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Abstract

Purpose. This study aims to analyze occupational injuries at a mining and processing plant over the period from 2009 to
2023, with particular attention to underground facilities as the most hazardous divisions of the enterprise.

Methods. The methodological basis of the study was a comprehensive statistical and analytical approach to assessing oc-
cupational injuries. The initial information base consisted of official occupational accident investigation records and enterprise
statistical reporting data for 2009-2023. To quantify the level of occupational injuries, a system of indicators was used, inclu-
ding the injury frequency coefficient, injury severity coefficient, fatal injury coefficient, and overall injury rate. Time-series
analysis with sixth-degree polynomial approximation was applied to identify long-term trends and nonlinear fluctuations
in injury dynamics.

Findings. The analysis revealed pronounced nonlinear variability in occupational injury indicators over the fifteen-year pe-
riod, with the most significant increases observed in 2011, 2014, 2021, and especially in 2022. A total of 227 occupational
accidents involving 236 injured workers were recorded, including 19 fatal cases and 83 severe injuries. The results demonstrat-
ed a clear concentration of occupational risk in underground mining operations: facilities No. 1 and No. 2 accounted for ap-
proximately half of all accidents and 58% of fatal cases, with facility No. 2 showing the highest level of injury risk. The struc-
ture of accident causes was dominated by organizational and human-related factors, including inadequate work organization,
unsafe worker behavior and other related causes, deficiencies in safety training, and unsatisfactory workplace conditions. To-
gether, these factors accounted for approximately 81% of all recorded injury cases.

Originality. The study provides an integrated long-term assessment of occupational injuries by combining injury indica-
tors, polynomial trend analysis, accident-cause assessment, division-level comparison, and worker-related risk analysis.

Practical implications. The findings support targeted improvements in occupational health and safety management, in-
cluding stronger organizational control, enhanced training and mentoring, workplace modernization, equipment monitoring,
and priority preventive measures at underground facilities No. 1 and No. 2.

Keywords: occupational injuries; underground mining, mining and processing plant; injury frequency, injury severity,
accident causes, occupational risk; safety management

1. Introduction technological development and improvements in industrial

The mining industry is traditionally classified as one of
the most hazardous industrial sectors in terms of occupatio-
nal injuries and fatalities [1]. Underground mining operations
are characterized by a high concentration of hazardous
factors, complex geological conditions, confined working
spaces, and the extensive use of heavy machinery, all
of which significantly complicate the provision of safe wor-
king conditions [2]-[4].

Recent studies also indicate that geomechanical processes
developing during combined open-pit and underground min-
ing can affect the stability of mining systems and increase the
overall level of operational risk [5], [6]. Despite continuous
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safety systems, the reduction of occupational injury rates
remains one of the most pressing challenges in the field of
occupational health and safety. Inreducing occupational injury
rates remains one of the most pressing challenges in ternation-
al studies consistently report that underground mines exhibit
higher accident rates compared to surface operations. In con-
trast, the severity of accident consequences in underground
conditions is generally considerably greater [7], [8].

The relevance of occupational safety analysis is further
strengthened by the ongoing technological transformation of
mining and metallurgical enterprises. Modern production
systems increasingly involve complex material flows, pro-
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cessing of technogenic raw materials, utilization of industrial
by-products, and the introduction of new technological solu-
tions for resource efficiency and energy transition. Such
changes expand the range of technical, organizational, and
environmental interactions within mining and processing
enterprises and require more systematic approaches to risk
identification and occupational safety management [9]-[13].
At the same time, effective occupational safety management
cannot be limited to the registration of accident cases alone.
In modern industrial systems, managerial decisions increa-
singly rely on quantitative indicators, information-based
analysis, investment prioritization, and evaluation of organi-
zational effectiveness. Therefore, occupational injury data
should be considered not only as retrospective statistics, but
also as an analytical basis for selecting preventive measures,
allocating resources, and improving the overall safety
management system [14]-[18].

A review of the literature indicates that numerous studies
confirm the exceptionally high level of occupational risk in
the mining industry. Systematic reviews of recent studies
show that the mining sector accounts for approximately 8%
of all fatal occupational injuries worldwide, despite employ-
ing a substantially smaller proportion of the global workforce
than many other industries [19]. Several studies emphasize
that underground mining operations are associated with a
significantly higher proportion of severe and fatal accidents
compared to surface mining, making underground work
particularly hazardous [7]. Similar conclusions have been
reported for coal mines in Serbia, where a high frequency
of injuries is characteristic of underground mining. At the
same time, workers’ age and length of service have a sub-
stantial influence on the duration of work disability and the
probability of severe consequences [20].

According to the study reported in [21], accident statistics
in underground mines indicate that 31% of occupational
accidents are associated with rock falls and collapses, 29%
with transportation and hoisting operations, 8% with the use
of machinery, 3% with electrical current, 3% with sudden
outbursts, 2.5% with falls from height, 2% with blasting
operations, and 21.5% with gas and dust explosions and
other causes. These data demonstrate the high risk associated
with rock falls and collapses in underground workings and
underscore the need to improve technologies and organiza-
tional procedures to prevent such incidents. In addition, the
considerable proportion of injuries related to transportation
and hoisting operations highlights the importance of proper
work organization, technical control, and strict adherence
to safety precautions.

