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ABSTRACT
The purpose of this research work is to explore and describe human factors affecting
maintenance execution. To achieve the purpose of this study, the influencing factors have
been identified using a literature survey. They have been categorized into four main groups
namely organizational, workplace, job and individual factors. The data were collected
through questionnaire surveys involving the technicians and experts in Swedish and Iranian
mines. The Analytical Hierarchy Process (AHP) method is employed on data
questionnaires to rank the priority of the factors. Within the study, it has been
identified that the work layout, tools design, tools availability and training are m o s t
important factors in both mines related to the four main groups. However, the significant
factors in the organizational and individual categories are different in the selected mines.
The interrelationships between the high ranked factors have been recognized by applying
Interpretive Structural Modelling (ISM). In the Swedish mine case study, MICMAC1
analysis technique is also implemented based on the dependence and driving power
obtained from the final reachability matrix. The results showed the temperature, lighting,
and tools design to be the driving factors in the Swedish mine. These factors have strong
driving power and weak dependency on other factors. They may be treated as the key factors
affecting human performance in mining maintenance execution. In the third case study
HEART2 is applied to estimate the probability of human error occurring during maintenance
execution in an Iranian cable company. The human error probability during gearbox
maintenance activities is found 0.241. Finally, the effect of workplace factors on the
maintainability of mining equipment is discussed and a guideline for maintainability
management in the design and operation phases is developed. This research supports
maintenance management to gain knowledge of human factors that affect maintenance
execution. Further, this understanding could be useful in the development of strategies to
improve the execution of maintenance.
Keywords: Human Factors, Maintenance Management, Human Reliability, AHP, ISM,
MICMAC, HEART.
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CHAPTER 1
INTRODUCTION
Maintenance as explained by (SS-EN 13306, 2001) is “a combination of all technical,
administrative and managerial actions during the life cycle of an item intended to
retain it in, or restore it to, a state in which it can perform the required function”. Most
of the equipment and machines in different industries require maintenance activities.
A considerable proportion of total life-cost is related to maintenance activities. Poor
maintenance performance may reduce the reliability of equipment and increase the
equipment failures. These failures may have a broad range of consequences, such as a
partial loss of production, reduction of commercial performance, and catastrophic loss
of life. In some industries such as railway, aviation, and mining, these failures may
affect the organisation’s reputation and public confidence. Poor maintenance can also
cause lots of safety and health issues for all personnel involved in maintenance group.
Regarding the fact that maintenance is more or less a human activity, the occurrence
of human error-related problems is inevitable (Books HSE, 2000). Based on
worldwide agreement 80 percent of maintenance errors are due to human factors, so
by ignoring this fact only increases incidents, accidents, time waste, and losses
(Dhillon, 2010). Over the years, the occurrence of human errors in maintenance
activities has led to accidents and tragic catastrophes. Clapham Junction railway crash
and Piper Alpha oil platform accidents are among such accidents (Books HSE, 2009).
In addition, several catastrophic failures have happened due to human error such as:
Three Mile Island, Flixborough, Texaco refinery, Japan Airlines Flight 123, American
Airlines Flight 191, Bhopal, and Octal Company (Dunn, 2006). In order to reduce the
failures associated with maintenance activities, understanding human factors is
therefore vital. Considering human factors has many benefits in industries, among
which are to:


Identify causes of accidents related to human errors.



Reduce the potential and likelihood of an injury, accidents, and ill health.



Reduce of costs, wasted time and motion, human errors and damage to equipment.



Improve the performance, productivity, safety, maintainability, and human
reliability (Books HSE, 2013 and Dhillon, 2010).
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The mining industry is one where maintenance activities consistently require and
mining processes are seriously dependent on mining equipment. The performance of
mineral production and operations is determined by equipment performance so
machinery must be well maintained (Dhillon, 2010). On the other hand, despite mining
industries having been modernized, the number and severity of mining accidents are
still undesirable and serious accidents happen frequently (Groves et al. 2007). Human
factors in maintenance activities are especially demanding in the mining industry due
to the special conditions of maintenance in this industry such as harsh environment and
large equipment transportation (Gustafson, 2011).

1.1 Research Problem
Many of the life-economic losses, incidents and accidents in industry are due to the
poor maintenance resulting from human errors. In order to improve the maintenance
execution, the associated influencing factors affecting the maintenance performance
and their interrelationship need to be identified. In addition, one vital issue is an
estimation of the probability of human error in maintenance. Moreover, the
workplace factors on maintainability should be considered in the design and
operational phases. This research considers three cases from mine and cable
manufacturing industries where the human factors in maintenance activities are
characterized.

1.2 Research Objectives
The purpose of this research work is to explore and describe human factors affecting
maintenance execution. The research has the following objectives:


To identify human factors affecting maintenance execution.



To identify the driving and dependent factors affecting maintenance execution.



To improve maintainability by considering the workplace factors.

1.3 Research Questions
Human factors as a research area was explored through a literature review, studying
manuals, and interviews with maintenance experts, supervisors and operators by
means of questionnaires in Swedish and Iranian mines and cable manufacturing
industry. The following research questions were formulated:


What are the influencing factors in human performance in maintenance execution?
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How can the prioritized factors be classified as driving and dependence factors?



How can human error probability be estimated in maintenance execution?



How can work place factors be considered in maintainability during the design and
operational phases?

1.4 Research Scope and Limitation


The scope of this research is limited to maintenance execution and subjective
human factors approach.



This research is based on collecting data from surveys, questionnaires, interviews,
and manuals in the maintenance section, therefore the results are limited to the
information that can be attained from these data.



The investigation is limited to subjective assessment of human factors while no
engineering aspect is considered.

1.5 Research structure
The thesis consists of seven chapters and three appended papers describing relevant
literature and the theoretical background of this research. A tabular presentation
showing the connection between the appended papers, case study III, and research
questions is given in Table 1 and thereafter a brief description of the thesis content is
provided.
Chapter 1-INTRODUCTION:

The first chapter herein introduces the research with

background information and other information giving the pedagogic description of the
research process. This serves as a foundation for understanding the relevance of the
research and also puts it in a contextual perspective.
Chapter 2- BASIC CONCEPT AND DEFINITIONS:

This chapter provides the framework

used in the research and the definition of the human factors.
Chapter 3- RESEARCH METHODOLOGY:

The various research methodologies are

described in this chapter and applied research methodology in this study is presented.
Chapter 4- SUMMARY OF APPENDED PAPERS:

The methodologies and approaches used

in the appended papers and the findings are presented in this chapter.
Chapter 5- RESULTS AND DISCUSSION:

In this chapter modelling and analysis, which

are linked to research questions, are presented.
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Chapter 6- CONCLUSIONS AND RESEARCH CONTRIBUTION: Summarizes

the conclusions

extracted from the results and links them to the defined RQs, combines the
contribution of the thesis and recommends future works.
The three appended papers and case study III address the RQs (see Table 1.1).
Table 1.1: Relationships between research questions, papers and case Study III
Paper I
RQ1
RQ2

9

Paper II

Paper III

9

9

Case Study III

9

9
9

RQ3
RQ4

9

9

Paper I Explore and rank the factors affecting human performance in maintenance
tasks in mining. It recognizes the interrelationships between human factors and
determines the driving (strong driving power and weak dependence) and dependent
factors (weak driving power and strong dependence) affecting maintenance execution.
Paper II The purpose of this paper is to identify the workplace factors affecting
maintainability in mining maintenance tasks by using prioritized human factors. The
paper describes the effect of operational conditions on maintainability attributes and a
maintainability plan to demonstrate the effect of complex operational conditions in
design and operational phase to improve maintainability.
Paper III This paper describes the effect of workplace factors or operational
conditions on maintainability attributes and the maintainability plan, in order to
demonstrate the effect of these complex conditions in the design and operational phase
to improve maintainability.
Case study III In this case, the human errors probability of maintenance tasks was
estimated by applying HEART. This represents an estimation of human errors and the
factors which produce the errors. The probability of occurrence of human errors
during maintenance activities and total predicted human error is estimated.
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CHAPTER 2
BASIC CONCEPTS AND DEFINITIONS
In this chapter basic concepts of maintenance and human factors are described. The most
important areas from the perspective of human factors and maintenance activities are
explained. The theoretical frame of references is also presented. Finally, the applications of
the methods that are used in this study, i.e. AHP, ISM, MICMAC, and HEART in the
related areas are pointed out.

2.1 Maintenance
Maintenance is defined as the “combination of all technical and administrative and
managerial actions during the life cycle of an item intended to retain an item in, or restore
it to, a state in which it can perform the required function” (SS-EN 13306). As mentioned
before, maintenance plays a vital role in the reliability of equipment. In addition, a
significant proportion of the system cost is related to maintenance activities. Therefore,
maintenance improvement has a profound impact on system safety, productivity, and
costs. Since maintenance is closely related to human activities and a huge part of total
human errors occur during the maintenance phase, continuous maintenance improvement
through a human factors approach is important.

2.2 Human Factors
As per the International Ergonomics Association (IEA), “ergonomics or human factors is
the scientific discipline concerned with the understanding of interactions among humans
and other elements of a system, and the profession that applies theory, principles, data, and
methods to design in order to optimize human well-being and overall system performance”
(IEA, 2014). Human factors science has attracted much more attention than before which
has been demonstrated by many research reports (Books HSE, 2009). Kumar et al. (2009)
stated that the human factor is vital for safety, loss prevention, and optimising system
performance in industrial operations which involve human operators. The human factors
that cause accidents are categorized into job personal, organisational, group and individual
factors, identified by investigation of accident reporting of aviation, nuclear and marine
industries (Gordon, 1998). To consider the relationship between human errors and human
factors, Gordon studied the role of human factors in the offshore oil industry. The impact
of factors such as environmental, organizational, job factors, personal characteristics, as
5

well as the interactions among them on human reliability in maintenance are explored by
Gandhi and Gandhi, (2013). The relationships between human factors and maintenance
failure are analysed using structured interviews with maintenance personnel by
Antonovsky et al. (2014). They found that three factors, i.e. problem-solving behaviours
(assumption), design and maintenance, and communication contribute most frequently to
the failures in the petroleum industry. A lack of knowledge about the real function of the
maintenance is an obstacle in the measurement of maintenance performance. A model
proposed by Galar et al. (2011) combined qualitative and quantitative methods for
measurement of the work performed by focusing on the influence of human factors. It was
found that human factors play a key role in the evaluation of maintenance performance.
Gordon et al. (2005) developed the Human Factors Investigation Tool (HFIT) to improve
workplace safety. They provided four types of human factors information (action errors,
situation awareness, error recovery and threats) as causes of accidents in the UK offshore
oil and gas industry. They found that HFIT is useful for development of remedial actions.
In addition, the following elements were found as causes of the incident: two action error
elements: ‘omission’ and ‘communication’; two situation awareness elements: 'attention'
and 'assumption', one error recovery element: 'response behaviour', and two threat
elements: 'communication' and 'supervision'. Bertolini, (2007) proposed an approach based
on fuzzy cognitive maps (FCMs) to explore the importance of the human factors affecting
human reliability to improve the work environment. Indication and communication,
environment and work space are found to be the factors that increase human reliability and
safety. He pointed out that there are few studies to evaluate the importance of human
factors affecting human reliability (Bertolini, 2007). Singh et al. (2015) present three
techniques to extract human factors information from particular maintenance tasks,
through conducting three case studies on railway maintenance technicians. They indicated
that if the workplace layout, working posture, maintenance manuals and accessibility of
equipment are not improved, maintenance performance is unlikely to improve.

2.3 Maintainability
Maintainability of an item is defined as “the ability of an item under given conditions of
use to be retained in or restored to a state in which it can perform a required function,
when maintenance is performed under given conditions and using stated procedures and
resources” (SS-EN 13306, 2001). Dhillon (2008) stated that an effective maintainability
design will allow a system to minimize skill levels, tools and equipment, man-hours, and
6

repair time, resulting in lower maintenance costs and higher availability. Dhillon (2008);
Barabadi et al. (2011) stated that it is possible to reduce preventive and corrective
maintenance task times by 40% to 70% with planned maintainability design efforts.
Extensive studies have been carried out to improve the maintainability of equipment. In
particular, maintainability is of crucial importance in the mining industry that has complex
operating conditions. A main part of this complexity arises from inappropriate workplace
factors (e.g. temperature, lighting, vibration, noise, slippery or icy surfaces, heavy rain or
snow, and dust). A specific item may also have a different maintainability performance in
two different operating conditions. For instance, in an underground mine, for some
machines, heavy maintenance tasks must be performed on site in a limited workspace in a
harsh environment, including dust and improper illumination. Such operating conditions
can increase the health, safety, and environmental risk, reduce the availability of the
machines and increase the life cycle cost of equipment. Therefore, considering the
operating conditions (given the conditions) are the key concepts in the definition of
maintainability. Dhillon (2008) studied the causes of accidents to improve workplace
safety in the UK offshore oil and gas industry by human factors approach.

2.4 Mining Industry
According to the knowledge of the author, although many studies are carried out in the
field of human factors in the mining industry, only a fraction of the studies have focused
on the area of maintenance (Raouf et al. 2006). Nowadays, the complexity of mining
equipment and its related costs are increasing. Furthermore, the issue of safety is
becoming more important. As a result, mining companies should consider human factors
to deal with complex operating conditions for maintenance crews. The main contributors
to this complexity are organizational factors, workplace factors, job factors, and individual
factors. A review of current mining equipment design and maintenance procedure
confirms that a considerable reduction in HSE risks, as well as substantial cost savings,
can be achieved by maintainability management by considering human factors. A number
of studies have been performed in the field of human factors in mining. Lynas and
Horberry (2010) proposed an approach to study human factors for developing new
automated technologies in the mining industry. Based on questionnaires and interviews,
operator deskilling and level of automation are identified as different human factor
challenges in mining. The proposed approach recommends that the equipment interface
should be matched to operator abilities. Horberry and Lynas (2012) considered the
7

interaction between operator and automated mining equipment and concluded that
applying user-centred design and involving operators at different steps of mining
technology development is of crucial importance. Also, the contribution of human factors
in mining emergency management has been discussed by Horberry et al. (2013) based on
gathering and managing information during coal mine emergencies, that can improve
decision making processes in incident management teams and improve control rooms by
improving the organizational issues.

2.5 Methods used in this research
Human factors have been considered for improving maintenance activities through
different methods and techniques, see chapter 3 for an explanation of how the methods
were applied, among which AHP, ISM, MICMAC and HEART were used in this study.
The explanations of these methods including a number of studies that applied them in the
human factors area are presented here.
2.5.1

Analytic Hierarchy Process (AHP)

In this research, AHP is applied to rank and prioritises the factors that are extracted from
the questionnaires. The AHP is a multi-attribute decision-making technique that combines
qualitative and quantitative factors to set priorities in complex situations (Hoseinie et al.
2009). It is also used in planning and resource allocation when the decision factors are
highly interrelated. This tool has been applied to various decision problems in the human
factors area. Wang et al. (2009) analysed and evaluated human factors in aviation
maintenance to improve safety and prevent human error levels. Albayrak and Erensal,
(2004) applied the AHP method to structure and clarify the importance and relationship
between management style and human performance improvement. Güngör et al. (2009)
considered general work factors, complimentary factors, and individual factors as the main
criteria for selection of the best adequate personnel. To do so, they used a Fuzzy Analytic
Hierarchy Process (FAHP) to develop a system for personnel selection. Szwarcman et al.
(2009) used fuzzy set concepts to develop a method for characterization of human
reliability that is applied in a decision support system. The proposed method can be used
by managers to reduce human errors.
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2.5.3

Interpretive Structural Modelling (ISM) and Matrice d'Impacts CroisesMultiplication Appliqué à un Classement (MICMAC)

The ISM is a well-established methodology for identifying relationships among specific
items. This methodology has been increasingly used by various researchers to represent the
interrelationships among various factors. The basic idea is to use expert knowledge and
experience to decompose a complex system into several subsystems and construct a
multilevel structural model (Warfield, 1974a). Nishat et al. (2006) have used the ISM
method to represent the interrelationships between various elements linked to the problem.
Sharma and Gupta (1995), Mandal and Deshmukh (1994) follow up ISM to develop a
hierarchy of actions required to reach the future objectives of waste management in India.
Structural analysis defines a system using a matrix which combines the components of the
system. It has also been observed from the literature (Saxena and Vrat 1990, Agarwal et al.
2007) that MICMAC analysis has been extensively used to identify and analyse the
variables according to their driving power and dependence power. Agarwal et al. (2007),
Nishat et al. (2006) and Singh et al. (2014) explored the human factors that have influence
on the probability of human failure in railway maintenance. The interactions among the
factors are analysed by using ISM. Based on the driving or dependency level of factors and
using MICMAC technique, the factors are classified into four areas, i.e. autonomous,
dependent, linkage, and driving. The impact of human factors on agile supply chains is
discussed by Barve et al. (2009). In this regard, the influencing factors are identified and
ISM is applied to determine the relationships among these factors. They used MICMAC to
analyse the driving power and dependence of variables.
2.5.4

Human Error Assessment and Reduction Technique (HEART)

Human error is described as the failure to implement a definite duty (or performance of a
not allowed action) that could result in disruption of planned tasks or damage to equipment
and property. Some reasons for human errors are inadequate training and skill, poor
maintenance instructions and operating procedures, poor work layout, poor equipment
design and improper work tools. A broad range of techniques such as HEART, and Fault
Tree Analysis (FTA), can be applied to predict human error probability in maintenance
(Dhillon, 2008). Singh et al. (2014) used HEART to investigate the human error
probability by considering a number of error producing conditions in railway maintenance.
They found that the main contributors to human error are time pressure, ability to detect
and perceive problems, the existence of over-riding information, the need to make absolute
9

decisions, and a mismatch between the operator and the designer’s model. By taking a
human factors perspective human error in maintenance work can be minimised (Tretten
and Normark, 2015). They developed a mobile tool for maintenance personnel that address
the human factors in order to maximise maintenance planning, execution, and follow-up in
an effective way that is adapted to the user of the tool.

2.6 Factors influencing maintenance performance
Some studies have examined the effect of individual, organisational and job factors on the
maintenance process in many industries such as aviation, nuclear power, railway, and
mining. They present sufficiently detailed discussions about the effects of human factors
on maintenance performance, safety, and maintainability. In this research four main
categories and their related sub-factors are considered. The definitions are presented
below:
2.6.1

Organizational factors

Organizational factors are elements that define an organization's character, property, and
function. Organizational factors have the highest effect on personnel (Books HSE, 2009).
The organizational factors in this research are documentation, safety, communications,
boss decisions, duties and responsibilities, contract, salary, and breaks. In this chapter, we
concentrate on the following factors from a maintenance perspective.
2.6.1.1 Documentation: Every maintenance activity begins and ends with documentation

(Reason and Hobbs, 2003). “Rules, procedures, instructions, manuals and standards define
the best way of working and principal to more quality products and efficient and safe job.
They should be written in simple language. The best documentation is easy to understand
and user-friendly; the easier it is to follow the instructions, the better” (ISO 9001:2008).
Documentation plays a vital role in communication through registering and recording the
information regarding activities completion. Due to importance of documentation in
maintenance, a major part of incidents are related to poor documentation (Reason and
Hobbs, 2003). For performing tasks correctly and efficiently, it is important to prevent
some

weakness

in

documentation

such

as:

incomplete,

incorrect,

inaccurate

documentation, lack of documentation, out of date documentation, inaccessible
documentation, complicated documentation. These weaknesses may irritate the worker and
decrease their motivation.
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2.6.1.2 Safety system: In order to create a safe workplace, personnel should be able to

perform their activities in a safe, secure, and productive condition that guarantees safety to
themselves, other employees or the public. The safety system is defined as “establishing,
maintaining and documenting a procedure to monitor and measure the key characteristics
of operations and activities that can cause illness and injury”. It includes inspection of
units, assessment, and control of hazards and risks in the workplace. Many issues should
be taken into account for the safety system such as physical safety (gloves, helmet, etc.),
instructions, precautions, instruments (extinguisher fire fighting capsule), cautions, and
warnings.
2.6.1.3 Communication: “Communication between managers and personnel must define as

sharing information, feelings and opinions and concerns regarding workplace plans,
decisions, conflicts, complains and problem resolutions. The managing director with
support of all directors will assure that the appropriate communication mechanisms are in
place to effectively communicate information regarding the effectiveness of the business
and quality systems as they relate to customer needs” (ISO 9001: 2008). The underlying
reason of many maintenance errors is poor communication (Reason and Hobbs, 2003). In
order to prevent miscommunication in the system several weaknesses should be
eliminated, some of which are inappropriate assignment of shift overlap, unclear verbal
instructions, inattention to interference of communication, misunderstanding of the
messages, complicated and inaccessible information and neglecting to use the information.
2.6.1.4 Boss decisions: Generally supervisors conduct administrative and technical tasks

which may be achieved based on education or experiences. The most important
responsibilities of supervisors are as follows: evaluate job performance, ensure on time
task completion, proper communication, improve employee skills, solve problems and
conflicts, investigate and report incidents and accidents, designing work layout and supply
security, health and safety (Guidance note, QGN14, 2008).
2.6.1.5 Duties and responsibility: “Top management must define the structure, hierarchy

and lines of reporting. It must ensure that duties, responsibilities and authority of all
personnel are defined and communicated. All personnel must be clear on their duties,
responsibilities and authority in meeting customer and regulatory requirements” (ISO
9001: 2008). Task Design: A well-designed task, which considers human abilities and
limitations, ensures more effective work compared to a task that assumes humans can do
everything based on written instructions. Therefore, tasks should be designed based on
11

ergonomic principles to consider weaknesses and strengths in human performance (Books
HSE, 2009). Responsibility: In the words of

