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Underground coal mining causes surface changes such as subsidence and land use transformations. The knowledge of the
character of subsidence in both the past and present provides useful information, e.g. for spatial development. This paper
presents a methodology of determining surface height changes based on cartographic modelling in geographic information
system (GIS) for an old mining site. It has been applied in two test areas of a former coal basin in the Watbrzych region (SW
Poland) characterized by complex geological and mining conditions. Surface changes have been determined based on
available topographic maps of this area for a period of 123 years (1886—-2009) as the result of a set of interpolation and map
algebra operations. The elevation values reach 52 and 63 m for areas A and B, respectively, and the maximum subsidence
values determined in GIS are 24 m for study area A and 36 m for area B. The former are associated with mining waste dumps.
These results have been compared with the results of predictions based on the empirical Knothe theory of subsidence calcu-
lations using spatial statistics parameters. It has been found that Knothe theory-based modelling produces lower subsidence
values and more uniform subsidence surface than the applied method based on the actual elevation data. This may be due to
either the values of coefficients of subsidence used in the Knothe modelling method or the complex and complicated mining
conditions (numerous overlying and inclined coal layers) of the Watbrzych Coal Basin. The calculated surface height
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changes for the analysed period are presented graphically and described.
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INTRODUCTION

Underground mining of coal deposits causes, among other
things, surface deformation such as subsidence and land use
transformations. Mining-induced land transformations include
development of large volumetric objects, e.g. waste material
dumps, settlement ponds and other types of features. Mining
activity also influences land use change over time.

In general, underground mining-generated surface defor-
mations can be divided into continuous and discontinuous.
The continuous deformations are characterized by a smooth
deformation pattern, whereas discontinuous deformations,
usually associated with mining of shallow deposits or numer-
ous levels, produce sinkholes or linear faults. The character
and extent of surface subsidence varies depending on the
type of mining method, depth of mineral extraction and period
of mining. In the case of underground coal mining, a subsi-
dence basin develops to grow in size with the progress of min-
ing over time. Deformation of mining terrains continues after
the end of mining. It usually diminishes in time and is often
called secondary subsidence.
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Therefore, studies of former mining sites are equally impor-
tant as monitoring of active mining operations because old
mines can cause problems on the surface even many years af-
ter the end of mineral extraction. These problems include: sec-
ondary subsidence caused by delayed response of the rock
mass or destruction of underground workings, environmental
issues such as mine water pollution, inundation on subsided
terrains due to groundwater level rise, as well as partial uplift of
the ground (Preusse et al., 2008). For example, information on
spatial and temporal characteristics of the mining-induced sub-
sidence is important for planning revitalization and new devel-
opment of former mining areas.

The difficulties with studying former mining sites arise from
the fact that the necessary data may not be readily available,
i.e. mine plans might have been lost or are in a paper format
and observations (geodetic) of surface subsidence might have
been stopped.

This paper presents a proposition of analysing the effect of
long-time hard coal underground mining on the surface based
on spatial modelling in Geographic Information Systems (GIS).
This research has been carried out in the area of former under-
ground coal mines in Watbrzych (SW Poland; Figs. 1 and 2).
We have proposed a data source and a GIS-based processing
using the spatial interpolation and map algebra concept
(Tomlin, 2008) that provide quantitative information on surface
deformation of mining terrains for a period of mining operations
(1886—2009) when other sources of surface height changes
were unavailable. This method also provides results for com-
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Fig. 1. The remains of the Thorez/Julia mine surface infrastructure — winding towers and waste dumps (in the background)

