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Abstract: The most worldwide method of liquidating underground hard coal mines is by spontaneous flooding as
the result of the discontinuation of the rock mass drainage. Due to the hydrological reconstruction of the previously
disturbed water system by mining operations, the movements of the rock mass with the opposite direction than
subsidence appear. These movements are called rock mass uplift. This paper aims to present possible hazards
related to land surface objects and the environment, which can appear during the flooding of the underground
mine. The issue of proper forecasting of this phenomenon has so far been marginal in world literature. To date,
only a few analytical methods have been used to predict the possible effects of surface deformation. Nowadays,
the most common analytical method of forecasting surface deformation caused by the liquidation of underground
workings by flooding is Sroka’s method.

In this paper, the authors have presented analyses of flooding scenarios developed for a Polish mine and their
impact on the land surface as well as the environment. The scenarios presented in the manuscript were selected for
analysis as the most probable concerning the mine and the future plans of the mining enterprise. The process of
flooding coal mines results in several risks for surface objects and underground infrastructure. This is why the uplift
caused by the flooding of the mine should be predicted. The resulting uplifting movements can also, apart continuous

deformation lead to the creation of much more dangerous phenomena involving discontinuous deformations.

Introduction

Recent years have brought significant changes in the perception
of mining and its products (A. Tajdus & Tokarski, 2020). The
resolution adopted in 2019 on limiting energy production from
hard coal accelerated the process of closing hard coal mines
in some countries. In Poland, this problem is raised more and
more by both the public and politicians. The increase in use
of renewable energy resources in Poland is crucial due to
the poor performance of the Polish energy system (Mroz &
Grabowska, 2021), based on the supply of high carbon content
fossil fuels and its impact on the environment (Wasielewski
et al., 2020; Zwierzchowski & Roézycka-Wronska, 2021).
Recently, as a result of negotiations between the government
and representatives of the coal industry and trade unions, the
date of ending coal mining in Poland for 2049 was set. Without
going into discussion, whether this term is possible due to
socio-economic and environmental aspects (Kowalska, 2014;
Wysocka et al., 2019), it should be noted that the process of
decommissioning European mines has already started.

In Germany, at the end of 2018, the last BW Prosper-Haniel
underground hard coal mine was closed. In Poland, from 2015
to 2021, five mines were closed or planned for closure (the Boze

Dary mine, the Brzeszcze Wschod mine, the Mystowice mine,
the Wieczorek I mine, and the Wieczorek II mine), in the Czech
Republic currently, a liquidation process is implemented on the
OKD Lazy and Darkov mines, and all of the company’s mines
are expected to close by 2023. However, the liquidation of an
underground mine, which has been operated for many years, is
not an easy process and carries many risks. Currently, the most
popular method of liquidation of an underground mine is its
self-flooding, i.e., after appropriate preparatory works, the mine
turns off the pumping systems of the mine water flowing into
the workings, and its flooding occurs automatically (K. Heitfeld
et al., 2003; Jakubick et al., 2002; Krzemien et al., 2016; K.
Tajdus et al., 2017). In recent years, due to the increase in the
number of mines being closed in Europe, extensive research has
been launched on their environmental impact and determining
the risk of certain hazards and how to minimize them (Dudek
et al., 2020; Dudek & Tajdus, 2021; Jewartowski et al., 2015;
Management of Environmental Risks during and after Mine
Closure, Contract No. RFCR-CT-2015-00004, 2020). One of
the environmental problems that should be considered during
the closure of underground mines is the deformation of the
land surface, often resulting in mining damage to buildings
(Baglikow, 2011; M. Heitfeld et al., 2004) and a change in
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hydrological conditions. During the process of an underground
mine flooding, the phenomenon of continuous deformation
in the form of land surface uplift and possible discontinuous
deformations is observed.

