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Abstract

Vibrations generated by quarry blasting are the most intensive
manifestation of technical seismicity. Comparative measurements of
vibrations from blasting generated in open-pit mines were performed
in the Jeronym Mine near Cistdi (Czech Republic). A detailed
evaluation of vibrations on underground spaces is very important here
because this mine is a significant heritage site of medieval tin mining.
The distance between the nearest feldspathic quarry named Krasno
and the Jeronym Mine is 4.7 km east, Vitkov quarries (granite)
is located north in the distance of 6.3 km. Maximum values from
the nearest quarry Krdsno are wusually within the range of
107 — 107 mm.s™. Prevailing frequency range of recorded waves is
1 - 6 Hz for both quarries.

To qualify seismic loading of mine, one seismic station was located on
the surface, the second one in the mine at a depth of about 30 m.
Power spectra could be used for distinguishing, but the difference in
spectra shapes is rather evident. Especially the difference is most
explicit for the frequency range 70 - 100 Hz between power spectra of
surface and underground records. Fitted trends were calculated for the
mentioned frequency range of power spectra. Spectral time-frequency
diagrams were also defined.
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Introduction

Vibrations of blasting works are studied in detail by a number of authors from various points of view,
especially physical and chemical properties of explosives, processes in the source of blasting, seismic wave
propagation through rock mass, influence on the surface and other building objects, numerical modelling of
vibration manifestations or its structural elements (for example, Pijush, 2009; Ainalis et al., 2017; Kaldb and
Stemon, 2017; Kalab, 2018).

Explosion generates short, intense impulse. Its spectrum is continuous and contains frequencies from lower
values to very high values - usually 1 to 300 Hz. An empirical relationship, the so-called Langefors relationship
(for example, Bongiovanni et al., 1991; Kalab et al., 2013) is used to determine maximum vibration velocity
values in the distant zone. This relationship, which is mainly used to assess the seismic effect of blasting
operations in quarries, is often given in the form

Viar =K. Q" . 1", ey

where V,,,, - maximum vibration velocity (mm.s™), O - the weight of the charge (kg), / - distance from the
centre of charge (m) and, K, m and n are empirical parameters. The graphs are constructed either as a
relationship of the maximum vibration velocity V,,,. on the distance [ or, on the so-called reduced distance /,.,
which is the ratio of the distance / and the square root of the charge weight Q (I,.q = 1/Q"?). This relationship may
be very well defined, but may have a very low correlation for complicated local geology (for example, Pijush,
2009; Pandula et al., 2007; Kondela and Pandula, 2012). Before the measurement of blasting vibration, it is
necessary to make a qualified estimation of both the maximum vibration values (usually velocity or acceleration)
and the frequency range of the measured vibration. Special attention is necessary to take into account if the
evaluated structure is a historical monument or underground spaces.

The contribution of this paper is based on demonstration of processing of seismic record of blasting in the
frequency domain. Two identical seismic apparatuses were used at the chosen site in the medieval Jeronym
Mine. One seismic station was located in the building on the surface, the other at a depth of about 30 meters
below the surface. This study describes the use of spectral analysis of seismic records. Wave patterns of blasting
from surface quarries were used; the distance between the nearest Krdsno quarry (feldspar mining) and the
Jeronym Mine is 4.7 km to the east, the Vitkov granite quarry is located at a distance of 6.3 km to the north. The
maximum values of nearer Krdsno quarry are usually in the range of 10~° — 10% mm.s" (values are not very
significant for stability evaluation). The predominant frequency range of recorded vibrations is 1 - 6 Hz for both
quarries. Power spectra are introduced, and spectral time-frequency diagrams are calculated.

Research of the amplitude versus depth relationship

A most important article on the relationship between the maximum amplitude and depth was published by
Chinese researchers Hu and Xie in 2004. The ratio of the amplitudes in the observed depth (underground) and
the surface is used for the examination of changes in the value of vibration relative to depth (underground
amplitude/surface amplitude). The value of the maximum surface amplitude is greater than in the underground.
Further, the surface records are much more frequent than from underground; therefore, the values for the
underground can be determined using statistical regression curves. The Dowding's and Rozen's study (1978 in
Varnusfaderani et al., 2015) divides the damage to underground structures into three categories according to the
effects of the earthquake: damage caused by vibrations, damage caused by faults and damage caused by
disturbances due to the earthquake, for example, soil liquefaction or landslides. Varnusfaderani et al. (2015) also
pay attention to the source mechanism of earthquakes. Manifestations of underground seismic activity can be
divided into two categories: vibration - changes in stress-strain conditions and, loss of stability - soil
liquefaction, fault in the rock massif, landslides. The example is shown in Fig. 1, in order to illustrate the
difference of variation in different sites, the same level of magnitude (moderate magnitude) in the two kinds of
sites is selected. From the two simulated curves we can see that, on average, the peak ground velocity declines
more rapidly in soil/rock site than that in soil site for moderate earthquakes.
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Fig. 1 The comparison of PGV ratios in different sites (Hu and Xie, 2004)

