
Arch. Min. Sci. 68 (2023), 3, 375-392
Electronic version (in color) of this paper is available: http://mining.archives.pl

DOI: https://doi.org/10.24425/ams.2023.146857

1	 AGH University of Krakow, Al. A. Mickiewicza 30, 30-059 Kraków, Poland
2	 Strata Mechanics Research Institutes of Polish Academy of Science, 27 Reymonta Str., 30-059 

Kraków, Poland
3	R AG Aktiengesellschaft, Essen, Germany
*	C orresponding author: krzytajdus@gmail.com

Krzysztof Tajduś 1*, Anton Sroka 2, Mateusz Dudek 2,  
Rafał Misa 2, Stefan Hager 3, Janusz Rusek 1

Effect of the Entire Coal Basin Flooding on the Land  
Surface Deformation

This paper presents one of the environmental problems occurring during underground mine closures: 
according to the underground coal mine closure programme in Germany, the behaviour of the land surface 
caused by flooding of the entire planned mining area – the Ruhr District – had to be addressed. It was 
highlighted that water drainage would need to be continuous; otherwise, water levels would rise again in 
the mining areas, resulting in flooding of currently highly urbanised zones. Based on the variant analysis, 
it was concluded that the expected uniform ground movements caused by the planned rise in the mining 
water levels (comprising a part of two concepts – flooding up to the level of –500 m a.s.l. and −600 m a.s.l.), 
in the RAG Aktiengesellschaft mines, will not result in new mining damage to traditional buildings. The 
analysis included calculations of the maximum land surface uplift and the most unfavourable deforma-
tion factor values on the land surface, important from the point of view of buildings and structures: tilt T, 
compressive strain ε– and tensile strain ε+. The impact of flooding on potential, discontinuous land surface 
deformation was also analysed.
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1.	I ntroduction

Energy policy in Europe has radically changed in recent years, characterised by the move 
away from energy based on fossil fuel deposits, which contributed to significant technological 
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progress during the industrialisation era towards renewable energy. The reasons behind the current 
energy policy include dwindling deposits of energy resources, increasing costs for excavation, 
limits on CO2 emissions, the impact of pollution on climate change and decreasing social ap-
proval for mining. The energy policy of the EU has resulted in the closures of underground coal 
mines, triggered by their unprofitability. The last coal mine in Germany, BW Prosper-Haniel, 
was closed in December 2018, and five mines in Poland were closed or scheduled for closure 
between 2015 and 2019 (KWK “Boże Dary”, KWK “Brzeszcze Wschód”, KWK “Mysłowice”, 
KWK “Wieczorek I”, KWK “Wieczorek II”). Currently, the closure plan for Polish coal mines 
foresees the closure of the last mine by 2049. In Czechia, closures of the mines owned by the 
OKD company, Lazy Mine and Darkov Mine, are currently underway, and all the company’s 
mines are scheduled for closure by 2023.

However, the closure of an underground mine which has operated for many years is not 
easy, and many people are unaware of the related difficulties, costs and potential hazards [1,2]. 
In the vast majority of cases, the method of choice for mine closure is flooding because of the 
costs involved. This process means that once the preparations are complete, the mine switches 
off its systems pumping out mining water and reaching mine headings, and flooding takes place 
spontaneously [3-6]. Because of the increasing numbers of mine closures in Europe, a wide 
array of studies on the environmental impact of this process [7], identifying the risk of specific 
hazards occurring [2,8-10] and on mitigation of such hazards [11-14] has been undertaken in 
recent years.

It turns out that the hazards are considerably significant. Studies conducted in recent years in-
dicate that when a mine is closed, methane pressure and concentration increase in the isolated post-
mining voids, enabling further gas migration to the overburden or to directly connected mining 
headings [9,15]. Mining water contaminated with harmful elements may also penetrate ground 
waters [16-20]. In her work, Wysocka described the problem of radon emissions following un-
derground coal mine closures and the harmful impact of such emissions on residents [21]. Mine 
closure by flooding also results in additional significant changes to the stress and deformation 
of the rock mass, manifesting on the surface as continuous [6,22,23] and discontinuous [24] 
deformations, and may also be observed as mining damage [4,23,25].

