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PREDICTION OF SURFACE UPLIFT IN POST-MINING AREAS USING SATELLITE
INTERFEROMETRY AND NUMERICAL MODELLING - A CASE STUDY

In most coal mines across Europe, mining operations have already ceased, and the previously ex-
ploited geological strata have become partially or fully flooded. The process of mine flooding is gradual,
often spanning several years or even decades. During this time, the water table within the re-saturating
rock mass slowly rises toward the surface. As groundwater infiltrates and saturates the rock, it induces
geomechanical changes, including the movement of rock blocks within the geological strata and the
redistribution of local gravitational stresses. These changes result in stress accumulation and alterations
in the geodynamic equilibrium of the region. Ultimately, such processes can lead to large-scale ground
movements, including land subsidence, uplift, or the sudden formation of sinkholes in near-surface areas.
Understanding and monitoring these phenomena are critical for mitigating geohazards associated with
post-mining environments and ensuring the long-term stability of former mining regions. To support
this goal, a study was conducted to predict surface uplift at the flooded Kazimierz-Juliusz coal mine in
Poland using numerical modelling with FLAC2D, a finite difference method-based software. Based on
extensive Satellite Radar Interferometry (InSAR) monitoring data, a numerical model was developed
and subsequently verified for predictive analysis. Occurrence of surface uplift has been observed at the
studied site, with a maximum displacement of approximately 16 cm at the end of 2023. Long-term pre-
dictions indicate that surface uplift could reach up to 57 cm when the water level rises to ground level.
This research is expected to provide a valuable reference for understanding uplift phenomena and to
contribute to a deeper insight into water-mechanical interactions within the rock mass in regions affected
by mine flooding.
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1. Introduction

Surface deformation is a well-documented phenomenon in mining regions and can manifest
in various forms, including both subsidence and uplift. The characteristics of surface deformation
are influenced by a wide range of parameters, such as the number and thickness of the mined coal
seams, the depth and inclination of these seams, surface topography, the lithological composition
of the overburden, and the presence of geological structures such as faults and water-bearing
formations [1-7].

Typically, subsidence tends to occur during active mining operations and can continue for
many decades following mine closure. However, in some post-mining environments, particu-
larly those undergoing mine flooding, the rebound of underground water levels plays a critical
role in inducing ground uplift rather than subsidence [8-14]. As the groundwater table gradually
rises, the resulting increase in pore pressure within the rock mass leads to stress redistribution
and may induce volumetric expansion in certain geological strata. Additionally, the mechanical
behaviour of unconsolidated deposits - such as caved zone (goafs) and fracture zone - can further
influence surface deformation, as these zones may undergo compaction or swelling in response
to changes in water content.

An example of such uplift is currently being observed at the abandoned “Kazimierz-Juliusz”
coal mine in Poland, which was fully decommissioned by the end of 2018. Since closure, the
ground surface has risen by approximately 15 cm, accompanied by a consistent and measurable
increase in the underground water level. This scenario illustrates the complex interaction between
hydrogeological and geomechanical processes in post-mining settings, making the prediction of
surface uplift particularly challenging.

To address this issue, the relationship between surface deformation and the rising ground-
water table was systematically investigated. The primary objective of the study was to establish
approximate correlation estimates that could aid in characterising and forecasting the evolution
of surface uplift in response to continuous groundwater recovery. For this purpose, an integrated
analysis was performed, combining numerical modelling techniques with Satellite Radar Inter-
ferometry (InSAR) monitoring data. This hybrid approach enables the identification of spatial
and temporal patterns in surface displacement and their potential linkage to subsurface hydro-
dynamic changes. By examining these correlations, the study aims to enhance the understanding
of hydrogeomechanical behaviour in flooded mining regions and improve predictive capabilities
for managing surface impacts. The findings contribute to a growing body of knowledge essential
for mitigating risks associated with ground deformation in post-mining environments and for
guiding future land-use planning in affected areas.

2. Overview of prediction methods for mining-induced
deformation of the ground surface

Depending on the available information about the geomechanical properties of the rock mass
and the geological and mining conditions, methods for predicting mining-induced deformations
can be divided into two major approaches: empirical methods and numerical methods [4]. The
first group, empirical methods, belongs to the category of parametric methods. These methods
use the influence function or the profile function of the subsidence basin to describe the impact
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of mining deformations on the surface of the terrain, i.e., the interaction of mining activities
[15,16]. The first theory using the influence function was the Keinhorst theory [17], later de-
veloped by Bals [18]. The assumption of the theory was to limit the area of influence. Other
examples include the widely used Knothe method [19,20] in Poland and the Ruhrkohle method
[21] used in Germany. Mathematically, these methods are identical, with the only difference being
in the definition of the angle of influence. An example of a model using the interaction function
of mining activities is the Sroka method [22], which allows for the consideration of changing
boundary conditions. These kinds of methods are based on calibrating the model using geodetic
data. Empirical relationships are derived to predict mining deformations [23-26].

