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Abstract

Assuring production forms a crucial part of mining business profitability. Factors related to
various mine operations, activities and business processes can threaten required/planned mine
production. To address problems and ensure production level in mining, it is necessary to
implement a mine production assurance program (MPA). Since such a guideline does not exist
for mining as a process industry, this study started by reviewing four such techniques used in
similar industries. These methods include: total productive maintenance, six sigma, a method
prescribed by European foundation of quality management, and production assurance program
(PAP) used in the oil and gas industry.

These methods and techniques were reviewed according to their objectives and applications.
Their implementation and achieved success was determined through a literature review and field
participation/study. Comparing the tools, techniques and focus with mining productivity and
production factors, it was observed that applicability of these methods for mining is limited due
to a lack of tools for specific analysis or a lack of consideration of the requirements of mining.
However, given certain similarities in objective and methods, PAP from the oil and gas industry
may provide some guidance for MPA.

As a basis of MPA, an index is required to create a clear relationship between different situ-
ations which can occur in mining operation and production loss. A literature review on mining
productivity improvement methods shows availability, utilisation and production performance
of equipment are the key factors in determining overall production. A single index applicable
for chain operation in mining is needed. Overall equipment effectiveness (OEE) which includes
these three elements has some limitations for application in mining. A Mine Production index
(MPi) is thus proposed. This index involves all three parameters for equipment productivity
mentioned above. It also consists of weights for each parameter. The weights in this study
are determined through expert opinions/judgements using fuzzy analytical hierarchy process
(FAHP). Equipment with low MPi can be labelled as bottlenecks. Weights associated with MPi
calculation for bottleneck equipment can point out critical factors in equipment operation. Once
bottleneck equipment and relevant critical factors are known, further analysis can be carried out
to determine the exact cause of production loss.

By using MPi for machine operations, it is possible to rank machines in terms of production
effectiveness. When the study applied MPi to chain operations in a mining case study, a crusher
was determined as bottleneck equipment. Further root cause analysis and uncertainty detection
for bottleneck equipment is also possible, and this forms the basis for MPA.

Keywords: Production Assurance program (PAP), Mine production assurance (MPA),
Bottleneck detection, Mine production index (MPi), Fuzzy analytical hierarchy process (FAHP).
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Chapter 1

INTRODUCTION

1.1 Problem background and definition

Productivity, in general, can be defined as the ratio of output over input. Equipment, its
maintenance and its operation form a huge part of mining production assurance (Dhillon, 2008).
A negative impact on equipment or its operation caused by a number of different factors can
decrease total production.

1.1.1 Requirement of method for Mine production assurance program

System productivity depends on many factors, such as equipment, human, support etc. The
methods used to achieve productivity depend on the type of industry and its defined objectives.
The following factors are important in the mining industry.

A mining company considers the costs involved in productivity. The sectors main costs are
operating and maintenance costs. In surface mining, for example, some estimate the cost of
maintenance as 30-50% of the total operating cost (Topal and Ramazan, 2010) while others say
20 to 35% (Dhillon, 2008).

On average, accidents and fatality rates in mining are higher than in other industries (Dhillon,
2008). Safety, thus, is a key concern. Human factors affect not only productivity but also
have the possibility of increasing both accidents and the downtime associated with equipment
(Horberry et al., 2010). As the mining industry is heavily dependent on its equipment for
production, equipment availability and reliability are extremely important (Dhillon, 2008). It is
even suggested that availability and reliability analyses are required during the design phase of
the equipment (Dandotiya, 2012; Kumar et al., 1989; Wijaya et al., 2012). The mining sector
requires an integrated approach, one involving all the above mentioned factors, along with an
understanding of the tools, techniques and activities required to achieve the required level of
production assurance. To identify the elements and methods necessary for a mining production
assurance program (MPA) we should first review those productivity improvement methods in
other industries, which have some bearing on the above mentioned factors.

1.1.2 Requirement of bottleneck detection index in mining

A bottleneck is the point in a system with the lowest performance/ production. A literature
review shows that in mining, bottleneck detection methods focus on single equipment in the
system and try to improve production by enhancing the capabilities of this equipment. Mining
equipment improvement is done via various methods, for instance, reliability and availability
analysis, and simulation (Kumar, 1990; Vagenas et al., 1997; Nuziale and Vagenas, 2000; Runci-
man et al., 1999). Some studies have analysed operations and discussed problems in mining,
for example (Huang et al., 2003; Kumral, 2009). However a general method which can be used
applied in different mining operations is absent in mining. Index to be used for bottleneck de-
tection is closely related to definition of bottleneck (Wang et al., 2005). A literature review on
mining equipment improvement indicates the repeated use of availability, utilisation, produc-
tion performance/efficiency, and reliability for assessing equipment. An index composed of these
factors could help detect bottlenecks in mining. Considering the need to identify and improve
equipment bottlenecks, an index able to identify bottlenecks and correctly channel improvement
efforts should form part of a mining production assurance program (MPA).

1



CHAPTER 1. INTRODUCTION AND BACKGROUND 2

Productivity loss of equipment could be genesis of one or more operational factors. The
cause(s) of impact leads to formation of uncertainty. In mining, uncertainties can be broadly
classified into exploration, economical and operational uncertainties (Dehghani and Ataee-pour,
2012). Operational uncertainty is defined as variation of possible required output which is set
as target by the planning (Platje and Seidel, 1993). MPA program formation research thus can
be setup as shown in figure 1.1.

Figure 1.1: Mine production assurance program formation

1.1.3 Problem statement

Standards in production assurance are new (standard ISO 20815 launched in 2008), and have
not yet been applied in the mining industry. In any industry, performance level is affected by
many factors, including equipment operation, maintenance operations, human factors, support
factors and their effect on each other. When formulating tools, techniques and methodology
for MPA, we must address these issues. This could be the starting point to formulate an MPA
for the mining industry. Other industries have applied an integrated approach, but for mining
industry such an approach is not present it seems.

To formulate an MPA, we need to review the tools, activities and techniques currently used.
Depending on their merit, applicability and use, the reviewed methods could guide in the creation
of an MPA.

In the mining industry, focussing on the equipment used in production and its operation could
be a useful starting point. Total productive maintenance (TPM) could be one such method to
review. TPM focuses on equipment performance and uses overall equipment effectiveness (OEE)
as a tool to determine the capability of equipment to produce the planned output. Ranking of
OEE could possibly be used to find bottlenecks in mining operation. Implementation of TPM
for mobile mining equipment was presented by (Gustafson et al., 2011). They showed the
maintenance procedure evaluation in mining operations using TPM could be used to increase
the availability of equipment. Other than equipment effectiveness, TPM also provides guidance
for focused improvement, planned maintenance and safety consideration. As TPM has been used
in various industries with varying degree of success, it could be extremely helpful in formulating
a mining MPA. Briefly stated, an equipment intensive industry such as mining may benefit from
using TPM as a methodology.

Uncertainties cause variations in planned output. Six sigma focuses on the reduction of
undesired variations. Six sigma is highly data driven and analytical method (Hung and Sung,
2011). It uses the techniques of define, measure, analyse and control to detect variations in a
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system. The goal of six sigma is to achieve higher yield, while reducing variations or defects.
This helps remove bottlenecks and achieve higher productivity and quality (Raisinghani et al.,
2005). This method has also elements of root cause detection using data analysis. Certain
elements of this method could be beneficial in formulating an MPA for mining, especially as it
has been applied in many industries with a high success rate (Neuman and Cavanagh, 2000).
Six sigma also prescribes the use of design of experiments, which may be helpful in defining
the relationship between uncertainty and loss of production on a large scale, as in the mining
industry.

The assessment of formulated practises and the results obtained from their implementation is
a primary tool used to determine the causes of loss of production. This method was formulated by
the European Foundation of Quality and Management (EFQM) (European foundation of quality
management, 1988). It has been successfully used in various process and non-process industries
and is cited in numerous case studies (European foundation of quality management, 1988). The
assessment is done on two levels, enablers and results. Enablers are the key parameters used
to formulate the organisations objectives, along with the tools and techniques used to achieve
those objectives. Results are those obtained by implementing the EFQM strategy (European
foundation of quality management, 1988). This method may be useful for assessing a specific
mining operation and may later be expanded to cover all mining operations.

The production assurance program (PAP), first used in the oil and gas industry, uses the
reliability of systems as an index. It also takes into consideration the constraints arising from
health, safety, environment, quality and human factors. The concept of production assurance
covers all methods for optimal management of facilities involved throughput their life cycle. Sim-
plifying this concept and its subsequent adoption by other manufacturing industries has already
been supported in the literature; see Barabady (2007). This research outlines the production
assurance program and its application for production plants in general. The PAP method could
be useful for mining, considering the similarity between mining operations and those of the oil
and gas industry, along with the focus on equipment that is required in both sectors. PAP is
also a pioneer method of production assurance which is the focus of this study.

A common thread between all above mentioned methods is the detection of bottlenecks
using traditional indices. These traditional indices focus on a single criterion or a limited quan-
tification of criteria elements for bottleneck detection. Equipment output forms a big part of
mining production. Equipment is affected by various operational factors and, thus, may create
a bottleneck. Therefore, equipment bottleneck-seeking methodology is required as a basis for
MPA. This can be achieved through the use of an index applicable to various equipment. Re-
search on production improvement in mining has been focused on either single equipment or on
a fleet of the same equipment and their improvement for example, see (Gustafson et al., 2013;
Hoseinie et al., 2012; Wijaya et al., 2012). Studies considering bottleneck detection in all mining
operations together are limited (for example see Huang (1993); Khan (2011)).

Most of the research in mining equipment improvement shows the use of indices such as
reliability, MTBF, MTTR, utilisation etc. Bottleneck detection should be supported by root
cause analysis as well. Hence, an index which can detect a bottleneck should also be able to
point out the possible root causes. Possible uncertainties can then be determined through the
identification of root cause. In mining, it would be beneficial to have a composite index which
could propose improvements in various operations along with bottleneck detection. Hence,
detection of a bottleneck, along with possible reasons for it, may lead to the formulation of a
consistent production analysis method for mining. This analysis can be part of MPA.

1.2 Research objectives

The objective of this study can be itemised as follows,

• Determine suitable method for production assurance in mining industry.
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• Mine production assurance must address bottleneck in operations, to address this issue it
is necessary to

– Develop an index for detection of bottleneck in mining operation

– Determination of a primary link between operational factors and bottleneck

1.3 Research Questions

The following research questions are formulated to achieve the studys objectives. The research
questions also serve as a basis for the research studies.

1. What approach can be used to formulate a mining production assurance program?

2. What index (from methods applied in mining or formulated from a review of methods)
can be applicable for detecting the bottleneck? Does this index apply to chain operations
in mining?

3. Does the index resolve into possible causes of production loss for the equipment to which
it is applied?

1.4 Research scope and limitations

The study covers operations in mining with respect to equipment and its operational parameters.
The elements which cause loss of production i.e. maintenance practises and technical character-
istics of equipment, are studied and discussed. The study is limited to directing further research
related to MPA and to detecting the bottlenecks which cause the loss of production. Note that
the focus on MPA relates to core operations of the mining industry and not the supported oper-
ations. Human factors, economic factors and geological factors which influence the production
assurance are not part of this study.

1.5 Outline of thesis

The thesis consists of six sections and three appended papers describing the relevant literature
and the theoretical background of this research. Connections between the appended papers and
their relevance to the research questions are shown in table 1.1.

Table 1.1: Relevance of research question and papers
Research questions Paper 1 Paper 2 Paper 3

RQ 1. �
RQ 2. � �
RQ 3. �

The first section introduces the need for research, formulates the research questions, and
discusses the structure and relevance of the work, thereby forming a basis for the study. The
second section explains how the research is classified based on the methods used and how the
methods are applied to solve the problem. The third section is a literature review with an
explanation of the basic concepts and methods used in mining. It further shows how research
on mining equipment improvement was carried out throughout the time period. The fourth
section outlines the methodology used in the core study and the application of methodologies
used in each paper. The fifth section discusses the detailed results obtained in the papers and
the findings of the literature review. The final section gives concluding remarks and suggests
future research directions.



Chapter 2

Research design

2.1 Research Dimensions

This chapter discusses the dimension of the research, including approach, purpose, research
strategy, how to handle data collection, and data analysis.

2.1.1 Classification of research according to use

Research can be divided into either basic or applied research. Research can be used to advance
the knowledge of the subject or to show the application of results obtained through earlier
research. Academic or pure research is the most important part in advancing the fundamental
nature of a subject/topic, while applied research aims at applying knowledge to a specific issue.
Applied research can be used to solve a question related to policies or solve a pressing problem.
Basic research advances fundamental knowledge about the problem in question. It focuses on
refuting or supporting theories. Although the questions asked by basic researchers may seem
impractical (Neuman and Kreuger, 2003), it may generate new ideas or advance fundamental
knowledge. Applied research refers to addressing a specific concern or finding a solution to
a problem. Applied research usually means a quick, small-scale study that provides practical
results people can use in the short term (Neuman and Kreuger, 2003).

Considering the issues, method and techniques used in this study, this research can be
classified as applied research. It relies on the use of MPi application for the practical solution
of bottleneck-seeking and the improvement of bottlenecks, along with the application of the
conclusion that MPA can be based on PAP.

2.1.2 Classification of research according to purpose

The purpose of research may be classified into three groups based on what the research is trying
to accomplish: exploring a new topic, describing a phenomenon, or explaining why something oc-
curs (Babbie, 2012). Studies may have multiple purposes (e.g. both to explore and to describe),
but one purpose is usually dominant.

Exploration: To learn about a new topic or issue. If the research has been not presented
earlier, it is termed exploratory research. The goal of this type of research is to formulate a
precise question on which future research can expand. Exploratory research rarely yields defini-
tive answers (Neuman and Kreuger, 2003). Rather, a question is addressed through exploratory
studies.

Description: The question how or who is answered using descriptive research. This research
presents a detailed picture of a situation or subject. Descriptive research deals with comparative
research, content analysis, field research, and surveys as these are data gathering techniques

Explanation: An answer to a question is formulated in explanatory research. The research
is built on descriptive and exploratory research and seeks to identify the reason why something
occurs. Going beyond focusing on a topic or providing a picture of it, explanatory research looks
for causes and reasons (Neuman and Kreuger, 2003).

The present study tries to answer the following questions. What approach can be used to
formulate a mining production assurance program? What index (method applied in mining or
formulated from a review of methods) can be used to detect bottlenecks in chain operations in
mining? Does the index resolve possible causes of production loss of the equipment to which
it was applied? Therefore, this research can be considered both exploratory (exploring the

5



CHAPTER 2. RESEARCH DESIGN 6

studies for base methodology of MPA, exploring the various indices used in mining operations
for bottleneck-seeking) and descriptive (defining and explaining various methods used in other
industries).

2.1.3 Approach to the research

The research approach, in fact, involves building and testing theory from two directions, namely
the deductive and the inductive (Lichtman, 2012)

Deductive: In a deductive approach to research, concrete empirical evidence is sup ported
by a logical relationship between concepts, starting from the abstract. The evidence gathered
is suggested by the theory studied. By using deductive logic after the analysis of data, the
researcher reaches a conclusion about the support for his or her theory.

Inductive: Starting with wide scale observations, the researcher moves towards abstract
generalizations and ideas in the inductive approach. At the start, the researcher will have a
main topic along with vague concepts. Observations are then used to refine these concepts,
develop generalizations and form a primary relationship between them. The theory is built from
the ground up in an inductive approach.

Abductive: The third approach is a combination of inductive and deductive research and
is called abduction. In abduction, the researcher can start with a deductive approach and
make an empirical collection of data based on a theoretical framework, and then continue with
the inductive approach to develop theories based on the previously collected empirical data.
During the research process, an understanding of the phenomenon is developed and the theory
is adjusted with respect to the new empirical findings (Alvesson and Sköldberg, 1994; Spens and
Kovács, 2006)

The present study coincides with this type of research, because it starts with a literature
review to identify the productivity methodology for the mining industry (deductive approach).
It considers various models from the literature to analyse the collected data. It then constructs
and improves a model based on findings. The application of the model takes an inductive
approach; the validity of the model is proved and conclusions are drawn based on empirical case
studies.

2.1.4 Qualitative and quantitative research

From another point of view, research can be performed by taking either a quantitative or qual-
itative approach. Each category uses specific research techniques (e.g. surveys, interviews,
and historical analysis), but there is much overlap between the types of data and the styles of
research. Most qualitative researchers examine quantitative data and vice versa (Gray, 2014)

Although both styles share basic principles of science, they differ in significant ways. Each
has its own strengths, limitations and topics or issues. (Abawi, 2008) explains them as follows.
The goal of quantitative methods is to determine whether the predictive generalisation of a
theory holds

• A process of inquiry based on testing a theory composed of variables, measured with
numbers, and analysed using statistical techniques.

• A process of building a complex and holistic picture of the phenomenon of interest

• Researcher should remain distant

• Research goal is to uncover and discover patterns of theories that help explain a phe-
nomenon of interest

The goal of qualitative research is to develop an understanding of a problem from multiple
perspectives



CHAPTER 2. RESEARCH DESIGN 7

• Researchers are involved through various interactions

• Research is based primarily on deductive forms of logic, and theories and hypotheses are
tested in a cause-effect order.

• Research goal is to develop generalisation that contribute to theory that enable the re-
searcher to predict, explain, and understand a phenomenon.

In quantitative study, data techniques are data condensers in that they shorten the data to
create the big picture which can be utilised to see overall patterns, whereas qualitative methods
are data enhancers. When data are enhanced, it is possible to see key aspects of cases more
clearly (Neuman and Kreuger, 2003).

The method used to determine a method for mining production assurance is classified as
qualitative because the models are studied in theory and the data are used as information.
The method applied in creating the MPi can be classified as quantitative, because the data
are mostly equipment characteristics, such as availability, utilisation, performance/efficiency
in terms of tonnage etc. from databases and reports. Moreover, the outcomes are used to
recommend a final decision to implement.

The method applied in determining the method for mining production assurance is classified
as a qualitative method because the models used are studied in theory capacity of implementa-
tion, their formation. The data is used in terms of information.