Davis, (1973) “Responsibility is the

obligation of an individual to perform assigned duties to the best of his ability under the
direction of his executive leader.” Responsibility cannot be delegated and it is difficult to
execute without appropriate authority. Authority: Fayol, (1976) defines authority as, “the
right to give orders and the power to exact obedience.”
2.6.1.6 Contract and Salary: A contract is an agreement between employment and

employer that set of terms regarding duties, responsibilities, employment conditions,
salary and rights. Salary is the amount of money, constituting all or part of an employee’s
wages which are paid on a daily, weekly or monthly, regularly. Salary is not related to the
quality or quantity of work performed (OSHA, 2015).
2.6.1.7 Breaks: Workers have the right to one uninterrupted 20 minute rest break during

their working day (this could be a tea or lunch break), if they work more than 6 hours a
day. Different companies have different breaks policy, daily rest and weekly rest. It is
important that a manager provides enough breaks for employees to make sure their health
and safety is not at risk (OSHA, 2015).
2.6.2

Job factors

Tasks must be designed based on human factors to consider limitations and strengths in
human performance. Matching the job to the person will ensure that they are not
overloaded and that they contribute to the business results. Mismatches between job
requirements and people’s capabilities may increase the human error (Books HSE, 2009).
In this research, job factors are aspects and characteristics of a job. These factors consist
of: tools availability, tools design, complex tasks, repetitive tasks, time pressure, work
overload, shift work.
2.6.2.1 Tools design and availability: Tools availability has a significant effect on work

quality. Tools availability refers to accessibility of required tools for performing a specific
task. In this regard, it is important to be sure that tools are clearly labelled and that it is
easy to select the right device. An efficient tools design must consider the abilities and
limitations of the personnel. The major factors for tool design are: tool weight, centre of
gravity, handles form and dimensions, handle length, handle material and texture trigger,
guards, inclination of the tool, handles relation to the functional part of the tool, vibration,
and reaction torque (Aptel et al. 2002).
2.6.2.2 Task complexity: Task complexity is a function of several variables which are given
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as: number of different options for making a wrong selection of similar items, number of
parallel tasks that may confuse the employee from the task at hand, the number of
personnel involved (more staff = more complex), a number of modifications necessary to
achieve the objectives, the amount of mental math required (as a rule, no math should be
required in anyone’s head when accomplishing a standardized task). Task complexity is
one of the significant factors affecting human reliability (Whittingham, 2004). When a task
is too complex, then employees may forget their place in the task, fail to understand the
aims of each step or sub-step, or fail to notice when something is not going right. Task
complexity can increase error rates by 2 to 10 times in different workplaces.
2.6.2.3 Repetitive tasks: (Monotonous, meaningless work): Monotony, also known as

“tedious sameness”, is usually linked with “boredom, ennui, dryness, flatness and/or
uniformity”. Monotonous tasks create a lack of interest, and are usually highly automated,
repetitive and predictable. They also fail to provide sensory simulation. These factors can
interact with each other in a complex manner (Meuter et al. 2006).
2.6.2.4 Time pressure: “Time pressure involves pressure in completing a task hurriedly due

to an approaching deadline” (Suzuki et al. 2008). At the individual level, time pressure
causes faster performance rates and lower performance quality (Schreuder and Mioch,
2011). Time pressure is the most frequently mentioned factor causing incidents by
maintenance personnel. It is proved that decisions made under time pressure are not based
on considering the future (Reason and Hobbs, 2003).
2.6.2.5 Work overload: Work overload occurs when the adequate performance of a task

requires more resources from the person than are available (Gonzalez, 2005). Workload
can negatively affect the performance (Moon et al. 2013).
2.6.2.6 Shift work: International Labour Office, (2004) defines working in shifts as “a

method of organization of working time in which workers succeed one another at the
workplace so that the establishment can operate longer than the hours of work of
individual workers” at different day and night hours. It is not a very unusual scene to find
shift workers falling asleep while at work. A research study showed that above 80 percent
of near miss train accidents occur between midnight and 8 a.m. Major accidents such as
Three Mile Island, Bhopal and Challenger also occurred at this time of day (Books HSE,
2009).
2.6.3

Workplace factors

The workplace is the location and condition where personnel work. It needs to be properly
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designed and organized to create a safe environment that minimizes the likelihood of
errors and their consequences. The workplace factors in this research consist of
temperature, work layout, vibration, lighting, smelly fumes, slippery floors, dust, noise,
and humidity.
2.6.3.1 Temperature: “Air temperature is the temperature of the air surrounding the body. It

is usually measured in degrees Celsius (°C) or degrees Fahrenheit (°F)”. A variation of
temperature has a negative effect on performance, productivity and health. The influences
of temperature are also related to the length of exposure during the task, dexterity and
physical workload. A low temperature can cause the body to feel cold, weak, and/or
drowsy. Long exposure to the cold results in decreased cognitive performance, injury,
hypothermia, loss of sensitivity and reduced manual dexterity and grip. High temperatures
reduce the capacity for physical work by increasing the risk of heat stress. It also increases
perspiration and heart rate, causing the body to overheat (Parsons, 2014). Studies show
that in outdoor work in the winter, cold stress frequently reduces working ability by 70%
for short periods (Anttonen and Virokannas, 1994). Research has found performance can
be reduced by 2% per 1oC increase of the temperature in the range of 25-32oC (Seppanen
et al. 2006). At body temperatures substantially higher than optimal levels (36.5–37.5°C),
both physical and mental performance may deteriorate with the complicated interplay of
physiological and pathophysiological processes (Rodahl, 2003).
2.6.3.2 Work Layout: In maintenance associated tasks, workplace design and layout

consider workers’ needs, competencies, and the angles and distances involved in the
performance of a task. A proper work layout improves safety and functionality by
arranging the work area to keep frequently used items within easy reaching distance, thus
helping maintenance personnel achieve their operational goals. Workplace factors can
build up confined workspaces and pathways (Ferguson et al. 2003).
2.6.3.3 Vibration: Exposures of workers to vibration are categorised as whole-body

vibrations and object vibrations. In whole-body vibrations, vibration is transferred to the
worker from standing or sitting on a vibrating surface. In object vibration, a stationary
worker operates a vibrating object. Vibrations affect the workers depending on their
frequency and intensity (Parsons, 2000). Common health issues arising due to whole-body
vibrations are damage to the lower spine area and to the internal organs, problems in the
digestive systems, variations in blood pressure - increased heart rate, oxygen uptake and
respiratory rate, changes in blood and urine, fatigue, motion sickness, and affect to the
balancing mechanism in the ears (Bohle and Quinlan, 2000, Mandal and Srivastava, 2006).
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It is easy to understand how these health risks would drastically decrease the maintenance
performance and as a result the maintainability.
2.6.3.4 Lighting: Required lighting levels can be different from one type of work to

another, but usually range between 100 to 750 Lux. Adequate lighting should enable work,
employment of facilities and safe movement without eye strain and other eye health issues.
Lighting conditions are considered proper when they take into account the following
aspects: maximum delivery of daylight, minimum shadow effects, maximum control by
individual workers of ambient lighting, selection of appropriate lighting for the job being
performed and prevention of dazzle and glare. It is also sometimes necessary to provide
adequate emergency lighting (OSHA, 2015, HSE, 2002). Studies have demonstrated that
giving workers the possibility to adjust the workplace lighting can increase job satisfaction
and reduce stress (Chen et al. 2013).
2.6.3.5 Smelly fumes: In many industrial workplaces fumes are commonplace. Fumes are

fine particles of solids formed from condensation of solids vapour in cool air. Common
examples are fumes from smelting processes, welding, or even in plastic injections and
extrusion molding (OSHA, 2015).
2.6.3.6 Slippery surface: Slippery surfaces can be caused by ice, snow, rain or oil/water

leaks. A slippery surface is a safety hazard for personnel as it leads to falls and sprained
backs and reduces the mobility of the maintenance crew and causes logistic delays.
2.6.3.7 Dust: Health problems associated with dusts such as silica or wood are well known

and recognised. As much as possible, exposure to dust should be controlled and avoided in
any workplace. Different dust, and sometime even same dusts in different workplaces, can
cause different health risks and need different precautions (Books HSE, 2009). The
presence of dust has a significant effect on the quality of air, and as a result, the health of
employees. Checking the air quality on a regular basis is thus a must. Loss of visibility due
to dust can lead to accidents and injuries, even loss of life. Dust accumulation may change
accessibility to the failed item by changing its appearance and shape.
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Figure 2.1: Dust effect (Bridges and Tew, 2010)

2.6.3.8 Noise: Noise is also regarded as an unwanted and damaging factor which interferes

with communications and can also lead to health issues such as stress and distraction.
Several physiological disorders are associated with noise and would ultimately decrease
the physical performance. Distraction because of noise can disrupt maintenance
procedures; it can also cause interference in the communication between maintenance staff
and operations staff, possibly leading to accidents (OSHA, 2015, Books HSE, 2009 and
McBride, 2004). They may skip a detail requiring attention or repeat a task unnecessarily,
thereby increasing maintenance errors and decreasing maintainability performance. An
estimated 15 percent of maintenance related errors are caused by distractions (Chen et al.,
2013) .
2.6.3.9 Humidity: Humidity is measured relative to the saturated level of moisture in the air

(100%). Dry conditions can cause respiratory and skin problems. Humidity does not have
any specific legislation. However, a normal adequate level of humidity is between 40 to
70%. High humidity, around 90% and higher reduces the effectiveness of sweating in
cooling the body by reducing the rate of evaporation from the skin. High humidity can also
interfere with the reliability of equipment and their label or installation instructions s
(OSHA, 2015).
2.6.4

Individual factors

Individual factors can be defined as personal skills, attitudes, personalities, and habits that
can affect positively or negatively their job based on task demands. Some of the
mentioned characteristics such as personality are fixed. Others, such as skills and training,
may be changed (Books HSE, 2009). The individual factors in this research consist of
training, fatigue, motivation, fitness, skill, stress, and education.
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2.6.4.1 Training: Training is an influential factor in producing workers who are

independent, confident, effective and responsible. Working correctly is only possible when
people are appropriately trained to perform tasks under both routine and emergency
conditions. It is only with proper training that self-confidence and job satisfaction
increases. Training should be designed in a way that enables all the workers to understand
processes, machinery and equipment. Training is a continuous process and should be
updated regularly depending on the changes in processes and equipment (Stranks, 2007).
A training system exists to train new personnel or new procedures and methods before
using them. The training program provides the ability to do the task in a better way and
will minimize the time to make decisions. The organization shall: a) Determine the
necessary competence for personnel performing work affecting conformity to product
requirements; b) Where applicable, provide training or take other actions to achieve the
necessary competence; c) Evaluate the effectiveness of the actions taken; d) Ensure that its
personnel are aware of the relevance and importance of their activities and how they
contribute to the achievement of the quality objectives, and e) Maintain appropriate
records of education, training, skills and experience (ISO 9001: 2008).
2.6.4.2 Fatigue: Fatigue can be defined as “the temporary loss of power to respond induced

in a sensory receptor or motor end organ by continued stimulation” (Krueger, 1989).
Fatigue is associated with impaired memory, judgment, reaction time, and concentration.
Fatigue in a worker would affect his memory, judgment, reaction time, concentration,
attention and level of awareness. Only some of these factors in fatigued maintenance
personnel can result in extremely dangerous accidents (Stranks, 2007). Statistics show that
the occurrence probability of human errors in the early morning is higher compared to any
other time (Reason and Hobbs, 2003).

Figure 2.2: Time of day effects and fatigue (Reason and Hobs, 2003)
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2.6.4.3 Motivation: Motivation is a vital factor in any job performance and human activity.

It is defined as the psychological process that gives behaviour purpose and direction
(Kreitner, 1995). Operationally, it is defined as the inner force that thrust personnel to
reach certain organisational goals (Lindner, 1998). The presence of motivated personnel,
as a result, is necessary in nowadays dynamic workplaces. Motivated employees are keys
for more production and the survival of any organisation. Managers must understand what
motivates their employees within the context of their job (Lindner, 1998, Pinder, 2014).
2.6.4.4 Fitness for Duty: In order to reduce unreasonable safety, health or property

damages, a fitness-for-duty evaluation can be performed to judge whether employees are
physically, mentally and emotionally fit to execute a certain task (Blink and Schreibstein,
2007).
2.6.4.5 Skill: Skill is a personal quality and has three main dimensions: productivity,

expandability and sociality. Expandability refers to improvement of skill by training and
development, while the sociality dimension reflects the fact that some skills are socially
determined. Figure 3 shows that on the basis of expandability, upgrading the skills are
important to avoid obsolescence (Rooney et al. 2002).

Figure 2.3: A comparison refresher training on worker responses versus only initial training (Rooney et al.
2002)

2.6.4.6 Stress: Work related stress is defined by the HSE as “the adverse reaction people

have to excessive pressures or other types of demand placed on them at work”. Work
pressure and stress are two different issues, but are often mistakenly considered as the
same. Work pressure usually is a positive and a motivating factor, and as a result, an
essential factor as well. But, stress occurs when this pressure exceeds some critical level.
In other words, stress is a natural reaction to too much pressure (MacKay et al. 2004). It is
important to note that the maximum performance effectiveness occurs usually under a
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moderate level of stress and not in a no- or low-stress situation. In high-stress conditions
psychological factors such as fear and anxiety would give rise to a deteriorated
performance resulting in errors in maintenance duties (Dhillon, 2007).

Figure 2.4: Human performance, effectiveness versus stress (Rooney et al. 2002)

2.6.4.7 Education: Education prepares people for specific trades, crafts and careers at

various levels of position in careers. Education and knowledge of the work are vital. When
maintenance personnel carry out new tasks, when they do not have sufficient knowledge of
the tasks, they use trial-and-error performance that may be unreliable (Reason and Hobbs,
2003).
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CHAPTER 3
RESEARCH METHODOLOGY
In this chapter, definitions and types of research and methodology are presented. In
addition the research approach, research purpose, research strategies and applied research
are discussed. According

to

Clifford Woody “research

redefining problems, formulating

hypothesis

or

comprises

suggested

defining

solutions;

and

collecting,

organizing, and evaluating data; making deductions and reaching conclusions; and at
last, carefully testing the conclusions to determine whether they fit the formulating
hypothesis” (Kothari, 2011). There is a difference between research methods and research
methodology. Research methods consist of methods, techniques which are used in the
research process such as data collection methods, data analysis techniques, and evaluation
of the accuracy of the research results. The research methodology covers a broader area
than the research methods. The research methodology is a systematic way to deal with
research problems. In addition, the different research phases and its underlying logic are
studied in the research methodology. To conduct a comprehensive research, both research
methods and research methodology should be considered simultaneously (Kothari, 2011).

3.1 Research Approach
Scientific inquiry can be categorized into two forms: inductive and deductive research or
theory-generating and theory-testing respectively.


Inductive Research and Deductive Research: The goal of the researcher in inductive
research is to develop theories or concepts by using empirical and observed data. In
deductive research, the objective of the researcher, in addition to testing a theory, is to
improve, refine, and extend the existing theories or concepts by new empirical data
(Bhattacherjee, 2012).



Fundamental and Applied Research: Science is also classified into fundamental and
applied science. Fundamental or theoretical research mainly concerns generalizations,
formulation or improvement of a theory. It adds new information to the existing scientific
knowledge. The outcomes of fundamental research create the foundation for applied
research. Some instances of fundamental research are pure mathematics, physics and
biology. Applied research aims are to find a solution for some "practical problems" in
society, industry, or organizations. It applies the laws of basic research to solve practical
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applications. Studies related to social, economic or political trends identification and
evaluation are some examples of applied research (Kothari, 2011, Sullivan, 2001).


Quantitative or Qualitative Research: The fundamental and applied research can be
quantitative or qualitative or even both. Generally, qualitative research deals with
qualitative phenomenon and non-numeric data. In fact, this method analyses descriptive
data rather than quantitative data. Quantitative research is based on numerical
measurements and is applicable to quantitative phenomena. In quantitative research, the
inferential statistics and mathematics such as correlation, regressions, and time series
analysis are used to analyse the data (Kothari, 2011, Sullivan, 2001 and Yin, 2013).
3.1.1

Applied Research Approach

In the present research, both deductive and inductive approaches have been applied. A
deductive approach has been used to design the questionnaire to measure effective human
factors in maintenance performance. In addition, an inductive approach has been employed
to improve the maintainability model. Since this research has used three practical case
studies in mining and cable industries, it has been categorized in applied research. Both the
qualitative and quantitative research methodologies are used in this research. Qualitative
data were obtained during the literature review, manuals, and unstructured interviews.
Quantitative data were obtained by questionnaire from the maintenance group of two case
studies and structured interviews by maintenance technicians and supervisors.

3.2 Research Purpose
According to the purpose of research the major scientific studies can be classified into six
categories:


Descriptive: The main purpose of this type of research is describing the current state of a
phenomenon. In this class, since researchers have no control over the variables, they just
report what is happening or has happened. The researchers should do accurate
observations, use available facts about a phenomenon, and analyse them to critically
evaluate the issues. As a result, this type of research is highly accurate. In order to conduct
a descriptive research a number of survey methods such as comparative and correlational
methods are applied (Bhattacherjee, 2012).



Conceptual and Empirical: This class is based on the data collected from two major
sources, i.e. experience and observation. It is used to develop new ideas or extend existing
ones. Firstly, researchers identify hypothesis or guess probable results. In the next step, the
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stated hypothesis should be accepted or rejected through analysing the available facts
(Kothari, 2011).


Exploratory: Commonly, the exploratory research method aims to deal with new areas
and unclear problems. This method covers different research issues, i.e. determine the
proper design of research, data collection methods, and subject selection. The main goals
of exploratory research are : (a) to check out the extent of a phenomenon or problem, (b) to
create initial solutions for a phenomenon or problem, (c) to check the feasibility of
performing a more comprehensive study for finding better solutions (Bhattacherjee, 2012).



Explanatory: This research looks for causes and reasons of a phenomenon by identifying
causal factors and outcomes of the target phenomenon. It builds on exploratory and
descriptive research (Bhattacherjee, 2012).



Correlational: The goal of correlational research is to understand the relationship between
two or more variables or determine how one variable may foresee another (Bhattacherjee,
2012).
3.2.1

Applied Research Purpose

The purpose of this research work is to explore and describe human factors affecting
maintenance execution. In this regard, the descriptive method is used to define issues
related to human performance in the execution of maintenance. The explanatory and
exploratory approaches are applied to identify the influencing factors and to determine
their effects on human performance and human errors.

3.3 Research Strategy
According to (Sanders and Peay, 1988), a research strategy is a framework for finding the
answers to research questions systematically. It helps the researcher to collect particular,
valid, and reliable data to support the arguments and achieve the research aim and
objectives (Yin, 2013). An adequate research strategy includes well-defined objectives,
clear research questions, proper sources for data collection, and a number of constraints
such as time and budget limitations. The five major research strategies are experimental,
survey, archival analysis, historical and case study. The selection of the appropriate
research strategy is related to three conditions, i.e. (a) type of research question (b) the
degree of control of researcher over behavioural events, and (c) the degree of focus on
contemporary events, as opposed to historical events (Yin, 2013). The selection of the five
research strategies based on the three above-mentioned conditions is shown in Table 3.1.
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Table 3.1: Indicating appropriate research strategy based on three conditions (Yin, 2013)

Strategy

Experimental
Survey
Archival analysis

3.3.1

Type of research

Requires control of

question

behavioural events?

How, Why
Who, What, Where,
How many, How much
Who, What, Where,
How many, How much

Focuses on
contemporary
events?

Yes

Yes

No

Yes

No

Yes/ No

Historical

How, Why

No

No

Case Study

How, Why

No

Yes

Applied Research Strategy

Based on the mentioned research strategy classification, survey and case study strategies
have been used in this research to answer the research questions. Firstly a survey was
conducted on related areas to identify the most significant influencing factors in
maintenance execution. A case study was also used to collect the required information to
prioritize the influencing factors by applying the AHP method. In the next step, the driving
and dependent factors were identified by using ISM model and MICMAC technique and
finally the HEART technique was applied to estimate the probability of human error
occurring during maintenance execution.