This paper aims to familiarise the reader with one of the significant environmental problems 
occurring during underground mine closures, namely land surface deformation, using the German 
Ruhr District as an example. 

2.	L and surface deformation resulting from mine closures  
by flooding

As was mentioned in the introduction, underground mine closure by flooding results in 
stress and deformation changes in the surrounding rock mass. These changes cause land surface 
deformations, the inverse of those related to underground mining operations: i.e. land surface 
uplift is observed. The first work on the possibility of forecasting this phenomenon was made 
by Pöttgens in 1985 [26]. He concluded that the rock mass, disrupted by underground mining, 
is characterised by increased porosity and permeability in the caved area compared to intact 
rock mass. The subsequent increase of mining water level during intentional flooding of the 
mine results in a pressure increase and expansion in the loose (caved) area as a consequence of 
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increased normal stress values. The rock layers situated above the collapsed area experience an 
upward force known as buoyancy, which results in uplifts that can be seen on the land surface. 
A similar hypothesis on the genesis of this land surface uplift was presented by Fenk [27], who 
suggested that rising mining water levels lead to elastic expansion of the heavily cracked rock 
layers located in the roofs of the previously mined seams, resulting in additional uplift. An analysis 
of the available measurements of continuous displacements in the land surface may conclude 
that such a deformation does not threaten small buildings and non-linear structures. According 
to Pöttgens [26], the maximum land surface uplift may reach approx. 2% to 5% of the previ-
ous subsidence within the area in question, under the assumption that mining water reaches the 
surface level. This means that the uplift will be the most profound in areas with a history of the 
most intense excavations of multiple seams.

This situation is represented well by the example of the Königsborn mine in Germany. This 
mine was slated for closure due to its lack of profitability and energy policy. Water drainage from 
the mine stopped in mid-1996, which caused the mining water levels to rise (Fig. 1). Starting 
from this year, land surface uplift was observed as a consequence. Fig. 1 presents a graph with 
mining water level increase curves plotted as a function of time, with land surface uplift values 
recorded for three example measurement points. These points are located in different areas of the 
mine, where mining activity of various intensities took place in the past. The highest uplift was 
obtained at point 441900158 (marked in green), while the lowest uplift was observed at point 
4312900245 (marked in pink) in an area where no coal mining took place.

Fig. 1. Example land surface uplift during the flooding of the Königsborn mine  
(own study based on RAG materials)
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Measurements taken in the Warndt area in Saar, Germany, hint at the similar nature of such 
changes. 

Fig. 2 presents the results of selected land surface uplift measurements, including the progres-
sive increase of the mining water level during mine flooding. The left side of the figure presents 
the maps of excavations in the area, including the following marked depth ranges: 

•	 excavations in the depth range of −180 to −400 m. a.s.l. during the period 1953-1978, 
•	 excavations in the depth range of −400 to −600 m. a.s.l. during the period 1970-1983  

and 
•	 excavations in the depth range of −600 to −800 m. a.s.l. during the period 1974-2001. 

As the data obtained by the RAG mining company shows, the C level was flooded between 
August 2005 and March 2008, the B level between March and September 2008 and the A level 
between September 2008 and January 2010. The mining water level inside the mine reached 
approx. −60 m underground during the subsequent stages of flooding.

Fig. 2. Example land surface uplift during the flooding of the Warndt mining district  
(own study based on RAG materials)

As experience gained during the performed work shows, land uplift is strictly related to the 
intensity of past underground excavations in the given area. It also depends on the seam depth. 
According to the underground coal mine closure schedule in Germany, the land surface behaviour 
upon flooding of the entire planned mining area – the Ruhr District – had to be addressed. The 
answer to this issue is provided in this paper. 
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3.	R eview of methods for predicting surface deformation 
occurring in the liquidation of an underground mine 
by flooding

The problem related to forecasting changes in the state of displacement of the rock mass 
and land surface is quite recent from the point of view of the general problem of determining 
surface deformation during mining works. Therefore, there are not many models for predicting 
deformation in world literature.