A substantial body of scientific research is devoted to
methods for analyzing occupational injuries, identifying
accident causation, and developing preventive strategies. A
comprehensive understanding of the conditions, circum-
stances, and causes of hazardous production situations can be
achieved through a systems-based approach that assesses the
implementation of safety principles and occupational health
and safety management systems. In the international litera-
ture, review studies present a wide range of accident and
incident investigation methods, reflecting the growing em-
phasis on systematic and multidisciplinary approaches to
occupational safety analysis.

In 2020, researchers from the China University of Mining
and Technology published a study in Process Safety and
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Environmental Protection that reviewed 24 accident analysis
methods and classified them according to the proposed
framework [22]. It has also been noted that, as production
processes become increasingly complex, it becomes more
difficult to identify a single root cause of an incident; there-
fore, accidents should be considered as a sequence of inter-
connected events rather than isolated failures [23]. Conse-
quently, systemic causation models have increasingly come
into focus, including approaches such as AcciMap, which are
widely applied to the analysis of accidents and incidents in
complex sociotechnical systems. Causation models, ranging
from qualitative and quantitative approaches to dynamic
analysis, have gradually evolved within the framework of
scientific methods aimed at improving occupational and
industrial safety [24]-[29].

In international practice, risk analysis methods play a
significant role in ensuring industrial safety by enabling a
systematic assessment of the influence of technical, organiza-
tional, and human factors on the probability of occupational
accidents. In the mining industry, the Haddon matrix, Fine-
Kinney, and Kinney models are among the widely applied
approaches, as they provide a structured framework for acci-
dent causation analysis and risk reduction measure prioritiza-
tion. The Haddon matrix conceptualizes an accident as the
result of interactions among the human, technical, and envi-
ronmental components of a system. It is commonly applied
to the analysis of underground mining accidents involving
rock falls, gas explosions, and injuries involving mobile
equipment. The Fine-Kinney method, based on an integrated
risk index, is used to rank hazards in underground mining
operations, including those associated with ground instability
and transportation processes. The effectiveness of this ap-
proach has been demonstrated in studies focused on risk
assessment and accident forecasting in coal mines [30], [31].

In Kazakhstan, as in many other mining-oriented coun-
tries, occupational injuries in the mining sector continue to
demonstrate a persistent pattern. This issue is particularly
relevant for mining and processing enterprises in Kazakh-
stan, where industrial risk assessment is increasingly consi-
dered in relation to both production safety and health-related
impacts of mining and metallurgical activities [32]. Accident
causation is dominated by organizational, technical, and
behavioral factors, while underground mining facilities are
consistently identified as the most injury-prone units. Alt-
hough several previous studies addressed injury rate calcula-
tions, forecasting, and mathematical modeling of occupation-
al injuries at mining and processing enterprises, more recent
periods remain insufficiently explored [33], [34]. In particu-
lar, there is a lack of comprehensive scientific studies cove-
ring the period from 2009 to 2023, despite this timeframe
being marked by substantial changes in production organiza-
tion, workforce structure, technological modernization, and
occupational safety management approaches.

The absence of up-to-date research integrating long-term
statistical analysis of occupational injuries, accident causation
assessment, and the distribution of injured workers by key
demographic and professional characteristics represents a
significant scientific and practical gap. Addressing this gap
would enable a more evidence-based approach to developing
injury prevention measures in underground mining operations.

This study aims to conduct a comprehensive analysis of
occupational injuries at a mining and processing plant from
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2009 to 2023, identify accident causes and risk factors, as-
sess injury dynamics, and develop scientifically grounded
recommendations for injury prevention and reduction in
underground mining operations.

To achieve this aim, the following objectives were defined:

— to calculate and analyze key occupational injury indica-
tors at the mining and processing plant over the period from
2009 to 2023;

—to construct time series of occupational injury indica-
tors and approximate them using sixth-degree polynomial
functions to identify long-term trends and nonlinear fluctua-
tions in injury dynamics;

—to investigate the structure of occupational accident
causes and determine the dominant organizational, technical,
and human-related risk factors;

— to compare occupational injury levels at the mining and
processing plant as a whole and at underground facilities
No. 1 and No. 2;

—to analyze injured workers by age, length of service,
and occupational category to identify high-risk groups and
substantiate preventive measures for underground.

2. Materials and methods

The study used occupational injury data from a mining
and processing plant for the period 2009 to 2023. The enter-
prise includes underground mining facilities, an open-pit
mine, ore processing and crushing plants, and auxiliary divi-
sions responsible for transportation, maintenance, repair, and
automation services. Particular attention was paid to under-
ground facilities No. 1 and No. 2, as these units pose the
highest occupational risk.

The study’s methodological framework was based on the
analysis of official occupational accident investigation rec-
ords and statistical reporting data. The research included
calculating key occupational injury indicators, constructing
time series for the analyzed period, approximating injury
dynamics using polynomial functions, and structurally ana-
lyzing accidents by cause, enterprise division, age, length of
service, and occupational category of injured workers.

This approach enabled assessment of both the general
dynamics of occupational injuries at the enterprise and the
specific contribution of underground mining operations to
the overall injury level. The combination of quantitative
injury indicators and structural accident analysis provided a
basis for identifying dominant risk factors and developing
evidence-based directions for injury prevention.

