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Deformations of the mining area surface as a result of exploitation
with sealing of caving gobs
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SUMMARY: In Polish conditions of conducting underground hard coal mining in the past,
in order to limit the negative impacts of conducted mining, systems with gobs filling with dry
or hydraulic backfill were used. In recent years, this method of managing the floor has been
abandoned, while as part of fire prevention and in order to enable waste placement in old
gobs, caving mining with sealing gobs is used. It seems that this solution also results in
a reduction in the amount of surface deformation. The authors presented in the article the
results of own research on the subject matter. The research covered the area of one of the
mines conducting exploitation in the area of the Upper Silesian Coal Basin. It was determined
that the use of exploitation with sealing caving gobs reduces the subsidence coefficient, and
the values of the subsidence observed in the analyzed area may be even 25% lower than when
conducting exploitation without sealing and the strain extreme values over time can be up to
40% smaller.
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1 INTRODUCTION

Underground mining of useful mineral deposits causes deformations of the rock mass and the
surface area. The values of these quantities depend primarily on the geological structure of the
rock mass, mechanical properties of the rocks forming the rock mass, as well as the exploit-
ation systems used and methods of filling the post-mining void. The above can be described
using geological, geomechanical and mining factors. Among geological factors, in the condi-
tions of underground hard coal mining in Poland, the exploitation depth, the thickness of the
overburden rocks above carbon, the dip of the seam and layers in the rock mass, the presence
of tectonic dislocations. Geomechanical factors determine the rock mass’s ability to transfer
the influence of mining exploitation. The ability to measure this can be the rock mass param-
eter, depending on the type and mechanical properties of the rocks, such as compressive and
tensile strength, deformation properties and the ratio of Carboniferous rock thickness to the
overburden, and the extent of the rock mass violation by previous exploitation. The most
important mining factors include the dimensions and shape of mining fields, mutual location
of fields and mining fronts, thickness of seams extraction, mining systems and methods of
gobs filling, velocity and conditions for moving fronts as well as the order of exploitation and
cleanliness of mining of deposit and activation of old gobs (Szpetkowski, 1995). Appropriate
mining prevention is used to limit the negative impacts of conducted mining. In this case, it is
important, among others, to know the description of the effects of exploitation and to be able
to determine optimal exploitation solutions on the basis of the predicted effects of designed
exploitations. Limiting the value of rock mass and surface deformation can be obtained by
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changing the thickness of exploitation and using an appropriate way of liquidation of gobs,
which is characterized by the subsidence coefficient a, also called the exploitation coefficient.
Its value determines the ratio of the largest subsidence observed to the thickness of the selected
seam or layer. For the conditions of conducting mining in the region of the Upper Silesian
Coal Basin (USCB), if the deposit is selected with a fall of roof, its value is from about 0.7
with a predominance of strong rocks in overburden to 0.9 with a weak overburden. An add-
itional factor affecting the value of the coefficient a is the degree of rock mass violation
through previous exploitations. Experiments have shown that in the case when the value of
the maximum subsidence is less than the thickness of the mining, the parameter a takes the
value <1, with the value of the subsidence equal to the thickness of exploitation a takes the
value 1, in the case of the maximum subsidence value greater than the thickness of the exploit-
ation a reaches the value> than 1. This variation depends on the type of rock in the rock
mass, rock compactness and divisibility into blocks. In the case of exploitation of a deposit
with backfill, the value of the coefficient is reduced. The process of deposit deformation is
milder and the effects of exploitation on the surface are quantitatively smaller. Until now, in
the conditions of exploitation of hard coal deposits in the Upper Silesian Coal Basin region,
a hydraulic backfill was used, which was a mixture of sand and water, being a means of trans-
port, dry backfill, which was rock material supplied from the surface or from mining excava-
tions, a hardened backfill, which was a multi-component mixture, which hardens after some
time, obtaining a certain compressive strength, and to the binding material was added e.g.
gypsum or cement. The amount of surface subsidence depends in this case primarily on the
compressibility of the backfill, determined by the change in layer height under load. It was
found that regardless of the mining system, the observed surface deformations were even 4
times smaller than those caused by exploitation with fall of roof (Ostrowski, 2015). Table 1
presents the approximate value of the subsidence coefficient « for hard coal mining in the
Upper Silesian Coal Basin region, depending on the method of gobs filling.