Numerical methods offer advanced tools for analysing engineering problems, allowing
for the consideration of complex geometries, influencing factors, and various mechanisms that
are unattainable using empirical or analytical methods. Additionally, the rapid development of
computer technologies over the last decade has led to an increasing use of numerical methods in
geoengineering analyses, such as assessing and/or predicting surface deformations. Before ap-
plying numerical calculations to solve geoengineering problems, an appropriate material model
must be selected, i.e. suitable properties must be assigned to the rock mass. The rock mass can be
assumed as an elastic medium, a transversely isotropic elastic medium, an elastoplastic medium
or others. Many numerical methods were applied to study surface deformation with different ef-
fects that reflect the measured surface displacements. Yao et al. [27] presented a non-linear finite
element package, and its modifications allow modelling of the ground movement due to mining
inclined seams. The results have been validated by comparison with both empirical models and
physical modelling results. This study focused on the effect of dip of the mineral seam and the
width/depth ratio on subsidence, displacement, stress and strain distribution. Keilich [28] intro-
duced a methodology of subsidence prediction using the distinct element method-based code as
an alternative for modelling and prediction of subsidence induced by isolated longwall panels.
The numerical models have been validated by comparison with empirical results, observed
caving behaviour and analytical solutions. Sayyaf et al. [29] used 2D finite element method to
simulate the land subsidence induced by the excessive use of groundwater resources in Kerman
province, Iran. Suchowerska Iwanec et al. [30] compared predictions of surface subsidence ob-
tained using the finite element method, considering a range of well-known constitutive models.
Based on the field measurements of surface subsidence, the advantages and disadvantages of
each selected constitutive model are discussed. Huang et al. [31] studied subsidence due to ore
extraction and backfilling during open stoping operations at an underground iron mine in China.
A 3-D distinct element discontinuum numerical model was performed, incorporating geologic
complexities including faults and interfaces between different lithologies, and the stopping and
backfilling sequence adopted from the mine plans. Das et al. [32] analysed the pattern of surface
settlement due to non-circular asymmetric parallel tunnel deformation under natural undulating
topography using a finite element method-based code. A transportation tunnel project in the
Bilaspur district of Himachal Pradesh, India has been taken as an example. Hamdi et al. [33]
presented a finite/discrete element modelling approach coupled with a discrete fracture network
(FDEM-DFN) to analyse the Kiruna (Sweden) hanging wall surface subsidence with an emphasis
on investigating the influence of discontinuity persistence and spacing. Cao et al. [34] introduced
a simulation of the surface subsidence induced by a mining method called "wide strip backfill
mining” using three-dimensional finite difference numerical simulation. The case study took
place at Taoyi coal mine located in the Handan mining area, Hebei Province, China. Voyiadjis
and Zhou [35] introduced an analysis of surface subsidence of the Valentine gas field in coastal
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Louisiana during and after production using three-dimensional finite element modelling. Li et al.
[36] presented a two-dimensional numerical model, established by the discrete element method
code PFC2D, to investigate the mechanical mechanism of surface subsidence and backfill material
movement induced by underground mining in the Hongling lead-zinc mine located in northern
China. Zhao et al. [12] describe a case study of surface subsidence in the Hongling Lead-Zinc
Mine located in Inner Mongolia, China. A three-dimensional finite-difference numerical simu-
lation was carried out to analyse the excavation procedure and mechanism. The results of the
simulation were in good agreement with the field subsidence data collected by satellites and
aerial vehicles. Shi et al. [37] combined three-dimensional finite-difference numerical simula-
tion and probabilistic integral method to predict surface deformation due to the extraction of
underground coal in the Jindal Coal mine located in Tengzhou city, Shandong province, China.
Zhao et al. [38] introduced a three-dimensional finite difference numerical model of the Jinfeng
Gold Mine in Guizhou Province, China, to estimate the shaft stability and surface deformation
induced by underground mining transferred from open-pit mining. Satellite monitoring data of
surface displacement at several points were used to calibrate the numerical model. Guo et al.
[39] studied the surface movement and deformation law of deep continuous mining by caving
method in the Shizishan mining area, Yunnan Province, China, integrating the field fissures
investigation, GPS monitoring, and large-scale three-dimensional finite-difference numerical
simulation. Li et al. [40] introduced an in-depth investigation of surface subsidence using the
three-dimensional finite-difference numerical simulation. The research focuses on the Prang Cop-
per Mine subsidence area in Yunnan Province, China. The uneven surface subsidence induced
by underground structural interfaces and underground mining activities was modelled. For the
conditions of Polish coal mining, numerical methods for predicting surface deformations have
been applied by many researchers, e.g. Kwasniewski and Wang [41], Florkowska [42], Tajdu$
[43-46], Wesotowski [47,48], Dudek [11,49,50]. These studies were conducted using the finite
element method (FEM) with an appropriate selection of transversely isotropic model properties.
The outcomes showed high agreement with those calculated using Knothe’s theory and in situ
surface displacement measurements.