3.4 Data Collection and Analysis
Data can be defined as facts or other relevant materials, which is used in research to fulfil a
specific purpose. The process of searching for the relevant data, which is used to find
solutions for the research questions, is data collection. Data can be divided into primary
data and secondary data. The fresh and original data that are collected for the first time by
researchers are primary data. The data that have been collected and used in previous
studies are considered as secondary data. Observation, direct or indirect interviews,
questionnaires, and schedules are the sources of primary data. The mentioned types of data
have their own advantages and disadvantages. The selection of appropriate data source
should be done based on the problem condition and objective, such as time and finance
availability. The data analysis is the next step after collecting suitable and sufficient data.
Data can be categorized into a number of manageable groups to simplify data analysis.
Different statistical methods can be used to evaluate data and determine the important
characteristics of the data (Kothari, 2011).
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3.4.1

Applied Data Collection and Analysis

Through a literature survey 31 human factors were identified which may have an effect on
human performance in maintenance tasks. The factors were categorized into four groups,
namely organizational factors, job factors, workplace factors and individual factors. A
questionnaire-based survey was designed to rank the factors and four main groups of
human factors. The case study was conducted in two automatic and semi-automatic mines,
an underground mine based in a northern part of Sweden and an open pit mine in northeastern Iran. The questionnaires were answered by16 and 25 technicians dealing with
maintenance of mining in Swedish and Iranian mines respectively. The technicians were
men with 16 years of experience on average in Sweden and 13 years of experience in Iran.
The information related to companies is not presented in this study for confidentiality
reasons. Maintenance personnel were asked to designate the importance of 31 human
factors through questionnaires by using Saaty’s 1–9 scale (Satty, 1980) On this scale, “1”
to “9” corresponded to “very often/much, 9”, “often/much, 7” “Occasionally, 5” “not
often/much, 3” “not at all, 1”, respectively. Moreover, a questionnaire survey was also
conducted with 10 academic experts with mining experience for comparison. The
Cronbach’s alpha coefficient was applied to measure the reliability and construct validity
of the questionnaire (Gliem and Gliem, 2003). An interview was also conducted with four
maintenance supervisors and some academics and expert people.
3.4.2

Applied Analytic Hierarchy Process (AHP)

The AHP is used to rank and prioritize the consistency of judgmental data provided by a
questionnaire. In this regard three main steps are performed as follows (Satty, 1980).
3.4.2.1 Establishment of pairwise comparison matrices

In order to construct the main pairwise comparison matrix using the AHP method, it is
necessary to have a comparison matrix of factors based on each technician’s opinion. To
fulfil this purpose, according to the questionnaires, a comparison matrix is constructed for
each technician. Totally for four main groups and each technician, 4x16 matrices were
prepared. As mentioned, 31 factors are identified and 16 and 25 technicians of Swedish
and Iranian mines were asked, respectively. Therefore in the Swedish mine for each main
group (organisational, job, workplace and individual factors) based on their sub factors
eighteen 8x8 pairwise comparison matrices for organizational factors, eighteen 7x7 for job
factors, eighteen 9x9 for workplace factors and eighteen 7x7 for individual factors were
established. In order to establish the pairwise comparison matrix, the assigned values
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based on Saaty scale (1, 3, 5, 7, 9) to the factors, are used to calculate the preference value
of comparing a factor with another factor. An example of these matrices is presented in the
following:
Table 3.2: Pairwise comparison matrix
Salary

Contract

Breaks

Safety

Boss decisions

SUM

Communications

No
5
7
9
5
7
5
5
7

Documentation

Technician Score

Technician Score
Duties&Responsibilities
Documentation
Communications
Boss decisions
Safety
Breaks
Contract
Salary

Duties&
Responsibilities

Organizational
Factors

5

7

9

5

7

5

5

7

1
1,40
1,80
1
1,40
1
1
1,40
10

0,71
1
1,29
0,71
1
0,71
0,71
1
7,14

0,56
0,78
1
0,56
0,78
0,56
0,56
0,78
5,56

1
1,40
1,80
1
1,40
1
1
1,40
10

0,71
1
1,29
0,71
1
0,71
0,71
1
7,14

1
1,40
1,80
1
1,40
1
1
1,40
10

1
1,40
1,80
1
1,40
1
1
1,40
10

0,71
1
1,29
0,71
1
0,71
0,71
1

3.4.2.2 Establishment of normalizing matrices

In order to calculate the average weight of each factor based on each technician’s opinion
according to the pairwise comparison matrices normalizing matrices were established.
Eighteen 8x8 normalizing matrices for organizational factors, eighteen 7x7 for job factors,
eighteen 9x9 for workplace factors and eighteen 7x7 for individual factors were
established. Normalization is done using a simple average method. To do so, the sum of
the values in each column of the pairwise comparison matrices is divided to each value in
the corresponding column to normalize preference values. Calculation of the mean of the
values in each row provides the most preferred alternative. The last column in this matrix
is called preference vector. An example of these matrices is presented in the below:
3.4.2.3 Calculation of the Total weight

The average weights of factors of each four groups (organisational, job, workplace and
individual factors) are calculated based on sixteen technicians’ opinions according to the
preference vectors of normalizing matrices. Finally, the average weights of factors of the
mentioned four groups are presented in the Chapter 5.
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Table 3.3: Normalizing matrix
Boss Decisions

Safety

Breaks

Contract

Salary

Preference vector

3.4.3

Communications

SUM

Documentation

Duties & Responsibilities
Documentation
Communications
Boss Decisions
Safety
Breaks
Contract
Salary

Duties &
Responsibilities

Organizational
Factors

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1

Applied Interpretive Structural Modelling (ISM) and Matrice d'Impacts
Croises-Multiplication Appliqué à un Classement (MICMAC)

Based on the result of ranking, the interrelationships between the highest ranking score
human factors have been recognized by Interpretive Structural Modelling (ISM). There are
three main steps involved in the ISM technique that are explained in this section.
3.4.3.1 Structural Self-Interactive Matrix (SSIM)

In the first step, a Structural Self-Interactive Matrix (SSIM) table for analysing the
contextual relationship among the factors was drawn. This matrix denotes the direction of
the relationship between two factors (i placed on the horizontal axis and j placed on
vertical axis) by pairwise comparison of factors. For this reason the symbols (V, A, X, O)
were used. The symbol V indicates the relation from factor i to factor j (i.e. if factor i
influences or reaches to factor j). The symbol A is the relation from factor j to factor i (i.e.
if factor j reaches to factor i), X is used for both direction relations (i.e. if factors i and j
reach to each other), and O indicates no relation between two factors (i.e. if factors i and j
are unrelated). Based on these contextual relationships the SSIM is developed.
Table 3.4: Factors direction relationship
Condition

Factor’s relationship

Symbols

LĺM

V

2

MĺL

A

3

LļM

X

4

i X M

O

1
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3.4.3.2 Initial Reachability matrix (IR)

In the second step, an Initial Reachability matrix (IR) is developed from the SSIM. The
SSIM is converted into a reachability matrix and its transitivity is checked. A reachability
matrix is a binary matrix (1, 0). The SSIM matrix is transformed into an initial reachability
matrix by substituting the four symbols V, A, X, O by 1 and 0. The rules for this
substitution are as follows: If the (i, j) entry in the SSIM is V, then the (i, j) entry in the
reachability matrix becomes 1 and the (j, i) entry becomes 0. If the (i, j) entry in the SSIM
is A, then the (i, j) entry in the matrix becomes 0 and the (j, i) entry becomes 1. If the (i, j)
entry in the SSIM is X, then the (i, j) entry in the matrix becomes 1 and the (j, i) entry also
becomes 1. If the (i, j) entry in the SSIM is O, then the (i, j) entry in the matrix becomes 0
and the (j, i) entry also becomes 0.
3.4.3.3 Initial reachability and final reachability matrices

In the third step, after developing the initial reachability matrix, the concept of transitivity
was used to fill some of the cells of the initial reachability matrix by inference. The final
reachability matrix was obtained after incorporating the transitivity concept. This matrix
indicates the driving power and dependence of each factor. The driving power for each
variable is the total number of variables (including itself), which it may impact. The
dependence power is the total number of variables (including itself) which may be
impacting a factor. Further, these factors have been classified using matrice d'impacts
croises-multiplication appliqué à un classement (MICMAC) analysis. MICMAC analysis
has been extensively used to identify and to analyse the variables according to their driving
power and dependence power. Finally by classifying the factors as driving (strong driving
power and weak dependence) and dependent factors (weak driving power and strong
dependence) the MICMAC matrix is completed. The factors affecting the performance of
human operators in maintenance tasks are classified as: autonomous factors (weak driving
power and weak dependence), linkage factors (strong driving power as well as strong
dependence), dependent factors (weak driving power but strong dependence) and driving
factors (strong driving power but weak dependence power).
3.4.4

Applied Human Error Assessment and Reduction Technique (HEART)

In the third case study (HEART) is to assess human errors during the maintenance tasks in
a cable manufacturing company in Iran. A major proportion of failures in this case are
related to extruder machines.
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3.4.4.1 Estimation of human error

In the first step, the related tasks in the maintenance of the gearbox are identified by
performing interviews with operators and supervisors. In the next step, the main
maintenance activities of the gearbox are classified into five main groups, i.e. disassembly
tasks of gear box, measurement and inspection tasks, corrective maintenance tasks, assembly
and installation tasks, testing and final inspection tasks. For each group the detailed
maintenance tasks are identified based on the manual and interviews with operators and
supervisors. For each of the mentioned tasks the human errors are estimated.
3.4.4.2 Error producing conditions

In the second step error producing conditions, which may cause failures, are identified for
each human error estimated. The Error Producing Conditions (EPC) of each task were
identified and considered by an expert panel. HEART is implemented to evaluate the
occurrence probability of a human error throughout the execution of a specific task.
3.4.4.3 Engineer’s Proportion of Affect (EPOA)

The EPOA ranges from 0-1. EPOA have estimated proportion of the effect of each error
producing condition on each human error through supervisors’ and expert’s company.
3.4.4.4 Assessed Effect and Human Error Probability (HEP)

HEP was evaluated by applying error producing conditions and EPOA ranging.
Furthermore, there are three possible principle sources which can affect the achievement of
high reliability, namely (a) human unreliability, (b) imparted system knowledge, (c)
response time pressure or poor or ambiguous feedback whose extent of related shortfall are
likely the target of assessors to be determined. To determine the mentioned shortfall, the
Generic Tasks Type (GTTs) consisting of 9 type tasks can be used of which Generic Task.
F is selected for maintenance tasks (F= restore or shift a system to original or new state
following procedures, with some checking). Nominal human unreliability of 0.003 is
proposed for this type of task. In the cases where exactly one error producing condition is
involved in an estimated human error, the following formula can be used to calculate the
final probability of each human error:
HEP= Assessed effect x GTT, Where Assessed effect = [(Total Heart Effect -1) x EPOA] + 1

Where GTT is the human error probability associated with each generic task and for
maintenance tasks the GTT is equal to 0.003. (GTT =0.003)
In other cases where more than one error producing condition is involved in an estimated
human error, the following formula can be used: (HEP) = GTT x A1 x A2 x …. An
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A1 = Assessed effect = [(Total Heart effect -1) x EPOA] + 1 (Williams, 1988).

3.5 Reliability and Validity
According to (Neuman and Neuman, 2006), reliability is a measure that shows the
dependability or consistency of a construct. In fact, by considering this scale we can
examine the degree of results similarity of multiple tests regarding same phenomena under
similar conditions. (Yin, 2013), states that in order to obtain high reliability the methods
used for data collection should be clearly described. Validity is a criterion that evaluates
the degree that a test or study can measure a concept with respect to what it actually
purposed to measure. One of the most crucial parts of a study is assessing the degree to
which a measure reflects the condition of a problem in reality. One way to strengthen the
validity is called triangulation. This is obtained by using different methods to collect data
(Yin, 2013).
3.5.1

Applied reliability and validity

The data and information used in this research have been collected from reputed peer
reviewed journals, refereed conference proceedings and reports, or directly from the
companies. The data collection is explained in detail in 3.4.1 in order to strengthen the
reliability. The application of the ISM model and MICMAC analysis, and HEART is
described in 3.4.3 and 3.4.4 in order to enable other researchers to repeat the analysis,
which strengthens the reliability. In order to strengthen the validity different ways of
collecting data were used. A literature study was performed, where qualitative data were
collected. A questionnaire based survey was used together with interviews and direct
observations in the case studies.
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CHAPTER 4
SUMMARY OF APPENDED PAPERS
This chapter summarizes the three appended papers. The purpose, study approach,
findings, and main conclusions are described for each paper.
4.1 Paper I
Aalipour, M., Singh, S. (2014). “Identification of Factors affecting Human performance in Mining
Maintenance tasks”. In proceedings of the 3rd International Workshop and Congress on
eMaintenance, Luleå, Sweden.



Purpose The purpose of this paper is to identify the factors affecting human
performance in maintenance task in mining. The objective is to recognize the
interrelationships between human factors and determine the driving (strong driving
power and weak dependence) and dependent factors (weak driving power and strong
dependence) affecting maintenance execution.



Study Approach A qualitative research approach was chosen, and a case study,
supported by a literature study, was selected as the research strategy. The case study
was related to the maintenance technicians in mining. The initial data was collected
from a literature survey, interviews with experienced maintenance and academic
persons, and questionnaires.



Findings Based on the results it was observed that temperature, lighting,
documentation, communication and fitness are driving factors. Moreover, work
layout, tools availability, complex tasks, time pressure, safety, boss decisions,
training, fatigue and motivation have strong driving power as well as high
dependencies and they fall under the category of linkage factors.



Main Conclusion According to analysis the driving factors will greatly influence
human performance in mining maintenance tasks. The linkage factors should also be
further investigated so that their effect on human performance during maintenance
tasks can be neutralized. The present case study can help maintenance management
understand the interaction of factors affecting human performance in maintenance
and assist in devising policies and guidelines for improving mining maintenance
related tasks.
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4.2

Paper II

Aalipour, M., Barabadi, A., Singh, S. (2014). “Maintainability management of equipment in
complex operational conditions” accepted for the 27th International Congress of Condition
Monitoring and Diagnostic Engineering, 16-18 September 2014.



Purpose The purpose of this paper is to identify the workplace factors affecting
maintainability in maintenance tasks in mining. The paper describes the effect of
operational conditions on maintainability attributes and a maintainability plan to
demonstrate the effect of complex operational conditions in design and operational
phases.



Study Approach A qualitative research approach was chosen, and supported by a
literature study. In this paper the effects of operational conditions on maintainability
attributes are discussed briefly, then methodology is developed for maintainability
planning in the design and operation phases.



Findings Complex operational conditions (e.g. exposure to vibration, very high/low
temperatures, dust, high noise levels, humidity, inadequate temperature-ventilation
control, sudden high-pressure steam leaks, slippery floor, high voltage sources) can affect
the maintainability management during the life cycle of equipment or system. These
complex and random operational conditions may lead to limited access or insufficient
clearance for maintenance, personnel safety hazards, limited mobility provisions for
maintenance crew which offer abundant opportunities for accidents and significantly
increased repair times.



Main Conclusions Operational conditions and human factors may have a significant
effect on maintainability performance of an item. It can change the design attributes,
maintenance crew performance or support activities. The operational conditions can
contribute in improving the maintainability performance by affecting the maintenance
crew, components and maintenance tools and maintenance support. Accordingly, it is
essential to use a step by step guideline to be sure that the effect of operational conditions
and human factors are considered in the design and operational phase.
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4.3

Paper III

Aalipour, M., Barabadi, A., Singh, S. (2014).“Maintainability management of mining equipment in
complex and challenging operating conditions”. Submitted for publication in peer reviewed
journal.



Purpose The purpose of this paper is to identify the effect of workplace factors on the
maintainability of mining equipment. The paper describes the effect of operational
conditions on maintainability attributes and the maintainability plan in order to
demonstrate the effect of these complex conditions in the design and operational phase.



Study Approach A qualitative research approach was chosen, and a case study,
supported by a literature study was selected as the research strategy. The paper presents
the results from questionnaires given to maintenance staff at two mines, one in northern
Sweden and the other in Iran in which the effects of operating conditions on
maintainability performance were investigated. In this paper the effect of operational
conditions are discussed briefly on maintainability attributes and then is methodology
developed for maintainability planning in the design and operation phase.



Findings Complex operational conditions (e.g. exposure to vibration, very high/low
temperatures, dust, high noise levels, humidity, inadequate temperature-ventilation
control, sudden high-pressure steam leaks, slippery floor, high voltage sources) can affect
the maintainability management during the life cycle of equipment or system. Finally, a
maintainability management plan is developed to consider the effect of complex
operating conditions on maintainability performance in both the design and operation
phases of maintenance.



Main Conclusions Operational conditions and human factors may have a significant
effect on the maintainability performance of an item. They can change the design
attributes, maintenance crew performance or support activities. Accordingly, it is
essential to use a step by step guideline to be sure that the effect of operational conditions
and human factors are considered in the design and operational phase. The effect of
operating conditions can be time/location-dependent. Hence, any design technique or
maintainability analysis/evaluation methods should be able to model the effect of
time/location depending on conditions.
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CHAPTER 5
RESULTS AND DISCUSSIONS
5.1 Results
In this chapter, according to the research questions and methods that are used in this study,
all the results are presented.
RQ1. What are the influencing factors in human performance in maintenance
execution?
Through the literature survey and consultations with mining experts, 31 influencing factors
for maintenance execution were identified and categorized into four groups: organizational
factors, job factors, workplace factors and individual factors (Figure 5.1).

Individual

Organizational

Human
Factors
Work place

Job

Figure 5.1: Main human factors groups

After identifying the influencing factors, a questionnaire-based survey was designed to
determine the levels at which the identified factors are perceived to affect performance. The
scales of questions, number of participants and their experiences are explained in Chapter 3.
The Cronbach’s alpha coefficient was applied to measure the reliability of responses to the
TXHVWLRQQDLUH7KHYDOXHIRUHDFKTXHVWLRQLVĮ,QRUGHUWRXVHWKHTXHVWLRQQDLUHGDWD
in AHP, the factors were given an intensity number from 1-9 based on Saaty’s method
(Saaty, 1980). The questionnaires samples are presented in the appendix. The Analytic
35

Hierarchy Process (AHP) method was used to rank and prioritize the factors given in the
answers. The final results that present the ranking scores of the factors in each group of
factors (organizational, job, workplace, and individual factors) are demonstrated in tables
5.1, 5.2, 5.3, and 5.4. In organizational factors documentation is the most important factors
that affect human performance in the Swedish mine. In addition, duties and responsibilities,
communication, boss decisions, and safety are stated in the second level (Table 5.1). In the
job factors the highest score is for tools availability and tools design. Furthermore, complex
tasks and repetitive tasks by average 0.15 are categorized in the second level (Table 5.2). In
the workplace factors, temperature, lighting, vibration, and work layout have the highest
scores, respectively (Table 5.3). In individual factors, training, fatigue and motivation are
the most important factors (Table 5.4).
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Duties and responsibilities
Documentation
Communication
Boss decisions
Safety
Breaks
Contract
Salary
Sum

Organizational Factors
0,08
0,18
0,08
0,23
0,13
0,13
0,08
0,13
1,00

0,00

0,04

0,08

0,12

0,16

0,14
0,14
0,14
0,14
0,19
0,08
0,08
0,08
1,00

0,10
0,10
0,10
0,10
0,18
0,14
0,18
0,10
1,00

0,16
0,16
0,16
0,16
0,16
0,07
0,02
0,11
1,00

0,11
0,11
0,20
0,15
0,11
0,11
0,07
0,15
1,00

0,09
0,09
0,09
0,09
0,15
0,21
0,15
0,15
1,00

0,10
0,10
0,10
0,10
0,10
0,10
0,30
0,10
1,00

0,19
0,19
0,10
0,06
0,06
0,15
0,15
0,10
1,00

0,10
0,14
0,18
0,10
0,14
0,10
0,10
0,14
1,00
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Figure 5.2: Organizational factors average comparison

0,09
0,26
0,09
0,09
0,15
0,03
0,15
0,15
1,00

0,17
0,17
0,17
0,17
0,21
0,07
0,02
0,02
1,00

0,17
0,10
0,10
0,10
0,10
0,10
0,17
0,17
1,00

Weighed factors (based on responds to the questionnaire)

Table 5.1: Organizational factors average

0,14
0,14
0,14
0,11
0,11
0,11
0,14
0,11
1,00

0,13
0,16
0,13
0,16
0,13
0,09
0,09
0,13
1,00

0,11
0,16
0,16
0,11
0,11
0,11
0,11
0,11
1,00

0,15
0,15
0,15
0,15
0,08
0,08
0,15
0,08
1,00
0,13
0,15
0,13
0,13
0,13
0,10
0,12
0,11
1,00

Average

Job Factors
Time pressure
Work overload
Complex tasks
Repetitive tasks
Tools availability
Tools design
Work shift
Sum

0,14
0,08
0,14
0,08
0,24
0,24
0,08
1,00

0,13
0,13
0,13
0,13
0,18
0,18
0,13
1,00

0,14
0,14
0,14
0,19
0,19
0,19
0,03
1,00

0,20
0,16
0,12
0,08
0,04
0,00

0,08
0,08
0,18
0,13
0,18
0,13
0,23
1,00

Table 5.2: Job factors average

0,14
0,14
0,14
0,14
0,20
0,14
0,09
1,00

0,12
0,17
0,17
0,17
0,12
0,12
0,12
1,00

0,14
0,14
0,14
0,14
0,14
0,14
0,14
1,00

0,17
0,12
0,22
0,07
0,17
0,12
0,12
1,00

0,15
0,15
0,15
0,21
0,09
0,09
0,15
1,00

0,16
0,16
0,16
0,11
0,16
0,20
0,07
1,00

0,14
0,24
0,14
0,14
0,14
0,14
0,05
1,00

Weighed factors (based on responds to the questionnaire)
0,11
0,07
0,16
0,20
0,20
0,20
0,07
1,00

Figure 5.3: Job factors average comparison
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0,13
0,13
0,13
0,13
0,17
0,17
0,13
1,00

0,16
0,16
0,12
0,12
0,21
0,21
0,02
1,00

0,16
0,16
0,16
0,16
0,12
0,16
0,07
1,00

0,11
0,11
0,15
0,19
0,19
0,15
0,11
1,00

Average

0,14
0,14
0,15
0,15
0,17
0,16
0,10
1,00

Work layout
Noise
Humidity
Vibration
Lighting
Dust
Temperature
Smelly fumes
Slippery floors
Sum

