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Abstract
The use of explosives in surface mining operations generates seismic vibrations that may affect nearby structures. To mitigate
environmental impacts and address potential structural damage claims, systematic documentation of blasting effects is essential.
This paper presents methodologies for control measurements and continuous vibration monitoring, including the use of the Mine
Vibration Monitoring System (MVMS). Control tests verify the accuracy of vibration intensity predictions based on explosive charge
mass and distance, while monitoring provides real-time data and long-term records of vibrations at protected buildings. Case studies
from limestone quarries confirm that most blasting-induced vibrations fall within safe thresholds defined by the SWD-I scale, with
only isolated instances reaching levels that might raise concerns. Importantly, no damage progression was observed during such events.
These findings support the effectiveness of current monitoring systems and indicate that controlled blasting, when properly managed
and documented, does not pose a significant threat to nearby structures.
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INTRODUCTION

The detonation of explosive charges in deep boreholes is a
widely used method for rock fragmentation, which makes the
associated challenges highly significant for open-pit mining
operations. Buildings situated within the range of vibrations
propagated by blasting operations are regarded as protected
structures. Effective preventive measures should be based on
a cause-and-effect framework, which involves determining
whether a causal relationship exists between damage observed
in a given building (or multiple buildings) and the mineral
exploitation process using explosives, and occasionally asses-
sing whether vibrations are a source of nuisance to residents.

This reflects the general methodological framework (Pyra,

Soltys, Winzer, 2012; Maciag, Winzer, Biessikirski, 2007;
Pyra, Ktaczynski, 2019; Shirani, 2016; Guo, 2023), which inc-
ludes the following essential stages:

o Identification of the types of development in the vi-
cinity of the mine,

o Characterization of vibration sources, taking into
account operational conditions and the propagation
path from the source to the buildings,

o Assessment of the impact of blasting operations on
structures (and potentially their nuisance to oc-
cupants),

o Diagnosis determining whether a cause-and-effect
relationship exists between the observed technical
condition of the buildings and vibrations induced by
mining activities.

Preventive activities encompass two major areas: funda-
mental research and documentation of vibration effects in the
vicinity.

The purpose of documenting the impact of blasting opera-
tions is to verify the validity of relationships established during
fundamental studies, namely the compliance of vibration inten-
sity levels induced in the environment with predicted values,
along with assessing their effects on nearby structures. These
activities may be conducted as periodic control measurements
or, on a broader scale, as vibration monitoring in selected buil-
dings surrounding the mining excavation (Winzer, 2006; Win-
zer, Soltys, Pyra, 2016; Yang, 2022; Aswin, 2021).

Therefore, preventive efforts in this area should include:

«  Inventory of the technical condition of nearby structures,

o Identification of vibration propagation directions

and their intensity around the mining area, based on
which the range of harmful influence and permissi-
ble explosive charges are determined,

o Conducting periodic control measurements,

o In specific cases, monitoring vibrations in protected

buildings.

CONTROL MEASUREMENTS OF VIBRATION INTENSI-
TY IN THE VICINITY OF BLASTING OPERATIONS

The aim of control measurements is to verify whether the
previously determined propagation relationships remain va-
lid and whether the blasting parameters applied are consistent
with designated constraints. This analytical procedure allows
for the evaluation of the seismic effect not only on the basis
of measured ground vibration velocities but also by conside-
ring the specific conditions and parameters of the conducted
blasting operations. The propagation equation facilitates the
prediction of vibration intensity by accounting for both the
explosive charge mass and the distance from the blast site to
the measurement point.
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Fig. 2.1. Determination of p Parameter Values (Winzer, Soltys, Pyra, 2016)

Rys. 2.1. Wyznaczanie wartosci parametréw p (Winzer, Soltys, Pyra, 2016)

The interrelation of these three variables is expressed
using control parameters (denoted as p), and their compari-
son allows for a comprehensive assessment. Calculations are
carried out according to the following equations:

1

Ukr\B
Pdop = (%)ﬁ (2.1)
Q" (2.2)
Pr = o
1
- “ZXY)B (2.3)
Pk ( X
where:
P — Allowable (limit) value derived from vibration prop-

agation studies (Eq. 2.1), used for determining permissible
explosive charge quantities.

p, - Value determined from Eq. 2.2 using blasting parameters
(e.g., charge mass Q_or Q) and the distance from the blast
to the measurement point. If the blasting was conducted in
accordance with the designated explosive limits, this value
should be less than p dop?

p, — Value derived from Eq. 2.3 using constants K and § from
the propagation equation and the measured vibration veloci-
ty. If the applied model is accurate, this parameter should be
less than pr, and consequently also less than p, .

n - Power exponent, typically ranging from 1/2 to 2/3,

Q - Applied explosive charge mass Q_or Q,, kg

r - Distance from the blast site to the measurement point, m
u, - Critical ground vibration velocity under protected struc-
tures, mm/s

u, - Vibration velocity recorded during control measure-
ments, mm/s

Figure 2.1 illustrates the computational procedure for de-
termining the p parameters 2.1.

As a result, the interdependence of the p parameters can
be expressed in the form of inequalities (2.4) and (2.5), as well
as graphically illustrated in Figure 2.2.

that is:
(%)E s (%)E (2.5)

This method allows verification of whether blasting was
conducted within allowed limits and whether the actual vi-
bration intensity matches the forecasted level at the measu-
rement points.

Possible outcomes and their implications:

*  Puyp 2 P, — The permissible explosive charge was not
exceeded (brown bar is equal to or shorter than the
blue one),

Paop < P, — The permissible charge appears to be exce-
eded, or the measurement point was located within
the seismic influence zone, leading to an apparent
exceedance (brown bar taller than blue).

Note: Measurement monitoring stations are often in-

tentionally placed within the protected zone for ad-

ditional propagation data. In such cases, exceedance
of charge limits should not be concluded solely on this
basis.

s p,2p, - Measured vibration intensity does not exce-
ed the forecasted level (gray bar shorter than brown),
regardless of monitoring station location,

s p,<p, - Measured vibration exceeds forecasted levels
(gray bar taller than brown), indicating higher-than-
-expected ground motion.

As an example, in one of the limestone quarries, control
measurements were conducted by detonating seven series of
explosive charges in long blast holes. Simultaneously, vibra-
tion measurements were carried out at nine monitoring po-
sitions. Figures 2.3 and 2.4 present the results of the vibration
intensity assessment in comparison with the predicted values.

As illustrated in Figures 2.3 and 2.4, in most cases the vi-
bration intensity was consistent with the predicted values. Si-
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Fig. 2.2. Graphical Analysis of Control Measurement Results

Rys. 2.2. Graficzna analiza wynikéw badan kontrolnych
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Fig. 2.3. Graphical analysis of control test results — for millisecond delay charge Qz

Rys. 2.3. Graficzna analiza wynikéw badan kontrolnych - dla tadunku opéznienia milisekundowego Qz
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Fig. 2.4. Graphical analysis of control measurement results - for the total series charge Qc

Rys. 2.4. Graficzna analiza wynikéw badan kontrolnych - dla fadunku catkowitego serii Qc

gnificant exceedances of predicted levels occurred only at mo-
nitoring stations 1 and 2. The exceedance of the permissible
explosive charge at point 1 can be explained by the scenarios
discussed earlier and was attributed to the location of the me-
asuring monitoring station within the seismic impact zone.

An important aspect of control measurements is the si-
multaneous recording of vibrations in the ground and on the
building foundation. This allows for both an assessment of
the vibration transmission mechanism from the ground to
the foundation and an evaluation of the vibration impact on
the structure itself.

As an example, Figure 2.5 presents a comparison of the
vibration structure recorded in the ground and at the foun-
dation of a building, while Figure 2.6 shows the assessment
of vibration impact on the structure using the SWD-I scale,
according to the Polish standard PN-B-02170:2016-12 (Polish
Standard [PN-B-02170], 2016).

The fundamental drawback of this approach lies primarily
in the periodic or even sporadic nature of conducting such
control measurements.