The issue of ground surface uplift induced by mine closure and/or flooding of old under-
ground workings is relatively uncommon, with a limited number of reported case studies. This
is mainly because large-scale mine closures only began in the last decade, and the uplift process
requires sufficient time to fully develop and become clearly observable. According to Zhao et al.
[51], the first applications of numerical tools for simulating uplift have appeared since 2019. Todd
et al. [52] developed a 2D coupled hydromechanical model to simulate the uplift of abandoned,
flooded mine workings in Scotland. Dudek and Tajdus$ [49] stated that predicting surface uplift
induced by mine flooding is possible using numerical methods. In their research, a series of nu-
merical calculations was performed using the FEM, representing steeply inclined seams based on
the authors’ methodology [11]. The surface deformation results were presented and verified by
measurements. Zhao and Konietzky [53] proposed a numerical modelling strategy that includes
three phases: the initial state before mining, the stage directly after mine closure, and the flooding
stage. In situ measurements are used to calibrate the model. The case study was conducted at the
Oelsnitz abandoned coal mine, where the data were used for model validation and prediction.
At the same time, predictive approaches based directly on InSAR time series are being devel-
oped. These include point-based modelling of uplift evolution using the cumulative distribution
function (CDF) of the Weibull distribution. This approach offers a new trend in surface uplift
prediction without requiring in situ geological and hydrological data from the studied sites [54].
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Currently, a common approach to predicting surface deformation is coupling numerical
analysis with the results of laboratory and in-situ tests, as well as in-situ measurements (moni-
toring). In this study, the extensive data obtained from monitoring of surface deformation using
satellite interferometry and the two-dimensional finite-difference numerical simulation are used
to predict the surface uplift at a liquidated underground mine located in Poland.

3. Case study — the liquidated “Kazimierz-Juliusz” coal mine

3.1. Location and general information

The “Kazimierz-Juliusz” hard coal mine is located in the northeastern part of the Upper
Silesian Coal Basin (USCP), Poland. The mining area of the mine covers 23.08 km? and is located
mainly within the administrative boundaries of the Sosnowiec city, with parts extending into the
cities of Jaworzno and Dabrowa Gornicza. The mine began operations in the 19th century with
open-pit mining, and at the turn of the 19th and 20th centuries, underground coal extraction
started, continuing for over 100 years. In May 2015, the mine was officially decommissioned.
In 2016, the flooding of underground workings began, and the mining plant was completely
liquidated by the end of 2018. Currently, the mine is completely abandoned. The location of the
mine is shown in Fig. 1.

Fig. 1. Location of the “Kazimierz-Juliusz” coal mine with the location of the piezometer
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Coal mining within the analysed post-mining area was conducted in nine coal seams. In the
western part, extraction took place in seams No. 409/1-2, 418, and 420, belonging to the Ruda
and Saddle layers, at depths reaching up to 740 m. Their thickness ranged from 1.2 meters to
several meters. In the northeastern part, mining was carried out in the marginal layers, including
seams No. 816, 819, 823, 829, and 833, with thicknesses ranging from 1.2 to 2.4 meters. Ad-
ditionally, extraction from seam No. 510 was conducted across the entire area, with thickness
varying between 3 and 10 meters (TABLE 1). A detailed description of the mining operations
carried out in the analysed post-mining area, along with a map showing the contours of this
exploitation, is presented in [55].

