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Abstract

This study presents reliability and availability analysis of mining systems with hardware
and human-error failures. The failures of proposed models representing the mining systems could
be safe or unsafe. To understand model reliability and availability behaviours, different values of
failure and repair rates were used at different number of parallel units and different repair policies.
Also, a model with partial and complete failures was analysed beside two miscellaneous models
representing systems used in mining sector. The failure and repair rates are assumed constant.
Markov method was used to perform analysis of the models and Laplace transforms were used to

solve associated equations.
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Background Chapter 1

Chapter 1 : Introduction

1.1 Background

Global economy is the driving force behind continuous improvement of mining equipment
reliability to meet the global demand and competitions. Thus, mining equipment is becoming more
complex, sophisticated and costly [1]. Over global economy challenges, humans play a role in any
system reliability because humans are the link between all phases of system life cycle. Human
involvement may be as simple as hand tool or as complex as programing a monitoring system.
Studies show that human error accounts 60% to 80% of complex system failures while 96% of
simple system failures [2]. In 1958, H. L. Williams was the first to point out that the realistic
reliability prediction of systems must consider human-element [5]. Since that time, a large number
of publications on human factors and errors have appeared [1]. These publications studied the
reliability of human-machine systems that can be classified according to their orientations into

three phases. Each phase focuses and discusses certain type of potential human errors [14].

If human-machine systems are defined as systems that have direct or indirect interaction
between people and other system components [12], we can realise the potential human-error in all
systems. Therefore, human-error was given the attention in this study beside hardware failure. In
the United States, a study found that almost 85% of all accidents in mining can be attributed to at
least one human error [111]. In Australia, two-third of occupational accidents can be attributed to

human error [148].

Also, this study analyses models that consider safe and unsafe failure modes of mining
systems because unsafe failures might be catastrophic failures or involve environment concerns.
Historical data for the United States mining industries shows that the annual mining death was as
high as over 3000 per year in 1910 [60]. After authorizing the Federal Coal Mine Safety Act to
conduct annual inspections of underground coal mines , the yearly fatality number was dropped to
around 500 in the late 1950s [102]. Over 25% of underground coal mining accidents occurred

during maintenance activities [108]. Continuous improvement efforts focused on the mining safety
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dropped that number to 41 fatalities in 2013. Figure 1-1 shows fatalities number for period between
2004 and 2013, in the United States mining sector [107, 109].

Number of Mining Fatalities by Year, 2004-2013

73 . 70
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| | I 34 | i I

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

80
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3
2
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Figure 1-1 Number of mining fatalities by year 2004 -2013, in the United States.

The mathematical modelling in this report uses Markov method to perform analysis of the
models and Laplace transforms to solve associated equations. The results were used to develop the
plots of the reliability parameters, i.e. system reliability, mean time to failure (MTTF), availability.
These parameters were investigated to observe the influence of different values of failure and

repair rates, number of units in parallel configuration, and the different repair policies.

1.2 Literature Review

1.2.1 Human Factor Engineering

International Organisation of Standardisation (1SO) [70] definition of human factors (or
ergonomics) is “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 other methods to design in order to optimize human well-being and overall system
performance”. Sanders and Haight [13, 18] identified the main objective of human factor to be a

study aims to maximizing systems reliability, safety, health, comfort and quality of life.
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Horberry et al [62, 88, 96] presented two broad critical reasons of human factor engineering
in mining systems: First reason is related to safety and health and second one is related to
productivity and work efficiency. Freiheit and Hu [103] stated that estimating system productivity
typically starts by determining subsystem reliabilities. In 2005, Barabady [98], indicated that
although the unplanned failure of mining equipment will result in significantly higher repair cost,
the production losses associated with the failure is the critical concern. By improving the mining
equipment reliability, the impact of failure will be mitigated. Basically, reliability is a performance

indicator of overall equipment condition.

Human Factor engineering has wide applications, i.e.design engineers apply it to improve
system reliability when investigating the system reliability through applying some methods such
as hazardous operation (HazOp), simulation and modelling, fault-tree analysis (FTA), failure mode
and effects analysis (FMEA) and other methods that were explained by Stapelberg [33].
Unfortunately, most of the methods are either misunderstood or misused, stated by Lee and
Hillman [49]. Therefore, Krarti [50], in 2003, pointed out that artificial intelligence-based model
was developed to help in determining the integrity of engineering design. However, it has been not
properly appreciated and its implementation needs more evaluation. In 2012, Zhao [75], pointed
that artificial intelligence is developing rapidly and there are potential for more powerful
technologies. Even though human factor engineering aims to optimize the overall system
performance, the current engineered systems could be investigated for further optimization. For
example Li et al [133] investigated a current status of operation control room to highlight several

common shortcomings in the integration of people and technology.

Sharidan [14], classified human factor studies into three phases according to the studies
orientations: First phase focused on crafts with limited applications in the automotive and
communication industries. After World War 11, there were more appreciations and needs to
continue developing human factors. As a result, second phase involved and dominated a wider
applications of factors engineering. During the 1960s, human factors engineers began to use

modelling techniques. Latest phase refers to the era of human-computer interaction.

In area of mining, in 1924, Haldane [104] discussed the coal mining industries in UK to

clarify the relationship among miners comradeship and also between employees and employer. In
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1971, Sanders and Hitchcock [105] conducted the first formal study that was concerned with
identifying human-factor related problem in underground coal mines. In 1988, Sanders and Peay
[106] summarized the application of human-factor to improve miners’ safety, productivity, and
the general physical and psychological. In the same year, Dhillon and Rayapati [99] presented a
model of human performance when subjected an external factor. The results show that the critical

effect of external factors should be recovered by factor engineering.
1.2.2 Modelling

Shooman [9], presented a general approach to study any system probabilities and reliability
related measures that has three phases: (1) Transition of the physical problem into a mathematical
statement, which is called modelling. (2) Application of probabilities theories and laws to solve
the model. (3) Interpretation of mathematical results in term of engineering principles. Chaturvedi
[21] argued that reliability analysis of complex systems is almost impossible when treat systems
in full details. Therefore, he proposed a logical approach to simplify the analysis of system,
subsystems and components.

Over the years many methods have been developed to perform reliability analysis of
engineering systems [20]. Buzacott [28] argued that Markov model is an appropriate and most
frequent method to describe systems with discrete-state continuous-time. Therefore, Markov
process was the only modelling method was considered in this study. Markov [26, 27] defined the
simple chain as an infinite sequence of independent variables connected in such a way they are
memoryless and next variable depends only at the current one. In fact, mining process has a
stochastic nature that makes simulation the only reliable method for manipulating such systems
[87].

In 1996, Lisnianski and Levitin [44] presented universal algorithm proposes an optimal
configuration that minimizes the investment cost according to reliability constrains. In 1999, Basu
and Baafi [84], reviewed common practices in Australia that have been used in simulating mining
system reliability where they discussed the limitation of each practice. In 2000, Kuo and Prasad
[45] presented an overview of the system reliability optimization that discusses the limitation of
commonly used methods. In 2001, Levitin and Lisnianski [134] presented a technique for solving

a family of multi-state systems reliability optimization problems that took into account many

4
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criteria that combined a universal generating function method and a generic algorithm. In 2003,
Hall and Daneshmend [85], discussed the reliability modelling of mobile mining equipment to
enhance decision making for maintenance planning and reliability simulating to enable the
evaluation of more rigorous production planning scenarios. In 2008, Yuriy and Vayenas [82]
developed a methodology involving the combination of reliability assessment model based on
generic algorithms with discrete-event simulation model of mine equipment systems. In 2008,
Fioroni [97] presented models of mining system simulation and optimization to achieve a feasible,
reliable and accurate short-term planning schedules. In the same year, Dhillon [1], pointed out that
due to costly equipment in mining systems, standby units configuration is an effective method to
increase system reliability. In 2014, Peng and VVayenas [83] published a paper dealt with reliability
analysis and prediction for mining machinery where a software simulates failure rate during a time

period of interest based on generic algorithms combined with several statistical procedures.

This study was inspired by previous models to obtain reliability related measures. In 1982,
Dhillon [113] presented two models to predict human reliability of time continuous operation tasks
under two levels of stress that was also analysed by Dhillon and Rayapati [114], in 1985, under
three levels of stress. Later, Kumar and Garg [116] analysed it when the item is repairable. In
1985, Goel et al [120], studied the model of a two units system under two different weather
conditions. In 1986, Kumar et al [117] analysed a model of operation performance under two levels
of stress when the model has a critical human error. Cao in 1989 and Singh in 1993 [127, 131]
published papers analysed human reliability of continuous operation tasks under four type of
operating conditions that specify the repair possibility. In 1991, Chung [118, 119, 152] analysed
human reliability under N-level of stress that an item failure is repairable when it fails due to non-
human-error and unrepairable when it fails due human-error. In 1990, Agarwal and Templeton
[128] analysed a model of single unit under three operating condition with non-exponential repair
rate. In 1992, Guo and Cao [121] studied a multistate repairable system that has changing
environment. In 1993, Singh [131] investigated a model of two identical units in cold standby
configuration model in which operation is affected by the weather conditions while repair does
not. In 1993, Deng and Song [122] developed a general model that has m-identical units with k-
levels of stress with one repair facility. In 1993, Song and Deng [125] analysed the same model
but with three units. In 1997, Mokaddis et al [130] proposed a model dealt with some

characteristics of a single unit of a human-machine system operating under different weather

5
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conditions when failure, repair and changing weather conditions are stochastically independent
random variables, each having an arbitrary distribution. In 1998, Li et al [126] analysed a similar
model with three units and two repair facilities. In the same year, Goel, and Shrivastava [129]
analysed a model has two failure modes (hardware failure and human-error) under two
environment conditions and two repairman conditions. In 2002, Chaudhuri and Agarwal [124]
obtained the steady state of an N-unit parallel system with R-repair facility under three types of
environment. In 2015, Savita [123] analysed a model with m-identical units and k-levels of stress

when it has non-identical units.

In 1963, Gaver [100] analysed a model with two identical units where repair is instantly
after a unit failure. In 1984, Dhillon [115] analysed four models for two identical units in standby
configuration when each unit may fail due to hardware failure or human-error. In 1985, Dhillon
and Rayapati [47] analysed a non-maintained models in parallel configuration with hardware
failure and human-error. In 1987, Chung presented a model with M-parallel and N-standby
identical units in which system can be repaired only when system failed. In 1986, Gupta and Kumar
[154] analysed the reliability and MTTF of a two-state complex non-repairable system, consisting
of two sub-systems A and B arranged in series in which sub-system may fail due to hardware or
human failure. Later, Manna [155] argued a simpler concept to obtain the same model reliability
and MTTF. In 1991, Chung [150], presented the reliability and availability of a series repairable
system with multiple failures in which system fails when any unit fail. In 1991, Chao and Fu [101]
investigated a more general series model and determined the limiting reliability of the system when
the repaired unit is as good as new. In 1993, Dhillon and Yang [90] analysed the availability of a
model with two parallel units and one standby unit in which unit may fail due to non-human-error,
non-critical human-error and critical human-error. In 1994, Chung [151] analysed the reliability
and availability of repairable systems having k-active, N-cold standby identical units with repair
facilities and multiple non-critical and critical failures i.e. the system in failure state when any of
critical errors occurred or all (N+1) units failed. In 1996, Mahmoud and Esmail [153] analysed the
reliability of a two-unit warm standby redundant system under hardware and human error failures
where failure and repair rate are arbitrary. In 1996, Lam and Zhang [102] investigated general
series system reliability considering the deterioration of repaired units. In 2010, Dhillon [60],
presented several models that predicting the mining system reliability when there are two repair

facilities.
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1.2.3 Human-Machine Interaction

Salvendy [12] defined human-machine systems as any system that has direct or indirect
interaction between people and other system components. Basically, human-machine interaction
has four different stages of activities: intention, selection, execution, and evaluation. Donald [52]
analysed the four stages to have insight into potential human-errors under each stage. Rouse [54]
proposed a general approach to human-error classification that identify possible causes contribute
to human-error occurrence. Human-machine interaction can be at any form such as operation,
assembly, design, inspection, installation and maintenance. Maintenance can be defined according
to Dhillon and Liu [52] as any activity required to keep a facility in “as-built” condition and
therefore continuing to have its original productive capacity. Consequently, maintenance has three
types: corrective, predictive and preventive maintenance. Clark [11] studies show that
approximately 10% of production time is lost by corrective maintenance in the Australian
underground coal mining industry. According to Lewis and Steinberg [24], the maintenance
related cost is approximately 30 to 50 % of the overall mining costs.

The majority of human-machine models consider human as a system component that has
no constrain in performing assigned tasks, stated by Rothrock et al [29, 30]. Therefore, modelling
human-machine systems must consider human capability. Under ideal conditions, a human can
affect both physical and logical aspects of the system when allowed to control manipulable
components. Therefore, human contribution should be limited by the system environment and the

judgment demand.

According to the increase in global competitions, companies are continuously improving
their control system toward automation which has wide applications. However, it does not actually
displace the human role rather than adds more challenges to the human factors engineers and
designers as well as more load on operation and maintenance personnel [14, 15, 16]. Sarter et al
[35] clarified some hidden issues with automation such as the workload will actually be unevenly
distributed rather than reduced. Also, new knowledge, more attention, coordination and training
will be demanded. In addition, a point raised by Endsley [36] that more opportunities for error to
occur and loss of situation awareness due to manual skill decay. Parasuraman et al [15],

summarized three factors are commonly cited in automated systems: (1) inadequate interface
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between the operator and information about the configuration of the machine; (2) intricate and
confusing interactions among complex machine components; (3) the operator has an insufficient
model and experience of the machine’s behaviour. These factors may limit the operator’s ability
to anticipate the future behaviour of the machine. Likewise, Young and Neville [73] pointed that
automation raises the issue of mental underload, which can be at least as detrimental to
performance as overload. Endsley and Kaber [25] presented that human operational skills and
awareness are enhanced though the involvement in operation assignments. This in turn will enable
human to takeover automated control in case of unanticipated conditions. Therefore, Lynas and
Horberry [34] argued that the level of automation approach seeks to optimize the system control

assignments between human and automation.

In area of mining systems, Lynas and Horberry [89], in 2011, introduced the impact of
automation degree over the human factors. They also discussed the importance of considering
operators and maintainers when designing and deploying mining automation. In 2012, Horberry
and Lynas [139] pointed out that human element implications in recent mining technologies have
not yet been explored in any detail. Therefore, the operator interaction with automated mining
equipment was discussed to develop a database to capture the emerging technology trends
associated with such equipment. In the same year, Horberry and Cooke [138] discussed the
application of both safe and inclusive design of equipment used by operational and maintenance
personnel in mining in which the study applied a newly developed task-orientated risk assessment
and design process. In 2013, Horberry et al [95] argued that although automation has the benefit
of production sustainability to the minerals industry, many human-element concerns would still
exist, and new ones could certainly be created. As a result, determining the optimal level of
automation is needed beside automated equipment breakdown procedures. In 2014, Horberry [135]
discussed the need to a better integration among human factors considerations within safe design
by systematically involving end-users and decision makers in the full life cycle of the designed
product or system. In 2014, Boudreau et al [140, 141] examined the impact of new equipment on
productivity and injury rate in underground mining according to certain criteria which show that
the introduction of new equipment with technological innovations does not necessarily improve
productivity nor injury rate. This is due to human factor deficiencies that required identification of
mechanisms and conditions that determine their effectiveness. Therefore, Boudreau et al [142]

studied the key factors and measures that quantify the success level of new equipment in

8
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underground mines. In 2015, Horberry and Burgess-Limerick [136] published a paper dealt with
redesign, rather than original design in which a human-centred safe redesign method is presented.

Later, Pazell et al and [137] described human-centred design and its application in mining.
1.2.4 Human-Error

Watson and Oakes [62] argued that the term “human-error” is ambiguous and generally
carries negative attribution because it covers many different situations and events. Therefore, Ref
[67] suggested a human-error definition that is widely used which is “the failure to perform a
specified task (or the performance of a forbidden action) that could result in disruption of
scheduled operations or damage to equipment and property”. In contrast, human reliability
definition is the probability of accomplishing a specified task successfully by humans at any
required stage in system operation within a defined minimum time limit (if the time requirement
is specified). Human-error has many classification proposals. Buchanan [55] categorised human-
error into two categories: catastrophic and insidious problem. The former refers to events may
occur with warning and result in considerable damages or loss of life. While the latter is the
problems those whose effects are only noticed over a long period of time. Reason and Rasmussen
[51, 58] emerged two classifications of human-error which have become the most widely accepted
and use. First one is skill-based, rule-based and knowledge-based. Second one is slips/lapses,
mistake and violations. Reason [59] added two more general classifications that are often used:
errors of commission and omission, and input, decision and output. HSE [65] schemed human
errors into five types or forms, i.e. misperception, mistaken priorities, attention lapse, mistaken

action and wilfulness, violations, sabotage.

Reason [63, 64] suggested that the root causes in all cases appeared to be ‘latent” which
help in understanding the interaction between organization, design and management of systems.
Rasmussen and Meister [65, 66] argued that the reliability of specific systems need the
classification of errors and explanation in the context of work process. Ref [56] states that human-
error is unavoidable in the long term, but improving the tolerance offers the opportunity to reduce

the level of harm.

Over years, there were many studies related to mining system maintenance activities [33].

Patterson [145] argue that skilled-based errors are the most common unsafe act based on the data

9
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analysis of mining accident in Australia and the United States. Heinrich [57] was the first to
distinguish between human unsafe acts and unsafe conditions. In 2007, Ruckart and Burgess [144]
analysed data of human-error contribution in mining and manufacturing hazardous substances
emergency events for 1996- 2003, which resulted in four times as many events with victims and
almost three times as many events with evacuations when comparing human-error events with
non-human-error events. They provided human factor engineering design to systematise human
interaction which potentially minimize the human error in workplace. In 2011, Ruff et al [146]
argued that machine-related accidents accounted for 41% of all severe accidents in the mining
industry during 2000-2007 in which most of them were related to machines operation and
maintenance. Several recommendations were proposed to decrease accidents further. In 2014,
Oliveira et al [143] argued that 13-17% of accidents are related to maintenance due to the conflict

between the procedural and dynamic maintenance actions.
1.2.5 Safety

Everett and Honiden [79] defined safety as the probability that conditions which can lead
to an accident (hazards) do not occur whether the intended function is performed or not. Verma et
al [77] pointed out that the link between reliability and safety, i.e. reliability deals with the failure
concept whereas the safety deals with the consequences after the failure. However, the first to link
reliability and safety is Shewart [80] when he inspired the rise of statistical quality control at Bell
labs in 1920s. In fact, the establishment of the United States Congress passed the Occupational
Safety and Health Act (OSHA) in 1970 is a milestone in the history of safety management tool
[59]. In 2003, Hobbs and Williamson [147] studied the link between the contributing factors and
safety occurrence. In 2010, Verma et al [77] stated that reliability and safety are the core issues to
be addressed during the design, operation, and maintenance of engineering systems. Cavallaro
and Walker [78] emphasised the need of applying the reliability standards, particularly in
hazardous environment, and fault tolerance, whenever the repair is difficult and failures potentially

catastrophic.

In 2009, Dhillon [110] reviewed various important aspect of mining equipment safety and
discussed number of methods with strategies to perform mining systems analysis and increase their

safety. In 2009, Mirmohammadi et. Al [91] broke down the environment affect into thirteen

10
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components with a scale of each to quantify the impact of mining activities on the environment.
McPhee [92] highlighted that mining industries managers have the ability to prevent work-related
illness and injuries. In 2012, Elias [93], stated that ergonomics studies and decisions should involve
workers. In 2014, Jianhua and Xiaoyan published a paper that emphasises the need of
understanding human unsafe behaviour in mining accidents. Thus, the behaviour-based safety
management method was introduced to accumulate all potential factors may contribute in mining

accident.

1.3 Objectives

Mining systems are complex and sophisticated systems that involve interaction between
human and equipment. The level of interaction has wide variation more than any other system
[38]. Also, mining is renowned to be one of the more dangerous occupations and there have been
many serious accidents worldwide over the years in mining [43]. There have however been various
number of studies in recent years to improve the working conditions for miners, and to create a

safer, healthier work environment.

The main objective of this study was to perform effective reliability and availability
analysis of mining systems. This study one of the first attempts to analyse the effect of safe and
unsafe failures of mining systems when the system may fail due to hardware or human-error. Also,
this study consolidated the desired analysis that provide insight into mining systems and their

maintenance and operation.

In this study, Markov method was used to perform analysis of the proposed models
presenting mining systems and Laplace transforms were used to solve the associated equations.
Reliability, mean time to failure (MTTF) and availability plots of each model were developed to
illustrate the influences of different value of failure and repair rates, number of units in parallel
configurations, and different repair policies. Based on the results, general models and equations

were developed.

This report focused on mining systems and deviated from previous researches at several

points that can be summarized as follows:

11
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e The models of previous researchers considered hardware failure and human-error
of different model configurations. This study was extended to investigate the

reliability measures when each failure mode might be a safe or unsafe failure.

e This study investigated and compared the reliability and availability of same
models at different values of failure and repair rates, number of parallel units and

repair policies.

e General equations for proposed models were developed to obtain the state
probabilities.

1.4 Organization of Study
This study is presented in six chapters.

Chapter 1 provides a brief introduction to mining systems reliability and safety and a detailed

literature review of related publications.

Chapter 2 presents the reliability and availability analysis of mining systems having n-parallel
units with hardware failure and human-error. Also, presents and compares the analysis of four

different repair policies.

Chapter 3 presents an extension of Chapter 2 models that considers the safety of each failure.
Also, this chapter comperes the results in Chapter 2 with Chapter 3 when same failure and repair

rates were used.
Chapter 4 investigates a mining system model with possible partial and complete failures.

Chapter 5 presents the reliability and availability of miscellaneous models concerning worker

performance and system operation condition.

Chapter 6 discusses the result of study and gives observations and recommendations.