This phenomenon has been described in several
different coal basins in Europe, for example, in Belgium
(Devleeschouwer et al., 2008), France (Samsonov et al., 2013),
Germany (Baglikow, 2011; John, 2021), Poland (Preufe et al.,
2013), the Netherlands (Bekendam & Pottgens, 1995) and
Spain (Alvarez et al., 2016; Caro Cuenca et al., 2013). The
duration of time required to flood the goafs of a mine depends
on such factors as the number of exploited longwall panels,
the availability of water for infiltration and the nature of
flooding, which may be uncontrolled, controlled or monitored.
Underground mines are usually flooded in a controlled
manner. Here, surface water presents no direct impact, so
groundwater plays the main role in this process. Currently,
adequate prediction of the surface deformations caused by
mine liquidation activities is a particularly important issue.
Researchers continue their attempts to describe the behavior of
rock mass during mine liquidation. Initially, researchers used
analytical methods (Fenk, 2000; Pottgens, 1985; Sroka, 2005),
but numerical methods have also found their rightful place in
predicting the phenomenon of surface uplift and rock mass
deformations caused by the flooding of underground structures
(Dudek et al., 2020; Dudek & Tajdus, 2021; Kolodziejczyk et
al., 2007; Milczarek, 2011; Wesotowski, 2012).

In this paper, the authors have presented analyses of
flooding scenarios developed for a Polish mine and their impact
on the land surface as well as the environment. Analyses have
been performed using methods and methodology developed by
authors during their participation in an international research
project concerning mine liquidation by flooding (Management
of Environmental Risks during and after Mine Closure,
Contract No. RFCR-CT-2015-00004, 2020).

Methods for predicting surface uplift resulting from
mine liquidation by flooding
The change in the situation of global mining and the relation
with the liquidation of numerous underground coal mines
caused new environmental problems, including the hazard of
surface movement in the form of uplift. The issue of proper
forecasting of this phenomenon has so far been marginal in
international literature. To date, only a few analytical methods
have been used to predict the possible effects of ground surface
deformation. The Pottgens method was used for the mining
regions of the Netherlands, Belgium, and France (Pottgens,
1985). For regions of Germany, the Fenk’s method (Fenk,
2000) and then finally the Sroka’s method has been used
(Sroka, 2005). All of them are based on an assumption that
the generated land surface uplift is related to an increase in
pore pressure in a zone strongly disturbed by mining extraction
(caved zone). Underground mining leads to a change in the
initial state of stress, as well as the generation of new networks
of rock mass fractures, which are closely combined with an
increase in pore fluid storage capacity. The pressure increase
in the damaged zone, originating from the height of the water
column, applies a load towards the overlying strata of the
rock mass, propagating up to the land surface. In this manner,
changes occurring in the rock mass manifest in the form of
land surface uplift (Vervoort & Declercq, 2017, 2018).
Nowadays, the most common analytical method of
forecasting surface deformation caused by the liquidation
of underground workings by flooding is Sroka’s method.
It is related to the high quality of the results and very good
compliance with measurements, which was proved on several
experimental mines in Poland and Germany. It allows to carry
out uplift calculations for multi-seam mining by applying the
superposition principle, which is not possible, for example,
by the Fenk method. And this confirms the superiority of this
method over others.
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Fig. 1. Graphic representation of the mathematical model of uplifting associated with flooding proposed by Sroka
(Management of Environmental Risks during and after Mine Closure, Contract No. RFCR-CT-2015-00004, 2020)
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As presented in Figure 1, this method is based on the
deposit division into finite elements. Calculations are carried
out for each deposit element, taking into account the function
of influence and their parameterization. The discretization of
the mined-out seam surfaces into multiple elements allows
for the calculation of uplift for any exploitation shapes using
linear superposition. The analyses carried out during a multi-
-seam operation showed that the expansion coefficient dm
indicated a strong dependence on the mining depth and seam
thickness. A finite element describing a part of the cave-in zone
due to flooding and pressure rise increases its volume, which
can be described by the following formula (according to the
Ruhrkohle method):
k
T

. . 2
Ah(r,t) = -wexp( ! ) (1)

