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In order to face threats from mining tremors a number of organizational and technical prevention
methods are applied in underground mines. Unfortunately, most of these methods are based on the
experience of crew and there is uncertainty whether in practice all of the executed operations are
suitable and necessary in the given conditions. Analysis were performed for one of the mining districts of
the Rudna copper mine, Poland. In this paper, selected methods of rockburst prevention in the G-4/8
district are described and the recorded seismicity is analysed. On the basis of the data provided by the
personnel of the mine, maps of mining progress were generated. This permitted the mined out areas as
well as backfilled excavations to be calculated as a function of time. The results were presented in
quarterly periods. Furthermore, the seismicity recorded was correlated with the rate of mining progress,
the rate of mined out zones and the active rockburst prevention effectiveness. Finally, it was concluded
that correlation between the opening area and energy of seismic events may be observed under the
mining panel conditions considered. A similar conclusion applied as regards the quarterly speed of

mining and the frequency of event occurrence.
© 2018 Central Mining Institute in Katowice. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Seismic hazard in KGHM copper mines has been observed since
exploitation began. The continuous increase in mining depth and
mining near tectonic faults causes the occurrence of a greater
number of high energy tremors (Guha, 2000, pp. 159—215; Li, Cai, &
Cai, 2007; Zorychta & Burtan, 2012). Progress of the mining work
may be associated with sudden rock mass energy release, and can
be the cause of the dynamic destruction of mine workings
(Drzewiecki, 2017).

To minimize the negative effects caused by increased seismic
activity, a number of preventive and forecasting actions were car-
ried out. Generally, these treatments were related to rockburst
control techniques and can be divided into technological (long-
term), active (instant) and organizational methods (Fig. 1), whereas
their selection is usually based on the designers’ experience.

It is well known that the most effective approach to rockburst
prevention is utilizing a group of instant methods, consisting of
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provoking tremors by the detonation of an explosive charge in blast
holes.

However, experience gained from previous exploitation leads to
the conclusion that the seismicity level depends on the progress of
workings in a particular mining panel and the geological and
mining conditions at the site.

Taking the above into account, a question arises: have the
exploitation system, the geometry of mining field and the rockburst
prevention methods been chosen appropriately? The economic
aspects lead to the operation being planned in a way that achieves
maximum extraction with minimal costs. As a result, rockburst
prevention may not always be a priority at the design stage (Goszcz,
2004). Therefore it is worth looking into the methods of long-term
prevention and correlating them with the recorded seismic activity.
This will allow a decision to be made concerning which treatments
have a real impact on reducing seismicity within a considered
mining panel. Some of the prevention methods are only descriptive
(e.g. organizational methods or clean mining without leaving rests),
thus it is almost impossible to quantify them and then correlate
them directly with the registered seismic activity in order to
determine their effectiveness. Nevertheless, many preventive pro-
cedures are at least partially measurable, such as sequence, the
direction of mining (Pytel, Switon, & Wéjcik, 2016) or exploitation
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Fig. 1. Methods of rockburst control in KGHM mines (Butra & Kudetko, 2011).

progress. So it is possible to combine these with the registered
seismic activity (Butra, 2010). Therefore the main objective of this
paper is to assess the effect of selected rockburst prevention
methods on seismicity in mines using the example of the G-4/8
mining panel in the Rudna mine. For purpose of the analysis and
further calculations, the data of all recorded tremors since January
2008 was used. It includes the frequency of occurrence, energy and
location of each seismic event.

2. Materials and methods
2.1. Geological and mining characteristics of G-4/8 mining district

The G-4/8 mining parcel is located in the eastern part of the
Rudna copper ore mine, in the immediate vicinity of Zelazny Most
tailings pond's safety pillar. The deposit in this area is classified as a
sediment-hosted type of copper deposit. It contains the Rotliegend
grey sandstone and copper-bearing shales of early Zechstein. Esti-
mated copper ore sediment thickness varies from 0.6 m to 2.2 m.
The deposit is extended in the NW-SE direction and declines about
3¢ in the NE. The immediate roof strata contains clay dolomite with
a thickness between 0.2 m and 0.4 m. Above the layer of clay do-
lomites, dark grey dolomite which has an approximately thickness
of about 2.5 m and grey coloured lime dolomite with a thickness of
about 0.1-0.6 m are present. The total thickness of the carbonate
rock stratum varies from 35m to 50 m. The floor strata contain
quartz sandstones with a thickness between 13 m and 17 m and
Rotliegend red-quartz sandstones with an approximate thickness
of 300 m. The layers of dolomite within the G-4/8 mining panel
includes different kinds of inclined and vertical cracks filled with
anhydrite, clay or gypsum, usually targeted toward the NW-SE and
NE-SW directions. The room-and-pillar mining method with roof
deflection was used in the mining panel analysed. Until June 2010,
the mining operations were carried out towards the SW direction.
Thereafter, due to difficult mining and geological conditions, the
direction of mining was shifted to NW (Fig. 2).

