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1 Introduction

The Internet of Things (IoT) is defined as a unique network around the world,
where uniquely addressable objects are formed and the objects in that network
communicate with each other through a specific protocol. It is also possible to
define this concept as a system of devices that communicate and communicate
with each other through a variety of communication protocols and by sharing
information with an intelligent network [1]. Since safety is one of the most important
and prone concepts for occupational safety and health in mining, proactive-based
IoT applications supported risk analysis can be adapted to the system in mining
sector [2]. IoT sensors and devices can be used to improve total safety level
[3]. Investigation of proper way with wireless sensor network features is done to
monitor outdoor environment [4]. According to wireless network ability, changing
environment conditions can be explored and adopted [5]. The system can help to
minimize hazards and environmental problems such as water pollution and fires.
Environmental monitoring with IoT can also provide cost-efficient and proper
solutions [6].

Risk analysis of any workplace is first step to check and observe total safety
level. There are many quantitative and qualitative risk assessment tools to analyze
reasons of accidents in various industries and features of the workplace conditions in
sources. Multi-criteria decision-making-based method is one of the most important
methods [4]. In these methods, decision-makers often have difficulty in accurate
rating and assessment in a danger related with risk parameter. Therefore, imple-
menting potential risk assessment methods can show satisfactory results in terms
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of incomplete risk data or high uncertainty. In this study the ways that combine
multi-criteria decision-making method and fuzzy sets are accepted to model the
structure [5]. One of the important advantages of fuzzy multi-criteria decision-
making methods is relatively assessing the risk parameters by using fuzzy numbers
instead of insignificant numbers [6]. Chart 1 shows a comparative summary about a
range of new researches related with fuzzy multi-criteria decision-making methods
in occupational health and safety risk assessment [7–15].

In the underground mining, the work environment becomes more appropriate
with the OHS, and the occupational accidents and occupational diseases are
affected positively by taking necessary precautions, by the worker’s feelings of
trust originating from the work environment. In addition, these factors become
the reasons for the improvements that cause positive effects as in the employee’s
daily life as his efficiency in workplace [16]. This is also important in the aspect of
improvement and continuity of the system in a similar way.

From this point of view, potential risks in mines within occupational health
and safety and forming OHS risk analysis scheme and managing the necessary
precautions actively by classifying emerging dangers are aimed in this study in the
process of carrying out the underground mining. To improve the system precautions
which are taken necessarily in accordance with detailed risk analysis.

As a part of this study, the risk assessment study based on fuzzy and neuro-fuzzy
logic is carried out by using the data based on OHS risk analysis of a metal mine
industry which has more than one billion production capacity and is compared to
failure level of the basic risk assessment methods.

1.1 Original Contribution

Based on the data that is obtained within the study, by using neuro-fuzzy logic
approach in underground mining, risk analysis is done and risk levels are estimated.
Underground mining risk parameters in OHS assessing by neuro-fuzzy logic are
used for the first time, and the results are compared with the results of basic risk
assessment methods in the point-of-failure criterion.

Besides that, L-matrix risk assessment results and two-phase risk analysis results
[17] obtained by Buckley fuzzy analytic hierarchy method and fuzzy VlseKriter-
ijumska Optimizacija I Kompromisno Resenje (VIKOR) methods are compared
with neuro-fuzzy logic obtained by the results from risk assessments by considering
the failure measures in OHS; in terms of implementing more detailed studies, the
sources in this area have been enriched.

Risk assessment studies based on two or three parameters such as severity,
possibility, and noticeably contributed to the resources in terms of dealing with the
risks more effectively by adding different parameters that extend the content like
precision of using personal protection tools, precision for not to renew the tools and
ignoring the results.

The World Health Organization defines the OHS term as multidisciplined
operation including four basic topics: (1) to prevent occupational accidents by
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protecting and improving employee’s health; (2) improving and supporting healthy
and safe work, workplace, and work organizations; (3) increasing employees’
physical, mental, and social welfare; and (4) enabling the workers having fruitful
lives both socially and financially [18, 19].

1.2 Occupational Health and Safety

OHS is all the studies and analyses that aim reducing the problems which may
occur in all processes related with work and employees. In terms of OHS, structural
difficulty of the underground mining services and precision as of divergent and
rapidly changing equipment structure need to be done detailed research and analysis
[20]. In workplaces employees work that are of the most important parts of
underground mining services, being with unreliable factors in the aspect of OHS
and lack of precautions for these factors are required to create different regulations.
The underground mining organizations are part of the most dangerous group in
terms of occupational accidents and occupational diseases in OHS risk classification
list, and this makes compulsory to conduct detailed and effective risk analysis of
underground mining services.

Making workplaces appropriate for OHS in underground mining, identifying
the occupational accidents and occupational diseases, taking necessary precautions,
and making employees feel safe due to working environment affect their works
positively [21]. In addition these factors become the reasons for the improvements
that cause positive effects as in the employee’s daily life as his efficiency in
workplace. This is also important in the aspect of improvement and continuity of
the system in a similar way.

Based on these results, potential risks in mine organizations within occupational
health and safety and forming detailed OHS risk analysis scheme and managing
the necessary precautions actively are aimed in this study in the process of carrying
out the underground mining. To improve the system precautions which are taken
necessarily in accordance with risk analysis, results are stated.

1.3 Occupational Health and Relevant Terms

There are many definitions of the health term in different sources. WHO which
does practices on health internationally defines the health as “not only health” or
disablement situation, but also, it’s a person’s wellbeing and feeling completely in
safe physically, mentally, and socially [22]. This definition may change depending
on country, culture, and customs. Criteria of a person being healthy cannot be
explained by having physical disability or catching a disease. Besides physical
aspects, being safe mentally and socially are the other criteria that make a person
healthy. From this point of view, health term is the basis of occupational health
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[23]. During the employee’s process of being at work or workplace, not being
exposed to the risks that will threaten his health and being protected from this are the
occupational health term’s basic relation with health. Protecting from the dangers
due to the employees’ working environment and job structure is the essential point
in the definition of the occupational health term.

Occupational health is a term that searches the physical and mental situation of
the employees in workplaces and aims to improve the conditions. In the aspect of
occupational health, it is the most important term not to risk and protect the right to
life which is among an individual’s natural and fundamental rights, causing from the
workplace [24]. Besides that, it also is a compulsory part of the occupational health
system to have high efficiency, increase quality standards, and create a sustainable
working environment. Comprehending this term as a social culture rather than
understanding it as a term just related with workplaces is significant not only in
the aspect of employer-employee interaction, but also it is important for developing
healthy and safe environment by all society ranks [25]. There are many national
and international scale regulations with the aim of increasing the OHS culture. An
individual’s work department is also substantial in accordance with explanations of
the occupational health term. In terms of OHS, while doing the work that employee
is in charge of, he needs to be conscious and knowledgeable, and to be able to do
that, person’s nature and kind of the job needs to adjust in maximum possibility
[26]. It is necessary that employees work in appropriate jobs which are suitable
with their education level and physical and mental state with regard to actualizing
the aims of the occupational health term. If a person works in a suitable job in that
sense, opportunities of protecting from the risks will increase, and the number of the
occupational accidents and its effects will be able to decrease in parallel with this.

