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Abstract: This paper presents an analysis of mining area deformations in the rock mass consisting of
high depth and strength strata deposited in the cover. The analysis of land surveying results enabled
the identification of the parameters required to predict subsidence, which differed from the typical
parameters for the Upper Silesian Coal Basin. The parameters of the Budryk–Knothe theory were
determined based on the results of geodetic measurements. The calculations of the final state of
deformations for planned mining were made using the average and characteristics for the study area
parameter values. Based on experience, it is known that the range of subsidence trough depends on
the mechanical properties of the rock mass. This study shows that the presence of high-strength rocks
also reduces the value of the coefficient of roof control. Subsequently, calculations were made by a
computer simulation of longwall mining to determine the course of indices of deformation over time.
The calculations were conducted twice: on the assumption that the impact was immediate and on
the assumption of the parameter values typical for the basin, and formula expressing the course of
subsidence over time with the parameter values based on the measurement results. The obtained
distributions of deformation indicators were diametrically opposed to each other. The results of the
calculations with the parameter values appropriate for the region indicate that it is possible to carry
out a planned mining operation without creating a risk to objects on the surface.

Keywords: mining area deformation; subsidence; rock mass

1. Introduction

In Europe, hard coal extraction is being constantly reduced. For instance, in Poland the
extraction of this raw material decreased from approximately 200 million Mg in the 1970s
to approximately 70 million Mg currently [1]. Hard coal mining in Russia or China remains
more or less at a stable level, or at least it is not being reduced so drastically [2] and amounts
to approximately 3.5 billion Mg. Coal and metal ore deposits are deposited in many basins
under highly urbanized areas [3–5]. This requires that mining be conducted in a way that
minimizes its impact on the surface, building structures and the city infrastructure above
it [2,6]. Having an appropriate mathematical formula to predict post-mining surface defor-
mations determines the effective prevention of mining and construction damage. Therefore,
we observe the development of theories that aim to predict the mining impacts on the rock
mass and the surface. Among them, the following groups can be distinguished [4,7]:

1. Solutions based on adopted axioms, which may be of empirical origin. This group
consists of the solutions and the method developed in the United Kingdom by the
National Coal Board–NCB, [5]. This group also contains the so-called geometrical-
integral theories [8–12];

2. Based on models of continuous media [13];
3. Based on the stochastic medium theory [14]. In addition, the theory of cellular

automata model is also applicable [15];
4. Intermediate solutions–using models of the continuous medium and empirical ax-

ioms [16];
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5. Numerical methods that are gaining popularity due to the development of digital
technology [17–20]. FLAC3D software is the most frequently used. Based on the
software-based calculations, Gang and Yang [3] determined a safe distance from a
mining boundary to an urbanized area, which allowed extracting 1.5 million Mg of
coal and avoiding damage to surface structures. It should be noted that mining was
conducted at a shallow depth, which made the preparation of the data relatively
easy. To a great extent, the course of the deformation process undoubtedly depends
on natural and geological conditions [4]. The geological structure of the rock mass
especially has an impact on the extent of deformations or the kinetics of the process.
This makes it necessary to have a good understanding of the parameter values used
for predictions. In these cases, using numerical methods is very helpful; however, this
also has certain limitations, because the parameters of the rock strength change during
extraction. Capturing these changes in a model is both difficult and time-consuming.
For instance, in the work of Zhu et al. [21], the analyses were conducted to determine
the impact of the depth of loose overburden on the course of deformations using
FLAC3D software.

It can be concluded that although numerical methods give great opportunities to con-
duct comprehensive analyses, they also require a good knowledge of a series of mechanical
parameters of multiple strata. Moreover, in cases of intensive mining (many workings)
at great depth, the preparation of data for calculations is very laborious. This results in
the widespread application of the theories from group 1 in practice. They are used in the
mining industry in Poland [4,7,8], Germany [5], the United States [22,23].

In addition, predictions should also take into account the time variable [8,10,11].
One should also consider the impact of geological and mining conditions on the

parameter values needed for calculations. The structure of the rock mass and its properties
have a particular impact here. When using average parameter values for a given area for
calculations, the obtained results might differ significantly from the actual state. In this way,
the analyses of the impact of mining on built structures will be heavily error-burdened,
which has a significant impact on the safety of built structures users and the structures
themselves. This article is devoted to these issues.