2.1. Calculation of key occupational injury indicators

The study focused on a mining and processing plant (MPP)
comprising 27 structural divisions and a total workforce ex-
ceeding 7000 employees. The enterprise includes underground
mining facilities Nos. 1 and 2, an open-pit mine, ore pro-
cessing and crushing plants, as well as auxiliary divisions
responsible for transportation, maintenance, repair, and auto-
mation support for the production process. The study covered
the period from 2009 to 2023, enabling evaluation of long-
term occupational injury trends under changing production,
organizational, and technological conditions. During the ana-
lyzed period, a total of 227 occupational accidents involving
236 injured workers were officially registered at the enterprise,
including 19 fatal cases and 83 severe injuries. In addition,
nine group accidents were recorded during the study period.
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The research was based on the analysis of official occu-
pational accident investigation records, enterprise statistical
reporting materials, and occupational safety documentation
related to injury registration and investigation procedures.
The collected data included the number of occupational acci-
dents, injury severity, fatal cases, accident causes, the enter-
prise divisions where accidents occurred, and the demo-
graphic and professional characteristics of injured workers,
including age, length of service, and occupational category.

Particular attention in the study was devoted to under-
ground facilities No. 1 and No. 2, since underground mining
operations are characterized by the highest concentration of
occupational hazards and the greatest injury risk within the
enterprise structure.

2.2. Calculation of occupational injury indicators

To assess the level and dynamics of occupational injuries
at the mining and processing plant, a statistical analysis of
official occupational accident records was conducted. Within
the study, a system of occupational injury indicators com-
monly used in industrial safety practice was developed.

The injury frequency coefficient (Cy) characterizes the
number of occupational accidents per 1000 employees over a
specified period and was calculated as:

A-1000
where:

A — number of occupational accidents;

B — average number of employees.

The injury severity coefficient (Cs) reflects the average
number of lost workdays per injured worker and was deter-
mined as:

D
C, = VR )
where:
D —total number of workdays lost due to occupational
injuries.

The overall injury rate (C,) was used as an integrated
indicator characterizing the general level of occupational
injury risk and was calculated as:

C,=Cs-Cy. 3)

The fatal injury coefficient (C,;) characterizes the number
of fatal occupational accidents per 1000 employees and was
calculated using the following Equation:

L-1000
="
where:

L — the number of fatal occupational accidents.

The calculated indicators were used to evaluate long-term
dynamics of occupational injuries, identify periods of in-
creased occupational risk, and compare injury levels across

the enterprise’s divisions, including underground mining
facilities No. 1 and No. 2.

(4)

2.3. Time-series and structural analysis methods

For each calculated occupational injury indicator, annual
time series were constructed for the period 2009-2023. The
time-series analysis was used to assess year-to-year changes
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in occupational injury levels and to identify periods charac-
terized by increased or decreased occupational risk.

To describe the nonlinear dynamics of injury indicators, a
sixth-degree polynomial approximation was applied. This
approach enabled reflecting fluctuations in the analyzed
indicators over the 15 years and identifying characteristic
long-term trends in occupational injury dynamics. The
general form of the polynomial model was expressed as:

y= a6x6 +a5x5 +a4x4 +a3x3 +a2x2 +a1x+a0 5

(&)

where:

y — the value of the analyzed occupational injury indicator;

x — the year of observation;

ao, ai,...as — polynomial coefficients.

The quality of the approximation was evaluated using the
coefficient of determination (R?), which characterizes the
degree of correspondence between the fitted polynomial and
the empirical data. Higher R? values indicate a closer fit of
the model to the observed injury dynamics.

In addition to time-series analysis, comparative and
structural analytical methods were applied. Comparative
analysis was used to evaluate differences in occupational
injury levels between the mining and processing plant as
a whole and underground facilities No. 1 and No. 2. Struc-
tural analysis was performed to determine the distribution
of occupational accidents by causes, enterprise divisions,
age groups, length of service, and occupational categories
of injured workers.

The combined application of time-series approximation,
comparative analysis, and structural grouping enabled the
identification of dominant injury patterns, the determination
of the most hazardous enterprise divisions, and the estab-
lishment of the main organizational, technical, and human-
related risk factors affecting occupational injuries in under-
ground mining operations.

3. Results

3.1. Dynamics of occupational injury indicators

A comparison of occupational injury indicators over the
study period allows for an assessment of long-term injury
dynamics at the mining and processing plant. Injury data
obtained from official statistical sources are summarized in
Table 1. Table presents the annual values of the injury fre-
quency coefficient (Cy), injury severity coefficient (Cy), fatal
injury coefficient (C,), and overall injury rate (C,) for the
period from 2009 to 2023. Based on these data, trends of
occupational injury indicators for the period 2009-2023 were
constructed. Figure 1 illustrates the temporal distribution of
the analyzed injury coefficients and overall injury indicators.