Work place factors

0,18
0,06
0,06
0,14
0,10
0,14
0,10
0,10
0,14
1,00

0,08
0,11
0,11
0,11
0,11
0,11
0,11
0,11
0,14
1,00

0,23
0,03
0,03
0,03
0,03
0,03
0,29
0,16
0,16
1,00

0,13
0,13
0,13
0,13
0,10
0,07
0,07
0,13
0,13
1,00

0,11
0,11
0,11
0,11
0,11
0,11
0,11
0,11
0,11
1,00

0,11
0,11
0,11
0,11
0,11
0,11
0,11
0,11
0,11
1,00

0,04
0,11
0,04
0,19
0,19
0,19
0,19
0,04
0,04
1,00

0,10
0,10
0,10
0,10
0,14
0,10
0,14
0,14
0,10
1,00

0,14
0,11
0,08
0,14
0,14
0,11
0,14
0,11
0,05
1,00

0,12
0,09
0,09
0,09
0,12
0,12
0,12
0,12
0,12
1,00
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Figure5.4: Workplace factors average comparison

0,00

0,04

0,08

0,12

0,16

0,11
0,15
0,08
0,11
0,15
0,08
0,08
0,08
0,15
1,00

0,08
0,08
0,08
0,18
0,08
0,08
0,13
0,18
0,13
1,00

Weighed factors (based on responds to the questionnaire)

Table 5.3: Workplace factors average

0,12
0,07
0,12
0,10
0,12
0,10
0,12
0,12
0,12
1,00

0,16
0,07
0,07
0,11
0,16
0,11
0,11
0,11
0,11
1,00

0,11
0,11
0,11
0,11
0,11
0,11
0,14
0,11
0,08
1,00

0,11
0,11
0,11
0,11
0,11
0,11
0,11
0,11
0,11
1,00
0,12
0,10
0,09
0,12
0,12
0,10
0,13
0,11
0,11
1,00

Average

Individual factors
Training
Fitness
Education
Skill
Fatigue
Stress
Motivation
Sum

0,23
0,16
0,10
0,16
0,10
0,10
0,16
1,00

0,16
0,16
0,12
0,16
0,16
0,07
0,16
1,00

0,20
0,20
0,20
0,14
0,14
0,09
0,03
1,00

0,20
0,16
0,12
0,08
0,04
0,00

0,08
0,19
0,08
0,08
0,19
0,19
0,19
1,00

Table 5.4: Individual factors average

0,11
0,11
0,11
0,11
0,19
0,19
0,19
1,00

0,14
0,14
0,14
0,14
0,14
0,19
0,14
1,00

0,33
0,11
0,11
0,11
0,11
0,11
0,11
1,00

0,19
0,14
0,08
0,19
0,08
0,14
0,19
1,00

0,10
0,10
0,10
0,10
0,17
0,17
0,24
1,00

0,20
0,14
0,20
0,14
0,14
0,09
0,09
1,00

0,10
0,10
0,10
0,10
0,24
0,24
0,10
1,00

Weighed factors (based on responds to the questionnaire)
0,16
0,16
0,12
0,12
0,16
0,07
0,21
1,00

Figure 5.5: Individual factors average comparison
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0,15
0,15
0,15
0,15
0,12
0,12
0,15
1,00

0,19
0,15
0,15
0,15
0,15
0,11
0,11
1,00

0,15
0,11
0,15
0,15
0,15
0,15
0,15
1,00

0,19
0,15
0,11
0,11
0,19
0,11
0,15
1,00

Average

0,17
0,14
0,13
0,13
0,15
0,13
0,15
1,00

Table 5.5 demonstrates the ranking of 31 human factors influencing human performance. In
the underground mine in Sweden, the highest score given by respondents is for tools
availability (0.17), a job factor. By way of contrast, in the open pit mine in Iran, the highest
score is for motivation (0.18), an individual factor. In both mines, humidity is the one of the
least important factors. In the workplace category, in the Swedish underground mine, the
temperature is identified as the most important factor, while in the Iranian open pit mine the
lighting is more important. In both mines, the work layout comes second.
Table 5.5: Ranking of human factors
Underground mine in Sweden

Individual factors

Workplace factors

Job factors

Organisational factors

Influence factors
Documentation
Safety
Communications
Boss decisions
Duties&responsibilities
Contract
Salary
Breaks
Tools availability
Tools design
Complex tasks
Repetitive tasks
Time pressure
Work overload
Shift work
Temperature
Work layout
Lighting
Vibration
Smelly fumes
Slippery floors
Dust
Noise
Humidity
Training
Fatigue
Motivation
Fitness
Skill
Stress
Education

Open pit mine in Iran

Results

Factors
Rank

Influence factors

Results

Factors
Rank

0,15
0,13
0,13
0,13
0,13
0,12
0,11
0,10
0,17
0,16
0,15
0,15
0,14
0,14
0,10
0,13
0,12
0,12
0,12
0,11
0,11
0,10
0,10
0,09
0,17
0,15
0,15
0,14
0,13
0,13
0,13

1
2
2
2
2
3
4
5
1
2
3
3
4
4
5
1
2
2
2
3
3
4
4
5
1
2
2
3
4
4
4

Salary
Boss decisions
Contract
Communications
Duties&responsibilities
Documentation
Safety
Breaks
Tools availability
Time pressure
Tools design
Work overload
Complex tasks
Repetitive tasks
Shift work
Lighting
Work layout
Noise
Temperature
Vibration
Dust
Slippery floors
Humidity
Smelly fumes
Motivation
Training
Stress
Fatigue
Skill
Education
Fitness

0,15
0,14
0,14
0,14
0,12
0,12
0,09
0,08
0,19
0,16
0,15
0,14
0,14
0,13
0,10
0,14
0,13
0,13
0,12
0,11
0,11
0,10
0,08
0,07
0,18
0,15
0,15
0,14
0,13
0,13
0,12

1
2
2
2
3
3
4
5
1
2
3
4
4
5
6
1
2
2
3
4
4
5
6
7
1
2
2
3
4
4
5
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Maintenance crew in the Swedish underground mine consider work layout, vibration,
lighting, smelly fumes and slippery floors as more or less equally important; noise and
humidity are less important factors. Temperature, vibration, dust and slippery floors are
more or less equally important in the Iranian mine; smelly fumes and humidity are the least
important. A sample of academic and mining experts was asked to rank and prioritize the
four main groups (organization, job, workplace, and individual). The results represent the
ranking scores of the factors, as presented in Table 5.6.
Table 5.6: Ranking of main human factors groups
Factors
Average
grade

Organisational
Factors

Job
Factors

Workplace
Factors

Individual
Factors

0.224

0.284

0.223

0.269

RQ2. How can the prioritized factors be classified as driving and dependence
factors?
The ISM model was chosen to analyse the relationships among the factors. In this regard the
processes of developing Structural Self Interaction Matrix (SSIM) were used to denote the
direction of the relationship between the factors. The most important factors with the highest
score are chosen from Table 5.5. Then contextual relationships among the factors are
specified by symbols (V, A, X, O) and the SSIM table is developed (Table 5.7). More
details regarding the design of the SSIM matrix are described in Chapter 3.
By using the SSIM matrix, an initial reachability matrix is built (Table 5.8). A reachability
matrix is a binary matrix (1, 0). The structural self-interactive matrix is transformed into the
initial reachability matrix by substituting V, A, X and O by 1 and 0.
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Table 5.7: Contextual factors relationship structural self-interaction matrix (SSIM)
15 14 13 12 11 10

6

5

4

3

2

Boss Decisions

Safety

Communication

Documentation

Tools design

Complex Tasks

Tools availability

Lighting

Work layout

O
O
O
O
A
V
O
O
X
V
V
A
A
A

V
V
V
V
V
V
O
O
A
V
A

O
O
O
O
A
O
O
O
A
X

O
A
O
A
X
A
X
X
X

O
X
O
O
O
V
A
O

O
O
O
O
A
O
V

O
O
O
O
A
O

O
O
O
O
A

O
O
O
O

O
V
O

O
V

O

V
V
V
V
A
V
V
X
X
V
V
A
X

V
V
V
O
V
O
O
V
V
X
X
A

1
Temperature

Training

Temperature
Work layout
Lighting
Tools availability
Complex tasks
Tools design
Documentation
Communication
Safety
Boss decisions
Training
Fatigue
Motivation
Duties & responsibility
Vibration

7

Fatigue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

8

Motivation
Duties &
Responsibility
Vibration

SSIM

NO

9

Table 5.8: Initial reachability matrix
9

10 11 12 13 14 15

Safety

Boss Decisions

Training

Fatigue

3

4

0
1
1
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
1
0
0
0
1
0
0
0
0
0

0
0
0
0
0
0
1
0
1
1
0
0
0
0
0

0
0
0
0
0
0
1
1
0
1
0
0
0
1
0

0
1
0
0
0
1
0
0
1
1
1
1
0
1
1

0
0
0
0
1
0
1
1
1
1
1
0
1
0
0

0
0
0
0
0
0
0
0
0
1
1
1
1
0
0

1
1
1
1
1
1
0
0
0
1
0
1
1
1
1

0
1
0
1
0
0
0
0
0
1
0
0
0
0
0

0
0
0
0
1
1
1
1
0
1
1
0
0
1
1

Vibration
Duties &
Responsibility
Motivation

8
Communication

0
1
0
0
0
0
0
0
1
1
0
0
0
0
0

7
Documentation

1
0
0
0
0
0
0
0
0
0
0
0
0
0
0

6
Tools design

Temperature
Work layout
Lighting
Tools availability
Complex tasks
Tools design
Documentation
Communication
Safety
Boss decisions
Training
Fatigue
Motivation
Duties &responsibility
Vibration

5

Complex Tasks
Tools
availability
Lighting

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Work layout

SSIM

2

Temperature

NO

1

1
1
1
0
1
0
0
1
1
1
1
0
1
1
1

1
1
1
1
0
1
1
1
1
1
1
0
1
1
1

0
0
0
0
0
1
0
0
1
1
1
0
0
0
1

After developing the initial reachability matrix, the concept of transitivity is used to fill
some of the cells of the initial reachability matrix by inference. By incorporating the
transitivity concept, the final reachability matrix is obtained (Table 5.9). The final
reachability matrix indicates the driving power and dependence power of each factor.
Dependence power is the total number of variables (including itself) which may be
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impacting a factor. The driving power for each variable is the total number of variables
(including itself), which it may impact (Warfield, 1974b). The process of designing the
initial and a final reachability matrix is explained in Chapter 3.

Table 5.9: Final reachability matrix

Vibration

1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

0
1
0
0

0
1
0
1

1*
1*
1*
1*

0
0
0
0

1*
1*
1*
1*

0
1
1
0
0
0
0
0

1
1

1*
1*

1*
1*
1*
1*
1*

0
0
0
0
0

1*

12

4

1*

1
1
1
1

1*

0
1*
1*
1*

1

1*

1
1

1
1*
1*
1*

1

1*
1*
1*
1*
1*
1*

1*

1*
1*
1*

1

1*

1
1
1
1
1
1

1
1

1*
1*

1
1

1*
1*

0

1
1
1
1

1
1
1
1
1

1*
1*
1*
1*
1*
1*
1*
1*
1*

1*

1*

1*

1

1
1
1
1

1
1*

1
1

1*
1*

14

15

14

0
0
1*
1*

1
1*

1*

1*
1*

0

0
0

1
1

0
0

1*
1*
1*
1*
1*

9

15

7

12

0

1*

0
1*

0

1

1
1*
1*
1*

0
1

1
1
1
1*

1
1
1
1

1

1*

1*
1*

1
1
1
1

1
1
1
1
1
1

1*

1*

1*
1*

1
1
1
1

1
1
1

1
1
1

15

15

15

15

1*
1*
1*

1
1*

0
1*

0
0
1*

1
1*
1*

1
1
1
1*
1*
1*

1

Driving power

15

Duties & Responsibility

14

Motivation

13

Fatigue

12

Training

11

Boss Decisions

10

Safety

9

Communication

8

Documentation

7

Tools design

6

Complex Tasks

5

Tools availability

4

Lighting

Temperature
Work layout
Lighting
Tools availability
Complex tasks
Tools design
Documentation
Communication
Safety
Boss decisions
Training
Fatigue
Motivation
Duties & responsibility
Vibration
Dependence power

3

Work layout

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

SSIM

2

Temperature

NO

1

9
13
9
8
13
12
13
13
14
14
13
10
12
11
11

12

MICMAC analysis is implemented based on the dependence and driving power rank
obtained from the final reachability matrix, Table 5.9 (Table 5.10). The MICMAC matrix
details are described in Chapter 3. The temperature, lighting, and tools design (F1, F3, and
F6) are placed in the driving factors area. The work layout, tools availability, complex tasks,
documentation, communication, safety, boss decisions, training, fatigue, motivation, duties
and responsibility, and vibration (F2, F4, F5, F7, F8, F9, F10, F11, F12, F13, F14, and F15)
have strong driving power as well as high dependencies and are placed in the linkage factors
area. The drive power-dependence power diagram is shown in Table 5.10.
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Table 5.10: MICMAC matrix
15
14

Driving Factors

F10
F8

Linkage Factors
F2
F7

13
F6

12

F15

11

F12

10
Driving Power

9

F9
F5,
F11
F13
F14

F1

F3
F4

8
7
6
Autonomous Factors

5

Dependent Factors

4
3
2
1
1

2

3

4

5

6 7
8
9 10
Dependence Power

11

12

13

14

15

RQ3. How can human error probability be estimated in maintenance execution?
In the third case study HEART is applied to determine the probability of a human error
occurring during the maintenance tasks in a cable company in Iran. The human error
probability during gearbox maintenance activities is found to be 0.241 (Table 5.11).
Disassembly, measurement and inspection, corrective maintenance, assembly and
installation, and testing and final inspection are the five main tasks of maintenance for the
gearbox of the extruder. Human Error Probability (HEP) of each main task is 0.073,
0.020,

0.042,

0.062,

and
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0.045

respectively.

Table 5.11: Human error probability of gearbox extruder machine

No

Estimation of Human

Error producing Conditions
(Total Heart Effect)

Error

EPOA
(0-1)

Assessed Effect

0.073

A- Disassembly Tasks of Gear Box
A1

A2

A3

A4

Inadequate washing and
cleaning the gearbox and
emptying all gear oil
Technician
damages
washers, sealing elements,
nuts, belt and shaft while
taking out the gearbox units
Damage to gearbox units,
while opening the main door
to take it out
Damage to gearbox units,
while transferring it to the
workshop

x Shortage of available time (X11)
x Overriding information (X9)

0.2
0.3

[(11-1)x 0.2]+1=3
[(9-1)x 0.3]+1=3.4

x Shortage of available time (X11)
x Operator inexperience (X 3)

0.2
0.2

[(11-1) x 0.2] +1=3
[(9-1)x 0.3]+1=1.4

x Operator inexperience (X 3)
x Shortage of available time (X11)
x Mismatch between an operator’s
model and that of designer ( X8)
x A need for absolute
judgments
which are beyond the capability or
experience of an operator (X1.6)

0.3
0.2
0.1

[(11-1)x 0.2]+1=1.6
[(9-1)x 0.3]+1=3
[(9-1)x 0.3]+1=1.7

0.4

[(11-1)x 0.2]+1=1.24

B2

B3

x Operator inexperience (X 3)

Technician fails to correctly
measure the gears abrasion
and erosion

x A need for absolute
judgments
which are beyond the capability or
experience of an operator (X1.6)
x Unfamiliarity with a situation (X17)
x A need for absolute
judgments
which are beyond the capability or
experience of an operator (X1.6)
x A mismatch between operator
educational level and requirements
(X2)

0.4

C2

C3

C4

Technician fails to repair
the erosions
Technician ordered wrong
parts

Technician fails to build a
new component (fail to
choose
the
proper
material…….)

Inadequate
lubrication
based on lubrication chart

0,025

[(3-1)x 0.4]+1=1.8
0,005

0.4

[(9-1)x 0.3]+1=1.24

0.1
0.4

[(9-1)x 0.3]+1=2.6
[(9-1)x 0.3]+1=1.24

0.2

[(9-1)x 0.3]+1=1.2

0.2
0.3
0.4

[(9-1)x 0.3]+1=3
[(9-1)x 0.3]+1=1.6
[(9-1)x 0.3]+1=2.8

0.3

[(9-1)x 0.3]+1=1.18

0.3

[(9-1)x 0.3]+1=1.3

0.3

[(9-1)x 0.3]+1=1.18

0.2
0.6

[(9-1)x 0.3]+1=1.9

0,010

C- Corrective maintenance tasks
C1

0,013

0.020

Technician
fails
to
recognize the damaged
parts

Technician
fails
to
recognize the row materials
of gears to repair or order
the spare parts

0,031

0,004

B- Measurement and Inspection tasks

B1

HEP

0,005

0.042
x Shortage of available time (X11)
x An Inexperienced Operator (X3)
x Transferring knowledge without lose
(X5.5)
x Unclear allocation of function and
responsibility(X1.6)
x A mismatch between operator
educational level and requirements
(X2)
x A need for absolute
judgments
which are beyond the capability or
experience of an operator (X1.6)
x Transferring knowledge without lose
(X5.5)
x Unreliable instrumentation (X1.6)
x Impoverished quality of information
conveyed by procedure or person
(X3)
x Unclear allocation of function and
responsibility(X1.6)
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0,014

0,010

0,012

0.4

[(9-1)x 0.3]+1=1.36
[(9-1)x 0.3]+1=1.8

0.3

[(9-1)x 0.3]+1=1.18

0,006

D- Assembly and Installation Tasks
D1

D2

D3

0.062

Damage to gearbox units
will deliver it from the
workshop

x A need for absolute judgments
which are beyond the capability or
experience of an operator (X1.6)

0.5

Technician
wrongly
installed and deformed the
gear
box,
missed
replacement of some parts
or damages to screws and
nuts
Inadequate sealing of units

x Shortage of time available (X11)
x Operator inexperience (X3)
x Impoverished
quality
of
information conveyed by procedure
or person (X3)

0.2
0.5
0.3

[(9-1)x 0.3]+1=3
[(9-1)x 0.3]+1=2
[(9-1)x 0.3]+1=1.6

x Shortage of time available (X11)
x Operator inexperience (X3)
x Little or no independent checking
(X3)

0.3
0.5
0.1

[(9-1)x 0.3]+1=4
[(9-1)x 0.3]+1=2
[(9-1)x 0.3]+1=1.2

[(9-1)x 0.3]+1=1.3
0,004

E- Testing and Final Inspection Tasks
E1

E2

E3

E4

Technician missed checking
that all screws are tightened
(Results
in
machine
vibration
and
reduce
performance)
Incorrect installation that
make improper engine
temperature or abnormal
noise

Incorrect installation that
close the oil path or cause
belt failure

Not
completed
the
maintenance and corrective
forms

0,029

0,029

0.045

x Shortage of time available (X11)

0.1

[(9-1)x 0.3]+1=2
0,006

x Inconsistency of meaning of
displays and procedures(X1.2)
x Impoverished
quality
of
information conveyed by procedure
or person (X3)
x Little or no independent checking
or testing of output (X3)
x Inconsistency of meaning of
displays and procedures(X1.2)
x Impoverished
quality
of
information conveyed by procedure
or person (X3)
x Little or no, independent checking
or testing of output (X3)
x Transferring knowledge without
lose (X5.5)
x Poor or ambiguous feedback (X4)
x Unclear allocation of function and
responsibility(X1.6)

Total Human Error Probability (HEP)

0.4

[(9-1)x 0.3]+1=1.08

0.2

[(9-1)x 0.3]+1=1.4

0.1

[(9-1)x 0.3]+1=1.2

0.4

[(9-1)x 0.3]+1=1.08

0.2

[(9-1)x 0.3]+1=1.4

0,005

0,005

0.1
[(9-1)x 0.3]+1=1.2
0.7

[(9-1)x 0.3]+1=3.25

0.5

[(4-1)x 0.5]+1=2.5

0.3

[(1.6-1)x0.3]+1=1.18

0,029

0,242
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RQ4. How can work place factors be considered in maintainability during the
design and operational phases?
The equipment design, support variables, and maintenance personnel are three attributes
of maintainability. In Figure 5.6 the inner circle shows the maintainability attributes and
the outer circle shows the studied influence factors.

Figure5.6: Studied workplace factors influencing maintainability performance

In order to assure operating requirements it is necessary to understand how different
workplace factors can affect the maintainability performance of the equipment. The
flowchart (figure 5.7) develops a maintainability management plan to consider the effect of
complex operating conditions on maintainability performance in both the design and
operation maintenance phases.
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Figure5.7: Flowchart of workplace factors influencing maintainability attributes
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5.2 Discussion


7KHH[FHOOHQWUDQJHRI&URQEDFK¶VDOSKDFRHIILFLHQWLVĮ%DVHGRQWKe results,
the reliability of responses to the questionnaire is excellent (Cronbach’s alpha
coefficient IRUHDFKTXHVWLRQLVĮ).



In the workplace category, in the Swedish underground mine, the temperature is
identified as the most important factor, during an interview with Sweden mine
supervisors, the high temperature was mentioned as a constant complaint of the
maintenance crew.



In the Iranian open pit mine the lighting the most important factor. The surface mine
in Iran is located in the desert area with intense sunlight that seems to be the main
problem for the maintenance crew.



In the Iranian mine, noise is a very influential factor, possibly because the
maintenance workshop is too close to the mine pit and is set in a crowded
environment.



Based on the expert’s judgments, job factors have the most significant effect on
human performance and workplace factors have the least. However, the range of
calculated scores (0.284-0.224=0.06) compared to the mean of the scores (0.25) is
very small, reflecting minimal differences between scores. In other words, all four
main categories have more or less the same effect on the human performance.



The factors that have strong driving power and weak dependency on other factors
may be treated as the key factors affecting human performance in maintenance tasks.
Temperature, lighting, and tools design are the key factors in this case study.



The mining company should consider the driving factors. Moreover, the linkage
factors should be further investigated so that human performance during maintenance
execution can be improved.