1.4 Occupational Safety and Relevant Terms

Safety term expresses being secure. Occupational safety states that taking
precautions against the risks that employees can face. Among the process of
employees being at work or workplace, the unrepairable consequences that may
occur because of occupational accidents show the importance of creating a safety
culture term [27]. This must be changeable according to the business and job
structure, but it should be aimed at spreading it to a whole society, as well. For
instance, it must be aimed that while dealing with workers who are having health
problems, whether work process is safe or not for underground mining sector
which is considered as an important situation in this study. A worker who is
not feeling safe in the working environment makes mistakes, and troubles occur
in the job unavoidably [28]. Safety culture should be provided with employee-
employer cooperation, and drafts, plans, and programs that serve this should be
prepared periodically. It is not possible that being successful in a safe environment
is constituted by only an employee or employer. Systematically, all the pieces
should have effects on it and contribute to form the safety culture [29, 30].
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Many occupational accidents occur every year all around the world due to
the deficiencies in the implementation of OHS. According to the International
Labor Organization data, more than one billion people die every year because of
occupational accidents, and more people are physically or mentally hurt due to
these accidents [31]. These data show how the OHS issue is significant. Based
on the statistical data which is brought out by social security institution, recently,
the people who die because of occupational accidents and occupational diseases
have been increasing, and for this reason, it has been observed that the people
who become permanently disabled are increasing, too [32]. Fatal occupational
accidents increased more than 10%, when it is compared to the previous year,
and in parallel with this, being permanently disabled and occupational diseases
highly increased in 2014. In that case, according to statistical studies done for
underground mining, currently, Turkey is rather behind the world in terms of the
number of the occupational accidents in developed countries, number of the people
who is permanently disabled, and number of the occupational disease rates. By
taking all these into consideration, legislature regulated the laws and passed the
6331 numbered law under the title of OHS. Before passing a law special for OHS,
there were legal analyses related with occupational accidents and occupational
diseases by different regulations. For example, there were analyses under separate
and different laws for the pecuniary and nonpecuniary damages that occur after an
occupational accident. This can be resulted with faults, and it may not be possible
to get positive results. Besides that, a legal obligation that includes OHS regulations
and adapts it emerged in point of the European Union (EU) adaptation process
and ILO directives. OHS term is suitable for chances and needy for improvement
according to gathered statistical occupational accident and occupational disease data
in Turkey in recent years. OHS policies are changed, and current laws are shaped
in accordance with EU and ILO directives [33]. Before the legalization, OHS terms
that are emphasized on the specific parts of the different laws are combined in one
title.

Following the explanations of the health and safety concepts that generate the
OHS concept, the differences between these two concepts have been revealed.
Occupational health refers to search for developing and improving their physical and
mental status, as occupational safety at work or in the workplace is the protection
of employees from risks and the risks they face in the workplace. The fact that
employees are in a healthy and safe environment is the main objective of these two
concepts [34]. A healthy environment in terms of OHS increases the productivity
of employees and the ability to work in a safe environment. Proper physical,
psychological, and social workplace environment to be provided for employees
is a proactive structure and is the priority of identifying and minimizing risks in
advance. It should not be forgotten that the budget for the precautions to be taken by
proactive approach to work accidents is much more appropriate and necessary than
the damages that will happen as the result of occupational accident.
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1.5 Management Concept in OHS

It is compulsory to have a managerial understanding in the system in terms of
OHS structure. It would be normal to occur and growing problems in terms of
occupational safety and occupational health in a business that the management is
not being part of and support OHS implementation and activities. Studies on OHS
indicate that the lack of a management-supported system is one of the most impor-
tant reasons for the increase in job accidents. This demonstrates the importance of
management understanding in the success of OHS practices. The implementation
of a well-designed and experienced OHS management model means that employees
are aware of the hazards and the risks are minimized; all employees are in a safe
and healthy environment as a team. In addition, the productivity of employees and
work will also improve. In this context, the employer must make investments for the
occupational area of the OHS without any legal obligations on occupational health
and safety and should not regard this as an unnecessary cost. Protecting from danger
is much less costly than protection from possible consequences. It should also be
kept in mind that when an appropriate environment for OHS is created, it is possible
to achieve a sustainable success by reducing the number of mistakes relatively.

In places where work will be done, the target risks should be determined in
advance in terms of OHS management, and occupational accidents and occupational
diseases should be prevented [35]. These undesirable consequences may cause
workforce and financial loss in the workplace. This workplace-based problem may
cause social trauma without staying local. Soma disaster that happened on 13
May 2014 is an example of this. The human loss was far beyond financial loss,
and it is clear that it is not an easy situation to overcome this trauma. As it is
frequently written at workplaces and working points, a safe working environment
must be created in actual implementation and management decisions. Management
should inform and provide periodical trainings on OHS issues to employees. In
addition, each division-specific OHS chargehand should be identified and known
by all employees. An OHS plan which is prepared by the management should
also be periodically checked and updated. A safe and healthy workplace means
healthy and efficient work and ultimately healthy functioning. Each part of the OHS
management practices should include risk assessment and practices, and teamwork
should be adopted.

2 Risk Assessment in OHS

Concepts of safety, health, and welfare of whole industries’ employees in the
workplace are covered by OHS [36]. Due to the poor management of OHS, the
underground mining sector that is one of the most affected industries aims to raise
the health and safety standards in the relevant institutions in Turkey and all around
the world. Many unique hazards can be observed in mines that can potentially
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affect the health of workers in their departments [37]. These risks increase the
accidents in the workplace, affect both the safety of employees and the environment
antagonistically, and reduce the efficiency and work performance. OHS practices
are not fully implemented in practice, and necessary diligence has not been shown
for the underground mining industry in Turkey. There is a negative correlation in
economic success and occupational success in Turkey although there should be a
positive correlation between OHS practices and economic success. In order to be
able to see the OHS policy and compliance in the mining sector more clearly, the
new OHS 6331 numbered law also stipulates the necessity of risk assessment. As a
result of this reason, this study aims to provide a neuro-fuzzy logic-based OHS risk
evaluation for underground mining personnel and to contribute to the development
and planning of underground mining services.

On the other hand, OHS risk assessment has several approaches in the planning
and management of the underground mining industry. In a literature study, the
VIKOR method has been proposed to prioritize failure modes for a fuzzy FMEA
based on fuzzy set theory and for general anesthesia process risk assessment
[38]. One of the most common risk analysis methods is FMEA which has three
parameters. In this study parameters of the FMEA are weighted by fuzzy set theory,
and the risk priorities of error modes are determined by the extended VIKOR
method. In another study [39] a new FMEA approach was implemented with the
fuzzy analytic hierarchy process (FAHP), entropy, and fuzzy VIKOR methods in
the production process of a mine. In one other study [40], a three-stage risk-based
prioritization scheme is suggested to select the best care strategy for prioritizing
medical devices. First, the fuzzy FMEA was implemented by taking into account
various risk assessment factors. Second, seven dimensions are used to consider
every aspect of hazards and risks, such as use-related hazards, age, and usage.
Finally, a simple method has been used to determine the best maintenance strategy
for each device based on the scores of the previous two steps. A new risk priority
model has been proposed to assess the risk of failure modes based on the fuzzy set
theory and the MULTIMOORA method [41]. Besides, a case study on preventing
baby abduction was also presented.

Based on the studies in the literature, it is understood that the current study has
contributed to the relevant resources on some aspects of underground mining risk
assessment.