Currently, exploitation with backfill is not used in Polish hard coal mines, while as part of fire
prevention and in order to allow waste to be deposited in old gobs, exploitation with sealing
caving gobs is used. Studies indicating the impact of using this type of gobs filling on the value of
surface deformation are few, so the authors in this paper presented the results of their own
research on this subject. The research was conducted in the area of one of the hard coal mines
conducting mining in the Upper Silesian Coal Basin area. To determine the value of parameter
a and to develop computer simulations of the value of deformation indicators, the geometric-
integral theory of forecasting the impacts of mining exploitation on the surface was used, data on
mining exploitation performed in the analyzed region and the results of subsidence measurements
made using geodetic methods. The research abandoned the method allowing the determination of
the coefficient ¢ based on the results of measurements of maximum subsidence, due to the fact
that such observations were not available due to the location of the measuring points. The values
of surface deformation indicators were determined for two computational areas. The research
areas were selected so that in the analyzed period the impact of other exploitation on the values of
subsidence found by geodetic measurements in these regions was not observed.

Table 1. Approximate value of the subsidence coefficient a in hard coal mining in the
Upper Silesian Coal Basin area.

Methods of gobs filling Subsidence coefficient a
Fall of roof 0,7-0,85

Dry full backfill 0,5-0,6

Dry pneumatic backfill 0,4-0,5

Hydraulic sand backfill 0,15-0,25

Hydraulic crushed stone backfill 0,3

Partial exploitation with belts (50% with hydraulic backfill) 0,02-0,03

Partial exploitation with belts (50% with fall of roof) 0,1

Source: Protection of building structures in mining areas. ( Collective work edited by Kwiatek. 1998).
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2 PREVIOUS STUDIES OF THE IMPACT OF SEALING GOBS ON VALUES OF
DEFORMATION

The problem of sealing caving gobs as part of fire prevention in Poland was the subject of
research conducted at the Silesian University of Technology. The degree of filling caving gobs
and sealing caving gobs was determined using backfill mixture of dusts (Plewa et al, 2008). The
degree of gobs filling was determined as the ratio of the volume of waste deposited in gobs to the
volume of gobs defined as the volume of the exploited seam. The degree of sealing was deter-
mined as the ratio of the volume of deposited waste to the theoretical absorbency of caving gobs.
The theoretical absorbency of gobs was determined by the product of the gobs absorbency coeffi-
cient and the volume of the exploited seam. In work (Piotrowski and Mazurkiewicz, 2006), the
authors based on the analysis of 39 cases determined that the absorbency of gobs can range from
0.07 to 0.27. Research on the impact of sealing caving gobs on the value of the surface deform-
ations presented in work (Zych et al, 1993) showed that the estimated value of the subsidence
coefficient in the case of sealing gobs may be reduced by 0.1 compared to the exploitation without
sealing gobs. In 2019, T. Rutkowski determined that in the area of exploitation carried out in the
area of the Ruda-Ruch Pokdj coal mine, the value of the coefficient ¢ when exploiting with seal-
ing caving gobs was less by 0.07 than the coefficient a determined for exploitation with fall of
roof (Rutkowski, 2019). Among foreign research in the field of the above issue can be mentioned
work (Yu Yang et al). In the field of sealing caving gobs, a number of studies were also carried
out, the main purpose of which was to determine the impact of organic compounds on the
parameters of mixtures injected into caving gobs. As a result of research carried out recently, rele-
vant from the point of view of the subject discussed, among others, criteria were selected for the
selection of waste materials in terms of their granulation, improvement of the ability to increase
penetration in caving debris and the degree of filling and sealing caving gobs (Swinder, 2014).

