situation to estimate the characteristics
of the body in all pixels or voxels (Hosseini et al., 2012b). The origins of
tomography can be traced back to the discovery of the X-ray in 1895 by
Wilhelm Conrad Roentgen (Stanton, 1896). Modern technology allows
doctors to use X-rays to map the internal human body. Using the
same key principles, scientists have extended the tomography to the
geophysical field using seismic waves (Dines and Lytle, 1979). This
has come to be known as seismic tomography. The P-wave is the first
part of the seismic wave to arrive and generally the easiest to measure.
According to the inversion parameters of thewave, seismic tomography
is classified as velocity tomography and attenuation tomography
(Westman, 2004; Westman et al., 1996; Zhao et al., 2000). In velocity
tomography, the parameter is the inversion of velocity distribution
with travel time, and attenuation tomography focuses on measuring
the amplitude of seismic waves to detect the absorption property of
geological media. Furthermore, the seismic velocity tomography,
based on the type of source used, is classified as “active” and “passive”
(Luxbacher, 2008). In undergroundmining, the active sources are artifi-
cially created, e.g., hammer strikes against roof and rib bolts (Friedel
et al., 1995, 1997), controlled explosions (Dou et al., 2012; He et al.,
2011a), and vibrations generated by the continuous coal cutter (Luo
et al., 2009). In passive tomography, themining-induced seismic events
are utilized as sources (Banka and Jaworski, 2010; Glazer and Lurka,
2007; Hosseini et al., 2012a, 2012b, 2013; Lurka, 2008; Luxbacher
et al., 2008; Westman et al., 2012).

Seismic velocity tomography depends on a simple relationship that
the velocity along a seismic ray is the raypath distance divided by the
time to travel between the source and receiver. Suppose that the
raypath of the ith seismic wave is Li with the travel time of Ti, the rela-
tionship can be described as (Hosseini et al., 2012b; Luxbacher et al.,
2008; Nolet, 2008):

V ¼ L
T
→VT ¼ L ð1Þ

Ti ¼
Z

Li

dL
V x; y; zð Þ ¼

Z
Li

S x; y; zð ÞdL ð2Þ

Ti ¼
XM
j¼1

dijS j i ¼ 1; ⋯;Nð Þ ð3Þ

where Ti is the travel time, s; Li is the raypath of the ith seismic wave;
V(x,y,z) is the velocity, m/s; S(x,y,z) = 1 / V(x,y,z) is the slowness, s/m;
dij is the distance of the ith seismic wave ray crossing the jth grid; N is
the total number of rays; and M is the number of voxels.

Eq. (3) can also be expressed in matrix form as:

T ¼ DS→S ¼ D−1T ð4Þ

where T is the columnvector of travel times (N×1); S is the columnvec-
tor of slowness values (M × 1); D is the matrix of ray distances (N ×M).

Thematrix inversionmethods are effective, but require considerable
computational power for large datasets. Usually, the inverse problem is
either underdetermined (more voxels than rays), or overdetermined
(more rays than voxels) (Luxbacher et al., 2008). The most effective
way to solve this problem is through the iterative process. Currently,
the most referenced iterative methods are Algebraic Reconstructive
Technique (ART) and Simultaneous Iterative Reconstructive Technique
(SIRT) (Gilbert, 1972). SIRT is an appropriate algorithm (Hosseini
et al., 2012b) and was adopted in this paper. In the process of solving,
the event locations were recalculated and the slowness in each cell
with regard to all the passing rays was modified once per cycle. The
above steps were repeated until the residual time was less than an ac-
ceptable amount or the number of iterative reached the threshold value.

4. Case study

4.1. Site description

The Yuejin coal mine, owned and operated by Yima Coal Group
Company, is located in the west of Henan Province, China. Currently,
mining activity at the Yuejin coal mine occurs in LW 25110 and LW
23070, as shown in Fig. 3. The panels are fairly deep at about 970 m
and 760 m underground, respectively. The fully-mechanized top coal
caving method was used to retreat the panels. Up to Feb. 12, 2012, LW
23070 had been developed by the excavation of tailgate and headgate
entries, and LW 25110 had been retreated for about 570 m (averaging
about 1.2 m per day). Both panels were suffered by rock burst risk,
making them appropriate sites for case studies for the application of
seismic velocity tomography.

