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Preface

The history of mining may be traced back to the ancient Egyptians, who operated
malachite mines. Today a large number of people are employed in the mining in-
dustry throughout the world. For example, in the USA alone around 675,000 people
work in the natural resources and mining sector. Today, the mining industry uses
various types of complex and sophisticated equipment whose reliability, maintain-
ability, and safety have become an important issue.

Although over the years a large number of journal and conference proceedings ar-
ticles on mining equipment reliability, maintainability, and safety have appeared, to
the best of author’s knowledge, there is no book that covers all three of these topics
within its framework. This causes a great deal of difficulty for information seekers
on the subjects because they must consult many different and diverse sources.

Thus, the main objective of this book is to combine all three of these topics into
a single volume, to eliminate the need to consult many different and diverse sources
in obtaining desired information. The sources of most of the material presented
are given in the reference section at the end of each chapter. This will be useful
to readers if they desire to delve deeper into a particular area. The book contains
a chapter on mathematical concepts and another chapter on introductory material on
reliability, maintainability, and safety considered essential to understand contents of
subsequent chapters.

The topics covered in the volume are treated in such a manner that the reader will
require no previous knowledge to understand the contents. At appropriate places, the
book contains examples along with their solutions, and at the end of each chapter
there are numerous problems to test reader comprehension.

An extensive list of references on mining equipment reliability, maintainability,
and safety is provided at the end of the book to give readers a view of developments
in the area over the years.

The book is composed of 11 chapters. Chapter 1 presents the need for improving
mining equipment reliability, maintainability, and safety; mining-equipment-related
facts and figures, important terms and definitions, and useful information on mining
equipment reliability, maintainability, and safety classified under six distinct cate-
gories. Chapter 2 is devoted to mathematical concepts considered useful for per-
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viii Preface

forming mining equipment reliability, maintainability, and safety analysis. It covers
topics such as Boolean algebra laws, probability properties, useful mathematical
definitions, and probability distributions.

Chapter 3 presents various introductory aspects of reliability, maintainability, and
safety including reliability networks, commonly used methods in reliability analy-
sis, maintainability functions, maintainability analysis tools, safety analysis meth-
ods, and safety indexes. Chapter 4 is devoted to mining equipment reliability and
covers topics such as reasons for improving mining equipment reliability, open-pit
system reliability analysis, programmable electronic mining system failures, fault
tree analysis of shovel machine, and dump-truck tire reliability and factors affecting
their reliability. Various aspects of human factors and error in mining are covered in
Chap. 5. Some of the topics covered in the chapter are the need for human-factor ap-
plication in mining, human sensory capacities, human-factor formulas, useful gen-
eral human-factor guidelines for application in mining equipment design, classifica-
tions and causes of human errors leading to fatal accidents in mines, typical mining
equipment maintenance errors, useful design improvements to reduce mining equip-
ment maintenance errors, and human error analysis methods for application in the
area of mining.

Chapters 6 and 7 are devoted to mining equipment maintainability and mining
equipment reliability and maintainability testing, respectively. Chapter 6 covers top-
ics such as reliability test classifications, success testing, accelerated testing, con-
fidence interval estimates for mining equipment mean time between failures, test
methods to obtain maintainability-related test data for mining equipment, test meth-
ods for demonstrating diverse maintainability parameters, and useful guidelines for
avoiding pitfalls in maintainability testing of mining equipment. Some of the topics
covered in Chap. 7 are the meanings of the mining equipment maintainability and
design-induced maintainability problems of mining equipment, advantages of the
improved mining equipment maintainability design, mining equipment maintain-
ability design characteristics, maintainability measures for mining equipment, and
common maintainability design errors and useful maintainability design guideline
for mining equipment.

Chapter 8 presents various important aspects of mining equipment mainte-
nance including maintenance-related facts and figures, factors contributing to equip-
ment maintenance cost in mines, maintenance of explosion-protected switchgear
in mines, useful maintenance measures for mines, and mathematical models for
performing mining equipment maintenance. Various important aspects of mining
equipment costing are covered in Chap. 9. Some of the topics covered include rea-
sons for mining equipment costing, methods for making mining equipment invest-
ment decisions, cost estimation models for mining equipment, life cycle costing
concept, and life cycle cost estimation models for mining equipment.

Chapter 10 is devoted to the introductory aspects of mining equipment safety and
covers topics such as facts and figures, quarry accidents, causes of mining equip-
ment accidents and major sources of mining equipment fires, methods for perform-
ing mining equipment safety analysis, human-factor-related tips for safer mining
equipment, strategies to reduce mining equipment fires and injuries, and general ar-
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eas for safety improvements in mines. Finally, Chap. 11 presents various important
aspects of programmable electronic mining system safety including programmable-
electronic-related mishaps, methods for performing hazard and risk analysis of pro-
grammable electronic mining systems, lessons learned in addressing the safety of
programmable electronic mining systems, and sources for obtaining programmable
electronic mining system safety-related information.

This book will be useful to many individuals including engineering professionals
working in the mining industry, mining administrators, mining engineering under-
graduate and graduate students, mining engineering researchers and instructors, re-
liability, maintainability, maintenance, human factors, and safety professionals, and
design engineers and associated professionals concerned with mining equipment.

The author is deeply indebted to many colleagues and students for their interest
throughout this project. The invisible contributions of my children, Jasmine and
Mark, are also appreciated. Last but not least, I thank my other half, friend, and
wife, Rosy, for typing various portions of the book and other related materials, and
for her timely help in proofreading and tolerance.

Ottawa, Ontario B.S. Dhillon
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Chapter 1
Introduction

1.1 The Need for Improving Mining Equipment Reliability,
Maintainability, and Safety

The history of mining may be traced back to the ancient Egyptians, who operated
malachite mines at Wady Maghareh on the Sinai Peninsula and at Timna in the
Negev. Today millions of people are employed in the mining industry throughout
the world. For example, in the USA alone around 675,000 people are employed in
the natural resources and mining sector [1].

Each year billions of dollars are spent to produce various types of equipment for
use by the mining industry throughout the world, and this expenditure is increasing
rapidly. For example, in 2004 American mining equipment manufacturers shipped
around $1.4 billion worth of goods and a year later, in 2005, the figure jumped to $2
billion [2]. Nowadays, the competitive global economy is forcing mining companies
around the world to modernize its operations through increased mechanization and
automation.

Thus, mining equipment is becoming more complex and sophisticated, and its
cost is increasing at an alarming rate. In addition, its safety-related issues are re-
ceiving increased attention. This in turn makes it cost ineffective to have backup
units nor unsafe units. All in all, in order to meet production targets and tight sched-
ules, the mining companies are increasingly demanding better equipment reliability,
maintainability, and safety.

1.2 Mining-equipment-related Facts and Figures

This section presents facts and figures directly or indirectly concerned with mining
equipment reliability, maintainability, and safety.

B.S. Dhillon, Mining Equipment Reliability, Maintainability, and Safety 1
c© Springer 2008



2 1 Introduction

• In 2006, the value of shipments of selected types of mining machinery and re-
lated equipment from American manufacturers was estimated to be around $2.5
billion [3].

• The average fatality rate in the US mining industry was 27.7 per 100,000 workers,
as opposed to 4.8 per 100,000 workers in all US mining industry sectors during
the period 1992–2001.

• Equipment maintenance costs range from 20% to over 35% of total mine operat-
ing costs [5].

• Approximately 10% of production time is lost by unplanned maintenance in the
Australian underground coal mining industry [6].

• Annual mining deaths in the USA decreased from around 500 in the late 1950s
to about 93 during the 1990s [7].

• In 2004, around 17% of the 37,445 injuries in American underground coal mines
were associated with bolting machines [8].

• During the period 1995–2001, a total of 11 programmable electronic-related min-
ing incidents were reported in the USA; 4 of these were fatalities [9, 10].

• In open-pit mines in both Chile and Indonesia, maintenance cost is more than
60% of the operating cost [11].

• According to various civilian and military studies, it is possible to reduce pre-
ventive maintenance and corrective maintenance task times by 40% to 70% with
planned maintainability design efforts [5].

• During the period 1990–1999, electricity was the fourth leading cause of death
in the US mining industry [12].

• Usually, the cost of maintenance in the mining industry varies from 40 to 50% of
the equipment operating cost [13].

• During the period 1978–1988, maintenance activity accounted for 34% of all lost
time injuries in US mines [14].

• During the period 1983–1990, with respect to per-injury data for independent
contractor employees in the mining industry, approximately 20% of the coal-
mine-related injuries occurred during machine-maintenance activity or while us-
ing hand tools [15].

• During the period 1990–1999, 197 equipment fires caused 76 injuries in coal
mining operations in the USA [16].

1.3 Terms and Definitions

There are a large number of terms and definitions used in the area of reliability,
maintainability, and safety. This section presents some of the terms and definitions
considered useful for application in the area of mining equipment reliability, main-
tainability, and safety [17–21].

• Accident: an unplanned and undesired act
• Availability: the probability that a piece of equipment/system is functioning sat-

isfactorily at time t when used according to specified conditions, where the total
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time includes operating time, logistical time, active repair time, and administra-
tive time

• Failure: the inability of an item/piece of equipment/system to operate within
specified guidelines

• Failure mode: the abnormality of item/equipment/system performance that
causes the item/piece of equipment/system to be considered as having failed

• Hazard: the source of energy and the behavioral and physiological factors that,
when not controlled effectively, lead to harmful incidents

• Hazard rate: the ratio of the change in the number of items that have malfunc-
tioned to the number of items that have survived at time t

• Maintainability: the probability that a failed system/piece of equipment/item
will be restored to its satisfactory operating state

• Maintenance: all actions necessary to retain an item/piece of equipment/system
in, or restore it to, a specified condition

• Mean time to failure (exponential distribution): the sum of the operating time
of given items divided by the total number of failures

• Mean time to repair: a figure of merit depending on item/equipment/system
maintainability equal to the mean item/equipment/system repair time; in the case
of exponentially distributed times to repair, mean time to repair is the reciprocal
of the repair rate

• Mine: an excavation from which minerals or ore is extracted
• Mission time: the time during which an item/piece of equipment/system is per-

forming its specified function
• Open-pit mining: a form of operation designed for extracting minerals that lie

near the Earth’s surface
• Ore: any natural combination of minerals
• Redundancy: the existence of more than one means to accomplish a specified

function
• Reliability: the probability that an item/piece of equipment/system will carry

out its specified mission satisfactorily for the stated time period when used under
specified conditions

• Reliability model: a model used to assess, estimate, or predict reliability
• Safety: the conservation of human life and its effectiveness and the prevention

of damage to items/equipment/systems as per stated requirements
• Safety assessment: the quantitative/qualitative determination of safety
• Safety process: a set of procedures followed to enable the safety requirements

of an item/piece of equipment/system to be identified and met
• Unsafe condition: any condition, under the right circumstances, that will lead to

an accident
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1.4 Useful Information on Mining Equipment Reliability,
Maintainability, and Safety

There are many different sources for obtaining mining equipment reliability-, main-
tainability-, and safety-related information. This section lists some of the most use-
ful sources, directly or indirectly, for obtaining such information, under a number
of distinct categories.

1.4.1 Journals and Magazines

• Journal of Quality in Maintenance Engineering
• Reliability Engineering and System Safety
• IEEE Transactions on Reliability
• International Journal of Reliability, Quality, and Safety Engineering
• Professional Safety
• Hazard Prevention
• Accident Analysis and Prevention
• Reliability Review
• Journal of Fire Safety
• Reliability: The Magazine for Improved Plant Reliability
• Quality and Reliability Engineering International
• RAMS ASIA (Reliability, Availability, Maintainability, and Safety (RAMS)

Quarterly Journal)
• National Safety News
• Engineering and Mining Journal
• Australian Mining
• Mining Magazine
• Engineers Australia
• Mining Technology
• Soviet Mining Science
• International Journal of Surface Mining & Reclamation
• Mining Congress Journal
• Coal Age
• Transactions of the Canadian Institute of Mining and Metallurgy
• CIM Bulletin
• The Mining Engineer
• Engineering Failure Analysis
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1.4.2 Conference Proceedings

• Proceedings of the Annual Institute on Mining Health, Safety, and Research
• Proceedings of the Annual Reliability and Maintainability Symposium
• Proceedings of the ISSAT International Conferences on Reliability and Quality

in Design
• Proceedings of the European Conferences on Safety and Reliability
• Proceedings of the International Conferences on Probabilistic Safety Assessment

and Management.
• Proceedings of the International Conference on Reliability, Production, and Con-

trol in Coal Mines, 1991
• Proceedings of the Annual Meetings of the Society for Mining, Metallurgy, and

Exploration
• Proceedings of the International Symposium on Mine Planning and Equipment

Selection
• Proceedings of the American Mining Congress-Coal Convention, 1991
• Proceedings of the IEEE Annual Industry Applications Conferences

1.4.3 Books

• Blanchard, B.S., Verma, D., Peterson, E.L.: Maintainability: A Key to Effective
Serviceability and Maintenance Management. Wiley, New York (1995)

• Cox, S.J.: Reliability, Safety, and Risk Management: An Integrated Approach.
Butterworth-Heinemann, New York (1991)

• Dhillon, B.S.: Design Reliability: Fundamentals and Applications. CRC Press,
Boca Raton, FL (1999)

• Dhillon, B.S.: Engineering Maintainability. Gulf Publishing, Houston, TX (1999)
• Dhillon, B.S.: Engineering Safety: Fundamentals, Techniques, and Applications.

World Scientific, River Edge, NJ (2003)
• Goetsch, D.L.: Occupational Safety and Health. Prentice-Hall, Englewood Cliffs,

NJ (1996)
• Grant Ireson, W., Coombs, C.F., Moss, R.Y. (eds.): Handbook of Reliability En-

gineering and Management. McGraw-Hill, New York (1996)
• Hammer, W., Price, D.: Occupational Safety and Engineering. Prentice-Hall, Up-

per Saddle River, NJ (2001)
• Moubray, J.: Reliability-Centered Maintenance. Industrial, New York (1997)
• Shooman, M.L.: Probabilistic Reliability: An Engineering Approach. McGraw-

Hill, New York (1968)
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1.4.4 Organizations

• American Society of Safety Engineers, 1800 East Oakton St., Des Plaines, IL,
USA

• World Safety Organization, P.O. Box No. 1, Lalong Laan Building, Pasay City,
Metro Manila, The Philippines

• Reliability Society, IEEE, P.O. Box 1331, Piscataway, NJ, USA
• The American Institute of Mining, Metallurgical, and Petroleum Engineers, 8307

Shaffer Parkway, Littleton, CO, USA
• Society for Maintenance and Reliability Professionals, 401 N. Michigan Avenue,

Chicago, IL, USA
• Society of Logistics Engineers, 8100 Professional Place, Suite 211, Hyattsville,

MD, USA
• Society for Machinery Failure Prevention Technology, 4193 Sudley Road, Hay-

market, VA, USA
• National Safety Council, 444 North Michigan Avenue, Chicago, IL, U.S.A.
• American Society for Quality, Reliability Division, 600 North Plankinton Av-

enue, Milwaukee, WI, USA
• System Safety Society, 14252 Culver Drive, Suite A-261, Irvine, CA, USA

1.4.5 Standards

• MIL-STD-785, Reliability Program for Systems and Equipment, Development
and Production, US Department of Defense, Washington, DC

• MIL-STD-1629, Procedures for Performing Failure Mode, Effects and Criticality
Analysis, US Department of Defense, Washington, DC

• MIL-HDBK-217, Reliability Prediction of Electronic Equipment, US Depart-
ment of Defense, Washington, DC

• MIL-HDBK-781, Reliability Test Methods, Plans, and Environments for Engi-
neering Development, Qualification, and Production, US Department of Defense,
Washington, DC

• MIL-STD-882, Systems Safety Program for System and Associated Sub-system
and Equipment-Requirements, US Department of Defense, Washington, DC

• IEC 60950, Safety of Information Technology Equipment, International Electro-
Technical Commission (IEC), Geneva

• MIL-STD-470, Maintainability Program for Systems and Equipment, US De-
partment of Defense, Washington, DC

• MIL-HDBK-472, Maintainability Prediction, US Department of Defense, Wash-
ington, DC

• MIL-STD-471, Maintainability/Verification/Demonstration/Evaluation, US De-
partment of Defense, Washington, DC
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• IEC 61508 SET, Functional Safety of Electrical/Electronic/Programmable Elec-
tronic Safety-related Systems Parts 1–7, International Electrotechnical Commis-
sion (IEC), Geneva

1.4.6 Data Information Sources

• RAC EEMD1, Electronic Equipment Maintainability Data, Reliability Analysis
Center, Rome Air Development Center, Griffiss Air Force Base, Rome, NY, USA

• Government Industry Data Exchange Program (GIDEP), GIDEP Operations
Center, US Department of the Navy, Corona, CA, USA

• National Technical Information Service (NTIS), 5285 Port Royal Road, Spring-
field, VA, USA

• Safety Research Information Service, National Safety Council, 444 North Michi-
gan Avenue, Chicago, IL, USA

• Defense Technical Information Center, DTIC-FDAC, 8725 John J. Kingman
Road, Suite 0944, Fort Belvoir, VA, USA

• National Aeronautics and Space Administration (NASA) Parts Reliability Infor-
mation Center, George C. Marshall Space Flight Center, Huntsville, AL, USA

1.5 Problems

1. Discuss the need for improving mining equipment reliability, maintainability,
and safety.

2. List at least seven facts and figures concerned with mining equipment reliability,
maintainability, and safety.

3. Define the following terms:

• Open-pit mining
• Hazard rate
• Reliability

4. List the five most important journals that publish mining-equipment-reliability-
related studies.

5. Compare mining equipment reliability with its maintainability.
6. List at least four sources that can be useful for obtaining mining equipment

reliability-, maintainability-, and safety-related information.
7. List at least four of the most important standards on reliability, maintainability,

and safety.
8. Define the following terms:

• Safety
• Failure
• Accident



8 1 Introduction

9. What is mean time to repair?
10. Compare equipment availability with equipment reliability.
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Chapter 2
Introductory Mathematical Concepts
for Mining Equipment Reliability,
Maintainability, and Safety Analysis

2.1 Introduction

As in other areas of engineering analysis, various mathematical concepts play a piv-
otal role in mining equipment reliability, maintainability, and safety analysis. Al-
though the history of our current number symbols can be traced back to the stone
columns erected by the Scythian emperor Asoka of India in 250 B.C., the applica-
tion of mathematical concepts in engineering in general is relatively new [1].

In particular, probability plays a central role in the analysis of mining equipment
reliability, maintainability, and safety problems; its history may only be traced back
to the 16th-century writings of Girolamo Cardano (1501–1576) [1,2]. In these writ-
ings, Cardano considered some interesting questions on probability. In the 17th cen-
tury, the problem of dividing the winnings in a game of chance was solved indepen-
dently and correctly by Blaise Pascal (1623–1662) and Pierre Fermat (1601–1665).
In the 18th century, probability concepts were further developed and successfully
applied to areas other than games of chance by Pierre Laplace (1749–1827) and
Karl Gauss (1777–1855) [2, 3].

A detailed history of mathematics including probability is available in
Refs. [1, 2]. This chapter presents various introductory mathematical concepts con-
sidered useful for performing mining equipment reliability, maintainability, and
safety analysis [4, 5].

2.2 Range, Arithmetic Mean, Mean Deviation,
and Standard Deviation

Many statistical measures are used to analyze reliability-, maintainability-, and
safety-related data. This section presents a number of such measures considered
useful for application in the area of mining equipment reliability, maintainability,
and safety.

B.S. Dhillon, Mining Equipment Reliability, Maintainability, and Safety 11
c© Springer 2008
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2.2.1 Range

This is a measure of dispersion or variation. More specifically, the range of a data
set is the difference between the largest and the smallest values in the set.

Example 2.1

A mining facility reported the following monthly equipment failures over a period
of 12 months:

40, 5, 10, 15, 20, 46, 50, 19, 25, 17, 35, and 16 .

Find the range of the above data set values.
By examining the given data values, we conclude that the largest and the small-

est values are 50 and 5, respectively. Thus, the range, R, of the given data set is
expressed by

R = Largest value−Smallest value = 50−5 = 45 .

Thus, the range of the given data set is 45.

2.2.2 Arithmetic Mean

The arithmetic mean is defined by

m =

n
∑
j=1

m j

n
, (2.1)

where
m is the mean value,
m j is the data value j; for j = 1,2,3, . . .,n,
n is the total number of data values.

Example 2.2

A mining equipment manufacturing organization inspected ten identical mining sys-
tems and found 5, 10, 3, 2, 7, 15, 20, 1, 9, and 8 defects in each system. Calculate
the average number of defects per mining system (i.e., arithmetic mean of the data
set).
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Inserting the specified data values into Eq. (2.1) we obtain

m =
5 + 10 + 3 + 2+7+15+20+1+9 +8

10
= 8 .

Thus, the average number of defects per mining system (i.e., arithmetic mean of the
data set) is 8.

2.2.3 Mean Deviation

This is a widely used measure of dispersion that indicates the degree to which given
data tend to spread about a mean value. The mean deviation is defined by

md =

n
∑
j=1

∣
∣m j −m

∣
∣

n
, (2.2)

where

n is the total number of data values,
m j is the data value j; for j = 1,2,3, . . .,n,
md is the mean deviation,
m is the mean value,
∣
∣m j −m

∣
∣ is the absolute value of the deviation of m j from m.