TABLE 1

Summary of information on the mining operations carried out at the “Kazimierz-Juliusz” coal mine

Seams Layers Depth [m] Thickness [m] Location
409/1-2
418 Ruda and Saddle up to 700 1,2 - several Western part of
meters mining area
420
816
819

North-eastern part

823 Marginal up to 420 1,L2-24 .
of mining area
829
833
510 Sandstones and up to 700 3-10 Across entire area
Claystones

3.2. Brief characteristics of geological and hydrogeological
conditions at the studied site

In the geological structure up to a depth of approximately 800 m, two main formations are
present. The Quaternary formations extend down to 6.5 m and consist of embankment material-
rubble, slag, sand, and clay. Beneath them, the Carboniferous formations contain layers of clay
shales, sandy shales, and sandstones, along with coal seams. The average dip of the Carboniferous
layers is approximately 22 degrees. Fig. 2 shows an example of geological structure in the stud-
ied site along the ventilation shaft. No major tectonic disturbances are observed at this specific
location. However, the general tectonic structure of the study area is highly varied, with fault
displacements reaching up to 200 m [55]. A water-bearing level is present in the Quaternary sands
at a depth of approximately 7 m. Additionally, several Carboniferous water-bearing levels have
been identified: the first at a depth of 92-102 m, the second at 160-190 m, the third at 260-270 m,
and the fourth at 300-360 m.

Groundwater monitoring in the post-mining area of the “Kazimierz-Juliusz” mine is con-
ducted using piezometers of varying depths. The study used data from a piezometer borehole
monitoring deep Carboniferous aquifers, which is located about 2.2 km northwest of the analysed
area (piezometer coordinates: 50.3036N, 19.1946E). Currently, there is no piezometer within
the analysed area monitoring the level of Carboniferous groundwater. Recorded water level
changes in time function are shown in Fig. 3. The monitoring period covered from July 2021 to
February 2023.
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Fig. 2. Geological profile along the ventilation shaft of the “Kazimierz-Juliusz” Coal Mine
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As shown in Fig. 3, the groundwater level systematically increased from —108.251 mASD
to —74.979 mASD between July 2021 and February 2023. The total rise during the analysed
period was 33.272 m, progressing at an average rate of approximately 1.7 m per month. The
above data were collected and provided as part of the PostMinQuake RFCS Research Project
for the field site in Poland [56].

4. Monitoring of Surface deformation using Satellite
Interferometry Radar (InSAR)

4.1. General background and applications

Satellite radar interferometry (InSAR) is an advanced remote sensing technique that uses
synthetic aperture radars (SAR) mounted on satellites orbiting the Earth in Low Earth Orbit
(LEO). The principle of SAR operation is based on sampling the Earth’s surface from different
satellite positions and at various angles. Then, the signal is combined into a complete image. This
approach allows for high resolution (from a few to several meters) with relatively small antenna
sizes (up to a few meters). SAR radars are active sensors, which enable operation regardless
of the time of day or weather conditions [57,58]. The concept of InNSAR 1is based on analysing
phase differences of radar signals reflected from the same part of the Earth’s surface at different
times or from different satellite positions. This involves calculating the difference between two
SAR images, which are measurement products containing information about a complex number
consisting of the signal phase () and signal amplitude () [59]. The result of this difference is
an interferogram — a matrix containing the phase shift between two SAR images, known as the
interferometric phase (1) [60]:

4r
Ap =—XxAr 1
= (D

where: 1 is the radar wavelength; Ar is the difference in distance between the Earth’s surface and
one of the other satellites, or the same satellite at different times. If there is no surface displace-
ment, the interferometric phase can be used to determine the topography of the Earth’s surface
by considering precise orbital parameters. If surface displacements occur between two SAR
acquisitions, the interferometric phase contains information about both the terrain topography
and the surface deformations that have taken place (2) [60]:

A(ﬂ = Agotopo + A¢d6f0 (2)

where: Ag,,,, is the interferometric phase component related to terrain topography; Agg,y, is
the interferometric phase component related to surface displacement. To determine surface
displacements, it is necessary to separate and remove the topographic component. In practice,
InSAR measurements are affected by various factors, such as system errors, orbital uncertain-
ties, atmospheric delays, and phase noise, all of which must be considered when calculating
surface displacements. Additionally, the radar signal is modulated within a 2z range, meaning
that the unwrapped phase must also be retrieved [61-63]. This approach is known as differential
interferometry (DInSAR) [64].
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An extension of the classical DInSAR method includes advanced time series algorithms
(MT-InSAR), such as the permanent scatterers method (PSInSAR) [65,66] and the small baseline
subset method (SBAS) [67]. The PSInSAR method is based on processing a set of SAR images,
where one serves as a reference image and multiple others as secondary images. Interferograms
are calculated between the reference image and the secondary images. Calculations are performed
for permanent scatterer points (PS) where the radar signal reflection remains stable. PS points
can be selected in different ways, but the two most common methods are selection based on am-
plitude dispersion [66] or on the temporal coherence of a given pixel [68]. The interferometric
phase for a PS point is given by (3) [65,68]:

4
A@PS :7(d+BJ_ XAZ)+A¢atnz +A¢7noise (3)

where: d is the actual surface displacement in the satellite’s line of sight (LOS); B is the baseline;
A@m 18 the interferometric phase component related to atmospheric delays; Ag,,,;. 1S the inter-
ferometric phase component related to phase noise. The SBAS method is based on processing
aset of SAR images, where multiple reference and secondary images are used. Interferogram pairs
are selected based on spatial and temporal baselines. Minimising these baselines helps reduce
orbital errors affecting the interferometric phase and decreases signal decorrelation caused by
surface changes between two SAR acquisitions. The interferometric phase in the SBAS method
is given by (4) [67]:

AQ(F’A):¢(thr:A)_¢(tA:r;A)

4x 4r  B,Az
=Ll d)=d(tr )]s e
+[¢atm (tB’rrA)_¢atm (IA,F,A)J+An (4)

where: 7, A are the coordinates of a given pixel in range () and azimuth (4); ¢, t, are the acqui-
sition times of the given image; ¢ is the phase signal value; d is the cumulative displacement in
the satellite’s line of sight (LOS); Az is the terrain topography error; atm is the phase component
determined by atmospheric delays; An is the phase component determined by phase noise. The
analysis of a large number of SAR images in MT-InSAR methods allows for the estimation and
subsequent separation of patterns related to atmospheric delays affecting the signal. Additionally,
there are less commonly used satellite image processing methods that build upon the previously
described techniques, such as the multi-view method [68], the MSBAS (Multidimensional Small
Baseline Subset) method [8], or the MAI (Multiple Aperture Interferometry) method [70].
InSAR methods have been widely used for monitoring surface displacements related to natu-
ral processes [71], glacier movements [72], deformations caused by volcanic eruptions [73], and
earthquakes [74]. Regarding mining areas, InSAR has been applied in Australia [75], China [76],
and Europe [77]. In post-mining regions, it has also been extensively used to identify residual de-
formations and surface uplift caused by the flooding of abandoned mining excavations [8,9,78,81].

4.2. Applications of satellite interferometry for the studied site

Long-term surface displacements in the study area were determined using SAR images
acquired at 6-day and 12-day time intervals by the Sentinel-1 satellite constellation. The im-
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ages were processed using the SBAS method, as two time series from two satellite pass orbits:
ascending orbit number 175 and descending orbit number 51. Interferograms were calculated
through a two-pass processing using GMTSAR software [82], and the interferometric phase was
unwrapped using a two-way phase unwrapping method implemented in the SNAPHU applica-
tion [63]. The topographic and atmospheric phase components were removed using SRTM-1 data
[83] and GACOS corrections [84-86], respectively. Additionally, to reduce imperfections such
as noise, the unwrapped phase was further filtered by fitting the results to a low-order polynomial
trend using the least squares method and removing mismatched imperfections. For this purpose, an
algorithm implemented in GMT software was used [87]. The result of the computational process
was two sets of time series containing information about the cumulative surface displacements
in the LOS direction. The analysis of two independent data sets allowed for the decomposition
of the two LOS vectors to distribute surface displacements into vertical and horizontal displace-
ments in the east-west direction [59].

The time analysis covered the period from the beginning of 2015 to the end 0f 2023. The num-
ber of processed interferograms was 2985 for orbit number 175 and 2733 for orbit number 51.
Detailed information about the computational parameters is summarised in TABLE 2.

TABLE 2

Basic information on the SAR data and SBAS time series processing and results used in the studies

Calculation period January 2015 — December 2023
Sensor Sentinel-1A/B
Orbit number/TW 175/ TW2-IW3 51/1W2-IW3
Orbit type Ascending Descending

Number of SAR images in time series 426 406
Perpendicular baseline [m] 120 120
Temporal baseline [days] 60 60
Number of interferograms 2985 2733

4.3. Monitoring results analysis

The analysis of the obtained results revealed the occurrence of surface uplift across the en-
tire post-mining area of the Kazimierz-Juliusz mine. Only two areas, located in the southeastern
and southwestern parts of the site, did not experience uplift. The largest uplift basin, measuring
approximately 2.5 km in the N-S and W-E directions, formed in the central-western part of the
area. The highest cumulative surface uplift in this region, recorded between January 2015 and
December 2023, reached up to 16 cm (Fig. 4).

