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Abstract
Upper Silesian Coal Basin in Poland is subjected to underground mining for several hundreds of years. Due to intensive 
extraction, land surface has been widely transformed, causing a lot of mining damages. Of great importance is the issue of 
recovering the surface to its previous conditions after mining activity is finished. In specific conditions, a threat of mining 
damages may rest for several years after mine closure. In this paper, some chosen issues connected with assessment of post-
mining terrain suitability for economic use have been discussed. Two important elements of such threat have been described: 
determining the possibility of discontinuous deformations creation and the evaluation of active subsidence process duration. 
In the introductory part of the paper some theoretical base has been given. Next, the example of probability assessment of 
sinkhole creation has been presented, together with determination of subsidence process cease time. For determination of 
subsidence process duration, own empirical formulas have been utilized. They can be used in cases, when there is a lack of 
survey results from the area of interest.
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Introduction

Mining activity, due to the operation on non-renewable 
resources of useful minerals, is characterized by a defined 
period of existence of any investment project. Due to the sig-
nificant impact of mining on the natural environment caus-
ing its transformation, of very importance is the reclamation 
of mining areas after mine closure. This problem was widely 
discussed in the past, as well as present works—one can find 
interesting issues, e.g., in the works (Lin et al. 1990; Zhao 
et al. 2015; Işleyen et al. 2017; Contrucci et al. 2019).

Geological processes take place in mining areas, both 
active and liquidated mines, but also in areas not covered 
by mining activities (Whittaker and Reddish 1989; Bell and 
Donnelly 2006). They create in many cases a significant 
threat to public safety. The problem is of particular impor-
tance in case of areas with a high degree of urbanization. 
For example, karst phenomena occurring in many countries 

in carbonate rocks may cause the formation of sinkholes, 
e.g., in Florida in the USA, which was described, among 
others, in Xiao et al. (2016). The loss of stability of caverns 
existing at shallow depths may be caused also by seismic 
shocks, for example, in case of near Athens locations, pre-
sented in work Papadopoulou-Vrynioti et al. (2013). So, the 
possibility of sinkhole creation is influenced by many factors 
associated with geological and hydrogeological conditions, 
land morphology, and the amplitude of vibrations accelera-
tion caused by shocks (natural or human-induced). In the 
paper Bathrellos et al. (2012), it has been methodology pro-
posed for integrated assessment of areas suitable for urban 
and light industry development, taking into account natural 
hazards as well as geological and geomorphological—geo-
graphical conditions of the research area. In the work Xiao 
et al. (2016), a strong correlation was confirmed between 
the intensity of precipitation and the moment of sinkhole 
creation. It was also determined that the number of created 
sinkholes (areal density) increases linearly with the increase 
in aquifers water supply rate.

Apart from land surface deformations, ecological and 
health issues are of great significance (Weyer et al. 2019; 
Ciszewski 2019; Palma et al. 2019), as well as social prob-
lems (Kowalska-Jonek 2014; Marais et al. 2018; Evering-
ham et al. 2018; Kivinen et al. 2018).
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As it was mentioned earlier, geological threats very often 
are connected with transformations caused by mining activ-
ity. It was noted in the work Dobak et al. (2009) that in post-
mining areas the most important problems for inhabitants 
and urban infrastructure are connected with:

• sinkholes due to cave-in of shallow roadways and shafts,
• discontinuous deformations tied with extraction led in 

several seams to the same border, especially in the vicin-
ity of fault outcrops,

• continuous deformations in the form of subsidence 
troughs and their derivatives (Knothe 1953; Kratzsch 
1983; Whittaker and Reddish 1989; Orwat and 
Mielimąka 2015),

• changes of local water conditions inside the rockmass,
• release of fire gases migrating from shallow gobs through 

the fractured rockmass.

Presented in the paper considerations based on the results 
of research carried out in most Polish Upper Silesian Basin 
coal mines during the period between years 2000 and 2018.