parison with predictions of subsidence based on the Knothe
theory (Knothe, 1984; Kratzsch and Fleming, 2011).
Nowadays, GIS and the associated spatial analysis meth-
ods are used, more and more often, to study and assess the
character of changes occurring on the ground surface and to
identify areas of possible hazards due to underground mining
(Mathey, 2013). GIS is especially effective in processing nu-
merous and large datasets, e.g. remote sensing data and digi-
tal elevation models (DEM). The applications of GIS in mining
terrain deformation studies concern mostly active mining sites.
Research in this field has been progressing in Asia (South Ko-
rea, China and Japan), Australia and in Europe: in Poland, Ger-
many, France, Italy and other countries. In South Korea, Oh
and Lee (2010) tried to assess ground subsidence spatial haz-
ard near abandoned underground coal mine with various pre-
diction models. Oh et al. (2011) then proposed a methodology
for developing ground subsidence hazard maps near aban-
doned coal mines using frequency ratio and sensitivity analysis
to produce ground subsidence hazard index with the aid of GIS.
The ground subsidence susceptibility mapping with Avrtificial
Neural Network in GIS was studied by Lee et al. (2012). Before
that, Oh and Lee (2011) had facilitated with GIS the spatial
ground subsidence hazard mapping using models that based
on frequency ratio (FR), logistic regression (LR) and an artificial
neural network (ANN). Studies in Japan and China concen-
trated on combining a stochastic model of ground movements
implemented by a computational program and GIS used to fulfil
the spatial-temporal analysis function (Esaki et al., 2008).
Djamaluddin et al. (2011) used GIS to facilitate subsidence pre-
diction using the empirical Knothe method and application of
fuzzy logic to identify damage classification zones. The subsi-
dence susceptibility maps based on fuzzy relations were also
studied by Choi et al. (2010). Australian experiences concern,
for example, applicability of the satellite-based Synthetic Aper-

ture Radar Interferometry (INSAR) as a method for monitoring
of surface subsidence caused by mining of underground ore
deposits with the aid of GIS (Jarosz, 2005), and the GIS-based
Weights of Evidence technique to derive a model of rockfall po-
tential associated with mining-induced subsidence (Zahiri et al.,
2008). Researchers from ltaly tried a GIS and multicriteria ap-
proach to assess vulnerability to ground deformation phenom-
ena (Stecchi et al., 2012). Samsonov et al. (2013) have pro-
posed a new INSAR time series method for studies of ground
deformation associated with post-mining activity at the
French-German border. In Poland, mining ground subsidence
was studied by Malinowska and Hejmanowski (2010) and
Malinowska (2011) who have proposed a combination of expert
systems and GIS in building a damage risk assessment on min-
ing-induced areas in Poland. Jedrzejec et al. (2008) used GIS
databases for numerical prediction of rock mass and surface
deformation based on the Knothe theory. Blachowski (2008)
and Blachowski and Stefaniak (2012) focused on the develop-
ment of geoinformation system for abandoned underground
coal mines, and automation of spatial analyses in GIS.
However, the measurement techniques and analytical
methods described above could not have been used in this
case as the available information on elevation change con-
cerned both 19th century analogue cartographic and 21st cen-
tury DEM and digital topographic data. As mentioned earlier,
application of GIS spatial modelling to these data provided the
capability to assess the extent and magnitude of mining terrain
subsidence and analysis of land development in the case when
other sources of height measurements were unavailable (i.e.,
geodetic levelling measurements), whereas remote sensing
observations, e.g. various Interferometric SAR or satellite GPS
observations, became available in the last decades only. The
applied methodology of incorporating spatial interpolation tech-
niques and raster calculator (map algebra) operations in GIS
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Fig. 2. Location and boundaries of the former mining grounds in Watbrzych, extent of underground workings,
extent of predicted subsidence zones and location of study areas

provided quantitative information on surface deformation for a
period of more than a century.

In this paper, the results of subsidence analysis concerning
a period of 123 years of underground coal mining are de-
scribed. The results of GIS modelling provided quantitative in-
formation based on actual elevation change data and were
compared with the results of empirical calculations based on
the Knothe theory.

STUDY AREA

The area of interest is the Watbrzych Coal Basin as part of
the former Lower Silesian Coal Basin located in and around the
city of Watbrzych in SW Poland. Underground mining of coal
deposits characterised by complex mining and geological con-
ditions (numerous steeply inclined and thin coal beds) took
place there for several hundred years and ended in the late
1990s. Long-time extraction of coal had caused changes on the
surface, whose effects are visible in the local landscape to this
day (Fig. 1). In the period after World War II, three underground
mines were in operation: Thorez/Julia, Victoria and Watbrzych.
The following mining systems were used: long-wall and caving
(predominant) and long-wall with various forms of fill (pneu-
matic, dry, dry with material from dead drifts). The locations of
underground coal levels and boundaries of the former mining
grounds are shown in Figure 2.

