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a b s t r a c t

The relation between applied stress and wave velocity is examined firstly at the laboratory-scale by
using ultrasonic technique. Subsequently, an island longwall face under hard-thick strata, suffering from
the threat of seismic hazards, e.g. rock burst, strong tremor, was chosen for a case study of passive
velocity tomography. Based on continuous seismic monitoring during mining operation, passive
tomographic imaging has been used to locate high seismic activity zones and assess seismic hazard
around the face. The results show that the high velocity and velocity gradient regions correlated well
with the high seismic activities occurred in future mining period. In addition, the high velocity or
velocity gradient regions redistributed with the retreat of coalface and large-scale movement of key
strata. Passive velocity tomography can be a promising tool to continuously monitor the relatively high
stress zone or evaluate seismic hazard in underground coal mining.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The safety and productivity of underground mining can be
severely affected by seismic activity. Mining-induced seismic
events, which are induced by sudden release of strain energy
accumulated in the coal-rock mass, are associated with not only
superficial structure movement triggered by stress manifestation,
but also related to large geological discontinuity, affected by the
extent and means of mining [1,2]. Rock bursts and strong tremors
are particular cases of seismic events induced by mining activity
that result in damage to underground workings or surface build-
ings, and in some cases, injury and loss of life [3]. In China, these
dynamic hazards are encountered in many coal mines due to large-
scale rupture or movement of hard strata, irregular layout of
coalface, large mining depth, reaction of anomaly geological struc-
tures, etc., and become progressively more severe as the average
mining depth and mining intensity increase continuously [4,5].

Anomalous information identification and mining stress analysis is
the key issue to reduce and prevent the hazards. Several methods to
estimate abutment pressure, detect structure defaults, and evaluate
rock burst hazard around the coalface have been introduced, such as

electromagnetic emission [6,7], drilling bits [8], acoustic emission [9],
borehole exploration [10], and pressure sensor installation [11], etc.
The conventional methods mentioned above are not sufficient to meet
the needs of underground mining and engineering projects due to the
shortcomings of time consuming, easy disturbance, localized monitor-
ing range, or destructive effect in production, etc. Thus, it needs to
develop a simple, rapid, and cost-effective tool for imaging locations of
stress concentration zones, anomaly geological structures, or high
seismic activity zones during mining operation. Microseismic mon-
itoring has been proven as a powerful tool to quantify seismicity and
can contribute valuable information for dynamic hazard evaluation
[12]. In addition, as a new geophysical method, the velocity tomo-
graphy has been gradually used for crack detection, geological
structure exploration, stress redistribution imaging, etc. [13]. There-
fore, combining the microseismic monitoring and tomography ima-
ging, may be a better approach for seismic hazard assessment or pre-
warning in coal mining.

Velocity tomography relies on the transmission of seismic waves,
especially P-waves, through coal-rock mass. It can be classified as
“active” and “passive” based on the type of source used [14]. Active
tomography, which using explosives [15], hammer strikes [16,17],
vibrations generated by shearer [18], etc., as the sources, can allow
for consistent seismic ray path distribution. It is preferred to apply in
the relatively accurate detection of stress distribution and hidden
structure defaults in the pre-mining coalface, while the detection
area usually does not exceed areas of 200 m�200 m and is not
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always feasible for long time-lapse investigation [14,19]. Passive
tomography, which using mining-induced seismic events as the
sources [14,19–23], can continuously estimate the relatively high
stress or rock burst hazard during the whole mining process, and its
detection area can reach to about 2000 m�2000 m [19] if the layout
density of microseismic monitoring network is high and the ray path
density meets the inversion requirement.

Stress distribution in various underground structures has been
imaged by passive tomography, including longwall panels, coal
pillars, entries, geologic structures and discontinuities, etc. [14,22–
27], while there are few examples of rock burst hazard detection
using passive velocity tomography [19,20,28]. Particularly, appli-
cation of passive tomography starts fairly late in China, and is
mostly used in geophysical exploration [13,25] and earthquake
tomography [29,30], while the application in stress distribution
imaging and seismic hazard evaluation in underground mining has
been seldom involved [28].

The sites chosen for this study are an underground island
longwall face in Baodian Coal Mine, Yanzhou Mining Group,
Shandong Province, China, where strong mining-induced tremors
and rock bursts are the main safety threats in underground coal
mining. The face was monitored continuously by microseismic
network for 8 months. Thus, the site has considerable microseismic
activities, making it ideal for passive tomographic imaging of high
seismic activities during mining process.

