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ABSTRACT

Purpose. Undermined areas are affected by the creation of subsidence depressions due to long-term underground
mining. In general, different geodetic methods are applied to obtain further information needed to determine the
spatial development of the formation of a subsidence depression.

Methods. Application of these surveying methods enables us to investigate spatio-temporal changes of landscape relief in
detail. Although the development of surveying technologies is in progress at present, conventional geodetic methods are
still in use. Nowadays Global Navigation Satellite System (GNSS) surveying is mostly used for obtaining the actual de-
gree of relief affection in undermined areas. Considering that during coal extraction induced seismic events are observed
underground and on the surface, some seismological methods for their parameters determination were applied, e.g. foci
location of induced seismic events, their classification by units of magnitude and by released seismic energy, frequency
energy distribution, construction of Benioff graph and its derivation for assessment of adjacent working endangerment.

Findings. The results of the assessment and analyses of spatial data demonstrate the real development of the sub-
sidence depression under study and the relief changes of the landscape during the investigated period, respectively.

Originality. It was recognized that all methods applied in this study represent very helpful tools for surveying sub-
sidence depression and simultaneous monitoring of seismic activity development on an undermined area.

Practical implications. Based on obtained results it is possible to perform a comparison of current subsidence
dimensions with the original rate of affection.
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1. INTRODUCTION

The problems associated with subsidence depression
have been recognised for many years, e.g., Crane (1931)
and Knothe (1953), and currently, a large volume of
published work has summarised in detail the results of
investigation into this phenomenon, e.g., Yarbrough
(1983); Holzer (1984); Whittaker & Reddish (1989); Bell,
Stacey, & Genske (2000); Blodgett & Kuipers (2002); Bell
& Donelly (2006); and Hyndman & Hyndman (2011).
This has included many papers oriented to the research of
subsidence depression occurring in coal mines in the
Upper Silesian Coal Basin (USCB), e.g., Neset (1984);
Dulias (2003); Blaha, Dolezalova, Miiller, & Skopal
(2006); Dolezalova, Holub, & Kalab (2008); Kajzar,
Dolezalova, Stas, & Soucek (2009); Bogusz & Mendecki
(2011); Idziak & Dubiel (2011); and Kajzar (2011).

Based on the information obtained from various
streams of literature, in principle, two different causes of

subsidence depression can be documented. Firstly, the
interaction of natural forces, and secondly, man-made
underground activities.

1.1. Subsidence depression caused
by the interaction of natural forces

Subsidence which occur due to the interaction of
natural forces include sudden collapse caused by the
long-term action of groundwater containing a weak
carbonic acid solution, which dissolves the calcium
carbonate sedimentary beds of limestones and dolomites
underground. This chemical process usually leads to the
formation of conditions of an extensive karst area with
caves, where the occurrence of subsidence depressions is
frequently observed. Subsidence also exists due to the
burning down of coal seams, where any supporting body
for the roof collapses after a fire, as described, e.g., by
Kuenzer et al. (2007) and Stracher (2007).
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1.2. Subsidence depression caused
by man-made underground activities

The second most common and prevailing type of
subsidence depression formation is created in the course
of man-made underground activities. It should also be
taken into account that similar geological and
geomechanical conditions for subsidence creation occur
when oil and natural gas are withdrawn from their
deposits near the surface (Geertsma, 1973). At this time,
fluid pressure is reduced and therefore, the pore spaces
are gradually compressed and the sedimentary layers
begin to compact with less volume. Thus, consequently,
vacant volume inversely prepares conditions for the
development of subsidence depression on the surface.
According to the statistics, subsidence depressions have
most frequently been found in areas where underground
extraction of selected raw materials in the past or at
present has been conducted. These raw materials include,
e.g., salt (Gisotti, 1991), gypsum, sulphur, and various
ore-bearing rocks. However, the predominant group of
these raw materials is represented by brown and hard
coal. Considering that we are dealing with problems of
subsidence which occur in the landscape above active
mines situated in the eastern part of the Karvina region,
then subsidence can originate, simultaneously, with the
mining operation passing through. Underground mining,
especially with thick coal seams, is usually associated
with the gradual creation of subsidence depressions on
the surface above the undermined area. The depressions
which occur though this worked out space are
spontaneously filled by rubbish when caving methods or
low-pressure stowing are used. Due to the compressibility
of the backfill during an undefined time interval a vacant
space occurs, which is subsequently slowly filled up by
sinking material of the overlying strata and thus the
beginning phase of subsidence has been created. Lately,
the solving of this problem has been taken seriously from
the viewpoint of environmental protection in order to
reduce the influence of coal mining on the surface relief,
surface structures and dwelling houses above.

It is obvious that the intensity of coal extraction has a
dominant influence on the creation of subsidence
depression and by extension develops in close connection
with the advance of working faces. All changes of the
excavated space underground are step-by-step reflected
in overlying strata up to the surface. The area afflicted
with the forming depression will exceed several folds the
extent of the exploited space and the site of the centre of
the maximum sinking roughly above the excavation area.
While towards the margins, the subsidence depression
will be shallower.

The aim of this study is to present new information
related to the use of geodetic methods like levelling and
GNSS surveying, and the implementation of seismological
measurements in the process of surveying the subsidence
formation in the CSM Mine (Czech Republic).

2. DESCRIPTION OF THE LOCALITY

2.1. Area of interest

The Ostrava-Karvina Coal Basin (OKCB) is part of
the Upper Silesian Coal Basin (USCB), representing
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roughly a third of the whole area which is mainly
situated in Poland. The Czech part of the USCB mining
area is situated in the north-eastern part of the Czech
Republic and includes three partial regions of mining,
i.e., Ostrava, Petivald and Karvind mining fields (Holub,
Holec¢ko, Rusajova, & Dombkova, 2012). Mining started
in the OKCB more than 200 years ago in the Ostrava
region, then mining shifted to another mine field at
Petivald. Around 1980, mines in both regions were
gradually terminated, while increasingly new mining
activities started in the Karvina region.

