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The aim of the research was to determine the cause of high-energy rock mass tremors

(energy E � 105 J) in the area of longwall H-2a located in seam 409/3 in Borynia-Zofi�owka-

Jastrzębie colliery, basing on the analysis of geological and mining conditions, seismic

activity, focal mechanism and local stress field. The research employed the method of

seismic moment tensor inversion which provides parameters of focal mechanism (per-

centage share of its components: isotropic, uniaxial compression or tension, shear

component; trend and dip of nodal planes, directions of tension axes and compression

stress). The parameters describe processes occurring in focuses of tremors and they are

clearly linked with stress conditions in a given area. The conducted tests showed that the

cause of occurrence of high-energy tremors and three rockbursts in lot H while mining

seam 409/3 with longwall H-2a, was dynamic destruction of roof rocks which could

displace towards the cavity created after mining the seam. An additional factor signifi-

cantly magnifying the process was the share of stresses, which originate from the faults in

the area, existing in the rock mass. Results of the research provided additional information

to determine the degree of rockburst hazard in the area. Because of very dangerous work

conditions (stress parameters reflect the rock mass of high shear strength, where dynamic

influence of tremors is stronger) mining activity in longwall H-2a was terminated a few

dozen metres earlier than it had been originally planned.

© 2015 The Author. Productioin and hosting by Elsevier B.V. on behalf of Central Mining

Institute in Katowice. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Underground mining of coal deposits disturbs equilibrium of

a system of natural stresses in the rock mass, both in direct

vicinity and further away from mine workings. The process

results in, among others, rock mass tremors, which in some
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cases are a direct cause of rockbursts. The phenomenon of

rockburst, due to its dynamic character, causes certain effects

in workings within its range. These may be accidents of the

personnel and material loss in form of destroyed or damaged

machines, equipment and workings losing their functionality.

Unfortunately, these are often incidents of a mining catas-

trophe scale i.e. a group accident with casualties and seriously
ice.
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wounded personnel. That is why research works on devel-

oping more efficient preventive measures, which would

reduce the threat, are conducted in many research centres in

Poland and around the world. Seismic phenomena and rock-

burst hazard associated with it in a given longwall panel are

influenced by a number of natural and technical factors. The

dominant ones are strength parameters of coal and sur-

rounding rocks, and the volume of stresses in the vicinity of

operating workings (Bukowska, 2013; Dubi�nski, 2013). As it is

known the source of high-energy mining tremors are frac-

turing layers of high strength rock mass (Drzewiecki &

Kabiesz, 2008). The process of fracturing rocks in a focus can

be determined basing on parameters describing the focal

mechanism of tremors. The parameters are calculated with

seismic moment tensor inversion basing on the analysis of

seismic waves generated in a tremor focus and recorded by

sufficient number of seismometers located around the focus.

