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Abstract. This study argues that human error has an effect on occupational injury risks in mining companies.
It shows through an analysis of existing approaches to occupational risk assessment that it is necessary to
develop a quantitative assessment method factoring in individual psychophysiological attributes in order to ana-
lyze injury risks posed to miners. The article presents the results of a comprehensive analysis of how workers’
psychophysiological attributes influence their susceptibility to occupational injuries in underground mining con-
ditions. By utilizing statistical data processing methods, such as discriminant and regression analysis,
the study develops models to forecast personal injury risks among miners. These quantitative models underlie
the proposed method for assessing miners’ susceptibility to injuries. The study outlines an algorithm for the
practical application of this method and shows how the method was validated using a training sample. It provides
recommendations for managing the human factor, incorporating the results of the proposed method, and empha-
sizes the importance of implementing a series of protective measures to mitigate the risk of occupational injuries
in underground mining operations.
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Introduction. The mining industry stands out as one of the most hazardous sectors in terms
of occupational risks. Data from the Social Insurance Fund and the State Labor Inspectorate in
Russia reveal that this sector accounts for 9 % of all fatal accidents, with 55 % of workplaces
being hazardous and unsafe. The problem of high injury rates in today’s mining companies is
exacerbated by the fact that in the course of their modernization, businesses introduce more pro-
ductive and technically intricate equipment that is likely to cause injuries. This puts strain on
miners, resulting in an increase in both the severity of work-related injuries and the duration of
the recovery period. In such a context, managing the human factor has become increasingly cru-
cial, which is evidenced by the growing proportion of accidents caused directly by the victims
themselves. According to various estimates [1, 2], between 76 and 95 % of accidents in the
mineral resources sector occur primarily due to mistakes at work. This trend is explained by the
fact that as technical systems advance, the level of dangers associated with process operations
grows faster than the rate at which an individual’s psychophysiological capabilities can adapt to
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changes [3]. The individual has become a limiting factor in the fight against accidents, and taking
measures to minimize equipment failures without simultaneously reducing the human factor
seems to be ineffective [4, 5].

The variability in personal qualities among miners results in disparities in abilities, propen-
sity for risk-taking, and susceptibility to work-related injuries. Differences manifest themselves
not only among individuals in similar conditions but also within the same individual at different
periods of time. Previous studies [6] have demonstrated that accidents within work groups are
unevenly distributed among workers: a minority of workers account for the majority of injuries.
This implies that a miner’s individual qualities determine his susceptibility to accidents or, con-
versely, his protection against them. As it is difficult to modify a worker’s psychophysiological
attributes, it is prudent to refrain from assigning hazardous work to individuals whose qualities
do not inherently provide sufficient protection against industrial injuries. Thus, early assessment
of candidates for miner positions regarding their susceptibility to injuries can enhance the effi-
ciency of the employee selection process [6, 7]. Such an assessment enables a more nuanced
approach to human factor management, pinpointing specific qualities in miners that require
improvement to enhance their protection against work-related injuries [8, 9].

The development of a risk-based approach has yielded several tools for assessing injury risks
that factor in individual psychophysiological attributes, including methods such as CREAM [10],
HEART [11], SHERPA [12], FLIM [13], SPAR-H [14], TRACer [15], and HFACS [16].
However, due to information uncertainty, these methods are often limited to qualitative and semi-
quantitative applications, resulting in subjective analysis outcomes and diminished forecast
quality. Algorithms for quantitatively assessing injury risk that factor in workers’ personal
qualities and are based on regression models, as exemplified in studies [17-20], facilitate objec-
tive forecasting with minimal assumptions when screening a set of the most significant individual
qualities. Yet, the existing methods do not account for the specific working conditions in compa-
nies engaged in underground mining. This underscores the need to develop a method considering
the influence of the most significant psychophysiological attributes of individuals on their sus-
ceptibility to injuries in the context of underground mining.

Methods. To develop a method suitable for assessing the susceptibility to injury across
various specialties among miners, the study was conducted in conditions that simulated the influ-
ence of hazardous and harmful production factors specific to different workplaces underground.
These factors included the operation of dangerous machinery and tools, high levels of physical
and sensory stress, working in confined spaces and uncomfortable working postures over
extended periods, insufficient lighting, and high noise levels. Work scenarios, including abnormal
and extreme conditions, were replicated using a training center for junior specialists, a facility
enabling the simulation of intense exposure to a combination of hazardous and harmful produc-
tion factors.