At this time the whole coal field was divided into
eight mines, each subdivided into several mining blocks
limited by tectonic faults. Later, some of these mines
were gradually closed, several were integrated, and after
restructuring of the new mines, four mines currently
remain active. For our experiments field work blocks
Nos 0 and 1 of the CSM — North Mine were chosen. The
study area is depicted in Figure 1.

|:| Active mine field

Mine field with
finished exploitation

4 D Cadastral area

Area of interest

[ /
L[/
Figure 1. Spatial demarcation of the Ostrava-Karvinda mining
area

2.2. Brief geological situation
of the coal deposit

The sedimentation cycles started in the latest Upper
Carboniferous stage and consist of two essential
Carboniferous formations, i.e., the Ostrava and Karvina
series. The coal bearing strata belong to the Namurian A,
B and C, which are followed with Westphalian A. The
evolution of the sedimentation basin was seriously
affected during the orogenic motions in Cadomian,
Variscan and Alpine structural stages. These motions
caused the disruption of sediments in the coal basin, the
orientation of which is roughly east-west and north-
south. Tectonic faults due to disruption became
demarcation lines between individual mining and
tectonic  blocks in individual coalfields. The
representative rocks of the geological profile are mostly
sandstones, conglomerates, claystones, siltstones and
coal seams, with wvariable thickness and physical
properties in individual layers. The uppermost part of the
cover in the area of interest is represented by
impermeable Miocen clays and quaternary sediments.

2.3. Local mining conditions
and tectonic pattern

Tectonic lines in Figure 2 indicate the anticipated
course of tectonic structures at the level of coal seam
No.36a. At the beginning of October 2006, exploitation
started of the first of the planned longwalls
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(No.361000). However, due to the unfavourable
geological situation, the working face had to be cut
down and in June 2007 the coal extraction was
terminated. For the same reasons, the second planned
face was not opened. In May 2007 mining started in
coal face No0.293102, which was situated in seam
No.29. After exploitation of this coal face an
interruption, which lasted eight months, was accepted.
From the beginning of 2009 a reopening of mining in
two coal faces was realised, i.e. face N0.362000 in the
seam No.36b, which was followed by face No0.300102
in the coal seam No.30. Since June 2010 mining in this
area has been terminated. Based on evaluation of the
geological properties of rocks and the geomechanical
situation in the CSM Mine, i.e., according to the
regional prognosis, the tectonic block “0” situated in
the “sedlové” layers, was indicated as the layer
predisposed to rockbursts occurrence.
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Figure 2. Schema of longwall positions planned for mining
within the time period 10/2006 — 12/2010, spatial
spreading of observation points GPS system and
deploying of seismic stations and foci of seismic
events (E > 10" J) in the investigated area

This generally complicated situation is documented
by the geological section of the coal deposit shown
above. The space of interest displayed in its vertical
cross cut is intersected by three tectonic faults as shown
in Figure 3:

— fault “X” — has a dip-slip character, the thickness of
its shear zone is roughly 20 — 50 m, with a length of the
fault of about 350 m and dip roughly 60°;

— fault “A” —which corresponds to a pronounced
dip-slip tectonic fault with the length of the fault of
about 350 m, the dip of which is about 60°, but the
thickness of shear zone is considerably larger than the
thickness of fault “X”;

— fault No.6 —is a less marked fault situated in the
northern part of the investigated area;

— moreover, there exists another marked fault denoted
as the “T¢&Sin fault” situated in the eastern part of the
mining field, which follows the Czech-Polish border and
which is not displayed in Figure 3.
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Figure 3. A simplified vertical cross cut through the area of
interest

2.4. Influence of underground
mining on surface relief

The influence of deep coal mining shows up in the
landscape neighbourhood not only at the time of mining
but also when mining is terminated. These influence can
be distributed according to the measuring of surface
changes to following groups:

— motions and deformations of the landscape;

—various vibrations such as the manifestation of
induced seismicity and natural seismic events, i.e.,
rockbursts and earthquakes, respectively;

— anthropogenic impact on the relief of landscape
due to dumpings of extracted material, reservoirs for
mud coal;

— further consequences of mining activities, e.g.,
hydrological changes, underground flow of gases etc.

Apart from the influences of deep underground
mining on the environment, interactions with several
additional very important factors should also be taken
into account, as mentioned, e.g., by Neset (1984):

1. Physical and mechanical properties of rocks —
physical-mechanical properties of different types of
rocks determined in laboratory conditions cannot be
automatically accepted for further premeditation related
to properties of the complex rock massif in situ. This
assumption is based on the fact that the variability of
physical and mechanical properties of rocks with depth is
generally known. In any case, this is the reason why the
mathematical modelling of depression formation by
using only theoretical values of the parameters of a given
medium is a target, the attainability of which is not very
often unambiguous.

2. Geological conditions of deposit — influences of
mining in overlying rocks depends on the geological
structure of rock mass, i.e., stratigraphy, tectonics, hy-
drology, structural geology etc. The shear zones in the
immediate roof of the overlying rocks are able to create a
limitation of the range of impact zones. Good knowledge
of geological conditions and properties of surrounding
rock material are the basis for deliberations concerning
the character and size of expected motions.

3. Size of deposit — when different bulky deposits are
compared, it can be stated that the bulkier the deposit is,
then the stronger the motions usually manifested in the
immediate roof and on the surface will be.
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4. Depth of the deposit beneath the surface — it is ob-
vious that due to an increasing depth of deposits, the
reach of mining influences will frequently be more ex-
tensive. When estimating the influence of deposit depth
to the size of faults and deformations, the thickness of
sedimentary cover must also be taken into account.

5. Methods of raw material mining — the extend and
the shape of the subsidence depression on the surface
also depends on the method of mining, i.e., where min-
ing without filling, caving or low-pressure stowing is
used, an important factor represents the compressibility
of the backfill material, which leads to different vacant
spaces underground for the creation of a subsidence
trough on the surface.

