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Abstract

Occupational risk assessment is one of the most crucial legal obligation for employers and the basis of accident prevention. In
the case of highly repetitive work operations and an almost constant work environment, performing a preliminary risk analysis
and checking risk levels periodically may be sufficient. In the case of blasting operations in quarries: the mining and geological
conditions, technology, blasting methods, explosives, and initiating agents are variables that affect occupational safety. Moreover
they make occupational risk assessment difficult to apply on the operational level. Therefore, occupational risk management
followed by a deep analysis of hazards and their associated risks may allow to design and manage blasting works with regard to
occupational risk. The paper presents the method for the support of occupational risk management in quarry blasting operations
based on a modified FMECA algorithm. The designed method provides a systematic approach to risk identification, and allows to
indication of the main occupational hazards that should be prioritized for preventive action. The preventive action which could
be implied in the design stage by changes in technology or work organization based on options available for a particular quarry.

Keywords: occupational risk, risk management, safety, blasting, quarry

1. INTRODUCTION

The application of explosives in open-pit mining is usually
the basic stage of the production process. Explosives are com-
monly used in quarrying to break a mineral-bearing material.
This can be explained by the fact that drilling and blasting op-
erations are the most effective methods of extracting natural
aggregates in hard rock quarries. Furthermore it is the cheap-
est and fastest method to produce a large volume of rock. De-
spite its benefits, the use of explosives in mining poses several
potential hazards to personnel, the natural environment, and
the surrounding structures.

Current research on quarry blasting safety focuses main-
ly on the environmental impact of explosives detonation on
the mine surroundings and its mitigation.The occupational
health and safety (OHS) of employees who performs blasting
works is not a commonly addressed area in research papers.
This reflection in lack of research interest may result from the
detailed blasting safety procedures in national legislation, and
the need to meet rigorous safety requirements when handling
explosives, and that does not give much space for innovation.

One of the main tools to evaluate and improve employ-
ee safety during work is the occupational risk assessment
[1,2,3]. In Poland, like in other European Union countries,
occupational risk assessment is mandatory [4,5,6]. Frame-
work Directive 89/391/EEC requires employers to carry out
risk assessments as part of the protective measures to improve
the safety and health of workers [6]. This fact makes an occu-
pational risk assessment a legally required document for any
worker undertaking work in the European Union. The key
components of a risk assessment are: the identification of haz-
ards and associated risks, estimation of the risk level, deter-
mination of risk acceptance, and implementation of preven-
tive or corrective actions where necessary [7,8]. Awareness

of risks and their levels can provide the basis for managing
operational activity focused on improving employee safety,
which lays the foundation for occupational risk management.

Occupational risk assessment for blasting operations can
be both complex and require particular expertise in explosive
handling, quarry operations, and workplace safety. Due to
varying mining and geological conditions, available methods
of blasting works, types of explosives and initiating systems,
and the relationship between used technology and materials,
occupational risk assessment for quarry blasting operations
shouldn’t be considered as a single activity, but as a dynamic
process of assessing risks for each particular blast. This ap-
proach allows to optimization of the process in terms of work
safety through the application of risk assessments in existing
conditions. Moreover, it includes the assessment results, to
select technology or resources that should reduce the level of
occupational risk.

This paper presents an engineering approach to the oc-
cupational risk management framework for quarry blasting
works based on a modified Failure Mode, Effects & Criticality
Analysis (FMECA) method. The presented method aims to
provide an intuitive, time-efficient way of managing occupa-
tional risks during the design and execution of blasting op-
erations, identifying key safety issues, and helping to prevent
negative impacts on the health and safety of workers.

2. QUARRY BLASTING SAFETY

The safety of quarry blasting operations is generally con-
sidered in two main areas: the environmental impact of blast-
ing, and occupational health and safety. Both of these aspects
are regulated in Poland by legislation.