2. Materials and Methods
2.1. Rock Mass Structure

The rock mass in the study area was built of Quaternary and Triassic overburden
strata and productive carbon. The overburden was formed during the Quaternary period
from clay. The thickness of these formations ranges from 1.8 m to 2.5 m. Middle Triassic
strata, made of limestones and dolomites, among others, are deposited underneath. These
formations reach a depth of approximately 130 m. Below, there is carbon made of sandstone
interbedded with coal seams. Carbon is made of Libiąż Beds with group 100 coal beds
and of Łaziska Beds with group 200 coal bed. The subject of extraction in the area under
consideration was coal bed 207. Seam thickness in the area of the chosen panels ranged
from 4.2 m to 5.0 m along with locally occurring interlayers of 0.10 m to 0.18 m thick clay
shale. In the roof of the bed, there are clay shales as well as fine-grained and medium-
grained sandstones. The angle of the bed inclination in the extraction area ranged from
3.5◦ to 5.5◦. Figure 1 shows a simplified lithological profile.

Based on the works [4,8], it is known that when strength of the layers building the rock
mass increases, the range of subsidence trough also increases (the value of tan β parameter
decreases). In the case of rock mass in Upper Silesia, the value of tan β parameter ranges
from 1.5 to 2.5 depending on the strength properties of the rock mass. The structure of
the rock mass also influences the course of subsidence over time. In a rock mass built
of high-strength rocks, the course of subsidence is slower than in a rock mass of lower
strength. The results of research conducted so far do not indicate the influence of the rock
mass properties on the value of the coefficient of roof control a.
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Figure 1. Lithological profile of the borehole in the studied area. 1—clay, 2—limestone, 3—dolomite,
4—fine-grained sandstone, 5—medium-grained sandstone, 6—clay shale, 7—coal bed.

2.2. Coal Mining

Mining extraction was conducted with caving of the roof of 3 m high in the 207 coal
seam along two panels: 546 and 547. In order to carry out the calculations with the greatest
possible accuracy, the panels were divided into lots 1–6 determined by the quarterly
progress of extraction. Table 1 shows basic data on the completed extraction, along with
the depth of the deposition of strata in the area of lot-H.

Table 1. Basic information about the extraction.

Seam/Panel Start End H, m

546/1 1 December 2017 31 December 2017 597
546/2 1 January 2018 31 March 2018 580
546/3 1 April 2018 1 July 2018 565
547/4 1 September 2018 30 September 2018 575
547/5 1 October 2018 31 December 2018 565
547/6 1 January 2019 1 March 2019 557

In the analyzed region, further longwall mining is planned along the 548 panel at the
height of 3 m with the roof fall at the average depth of 600 m.

Figure 2 shows the location of completed and planned extractions. It shows the
division of the 546 and 547 panels into lots 1–6. Planned longwall mining along the
548 panel is shaded yellow.
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2.3. Land Surveying and Results

The impact of extraction on the surface was monitored by measurements carried out
along the observation line consisting of benchmarks in the ground and wall benchmarks
fixed on the building. The locations of monitoring points were set along with the actual
topography on the ground surface including a street located on the ground surface above
panel 546. The measurements were conducted every six months between April 2017 and
July 2020. The location of the building (red mark) and measurement line are shown in
Figure 3.
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Figure 3. Location of the measurement line and building in relation to the extraction.