Parameters of a focal mechanism are fundamental for deter-

mining a relative local stress field describedwith the direction

of principal stresses and their mutual relations, which in turn

enable evaluating stress state of the rock mass of higher or

lower tendency to generate high-energy tremors. It ought to

be noted that the spatial system of principal stresses axes

determines occurrence of tremors of various focalmechanism

(Stec, 2012). Of course, basing only on seismologic data, it is

impossible to determine absolute values of stress. Yet, it is

possible to determine their spatial orientation and mutual

relations. It turns out that tremors of different focal mecha-

nisms, i.e. with different spatial seismic influence, can have a

different influence on the process of destroying the structure

of rockmass and losing stability in the already existing, or just

forming, planes of weakening. Hence an analysis of focal

mechanism tremors, especially high-energy seismic phe-

nomena, started to play an important role in determining

causes and occurrence of tremors, and for rockbursts, which

caused damage to the mine workings, it became a standard

procedure (Stec & Drzewiecki, 2012). Calculations of focal

mechanism parameters, and according to them local stress

field were conducted for high-energy rock mass tremors

which accompanied mining seam 409/3 with longwall H-2a in

Zofi�owka colliery.
2. Characteristics of the tested area

The tested area covered longwall H-2a, seam 409/3, lot H, of

Zofi�owka colliery. Seam 409/3 occurring within a group of

seams 409 in the monoclonal part of the seam, of approxi-

mately 10� eastward dip, has a complicated structure. East-

ward and southward its thickness increases from

approximately 1.6 to 2.6 m, and in the southern part of the

discussed area a 0.80m layer of coal gets separated from its top

(distance 0.3e1.0 m). Seam 409/3 in the area of longwall H-2a

occurs at the depth of between 840mand 950m. In the eastern

part of lot H there is the “eastern” fault of NeS strike and

eastward drop h ¼ 25e15 m; the western border of the lot is

Jastrzębie fault, also of N-S strike and westward drop

h ¼ 25e50 m (Fig. 1). The disturbances are accompanied by

parallel faults of drop of up to 3 m. Normal fault of drop of

approximately 5m runs, roughlyW-E, through the central part
of lot H. Geological structure of the rock mass, both above and

below seam 409/3, shows diversified lithology. In the roof of

the seam there are: sandy mudstone, locally with single lam-

inas of coal (0.0e0.90 m), siltstones (0.0e2.25 m). Then there is

sandstone, with intercalations of siltstone (12.0e41.0 m) of

RC ¼ 61e106 MPa, locally in the immediate roof strata of the

seam. Above there is siltstone, with intercalations of fine-

grained sandstone (~0.0e15.0 m), mudstone with laminas of

coal (0.0e2.70 m), and seam 409/2 (~0.78e0.85 m). Over seam

409/2 there is siltstone, with local laminas of mudstone

(0.0e4.0 m), and then a layer of thick-bedded sandstone of

thickness between 15.0mand 22.1m. Floor layers of seam409/

3 also show geological diversification. In the floor of the seam

there are: mudstone with thick laminas and layers of coal,

locally of coal shale characteristics (0.50e1.30 m), and seam

409/4 of thickness of 4.2e5.2 m. In the area of longwall H-2a

there are four edges of previousmining activities i.e. seam408/

2 at the distance of 64e73 m, seam 406/1 at the distance of

173e198m, seam404/4 at thedistance of 223e251m, and seam

409/4 at the distance of 0.4e20m (Fig. 1). Seam 409/3 in lot H is

ranked as: III degree rockburst hazard, I degree water hazard,

IV category methane hazard, class B coal dust explosion haz-

ard, and methane-and-rock outburst hazard.

Exploitation of longwall H-2a, with roof cave-in from east

westward up the rise of seam, started on 10 June 2013. Because

of potentially high seismic hazard in the area (III degree of

rockburst hazard) torpedo blasting of the roof of seam 409/3

from the gateroads was conducted within the framework of

active rockburst prevention. Zones of particularly high rock-

burst hazardweredetermined in tailgateH-2,where slimholes

were drilled two times a week. There were also three series of

seismic measurement (geotomography). The basic goal of

geophysical interpretation of underground seismic measure-

ment results is to determine the distribution of seismic wave

propagation velocity in the medium being (coal seam or adja-

cent strata) that could reveal its structural features or their

changes. The criteria characterising the anomalies of seismic

P-wave propagation velocity have been implemented by

Dubi�nski and Dworak (1989). The obtained values of a seismic

anomaly showed influence of the edge of seams 408/2 and 406/

1, and average increase in stress in the longwall lot.

Since the very beginning of the mining activity in the area

there has been seismic activity which caused high rockburst

hazard. While operating longwall H-2a and driving a recov-

ery room for the powered roof support sections 99 tremors of

energy of 102 J, 360 tremors of energy of 103 J, 84 tremors of

energy of 104 J, 13 tremors of energy of 105 J and 4 tremors of

energy of 106 J were recorded. There were three tremors

among them which resulted in certain effects in the work-

ings. On 6 November 2013 there was a rock mass tremor of

energy of E ¼ 4.6∙106 J, located in longwall gobs. The tremor

caused destressing the rock mass in tailgate H-2 of seam

409/3, and exceeding the acceptable concentration of

methane in the sensors installed in the area. There was

damage to the gateroads (floor heave) and the gateroad

support. After the tremor, mining activities were paused

until 20 December 2013 when they were resumed. Yet, on 30

January 2014 there was another rock mass tremor of energy

of E ¼ 3.7∙106 J, located along the face of longwall H-2a,

which caused separation of sidewalls and damaged several

http://dx.doi.org/10.1016/j.jsm.2015.08.008
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Fig. 1 e Fragment of the map of seam 409/3 lot H.
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sections of the powered roof support. Because of high