2.1.5 Research strategy

Research strategy selection depends on what type of information is sought by researcher for
the purpose of answering research questions (Yin, 1994). The following are research strategies
explained by Yin (1994)

Experiments: Experimental research uses the logic and principles found in natural science
research. Experiments can be conducted in laboratories or in real life. They usually involve
a relatively small number of cases and address a well-focused question. Experiments are most
effective for explanatory research.

Surveys: Survey techniques are often used in descriptive or explanatory research. In survey
research, the researcher asks many people numerous questions in a short time, and summarizes
the answers to questions in percentages, tables, or graphs. Surveys give the researcher a picture
of what the present situation is for the topics studied.

Case studies: In case study research, the researcher examines, in depth, many features of
a few cases over a period of time. In fact, the researcher measures precisely a common set of
features of many cases, usually expressed in numbers. The data are usually more detailed, varied
and extensive. Case studies use the logic of analytic instead of enumerative induction (Neuman
and Kreuger, 2003). The researcher carefully selects one or a few key cases to illustrate an issue
and studies it (or them) analytically in detail.

Using the definitions of research strategies and applying them to the current research, this
research includes history, surveys and case studies. The study used interview techniques to
determine the weights for each equipment parameter and surveyed the methods used in other
industries. It also used case studies to apply the MPi found in a literature review

2.1.6 Data collection and analysis

Data are essential for analysis and confirmation of results. Techniques for data collection are
classified into two categories (Neuman and Kreuger, 2003): Data collection in the form of
numbers is categorized as quantitative, and collection of data in terms of words or pictures
is qualitative.

According to Yin (1994), “every research project and investigation should have a general
analytic and logical strategy to guide the decisions on what will be analysed and why. Data
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analysis consists of examining, categorizing, tabulating, or otherwise recombining the evidence
to address the initial propositions of a study.

In this study the data collected, method for data collection and the method adopted for
analysis of data are explained in detail in chapter 4 (see chapter 4, figure 4.2 and figure 4.3).

2.2 Research quality

2.2.1 Reliability

Reliability means dependability or consistency. Reliability in quantitative research means that
the numerical results produced by an indicator do not vary because of characteristics of the
measurement process or the measurement instrument itself. In addition, other researchers can
reproduce the results of an experiment by following the methods given by the author of the
research. For this to happen, it is important to state the type of data and method of data
collection. This studys method of data collection and type of data are mentioned in each
individual paper and discussed in chapter 4.

To achieve reliability, Yin (1994) recommends the construction of a case study protocol and
case study database. The present study implements this type of process. Consequently, an
acceptable level of reliability has been achieved in this research.

2.2.2 Validity

Validity is an overused term, basically meaning truthful. It refers to the bridge between a
construct and the data. There are several general types of validity (Neuman and Kreuger,
2003). As for the validity of the present research, the findings can be used in other cases,
indicating the generality of the results and output of the study. Fuzzy analytical hierarchy
process and procedures over AHP process have proved useful here and has been used. FAHP
process, mentioned data and procedure to calculate MPi can be repeated using the instruction
through research.

2.3 Steps of the research process

As the figure 2.1 shows, the process of research begins with the selection of the topic. To narrow
the research area, a specific question must be formed. In this study, the topic was narrowed
down into the following inter-related questions:

How can a mining production assurance program be formulated, specifying a bottleneck-
seeking method and using an index applicable to most of the equipment in mining operations?
How can this lead to production assurance in mining?

While narrowing the research and forming the questions, the researcher conducted a literature
review, leading to the formation of a hypothesis.
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Figure 2.1 shows the research process followed in this study.

Figure 2.1: Summary of the research methodology considered and performed in this research
(choices are indicated by the arrows)

After posing the research questions, the researcher carried out a detailed literature survey
and a background study of the topic, and also sought feedback.

The data gathering stage followed decisions on practical details about the research. Once
the data were collected through the methods specified, data analysis looked for patterns in the
data, as recognition of patterns could shed light on the process and data. Finally, a report was
written on the findings.





Chapter 3

Theoretical framework- Basic concepts and methods
related to research

Mining productivity is essentially dependent upon equipment; therefore, creating methods
to improve equipment performance and finding bottlenecks are crucial. The methods and tech-
niques surveyed here apply to multiple equipment. The literature reviews methods applied to
either single pieces of equipment or fleets of equipment, but the method can be extended to
other mining equipment. It is essential to determine the methods and metrics used in mining
for to improve productivity.

3.1 Basic definitions of concepts in research and production
assurance definition

The limitations causing loss of production can generally be traced to one or two two types of
equipment. These are commonly called bottlenecks. From the system perspective, a bottleneck
is the point in the system which slows down the whole operation. Finding bottlenecks can
greatly reduce the computation complexity involved in calculating system performance; hence,
bottleneck detection will lead to better system production and productivity. In mining, bottle-
necks can be found by using availability, variation of output, or the effectiveness of equipment as
parameters or using operational factor such as oversize boulders (Rai et al., 2000; Khan, 2011;
Klein et al., 2003; Elevli and Elevli, 2010; Kumar, 1997).

To meet production targets and tight schedules, mining companies are increasingly dependent
on better performance from equipment (Dhillon, 2008). Fluctuation of the output of individual
equipment units will lead to fluctuations of total mining system output. This fluctuation can
lead to the formation of bottlenecks.

According to an international economic organisation of 34 countries founded in 1961 to
stimulate economic progress and world trade (Organisation for Economic Co-operation and
Development- OECD), an industrial production index is defined as an index covering production
in mining and other industries to measure increases and decreases in production output. It has
also been defined as “The index of industrial production (IIP) describes the change of the volume
of goods and/or services produced over time. Its main purpose is to provide a measure of the
short-term changes in value added over a given reference period.”(United Nations Statistics
Division, 2010).

Effectiveness is defined as a process characteristic indicating the degree to which the process
output conforms to the requirements (Muchiri and Pintelon, 2008). A production index, thus
measures change in output, while effectiveness measures the conformity of output to requirement.
With the production index involving an effectiveness parameter, it is possible to compare real
equipment output to required output.

Productivity, in general, is defined as the ratio of input to output (Kathuria et al., 2012).
Productivity, thus, incorporates profitability, performance, efficiency and effectiveness; where
profitability can be defined as the ratio of output to input with price inclusion. Performance
considers profitability, delivery, quality, speed and flexibility of operations. Effectiveness deals
with the output of manufacturing transformation; efficiency is determined by how well input is
converted to output i.e. utilisation of resources (Tangen, 2002).

According to Canadian report on productivity in mining(Sharpe and Bradley, 2009), produc-
tivity is divided into partial and total factor productivity(TFP). Partial productivity conforms

11
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the general definition of productivity. whereas TFP is measure of how efficiently all factors are
used in production process (Coelli et al., 2005).

Production assurance (PA) is a term used to describe how capable a system is of meeting
the demand for deliveries or performance as per ISO standard 20815 (ISO, Revised 2009).

There is a need for productivity measures which consider important factors such as equipment
capacity, its performance versus its capacity, its usability over time, and the interconnection of
operation processes. A study of methods will also lead to knowledge of index essential for mining
equipment. The various methods are used in other industries to meet productivity goals. They
are specifically tailored to meet the needs and specific objectives of any given industry. For such
a methodology to be adapted for an industry, a review of methods in similar types of industry
is required. As per American Production and Inventory Control Society (APICS), the group
of manufacturers that produce products by mixing, separating, forming, and/or performing
chemical reactions are called process industry. Mining fits this definition, as the final product
is formed by mixing the ore and various reagents and performing various reactions. A study
of methods has been done for various industries fitting this definition. It must be noted that
most of the industries associate the objective of productivity with profitability. Therefore, to
achieve profitability, an organisation must achieve production assurance. The application of
these methods is explained in Paper 1 with respect to tools, techniques and implementation.

3.2 Brief over view of methods used in mining for production
improvement

Literature on mining equipment performance is available, but methods combining the perfor-
mance of all equipment for a possible increase in output are scarce. Increasing output by
optimised equipment and equipment performance and efficiency is the main focus in mining
research. In this section, we review the literature from the past 20 years which has sought to
improve the performance of mining operations.

3.2.1 Production Modelling methods

Huang (1993) carried out a study iron ore mines in Kiruna (Sweden) considering mining as
a complete production system. The study considered four subsystems using different types of
analysis for each system, as shown in table 3.1. It used Markov modelling for productivity and
availability for production face analysis.

Table 3.1: Production system analysis steps in Kiruna iron ore mine
Production system Analysis objective

Production face Optimal Availability and productivity

Production level Optimal number of LHDs required

Production planning Ore quality control

Production process Effect of productivity

In the study, queuing model analysis was performed on LHD (load haul dump) machines
required in the production process. Linear programming was used to achieve a balance between
the amounts of ore produced and the quality requirements in the mine. A specially developed
Simulation algorithm SIMURES (SIMulation of REliability of production System) was used for
production system analysis with respect to productivity. The study was useful in analysing the
critical unit in operation (LHD) and was able to define some operational logic in the Kiruna
iron ore mine. The SIMURES program can be useful for predicting production volume given
the occurrence of various disturbances and the duration of these disturbances.
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Detection of failing or degrading equipment is crucial to reach full productivity, but various
factors form a challenge to meeting this objective. For avoiding failures Sottile Jr and Holloway
(1994) surveyed monitoring and diagnosis methods which offer increasing availability of mining
equipment. Their framework for fault detection includes the following steps:

• Collection of data related to failures

• Detection techniques which includes pattern based detection and model based detection

• Application of diagnosis technique

Diagnosis techniques depend on the type of failure detected. Expert systems which are rule
based can be excellent tools for catching the faults which cannot be detected using traditional
techniques. Model based techniques of fault detection are representative of the interaction be-
tween the components of processes. Model based techniques include linear system models, graph
models, component models and behaviour models. Pattern based detection compares previously
determined patterns with current operations to determine correct or incorrect operations. Arti-
ficial neural networks are a promising method for pattern detection. Each method of detection
has its own advantages and disadvantages.

A detailed analysis using equipment availability, downtime and degree of utilisation was done
in lignite mines in Greece by Agioutantis and Kavouridis (1995). They used statistical analysis
to calculate the downtime coefficients for mining equipment to estimate production parameters
and found that unplanned downtime can cause decreased performance. To compensate for this,
the effective capacity can be improved. The effective capacity for equipment can be given as

Qeff = neff ×Qth (3.1)

where Qeff= effective capacity of an equipment, neff= efficiency factor and Qth= theoretical ca-
pacity of equipment. Where the Efficiency factor is composed of material bulking factor,material
quality,operator efficiency and geometry of cut.

Markov modelling can be used applied to stochastic system like mining production. Using
discrete Markov chain analysis.Gupta and Bhattacharya (1999) tried to determine a systems
availability and production potential from the systems components. The constraints used for
the architecture included production rate, constant climatic conditions, and constant stripping
ratio. They calculated the probability of system states, thus giving an equation for various states
in mining operation. In their productivity analysis, the researchers analysed states which were
able to produce the output, i.e. states which were not steady. They calculated productivity from
the states number, that is to say, the function of the number of types of equipment, equipment
in specific states and a reduction factor due to various operational reasons. The model was then
applied to determine the productivity potential of a coal mine in India. Figure 3.1 shows the
Markov model for 7 different types of equipment considered and analysed in this study.

The application of a genetic algorithm for optimisation of maintenance time is another
method explored for increased productivity in mining. A study by Kumral (2009) explained
the problem as the determination of optimal timing of mine maintenance under a predefined
risk criterion. The problem was formed as a minimisation problem and represented by Weibull
and exponential distributions. A genetic algorithm was applied to evaluate the fitness string
with respect to the initial population string and converged at a suitable solution. Subsystems
considered were:

1. hoisting;

2. ventilation;

3. drilling;

4. blasting;
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Figure 3.1: State transition diagram of 2 shovels and 5 dumpers operating in coal and overburden
bench (Gupta and Bhattacharya, 1999)

5. loading;

6. hauling; and

7. supporting

Table 3.2: Results generated from optimisation procedure for given minimum reliability (Kum-
ral, 2009)

The study concluded genetic algorithms can be used as a powerful method to model complex
mining system. Reliability and risk management studies should be adopted as part of mine
planning. The result of the procedure was tabulated as shown in table 3.2; the table shows the
need for minimum reliability in maintenance time and estimated cost.

In a doctoral thesis,Khan (2011) presented a discrete rate stochastic modelling of a mining
system. The objective of study included validating improvement in bottlenecks, determining
the process capability in terms of production and identifying any hot spots in the system which
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Figure 3.2: Visualisation of bottlenecks as identified by the model in 365 days(Khan, 2011)

require further analysis. The study was performed as an application in Vale mine in Canada.
The study included detecting variations in mining operation, building a throughput bottleneck,
simulating the mining system to detects bottleneck and designing a model with all the steps
for application. The simulation was done using ExtendSIM software.The study evaluated each
process output in terms of tons and detected variation in the process. The simple outputs from
the model, such as production output, severity of constraints, capacity constraints along with
cumulative bottleneck plots, were used as both tools and techniques. The model was able to
propose optimisation for complex mining operations. The optimisations were proposed in the
system and in subsystems i.e. localised optimisation. Figure 3.2 shows the bottlenecks found
within each mining process studied in terms of output.

3.2.2 Production system simulation

Discrete event simulation has been applied to increase the throughput in underground mining
systems, as in a study by Runciman et al. (1999).

The equipment considered comprised two drill jumbo machines, an explosive loader and
an LHD for hauling. They used two case studies; an initial case study was conducted with a
regular shift pattern and the second one was carried out with a change with the shift pattern.
The equipment were all tele operated as part of tele operates system implementation. Results
showed that tele remote increased output, as illustrated in figure 3.3. Study clearly mention that
increased reliability of equipment and optimised working time, i,e. utilisation increase, can lead
to similar gains in productivity. Further, with enough information about mining subsystems,
each system can be modelled and improved using simulation studies. In an open pit mine
in Romania, Andras et al. (2006) carried out a simulation for materialisation of system OEE
metrics . The simulation was done in MathCAD using the case study data. Initially, system
states were simulated using the derived probabilities of system out of work and working. The
production fluctuation was then superimposed over these data to determine the production per
hour. When the simulation was used, it was possible to determine the total monthly output
and effect of OEE parameters on the OEE itself. The researchers concluded that determining
a systems OEE elements and their effect on OEE itself in open pit mining systems can lead to
practical recommendations to improve productivity.

With the use of discrete event simulation (DES) and maintenance analysis, it is possible to
detect the impact of equipment failures. Genetic algorithms applied to failure data analysis can
be an effective tool in the analysis of mining equipment. In a study by Yuriy and Vayenas (2008)
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Figure 3.3: Effect of a tele-remote mining shift schedule on the total system advance (adopted
from (Runciman et al., 1999))

the effect of LHD failures on production throughput, availability and utilisation was evaluated
using the DES. The simulation was performed using two different types of simulation software
for comparison. Researchers suggested that this methodology could prove to be an essential
tool in determining the effects on the entire mine cycle. They also suggested that this method
could be applied to failures of other equipment to determine total system effects. It is possible,
for example, to add other parameters such as cycle time to determine the severity ranking of
equipment on production throughput.

In 2006 Aydiner et al. (2006) developed a simulation model which can be used for modelling
mining subsystems. The method involved the use of a mechanised production system with
DES. The researchers claimed this model could be useful for experimenting with and generating
models to meet the targeted production quantity.

3.2.3 Reliability analysis methods

Reliability achievement for equipment is essential to increase productivity. In mining, reliability
and maintenance are the focus of many studies. Although reliability study in mining operations
has been long used, quantitative studies are more recent. A typical reliability analysis for
equipment was demonstrated in a doctoral thesis by Kumar (1990). Kumar studied nine LHD
equipment in an underground mining. An individual type of LHD equipment was divided into
four subsystems: engine, hydraulic, brakes and transmission. He performed reliability analysis
using graphical methods and did an analytical assessment. The data were time between failures
and failure data for LHD machines. The thesis and the articles related to it are considered to
have marked the start of detailed reliability techniques for the mining industry. For example, the
conclusion of this study proposed reliability plots for LHDs, leading to planning of actions for
better preventive maintenance. Since then, reliability analysis of equipment for better equipment
availability has reduced maintenance i.e. more utilisation and better mine competitiveness in
terms of productivity.

A study by Hall and Daneshmend (2003) performed the following procedure for reliability
analyses

• Pareto analysis,

• Statistical analysis using distribution fitting of data,

• Failure mode effects and critically analysis (FMECA)

• Reliability growth management
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Hall and Daneshmend (2003) argued that Pareto analysis can identify where maintenance efforts
can be directed to gain the most return. The approach can be repeated for subsystems as well,
if sufficient data are available. This is the simplest method using system generated data. This
data can be further used for reliability analysis. However, more detailed information about
variations and maintenance can be achieved by performing statistical analysis. Their case study
used the ranking of reliability, and the infant mortality rate was confirmed for one piece of
equipment, leading to the determination of burn as a type of failure. They concluded these
methods can be used for detailed root cause analysis of those equipment factors which are
essential for productivity. Whereas the FMECA example showed one level of detail due to
equipment failure, this study showed that reliability analysis can be a tool for various equipment
analyses, where detailed results and improvement are imperative. The ranking of equipment
i.e. detection of bottlenecks is also possible. Analysis of maintenance of mining equipment
using statistical tools can provide insight into possible improvements in equipment for better
productivity. Ultimately, this analysis, combined with reliability analysis, can provide valuable
information about the maintenance characteristics of mining equipment. In their study Vagenas
et al. (1997) showed that for LHD machines, the use of failure trends and cumulative failure
numbers leads to the determination of equipment availability and effectiveness of maintenance
tasks. Table 3.3 shows that the reliability of components for one LHD represents the total
reliability of LHD itself. The researchers argued that reliability analysis can be used for better
analysis of equipment, leading to better performance.