Subsidence of the line benchmarks is shown in Figure 4, and the wall benchmarks in
Figure 5. It can be seen from these figures that the area has not subsided since March 2020.
Some benchmarks were indeed subsidence in the last measurement, but in the previous ones
they were raised, which proves measurement errors. More accurate measurement results
based on the wall benchmarks confirm that the lowering process ended in March 2020.
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2.4. Analysis Method Used

The Budryk–Knothe theory (Knothe 1983) was used for the analysis conducted in this
paper due to its huge popularity in Poland [4,24,25] and in other countries [5,11,18,26,27].
Despite this popularity, it is worth providing the basic formulas for the extraction field of
a rectangular shape. Longwall workings most often have a rectangular shape. Moreover,
each polygon can be approximated with elementary rectangles, similar to integration by
the rectangle method. Assuming a rectangular coordinate system of 0XY and point A (s,
q)—Figure 6, Knothe provided a formula for subsidence of a point:

w(s, q) =
wmax

r2

∫ b−s

a−s
e
−πξ2

r2 dξ
∫ d−q

c−q
e
−πξη2

r2 dη (1)

where:

ξ = x − s,

η = y − q.
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Taking into consideration the peripheral area p, the edges of mining should be shifted
by its value in the directions shown in the figure, which is taken into account in the
integration limits.

In Formula (1), the following parameters of the theory can be distinguished:

• Exploitation coefficient (of roof control)—a, dimensionless quantity. Its value depends
on the method of liquidation of the selected part of the deposit. In the Upper Silesian
Coal Basin, for caving mining the values are a = 0.7–0.9;

• Main impact radius r, expressed in meters. This parameter is used interchangeably
with the parameter tan β, where β is the angle of the reach of the main impact.

Both of these parameters are related to each other:

tanβ =
H
r

(2)

where H—depth of extraction, m;

• Extraction periphery is an additional parameter in the theory-p.

In the Upper Silesian Coal Basin (Poland), usually (routinely) the value a = 0.8 (extrac-
tion with the roof fall) and tan β = 2 are used for calculations. The value of the periphery is
estimated at 0.14 r–0.20 r.

The remaining deformation indices are calculated as depression derivatives in accor-
dance with the following dependencies.

The slopes in the X and Y directions are shown in the formula:

Tx =
∂w
∂x

, Ty =
∂w
∂y

(3)

The maximum slope is shown by the formula:

Tmax = |grad w(x, y)| =
√

T2
x + T2

y (4)

Vertical curves in the direction of the X and Y axes are shown by the formula:

Kx =
∂2w
∂x2 , Ky =

∂2w
∂y2 (5)
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Horizontal shifts in the direction of the X and Y axes are shown by the formula:

ux = −B·Tx , uy = −B·Ty, (6)

Horizontal deformations in the direction of the X and Y axes are shown by the formula:

εx = B · ∂2w
∂x2 , εy = B · ∂2w

∂y2 (7)

where:

B = 0.32 r

Horizontal deformations in the direction of the main axes are shown by the formula:

ε1,2 = 0.5 ·
(
εx + εy

)
±
√

0.25 ·
(
εx − εy

)2
+ 0.5 ·γ2

xy (8)

where:
γxy—complete differential:

γxy =
∂ux

∂y
+

∂uy

∂x
(9)

Maximum horizontal deformations-εmax are understood as the maximum absolute
value with ε1 and ε2. On the other hand, the values of deformation indicators are grouped
into categories of mining areas, which are shown in Table 2. The categories of building
structures resistance are compared to the mining area categories given in Table 2. If the
area category does not exceed the category of the building resistance, then the area is not
threatened with damage.

Table 2. Categories of mining areas depending on the values of deformation indicess.

Category T, mm/m R, 1/km ε, mm/m

0 T ≤ 0.5 40 ≤ |R| |ε| ≤ 0.3

I 0.5 < T ≤ 2.5 20 ≤ |R| < 40 0.3 < |ε| ≤ 1.5

II 2.5 < T ≤ 5 12 ≤ |R| < 20 1.5 < |ε| ≤ 3.0

III 5 < T ≤ 10 6 ≤ |R| < 12 3.0 < |ε| ≤ 6.0

IV 10 < T ≤ 15 4 ≤ |R| < 6 6.0 < |ε| ≤ 9.0

V T > 15 |R| < 4 |ε| > 9

To calculate the values of deformation indices at a given time t, Knothe [28] proposed
an equation:

dw
dt

= c (wk −w(t)) (10)

where:

w(t)—temporary subsidence,
wk—asymptotic (final) subsidence,
c—subsidence rate coefficient (time), 1/year or 1/day. According to S. Knothe [28], for the
Upper Silesian Coal Basin c = 0.5–7, 1/year

