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Abstract

The mining areas of the copper ore mines in Poland contain tailings
storage facilities. Because of operational safety issues and to
minimize the exposure of local neighbourhoods to the risk of such
reservoirs failing, mining operations are limited during the period of
waste storage, thereby reducing the impact of exploitation on these
objects. Nevertheless, continuous monitoring and analysis of the
deformation state of reservoirs and associated facilities are required.
Monitoring is most often carried out using geodetic methods, while
the deformation analysis is based on determining the displacements
of control points and making short- and long-term forecasts of
changes in land surface deformation.

Presented here is an analysis of changes in the state of displacements
and dyke deformations of a currently closed copper flotation tailings
reservoir that was used in the 1970s. After the storage of waste was
stopped, an intensive two-stage mining operation was carried out
under the reservoir. The results obtained from the geodetic
monitoring of displacements and deformations of the reservoir dyke
are compared with the model values, and the usefulness of the applied
theoretical model for describing the vertical and horizontal
displacements and horizontal deformations is verified. Based on the
comparison results, a hypothesis is presented regarding the causes of
the actual condition of the movements of the reservoir dam crest
against the background of the expected movements obtained from
theoretical modelling. The presented conclusions revise a very
rigorous approach to protecting flotation tailings reservoirs against
the effects of underground mining.
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Introduction

In recent years, experts have faced increasing difficulties in forecasting how underground mining impacts the
land surface, these difficulties being related to the concentration of extraction, changing mining and geological
conditions, and having to account for old mining works. The analysis of the impact of exploitation covers existing
facilities and those planned for future implementation (Kwiatek, 2007). This applies to objects located both on the
surface and inside the rock mass (mining shafts) (Kwinta, 2012a), and deformation forecasting refers increasingly
to momentary and extreme states (values) in time.

Special objects in mining areas are flotation tailings reservoirs, whose function and size mean that they are
under special supervision by mining services. The operational safety of this type of facility determines the
continuity of a mine's operation, and damage to dams poses a risk of industrial and natural disasters (Owen, Kemp,
Lebre, Svobodova, & Pérez Murillo, 2020). For this reason, such objects are subjected to periodic geodetic
observations (Jura, Niedojadto, & Stoch, 2013). In addition to classic surveying techniques such as total-station
measurements and precise levelling, methods based on global navigation satellite systems (GNSS) are also used
to monitor dams. Observation points located on a dam allow conclusions about its stability. Nowadays, unmanned
aerial vehicles (Dawei, Lizhuang, Demin, Baohui, & Lianglin, 2020; Stupar, RoSer, & Vuli¢, 2020) are being used
increasingly to observe mining areas, both to monitor subsidence (Cwiakata et al., 2020) and to determine
horizontal displacements (Puniach, Gruszczynski, Cwigkata, & Matwij, 2021). In the case of horizontal
displacements, the considerable usefulness of terrestrial laser scanning (Matwij, Gruszczynski, Puniach, &
Cwiqkala, 2021) for urbanized areas has also been demonstrated. To monitor reservoir dams, satellite radar
interferometry (interferometric synthetic aperture radar) is also used (Gama, Paradella, Mura, & de Oliveira, 2019;
Grebby et al., 2021). This method also allows assessment of the impact of mining operations in the vicinity of the
reservoir (whether and to what extent they affect the facility), as well as strong mining tremors on the ground
surface (A. A. Malinowska, Witkowski, Guzy, & Hejmanowski, 2018; Sopata, Stoch, Wéjcik, & Mrochen, 2020).

The inspiration for addressing the issue of forecasting that accounts for the instantaneous and extreme values
of deformation in time was analyzing the impact of a planned mining operation on an existing hydrotechnical
facility in the expansion phase. The deformation analysis accounts for safe (currently accepted) values of
increments of horizontal strains and slopes that should not endanger the proper functioning of the object. The
results of research and analyses conducted in this study answered the question as to whether the accepted
permissible deformation values for this type of earth structure are too strict.

This type of analysis is relatively difficult and requires correct modelling of the deformation phenomenon in
the long term. Among other aspects, it is important to establish correct parameters of the calculation model
corresponding to the local geological and mining conditions (Kowalski, 2007, 2011; Kwinta, 2012b). The models
used in Poland and worldwide for forecasting deformation of the ground surface and rock mass are often based on
assumptions simplifying the phenomenon of deformation caused by underground mining. Empirical models are
used (Jiang, Misa, Tajdus, Sroka, & Jiang, 2020; Tajdus, 2015) as well as geometric-integral models based on
various functions of influences (Kratzsch, 1983; Peng, 1992; Reddish & Whittaker, 2012). Also used to forecast
the deformation of mining areas are neural networks (Ambrozi¢ & Turk, 2003; Gruszczynski, 2007) and numerical
methods, including the finite-element and finite-difference methods (Tajdus, 2009; Xu et al., 2013) and the discrete
element method (Fathi Salmi, Nazem, & Karakus, 2017).

