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Abstract: In this paper, the results of research involving use of
PSInSAR and GIS methods to determine surface
displacements in a post-mining area have been presented. The
studies concern the Walbrzych Coal Basin, a part of the former
Lower Silesian Coal Basin (SW Poland), where underground
mining of hard coal lasted for several centuries. Difficult
geological and tectonic conditions were the direct reason the
mining has stopped completely in late 90’ties. The coal deposits
are located in two synclines at a depth from just under the
ground surface (shallow deposits) to several hundred meters.
The productive coal levels are inclined at 10 to 30 degrees;
their thickness varies from less than 1 m to over 2 m.

Previous studies, based on the results of precise levelling, have
indicated secondary deformations of the ground's surface. The
surveys covered the period of 2000-2010 and for the selected
parts of the coal basin areas of uplift and subsidence were
determined. The data acquired by the Envisat satellite SAR
sensors, for the period 2002 to 2010, were used in the presented
study. They allowed calculating relative ground movements in
the period of rock mass restoration after the end of mining.
The results of PSInSAR processing show movements of
identified PS points in the range from -5 mm/yr to +6 mm/yr.
In the post-mining period upward movement of the most areas
has been observed. It correlates with the restoration of
carboniferous water table. However, certain parts of the coal
basin have experienced subsidence after mining stopped,
especially in areas of shallow mining. The results of PSInSAR
processing have been mapped using GIS system and have
provided spatial information about secondary deformation of
the ground surface for the entire mining area.
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I. INTRODUCTION

Mining subsidence is a time-dependent deformation of
the ground’s surface caused by readjustment of the
overburden above voids created by underground extraction
of minerals. Depending on the mining conditions that
include depth of mining or mining system used, continuous
or discontinuous deformations develop on the surface. The
first in the form of gentle depression in the ground, the latter
in the form of fissures, pits, escarpments. Mining related
subsidence often leads to damages to surface infrastructure,
buildings, engineering structures, farmlands, as well as
interrupt the balance of underground water levels, and
natural and man-made surface drainage systems. Secondary
deformations occur in the time after the end of mining and

are usually associated with destruction of underground
workings (subsidence) and restoration of underground water
levels that causes swelling and reduction of normal stresses
in overlying rock layers (Fenk, 1999).

Numerous studies indicate that the problem of secondary
deformations on former mining grounds persists for many
years or decades after the end of underground mining
operations often posing threat to new development of these
areas. Recent and noteworthy examples of studies of
secondary deformation processes and risks include
publications by (Oh and Lee, 2011; Cuneca et al. 2013; Lee
and Park, 2013; Mathey, 2013; Samsonov et al., 2013; de
Vent and Roest, 2013; Lazecky et al., 2014; Bateson et al.,
2015; Muntean et al., 2016).

In the first one, four models, i.e.: frequency ratio (FR),
weights-of-evidence (WOE), logistic regression (LR), and
artificial neural network (ANN) have been developed and
integrated to identify and quantify relations between land
subsidence location and seven related factors (slope, depth
of drift, distance from drift, groundwater level, permeability,
geology, and land use) for the purpose of analysing ground
subsidence hazards caused by abandoned coal mines in
Korea. The relations have been used as factor ratings in GIS
overlay analysis to create ground subsidence hazard indices
and maps. In another study in Korea (Lee and Park, 2013)
have analysed land subsidence hazard caused by abandoned
underground mines using the decision tree approach and
factors that can influence subsidence in a geographic
information system (GIS). They have produced and verified
land subsidence hazard maps for the study site. In the
second example the PSInSAR technique has been used to
assess surface activity in a former-mining Limburg coal
region in the southern part of the Netherlands bordering with
Germany and Belgium. The authors have used satellite
images acquired between 1992 and 2009 (ERS and Envisat
satellites) to calculate surface deformations. The results,
correlated with hydrogeological data representing the
process of underground water level restoration in the post-
mining period, have shown elevation of the ground surface
of up to +220 mm in a period of 18 years. Mathey (2013)
has used GIS analytical functions to assess geotechnical risk
to the surface associated with abandoned underground coal
mines in South Africa. Samsonov et al. (2013) have
presented a methodology for integration of multiple InSAR
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datasets for computation of two dimensional time series of
ground deformation and applied it for mapping mining
related subsidence and uplift in the Greater Region of
Luxembourg along the French—German border. Satellite
interferometry has also been used as source of information
in studies of former mining grounds in the Netherlands (de
Vent and Roest, 2013). Observations of mining grounds
with PSInSAR technique revealed occurrence of surface
deformations several decades after closure of underground
mines and differentiated character of movements including
uplift and changes near tectonic faults. The authors have
suggested the risk of cavities as a result of shallow mining in
the analysed area. Lazecky et al. (2014) attempted to
investigate the effect of fading subsidence on deformations
of a motorway in the Czech Republic with InSAR using
ERS, Envisat and TerraSAR-X images, whereas Bateson et
al. (2015) have monitored surface deformation in the South
Wales Coalfield using ERS-1/2 Synthetic Aperture Radar
(SAR) C-band images for the period between 1992 and 1999
and the ISBAS (Intermittent Small BAseline Subset)
technique. They have observed a relatively large spatial area
of uplift with rates up to 1 cm/yr. and centred on the part of
the coalfield, which was most recently exploited. The uplift
was attributed to mine water rebound.