Example 2.3

Calculate the mean deviation of the data values given in Example 2.2. Using the
given data and calculated values of Example 2.2 in Eq. (2.2) yields

md =
|5−8|+ |10−8|+ |3−8|+ |2−8|+ |7−8|+ |15−8|

10

+
|20−8|+ |1−8|+ |9−8|+ |8−8|

10

=
3 + 2 + 5 + 6+1+7 +12+7+1+0

10
= 4.4 .

Thus, the mean deviation of the given data values is 4.4.
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2.2.4 Standard Deviation

This is another measure of dispersion of data in a data set about the mean value. The
standard deviation is defined by [3]

σ =

⎡

⎢
⎢
⎣

n
∑
j=1

(m j −m)2

n

⎤

⎥
⎥
⎦

1/2

, (2.3)

where
σ is the standard deviation.

The following three standard deviation properties are associated with the normal
distribution presented later in the chapter:

• 99.73% of the all data values are included between m−3σ and m+ 3σ .
• 95.45% of the all data values are included between m−2σ and m+ 2σ .
• 68.27% of the all data values are included between m−σ and m+ σ .

Example 2.4

Calculate the standard deviation of the data values given in Example 2.2.
Using the given data and calculated value of Example 2.2 in Eq. (2.3) we get

σ =

[

(5−8)2 +(10−8)2 +(3−8)2 +(2−8)2 +(7−8)2 +(15−8)2

10

+
(20−8)2 +(1−8)2 +(9−8)2 +(8−8)2

10

]1/2

=
[

9 + 4 + 25 + 36+1+49+144+49+1+0
10

]1/2

= 5.64 .

Thus, the standard deviation of the data values given in Example 2.2 is 5.64.

2.3 Boolean Algebra Laws and Probability Definition
and Properties

Boolean algebra plays an important role in probability theory and is named after
mathematician George Boole (1813–1864). Some of its laws are as follows [6, 7]:

C + D = D+C , (2.4)
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where
C is a set or an event,
D is a set or an event,
+ denotes the union of events or sets

C ·D = D ·C , (2.5)

where

dot between C and D or D and C denotes the intersection of events or sets.
Sometimes the intersection of events is written without the dot
(e.g., CD), but it still conveys exactly the same meaning.

DD = D , (2.6)

C +C = C , (2.7)

C (C + D) = C , (2.8)

D+ DC = D , (2.9)

C (D+ E) = CD+CE , (2.10)

where
E is a set or an event.

C + 0 = C , (2.11)

(C + D)(C + E) = C + DE . (2.12)

Probability may be defined as the likelihood of occurrence of a given event. Mathe-
matically, it is expressed as follows [8]:

P(Y ) = lim
n→∞

[
M
n

]

, (2.13)

where

P(Y ) is the probability of occurrence of event Y ,
M is the number of times event Y occurs in the n repeated experiments.

Some probability properties are as follows [8]:

• The probability of occurrence of event, say X , is

0 ≤ P(X) ≤ 1 . (2.14)

• The probability of occurrence and nonoccurrence of an event, say X , is always

P(X)+ P(X̄) = 1 , (2.15)
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where
P(X) is the probability of occurrence of event X ,
P(X̄) is the probability of nonoccurrence of event X .

• The probability of an intersection of K independent events is given by

P(X1X2X3 . . .XK) = P(X1)P(X2)P(X3) · . . . ·P(XK) , (2.16)

where

P(Xi) is the probability of occurrence of event Xi, for i = 1,2,3, . . .,K.

• The probability of the union of K independent events is expressed by

P(X1 + X2 + . . .+ XK) = 1−
K

∏
i=1

(1−P(Xi)) . (2.17)

• The probability of the union of K mutually exclusive events is

P(X1 + X2 + . . .+ XK) =
K

∑
i=1

P(Xi) . (2.18)

Example 2.5

Assume that in Eqs. (2.17) and (2.18) we have K = 2, P(X1) = 0.05, and P(X2) =
0.12. Calculate the probability of the union of events X1 and X2 using Eqs. (2.17)
and (2.18) and comment on the resulting probability values.

Inserting the given data into Eq. (2.17) we get

P(X1 + X2) = P(X1)+ P(X2)−P(X1)P(X2)
= 0.05 + 0.12− (0.05)(0.12)
= 0.164 .

Using the specified data values in Eq. (2.18) we get

P(X1 + X2) = P(X1)+ P(X2)
= 0.05 + 0.12

= 0.17 .

This means that the probability of the union of mutually exclusive events X1 and X2

is higher than the probability of the union of independent events X1 and X2.
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2.4 Useful Mathematical Definitions

This section presents a number of mathematical definitions considered useful to
perform reliability, maintainability, and safety studies in the mining industry [3, 8].

2.4.1 Cumulative Distribution Function

For continuous random variables, the cumulative distribution function is defined by

F(t) =
t∫

−∞

f (x)dx , (2.19)

where

F(t) is the cumulative distribution function,
f (x) is the probability density function of continuous random variable x,
t is time.

For t = ∞, Eq. (2.19) yields

F (∞) =
∞∫

−∞

f (x) dx = 1 . (2.20)

This simply means that the total area under the probability density curve is equal to
unity.

Usually, in reliability work Eq. (2.19) is simply expressed as

F (t) =
t∫

0

f (x) dx . (2.21)

2.4.2 Probability Density Function

For continuous random variables, the probability density function is defined by

f (t) =
dF(t)

dt
, (2.22)

where

f (t) is the probability density function (in reliability work, it is often called
failure density function).
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2.4.3 Reliability Function

The reliability function is defined by

R(t) = 1−F(t) = 1−
t∫

0

f (x) dx , (2.23)

where

R(t) is the reliability function or simply reliability at time t.

2.4.4 Expected Value

For continuous random variables, this is defined by

E(t) = m =
∞∫

−∞

t f (t)dt , (2.24)

where

E(t) is the expected value of the continuous random variable t.
m is the mean of the continuous random variable t. In reliability work,

it is referred as mean time to failure.

2.4.5 Variance

The variance of a random variable t is defined by

σ2(t) = E(t2)− [E(t)]2 (2.25)

or

σ2(t) =
∞∫

0

t2 f (t)dt −m2 , (2.26)

where
σ2(t) is the variance of random variable t.
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2.4.6 Laplace Transform

This is defined by

f (s) =
∞∫

0

f (t)e−st dt , (2.27)

where
s is the Laplace transform variable,
t is the time variable,
f (s) is the Laplace transform of the function f (t).

Laplace transforms of some commonly occurring functions in mining equipment
reliability, maintainability, and safety studies are presented in Table 2.1 [9, 10].

2.4.7 Laplace Transform: Final Value Theorem

If the following limits exist, then the final-value theorem may be stated as

lim
t→∞

f (t) = lim
s→0

[s f (s)] . (2.28)

Table 2.1 Laplace transforms of some commonly occurring functions
in mining equipment reliability, maintainability, and safety studies

f (t) f (s)

e−λ t 1
(s+ λ )

t e−λ t 1

(s+ λ )2

t f (t) − d f (s)
ds

c (a constant)
c
s

d f (t)
dt

s f (s)− f (0)

tm, for m = 1,2,3, . . .
m!

sm+1

t∫

0

f (t)dt
f (s)

s
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2.5 Probability Distributions

Over the years, a large number of probability distributions have been developed
to perform various types of statistical analysis [11]. This section presents some of
these probability distributions considered useful for application in the area of mining
equipment reliability, maintainability, and safety.

2.5.1 Binomial Distribution

This is a discrete random variable distribution and it was developed by Jakob
Bernoulli (1654–1705) [1]. Thus, it is also called a Bernoulli distribution. The distri-
bution is used in situations where one is concerned with the probabilities of outcome
such as the total number of occurrences (e.g., failures) in a sequence of given num-
ber of trials. More specifically, each of these trials has two possible outcomes (e.g.,
success or failure), but the probability of each trial remains constant or unchanged.

The binomial probability density function, f (x), is defined by

f (x) =
m!

x!(m− x)!
pxqm−x , for x = 0,1,2,3, . . . ,m , (2.29)

where

p is the single trial probability of occurrence (e.g., success),
q is the single trial probability of nonoccurrence (e.g., failure),
x is the number of nonoccurrences (e.g., failures) in m trials.

The cumulative distribution function is given by [8, 11]

F(x) =
x

∑
i=0

m!
i!(m− i)!

piqm−i , (2.30)

where

F(x) is the probability of x or less nonoccurrences in m trials.

2.5.2 Exponential Distribution

This is a continuous random variable distribution and is widely used in reliability,
maintainability, and safety work. Two principal reasons for its widespread use are
as follows:

• Easy to handle in performing various types of reliability, maintainability, and
safety analyses.
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• Constant failure rates of many engineering items during their useful life periods,
particularly electronic ones [12].

The distribution probability density function is expressed by

f (t) = λ e−λ t , for λ > 0, t ≥ 0 , (2.31)

where

f (t) is the probability density function,
t is time,
λ is the distribution parameter. In reliability work, it is known

as the constant failure rate.

Substituting Eq. (2.31) into Eq. (2.21) we get the following expression for the cu-
mulative distribution function:

F(t) =
t∫

0

λ e−λ x dx = 1− e−λ t . (2.32)

2.5.3 Rayleigh Distribution

This continuous random variable distribution is named after its originator, John
Rayleigh (1842–1919) [1]. The distribution probability density function is defined
by

f (t) =
2

α2 t e−( t
α )2

, for α > 0, t ≥ 0 , (2.33)

where
α is the distribution parameter.

Using Eq. (2.33) in Eq. (2.21) yields the following cumulative distribution function:

F(t) =
t∫

0

2
α2 xe−( x

α )2

dx = 1− e−( t
α )2

. (2.34)

2.5.4 Weibull Distribution

This continuous random variable distribution is named after W. Weibull, a Swedish
mechanical engineering professor, and it can be used to represent many differ-
ent physical phenomena [13]. The distribution probability density function is ex-
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pressed by

f (t) =
θ

αθ tθ−1 e−( t
α )θ

, for t ≥ 0, α > 0, θ > 0 , (2.35)

where

θ and α are the distribution shape and scale parameters, respectively.

By substituting Eq. (2.35) into Eq. (2.21), we get the following equation for the
cumulative distribution function:

F(t) =
t∫

0

θ
αθ xθ−1 e−( x

α )θ
dx = 1− e−( t

α )θ
(2.36)

It is to be noted that both exponential and Rayleigh distributions are the special
cases of Weibull distribution for θ = 1 and θ = 2, respectively.

2.5.5 Normal Distribution

This is one of the most widely used continuous random variable distributions and is
also known as the Gaussian distribution after Carl Friedrich Gauss (1777 – 1855).
However, the distribution was actually discovered by De Moivre in 1733 [11].

The probability density function of the distribution is defined by

f (t) =
1

σ
√

2π
exp

[

− (t − μ)2

2σ2

]

, for −∞ < t < +∞ , (2.37)

where
μ is the distribution mean,
σ is the distribution standard deviation.

Using Eq. (2.37) in Eq. (2.21) yields the following equation for the cumulative dis-
tribution function:

F(t) =
1

σ
√

2π

t∫

−∞

exp

[

− (x− μ)2

2σ2

]

dx . (2.38)

2.5.6 Lognormal Distribution

This is another continuous random variable distribution and is often used to repre-
sent failed equipment repair times. The distribution probability density function is
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expressed by

f (t) =
1

tθ
√

2π
exp

[

− (lnt −m)2

2θ 2

]

, for t ≥ 0 , (2.39)

where
m and θ are the distribution parameters.

Using Eq. (2.39) in Eq. (2.21) yields the following cumulative distribution function:

F(t) =
1

θ
√

2π

t∫

−∞

1
x

exp

[

− (lnx−m)2

2θ 2

]

dx . (2.40)

2.6 Solving Differential Equations Using Laplace Transforms

Sometimes mining equipment reliability, maintainability, and safety studies may re-
quire finding solutions to a system of linear first-order differential equations. Under
such circumstances, the application of Laplace transforms has proven to be a very
effective approach. The following example demonstrates the application of Laplace
transforms to finding solutions to a set of linear first-order differential equations
describing a mining system:

Example 2.6

Assume that an engineering system used in mines can be, at any time t, in either of
the three distinct states: working normally, failed in open mode, or failed in short
mode. The following three linear first-order differential equations describe the min-
ing system:

dPw(t)
dt

+(λom + λsm)Pw(t) = 0 , (2.41)

dPom(t)
dt

−λomPω(t) = 0 , (2.42)

dPsm(t)
dt

−λsmPω(t) = 0 , (2.43)

where

Pj(t) is the probability that the mining system is in state j at time t,
j = w (working normally), j = om (failed in open mode),
and j = sm (failed in short mode),

λsm is the mining system constant short mode failure rate,
λom is the mining system constant open mode failure rate.

At time t = 0, Pw(0) = 1, Pom(0) = 0, and Psm(0) = 0.
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Find solutions to differential Eqs. (2.41)–(2.43) using Laplace transforms.
Using Table 2.1, Eqs. (2.41)–(2.43) and the given initial conditions we get

sPw(s)−1 +(λom + λsm)Pw(s) = 0 , (2.44)

sPom(s)−λomPw(s) = 0 , (2.45)

sPsm(s)−λsmPw(s) = 0 . (2.46)

Solving Eqs. (2.44)–(2.46) we obtain

Pw(s) =
1

s+ λom + λsm
, (2.47)

Pom(s) =
λom

s(s+ λom + λsm)
, (2.48)

Psm(s) =
λsm

s(s+ λom + λsm)
. (2.49)

Taking the inverse Laplace transforms of Eqs. (2.47)–(2.49) we get

Pw(t) = e−(λom+λsm)t , (2.50)

Pom(t) =
λom

λom + λsm

[

1− e−(λom+λsm)t
]

, (2.51)

and

Psm(t) =
λsm

λom + λsm

[

1− e−(λom+λsm)t
]

. (2.52)

Thus, Eqs. (2.50)–(2.52) are the solutions to differential Eqs. (2.41)–(2.43).

2.7 Problems

1. A mining equipment manufacturing company inspected eight identical mining
systems and found 10, 11, 2, 20, 6, 9, 4, and 5 defects in each system. Calculate
the average number of defects per mining system (i.e., arithmetic mean of the
data set).

2. Calculate the mean deviation of the data values given in the above problem (i.e.,
Problem 1).

3. Discuss the history of probability.
4. Define standard deviation.
5. Prove Eq. (2.12).
6. Discuss five important properties of probability.
7. Mathematically, define probability.
8. Determine expected value of Eq. (2.31).
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9. Write down probability density functions for the following statistical distribu-
tions:

• Normal distribution
• Weibull distribution

10. Obtain the Laplace transform for the following function:

f (t) = t e−λ t , (2.53)

where
t is the time variable,
λ is a constant.
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Chapter 3
Introduction to Reliability, Maintainability,
and Safety

3.1 Introduction

The history of the reliability field may be traced back to the early 1930s when
probability concepts were applied to problems associated with electric power gen-
eration [1–3]. However, generally the real beginning of the reliability field is re-
garded as World War II, when Germans applied basic reliability concepts to improve
the reliability of their V1 and V2 rockets. Today, reliability engineering is a well-
developed discipline and has branched out into specialized areas such as software
reliability, mechanical reliability, and human reliability. A detailed history of the
reliability field is available in Ref. [4].

The beginning of the maintainability field may be traced back to 1901 to the
United States Army Signal Corps contract for the development of the Wright broth-
ers’ airplane. In this document, it was clearly stated that the aircraft should be “sim-
ple to operate and maintain” [5]. The first commercially available book entitled
Electronic Maintainability appeared in 1960, and in the latter part of the 1960s
many military documents on maintainability were published by the United States
Department of Defense [6–8]. A detailed history of the maintainability field is given
in Refs. [9, 10].

The history of the safety field goes back to 1868, when a patent was awarded
for a barrier safeguard in the United States [11]. In 1893, the Railway Safety Act
was passed by the U.S. Congress, and in 1931 the first commercially available book,
Industrial Accident Prevention, was published [12]. A detailed history of safety is
available in Ref. [13].

This chapter presents various important introductory aspects of reliability, main-
tainability, and safety considered useful for the mining industry.
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3.2 Need for Reliability and Bathtub Hazard Rate Curve

Today reliability has become an important factor during the design phase of engi-
neering systems because our daily lives and schedules are increasingly becoming
more dependent than ever before on the satisfactory functioning of such systems.
Some examples of these systems are aircraft, trains, automobiles, space satellites,
and computers. Some of the specific factors responsible for the consideration of re-
liability in system/product design are the insertion of reliability-related clauses in
design specifications, product/system complexity and sophistication, high acquisi-
tion cost, competition, public demand, past system/product failures, loss of prestige,
and the increasing number of reliability-/safety-/quality-related lawsuits.

The bathtub hazard rate curve, shown in Fig. 3.1, is widely used to represent
the failure rate of various types of engineering items. As shown in Fig. 3.1, the
curve is divided into three regions: burn-in period, useful-life period, and wear-out
period. During the burn-in period the item hazard rate or time-dependent failure
rate decreases with time t. Some of the reasons for the occurrence of failures dur-
ing this period are poor quality control, substandard materials and workmanship,
poor manufacturing methods, inadequate debugging, poor processes, and human er-
ror [14].

During the useful-life period the item hazard rate remains constant. Some of
the reasons for the occurrence of failures during this period are low safety factors,
undetectable defects, natural failures, abuse, higher-than-expected random stress,
and human error. Finally, during the wear-out period the item hazard rate increases
with time t. Some of the causes for the occurrence of failures during this period are

Fig. 3.1 Bathtub hazard rate curve
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wear caused by friction, poor maintenance, wear caused by aging, corrosion and
creep, incorrect overhaul practices, and short designed-in life of the item.

3.3 General Reliability, Hazard Rate, and Mean Time
to Failure Functions

Many general functions are frequently used in performing reliability analysis. Three
of these functions are presented below.

3.3.1 General Reliability Function

This is expressed by

R(t) = e
−

t∫

0
λ (t)dt

, (3.1)

where
R(t) is the reliability at time t,
λ (t) is the hazard rate or time-dependent failure rate.

Equation (3.1) is the general expression for the reliability function. It is used to
obtain the reliability of an item whose times to failure are described by statistical
distributions such as exponential, Rayleigh, Weibull, and normal.

Example 3.1

Assume that the times to failure of a piece of mining equipment are exponentially
distributed. Thus, the equipment’s hazard rate is given by

λ (t) = λ , (3.2)

where
λ is the mining equipment constant failure rate.

Obtain an expression for the equipment reliability function.
Substituting Eq. (3.2) into Eq. (3.1) we get

R(t) = e
−

t∫

0
λ dt

= e−λ t . (3.3)

Equation (3.3) is the reliability function for the piece of mining equipment.
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3.3.2 Hazard Rate Function

The hazard rate function is expressed by

λ (t) =
f (t)
R(t)

(3.4)

or

λ (t) = − 1
R(t)

· dR(t)
dt

, (3.5)

where
f (t) is the failure (or probability) density function.

Example 3.2

Prove Eq. (3.2) using Eqs. (3.3) and (3.5).
Thus, substituting Eq. (3.3) into Eq. (3.5) we get

λ (t) = − 1

e−λ t
· d e−λ t

dt
= λ . (3.6)

Equations (3.2) and (3.6) are identical.

3.3.3 Mean Time to Failure

Mean time to failure can be obtained using any of the following formulas [15]:

MTTF =
∞∫

0

R(t)dt (3.7)

or
MTTF = lim

s→0
R(s) (3.8)

or

MTTF =
∞∫

0

t f (t)dt , (3.9)

where

MTTF is the mean time to failure,
s is the Laplace transform variable,
R(s) is the Laplace transform of the reliability function, R(t).
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Example 3.3

Using Eq. (3.3), obtain an expression for the mining equipment mean time to failure.
Substituting Eq. (3.3) into Eq. (3.7) we get

MTTF =
∞∫

0

e−λ t dt =
1
λ

. (3.10)

Equation (3.10) is the expression for the mining equipment mean time to failure.

3.4 Reliability Networks

A system can form various types of networks or configurations in performing relia-
bility analysis. Some commonly occurring configurations are presented below.

3.4.1 Series Configuration

This is probably the most widely occurring configuration in engineering systems;
it is depicted by the block diagram shown in Fig. 3.2. Each block in the diagram
denotes a component or unit. In this arrangement or configuration, all the units must
operate normally for the successful operation of the system (i.e., the series system).

If we let Xj denote the event that the jth unit in Fig. 3.2 is successful, then the
reliability of the series configuration/system is given by

Rs = P(X1X2X3 . . .Xm) , (3.11)

where

Rs is the series system or configuration reliability,
P(X1X2X3 . . .Xm) is the occurrence probability of success events X1X2X3 . . .

and Xm.

For independent units, Eq. (3.11) becomes

Rs = P(X1)P(X2)P(X3) . . .P(Xm) , (3.12)

Fig. 3.2 A series configuration with m units
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where

P(Xj) is the probability of occurrence of success event Xj, for j = 1,2,3, . . .,m.

If we let R j = P(Xj) for j = 1,2,3, . . .,m in Eq. (3.12), the equation becomes

Rs =
m

∏
j=1

R j , (3.13)

where
R j is the unit j reliability; for j = 1,2,3, . . .,m.

For constant failure rate, λ j, of unit j, using Eq. (3.1) the reliability of unit j is given
by

R j(t) = e
−

t∫

0
λ j dt

= e−λ jt , (3.14)

where
R j(t) is the reliability of unit j at time t.

Substituting Eq. (3.14) into Eq. (3.13) we get

Rs(t) = e
−

m
∑

j=1
λ jt

, (3.15)

where
Rs(t) is the reliability of the series system at time t.