To ensure the statistical reliability and representativeness of the findings, a sample was
created of 250 men aged 18 to 20 who were undergoing simulator training at the center. To account
for individuals’ adaptive abilities and eliminate the influence of both prior adaptation to the con-
ditions simulated and the experience acquired, the sample consisted exclusively of individuals
who had not previously undergone simulator training at the center. Participants were selected
based on criteria such as successful completion of medical screening, absence of chronic diseases,
and the required level of physiological and psychological development.
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It is well-established that the likelihood of human error hinges on a number of an individual’s
mental, psychological, and physical qualities, which determine their ability to perform work func-
tions safely, inclination towards risk, and susceptibility to work-related injuries. These qualities
include:

» mental attributes such as individual thinking and memory features, stability, and concentration
[21], reaction time to stimuli [22], and adaptability to changes in psychomotor, perceptual, affective,
and attention factors [23];

* psychological attributes such as anxiety [24, 25], emotional balance [26, 27], self-confi-
dence, self-control, responsibility, sociability, and teamwork ability [21];

* physical attributes, which include height, weight, body proportions, physical strength, endur-
ance [17, 28], sensory abilities, sensory processing sensitivity, muscle reaction time, and movement
coordination and accuracy [29].

To incorporate this array of individual qualities, the authors identified a set of primary individual
indicators for the study participants (Table 1). Since the key objective of the study was to analyze the
fundamental psychophysiological attributes of individuals, the observation process did not account
for secondary professional attributes, such as qualifications level, acquired experience, motivation for
safe work, motor stereotypes, etc.

Table 1

List of workers’ individual attributes under study

Indicator Designation Measurement method/tool
Resting heart rate, bpm Xi Heart rate monitoring before exercise
Stange’s test, s X Inspiration breath-hold time
Hench’s test, s Xz Exhalation breath-hold time
Number of push-ups Xa
Number of bends Xs Maximum number in 30 s
Number of squats Xo
Number of jumps with rotation on the spot X7
Heart rate after exercise, bpm X3 Heart rate monitoring after exercise
Tidal volume of the lungs, 1 Xo Dry spirometer
Height, cm Xio Body height measurement in a standing position
Systolic blood pressure, mm Hg X Korotkoff’s method
Diastolic blood pressure, mm Hg Xi2 Korotkoff’s method
Psychological self-assessment, score X3 Self-assessment questionnaire [30, 31]
Psychological adaptation, score X4 Test [32]
Situational anxiety, score Xis Spielberg — Khanin scale [30, 33]
Personal anxiety, score Xie Spielberg — Khanin scale [30, 33]
Personal adaptive potential, score X7 Methods presented in [34]
Behavioral regulation, score Xis Methods presented in [34]
Communicative potential, score X9 Methods presented in [34]
Moral (normative) sense, score X20 Methods presented in [34]

An essential criterion in selecting indicators for the analysis was their testability using standard
methods, without the need for specialized equipment. The chosen indicators allowed us to make con-
clusions about the following:

* the level of physical development and fitness, functional reserves of the respiratory system, and
constitutional features of the workers’ bodies determining their performance and resistance to physi-
cal stress;
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« the state and functional reserves of the workers’ cardiovascular, central, and autonomic nervous
systems, which determine their physical capabilities and the level of neuropsychic stability;

* the workers’ adaptive capacities, which determine their ability to quickly and successfully
adapt to changing working conditions.

Over a span of five months, following the initial assessment of the participants’ psychophysio-
logical attributes, the medical service of the training center documented all cases of injury while
solving training problems and doing exercises in the training complex simulating confined spaces and
exposure to dangerous production factors. Over the period, 26 injuries were recorded and 16 workers
got injured, i.e., 6.4 % of the participants in the study suffered injuries, with 2.4 % getting injured
once and 4 % getting injured twice. The average value of the individual injury risk observed in the
sample was 0.250 yr ',

To identify the factors that determine workers’ predisposition to industrial injuries and to prove
the statistical significance of their relationship with injury rates, a discriminant analysis of variables
was performed using STATISTICA 10 software by StatSoft. The following factors influenced the
choice of this method: its potential for finding independent variables that make it possible to rank
workers by levels of predisposition to industrial injuries; no necessity for the normal distribution of
values in samples; the ability to use the dependent variable in the nominal form.