There are two current types of approaches used in the field of modelling: analytical methods 
and numerical methods and modelling based on numerical methods. The first group includes 
solutions proposed by Pöttgens [26,28,29], Fenk [30,31] and Sroka [32-34]. In general, these 
methods are highly similar in terms of their theoretical bases in describing the causes of the uplift. 
The methods assume that land uplift is caused by increased pressure within the caved area, which 
is strictly related to the rising level of mining water. This process results in a volume increase 
in the caved area. The techniques used by Pöttgens and Fenk have significant drawbacks that 
prevent them from being effective in performing calculations for more complex scenarios. For 
example, Fenk’s method refers to a single seam and does not consider the thickness of the broken 
rock zone above the mined-out coal seam. On the other hand, Pöttgens did not take into account, 
during deposit parameterisation, the lack of equilibrium in the volume balance in Geerstma’s 
equation. Therefore, the calculated maximum surface subsidence can reach values greater than 
the compaction of the deposit itself in the case of a large gas reservoir.

Nowadays, Sroka’s method is the most popular analytical solution. The authors presented 
in detail this solution, currently most often used in Germany and Poland

Sroka’s method, used in the calculations of the uplift caused by rising mining water levels, 
is based on a cause-and-effect model, the structure of which corresponds to the Knothe method 
[35], used in calculations of land surface subsidence. The modification used here involves the 
inclusion of rock buoyancy caused by the rising mining water levels (Fig. 3). 

According to Fig. 3, when we connect the cause (an increase in the volume of the caved area) 
to the transformation function, we can determine the amount of land surface uplift that occurs 
per unit. Sroka’s method divides the caved area of every longwall panel into discrete, cuboid 
volume units [36]. The rock mass uplift is calculated for every such unit, and the obtained results 
are added together according to linear superposition. Such an approach allows buoyancy to be 
calculated for every surface point, with any exploitation’s geometry, mining fields and seams.

To describe the distribution of land surface uplift when flooding a single unit within a caved 
area, we can use the following equation (1):
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where

	 Δh(t) = dm · Δp(t) · h	 (2)

	 Δp(t) = [zw(t) – ZFl] · γw	 (3)

	 k	 —	 the constant used in the Ruhrkohle method (k = –ln0.01), 
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Fig. 3. Graphical explanation of the mathematical model of uplift caused by rising mining water levels [33]

	 dm	 —	 the expansion coefficient, m
s

d
E


 ,

	 Δp(t)	 —	 the pressure increase within the unit at time t, 
	 zw(t)	 —	 the depth of the mining water level at time t, 
	 ZFl	 —	 the seam depth, 
	 r	 —	 the horizontal distance between the calculation point and the excavated area unit,
	 ΔV(t)	 —	 the unit volume of the caved area at time t, ΔV(t) = Δh(t ) · ΔX 2 
	 ΔX	 —	 the length of the base side of a square caved area unit, ΔX = 0.1Rw 
	 Δh(t)	 —	 the height increase of a caved area unit at time t,
	 Rw	 —	 the radius of influence related to the rising mining water levels, Rw = H · cot γh,
	 H	 —	 depth of the fracture element,
	 γh	 —	 the angle of the main influence range during underground mine flooding,
	 h	 —	 the caved area unit height, h = λ · M,
	 γw	 —	 the water weight,
	 λ	 —	 the relative caved area height,
	 M	 —	 the seam thickness, 
	 Ms	 —	 the modulus of rigidity, 
	 α	 —	 the Biot’s coefficient.

The buoyancy coefficient should be determined for every unit of the caved area or every 
individual seam, according to equation (4).

	 ah(t) = dm · λ · [zw(t) – ZFl] · δw	 (4)

The values of parameters dm and λ required for the calculation of the height increase of 
a caved area unit at a time (t) were determined and published by several authors based on in 
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situ measurements using the parameter identification method. These include works by Pöttgens 
[26,28], Goerke-Mallet [37] and Sroka and Preuße [38-40] should be mentioned here. The results 
of these studies are summarised in Table 1.