6. Induced seismicity — one of the negative conse-
quences of man-made activity in the Ostrava-Karvina coal
mines is the occurrence of induced seismic events like
rockbursts and mine shocks. These phenomena are inci-
dental of deep level mining, because during coal extraction
some changes in the stress-strain equilibrium are generated
in the massif, which are usually followed by brittle crush-
ing of rock and coal material (Jirinkova, Stas, Kajzar, &
Dolezalova, 2013). Here, the rockburst is characterised as
the sudden release of stored elastic deformation energy in
the rock which is changed to kinetic energy that inflicts the
process of material disintegration underground.

2.5. Mine damages

Deep coal mining unfavourably affects surface
structures and residential houses situated mainly above the
currently mined or abandoned part of the deposit, where
mining operations were terminated in the past. It can
generally be stated, that in the course of surveying the
consequences of mining influences, two basic and
important factors must be considered; the first represents
the time factor of the dynamic processes in the rock
massif, while the second factor is connected with the
coalface advance, which exposes the structures to dynamic
changes. These changes are denoted in professional terms
as: displacements, subsidence, deformation, angular
rotation, extension or slide. To minimise the unfavourable
conditions for surface structures some measures
underground can also be applied, e.g., by preserving
various safety pillars (shaft, cross cut etc.).

3. SURVEYING METHODS FOR
LANDSCAPE CHANGES OF RELIEF

Selection of the method of measurements depends
mainly on:

— the purpose and extent of these measurements;

— the amount of expected displacements;

—requisite accuracy of temporal, technical and field
conditions (Schenk, 2005).

Although the development of surveying technologies
and approaches are in progress at present, the surveying
of displacements and deformations of surface is in prac-
tice performed mostly by applying only conceptual geo-
detic methods of direct surveying, especially the method
of levelling. The practical application of the levelling
method is aimed at determination of the super elevation
between two points. It is possible to evaluate the deve-
lopment of subsidence from a time series of realised
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measurements. The accuracy of these measurements
varies within the limits of several millimetres. An im-
portant requirement of using this method is to connect
measurements of the undermined area with the stable
area of the unaffected region, which is not only time
consuming but often introduces inaccuracies.

Selected localities cross several levelling profiles.
Regular height measurements are performed by the min-
ing company. A half year interval between measuring
campaigns and also the location of these profiles does not
allow accurate determination of the temporal evolution of
the subsidence in the context of the mining process. The
resulting data can be used only for long-term monitoring
of subsidence formation in the broader surroundings.

For recording the spatial changes of the undermining
surface area not only during the actual mining, but also in
the periods between individual longwall mining and
during the final period after completion of mining activi-
ties, GNSS methods are currently being used successful-
ly. The GNSS is a world-wide navigation service, which
has the advantage of satellite spatial determination of
various subject positions. The primary task of the con-
ception of GNSS is to determine the position of both
static and moving objects. The advantage of GNSS com-
pared with traditional geodetic levelling, which allows
recording of height changes only, is the ability to provide
spatial coordinates of surveyed points. Another ad-
vantage is the ability to quickly connect the undermined
area with the stable area that is not affected by mining.

When a region of interest is chosen for this method,
the distribution of individual points always depends on
the size and shape of the expected subsidence depression.
Therefore, all efforts during the preparation of the planar
distribution of individual points are aimed on the one
hand at identifying the anticipated centre, bottom, slope
and margin of the depression, and on the other, at identi-
fying the area beyond the influence of mining.

In order to monitor the creation process of the subsid-
ence depressions above exploited coalfaces using GNSS
methods, namely the NAVSTAR GPS (Global Position
System, usually denoted as GPS). Since 2007, the obser-
vation station has, in the final stage, counted more than
one hundred points. The GPS is a service with world-
wide coverage by satellites for the autonomous determi-
nation of the spatial position of objects. However, for
special and scientific applications the accuracy obtained
is within the range of tens or units of millimetres. In
geodetic practice several verified methods are applied
using signals of GNSS, namely the static method, fast
static method (pseudo-static), method Stop and Go
(semi-kinematic), kinematic method and kinematic
method in real time. For surveying of displacement and
deformations, the fast static method was chosen. This
method is a modified variant of the static method. While
the static method requires measurements for several
hours or sometimes even several days, the fast static
method or GPS methods need approx. 10 — 20 minutes.

To monitor the locality of interest the fast static
GNSS method was chosen. Observations were carried
out by two Leica GPS System 1200 devices. One of the
devices was used as a field rover to record the positions
of points of the observation station. The observation time
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was at least 10 minutes at every point. The second re-
ceiver was applied as a reference station and was perma-
nently positioned above a trigonometric point where
simultaneous continuous recording of its spatial position
was performed. This point belongs to the national geo-
detic network and is situated outside the considered ef-
fects of mining, i.e., a few kilometres away from the
observation network. The measurements were performed
from November 2006 to March 2011. To retain gradual
development of surface changes an interval of five weeks
was considered for repeating measurements. After com-
pletion of selected mining activities, the time interval
between individual series of repeated measurements was
extended. Spatial coordinates of monitored points were
evaluated during post-processing using the software
Leica GeoOffice, and exported to the coordinate system
WGS-84 and Czech national system of S-JTSK. The
accuracy (RMS) of the static observation with subse-
quent post-processing is declared to 0.005 m + 0.5 ppm
in the horizontal and 0.010 m + 0.5 ppm in the vertical
position of the point (Leica GPS1200 Series Technical
Data, 2018). The average deviation in determining the
spatial position of the monitored points varied in the
interval from 0.01 to 0.03 m. It is depended on the dis-
tance between both receivers, the current constellation of
satellites and the subsequent use of accurate ephemerides
during post-processing.

Further information needed for determining the spatial
development of the shape and range of the subsidence
depression necessitated the use of remote sensing meth-
ods, e.g., aerial photogrammetry and radar interferometry,
however, these methods are not the subject of this paper.

4. ASSESSMENT OF CHANGES OF THE
LANDSCAPE RELIEF USING GPS DATA

Data obtained by GNSS are used as a suitable source
of input for analysis of surface changes of the surveyed
areas. With repeated use of this method and also because

of suitably stabilised points from the observation station
in the form of profiles and scattered points it is possible to
evaluate the ongoing development of subsidence and
horizontal displacements across the entire area.