The presented analysis of the impact of mining exploitation concerns an inactive mining waste treatment
facility. For over 40 years, geodetic observations have been made on the object to determine selected deformation
indicators (J6zwik, Jura, Szymczyk, Mazur, & Tarasek, 2000; Jura, 1994) and assess the stability of the earth
structure. The conducted analyses concern one object subjected to the influence of mining exploitation; therefore,
they do not constitute a basis for broad generalization. This case, however, provides a general overview of the
problem, which may be taken into account in other facilities of this type.

Herein, observed subsidence and horizontal displacement and deformation values are compared with those
obtained theoretically based on the Knothe model (Knothe, 1957; Agnieszka Malinowska, Hejmanowski, & Dai,
2020). The Knothe model has been used in mining throughout the world, including in Australia (Byrnes, 2003),
China (Yan, Lun, Yue, Preufe, & Sroka, 2018), the Czech Republic (Jirdnkova, Waclawik, & Nemcik, 2020), and
the USA (Karmis, Agioutantis, & Andrews, 2008). The presented methodology allows assessment of the quality
of a priori forecasting and a posteriori modelling of deformation indicators. Apart from subsidence and horizontal
deformations, great emphasis is placed on presenting and analyzing the vectors of horizontal displacement, which
are important for analyzing the functional safety of a hydro-technical structure.

On the basis of the obtained results, a number of analyses are carried out. The modelling results for the
observed phenomenon are verified as converging with the measurements of the actual state of deformation of the
land surface and reservoir dyke due to the exploitation of subsequent mining fields. This allows for conclusions
regarding the object in question, and an attempt is made to provide the causes of non-compliance of the model
with the observed displacements and deformations.

124



Zygmunt NIEDOJADLO et al. / Acta Montanistica Slovaca, Volume 28 (2023), Number 1, 123-140

Material and Methods

Registration of land surface changes using geodetic methods allows for the determination of a number of
deformation indicators, the significance of which depends on the object under observation. Apart from basic
indicators such as subsidence (s), tilt (7), or horizontal deformation (¢), horizontal displacement (u) also plays an
important role, especially in relation to special objects located in the mining area. The importance of this indicator
increased with the implementation of Global Positioning System (GPS) technology in deformation research in the

early 1990s.

Area of interest

The research area is in the Legnica—Glogéw Copper District (LGCD) in southwest Poland, and the analysis
covers a flotation tailings reservoir with an area of 5.7 km? located in the mining area. It is based on a flat slope of
hills in the north and is bounded by an earth dam (dyke) on the south side for a length of 6.76 km. The height of
the dyke reaches 22 m, and the width of the embankment is 97 m at the base and 4 m at the crest (Fig. 1). Put into
operation in 1968, it was used as an active landfill for flotation tailings until 1980. The deposit exploitation under
the reservoir began in the second half of the 1970s, and this has continued with varying intensity to date

(Piestrzynski, 2008).
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Fig. 1. The cross-sectional structure of dyke (adapted from Piestrzynski, 2008)

Geodetic observations
Observations of the crest of the earth dam were analyzed. The horizontal subsidence and deformations

analysis was performed for stabilized points at distances of approximately every 24 m (yellow and black points)
and for horizontal displacements every 100 m (yellow points). The results of measurements carried out at points
located in the foreground of the dam on the southern side were also partially used (Fig. 2).
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Fig. 2. Scheme of exploitation fields and analyzed observation (calculation) points
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The subsidence was analyzed based on the part of the observation line on the crest of the reservoir between
points A6 and A23. For the analysis of horizontal displacements, the section between points A8 and A20 was
selected, consisting of the main points spaced approximately every 100 m. Measurements of changes in length
were made only from point Al4 toward the west. For this reason, for the analysis of horizontal deformations, a
shorter section of the observation line (A14-A20) was adopted, with intermediate points spaced every 24 m.