Figure la presents the dynamics of the number of occu-
pational accidents recorded during the study period. The
approximation of the time series using a sixth-degree poly-
nomial function demonstrated a satisfactory agreement
between the fitted curve and the empirical data (R*> = 0.626).
Pronounced peaks in the number of occupational accidents
were observed in 2011, 2014, 2021, and particularly in
2022. The average annual number of occupational accidents
during the analyzed period was 15.7 cases. Figure 1b illus-
trates the dynamics of the injury frequency coefficient (Cy).
The polynomial approximation yielded a coefficient of
determination (R?) of 0.6328.
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Table 1. Occupational injury indicators at the mining and

processing plant

Frequency Severity Coefficient Overall

Year  coefficient, coefficient, of Mortality, injury rate,
Cr Cs Chm Co

2009 0.86 22.66 - 22.12
2010 1.71 33.80 0.30 58.08
2011 2.99 28.81 0.43 86.19
2012 2.70 19.42 0.43 52.50
2013 1.70 27.33 0.14 46.38
2014 2.82 22.95 0.28 64.67
2015 1.12 20.75 — 23.22
2016 1.81 23.23 0.14 41.95
2017 1.54 28.00 0.14 43.22
2018 2.37 24.8 0.14 58.90
2019 1.81 24.800 0.14 43.80
2020 1.66 22.00 0.14 36.8
2021 2.93 29.50 0.42 85.800
2022 4.04 43.60 — 17.70
2023 2.23 24.80 — 55.50

The highest frequency coefficient values were recorded
in 2011, 2014, 2021, and 2022, with 2022 showing the
highest value over the analyzed period. The average annual
value of the injury frequency coefficient was Cr=2.15.
Figure 1c presents the dynamics of the injury severity coef-
ficient (Cs). The sixth-degree polynomial approximation
demonstrated a relatively high level of agreement with the
observed data (R?>=0.695). Elevated values of the severity
coefficient were observed in 2010-2011 and in 2022. During
the period from 2015 to 2018, the coefficient remained
comparatively stable. Figure 1d shows the dynamics of the
fatal injury coefficient (C,). The approximation model
yielded a coefficient of determination (R?) of 0.6498. The
most pronounced increases in the fatal injury coefficient
were recorded in 2011-2012 and 2021, while the absence of
fatal occupational injuries characterized several years. The
average value of the fatal injury coefficient during the ana-
lyzed period was C,, = 0.18. Figure le presents the dynamics
of the overall injury rate (C,). The fitted polynomial model
demonstrated the highest coefficient of determination
among the analyzed indicators (R?=0.7174). The highest
overall injury rate was observed in 2011, 2014, 2021, and
especially in 2022, when the indicator reached its highest
value during the entire study period. A decline in the indica-
tor was observed in 2023. The average overall injury rate
during the analyzed period was 59.7.

3.2. Analysis of occupational accident causes

According to Figure 2, twelve categories of occupational
accident causes were identified at the mining and processing
plant during the study period. Four dominant categories
accounted for the majority of occupational accidents:

— inadequate organization of work processes — 74 cases
(31%);

— other causes — 68 cases (29%);

— deficiencies in safety training — 25 cases (11%);

— unsatisfactory workplace conditions — 24 cases (10%).

Overall, these four categories accounted for 191 out of
236 recorded occupational injury cases, representing appro-
ximately 81% of all accidents during the analyzed period.
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Figure 1. Dynamics of occupational injury indicators at the mining and processing plant in 2009-2023: (a) number of occupational
accidents; (b) injury frequency coefficient; (c) injury severity coefficient; (d) fatal injury coefficient; (e) overall injury rate
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Figure 2. Distribution of accident causes at the mining and pro-
cessing plant in 2009-2023
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The results indicate that organizational factors played
a dominant role in the structure of occupational accident
causes. Inadequate organization of work processes represen-
ted the largest category of accidents, while deficiencies
in training and unsatisfactory workplace conditions also
accounted for a considerable proportion of injuries.

3.3. Comparative analysis of the mining and processing
plant and underground facilities No. 1 and No. 2

Figure 3 illustrates the dynamics of occupational acci-
dents at the mining and processing plant (MMP) as a whole
and at underground facilities No. 1 and No.2 during the
period from 2009 to 2023.

The general trend for the enterprise demonstrated
pronounced fluctuations in injury levels, with the highest
values observed in 2011, 2014, 2021, and 2022. The com-
bined indicator for underground facilities No. 1 and No. 2
generally followed the enterprise’s overall trend.
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Figure 3. Dynamics of the number of occupational accidents
at the mining and processing plant and underground
facilities No. 1 and No. 2 in 2009-2023

According to the obtained results, approximately 50% of
all occupational accidents recorded during the analyzed peri-
od occurred at underground facilities No. 1 and No. 2. These
divisions also accounted for approximately 58% of all fatal
occupational accidents registered between 2009 and 2023.

During the analyzed period, 41 occupational accidents, in-
cluding two fatal cases, were recorded at underground facility
No. 1. At underground facility No. 2, 77 occupational acci-
dents and nine fatal cases were registered. The results indicate
that underground facility No. 2 demonstrated the highest oc-
cupational injury level and the greatest severity of accident
consequences among the analyzed enterprise divisions.

3.4. Analysis by age, length of service and occupation

A comprehensive analysis of occupational injuries by
age, length of service, and occupational category was con-
ducted for underground mining workers from 2009 to 2023.

Figure 4 presents the age distribution of injured workers.
The highest number of occupational injuries was observed
among workers aged 30-40 years and those aged 50 years or
older. The age groups 40-50 years and 50+ years also demon-
strated the highest proportion of fatal occupational injuries.