LW 25110 is adjacent to the gob in the north with F16 (Cai et al.,
2014) thrust fault in the south and solid coal seam in the east and
west. The length and the width of the panel are approximately 865 m
and 191 m, respectively. The coal seam thickness ranges from 8.4 m to
13.2 m (about 11.5 m in average) with an average dip angle of 12°.
The seam is overlain successively by mudstone with 18 m in thickness,
coal with 1.5 m, mudstone with 4 m and glutenite with 190 m, and
successively underlain by mudstone with 4 m and sandstone with 26
m. During the retreat of the longwall panel, the panel experienced
mining tremors frequently and induced tens of rock bursts which
caused great damage to the workface and entries, mainly in the head-
gate entry of the longwall.

LW 23070 is approximately 1021 m long and 210 mwide with pre-
viously mined panels to the tailgate and headgate sides, which is called
the island longwall face. The coal seam ranges in thickness from7.8m to
10.5 m with an average dip angle of 12°. As shown in Fig. 3, there is a
coalbed merging line across the panel, where the thickness of coal
seam is thick in the south and thin in thenorth. The coal seam is overlain
successively by mudstone approximately 23 m in thickness, 0.9 m coal
and 105m glutenite, underlain bymudstonewith 6m. After the tailgate
and headgate entries of LW 23070 mined across the coalbed merging
line, numerous seismic events with an intensity ≥105 J began to
occur. It is important to mention that eleven rock bursts that caused
great damage to the entry and impeded production were induced by
mining activities during the excavation of open-off cut.

Microseismic monitoring in mines allows for calculation of micro-
seismic event source location, energy or magnitude, and sourcemecha-
nisms, which can be further used as tomography to map geologic
structures and discontinuities, infer the stress redistribution, and
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determine rock burst hazard. Since Apr. 22, 2011, the microseismic
monitoring system called “ARAMIS M/E” that was developed by the In-
stitute of Innovative Technologies EMAG of Poland has been installed in
the Yuejin coal mine. Fig. 3 displays the panel geometry and relative re-
ceiver locations, along with the face location of LW 25110 on Feb. 12,
2012, which includes six permanent stations (triangles) assembled on
the decline and main entries and ten temporary stations (squares)
mounted on the tailgate and headgate entries that can be moved as
the working face advances.

4.2. Data acquisition

The data were collected and analyzed using GeoPen SE2404NT and
PASAT M for the active seismic velocity tomography on LW 23070 and
LW 25110, respectively. Seismic energy was introduced by controlled
explosions along the tailgates using the blasting holes that were drilled
2 m into the coal seam and charged with 200 g of explosives. The wave
data were simultaneously recorded at a quantity of single component
geophones. Each geophone was screwed into a rock bolt at locations
along the headgates.

Data acquisition for passive seismic velocity tomography was con-
ducted with the microseismic monitoring system, as shown in Fig. 3,
which utilizes mining-induced seismic events as the energy sources
and measures the P-wave arrival time after the seismic wave passes
through the rock mass. After data reduction, the data were analyzed
using MINESOSTOMO program developed by Gong (2010). In order to
Fig. 4.Active tomographic velocity image of LW 23070 before the panel retreated. Sources are d
number of 126 and space of 9 m. The dash areas indicate that no or insufficient rays traverse, t
decrease the grid model size and thereby improve the inversion effi-
ciency, the passive seismic velocity tomography on LW 25110 was per-
formed using the stations (8#, 9#, 12#, 13#, 14#, 15#, and 16#) and the
seismic events located in the target areas. Meanwhile, the stations (1#,
2#, 3#, 4#, 5#, 6#, 10#, 11#, and 12#) and the seismic events that
occurred in the target areas were used for the tomography on LW
23070. Moreover, the events recorded by more than five stations were
adopted to avoid creating artificial anomaly in tomograms.
4.3. Inversion parameters