The network of observation points (Fig. 2) is subjected to annual control observations, including measuring
the current X, Y, and H spatial coordinates (EPSG:2176). The horizontal coordinates of the observation network
points have been measured since 1973, and GPS (GNSS) technology has been used since 1994 for tying. The
measurements are made using a static method, and the designed measurement cycle, taking into account the terrain
conditions and tying method, allows the coordinates of points to be obtained to an accuracy of approximately
+7 mm. Points determined using GNSS technology are tied to traverses measured with a precise total station (Leica
TCA2003), thanks to which, in terms of accuracy, a practically homogeneous network is created. Carried out by
means of precise geometric levelling (Leica DNA2003 level), the height measurements are currently tied to
benchmarks located at the shaft stations of mining shafts. The height of the tie benchmarks on the shaft square is
determined for these shaft stations. The observation results make it possible to assess the accuracy of determining
the heights of points in successive measurement series to be 3 mm.

Because of the measurement techniques used, it was assumed that the analyses would be based on data
obtained in the years 1994-2019. Such a limitation of the scope of the analyzed data allows for the assumption
that the results of the observations no longer show the effects of compaction of the material from which the dam
is made (which is also confirmed by geotechnical observations). In addition, the subject of the analysis is uniform
observation material obtained using the same class of equipment throughout the analyzed period.

Knothe method

According to the geometric-integral model of Knothe (Knothe, 1957), the distribution of the subsidence of
points in the cross-section perpendicular to the rectilinear edge of the mining exploitation front with a half-plane
dimension is described by

s(x) = —?- f;m exp (—ni—z) da, (1)

where a is the exploitation factor and m is the thickness of the exploited deposit. The range of exploitation »
[m] is given by

H

r=— 2

tanp’

where H is the depth [m] of exploitation and £ is the influence-range angle.

Further indicators characterizing the state of deformation are the horizontal deformation ¢ and the horizontal
displacement u. The values of the components u, and u, of the horizontal displacement (Eq. 3) in the directions of
the axes of the adopted coordinate system are proportional to the value of the slope T of the subsidence trough
profile, i.e., to the first derivative of the subsidence (Eq. 1) in the directions of the axes of the adopted coordinate
system:

ds as
ux——Ba, uy——Bg, (3)
Umax = +/ uyzc +u32/’ , 4
M _pp oy - _gis
SX_E_ B Kx—ux— Baxzz’ (5)
ou as
€y=a—;]=—B'Ky=uy=—Bm. (6)

where B is known as the coefficient of horizontal displacement.
Analyzing the results of measurements from the Upper Silesian Coal Basin (USCB) in Poland, Budryk
(Budryk, 1953) determined the value of the coefficient B given by Eq. (7) for the terrain surface:

B=\/%=0.4r. (7

Subsequent analyses of the observational material (Popiotek & Ostrowski, 1978) from the areas affected by
mining operations in the USCB showed that this value was

B=032r. 8)
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In the case of copper ore mines in the LGCD, studies carried out between 1995-1996 (Popiotek, 1995, 1996)
showed differentiation of the deformation process in terms of horizontal compressive (Eq. 9) and tensile (Eq. 10)
deformations. The following values of the coefficient B were established:

B(+)
B(-)

0.30r, (tension) (&)
0.36r. (compression) (10)

For the initial analysis of the distribution of the forecast values of deformations and horizontal displacements
in the analyzed case, the average value of B = 0.32 r was adopted according to Equation 8.

The total impact of mining exploitation is revealed on the surface after the exploitation. The equation for the
trough profile includes the so-called time function fi(#, ¢), whose parameter is the time coefficient ¢, which
characterizes the average speed of the passage of mining influences through the rock mass. Therefore, the equation
describing the land surface subsidence can be written as

s(x) = S’:;” fi(t,0) - f;m exp (—n i—z) da, (11)

where ¢ is the time from the end of operation and c is the global time factor. In the approach by Knothe
(Knothe, 1953), the time function has the form

fi(t,c) = exp(1 — ct). (12)

Accounting for the modifications to the model introduced by Sroka and Schober (Sroka & Schober, 1983)
and Hejmanowski (Hejmanowski, 2004), the global time factor ¢ for the conditions of copper ore mines in Poland
is (Agnieszka Malinowska et al., 2020)

_S$n -1
c= [year™1], (13)

where ¢ is the relative speed of convergence of the excavated workings, and # is the relative speed of transition
of the deformation process in the rock mass.

Results

The analysis covers the impact of exploitations carried out by a chamber-pillar system with hydraulic filling
(1994-1995) and with roof deflection in two periods (1995-1997 and 2011-2014). This made it possible to assess
the accuracy of forecasting for various operating conditions.