Polish regulations recognize the following environmental
impacts of blasting operations: blast-induced ground vibra-
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Fig. 1. Quarry blasting process stages for typical crushed aggregates production blasting (long boreholes blasting method up to 6 m length)

Rys. 1. Proces realizacji robot strzatowych dla typowych strzelan produkcyjnych w gornictwie skalnym (strzelanie dtugimi otworami strzalowymi powyzej 6 m)
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tions, air blast, and flyrock. Their prevention is also consid-
ered by establishing safety zones for each selected hazard [9].

Current research work on blasting safety mainly focuses on
the environmental impact of blasting. In the case of blast-in-
duced ground vibrations research was done on prediction of
intensity and modeling of ground-borne vibration phenomena
[10,11,12,13,14,15], the effect of blast-induced vibrations on
buildings and structures [16,17,18], and the influence of blast-
ing technology on the seismic effect [19,20,21]. Considering
airblast and flyrock, research was mostly made in prediction
models of its intensity [22,23,24,25,26]. Blasting operation for-
mer studies were also presented by Kiani et al. [27].

Environmental impacts generally affect the mine's sur-
roundings and external people. Given Polish legal obliga-
tions, these impacts can have only a minor influence on the
safety of the workers carrying out the blasting works because
of the necessary safety precautions [9]. The only real hazard
that could be identified is the possibility of injury to person-
nel securing access routes to the flyrock safety area. Other
quarry employees are obliged to stay in the blasting shelters
until the signal declaring the end of blasting works is given
[9]. Therefore, the proposed approach to occupational risk
management does not take into account the environmental
hazards resulting from the detonation of an explosive as they
are unlikely to affect workers.

In the case of Polish OHS regulations, when performing
blasting work in quarries, we can distinguish between gen-
eral regulations based on the Labour Code [4,5], regulations
on safety at work in mines and on the handling of explosives
[9,28,29,30], and detailed OHS requirements related to work
environment factors and work performance [31,32]. These
regulations provide detailed guidelines on how to perform the
work safely.

Recent research in quarry safety has focused mainly on
measuring, simulating, and reducing selected hazards in

mines [33,34,35], safety management & occupational risk as-
sessment [34,36,37,38], and preventive measures [39,40]. In
the case of occupational risk assessment in quarry blasting
operations research was done by Kiani et al., Seccatore et al.,
and Ke et al. [27,41,42], suggesting various approaches to risk
assessment dedicated to quarry blasting. Kiani et al. identified
blasting operations risks and used the Fuzzy Analytical Hier-
archy Process (FAHP) to compare and rank them [27]. Sec-
catore et al. studied the applicability of the HAZOP (Hazard
and Operability Study) method to assess occupational risks
level in rock blasting [41], and Ke et al. adopt Social Network
Analysis (SNA) to find relationships between safety risk fac-
tors and occupational accidents [42].

An analysis of the available literature shows that current
research on quarry occupational safety focuses mainly on
general mine hazards, with blasting as one of the sources of
hazards that can affect workers. New occupational risk assess-
ment methods have been proposed for blasting operations,
however this subject is not commonly addressed in current
research studies.

3. OCCUPATIONAL HAZARDS AND RISKS IN QUARRY
BLASTING OPERATIONS

Blasting operations expose workers to several hazards
which can have different sources. The root causes of occupa-
tional hazards can be divided into four categories: how the
work is carried out, work environment and conditions, mate-
rials used to perform the work & used equipment.

Due to the specifics of the quarry blasting works opera-
tions, the hazards in each category may differ for each blast-
ing even in the same mine. This is due to variable blasting
locations, used methods of blasting, geological conditions,
types of explosives and initiating agents, and changing weath-
er conditions. Additionally, each stage of blasting operations
exposes workers to a different range of hazards. It is therefore
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Tab. 1. Quarry blasting occupational hazards and risks [*W - the way in which work is carried out; EC - work environment and conditions; M -
materials used to perform work; E - used equipment.]