Figure 5 illustrates the distribution of occupational injuries
according to length of service. The results revealed elevated
injury rates among workers with less than 1 year of experi-
ence, those with 1-3 years of service, and those with more than
15 years of service. Workers with intermediate levels of expe-
rience demonstrated comparatively lower injury rates.

Under 20 20-25 25-30 30-40 40-50 50 and older
Age of employees

70

60

50

40

30

Number of incidents

20

Figure 4. Histogram of the age distribution of injured workers at
the mining and processing plant in 2009-2023
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Figure 5. Histogram of the distribution of injured workers
by length of service at the mining and processing plant
in 2009-2023

The occupational structure of injuries showed that the
largest proportion of occupational accidents and fatal cases
was associated with occupations directly involved in under-
ground excavation and face operations, including miners,
drifters, face workers, and auxiliary underground personnel.

Technical support occupations, including electrical fit-
ters, gas welders, underground transport operators, and engi-
neering personnel, had a lower proportion of occupational
accidents than underground production workers.

4. Discussion

4.1. Interpretation of injury dynamics

The results confirm that underground mining operations
are among the most injury-prone industrial activities, con-
sistent with numerous international studies [1], [19]-[20]. The
elevated risk level in underground mines is driven by the com-
bined effects of complex geological conditions, confined
working spaces, a high concentration of hazardous factors, and
the use of heavy machinery in restricted workings. Under such
conditions, even minor deviations from established safety
requirements may lead to severe consequences, which is re-
flected in the higher frequency and severity of occupational
accidents observed at underground facilities No. 1 and No. 2.

As shown in Table 1 and Figure 1, the dynamics of occupa-
tional injury indicators for the period 2009-2023 demonstrated
alternating periods of increase and decrease, with pronounced
peaks in 2011, 2014, 2021, and especially in 2022. Such fluc-
tuations indicate that occupational injury risk at the enterprise
is not constant, but depends on the interaction of production,
organizational, technical, and human-related factors. The
sharp increase in the overall injury rate in 2022, followed by a
decline in 2023, suggests that short-term changes in working
conditions, production intensity, or safety management effec-
tiveness may significantly affect injury levels [35]-[38].

The polynomial approximation of the time series
enabled the identification of nonlinear patterns in the dy-
namics of injury indicators. The coefficient of determina-
tion values presented for the analyzed indicators confirm
that the observed trends can be used to interpret long-term
changes in occupational injury levels. At the same time, the
observed fluctuations also indicate that statistical trends
should be interpreted together with the structure of accident
causes and the characteristics of the most hazardous divi-
sions of the enterprise.
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4.2. Role of underground facilities in occupational
injury formation

The comparative analysis presented in Figure 3 showed
that underground facilities No. 1 and No. 2 largely determine
the enterprise’s overall occupational injury profile. These
facilities accounted for approximately half of all occupation-
nal accidents and more than half of all fatal cases recorded
during the study period. This confirms that underground
mining operations form the main concentration of occupa-
tional risk within the enterprise structure.

Facility No. 2 demonstrated the highest number of acci-
dents and fatal injuries, indicating that this division requires
priority attention in the occupational health and safety
management system. The higher injury level observed at
facility No. 2 may be related to more complex mining condi-
tions, higher production intensity, greater exposure to
hazardous zones, or differences in the organization and con-
trol of underground operations.

This result confirms that analyzing occupational injuries
at the enterprise level is insufficient without separate consi-
deration of the most hazardous structural divisions. For
mining and processing plants with underground operations,
division-level analysis is necessary to identify local risk
concentrations and develop targeted preventive measures.
Therefore, the results shown in Figure 3 provide an im-
portant basis for prioritizing preventive actions at under-
ground facilities No. 1 and No. 2, especially at facility No. 2.

4.3. Accident causes and risk-management interpretation

The structure of accident causes shown in Figure 2 indi-
cates the dominance of organizational and human-related
factors. The dominant causes included inadequate organiza-
tion of work processes, unsafe worker behavior, deficiencies
in safety training, and unsatisfactory workplace conditions.
Together, these causes accounted for the majority of occupa-
tional injury cases during the analyzed period.

The structure of accident causes identified in this study
is also consistent with global research findings [39].
According to the Haddon matrix, these causes reflect an
imbalance among the human, technical, and environmental
components of the safety system [30]. The observed distri-
bution of causes also confirms the relevance of risk assess-
ment and management approaches such as the Fine-Kinney
and Kinney models, which allow hazards to be ranked and
corrective measures to be prioritized [31]. The importance
of integrated risk-management procedures is also supported
by recent studies in industrial systems, where comprehen-
sive quality assessment and risk management are consi-
dered essential for improving operational reliability and
reducing the probability of failures [40].

The high proportion of accidents related to inadequate
organization of work processes indicates systemic deficien-
cies in planning, coordination, supervision, and control of
technological operations. In underground mining, where
work is performed in confined, dynamically changing condi-
tions, insufficient organization can quickly increase the like-
lihood of unsafe actions and hazardous situations. Therefore,
regular internal audits, stricter control of workplace prepara-
tion before shifts, and compliance with the sequence of
technological operations should be considered priority direc-
tions for prevention.
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The significant share of accidents attributable to unsafe
behavior and inadequate safety training underscores the im-
portance of improving the enterprise’s safety culture. These
results suggest that formal compliance with safety proce-
dures is insufficient without continuous training, practical
simulation of emergency scenarios, and systematic behavio-
ral safety audits. Particular attention should be paid to workers
with limited experience, since this group is more vulnerable
to errors caused by insufficient adaptation to underground
conditions and incomplete formation of safe work skills.