2.2. Analysis of the observed seismic activity which occurred within
the G-4/8 mining panel

Continuous development of mining works within the Rudna
mine led to the necessity of installing a seismic monitoring system,

which includes several dozen seismometers and accelerometers
located on the surface and underground. The location of seismic
monitoring devices is presented in Fig. 3. The measurements were
carried out using both single and multi-axial geophysical devices
(Grzebyk, Jaskiewicz-Pro¢, & Stolecki, 2017; Koziarz, Wrébel,
Anderko, & Mirek, 2015). Each mining tremor generates individ-
ual waveforms which are analysed to determine the time, location,
and magnitude of a single event (Leake, Conrad, Westman, Afrouz,
& Molka, 2017).

Seismic activity observed within the G-4/8 mining district be-
tween 2008 and 2014 was characterized by high variability. The
greatest total energy emitted from the rock mass took place in 2012
and achieved a total energy per year of E; = 2.38 - 10%]. Only 10% of
the recorded seismic events were classified as high-energy tremors,
i.e. events with energy greater than 10°J (Table 1).

Within the framework of the analysis only tremors with energy
greater than 103 ] were considered. Events of lower energy were
excluded, assuming their negligible impact on mining safety. The
distribution of emitted energy in reference to the number of events
is presented in Fig. 4.

The total quarterly emitted energy of tremors increased evenly
over time between the 1st quarter of 2008 and the 4th quarter of
2010. At the beginning of 2011, the amount of total released energy
started to fluctuate significantly. However, the highest emitted
energy value was observed in the first quarter of 2012, when
1.6 x 10®] of energy was released from the rock mass. In the sub-
sequent quarters, there were also major fluctuations in energy
values associated with events and in general the energy values
remained at a high level. Furthermore, the number of events in
different quarters fluctuated significantly during the considered
period.

2.3. Correlation between the applied rockburst prevention methods
and the observed seismic activity

To evaluate the effectiveness of the applied rockburst preven-
tion methods, it is necessary to correlate the progress of the mining
works with the observed seismic activity. This may enable the
determination of whether a particular method brings the desired
effect. The term of opening size is defined in the project of
exploitation within the given mining parcel. The opening size of the
G-4/8 panel should include four to seven rooms or about fifty to one
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Fig. 2. Direction and progress of mining before June 2010 (left) and after the shifting of mining direction (right) (KGHM., 2011).
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Fig. 3. Surface (left) and underground (right) seismic monitoring system of the Rudna copper ore mine.

hundred meters. Theoretically, through knowing the length of the
front and opening size (Fig. 5), it is possible to calculate the actual
opening area according to the following formula:

Ost

~ 10000 (1

04 [ha]
where:
04 — opening area, ha,
O; — opening size, m,

Ly — front length, m.

However, in the case of asymmetry mine workings (Fig. 6), due
to difficulties in mining and geological conditions, the size of the
opening area may change during mining progress. Therefore, it is
crucial to define what the speed of mining means. Is it concerned
with the progress of mining only or does it describes all of the
works related to the development of mining and the mined out
area? Thus, both situations were considered in further analysis.
Material excavated from the rock mass and technological pillars is
transported to a discharge point, so it is difficult to define the
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Table 1
Number of tremors in different energy classes recorded between July 2008 and September 2014.
Year Low energy Number of events in different energy classes (Es < 10%) Number of tremors with energy greater than 10%] Total emitted energy [J]
tremors 100 10*  10° 105 107 108 10°
2008 17 3 2 15 5 1 0 0 0 23 6.89 - 10°
2009 27 1 5 12 16 4 0 0 0 37 1.56 - 107
2010 36 2 5 17 24 5 0 0 0 51 2.55 - 107
2011 102 5 4 4 8 6 1 0 0 23 4.60 - 107
2012 285 17 23 16 4 5 4 0 0 52 2.38 - 108
2013 81 4 6 13 2 1 0 0 0 22 8.22 - 10°
2014 31 2 1 6 0 1 0 0 0 8 2.74 - 108
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Fig. 4. Seismic activity within the G-4/8 mining parcel between 2008 and 2014.
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Fig. 5. Example of the mining method used in KGHM copper mines.

weight of rock coming from the mining front and from the remnant
pillars. Therefore, in the case of workings with a similar height, a
more precise description of the progress of mining works should be
based on the area (in hectares), as in this paper. Fig. 6 shows the
contours of the progress of mining works (the advance of the
mining front and the progress of the mined out zone), which was
used to calculate the progress of mining and the opening area at
specified periods of time.