To facilitate the calculations, it is assumed that c = const and wk = const. Accepting
the initial condition w(t = 0) = 0 provides a simple solution of Equation (10) as:

w(t) = wk ·
(
1− e−ct) (11)
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Using Equation (11) is possible with the discretization of calculations–dividing the
panel area into small (elementary) panels, which can be assumed to have been extracted in
a short time. Then, the subsidence caused by the exploitation of elementary (rectangular)
panels is summed up at the given moment t, taking into account Equation (11). In this way,
the changes in final subsidence wk related to the expansion of exploitation field are taken
into account.

The computer program DEFK-Win5.0 developed by Ścigała [29,30] worked on the
above assumptions.

The program allows to make calculations for any number of panels in shape of any
polygon. The area of the panels is approximated by elementary rectangles (similar to the in-
tegration using the rectangle method). The calculations are made using the Budryk–Knothe
theory (see Formula (1) and following). Calculations can be performed for selected points
on the surface or inside the rock mass. Performing calculations in a grid of points enables
drawing of isoline maps of deformation indices. The program also enables identification of
parameter values based on the measurement results of the final subsidence (parameters:
a, tan β, p) and on the basis of values of subsidence in transient state (parameter c). The
minimalization of goal function resulting from the smallest squares method is performed
using the Hooke-Jeeves method.

3. Results

The analysis of land surveying results was conducted in order to identify the parameter
values of S. Knothe theory, in order to use them to predict the state of deformation that
would occur as a result of planned longwall extraction along the 548 panel. The analysis
was conducted in stages:

- identification of the parameter values: a, p, tan β on the basis of final subsidence
registered on the measurement line section;

- identification of parameter c value based on the lowering of the point over time.

3.1. Identification of Parameter Values on the Basis of Determined Subsidence

In order to identify the parameter values of the Budryk–Knothe theory based on the
land surveying results conducted on the observation line, the values recorded in the last
measurement were taken as the final subsidence. Computer program DEFK-Win5.0 was
used for the calculations [28].

The following parameter values were obtained:

p = 39.5 m, a = 0.517 tan β = 1.71.

Table 3 shows the comparison of calculated subsidence with subsidence based on land
surveying. A graphical comparison of subsidence depressions is shown in Figure 7.

Table 3. The comparison of calculated subsidence depressions including the peripheral areas and
measurements.

Pkt X Y wrz wt V VV sumV sumVV

7 340.0 895.0 −86.0 −32.4 −53.6 2875.2 53.6 2875.2

9 370.0 855.0 −91.0 −67.7 −23.3 542.6 76.9 3417.8

10 380.0 830.0 −98.0 −100.2 2.2 4.8 79.1 3422.6

11 405.0 805.0 −194.0 −145.6 −48.4 2344.1 127.5 5766.7

12 420.0 785.0 −187.0 −189.1 2.1 4.6 129.7 5771.3

13 435.0 770.0 −216.0 −226.4 10.4 109.0 140.1 5880.3
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Table 3. Cont.