GEOLOGY

In terms of geology, the former mines in the Watbrzych area
are located in the Watbrzych Basin — a geological structure con-
stituting the NE part of the Intra-Sudetic Basin. It is differenti-
ated in terms of the continuity of deposits, thickness of depos-
ited formations and tectonic conditions (Kozuchowicz and
Oprychat, 1984). The main structural units of the Watbrzych Ba-
sin are: the Jabtowa anticline, the smaller Gorce and the larger
Sobiecin synclines, and the Chetmiec rhyolite laccolith separat-
ing the two synclines. The area is composed predominantly of
sedimentary clastic deposits, as well as volcanic rocks such as:
porphyry, melaphyre and tuff. The complicated geology is the
results of intrusive and compressive tectonic activity of the
Asturian Phase (Serdyriska-lwaniuk, 1984). Most of faults trend
from the NW towards SE with the influence of the Chetmiec in-
trusion clearly marked by longitudinal and latitudinal faults. The
throw of the main faults reaches 300 m. In addition, there are
numerous local faults in the hard coal-bearing layers, with
throws attaining several metres (Kominowski, 2000).

The Watbrzych Basin is an example of limnic-type coal ba-
sin, where the deposition took place in intra-mountainous sedi-
mentary basins. The result is a mixed exogenous — endoge-
nous coal deposit. The coal-bearing layers are associated with
three of the four lithostratigraphic Pennsylvanian complexes:
the Zacléf formations, the Biaty Kamien and the Watbrzych for-
mations. Eighty coal layers have been identified there, including
48 in the Zaclér Formation and 30 in the Watbrzych Formation.
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The stratal dips are towards the centre of the Watbrzych Basin,
ranging from several to over 30°, and from 30 to 60° in the out-
skirts (Kominowski, 2000).

PREVIOUS RESEARCH

The studies of ground surface subsidence in the Watbrzych
Coal Basin were carried out at various times and in various
parts of the mining grounds. They were based on periodic level-
ling measurements in selected areas. The most comprehen-
sive study was performed by Kowalski (2000). It focussed on
the determination of the effects of underground mining on
ground deformation using empirical modelling based on the
Knothe theory. The theory assumes that the underground min-
ing-induced subsidence profile of the surface can be described
by the Gauss function (Knothe, 1984). Experiences show that it
gives good results for horizontal deposits, but its application in
complicated conditions (multiple levels, inclined levels) requires
additional parameters to be included, and provides approxi-
mate results (vide Biatek and Mielimaka, 2001; Kowalski, 2008;
Majcherzyk and Kryza, 2013). Using this method, Kowalski and
Jedrzejec (2000) calculated theoretical values of subsidence
for the entire period of mining and for the period after World War
II. In the first case, the predicted subsidence amounted to 22 m,
and in the latter — 9 m. In addition to mining terrain deformation,
the area was also analysed in terms of land use changes. The
studies done by Wojcik (2006, 2008) characterized
anthropogenic, mining-triggered changes in the local topogra-
phy and land use. He focused on the final years of mining from
1975 to 1996 and noted that the greatest surface changes oc-
curred in the period 1975-1990, when a 35 km? area was af-
fected predominantly due to the increase in use of long-wall and
caving mining systems.

MATERIALS AND METHODS

In this study, the cartographic modelling methodology in
geographic information system (GIS) has been applied to cal-
culate mining terrain subsidence. Cartographic modelling is a
general method for analysis and synthesis of spatial data,
which uses algebraic operations, in which single-factor maps
(e.g., elevation) are regarded as variables that can be manipu-
lated using a set of cartographic functions (e.g., slope calcula-
tion; Tomlin, 2008). Raster data formats, in which the surface is
divided into regular cells with assigned values, are often used in
these analyses.