The training sample that was prepared using the results of observations was subjected to a dis-
criminant analysis for two groups of the nominal variable (injury and no injury), and an array of
quantitative primary indicators of individual psychophysiological attributes were used as independent
variables (Table 1). The discriminant analysis procedure involved step-by-step exclusion of variables
making an insignificant contribution to the discrimination of the analyzed groups of the nominal
variable. As a criterion for excluding a statistically insignificant variable, the value of the F-criterion
was used at a significance level of p < 0.05. As a result, a set of predictors was identified that have a
statistically significant effect on the presence or absence of injuries (Table 2). To identify the types
of dependencies between the variables indicated in Table 2 and the quantitative indicator of injury
rate, the identified relationships were formalized in the course of a univariate regression analysis. As
a dependent continuous variable, the indicator of the average annual injury frequency rate (individual
risk rate) was used, which is generally accepted in studies associated with risk theory. In order to
identify the general trend for plotting functions, the predictor variables i were split into intervals and
the mean values for each interval were found. The workers were grouped in accordance with the
selected intervals of the variables i, and the average values of the injury frequency rate in each group
were found. Consequently, variables best approximated by strictly monotonic functions with an ap-
proximation confidence level of R* > 0.80 (Fig.1) were identified. This made it possible to include in
the final models for the quantitative assessment of injury risks only those factors whose influence on
injury rates could be unequivocally justified.

Table 2
List of psychophysiological indicators that have a statistically significant relationship with the injury rate
Indicator Designation | F-criterion p-value
Number of push-ups Xa 5.11 0.025
Resting heart rate, bpm Xi 3.88 0.049
Situational anxiety, score Xis 4.51 0.034
Stange’s test, s X2 5.08 0.025
Personal adaptive potential, score X7 4.89 0.027
7
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Fig.1. Average injury frequency rate as a function of resting heart rate (a);
number of push-ups (b); situational anxiety (c); personal adaptive potential (d)

For the purpose of a comprehensive quantitative assessment of occupational injury risks to workers
and their predisposition to injuries, a multivariate regression analysis was performed. This analysis
yielded calculation models enabling the determination of the conditional mathematical expectation of the
personal injury frequency rate (personal injury risk denoted as Rr, yr'!) while considering the functions
shown in Fig.1. Due to constraints related to the size of the initial sample and variations in working con-
ditions among miners of different professions [23], two models for calculating the personal risk indicator
were developed. For workplaces with unstable working conditions that change under normal
operation, it is recommended to assess the miner’s predisposition to injuries taking into account his or her
adaptive abilities based on the personal adaptive potential indicator:

Ry =3,2:107-0,9-107 In(X,) +5,4-107° X ;> +5,8-107° 417, (1)

For workplaces where working conditions can change only in emergencies and extreme
situations, the assessment of the miner’s predisposition to injuries can be performed taking into
account his or her neuropsychic stability based on the situational anxiety indicator:

Ry, =3,2-107-0,9-107 In(X,) +5,5-107° X% + 1,610 ™15, )

The quality of the equations derived from the multivariate regression analysis was evaluated
using a number of standard criteria at a significance level of p = 0.05. As the F-test and the #-statistic
show, the selected variables can be included in the model and the regression coefficients are statisti-
cally significant. The F-statistic value indicates that the regression models are statistically reliable.

778
This is an open access article under the CC BY 4.0 license



EDN DRHFAN Journal of Mining Institute. 2023. Vol. 263. P. 774-784
© Evgenii |. Kabanov, Maksim V. Tumanov, Vasilii S. Smetanin, Konstantin V. Romanov, 2023 .nj;;

Discussion. In the mining industry, not enough attention is paid to the alignment of miners’
psychophysiological attributes with working conditions, resulting in inadequately prepared personnel
who cannot promptly respond to dangerous situations [35]. Utilizing methods to assess occupational
risks becomes paramount in confirming an individual’s suitability for work in specific mining condi-
tions, as his or her unique set of qualities may indicate an elevated susceptibility to injuries and
unsuitability for a particular type of activity [29, 36].

The identified cluster of individual attributes can be used to gauge an individual’s injury propen-
sity in the distinct context of underground mining. The study shows that those participants who sus-
tained injuries initially exhibited a lower level of overall health, which is manifested in diminished
neuropsychic stability, suboptimal regulation of physiological functions, and limited functional
reserves. A comparative analysis of psychological assessments revealed that uninjured individuals
displayed superior behavioral regulation in novel and challenging test conditions, demonstrating a
more advanced adaptability, fitter cardiovascular and autonomic systems, and superior physical fitness.

An increase in the resting heart rate (Fig.1, a) leads to a monotonous increase in the observed
injury frequency rate, which is quite logically explained by the predominance of sympathicotonia in
individuals with faster heart rates. This predetermines their tendency to feel excessively emotional
and stressed, and, consequently, experience fatigue and low motivation along with lower levels of
attention, which makes them more prone to industrial injuries. Heart rate can also be viewed as an
indicator of physical health, characterizing the body’s resistance to physical fatigue and a decline in
performance.

