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a b s t r a c t

This paper presents the results of the statistical analyses of rock mass seismicity associated with O/ZG
Rudna exploitation and geomechanical analyses concerning the location and conditions of tremor
occurrences in LGOM conditions, illustrated by the example of O/ZG Rudna.

As part of the statistical analyses, the assessment of rock mass seismicity formation in O/ZG Rudna
throughout the whole mine area in the years 2006e2015 is presented, the results of which were the basis
for subsequent geo-mechanical analyses. Within the parameters of seismic activity, the analysis covered
the number of recorded events, the total value of energy emission and the index of individual energy
expenditure. The presented analyses also refer to the locations of tremor source epicentres in relation to
the exploitation front, distinguished into low energy and high energy tremors located ahead of the
exploitation front, in the area of opening-up works and gobs. These recent results were the starting point
for research and calculations on geo-mechanical analyses. These numerical calculations using the finite
element method (FEM) carried out the energy density distribution of elastic deformation in the vicinity
of the exploitation front. FEM calculations were designed to establish the factors and conditions that
determine the location of tremor sources and the mechanism of rock destruction. Both of these factors
are directly related to the magnitude of the energy emitted during the tremor. Appropriate energy
measurements of elastic deformation have been adopted to determine rock mass areas which are
potentially threatened by tremor occurrences of varying energy. Measures of the energy density of shear
and volumetric strain enable the determination of the nature of rock mass destruction in the vicinity of
mine workings, which in turn gives the basis for linking these measurements with tremor energy and
location relative to the exploitation front. The results of numerical computations were compared with
the results of statistical analyses on the locations of tremor sources with different energies in relation to
the exploitation front in O/ZG Rudna.

© 2017 Central Mining Institute in Katowice. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The current high level of rockburst hazards in LGOM mines is a
consequence of rock mass seismicity accompanying mining oper-
ation, and the majority of the rockbursts and distressing events
recorded so far have been caused by high-energy tremors. High-
energy tremors, which have a huge influence on the magnitude
of rockburst occurrence, are a natural feature of copper ore deposits
in LGOM, resulting from the occurrence of tremor-prone rock for-
mations above the exploited deposit (Chlebowski, 2011; Kłeczek,
e and Technology, al. Mick-
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2006, 2007), as well as periodic activation of faulting (Burtan,
2011). The analysis of seismic activity recorded in recent years in
LGOM areas shows that the most seismically active mine is O/ZG
Rudna. This is the result of both natural conditions, which are
expressed primarily by the high depth of exploitation, the afore-
mentioned thick-layered rock mass structure and the occurrence of
tectonic disturbances, but also the need to extract fields in areas
with significant exploitation involvement, i.e. exploitation of the
deposit residue or in the vicinity of gobs. The seismic activity of rock
mass is also influenced by active rockburst prevention (Kłeczek,
2007; Zorychta, Burtan, & Chlebowski, 2005). This paper presents
the formation of rock mass seismicity in O/ZG Rudna from 2006 to
2015 in the whole mine area. Seismic activity of the rock mass was
characterized by the number of recorded events, the total value of
energy emission and the index of the individual energy
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expenditure. The results of these analyses, performed for the O/ZG
Rudna area, were the basis for investigating the relationship be-
tween the location of the tremor source in relation to the exploi-
tation front and the tremor energy. The existing experiences and
observations indicate that tremor epicentres, and their location in
particular, are related to the value of energy emitted during tremor
occurrence (Burtan, Zorychta, Chlebowski, & Cie�slik, 2016;
Kozłowska, 2012, 2013). Statistical analyses show that the great-
est number of tremors occur within a distance of less than 50 m
from the front line (Kozłowska, 2012, 2013), while the majority of
low-energy tremors are located in the area of the face entry drivage,
and a considerable number of them take place after blasting and
stress relief shooting (Burtan et al., 2016). In turn, the largest
number of high energy (especially very strong) tremors occur in the
area of opening-up works, whereas a significant part of them are
located, ahead of the exploitation front (Burtan et al., 2016).