12
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Chapter 2 : Reliability and Availability Analysis of Mining Systems

with Hardware Failure and Human-Error

2.1 Introduction

The reliability has been a major concern in recent mining studies [88]. The concept of
parallel configuration is widely used to increase the reliability and safety of mining system because
standby is ineffective method when units are costly [1]. The block diagram in Figure 2-1 shows a
mining system with n identical units in parallel configuration. If each unit has the capability to
sustain the operation demand, the system is at full capacity as long as at least one unit in normal
operation. Thus, the system fails when all units fail. If first unit failed due to any failure mode the

second unit may fail due to any failure mode as well, and so forth.

This chapter discusses the mathematical models of mining systems at different
configurations, namely single, dual and triple units. Each configuration was analysed at different
values of failure and repair rates of hardware and human-error. Reliability parameters i.e. state
probabilities, system reliability, mean time to failure (MTTF) and availability were obtained and
plots were developed. General equations were developed for state probabilities, reliability and
availability. Also, this chapter investigates the effect of different repair policies on the reliability
parameters. Markov process and Laplace transform were used to obtain the expressions of time

dependent reliability parameters. Associated equations were solved by using Maplesoft software.

The values of failure and repair rates were assumed in reference to a certain value.
Specifically, each rate was multiplied by 5, 2, 1, 1/2 and 1/5. Then, the results were used to develop
reliability parameters. This provided a reference plot and resulted plots that help in understanding
the reliability parameters behaviour. This approach was used because of limited data resources and

database accesses.

All models in this chapter underlay one of the four repair policies as follows:

13
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Without repair: This case assumed that system and units are unrepairable whether they

failed due to hardware failure or human-error.

Type | repair policy: This case assumed that the units are unrepairable while the system

repair is possible after total system failure.

Type 1l repair policy: This case assumed that the units are repairable while system is

not.

Type 111 repair policy: This case assumed that the units and system repairs are possible.

Assumptions:

The following assumptions are associated with this model:

1) All units are identical.

i) All units are in new condition at initial state.

iii)  All failures are statistically independent.

iv) All units’ failure and repair rates are constant.

V) Any repaired units and systems are as good as new.
vi) There is only one repair facility.

vii)  Each unit can fail due to hardware failure or human-error.

Notation

n Number of parallel units

t Time in hours

S Laplace transform variable

Ao Constant unit hardware failure rate

AH Constant human-error rate

u1, 13 Constant repair rate of hardware failures

H2, Ha Constant repair rate of human-error

AV(t) System availability at time (t)

Pi(t) The probability that the system is in state i at time (t), fori=1, 2, 3, ...,n

14
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Pi(s) The Laplace transform of state probability, fori=1, 2, 3, ...,n

R(t) System reliability at time (t)

MTTF System mean time to failure
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n unit mining system in
parallel configuration

Figure 2-1 Block diagram of mining system with n units in parallel configuration.

2.2 Human-Error and Hardware Failures without Repair

2.2.1 General n-Units System without Repair

In this model, units and system are unrepairable as shown in Figure 2-2 in which units

might fail due to hardware failure or human-error. The symbolic representation of general model
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is that, (n) is the number of units in the system, (j) is the failure mode that can either be 1 or 2
where j=1 for hardware failure and j=2 for human-error. Likewise, A; refers to unit failure rates
where A1 refers to hardware failure rate and A» refers to human-error. (i) is the number of failed

units at time (t).

At the initial state, all n parallel units are in normal operation. So, the failure rates are ni1
and n)z represent all units. After first unit failure, the failure rate is (n-1)A1 and (n-1)A2 because (n-
1) units in normal operation, and so forth (n-i)A1 and (n-i)A2. When there is only one unit in normal
operation, the failure rates are Ao and An. Based on proposed models when n=1, n=2 and n=3, the
general differential equations describing the system using the Markov method were obtained as

follows:

+nPy(1) - 2% =0 (2.1)
2

=L P () (n—1) DA =P ()0 (2.2)

dP, (1 2

L0k +P,_(0) (n—1) D =(n—(i—1)) A ZP(i_l)_v(t) (2.3)

At time t= 0, Po(0)= 1, and all other initial state probabilities are equal to zero. By using

equations (2.1) - (2.3), the following general s-domain equations were developed:

Py(s) = (2.4)

Pi_jls) = o (2.5)
H .(s +VvF)
Where
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The time-dependent equations of state probabilities can be obtained by taking the inverse
Laplace transform of equations (2.4) and (2.5) as follows:

2
Py(1) =e_n LZ};}.} (2.6)
i—1
; [Ton-1)2,
Pi_j(t):KZO — L=0 i 'e—(n—K)Ft (27)
[H(K—P)J I1 (K—P)]F
P=0 P=K+1

In this particular model configurations, units and system are unrepairable. Thus, the

reliability is the total probabilities of operating states as follows:

n—1
R(1) = Z[ 2P j(r)] (2.8)

By integrating Equation (2.8) over the time interval [0 -oo], the following general equation
of MTTF is obtained:

MTTF = ——- [ 1.] (2.9)

2.2.2 Special Case: One-Unit System without Repair

The transition state diagram in Figure 2-3 shows a single unit model of mining system that
has two failure modes. If this unit failed, the system fails and cannot be repaired. By using the

Markov method, the differential equations associated with Figure 2-3 are as follows.

dP
gt(t) + Py(1) (A + 1) =0 (2.10)
dP, (1)
;t =Py(1) A (2.11)
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=Py(1) L (2.12)

Mining system failed
due to hardware failure
1

Ao

[

Single unit of mining
system in normal
operation
0

Mining system failed
due to human error
2

Figure 2-3 State space diagram of one-unit system with two failure modes without repair

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking

the Laplace transforms of equations (2.10) - (2.12), we get the following equations:

Pols) = FES (2.13)
A P

P, (s) = —2 SO(S) (2.14)
A, P

Py(s) =2 o) (2.15)

Py(s) = m (2.16)

P,(s) = (2.17)
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My

Byls) = (s + Ao+ KH) s (2.18)

By taking the inverse Laplace transform of equations (2.16) — (2.18), the following

equations were obtained:

Py (1) = o o™ ) (2.19)
_1‘<}‘0+7”1-1)t
A1 —
P, (1) = O( - ) (2.20)
k0+kH
_1‘<}‘0+7”1-1)t
AL —
Py(t) = H( - ) (2.21)
k0+kH

System Reliability and MTTF

When system cannot be repaired, the reliability can be obtained by finding the probability
of operating state.

R(1) = Py(1) (2.22)

MTTF is obtained by using limOR(s) . the following equation of MTTF was obtained:

MTTF = lim R(s) = . Jlr " (2.23)
To analyse the model reliability parameters, specific values of hardware failure and human-
error rates were assumed. Accordingly, the state probability equations (2.19) - (2.21) were used to
develop the plots in Figure 2-4, and the reliability equation (2.22) was used to develop the plots in
Figure 2-5. Detailed plots are presented in Appendix B.1.

A =0.00125 [Mj
0 hour

B failure
kH— 0.005 [

hour

20



Human-Error and Hardware Failures without Repair Chapter 2

Pr)
0.8 2
Py(1) /
~
=
o
2 s
[
o
wn
>
=
=
< 04
o
[e)
S
o
P(r)

02

0

0 200 400 600 800 1000

Time, t

Figure 2-4 State probabilities of one-unit system with two failure modes without repair

Reliability, R(t)

0 200 400 600 800 1000
Time, 1

Figure 2-5 Reliability plots of one-unit system with two failure modes without repair at
different failure rates
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2.2.3 Special Case: Two-Units System without Repair

The transition state diagram in Figure 2-6 shows a two identical units of mining system in
parallel configuration in which each unit has two failure modes. By using the Markov method to
analyse Figure 2-6, the associated differential equations are as follows:

/’

2Xo

[

Mining system first unit
failed due to hardware
failure, other unit in
normal operation
1

Two units of mining
system in normal
operation

Mining system first unit
failed due to human
error, other unitin

normal operation
2

Mining system second
unit failed due to
hardware failure

3

Mining system second
unit failed due to
human error
4

Figure 2-6 State space diagram of two-units with two failure modes without repair

ch(z)'t(t) +P(0) (22 +22,) =0 (2.24)
dp;:t) + Py(0) (A +Nyy) =20 Py(1) (2.25)
dpjt(t) +Py(0) (g + ) =20, P (0) (2.26)
dpét(t) = (P10 + Py(1) (2.27)
dP;t(t) =hy(P1(0) + Py (1)) (2.28)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking
the Laplace transforms of equations (2.24) — (2.28), we get the following equations:
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P =7 +20, + 20, (2.29)
- - Py(s)-2- 7\.0 230
1(3)_s+x0+xH (2.30)
Py(s) '2‘7\.[_[
P =7 Ao+, (231)
P(s) = KO.(PI(S)S—F Pz(s)) (2.32)
Ps) = Ay (P (S)S + P,(s)) (2.33)
By using equations (2.29) - (2.33), we get the following:
P (S) = ;
O s 2, + 20, (2.34)
2%0
Pils) = (s+ % + ) (s +22 +20,) (2.35)
2A
P, (s) = i (2.36)

(s+x0+xH) (s+2x0+2xH)

A, (27»0 + ZXH)

Byls) = s(s 2 +2y) (s +22 +21,) (2.37)

XH(Z A, + ZXH)

Py(s) = s (s +2, + xH) (s +2n, + 27‘1{) (2.38)

By taking the inverse Laplace transform of equations (2.34) — (2.38), we get the equations
of time dependent state probabilities as follows:

P, (1) oot ) (2.39)
0 H
0 H
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(0= (xo}fx,,) (1= 2.0 | [ 00 *a)) (2.42)
P4(t) = ﬁ(] — 2.e<—(7»0 _HLH)‘I) + e(_zl(xo _HLH)‘t)) (2.43)

System Reliability and MTTF

When system failure cannot be repaired, the reliability can be obtained by finding the
probabilities of all operating states.

R(1) = Py(0) + Py (1) + P, (1) (2.44)

MTTF is obtained by using lim R(s) - The following equation of MTTF was obtained:

o o _ 3 2.45
MTTF= lim (R(s)) = lim (Po(s) + P, (s) + Py(s)) = m (2.45)
To analyse the model reliability parameters, specific values of hardware failure rate and
human-error rate were assumed. Accordingly, the state probability equations (2.39) to (2.43) were
used to develop the plots in Figure 2-7, and the reliability equation (2.44) was used to the plots in
Figure 2-8. Detailed plots are presented in Appendix B.2.

Ay =0.00125 [MJ A, =0.005 [M)

hour hour
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Figure 2-7 State probabilities of two-units system with two failure modes without repair
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Figure 2-8 Reliability plots of two-units system with two failure modes without repair at
different values of failure rates.
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2.2.4 Special Case: Three-Units System without Repair

The transition state diagram in Figure 2-9 shows a three identical units model of mining

system in parallel configuration in which each has two failure modes. By using the Markov method

to analyse Figure 2-9, the following differential equations are obtained.

dpP,(t)

i +P0(t)~<3~x0 + 3-xH) =0
ar, (1)

” + P, () (2~k0 +2-kH) =Py (t)-3-A,
dp, (1)

- + P, (1) (2%0 + 2~xH) =Py(t)-3-0,,
dpP;(1)

a0 (g ) =2 (P10 + Py(0)
dap,(1)

7 + P, (1) (7‘0 + xH) =20, (P (1) + Py(1))
dpP,(1)

i :kH(P3(t) +P,(1))

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)
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Figure 2-9 State space diagram of three-units system with two failure modes without repair

Mining system failed
due to hardware failure
5

Mining system failed
due to human-error
6

27



Human-Error and Hardware Failures without Repair

Chapter 2

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking

the Laplace transforms of equations (2.46) — (2.51), we get the following equations:

1
P =
ols) s34 30,

PO(S)'?)'?\.O
P, (s) =
s+ 2-7»0 + 2-7»H
Po(s)-3~7LH
Pz(s) =
s+ 2~7»0 + 2-7uH

20+ (Py(5) + Py (s))
P () —

(s) =

3 S+7L0+7\«H
2:h, (P, (s) + P,(s)
oy = 2 (1) 7o)
s+7u0+7\,H
A (Py(s) + P,(s)
B (ORRAC)
S
A (P(s) + P,(s)
PRI GURRC)
By using equations (2.52) to (2.58), we get the following equations:
Py(s) = 1
0 s+30 +3h,
3N
Py (s) = 2
(s+2x0+2xH) (s+3x0+3xH)
3A
Py(s) = -
(s+2x0+2xH) (s+3x0+3xH)
6}»0(k0+7»H)
() = (5% + ) (s F20 +20,) (s + 3% +32,)
() - 62y (N + 2y
(s+x0+xH) (s+2x0+2kH) (s+3k0+3xH)
2
6A, | A, +A
Ps( )_ 0( 0 H)

- s (s +0y) (528 +20,) (s+3% +31,)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

(2.63)

(2.64)
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2
Ay (% +2y) (265)
s(s+x0+kH) (s+2k0+2xH) (s+3x0+3xH)

P6(s) =

By taking the inverse Laplace transform of equations (2.59) to (2.65), the time dependent

state probabilities are obtained as follows:

Py e o) (2.66)
P A oo
Py(1) = ;JFGG (o CHrze)e_ ) (2.68)
Py - (;:LG) '(e-3~(k+6)~t_2'6—2-<X+G)-t+e—(k+c)-t) (2.69)
. (;:G> ( (o) (ko) (o +G)~t) .70

(1) = kiﬁ (R I R RN L LY (2.71)
Py(1) = S (I N R R (R AP (A (2.72)

System Reliability and MTTF

In this model, the reliability can be obtained by finding the probabilities of all operating

states.

4 2.73)
R(1) = »-ZOP"(’)

MTTF is obtained by using lim R(s) - The following equation of MTTF was obtained:

4 (2.74)

. . 11
MTTF = lim R(s) = lim P(s)=—————
s—>0() S*O,;) ’() 6(r+0)
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To analyse the model reliability parameters, specific values of hardware failure rate and
human-error rate were assumed. Accordingly, the state probabilities equations (2.66) — (2.72) were
used to develop the plots in Figure 2-10, and the reliability equation (2.73) was used to develop

the plots in Figure 2-11. Detailed plots are presented in Appendix B.3.

A =0.00125 [ Jailure j
0o hour

_ failure
LH—%lOOS [ j

hour

0.8 Folt) /

0.6

S
[
s

Probability state, Pi(t)
:'J

0 500 1000 1500
Time, t

Figure 2-10 State probabilities of three-units system with two failure modes without repair
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0.8

0.6

0.4

Reliability, R(t)

0 200 400 600 B00 1000

Time, t

Figure 2-11 Reliability plots of three-units system with two failure modes without repair at
different values of failure rates.

2.3 Human-Error and Hardware Failure with Type-l Repair

2.3.1 General n-Units System with Type-I Repair

In this model, units are unrepairable while system failure can be repaired and restored to
its initial state according to Type-I repair policy. Also, each unit might fail due to hardware failure
or human error. The symbolic representation of general model is that (n) is the number of units in
the system, (j) is the failure mode that can either be 1 or 2 where j=1 refers to hardware failure
mode and j=2 refers to human-error mode. Likewise, Ajrefers to unit failure rate, i.e. A1 refers to
hardware failure rate, A» refers to human-error rate. Also y; refer to repair rate where 1 refers to
repair rate of failures due to hardware, p. refers to repair rate of failures due to human-error, and

(i) is the number of failed unit at time (t).

At the initial state, all n parallel units are in normal operation. So the failure rates are ni;
and nA to represent the failure rate of all units. After first unit failure, the failure rate is (n-1)A1

and (n-1)\2 because (n-1) units in normal operation, and so forth (n-i)A1 and (n-i)A2. When there is
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only one unit in normal operation, the failure rates are Ao and Ax. Based on special cases when n=1,
n=2 and n=3, with Type-I repair policy, the following general differential equations describing the

system using the Markov method were obtained:

dP. (1)
S nPy(0)- (A +,) —j;pn o (2.75)
dr, _ (1) 2
— L= = 1) Py -v;(xv) = (n =i+ 1) Py(1 (2.76)
i 10 - S - S 2.77
=+ (n—0) P,_ (1) ~v:1(kv):(n—l+1)7&].-‘}:1P(l._1)_v(t) (2.77)
dP. (1) 2
—dtJ_ + Pn —j(t) .uj:;\'j .VZIP(H —1) —v(t) (278)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking
the Laplace transforms of equations (2.75) — (2.78), the following general s-domain equations
(2.79) — (2.81) were developed:

[ﬁ(s+(v+1)-F)][

Py(s) = y=2 i=1 .
n 2 2 uq?»q{n(s+uk)] (2.79)
[ (s+iF) | [T (s+m) —nrm =1 X k-l
i=1 i=1 ' g=1 s+u
Po(s)xF“—”[]_[(n—erl)]
P,_(s)= — (2.80)
[T s+qr)
q=n—i
PO(S)XjF("_l)[n(n—v—i-l)
v=1
P, _j(S) = n (281)
(s+7u.)~[n2(s+(q—l)F)J
q=
Where
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2
F= >

g=11
The equations of time-dependent state probabilities can be obtained by taking the inverse
Laplace transforms of s-domain equations (2.79) — (2.81). However, the resulted equations were

complicated and the common pattern was undistinguishable. Instead, the steady state probabilities

were obtained by using the final-value theorem as follows:

n 2
| 2((1’—1))]. L
P0= i= i= .
(2.82)
n 2 2 kq[n(uk)]
n [Z(n—l)} nu + n!- z k=1
i=1 l i=1 qg=1 Hq
Pl [Ttn—v+1)
P,_ - v (2.83)
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Figure 2-12 State space diagram of n-units system with two failure modes and Type-I repair
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(2.84)

In these model with Type-I repair, the steady state availability can be obtained by adding

the probabilities of all operating states as follows:

nil [ ZPZ ,-] (2.85)

Then, we get the following:

MTTF = llmR = lim ZP

s—>0

i Zg)[nl—lj (2.86)
A,

2.3.2 Special Case: One-Unit System with Type-1 Repair

The transition state diagram in Figure 2-13 shows a single unit model of mining system
that has two failure modes. If this unit fails, the system fails and can be restored back to initial
state. By using the Markov method to analyse Figure 2-13, the differential equations were obtained

as follows:

dp, (1)
dt

+ Py (1) (7» + xH) =P (6), + P,(1)p, (2.87)

dp, (1)
dt

(2.88)

dp, (1)
dt

+ Py (1)1, =Py (1) A, (2.89)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking

the Laplace transforms for equations 2.87 to 2.89, the following equations are obtained.

(Pl(s)u1 + Py(s) 1, + 1)

Py(s) = AT (2.90)
AP (s)
M
P, (s)= T " (2.91)
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A, Po(s)
H" 0
P - —_—
5 (s) p (2.92)
Mining system failed
P1//[ due to hardware failure
1
/ [
Single unit of mining
system in normal
operanon
\ \\—[ Mining system failed
due to human error
Figure 2-13 State space diagram of one-unit with two failure modes and Type-I repair
By using equations 2.90 to 2.92, we get the following equations:
s+ ) (st
Py(s) = — (1) (s + o) (2.93)
s(s s (Mt A iy ) (A A, +u1u2))
s+u
P, (s) = (o) (s 1) (2.94)

s(s2+(ul iy A Ag) s+ A, +xou2+ulp2)

P, (s) = () (1) (2.95)
2 E e (T TR W W e TRy SRR T T '

By taking the inverse Laplace transform of equations (2.93) — (2.95), the following

equations are obtained:

P 1) ThTH . (n1 +u1) (”1 +u2> ‘e—n1t+ (n2 +].L1) <n2 +u2) ‘e—nzt (2.96)
nn, n (”1 — n2) n, ("2_”1)
P.() = 7‘0”2 N (k0> (n1 +|.L2) .e—n1t+ (7“0) (”2 +|.12) ~e_n2t (2.97)
1 n n, n (n1 — n2) n, (nz—nl)
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‘e +

_ My n (M) (m 1) = () (m T 1) ,e_"zt (2.98)
n n, n (nl — n2) n, (nz—nl)

Py(1)

Where ny and n; are the root of square equation and were determined as follows:

LT TR S T o T T A e | T S TR T I B
n.n = -

System Reliability and MTTF

In Type-1 repair policy, the system can be restored after complete failure. To obtain the
reliability, p1 and po should be equal zero because they are the repair rate of total system failure.
The resulted equations are similar to Special Case: One-Unit System without Repair. The
reliability equation is (2.22) and MTTF equation is (2.23). The plots are shown in Figure 2-5 and
Appendix B.1.