The research was aimed at identification of the ground ele-
vation changes and comparison of these changes with the sub-
sidence zones predicted with the Knothe theory-based method
by Kowalski (2000). The proposed methodology uses digital el-
evation models (DEM) from topographic maps to calculate ele-
vation differences between those DEMs and the DEM obtained
from orthoimages. The study covers a period of 123 years (from
1886 to 2009). In an accompanying analysis, areas of land
transformations were identified and compared with the pres-
ent-day development of the area.

The basic input source data included: the oldest available
edition of German topographical map (sheet Waldenburg) from
1886 prepared at a scale of 1:25,000 (Fig. 3), German and Pol-
ish mining maps prepared at at scales 1:2000—1:5000 and rep-
resenting underground coal production levels mined in the pe-
riod 1800-1998, Polish topographical map prepared at a scale

of 1:10,000 from 1995, orthoimage at a scale of 1:26,000 with
0.5 m/pixel resolution from 2009, and a digital elevation model
with 10 m horizontal and 1.5 m vertical resolution from 2009.
The reference vertical coordinate system is Kronsztad 86. The
orthoimage and DEM were generated through photogram-
metric processing of aerial photos and obtained from the
Dolnoslgskie Voivodeship Documentation Centre of Geodesy
and Cartography. The main source data used are listed in Ta-
ble 1. All of the spatial data processing tasks have been per-
formed using the ESRI ArcGIS Arcinfo v.10 software.

In the first step, two areas of interest were selected based
on the known locations of old underground mine workings and
areas of the greatest subsidence determined from theoretical
predictions using the modified Knothe theory (Kowalski, 2000).
These areas, marked with letters A and B are shown in Figure 2.
They are characterized by the greatest predicted subsidence
values, significant land development (orthoimage) and differen-
tiated topography.

The information on spatial location of underground work-
ings has been extracted from the geoinformation system of the
former Watbrzych mines (Blachowski, 2008; Blachowski and
Stefaniak, 2012). The system was developed to support stud-
ies on the behaviour of the surface of former mining grounds.
In addition to data on geometry and location of underground
coal levels and workings, it stores information on mining meth-
ods used and periods of mining for individual coal parcels.
Other types of data in the system include: locations of geodetic
benchmarks and levelling lines with results of periodic mea-
surements, geology, locations of tectonic faults and protective
pillars, as well as various cartographic materials (images of
topographical, geological and mining maps, orthoimages, digi-
tal elevation models, etc.).

In the second step, input data for the analysis were pre-pro-
cessed. It included georeferencing of topographical map from
1886 to a common coordinate system, and digitising of the map
content. The following information has been digitised to a vector
data format: contour lines, elevation points, linear infrastructure
(roads, railway lines) and land use. The interval of digitised con-
tour lines was 5 m and in some areas 2.5 m.

Digital elevation models representing the surface elevation
in 1886 has been generated using the interpolation method de-
veloped by Hutchinson (Hutchinson and Dowling, 1991) and
designed to develop hydrologically correct digital elevation
models.

The raster maps of the surface, as it was mapped in 1886
and 2009, were used to calculate surface height changes from
1886 to 2009 in the two selected areas A and B. The height
changes were calculated by subtracting elevation values of
the raster maps. Based on the accuracy of the DEM and of the
digitised contour lines, the calculated height differences (rang-
ing from —3 to +3 m) are regarded as insignificant based on er-
ror analysis results, and excluded from further studies. The
calculated error amounted to +2.9 m. The following formula
was used [1]:

S, = /87 +-+8? (1]

where: S, — total vertical error,S, — accuracy of input raster layer.

