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Abstract

Vibrations induced by blasting operations belong to fundamental problems in quarries because intense vibrations can cause critical
damage in quarries vicinity. Blasting operations generate seismic waves with different particle velocities and a wide spectrum of frequen-
cies. This process depends on rock properties, charge sizes and blasting technology. It is very important to study how to control vibrations
induced by blasting operations while mitigating the negative effects of blasting operations in quarries. The aim of this work was to find the
most suitable way to ensure the safety of a specific building located close to the mining area and to define the most efficient blasting tech-
nology. The paper presents a methodological procedure based on the latest knowledge on the reduction of vibration intensity in blasting
operations in quarries. The results of the experiments were confirmed in practice blasting operations in various quarries in the Slovak Re-
public.

Abstrakt

Vibracie vyvolané trhacimi pracami st jednym zo zékladnych problémov v lomoch a intenzivne vibracie mozu spdsobit’ kritické po-
Skodenie prostredia v blizkosti lomov. Trhacie prace generuji seizmické viny s réznymi rychlost’ami €astic a Sirokym spektrom frekvencii.
Tento proces zavisi od vlastnosti hornin, vel'kosti naloze a technologie trhacich préac. Je vel'mi dolezité Studovat’, ako regulovat’ vibracie
vyvolané trhacimi pracami pri zmierfiovani negativnych Gc¢inkov trhacich prac v lomoch. Cielom tejto prace bolo najst’ najvhodne;jsi
sposob, ako zabezpecit’ neporusenie daného objektu v blizkosti dobyvacieho priestoru a definovat’ najefektivnejSiu technologiu trhacich



prac. V clanku je uvedeny metodologicky postup zaloZzeny na najnovSich poznatkoch o znizovani intenzity vibracii pri trhacich pracach
v lomoch. Vysledky experimentov boli potvrdené v praxi pri prevadzke trhacich prac v réznych lomoch v Slovenskej republike.
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1 Introduction

Because of their explosive energy blasting works are very often applied within various technologies in construction industry. This is
especially for stone and gravel quarrying, excavation of adits and tunnels, crushing of stones, making cuttings and embankments for roads,
railways, canals, making irrigation channels, excavation of river and lake bottoms, consolidation of foundation soils, ploughing of com-
pacted and frozen soils, construction of dams, ports, ponds, lake etc. In addition, different kind of protected buildings are designed like pro-
tective buildings in mines, which has to resist the shock wave generated during blasting works, or protective walls and cylinders of ammu-
nitions and plants, which has to withstand the explosion in emergency state and other protective structures used in industry. The theory of
calculations of structures loaded by explosive pressure waves has wide application in design of protective structures for civil defence and in
military. Protective structures are considered as elastic and elastoplastic systems. It is necessary to respect the sensitivity of the materials to
the deformation rate. The resistivity to the effect of explosive pressure waves has to be evaluated for every construction in vicinity of the
projected or expected blast. Explosions as well as the constructions can be in the air, water and rocks. The most common case is the as-
sessment of constructions to resist the effect of seismic waves generated through blasting works in open pits or during ground works etc.
(Henrych, 1973; Mosinec, 1976). The research in Dargov open pit is focused to optimizing the seismic effects of blasting works in order to
ensure their effectiveness and environmental safety. The Dargov open pit was chosen for realization due to its preparations to mining opera-
tions opening. The test measurements were performed at three standpoints within the open pit itself.

Different studies have been worked out on vibration regulation and moreover the following well-known practical methods were ap-
plied (Kalab, 2018, Kalab et al., 2015; Kalab, 2004; Holub, 2006; Miincner, 2000; Persson et.al., 1994; Langefors and Kihlstrom; 1978),
whose recommendations are as follows:
o Application of time delay between the boreholes;
e Reduction of borehole numbers in the same time delay;
o Application of multi-row blastings and appropriate time delay between rows;
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o Application of charge distribution and appropriate timing between charges;
 Division of quarry wall into more benches and as a consequence it leads to charge capacity reduction for one borehole.

The reduction or the regulation of the vibration impact means a problem for most of quarries. Bench blastings are generally known as
an effective way of vibration reduction. Applying this method, the particular charges in the boreholes are blasted one after another with
a certain time delay. There is a mutual interference in the seismic waves activated during the blasting operations and the Peak Particle Ve-
locity (PPV) can be reduced by means of appropriate timing.