Table 1

Summary of the characteristic values of dm, λ and γw for selected coal mining areas in Germany

Mining area dm [m2/MN] λ dm· λ [m2/MN] γh [gon]
Südlimburger [26] 0.350·10–2 4 1.40·10–2 —

Ibbenbüren/ Westfeld [37] 0.460·10–2 3 1.38·10–2 —

Erkelenzer / Sophia Jacoba [38] 0.265·10–2 4 1.06 ·10–2 7.0-15.0
γh = 12.0

Ruhrrevier/ Königsborn [40] 0.364·10–2 3 1.092·10–2 12.0
Kӧningstein [41] 0.222·10–2 4 0.890·10–2 11.0-13.5

Particularly noteworthy are the values of the range angle of the main influences during mine 
flooding (γh), obtained from measurements and analyses for various mining regions, given in 
Table 1. These values differ significantly from the value of the angle of the range of main influ-
ences estimated for the exploitation (γ) and are contained in the relationship γ = 0.08γh÷ 0.10γh. 
However, the range of γh is close to the value of the angle of the main influences related to the 
drainage basin.

Horizontal displacement of the land surface was calculated according to the hypothesis 
presented by Aviershin [42], which formulates a linear relationship between the horizontal dis-
placement vector U and the tilt vector T:

	 Ui = B · Ti, i = 1,2	 (5)

where B is a proportionality factor.

The assumption in (6) implies a linear relationship between the horizontal strain tensor εij 
and the vertical curvature tensor Kij.

	 εij = –B · Kij, i = 1,2, j = 1,2	 (6)

Equation (7) is used in the calculations of horizontal displacements of the land surface 
caused by rising mining water levels:

	

1
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The second approach is modelling based on numerical methods. Several procedures based 
on the finite element method (FEM) have been developed in Poland [4] and Germany [43]. The 
earliest solutions of this type [44,45] assumed that the pressure increase inside the caved area 
was caused by pressure applied to the immediate roof plane of the longwall panel. However, 
this solution rendered deformation predictions impossible, as it assumed a priori knowledge 
of the value of the changed pressure. This approach was modified in subsequent years by 
having it based on known geotechnical assumptions, with the bulk unit weight of the soil  
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decreasing with the increasing water level within the soil (loosened rock) [4,46], according to 
the formula:

	 γ' = (1 – n)(ρs – ρw)g [kN/m3]	 (8)
where
	 γ'	 —	 the volumetric weight of soil (rock)below the underground water level, [kN/m3],
	 n	 —	 the porosity,
	 ρs	 —	 the soil (rock) density, [kg/m3]
	 ρw	 —	 the water density, [kg/ m3]
	 g	 —	 the gravity, [m/s2].

This assumption allows predictive calculations for rock mass deformation to be performed 
for the flooded mines area, as was confirmed by measurements [4]. Unfortunately, despite its 
many advantages, numerical modelling has a limitation related to model complexity (the number 
of elements and nodes), which is a direct function of the size of the area. The models used in the 
past were limited to a single mine area (rock mass within a wall [47-51], a wall system [52-54] 
or a seam system [55-57]). Scientists have developed numerical models for entire mines in vari-
ous instances [4,46,58-60]. However, due to the high number of elements and nodes involved, 
these calculations, including model calibration, were exceedingly arduous and time-consuming.

4. Land surface deformation prediction for flooding of mines 
in the Ruhr District (Prosper Province)

4.1. Description of the analysed mining area

The analysed area is extremely varied. It covers approx. 60 km in the E–W direction and 
approx. 35 km in the S–N direction; 2,100 km2 in total. It is characterised by the extreme density 
of buildings and the presence of numerous industrial sites, refineries, channels and waterways, 
local airports, oil and gas pipelines and heritage and cultural sites (Fig. 4). This variety is a result 
of the presence of several cities with more than 300,000 residents in the area, such as Essen and 
Bochum, as well as cities with more than 100,000 residents, such as Mülheim an der Ruhr, Ober-
hausen, Bottrop, Gelsenkirchen, Recklinghausen and Herne, including the related (and equally 
extensive) public, road and railway infrastructure. 