One of themost important parameters in the tomograms evaluation
is typically dependent on three factors: the distribution of the velocity,
the source–receiver geometry and density, and the wavelength or grid
size (Hosseini et al., 2012b; Luxbacher, 2008). The tomograms in this
study were generated using SIRT which must have an initial velocity
value to perturb the first iteration. The initial velocity model allows
the inversion and the source locations to be calculated more efficiently
and accurately. The source–receiver geometry and density will also
affect the calculation accuracy of the source locations, and determine
how well the ray coverage of the model will be. The wavelength (or
grid size) determines the resolution of seismic tomography. Some stud-
ies indicated that the theoretical resolution is about one wavelength
(Williamson, 1991), although this relation is not very well-known
(Soldati and Boschi, 2005; Tselentis et al., 2007).
isplayed in redwith number of 66 and space of 18m; receivers are displayed in blackwith
hus the interpretation for these areas should be carefully made.
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In passive seismic velocity tomography, the constant velocity equal
to 4 km/s was assumed in the research area to calculate the location of
seismic events and perturb thefirst iteration. TheNyquist sampling the-
orem states that the sampling frequency should be at least twice the
highest frequency contained in the signal. For practical engineering
design, the sampling frequency is usually about five and even ten
times the highest frequency. The sampling frequency of the ARAMIS
M/E system used in the field is 500 Hz, thus the seismic signals with fre-
quency between 0 and 150 Hz can be completely monitored. For a fre-
quency of 150 Hz and a velocity of 4 km/s, the wavelength is about
26.7 m and, therefore, the ideal voxel size should be larger than
26.7 m. Moreover, the maximum epicenter location error in the study
area is about 30m, and the location error in vertical direction usually ex-
ceeds 70 m due to the fact that the seismic station geometry in under-
ground longwall coal panels did not vary significantly in vertical
direction and thereby did not constrain the events well vertically.
Therefore, the voxel size of about 30m× 30m× 100mwas considered.
To reduce the indeterminacy, amaximumvelocity constraint of 6.0 km/s
was imposed. In active seismic velocity tomography, a pixel size of about
100m

Fig. 6. Plan view of velocity tomogram at coal seam of LW 23070 during the period (betw
7 m per side was input into the program. The average velocity of
2.45 km/s and 2.75 km/s was input as the initial velocity during the
LW 25110 and LW 23070 inversions, respectively, and a maximum ve-
locity constraint of 3.0 km/s was imposed to increase the stability of
the solution.

5. Results and discussion

5.1. Detect geological discontinuity

A demonstration of active tomographic velocity imaging of LW
23070 before the panel retreated is shown in Fig. 4. There are two
high-velocity zones in the image: the first is located in the vicinity of
the terminal lines of LW23050 and LW23090, and the second is located
between the open-off cut and the coalbed merging line. Moreover, a
low-velocity zone appears in the center of the panel. Between the
low-velocity zone and the second high-velocity zone, there exists the
boundary with northeast trend, which agrees well with the coalbed
merging line verified by the field observation.
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Meanwhile, passive tomography was conducted (Fig. 5) with
mining-induced microseismic events and mounted stations around
the LW 23070 during the periods (between Nov. 1, 2011 and June 7,
2012) of the tailgate and headgate entry excavations. Afterward, the
plan view of velocity tomogram at coal seamof LW23070was obtained
(see Fig. 6), which is similar in some way to the active tomographic
image (see Fig. 4). As a result, the same conclusion (Zhao et al., 2000)
could be obtained that seismic tomography is a powerful prospecting
tool for detecting the geological discontinuity.

5.2. Estimate stress redistribution

In order to determinewhether seismic tomography could be used to
infer stress redistribution, the active and passive seismic velocity tomo-
grams were simultaneously performed with the retreat of the longwall
coalmining panel. Fig. 7 shows the active tomographic velocity image of
LW 25110 with the panel advanced on Feb. 12, 2012, which reveals the
evidence of high velocity zone just ahead of the face, corresponding to
the area where front abutment pressure would be expected. Moreover,
the high velocity zone is distributed about 138 m to the face along the
100 m

Monitoring section

Fig. 8. Plan viewof velocity tomogram at coal seam on LW25110 obtained from seismic events b
monitoring section indicates total area mined over the inversion period.
headgate. Fig. 8 displays the passive velocity tomogram at coal seam
on LW 25110 obtained from seismic events between Feb. 10 and Feb.
24, 2012, which was generated using various velocity scales and areas
not traversed by seismic rays are shown in white. A high velocity zone
with a scope of about 170 m can be found in front of the face. Addition-
ally, the two tomograms displayed in Figs. 6 and 8 consistently image a
relatively lower velocity zone in the gob area.