Pkt X Y wrz wt V VV sumV sumVV

14 435.0 740.0 −286.0 −311.6 25.6 657.1 165.7 6537.4

15 435.0 720.0 −371.0 −377.3 6.3 39.4 172.0 6576.8

16 435.0 690.0 −469.0 −486.3 17.3 298.1 189.3 6875.0

17 440.0 660.0 −579.0 −603.3 24.3 592.8 213.6 7467.8

18 450.0 635.0 −688.0 −700.8 12.8 164.7 226.5 7632.5

19 450.0 600.0 −848.0 −834.8 −13.2 175.0 239.7 7807.5

20 475.0 580.0 −931.0 −888.9 −42.1 1773.1 281.8 9580.6

23 485.0 505.0 −1047.0 −1060.5 13.5 181.5 295.3 9762.0

Standard deviation: 21.09 mm Percentage error: 2.62%. Explanations to the table: Pkt—point number; X,
Y—coordinates of the point in the locally adopted Cartesian system, m; wrz—subsidence confirmed by the mea-
surement, mm; wt—calculated subsidence, mm; V—difference between the values wt and wrz, mm; VV—square
of difference v, mm2; SumV—sum of difference V, mm; SumVV—sum of squares of difference VV, mm2.
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Obviously, it should be borne in mind that the obtained parameter values are unusual
in comparison to those that are commonly used. Nevertheless, they are confirmed by the
analyses carried out earlier for the same part of the basin. The results of the previous
analyses are shown in Figure 8. As can be seen in the figure, with the increase in the
value of the parameter tan β, the value of the parameter a also increased. The value of
the parameter tan β is related to the mechanical properties of the rock mass. The higher
the rock mass strength parameters, the lower the value of tan β. Thus, with subsequent
extractions, the parameter value decreased. Figure 8 illustrated the analysis results—values
a and tan β obtained as a result of determination based on the measurement results, the
linear relationship between them as:

a = 0.6395 tan β − 0.6338 (12)

as well as the confidence intervals at the level of 0.95.
The value of the correlation coefficient R = 0.88 was obtained.
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3.2. Identification of Subsidence Rate Coefficient

The identification of subsidence rate coefficient c was conducted based on the sub-
sidence in the wall benchmark no. 8 stabilized on the building. The calculations were
performed for one point due to the high repeatability of the measurement results obtained
in points 5–8 (see Figure 5). As can be seen in Figure 5, a high repeatability of wall bench-
marks subsidence was confirmed by measurements. The benchmark fixed on the building
was selected for the analyses due to a higher accuracy of measurements than those carried
out on the benchmarks set on the ground. Figure 9 illustrates the results of measurements
with red bullet points, and the graph of calculated subsidence with a dashed line. The
calculations were made using computer program DEFK-Win. In the case of the 546 panel,
the obtained value was c = 0.003 1/day, and for the 547 panel c = 0.05 1/day.
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3.3. Prediction of Ground Deformation As a Result of Planned Extraction

The calculations were made for the final state of deformations that would occur once
the extraction of the 548 panel ended. The assumptions for the predictions of the impacts of
the 548 panel extraction on the surface were made based on the above-mentioned analyses
of the measurement results. The following parameter values were adopted:

Variant 1

- exploitation coefficient a = 0.517;
- tangent of the range of main impacts tan β = 1.71;
- extraction periphery p = 40 m.

The calculation results are presented in the form of a graphic map of subsidence
isolines as well as mining areas categories resulting from maximum slopes and maximum
horizontal strains. Figure 10 illustrates the boundaries of extraction of the 548 panel and
isolines of predicted subsidence and areas subject to deformations within the range of
individual categories. These areas are marked with appropriate colours and are illustrated
with appropriate numbers.
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For comparison, identical calculations were also made adopting standard, commonly
accepted parameter values:

Variant 2

- exploitation coefficient a = 0.800;
- tangent of the range of main impacts tan β = 2.00;
- extraction periphery p = 40 m.

The calculation results are graphically illustrated in Figure 11, using analogous mark-
ings as in Figure 10.
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3.4. Detailed Forecast for the Selected Object

Detailed calculations were carried out for a selected point above the planned extraction
of the 548 panel. A computer simulation of the wall run was performed using DEK-Win 5.0
software. This point is marked in red in Figures 10 and 11. Similarly to the calculations
done before, they were performed for two sets of parameters:

A variant–the calculations were made assuming a delay in the impact of mining,
according to formula (11). The following parameter values were adopted:

- exploitation coefficient a = 0.517;
- tangent of the range of main impacts tan β = 1.71;
- extraction periphery p = 40 m;
- subsidence rate coefficient c = 0.05 1/day.

B variant–the calculations were made assuming immediate impact of mining, adopting
standard parameter values:

- exploitation coefficient a = 0.800;
- tangent of the range of main impacts tan β = 2.00;
- extraction periphery p = 40 m;
- c -> ∞.