The covered area includes the following closed coal mines: Lohberg, Prosper-Haniel, Amalie, 
Zollverein, Carolinenglück, Fürst Leopold and Auguste Victoria.

These mines were the locations of mining activity, starting from the 18th century until 2018. 
Approximately 120,000 excavation fields were mined during this period, with various shapes, 
depths and levels of structural firmness, as well as different excavation rates and excavation 
systems used. 

4.2. Description of the assumptions used in numerical analysis 

The area analysed in this paper includes seven mines, where the excavation took place over 
several centuries, and covers 2,100 km2, as well as depth down to 1,500 m a.s.l. The develop-
ment of such a vast numerical model while following all development rules related to the size 
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Fig. 4. Map of the analysed area, showing the areas of the closed coal mines

of the units, the distance to boundary conditions, etc., is virtually impossible using the current 
computational capacity. Thus, the authors used a hybrid method in the predictive calculations, 
integrating the analytical approach and a simplified numerical method. The model by Sroka 
[39] was selected as the analytical model. The numerical integration method was used to fit the 
model to the space over the outline of the flooded excavations within the studied mining area. 
This model offers several significant advantages over the other methods; for instance, it allows 
deformation calculations for a multi-seam mining operations to be performed according to the 
superposition method, thus ensuring high-quality results and excellent conformity with precise 
measurements. The validity of this approach has been confirmed for many German and Polish 
mines [34,40]. The numerical implementation of analytical relationships was possible only 
thanks to data related to values of geometric, mining and geomechanical parameters, which 
were obtained through long-term observations of more than 120,000 longwalls. The data was 
highly dispersed due to the method used for data archiving and the dedicated numerical tools 
used to extract it. A controlling programme written in Python was created to compress the data 
effectively, resulting in a cohesive set of input variables for further analysis. This programme 
was created with the future collectivisation of data for the development of a complex stochastic 
model in mind, intended to replace the emulation-based approach presented in this work, ac-
cording to the authors. The selection of Python as a programming language was dictated by the 
fact that it has been widely used in Data Science in recent times and enables data acquisition in 
real-time. Finally, a simplified numerical model was created.

The model automatically divided all exploited areas into cuboid volume units with base side 
lengths ΔX equal to ΔX =  and height h equal to the height of the caved area. The relevant 
values of geometric, mining and geomechanical parameters were assigned to such units (accord-
ing to the parameters presented in Equation 1). The next stage involved numerical integration 
performed in Python. The results were saved in a separate data file in each case.
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4.3. Results of calculations performed for the entire Ruhr District

The closure schedule for the RAG Aktiengesellschaft mines assumes that the mining water 
levels will rise up to −600 m a.s.l. throughout the entire area (Prosper Province). Analyses were 
made for two final water levels: the final level of −600 m a.s.l. and the level of −500 m a.s.l.

The previously described hybrid model provided the basis for estimating the predicted 
land surface displacements. An analysis of the data presented in Table 1 revealed that 
the most representative values of parameters were determined for the closed mining area of 
Königsborn. The following values for the model parameters were used in the calculations:  
dm = 0.364·10–2 m2/MN, λ = 3.0, and γh = 12 gons.

Information on the height of the caved area for individual mining fields was determined 
during a local interview performed at RAG Aktiengesellschaft. The calculations were performed 
for all seams, longwalls and other exploitation fields present.

The number of effective, performed mining goafs for the rise of the mining water level to 
the planned final level of −600 m a.s.l. was 12,275; in the second scenario (−500 m a.s.l.), the 
number of goafs was 17,520 (Fig. 7) in 22 seams.

Calculations were performed for the data prepared as described above. The predicted dis-
tributions of uplift in the analysed area are presented in Figs. 5 and 6 for the two levels −600 m 
a.s.l. and −500 m a.s.l.

These figures clearly show local concentrations of land surface uplift intensity. They are 
located in individual water provinces and are directly related to the intensive and concentrated 
extraction at some of the former coal mines, such as Lohberg and Auguste Victoria (Fig. 7).

Fig. 5. The predicted distribution of uplift within the analysed area assumes a mining water level rise  
up to −600 m a.s.l. 
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Fig. 6. The predicted distribution of uplift within the analysed area assuming mining water level rises  
up to −500 m a.s.l. 