Availability and Steady State Probabilities

The availability is the probabilities of system operational states.
AV (1) =Py(1) (2.99)

The system steady state probabilities can be obtained by applying final-value theorem on

each states probability at s-domain as follows:

_ () (1) (2.100)
° (b F A0, Ty 1,)

(*o) (+o) (2.101)

() (1) (2.102)

To analyse the model reliability parameters, specific values of hardware failure rate,
human-error rate and repair rate were assumed. Accordingly, state probability equations (2.96) —
(2.98) were used to develop the plots in Figure 2-14 and availability equation (2.99) was used to
develop the plots in Figure 2-15. Detailed plots are presented in Appendix B.4.
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Figure 2-14 State probabilities of one-unit system with two failure modes and Type-I repair
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Figure 2-15 Availability plots of one-unit system with two failure modes and Type-I repair at
different values of reliability parameters.
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2.3.3 Special Case: Two-Units System with Type-1 Repair

The transition state diagram in Figure 2-16 shows a two identical units model of mining
system in parallel configuration in which they have two failure modes. By Using the Markov
method to analyse Figure 2-16, the differential equations are obtained as follows:

dpP,(t)
S Py(0) (28 F 20) = P30 wy + Py(0)-1, (2.103)
dap,(t)
- +Pl(t)(x0+xH)=Po(z)-sz (2.104)
dp, (1)
o + P,(1) (7»0+7»H)=P0(t)~27»H (2.105)
dp,(t)
S P01y =2 (P (1) + Py() (2.106)
dpP,(t)
S Py =0 (P(0) + Py(1) (2.107)

ul

Mining system first unit s
failed due to hardware wﬂln?tggﬁségrg‘igi{;nd
failure, other unit in A hardware failure
normal operation 3
1 s

2l

v

Two units of mining

system in normal
operation
I \
2 — A X .
Mining system first unit Mining system second
failed due to human- it failed due t
error, other unit in unl: atled cue to
normal operation umag error
2
u2 J

Figure 2-16 State space diagram of two-units system with two failure modes and Type-I repair

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking
the Laplace transforms of equations 2.103 to 2.107, the following equations are obtained:
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P.(s):n, +P,(s)n,+1
13 1 4 2
Pols) == +2h, + 2, (2.108)
Py(s)-2- 7»0
P(s) = —— (2.109)
s+ A+ }”H
PO(S)-Z?»H
H(s) = m (2.110)
7»0-(P1 (s) +P2(s))
Py(s) = (2.1112)
s+ K
A (P, (s) +P,(s)
P(s) =2 i o) (2.112)
s+ U,
By using equations 2.108 to 2.112, we get the following equations:
+ +w) (s +A +2A
PR Ghla? 1 Gl G ) (2.113)
s (s +SB+sy+3d)
2h (s 4+, ) (s+ 1
Py(s) = 03( . 1) (s +4) (2.114)
s (8 +B+sy+38)
20 (s+ W) (s+u
Py(s) = ‘*3( - 1) (1) (2.115)
s'(s + 5 B+sy+6)
20, (s+uw,) (A +0)
Py(s) = 03( 5 ) (2.116)
s (8 +B+sy+9)
20, (s+u,) (A +0)
P(s) = H3< 5 2 (2.117)
s (8 + B +sy+3)
Where;

B=3A,+u, +1,+3A4,

Y=200 + 4R A, + 3R 1, + 31, 2

0

2
8=20y + 4k A, + 3N 1, +3 A 1, +2A

0

mt\l

q:t\.)

30 3,0,

+3h,0 F3h, 0 1,

By taking the inverse Laplace transform of equations 2.113 to 2.117, the time dependent

equations of state probabilities are obtained. The steps to obtain time dependent equations are

shown in Appendix A.2.
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System Reliability and MTTF

In Type-1 repair policy, the system can be repaired after complete failure. To obtain the
reliability, p1 and po should be equal zero because they are the repair rate of system failure. The
resulted equations are similar to Special Case: Two-Units System without Repair. The reliability
equation 2.44 and MTTF equation 2.45 were used to develop the plots in Figure 2-8 and Appendix
B.2.

Availability and Steady state Probabilities

The availability is the total probabilities of system operational states.
AV (t) = Py(1) + P (1) + P,(1) (2.118)

The system steady state probabilities can be obtained by using final-value theorem on each

states probability at s-domain which resulted in the following equations:

() (M) (%o *+2y)

Py = 2 > (2.119)
(2 kH M, +27L0 n,+3 7“1-1“1 Hy +2)‘07‘H“2 + 3%0 MW, +2X0 7‘1—1“1)
P, - >y (i) () (2.120)
1 2 2 .
(2 Ay by 2007y F3 A0 2R A 0 +3A 1w, + 24 kHul)
P, - >y t) (1) (2.121)
2 2 2 .
(2 Ay +2?»0 My +3 A0 0, +2k07LHu2 +37L0 [T +27\.0 XHMI)
_ 28 (1) (A +2y)
Py = 2 2 (2.122)
(2 KH My +2l0 n, +3 7‘H“1 My +27‘07‘H“2 + 37»0 W, +2XO kHul)
2h, (1,) (A +A
H \™2 H
P,= ( )( ) (2.123)

2 2
(2 Ay 20w +3 A, 0w +20A, 0 34 0w, +24 XH},LI)

To analyse the model reliability parameters, specific values of hardware failure, human-
error rates and repair rates were assumed. Accordingly, the inverse Laplace transforms of

equations (2.113) — (2.117) were used to develop the state probabilities plots in Figure 2-17, and

41



Human-Error and Hardware Failure with Type-I Repair Chapter 2

the availability equation (2.118) was used to develop the plots in Figure 2-18. Detailed plots were

presented in Appendix B.5.
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Figure 2-17 State probabilities of two-units system with two failure modes and with Type-I
repair
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Figure 2-18 Availability plots of two-units system with two failure modes and Type-I repair at
different values of reliability parameters.

2.3.4 Special Case: Three-Units System with Type-1 Repair Policy
The transition state diagram in Figure 2-19 shows a three identical units model of mining

system in parallel configuration in which each has two failure modes. By using the Markov

method to analyse Figure 2-19, the following differential equations are obtained:

dp(t)

” +3Py(1) (7‘o+7‘H) =W, Ps(t) + 1, Py(1) (2.124)
dPl(t)

o 2P () (A +2y,) =3 Po(0) (2.125)
dp,(t)

T2 P,(1) (7‘0 + 7‘H) =3h, Py(1) (2.126)
dP3(t)

o TP (g Ay ) =20 (Py(0) + Py(1)) (2.127)
dp,(t)

TPl (N hy) =20, (Py(0) + Py(1) (2.128)
dPS(t)

el Py(1) = Ly (P5(1) + P,(0)) (2.129)
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dP,(1)
dt

1, Pg(1) =y (P4 (1) + Py(1) (2.130)

H

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking
the Laplace transforms of equations (2.124) - (2.130), the following equations are obtained:

_ M, Py(s) +u2P6(s) +1

0% s+3h +30, (2.131)
py (5 - — 22 (2132)
1 s+ 2~(7»0 + KH) '
Py(s) -3'7»H
Pyls) = s+2 (k1) (2133)
2-7\,0-(P1(s) +P2(s)) (2.134)
Pyls) = s+A +A
0 H
b 2k (Py(s) + Py()) (2.135)
4(s) = s+h, +h,
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Figure 2-19 State transition diagram of three-units system with two failure modes and Type-I repair
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XO'(P3(S) +P4(s))

Py = = (2.136)
A (P,(s) + Py(s)
() = 2 11“ 3)) (2.137)
2

By using equations (2.131) - (2.139), we get the following equations:

1

Fol9)= (s+3-F—Fw) (2.138)
34,
fr= (s+2F) (s+3-F—Fw) (2.139)
3,
Fals) = (s+2F) (s+3-F—Fw) (2.140)
61, F
= (s+F) (s+2F) (s+3F—FW) (2.141)
6, F
i) = (s+F) (s+2F) (s+3F—Fw) (2.142)
61, F’
Psls) = (s+u,) (s +F) (s +2F) (s +3F = F W) (2.143)
61, F
Fols) = (s+1,) (s +F) (s +2F) (s+3F—Fw) (2.144)
Where;
F:7\.O+7\.H

6hy 1y + 6 Ak,
(s—l—},tl)(s—i-F) (s+2F) (S‘H-lz) (s+F)(s+2F)

By taking the inverse Laplace transform of equations (2.138) to (2.144), we obtain the time

dependent equations of state probabilities.

System Reliability and MTTF

In Type-I repair policy, the system can be restored after complete failure. To obtain the
reliability, p1 and p2 should be equal zero because they are the repair rate of system failure. The

resulted equations are similar to Special Case: Three-Units System without Repair. The reliability
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equation (2.73) and MTTF equation (2.74) were used to develop the plots in Figure 2-11 and
Appendix B.3.

Availability and Steady state Probabilities

Availability is the total probabilities of system operational states as follows:
AV(t) =Py(1) + P, (1) + P, (1) + Py(1) + P,(1) (2.145)

The system steady state probabilities can be obtained by using final-value theorem on
equations (2.138) — (2.144). The following equations are obtained:

21 1y

P = (2.146)
0
6A 1, F6A, 1 + 11 1,
Ky PgURTE
01 M2
Py=— 2 (2.147)
6k0u2+6X0XHul+6l0kHu2+lll0ulu2+67LHul+11kHu1u2
30,01
P,=— 12 : (2.148)
67»0u2+67»07LHu] +67~07~HM2+11KOM1M2+67LHM1+117~HM1M2
62,1 1
01 M2
Py=— 2 (2.149)
6k0u2+6l0kHul+6k0kHu2+llk0ulu2+6lHul+1lkHu1u2
O Ay My 1y
Pi=— N ; (2.150)
6k0u2+6K0kHul+6k0kHu2+11K0u1u2+6kHul+11kHu1u2
Py = Oty (2.151)
57 .
6k0u2+6kHu1+11u1u2
61 A
P, = e (2.152)

6A 1, F 64, 1 +11u 1,

To analyse the model reliability parameters, specific values of hardware failure, human-
error and repair rates were assumed. Accordingly, the inverse Laplace transform of equation
(2.138) — (2.144) were used to develop the plots of state probabilities in Figure 2-20, and
availability equation (2.145) was used to develop plots in Figure 2-21. Detailed plots are presented

in Appendix B.6.
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Figure 2-20 State probabilities of three-units system with two failure modes and Type-I repair
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Figure 2-21 Availability plots of three-units system with two failure modes and Type-I policy
at different values of model parameters.
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2.4 Special Case Two-Units System with Type-11 and Type-Il11 Repair

This section discusses the effect of different repair policies on the model reliability and
availability. To demonstrate the effect of repair policy, the special case two-units system was
investigated when the four repair policies were used: without, Type-I, Type-Il and Type-IIl. The

hardware failure rate and human error failure rate were assumed the same for all cases.

The reliability and availability of models without repair and Type-I repair were analysed
in “Special Case: Two-Units System without Repair” and “Special Case: Two-Units System with

Type-l Repair”, respectively.

By using the same assumptions, Type-Il and Type-I1l mathematical models representing

mining systems were analysed by using Markov method.
2.4.1 Special Case: Two-Units System with Type-11 Repair

The transition state diagram in Figure 2-22 shows two identical units model of mining
system in parallel configuration in which each has two failure modes. The model has Type-I1 repair
policy, which means the unit failure is instantly identified and the repair action is taken accordingly
to return back the unit to the initial state. However, system failed cannot be restored. By using the

Markov method, the associated differential equations are obtained as follows:

dpzt(t) + Py (2) (2-&0 +2xH) =P (1)1, + Py(1) 1, (2.153)
dP;tm P (M 4 1y ) = Pol0) 2 (2.154)
dpflt(t) + Py(t) (7“0 + A+ “2] =Py ()21, (2.155)
dpjlt(t) =2 (P1(0) + Py(0) (2.156)
dP;( ° = Ay (Py (1) + P5(0)) (2.157)
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failed due to human o ) unit failed due to

\ error human error
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Figure 2-22 State space diagram of two-unit with Type-I1 repair

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking

the Laplace transforms of equations (2.153) to (2.157), the following equations are obtained:

Pl(s)-]yt1 +P2(s)~pyt2 +1

P (s) = (2.158)
0 s+20 2K,
Py(s)-2- 7»0
P =
1 (8) s+ Ry A, i (2.159)
Po(s)-2~kH
PO=T7 Ay + A+ 1L (2.160)
A, (P P
pys) = l(s): el (2.161)
Ao-
P,(s) =2 (Pl(s)swz(s)) (2.162)
By using equations (2.158) to (2.164), we get the following equations:
+A FA,+ + A, +A,+
(s = LR T A ) (50 0y i) (2.163)

(s3+s2[3+sy+8)
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24, (s+x0+xH+u2)

b (s - 2.164
N (s + B +sy+9) (2.164)
P,(s) = P (8 g Ay ) (2.165)
2 (s +B+sy+9d)

20 (A, (s +A, +A,, + +A +A A+
Py(s) = o (Po (s TRty tmy) Ty (stA+A,+1)) (2.166)

s (s +SB+sy+3d)

(s) = 20y (Ao (s+ Mg Fhy i) + Ay (s+h TA,+1)) (2.167)
s (s + 2B +sy+9) |

Where;
B=4k, +u, +u, +424,

Y=50 + 10 A Ay + A 1y + 31 + 540, + 34, 1+ A 1+ i

3 2 2 2 3 2
=20 + 64k + 2 A 1y + 6 Ay Ay + 24 A +2h, + 20,1,

g T 2h A

H}’l2

The steps of finding inverse Laplace transform to obtain time dependent probabilities are

presented in Appendix-A.2

System Reliability and MTTF

In Type-II repair policy, the system cannot be restored after complete failure which means

the model reliability can be obtained as follows:

R(t) = Py(£) + P, (£) + P, (1) (2.168)

MTTF is obtained by using lim R(s) - The following equation of MTTF is obtained:

(7‘0 +xH+ul) (7“0 +xH+u2) +2x0(x0 +xH+u2) +27“H(7‘o ”“Hﬂh) (2.169)

MTTF =

3 2 2 2 3 2
e T Y T N T

To analyse the model reliability parameters, specific values of hardware failure, human-
error and repair rates were assumed. Accordingly, the state probability equations (2.163) — (2.166)
were used to develop the plots in Figure 2-23, and reliability equation (2.168) was used to develop

the plots in Figure 2-24. Detailed plots are presented in Appendix B.7.
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Figure 2-23 State probabilities of two-units system with two failure modes and Type-II repair
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Figure 2-24 Reliability plots of two-units system with two failure modes and Type-II repair at
different values of model parameters.
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2.4.2 Special Case: Two-Units System with Type-111 Repair

The transition state diagram in Figure 2-25 shows two identical units model of mining
system in parallel configuration in which each has two failure modes. The model is under Type-
I11 repair policy, which means the unit failure is instantly identified and the repair action is taken
accordingly to return back the model to its initial state as well as the system failure can be repaired

to restore the system failure to initial state.

u3

One unit failed due to a . .
hardware failure, other o Bog‘ﬁlﬂ,ﬁ:\gﬁ'}iﬁ]gr: to
ul unit operating normally 3
1 —An
2o .
' [

Both units of mining
system operating

normally
0
i \
2iu
One unit failed due to a . .
. Both units failued due to
u2 human error, other unit a human error
operating normally 4
2

. il-)'l
Figure 2-25 State space diagram for two-unit systemwith Type-I11 repair

With aid of the Markov method, we get the following differential equations for Figure 2-25:

dp,(1) (2.170)
S+ P(1) (22 22, ) =P (0 1y + Pyl iy + Py (0 1+ Py(0)

dap, (1)
dt

(2.171)

+ Py(1) (7”0 +A,+ u]) =Py(1)-22,
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dp,(t)
” + P,(1) <k0+7LH+u2>=+PO(t)~2kH (2.172)
dapr,(1)
dt + Py(2) 1y =P (1) Ay + P,(1) A, (2.173)
dp,(t)
7 + Py (1), = Py (1) A, + Py(0) Ay, (2.174)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking
the Laplace transforms of equations (2.170) — (2.174), the following equations are obtained:

Py (s) -, + Py(s) -, + Py(s) -y + Py(s)-py, +1

Pols) = s+2h + 20, (2.179)
L 20 Pyls)
Sl e ws (2.176)
20, P (s)
B 70
Plo=T7 Ay Ay, 1 (2.177)
A (P (s) + Py(s)
Py(s) = — ( ‘Sﬂl 1) (2.178)
3
A (P,(s) + P,(s)
py(s) = (1) £ 1)) (2.179)

s+ Ky
By using equations (2.175) — (2.179), we get the following equations:

B (S+|.L3) (s+u4) (S+)\'O+7\’H+u1) (s+x0+xH+u2)
ol s(s4 TSP HSy+sd+ €) (2.180)

B Zk(s—l—u}) (s+u4) (S+7u+(5+u2)

2.181
S(Bs3+s4+7s2+8s+e) ( )

B 20(s+u3) (s+].L4) (s+x+c+ul)
B S(Bs3+s4+ys2+5s+e)

(2.182)

B 2x((s+x+c+u2)x+(s+k+c+u1)c) (s+u3)
Fyls) = s(s4 +S3B+S2’Y+S8+€) (2.183)

B 20((s+x+c+u2)x+(s+x+o+u1)c) (s+u3)

2.184
s(s4+s3[3+szy+s6+e) ( )
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Where;

B=4r+4r, +u +u, +u, +p,
2 2
Y=5ky H10A A, + Ao, +3A 0, +4A 1y +4A 0, +5A, +3h, 1 + A0, +4R, 0
R e o o TH T Y Ol L VR Y o

§=220 +6M2 Ay + 2A0 1, + 30 My + SAD W, + 6K AT+ 2h A +2A A
F8R Ay ly + 8AG Ay by gy Ry Ay 3R R My 3R I By AR H
+2li[+ 27‘12[1“1 +5ki1u3 +3ki[u4 +3 A1, My + 3h, 0,0y, +KHu2u3 + A0,
R i T oy T Y e Y D DY Y A

443 2
e=2A 1, + 2002

2
N +4k0l

2 2 2 2
Hu4+2k0u2u4+3k0p3u4+4k0k M, —1—27»0% M,

H H
3
20 Ayt My 200 Ayl My O Ry Ayl by A By Mg By 3R K My 221y

2 2
F2A My 3Ry 3Ry Al Bl G My

The steps of finding inverse Laplace transform to obtain time dependent probabilities are

presented in Appendix-A.3.

System Reliability and MTTF

In Type-111 repair policy, the units and system failures are repairable. Thus, to obtain the
reliability, us and s should be equal zero because they are the repair rate of system failure. The
resulted equations are similar to “Special Case: Two-Units System with Type-1l Repair”. The
reliability equation (2.168) and MTTF equation (2.169) were used to develop the plots in
Figure 2-24 and Appendix B.7.

Availability and Steady State Probabilities

The availability is the total probabilities of all operational states.
AV (1) = Py(t) + Py (1) + P,(t) (2.185)

The system steady state probabilities can be obtained by applying final-value theorem on
equations (2.180) — (2.184) as follows:
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- My by (A 2, ) (A + A, + 1) (2.186)
c

p 22,1, .u4.(7:0+xH+u2) (2.187)

P - 2xH-(s+p3)-(s+u4€)-(s+x0+xH+u2) (2.188)

P 2x0u3((x0+xH+p2)7:)+ (7»0+7\4H+M1)7LH) (2.189)

P 2xHu3((x0+xH+u2)7;0+(x0+xH+ul)xH) (2.190)

To analyse the model reliability parameters, specific values of hardware failure, human-

error and repair rates were assumed. Accordingly, the inverse Laplace transforms of equation

(2.180) — (2.184) were used to develop the plots of state probabilities in Figure 2-26, and the

availability equation (2.185) was used to develop the plots in Figure 2-27 and Figure 2-28. Detailed

plots are presented in Appendix B.8.

x0=0.00125[mj i, = 0.005 [’ep“”) u, = 0.003 [”ep"”)

hour hour hour
Jailure ) ( repair ) [ repair )
=0. Jarure =0.002 =0.001
XH 0.005 [ our p, =0.0025 hour u, =0.0015 hour
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Figure 2-26 State probabilities of two-units system with two failure modes and Type-Il1 repair
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Figure 2-27 Availability plots of two-units system with two failure modes and Type-Il1 repair
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lure rates.
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Figure 2-28 Availability plots of two-units system with two failure modes and Type-I111 repair
at different values of repair rates.

2.5 Discussion

This chapter compared and investigated the reliability of mining system models at different
number of units in parallel configurations at different values of failure and repair rates. Also, it

demonstrates the influence of different repair policies.

According to the reliability plots Figure 2-29 to Figure 2-32 (sold lines), reliability
increases as the number of units increase. Also, the reliability increases as the failure rates decrease
and vice versa. Also, it is obvious that the model reliability goes to zero at large time (t) because

in these particular models under without repair and Type-I repair, the units are unrepairable.

When same failure rates are assumed for different number of units, the reliability plots
Figure 2-29 and Figure 2-31 were developed. Figure 2-29 shows the reliability when hardware
failure increases. According to assumed failure rates, the reliability for one-unit at failure rate Ao

is higher than two-units at 5 Ao when time (t) is more than 100 hours while it is also higher than
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three-units at 5 Ao when time (t) is more than 200 hours. Likewise, Figure 2-30 shows the influence
of decreasing the hardware failure rate. It was noted that the reliability became almost the same
for one-unit at Ao/5 and two-units at Ao when time (t) equals 600 hours. Also, two-units reliability
at Ao/5 is higher than three-units at Ao at that time.

To investigate the influence of varying human-error rates, Figure 2-31 and Figure 2-32
were developed. Figure 2-31 shows that at a small value of time (t), specifically t= 30 hour, the
reliability of one-unit at An is higher than the reliability of two and three units at 5 An. If human-
error rate was decreased as in Figure 2-32, the reliability of one-unit at Ax/5 is higher than two-

units at Ax When time (t) is 100 hour and higher than three-units at An when time (t) is 200 hours.

To illustrate the influence of different repair policies on model availability, special case
two-units system was used with four repair policies: without, Type-1, Type-Il and Type-IIl. The
failure rates are assumed the same as well as the repair rates, except Type-Il1 repair where system
repair is different than unit repair rates. Figure 2-33 illustrates that Type-Il repair increases the
availability slightly over without repair policy. However, they go to zero at large time (t). In
contrast, Type Il repair increases the system availability when it was compared with other policies

even at large time (t).

Accordingly, it is not always optimism to increase the number of units in parallel
configuration if the failure rates will be increase. Also, it could be optimism to control and reduce

the failure rates or human-error rather than increase the number of parallel units.

The availability equations 2.44, 2.119, 2.172 and 2.188 were used to develop availability

plots Figure 2-33 based on assumed value of model parameters as follows:

XO:O.OOIZS[MJ u, =0.005 (MJ 1, = 0.003 ( repazr)

hour hour hour

Jailure ) ( repair j [ repair j
=0. Janure =0. Jepair =0.001 Jepair
XH 0.005 ( our u, =0.007 hour u, =0.0015 hour
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Chapter 3 Reliability and Availability Analysis of Mining Systems
with Safe and Unsafe Failure Modes of Hardware and Human-

Error

3.1 Introduction

This chapter is almost similar to last one, but it takes into consideration the safety of each
failure mode i.e. hardware failure might be safe or unsafe and human-error might be safe or unsafe.
Similar assumption are applied on all models underlying this chapter, which block diagram in
Figure 2-1 shows. If each unit has the capability to sustain the operation demand, the system is in
full operational capacity as long as at least one unit in normal operation. Thus, the system fails
when all units failed. If first unit failed due to any failure mode the second unit could fail due to

any failure modes as well, and so forth.