Based on the results of Hu and Xie (2004), it was drawn general conclusions (these two remarks to the
solved topic of the paper):
* In general, the earthquake amplitude decreases with depth, and the declining extent is more
dramatic in shallower layers than that in deeper ones.
* The reduction of amplitude with depth is affected by the magnitude and site geology. In general,
for soil site, the declining extent decreases with the increment of magnitude as well as the
amplitude.

Parametric studies were carried out to investigate the influence of the desired variables on the dynamic
behaviour of an underground structure while earthquake loading (Serati and Moosavi, 2010). To perform a
sensibility analysis of a particular parameter, a suitable model based on all important concepts of dynamic
analysis was created.

The Jeronym Mine near Cista

The Jeronym Mine near Cistd, Sokolov District, Czech Republic, is an important heritage documenting
medieval tin mining (for example, Tomicek, 2011). The Jeronym Mine represents a complex structure of
galleries, shafts and chambers on at least three horizontal levels whereas the lowest level (about 50 m below the
surface) is permanently flooded and its scope is unknown. Nowadays, selected spaces of the mine are opened for
the public in the form of a mining museum. The stability of the underground spaces, the parts of which are more
than 400 years old (Fig. 2), is the priority both in light of preservation of the unique spaces for the generations to
come and in light of safety of people attending the mine. For many years, when the complex of mine workings
was inaccessible, the underground spaces were subjected to spontaneous devastation and weathering. Therefore
it is necessary to evaluate the stability of the whole complex and to determine the most critical places in the mine
(for example, Kaldb et al., 2010; Telesca et al., 2011; Kaldb and Lednickd, 2011; Lyubushin et al., 2012).

The first steps towards preserving the Jeronym Mine were taken in the 1990s. In 2000, detailed studies of
access to this historic mine were made, and remediation work began. During the work, attention is paid not only
to securing mine workings but also protection of own monuments from damage. The purpose of the existing
geomechanical and seismological monitoring is to assess the geomechanical stability, control the impact of
mining work on historic mining areas and the impact of traffic from the road passing over the mine; some areas
are shallow below the ground (for example, Kaldb, 2003; Kaldb and Lednickd, 2016; Lednickd and Kalab, 2013,
2016).

The assessment of the seismic loading of the historical spaces of the Jeronym Mine is based on
seismological monitoring with the triggered data recording. The most significant seismic load on the Jeronym
Mine during the monitoring period was seismic swarms with foci in the vicinity of Novy Kostel village. The
seismic load of the historical spaces of the Jeronym Mine makes it possible not only to continuously monitor the
possible negative impact of vibrations on the historical part of the mine but above all to correctly determine the
critical load values during reconstruction work in the mine and its surroundings (Lednickd and Kalédb, 2016a).
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Fig. 2 Photos of manual mining and setting fire in the medieval Jeronym Mine (photo: Lednickd)

Maximum measured values of component vibration velocity for individual sources are represented
depending on the prevailing frequency range of measured signals (Fig. 3, Kalab et al., 2015). For natural
earthquakes from the Novy Kostel focal zone, component vibration velocities for a maximal expected earthquake
with ML = 5.0 is predicted, which is also included. The maximum value of traffic in this figure corresponds to
the vibration effect measured in shallow underground spaces directly under the road. Study of vibration effect of
near earthquakes at different depths in a shallow medieval mine was published by (Lednicka and Kaldb, 2016).
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Fig. 3 Summary of maximum component vibration velocity and prevailing frequency range for individual sources (Kaldb et al., 2015)