The progress of exploitation is defined by the mined out areas
(in hectares) per quarter (Fig. 6 — left). Based on the cloud of points,
respectively, representing the amount of the total emitted energy
and the number of tremors, with respect to the excavation progress,
trend lines were generated and the Pearson correlation coefficient
was calculated according to the following formula:

SK-X)-(%-Y)  _ISxY-XY

Ty =
VE X -X)7 S (- Y)
where:

X; — i-value of X population,

X — average of X population,
Y; — i-value of Y population,

Y — average of Y population,
ox — standard deviation of X,

gy — standard deviation of Y.

Ox- 0Oy

J

(2)
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Fig. 6. Contours of progress of the mining front advance (left) and progress of mined out zones (right).

3. Results

3.1. Determination of the relationship between the progress
of mining and the observed seismic activity

The relationship between the progress of mining and associated
seismic activity is shown in Fig. 7.

Matching the energy-related model with the quarterly mining
face advance shows a correlation value of ryy, = 0.18, which means
there is a lack of a linear relationship. When comparing the number
of events with the progress of mining, a much better correlation is
observed, i.e. ryy = 0.34. This means that a correlation between the
number of tremors and mining front advance is moderate positive.
It should also be noted that the coefficient of the correlation is
highly sensitive to outliers. This means that a weak correlation can
be caused by one energy peak; in this case, the stress relief event
which was recorded in first quarter of 2012 (seismic energy greater
than 1.8 - 108]) should be treated as an outlier. In order to limit the
impact of the abovementioned tremor, an analysis of annual
changes was carried out (Fig. 8).

When comparing the mining face advance to the total emitted
energy, the coefficient of the correlation increased to 0.21 which
means a weak uphill relationship. On the other hand, the correla-
tion between the number of tremors and face advance increased to

0.80. That in turn shows a very strong positive relationship from the
perspective of the number of tremors. It is clear that better corre-
lation is caused by a reduction in the impact of outliers through the
averaging of quarterly values. However, it is still difficult to assess
which time window fits best for this type of analysis.

Fig. 9 shows a similar trend in the quarterly mining progress and
quarterly energy emitted from the rock mass. The quarters in which
the speed of mining increased were characterized by higher levels
of energy emitted from the rock mass. The relationship between
the opening area and the total energy of the tremors is presented in
Fig. 8, while Fig. 9 shows the correlation between the number of
tremors (of each energy class), the advance of the mining front per
quarter as well as the change of frequency on a tremor’s occurrence
from particular energy classes in respect to quarterly excavation
progress.

Based on Fig. 10 one may conclude that with an increase in the
opening area there is a slight upward trend in tremors from each
energy class. Particular attention must be paid to the increase in
high-energy tremor occurrence when the quarterly rate of exca-
vation threshold of 3.5 ha/quarter has been exceeded. This may
suggest that higher seismic activity can be caused by some
thresholds of maximum mining face advance per quarter in specific
mining and geological conditions being exceeded.
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Fig. 7. The relationship between the mining face advance and energy, as well as the number of tremors in the quarter.
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Fig. 9. The relationship between the size of the excavated area and energy as well as the number of tremors per quarter.
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Fig. 10. Number of tremors of each energy class related to mining progress.

3.2. The impact of the opening area on seismic activity

The correlation procedure of the opening area with seismicity
was similar to the procedure presented in section 3.1. The only
difference was that the opening area was determined by subtract-
ing the mined out zone from the total excavated area for each
quarter. The results of the analyses are shown in Figs. 11—13.

Therefore, it can be concluded that the coefficient of the corre-
lation between the opening area and the total emitted energy

reached 0.26 (a weak positive relationship) in the quarterly period
analysis and 0.35 (a moderate positive relationship) in the case of
the annual time window. Comparison of the opening area with the
number of tremors shows that the coefficient of the correlation
reaches a value of 0.12 (no or negligible relationship) in quarterly
analysis and 0.79 (a strong positive relationship) in annual analysis.

Based on Figs. 11 and 12 one may conclude that the coefficient of
the determination rises with the increasing duration of the ana-
lysed time periods. It is worth noting that both the quantity and
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energy of events accumulate when the mined-out area exceeds
6 ha. The size of the opening area was rising until January 2012,
when the maximum quarterly energy was released from the rock
mass (Fig. 13). Moreover, the progress of the mined out zones was
associated with a significant decline in seismic activity within the
G-4/8 mining panel.

On the basis of Fig. 14 it was also found that the occurrence of
tremors with respect to the opening area varied depending on their
energy class. An overall increase in the number of tremors depends
mainly on events from the E3 J energy class. Tremors assigned to
higher energy classes, i.e. E4 ] and E5 ], revealed a downward trend.