Materials and Methods

The characteristics of chosen factors influencing 
the economic usability of post‑mining terrain

In post-mining areas in Poland, the most important trans-
formations determining the suitability of such land for 
development are continuous deformations occurring on 
the surface for a certain period of time after the end of 
extraction and discontinuous deformations arising mainly 
due to the existence of shallow voids being usually a direct 
or indirect effect of old mining activity.

In connection with the above, the following are the most 
important elements of the assessment of the economic use-
fulness of post-mining areas:

• determination of the duration of the deformation process 
after finishing of mining activity,

• assessment of threat level caused by sinkhole arising pos-
sibility.

Estimation of the duration of subsidence process

For obvious reasons, the construction of new facilities in 
mining areas should start after the subsidence process caused 
by underground mining is completely finished. Determining 
whether a given area is subjected to the active deformation 
process can be most objectively based on the results of geo-
detic measurements. However, for various reasons, they are 
not always carried out over the whole mining terrain. In 

such cases, one can utilize empirical formulas worked out 
for given mining geological conditions. Such formulas may 
also be useful in cases of determining the subsidence process 
finish time for the newly planned extraction.

The deformation process lasts during the extraction is led 
and sometime after it is finished (Karfakis 1993; Chudek 
et al. 2000). Because extraction start time and finish time are 
known, important is from practical point of view the period 
necessary for all mining-induced surface movements to be 
finished (“subsidence cease time”). This period should be 
understood as time interval between extraction finish and 
subsidence process end. In the work Chudek et al. (2000), 
empirical formula was proposed, valid for Polish Upper Sile-
sian Basin conditions for extraction led with caving:

where Tk—the subsidence cease time, months, H—
the extraction depth, meters, tgβ—the parameter of 
Budryk–Knothe theory describing influence range (Knothe 
1953).

This formula is the result of statistical analyses based on 
the results of subsidence measurements performed only on 
a limited number of observation lines. Further research car-
ried out by the authors based on a more reach data set (the 
results of measurements carried out on 54 observation lines 
located in the mining area of 16 Upper Silesia Basin mines 
were analyzed) allowed to clarify the dependence (1). The 
land area covered by research is presented in Fig. 1. Finally, 
in the paper Strzałkowski and Ścigała (2010), the following 
formula was proposed:

Above formula is valid for the following range of input 
data:

• extraction led with caving,
• the extraction depth: 270–840 m,
• the extraction front rate: 3–5 m/day.

Aiming at simplification of formula (2), the following 
dependence was proposed:

The meaning of variables used in the above equation is 
identical to (1) and (2).

It should also be noted that for all mines considered in 
the research, individual analyses were conducted to deter-
mine the duration of the final phase of the deformation 

(1)Tk = 0.015
H

(tg�)0.5
+ 2.394

(2)Tk = 0.042
H0.948

(tg�)0.609

(3)Tk = 0.028
H

(tg�)0.5
.
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process depending on the extraction depth, assuming that 
the remaining factors affecting this time are constant under 
given geological and mining conditions.

An example of such an analysis, carried out for the condi-
tions of the mine not included in the analyses, that led to the 
development of formulas (1)–(3) is shown below. In Table 1, 
the extraction depth is given, which caused the subsidence 
recorded along a given observation line, as well as the dura-
tion of the final deformation phase determined on the basis 
of measurements—Tk meas and Tk, worked out on the basis 
of formulas (1)–(3). In addition, the equation of regression 
line (4) is given, which was developed for the considered 
mine conditions. The calculated value of the subsidence 

cease time is marked in Table 1 as Tk (4). The regression 
line of obtained course of Tk versus depth of extraction is 
shown in Fig. 2.

  
Due to the fact that the above case was not taken into 

account in the statistical analyses that led to the development 
of formulas (1)–(3), an opportunity was created to compare 
the values obtained from the considered formulas (1)–(3) 
with the results obtained on the basis of measurement results 
in the analyzed given case—see Table 1. As can be seen 
from this table, the best agreement with the measurement 

(4)Tk = 0.0394 H − 15.263.

