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Abstract

It is well known that the exploitation of mineral deposits negatively affects the environment. In the case
of underground mining, there are usually the most serious effects which are associated with mining activities:
movements and surface deformations lead to the creation of subsidence depressions.

The determination of the actual state of surface changes by conventional surveying methods is technically
exacting, time-consuming and very expensive. With the development of geo-information technologies, new
approaches arise and they can be applied to resolving this issue. These resources seem to be suitable not only for
providing the necessary spatial information on ongoing processes, but also for their subsequent processing and
comprehensive evaluation.

The presented paper deals with the possibilities of applying geo-information technologies for monitoring
and evaluating the effects of underground mining on surface, summarizes the actual state of this research at ICT,
and offers alternatives for their use in the future.

Abstrakt

Je znamo, Ze exploatace lozisek nerostnych surovin negativné ovliviiuje zivotni prostfedi. V pfipadé

v

povrchu vedouci k vytvotfeni poklesové kotliny.

Stanoveni skute¢ného stavu povrchovych zmén je konvenénimi méfickymi metodami technicky, ¢asove i
finanéné velmi naroéné. S rozvojem geoinformacnich technologii dnes pfichazeji nové pfistupy, jez mohou byt
aplikovany pfi feSeni této problematiky. Tyto prostfedky se zdaji byt vhodné nejen k zajistovani potiebnych
prostorovych informaci o probihajicich procesech, ale rovnéz k jejich naslednému komplexnimu zpracovani a
vyhodnoceni.

Predkladany ptispévek se vénuje moznostem uplatnéni geoinformacnich technologii pro sledovani a
hodnoceni{ vlivii hlubinného dobyvani na povrch. V jeho ramci jsou shrnuty poznatky zjisténé dosavadnim
vyzkumem a nabizeny alternativy jejich vyuziti do budoucna.

Key words: mining effects, subsidence depression, surveying and monitoring methods, GNSS, spatio-
temporal data analysis

1 INTRODUCTION

The underground mining of raw material deposits leads to the formation of vacant underground spaces.
The spaces are then filled with the mass of overlying strata which bend into them and break through. In the case
of the extraction of a large deposit, the ongoing displacements of materials show up on the surface, typically by
creating a subsidence depression (a basin). Movements and deformations occurring during its formation
negatively affect both the surface and the objects associated with it. Although the theory for the assessment and
prediction of the surface movements and deformations above the exploited deposits have been systematically
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developed for more than a century, it is not yet possible to perfectly describe the expected surface changes with
certainty.

At present, the extent of the affected surface is numerically determined mainly by relatively simple
prediction models based on generally accepted theories. The data obtained by seldom observations in situ are
only used for local validation of predictive calculations. However, the real state of the surface changes is not
always entirely consistent with the predictions. Therefore, there is a need to design a new universally applicable
method for detecting surface changes in undermined areas to complement and/or replace the existing survey
methods used so far.

On an example of newly forming subsidence depressions, our effort is to demonstrate the possibilities of
using modern geo-information technologies for capturing real spatio-temporal surface changes associated with
the creation of subsidence depressions. It is based on a combination of direct and indirect surveying techniques,
particularly the methods using global positioning navigation systems, supplemented by other geodetic and
geophysical techniques and remote sensing. The collected data are then evaluated in the context of geological
and geomechanical situation, advance of longwall mining and predicted surface changes.

2 AREAS OF INTEREST

The proposed procedures were subsequently applied to the selected pair of active mining areas. Both
localities are situated in the Upper Silesian Coal Basin near the town of Karvina in the north-eastern part of the
Czech Republic which has a long history of the hard coal deposits mining.

The rock mass consists of typical for the Upper Silesian Coal Basin upper carboniferous molasse
sediments consisting mostly of coal-bearing siliciclastic continental deposits. The Upper Silesian Coal Basin is
divided into tectonic blocks by a set of normal faults of tens to hundreds of meters amplitude (Dopita, 1997). The
longwall method with controlled caving was used as the mining method.

The local environment can be characterized as a mining landscape with no permanent buildings.
Vegetation begins to flourish on the former mine spoil deposits. The effects of undermining may cause
significant changes mainly in local roads and rail tracks, infrastructure projects, or in the stability of sewage
storage basin dams (Kajzar et al. 2012). The surface manifestations of mining do not include only surface
movements and deformations, but also the manifestations caused by mining reclamation, i.e. creating mine spoil
deposits on the surface, flooding parts of the affected surface, etc.