The vertical location of the foci, which is usually difficult to
determine, is closely related to the geological structure of floor
formations. Under the conditions of Legnica-Głog�ow Copper Dis-
trict (LGOM), the layers of anhydrite and dolomitic limestones, as
well as local conditions in contact zones between the layers of
anhydrite, limestone and dolomite are responsible for the occur-
rence of high-energy tremors (Zorychta et al., 2005, 2015).

The above observations have become the basis for geo-
mechanical analyses for typical geological and mining conditions
occurring in the LGOM. They aimed to determine rockmass areas in
the vicinity of the mining exploitation, where significant concen-
trations of elastic strain energy occur. Geomechanical analyses
included FEM numerical calculations and studies of the distribution
of the energy density of elastic deformation in the vicinity of the
exploitation front performed. The purpose of calculations using the
Finite Elements Method (FEM) was to determine the factors and
conditions that determine the location of the sources and the
mechanism of rock destruction. Appropriate energy measures of
elastic deformation energy, in the form of non-shear and volu-
metric strain energy, were adopted to determine the areas of rock
mass potentially threatened with tremors of different energies.
These measures allow us to determine the nature of rock mass
destruction in the vicinity of mine workings, which in turn gives
grounds for linking them with the energy of tremors and their
location towards the exploitation front. The results of numerical
calculations were compared with the results of statistical analyses,
also presented in this paper, concerning the location of tremor
sources of different energies in relation to the exploitation front of
O/ZG Rudna.

2. Materials and methods

In the geophysical mining station in O/ZG Rudna, the mea-
surements of rock mass seismic activity were realized through the
mine seismic system for rock mass observation in a seismic band
(up to 150 Hz). Sensors (seismometers) mounted at the deposit
level in the chambers in underground mine conditions allow the
determination of the rock mass vibration velocity and the trans-
mission of the results of these measurements to the surface, which
is carried out by a telecommunication cable network using fre-
quency modulation.

The seismic signal recording process is supervised by dedicated
control software, which is responsible for system monitoring,
tremor detection, seismic event registration, visualization of
seismic channels operation and data transfer to the seismic
analyser.

The system of recording vibrations and rock mass seismicity
uses 32 seismic channels to locate tremors. They encompass the
whole area of the exploited deposit, with several spare stands built
in addition to the existing seismic network, which in particular
cases (breakdown, need to extend the observation area) can
constitute a supplement to the functioning seismological network.
These positions combined with surface seismic equipment allow:

� regionalization, loading and notification of seismic event
occurrence,

� location of epicentres (sources) of energy tremors exceeding
1.0$103 J (with proper visualization on mining maps),

� determination of seismic event energy (based on the integral of
the square of ground vibration velocity and the duration of the
event),

� evaluation of the character of the event based on the signs of the
first waveform input P (longitudinal),

� automatic completion of the database (extract) with parameters
characterizing the recorded seismic events.

Results of observation and analysis of the data from the
geophysical station in O/ZG Rudna, between 2006 and 2015 (Burtan
et al., 2016), enabled the statistical analysis of rock mass seismic
activity in O/ZG Rudna and the comparison of its nature and
magnitude in subsequent years. The level of this activity was
expressed as the number of tremors N for each energy class
(As>103 J) As, the aggregate (total) number of the tremors and the
aggregate magnitude of the released seismic energy SAs. The for-
mation of seismic activity in the O/ZG Rudna mining area was also
considered in terms of mining output, by analysing the following
parameters:

� the value of the emitted seismic energy corresponding to the
mining output in the whole mine in i-th year Ai

s, J,
� energy expenditure index Ji:

Ji ¼ Ai
s

Wi
w

J=Mg (1)

where:
Wi
w mining output expressed in [Mg] in i-th year.