The modern geo-informatics software accompanied
by purpose-built software tools (scripts, extensions,
applications) allowed effective work with the obtained
data. These tools allowed the performance of a very
interesting spatial analysis based on the acquired data.
The remainder of this paper will attend to analysing the
temporal evolution of point subsidence, the subsidence
in line profiles, the spatio-temporal subsidence
modelling and the surface horizontal displacements. In
addition, further analyses were also carried out,
including analysis of the time-dependence of the surface
changes on the progress of the exploitation, a
comparison with the official calculated predictions and
the prognosis of future subsidence development.

4.1. Comparison of results obtained
from levelling and GPS measurements

Results of levelling measurements are a suitable tool
for verifying the accuracy of GNSS data. As
aforementioned the method of geometrical levelling is a
very precise surveying method applied for the
determination of height changes in the undermined area.
Their availability allows therefore, in the first phase of
the problem solution, the comparison and verification of
the accuracy of realized GPS measurements. The values
of the measured levelling profile of the levelling
network denoted as CSM were entered into the
comparison. A part of this profile coincides spatially
with one of the GPS profiles, profile P. Figure 4 displays
values of subsidence increase derived from both
measuring methods starting at zero value in November
2006. The first incremental step was the subsidence
situation up to May 2007, while the second step was the
state up to November 2007.
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Figure 4. Comparison of results obtained by using the method of levelling and GPS measurements

The mutual measure of analogy in depression deve-
lopment determined from the evaluation of both methods
is very high. Only moderate mutual deviations occurred,
which might have been due to:

— non-identical positions of the input points;

— temporal interpolation of GPS values;

— inaccuracies of GPS measurements or mistakes of
levelling;

—changes of the access point of levelling or GPS
reference point etc.

Regarding the numerous influencing factors and the
surprisingly good similarity of the determined values of
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the depressions enabled us to estimate that the applied
GPS method for the purpose of surveying elevation
changes on the undermined area were fully satisfying.

4.2. Analysis of point subsidence
development in time

The time development of the subsidence of individual
points, which was calculated on the basis of their
elevation changes, was important for formatting a
subsidence depression, because it characterised the
degree of changes in the vertical position among
individual measurements, and the speed of these changes.
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The changes are characterised by a curve denoted as
depression curve displayed in Figure 5 by black dots,
which represent a running change of elevation values for
selected point c10. The speed of changes depends mainly
on the advance of mining in individual coalfaces. The
shaded rectangles indicate the time of coal exploitation in
individual longwalls.
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Figure 5. Temporal development of elevation changes of the
point c10

An overview of resulting depression curves measured
on the points c08, c10, c12, cl14, c16 and c18 along
profile C during coal extraction of coalfaces 361000 and
293102 is shown in Figure 6. Presented graphs document
that all phases of subsidence formation are obvious, i.e.,
slow decrease of depression curve followed by a steep
increase, which later passes to a stage of stabilisation,
until finally follow the fading of the whole process.
Different developments of depressions were shown, e.g.,
the measure of decrease does not depend only on the

advances of mining but also on the spatial positions of
points within the mined area. By analogy the measure of
depressions depends on the position of the surveyed
point against the mined longwalls, the thickness of
seams, the depositing depth of the mined block of coal,
and on the actual geomechanical situation underground.
In graphs situating the direct projection of the longwall,
an approaching instantaneous steep increase of the
depression curve is visible. Similarly, the decrease of
the depression curve reflects that the mining is
gradually terminating; this phase also depends on the
distance between the actual position of the coal face and
the surveying point.

During this analysis it was also verified that the
development of subsidence on the undermined area
corresponds to the theoretical subsidence curve and
surface theory of full effective area (Neset, 1984). The
results of the analysis confirmed that a large part of the
total subsidence and surface deformation caused by
undermining occurs during the first few months of the
beginning of influence. A subsequent subsidence
desisting phase, which is characterised by the gradual
reduction of the dips, may reach to the order of several
years, depending on the construction of the rock massif.
However, it was also verified that the behaviour of the
surface points depends not only on the current distance
from the working face and the progress of the
exploitation, respectively, but also on the geo-tectonic
conditions in the locality.
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Figure 6. Temporal development of subsidence on GPS surveying points during the selected time interval

4.3. Line profiles assessment

Many of the stabilised points are part of the line
profiles, which enable understanding of the development
of points decrease in different directions. Results of the
analysis of individual profiles show that the subsidence
along the profiles located parallel with the course of
tectonic faults develop regularly and almost smoothly, in
accordance with the subsidence depression creation
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theory. In the case of the profiles which cross these
tectonic lines, the development of subsidence is usually
different, irregular and very complicated.

Profile C, situated along road No.475, can serve as a
demonstration. The development of subsidence is
complicated by surface intersecting longwalls and the
tectonic faults aforementioned. The road had been
repeatedly renovated due to the occurrence of expressive
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cracks, and sometimes crash-barriers were deformed.
Figure 7 displays the complete series of depression
measurements carried out along profile C. The course of
the main tectonic faults caused irregular development of

€01 ¢02 c03 c04 c05 c06 c07 <08 c09 ¢l0 cll cl12

subsidence, where the difference of nearby points is very
clear. The distinct plane boundary between the region of
steep changes and unified development is likely
determined by the tectonic fault “A”.
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Figure 7. Development of surface subsidence along the profile C — GPS during 224 weeks of measurement

4.4. Modelling of spatio-temporal
surface development

A key step in the data processing was the geo-
statistical modelling of the space-temporal development
of surface subsidence in the study area. The character of
the GPS data enable to process such surface models. First,
it was necessary to obtain spatial data about the progress
of mining activities and structural-geological conditions
of the selected area. These inputs were then integrated
into the sophisticated processing based on mathematical
statistics, geo-statistics and interpolation functions.
During the process of modelling the changes in surface
elevation, the corresponding interpolation from irregularly
spaced points were converted into a regular grid of points.
The dynamic model analysis was more complex, both in
content and time, compared to the calculations reflecting
only the final shape of the subsidence depression.