A fuzzy logic-based structure that removes the shortcomings of a clear risk
parameter calculation and reduces the inconvenient has been used to make decisions.
Unlike classical OHS risk assessment methods, decision-makers choose param-
eter weights with a neuro-fuzzy tongue scale. Decision makers can get benefit
from neuro-fuzzy logic while establishing appropriate structure of risk assessment
process neuro. Classical OHS risk assessment methods consist of either two risk
parameters (e.g., decision matrix method) or three risk parameters (e.g., Fine-
Kinney method, FMEA method). Increasing the number of parameters in the study
will provide a more flexible usage, and a consistent and broad risk assessment
model will be presented. This study is the first risk assessment study in the country
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where the neuro-fuzzy logic approach in occupational health and safety is applied
in underground mining.

2.1 OHS Studies in Underground Mining and Current Status

Developing the standards of health and safety at the associations related to
underground mining is aimed. Mines which are one of the largest employment
groups in the manufacturing sector are facing serious hazards due to the risks which
are technically defined previously. These risk factors are increasing the number of
occupational accidents, affecting the safety of both the employees and the nature,
decreasing the productivity and work performance. Although Turkey has been
making significant progress in economic field and making relatively rapid growth
in its own geography, OHS implementations are not carried out in a complete and
active way, and adequate care has not been shown in underground mining industry.
Hence, the aim of the study is to assess the risks for underground mining staff,
contribute to process planning in mining, and develop the regulations. There should
be an OHS policy which is approved and carried out by the executives of all the
enterprises, planned periodically, and open to development and updates [42].

Planning is the first stage of OHS policy. Within the frame of this plan, all the
hazards should be defined in terms of facility structure and workplaces, and the staff
should be informed about this. Responsible staff should be designated for special
OHS security in each department; permanent and sustainable success should be
aimed. In addition to this, convenient regulations should be prepared in accordance
with the facility’s structure in the medium-sized and large-scale enterprises, and
template plans should be created [43].

In order to make staff learn about these regulations, trainings and seminars
should be organized and tested periodically. By OHS policy, control mechanism
matters. As a result of the control understanding which has gained more importance
in underground mining, it has been playing a significant role in precluding the
occupational accidents which could result in death. When researching the Ministry
of Labor and Social Security (MOLSS)’s short-term and medium-term policies, it
is stated that the main aim is to establish a data archive regarding OHS and assess
these data on periodical basis [44]. As a result of these studies which will be done on
sectoral basis, there will arise a better opportunity to fight against the occupational
accidents and illnesses.

As exemplified in the second part, Turkey needs more active policies and follow-
ups in order to move to higher positions from where it is currently in OHS field.
In the studies done, it is seen that there are risks in underground field, inadequacy,
and malfunctions in diagnosing occupational illnesses. The top reason underlying
this inadequacy is that OHS training is not in the required position that it should
be. In the facilities which carry top level of risk in hazard classifications such
as underground mining, the number of training sessions should be increased and
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conceptualized as project. In underground mining risk assessment study, it was
found that the participation and interest of the employees in trainings and researches
were low. It is obvious that Turkey needs achievements in OHS policies to reach at
the position aimed within the scope of Vision 2023. At this point, it would be rightful
to invest in R & D works on both state and private sector basis. In order to form OHS
policy as a culture, both enterprises and employees are needed to be encouraged to
participate in the cooperation.

Like it happens in all the businesses, the management system is the key to reach
the success in a workplace. At the same point, OHS management implementations
are required to be prepared in an organizational way and be efficient in all
businesses. In order to carry out the responsibilities of OHS in an efficient and
successful way, management support is mandatory. These are also valid and critical
for the underground mining-based OHS management system [20]. Feeling safe and
being healthy for the staff working in underground mining services will lead to
receive better results in studies. As the nature of the job, mining workers face
many hazardous situations every day, and they try to avoid these situations as
much as possible. Individually, it is not possible to keep away from the hazards
in underground mining sector. Hence, establishing OHS management and control
system efficiently will lead to success at the workplace and get protected against the
hazards in a more efficient way.

2.2 Risk Assessment in Multi-criteria Decision-Making
Methods

Risk assessment involves the data of the risk-generating elements being finalized
by calculating and the analysis of their possibilities. The risk analysis, which is
basically divided into two as qualitatively and quantitatively, can be actualized more
efficiently by expressing more criteria than one of the complex systems thanks to the
multi-criteria decision-making methods. These methods enable the decision-makers
to get decision results as easily, quickly, and efficiently as possible, in case that there
are multiple alternatives and multiple parameters.

2.2.1 5×5 Matrix Risk Assessment Methodology

Risk assessment is an approach, widely used in OHS risk analysis, which measures
the 5×5 matrix method risk classification, also known as the decision matrix
technique, based on the decision that reviews it within the dimension of both
severity and probability parameters. With this method, by multiplying severity and
probability, a risk value criterion is obtained.

Initially, the measurement of severity and probability is determined by this
method (Charts 2 and 3). Afterward, risk matrix and decision-making table are
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Chart 2 Probability gradation chart [18]

Probability (probability value) Gradation steps for likelihood of appearance

Very low (1) Almost never

Low (2) Very rare (once a year), only under abnormal conditions

Medium (3) Rare (a few times a year)

High (4) Often (once a month)

Very high (5) Very often (once a week, every day), under normal working
conditions

Chart 3 Severity gradation chart [18]

Severity (severity value) Gradation

Very mild (1) No loss of working hours, can be eliminated, requires first aid

Mild (2) No loss of working day, ambulatory treatment without lasting
consequences

Moderate (3) Mild bodily harm, inpatient treatment/injury

Severe (4) Severe injury, long-term treatment, occupational illness

Very severe (5) Death, permanent total disablement

Chart 4 Risk score evaluation matrix [18]

Risk score Severity

Probability 1 (Very mild) 2 (Mild) 3 (Moderate) 4 (Severe) 5 (Very severe)

1 (Very Low) Insignificant 1 Low 2 Low 3 Low 4 Low 5

2 (Low) Low 2 Low 4 Low 6 Medium 8 Medium 10

3 (Medium) Low 3 Low 6 Medium 9 Medium 12 High 15

4 (High) Low 4 Medium 8 Medium 12 High 16 High 20

5 (Very high) Low 5 Medium 10 High 15 High 20 Intolerable

created (Charts 4 and 5). The acceptability of the risks is interpreted according to
Chart 5.

In the study, a fuzzy approach was proposed that allows experts to evaluate two
parameters of the 5×5 matrix method using linguistic variables:

(1) To overcome deficiencies in calculating a clear risk score and (2) to reduce
inconsistencies in decision-making. Since the conventional 5×5 matrix method is
based on the weight of an equal measure for the severity and probability, it can cause
limitations and inconsistencies.