Many human factors directly or indirectly cause maintenance errors, which
significantly reduce human performance. The reliability of gearbox maintenance for
the extruder machine is 0.758. The amount of unreliability related to human error is
0.242. A considerable proportion of human error is related to disassembly and
installation tasks.
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The shortage of available time, operator inexperience, and a need for absolute
judgments which are beyond the capability or experiences of an operator, have most
contributions in human error.



There are many maintainability engineering issues that need to be understood prior to
a guideline being developed for operation and maintenance in a complex operating
condition.
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CHAPTER 6
CONCLUSIONS AND RESEARCH CONTRIBUTION
This chapter represents the conclusions derived from the results and the stated research
questions in this thesis. In addition, research contributions and some suggestions for
further research are presented.

6.1 Conclusions
This research focuses on maintenance improvement by considering human factors.
The obtained conclusions based on the research questions are listed here:


The main human factors groups that affect human performance in the maintenance are
identified, namely organization, job, workplace, and individual factors. These main
factors are characterized based on their sub factors.



All the main factors considered in the research have an approximately equal influence
on human performance.



Sub factors considered in the research significantly affect human performance.



While respondents in both mines believe all identified factors have a significant effect
on performance, the importance of certain factors differs, suggesting the factors are
location dependent.



External conditions, e.g. economic, social, political, and cultural conditions affect the
priority of the four human factors groups.



All of the prioritized factors fall into the category, driving, and linkage factors. Driving
factors are known as key factors.



In the studied case, a considerable proportion of the unreliability of maintenance
execution is due to human error. Therefore, identification of the probability of human
errors and their sources may improve maintenance execution. Study of the human factor
is essential to ensure the continuous improvement.



The effect of workplace factors (e.g. temperature, noise, and lighting) on the estimation
of maintainability attributes should be considered.



Workplace factors (e.g. vibration, lighting, temperature, slippery floors, etc.) can have
a significant effect on the maintainability performance of an item, as they can change
the design attributes, maintenance crew performance and support activities.
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Maintainability attributes can be affected by mine operating conditions. For example,
dust and mud in a surface mine can reduce the accessibility of some part of excavators.


The effect of operating conditions can be time and location dependent. Hence, any design
technique or maintainability analysis methods should be able to model the effect of time
and location depending on conditions.



In order to make an improved design and operation plan it is necessary to identify how
the workplace factors can affect the design, maintenance personnel, support variables and
maintainability performance. Accordingly, it is essential to use a step-by-step framework
to ensure that such effects are considered in both the design and operation phases.



By considering the role of human factors on the maintainability attributes the desired
maintainability performance can be achieved. By so doing, a significant reduction in
HSE risk and substantial cost can be obtained.

6.2 Research contribution



Identification of the human factors associated with maintenance performance and
human errors.
Categorization of the h u m a n factors influencing the performance in maintenance
execution in four main groups.



Identification of the priority of the influencing factors in maintenance performance
for each group.



Shown that the ISM model can be used to analyse the interrelationships among the
factors in maintenance.



The MICMAC technique is applied to identify the key factors.



HEART is applied to estimate the human error probability in maintenance tasks.



Developed a framework that considers work place factors during the design and
operational phases. The framework is intended to improve maintainability
performance.

6.3 Further Research
In continuation of the results of this thesis, several opportunities for further research are
recommended:


More or less factors could be involved.



The external conditions could be considered in depth.



The cause and effect analysis could be applied to identify the interactive effects of
the factors and investigate the root causes.
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The HEART method could be applied in mines.



The proposed models may be implemented in other industries for maintenance
improvement.
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Abstract:
This paper investigates the factors affecting human
performance in maintenance task in mining sector. The
objective is identifying various factors and to classify them
as driving (strong driving power and weak dependence) and
dependent factors (weak driving power and strong
dependence). The factors were identified through literature
survey and are ranked using mean score of data
questionnaire. The reliability of measures is pretested by
applying Cronbach’s alpha coefficient to responses to a
questionnaire given to maintenance personnel. The
interrelationships between human factors have been
recognized by interpretive structural modeling (ISM). Further,
these factors have been classified using matrice d'impacts
croises-multiplication appliqué à un classement (MICMAC)
analysing. This case study will figure out the factors affecting
human performance for deriving maintenance management
insights to improve productivity in the mining sector. Further,
this understanding may be helpful in framing the policies and
strategies for mining industry.
Temperature, lighting, documentation, communication and
fitness are driving factors. Moreover, Work layout, tools
availability, complex tasks, time pressure, safety, boss
decisions, training, fatigue and motivation have strong driving
power as well as high dependencies and it comes under the
category of linkage factors.
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Human Factors, Maintenance,
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1. INTRODUCTION
The field of human factors and ergonomics is
multidisciplinary which includes psychology, engineering,
computer science, physiology, biomechanics, industrial
design, anthropometry etc. [1, 2]. Various organizations have
given different definitions of human factors and ergonomics.
As per the International Ergonomics Association “Ergonomics
(or human factors) is the scientific discipline concerned with
the understanding of interactions among humans and other
elements of a system, and the profession that applies theory,
principles, data and methods to design in order to optimize
human well-being and overall system performance. Human
factors contribute to the design and evaluation of tasks, jobs,
products, environments and systems in order to make them
compatible with the needs, abilities and limitations of people”
[1]. Since the 1960's, significant reports have been
documented in human factors related mining issues [3] and
reflects that maintenance field is largely reliant on human
activity and can effect performance and productivity [4]. Like
other industrial sectors, the mining industry has also
experienced the rapid application of modern technology and

automated activities due to competitive global economy [5].
This advanced technology has obviously increased the
complexity of tasks and time in maintenance field, which
significantly increased the human error and is considered as a
root cause of many accidents and incidents [6]. Automation
and modern technology in today’s mines needs more efficient
and competent employees as well [5]. Moreover, unfavourable
working conditions and poor maintenance performance can
have many consequences in different dimensions such as:
effect on the health and safety of personnel, inconvenience
and loss of production, loss of life, commercial effects,
premature equipment failures, damage to plant and equipment,
customer dissatisfaction or loss of business [4].The objective
of this paper is to identify and evaluate the factors affecting
human performance and classify them as driving and
dependent factors in mining maintenance context. The study
can help maintenance management to identify the critical
factors affecting human performance. Interpretive structural
modelling (ISM) is a well-established methodology for
identifying relationships among specific items. This
methodology has been increasingly used by various
researchers to represent the interrelationships among various
factors. Interpretive structural modelling (ISM) was first
proposed to analyse complex socioeconomic systems [24].
The basic idea is to use expert knowledge and experience to
decompose a complex system into several subsystems and
construct a multilevel structural model [7-8]. Many
researchers [7-15] have used the ISM method in recent years
to represent the interrelationships between various elements
linked to the problem or issue. ISM has been used for policy
analysis [25] for management research [12, 14] follow up ISM
to develop a hierarchy of actions required to reach the future
objectives of waste management in India. The structural
analysis used in the study is basically a tool that structures the
sharing of ideas. This type of analysis defines a system using a
matrix which combines the components of the system. It has
also been observed from the literature that MICMAC analysis
[11-13] has been extensively used to identify and to analyze
the variables according to their driving power and dependence
power [13-15].

2.
FACTORS
AFFECTING
HUMAN
PERFORMANCE IN MINING SECTOR
In this case study 31 factors have been identified from
literature which may have effect on human performance in
mining maintenance tasks. The factors were classified under
three groups, namely organizational factors, individual factors
and job and workplace factors.

2.1 Organizational Factors
Organizational factors are representative part of each
organization that illustrates the structure and systems, such as
leadership, structure, process and procedure, communication
etc. In this paper, we address the organisational factors from

maintenance perspective such as, duties, responsibility and
authority, documentation (rules &, procedures, manuals),
communication, boss decisions (untimely, wrong), safety
system (instruments, cautions & warnings), contract, salary
and breaks [6]. In order to improve human performance
“management must define the structure, hierarchy and lines of
reporting. It must ensure that duties, responsibilities and
authority of all personnel are well defined and
communicated.” [14]. Moreover, set of rules, procedures,
instructions and standards must be clear for improving quality
products and safe job [14, 15]. Communication between
managers and personnel must be defined [14] as poor
communication may cause a failure in the system due to
miscommunication.
Supervisors play a major role by
effectively carrying administrative and technical tasks to
improve performance, on time task completing, effective
communication between employees and managers, work
layout [16]. Furthermore, it has also been observed from
literature that human performance gets affected by safety
systems within the work place. These systems consist of
assessment of units, inspection, and control of hazards and
risks which affect workplace health and safety. Unsafe
working atmosphere can increase the fear of accidents and
affect performance [17]. Moreover, in order to motivate
employees companies should offer contracts giving an
indication of job security besides addressing duties,
responsibilities, employment conditions, salary and rights
[18].

2.2. Individual Factors
Individual factors such as: education, training, fitness for duty,
skill, motivation, stress and fatigue play significant role in
human performance. Effective training program makes ability
to do the task in better way and minimize the time to take
decision. Moreover, fitness-for-duty assists workers in
maintaining physical, mental and emotional capacity to
perform given tasks [19]. Skill is a personal quality and the
reliability of performing the job stress plays important role in
the workplace. The following figure shows maximum human
performance effectiveness happens at moderate levels of
stress and not at low or high stress. By increasing stress levels,
performance will decrease and it increase probability of errors
in maintenance activities and causes other types of
psychological stress such as: anxiety, fear [20].

2.3. Job & Workplace Factors
Workplace design incorporates designing the task based on
the ability and limitations of people in order to improve
human performance, prevent overload, pressure and to match
with task requirements and health and safety [22]. It includes
tools design, time pressure, task complexity, repetitive tasks,
shift work and environment factors: noise, humidity,
vibration, lighting, dust, temperature, smelly fumes, and
slippery floors. Poor tools design, time pressure can affect
safety, workload, performance, and can cause errors. Task
complexity is one of the significant factors affecting human
reliability [15]. Poor environmental workplace with high noise
levels, high or low temperatures, high humidity, and poor
lighting and ventilation, smelly fumes and slippery floors can
effect performance, motivation and health of personnel and
increase the likelihood of human error [4].

3.

RESEARCH METHODOLOGY

The case study was conducted in a mine based in a northern
part of Sweden, however, due to confidential reasons;
information related to company has been masked. The data
collected through a questionnaire survey involving the
participation of 18 employees dealing with maintenance of
mining machinery. The respondents were male with the
average 16 years’ experience. An interview was also
conducted with 4 of experts who were maintenance
supervisors. In addition, 2 academics with mining experience
have been interviewed. A questionnaire survey was conducted
to rank the factors affecting human performance in mining
maintenance activities. In the present case study, MICMAC
analysis is implemented for identifying the factors which are
influential, dependent and essential to the evolution of the
system. MICMAC analysis is the phase in which the key
factors were identified those essential to the system's
development. The main advantage of using this analysis is that
it motivates thought process and generates ideas among expert
members. Even if being a subjective approach it encourages
the ounter-intuitive aspects of how a system works.In all, 31
factors were identified from literature review. In the
questionnaire, maintenance personnel were asked to designate
the significance of 31 factors on a 5-point Likert scale. On
this scale, “1” and “5” corresponded to “not at all” and “very
often/much” respectively. The questions includes; how much
documentation and poor communication influences the task,
how much untimely, incorrect or immediate decisions affects
human performance etc.The questionnaires were analysed
using SAS - JMP11 software. Cronbach´s alpha coefficients
were applied to the responses to determine reliability. In
addition, the factors are ranked based on mean scores value
and standard deviation which presented in the Table 1.
Standard deviation measures variability within a distribution.
The reliability of data will specified with lower standard
deviation [23]. For validation of the questions standard
deviation of data have been calculated.

3.1. Interpretive structural modeling (ISM):

Figure 1. Human performance effectiveness versus stress
curve [21]

A “leads to” contextual relationship was chosen to analyse the
relationship among the factors. In the process of developing
SSIM (Structural Self Interactive Matrix), the symbols (V, A,
X, O) were used to denote the direction of the relationship
between two factors (i and j) (Table 3). V is the relation from
factor i to factor j (i.e. if factor i influences or reaches to factor
j), A is the relation from factor j to factor i (i.e. if factor j
reaches to factor i), X is used for both direction relations (i.e.
if factors iand j reach to each other), and O indicates no
relation between two factors (i.e. if factors i and j are
unrelated). (Table 2).

Table 1. statistical analysis

Physical
Environment

Workplace &
The Equipment
used
Job &
Demands on the
worker

Individual Factors

Organizational
Factors

Job & Workplace Factors

Factor Area

Factors

Mean
Score

Standard
Deviation

Temperature
Lighting
Vibration
Smelly Fumes
Slippery Floors
Dust
Noise
Humidity
Work layout
Tools Availability
Tools Design
Complex Tasks
Time Pressure
Repetitive Tasks

4,00
3,88
3,81
3,81
3,75
3,50
3,38
3,25
3,94
3,75
3,63
3,38
3,26
3,25

0,89
1,15
0,98
1,05
1,24
1,03
1,26
1,34
1,18
1,24
1,26
0,96
0,85
1,13

Work Overload
Shift Work
Documentation
Communication
Safety System
Boss Decisions
Duties& Responsibilities
Salary
Contract
Breaks
Training
Fatigue
Motivation
Fitness
skill
Education
Stress

3,00
2,38
3,69
3,38
3,31
3,25
3,25
2,94
2,94
2,75
3,50
3,31
3,25
3,19
3,00
2,88
2,88

0,89
1,15
1,25
1,31
1,08
1,24
1,18
0,93
1,29
1,00
1,15
1,01
1,24
1,05
1,03
1,09
0,96

Table 2 . Direction of factor’s relationship
Condition
1
2
3
4

Factor’s relationship
LĺM
MĺL
LļM
I XM

symbols
V
A
X
O

Based on these contextual relationships the SSIM is developed.
A reachability matrix is a binary matrix (1, 0). The structural
self-interactive matrix is transformed into initial reachability
matrix by substituting V, A, X and O by 1 and 0. After
developing initial reachability matrix, the concept of transitivity
is used to fill some of the cells of the initial reachability matrix
by inference. After incorporating the transitivity concept, the
final reachability matrix is obtained. The final reachability
matrix indicates the driving power and dependence of each
factor (Table 4). Dependence is the total number of variables
(including itself) which may be impacting a factor. The driving
power for each variable is the total number of variables
(including itself), which it may impact [7].

4. RESULTS
In this case, the value of Cronbach´s alpha coefficients for
each questions is Į  0.95, (Į  is excellent). Statistical

Mean of
Standard
Deviation

1.12

Mean of
Mean
Score

3.67

1.12

3.50

1.23

3.77

1.00

3.05

1.16

3.18

1.08

3.0

data analysis consists of mean score, standard deviation which
are reflected in Table 1. High standard deviation indicates
large variations in the data, and low standard deviation
symptom for small variations in the data. In our case study the
range of standard deviation are located between 0.85 and 1.34,
hence the questions are reliable. Based on questionnaires
result, 14 factors with high mean score have chosen from 31
factors.. These are highlighted in the Table 1.It is pertinent to
mention that fourteen factors identified from literature are
mutually influential besides affecting human performance.
The factors have been ranked based on mean score.
Furthermore, the factors have been classifies using MICMAC
analysis technique. MICMAC analysis refers to Matrice
d'Impacts Croisés Multiplication Appliquée à un Classement.
It involves the development of a cluster to classify factors as
driving or dependent. The factors affecting the performance of
human operators in maintenance tasks are classified as:
autonomous factors (weak driving power and weak
dependence), linkage factors (strong driving power as well as
strong dependence), dependent factors (weak driving power
but strong dependence) and independent factors (strong
driving power but weak dependence power). The drive
power-dependence power diagram is shown in Figure 2.
Temperature, lighting, documentation, communication and
fitness are driving factors. In other words; they have strong
driving power and weak dependency on other factors. They
may be treated as the key factors affecting human

performance in mining maintenance tasks. Work layout, tools
availability, complex tasks, time pressure, safety, boss
decisions, training, fatigue and motivation have strong driving
power as well as high dependencies and it comes under the

category of linkage factors. If these factors are
accommodated, there will be a positive influence on
maintenance with a reduction in human error.

Table 3. Structural self-interactive matrix (SSIM)
2

1
Temperature

Fitness

3

Work layout

14

4

Lighting

13

O
O
O
O
A
O
V

5

Tools availability

A

A

O
X
O
O
O
V
A
O

6

Complex Tasks

A

Motivation

O
A
O
A
X
X
X
X
X

7
Documentation

Fatigue

O
O
O
O
A
O
O
O
A
X

8
Communication

12

V
V
V
V
V
V
O
O
A
V
A

9

Safety

V
V
V
O
V
V
O
V
V
X
X

10
Boss Decisions

O
O
O
O
O
O
O
O
V
V
O

11

Training

11

Temperature
Work layout
Lighting
Tools availability
Complex Tasks
Time pressure
Documentation
Communication
Safety
Boss Decisions
Training

1
2
3
4
5
6
7
8
9
10

12

Fatigue

Motivation

Fitness

SSIM

NO

13

Time pressure

14

O
O
O
O
A
O

O
O
O
O
O

O
O
O
O

O
V
O

O
V

O

Table 4. Initial and final Reachability Matrix

1*

1*

1
0
0
0
0
5

1*

1*

1*

1*

1

1*
1*
1*
1*

0
0
0
0

1*
1*

1
1
1
1
1

1
1
1

1
1

1*
1*

1*

1

0
1*
1*

1*
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0
0
0
0

1
0
0
0
0

1*

1*

1
0
0
0
0

12

5

8

14

14

5

1*

0

1
1
1
1

1*
1*
1*

1
1*

1
1

1*

1*

1*

1

1*

1*
1*
1*
1*
1*

1
1
1
1
1
1

1*

0

1
1
1
1

1*

1*

1

1*

1
1
1
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1*

1
1
1
1

1
1

1*

1*

1
1
1
1

1

1*

14

13
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1*

1*
1*
1*

1
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1
1
1
1
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1
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1
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1
1

1
1

Motivation

1
1

0
1
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1*
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0
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Training

Communication
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0
1
1
1
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Documentation

0
0
0
0

1
0
0
0
0
0
0
0
0
0
0
0
0
0

Safety

Time pressure

Dependence Rank

0
0
0
0

Complex Tasks

Tools availability
Complex Tasks
Time pressure
Documentation
Communication
Safety
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Training
Fatigue
Motivation
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1
1

Tools
availability
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Lighting

Tempreature
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Figure 2. MICMAC Analysis
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5. DISCUSSIONS
Organizations should concentrate on preventing accidents,
removing or decrease human failures and improving human
performance and safety issues [22]. The rapid growth of
technology in mining sector not only upgraded productivity
but also brought a sequence of complex system, which are to
be maintained by humans and not machines. It is an open
secret that human factor has a significant role in all steps,
particularly in maintenance. It therefore becomes essential for
mining sector to know how to use human requirements to
improve performance and prevent accidents through in all the
process and systems [15]. It has been well known that well
organizations should concentrate on prevent accidents,
remove or decrease human failures and improve human
performance and safety issues [22]. It has been well known
that well trained, motivated, under no time pressure, with
proper work layout and maintenance friendly tools designed,
a maintenance crew can deliver good performance [24], but
there is dire need to implement what is written in reports and
documents. This case study successfully identified the factors
effecting human performance. Further, it has also been
observed from the analysis of questionnaire that the identified
factors have very relevant effect on the performance of
workers while carrying out maintenance task. Moreover, the
factors affecting human performance in maintenance task in
mining sector have also been ranked to make way for future
studies.

6. CONCLUSIONS
Maintenance in the mining sector must be kept in decent
working condition; many factors directly or indirectly result in
a decline in human performance, causing errors in
maintenance. This paper’s objective is to identify and analyse
the factors affecting the human performance in mining
maintenance tasks. The driver power-dependence matrix
sheds light on the relative importance of each factor and the
interdependence among the factors. It can be concluded that

the factors, such as, work layout, tools, complex tasks,
training, boss decisions, time pressure, fatigue, safety, and
motivation have been identified as driving factors (critical
factors). According to MICMAC analysis these driving factors
will greatly influence human performance in mining
maintenance tasks. It is therefore strongly recommended that
the mining company should put more emphasis on these
driving factors. Moreover, the linkage factors should also be
further investigated so that their effect on human performance
during maintenance task can be neutralized. The present case
study can help maintenance management understand the
interaction of factors affecting human performance in
maintenance and assist in devising policies and guidelines for
improving mining maintenance related tasks.
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1. Introduction
The selection of equipment to be used in complex operating
conditions such as in the Arctic or underground is a challenging
issue in terms of productivity, reliability, availability,
maintainability, etc., especially as the production facilities
systems of these operations have reached a highly complex level
where the untimely preventive or corrective maintenance of a
single item in the entire sequence can cause complete system
failure. Considering the high cost of the downtime of such
production facilities, many suggest applying maintainability
principles to ensure availability1. An effective maintainability
design will allow a system to minimise skill levels, tools and
equipment, and man-hours, resulting in lower maintenance costs
and better availability2,3. Studies show technicians in these
facilities are confronted with a set of error producing conditions
within difficult maintenance systems, including time pressures,
dusty environment, confined work spaces, awkward body
positions, lack of access to equipment etc. These conditions, in
combination with basic human tendencies, result in various forms
of error4, resulting in increased maintenance time. However, a
well-planned maintenance design can reduce preventive and
corrective maintenance task times by 40% to 70%2,3.
Reliability symbolizes the probability of components, parts
and systems to accomplish their required functions for an
anticipated period of time without failure. Moreover, availability
is defined as the probability that the system is operating properly
when it is requested for use. Maintainability on another hand is
the ability of an item under given conditions of use, to be
retained in, or restored to, a state in which it can perform a
required function, when maintenance is performed under given
conditions and using stated procedures and resources 1. It is
pertinent to mention that both availability and reliability are
function of maintainability. The operating condition of an item is
a key concept in definitions of maintainability, and a specific
item may have different maintainability in different operating
conditions. Numerous factors affect maintainability, including
individual factors (skill, fitness, stress, fatigue, and training), job
and workplace factors (temperature, lighting, work layout, tools
availability and complex tasks) and organizational factors
(documentation, information and resources) 5. Complex operating
conditions (e.g. exposure to vibration, very high/low
temperatures, dust, high noise levels, humidity, inadequate
temperature-ventilation control, sudden high-pressure steam
leaks, slippery floor, high voltage sources ) can affect the
management of maintainability during the life cycle of the
equipment or system. Complex and random conditions may lead
to limited access to or insufficient clearance for maintenance,
personnel safety hazards, and limited mobility provisions for
maintenance crew, all of which offer abundant opportunities for
accidents and significantly increase the repair time.
Extensive research is still needed to minimise the life cycle
cost of systems and increase the safety of maintenance activities
by improving system
maintainability. Maintainability
performance in the operation phase (operational maintainability)
may significantly differ from that predicted in the design phase
(design maintainability)6. To reach an optimum level of
maintainability, the real operating conditions of the system
should be considered in the early design phase and again in the
early operating phase.
In this paper, we discuss how complex operating conditions
will change the predicted maintainability in the life cycle of the
system (Section 2). We then propose a maintainability plan that
considers the effect of complex operating conditions in both the
design and operation phases (Section 3).