The Finite Element Method and the Abaqus System (Bathe,
1982; Simulia, 2016; Zienkiewicz & Taylor, 1989, 2000) were used
during the geomechanical analyses carried out for typical geolog-
ical and mining conditions occurring in the LGOM. Numerical cal-
culations using this method can be carried out on different types of
rock mass models, two and three dimensional (Pande, Beer, &
Williams, 1990; Souley, Hommand, & Thoraval, 1997; Jing,
Hannson, Stephansson, & Shen, 1997) assuming physical linear
and nonlinear relationship (Cie�slik, 2013, p. 286; Jing & Hudson,
2002; Wriggers, 2008) as well as continuity and discontinuity of
the medium (Barton, 2013; Cundall, 1988; Wittke, 2014). In this
paper, due to the simplified assumption that the projection of the
working space and the gobs will be carried out through the rock
mass areas of equivalent (post-failure) deformation parameters;
the calculations were carried out on a two dimensional (2D) rock
mass model. The dimensions of the 2D plane strain model were
370 m � 1000 m. Based on the obtained results, the influence of
rock mass structure, roof formations and contact conditions of the
individual layers on the distribution of elastic energy density in the
vicinity of the exploitation front was analysed. It was assumed that
dolomite, dolomitic limestone and anhydrite are deposited in the
roof (Fig. 1). For the accepted rock model, the influence of the
thickness of the dolomitic limestone layer (considered as poten-
tially tremor-prone) on the distribution of the energy density of
elastic deformations was analysed. Two thicknesses of the



Fig. 1. Geometry of FEM model.
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limestone layer were used for the calculations e 40 m and 60 m, as
a typical range of limestone layer thickness for O/ZG Rudna
geological conditions.

The second factor which, according to observations, has a very
significant impact on rock mass seismic activity, was rock mass
divisibility defined by the contact conditions between the partic-
ular layers. Because of the difficulty in determining the actual
conditions of the contact and its parameters, even for the simplest
contact models (Barton, 2013; Jing & Hudson, 2002), Coulomb's
friction coefficient defined by friction coefficient m was adopted for
calculations. Two extreme values of this coefficient were used for
calculations: m ¼ 0, which corresponded to the free relative dis-
placements of the surfaces of contacting layers and the full tie
equated to the lack of possibility of displacements. The contact was
defined for layers of dolomitic limestone and anhydrite and the
layers surrounding them.

The mining conditions that were taken into account corre-
sponded to the chamber - pillar exploitation system with bending
of the roof layer (Zorychta et al., 2005). Geomechanical rock mass
properties, mapped by a linear elastic physical model, corre-
sponded to the parameters of mean values of the LGOM rock mass
(Table 1).

The displacement of boundary conditions of the models corre-
sponding to zero displacements on the respective vertical and
horizontal edges of themodel (Fig.1) were adopted for calculations.
The model load was normal vertical stress on the upper horizontal
edge of the model and mass forces that represented the rock
mass's own weight. The task was solved in several computational
steps, which represented the conditions of the initial state of
stress in the rock mass and exploitation advance. The problem
was treated as geometrically nonlinear, which is why FEM equa-
tions in the Abaqus calculation system (Simulia, 2016) were solved
using Newton-Raphson's iterative procedure (Simo & Hughes,
1998).

The results of the calculations are presented in the form of maps
and graphs of the energy density indexes of deformation energy
density:

KAC
¼ Ac

Ap
c

KAf
¼ Af

Ap
f

KAv
¼ Av

Ap
v

(2)
Table 1
Deformation and strength parameters used in the FEM calculations (Zorychta et al., 2015

Type of rock Thickness [m] Uniaxial Compressive Strengt

Anhydrite 100 93.1
Dolomite limestone 40e60 117.3
Dolomite 12 140.5
Gangway 4.5 48.2
Sandstone 100 22.8
Gobs 4.5 e
where:

KAc - total strain energy density index,
KAf - shear strain energy density index,
KAv - volumetric strain energy density index.

Index p was assigned to the values of the individual types of
energy corresponding to the initial stress.