3 THE METHOD OF DESCRIBING THE SURFACE DEFORMATION DUE TO
MINING EXPLOITATION USED IN THE RESEARCH

Research on the effects of mining exploitation on the rock mass and the surface are conducted
in several basic directions (Litwiniszyn, 1969). In the first, the results of the research are
empirical formulas, on the basis of which the predicted values of selected deformation indica-
tors are determined. When considering the impact of mining exploitation on the rock mass
and the surface, it is also possible to use methods based on deductive schemes, which include
methods assuming that the rock mass is a stochastic medium, methods based on the assump-
tions of the theory of elasticity and plasticity, or based on geometric assumptions regarding
the distribution of impacts. In theories based on geometrical assumptions regarding the distri-
bution of extraction impact, called geometric-integral theories, each point on the surface or
point inside the rock mass has been assigned a function describing the impact of extracting
deposit volume with a unit surface area on this point, depending on the location of the
extracted deposit volume relative to the subject point. These theories differ in the form of
functions. Examples of such theory include, among others, works (bals, 1931/1932, Beyer,
1945). The most important works of Polish researchers include the works of S. Knothe
(Knothe, 1953), W Budryk (Budryk, 1953), and T. Kochmanski (Kochmanski, 1949), as well
as further modifications and extensions of these theories developed by J. Biatek (Biatek 2003),
B. Dzegniuk (Dzegniuk, 1979), K. Gren (Gren, 1981), J. Zych (Zych, 1987), A. Sroka (Sroka,
1999), R. Hejmanowski (Hejmanowski, 2004), A. Kowalski (Kowalski, 2007). Among the
numerous works in this field, one should also mention those that contain the results of
research that allow to improve the accuracy of the description of the mining area surface
deformation in time contained in the works (Bialek and Sokota-Szewiota, 2012, Sokota-Sze-
wiota and Kowalska-Kwiatek, 2013).

In order to make calculations in the research, which is the subject of the article, the geomet-
ric-integral theory of influences of S. Knothe (Knothe, 1953) was used, which was extended by
W. Budryk in 1953 (Budryk, 1953). This theory was based on the normal Gaussian
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distribution of the effect of mining an elementary volume. The choice of theory was condi-
tioned by several reasons, primarily the commonness of its application for forecasting the
impact of exploitation in Polish mining and the possibility of using extensive computer pack-
ages developed at the Silesian University of Technology by J. Biatek. These programs allow to
make prognostic calculations with the presentation of results for individual points in tabular
form) and in the form of deformation maps, and also allow the analysis to be carried out con-
sisting in determining the parameters of forecasting theory based on the results of measure-
ments of subsidence of the mining area over time and the gobs geometry corresponding to
these measurements. The most important feature of the programs is to take into account the
development of exploitation over time. The calculations used extensions of S. Knothe’s theory
formulas proposed by J. Bialek. In the classical form of the theory (Knothe, 1953), the subsid-
ence of wy at point P, i.e. the vertical component of the rock mass displacement vector caused
by the exploitation of the surface of the S seam, is expressed by the formula:

Wi = “ﬂexp (—71 (E=x)+ (1 y)2> dédn (1)

Jr(z)? ()

where:

wy — final subsidence of point P, calculated without taking into account the time delay,
x,y, z — coordinates of the calculation point,

a - subsidence factor, depended on the method of the roof management,

g - exploitation thickness of the seam or layer,

S — surface of the exploited seam, assuming that it is a function of time

S=S(t),: then the subsidence is a function of time w,=w, (x,3z S(t)),
&, - coordinates of the element of dS surface.

Impact dispersion radius:

e - (2] )

tgp- parameter of Knothe’s theory,

h — depth of the exploited element of the surface of dS seam

z — height of the calculation point above the element of dS surface,

z, — parameter proposed by B. DrzezZla,

n — exponent in the formula (assumed for these calculations z,=5ag, n=0,665).

The horizontal components of the displacement vector are calculated based on the Awiers-
zyn hypothesis according to which the horizontal displacement at P is proportional to
a certain constant B and the dip T:

- horizontal displacements in the direction of the x axis:

P
Uy = —BT, = —B% (3)

- horizontal displacements in the direction of the y axis:

oWy
uyk = _BTV = —BE (4)

wy- subsidence calculated from formula (1),

B - horizontal strains factor.