3 Fuzzy Logic and ANFIS

In 1940s, neurophysiology expert Warren McCulloch and mathematician Walter
Pitts conducted a research on how the neuros might work. This study is accepted as
a first study on neural networks. Their study resulted with a simple neural network
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Chart 5 Risk score assessment matrix [18]

Intolerable unendurable
risks [25]

Work shouldn’t be started until the identified risk can be lowered
to an acceptable level; if there is a continuing action, it should be
stopped immediately. If it is not possible to lower the risks even
though precautions are taken, then the action should be prevented

Important risks [15, 16,
20]

Work shouldn’t be started until the identified risk can be reduced;
if there is a continuing action, it should be stopped immediately.
If the risk is about the continuation of work, then urgent measures
should be taken, and as a result of these measures, the
continuation of the activity should be decided

Medium risks [8–10, 12] Activities should be initiated to reduce the identified risks. Risk
mitigation measures can take time

Tolerable risks [2–6] Additional control processes might not be needed to reduce the
identified risks. However, existing controls should be continued,
and they should be supervised

Unimportant risks [1] It might not be necessary to plan control processes and keep the
records of the actions to be done, to dispose the identified risks

by using electric circuits, to describe how the neurons in the brain work. In 1950s,
with the advances in computers, it became possible to simulate the hypothetical
neural networks. However first studies resulted unsuccessfully. In the 1960s, the
models named “ADALINE” and “MADALINE” were developed. ADALINE was
developed with the aim of recognizing binary patterns, while MADALINE was
applied firstly on neural network to a real-world problem. It is used firstly on an
adaptive filter which supplies opportunity to eliminate echoes on phone lines. The
model is still in use commercially. After 1970, development of artificial neural
network (ANN) accelerated and brought solutions to important problems. The
development of correlation matrix memory and multilayer perceptron were some
of the developments after 1970. Today, neural networks are used in many areas.
The fundamental idea of the neural networks is that, if it works in nature, it
should work on computers as well. ANN has a strong nonlinear mapping ability,
strong learning ability, and a high sensitivity level. An artificial neural network is a
classifier modeled after the human brain. The human brain has billions of nerve cells
(approximately ten billion). They form a complex and developed signal transmission
network system by connecting to homogeneous cells. Cell gathers the input from
all the connection points until it reaches to a certain level. After the input reaches
this level, the cell sends a signal to all the cells it is connected to in the network.
ANN is expected to imitate the human brain, and its working is the same as the
biological neuron structure in the human brain. However, the working of ANN is
based on mathematical evidence. Some neural network structures are not close to
the brain in location, and some doesn’t have a biological counterpart in the brain.
At the same time, neural networks have a very strong resemblance to the biological
brain, and therefore neuroscience terminology is used frequently. ANN learns the
relationship between the selected input and the output. Neuros are connected to
each other to help this process. Each neuron processes the input taken from one
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Fig. 1 Basis of an artificial
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or more neurons and produces output. The ANN structure is considered to be a
versatile framework in which learning progresses by taking into account external
or internal data passing through the system. ANN can take a few weighted inputs
and summarize them, and if the combined inputs exceed a threshold, they will
activate and send an output. Activation process determines which output to send,
and the output is usually between 0 and 1 (or −1 and 1). Since the derivatives of the
activation function are often used in network training, a few additional calculations
are needed so that the derivative can be expressed by the original function value.

Although the artificial neural network is simulated from the biological model, its
base unit has a simpler structure. Figure 1 shows the basis of an artificial neuron.

ya and yb input wks represent the connection weight of each input. w0 is the
transfer function with a value of +1 to every neuron. This function is used as a
transfer function between the input layer and the hidden layer in the system. It
regulates the system output with interval [−1 1]. In the next step, mathematical
calculations are conducted, majority of addition and the products of process are fed
through nonlinear transmission functions to produce output. The structure of all the
artificial neural network is the same, but they may differ at some points.

The most common transfer functions were shown in Fig. 1. Depending on the
application, transfer functions may vary. The linear function can be selected to
solve linear problems, and the result from the summation function is multiplied
by a certain coefficient and calculated as output. This can be expressed as y = c.s,
where the c value is invariant. Threshold function gets the value of 1 or −1. At this
point, value is determined according to the set threshold level.

This can be shown as:

y = {1 if s ≥ 0, y = −1 if s < 0} (1)
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The sigmoid activation function is a continuous function that can be derived.
While using sigmoid activation function, artificial neuron may seem like a natural
neuron. This function produces output between 0 and 1.

y = 1/
(
1 + e−s

)
(2)

Tangent sigmoid function is a function which is similar to sigmoid function. The
difference is the point at which the output values change [−1 to 1] by giving a
negative output.

y = (
es–e−s

)
/
(
es + e−s

)
(3)

While artificial neural nets are but artificial interconnections of neurons, they
can learn the relationships between the inputs and outputs selected from previous
experience. ANNs can also fulfill their task as parallel processing. This gives an
advantage in terms of speed. A typical ANN can describe and learn the relationships
between the input and the output of a nonlinear multidimensional system. ANN and
the structure of multidimensional nonlinear system are shown in Figs. 2 and 3.

The main problem with the single-layered network is that they cannot classify the
nonlinear functions. The complexity of the single-layered neurons isn’t large enough
to address bigger classification problems. The logical depth of such problems is too
great for an only perceptron to overcome. To overcome this problem, a few layered
networks should be formed. These are called multilayer perceptron. The structure
of the multilayer perceptron is shown in Fig. 4.

xi represents the input, wij represents the weight, yk represents the output, and F
represents the transfer function.

ANNs are superior to the conventional algorithms in terms of processing style
and speed, storage structure and network prevalence, learning ability, offering error
tolerance level, making use of experience, and flexibility of rule-setting.

Fig. 2 Artificial neural
network Interconnection Node

Output LayerInput Layer Hidden Layer
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Fig. 3 Nonlinear
multilayered structure
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Fig. 4 Multilayer perceptron structure

ANN is widely used in fields such as space industry, electric-electronic, health,
banking stock market and finance, defense industry, and optimization.

3.1 ANFIS

The main contribution of the fuzzy logic is that it provides calculation methodology
which can deal with words, ambiguity, and level of detail. Human brain can interpret
and process the incorrect and incomplete sensor information received from the
organs. Similarly, fuzzy set theory can provide a systematic approach which deals
with this information from a linguistic perspective. In addition, it can also make
numerical calculations by using the membership function for the specified linguistic
labels. The structure of fuzzy inference system (FIS) is based on fuzzy logic, fuzzy
set theory, and fuzzy if-then rules. Framing of fuzzy if-then rules forms the key
component of FIS. It is a very commonly used technique, and it is commonly
applied in different fields such as system identification, automatic control, expert
system, decision-making, model classification robotics, time series analysis, and
forecasting. A fuzzy logic system consists of three basic components. These are a
rule base, a data base, and a logic mechanism. Rule base consists of selected fuzzy
rules, while a data base defines the membership functions of fuzzy rules. Fuzzy
logic inference is modeled according to the rules to obtain a reasonable output or
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result. Jang introduced the adaptive network-based fuzzy inference system (ANFIS)
by placing FIS within framework of customizable network. ANFIS is a neural fuzzy
technique which is called adaptive network-based fuzzy inference system. ANFIS
is also a neural fuzzy method in which the fusion process is carried out between
the artificial neural network and fuzzy inference system. Its structure consists of a
set of knots which are connected via adaptive network-oriented connections. The
output of these adaptive knots depends on variable parameters related to these
knots. Learning rule targets to minimize errors with update on these parameters.
ANFIS methodology consists of a hybrid system which combines fuzzy logic and
artificial neural network technique. While providing the artificial neural network
with adaptation logic, fuzzy logic also considers the instability and ambiguity of the
modeled system. By using this hybrid technique, together with the input variables,
an initial fuzzy model structure is produced with the help of the rules gathered
from the input and output data of the system. Afterward, neural network is used
to produce the latest ANFIS model of the system and to regulate the rules of the first
fuzzy model [45, 29].

3.1.1 ANFIS Structure

Basically, it is assumed that fuzzy inference system consists of two inputs and one
output. The rule base includes the fuzzy if-then rules of Takagi and Sugeno. That is,

If x is A, y is B then z is a funtion related to them z = f (x, y) .