Table 3.3: Summary of detailed reliability estimation for 1 LHD system out three LHD studied
(Vagenas et al., 1997)

LHD-system
Best fit for
MTBF

MTBF
(Hours)

Reliability
estimate
R (100hrs)

Drive train Weibull 49.90 0.135
Structural Exponential 55.75 0.166
Hydraulic Weibull 46.66 0.117
Engine Exponential 68.58 0.233
Electrical Weibull 75.85 0.268
Bucket Exponential 128.74 0.460
Brakes Weibull 159.96 0.535
Tires Weibull 158.39 0.532
Fire support Weibull 269.63 0.690

The reliability analysis of LHD as mentioned in the study by Vagenas (1997) depends on
the analysis of basic parameters and methods. However, the study proposed by Samanta et al.
(2004) used reliability based diagrams and Markov analysis for the evaluation. The procedure
followed the same route as earlier studies, i.e. dividing the equipment into various subsystems
and analysing then for total evaluation of a single piece of equipment. Figure 3.4 shows the
detailed process for LHD analysis. With this type of analysis, they were able to determine
the exact cause of unavailability of an LHD. They concluded the maintenance or the repair
process require better reliability, availability and maintainability. However, the restricted itself
to a single type of equipment; it is not clear if this method can be applied to determine the
performance of various types of equipment and thus help find bottlenecks. The conclusion to
be taken from this study is that reliability and maintainability analysis of equipment in mining
can be used for higher utilisation and higher productivity.

Taking the reliability analysis further from their study in 1997 , Nuziale and Vagenas (2000)
proposed a methodical approach to carry out such analysis using software. The software Re-
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liaSoft used the current maintenance data from a system such as MTTR, MTBF, and number
of repairs as input. The initial analysis was done using graphical and statistical methods, the
results of which were used for reliability analysis of a piece of equipment. The software system
architecture is shown in figure 3.5.

Figure 3.4: Reliability analysis of LHD using RBD and markov model algorithm (Samanta et al.,
2004)

Figure 3.5: Software system architecture for equipment reliability analysis (Nuziale and Vagenas,
2000)

3.2.4 Other methods used in mining for production increase

A thesis by Sharma et al. (2009) proposed a state of the art technique for assessing the pro-
ductivity of mining operations. The method includes equipment data analysis and reliability
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analysis. During the data analysis, the researchers presented a model of the state of equip-
ment. Uncertainty in occurrence rate parameter was assessed with the help of Poisson random
occurrence and Bayesian interface. They assumed equipment was in either a working state or a
non-working state. The duration of any state was calculated by the following formula ,

Dx =

Nx∑

i=1

dx(i) (3.2)

Where x is name sub state (working or non working), Dx= observation period of state, Nx=number
of occurrence of state, and dx is duration of observation of state as random variable. They also
calculated the probability of observation of any state. To observ the occurrence rate of sub
state of equipment they adopted a Bayesian approach and calculated the probability density
function for this occurrence. The states of equipment were found to be either random or deter-
ministic. These were categorised into operating, delay, standby and repair. For the reliability
analysis, they presented a limit- state based formulation, including an algorithmic formulation
of a cost-based limit-state function.

Paraszczak (2005) stated that measuring and benchmarking the productivity of mine equip-
ment is essential to determine the improvements. He proposed that this can be done via assessing
equipment effectiveness. However, for the application of OEE in mining quality is replaced by
the production of process efficiency by an equipment. OEE can be used a single metric to mea-
sure the contribution of equipment to overall productivity by effectiveness .The modified OEE
for mining is given by following equation,

OEE = Availability×Utilisation rate× Production or process efficiency (3.3)

With the increasing cost of commodities, it is essential for mining companies to operate
with maximum productivity. In order to achieve this productivity it is essential to evaluate the
equipments overall effectiveness (OEE). A study by Elevli and Elevli (2010) shows the application
of OEE for shovels,trucks and drilling machine in mining (table 3.4). For the execution of
methods they evaluated each parameter of OEE with respect to total calendar time rather than
using total actual available time. The losses for each equipment were classified and measured.
Depending upon which OEE was calculated. In conclusion it was stated that utilisation of
equipment can be improved it appropriate metrics is used for evaluation. OEE can thus be a
useful metrics in terms of this objective. However to use OEE classification of method and data
is emphasised. This approach uses the activity base for evaluation of effectiveness of equipment
for production.

OEE can be used to compare mining equipment. Using this comparison can show which
equipment is contributing more to a mines total productivity. In a case study done at two
different cast mines in India, OEE was calculated for dragline and surface miner equipment.
The study involved measurement of total working hours, scheduled and non-scheduled stoppage,
idle time, maintenance time, and quality as a filling factor for each dragline. The data were
collected monthly for three years, from 2010 to 2012. Each factor of OEE was compared year
by year with each dragline. Then overall OEE was compared at the end for each mine (Kumar
et al., 2006). The researchers found that draglines and surface miners were performing better
in BOCP mines than in SOCP mines. The reason was not evident, but it seems working hours
in SOCP mines were higher than in BOCP mines, as shown in table 3.5 and table 3.6.

In mining equipment productivity and availability are closely related. Gurgenci et al. (1998)
accentuated that it is impossible to increase the productivity without concentration on availabil-
ity. In order to find the relationship between these two factors, they evaluated a dragline. An
equation for total tonnes was produced for a calendar year from a dragline. The performance of
the dragline was then evaluated using real working conditions. The study recommended a new
approach to maintenance, termed severity based maintenance for equipment. With the use of
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Table 3.4: Procedure for estimation of OEE of mining equipment using calendar based time
approach(Elevli and Elevli, 2010)

Table 3.5: Drag-line performance comparison in BOCP and SOCP mines (Kumar et al., 2006)
BOCP mines SOCP mines

Availability 0.78 0.68

Performance 0.91 0.78

Quality 0.76 0.73

Total OEE 50 % 38 %

Table 3.6: Surface miner performance comparison in BOCP and SOCP mines(Kumar et al.,
2006)

BOCP mines SOCP mines

Availability 0.83 0.0.80

Performance 0.78 0.63

Quality 0.86 0.86

Total OEE 55 % 43 %

such maintenance it possible to increase mining equipment availability with maintenance action
planned while the equipment is operating.

Maintenance approach is the key factor in the maintenance of mining equipment, as indicated
in several studies. A real time condition monitoring system, along with strong principles of
maintenance, can help achieve this objective. Lewis and Steinberg (2001) explained the need to
consider controllable costs, to focus on availability rather than capacity and to create proactive
maintenance and real time maintenance management. They also explained that in proactive
maintenance, advanced technology can help the mining industry achieve higher productivity.
Reliability centred maintenance was proposed as a main methodology.

3.3 Conclusion from literature review

The objectives of methods in mining are to:

• Improve the system or equipment for better output

• Improve the factors associated with equipment and sub systems to avoid failure

• Optimise process/equipment for better equipment performance/efficiency
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The literature review suggests that to achieve these objectives, reliability, availability, utilisation
of equipment, and output by equipment, efficiency of equipment are important.

In the mining literature and reports, only performance is generally interpreted as productiv-
ity. Most of the methods try to improve equipment for better efficiency of operation relating it
to productivity.

It seems from review that there is no single standard index to find mining bottlenecks.
However most studies for mining equipment bottleneck detection or equipment improvement
point that bottleneck is point in system affecting the production output more in comparison
with other equipment.





Chapter 4

Research process
Research is common name for a search for knowledge. Research methods are what researchers

use to perform the operation of research. A systematic approach to solve a research problem is
termed the research methodology (Kothari, 2004). Research can be classified in various ways.
Table 4.1 includes the various types of research methods used in scientific research. Research
may be conducted for either application (of knowledge) or basic knowledge aggregation.
Using classification from the research design specified in chapter 2, the following types of

Table 4.1: Types of research methods.(Rajasekar et al., 2006)
Type Method

Literature research
1. Analysis of earlier research work
2. Analysis of historical data.

Field research

1. Non participant observation
2. Participant observation
3. Questionnaire
4. Interviews
5. Case studies and life history.

Study at laboratory
1. Simulations
2. Use of observer etc.

methodology can be identified in this study.

1. Literature review

(a) Analysis of earlier research work

(b) Analysis of historical data (qualitative and quantitative data)

2. Field Research

(a) Participant observations

(b) Questionnaire

4.1 Review and analysis of literature

Figure 4.1: Literature review methodology and their components used in study

23
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Figure 4.1 shows the use of a literature review and its components as a study method. A
literature review is defined as the analysis of scientific research material about topics related to
the study. It involves careful reading of the work and good knowledge of the objectives of and
the methodologies used for problem solving and their applicability to the study. Results of a
literature review also form an integral part of applicability and analysis. After determining the
criteria of applicability to the current study, the cited literature is deemed relevant.

4.1.1 Comparison of existing productivity improvement methods in different
industries.

To satisfy set objectives and formulate the basis of research, the present work has completed a
literature review and an analysis of earlier research. In the initial study, where the objective
was to check the factors for MPA, the following questions served as a guide:

• What process industry methods has been studied and applied?

• Do the objectives of these methods in industries align with the objective as stated by the
problem being considered?

• Is any methodology, its elements, tools and techniques adaptable to the mining industry?

• Is the execution of these methods detailed, including activities?

• Is the studied method successful at achieving the stated objectives?

Two methods studied in other industries (see Paper 1) have been examined with the help of
the available literature. These methods are EFQM and PAP.

4.1.2 Analysis of earlier research work for formation of index in mining

In this study, the literature review played an essential role in formulating a mining index. The
review of literature also analysed an index from TPM (OEE). This part of the literature review
was divided into two parts: OEE literature in general and OEE applicability to mining. The
first part showed OEE has been successfully used as an index in other industries, but it has
limitations. Because of OEEs limitations as defined by Nakijima, the study looked at other
formation of OEE as well. The second part looked at earlier research on the applicability of
OEE . The literature review showed the use of the index in the mining industry, with some
modifications. The review explored its success in determining bottlenecks and determining the
effectiveness of a set of production equipment.

The review showed it has limited application in the mining industry, leading to modification
of OEE. One of the studys research papers (Paper 2) provides a detailed analysis of OEE
as an index in mining and notes its limitations. Paper 3 reviews some literature, discusses
performance measurement and suggests possible improvements in mining operation. It briefly
discusses various methods of improvement in mining with respect to tools .The research is used to
determine the essential and repeated elements in bottleneck detection. Further research analysis
of elements found in earlier literature is used to formulate the causes of bottlenecks in Paper 3
(for instance, see figure 4.2).

4.1.3 Analysis of historical data

A literature review of historical data looked for relevant qualitative data for all appended studies.
For Paper 1, historical data involved assessment of the achievement of objectives the through
application of EFQM and PAP methods. For MQW and method in the food industry, historical
data were concerned with specific financial output attained from the application of the method.
The financial figure for the food industry was obtained from the related company public financial
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report. For the second company, financial gains were obtained through direct involvement, as
explained in the participative field study method. For EFQM historical data were associated
with the success of the method. The data included the application of the EFQM methodology
in other industries. Historical data relating the use of PAP in the oil and gas industry to success
in terms of output could not be shown directly.

4.2 Field Study

A field study was done to gather the qualitative or quantitative data as required. It involved
various methods for data collection and observation. These observations and/or data permitted
further analysis to help solve the problem. Results obtained from case study could determine
further methodology.

The type of field study used appears in figure 4.2.

Figure 4.2: Types of field study performed and their outcomes

4.2.1 Field study with participant observation

4.2.1.1 Field study in non-mining industries

The first paper used field study with active participant observation by the author. This was
done for methods in the food industry and for organisation using the Mahindra quality way
(MQW). The field study included participation through:

1. Formation of objectives to be achieved through application of methodology.

2. Studying the methodology and formulating the step for implementation.

3. Gathering the results from the application of methodology

4. Comparison of steps formulated and followed for specifics of methodology.

5. Representation of results for comparison of objectives formed in step 1.

The data collected during these steps were both qualitative and quantitative. The research
method considered overall implementation, formation and relationship with other methods.
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These data were essential to compare MQW and the food industry method with EFQM and
PAP. For Mahindra quality way, financial data were obtained using the steps mentioned above.
These data included profits earned for 2012 and the impact of using MQW. This financial output
was verified with the organisation involved.

4.2.1.2 Field study in mining industry

This field study was carried out in an open pit mine in Sweden. The objective was to gather
information for further study of the organisation. Data gathered were part of the second and
third research papers. During the initial study, field study was done through interviews with
mine staff. This interview yielded:

• Mine staff structure and positions

• Types of operations and sequence of operation.

• Types of equipment used in operation

• Capacities of equipment.

• Working hours and shift rotation schedules.

During the further field study technical information was gathered with respect to operation
and equipments. The following data was obtained through database for mining equipment.

• Availability, performance/efficiency and utilisation of equipment shovels,truck.

• Idle time, standby time, utilisation hours for truck fleet and crushers.

• Output of equipment fleet.

The data used in Paper 2 and Paper 3 is directly from the database from mining organisation.

4.2.2 Field study with questionnaire

For the second and third research paper, questionnaires were used as part of study. The ques-
tionnaires were built to gather qualitative data from expert opinion. The experts were chosen
from academia and industry.

The questionnaire for Paper 2 consisted of an evaluation of shovel MPi parameters. During
the process, each parameter (i.e. availability, utilisation, and performance) was evaluated in
comparison to other parameters using respective evaluation criteria (see Paper 2). An inconsis-
tency of 0.13 was allowed, as part of the process. The weights were evaluated using the AHP
process in the software Expert choice.

For the third paper, the questionnaire consisted of evaluating each individual type of equip-
ment as compared to other types. For the third research Paper questionnaire were kept simple,
but with an importance evaluation for each parameter of each type of equipment (for example
importance of availability of shovels) (see Paper 3, table 4).

4.3 Data analysis

Figure 4.3 shows how the the details of data analysis followed through the study. This data
analysis was dependent upon the earlier steps in methodology that is literature review and field
study.



CHAPTER 4. RESEARCH PROCESS 27

Figure 4.3: Data analysis methodology used in study

4.3.1 Analysis of qualitative data

Based on the literature review and field study methodologies, qualitative and quantitative data
were gathered. To draw useful conclusions from the data, good data analysis is essential. Before
data analysis can be performed, the data must be confirmed as correct.

For the qualitative data used in Paper 1, the methods used in food industry and Mahin-
dra quality way methods was confirmed by actual participation in the study. For EFQM, the
methodology implementation, tools, techniques and success were confirmed thorough EFQM
website (European foundation of quality management, 1988) and through related literature
cited in Paper 1. For PAP in the oil and gas industry, the verification of tools, techniques and
methodology was done through ISO 20815 and related literature (for example (Barabady, 2007).
For the financial data for MQW and food industry methods, results were verified through an
internal report from the organisation and a public financial report.

The field data obtained from the mine, such as capacities of equipment, were verified through
official public reports available from the organisation. The comparison of methods done for Paper
1 was done using the qualitative data obtained from the literature review. Elements required
to evaluate equipment and bottleneck-seeking were obtained from the literature review cited in
research Paper 2 and research Paper 3. This review is detailed in research Paper 3.

4.3.2 Analysis of quantitative data

The quantitative data obtained from reports and interviews such as equipment capacity cited
for clarification of operations. Quantitative data collected from the mining organisation forms
input for the MPi formulated from the literature review.

In Paper 2 classical AHP method was used saaty(1980), however AHP has limitations.The
classical AHP theory takes into consideration either yes or no evaluation, however with with fuzzy
analytical theory an expert opinion can have multiple range of values for opinion. The expert
evaluation thus can be interpreted any value between 1 and zero (Chatterjee and Mukherjee,
2010).

For Paper 3 FAHP was thus selected.FAHP method is used for converting the qualitative
data to quantitative data. This data can be used for further analysis. Experts opinions for
evaluation of elements of MPi was converted to quantitative data using FAHP. This data was
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further used for calculation of MPi.
The quantitative data obtained from mining organisation was used for calculation of MPi.

This data consisted of percentage of availability, utilisation and performance for shovels, trucks.
For the truck fleet and crusher availability,utilisation,performance was calculated based on raw
data from database.

4.4 Summary of papers

4.4.1 Summary for Paper 1

This paper is related to MPA formation. It reviews four methods used in different industries.
The methods are analysed with respect to their various adaptions. The first method is based
on six sigma, the second is based on plan, do, check, act and TPM methodology, the third is
based on the EFQM model, and the fourth is production assurance standard in the oil and gas
industry. For each method, the literature review shows the genesis of the method and its basic
tools and techniques. For the first two methods (food industry and MQW) implementation is
discussed as output of direct field observation; whereas EFQM and PAP methods are reviewed
based on literature and available standards.

Financial data from the organisation is a measure of success for first two companies. Compar-
ison is used to evaluate each method in mining. The literature review mentions the requirements
of mining. Finally the results and conclusion are drawn from a comparison study showing that
TPM, Six Sigma, and EFQM do not conform to requirements of the mining industry. PAP
does have elements such as availability and reliability analysis which can be used in mining,
but its implementation is limited. Hence, PAP could be a useful method for the formation of
lean mining. The study also concludes that mining will require a different set of key process
indicators for MPA.

4.4.2 Summary for Paper 2

Since mining uses availability, performance/efficiency and utilisation as main criteria for equip-
ment effectiveness for production, the paper chooses OEE as the key performance indicator for
exploration. The study explains why various manufacturing industries have achieved success
using OEE. It shows that OEE can be used as a single parameter to explain the effectiveness of
equipment. It explains the evolution of OEE in research and shows how OEE has been modified
to meet the need to measure effectiveness of maintenance, the effectiveness of the entire factory,
and the effectiveness of the production process. It also notes the limitations of OEE in its orig-
inal definition by Nakijima. It explains the use of OEE in the mining industry. As originally
formulated, it has limited use in mining, as the elements of OEE cannot be applied; hence, it
has been modified by research.

Mining OEE is defined differently as shown in paper. To show its effectiveness and to
determine the areas of focus for improvement, mining OEE has been modified with weights
for each parameter. This modified form of OEE is called MPi. The study explains the need
for adding weights to the parameters of MPi. To calculate the weights, experts are assigned a
questionnaire on shovels. Using expert evaluation, the study then applies the AHP method to
determine the weights for all shovels.