2. Velocity tomography for seismic hazard assessment

2.1. Experimental relation between stress and wave velocity

The origins of tomography can be traced back to the X-ray
discovery in 1895 by Wilhelm Conrad Roentgen [31]. Modern
technology allows doctors to use X-rays to map the internal human

body. Based on the same key principles, scientists have extended
tomography to the geophysical field by using seismic waves [32],
which is known as seismic tomography. P-wave is the first part of the
seismic wave to arrive and generally the easiest to measure. Thus, the
key of the seismic tomography relies on the variation of seismic
waves (especially P-wave) transmitted through rock mass under
stress. According to the inversion parameters of seismic wave,
seismic tomography can be classified as velocity tomography and
attenuation tomography [27]. In velocity tomography, the inversion
parameter is the wave velocity distribution with travel time, and
attenuation tomography focuses on measuring the amplitude of
seismic wave to detect the absorption property of geological media.
Additionally, seismic velocity tomography is classified as “active” and
“passive” based on the type of source used [14].

As early as in 1920s, Adams et al. found that passive tomo-
graphic imaging should be built on the close relation between
elasticity modulus of rock mass and wave velocity [33]. Yale
discovered that rock porosity may decrease with the increase of
stress, which results in the increase of wave velocity transmitted
in rock mass [34]. Meanwhile, it is found that obvious change of
wave velocity always appears in the high stress stage [35], and
velocity variation also correlates with the roughness of rock
fracture plane [36].

To understand how velocity tomography can be applied in
stress state imaging and seismic hazard assessment, and investi-
gate the relation between seismic wave and stress, the ultrasonic
wave velocities of rock samples were tested under the uniaxial
compression and uniaxial cyclic loading and unloading conditions,
respectively. The rock samples were collected from no. 10 Mining
District of Baodian Coal Mine, and were processed to cylinders
with the height of 100 mm and width of 50 mm. There are two
inner-set ultrasonic sensors functioned as receiver and transmitter
in the upper and lower plate of MTS815 loading system, respec-
tively. Meanwhile, one circumferential and two axial extens-
ometers were installed for acquiring the circumferential and
axial strain data. In addition, a layer of lead foil with 0.3 mm in
thickness was attached to the upper and lower surface of rock
samples before the loadings, so as to obtain clearer ultrasonic
signals [28]. At the loading intervals of three seconds, the trans-
mission velocities of acoustic waves through the samples were
acquired along with the stress loaded.

Fig. 1 shows the typical fitting curves of stress and ultrasonic
wave (P-wave) velocity during loading process. It is found that there
exists an exponential function relation between P-wave velocity
and axial stress. In the uniaxial compression loading, P-wave
velocity usually increases rapidly with the increase of stress at
lower stress levels, and after the inelastic stage of rock samples, the
increasing gradient of wave velocity slows down and gradually
turns to be stable at higher stress level. In the uniaxial cyclic loading
and unloading process, the stress variation correspondingly results
in the change of P-wave velocity, while wave velocity changes
quickly during the loading and unloading process of lower stress
stages, and changes slowly in the higher stress stages.

In coal mines, the occurrence of seismic hazards, e.g. rock burst,
strong tremor, is closely related to the underground in situ and
mining stresses. Above results in the laboratory present that
velocity tomography can be useful for inferring the stress state
and redistribution in coal-rock mass. Thus, the high seismic activity
zones and seismic hazards can be assessed by tomographic imaging.

2.2. Theory of velocity tomography

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
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Fig. 1. Relation between stress and ultrasonic wave velocity in uniaxial loading
test: (a) relation between wave velocity and stress in uniaxial compression loading
and (b) relation between wave velocity and stress in uniaxial cyclic loading and
unloading.
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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 receiver.

Suppose the ray path of the ith seismic wave is Li 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 receiver [1,14]:

V ¼ L
T
-VT ¼ L ð1Þ

Ti ¼
Z
Li

dL
Vðx; y; zÞ ¼

Z
Li
Sðx; y; zÞdL ð2Þ

Ti ¼
Xm
j ¼ 1

dijSj ði¼ 1;…;nÞ ð3Þ

where V(x,y,z) is the velocity (m/s), Li 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 the jth 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 [14]

T¼DP-P¼D�1T ð4Þ
where T is the travel time per ray matrix (1�n), D is the distance
per ray per voxel matrix (n�m), P is the slowness per grid cell
matrix (1�m).

