2005:92

LICENTIATE T H E S I S

Improvement of System Availability
Using Reliability and Maintainability Analysis

Javad Barabady

Luleå University of Technology
Division of Operation and Maintenance Engineering
2005:92|: -1757|: -lic -- 05⁄92 -- 

Improvement of System Availability
Using Reliability and Maintainability Analysis

Javad Barabady

Division of Operation and Maintenance Engineering
Luleå University of Technology
December 2005

PREFACE AND ACKNOWLEDGMENTS
The research work presented in this thesis has been carried out at the Division of Operation
and Maintenance Engineering, under the supervision of Professor Uday Kumar, Head, Division of Operation and Maintenance Engineering. It was carried out at Luleå University of
Technology during the period October 2003 to December 2004. The thesis contains four papers.
I wish to express my sincere thanks to my supervisor Professor Uday Kumar for introducing
me to the subject area of reliability and availability and maintainability, for his thoughtful supervision, steady support, guidance, and for making available critical facilities throughout the
course of this work. I am also thankful to Professor Per-Anders Akersten for his comments to
improve the manuscript and content of the research work.
I am grateful to the government of Iran to provide me with financial support to undertake this
research work.
I would also like to thank my colleagues Behzad Ghodrati, Aditya Parida, Arne Nissen, together with all other colleagues in my department. They encouraged me through discussions
and valuable advice.
I would also like to thank my Iranian friends especially to Behzad Ghodrati and his wife Saeideh for their hospitality during my study in Sweden.
I would like to express my thanks to my wife Hamideh and our daughter Maryam, for their
endless support and patience.
I take this opportunity to express my deep and heartfelt gratitude to my mother Fatemeh and
my father Mohammad. They have unselfishly given so much to create the opportunity for me
both to grow as a person and to be able to secure an outstanding education.
Finally I wish to express my gratitude to all my family members, especially my brothers and
my sister for their support, kindness, and encouragement.
Javad Barabady
December 2005
Luleå, Sweden.

i

ii

ABSTRACT
System reliability, maintainability and availability have assumed great significance in recent
years due to a competitive environment and overall operating and production costs. Performance of equipment depends on reliability and availability of the equipment used, operating environment, maintenance efficiency, operation process and technical expertise of operators, etc.
When the reliability and availability of system are low, efforts are needed to improve them by
reducing the failure rate or increasing the repair rate for each component or subsystem.
The aim of this research study is to analyse operating reliability and availability for a system
with periodically inspected and maintained components subjected to some maintenance strategy and find some importance measures that show the criticality of the components or subsystems. This analysis has helped to identify the critical and sensitive subsystems or components
of the system that need more attention for improvement.
In this research work we suggest a methodology for improving the availability of a repairable
system. In the methodology, the concept of importance measures must be used to prioritize the
components or subsystems for availability improvement processes. Availability importance
measures show the criticality of each component based on different points of view such as
availability, repair rate, and failure rate of each component. The reliability and availability of
repairable systems can be improved by applying appropriate maintenance strategies; therefore
a model is developed for selecting the most suitable maintenance strategies on the based of
analysis of reliability and maintainability characteristic of the operating system. The empirical
data of two crushing plants at the Jajarm bauxite mine of Iran are used as a case study for reliability and availability analysis.
The study shows that the reliability and maintainability analysis is very useful for deciding
maintenance intervals, planning and organizing maintenance. The results show that availability and reliability importance measures can be used as a guideline for managing the efforts for
reliability and availability improvement of a system.
Keywords, Reliability, Availability and Maintainability, Maintenance, repairable system, Optimization, Importance Measure
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NOTATION AND ABBREVIATION
ΔC μi

Cost needed to improve repair rate of the component i as Δμ i

I iA

Availability importance measure of component i

Ci

Cost of an inspection
Failure rate function
Shape parameter

λ (t )
β
I iA,λ

i

Availability importance measure of component i based on the failure rate

I iA, μ

Availability importance measure of component i based on the repair rate

ΔC λi

Cost needed to improve the failure rate of the component i as Δλi

I Ri

Reliability importance measure of the component i

i

∂C
∂λi

Variation of availability improvement cost with respect to failure rate of component i

∂C
∂μ i

Variation of availability improvement cost with respect to repair rate of component i

A (t)
Ai
Ao
Aa
C
CBM
CM
ECC
ECI
ECP
F(t)
f(t)
FTM
MFTT
MTBF
MTTR
PM
RAM
RAMI
SSC
TBF
TBM

Instant availability of system at time t
Functional availability or inherent availability
Operational availability
Achieved availability
Budget for availability improvement
Condition based maintenance
Corrective maintenance
Expected cost of corrective maintenance
Expected cost of inspection
Expected cost of preventive maintenance
Cumulative distribution function (CDF)
Probability density function(PDF)
Fixed time maintenance
Mean function test time
Mean time between failures
Mean time to repair
Preventive maintenance
Reliability, Availability and maintainability
Reliability, Availability and maintainability improvement
Structure, system or component
Time between failures
Time based maintenance
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ti
tn
TTR
η

Running time at the occurrence of failure number
Total running time
Time to repair
Scale parameter
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SOME BASIC DEFINITIONS
Reliability
The reliability of a product is the measure of its ability to perform its function, when required,
for a specified time, in particular environment.
Leith (1995)
Maintainability
Maintainability is the probability that a given active maintenance action for an item under
given conditions of use can be carried out within a stated time interval, when the maintenance
is performed under stated conditions and using stated procedures and resources.
IEV191-13-01
Availability
The ability of an item to be in a state to perform a required function under a given conditions
at a given instant of time or over a given time interval, assuming that the required external resources are provided.
IEV 191-02-05
Maintenance
Maintenance is the combination of all technical and administrative actions, including supervision, action intended to retain an item, or restore it to a state in which it can perform a required
function.
IEV 191-07-07
Mean time between failures
The expectation of time between failures
IEV 191-12-08
Mean time to repair
The expectation of the time to restoration
IEV 191-13-08
Repairable system
A repairable system is regarded as one which often repaired after failures but not replaced after every failure.
Non-repairable system
A non-repairable system is regarded as one which is replaced completely by a new one after
failure.
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1 Introduction
A brief introduction is given in this chapter in order to introduce the reader to the problem. It
covers the underlying background and problem area of the research project. It also discusses
the research question with limitations and finally the structure of the thesis is specified.

1.1

Background

In today's technological world nearly everyone depends upon the continued functioning of a
wide array of complex machinery and equipment for their everyday health, safety, mobility
and economic welfare. We expect our cars, computers, electrical appliances, lights, televisions, etc. to function whenever we need them - day after day, year after year. When they fail
the results can be catastrophic: injury, loss of life and/or costly lawsuits can occur. More often,
repeated failure1 leads to annoyance, inconvenience and a lasting customer dissatisfaction that
can play havoc with the responsible company's marketplace position. It takes a long time for a
company to build up a reputation for reliability, and only a short time to be branded as "unreliable" after shipping a flawed product (Croarkin & Tobias, 2005).
For both manufacture and the purchaser, reliability is one of the most important considerations
defining the quality of product or system. High reliability is achieved through design efforts,
choice of materials and other inputs, production, quality assurance efforts, proper maintenance, and many related decisions and activities, all of which add to the costs of production,
purchase, and product ownership (Blischke and Murthy, 2003).
Today's technological systems, such as aircraft, nuclear power plants, military installations and
advanced medical equipment, are characterised by a high level of complexity. The requirements for the availability and reliability of such systems are very high. The notion of a quantitative analysis of reliability is relatively recent, dating back to about the 1940s, at which time
mathematical techniques, some of which were quite new, were applied to many operational
and strategic problems in World War II. Prior to this period, the concept of reliability was
primarily quantitative and subjective, based on intuitive notions. Actuarial methods had been
1

The term failure is often confused with the terms fault and error. According to IEC 50 (191) an error is a ‘discrepancy between a computed, observed or measured value or condition and the true, specified or theorically correct value or condition’. An error is (yet) not a failure because it is within the acceptable limits of deviation from
the desired performance (target value). According to IEC 50 (191), failure is the event when a required function
is terminated (exceeding the acceptable limits), while fault is ‘that state of an item characterized by inability to
perform a required function, excluding the inability during preventive maintenance or other planned action, or
due to lack of external resources’. A fault is hence a state resulting from a failure. The following figure illustrates
the difference between failure, fault, and error (Rausand & Oien, 1996).
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used to estimate survivorship of railroad equipment and in other applications early in twentieth
century, and extreme value theory was used to model fatigue life of materials beginning in the
1930s (Blischke and Murthy, 2003). A more quantitative or mathematical and formal approach
to reliability grew out of the demands of modern technology, and particularly out of the experiences in the Second World War with complex military systems (Barlow and Proschan
1965). Barlow (1984) provides a historical perspective of mathematical reliability theory up to
that time. Similar perspectives on reliability engineering in electronic equipment and on software reliability can be found in Coppola (1984), Shanthikumar (1983), and Shooman (1984).
Rackwitz (2001) also provides a review and some prospects of reliability analysis up to that
time. For more on the history of reliability, see Knight (1991), Denson (1998), Martin (1998),
Foucher et al (2002), and Rueda and Pawlak (2004)
As the complexity of equipment arrangements increases, the assessment of risk becomes more
complicated. Risk should be measured relative to the ability of the plant to reliably meet its
specific operating mission. Consequently, the expected return on investment is seen as being
directly related to plant equipment capability, defined in terms of; durability2, performance,
availability and reliability. It is clear that equipment availability and reliability continues to be
a significant issue for industry. Reliability and availability are valid measures of product quality, product performance, product service, and cost effectiveness (Goets & Villa, 1998). Reliability engineering covers all aspects of a product's life, from its conception, subsequent design and production processes, as well as through its practical use lifetime, with maintenance
support and availability. Reliability engineering covers: reliability, maintainability, and availability. All three of these areas can be numerically quantified with the use of reliability engineering principles and life data analysis (Kececioglu, 1991). A major part of any system’s3
operating costs are due to unplanned system stoppages for unscheduled repair of the entire
system of components. One method of mitigating the impact of failure is to improve reliability
and availability of a system. Improvements in reliability made by the supplier early in the
equipment life cycle may result in higher development costs being passed on to the customer
in the equipment acquisition costs. However, this can be more than offset as the customer
benefits by having lower operational costs with increased reliability and uptime resulting in
greater productivity.
Figure 1.1 illustrates how a reliability program impacts acquisition and operational costs. As
this figure indicates, acquisition costs may increase due to efforts to improve reliability. However, operational costs, and even more important, total life cycle costs decrease. It is important
for the customer to make equipment purchase decisions based on total life cycle costs and not
just on initial purchase price. Increasing acquisition costs to improve equipment reliability and
lower operational and total life cycle costs is clearly a recommended practice. However, there
is a point at which increasing acquisition costs to obtain higher levels of reliability is no longer
beneficial. Figure 1.2 shows an optimal point beyond which total life cycle costs begin increasing with further improvements in reliability. When this occurs, a more reliable technology is required for further improvement (Dhudsia, 1992).

2

According to IEV191-02-02 durability is the ability of an item to perform a required function under given conditions of use and maintenance, until a limiting state is reached.
3
A system is any composite of hardware items that work together to perform a designated mission or set of related mission. A complex system may be made up of two or more groupings of hardware items, each of which
accomplishes a distinct part of the system missions.

2

The system reliability, availability and maintainability (RAM) have assumed great significance in recent years due to competitive environment and overall operating cost/production
cost. One of the purposes of system reliability and availability analysis is to identify the
weakness in a system and to quantify the impact of component failures (Wang et al 2004). Performance of equipment depends on reliability and availability of the equipment used, operating environment, maintenance efficiency, operation process and technical expertise of operator
etc.

No Formal Reliability Program

With Formal Reliability Program

Figure 1.1. Impact of a reliability program on life cycle cost (Sources: Dhudsia, 1992)
Clearly Reliability and Availability are related, but not necessarily directly. It is possible to
have a piece of equipment that breaks down frequently, but for short periods, which as a result
has a reasonable level of availability. Similarly, it is possible to have a piece of equipment that
is highly reliable, but has a low level of availability because it is out of service for maintenance for long periods at a time.

Figure 1.2. Optimizing Life Cycle Costs (Sources: Dhudsia, 1992)
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1.2

Research Problem

The operational reliability and availability are dependent upon several factors that must be optimized. Optimizing means achieving maximum or minimum value of the operation parameters. To get a good profitability we need a high reliability and availability level of production
machinery. Optimal benefits are realized when reliability is designed into a piece of equipment. However, it is important to improve reliability, availability and maintainability (RAM)
throughout the life of the equipment to meet RAM goals and objectives. The reliability model
enables one to predict what is affordable and identify undesirable alternatives. Effectiveness is
influenced by the availability, reliability, maintainability, and capability4 of the system to perform. How can such high reliability and availability be achieved? They are many factors that
affect reliability and availability, and there are many issues that must be addressed. These include engineering design, material, manufacturing, operation, and maintenance. Addressing
the issues requires information, modelling, analyzing, testing, data, additional analysis, often
additional testing, reengineering when necessary, and so forth. Two other related issues important in the context of product reliability are maintenance and maintainability (Blischke and
Murthy, 2003).
As the size and complexity of equipment continue to increase, the implications of equipment
failure become ever more critical. According to Blischke and Murthy (2003) the consequences
of failure are many and varied; depending on the item5 and the stakeholders involved, but
nearly every failure has an economic impact. A failure in equipment or facility results not only
in loss of productivity, but also in loss of quality, timely services to customers, and may even
lead to safety and environmental problems which destroy the company image. Since failure
cannot be prevented entirely, it is important to minimize both its probability of occurrence and
the impact of failures when they do occur. This is one of the principal roles of reliability
analysis and maintenance.
The main research problem addressed in this study can be formulated as:
•

1.3

How to improve system availability by use of reliability and maintainability analysis?

Research Questions

Reliability and Availability are an important characteristic of a repairable system. When the
reliability and availability of a system are low, efforts are needed to improve them by reducing
the failure rate or increasing the repair rate for each component or subsystem. The question is
how to meet a reliability and availability goal for the system, when the estimated reliability
and availability are inadequate. This then becomes a reliability and maintainability allocation
problem at the component level. Reliability and availability engineers are often called upon to
make decisions as to whether to improve a certain component or components in order to
achieve better results. Based on the discussion in the previous sections, the following research
questions are posed on the basis of the research problem:
4

According to IEV191-02-04 capability means the ability of an item to meet a service demand of given quantitative characteristics under given internal conditions.
5
According to IEV191-01-01 an item is any part, component, device, subsystem, functional unit, equipment or
system that can be individually considered.
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•

How to find the criticality of each subsystem or component in a repairable system using reliability and maintainability analysis?

•

How to improve the availability of a repairable system based on reliability and maintainability analysis?

•

What is the best maintenance strategy based on reliability and maintainability analysis?

1.4

Purpose of the Research Study

The purpose of this research study is to describe the method of reliability and availability
analysis of a repairable system and explore the method for improving system availability by
managing the effort using availability importance measures of each component. This analysis
will also be studying the criticality and sensitivities of the subsystems or components of the
system for continuous improvement. Besides the individual subsystems or components availability, this research study also intends to look into the overall system availability. This analysis has helped to identify the critical and sensitive subsystems or components of the system
that need more attention for improvement.

1.5

Objective of the Research Study

The objectives of this research study are:
•
•
•

1.6

To analyse operating reliability and availability for a system that is periodically inspected and maintained components.
To ascertain some importance measures those show the criticality of the components or
subsystems.
To develop a methodology for improvement of system availability using importance
measures.

Limitation of the Research Study

This research is governed by some limitations, which are:
•
•
•

1.7

Repairable system is studied.
Only case study of a crushing plant at the Jajarm Bauxite Mine in Iran is studied.
Exponential distribution is used to define the availability importance measures. In
other word we assume that the failure rate and repair rate are constant.

Structure of the Research Study

The structure of the thesis is presented in figure 1.2.

5

The first chapter (Introduction) starts with a description of the background and research problem. Thereafter, the aim, research question, limitations and thesis structure are outlined.
In the second chapter (Methodology) the chosen research design and different aspects of data
collection and data analysis will be presented. Validity and reliability issues of the study will
be presented.
In the third chapter (Theoretical frame of reference) the theoretical framework will be presented, including aspects of reliability, availability, and maintainability analysis.
In the fourth chapter (Summary of appended papers) the summery of appended papers will be
presented.
In the fifth chapter (Results, Discussion and Conclusions) the general conclusions drawn from
the research with a discussion will be presented and finally the contribution of the thesis and
further research work will be dealt with.

Chapter 1
Introduction

Chapter 5
Results, Discution and Conclution

Paper I
Reliability and
Maintainability
Analysis of
Crushing Plants
In Jajarm Bauxite
Mine of Iran

Chapter 3
Methodology

Chapter 2
Literature Review

Chapter 4
Summary of Appended Papers

Paper II
Reliability Analysis
of Mining
Equipment: A case
Study of a Crushing
Plant at the Jajarm
Bauxite mine of
Iran

Paper III
Maintenance
Schedule by Using
Reliability
Analysis: A Case
Study at Jajarm
Bauxite Mine of
Iran

Paper IV
Availability
Allocation
through
Importance
Measures

Figure 1.3. Illustration of the structure of this thesis including five chapters and four appended
papers.
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2 Research approach and methodology
The purpose of this chapter is to provide a brief introduction to the research approach and
methods. The chosen research approach and methods for achieving the research objectives
are discussed.

2.1

Introduction

Research can be defined in many ways. Most generally defined, research is a process through
which questions are asked and answered systematically. As a form of criticism, research can
include the question of whether or not we are asking the right questions (Dane, 1990). Research is a careful investigation leading to the discovery and interpretation of information.
There are many different types of research that discover or reinterpret information collected by
experimentation or observation and suggest practical applications or theoretical implications
of that information. To do research, it is essential to choose a clear methodology. This provides a framework for integration of the different technical, commercial, and managerial aspects of study. The study of research methods provides the researcher with the knowledge and
skills that are needed to solve the problems and meet the challenges of a fast-paced decisionmaking environment (Cooper & Schindler, 2003).

2.2

Research Purpose

The ultimate goals of research are to formulate questions and find answers to those questions
(Dane, 1990). There are almost as many reasons to do research as there are researchers and the
purpose of research may be organized into three groups based on what the researcher is trying
to accomplish explore a new topic “exploratory”, describe a phenomenon “ descriptive”, or
explain why something occurs “explanatory”. Studies may have multiple purposes, but one
purpose is usually dominant (See table 2.1).

Table 2.1. Different kinds of research proposals (Source: Neuman, 2003)
Exploratory
Descriptive
Explanatory
- Become familiar with the basic
facts, setting, and concerns.
- Create a general mental picture of
conditions.
- Formulate and focus questions for
future research.
- Generate new ideas, conjectures,
or hypotheses.
- Determine the feasibility of conducting research.
- Develop techniques for measuring
and locating future data.

- Provide a detailed, highly
accurate picture.
- Locate new data that contradict past data
- Create a set of categories or
classify types.
- Clarify a sequence of steps
or stages.
- Document a causal process
or mechanism.
- Report on the background or
context of a situation

- Test a theory’s predictions or
principle.
- Elaborate and enrich a theory’s explanation.
- Extend a theory to new issues
or topics.
- Support or refute an explanation or prediction.
- Link issues or topics with a
general principle.
- Determine which of several
explanations is best.

The research purpose of this research study is to describe the method of reliability and availability analysis of a repairable system and explore the method for improving system availabil-
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ity by managing the effort based on the criticality of each component or subsystem. To fulfil
this purpose an exploratory and descriptive approach has been chosen. The purpose of the exploratory approach is to generate a new knowledge about reliability and availability analysis in
a repairable system and to develop techniques for finding the criticality of each component
based of reliability and availability of the whole system and its components. A motive for approaching the research as a descriptive research is the need to describe how system availability
can be improved by using the concept of the criticality of each component or subsystem and
how to be able to manage the reliability and availability improvement effort.

2.3

Research Approach

The approach to a research project can greatly affect its outcome. The research approaches are
often closely related to each other and the formulated purpose of the study. Some examples of
such approaches are if it is performed according to induction or deduction, or if it should be
qualitative or quantitative.

2.3.1. Induction, Deduction, or Abduction
Induction is a process of reasoning (arguing) which infers a general conclusion based on individual cases, examples, specific bits of evidence, and other specific types of premises. In the
inductive approach, the researcher begins with detailed observations of the world and moves
toward more abstract generalizations and ideas. When the researcher begins, he or she may
have only a topic and a few vague concepts. As the researcher observes, he or she refines the
concept, develops empirical generalizations, and identifies preliminary relationships. The researcher builds the theory from the ground up (Neuman, 2003). A weakness with this approach is that a general rule is developed from a limited number of observations. According to
Blaikie (2003) accumulated data is used to produce generalizations about the patterns of connection between events or variables.
Deduction is a process of reasoning that starts with a general truth, applies that truth to a specific case (resulting in a second piece of evidence), and from those two pieces of evidence
(premises), draws a specific conclusion about the specific case. In the deductive approach, you
begin with an abstract, logical relationship among concepts, and then move toward concrete
empirical evidence (Neuman, 2003). A weakness here is that the approach establishes the rule,
instead of explaining it. According to Blaikie (2003) a researcher starts with a theory that provides a possible explanation, and then proceeds to test the theory by deducing from it one or
more hypotheses, and then matching the hypothesis against appropriate data.
Abduction can be seen as a combination of deduction and induction. Abduction is to look for a
pattern in a phenomenon and suggest a hypothesis (Cited by Chong Ho, 1994 from Peirce,
1878a). Abduction, the logic suggested by Peirce, can be viewed as a logic of exploratory data
analysis. Abduction is generally understood as reasoning from effects to causes or explanations. For Peirce a reasoner (Chong Ho, 1994) should apply abduction, deduction and induction altogether in order to achieve a comprehensive inquiry. Abduction and deduction are the
conceptual understanding of a phenomenon, and induction is the quantitative verification. At
the stage of abduction, the goal is to explore the data, find out a pattern, and suggest a plausible hypothesis with the use of proper categories; deduction is to build a logical and testable
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hypothesis based upon other plausible premises; and induction is the approximation towards
the truth in order to fix our beliefs for further inquiry. In short, abduction creates, deduction
explicates, and induction verifies.

