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Abstract In order to quantitatively evaluate the relationship between the tomographic

images of P wave velocity and rock burst hazard, the seismic velocity tomography was used

to generate the P wave velocity tomograms during the retreat of a longwall panel in a coal

mine. Subsequently, a novel index (bursting strain energy) was proposed to characterize the

mining seismic hazard map. Finally, the structural similarity (SSIM) index in the discipline of

image quality assessment was introduced to quantitatively assess the relation between the

bursting strain energy index images and the tomographic images of P wave velocity. The

results show that the bursting strain energy index is appropriate for quantitative analysis and

seems to be better for expressing the mining seismic hazard than the conventional map. The

SSIM values of the future bursting strain energy compared with the P wave velocity and the

current bursting strain energy reach up to 0.8908 and 0.8462, respectively, which illustrate

that the P wave velocity and the bursting strain energy both are able to detect the rock burst

hazard region. Specifically, seismic velocity tomography is superior to the bursting strain

energy index in the detection range and the precision and accuracy of detection results.
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1 Introduction

As the depth and intensity of coal mining increase, mining tremors have been increasing

sharply and substantially, and thus, rock burst has become a common security issue in

underground coal mines. Rock burst is usually referred to as dynamic catastrophe, which

results in causalities and roadway destruction caused by elastic strain energy emitting 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. 2012a; Jiang et al. 2014).

Kornowski and Kurzeja (2012) stated that any rock burst is connected with or results from

a mining tremor but not all the tremors cause rock bursts, and thereby proposed that two kinds

of hazards (i.e. seismic hazard and rock burst hazard) should be defined since which one

tremor will bring the rock burst cannot be predicted. The tremors, herein corresponding to the

rupture events, are observed at scales ranging from laboratory samples to the Earth’s crust,

including rock failures in laboratory tests and field experiments, landslides, mining-induced

seismicity, and crustal earthquakes (Amitrano 2012). Filimonov et al. (2005), Hardy (2003)

have verified that rocks under stress emit acoustic waves in the laboratory and microseismic

events in mines, 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).

Recently, seismic velocity tomography, widely used for inference of stress distribution,

has been applied in underground mines for rock burst hazard assessment. As a small-scale

technology used in the laboratory, the ultrasonic technology was adopted to study the rela-

tionship between the ultrasonic wave velocity and the variation of stress when load is applied

to rock masses (Eberhart-Phillips et al. 1989; Meglis et al. 2005; Mitra and Westman 2009;

Nur and Simmons 1969; Westman 2004). Especially, the current research found that a power

function existed between the P wave velocity and stress (Gong et al. 2012a, b). As a mine-

scale, seismic velocity tomography has been widely applied in underground mines. Friedel

et al. (1995, 1997) conducted 3-D seismic velocity tomography with existing rock bolts used

to mount geophones and as strike points for introducing seismic energy using a sledge

hammer at the Homestake gold mine and Lucky Friday silver mine. The results demonstrate

that temporal and spatial changes in the local stress field occurred in response to ground

failure and stope advancement, respectively. Dou et al. (2012a), He et al. (2011) and Wang

et al. (2012) performed 2-D seismic velocity tomography with geophones screwed into rock

bolts located along the maingate and controlled explosions along the tailgate. The results

manifest that the consistency between locations of strong mining tremors or stress concen-

tration and high-velocity zones exceeded 80 %. Luo et al. (2009) introduced the seismic

signals generated by the continuous coal shearer and geophone arrays deployed ahead of the

working face to map out the velocity variations as far as 300 m from the face using the

tomographic technique. The results indicate that high seismic velocity was related to a high-

stress zone while the low seismic velocity was likely a representation of a low stress con-

centration zone. Luxbacher et al. (2008), Luxbacher (2008) and Hosseini et al. (2012a, b,

2013) adopted mining-induced microseismic events and surface-mounted geophones to

generate velocity tomograms. The results indicate that high-velocity regions agreed well with

high abutment stresses predicted by numerical modeling and they were observed to
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redistribute as longwall face advanced. Integrating with the tomography technology and

microseismic monitoring system, Dou et al. (2014), Bańka and Jaworski (2010) and Lurka

(2008) conducted near real time tomographic imaging of rock burst hazard during the mining

process of the longwall panel. The results show that rock bursts or strong seismic events

mainly occurred in zones with high-velocity and/or high-velocity gradient.