2. Maintainability issues in complex operating conditions
Under specific operating conditions, maintainability performance
of mechanical equipment is a function of i) design, ii)
maintenance personal and iii) support variables. An effective
maintainability design facilitates and provides adequate
accessibility,
easy
opening/fastening
of
components
(disassembly/assembly), effective use of standard components
e.g. bearings, fasteners with dimensional and functional
tolerances , use of minimal number of components, labeling of
components (identiﬁcation), use of indication signals for fault
(diagnosability) and use of wear resistant materials and selflubrication7. Maintenance errors risk lives and resources and
adversely affect business8.
From a personnel perspective, maintainability can be
improved by considering human factors and providing a
maintenance friendly environment. In maintenance related tasks,
a good workstation design and layout considers workers’ needs,
competences, anthropometry, and viewing angles and distances.
Poor design can result in risk of damage to users’ muscles and
joints and significantly affect the forces on the lower back9. It is
therefore suggested that the workplace be designed for minimal
twisting and moderate lifting frequency10 for negligible human
failure. A good workstation design and layout supports
maintenance personnel in achieving their operating objectives.
Generally, there are three goals to consider in a human-centered
design: to augment maintenance personnel abilities, overcome
human limitations, and encourage user acceptance.
Logistic support can improve maintainability by minimising
the need for supporting equipment (e.g. tools, lifting machines,
overhead cranes etc.) and providing manuals with clear-cut
maintenance instructions (documentation). The design phase
become complex when we consider that the various design
elements (maintainability attributes) strongly interact and
modifying one can change the others7. Maintainability of some
components or systems can be seasonally dependent (time
dependent); for example, snow can have a major effect. The
location of the system being maintained also affects
maintainability; i.e. whether the component is in an underground
mine or at an above ground location, if it is located where
logistics can provide sufficient support etc. In addition, the
operating variables can club together to have a significant effect
on operating conditions, making them time and geological–
dependent. For example, Barabadi et al.11 showed the
maintainability of screen facilities in the Jajarm Bauxite mine
changes significantly with location and calendar time of
maintenance. In the offshore industry, atmospheric icing, a kind
of noise in the North Sea, is an important maintainability issue in
the Barents Sea12.
Therefore, the identification and quantification of variables
affecting maintainability is critical in design and operation
planning, especially under complex operating conditions3,11. The
conditions can contribute to maintainability performance by
affecting maintenance crew, components and maintenance tools
and maintenance support.
2.1. Effect of operating conditions on maintenance crew
There is a great deal of room to improve the role of humans in
maintenance activities, given the limitations of human working
capacity under varying operating conditions. Geological
locations have unique factors influencing maintainability; as a
result, equipment with the same design and performance
characteristics (e.g. reliability maintainability, supportability,
etc.) can have different maintainability. Such conditions may lead
to inefficient work (increased inspection time, fault detection
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time, access time, removal time replacement time and testing
time to verify repairs) and an increased number of accidents and
other complaints.
For example in a complex cold environment such as the
Arctic, maintenance activities during a year are carried out at 30°C in high winds, resulting in the decreased physical and
cognitive performance of the maintenance crew. In these
conditions, the hands/fingers suffer cold stress and thermal
discomfort,13,14 leading to a loss of sensitivity and reduced
manual dexterity and grip affecting maintenance13,15. Similarly,
rain, snow, wind and dust decrease human sensory performance
due to the limitation of vision and hearing. Under such operating
conditions, the maintenance crew should wear protective clothes
and gloves, but these increase body dimensions and reduce
mobility and hand dexterity.
A slippery work surface caused by ice, snow, rain and
oil/water leaks is another common maintainability issue affecting
human performance and maintenance, as slippery pathways can
reduce mobility.
A working environment with high temperatures is not an
unusual condition. For example, in nuclear power plants, repair
crews are often required to perform maintenance tasks in
environments where temperatures reach 80°C. A study by Singh
and Kumar16 concluded that the workers in a steel rolling mill are
at high risk of harmful thermal radiation in the billet cutting
section. In the mining sector, variations in the working
environment temperature can reduce human performance as well.
It was observed during interactions with mining staff at a mine in
the north of Sweden that temperature is a factor affecting the
maintenance crew. Proper illumination is a must for good
maintenance; heavy fog, rain, snow or dust can affect outdoor
maintenance of equipment. Similarly, standard threshold limits
for noise levels should be followed and wearing ear protection is
recommended. Other issues, including organisational factors,
salary levels and well-being, can adversely affect the
maintenance crew, increasing human error and reducing the
maintainability performance of equipment. Ergonomic
adjustment is a well-known method to improve maintainability.
Yeow and Sen17 reported a project where ergonomic adjustment
of the inspection workstation resulted in an 6% improvement in
productivity and a reduction in the number of returned products
from 12% to 4.5%1.
2.2. Effect of operating conditions on components and
Maintenance tools
Complex operating conditions degrade the situation and
compound the possibility of human error. We also observed in
discussions with the maintenance staff at the mine being studied
that the accessibility to tools and equipment is greatly affected by
operating conditions; an enormous amount of maintenance time
can be saved if access to equipment is ideal or unrestricted. A
condition such as icing may change the accessibility of the failed
item by changing its appearance and shape. Improper
accessibility can increase the access time to and the replacement
and removal time of a failed component. In dirty conditions such
as underground coal mine, the accumulation of dirt and coal on
mining machines may increase the replacement and removal
time. The same problem may occur for maintenance tools, as the
accumulation of the dust on mining machines can contaminate
tools and considerably complicate maintenance activities. A
screw drive that has been covered by oil can make loosening the
screw a challenging task. Degradation of the screw, lock and
fastened item due to the lack of water or acid can also cause
problems. Hence, systems should not be located in contaminated

areas; they could and should be placed in clean areas beyond the
reach of contamination. Moreover, maintenance performance
times and efficiency suffer considerably from temperature
extremes and reduce the life of equipment components. Very
warm conditions make the component or tools very hot. Hot or
dirty objects (failed components or maintenance tools) can easily
be dropped.
Another area of concern is spare part condition in the
inventory; with ineffective spare part inventory management, a
spare part may be degraded by the surrounding conditions. For
example, humidity can affect the reliability of equipment by
obscuring the information on its instruction label. Equipment
labels can improve maintainability, but they should be accessible,
in visual range, and located in a well-lit place. Operational
conditions can obscure the equipment labels over time, so they
need to be replaced in systematic manner. Dirt, wear corrosion
and spotty illumination all conspire to compound legibility
problems. Under such conditions, multi-unit plants in which
units across plants are identical or highly similar in appearance
offer special opportunities for maintenance errors.
2.3. Effect of operating condition on maintenance support
Maintenance support can be affected by the conditions of
operation as well. Crane, lifting or hoisting devices are key
elements in the maintenance of mining equipment. Their
reliability and availability can be adversely affected by
environmental conditions. In the absence of appropriate lifting or
hoisting provisions, repair persons are often forced to take shortcuts or 'jerry-rig' an immediate problem. These expedients
sometimes invite accidents to both personnel and equipment.
Communication is another area of maintenance support which
can be affected. For example, ice on antenna can cause
insufficient communication coverage or high noise environments.
Job practices and the organisational climate can have a
beneficial or a degrading impact that either mitigates the negative
effect of a specific operating condition or adds to the stress of the
situation and compounds the chances of human error. The
organisational relationships should exhibit sensitivity to the
needs of maintenance personnel in complex conditions.
Training programs should be coupled with realistic
simulations of such environmental stresses as high noise, high
temperature, and marginal illumination. For critical components,
the provision of maintenance information, procedures, and
manuals should be considered standard maintenance procedure.
In the case of random operational conditions, effective
interactions between all stakeholders (e.g. health physics, plant
security, quality control, and operating personnel) prior to, during
and subsequent to maintenance tasks must be established.
3. Maintainability design and plan of operation
Given the effect of severe operating conditions, it is crucial to
consider them during the system maintainability pre-exploitation
phases (design, engineering, manufacturing, procurement,
installation and commissioning) and exploitation phases
(operation, modification, and end-of-life). To this end, a step-bystep methodology is required. Barabady and Aven18 developed a
production assurance program (PAP) to implement a production
assurance program in a production planet. In this study, we
consider PAP as the starting point and then modify it by adding
the maintainability characteristics. The basic features of the
methodology are illustrated in the flowchart in Figure 1. This
flow chart starts by identifying and establishing the company’s
goals and criteria. These can be assessed both qualitatively and
quantitatively. For instance, in the case of an offshore
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exploration, no permanent injury, no significant release of oil or

etc.) and the long distance to the market/ suppliers are some of

Goal and criteria

Operational conditioN
x
x
x
x

Ice accumulation
Heavy fog
Dust
Humidity
…
...

Establishing functional
requirements

Establishing maintainability
requirements

Providing input to the design
process and Operation

Design phase:
Redesign technical system and
operational, maintenance and support
procedures

Maintainability eveluation
Monitoring and
data coolection

Operation phase:
Review the possible Modification on
x
Design layout
x
Personal training
x
Support activities

Does the
maintainability meet
the requirements?

YES

YES
No

YES

Are the established
requirements attainable?

No

No

Are the established goals
attainable?

Fig.1. Guideline for maintainability design and plan of operation
no ignition if any leak occurs are qualitative goals, while drilling
a
specific well within three months, or achieving 95%
availability for the drilling platform are quantitative goals. The
established goals and criteria should meet the company’s
standards and regulations.

the complex factors. According to the available studies and
given the geological characteristics of the mine, mechanized
longwall is the optimal mining method for this working face.
Figure 2 is a functional portrayal of the mechanized longwall
method.

In the next stage, the established goals and criteria are
transferred to functional requirements, with the necessary
functions being identified by a group of experts. Here, the focus
is on the functions or specific tasks and missions of design
elements, not the design elements themselves.

According to this diagram, the mine has three different
production lines. The first line is the mechanised longwall mining
method, and the longwall shearer has a face of 250 m. The
second line is a mine bolter, which makes a tunnel towards a
possible new mining field and prepares new fields for the shearer.
The third line of production is continuous mining, which uses a
continuous miner machine with a large rotating steel drum. The
names and codes of the different subsystems and equipment of
the mine are presented in fig. 2. To achieve the production goal,
the required availability of conveyors should be 98% year round.
Availability (A) is a function of maintainability and reliability as:

Thereafter, among the identified functions, those subject to
maintenance must be identified and their maintainability
requirements must be established. Complex operational
conditions, such as, ice accumulation, heavy fog, dust may make
some problem on logistic support. However, the snow drifting
(accumulation the snow in specific location), atmospheric icing,
dust or seasonal rivers, can dictate the maintenance shops
location far from the central locations. Likewise, ice on antenna
can cause insufficient communication coverage or high noise
environments.

ሺΨሻ ൌ


  

(1)

Maintainability requirements include mean time to repair
(MTTR) or repair rate. Maintainability and functional
requirement identification should be carried out in tandem with
other design requirements such as reliability, safety or
deliverability.

where MTBF stands for mean time to failure and MTTR is the
mean time to repair of conveyors. Using Eq. 1 the availability

In a very simple case, consider the opening of a new tunnel in
an underground coal mine belonging to Svea Coal Mine,
Norway. According to the production plan, this new working
face should produce X tons of coal per month (company goal).
The mine has complex Arctic operating conditions. The harsh
climate (darkness, long cold winter, ice, snow drift, wind chill,

Line 2

Line 1
Shearer

Mine bolter

Line 3
Continuous
miner machine

Conveyor line1
Conveyor line1,2
Conveyor line2

Main Conveyor

Conveyor line3

Fig. 2. Functional diagram of the new working face in Svea
Coal Mine
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goal can be transferred to the maintainability requirement by
collecting the reliability data for the conveyors. In this case, a
parallel reliability study showed the MTBF of conveyors is equal
to 105 hours; hence, using Eq. 1, the MTTR of conveyors will be
equal to 2.15 hours.
Once the maintainability requirements are established, the
maintainability requirement should be transferred to the
maintainability attributes (e.g. accessibility, disassembly/
assembly,
modularization,
standardization,
simplicity,
identiﬁcation, diagnosability, and documentation, personnel
including ergonomics, and tools and test equipment) as an input
for design/operation process. A simulation and analytical method
can be used7,16,19,20. Spare part prediction/planning, a training plan
for the maintenance crew and recruitment screen criteria should
be established in this step. In this part, the operating condition is
an important input. The maintainability attribute must be
developed in such way to assure operating requirements. For
example, to increase the accessibility of equipment in the case of
atmospheric icing, an ice-phobia coating may be used.
In the design phase, after establishing the maintenance
attributes, one of the most important tasks is finding an
appropriate reference design (similar activities in a similar area).
However, in many cases it is not easy to find a suitable reference
design and one must be modified to suit the specific operating
conditions. For example, in the Svea Coal Mine, to improve
operating conditions inside the tunnel in winter and to enhance
human performance, the ventilation air is warmed up to 5°C. If
no reference design is available, a new technological solution
must be developed. Key drivers of a successful solution include a
combination of innovation and experience applied to qualify the
technological gaps in construction, installation, operation, and
maintenance phases.
Maintainability requirements in the operation phase mean
establishing programs, such as spare-part, preventive
maintenance, and training programs, to achieve the required
maintainability. Unlike the design phase, it is difficult and
sometimes even impossible to modify the majority of designed
maintainability attributes in the operation phase. In addition, an
effective plan for maintainability data collection and monitoring
of maintenance activities should be established. The effectiveness
of the maintainability depends on the quality, accessibility and
fidelity of the information used to provide feedback to
management systems on how well equipment is performing and
to show where improvements can be made. The collected data
should show the ability of the system to perform with respect to
the company’s goals and requirements despite any deviations.
Moreover, the collected data must provide a clear
understanding of the maintenance procedure, support activities,
technical characteristics of equipment, characteristics of the
organisation and maintenance crew, and operating and
environmental conditions. Such data and the information
obtained through their analysis can be used to devise costeffective solutions and improvements. Experience and collected
data and information from the operation phase should be
transferred to parties involved in the design phase to stimulate
improvements in the design of new equipment and installations.
This includes a review of assumptions made in predictions in the
design phase compared to the actual conditions experienced
during operation, including operating principles and maintenance
logistics.
In the next stage, the design/operating maintainability should
be evaluated to see if the maintainability requirements for the
various production plant functions are being met. The critical

maintainability component can also be identified for later
improvements. A component can be identified as critical based
on its importance. There are several measures of importance, and
many are commonly used in the reliability, maintainability and
availability process. Identifying the criticality of components
provides important feedback for establishing maintainability
requirements and improvements. Maintainability can be
evaluated in the design phase by using prototypes or using the
simulation models; in the operation phase, it can be done by
analysing the historical maintainability data21. To review some
appropriate statistical tools for maintainability data analysis
considering the effect of operating conditions, see3,6,11,22.
After maintainability is evaluated, the results need to be
checked to see if they meet the maintainability requirements. If
the results show the maintainability goals will be achieved by
using the proposed design, a plan for monitoring and data
collection should be created. If the results of the maintainability
evaluation indicate the maintainability requirements for the
production plant functions will not be reached, the manager must
decide whether these requirements are attainable. If so, the
existing design or operation procedure should be revised. The
modifications can be carried out based on various maintainability
attributes (design, personal or support activates). As mentioned,
modification is much easier in the design phase; later in the
operation phase, it is more difficult. The main grounds for
modification in the latter phase are personal and support activity
attributes. For example, in a cold climate, designing a shelter for
outdoor activities can improve both the working environment of
the maintenance crew and maintainability. The modified version
should be re-evaluated to see if it meets the maintainability
requirements. This process needs to be repeated until the
evaluation demonstrates the requirements can be met. If the result
of the maintainability evaluation shows the maintainability
requirements are not attainable, they should be revised. If these
requirements cannot be revised in a satisfactory way, then the
project goals should be either revised or cancelled.
Decision-making is a challenging process, with the main
challenges related to the associated uncertainty in different stages
of planning. In any step of decision-making, the maintainability
information must be adequate.
Conclusion
Operating conditions and human factors can have a significant
effect on the maintainability performance of an item, as they can
change the design attributes, maintenance crew performance and
support activities. Accordingly, it is essential to use a step by step
guideline to be sure their effects are considered in the design and
operation phases. The effect of operating conditions can be
time/location-dependent. Hence, any design technique or
maintainability analysis/evaluation methods should be able to
model the effect of time/location dependency of conditions. In
this paper, we briefly discuss the effect of operating conditions as
they affect maintainability, before developing a methodology for
maintainability planning in the design and operation phases.
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Maintainability management of mining equipment in complex and
challenging operating conditions
Abstract: Some industries such as mining industry create complex and challenging operating
conditions for maintenance crews. For example in an underground mine, for some machines,
heavy maintenance tasks must be performed on site in a limited workspace in a harsh
environment, including dust and improper illumination. Such operating conditions can
increase the health, safety, and environment (HSE) risk, reduce the availability of the
machines and increase the life cycle cost of equipment. A review of current mining equipment
design and maintenance procedure confirms that considerable reduction in HSE risk, as well
as substantial cost savings, can be achieved with maintainability management by considering
human factors. This study discusses the effect of workplace factors on the maintainability of
mining equipment. It presents the results from questionnaires on the effect of operating
conditions on maintainability performance given to maintenance staff at two mines, one in
northern Sweden and the other in Iran. Finally, it develops a maintainability management plan
to consider the effect of complex operating conditions on maintainability performance in both
the design and operation phases of maintenance.
Keywords: Maintainability, Mining equipment , Human factors, Maintenance, Complex operating
conditions

1. Introduction
The selection of equipment to be used in complex operating conditions such as underground
mining is a challenging issue, as deliverability, reliability, availability, maintainability etc.
must all be considered. Moreover, the production facilities of these operations are highly
complex, and the untimely preventive or corrective maintenance of a single item in the entire
sequence can cause complete system failure [1, 2]. Considering the high downtime cost of
these types of production facilities, many suggest applying maintainability principles to
ensure designed availability [3, 4]. An effective maintainability design will allow a system to
minimize skill levels, tools and equipment, man-hours, and repair time, resulting in lower
maintenance costs and higher availability [4-6]. Studies show it is possible to reduce
preventive and corrective maintenance task times by 40% to 70% with planned
maintainability design efforts [4, 7]. Extensive studies have been carried out to improve the
maintainability of equipment [4, 7-10]. Tjiparuro and Thompson [11] have identified four
types of efforts required: diagnosis, failure modelling, design for assembly and use of a
checklist.
Maintainability of an item is defined as the ability of an item under given conditions of use
to be retained in or restored to a state in which it can perform a required function, when
maintenance is performed under given conditions and using stated procedures and resources
[3, 4]. The operating conditions (given conditions) are the key concepts in definition of
maintainability. A specific item may have a different maintainability performance in two
different operating conditions. Operating conditions in mining industry are complex and
1

challenging as sometimes maintenance activities should be carried out under conditions with a
significant deviation from the designed operating conditions. Such conditions can reduce
maintainability performance of equipment by affecting its design features (accessibility,
disassembly, assembly, etc.), maintenance personnel performance or maintenance support
variables. In general, in mining industry complex operating conditions can occur because of
inappropriate workplace factors (temperature, lighting, vibration, noise, slippery icy surfaces,
heavy rain or snow, and dust), organisation factors (lack of documentation, improper
communications, spare parts and logistic delays etc.), job factors (complex tasks, time
pressure, work overload, etc.), and individual factors (motivation, stress, fatigue, skill etc.).
Many studies have examined the effect of individual, organisation and job factors on the
maintenance process and maintainability, but they do not present sufficiently detailed
discussion about the effects of workplace factors on equipment maintainability performance
[7, 12, 13]. The reason might be that in a lot of cases maintenance activities are performed
under a set of controlled and stable workplace conditions. However, workplace factors in
mining industry may have a dynamic nature, as they can change dramatically over time and
by locations (e.g. the mining level). For example, maintainability of an outdoor conveyer can
be seasonally dependent, in a way that snow, atmospheric icing or wind in the wintertime can
have major effects (time–dependent) [14, 15]. Barabadi et al.[7] showed, the maintainability
of screen facilities in the Jajarm Bauxite mine change significantly by location and over
calendar time of maintenance. Complex workplace factors may lead to limited access or
insufficient clearance for maintenance, personnel safety hazards, impaired mobility provisions
for the maintenance crew and logistical problems. Maintenance activities performed in such
circumstances offer abundant opportunities for industrial accidents and significantly reduce
maintainability. Hence, to reach the maximum level of maintainability, at the first stage it is
necessary to identify all influential workplace factors. Thereafter, the ways that these factors
can affect maintainability characteristics of equipment need to be studied. In the next stage
such effects need to be quantified by appropriate models and finally if it is necessary an
effective technical solution needs to be developed to minimize their effects. The design phase
becomes more complex when we consider that each of the workplace factors can strongly
interact with one another and thus modifies the other maintainability influence factors
mentioned above, namely, individual, organisational and job factors [10, 13]. Hence, a stepby-step methodology should be developed for maintainability management in both the design
and operation phases to assure that the effect of workplace factors on equipment
maintainability is accordingly taken into account.
In this study, we carried out a survey to identify and determine i) the elements that are
likely to create complex operating conditions in mining and ii) the importance of workplace
factors compared to the job factors, organizational factors and individual factors. The survey
was conducted at two mines, one in northern Sweden and the other in Iran. The results of
survey are presented in Section 2. The paper then discusses how work-place factors will
change the maintainability of an item in the operation phase (Section 3). Finally, it develops a
maintainability management plan considering the effect of operating conditions including
workplace factors in both the design and operation phases (Section 4).
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2. Factors affecting maintainability in complex operating conditions
Under specific operating conditions, the maintainability performance of mechanical
equipment is a function of its attributes namely i) design, ii) maintenance personnel and iii)
support variables. An effective design for maintainability will facilitate maintenance by
providing adequate access for workers to perform visual and manipulative tasks
(accessibility), ensuring easy opening/fastening of components (disassembly/assembly), using
standard components e.g. bearings and fasteners with dimensional and functional tolerances
(standardisation), reducing the number of components (simplicity), labelling or engraving
FRPSRQHQWV LGHQWL¿FDWLRQ  LQGLFDWLQJ VLJQDOV IRU IDLOXUHV LQFOXGLQJ IDXOW LVRODWLRQ
(diagnosability), and making use of wear-resistant materials, self-lubrication, longevity
lubricants and surface coating materials [13]. From a personnel perspective, maintainability
can be improved by considering human factors and providing a hazard-free environment for
maintenance work (e.g. no high voltage lines, moderate temperature, no time pressure).
Finally, logistic support (support variables) can contribute by minimising the delivery time for
spare parts, minimising the need for supporting equipment (e.g. tools, lifting machines,
overhead cranes etc.), and providing appropriate manuals with clear maintenance instructions
and procedures (documentation).
Maintainability attributes can be affected by mining operating conditions. For example
dust and mud in a surface mine can reduce the accessibility of some part of excavators.
Through a literature survey and consultations with mining experts, we identified 31
influencing factors and categorised them into four groups: organisational factors, job factors,
workplace factors and individual factors (Figure 1). In Figure 1 the inner circle shows the
maintainability attributes and the outer circle shows the studied influence factors.