Elastic deformation energy density: total Ac, shear Af and volu-
metric Av strain, is defined as follows (Burzy�nski, 1982):

Ac ¼ 1
2E

h
s2x þ s2y þ s2z � 2v

�
sx$sy þ sy$sz þ sz$sx

�

þ 2ð1þ vÞ
�
t2xy þ t2yz þ t2zx

�i
(3)

Af ¼
1þ v

3E

h
s2x þ s2y þ s2z � sx$sy � sy$sz � sz$sx þ 3

�
t2xy þ t2yx

þ t2zx

�i

(4)

Av ¼ 1� 2v
6E

�
sx þ sy þ sx

�2 (5)

3. Results

3.1. Characteristics of seismic activity and selected parameters
of this activity during exploitation in O/ZG Rudna

A detailed analysis of rock mass seismic activity in the various
mining areas of O/ZG Rudna is presented in this paper (Burtan et al.,
2016). In this paper, the seismic activity of rock mass is character-
ized only by the number of recorded phenomena, the total value of
energy emissions and the index of unit energy expenditure. The
level of activity expressed by the number of tremors N for each
energy class (As>103 J) As, the aggregate (total) number of tremors
SN and the total magnitude of the released seismic energy SAs is
shown in Table 2. In turn, the way of forming the total seismic
energy value logSAs and total energy expenditure index J for the
years of the period considered SAs is illustrated in Figs. 2 and 3.
).

h UCS [MPa] Young's Modulus E [GPa] Poisson's Ratio n [�]

22 0.24
25 0.24
20 0.24
16 0.25
8.4 0.30
0.2 0.45



Table 2
Total number of tremors and the magnitude of released seismic energy.

Year/N/As [J] 103 104 105 106 107 108 109 SN SAs [J]

2006 1904 467 187 73 19 2 1 2653 3.28,109

2007 1760 543 229 87 21 2 e 2642 1.22,109

2008 1773 700 231 70 12 1 e 2787 7.65,108

2009 1528 598 214 78 33 1 e 2452 1.36,109

2010 1248 510 193 55 27 2 e 2035 1.16,109

2011 1454 629 212 70 23 e e 2388 8.18,108

2012 1304 678 187 47 20 e e 2236 6.95,108

2013 1639 730 200 57 10 1 e 2637 6.51,108

2014 1828 739 235 56 6 e e 2864 4.45,108

2015 1674 722 232 55 3 2 e 2688 8.47,108

(2006e2015)mean 1611 631.6 212 64.8 17.4 1.1 0.1 2538.1 1.12,109

Fig. 2. Distribution of total seismic energy for the years 2006e2015.

Fig. 3. Distribution of the total energy expenditure index for the years 2006e2015.

Fig. 4. Percentage share of tremors according to their location in terms of the number
of events for the total tremor number.
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The presented data shows that in the Rudna mine during the
period from 2006 to 2015, a high comparable level of tremor hazard
was present, which was associated with the size of all the analysed
parameters of induced seismicity, whereas the above-average
values are characteristic for the following years:

� 2014, 2008 and 2015 from the point of view of the total number
of registered events (Table 2),

� 2006, 2007 and 2009 and 2010 from the point of view of the
total energy emission from the rock mass (Fig. 2),

� 2006 and 2009 from the point of view of energy expenditure
index (Fig. 3).

The measurement network of geophysical mining station of the
LGOM mines (including also O/ZG Rudna) enables the localization
of sources of the recorded tremors not only in the Cartesian spatial
coordinate system, but also the verification of their epicentres
relative to the location of the exploitation front. It is therefore
possible to determine whether a given tremor (its hypocentre or
epicentre) has occurred:

� in the unmined coal of the gangway, i.e. ahead of the front of
face-entry drivage,

� in the immediate vicinity of the front line of face entry drivage
or work area (opening-up of the roof),

� in the gobs e behind the front in the liquidated space.