Table 2.2. Different type of research approach (Source: adapted from Chong Ho, 1994)
Induction

Deduction

Abduction

- is inconclusive in infinite time

- is not symbolic logic but criti-cannot lead to new knowlcal thinking.
- is undefinable in a single case edge
-generates empirical laws but not - does not specify necessary - is not Popperian falsification
but hypothesis generations.
theoretical laws
or sufficient condition
- is not hasty judgment but
- is based on generality and law - relies on true premises
proper categorizations.
of large numbers

The study is founded on both theoretical and empirical irregularities. Some theoretical contributions based on the combination of both theoretical and empirical findings will hopefully be
achieved. In this study a deductive approach was used when a literature study was made in order to gain a deeper understanding of reliability, availability, and maintainability of a repairable system and of the relationships among them. Then in the next step the author has chosen a
research approach in accordance with induction in order to generate new ideas about the
measuring of the criticality of each component, followed by collection of empirical data and
arriving at conclusions. Therefore regarding to this points, it can be concluded that this research study has been done through abduction approach.

2.3.2. Qualitative or Quantitative
Information that is conveyed by words, images, and subjective views is called “qualitative”,
while information that is conveyed by numbers, logic, and objective findings is called “quantitative”. Quantitative research emphasizes the measurement and analyses causal relationships
between variables, not the understanding of processes. . Examples of quantitative methods
now well accepted include survey methods, laboratory experiments, formal methods (e.g.
econometrics) and numerical methods such as mathematical modelling. In qualitative research
one is interested in the meaning and understanding of a studied process. Examples of qualitative methods are action research, case study research and ethnography. Qualitative data
sources include observation and participant observation (fieldwork), interviews and questionnaires, documents and texts, and the researcher’s impressions and reactions.
Reliability and Availability are an important characteristic of a repairable system and can be
expressed in terms of Mean Time to Failure, and Mean Time to Repair respectively. A quantitative approach might be considered an alternative in order to answering the research questions
because the necessary data are numbers and the purpose of the research study is to find out the
importance measure of each component or subsystem which shows their criticality. Each component will be assigned a value between 0 and 1 and the component with the greater value will
have a greater influence on the availability and reliability of the system.
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2.4 Research Strategy
A research strategy may be thought of as providing the overall direction of the research
including the process by which the research is conducted (Remenyi &Williams, 1998). In
deciding on a research strategy the researcher should first decide if the research is to be
essentially theoretical or empirical. Figure 2.1 illustrates the starting point and shows the other
important issues relating to resources and constraints which follow and lead to the
development of research tactics.

Figure 2.1 Key issues affecting the research strategy (Sources: Remeni &Williams, 1998)
In order to conduct effective research, we need to gather appropriate information for the topic.
The type of research strategy depends on what kind of information the researcher is looking
for due to the purpose of the study and the research questions (Yin, 1994). The selection of an
appropriate research strategy is illustrated in Table 2.3. To achieve the purpose of this research
study the following three questions must be answered:
•
•
•

How to find the criticality of each subsystem or component in a repairable system
based on reliability and maintainability analysis?
How to improve the availability of a repairable system based on reliability and maintainability analysis?
What is the best maintenance strategy based on reliability and maintainability analysis?

The research questions focus on “how” and “what” therefore according to Yin (1994), the author has chosen a research study in accordance with survey and case study.

Table 2.3. The selection of appropriate research strategies for different research situations
(Source: Yin, 1994)
Form of research Requires control of Focuses on contempoStrategy
question
behavioural event?
rary events?
How, Why
Yes
Yes
Experiment
Survey
Archival
analysis
History
Case study

Who, What, Where,
How many, How much
Who, What, Where,
How many, How much
How, Why
How, Why
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No

Yes

No

Yes/No

No
No

No
Yes

3.5

Data Collection

Cooper & Schindler (2003) define data as the facts presented to the researcher from the
study’s environment. There are different methods for data gathering and every researcher collects data using one or more techniques. According to Neuman (2003) the techniques may be
grouped into two categories: quantitative, collecting data in the form of numbers, and qualitative, collecting data in the form of words or pictures. Some techniques are more effective
when addressing specific kinds of questions or topic. It takes skill, practice, and creativity to
mach a research question to an appropriate data collection technique.

Table 2.4. Different types of data (Source: Neuman, 2003)
Quantitative Data
Experiments
Surveys
Content analysis
Existing statistics

Qualitative Data
Field research
Historical-Comparative
Research

Data is divided into three categories: i) primary data is generated by a researcher who is responsible for the design of the study and the collection, analysis and reporting of the data. The
new data is used to answer specific research questions. The researcher can describe why and
how they were collected; ii) secondary data is the raw data that has already been collected by
someone else, for some general information purpose; iii) tertiary data has been analyzed by
either the researcher who generated them or an analyst of secondary data. In this case the raw
data may not available, only the results of this analysis (Blaikie, 2003).
An important step in reliability and availability analysis is collection of the appropriate data.
Collections of quality failure and repair data are usually necessary in system reliability and
availability analysis for getting reliable and accurate results (Blischke and Murthy, 2003).
There are many sources of data in repairable systems which are of relevance to reliability
modelling of equipment. In addition to the information generated by maintenance and production functions in the form of reports, much of the raw data upon which these reports are based
must also be accessible in order to achieve successful reliability modelling. Hence reliability
and availability modelling can be viewed as an integral part of a unified ‘‘analysis’’ function,
dealing with a myriad of information flows including (Hall and Daneshmend, 2003):
•
•
•
•

Data from sensors on equipment.
Data and information from operator interfaces on-board equipment.
Historical operational and maintenance information.
Current operational and maintenance information

The data used in the research studies was collected over a period of one year for two crushing
plants at the Jajarm bauxite mine in Iran by using daily reports and maintenance reports. The
type of data is secondary, because it is the raw data that had already been collected by someone else, for some general information purpose. We design our own tables in order to sorting
and arranging the data in a chronological order for using statistical analysis.
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3.6

Data Analysis

Researchers generate information by analyzing data after its collection. Data analysis is one
step, and an important one, in the research process. Data analysis usually involves reduction of
accumulated data to a manageable size, developing summaries, looking for patterns, and applying statistical techniques. Further, the researcher must interpret these findings in the light of
the client’s research questions or determine if the results are consistent with the hypotheses
and theories (Cooper & Schindler, 2003). According to Blaikie (2003) quantitative methods
of data analysis can be divided into four types:
•

Univariate descriptive analysis is concerned with summarizing the characteristics of
some phenomenon in terms of distributions on variables.

•

Bivariate descriptive analysis is concerned with describing the form and strength of associations between variables, as well as comparing the characteristics of the same variable in different populations, or different variables in the same population.

•

Explanatory analysis is concerned with trying to establish the direction and strength of
influence between variables.

•

Inferential analysis is concerned with estimating whether the characteristics or relationships found in a sample, or differences between samples, could be expected to exist in
the population or population from which the sample or samples were randomly drawn.
The procedure allows us to generalize sample statistics to population parameters.

The first two are concerned with descriptive analysis. To put this differently, a univariate descriptive analysis examines one variable at a time, while a bivariate descriptive analysis deals
with the association between two variables. Explanatory analysis can be either a special kind
of bivariate analysis, in which the concern is with influence of one variable on another, or
multivariate analysis, which examines the connection or influences between three or more
variables.
In this research study Time between failure (TBF) and Time to Repair (TTR) data of two
crushing plants at the Jajarm Bauxite mines in Iran and their subsystems are arranged in
chronological order for using statistical analysis to determine the trend of failure. The next
step after collection, sorting and classification of the data was validation of the independent
and identically distributed (iid) nature of the data of each subsystem or component, because
analysis of reliability and availability data is usually based on the assumption that the times
between failures are independent and identically distributed (iid) in the time domain. Therefore, before starting, it is critical to conduct a formal analysis verification of the assumption
that the failures/repairs are independent and identically distributed (iid). Otherwise completely
wrong conclusions can be drawn (Kumar and Klefsjö, 1992). If the assumption that the data is
independent is not valid, than classical statistical techniques for reliability analysis may not be
appropriate. Two common graphical or analytical methods used to validate the iid assumption
are the trend test and the serial correlative test.
The trend test can be made both graphically and analytically. Using graphical methods, the
trend test involves plotting the cumulative failure number against the cumulative time. If the
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curve is concave upwards, the data indicates an improving system, and if it is concave downwards, the data indicates a deteriorating system. If one obtains a curve that is approximately a
straight line, then the data is identically distributed and free from trends (Ascher and Feingold,
1984). The data sets can also be analyzed for the presence of trends by using the test suggested
in MIL-HDBK-189 by calculating the test statistic form equation 2-1.
n −1 T
U = 2 ∑ ln n
i =1 Ti

2-1

where the data is failure-truncated at the nth failure at time Tn. Under the null hypothesis of a
homogeneous Poisson process, the test statistic U is chi-squared distributed with a 2(n-1) degree of freedom.
The serial correlation test can be performed graphically in a simple way by plotting the ith t
TBF/TTR against (i-1) th TBF/TTR for i = 1, 2... n (Ascher and Feingold, 1984, Kumar and Klefsjö, 1992). If the points are normally scattered without any clear pattern, it may be concluded
that the data is free from serial correlation; in other words, if the data is dependent or correlated, the points should lie along a line.
The trend free data are further analyzed to determine the accurate characteristic of failure time
distributions of crushing plant subsystems for estimating the reliability. The idealized probability distributions are commonly used to describe the time between failure data sets for
crushing plants. Different types of statistical distributions were examined and their parameters
are estimated by using ReliaSoft’s Weibull++ 6 software. The software fits several distribution
models based on the data, by a number of different methods. The user can then choose a preferred model, or accept the model recommended by the software. The data with trends can not
be analysed by standard distribution models and such data should be analyzed by a nonstationary model such as the non-homogeneous Poisson process (NHPP). In this study, the
power law process NHPP model is used for reliability modelling of this type of data. According to Ascher and Feingold (1984), and Kumar and Klefsjö, (1992) for the case, the intensity function is given by equation 2-2.
⎛β ⎞ ⎛ t ⎞
⎟⎟ × ⎜⎜ ⎟⎟
⎝ η ⎠ ⎝η ⎠

( β −1)

λ(t ) = ⎜⎜

n

β = n / ∑ Ln(t n / t i )

2-2
2-3

i =1

η=

tn
1

2-4

n β
β = shape parameter, η = scale parameter, n= number of failure events, tn= total running time,
ti= running time at the occurrence of failure number, and i = 1, 2, 3...n.

It is very important to check whether the power law process assumption is realistic before using that model for data analysis (Kumar and Klefsjö, 1992). The goodness-of-fit test can be used
by TTT-plot based on power law process.
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3.7

Reliability and Validity

It is generally agreed that "good" measures must be reliable and valid. Reliability is usually
concerned with stability over time. Validity is concerned with whether or not the item actually
elicits the intended information. Understanding these two terms is important for understanding
measurements in both theoretical and applied data gathering settings. According to Neuman
(2003) Reliability means dependability or consistency. It suggests that the same things are repeated or recur under identical or very similar conditions (Neumann, 2003). Reliability means
that the implementation of a study, such as data collection procedures, can be conducted by
somebody else with the same result. With high reliability, it is possible for another researcher
to achieve the same results on condition that the same methodology is used. One condition for
high reliability is that the methodology used for data collection is clearly described (Yin,
1994)

Validity is concerned with whether or not the item actually elicits the intended information.
Validity suggests fruitfulness and refers to the match between a construct, or the way a researcher conceptualizes the idea in a conceptual definition, and a measure. It refers to how
well an idea about reality “fits” in with actual reality (Neuman, 2003).
According to Neuman (2003) reliability is necessary for validity and is easier to achieve than
validity. Although reliability is necessary in order to have a valid measure of a concept, it does
not guarantee that a measure will be valid. It is not a sufficient condition for validity. Figure
2.2 illustrates the relationship between the concepts by using the analogy of a target. The
bull’s-eye represents a fit between a measure and the definition of the contract.
A Bull’s-Eye = A Perfect Measure

Low reliability
and low validity

High reliability
and low validity

High reliability
and high validity

Figure 2.2 Illustration of relationship between reliability and validity (Source: Neuman, 2003)
In this research study, the data collection and classification methodology is as per established
standard recommended and described in chapter 2. The empirical data is used as a case study
for reliability and availability analysis of a repairable system. Therefore it may be said that the
reliability of the research study is adequate.
According to Yin (1994) the findings of a case study could be generalized to theoretical
propositions. Therefore, properly conducted case studies of high quality can produce generalizable results, where inferences are not drawn to some larger population based on sample
evidence, but rather for generalizing back to the theory. However, Yin (1994) believes that the
generalization is not automatic, a theory must be tested through replications of the findings in
a second or even third neighbourhood. It could be said that the study has a high internal validity, because the findings of the study are relevant and logically connected to the existing the-
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ory. From the researcher’s point of view, it was found that the finding of this study may be
generalized both as theoretical propositions and to other similar populations or universes. Otherwise it could be repeated for other industrial cases and with the same results it can be generalized.

3.8

Research Design

The research design is the blueprint for fulfilling objective and answering questions. According to Cooper & Schindler (2003) the research design constitutes the blueprint for the collection, measurement, and analysis of data. It aids the scientist in the allocation of his limited resources by posing crucial choices: is the blueprint to include experiments, interview, observation, and the analysis of records, simulation, or some combination of these? Are the methods
of data collection and the research situation to be highly structured? Should the analysis be
primarily quantitative or qualitative? According to Yin (1994) a research design is an action
plan for getting from here to there, where here may be defined as the initial set of questions to
be answered, and there is some set of conclusions about these questions. Between here and
there a number of major steps may be found, including the collection and analysis of relevant
data. The main purpose of the design is to help to avoid the situation in which the evidence
does not address the initial research question. In this sense, a research design deals with a logical problem and not a logistical problem.

3.9

Research Process

The research process can be shown as a cycle named PDSA. Deming (1993) presents in his
book a flow diagram for learning and improvement of a product or of a process which consists
of four steps: plan, do, study, and act. According to PDSA, the research process of this study
is illustrated in figure 2.3.

Suggestion for further research
Discuss reliability and validity

Plan

Research design
Literature study
Identify a data analysis model

Paper I

Act

PDSA Cycle

Paper IV

Do

Paper II

Reliability and availability analysis
Develop a maintenance model

Study
Define some availability importance measuret
Define a model for availability improvement
Illustrate findings and conclutions

Paper III

Figure 2.3. The research process in this study
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3 Theoretical Frame of Reference (Literature Review)
In this chapter some theories of reliability, availability and maintainability will be presented.
Areas important for this thesis will be presented.

3.1

Introduction to RAM

A reliability, availability and maintainability (RAM) program should be established as part of
a project’s system engineering program. Establishing a RAM program will help to ensure that
the project will be free from RAM-related problems that could prevent the accomplishment of
health, safety, environment, performance, schedule, and economic goals. Applying a RAM
process to all project phases will help to ensure that the project has a cohesive and costeffective RAM program, i.e., the RAM program will be directed toward ensuring that the project goals will be met and that RAM-related information needed for project decisions will be
provided in a timely manner (Guthrie et al, 1990)
Reliability and maintainability are relatively new terms in the world of manufacturing equipment and machine tools. While many manufacturing companies worked to define, characterize, and improve the reliability of their products, this concern was not extended to production
equipment. In the late 1980s and early 1990s, several large manufacturers, notably Ford Motor
Company and Intel Corp. identified manufacturing equipment RAM as important to their
business strategies and a source of significant cost savings. The result was the imposition of
R&M requirements and practices upon an industry that figuratively could not even spell reliability and maintainability. Ford issued its first R&M Guideline for Manufacturing Equipment
in 1990.6 (Brall et al, 2001).
As engineering disciplines, reliability and maintainability are relatively new. Reliability and
maintainability are not only an important part of the engineering design process but also a necessary function in life-cycle costing, cost benefit analysis, operational capability studies, repair
and facility resourcing, inventory and spare parts requirement determinations, replacement decisions, and the establishment of preventive maintenance programs. Both reliability and maintainability received renewed emphasis in the mid 1980s with the introduction of the Air
Force’s Reliability and Maintainability (R&M) 2000 program7. Objectives of the RAM 2000
program were to increase system readiness and availability and to reduce maintenance personal requirement and life-cycle cost through increased reliability and maintainability by the
year 2000 (Ebeling, 1997). "Reliability" has to do with system operational availability (having
the system available to perform the necessary functions when, where, and for as long as required), and "Maintainability" relates to the ability to keep a system operating (through the
performance of periodically scheduled maintenance as required) and/or to return a system to

6

Ford motor company, reliability and maintainability guideline 1990. This paper addresses the methods used to
successfully address the R&M requirements, imposed by the automotive manufacturers, at Landis Gardner in
Waynesboro, PA
7
The Air Force’s federally funded research and development centre for studies and analyses. Project AIR
FORCE (PAF) provides the Air Force with independent analyses of policy alternatives affecting the development, employment, combat readiness, and support of current and future aerospace forces.
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full operational status in the event of failure (through the performance of corrective maintenance).
The RAM model provides a quantitative basis for judging the acceptability of the design, and
the tools needed to facilitate justification and prioritization activities for all future reliability
and availability decision making. The advent of enhanced analytical techniques and desktop
computing capabilities in the past ten years has led to the routine use of RAM and risk assessment to guide plant decisions and their importance in achieving improved levels of both safety
and economy. RAM models represent the logical relationships between each plant component,
system and human action concerning their effects on generation and can be used to quantitatively predict the magnitude of each individual contributor to losses described by the plant
load duration curve (International Atomic Energy Agency, 2001). Some reasons for reliability
and availability programs are:
•

In the future the only companies left in the business will be those who know and are able
to control the reliability of their products (Kececioglu, 1991).

•

For a company to succeed in today's highly competitive and technologically complex environment, it is essential that it knows the reliability, maintainability and availability of its
product and is able to control it so it can produce products at an optimum reliability level.
The optimum reliability level yields the minimum life cycle cost for the user, as well as
minimizes the manufacturer's costs of such a product without compromising the product's
reliability and quality (Kececioglu, 1991).

•

In today’s complex living, where we do practically everything with machinery, automatic
equipment, robots, appliances, entertainment centres, and other products both inside and
outside the home, we are totally dependent on the successful operation of this equipment,
and, if it fails, on its quick restoration to function, hence on their reliability and maintainability. Here is where reliability engineering comes in: to design, develop, manufacture,
and deliver these products and the required spare parts to the users in such a way that desirable, high reliability is actually exhibited by all equipment and products during their
lifetime with high confidence and at competitive costs (Kececioglu, 1991).

Reliability, availability and maintainability are important in nearly every endeavour that deals
with engineered and manufactured goods. Thus the number of areas of application is very
large, and the number of specific items is virtually endless. Since failure cannot be prevented
entirely, it is important to minimize its probability of occurrence, the impact of failures when
they do occur, and the downtime. This is one of the principal roles of reliability, availability
and maintainability analysis. Increasing either reliability or maintenance entails costs to the
manufacturer, the buyer, or both. There is often a trade-off between the costs. Increasing reliability by improving design, materials and production early on will lead to fewer failures and
may decrease maintenance costs later on (Blischke and Murthy, 2003). Lower reliability means
increased unscheduled repairs and decreased availability. More stand-by units may increase
the system’s availability but do not decrease the incidents of system failures (Kumar and
Granholm, 1998).
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3.2

Some Basic Definitions

3.2.1

Reliability

According to Leith (1995) the reliability of a product is the measure of its ability to perform its
function, when required, for a specified time, in particular environment. Reliability is defined
as the probability that a system (component) will function over some time period t (Ebeling,
1997). To express this relationship mathematically, it was defined as the continuous random
variable T to be the time to failure of the system (component); T≥0. The reliability can be expressed as:
R (t) = Pr {T > t}

3-1

where R(t) ≥0, R(0)=1
For a given value of t, R(t) is the probability that the time to failure is greater than or equal to
t. If we define:
F (t) = 1- R (t) = Pr {T ≤ t}
3-2
where F(t) ≥0, F(0)=0
Then F(t) is the probability that a failure occurs before time t. We will refer to R(t) as the reliability function and F(t) as the cumulative distribution function (CDF) of the failure distribution. A third function is called the probability density function (PDF) and defined by:

f (t ) =

dF (t )
dR(t )
=−
dt
dt

3-3

This function describes the shape of the failure distribution. The PDF, f(t), has these two properties:
∞

f(t)≥0

∫ f (t )dt = 1

and

0

Given the PDF, f(t), then:
t

F (t ) = ∫ f (t ′)dt ′

3-4

∫ f (t ′)dt ′

3-5

R (t ) =

0
∞
t

In other words, both the reliability function and the CDF represent areas under the curve defined by f(t). Therefore, since the area beneath the entire curve is equal to one, both the reliability and the failure probability will be defined so that:
0 ≤ R (t) ≤ 1 and 0 ≤ F (t) ≤ 1
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The function R(t) is normally used when reliabilities are being computed, and the function F(t)
is normally used when failure probabilities are being computed. Graphing the PDF, f(t), provides a visual representation of the failure distribution. The reliability characteristic is commonly measured as the mean time between system or component failures (Blanchard et al.,
1995 & Dhillon, 1999). The mean time to failure can be found by equation 3-6 (Ebeling,
1997):
∞

MTTF = E (T ) = ∫ tf (t )dt

3-6

0

which is the mean, or expected value, of the probability distribution defined by f(t). It can also
be shown by equation 3-7.
∞

MTTF = ∫ R(t )dt

3-7

0

In addition to the probability function defined earlier, there is another function, called the failure rate or hazard rate of failure. The failure rate function enables the determination of the
number of failures occurring per unit time (Ebeling, 1997). The failure rate is mathematically
given by equation 3-8.
f (t )
λ (t ) =
3-8
R(t )
The failure rate of a system is high in the beginning of the operation period, then decreasing to
a constant value and, as a final step, increasing again. A highly generalized curve for the failures rates of components over time is the bathtub curve (Figure 3.1). The downward curve on
the left depicts a typical relatively high failure rate during the early part of any equipment life
cycle. Early life cycle problems are often due to failures in design, incorrect installation, operation by poorly trained operators, etc. This period is often referred to as the ‘burn-in’ phase.
The next stage of the cycle is called the ‘useful life’ phase of the system and it is often characterized by a constant failure rate. The third stage of the system life cycle is characterized by
the ‘wear out’ phase where the failure rate typically increases and, in turn, there is an increasing need for more service and maintenance.