Inserting Eq. (3.15) into Eq. (3.7) we get

MTTFs =
∞∫

0

e
−

m
∑

j=1
λ jt dt

=
1

m
∑
j=1

λ j

, (3.16)

where
MTTFs is the series system mean time to failure.

Example 3.4

Assume that a mining system is composed of five independent and identical sub-
systems in series. The constant failure rate of each subsystem is 0.0006 failures per
hour. Calculate the mining system mean time to failure and reliability for a 100-h
mission.

Using the data values given in Eq. (3.16) yields

MTTFs =
1

5(0.0006)
= 333.3h .
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Substituting the specified data into Eq. (3.15) we get

Rs(100) = e−5(0.0006)(100) = 0.7408 .

Thus, the mining system mean time to failure and reliability are 333.3 h and 0.7408,
respectively.

3.4.2 Parallel Configuration

In this case, all m units are active and at least one of these units must operate nor-
mally for the successful operation of the system. The block diagram of an “m” unit
parallel configuration/system is shown in Fig. 3.3; each block in the diagram repre-
sents a unit.

If we let X̄ j represent the event that the jth unit is unsuccessful, then the failure
probability of the parallel system/configuration is given by

Fp = P(X̄1X̄2 . . . X̄m) , (3.17)

where

Fp is the parallel system/configuration reliability,
P(X̄1X̄2 . . . X̄m) is the occurrence probability of failure events X̄1, X̄2, . . . , X̄m.

For independent units, Eq. (3.17) becomes

Fp = P(X̄1)P(X̄2) . . .P(X̄m) , (3.18)

where

P(X̄ j) is the occurrence probability of failure event X̄ j; for j = 1,2,3, . . .,m.

Fig. 3.3 Block diagram of
a parallel configuration con-
taining m units
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If we let Fj = P(X̄ j) for j = 1,2, . . .,m in Eq. (3.18), the equation becomes

Fp =
m

∏
j=1

Fj , (3.19)

where
Fj is the failure probability of unit j; for j = 1,2, . . .,m.

Subtracting Eq. (3.19) from unity we obtain

Rp = 1−
m

∏
j=1

Fj , (3.20)

where
Rp is the parallel system/configuration reliability.

For the constant failure rate, λ j, of unit j, subtracting Eq. (3.14) from unity; then,
substituting it into Eq. (3.20) yields

Rp(t) = 1−
m

∏
j=1

(

1− e−λ jt
)

, (3.21)

where

Rp(t) is the parallel system/configuration reliability at time t.

For identical units, using Eq. (3.7) and (3.21) we get

MTTFp =
∞∫

0

[

1−
(

1− e−λ t
)m]

dt =
1
λ

m

∑
j=1

1
j

, (3.22)

where

λ is the unit constant failure rate,
MTTFp is the parallel system/configuration mean time to failure.

Example 3.5

A mining system is composed of three independent and identical units in parallel,
and their constant failure rates are 0.0005 failures per hour. Calculate the system
mean time to failure and reliability for a 200-h mission.

Substituting the specified data values into Eq. (3.22) we get

MTTFp =
1

(0.0005)

(

1 +
1
2

+
1
3

)

= 3666.7h .
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Using the given data values in Eq. (3.21) yields

Rp(200) = 1−
(

1− e−(0.0005)(200)
)2

= 0.9909 .

Thus, the mining system mean time to failure and reliability are 3666.7 h and
0.9909, respectively.

3.4.3 k-out-of-m Configuration

In this case m number of units are active and at least k units must operate normally
for the system success. The parallel and series configurations are special cases of
this configuration for k = 1 and k = m, respectively.

Using the binomial distribution, for independent and identical units, we write
down the following expression for the k-out-of-m configuration reliability:

Rk/m =
m

∑
j=k

(
m
j

)

R j (1−R)m− j , (3.23)

where (
m
j

)

=
m!

(m− j)! j!
, (3.24)

Rk/m is the k-out-of-m configuration/system reliability,
R is the unit reliability.

For constant failure rates of units, using Eqs. (3.3) and (3.23) we get

Rk/m(t) =
m

∑
j=k

(
m
j

)

e− jλ t
(

1− e−λ t
)m− j

, (3.25)

where

Rk/m(t) is the k-out-of-m configuration/system reliability at time t,
λ is the unit constant failure rate.

Substituting Eq. (3.25) into Eq. (3.7) we get

MTTFk/m =
∞∫

0

[
m

∑
j=k

(
m
j

)

e− jλ t
(

1− e−λ t
)m− j

]

dt =
1
λ

m

∑
j=k

1
j

, (3.26)

where

MTTFk/m is the mean time to failure of the k-out-of-m configuration/system.
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Example 3.6

A mining system is composed of three independent and identical units operating in
parallel. At least two of these units must operate normally for the system to succeed.
Calculate the mining system mean time to failure if the unit failure rate is 0.001
failures per hour.

Substituting the specified data values into Eq. (3.26) we get

MTTF2/3 =
1

(0.001)

3

∑
j=2

1
j

= 833.3h .

Thus, the mining equipment mean time to failure is 833.3 h.

3.4.4 Standby System

In this case, the system is composed of (n + 1) units and only one unit operates
and the remaining n units are kept in their standby mode. As soon as the operating
unit fails, the switching mechanism detects the failure and then turns on one of the
n standby units. The system fails when all the n standby units fail.

For independent and identical units (i.e., the operating plus standby units), perfect
switching mechanism and standby units, the standby system reliability is expressed
by

Rsb(t) =
n

∑
j=0

⎡

⎣

⎡

⎣

t∫

0

λ (t)dt

⎤

⎦

j

e
−

t∫

0
λ (t)dt

⎤

⎦/ j! , (3.27)

where
Rsb(t) is the standby system reliability at time t,
λ (t) is the unit time dependent failure rate,
n is the number of standby units.

For constant unit failure rate (i.e., λ (t) = λ ), using Eq. (3.27), we get

Rsb(t) =
n

∑
j=0

[

(λ t) j e−λ t
]

/ j! . (3.28)

Substituting Eq. (3.28) into Eq. (3.7) we obtain

MTTFsb =
∞∫

0

[
n

∑
j=0

(λ t) j e−λ t/ j!

]

dt =
n + 1

λ
, (3.29)

where
MTTFsb is the standby system mean time to failure.



3.4 Reliability Networks 37

Example 3.7

A standby mining system is composed of three independent and identical units: one
operating, two on standby. The unit constant failure rate is 0.0005 failures per hour.
The standby unit turn-on mechanism is perfect and both the standby units remain
as good as new in their standby mode. Calculate the mining system mean time to
failure.

Substituting the given data values into Eq. (3.29) we get

MTTFsb =
(2 + 1)

(0.0005)
= 6000h .

Thus, the standby mining system mean time to failure is 6000 h.

3.4.5 Bridge Configuration

This type of configuration also occurs in engineering systems. The block diagram
of a bridge configuration is shown in Fig. 3.4. Each block in the diagram denotes
a unit.

For independent units, the reliability of the Fig. 3.4 bridge configuration is ex-
pressed by [16]

Rb = 2R1R2R3R4R5 + R2R3R4 + R1R3R5 + R1R4 + R2R5 −R2R3R4R5

−R1R2R3R4 −R5R1R2R3 −R1R3R4R5 −R1R2R4R5 , (3.30)

Fig. 3.4 A five-unit bridge configuration
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where
Rb is the bridge configuration/system reliability.
R j is the reliability of unit j; for j = 1,2,3, . . .,5.

For identical units and constant failure rates of units, using Eq. (3.1) and (3.30) we
get

Rb(t) = 2e−5λ t −5e−4λ t + 2e−3λ t + 2e−2λ t , (3.31)

where

Rb(t) is the bridge configuration/system reliability at time t,
λ is the unit constant failure rate.

Substituting Eq. (3.31) into Eq. (3.7) we get

MTTFb =
∞∫

0

[

2e−5λ t −5e−4λ t + 2e−3λ t + 2e−2λ t
]

dt =
49

60λ
, (3.32)

where

MTTFb is the bridge configuration/system mean time to failure.

Example 3.8

Assume that five independent and identical units of a mining system form a bridge
configuration. Calculate the bridge configuration reliability for a 100-h mission and
mean time to failure, if the constant failure rate of each unit is 0.0004 failures per
hour.

Using the specified data values in Eq. (3.31) yields

Rb(100) = 2e−5(0.0004)(100)−5e−4(0.0004)(100)

+ 2e−3(0.0004)(100)+ 2e−2(0.0004)(100)

= 0.9968 .

Substituting the given data value into Eq. (3.32) we get

MTTFb =
49

60(0.0004)
= 2041.67h .

Thus, the bridge configuration reliability and mean time to failure are 0.9968 and
2041.67 h, respectively.
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3.5 Commonly Used Methods in Reliability Analysis

Over the years many methods have been developed to perform reliability analysis of
engineering systems. These methods are particularly useful for analyzing engineer-
ing systems more complex than the ones forming the standard reliability configura-
tions.

This section presents three of these methods considered useful for application in
the mining industry [4, 17–19].

3.5.1 Failure Modes and Effect Analysis (FMEA)

This is one of the most widely used methods for performing reliability analysis of
engineering systems and is basically a qualitative approach. It was developed in the
early 1950s to assess the designs of flight control systems [20].

FMEA usually starts during the early phases of system design and is performed
by following the seven steps shown in Fig. 3.5. Some of the questions asked during
the performance of FMEA with respect to components/subsystems are as follows:

• What are the possible failure modes of the component/subsystem?
• What are the possible consequences of the failure mode?
• How is failure detected?
• How critical are the consequences?
• What are the effective safeguards against the failure in question?

Some of the important applications of FMEA are as follows [19]:

• To identify weak spots in design,
• To choose design alternatives during the early stages of design,
• To serve as a basis for design improvement action,
• To identify weak areas in design,
• To ensure the understanding of all possible failure modes and their anticipated

effects,
• To choose design alternatives during the early stages of design, and
• To recommend appropriate test programs.

Additional information on FMEA is available in Ref. [4].

3.5.2 Markov Method

This is a widely used method to handle reliability and availability analyses of re-
pairable systems. The approach proceeds by the enumeration of system states, and
then the resulting system of differential equations are solved to obtain reliability-



40 3 Introduction to Reliability, Maintainability, and Safety

Fig. 3.5 Steps for performing FMEA

related measures. The following assumptions are associated with the Markov
method [21]:

• All system transition rates (i.e., failure and repair rates) are constant.
• All occurrences are independent of each other.
• The probability of transition from one system state to another in the finite time

interval Δt is given by λ Δt, where λ is the transition rate (e.g., system failure or
repair rate) from one system state to another.

• The probability of more than one transition occurrence in finite time inter-
val Δt from one system state to another is very small or negligible [e.g.,
(λ Δt)(λ Δt) → 0].

The application of the method is demonstrated by solving the following example.
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Example 3.9

A mining system can either be in an operating state or a failed state, and its constant
failure and repair rates are λm and μm, respectively. The system state-space diagram
is shown in Fig. 3.6. The numerals in boxes denote system states. Obtain expressions
for the mining system state probabilities using the Markov method.

Using Fig. 3.6 and the Markov method, we write down the following two equa-
tions [4, 21]:

P0(t + Δt) = P0(t)(1−λmΔt)+ P1(t)μmΔt , (3.33)

P1(t + Δt) = P1(t)(1− μmΔt)+ P0(t)λmΔt , (3.34)

where

λm is the mining system constant failure rate,
μm is the mining system constant repair rate,
t is time,
λmΔt is the probability of the mining system failure

in finite time interval Δt.
μmΔt is the probability of the mining system repair

in finite time interval Δt.
(1−λmΔt) is the probability of no mining system failure

in finite time interval Δt.
(1− μmΔt) is the probability of no mining system repair

in finite time interval Δt.
Pi(t + Δt) is the probability of the mining system being in state i

at time (t + Δt); for i = 0 (operating normally),
i = 1 (failed).

Pi(t) is the probability that the mining system is in state i
at time t; for i = 0,1.

Fig. 3.6 Mining system state-space diagram
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In the limiting case, Eqs. (3.32) and (3.33) become

dP0(t)
dt

+ λmP0(t) = P1(t)μm , (3.35)

dP1(t)
dt

+ μmP1(t) = P0(t)λm . (3.36)

At time t = 0, P0(0) = 1 and P1(0) = 0.
By solving Eqs. (3.35) and (3.36), we obtain

P0(t) =
μm

(λm + μm)
+

λm

(λm + μm)
e−(λm+μm)t (3.37)

P1(t) =
λm

(λm + μm)
− λm

(λm + μm)
e−(λm+μm)t (3.38)

Thus, Eqs. (3.37) and (3.38) are the expressions for the mining system state prob-
abilities.

Example 3.10

Assume that in Example 3.9 the values of λm and μm are 0.002 failures per hour and
0.004 repairs per hour, respectively. Calculate the probabilities of the mining system
operating normally and failed for a 100-h mission.

Substituting the given data values into Eqs. (3.37) and (3.38) we get

P0(100) =
0.004

(0.002 + 0.004)
+

0.002
(0.002 + 0.004)

e−(0.002+0.004)(100) = 0.8496

and

P1(100) =
0.002

(0.002 + 0.004)
− 0.002

(0.002 + 0.004)
e−(0.002+0.004)(100) = 0.1504 .

Thus, the probabilities of the mining system operating normally and failed are
0.8496 and 0.1504, respectively.

3.5.3 Fault Tree Analysis

This is another widely used method to perform reliability analysis of engineering
systems. It was developed at the Bell Telephone Laboratories in the early 1960s
to analyze the Minuteman Launch Control System with respect to reliability and
safety [22].

Although this method makes use of a large number of symbols, the four com-
monly used symbols are shown in Fig. 3.7 [4, 22].
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Fig. 3.7a–d Commonly used fault tree symbols. a Rectangle. b Circle. c OR gate. d AND gate

Fig. 3.8 Steps for developing a fault tree
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The Fig. 3.7 symbols are defined below.

• Rectangle. This represents a resultant event that results from the combination of
fault events through the input of a logic gate.

• Circle. This denotes a basic fault event or the failure of an elementary part.
• OR gate. This denotes that an output fault event occurs if one or more of the

input fault events occur.
• AND gate. This denotes that an output fault event occurs only if all the input

fault events occur.

Six basic steps used to develop a fault tree are shown in Fig. 3.8. The fault tree con-
struction starts from the undesirable event known as the top event and then succes-
sively asking the question “How could this event occur?” until reaching the desirable
basic fault events.

In order to estimate the probability of occurrence of the top event, it is essential to
estimate the probability of occurrence of the logic gates’ output fault events. Thus,
equations to estimate the probability of occurrence of OR and AND logic gates’
output fault events are presented below.

OR Gate

The probability of occurrence of an OR gate’s output fault event is given by [4]

P(Xo) = 1−
m

∏
j=1

(1−P(Xj)) , (3.39)

where

m is the number of input fault events;
P(Xo) is the probability of occurrence of OR gate’s output fault event Xo;
P(Xj) is the probability of occurrence of input fault event Xj;

for j = 1,2,3, . . .,m.

AND Gate

The probability of occurrence of an AND gate’s output fault event is given by

P(Xa) =
m

∏
j=1

P(Xj) , (3.40)

where

P(Xa) is the probability of occurrence of AND gate’s output fault event Xa.

The application of the fault tree analysis method is demonstrated through the fol-
lowing example.
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Example 3.11

A windowless room has four lightbulbs controlled by a single switch that can only
fail to close. Using Fig. 3.7 symbols, construct a fault tree for an undesirable event
(top event): dark room. Furthermore, calculate the probability of occurrence of the
undesirable event, if all basic fault events occur independently and their occurrence
probability (i.e., each event’s) is 0.15.

The fault tree shown in Fig. 3.9 was developed using Fig. 3.7 symbols. Single
capital letters in parentheses in circles and rectangles denote corresponding fault
events. Probabilities of occurrence of events T, A, and B in Fig. 3.9 are calculated
below.

Fig. 3.9 Fault tree for the dark room undesirable event
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Substituting the given data values into Eq. (3.39), we get the following prob-
ability of occurrence of fault event A:

P(A) = 1− (1−P(D)) (1−P(E))
= 1− (1−0.15)(1−0.15)
= 0.2775 ,

where

P(A) is the probability of having the switch without electricity,
P(D) is the probability of having no power to fuse board,
P(E) is the probability of the fuse failure.

Using the specified data values in Eq. (3.40) we get

P(B) = P(F)P(G)P(H)P(I)
= (0.15)(0.15)(0.15)(0.15)
= 0.0005 ,

where
P(B) is the probability of having all four bulbs burn out,
P(F) is the probability of bulb number 1 burning out,
P(G) is the probability of bulb number 2 burning out,
P(H) is the probability of bulb number 3 burning out,
P(I) is the probability of bulb number 4 burning out.

Substituting the calculated and given values into Eq. (3.39) we obtain

P(T ) = 1− (1−P(A))(1−P(B))(1−P(C))
= 1− (1−0.2775)(1−0.0005)(1−0.15)
= 0.3862 ,

where

P(T ) is the probability of occurrence of the top event: dark room,
P(C) is the probability of having switch fails to close.

Thus, the probability of occurrence of the dark room undesirable event is 0.3862.



3.7 Maintainability Functions 47

3.6 Need for Maintainability and Maintainability
Versus Reliability

The need for maintainability is becoming increasingly important because of the
alarmingly high operating and support costs of engineering systems. For example,
each year over $300 billion is being spent by American manufacturers on plant
maintenance and operations [23]. Thus, some of the main objectives of applying
maintainability principles to engineering systems are to reduce projected main-
tenance costs and time, to use maintainability data to estimate system/equipment
availability/unavailability, and to determine labor-hours and other related resources
needed to perform the projected maintenance.

Maintainability is a built-in design and installation characteristic that provides
the resulting system/equipment with an inherent ability to be maintained, leading
to lower maintenance costs, required skill levels, required tools and equipment, re-
quired man-hours, and better mission availability. In contrast, reliability is a design
characteristic that leads to the durability of the system as it performs its specified
mission according to a stated condition and time period. It is accomplished through
various measures including selecting optimum engineering principles, controlling
processes, satisfactory component sizing, and testing.

Some of the specific principles of maintainability (and of the corresponding re-
liability) are reducing life cycle maintenance costs (maximize the use of standard
parts), reducing or eliminating the need for maintenance (minimizing stress on com-
ponents and parts), reducing the amount, frequency, and complexity of required
maintenance tasks (use fewer components for performing multiple functions), pro-
viding for maximum interchangeability (provide fail-safe designs), and reducing
mean time to repair (design for simplicity) [24].

3.7 Maintainability Functions

There are many maintainability functions depending on the time to repair distri-
bution. The maintainability function is used to predict the probability that a repair,
starting at time t = 0, will be accomplished within time t. Mathematically, the main-
tainability function is defined by [5]

m(t) =
t∫

0

fr(t)dt , (3.41)

where
m(t) is the maintainability function,
t is time,
fr(t) is the repair time probability density function.
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Maintainability functions for two commonly occurring repair time distributions are
presented below [26, 27]. Similarly, one can obtain maintainability functions for
other repair time distributions.

3.7.1 Maintainability Function I: Exponential Distribution

In this case times to repair are exponentially distributed and are defined by

fr(t) = μ e−μt , (3.42)

where

t is the variable repair time,
μ is the constant repair rate or reciprocal of the mean time to repair (MTTR).

Using Eq. (3.42) in Eq. (3.41) yields the following maintainability function for the
exponential distribution:

me(t) =
t∫

0

μ e−μt dt = 1− e−( 1
MTTR)t , (3.43)

where

μ =
1

MTTR
,

me(t) is the maintainability function for exponential distribution.

Example 3.12

Assume that the repair times of pieces of mining equipment are exponentially dis-
tributed with a mean value (i.e., MTTR) of 10 h. Calculate the probability of accom-
plishing a repair within 15 h.

Inserting the given data values into Eq. (3.43) we get

me(15) = 1− e−( 1
10 )(15) = 0.7769 .

Thus, there is a 77.69% chance that the mining equipment repair will be accom-
plished within 15 h.

3.7.2 Maintainability Function II: Weibull Distribution

In this case, times to repair are Weibull distributed and are defined by

fr(t) =
b

αb tb−1 e−( t
α )b

, (3.44)
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where
b is the distribution shape parameter,
α is the distribution scale parameter.

Inserting Eq. (3.44) into Eq. (3.41) we get

mw(t) =
t∫

0

b
αb tb−1 e−( t

α )b

dt = 1− e−( t
α )b

, (3.45)

where

mw(t) is the maintainability function for Weibull distribution.

3.8 Maintainability Design Factors and Maintainability
Analysis Tools

There are numerous goals of maintainability design including increasing ease of
maintenance, minimizing preventive and corrective maintenance tasks, minimizing
the logistical burden through resources required for maintenance and support, and
reducing support costs [5]. Thus, some of the commonly addressed maintainability
design factors are accessibility, test points, controls, labeling and coding, handles,
standardization, lubrication, interchangeability, modular design, ease of removal
and replacement, displays, skill requirements, indication and location of failures,
and safety factors [5].

Over the years, many methods have been developed for performing various types
of reliability and quality analyses. These methods include failure modes and effect
analysis, fault tree analysis, Markov method, total quality management, and cause
and effect diagram [4, 10, 13]. The first three of these methods are described in
Sect. 3.5. The remaining two (i.e., total quality management and cause-and-effect
diagram) are presented below.