As mentioned above, although some quantitative relationships between the wave velocity

and stress are obtained in the laboratory, they still do not meet the application requirements

due to the complex in situ conditions. In this context, the vast majority of applications are

conducted using the P wave velocity distribution for inference of stress field to indirectly

detect the regions of rock burst hazard, or directly comparing the velocity distribution map

with the locations of seismic events. Therefore, the current analysis and conclusions in the

application remain in the subjective and qualitative levels. Nonetheless, it should be certain

that the seismic velocity tomography is still an appropriate technology for assessing rock

burst hazard. However, how to directly describe the quantitative degree of the seismic

velocity tomography in rock burst hazard assessment remains to be further studied.

In this paper, the bursting strain energy index was proposed to characterize the mining

seismic hazard map. Subsequently, the structural similarity (SSIM) index in the discipline

of image quality assessment was introduced to quantitatively evaluate the correspondence

between the bursting strain energy index maps and the tomographic images of P wave

velocity. This study may provide a new approach for further research on the quantitative

and direct relationship between the seismic velocity and rock burst hazard.

2 Methods

2.1 Seismic velocity tomography

Using the artificially created or mining-induced sources and geophones mounted on the

surface or underground, the seismic velocity V(x, y, z) distribution can be inversed in the

spatial coverage area of the source–geophone geometry, which depends on the relationship

that the velocity along a seismic ray is the raypath distance L divided by the time T to travel

between the source and geophone. Suppose that the raypath of the ith seismic wave is Li

with the travel time of Ti, the relationship can be denoted as (Luxbacher et al. 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

dijSj i ¼ 1; � � � ;Nð Þ ð3Þ

where 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.

Equation (3) can also be expressed in a matrix form as:

T ¼ DS! S ¼ D�1T ð4Þ

where T is the column vector of travel times (N 9 1); S is the column vector of slowness

values (M 9 1); and D is the matrix of ray distances (N 9 M).
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Usually, the inverse problem of Eq. (4) is either underdetermined or overdetermined.

The most effective way to solve this problem is the iterative process. The most referenced

iterative methods are algebraic reconstructive technique (ART) and simultaneous iterative

reconstructive technique (SIRT) (Gilbert 1972). SIRT is an appropriate algorithm because

the solution tends to be converging and diverging slowly, so that the solution is relatively

stable (Hosseini et al. 2012b; Luxbacher et al. 2008).

2.2 Bursting strain energy index

The conventional seismic hazard maps were illustrated by seismic events using different

circles with radii proportional to epicentral intensities (Kracke and Heinrich 2004). Such

images are direct-viewing and vivid, which is convenient for subjective and qualitative

analysis, and thereby widely used. It is however not appropriate for quantitative analysis

and comparison. Therefore, it is significant to establish a new index that can reflect the

seismicity activities and meet the requirements of quantitative analysis.

Benioff (1951) has shown that the elastic strain rebound increment generating an

earthquake is proportional to the square root of the energy of the earthquake. Kracke and

Heinrich (2004) indicated that the stress release of earthquake seems to be more appro-

priate to characterize earthquake sources than the energy release. Thus, it is advantageous

to choose the square root of the released energy of earthquakes as expressing the seismic

hazard. As a consequence, a new index (bursting strain energy) can be defined as:

Eej ¼ log10

P ffiffiffiffiffi
Ei

p

A � P

� �
ð5Þ

where Eej is the bursting strain energy of the jth statistical region, log10

ffiffiffi
J
p

; Ei is the energy

of the ith seismic event which belongs to the jth statistical region, J; A is the area of the jth

statistical region, m2; P is the statistical time, day.

2.3 Structural similarity index

After the tomographic images of the P wave velocity and the mining seismic hazard maps

were obtained using the seismic velocity tomography and the bursting strain energy index,

respectively, the consistency between them was usually distinguished subjectively by the

human visual system in the past. However, this assessment result often varies with different

individuals, and there is no criterion for reference, just remaining in the levels of quali-

tative analysis.