Thus, the results presented in Figure 2 show that the
greatest potential for reducing occupational injuries lies in
strengthening organizational control, improving worker trai-
ning, enhancing workplace conditions, and implementing
risk-oriented safety management procedures.

4.4. Influence of age, length of service, and occupation

As demonstrated in Figure 4, age-related characteristics
played an important role in the formation of occupational
injury risk. The highest injury levels were observed among
workers aged 30-40 years and workers older than 50 years,
while the age groups 40-50 years and 50+ demonstrated the
highest proportions of fatal injuries. This may be associated
with age-related psychophysiological changes, including
reduced reaction speed, slower information processing,
accumulated fatigue, and increased vulnerability to severe
accident consequences.

At the same time, elevated injury levels among younger
workers may be explained by limited work experience,
lower resistance to stress factors, and insufficient skills
for orientation and safe behavior in underground environ-
ments. Overall, age can be considered an important compo-
nent of individual occupational risk, as it amplifies the
effects of production workload and the specific nature
of underground mining tasks.

The distribution of injured workers by length of service,
presented in Figure 5, revealed a U-shaped relationship
between work experience and injury risk. Workers with less
than 1 year of service and those with 1-3 years of experience
are at increased risk due to insufficient adaptation, underde-
veloped professional skills, and higher psychophysiological
workload. In contrast, employees with more than 15 years of
service may face an elevated risk due to prolonged exposure
to hazardous factors, accumulated fatigue, high workload,
and age-related changes that affect reaction speed and
resilience in emergencies.

Workers with intermediate experience, particularly those
with 3-10 years of service, demonstrated comparatively lower
injury levels. However, this group may remain vulnerable
when performing complex, non-standard, or high-risk techno-
logical operations. These findings are consistent with interna-
tional studies emphasizing the nonlinear relationship between
occupational injury risk, age, and work experience [41].

The occupational structure of accidents confirms that the
highest level of risk is associated with occupations directly
involved in underground excavation and face operations,
including miners, drifters, face workers, and auxiliary under-
ground personnel. These occupational groups are continuous-
ly exposed to rock pressure, manual and semi-mechanized
operations, confined spaces, and zones with a high probabi-
lity of rock falls and collapses.
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Technical support occupations, such as electrical fitters,
gas welders, underground transport operators, and enginee-
ring personnel, demonstrated a lower proportion of acci-
dents, but still maintain a persistent level of occupational
risk. This risk is primarily associated with equipment
operation, maintenance activities, adjustment and repair
work, and the need to perform technical tasks in restricted
underground conditions.

4.5. Practical implications and preventive measures

The practical significance of the results lies in their direct
applicability to the enterprise’s occupational health and safety
management system. In accordance with the regulatory
framework of the Republic of Kazakhstan, preventive recom-
mendations are developed based on accident investigations,
scheduled workplace inspections, statistical analyses of inju-
ries, and occupational risk assessments. The patterns identified
in this study, including dominant accident causes, high-risk
age and experience groups, and the specific role of under-
ground facilities No. 1 and No. 2, provide a basis for targeted
preventive measures. Since preventive measures may differ in
urgency, expected effectiveness, cost, and implementation
complexity, their prioritization can be supported by multi-
criteria evaluation approaches, which are used for selecting
and ranking complex industrial and regional projects [42].

Based on the results presented in Figure 2, organizational
measures should focus on improving the quality of work or-
ganization, strengthening control over workplace preparation
before shifts, ensuring compliance with technological proce-
dures, and minimizing non-standard or unplanned actions.
Regular internal audits of compliance with established regula-
tions can support the timely identification and elimination of
systemic deficiencies in work planning and process control.

Considering the considerable role of deficiencies in
safety training and unsafe worker behavior shown in Fig-
ure 2, worker training systems should be modernized through
regular instruction in safe work practices, simulation of
emergency scenarios, periodic recertification and mentoring
programs for employees with less than three years of experi-
ence. These measures are particularly important for workers
with limited underground experience, whose increased
vulnerability is reflected in the distribution of injuries by
length of service shown in Figure 5.

To reduce behavioral risks, it is advisable to introduce
behavioral safety audits, visual safety reminders, pre-shift
safety briefings, and fatigue monitoring during high-intensity
shifts. Such measures are aimed not only at formal compli-
ance with safety rules, but also at strengthening safety-
oriented behavior and improving workers’ readiness to
respond to emergencies.

Technical measures should focus on improving work-
place conditions, especially in high-risk underground areas.
This includes modernizing ground support systems, im-
proving temporary support structures, installing enhanced
lighting, and mechanizing manual operations. These direc-
tions are particularly relevant because unsatisfactory work-
place conditions were identified as a dominant cause of
accidents in Figure 2.