Figure 3.1. Bathtub curve of a system
Generally, most engineered items exhibit a definite wear-out pattern, i.e. they mostly fail
around some mean operating age although a few fail sooner and a few later. So, it is practical
to say that when running a system, more maintenance and resources are needed in phase1 and
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phase 3 of its life and that in phase 2 comparatively less maintenance and fewer resources are
required (Kumar, 2004).

3.2.2

Maintainability

When a piece of equipment has failed, it is important to get it back into an operating condition
as soon as possible; this is known as maintainability. For a given active maintenance action,
the maintainability of a system is defined as the probability that it can be retained in or restored to a specified condition within a given time.
Maintainability is the probability that a given active maintenance action for an item under
given conditions of use can be carried out within a stated time interval, when the maintenance
is performed under stated conditions and using stated procedures and resources (IEV191-1301, 2005). The purpose of maintainability engineering is to increase the efficiency and safety
and to reduce the cost of equipment maintenance, when maintenance is performed under given
conditions and using stated procedures and resources.
Maintainability requirements must be a) initially planned for and included within the overall
planning documentation for a given program or project; b) specified in the top-level specification for the applicable system/product; c) designed through the iterative process of functional
analysis, requirement allocation, trade-off and optimization, synthesis, and component selection; and d) measured in term of adequacy through system test and evaluation. The basic process is illustrated in Figure 3.2.

Figure 3.2. Maintainability requirements (Blanchard et al, 1995)
To quantify the repair time, let T be the continuous random variable representing the time to
repair a failed unit, having a probability density function of h(t), then the cumulative distribution function is defined by equation 3-9 (Ebeling, 1997).
t

Pr{T ≤ t} = H (t ) = ∫ h(t ′)dt ′

3-9

0

This equation is the probability that a repair will be accomplished within time t. The mean
time to repair may be found by equation 3-10 (Ebeling, 1997).
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∞

∞

0

0

MTTR = ∫ th(t )dt = ∫ (1 − H (t )dt

3-10

Maintainability, defined in the broadest sense, can be measured in term of a combination of
different maintenance factors. From a system perspective, it is assumed that maintenance can
be broken down into the following general categories:
1. Corrective maintenance. Unscheduled maintenance accomplished, as a result of failure,
to restore a system or product to a specified level of performance. This includes the
possible ongoing modification of software to bring it to the proper operational state in
the event that it has not achieved the desired level of maturity when the system is delivered to the customer.
2. Preventive maintenance. Scheduled maintenance accomplished to retain a system at a
specified level of performance by providing systematic inspection, detection, servicing,
or the prevention of impending failures through periodic item replacement.
Maintenance downtime constitutes the total elapsed time required (when the system in not operational) to repair and restore a system to full operating status, or retain a system in that condition. Figure 3.3 illustrates the relationship of the various downtime factors within the context
of the overall time domain.
Time

Downtime

Uptime
Standby/Ready
Time

System
Operating Time

Active
Maintenance Time

Logistic
Delay Time

Corrective
Maintenance

Adminidtration
Delay Time

Preventive
Maintenance
Preventive Maintenance Cycle
Preparation
Time

Fault Detection

Corrective Maintenance
Preparation For
Maintenance

Localization
and Fault
Isolation

Disassembly
(Gain Access)

Repair of Item
in Place
Or

Removal of
Faulty Item
and Replace
with Spare

Inspection
Time

Reassembly
(Buildup)

Servicing
Time

Adjustment,
Alignment, or
Calibration

Checkout
Time

Condition
Verification
(Checkout)

Figure 3.3. Composite view of uptime/downtime factors (Blanchard and Fabryky, 1998)
In order to increase maintainability, in some manner the repair time must be reduced. There
are several key concepts that should be followed as part of any design activity that supports
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this reduction. The inner circle in figure 3.4 identifies inherent maintainability design features,
and the outer circle lists secondary features that affect the determination of the total system
downtime. Secondary factors affecting maintainability focus on the maintenance and supply
resources necessary to support the repair process. Establishing and maintaining the proper levels of these resources is often considered part of the logistic process.

3.2.3

Availability

Availability is the probability that a system or component is performing its required function
at a given point in time or over a stated period of time when operated and maintained in a prescribed manner (Ebeling, 1997). Like reliability, availability is a probability Consider a system (device) which can be in one of two states, namely ‘up (on)’ and ‘down (off)’. By ‘up’ we
mean that the system is still functioning and by ‘down’ we mean that the system is not functioning; in the latter case it is being repaired or replaced, depending on whether the system is
repairable or not. Let the state of the system be given by a binary variable:
X (t) =

1,
0,

if the system is up at time t
otherwise

Figure 3.4. Inherent and secondary maintainability design features (Ebeling, 1997)
An important characteristic of a repairable system is availability. Barlow & Proschan (1975a)
define four measures of availability performance: the availability function, limiting availability, the average availability function and limiting average availability. All of these measures
are based on the function X(t), which denotes the status of a repairable system at time t. The
instant availability at time t (or point availability) is defined by: A(t ) = P( X (t ) = 1)
This is the probability that the system is operational at time t. Because it is very difficult to
obtain an explicit expression for A(t), other measures of availability have been proposed. One
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of these measures is the steady system availability (or steady state availability, or limiting
availability) of a system, which is defined by equation 3-11.
A = Lim A(t )
t →∞

3-11

This quantity is the probability that the system will be available after it has been run for a long
time, and is a very significant measure of performance of a repairable system. There are several different forms of the steady-state availability depending on the definitions of uptime and
downtime. Some of those definitions are discussed in the following.
a) Inherent availability: inherent availability is the probability that a system or equipment,
when used under stated conditions, is an ideal support environment (i.e., readily available
tools, spares, maintenance personnel, etc.), which will operate satisfactorily at any point in
time as required (Blanchard and Fabryky, 1998). It excludes preventive or scheduled maintenance action, logistic delay time, and administrative delay time, and is expressed as equation
3-12.
Ai = Lim A(t ) =
t →∞

MTBF
MTBF + MTTR

3-12

Inherent availability is based solely on the failure distribution and repair-time distribution. It
can therefore be viewed as an equipment design parameter, and reliability-maintainability
trade-off can be based on this interpretation (Ebeling, 1997).
b) Achieved availability: achieved availability is the probability that a system or equipment,
when used under stated conditions is an ideal support environment (i.e., readily available tools,
spares, personnel, etc.), which will operate satisfactorily at any point in time (Blanchard and
Fabryky, 1998). The achieved availability is defined by equation 3-13.

Aa =

MTBM
MTBM + M

3-13

where the mean time between maintenance operations (MTBM) includes both unscheduled
and preventive maintenance and M the mean active maintenance time. If it is performed too
frequently, preventive maintenance can have a negative impact on the achieved availability
even though it may increase the MTBF. For example, Figure 3.5 shows the change in achieved
availability as a function of the preventive maintenance interval for a specific case. Very short
preventive maintenance intervals resulting in frequent downtimes have availability less than
the inherent availability. As the preventive maintenance interval increases, the achieved availability will reach a maximum point and then generally approach the inherent availability.
c) Operational availability: operational availability is the probability that a system or equipment, when used under stated conditions in an actual operational environment, will operate
satisfactorily when called upon (Blanchard and Fabryky, 1998). The operational availability is
defined by equation 3-14.
AO =

MTBM
MTBF + MDT
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3-14

where MDT is the mean maintenance down time and includes maintenance time ( M ), logistics delay time, and administrative delay time.

Figure 3.5. Achieved availability versus the preventive maintenance interval (Ebeling, 1997)

3.2.4

Maintenance

Maintenance has existed since people began to build physical assets such as houses, ships and
agricultural equipment. The proper functioning over an extended time period requires proper
service (e.g., changing oil in an engine) on a regular basis, adequate repair or replacement of
failed parts or components, proper storage when not in service, and so forth (Blischke and
Murthy, 2003). Maintenance is the combination of all technical and administrative actions, including supervision, action intended to retain an item, or restore it to a state in which it can
perform a required function (IEV 191-07-07, 2005). Maintenance costs are a major part of the
total operating costs of all manufacturing or production plants, and depending on the specific
industry, maintenance costs can represent between 15 and 60 percent of the cost of the goods
produced (Mobley, 2002). According to Campbell and Jardine (2001) maintenance is a business process turning inputs into usable outputs. Figure 3.6 shows the three major elements of
this equation. Converting the maintenance inputs into the required outputs is the core of the
maintenance manager’s job such as converting labour hours consumed into reliability.
Maintenance activity must be guided by a maintenance strategy, which may be divided into
Design-out Maintenance, Preventive Maintenance and Corrective Maintenance.
Design-out Maintenance aims at changing the design of the product or system in order to
eliminate, or reduce, the need for maintenance during the life cycle. However, Design-out
Maintenance is not an appropriate strategy for the mining equipment with its large infrastructural assets.
Preventive maintenance is widely considered an effective strategy for reducing the number of
system failures, thus lowering the overall maintenance cost (Okogbaa and Peng, 1996). Preventive maintenance is a schedule of planned maintenance actions aimed at the prevention of
breakdowns and failures. Preventive maintenance is used to avoid the costly effects of equipment breakdowns (Silver and Fiechter, 1995). The primary goal of preventive maintenance is
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to prevent the failure of equipment before it actually occurs. It is designed to preserve and enhance equipment reliability by replacing worn components before they actually fail. Preventive maintenance activities include equipment checks, partial or complete overhauls at specified periods, oil changes, lubrication and so on. In addition, workers can record equipment deterioration so they can replace or repair worn parts before they cause system failure. Recent
technological advances in tools for inspection and diagnosis have enabled even more accurate
and effective equipment maintenance. The ideal preventive maintenance program would prevent all equipment failure before it occurs. Long-term benefits of preventive maintenance include: i) improved system reliability; ii) decreased cost of replacement; iii) decreased system
downtime, and iv) better spares inventory management.

Figure 3.6. Maintenance as a business process (Campbell and Jardine, 2001)
Preventive maintenance is a logical choice if, and only if, the following conditions are met: i)
the component in question has an increasing failure rate indicating wear-out; ii) the overall
cost of the preventive maintenance action must be less than the overall cost of a corrective action. If both of these conditions are met, then preventive maintenance makes sense. Additionally, based on the costs ratios, an optimum time for such action can be easily computed for a
single component. The preventive maintenance can be divided into time-based preventive
maintenance and condition-based maintenance. The condition-based preventive maintenance,
also called prediction maintenance, is applied to the items where failure happens accidentally.
It is necessary to present the optimal inspection period as a preventive maintenance policy to
improve the reliability of facilities utilizing mean time to failures based on reliability statistical
information. Condition monitoring has the potential to identify problems prior to failure. Early
detection of equipment degradation will enable repairs to be scheduled, thereby reducing costs
and interruptions of production.
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Corrective maintenance is defined as the maintenance carried out after fault recognition and
intended to put an item into a state in which it can perform a required function (IEV 191-0708, 2005).

3.3

Overview of the RAM process

The RAM process is the act of performing several interrelated RAM tasks during each project
phase (Guthrie et al, 1990). The three primary RAM tasks are:
i)
ii)
iii)

Establish RAM requirements
Provide input to the design process and to operations
Monitor RAM achievement.

Figure 3.7 is a simplified flowchart of the primary RAM tasks (in rectangles) and decisions (in
diamonds) that form the RAM process for any project phase. While the specific objectives of
the three RAM tasks will change as the project faces change, the RAM process in figure 3.8
applies to all project phases.

Figure 3.7. Simplified Flowchart of the RAM Process (Sources: Guthrie et al, 1990)
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Table 3.1 lists several effective RAM-related tools for each RAM activity. These tools have
historically been and are anticipated to be the most useful in conducting the RAM activities
necessary for the three primary RAM tasks. To help ensure that the RAM program is properly
focused and that the results of the RAM tasks are accurate, two management tasks must be
performed in all project phases:
•
•

Develop, maintain, and implement a RAM program plan.
Establish and maintain a RAM review process.
Table 3.1. RAM Activities and Tools (Sources: Guthrie et al, 1990)
Management

RAM Program Plan
RAM Review Process

Modelling and Analysis

Block Diagram Analysis
Failure Mode, Effects, and Criticality Analysis
Fault-Tree Analysis
Markov Analysis
Event-Tree Analysis
Cause-Consequence Analysis
Maintenance-Engineering Analysis
Life-Cycle Cost Analysis
Sneak-Circuit Analysis
Tolerance Analysis
Part-Count Analysis
Growth Analysis

•

Testing

RAM Test Plan
Test, Analyze, and Fix Process (Growth Testing)
Environmental Stress Screening
Reliability Qualification Testing
Production Reliability Acceptance Testing

•

Data Collection and Analysis Failure Reporting, Analysis, and Corrective Ac-

•

•

•

Generic Data Development
tion System

System Design and Logistics

Redundancy and Diversity
Modularity and Diagnostics
Reliability vs. Maintainability Trade-off Studies
Part Control Program
RAM Procurement Specifications
Preventive Maintenance Program
Corrective Maintenance Program
Spare-Part Program

The project manager should develop the RAM program plan at the beginning of the project.
This plan should initially contain the scope of the RAM program required to complete the project. The plan should then be updated in each project phase to include details sufficient for
managing that phase. Specifically, the RAM program plan should address:
•

The RAM tasks to be performed in each project phase.
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•
•
•
•
•

The schedule for providing results to the design review process
How the results of these tasks will be used to make project decisions.
The activities and tools required to implement the project efficiently.
The funding to complete the process.
Any of the three primary RAM tasks that do not apply in a particular project phase and
the reasons why.

The RAM reviews should be conducted by RAM experts who are independent of the project
team. The first responsibility of the experts is to review the RAM plan. Additional responsibilities include verifying the validity of the results of each RAM task

3.4 RAM Information System
Many types of data are relevant to the estimation and prediction of reliability, availability, and
maintainability. Not all are collected in many instances, and the lack of information is sometimes a serious problem in RAM analysis (Blischke and Murthy, 2003).
If the data and information are found in various places, in various formats, and in various degrees of completeness, it will be hard to get a holistic view of what the data and information
system incorporate. The right data has to be available for the right user in the right format at
the right time. To improve the physical product, information and data regarding reliability,
maintenance, operations, service, market, management focus, etc., need to be available to the
correct users (effectiveness). Furthermore, the data needs to be stored in systems that make it
easy to retrieve, analyze, and draw conclusions from on a continuous basis (efficiency), (Markeset and Kumar, 2003). In accordance with Markeset and Kumar (2003) some of the factors
influencing the management of RAMS data and information system are shown in figure 3.8.

Figure 3.8. Factors influencing strategies for Information Management Systems (Sources:
Markeset and Kumar, 2003)
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Figure 3.9 was developed to demonstrate how few sources of raw data there really are from
which to infer plant performance. This figure shows the general sources of data originating
from on-line structure, system or component (SSC) failures and how this information can be
processed with actuarial, statistical and probabilistic analytical techniques, methods and models to provide a wide range of decision making and performance monitoring support.

Figure3.9. Operational data collection for a repairable system (Adapted from International
Atomic Energy Agency, 2001)

3.5

Reliability, Availability, Maintainability Improvement

The objective of production and process engineering is the continuous improvement of all
process and production stages. Continuous improvement processes should not require more
maintenance in increasingly complex plants. What is required is high operational reliability,
availability, and at the same time high production flexibility. The primary objectives for the
Reliability, Availability, and Maintainability Improvement plan will generally include the following:
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•

Identify systems, structures and components which are potentially significant contributors to generation losses or important risk and identify those whose potential for improvement, i.e. increased reliability, availability or maintainability, may warrant the
expenditure of betterment funds;

•

Identify all important trends in the performance of the plant and systems, structures
and components and identify areas of possible improvement;

•

Consistently identify the causes of individual performance problems and define effective remedial measures which remove, or prevent their re-occurrence;

•

Consistently predict the worth of proposed improvements to guide the justification and
prioritization process for plant modifications and changes, and optimize expenditures
to provide the greatest benefit within the shortest periods of time;

•

Provide an overall framework for maintaining a well documented and risk optimized
plant configuration which prevents the inadvertent violation of any of the prescribed
deterministic or probabilistic criteria or commitments which are part of the plant design basis.

The Reliability, Availability, and Maintainability Improvement program consists of a set of
management systems and processes which provide the individual “success paths” needed to
achieve the above objectives. The output from this program will be a “living” improvement
plant which consists of prioritized and justified current and proposed corrective actions designed to achieve an optimal level of plant reliability, availability and maintainability. The
program will periodically provide an integrated documented summary of all aspects of plant
performance to guide the overall plant management process. The essential ingredients of an
operating plant RAMI programme for production and economy include (International Atomic
Energy Agency, 2001):
•

A clearly defined and consistent approach which provides unique identification for
each plant component for which data or information is to be collected and defined requirements for the collection of data which are consistent, complete and unambiguous
and adequate to support the needs of the Operational Reliability Assurance Program;

•

A consistent way to identify and classify the root causes and effects of component and
human failures so that the resulting information can be analyzed to return the maximum feedback about the effectiveness of plant programmes and management systems;

•

A set of “performance indicators” which provide trending and diagnostic information
about the performance of individual plant programs which influence the high level
generation goals;

•

A set of prescribed system or plant level performance criteria which provide a benchmark as economic conditions and the comparative efficiency of the plant changes
throughout its life against which the acceptability of plant performance can be measured.
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A flow chart showing “how the elements of a typical Reliability, Availability, and Maintainability Improvement programme interact” is shown in Figure 3.10 This does not show how
Reliability, Availability, and Maintainability Improvement are used to minimize planned outage losses, only losses caused by forced and maintenance outages.
Unique Identification
Numbering System
for All Plant
Component and
Systems
Operatinal Experience
Reduction in capability
Plant Shutdown (Forced
or Maintenance)
Equipment Failure
Other

Identify Failure
Hardware which
initiated Capability
Reduction or
Corrective
Maintenance

Update Plant
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Archive Failure
and Repair Data
and Causal
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Quantify
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Indicators
Performance
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and Goals

Initiate
Analysis and
Trending

Publish Periodic
Availability
Report and
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Availability Models
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Implementation
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Yes

No

Review the
Effectiveness
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Figure3.10. Reliability, Availability, and Maintainability Improvement Programme (Adapted
from the International Atomic Energy Agency, 2001)
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4 Summary of appended papers
This chapter summarises the results and conclusions of the four appended papers. For more
information see appended papers.

4.1

Paper I

Reliability is an important consideration in the planning, design and operation of engineering
systems. As the size and complexity of mining equipment continue to increase, the implications of equipment failure become ever more critical. An unplanned failure can result in significantly higher repair costs than a planned maintenance or repair. Of even more importance
is the loss of production associated with larger equipment failures. One method to mitigate the
impact of failures is to improve the reliability of the equipment. Reliability is a performance
indicator of overall equipment condition.
The main objectives of the studies are i) to increase the understanding of the nature of the failure pattern of a crushing plant; ii) to estimate the reliability and maintainability characteristics
of crushing plant in absolute quantitative terms; and iii) to identify the critical subsystems
which require further improvement through effective maintenance policies to enhance the operational reliability of mining operation, faults and to formulate a reliability-based maintenance policy.
This paper presents a case study describing reliability analysis of two crushing plants in the
Jajarm bauxite mine in Iran. In this study crushing plants are divided into seven subsystems.
Reliability analysis has been done for each subsystem by using failure data. The parameters of
some idealized probability distributions, such as Weibull, Exponential, Lognormal distributions, and exponential have been estimated by using ReliaSoft’s Weibull++ 6 software. An
investigation has also been made to determine which of these distributions provide the best fit
for characterizing the failure pattern of the two crushing plants and their subsystems. Finally
the maintenance intervals that would achieve different reliability levels in operation were calculated by finding the working hours after which the expected probability of failure of subsystem or fault was (1-R) percent by using the best-fit distribution to the combined TBF data. The
study shows that reliability and maintainability analysis is very useful for deciding maintenance intervals. It is also useful for planning and organizing maintenance.