Structural similarity theory shows that natural image signals are highly structured: Their

pixels exhibit strong dependencies, especially when they are spatially proximate, and these

dependencies carry important information about the structure of objects in the visual scene.

Based on the assumption that the human visual system is highly adapted to extract structure

information from the viewing field, a novel index called SSIM (Wang et al. 2004) was

proposed:

SSIM X; Yð Þ ¼
2lxly þ C1

� �
2rxy þ C2

� �
l2

x þ l2
y þ C1

� �
r2

x þ r2
y þ C2

� � ð6Þ

where lx, ly are the mean values of image signals X and Y, respectively, estimated as the

signal luminance; rx, ry are the standard deviations, estimated as the signal contrast; rxy is
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the covariance, estimated as the signal structure; C1 = (K1L)2 and C2 = (K2L)2, L is the

dynamic range of the pixel values, and K1 = 0.01 and K2 = 0.03 by default (Wang et al.

2004).

The maximum value of SSIM index is 1, which is only reachable in the case of two

identical sets of data. Moreover, the larger the value of SSIM index, the higher the

consistency of the two images will be.

3 A case study

3.1 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 to LW 25110, as shown in Fig. 1. The panel is fairly deep with about 970 m of

overburden. The longwall fully mechanized top coal caving method is used to retreat the

panel. LW 25110 is adjacent to the gob in the north with F16 thrust fault in the south and

solid coal seam in the east and west. The length and the width of the panel are approxi-

mately 865 and 191 m, respectively. The coal seam thickness ranges from 8.4 to 13.2 m

(about 11.5 m in average) with an average dip angle 12�. The seam is overlain successively

by 18 m of mudstone, 1.5 m of coal, 4 m of mudstone, and 190 m of glutenite, and

successively underlain by 4 m of mudstone and 26 m of sandstone.

Microseismic monitoring in mines allows for calculation of microseismic event source

location, energy or magnitude, and source mechanisms, which can be further used as

tomography to infer the state of stress and assess rock burst hazard. Since April 22, 2011,

the microseismic monitoring system called ‘‘ARAMIS M/E’’ that was developed by the

institute of innovative technologies EMAG of Poland has been installed in the Yuejin coal

mine. Figure 1 displays the panel geometry and relative receiver locations, which includes

six permanent stations (blue triangles) assembled on the decline and main entries and ten

7#

5#

1#

12#

F16 thrust fault

11#

6#
10#

2#

4#

3#
8#

9# 13# 14#

15#
16#Longwall panel (mined)

0 200 400m

Fig. 1 Layout of the microseismic monitoring system installed in the Yima Yuejin coal mine, Henan
Province, China. Red triangles are temporary stations which can be moved parallel to the coal face advances
and blue triangles are permanent stations
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temporary stations (red triangles) mounted on the tailgate and maingate entries that can be

moved parallel to coal face advances.

3.2 P wave velocity inversion

The seismic velocity tomography was conducted with the microseismic monitoring system

and mining-induced seismic events. Through picking the P wave arrival time after the

seismic wave passes through the rock mass, the data were analyzed using MINESOS-

TOMO program (Gong 2010) to generate velocity tomograms with SIRT. In order to

improve the inversion efficiency, the seismic velocity tomography on LW 25110 was

performed using the selected stations (8#, 9#, 12#, 13#, 14#, 15#, and 16#) and the seismic

events located in the target areas. Moreover, the events recorded by more than five stations

were adopted to avoid creating artificial anomaly in tomograms. In the process of 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 the first iteration. The voxel size

of about 30 m 9 30 m 9 100 m was considered due to the fact that the seismic station

geometry in underground coal mining longwall panels did not vary significantly in vertical

direction and thereby did not constrain the events well vertically. To reduce the indeter-

minacy, a maximum velocity constraint of 6.0 km/s was imposed. Ultimately, the three-

dimensional images of P wave velocity were created and sliced at approximately coal seam

level (see Fig. 2). Symbols in the figure show positions of the future seismic events.