This chapter discusses the mathematical models of mining systems at different
configurations, namely, single, dual and triple units. Each configuration was analysed at different
values of failure and repair rates. The failure and repair rates are assumed to investigate the model
reliability parameters i.e. state probabilities, system reliability, mean time to failure (MTTF) and
availability. Also, to investigate the effect of considering the safety of failures, the hardware failure
Ao is equal the summation of safe and unsafe hardware failure rates, Aos and Aoy respectively. Also,
the human-error An is equal the summation of safe and unsafe human-error rates, Axs and Any
respectively. Markov method and Laplace transforms were used to obtain the expressions of time

dependent reliability parameters. Associated equations were solved by using Maplesoft software.

The values of failure and repair rates were assumed in reference to a certain value.
Specifically, each parameter was multiplied by 5, 2, 1, 1/2 and 1/5. Then, the results were used to
develop reliability parameters which provided a reference plot and resulted plots that help in

understanding the reliability measures behaviour.

All models in this chapter underlay one of the two repair policies as follows:
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Without repair: This case assumed that system and units are unrepairable.

Type | repair policy: This case assumed that the units are unrepairable while the system

repair is possible after total system failure.

Assumptions:

The following assumptions are associated with this model:

) All units are identical.

i) All units are in new condition at initial state.

iii) All failures are statistically independent.

iv) All failure and repair rates are constant.

V) The repaired units and systems are as good as new.

vi) There is only one repair facility.

vii)  Each unit can fail due to hardware failure or human-error.

Notation

Xos
Aou
AHis
MHu
T
L2
I

AV(t)
Pi(t)
Pi(s)
Pi
R(t)

Number of parallel units

Time in hours

Laplace transform variable

Constant unit failure rate of safe hardware
Constant unit failure rate of unsafe hardware
Constant safe human-error rate

Constant unsafe human-error rate

Constant repair rate of safe hardware failures
Constant repair rate of unsafe hardware failures
Constant repair rate of safe human-error
Constant repair rate of unsafe human-error

System availability at time (t)

The probability that the system will be in state i at time (t), fori=1, 2, 3, ..

The Laplace transform of state probability, fori=1, 2, 3, ...,n
Steady state probability fori=1, 2, 3, ...,n
System reliability at time (t)

LN
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MTTF System mean time to failure

3.2 Hardware Failure and Human-Error with Safe or Unsafe Modes without

Repair

3.2.1 General n-Units System without Repair

In this model, units and system are unrepairable as shown in Figure 3-1 in which units
might fail safely or unsafely due to hardware failure or human-error. The symbolic representation
of general model is that (n) is the number of units in system, (j) is the failure mode that can be 1
to 4 where j=1 refers to safe hardware failure, j=2 refers to unsafe hardware failure, j= 3 refers to
safe human-error and j= 4 refers to unsafe human-error. Likewise, A; refers to failure rate i.e. A1
refers to safe hardware failure rate, A2 refers to unsafe hardware failure rate, A3 refers to safe human-
error rate and A4 refers to unsafe human-error rate, and (i) is the number of failed unit at time (t).
The states are named as (i-j) based on (i) number of units failed at time (t) and on (j) last unit

failure mode.

At the initial state, all n parallel units are in normal operation. So the failure rates are ni;
to represent the failure rate of all units. After first unit failure, the failure rate is (n-1)\; because (n-
1) units in normal operation, and so forth (n-i)Ai. Based on special cases when n=1, n=2 and n=3,
the general differential equations describing the model according to the Markov method were

obtained as follows:

dP,(1) 4

o +nPy(1) 'v=17“f:0 (3.1)
dP, _ (1) :
—;dt +P1 J (n—1) 2 (3'2)
daP. . : S
—l;'&—i_Pz (n—1) z (i—1)) K,ZPV(I,‘) (i—1) (33)
t - 7y=1 foralli=1ton

At Po(0)=1 at time t= 0 and all other initial state probabilities are equal to zero. By taking
the Laplace transform of equations (3.1) — (3.3), the s-domain equations are obtained as follows:
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Py(s) = (3.4)

(3.5)

The equation of time-dependent state probabilities can be obtained by taking the inverse
Laplace transform of equations (3.4) and (3.5). Accordingly, the general time depended equations

are developed as follows:

Py(1) =" (3.6)
i—1
; [Tn-1)2, |
Pl._j(t):KZO L =K Fi| foralli=1ton (3.7)
[ (K—P)J Il «-p|F
P=0 P=K+1
Where

When units and system are unrepairable, the probabilities summation of all operative states

will give the model reliability:

4 (n—1
R()= 2| 2 P (1) (3.8)
j=10i=0
MTTF is obtained by using limOR(s) . The following general equation is obtained:
n—1
1 1
MTTF = > ( — j (3.9)

4 i=0
D
=R
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Figure 3-1 State space diagram of n-units with four failure modes without repair
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3.2.2 Special Case: One-Unit System without Repair

The transition state diagram in Figure 3-2 shows a single unit model of mining system that
has four failure modes. If this unit failed, the system fails and cannot be restored back. By using

the Markov method, we get the associated equations as follows:

dP,(1)

TR0 (Ao o, Fhy Ay, ) =0 (3.10)
dpclzz(t) =Po(1) Ao (3.11)
chzlt(t) =Pyt 2o, (3.12)
dpjzz(t) = Pol0) Ay (3.13)
dP;t(t) =Polt) Ay, (3.14)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking
the Laplace transforms of equations (3.10) - (3.14) the following equations are obtained:

1

Polo) =77 Mo T hoy Ty F Ay (3.15)
P (s) A s

P - 2200 (3.16)
P.(s) A

P, (s) = w (3.17)
Py(s) g (3.18)

Py(s) - 0 - Jik
P A

P,(s) = % (3.19)

By using equations 3.15 to 3.19, the following equations are obtained:

Py(s) = !
0 S Apg +hg, T hy A (3.20)
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7\'03
P =
1) s(5+ Aoy +ho, Ay ) (3.21)
Po(s) Ao (3.22)
? s (S + }\'OS + kOu + kHs + kHu)
Pols) = Ay (3.23)
3 s(54 Aoy hg, Ay A
PL(s) Ay (3.24)
4 s (54 Aoy +hg, Ay T A
[ Mining system safely ]
Aos ™ failed due to hardware
failure
1
Ao Mining system unsafely
y | failed due to hardware
Single unit of failure
mining system in 2
normal operation
Mining system safely
) failed due to human
Ais er;or
Mining system unsafely
failed due to human
A > exror

Figure 3-2 State space diagram of one-unit system with four failure modes without repair

By taking the inverse Laplace transform of equations (3.20) — (3.24), time-dependent

equations of state probabilities are obtained as follows:

Py(1) :e_(kOleH)t (3.25)
_l‘(}‘o'H”H)t
A LT —
PL(1) - oli-e ) (3.26)
7‘o+7‘H
—1.(XO+7»H)t
A LD —
P,(1) = ol ) (3.27)
7‘o+7‘H
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System Reliability and MTTF

When system failure cannot be repaired, the reliability can be obtained by finding the
probabilities of all operating states.

R(2) =Py(1) (3.28)
MTTF is obtained as follows:

1
3.29
kOs + XOu + 7\'[‘15 + )\'Hu ( )

MTTF = lim R(s) =
S g

To analyse the model reliability parameters, specific values of failure rates are assumed. If
the values of model parameters were set as listed below, then state probability equations (3.25) —
(3.27) were used to develop the plots in Figure 3-3 and reliability equation 3.28 was used to
develop the plots in Figure 3-4. Detailed plots are presented in Appendix C.1.
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Figure 3-3 State probabilities of one-unit system with four failure modes without repair
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Figure 3-4 Reliability plots of one-unit system with four failure modes without repair at
different values of failure rates

3.2.3 Special Case: Two-Units System without Repair
The transition state diagram in Figure 3-5 shows a two identical units model of mining

system in parallel configuration in which each has four failure modes. By using the Markov
method, the associated equations describes the model are obtained as follows:

dp,(t)

0 + Py(1) (2x0S+2x0u+2st+2xHu) =0 (3.30)
dap,(t)

0 + P, (1) (xOS + A, Ay +xHu) =22, Py(1) (3.31)
dp, (1)

o + P, (1) (7“0.; +x0u+st+xHu) =2, Pol) (3.32)
dpr,(t)

dt + Py(1) (7‘0s + A, Ay +xHu) =22, Py(1) (3.33)
dp,(1)

7R P,(1) (AOS + A, Ayt xHu) =2, Py(2) (3.34)
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dPy(t) (3.35)

—a =M (P1(0) + Py(1) + P3(2) + Py(2))

0 (3.36)
7 = oy (Py(8) + Py(s) + Py(s) + Py(s))

dpP,(1) (3.37)
T =l (P1(8) + Py(s) + Py(s) + Py(s))

dPy(1) 3.38
;t =Ny (P1(5) + Py(s) + Py(s) + Py(s)) (5:39)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking
the Laplace transforms of equations (3.30) — (3.38), the following equations are obtained:

1

Pols) = s+20, +2h, +2h, +20, (3:39)
“ 22, Py (s) 3.40)
P (s)= 4
! s+ R Fhp, F Ay H A
22, Po(s)
Plo="7 Moy gy + A+, (3.41)
2A,, P (s)
P _ Hs" 0
=TT Mg M T Ay (3.42)
2N, P.(s)
p _ Hu 0
4(s) s+ Ay Fhy, HA A (3.43)
Mg (P1(5) + Py(s) + Py(s) +Py(s)) (3.44)
Py(s) = B
kOu (P] (s) + P,(s) + Py(s) + P4(s)) (3.45)
Py(s) = 5
My (P1(s) + Py(s) + Py(s) + Py(s)) (3.46)
Pa(s) = B
Mg (P1(8) + Py(s) + Py(s) + Py(s)) (3.47)
Pg(s) = S
By using equations (3.39) — (3.47), we get the following equations:
Pols) = 1
O 2, + 2, +2A, +20h, (3.48)
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2%,
P - .
1) (5+ Mgy + Aoy Ay F A (5420 + 20, 204, +20,) (3.49)
2%, ( |
Pl = : 3.50
2
(S+7‘os + A, Ay +AHM) (s +2h, +2h, +20, +27‘Hu)
2
P = . (3.51)
3
(S * XOS + 7\’0’4 + KHS + AH“) (S + 27LOS + 27h0u + 27\'Hs + 27\'Hu)
v = (352)
)= ; 3.52
4 (sH gy T hg, T Ay +h,) (s 20, +2h,, +20, +20,, )
Pu(s) = 7‘05(27“05 +2x0u+2st+szu) (3.53)
5
5 (5 Dy F Ay F Ay F ) (5420 + 20, + 24, +22,)
P (S) — 7\'Ou (27\'05 + 2>\'Ou + 2)\'Hs + 27\'Hu) (354)
’ y (S * ;\‘OS + }\’0"‘ + }\’HS + ;LHU) (S + 2;\'0‘? + 2>\‘0u + 2kHs + 27\'Hu)
P (S) _ 7\'Hs (2 7\'03 + 27L0u + 27\'Hs + 27\'Hu) (355)
7
S(SHApy Fhg, Thy +hy) (s+2h, +2h, +2h, +20, )
Mg (20 205, 20, 20, ) (3.56)

P.(s) =
8
s(s+x0S +x0u+st+xHu) (s+2xOS +2x0u+2xHS+2xHu)

By taking the inverse Laplace transform of equations (3.48) — (3.56), the following

equations are obtained:
-2 (7\’05 +h0u+st+hHu) t

(e_ (XOS + AOu + XHS + }”Hu) ! -2 (XOS + xOu + kHX‘ + xHu) t)
7\'OS + }\'Ou + X[‘[S + 7\'Hu
. (e— (7‘0s oy Fhyet 7‘Hu> t -2 (7‘0s Fhoy thyet 7‘Hu) z)

}\’OS + }\'Ou + A'Hs + }\'Hu

—¢€

— ¢

B (XOS + AOu + XHS + }”Hu) ! _ 6_2 (XOS + xOu + kHX‘ + xHu) t)

7\'OS + }\'Ou + X[‘[S + 7\'Hu
. (e— (7‘0s + }”ou + AHS H‘Hu) t -2 (7‘0s + )”ou + kHS H‘Hu) z)

7\'03 + }\'Ou + }\’HS + }\'Hu

2A (e
Hs

— ¢

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)
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A (1 _ 26_ (XOS+7LOM+XHS+>\HL1) ! + e(XOS-FAOu-’_st-F;LHu) t) (362)
Py(1) = —2 -
(7\'05 + 7\'011 + 7\'HS + kHu)
A (1 _ze_(}‘os+}‘0u+}‘ﬂs+7‘Hu)’+e(7‘0s+)‘0u+)“Hs+}‘Hu) z) (3.63)
Py(t) = Ou -
(xOs + }\‘OU + kHs + XHu)
A (1 _ 26_ (}\'OS_F}LOMJ’_XHSJ’_}\HM) ! + e(}b0s+}\'0u+kHs+kHu) t) (364)
P7(l) _ _Hs .
(XOS + xOu + st + 7LHu)
A (1 _ 26_ (XOS+;LOu+st+kHu) ! + e(kOS—i_xOqukHs_i_xHu) t) (365)
Py(1) = —2
8

(}\'Os + }\'Ou + }\'Hs + }\'Hu)z

System Reliability and MTTF

When system failure cannot be repaired, the reliability can be obtained by finding the total

probabilities of all operating states.

R(2) =Py(t) + P (1) + P, (1) + Py(1) + P,(¢) (3.66)

MTTF is obtained as follows:

MTTF = lim R(1) = e, Jlr " (3.67)

To analyse the model reliability parameters, specific values of failure rates are assumed. If
the values of system parameters were set as listed below, then the state probabilities equations
(3.57) — (3.65) were used to develop the plots in Figure 3-6 and reliability equation (3.66) was
used to develop the plots in Figure 3-7. Detailed plots are presented in Appendix C.2.
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Figure 3-7 Reliability plots of two-units system with four failure modes without repair at
different values of failure rates
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3.2.4 Special Case Three-Units without Repair

The transition state diagram in Figure 3-8 shows a three identical units model of mining
system in parallel configuration in which each has four failure modes. At the initial state, three
parallel units are in normal operation, so the failure rates are 3\os, 3Aou, 3AHs, and 3Any. After first
unit failure, the failure rate is 2hos, 2Aou, 2AHs, and 2Any, and so forth. By using the Markov method

to describe the state space in Figure 3-8, the following equations are obtained:

dp,(1)
i T3P0 (R Aoy T Ayt kHu) =0 (3.68)
dpP, (1)
C}t +2 P (1) (Mg + Moy + Ay 1) =30, Po(0) (3.69)
dP, (¢t
6215 ) +2 PZ(t) (}\’OS_’_}LOu_’_?LHs—}_}\'Hu) =37LOuP0(t) (370)
dpP,(t
c3lt( ) +2 P3(t) (XOS + }\'Ou + }\'Hs + A'Hu) =3 kHsPO(t) (371)
dP,(t
;t( ) +2 Py(0) (R, +hg, Ay Ay ) =30, Pi(0) (3.72)
dpy(t) 4 (3.73)
i + P(1) (XOS+7»OL[+7»HS+7\,H”) =2 xOs'I;Pi(t)
dP(t) 4 (3.74)
;t + Pé(t) (XOS + }LOM + }bHS + 7\‘Hu> :27L0u 'I;Pi(t)
dap,(t) 4 (3.75)
T Py (R + R, Ry Ry ) =2 0y Zl P (1)
dPg(1) 4 (3.76)
jt PS(I) <)L05+x0u+7\'Hs+7\'Hu) :ZA‘H 'lel(t)
LCTURIR A (3.77)
dt ~os .i L i(t)
dpPyo(1) 8 (3.78)
i =Aow -i 5Pl.(t)
dpll(t) - 8 P(t) (379)
dt Hs = i
(3.80)
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Figure 3-8 State space diagram of three-units with four failure modes without repair
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At time t=0, Po(0)=1 and all other initial state probabilities are equal to zero. By taking the

Laplace transforms of equations (3.68) — (3.80), the following equations are obtained:

1

Pols) = s+3 (7‘05 +7LOM+AHS+7»HH) (3.81)
- 37»OSPO(S)
Py(s) = 52 (hoy Ao+ hy ) (3.82)
- 3l0uP0(s)
Pyls) = 52 (Ao + Aoy Ay +0) (3.83)
3, P.(s)
_ Hs” 0
Py(s) = $ 2 ( Mgy + Ay A ) (3.84)
3N, P.(s)
_ Hu" 0
Ps) =15 (Ros + Mo + Ay + M) (3.85)
pis) Moy (Py(5) + Py(s) + Py(s) + Py(s)) (3.86)
5(5) = 5+ (Mo + Moy + A + )
b 2 Ay (Py(5) + Py(s) + Ps(s) + Py(s)) (3.87)
6(8) = 5+ (Mo + Mo + Mg + M)
pisy Aygs (Py(5) + Py(s) + Py(s) + Py(s)) (3.88)
7 5 (Aog + oy + Ay )
b 2 Ay, (P1(8) + Py(s) + Py(s) + Py(s)) (3.89)
() = 54 (Aog + oy + Ay )
P9(s) _ 7“05- (PS(S) +P6(s) +P7(s) +P8(s)) (3.90)
S
hou (P5(8) + Pgls) + Py(s) + Py(s)) (3.91)
Pyo(s) = s
Ao (Ps(s) + Pg(s) + Py(s) + Pg(s)) (3.92)
Pyy(s) = s
kHu (Ps(s) + Py(s) + P,(s) + P8(s)) (3.93)
Py(s) =

N

By using equations (3.81) — (3.93), we get the following equations:
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Ps) =137 (399
3N
_ Os
SIS Py Yy )
3N
_ Ou
B =R 3P o)
3L
_ Hs
B =R s 13m) o0
3N
_ Hu
P = T am s +3m) &%)
. T (3.99)
5 (s+F)(s+2F) (s+3F)
o o 7 (3.100)
6 (s+F)(s+2F) (s+3F)
o ¥ (3.101)
) = PG 2D 6135
6, F (3.102)
P = PG T2D) 51 3F)
6\, F (3.103)
Po(s) = %
9 s(s+F)(s+2F) (s+3F)
6\ F (3.104)
Pyols) = =
s(s+F)(s+2F) (s+3F)
_ o P (3.105)
P = PG 120 G436
o (3.106)
Ppy(s) = >
s(s+F)(s+2F) (s+3F)
Where;

F= 7\'()5 + 7\'Ou + 7\'Hs T 7LHu

System Reliability and MTTF

The reliability can be obtained by finding the total probabilities of operating states as
follows:

80



Hardware Failure and Human-Error with Safe or Unsafe Modes without Chapter 3
Repair

8 (3.107)
R(r) = EP,«(Z)
MTTEF is obtained as follows:
" (3.108)

8
MTTF = lim R(s) = li P(s) | =
R () s l—r»no[l; Z(S)J 6 (XOS + kg, Ayt XHu)
To investigate the model reliability parameters, their plot should be developed. Thus,
specific values of failure rates were assumed. Accordingly, the inverse Laplace transforms of
equations (3.94) — (3.106) were used to develop state probability plots in Figure 3-9 and reliability

equation (3.107) was used to develop the plots in Figure 3-10. Detailed plots are presented in
Appendix C.3.
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Figure 3-9 State probabilities of three-units system with four failure modes without repair
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Figure 3-10 Reliability plots of three-units system with four failure modes without repair at
different values of failure rates

3.3 Hardware Failure and Human-Error with Safe or Unsafe Modes with

Type-1 Repair

3.3.1 General n-Units System Type-1 Repair

In this model, Figure 3-11, units are unrepairable but system repair is possible to restore
the system to its initial state according to Type-I repair policy. Also, each unit might fail safely or
unsafely due to hardware failure or human-error. The symbolic representation of general model
is that (n) is the number of units in system, (j) is the failure mode that can be 1 to 4, where j=1
refers to safe hardware failure, j=2 refers to unsafe hardware failure, j=3 refers to safe human-error
and j=4 refers to unsafe human-error. In same manner, A; refers to units failure rates where A1 refers
to safe hardware failure rate, A» refers to unsafe hardware failure rate, A3 refers to safe human-error
rate and A4 refers to unsafe human-error rate. Also, i to psis repair rate based on the system failure
mode i.e. p refers to repair rate when system had safely hardware failure, p refers to repair rate

when system had unsafely hardware failure, p3 refers to repair rate when system had safely human-
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error, 4 refers to repair rate when system had unsafely human-error. In general model, (i) is the

number of failed unit at time (t).

At the initial state, all n parallel units are in normal operation, so the failure rates are nj,
to represent the failure rate for n number of units in normal operation. At time (t), the failure rate
is (n-i)A; where (i) is the number of failed unit at that time. The general differential equations

describing the system according to the Markov method are obtained as follows:

dP,(1) u

S 0 Py(1) ; (%) =j;Pj_n(t) m (3.109)
dP, _ () 4
—ldtL-l- n—i) P, 2( ) n—l+1)7\,jPO(t) (3.110)
dP. (1) 4 4
—a’t]_+ n—i) P, 2( ) (n—i+1) j‘v;P(i—l)—v(t) (3.111)

4

%ﬂ +P, Z ) (3.112)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking
the Laplace transforms of equations (3.109) — (3.112), we obtain the following equations:

P = v=2 i=
" : (3.113)
- : 4R, (s + 1)
[H(S+IF) H(S+].l,)—n!F" 1 Z k=1
- A o s+h,
Py(s) & F1i D [H(n v )
it . (3.114)
n .(s—l-qF)
q=n-—1
Pols) 2, £ [H<n—v+ 1)J
it T (3.115)
(S“-)'[ﬂz(w(q—lm]
b
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Figure 3-11 State space diagram of n-units with four failure modes and Type-I repair.
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Where
4
F= D
qg=1 1
The equations of time-dependent state probabilities can be obtained by taking the inverse
Laplace transforms. However, the resulted equations were complicated and the common pattern

was undistinguishable. Instead, the steady state probabilities were obtained and the general
equations were developed as follows.

l\)

n 4
H i—1) ]Hu,
p = i= i=1

ﬁw] (3.116)

P - (3.117)

(3.118)

The steady state availability is obtained by finding the total probabilities of operating states.