2.1 Louky locality

The first locality, called Louky, is situated in the mining area of the CSM colliery. The selected northern
part of this locality occupies an area of c. 6 km?. The rock massif of this area belongs to the 0 and 1 mining
blocks and was exploited in the past. Due to the significant tectonic faults in the massif, the coal seams were
mined in an insular way. The first exploitation started in 1991. In the following years, there were several
horizontal mining panels exploited. The new exploitation period started in 2006. In this period (until 2012), there
were four horizontal coal mining panels gradually exploited at the depth of around 1000 m under the surface.
The average exploited thickness of the mining panels varied from 2.0 to 3.6 m. For the detail information please
see Tab. 1.

Tab. 1 Mining panels data

Mining panel a b c d
Start of exploitation 10/2006 | 05/2007 | 01/2009 | 07/2009
End of exploitation 06/2007 | 04/2008 | 12/2009 | 06/2010

Face length 180 m 190 m 160 m 180 m

Lateral length of longwall advance| 480 m 880 m 600 m 670 m

Depth under the surface 945 m 995 m 960 m 1025 m
Average exploited thickness 20m 36m 2.4m 2.5m
Mining panel area 78.600 m? | 152.600 m?  87.000 m? | 99.000 m?
Source: OKD, a.s.
GeoScience Engineering Volume LIX (2013), No.4
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2.2 Gabriela locality

The second one, Gabriela locality, is situated in the Darkov mining area. The locality occupies an area of
c. 3 km?. The mining history goes back to the 19™ century in this locality. The tectonic faults called “Gabriela”,
“Eliska” and “Lezata” are main geological structures which substantially influence the stress state of the rock
mass in this area. There also occur some tectonic faults of a minor importance in the vicinity of the exploited
mining panel.

In the Gabriela locality, the exploitation of the last mining panel started in July 2011. The exploited
mining panel is located east of former safety pillars of the Gabriela mine. This mining panel is situated beneath
the previously extracted mining panels and its exploited thickness is very high as for local conditions. It is
situated in the coal seam No. 40 called “Prokop” that has a total thickness of about 6-7 m. The depth of the coal
seam Prokop varied from c. 790 m to 820 m. The face length of the mining panel is 200 m and the lateral length
of longwall advance is up to 900 m. The average thickness of extraction is 5.5 m. More than 20 coal seams were
gradually exploited above the studied mining panel in the past (Kajzar et al. 2012).

3 GNSS - MAIN SURVEYING METHOD

Observation networks of fixed points were built in the selected areas to observe the process of creation of
a subsidence depression above exploited coal mining panels. Building the Louky observation network with
around 100 points started in 2007. Based on the gained experience, another observation network was built in the
framework of ICT in the Gabriela locality in 2011. This network consists of 36 fixed points covering the whole
studied area.

GNSS, specifically the GPS system, was used to record the spatial changes in the fixed points of both
observation networks not only during the actual mining, but also in the periods between each longwall mining
activity (in case of the Louky locality) and during the final period after the termination of all mining activities.

GNSS is a method that can be successfully used in an undermined area. Its advantage over other common
geodetic methods lies not only in providing space coordinates of a surveyed point, but also in the ability of a
quick connection to the stable area not affected by undermining. This ability is very important because common
geodetic methods of surveying may take time to connect the large undermined area to the non-affected stable
area which means that these methods are not only time consuming, but they may also bring inaccuracy to the
surveying as the points in the undermined area may move meanwhile due to undermining. The ability to provide
space coordinates of points is also important. As a subsidence is the main after-effect from undermining,
repeated geodetic levelling is the most common way to survey the undermined areas. But it only provides the
information about vertical changes of the surface points or profiles, while the information about horizontal
displacements, i.e. the direction of the surface movements is absent. But GNSS provides both the information.
Our previous research of the undermined areas proved that the analysis of both vertical and horizontal
movements enables more complex and precise evaluation of surface changes and their causes in the rock massif
(Dolezalova et al. 2009, Dolezalova et al. 2010, Dolezalova et al. 2011, Dolezalova et al. 2012, Kajzar et al.
2011, Stas et al. 2009).