The technical condition of equipment should be con-
trolled through digital inspection logs, mandatory pre-shift
checks, scheduled diagnostics of mobile machinery, and
automated condition-monitoring systems capable of detec-
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ting deviations in equipment operation in real time. Early
identification of technical faults is especially important in
underground workings, where equipment failure can rapidly
create hazardous situations.

For underground facilities No. 1 and No. 2, targeted
measures are required due to their high contribution to ove-
rall and fatal injury levels, as shown in Figure 3. These
measures should include additional safety control points at
entrances, shafts, and main transport routes; advanced emer-
gency response drills; modernization of excavation and
ground support equipment; phased replacement of mobile
equipment and auxiliary machinery; optimization of shift
schedules; and improvement of communication and dispatch
control systems at underground levels.

Thus, the results obtained not only align with previous in-
ternational studies but also demonstrate substantial practical
relevance for improving occupational safety in underground
mining operations. The integration of statistical injury analy-
sis, structural assessment of accident causes, and worker-
related risk characteristics allows preventive measures to be
formulated on a more evidence-based basis.

4.6. Study limitations and future research

At the same time, the present study has certain limita-
tions. The analysis is based mainly on official accident
records and statistical reporting data; therefore, it primarily
reflects registered occupational accidents and documented
causes. Some latent factors, including informal work practi-
ces, individual perception of risk, fatigue levels, stress
resistance, and attention stability, could not be fully assessed
within the available dataset.

Therefore, future research should focus on the psycho-
physiological characteristics of underground workers, includ-
ing attention, fatigue, stress resistance, and individual risk
patterns. Combining statistical injury analysis with psycho-
physiological assessment would enable the development of a
more personalized and effective framework for preventing
occupational injuries in underground mining environments.

5. Conclusions

The analysis of occupational injuries at the mining and
processing plant over the period from 2009 to 2023 enabled
the identification of stable, long-term patterns in injury
dynamics, the determination of the dominant causes of acci-
dents, and the establishment of the main groups of workers
exposed to elevated occupational risk.

The dynamics of occupational injury indicators demon-
strated pronounced fluctuations during the analyzed period,
with the highest values recorded in 2011, 2014, 2021,
and especially in 2022. The polynomial approximation of
the time series confirmed the nonlinear nature of injury
dynamics and demonstrated satisfactory agreement between
the fitted models and the empirical data. The overall injury
rate reached its maximum value in 2022, followed by a
decline in 2023.

Underground facilities No. 1 and No. 2 were found to be
the most injury-prone divisions of the enterprise. These faci-
lities accounted for approximately half of all occupational
accidents and 58% of fatal cases recorded during the study
period. Facility No. 2 demonstrated the highest level of
occupational risk, with 77 accidents and 9 fatalities, indica-
ting the need for priority preventive measures at this site.
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The structure of accident causes showed the dominance
of organizational and human-related factors. The largest
share of accidents was associated with inadequate organiza-
tion of work processes, unsafe worker behavior, deficiencies
in safety training, and unsatisfactory workplace conditions.
Together, these four categories accounted for approximately
81% of all recorded occupational injury cases.

The analysis of injured workers by age, length of service,
and occupational category showed that increased injury risk
was characteristic of workers aged 30-40 years and over
50 years, of employees with less than 3 years of service, and
of workers with more than 15 years of service. The highest
proportion of accidents was associated with occupations
directly involved in underground excavation and face opera-
tions, including miners, drifters, face workers, and auxiliary
underground personnel.

The obtained results confirm the need for a comprehen-
sive approach to reducing occupational injuries in under-
ground mining operations. Priority directions include
strengthening organizational control, improving worker trai-
ning and mentoring systems, enhancing workplace condi-
tions, modernizing ground support and equipment monito-
ring systems, and implementing targeted preventive
measures at underground facilities No. 1 and No. 2.

Further research should focus on the psychophysiological
characteristics of underground workers, including attention,
fatigue, stress resistance, and individual risk patterns. The
integration of statistical injury analysis with psychophysio-
logical assessment would provide a stronger basis for deve-
loping personalized and more effective occupational injury
prevention measures.
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Junamika BHPOOHHYOro TPABMATH3MY, IPUYMHHU HEIIACHUX BHNAAKIB TA YHHHUKHU
PHM3MKY Ha ripHU40-30arauyyBajJbHOMY KOMOiHATI

b. Yaxirona, JI. XXymanymraes, M. Imanraszin, JI. Pamarymnnaesa, C. lllykiposa, P. Yaxiros, I11. Y3enb6ekos

Meta. MeToro NMOCTIDKEHHS € aHajli3 BHPOOHHYOTO TpaBMAaTU3My Ha TipHHYO-30aradyBaibHOMY KoMOiHati 3a mepiox 3 2009 mo
2023 pp. 3 0COOIMBOIO YBAroro 10 MiJ3eMHHUX 00’ €KTIB K HAHOLTBII HEOE3MEeUHNX CTPYKTYPHUX MiIPO3AUTIB MiANPHEMCTBA.