Figure1: Studied factors influencing maintainability performance

3

2.1. Questionnaire-based survey: participants and methods
After identification the influence factors, a questionnaire-based survey is designed to
determine the levels, at which the identified factors can affect maintainability performance,
and also to determine the importance of the workplace factors compared to the other
categories. The measures used a nine-point scale (from 1 “not at all” to 9 “very often/much”)
to keep the items consistent. The questionnaires were filled in by 18 employees working in an
underground in northern Sweden, and by 25 employees working in an open pit mine mind in
northeastern Iran. Any information related to the companies has been withheld for
confidentiality reasons. The respondents, who were male with an average of 16 years’
experience in Sweden and 13 years’ experience in Iran, were asked about their opinions on
the importance of various factors affecting the maintenance of mining machinery.

2.2. Data analysis and results
After collecting the data, an Analytic Hierarchy Process (AHP) method is used to rank and
prioritise the factors given in the answers. The AHP is a multi-attribute decision-making
methodology used widely in multi-criteria decision making. It is also used in planning and
resource allocation when the decision factors are highly interrelated. AHP offers a flexible
and easily understood way to analyse complicated problems and, in this case, to prioritse data
comprising the judgments of a group of decision makers[16]. Cronbach’s alpha coefficient is
applied to measure the reliability of responses to the questionnaire. The value for each
TXHVWLRQ LV Į   ZKLFK PHDQV WKH UHOLDELOLW\ RI UHVSRQVHV LV H[FHOOHQW 7KH UHVXOW
represents the ranking scores of the factors, as presented in Table 1. As the table shows, job
factors have the most effect on maintainability performance and workplace factors have the
least. However, the range of calculated scores (0.284-0.224=0.06) compared to the mean of
the scores (0.250) is very small, reflecting minimal differences between scores. In other
words, all four main categories have more or less the same effect on the maintainability
performance.
Table1: The ranking of defined influence factor categories
Factors

Organisational
Factors

Job
Factors

Workplace
Factors

Individual
Factors

Average
grade

0.224

0.284

0.223

0.27

The importance of sub-level factors is shown in Table 2. While respondents in both mines
believe all identified factors have a significant effect on maintainability performance, the
importance of certain factors differs, suggesting the factors are location-dependent.
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Table 2: The ranking of defined influence factor on maintainability
Underground mine in Sweden

Individual Factors

Workplace Factors

Job Factors

Organisational Factors

Influence factors
Documentation
Safety
Communications
Boss Decisions
Duties
&Responsibilities
Contract
Salary
Breaks
Tools Availability
Tools Design
Complex Tasks
Repetitive Tasks
Time Pressure
Work Overload
Shift Work
Temperature
Work layout
Vibration
Lighting
Smelly Fumes
Slippery Floors
Dust
Noise
Humidity
Training
Fatigue
Motivation
Fitness
skill
Stress
Education

Open pit mine in Iran

Results

Factors
Rank

0,146
0,132
0,129
0,126

1
2
3
4

0,126

4

0,122
0,115
0,105
0,169
0,162
0,151
0,145
0,136
0,136
0,1
0,129
0,12
0,117
0,117
0,115
0,112
0,105
0,096
0,089
0,168
0,152
0,147
0,142
0,132
0,132
0,126

5
6
7
1
2
3
4
5
5
6
1
2
3
3
4
5
6
7
8
1
2
3
4
5
5
6

Influence factors

Results

Factors
Rank

Salary
Boss Decisions
Contract
Communications
Duties
&Responsibilities
Documentation
Safety
Breaks
Tools Availability
Time Pressure
Tools Design
Work Overload
Complex Tasks
Repetitive Tasks
Shift Work
Lighting
Work layout
Noise
Temperature
Vibration
Dust
Slippery Floors
Smelly Fumes
Humidity
Motivation
Training
Stress
Fatigue
skill
Education
Fitness

0,154
0,145
0,144
0,141

1
2
3
4

0,122

5

0,12
0,09
0,084
0,19
0,16
0,148
0,141
0,136
0,125
0,099
0,14
0,13
0,13
0,124
0,114
0,111
0,101
0,076
0,074
0,176
0,153
0,15
0,14
0,134
0,132
0,115

6
7
8
1
2
3
4
5
6
7
1
2
2
3
4
5
6
7
8
1
2
3
4
5
6
7

In the underground mine in Sweden, the highest score given by respondents is for tool
availability (0.169), a job factor. By way of contrast, in the open pit mine in Iran, the highest
score is for motivation (0.176), an individual factor. Interestingly, in both mines, humidity is
the least important factor. In the workplace category, in the Swedish underground mine, the
temperature is identified as the most important factor, while in the Iranian open pit mine the
lighting is more important. During an interview with Sweden mine supervisors, the variation
in temperature was mentioned as a constant complaint of the maintenance crew. The surface
mine in Iran is located in the desert area with intense sunlight that seems to be the main
problem for the maintenance crew. In both mines, the work layout and workplace come
second. Workers in the Swedish underground mine consider vibration, lighting, smelly fumes
and slippery floors as more or less equally important; noise and humidity are less important
factors. In the Iranian mine, noise is a very influential factor, possibly because the
maintenance workshop is too close to the mine pit and is set in a crowded environment.
5

Temperature, vibration dust and slippery floors are more and less equally important in the
Iranian mine; smelly fumes and humidity are the least important.
Note that the main focus of this paper is workplace factors. However, organisation
malfunctions, unsatisfactory salary levels, lack of concern for worker welfare, cultural
misunderstandings and improper job factors can increase human error and reduce
maintainability performance. To have an effective design and operation plan it is necessary to
identify how the workplace factors can affect the maintainability performance and its
attributes.

3. Effect of workplace factors on maintainability attributes
3.1. Effect of workplace factors on maintenance personnel
Many studies have discussed how to reduce the role of humans in maintenance activities, for
example, by using e-maintenance[17, 18]. However, humans still play a major role in
maintenance activities. Some workplace factors that create complex operating condition for
maintenance crew are cited below.
Temperature: The literature indicates the variation of temperature has a negative effect on
performance, productivity and health. The influences of temperature are also related to the
length of exposure during the task, dexterity and physical workload[19].
x

Low temperature: A low temperature can cause the body to feel cold, weak, and/or
drowsy. When the body is exposed to the cold, the synovial fluid becomes more viscous
causing joint stiffness; more muscle power is needed to make movements, possibly
leading to musculoskeletal injuries. Long exposure to the cold results in decreased
cognitive performance, injury, hypothermia, loss of sensitivity and reduced manual
dexterity and grip [19-25]. Under such operating conditions, the maintenance crew
should wear warm clothes, gloves and protective devices, but these will reduce mobility
by increasing the measurement of body dimensions and reducing hand dexterity.
Studies show that in outdoor work in the winter, cold stress frequently reduces working
ability by 70% for short periods [26].

x

High temperature: High temperatures reduce the capacity for physical work by
increasing the risk of heat stress. Exposure to high humidity can create the same
problem. Research has found performance can be reduced by 2% per 1oC increase of
the temperature in the range of 25-32oC[27]. At body temperatures substantially higher
than optimal levels (36.5–37.5°C), both physical and mental performance may
deteriorate with the complicated interplay of physiological and pathophysiological
processes [28]. Prolonged heat stress may lead to loss of body fluid (hypohydration),
which impairs performance, especially endurance. In addition, prolonged heat strain
may impair mental and psychomotor functions, thereby affecting performance. High
temperatures increase perspiration and heart rate causing the body to overheat [25].
Fluctuations in temperature can reduce human performance as well.
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Noise: Noise is undesirable or damaging sound that can interfere with required
communication and cause health problems. Noise is an influential source of stress and
distraction. It may cause hypersensitivity to noise, stress, increased blood pressure, or
elevated heart rate and affects other physiological parameters that also reduce physical
performance[29]. In a maintenance workshop with high noise levels, it may be difficult for
maintenance personnel to focus and concentrate. Distraction because of noise can disrupt
maintenance procedures; it can also cause interference in the communication between
maintenance staff and operations staff, possibly leading to accidents[30, 31]. They may skip a
detail requiring attention or repeat a task unnecessarily, thereby increasing maintenance errors
and decreasing maintainability performance. An estimated 15 percent of maintenance related
errors are caused by distractions[32].
Lighting: The lighting level can influence a person’s performance and cause eyestrain,
migraines and headaches. Poor lighting in a work space makes it difficult to read technical
data and manuals and increases the propensity to miss something or to repair something
incorrectly. Improper illumination (too much or too little light) can make the discrimination of
a defect difficult due to shadows or glare[32, 33]. Operating conditions, such as heavy fog,
rain, snow, intense sunlight, or dust, may change the illumination significantly, and in such
cases, efforts should be made to maintain effective illumination. Studies have demonstrated
that giving workers the possibility to adjust the workplace lighting can increase job
satisfaction and reduce stress. [32]
Surface slippery: Slippery surfaces are a common maintenance issue and can be caused by
ice, snow, rain or oil/water leaks. A slippery surface is a safety hazard for personnel as it leads
to falls and sprained backs. It can also increase the logistic delivery time. Hence, spills should
be cleaned up. If ice is the problem, a de-icing technique should be applied. Water can be a
problem, especially in underground mines, creating muddy pathways/working environment,
reducing the mobility of the maintenance crew and causing logistic delays.
Vibration: The evaluation of vibration is complex. Whole-body vibration and object
vibration are two types of vibration exposure. The effects of vibration depend on its frequency
(number of oscillations (cycles) in one second) and acceleration (force, or intensity)[34]. The
physics of vibration and noise are similar. Mining is an industry with significant vibration
exposures. The main health effects of whole-body vibration are including, damage to the
lower spine area and damage to internal organs, problems in the digestive systems, variations
in blood pressure - increased heart rate, oxygen uptake and respiratory rate, changes in blood
and urine, fatigue, motion sickness, affecting the balancing mechanism in the ears, leading to
general malaise; problems in the reproductive systems[35, 36]. All such health hazard can
reduce the maintenance personnel performance and consequently can reduce the
maintainability significantly.
Work Layout: In general, a human-centered workplace design has three objectives: enhance
maintenance personnel abilities, reduce human limitations, and encourage user acceptance. In
maintenance associated tasks, workplace design and layout consider workers’ needs,
competences, and the angles and distances involved in the performance of a task. A good
workplace design improves safety and functionality by arranging the work area to keep
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frequently used items within easy reaching distance, thus helping maintenance personnel
achieve their operational goals. Work place factors can build up confined workspaces and
pathways. For example sometime temporary/permanent shelters to protect workers from
ambient conditions such as dust or low temperature may be necessary. The problem of shelter
is that it can reduce spare part/logistic mobility, create confined work spaces and increase
safety issues related to ventilation. In winter, ice and drifting snow can limit the working area.
It can be difficult to perform maintenance in confined work spaces, as the maintenance crew
may be forced to contort into unusual positions for a long period, resulting in fatigue and
pressure. Fatigue can cause decreased attention and a decreased level of awareness, both of
which can be very dangerous when conducting maintenance. Fatigue is a major human factor
in maintenance errors resulting in accidents. Emergency safety protection equipment (e.g. eye
wash or showers) and escape routes can be affected by operating conditions as well. For
example, escape routes can be partially blocked by snow drifts or simultaneous work being
performed by other maintenance groups.
In additional of mentioned factors air pollution, smelly fumes, dust, high wind speed, high
humidity, storms etc. are other workplace factors that create complexity. Ergonomic
adjustment is one well-known method to improve maintainability under complex operating
conditions. Yeow and Sen [37] reported a project where ergonomic adjustment of the
inspection workstation resulted in a 6% improvement in productivity, while the number of
returned products went from 12% to 4.5%.
3.2. Effect of workplace factors on design attributes
Maintenance personnel frequently say improper accessibility to the equipment requiring
maintenance can increase access, replacement and removal time. Maintenance supervisors
and forepersons estimate a 30% savings in overall maintenance time could be achieved if
access to equipment were ideal or unrestricted. Workplace factors can contribute to this
problem significantly. For example, icing or dust accumulation on mining machines may
change accessibility to the failed item by changing its appearance and shape. Another area of
concern is spare part conditions in the inventory; if spare part inventory management is
ineffective, spare parts may be degraded by operating conditions. For example, humidity can
affect the reliability of equipment, its label or its installation instructions. Moving a failed
component to the field/repair shop as an intact spare part and then recalling it for another one
can increase the logistic time and adversely affect maintainability. Field equipment labels can
improve maintainability and reduce maintenance errors. Hence, labels should be accessible,
easily seen, and located in a well-lit place. Workplace factors (e.g. such as ice, dust, mud,
etc.) can obscure labels over time. Under such conditions, multi-unit plants in which units are
identical or highly similar in appearance offer special opportunities for maintenance errors.
Dirt, wear corrosion and poor illumination all conspire to compound legibility problems.
Every maintenance activity needs tools (portable and non-portable) to carry out tests,
inspections and repairs. Proper maintenance tools can significantly affect the maintainability
performance as well. Numerous hazards and risks are associated with poorly maintained
maintenance tools. Tools and equipment must be used, stored and maintained in a proper
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manner to insure usability, so effective procedures must be established. Reliability and
availability of maintenance tools can be adversely affected by environmental conditions. For
example, crane, lifting and hoisting devices are maintenance tools which can be affected by
ice/snow/rain in winter. Iced crane components could jam the windlass, causing cables to
jump pulleys or to jam in guides. This could lead to failure, preventing operation or causing
erratic operation of cranes and other lifting or dragging operations; this, in turn, could
endanger personnel [38]. In the absence of appropriate lifting or hoisting provisions, repair
personnel are often forced to take short-cuts or 'jury-rig' some way round an immediate
problem. Dusty or iced windows cause loss of visibility for crane/lifter operators. Loss of
visibility can lead to accidents and injuries, even loss of life. Sensors on test equipment (e.g.
temperature sensors, accelerometers etc.,) can be affected by workplace factors, leading to
measurement errors in inspections and repairs. Complex operating conditions may result in
false readings or loss of machine monitoring. For example, in icy conditions, wind speed
errors can be as high as 30% [39].
Contaminated tools complicate maintenance activities. A screw drive covered by oil can
make opening a screw a challenging task. Degradation of screw, nut, lock and other fastening
items due to water or acid can made removal of failed components more difficult. Systems
should not be located in contaminated areas; they should be placed in clean areas beyond the
reach of contamination. Furthermore, very warm/cold conditions make the component or tools
very hot/cold. Hot or dirty objects (failed components or maintenance tools) can easily be
dropped.
3.3. Effect of workplace factors on support variables
Maintenance support can be affected by workplace factors. Availability of spare part is one of
the most important factors on maintainability performance. Work place factors can affect the
delivery time of spare parts. For example, in winter it can be longer than in summer. Ice
accumulation, heavy fog, and dust may cause problems for the safe and quick passage of both
personnel and materials. Maintenance shops should be located in central locations to minimise
the time required to move between the shops and the equipment requiring attention. However,
drifting snow, atmospheric icing, dust or seasonal water flow can require maintenance shops
to be located far from the central locations. Communications is another area of maintenance
support greatly affected by work place factors. For example, ice on antenna can cause
insufficient communications coverage, while high noise environments, characteristic of many
maintenance work sites, can impede telephone conversations, for example, between the
operator and repair person.
For critical components, maintenance information, procedures, and manuals should
consider maintenance procedures under different operating conditions. Moreover, training
should be coupled with realistic simulations of environmental stresses, including high noise,
high temperature, and marginal illumination. Finally, for random operating conditions, an
effective interaction between departments (e.g. health, plant security, quality control, and
operating personnel) before, during and after maintenance tasks needs to be established. Lack
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of such procedure, interaction and training program can increase the probability of human
error and it will reduce the maintainability of equipment.

4. Maintainability management in design and operation phase
Given the effects of severe workplace factors and other operating conditions, it is crucial to
consider them during the system maintainability pre-exploitation phases (design, engineering,
manufacturing, procurement, installation and commissioning) and exploitation phases
(operation, modification, and end-of-life). To this end, a step-by-step methodology is
required. The basic features of the methodology are illustrated in the flowchart in Figure 2.
This flowchart starts by identifying and establishing the company’s goals and criteria. These
can be assessed both qualitatively and quantitatively such as no injury, no significant delay in
production, no leak of hazardous material or producing 20000 tonnes of coal within three
months. The established goals and criteria should meet the company’s standards and
regulations.
In the next stage, the system requirements to achieve the established goals should be
identified. The necessary system requirements need to be identified by a group of experts
based on available experiences and technologies. In a very simple case, consider the opening
of a new tunnel in an underground coal mine belonging to Svea Coal Mine, Norway. Svea
Coal Mine is the northernmost coal mine in the world. According to the production plan, this
new working face should produce 410000 tonnes of coal per month (company’s goal).
According to the available studies and given the geological characteristics of the mine,
mechanised longwall is the optimal mining method for this working face. Figure 3 shows the
system requirements of the mechanised longwall method. According to this diagram, the new
mine needs three different production lines. The first line is the mechanised longwall mining
method, and the longwall shearer has a face of 250 m. The second line is a mine bolter, which
makes a tunnel towards a possible new mining field and prepares new fields for the shearer.
The third line of production is continuous mining, which uses a continuous miner machine
with a large rotating steel drum. In the next stage the availability of selected system and its
subsystems/components needs to be estimated.