The horizontal error (S,) was assessed based on compari-
son of known location (x and y coordinates) of a set of selected
features, e.g. existing geodetic benchmarks and the location of
points representing them in GIS, using the formula [2] (Bolstad
and Smith, 1992):
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Fig. 3. Example topographical map used as source data

Table 1
Characteristics of main source data
No. Name Format Scale/resolution Location Date
raster file (scanned Staatsbibliothek zu Berlin — Preuischer
1 Messtischblatt Waldenburg document) 1:25,000 Kulturbesitz 1886
Kartenabteilung
. raster files (scanned 1:2000 State Mining Authority. Archive of Mine :
2 Mining Maps documents) 1:5000 Survey and Geological Documentation until 1998
CAD file, - .
3 Subsidence Map GIS shapefile - Central Mining Institute 2000
. ) 10 m horizontal | Dolno$lgskie Voivodeship Documentation
4 Digital Elevation Model TIN, GRID 1.5 m vertical Centre of Geodesy and Cartography 2009
5 Orthoimage at a scale of raster file 1:26,000 as above 2009

with 0.5 m/pixel resolution
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s [E-S [2]
n

where: S, —total horizontal error, n — number of test points, Sy —error
in the x direction, S, — error in the y direction.

The calculated horizontal error is smaller than the resolution
(40 m pixel size) of the resulting grid surfaces representing
DEM.

The calculated height changes of the surface between 1886
and 2009 were compared with both subsidence values pre-
dicted by (Kowalski and Jedrzejec, 2000) and present-day
orthoimage of the area.

The second, supplementary aspect of this study was to
analyse the process of land transformation due to built-up area
development. The spatial datasets representing developed ar-
eas (human settlements, industrial sites, waste land, etc.) were
produced by digitising topographical map from 1886 and
orthoimage from 2009. These data have been converted to ras-
ter format and used to determine and analyse the change in the
extent of developed land in this period using GIS map algebra
operations.

General scheme of the applied methodology is shown in
Figure 4.

RESULTS AND DISCUSSION

CHANGE OF SURFACE ELEVATIONS

The raster maps showing the surface change in areas A
and B for the 1886—2009 period, obtained from spatial interpo-
lation and calculated by subtracting raster cell values of the two
DEM raster maps of 1886 and 2009, are presented against the

Raster dataset georeferencing

Data digitisation

A 4

DEM interpolation

A 4

Cartographic modelling

Statistical analysis

A 4

Geovisualisation

Fig. 4. Flowchart of the applied procedure

background of orthoimage in Figures 5 and 6, respectively.
Warm colours represent elevated areas whereas cold colours —
subsided areas. The calculated maximum subsidence values
reach 24 min area A and 36 m in area B. It corresponds to 0.2
and 0.3 m per annum, respectively. The maximum elevation
values are 52 and 63 m for areas A and B, respectively. In the
former, 78.5% of the area has subsided and 29% of the total
area has subsided by more than 12 m (dark blue regions). In the
latter, 73.8% of the area has subsided and 8.2% has subsided
by more than 12 m (dark blue regions). The elevated parts in
both areas are associated with mining waste dumps.

Fig. 5. Surface height changes for area A in the 1886—2009 period
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Fig. 6. Surface height changes for area B in the 1886-2009 period

DEM ANALYSIS IN GIS VERSUS MODELLING
WITH THE KNOTHE THEORY OF SUBSIDENCE

The raster maps of surface height changes determined with
interpolation and map algebra techniques based on topographi-
cal materials have been compared with raster maps represent-
ing subsidence predicted using the modified Knothe theory.
Statistical information on this comparison is given in Table 2.

The raster map with 40 m pixel resolution, showing the re-
sults of surface height changes between 2009 and 1886 for
area A, is presented in Figure 7. The negative change (subsi-
dence) calculated by subtracting the two raster cell values is
represented in greyscale, darker colours depict greater subsi-
dence. The white area represents subsidence of 3 m or less
and areas of positive change (elevated; e.g., dumps created or
developed after 1886) excluded from the subsidence analysis.
Figure 8 shows subsidence calculated by Kowalski and
Jedrzejec (2000) using the modified Knothe theory and con-
verted to raster format for the purpose of this analysis.

The subsidence values in this area predicted by Kowalski
and Jedrzejec (2000) range between 1 and 18 m, whereas the
values obtained from raster layer subtraction vary from 3 to
24 m.