Monitoring of Blast-Induced Vibration Impact on Struc-
tures in the Vicinity of Surface Mines

Control measurements and vibration monitoring are
frequently recommended by expert reviewers and, in recent
years, are increasingly required by licensing authorities as a
condition for obtaining permits. These activities are manda-

ted by the Environmental Protection Law and the Geological
and Mining Law, and apply to undertakings that may have a
significant environmental impact. Such undertakings inclu-
de the majority of mines extracting mineral resources using
explosives.

In surface mining operations, vibration monitoring cau-
sed by blasting operations is carried out using the Mine Vi-
bration Monitoring System (MVMS), which was modernized
in 2012 (Fig. 3.1a). The core component of this system is the
Mine Vibration Measurement Station (MVMST) (Fig. 3.1b)
(Winzer, Soltys, Pyra, 2016). This system allows for:

o Direct communication between the measurement

monitoring station and the central server;

. Minimal operator intervention;

o Use of wireless internet connectivity;

«  Data storage on the server with access at any time,
without the need to establish a direct connection to
the measurement monitoring station;

«  Remote servicing and software updates of the measu-
rement monitoring stations.

Mine Vibration Measurement Station (Fig. 3.1b) is equip-
ped with a three-axis vibration velocity sensor, as well as va-
rious data processing and acquisition systems. An integral
component of the monitoring station is a GSM/GPRS modem
that automatically transmits the collected data to the MVMS
central server.
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Fig. 2.5. Comparison of vibration structure between ground and building foundation

Rys. 2.5. Poréwnanie struktury drgan podloza i fundamentu budynku
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Fig. 2.6. Assessment of building vibration impact using the SWD-I Scale
Rys. 2.6. Ocena oddziatywania drgan na budynek z zastosowaniem skali SWD-I

The internet-based service allows full management of the
measurement monitoring stations and their recorded data.
Through this interface, users can review historical data, gene-
rate reports, manage devices and buildings under monitoring,
and assign user roles. System access is secured by a user ID
and password.

The most important advantage of the upgraded system
lies in the storage of measurement data on the central server.
Once an event is recorded, the MVMST unit automatically
connects to the server and transmits the data. If communica-
tion is interrupted, the transmission is repeated until success-
ful. This feature is crucial, as the monitoring station itself does
not store data permanently—only the server does. Consequ-
ently, the system operator performs all analysis and database
interaction solely through the central server.

Key advantages of the MVMS system include:

o  Continuous vibration monitoring directly on the
building structure,

Unlimited data storage capacity,

Automatic data transmission to the central server,
Constant connectivity with the server,

Fully automated monitoring station startup,

Remote access from any location worldwide,
Archiving of full vibration waveforms,

Archiving of reports and impact assessments,
Real-time visualization of vibration profiles and eva-
luation according to the SWD scale,

Event-based automatic reporting.

MVMST monitoring stations are mounted on building fo-
undations at ground level, meaning the vibrations measured
relate directly to the building, not the surrounding ground.
This distinction is important because regulatory requirements
differ internationally. For instance, in Poland, the Mining In-

tensity Scales require that ground (soil) vibrations be measu-
red, not building vibrations.

As of now, 67 measurement points are in operation across
23 open-pit mines. These monitoring stations are also rented
for monitoring the impact of engineering blasting operations,
such as large-scale earthworks for road construction, tunnel
excavation, and demolition projects involving explosives.

Analysis of Blasting-Induced Vibration Records: A Case
Study from a Limestone Quarry

As an example, a more detailed analysis was conducted
on the vibration measurement data recorded by Station No.
1 located at a limestone quarry during the years 2022 and
2023. Table 4.1 presents a selected portion of the registration
results for the second quarter of 2023. This specific excerpt
was chosen due to the occurrence, on April 3rd, of the highe-
st-intensity event recorded within the analyzed monitoring
period.

Figure 4.1a presents a visualization of the recorded vibra-
tion results using the SWD-I scale, specifically for the hori-
zontal components (x and y axes). Figure 4.1b illustrates the
percentage distribution of the peak particle velocities (PPV)
within the predefined value intervals.