Subsidence

First, the analysis covered the subsidence values of the observation-line points along the section between
points A6 and A23 (Fig. 4). This showed that the mining operations resulted in both direct and indirect mining
influences. In the period 1995-2019, at some points of the line, subsidence of approximately 150 mm was observed
(Fig. 3), which is attributed to only indirect operating impacts. The factor causing these changes was the drainage
of the rock mass, which is characteristic of the analyzed area. It triggers the process of continuous drainage of
aquifers in the rock mass, which in turn causes the phenomenon of compaction of rock layers observed as large
spatial subsidence of the terrain surface (Guzy & Malinowska, 2020; Niedojadto, Sieradzy, & Spdlnik, 2012;
Witkowski, 2017). Measurements and analyses carried out in this area indicate the occurrence of dehydration
subsidence with values ranging from 5 to 10 mm/year. These values are characterized by variable dynamics,
depending on the area of the deposit and the stage of exploitation.
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Fig. 3. Subsidence caused by rock-mass dehydration

Because of the large-scale nature of the phenomenon, it was assumed that in the analyzed period (1995—
2019), the subsidence of all points of the observation-line section was burdened with the same effect of drainage
of aquifers. Therefore, the annual subsidence of all points was reduced by the value of dehydration subsidence.
The values of subsidence corrected in this way represent only the effects of mining (Fig. 4).
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Fig. 4. Reduced subsidence in 1994-2004, 1994-2010, and 1994-2019 along analyzed line

The distribution of measured subsidence (Fig. 4) was the basis for verifying the basic parameters of the
Knothe model. The a posteriori values of the parameters based on measuring the subsidence are tan f = 1.8 and
a = 0.52. The parameters were determined using the least-squares method (Gruszczynski, Niedojadto, & Mrochen,
2018; Kwinta, 2011; Witkowski, 2014) and do not differ significantly from the standard values adopted for mining
with roof deflection in the conditions of the analyzed copper ore mine (tan = 1.7 and a = 0.50).

The correctness of the parameterization of the calculation model is evidenced by the obtained convergence
of the measured subsidence reduced by the values of the dehydration subsidence (Fig. 4, solid lines) and the
modelled subsidence (Fig. 4, dashed lines). The lack of increments in the subsidence between 2004 and 2010 (red
and green solid lines) means that by 2004 the effects of the mining operation carried out in 1995-1997 (green area
in Fig. 4) were fully revealed. The maximum subsidence after the exploitation in 1995-1997 was s, = 1.6 m on
the dyke, and it increased after the second stage of exploitation in 2011-2014 (blue area in Fig. 4) to sops =~ 2.3 m
(theoretical value: sy0q = 2.1 m).
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Time factor
The standard parameter values (set A) for the calculation model used in the LGCD are

&=0.52 year™'; n = 3.0 year' — ¢ = 0.44 year™!,

for which the distributions of the measured and modeled subsidence values are currently not consistent.
Therefore, in the calculations of the dynamic deformation indexes, the following parameter values were adopted
(set C):
E=3.0year!; 5 =6.0year ' — ¢ = 2.0 year™,

for which the best compliance of the distribution of the subsidence was obtained in the period 1994-2019.
The correctness of the adopted parameters is confirmed by the high convergence of the distribution of the modelled
and observed subsidence presented in Fig. 5.
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Fig. 5. Subsidence of analyzed points A15, A16, Al18, and A20 in 1994-2019

In three years (1995-1998), the maximum increase in subsidence for point A18 (Fig. 5, blue lines) was
Asops = 1.43 m and Asyoq = 1.54 m, which means a monthly increase of approximately 4 cm/month.

In the second stage of exploitation (2011-2014), the highest increase in subsidence in only two years (2012—
2014) was for point A15 (Fig. 5, green lines), i.e., Asops =~ 1.06 m and Asyoqs =~ 1.10 m, which corresponds to a
monthly increase of subsidence of approximately 4.5 cm/month. Therefore, we observe a shorter period of
maximum increases in subsidence and an increase in the dynamics of the phenomenon.

The subsidence for point A16, located closest to the eastern edge of the field exploited in 1995-1997 (Fig. 2),
was analyzed in detail. Calculations of subsidence changes at the point in 1994-2011 were performed for three
sets of parameters on the basis of the works by Niedojadto (Niedojadto, 2008):

set A: &= 0.52 year™'; n = 3.0 year™' — ¢ = 0.44 year™ (standard parameters),
set B: £ = 1.00 year™'; n = 3.0 year™' — ¢ = 0.75 year™,
set C: &= 3.00 year™'; n = 6.0 year~'— ¢ = 2.00 year™" (optimal parameters).

The distributions of the observed and modelled values of the subsidence of point A16 for the adopted sets of
model parameters are presented in Fig. 6.
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Fig. 6. Dynamic values of observed and modelled subsidence

From analyzing the graph in Fig. 6, the following can be concluded.