In this paper there are presented the single-row blastings in boreholes in which the boreholes were initiated one after another from the
boundary with predefined timing delay. We assume that the possibility of reproduction of single-row blasting is quite effective, in other
words, the seismic waves propagation from each point of blasting proves the same procedure. At the same time each blasted borehole con-
tains the different charge. The borehole length, the borehole distribution and the borehole size were the same as this principle is commonly
applied in blasting operations and moreover it corresponds with current draft method of blasting operations. (Kou and Rustan, 1992).

2 Experimental measurements in the quarry Dargov

2.1 Geology of the quarry Dargov
The quarry Dargov can be found 3 km west from village Dargov close to road connecting two towns — Kosice and Michalovce. It
contains hypersthenic andesites originated as volcanic lava flows and volcanoclastics (Fig. 1, 2, Kali¢iak et al., 1991).
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2.2 Methodology of the measurement and devices used during the blasting operations

The following digital seismic devices were used to measure and graphically record the seismic effects of blasting (Pandula and Kon-
dela, 2017):

VMS 2000 MP seismograph from American company Thomas Instruments with seismic sensors from American company Geospace
(Fig. 4),

ABEM Vibraloc seismograph and seismic sensors from Swedish company ABEM (Fig. 3, 5 a 6).

The measuring devices were prior to measurement calibrated and their sensitivity was checked. At the standpoints, the graphical rec-
ord of individual elements of seismic waves was registered during experimental blasts.

borehole

%ﬂ%ﬁ,} )

Fig. 2 The location of boreholes 1 and 2 in relation to the standpois 1,
2 and 3, where the first and second blasts were realized
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Individual records are four second long. The location of seismic devices was chosen in order to evaluate the impact of generated
technical seismicity on the selected object. Localization of individual standpoints were by Leica Zeno 20 device (Fig. 7). In this measure-
ment we placed the VMS 2000 MP device within the Dargov quarry very close to boreholes 1 and 2, what allowed to obtain particle veloci-
ties (Fig. 2) for the very precise determination of the law of attenuation of seismic waves from blasts to the assessed object. The measured
values at individual standpoints can be seen in Table 2.

YA - £ AT & Gk ey Mm‘%&v S
Fig. 3 The second standpoint in Dargov quarry. Vibrograf ABEM Vi
located in 42 m distance from boreholes 1 a 2 at first and second blasts
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Fig. 4 The first Standpoint in Dargov
5.2 m from boreholes 1 a 2

Fig. 5 The second standpoint in Dargov quarry. Vibrograf ABEM Vibraloc is located in 90 m distance
from boreholes 1 a 2 at third and fourth blasts
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Fig. 6 The third standpoiht bosition on the supporting wall of road passing next to Dar-

gov quarry. Vibrograf ABEM Vibraloc was located 126 m at third and fourth blast in
the quarry Dargov
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Fig. 7 Localization of individual standpoints by Leica Zeno 20 device
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Table 1 shows the distances between experimental blasts and measuring standpoints within the quarry Dargov. Data from four test
blasts were recorded.

Table 1 Distance of test blasts for the measuring stand-
oints in Dargov quarr
Distance from the blast
to the standpoints 1,2,3
[m]
oblique | horizontal
first blast | 1 - Dargov quarry 7.4 2.3
2 - Dargov quarry 40.6 40.0
3 - supporting wall 76.3 76.0
second blast | 1 - Dargov quarry 11.3 8.9
2 - Dargov quarry 42.6 42.0
3 - supporting wall 78.3 78.0
third blast | 1 - Dargov quarry 10.0 5.2
2 - Dargov quarry 89.5 90.0
3 - supporting wall 125.7 126.0
fourth blast | 1 - Dargov quarry 11.3 5.2
2 - Dargov quarry 89.0 90.0
3 - supporting wall 125.7 126.0

Standpoint

2.3 Source of vibrations

The sources of vibrations were test blasts within the quarry Dargov. For all blasts explosive EURODIN 2000 and non-electric igni-
tion with millisecond delay 17 millisecond was used. The blasts differ in their weight: the weight of the first blast was 6.2 kg of explosive,
the second blast used 10 kg, the third blast used also 10 kg of explosive and for the fourth blast 15 kg of explosive was projected.

2.4 Measured seismic effects of blastings and their analysis
Vibrographs recorded seismic waves registered by individual elements x (longitudinal), y (transversal) and z (vertical). The values
measured during blastings at the standpoints are shown in the Table 2.