To determine the bottleneck between the five shovels in a mining organisation, a case study
is proposed using the weights obtained from experts. Using the data for five different shovels,
one of which is hydraulic and four electric, MPi is calculated. The study finds the values of MPi
for the shovels range from 47% to 51% over five months.

The hydraulic shovel has the highest value of MPi. Therefore, this shovel Hy is most effective
equipment for achieving the required output. The study concludes MPi successfully shows
effective shovels in terms of production in a mining organisation. However, The MPi should also
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be applied to continuous chain operation in mining in future research. The calculation of MPi
and weights should be periodic to meet the requirements of the mining industry.

It was concluded that MPi was successful in showing effective shovels in terms of produc-
tion in an mining organisation. However The MPi should also be applied to continuous chain
operation in mining for future research. The calculation of MPi and weights should be periodic
according to the requirements of mining industry.

4.4.3 Summary for Paper 3

This paper explores two area related to MPi

• Use of MPi for application in chain operation in mining

• How MPi can help further analysis of bottleneck detected in chain operation.

During the literature review method, various methods used in mining for bottleneck detec-
tion are discussed. Availability, utilisation and performance/efficiency of mining equipment are
revealed as the main criteria for evaluation. Basic elements of these parameters are explained
in a further research review.

Availability is comprised of MTBF and MTTR. How MTBF and MTTR are affected is
explained in table 1, (see Paper 3, and table 1). Utilisation of mining equipment is comprised
of planning, production scheduling, logistic planning and standby hours as per legislative norms
(see paper 3, table 2). Performance of mining equipment is comprised of various factors which
are specific for each type of equipment (see Paper 3, table 3)

It briefly explains how MPi is formed by modifying OEE and also explains the need for
weights. It provides detailed method for the application of FAHP. The methodology includes
field study with a questionnaire. Fuzzy matrices for each type of equipment are formed using
FAHP in excel. Defuzzyfication of these matrices lead to weights obtained from experts for each
type of equipment (see Paper 3, table 6).

The data for shovels, trucks and crushers were obtained from a mining organisation. These
data included measurement of availability, performance/efficiency and utilisation over a six
month period from December 2013 to May 2014. All data was shovel was assumed correct for the
period. For truck fleet and crusher calculation were done for finding the availability,utilisation
and performance based on raw data.

Comparison of these parameters reveals determining a bottleneck using these raw data is
not fruitful.

MPi for each type of equipment is calculated using the equation 5.2 (see chapter 5) with
weights obtained from the earlier method. Calculation of MPi shows that the crusher with the
MPi value of 40.26% is least effective equipment in production. The MPi value of shovel is
15% and trucks is 38% higher than that of crushers MPi. The weights show that the crushers
performance is rated higher than the crushers availability and the crushers utilisation. A cause
and effect diagram is plotted for lower crusher performance. The input for this diagram is
taken from the literature review done earlier. The paper concludes that further analysis of
crusher performance is possible starting with a cause and effect diagram. The exact quantified
relationship between causes and crusher performance could form part of future research.

4.5 Contribution by authors

Papers has been contributed by each author in following ways.

• For the first research paper (Paper 1) concept was conceived by first author, support
in terms of development and discussion was contributed by second author whereas third
author contributed expertise in terms of, application of such methods in mining and also
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enhancement of study for scientific publication. First author also contributed in terms of
field study of organisations involved and literature review. Conclusion was contributed by
three authors together.

• For the second paper (Paper 2) idea was developed and propagated by first author.
Methodology was discussed with second author and developed by first author. Second
author also contributed for the developing meaningful results from the analysis. Third
author contributed to discussion and development of the study.

• For third paper (Paper 3) first author collected, analysed the mining data and literature
review. Second author contributed in development of methodology and finding meaningful
conclusions. Third author helped in developing the literature review and overall structure
and development of this study.



Chapter 5

Research results and discussion
The chapter discusses the results obtained for each individual research question posed in chapter
1. The answers will include the implication of the results and their importance. The results
include adoptability of productivity improvement methods for mining, the result of the study
for finding a mining index and its application in the case studies carried out.

5.1 Research question 1

RQ 1: What approach to mining production can be used to formulate an assurance program?
Paper 1 provides the answers for question.

Table 5.1 shows the limitation of each methods with respect to mining application and as a
general methodology.

Table 5.1: Production assurance primary requirements in mining and its fulfilment by methods

Requirement in mining
Food industry

Method
MQW EFQM PAP

Meeting tight schedule
and achieve demands

� � � �

Improvement in
operations

� � � �

Reduction in accidents • • • �
Reduction in operation

cost
• • • �

Reduction in
maintenance cost

• • • �

Reliability of Equipment • • • �
Availability analysis • • • �
Focus on maintenance • • • �
Design of Equipment

focus
• • • �

Operation similarity with
Mining

• • • partially
satisfies

• = does not satisfy the criteria,� = does satisfy the criteria

As we considered mining a process industry, we studied the methods used for production
assurance in four process industries: food manufacturing, automobile component manufacturing,
automobile and other industries (as explained in Paper 1) and oil and gas production. Each
method was reviewed based on the organisations documentation, a participant field study or a
literature review and a study of the relevant standards. Mining focuses on maintenance since
it is highly dependent upon equipment for system productivity (Dhillon, 2008). Variations in
operation and external factors affect mining output. Improvements to reduce these unwanted
variations are important to productivity. Another barrier to output are accidents and incidents,
as these factors reduce the pace of work and limit output. Maintenance cost forms a huge
part of operations in mining; these costs must be addressed. One method to reduce the cost

31
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of maintenance is reducing the need of maintenance operation activities. This can be achieved
through better equipment selection and equipment characteristics.

As discussed in Paper 3, mining equipment production is a function of availability, utilisa-
tion and production performance and efficiency. The production performance and production
efficiency of equipment are function of the inherent abilities of equipment. These considerations
are addressed in the design phase of the equipment; hence, the design of equipment for produc-
tivity an essential consideration. Delivery assurance is an important criterion in mining which
relates to the rate of production; hence, meeting tight deadlines forms part of mining production
assurance.

Adaption of methods used in other industries requires some similarity of operation; for
example, types of indexes and tools must be adapted. Hence, this must be considered when
selecting the method of application in the mining industry. Table 5.1 shows various requirements
and their focus on achievements in production and productivity. Production and productivity
increase forms an important part of all these methods; this is also an objective for MPA.

The literature review done for this study shows the general tools and techniques used by these
methods and their applicability. In research Paper 1, each method is explained according to its
objective, essentially comparing the required objective of mining with the objectives of studied
organisations. Their execution is explained in detail. The explanation clarifies how the method
can address the requirements of an industry. The limitation of each method is discussed as well.
In TPM, the tools used are quality circle, statistical analysis, use of Jishu Hozen, control charts
etc. TPM does more than control costs; it can improve dimensions of cost, quality, and delivery
and is a strong contender for improving manufacturing performance (McKone et al., 2001). It
still does not consider the design of equipment, however. TPM uses OEE as index to evaluate
the effectiveness of equipment. As shown in Papers 2 and 3, OEE has limitations for adaptation
in mining. As discussed in Paper 2, OEE is not an optimal index and, hence, has been modified
by researchers (Muchiri and Pintelon, 2008). OEE is not sufficient to characterise a complex
manufacturing system (Oechsner et al., 2002). Mere application of operational aspects of TPM,
with little regard for the underlying principles, will not ensure the full long term benefits of
TPM. TPM also has to be implemented in phases and it is time-consuming to ensure its full
imp mentation (Park and Han, 2001). Use of TPM in the mining industry is bound by time
constraints, as shown by Gustafson et al. (2011).

Tools from six sigma, such as statistical analysis and use of Kanban, originate from the
method selected. In the six sigma, the index for measuring a defect is defect per million outputs
or dpmo (Goh, 2002). The application of such an index is not possible in mining since defects
in mining operation or output cannot be measured in these terms. Often goal setting with
six sigma is based on technical improvements required; however, goal setting requires not only
technical consideration but also behavioural consideration (Linderman et al., 2003). Six sigma
implementation also needs expertise for success (Coronado and Antony, 2002). Any lack in
such expertise might lead to failure of six sigma implementation (Coronado and Antony, 2002;
Goh, 2002).Further lack of six sigma method as discussed in food industry has been discussed
in research by Goh and Xie (2004). Considering lack of index usable for mining, lack of hu-
man factor in methodology,it seems that methods used in food industry might not be ideal for
implementation in mining industry.

The third methodology has defined its own techniques, including assessment of the condition
(where the organisation is placed in terms of objectives to be achieved) and assessment of
objectives achieved in various criteria such as enablers and results. These criteria are subdivided
into further specifications, for instance, people results, strategy, process products and services
etc. Thus, it involves identification of objectives and the tools and techniques required for
assessment. One of the biggest limitations of EFQM is its lack of operational parameters.
EFQM seems to be oriented towards a theoretical model. It does not specify a tool or technique
or method for implementation. This requires reiteration of current practices until the EFQM
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level is achieved. A statistical test on the elements of EFQM found that people results and society
results do not conform to the minimum coefficient required, signifying that when the connection
between enablers fails, policy, strategy, people, partnerships and resources have a significant
effect on processes (Gómez et al., 2011). This prompts the need to modify the EFQM model
for implementation in manufacturing. This is explored in a study by Heras-Saizarbitoria et al.
(2012).

PAP, the method used in the oil and gas industry, has a focus similar to that of mining,
but the adaptability is limited because of the difference in operations and equipment. The
Production Assurance Program (PAP) standard used in the oil and gas industry is similar to
the objectives and tools and techniques required in mining. But these methods and techniques
cannot be simply transferred from the oil and gas industry to mining, given the difference
between the types of operations and the equipment used. PAP also has limitations in terms of
execution and the methodology for implementation. The overview of this method limits to its
application in other industries as well (Barabady, 2007).

However, it seems that PAP as used in the oil and gas industry has elements in its focus that
are similar to the focus of mining. PAP considers reliability, availability analysis, and design of
equipment as part of its implementation. PAP does not mention of a specific bottleneck seeking
method. As this method should form the basis of MPA, PAP application is limited. The result
of the comparison of methods and the review of limitations in this study indicates MPA needs to
be developed with its own tools, techniques and methods. Yet while developing MPA, PAP from
the oil and gas industry can be used as guideline. Thus, it seems that with guidance from PAP,
MPA can be formulated. That being said, MPA may require different tools and techniques.

5.2 Research question 2

RQ 2:What index (from methods applied in mining or formulated from a review of methods)
can be applicable for detecting the bottleneck? Does this index apply to chain operations in
mining?

Paper 2 and Paper 3 provides answer to this question.
A mining bottleneck is formed by the impact of various events occurring in operation. The

literature review revealed that the method used to increase production focuses on locating the
equipment, process or method which causes loss of availability or increases variation, or creates
wastes in system are bottlenecks.

Similarly, in the mining industry, the operations must be analysed to locate bottlenecks. The
literature review of various methods used throughout years in mining suggests that analysis of
mining operations for productivity can be done through:

• Maintenance and operational data analysis using statistical methods, genetic algorithm,

• Reliability analysis of equipment,

• Simulation of mining operations

• Other methods such as Markov chain analysis, equipment effectiveness analysis.

There seems to be no single methodology or a single index to analyse the effectiveness of
production in terms of the equipment in mining. These methods have been applied to specific
areas of mining operations to detect equipment with less production. But to locate bottlenecks
and to identify the areas of improvement, an index which can be applied to all equipment could
be useful, an index which can locate the bottleneck and point out areas of improvement. Further
research on PAP for manufacturing industry, led to formation of overall production assurance
effectiveness (OPAE) (Barabady, 2007), OPAE can be given by equation.
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OPAE =
mean predicted OEE

Demand OEE
(5.1)

As the literature review explained in Paper 3 and in chapter 3 shows, equipment parameters
such as availability, utilisation and production performance/efficiency are necessary to evaluate
productivity across the system. Considering these three parameters, OEE (Nakajima, 1988)
can be used for mining industry for analysis. OEE is key index used in many industries for
performance management(Åhrén and Parida, 2009) and locating the bottleneck. The concept of
OEE for mining and its evolution has been discussed in paper 2. However the application of OEE
in general and in mining industry has limitations. The application of OEE in general and in the
mining industry specifically has limitations, however. Given this, a new Mine Productivity Index
or MPi is proposed here. The MPi equation involves availability, utilisation and production
performance as parameters. This evaluates equipment effectiveness in production. To find
the uncertainties relating to the bottleneck in equipment, these parameters must be evaluated
individually. To determine the importance of the parameters, weights are assigned to each
parameter. The MPi is given as

MPi = (Availability)a × (Performance)b × (Utilisation)c (5.2)

where
a+ b+ c = 1 and a, b, c > 0

where a,b,c are weights assigned by experts

With a mine production index, it is possible to check effectiveness of an equipment for how
much an increase of output by equipment conforms to the required output. Evaluation of the
weights assigned to each parameter can be done by converting the qualitative analysis of experts
or mine managers to quantitative weights using the fuzzy analytical hierarchy method. This
evaluation of weights shows which parameter is more important for bottlenecks in equipment.
In Paper 2, five shovels are considered for evaluation using MPi. MPiShovel for each shovel is
calculated and compared. Table 5.2 shows results

Table 5.2: Weights obtained for shovel parameters
Shovel parameter Weight

Availability 0.14

Production
performance

0.33

Utilisation 0.53

Using the equation 5.2 and values from table 5.2 for shovels equation for shovel is

MPishovel = (Availability)0.14 × (Performance)0.33 × (Utilisation)0.53 (5.3)

It can be seen from table 5.2 that from the experts point of view shovel utilisation is rated
higher. Production performance and availability follows the performance. Utilisation parameters
are discussed in paper 3 (see Paper 3, table 2)

MPi for 5 shovels calculated is shown in figure 5.1. The graphs shows that hydraulic shovel
is found to be more effective than any other shovels with 51% MPi for shovel, while electric
shovel 2 shows the poorest performanceas seen in figure 5.1. The ranking for improvement is,
thus, performance of shovels, utilisation of shovels and finally availability of shovels. By using
the MPi as indices and weight evaluation, it is possible to determine the bottleneck between
shovels. Meanwhile, weights calculated for MPi point to the performance of shovels as an area
of improvement.
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Figure 5.1: MPi values for 5 shovels using AHP method

5.3 Research question 3

RQ 3:Does the index resolve into possible causes of production loss for the equipment to which
it is applied?

Paper 3 answers this questions in detail.
A Paper 3 answers these questions in detail. The application of MPi for continuous operation

in mining is implemented and shown in this paper. The paper explains various bottleneck-
seeking methods used in the literature. Availability, performance/efficiency and utilisation are
three main parameters used in various studies of improvement and bottleneck-seeking. The
paper presents components of these three parameters in the mining industry. The correlation
between the parameter and its components helps to determine the most relevant likely cause of
bottleneck formation. The paper also offers a case study in a mining organisation. The case
study considers a chain operation sequence. The operations involve shovels, trucks and crushers.
They include digging ore and hauling it to waste areas or to a crusher for processing. During
the crushing operation, boulders are crushed into the desired size for further processing. This
continuous chain of operation is essential in mining to produce the ore for final processing. Any
lag of output during these operations will affect the total system output.

The literature review presented in Paper 3 shows that production of these equipment is
mostly dependent on the availability, utilisation and performance/efficiency during the opera-
tion. A further literature review looks at the components of these three parameters in detail.
Availability and utilisation parameters remain the same for each type of equipment, but the
parameters for performance or efficiency during operation are dependent upon each individual
type (see table 3 from Paper 3). Data for each equipment fleet were obtained for the study.
These data comprise equipment fleet availability, utilisation and production performance, and
data related to form these parameters was also obtained. A comparison of these data did not
show which type of equipment contributes less to system output, so MPi was applied. To ob-
tain the weights for each type of equipment, a group of experts from academia and industry
estimated the parameters.

In 1983 Laarhoven and Pedrycz proposed fuzzy analytical hierarchy process. This method
is combination of fuzzy theory with AHP. The main limitation for modification in AHP is,
linguistics scale was unable to convey fuzzy uncertainty by decision makers (Etebarian et al.,
2014).

This mean that with application of fuzzy theory more reasonable evaluation criteria can
be developed. Van Laarhoven and Pedrycz (1983) stated that many concepts in real life have
fuzziness, hence to convert a definite value of an expert into fuzzy number FAHP is useful
(Van Laarhoven and Pedrycz, 1983; Etebarian et al., 2014). The general steps followed during
the application of FAHP are as follows:
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1. Polling from the experts: in this stage, we ask the opinions of the experts by questioners
using the quantitative or qualitative parameters.

2. Using the triangular function in FAHP, fuzzy number were calculated. This involved
fuzzyfication of experts opinion.

3. In this stage, we built a fuzzy pairwise matrix based on the fuzzy number calculated.

4. For constructed fuzzy matrix a local fuzzy priority criteria is calculated Zi.

5. We performed a defuzzyfication of each of these fuzzy priority criteria; this defuzzyfication
process yields the weights for each individual equipment characteristic.

Through which weights were obtained for each equipment as shown in table 5.3. For shovels and

Table 5.3: Weight for three factors for equipment fleets
Availability Performance Utilisation

Shovels 0.2944 0.3375 0.3681

Trucks 0.2836 0.3110 0.4054

Crusher 0.2417 0.4026 0.3557

trucks utilisation is more important than performance, whereas for crushers, production per-
formance is more important. To evaluate the bottleneck, we calculated MPishovel,MPitrucks and
Mpicrushers. We considered average values of availability, performance/efficiency and utilisation
over period of December to May.

MPishovel = (86)0.30 × (78)0.34 × (28)0.37 = 55.06 (5.4)

MPitrucks = (80.22)0.29 × (48.87)0.31 × (63.78)0.41 = 62.66 (5.5)

MPicrusher = (72.21)0.24 × (50.59)0.40 × (20.91)0.36 = 40.26 (5.6)

The Mpi values shows that the crusher fleet is clearly the bottleneck. It lags behind the
shovels and trucks by a significant amount.The possible reasons for low crusher performance are
shown in a cause and effect diagram (figure 5.2).