On the basis of tremor source location data, the seismic activity
of the rock mass was analysed in the whole mine, in terms of the
number of events and total energy released. The analyses were
performed with a distinction between low energy events (in
classes 103e104 J) and high energy events (of the order of 105 J and
higher).

Figs. 4 and 5 show the percentage share of tremors depending
on their location in terms of number of events, and total energy for
the entire number of tremors (seismic energies As � 103 J), in Figs. 6
and 7 the same dependencies in the energy class 103e104 J
(103 � As < 105 J), while in Figs. 8 and 9 in the energy class of 105 J
and higher (As � 105 J) (Burtan et al., 2016).

The results of the analyses (Figs. 4e9) clearly indicate that,
regardless of the scope (range) of energy and approach variant, the
vast majority of sources of the recorded tremors were located in the
opening-up zone (at the front), whereas their share has changed
by:

� quantitatively: from 52.6% for low energy events (Fig. 6) to 62.4%
for high energy events (Fig. 8), with an overall average for the
total number of tremors of 53.8% (Fig. 4),

� energetically: from 54.0% for low energy events (Fig. 7) to 72.9%
for high energy events (Fig. 9), with an overall average corre-
sponding to the total number of events at 72.4% (Fig. 5).



Fig. 5. Percentage share of tremors according to their location in terms of total energy
for the total tremor number.

Fig. 6. Percentage share of tremors depending on their location in terms of number of
events in the energy class 103e104 J.

Fig. 7. Percentage share of tremors according to their location in terms of total energy
in the energy class 103e104 J.

Fig. 8. Percentage share of tremors according to their location in terms of number of
events in the energy class 105 J and higher.

Fig. 9. Percentage share of tremors according to their location in terms of total energy
in energy class 105 J and higher.
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3.2. Results of FEM Abaqus calculation of the stress state and elastic
energy in the rock mass, in the vicinity of the conducted exploitation

In geo-mechanical analyses using FEM, the state of stress was
calculated and the density of individual elastic energies
corresponding to them were determined. The purpose of these
calculations was to determine rock mass areas in the vicinity of the
conducted mining operation, where their significant concentra-
tions occur. As variants of the calculations, a variety of roof struc-
tures in the vicinity of the exploitationwas assumed (occurrence of
the so-called tremor-prone layer of limestone with a thickness of
40 m and 60 m) as was the variable contact conditions of dolomite,
dolomitic limestones and anhydrite layers.

The influence of the thickness of the tremor-prone layer on the
distributions and values of the individual energy density indices
was analysed first. Calculations in this variant were carried out
assuming free slip between dolomite, limestone and anhydrite
layers, as illustrated in Figs. 10e12.

It follows from the presented maps of the density distributions
of elastic energy for both thicknesses of the tremor-prone layers
(limestone layers) that the results in both qualitative and quanti-
tative terms are similar. Only in the immediate vicinity of the
exploitation front, the maximum values of the individual energy
concentration indices for limestone with a thickness of 60 m are
higher (Table 3).

The presented distributions of energy density indices show the
following regularities:

� The areawith the highest KAc values (Fig. 10a and b) is located in
the immediate vicinity of the exploitation front. The thickness of
the tremor-prone layer does not have a significant impact on the
distribution of this parameter in the vicinity of the exploitation
front, yet it has a significant impact on the extreme value for this
energy density measure.

� In the case of the concentration ratio of the energy density of
shear strain KAf, the areas with maximum values of this occur in
the immediate vicinity of the exploitation front (Fig. 11a and b)
as well as in the roof and floor of the tremor-prone layer, in close
proximity to the exploitation front. There is also some accu-
mulation of this type of energy at the contact point of the gobs
and the working space, but it is insignificant compared to the
values obtained ahead of the exploitation front. This effect cor-
responds to the stage of obtaining a specific gob's post failure
bearing capacity.