For surveying in studied localities, a static way of GNSS geodetic surveying method was chosen, with the
observation for at least 10 minutes on each point with the Leica GPS system 1200. While a GNSS field receiver
was surveying in the observation network, a GNSS reference station was surveying on a trigonometric point
situated outside the assumed undermining effects, at a distance of several kilometres from the observation
network. This point belongs to the national network.

For the used GNSS equipment, the stated accuracy for static surveying with subsequent post-processing is
0.005 m + 0.5 ppm in the horizontal position of a point and 0.010 m + 0.5 ppm in the vertical position of a point.
Since the surveyed points were only few kilometres far from the reference point, constellation geometry was
controlled during the whole observation and precise ephemeris were input into post-processing, the obtained
accuracy of the spatial position of surveyed points may be estimated within an interval from 0.01 to 0.03 m
(Kajzar et al. 2012).

In order to record an incremental development of undermining effects, the interval of roughly 1 or 1.5
month was chosen for repeated GNSS surveying action at first. Afterwards, the data from field surveying were
processed on a computer. The spatial coordinates of the surveyed points in the WGS-84 and S-JTSK systems are
the results obtained from the post-processing by the Leica GeoOffice software application.

4 DATA EVALUATION AND ANALYSIS

The data obtained by this surveying method are used as a suitable source of input information for the
analysis of surface changes in the observed areas. Thanks to the re-use of this method and also thanks to the
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fixation of the points of the observation network in the form of lines and scattered points, it is possible to
evaluate the continuous development of the subsidence and horizontal displacements of individual points as well
as over the entire observed area.

The effective work with the obtained data was allowed by modern software geo-information technologies.
Where necessary, their functionality was extended with newly created specialized software tools (scripts,
extensions, applications) for the new procedures of processing and evaluation. The tools then allowed
performing very interesting spatial analyses with the acquired data.

4.1 Analysis of point subsidence development in time

By performing this analysis, it was verified that the development of subsidence in the undermined area
corresponds to the theoretical subsidence curve and to the theory of the full effective area. It was confirmed that
a large part of the total subsidence and deformations of the surface caused by undermining occur during the next
few months. After that, the subsidence desisting period follows characterized by a gradual reduction in the size
of subsidence which may take several years. But it was also proved that the behaviour of the surface points as a
reaction to the exploitation of the mining panels depends not only on the distance of the point from the mining
panel, i.e. approaching the coalface, but also on the geo-tectonic conditions in the given locality (Dolezalova et
al. 2009, Dolezalova et al. 2012).

4.2 Evaluation of line profiles

Many of the fixed points are parts of line profiles. Thanks to them, it is possible to evaluate the
development of subsidence in different directions and in the context of surrounding points at the same time.

The results of the analysis of two selected profiles in the Louky locality (Fig. 1) show that while the
subsidence in the profiles that are situated in parallel (the left graph) with the tectonic faults reported almost
regular and smooth development throughout their length (in accordance with the theory of the creation of a
subsidence depression; Neset, 1984), in the case of profiles intersecting these tectonic faults (the right graph), the
subsidence development is usually quite different, irregular and very complicated. The major tectonic fault
caused an irregular course of the profile subsidence where the difference in subsidence of close points above the
fault was marked (DoleZalova et al. 2009).

4.3 Analysis of horizontal displacements

A horizontal movement of a surface point can be defined as a change in its position in a horizontal plane.
The size of the horizontal displacement from undermining is much smaller than the subsidence. However, its
diagnosis effectively complements the evaluation of movements and surface deformation processes in the area of
interest. Based on graphical evaluation of horizontal displacements, we are able to define the influence of a
mining activity on the resulting change in position of surveyed points.

Determining the directions of point movements is a great benefit to the evaluation of the process of
subsidence depression formation. We can thus detect the interface caused by a tectonic fault or interface of the
various mining effects. The results of the analysis of the horizontal displacements of all points in the Louky
locality confirmed the significant influence of the major tectonic fault. The horizontal movements of individual
points corresponded to the expected movements in the context of position of points in the observation network
towards the exploited mining panels. However, by a close-up view, it was possible to locate subareas, in which
the points behave partly or totally out of the said presumption. We may conclude that the major tectonic fault
makes a natural barrier (Dolezalova et al. 2010, Dolezalova et al. 2012).