3.8.1 Total Quality Management

This method may simply be described as a philosophy of pursuing continuous im-
provement in all processes through the integrated or team efforts of all personnel
in an organization. Over the years, the method has proven to be an effective tool to
organizations in pursuit of improving the maintainability aspect of their products.
Continuous improvement and customer satisfaction are the two fundamental princi-
ples of total quality management (TQM). In addition, seven important elements of
TQM are team effort, supplier participation, management commitment and leader-
ship, statistical tools, cost of quality, customer service, and training [27].
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TQM can be implemented by following the five steps listed below [10]:

• Step 1: Create a vision.
• Step 2: Plan an appropriate action.
• Step 3: Create an effective structure (e.g., eliminate roadblocks, involve employ-

ees, create cross-functional teams, and institute training).
• Step 4: Measure progress through appropriate means.
• Step 5: Update plans and vision.

In the past, many organizations have experienced various difficulties in the im-
plementation of TQM. These difficulties include failure of senior management to
delegate decision-making authority to lower organizational levels, failure of top
management to devote sufficient time to the effort, and insufficient allocation of
resources for training and developing manpower [28]. Additional information on
TQM is available in Ref. [28].

3.8.2 Cause and Effect Diagram

This is a deductive analysis method developed by K. Ishikawa of Japan [29], and
it can be quite useful in performing maintainability analysis. The method is also
known as a fishbone diagram because of its resemblance to the skeleton of a fish. The
right side (i.e., the fish head) of the diagram denotes the effect (e.g., the problem),
and to the left of this are all possible problem-related causes connected to the central
fish spine.

The cause and effect diagram can be developed by following the five steps listed
below.

• Step 1: Identify the effect to be investigated or develop a problem statement.
• Step 2: Brainstorm to identify problem-related causes.
• Step 3: Group main causes into appropriate categories and stratify them.
• Step 4: Construct the diagram by linking the problem-related causes under ap-

propriate process steps and write down the effect/problem in the diagram box
(i.e., the fish head) on the right side.

• Step 5: Refine cause categories by asking questions such as “What is the real
reason of the existence of this condition?” and “What causes this?”

Some of the main benefits of the cause and effect diagram are its usefulness in
generating ideas, in identifying root causes of the problem, in presenting an orderly
arrangement of theories, and in guiding further inquiry.

Additional information on cause and effect diagrams is available in Ref. [29].



3.10 Need for Safety and Safety-Related Facts and Figures 51

3.9 Maintainability-Management-Related Tasks
During the Equipment Life Cycle

The life cycle of a piece of equipment may be divided into four phases: concept-
development phase, validation phase, production phase, and operation phase. Dur-
ing its life cycle, to handle maintainability issues, various types of maintainability-
management-related tasks are performed. In the concept-development phase, the
maintainability management tasks are basically concerned with determining the
equipment effectiveness needs, in addition to determining, from the equipment’s
purpose and intended operation, the required field support policies and other provi-
sions.

In the validation phase, the maintainability management tasks include developing
a maintainability program plan that satisfies contractual requirements, performing
maintainability allocations and predictions, coordinating and monitoring maintain-
ability efforts throughout the organization, participating in design reviews, develop-
ing a plan for maintainability testing and demonstration, and developing a planning
document for data collection, analysis, and evaluation [30].

In the production phase, the maintainability management tasks include evaluat-
ing all proposals for changes with respect to their impact on maintainability, evaluat-
ing production test trends from the standpoint of adverse effects on maintainability
requirements, monitoring production processes, etc. Finally, during the operation
phase, although there are no specific maintainability management tasks, the phase
is probably the most significant because during this period the equipment’s true lo-
gistical support and cost effectiveness are demonstrated.

3.10 Need for Safety and Safety-Related Facts and Figures

Safety has become an important issue because each year a vast number of people die
and get seriously injured due to various types of accidents. For example, in 1996 in
the USA alone, according to the National Safety Council (NSC), there were 93,400
deaths and a large number of disabling injuries due to accidents [31]. Other factors
that also play an important role in demanding the need for better safety include
public pressures, government regulations, and the increasing number of lawsuits.

Some of the important safety-related facts and figures are as follows:

• In 2000, there were approximately 97,300 unintentional injury deaths in the
USA and their cost to the US economy was estimated to be approx. $512.4 mil-
lion [32].

• In a typical year in the USA, approximately 35 million work-hours are lost due
to accidents [33].

• In the 1990s, the average annual cost of accidents per worker in the USA was
approximately $420 [11].
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• Over the 40-year period 1960–2000 work-related accidental deaths in the USA
dropped by 60% [34, 35].

• In 1980, employers in the USA spent approximately $22 billion to insure or self-
insure against work-related injuries [36].

Additional safety-related factors and figures are available in Ref. [13].

3.11 Equipment Hazard Classifications and Common
Mechanical Injuries

There are many equipment-related hazards. They may be grouped under six distinct
classifications: energy hazards, kinematic hazards, electrical hazards, misuse-and-
abuse-related hazards, environmental hazards, and human-factor hazards [37]. All
these classifications are described in detail in Ref. [37].

Humans interact with various types of equipment in the industrial sector to per-
form tasks such as drilling, chipping, shaping, cutting, punching, stitching, stamp-
ing, and abrading. Past experiences indicate that various types of injuries can occur
in performing such tasks. The common ones include injuries related to shearing,
crushing, puncturing, breaking, straining and spraining, and cutting and tearing. Ad-
ditional information on all these injuries is available in Ref. [11].

3.12 Safety Analysis Methods

Over the years, a large number of methods have been developed to perform ana-
lysis in safety and related areas [4, 13]. These methods include failure modes and
effect analysis, fault tree analysis, Markov method, cause and effect diagram, haz-
ard and operability analysis, job safety analysis, and technic of operations review.
The first four of these methods are described earlier in the chapter. The remaining
three methods (i.e., hazard and operability analysis, job safety analysis, and technic
of operations review) are presented below.

3.12.1 Hazard and Operability Analysis (HAZOP)

This method was developed for application in the chemical industry, and its funda-
mental objectives are as follows [11, 13, 38–41]:

• To produce a complete description of a process or facility,
• To review each process/facility element for determining how deviations from the

design intentions can occur, and
• To decide whether the deviations can result in operating problems or hazards.
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A HAZOP study can be conducted by following the seven steps listed below [13,40].

• Step 1: Select the process system to be analyzed.
• Step 2: Form the team of experts.
• Step 3: Explain the HAZOP process to all team members.
• Step 4: Establish goals and appropriate time schedules.
• Step 5: Conduct brainstorming sessions as appropriate.
• Step 6: Perform analysis.
• Step 7: Document the study.

Additional information on HAZOP is available in Refs. [11, 42].

3.12.2 Job Safety Analysis

This method is used to find and rectify potential hazards that are intrinsic to or
inherent in a given workplace. Generally, people who participate in performing job
safety analysis are worker, supervisor, and safety professionals. Job safety analysis
can be performed by following the five steps listed below [43].

• Step 1: Choose the job to be analyzed.
• Step 2: Break down the job under consideration into a number of steps/tasks.
• Step 3: Identify potential hazards and propose necessary actions to control them

to appropriate levels.
• Step 4: Apply the proposed actions.
• Step 5: Evaluate the results.

All in all, past experience indicates that the success of this method very much de-
pends on the degree of rigor exercised by the job safety analysis team members
throughout the analysis process.

3.12.3 Technic of Operations Review (TOR)

This is basically a hands-on analytical methodology used for determining the root
system causes of an operation failure. The method or methodology was developed
by D.A. Weaver of the American Society of Safety Engineers (ASSE) in the early
1970s [11]. It makes use of a worksheet containing simple terms requiring yes/no
decisions. The basis for the activation of TOR is an incident occurring at a spe-
cific time and place involving certain individuals. The method is composed of the
following steps [11, 44]:

• Step 1: Form the TOR team with individuals having appropriate expertise and
experience.

• Step 2: Hold a roundtable session with all members of the team.
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• Step 3: Identify one important factor that has been pivotal in the occurrence of
an incident or accident.

• Step 4: Use the team consensus in responding to a sequence of yes/no options.
• Step 5: Evaluate identified factors as well as ensure the existence of consensus

among the team members.
• Step 6: Prioritize contributing factors.
• Step 7: Develop preventive/corrective strategies with respect to each contributing

factor.
• Step 8: Implement strategies.

Additional information on TOR is available in Refs. [11, 44].

3.13 Safety Indexes

Over the years, many safety indexes have been developed to measure the safety
performance of organizations. This section presents two of these safety indexes pro-
posed by the American National Standards Institute [45].

3.13.1 Index I: Disabling Injury Frequency Rate

This index is defined by

DIfr =
N(1,000,000)

Te
, (3.46)

where
DIfr is the disabling injury frequency rate,
N is the number of disabling injuries,
Te is the employee exposure time expressed in hours.

The index is based on four events (i.e., deaths, permanent disabilities, permanent
partial disabilities, and temporary disabilities) that occur during the period covered
by the rate. Additional information on the index is available in Refs. [45, 46].

3.13.2 Index II: Disabling Injury Severity Rate

This index is defined by

DIsr =
dc(1,000,000)

Te
, (3.47)

where
DIsr is the disabling injury severity rate,
dc is the number of days charged.
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The index is based on four factors [i.e., total scheduled charges (days) for all deaths,
permanent total disabilities, permanent partial disabilities, and the number of days
of disability from all temporary injuries] occurring during the time period covered
by the rate. Additional information on the index is available in Refs. [45, 46].

3.14 Problems

1. Discuss the bathtub hazard rate curve.
2. Prove Eqs. (3.7)–(3.9) using Eq. (3.3).
3. Prove Eq. (3.22).
4. Describe failure modes and effect analysis.
5. Prove that the sum of Eqs. (3.37) and (3.38) is equal to unity.
6. Prove Eq. (3.38) using Eqs. (3.35) and (3.36).
7. Define the following terms:

• OR gate
• AND gate

8. Define maintainability function.
9. Describe total quality management.

10. What are the common equipment-related injuries?
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Chapter 4
Mining Equipment Reliability

4.1 Introduction

Each year billions of dollars is spent to produce various types of equipment for
use by the mining industry throughout the world, and this expenditure is increasing
rapidly. For example, as per the United States Census Bureau, in 2004 American
mining equipment manufacturers shipped around $1.4 billion worth of goods, and
a year later that figure jumped to $2 billion [1]. Today, the global economy is forcing
mining companies to modernize their operations through increased mechanization
and automation.

Thus, as mining equipment is becoming more complex and sophisticated, its
cost is increasing rapidly. This in turn makes it cost ineffective to have standby
units. To meet production targets, mining companies are increasingly demanding
better equipment reliability. Reliability is a good performance indicator of overall
equipment condition and is defined as the probability that a piece of equipment will
perform its function satisfactorily for the desired period of time when used accord-
ing to specified conditions. However, in the industrial sector reliability is frequently
expressed in terms of mean time between failures.

This chapter presents various important aspects of mining equipment reliability.

4.2 Reasons for Improving Mining Equipment Reliability,
Factors Impacting Mining System Reliability, and Useful
Mining-Equipment-Reliability-Related Measures

There are many reasons for improving mining equipment reliability. Some of these
are as follows [2]:

• To maximize profit.
• To reduce the cost of poor reliability (the true cost of poor reliability in most

mining operations, when measured effectively, is quite significant).
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• To reduce the performance of mining equipment services in an unplanned manner
because of short notice.

• To provide more accurate short-term forecasts for equipment operating hours.
• To overcome challenges imposed by global competition.
• To take advantage of lessons learned from other industrial sectors such as

aerospace, defense, and nuclear power generation.

There are many factors that, directly or indirectly, impact mining system reliability.
Most of these factors are shown in Fig. 4.1 [2].

In the case of geology, variability in digging conditions can result in the need for
trucks or shovels to stop. Similarly, different ore grades than the one expected can
lead to the need to interrupt the production process. In the case of weather, rain or
fog can interrupt production.

In the case of the mine plan, it normally calls for equipment to be shifted on a pe-
riodic basis as different areas are to be mined. In turn, this leads to an interruption to
a steady-state production. In the case of the blast, there is frequently a need to stop
the equipment operation. In the case of accident damage, it causes an interruption to
the ongoing production process if the equipment has to be taken out of service for
inspection or repair.

In the case of refueling and lubrication, the stoppage of equipment for refueling
and lubrication results in the interruption of the production process. In the case of
equipment failure, it is basically a maintenance issue and it causes an interruption

Fig. 4.1 Factors directly or indirectly impacting mining system reliability
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in the production process. In the case of spillage and housekeeping, the need to stop
and clean up spillage around the shovel or the dump area causes an interruption in
the production process as well.

In the case of routine maintenance, routine servicing, overhauls, and component
replacements lead to interruptions in production while the equipment is taken out
of service. In the case of ineffective blasting, it can lead to problems such as poor
diggability in certain areas and unreliable equipment operation. In the case of down-
stream processes, if a downstream process stops in a direct tipping situation, this can
lead to an interruption in the mining operation.

In the case of minor production stoppages, “comfort stops” such as minor adjust-
ments can interrupt the production process. Finally, in the case of shift changes and
crib breaks, every shift change and crib break usually leads to an interruption to the
steady-state nature of the production operation.

4.2.1 Useful Mining-Equipment-Reliability-Related Measures

There are many mining-equipment-reliability-related measures. Some of these are
presented below [2].

Availability

This is simply the proportion of time the equipment is able to be used for its intended
purpose and is expressed by

AVm =
(TH−DT)

TH
(100) , (4.1)

where
AVm is the mining equipment availability,
TH is the total hours,
DT is the downtime expressed in hours.

Mean Time Between Failures

This is expressed by

MTBF =
TH −DT −SH

NF
, (4.2)

where
MTBF is the mean time between failures,
SH is the standby hours,
NF is the number of failures.
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Utilization

This is defined by

U =
(TH−DT −SH)(100)

(TH −DT)
, (4.3)

where
U is the utilization.

Production Efficiency

This may be described simply as the ratio of actual output from a piece of equip-
ment/machine (which satisfies the required quality standards) to its rated output
during the period it is operational. Nonetheless, production efficiency is expressed
by

PE =
[{

AP
TH−DT −SH

}

/RC

]

(100) , (4.4)

where
PE is the production efficiency,
AP is the actual production,
RC is the rated capacity expressed in units per hour.

Overall Equipment Effectiveness

This is expressed by
OEE = (AVm) (PE) (U) , (4.5)

where
OEE is the overall equipment effectiveness.

4.3 Open-Pit-System Reliability Analysis

The selection of equipment for modern open-pit mines has become a challenging
issue in terms of productivity, reliability, availability, maintainability, etc. The over-
all system has grown to the level where the application of reliability principles has
been conceived to be quite useful for meeting the ever-growing technological re-
quirements. The system is composed of various types of loading and dumping ma-
chinery that, in turn, are arranged in different arrays. These arrays result in various
types of sequencing systems. The failure of a single element in the sequences can
cause part or complete system failure.

Nonetheless, each element of open-pit mines (i.e., working face, shovel, dumper,
dumping point, etc.) may be considered as an independent link to the open-pit mine
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chain system. Reliability analyses of the chain system when it forms series and
parallel configurations are presented below [3].

4.3.1 Open-Pit Series System

In this case, the open-pit-mine components, i.e., working face, shovel, dumper, and
pumping place, form a series configuration. This means all system components must
work normally for the system to succeed.

For independent components, the system reliability is given by [3, 4]

Rops = RsRdRwfRdp , (4.6)

where
Rops is the open-pit series system reliability,
Rs is the shovel reliability,
Rd is the dumper or dump-truck reliability,
Rwf is the working-face reliability,
Rdp is the dumping-place reliability.

For constant failure rates of the shovel, dumper or dump truck, working face, and
dumping place, using Chap. 3 and Ref. [4] we get

Rs(t) = e−λst , (4.7)

Rd(t) = e−λdt , (4.8)

Rwf(t) = e−λwft , (4.9)

Rdp(t) = e−λdpt , (4.10)

where
Rs(t) is the shovel reliability at time t,
Rd(t) is the dumper or dump-truck reliability at time t,
Rwf(t) is the working-face reliability at time t,
Rdp(t) is the dumping-place reliability at time t,
λs is the shovel constant failure rate,
λwf is the working face constant failure rate,
λd is the dumper or dump-truck constant failure rate,
λdp is the dumping-place constant failure rate.

Substituting Eqs. (4.7)–(4.10) into Eq. (4.6) we get

Rops(t) = e−λst · e−λdt · e−λwft · e−λdpt = e−(λs+λd+λwf+λdp)t , (4.11)

where
Rops(t) is the open-pit series system reliability at time t.
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Integrating Eq. (4.11) over the time interval [0,∞], we obtain the following expres-
sion of the open-pit series system mean time to failure [4]:

MTTFops =
∞∫

0

Rops(t)dt =
1

λs + λd + λwf + λdp
, (4.12)

where

MTTFops is the open-pit series system mean time to failure.

Example 4.1

Assume that an open-pit system is composed of shovel, dump truck, working face,
and dumping place, which form a series configuration. The reliabilities of the four
components are 0.8, 0.9, 0.98, and 0.97, respectively. Calculate the open-pit system
reliability if all its components fail independently.

Substituting the specified data values into Eq. (4.6) we get

Rops = (0.8)(0.9)(0.98)(0.97) = 0.6844 .

Thus, the open-pit system reliability is 0.6844.

Example 4.2

Assume that in Example 4.1, the constant failure rates of shovel, dump truck, work-
ing face, and dumping place are 0.005 failures per hour, 0.006 failures per hour,
0.007 failures per hour, and 0.008 failures per hour, respectively. Calculate the open-
pit series system mean time to failure.

Using the above given data values in Eq. (4.12) yields

MTTFops =
1

0.005 + 0.006 +0.007+0.008
= 38.46h .

Thus, the mean time to failure of the open-pit series system is 38.46 h.

4.3.2 Open-Pit Parallel System

This type of configuration is formed when there is more than one unit of an open-
pit system’s components operating simultaneously and at least one of these units
must work normally for the system to succeed. For example, there are two shovels
operating simultaneously and at least one of the shovels must work normally for
the system to succeed. In this case, both shovels form a parallel configuration and
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the configuration’s reliability, if both shovels fail independently, using Chap. 3 and
Ref. [4], is expressed by

Rps = 1− (1−RS1)(1−RS2) , (4.13)

where
Rps is the shovel parallel configuration reliability,
RS1 is the reliability of shovel number one,
RS2 is the reliability of shovel number two.

For constant failure rates of the shovels, using Chap. 3 and Ref. [4] we write

RS1(t) = e−λS1t , (4.14)

RS2(t) = e−λS2t , (4.15)

where
RS1(t) is the reliability of shovel number one at time t,
RS2(t) is the reliability of shovel number two at time t,
λS1 is the constant failure rate of shovel number one,
λS2 is the constant failure rate of shovel number two.

Inserting Eqs. (4.14) and (4.15) into Eq. (4.13) we get

Rps(t) = 1−
(

1− e−λS1t
)(

1− e−λS2t
)

= e−λS1t + e−λS2t − e−(λS1+λS2)t , (4.16)

where

Rps(t) is the shovel parallel configuration reliability at time t.

Integrating Eq. (4.16) over the time interval [0,∞], we obtain the following expres-
sion for the shovel parallel configuration mean time to failure:

MTTFps =
∞∫

0

Rps(t)dt =
1

λS1
+

1
λS2

− 1
(λS1 + λS2)

, (4.17)

where

MTTFps is the shovel parallel configuration mean time to failure.

Example 4.3

An open-pit system has two independent and identical shovels forming a paral-
lel configuration (i.e., at least one shovel must work normally for the system to
succeed). The shovel constant failure rate is 0.008 failures per hour. Calculate the
shovel parallel configuration reliability for a 200-h mission.
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Substituting the specified data values into Eq. (4.16) we get

Rps(200) = e−(0.008)(200) + e−(0.008)(200)− e−(0.008+0.008)(200) = 0.3630 .

Thus, the shovel parallel configuration reliability is 0.3630.

4.4 Programmable Electronic Mining System Failures

Various types of hazards can occur with programmable electronic mining system
hardware or software failures [5]. Hardware failures are physical failures and are
usually the result of wear and random events. They can involve any physical com-
ponent of the system including sensors, data communication paths, power supplies,
and programmable electronic devices. Random hardware failures include items such
as broken wires, mechanical defects, corroded contacts, dielectric failures, open cir-
cuits, and short circuits.

In contrast, software failures occur due to systematic (functional) errors. System-
atic errors include items such as software bugs, requirement errors, timing errors,
design errors, operator errors, and management-of-change errors.

A study of data from the US Mine Safety and Health Administration (MSHA),
New South Wales Mines in Australia, and Queensland Mines in Australia, concern-
ing programmable electronic-based mining systems, revealed that there were a total
of 100 mishaps during the period 1995–2001. The breakdown of these mishaps was
as follows [5]:

• Random hardware failures: 46%
• Systematic failures: 39%
• Miscellaneous failures: 15%

Both random hardware failures and systematic failures are described below, sepa-
rately.

4.4.1 Random Hardware Failures

The harsh environmental factors in mines, such as vibrations, heat, water and
dirt intrusion, and shock, can greatly influence the occurrence of programmable
electronic-based mining system hardware failures. These failures involve items such
as sensors, wiring, electrical connectors, solenoids, and power supplies. An example
of such failures is the degradation of rubber boots/seals used to keep out moisture
and dust.