� It is also worth noting the distribution of the energy concen-
tration index of volumetric strain KAv, since concentration areas
(KAv> 1) are always present ahead of the exploitation front (on
the panel length) in the floors of the individual floor layers. From
a geomechanical point of view there are also interesting situa-
tions where KAv <1, and such regions are present above the
working space and in the gobs of the individual floor layers
(Fig. 12a and b). This situation, although to a lesser extent, also
occurs in the roofs of the individual layers ahead of the exploi-
tation front. This is due to the bending character of the separate
floor layers, especially in the free slip variant.



Fig. 10. A map of the energy density index of the total strain.

Fig. 11. A map of the energy density index of the shear strain (Burtan et al., 2016).

Fig. 12. A map of the energy density index of the volumetric strain (Burtan et al., 2016).
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The detailed distribution of the values of individual energy
density indices (shear and volumetric strain) in the dolomitic
limestone layer (treated as potentially tremor-prone) can be traced
in graphs plotted along the line in the roof and floor of this layer
(Figs. 13 and 14) for the limestone layer of 60 m.

It should be noted that the extreme values of the individual



Table 3
Maximum values of elastic energy density indices.

Thickness of limestone layer KAc KAf KAv

40 m 15.8 19.5 14.1
60 m 17.8 22.9 15.3

Fig. 13. Graphs of density energy index of shear and volumetric stain in the roof and floor of the limestone layer (60 m thick) in the panel length direction.

Fig. 14. Graphs of density elastic energy index of shear and volumetric stain in the roof and floor of the limestone layer (thickness 60 m) towards the gobs.
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energy concentration indices occur at a distance of no more than
40 m ahead of the exploitation front and 60 m in the direction of
gobs. At the panel length, in the roof of the dolomitic limestone
layer, there is an increase in the shear strain energy concentration,
and the maximum is located at a distance of about 40 m ahead of
the front. The extremum energy density of shear stain is accom-
panied by a gradual decrease in the volumetric strain energy
(Fig. 13a). In the limestone roof layer, the volumetric strain energy
values as well as values of shear strain initially grow and then
decrease to the initial values (Fig. 13b). The extremum of both types
of energy falls within the distance of 10 m from the exploitation
front.

By analysing the distribution of the various types of elastic
energy from the front towards the gobs, it should be stated that
their tendencies are reversed in the case of an exploitation front.
Over the gobs, in the roof of limestone layers, the energy of the
shear strain decreases to a minimum at the distance of approxi-
mately 40 m, while the energy of volumetric strain increases
(Fig.14a). Once themaximum is reached, the values of both types of
energy rapidly move towards their original values. In the floor, the
values of both types of energy abruptly decrease, while the value of
the energy index of volumetric strain is at KAv ¼ 0.25 and it is
significantly lower than the value of the energy concentration ratio
of shear strain. At a distance of >60 m (from the front location), the
value of both types of elastic energy rises and moves towards its
initial value. Qualitative analysis of the distribution of individual
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energy concentration indices of elastic energy for a 40 m thick
limestone layer is similar to that of a layer with a thickness of 60 m.

The second of the analysed factors influencing the elastic energy
distribution within the exploitation front was the contact condi-
tions of the floor layers. According to the assumptions described in
Section 2 of this work, two extreme situations were investigated
when relative displacement (slipping) between layers of dolomite
limestone and anhydrite was free (contact without friction) and slip
was not possible (rough contact). The presented results of the
calculations (Figs. 15e17) characterize the variant where the
thickness of the dolomitic limestone layer was 40 m.

The presented results show the significant influence of contact
conditions on the distribution of particular types of elastic energy.
In the case when there is a distinct stratified divisibility in the rock
mass, which in the computational model corresponded to the free
slipping between the dolomite limestone and anhydrite layers, the
elastic energy is concentrated in the smaller areas of the rock mass
(Figs. 15a, 16a and 17a) than when compared to the absence of this
discontinuity (Figs. 15b, 16b and 17b). This phenomenon is partic-
ularly visible onmaps of the energy density of shear and volumetric
strain (Figs. 16a,b and 17a,b).