10

Figur.2. Guideline for Maintainability management in design and operation phase
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Figur.3. System requirement diagram of the new working face in Svea Coal Mine

The result of availability analysis will provide the maintainability requirements for those
items that are subjected to the maintenance tasks (e.g. conveyors in Svea Coal Mine).
Maintainability requirements include mean time to repair (MTTR) or repair rate. For example
in Svea Coal Mine the availability analysis shows that to achieve the defined production level
(company’s goal), the required availability of conveyors should be 98% year-round.
Availability (A) is a function of maintainability and reliability as:

(1)

where MTBF stands for mean time to failure and MTTR is the mean time to repair of
conveyors. Using Eq.1, the availability goal can be transferred to the maintainability
requirement. In this case, MTBF of conveyors needs to be 105 hours; hence, using Eq. 1, the
MTTR of conveyors will be equal to 2.15 hours.
Once the maintainability requirements are established, the maintainability requirement
should be transferred to the maintainability attributes (design, maintenance personnel and
support variables) as an input for design/operation process. A simulation and analytical
method can be used for this aim [9, 11-13, 40]. In this part, the operating conditions including
the workplace factors are important inputs. The maintainability attributes must be estimated in
such a way to assure operating requirements. For example, Svea Coal Mine has complex
Arctic operating conditions. The harsh climate (darkness, long cold winter, ice, snow drifts,
wind chill, etc.) and the long distance to the market/ suppliers are some of the complex factors
which can reduce the maintainability significantly. The conveyor located outside the mine can
be affected by atmospheric icing which can reduce the accessibility of conveyor components.
If we are in the design phase, after establishing the maintenance attributes, one of the most
important tasks is finding an appropriate reference design (i.e. similar system in a similar
area). However, in many cases it is not easy to find a suitable reference design and thus, one
must be modified to suit the specific operating conditions. For example, to increase the
accessibility to the components of outside conveyer in Svea Coal Mine an ice-resistant
coating may be proposed to use. If no reference design is available, a new technological
solution must be developed. Key drivers of a successful solution include a combination of
innovation and experience applied to qualify the technological gaps in construction,
installation, operation, and maintenance phases. Spare part prediction/planning, a training
planning for the maintenance crew and recruitment screen criteria should be established in
this step.
If we are in the operation phase maintainability requirements mean establishing
programmes, such as logistic managements (e.g. spare-part management), cleaning and
inspection plan, and training programmes, to achieve the required maintainability. Unlike the
design phase, it is difficult and sometimes even impossible to modify the majority of designed
maintainability attributes in the operation phase. However, in some cases it is necessary to
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apply some modifications to the design layout in operation phase to enhance the
maintainability of equipment. In addition, an effective plan for maintainability data collection
and monitoring of maintenance activities should be established. The collected data must
provide a clear understanding of the maintenance procedure, support activities, technical
characteristics of equipment, characteristics of the organisation and maintenance crew, and
operating and environmental conditions. Such data and the information obtained through their
analysis can be used to devise cost-effective solutions and improvements. Experience and
collected data and information from the operation phase should be transferred to parties
involved in the design phase to stimulate improvements in the design of new equipment and
installations.
In the next stage, the design/operating maintainability should be evaluated to see if the
maintainability requirements for the various production plant functions are being met. The
critical maintainability component can also be identified for later improvements. A
component can be identified as critical based on its importance. There are several measures of
importance, and many are commonly used in the reliability, maintainability and availability
process. Identifying the criticality of components provides important feedback for establishing
maintainability requirements and improvements. Several measures are used to evaluate the
reliability, maintainability and availability. Maintainability can be evaluated in the design
phase by using prototypes or simulation models; in the operation phase, it can be done by
analysing the historical maintainability data [8]. The selected maintainability methods for
analysing historical data should be able to quantify the effect of operating conditions. To
review some appropriate statistical tools for maintainability data analysis considering the
effect of operating conditions see [7, 41-43].
After maintainability is evaluated, the results need to be checked to see if they meet the
maintainability requirements. If the results show the maintainability goals will be achieved by
using the proposed design, a plan for monitoring and data collection should be created. If the
results of the maintainability evaluation indicate the maintainability requirements for the
production plant functions will not be reached, the manager must decide whether these
requirements are attainable. If so, the existing design or operation procedure should be
revised. The modifications can be carried out based on various maintainability attributes
(design, personal and support activates). As mentioned, modification is much easier in the
design phase; later in the operation phase, it is more difficult. The main grounds for
modification in the latter phase are personnel and support activity attributes. However, such
modifications may interact with other maintainability factors. For example, in a cold climate,
designing a shelter for outdoor activities can improve the working environment of the
maintenance crew but reduce the mobility of both spare parts and personnel. The modified
version should be re-evaluated to see if it meets the maintainability requirements. This
process needs to be repeated until the evaluation demonstrates the requirements can be met. If
the result of the maintainability evaluation shows the maintainability requirements are not
attainable, they should be revised. If these requirements cannot be revised in a satisfactory
way, then the project goals should be either revised or cancelled. Decision-making is a
challenging process, with the main challenges related to the associated uncertainty in different
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stages of planning. In any step of decision-making, the maintainability information must be
adequate.

5. Conclusion
There are many maintainability engineering issues that need to be understood prior to a
guideline being developed for operation and maintenance in complex operating condition like
those in underground mining. Work place factors (e.g. vibration, lighting, Temperature,
slippery floors, etc.) can have a significant effect on the maintainability performance of an
item, as they can change the design attributes, maintenance crew performance and support
activities. Hence, in order to assure operating requirements it is necessary to understand how
different workplace factors can affect the maintainability performance of the equipment.
Accordingly, it is essential to use a step-by-step guideline to make sure that such effects are
considered in both the design and operation phases. The effect of operating conditions can be
time/location-dependent. Hence, any design technique or maintainability analysis/evaluation
methods should be able to model the effect of time/location dependency of conditions. In this
paper, we briefly discuss the effect of work-place factors on the maintainability of mining
equipment. Thereafter a methodology for maintainability management in the design and
operation phases is developed and discussed.
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Case Study III

Application of HEART in cable industry

CASE STUDY III

1. Human Error Assessment and Reduction Technique (HEART)
Human error is described as the failure to implement a definite duty (or performance of a
not allowed action) that could result in disruption of planned tasks or damage to equipment
and property. Some reasons for human errors are counted as inadequate training and skill,
poor maintenance instructions and operating procedures, poor work layout, poor
equipment design and improper work tools. A broad range of techniques such as HEART,
and Fault Tree Analysis (FTA), can be applied to predict the human error probability in
maintenance (Dhillon, 2008).
In the third case study, HEART is applied to determine the probability of a human error
occurring during the maintenance tasks in a cable company in Iran. In this company, the
extruder machines maintenance is selected as a case study. The extruder is not only one of
the most important and expensive machines, but also the most accurate and technical
machine in the cable manufacturing industry. For this reason, experienced and high skilled
operators work with this machine. The function of this machine is insulation of the
electrical conductors to create a proper operational condition for transferring electricity.
Failure in the extruder machines leads to shut down of the production line. The gearbox is
a very critical part of the extruder machine and a major proportion of failures with extruder
machines are related to the gearbox. Therefore, estimating the probability of human errors
which occur during maintenance activities is really important.

Figure 1.1: Gearbox extruder machine

The results are shown in the table 1.1.
Table 1.1: Human error probability of gearbox extruder machine
No

Estimation of Human Error

Error producing Conditions
(Total Heart Effect)

EPOA
(0-1)

Assessed Effect

x Shortage of available time (X11)
x Overriding information (X9)

0.2
0.3

[(11-1)x 0.2]+1=3
[(9-1)x 0.3]+1=3.4

x Shortage of available time (X11)
x Operator inexperience (X 3)

0.2
0.2

[(11-1) x 0.2] +1=3
[(9-1)x 0.3]+1=1.4

0.3
0.2
0.1

[(11-1)x 0.2]+1=1.6
[(9-1)x 0.3]+1=3
[(9-1)x 0.3]+1=1.7

0.4

[(11-1)x 0.2]+1=1.24

x Operator inexperience (X 3)

0.4

[(3-1)x 0.4]+1=1.8

x A need for absolute
judgments
which are beyond the capability or
experience of an operator (X1.6)
x Unfamiliarity with a situation (X17)
x A need for absolute
judgments
which are beyond the capability or
experience of an operator (X1.6)
x A mismatch between operator
educational level and requirements
(X2)

0.4

[(9-1)x 0.3]+1=1.24

0.1
0.4

[(9-1)x 0.3]+1=2.6
[(9-1)x 0.3]+1=1.24

0.2

[(9-1)x 0.3]+1=1.2

0.2
0.3
0.4

[(9-1)x 0.3]+1=3
[(9-1)x 0.3]+1=1.6
[(9-1)x 0.3]+1=2.8

0.3

[(9-1)x 0.3]+1=1.18

0.3

[(9-1)x 0.3]+1=1.3

0.3

[(9-1)x 0.3]+1=1.18

0.2
0.6

[(9-1)x 0.3]+1=1.9

0.073

A- Disassembly Tasks of Gear Box
Inadequate washing and
A1 cleaning the gearbox and
emptying all gear oil
Technician
damages
A2 washers, sealing elements,
nuts, belt and shaft while
taking out the gearbox units
Damage to gearbox units,
A3 while opening the main door
to take it out

x Operator inexperience (X 3)
x Shortage of available time (X11)
x Mismatch between an operator’s
model and that of designer ( X8)
Damage to gearbox units, x A need for absolute
judgments
A4 while transferring it to the
which are beyond the capability or
workshop
experience of an operator (X1.6)
B- Measurement and Inspection task
B1

B2

B3

Technician
fails
to
recognize the damaged
parts
Technician fails to correctly
measure the gears abrasion
and erosion
Technician
fails
to
recognize the row materials
of gears to repair or order
the spare parts

C2

C3

C4

Technician fails to repair
the erosions
Technician ordered wrong
parts

Technician fails to build a
new component (fail to
choose
the
proper
material…….)

Inadequate
lubrication
based on lubrication chart

0,031

0,013

0,025

0,004

0.020
0,005

0,010

C- Corrective maintenance tasks
C1

HEP

0,005

0.042
x Shortage of available time (X11)
x An Inexperienced Operator (X3)
x Transferring knowledge without lose
(X5.5)
x Unclear allocation of function and
responsibility(X1.6)
x A mismatch between operator
educational level and requirements
(X2)
x A need for absolute
judgments
which are beyond the capability or
experience of an operator (X1.6)
x Transferring knowledge without lose
(X5.5)
x Unreliable instrumentation (X1.6)
x Impoverished quality of information
conveyed by procedure or person
(X3)
x Unclear allocation of function and
responsibility(X1.6)

0,014
0,010

0,012

0.4

[(9-1)x 0.3]+1=1.36
[(9-1)x 0.3]+1=1.8
0,006

0.3

[(9-1)x 0.3]+1=1.18

D- Assembly and Installation Tasks

0.062

Damage to gearbox units
will deliver it from the
workshop

x A need for absolute judgments
which are beyond the capability or
experience of an operator (X1.6)

0.5

Technician
wrongly
installed and deformed the
gear
box,
missed
replacement of some parts
or damages to screws and
nuts
Inadequate sealing of units

x Shortage of time available (X11)
x Operator inexperience (X3)
x Impoverished
quality
of
information conveyed by procedure
or person (X3)

0.2
0.5
0.3

[(9-1)x 0.3]+1=3
[(9-1)x 0.3]+1=2
[(9-1)x 0.3]+1=1.6

0,029

x Shortage of time available (X11)
x Operator inexperience (X3)
x Little or no independent checking
(X3)
E- Testing and Final Inspection Task

0.3
0.5
0.1

[(9-1)x 0.3]+1=4
[(9-1)x 0.3]+1=2
[(9-1)x 0.3]+1=1.2

0,029

D1

D2

D3

E1

E2

E3

E4

Technician missed checking
that all screws are tightened
(Results
in
machine
vibration
and
reduce
performance)
Incorrect installation that
make improper engine
temperature or abnormal
noise

Incorrect installation that
close the oil path or cause
belt failure

Not
completed
the
maintenance and corrective
forms

x Shortage of time available (X11)

[(9-1)x 0.3]+1=1.3
0,004

0.045
0.1

[(9-1)x 0.3]+1=2
0,006

x Inconsistency of meaning of
displays and procedures(X1.2)
x Impoverished
quality
of
information conveyed by procedure
or person (X3)
x Little or no independent checking
or testing of output (X3)
x Inconsistency of meaning of
displays and procedures(X1.2)
x Impoverished
quality
of
information conveyed by procedure
or person (X3)
x Little or no, independent checking
or testing of output (X3)
x Transferring knowledge without
lose (X5.5)
x Poor or ambiguous feedback (X4)
x Unclear allocation of function and
responsibility(X1.6)

Total Human Error Probability (HEP)

0.4

[(9-1)x 0.3]+1=1.08

0.2

[(9-1)x 0.3]+1=1.4

0.1

[(9-1)x 0.3]+1=1.2

0.4

[(9-1)x 0.3]+1=1.08

0.2

[(9-1)x 0.3]+1=1.4

0,005

0,005

0.1
0.7

[(9-1)x 0.3]+1=1.2
[(9-1)x 0.3]+1=3.25

0.5

[(4-1)x 0.5]+1=2.5

0.3

[(1.6-1)x
0.3]+1=1.18

0,029

0,242

2. Result and Conclusion
Disassembly, measurement and inspection, corrective maintenance, assembly and
installation testing and final inspection are the five main tasks of maintenance for the
gearbox of the extruder. Human Error Probability (HEP) of each main task and subtasks associated with the maintenance of a gearbox were estimated using HEART
(Table 1.1). The probability of occurrence of error in each main task, disassembly,
measurement and inspection, corrective maintenance, assembly and installation, and
testing and final inspection are 0.073, 0.020, 0.042, 0.062, and 0.045 respectively. It
concluded that the probabilities of a human error occurrence during the disassembly
and installation tasks are more than others. The human error probability of

maintenance tasks during gearbox maintenance is found to be 0.242. The shortage of
available time, operator inexperience, and a need for absolute judgments which are
beyond the capability or experiences of an operator, have most contributions in
human error.
Many human factors directly or indirectly cause maintenance errors, which
significantly reduce human performance. The reliability of gearbox maintenance for
the extruder machine is to be 0.758. The amount of unreliability related to human
error is 0.242. A considerable proportion of human error is related to disassembly and
installation tasks.

APPENDIX

Dear Employee
My name is Mojgan Aalipour and my research is in “Human Factor” at Luleå University of
Technology. My thesis deals with “Effective Maintenance Execution in Mining with Human
Factor Interventions”. For this research, we have prepared a questionnaire, with 24 questions.
Please help us to improve the research by answering this questionnaire. Please tick the range
from Very Much=9 until Not at All= 1, you are selected to rank the point.
All respondents are anonymous. Thanks in advance for your participation
Questionnaire
Factors affecting Human Performance in Machinery Maintenance tasks in Mining

Male

Female

Experience (year) ……………

Questions

Very
Much
9

Please indicate how much do the below statements (organizational
factors) given below, have affected your performance:

1. Non-described or incomprehensive duties or responsibilities.
2. Unavailable complete and correct documentation required
(Manuals, Instructions, Brochures…).

3. Conflicts or poor communications and cooperation between
divisions or departments affect in your performance.
4. Untimely, incorrect or immediate decisions by your boss.
5. Pressure of time in your work. (short deadlines).
6. Work overload/task load in your job.
7. Complex tasks (Information Load, ambiguous tasks).
8. Repetitive or boring tasks (Monotonous or meaningless duties).
9. Inappropriate work layout or insufficient workplace to perform
your tasks.
10. Physical safety, unavailable safety devices, instructions and
precautions (Helmet, Shoes, gloves…).
11. Inaccessible/Unavailable tools and equipment needed to perform
your tasks.
12. Poor design tools and equipment.

Much

Occationnaly

7

5

Not
Much

Not at
All

3

1

Questions

Very
much
9

13. Insufficient or not effective required training and certifications.
14. Inappropriate duties for your physics (body size, strength, age…).
15. Inappropriate duties for your education and expertise.
16. Inappropriate duties for your skill and experience.
17. Physical or mental fatigue by doing your job.
18. Shift work, in particular night shift.
19. Feeling stressed at your work place.
20. Insufficient breaks and lunch time for refreshments.
21. Insecurity for keeping your job / contract.
22. The salary doesn’t match to my job.
23. Misplaced motivation and attention in your job.
24. How much do the environmental conditions given below affect
your performance:

a.

Loud Noises?

b.

Humidity?

c.

Vibration?

d.

Lighting?

e.

Dust?

f.

Temperature?

g.

Smelly fumes?

h.

Slippery floors?

Much

Occationnaly

Not
much

Not at
all

7

5

3

1

Hej,
Mitt namn är Mojgan Aalipour och min forskning vid Luleå tekniska universitet behandlar
hur man kan minska mänskliga felhandlingar på arbetsplatsen. Mitt fokus, är på effektivitet
inom underhåll och hur det kan förbättras genom en förbättrad arbetsmiljö. För denna
forskning har vi förberett ett frågeformulär med 24 frågor. Vänligen hjälp oss med vår
forskning genom att besvara denna enkät. Alla respondenter är anonyma.
Kryssa intervallet från Väldigt mycket = 9 tills inte alls = 1, är du valde att rangordna poängen.
Tack på förhand för ditt deltagande

Frågeformulär
Faktorer som påverkar arbetssituationen vid maskinunderhåll i gruvor

Man

Kvinna

Arbetserfarenhet (år) …………

Frågor

Väldigt

Ganska

mycket

mycket

9

Vänligen ange hur mycket påverkar nedan nämnda påståenden
dig i din prestation:
1. Ej beskrivande eller oklara arbetsuppgifter eller ansvarsområden
2. Fullständig och korrekt dokumentation finns ej tillgänglig enligt
behov (Manualer, instruktioner, broschyrer ...)
3. Dålig kommunikation eller konflikter mellan avdelningar påverka
din prestation.
4. Olämpliga, felaktiga eller hastiga beslut av din chef.
5. Tidspress i arbetet. (Korta tidsfrister)
6. Arbetsbörda/överbelastning i ditt jobb.
7. Komplexa uppgifter (mycket information att ta in, tvetydiga
uppgifter)
8. Repetitiva eller tråkiga uppgifter (Enformiga eller meningslösa
arbetsuppgifter)
9. Olämplig utformad arbetsplats eller otillräcklig arbetsyta för att
utföra dina arbetsuppgifter.
10. Fysisk säkerhet, otillgängliga/undermåliga säkerhetsanordningar,
instruktioner och försiktighetsåtgärder (hjälm, skor, handskar...)

7

Varken/Eller

5

Mycket

lite

Inte alls

3

1

Frågor

11. Verktyg och utrustning otillgängliga för att utföra arbetsuppgifter.
12. Dålig designade verktyg och utrustning.
13. Otillräcklig eller ineffektiv utbildning och certifieringar för krävt
arbete.
14. Olämpliga arbetsuppgifter för din fysik (kroppsstorlek, styrka,
ålder ...)
15. Olämpliga arbetsuppgifter för din utbildning och expertis.
16. Olämpliga arbetsuppgifter för dina förmågor och erfarenheter.
17. Fysisk eller mental trötthet av ditt arbete.
18. Skiftarbete, särskilt nattskift.
19. Känsla av stress på din arbetsplats.
20. Otillräckliga raster för återhämtning.
21. Osäkerhet kring fortsatt arbete/kontrakt.
22. Lönen motsvarar inte mina arbetsuppgifter.
23. Avsaknad av motivation och uppmärksamhet i ditt arbete.
24. Hur mycket påverkar miljöförhållandena nedan i din prestation:
a.

Höga ljud?

b.

Luftfuktighet?

c.

Vibrationer?

d.

Ljusförhållande?

e.

Damm?

f.

Temperatur?

g.

Illaluktande gaser?

h.

Hala golv?

Väldigt

Ganska

mycket

mycket

9

7

Varken/Eller

Mycke
t lite

5

3

Inte alls

1

Dear
My thesis deals with “Effective Maintenance Execution in Mining with Human Factor
Interventions”. Please indicate how much do the human factors categories (job, workplace,
organizational and individual factors) are more important and effective on maintenance
performance in mining. Please put cross in the relevant boxes.
Thanks in advance for your participation.

Factors affecting Human Performance in Machinery Maintenance tasks in Mining

Factors

1. Job Factors:
Time Pressure, Work Overload, Complex Tasks, Repetitive
Tasks, Tools Availability, Tools Design, Shift Work

2. Workplace Factors:
Work layout, Noise, Humidity, Vibration, Lighting, Dust,
Temperature, Smelly Fumes, Slippery Floors

3. Organizational Factors:
Duties &Responsibilities, Documentation, Communications,
Boss Decisions, Safety, Breaks, Contract, Salary

4. Individual Factors:
Training, Fitness, Education, skill, Fatigue, Stress,
Motivation

Extreme
importance

V ery
importance

Average
importance

Weak
importance

9

7

5

3

N ot
importance

1

Hej,
Mitt namn är Mojgan Aalipour och min forskning vid Luleå tekniska universitet behandlar hur man
kan minska mänskliga felhandlingar på arbetsplatsen. Mitt fokus är effektivitet inom underhåll och hur
det kan förbättras genom en förbättrad arbetsmiljö. För denna forskning har vi förberett ett
frågeformulär med 4 frågor.
Ange hur betydelsefulla de olika kategorierna inom mänskliga faktorer/human factors,
(Arbetsuppgifter, Arbetsplats, Organisatoriska och Individuella faktorer), är för hur bra och effektivt
underhållet kan utföras inom gruvindustrin. Ange ditt svar med ett kryss i respektive ruta.
Alla respondenter är anonyma. Tack på förhand för ditt deltagande
Frågeformulär
Faktorer som påverkar arbetssituationen vid maskinunderhåll i gruvor
Man

Kvinna

Arbetserfarenhet (år) …………

Frågor
1.

Faktorerkopplade till arbetsuppgifter:

Tidspress, Arbetsbörda/överbelastning, Komplexa
uppgifter, Repetitiva/monotona uppgifter, Verktyg
och utrustning tillgängliga, Designade verktyg och
utrustning, Skiftarbete.
2.

Arbetsplatsfaktorer:

Arbetsanläggning, Höga ljud, Luftfuktighet,
Vibrationer, Ljusförhållande, Damm, Temperatur,
Illaluktande gaser, Hala golv.
3.

Organisatoriska faktorer:

Arbetsuppgifter & Ansvarsområden, Kontrakt,
Lönen, kommunikation, Dokumentation, Säkerhet,
Raster, Beslut av din chef.
4.

Individuella faktorer:

Träning, Fitness, Utbildning, Förmågor, Trötthet,
Motivation, Stress.

Mycket
viktig

V iktig

Medel

Mindre
viktig

I ngen
viktig

9

7

5

3

1
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