Fig. 1  The research area. The locations of mines for which analyses have been carried out are marked with big black dots on the figure

Table 1  Duration of the final 
phase of the deformation 
process depending on the depth 
of extraction for the geological 
and mining conditions of the 
analyzed coal mine

Extraction 
depth H [m]

Subsidence cease time Tk

Tk meas [months] Tk (1) [months] Tk (2) [months] Tk (3) [months] Tk (4) [months]

670 12 9.5 13.2 13.3 11.1
745 13 10.3 14.5 14.8 14.1
790 15.5 10.8 15.4 15.6 15.9
840 17 11.3 16.3 16.6 17.8
860 20 11.5 16.7 17.0 18.6
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results was obtained using the formula (4), developed only 
for the conditions of the considered mine. The comparison 
of subsidence cease time determined on the basis of for-
mulas (1)–(4) with obtained from survey results is shown 
in Fig. 3.

Results and discussion

The assessment of threat level connected 
with sinkhole creation hazard

The occurrence of the sinkholes is caused by the transi-
tion into a cave-in zone of shallow voids formed inside the 
rock mass due to natural processes or as a result of mining 

activity (Chudek et al. 1988; Taylor et al. 2000; Sahu and 
Lokhande 2015; Salmi et al. 2019). The phenomena induc-
ing their formation have, for various reasons, to a large 
extent, a random character. In the conditions of Upper Sile-
sia Basin in Poland, based on previous experiences, it is 
assumed that the hazard arises, when voids are located to 
a depth of about 80–100 m. Another important factor that 
often causes this threat is the occurrence of poorly liquidated 
or non-liquidated shafts (Bell 1988).

Due to the aforementioned contribution of random fac-
tor, forecasting of the sinkholes is a very difficult task—
until today, no comprehensive method has been developed 
allowing the unambiguous determination of the possibility 
of such deformation arising on the surface. Presently, ana-
lytic-empirical methods are used for this purpose (Chudek 

Fig. 2  The depth of extrac-
tion versus duration of the 
final phase of the deformation 
process determined on the basis 
of the measurement results and 
the linear regression function 
approximating the data

Fig. 3  The comparison of sub-
sidence cease time determined 
on the basis of formulas (1)–(4) 
with obtained from survey 
results—Tk meas
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et al. 1988), but different numerical methods are under 
development (Tajdus and Sroka 2007). The existing solu-
tions usually allow to determine the probability of a sink-
hole creation and its average size. One of the methods of 
predicting the sinkhole hazard used in Poland is the method 
of M. Chudek–W. Olaszowski (Chudek et al. 1988). This 
method in its simplified version (convenient for use in case 
of incomplete information on given geological and mining 
conditions) allows to determine the probability of sinkhole 
formation, predicted average and maximum diameters, and 
their probable density per square kilometer. This probability 
is determined based on the value of the Z index expressed 
by the formula:

where H—the depth of the void’s roof, m; h—the thickness 
of loose overburden layers, m; g—the height of void, m.

On the basis of the Z index value, one can determine the 
probability value P of sinkhole arising using the formula:

(5)Z =
H − h

g
,

(6)P(Z) = 1.34 − 0.036 ⋅ Z + 0.00019 ⋅ Z2.

The authors of this solution have also developed special 
nomograms that allow convenient determination of the 
sinkhole’s parameters to be sought. They can be found, 
inter alia, in Chudek et al. (1988).

The exemplary assessment of post‑mining 
terrain suitability for economic use

The following is a practical example of the implementa-
tion of the two elements of the assessment of suitability for 
developing the post-mining area. The data from the area of 
the same coal mine were used, for which analyses were car-
ried out to develop the formula (4).

The rock mass in the considered area is built of quater-
nary overburden with an average thickness of about 5 m and 
is represented by layers of clay, sands, and gravels. Carbon 
is present in the form of the following layers: “łaziskie,” 
“orzeskie,” “rudzkie,” “siodłowe,” and “porębskie” (accord-
ing to Polish classification of carboniferous layers). They are 
formed from alternating sandy, clayey shales, and sandstone 
layers.