However, this effect should be referred to as the general rock
mass discontinuity, both horizontal and vertical, characterized by
various types of discontinuity indices (Jakubowski, 2010, p. 216). In
the case of high discontinuity, rock mass has a low tendency to
accumulate elastic deformation energy.

4. Discussion

4.1. Characteristics of seismic activity with respect to location
relative to the exploitation front

An important feature of the presented quantitative and ener-
getic pie charts (Figs. 4e9) is the variability of the seismic activity in
terms of location relative to the exploitation front (large differences
in percentages of individual values). At this point it is worth
recalling that the rockburst hazard occurring in mine workings
increases with the increase in the rock mass tremor energy
accompanying mining operation, and the distance of the hypo-
centre from the working is shorter. In this context, a high share
(72.9%) of the energy emitted in the immediate vicinity of the
working space (Fig. 9) leads directly to a high level of threat with
dynamic events (tremors, stress relief). While for the full hazard
Fig. 15. Map of elastic energy den
assessment it would be necessary to have additional data on
spontaneous and provoked events, the observed result may
constitute important information for mine services in the context
of the direction of the application of appropriate methods and
preventive measures, including organizational, technical and active
prevention.

Considering the issue in terms of the share of seismic classes
(groups), it appears that the lowest number of low-energy tremor
sources (in the order of 103e104 J) is located in the body of coal at
the fore-field of the front (17.6% quantitatively, 21.5% energetically
Figs. 6 and 7), and high-energy tremors (over 105 J) e in the gobs
(15.6% quantitatively, 5.8% energetically, Figs. 8 and 9).

Unlike the above, the respective shares for the entire base
encompassing all the registered mining tremors of the order 103 J
upwards. Here, the results of the quantitative analysis illustrate the
opposite situation compared to the total energy emitted from the
rock mass. They point to the fact that quantitatively the least
amount of the analysed tremors was located in the body of the coal
(18.2%, Fig. 4), and energetically - in the gobs (mostly its own)
behind the exploitation front (6.3%, Fig. 5).

4.2. Geomechanical analysis of the location of tremors sources
epicentres

Following Burzy�nski's material effort definition, according to
which brittle material effort (this also refers to rock mass) is
determined by the energy of shear strain (Burzy�nski, 1982) and
some part of the volumetric strain energy, it can be assumed that by
analysing the concentration regions of the energy density index of
shear strain KAf, it is possible to determine areas where effort can be
exceeded due to shearing. These zones will therefore be charac-
terized by regions potentially endangered by tremors. Based on the
analyses carried out in the previous sections, it can be seen that the
concentration of energy density index of shear strain KAf, are pre-
sent in the areas located ahead of the exploitation front and their
maximum values occur within the distance of not more than 40 m
from the front (Fig. 13). This is in line with the observations and
analyses of epicentre locations of tremor sources, the largest
number of which occurs less than 50m from the front (Burtan et al.,
2016; Kozłowska, 2012). The most unfavourable situation from the
point of view of high energy tremors occurs when there is a large
accumulation of shear strain energy in the region concerned with
the simultaneous decrease and a low value (relative to the original)
sity index of the total strain.



Fig. 16. Map of elastic energy density index of the shear strain.

Fig. 17. Map of elastic energy density index of the volumetric strain.
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of the energy of volumetric strain. This situation takes place in the
floor layers of the tremor-prone layers ahead of the exploitation
front (Fig.13a). At this point, it is also worth noting the possibility of
correlating such a mechanism of rock destruction (by shearing)
with the geophysical mechanism of the tremor source, inwhich the
shear component plays a dominant role (Gibowicz, Niewiadomski,
Wiejacz, & Doma�nski, 1989; Orlecka-Sikora, Papadimitriou, &
Kwiatek, 2009; Rudzi�nski & Lizurek, 2015).