At this point x and y are the input variables, A and B are the fuzzy sets, and z is
the output variable.

Generally, f (x,y) is a polynomial for the x and y variables. But, there could also
be a function serving any other purpose that is able to roughly describe the input of
the system within this fuzzy section. If f (x,y) has a fixed value, this forms the zero-
degree Sugeno fuzzy model. This can be regarded as a special case of the Mamdani
fuzzy inference system, in which each rule is indicated by a fuzzy uniqueness. If
f(x,y) is a first-degree polynomial, this forms the first-degree Sugeno fuzzy model.
Two rules for the first-degree Sugeno fuzzy inference system can be stated in this
way:

Rule 1 : If x is A1 and y is B1, then f 1 = p1x + q1y + r1

Rule 2 : If x is A2 and y is B2, then f 2 = p2x + q2y + r2

ANFIS structure is shown schematically in Fig. 7.
Figure 7 ANFIS structure in layered representation
Layers of ANFIS structure are described as follows:
Layer 1: Every knot in this layer is square and adaptive.
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O1
i = μAi

(x) (4)

X is the input related to i knot. Ai is the linguistic variable related to knot function.
μAi(x) is the membership function of Ai. μAi(x) can be chosen in two different

ways. The first one is calculated in this way:

μAi
(x) = 1

1 +
[(

x−ci

ai

)2
]bi

(5)

The second one is calculated in this way:

μAi
(x) = exp

{

−
(

x − ci

ai

)2
}

(6)

At this point x is input. ai, bi, and ci are precursor parameter sets.
Layer 2: Every knot in this layer is a fixed knot which calculates firing strength

wi of a rule. The output of each knot is a product of all the signals it receives, and
this is shown as follows:

O2
i = wi = μAi

(x) × μBi
(y), i = 1, 2 (7)

Layer 3: Each knot in this layer has a fixed structure. Each i. knot calculates the
ratio of the firing strength of i. rule to the combined firing powers of all the rules. i.
output of i. knot shows the normalized firing level as shown below:

O3
i = wi = wi

w1 + w2
, i = 1, 2 (8)

Layer 4: Each knot in this layer is an adaptive knot which has a knot function as
shown below:

O4
i = wifi = wi (pix + qiy + ri) , i = 1, 2 (9)

At this point wi is the output of layer 3. pi, qi, and ri are the outcome parameter
sets.

Layer 5: This layer calculates the total output as a fixed knot which calculates it
as the total of the signals coming from all the inputs.

O5
i =

∑

i

ωifi =
∑

i ωifi∑
i ωi

(10)
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Considering the precursor parameter value, ANFIS structure can be expressed as
linear combination of the resulting output parameters obtained as a result.

f = w1
w1+w2

f1 + w2
w1+w2

f2

= w1f1 + w2f2

= (w1x) p1 + (w1y) q1 + (w1) r1 + (w1x) p2 + (w2y) q2 + (ww) r2

(11)

Here, f has a linear structure in pi, qi, and ri parameters. This structure represents
the learning algorithm of ANFIS. In the forward transition of the learning algorithm,
the result parameters are defined by estimating the smallest squares, while in the
backward transition, error signals spread out from the output layer to the input
layer. In this backward transition, gradient descent algorithm is used to update the
precursor parameters.

3.2 OHS Risk Assessment in Underground Mining: A Case
Study Using Multi-criteria Fuzzy Logic Approach

The mine management tries to identify some of the most important hazards in the
production process in order to take the necessary precautions and to prevent the
incidence of occupational accidents. A team that consists of ten decision-makers
(DM1–DM7) was set up to assess the types of hazards in five sections of the mine
and the entire system. Decision-makers consist of seven mining engineers. Five
types of major, totally 75 hazards are defined by the DM team as (H1–H75). Risk
parameters are created as “possibility, severity, and sensitivity to nonuse of personal
protective equipment and non-maintenance sensitivity and unpredictability” with
the help of the relevant literature review and the views of the DM team (Chart 6).

Linguistic variables which are used by seven decision-makers are shown in Chart
7 in order to evaluate the subjective significance of the risk parameters. Linguistic
rating of variables is shown in Chart 7 to assess the grading of hazard types
according to each risk (Chart 8).

The Buckley FAHP method, expert’s assessment of linguistic variables, was
used to calculate the subjective weights of the risk parameters through bilateral
comparisons, and the results are given in Chart 9. The consistency rate calculated in
this study was found to be less than 0.1 according to decision-makers’ calculations.
Furthermore, the binary comparison matrix can be considered appropriate, and the
questionnaire is valid in terms of FAHP (Fig. 5).

Chart 6 Underground
mining risk groups

No Risk groups

1 Dust

2 Unplanned power cut

3 Explosions

4 Chemical leakage

5 Ventilation system
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Chart 7 Linguistic terms
and related fuzzy values for
risk parameters

AS (2, 5/2, 3) Absolutely strong

VS (3/2,2, 5/2) Very strong

FS (1,3/2,2) Fairly strong

SS (1,1,3/2) Slightly strong

E (1, 1, 1) Equal

SW (2/3, 1, 1) Slightly weak

FW (1/2,2/3,1) Fairly weak

VW (2/5,1/2,2/3) Very weak

AW (1/3,2/5,1/2) Absolutely weak

Chart 8 Linguistic terms
and related fuzzy values for
hazard assessment

VP (0,0,1) Very poor

P (0,1,3) Poor

MP (1,3,5) Medium poor

F (3,5,7) Fair

MG (5,7,9) Medium good

G (7,9,10) Good

VG (9,10,10) Very good

Chart 9 Buckley’s FAHP risk parameters

Risk
parameter O S PPE M U

O 1.0 1.0 1.0 0.5 0.7 0.9 0.5 0.7 0.9 0.7 1.0 1.0 0.7 0.9 1.2

S 1.2 1.4 1.9 1.0 1.0 1.0 0.8 1.0 1.3 0.8 1.3 1.5 0.7 1.1 1.5

PPE 1.1 1.5 2.0 0.8 1.0 1.2 1.0 1.0 1.0 1.0 1.0 1.5 1.0 1.0 1.5

M 1.0 1.0 1.5 0.7 0.8 1.2 0.7 1.0 1.0 1.0 1.0 1.0 0.8 1.0 1.2

U 0.8 1.1 1.4 0.7 0.9 1.3 0.7 1.0 1.0 0.8 1.0 1.3 1.0 1.0 1.0

O occurrence, S severity, PPE personal protective equipment, M sensitivity to maintenance, U
undetectability

Fig. 5 Weights of risk
parameters
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Chart 10 S, R, and Q values for all hazard types of workplace

Hazards H1 H2 H3 H4 H5 H6 H7 H8 H9 . . . . H75

Si 0.42 0.38 0.48 0.45 0.55 0.54 0.44 0.35 0.15 . . . . 0.26

Ri 0.13 0.11 0.13 0.12 0.13 0.15 0.13 0.14 0.12 . . . . 0.08

Qi 0.53 0.42 0.6 0.53 0.67 0.74 0.54 0.49 0.17 . . . . 0.13

Chart 11 Risk groups in the
workplace

Risk group

Dust

Unplanned power cut

Explosions

Chemical leakage

Ventilation system

After determination of the weight of five risk parameters, the fuzzy assessment
of each risk parameter was applied with FVIKOR according to the hazard types in
each of the six sections of the observed underground mine. In the study, the risk
parameter evaluations of experts’ linguistic variables were evaluated in total for
all employees (i.e., “whole system” and “whole system evaluations of 75 different
hazard types” have been carried out). Then, the resulting linguistic evaluations are
transformed into triangular fuzzy numbers. Afterward, the cumulative fuzzy ratings
of the hazard types are obtained to determine the fuzzy decision matrix. The fuzzy
decision matrix for the mining workplace is given in Chart 10.