In other words, in the case of variant B, the subsidence at a given time t is equal to
the final value of the subsidence caused by the extraction performed up to that time. In
the case of variant A, the value of subsidence at time t is obviously smaller, which results
from the Equation (11). In the case of variant A, the subsidence reaches the final value
corresponding to the range of exploitation carried out until time t only after time T > t.
Of course, the calculations according to both variants were performed with very different
values of parameters a and tan β. Variant A reflects a case more similar to the actual state,
both due to the inclusion of the time variable and the parameter values obtained on the
basis of the measurement results.

Figure 12 shows the graphs of subsidence. Subsidence for A variant is marked with a
blue line and wt symbol, whereas B variant is marked with a red line and wn symbol.
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Figure 13 shows the graphs of maximum slopes. The slopes for A variant are marked
with a blue line and Tmax t symbol, whereas for B variant are marked with a red line and
Tmax n symbol.
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Figure 14 illustrates the graphs of maximum horizontal strains. The strains for A
variant are marked with a blue line and Emax t symbol, whereas for B variant are marked
with a red line and Emax n symbol.
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4. Discussion

The determination of the parameter values of the Budryk–Knothe theory based on
the final trough enabled to obtain a high consistency between the calculation results and
the results of subsidence measurements. This is indicated by the obtained subsidence
percentage error value amounting to 2.62%—Table 3, Figure 7. It should be emphasized
that the exploitation coefficient a = 0.517 is unusually low. As noted in point 2 of this
paper, this value was expected to range between 0.7 and 0.9. The reason for this should
be seen in the geological structure of the rock mass, i.e., high depth of strong limestone
rocks of which the cover was made [31]. This corresponds with the obtained parameter
value tan β = 1.71, which is characteristic of high-strength rocks [4]. In the case under
consideration, not only a low value of the parameter tan β, but also of the parameter a
were obtained. The correctness of the obtained results of the analyses is confirmed by the
results of the previous research–Figure 8. It should be assumed that in the initial period of
extraction, the parameter values a and tan β are low, and subsequently, as further extraction
is carried out, they increase to the values commonly used for predictions.

The calculated subsidence of the selected point over time corresponds to the measure-
ment results—Figure 9. Subsidence caused by the extraction of the 546 panel appeared
slowly on the surface, as evidenced by the obtained value of the coefficient c = 0.003 1/day.
Taking into account the above-described rock mass structure and the lack of earlier in-
stances of mining in the immediate vicinity, such a small value is plausible. During the
extraction of the 547 panel, the value c was higher and equaled c = 0.05 1/day, which
should be explained by a greater degree of rock mass loosening as a result of the extraction
of the 546 panel.

The following facts can be observed based on the prediction of the final state of
deformations induced by the planned extraction of the 548 panel, which was conducted
in the next stage of this work. Taking the parameter values obtained on the basis of the
measurement results for calculations (Figure 10, variant 1) enabled the values of maximum
subsidence of approximately 0.75 m and maximum deformations from the 3rd category to
be obtained.

Taking the standard, commonly used parameter values for calculations (Figure 11,
variant 2) resulted in obtaining much higher subsidence values equaling to 1.3 m and
maximum deformations from the 4th category. As long as the occurrence of deformations
in the 3rd category is accepted by local government authorities, the deformations of the 4th
category mean that planned extraction under built-up areas would not be granted a permit
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from these authorities. Therefore, the importance of issues related to predictions of the
state of deformations to truly reflect the actual state and the consequences it has, is clear.

In the paper, the need to make predictions of the deformation state, taking into ac-
count their course over time, was also considered. Such predictions are usually made for
building structures of higher importance. A sample prediction was made for the object
marked with a red circle in Figures 10 and 11. The calculations were carried out by making
a computer simulation of the run of the workings. Similarly to the previous instance,
we took the parameter values for the immediate effects (variant A) and for the delayed
effects, according to Equation (11)—variant B. Here, of course, significant differences in
the deformation state can also be observed. Subsidence illustrated in Figure 12 differed
almost twice. Taking into account the parameters obtained based on the measurement
results, the maximum slope was approximately 2 mm/m (1st category), whereas taking
the typical parameter values and the immediate effects, they equaled to approximately
4.3 mm/m (2nd category)—Figure 13. Even greater differences occurred in the case of
horizontal strains. Considering the parameters obtained based on the measurements results,
the values of deformations were approximately +0.9 mm/m (1st category) and approxi-
mately −3.9 mm/m (3rd category), whereas considering typical parameter values and the
immediate effect, they were approximately +2 mm/m (2nd category) and approximately
−7.1 mm/m (4th category)—Figure 14. Of course, the course of deformation over time is
very important information for construction specialists, who determine the possibility of
damage occurrence to objects.