AVSS=ni [ij_i] (3.119)

i=1

MTTF = —1 Z( 1,) (3.120)

3.3.2 Special Case: One-Unit System with Type-l Repair

The transition state diagram in Figure 3-12 shows a single unit model of mining system

that has four failure modes. If this unit fails, the system fails and can be restored back to initial
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state. By using the Markov method, the state space diagram described in Figure 3-12 are obtained

as follows:

[ Mining systern safely ]
failed due to hardware

>
| failure

M1 1

AOs

Ao, Mining system unsafely
failed due to hardware

v _
Single unit of ‘-__/pz failure
mining system in 2
normal operation
0 M| Mining system safely

l

| failed due to human
\ Atis error
3

M| Mining system unsafely
failed due to human
error
4

Figure 3-12 State space diagram of one-unit system with four failure modes and Type-I repair

AHu L .

dP. (1)

fh  Po(6) (Mg + Ay hpge Ay ) = P+ Py 1, + Py(0) 1y + Py(0) b, (3.121)
dP, (1)

P8 =Py 2, (3.122)
dp, (1)

dr 2(0) 1y =Py (1) Ay, (3.123)
dP,(t)

S Py = Py(0) Ay (3.124)
dP,(t)

R AOIEA UL (3.125)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking
the Laplace transforms of equations (3.121) — (3.125) the below set of equations are obtained:

P, (s) M+ P,(s) My + Py(s) My + Py(s) M, + 1

P =
ols) s+ Ry Fhp, T Ay A (3.126)
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P (s)\
P,(s) = §+—H0 (3.127)
1
P (s)\
P,(s) = (;+—u0 (3.128)
2
Ps) = Py(s) Ay (3.129)
3 s+,
p(s) = Py(s) A, (3.130)
4l '
By solving equations (3.126) — (3.130), we get the following equations:
1
Pols) = —w) (3.131)
A’OS
P, (s) = GFr) G+ F—7) (3.132)
lOu
Pyls) = (s + 1) (s +F—Ww) (3.133)
XHS
Py(s) = () W) (3.134)
7\‘Hu
Py(s) = (S+!~l4) A F—7) (3.135)
Where
F:XOS + 7“0u + 7“11;- + kHu
A

os M1 + Mout N Mg M N MMy
s+ s+ u, s+, sy

By taking the inverse Laplace transform of equations (3.131) — (3.135), we obtain the

equations of time dependent state probabilities.

System Reliability and MTTF

To find the reliability and MTTF for this particular model, all 1, p2, u3, and pa should be

equal to zero which results into a similar model and equations as Special Case: One-Unit System
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without Repair. The reliability equation (3.28) and MTTF equation (3.29) were used to develop
plots in Figure 3-4 and Appendix C.1.

Availability and Steady state Probabilities

The availability is the total probabilities of system operating states.

AV (1) = P,(1) (3.136)

The system steady state probabilities can be obtained by applying final-value theorem on

each state probability at s-domain. The following equations were obtained:

THTRTRT
Py= - - - (3.137)
1 My Mg by A 1y g Ay Ry A L By G Mgy
P-— . 11 Hy Ky by . (3.138)
1My g by A By Mg by Ay L Ry A Hy 1 B B by
p— Ay By My by (3.139)
2 .
Y A O e L DY T U
Py= Ll L2 (3.140)
3 .
Ay My Hy My g Ry gy o A L By A G M R By
Ay
P, e (3.141)

) le2H3H4+7L2MlH3M4+7L3H1M2H4+7»4M1H2H3+H1H2H3Ll4

To analyse the reliability parameters, they have to be plotted. To plots them, we assumed
values of model parameters. If the values of model parameters were set as listed below, the inverse
Laplace transforms of equations (3.131) — (3.135) were used to develop the plots of state
probabilities in Figure 3-13 and availability equation (3.136) was used to develop the plots in
Figure 3-14 and Figure 3-15. Detailed plots are presented in Appendix C.4.

_ Jailure _ Jailure —0.0025 (lfﬁﬂﬂij ~0.0075 [ rqpaﬁ*)
A, = 0.0008 (— ke, = 0:00045 | LEEE ], ool S o

hour / our
~ failure ~ failure —0.006 [ m) — 0.008 ( mj
}\‘HS - 0003 ( hour kHll N 0002 hOu}" ”3 hour ““4 hour
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Figure 3-13 State probabilities of one-unit system with four failure modes and Type-I repair
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Figure 3-15 Availability plots of one-unit system with four failure modes and Type-I repair at
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3.3.3 Special Case: Two-Units System with Type-1 Repair

The transition state diagram in Figure 3-16 shows a two units model of mining system that

has four failure modes. If one unit fails, the other unit will sustain the operation. The system fails

when both units fail. System repair is possible to restore the system to its initial state according to

Type-I repair policy. By using the Markov method to perform analysis of the state space diagram

in Figure 3-16, the following equations are obtained.

dp,(1)
dt
dap, (1)
dt
dp, (1)
dt
dpP;(1)
dt
ar,(1)
dt

+2Py(1) (7“05 Ay, t A+ xHu) =P (6), + Py(6) 1, + Py(0) 1y + Py(0) 1y

+ P, (1) (7”0s + A, Ayt AHM) =2, Py(t)
+ P, (1) (7“0s Ay, thy t kHu) =22, Po(1)
+ P5(1) (7“03 Ay, At xHu) =20, Py(1)

+ P, (1) (kOs + g, thy T+ xHu) =2%, Py(1)

(3.142)
(3.143)
(3.144)

(3.145)

(3.146)
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Figure 3-16 State space diagram of two-units system with four failure modes and Type-I repair
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dpPy(t) (3.147)
o TP =N (P(0) + Py(8) + Py(1) + Py(2))
dP(1)
S 1 Po(0) 1y =Ry, (Py(5) + Pyls) + Py(s) +Py(s)) (3.148)
ar,(t)
” + Py =Dy (P(s) + Py(s) + Py(s) + Py(s)) (3.149)
dPg(t)
0 + Pg(0) Wy =y (P(5) + Py(s) + Ps(s) + Py(s)) (3.150)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking

the Laplace transforms of equations (3.142) - (3.150), the following equations are obtained:

Py(s) u+ P(s) M, + P,(s) My + Py(s) n, +1
Pols) = 20 +2h +2h. +2A (3.151)
s+ Os + Ou + ‘Hs + "Hu

P,(s) = o fol) 3.152
1 s+ R Fhp, T Ayt (3152)
Py(s) = 2 orTl) 3.153
2\ s+ A H Ay, F A A (3.153)
2N, P, (s)
P _ Hs ~ 0
3(5) s+t Ay FA A (3.154)
20, P (s)
P4(S) = Hu 0 (3.155)

s+ho T Ay, AT,

XOS~(P1(S) + P,(s) + P4(s) +Py(s))

Py(s) = rh (3.156)

%m_%ﬂam+2?:am+&M) (3.157)
2

Py(s) = s (P () +st(i):P3(s) +2,0)) (3.158)
3

p(5) - A (Py(s) + Py(s) 4 P3(s) + Py(s)) (3.159)

s+},t4

By using equations (3.151) to (3.159), we get the following equations:

1
(s+2F—2-FW)

PQ(S): (3160)
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2-7»0S

P S TR G T 2r—2FwW) (3.161)
Pyls) = (s+F)(si7;(;:—2~FW) (3.162)
1y i;;f;i—z-FW) (3.163)
Pyls) = (s+F)(si7;H1~1:—2-FW) (3.164)
P = (s+m) (s +2F))k(():'—f2F —2-FW) (3.165)
Pols) = (s+ 1) (s +2F7;?z.—:72F —2FW) (3.166)
Fals) = (s+1) (s +2F7)U(Llsssz —2FW) (3.167)
Py(s) = e (3.168)

<s+u4) (s+F)(s+2F—2FW)

Where
szOS + xOM + XHS + AHM

Moghy n Mot n MM n MMy
(s—l-ul)(s—i-F) <s+|.12> (s +F) <s+u3)(s+F) <s+u4) (s +F)

By taking the inverse Laplace transform of equations (3.160) — (3.168), we get the
equations of time dependent state probabilities.

System Reliability and MTTF

To find the reliability and MTTF, all p1, p2, p3, and pa should be equal to zero. Then, system
equations are solved. The resulted equations are similar to Special Case: Two-Units System
without Repair. Therefore, the reliability equation (3.66) and MTTF equation (3.67) were used to
develop the plots in Figure 3-7, and Appendix C.2.
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Availability and Steady state Probabilities

The availability is the total probabilities of system operational states.

AV(1) =P (t) 4+ P (t) + P,(t) + Py(t) + P (1) (3.169)

The system steady state probabilities can be obtained by applying final-value theorem as

follows:

P, - ailelels (3.170)
2y My by 20 B Hy 20l By A, By By S R, My

P =22 e lele (3.171)

1 o.
’ F(szsM] Myl F2h, M+ 20, Wy, 2K, 1 l“5“3“4‘”“1“2“3“4)

p_ 2 Ao, By Hy (3.172)
2
F(”‘Hs“l My by 2 BBy 2R, By 2 A B, 3 0, “2“3“4)

_ 20 (3.173)
’ F(ZXHYHIH2M4+2XHuM1 My by 2h0 oMby + 200, 1y By p, +3 “1“2”3”4)

P 2 Ay M By By (3.174)
4
F(”‘Hs"H Myl 20 By T2 Wy By by 2 A0, B By 30, ”2”3“4)

P 2o My Hs by (3.175)
(2 0y Mg by 20 MM+ 20 1 B+ 200 I I B 30 1 By 1y )

P 2 houy Hy Hs My (3.176)
(2KH5H1 Myl + 2 My 2 A, W 2 A0, B, R, 3, “2“3“4)

b 2Ry Hy s by (3.177)
7
F (20 iy by 20 WMy 20 by 2R, 1 Bl 30 1 )

b 2 Ry My My sy (3.178)
8
F (2 g0y My by 2 By o 20 M Ml 2 A0 1 by 30 1, )

To analyse the model reliability parameters, specific values of failure and repair rates are
assumed. Based on model parameter values, the inverse Laplace transforms of (3.160) — (3.168)
were used to develop the plots of state probabilities in Figure 3-17, and availability equation
(3.169) was used to develop the plots in Figure 3-18. Detailed plots are presented in Appendix
C.5.
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Figure 3-17 State probabilities of two-unit system with four failure modes and Type-I repair
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Figure 3-18 Availability plots of two-unit system with four failure modes and Type-I repair at
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Figure 3-19 Availability plots of two-unit system with four failure modes and Type-I repair at
different values of repair rates

3.3.1Special Case: Three-Units System with Type-1 Repair

The transition state diagram in Figure 3-20 shows three units model of mining system that
has four failure modes. Each unit has the capability to operate the system at full capacity. Thus,
the system fails when all units fail. When system completely fails, it can be restored to the initial
state according to Type-I repair policy. By using the Markov method to perform analysis of the

state space diagram in Figure 3-20, the follow equations are obtained.

dP,(1) &

T3P (Aot Ao, T Ay Ty ) = %Pi(t) TR (3.179)
dap, (1)

o 2 P(1) (xOs +7“0u+7‘f1s+7‘Hu) =3, Py(2) (3.180)
dp, (1)

" +2 P,(1) (7\'0s+7\'0u+7\'Hs+7\'Hu) =3y, Pol1) (3.181)
dp;(1)

o +2 Py(1) (xOs +x0u+xHS+xHu) =30, Py(2) (3.182)
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dP,(1)
” +2P,(1) (7”os + iy, T Ay +7”Hu) =32, P,(t) (3.183)

dpP4(1) d (3.184)
S Py (R, + Ao, gy ) = 2 R -I;Pi(t)

dP(1) 4 (3.185)
S Pol0) (R + A+ Ry ) =20, -l;Pi(t)

dP.(1) 4 (3.186)
T Py (A, A, Ry Ry ) =2 2 -I;Pi(t)

dPy(t) S (3.187)
T Py(0) (R, + R, Ry ) =20 -l;Pi(z)

dP,(1) 8 (3.188)
2 Py, = g, ~;Pi(t)

dP,,(1) S (3.189)
ar Pl =, 2P0

dp,, (1) S (3.190)
dt + Pll(t) MS ;\'Hs .igspl(t)

dpP, () 8 (3.191)
B P01 u4:kHu'ngi(t)

At time t= 0, Po(0)= 1 and all other initial state probabilities are equal to zero. By taking

the Laplace transforms of equations 3.179 to 3.191, the following equations were obtained:

_ },Ll-Pg(s) +u, Po(s) + Hy Py (s) + My, P,(s) +1
sH3 Moy T hg, T A+,

3. ;‘Os “Py(s)
s+2 ( Aog g, Ty, +kHu)

3 '7”0u “Py(s)
S+2'(7“0s+7“0u+7‘Hs+7“Hu)

3 -XHS‘PO(S)
s+2 ( Aoy Ao, Ty + 7‘Hu)

3y, Pols)
s+2 ‘(7&0‘9 + Ay, Ayt 7‘Hu)

(3.192)

(3.193)

(3.194)

(3.195)

(3.196)
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2 Ay (Py(s) + Py(s) + Py(s) + Py(s)) (3.197)
Ps(s) = 5 (Mg Fhoy T Ay )
2k, (P(s) + Py(s) + Py(s) + Pyl(s)) (3.198)
Pels) = 5 F (Mo Fhoy T Ay )
20Dy (Pyls) + Py(s) + Py(s) + Py(s)) (3.199)
Pals) = $H (hog T hou Ty )
2 Mg (P1(8) + Py(s) + Py(s) + Py(s)) (3.200)
Pyls) = 5+ Moy + Aoy + Mg + M)
hos (Ps(s) + Pg(s) +Py(s) + Py(s)) (3.201)
Py(s) = -
s+
Moy " (Ps(s) + Py(s) + Py(s) + Pg(s)) (3.202)
Plo(s) =
s+u,
}”H '(PS(S) + Py(s) + P, (s) +P8(s)) (3.203)
Pll(s) ==
s+ u,
7»Hu '(PS(S) + P6(s) + P7(s) + P8(s)) (3.204)
Pyy(s) =
s+ Hy,
By using equations (3.192) to (3.204), we get the following equations:
_ (s+F)-(s+2F)
P =
O(S (s+F)-(s+2F)-(s+3F) —6-F W (3'205)
3N +F
Py(s) - o5 *H) (3.206)
(s+F)-(s+2F)-(s+3F) —6-F-W
3L, (s+F
P(s) = o>+ F) (3.207)
(s+F)-(s+2F)-(s+3F) —6F-W
3A, (s+F)
P.(s) = Ay 3.208
s (s+F)-(s+2F)-(s+3F) — 6-F - W ( )
37, (s+F)
P,(s) = el 3.209
3 (s+F)-(s+2F)-(s+3F) —6F W ( )
2%0 -F
Py(s) = 2 (3.210)

(s+F)-(s+2F)-(s+3F) —6F-W
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ZKOM'F

P (s)= 3.211
o) (s+F)-(s+2F)-(s +3F) — 6-F - W ( )
2\, F
P.(s) = s (3.212)
(s+F)-(s+2F)-(s+3F) —6-F-w
2N, F
Py(s) = Ay (3.213)
(s+F)-(s+2F)-(s+3F) —6-F-W
A F?
Py(s) = 2o, (3.214)
<s+u1)-((s+F)-(s+2F)-(s+3F)—6-F2-W)
2N
P — Ou
10 (s+1,)-((s +F)-(s +2F) (s + 3F) — 6-F - W) (3.215)
20, F
_ Hs
Puls) (s+u3)-((s+F)-(s+2F)-(s+3F)—6-F2-W) (3.216)
2N, -F
P,(s) = e (3.217)

(s+u4)-((s+F)-(s+2F).(s+3F) —6-F> W)
Where;

F= kOS + KOH + )L[[S + 7kh’u

_ lJ'1 RC)s + HZ 7kOu + u_’) lhﬁs- + !'14 th
S+|J.l .v-H.LZ S+p3 .<>‘+j.J.4

W

By taking the inverse Laplace transform of equations (3.205) — (3.217), the time dependent
equations of state probabilities are obtained.

System Reliability and MTTF

To find the reliability and MTTF, pi, p2, p3, and ps should be equal to zero. The resulted
model and equations are similar to Special Case Three-Units without Repair. The reliability
equation (3.107) and MTTF equation (3.108) were used to develop the plots in Figure 3-10 and in
Appendix C.3.

Availability and Steady State Probabilities
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This model has Type-I repair. Thus, the availability is the total probability of system

operational states as follows.

8
AV(1) = D P(1) (3.218)
i=0

The system steady state probabilities can be obtained by applying final-value theorem as

follows:
20 1y Mg
P, . - ll o My My . (3.219)
OA My My By 6 A, 1y My By + 6A, 1 sty + 64, 1y Hy iy + 1T B py
_ 6 A Hy My Hy by
SR . - - - (3.220)
F(6 g5 My M My T 0 A 1y Ly My 6 A, Wy + 6, 1y, M1”2“3“4)
6, My Hy My L
P2= Ou'1"27374 (3221)

F (6 A1y by Hy 62 1y 1y My 60 1 1y 6, 1 g b+ TR pa k)

P 6 Ay My By My bty (3.222)
3 .
F (6 by by My 62, 1y 1l 60 1 My by 62, 1yl 1y TR 1 Ry k)

P 0 Ay My My M3 My (3.223)
4 .
F (6D by My Ry o 62, by 1y iy o+ 60 1o Myl o+ 620, by by by 1Ly 1 b, )

6N, My Ly 1L
F (601 My by 62 1y 1y My + 6 ko Ky 6 1y by + 1T ) Hy by )

6\
Ou
P, - (3.225)
6
F (601 My by 62 1y by By 62, 40 p iy 6 1yl + 1T 0 pg )

P Oy Hy My Hy by (3.226)
7 .
F (6 by by by 60 1y by g 60 o Bk, + 60 1y by + 1T )

_ 67\'Hztl’Ll!'L21”l_’>l“L4
Py= - - - (3.227)
F<6 HSMIHZH4+6 Huu1“2u3+6 Osu2u3“4+6 OMMIH3H4+11H1“2H3H4)

To analyse the model reliability parameters, specific values of failure and repair rates are
assumed. Based on assumed values, the inverse Laplace transforms of equation (3.205) — (3.217)
were used to develop the plots in Figure 3-21 and availability equation (3.218) was used to develop

the plots Figure 3-22. Detailed plots are presented in Appendix C.6.
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Figure 3-21 State probabilities of three —unit system with four failure modes and Type-I repair
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Figure 3-22 Availability plots of three -unit system with four failure modes and Type-I repair
at different values of failure rates.
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Figure 3-23 Availability plots of three —unit system with four failure modes and Type-I repair
at different values of repair rates.

3.4 Discussion

This section compares the reliability of mining system models at different number of units
in parallel configuration when safe and unsafe failure modes are considered. To demonstrate the
influence of using different values of failure, repair rates and different number of units, the
reliability plots of special cases one-unit, two-units and three-units are developed based on same

assumed failure and repair rates.

The observation was similar to Chapter 2. However, Chapter 2 models considered two
failure modes: hardware failure and human-error while Chapter 3 models considered four failure
modes: safe hardware failure, unsafe hardware failure, safe human-error and unsafe human-error.
The assumed value of failure rates in Chapter 2 are equal to the sum of safe and unsafe failure rates
in Chapter 3. In other words, the total of safe and unsafe hardware failure rates (Aos +Aou) equals
the hardware failure rate (Ao) and similarly is the human-error rates the total of safe and unsafe
human-error rates (Axs +Anu) equals the hardware failure rate (An). Therefore, the reliability plots

for Chapter 2 and Chapter 3 models were identical when models have without repair or Type-I

103



Discussion Chapter 3

repair. If the repair rate of safe failure is different than the repair rate of unsafe failure, as shown

below, then the availability deviates as shown in Figure 3-32.

To investigate the influence of same failure rates on the different number of units in parallel
configuration, Figure 3-24, Figure 3-26, Figure 3-28 and Figure 3-30 are developed. Figure 3-24,
Figure 3-28, Figure 3-29 and Figure 3-30 clearly show that one-unit at current failure rate could
have a higher reliability than two and three units model at a higher failure rate. Similarly,
Figure 3-31 shows that one-unit model could have a higher reliability when failure rate was
reduced than two and three units. Whereas reducing Aos and Aoy do not have significant changes to

the system reliability according to assumed failure rates.

Hence, it is not always advantageous to increase the number of units in parallel
configuration if the failure rate will be increase. Also, it could be advantageous to control and

reduce the failure rate or human-error rather than increase the number of parallel units.

To illustrate these points, model reliability equations 3.28, 3.66 and 3.107 for special cases
were used to develop reliability plots based on assumed value as follows:

X = 0.0008 (Mj kou:0.00045( Jailure ) u, =0.0025 [ repair ] 1, = 0.0075 [ repair ]

hour hour hour hour
_ failure _ Jailure ~0.006 repair — 0008 |2 air
XHS 0.003 ( hour kHu 0.002 hour Hy =0 hour Hy =0 hour
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Figure 3-30 Reliability of special cases at increased rate of unsafe human-errors
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Chapter 4 : Reliability and Availability Analysis of Mining Systems

with Partial and Complete Failures

4.1 Introduction

This chapter analyses a mining system with single unit in which system fails once this unit
fails. The unit failure can be partially or completely. The former can be repaired on-site while the
latter can only be repaired in repair workshop. The unit failure is instantly detected and required
action is taken to restore the system to the initial state, while the unit on-site. Otherwise, the unit

is sent to the repair shop, when on-side checks confirm a complete failure.