An increase in the total emitted energy was determined due to the
tremors from E6 ] and E7 ] energy classes which showed an upward
trend.

3.3. Effectiveness of blasting in mining tremor inducement

The extraction of flat copper ore deposits in Polish deep copper
mines is performed primarily by the use of blasting technology,
which is also one of the most effective approaches of rockburst
prevention and is applied as group winning blasting, strain release
blasting in rock-mass, and blasting in the roof/floor strata and
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Fig. 14. Number of events of the particular energy classes in relation to the opening area.

pillars if they are able to accumulate a high amount of strain energy.
A significant number of recorded dynamic events can be clearly and
directly explained by the effects of the blasting works.

In order to assess the effectiveness of the provocation of the
seismic events, the list of all tremors recorded between 2008 and
2014 within the G-4/8 mining panel were subdivided into two
groups spontaneous and those provoked by blasting works. Fig. 15
shows the effectiveness of the high-energy seismic event provo-
cation in terms of the number of observed tremors.

Fig. 16 shows the percentage of energy provoked by blasting
works and released spontaneously from the rock mass.

The analysis indicates that the effectiveness of the provocation
of dynamic events changed significantly over time. From the
perspective of the number of events, the effectiveness varies from
8% to 17% on an annual basis. However, when considering the en-
ergy of tremors, it changes from 0.01% up to 60%.

4. Discussion

The comparision of mining face progress and the opening area
in respect to observed seismic activity between 2008 and 2014 is
shown in Fig. 17 and Fig. 18.

The quarterly value shows that the opening area has a greater
impact on the total emitted energy of tremors than the quarterly
progress of mining. Since the volume of the opening has a direct
impact on the pace of roof deflection, the increase in the distance
between the mining front and the mined out zone might have the
effect of increasing cumulated energy above technological pillars. It
may finally result in the increased energy of seismic events. An
example of this might be the first quarter of 2012 when the highest
amount of emitted energy (Es=164 - 10%]) coincides with the
greatest opening area. With a decrease in the opening area,

= Total percentage of provoked tremors

a reduction of the total energy of tremors was observed.

As a result of the presented analysis, it was observed that the
mining progress was connected to the number of recorded seismic
events. This situation may suggest that the quarterly progress of the
mining front disturbed the balance of the internal forces of the rock
mass, which in turn leads to an increase in the number of tremors.
The curve representing mining progress is consistent with the
curve which represents the number of events in 25 of the 28
considered quarters.

5. Conclusions

The aim of this analysis was to determine the relationship be-
tween applied methods of rockburst prevention with recorded
seismic activity in the G-4/8 mining panel of Rudna mine. Particular
attention was paid to the pace of the development of mining works.
This term is widely used in the mining industry and may be
considered in two ways. On the one hand, it could consider the
progress of the mining front only. On the other hand it could
describe all of the works related to the development of the mining
front and the advance of the mined out area. Therefore, both situ-
ations were analysed.

Within the framework of this paper, the effect of mining front
advance and the opening area on seismicity was analysed. Conse-
quently, it was concluded that a correlation between the opening
area and the energy of seismic events may be observed under the
mining panel conditions considered. A similar conclusion applied
as regards the correlation between the quarterly speed of mining
and the frequency of event occurrence.

Following analysis of the impact of the opening area on seismic
activity, it was concluded that an increase in the frequency of dy-
namic events can be observed when the quarterly opening area
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Fig. 15. The effectiveness of the high-energy event provocation within the G-4/8 mining panel between 2008 and 2014.
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Fig. 18. The speed workings of progress and opening area in respect with number of induced events and active rockburst prevention G-4/8.

exceeded 6 ha. It is therefore justified to consider whether there energy, excluding 2012 when the effectiveness of provocation
should be a limit to the opening area, which affects the increased reached 60%. This certainly confirms the need for the further
risk of seismic hazard. An analysis of the active rockburst preven- development of this methodology.

tion methods indicated that the effectiveness of high-energy event Since no satisfactory results were achieved for the selected
provocation remains at a low level in terms of both quantity and methods of rockburst prevention, there is a need for continued
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efforts to improve the effectiveness of these methods. Additional
analysis should be developed for different mining panels located in
different mining districts of copper mines belonging to KGHM to
determine the degree of the correlation between the impacts of the
speed of mining on the observed seismic activity. If similar con-
clusions are drawn, further analysis of the impact of other param-
eters concerned with applied mining technology on seismic activity
should be considered, i.e. dimensions of the mining front and
technological pillars, direction of mining, etc. This would provide
more detailed information on the real influence of the selected
parameters of rockburst prevention on seismic activity, which in
turn may indicate some parameters of mining methods that need to
be modified. Therefore, further development of mining works
should be based not only on the experience of the crew but also on
previously defined values.
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