Figure 5.2: Low crusher performance possible criteria
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As seen in the weights for the crusher, the reason for being a bottleneck is its production
performance, with the highest weight of 0.40. Equation 5.6 also shows that for equipment in
mining (crusher), production performance is a primary criterion, causing it to be least effective
for required output.

Figure 5.2 shows the crusher is lagging in MPi. MPicrusher points the crushers performance
as a reason for it being the bottleneck . The crusher performance parameters, as previously
explained in detail in the literature review, permit us to create a cause and effect diagram. The
crushers performance is affected by many factors. The literature review, combined with the cause
and effect diagram, shows the possible reasons for the crushers low performance. As shown in
figure 5.2, possible reasons include equipment factors such as speed of crushing, which is a design
characteristic of the crusher, or boulder size which affects the speed of crushing. Thus, the loss of
production, as shown in a previous study (Kumar, 1997), is a not only equipment characteristic
but is also the result of the material being mined. External factors such as environmental
conditions, or placement of the crusher in mining (a decision during planning) could also cause
poor crusher performance. Further study is required to determine the exact reason for and
quantification of crusher performance





Chapter 6

Concluding remarks
With the ever increasing demand for mineral products, the mining industry needs to focus its

efforts on productivity. Mine production is affected by various operational and non-operational
factors. Mining is a capital intensive industry; therefore, any variations have an enormous effect
on the productivity of specific equipment or fleets of equipment. If an organisation wishes
to create a holistic mine productivity assurance program, it must consider these factors. A
complete mine production assurance program will require research into human, support, and
business factors, along with their interaction.

In mining, equipment is most important factor in achieving the desired level of production.
It is, thus, essential to know which equipment is lagging behind. A single index which can
evaluate all equipment for effectiveness of production can seen as a basic requirement of a mine
production program. It could also be beneficial if the index can point out possible improvements
which will either eliminate bottlenecks or reduce the impact of bottlenecks on total system
output. Considering the studys scope, the following constitute some concluding remarks

6.1 Research contribution

6.1.1 Conclusion regarding formation of MPA

- Variation in operations or due to external reasons affect the production in mining. There
is clear relation between operational variations and equipment productivity. A methodical
approach is thus required to quantitatively analyse this relation.This approach could form
the core of production assurance program for mining.

- Although various process industries use methods based on TPM, Six Sigma, and PAP, the
application of these methods in mining is limited. The limitation stems from a lack of
tools for specific analysis or a lack of consideration of the requirements of mining.

- PAP used in the oil and gas industry has considerable adaptability for mining. The
PAP program is built to assess equipment reliability, performance, cost consideration etc.
This methodology has been developed for implementation in the manufacturing industry
(Barabady, 2007), but it lacks certain steps and specific tools as noted in the study and
also by Barabady (2007). The adaption of PAP to suit the mining industry is limited for
the following reasons

- Equipment used in both industries are different, thus analysis of equipment differs.

- The methods of analysis equipment in PAP are not detailed with steps and activities
to follow.

- Using these factors and guidance from PAP, MPA could be developed; but for MPA, a
different set of methods, tools, and techniques must be developed.

6.1.2 Conclusion regarding bottleneck detection in mining operation

- Mine production index (MPi) can be used as index measure the effectiveness of equipment
in production. It can also be used to detect possible causes of bottlenecks. This index
considers equipment availability, utilisation and production performance/efficiency.
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- Applying MPi to a fleet of a single type of equipment and chain operation with three
different types of equipment shows the equipment which is the production bottleneck.
Using MPi, this study pinpoints specific parameter of equipment as the most important
parameter for improvement. In the case study, the shovels utilisation and the crushers
production performance are parameters that require further analysis.

- Equipment production is important for the mining industry; hence, bottleneck analysis
with MPi will form the basis of MPA.

6.2 Suggestions for future Work

In continuation of current work done in this thesis,following can be termed as future
research direction.

- Although the relationship between bottlenecks and parameters for improvement can
be made clear with the use of MPi, further work is needed to show the impact of
each uncertainty on detected parameters. This involves measuring the impact of
uncertainty on availability, utilisation and performance.

– Bottleneck detected using this method can also be subjected for cost analysis, critical
analysis for exploring the non operational uncertainties.

– Considering above two criteria,fine refinement in MPi equation and its application is
possible.

– A detailed production assurance guideline could be developed, incorporating the im-
pact of human and support factors, which could also include continuous monitoring
cycle.
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Abstract

High profitability and customer satisfaction are of supreme importance for any business.
To achieve both objectives, an organisation must design a structured approach. To achieve
profitability, organisations look to principles of lean manufacturing and techniques such as
EFQM, business excellence. This paper reviews such methodologies across different indus-
tries, comparing techniques and elements. Its objective is to determine which methodologies
are most applicable to the Swedish mining industry and propose a method to achieve lean
mining. To this end, the paper looks at the methodologies of a food manufacturing industry,
an automobile component manufacturing company, the manufacturing and service sector,
and the oil and gas industry. It finds that the method used in the oil and gas industry is
more relevant to mining, even though it has some flaws. Further research is needed to adapt
this method to the mining industry.

Keywords:Lean mining, Production Assurance, Production Assurance in mining, Comparison
of best practices, MQW,EFQM, PAP, PAP in mining. Evolution of PAP

List of Abbreviation used

• BSC Business Score Card

• CBM Condition Based Maintenance

• DMAIC Define,Measure,Analyze,Implement,Control

• EFQM European Foundation of Quality Management

• FMEA Failure Mode and Effect Analysis

• FNA Flow Network Analysis

• GOR Gas Oil Ratio

• HSE Health Safety and Environment

• KPI Key Process Indicators

• MQW Mahindra Quality Way

• OEE Overall Equipment Efficiency

• PAF Production Availability Forecast

• PAP Production Assurance Program
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• PDCA Plan Do Check Act

• PFMEA Product Failure Mode and Effect Analysis

• SCM Supply Chain Management

• SOP Standard Operatin g Procedure

• TBM Time Based Maintenance

• TPM Total Productivity Management

1 Introduction

To deal with competition, organisations must have a well-planned and structured approach
to customer satisfaction, as this is directly linked to profitability. Profitability depends on a
number of different factors in an organisation according to Grünberg (2003). For example,
operations must be reviewed and reconstructed to meet throughput times, minimise operating
costs, and improve the quality of products and operations. Successful execution is complex and
depends on such factors as organisation readiness, execution, human factors, and organisational
hierarchy. Therefore, a structured methodology is required, one that encompasses the whole
organisation to make the entire process effective, efficient and adaptable to changing business
needs. According to Zairi (1997), the goal of a methodology or approach should be to max-
imise output in order to achieve profitability. Since the mining sector is affected by the same
complexities and problems as other industries, the aim of this paper is to review a number of
structured methodologies in terms of their objectives, elements, implementation procedures and
success, and to determine which are more suitable for mining. Mining is s a key factor in the
economic growth of industrialised nations; it is widely assumed that a country with extensive
mineral resources has great potential for wealth. Increased industrialisation globally has led to
increased demand for minerals; the mining industry has responded by increasing its output. For
example, the world iron production jumped 41% between 2000 and 2011 (Brown et al., 2013).
To meet the challenge, the mining industry has turned to automation, mechanised many mining
jobs, introduced computerised mining maintenance etc.

2 Scientific Approach

According to the American Production and Inventory Control Society (APICS) definition, min-
ing is a process industry. The four methods reviewed in this paper are taken from industries
which can also be categorised as process industries; therefore, their methodologies may be appli-
cable to mining. The study’s goal is to propose a suitable methodology for adaption to mining
industry, one that addresses the issue of achieving higher output for customer satisfaction and
profitability. The first approach is used by a food industry; the second is from an industry
that manufactures magnets; the third is applicable to the process industry and also to other
types of industries and services; the fourth is used in an oil and gas industry in Norway. The
companies using these methodologies are all achieving their business objectives.In what fol-
lows, the various methods are discussed with respect to their objectives, implementation and
success. The description of the method used in the food industry and also in an automobile
component manufacturing factory is found in field studies performed by the specific organi-
sations. The discussion draws on the organisation’s manuals and experiences implementing
the method. Next, the European Foundation for Quality Management (EFQM) and PAP are
explained in detail. For EFQM, various research materials are available from EFQM (for exam-
ple, see http://www.efqm.org/); we also draw on references from (Watson, 2002; Hides et al.,
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2004; Yang et al., 2001). For the Production Assurance Programme (PAP), we use a specific
guideline, namely, ISO 20815. Finally, we compare the capacities of the methods; see Table
2.Once this has been established, we apply the methodologies to mining. The requirements of
the mining industry have been explained in earlier research; these requirements are set against
the objectives, tools and techniques and focus of the various methodologies. The fit of these
requirements is illustrated in Table 3. The results shown in the table lead to our selection of
the best methodology for mining. We conclude by noting the remaining gaps and suggesting
further research

3 Review of methodologies

In this section, we review various approaches used in process and manufacturing industries to
achieve their business objectives. The first is an excellence programme used by a food manu-
facturing giant. This programme is used across its factories making food and allieditems. For
food manufacturing organisations, profitability is related to output quality versus cost, optimal
supply chain management, avoiding downtime, reducing spill over, increased flexibility of manu-
facturing, employee education and training, and productivity and increasing capacity utilisation
(Harris et al., 2002; Mason et al., 1994; Paul, 2003). The second method, Mahindra Quality
Way (MQW), is used by Mahindra Mahindra, aprominent automobile and auto component
manufacturer from India. As for other industries of these kinds, for MQW the factors leading
to profitability include:

• Overall Equipment Effectiveness (OEE), which covers availability of equipment, quality
of output and performance of the equipment (Jonsson and Lesshammar, 1999),

• Product innovation (Lager and Hörte, 2002),

• Reduction in process variability and quality costs.

The third method, EFQM, is an assessment methodology which guides numerous organisa-
tions around the world in achieving and evaluating system reliability for increased performance.
EFQM is not restricted to any one method or tool; rather, it analyses the structure of a method-
ology and assesses its practices. The fourth method is PAP, developed by the Norwegian oil and
gas industry and converted into an ISO standard. PAP is designed in such way that it can play
a significant role in supporting the decision-making process for output capacity and customer
satisfaction/loyalty challenges in the petroleum sector

3.1 Method used in a food industry

Business objectives frequently focus on achieving profitability through customer service and
efficiency. A prime example is the food manufacturing industry (Mason et al., 1994; Paul,
2003). The company we discuss here has adopted a programme for continuous excellence which
uses tools and techniques adapted from Six Sigma and lean manufacturing. The objective of
the continuous excellence programme is threefold:

• Improve customer satisfaction;

• Compete globally by staying ahead of the competition;

• Ensure regularity in operations and compliance with regulations and laws.

To achieve these objectives, various decisions such as expansion of product range are for-
mulated by the top level of management; these decisions, in turn, are communicated to the
management of individual factories. As strategies channel efforts towards goals (Pedrinaci
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et al., 2009), implementing the continuous excellence programme at the organisational level
starts with factory management formulating a strategy, including the projects to be carried
out, collaborations needed within the factory and external agencies, and capital and operat-
ing expenditures. The strategy includes managerial decisions along with the time-line for each
decision. The industrial performance department assesses capacity through specially made 4
software. Capacity and supply planning are simulated using current data from the production
system and used to plan the following month. Once approved, these plans will be used by the
Supply Chain Management (SCM) department for ordering. Each department head decides on
a course of action to achieve the objectives outlined in the overall factory strategy. To determine
the state of completion of the objectives, a number of Key Performance Indicators (KPIs) are
measured (see Table 1).

Table 1: Key process indexes, their owners and objectives (Aramyan et al., 2007; Bigliardi and
Bottani, 2010; Torkko et al., 2013)

KPI Owner objective

Output per day over 3 shifts Production Achieve required output

Stoppage of each line Production/Maintenance Achieve target of minimum hour
stoppage

Rejection by day Production Reduce Rejections

MTBF for major equipment Maintenance Increase MTBF

MTTR Maintenance Reduce MTTR to set standard.

Work order generated v/s
work orders completed

Maintenance Keep Machinery&equipment
available and reliable

Rejections versus
Production

Quality Achieve quality parameters

Non conformity reported
versus their closure

Quality Help Production and
Maintenance department in
knowing where is problem lies.

Customer complaint
received versus customer
complaints addressed

Quality Customer
satisfaction/Compliance

The production department, maintenance department and other allied departments work
together to form the production plan. Optimisation at the micro level requires a close focus
on daily operations. To this end, a daily review meeting is led by the production department
and attended by representatives from the other departments. KPIs are discussed using graphs
and charts. Any lag in any KPI is discussed and analysed for operating problems. Solutions
are proposed and converted into short and long term actions. These actions are then formally
written down, along with the date for performing the specific action, and followed.

In this industry, the quality of food products is key factor. Therefore, quality is checked
at various points during the production process. As the initial quality of the raw material is
checked upon receipt, since traceability is an important KPI in the quality department. In
the production process, the quality is checked again, this time for ingredient levels, the Ph of
the produced material etc. This is done by means of on-line sensors. After the production is
completed, quality is checked by a test taste. Another way to check the product quality is to put
the product on the shelf for various time limits to test its time dependent characteristics. The
quality check is done according to the Hazard Analysis and Critical Control Points (HACCP).

Depending on the problems already encountered in operations and maintenance, each de-
partment head will formulate Six Sigma projects to improve upon the existing system. Six
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Sigma is a set of techniques and tools for process improvement. Because of the continuous de-
mand for cost savings through improved manufacturing efficiency and process optimisation, this
system is used by many industries, including food manufacturing (Lewis, 1998). The mainte-
nance department uses these tools for continuous monitoring of production lines and supportive
machinery. They provide data which are later analysed along with data from work orders to
achieve optimal efficiency. Condition monitoring is done using regular checks and audits such
as energy audits. This methodology leads to improved KPIs.

By using continuous excellence as a core technique, one food manufacturing company achieved
annual savings of 1.675 billion USD in 2012, along with capital efficiency improvement and or-
ganic growth

3.2 MQW: Method used in an automobile component manufacturing indus-
try

In 1950-51, Dr. Edwards Deming introduced the Deming cycle or the Plan Do Check Act
(PDCA) cycle (Moen and Norman, 2006). Based on the PDCA, Mahindra Mahindra, one of
the largest manufacturing groups in India, designed their own quality improvement model, the
Mahindra Quality Way (MQW). The objective is an integrated approach to promote excellence
in all processes and operations. The goal is to efficiently achieve the company’s business objec-
tives and meet the needs of stakeholders (Mahindra and Mahindra., 2009). The features of the
MQW programme are as follows:

• Systematically promote the use of comprehensive quality management

• Lay equal emphasis on process and results.

• Provide framework for systematic planning of improvement.

• Encourage self-examination as a primary means to strive for excellence.

• Seek involvement and participation of all employees

• Annual review of progress

This program can be adopted in various business scenarios and for various products. Each
factory/plant decides how to use the model. The current discussion is taken from a factory
manufacturing magnets (Mahindra Hinoday industries Limited) for various applications in the
automobile and electronics industries.

Each year, the organisation produces a PDCA cycle review and strategy. This document
serves as pivotal point for maintenance department decisions on the optimal use of equipment.
The PDCA cycle also dictates which actions should be taken for the next year to achieve the
projected revenue. BSC is formed using the results obtained last year and comparing it with
next year’s goals.

A Business Score Card (BSC) approach provides a framework to translate company strategy
into operational terms and to measure the impact of support functions (Alsyouf, 2006). There-
fore, the BSC is the starting point of the MQW process. The objectives for each production
process are then derived from the BSC objectives. The BSC goals are finalised using the PDCA
document along with business results obtained from the finance and control department. The
resulting BSC is used by each department head to create that department’s own BSC.

Each departmental BSC is then converted to a PDCA document, an action plan which
considers the life of equipment, output required and results to be achieved. Each action listed
in the PDCA document will have timelines for starting and finishing that action. A Standard
Operating Procedure (SOP) is prepared and revised every three months with the help of the
operators and the engineering supervisor. An SOP helps in operating and maintaining the
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equipment within the operators’ capability. Maintenance SOPs are also created; these specify
how the machine or equipment should be maintained for a specific set of problems. Failure
Mode and Effect Analysis (FMEA) uses input from the production, quality and maintenance
departments. Here, FMEA is related to a specific product and, hence, is called Product Failure
Mode and Effect Analysis (PFMEA).

The maintenance department uses Time Based Maintenance (TBM) and Condition Based
Maintenance (CBM) for the equipment. The priority for TBM is decided according to the age of
equipment and criticality of equipment for production process. Thermal imaging and vibration
analysis are part of routine checks. Audits are performed by quality department for process
and product SOP implementation. Operators and management staff are trained in various top-
ics, such as ISO 16949 and MQW. Frequency of check differs at each level. Control chart are
filled and used by operator on-line for checking deviation in the process. The types of defects
generated during the operation and in line checking for other aspects is done by operator on
the machine. The supervisor in charge checks for output and the parameters for the whole
line. These are then reported to engineer at the end of three shifts. Engineer then analyse the
6causes of deviation and applies corrective action. The reporting is carried out every day at
departmental level.

The department heads keep track of their own BSC. Any deviation is discussed with engi-
neers and analysed. The department heads take any required action; this usually consists of
decisions about maintenance by an external agency or capital expenditures.

The deviations which cause the most problems in output and delivery are analysed every three
months. The products and the top three defects are then analysed using a Pareto chart and
affinity diagram. Quality Control stories (Kano, 2003) are used as a methodology to attack the
causes of defects and eliminate them from the production line and process.

Every year the departmental BSC is checked against the PDCA plan; the aggregated results
are compiled in a PDCA document and used to formulate the next year’s BSC.

Many organizations that are part of the Mahindra Mahindra Group have shown tremendous
growth. For example, Mahindra Hinoday Industries went from negative to positive profit in
2011-2012. An internal company report attributes this partially to MQW

3.3 EFQM: Method used in various types of process industries across Eu-
rope

For any organisation that wants to become or remain competitive in the national or international
market, the quality of management is crucially important. This can be achieved by implementing
a business excellence model (Stok et al., 2009). Using similar principles, the President of one
of Europe’s biggest businesses established the European Foundation for Quality Management
(EFQM) in 1998.