Matrix inversion methods are effective, but require consider-
able computational power for large datasets. Usually, the inverse
problem is either underdetermined (more voxels than rays), or
overdetermined (more rays than voxels) [14]. The most effective
way to solve this problem is iterative process. Currently, the most
referenced iterative methods are Algebraic Reconstructive Techni-
que (ART) and Simultaneous Iterative Reconstructive Technique
(SIRT).

2.3. Assessment model of seismic hazard

The determination of stress state and concentration degree is
the basis of seismic hazard assessment during mining operation. In
underground mining, there exists positive anomaly of P-wave
velocity in high stress or stress concentration region, and negative
anomaly of wave velocity in pressure-relief area. Positive velocity
anomaly is expressed as [28,37]

An ¼
Vp�Vp

a

Vp
a ð5Þ

where Vp is P-wave velocity of a certain point, and Vp
a is the

average velocity of the model. The relation between positive
anomaly of wave velocity and stress concentration can be shown
in Table 1 [37].

Moreover, underground seismic hazards are also liable to occur
along the zones with high stress differences, where may exist
obvious velocity gradients. VG value is used to express the
variation degree of velocity gradient, and the anomaly of VG can
be shown by [28]:

An ¼
VG�VGa

VGa ð6Þ

where VGa is the average value of the model. Similarly, the relation
between VG anomaly of wave velocity and seismic hazard can be
shown in Table 2.

3. Site characteristics

Baodian Coal Mine, owned and operated by Yanzhou Mining
Group, is located in the southwest of Shandong Province, China.
Strong tremors have occurred frequently in Baodian Coal Mine,
while the maximum magnitude of mining-induced tremor is up to
3.7, occurred in Longwall (LW) 10304 (a coalface in No. 10 Mining
District) on 21 May, 2005, inducing all the safety valves of
hydraulic supports opening, roof descending obviously, and ser-
ious vibration around the whole face. Another example, an air-
proof wall in the tailentry of LW2310 (a coalface in No. 2 Mining
District) was destroyed seriously by the burst wave of strong
tremor happened in the goafing on 6 September 2004 (seen
in Fig. 2), while another four airproof wall collapse accidents
happened continuously in No. 2 Mining District (head entry of
LW2304, tailentry of LW2306, tailentry of LW2307, headentry of
LW2307) on 29 April 2006, respectively, induced by the distur-
bances of strong tremors.

As shown in Fig. 3, the south side of LW10305 neighbors on the
goafing of LW10306, the north side is adjacent to the goafing of
LW10304, 10303, 10302 and 10301, the east side is the boundary of
the minefield, while the west part neighbors on the goafing of
No. 2 Mining District. Meanwhile, the east half part of LW10305
has been minded about 945 m in 2004, so the subsequent left half
part, which is the research object in this paper, will form a special
island mining structure surrounded by four sides mined areas due
to the irrational exploitation.

Fig. 4 displays the synthesis column map of Borehole 99-1 in
LW10305. Upper No. 3 Coal Seam of about 6.22 m in thickness,
which is the mining coal layer of LW10305, is buried about 480 m
under the surface. The main roof of about 22.64 m in thickness is
mainly composed of gritstone, which is called the No. 1 inferior
key stratum above the coal seam based on the key strata theory
[38], while the No. 2 inferior key stratum is a siltstone stratum of
about 20.07 m in thickness, approximately 113 m above the coal
seam. In addition, there exists a primary key stratum (gritstone
stratum) of over 200 m in thickness, approximately 135 m above
the Upper No. 3 Coal Seam. During mining process, the thick and
super-thick key strata overlying LW10305 and surrounding goafing
areas may move together and rupture drastically, which can cause
seismic hazards in the vicinity of LW10305.

Moreover, the total goafing width of LW10304, 03, 02 and 01
(about 750 m) in the north side of LW10305 is much larger than
the mining depth (about 480 m) of the coal seam, which means
the overburden above the goafing has caved and ruptured suffi-
ciently. Conversely, the goafing width of LW10306 (about 200 m)

Table 1
Relation between positive anomalies of wave speed and stress concentration.

Seismic risk
index

Stress concentration
degree

Positive velocity anomaly, An

(%)

0 None o5
1 Weak 5–15
2 Middle 15–25
3 Strong 425

Table 2
Relation between VG anomaly and seismic hazard.