The visualization of the measurement results is presen-
ted in two separate graphs because the peak particle velocity
values alone (without corresponding frequency information)
do not fully characterize the impact, due to the shape of the
boundary curves defined in the SWD scales. It is important
to emphasize that vibration measurement results expressed
as peak particle velocity values correlated with frequency and
plotted on the SWD scale do not constitute a direct assess-
ment of impact. Rather, they illustrate the magnitude of the
issue and provide a basis for preliminary interpretation of vi-
bration levels recorded over an extended period.
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Fig. 3.1. Mine Vibration Monitoring System — block diagram and general view of the MVMST Unit

Rys. 3.1. Kopalniany System Monitoringu Drgan — schemat blokowy i widok ogdlny KSPD

Tab. 4.1. Vibration Measurement Results in Q2 2023 - Limestone Quarry - Station No. 1
Tab. 4.1. Wyniki rejestracji drgan w II kwartale 2023 — kopalnia wapienia - stacja nr 1

Date Time PPV, mm/s Frequency, Hz
u; ux uy fz fx fy
31.03.2023 10:07:46 0.66 1.21 0.55 9.2 11.7 11.5
03.04.2023 10:10:12 0.75 0.71 0.96 36.6 32.4 43.7
03.04.2023 | 10:11:10 1.45 4.78 2.26 10.7 14.8 17.9
04.04.2023 10:07:14 0.69 0.66 1.21 40.9 35 43.8

[
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Fig. 4.1. Limestone Quarry / Station No. 1: a) Visualization of vibration measurement results for the years 2022-2023; b) Percentage distribution of
peak particle velocities within the predefined value intervals.

Rys. 4.1. Kopalnia wapienia/stacja nr 1: a) wizualizacja wynikow rejestracji drgan za lata 2022 do 2023, b) procentowy rozktad maksymalnych predkosci
drgan w przyjetych przedziatach wartosci.

Analysis of the data shown in Figures 4.1a and 4.1b reveals
that nearly 70% of the vibrations induced by blasting opera-
tions fall within Zone I of the SWD-I scale, which is considered
negligible in terms of their potential impact on the protected
structure (Figure 4.2) (Polish Standard [PN-B-02170], 2016).

As previously mentioned, on April 3, 2023, the most in-
tense vibration event during the two-year analysis period was
recorded. The impact assessment of the induced vibrations
(Figure 4.3), carried out in accordance with the procedure
outlined in the applicable standard (Polish Standard [PN-B-
02170], 2016), indicated that this event should be classified
in Zone IIT of the SWD-I scale. It is important to emphasize
that this was a single event recorded over the two-year moni-
toring period. Based on continuous observations during the
monitoring process, despite the occurrence of vibration levels
qualifying for Zone III of the SWD-I scale, no new damage
or propagation of existing cracks was observed in the protec-
ted building structure. It should be noted that this was one of
the very few events falling into Zone III out of a total of 262
recorded events over the two-year period. Therefore, it can
be concluded that the occurrence of isolated events classified
within Zone IIT of the SWD-I scale does not contribute to the
emergence of new structural damage in the monitored facility.

The number of conducted measurements and the range
of recorded values constitute essential information in any
compensation proceedings. The fact that the vast majority

of events are documented through vibration measurements
each of which can serve as a basis for assessing the impact
on a building and, more importantly, that only a few of these
events (those with the highest intensity) out of hundreds of
documented cases qualify for Zone III according to the provi-
sions of the Polish standard (Polish Standard [PN-B-02170],
2016), indicates that the sporadic nature of such occurrences
does not justify classifying the vibrations as harmful to buil-
dings. This has significant implications for expert assessors
and, consequently, for court proceedings.

CONCLUSION

Control measurements, as well as the monitoring of vi-
brations induced by blasting operations in structures located
near mining excavations, are essential elements of preventive
activity in surface mining aimed at minimizing the environ-
mental impact of blasting with the use of explosives.