4.2

Paper II

Reliability and availability analysis has helped to identify the critical and sensitive subsystems
in the production systems that have a major effect on failure. One of the purposes of system
reliability analysis is to identify the weakness in a system and to quantify the effectual related
consequence of a component failure. It is important to select the method of reliability calculation, as well as data on system elements reliability parameters and to make an analysis of obtained results. This paper is divided into two parts. The first part introduces a methodology for
reliability and availability analysis of mining equipment. The second part presents a case study
describing reliability analysis of a crushing plant in the Jajarm bauxite mine in Iran. For the
reliability modelling of repairable systems, the basic methodology step-by-step is presented in
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Figure 1 of paper II. It shows a detailed flowchart for model identification and is used here as
a basis for the analysis of the failure and repair data. The study shows that reliability should be
an integral part of mine engineering management for the effective utilization of production. To
improve the reliability of equipment, the most important measures requiring immediate attention are to grasp and remove the factors causing problems in all steps of the life cycle, such as
planning, design, construction, and maintenance, and to evaluate quantitatively the reliability
model based on the failure history data. The case study shows that the conveyer system is
critical from a reliability point of view and that the secondary crusher subsystem is critical
from an availability point of view. If the system needs to be improved, then efforts should first
be concentrated on improving the reliability of the conveyer subsystem and improving the
availability of the secondary crusher subsystem.

4.3

Paper III

Maintenance represents a significant proportion of the overall operating costs in the mining
industry. Optimal maintenance scheduling can reduce the cost of maintenance and extend
equipment lifetime. Since the cost of maintenance is very high, modern industry therefore urgently needs to reduce maintenance times reasonably while keeping system reliability and developing proper maintenance decision strategies that can reflect maintenance properties of
elements and systems. Despite the large cost of maintenance, mine management has only
given passing attention to the optimization of the maintenance process. The performance of a
mine production system depends on reliability of the equipment used and other factors. An
unplanned failure can result in significantly higher repair costs than planned maintenance or
repair. Of even more importance is the loss of production associated with larger equipment
failures. The main objective of this paper is to develop a maintenance strategy based on reliability and availability analysis.
In this paper we have proposed a decision diagram for maintenance strategy (see figure 5, paper 3). The construction of the proposed maintenance decision diagram is based on the failure
rate of a system, which indicates that the appropriate data is essential. The first step for selection of a better maintenance plan for each component or subsystem is to find the failure rate of
them based on available data from the maintenance reports, failure observations , daily reports,
and etc, because the judgment for each type of maintenance strategy depends on the situation
of components in the bathtub curve. Fixed Time Maintenance (F.T.M) is used when the failure
rate is constant; in the Weibull case this means β =1. Preventive maintenance is used when the
failure rate is increased and the Expected Cost of Preventive Maintenance (ECP) is less than
the Expected Cost of Corrective Maintenance (ECC).
The study shows that appropriate maintenance task selection and performance on an appropriate interval of time is essential for an optimal maintenance program. To optimize the maintenance process, the mine’s management must continue the shift from a reactive to a proactive
maintenance approach. They must also continue to introduce advanced technologies such as
remote condition monitoring in order to identify problems prior to failure. In the case study,
failure rate for both subsystems is increased which means that the system works in wear-out
condition and that fixed time maintenance is not appropriate. The maintenance time interval
calculated for 70% reliability is recommended for adoption at first. It can then be adjusted af-
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ter consideration of the benefits obtained in terms of cost, safety and operational effectiveness
of the crushing plant.

4.4

Paper IV

Reliability and Availability are important characteristics of a repairable system. Generally, the
importance of components should be used during design or evaluation of systems to determine
which components or subsystems are important to the availability or reliability of the system.
With the assistance of importance measures one can identify components that merit additional
research and development to improve their availability, so that the greatest gain is achieved in
system availability. Those with high importance could prove to be candidates for further improvements. In an operational context, items with high importance should be watched by the
operators, since they are critical for the continuous operation of the system. The relative importance of components may suggest the most efficient way to diagnose system failure by
generating a repair checklist for an operator to follow. When the availability of a system is
low, efforts are needed to improve it by reducing the failure rate or increasing the repair rate
for each component or subsystem. In the case of system availability performance, “availability
importance measure” can serve as a guideline in developing a strategy for improvement.
The availability importance of a component is a partial derivative of the system availability
with respect to this component’s availability. Availability importance measure indices are
valuable in establishing the direction and prioritization of actions related to an upgrading effort
(availability improvement) in system design, or suggesting the most efficient way to operate
and maintain system status. In this paper some availability importance measures based on failure rate and repair rate are presented which can be used as a guideline for development and
improvement strategy. Each component should be assigned a value between 0 and 1 and the
component with the greater value will have greater influence on the availability of the system.
Analyses of these measures for a numerical example are made and the results are presented.
The main objectives of this study are i) to find the criticality of each component or subsystem
based on availability importance measures and to identify an ordered list of candidates for an
availability improvement programme; ii) to identify which of the failure rate or repair rate has
more effect on the availability of each component or subsystem and which should be the candidate for the availability improvement programme; iii) to justify and prioritize each candidate
for the availability improvement programme action on the basis of cost benefit.
Availability importance measures show that the effect of the availability of component i on the
availability of the whole system and the subsystem with the largest value has a greater effect
on the availability of the whole system. An ordered list of candidates for availability improvement can be identified by using this type of availability importance measure, but it does
not give more information about a component, therefore for managing the effort for each component based on failure rate or repair rate, two importance measures are defined: availability
importance measures based on the failure rate of each component, and availability importance
measures based on the repair rate of each component. Comparing these two importance measures shows which of the failure rate or the two factors, the failure rate or the repair rate, has
more influence on the availability of the whole system. In other words, the comparison shows
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that efforts should be based on reducing the failure rate or increasing the repair rate of critical
components or subsystems.
The study shows in the case of a system’s availability performance, availability importance
measures could be used as a guideline in developing a strategy for availability improvement. It
is useful to obtain the value of the availability importance measure for each component in the
system prior to deploying resources toward improving the specific components.
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5 Results, Discussion and Conclusions
This chapter describes and presents the findings of the present research, which was conducted
to answer the stated research problem. Furthermore, the main research results and the contribution of the thesis will be presented. Finally, some suggestions for further research will be
presented.

5.1

Research Results

The following results were achieved:
•

A RAM model (see Figure 1 from paper 2) is developed to analyse reliability and
maintainability characteristics which can be use as a basis for the analysis of the failure
and repair data.

•

A conceptual model is developed (see Figure 5.4) and shows how a suitable maintenance strategy could be identified based on RAM analysis. The first step for selection
of a better maintenance strategy for each component or subsystem is to find its failure
rate based on available data from the maintenance reports, failure observations, daily
reports, etc.

•

The concept of importance measures is developed and some importance measures are
defined to manage the efforts in order to improve availability of system. The availability of a repairable system can be improved by reducing the failure rate or increasing the
repair rate of each component.

5.2

Discussions

5.2.1

RAM improvement

The aim of this thesis is to explore and describe how to improve the reliability and availability
of a repairable system by using RAM analysis. The main requirements for operation of complex systems are usually specified in terms of cost and availability and/or of reliability, or
equivalently in terms of mean operating time and/or of mean downtime under cost constraint.
These requirements have then to be taken into consideration in the system design stage in order to determine the appropriate reliability and availability of each of its components
(Eleqbede & Adjallah, 2003). Any improvement in the unit’s reliability and availability is associated with the requirement of additional effort. It is, therefore, imperative to evolve techniques for reliability and availability allocation amongst various units of a system with minimum effort (Aqqarwal & Guha, 1993). The availability and reliability are good evaluation
criteria of a system’s performance. Their values depend on the system’s structure as well as on
the components’ availability and reliability. These values decrease as the components’ ages
increase, i.e. their serving times are influenced by their interaction with one another, the applied maintenance policy and their environments (Samrout et al, 2005).
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There are two ways to improve the availability of a repairable systems: i) reduce the failure
rate of components ,or, in other words, increase the mean time between failures, ii) improve
the repair rate of the structure, system or components (SSC), or, in other words, reduce the
mean down-time. Figures 5.1 and 5.2 show how to maximize the availability of the structure,
system or components (SSC) through decreasing the failure rate and also decreasing the time
needed to restore the structure, system or components (SSC). Figure 5.1 also gives an indication of the scope of the reliability investigation of the structure, system or components (SSC),
which was provided by the simplified goal tree model. In the present study it is found that the
availability improvement process could be implemented by following three steps:
Step 1: Identification of an ordered list of candidates for the availability improvement
process.
Step 2: Identification of effective changes or remedial actions for each candidate, which
will either reduce its failure frequency or reduce the time required to restore a component.
Step 3: Justification and prioritization of the action for each candidate on the basis of costbenefit comparisons.
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Figure 5.1. Contributors to structure, system or component (SSC) unavailability: failure rate
(Adapted from the International Atomic Energy Agency, 2001)
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Figure 5.2. Contributors to SSC unavailability down-time (Adapted from the International
Atomic Energy Agency, 2001)

5.2.2

The concept of importance measures

The concept of importance measures came from the perception that in any orderly arrangement of components in a system, some of the components are more important than others for
providing certain system characteristics. According to Besson and Andrews (2003) component
importance analysis is a key part of the system reliability quantification process which enables
the weakest areas of a system to be identified and indicates modifications which will improve
the system’s reliability. Efforts to improve reliability can be concentrated on those components whose contribution indicates that, by upgrading them, the maximum improvement in
system reliability can be achieved. Reliability and availability importance measures assign
numerical values between 0 and 1 to each system component; the 1 signifies the highest level
of importance. However, importance measures do not tell everything about how components
affect the system’s reliability and availability. In particular, they give some information about
how components’ reliability and availability affect each other.
5.2.2.1 Reliability Importance Measure

In order to evaluate the importance of different aspects of a system, a set of importance measurements, including Structure Importance, Birnbaum Component Importance, Reliability
Criticality Importance, Upgrading Function, Operational Criticality Importance, and Restore
Critically Index (Frickes & Triredi, 2003, Leemis, 1995, Wang et al, 2004) have been well de-
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fined and widely used in engineering practice. Birnbaum first introduced the concept of importance in 1969 and one of the most widely used reliability importance indices is Birnbaum’s
component importance (Frickes & Triredi, 2003). The component reliability importance measure is defined as: probability that component i is critical to system failure (Andrews & Besson,
2003). The reliability importance of a component can be determined based on the failure characteristics of the component and its corresponding positioning in the system. The reliability
importance measure of component i in a system of n components is given by equation 5-1.
I iA =

∂R s (t )
∂Ri (t )

5-1

RS(t) is the system reliability, and Ri (t) is the component reliability.
It was found that the reliability importance of a component is a function of time and it is useful
to obtain the reliability importance value of each component in the system prior to investing
resources toward improving specific components. This is done to determine where to focus
resources in order to achieve the most benefit from the improvement effort. If the reliability of
the system needs to be improved, then efforts should first be concentrated on improving the
reliability of the component that has the largest effect on reliability.
5.2.2.2 Availability Importance Measures

Several component importance measures have been developed in the reliability area since
Birnbaum (1969) first introduced mathematical component importance measures. By using the
same concept in the case of system availability performance, some importance measures can
be defined and used as a guideline for developing an improvement strategy. One motive for
applying this concept of importance measures in the availability improvement process is the
fact that the concept is easy to understand and the applications of these measures are very simple. Availability Importance Measures are function of operating time, the failure rate, the repair rate, and the system structure and it is useful to obtain the availability importance measure
value of each component in the system prior to deploying resources toward improving the specific components. This is done to determine which component needs to be improved in order
to achieve the maximum effect from the improvement effort. The availability importance of
component i in a system of n components is given by equation 5-2.
I iA =

∂As
∂Ai

5-2

Availability importance measure shows that the effect of availability of component i on the
availability of the whole system. The subsystem with the largest value has a greatest effect on
the availability of the whole system. The Availability importance measure of a component is
also an index showing how much or how little an individual component contributes to the
overall system availability. If the availability of the system needs to be improved, then efforts
should first be concentrated on improving the subsystem that has the largest effect on the
availability of system.
As we mentioned before, the availability improvement process could be implemented in three
steps. In step one an ordered list of candidates for availability improvement can be identified
by using this type of availability importance measure, but this measure does not provide more
information about a component therefore, in order to manage the availability improvement
process for each component based on the failure rate or repair rate, in step two of the availability improvement process, other importance measures are defined and determined, namely
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the availability importance measure based on the failure rate and the availability importance
measure based on the repair rate.
Availability importance measure based on the failure rate shows the effect of the failure rate of
subsystem i on the availability of the whole system, and the subsystem with the largest value
has the greatest effect on the availability of the whole system. It can be calculated by equation
5-3.
I iA,λ = −
i

∂As
∂λi

5-3

Availability importance measure based on the repair rate shows the effect of the repair rate of
component i on the availability of the whole system, and the subsystem with the largest value
has the greatest effect on the availability of the whole system. It can be calculated by equation
5-4.
I iA,μ =
i

∂As
∂μ i

5-4

Comparing these two importance measures shows which of the two factors, the failure rate or
the repair rate, has more influence on the availability of the whole system. In other words, this
comparison will show whether the availability improvement should be based on reducing the
failure rate or increasing the repair rate of critical components or subsystems.
To find the final strategy for the availability improvement process (step 3), the cost trade-off is
essential. When the availability of the system is less, it needs to be improved by using the special budget C. The question is how to manage improvement efforts and which component or
components, if improved, will give better results. This question can be answered through the
following procedure. The cost needed to change the failure rate, denoted by Δλi and the cost
needed to change the repair rate, denoted by Δμ i , can be calculated by using equations 5-5 and
5-6.
∂C
× Δλi
∂λi
∂C
ΔC μi =
× Δμ i
∂μ i

ΔC λi =

5-5
5-6

If budget C is spent on increasing the repair rate for the critical component, the repair rate will
be increased as Δμ i .
Δμ i =

ΔC μi
∂C
∂μ i

=

C
∂C
∂μ i

5-7

Therefore the availability will increase as ΔAs,μi , which can be calculated by equation 5-8.
∂A
C
ΔAs ,μi = I iA,μ × Δμ i = s ×
i
∂μ i ∂C
∂μ i
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5-8

If the budget is spent on reducing the failure rate of the critical component, the failure rate will
be reduced as Δλi .
Δλi =

ΔC λi
∂C
∂λi

=

C
∂C
∂λi

5-9

Therefore, the availability will be increased as ΔAs,λi , which can be calculated by equation 510.
∂A
C
ΔAs ,λi = I iA,λ × Δλi = s ×
i
∂λi ∂C
∂λi

5-10

By comparing ΔAs ,λi and ΔAs, μi the strategy can be identified. If there are some restrictions,
the budget can be spent on both increasing the repair rate and decreasing the failure rate. We
then allocate a fraction f of the budget for decreasing the failure rate and the remaining fraction 1-f for increasing the repair rate and hence the availability improvement can be calculated
by equation 5-11.
ΔAs ,λi ,μi =

5.2.3

∂As
fC ∂As (1 − f )C
×
+
×
∂C
∂λi ∂C ∂μ i
∂μ i
∂λi

5-11

Maintenance Strategy based on Reliability

The study of maintenance problems is an important topic as regards the reliability and availability of a repairable system. Proper maintenance scheduling of equipment can keep up high
availability of repairable systems, avoid the damage of failure and reduce the waste of cost
(Zhang et al, 2002). For a system, the reliability and availability usually degrades depending
on the increase of system service time. To maintain the expected performance of a system, taking proper maintenance during its life cycle is necessary. As was claimed above, (section
3.2.4) according to the time of maintenance-execution, maintenance is usually classified into
two major categories, corrective maintenance (CM) and preventive maintenance (PM). The
former corresponds to the actions that occur after the system breaks down. The latter corresponds to the actions that are taken when the system is operating. The advantage of PM is that
the system can always be kept in an available condition when needed and the serious loss incurred by the unpredicted fails can be avoided (Tasi et al, 2001).
According to Lie and Chun (1986), and Tasi et al, (2001) CM activities are categorized into
minimal repair (1C) and corrective replacement (2C). 1C-maintenance8 restores the system to
the failure rate it had when it failed, and there is no change in system time. 2C-maintenance9
renews the system time to zero and the reliability curve is that of a new system. PM activities
8

This is often called “bad as old”. Changing a broken fan-belt on an engine is an example of minimal repair.
This is often called “good as new”. Complete overhaul of an engine with a broken connecting rod is an example
of corrective replacement.
9
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are also grouped into simple preventive maintenance (1P) and preventive replacement (2P).
1P-maintenance10 changes the system reliability to some newer time. 2P-maintenance11 involves corrective replacement that restores the reliability curve to new one, but only occurs in
the system state. Figure 5.3 shows the reliability behaviours of a system in relation to various
maintenance types.
The problem of choosing maintenance strategies is of foremost importance in plant management and operation. An efficient strategy should aim at guaranteeing the level of performance
and availability of the system while allowing for reduction in resource expenditures (Borgonovo et al, 2000).

Figure 5.3. Reliability change of a system under various maintenance types (Sources: Tasi et
al, 2001)
One of the purposes of this research study is to find a better maintenance strategy based on
reliability and availability analysis of a system. A detailed decision diagram is proposed in
figure 5.4. Figure 5.4 shows the maintenance selection method for a component or subsystem
based on reliability characteristics.
The first step for selection of a better maintenance plan for each component or subsystem is to
find its failure rate based on available data from the maintenance reports, failure observations,
daily reports, etc, because the judgment for each type of maintenance strategy depends on the
situation of components in the bathtub curve (see figure 5.4) Fixed Time Maintenance (F.T.M)
is used when the failure rate is constant. In the Weibull case this means β =1. Preventive
maintenance is used when the failure rate has increased and the Expected Cost of Preventive
Maintenance (ECP) is less than the Expected Cost of Corrective Maintenance (ECC). The
method for calculation of ECC and ECP is presented in paper III, for more information see
paper III.

10
11

Engine tune-up is an example of simple preventive maintenance.
Preventive replacement differs from corrective replacement only in the system state when it occurs.
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Figure 5.4. Conceptual model for decision diagram based on reliability and availability
characteristics

5.2.4

Self Criticism of the Research

In this research:
•

The study is focused only at component level but in real life most of the systems are
based on multi component.

•

In this study numerical example is made in order to demonstrate the management of
availability improvement efforts using availability importance measures. Due to the
lack of field data from different industries model developed may not represent the generic case.

•

The assumption associated with the research study and analysis of results, such as the
repair of component makes them as good as new, the system is steady-state, e.g. for
simplification , which in some cases is not appropriate and relevant to real life situations. In practical assumption as good as new is not applicable.
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5.3

Conclusions and Future Research

5.3.1

Conclusions

Some important conclusions from the present study are:
•

The study shows that the reliability, availability and maintainability analysis is very
useful for decision making about maintenance and improvement strategy. The study
shows that reliability should be an integral part of engineering management for the effective utilization of production. To improve the reliability of equipment, the most important measures requiring immediate attention are to grasp and remove the factors
causing problems in all steps of the life cycle, such as planning, design, construction,
and maintenance, and to evaluate quantitatively the reliability model based on the failure history data.

•

The study shows that appropriate maintenance task selection and performance at an
appropriate interval of time is essential to an optimal maintenance program. The construction of the proposed maintenance decision diagram is based on the failure rate of a
system, which indicates that appropriate data is essential. The first step for selection of
a better maintenance plan for each component or subsystem is to find its failure rate
based on available data from the maintenance reports, failure observations, daily reports, etc, because the judgment for each type of maintenance strategy depends on the
situation of components in the bathtub curve.

•

The reliability importance of a component is a function of time and it is useful to obtain the reliability importance value of each component in the system prior to investing
resources toward improving specific components.

•

In the case of system availability performance, availability importance measures can
serve as a guideline for developing a strategy for improvement. Availability importance measure indices are valuable in establishing the direction and prioritization of actions related to an upgrading effort (availability improvement) in system design, or
suggesting the most efficient way to operate and maintain system status.

•

Availability Importance measure is a function of operating time, failure rate, repair
rate, and system structure and it is useful to obtain the availability importance measure
value of each component in the system prior to deploying resources toward improving
the specific components. This is done to determine which component needs to be improved in order to achieve the maximum effect from the improvement effort. The subsystem with high importance could prove to be a candidate for further improvements.
In an operational context, items with high importance should be watched by the operators, since they are critical for the continuous operation of the system.

•

Comparing availability importance measures based on the failure rate of each component and availability importance measures based on the repair rate of each component
show which of the failure rate or repair rate has more influence on the availability of
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the whole system. In other words, this comparison will show whether the availability
improvement should be based on reducing the failure rate or increasing the repair rate
of critical components or subsystems. To find the final strategy for an availability improvement process, the cost trade-off is essential.

5.3.2

Research Contribution

The contribution of this thesis can be stated as follows:
•

Defining some availability importance measures which show the criticality of each
component based on different points of view such as the availability, repair rate, and
failure rate of each component. It was found that availability and reliability importance
measures can be used as a guideline for managing the effort and cost for improvement
of a system (see equations 5-2, 5-3, and 5-4)

•

Identifying a methodology in order to improvement of system availability, consisting
of three steps (see section 5.2). In the methodology, the concept of importance measures must be used for prioritizing the components or subsystems for the availability
improvement process. This method can be generalized for different type of repairable
system by making a case study.

•

A model is identified for selecting better maintenance strategies by using reliability
and availability analysis. The reliability and availability of repairable systems can be
improved by applying appropriate maintenance strategies.

5.3.3

Suggestions for Further Research

Based on the research conclusions and issues, we propose the following points for future research:
•

Verification of the conceptual model for the decision diagram on maintenance strategy
by making other case studies.

•

Generalization of the methodology for improving the system availability in real case
study.