With EFQM, organisations can measure where they are on the path of excellence and un-
derstand the gaps. The EFQM excellence model seeks to achieve the following objectives:

• Assess performance to identify key strengths and improvement areas;

• Integrate existing tools, procedures and processes to align them and remove duplicates;

• Introduce a way of thinking that encourages reflection and stimulates continuous improve-
ment;
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• Identify what actions are driving results, which areas need more attention, and which
approaches should be made redundant.

EFQM has the ability to encompass all operations in an organisation and all types of or-
ganisations. The value of the EFQM model depends on the ability of an organisation to assess
nine criteria. These criteria are divided into two categories, enablers and results. Enablers or
agents define what organisations must do to achieve excellence. These enablers are determined
by a company’s directors, managers of human and material resources, and process managers
(Calvo-Mora et al., 2006). They define how an organisation can achieve its targets, i.e. the
best techniques to use. The criteria used by organisations adopting EFQM for optimisation and
improvement are shown in Figure 1 and their relative importance is weighted in Figure 2.

Figure 1: EFQM Criteria diagram(EFQM, Accessed 2013-02-13)

Figure 2: EFQM Criteria Weightage(Caliskan and Bakoglu, 2007)

Implementing EFQM starts by questioning the performance of an organisation, using RADAR
logic, which stands for results, approach, deployment, assessment and review. The first step
of RADAR logic is that top management must be willing to use EFQM. The next stage starts
with planning the results to be achieved. The results of an organisation may include financial
results, operational results and/or the results required by the stakeholders. The formation of
the plan and the strategies required to achieve the desired results may include the creation of
key process indicators. Depending upon the results required specified at each stage, the details
of the plan may differ throughout the process.

EFQM does not have a prescribed methodology for execution, but the next step is creating
a deployment schedule and process. The final stage includes self-assessment and review and is
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extremely important as this can be used to set benchmarks or plans of excellence. The methods
of self-assessment include:

• Workshops: The workshop approach has five stages:

– Training.

– Data collection.

– Scoring.

– Prioritisation of improvement actions

– Review of progress

• Pro forma approach: Creating documentation of criteria, strengths, areas of improvement
etc.

• Questionnaires: This approach is less labour intensive and thus preferred over other ap-
proaches. These may be simple yes or no type questions or more detailed questionnaires.
The accuracy of the answers may depend on the quality of the questionnaire and the
response rate.

• Matrix charts: The approach requires phrasing statements on what can or will be achieved.
Then each statement for either the enabler or result criteria is assigned a rating on a scale
of 0 to 10.

• Award simulation: Organisations using this approach prepare a document which lists the
fulfilment of EFQM criteria. This document is then submitted to external or internal
trained assessors who provide feedback.

Each of these approaches to self-assessment allows an organisation to review its results.
It will know where it stands in terms of reaching excellence. The assessment also suggests
directions for further improvement. EFQM does not prescribe any particular methodology,
machinery, equipment, tools or techniques for improvement and optimisation. Rather, it evalu-
ates the current methodology in an organisation, and tries to aggregate and formulate the best
practices for that an organisation. The EFQM model has been tested and used effectively in
various manufacturing industries/service sectors, including higher education, the IT industry
etc. (Adebanjo, 2001).

In fact, its applicability ranges from manufacturing to service industries, as evident in the
variety of success stories listed on EFQM website. Organisations using EFQM include Rank
Xerox, ICL, Rover, BT, The Post Office (Royal Mail United Kingdom), TNT Express and Glaxo
(Lascelles and Peacock, 1996; Wongrassamee et al., 2003).

3.4 PAP: Method for oil and gas industry

As in many other manufacturing industries, oil and gas industry profitability depends on such
factors as Overall Equipment Efficiency (OEE), the availability and reliability of equipment and
the throughput ratio. If we look at the consumption versus the production of oil over recent
decades, we find that the consumption of world oil has been rising since 1965.Demand increased
by about 13% between 2000 and 2011 (Dudley, 2012) .At the same time, however,global oil
production showed a growth rate of about 10.5% between 2000 and 2011 (Dudley, 2012).
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With supply lagging behind demand, the oil and gas industry must optimise the available
resources to achieve customer satisfaction and profitability. There has been research on reducing
uncertainty in the system and achieving profitability. Each aspect of oil production has been
studied and analysed by researchers looking for ways to improve operations (Heiberg et al.,
1981; Engen and Rausand, 1982; Cron and Marsh, 1983; Venkatesh, 1986; Brown and Lea,
1985). For example, Production Availability Forecasts (PAF) were used to analyse reservoir
performance as early as 1984 (O’Brien et al., 1984).The PAF technique was also used to analyse
the Gas Oil Ratio (GOR) for optimum short-term reservoir management, a method applicable
to accelerated oil production (Chang et al., 1986; Brouwer et al., 2004). In addition, research
has considered how to distribute the economy of throughput across the operations involved in
oil and gas productions to reduce the fixed costs associated with production and achieve maxi-
mum output. In 1988, Hokstad (1988) from Sintef proposed a model for calculating production
regularity in subsea production systems. Such efforts were supported by the governments of
a number of countries. In 1978, the USA formed a committee to study the productability of
oil and gas; the committee’s purpose was to determine the constraints on and opportunities
for increased domestic oil and gas production (Fisher, 1983). Reliability engineering was used
in various other research efforts to determine probable management costs and, thus, optimise
them (Bello and Avogadri, 1982).

The objective of earlier research was to ensure that the process of oil production was reliable
and robust by reducing system uncertainty for a single system. The next step was to amal-
gamate the research on production ability, production regularity availability, and throughput
to address the reliability and regularity of oil and gas production across all operations. Aven
(1987) combined these terms and proposed the use of availability analysis to ensure the relia-
bility of production. A more holistic approach was introduced in the 1998 standard NORSOK
Z016 created by the Norwegian oil and gas industry. This standard combined all aspects of
oil and gas production operations and associated systems with evaluation and improvement
using Reliability, Availability, Maintainability and Safety (RAMS) analysis. The objective of
this standard included management of the facility for optimal economy without comprising on
health, safety, quality and human factors, i.e. regularity of production. The term regularity of
production was later replaced by production assurance when NORSOK Z016 was made part
of ISO 20815: Petroleum, petrochemical and natural gas industries-Production assurance and
reliability management. ISO20815 covers the following:

• Production-assurance management for optimum economy of a facility through all life-cycle
phases, while also considering constraints arising from health, safety, environment, quality
and human factors;

• Planning, execution and implementation of reliability technology;

• Application of reliability and maintenance data;

• Reliability-based design and operation improvement.

While NORSOK Z016 gives little explanation of the processes involved in the creation of a
production assurance program, ISO 20815 gives a clear idea of the activities required in each
step. It gives guidelines for designing a Production Assurance Program (PAP) and specifies
what activities should be carried out in each of the 12 processes involved.

The objectives of PAP are to:

1. Reduce system uncertainty in oil and gas industry operations and design, thus satisfying
customer demand and achieving profitability.
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Figure 3: Core Production Assurance Processes (adopted from petroleum, petrochemical and
natural gas industries-Production Assurance and Reliability Management (ISO 20815:2008, Cor-
rected Version 2009-06-15))

2. Identify and execute opportunities for improvement in operations and maintenance of the
system for better productivity, thus satisfying objective 1.

The core activities of processes required to create a production assurance program are the
following

1. PAP starts by defining the boundaries of a project, i.e. clarifying exactly what is to
be achieved. The input for this process includes project plans (asset development, field
layouts, availability analysis etc.)

2. The next step is to formulate a plan for executing the project, i.e. defining the PAP. The
PAP document generated during this step is used for completion of achievements stated
during the first step.

3. In the third step, existing systems and operations are designed and/or modified to meet
the production assurance objectives formulated in steps 1 and 2. The tools used in this
process are performance data, reliability analysis and availability analysis and their results,
and risk identification. The objective is to improve upon the existing system.

4. The fourth step involves implementation production assurance whereby activities are re-
ported on and execution is checked.

5. The fifth step, reliability and risk analysis, ensures that the technical safety and reliability
of equipment is being considered in the early phases of the process. It supports the asset
development plan. This phase is purely technical and is associated with oil and gas
operations specifically

6. The objective of the sixth step, verification and validation, is to ensure that the new
production assurance program can achieve its goal. In addition, all Health, Safety and
Environment (HSE) regulations must be satisfied and incorporated.

7. Finally, performance data tracking and analysis assist in the validation and verification
process; an organisation can determine the exact status of the system and define areas
requiring improvement. Thus the results of seventh step can be used in step 3, as this is
on going processs.
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4 Results and Discussion

4.1 Comparison of methods

The various methodologies discussed above can be briefly summed up as follows (see Table 2):

Table 2: Similarities and Disparities between reviewed methods
similarities
and
disparities

Method in food
industry

MQW EFQM PAP

Objectives/
principle of
the program

Satisfy customer
demand.&
Strongly face
competition.
Compliance with
regulation and
frameworks.

To improve upon
the process and
satisfy customer
demand to achieve
business goals
(Profitability)

Adding Value for
Customers
Sustaining
Outstanding
Results ( EFQM)

To reduce
uncertainty and
achieve
profitability while
satisfying
customer demand

Methodology
for
achieving
objectives

Structured
methodology
DMAIC adopted
from Six Sigma
and lean mfg.
principles

Structured
methodology
which follows
PDCA cycle. Lean
mfg. principles.

Constructs and
assess structured
methodology

Structured
methodology with
7 core processes
involved

Tools and
techniques

BSC, Six Sigma &
lean
manufacturing
tools, TBM,
Performance
monitoring and
analysis.

PDCA reviews,
BSC, FMEA,
TBM,
Performance
monitoring, QC
story

Radar logic
enabler and results
criterion ,
standardized
examination&.
risk analysis.

reliability analysis,
performance and
availability
analysis.FMEA,
FNA

Application
Food and allied
products
manufacturing.

manufacturing
industry,
Automobile mfg.
Service sector, IT.

Various industries
including process
and service
industry

Oil and gas
industry

Similarity
with lean
manufactur-
ing

Reduction of
waste and improve
performance using
Kaizens

Reduction of
waste and improve
performance.

Reduction of
waste.

improvement in all
aspects

• The food industry mentioned here uses six sigma with lean principles in a number of
processes, from forming a strategy at the factory level to implementing the strategy.

• MQW uses a PDCA approach in its implementation. This approach is modified and
adapted to meet the needs of specific factory and industry operations to reduce system
waste.

• EFQM provides a framework for an organisation to achieve its business objectives.

• PAP implementation resembles classic PDCA methodology: processes 1 to 3 of the core
activities are “plan”, processes 4 and 5 represent “do”, process 6 is “check” and process
7 along with process 3 indicate “act”.
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The main difference between PAP and other methods is that the focus of PAP is on reduc-
ing system uncertainty by increasing equipment reliability and availability. The techniques of
reliability and availability analysis comprise a core part of the PAP process.

4.2 Requirements in mining industry.

There is an increased global demand for minerals, and the mining sector is seeking to meet
that demand (Brown et al., 2013).At the same time, however, a mining company must consider
the costs involved. There are two main costs in the mining sector: operating and maintenance
costs. In surface mining, for example, some estimate the cost of maintenance as 30 to 50% of
the total operating cost (Topal and Ramazan, 2010).Others say this cost can range from 20 to
35 % of the total operation cost (Dhillon.B.S., 2008).

The accidents and fatality rates are higher than average industry rates(Dhillon.B.S., 2008).Al-
though the number of severe accidents has been reduced, the number of non-severe accidents has
increased in Swedish mining companies since 2011(Föreningen för gruvor, 2013).Thus, safety
continues to be a key concern.

The mining industry is heavily dependent on equipment for its output. Thus, equipment
availability and reliability are extremely important(Dhillon.B.S., 2008). Researchers suggest
that reliability and availability analyses are required during the design phase of the equipment
itself(Dandotiya, 2012; Kumar et al., 1989; Wijaya et al., 2012).

To summarise the requirement of mining industry can be enumerated as follows.

• Satisfy the increase in demand;

• Consider cost of maintenance and operation;

• Consider reliability and availability of equipment i.e. maintenance intensive methods;

• Consider safety in the workplace;

• Consider reliability and availability during equipment design.

Table 3 shows how the methods studied here fulfil the mining industry requirements. As
the table indicates, the four methods have similar objectives, but the tools and techniques and
approaches differ. In first three methods (food industry, MQW, EFQM), there is no specific
focus on equipment reliability, something that is essential in the mining industry. However,
PAP mentions methods, and reliability analysis of equipment is a standard technique.

Out of 10 requirements in mining, PAP satisfies all except one: costs in operations. Mines
perform some operations that are similar to operations in other industries, such as exploration
and transport, but these are not carried out in a similar manner. The three other methods tend
to be more simplistic than PAP in their implementation, giving clear-cut instructions,, such
as what specific action must be taken by the person on the shop floor or by the production
manager and where this action takes place. Such instructions do not consider the optimal use
of resources across the whole company, but look at each factory and each machine separately.
In contrast, PAP does not give a method or technique for singling a problem out and applying a
specific method to remove or reduce this anomaly.EFQM is non prescriptive; its assessment tools
allow a company to form a framework depending upon organisational practices. The PDCA
and Six Sigma approach can be applied to various types of industries (Moen and Norman, 2006;
Breyfogle III, 2003).
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Table 3: Production assurance primary requirements in mining and its fulfilment by methods

Requirement in mining
Food industry

Method
MQW EFQM PAP

Meeting tight schedule
and achieve demands

� � � �

Improvment in
operations

� � � �

Reduction in accidents • • • �
Reduction in operation

cost
• • • �

Reduction in
maintenance cost

• • • �

Reliability of Equipment • • • �
Availability analysis • • • �
Focus on maintenance • • • �
Design of Equipment

focus
• • • �

Operation similarity with
Mining

• • • partially
satisfies

• = does not satisfy the criteria,� = satisfies the criteria

5 Conclusion

As Table 3 shows, PAP is better suited for adaptation to and use in the mining industry than any
other methodologies mentioned here. Interestingly, the two largest Swedish mining companies
use a type of improvement methodology which resembles PAP.

Although PAP is based on lean principles, however, it lacks certain features to contribute
to the objective of lean mining and has the following shortcomings:

1. PAP considers operations optimisation and managerial aspects of the business such as
system design and equipment reliability using reliability and maintainability as main per-
formance indicators. But these need to be detailed and standardised.

2. PAP does not provide detailed steps for implementation. This is necessary, as reliability
and availability analysis and performance tracking for mining will require different sets of
key performance indicators, given the specificity of the machinery and operations.

Although more research is needed to examine existing methods in mining so that PAP can
be implemented, with suitable modifications, PAP could be used by the mining industry to
promote lean mining.
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Abstract— OEE has been used in many industries as measure of 
performance. However due to limitations of original OEE, it has been 
modified by various researchers. OEE for mining application is 
special version of classic equation, carries these limitation over. In 
this paper it has been aimed to modify the OEE for mining 
application by introducing the weights to the elements of it and 
termed as Mine Production index (MPi). As a special application of 
new index MPi

shovel
has been developed by authors. This can be used 

for evaluating the shovel effectiveness. Based on analysis, utilization 
followed by performance and availability were ranked in this order. 
To check the applicability of this index, a case study was done on 
four electrical and one hydraulic shovel in a Swedish mine. The 
results shows that MPi

shovel
can evaluate production effectiveness of 

shovels and determine effectiveness values in optimistic view 
compared to OEE. MPi with calculation not only give the 
effectiveness but also can predict which elements should be focused 
for improving the productivity.

Keywords— Mining, Overall equipment efficiency (OEE), Mine 
Production index, Shovels.

I. INTRODUCTION

ITH highly competitive environment, organizations 
need to improve with losses occurred during the 

operations. These losses include losses due to breakdown, low 
speed, idle time, and defect and rework [1]. A key 
performance index (KPI) which includes these operational 
losses for equipment was developed by Nakajima, 1979 [1] 
termed overall equipment efficiency (OEE). OEE can be 
calculated by (1).

          OEE = Performance rating × availibility rating ×

quality rating                                                                         (1)

Where, performance rating includes comparison between 
ideal time and the operating time of equipment. Availability 
rating refers to part of total working time and effectively 
addresses the losses such as breakdowns, setups, adjustments 
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[2]. Quality rating element of OEE presents measure of yield. 
Quality rating is ratio of total good pieces produced by 
equipment to total defective pieces produced by equipment.

OEE is considered as a key performance indicator of a 
company [3]. This KPI can be used to measure and improve 
the overall performance of an industry [4]. The case studies 
illustrate that OEE is applicable in variety of industries. Use of 
OEE as a metric to improve the equipment performance leads 
to increase in overall performance of system as indicated in 
many studies.

As a successful case study, OEE was used as a major 
measure of factory performance indicator and thus an enabler 
for better operation in polypropylene manufacturing. This was 
compared with automotive assembly where this measure was 
absent, causing it to be an inhibitor of manufacturing strategy 
[5]. OEE is used under umbrella of total production 
management (TPM), in survival of a government owned 
bearing manufacturing company as documented by [6]. 
Reference [7] reveals that OEE is associated with six big 
losses, leading to loss of revenue. It has been showed that
increase in OEE from 62% to 85% of world class 
manufacturing level decreases the loss by 40% causing 
increase in revenue [8]. Also achieving more accurate delivery 
schedule for increased market share and reputation, OEE can 
be part of maintenance strategy. According to [9] railway 
infrastructure improvement can also be positively affected by 
use of OEE.

For evaluation of TPM and thus maintenance performance 
OEE serves as a metric to evaluate the production capability 
and impact of quality [10]. One of the most important strength 
of OEE can be defined as its ability to integrate different 
aspects of manufacturing into one single measurement tool 
[11].