Correlation between the two compared raster maps repre-
senting calculated and predicted subsidence is 0.90, thus indi-

cating direct relationship between their cell values. The correla-
tion matrix has been calculated based on the two rasters statis-
tical parameters as the ratio of the covariance between the two
layers divided by the product of their standard deviations (ESRI,
2010). Comparison of these layers (Figs. 7 and 8) shows corre-
lation between the zones of greatest subsidence (dark grey and
grey areas marked with black ellipses). However, the subsi-
dence distribution obtained with the two compared approaches
yields different results in some parts of the study area. Direct
comparison of the two DEM raster maps (excluding areas with
values of 3 m and more) shows that the maximum difference
between collocated cells is +12 m, while the mean is 0.6 m with
standard deviation of 3.8 m. It indicates that the difference be-
tween the raster maps is not uniform over the area and there
are areas of discrepancies visible, for example, in areas marked
with dashed ellipses (Figs. 7 and 8). It shows that the actual sur-
face change is not as uniform as that modelled with the Knothe
method.

Figure 9 shows zones of positive change of heights (eleva-
tion) for area A, calculated from raster subtraction, and Fig-
ure 10 shows the present-day topography of the area
(orthoimage). The white colour in Figure 9 represents elevation
of up to +3 m and areas of subsidence excluded from this analy-
sis. The areas of calculated surface elevation differences be-

Table 2
Subsidence maps
Max. subsidence GIS Max. subsidence Max. difference Lo :
method [m] Knothe method [m] | between rasters [m] Mean [m] | Standard deviation | Correlation
Area A 24 -18 12 -0.6 3.8 0.90
Area B -36 -22 16 -1.2 5.2 0.69
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tween 1886 and 2009 correspond to mining waste dumps that
developed in area A during that period.

One must note that the development of mining waste
dumps shown in Figures 9 and 10 has influenced the results of
subsidence calculations based on subtraction of the 2009 and
1886 raster maps. The areas with identified surface elevation
also experienced subsidence that was masked by a greater
positive change of heights because of dump development.

The results of subsidence analysis for area B are presented
in Figures 11 and 12. The subsidence values predicted by
Kowalski and Jedrzejec (2000) range from 1 to 22 m, whereas
the values obtained with the proposed GIS method reach 36 m.
This difference is greater than for area A and, in our opinion, the
explanation is the same as in the case of area A.

Correlation between the two compared raster maps repre-
senting calculated and predicted subsidence is 0.690, thus indi-
cating direct relationship between their cell values. The correla-
tion matrix has been calculated based on the two rasters statis-
tical parameters as the ratio of the covariance between the two
layers divided by the product of their standard deviations (ESRI,
2010).

Comparison of these raster maps (Figs. 11 and 12) shows
correlation between the zones of greatest subsidence (dark
grey and grey areas marked with black ellipses). As in the case
of area A, the subsidence distribution obtained with the two
compared approaches yields different results in some parts of
the study region, for example, in the zones marked with dashed
ellipses (Figs. 11 and 12). Direct comparison of the two DEM
raster maps (excluding areas with values of 3 m and more)
shows that the maximum difference between collocated cells is
+16 m, while the mean is —1.2 m with standard deviation of
5.2 m. It indicates that the difference between the raster maps
is not uniform and there are areas of discrepancies. These are

305000 306000

visible, for example, in areas marked with dashed ellipses
(Figs. 11 and 12). It shows that the actual ground movement is
not as uniform as that determined with the Knothe method.

Figure 13 shows zones of positive change of heights (eleva-
tion) for area B, calculated from raster subtraction, and Fig-
ure 14 illustrates the present-day topography of the area
(orthoimage). The white colour in Figure 13 represents eleva-
tion of up to +3 m and areas of subsidence excluded from this
analysis. In this case, the areas of calculated surface elevation
differences between 1886 and 2009 correspond to present-day
locations of mining waste dumps in area B.

Development of mining waste dumps (Figs. 13 and 14) has
also influenced the results of subsidence calculations based on
subtraction of the 2009 and 1886 raster maps. A profile along a
line shown in Figure 14, running across the area that underwent
subsidence and elevation in the considered period
(1886—-2009), is presented in Figure 15. Comparison of the pro-
files representing the surfaces in 1886 and 2009 gives an esti-
mation of the amount of subsidence and the height of the min-
ing waste dump developed during those times.