Table 2  Basic mining—
geological data concerning last 
carried out extraction

Coal seam no. Longwall no. Extraction start date Extraction end date Thickness of 
coal seam g 
[m]

Extraction 
depth H 
[m]

501 505 01-08-2017 30-06-2018 3.0 820
501 506 01-09-2016 30-04-2017 3.2 815
501 507 01-02-2015 31-03-2016 3.2 800
510w3 44a 01-07-2010 31-12-2010 2.5 737
510w3 555 01-10-2011 31-07-2012 2.4 750
510w3 556 01-01-2011 31-01-2012 3.0 739
510w3 556a 01-06-2014 30-09-2014 2.5 762
510w3 557 01-01-2013 30-06-2014 3.0 784
510w3 558 01-11-2015 30-09-2016 3.0 784

Fig. 4  The schedule of last carried out extraction in the area of interest
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Determination of the time‑space distribution 
of post‑mining surface movements decay

Data on geological and mining conditions of performed in 
the past extraction are summarized in Table 2. Two coal 
seams from “siodłowe” layers were subject to extraction: 501 
and 510 with several longwalls. To illustrate the sequence of 
extraction over time, its schedule is presented in Fig. 4. The 
location of extracted longwalls is shown in Fig. 5, where 

extraction carried out in the seam 501 is marked with blue 
color and in 510 seam—with red. In this picture, old shal-
low workings are also marked in coal seam 318 to a depth 
of 0–50 m (green color) and to a depth of 50—100 m (vio-
let color). Coal seam 318 was extracted with caving in the 
analyzed region in the period 1800–1925 to the height of 
1.0–2.5 m.

Table 3 presents the results of the calculations of the 
duration of the final phase of the deformation process (Tk) 

Fig. 5  Location of last carried out extraction on the background of old shallow workings

Table 3  The duration of the 
final phase of the deformation 
process (Tk) for individual 
extraction fields, calculated with 
formulas (1)–(4)

Longwall no. Extraction 
depth H [m]

Tk (1) [month] Tk (2) [month] Tk (3) [month] Tk (4) [month]

505 820 11.1 15.9 16.2 17.0
506 815 11.0 15.8 16.1 16.8
507 800 10.9 15.6 15.8 16.3
44a 737 10.2 14.4 14.6 13.8
555 750 10.3 14.6 14.8 14.3
556 739 10.2 14.4 14.6 13.9
556a 762 10.5 14.9 15.1 14.8
557 784 10.7 15.3 15.5 15.6
558 784 10.7 15.3 15.5 15.6
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for individual extraction fields, according to data presented 
in Table 2 and Fig. 4. This time was calculated using the for-
mulas (1)–(4), to present the diversity of Tk values calculated 
with different formulas.

It should be recognized that the results of calculations 
obtained using formulas (2)–(4) were very similar to each 
other. However, for further analyses, the results obtained 
using formula (4) were adopted as developed for the con-
sidered geological and mining conditions.

The obtained subsidence cease time Tk was used to 
develop a map of the spatiotemporal distribution of areas 
with different time of the subsidence process finish—Fig. 6. 
This spatial variability is obviously related to the time and 
schedule of extraction shown in Fig. 4. The basis for the 
construction of such a map is to determine the influence 
ranges for fixed consecutive discrete time intervals. (In 
the presented example, annual time intervals have been 
used.) These influence ranges were determined using 
W.  Budryk–S.  Knothe theory (Knothe 1953; Kratzsch 
1983), widely utilized in Polish mining industry for pre-
dictions of underground extraction influences on the sur-
face. Calculations were performed using software named 

DEFK-Win (Ścigała 2008). The following parameter values 
of Budryk–Knothe model were taken for the calculations:

• the coefficient of roof control for extraction with caving: 
a =0.8,

• the parameter describing the influence range: tgβ =2.0.