rockburst hazard in the area the Department of Rockburst

and Roof Fall Hazard accompanied by specialists from other

academic institutions, decided, basing on the results of the

tests, to finish mining activities in longwall H-2a at that

stage. Then recovery works were carried out (disassembly of

the shearer and the conveyors) and driving gateroads for the

next designed longwall H-2b started. On 19 June 2014 at

6:39:10 there was a rock mass tremor of very high energy of

2∙108 J, which was located approximately 50 m ahead of

recovery room of the powered roof support sections in

longwall H-2a and approximately 20 m north of tailgate H-2a

in the area of the edge of former mining activities in seams

408/2 and 406/1. After the tremor, 48 s later an aftershock of

energy of E ¼ 5.1∙105 J came, located in the same area. As a

consequence of the phenomena there was floor heave of

total length of approximately 80 m in gateroads (exploration

gallery H-2, tailgate H-2, tailgate H-2a, maingate H-2b). The
support was deformed and broken, and the roof caved in.

The tremor also disturbed ventilation parameters and

caused exceeding acceptable concentrations of methane. In

the area, at that time, the mining works were not advanced

and nothing indicated a possibility of occurrence of a tremor

of such high energy. Only the following mining works were

conducted:

� driving maingate H-2b in seam 409/3 e horizontal distance

of approximately 90 m from the focus of the tremor of

energy of 2∙108 J,
� driving tailgate H-2b w seam 409/3 e horizontal distance of

approximately 200 m from the focus of the tremor of en-

ergy of 2∙108 J,
� in lot G, west of Jastrzębie fault, seams 412łgþłd and 412łg

were mined with longwall G-6 e horizontal distance of

approximately 240 m from the focus of the tremor of en-

ergy of 2∙108 J.

http://dx.doi.org/10.1016/j.jsm.2015.08.008
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Fig. 2 e Spatial distribution of the analysed events (blue

circles) along with the seismic stations (triangles).
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3. Results of calculations of focal mechanism
of tremors in longwall H-2a

Whilemining seam 409/3with longwall H-2a, therewere high-

energy tremors of energy of E � 1.0∙105 J and during recovery

works conducted in longwall H-2a there was a tremor of en-

ergy of 2.0∙108 J. For 25 tremors of the highest energy the focal

mechanism was calculated with seismic moment tensor

inversion method. The moment tensor inversion method was

based on the software FOCI developed by Kwiatek

(www.induced.pl) in the Institute of Geophysics of the Polish

Academy of Sciences. The input parameters were the ampli-

tude and polarity information on the first P-wave displace-

ment pulses.

As a result of the calculations with use of mentioned above

FOCI software, three solutions were obtained for each event:

� The full moment tensor, which can be decomposed into an

isotropic component (ISO) describing the volume change:

explosion /þ/ or implosion /�/, and into a compensated

linear vector dipole (CLVD) corresponding to the uniaxial

compression /�/ or tension /þ/, and into the double-couple

component (DC) corresponding to the shear motion.

� The deviatoric tensor which has a CLVD component and

the shear component DC.

� Pure shear tensor, having only the double-couple (DC)

component.

The full, deviatoric, and pure shear moment tensor were

calculated using the L1 norm as a measure of the misfit and

the method of the Lagrange multipliers (Gibowicz & Kijko,

1994; Wiejacz, 1991). The accuracy of focal mechanism

determinationwas controlled using the solution quality factor

Q which ranges from 0 to 100% and chosen for the lowest

uncertainty ERR. The quality of the solution differed due to

numerical errors of solution and compatibility of direction of

first arrival signs of the P wave. The results for Q < 40% have

been discarded.

The calculation were based on seismograms recorded by

seismic network at the Borynia-Zofi�owka-Jastrzębie Ruch

Zofi�owka colliery. During the research the seismic network is

composed of 32 vertical Wilmore seismometers are located

underground at the level of coal seams. The recording stations

were horizontally and vertically spaced from the epicentral

area at distances ranging from 300 to 6000 m and from 200 to

800 m, respectively. Fig. 2 shows the spatial distribution the

seismic station and the seismic events incorporated in

moment tensor inversion calculations. For analysis were

taken only the nearest stations in which were the first P-wave

displacement pulses explicit (number of stations used in focal

mechanism are shown in Table 1).