Changes in ground surface topography in time function, in six-month intervals, are presented
in two graphs along the designated N-S and W-E profiles, located in the area of the highest surface
uplifts (Figs. 5 and 6). Additionally, Fig. 7 shows the increase in ground surface uplift in time
function at the location of the largest uplifts, that is, at 780 m of the W-E profile. According to the
graphs, the maximum surface uplift reached over 17 cm in the first half of 2023. Subsequently,
over the next six months by the end of 2023, the ground surface subsided by approximately 1 cm
at this location. The most significant uplift increase occurred between January 2021 and July 2021,
reaching 33 mm at 960 m of the N-S profile and 30 mm at 1800 m of the W-E profile. This was
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Fig. 4. Cumulative vertical surface displacements in the post-mining area of “Kazimierz-Juliusz”
(January 2015 — December 2023), obtained from SAR image processing using the SBAS method,
along with the location of N-S and W-E profiles (blue line)
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followed by a surface subsidence of several millimetres and stabilisation until January 2022 and
July 2022, respectively. Later, until July 2023, another significant uplift increase was observed,
reaching approximately 48 mm at 1260 m of the N-S profile and 50 mm at 780 m of the W-E
profile. Finally, according to the obtained results, the surface of the analysed area uplifted at the
highest average rate of 19 mm/year.

intersection of profiles
w E

Uplifts [mm]

120

29 9 9 999 9 9 9 9 9 9 © 00 09 900909099090 Q9 o 0o 9 9 9 9 o o
I @ ® S d ® ® O N e @ S« © ® o« ® ® 8N F L& D23S U ® S« 2
& m T o~ > S ® B BB O - N I © N8 s IES S 8§ ® ©

N A A AN ANOB OO O ® B ® o® T 3

_________ g §838
—01.2015 ——06.2015 ——01.2016 07.2016 ——01.2017 ——07.2017 ——01.2018 Distance [m]
——07.2018 ——01.2019 ——07.2019 ——01.2020 ——07.2020 ——01.2021 ——07.2021

12.2021 07.2022 ——01.2023 ——07.2023 ——12.2023
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Fig. 7. Vertical ground surface uplifts in time function at 780 m of the W-E profile obtained
from SAR image processing using the SBAS method

Fig. 8 presents the change in surface uplift due to the rise in the underground water level.
The groundwater levels increased by approximately 33 m, while the ground surface rose by about
50 mm. It can be noticed that the increase in water levels was generally proportional to the ground
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surface uplift. The coefficient of determination for both variables was 0.6027, which means that
the Pearson correlation coefficient is 0.7763. Therefore, it can be stated that the two variables,
surface uplift and groundwater level rise, are linearly correlated.
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Fig. 8. Change in surface uplift due to the rise in underground water level

5. Numerical modelling

5.1. Model description

Based on the geological and mining conditions in the area of the “Kazimierz-Juliusz” coal
mine, a two-dimensional numerical model of the rock mass was constructed using the finite
difference method-based code FLAC2D. Due to the lack of primary topographical surface and
geological structure data for such a large area at the studied site, the modelled rock mass fragment
is represented as a column with the entire extraction depth of the liquidated mine. The model
has the following dimensions: width % height = 50 x 700 m. It is divided into 35,000 elements
(Fig. 9). Additionally, such a model is optimal due to computational time constraints. Displace-
ment boundary conditions were applied to the lower edge and both sides of the model, while the
upper surface remained free.

An essential element of every numerical model is the appropriate selection of mechanical
parameters for individual rock layers. Due to the lack of geomechanical research conducted
in the coal mine after its closure, a homogeneous rock mass was adopted in the model with
weighted average values of the parameters for the rock layers. The rock mass was modelled
as an elastic material using a built-in constitutive model (elastic model) available in FLAC2D
[88]. The basic values of deformation parameters adopted for the calculations are summarised
in TABLE 3.

An important factor influencing surface uplift is the pore water pressure, most often referred
to as hydrostatic pressure. The maximum value of pore pressure for given water levels can be
easily calculated and assigned to the modelling. Calculations were also carried out for different
pore pressure values, reduced from the maximum by 5%, 10%, and 15%.



282

JOB TITLE :. .r-c*?:
FLAC (Version 6.00)

LEGEND
|- 8500
5-Mar-26 11:39
step 63190 I
-4 417E+02 <x< 4.917E+02 | css
-1.167E+02 <y< B.16TE+02

Disturbed rock mass | 4500
Intact rock mass

700 m 350

S0m | -0.500
P.M.V. NGUYEN

GIG, Katowice 1
3850 2500 -1.800 0500 0500 1500 2500 3500 4500
102y

Fig. 9. Model geometry and rock mass distribution in FLAC2D

TABLE 3
Sets of rock mass deformation parameters adopted for numerical calculations
Tvpe of rock mass Bulk modulus, K | Shear modulus, G
M [GPa] [GPa]
Intact rock mass 2.5 1.15
Disturbed rock mass Fractured/jointed rock mass — | 1.35 0.44
asa Highly fractured/heavily jointed
- 0.67 0.14
result of underground mining rock mass — II