An analysis of the random hardware failures of the above data (i.e., for pro-
grammable electronic-based mining systems for the period 1995–2001) revealed
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the following breakdown of the failures [5]:

• Sensor failures: 33%
• Electronic-component failures: 26%
• Moisture-related failures: 17%
• Actuator failures: 13%
• Miscellaneous failures: 11%

Note that in the above breakdown switch-related failures were included under the
sensor failure category.

4.4.2 Systematic Failures

Periodic systematic failures are also called functional failures. Some of the sources
of these failures are hardware and software design errors, errors resulting from soft-
ware modifications, operator errors, and errors made during maintenance and repair
activities. Analysis of systematic failures of the data for programmable electronic-
based mining systems for the period 1995–2001 revealed the following breakdown
of the failures [5]:

• Design-error-related failures: 50%
• Maintenance- and repair-error-related failures: 40%
• Miscellaneous failures: 10%

4.5 Designing Reliable Conveyor Belt Systems and Methods
of Measuring Winder Rope Degradation

Today modern mining approaches have put greater emphasis than ever before on the
reliability of the belt conveyor system that removes mined material, say coal, from
the face. More specifically, with the application of modern long-wall methods, it is
quite possible that up to 90% of the mine production comes from one face, and it,
in turn, must be handled effectively by a single-gate conveyor. Thus, modern mines
are looking for a conveyor reliability of close to 100%, and the conveyor industry is
under increasing pressure to achieve this target.

This target or objective can be achieved by the industry by following the five
design-related guidelines shown in Fig. 4.2 [6].

In underground mines, winders that use steel wire ropes are normally used for
moving materials. During usage, the steel wire ropes are subjected to continuous
degradation or deterioration. Therefore, the reliability of ropes is very important for
the performance of shaft-equipped mines as well as for the safety of miners. Past
experience indicates that the type of damage that occurs in winder ropes during
their usage period includes, but is not limited to, wire fatigue and resulting breaks,
abrasion formation of kinks and loops, and corrosion [7–9].
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Fig. 4.2 Useful design-related guidelines for improving conveyor reliability

Due to safety concerns many mining regulatory authorities around the world
mandate periodic inspections to be performed to determine the condition of winder
ropes. Thus usually two types of inspections (i.e., visual inspection and magnetic
nondestructive testing) are performed as it is impossible to find rope internal dam-
age and corrosion through visual inspection alone.

Both visual inspection and magnetic nondestructive testing methods are de-
scribed below, separately.

4.5.1 Visual Inspection Method

This method is quite useful for identifying changes in rope diameter and lay length,
wear of the crown wires, external wire breaks or loose wires, visible corrosion, and
any other external damage. In fact, visual inspection is the only effective approach
to identifying the severity of rope external abrasive wear as the magnetic approach
tends to underestimate the crown wire wear.

Some of the steps of the visual inspection method are as follows [7, 10]:

(i) Measure the rope diameter and the lay length at a number of points or sec-
tions.

(ii) Examine for broken wires and excessive crown wear.
(iii) Examine the whole rope end to end for damage or abuse.
(iv) Examine the rope termination for corrosion, broken wires, and condition of

fastening.
(v) Examine the sheaves for wear, misfit, and so on.

(vi) Examine the condition of the drum in the case of drum winders.
(vii) Check for appropriate lubrication.
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4.5.2 Nondestructive Testing Method

Electromagnetic or permanent magnet-based methods are quite effective at detect-
ing damage anywhere within a rope in both interior and exterior wires [7, 11, 12].
Magnetic rope testing is performed by passing the rope through a permanent
magnet-based device or instrument. In this case, a length of the rope is fully magne-
tized as it passes through the test device. Magnetic rope testing devices are used for
monitoring two distinct types (i.e., types I and II) of magnetic field changes caused
by the existence of anomalies.

Type I is known as loss of metallic area (LMA). It may be described simply as
a relative measure of the amount of material mass missing from a cross-section in
a wire rope. LMA is measured by comparing a section’s magnetic field intensity
with that of a reference section on the rope that denotes the maximum, unworn
metallic cross-section area. Type II changes involve a magnetic dipole generated by
a discontinuity in a magnetized section of the rope such as a wire break, a corro-
sion pit, or a groove worn into a wire. Often these are known as leakage flux (LF)
flaws.

4.6 Fault Tree Analysis of Shovel Machine

Shovel machines are an important element of mining machinery. Their failures can
have an important impact on the overall performance of mines with respect to pro-
duction. Fault tree analysis, described in Chap. 3 and in Ref. [4], is an effective tool
for performing failure analysis of shovel machines. A fault tree of a shovel machine
is shown in Fig. 4.3 [13]. In this case, the shovel machine is divided into six sub-
systems: engine, bucket, transmission, hydraulic, track, and body and cabin. Failure
of any one of these subsystems will cause the failure of the shovel machine. In turn,
an engine failure can occur either due to a failure of either the static parts or the
dynamic parts.

Failure in the static parts can be initiated either by engine block failure or by
cylinder head failure. Similarly, the failure in the dynamic parts can be caused either
by piston failure, crank failure, shaft failure, or bearing failure.

Hydraulic failure can occur either due to steering failure or bucket hydraulic
failure. In turn, the occurrence of any of the following four failures can cause failure
of the bucket hydraulic [12]:

• Tube failure
• Filter failure
• Pump failure
• Tank failure

Pump failure can be caused by the failure of pistons, seals, or valves.
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Fig. 4.3 Fault tree of a shovel machine

By examining Fig. 4.3, it can be concluded that the occurrence of any fault event
shown in circles will cause shovel failure. The probability of occurrence of shovel
failure can be calculated for known probabilities of occurrence of the fault events
shown in circles, with the aid of Ref. [4].
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4.7 Dump-truck Tire Reliability and the Factors Affecting
Their Life

The shovel-truck system is probably the most flexible system in opencast mines. Its
reliability and availability are the most important factors in successfully meeting the
production target of opencast mines. Tires of dump trucks are an important element
of the shovel-truck system. Their reliability directly or indirectly affects the overall
production performance of opencast mines.

A study of dump-truck tires revealed that the tires’ times to failure followed
a normal distribution [14]. This simply means that their failure rate is nonconstant
and the reliability of the tires must be computed by using the normal distribution
representing the tire failure times.

There are many factors that can affect dump-truck tire life including underinfla-
tion, overinflation, tire bleeding, heat generation, and speed and haul length [14,15].
Underinflation can lead to excessive flexing of the sidewalls and an increase in in-
ternal tire temperature. In turn, this can cause permanent damage to tires such as
radial cracks, ply separation, and casing breakup.

Overinflation reduces the amount of tread in contact with the ground and in addi-
tion to makes tires vulnerable to factors such as cuts, snags, and impact fractures. In
the case of tire bleeding, lowering tire pressure after a long run is a normal practice.
This increases tire temperature, causes premature failures, and makes an underin-
flated tire withstand high load (i.e., vehicle weight).

In the case of heat generation, as rubber is a poor conductor, the heat gener-
ated through flexing will lead to heat accumulation. Note that, although the recom-
mended load-speed inflation pressure ensures an equilibrium between heat gener-
ated and heat dissipated, any deviation can result in high temperature.

Finally, in the case of speed and haul length, speeds above 30 km per hour and
a haul length of more than 5 km can considerably affect the life of tires.

4.8 Problems

1. What are the main reasons for improving mining equipment reliability?
2. List at least ten important factors that directly or indirectly impact mining sys-

tem reliability.
3. List and define at least three mining-equipment-reliability-related measures.
4. Assume that an open-pit system is composed of shovel, dump truck, working

face, and dumping place, which form a series of configurations. The constant
failure rates of the four components are 0.0004 failures/h, 0.0005 failures/h,
0.0006 failures/h, and 0.0007 failures/h, respectively. Calculate the open-pit sys-
tem reliability for a 100-h mission if all its components fail independently.

5. Discuss programmable electronic mining system failures.
6. Discuss useful design-related guidelines for improving conveyor reliability.
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7. Discuss the visual inspection method with regard to inspecting winder ropes.
8. What is a shovel machine?
9. Write an essay on mining equipment reliability.

10. Discuss the factors that can affect the life of dump-truck tires.
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Chapter 5
Human Factors and Error in Mining

5.1 Introduction

The field of human factors exists because people make various types of errors in
using engineering systems. Human factors may simply be described as a body of
scientific facts concerning the characteristics of human beings [1–3]. Similarly, hu-
man error is defined as the failure to perform a specified task (or the performance
of a forbidden action) that could result in the disruption of scheduled operations or
damage to equipment and property [2, 3].

The history of the study of human factors may be traced back to 1898, when Fred-
erick W. Taylor performed various studies to determine the most effective design of
shovels [4]. By 1945 human-factor engineering was recognized as a specialized dis-
cipline, and in 1958 H.L. Williams recognized that human-element reliability must
be taken into consideration in the overall system-reliability prediction; otherwise,
such a prediction would not be realistic [5]. In 1960, a study conducted by the US
military reported that human error is the cause of 20 to 50% of equipment fail-
ures [6]. Today, a wide range of published literature is available on various aspects
of human factors including human error [3, 7, 8].

In the area of human factors in mining, the first formal human-factor study
was conducted in 1971 and was concerned with identifying human-factor-related
problems in underground coal mines [9, 10]. In 1982, two human-factor-problem-
identification studies directed at surface mining were reported: one concerning the
mining process itself and the other the processing plants [11, 12].

Over the years many publications on various aspects of human factors in mining
including human error have appeared [10,13]. This chapter presents various impor-
tant aspects of human factors and error that are, directly or indirectly, concerned
with mining.
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5.2 The Need to Apply Human Factors in Mining
and Common Roadblocks to the Introduction
of Human Factors in an Organization

Technology plays a pivotal role in increasing productivity and safety in the mining
industry. New advances in technology have placed new demands on mine work-
ers. This, in turn, has created the need for paying greater attention to determine
how people and technology can work together effectively. More specifically, how
should mining equipment and tasks be designed to match the capabilities and limi-
tations of mine workers who will be operating and maintaining such equipment in
the field [10]?

The application of human-factor principles can be very useful in addressing ques-
tions such as this.

Over the years various types of roadblocks to the application of human factors
in organizations have been experienced. Some of the common ones are shown in
Fig. 5.1 [10]. Counterarguments to each of these roadblocks are presented below.

To the notion that all humans are created equal can be added that no two humans
are identical. Thus, systems must be designed in such a way that they effectively ac-
commodate the diversity in the human population. As for the idea that humans can
be trained to overcome design-related shortcomings, although this is true to a cer-
tain degree, training can be somewhat unreliable. More specifically, as experience
has shown, under stressful conditions humans usually respond the way they think
systems/equipment should operate, which may not be how the systems/equipment
actually operate.

Regarding the idea that engineers and designers know best how humans think and
act, one may add that engineers and designers may know how engineers and design-

Fig. 5.1 Common roadblocks to the application of human factors in organizations
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ers usually think and act, but they (i.e., engineers and designers) do not necessarily
think or act like other members of the society at large.

In regard to the idea that no serious incidents indicate human-factor-related prob-
lems, one may add that, although the Three Mile Island Nuclear Generating Sta-
tion had various human-factor-related shortcomings in the control room, until the
very day it came within 60 min of meltdown, the station reported no serious inci-
dents [10].

Finally, the idea that minor human-factor-related shortcomings are not impor-
tant is undermined by past experiences, which shows that minor shortcomings often
compound into major shortcomings and usually have a way of insidiously eating
into efficiency and productivity.

5.3 Human Sensory Capacities and Human-Factor
Considerations in Equipment Design

Human sensory capacities include touch, sight, noise, vibration, and smell. Humans
can recognize a minute change in these sensors over a wide range and then react to
them automatically. As in the area of mining equipment, human sensory capabilities
play an important role, and four of the five above-mentioned capacities are discussed
below, separately [14–16].

Sight

Sight is stimulated by electromagnetic radiation of certain wavelengths known as the
visible segment of the electromagnetic spectrum. Various parts of this spectrum, as
seen by the human eye, appear to vary quite significantly in brightness. For example,
in the daylight, the eye is quite sensitive to greenish-yellow light, and from different
angles it sees differently.

Although looking straight ahead human eyes can perceive all colors, with an
increase in the viewing angle color perception begins to decrease.

Some of the useful sight-related guidelines for designers are as follows [15, 16]:

• Choose colors such that color-weak individuals do not get confused.
• Do not rely too much on color when critical operations or tasks are to be per-

formed by fatigued personnel.
• Try to use red filters with a wavelength greater than 6500 Angstrom units.

Vibration

Vibration is basically concerned with the effects on the performance of humans of
periodically occurring mechanical forces impinging on body tissues. Past experi-
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ence shows that the unsatisfactory performance of mental and physical tasks by
people such as equipment operators and maintainers could be partially or wholly
due to vibrations. For example, low-frequency and large-amplitude vibrations can
lead to headaches, motion sickness, fatigue, deterioration in the ability to read and
interpret instruments, and eye strain.

Some of the useful guidelines to reduce the effects of vibration and motion are
as follows [15–18]:

• Use cushioned seats or dumping material seats to reduce vibration transmissions.
• Eliminate vibrations with an amplitude greater than 0.08 mm for critical mainte-

nance or other tasks requiring letter or digit discrimination.
• Use devices such as springs, shock absorbers, and cushion mountings wherever

possible.

Touch

Touch is closely associated with humans’ ability to interpret auditory and visual
stimuli. It adds, or sometime may even replace, the information transmitted to the
brain by the ears and eyes. Thus, in mining equipment design the touch sensor can
be utilized to relieve ears and eyes of a part of the load.

An example of the touch sensor’s application could be the recognition of control
knob shapes with or without the use of other sensors.

Noise

Noise may be described as sounds that lack coherence; it can affect the performance
quality of a task requiring intense concentration. Past experience shows that noise
contributes to human feelings such as well-being, irritability, and boredom.

Although the ear can detect sounds of frequencies from 20 to 20,000 Hz, it is
most sensitive to frequencies between 600 and 900 Hz [15–17]. Furthermore, a noise
level below 90 decibels (dB) is considered quite safe, and above 100 dB unsafe.
All in all, with respect to mining equipment it is to be noted that above-normal
noise may make verbal communication, say, between operators and maintenance
personnel, impossible. In turn, this can lead to various serious problems including
accidents.

5.3.1 Human-Factor Considerations in Equipment Design

In order to have a piece of effective human-compatible equipment, it is essential to
consider the relevant human factors during the design stage. At this stage the main
objective should be to design a piece of equipment so that it does not subject humans
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to extreme mental or physical stress or hazards and allows them to perform in the
most effective manner.

During the four stages of equipment design shown in Fig. 5.2, design engi-
neers and others should consider human factors from various different perspec-
tives [16, 19]. At the pre-conceptual stage, design-related professionals should
systematically define items such as the mission and operational requirements, the
functions required to carry out each mission event, and the performance require-
ments for each mission.

During the concept stage, in addition to the pre-conceptual-stage tasks, the design
professionals should also include items such as a preliminary definition of manning
and training needs; preliminary task descriptions of users, operators, and maintain-
ers; and analysis for defining the most suitable design method to accomplish each
hardware functional assignment. At the pre-design stage, design engineers and as-
sociated professionals, in addition to reviewing the analyses of the concept stage,
should also conduct time line and link analyses, perform man-machine mock-up
studies, etc.

Finally, during the detailed design stage, design-related professionals should con-
sider developing an equipment/system statement, identifying critical skill require-
ment specifications, creating and evaluating critical man-machine mock-ups, per-
forming link analysis for all important man-machine interfaces, and so on.

Fig. 5.2 Equipment design stages
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5.4 Human-Factor Formulas

There are many mathematical formulas for estimating human-factor-related infor-
mation. This section presents some of these formulas considered useful for applica-
tion in the mining industry [16, 17].

5.4.1 Formula I

This formula is concerned with calculating the length of rest periods for humans
performing various types of tasks. In mining equipment design, the rest period re-
quirement for humans must be taken into consideration for its ultimate effectiveness.

The duration of a rest period, depending on the task average energy cost, can be
estimated by using the following formula [18]:

Tr = Tw (AE−SEE)/(AE−R) , (5.1)

where

Tr is the required rest period, expressed in minutes;
Tw is the working time, expressed in minutes;
SEE is the standard energy expenditure expressed in kilocalories per minute.

In the event of having no data, the value of SEE may be taken
as 5 Kcal/minute;

AE is the average energy expenditure expressed in kilocalories
per minute of work;

R is the resting level. Its approximate value is taken as 1.5 Kcal/min.

Example 5.1

A person is performing a maintenance task involving mining equipment for 100 min
and his average energy expenditure is 4 Kcal per minute. Calculate the length of the
required rest period if the value of SEE = 3 Kcal/min.

Substituting the given data values into Eq. (5.1) we get

Tr = 100(4−3)/(4−1.5) = 40min .

Thus, the length of the required rest period is 40 min.
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5.4.2 Formula II

As the ability of humans to make visual discrimination depends on factors such
as size, exposure time, and illumination, this formula is concerned with estimating
character height by considering factors such as illumination, viewing distance, view-
ing conditions, and the importance of reading accuracy. Thus, the character height
is expressed by [21]

Ch = θDν + CFi + CFν , (5.2)

where

Ch is the character height expressed in inches;
Dν is the viewing distance expressed in inches;
θ is a constant whose value is taken as 0.0022;
CFi is the correction factor for importance or criticality. For critical

and noncritical markings, its recommended values are 0.075 and 0,
respectively;

CFν is the correction factor for viewing and illumination conditions.
For its recommended values, see Ref. [22].

5.4.3 Formula III

This formula is concerned with estimating the level of noise/sound intensity in terms
of decibels. Thus, the sound-pressure level (SPL), in decibels (dB), is defined by [23,
24]

SPL(dB) = 10log10

[
P2

P2
0

]

, (5.3)

where

P2
0 is the standard reference sound pressure squared denoting zero decibels.

In particular, P0 is ordinarily the faintest 1,000-Hz tone that an average
young individual can hear;

P is the sound pressure squared of the sound to be measured.

5.4.4 Formula IV

This formula is concerned with estimating the maximum lifting load for a person.
The maximum lifting load for a person is expressed by [25]

Lm = α (IBMS) , (5.4)
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where

Lm is the maximum lifting load for a person,
α is a constant whose values for males and females are 1.1 and 0.95,

respectively,
IBMS is the isometric back muscle strength.

5.5 Useful General Human Factors Guidelines for Application
in Mining Equipment Design

There are many different aspects of human factors that must be considered during
equipment design. Some of the useful human-factor guidelines for application in
mining equipment design are as follows [19]:

• Review equipment/system objective with respect to human factors.
• Acquire all appropriate human-factor-design guide and reference documents.
• Develop a human-factor-design checklist for application during design and pro-

duction phases.
• Use the services of human-factor specialists as the need arises.
• Ensure that the above checklist is used effectively throughout the design and

production phases.
• Use appropriate mock-ups for “testing” the effectiveness of user-hardware inter-

face designs.
• Review final equipment production drawings with care with regard to human

factors.
• Fabricate a hardware prototype (if possible) for evaluating it under real-life use

environments.
• Perform appropriate experiments when cited reference guides fail to provide sat-

isfactory information for making design-related decisions.
• Conduct appropriate field tests of the equipment/system design prior to its ap-

proval for final delivery to customers.

5.6 Classifications and Causes of Human Errors Leading
to Fatal Accidents in Mines

A study of 794 human errors that resulted in fatal accidents in mines classified these
errors under six distinct classifications, as shown in Fig. 5.3 [26].

Causes for the failure to perceive a warning were inadequate inspection tech-
nique, neglecting to inspect, obstruction to line of sight, inattention or distraction,
masking noise, etc. Three identifiable main causes for the failure to recognize a per-
ceived warning were inadequate information, lack of training, and lack of expe-
rience. The main cause for the failure to respond to a recognized warning was
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Fig. 5.3 Classifications of human errors leading to fatal accidents in mines

the underestimation of hazard. Three identifiable causes for ineffective response
to a warning were negligence or carelessness, inappropriate standard practice, and
well-intended but ineffective direct action. Finally, the causes for underestimating
a hazard and an inappropriate secondary warning were unidentifiable [26].

5.7 Typical Mining Equipment Maintenance Errors, Factors
Contributing to Maintenance Error, and Useful Engineering
Design Improvements to Reduce Mining Equipment
Maintenance Errors

Some of the typical mining equipment maintenance errors are as follows [27]:

• Failure to follow prescribed instructions and procedures
• Failure to seal or close properly
• Reassemble error
• Failure to lubricate
• Parts installed backward
• Failure to detect while inspecting
• Failure to align, check, or calibrate
• Installation of wrong component
• Failure to act on indicators of problems due to factors such as priorities, work-

load, or time constraints
• Use of wrong lubricants, greases, or fluids
• Error resulting from failure to complete task due to shift change
• Omitting a part or component
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There are many factors that contribute to maintenance-related human error. Some of
these factors are as follows [27]:

• Poor manuals
• Poor layout of parts in a compartment
• Confined workspaces
• Inadequate provision for hose and cable management
• Poor task inspection and check-out time
• Inability to make visual inspections
• Lack of proper tools and troubleshooting guides
• Inaccessible components on parts
• Excessive weight of parts or components being manually handled
• Inappropriate placement of parts or components on equipment

Some of the useful engineering design improvement guidelines to reduce mining
equipment maintenance errors are as follows [27]:

• Improve fault isolation design by providing built-in test capability, designating
test points and procedures, and clearly indicating the direction of fault.

• Use appropriate operational interlocks so that subsystems cannot be turned on if
they are wrongly assembled or installed.

• Improve component-equipment interface by designing interfaces so that the com-
ponent or part can only be installed correctly and providing appropriate mounting
pins and other devices to support a part or component while it is being bolted or
unbolted.