After all, the fuzzy best fj* and fuzzy worst fj- values of all risk parameter
estimates are calculated using Eqs. (8) and (9). Normalized fuzzy distance is
calculated for each risk parameter of the hazard types in the workplace. Afterward,
the values of R, S, and Q have been calculated for all hazard types as in Chart 10.
Finally, the risk precedence order of the danger types is determined according to
S, R, and Q in decreasing order. While the minimum values have the highest risk
rankings, the risks closest to 1 in S, R, and Q values represent the lowest risk.

From the obtained results, it can be understood that three most important hazard
types in the observed mine are (H63), (H65), and (H13) orderly. The hazard types
of (H57), (H58), (H63), and (H65) have been placed in the first rows in the observed
mine on the ventilation system category. There is a total of five clusters as shown
in Chart 11. Cluster 1 consists of five different hazard types; (H2) represents the
hazard with the highest level of risk. Cluster 2 is composed of 7 different hazard
types, Cluster 3 is composed 21 different hazard types, Cluster 4 is composed of 12
different hazard types, and finally Cluster 5 is composed of 31 different hazards.

4 Implementation

In this study, ANFIS-oriented model is implemented which will deal with under-
ground mining risk analysis problem in three stages on the basis of neuro-fuzzy
approach. Using the data gathered from a mine in Turkey which has over 1000



A Neuro-fuzzy-Based Multi-criteria Risk Evaluation Approach: A Case Study. . . 187

Fig. 6 Neuro-fuzzy logic and risk assessment model stages of OHS

workers with a capacity of over one million tones, risk assessment study was carried
out based on neuro-fuzzy logic, and the comparison was made via classic risk
assessment methods over error criterion.

In Fig. 6 the stages of the study carried out using neuro-fuzzy logic approach are
given. In order to show the implemented method’s productivity and flexibility, the
obtained results will be compared via Buckley FAHP and FVIKOR two-stage risk
assessment models.

Within Buckley FAHP method, there exist advantages, such as providing con-
venience in extension of fuzzy state and ensuring only one result. What is aimed
within the implementation is to obtain a more efficient assessment with the total
risk value as a measurable output by integrating neuro-fuzzy logic to risk analysis
and obtain better results than classic risk assessment models.

Within the scope of methodology mentioned before, the inputs are specified as
dust, unplanned power cut, explosions, chemical leakage, and ventilation system;
the data set given in Appendix-A was obtained as a consequence of an elaborative
cooperation by the specialists (mining engineer, occupational safety specialist,
workplace doctor).

Within the frame of the first phase of the study, selection of the membership
function is required to be processed with a convenient number and type for each
criterion (input). Defining the number of the membership is one of the significant
issues in the implementation of ANFIS model.

In case of selecting one membership function in relation of each input, the
number of the parameter to be trained will be 84; for two membership functions,
it will be 168; and for three membership functions, the number will be 252. Within
the frame of OHS, in order to obtain a broader study, it was decided to select three
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Table 1 Error values of
membership functions

Membership
function types Fifty cycle error values

trimf 0.000013650

trapmf 0.000056420

gbellmf 0.000004395

gaussmf 0.000014573

gauss2mf 0.000004047

pimf 0.000004383

dsigmf 0.000008489

psigmf 0.000008653

membership functions. Followingly, the most suitable membership function for the
model should be determined.

In the study’s process for selecting the membership function types of the inputs,
analyzing the result of error values which were received for 50 cycles, it was found
that gauss2mf function type gave the least error value.

At this point, the data given in Appendix are named and uploaded as train data
and test data.

Following the criteria selection, the problem changed to become neuro-fuzzy
system with five inputs and one output. In order to define the number and
membership types of the inputs, “Generate FIS” is used. Gauss2mf membership
function is selected in the option of “MF Type.” Output “MF Type” option should be
selected as “linear.” As mentioned previously, it represents the first-degree Sugeno
neuro-fuzzy model (Table 1).

Once the data to be trained is uploaded to ANFIS editor and tested, information
about the model can be found and the value which is “Epoch 50: error =
0,000004578.” It means that for this selected membership function type and for each
input, 3 triangle membership functions were trained for 50 cycles in accordance with
hybrid learning algorithm, and the output value with an error value of 0,000004578
was forecasted accurately.

In ANFIS editor window structure, ANFIS model is shown (Fig. 7). On the very
left side of the figure, the black nodes represent inputs; three separate second layer
nodes which are connected to each node represent membership functions. There are
five inputs, and each input has three membership functions that occur. The output
received from the related rules is shown in the fifth layer; the risk value that the
system forecasted in the fourth layer is shown in the fifth layer as the output value.
In Fig. 8, the rules related to the established model are shown.

The rules descripted in the model can be edited by the specialist users within
“Rule Editor.” The first ten rules of risk assessment model can be observed
in Fig. 8.



A Neuro-fuzzy-Based Multi-criteria Risk Evaluation Approach: A Case Study. . . 189

Fig. 7 Sample ANFIS model structure view

Fig. 8 The view of the first ten rules

It is possible to list 250 output values with the command of “evalfis” which is
used in the command screen in Matlab. For this, the model should be defined and
commanded as evalfis (input, model).

After building the data base which includes the risk groups for the underground
mining risk analysis study, the effect of each input (risk group) over the total risk
value used to be investigated. Since the risk value was expressed with a stochastic
term, the process of normalizing in the obtained results was done via Excel. Due
to the data used in the study and mining sector’s general structure, error tolerance
values are at very low levels. Hence, the datum may differ on percentile and permille
basis. The first 180 is comprised of training data set, and the last 70 is comprised
of test data set. First 18 training data and first 7 test data sample can be seen below
(Table 2).

The way for calculating the risk groups’ effect on the total risk values with
ANFIS was investigated in OHS risk analysis study with neuro-fuzzy logic
approach. The display of the inputs’ fuzzy inference interface is obtained. The
structure of the inputs can be edited via membership function editor. For each input
three membership functions were assigned. Low, mid, and high verbal values are
assigned for these three membership functions (Figs. 9 and 10).
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Table 2 ANFIS model
output values

Data type Group Risk value ANFIS model

Training data 1 0.781 0.7029

2 0.3105 0.27945

3 0.81 0.729

4 0.4689 0.42201

5 0.8316 0.74844

6 0.5626 0.50634

7 0.67832 0.610488

8 0.78208 0.703872

9 0.45158 0.406422

10 0.357 0.3213

11 0.728832 0.655949

12 0.724128 0.651715

13 0.582072 0.523865

14 0.571704 0.514534

15 0.75378 0.678402

16 0.621984 0.559786

17 0.66683 0.600147

18 0.690119 0.621107

Test data 19 0.713491 0.642142

20 0.736946 0.663252

21 0.760485 0.684437

22 0.784108 0.705697

23 0.807813 0.727032

24 0.831602 0.748442

25 0.855474 0.769927

Fig. 9 The structure of model FIS

Risk assessment model includes 729 rules, and it comprises of 729 separate
output types. For each output rule, six different verbal values are assigned as very
low, medium low, low, medium high, high, and very high. The rule structure became
meaningful after all the verbal value defining. The rules are displayed via “Rules”
option located below “Edit” menu.