5.2. Modelling methodology

Based on the described characteristics of groundwater at the studied site, i.e. the water level
is raised upstream horizontally. A new phreatic surface develops across the study site that causes
the heave of the soil surface as a result of the increase in pore pressure. It is well-known that when
pore pressures change due to flow or zone-volume changes, the total stresses are automatically
adjusted by the same amount (5):

Ao, = Aoy,

=Ao,, =—aAP (5)

This means the total stress acting in a zone is the sum of the matrix stress (caused by the
forces exerted by the grains of soil or rock matrix) and the fluid pressure, acting in the void spaces.
In FLAC2D, the ‘adjustment of total stresses’ option offers a convenient way to model the effect
on heave or subsidence of a soil layer resulting from the raising or lowering of a water table.
For such cases, total stresses will be adjusted according to the above equation associated with

a change of pore pressures generated in the model, without coupling a fluid flow simulation [88].



283

Simply, the model was initially calculated to achieve equilibrium for a dry rock mass. The dry
density of the material was assigned, and the saturation was set to zero. After that, displacement
and velocity vectors were then reset to zero. In the next steps, each water level was assigned by
applying pore pressure and a saturation value of 1, and the model was recalculated.

5.3. Model verification

In this study, back analysis was conducted by matching the results of numerical modelling
with the measured deformation as outcomes of the monitoring using satellite interferometry
described in section 4. The results of the numerical calculations are presented in the form of
the maximum vertical displacement values at the upper edge (surface) of the model. TABLE 4
shows the results for all considered calculation variants. It can be observed that the values of
surface uplift are proportional to the decrease in deformation parameters of the rock mass and
the increase in pore pressure within the rock mass. Fig. 10 shows a comparison of the in-situ
deformation and modelling results.

TABLE 4
Maximum vertical displacement of the model upper edge (surface) in [m]
Levels of Sets of rock mass deformation
Pore pressure [MPa] underground parameters for disturbed rock mass
water, m [a.s.L] I I
3.26 —108.2 0.139 0.310
3.34 —-100.3 0.146 0.326
Maximum values 342 -91.3 0.153 0.343
3.54 -79.2 0.164 0.368
3.58 -74.9 0.168 0.376
3.63 -70.1 0.173 0.387
3.10 —-108.2 0.125 0.279
3.17 -100.3 0.131 0.292
. 3.25 -91.3 0.138 0.308
3% Reduction 3.36 792 0.148 0.330
3.40 -74.9 0.151 0.338
345 -70.1 0.156 0.349
2.93 —-108.2 0.111 0.246
3.01 -100.3 0.116 0.259
. 3.08 -91.3 0.123 0.274
10% Reduction 3.19 79.2 0.132 0.294
3.22 -74.9 0.134 0.300
3.27 -70.1 0.138 0.310
2.77 —-108.2 0.097 0.216
2.84 —-100.3 0.102 0.227
. 2.91 -91.3 0.107 0.239
15% Reduction 3.01 ~79.2 0.115 0.257
3.04 -74.9 0.117 0.262
3.09 -70.1 0.121 0.271
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Fig. 10. Comparison of the in-situ deformation and modelling results: a) for set I; b) for set II

It can be noticed that the modelling result values are close to in-situ values in the case of
rock mass adopted as set I (fractured/jointed rock mass), while the modelling results are strongly
divergent to the monitoring results in the case of set II (highly fractured/heavily jointed rock
mass). For set I, it is possible to obtain values of surface uplift close to the monitored values by
controlling the pore pressure within a range of 85% to 100% of its maximum value. Moreover,
the increased trend function in this case is matched with the monitoring results. Based on this,
a data set of the matched variant can be adopted for further numerical modelling in order to
predict the evolution of surface deformation with the raised water levels.

5.4. Prediction of surface uplift

Due to the lack of mine water level control, accurately predicting future surface conse-
quences remains challenging. In long-term predictions, it is assumed that the water level will
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continue to rise and reach the surface. Calculations were carried out for the fractured/jointed rock
mass (set I) with the maximum pore pressure assigned for the higher water levels, i.e., sea level,
200 m below ground level, 140 m below ground level, 60 m below ground level and ground level
(surface). Fig. 11 presents the surface predictions for these different scenarios of underground
water levels. According to these predictions, if water continues to rise, surface uplift can reach
up to approx. 60 cm.
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Fig. 11. Long-term predictions of surface uplift

6. Discussion

Surface uplift is rarely observed in post-mining areas due to the natural tendency of the
mined mineral body to be filled by the surrounding rock mass, a phenomenon that typically
leads to surface subsidence [15,29,30,34,40,89]. However, in the case of flooded mines, the
presence of water induces displacements in the rock mass differently due to changes in pore
pressure, which in turn alter effective stress and cause mechanical volume changes in the rock
mass [9,11,12,80].