To verify that the seismic tomography could be used to infer stress
redistribution, 20 groups of pressure sensors (Fig. 9) were installed in
the headgate entry of LW 25110. As shown in Fig. 9, the spaces of the
former ten groups and the latter eleven groups are 15 m and 25 m, re-
spectively, and each group consists of two pressure sensors installed
in 12-m-depth and 18-m-depth boreholes with a diameter of 45 mm,
drilled into the coal seam.With the panel retreat, themonitoring results
of the typical pressure sensors (11#, 12#, and 13#) are displayed in
Fig. 10, which demonstrate that almost all of the pressure values in-
creased significantly as the longwall face advanced in the location
with approximately 130 m to the pressure sensor.

It should be mentioned that the front abutment pressure areas
distribute differently using the active tomography (inference of about
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138 m in Fig. 7), the passive tomography (inference of about 170 m in
Fig. 8), and the pressure sensors (inference of about 130 m in Fig. 10),
possibly for two reasons. The different resolution is most likely to the
first reason, such as Fig. 7 (a pixel size of about 7 m per side), Fig. 8 (a
pixel size of about 30 m per side in plan view), and Fig. 10 (the panel
retreated for about 1.2 m in average per day). Therefore, the results
should be a certain value in the intervals of 131 m to 138 m (Fig. 7),
140 m to 170 m (Fig. 8), and 130 m to 131.2 m (Fig. 10), respectively.
Another reason may be as Peng (2008) stated that the stress in the
surrounding rockmass of an undergroundmining area mostly depends
on both the strength properties and the structural conditions of the rock
masswhich, however, are very different due to the heterogeneity of coal
or rock. Especially in the passive tomographic image (Fig. 8), the
longwall face advanced for about 16.2 m during the inversion period.
In this period, the P-wave velocity should not be considered as invari-
able as the media around the longwall mining panel have surely
changed.

The abovementioned results allow us to conclude that the seismic
tomography can be used to infer the stress redistribution, the front
abutment pressure area in this study distributed about 131 m distance
in front of the face, and the resolution of the passive tomography is
less than the active.
100 m
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Fig. 11. Plan view of seismic events which occurred between Feb. 25 and Mar. 25, 2012.
5.3. Determine rock burst hazard

During the headgate and tailgate entries of LW 23070 mining
through the high velocity zones displayed in Figs. 4 and 6, the mine
was experiencing roof problems, seismic tremors and even rock bursts.
In particular, numerous seismic events began to occur after the entries
were excavated through the coalbedmerging line (Fig. 5). Furthermore,
eleven rock bursts that caused great damage to the entry and impeded
production occurred during the excavation of open-off cut. There is
the intriguing possibility that the high velocities here may be related
to the high stress zone. Moreover, a low velocity zone appears in the
center of the panel, which is likely a representation of low stress con-
centration. Unfortunately, as explained in the tomograms (Figs. 4 and
6), no or inadequate rays are shown in the area of the open-off cut. A
cluster of events would be expected, for the passive tomography
(Fig. 6), which is most likely due to unconstrained event in the vertical
direction. It is expected that the resolution of the active velocity image
(Fig. 4) could be significantly improved if we designed some controlled
explosions deployed along the open-cut off.
Seismic events which occurred between Feb. 25 and Mar. 25, 2012
displayed in Fig. 11, integrated with the tomograms displayed in
Figs. 7 and 8, allow us to recognize that almost all of the seismic events
occurred in high velocity zones. Along with the passive seismic velocity
tomography to be used as a regular monitoring tool to determine the
rock burst hazard or locate high seismic activity zones, tomograms
were generated for every month of the study, and a good correlation
between the high velocity anomalies and the high seismic activities
was confirmed. One of these tomograms was conducted with mining-
induced microseismic events and mounted stations around LW 25110
during the period between May 8 and June 7, 2012, as presented in
Fig. 12. After the parameters were determined and the data output
from MINESOSTOMO, the three-dimensional images of wave velocity
were created and sliced at approximately coal seam level (Fig. 13).
The symbols in Fig. 13 show positions of seismic events that occurred
between June 8 and June 30, 2012. The same conclusion that almost
all of the seismic events occurred in high velocity zone could be obtain-
ed. Especially in the high velocity zone near the terminal line of LW
25090, there occurred an unique strong seismic event with an intensity
≥105 J.

5.4. Comparisons between active and passive tomography

In thefield studies described above, it was stated that both the active
and passive seismic velocity tomography can be used to detect geolog-
ical discontinuity, estimate stress redistribution, and determine rock
burst hazard, and many of the same features were evident between
the active and passive tomograms.