4.4 Analysis of the time-dependence of surface changes on the progress of exploitation

The dynamics of the development of subsidence and displacements is not uniform and it is closely linked
with mining activities. The change of a spatial position is always the most marked in the period of active mining.
The main reaction of surface points to the changes in the rock massif and the movements of the points were
different, according to their surface position, local geo-mechanical conditions etc. (Dolezalova et al. 2012).

4.5 Modelling of spatio-temporal surface development

The acquired spatial data are supplemented by knowledge of mining activity, geological conditions and
structural geology in the areas. Then they are processed with sophisticated mathematical statistics, geo-statistics
methods and interpolation functions. In the modeling process, the values of height changes were calculated from
irregularly located points into a regular network of points (the grid) using a suitable interpolation method. In the
process of spatio-temporal modeling, it was appropriate to divide the evaluation period into sub-intervals, and to
process them separately. The final model is then presented by a series of created grids corresponding to the
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individual time intervals, which represents the spatio-temporal development of surface height changes in the
studied area during the evaluated period.
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Fig. 1. Subsidence development of two selected line profiles in Louky locality. (Kajzar, 2011)
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The results of comprehensive assessment are the spatio-temporal models describing the evolution of real
subsidence above the exploited coal deposit which occurred in the selected area (Fig. 2). It was proved that the
shape of the subsidence depression markedly depends among others on the structure, geometry of tectonic
zoning and the massive failure of the overburden massif (Dolezalova et al. 2010).
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Fig. 2 Contour map of surface subsidence and mined out area of the mining panel in the Gabriela locality 8
months after the start of exploitation (Jirankova et al. 2013)

The results of processing and analysis of the obtained spatial data together with the created spatio-
temporal models demonstrate the actual development of the studied subsidence depression, i.e. the landscape
relief, during the observed period, which can be used to be compared with the initial predictions of the
undermining influence. Based on the data, it is also possible to make a prediction of the development of the
studied area in the future.

4.6 Comparison with official calculated predictions

The obtained surface changes were confronted with the results of official calculated predictions
(provided by a mining company). Thanks to the created spatio-temporal models, the credibility of conventional
predictive models generated by the mining company was validated, particularly in the areas with homogeneous
structure of the rock massif. Noted deviations from the predictions were recorded in the areas with complicated
structural-geological situation that is not considered in the calculation of the prediction models (Dolezalova et al.
2009). In the future, it is therefore recommended to seek more suitable solutions of predictions for such
complicated cases.

4.7 Prognosis of future subsidence development

The phase of subsidence desisting, which is characterized by a very gradual reduction in size of
subsidence, may take even several years. For this phase, an outline of possible future subsidence development in
the study areas by means of a regression analysis was suggested (Kajzar, 2011).

5 ADITIONAL SURVEYING AND MONITORING METHODS

To obtain additional knowledge about the deformation processes, verify the accuracy of the surveyed
data, and obtain realistic ideas of the ongoing surface changes in a wider context of the studied area, methods of
remote sensing were used together with the data from the geophysical, geomechanical and geodetic monitoring.
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5.1 Remote sensing method - aerial photogrammetry

Aerial photogrammetry is a remote sensing method that allows determining the spatial position of studied
elements with a surveying precision and its application may be suitable for monitoring the surface changes
caused by underground mining and related reclamation. Repeated aerial photogrammetry at Louky locality
showed the range and size of the surface changes (Fig. 3). The results from the aerial photogrammetry show that
a large part of the scanned area is affected by mining. The method also enabled to observe the surface changes
even in the areas of active reclamation (surface covered with mine spoils, flooded areas...) where land surveying
is not possible (Kajzar et al. 2011).
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Fig. 3 Vertical changes between 2007 and 2009 generated from the aerial photogrammetry data in the Louky
locality (Kajzar et al. 2012b)

5.2 Remote sensing method - radar interferometry

The method of satellite radar interferometry (Interferometry SAR — InSAR) was applied for the detection
of subsidence for specific time periods. Using the differential interferometry SAR (DInSAR), it is possible to
determine the extent of subsiding areas for the processed time period (up to few months). DINSAR results for
consecutive time-periods display the spatio-temporal evolution of the mining induced subsidence.