Comparative measurements of blasting vibration and the interpretation

The BR32 seismic apparatuses and Lennartz Le3D-1s sensors with a natural frequency of 1 Hz and a range
of up to 100 Hz were used in the test described below. The sampling frequency of the digital signal was set to
250 Hz, LSB = 1.4552*10° mm.s”. The equipment marked B41 was located on the lowest floor of the
administrative building of the Jeronym Mine, the second one marked B48 had a sensor located at a depth of
about 30 m below the surface in underground space. To present the effect of sensor location at different points
(almost in vertical position), records of two blasting operations from nearby surface quarries were chosen
(Vitkov, Krasno - see above). Studies dealing with detailed analysis of seismic records are known from a number
of articles and books, e.g., Udfas and Buforn, 2017. In this paper, we present the results of the calculation of
power spectra and spectral time-frequency diagrams. A detailed description of the data processing methodology
is given in the articles (Lyubushin, 2001, 2007; Lyubushin et al., 2013, 2014).
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As mentioned above, four three-component wave patterns were used for the presentation of spectral
analyses. Power spectra (Fourier transform) of the recordings are presented on Fig. 4. The first two columns of
spectra S (f) from the left represent the result from the underground station (B48), the other two columns of
spectra are from the surface station (B41); individual components top-down in sequence vertical component Z,
north-south horizontal component N and east-west horizontal component E.
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Fig. 4 Power spectra (Fourier transform) of blasting records from underground (B48) and surface (B41) seismic stations, on the horizontal
axis, is the frequency in Hz (for details see text)

The red line shows the trend of the spectral line in the range of 70 - 100 Hz in the form of log (S (f)) ~ f. It
is absolutely evident that the character of the spectra from the surface and mining station is significantly
different:

*  The range of values S (f) is several orders higher for the records from the mining station;

*  The variability of the spectral line is significantly lower for the recording from the mining station;

*  The trend of the spectral line in the range of 70 - 100 Hz is significantly different. Red lines in the
spectra fitted this trend of log (S (f)) ~ f. To compare the trends, they are almost constant for
surface records; however, line relations with negative angular coefficient are well defined for
mining records. The same character is possible to detect for all components.

The above-mentioned differences in the characteristics of the spectra, among other things, clearly enable the
distinction of spectra/records taken on the surface and in the underground.

The result from the calculation of time-frequency spectra is again presented on the same records (Fig. 5).
The result is based on the calculation of the development of the logarithm of the spectrum with a right-hand end
of moving time window of 250 samples (i.e. 1 s) with a step of 25 samples (i. e. 0.1 s). The relative time is on
the horizontal axis, the colour scale decimal logarithm of the power spectrum. This result also shows a clear
difference between the time-frequency structure of the spectra for mining (Fig. 5a) and surface (Fig. 5b) station
records.

The relative time is on the horizontal axis, the seismic effect of blasting begins in time about 5 s of the
records as a sharp change of the spectral function. Possibility to evaluate the dynamic structure of the signals is
the main findings of this method. Vibration effect recorded on the underground station is much longer than on
the surface one. These calculations show significant vibrations on the underground station about 15 — 20 s; main
frequency range below 10 Hz is more extensive.
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Fig. 5a Evaluation of the logarithm of power spectra within moving time window of the length 250 samples taken with mutual shift 25
samples - underground station B48; on the horizontal axis is the relative time in s (for details see text)
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Fig. 5b Evaluation of the logarithm of power spectra within moving time window of the length 250 samples taken with mutual shift 25
samples - surface station B41; on the horizontal axis is the relative time in s (for details see text)
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Discussion of results and conclusion

Evaluation of vibration effect in underground spaces, like tunnels, mines or caves, are often discussed.
Numerical models and first of all experimental measurements are base for these discussions. Generally, the peak
values of vibrations decrease with depth. This decline is usually faster in shallower layers as opposed to deeper
parts. The reduction of amplitude depending on the depth is influenced by the value of vibrations and local
geological pattern. Principal conclusions developed in the study of Pratt et al. (1978) were:

e There are very few data on damage in the subsurface due to earthquakes. This fact itself attests to the
lessened effect of earthquakes in the subsurface because mines exist in areas where strong earthquakes
have done extensive surface damage.

e More damage is reported in shallow tunnels near the surface than in deep mines.

e In mines and tunnels, large displacements occur primarily along pre-existing faults and fractures or at
the surface entrance to these facilities.

To have more information for numerical studies, detailed analyses of seismograms are performed in the
frequency domain. We used two identical seismic instrumentations for measurement of vibration effect on the
surface (B41) and in underground space (B48). The shape of power spectra could be used for distinguishing.
Especially the difference is most explicit for the frequency range 70-100 Hz between power spectra of B48 and
B41 records. The difference in power spectra shapes and in the time-frequency structure of records is rather
evident. This result also contributes to better knowledge of frequency content of surface and underground record
that is input information for numerical modelling of vibration loading of given structure.

The presented calculations show a significant contribution of two methods of spectral analysis of digital
records to obtain new information about the signal, especially the frequency structure of the signal, i.e. clear or
"invisible" harmonic components of the signal or the dynamic structure of the signal.
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