Fig. 7. A representation of the goafs taken included in the mine flooding schedule,  
up to the level of −500 m a.s.l. (Kartengrundlage: © Regionalverband Ruhr, CC-BY 4.0) 
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Table 2 provides a summary of the calculated extreme values for land surface uplift (hu) 
and representative values (from the point of view of preventive measures used in construction) 
and land surface deformation indicators: tilt T, horizontal compressive (ε–) and tensile (ε+) strain 
[61,62]. According to the table, the Zollverein area had the highest values of calculated deformation 
indicators. The predicted value of land surface uplift was approx. 175 mm, assuming the mining 
water level rises up to −600 m a.s.l., and approx. 258 mm with the reference level of the min-
ing water column fixed at the depth of −500 m a.s.l. It should be noted that the other predicted 
values of deformation indicators are insignificant and do not exceed 0.1 mm/m.

Table 2

Summary of predicted values of land surface deformation assuming mine flooding  
in two scenarios

Maximum values of land deformation indicators

Mining area

Flooding scenario up to the level  
of −600 m a.s.l.

Flooding scenario up to the level  
of −500 m a.s.l.

hu  
[mm]

T 
[mm/m]

ε–

[mm/m]
ε+

[mm/m]
hu  

[mm]
T 

[mm/m]
ε–

[mm/m]
ε+

[mm/m]
Lohberg 145 0.050 –0.030 0.046 213 0.087 –0.053 0.079

Prosper-Haniel 108 0.038 –0.023 0.034 159 0.065 –0.039 0.059
Zollverein 175 0.061 –0.037 0.055 258 0.106 –0.064 0.096

Carolinenglück 48 0.017 –0.010 0.015 71 0.029 –0.018 0.026
Fürst Leopold 87 0.030 –0.018 0.028 129 0.053 –0.032 0.048

Auguste-Victoria 153 0.053 –0.032 0.048 226 0.092 –0.056 0.084

Comparative calculations for two flooding scenarios for the mining areas led to a conclusion 
that the mining water level was 100 m above the level of −600 m a.s.l. – will result in an approx. 
50% increase in the maximum land surface uplift. Despite this, the predictive calculations showed 
that the remaining values of deformation indicators will not result in a significantly increased 
risk of damage to buildings and structures. The ratio of the maximum land surface uplift for the 
mining water column level rising up to −500 m a.s.l. to the rise up to −600 m a.s.l. is approxi-
mately constant for all calculation points and equals 1.48. The increase of the maximum uplift 
level results from the significantly increased number of the analysed former mining areas and 
an increase in the number of mining panel exploitation.

5.	 Discussion

The results of these studies indicate that one of the considered flooding scenarios planned 
for mines owned by RAG Aktiengesellschaft will not result in an increased risk of damage 
to buildings and structures located within the areas of the former coal mines. This is due to 
the relatively low values of predicted deformation indicators, which reach several per cent of 
the deformation observed during mining operations. This applies in particular to the horizontal 
land deformation indicator, which is responsible for most of the mining damage within mine 
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areas [63-65]. Table 3 contains absolute limit values for horizontal land surface deformation 
which, if exceeded, can lead to damage to buildings and structures, according to various authors.

Table 3

Limit values for horizontal land surface deformation, significant from the point of view of damage  
to buildings and structures

Author Absolute limit value of horizontal deformation εGr [mm/m]
Pöttgens [26] 0.25

Sroka & Grün (1993) 0.25
Schmidt-Schleicher [66]* 0.10

Staege & Pohl [67] 0.20
Kwiatek, et al. [65] 0.30

* The limit specified by Schmidt-Schleicher is characteristic for historical buildings.

The initially calculated maximum values of land surface deformation indicators are much 
lower than the absolute limit values accepted by the experts (Tables 2 and 3). Thus, the in-
creased risk of structural damage related to active mining operations may be excluded in the case 
of detached and terraced residential buildings.