R}

Ap(t) = (Zw () = ZpD) - pw
AV =h-Ax? =1 M- Ax?
R,, = H - coty,,

where:

k — coefficient for the Ruhrkohle method (k = —/r0.01 =
4.6052),

Ap(t) — pressure increase in disturbed zone due to the rising
groundwater level,

Z,(t) — water level,
Z,, — height of the flooded element of the disturbed zone,
p, — water weight,
AV — volume of a single element of the cave-in zone,
A — relative thickness of the cave-in zone,
M  — seam thickness,
Ax  — length of the square element side,
r — horizontal distance of the calculation point from the
element of the cave-in zone in the rock mass,
R, — radius of the influence concerning liquidated mine by
flooding,
H  — depth of a single element,
7,  — angle of main influence concerning liquidated mine
by flooding.
For Knothe’s method (Knothe, 1984), formula (1) takes
the form:
dpmAp- A+ M - Ax? r2
AR = RZ exp (—7‘[ E) (2)

In recent years, numerical methods have also been used
to forecast land surface deformation caused by submerging
underground mines. These experiences are mainly based on
two methods:

e pressure changes, i.e., the authors of these methods
applied pressure equal to the height of the water column
on the modelled surface of the cave-in zone,

e changes in density, i.e., in the modelled cave-in zone,
the authors changed the density of the rock mass, thus
simulating rock mass flooding and obtaining an uplift of
the land surface.

These solutions and their applications, possibilities, and
limitations are described in more detail in (Dudek et al., 2020;
Dudek & Tajdus, 2021).

Flooding scenarios developed for the Anna mine

In order to consider various probable scenarios of liquidation
of an underground mine for changes in the deformation state of
the rock mass and land surface, calculations were carried out
for the Anna mine. By the decision of the management of the
PGG mining group, the mine was to be liquidated by flooding.
In this chapter, the authors presented various possible mine
flooding scenarios (discussed during the MERIDA project)
and the estimated rock mass deformations as a result.

The mining and geological situation of the mine
From the geological point of view, deposit Anna-1, the selected
part of the former Anna mine (region R — Rydultowy section),
is located in the western part of the Upper Silesian Coal
Basin (USCB), in the western and central part of Jejkowice
-syncline (Fig. 2). The overburden consists of up to 120-metre-
thick Holocene and Pleistocene (Quaternary) formations and
Miocene (Tertiary) formations. Carboniferous formations are
represented by mined Porebskie beds (coal seams of series
600) and Jaklowieckie beds (coal seams of series 700), and
unmined Gruszowskie beds (coal seams of series 800).

Mining operations in the area started in the first half of the
20th century and ceased in 2017. The following seams were
exploited: 615/1, 616/2, 620, 624, 626/2, 629/1, 629/2-3, 630/2,
703/1-2,705/2-3, 708, 712/1-2 and 713/1-2 (the total thickness
of the mined seams was approximately 22 meters). The Anna
mine conducted underground hard coal mining operations
between 1832 and 2015. The consequence of the mining
operations are vast areas of goafs, however, due to a long time,
the layers of mudstone and claystone in the Carboniferous
cross-section were reconsolidated. Nevertheless, the areas
have higher than normal water permeability.

The last stage of exploitation of deposit Anna-1 was
mining longwall R-15 in seam 713/1-2, which ended in 2017.
As mining operations in the area ceased, it was decided to
flood the part of the deposit of the former Anna mine. It was
assumed that water from the workings in the area near Chrobry
I shaft would be dammed at the level of 1000 meters, and once
it reaches the dam level of 7.25 meters at Chrobry I shaft, it
will gravitationally flow from the parallel cross-cut at the level
of 1000 meters to dewatering dip-heading R (Fig. 3).

Considered scenarios of the Anna mine flooding
To determine the degree of impact during the Anna mine flooding,
risk scenarios were created and analyzed. Three scenarios
have been chosen for the Anna mine, in which the occurrence
possibility of ground surface and environmental hazards have
been analyzed (Fig. 4). Prepared flooding scenarios are:
1. Flooding the Anna mine to the depth -801 m a.s.l;
2. Water from the Anna mine floods the Rydultowy mine
— the assumption that as a result of damage to dams
separating both mines, the roadways and goafs in the
Ryduttowy mine, situated in seams 700, will be flooded
(flooding to the reference level of -801 m a.s.L.);
3. Flooding the Anna and Ryduftowy mines to the safe
depth of -720 m a.s.1.
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Fig. 3. Schematics of flooding deposit Anna-1

(Management of Environmental Risks during and after Mine Closure, Contract No. RFCR-CT-2015-00004, 2020)