In the last example, analysis of GPS data spanning the
period 2007-2012 in the Petrosani area in Romania has been
done to study possible surface deformation and potential
hazards due to the collapsing of an extensive and dense
network of galleries in abandoned coal mines. The
determined vertical velocities range from +39 mm/yr (uplift)
to =263 mm/yr (subsidence) with the largest motions in the
central (oldest) sector of the mining area and uplift in the
peripheral parts.

The main aim of this study has been to determine, for the
first time, the character of surface deformations in the post-
mining period for the entire area of the former Walbrzych
Coal Basin (SW Poland). Previous studies based on precise
levelling results have been limited to selected parts of the
area only and have indicated present-day surface movements
(Blachowski et al., 2009). The vertical movements
registered in a levelling line in central part of the former
mining grounds range from +128 to +152 mm in the 2000-
2008 period. With the aim to obtain the complete picture of
secondary deformations in the area Envisat satellite images
for the 2002-2009 period have been acquired and processed
with the PSInSAR technique. The following sections of the
paper describe the study area, methodology of data
processing, analysis of results and discussion.

II. STUDY AREA

The study area covers the former mining grounds of the
Walbrzych Hard Coal Mines (WHCB) located in the city of
Walbrzych area (SW Poland) between longitudes 16° 7’ 10”
E and 16° 20’ 34” E and latitudes 50° 42° 25” N and 50° 47’
50” N. The administrative area of former mining grounds
has been approximately 94 sq km (Fig. 1). The history of
hard coal mining in Walbrzych dates back to the middle
ages. In the second half of the 19th Century mining of
mineral from coal layers located under settlements and
linear infrastructure (roads, railways, etc.) began. After
World War II coal production peaked in 1955 (3.25m
tonnes), and later on the value oscillated around 2.5m
tonnes. Mining operation in three underground coal mines

(Thorez, Victoria and Walbrzych) gradually stopped
between 1993 and 1999. The steady drop in production of
coal was accompanied by controlled flooding of
underground workings through decrease in mining drainage
of the rock mass. The process of mine flooding started in
1994 and due to favourable geological conditions coal fields
could be flooded independently (Fiszer and Gogolewska,
2003). The following mining methods were used in the
mines: long-wall and caving (predominantly) and long-wall
with various forms of fill (pneumatic, dry, dry with material
from dead drifts). It is estimated that the total subsidence of
the ground surface for the entire period of mining has
reached -23 m (Kowalski and Jedrzejec, 2000). Since the
end of mining in Walbrzych comprehensive surveys of
surface displacements on mining grounds have been
stopped. Studies of secondary deformations in this area have
been initiated and are carried out by the Geodesy and
Geoinformatics Department at the Wroclaw University of
Science and Technology (Blachowski, 2008). The results of
precise levelling measurements limited to several campaigns
of selected parts of the existing geodetic network have been
described in (Blachowski et al., 2009 and Blachowski et al.,
2010). These indicated movements between +128 mm to
+152 mm for the 2000-2008 period.

III. TOPOGRAPHY AND GEOLOGICAL SETTINGS

The former mining site is situated in the southern part of
the Walbrzych Mountains, in intra-mountainous depressions
of the Central Sudety Mountains. The area has differentiated
topography with wooded hills, the largest being Mt.
Chelmiec (851 m a.s.l.), separated by elongated valleys
where urban areas are predominately located. Long-time
mining activity has caused large transformations of the
original topography, such as subsidence basins and
anthropogenic forms of terrain such as settlement ponds and
waste dumps. The first have developed mainly in the natural
depressions (valleys), the latter, reaching up to 100 m above
the ground, are often larger in size than the neighbouring
natural forms of the terrain. Height differences of the
surface reach up to 350 m (Fiszer et al., 1998).