Figure 15 shows graphs of extracted and possible to extract bituminous coal resources
as a result of properly conducted predictions. The resources are divided into lots 1–6 and
the 548–7 panels. All the resources account for 820 500 Mg of coal.
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5. Conclusions

Based on the analyses conducted in this paper, the following conclusions and state-
ments can be made:

1. Geological and mining conditions, including the structure of the rock mass, have a
significant impact on the parameter values necessary for the preparation of mining
area deformation predictions. In cases where these conditions differ significantly
from the average ones in a given area, it is particularly important to identify the
parameter values based on the measurement results. Taking typical parameter values
significantly influences the quality of the calculation results and leads to wrong
conclusions about possible damage to buildings. Consequently, it leads to wrong
decision-making regarding the possibility of conducting a planned mining extraction:
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2. In unusual geological conditions, when the overburden is made of strong limestone
rocks, preliminary research indicated a gradual increase in the values of and tan β
parameters up to the values commonly used for predictions. The previous experience
has implied the influence of rock mass mechanical properties on the value of tan
β parameter. Based on the research results presented in this paper it is clear that
there is also a correlation between the values of the coefficient of roof control and the
values of tan β, which are dependent on the rock mass structure. When analyzing the
impact of planned extraction on more important objects, predictions should take into
account the parameter values obtained during land surveying for specific geological
and mining conditions. Such predictions should take into account a delay in the
impacts, e.g., according to Equation (11).

Funding: The publication has been financed by Rector of Silesian Technical University (Grant no.
06/040/RGJ21/1007).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thankfully acknowledge the Silesian University of Technology,
Poland, for providing all the facilities to perform the research work.

Conflicts of Interest: The author declares no conflict of interest, no known competing financial
interests or personal relationships that could influence the work.

References
1. Strzałkowski, P.; Litwa, P. Environmental protection problems in the areas of former mines with emphasis on sinkholes: Selected

examples. Int. J. Environ. Sci. Technol. 2021, 18, 771–780. [CrossRef]
2. Guo, W.; Guo, M.; Tan, Y.; Bai, E.; Zhao, G. Sustainable development of resources and the environment: Mining—Induced

eco-geological environmental damage and mitigation measures—A case study in the Henan coal mining area, China. Sustainability
2019, 11, 4366. [CrossRef]

3. Li, G.; Yang, Q. Prediction of Mining Subsidence in Shallow Coal Seam. Math. Probl. Eng. 2020, 2020, 7956947. [CrossRef]
4. Strzałkowski, P. Zarys Ochrony Terenów Górniczych; Wyd. Pol. Śl.: Gliwice, Poland, 2015.
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10. Li, J.; Wang, L. Mining subsidence monitoring model based on BPM-EKTF and TLS and its application in building mining

damage assessment. Environ. Earth Sci. 2021, 80, 396. [CrossRef]
11. Zhu, X.; Guo, G.; Zha, J.; Chen, T.; Fang, O.; Yang, X. Surface dynamic subsidence prediction model of solid backfill mining.

Environ. Earth Sci. 2016, 75, 1007. [CrossRef]
12. Zhao, B.; Guo, Y.; Mao, X.; Zhai, D.; Zhu, D.; Huo, Y.; Sun, Z.; Wang, J. Prediction Method for Surface Subsidence of Coal Seam

Mining in Loess Donga Based on the Probability Integration Model. Energies 2022, 15, 2282. [CrossRef]
13. Yu, Y.; Ma, L.; Zhang, D. Characteristics of Roof Ground Subsidence While Applying a Continuous Excavation Continuous

Backfill Method in Longwall Mining. Energies 2020, 13, 95. [CrossRef]
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