The B value was calculated by the formula developed by Popiotek and Ostrowski (Popiotek
and Ostrowski, 1981) in the form:
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B=0,32r (5)

J. Bialek’s (Biatek, 2003) formula adopted in the calculations takes the form:

5.3333 - w(ry) - [rip(r))?
6.666 - [0.5 - w(r1) + 0.5 - w(r2)]” + [riy(r)]?

Wi = (1 — ay)w(r) + aww(r2) — Aoy

where: A,p,,- parameter including the asymmetry of the subsidence trough profile,

w(r;), w(rs) — subsidence calculated according to S. Knothe’s formula (1) for the radii of
impacts scattering r = r; and r = r5;

y(r1)deformation calculated by the formula:

Pw(r)  w(r) ? ow(r)\? ow(r)\?
2 _ o 1 1 1 1
y(r)" = {0.25 r < P + P )} + ( x ) + < 2 ) (7)
ay = 07 4 — 17 254 obr (8)
r —LF(A ); rp= 2r 9)
1 tgﬁ obr), 12 1

Table 2 shows the value of the F function.

Table 2. Values of the F function.
Aopr 0 0,050 0,100 0,150 0,200 0,250 0,300

F(Aup) 0,800 0,844 0,916 1,003 1,099 1,200 1,303

Source: 4. Bialek J. Algorithms and computer programs for the prediction of mining ground deformation Silesian
University of Technology, Gliwice 2003 ( Bialek, 2003)

In order to assess the impact of exploitation, the basic and most accurately described
deformation ratio are subsidence. In order to describe the deformation process more accur-
ately, derivative values of displacements, i.e. deformation, dip and curvature, are determined.
Research focused on the analyzes of the mining area subsidence. In addition, the analyzes
were performed for horizontal deformations due to the fact that they are the basic indicator
significant for the impact of mining exploitation effects on objects located on the surface of
the mining area. Horizontal strains were calculated by the formula in the general form:

0 owk
L= -B= 1
Exk X ( Ox ) ( 0)

4 MATERIALS AND METHODS

The research was carried out in the area of hard coal mine conducting exploitation in the area
of the Upper Silesian Coal Basin. As a result of the analysis of exploitation data, two regions
and time periods were identified for which detailed analyzes were carried out. In area
I (exploitation of seam C), in the selected period, exploitation was carried out successively
with three longwalls with sealing of caving gobs, using a mixture of flotation waste, flying
ashes and water. Data on the sealing process is given in Table 3. The height of the mixture in
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Table 3. Data characterizing the sealing process.

The volume of caving  The volume of the sealing The height of the mixture

Seam Longwall gobs V [m’] mixture [m?] in the excavation M [m]
C-regionl Cl 581824 24223 0,120735

C2 813622 31594 0,112611

C3 1083136 28620 0,076627

Source: own study

the excavation was determined assuming its even distribution. The volume of caving gobs was
calculated based on mining data from the region.

In region II (exploitation of seam B) in the assumed period, two longwalls with fall of roof
were exploited in succession. The research areas were selected so that the impact of exploit-
ation carried out in other regions did not appear in the analyzed period. The availability of
measurement results of observation p

Points subsidence was also taken into account (in the analyzed area, above seam C - obser-
vation lines a, b, ¢, in the analyzed area, above seam B - lines d, ¢). Mining and geological
data of exploitation fields in the analyzed regions are presented in Table 4. The contours of
the exploitation plots in the areas in question and the location of points of the observation
lines are shown in Figures 1 and 2.

Further considerations were made using the geometric-integral theory of forecasting the
impacts of mining exploitation on the surface, discussed in detail in Chapter 3. The calcula-
tions were carried out in the program of J. Bialek in the following ranges:

— values of parameters of the theory a, tgff and A4,,, were determined separately for research
regions I and II,

— computer simulation of subsidence and horizontal strains for regions I and II using the
determined parameters was developed,

— a computer simulation of subsidence and horizontal strains for region I was developed
assuming the values of parameters determined for exploitation with fall of roof (region II).

The calculation results were presented in the form of subsidence increments maps and strain
extreme values maps over time. The analyzes that are the subject of the research are described
in chapter 6.