The areas where the value of volumetric strain (energy density
index of volumetric strain KAv) falls below KAv <1 may be charac-
terized by rock mass areas where potentially low-energy tremors
may occur. Based on the analysis of KAv index distribution, it can be
assumed that such conditions exist over the gobs or working
spaces. At low values of the energy density of non-dilatational and
dilatational strain in the roof formations (Fig. 14b), damage can
occur by shearing (when KAv <1), or by exceeding the rock mass
tensile strength when the KAv value is close to zero. The above
observations, resulting from numerical calculations and qualitative
geomechanical analyses, are consistent withmine observations and
the results of statistical analyses referring to the locations of
tremors in relation to the exploitation front (Burtan et al., 2016;
Kozłowska, 2012, 2013).
5. Conclusions

On the basis of the rock mass seismicity analysis in O/ZG Rudna
for the period 2006e2015, it can be stated that the high level of
seismic hazards associated with the number of recorded events,
total energy emitted from the rock mass and the value of unit en-
ergy expenditure throughout the whole mining area, is comparable
to previous years. The annual average value of the emitted energy
periodically fluctuated with a general downward trend. It should be
emphasized that the data and the results of the analyses have no
particular character. This is due to their use for the verification of
numerical calculations, that they can therefore be interpreted as
typical of the results obtained in the LGOM area.

With regard to the individual energy classes, the number of
high-energy tremors (105 and 106 J) in the period under review is
generally at a similar level, and since 2007 there has been
a decrease in the number of tremors of 108 J. Such a trend occurs in
the absence of seismic events of the order 109 J. As of 2009, fewer
shocks of 107 J have been recorded.

On the basis of the conducted analyses a clear relationship is
visible between the number of tremors and the size of their energy
with source distribution towards the exploitation front. Regardless
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of the order of the energy of seismic tremors, the vast majority of
phenomena are located at the front of the opening-up works.
Taking into account the shares of particular energy classes (ranges),
the lowest number of sources in the group of low-energy tremors is
located in the body of coal at the fore-front, whereas the group of
high-energy tremors are located in the gobs of the exploited fields.

The conducted geomechanical analyses allows the conclusion to
be made that the energy of shear strain energy can be treated as
a measure of the potential threat of rock tremors. Based on the
analysis of the rock mass regions where the highest concentrations
take place, it is possible to designate zones in which effort can be
exceeded by shearing, resulting in high energy tremors. This situ-
ation takes place especially in the case of overlapping zones of high
concentration of shear strain energy with zones of low energy of
volumetric strain. Such rock mass areas occur in the exploitation
panel length. In turn, the elastic energy of volumetric strain, the
minimum of which is usually not more than 60 m behind the front,
can be a hazard measure of low-energy tremors.

In order to summarise the results of these calculations, which
qualitatively match the results of the statistical analysis of the lo-
cations of tremors relative to the exploitation front, it should be
emphasized that they were obtained on a 2D rock model that
corresponds to the in plane bending of the roof over the mine
working. In this way the concentration of stresses and the density
of elastic energy accumulated in the corners of the exploitation
field, in the case when mining is not conducted along the straight
line of the front, is neglected. It is in the corners of the exploitation
fields that the greatest accumulation of elastic energy can occur,
and in these regions, in actual mining conditions, the greatest
number of seismic events are to be expected (Zorychta et al., 2015).

On the basis of the performed calculations, it can be further
stated that the corresponding geomechanical computer simula-
tions compared with geophysical analysis of tremor mechanism
and static stress transfer analysis in the tremor zone (Orlecka-
Sikora et al., 2009; Rudzi�nski & Lizurek, 2015; Kwiatek, 2004;
Gibowicz et al., 1989) may allow the determination of the regions
potentially threatenedwith tremors (thus the approximate location
of tremors sources) and, at least qualitatively, the determination of
the level of expected tremor energy.
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mining conditions on the seismic hazard]. Cuprum: Czasopismo Naukowo-
techniczne G�ornictwa Rud, 3, 33e42.

Zorychta, A., Cie�slik, J., Burtan, Z., & Chlebowski, D. (2015). Geomechaniczne war-
unki poprawy efektywno�sci strzela�n torpedujących w kopalniach LGOM
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