Seismic risk index Stress difference degree VG anomaly, An (%)

0 None o5
1 Weak 5–15
2 Middle 15–25
3 Strong 425
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in the south side of LW10305 is much less than the mining depth
of the coal seam, which means there was almost no obvious
fracturing in the super-thick primary key strata because of the
limited mining area. Thus, due to insufficiency mining on the side
of LW10306 and sufficiency mining on the side of LW10304,
LW10305 is a special island longwall face, while the fracturing
structure of primary key strata can be expressed as a T-type
structure in the vertical section. After LW10305 being mined, the
overburden (particularly above LW10305 and 10306) may move
together, especially the primary “O-X” structures in the plane view
will be formed periodically [38], which will have significant effect
on the stress redistribution and occurrence of strong tremors, even
rock bursts during mining operation. Meanwhile, considering that
there exist weak interlayers within the super-thick key stratum,
the stratum may rupture in layers. The simple overburden fractur-
ing structure above LW10305 can be seen in Fig. 5.

4. Case study

4.1. Data acquisition

Microseismic monitoring in mines allows for calculating seismic
event location, energy, and source mechanisms, inferring mining
stress state, and evaluating rock burst hazard, etc. Since 15 July

2008, the microseismic monitoring system called “SOS” that devel-
oped by Central Mining Institute (GIG) of Poland has been installed
in Baodian Coal Mine. Fig. 6 displays the longwall geometry and
relative geophone locations, there are nine geophones (blue circles)

Fig. 2. Airproof wall destroyed by strong tremor happened on 6 September 2004.
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used to monitor the seismicity around No. 10 Mining District. Data
acquisition for passive tomographic imaging during LW10305
mining were conducted with the microseismic monitoring system,
which utilizes mining-induced seismic events as the energy sources
and measures P-wave arrival times after seismic waves pass
through coal-rock mass.

To decrease the grid model size, improve the inversion effi-
ciency, and avoid the inconsistent spatial distribution, the passive
velocity tomography on LW10305 was performed using the sta-
tions (2#, 3#, 4#, 5#, 6#, 7#, 8#, 9# and 18#) and the seismic
events located in the target areas. Moreover, considering that P-
wave arrivals of one or more stations may be not clear, the seismic
events recorded by over five stations were adopted to avoid
creating artificial anomaly in tomograms. Calculations have been
made in 8 months intervals from March 2012 to October 2012.
Because the layout density of monitoring network around No. 10
Mining District is relatively high, and the seismic activities were
quite active during the mining process, the network can provide
adequate spatial seismic ray coverage of the entire area of study.

4.2. Inversion parameters

Tomographic imaging mainly depends on the velocity distribu-
tion, the source–receiver geometry and density, variable gridding,
etc. [39]. The inversion iteration of tomograms in this study was
conducted using SIRT, which must have an initial velocity value to
perturb the first iteration. The initial velocity model allows the
inversion and source locations to be more efficiently and accu-
rately calculated. In the process of SIRT solving, event locations
were recalculated and the slowness in each cell with regards to all
the passing rays was modified once per cycle [39]. Above steps
were repeated until the residual time was less than an acceptable
amount or the iterative number reached the threshold value. The
source–receiver geometry and density will also affect the source
location accuracy, and determine how well the ray coverage will
be. The variable gridding determines the resolution of seismic
tomography, i.e., allows areas that are not well sampled to be
adequately constrained [40].

In this study, considering that the strike (in the X direction) and
inclined (in the Y direction) lengths of No. 10 Mining District are
about 2 km and 1.5 km, respectively, and the mining depth (in the
Z direction) of No. 3 Coal Seam is about 480 m (Z¼�450 m), to
ensure the seismic ray density can satisfy inversion requirement,

and improve the computational efficiency, total 71�61�5 voxel
points, with each voxel size of 30 m�30 m�125 m in the X, Y, Z
directions, respectively, were input into for tomographic calcula-
tion. A layer initial velocity model in calculation was assumed in
the investigation area, based on geophysical data that has been
previously collected, while the constant P-wave velocity equal to
4.1 km/s was assumed to calculate the seismic event location and
perturb the first iteration. To reduce the indeterminacy, the
velocity was restricted in constant gradient between 2.0 and

Fig. 6. Layout of geophone stations around Mining District 10 (9# and 18# stations
were installed on the surface, while others were installed in underground). (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)
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Fig. 7. Tomography images obtained using seismic events from 5 to 31 March
(circle symbols show positions of strong tremors with energies E4104 J that
occurred between 1 and 30 April): (a) velocity inversion result; (b) velocity
anomaly inversion result; and (c) velocity gradient anomaly inversion result.
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6.0 km/s. In addition, the ray-tracing method used for velocity
calculation is the hybrid algorithm combined with shortest path
method and ray bending method.