• Design to facilitate detection of errors.
• Use appropriate decision guides to minimize human guesswork by providing ar-

rows to indicate direction of flow, correct hydraulic pressures, and correct type
of lubricants or fluids.

• Improve warning devices, indicators, and readouts to minimize human decision
making.

5.8 Types of Chemicals Released in Human-Error-Related
Events in the Mining and Manufacturing Industries
and Factors Responsible for Failing
to Reduce the Occurrence of Human Error in Mines

Past experience shows that human error has played an important role in several
large-scale hazardous material events. A study of 3,282 human-error-related events
that occurred in the mining and manufacturing industries during the period 1996–
2003 revealed that various types of chemicals were released. Most of these chemi-
cals are listed below [28].

• Ammonia
• Chlorine
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• Pesticides
• Hydrocarbons
• Acids
• Polymers
• Oxy-organics
• Hetero-organics
• Paints and dyes
• Bases
• Volatile organic compounds
• Polychlorinated biphenyls

Although the number of chemicals released per human-error-released event ranged
from 1 to 14, in most of the 3,282 events only one chemical was released.

Some of the important direct or indirect factors in the failure to reduce the occur-
rence of human errors in mines are as follows [29]:

• Miners are performing their tasks under more difficult environmental, physical,
and geo-mining conditions than ever before.

• The greater degree of automation and mechanization in today’s mines requires
greater understanding, capability, and efficiency from mine workers.

• There is greater worry and mental tension among mine workers due to a greater
desire to have more than others.

• Stress in the home is on the rise worldwide.

5.9 Human-Error-Analysis Methods for Application in the Area
of Mining

Over the years many methods and techniques have been developed to perform
human-error analysis of engineering systems [3]. This section presents three of these
methods considered useful for application in the area of mining.

5.9.1 Probability Tree Method

This method is concerned with performing task analysis by diagrammatically rep-
resenting critical human actions and other events associated with the system under
consideration. The branches of the probability tree denote diagrammatic task ana-
lysis. More specifically, the outcomes of each event are denoted by the branching
limbs of the tree and each of these branching limbs is assigned the probability of
occurrence.

The probability tree method has many advantages. It is [30]

• A useful visibility tool;
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• A useful tool to decrease the probability of error due to computation resulting
from computational simplification;

• A useful tool to readily estimate conditional probability, which may otherwise be
obtained through complex probability equations;

• A useful tool to incorporate, with some modifications, factors such as emotional
stress, interaction stress, and interaction effects.

The method is demonstrated through the following example.

Example 5.2

A mine worker performs two consecutive tasks, say m and n, and each of which can
either be performed correctly or incorrectly. Furthermore, both tasks are indepen-
dent of each other (i.e., the performance of task m does not affect the performance
of task n or vice versa), and task m is carried out before task n.

Obtain an expression for the probability, by developing a probability tree, that
the mine worker will not successfully complete the overall mission.

A probability tree for this example is shown in Fig. 5.4. The tree shows that
the mine worker first performs task m correctly or incorrectly and then proceeds to
task n, which can also be performed correctly or incorrectly.

Fig. 5.4 Probability tree for Example 5.2
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In Fig. 5.4, m and n with bars denote unsuccessful events and without bars suc-
cessful events. Other symbols used to obtain the solution expression for the example
are defined below.

Pm is the probability of performing task m correctly,
Pn is the probability of performing task n correctly,
Pm̄ is the probability of performing task m incorrectly,
Pn̄ is the probability of performing task n incorrectly,
Pnsu is the probability of not completing the overall mission.

Using Fig. 5.4, the probability of the mine worker not completing the overall mission
is given by

Pnsu = PmPn̄ + Pm̄Pn + Pm̄Pn̄ . (5.5)

Thus, the expression for the probability that the mine worker will not complete the
overall mission is given by Eq. (5.5).

5.9.2 Throughput Ratio Method

This method was developed by the US Navy Electronic Laboratory Center [31].
The ratio generated by the method determines the operability of man-machine in-
terfaces. The term “throughput” implies transmission, because the ratio is expressed
in terms of responses per unit time emitted by the equipment/system operator. The
throughput ratio in percentage is expressed by

Rmo =
(

λ
θ
−CF

)

(100) , (5.6)

where

Rmo is the man-machine operability,
CF is the correction factor (i.e., correction for error or out-of-tolerance output),
λ is the number of throughput items generated per unit time,
θ is the number of throughput items to be generated per unit time

to meet design expectations.

The correction factor, CF, is expressed by

CF =
[(

n1

n2

)(
λ
θ

)][(
n1

n2

)(
λ
θ

)

P2
enPff

]

, (5.7)

where

n1 is the number of trials in which the control-display operation
is performed incorrectly,

n2 is the number of trials in which the control-display operation is performed,
Pen is the probability that the error will not be detected by the equipment/

system operator,
Pff is the probability of function failure due to human error.
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All in all, the throughput ratio may be used for various purposes including to demon-
strate system acceptability, to establish system feasibility, and to make comparisons
of alternative design operabilities [3, 31].

Example 5.3

For the following given values of λ , θ , n1, n2, Pen, and Pff, calculate the value of the
throughput ratio:

λ = 7 , θ = 13 , n1 = 4 , n2 = 16 , Pen = 0.4 , and Pff = 0.8 .

CF =
[(

4
16

)(
7

13

)][(
4

16

)(
7
13

)

(0.4)2 (0.8)
]

= 0.00232 .

Substituting the above-calculated value and the given data values into Eq. (5.6) we
get

Rmo =
(

7
13

−0.00232

)

(100) = 53.61% .

Thus, the value of the throughput ratio (i.e., the man-machine operability) is 53.61%.

5.9.3 Fault Tree Analysis

This method is widely used to perform various types of reliability analysis and can
also be used to perform human error analysis in the mining industry. The method
is described in Chap. 3. The following examples demonstrate the application of the
method to perform human error analysis in the area of mining.

Example 5.4

Assume that a mine worker is required to perform a certain job, say X, composed
of three independent tasks I, J, and K. All three of these tasks must be performed
correctly for the successful completion of the job.

Task I is composed of two subtasks I1 and I2. If any one of these two subtasks
is performed correctly, task I can be accomplished successfully. Similarly, task J is
also composed of two subtasks J1 and J2. However, both these subtasks must be
carried out correctly for the successful completion of task J.

Both subtasks, I2 and J2, are made up of three steps each, i.e., i1, i2, i3 and j1,
j2, j3, respectively. All steps for each of these two subtasks must be accomplished
correctly for subtask success. Develop a fault tree for the event that job X will be
performed incorrectly by the mine worker.

Figure 5.5 shows the fault tree for Example 5.4.
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Example 5.5

Assume that the probability of occurrence of the basic events (i.e., events denoted
by circles) in Fig. 5.5 is 0.02. Calculate the probability of occurrence of the top
fault tree event (i.e., job X will be performed incorrectly by the mine worker) by
assuming that all the fault tree events occur independently.

Fig. 5.5 Fault tree for Example 5.4
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Using Chap. 3, we perform calculations as follows:
The probability of performing subtask I2 incorrectly is given by

P(I2) = 1− (1−P(i1))(1−P(i2))(1−P(i3))
= 1− (1−0.02)(1−0.02)(1−0.02)
= 0.0588 ,

where

P(in) is the probability of performing step in incorrectly, for n = 1,2,3.

Similarly, the probability of performing subtask J2 incorrectly is expressed by

P(J2) = 1− (1−P(j1)) (1−P(j2)) (1−P(j3))
= 1− (1−0.02)(1−0.02)(1−0.02)
= 0.0588 ,

where

P(jn) is the probability of performing step jn incorrectly, for n = 1,2,3.

The probability of performing task J incorrectly is given by

P(J) = 1− (1−P(J1)) (1−P(J2))
P(J) = 1− (1−0.02)(1−0.0588)

= 0.0776 ,

where

P(Jn) is the probability of performing step Jn incorrectly, for n = 1,2.

Using one of the above-calculated values, the probability of performing task I in-
correctly is expressed by

P(I) = P(I1)P(I2) = (0.02)(0.0588) = 0.0012

where

P(I1) is the probability of performing subtask I1 incorrectly.

Finally, the probability of the mine worker performing job X incorrectly is

P(X) = 1− (1−P(J)) (1−P(K)) (1−P(I))
= 1− (1−0.0776)(1−0.02)(1−0.0012)
= 0.0971 .

Thus, the probability that job X will be performed incorrectly by the mine worker is
0.0971.
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5.10 Problems

1. Discuss the need for human-factor applications in the mining industry.
2. What are the common roadblocks to the introduction of human factors in an

organization?
3. Discuss the following human sensory capacities:

• Sight
• Touch
• Noise

4. Discuss human-factor considerations in equipment design.
5. Assume that a mine worker is performing a maintenance task for 100 min and

his average energy expenditure is 5 Kcal per minute. Calculate the length of
the required rest period if the value of standard energy expenditure (SEE) is
2 Kcal/min.

6. List at least eight general human-factor guidelines considered useful for appli-
cation in mining equipment design.

7. What are the main causes of human errors leading to fatal accidents in mines?
8. What are the types of chemicals released in human-error-related events in the

mining and manufacturing industries.
9. Discuss two human-error-analysis methods considered useful for application in

the area of mining.
10. Discuss important factors responsible for failing to reduce the occurrence of

human error in mines.
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Chapter 6
Mining Equipment Maintainability

6.1 Introduction

In the 1950s underground mining equipment (e.g., in coal mines) basically consisted
of various types of simple and rugged machines powered by hydraulics and electric
motors. These machines played an instrumental role in cutting, digging, loading,
and transporting, say coal, from the mine face to the surface level. The equipment
was maintained by maintenance personnel with just basic knowledge of machine
design, hydraulics, and electricity and were expected to repair such equipment at
the mine site using only simple hand tools.

Over the years, due to the boost in productivity and other factors, the old min-
ing equipment has been transformed into complex and powerful systems. In turn,
this has increased the need for better equipment maintainability and knowledge and
skills of maintenance workers. Some of the factors directly or indirectly considered
in regard to mining equipment maintainability are reducing mean time to repair,
lowering life cycle maintenance costs, improving safety, reducing or eliminating
altogether the need for maintenance, and reducing the amount, frequency, and com-
plexity of required maintenance tasks.

This chapter presents various important aspects of mining equipment maintain-
ability.

6.2 The Meanings of Mining Equipment Maintainability
and Design-induced Maintainability Problems
of Mining Equipment

Although the meanings of maintainability may be interpreted in various ways, with
regard to mining equipment, maintainability basically means the followings [1]:

• Maintenance considered at design stage
• Effective accessibility of all systems and components

B.S. Dhillon, Mining Equipment Reliability, Maintainability, and Safety 89
c© Springer 2008
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• Predictability of all possible potential failures
• Proper initial startup and commissioning
• Continuous improvement of total machine/equipment
• Serviceability and repairability of all involved systems and components

A study of underground mining equipment with respect to maintainability revealed
many design limitations that directly impacted maintenance time, cost, and person-
nel safety [2,3]. These problems or limitations are shown in Fig. 6.1. “Accessibility
limitations” refers to the inability of maintenance workers in accessing failed or sus-
pected parts for inspection or removal and replacing them. Some of the causes for
accessibility problems in mining equipment are as follows [3]:

• Poor access opening size
• Poor layout of parts in a compartment
• Inability to use required tools
• Partially or completely disassembly of equipment to locate fasteners and me-

chanical interfaces

Fig. 6.1 Design-induced maintainability problems of mining equipment
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“Poor component-machine interface design and component-handling capability” are
basically concerned with the ineffectiveness of the component-handling capability
and component-machine interface design. “More demanding maintenance because
of poor design and placement of components” is concerned with increased mainte-
nance burden due to poor design and placement of parts or components, subjecting
them to impact damage.

“Poor fault isolation capability” is concerned with items such as those listed be-
low:

• Accessing parts or components to carry out visual inspection and to perform
appropriate checks

• Difficulty in determining the exact cause and location of a fault or failure
• Lack of appropriate fault indexes
• Limited or existence of absolutely no designed-in fault diagnostic capabilities

“Equipment complexity because of poor layout” is concerned with crowding of
parts/components into compartments without paying any attention to factors such
as the need to maintain or replace individual items and overlaying hoses and power
cables. “Design conveniences” are basically concerned with multiplying the num-
ber of connectors, valves, and other high-frequency replacement parts as a design
convenience.

“Poor design for routine maintenance” is concerned with tasks such as quickly
removing and replacing leaking water lines and hydraulic hoses, performing rou-
tine lubrication, removing and replacing failed hydraulic valves, and performing
physical and visual inspections. “Inadequate design with respect to resources avail-
able” is basically concerned with maintenance workers to “jerry-rig” tools, to handle
45-kg to 450-kg parts, and to use brute human strength for overcoming ineffective
component interface design or lack of requisite tools.

6.3 Advantages of Improved Mining Equipment Maintainability
Design

The main objectives of the maintainability engineering application to mining equip-
ment are to increase efficiency and safety and to reduce maintenance cost. This
starts with improving the mining equipment design. Nonetheless, although the ap-
plication of maintainability engineering will not eliminate the need for service and
maintenance of mining equipment, it will certainly provide advantages such as the
following [2]:

• Reduction in maintenance-related injuries
• Reduction in time required to accomplish scheduled and unscheduled mainte-

nance
• Reduction in maintenance-related human errors
• Reduction in incorrect installations
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• Improvements in troubleshooting performance
• Minimization of the unscheduled maintenance frequency due to improvements

in accessibility for inspection and servicing
• Reduction in the need for the training of maintenance personnel
• Improvement in postmaintenance inspection

6.4 Mining Equipment Maintainability Design Characteristics

Many maintainability design characteristics must be considered with care during
the mining equipment design phase. These characteristics include those factors or
features that play an important role in reducing the mining equipment downtime and
unavailability. These features or factors include standardization, interchangeability,
accessibility, and safety. Each of these features is described below, separately [4–8].

6.4.1 Standardization

This is an important design feature and is basically concerned with restricting to
a minimum the variety of parts and components that can be used to meet the equip-
ment/product requirements. Some of the primary goals of standardization are to
maximize the use of interchangeable and standard parts, minimize the use of dif-
ferent types of parts, maximize the use of common parts in different products, and
minimize the number of different models and makes of equipment in use.

Some of the main advantages of standardization are improvement in equipment
reliability and maintainability, reduction in incorrect use of parts, reduction in manu-
facturing costs, design time, and maintenance time and cost, and reduction in the
probability of occurrence of accidents stemming from wrong or unclear proce-
dures [7, 8].

6.4.2 Interchangeability

Interchangeability is an important maintainability design factor, and it simply means
that a given item can be replaced by any similar item, and the replacing item can
perform the specified functions of the replaced item in an effective manner. There
are two types of interchangeability: physical interchangeability and functional in-
terchangeability. In the case of physical interchangeability, two items can be con-
nected, mounted, and used in the same location and in the same way. Similarly, in
the case of functional interchangeability, two given items serve the same function.
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Needless to say, maximum interchangeability can only be achieved if the design
professionals carefully consider items such as providing effective information in the
task instructions and physical similarities (e.g., shape and size).

6.4.3 Accessibility

Accessibility may simply be described as the relative ease with which an item can
be reached for repair, replacement, or service. As per past experiences, lack of ac-
cessibility is an important maintainability problem and often a cause of poor main-
tenance [4]. Some of the important factors that affect maintainability are as fol-
lows [4, 5, 8]:

• Environment and location of the item to be accessed
• Frequency with which the access opening is entered
• The type of maintenance tasks to be performed through the access opening
• Work clearances necessary for carrying out the required tasks
• Types of accessories and tools required to carry out the tasks
• Distance to be reached to access the item in question
• Visual requirements of personnel performing the tasks
• The degree of danger involved in using the access opening
• Specified time requirements for carrying out the tasks

6.4.4 Safety

This is an important maintainability design factor because maintenance personnel
performing various types of tasks may be exposed to hazardous conditions. These
conditions could be the result of poor consideration given to the safety aspect during
the design phase. Nonetheless, some of the human safety guidelines are to install
fail-safe devices as considered appropriate, fit all access openings with appropriate
fillets, study the potential sources of injury by electric shock, install items requiring
maintenance in such a way that hazard in accessing them is minimized, and provide
appropriate emergency doors.

6.5 Maintainability Measures for Mining Equipment

Normally quantitative maintainability specifications are based on desired limiting
conditions imposed on equipment maintenance labor-hours, downtime, and so on.
Thus, in order to have an effective and mining equipment maintainability, it is im-
portant to have knowledge of various maintainability parameters or measures dur-
ing the design phase. These measures include mean time to repair, mean preventive
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maintenance time, and the probability of completing repair in a given time inter-
val (i.e., the maintainability function). All of these measures are presented below,
separately [4, 7–10].

6.5.1 Mean Time to Repair

This is probably the most widely used measure or parameter in maintainability ana-
lysis and is also referred to as mean corrective maintenance time. Normally, prob-
ability distributions such as normal, log-normal, and exponential are used to repre-
sent corrective maintenance times.

The system/equipment mean time to repair (MTTR) is defined by

MTTR =

[
m

∑
i=1

λiTi

]

/
m

∑
i=1

λi , (6.1)

where

m is the number of units;
λi is the constant failure rate of unit i; for i = 1,2,3,4, . . .,m;
Ti is the corrective maintenance or repair time required to repair unit i;

for i = 1,2,3,4, . . .,m.

Example 6.1

Assume that a piece of mining equipment is composed of four replaceable sub-
systems 1, 2, 3, and 4 with constant failure rates λ1 = 0.0004 failures/h,
λ2 = 0.0005 failures/h, λ3 = 0.0007 failures/h, and λ4 = 0.0008 failures/h, respec-
tively. Corrective maintenance times associated with subsystems 1, 2, 3, and 4 are
T1 = 2 h, T2 = 3 h, T3 = 1.5 h, and T4 = 0.5 h, respectively.

Calculate the mining equipment mean time to repair.
Inserting the specified data values into Eq. (6.1) we get

MTTR =
(0.0004)(2)+ (0.0005)(3)+(0.0007)(1.5)+(0.0008)(0.5)

(0.0004)+ (0.0005)+(0.0007)+(0.0008)
= 1.565h .

Thus, the mining equipment mean time to repair is 1.565 h.
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6.5.2 Mean Preventive Maintenance Time

In order to keep mining equipment at a specified performance level, various preven-
tive maintenance-associated activities such as calibrations, tuning, and inspections
are performed. A well-planned and well-executed preventive maintenance program
can be helpful in reducing, directly or indirectly, mining equipment downtime and
improving its performance. Nonetheless, the equipment mean preventive mainte-
nance time (MPMT) is defined by

MPMT =

[
m

∑
i=1

ETiFi

]

/
m

∑
i=1

Fi , (6.2)

where

m is the number of preventive maintenance tasks;
ETi is the elapsed time for preventive maintenance task i; for i = 1,23, . . .,m;
Fi is the frequency of preventive maintenance task i; for i = 1,2,3, . . .,m.

In calculating the value of MPMT , it is to be noted that if the frequencies, Fi, are
specified in maintenance tasks per hour, then the ETi must be expressed in hours.

6.5.3 Maintainability Function

The maintainability function is used to compute the probability of accomplishing
a repair in a given time interval; it is defined by

m(t) =
t∫

0

fr(t)dt , (6.3)

where
m(t) is the maintainability function,
fr(t) is the repair time probability density function,
t is the variable repair time.

Maintainability functions for normal and exponential repair time distributions are
obtained as follows:

Normal Distribution

The distribution repair time probability density function is expressed by

fr(t) =
1

σ
√

2π
exp

[

−1
2

{
t − μ

σ

}2
]

, (6.4)
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where

μ is the mean of repair times,
σ is the standard deviation of the variable repair time t around the mean μ .

Inserting Eq. (6.4) into Eq. (6.3) we obtain

m(t) =
1

σ
√

2π

t∫

−∞

exp

[

−1
2

{
t − μ

σ

}2
]

dt . (6.5)

The mean of repair times is given by

μ =
n

∑
i=1

ti
n

, (6.6)

where
n is the number of repair times,
ti is the repair time i, for i = 1,2,3, . . .,n.

The standard deviation is expressed by

σ =

[
n

∑
i=1

(ti − μ)2 /(n−1)

]1/2

. (6.7)

Exponential Distribution

The distribution repair time probability density function is defined by

fr(t) = θ exp(−θ t) , (6.8)

where

θ is the constant repair rate (i.e., the reciprocal of the mean time
to repair, MTTR),

t is the variable repair time.

Substituting Eq. (6.8) into Eq. (6.3) yields

m(t) =
t∫

0

θ exp(−θ t)dt = 1− exp(−θ t) . (6.9)

Since θ = 1
MTTR , Eq. (6.9) becomes

m(t) = 1− exp
(

− t
MTTR

)

. (6.10)
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Example 6.2

Assume that the repair times of a piece of mining equipment are exponentially dis-
tributed with a mean value of 2 h (i.e., MTTR = 2 h). Calculate the probability of
completing a repair action in 4 h.

Substituting the specified data values into Eq. (6.10) we get

m(4) = 1− exp

(

−4
2

)

= 0.8647 .

This means that the probability of completing a repair action within 4 h is 0.8647.