Assuming standard parameters (set A), the main phase of the subsidence is described incorrectly. The
theoretical values are consistent with the measured values in only the final phase of the phenomenon, in which
approximately 95% of the total subsidence (2003) is found.

For parameter set B, a convergence of the modelled subsidence with those measured at the moment of
reaching approximately 90% of the final values of vertical displacements (in 1999-2000) can be observed.

For parameter set C, the starting (1996) and ending (1997) times of the main incremental phase of the
deformation indexes are determined correctly until approximately 80% of the final values are reached. The
termination of disclosure of total influences is modelled too early (1999). However, with this set of parameters,
the most important phase of exploitation impact and the disclosure of the maximum values of the deformation
indicators are described quite correctly.

Therefore, for the assumed theoretical function (11), it is not possible to correctly describe the actual course
of the dynamics of the phenomenon, assuming specific parameter values for the entire analyzed period.

Horizontal displacement

The horizontal displacement u is an important indicator of the deformation of the analyzed object, showing
the general tendency of the ground on which the dyke and the reservoir are placed. Locally increased values of
horizontal displacement may signal a greater threat to the safety of the reservoir than those of horizontal
deformation (¢). The least-favourable situation is when the local displacement vectors have increased values and
are perpendicular to the axis of the dyke. However, despite the great importance of horizontal displacement in the
safety assessment of the dykes of sedimentary ponds, it is yet to be accounted for.

The possibility of determining horizontal displacements appeared only in the 1990s thanks to GNSS
technology; such measurements were impossible in the 1970s and 1980s. Nowadays, GNSS technology is used
widely, mainly because of its accuracy. Thanks to this measurement technologys, it is possible to perform a detailed
analysis of the displacements of points on the ground surface, which allows for the verification of existing views
on the horizontal movements caused by underground mining. The case presented herein shows the distribution of
horizontal displacements of the terrain surface deviating from those presented in most mining impact models
(Stoch, 2019; Tajdus, 2015).

Figure 7 shows the distribution of the maximum asymptotic values of horizontal displacement along the
observation line for three periods: (i) after the operation in 1995-1997, (ii) after the operation in 2011-2014
(increase in the value of displacement), and (iii) the total values (1995-2019). The characteristic maximum values
are presented in Table 1.
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Tab. 1. Maximum horizontal displacement u,.. [m] over different year ranges

1994-2000 2010-2019 1994-2019

No. Observed Modelled Difference No. Observed Modelled Difference No. Observed Modelled Difference

A19 0.48 0.41 0.07 Al17 0.73 0.42 0.31 A19 0.89 051 0.38

Al6 0.43 0.56 -0.13 Al12 0.27 0.56 -0.29 Al12 0.41 0.57 -0.16

Horizontal deformation

Length changes, and therefore also horizontal deformations, were determined on the analyzed dyke only from
point A14. Therefore, it is impossible to compare the deformations observed and modelled in the area of the eastern
border of the analyzed fields exploited in 1994-2014.

Their values for individual sides were determined from the difference of the modelled horizontal
displacements at the endpoints of the sides (Eq. 13) calculated in the direction of the observation-line segment
(Stoch, 2019):

Aujipg _ Ujpr—w
Euiv1 = = —Z:H : (13)
where €;;,,— [mm/m] is the horizontal deformation of the measuring section between points i and i+1,
u;, U; 41— [mm] are the modelled horizontal displacements of the endpoints of the observation-line segment (i, i +
1) toward this segment, and d; ;44 [m] is the length of the observation-line segment.
This is consistent with the methodology of determining the actual observed deformation values as a relative
change in the length of the measuring section (Ostrowski, 2015):

Eiie1 = A, (14)
Li+1
where €;;,,— [mm/m] is the horizontal deformation of the measuring section between points i and i+1,
Ad; ;11— [mm] is the observed change in the length of the measurement segment of the observation line (i, i+/) in
two different series of observations, and d; ;;,— [m] is the length of the observation-line segment.
In principle, the modelled and measured deformation values should be compared in accordance with this

calculation method. Also, note that the differences are small when comparing the deformations modelled with both
methods.
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Figure 8 shows the distributions of the theoretical deformation values at the measurement points according
to Egs. (5) and (6), as proportional to the second derivative of the subsidence, with the proportionality coefficient
according to Eq. (8). Figure 9 shows the theoretical values of horizontal deformations determined on the measuring
sections for which periodic changes in length were found, and Table 2 summarizes the maximum values of
horizontal deformations for the subsequent stages of the analyzed operation.
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Tab. 2. Maximum horizontal deformation &,,,. [mm/m] on basis on horizontal displacements over different year ranges