4.3. Tomography results and discussion

Plan views of velocity tomograms at the seam level,
Z¼�430 m, were generated for each month, to investigate high

seismic activity zones and evaluate seismic hazard risk for the next
mining period.

(1) 5–31 March, 2012: Mining operation in LW10305 was started
on 5 March, and completed on 21 October, 2012. The face was
retreated about 48 m at the end of March. In this period, over
645 events associated with roof and floor breakages were
recorded, while 105 seismic events were selected for passive
tomographic imaging because each of themwere recorded and
located by over five geophone stations. Calculated velocity
image and velocity gradient image are shown in Fig. 7. High
velocity and velocity gradient anomaly were observed near the
tailgate side ahead of LW10305 and the goafing area of
LW10306. The maximum value of P-wave velocity is up to
5700 m/s, while the maximum positive anomalies of velocity
and velocity gradient are 0.23 and 0.21, respectively, which
indicates that the areas mentioned above were at a middle
seismic hazard risk at present stage and in the further mining
period, due to the rupture or movement of overburden above
LW10305 and LW10306.
Seven tremors with seismic energy over 104 J were recorded
between 1 April and 30 April. As shown in Fig. 7, the strong
tremors located well inside the high velocity area and the area
of high velocity gradient. Almost all the strong tremors caused
underground strata behaviors and surface transitory shaking
to different degrees. Particularly, a strong tremor with energy
equal to 8.49�106 J occurred about 130 m ahead of the face
and near the tailentry on 4 April 2012, inducing serious
vibration and obvious strata behaviors in the tailentry. The
presented results show that the strong seismic tremors corre-
late well with the high velocity zones and high velocity
gradient zones.

(2) 1–30 April 2012: LW10305 was retreated about 68 m in April,
which means the mining intensity was somewhat increased
comparing with the initial mining period. Calculated velocity
images are shown in Fig. 8. High velocity or velocity gradient
anomaly zone were observed ahead of LW10305, and in the
junction of LW10305 and 10306, as well as some partial regions
in the sufficiency mining area. According to P-wave ray paths
distribution (Fig. 8(c)), high velocity zone observed in the
sufficiency mining area is improbable, which indicates the
seismic anomaly zones in further time may still locate ahead
of LW10305 and near the tailentry, but the anomaly area and
seismic risk degree increased obviously.
Nine strong tremors with seismic energy over 104 J observed
between 1 May and 31 May were plotted to correlate themwith
high velocity and velocity gradient zones. Almost all the future
strong tremors occurred within the credible high velocity or
high velocity gradient zones (Fig. 8).

(3) 1 May–31 August, 2012: Tomographic velocity images in Fig. 9
show further changes of P-wave velocity during the mining
period of LW10305 from 1 May to 31 August, 2012. The high-
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Fig. 8. Tomography images obtained using seismic events between 1 and 30 April
(circle symbols show positions of strong tremors with energies E4104 J that
occurred between 1 and 31 May): (a) velocity inversion result; (b) velocity gradient
anomaly inversion result; and (c) plan view of P-wave ray paths of events occurred
in April.

Fig. 9. Tomography images in each month during the period from 1 May 2012 to 31
August 2012 (circle symbols show positions of strong tremors with energies E4104 J
that occurred in next month of the corresponding velocity inversion): (a) velocity
anomaly image using seismic events between 1 and 31 May (high velocity anomaly
regions appeared in the intersection area of LW10305 and 10306, near the tailgate
side, while the maximum positive velocity anomaly reached to 0.31); (b) velocity
anomaly image using seismic events between 1 and 30 June (the credible high
velocity regions appeared in the intersection area of LW10305 and 10306, and the
protective pillar area, while the maximum positive velocity anomaly was about 0.15);
(c) velocity anomaly image using seismic events between 1 and 31 July (high velocity
regions mainly appeared near tailgate of LW10305, goafing of LW10306, and the
protective pillar area, while the maximum positive velocity anomaly was about 0.20);
and (d) velocity anomaly image using seismic events between 1 and 31 August (the
credible high velocity regions increased, mainly appeared in the goafing of LW10306
and 10305, and the protective pillar area, while the maximum positive velocity
anomaly was about 0.23).
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velocity regions were observed to redistribute as LW10305
retreated, from the goafing area of LW10306 to the area ahead
of LW10305, and to the protective pillar area of No. 10 Mining

District. Moreover, most of the future strong tremors with
energy over 104 J occurred above LW10305 and 10306, within
or near to the relatively high velocity zones.