The accuracy of a focal model to a large extent depends on

accurately determined tremor focus. The events, located by

the mine's staff with MULTILOK software exhibit un-

certainties in the epicentral coordinates of the order of ±50 m,

which are much smaller than the uncertainty in depth

determination equal over 100 m (Lurka & Logiewa, 2007). This

is because of the location of seismometers mainly at the level

of coal seams. The MULTILOK software for tremor location is
able to select one of the following minimization algorithms:

Simplex, modified Powell algorithm, and the Davidson-

Fletcher-Powell algorithm (Lurka, 1996). This software used

for the location of mining tremor foci and seismic energy

determination in Upper Silesia has a positive opinion of the

State Mining Authority (WUG) no. GEM/422/0016/00/03943/AR

of 9 May 2000.

In this analysis, the depth of focus of analysed tremorswas

computed with use of the moment tensor inversion method,

based on the best fit of the solution, chosen for the lowest

uncertainty ERR and the highest quality factor Q (parameters

ERR and Q computed by using the options in the FOCI soft-

ware). Results of calculations of mentioned coefficients

showed that the focuses of the analysed tremors could occur

at the depth of between �550 m BSL and �700 m BSL, except

for one tremor of 19 June 2014 of energy of 2∙108 J, the depth of

the tremorwas�400m BSL (error in calculation of focus depth

was ±20 m). Table 1 gives information on the fault plane so-

lutions. It is a solution of full tensor, where distinguished:

isotropic component (ISO), Compensated Linear Vector Dipole

(CLVD) and shear component (DC). Distribution of tremors on

the map together with a diagram of a focal mechanism are

presented in Fig. 2. A diagram of a focal mechanism shows the

lower hemisphere. The obtained solutions of focal mecha-

nisms provide information on the share of the above

mentioned components in a process of tremor occurrence. An

explosive or implosive focus model reflects the processes of

volumetric destruction of the medium structure (e.g. tremors

occurring after shock blasting or within a seam). Compen-

sated linear vector dipole reflects roughly uniaxial compres-

sion or tension. The model was used in describing sudden

phase transformations in focuses of deep earthquakes, rup-

tures of rocks are associated with tension in the presence of

high-pressure liquids and mining tremors in the area of pro-

tective pillars in deep gold- and copper-mines. In turn the

mechanism, where shear processes dominate in a plane

http://dx.doi.org/10.1016/j.jsm.2015.08.008
http://dx.doi.org/10.1016/j.jsm.2015.08.008


Table 1 e Parameters of focal mechanism of tremors of energy of E ≥ 1.0105 J occurring during while mining longwall H-
2a, seam 409/3, Borynia-Zofi�owka-Jastrzębie colliery. Denotations: FA,B e nodal plane trend A,B; dA,B e dip of plane A,B;
l e slip angle; FP,T e axis trend P,T; dP,T e plunge of axis P,T; ISO e percentage of isotropic component, explosion /+/ or
implosion /¡/ ; CLVD e percentage of compensated linear vector dipole component, compression /¡/ or tension /+/;
DC e percentage of shear component (double-couple); NO e normal fault; RE e reverse fault; EXP e non-shear mechanism;
QF e quality factor for full tensor; QD e quality factor for deviatoric tensor; QS e quality factor for pure shear tensor.

No
Date
(yyyy-mm-dd)
Time (CET)

Energy [J] Number of
station

H [m BSL]
error ±20m

ISO
CLVD
DC
[%]

Nodal plane Axis Focal mechanism QF

QD

QS

[%]

A B P T

F

D

l

[�]

F

D

l

[�]

F

D

[�]

F

D

[�]

1.

2011-02-10

11:42:59

3.9106 18 �700 23

4

73

24

76

�73

152

22

�140

316

56

100

29

43

45

33

2.

2012-02-05

7:35:48

8.2105 18 �620 �7

�7

86

36

82

�87

196

8

�109

309

53

123

37

70

74

55

3.

2012-12-13

20:00:36

4.3106 22 �620 �12

�12

76

242

82

88

77

9

105

149

54

334

36

68

71

53

4.

2013-07-28

22:20:42

1.6105 12 �640 �19

�20

61

156

49

�94

342

42

�86

29

86

249

3

50

55

43

5.

2013-09-01

22:23:40

1.6105 12 �600 �18

�19

63

53

62

�82

217

29

�104

341

72

137

17

45

47

39

6.