Table 4. Mining and geological data of exploitation fields in the analyzed regions.

Dip
Average Length  Excavation Exploitation of the
Startup depth of long- advance thickness seam
Seam Longwall date End date [m] wall [m] [m] g[m] [g]
Exploitation with sealing of caving gobs
C-regionl Cl1 1.09.2011 31.03.2012 825 245 799 2,90 2-7
C2 20.03.2012 30.10.2012 840 240 1168 2,90
C3 1.10.2012  31.08.2013 862 250 1470 2,90
Exploitation with fall of roof
B- region IT Bl 15.07.2005 28.02.2006 581 250 900 2,70 1-8
B2 15.10.2006 31.07.2007 585 250 1082 2,80

Source: own study
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Figure 1. Contours of exploitation carried out in the region I (seam C) in the period under research and
location of points of the observation lines - lines a, b, c.

Source: own study
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Figure 2. Contours of exploitation carried out in region II (seam B) in the period under research and

location of points of the observation lines d and e.
Source: own study
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5 RESULTS

The parameters of the established calculation model: a, tgB, A,, determined on the
basis of geodetic measurements, geometry of exploitation fields, thickness and depth of
exploitation are presented in Table 5. These parameters were determined based on the
adjustment of the theoretical profile of the subsidence trough to the real trough using
the least squares method. For the first region (exploitation of seam C), the parameters
were determined on the basis of the measured subsidence for three calculation variants.
In the first variant, the parameters were determined after exploitation of the parcel C1
in seam C. In the next variants, the parameters were determined respectively, after
exploitation of the parcels C1 and C2, and after exploitation of all the parcels, i.e. Cl,
C2 and C3. In the region II (seam B), the parameters were determined for the situation
after exploitation of parcels Bl and B2.

The distribution of real subsidence and subsidence calculated by the formula (6) on the
points of the measuring line b for the state after completing the selection of parcels C1, C2, C3
is shown in Figure 3.

The surface distribution of increments of the area subsidence and maximum strains extreme
over the period covered by the research in regions I and II are shown in Figures 4, 5, 7 and 8.
The spatial distribution of subsidence increments in the period mentioned above is presented
in Figure 6.

Table 5. The results of matching theoretical subsidence to the subsidence determined by geodetic meas-
urements on observation lines - determined parameter values.

Standard deviation W pax
Exploitation stage 1gf « Ayp [mm] Correlation coefficient -measured [m]
Fall of roof with sealing
Cl1 1,48 0,473 0,131 13,6 0,9915 -0,338
Cl and C2 2,20 0,566 0,120 95,3 0,9591 -1,101
C-1,C2and C-3 23 0,691 0,177 1142 0,9695 -1,534
Fall of roof
B-1 and B-2 3,00 0,793 0,131 1949 0,9540 -2,083
Source: own study

Observation points

& ¥ € 3 ¢ 8§ ¥ § § 2 3 3 2 3§ 2 3 3

(F]

Subsidence [mm]

—=====  Measured subsidence
— Cakulaled subsidence

Figure 3. The distribution of measured subsidence and subsidence calculated on the points of the meas-
uring line b in the region I for the state after exploitations of parcels C1, C2, C3.
Source: own study
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Figure 4. Surface distribution of increments of the subsidence [m] in region I after exploitation of the
parcels C1, C2, C3.

Source: own study

Figure 5. Maximum strain extreme values [mm/m] over time - C1, C2, C3 parcels region.
Source: own study

The results of computer simulation of subsidence and strains extreme over time in
the region I, assuming the value of forecasting parameters as for fall of roof, are
shown in Figures 9, 10.
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Figure 6. Spatial distribution of subsidence increments - region I, parcels C1, C2, C3.
Source: own study

Figure 7. Surface distribution of subsidence increments [m] in region II after exploitation of the parcels
B1, B2.

Source: own study

6 ANALYZES

A comparative analysis of values of the subsidence coefficient a determined in regions I and II
showed that in case of exploiting with sealing of caving gobs, this coefficient ranges from
0.473 to 0.691 and is not less lower than 0.1 than the subsidence coefficient for exploitation
with fall of roof.