(4) 1–30 September, 2012: Calculated velocity image is shown
in Fig. 10. As LW10305 retreated towards the stopping line,
high velocity and velocity gradient anomaly regions with the
middle seismic risk degree, were observed to concentrate near
the protective pillar area of No. 10 Mining District, and the
intersection area of LW10305, 10306 and 10304, which indi-
cates that there exists large-scale rupture and movement of

X(m)

Y
(m

)

X(m)

Y
(m

)

X(m)

Y
(m

)

Face position

Face position

Face position

X(m)

Y
(m

)

Face position

X(m)

Y
(m

)

km/s

X(m)

Y
(m

)

Face position

Fig. 10. Tomography images obtained using seismic events between 1 and 30
September (circle symbols show positions of strong tremors with energies4104 J
that occurred between 1 and 21 October, 2012); (a) velocity inversion result; (b)
velocity gradient inversion result; and (c) plan view of P-wave ray paths of events
occurred in September.
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overlying strata above the goafing, and causes high stress
concentration in the protective coal pillar with the constant
increase of mined-out areas. Over 20 strong tremors with
energy over 104 J were recorded between 1 October and 21
October 2012. Nearly all the strong seismic events were
correlated with the credible high velocity and velocity gradient
areas, especially occurred in the protective pillar area (Fig. 10).

4.4. Seismic hazard control

Considering the superposition of high static stress around the
island face and dynamic load of mining-induced tremors, rock burst
risk during the mining operation of LW10305 may be strong. To
reduce the static stress level and dynamic disturbance of tremors,
pressure pre-relieving in big-diameter boreholes were carried out
in tailentry and headentry before LW10305 being mined, seen in
Fig. 11. The specified parameters are as follows: borehole diameter
is 113 mm, borehole depth is larger than 20 m, borehole intervals
are 3 m in tailentry and 4 m in headentry, respectively. In mining
process, big-diameter boreholes were supplemented between exit-
ing pre-relieving boreholes in the seismic hazard areas evaluated by
velocity tomographic imaging, to reduce stress concentration and
seismic hazard risk in advance.

By using above pressure-relief technique, the integrity and
intensity of coal mass were destroyed and the static stress was
reduced. Moreover, the artificial “loose and weak structure” was
formed in coal seam, which can absorb and scatter seismic energies
radiated by strong tremors from high-level key strata greatly. During
the mining process, 31 strong tremors with energy over 105 J
occurred. The occurrence of strong tremors always causes buildings
on the ground shaking slightly and strata behavior in underground
increasing with different degrees. Fortunately, these tremors did not
induce serious rock burst accident and cause no injury and loss of life
in underground.

5. Conclusions

Before velocity tomography was applied at the field-scale, the
relation between stress and wave velocity was examined at the
laboratory-scale. It was found that there existed positive expo-
nential correlation between P-wave velocity and applied stress.
Combining seismic monitoring and tomography imaging, provides
a new method for seismic hazard assessment and pre-warning in
underground mining. An island coalface under super-thick strata,
LW10305 in Baodian Coal Mine, which may suffer from the threats
of strong tremors, was chosen for velocity tomography study in
this paper. The case study in LW10305 confirms a good correlation
between the areas of high velocity or velocity gradient anomalies

and the zones of high seismic activities. Through the tomography
detection practice, passive velocity tomography is a promising tool
to continuously monitor the relatively high stress or evaluate rock
burst hazard in a mine, especially in the being-mined coalface.

Meanwhile, inversion accuracy of passive tomography is mainly
affected by the optimal layout of seismic network, establishment
of initial velocity model, solution of iterative algorithm, screening
of monitoring data, and identification of credible inversion zone,
etc. In view of the late development of underground seismic
monitoring and complex mining conditions in China, the devel-
opment and application of passive tomography can improve the
seismic monitoring and pre-warning level for strong tremor and
rock burst in coal mines.

Furthermore, active tomography, as well as some traditional
detection methods, can be applied together with passive tomogra-
phy, to identify and quantify the results of tomograms. Thus, the
seismic tomography in underground coal mines can be improved,
contributing to a safer and more productive environment.
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