The impact of flooding on the possible discontinuous land deformation is another problem 
which should be considered. Recent years saw the increased interest of the general public in this 
topic, caused by certain incidents, i.e. during the flooding of the Sophia-Jacoba coal mine [68], 
where water drainage was stopped in 1997. Activation of the Meinweg and Rurrand faults was 
observed between 1999 and 2004 as the mining water level rose. This activation led to a linear 
deformation with a total length of 9 km, resulting in damage to ca. 110 buildings and structures 
[69]. It should be noted that stress accumulation and displacements along the fault area very 
often take place during the initial multi-seam mining operations. The flooding stage, on the other 
hand, results in decreased stress, a lower angle of internal friction and decreased cohesion of the 
material filling the fault. Thus, it is an indirect cause of discontinuous activation of such faults 
and the damage line formation. According to in situ studies performed for almost 1,000 cases 
[70,71], the limit value of rock mass deformation potentially resulting in fault activation is 
2.0 mm/m. These findings are related to the consequences of the mining water level rising almost 
to the surface level. In the analysed scenarios (−600 m and −500 m a.s.l.), the planned flood-
ing will have a much smaller effect, and, probably, flooding will not result in a discontinuous  
deformation.

To the best knowledge of the authors, changes to the mine flooding scenario in the future 
are unlikely. This is related to the safety of underground reservoirs of tap water and thermal 
water. In the future, the tool developed during the study can be utilised to establish a database 
with a specific structure that prioritises the safety and transparency of reservoirs. To adapt the 
data archiving process to the criteria mentioned above, the use of the BlockChain methodology 
is considered at this stage. The results of the current analysis will provide the data required to 
create a machine learning-based model, particularly models based on Bayes conclusion formalism 
(Bayesian networks, dynamic Bayesian networks). Such a plan of studies implemented in practice 
should result in a representation of the analysed phenomenon. A properly calibrated representation 
model can additionally allow for the prediction of cases with sets of input parameters different 
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from those used in learning, thus significantly expanding the applicability of the model. Addition-
ally, because of the implementation of methodology based on the Bayes conclusion formalism, 
the model will be able to evolve as new data sets become available. This property enables such 
a model to be implemented within the framework of structural health monitoring and matches 
the concepts of sustainable development and Industry 4.0.

6.	C onclusions

The number of mines closed in recent years is on the rise, and there has been an increase 
in social initiatives related to the elimination of CO2 and CH4 emissions and economic aspects. 
However, closures of underground mining excavations by flooding are an extremely costly and 
complex process in the long term. This results in numerous problems, both socioeconomic issues 
and threats to surface infrastructure. In this paper, the authors focus on calculations of predicted 
indicators of land surface deformation for the entire German mining area. The analysis led to 
the following conclusions: 

1.	I t may be concluded that the expected uniform ground movements caused by the planned 
mining water level rise, as indicated in two proposals for the RAG Aktiengesellschaft, 
mines will not result in an increased risk of new mining damage to traditional buildings. 

2.	T he deformation range during flooding is much greater than the related range for the 
mining operations, meaning that objects (linear objects, in particular) initially present 
outside the specified range of influence may fall within this range in the mine flooding 
scenario. Their magnitude, however, is small in the case of linear and special objects, 
and their technical condition should be monitored and their safety assessed periodically. 

3.	 According to current experience and knowledge, discontinuous land surface displacements 
in the area of tectonic faults and the formation of discontinuous deformations should also 
not be expected.

4.	I n the case of a scenario change and the mining water level rising to the surface, the for-
mation of a discontinuous linear deformation cannot be excluded in the area where large 
tectonic faults are present. This scenario should also include the possible occurrence of 
local, discontinuous surface deformations in areas where mining excavations are present 
at shallow levels.

To further conclude, when creating a plan for flooding an underground mine, it is crucial to 
consider that it is incredibly difficult to return the area to its original condition before the mines 
were built. The above was also noted by Szwedzicki [72] in concern to Australian mines. In ad-
dition, water drainage should be continued indefinitely because of the past mining activity and 
the resulting land surface subsidence, namely changes to the land surface shape. Otherwise, the 
risks of water reservoir levels in mining areas being restored and of flooding in heavily urbanised 
areas cannot be eliminated.
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