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

104 M. Dudek, K. Tajdus, J. Rusek

Analyses of flooding scenarios of the Anna mine

In Poland, there are now a few areas where measurements have
been taken of known ground surface deformations above mines
that have been closed by flooding. A few of them include the area
of the Walbrzych coal basin, where the performed measurements
have shown some changes in vertical displacements (Blachowski
et al., 2009; Milczarek, 2011). In other areas, like the area of the
flooded Siersza mine, the measurements, unfortunately, were
not carried out. Instead, despite changes occurring in the Polish
underground mining industry so far, no large scale analyses
of the ground surface deformations due to the mine workings
flooding have been performed. The lack of Polish experience in
this field, and in particular at the determination of coefficient dm
value, forced the report authors to use the value determined for
the Ruhrkohle basin.

The calculations of the ground surface deformation for the
closed Anna mine were carried out using solutions presented
in Sroka’s method [20]. For the uplift prediction due to mine
flooding, the calculations were carried out for the following
parameters of Sroka’s method:

Yw = 10.8 gon
dp-42=12-10"2m?/MN

The use of wvalues of 7,=108gon and
dy,-A=12-10"2m%/MN in the forecasting calculations for
the Anna mine area seems to be right on the basis of long-
term research, deformation forecasts, their verifications
(Sroka et al., 2016, 2017) and similarities, in terms of geology,
mining conditions, mining technologies as well as deformation
forecasting methods, between Polish and German mining
regions.

In the first scenario, there is an assumption that only the
Anna mine is flooded to the depth of -800 m a.s.1. In this case,
considerations have been taken for all longwall panels below
the estimated underground water level. Twenty-seven longwall
panels were selected for the simulation. The results of the
simulation have been presented in the form of the map shown
in Figure 5. Also, selected longwall panels and faults in the
area of consideration have been marked.

Inthe second scenario, it is assumed that during the flooding
of the Anna mine, there is the possibility of uncontrolled
water overflow to the neighboring Ryduttowy mine. In this
case, considerations have been taken for all longwall panels
below the estimated underground water level. Sixty-nine
longwall panels were selected for the simulation. The results
of the simulation have been presented in the form of a map in
Figure 6. Also, selected longwall panels and faults in the area
of consideration have been marked.

In the third scenario, the situation of controlled flooding of
the Anna mine and Ryduttowy mine to the depth of -720 m a.s..
has been analyzed. In this case, considerations have been taken
for all longwall panels below the set underground water level.
Eighty-seven longwall panels were selected for the simulation.
The results of the simulation have been presented in the form
of a map in Figure 7. Also, selected longwall panels have been
marked, as well as faults in the area of consideration.

From the above, the scenarios with the maximum uplift
were:

e Scenario 1 — 19 mm (fig. 5),

e Scenario 2 — 43 mm (fig. 6),

e Scenario 3 — 65 mm (fig. 7).

e As mentioned earlier, deformations resulting from the
liquidation of underground mines by flooding are smaller
in value compared to surface subsidence resulting from
mining exploitation. However, as shown in Figures
5-7, the range of influence is much greater. In the case
of scenario 1, the impacts generated from the flooding
affected an area with a radius of 4.5 km. In the second and
third scenarios, these areas increased to include a 5.5 km
(scenario 2) and 10.5 km (scenario 3) radius, respectively.
Although vertical deformations resulting from flooding
of the underground excavations are not large, due to the
range of influence they are also related to objects that
are unsecured on the impact of mining exploitation. For
this reason, buildings and infrastructure located on the
land surface may be damaged. Such damage cases have
already been observed several times in Germany and
Belgium (Baglikow, 2011; K. Heitfeld et al., 2003).

e The situation is more complicated if discontinuous
deformation is taken into consideration. As is shown

Fig. 4. Anna mine flooding scenarios
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in Figures 5-7, there are a lot of faults located in the
analysed region. The presence of the water in the
neighbourhood of the fault connected with uplift
deformation can lead to its activation, which may
appear on the land surface in the form of discontinuous
deformation such as steps, cracks, etc. (Gudmundsson et
al., 2010; Liu, 2020; Sattari & Eaton, 2014). Such cases
have also been observed in Europe, especially during
the liquidation of German mines (Baglikow, 2011;
M. Heitfeld et al., 2016; Schaefer, 2007).