While OEE is effective parameter to determine the 
performance it has limitation. Considering the interaction of 
parameters in a factory the performance of equipment in its 
isolation cannot determine its impact thoroughly on the 
system. OEE considers improvement of system performance 
by improving individual equipment itself. The characteristics 
of one equipment may not be same as the next one i.e. 
Normalization of system performance with respect to OEE 
measure of single equipment can not enough [12].

The evolution of OEE and its various modifications are well 
reviewed by [11] as shown in Table I. As seen from table, 
OEE limitation of application to system level was identified 
and rectified by various researchers so far.
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TABLE I 
VARIOUS MODIFICATION OF OEE (ADOPTED FROM [11])

TEEP  
[13]

Can be applied to whole processing plant 
as a single entity and includes effect of 
maintenance.

PEE  
[14]

Considers effects of parameter on the 
elements of OEE. A. raouf thus proposed 
weights for element of OEE.

OFE 
[11]

Measure gives effectiveness over the 
factory rather than single equipment.

OAE 
[11]

To consider losses on overall production 
process Discussed in [11]

OPE 
[11]

To consider losses on overall production 
process Discussed in [11]

OWEE 
[15]

Uses the weighted approach and stating 
that OEE neither does nor prioritize the 
problematic equipment appropriately. [13]

II.OEE IN MINING INDUSTRY

Mining industry is characterized by high volume of output 
and high capacity of equipment. This industry is deeply 
dependent upon use of equipment for achieving targets of 
profitability. High amount of production time is lost due to 
unplanned maintenance in mining industry [16] i.e. lack of 
availability. For early return on investment and reduction of 
production cost equipment utilization is very important [17].
This emphasizes crucial need for higher utilization in mining 
industry. Standby equipment increases cost of operation,
whereas machinery subjected to downtime causes less output. 
This directly affects the delivery assurance for mining 
industry. Hence performance of mining equipment is an 
important factor.  Therefore OEE in mining application should 
involve elements of availability, utilization and performance. 
According to [19] OEE can be used along with other 
parameters for improvement of mining performance.

OEE has been used to determine the loaders and trucks 
performance in Namibian mines with results of suggestions to 
improve the availability of the equipment [18]. Referring to 
[19] OEE through TPM is applicable for improvement 
dragline performance in terms of reliability, cost of operation 
and productivity. As evident by the literature analysis and
application, OEE can be used to determine the performance in 
mining industry as well. Elevli and Elevli in application of 
OEE to mining industry have shown benchmark formation for 
improvement for shovel and trucks performance [17]. They 
applied quality parameter with respect to defect loss with net 
operating time. Where the case study in Namibian is mines 
quality loss as was used as ratio of loaded capacity to full 
capacity [19].

Since quality parameter is not used as it is defined in 
original OEE equation, quality rate cannot be used for mining 
industry in its original definition [19]. The original definition 
of quality rating includes processed and defect amount. In 
mining, it is quite difficult to define such a distinction for 

extracted ore. Considering these limitations, a new OEE was 
developed which shown in equation (2) [19], [16] .

 = ( ) × ( ) × ( )                             (2)                 

Where Availability (AV) is given by

=  × 100                                      (3)
Where TH = total hours, DT= downtime in hours, and SH= 
standby hours

Where production efficiency PE is given by;

 = / × 100                        (4)                   

AP = Actual production
RC= Rated capacity of equipment in hours 
and
Utilization U is given by;

= × 100                              (5)    
For the mining applications, OEE equations elements can 

be termed as production efficiency, utilization and availability.   

III. METHODOLOGY

This modified OEE can be used to determine the 
performance of mining production. However mining operation 
is characterized by high degree of uncertainty. Depending 
upon the delivery schedule, types and number of available 
machine, age of machinery, production performance can 
change [20]. Each mining equipment is selected during mine 
design process for a specific purpose. Studies on truck 
optimization for mining have shown that cycle time for truck 
is important [21]. The cycle time for trucks involves time 
spent in loading, hauling, dumping, standby time. Since the 
main purpose of shovel excavation is to move material, the 
payload and digging rate are key performance measures [22].

In total above mentioned parameters and restrictions affect 
the production performance. To take account for these 
considerations it is necessary to modify the OEE equation for 
mining applications. For example the payload or capacity 
factor for shovel can directly relate to performance efficiency 
in equation rather than availability of shovel. Cycle time 
requirement for truck can be directly attributed to need of 
higher utilization. Equipment with high criticality for 
performance index may be hampered in performance due to 
less availability during the operation.

Taking these operational constraints into consideration the 
OEE for mining application can be modified with introduction 
of weight for each factor. Since assigned weights can be 
applied to all equipment and can give impact of each factor on 
entire mine production, it is termed as Mine Production index 
(MPi) for equipment. 
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The MPi equation can be given as; 
MPi = Av

a
×PP

b
× U

c                                              
(6)                                                 

Where Av is Availability, PP is Performance and U is 
Utilization and 

0<a, b, c , b, c=1.

In order to calculate and assigned the weights (a, b, c) a 
reliable and quantitative analytical method is needed. One the 
applicable approach is to use the multifactorial decision 
making techniques. Based on the past experiences of the 
authors, the analytical hierarchy process (AHP) method can be 
used for assigning the weights to the main parameters used in 
the MPi formula. 

AHP method was developed by Satty in 1980 [23] that 
provides a visual structure of complex problems in form of 
two or more levels of hierarchy [24] and facilitates evaluation 
of active parameters in decision making process. It can be 
used for solving the problems with qualitative and quantitative 
parameters. 

The General stages of AHP method are enumerated as 
follows, 

1. Goal objective definition, which takes head for which 
evaluation is done. 

2. Development of a hierarchy between the criteria related 
to the goal. i.e. second or more level of hierarchy. 

3. Pairwise comparison of elements and evaluation of 
factors impact.

4. Formulate paired comparison of criteria as ratio.  This 
paired comparison is used to determine the weights of each 
criterion in terms of its effect on the objective goal.

5. Consistency index is calculated by equation  

                             CI= ( –n) /( n-1)                              (7)

Where is maximum Eigen value of matrix, n= size of      
pairwise matrix.

In evaluation, comparison and assigning the weights to each 
factor involved in MPi the following cases are considered: 

1) Cost of operation.
2) Production capacity
3) Production cycle time of the equipment
4) Criticality to production

It should be concluded that MPi is a general index which 
should be developed for each type of mining machineries 
individually. It means that the final aim of this index is to 
present a special MPi for each mining machine for example 
MPi for trucks, shovels, drilling machines, etc.

In this paper the MPi which has been developed for shovels 
is discussed and the details are presented in case study part. 

IV. CASE STUDY

In production process of mines, shovels play a critical role 
and have significant impact on whole operation productivity. 
In order to evaluate its productivity; MPi is applicable as a 
practical indicator. 

To evaluate the weights of parameter of MPi considering 
the shovel operation, a team of experts in field of mining 
machinery in academia were gathered. They discussed on the 
importance of each parameter of shovel productivity. Some 
industrial consultation and field visits were also done. It was 
asked from experts to mark the importance of each parameter 
in questionnaires in multifactorial decision making software: 
Expert choice.

Based on the expert decisions and comments, the assigned 
weights for MPi’s parameter are as shown in Table II. Based 
on the expert decisions and comments, the assigned weights 
for MPi’s parameter are as shown in Table II. 

Based on the resulted weights, the MPi formula for shovels 
is shown in (5);

MPi
Shovel

= Av
0.14

× PP
0.33

× U
0.53

                  (8)
TABLE II

WEIGHTS OBTAINED FROM FOR MPI FACTORS FOR SHOVELS

Parameters Weights 
obtained

Availability 0.14
Production 

performance
0.33

Utilization 0.53

In the next stage of this research after developing MPi
Shovel

,
in order to check the applicability of this index a case study 
was done on four electrical and one hydraulic shovel in a 
Swedish mine. Data for availability, utilization and production 
performance of these shovels in period of December 2013 to 
April 2014 was used.  Fig. 1 to Fig. 3 shows the collected data 
in graphical format for comparison.

Fig. 1 Average availability of studied shovels for 5 months

Fig. 2 Average production performance of studied shovels for 5 
months
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Fig. 3 Average utilization of studied shovels for 5 months

As it seems availability of shovel 4 is lowest among the 
other shovels and rest of the fleet have similar availability 
level range of 85 to almost 90%. As it is obvious from figures 
above El4 is critical machine in viewpoint of availability and 
in rest of parameters El2 is critical with lowest values of 
performance and utilization. However low value of utilization 
of El4 is also evident. It’s obvious that it is too difficult to 
recognize weakest shovel in this mine in viewpoint of 
operational aspects. Therefore using a comprehensive index is 
essential to be able to evaluate loading machinery in open pit 
mines and MPi

Shovel
can be a suitable approach for this 

purpose. 
After data analysis, MPi

Shovel 
were calculated for each 

machine (Fig. 4.)

Fig. 4 Calculated MPi
Shovel 

As it can be seen El2 has lowest MPi value and El4 is 
second weakest machine.El1 and El3 are following ones. 
Whereas Hy has highest MPi value. 

As it was discussed before, MPi 
Shovel 

is a modified version 
of classic OEE i.e.(2) for mining application thus the 
comparison of these two measures will be valuable for future 
applications. As shown in Fig.5 the new index gives optimistic 
values of machinery effectiveness inherent characteristics of 
MPi equation. Nevertheless, the classic OEE gives very low 
and pessimistic values which sometimes are not representative 
of actual effectiveness of equipment. This problem leads mine 
engineers to underestimate the actual production ability of 
their fleet and sometimes can add higher cost to mining 
operations. Application of MPi helps to explore operational 
condition of studied fleet in an acceptable level because when 
effectiveness values are as low as represented by OEE, it 
means that operational condition is not good at all. For 
example 13% OEE is almost negligible. This also means that 
equipment is not up to par with performance and can be 

considered obsolete. However it is against current condition 
and reality of case study conducted because this machine 
works and produces the ore in low level but not as bad as OEE 
depicts.

V.CONCLUSION

In this study a new index termed as Mine production index 
is proposed and special case of termed MPi shovel was 
conducted on shovel in a Swedish mine. Following is the list 
of main results and findings of this study:

1. OEE for mining applications, includes utilization has 
limitations, hence needs to be modified with addition of 
weights to the elements of OEE. 

2. The weights in MPi proposed will underline effect of 
parameters involved on OEE of equipment.

3. MPi will give optimistic values of effectiveness with 
respected to OEE. 

4. MPi with calculation not only gives the effectiveness but 
also can predict which elements should be focused for 
improving the productivity.

5. Regarding comments of expert team, utilization is most 
important factor in calculating the overall effectiveness of 
shovels in case study and performance and availability follows 
in the order

6. The case study showed that new developed MPi index is 
applicable for evaluation of overall productivity of shovels 
and in future research special MPi’s consisted on different 
weights can be developed for each mining machine such as 
trucks, dozers and crusher etc.

7. The calculation of MPi and weights should be done more 
frequent as per the requirement of mining industry. A 
simulation approach can be used to determine the impact on 
intended production assurance
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Abstract

In complex mining process output by equipment are essential for production assurance. To achieve this 
output it is important to evaluate the effectiveness of these equipment in terms of various inputs. 
Literature review shows that, availability, utilisation, and production performance are important criteria to      
ensure effectiveness of these equipment. Component of these parameters can lead to find the possible root 
cause that represents why an equipment or fleet of equipment is unable to produce the desired output. 
Mine production index (MPi) can be used to measure the effectiveness in chain operation as well to point 
the possible cause of loss of production by equipment or fleet.

Using MPi, this study evaluated three equipment fleets in chain operation in a mine. The fuzzy analytical 
hierarchy process (FAHP) used, was able to obtain importance of each of these three parameters for 
considered equipment. Using the FAHP weights and MPi equation in a case study, it is found that crusher 
fleet is bottleneck equipment. Production performance of crusher was leading reason for being bottleneck. 
A cause and effect diagram based on literature review and discussion shows the possible reasons for lower 
production performance of crusher. Further study is planned to be done for evaluating the exact 
relationship between possible causes and production performance of crusher.

1. Introduction

Mining is a complex process, affected by operation, management, and environment factors. Assuring 

production and achieving certain business objectives requires combining all these parameters. Needless to 

say, it is a complicated task to combine and evaluate these various elements without a structural

methodology.

The demand for mining products is increasing every year (Brown et al., 2013) as the world moves towards 

more industrialisation.  This phenomenon is pushing the mining industry to produce more, thus, prompting 

the need to locate lagging operations and make improvements. In order to initiate improvement, however,

it is necessary to institute a methodical approach which considers the dynamic situation of mining 

operations. Limitations causing loss of production can generally be traced to one or two types of 

equipment, commonly called bottlenecks.  From a system perspective, a bottleneck is the point in the 

system which slows down the whole operation.  Once the bottlenecks are found, it becomes easier to 

calculate the system’s performance and to begin improvements.  A methodical approach which detects the 

performance of equipment and connects it to uncertainty is rare in mining research. Accordingly, this
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study proposes a method of detecting bottlenecks in core mining operations. To have focused 

improvement, it is also essential to know which uncertainty is the leading cause of a bottleneck.   For 

system performance measurement, Overall Equipment Effectiveness (OEE) has been used in various 

industries, including mining. Essentially, equipment with lower OEE is a bottleneck. However, since OEE 

has limitations (Muchiri and Pintelon, 2008), the study tests a new measure, termed MPi, on shovels used 

in a mine (Lanke et al., 2014).

Questions which will be studied and answered include:

• How can Mine Production index (MPi) help to locate mining bottlenecks?

• Can MPi be further used to identify the underlying cause of a bottleneck?

The article is divided as follows. A literature review section looks at elements of availability, utilisation

and performance efficiency, as these contribute to productivity in mining.  Then, a methodology section

discusses MPi and its calculation for equipment used in the mining industry.  A case study section 

analyses one mining company’s trucks, shovels and crushers to find its bottleneck.   Once the bottleneck is 

identified, the article considers which characteristics are involved in its formation. A discussion section 

highlights the relationship between various equipment parameters and their effect on equipment 

productivity (note: this productivity is part of the total productivity). Finally, the article provides

concluding remarks and suggests potential improvements.

2 Literature review: Bottleneck finding and equipment improvement methods in mining industry

The performance of each type of equipment used in a mining operation is typically analysed in isolation. 

Very little consideration is given to its effect on either downstream or upstream processes. However, in 

practical situation, any optimisation making such assumptions would be not usable. The literature review 

looks at methodologies and techniques which consider multiple equipment in a mining system and 

proposes common methods for improvement. These methods can be divided into partial and continuous

chain operations.

Mutagwaba and Hudson (1993) used simulation to assess the performance of the transport system, with 

the goal of selecting the best equipment to balance cost and performance in a mining system. Yi huang

(1994) analysed a Kiruna iron ore mine to find bottlenecks considering the system aspect.   He was able to 

determine the optimal fleet size and make suggestions for improvement in ore quality.

Kumar (1995) considered boulder size and its effect on bottlenecks. He found that an ore pass gate 

becomes a bottleneck in system when the boulder size is out of normal limits. In addition, boulder size
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affects various equipment. Vagenas (1997) proposed a method to analyse maintenance data and reliability 

analysis (i.e., MTTR and MTBF data) to determine the failure trends for all underground mining 

equipment. The theory of constraints can be used to determine a bottleneck, but bottleneck seeking 

requires not only hard data (data driven) but also soft data (interviews and questionnaires) as proposed by 

Pauley et.al.(1998). Similarly, Elebi (1998) used an equipment evaluation model, bound by various 

constraints such as diggability, number of passes, production amount etc. 

A simulation of a mining system including shovels, trucks, drilling machine and employees was carried 

out by Greg Charlton (Charlton, 1999).  He showed with few assumptions and measuring  the  time  spent 

on  various  resources and  operations, how performance  could  be improved.   The focus of his case 

study was the effect of overburden, resources and coal seams on the total mine production prediction.  

Paraszczak (2000) showed that high productivity of mining equipment is based on availability, 

maintainability and reliability analysis of the equipment. He also showed how data collection and analysis 

can be used to achieve high productivity.  Lewis and Steinberg (2001) argued data analysis to determine 

equipment availability, utilisation and production performance can help a mine achieve its expected 

returns. They concluded that mines should move from reactive maintenance practices to proactive 

maintenance practices with analysis of such data.  

Samanta et al. (2002) pointed out that in equipment selection a main criterion is productivity, which is 

influenced mostly by age and availability. They also said performance is a key factor in the productivity of 

equipment.  Alternative methods to  determine   failure  priorities  can  facilitate  root  cause  analysis  and  

determine chronic  failures in all mine equipment. This alternative method of analysis includes

logarithmic scatterplots, as shown by Knight (2001). In a case study of a shovel, Hall and Daneshmend 

(2003) used downtime and shovel failures as measures. In this study Hall and Daneshmend said

equipment reliability is a key factor in loss of production; they concluded using a reliability analysis

technique could be crucial in determining which part or equipment causes the loss of competitiveness. 

Ramazan and Dimitrakopoulos (2004) built a model with production capacity constraints, along with 

geological uncertainty. The authors claimed the model would produce  a mining  schedule  which  could  

meet  the  performance criteria. McNearny and Nie (2005) found a bottleneck in a conveyor system 

carrying coal from the rock face to the surface using simulation m.  They proposed the addition of surge 

bins to mitigate bottlenecks. In order to meet the criteria  of performance,  quality,  safety  and  

environment, a mining  system  should  run  at  a specific reliability. Therefore, Kumral  (2005)  used the

reliability of subsystems as a parameter to  determine bottlenecks and  improve; he assessed the 

subsystems of drilling,  blasting, loading, hauling, and ventilation and used a genetic algorithm to solve 

the constraint. Simsir and Ozfirat (2008) implemented a simulation model of a Turkish coal mine, which 
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considered loaders, crushers and conveyer belts; they used equipment capacity, velocity and performance 

figures to determine the bottleneck in operations. Berton et al (2013) proposed ore storage simulation 

which, when subjected to different conditions, could determine the bottleneck in mining downstream. 