6.6 Common Maintainability Design Errors and Useful
Maintainability Design Guidelines for Mining Equipment

During equipment design, often various types of errors are made that adversely af-
fect equipment maintainability. Therefore, it is important that careful attention be
given during the design of mining equipment to such errors that may impact its
maintainability. Nonetheless, some of the common maintainability-related design
errors are as follows [7, 8, 11]:

• Locating adjustable screws close to an exposed power supply terminal or a hot
component

• Placing an adjustment out of arm’s reach
• Providing unreliable built-in test equipment
• Using access doors with numerous small screws
• Placing low-reliability items beneath other items
• Omitting appropriate handles
• Placing screwdriver-related adjustments underneath modules
• Placing removable parts in such a way that they cannot be dismantled without

taking the entire unit from its case
• Providing inadequate space for maintenance workers to get their gloved hands

into the unit to carry out necessary adjustments
• Placing adjustable screws in locations difficult for maintenance workers to find

Over the years professionals working in the area of maintainability engineering have
developed various guidelines for use during the equipment design phase to improve
the effectiveness of equipment maintainability. These guidelines can equally be ap-
plied to mining equipment. Some of these guidelines are as follows [11]:

• Design so as to minimize the need for tools and adjustments.
• Design so as to minimize the need for maintenance skills.
• Provide effective troubleshooting methods.
• Design for safety.
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• Provide test points at appropriate places.
• Use color coding.
• Provide for effective visual inspection.
• Avoid the use of large cable connectors.
• Make use of captive-type chassis fasteners.
• Label units.
• Use standard interchangeable parts.
• Make use of plug-in instead of solder-in modules.
• Provide appropriate handles on heavy parts for ease of handling.
• Group subsystems.

6.7 Conclusions: State of Maintainability
in the Underground Mining Industry

A study conducted by the US Bureau of Mines analyzed various aspects of equip-
ment maintainability in the mining industry [3]. Some of its conclusions are as fol-
lows [3]:

• There is little evidence of the systematic application of maintainability principles
in the design of operational underground coal mining equipment.

• Similarly, there is little evidence of the systematic application of human-factor
principles in the design of this equipment in regard to maintenance.

• Although in the case of some machines heavy maintenance tasks could be carried
out on the surface or in high-roof underground shops equipped with the requisite
lifting devices, at the mine face it is extremely difficult, time consuming, and
risky to perform the same tasks.

• In the case of newer and larger mining machines, there is a significant increase
in task complexity and completion times with respect to maintenance.

• With the exception of some machines, task completion times for the ten most
frequently performed maintenance tasks could be reduced by approx. 10 to 30%
with simple improvements in equipment design.

• Maintenance risk could be reduced quite substantially with the application of
accepted human-factor engineering design standards and criteria.

6.8 Problems

1. Discuss the meanings of mining equipment maintainability.
2. List the five most important design-induced maintainability problems of mining

equipment.
3. What are the advantages of improved mining equipment maintainability design?
4. Discuss the following items:
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• Interchangeability
• Accessibility

5. Define mean preventive maintenance time.
6. Assume that a mining system is made up of three replaceable subsystems 1,

2, and 3 with constant failure rates λ1 = 0.005 failures/h, λ2 = 0.007 failures/h,
and λ3 = 0.009 failures/h, respectively. Corrective maintenance times associated
with subsystems 1, 2, and 3 are T1 = 0.5 h, T2 = 2 h, and T3 = 3 h, respectively.
Calculate the mining system mean time to repair.

7. Define maintainability function.
8. Prove Eq. (6.9).
9. What are the commonly occurring maintainability design errors?

10. List at least ten design guidelines useful for improving mining equipment main-
tainability.
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Chapter 7
Mining Equipment Reliability
and Maintainability Testing

7.1 Introduction

Testing is an important element of any engineering product development program.
It may simply be stated as subjecting a product to conditions that highlight its weak-
nesses, behavior characteristics, and modes of failure.

Reliability testing is an important element of testing and is basically concerned
with obtaining information regarding failures, in particular the product/equipment’s
tendency to fail as well as the failure consequences. A good reliability test program
is one that requires a minimal amount of testing and provides the maximum amount
of information on failures [1, 2].

The main objective of maintainability testing and demonstration is to verify the
maintainability features that have been designed and built into a piece of equip-
ment/product [3]. In addition, maintainability testing and demonstration provides
customers with confidence, prior to making production-related commitments, that
the piece of equipment/product under consideration meets the specified maintain-
ability-associated requirements.

This chapter presents various important aspects of reliability and maintainability
testing considered useful for application in the areas of mining.

7.2 Reliability Test Classifications

Reliability tests may be grouped into three categories, as shown in Fig. 7.1 [4]. These
are reliability development and demonstration testing, qualification and acceptance
testing, and operational testing.

Three main objectives of reliability development and demonstration testing are
as follows:

• To identify necessary changes in design.

B.S. Dhillon, Mining Equipment Reliability, Maintainability, and Safety 101
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Fig. 7.1 Reliability test classifications

• To determine if there is any need to improve design to meet reliability specifica-
tions.

• To verify improvements in design reliability.

Note that the nature of this type of testing depends on various factors including the
type of system/equipment/subsystem being investigated and the level of complexity
under consideration.

Two main objectives of the qualification and acceptance testing are as follows:

• To determine if the item under consideration should be accepted or rejected indi-
vidually or on a lot basis.

• To determine if the design under consideration qualifies for its specified objec-
tive.

Note that the above two objectives differ from the objectives of other reliability tests,
particularly with respect to the accept-or-reject approach.

Finally, three main objectives of the operational testing are as follows:

• To verify the results of reliability analyses performed during the system/equip-
ment design and development phase.

• To provide data for use in subsequent activities.
• To provide data indicating necessary changes to operational policies and proce-

dures with respect to reliability and maintainability.

7.3 Success Testing

This type of testing is normally used in receiving inspection and in engineering test
laboratories where a no-failure test is specified; thus it could be quite useful for
application in the mining industry. Nonetheless, the main goal of success testing is
to ensure that a specified reliability level is achieved at a given confidence level.
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Thus, in this case for zero failures, the lower 100 (1−α)% confidence limit on
the desired reliability level can be expressed as follows [5]:

RL = α1/m , (7.1)

where
m is the total number of items/units placed on test,
α is the consumer’s risk or the level of significance.

Thus, with 100 (1−α)% confidence, we may write

RL ≤ Rt , (7.2)

where
Rt is the true or actual reliability.

Taking the natural logarithms of both sides of Eq. (7.1) yields

lnRL =
1
m

lnα . (7.3)

Rearranging Eq. (7.3) we get

m =
lnα
lnRL

. (7.4)

The desired level of confidence, C, may be expressed as follows:

C = 1−α . (7.5)

Rearranging Eq. (7.5) we obtain

α = 1−C . (7.6)

Substituting Eqs. (7.2) and (7.6) into Eq. (7.4) we get

m =
ln(1−C)

lnRt
. (7.7)

Thus, Eq. (7.7) can be used to determine the total number of items/units to be tested
for a given reliability and confidence level.

Example 7.1

Assume that a manufacturer of a certain part used in a piece of mining equipment
is required to demonstrate 95% reliability of that part at a 90% confidence level.
Determine the total number of parts to be tested when only zero failures are al-
lowed.
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Substituting the given data values into Eq. (7.7) we get

m =
ln(1−0.90)

ln0.95
∼= 45parts .

This means a total of 45 parts must be tested.

7.4 Accelerated Testing

Accelerated testing is concerned with reducing the duration of the test time by vary-
ing parameters such as frequency of cycling, voltage above regular levels, or tem-
perature or by simply conducting sudden-death testing. There are a number of ways
to perform accelerated testing including those listed below [6–11].

• Perform sudden-death testing.
• Increase the sample size.
• Increase the test severity.

When performing sudden-death testing, the test sample is divided into various
groups containing an equal number of items or units, and all items/units in each
of these groups start their operation simultaneously. Whenever any one of the group
units fails, all units are considered failed and the testing of nonfailed units is termi-
nated immediately. Furthermore, in the event of failure of the first unit in the last
and final group, the entire testing process is terminated.

With respect to increasing the sample size, the size of the sample is increased
when the item/unit life distribution does not exhibit a wear-out characteristic during
its (i.e., item’s) predicted lifespan. Note that the increase in the sample size decreases
the test time as the test time is inversely proportional to the sample size.

Finally, increasing the test severity involves increasing the stress acting on the
test unit/item. The stress may be classified under two distinct areas: application and
operational. The application area includes items such as voltage, self-generated heat,
and current; the operational area includes humidity and temperature. The following
equation can be used to calculate the acceleration factor for this type of accelerated
testing [10–13]:

Fa = exp

[

−(E/k)
{

1
Tac

− 1
Tus

}]

, (7.8)

where

Fa is the acceleration factor,
Tac is the acceleration temperature expressed in degrees Kelvin,
Tus is the use temperature expressed in degrees Kelvin,
E is the activation energy, and its value is taken as 0.5 eV,
k is the Boltzmann constant, and its value is taken as 0.00008623eV/degree.
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Example 7.2

A sample of 20 identical engineering items used in mines were tested to failure at
a temperature of 130 ◦C, and their mean time between failures (MTBF) was 2500 h.
Calculate the MTBF of these items at the normal operating temperature of 85 ◦C.

Using the given data values we get

Tac = 273 + 130 = 403degrees Kelvin

and
Tus = 273 + 85 = 358degrees Kelvin .

Substituting the above-calculated values and the other given data values into Eq. (7.8)
yields

Fa = exp

[

−
(

0.5
0.00008623

){
1

403
− 1

358

}]

= 6.10 .

Thus, the MTBF of the engineering items, used in mines, at 85 ◦C is

MTBF = (6.10)(2500) = 15,250h ,

where

MTBF is the mean time between failures of the engineering items at 85 ◦C.

7.5 Confidence Interval Estimates for Mining Equipment
Mean Time Between Failures

Usually, in reliability studies conducted for practical purposes, including in the area
of mining, times to item failure are assumed to be exponentially distributed. Conse-
quently, the item failure rate becomes constant and, in turn, the item mean time to
failure (MTTF) or mean time between failures (MTBF) is simply the reciprocal of
the item failure rate.

Thus, in testing a sample of items with exponentially distributed times to failure,
one can make a point estimate of the MTBF. Unfortunately, this approach does not
provide any surety of measurement because it provides only an incomplete picture.
Therefore, it would be more meaningful if we said, for example, that after testing
a sample of identical items for T hours, n number of failures occurred and the actual
MTBF lies somewhere between certain upper and lower limits with a certain degree
of confidence.

The confidence interval on MTBF can be calculated with the aid of a χ2 (chi-
square) distribution. The following notation is used to obtain chi-square values:

χ2 (p,df ) , (7.9)
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where

df is the degrees of freedom,
p is a quantity, which is a function of the confidence coefficient.

The symbols listed below are used in subsequent associated formulas [2, 4]:

α is the acceptable error risk,
θ is the mean time between failures (MTBF),
n is the number of items that were placed on test at time t = 0,
K is the number of failures accumulated by time t∗,

where t∗ is the life test termination time,
K∗ is the number of pre-assigned failures,
C = 1−α is the confidence level.

Confidence intervals are estimated under the following two conditions:

• Testing is terminated at a pre-assigned number of failures, K∗.
• Testing is terminated at a pre-assigned time, t∗.

The following two formulas are used to calculate upper and lower limits for the
above two conditions, respectively [2, 4]:

• Pre-assigned number of failures, K∗:
[

2Y

χ2
(α

2 ,2K
) ,

2Y

χ2
(

1− α
2 ,2K

)

]

; (7.10)

• Pre-assigned truncation time, t∗:
[

2Y

χ2
(α

2 ,2K + 2
) ,

2Y

χ2
(

1− α
2 ,2K

)

]

. (7.11)

The value of Y is determined by the type of test: replacement test (i.e., the failed
item/unit is repaired or replaced) or nonreplacement test. Thus, for the replacement
test, the value of Y is expressed by

Y = nt∗ . (7.12)

Similarly, for the nonreplacement test, the value of Y is expressed by

Y = (n−K)t∗ +
K

∑
j=1

t j , (7.13)

where
t j is the jth failure time.

In the case of censored items/units (i.e., withdrawal or loss of nonfailed items/units)
the value of Y , for replaced failed units/items but nonreplacement of censored
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Table 7.1 Chi-square distribution values

Degrees of
freedom
(df)

Probability

0.99 0.95 0.9 0.5 0.05 0.01

2 0.02 0.1 0.21 1.38 5.99 9.21
4 0.29 0.71 1.06 3.35 9.44 13.27
6 0.87 1.63 2.2 5.34 12.59 16.81
8 1.64 2.73 3.49 7.34 15.50 20.09
10 2.55 3.94 4.86 9.34 18.30 23.20
12 3.57 5.22 6.3 11.34 21.02 26.21
14 4.66 6.57 7.79 13.33 23.68 29.14
16 5.81 7.96 9.31 15.33 26.29 32
18 7.01 9.39 10.86 17.33 28.86 34.80
20 8.26 10.85 12.44 19.33 31.41 37.56
22 9.54 12.33 14.04 21.33 33.92 40.28
24 10.85 13.84 15.65 23.33 36.41 42.98
26 12.19 15.37 17.29 25.33 38.88 45.64
28 13.56 16.92 18.93 27.33 41.33 48.27
30 14.95 18.49 20.59 29.33 43.77 50.89
40 22.14 26.50 29.06 39.33 55.75 63.70
50 29.68 34.76 37.70 49.33 67.50 76.16
60 37.46 43.18 46.47 59.33 79.08 88.39

items/units, is expressed by

Y = (n−m)t∗ +
m

∑
i=1

ti , (7.14)

where
ti is the ith censorship time,
m is the number of censored items/units.

Similarly, the value of Y , for nonreplaced failed and censored items/units is ex-
pressed by

Y = (n−m−K)t∗ +
m

∑
i=1

ti +
K

∑
j=1

t j . (7.15)

Table 7.1 presents some tabulated values of χ2(p,df ) [1, 2].

Example 7.3

Assume that a total of 20 identical items used in mines were placed on test at time
t = 0 and none of the failed items were replaced. The test was terminated after 200 h.
Five items failed after 50, 70, 120, 130, and 150 h of operation.

Estimate the items’ MTBF and its upper and lower limits with 90% confidence
level.
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Substituting the given data values into Eq. (7.13) we get

Y = (20−5)200 +(50 + 70 + 120+ 130+150)= 3520h .

Thus, the items’ MTBF is expressed by

θ =
3520

5
= 704h .

Substituting the specified and calculated values into relationship (7.11) and using
Table 7.1, we get the following upper and lower limits for the items’ MTBF:

Upper limit =
2(3520)

χ2 (0.95,10)

=
2(3520)

3.94
= 1786.8h ;

Lower limit =
2(3520)

χ2 (0.05,12)

=
2(3520)

21.02
= 334.9h .

Thus, the items’ MTBF is 704 h. Its (i.e., MTBF’s) upper and lower limits with
a 90% confidence level are 1786.8 h and 334.9 h, respectively. In other words, the
true MTBF of the items with a 90% confidence level will lie within 334.9 h and
1786.8 h or 334.9 ≤ θ ≤ 1786.8.

7.6 Documents on Reliability Testing

Over the years, many publications have appeared on reliability testing that could be
directly or indirectly useful in the reliability testing of mining equipment. Some of
the important ones are as follows:

• MIL-STD-781D, Reliability Design, Qualification and Production Acceptance
Tests: Exponential Distribution, US Department of Defense, Washington, DC

• IEC 605, Equipment Reliability Testing, International Electrotechnical Commis-
sion (IEC), Geneva, Switzerland

• MIL-STD-2074, Failure Classification for Reliability Testing, US Department of
Defense, Washington, DC

• IEC 1123, Reliability Testing Compliance Test Plans for Success Ratio, Interna-
tional Electrotechnical Commission (IEC), Geneva, Switzerland
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• MIL-HDBK-781, Reliability Test Methods, Plans, and Environments for Engi-
neering Development, Qualification, and Production, US Department of Defense,
Washington, DC

• MIL-HDBK-H108, Sampling Procedures and Tables for Life and Reliability
Testing (Based on Exponential Distribution), US Department of Defense, Wash-
ington, DC

• MIL-STD-202F, Test Methods for Electronic and Electrical Component Parts,
US Department of Defense, Washington, DC

• MIL-STD-2165, Testability Program for Electronic Systems and Equipment, US
Department of Defense, Washington, DC

7.7 Planning and Control Requirements for Mining Equipment
Maintainability Testing and Demonstration

These requirements may be divided into the following six distinct categories [14,
15]:

• Following MIL-STD-471 guidelines. These guidelines were developed by the
United States Department of Defense in 1966 for manufacturers to carefully con-
sider in the planning and control of equipment maintainability demonstrations.
They cover areas such as establishing test teams, selecting a test method, and data
collection and selection, performance, and sampling of corrective and preventive
maintenance tasks.

• Providing appropriate manpower. This is concerned with ensuring that indi-
viduals performing maintainability demonstrations have backgrounds and skill
levels similar to those of a product’s final users, operating, and maintenance per-
sonnel.

• Developing a demonstration plan. This is concerned with developing a demon-
stration plan that conforms to the specifics described in MIL-STD-471 [16] and
covers areas such as test planning, administration, and control; test conditions;
and test analysis, documentation, and reporting.

• Specifying appropriate parameters. As the basic purpose of a formal maintain-
ability demonstration is to verify compliance with defined parameters, it is es-
sential to have specifications for demonstration parameters in quantitative terms.
A typical example of a measurable time parameter is mean time to repair (MTTR).

• Developing a demonstration model. This model is used to demonstrate a prod-
uct’s proposed quantitative parameters and qualitative design features for main-
tainability.

• Taking environment into consideration. Environment is an important factor in
maintainability testing as equipment downtime may vary significantly between
laboratory-controlled conditions and actual operational conditions. Therefore, it
is essential to take into consideration factors such as test facilities, support re-
source needs, and limitation simulations.
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7.8 Test Methods to Obtain Maintainability-related Test Data
for Mining Equipment

There are numerous points in mining equipment life cycle and in related maintain-
ability program tasks that need test data. This type of data may be necessary to
make decisions about maintainability design requirements, to evaluate equipment
life cycle maintenance support, or for administrative and logistic control to update
corrective actions or modifications.

Test methods that can provide such data may be grouped under six categories as
follows [15]:

• Closed-loop tests. These tests generate useful information to evaluate equipment-
design effectiveness, tolerance adequacy, performance, and other important is-
sues.

• Functional tests. These tests simulate normal operating conditions to establish
a product’s or piece of equipment’s state of readiness to perform its stated mis-
sion.

• Static tests. These tests provide information on the transient behavior of the
product under consideration.

• Dynamic tests. These tests simulate a typical application of a given piece of
equipment so that each and every item involved can be checked properly.

• Open-loop tests. These tests represent a refinement of static and dynamic tests
and usually provide better maintenance-related information than closed-loop
tests because they make a direct observation of the system transfer function with-
out the modifying influence of feedback.

• Marginal tests. These tests are used to isolate potential difficulties through the
simulation of abnormal operational conditions.

7.9 Test Methods for Demonstrating Diverse Maintainability
Parameters

The main objective of demonstrating maintainability is to determine whether a de-
velopment program or a manufacturer has satisfied qualitative and quantitative
maintainability requirements. A successful maintainability demonstration depends
on many factors including quality of equipment design for testability, quality of
written maintenance manuals, and quality of training of repair technicians.

A total of 11 test methods addressing many diverse maintainability parameters
considered useful for application in the mining industry are shown in Fig. 7.2 [16,
17]:

The median equipment repair time method is used when the requirement is de-
fined in terms of an equipment repair time median and is based on log-normally
distributed corrective maintenance task times. The mean maintenance time and max-
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imum maintenance time method is used to demonstrate indexes such as mean cor-
rective maintenance time and mean preventive maintenance time.

The mean method is used when the requirement is stated in terms of a mean value
and there is a corresponding value of design goal. The preventive maintenance times
method is used when the specified index involves the mean preventive maintenance
task time and/or maximum preventive maintenance task time at any percentile. The
critical percentile method is used when the requirement is expressed in terms of
a required critical percentile and a corresponding value of design goal.

The percentiles and maintenance method utilizes a test of proportion for demon-
strating fulfillment of maximum preventive maintenance task time at any percentile,
median corrective maintenance task time, median preventive maintenance task time,
and maximum corrective maintenance task time at the 95th percentile, when preven-
tive and corrective maintenance repair time statistical distributions are not known.

The critical maintenance time method is used when the requirement is stated in
terms of required critical maintenance time and a corresponding design-goal value.
The man-hour rate method (using simulated faults) is used to demonstrate man-
hour rates per operating hour and is based on the predicted equipment failure rate,
total accumulative simulated demonstration operating hours, and total accumulative
chargeable maintenance man-hours.

Fig. 7.2 Test methods for demonstrating diverse maintainability parameters
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The combined mean/percentile requirement method is used in situations where
the requirement is a dual requirement for the mean and for either the 95th or 90th
percentile of maintenance times, when maintenance times are log-normally dis-
tributed. The chargeable maintenance downtime per flight method is used in test-
ing aircraft; it makes use of the central limit theorem. Furthermore, the chargeable
downtime per flight is the allowable time, expressed in hours, to perform the main-
tenance activity.

The man-hour rate method is used to demonstrate man-hour rates, particularly
man-hours per flight hour. Finally, the preventive maintenance time method is used
in situations when the specified index involves the mean preventive maintenance
task time and/or maximum preventive maintenance task time at any percentile, as
well as when all possible preventive maintenance tasks need to be completed.

Information on statistical aspects of many of the above methods is available in
Ref. [16].