2013-09-22

22:07:04

1.3105 12 �570 �13

�20

67

198

80

84

49

11

121

101

54

293

35

46

51

40

7.

2013-10-20

21:28:55

1.2105 12 �600 �20

�20

60

23

46

�91

206

44

�89

236

89

115

1

45

46

38

8.

2013-10-29

4:35:15

1.8105 12 �590 �20

�20

60

149

50

95

321

40

84

96

84

236

5

46

48

40

9.

2013-10-30

21:29:29

4.0105 14 �640 �20

�20

60

335

47

94

148

43

86

301

87

62

2

53

53

41

(continued on next page)
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Table 1 e (continued )

No
Date
(yyyy-mm-dd)
Time (CET)

Energy [J] Number of
station

H [m BSL]
error ±20m

ISO
CLVD
DC
[%]

Nodal plane Axis Focal mechanism QF

QD

QS

[%]

A B P T

F

D

l

[�]

F

D

l

[�]

F

D

[�]

F

D

[�]

10.

2013-11-03

11:22:39

1.1105 14 �560 �20

�19

61

13

51

�98

206

39

�80

242 81 109

6

53

56

44

11.

2013-11-04

22:40:59

3.6105 12 �520 �14

�5

81

353

65

�94

183

26

�81

254

70

86

20

49

49

37

12.

2013-11-06

12:22:52

4.6106 20 �550 1

6

93

41

82

94

197

9

67

128

37

315

53

62

65

48

13.

2013-12-29

22:47:04

1.3106 20 �610 �10

�20

70

238

48

�87

53

43

�94

191

87

326

2

65

63

47

14.

2014-01-09

10:17:19

1.8106 20 �580 �20

�20

60

23

48

�90

203

42

�90

294

87

113

3

68

68

51

15.

2014-01-23

15:43:34

7.8105 18 �580 �24

�25

51

63

54

�60

199

46

�124

33

66

133

4

50

27

21

16.

2014-01-26

21:01:26

1.8106 20 �580 48

48

4

56

59

46

17.

2014-01-30

18:21:01

3.7106 22 �600 43

42

15

160

62

94

332

28

83

248

17

80

73

62

65

50

18.

2014-02-01

16:20:11

1.8105 12 �550 49

49

2

36

42

36

19.

2014-02-05

18:15:43

1.2105 12 �600 42

40

18

38

40

26
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Table 1 e (continued )

No
Date
(yyyy-mm-dd)
Time (CET)

Energy [J] Number of
station

H [m BSL]
error ±20m

ISO
CLVD
DC
[%]

Nodal plane Axis Focal mechanism QF

QD

QS

[%]

A B P T

F

D

l

[�]

F

D

l

[�]

F

D

[�]

F

D

[�]

20.

2014-02-17

11:26:50

1.8105 12 �600 58

37

5

48

42

18

21.

2014-04-02

17:30:45

5.3105 16 �570 �27

�13

60

311

78

�96

156

14

�65

213

57

46

32

58

62

47

22.

2014-06-04

8:51:10

4.9105 14 �550 �18

�12

70

344

75

�91

168

14

�86

253

59

75

31

49

51

39

23.

2014-06-13

21:12:58

2.7105 12 �500 �17

�17

66

182

64

�119

55

38

�44

49

60

293

14

42

31

24

24.

2014-06-19

06:39:10

2.0108 32 �400 �0.3

7

93.7

27

73

�115

265

30

�36

266

55

136

24

85

69

51

25.

2014-06-19

06:39:58

5.1105 16 �580 �15

�9

76

32

84

�92

230

6

�73

300

51

124

39

50

54

45
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described with a double pair of forces, reflects tremors asso-

ciated with roof rocks fracturing or tremors occurring in fault

zones.

As it canbe seen inTable 1, focalmechanism inwhichshear

processes dominatedenormal slip focal typewas obtained for

most of the analysed tremors. Because of diverse trends of

nodal planes, it was not possible to choose a dominant direc-

tion of fracturing in the focus of all the tremors (Fig. 3). For

several tremors a plane of roughly NE-SW trend, and for the

rest of them of roughly NNW-SSE or E-W strike were selected

as the fracturing plane. For the full seismic moment tensor in

the focuses of tremors the proportions were: between 60% and

94% of shear component, between approximately 5% and 23%

of isotropic component, and between 5% and 20% of uniaxial

compression component. Because the analysed area is sur-

rounded by fault zones we cannot exclude that the tectonic

structures influence the way the rock mass is destroyed.