•

Development of availability importance measures based on failure rate and repair rate
in order to simplify their application to other distribution.
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SUMMARY
Reliability is an important consideration in the planning,
design and operation of engineering systems. As the size and
complexity of mining equipment continue to increase, the implications of equipment failure become ever more critical. An
unplanned failure can result in significantly higher repair costs
than a planned maintenance or repair. Of even more importance is the loss of production associated with larger equipment failures. One method to mitigate the impact of failures is
to improve the reliability of the equipment. Reliability is a
performance indicator of overall equipment condition. A first
step in reliability improvement is collection and analysis of the
appropriate data.
This paper presents a case study describing reliability
analysis of crushing plants in Jajarm bauxite mine. In this
study crushing plants are divided into seven subsystems. Reliability analysis has been done for each subsystem by using
failures data. The parameters of some idealized probability
distributions, such as Weibull, Exponential, Lognormal distributions, have been estimated by using ReliaSoft’s Weibull++
6 software. An investigation has also been made to determine
which of these distributions provide the best fit for characterizing the failure pattern of the two crushing plants and their
subsystems. Some aspects of system failure behavior are analyzed briefly for ongoing machine improvement. Reliability of
both crushing plants and its subsystems has been estimated at
different mission times with their best fit distribution. Analysis
of the total downtime, breakdown frequency, reliability, and
maintainability characteristics of different subsystems shows
that the reliability of crushing plant 1 and crushing plant 2
after 10 hour reduce to about 64% and 35% respectively. The
study shows that reliability and maintainability analysis is very
useful for deciding maintenance intervals. It is also useful for
planning and organizing maintenance.
1.

INTRODUCTION AND BACKGROUND

Reliability is a property of an item or service that we all
desire, but all too often find is missing. The reliability of a
product is the measure of its ability to perform its function,
when required, for a specified time, in a particular environment [1]. It is measured as a probability. From an economic
point of view, high reliability is desirable to reduce the maintenance costs of the systems. The reliability analysis of
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equipment can broadly be divided into two major groups:
• Machine reliability
• Software reliability in the case of automatic operations
The system reliability, maintainability and availability
(RAM) have assumed great significance in recent years due to
competitive environment and overall operating production
cost. Performance of a mining machine depends on reliability
of the equipment used, mining environment, maintenance efficiency, operation process and technical expertise of miner, etc.
The study of a machine’s reliability is needed to determine the
necessary improvement or modification to control the competitive pressure in the marketplace. So a few studies in this
regard, particularly underground mining machines such as
load haul dump (LHD) and Longwall face equipment, have
been done. Kumar et al [2, 3] and Paraszczak et al [4] carried
out reliability based investigation of diesel operated LHD machines in an underground mine. In these studies, graphical and
analytical techniques have been used to fit probability distributions for characterization of failure data. The reliability of
mining equipment is affected by a variety of factors:
• The actual design of the equipment: how adequate the
original design was for the equipment’s application dictates the ultimate reliability that can be achieved.
• How well the equipment is maintained: every time a repair, planned or unplanned, is made the quality of repair
will influence how long the machine operates before the
next repair. This includes the quality of the workmanship
and replacement part(s).
• The operating conditions: this includes the environment
and operational issues.
The main objectives of studies are:
• To increase understanding of the nature of the failures
pattern of crushing plant of complex mining equipment.
• To estimate the reliability and maintainability characteristics of crushing plant in absolute quantitative terms.
• To identify the critical subsystems which require further
improvement through effective maintenance policies to
enhance the operational reliability of mining operation,
faults and formulate a reliability-based maintenance policy.
2.

RELIABILITY OF MACHINE

The reliability of a machine is the probability that the
machine will perform a required function adequately and satis-
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factorily under the stated operational and environmental conditions for a specified period of time. A machine has an inherent reliability created at the design stage. So machine reliability study is necessary for equipment design, modification, and
quality control during manufacturing, field trials and life testing, etc [5]. Before the analyzing the failure data, the overall
system is better to be classified into subsystems so that the
failures can be categorized. The classification used for the
reliability and maintainability analysis of the crushing plant is
presented in Table 1.
Table 1 Subsystems of the crushing plant and their code
No
Subsystem
Code
1 Feeder system
FECS
2 Conveyer System
COCS
3 Primary Crusher System
PCRCS
4 Secondary Crusher System
SCRCS
5 Primary Screen System
PSCCS
6 Secondary Screen System
SSCCS
7 Other System
OTCS
3.

METHODOLOGY & DATA COLLECTION

3.1. Methodology
The reliability and maintainability characteristic of a piece
of equipment can be determined, respectively, by the analysis
of time to failure data and the time taken to repair it. The
methodology, which can be followed for the reliability and
maintainability analysis of the crushing plant, comprises:
• understanding of the system and identification and coding
of subsystems and fault therein,
• collection, sorting and classification of TBF data for each
subsystem and fault,
• data analysis for verification of the identically and independently distributed assumption,
• fitting of the TBF and TTR data for subsystems and faults
with a theoretical probability distribution,
• estimation of the reliability and maintainability parameters of each subsystem with a best-fit distribution,
• identification of critical subsystems and faults and formulation of a better maintenance policy to improve reliability.
3.2. Data Collection & Data Evaluation
Three basic steps must be performed before the data can be
analyzed to determine reliability and maintainability characteristics. These are data collection from a computerized equipment maintenance system (database) or logbook, sorting of the
data required for analysis and data classification in the form
required for the analysis (i.e. TBF, TTR, frequency, total
breakdown hours, total working hours, total maintenance
hours, etc)[6]. There are many sources of data in mine equipment, which are of relevance to reliability modeling of equipment. In addition to the information generated by maintenance
and production functions in the form of reports, much of the
raw data upon which these reports are based must also be ac-
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cessible in order to achieve successful reliability modeling.
Hence reliability modeling can be viewed as an integral part of
a unified ‘‘analysis’’ function, dealing with a myriad of information flows including [7, 8]:
• Data from sensors on equipment.
• Data and information from operator interfaces on-board
equipment.
• Historical operational and maintenance information.
• Current operational and maintenance information.
Collection of quality failure data is usually necessary in
system reliability analysis for getting reliable and accurate
results. Data collected from the field are assumed to be the
best. Field data are, however, expensive and time consuming
to collect. Again, data are required to be collected over a period of time for providing satisfactory representation of the
true failure characterization of the mining system. Data used in
recent studies have been collected over a period of 8 months
by using daily report and maintenance report. Failure behavior
of critical subsystems of a crushing plant has an influence on
availability or the failure pattern of the system as a whole.
Time between failure (TBF) data of mine operation and
its subsystems are arranged in a chronological order for using
statistical analysis to determine the trend of failure. The next
step after collection, sorting and classification of the data was
validation of the independent and identically distributed (iid)
nature of the TBF data of each subsystem of both crushing
plants. The meaning of sample independence is that the data
are free of trends and that each failure is independent of the
preceding or succeeding failure. Identically distributed data
means that all the data in the sample are obtained from the
same probability distribution. Verification of the assumption
that the failures/repairs are independent and identically distributed is critical. If the assumption that the data are independent is not valid, than classical statistical techniques for
reliability analysis may not be appropriate. Two common
graphical methods used to validate the iid assumption are the
trend test and the serial correlative test. The trend test involves
plotting the cumulative failure number against cumulative
time between failures [10]. The serial correlation test is a plot
of data pairs (Xi, Xi–1) for i = 1, 2... n, where n is the total
number of failures. If X is dependent or correlated, the points
should lie along a line. Trend tests and serial correlation tests
were carried out on TBF data of the two crushing plants. Due
to paucity of space, trend tests of PCRCS, PSCCS, and FECS
of crushing plant 2, and PCRCS of crushing plant 1 for example, are shown in Fig. 1. In the test, weak or no absolute trends
were found for crushing plants subsystems except PSCCS and
SSCCS subsystems of both crushing plants. PSCCS and
SSCCS exhibited concave upward. In the serial correlation
test, the points are randomly scattered in the case of both
crushing plants subsystems, which exhibited no trend. For
example, the serial correlation test of PCRCS and SCRCS of
crushing plant 2 is given in Fig. 2. So the above failure data
can be assumed to be independently and identically distributed
(iid).
4. DATA ANALYSIS
4.1. Analysis of trend free data
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The trend free data are further analyzed to determine the
accurate characteristic of failure time distributions of crushing
plant subsystems for estimating the reliability. The idealized
probability distributions are commonly used to describe time
between failure data set for crushing plants. Different types of
statistical distributions were examined and their parameters
are estimated by using ReliaSoft’s Weibull++ 6 software.

Software fits several distribution models based on the data, by
a number of different methods. The user can then choose a
preferred model, or accept the model recommended by the
software. The results are shown in Table 2. Table 2 it shows
the best fit model distributions for each subsystem and describe the failure mechanism of the crushing plant subsystem.

Trend Plot For PCRCS of Crushing Plant 2

Trend Plot For PCRCS of Crushing PLant 1
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Figure. 1. Trend plot for TBF for some subsystems of both crushing plants
Serial Correlation Test For PRCS of Crushing plant 2
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Figure 2. The serial correlation test for SCRCS and COCS of crushing plant 2
4.2. Analysis of data with trend
The TBF data set for PSCCS and SSCCS of the two
crushing plants exhibit presence of trends in trend test so the
assumption of independently and identically distributed (iid) is
not valid for the above cases. These subsystems should be
analyzed by a non-stationary model such as the non homogeneous Poisson process (NHPP). In this study, power law process NHPP model is used for reliability modeling of the PSCCS
and SSCCS of both crushing plants. For the case, the intensity
function is given by:

⎛β ⎞ ⎛ t ⎞
λ(t ) = ⎜⎜ ⎟⎟ × ⎜⎜ ⎟⎟
⎝ η ⎠ ⎝η ⎠

η=

( β −1)

tn
n

1

(1)
(2)

β

n

β = n / ∑ Ln(t n / t i )
β = shape parameter
η = scale parameter
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i =1

(3)

n= number of failure events,
tn= total running time,
ti= running time at the occurrence of failure number,
i = 1, 2, 3...n.
It is very important to check whether the power law process assumption is realistic before using that model for data
analysis [10]. Goodness-of-fit test have done by TTT-plot
based on power law process for their subsystem and it is found
that power law process is valid for PSCCS and SSCCS subsystems of both crushing plants. The above parameters for
PSCCS and SSCCS of both crushing plants are estimated from
failure data and shown in Table 2. From Table 2, the following
points are found:
• In Weibull analysis, the failure rate for COCS, FECS and
OTCS of crushing plant 1 and SCRCS and OTCS of
crushing plant 2 give a shape parameter more than one indicating increasing failure rate due to aging process.
• The shape parameter of PCRCS of crushing plant 2 indicates a constant failure rate as they reach the useful life or
steady state condition
When a crushing plant is put into operation, there are
various factors, which may cause to increase the load, or to
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reduce the strength expected. Failure rate of a crushing plant
generally depends on time and operating environment at which
the crushing plant is used. The environmental condition between mining and other industries is different. Mining in general and underground mining in particular are associated with
various types of environmental problems. Crushing plant operated in a mine encounters various types of environmental

stress such as ore properties, humidity, high temperature, toxic
fumes, specific place for operation and maintenance, dust, etc.
These environmental stresses contribute significantly to increase the machine failure rate. When the age of a crushing
plant is older, its ability to resist stress decreases, i.e. strength
deteriorates. At the time, when the above resistance ability or
strength drops below applied stress, the crushing plant fails.

Table 2 Best – fit distribution for TBF data-sets
Name
Subsystem
Best-fit distribution
PCRCS
Exponential 2 parameter
SCRCS
Lognormal
Crushing plant 1
PSCCS
Non iid, NHPP, Power Low Process
SSCCS
Non iid, NHPP, Power Low Process
COCS
Weibull 2 parameter
FECS
Weibull 2 parameter
OTCS
Weibull 2 parameter
PCRCS
Weibull 2 parameter
SCRCS
Weibull 2 parameter
Crushing plant 2
PSCCS
Non iid, NHPP, Power Low Process
SSCCS
Non iid, NHPP, Power Low Process
COCS
Lognormal
FECS
Exponential 2 parameter
OTCS
Weibull 2 parameter
Again, crushing plant failures are due to a combination of
several causes. These may be due to (i) design inadequacy (ii)
operational overstress (iii) wear/abrasion/erosion (iv) corrosion (v) fatigue (vi) creep, etc.
5. CRUSHING PLANT RELIABILITY ESTIMATION
The steps involved in reliability evaluation of a system
are: (a) Clear definition of the system and its requirement; (b)
Identification of the subsystems and the logical configuration
in which they are connected; (c) Reliability estimation of each
subsystem through the best-fit distribution; (d) Establishing
the condition for successful operation of the systems; and (e)
Use of the combinational rule of probability theory for system
reliability evaluation. [12]
As discussed previously, a crushing plant was taken to
comprise seven clearly identifiable subsystems for the purposes of reliability and maintainability analysis. All of these
subsystems are functionally arranged in a series configuration,
as shown in the simplified reliability block diagram in Fig. 3.
This means that the crushing plant is in working condition
only when all subsystems are working satisfactorily. The reliability of each crushing plant, as a whole, can be calculated as:
7

Rs (t ) = ∑ Ri

(4)

i =1

FECS

COCS

PCRCS

SCRCS

OTCS

SSCCS

PSCCS

Fig. 3 Simple reliability block diagram of crushing plant
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Parameters
Lambda=0.011 ; Gamma = 16
LMean= 4.416 ; LStd = 1.062
Beta= 2.04
; Eta = 301.38
Beta= 1.64
; Eta = 252.13
Beta= 1.074 ; Eta = 51.675
Beta= 1.427 ; Eta = 240.52
Beta= 1.933 ; Eta = 177.65
Beta= 1.049
; Eta = 57.5064
Beta= 1.4134 ; Eta = 55.1876
Beta= 0.99
; Eta = 78.62
Beta= 0.77
; Eta = 38.35
LMean=3.162 ; LStd =1.3902
Lambda= 0.017 ; Gamma=1.98
Beta= 1.2683 ; Eta=153.4386

Where Ri is reliability of the different subsystems [10].
The theoretical reliabilities for all seven subsystems at the
end of different time intervals were computed with parameters
of the best-fit distribution with the aid of ReliaSoft’s Weibull
++ 6 software package [Fig 4]. Then the reliability of both
crushing plant and its subsystems was calculated and tabulated
in Table 3. From Table 3, it is seen that both crushing plant
and subsystem reliability decreases as the mission time increase. From Table 3, it is seen that there is only 0.50 probabilities that crushing plant 1 will not fail for 15 hours of operation or there is 70% chance that the conveyer system of
crushing plant 1 will not fail for 20 hours of operation.
6. MAINTAINABILITY ANALYSIS
The maintainability of a system is defined as the probability that it can be restored to a specified condition within a
given time. The purpose of maintainability engineering is to
increase the efficiency and safety and to reduce the cost of
equipment maintenance. The measure of the maintenance
characteristics of a machine is its maintainability function. The
total breakdown hours and number of failures of the different
subsystems of both crushing plants were analyzed to identify
critical subsystems and faults therein. “Critical” subsystems
and faults were defined as those, which have a very high frequency of failure and/or once having failed require a long time
to repair and, thus, merit special attention to achieve the desired level of safety and operational effectiveness. The total
number of failures (both censored and uncensored) and total
breakdown hours attributable to every subsystem of both
crushing plants are given in Table 4. Censored failure data
refer to the stoppage of the system, which is not due to real
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failure, e.g. not existence of feed or fuel. The approach to the
scheduling of maintenance is based on the concept that every
item of equipment has an age at which maintenance is required
to ensure safety and operating reliability. A reliability approach to maintenance differs in that it uses probabilistic concepts. In a probabilistic approach a statistical method is employed to fit a theoretical distribution to the failure data. The
probability distribution model is then used to predict the failure behavior of the components and to find the preventive
maintenance interval that will achieve the desired level of op-

erational reliability of the system.
The maintenance intervals that would achieve different reliability levels in operation were calculated by finding the working hours after which the expected probability of failure of
subsystem or fault was (1-R) percent by using the best-fit distribution to the combined TBF data. This was accomplished
with the aid of ReliaSoft’s Weibull++ 6 software by calculating the values of working hours below which the area of failure in the probability distribution is equal to R..

PCRCS

COCS

Fig. 4 Reliability plot for PCRCS of crushing plant 1 and COCS of crushing plant 2
Table 3 Reliability of both crushing plants at the end of different time intervals
Name
Time(hour) PCRCS
SCRCS
PSCCS
SSCCS
0
1
1
1
1
5
0.9526
0.9959
0.9667
0.9680
10
0.9074
0.9767
0.9346
0.9370
Crushing plant 1
15
0.8644
0.9462
0.9035
0.9070
20
0.8234
0.9095
0.8734
0.8780
30
0.7472
0.8305
0.8162
0.8227
40
0.6780
0.7533
0.7628
0.7709
0
1
1
1
1
5
0.9283
0.9670
0.9390 0.904484
10
0.8560
0.9145
0.8817 0.818091
Crushing plant 2
15
0.7872
0.8533
0.8279 0.739949
20
0.7225
0.7880
0.7774 0.669272
30
0.6063
0.6554
0.6854 0.547525
40
0.5068
0.5302
0.6043 0.447925
The time intervals for different levels of reliability, e.g.
0.95, 0.90, 0.75 and 0.50, are tabulated in Table 5. Thus, to
achieve 90% reliability (R = 0.90) for the SCRCS of crushing
plant 1, maintenance must be carried out before 21.23 h, because after the machine has run for 21.23 h without failure
there is only a 0.9 probability that it will not fail. The reliability-based time interval was calculated on the basis of the operating characteristics of the crushing plant only as cost data
were not available.
The maintenance interval for the different reliability levels
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COCS
1
0.9218
0.8425
0.7673
0.6971
0.5725
0.4679
1
0.8680
0.7318
0.6280
0.5476
0.4317
0.3524

FECS
1
0.9960
0.9894
0.9811
0.9717
0.9500
0.9256
1
0.9499
0.8725
0.8013
0.7360
0.6209
0.5238

OTCS
1
0.9990
0.9962
0.9916
0.9854
0.9684
0.9455
1
0.9871
0.9692
0.9490
0.9273
0.8815
0.8338

Total
1
0.8143
0.6445
0.5003
0.3833
0.2195
0.1230
1
0.6205
0.3494
0.1965
0.1107
0.0352
0.0112

listed in Table 5 may be used for inspection, repair, servicing,
condition monitoring or replacement depending on the safety
implications, cost–benefit considerations and nature of the
fault. For a reliability level of 90%, however, the maintenance
interval estimated for each subsystem and some critical faults
is too short for practical implementation. Therefore, the maintenance interval advocated for a 75% reliability level may be
adopted initially and then, after observation of the benefits
obtained in terms of cost, safety and operational effectiveness
of the machine, adjusted for a higher value of reliability.
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Table 4 Breakdown time and frequency by subsystem of both
crushing plants
Name
Crushing Plant 1

Crushing Plant 2

Subsystem
PCRCS
SCRCS
PSCCS
SSCCS
COCS
FECS
OTCS
PCRCS
SCRCS
PSCCS
SSCCS
COCS
FECS
OTCS

Frequency
27
22
30
20
30
26
11
61
42
22
17
44
41
13

Cum. TTR
114.27
103.53
66.27
36.81
36.47
69.00
28.66
190.25
121.67
51.83
23.25
203
77.88
52.3
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Table5 Reliability based preventive maintenance time interval
Name

Subsystem

Reliability-based maintenance
interval for different reliability
level, hour

Crushing
Plant 1

Crushing
Plant 2

PCRCS
SCRCS
PSCCS
SSCCS
COCS
FECS
OTCS
PCRCS
SCRCS
PSCCS
SSCCS
COCS
FECS
OTCS
7.

0.9
25.56
21.23
15.56
16.20
5
49.69
55.46
6.89
11.23
8.37
5.24
3.98
8.17
26.02

0.75
42.11
40.46
42.50
44.23
13.8
100.46
93.25
17.95
22.86
22.85
14.32
9.25
18.89
57.45

0.5
78.92
82.78
102.4
106.56
33.3
186.04
146.97
41.5
42.58
55.05
34.5
23.62
42.73
114.93

CONCLUSION

Most of TBF datasets of two crushing plant’s subsystems
were found to be independent and identically distributed. The
Weibull distribution provided the best fit, in most cases, to the
TBF datasets. The reliability of crushing plant 1 is more than
crushing plant 2. This is because crushing plant 1 is new in
age. The reliability of crushing plant 1 and crushing plant 2
after 10 hours will reduce to about 64% and 35% respectively.
The maintenance time interval calculated for 75% reliability
and is recommended for adoption at first. It can then be adjusted after consideration the benefits obtained in terms of
cost; safety and operational effectiveness of the crushing plant
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Reliability analysis of mining equipment: a case study of a
crushing plant at Jajarm Bauxite Mine in Iran
J. BARABADY & U. KUMAR
Luleå University of Technology, Sweden

Abstract

Reliability is an important consideration in the planning, design and operation of engineering
systems. As the size and complexity of mining equipment continue to increase, the implications of equipment failure become ever more critical. One method to mitigate the impact of
failures is to improve the reliability of the equipment. One of the purposes of system reliability analysis is to identify the weakness in a system and to quantify the effectual related consequence of a component failure. The performance of mining machines depends on the reliability of the equipment used, the operating environment, the maintenance efficiency, the operation process and the technical expertise of the miners etc. It is important to select a suitable
method for data collection and reliability analysis. This paper is divided into two parts. The
first part introduces a methodology for reliability and availability analysis of mining equipment. The second part presents a case study describing the reliability analysis of a crushing
plant at Jajarm Bauxite Mine in Iran.
Keywords: Reliability analysis, Availability, Repairable systems, Mining equipment
1. Introduction and background

Reliability is a property of an item or service that we all desire, but all too often find is missing. The reliability of a product is the measure of its ability to perform its function, when required, for a specified time, in a particular environment [1]. It is measured as a probability.
Since failure can not be prevented entirely, it is important to minimize both its probability of
occurrence and the impact of failures when they do occur [2].From an economic point of
view, high reliability is desirable to reduce the maintenance costs of systems. System reliability, maintainability and availability have assumed great significance in recent years due to
competitive environments and overall operating/production costs. An unplanned failure can
result in significantly higher repair costs than a planned maintenance or repair. A major part
of any system’s operating costs is due to unplanned system stoppages for unscheduled repair
of the entire system or of components. The cost of maintenance and repairs can be reduced by
improving the reliability of the system. The general task of calculation of mining system reliability is to define the indicators characterizing the system’s performance. A mine production
system consists of many subsystems. The optimization of each subsystem in relation to one
another is imperative to make the system profitable and viable for operation. Reliability and
maintainability analysis techniques have been gradually accepted as standard tools for the
planning and operation of automatic and complex mining systems since the mid-1980s. The
reliability of mining equipment is affected by a variety of factors [3]:
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•
•
•

The actual design of the equipment: how adequate the original design is for the equipment’s application dictates the ultimate reliability that can be achieved.
How well the equipment is maintained: every time a repair, planned or unplanned, is
made, the quality of the repair will influence how long the machine will operate before
the next repair. This includes the quality of the workmanship and replacement part(s).
The operating conditions: this includes the environment and operational issues.