In our opinion, the values of subsidence obtained with the
proposed, GIS based method, provide more accurate informa-
tion on mining terrain subsidence in this area compared to
those calculated with Knothe theory. The values of subsidence
predicted with the method based on the Knothe theory are gen-
erally smaller, maybe due the values of coefficients of subsi-
dence used in the Knothe modelling method. The main advan-
tage of the Knothe method is good convergence of its results
with field measurements of subsidence associated with mining
of horizontal deposits. However, the method is difficult to use in
areas of complex geological structure and complicated in terms
of mining activity, i.e. numerous overlying and inclined coal de-
posits mined at different times, such as those of the Watbrzych
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Coal Basin. The limitation arises from the need to choose the
correct values of the method’s main parameters, coefficient of
mining (a) and angle of the range of influence (B), to confidently
predict subsidence of a large and complicated mining terrain.
One should also remember that modelling of mining subsi-
dence with the Knothe method does not take into account local
variations and the development of large volumetric objects on
the surface, such as waste dumps, and their influence on the
form of the mining terrain.

The proposed GIS-based method may be a source of infor-
mation to verify Knothe method results and to adjust the
method’s parameters, or can serve as a supplementary method
and source of information. It should be used with the knowledge
of its limitations arising, among other, from the accuracy of the
source materials (topographic maps) and processing errors
(e.g., scanning, digitising, format conversion).

SURFACE TRANSFORMATION DUE TO LAND DEVELOPMENT

An accompanying study focused on the identification of the
extent of surface development in the 1886-2009 period.

The second aspect of this study was to analyse the land de-
velopment process. With this aim, the spatial extents of built-up
and developed areas in 1886 and 2009, derived from topo-
graphical maps and orthoimage, is presented in Figure 16 for
area A and in Figure 17 for area B. In 1886, the built-up area ac-
counted for approx. 9 and 10% of the study areas A and area B,
respectively. By the first decade of the 21st century, approx. 35
and 42% of the total land in areas A and B was taken up by de-

305000 306000

velopment. It means growth by 377% for area A and 436% for
area B. The size of transformed land is given in Table 3.

CONCLUSIONS

The proposed method of spatial analysis based on carto-
graphic modelling and map algebra in geographical information
systems has allowed determining surface elevation changes for
a period of 123 years of mining activity in a post-mining area
(1886—2009). The method was applied in two areas of the
Watbrzych agglomeration in SW Poland. Areas of subsidence
generated by the underground coal extraction and areas of ele-
vation due to development of mining waste dumps have been
identified and their magnitude determined. The calculated sub-
sidence values reach 24 m in area A and 36 m in area B, which
is approx. 0.2 and 0.3 m per annum, respectively. The elevation
changes reach 52 m for area A and 63 m for area B, and are as-
sociated with numerous waste dumps identified in the field and
on the orthoimages.

Comparison with the results of subsidence predictions ob-
tained with the modified Knothe method (Kowalski and
Jedrzejec, 2000) has revealed good correlation between the two
solutions, 0.90 and 0.69 for areas A and B, respectively. Further-
more, the subsidence values obtained with the GIS method are
higher and less uniformly distributed. It may be to the fact that the
Knothe method requires careful selection of parameters for sub-
sidence prediction in areas of complex geological and mining
conditions, such as the Watbrzych Coal Basin area.
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Table 3
Built-up area in the period 1886—2009
v Area Area change Area change Share of total area
ear (m?] [m? [%] [%]
Area A
1886 697,956 - — 9%
2009 2,632,499 1,934,543 377% 35%
Area B
1886 1,303,073 - - 10%
2009 5,684,425 4,381,352 436% 42%

The GIS method used for this study allows determining min-
ing terrain subsidence caused by long-lasting coal mining over
a large area and analysing ground height changes that oc-
curred in the past, when sources of height information other
than topographical maps are unavailable. It is also a good tool
for evaluation of subsidence values predicted with empirical
methods.

In addition to scientific applications, the results may also be a
valuable source of information for local administration and spatial
planning services in carrying out their tasks related to monitoring
the condition and new development of post-mining grounds.
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