Longwall H-2a is located in a goaf zonee both east andwest of
it there are normal faults, which dip their layers eastward and

westward i.e. in two opposite directions. Hence, it may be

assumed, that in the area the influence of stress originating in

the fault structures, with high probability, is reflected by

tremors, for which direction of the trend of one of the nodal

planes can be correlated with the strike of the fault zone and

the focuses were characterized by a very high share of the

shear component of over 70%. The selected nodal planes also

had dip of over 70�. It may be then concluded that the tremors

of that mechanism could be a result of processes of fracturing

which occurs in the roof layers as a consequence of simulta-

neous influence of mining stresses and stresses associated

with the influence of fault zones. The tremor of 19 June 2014 of

very high energy of E¼ 2∙108 J confirms existence of significant

stresses in the area, which were already detected with geo-

mechanical tests (Documentation GIG no. 581 4793 3-141,

2013). The tremor occurred after operations in longwall H-2a

stopped. As itwas specified in theprevious sectionof the paper
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Fig. 3 e Location and focal mechanism of high-energy tremors in the area of longwall H-2a, seam 409/3, Borynia-Zofi�owka-

Jastrzębie colliery.

Fig. 4 e System of stresses for a focus of tremor of normal

fault type (there is dependence s1 > s2 > s3).
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it damaged workings of total length of 80 m. The tremor was

also detected on the surface within the range of a few kilo-

metres. The origin of the type of high-energy phenomena was

explained basing on geomechanical analyses conducted in

previous years. According to Drzewiecki and Mak�owka (2013)

tremors of that type can be a result of fracturing rock layers,

which gained ability to displace towards the cavity created

aftermininga seam.The roof layersdisplace towards it, deflect

over goafs and they can undergo dynamic destruction. An

additional factor, in the analysed area of longwall H-2a, which

significantly magnifies the process, was the share of stresses

already existing in the rock mass, which originated from the

faults in the area.

For the other tremors of shear mechanism, strike trend of

one of nodal planes (NNW-SSE) can be correlated, within

measurement error (20�), with the strike of the longwall face.

Taking into consideration the type of focal mechanism of the

tremors (normal slip), their depth (�550e�640m BSL) and the

direction of fracturing within the focus, which was parallel to

the longwall face, it can be concluded that they were caused

by the processes of fracturing and imploding of roof layers

subject to tremors occurring as a consequence of the

increasing longwall advance.

A few phenomena were characterised by a mechanism of

large percentage share of non-shear processes. Explosive and

CLVD components were over 40%. Tremors of the mechanism

occurred after the actions aimed at destressing a given section
of rock mass. The active rockburst prevention included tor-

pedo blasting in the gateroads.
4. Characteristics of the local stress field in
the area of longwall H-2a

Parameters of focal mechanism expressed with trend and dip

of nodal planes, and slip angle can be used in determining

relative local stress field, described with distribution of

http://dx.doi.org/10.1016/j.jsm.2015.08.008
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principal stresses. The data are a foundation to evaluate the

stress state of the rock mass showing greater or lower ten-

dency to generate high-energy tremors (Stec, 2012). It ought to

be mentioned here that the spatial system of axes of principal

stresses determines occurrence of a certain given type of

tremor focal mechanism. Of course it is not possible to

determine absolute values of stresses basing on seismological

data. Yet, it is possible to determine their spatial location and

mutual relations. The method basing on such data as pa-

rameters of focal mechanism tremors enables determining

principal stresses assuming as follows: process of fracturing

in the focus propagates along a specified plane and slip vector

is parallel to shear stress in the plane. The calculation were

made using MyFault software (www.pangaeasci.com) based

on the method Minimized Principal Stress Variation. This

method, developed by Reches (1987), assumes that the stress
Fig. 5 e Results of calculations of parameters of stress distributi