1994-2000 2010-2019 1994-2019

No. Observed Modelled Difference No. Observed Modelled Difference No. Observed Modelled Difference

A21 +0.2 +1.4 +1.2 A21 - - - A21 +1.0 +1.5 +0.5
Al8 -29 -3.0 -0.1 Al8 +1.3 +1.2 -0.1 Al8 2.2 -2.0 +0.2
II +1.1 +1.9 +0.8 1T 2.2 -2.6 -04 1I - - -

Discussion

The analysis first covered the subsidence of control points on the crest of the dam. The distributions of
subsidence observed over the analyzed mining operation in 1995-2010 and 2010-2019 (Fig. 4) are described well
by the modelled values. This enables a more in-depth analysis of the temporal distribution of subsidence for
individual points of the observation line. The distributions of the subsidence in Fig. 5 for points A15, A16, A18,
and A20, confirm the correctness of the assumed values of the parameters of the calculation model. A question
may be raised as to whether the observation-line points on the crest of the dam move in the same way as the
measurement points on the foreland of the reservoir. For this purpose, the subsidences of points A12 and A19 were
compared with those of the adjacent points at the foot of the slope of the reservoir (E12 and E19, Fig. 2). The
vertical movement of these points is qualitatively and quantitatively consistent (Fig. 10). It follows that the dyke
behaves in the same way as the terrain on which it is located. In the analyzed period, we are not dealing with the
compaction of the material from which the dam is built because several dozen years have passed since its
construction.

The presented analysis of the values of the measured and modelled subsidence of the terrain and the dyke of
the flotation tailings reservoir confirms the usefulness of the Knothe model for describing the dynamic values of
subsidence caused by the mining of copper ore deposits in Poland using the chamber-pillar method. At the same
time, note that the subsidence caused by the exploitation did not affect the stability and functionality of the
reservoir dyke. There were no significant changes in its structure, stability, and material toughness, and the dam
continues to function effectively as the reservoir boundary.

The analysis of the displacement and deformation of the dyke of the flotation tailings reservoir shows that for
both subsidence and horizontal deformation, the values obtained by the Knothe model are consistent with or
slightly more than the measured values. It can be considered that this gives an additional safety margin, which is
so important for this type of facility (Ostrowski & Cmiel, 2008). The model correctly describes the phenomenon
of rock-mass deformation and the ground surface, despite only a few parameters characterizing the rock-mass
properties. However, the possibility of a phenomenon that differs from the model of displacement and deformation
adopted herein should be accounted for.

During the first stage of exploitation with roof deflection in 1995-1997 (Fig. 2), increased values of
displacements of the analyzed points from the northwest to the southeast were observed. On the other hand, in the
second stage (operation in 2011-2014), damping of the displacement values toward the north was found (in the
opposite direction to the slope of the bottom of the reservoir, the original surface area). Therefore, it can be
hypothesized that the deposited sediments are moving toward the natural slope of the reservoir bottom (southern
direction; see Section 2.1). This results in (i) intensified horizontal displacements in the case of mining operations
to the south of the dam and (ii) limited horizontal displacements in the case of exploitations carried out north of
the reservoir dyke (Fig. 11).
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< u\ L AR

Fig. 11. Vectors of horizontal displacements of observation-line points: modelled (blue), observed (red), and difference vectors (green)
indicating the intensification or damping of the movement of control points

According to the adopted theoretical model (in 1994-2000), the greatest horizontal displacement should occur
over the edge of the exploitation field (i.e., at point A19). At other points, the displacements should decrease. This
is shown in the graph of modelled displacements i, in Fig. 7 (dashed red line). The maximum values observed
are larger than the modelled ones (Eq.4) by approximately 7 cm. At the same time, it is observed that the
displacements of the points from east to west over the eastern edge of the field (point A16) decreased (attenuation
occurred). It can also be concluded that the directions of the observed displacement values deviate from the
modelled ones toward the south, in accordance with the slope of the natural surface of the reservoir bottom.

The same situation occurred during the subsequent operation in 2011-2014 (Fig. 2), and the observed
phenomenon intensified (Fig. 7, green lines). Above the western edge of the exploitation field, the observed
horizontal displacement is 73 cm, whereas the modelled displacement is only 42 cm. At the same time, over the
eastern edge, the corresponding values were 27 cm (observed) versus 56 cm (modelled). This confirms the
presented hypothesis on the impact of the deposited sediment masses on the displacement field caused by
underground mining. This impact causes changes in the directions and values of horizontal displacements as a
result of mining operations.