Crucially, the injured workers had a significantly lower level of physical fitness. Figure 1, b
demonstrates the inverse relationship between the number of push-ups and the injury frequency
rate due to an increase in personal injury risk with a decrease in physical abilities in conditions of
high-intensity physical work. On the contrary, workers who were physically fit showed a lower ten-
dency to injuries, which may be due to their high physical strength and endurance, well-developed
motor abilities and muscle coordination, and higher body resistance to a number of dangerous exter-
nal influences.

Figure 1, ¢ shows the influence of situational anxiety, which indicates that workers sustaining
injuries tend to experience stress when responding to emergencies and extreme situations. The func-
tion shown in Fig.1, d demonstrates the difference between the groups of injured and non-injured
workers in their levels of personal adaptive potential. The integral indicator of personal adaptive po-
tential X17 is directly dependent on the indicators of behavioral regulation X5, communicative poten-
tial X109, and moral (normative) sense X2o. High values of these indicators signal a tendency to nervous
breakdowns and inadequate self-esteem, impaired communication skills, and inadequate perception
of reality. Such workers are characterized by a low level of socialization, cannot assess their place
and role in the team, and experience difficulties in performing group tasks. These accentuated character
traits identified among the injured participants suggest that it is challenging for them to adapt to new
working conditions.

The analysis of the functions shown in Fig.1 is of practical interest from the point of view of
identifying risk groups based on workers’ predisposition to injuries. The ranges where the rate of
change grows significantly make it possible to say that workers demonstrating the following charac-
teristics belong to the group most at risk in terms of suffering injuries: a resting heart rate of more
than 80 bpm, the number of push-ups in 30 s lower than 15, the situational anxiety indicator higher
than 50, and the personal adaptive potential indicator higher than 80.
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Fig.2. Algorithm for categorizing workers based on their predisposition to injuries

Joint consideration of the above factors is possible when using models (1) or (2). However, it is
worth considering the scope of these models. The calculated coefficients of determination for model
(1) R* = 0.12 and model (2) R* = 0.10 indicate that the factors included in the model determine 12
and 10 % of variations in the observed injury frequency rate, respectively. This is due to the complex
and multifactorial nature of industrial injuries that cannot be accurately predicted solely based on
workers’ individual attributes. Therefore, models (1) and (2) cannot be used for an accurate quantita-
tive forecast of the likelihood of injuries in the mining sector. For this purpose, it is necessary to
create complex probabilistic and statistical models to ensure a comprehensive and multifactorial risk
assessment. However, given that the likelihood of an industrial injury is influenced by many factors,
the variation shares of 12 and 10 % explained by the models seem to be quite significant. The study
identified at a statistically significant level a number of workers’ individual attributes that largely
predetermine their predisposition to occupational injuries in underground mining. The scope of
application of models (1) and (2) is limited to the purposes of a priori determination of miners’
predisposition to industrial injuries taking into account their individual psychophysiological charac-
teristics on the basis of a quantitative indicator of the expected risk of injury. The indicated scope of
application fits the objective of identifying risk groups by injury predisposition during job selection
procedures and in managing the human factor.

To facilitate the practical application of models (1) and (2), the authors present a method for
classifying miners or candidates applying for mining positions into risk groups based on their suscep-
tibility to injuries (Fig.2). The process begins by defining the specific features of the working condi-
tions at the miner’s workplace under normal operating circumstances. Subsequently, an evaluation
algorithm is developed as follows:

« if the conditions at the workplace are unstable under normal operation, the subsequent step
involves measuring the resting heart rate X1, the number of push-ups X4, and the personal adaptive
potential indicator Xi7 (see Table 1). This group of working conditions includes workplaces that
exhibit regular changes in the production process and the production environment parameters or
frequent changes in the composition of work teams, workplaces of mine rescue team members, etc.
In this case, the personal injury risk indicator is calculated using model (1);

« if the workplace maintains relatively stable conditions under normal operation, with potential
changes only in an emergency or extreme situation, the subsequent step involves measuring

the resting heart rate Xi, the number of push-ups X4, and the situational anxiety indicator Xis
(Table 1). Workplaces that belong to this group include those characterized by the stability of
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working conditions and the possibility of emergencies, accidents, disruptions to the production
process, etc. In the next step, the personal injury risk indicator is calculated using model (2).

To assign a miner or job applicant to a particular injury risk group, the quantitative indicator of
the expected injury risk is assessed using the threshold risk values proposed in Table 3. As the quan-
titative value of the permissible risk of injury in the mining industry has not yet been established, the
average value of the permissible risk of fatal injury established for the Russian coal industry can be
used, which is 2-10~* yr~! [37].