In the spatio-temporal modelling process, it is
recommended to divide the whole evaluation period into
sub-intervals and evaluate them separately. In this way a
time series of grids is obtained describing the rate of
surface subsidence during each of the time period. These
grids serve as the basis for subsequent interpretation of
empirical values. Figure 8 displays four image maps (from
A to D) which correspond to measurements of surface
subsidence in half-year intervals during 2007 and 2008. It
should be mentioned that the credibility of the calculations
depends on the density and quantity of input data. If the
quantity of data increases then the results of the
calculations are more precise. By gradual cumulation of
these grids it is also possible to determine the development
of subsidence depression during the whole study period.
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Figure 8. Spatio-temporal development of subsidence depres-
sion in monitored area within the half-year inter-
vals: part A (January — June 2007); part B (July —
December 2007); part C (January — June 2008);
part D (July — December 2008)

4.5. Analysis of horizontal displacements

Unique results were obtained by performing the
analysis of horizontal displacements. The advantage of
GNSS techniques compared with conventional levelling
was the ability to determine the motion vector within the
period between two measurements. It was verified that
the shape of the subsidence depression greatly depends,
e.g., on the structure, geometry and tectonic distribution
and faulted overburden rock mass.

Horizontal shift during the process of depression
development can be defined like a change of the spatial
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position of a surveyed point in horizontal plane (X — Y).
The analysis of horizontal displacements provided a
detailed overview of the changes in the horizontal
component of the spatial position of the surveyed points
in relation to different stages of exploitation. It was
possible to determine the direction of trends and shift
dynamics of points in time. Besides the range and
affection intensity of mining influences, the impacts of
disturbance sources could be found out. The size of
horizontal displacements due to undermining were
compared with the occurrence of much higher subsidence.
Even so, their determination effectively complements the
findings on surface movements and deformations in the
region of interest. Based on the graphical expression of
the size and direction of the horizontal vector component
of the individual points, ranges of influence of the surface
due to monitored coalfaces and also the surrounding
mining were determined.

The centre of gravity changes its position depending
on the coal face advance. In Figure 9, the shift of point

cll represents monthly development shifts using
interpolation of the monthly GPS measurements.
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Figure 9. An example of the horizontal shifts of the point c11
(above 0.01 m square grid) (DoleZalovd, Kajzar,
Soucek, & Stas, 2012)

Furthermore, the interface has been determined as an
interface of partial mining influences due to the
occurrence of tectonic structures. The results of the
analysis of horizontal displacements of all points in the
area confirmed the obvious influence by major tectonic
faults. Horizontal displacements of individual points
correspond to the expected movement in the context of
position points within the observation network towards
exploited coalfaces. Regardless, on detailed inspection it
was possible to locate the sub-regions, in which the
points acted out partially or fully against expectation. It
can be concluded that major tectonic faults there create a
natural barrier in the massif. It is also possible to
consider that the surveyed area are not separated from
other mine workings around; as was assumed, the surface
in the studied area could be influenced by mining in
neighbouring longwalls at greater distances. This is
probably one of the reasons, why subsidence values of
some points are less or more deviated.
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On the basis of the summary results of the realised
processing, analysis and modelling demonstrates the
actual development of the subsidence depression and the
land relief during the whole period, respectively. These
findings can be used for comparison with the original
predictions of the effects of mining. Based on these data,
it is also possible to predict further development of
subsidence in the study area.

5. SEISMIC MONITORING

The seismic activity in mines on the territory of the
eastern part of the OKCB is monitored by four various
seismic and seismoacoustic systems (Holub, Holecko,
Rusajova, & Dombkova, 2012). The objective of these
continuous observations is to ensure detached infor-
mation related to the development of seismic activity
during the coal exploitation as in individual longwalls,
mining blocks or as in the entire OKCB. Within this
detached information the considered results of the inter-
pretation of recorded instrumental data, essentially dif-
fers from macroseismic observations. This data includes:
origin time of the respective event, determination of the
spatial coordinates of the focus, energetic classification
of individual seismic events, frequency-energy distribu-
tion, time-dependent release of seismic energy (Benioff
graph), implementation rules in the rockburst preventive
scheme and limitation of areas with increasing accumula-
tion of foci events etc.

Acoustic system (SA) is usually operated in the mined
longwalls, i.e. in the immediate neighbourhood of the SA
impulse sources occurring during coal exploitation (up to
several hundreds of metres). Seismo-acoustic monitoring
in endangered longwalls is not only important, but also
obligatory from the view-point of the endangerment
expected from rockbursts occurrence evaluated on the
basis of regional prognosis. Reasonable spatial deploy-
ment of five SA sensors around the active longwalls
enables calculation of the position and origin time of
individual SA impulses, which is aimed at graphical
display of their location plots and their space cumulation
around the working face, and at the estimation of endan-
germent in the appropriate longwall.

Surface seismic network is used for investigation of
rockbursts and particularly mining shock effects to
surface structures and dwelling houses, a new monitor-
ing system, including a more sophisticated approach
was put into operation. These stations are distributed in
whole area of the OKCB, where the mining shocks
occur more frequently.

Seismic regional network was purchased and estab-
lished in 1987 — 1991. This monitoring array was formerly
denoted as regional diagnostic polygon consists of seven
surface stations and three stations installed underground.
While the surface stations are situated in shallow bore-
holes (2 ~30m), the seismometers of underground sta-
tions are fixed at concrete blocks. For data transmission to
the central operational laboratory, telemetry is also used.