Figure 12 shows the observed and modelled vectors of horizontal displacements for points A12, A16, and
A19 located above the edges of both operating stages. There are visible discrepancies in the directions and lengths
of the vectors, resulting from the analysis presented earlier and the hypothesis put forward.
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Fig. 13. Diagram of interactions and horizontal displacements of earth dam of flotation tailings reservoir

The discussed discrepancies are shown schematically in Figs. 11 and 13. The dyke movements represented
by vectors can be described as follows. In the dam section between points A20 and A18, the modelled horizontal
displacements directed to the centre of the exploitation field show a slight deviation in relation to the edge of the
reservoir. The directions of displacements and edges of the dyke along this section are similar (Fig. 11), and the
deviation of the displacements toward the inside of the reservoir is visible. The influence of the deposited sediment
masses (with direction corresponding to the natural slope of the bottom surface of the reservoir), postulated in the
hypothesis, leads in this case to determine the direction of the observed horizontal displacements toward the outside
of the object. The movement of the sediment masses activated by the deformation process simultaneously increases
the values of the observed displacements. This is due to the sediment pressure toward the southeast and not the
direct impact of mining under the facility.

At points A17 and A16, there is a large difference in the directions of the modelled and observed horizontal
displacements, reaching nearly 160°. The reason is the opposite direction of the modelled displacements in relation
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to the direction of the pressure of the sediment masses. The resultant value of horizontal displacement at these
points depends on the value of the component related to the pressure of the masses on the dam.

In the further part of the dam (from point II to the east), because of the change in the direction of the edge of
the reservoir, the situation in the displacement field changes. The component of the displacement vector related to
sediment pressure causes the reduction of large modelled values, deviating from the edge of the reservoir at a
significant angle exceeding 40°.

The increasingly lower values of the component of the displacement vector related to the sediment pressure
(Fig. 11, green vectors) shown in the northeast direction result in the increasingly lower height of the dyke (natural
elevation). Therefore, the stresses generated by the pressure of sediments on the dam in this direction also decrease.

The aforementioned phenomenon may also partly result from the area's geological structure in which the
reservoir is located. The ground of the object is formed by fluvioglacial sediments in the form of sands, gravels,
and clays of varying thickness from 30 to 50 m, which rest on a several-dozen-meter layer of Pliocene clays,
constituting the top of the Neogene. In general, the thickness of the Quaternary, Palacogene, and Neogene
formations is approximately 300 m. Below it are mottled sandstones (Triassic) and formations belonging to
Zechstein (Piestrzynski, 2008). The layer of clay subjected to loading the reservoir with sediments may
additionally constitute a sliding layer for the movement of the Quaternary formations overlying it.

The pressure of sediments "flowing" on the sloped bottom of the reservoir and the possible translation of the
rock-mass layer on the sliding layer disturb the field of horizontal displacements, which would be the result of a
direct impact of mining operations. In the case of vertical displacements (subsidence), the analysis showed a high
convergence of the observed and modelled values. It can therefore be concluded that the vertical movements, in
this case, are correctly described by the Knothe model.

The values of horizontal deformations, in accordance with the results presented in Table 2 and Figs. 8 and 9,
obtained as a result of modelling, are partially consistent with the measured values. The values modelled in the
places of maximum values are mostly higher (3—58%) than the observed values. Therefore, a certain safety margin
is ensured in the case of forecasting changes in the deformation state of similar objects in the future.

However, a significant discrepancy was found in the tensile strain zone at the western border of the field
exploited in 1995-1997 with the roof deflection system. The minimum value of deformations determined from the
observations was only e =+0.2 mm/m, and the modelled value was &0~ +1.4 mm/m. This additionally
confirms the hypothesis presented in the analysis of horizontal displacements. The effect of the forces related to
the pressure of sediment masses on the reservoir dyke to some extent limits the displacement values, resulting in
a reduction of deformations along the dyke of the reservoir described by horizontal deformations.

Further analyzing the exploitation in 2011-2014, one can notice a smaller difference in the modelled values
and the observed horizontal deformations. The total deformations amounted to ey =+1.0 mm/m and
emod = +1.5 mm/m, respectively. Increasing the size of the exploitation field in the second analyzed stage already
generated an increased impact (the so-called large field) on the moving rock mass (Popiotek, 2009). This is
confirmed by the values of the deformation increment in 2010-2019. In this case, the theoretical values are lower
than the measured values (+0.3 and +0.9 mm/m), i.e., different from the general trend. The expansion of the
exploitation field in the second stage of exploitation was an impulse for the disclosure of partially residual
influences from the exploited field in the first stage. However, the total values of the measured horizontal tensile
strains e(+) are generally smaller than the model values.