Event Information
Ewent Name: ¥221.029360-012616-120213
Recording Time: 12:02:13
Recording Date: 01-26-16

Peak Measurements

025128
512,0Hz
Passed

System Configuration

Serial Number: ¥22.029360

Calibration Date: December 02, 2009

todel: YMS2000MP

Geo Trigger: 0,51(mm/s)

Mic Trigger: Disabled

Manual Trigger: Disabled

Record Time: 2 second(s]

SeiswWare Version Used For Download: 01.00.0023
Firmware Version: 1.00

Fig. 8 The record of particle velocities of wave elements in longitudinal, transverse and vertical direction measured at the stand-
point 1 - after the third blast
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Fig. 9 The record of particle velocities measured at the
standpoint 2 - after the third blast. Channel 1 represents
the z element, channel 2 represents the x element and y el-
ement is seen on the channel 3
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Fig. 10 FFT analysis of the vibration record of wave in longitudinal, transverse and

vertical direction measured at the standpoint 2 - after the third blast
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Fig. 11 The record of particle velocities measured at the
standpoint 3 - after the third blast. Channel 1 represents
the z element, channel 2 represents the x element and y el-
ement is seen on the channel 3
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Fig. 12 FFT analysis of the vibration record of wave in longitudinal, transverse and ver-
tical direction measured at the standpoint 3 - after the third blast
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Table 2 Maximum values of particle velocities at his frequencies in longitudinal,
transverse and vertical direction at standpoints 1, 2 and 3 in Dargov quarr

Blast Standpoint

|

First blast

| Second blast

Third blast

| Fourth blast

WINIFPIWINFRPIWIN[(FP[WIN

Values of vibration velocities and his frequencies of individual elements during the experimental blasts in Dargov quarry (Table 2)
were the basis for assessment of the seismic effects of blasting works according STN EN 1998-1/NA/Z1 Eurocode 8 on the road communi-
cation next to the Dargov quarry.

2.5 Permitted vibration velocity for infrastructure and selected protected objects in Dargov quarry vicinity

Permitted vibration velocity for the infrastructure is determined according to STN EN 1998-1/NA/Z1 Eurocode 8 Seismic loading of
buildings.

With respect to the presumed character of blasts at the andesite deposit of Dargov quarry, it is possible to determine the maximal
permitted particle velocity as:

Vg < 20 mm.s™.

According STN EN 1998-1/NA/Z1 Eurocode 8:

v=Kﬁl%;

where v — maximum particle velocity generated by blast [mm.s™],
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K — factor dependent from the features of the transmission environment and blastings conditions [-],

Q.v — maximum charge weight for one time stage, [kg],

L — shortest distance of blasts from the assessed objects [m].

From the measured data it is possible to calculate the value of K for the assessed surroundings of Dargov quarry:

Ki1= Vmax L/ VQey = 178,46 . 7,4 /6,2 =530,4
Ki2= Vmax. L/ VQey = 142,25 . 11,3 /10 =508,3
Ko1 = Vimax. L/ VQey = 21,276 .40,6 / V6,2 = 3469
Koo = Vimax. L/ VQey = 25,33 . 42,6 /710 =341,2
K31= Vmax. L/ VQey = 5,174.76,3/6,2 =158,5
Ks2= Vmax. L/ VQey = 7,901 .78,3 /10 =195,6
Ki3= Vmax- L/ VQoy = 53,12 . 10,4 /N10 = 1747
Kis= Vmae L/ VQey = 83,16 . 11,3 /15 = 242,6
Kzs=Vmax- L/ VQoy = 2,83 . 89,5/V10 = 80,1
Koa=Vmax- L/ VQey = 43 . 89,5/V15 = 99,4
Kss= Vmaxe L/ VQey = 1,73 . 125,7/V10 = 68,8
Kas= Vpaxe L/ VQey = 2,65 . 125,7 /15 = 86,0.

Ki1, Kio, Ko, Ko, Kag, Kap, Kiz Kig Koz Koy, Kaz Kag are values of coefficient for standpoints 1, 2 and 3 for the first, second, third and
fourth blast.

Frequency analysis of the vibration components and calculated values of transmission coefficient showed, that transmission of vibra-
tions in geological environment of Dargov quarry is very good and during mining operations there would not occur the necessary attenua-
tion of explosion energy (Fig. 10 and 12) (Viskup et al., 2005).