The local geology is differentiated in terms of the
continuity of deposits, thickness of deposited formations and
tectonic conditions (Kozuchowicz and Oprychat, 1984). The
Walbrzych coal basin is of a limnic-type, where deposition
of material took place in intra-mountainous sedimentary
basins. This has resulted is a mixed exogenous -—
endogenous coal deposit (Kominowski, 2000). The coal-
bearing layers are associated with three of the four
lithostratigraphic Pennsylvanian complexes: the Zacléf
formations, the Bialy Kamien and the Walbrzych
formations. Altogether, 80 coal seams have been identified,
including 48 in the Zacléi formations and 30 in the
Walbrzych formations. The stratal dips are towards the
centre of the basin, ranging from several to over 30 degrees,
and from 30 degrees to 60 degrees in the basin outskirts.
The productive coal levels are inclined at 10 to 30 degrees
and their thickness varies from less than 1 meter to over 2
m. The complicated geological structure is the results of
intrusive and compressive tectonic activity of the Asturian
phase. Most of the faults trend from NW towards SE with
the influence of the Chelmiec intrusion clearly marked by
longitudinal and latitudinal faults. The throw of the main
faults reaches 300 m. In addition, there are numerous local
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faults in the hard coal-bearing layers, with throws of several
metres (Kominowski 2000).
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Fig. 1 Location of study areas and boundaries of the former mining grounds in Walbrzych

IV.RESEARCH METHODOLGY

In the study surface deformation calculations based on the
processing of PSInSAR (Persitent Scatterer SAR
Interferometry) have been carried out. The PSInSAR
technique is a development of the classical InSAR method,
where two spatially convergent radar images covering the
same area but acquired at different times are processed to
generate digital elevation model (Zebker and Goldstein
1986; Hansen, 2001). The method was developed in the late
90°ties of the 20™ Century by researchers from Polytechnic
University of Milan (Ferretti et al. 2000; Ferretti et al.
2001). Detailed description of the PSInSAR processing
procedure has been described in (Hooper et al., 2004;
Hooper 2006). The key stage in the method is the selection
of stable scatterers, for which components given by formula
(1) can be determined. The residual part of phase for pixel
“i" in the “j” interferogram can be written as a sum of the
components (Hooper et al., 2004):

D i = Paeroij + Pajij + Porvitij + Peij + 1 (1)

where:

Dyefoij — 1s the part of the signal phase representing
ground surface movement in the satellite line-of-sight
(LOS),

@y;; — is the component representing atmospheric
retardation between passes (APS),
Dorbit,i,j is the phase

inaccuracy of the orbit,

@, ; — is the residual part of the phase resulting from the
DEM error,

n; ; — the remaining part representing errors such as error
of SAR images co-registration.

component representing
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Two selection methods can be applied, one based on
amplitude analysis using the dispersion of amplitude
(Ferretti et al., 2001) or based on temporal analysis of
coherence coefficient (Hooper et al., 2004). The latter is
effective for large values of signal to noise ratio and
implemented in the StaMPS/MTI environment used for data
processing and calculations in the presented research.

Processing of sufficiently large amount of radar images in
the PSInSAR technique allows to eliminate errors associated
with heterogeneity of the atmosphere (Atmospheric Phase
Screen) and temporal and geometric decorrelation.
Therefore, the presented method can be applied to study
long-term changes (movements) of the ground surface. The
method has been applied to investigate the influence of
water reservoir exploitation (Chaussard et al., 2014; Raspini
et al., 2014), volcanic activity (Peltier et al., 2010), tectonic
processes (Gourmelen et al., 2010; Hooper et al., 2012),
landslide monitoring (Perrone et al., 2013; Ciampalini et al.,
2014) and mining subsidence in the examples mentioned
earlier.

V. DATA AND SOFTWARE

The following software have been used in the study,
DORIS environment (Kampes et al., 2003) to generate
interferograms from radar images, STAMPS (Hooper et al.,
2004) and Matlab environments for selection and further
processing of the permanent scatterer (PS) dataset. In the
calculations, the SRTM-1 (Shuttle Radar Topography
Mission) obtained from the U.S. Geological Survey, has
been used at the stage of removing the topographical
component.

The SAR data used for processing consisted of 24 Envisat
satellite images from the 229 track (Table1). The
calculations covered approximately 350 sq km that included
former mining grounds in the Walbrzych area and northern
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parts of the city outside the former mining grounds. The
radar image from 18-05-2005 has been chosen as the master

scene (Table 2).