3.3 Bursting strain energy generation

According to the concept of spatially smoothed seismicity as the earthquake hazard cal-

culation introduced by Frankel (1995) and Frankel et al. (2000), the seismic events were

considered as point sources. In the process of the statistical calculation, the main parameter

(statistical smoothed radius R) was determined by the hypocenter location error calculated

by the numerical emulation method (Gong et al. 2010). In order to avoid omitting indi-

vidual seismic events which may cause the results to lack fidelity, the relation between the

grid spacing S and the statistical smoothed radius r should be satisfied as: S�
ffiffiffi
2
p

R.

Figure 3 displays the sketch map of the spatially statistical smoothed model, whose spe-

cific processes of the calculation are the following: each grid node corresponds to a

statistical round region; seismic events belonging to each statistical round region are

selected to calculate the bursting strain energy value as a function of Eq. (5), which is then

considered as the value of its corresponding grid node; finally, the bursting strain energy

map, based on the values of all grid nodes, can be generated using the interpolation.

The methods mentioned above allow us to ascertain the parameters: R = 30 m,

S = 10 m. Consequently, maps of bursting strain energy index during different periods

were obtained (see Fig. 4). Symbols in the figure show positions of the seismic events

adopted to generate the map of bursting strain energy.

3.4 Structural similarity assessment

As seen from Figs. 2 and 4, the detection zones using the seismic velocity tomography are

larger than the hazard areas described by the bursting strain energy index. In order to

ensure the assessment accuracy of SSIM index between the velocity tomographic images

and the bursting strain energy maps, the tomographic images need to be cut into the same
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size and shape of the bursting strain energy maps, as shown in Fig. 5. All the images are

meanwhile filled with the same color scale. As a result, the SSIM index values were

calculated between the tomographic images and the current and the future bursting strain

energy maps, as shown in Table 1.

4 Results and discussion

Figure 2 reveals evidence of high-velocity zones ahead of the face corresponding to areas

where front abutment stresses would be expected. Additionally, a low-velocity zone can be
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Fig. 2 Plan view of seismic
velocity tomograms at coal seam
on LW 25110. Symbols show
positions of the future seismic
events. The monitoring section
indicates total area mined over
the inversion period. (a) Plan
view of velocity tomogram at
coal seam obtained from seismic
events between April 1, 2012 and
April 20, 2012. Symbols show
positions of seismic events that
occurred between April 21, 2012
and May 21, 2012. (b) Plan view
of velocity tomogram at coal
seam obtained from seismic
events between April 16, 2012
and May 8, 2012. Symbols show
positions of seismic events that
occurred between May 9, 2012
and June 9, 2012. (c) Plan view
of velocity tomogram at coal
seam obtained from seismic
events between May 8, 2012 and
June 7, 2012. Symbols show
positions of seismic events that
occurred between June 8, 2012
and July 8, 2012
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R is the statistical smoothed
radius
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). Symbols show positions of the seismic
events adopted to generate the map of bursting strain energy. (a) Current distribution of the bursting strain
energy. (b) Future distribution of the bursting strain energy
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seen behind the face corresponding to the location of the gob. These features consistently

redistribute with face advance, and a low-velocity zone in the gob area is also consistently

present. Besides, almost all of the seismic events occur in zones with high-velocity and/or

high-velocity gradient. This is in good agreement with previous results presented by Bańka

and Jaworski (2010), Dou et al. (2014), and Lurka (2008). Especially in the high-velocity

zone near the terminal line of LW 25090 (see Fig. 2c), there occurred a unique strong

seismic event with an intensity C105 J.

Figure 4 displays the similar feature of high bursting strain energy ahead of the face,

which consistently redistributes with face advance. Moreover, the bursting strain energy

maps not only contain the information of conventional seismic hazard maps characterized

by different symbols (see Fig. 4), but also provide more information and more obvious

hazard areas. These results allow us to recognize that the bursting strain energy map is

appropriate for quantitative analysis and seems to be better for expressing mining seismic

hazard than the conventional map.