The study of a machine’s reliability is needed to determine the improvement or modification
necessary to control the competitive pressure in the marketplace. Consequently, a few studies
have been performed in this regard, particularly concerning underground mining machines
such as load haul dump [4, 5] and longwall face equipment [6]. Kumar et al [5] have carried
out reliability-based investigations of LHD machines in an underground mine. In these studies, graphical and analytical techniques have been used to fit probability distributions for the
characterization of failure data. Reliability assessments of repairable mining machines have
been reported in some papers [7, 8, 9]. It is interesting to note that the failure of subsystems
and their units can never be predicted precisely, as they depend upon the operating conditions,
the mining environment, and the repair policy used in the mine. The main objectives of reliability analysis of mining equipment could be:
• to increase understanding of the nature of the failure pattern of complex mining equipment;
• to estimate the reliability characteristics of mining equipment in absolute quantitative
terms;
• to identify the critical subsystems which require further improvement through effective
maintenance policies to enhance the operational reliability of mining operations, prevent
faults and formulate a reliability-based maintenance policy.
This analysis has helped in identifying the critical and sensitive subsystems in the mine production system, which have a major effect on failure. Clearly, reliability and availability are
related, but not necessarily directly, as it is possible to have a piece of equipment which
breaks down frequently, but for short periods, and which as a result has a reasonable level of
availability. Similarly, it is possible to have a piece of equipment that is highly reliable, but
has a low level of availability because it is out of service for maintenance for long periods at a
time. To obtain a good profitability, we need a high reliability level of production machinery.
Reliability models, using actual failure data and repair times, enable one to predict a system’s
operational availability, as well as its reliability, maintainability, and other operating behavior.
The reliability model enables one to predict what is affordable and identify undesirable alternatives. Effectiveness is influenced by the availability, reliability and maintainability of the
system, and its capability to perform.
2. Basic concept and approach for reliability analysis

The reliability characteristic of a piece of equipment can be determined, respectively, by
analysis of the time between failure (TBF) data and the time taken to repair (TTR) it. For the
reliability modeling of repairable systems, the basic methodology step-by-step is presented in
Figure 1. It shows a detailed flowchart for model identification and is used here as a basis for
the analysis of the failure and repair data.
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2.1. Data collection

A first step in reliability and availability analysis is the collection and analysis of the appropriate data. The collection of quality failure data is usually necessary in system reliability
analysis for obtaining reliable and accurate results. There are many sources of data in a mine
which are of relevance to reliability modeling of equipment. In addition to the information
generated by maintenance and production functions in the form of reports, much of the raw
data upon which these reports are based must also be accessible in order to achieve successful
reliability modeling. Hence, reliability modeling can be viewed as an integral part of a unified
‘‘analysis’’ function dealing with a myriad of information flows, including [2]:
• data from sensors on equipment,
• data and information from operator interfaces on board equipment,
• historical operational and maintenance information,
• current operational and maintenance information
2.2. Components’ failure frequency analysis

It is appropriate to use the Pareto principle of the “significant few and the insignificant
many”. The aim is to find the items that seriously affect the failure of the components of the
machine, which can comprise the entire failure frequency of the components composing the
machine system, and the ranking and cumulative distribution of the failure occurrence. It is
often found that a large proportion of the failure in a product is due to small number of causes.
2.3. Trend test and serial correlation test

Analysis of reliability and availability data is usually based on the assumption that the times
between failures are independent and identically distributed (iid) in the time domain. Therefore, before starting, it is critical to conduct a formal analysis verification of the assumption
that the failures/repairs are independent and identically distributed (iid). Otherwise completely
wrong conclusions can be drawn. If the assumption that the data are independent is not valid,
than classical statistical techniques for reliability analysis may not be appropriate.
2.3.1. Trend test.
The trend test can be made both graphical and analytical. Using graphical methods, the trend
test involves plotting the cumulative failure number against the cumulative time. If the curve
is concave upwards, the data indicate an improving system, and if it is concave downwards,
the data indicate a deteriorating system. If one obtains a curve that is approximately a straight
line, then the data are identically distributed and are free from trends. The data sets can also
be analyzed for the presence of trends by using the test suggested in MIL-HDBK-189 by calculating the test statistic as follows [9, 10]:
n −1 T
U = 2 ∑ ln n
(1)
Ti
i =1

where the data are failure-truncated at the nth failure at time Tn.
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Under the null hypothesis of a homogeneous Poisson process, the test statistic U is chisquared distributed with a 2(n-1) degree of freedom.
2.3.2. Serial correlation test.
The serial correlation test can be performed graphically in a simple way by plotting the ith t
TBF/TTR against (i-1) th TBF/TTR for i = 1, 2... n [9,10]. If the points are normally scattered
without any clear pattern, it can be interpreted that the data are free from serial correlation; in
other words, if the data are dependent or correlated, the points should lie along a line.

2.4. Best-fit distribution

Two methods are classically encountered for the validation of the models: the chi-squared test
and the Kolmogorov–Smirnov test [11]. The chi-squared test is applied to samples of a size
greater than 50 values. It is based on the definition of classes and on the difference between
the number of values contained in each theoretical and empirical class. The initial arranged
sample is divided into k intervals in such a way that each one of them contains at least five
values. The function of the theoretical distribution is then split identically. The statistic of chisquared based on the difference between the number of Fi theoretical values and the number
of fi empirical values of each class i is calculated by the expression:
k

E=

∑
i =1

( f i − Fi ) 2
Fi

(2)

E is then compared to the table of chi-squared at (k − 1) − ρ degrees of freedom, ρ corresponding to the number of estimated parameters of the law. If E is greater than chi-squared,
the theoretical law is not acceptable to the degree of corresponding confidence. This test tends
to be precise enough in the case of homogeneous laws. In the case of much dispersed laws,
the test is very sensitive to the distribution of values in the class. It is then preferable to use
another test.
The Kolmogorov–Smirnov test is less restrictive. The size of the sample has no lower limit.
The difference between the theoretical and the empirical law is calculated point by point. The
function of the empirical distribution is calculated by the method of median ranks according
to the formula:
F * (t i ) =

where

∑c

i

∑ ci

N +1

(3)

is the number of failures accumulated at time ti. The F(ti) theoretical values are

calculated for each time ti. The maximum absolute value of the difference between each empirical and theoretical value (DN) is compared to the table value of DN, corresponding to the
α risk. The theoretical hypothesis is rejected if:
DN = Max( F * (t i ) − F (t i )) > DN , α
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(4)

Data acquisition

Components’ failure
frequency analysis

• Data collection
• Data sorting
• Data classification
• Pareto chart statistics
• Stop and no action if the frequency is very low

Trend test and
Serial correlation
Yes

Do the data have a trend?
No
Yes

Do the data have a correlation?

NHPP (PLP)

No
Best-fit distribution

Data are iid

•
•
•
•

Reliability importance measure
Interval inspection
Identify critical subsystem
Availability analysis

Reliability and Maintainability analysis

Figure 1. Reliability analysis process of a repairable system
(Adapted from Ascher and Feingold, 1984)

2.5. Non-homogeneous Poisson Process (NHPP)

If a trend has been shown to exist, the data are not identically distributed and therefore a nonstationary model must be fitted [9,10]. The approach for fitting an NHPP to non-stationary
data is very different than the techniques involved in fitting a distribution function to iid. The
one functional form which has been most commonly applied to repairable systems is the
NHPP model based on the power law process. For this case, the intensity function is given by
[12]:

⎛β ⎞ ⎛ t ⎞
λ(t ) = ⎜⎜ ⎟⎟ × ⎜⎜ ⎟⎟
⎝ η ⎠ ⎝η ⎠

η=

tn
1

( β −1)

(5)
n

,

n β

β = n / ∑ Ln(t n / ti )

(6)

i =1

where β = the shape parameter, η = the scale parameter, n = the number of failure events, tn
= the total running time, ti = the running time at the occurrence of failure number, and i = 1, 2,
3...n.
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2.6.Reliability importance measures

The component criticality measure is an index of how much or how little an individual component contributes to the overall system reliability [13]. The reliability importance of a component can be determined based on the failure characteristics of the component and its positioning the system. The reliability importance of a component is a function of time. It is useful
to obtain the reliability importance value of each component in the system prior to investing
resources toward improving specific components. This is carried out to determine where to
focus resources in order to achieve the greatest benefit from the improvement effort. If the
reliability of the system needs to be improved, then efforts should first be concentrated on improving the reliability of the component that has the largest effect on reliability [13]. The reliability importance, I, of component i in a system of n components is given by:
I (i ) =

•

∂R s (t )
∂Ri (t )

(7)

RS(t) is the system reliability, and Ri (t) is the component reliability.

3. Case study

Here we present a case study describing the reliability analysis of crushing plants at Jajarm
Bauxite Mine in Iran. The methodology, which can be followed for the reliability and maintainability analysis of a repairable system, comprises:
•
•
•
•
•
•

understanding the system and the identification and coding of the subsystems and the
faults therein,
the collection, sorting and classification of the TBF and TTR data for each subsystem
and fault,
data analysis for verification of the assumption of independent and identically distributed of the TBF and TTR,
fitting the TBF and TTR data for the subsystems and faults with a theoretical probability distribution,
the estimation of the reliability and maintainability parameters of each subsystem with
a best-fit distribution,
the identification of critical subsystems and faults and the formulation of a better
maintenance policy to improve reliability.

A system consists of a number of components or subsystems connected to each other logically
either in series or in parallel in most cases. The reliability of the system depends on the reliability of its subsystems and on the configuration of the system. Before analyzing the failure
data, it is better to classify the overall system into subsystems so that the failures can be categorized. The classification used for the reliability analysis of the crushing plant is presented in
Table 1.
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Table 1. Subsystems of the crushing plant and their code
No
1
2
3
4
5
6

Subsystem
Feeder Subsystem
Conveyer Subsystem
Primary Crusher Subsystem
Secondary Crusher Subsystem
Primary Screen Subsystem
Secondary Screen Subsystem

Code
FECS
COCS
PCRCS
SCRCS
PSCCS
SSCCS

4.1. Data collection & data evaluation

The data used in recent studies have been collected over a period of 1 year by using daily reports and maintenance reports. The Time between Failure (TBF) data and Time to Repair
(TTR) data of the crushing plant and its subsystems are arranged in chronological order for
the use of statistical analysis to determine the trend of failure.
4.1.1. Pareto chart of data
The failure frequency of each unit was assessed using a Pareto chart. The Pareto chart (Figure
2) resulted from an analysis of the high ranking parts and the occurrence rate of failure, and
indicates the number of failure occurrences for each part of the total failure occurrence. The
most frequent failure occurrence occurs in the conveyer (28.8%), secondary screen (18.6%),
and primary crusher (16.7%). The failure frequency of all the subsystems is high and must be
analyzed.

Frequency

75
60
45
30
15
0
COCS

SSCCS

PCRCS

FECS

SCRCS

PSCCS

Figure 2. Failure characteristics of crushing plant shown by a Pareto chart.
4.1.2. Trend test and serial correlation
The next step after the collection, sorting and classification of the data is the validation of the
independent and identically distributed (iid) nature of the TBF and TTR data of each subsystem of the crushing plant. The computed values of the test statistic for the different subsystem
failures and repairs data are given in Table 2. It is found that the null hypothesis is not rejected at a 5% level of significance in most of the subsystems. The same results were obtained
by using the graphical method. In the serial correlation test, the points are randomly scattered
in the case of the crushing plant’s subsystems, which exhibited no correlation. The results
from the trend test and the test for serial correlation show that the data sets of all the subsystems, except the TBF data of the PSCCS and SSCCR, are free from the presence of trends and
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serial correlation. Thus, the assumption that the data sets are independent and identically distributed in time is not contradicted for those subsystems.
Table 2. Computed value of the test statistic U for TBF and TTR
Subsystem

Data set

PCRCS

TBF
TTR
TBF
TTR
TBF
TTR
TBF
TTR
TBF
TTR
TBF
TTR

SCRCS
PSCCS
SSCCS
COCS
FECS

Degree of
freedom
84
84
58
58
56
54
98
96
142
142
70
68

Calculated
statistic U
78,99
66,84
46,9
68,12
35,29
46,43
45,52
82,64
116,3
119,88
53,12
58,23

Rejection of null hypothesis at
5% level of significance
Not rejected ( > 63,88 )
Not rejected ( > 63,88 )
Not rejected ( > 41,496 )
Not rejected ( > 41,496 )
Rejected ( < 39,96 )
Not rejected ( > 38,12 )
Rejected ( < 76,17 )
Not rejected ( > 74,4 )
Not rejected ( > 115,87 )
Not rejected ( > 115,87 )
Not rejected ( > 51,739 )
Not rejected ( > 50,023 )

4.2. Data analysis
4.2.1. Analysis of trend-free data
The trend-free data are further analyzed to determine the accurate characteristic of the failure
time distributions of the crushing plant subsystems for estimating the reliability. The idealized
probability distributions are commonly used to describe the time-between-failure data set for
crushing plants. Different types of statistical distributions are examined and their parameters
are estimated by using ReliaSoft’s Weibull++ 6 software. The software fits several distribution models based on the data, using a number of different methods. The user can then choose
a preferred model, or accept the model recommended by the software. The results for TTF
and TTR are shown in Table 3 and 4.
4.2.2. Analysis of data with a trend
The TBF data set for the PSCCS and SSCCS of the crushing plant exhibits the presence of
trends in the trend test, so that the assumption of independent and identically distributed (iid)
failures is not valid for the above cases. These subsystems should be analyzed by a nonstationary model such as the non-homogeneous Poisson process (NHPP). In this study, the
NHPP model based on the power law process is used for reliability modeling of the PSCCS
and SSCCS of the crushing plant. The above parameters for the PSCCS and SSCCS of the
crushing plant are estimated from failure data and shown in Table 3.
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Table 3. Best-fit distribution for TBF data sets
Subsystem

K-S test D DMax
Exponential
2 Parameter

Lognormal

Normal

Weibull 2
parameter

Weibull 3
parameter

PCRCS

0,4631

0,312

0,4695

0,4536

0,2240

SCRCS

0,0856

0,0589

0,257

0,0896

0,0079

Best-Fit
Weibull 3
parameter
Weibull 3
parameter

Parameters
Beta= 1,34;
Eta = 78,61
Gamma=3,8725
Beta= 1,115; Eta = 78,9647
Gamma=8,9312

PSCCS

No iid – NHPP- Power law process

Beta= 1,6435; Eta = 254,25

SSCCS

No iid – NHPP- Power law process

Beta= 2,197;

COCS
FECS

0,910
9,99E-13

0,084
6,4E-10

0,9743
0,0007

0,6708
6,64E-005

Eta = 333,558

0,1695

Lognormal

LMean= 3.,82: LStd = 0,841

5,88E-011

Exponential
2 Parameter

Lambda=0,0057; Gamma= 24,80

Table 4. Best-fit distribution for TTR data sets
K-S test DMax

Subsystem

Exponential
2 Parameter

PCRCS
SCRCS
PSCCS
SSCCS
COCS
FECS

0,995
0,9995
0,194
0,9209
0,9999
0,0613

Lognor0,585
0,0083
0,4944
0,1698
0,8552
0,1641

Normal

Weibull 2
parameter

Best-Fit

0,997
0,9767
0,1507
0,9978
0,9999
0,874

0,94
0,2328
0,1179
0,8005
0,9933
0,727

Lognormal
Lognormal
Weibull 2 parameter
Lognormal
Lognormal
Exponential 2Parameter

Parameters
LMean=0,4638; LStd=0,922
LMean=0,720; LStd = 1,515
Beta= 1,4998;
Eta = 1,5843
LMean=0,10 ;
LStd = 1,021
LMean=0,154; LStd =1,1157
Lambda=1,039; Gamma=0,159

4.3. Crushing plant reliability estimation

The crushing plant was assumed to comprise six clearly identifiable subsystems for the purposes of reliability analysis. All of these subsystems are functionally arranged in a series configuration, which means that the crushing plant is in a working condition only when all the
subsystems are working satisfactorily. The reliability of each crushing plant, as a whole, can
be calculated as:
6

Rs (t ) = ∏ Ri

(8)

i =1

where Ri is the reliability of the different subsystems [1]. The theoretical reliabilities for all six
subsystems at the end of different time intervals were computed with parameters of the best-fit
distribution with the aid of ReliaSoft’s Weibull ++ 6 software package. Then the reliability of
the crushing plant and its subsystems was calculated and tabulated in Table 5. From Table 5, it
is seen that the crushing plant and subsystem reliability decreases as the mission time increases. Moreover, it is seen that there is only a 0,61 probability that the crushing plant will
not fail for 10 hours of operation, or that there is an 85% chance that the conveyer system of
the crushing plant will not fail for 10 hours of operation.

73

Table 5. Reliability of crushing plant at the end of different time intervals
Time

PCRCS

SCRCS

PSCCS

SSCCS

COCS

OTCR

Total

0
10
20
30
40
50
60
70

1,000
0,952
0,842
0,739
0,646
0,563
0,489
0,424

1,000
0,991
0,868
0,760
0,666
0,583
0,510
0,447

1,000
0,921
0,803
0,687
0,583
0,493
0,416
0,351

1,000
0,817
0,582
0,444
0,357
0,298
0,255
0,223

1,000
0,852
0,588
0,397
0,274
0,193
0,139
0,102

1,000
1,000
1,000
0,971
0,917
0,865
0,817
0,772

1,000
0,605
0,207
0,069
0,024
0,009
0,003
0,001

Figure 3 shows the reliability importance of the crushing plant’s subsystems, as calculated on
the basis of equation 7. It is found that the conveyer subsystem and the secondary screen subsystem are most critical. If the reliability of the system needs to be improved, then efforts
should first be concentrated on improving the reliability of the conveyer subsystem and the
secondary screen subsystem, because those have the largest effect on reliability.
1,0

PCRCS
SCRCS
PSCCS
SSCCS
COCS
OTCR

0,8
0,6
0,4
0,2
0,0
0

10

20

30
40
Cum. Time

50

60

70

Figure 3. Reliability importance plot of all subsystems
The total number of failures and breakdown hours and the availability of the crushing plant’s
subsystems are calculated and tabulated in Table 6, which shows that the availability of the
secondary crusher subsystem and conveyer subsystem is less than that of the other subsystems
and is critical. If the availability of the system needs to be improved, then efforts should first
be concentrated on improving the availability of the secondary crusher subsystem and conveyer subsystem.
Table 6. Availability of crushing plant subsystems
Subsystem
PCRCS
SCRCS
PSCCS
SSCCS
COCS
FECS

Frequency
43
30
28
49
72
35

Cum. TTR
109,45
190,95
40,27
92,63
160,21
38,36
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Availability
0,947
0,912
0,980
0,955
0,925
0,981

The approach of scheduling maintenance is based on the concept that every item of equipment
has an age at which maintenance is required to ensure safety and operating reliability. A reliability approach to maintenance differs in that it uses probabilistic concepts. In a probabilistic
approach a statistical method is employed to fit a theoretical distribution to the failure data.
The probability distribution model is then used to predict the failure behavior of the components and to find the preventive maintenance interval that will achieve the desired level of operational reliability of the system. The maintenance intervals that would achieve different reliability levels in operation were calculated by finding the working hours after which the expected probability of the failure of a subsystem or of the occurrence of a fault was (1-R) percent by using the best-fit distribution for the combined TBF data. This was accomplished with
the aid of ReliaSoft’s Weibull++ 6 software by calculating the values of working hours below
which the area of failure in the probability distribution is equal to R. The time intervals for different levels of reliability, e.g. 0,90, 0,75 and 0,50, are tabulated in Table 7. Thus, to achieve
90% reliability (R = 0,90) for the SCRCS of the crushing plant, maintenance must be carried
out before 19,4 hours, because after the machine has run for 19,4 hours without failure there is
only a 0,9 probability that it will not fail. The reliability-based time interval was calculated on
the basis of the operating characteristics of the crushing plant only, as cost data were not available.
Table 7. Reliability-based preventive maintenance time interval
Subsystem
PCRCS
SCRCS
PSCCS
SSCCS
COCS
FECS

Reliability-based maintenance
intervals for different reliability levels, h
0,9
0,75
0,5
18,5
34,9
63,7
19,4
34,8
67,8
16,20
44,23
106,56
15,56
42,50
102,4
8,2
13,7
24,1
43,2
74,9
145,6

The maintenance intervals for the different reliability levels listed in Table 7 may be used for
inspection, repair, servicing, condition monitoring or replacement, depending on the safety
implications, cost–benefit considerations and nature of the fault. For a reliability level of 90%,
however, the maintenance interval estimated for each subsystem and some critical faults is too
short for practical implementation. Therefore, the maintenance interval advocated for a 75%
reliability level may be adopted initially and then, after observation of the benefits obtained in
terms of cost, safety and operational effectiveness of the machine, may be adjusted for a
higher value of reliability.
4. Conclusions