In addition, the comparison of DINSAR and GNSS methods helped us to improve the values of
subsidence and the delimitation of the area affected by subsidence in the studied locality (Kadle¢ik et al., 2012).

5.3 Geophysical methods - seismological observations

During coal extraction, induced seismic events are observed underground and/or on the surface as well.
This seismic activity can significantly affect the progress of subsidence in the undermined areas, as was in the
case of the seismological event in the Gabriela locality (Jirankova et al., 2013).

Therefore, seismological observations, which could continuously record and determine absolute units of
seismic energy or magnitude were recommended to be, simultaneously, part of the subsidence depression
research. On the other hand, seismology offers instantaneous dynamic and time dependent image of seismic
regime in the investigated area.
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5.4 Geomechanical methods - stress changes measurements

The stress detection using the CCBM probe (Compact Conical-ended Borehole Monitoring) is based on
an accurate measurement of the deformations of a borehole conical bottom using an oriented strain gauge
measuring probe. Then, using laboratory tests of mechanical properties of materials from the probe installation
place, the deformations can be transformed into the shape of a stress tensor (Sta$ et al., 2011, Sugawara and
Obara, 1999).

5.5 Geodetic method - precise levelling

It is a method of height surveying which uses the level instrument to determine the elevation between two
points. By comparing the available data from the precise leveling with the GNSS data, the accuracy of the GNSS
surveying method was verified. This method is also helpful for surveying small height changes that happen near
the margins of the subsidence depression and also in the phase of the subsidence desisting. These small changes
cannot be detected by less precise surveying methods (Dolezalova, 2009).

Within the ICT project, the precise digital level instrument Sokkia SDL1X was acquired for the
implementation of precise leveling combined with two three-meter and one-meter invar rods. At present, this
instrument is used to perform more accurate measurements on the point profiles and also to verify the stability of
slopes (Dolezalova and Kajzar, 2012).

6 CONCLUSION

The purpose of this research is the creation of monitoring scheme using the combination of direct and
non-direct surface surveying methods with other suitable additional methods and then the application of the
proposed scheme to a real mining situation in selected part of the Upper Silesian Coal Basin. To reach this,
GNSS and other geodetic, geophysics and remote sensing methods are combined.

At present, periodic surveying is repeated in the Gabriela locality (8 times per year) for the purpose of
detailed research of the prolonged phase of surface subsidence desisting. In the Louky locality, only annual
periodic surveying is currently repeated, in order to maintain the continuity of data series. The possibility of
using a 3D laser scanner for the research of the problems of undermining is within our considerations now.
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RESUME

Pfi hlubinném dobyvani lozisek nerostnych surovin dochazi k vytvafeni volnych podzemnich prostor.
Tyto prostory jsou nasledné vypliovany masou nadloznich vrstev, které se do nich prohybaji a prolamuji.
Probihajici pfesuny materidlu se v pfipadé¢ vydobyti rozsahlé plochy projevuji az na povrchu, obvykle
vytvofenim kotliny poklesového charakteru. Pohyby a deformace, ke kterym pfi jeji tvorbé dochazi, negativné
pusobi jak na povrch, tak na objekty s nim spojené. Ackoliv jsou teorie odpovidajici potiebam hodnoceni a
prognézovani pohybt a deformaci povrchu nad dobyvanymi lozZisky systematicky rozpracovany jiz déle nez
jedno stoleti, stale neni mozné ocekavané zmény s jistotou dokonale popsat.

Snahou predstaveného vyzkumu je na piikladu nové vznikajicich poklesovych kotlin demonstrovat
moznosti vyuziti modernich geoinformacnich technologii pro zachyceni skute¢nych casoprostorovych zmén
povrchu spojenych s tvorbou poklesové kotliny. To vychazi z kombinace pfimych i nepiimych meétickych
technik, zvlast€¢ metod vyuzivajicich globalnich polohovych navigacnich systémt, doplnénych o dalsi
geodeticke, geofyzikalni a geomechanické techniky a techniky dalkového prizkumu Zemé. Zjisténé udaje jsou
nasledn¢ vyhodnocovany v kontextu s geologickou a geomechanickou situaci., s postupem tézebnich praci a s
ocekavanymi zménami povrchu.