The maximum vibration energy generated by experimental blasts was in the low frequency range of 10 to 40 Hz (Fig. 10 and 12).
Therefore, it is necessary to adjust the millisecond timing of blasting works to a value that would through interaction of charges attenuate
the vibrations to allowed values. The vibrations can be reduced by applying the principle of superposition of waves in the phase or in the
opposite phase (Lesso, 2018). The key factor leading to the vibration reduction is the appropriate timing delay. Furthermore, the calculation
of the timing delay takes into consideration the effect of attenuation by means of the superposition of seismic waves. Two seismic waves
can achieve the maximum reduction of vibration when the timing delay is the half-period of waves propagation. In the literature (Tripathy
et al., 2016; Dojc¢ar et al., 1996; Kondela and Pandula, 2012) the timing delay is stated according to the experience of many projects.
Langefors and Kihlstrom (1978) proposed the interval of millisecond timing delay as follows At = T/2 (T is the period of seismic waves),
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which enables the mutual interference of the most of vibrations under the condition of the constant vibration cycle and the same vibration
types. Due to the calculations made by LesSo, at the frequency 40 Hz of the seismic waves it can be achieved by applying the millisecond
timing value12.5 ms (Les$So, 1., 2018).

The measured maximum values for seismic effects generated by test blasts at Dargov quarry are shown in Table 2. These data were

used to determine the law of seismic wave attenuation not only in Dargov quarry, but also in its surroundings (Banerjee and Kumar, 2016;
Kalab et al., 2013; Pandula and Kondela, 2010; Barton, 2007).

Table 3 Measured maximum values of components of parti-
cle velocity for test blasts in Dargov quarry

Based on measured data a trend of maximum components of the vibration velocity at reduced distance during blasts were derived.
The plot (Fig. 13) represent so called attenuation law of seismic waves for the Dargov quarry.
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seismic waves. Blue dots show the maximum particle velocity measured
during experimental blasts at standpoints 1, 2 and 3
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Reduced distance determined from the trend of attenuation law of seismic waves in Dargov quarry is Lr = 20. By reducing the dis-
tance, it is possible to determine the charge weight at known distance of receptor so that the maximum values of individual components of
vibration velocity do not exceed the allowed maximum values:

For distance 100 m Quma= (L/Lg)? = (100/20)* = 25 kg,

For distance 200 m Quma= (L/Lg)*= (200/20)* = 100 kg,

For distance 300 m Qumax= (L/Lg)*= (300/20)* = 225 kg,

For distance 400 m Quma= (L/Lg)*= (400/20)* = 400 kg,

For distance 500 m Quma= (L/Lg)*= (500/20)* = 625 Kkg.
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3 Discussion

The aim of the experimental blasts was to evaluate the influence of the seismic effects resulting from blasting works on the support-
ing concrete wall and on the road. The blasting works in Dargov quarry will be carried out by bench blasts. For this blasting technology the
maximum charge weight at one time stage should not exceed the maximum allowed charge weight determined on the base of the law of
seismic wave attenuation in Dargov quarry. Then neither the damage of the supporting wall, nor the road will occur. This corresponds also
with the expected intensity of seismic effects of blasting works. The particle velocity cannot, in accordance with the Slovak Technical
Norm STN EN 1998-1/NA/Z1, exceed the maximum allowed particle velocity of 20 mm.s™.

The individual results of seismic effects measurements from experimental blastings in Dargov quarry proved, that the present trans-
mission environment is suitable for the transmission of seismic waves. Peak particle velocity depend among others also from the maximum
charge weight fired at one time stage. While the Dargov quarry is close to road, the allowed values of maximum charges according the test
blasts are very low. For the first test blast, the charge weight on the one time stage was 6.2 kg, it means very low and therefore it could not
disrupt the rock mass for further mining.

From the above we can conclude that the measured values during this blast would not allow the mine operation. On the base of the
law of seismic waves attenuation in Dargov quarry, it was recommended to set a maximum 25 kg of charge at a distance 100 m from the
blast. Dargov quarry is located close to road and therefore the maximum allowed charge weight on one time stage has to be respected. In
this case the millisecond timing of the blasts is very important. The velocity of seismic waves propagation in andesite measured on the rock
samples was 4883 m.s™ thus suggesting the good quality of the rock from the blasting works point of view. To decrease the seismic effects
of blasting works in Dargov quarry we recommend using millisecond timing delay of 10 to 20 milliseconds (Mosinec, 1976; Pandula and
Kondela, 2010). The solution for practical use in mining at the Dargov Quarry is a millisecond delay of 9 and 17 milliseconds.

Nowadays blasting works have a wide use. Many sectors and spheres have emerged in human life where the use of blasting is an es-
sential part. However, in this activity it is necessary to think not only of the positive side but also of the negative phenomena related to it.
To avoid these undesirable phenomena, it is necessary to eliminate them. The aim was to find a suitable methodology for reducing the envi-
ronmental impact of seismic effects of blasting operations carried out in quarry operations. The methodology used on the basis of test blasts
in quarry Dargov proved its suitability for optimizing the impact of the seismic effects of blasting operations in quarries on the environ-
ment.
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