In this model, the system may fail due to hardware failure of human-error. Each failure
mode has a partial and complete failure rate, and partial and complete repair rate. Whereas the

workshop repair rate is the same for all failure modes.

Different values of failure and repair rates were assumed in reference to a certain value.
Specifically, each parameter was multiplied by 5, 2, 1, 1/2 and 1/5. Then, the results were used to
develop reliability parameters. This provided a reference plot and resulted plots that help in
understanding the reliability measures behaviour. This approach was used because of limited data

resources and database accesses.

Assumptions

The following assumptions are associated with this model:

i) All failure rate are constant.

i) All repair rates are constant.

i) The unitis in new condition at initial state.
iv) The repaired unit is as good as new.

V) There are two repair facilities.

vi) The unit can fail due to hardware failure or human-error.
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Notation

n Number of system states

t Time in hours

S Laplace transform variable

M1, K2 Constant repair rate of on-site facility.

U3 Constant repair rate of workshop facility.

A1, A2 Constant unit partial failure rate.

A3, A Constant unit total failure rate.

AV(t) System availability at time (t)

Pi(t) The probability that the system will be at state i at time (t), fori=1, 2, 3, ...,n
Pi(s) The Laplace transform of state probability, fori=1,2, 3, ...,n
Pi Steady state probability for i=1, 2, 3, ...,n

R(t) System reliability at time (t)

MTTF System mean time to failure

4.2 System with Hardware Failure and Human-Error

State space diagram in Figure 4-1 presents a system with two failure modes: hardware
failure and human-error. Each failure mode could be partial failure or complete failure. In this
model, 1, A1 and po, A2 refer to on-site repair and failure rate, Az and A4 refer to complete failure
rate, and ps refers to workshop repair rate. By using the Markov method, the following equations

are obtained:

dp,(1)

" + Po(1) (A +4y) + P(0)-1y = Py(0) -1y + Py(0) -y (4.1)
ar, (1)

7 + P (1) + 1) =Py(0) -1, (4.2)
dar, (1)

o TP (R ) =Py(0)R, (4.3)
dPy(1)

dr +P3(t)'u3+P1(t)'}‘3:P2(t)'>b4 (44)
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hardware failure
1
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A
- . / Mining equipment
Mining equipment in the repair
operating normally Uz worlshop
0 \ 3
[} A2
N[ Mining equipment M
failed due to
human-error
2

Figure 4-1 State space diagram of single unit with partial or complete failure

At time t=0, Po(0)=1 and all other initial state probabilities are equal to zero. By taking the

Laplace transforms of equations (4.1) — (4.4), the following equations are obtained:

P, (s) M + P, (s) M, +P3(s)'u3 +1 (4.5)
Py(s) =
s+ 7»1 + 7»2
Py(s)-A 4.6
P,(s) = —>—1— (4.6)
s+A
Py(s) -\ 4.7
0 2
B =T i
4 2
P, ()L, + P,(s)-A
Py(s) - 1 3 T 4 (4.8)
s+ [
By using the equations (4.5) — (4.8), we get the following equations:
1
P.(s) =
0 A - A -
{s+x1+k2—{ sl 2tk (4.9)
s+A i s+h, +u,
}\'1
Pyls) = . .
7L1 p'l 7»2 MZ (410)
(s+x +u) s+A +A,— +K
3001 s+thtu s+ A L,
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7L2
Py(s) =
A iy A1y (4.11)
(s+k +u) s+A A — + +K
42 S B o T TR L
Py(s) = TR
{s+x1+k2—{ Ll 22 4K (4.12)
s+A i s+h, 1,
Where
p (xl-xS(s +A,+ “2) + Az-x4-(s +A,+ “1))'“3
(s+u3) (s+K3 +ul) (s+k4+u2)
The availability in this model equals the probability of initial state as follows:
AV(1) =Py (1) (4.13)

System Reliability, MTTF, Steady State Probability

The reliability in this model is the probability of the initial state when system failure is
unrepairable. In other words, u1, p2 and ps are equal zero. By taking the inverse Laplace transform,

the time dependent equation of reliability is obtained.

“ (A 2
R() =Py =e (1772 (4.14)
MTTEF can be obtained as follows:
o 3 1
MTTF = lim R(s) = Y (4.15)

1 2

The system steady state probabilities can be obtained by applying the final-value theorem

on each states probability at s-domain (4.9) — (4.12). The following equations were obtained:

My (A 1) (A )

P0: F+1] (416)
AW (k —i—u)
I L A N 2
Pi=—%17 (4.17)
bt () (4.18)

2 F+1J
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b _ MAA, +R A, A A0, + A A, 0,
3 F+1J

(4.19)

Where

F=MAA, + A Ay + A Ay A 1y + A, A0, + A A 1y
J= Ry Ay iy Ry by A dy by A By Ryl R By

To analyse the model reliability perimeters, specific values of failure and repair rates are
assumed. According to the assumed values, the inverse Laplace transform of state probability
equations (4.9) — (4.13) the state probability plot was developed in Figure 4-2, the reliability
equation (4.14) was used to develop the plots in Figure 4-3, and availability equations (4.12) was

used to develop the plots in Figure 4-4. Detailed plots are presented in Appendix D.1.

A, =0.003 [Lailure ) 5 " o 0o07( Lailure W, =0.0075 (—L”e “”’J u,,=o‘oo4[—L”" “”‘)
1 hour 2 hour 1 hour 2 hour
Ay = 0.004 (M] A =0‘0052(M] i, = 0.002 (M)
3 hour 4 hour 3 hour
1
D&
= Py(1)
=
z: 0.6
E
[5+]
o
e
o 0.4
(<5
IS
(Vp]
0.2
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Time, t

Figure 4-2 State probabilities of single unit with partial or complete failure
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Figure 4-3 Reliability plots of single unit with partial or complete failure at different values of
failure rates
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Figure 4-4 Availability of single unit with partial or complete failure at different values of
model parameters
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4.3 System Safe and Unsafe Failures of Hardware and Human-Error

State space diagram in Figure 4-5 presents a system with on operating state and four failure
modes: safe hardware failure, unsafe hardware failure, safe human-error and unsafe human-error.
In this model, A1, p1, A2, w2, A3, us, A4, and pa, refer to on-site failure and repair rates. Also, As, As,
A7 and Agrefer to complete failure rate, and s refers to workshop repair rate. By using the Markov

method, the following equations were obtained:

dP (1) 4 S

S Py 20 = 2P0 4 (4.20)

i=1" =1

ar, (1)

T Py(0) () =Py (1) A, (4.21)
dp,(t)

2 Py(0) (my T ) =Py(0) A, (4.22)
dp,(1)

S Py(0) (i 1) =Py(0) A (4.23)
dpr,(t)

" + P, (1) (p4+x8) =Py(1)}, (4.24)
dP.(t) d

S P01 = 2PN, (4.25)

At time t=0, Po(0)=1 and all other initial state probabilities are equal to zero. By taking the

Laplace transforms of equations (4.20) — (4.25) the following equations are obtained:

5

D P (s) o+ 1
Py(s) = F——— (4.26)
s+ Z?Li
i=1
- ~ Py(s) 7»1
=77 Y (4.27)
P(s) = Py(s) 7»2 )
2S)_s+u2+k6 (4.28)
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Figure 4-5 State space diagram of single unit with safe and unsafe partial failure modes of

hardware failure and human-error

Py(s) A
pyis) = — 0%

3 s+ +7u7
Py(s) A,
y(8)=——
s+, + A

P, (s) 7&5 + P, (s) 7L6 + P (s) 7»7 +P,(s) 7&8

S+l~l5

By using equations (4.26) — (4.31), we get the following equations:

1

Pols) = (s+7»1 +k2+x3+x4—(J+K-u5))

_ 7»1
Py(s) = (s+u1+7»5) (s+x1+x2+x3+x4—(J+K~u5))
P,(s) = Y

2(s) (sHmy+hg) (s+2A A, + 2 +h, — (J+HKW))

A

(s+u3+k7) (s+7»1 +2, + 4, +7L4—(J+K-u5))

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)
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A
4
P,(s) = (4.36)
4
(s+u4+x8) (s+7»1 +h, A A, — (J+K~;,L5))
My Ay A Ay
P st A st FA sHFA st A (4.37)
s\S) =
(s—i—us) (s+k1 +h, +A A, — (J—i—K-].LS))
Where
Al AL Al Al
_ 171 + 2 "2 + 373 + 4 74
s+ 1, + A, s+, + A, s+u A, s+, + A
Ay Ay Ay A My
‘e s+u1+7&5 s+u2+7»6 s+u3+7»7 s+u4+7»8
s+ U
The availability in this model equals the probability of initial state as follows:
AV(t) = Py(1) (4.38)

System Reliability, MTTF and Steady State Probabilities

In general, the reliability of a system is total probabilities of all operating states when
system failure is unrepairable. Thus, this model reliability probability of Po(t) when pi= po= ps=
wa= 0. Then, reliability can be obtained as follows:

wm+%+%+hy

R(1) =P,(1) =¢ (4.39)
MTTF can be drived from the relibility equation as follows:
. _ 1

M = R = o, + i, (4.40)

By using the final-value theorem, the equation of steady state probabilities are obtained as

follows:

(4.41)
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Ay (B ) (s + ) (1 +Ag) 1

p - - (4.42)
A + A + A + A

P, 2 (w t2s) (“3W5 7) (Mg ) Hs (4.43)
A A A A

P~ 5 (1 +2) (“2;5 6) (Hy +25) s (4.44)
A + A + A + A

p, - lalt +h) (Hst o) (M5 +2) by (4.45)
4

P le(ui+-xi+4) A bghs Ay By A + Ay igeA, 4 Ay lgAg (4.46)

: Hs s (“1 +'l5) (Lb +—A6) (L% +’X7) (”4 +'l8)
Where

Ws=hAshghyhg + A Ao hobty + Ay A Ao Aoty + A A Aoty by + A Aghs Ag
R i o e S oy L Y D T
A A Ag iy s Ay Aty by M Ay Ay Ag by Mg Ay A 1y 1y Mg+ Ay Ag ) Ky g
R T T e e N e SR Y A
F A gy Agbts Ay Ag Ay by g A AgAg by g + A Ag iyl Mg + Ay A Ay Ag iy
F A ARy By Ay A Rg Ly By A Ay B by A A Ay g A Al 1y
Ay Ag My By s+ Ay By by s+ Ay A Ao Ay Ag + Ay A Ag Ay by + Ay Ag Ag Ag U
F A A Aoy s+ Ay A Ay Agty Ay Ag Ay by Wy + Ay Ag Ag by Mg + Ay Ag 1y 1y Mg
F ARG A gy T Ay Ay by A ARG s ARG Wy Mg Ay A Al 1y
F AR R My By Ay g My g+ Al by By s+ Ay Ag A Ay A + Ay A AR, U
F A AR AGHy + Ay A Rty g + Ay g Ay g My Ay Ag Ay g g+ Ay Aghg 1y Ly
A Ay Byt Ay A Ay Agly Ay A Ay by Mg+ Ay A Ag 1y My + Ay Al 1y Mg
F AR Ay A A 1y My K+ Ay Ay By By Ay 1y B g Ag A Ay Ag b
F ARG A Wy s F Ag A Aoy by F Ag Aol by g+ ARy Ag 1y Mg+ AgAg Ly Wy W
ARG Hy My bg F Ag by by by A Ay Ag by Mg+ ARy Iyl Mg+ AgAg 1y My U
gy My by Mg Ay g Ly Mg g B M Ry Mg Ag R My Hy Mg o 1 R By M

To analyse the model reliability, specific values of failure and repair rates are assumed.
Accordingly, the inverse Laplace transforms of equations (4.32) — (4.37) were used to develop
plots in Figure 4-6, the reliability equation (4.39) was used to develop the plots in Figure 4-7, the
availability equation(4.38) was used to develop the plots in Figure 4-8 and Figure 4-9. Detailed
plots are presented in Appendix D.2.
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Figure 4-6 State probabilities of single unit with safe and unsafe partial failures of hardware
and human-error
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Figure 4-7 Reliability of single unit with safe and unsafe partial failures of hardware and
human-error at different values of failure rates
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Figure 4-8 Availability of single unit with safe and unsafe partial failures of hardware and
human-error at different values of failure rates
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Figure 4-9 Availability of single unit with safe and unsafe partial failures of hardware and
human-error at different values of repair rates

4.4 Discussion

The models of this chapter shows the reliability and availability of system when two repair
facilities were used: on-site and workshop. It was noticed that, state probabilities plots give a
general overview of model behaviour to identify critical states and model parameters. According

to assumed model parameters, the reliability measures are significantly influenced by the on-site
repair rates.
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Chapter 5 Miscellaneous Models

5.1 Mining System Maintenance with Human-Error

This section discusses the human performance in mining task that may be performed
normally or with human-error. If the human-error was classified into non-critical and critical, the

following models were analysed:
1- Critical and non-critical human-error.
2- Critical and non-critical human-error considering the environment and stress level.

Different values of transfer rates were assumed in reference to a certain value. Specifically,
each parameter was multiplied by 5, 2, 1, 1/2 and 1/5. Then, the results were used to develop
reliability parameter. This provides a reference plot and resulted plots that help in understanding
the reliability measures behaviour. This approach was used because of limited data resources and

database accesses.

Assumptions
The following assumptions are associated with this model:

vii)  Worker critical and non-critical error rates are constant
viii)  All errors occur independently.

iX) The worker performs a time continuous task.

Notation

n Number of states

t Time in hours

S Laplace transform variable
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o1 Constant transition rate associated with changing the work environment from
normal to abnormal.
a2 Constant transition rate associated with changing the work environment from

abnormal to normal.

Ai Constant error rate fori= 1, 2, 3...n

Pi(t) The probability that the worker will be at state i at time (t), fori=1,2, 3, ...,n
Pi(s) The Laplace transform of state probability, fori=1, 2, 3, ...,n

R(t) worker reliability at time (t)

MTTF worker mean time to error

5.1.1 Worker Performance with Critical and Non-Critical Human-Error

The state space diagram in Figure 5-1shows a model of worker task performance that can

be performed normally, non-critical human-error or critical human-error.

Worker committed a
_~—»| non-critical human error
1 1

Worker performed
mining task normally
0

Worker committed a
“~l critical human error

2

Figure 5-1 State space diagram of maintenance work

By using the Markov method to analyse this model, the associated differential equations

are obtained as follows:

dp,(t)
T+ Py(0) (A +2y) =0 (5.1)
ar, (1)
a Pl (5.2)
dpP, (1)
jh = P,y(1) A, (5.3)

At time t=0, Po(0)=1 and all other initial state probabilities are equal to zero. By taking the
Laplace transforms of equations (5.1) — (5.3), the following equations are obtained:
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Fols) = s+ + A, (5.4)
P (s)-A

Py(s) = O(S) 1 (5.5)
Py(s) A

P,(s) = 0%, (5.6)

By taking the inverse Laplace Transform of equations (5.4) — (5.6), time dependent

probabilities are obtained.

Py =e U177 (5.7)
N (1 _e-<xl+x2)r)
P (1) = 1 (5.8)
A+,
. (1 _e-<xl+x2)r)
- 5.9
Pz(z) }\1 +7L2 ( )

Human Reliability, MTTF and Steady State Probabilities

In this simple model, human reliability is when worker perform maintenance work

normally.

R(1) = P,(1) (5.10)

MTTF can be drived from the relibility equation as follows:

1
A A,

MTTF:SlEnOR(s) = (5.11)

To develop reliability plots, specific values of error rates are assumed. Accordingly, the
state probability equations (5.7) — (5.9) were used to develop the plots in Figure 5-2, and reliability
equation (5.10) was used to develop the plots in Figure 5-3. Detailed plots are presented in

Appendix E.1.
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hour hour
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Figure 5-2 State probabilities of task performance
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Figure 5-3 Reliability of task performance at different values of failure rates
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5.1.1 Worker Performance under Different levels of Stress.

This model, Figure 5-4, is similar to last one, however, the task performance may be
committed non-critical or critical human-error under different level of work environment and

stress level. By using the Markov method to perform reliability analysis of the state space diagram

in Figure 5-4, the following differential equations are obtained.

dP (1)

0 = .

0 + Py(1) (7‘1 +k2+0c1) =Py(1)-a, (5.12)
i LR 5.13
A —P (£)\ (5.14)

dt 0 2 '
PO 5.15
4Pal) —P.(t) M (5.16)

dt 5 4 '
dP.(1)

5 = .

7 + Py(2) (7»3 +7\.4+0L2) =Pya, (5.17)

Worker committed a non-critical
human error in normal
Waorker performed mining task 1 environment
correctly in normal environment 1
normally
0 Worker committed a critical
Az human error in normal
environment
2
cl2 [+ 1
[ Worker committed a non-critical |
human error in abnormal or
— — stressful environment
Worker performed mining task 3
correctly in abnormal or
stressful environment - .
5 Worker committed a non-critical
Ad. human error in abnormal or
stressful environment

4

Figure 5-4 State space diagram of task performance considering the work environment
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The task starts under normal environment that at time t=0, Po(0)=1 and all other initial state
probabilities are equal to zero. By taking the Laplace transforms of equations (5.12) — (5.17), the

following equations are obtained:

(Ps(s)-oc2 + 1)

Pols) = s+ A o (5.18)
P.(s)-A

P~ 2L (5.19)
P.(s)-\

Py(s) = —> - 2 (5.20)
P (s)A

g - s (5.21)
P (s)A

Pys) = ——— (5.22)

PO(S)'OLI
Py(s) = (5.23)

s+h A, o,
By using the equations (5.18) — (5.23), we get the following equations:

+A, +A +o
Py - Ch-RERL), (5.24)

((s-f—?Ll +x2+a1)(s+x3+x4+oc2) —al-ocz)

xl-(s+x3 +x4+a2)

- so((s R Fhy F o) (s Ay Ry + o) — oo,

(5.25)

Ao(s+A, +A, +0a
Py(s) = (At ) (5.26)

s-((s+k1 +2, —I—ocl) (s+7»3 +x4+a2) —ocl-ocz)

A, -0
_ 3 71
Py(s) = s((s+ A+ +oy) (s 2y +2y +ay) — 0 a) (5.27)
B Ao
Pals) = s((sHM + 0 o) (s 2+, + o) —o o) (5.28)
o
_ 1
Ps(s) = ((s+2 + 2+ o) (s+ 2+, + o) —a0,) (5.29)
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System Reliability, MTTF, Steady State Probability

The reliability of the model is the states where worker performed the task normally,

whether under normal or abnormal environment.

R(t) = Py(t) + Ps(1) (5.30)
MTTF can be drived from the reliability equation by using lim R(s) as follows.
7»3 + 7\.4 +o, +o

MITE=2 A A o A AL FA A AN (5:31)
Ay F oAy F o)A H oA FA AT A A A AT A A

To develop reliability plots, specific values of error and environment transition rates are
assumed. Accordingly, the inverse Laplace transforms of equations (5.24) — (5.29) were used to
develop the plots in Figure 5-5, and the reliability equation (5.30) was used to develop the plots in
Figure 5-6. Detailed plots are presented in Appendix E.2.
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Figure 5-5 State probabilities of task performance considering the work environment
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Figure 5-6 Reliability plots of task performance considering the work environment at different
values of model parameters

5.2 One- Unit System with Three Operational States and One Failure Mode

This section studies the behaviour of a system with different working conditions. The space
state diagram in Figure 5-7 shows a single unit mining system that could be working normally or
unsafely due to either a non-human-error or a human-error. The system unsafe working conditions
might be identified and appropriate step is taken to restore the system to the normal working state.
The system failure is possible at any working state. When the system fails, failure is instantly
identified and appropriate step is taken to restore the system to one of the working conditions,

namely, normal, unsafe due to non-human-error or unsafe due to human-error.

Assumptions:

The following assumptions are associated with this model:

i) All failures are statistically independent.
i) All failure and repair rates are constant.

iii)  The repaired system is as good as new.
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iv) There are two repair facilities.

V) The system may fail due to hardware failure or human-error.
Notation
n Number of system states units
t Time in hours
S Laplace transform variable
Au Constant transition rate of unsafe working state due to non-human-error
Ah Constant transition rate of unsafe working state due to human-error
A1, A2, At Constant failure rate
Hu, Hh Constant repair rate of unsafe working states
W1, p2, uf Constant repair rate of system failure
AV (1) System availability at time (t)
Pi(t) The probability that the system will be at state i at time (t), fori=1,2, 3, ...,n
Pi(s) The Laplace transform of state probability, fori=1, 2, 3, ...,n
R(t) System reliability at time (t)
MTTF System mean time to failure

Mining system working
unsafely due to ____-“"“‘-Af
K :.[ non—human -erTor ‘__!J\ \
Mining system ’[ Mining system failed
working normally 5
- Ha

L
Minging system J
T working unsafely due to —A2

human-error 2
l'lh"'--...______ 3 -‘———-""" “

Figure 5-7 State space diagram for a system with three operating states and one failure mode

with repair.