In this study, analysis of variables was carried out with the aim of observing
the effect of the risk factors (dust, unplanned power cut, explosions, chemical
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Fig. 10 The structures of input membership function

Table 3 Defining the criteria for dust risk

Risk weight

Risk group DM1 DM2 DM3 DM4 DM5 DM6 DM7

Dust MP F P F MP G P

Unplanned power cut MG G F MG G MG F

Explosions G F G MG F MG G

Chemical leakage G F F G VG G VG

Ventilation system MG G VG G VG VG G

leakage, and ventilation system) on general risk values. At this point, the effect
of the inputs on the model result was observed by maintaining the model’s rule
number, membership function types, and membership function number stable. In
Table 3, total risk value impact assessments are shown in terms of dust risk factor
with decision-makers (DM), and the assessments were made previously.

In Table 4, impact assessments over total risk value are shown in terms of
unplanned power cut risk factor.

In Table 5, impact assessments on total risk value are shown in terms of
explosions risk factor.

In Table 6, impact assessments on total risk value are shown in terms of chemical
leakage risk factor.
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Table 4 The assessment of criteria for unplanned power cut risk

Risk weight

Risk group DM1 DM2 DM3 DM4 DM5 DM6 DM7

Dust MP MG MP G G G MP

Unplanned power cut MG G F MG G F G

Explosions G F G MP G MG G

Chemical leakage G MG VG VG MG F G

Ventilation system G G MG G F VG MG

Table 5 The assessment of criteria for explosions risk

Risk weight

Risk group DM1 DM2 DM3 DM4 DM5 DM6 DM7

Dust MG G F MG MG MG MP

Unplanned power cut F MG MG MP VG G MG

Explosions MG MG G MG F G VG

Chemical leakage G VG F G F MG G

Ventilation system F VG F MG MP F VG

Table 6 The assessment of criteria for chemical leakage risk

Risk weight

Risk group DM1 DM2 DM3 DM4 DM5 DM6 DM7

Dust P G F F G P F

Unplanned power cut MP P G G G MG G

Explosions F F G MP VG G MP

Chemical leakage G G F MP F VG G

Ventilation system F VG G MG G G VG

Table 7 The assessment of criteria for ventilation system risk

Risk weight

Risk group DM1 DM2 DM3 DM4 DM5 DM6 DM7

Dust MG G MG F G G G

Unplanned power cut VG MG G G MG F G

Explosions G VG MG MG F MG G

Chemical leakage MG G F G VG G VG

Ventilation system VG F VG G MG G VG

In Table 7, impact assessments on total risk value are shown in terms of
ventilation system risk factor.

In accordance with these assessments, the sensitivity of ANFIS on risk factors
was tested, and the total risk value range results based on the factors are shown
in Table 8. Accordingly, the following result was found: any change in ventilation
system risk group as the highest active change can show an impact on total risk value
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Table 8 Total risk value
ranges by factors

Risk group Risk value range

Ventilation system 0–0,124

Explosions 0–0,082

Chemical leakage 0–0,077

Unplanned power cut 0–0,049

Dust 0–0,034

by 0,124; similarly, any change in explosions risk group can show an impact on total
risk value by 0,082; in chemical leakage risk group, it can show an impact on total
risk value by 0,077; in unplanned power cut risk group, it can show an impact on
total risk value by 0,049; and in dust risk group, it can show an impact on total risk
value by 0,034.

5 Results and Recommendations

In underground mining risk assessment, after defining the hazard groups, since
gauss2mf membership function gave the lowest RMSE level results, this function
was selected and commenced. The model which was assigned and developed in
the beginning was consisted of 5 inputs, 1 output, and 729 rules. The results were
obtained and normalized. In accordance with the results, the precautions to be taken
were formed by the specialists. Training data set is consisted of 18 data, and the test
data set is consisted of 7 data.

One of the most significant elements in OHS is risk assessment. Taking the study
about the risk assessment in literature in account and risk assessment is a multi-
criteria decision-making problem which tackles risk value optimization and includes
many criteria. In this study, risk assessment model was obtained by the studies and
gap on them in literature, underground mine structure, and also specialist views. In
this underground mining-based risk assessment study, after defining the mining and
department-based risk groups and hazard groups, the significant order of each risk
group was defined, and the data set used in risk assessment with the learning feature
of ANFIS and its adaptive network-based structure resulted with less error compared
to classic methods. The suggested risk assessment model can be used in district-,
province-, region-, and country-wide risk assessment stages. The established model
with the need of degrading the coefficient of risk of the mines which is among
the most significant units of underground mining sector. It is consisted of five total
inputs which have three membership functions and seven outputs. In when it will
be used bigger data set, the process could take longer. In order to compare the
superiority of the fuzzy logic approach on classic and fuzzy risk assessments in
the presented OHS, the error values of FAHP and L-matrix output results were
compared over the same data set (Table 9).
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Table 9 Neuro-fuzzy
logic-based approach result
comparison

Training data set Test data set

Model MSE RMSE MSE RMSE

ANFIS 0,057 0,239 0,091 0,302

FAHP 0,076 0,276 0,124 0,352

L-matrix 0,107 0,327 0,165 0,406

Fig. 11 Risk priorities of
hazard types on ventilation
system

As a result, it was found that the most significant risk group of the observed
mine’s whole system is ventilation system risk group and it stems from the assembly
and disassembly of fans, working at height; assembly and disassembly of fans,
suspension; and assembly and disassembly of fans, load lifting in itself. Explosions
is the second most significant risk group, and it consists of hazards such as spreading
of acidic water around, high slope, contact with acidic water in or around the
sulfurous tallow, vehicle crash, damper tipping, and spilling of sulfur material on the
way of transport. Chemical leakage is the third highest risk group which consists of
hazards such as acidic environment, electric shock, temperature, quality of visibility,
and SO2 formation. Unplanned power cut risk group is following chemical leakage
with hazards such as paste fill pipeline clogging, being stuck in an elevator, stopping
of the pumps, stopping of compressors, rescue chamber energy and air cutoff,
cement working equipment, and stopping of the fans. Risk group which has the
lowest risk score is dust with hazards of occupational disease, quality of visibility,
breakdown of vehicles, and dust explosion. Figures 11, 12, 13, 14, and 15 show the
priorities of each risk group.

The risk priority orders of the hazard types are obtained with parameters R,S, and
Q. There is a negative correlation between parameters and risk significance. While
the total value of parameters approaches to 0, corresponding risk ranked as highest
risk. After obtaining risk priorities for each group, compromised risk rankings are
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Fig. 12 Risk priorities of
hazard types on explosions

Fig. 13 Risk priorities of
hazard types on unexplained
power cut

found. Figures 16, 17, 18, 19, and 20 show the compromised rankings of hazards
with respect to their groups.

After defining the risk groups’ significant order, the precautions to be taken
should be defined accordingly. For this, neuro-fuzzy logic results were assessed
by the specialists and the precautions to be taken. The reason behind this idea
is elimination of hazards, checking the hazards in their sources, minimization
of hazards, and providing the most convenient PPE.