The value of the coefficient a after choosing the first longwall with sealing of caving gobs
was 0.473, after selecting the first and second longwall with sealing of gobs 0.566, and after
selecting three longwalls it was 0.691, which confirms the significance of the impact of the
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Figure 8. Maximum strain extreme values [mm/m] over time in the region II - parcels B1, B2.
Source: own study

Figure 9. The surface distribution of subsidence increments [m] in the region I assuming that C1, C2,
C3 parcels are exploited with a longwall system with fall of roof.

Source: own study

volume of extraction on its value. The dependence of the value of the coefficient a on the
volume of the extraction can be described by a linear functional dependence in the form pre-
sented in Figure 11.

Computer simulations of subsidence for longwalls exploitation with sealing of caving gobs,
assuming the values of the parameters of forecasting theory determined for exploitation with
fall of roof, showed that using a solution with sealing of caving gobs, the values even up to
20% lower can be obtained when exploiting without sealing. The maximum value of the sub-
sidence calculated for the exploitation with the fall of roof was 2.00 m. The surface
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Figure 10. Maximum strain extreme values [mm/m] over time in the region I assuming the exploitation
of parcels C1, C2, C3 with a longwall system with fall of roof.

Source: own study
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Figure 11. Dependence of the settlement coefficient value a on the selected volume V of gob area.
Source: own study

distribution of differences in the values of subsidence during the analysis period is shown in
Figure 12. In the case of extreme strains with the use of sealing of caving gobs solution, the
maximum strain extreme values were found to be lower of up to 40% than the values found
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Figure 12. The surface distribution of differences in the increments values of subsidence [m] (gobs seal-
ing - fall of roof) in the region I.

Source: own study

assuming the use of non-sealing exploitation. The maximum value of strains extreme over
time for fall of roof exploitation was 5 mm/m. The surface distribution of extreme strains dif-
ferences over time is presented in Figure 13.

Further considerations were made in determining the dependence of increments
changes of the determined subsidence coefficient ¢ on the degree of sealing gobs defined
as the ratio of the height of gobs filling M to the height of exploitation g. The relation-
ship between these quantities is shown in Figure 14. The obtained results allow us to
assume that increasing the degree of sealing results in a decrease in the subsidence coef-
ficient. In the examined region, when filling about 12% of the selected space, the value
of the coefficient was about 0.47, which is about 40% of the value of the coefficient of
subsidence with fall of roof that is assumed in the region. However, when 10% of the
selected space is filled, the subsidence coefficient value is about 12% lower than for
exploitation with fall of roof.

To | Color

Figure 13. The surface distribution of differences of the values of maximum strains extreme [mm/m]
over time (gobs sealing - fall of roof) in region I.

Source: own study
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Figure 14. The relationship between the coefficient of subsidence a and the degree of sealing caving gobs.

Source: own study

7 CONCLUSIONS

Based on the conducted research it can be stated:

— the use of exploitation with sealing of caving gobs significantly reduces the values of mining

area surface deformation coefficients. In the example under consideration, the subsidence
recorded in the conditions of exploitation conducted with sealing of caving gobs reached
values up to a maximum of 20% lower than with exploitation without sealing, in the case of
deformations, the values of maximum strains extreme over time have reached a value up to
40% lower than without sealing,

the use of a solution with caving gobs sealing causes the reduce of the value of the subsid-
ence coefficient by at least about 0.1. Considering the relationships of the calculated degree
of sealing with changes in the coefficient a showed that when filled with sealing mixture of
about 10% of the selected space, its value decreases by about 0.12. At 12% filling, the coeffi-
cient value was as much as 40% lower than in the case of fall of roof exploitation,

the dependence of the coefficient a on the extraction volume V can be described by a linear
functional dependence.

Therefore, it follows from the above that in the case of using extraction with gobs sealing,

a reduction in the values of deformation rates can be obtained, which should be taken into
account at the stage of forecasts of surface area deformations developed for the planned
mining exploitation, which is currently not practiced.

The issue that is the subject of the article requires further research, in particular taking into

account the parameters of the sealing mixture.
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