Table 3
Risk groups indicating miners’ predisposition to injuries
Risk group Thresholdlvalues, Description
yr-
Low risk level Rr,, R1,<1:1073 The miner/applicant has a minimal predisposition to industrial inju-
(acceptable risk) ries; the person’s injury risk is relatively safe from the influence
of his/her individual attributes
Moderate risk level 1-103 <Rr;, Rr,<2:1073 The miner/applicant has a moderate predisposition to industrial
(acceptable risk) injuries; the person’s individual attributes may influence his/her
injury risk
High risk level Rr, Rr,>2-1073 The miner/applicant has a high predisposition to industrial injuries;
(unacceptable risk) the person’s individual attributes make him/her susceptible to
danger and industrial injuries

Considering damage to health, the maximum permissible level of injury risk without fatality is
determined to be ten times the specified value at Rrgce) = 2:107 yr!. The permissible risk range is
proposed to be divided into two equal zones separated by a boundary (Rt = 0,5RT@ce) = 1:107 yr'h),
with the upper zone meaning that the person’s individual attributes make them predisposed to injuries
and the lower zone meaning that they do not. To validate the proposed method utilizing primary data
from study participants not previously included in the training sample, the expected injury frequency
rates were calculated, and injury risk groups were identified. Due to the mixed nature of the simulated
working conditions, testing was conducted using both model (1) and model (2). A comparison of the
results with the observed injury rates revealed the following:

» model (1): among the injured participants, 56 % were classified as high risk, 25 % as moderate
risk, and 19 % as low risk. The overall distribution of participants into high-risk, medium-risk, and
low-risk categories was 17.2 %, 52 %, and 30.8 %, respectively;

» model (2): among the injured participants, 50 % were classified as high risk, 38 % as moderate
risk, and 12 % as low risk. The overall distribution of participants into high-risk, medium-risk, and
low-risk categories was 19.6 %, 48 %, and 32.4 %, respectively.

The sensitivity of models (1) and (2) to identifying workers with a high risk of injury is estimated
at 69 and 68 %, respectively. The distribution of workers by risk groups in both the sample
of injured workers and the total sample shows that when using models (1) and (2), the a priori proba-
bility of classifying an injured worker as belonging to the group with the high level of risk is 3.3 and
2.5 times higher than for a non-injured worker. The opposite situation is observed when the injured
workers are classified as belonging to the categories of acceptable risk: when using models (1)
and (2), the a priori probability of their being classified as belonging to the group with the moderate
level of risk 1s 2.1 and 1.3 times lower than that for non-injured workers and also 1.6 and 2.7 times
lower for the low level of risk. This indicates the method’s sensitivity in identifying individuals prone
to occupational injuries, confirming its suitability for professional selection and human factor
management purposes.
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Individuals classified as high or moderate risk for injury require priority human factors manage-
ment measures. Before they are admitted to work, miners falling into these groups must complete a
specialized professional training program emphasizing safe work practices. Special attention should
be paid to solving issues regarding workers’ adaptation to new working conditions, reducing anxiety,
and enhancing emotional stability [38, 39]. Effective methods in this direction involve the use
of specialized training programs utilizing virtual and augmented reality technologies [40]. Virtual
simulators, in particular, hold significant potential, allowing the simulation and practice of various
hazardous situations, thereby reducing the likelihood of inappropriate and dangerous behavior in
miners in extreme conditions.

Certainly, miners’ psychophysiological attributes must align with the specific working condi-
tions. Reciprocally, providing miners with acceptable working conditions that account for individual
characteristics reduces stress levels, positively influences motivation, and minimizes the risk of
occupational injuries [41, 42].

Conclusion. The safeguarding of miners against occupational accidents depends to a great extent
on their individual qualities and cannot be solely guaranteed through organizational and technical
measures. Hence, it is crucial to have an effective system of employee selection and training proce-
dures, which necessitates the use of methodological approaches aimed at identifying workers suscep-
tible to occupational injuries.

The application of the method proposed by the authors allows for the proactive identification
of miners prone to occupational injuries. This offers vital insights for human factor management
procedures in mining companies. Taking into account miners’ key psychophysiological attributes
offers a fresh perspective on the issue of injuries, enabling the formulation of crucial strategies to
protect workers from accidents. In combating occupational injuries, preventive measures targeting
human errors should be all-encompassing, not only focusing on managing the human factor but also
ensuring the maintenance of a working environment.
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