H-2a.
to cause fault slip obeys a Coulomb yield criterion, t ¼ C þ ms,

where t is the shear stress to cause slip, C is the cohesion

stress, m is the friction coefficient and s is the normal stress on

the fault. From this relation, you can derive the principal

stresses necessary for slip to occur. Assuming that all faults in

the set were subject to the same regional stress state, then the

principal stresses should be the same for all faults. Variations

in material properties and other local effects will cause the

actual stress state to vary between faults. To estimate the

regional stress, we assume that the best value is found by

minimizing the variations of the computed principal stresses

within the fault set, using the same cohesion and friction

coefficient for all faults. This assumption leads to a over

determined set of linear equations in C, m and six principal

stress components. C is unknown and assumed to be zero

because the mean stress (the so-called hydrostatic or
on basing on slip focal mechanisms in the area of longwall

http://dx.doi.org/10.1016/j.jsm.2015.08.008
http://dx.doi.org/10.1016/j.jsm.2015.08.008


j o u r n a l o f s u s t a i n a b l e m i n i n g 1 4 ( 2 0 1 5 ) 5 5e6 564
lithostatic component), and hence the absolute normal stress,

is unknown. All stresses are normalized such that the

maximum principal stress s1 is 1.0 and theminimum s2 is 0.0.

Thus, the stress Ratio R ¼ (s2 � s3)/(s1 � s3) is equal to the

intermediate stress s2. To find the value of m, the friction co-

efficient, MyFault solves the equations using a range of fric-

tion angles from 0 to 45�, choosing the value that gives the

minimum variation in principal stresses for all faults. In this

method the uncertainties in these quantities are estimated

using the bootstrap resampling method (Michael, 1987).

Basing on the above mentioned parameters it is possible to

describe geomechanical conditions of the stress state in the

rock mass in the areas of occurrence of tremor focuses.

Tremors of normal slip type focuses occur when vertical

stress s1 dominates. Scheme of creating such a type of a focus

is presented in Fig. 4.

Basing on tremors of normal shearing focalmechanism the

mean local field of stresses was calculated for the area of

longwall H-2a described with directions of axes of principal

stresses s1, s2, s3 (trend and plunge), stress Ratio R and other

parameters shown below in Fig. 5.

The following system of stresses was obtained: principal

stress s1 was vertical (trend e 133�, plunge e 83�) and inter-

mediate principal stress s2 (trend e 22�, plunge e 3�) and

minimal stress s3 (trend e 291�, plunge e 7�) were horizontal.

Stress ratio R was 0.14, which means dominating influence of

stress s1. This type of state of stresses with dominating prin-

cipal stress s1 aimed vertically, characterises conditions

which reflect the influence of the overlaying burden. Relative

shear stress was 0.33 and the direction of its trend presented

in Fig. 6 was roughly EeW. Horizontal stress marked in Figs. 5

and 6 with white arrows was a tensile one and its dominating

direction of NWeSE was perpendicular to the gateroads. The

Shortening/Extension axis, which is the direction of the

biggest stress in a given area, was roughly vertical and was
Fig. 6 e Trend of shear stress (blue) and direction of

horizontal stress (white arrows) in the area of longwall

H-2a.
located in a plane at approximately 45�angle towards the

longwall face (trend e 74� and plunge e 87�).
5. Summary

The conducted research showed, that it is possible to obtain

significant geomechanical data concerning assessment of

seismic hazard basing on specialist interpretation of seismo-

logical data.

Basing on parameters of a focal mechanism and stress

distribution s1, s2, s3 expressed with their directions and

relative values for the high-energy tremors which occurred

while mining longwall H-2a of seam 409/3 in Borynia-

Zofi�owka-Jastrzębie Ruch Zofi�owka colliery, stress state of the

rock mass in the area was determined.

In the analysed area there was strong influence of fault

structures surrounding the area of longwall H-2a, as di-

rections of trend of nodal planes assumed as fracture planes

in focuses are correlated with the direction of fault zones and

a large share of shear processes in focuses of tremors.

Basing on the conducted research it can be concluded that

the tremors were caused by displacement of roof layers over

a selected goaf space, which gradually deflected and then

dynamically fractured. An additional factor which signifi-

cantly magnified the process was the influence of natural

stresses existing in the rock mass, which originated from the

fault zones surrounding the area of longwall H-2a.
Source of financing

The research was conducted within the framework of

research/service project titled “Determining processes in fo-

cuses of high energy tremors of energy of 105 J, occurring in lot

H while mining seam 409/3, longwall H-2a, basing on their

mechanisms” commissioned by Borynia-Zofi�owka-Jastrzębie
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