In active seismic velocity tomography, sources of seismic waves
generated by controlled explosions allow for consistent and predictable
seismic raypath distribution, which can result in relatively high



Monitoring section
100 m

Microseismic station

Microseismic event

Fig. 12. Passive source–receiver configurationswithmining-inducedmicroseismic events andmounted stations around the LW25110 during the period betweenMay 8 and June 7, 2012.
The monitoring section indicates the total area mined over the inversion period. Sources are displayed in black and receivers are displayed in red.
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resolution in tomography images compared to the passive tomography.
However, since the active sources usually require the presence of a per-
son to initiate the source and record the time and location, they cause
disruption in production, impose additional costs, and generally are
not feasible for long term monitoring. Another practical limitation of
active tomography is that the inversion area usually does not exceed
the longwall panel (Figs. 4 and 7) and the information is just obtained
from close vicinity of the coal seam.

Passive seismic velocity tomography, which utilizesmining-induced
microseismic events, allows for monitoring over large areas where the
events take place (Figs. 6 and 8), such as an entire mine, or active
panel in a mine. On the other hand, since the passive sources are part
of themining operations, there is no disruption to production and costly
controlled explosions are not necessary. Another advantage to routinely
using these sources is that a person does not need to be physically
present to initiate them, and they are practical for long term and remote
monitoring, and near real time imaging of a rock mass. However, the
inaccuracy in the location of the source, the high scattering, and the
insufficient or irregular ray coverage are the most important shortcom-
ings in passive tomography imaging. It results in low resolution for
tomography images.

The abovementioned comparisons between the results of active and
passive seismic velocity tomography allow us to recognize that the
active tomography is preferred to apply in accurately detecting stress
100m
Monitoring section

Fig. 13. Plan view of velocity tomogram at coal seam on LW25110 obtained from seismic event
between June 8 and June 30, 2012. The monitoring section indicates total area mined over the
distribution and geological structures in the pre-mining longwall
panel, after it has been developed by the entries excavated in coal
seam, as shown in Fig. 4. While passive tomography has the potential
to provide an opportunity for remote and long-term monitoring at
regular time intervals over large areas, this technology is a promising
tool for continuously monitoring the stress changes and assessing rock
burst potential during the mining of longwall panels (see Figs. 8 and
13). As a result, precautionary measures can be taken, improving safety
forminersworking underground and positively impacting productivity.

It is important to note that the interpretation should be carefully
made for the area with low or inadequate ray density, especially in the
application of passive tomography. Additionally, passive tomography
would not be appropriate with relatively few mining-induced micro-
seismic events unless a dense receiver array is implemented.

6. Conclusions

Before seismic velocity tomography can be better applied at the
field-scale, the stress changes as load being applied to rock masses
were examined at the laboratory-scale by using the ultrasonic technol-
ogy. Based on the experimental results, we found an exponential
increase in P-velocity at lowpressure that tapered off to a linear increase
for higher pressure prior to failure and a linear decrease after the peak
stress.
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The active and passive seismic velocity tomograms were simulta-
neously applied on the longwall mining panels at the Yima Yuejin coal
mine, Henan Province, China, and the ability of the seismic velocity
tomography to illustrate geological discontinuity, stress redistribution,
and rock burst hazard has been shown with two case studies and
many of the same featureswere evident between the active and passive
tomograms. The first, in the pre-mining longwall panel LW 23070,
proved that the geological discontinuitywas clearly indicated by a linear
image of the seismic tomography, which was in good agreement with
the practice. In the second case study, the tomograms of the being-
mined longwall panel LW 25110 showed that the seismic tomography
could be used to determine rock burst hazard or locate the high seismic
activity zones, and infer the stress redistribution which was verified by
the method of counter stresses through pressure sensor installation.

Although the same key principles have been used in the active and
passive seismic velocity tomography, each of them has advantages
and disadvantages. The active tomography is found to be better applied
in accurately detecting stress distribution and geological structures
prior to the extraction of longwall panels,while the passive tomography
has advantages in continuously monitoring the stress changes and
assessing rock burst potential during the mining of longwall panels.

In the future, the velocity tomography coupled with the attenuation
tomographywill assist in obtainingmore accurate results. Furthermore,
more traditional methods should be seized to provide any opportunity
to conduct together with the seismic tomography, as this can lead to
the ability to quantify the results of tomograms. With these recom-
mendations explored, the seismic tomography in underground coal
mines can be improved, contributing to a safer and more productive
environment.
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