Discussion

Analytical models are typically formulated to capture the
behavior of idealized, homogeneous systems or small
deviations from the idealized situations, which are expressed
as linear terms of a variable that describes the departure from
uniformity. Analytical models are characterized by their
flexibility and portability. It is therefore easy to reconstruct
and requires a small amount of initial data. For this reason,
it allows you to simply analyze the phenomena and obtain

Fig. 5. Predicted ground surface uplift [mm] for scenario 1 — flooding Anna mine to the depth of -800 m a.s.|
(blue line — uplift; red diagonal line — flooded longwall panels; magenta line — faults)

Fig. 6. Predicted ground surface uplift [mm] for scenario 2 — flooding Anna and Ryduttowy mine to the depth of -800 m a.s.I
(blue line — uplift; red diagonal line — flooded longwall panels; magenta line — faults)
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Fig. 7. Predicted ground surface uplift [mm] for scenario 3 — flooding Anna and Ryduttowy mine to the depth of -740 m a.s.|
(blue line — uplift; red diagonal line — flooded longwall panels; magenta line — faults)

information through simple calculations needed in the next
stage of the project. Analytical models can be created quickly,
and the computational cost is low. These analytical methods
are easy to use and require a minimal amount of data.

Sroka’s forecasting model belongs to the group of
analytical models. It is based on a few coefficients that can
be simply estimated, e.g., based on land surface measurements
(the so-called calibration, model sensitivity testing). As with
any method, it also has disadvantages. It is used for deformation
analysis and does not allow for other important calculated
parameters of the rock mass (e.g. the stress state in the model).
It does not account for the parameters of the rock mass directly,
as in the case of numerical models.

However, analytical methods, such as this method, allow
for relatively fast, adequately precise qualitative estimation of
surface deformation indicators for large mining areas. Of course,
numerical methods have also been used in the description of
the uplifting phenomenon, but due to their limitations, e.g., the
size of the model, which significantly increases the number
of elements and calculation time, it is necessary to know the
appropriate number of physical and mechanical parameters
of rock layers. Analytical methods make it easier and faster,
providing the use of quality and appropriate results, which can
then accurately estimate the deformation of the land surface.

The scenarios presented in the article were selected for
analysis as the most probable concerning the Anna mine and
the future plans of the mining enterprise PGG S.A. The rock
mass deformation analyses were carried out in three scenarios.
One concerned the impermeable fault (information from
employees of the Anna mine), and the other two assumed the
penetration of the material filling the Rydultowy fault and the
overflow of groundwater to the neighboring mines. The last
two scenarios may seem unnecessary, but due to many years

of mining operations in the fault area and the accompanying
seismic phenomena, a ,,worst-case” should be adopted to
minimize subsequent mining damage and the formation of
discontinuous deformations. Such a procedure reduces the
level of risk and also increases the level of safety.

The analyses carried out for the Anna mine area show
alow level of risk for surface objects. However, the scenarios
themselves do not assume the closure of the mine as a whole,
but only of a few lowest levels of the Anna mine. From the
authors’ many years of experience from working on scientific
projects on German mines, it can be observed that when a mine
had been flooded to a depth closer to the surface (e.g. -100m
above sea level), it resulted to surface deformation and high
deformation index values (uplift even to 0, S0m). The impact
on a building structure located on the land surface of a mine that
was liquidated by flooding was observed in the Ibbenbiiren mine
in Germany (Dudek et al., 2020, 2021). This mine was used as
an example by the authors. The most important thing to note was
that the building structure was outside the zone of main mining
influences, resulting from exploitation (flooding influences are
characterized by a range of up to 3 times greater). The negative
impact of the uplift on the structural elements of the building
was noted, which may lead to the whole structure damage.