Tab. 1. Zagrozenia I ryzyka zawodowe w robotach strzalowych w odkrywkowym goérnictwie skalnym [*W - sposéb wykonywania pracy; WE - §ro-
dowisko i warunki pracy; M - materialy uzyte do wykonania pracy; E - sprzet uzywany.]
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Fig. 2. Risk management process [45]

Rys. 2. Proces zarzadzania ryzykiem [45]

necessary to identify the hazards not only in terms of root
cause but also considering the potential variable conditions
and technologies, for each stage of the blasting work. For
hazard identification, the quarry blasting process for typical
crushed aggregates production blasting (for blastholes longer
than 6 m) was mapped as shown in Figure 1.

Through a systematic approach to hazard identification
based on quarry site investigations and literature review, haz-
ards & occupational risks have been identified for each stage
of the blasting process, in each hazard root cause category,
and by pointing the variable factors that affect the nature
and level of hazard for typical production blasting in Polish
quarries. For this paper's purpose, the results are presented in
condensed form in Table 1 for aggregated blasting operations.

Concluding upon the identified hazards and risks (tab.
1), it can be pointed out that blasting workers in quarries are
exposed to wide range of hazards including safety hazards
(tripping, falls, impacts), physical hazards (explosion, noise,
vibration, UV radiation), chemical hazards (explosives, dust),
psychosocial hazards (working under time pressure, the stress
of working with hazardous materials) and they are strongly
affected by many ergonomic risk factors (heavy lifting and
manual handling, static and dynamic loads, forced body po-
sition). Due to the changeable on-site and geological condi-
tions, various available methods to execute blasting works, as
well as different materials and initiating agents that can be ap-
plied, only periodically revised occupational risk assessment
may not be sufficient to keep workers safe. A risk assessment
based on all detected occupational risks is formally acceptable
[5], but does not allow to manage work safety at an operation-
al level. Therefore, the use of an occupational risk manage-
ment tool can improve safety and help to make technological
choices with a focus on employees' safety.

4. OCCUPATIONAL RISK ASSESSMENT AND MANAGE-
MENT

Risk assessment is an essential part of the risk manage-
ment process. It consists of three steps: risk identification
(finding, recognizing, and describing risks), risk analysis
(comprehending the nature of risk and determining its level),
and risk evaluation (comparing assessed risk levels with risk
criteria to determine whether the risk is acceptable or not)
[43]. Legal obligations [4,5] as well as the requirements of the
health and safety management system [44] imply the need to
assess occupational risks. ISO 45001 standard also includes

risk-based approach, which lay the foundation for occupa-
tional risk management [44]. Through the outcomes of the
risk assessment, it is possible to manage the work process con-
cerning existing risks using risk management methodology.
Figure 2 shows the concept of the risk management process
based on [45] and the role of risk assessment in managing the
risk. The relevant publications detail the stages and require-
ments of risk management [45,46,47].

Risk assessment could be conducted using various qual-
itative, quantitative, and semi-quantitative methods, and
regarding occupational safety, there are also recognized
dedicated methods for specific types of hazards [48]. Good
practice and legal requirements [5] indicate, that the choice of
assessment method should be tailored to the type of analyzed
hazard. Also, different methods may be used for each step of
the risk assessment, depending on their applicability [8].

Risk management is a set of coordinated activities to di-
rect and control an organization with regard to risk [45]. Ac-
cording to the definition, risk management in occupational
safety could be the basic tool to improve safety as risk is the
fundamental concern of OHS. Risk evaluation can indicate
the necessity of risk mitigation, which is one of the available
options at the risk treatment stage.

Evaluation and dealing with risk is the most common way
to conduct legal-based occupational risk assessment in the
practice of industrial companies. Ways of meeting the need for
communication and consultation, as well as monitoring and re-
view are also implemented in the Polish regulations, although
they do not provide any specific guidance beyond the gener-
al requirements of involving employees in the risk assessment
process, communicating risks to workers and periodically re-
viewing the validity of the occupational risk assessment [5].

Despite the availability of numerous algorithms enabling a
detailed and quite objective assessment of occupational risks,
there is a lack of methods to minimize the risk by deliberate
choice of safer operations. In the case of blasting operations
with different available technologies, materials, and equip-
ment, such a tool can improve safety not only by implement-
ing protective and corrective measures but also by selecting
the work technology and its organization from a safety point
of view at the design stage.