In summary, we can state that the exploitation in question, carried out with roof deflection in 1995-2014 to
the height of the service door m = 3.0+3.8 m, caused the maximum horizontal deformations along the dyke,
determined on the basis of geodetic observations within the range from e, ~—2.9 to +1.2 mm/m. The values
obtained with the Knothe model for the parameters determined in the first part herein range from epos = —2.9 to
+1.8 mm/m. The greater value of compressive strain is the result of summing up the effects inside the exploitation
field from its eastern and western edges.

The maximum value of horizontal deformation &p,,4 moq (EqQ. 15), in accordance with the model and the
adopted value of parameter B (Eq. 8), can be determined on the basis of the maximum observed tilt Ty, 55 ,ps along
the observation line:

Emax _mod = 0.48 - Tmax_obs (15)

The maximum value of the slope Tax ops = 2.9 mm/m was observed on the section between points A12 and
A15 over the eastern edge of the exploitation field (Fig. 4). According to Eq. (15), the deformation value in this
section is € = +1.4 mm/m, i.e., slightly higher than the measured value of £, = +1.2 mm/m. Thus, an additional
conclusion follows that in the absence of measurements of changes in the length of the sides of the observation
lines, it is possible to determine the probable value of the maximum horizontal deformations on the basis of the
determined value of the maximum slope T oss Of the subsidence trough. As shown in the first part herein, the
modelled subsidence values are consistent with the actual values, and the values of the forecast horizontal
deformations will also be similar to the actual values.
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The presented values of horizontal deformations correspond to categories I and II of the mining area
(¢ < 3.0 mm/m) (A. Malinowska & Hejmanowski, 2010). Observing the behaviour of the dyke in the period of
exploitation development and the disclosure of maximum deformations, no significant changes were found in the
degree of compaction of the material from which it is built and its tightness. The basic role of the dyke and the
safe operation of the reservoir have not been endangered. This is another argument confirming that the problem of
limiting values of deformation indexes should be reconsidered when designating protective pillars for dykes and
flotation tailings reservoirs in operation and under construction. Currently, the strict limit value for these objects
is adopted, i.e., € = 0.3 mm/m, corresponding to category O of the mining area (A. Malinowska & Hejmanowski,
2010). Analyses were also carried out in which this value was limited to ¢ = 0.15 mm/m. It should be taken into
account that such structures are not rigid; as earth structures, they can transfer deformations caused by mining
exploitation without damage. Hence the conclusion that the limit values used in the construction of protective
pillars do not have to be so strict. Of course, the conclusions drawn herein may apply to dykes of similar
construction and total height not exceeding 22 m.

Conclusion

In each case of modelling or forecasting the impact of mining operations, the expert is faced with a dilemma:
which model to use for calculations, and which parameter values of this model will give values closest to the actual
ones? The considerations presented herein showed the complexity of the problem and the possibility of significant
anomalies of the actual deformation distribution in relation to the assumptions of the adopted model. The
discrepancies between the theoretical and established measurements of the deformation state can be large. Current
geodetic measurements are not only used to record a posteriori deformations. The proper use of the results of
current measurements is also a possibility for the interpreter to infer the behaviour of the rock mass and the surface
or possible anomalies that must be accounted for when assessing the increments of deformation indicators resulting
from subsequent stages of exploitation. For a priori calculations, only the ranges of parameters and coefficients
characterizing the analyzed exploitation and geological conditions (rock mass) can be determined. A priori
prognostic calculations should be performed invariants for various combinations of parameters (Gruszczynski et
al., 2018; Niedojadto & Gruszczynski, 2015) characterizing the rock mass and the exploitation. This enables the
accuracy (standard deviation) of the determined values of the deformation rates to be estimated.

The presented analyses and considerations show that the dynamics of revealing the impacts in the conditions
of copper ore mines are greater than what was previously believed and obtained in prognostic calculations. This is
confirmed by the results of measurements of the displacements of the ground surface points.

The presented considerations confirm that the problem of limiting values of deformation indexes should be
reconsidered when designating protective pillars for dykes and flotation tailings currently operating and under
construction. Currently, for these objects, the limit value of deformation that can be transferred by the dam crest
is € = 0.3 mm/m. This corresponds to the limit value of zero of the mining area category, which describes the
minimum risk to objects within its range. The conclusions resulting from the present work show that dykes, as
earth structures, may be subject to significantly greater impacts without limiting the parameters determining the
safe operation of the entire flotation tailings reservoir. This was demonstrated on the example of a dyke with the
structure presented herein and with a total height not exceeding 22 m. More-general conclusions can be presented
on the basis of the results of research carried out on objects with a greater height of earth dams.
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