Conclusions

The growing tendency to close underground coal mines forces
both mining entrepreneurs, state administration and scientists
to solve environmental and socio-economic problems. In
the article, the authors focused on solving the problem of
forecasting possible deformations of the land surface with
the planned liquidation of the KWK Anna mine. Calculations
for 3 scenarios of possible flooding levels of the mine, which
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were agreed with the employees of the mine, were presented.
As a result of the calculations, the distribution of vertical
displacements of the land surface was obtained, which differ
in both the value of the maximum lift and the range of the
impact area. The information presented may be the basis for
assessing the possible effects of land surface deformation
changes on building structures. This applies in particular to
the facilities currently located outside the mining area, i.e., the
area where the negative impact of mining activities covered
by the concession is possible. As shown in the article, the area
established for mining operations is significantly enlarged
(two or three times), which means that a large group of objects
not protected against mining damage will be subjected to
additional deformations.

This information should be taken into account when
planning the flooding of underground mines, both in
construction activities and in terms of social and economic
aspects. Due to the tendency to close underground mines,
scientists have to face the challenge of proposing the liquidation
of underground workings, especially by flooding them, as it
is currently the most popular method. However, forecasting
impacts on the rock mass and the surface with precise accuracy
is possible, which was presented in this article.

The above-mentioned process of coal mines flooding,
resulting from, for example, discontinued drainage of the rock
mass, leads to several risks for surface objects and underground
infrastructure. These hazards result from the movements of
rock mass, which are generated as a result of the performance
of mine liquidation, and more precisely, changes in the
geomechanical parameters of saturated rocks and changes in
pressure (e.g., hydrostatic buoyancy in caved zones).

The resulting uplifting movements can also lead to the
creation of much more dangerous phenomena involving
discontinuous deformations. The latter is a particular threat to
buildings located on the land surface in the region of the mine
that is being liquidated. This is why the ability to predict the
movements of rock mass generated as a result of shutting down
a mine by flooding is key to the protection of the land surface and
buildings present thereon. There are already known examples in
which the effects of liquidation activities manifested themselves
on the land surface in the form of discontinuous deformations of
the surficial or linear type. It even happens as a result of upward
movements and the fracturing of strong rock strata. It was also
possible to record dynamic interactions in the form of tremors.
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Deformacja powierzchni terenu spowodowana likwidacja kopalni Anna
przez zatapianie

Streszczenie: Najbardziej znang na $wiecie metodg likwidacji podziemnych kopaln wegla kamiennego jest sa-
moistne zatopienie jej w wyniku zaprzestania odwadniania gérotworu. W zwigzku z hydrologiczng odbudowa
zaburzonego wczesniej systemu wodnego przez eksploatacje gornicza, pojawiajg si¢ ruchy gérotworu o kierunku
przeciwnym do osiadania. Ruchy nazywane sg wypietrzaniem masywu skalnego. Celem artykutu jest przedsta-
wienie mozliwych zagrozen zwigzanych z obiektami budowlanymi zlokalizowanych na powierzchni terenu oraz
srodowiskiem, jakie moga wystapi¢ podczas zatapiania kopalni podziemnej. Kwestia prawidlowego prognozo-
wania tego zjawiska byta dotychczas w literaturze §wiatowej marginalna. Do tej pory wykorzystano tylko kilka
metod analitycznych do przewidywania mozliwych skutkow deformacji powierzchni ziemi. Obecnie najbardziej
doceniang analityczng metodg prognozowania deformacji powierzchni spowodowanych likwidacjg podziemnych
wyrobisk przez zatapianie jest metoda Sroki. W artykule autorzy przedstawili analizg¢ scenariuszy likwidacji opra-
cowanych dla polskiej kopalni i ich wptywu na powierzchnig terenu oraz srodowisko. Przedstawione w r¢kopisie
scenariusze zostaty wybrane do analizy jako najbardziej prawdopodobne ze wzgledu na dziatalno$¢ kopalni i przy-
sztych planow przedsi¢biorstwa gorniczego. Proces zatapiania kopaln podziemnych powoduje szereg zagrozen
dla obiektéw naziemnych i infrastruktury podziemnej. Dlatego nalezy prognozowac wypigtrzenie spowodowane
likwidacja kopalni przez zatapianie. Powstajace ruchy podnoszace moga rowniez, poza ciagta deformacja, prowa-
dzi¢ do powstania znacznie grozniejszych zjawisk zwigzanych z deformacjami nieciggtymi.
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