5. FMEA METHOD
Failure Modes and Effects Analysis (FMEA) was first ap-
plied in 1949 by US Army to study the risks of malfunction of
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the military systems [49]. This method is widely used in var-
ious industries to evaluate how products or processes might
fail, providing a systematic approach for identifying modes of
failure, and possible effects and could include identification
of the causes of failure modes. FMECA (Failure Modes, Ef-
fects and Criticality Analysis) as an extension of this method
provide moreover ranking of the failure modes in terms of
criticality [50]. The general steps of FMEA/FMECA method
are shown in Figure 3, and the full description of the method
was described in [50].

One of the advantages of this method is its process-based
approach, which is essential in today’s management systems
based on ISO standards. The requirements of the FMEA
method are not dogmatic, therefore this analytical approach
can be tailored, adapted to different scopes, and applied in dif-
ferent ways. It can therefore be used as a framework for man-
aging occupational risks to which blasting staff is exposed.

6. METHODOLOGY
The proposed method for the support of occupational
risk management in quarry blasting operations is based on
the general concept of FMECA analysis. A detailed investiga-
tion of the particular steps and requirements of the method
was carried out. To adapt this framework to the problem of
occupational risk management in quarry blasting, necessary
changes have been made. They considered:
o the state of the art in occupational health and safety,
o a set of legal requirements related to the safety of
blasting operations,
o the various nature of occupational hazards arising at
blasting operations,
o different types of occupational risk assessment tech-
niques.

The suggested method of risk management does not in-
tend to estimate risks according to a single unified method.
Good practice strongly recommends that occupational risks
should be estimated using the method most appropriate to
the risk in question. For the risk assessment stage the FMECA
suggests a qualitative or semi-quantitative parametric meth-

od, in which the severity is determined, and likelihood is
estimated along with selected criticality parameters (like de-
tectability) [50]. Not all occupational risks can be accurately
assessed using parametric methods, for instance, ergonomic
hazards for which dedicated risk assessment methods exist.
Therefore, the presented approach does not guide the selec-
tion of the risk estimation method but indicates the possible
types of methods and the formulation of their results in the
occupational risk management procedure. The methodology
allows using most suitable method of estimating risk level
based on accuracy, available data, and resources, as well as
experience and knowledge of the personnel.

To make fully informed decisions about blasting oper-
ations in terms of health and safety, the method provides a
ranking of the identified risks using the Pareto principle. It
can be used to identify the main occupational hazards that
should be prioritized for preventive action which could be
implied in the design stage by changes in technology or
work organization based on options available for a particu-
lar quarry. Therefore the main aim of the presented tool is
to combine the process of occupational risk assessment and
its outputs with the design stage and quarry blasting at the
operational level.

7. RISK MANAGEMENT FOR QUARRY BLASTING OP-
ERATIONS

The main purpose of the presented method is to provide
a precise design toolkit which will improve decision making
process on technology, work organization, or resource chang-
es to minimize occupational risk on the employee. A diagram
of the risk management method was presented in the figure 4.
The method involves five main stages:

a. hazards and risks identification stage,

b. selection of risk assessment techniques for each iden-

tified risk,

c. estimation of risk level and its standardization,

d. ranking the risks depending on risk level,

e. analyzing risks for scenarios including change of tech-

nology or resources.

Inzynieria Mineralna — Styczei — Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society

245



| Mapping of blasting process for specific quarry

k2

Identify available technologies & resources for each stage of the
blasting process

¥

Select method of occupational risk assessment

Identify occupational hazards in 100t cause groups (for each smge
an able technology & resources

. materials exuipment

¥

jonal risk assessment technigue

Tdentify oceupational risk(s) for each indicated hazard

¥

Estimate likelihood of risk impact
on blasting works staff
v

Estimation of occupational risk

sation of results

Determine severity of risk impact Srandardisation of risk assessment

lasting works stall

resules for risk likelihood and

Standardisation of assessment
severity

occupational risk ratio

Caleulation of standarized ‘

l Risks level ranking based on the Pareto principle (Pareto chart)

v

i 1dentify key oecupational risks

¥

Analyze the likslihood, severity and resulting risk lavel of key occupational £

L3

’ Tdentify safety standards and legal requirements for each hazard } I
I Tdentity effects of occupational risk on blasting workers ‘