They showed that considering the excavation and processing capacities, either the mine delivery system or 

the concentrator plant could be the bottleneck.  Using linear programming and a simulation model for a

truck, shovel and crusher Faraji (2013) showed the crusher was the bottleneck. To evaluate the

performance of each type of equipment, the study used capacity, utilisation of equipment and fleet size as 

criteria.

In conclusion, researchers stress that to detect a bottleneck in mine operation s and to improve the 

bottleneck; there is a need to evaluate equipment availability, utilisation and production performance and 

production efficiency. These parameters are repeated either for evaluation or for showing that how these 

data can be used for improvement. Various models, methods and simulation use these types of data to

achieve the objective of higher productivity. Equipment performance is a key ingredient in reaching the 

objective of productivity in mining.  Although  there  has been a great deal of research  on individual  

equipment  improvement, research  in methods  considering multiple  equipment in mining,  for 

bottleneck  seeking and  elimination, remains scarce.   This  study  seeks to facilitate  a methodology  

which  can  be applied  to  most  of the  equipment used in mining. This methodology can be used to find 

and to evaluate bottlenecks in the system.   The various factors mentioned across the literature will help

determine the most possible cause and type of uncertainty affecting the bottleneck. The literature review 

in the following tables (table 1, 2 and 3) shows the parameters considered responsible for availability,

utilisation and rate of production. Once the bottleneck is found, evaluation of the three parameters can 

help determine the type of uncertainty. Hence, it is necessary to establish a connection between the 

components and the factors. The literature review has specified components which impact equipment 

availability, utilisation and production performance/efficiency.

For evaluation purposes, availability, utilisation and production performance can be defined by following 

equations. , Availability is given by eq. (1), (Dhillon, 2008)

Availability =     (100)                                                                                                                  (1)

where total time  are total calendar hours i.e. 24 hours, DT  is total downtime hours. Availability is 

affected by factors as shown in table 1.

Table 1: Availability and its components in mining industry

Availability References
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MTBF
Reliability of subsystems Agioutantis and Kavouridis, 1995

Vagenas et al., 1997
Brownet al., 2000 
Lewis and Steinberg, 2001 
Hall and Daneshmend, 2003 
Samanta et al., 2004

Koellner et al., 2004
Koellner, 2006 
Barabady and Kumar, 2008
Hadi et al., 2011

MTTR
                               Time planning Agioutantis and Kavouridis,1995

Roy et al., 2001 
Knights and Oyanader 2005
Lugtigheid et al., 2008 
Vayenas and Wu, 2009
Galar et al., 2014

                           availability of spare parts Johanssen, 1997
Hall et al., 2000 
Samanta et al., 2002
Markeset and Kumar, 2003
Ghodrati and Kumar, 2005 
Parida, 2007
Lipsett, 2009
Ghodrati et al., 2010
Godoy et al., 2013

early detection of failure (Automated or online, 
manual

Sottile Jr and Holloway, 1994
Balaba et al., 2012 
Gustafson et al., 2013

environmental conditions Ghodrati and Kumar, 2005 
Hall et al., 2000
Samanta et al.,2002

Utilisation can be given by the eq. (2), (Dhillon, 2008), factor affecting utilisation are given in table 2. 

=
( )

( )
 100                                                                                                               (2)                

where TH- Total available hours
DT- Downtime hours
SH- Standby hours 

Table 2:  Factors affecting utilisation in mining 

Utilisation References
mine planning Sarker, 1991 

Lewis, 2000 
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Suglo et al., 2003
Godoy and Dimitrakopoulos,2004 
Kear, 2006 
Angelov and Naidoo, 2010
Lipsett, 2009 
Hustrulid et al., 2013

production scheduling, location of equipment Lewis, 2000 
Godoy and Dimitrakopoulos,2004
Dimitrakopoulos and Ramazan, 2004 
Guoqing et al., 2003 
Sarker, 1991 
Suglo et al., 2003

Logistics planning Chatterjee and Brake, 1981
Munirathinam and Yingling, 1994 
Steffen, 1997
Lewis and Steinberg,2001 
Lewis, 2000
Topal and Ramazan, 2010 

stand by hours due to legislative and incidental  
reasons,

Hartman and Britton, 1992 
Hustrulid et al.,2013

Finally, production performance based on tonnage output is given as, (Dhillon, 2008), factors affecting 

production performance are given in table 3.

 =
( )

 100                                                                                    (3)

when production performance is measured in terms of activity only, (Elevli and Elevli, 2010) ,

 =
  

   
                                                                                 (4)

where  AP- Total actual output by an equipment
RC- Rated capacity of the equipment 

Production performance is affected by following factors, as mentioned in the literature.
Table 3: Production performance components

Production performance
Shovels References 
bucket capacity, cycle time, bucket fill factor and 
operator/job efficiency

Edwards and Holt, 2000;
Edwards and Griths, 2000; 
Doktan,  2001; 
Widzyk-Capehart  and  Lever,  2004
Onederra  et  al., 2004
Frimponget al., 2009
Segarra et al., 2010 Jessett, 2002;
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Osanloo and Hekmat, 2005; 
Singh and Narendrula, 2006; 
Halatchev and Knights, 2007; 
Burt and Caccetta, 2007
Sanchidriàn Blanco et al., 2011

Trucks
Capacity, Cycle time Brown et al., 2000;

EKIPMAN et al., 2003; 
Burt and Caccetta,2007; 
Krzyzanowska, 2007; 

Crushers
Crusher Volume, material characteristics, speed of 
crusher. 

Kaja et al., 1987
Fjaestad, 1996
King, 1990
Tunstall and Bearman, 1997
Evertsson, 1998
Maerzand Palangio, 2000
Rosario et al., 2004 
Daniel, 2005
Gang et al., 2009
Hulthen, 2010

3    Methodology

Considering the three factors discussed above, OEE can be used to evaluate mining bottlenecks. OEE has 

been used in many industries as a point of reference to measure performance (Kumar et al., 2013). 

However, the traditional OEE cannot be used for the mining industry. As a index, it has the following 

limitations. The quality parameter in traditional OEE is the ratio of processed pieces to defective pieces.  

Such a distinction cannot be made in mining. The defective ore or unusable ore is usually the waste, and it 

is eliminated during the operation. The remaining ore is always processed to give the required final

product.   Considering this, a modified OEE equation for mining is used where quality rate is replaced by

the utilisation of equipment (Dhillon, 2008), as follows:

=     ×     ×                                             (5)

Mining operation is characterised by a high degree of uncertainty. Depending on the delivery schedule, 

types and numbers of available machines, ages of machinery etc., production performance can change.  

Studies on truck optimisation for mining have shown that cycle time for trucks is important (Burt et al.,

2005). Their cycle time includes time spent in loading, hauling, dumping, and standby time.   Since the  

main  purpose  of shovel excavation  is to  move material, the  payload and  digging rate  are key 

performance  measures of shovels (Awuah-Offei and Frimpong, 2007). All together, these various

parameters and restrictions affect production performance. To take these considerations into account, it is
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necessary to modify the OEE equation for mining applications. Each type of mining equipment is selected 

during the mine design process for a specific purpose . For  example, the  payload  or capacity  factor  for 

the shovel could directly  relate  to performance  efficiency in the equation  rather than to the availability 

of the shovel.  Cycle time requirement for the truck can be directly attributed to the need for higher 

utilisation.  Equipment with high critically for the performance index may be hampered in performance 

due to less availability during the operation.

Taking these operational constraints into consideration, the OEE for mining application can be modified 

by introducing weights for each factor.  Since assigned weights can be applied to all equipment and can 

give the impact of each factor on the entire mine production, it is termed the Mine Production index (MPi)

for equipment and can be written as

= ( ) × ( )  × (  )                                         (6)                          

where + +  =  1 and , ,  <  0

As per the focus required by each type of equipment, weights a, b and c can be evaluated using the fuzzy 

analytical hierarchy method. OEE for mining calculates effectiveness considering productivity efficiency.

With OEE, equipment with higher OEE is the most effective equipment and, thus, contributes most to 

system performance. Similarly, MPi value can indicate not only the effectiveness of equipment but also

its contribution to overall availability, utilisation and production performance. Analysis of that factor 

which most affects MPi will lead to finding the reason for a bottleneck in that specific equipment.

As three factors are involved in choosing weights for each type of equipment, the decision falls into the 

category of the Multi-criteria Analysis (MA) problem. To solve such problems, the Analytical 

Hierarchical Process (AHP) (Saaty, 1980) can be used. However, in general, preferences in AHP are

assigned by linguistics variables, and these terms can be imprecise and dubious for application and 

calculation. To deal with such fuzziness, Buckley (1999), and Laarhoven and Pedrycz (1983) amended 

Saaty’s AHP by incorporating fuzzy characteristics and developing a new process known as Fuzzy 

Analytical Hierarchical Process (FAHP). FAHP helps decision makers deal with imprecision and 

subjectivity through pair-wise comparison. The AHP techniques form a framework for decisions using a

one-way hierarchical relation in the decision layers. The hierarchy is constructed in the middle level(s), 

with decision alternatives at the bottom, as shown in Fig. 1. The AHP method provides a structured 

framework for setting priorities on each level of the hierarchy using pair-wise comparisons that are 

quantified.

General steps performed in FAHP for this study are as follows:
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1) Polling experts: in this stage, we asked the opinions of the experts in questionnaires using quantitative 
or qualitative parameters. Table 4 is the questionnaire used during the polling.

Table 4: Polling questionnaire used for analysis: Importance factor for shovels in mining 

Importance Very  Imp Important Somewhat Imp Little imp. Not Imp.
Factor 9 7 5 3 1

Availability
Performance 
Utilization

2) Calculation of fuzzy numbers: to calculate fuzzy numbers, we used the opinions of the experts directly. 
For the fuzzy numbers triangular function, we have:

ij =  (
ijk), k=1,…., n

( ))^( / ) k=1,….,n
( ijk), k=1,….,n

  
where s assigned by experts.

3) Building the fuzzy pairwise comparison matrix: in this stage, we built the matrix as shown:

=

 
1 1 1                             12, ,                           , ,

, ,                       1 1 1                                     , ,

, ,                              , ,                                                      1 1 1

              

               

4) Calculating the local fuzzy priority of criteria: the calculation of local fuzzy priorities looks like the 
following:

 1 = (1 × ×  1 × ×  , 1 × × )                                                                          (7)

=     …    (-1)                                                                                                                  (8)

where Wi= Fuzzy weight of ith criteria.

5) Defuzzyficaion: in this stage, we changed the fuzzy weight of criteria to non-fuzzy numbers using the
formula

Wi=  ( )                                                                                                                             (9)

To evaluate the performance of each type of equipment, weights were assigned by experts from the 
mining productivity improvement research area. This step is important, as these weights represent the
starting point for application of the FAHP process. From the polling of the experts, weights were obtained 
for availability, performance and utilisation. To calculate fuzzy numbers, the matrix shown in table 5 was 
formed. Frome these matrices, we could calculate fuzzy matrices for each type of equipment. 
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Table 5: Fuzzy matrices for Shovel, Trucks and Crushers formed from expert opinion 

Using these values, we calculated weights and subjected them to defuzzyfication, giving the weights for 
each type of equipment for availability, performance and utilisation. Conversion from expert opinions to 
final weights was done general process of FAHP. The weights obtained are represented in table 6.

Table 6:  Weights obtained for all equipment using fuzzy analytical hierarchy process

Availability Performance Utilization
Shovel 0.2944 0.3375 0.3681
Truck 0.2836 0.3110 0.4054
Crusher 0.2417 0.4026 0.3557

3.1 Case study

For the case study three equipment which are essential to mine operations are considered.  The mine is 

operated in Sweden and is an open pit mine.  In a surface mining operation, a materials handling system is

composed of loading, hauling and dumping subsystems. Shovels are critical starting point in this system.

Table 7 shows preliminary information about mine operations. 

The average loading time required for a shovel 2.3 minutes as per observation. Since the waste dumping 

sites are placed strategically with crusher sites, the unloading time is also very low for these trucks. The 

dispatching of trucks is done manually with the help of GPS systems guiding the trucks. The data for 

study was gathered over a six month period.  The data for trucks and crusher were obtained are idle time, 

standby hours, utilisation hours, production output (production output by fleet of truck and by individual

Table 7: Quantity, capacity and availability hours for the equipment in mine
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Equipment Quantity Capacity Availability  Hours

Shovels 4 electrical 1 hydraulic Average capacity 40 m3 744 hours for month 

with 31 days 

720 hours for month 

with 30 days 

672 hours for month 

of February

Trucks 31 trucks 21 with capacity 217 

Tonnes and 10 with 313 

Tonnes

Crushers 2 in pit and 1 out of pit Average rate of output is 

7000 MTON/HR

The average loading time required for a shovel 2.3 minutes as per observation. Since the waste dumping 

sites are placed strategically with crusher sites, the unloading time is also very low for these trucks. The 

dispatching of trucks is done manually with the help of GPS systems guiding the trucks. The data for 

study was gathered over a six month period.  The data for trucks and crusher were obtained are idle time, 

standby hours, utilisation hours, production output (production output by fleet of truck and by individual 

equipment for crusher). This data was useful in calculating the availability, utilisation and performance as 

per the definition in this study.  For shovel data obtained was percentage of availability, utilisation and 

performance. Since the raw data for shovel to calculate the utilisation, availability and performance was 

inadequate we assume that the data collected conforms to the equation of these factors explained in study. 

Figure 1 shows data for all equipment in terms of availability, utilisation and performance as calculated 

and used for study.

The mine operates around the clock, 24 hours a day, 7 days a week (i.e., 24/7).   Each shift lasts 8 hours 

during the week and 12 hours on weekends.  The shovel operators are replaced periodically after every 2 

hours by the operators of the trucks and wheel loaders.

The crusher is manned by 2 operators per shift with each shift lasting 8 hours.  The truck and shovel 

operators have a break after replacement from shovel operation for 15 minutes.  Comparing each type of 

equipment internally, we see that even though shovel availability is an average of 85 %, utilisation 

averages 78%, while production performance with high availability and utilisation is very low at 28%. For  
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Figure 1: Availability, utilisation and production performance of three types of equipment from December 
2013 to May 2014
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the crusher,  the  average  availability of all crushers  is 72%, utilisation is 51% and  performance is 21%;, 
for trucks,  the  average  availability is 77%, average  utilisation is 86% and  average performance  is 74%.

The shovels have higher values of availability and utilisation than crusher and trucks, but their 
performance is only 7% better than crushers and is actually 50% less than trucks. Utilisation of trucks and 
performance of trucks only has a difference of 12%, whereas for the crusher the difference is 30%, and for 
shovels it is more than 50%.  Clearly, truck utilisation is more effective than any other types of equipment 
mentioned.  

However, if we only look at utilisation figures, it seems the shovel is more utilised than the crusher. 
Considering such variability of mine equipment parameters, it becomes necessary to evaluate the effect of 
these parameters together. Considering only utilisation or availability or production 
performance/efficiency as a criterion will not allow us to find the bottleneck.

Performance is rated high, with leading weights for crusher and shovels, whereas utilisation is rated high 
for trucks. Availability is rated behind utilisation and performance for each type of equipment.

Considering these weights and average values for all equipment, MPi is calculated using equation (6)

MPiShovel= (86)0.2944 × (78) 0.3375 x (28) 0.3681 = 55.0568

MPiTrucks = (77.41).2836 × (86.02) 0.3110 x (73.94) 0.4054 = 78.5231

MPiCrusher = (72.21)0.2417 × (50.59) 0.4026 x (20.9)1 0.3557 = 40.2641

4    Discussion

Although there are various methods for calculating and determining whether mining equipment has 

achieved the goal of productivity, few studies consider more than one type of equipment.  The findings of

the literature review suggest availability, utilisation and performance are three important criteria in the 

evaluation of the productivity of equipment or fleets of equipment. Although this effect can be calculated 

using Nakijima’s OEE equation (Nakajima, 1988), the original OEE equation has limitations in terms of 

its applicability to the mining industry, prompting the need to modify this equation. Simply stated, OEE 

for mining must also consider production performance/efficiency instead of quality parameter. In addition, 

variability in mining operations in very high.(Khan,2011). Therefore, the effect of each parameter in the 

OEE equation for mining has to be evaluated. To this end, this study proposes MPi.  The MPi makes it

easy to evaluate not only effective equipment but also the effect of the various parameters on 

effectiveness. The case study shows that if we depend on the three criteria independently, the bottleneck 

is difficult to find. However, it can be detected using MPi. 

The crusher seems to be the bottleneck with lowest value of MPi. Therefore, the crusher is lagging behind 

the shovel and trucks in terms of effectiveness for production. With the weights obtained, it seems that 

even without increasing availability or utilisation from current levels, the productivity of the crusher can 
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be increased by improving its performance. Although the crusher’s availability is comparable to that of 

trucks and its utilisation is less than both other types of equipment, performance is the criterion that must 

be focused on. The most important factors in the crusher’s performance are shown in the following cause 

and effect diagram (Figure 2). The cause and effect diagram shows the possible causes for lower crusher 

performance. These are either machine characteristics (for example speed of crusher, volume of crusher 

etc.), or operational uncertainties (for example planning, boulder size, material being mined etc).

5. Conclusion

With use of MPi as an indicator, it is possible to locate the bottleneck in mining accurately. The literature 

review shows a strong correlation between three parameters of MPi and the bottleneck’s performance. 

Once the bottleneck is determined using MPi, it is possible to find the exact cause of bottleneck formation 

using the weights associated with these three parameters. The literature review and the MPi calculation 

lead us to find the leading cause of bottleneck.

 

Figure 2: Low crusher performance cause and effect diagram

In the case studied, the bottleneck machine is the crusher. According to the weights assigned the 

performance of the crusher can be strongly associated with the bottleneck. Exact relationship between the 

type of uncertainty and characteristics of the bottleneck equipment is part of further research in this study.

Performance improvement actions based on earlier evaluations may not be feasible for the next period of 

work. For effective decision making, a dynamic situation must be considered during the evaluation of the 

weights.  The calculation of aggregate weights will determine which parameters of mine operations are 

more important to ensure improvement. MPi, thus, can be used to improve system productivity as well.
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