Reliability studies should be an integral part of mine engineering management for the effective
utilization of production. To improve the reliability of mining machines, the most important
measures requiring immediate attention are to grasp and remove the factors causing problems
in all steps of the life cycle, such as planning, design, construction, and maintenance, and to
evaluate quantitatively the reliability model based on the failure history data. The case study
shows that the conveyer system is critical from a reliability point of view and the secondary
crusher subsystem is critical from an availability point of view. If the system needs to be im-
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proved, then efforts should first be concentrated on improving the reliability of the conveyer
subsystem (which has the largest effect on the reliability of the system) and improving the
availability of the secondary crusher subsystem (which has the largest effect on the availability
of the system). The study shows that reliability analysis is very useful for deciding maintenance intervals. It is also useful for planning and organizing maintenance.
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ABSTRACT
Maintenance represents a significant proportion of the overall operating costs in the mining industry. The optimal maintenance
scheduling can reduce the cost of maintenance and extend equipment lifetime. Since the cost of maintenance is very high, therefore,
mining industry need to reduce maintenance cost reasonably meanwhile keeping system reliability and availability high. Despite the
large cost of maintenance, mine management has only given passing attention to the optimization of the maintenance process. Performance of a mine production system depends on reliability and effectiveness of maintenance strategy of the equipment. An unplanned failure can result in significantly higher repair costs than a planned maintenance or repair. Of even more important is the loss
of production associated with larger equipment failures. This paper is divided into two parts. First part introduces a methodology for
optimal maintenance scheduling using reliability analysis and maintenance data analysis, in the form of time between failure and
time to repair distributions. In the second part we present a case study from Jajarm bauxite mine of Iran to illustrate the effectiveness
of the maintenance scheduling model.
Key words: Maintenance, reliability analysis, maintainability, mine.
about equipment strategies. In practice, there is one factor,
often overlooked, that has a significant impact on equipment
performance and that is Equipment Reliability. A focus on
reliability is critical to improve the Short-Interval Scheduling,
and improving equipment performance. Figure 1 indicates the
different timeframes with which operations and maintenance
are planned and scheduled. In the longer term, life of mine
plans help to determine the quantity and type of equipment
required for achievement of that plan (and vice versa), and
thereby maximizing equipment availability and utilization. In
the medium term, Operations plans interface with the maintenance plan in order to maximize equipment availability and
utilization by:

1. INTRODUCTION
The probability of equipment failure is influenced by engineering design and operating condition. The performance
level resulting from this operating environment is expressed
as inherent reliability. Without maintenance intervention,
equipment will ultimately fail to perform its intended function and become less reliable. Therefore, maintenance must
be managed as the supplier of reliable operational capacity of
system. The productivity of the unit of mine is dependent on
the control of equipment’s operational reliability. It is also an
economic factor that influences on the economic life time of
machines, on the number of stand by units, and on the number of operation and maintenance personal need for them, in
other words on capital and operation costs. There is a need
for a method to measure the effectiveness and the weaknesses
of maintenance operation in order to focus the development
of maintenance activities towards the enhancement of the
business. Influences of maintenance on profit can be:

•
•
•

•
•
•
•

Through the maintenance cost
Through the down time losses of production caused by
machinery
Through the need of capital ( stand-by and tied-up capital)

Traditionally, Mining organizations have focused on the key
measures of Plant Availability and Utilization to measure
equipment performance. It was demonstrate that these measures alone are insufficient to make the informed decisions

The

main objectives of this paper are:

•

To identify the reliability, availability, and maintainability characteristics of system.
To develop a maintenance strategy based on reliability
analysis

•
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Adjusting the planned maintenance start times due to
changes in production schedules or shipping schedules.
Taking advantage of the maintenance windows as they
become available.
Ensuring that preventive maintenance on critical equipment is carried out.
Ensuring that equipment is available for maintenance
when planned.
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Javad Barabady, Uday Kumar

Figure1. Timeframes of Maintenance and Operations Planning [Sandy, 1997]
particular environment (Leitch 1995). Reliability for given
mining equipment can be expressed in term of Mean time
between failures. For determination of the probability density
function in this study, the Weibull distribution was chosen,
due to its flexibility in representing components with constant, increasing and decreasing failure rates. The Weibull
distribution is one of the most commonly used distributions
in reliability engineering because of the many shapes that it
attains for various values of β . It can therefore model a great
variety of data and life characteristics. The 2-parameter
Weibull probability density function is given by:

NOTATION
f (T) ;

Probability density function (p.d.f)
Scale parameter
β ; Shape parameter
T;
Operation time
t,
Repair time
R(T); Reliability function
A(s) ; System availability
λ (T ) ;
Failure rate function
η;

M (t ) ;
μ (t ) ;

Maintainability function

Repair rate function
MTBF;
Mean time between failures
MTTR;
Mean time to repair
ECC; Expected cost of corrective maintenance
ECP; Expected cost of preventive maintenance
ECI ; Expected cost of inspection
ECFi ; Expected cost of failure in preventive maintenance
strategy
C i ; Cost of an inspection
Cc ; Cost of consequence of a Failure
Cr ; Cost of repair after a failure
Cp.m ;
Cost of restoration (of item’s resistance to failure)
Pf; Probability of failure during one interval
Pp ; Probability of inspection will catch potential failure
probability of inspection will falsely indicate poPe;
tential failure
I MTBF ,i ; Availability importance measure of component i

f (T ) =
Where,

β
η

⎛T ⎞
× ⎜⎜ ⎟⎟
⎝η ⎠

β −1

×e

⎛T
−⎜⎜
⎝η

⎞
⎟⎟
⎠

β

(1)

f (T ) ≥ 0 , T ≥ 0 , β > 0, η > 0

The Weibull reliability function is given by:

R (T ) = e

⎛T
− ⎜⎜
⎝η

⎞
⎟⎟
⎠

β

(2)

The Weibull failure rate function is given by:

λ (T ) =
•
•

based on MTBF
I MTTR ,i ; Availability importance measure of component i

based on MTTR

•

2. RELIABILITY

β
η

⎛T ⎞
⎜⎜ ⎟⎟
⎝η ⎠

β −1

(3)

For 0 < β < 1, the failure rate decreases with time,
For β = 1, it becomes the exponential distribution, as a
special case, and the failure rate is constant,
For β >1 the Weibull assumes wear-out type shapes i.e.
the failure rate increases with time.

The failure rate of system is high in the beginning of the operation period, then decreases to a constant value and then as
a final step, increases again. A most generalized curve for
the failures rates of components over time is the bathtub
curve (Figure 2). The downward curve on the left depicts a

The reliability is a technical characteristic of the system,
depends on the ability of the technical solution to keep the
system in operative state depicts that some fault has occurred.
The reliability of a product is the measure of its ability to
perform its function, when required, for a specified time in a
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typical relatively high failure rate during the early part of any
equipment life cycle. Early life cycle problems are often due
to failures in design, incorrect installation, operation by
poorly trained operators, etc. This period is often referred to
as the ‘burn-in’ phase. The next stage of the cycle is called
the ‘useful life’ phase of the system and it is often characterized by a constant failure rate. The third stage of the system
life cycle is characterized by the ‘wear out’ phase where the
failure rate typically increases and, in turn, there is an increasing need for more service and maintenance. Generally,
most engineered items exhibit a definite wear-out pattern, i.e.
they mostly fail around some mean operating age although a
few fail sooner and a few later. So, it is practical to say that
when running a system more maintenance and resources are
needed in the phase1 and phases 3 of life but the phase 2
comparatively less maintenance and resources are required.

μ (t ) =

(6)

Maintenance can be defined as the activity required to keep
the equipment in operating condition, continuing to have its
original productive capacity. How can we do the level of
service needed on a particular piece of equipment? What
should be done during a maintenance activity? When is the
best time to perform the maintenance? How often should
maintenance be done on a piece of equipment? These are the
questions that are continually being asked by maintenance
professionals.
Maintenance represents a significant proportion of the overall
operating costs in the mining industry. Despite the large cost
of maintenance, mine management has only given passing
attention to the optimization of the maintenance process. The
focus has remained on the optimization of mine planning and
operations where all the low hanging fruit was picked years
ago. Recent initiatives in the field of equipment maintenance
have been in the area of remote condition monitoring. In
order for an advanced maintenance technology to succeed it
must have a strong philosophical basis and the supporting
hardware and software infrastructure. Maintenance is the
largest controllable cost in the mining industry and it related
costs account for approximately 30 to 50 percent of direct
mining costs (Lewis 2001). A significant amount of energy
has been spent analyzing and optimizing key processes
throughout the mine. However, very little attention has been
focused towards the optimization of the maintenance process.
Significant cost reductions and improvements in equipment
reliability and performance will be achieved through the implementation of rationalized proactive maintenance approaches. By doing small changes in the maintenance strategy, the asset life length might be expended with a large return on investment.

When a piece of equipment has failed it is important to get it
back into an operating condition as soon as possible, this is
known as maintainability. The maintainability of a system is
defined as the probability that it can be retained in or restored
to a specified condition within a given time. The purpose of
maintainability engineering is to increase the efficiency and
safety and reduce the cost of equipment maintenance, when
maintenance is performed under given conditions and using
stated procedures and resources. Maintainability is defined
as the probability of performing a successful repair action
within a given time. In other words, maintainability measures
the ease and speed with which a system can be restored to
operational status after a failure occurs. For example, if it is
said that a particular component has 90% maintainability in
one hour, this means that there is a 90% probability that the
component will be repaired within an hour. In maintainability, the random variable is time-to-repair, in the same manner
as time-to-failure is the random variable in reliability. Consider the maintainability equation for a system in which the
repair times follows the weibull distribution, its maintainability M (t) is given by:

5. MAINTENANCE STRATEGY
Maintenance activity must be guided by a maintenance strategy, which maybe divided into Design-out Maintenance,
Preventive Maintenance and Corrective Maintenance (see
Figure 3 for an illustration of the different maintenance
strategies). Design-out Maintenance aims at changing the
design of the product or system, in order to eliminate, or
reduce, the need for maintenance during the life cycle. However, Design-out Maintenance is not appropriate strategy for
the mining equipment with its large infrastructural assets.
Preventive maintenance may be seen as the maintenance
carried out at predetermined interval or according to prescribed criteria, intended to reduce the probability of failure
or the degradation of the functioning of an item. This means
that maintenance is performed before a failure is developed.
The preventive maintenance can be divided into time-based
preventive maintenance and condition-based maintenance.

β

(4)

While the mean time to repair (MTTR) is given by:

⎛1
⎞
MTTR = η × Γ⎜⎜ + 1⎟⎟
⎝β
⎠

β −1

4. MAINTENANCE

3. MAINTAINABILITY

M (t )

β ⎛t⎞
×⎜ ⎟
η ⎜⎝ η ⎟⎠

To calculate the maintainability or Mean Time to Repair
(MTTR) of an item, the time required to perform each anticipated repair task is multiplied by the relative frequency with
which that task is performed (e.g. number of times per year).
MTTR data supplied by manufacturers purely repair time
which assume the fault is correctly identified and the required
spares and personnel are available. The MTTR to the user
include the logistic delay also include factors such as the skill
of the maintenance engineers.

Figure 2. Bathtub curve of a system

⎛t⎞
−⎜⎜ ⎟⎟
η
= 1− e ⎝ ⎠
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(5)

And the Weibull repair rate is given by:
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•
•
•

The time-based preventive maintenance is mainly applied to
the non-repairable items which have a life distribution and its
research and theory are established as a maintenance policy
by Barrow (Barlow 1965). The condition-based preventive
maintenance, also called prediction maintenance, is applied
to the items where failure happens accidentally. It is necessary to present the optimal inspection period as a preventive
maintenance policy to improve the reliability of facilities
utilizing mean time between failures based on reliability statistical information. Condition monitoring has the potential to
identify problems prior to failure. Early detection of equipment degradation will enable repairs to be scheduled thereby
reducing costs and interruptions to production.
Corrective maintenance is the maintenance carried out after
fault recognition, intended to bring back an item into a state
in which it can perform a required function. This means that
maintenance is performed after the fault of an item has been
detected, in order to restore the item.

•

It is possible to define a clear potential failure condition.
The P–F interval is fairly consistent.
It is practical to monitor the item at interval less than the
P-F interval.
The net P–F interval is long enough to prevent or avoid
the consequences of the functional failure.

Figure 4. P-F curve (Moubray, 1997)
Maintenance Strategy

Corrective
Maintenance

Preventive
Maintenance

Design-out
Maintenace
Condition
Monitoring

Run-To-Failure
(Break down
Maintenance)

Many mining organizations are beginning to focus less on the
traditional measures of equipment performance, availability
and utilization, and are starting structured programs to address reliability issues. Maintenance Planning is the process
of acquiring a system commencing with the identification of
a need and involving the research, modification and evaluation activities. Poor reliability has a far greater impact on
operating efficiency, and therefore unit operating costs, than
it does on the traditional measures of availability and utilization.

Condition-Based Maintenance

(Predictive Maintenance)

•
Inspection

•

Time-Based Maintenance
(Systematic Maintenance)

Schadual
Overhaul

Schadual
Replacement

•
•

Rutine
Asset Care

•

Figure3. Different maintenance strategies

•
The point in the failure process at which it is possible to detect that the failure is occurring or about to occur is known as
potential failure. The general process of occurring of failures
is illustrated in Figure 4 (Moubray 1997). It is called the P–F
curve because it shows how a failure starts, deteriorates to the
point at which it can be detected (the potential failure point
‘P’) and then if it is not detected and corrected, continues to
deteriorate usually at a accelerating rate until it reaches the
point of functional failure (‘F’). If a potential failure is detected between the point P and the point F, there are two
possibilities namely, to prevent the functional failure and to
avoid the consequences of the failure. On-condition maintenance is defined as checking items for potential failures so
that action can be taken to prevent or avoid the consequences
of the functional failure. On-condition tasks are so called
because the items which are inspected are left in service on
the condition that they continue to meet specified performance standards. The frequency of on-conditional tasks must
be less than the P–F interval. On-condition tasks are technically feasible if:

The cost of poor reliability is, for the most part, hidden
to most mining operations today.
When measured, the true cost of poor reliability in most
mining operations is very significant.
Poor reliability also has an adverse impact on our ability
to provide accurate short term forecasts for equipment
operating hours.
Equipment services being performed unnecessarily
early, with resulting increases in maintenance costs and
downtime, or
Equipment services being performed late, leading to the
risk of in-service failures and reduced equipment life, or
Equipment services being performed at short notice, in
an unplanned manner, increasing the downtime associated with these services.

A detailed decision diagram is proposed in figure 5. Figure 5
shows the maintenance selection method for a component or
subsystem based on reliability characteristics. The first step
for selection of better maintenance plan for each component
or subsystem is to find the failure rate of it’s based on available data from the maintenance reports, failure observation ,
daily report, and etc, because the judgment for each type of
maintenance strategy depends on the situation of component
in bathtub curve. Fixed Time Maintenance (F.T.M) is used
when the failure rate is constant, in the wiebull distribution of
MTBF case it means β =1. Preventive maintenance is used
when the failure rate is increased and the Expected Cost of
Preventive Maintenance (ECP) is less than the Expected Cost
of Corrective Maintenance (ECC). Component Failure Frequency is showed the items that seriously affect the failure
among the components of the mining machine by using the
Pareto chart.
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6. CASE STUDY
Data Collection
Reliability

Crushing plants are used to reduce the size of ore in mineral
processing plant. A schematic diagram of a crushing plant in
Jajarm bauxite mine is shown in figure 7. The ore is hauling
to crushing plant by truck from the mine. In first step the ore
is moving to a primary screen with two levels and are divided
into three parts i) less than 20 mm ii) between 20 mm and 10
cm iii) more than 10 cm. The ore with the Size more than 10
cm is going to primary crushing subsystem, which consist of
two jaw crushers. The output of this phase plus the part ii (
between 20 mm to 10 cm) are divided into two parts a) less
than 20 mm b) more than 20 mm by secondary screen. In this
stage the size more than 20 mm is moving to secondary
crusher (cone crusher) which is working in closed circuit
with secondary screen. The ore with size less than 20 mm is
going to the end of process which is out of both the primary
and secondary screens.

Availability
Components
failure frequency

Is β =1
Yes

No

F.T.M

Optimization
of Availability

Equipment

Is β <1
Yes

No

C. M

Is ECP more
than ECC?

Yes

C.B.M

T.B.M

Availability
Importance
Measures

Yes

No
Is it possible to use a suitable condition monitoring that is cost effective
to implement and operate?

P. M

Figure 5. Conceptual model for maintenance decision based
on reliability characteristics of Weibull distribution
In the proposed methodology, availability is influenced by
the equipment reliability and the maintenance process. The
different considered times in the calculation of availability
are given in Figure 6. The fault must be detected; this is not
always as simple as it looks. The cause of fault must be diagnosed before action. The replacement must be handled or the
repair must be well done. At least there must be a check on
the function after the measure (Myrefelt, 2004).
Figure 7. Schematic diagram of crushing plant
Assumptions for the calculation of reliability and availability
in this case study are:

Figure 6. The different state associated with failure occurrence. The timescale is not real

1.
2.
3.

MTD: Mean detection time
MDMT:Mean decision making time is the time for diagnosing the fault, deciding which measure to take and the initiating the repair.
MFTT: Mean function test time

4.
5.
6.
7.

According to IEV 191-02-05, 2005 availability is the ability
of an item to be in a state to perform a required function under given condition at a given instant of time or over a given
time interval, assuming that the required external resources
are provided. It can be calculated by equation 7.

A=

Uptime
Uptime + Downtime

We have been divided the crushing plant into some subsystem such as primary screen, primary crusher, conveyer, secondary crusher and secondary screen, etc. Earlier, a preliminary study of the reliability characteristics of a crushing plant
at Jajarm bauxite mine shows that the conveyer subsystem
and secondary screen subsystem are the two most critical
subsystems. In this part, we have selected the conveyer subsystem and secondary screen subsystem for improvement
maintenance by using reliability analysis. The discussion and
the results are based on the analysis of the time between failure and the time to repair of both subsystems for a period of
one year. Based on the analysis, maintenance policies are
also suggested. The results using the model to evaluate the
data collected in this case study are discussed under following quantitative for both subsystem:

(7)

Operational availability can be calculated by equation 8.

A=

MTBF
MTBF + MeanDownTime

The system is repairable
The system is subjected to repair and maintenance.
The weibull distribution is used for time between failure
and time to repair.
The studied function is assumed to be independent
The mean time to repair is also included MTD, MTDE,
and MFTT.
The repaired components are as good as new.
The system can be in working state but not functioning.

(8)
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1. the reliability
2. the maintainability
3. the availability
4. the maintenance strategy
The data collected in this study were mostly based on maintenance reports and daily reports. The time between failure
data and time to repair for period of one year were sorted and
analysed.
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Table 2. Parameters of Weibull distribution for TTR
Subsystem
Conveyer
Screen

Weibull Parameter
η
β
1,2458
1,5238
1,3783
1,1178

MTTR

Availability

1,42
1,02

0,915
0,958

6.1. THE RELIABILITY OF BOTH
SUBSYSTEMS
Table 1 shows the result of the reliability assessment, which
estimated the parameter of failure time distribution by using
ReliaSoft’s Weibull++ 6 software. Table 1 includes failure
occurrence trends for the conveyer and screen subsystem of
the crushing plant. In Weibull analysis, the failure rate for
both screen and conveyer subsystem of the crushing plant
give a shape parameter more than one indicating increasing
failure rate due to aging process. (See figure 8 also). The
MTBF of secondary screen system is more than the conveyer
system.
Table 1. Parameters of Weibull distribution for TBF
Subsystem
Conveyer
Screen

Weibull Parameter
η
β
1,19
16,17
1,54
23,83

MTBF
15,25
21,44

Figure 9. The reliability as a function of the operational
time for both subsystems

Figure 9 shows the reliability of the conveyer subsystem and
the secondary screen subsystem with time. The reliability of
the secondary screen subsystem is more than conveyer subsystem for different operation time.

The maintainability of both subsystems is shown in figure 10.
With a repair time of 1 hour, the maintainability of the secondary screen subsystem and conveyer system are 58% and
45% respectively which means there is 45% probability that
the conveyer subsystem and 58 % probability that the screen
subsystem will be repaired within 1 hour. Base on figure 9,
the maintainability of the secondary screen subsystem for all
level of time to repair is more than the conveyer subsystem.
The repair time depends not only on the technical systems but
also on the maintenance crew.

Maintainability

1
0,75
0,5
0,25

Screen
Conveyer

0
0

1

2

3

4

5

Time (hour)

Figure 10. Maintainability versus time of secondary screen
and conveyer subsystems

Figure 8. Failure rate of screen and conveyer subsystems

6.3. THE AVAILABILITY OF BOTH
SUBSYSTEMS

6.2. THE MAINTAINABILITY OF BOTH
SUBSYSTEMS

Operational availability of conveyer subsystem and secondary screen subsystem could be calculated by using equation
8. The availability of conveyer and secondary screen subsystem are 0,915 and 0,958 respectively. Availability of each
subsystem could be increased by reducing MTTR or by increasing MTBF. We define two availability importance
measures that can serve as guideline for decision making in
developing an availability improvement strategy. The first

Table 2, is the result of the maintainability analysis based on
weibull distribution for MTTR. In the case study as mentioned before, the repair time is the time from failed point to
start of the system again which means MTTR is included
MTD, MTDE, and MTBF. From the table 2, it is found that
the MTTR of conveyer system is more than the MTTR of
screen system.