Metoauka. MeToM4Hy OCHOBY JOCIIJXKEHHS CTAHOBHB KOMIUIEKCHHH CTaTHCTHKO-aHAITHYHUH IMIXiA JO OL[iHIOBaHHS BUPOOHHUYOTO
TpaBMaTH3My. BuxigHoto iHMopMmariiiHolo 6a3oro ciryryBand o(iliiiHi MaTrepiany po3ciiTyBaHHS HEIIACHUX BUMAIKIB HA BUPOOHUIITBI Ta
JTaHi CTAaTHCTHYHOI 3BiTHOCTI miampuemcTBa 3a 2009-2023 pp. ns KidbKiCHOT OLIHKH PiBHS TPaBMaTH3MYy BUKOPHUCTAHO CHCTEMY ITOKa3HH-
KiB, IO BKJIOYaNa KOE(IIIEHT YaCTOTH TPaBMAaTU3My, KOC(ILiEHT TSHKKOCTI TpaBMAaTH3MY, KOC(II[IEHT CMEPTENFHOTO TPaBMATH3MY Ta
3araJibHUN TOKa3HUK TpaBMaTu3My. I BHSBICHHS JOBFOCTPOKOBHX TEHJIEHIIIH 3aCTOCOBAHO aHAaNi3 4aCOBUX DSAIB i3 IMOJIHOMiaJIbHOO
arpOKCHMALI€I0 [IOCTOTO CTYIICHS.

Pe3yabTaTu. AHami3 BUSBUB BUPaXEHY HETiHIHHY MiHJIHABICTh TIOKA3HUKIB BUPOOHHUYOTO TPAaBMATH3MY MPOTSATOM I’ ATHAISTUPIYHOTO
niepioxy, 3 HaifGimbm icroTHEME 3pocTaHHsaMu y 2011, 2014, 2021 Ta oco6muBo y 2022 pomi. 3aranom 0yio 3apeecTpoBaHO 227 HEIIACHUX
BHIIQJIKIB HA BHPOOHHUITBI, YHACTIIOK SKUX TPaBMOBaHO 236 MpaliBHHKIB, 30KkpeMa 3adikcoBaHo 19 cMepTeNbHUX BHUMAAKIB 1 83 THKKI
TpaBmMu. OTpuUMaHi pe3yJIbTaTH 3aCBIUIIN YiTKy KOHIEHTpaMilo MpodecifHoro pu3nKy B MiI3eMHUX TipHHYNX poboTax: 00 extu Nel i Ne2
3abe3neynin GIU3BKO MOJOBHHH BCIiX HEMIACHMX BUMAAKIB i 58% cMepTelabHUX BUMAJAKIB, NpUuoMy 00’ekT No2 xapakTepu3yBaBcsi HaliBH-
UM piBHeM TpaBMatu3my. CTpyKTypa MPUYMH HEIACHUX BHUIAJKIB 3aCBIAYMIIA JOMiHYBaHHS OpraHi3alliiHUX 1 JIFOJCHKUX YMHHHKIB, 30K-
peMa He3aa0BiIbHOT opraHizamii pooiT, HeOe3meyHo1 MOBEAIHKY MPAIiBHUKIB Ta IHIIMX MOB’SI3aHUX MPUYKH, HEAOJIKIB y HABYaHHI 3 MUTaHb
0e31eKH, a TaKoXkK He3al0BUIbHUX yMOB npaili. CyKyIHO 1li YUHHUKH CTaHOBUIIM Oiin3bko 81% ycix 3apeecTpOBaHMX BHIIJIKIB TPaBMaTHU3MY.

HayxoBa HoBu3Ha. [lociijkeHHs 3a0e3e4ye KOMIUIEKCHY JOBIOCTPOKOBY OLIHKY BHPOOHHMYOIO TPaBMATHU3MY LUIIXOM IO€JHAHHS
PO3paxyHKy IMOKa3HUKIB TpaBMaTH3MY, MOJiHOMIaJbHOTO aHali3y TPEHIIB, OLIHKM MPUYHH HEIIACHHX BHUIIAJIKIB, MOPIBHSIHHS PIBHIB TpaB-
MaTU3My MK MiZPO3AiIaMH i IPUEMCTBA Ta aHAJi3y PU3HKIB, OB’ I3aHUX i3 XapaKTEPUCTHUKAMH IPALliBHUKIB.
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IpakTnyna 3HaunMicTs. OTpUMaHi pe3yIbTaTd MOXXYTh OyTH BUKOPHCTAHI JUIS UILOBOTO BIOCKOHAJICHHS CUCTEMH YIIPABIIHHS 0XO-
POHOIO Tpari, 30KpeMa IUITXOM IOCHICHHS OpTraHi3aliifHoro KOHTPOII0, HOKpAIleHHs HaBYaHHs Ta HAaCTaBHUIITBA IIPALliBHUKIB, MOJEpHI3a-
1ii poOOYMX MiCIlb, MOHITOPHUHTY TEXHIYHOTO CTaHy OOJIaJHAHHS Ta BIPOBAPKCHHS IPIOPUTETHUX NPOQUIAKTUIHHUX 3aXOMiB Ha IiJ3eMHHUX
06’exrax Nel i Ne2.

Knrwwuosi crosa: supobnuyuti mpasmamuszm; niozemui 2ipuuui pobomu,; ipHUY0-30a2auy6aibHuli KOMOIHAmM, Yacmoma mpasmamusmy,
MAANCKICMb MPASMAMUZMY, NPULUHY HEWACHUX 8UNAOKIG; NPOQeCiinull pusuK
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