Having determined the spatial distributions of yearly influ-
ence ranges and Tk times from Table 3, it was possible to 
develop the map presented in Fig. 6. The map shows the 
spatiotemporal distributions of subareas, where mining-
induced subsidence process will be gradually decaying. For 
the approximation of subsidence cease moment in every 
subarea, the longest time calculated: Tk = 17 months was 
taken, on the basis of Table 3. In this way, we ensure that 
having some “safety factor,” we give the information “when” 
and “were” the subsidence process will cease after finish-
ing the extraction of consecutive longwalls in the area of 
interest. Presented map shows the time—discrete changes of 
subsidence process in annual intervals—of course, one can 
refine the map with shorter periods, e.g., every 3 months. In 
this case, it would be necessary to recalculate the influence 

Fig. 6  Spatiotemporal distribution of areas with different moments of finishing the mining-induced subsidence process on the land surface, 
assuming Tk = 17 months



3150 International Journal of Environmental Science and Technology (2020) 17:3143–3152

1 3

ranges resulting from the extraction performed within 
3 months time steps. But it should be kept in mind that 
longer time intervals give investors an additional safety fac-
tor ensuring that all mining-induced deformations are really 
finished for given subarea and the construction process may 
be started safely.

Estimation of the probability of sinkhole creation 
above old shallow mining workings

Due to lack of accurate information about the geological 
and mining conditions regarding the old, shallow mining 
extraction, it was only possible to determine the probability 
of the sinkhole occurrence. Assuming the least favorable 
case, when the height of the void equals the thickness of 
the extracted seam, the Z index value can be calculated, and 
then the probability of the sinkhole creation in the grid of 
calculation points may be determined, which finally allows 
to generate a map of spatial distribution of this probability. 
Due to the limited volume of this work, as an example, the 
P value for a single point was calculated, representing the 
average conditions for shallow old workings in the area of 
interest:

• the thickness of loose overburden layers: h = 5.0 m,
• the height of the void: g = 2.0 m,
• the depth of the roof of the void: H = 40 m.

According to formula (5), Z index value for above data 
equals: Z = 17.5, so on the basis of formula (6), it gives the 
probability of sinkhole creation: P = 0.77.

Conclusion

Underground mining extraction significantly transforms the 
land surface, creating difficulties and even risks when reus-
ing it economically. Such a situation takes place even many 
years after the completion of mining works. The authors 
considered continuous and discontinuous deformations to 
be the most important factors related to transformations of 
post-mining areas.

In the case of continuous deformations, which manifest 
on the surface in the shape of subsidence troughs, an impor-
tant element determining the economic use of post-mining 
areas is to determine the time necessary for deformation 
process to be finished, so that new investments carried out 

on the recovered land are not subjected to active mining 
impacts during the implementation of a given investment. In 
the case of discontinuous deformations (mainly sinkholes), 
it is important to identify the areas at risk and the prob-
ability of their occurrence. The considerations and analyses 
presented in this paper entitled to draw the following final 
conclusions:

1. The time necessary for finishing deformation process 
caused by performed or planned mining extraction in the 
absence of measurement results can be estimated using 
the empirical formulas, for example, those presented in 
the paper. The analyses carried out show, in particular, 
the usefulness of formulas (2) and (3). Under the condi-
tions of a given mine, while even limited measurements 
were carried out, analyses aiming at determining for-
mula valid for given local mining—geological condi-
tions in the form of Eq. (4)—can be carried out.

2. Due to very frequent situations, where there is a lack of 
complete information concerning old shallow mining, it 
should be recognized that the risk of sinkhole formation 
may occur in the conditions, where mining workings 
are located at a depth of up to 100 m. The probabil-
ity of a sinkhole arising may be determined in such a 
case, among others, in the way presented in the work. In 
case of high probability value, the rock mass should be 
recognized with geophysical methods, and then having 
localized shallow voids, they should be filled-in for safe 
economic use of such post-mining terrain.
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