The triaxial seismometers WDS-202 (fo = 2 Hz) work
within the frequency range of 2-32 Hz and complete
device was considered for recording of local induced and
natural origin seismic events. As shown in Figure 10
there are displayed positions of all seismic stations which



V. Kajzar. (2018). Mining of Mineral Deposits, 12(2), 34-46

belong to the regional network, moreover boundaries
between basins and individual mines are in map depicted
as well. The attention should be paid to 5 underground
stations, because the measuring system includes only 10
channels, therefore we can apply only trios of under-
ground stations in combination with seven stations situ-
ated in boreholes, which was applied, e.g., by Holub &
Petro$ (2008) and Holub, Rusajova, & Holecko (2011).
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Figure 10. The layout of seismic stations within the regional
network: A — stations situated on the surface; A —
stations situated underground and distribution of
the seismic stations within the local seismological
network e

During the preparation of the algorithm were the time
relations strictly separated from spatial ones, what ena-
bles to determine some sources of errors in localisations.
As the base of time relations is the origin time (%) of
seismic event which is calculated for every channel ac-
cording to Equation 1:

(s )
(Vp _VS)

Provided that the origin time fy is known, then we can
adjoin to all interpreted waves the relevant velocity and
hypocentral distance. After the localization for every
wave error in distance can be calculated by using the
Equation 2:

(1)

lo

Ar=r-v(t—1y). )
These errors as well as the errors in distance deter-
mination create distribution of individual values with
expressive maxima. Those waves errors of which dif-
ferentiate more than value of 2¢ from the mode of da-
taset are deleted and then a new localization process
continues. This iteration had to be stopped when o is
less than 250 m. If the mode of dataset varies around 0,
then focus originated in the plane of coal seams, if it is
considerably negative then focus was generated in up-
per roof above the seam. Finally, if the mode is marked-
ly positive, then determination of # was not defined
correctly. Using this procedure the relevant focus is in
plan obtained as the intersection of circles the radii of
which are defined by Equation 3:
3)

r:(tp—to) and r=(v, —1g),
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for P-waves, resp. S-waves.

After the localization of the respective seismic event,
seismic energy is calculated in accordance with the
Equation 4 applying the measured maximal particle ve-
locities of S-waves in m.s™!. Then follows recalculation to
arbitrary unit for distance at 1 km from the focus:
E(J)=Kg-4*-d*, 4)
where:

Kg — constant of S-wave for energy, kg/m?2-s™!' (for
OKCB K¢ =8.734-10"2);

d —hypocentral distance (focus — seismic station), m;

A — maximum particle velocity m's™! recalculated to
arbitrary unit for distance at 1 km from the focus.

For displaying the value of energy, determined as an
average from all stations is possible to correct manually,
i.e. to eliminate maximum and minimum value and then is
defined the final value so called “accepted energy”, which
is given, e.g., in seismic bulletins of Green Gas DPB, Ltd.

Regional network beside the quantification of events
using the determination of released seismic energy as E (J)
classified individual events according to unit of magnitude
M the calculation of which is based on the Equation 5:

M =Ky log(4), )
where:

Ky — constant for magnitude calculated from S-waves
(for OKCB Ky = 5.202);

A — maximum particle velocity, m-s™.

Local underground network is equipped only with ver-
tical seismometers, which create an independent network
distributed inside the respective mine. All seismometers
use telemetry to subsequently transmit data to the central
operational laboratory. The gradual development of this
network is described in detail in Holub, Holecko, Rusajo-
véa, & Dombkova (2012). Present state of the distribution
of all seismic stations operating inside the whole Karvina
coal mine district is presented in Figure 10. The concept of
instrumentation is based on conditions of intrinsically
safety related to operation in gassy mines. Nevertheless,
this local establishment is operated mainly for purposes of
geomechanical service, while regional network is mostly
used for scientific and technological purposes.

Principles of foci localization are identical with the
approaches applied for regional network.

The estimation of the energy of mining-induced
seismic events, recorded automatically at seismic stations
within the territory of coal mines, is based on the as-
sumption that the energy is proportional to the square
limited by the function /= v*(¢) within the interval (0; 7),
and thus the following Equation 6 has been adopted for
energy calculation:

T 2
E(J)zK(f)u dt,

(6)

where:

K — constant defined characteristics of transmission
conditions;

T — the time interval from the viewpoint to signal du-
ration (for OKCB T'= 1.5 s).
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During the comprehensive processing, the seismic
energy is calculated after localizing the focus of the event
for every station separately, but the resulting value is
obtained as the modus of values excluding the minimum
and maximum values of the whole dataset.

In considered time the local seismological network in
the CSM mine consists of eight underground stations.
Three of them (No.851, 861 and 881) were located in
mining blocks No.0 and 1 (Fig. 2), where the foci of five
seismic events were detected. The flow chart of mining
in this area is displayed in Figure 11, where individual
stages of mining are depicted by rectangles situated in
upper part of this graph.
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Figure 11. Running graph of Benioff derivative S from Octo-
ber 2006 to June 2010, including five identified
moderate seismic events recorded within the time
interval of experimental observations

In Table 1, origin times, foci coordinates, magnitude
and values of released seismic energy are given. In the
column denoted as “remarks” BTPVR indicates realisa-
tion of the blasting operation performed in the main roof
of longwall No.300100, having a total charge of 2.264 kg
of explosives. Further “SA data” indicate seismoacoustic
event, and arrival time which was picked up on records.

Data gathered within the process of observation and
the final results of localisation are stored in the database
of the operational data centre of Green Gas DPB Ltd.,
Paskov. This robust database was used as soon as vari-
ous approaches to the display of observed and calculat-
ed data was needed for detailed seismological analysis.
The essential data was applicable for construction, e.g.,
of the stepwise summation of the Benioff graph, loca-
tion plots for the predetermined area and energy-
frequency distribution. The Benioff diagram practically
illustrates the gradual accumulation of relative defor-
mations in the form of stepwise curves defined as
YE (J) for a given time unit. The release of seismic
energy in time generally reflects the instantaneous re-
sponse of the massif to its stress-strain state. Radiated
seismic energy is a parameter of decisive importance
applied for the quantitative assessment of classifications
of particular seismic events.

Based on long-term seismological observations in the
OKCB, the practical application of parameter S
(NE/day) (NJ/t), which represents the derivative of the
Benioff diagram was implemented into the system of
rockbursts preventative regime (Vajter, Knotek, & Ho-
lub, 1989; Holub, Vajter, Knotek, & Travnicek, 1991).