(a1) (b1) 

(a2) (b2) 

(a3) (b3) 

April 1 to April 20, 2012

April 16 to May 8, 2012

May 8 to June 7, 2012 May 8 to June 7, 2012

April 16 to May 8, 2012

April 1 to April 20, 2012

Fig. 5 Comparison diagrams between the P wave velocity and the bursting strain energy. (a) Velocity
images in the left and the current bursting strain energy maps in the right. (b) Velocity images in the left and
the future bursting strain energy maps in the right
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Both the tomographic images of the P wave velocity and the bursting strain energy

maps in this study were generated by seismic events. Since the seismic events are part of

the mining operations and do not need a person to physically initiate them, there is no

disruption to production, and thereby they have the potential to provide an opportunity for

remote and long-term monitoring at regular time intervals. Therefore, these two technol-

ogies are promising to continuously monitor the rock burst hazard in a mine (especially in

the panel being mined, as shown in Figs. 2 and 4) so that precautionary measures can be

taken, improving safety for miners working underground and positively impacting

productivity.

Table 1 shows the SSIM index values between the tomographic images of the P wave

velocity and the current and the future bursting strain energy maps, which can allow us to

conclude:

1. The SSIM index values between the P wave velocity images and the future bursting

strain energy maps exceed 0.8417, which illustrates that the consistency between them

exceeds 84.17 %. It is verified that seismic velocity tomography is a powerful tool to

evaluate rock burst hazard from the perspective of quantitative assessment.

2. The maximum value of SSIM index between the P wave velocity images and the

current bursting strain energy maps reaches 0.9048, which manifests that the vast

majority information of the P wave velocity image can be characterized by the

bursting strain energy map, indicating that the bursting strain energy index may be

used to assess rock burst hazard.

3. The SSIM index values between the current and the future bursting strain energy maps

are between 0.7814 and 0.8462, which once again demonstrates the feasibility of rock

burst hazard assessment through the bursting strain energy index. Moreover, the

conclusion that the density nephogram of microseismic events (Dou et al. 2012b; Tang

and Xia 2010) and the contour map of apparent stress (Tang et al. 2011) could be

employed to predict rock burst seems to be verified.

4. The SSIM index values between the P wave velocity images and the future bursting

strain energy maps are both larger than that of between the current and the future

bursting strain energy maps, which allows us to recognize that seismic velocity

tomography is superior to the bursting strain energy index for rock burst hazard

assessment in the precision and accuracy of detection results.

The seismic velocity tomography was conducted with the microseismic monitoring

system and mining-induced seismic events, which allows for monitoring over large areas

of the source–geophone geometry, such as an entire mine, or active panel in a mine. The

bursting strain energy index, however, only monitors over the areas where the seismic

Table 1 Structural similarity index (SSIM) values

SSIM values Comparison parameters between

P wave velocity and
current bursting strain
energy

P wave velocity and
future bursting strain
energy

Current and future
bursting strain
energy

Current time period

April 1 to April 20, 2012 0.7932 0.8417 0.7814

April 16 to May 8, 2012 0.8584 0.8908 0.8424

May 8 to June 7, 2012 0.9048 0.8876 0.8462
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events take place. Usually, areas where the seismic events occur are much smaller than that

of the source–geophone geometry. In this context, the seismic velocity tomography appears

to be the superior technique for rock burst hazard assessment in the detection range.

Finally, it is important to note that the interpretation should be carefully made for the

area with low or inadequate seismic events density, especially in the seismic velocity

tomography which would not be appropriate with relatively few mining-induced micro-

seismic events unless a dense receiver array is implemented.

5 Conclusions

1. Compared with the conventional seismic hazard map, the bursting strain energy map is

appropriate for quantitative analysis and seems to be better for expressing the mining

seismic hazard.

2. The SSIM values of the future bursting strain energy compared with the P wave

velocity and the current bursting strain energy reach up to 0.8908 and 0.8462,

respectively, which illustrate that the P wave velocity and the bursting strain energy

both are able to detect the rock burst hazard region with high efficiency.

3. Seismic velocity tomography is superior to the bursting strain energy index for rock

burst hazard assessment in the detection range, and the precision and accuracy of

detection results.

4. In the future, more traditional methods should be seized to conduct together with the

seismic velocity tomography, as this could lead the ability to quantify the results of

tomograms. With these recommendations explored, the seismic velocity tomography

in underground coal mines can be improved, contributing to a safer and more

productive environment.
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