— —

-~ Determine level of risks tolerance

| v

Consider less risky scenario based on operational effectiveness, productuon
objectives & environmental safety objectives

risks for other available technological solutions and resources
¥

availalle technological solutions and resources

Compare primary risk levels of key occupational risks with risk levels for |

Fig. 4. Occupational risk management method for quarry blasting operations

Rys. 4. Metoda zarzadzania ryzykiem zawodowym dla prac strzalowych w odkrywkowym gérnictwie skalnym

The first stage starts by detecting all operations for quar-
ry blasting depending on the specifics of the analyzed quarry.
For each operation it should be identified all available methods,
technologies, equipment, materials and work performance op-
tions that could be used. This stage allows to identify all avail-
able alternatives, the application of which may improve safety.
Then the occupational hazards are identified in four categories,
depending on their origin: the way work is executed, work en-
vironment (natural and quarry environment), used materials &
equipment. This approach allows to make systematic identifi-
cation of safety hazards depending on the sources identified in
the next step risks. For each identified risk analysis of standards
and legal requirements should be made, to comply with limit
values if they are relevant. If a legal limit exists, it can be used to
determine the acceptable level of risk. To understand the pos-
sible impact of risk on the employee's health or life, an analysis
of risk scenarios should be made. Its results can provide useful
insight into the severity of the risk.

For each identified risk it should be considered if there is
any dedicated technique to assess risk level, or which method
will provide the most accurate estimation result. Selection of
the method could be based on [8], and can be proceeded by
assessing risk level or each of its components separately. In
this method, the classic definition of risk was used, where risk
is a function of the likelihood and severity of consequences.
Therefore these two risk parameters could be assessed indi-
vidually and with different methods, to obtain more accurate
estimation results. Determining the level of risk acceptance
could be applied to combine this methodology with occupa-
tional risk assessment in legal terms.

The estimation of the occupational risk level could be
carried out depending on whether the technique used makes
it possible to assess the risk level or whether separate meth-
ods are used to estimate the likelihood and severity. Results
at different scales are obtained by different risk assessment
methods. To compare and rank risk levels, it is necessary to
standardize the results of risk assessment. It has been suggest-
ed that simple outcome scales should be used: 0 - 100 for both
likeliness and severity, and 0 — 10000 for risk level (equiva-
lent to the result of the multiplication of risk components ra-
tios). Standardization of results can be made by comparing
two scales and determining the level in the proposed scale
through the use of aspect ratios.

To determine which assessed occupational risks should
be prioritized for preventive action, the Pareto principle was
used. It implies, that 80% of consequences come from 20% of
causes, and is commonly used in occupational safety issues to
hazard prioritization [51]. Prioritization can be made accord-
ing to the operations of the blasting process, root cause groups
for hazards, or all risks in a process. Various approaches to
prioritization allow to identification of critical areas for which
the level of risk can significantly affect employees' safety.

For identified key risks or critical safety areas should be
considered the change of technology, materials, tools, or work
methods. The available resources, technologies, and materi-
als identified in the first step should be considered by ana-
lyzing the level of risk as they are been used. Comparing the
obtained risk level with the risk level for selected key occupa-
tional risks allows for a selection of available modifications in
blasting operations which should have a positive impact on
worker safety. It should be also considered if applied chang-
es do not negatively affect the operational effectiveness, pro-
duction objectives, and environmental safety objectives. If
the modification of the blasting process does not affect the
production or the environment, the results based on the pre-
sented methodology should make it possible to control the
occupational risks at the stage of the blasting works design
and to take preventive measures through a conscious choice
of technology, materials, and work equipment.