84

Maintenance schedule by using reliability analysis: a case study

this decision include the cost of the inspections, timely and
untimely restoration of the equipment. For the expected cost
of failure must be added the Expected Cost of Inspection also
should, which is:

one is availability importance measure based on MTBF for
subsystem i ( I MTBF , i ) and other is availability importance
measure based on MTTR for component i ( I MTTR, i )

I MTBF =
I MTTF

∂A

∂MTBF
∂A
=
∂MTTR

Where:
•

(10)

•

∂As
MTTR
A
=
∂MTBF MTBF ( MTBF + MTTR )

(11)

∂As
−1
A
=
∂MTBR ( MTBF + MTTR )

(12)

I MTTR ,i =

Ci is the Cost of an Inspection,

C p.m is the Cost of Restoration (of item’s resis-

tance to failure),
•
Pe is the probability inspection will falsely indicate
potential failure.
Expected cost of preventive maintenance (ECP) could be
calculated by:

(

)

ECP = ECFi + C i + C p.m P f Pp + C p.m 1 − p f Pe

(16)

If the ECP is more than ECC, the corrective maintenance is
required for the component otherwise preventive maintenance is considered. The application of above method is very
easy for each type of failure and component in both subsystems of the crushing plant.
We could be define a critical level of reliability for both subsystems which means the subsystem must be work at least
with this level of reliability and based on the critical level of
reliability the interval inspection can be identified. Table 3
shows the interval inspection time for conveyer and screen
subsystems. From the table 3, for example the conveyer subsystem will be worked at least with 70 % of reliability if the
inspection of preventive maintenance carries out after 6.8
hours.

For secondary screen and conveyer subsystems of the crushing plant MTBF>MTTR, therefore I MTTR, i > I MTBF , i indicating that decreasing MTTR provides greater marginal benefit. However, the investment required to decrease the MTTR
may be much grater than that required to increase the MTBF.
Cost trade-off is essential for making final decision.

6.4. THE MAINTENANCE STRATEGY OF
BOTH SUBSYSTEMS
Based on figure 4 two requirements must be met in order to
the preventive maintenance of a component to be appropriate:
•
First, preventive maintenance makes sense when the
component gets worse with time. In other words, as the
component ages, it becomes more susceptible to failure
or is subject to wear out. In reliability terms, this means
that the component has an increasing failure rate.
•
The second requirement is that the cost of preventive
maintenance must be less than the cost of corrective
maintenance.

Table 3. Interval inspection time, based on the critical level
of reliability for both subsystems
Critical level of reliability
Time interval of inspection
(hour)

0,5
0,6
0,7
0,8
0,9

The failure rate for both secondary screen and conveyer subsystems of crushing plant give a shape parameter more than
one which means the failure rate will be increasing with time.
For the control of second condition the cost tread-off is essential.
If a component of each subsystem allowed to run to failure,
the expected cost of the corrective maintenance (ECF) over a
given time interval includes the cost of the consequence of
failure ( C c ) and cost of repair ( C r ) multiplied by the prob-

Conveyer
11,9
9,2
6,8
4,58
2,4

Screen
18,8
15,4
12,2
9
5,5

The inspection interval for the different reliability levels
listed in Table 3 may be used for inspection, repair, servicing,
condition monitoring or replacement depending on the safety
implications, cost–benefit considerations and nature of the
fault. For a reliability level of 90%, however, the maintenance interval estimated for both subsystems and some critical faults is too short for practical implementation. This is the
method to detect the fault, the symptoms of failure by inspection, and to operate the maintenance preventively if any fault
is detected.

ability of the failure occurring ( Pf ):

ECC = (C c + C r ) × Pf

(15)

ECI = Ci + C p.m Pf Pp + C p.m (1 − p f ) Pe

(9)

Equation 9 and 10 are showed which one of both MTBF and
MTTR have more effect on availability of whole system. For
an individual subsystem based on equation 9 and 10:

I MTBF ,i =

Javad Barabady, Uday Kumar

(13)

When regular inspections are conducted, the cost associated
with the ECC is change. Now, in addition to the above formula, the probability of the failure being detected ( Pp ) is

7. DISCUSSION AND CONCLUSIONS
Appropriate maintenance task selection and performance on
an appropriate interval of time is essential to an optimal
maintenance program. We have proposed in this paper a decision diagram for maintenance strategy (Figure 5). The construction of the proposed maintenance decision diagram is
based on the failure rate of system which indicates the appropriate data is essential. To optimize the maintenance process,
mines management must continue the shift from reactive to

incorporated. The expected cost of failure when preventive
maintenance (ECFi) strategy is applied could be calculated
by:
ECFi = (C c + C r ) × Pf × (1 − Pp )
(14)
In other words, ECFi = ECF * (Probability that inspection
will not detect the potential failure). Other costs considered in
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proactive maintenance approach. They must also continue to
introduce advanced technologies in order to identify problems prior to failure. In the case study, failure rates for both
subsystems are increased which means the system works in
wear out condition and fixed time maintenance is not appropriate. The maintenance time interval calculated for 70%
reliability is recommended for adoption at first, it can then be
adjusted after the benefits obtained in terms of cost, safety
and operational effectiveness of the machine have been observed.
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Abstract

Reliability and availability are important characteristics of a repairable system. Any improvement in the reliability and availability of a system is associated with the requirement of additional effort and cost. Therefore, it is essential to use methods or techniques for availability
allocation amongst various components/subsystems of a system with the minimum effort and
cost. Generally, the importance of components should be used during the design or evaluation
of systems to determine which components or subsystems have the greatest importance for the
availability of the system. With the assistance of importance measures one can identify the
components that merit additional research and development to improve their availabilities, so
that the greatest gain is achieved in the system availability. Those with high importance could
prove to be candidates for further improvements. In this paper a methodology consisting of
three steps and aimed at improving the availability of a repairable system is identified. The
concept of importance measures could be used to prioritize the components or subsystems for
the availability improvement process, and, therefore, some availability importance measures
based on the failure rate and repair rate are presented which can be used as a guideline for the
development and improvement strategy. Each component should be assigned a value between
0 and 1 and the component with a greater value will have a greater influence on the availability of the system. In this study the availability importance of a component is defined as a partial derivative of the system availability with respect to this component availability. Analyses
of these measures for a numerical example are performed and the results are presented.

1.

INTRODUCTION

One of the most important performance measures for repairable system designers and operators is system reliability and availability. Improvement of reliability and availability has been
the subject of a large volume of research and a great number of articles have been published in
this area. Availability and reliability are good evaluations of a system’s performance. Their
values depend on the system structure, as well as on the component availability and reliability.
These values decrease as the component ages increase; i.e. their serving times are influenced
by their interactions with each other, the applied maintenance policy and their environments
(Samrout et al, 2005). The main requirements for the operation of complex systems are usually
specified in terms of cost and availability and/or reliability, or equivalently in terms of mean
operating time and/or mean down-time under a cost constraint. These requirements have then
to be taken into consideration in the system design stage in order to determine the appropriate
reliability and availability of each of the system’s components (Elegbede and Adjallah, 2003).
In a simplistic sense there are some issues to be resolved during the development of an availability improvement or optimization process during design and operation, such as: i) where it
is best to attempt improvements in availability, and ii) how to effect improvements in availability when the areas which merit attention have been identified.
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Finding appropriate answers to these questions, however, can be quite difficult and the solutions to the many problems which result in loss of availability are frequently not obvious. The
main objectives of this study are: i) to identify a methodology for the availability improvement
process, ii) to define some availability importance measures in order to find the criticality of
each component or subsystem and identify an ordered list of candidates for the availability
improvement process.
In this study we assumed the following:
1. The system is composed of n s-independent components.
2. All the components have constant failure rates and repair rates.
3. All the components are repairable. The repair of components makes them as good as
new.
4. Each component and system has two states: working or failed.
5. The system is steady-state.
2. System Availability Definition

Availability is the probability that a system or component is performing its required function
at a given point in time or over a stated period of time when operated and maintained in a prescribed manner (Ebeling, 1997). Like reliability, availability is a probability. Consider a system (device) which can be in one of two states, namely ‘up (on)’ and ‘down (off)’. By ‘up’ it
is meant that the system is still functioning and by ‘down’ it is meant that that the system is
not functioning. In the latter case the system is being repaired or replaced, depend on whether
it is repairable or not. Let the state of the system be given by a binary variable:
X(t) =

1,
0,

if the system is up at time t
otherwise

An important characteristic of a repairable system is availability. Barlow & Proschan (1975a)
define four measures of availability performance: the availability function, limiting availability, the average availability function and limiting average availability. All of these measures
are based on the function X(t), which denotes the status of a repairable system at time t. The
instant availability at time t (or point availability) is defined by:
A(t ) = P( X (t ) = 1)

[1]

This is the probability that the system is operational at time t. Because it is very difficult to
obtain an explicit expression for A(t), other measures of availability have been proposed. One
of these measures is the steady system availability (or steady-state availability or limiting
availability) of a system, which is defined by:
A = Limit t →∞ A(t )

[2]

This quantity is the probability that the system will be available after it has been run for a long
time, and it is a very significant measure of the performance of a repairable system. The different time considerations in the calculation of availability are given in Figure 1. Faults in sys90

tems must be detected, which is not always as simple as it looks. The cause of a fault must be
diagnosed before action. The replacement must be handled or the repair must be well done.
Moreover, there must at least be a check of the function after the measure (Myrefelt, 2003).

Figure 1.The different states associated with failure occurrence. (The timescale is not real.)
MDMT: mean decision making time, which is the time for diagnosing the fault, deciding which
measure to take, and initiating the repair.
Consider a system which consists of n s-independent subsystems connected in series and
which fails when at least one of its components fails. The steady-state availability for a seriessystem is the product of the component availabilities (Ebeling, 1997, Pham, 2003).
n

n
μi
MTBFi
=∏
i =1 MTBFi + MTTRi
i =1 μ i + λi
n

As = ∏ Ai = ∏
i =1

[3]

Consider a system which consists of n independent subsystems connected in parallel and
which works when at least one of its components works. The steady-state availability of a parallel-system is given by equation 4 (Ebeling, 1997).
n

n
n ⎛
MTBFi
μi
μi
=C
= 1 − ∏ ⎜⎜1 −
μ i + λi
i =1 MTBFi + MTTFi
i =1 μ i + λi
i =1 ⎝
n

As = C Ai = C
i =1

⎞
⎟⎟
⎠

[4]

3. Availability Improvement Process

Availability is an important characteristic of a repairable system. When the availability of a
system is low, efforts are needed to improve it. The question of how to meet an availability
goal for a system arises when the estimated availability is inadequate. This then becomes a reliability and availability allocation problem at the component level. Reliability and availability
engineers are often called upon to make decisions as to whether to improve a certain component or components in order to achieve better results. There are two ways to improve the
availability of a repairable system:
•
•

Reduce the failure rate of the component in question or, in other words, increase the
mean time between failures.
Improve the repair rate of the system, structure or component (SSC), or, in other
words, reduce the mean down-time.

Figure 2 and 3 show how to maximize the availability of the SSC through decreasing the failure rate and also decreasing the time needed to restore the SSC. Figure 2 also gives an indication of the scope of the SSC reliability investigation which was provided by the simplified
goal tree model. In the present research it is found that the availability improvement process
could be implemented by following three steps:
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Step 1: Identification of an ordered list of candidates for the availability improvement
process.
Step 2: Identification of effective changes or remedial actions for each candidate, which
will either reduce its failure frequency or reduce the time required to restore a component.
Step 3: Justification and prioritization of the actions for each candidate on the basis of
cost-benefit comparisons.

In order to find the availability improvement strategy by applying these three steps, the concept of importance measures is used in this paper. The concept of importance measures came
from the perception that in any orderly arrangement of components in a system, some of the
components are more important than others in providing certain system characteristics. In order to evaluate the importance of different aspects of a system, a set of importance measurements, including Structure Importance, Birnbaum Component Importance, Reliability Criticality Importance, Upgrading Function, Operational Criticality Importance, and Restore Criticality Index (Leemis, 1995, Frickes & Triredi, 2003, Wang et al, 2004), have been well defined
and widely used in engineering practice.
SSC Availability
is maximized
SSC Failure Rate
is minimized
Figure 5.1

SSC Time-to-Restore
is minimized

Delays Prior to Start of
Maintenance are minimized

Time to Prepare
Hardware for
Maintenance is
minimized

Time required
to De-Energize
Equipment is
minimized
Tagging System
Efficient
Preplanned Isolation
Accessible Isolation
Devices

Administrative
Delays are
minimized

Duration of Repair
is minimized

Logistical
Delays are
minimized

Pre-qualified Procedures Spare Parts Available
Special Equipment
Pre-trained Personnel
On-site

Time required
to Drain
Equipment is
minimized
Drains accessible
Preplanned Isolation
Tagging Efficiency

Time to Gain
Access to Damaged
Component is
minimized
Maintainer access good
Minimal interferences
Special rigging per-installed

Magnitude of
Repair Task is
minimized

Delays due to PostMaintenance Testing
are minimized

Productivity of
Maintainers is
maximized

Protective trips limit
consequential damage
Ease of Dis-assembly
Part of Design

Good Working
Conditions & Environment
Minimal Protection needed
Motivation and Morale High

Legend
Indicates that the reminder of the
tree structure has not been
developed
YYYYY
XXXXX Example of the types of things
which would be in included in a
developed tree

Figure 2. Contributors to SSC unavailability, down-time rate (Adapted from International
Atomic Energy Agency, 2001).
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Figure 3. Contributors to SSC unavailability, failure rate (Adapted from International Atomic
Energy Agency, 2001).
According to Besson and Andrews (2003) component importance analysis is a key part of the
system reliability quantification process which enables the weakest areas of a system to be
identified and indicates modifications which will improve the system reliability. Efforts to
improve reliability can be concentrated on those components whose contribution indicates
that, by upgrading them, the maximum improvement in system reliability can be achieved.
The component reliability importance measure is defined as the probability that component i is
critical to system failure (Andrews and Besson, 2003). Birnbaum first introduced the concept
of importance in 1969 and one of the most widely used reliability importance indices is Birnbaum’s component importance (Frickes and Triredi, 2003). The reliability importance of a
component can be determined based on the failure characteristics of the component and its
corresponding positioning in the system. The reliability importance, I, of component i in a system of n components is given by:
I (i ) =

∂R s (t )
∂Ri (t )

[5]

RS(t) is the system reliability and Ri (t) is the component reliability. By using the same concept in the case of system availability performance, some importance measure can be defined
and used as a guideline in developing an improvement strategy. One motive for applying this
concept of importance measures in the availability improvement process is the fact that the
concept is easy to understand and the applications of these measures are very simple. Availability Importance Measures enable the weakest areas of a system to be identified and indicate
modifications which will improve the system availability. Efforts to improve availability can
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be concentrated on those components whose contribution indicates that, by upgrading them,
the maximum improvement in system availability can be achieved. Availability Importance
Measures are functions of time, the failure and repair characteristics, and the system structure.
Availability importance measures assign a numerical value between 0 and 1 to each subsystem
or component, with the value 1 signifying the highest level of importance. However, availability importance measures do not reveal everything about how components affect the system
availability, and in particular they give very little information about how the availability of any
given component affects that of others and vice versa. In this section we present some availability importance measures.
The availability importance of component i in a system of n components is given by equation
6.
I iA =

∂As (t )
∂Ai (t )

[6]

Availability importance measure shows the effect of the availability of subsystem or component i on the availability of the whole system. The subsystem or component with the largest
value has the greatest effect on the availability of the whole system. It is useful to obtain the
value of the availability importance measure of each component in the system prior to deploying resources toward improving the specific components. This is carried out to determine
which component needs to be improved in order to achieve the maximum effect from the improvement effort. The availability importance measure of a component is also an index showing how much or how little an individual component contributes to the overall system availability. If the availability of the system needs to improve, then efforts should first be concentrated on improving the subsystem that has the largest effect on the availability of the system.
As we mentioned before, the availability improvement process could be implemented in three
steps. In step one an ordered list of candidates for availability improvement can be identified
by using this type of availability importance measure, but this measure does not provide more
information about a component. Therefore, in order to manage the availability improvement
process for each component based on the failure rate or repair rate, in step two of the availability improvement process, other importance measures are defined and determined, namely the
availability importance measure based on the failure rate and the availability importance
measure based on the repair rate.
Availability importance measure based on the failure rate shows the effect of the failure rate of
component i on the availability of the whole system, and the failure rate of the component with
the largest value has the greatest effect on the availability of the whole system. It can be calculated by equation 7.
I iA,λ = −
i

∂As
∂λi

[7]

Availability importance measure based on the repair rate shows the effect of the repair rate of
component i on the availability of the whole system, and the repair rate of the component with
the largest value has the greatest effect on the availability of the whole system. It can be calculated by equation 8.
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I iA,μ =
i

∂As
∂μ i

[8]

Comparing these two importance measures shows which of the two factors, the failure rate or
the repair rate, has more influence on the availability of the whole system. In other words, this
comparison will show whether the availability improvement should be based on reducing the
failure rate or increasing the repair rate of critical components or subsystems.
To find the final strategy for the availability improvement process (step 3) the cost trade-off is
essential. When the availability of the system is less, it needs to be improved by using the special budget C. The question is how to manage improvement efforts and which component or
components, if improved, will give better results. This question can be answered through the
following procedure. The cost needed to change the failure rate, denoted by Δλi , and the cost
needed to change the repair rate, denoted by Δμ i , can be calculated by using equations 9 and
10.
ΔC λi =

∂C
× Δλ i
∂λi

[9]

ΔC μi =

∂C
× Δμ i
∂μ i

[10]

∂C
∂C
and
explain the variation of the availability improvement cost with respect to the
∂λi
∂μ i

failure rate and the repair rate of component i, respectively.
If budget C is spent on increasing the repair rate for the critical components, the repair rate
will increase as Δμ i :
Δμ i =

ΔC μi
∂C
∂μ i

=

C
∂C
∂μ i

[11]

Therefore the availability will increase as ΔAs,μi , which can be calculated by equation 12.
∂A
C
ΔAs , μi = I iA, μ × Δμ i = s ×
i
∂μ i ∂C
∂μ i

[12]

If the budget is spent on reducing the failure rate of the critical component, the failure rate will
be reduced as Δλi :
Δλi =

ΔCλi
∂C
∂λi
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=

C
∂C
∂λi

[13]

Therefore, the availability will be increased as ΔAs,λi , which can be calculated by:
∂A
C
ΔAs , λi = I iA, λ × Δλi = s ×
i
∂λi ∂C
∂λi

[14]

By comparing ΔAs ,λi and ΔAs, μi the strategy can be identified. If there are some restrictions,
the budget can be spent on both increasing the repair rate and decreasing the failure rate. We
then allocate a fraction f of the budget for decreasing the failure rate and the remaining fraction 1-f for increasing the repair rate. And hence the availability improvement can be calculated by:
ΔAs , λi , μi =

∂As
fC ∂As (1 − f )C
×
×
+
∂C
∂λi ∂C ∂μ i
∂μ i
∂λi

[15]

4. Numerical Example

To illustrate the model, we made the simple example system illustrated in Figure 4 with the
same assumptions as those given in Section 2. Table 1 shows the failure rate and repair rate of
all the components. The information in Table 2 also shows the cost needed to change the failure rate and repair rate of each component based on the failure rate of component 1. For example, the cost needed to change the failure rate of component 2 and 3 is about 30% and 90%
of the cost of the failure rate of component 1, respectively.
1

2

3

Figure 4. A simple system
Table 1. Failure and repair rates of all the components
Component Failure rate Repair rate
1
2
3

0.007
0.0214
0.0175

0.018
0.05
0.03

∂C ∂C
/
∂λi ∂λ1

∂C ∂C
/
∂μ i ∂λ1

1
0.26
0.8

0.3
0.5
0.6

By using equation 3 and 4, the system availability of the configuration can be expressed as:
As = 1 − [(1 − A1 A2 ) × (1 − A3 )]
As =A3 + A1 A2 − A1 A2 A3
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Based on equation 6, 7, and 8, the availability importance measures for all the components are
calculated and tabulated in Table 2. The availability importance measure I iA shows that component 3 has more influence on the availability of the whole system, and, therefore, improvement in the availability of component 3 will cause the greatest increase in the system availability. By comparing I Ai ,λ and I Ai , μ one can determine whether the repair rate or the failure rate
i

i

has more influence on the availability of the system. In the example studied, if the availability
of the system needs to be improved, one should first concentrate one’s efforts on increasing
the availability of component 3. In addition, it is better to pay more attention to the failure rate
of component 1, because the effect of this failure rate on the availability of the whole system is
about 2 times greater than the corresponding effect of the repair rate, which is indicated by a
comparison of I iA,λi and I iA,μi .
Table 2. Availability importance measures for all the components

Component

I Ai

I Ai ,λ

I Ai ,μ

1
2
3

0.258
0.265
0.496

7.430
2.602
6.592

2.890
1.114
3.846

i

ΔAs ,λ

ΔAs ,μ

ΔAs ,λ

ΔAs , μ

1.000
1.347
1.109

1.296
0.300
0.863

i

i

1

i

1

By using equations 12 and 14, the final decision in the availability improvement process can
be identified. From Table 2 it is found that it is better to focus one’s efforts and finances on
reducing the failure rate of component 2 and increasing the repair rate of component 1. In this
way the availability of the system will increase more than by using other strategies with the
same effort and cost.

5. CONCLUSIONS

In this paper we propose a method for implementing the availability improvement process
which consists of three steps. In the case of a system’s availability performance, availability
importance measures could be used as a guideline in developing a strategy for availability improvement. It is useful to obtain the value of the availability importance measure for each
component in the system prior to deploying resources toward improving the specific components.
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