Documenting the impact of blasting operations on the

surroundings serves several key purposes:

o It provides up-to-date information to mining su-
pervision on the intensity of vibrations caused by
blasting operations.

o It enables ongoing assessment of the effect of vibra-
tions on nearby buildings.

o It creates a comprehensive database that can be used
as evidence in potential compensation proceedings.
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Fig. 4.3. Vibration Impact Assessment — Limestone Quarry/Station 1 — Event Dated April 3, 2023

Rys. 4.3. Ocena oddziatywania drgan - kopalnia wapienia/stacja 1 - zdarzenie z dnia 03.04.2023

It allows for real-time adjustments to the blasting
parameters in response to observed environmental
constraints.

Periodic control tests make it possible to verify the accu-
racy of vibration intensity predictions. Based on a predefined
propagation equation, and considering site-specific restric-
tions, the mass of explosives, and the distance from the bla-
sting site, it is feasible to estimate the vibration intensity for
any given point in the vicinity of the mining operation. Equ-
ally important is the direct measurement of vibrations within
buildings, which serves as the basis for evaluating their im-
pact in accordance with established procedures and applica-
ble standards.

The Seismic Vibration Monitoring System used in mining
operations is a modern, automated system that integrates
advanced measurement technologies, analytical tools, and

wireless communication. Developed as a tool for supervisory
personnel, MVMS enables real-time control over the influen-
ce of blasting operations on surrounding structures.

The MVMS allows remote access to monitoring stations
from anywhere in the world, offering control of the measure-
ment equipment, immediate viewing of recorded events, and
rapid assessment of blast-induced impacts.

The permanent presence of measurement equipment in
protected buildings also allows for the registration of non-
-blasting-related seismic events. For example, the system is
capable of capturing tremors induced by underground mi-
ning activities or vibrations caused by blasting in neighboring
surface mines.

The operation of these monitoring systems has generated
thousands of records demonstrating that properly control-
led blasting operations in surface mining can be conducted
without causing harm to surrounding structures.
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Pomiary kontrolne i monitoring drgat jako dokumentowanie oddziatywania robot strzatowych

na otoczenie kopali odkrywkowych

Stosowanie materiatow wybuchowych w gornictwie odkrywkowym generuje drgania, ktore mogg oddzialywac na obiekty budowlane
zlokalizowane wokot kopalri odkrywkowych. Aby ograniczy¢ wplyw drgati na srodowisko i potencjalne roszczenia dotyczgce uszkodze
konstrukcyjnych, niezbedna jest systematyczna dokumentacja skutkéw prowadzonych robét strzatowych. W niniejszym artykule
przedstawiono metodologie pomiaréw kontrolnych i cigglego monitorowania drgan, uwzgledniajgcg zastosowanie Kopalnianego
Systemu Monitoringu Drga# (KSMD). Badania kontrolne weryfikujg dokladnos¢ prognoz intensywnosci drgani w oparciu o mase
tadunku materiatu wybuchowego i odleglos¢ punktu pomiarowego od miejsca wykonywania robot strzatowych, a monitoring
zapewnia dostep do danych w czasie rzeczywistym i dlugoterminowy zapis drga# w chronionych budynkach. Studia przypadkow z
kopal#t odkrywkowych wapienia potwierdzajg, ze wigkszos¢ drga# indukowanych robotami strzatowymi miesci sie w bezpiecznych
granicach okreslonych przez skale SWD-I, a jedynie w pojedynczych przypadkach osiggaly poziom intensywnosci moggcy budzic
obawy. Co wazne, podczas takich zdarzen nie zaobserwowano postepu uszkodzer. Wyniki prowadzonych badan potwierdzajg
skutecznos¢ stosowanych obecnie systeméw monitorowania drgan i wskazujg, ze kontrolowane roboty strzatowe, odpowiednio
zarzgdzane i dokumentowane, nie stanowiq istotnego zagrozenia dla obiektow budowlanych zlokalizowanych w otoczeniu kopalt
odkrywkowych.

Stowa kluczowe: drgania indukowane robotami strzatowymi, pomiary kontrolne, monitoring drgat, gérnictwo odkrywkowe, ocena
oddzialywania drga# na konstrukcje
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