NavrzZené postupy byly postupné aplikovany na dvojici vybranych téZebné aktivnich oblasti. Obé& lokality
se nachazeji v Hornoslezské uhelné panvi u Karviné v severovychodni &asti Ceské republiky. Prvni lokalita,
Louky, se nachazi v dobyvacim prostoru Dolu CSM. Vybrana severni &ast této lokality se rozklada na plose cca.
6 km?. Posledni obdobi t&Zby zde zagalo v roce 2006. V tomto obdobi byly postupné do roku 2012 vydobyty
¢tyfi horizontalni poruby. Druha lokalita, Gabriela, se nachazi v dobyvacim prostoru Dolu Darkov. Lokalita se
rozklada na plose cca. 3 km?. V lokalité Gabriela bylo v &ervenci 2011 zahajeno dobyvani posledniho porubu.
Ten se nachazi ve sloji ¢. 40 s nazvem "Prokop", ktera ma celkovou mocnost asi 6 — 7 m. Pro sledovani procesu
vytvafeni poklesové kotliny nad exploatovanymi uhelnymi lozisky byly ve vybranych lokalitich vybudovany
pozorovaci stanice.

Pro zaznamenani prostorové zmény stabilizovanych bodi obou pozorovacich stanic nejen béhem samotné
tézby, ale také v obdobich mezi tézbou jednotlivych porubt (v pfipadé lokality Louky) a béhem konecného
obdobi po ukonceni v8ech tézebnich aktivit, bylo vyuZito GNSS, konkrétné systému GPS. GNSS je metoda,
ktera mtze byt na poddolovaném tzemi Usp€Sné pouzivana. Jeji vyhoda oproti jinym b&€znym geodetickym
metodam spocéiva nejen v poskytovani prostorovych soufadnic zaméfovanych bodu, ale také ve schopnosti

GeoScience Engineering Volume LIX (2013), No.4
http://gse.vsb.cz p. 1-10, ISSN 1802-5420


http://gse.vsb.cz/

10

rychle pfipojit poddolované uzemi na stabilni oblast, kterd neni ovlivnéna poddolovanim. Na§ vyzkum na
sledovanych poddolovanych oblastech ukézal, Ze analyza vertikdlni i horizontdlnich pohybti umoziuje
komplexnéjsi a presné€jsi vyhodnoceni povrchovych zmén a jejich pfi¢in v horninovém masivu.

Data ziskana metodou GNSS slouzi jako vhodny zdroj vstupnich informaci pro analyzu povrchovych
zmén ve sledovanych oblastech. Diky opakovanému pouZiti této metody a také diky stabilizaci bodu pozorovaci
stanice ve formé profild a roztrousenych bodi je mozné vyhodnotit prib&zny vyvoj poklesi a horizontalnich
posunt jednotlivych bodd, stejné jako celé sledované oblasti.

Efektivni praci se ziskanymi tidaji umoznily moderni programové prostiedky geoinformatiky doplnéné o
ucelove vytvorené programové nastroje (skripty, nadstavby, aplikace). Tyto nastroje pak umoznily s potfizenymi
daty provadét velmi zajimavé prostorové analyzy - analyza casového vyvoje poklesu bodil, hodnoceni liniovych
profild, analyza horizontalnich posunti, analyza casového vyvoje poklesti a posunti bodti v zavislosti na postupu
porubni fronty, modelovani ¢asoprostorového vyvoje povrchu, srovnani predikce poklest se skute¢nym stavem,
prognéza budouciho vyvoje poklesu bodi.

Pro zajisténi dopliujicich poznatkii o pretvarnych procesech, ovéfeni pfesnosti namétenych dat, ziskani
realnéjsi predstavy o probihajicich povrchovych zménach celé oblasti v §ir§im kontextu studované oblasti bylo
vyuzito metod dalkového prizkumu Zemé — letecké fotogrammetrie a radarové interferometrie a rovnéz udaju
z geofyzikalniho, geomechanického a geodetického monitoringu.

V soucasné dob¢ jsou provadéna pravidelna méfeni na lokalité¢ Gabriela (8x ro¢n€) za ucelem detailniho
postihnuti dlouhotrvajici faze doznivani poklesti. Na lokalit¢ Louky se provadi v soucasnosti pouze roc¢ni
periodické méfeni, za ucelem zachovani kontinuity datové fady. V ramci uvah zlstavd moznost vyuziti
laserového 3D skeneru pro feSeni zvolené problematiky.
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