By using the Markov method to analyse this model, associated differential equations are

obtained as follows:
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dp,(t)
7 Py(t) (xl +A, + ku) =P (1)1, + Py(1) 1, + Py(1) 1, (5.32)
dap, (1)
0 + P, (1) (“u +;f.) =Py(1) A, +P2(t)-gf (5.33)
dp,(t)
7 P, (1) (“1 i uz) = Py(t)-A, + P (1) -kf+ Py(1) M, (5.34)
dp,(1)
+ Py(1) (“h +x2) =Py(1) L, + Py(1) -1, (5.35)

dt

The model is in normal working operation at the initial state, which means that at time t =

0, Po(0) = 1 and all other initial state probabilities are equal to zero. By taking the Laplace

transforms of equations (5.32) — (5.35), the following equations are obtained:

P, (1) M + P5(1) M, + P, (1) o+ 1
s+l1 —i—kh —|—7»u

Py(s) Xu + P, (s) K
s+p + Kf

Pys) A P ()N Py(s) D,

s+u]+uf—|—u2

Py(s) kh + P, (s) M,

P =
(s s+u, + A,
By using the equations (5.36) to (5.39), we get the following equations:
Py(s) = :
B, Myl
s+A +A +A —K—J + +u
booh s+ +A s p A :
u T 2
A +Ju
Pl(s): ( u f)
oo, My 1y,
(s—l-},t +x) s+Ah A +A —K—J + +u,
wo o f u R
J
P,(s) =

l“L)‘:“'u l'LZ'Mh
s+HA A A —K—J + +u
booh stu, A st L ]

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)
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P.(s) = Oh i J.MZ)
3
el TR}
(s + 1, +2,) s+xl+xh+xu—K—J-[ +f T +2 :l-k +“1J] (5.43)
s+u s+u
u ya h 2
Where
ku'uu + 7Lh'uh
s+uu+7uf s+uh+7»2
, A A, A,
L P PR
= (i) ()

ufkf. B A,
S+].Lu+7tf) (s+uh+x2)

(s+u1+u2+uf)—(

By taking the inverse Laplace transform, the equations of time dependent state probabilities

are obtained.

System Reliability and MTTF

The reliability is equal to the probability of Po(t), P1(t) and P3(t) when system unrepairable

i.e = p=p2 = 0. The model reliability is obtained as follows:
R(t) =Py(1) + P, (1) + P;(1) (5.44)
MTTF can be drived from the relibility equation as follows:

MTTF = lim R(s)
e (5.45)
kzkf—’_)‘z}“u"—}‘z”u—H‘f)“h+?‘f”h+7‘h“u+7‘u“h+“h”u '

O N T T T N o o W WY W W

Availability and Steady state Probabilities

Availability is the total probability of system operational states.
AV (1) = Py(1) + Py (1) + Py(1) (5.46)

By using the final-value theorem, we can find the model steady state probabilities.
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_ My Ay A A, A B A B B R B R

P, v (5.47)

P MMM AWM b A WA W A L A (5.48)
1 Y '

b O T o o (5.49)
2 Y )

o A 7»,#2 A+ 7‘,"7‘;; M+ xth M, + 7‘/}”»{ My 2, uow + A A, A (5.50)
3 Y ’

Where

Y= )”17”277‘”‘ A uj,+% Ty +7L17»fu2+k kfuh~l—7u1u2uu+k1uf,uh+k1uhuu
+7u27\,f7hh + A, 7\, k + A lful +7»27»huf+7»27» “u+7‘27‘u“1 +7»27»uy,f+7&2u] H
+A S M + kfkh H+ 7» A uy + lfku M, + kauuh + Xful n, + kfuz H, A0
A MR, A+ 7‘u N o T A T U ol ol D T P

To analyse the model reliability, specific values of failure and repair rates are assumed.
Accordingly, the inverse Laplace transforms of equations (5.40) — (5.43) were used to develop the
plots in Figure 5-8, the reliability equation (5.44) was used to develop the plots in Figure 5-9 and
Figure 5-10, the availability equation (5.46) was used to develop the plots in Figure 5-11 and
Figure 5-12. Detailed plots are presented in Appendix E.3.
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Figure 5-8 State probabilities of a system with three operation states and one failure mode
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Figure 5-9 Reliability plots of a system with three operation states at different values of failure

rates
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Figure 5-10 Reliability plots of a system with three operation states at different values of

repair rates

Figure 5-11 Availability plots of the system with three operation states at different values of

failure rates
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Figure 5-12 Availability plots of the system with three operation states at different values of

repair rate

5.3 Discussion

Worker performance in mining is subjected to different levels of work environment and

stress. Therefore, the realistic reliability analysis should consider them in predicting the worker

performance. In general, the detailed models provide a better understanding of system reliability

behaviour.

The second model has three operating conditions in which the normal operation usually

should have lower failure rated than the other unsafe operation conditions. However, if the failure

rate for normal operation condition increases significantly, the system reliability and availability

may increase by increasing the probability to operate at unsafe conditions. Figure 5-11 shows that

the availability plot when model parameters equals (5A1, A2, Au, Af, An) has lower availability than

plot with model parameters equals (A1, A2, SAu, Af, An).
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Chapter 6 : Conclusion and Recommendations

6.1 Conclusion

This study analysed number of models representing mining systems to understand
reliability and availability behaviour when different values of model failure rates, repair rates,
number of identical units in parallel configuration, repair policies and when considering the safety
of unit failures. General equations were developed to express time dependent reliability and steady
state availability of n-number of identical units in parallel configurations. The outcome of study

can be summarized in six main points as follows:

1. The mining system reliability increases as the number of units in parallel configuration
increase. However, it was noticed that the probability to be at initial state decreases as
the number of unit increases, which in turn required more maintenance work to keep

the system at “as-built” condition.

2. The detailed models of mining systems provide a better understanding about system
availability. However, as the number of states increases, the associated Markov method

equations become more complicated.

3. The reliability and availability plots follow the same pattern at different values of model
parameters. Therefore, generating reliability and availability plots with assumed model

parameters may help in understanding their behaviours.

4. The process of improving the reliability and availability of any mining system is a

multiple factors process that need optimization.

5. The mining system reliability, availability and MTTF increase as number of units
increase when units have the same failure and repair rates. Also, they increase as the

failure rate decrease and repair rate increase.
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6. The instant unit repair policy has a slight improvement effect in the system overall
reliability and availability. Whereas after total system failure repair has a significant

improvement effect in the overall availability.

6.2 Recommendations

1. The models representing mining systems in this study have constant repair and
failure rates. The study can be extended to include time dependent failure and repair

rates.

2. All units in parallel configurations are assumed to be identical. Non-identical unit
can be considered for future studies to understand mining systems reliability and

availability behaviours.

3. This study investigated the effect of different repair policies at parallel
configuration system with two-units. Future study may extend the investigation to

more than two-units.
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Appendix A: Steps to Solve Inverse Laplace Transforms

Appendix A is about steps to solve Markov equations and obtain time dependent state

probabilities by solving inverse Laplace transform.

A.l1 Two identical units with two failure modes and Type-I repair

Hl ]

Mining system first unit
failed due to hardware
failure, other unit in A
normal operation

1

Mining system second
unit failed due to
hardware failure

3

An

Y

Two units of mining
system in normal
operation
0

Mining system first unit o
failed due to human-
error, other unit in
normal operation
2

Mining system second
unit failed due to
human error

J

2

Figure A-1 State space diagram of two identical units with two failure modes and Type-I
repair

First the differential equations were obtained by using the Markov method as follows:

dp,(1)
dt

+ Py (1) (2-%0 +2kH) = Py()-p, + Py(1) -1,

+ P, (1) (7“0 + xH) =Py(1)-2%,

+ P, (1) (7”0 + xH) =Py(1) 2%,

+ Py(1) -1, =X, (P, () + Py(0))
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dpP,(t)
dt TP 1y =Ry (P (1) +Py(1))

Then, the s-domain equations were obtained by taking the Laplace transforms when time

t=0, Po(0)=1, and all other initial state probabilities are equal to zero.

P3(s)-|.11 + P,(s) M, 1

P.(s) =
0 s+20, + 2N,
Po(s)-2'7\.0
P(s)=——F
s+A+ }‘H
P (s)-2-A
P,(s) = b
s+ 7»0 + KH
7\.0-(P1 (s) +P2(s))
Py(s) = T
Ps) - 7LH’(P1(S) +P2(s))

s+ u,
Next, the equations are rearranged as follows:

- (s-i—ul) (s—i—},tz)-(s +2, +xH)
s'(s3 +s2[.’>+sy+5)

27»0(s+u1> (S+M2)

s'(s3+s2|3+sy~|—8

2xH(s+ul) (s+u2

)
)

s-(s3+s2[3+sy+5

2X0<s+u2) (A+o

P.(s) =
(0 s~(s3+s2[3+sy+5)
2A, (s + A+o
P,(s) = H3<S 2“2)( )
s'(s + B+sy+5)
Where;

B=3A,+u +u,+324,
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3R, 0 F 30,0, 1L,

‘:QN

Y=20 + 40k, + 30 1, + 30, + 24

+3A,0, 30,0 1,

:N

2
§=22 +4h Ay, + 3N 1, + 3R M, + 21

After that, Cardano’s Method was used to find the roots of cubic equations as follows:

_ (3vy-8)
a=—""5

r=9yB -278-2p

P

The above i is associated with complex number
- B:”1 +n, +ny

Y=nyn, +n2n3 —|—n3n1

-d=n nyn,
Then, the partial fraction was obtained as follows:

(S+u1>(s+u2)-<s+7»+6) =i+ B, . C, . D,

s-(s—nl)(s—nz) (s3—n3) s (s—nl) (s—nz) (s—ng)

PO(S) =

The value of Ag, Boand Copare as follows:

B THITH (k+0)

0 n.n

1773
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(m + 1) (n +1,)(n, +2 +0)

BO: n1~(nl—nz) (nl —ns)
o ( -I-ul)(nz—i-uz) ( +/1+<s)
‘ ny- (ny=my) (my = m3)

( +u1)(n3+u2)( +x+c)

ny- (n3=my) (1 =)

Dy =

Then, time dependent probability can be obtained by taking the inverse Laplace transform.

-tn -tn -tn

1 2
Py(t)=4,+ B ¢ +C,e +D, e

By following the same steps, we can find next state time dependent probability.

P (5) = 27»0(s+u1>(s+u2) =i+ B, . C, . D,
1 s(s—nl)(s—nz)(s3—n3) S (s—nl) (s—nz) (s—n3)
2\
AI:-M
nynyny

20 (m ) (m 1)

B =
1 nl-(n1 _”2) (nl—n3)
o 22 (my + 1) (my +uy)
1 nl-(nz—nl)(nz—n3)
b 22, (n3 +u1) <n3 +u2)
1 — _
e (ny = ny) (n5 = ny)
By following the same steps, we can find next state time dependent probability.
. “H(”PH) (s-i—},tz) Ay B, c, D,
2(S)_ N s + s—n + s—n + s—n
s:(8 +5B+sy+3) (s=m) (s=m)  (s—m)
2
4y=- A
1y iy
5 27»H ("1 +u1> (”1 +u2>
2 n- (”1 — n2) (nl —n3)
. 2, (m + 1) (ny+1,)

2 nl-(nz—nl)(nz—n3)
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b o 2%, (n3 —Hll) (n3 +u2)
2 n- (n3 - nl) (n3 _”2)

-tn -tn -tn

1 2
P,(t)=4,+ B, e +C, e +D,e

By following the same steps, we can find next state time dependent probability.

20, (s+w)(A+o) 4 B C D
Py(s) = 0( 2) _73 3 3 3

+ +
s (9 +SB+sy+8) S (s=m)  (s—m) (s7m)

B =
3 n (n1 - nz) (nl —n3)
o 2%, (A +o0) (n2+u2)
3 . _ _
n (n2 nl) (n2 n3)
. 2 (A +0) (ny+1,)
3 . — —
n (”3 ”1) (”3 ”2)
-tn -tn -tn
Pi()=A;+Bye ' +Cye *+Dje

By following the same steps, we can find next state time dependent probability.

24, (s+u)(A+o) 4 B c D
P,(s) = H3( 21)( ) A B G D
s($+2prsy+d) s (s7m)  (sTm)  (s7m)
22, w(A + o)
A 1y ny g
. 22y, (A +0) (n, +1,)
4 nl-(nl—nz) (nl—n3)
o 22, (2 +o0) (n2+u2)
4 n (”2_”1)(”2_n3)
. 22, (A +o0) (n3+u2)
4 n, (n3—n1)(n3—n2)
-tn -tn -tn
P,(t)=A4A,+B, ¢ 1—l—C4e, +D, e

157



A.2 Two identical units with two failure modes and Type-II repair

/— Mining system first unit Mining system second
failed due to hardware 2 » unit failed due to
pl failure hardware failure
/" 1 . 3
/ZA
Mining system two units

in operation

g—]
error human error

2 4

0
20 X
Mining system first unit L Mining system second
W2 failed due to human unit failed due to

Figure A-2 State space diagram of two identical units with two failure modes and Type-II
repair

First the differential equations were obtained by the Markov method as follows:

dp,(1)
il + Py (1) (2%0 +2kH) =P (1)1, + P,(1) 1,
dp, (1)
7 + P, (1) (7‘0 + A, + ”1) =Py (1)-2k,
dp, (1)
7 P, (1) (7‘0 + A, + “2) = Py(1) 21,
dp,(1)
0l :7‘0 (Pl(t) +P2(t))
dp,(t)
Ul =7»H(P1 (2) +P2(t))

Then, the s-domain equations were obtained by taking the Laplace transforms when time

t=0, Po(0)=1, and all other initial state probabilities are equal to zero.

Pl(s)-l.t1 + P, (s) M, 1
s+ 27‘0 +27»H

Pyls) =
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Py(s)-2- 7»0
s+ hy A

Py (s) =

Py(s)-2:0,,
s+Ay T A, T,

7‘0' (Pl(s) + Pz(s))

Next, the equation were rearranged as follows:

P (s) = (s+x0+xH+ul)(s+xO+kH+u2)
0 (s + B +sy+98)

24, (s+x0+xH+u2)
P =
) (8 +5°B+sy+3)

1

2h,(s+A, +A,+u
g 2l gty )
(s +sB+sy+6)

_ 20 (Mg (s 2y +h, +u) +h, (s+h +h, +1))

P
300 s (s +SB+sy+3d)

_ sz(AO (s+XO+XH+u1) +xH(s+x0+xH+u2))
s-(s3 +S2B+sy+5)

Where;

B=d4h, +u +u, +42%
y=5k§+lO?LolH+7L0p.l+37L0u2+5?ui,+3kHul+lHu2+ulu2

3 2 2 2
§=2N5+ 6Ag Ay +2h 1y + 6 A Ay + 2 A A, 1, + 24 A

3 2
g +2A, +20 1

After that, Cardano’s Method was used to find the roots of cubic equations as follows:

_Gy-p)
9

r=9yB -278-2p
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=S dg+7

T=\ r—+ q3—|—r2
=(+1-2B
3

1 1 I .~
_?(C+T)_?B+?l 3 (-1

1 1 I .~
7_?(C+T)_?B_?l 3 (-1

The above i is associated with complex number

-B=n, +n, +n,
Y=nyny, +nyny +nyn

- 5:111 n,n,

Then, the equation partial fraction was obtained as follows:

(s+x0+xH+ul)(s+x0+kH+u2) 4, B, C,

(s—nl)(s—nz) (s—n3) a (s—nl) + (s—nz) + (s—n3)

Py(s) =

The value of Ag, Bpand Co can be found to be as below.

+h, +A,+ +hy A, +
4, - (m by (m M)
(m = m) (m —n)
ny+ A, A, + ny A A, +
B, - (m W) (m u)
(my =m) (ny = 13)
+h th,+u +h, + A, 1
- ) (1 )
(n3=m) (m5=m)
Then, we can find the inverse Laplace transform.
-tn -tn -tn
Py(1) =4,e +B,e¢ +C, e

By following the same steps, we can find next state time dependent probability.
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0 0
A =
: (”1 ”z) (”1 ”3)
. 22, (n2+x0+xH+p2)
: (”2_”1) (”2 ”3)
¢, - 2 (3 + 2+, +u)
(”3 —m) (”3 - ”2)

Then, we can find the inverse Laplace transform.

-tn -tn -tn

P (t)=+ 4,e 1+]5‘le 2 +C, e

By following the same steps, we can find next state time dependent probability.

A
2 n _”2)(”1_"3)
2xH(n2+x0+xH+u1)
B,
(”2_”1) (”2_”3)
o 27‘H(”i+7“o+7“H+“1)

By following the same steps, we can find next state time dependent probability.
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4 B C D
Pys)=—> + ——  —— 4 —2

s (s—nl) (s—nz) (s—n3)

2x0(x0(x0 +7‘H+“1) +xH(xO +xH+u2))

ASi_ n1n2n3

B:”‘o(}‘o(”l”‘ + A +u1)+6( +7»0+7»H+u2))
’ ny- (= my) (my = n3)

C_zxo(x (my + 2 +x a ) A (A A )
3 my (m 1)( ) 1)
Dzzxo(x( + A +“1) ( +hy + A +u2))

ny: (n3 - nl) (n3 - n2)

Then, we can find the inverse Laplace transform.

B C D
Ps)=—F + ——+ —+— + —

s (s—nl) (s—nz) (s—n3)

) sz(xO(xO +7‘H+“1) +7“H(7”o +xH+u2))

& 1y 1y 1y

5 20, (A (my 0 + 2 ) + A, (n + 0+ 2, + 1))
4 nl‘(nl—nz) (nl—n3)

o 20 (A (my + 2+ 0 ) + A, (ny + 0+, +1,))
4 nz-(nz—nl)(nz—n3)

. 27%(’“0("3”‘0”‘1{*“1) +xH(n3+x0+xH+u2))

ny: (n3 - "1) (113 — 112)
Then, we can find the inverse Laplace transform.

-tn -tn -tn

1 2
P,(t)=4,+B, ¢ +C,e +D
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A.3 Two identical units with two failure modes and Type-Illl repair

One unit failed due to a . .
Both units failued due to
hardware failure, other Ao 2 hardware failure
unit operating normally 3
1
/ 220 A

Both units of mining
system operating
normally
0

\ 2Au
One unit failed due to a . .
: Both units failued due to
human error, other unit
FZ\\‘—[ operating normally a huma4n error
2

et

Y

Figure A-3 State space diagram of two identical units with two failure modes and Type-IlI
repair

First the differential equations were obtained by using the Markov method as follows:

dP, (1)
dt

+ Py (1) (2%0 + ZKH) =P () p, + Py () 1, + P() iy + Py0)

ar, (1)
dt

+ P (1) (Mg + 2y 1) =P(1) -2

dP, (1)

P, (1) (7“0 + A, + Hz) =+ Py(1) 21,

” + Py(t) -uy =P (1) Ay + Py (1)1

7 + P,(1) My, =P,(2) -kH+ P, (1) -kH

Then, the s-domain equations were obtained by taking the Laplace transforms when time

t=0, Po(0)=1, and all other initial state probabilities are equal to zero.

P,(s) Wy —i—Pz(s)‘u2 +P3(s)~u3 + P,(s) oy, 1
s+ 2-7\.0 + 2-7\.H

PO(S) =
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2~7\.0-P0(s)
Pl(s =
s+ Ay + A, 1

2k, P (s)
Pyls) = s+ A 1:—7? +Lu
0 H 2
A (P, (s) + P, (s)
pyo - 20 0
Hy
Pyis) - XH- (Pl(s) +P2(s))

s+,
Next, the equations were rearranged as follows:

(s+u3)<s+u4) (s+k0+xﬂ+ul)(s+x0+kH+u2)

Fol9) = s(sf+ B+ Py +s8+¢€)
2x(s+u3) (S+u4> (s+x+<s+u2)
A= s(BS +5 +y5 +8s+¢)
20(s+},t3) (s+u4) (s+x+c+ul)
P9 = s(Bs +s* v +8s+¢)
2&((s+x+o+u2)k+(s+x+c+u1)c) (s+u3)
P = s(*+9B+Py+s8+¢)
20((s+x+o+u2)x+(s+x+c+ul)c) (s+},t3)
P,(s) =

s(s4 +S3B+szy+s6+e)
Where;

B=4r+4r, +u +u, +u, +p,

Y=500 + 10A Ay + A1y + 34, + 4R 4K + SA0 + 30, 1+ A + 4R,

AN M R, Ry Ry

.3 2 2 2 2 2
§=20g + 6 Mg A, + 2 A0y + 3A0 I + SALp, + 64 A, + 2 A

H
R e T e T Y e Y D DY Y A

M
ot
F8R Ay 8RG Ay by gy By Ay 3R K My 3R 1 By AR H

3 2 2 2
+2h, 20,1 +5kHu3 +3h,0, +30, 1 Hy +3h, 1,1, +kHu2u3 + A0,

+2h, A

HHZ
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.3 2 2 2 2
e—2k0u4+2k0kﬂu3+4k kHu4+2k u2u4+3k0u3u4+47»0k u3+2k kHu4
F2h A 0 0y 2R A+ OA A L, A u3u4+37»0u2u3u4+27»}1u3
2
+ 27‘H“1 My 300ty 3,0 Ry A oy R Hy

After that, Cardano’s Method was used to find the roots of cubic equations as follows:

g=27B € —9PSY+27 +275 —T2ey

r= q+\/q — 3B5+12e+y)

1/3
1 (‘3|35+Y +12¢)2 4 L2303
3 173 6 r
B

v=

C=%\/9B—24y+36v

_1g2 4
B et Al

4 g
"1_%[3 iv T
__L i NI S
=By
1 1
_——B+7 —7\/’5—0)
1 1 1
n4:—ZB+7§+7\/T—w
Then, the equation partial fraction was obtained as follows:
» _(s+u3)(s+p4)(s+ko+kH+ul)(s+k0+xH+p2)
ol) = s(s—nl)(s—nz) (s—n3) (s—n4)
:ﬁJr By S D, Ey
S S—n S—n S—n S—n

2 3

The value of Ag, Boand Cy can be found to be as below.

PRl (Mo + Mt my) (A + At my)

0 n,n

177

n

374
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B (nl +u3) (n1 +u4) (nl +}\'0+}\’H+“1) (nl +7»0+7»H+u2)

B. =
0 n (nl — "2) (”1 — n3) (”1 —n4)
o (n2+u3) (n2+1u4) (n2+x0+kH+ul)(n2+k0+xH+u2)
0 n, (n2 — nl) (n2 —n3) (n2 — n4)
D:(n3+},t3)< 4)( +2, + 2 +u1)(n3+x0+xH+u2)
’ ny (n3mm) (m3=m) (15 1)
o <n4+u3)( +u4)( +2, + A +u1)(n4+x0+kH+u2)

ny (ny=my) (ng= my) (4= 1)

Then, we can find the inverse Laplace transform.