The fluid/solid interaction is a complex mechanism that involves the coupling of solid
weight, buoyancy, and seepage forces, which recur cyclically over time. Surface uplift caused
by raising water level mentioned in the studied site is one type of such an interaction. Despite
the simplifications adopted, for modelling the phenomenon has been successfully modelled by
controlling the most influential factors: rock mass deformation parameters and pore pressure.
The modelling results are unable to capture the ‘consolidation’ mechanism of the rock mass and
water, i.e., upward and downward flow. However, they do show an ‘increasing surface uplift’
tendency, similar to the monitoring results. It cannot be excluded that rock mass will weaken over
time in the waterlogged conditions, while the pore pressure can be increased due to the possible
additional surface water supplies (river, rainfall). Therefore the surface uplift is expected to reach
a value even higher than the predicted values shown in Fig. 11.

It is equally important to consider the use of the PSInSAR method in future studies [65,66].
By analysing selected persistent surface reflectors, PSINSAR enables deformation detection
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with millimetre per-year precision and better characterisation of long-term trends. In addition,
the method offers the possibility of better separation of local deformations from atmospheric
noise and random artefacts, which significantly increases the reliability of the results obtained.

7. Conclusions

Post-mining areas are subject to significant ground deformations, including large-scale
land subsidence, surface uplift, and the sudden development of sinkholes, all of which pose
considerable risks to infrastructure, the environment, and public safety. Therefore, a thorough
understanding and continuous monitoring of these phenomena are essential for mitigating geo-
hazards and ensuring the long-term usability of post-mining areas. To support this effort, a study
was conducted to predict surface uplift at the flooded Kazimierz-Juliusz coal mine in Poland.
The approach involved numerical modelling using FLAC2D, a finite difference method-based
software capable of simulating complex geomechanical behaviour. The development of the
model was supported by an extensive dataset obtained through Satellite Interferometric Synthetic
Aperture Radar (InSAR) monitoring. Based on the results of the study, the following conclusions
can be drawn:

* Monitoring data obtained using Satellite Interferometric Synthetic Aperture Radar (InSAR)
indicated the occurrence of surface uplift at the study site, with a maximum displacement
of approximately 16 cm recorded between January 2015 and December 2023. The area of
greatest deformation was located in the central-western part of the analysed post-mining
region.

* Based on the analysis of SBAS-InSAR results, the monitoring method is considered reli-
able due to the high accuracy of the data obtained. Surface uplift of several centimetres
per year was identified, with the method demonstrating an accuracy of approximately 8
mm/year.

* Based on the modelling results, the phenomenon of surface uplift can be modelled by
appropriately selecting the rock mass state and pore pressure. For the studied site, the rock
mass is considered fractured/jointed due to underground mining throughout the mine’s
life, while the pore pressure should range from 85% to 100% of its maximum value.

* Due to the lack of information on the hydrogeological conditions of the mechanical
properties of rocks in the studied site, such as the porosity and permeability of individual
rock layers and pore pressure at different groundwater levels, it is suggested to conduct
detailed physico-mechanical and hydrogeological studies. The goal of these studies is to
achieve high accuracy and reliability of the results in using 3D modelling.

» Based on the monitoring results, the numerical model has been verified. This is a cru-
cial step in enabling further analysis and ensuring reliable predictions of surface uplift.
As a result, the long-term predictions using modelling of surface uplift were presented.
Specifically, when the water level reaches sea level, surface uplift is expected to be
24.5 cm, and when the water level reaches the ground level, surface uplift is expected
to be 57 cm. These predictions are expected to assist the mine in managing surface land
in terms of urban architecture.

* Long-term monitoring of surface uplift and underground water level is essential to fully
understand the mechanisms driving such movements and to assess potential risks asso-
ciated with infrastructure stability and environmental impacts. Its results will also help
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confirm and verify the predictions of the numerical modelling. An approach that combines
numerical modelling, such as FLAC2D, with monitoring technologies like InNSAR can
reliably monitor and analyse surface deformation in active mining and post-mining areas.
It provides an effective method for predicting the development of surface deformation
in later periods.

* To achieve even higher accuracy in future studies, the incorporation of an additional
monitoring method, such as the PSInSAR method should be considered.
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