Table 1. Seismic events with energy E > 10° J recorded within the time interval 10/2006 — 6/2010 in the investigated area

Date Time X Y V4 Magnitude Energy, J Remarks
01.10.2006  14:06:37.420 1104278 451403 —664 1.17 3.40E + 04 BTPVR 2264 kg R300100 SE6
18.02.2007 02:02:16.030 1103796 450903 —649 1.34 7.30E + 04 CSM:SA R361000
07.05.2007 02:04:12.790 1103808 450903 616 1.72 3.80E + 05 CSM:SA R361000
29.50.2007  15:19:03.470 1103805 450825 —655 1.18 2.40E + 04 CSM:SA R361000
03.11.2009  00:19:53.910 1105093 450957 —544 1.34 3.50E + 04 Mine shock; CSM:SA R331202

*Source: Green Gas DPB bulletins, 2018

The value S is defined as a moving weekly average of
the Benioff graph increment using Equation 7, where
n =7 days. The crucial problem is derivation of the lim-
ited safe value of S for a given longwall because in ex-
ceeding the limited value increasing endangerment can
be expected:

N It : (7)
n

Comparing the Benioff graph and the graph of its de-
rivative, the latter has the advantage of highlighting the
arrival of a stronger phase appearance. Displayed succes-
sively in Figure 11 are five seismic events, the first event
in the initial part of the graph corresponds to the blasting
operation. All events coincided with the period of coal
extraction in longwalls N0.361000 and 293102 as seen in
Figure 11. This was followed by a period of eight months
mining interruption with very low seismic activity, which
slightly increased when longwall N0.300102 was put into
operation. Since January 2009, longwall No0.362000 was
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opened, and at the beginning of November 2009 one
event was detected as having released energy in the order
E=1.10*]. As for the level of seismic activity, it was
confirmed that the level inside the area of interest was
relatively very low, especially within the time interval
when mining was stopped for almost eight months. Finally,
it was concluded that no pronounced seismic manifesta-
tions in the course of geodetic observations were found out.

6. CONCLUSIONS

The results of the assessment and analyses of spatial
data demonstrate the real development of the subsidence
depression under study and the relief changes of the land-
scape during the investigated period, respectively. Based
on these results it is possible to perform a comparison of
current dimensions with the original rate of affection.

Dynamics of surface changes in progress are closely
associated with actual coal extraction. It was documented
that development of subsidence on the undermined re-
gion correspond with the theoretical subsidence curve.
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Most of the subsidence and surface deformations
caused by undermining are expected during several
subsequent months. Afterwards, a phase of subsidence
decay is expected to occur, which will be characterised
by sudden decrease of the subsidence rate, which could
take several years.

From the obtained spatial data it is also possible to
evaluate horizontal movements, and on the basis of these,
to determine the direction by which the surface is
influenced from and to define the appropriate boundary
of the impact of different influences induced by mining.

Based on the analysis of available seismic data and
surface GPS measurements, it has been documented that
during the investigated period any expressive influence
by the development of displacements and deformations
of the surface due to seismic activity was not observed.
Therefore, it can be concluded that at similar low seismic
activity the appropriate impact of seismic event occur-
rence may be neglected.

It was recognised that all methods applied in this
study represent very helpful tools for surveying subsid-
ence depression and simultaneous monitoring of seismic
activity development on an undermined area.
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TEOJIE3WYHI TA CEMCMOJIOITYHI CHOCTEPEKEHHA
JJIs1 BUBYUEHHSA YTBOPEHHA ITPOCIJAHD
HA ITAXTI CSM (UECBKA PECITYBJIIKA)

B. Kaiizap

Merta. J{ocnipkeHHsT NPUYKMH YTBOPEHHS ITpociiaHb 3eMHoT moBepxHi B okosuii maxtu CSM (Yecbka PecrryOiika)
3a JOMTOMOT OO TEOAC3MYHNUX 1 CEHCMOJIOTIIHIX METO/IIB CIIOCTEPEKEHHS.

Metoauka. B po0oTi BUKOPHCTAHO CEHCMIYHI METOJIH JJIsi BU3HAYCHHS JIOKAJI3aIlil MICIlb SBUII] TEXHOTCHHOI Cel-
CMIYHOCTI, X KJIacU(iKaIlil 3a MarHiTy1aMH 1 KiJIbKICTIO BHAUICHOT CEHCMIYHOI eHeprii Ta 11 4aCTOTHOTO PO3MOJLIY;
noOynoBy rpadika benboda Ta iioro Moxudikaiito /st OLIHKK 0€3NeKH CyMDKHUX JI0 LIAXTH TEPUTOPIil; MO/IEIIOBaH-
HSI IPOCTOPOBO-YAaCOBOT'O PO3BHUTKY OITyCKaHHSI ITOBEPXHI 3a JioroMoroo GPS-BumipioBaHb.

PesyabTaTH. Y pe3ynabTati OIIHKU Ta aHANi3y MPOCTOPOBUX NaHWX Oyia BU3HAUCHA peajibHa 00JIACTh MPOCIAaHb i
3MIHM HaBKOJMIIHLOTO PeNbedy MPOTATOM BCHOTO Yacy MPOBEINEHHS MOCIHIIKEHb. [PyHTYIOUMCh HA aHANi3i HASABHHUX
celicMiYHMX nMaHWX Ta HazeMHHX GPS-BHMiproBaHb, BCTAHOBIICHO, IO MPOTSATOM TOCTIHKYBAHOTO MEpioNy HiSIKOTO
BUPA3HOTO BIUIMBY PO3BUTKY 3CYBIB i Aedopmalliil moBepxHi yepe3 celicMiYHy akTHBHICTb HE criocTepiranocs. BukoHa-
HO MOJICIIIOBAHHS MPOCTOPOBO-YaCOBOTO PO3BUTKY OITYCKaHHs MOBEPXHI y JOCIHIIKYBaHid 00JIACTi, IO JO3BOJIHIO
BHU3HAYHTH IIBHAIKICTH OCITaHHS IMOBEPXHI 3 4acoM. BU3HaueHO TOPHU30HTAIBHI TIEPEMIIIeHHS OKPEMHX TOYOK 1 BCTaHO-
BJICHO, 1110 BEJIMKI TEKTOHIYHI PO3JIOMH CTBOPIOIOTH NIPUPOAHUIT Oap’ep 3CyBaM y MacuBi.