Py(t) =4, + Bye

By following the same steps, we can find next state time dependent probability.

27»0 (s+|.13) (s+|.14) (S+7\,O +7\.H+H2)
S(s—nl) (s—nz) (s—nS) (S—n4)
C, D

S—n

E
L 1

S—n

N S—}’l1 2 S—n

3 4

_ 2X0p3u4(ko +XH+u2)

nl n2 n3 }’14

1

5 20 (g +ug) (g +1y) (m + 2+ 4, )

! ny (ny —my) (ny —ny) (m —1y)

o 20 (my+1y) (my ) (my + 2+, +u,)
1 ny (my —ny) (ny = ny) (ny — 1)

b 20 (mytuy) (mytuy) (ng 2+, +u)
1 ny (my=ny) (13— ny) (3 — ny)

. 20 (gt ) (mg ) (mg 40+, +u)

1 ny (n4— nl) (n4— n2) (n4— n3)

Then, we can find the inverse Laplace transform.

-n_t -n_t -n_t -n t

P()=A4,+Be ' +Ce > +De > +Ee *
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By following the same steps, we can find next state time dependent probability.

_ 27»H<s+u3) (s+u4) (s-l-?\.O +A,+ “1)

Py(s) S(S - nl) (s - n2) (s —n3) (s - n4)
4 5 N G D, £,
s s—n, s —n, s —n, s—n,

_ 20 15 1y (A At )

}’ll I’l2 I’L3 I’l4

4y

_ 2XH(n1+u3) (n1+u4) <n1+k—|—0 +u2)
ny (ny = ny) (ny = n3) (n; —my)
20y, (mtug) (mt ) (my A+, +u)
ny (my=my) (my = n3) (my —ny)
2xH(n3+ u3) (n3+ u4) <n3 +hy A, + “2)
ny (ny=ny) (n3= ny) (ny — )
sz(n4+ u3) (n4+ u4) <n4 +hy A, + “2)

ny (n4— nl) (n4— "2) (n4— n3)

B,

C,=

D, =

E,=

Then, we can find the inverse Laplace transform.
P,(t) =4, + B,e "+c,e 24+D,e > +Ee *
By following the same steps, we can find next state time dependent probability.

27&0((s+7»0+7»H+u2)7»0+ (s+x0+xH+ul)xH) (s+u3)
s(s—nl) (s—nz) (s—n3) (s—n4)

A B C D E
3 3 34 3 3

N S—I’ll S—}’l2 s—n3 S—I’l4

_ 201y (A + 00 1,) A+ (A + A+ i) Ay

I’ll I’l2 I’l3 I’l4

3

_ zxo((nl +x0+xH+u2)xo+ (nl +7‘o+7‘H+“l)7”H) (n]+},t3)
n, (nl — ”2) ("1 — n3) (n1 — n4)
B 2KO<(n2+7»0+kH+u2)k0+ (”z”‘o”‘HJF“l)?‘H) (n2+u3)

n, (”2_ nl) (nz— n3) (n2 — n4)
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B 2X0<(n3 + 2, +xH+u2)xO+ (n3 ”‘o”‘HJr“l)}‘H) (n3~l-|.L3)
n, (n3— ”1) (113 — ”2) (n3—n4)
27»0((114 +2 +kH+u2) Ay t+ (n3 +2, +xH+u1)kH) (n4+ u3)

ny (n4— nl) (n4— ”2) (n4—n3)

Then, we can find the inverse Laplace transform.
Py(t) =45 + Bye
By following the same steps, we can find next state time dependent probability.

20((s+x0+xH+u2)kH+(s+k0+kH+u1)kH) (s+u3)

s(s—nl) (s—nz) (s—n3) (s—n4)

Cy D, E,

S—n S—n S—n

N S—n

1 2 3 4

_ 201y (Mg + A, T my) Ayt (A + Ay, +1y) 2y

44 nynynymy

. 20, ((m 2 2 1) Ay + (2 + 2 )0 (1)
4 n (n1 - n2) (n1 - n3) (n1 - n4)

o 20 ((my + g + A, 1) A+ (my + g+ A, ) Ay (ny+uy)
4 n, (”2_ ”1)(”2_ n3) (nz—n4)

. 20, (3 2 + 2y 1) My + (ny + 00+ A+ ) Ay) (ny+ 1)
4 n, (n3—n1)(n3—n2) (n3—n4)

o 2xH((n4+xO+xH+u2)xH+(n3+x0+xH+pl)xH) (n4+u3)

n, (n4— ”1) (n4— ”2) (n4—n3)

Then, we can find the inverse Laplace transform.
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Appendix B: Reliability Parameter Plots of Chapter 2

B.1 Special Case: One-Unit without repair

08

0.6

04

Reliability, R(t)

0 200 400 A00 200 1000
Time. t

Figure B-1 Reliability plots of one-unit system with two failure modes without repair at
different values of hardware failure rate (Ao).
1

0.8
0.6

04

Reliability, R(t)

0 200 400 AT B00 1000
Time t

Figure B-2 Reliability plots of one-unit system with two failure modes without repair at
different values of human-error rate (An).
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Mean Time to Failure, MTTF
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e [ faifire
)n\ hour

Figure B-3 MTTF plots of one-unit system with two failure modes without repair at different
values of human-error rate (An).

B.2 Special Case: Two-Unit without repair
I

0.8

0.6

04

Reliability, R(t)

0 500 1000 1500
Time, t

Figure B-4 Reliability plots of two-units system with two failure modes without repair at
different values of hardware failure rate (o).
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0.8

=
2

Reliability, R(t)

0 500 1000 1500
Time, t

Figure B-5 Reliability plots of two-units system with two failure modes without repair at
different values of human-error rate (An).

1400
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a00
600
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Mean Time to Failure, MTTF

0 0.002 0.004 0.006 0.008 0.010

{( failure
l‘“l‘ hour ]

Figure 0B-6 MTTF Plots of two-units system with two failure modes and without repair at
different values of human-error rate (An).
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B.3 Special Case: Three-Unit without repair

08

=
=

Reliability, R(t)

0 200 400 600 800 1000 1200

Time, t

Figure B-7 Reliability plots of three-units system with two failure modes without repair at
different values of hardware failure rate (o).
l -
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04

Reliability, R(t)
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Time, t

Figure B-8 Reliability plots of three-units system with two failure modes without repair at
different values of human-error rate (An).
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Figure B-9 MTTF plots of three-units system with two failure modes and without repair at
different values of human-error rate (An).

B.4 Special Case: One-Unit with Type-I repair
1

08
<>,: 0.6
>
E
= 04
g -
<
02
0
0 200 400 600 800 1000

Time, t
Figure B-10 Availability plots of one-unit system witn two failure modes and Type-I repair at
different values of hardware failure rate (o).
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Availability, AV(t)

0 200 400 600 800 1000
Time, t

Figure B-11 Availability plots of one-unit system with two failure modes and Type-I repair at
different values of human-error rate (An).

1
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Availability, AV(t)

0 200 400 600 800 1000
Time, t

Figure B-12 Availability plots of one-unit system with two failure modes and Type-I repair at
different values of repair rate (p).
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Availability, AV(t)

0 200 400 600 B00 1000

Time, t

Figure B-13 Availability plots of one-unit system with two failure modes and Type-I repair at
different values of repair rate (p2).

B.5 Special Case: Two-Unit with Type-| repair
1.0

IR

0.8

0.7

0.6

Availability, AV(t)

0.5

0.4

0 500 1000 1500

Time. t
Figure B-14 Availability plots of two-units system mining with two failure modes and Type-I
repair at different values of Ao.
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0.75

Availability, AV(t)

0 500 1000 1500
Time, t

Figure B-15 Availability plots of two-units system with two failure modes and Type-I repair at
different values of hardware failure (An).
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Time, t

Figure B-16 Availability plots of two-units system mining system with two failure modes and
Type-1 repair at different values of repair rate (u1).
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Availability, AV(t)

0 500 10 1500 2000
Time, t

Figure B-17 Availability plots of two-units system with two failure modes and Type-I repair at
different values of repair rate (u2).

B.6 Special Case: Three-Unit with Type-I repair
1.0

08

07

0.6

Availability, AV(t)

0.5

04

0 200 400 600 200 1000 1200
Time, t

Figure B-18 Availability plots of three-units system with two failure modes and Type-I policy
at different values of Ao.
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Availability, AV(t)

0 500 1000 1500
Time, t

Figure B-19 Availability plots of three-units system with two failure modes and Type-I repair
at different values of An.
1.0

0.8

0.7

0.6

Availability, AV(t)
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0 500 1000 1500
Time, t

Figure B-20 Availability plots of three-units system with two failure modes and Type-I repair
at different values of .
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Availability, AV(t)

0

0 500 . 1000 1500
Time, t

Figure B-21 Availability plots of three-units system with two failure modes and Type-I repair
at different values of po.

B.7 Special Case: Two-Unit with Type-II repair

1

0.8

~~
=
d 0.6
>
=
S
]
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o
02

Figure B-22 Reliability
different values of Ao.

] 500 1000 1500
Time, t

plots of two-units system with two failure modes and Type-I1 repair at
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Reliability, R(t)

0 500 1000 1500
Time, t

Figure B-23 Reliability plots of two-units system with two failure modes and Type-II repair at
different values of Ao.
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Time, t

Figure B-24 Reliability plots of two-units system with two failure modes and Type-II repair at
different values of p.
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Reliability, R(t)

0 500 1000 1500 2000
Time, t

Figure B-25 Reliability plots of two-units system with two failure modes and Type-II repair at
different values of p.
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Figure B-26 MTTF plots of two-units system with two failure modes and Type-II repair at
different values of An.
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Figure B-27 MTTF plots of two-units system with two failure modes and without repair at

different values of An.
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Figure B-28 MTTF plots of two-units system with two failure modes and without repair at

different values of .
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Figure B-29 MTTF plots of two-units system with two failure modes and without repair at

different values of po.

B.8 Special Case: Two-Unit with Type-IIl repair
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0.4

Availability, AV(t)

I'h

0 500 1000 1500

Time, t

Figure B-30 Availability plots of two-units system witn two failure modes and Type-I11 repair

at different values of Ao.
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Figure B-31 Availability plots of two-units system with two failure modes and Type-I11 repair

at different values of An.
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Figure B-32 Availability plots of two-units system with two failure modes and Type-I11 repair
at different values of .
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Availability, AV(t)

0 500 1000 1500
Time, t

Figure B-33 Availability plots of two-units system with two failure modes and Type-I11 repair
at different values of po.
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Figure B-34 Availability plots of two-units system with two failure modes and Type-I11 repair
at different values of ps.
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Availability, AV(t)
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Time, t

Figure B-35 Availability plots of two-units system with two failure modes and Type-I11 repair
at different values of pu.
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Appendix C: Reliability Parameter Plots of Chapter 3

C.1 Special Case: One-Unit without repair
|
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Reliability, R(t)

0 200 400 600 800 1000

Time. t
Figure C-1 Reliability plots of one-unit system with tour failure modes without repair at

different values of Aos.
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Figure C-2 Reliability plots of one-unit system with four failure modes without repair at
different values of Aou.
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Figure C-3 Reliability plots of one-unit system with four failure modes without repair at
different values of Ans.
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Figure C-4 Reliability plots of one-unit system with four failure modes without repair at
different values of Anu.

188



180

LL 160
|_
|_
=
5 140
S
=
‘o
L 120
o
+—
[<5]
E 100
|_
c
[38]
(<5}
s 80

60

0 0.002 0.004 0.006 0.008 0.010
( faifure
O\ hout ]

Figure C-5 MTTF plots of one-unit system with four failure modes without repair at different
values of Aou.
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Figure C-6 MTTF plots of one-unit system with four failure modes without repair at different
values of Aps.
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Figure C-7 MTTF plots of one-unit system with four failure modes without repair at different
values of Anu.

C.2 Special Case: Two-Unit without repair
1
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Reliability, R(t)
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Time, t

Figure C-8 Reliability plots of two-units system with four failure modes without repair at
different values of Ags.
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Reliability, R(t)

1500

Time, t

Figure C-9 Reliability plots of two-units system with four failure modes without repair at
different values of Aou.
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Figure C-10 Reliability plots of two-units system with four failure modes without repair at
different values of Ans.
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Time, t

Figure C-11 Reliability plots of two-units system with four failure modes without repair at
different values of Any.
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Figure C-12 MTTF plots of two-units system with three failure modes without repair at
different values of Aou.
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Figure C-13 MTTF plots of two-units system with three failure modes without repair at
different values of Ans.
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Figure C-14 MTTF plots of two-units system with three failure modes without repair at
different values of Anu.
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C.3 Special Case: Thee-

Unit without repair
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Figure C-15 Reliability plots of three-units system with four failure modes without repair at

different values of Aos.
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Figure C-16 Reliability plots of three-units system with four failure modes without repair at

different values of Aou.
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Figure C-17 Reliability plots of three-units system with four failure modes without repair at
different values of Ans.

Reliability, R(t)

0 200 400 600 BO0 1000

Time, t

Figure C-18 Reliability plots of three-units system with four failure modes without repair at
different values of Anu.

195



350

300

150

Mean Time to Failure, MTTF

0 0.002 0.004 0.006 0.008 0.010
2 [ faifure
2 hour ]

Figure C-19 MTTF plots of three-units system with four failure modes and without repair at
different values of Aou.
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Figure C-20 MTTF plots of three-units system with four failure modes and without repair at
different values of Ans.
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Figure C-21 MTTF plots of three-units system with four failure modes and without repair at
different values of Anu.

C.4 Special Case One-Unit with Type-I repair
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Figure C-22 Availability plots of one-unit system witn four failure modes with Type-I repair at
different values of Aos.
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Figure C-23 Availability plots of one-unit system with four failure modes with Type-I1 repair at
different values of Aoy.
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Figure C-24 Availability plots of one-unit system with four failure modes with Type-I repair at
different values of Ans.
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Figure C-25 Availability plots of one-unit system with four failure modes with Type-I repair at
different values of Ans.
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Figure C-26 Availability plots of one-unit system with four failure modes with Type-I repair at
different values of .
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Figure C-27 Availability plots of one-unit system with four failure modes with Type-I repair at
different values of ..
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Figure C-28 Availability plots of one-unit system with four failure modes with Type-I repair at
different values of pa.
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Figure C-29 Availability plots of one-unit system with four failure modes with Type-I repair at
different values of pa.

C.2 Special Case: Two-Unit with Type-I repair
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Figure C-30 Availability plots of two-unit system with four failure modes with Type-I repair at
different values of Aos.
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Figure C-31 Availability plots of two-unit system with four failure modes with Type-I repair at
different values of Aoy.
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Figure C-32 Availability plots of two-unit system with four failure modes with Type-I repair at
different values of Ans.
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Figure C-33 Availability plots of two-unit system with four failure modes with Type-I repair at
different values of Anu.
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Figure C-34 Availability plots of two-unit system with four failure modes with Type-I repair at
different values of p.
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Figure C-35 Availability plots of two-unit system with four failure modes with Type-I repair at
different values of ..

Availability, AV/(t)

1500

Time, t

Figure C-36 Availability plots of two-unit system with four failure modes with Type-I repair at
different values of ps.
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Figure C-37 Availability plots of two-unit system with four failure modes with Type-I repair at
different values of .

C.2 Special Case Three-Unit with Type-I repair
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Figure C-38 Availability plots of three -unit system witn four failure modes with Type-I repair
at different values of Aos.
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Figure C-39 Availability plots of three -unit system with four failure modes with Type-I repair
at different values of Aou.
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Figure C-40 Availability plots of three -unit system with four failure modes with Type-I repair
at different values of Ans.
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Figure C-41 Availability plots of three -unit system with four failure modes with Type-I repair

at different values of Anu.
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Figure C-42 Availability plots of three -unit system with four failure modes with Type-I repair
at different values of 1.

207



04

Availability, AV(t)

0 200 400 &00 8200 Looo
Time, t

Figure C-43 Availability plots of three -unit system with four failure modes with Type-I repair
at different values of pp.
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Figure C-44 Availability plots of three -unit system with four failure modes with Type-I repair
at different values of 3.
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Figure C-45 Availability plots of three-unit system with four failure modes with Type-I repair
at different values of pa.
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Appendix D: Reliability Parameter Plots of Chapter 4

D.1 Single Unit with Hardware and Human-Error
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Figure D-1 Reliability plots of single unit system with partially or completely failures at

different values of A1
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Figure D-2 MTTF of single unit system with partially or completely failures at different values

of A2
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Figure D-3 Reliability of single unit system with partially or completely failures at different

values of A2
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Figure D-4 Availability of single unit system with partially or completely failures at different

values of A1
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Figure D-5 Availability of single unit system with partially or completely failures at different
values of A2
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Figure D-6 Availability of single unit system with partially or completely failures at different
values of A3
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Figure D-7 Availability of single unit system with partially or completely failures at different
values of A4
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Figure D-8 Availability of single unit system with partially or completely failures at different
values of 1
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Figure D-9 Availability of single unit system with partially or completely failures at different
values of o
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Figure D-10 Availability of single unit system with partially or completely failures at different
values of 3
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D.2 Single Unit Safe and Unsafe Failures of Hardware and Human-Error
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Figure D-11 Reliability of single unit system with sate and unsafe partially failure modes of
hardware failure and human-error at different values of A1
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Figure D-12 Reliability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of A2
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Figure D-13 Reliability of single unit systern wiui seue and unsafe partially failure modes of

hardware failure and human-error at different values of A3
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Figure D-14 Reliability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of A4
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Figure D-15 MTTF of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of A,
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Figure D-16 MTTF of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of A3

217



1000

Mean Time to Failure, MTTF

3
=
=

]
=
=

600

400

0 0.002 0.004 0.006 0.008 0.010
3 (" failure
W hour ]

Figure D-17 MTTF of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of A4
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Figure D-18 Availability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of A1
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Figure D-19 Availability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of A»
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Figure D-20 Availability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of A3
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Figure D-21 Availability of single unit system with safe and unsafe partially failure modes of

hardware failure and human-error at different values of A4
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Figure D-22 Availability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of 1
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Figure D-23 Availability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of o
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Figure D-24 Availability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of us
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Figure D-25 Availability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of a4
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Figure D-26 Availability of single unit system with safe and unsafe partially failure modes of
hardware failure and human-error at different values of us
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D.3 One-Unit with Three Operational States and One Failure Mode

0.9

0.8

0.7

0.6

0.5

04

Reliability, R(t)

03

0 500 1000 1500 2000
Time. t
Figure D-27 Reliability plots of single unit system with three operation states at different
values of A1
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Figure D-28 Reliability plots of single unit system with three operation states at different
values of A2
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Figure D-29 Reliability plots of single unit system with three operation states at different
values of Ay
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Figure D-30 Reliability plots of single unit system with three operation states at different
values of As
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Figure D-31 Reliability plots of single unit system with three operation states at different
values of An
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Figure D-32 Reliability plots of single unit system with three operation states at different
values of
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Figure D-33 Reliability plots of single unit system with three operation states at different
values of pn
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Figure D-34 MTTF Plots of single unit system with three operation states at different values of
A2

226



900

200

T00

Mean Time to Failure, MTTF

0 0.002 0.004 0.006 0.008 0.010
N [ failure ]
I

hour
Figure D-35 MTTF plots of single unit system with three operation states at different values of
A
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Figure D-36 MTTF plots of single unit system with three operation states at different values of
A
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Figure D-37 MTTF plots of single unit system with three operation states at different values of
Ah
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Figure D-38 MTTF plots of single unit system with three operation states at different values of
Hu
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Figure D-39 MTTF plots of single unit system with three operation states at different values of
Hu
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Figure D-40 MTTF plots of single unit system with three operation states at different values of
Hu
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Figure D-41 Availability plots of single system unit with three operation states at different
values of A1
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Figure D- Availability plots of single unit system with three operation states at different values
of A2
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Figure D-42 Availability plots of single unit system with three operation states at different
values of Ay
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Figure D-43 Availability plots of single unit system with three operation states at different
values of As
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Figure D-44 Availability plots of single unit system with three operation states at different
values of An
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Figure D-45 Availability plots of single unit system with three operation states at different
values of
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Figure D-46 Availability plots of single unit system with three operation states at different
values of pn
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Figure D-47 Availability plots of single unit system with three operation states at different
values of it
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Figure D-48 Availability plots of single unit system with three operation states at different
values of o
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Figure D-49 Availability plots of single unit system with three operation states at different
values of 2
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Figure D-50 Steady state availability plots of single unit system with three operation states at
different values of An
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Figure D-51 Steady state availability plots of single unit system with three operation states at
different values of An
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Figure D-52 Steady state availability plots of single unit system with three operation states at
different values of py
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Figure D-53 Steady state availability plots of single unit system with three operation states at
different values of pn
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Appendix E: Reliability Parameter Plots of Chapter 5

E.1 Worker Performance with Critical and Non-Critical Human-Error
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Figure E-1 Reliability of task performance at different values of A1
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Figure E-2 Reliability of task performance at different values of A
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Figure E-3 MTTF of task performance at different values of A»

E.2 Worker Performance under Different level of Stress
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Figure E-4 Reliability plots of task performance under environment effect at different values
of a1
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Figure E-5 Reliability plots of task performance under environment effect at different values
of az
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Figure E-6 Reliability plots of task performance under environment effect at different values
of M1
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Figure E-7 Reliability plots of task performance under environment effect at different values
of A2
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Figure E-8 Reliability plots of task performance under environment effect at different values
of ?\,3
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Figure E-9 Reliability plots of task performance under environment effect at different values

of A4
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Figure E-10 MTTF plots of task performance under environment effect at different values of

o2
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Figure E-11 Task performance MTTF considering the environment at different values of A:
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Figure E-12 Task performance MTTF considering the environment different values of A3
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Figure E-13 Task performance MTTF considering the environment at different values of A4
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