Department-based precautions to be taken are defined. For the ventilation system,
giving an advanced mine rescue training, determination of appropriate location,
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Fig. 14 Risk priorities of
hazard types on chemical
leakage

Fig. 15 Risk priorities of
hazard types on dust

providing natural ventilation gas conversion structure, periodically and regular
examination and improvement on transportation vehicles, procedure for working
in high up, following predefined ventilation standards, availability of opened roof
of the elevator from inside, providing clean air outlets, temporary lane closures
with signs for workplace, providing personal escape mask, pressure tubes, giving an
advanced education and authorization before works, carrying out hot work permit
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Fig. 16 Compromised
rankings for the hazard types
on ventilation system

Fig. 17 Compromised
rankings for the hazard types
on explosions

form, regular checks of air quality with appropriate sensors, preferring experienced
mine operators and providing appropriate PPE, immobilization of equipment during
transportation, regular controls, providing proper fortification standards, periodic
maintenance and propitiously fixing of vehicles, providing safety lamps, filling indi-
vidual identification number, and preparing general workplace inspection checklist
are the major control measures with respect to occupational safety and health. For
the explosions, appropriate controls and cleaning of miss-fires, providing proper
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Fig. 18 Compromised
rankings for the hazard types
on chemical leakage

Fig. 19 Compromised
rankings for the hazard types
on unexplained power cut

fortification standards, blasting checks, training of driving to avoid crashes, giving
an advanced training before works, eliminating the more dangerous explosives
with less dangerous explosives to decrease risk level, preferring well-educated and
certificated workers, and regular maintenance of equipment, separate transport of
explosives and capsules, international lightning protection codes and standards,
investigation of the geological structure of the area before explosions, providing
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Fig. 20 Compromised
rankings for the hazard types
on dust

of proper PPE, design of technical surveillance, filling individual identification
number, providing safety barricading procedure, notification of all workers before
explosion by mine control, building barricade start-up checklist, signal system for
key points building hot work permit form, providing an explosive management plan
and microseismic monitoring system, pre-work controls, obligation for vocational
education, providing rock mechanics testing equipment, providing proper fortifica-
tion standards that are control measures for continuous paste fill activity, remote
distance control system regulations for ventilation and air-conditioned equipment,
control of hazardous energy with procedure, application of job safety analysis, and
preparation for compressed air and pressurized waters are necessary control mea-
sures. Chemical leakage requires following control measures, providing proper PPE
procedure for transporting explosives, set up radio and camera communication sys-
tem, avoiding flammable materials in transportation, installation requirements for
gas and electric structure, chemical spill procedure filling individual identification
number, preparation procedure of chemicals, controlling all system before starting
of activity, authorized and experienced personal, appropriate vehicles, regular and
systematic controls of work area, providing automatic fire suppression system,
follow-up legislation, providing methodical mine rescue fire training, periodic
health checks, selection and use of gloves procedure, occupational hazard analysis
periodically, periodic pull test, advanced education before works, preference of cut-
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resistant gloves, material handling training, providing automatic fire suppression
system, using specific checklist (oxygen set), periodic pull test, building hot work
permit, checklist for battery voltage control panel, providing backup power lines,
set up proper and effective air distribution, giving an advanced education and
authorization before works, natural ventilation and radio communication system,
availability of opened roof of the elevator from inside, periodic controls and
maintenance of cables and panels (weekly/monthly/yearly), adequate number of
safety switches, usage of the isolated cable and earth leakage circuit, grounding
system, working under low voltage (24 volts), grounding of electrical panels
properly, usage of safety hazard warning signs, gate transition procedure, energy
insulation and locking procedure, the use of a double door system and one of them
should permanently close mine rescue chamber, and previous common suggestions
are major control measures for unplanned power cut risk. Speed limit enforcement
(3.8 m/s), authorization and advanced education before works, follow-up legislation,
surface topography measurements, providing sui and ergonomic PPE, regular
cleaning of dusty areas, dust suppression system, periodic supervisory checks, usage
of powder vacuum tool and main fan filter system, ambient and particular dust
measurements, proper vehicle lightings, preference of reflective dress, improvement
of vehicle visibility, periodic supervisory checks, washing equipment and vehicles
periodically, periodic and regular cleaning on truck roads with broom and bucket,
changing and improving vehicle exhaust system periodically, and cleaning mirrors
and stopes are major control measures for dust.

Appendix

Fig. 21 Total risk value ranking by order
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Chart 12 Risk groups and their hazard list

Risk group Hazard ID Hazard

Dust H1 Occupational disease

H2 Quality of visibility

H3 Breakdown of vehicles

H4 Dust explosion

Unplanned power cut H5 Paste fill pipeline clogging

H6 Being stuck in an elevator

H7 Stopping of the pumps

H8 Stopping of compressors

H9 Rescue chamber energy and air cutoff

H10 Cement working equipment

H11 Stopping of the fans

Explosions H12 Fire

H13 Pressurized gas

H14 Poisonous gas

H15 Spark formation

H16 Eye deterioration

H17 Explosion

H18 Vehicle accident

H19 Fire

H20 Dropping of the explosives from the vehicle

H21 Electrical short circuit in the equipment

H22 Sabotage

H23 Stolen explosive material

H24 Static electricity

H25 Stroke of lightning

H26 Spreading of acidic water around

H27 High slope

H28 Contact with acidic water in or around the sulfurous tallow

H29 Vehicle crash

H30 Damper tipping

H31 Spilling of sulfur material on the way of transport

H32 Uncovering working environment

Chemical leakage H33 SO2 gas

H34 Temperature

H35 Quality of visibility

H36 Acidic environment

H37 SO2 formation

H38 Unexploded explosives

H39 Fall from height

H40 Hand jamming

H41 Electric shock

H42 Hose burst

H43 Penetration of energy line

(continued)
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Chart 12 (continued)

Risk group Hazard ID Hazard

H44 Damages of rot

Ventilation system H45 Hitting of ventilation doors to people

H46 Compression of pistons

H47 Blowing of employees working through the doorway by
ventilation air

H48 Hitting of vehicles to ventilation doors

H49 Electric shock

H50 Determination of fan location: Being not appropriate in
terms of ground support

H51 Determination of fan location: Unsuitability of drift section

H52 Determination of fan location: Water tunnel

H53 Nailing bolts to install fan: Do not nail a suitable bolt

H54 Nailing bolts to install fan: Do not nail bolts in appropriate
pattern

H55 Loading and unloading of fans for transport: Suspended fan

H56 Loading and unloading of fans for transport: Falling of fan
from height

H57 Loading and unloading of fans for transport: Wrong bearing
element selection

H58 Loading and unloading of fans for transport: Lifting
equipment

H59 Loading and unloading of fans for transport: Authorization

H60 Transport of fans: Transporter

H61 Transport of fans: Fixing the fan

H62 Transport of fans: Inappropriate loading of the fan

H63 Assembly and disassembly of fans: Working at height

H64 Assembly and disassembly of fans: Load lifting

H65 Assembly and disassembly of fans: Suspension

H66 Assembly and disassembly of fans: Working at narrow area

H67 Assembly and disassembly of fans: Assembly elements

H68 Assembly and disassembly of fans: Ventilation

H69 Assembly and disassembly of fans: Uncontrolled movement
of fan

H70 Assembly and disassembly of fans: Hot works

H71 Engaging the fan: Diffuser and adapter selection

H72 Engaging the fan: Electricity

H73 Engaging the fan: Working at height

H74 Engaging the fan: Working at narrow area

H75 Periodic maintenance and control of fans: Corrosion
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