HayxoBa HoBM3HA. BUKOpHCTaHHS YHIKQIBHOTO KOMIUIEKCY METOAIB JOCIIPKEHHS Ta MOHITOPHHTY, 3aCTOCOBaHI y
JaHii poOOTi, JO3BOIMIA TOYHO BUABUTH 00JACTh MIPOCIAaHHS MOBEPXHI 1 MPHYNHM i YTBOPEHHS, 8 TAKOX 3MIHCHUTH
MOHITOPHHT CEHCMIYHOT aKTUBHOCTI B paliOHi, MOPYIICHOMY TipHUYUMH pOOOTaMH.

IpakTnyna 3HauAMicTb. OTpUMaHi pe3yNbTaTH 103BOJISIIOTH MOPIBHATH CyYaCHUI CTaH YTBOPEHUX MPOCIaHb 3 1X
[IOYaTKOBHMH IIapaMeTPaMH, a TAKOXK IPOTHO3YBAaTH iIHTEHCUBHICTh 1X PO3BHUTKY Y 4aci.

Knrwowuoei cnosa: Ocmpascoko-Kapsuncokuil 8y2inbHuil baceiit, 8enuyuna npocioanHs, Memoou 2eo00e3uyHoi po3gio-
KU, celcMiuHULl MOHIMOPUHS, NepemMilyeH s

TEOJIE3NYECKHUE U CEUCMOJIOTUYECKUE HABJIOJEHUS
JIJISI U3YUYEHUA OBPA3SOBAHUA TPOCEJAHUI
HA ITAXTE CSM (UELLICKASA PECITYBJINKA)

B. Kaiizap

Heas. MccnenoBanne mnpuuuH 00pa30oBaHUs MPOCEAAHUS 3EMHOM MOBEPXHOCTH B OKpecTHOCTH miaxThl CSM
(Yemckas Pecrry0mka) mpu MOMOIIH T€0I€3NIECKHUX M CEHCMOIOTHIECKUX METO0B HAOIFOICHHS.

Metoauka. B paboTe Mcmons30BaHO cCeHCMHUYECKIE METOIBI s OTIPEISIICHIS JIOKAIN3AI[Ul 0YaroB SBJICHUH TeX-
HOTE€HHO# CeCMUYHOCTH, UX KJIacCHU(UKAIMU 110 MarHUTYJaM U KOJMYECTBY BBLICICHHOH CEHCMHYECKOH SHEPruu U
€e 4aCTOTHOTO pacipeieseHus ; nocrpoeHue rpadpuka benboda u ero MoaupuKanuio sl OLEHKH 0e30MacHOCTH MPHU-
JIETAIOMKX K MIaXTe TePPUTOPHI; MOJCIUPOBAaHHE POCTPAHCTBEHHO-BPEMEHHOTO Pa3BUTHS OIYCKAHHS ITOBEPXHOCTH
npu nomoinu GPS-n3mepenuil.

Pe3ysnbTaThl. B pe3ynbTare OLleHKM U aHaIHM3a MPOCTPAHCTBEHHBIX JIAHHBIX ObLIa ONpe/ieieHa peaibHas 001acTh
MpoceaHmi M U3MEHEHHS OKPY)KAIoIIEero penbeda B T€USHIE BCETO BPEMEHHU MPOBENCHUS HcciaeaoBaHnil. OCHOBBI-
BasiICh Ha aHAJIM3€ UMEIOLIUXCA CEHCMHUYECKHX NaHHBIX M HazeMHbIX GPS-u3MepeHuil, ycTaHOBIIEHO, YTO B T€UCHHUE
HCCIICYEMOTr'0 MEPHO/ia HUKAKOTO BBIPA3UTEIILHOTO BIIMSHUS Pa3BUTHS CMEUICHUN M aedopMaliii TOBEPXHOCTH U3-3a
celicMUYecKOlil aKTUBHOCTH HE HaOIIONANOCh. BBITOTHEHO MOJENMPOBAHKE IIPOCTPAHCTBEHHO-BPEMEHHOTO Pa3BUTH
OITyCKaHHS TOBEPXHOCTH B HCCIEAYEMOH OOJNACTH, IMO3BOJIMBINEE ONPEACIHTH CKOPOCTH OCEHaHUs MOBEPXHOCTH C
TeyeHreM BpeMeHUu. OmpesieNieHbl TOPU3OHTANIBHbBIE MEePEMENICHUs OTAEIbHBIX TOYEK M YCTAaHOBJIEHO, YTO KPYIHbIE
TEKTOHUYECKHE Pa3JIOMBI CO3/Ial0T €CTECTBEHHBIN Oaphep CMEIICHUSAM B MAaCCHBE.

Hayunasi HoBU3HA. Vcrionp30BaHNe YHUKATHLHOTO KOMIDIEKCA METOJOB WCCIIEIOBAHHS M MOHHUTOPHHTA, IIPHMeE-
HCHHBIC B TAHHOH paboTe, MO3BOJIMWIN TOYHO BRISBUTH 00JIACTh MPOCEIAHUS TOBEPXHOCTH M MPHUUUHBI €€ 00pa30BaHHUS,
a TaKk)Ke OCYIIECTBUTh MOHUTOPUHT CEHCMUYECKOW aKTUBHOCTH B paliOHE, 3aTPOHYTOM TOPHBIME paboTaMu.
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IpakTHyeckasi 3HAYUMOCTb. [loyyueHHbIE Pe3yJIbTaThl MO3BOJISIOT CPABHUTH COBPEMEHHOE COCTOsIHUE 00pa-
30BaBIIEHCs BIAJUHbBI C €€ NepBOHAYATbHBIMU MapaMeTpPaMH, a TAaKXKe MPOrHO3UPOBATh HHTEHCUBHOCTH €€ Pa3BHU-
THS CO BPEMCHEM.
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