8. CONCLUSION

Risk assessment is one of the fundamental legal obliga-
tions of the employer. By carrying out an occupational risk
assessment for a particular position and regularly monitoring
the level of risk, this requirement can be met. However, this
approach does not allow the use of occupational risks analysis
at the design stage of blasting operations daily. Quarry blast-
ing is often carried out under varying mining and geological
conditions, using a range of blasting methods, explosives, and
initiating agents, and can be organized differently in the same
quarry. To benefit from the awareness of recognized occupa-
tional risks, they should be considered about the conditions of
the blasting operation for a particular blast.

The application of risk management methodology can al-
low to apply a piece of information about occupational risk
levels to make informed technological and organizational de-
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cisions at the design phase of blasting in the quarry. A meth-
odology based on the assumptions of the FMECA algorithm
has been proposed for the management of occupational risks
in quarry blasting operations. The algorithm itself has been
extended to include the option of adopting various methods
of evaluation of occupational risk level, taking into account
the variable nature of occupational hazards in blasting oper-
ations. A risk ranking method based on the Pareto principle
has been proposed to enable the selection of critical stages,
work activities, resources, or hazards regarding to employees'

safety. The application of the proposed procedure requires
both time and a detailed analysis of the blasting process and
the factors affecting workers directly and indirectly.

To verify the potential to improve workers' safety by ap-
plying the occupational risk management method to blasting
work operations in quarries, a pilot study on a quarry with
its own blasting works staff and for the contracted blasting
company is planned. The results of the forthcoming analyses,
combined with a study of the organization’s safety level, will
further elaborate on the subject discussed in this paper.
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Metoda zarzgdzania ryzykiem zawodowym dla robét strzatowych w odkrywkowym gornictwie
skalnym w oparciu o zmodyfikowany algorytm FMECA

Ocena ryzyka zawodowego stanowi jedno z podstawowych wymagan prawnych stawianych pracodawcy oraz fundament prewencji
wypadkowej. W przypadku prac charakteryzujgcych si¢ powtarzalnymi czynnosciami i niewielkg zmiennoscig srodowiska pracy,
wykonanie oceny ryzyka zawodowego wraz z okresowg kontrolg poziomu ryzyka wydaje sie wystarczajgce i spetnia wymaganie
stawiane przez prawo. Rozwazajgc prace strzalowe w kamieniolomach, warunki gornicze i geologiczne, stosowana technologia
i metody strzelania, Srodki strzatowe i inicjujgce sqg zmiennymi, ktére mogg wplywac na poziom bezpieczeristwa pracy. Ponadto
zmienne wystepujgce w trakcie robét strzatowych powodujg, ze ocena ryzyka zawodowego i jej wyniki sg trudne do wdrozenia na
poziomie operacyjnym. Rozwigzaniem tego problemu moze by¢ zarzgdzanie ryzykiem zawodowym poprzedzone szczegétowg analizg
zagrozeni i towarzyszgcych im ryzyk, ktére moze pozwoli¢ na projektowanie i zarzgdzanie robotami strzatowymi z uwzglednieniem
ryzyka zawodowego pracownikow.

Artykut prezentuje metode wspierajgcg zarzgdzanie ryzykiem zawodowym w robotach strzatowych w odkrywkowym gornictwie
skalnym opartg na zmodyfikowanym algorytmie FMECA. Zaproponowana metoda pozwala na systematyczne podejscie do
identyfikowania ryzyk zawodowych i wskazuje na kluczowe zagrozenia zawodowe, dla ktorych powinny zostaé w szczegolnosci
zastosowane dzialania profilaktyczne. Ograniczenie ryzyka zawodowego moze by osiggniete na etapie projektowania robot
strzatowych poprzez zmiang technologii lub organizacji pracy w oparciu o dostepne mozliwosci dla danego zaktadu gorniczego,
a wybér charakteru rodzaju zmian jest wspierany przez zaproponowany w niniejszym artykule algorytm.

Stowa kluczowe: ryzyko zawodowe, zarzgdzanie ryzykiem, bezpieczeristwo pracy, roboty strzatowe, kamieniolomy
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