TAB. 1. SAR DATA INFORMATION USED IN THIS STUDY

Sensor ENVISAT ASAR
Band C

Wavelength (mm) 56

Incidence angle (°) 23.2

Heading (°) —168.2

Track 229

Polarization \AY

Pass Ascending

No. of images 24

Date range 2002-2010

TAB. 2. SPECIFICATIONS OF ENVISAT DATASET ACQUIRED

SAR Date Perpendicular Temporal baseline
No. baseline (m) (days)
1 20-Nov-2002 -163 -910
2 05-Mar-2003 100 -805
3 23-Jul-2003 -321 -695
4 27-Aug-2003 -158 -630
5 01-Oct-2003 933 -595
6 10-Dec-2003 344 -525
7 14-Jan-2004 508 -490
8 07-Jul-2004 408 -345
9 11-Aug-2004 572 -280
10 20-Oct-2004 -832 -210
11 29-Dec-2004 867 -140
12 18-May-2005 (master scene) 0 0
13 27-Jul-2005 324 40
14 07-Jun-2006 210 415
15 07-Feb-2007 -178 630
16 18-Apr-2007 -230 700
17 05-Sep-2007 583 840
18 14-Nov-2007 437 910
19 02-Apr-2008 439 1050
20 11-Jun-2008 135 1120
21 23-Dec-2009 -246 1680
22 03-Mar-2010 153 1750
23 21-Jul-2010 -202 1860
24 29-Sep-2010 782 1960
VI RESULTS knowledge of the area it is presumed that these movements

In the result of calculations with the above mentioned
methodology a dataset of Pernament Scatterer (PS) points
has been obtained. LOS (Line-Of-Sight) displacements have
been determined for 8201 points for the 20 November 2002
to 29 September 2010 period (8 years and 10 months) that is
approximately 3 years after the complete end of mining in
the area. The calculated average annual velocities for this
period range from -5.0 mm to +6.0 mm. Location of PS
points in the area and shown on the map of former mining
area has been presented in Fig. 2. Analysis of this data
indicates distinct spatial partition of points into two sets
based on the direction and value of displacements. The
points located to the north of former mining grounds in
Walbrzych are characterized by average movements in the -
1.0 mm/yr to +1.0 mm/yr range (PS point no 2 in Fig. 3).
These values are within the accuracy of the PSInSAR
method. In this area a number of points shows movement at
the -1.5 mm to -4.5 mm per year. These points are
irregularly distributed in the entire northern part of the city.
Based on the results of field investigations and authors’

have not been caused by mining related or natural activity of
the ground surface but is a result of anthropogenic changes
such as construction and renovation of buildings and roads.
In the case of points belonging to the second group and
located within the boundaries of the former mining grounds
the process of their upward movement associated with
elevation of the ground surface has been identified. The
average annual movements range from +1.0mm to +6.0 mm.
The locations of PS points identified during data processing,
for which displacements have been calculated are spatially
convergent with the area of done mining activity. These
points, presented in Fig. 2, are directly above the former
underground workings. Fig. 3 represents graphs of the
calculated displacements for 4 points representative for the
PS dataset. The above mentioned point no 2 is located
outside the former mining grounds and is a reference for the
remaining ones. It shows little or no movement in the
analysed period. The remaining points are located within the
limits of the done mining. The point no 1 in the western part
of the former Victoria Hard Coal Mine, point no 3 in the
north-east part of the former mining area (the Thorez Hard
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Coal Mine) and point no 4 in the central part. The calculated  period all of these points showed upward movement and in
total movements for these points are +37 mm (point no 1), + the last two years gradual decrease of this trend or
30 mm (point no 3) and +34 mm (point no 4). Analysis of  subsidence (point no 1). The total subsidence registered on
the graphs indicates that for the first 6 years of the analyzed point no 1 in the 2.5 period amounts to — 13.0 mm.
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Fig. 2. Graphical representation of PS point locations classified according to their average annual velocities calculated from Envisat satellite SAR data.
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Fig. 3. Displacements of representative PS points in the 2002 — 2010 period.
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VIL DISCUSSION AND CONCLUSIONS

Results of studies concerning other former underground
mining areas, presented in the first part of this paper suggest
that the observed upward movement of PS points located
within the boundaries of former mining areas in Walbrzych
is associated with restoration of groundwater levels to their
original state. Drainage of mine water stopped approx. at the
same time as underground exploitation of coal. This has
caused systematic upward movement of Carboniferous
water table that filled voids left underground and increased
hydrostatic pressure in the rock mass. This process is known
to be the main factor of upward movement of the ground
surface in former mining areas. In the case of areas of
shallow mining (up to approx. 150 m below the ground
surface) surface subsidence is a likely phenomenon even
more than a dozen years after the end of mining. This is the
probable cause of downward movement of PS point no 1.

The use of remote sensing data and satellite
interferometry PSInSAR processing methodology has
allowed to determine the present condition of the ground
surface in the former Walbrzych Coal Basin and to
investigate the process of surface deformation in the decade
after the end of mining. Satellite interferometry has provided
information on the deformation process, which for the first
time covered the entire area of done mining.
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