7.10 Useful Guidelines for Avoiding Pitfalls in Maintainability
Testing of Mining Equipment

Some of the useful guidelines to avoid pitfalls in maintainability testing of mining
equipment are as follows [18]:

• Tailor MIL-STD-471 [16] for the program and equipment under consideration
with care and avoid relying on it totally.

• Aim to perform some “dry run” testing.
• Improve the technical manual verification and validation process well before the

maintainability demonstration test.
• Define, rectify, and verify discovered shortcomings/deficiencies and the associ-

ated requirements for corrective action.
• Carry out a new and different trial for each and every trial that identifies a short-

coming or deficiency.
• Limit the permissible trial repetitions as a requirement for canceling the test,

moving into an “evaluate and fix” phase, and then repeating the complete test
with newly stated faults.

7.11 Problems

1. Discuss the following two reliability test classifications:

• Qualification and acceptance testing
• Operational testing

2. What is success testing?



References 113

3. A manufacturer of a part used in a piece of mining equipment is required to
demonstrate 98% reliability of that part at a 95% confidence level. Determine
the number of parts to be tested when only zero failures are allowed.

4. What are the ways to perform accelerated testing?
5. A sample of 30 identical engineering items used in mines was tested to failure

at a temperature of 120 ◦C, and their mean time between failures (MTBF) was
3000 h. Calculate the MTBF of these items at the normal operating temperature
of 80 ◦C.

6. List the five most important documents used, directly or indirectly, in reliability
testing.

7. Discuss the following items in regard to maintainability testing:

• Functional tests
• Marginal tests
• Static tests

8. Discuss at least seven test methods for demonstrating diverse maintainability
parameters.

9. Discuss the four most useful guidelines for avoiding pitfalls in maintainability
testing.

10. Compare reliability testing with maintainability testing.
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Chapter 8
Mining Equipment Maintenance

8.1 Introduction

Each year around the globe billions of dollars are spent on equipment maintenance,
and since the Industrial Revolution maintenance of engineering equipment has been
a challenging issue. Although over the years impressive progress has been made
in maintaining engineering equipment in the field environment effectively, it is still
a challenge due to factors such as complexity, size, competition, cost, and safety.
For example, in the US underground coal mining industry, maintenance of mining
equipment accounts for over 30% of the total lost-time injuries [1].

Furthermore, in regard to cost, past experience shows that mining equipment
maintenance costs range from around 20% to over 35% of total mine operating
costs and are increasing steadily [1]. To control these costs, mining companies have
centered their efforts on areas such as optimizing scheduled maintenance opera-
tions, deferring nonessential maintenance, reducing maintenance manpower, con-
trolling inventories of spare parts more effectively, and using contract maintenance
support [2].

This chapter presents various important aspects of mining equipment mainte-
nance.

8.2 Maintenance-related Facts and Figures

Some of the facts and figures concerned, directly or indirectly, with mining equip-
ment maintenance are as follows:

• Over 25% of the accidents in underground coal mining occur during maintenance
activity [3].

• According to injury data for independent contractor employees in the mining
industry [4], during the period 1983–1990 about 20% of coal mine injuries oc-
curred during machine maintenance or while using hand tools.

B.S. Dhillon, Mining Equipment Reliability, Maintainability, and Safety 115
c© Springer 2008
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• Equipment maintenance costs range from 20% to over 35% of total mine operat-
ing costs [1].

• As per Ref. [5], the total annual cost of engineering maintenance is approx. $450
million in the Australian underground coal mining industry.

• Lubricants account for roughly 1% of maintenance costs for underground coal
mining equipment [5].

• In open-pit mines, in both Chile and Indonesia, maintenance cost is greater than
60% of the operating cost [6].

• Usually, the cost of maintenance in the mining industry varies from 40 to 50% of
the equipment operating cost [7].

• A multinational Finnish company reported that the direct cost of maintenance in
their mines is approx. 33% of the total production cost [7, 8].

• Approximately 10% of production time is lost by unplanned maintenance in Aus-
tralian underground coal mining industry [5].

• According to various civilian and military studies, it is possible to reduce pre-
ventive maintenance and corrective maintenance task times by 40% to 70% with
planned maintainability design efforts [1].

8.3 Maintenance Engineering Objectives, Total Productive
Maintenance, and Reasons for Its Performance

Maintenance engineering is an analytical, methodical, and deliberate function whose
main contributing objectives are as follows [9, 10]:

• Improve the maintenance organization.
• Improve maintenance operations.
• Reduce the maintenance skills required.
• Improve and ensure maximum use of maintenance facilities.
• Reduce the amount of supply support.
• Reduce the effect of complexity.
• Establish the optimum frequency and extent of preventive maintenance to be

performed.
• Reduce the frequency and amount of maintenance.

Total productive maintenance (TPM) may simply be described as productive main-
tenance performed by all personnel through small and autonomous group activities.
More specifically, the complete TPM definition incorporates the following elements
of development [11]:

• TPM involves each and every employee (i.e., from the managing director to the
caretaker on the shop floor).

• TPM is implemented by all departments (i.e., engineering, operation, and main-
tenance departments).

• TPM aims to maximize the effectiveness of all involved equipment.
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• TPM establishes a thorough system of productive maintenance for the entire life
span of equipment. This includes daily maintenance (e.g., adjustments, lubrica-
tion, and cleaning) and the scheduled inspection of equipment using both pre-
dictive and diagnostic methods and allows for the periodic early treatment of
problems through timely and preventive repairs.

• TPM is based on the promotion of productive maintenance through the orga-
nizational setup as well as on the participation of small autonomous groups of
employees who are completely committed to the program success.

Three principal reasons, shown in Fig. 8.1, for the performance of TPM are con-
cerned with eliminating losses that are considered formidable obstacles to equip-
ment effectiveness [11].

Downtime losses are concerned with equipment failure due to breakdowns and
setup and adjustment shutdowns to exchange machine tools/dies in manufacturing
processes. Defect-related losses are concerned with the following two items:

• Reduction in yield due to problems associated with the time and production
losses between equipment startup to a stable production level.

• Process defects due to poor quality production that cause rejects, leading to scrap
in the manufacturing process.

Finally, speed-related losses are concerned with the following:

• Reduction in speeds due to differences between designed and real-time speeds
(e.g., reduction in flow rates in hydraulic machine or pump transfer systems).

• Idling and minor stoppages due to abnormal operation of sensors, resulting in
machine shutdowns or blockages of conveyors, chutes, etc.

Fig. 8.1 Principal reasons for the performance of total productive maintenance (TPM)



118 8 Mining Equipment Maintenance

8.4 Factors Contributing to Equipment Maintenance Cost
in Mines

Many factors contribute to the cost of mining equipment maintenance. The major
ones are shown in Fig. 8.2 [1].

In the case of equipment design, it is important to note that certain makes and
models of mining equipment are designed satisfactorily to facilitate maintenance
and repair activity, while the basic design of other models hinders maintenance and
repair activities. In the case of management attitude toward maintenance, attitudes
range from “when it fails, fix it” to strong upper-level management support for ef-
fectively planned and implemented preventive maintenance policies and procedures
aimed at minimizing unscheduled equipment downtime and controling maintenance
costs.

In the case of the skill of maintenance management personnel, the skills needed
to manage and organize a mine maintenance program effectively differ quite sig-
nificantly from the skills required to carry out “hands-on” maintenance of mining

Fig. 8.2 Major factors contributing to mining equipment maintenance costs
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equipment. This basically means that poor maintenance management contributes
to increased maintenance costs. Regarding equipment age, older equipment tends
to be smaller and inherently simpler in design. Consequently, the maintenance
of older machines or equipment is somewhat simpler. In contrast, modern equip-
ment/machines tend to be more complex, larger, and overlaid with many “add-on”
systems and components, making the basic maintenance process and accessibility
rather more difficult.

With respect to the maintenance environment, it is a totally different task to main-
tain a continuous miner in a, say, 91-cm coal seam than to maintain one in a fairly
well-equipped standing-height underground repair workshop. In the case of regula-
tory compliance, environmental control and safety devices needed to ensure regu-
latory compliance add to the complexity factor and increase maintenance-related
costs.

In the case of maintenance training and experience, poor maintenance skills on
the part of maintainers result from factors such as poor training, lack of manuals,
guides, and job performance aids, and complexity of maintenance tasks. Finally, in
the case of maintenance errors, as per the opinions of involved maintenance man-
power, errors such as removing and replacing nonfailed items, failing to install or
repair a component correctly, troubleshooting one system too long, failing to test
a component prior to reassembly, and not replacing suspected components during
a previous opportunity account for approx. 10 to 25% of all maintenance time [1],
which results in a substantial increase in maintenance costs.

8.5 Maintenance of Explosion-protected Switchgear in Mines

The maintenance of explosion-protected equipment is a complex subject and is an
ongoing process. It may simply be described as routine actions performed to en-
sure that the equipment remains serviceable and continues to operate within the
designed parameters. Thus, in order to achieve the maximum serviceable lifetime of
the explosion-protected equipment, it is essential to plan maintenance activity with
care. Nonetheless, the maintenance of explosion-protected mining equipment can
be divided into the following three areas [12]:

• Visual inspections
• Physical inspections
• Routine work

Visual inspections include checking fasteners (i.e., to see if they are in place), check-
ing labels (i.e., to see if they are in place and legible), checking covers (i.e., to see
if they are in place), checking inspection windows (i.e., for cracks, imperfections,
etc.), checking operational pushbuttons and handles (i.e., to see if they are opera-
tional and not impeded in any manner), checking instruments and indication equip-
ment (i.e., to see if they are in proper working order), checking enclosures (i.e., to
make sure the integrity of enclosures is not compromised by any physical damage),
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and ensuring that the equipment is generally serviceable and not covered in layers
of coal dust.

Physical inspections include items such as fasteners (i.e., to make sure they are of
the correct type and length and are tightened up), operating handles and pushbuttons
(i.e., to make sure they are operating properly and any adjustments are performed
and tightened), blank plugs/covers (i.e., to verify that they are in place and fitted
correctly), threaded holes (i.e., to make sure threads are not damaged and holes are
not full of dirt and fluff), equipment operation (i.e., to verify proper operation of
equipment using test equipment), flame paths (i.e., to ensure flame paths are within
the correct tolerance and are not pitted or damaged), wiring and major electrical
equipment (i.e., to ensure main connections are tight, that there is no evidence of
overheating or arcing, and that control wiring is in place and clear of power wiring),
operation of protection equipment (i.e., to make sure the equipment operates prop-
erly with the integral test buttons on the equipment), and equipment condition (i.e.,
to make sure there is no physical damage to the equipment and the general condition
of equipment is good).

Routine work is concerned with tasks such as thoroughly cleaning and lubri-
cating fasteners, cleaning and lubricating threaded holes, cleaning and lubricating
flame paths to inhibit rust and oxidization, checking flame-proof plugs and sock-
ets to make sure they are in good condition and within specified tolerances, clean-
ing and tightening all control wiring connections, checking to ensure that protec-
tion and control relays are operating within the specified parameters and are not
damaged or overheated, checking indication equipment and instruments to see if
they are operational and working within operational parameters and specifications,
cleaning, checking, and tightening power connections and wiring, checking to see
if neutral earthing resistors are fitted correctly and connections are tight and that
there is no evidence of heat damage, making sure forwarded/reverse isolators are in
an operational state and all connections are tightened, ensuring circuit breakers are
operational and all auxiliaries, undervoltage releases, and shunt trips are working
properly, checking to see if all contactors are operational and within limits accord-
ing to contact wear gauges, and making sure core balance transformers are in good
working condition [11].

8.6 Useful Maintenance Measures for Mines

Usually management utilizes various types of approaches to measuring the effec-
tiveness of the maintenance activity in the organization. Often it employs various
indexes to manage and control the maintenance as there is no single index that can
effectively reflect the overall performance of the maintenance activity within the
organization. The main objective of these indexes is to encourage maintenance per-
sonnel to make appropriate improvements over past performance.

This section presents a number of indexes (i.e., broad and specific) considered
useful for application in the mining industry [12–16]. The broad indexes basically
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indicate the overall performance of the organization in regard to the maintenance
activity, whereas the specific indexes give the performance in particular areas of
maintenance activity. The values of these indexes can be plotted on a periodic basis
to show trends.

Index I

This is a broad index and is expressed by

θ1 =
Cm

α
, (8.1)

where
θ1 is the index parameter,
Cm is the total maintenance cost,
α is the total output expressed in tons, gallons, etc.

This index is considered quite useful for relating an organization’s total maintenance
cost to its total output.

Index II

This is a specific index and is used to measure the effectiveness of the maintenance
activity. The index is defined by

θ2 =
DTb

DT t
, (8.2)

where
θ2 is the index parameter,
DT t is the total downtime,
DTb is the total downtime caused by breakdowns.

Index III

This index belongs to a broad category and is expressed by

θ3 =
Cm

St
, (8.3)

where
θ3 is the index parameter,
St is the total sales.
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According to some studies, average maintenance cost for the entire industry is ap-
proximately 5% of sales. However, there is wide variation within the industrial sec-
tor.

Index IV

This is a specific index and is defined by

θ4 =
Tpm

Tem
, (8.4)

where

θ4 is the index parameter,
Tem is the total time spent for the entire maintenance activity,
Tpm is the total time spent for preventive maintenance only.

This index has proven to be a quite useful tool for controling preventive maintenance
within a maintenance organization. According to some studies, its value should be
kept to within 20% and 40% limits [16].

Index V

This index also belongs to a specific category and is expressed by

θ5 =
Nj

It
, (8.5)

where
θ5 is the index parameter,
It is the total number of inspections completed,
Nj is the number of jobs resulting from inspections.

Index VI

This is a broad index that relates the total maintenance cost to the total investment
in plant and equipment. The index is defined by

θ6 =
Cm

INt
, (8.6)

where

θ6 is the index parameter,
INt is the value of the total investment in plant and equipment.
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Past experience indicates that average values for θ6 in the chemical and steel indus-
tries are approximately 3.8% and 8.6%, respectively [16].

Index VII

This index belongs to a specific category and is used to measure maintenance effec-
tiveness. The index is expressed by

θ 7 =
MHe

MHt
, (8.7)

where

θ 7 is the index parameter,
MHt is the total number of maintenance man-hours worked,
MHe is the total number of man-hours of emergency and unscheduled jobs.

Index VIII

This is a specific index that relates maintenance costs to manufacturing costs. It is
defined by

θ8 =
Cm

MCt
, (8.8)

where
θ8 is the index parameter,
MCt is the total manufacturing cost.

8.7 Mathematical Models for Performing Mining Equipment
Maintenance

Over the years, a large number of mathematical models have been developed for
application in maintenance activity. This section presents some of the models con-
sidered useful for performing mining equipment maintenance [16].

Model I

Inspections are usually performed to reduce equipment downtime, but they are often
disruptive. This model is concerned with obtaining the optimum number of inspec-
tions per facility per unit time. The model defines the total facility downtime as
follows [17, 18]:

DT = xTi +
KTf

x
, (8.9)
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where

K is a constant associated with a specific facility,
x is the number of inspections per facility per unit of time,
Ti is the facility downtime per inspection,
Tf is the facility downtime per failure or breakdown,
DT is the total downtime per unit of time for a facility.

Differentiating Eq. (8.9) with respect to x we obtain

dDT
dx

= Ti − KTf

x2 . (8.10)

Setting Eq. (8.10) equal to zero and then rearranging we get

x∗ =
[

KTf

Ti

]1/2

, (8.11)

where

x∗ is the optimum number of inspections per facility per unit of time.

Substituting Eq. (8.11) into Eq. (8.9) we obtain

DT∗ = 2(KTiTf)
1/2 , (8.12)

where

DT∗ is the total optimal downtime per unit of time for a facility.

Example 8.1

A coal mining facility was observed over a period of time, and we obtained the
following data values:

K = 4, Ti = 0.02 month, Tf = 0.05 month .

Calculate the optimal number of inspections per month using the above specified
data values in Eq. (8.11).

Substituting the given data values into Eq. (8.11) yields

x∗ =
[
(4)(0.05)

0.02

]1/2

= 3.16 months .

Thus, the optimal number of inspections per month is approx. 3.
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Model II

This model is concerned with calculating the effective failure rate of a system when
one of its units fails, the corrective maintenance is initiated immediately. The system
is composed of n independent and identical units in parallel and in which m units are
allowed to fail without system failure. The failed system is not repaired and the unit
failure and corrective maintenance rates are constant. In this case, an approximate
effective failure rate of (n−m) – out-of-n system is given by [19]

λ(n−m)/n =
n!λ m+1

(n−m−1)!μm , (8.13)

where

λ is the constant failure rate of a unit,
μ is the constant corrective maintenance rate of that unit,
λ(n−m)/n is the system approximate effective failure rate.

Example 8.2

Assume that a mining system is made up of four independent, identical, and active
units in parallel. At least two units must work normally for the system to succeed and
the repair process starts as soon as a unit fails. The failed system is never repaired.

The unit constant failure and repair rates are 0.002 failures per hour and 0.04
repairs per hour, respectively. Calculate the system approximate effective failure
rate.

Substituting the given data values into Eq. (8.13) we get

λ(4−2)/4 =
4!(0.002)2+1

(4−2−1)!(0.004)2 = 0.00012 failures/h .

Thus, the mining system approximate effective failure rate is 0.00012 failures/h.

Model III

This model is concerned with determining the reliability and mean time to failure
(MTTF) of a system subject to periodic maintenance. The following assumptions
are associated with the model [20, 21]:

• Periodic maintenance is carried out on the system after every x hours, starting at
time zero.

• A failed component/part is replaced with a new and statistically identical one.

For periodic maintenance, the time interval of x hours is expressed as

x = jX + T , j = 0,1,2, . . . ; 0 ≤ T < X . (8.14)
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For j = 1 and T = 0, the reliability of a redundant system subject to periodic main-
tenance after every X hours is expressed by

RX (x = X) = R(X) . (8.15)

For j = 2 and T = 0, we get

RX (x + 2T) = [R(X)]2 . (8.16)

Note that in this case, the system must operate the first X hours without a failure. It
must also operate for another X failure-free hours after the replacement of any part
that has experienced a failure.

For 0 < T < X , another T hours of system failure-free operation is needed. Thus,
we write

RX (x = 2X + T ) = [R(X)]2 R(T ) . (8.17)

In general form Eq. (8.17) is expressed as follows:

RX (x = jX + T ) = [R(X)] j [R(T )] , for j = 0,1,2, . . . ; 0 ≤ T < X . (8.18)

The redundant system mean time to failure with periodic maintenance is expressed
by

MTTFm =
∞∫

0

RX(x)dx , (8.19)

where

MTTFm is the redundant system MTTF with the performance
of periodic maintenance.

To evaluate Eq. (8.19), we write the integral over the range 0 < x < ∞ as follows:

MTTFm =
∞

∑
j=0

( j+1)X
∫

jX

RX(x)dx . (8.20)

It is to be noted that in Eq. (8.20) the integral of Eq. (8.19) is divided into time
intervals of length X . Thus, for x = jX + T , inserting Eq. (8.18) into Eq. (8.20) we
obtain

MTTFm =
∞

∑
j=0

X∫

0

[R(X)] j R(T )dT . (8.21)

Note that in Eq. (8.21) for x = jX + T , dx = dT and the limits become 0 and X .
Thus, rearranging Eq. (8.21) we get

MTTFm =
∞

∑
j=0

[R(X)] j
X∫

0

R(T )dT . (8.22)
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Since
∞

∑
j=0

[R(X)] j =
1

1−R(X)
, (8.23)

Eq. (8.22) becomes

MTTFm =

X∫

0
R(T )dT

1−R(X)
. (8.24)

Example 8.3

Two independent and identical mining machines form a parallel system. Each ma-
chine’s time to failure is described by the exponential distribution with the mean
value of 300 h and the preventive maintenance is carried out after every 150 h. Cal-
culate the system MTTF with and without preventive maintenance.

With the aid of Chap. 3 and using the specified data values, we write down the
following equation for the parallel system reliability:

R(x) = 2e−
x

300 − e−
2x

300 . (8.25)

Inserting Eq. (8.25) and the specified data into Eq. (8.24) we get

MTTFm =

150∫

0

[

2e−
T

300 − e−
2T
300

]

dT

1−
[

2e−
150
300 − e−

2(150)
300

] = 912.44h .

System MTTF without preventive maintenance is given by

MTTF =
∞∫

0

R(x)dx

=
∞∫

0

[

2e−
x

300 − e−
2x

300

]

dx

= 450h .

Thus, the system MTTF with and without preventive maintenance is 912.44 h and
450 h, respectively. This simply means that the performance of preventive mainte-
nance has helped to improve system MTTF from 450 h to 912.44 h.
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Model IV

This mathematical model represents a mining system that can either be in operating
or failed state [21]. The failed system is repaired. The system state-space diagram is
shown in Fig. 8.3. The numerals in the circle and the box denote system states.

The following assumptions are associated with the model:

• The repaired mining system is as good as new.
• The system failures are statistically independent.
• System failure and repair rates are constant.

The following symbols are associated with the model:

j is the jth system state; j = 0 (mining system operating normally),
j = 1 (mining system failed),

λm is the mining system constant failure rate,
μm is the mining system constant repair rate,
Pj(t) is the probability that the mining system is in state j at time t, for j = 0,1.

With the aid of the Markov method described in Chap. 3, we write down the follow-
ing two differential equations for the Fig. 8.3 diagram [21]:

dP0(t)
dt

+ λmP0(t) = μmP1(t) , (8.26)

dP1(t)
dt

+ μmP1(t) = λmP0(t) , (8.27)

At time t = 0, P0(t) = 1 and P1(t) = 0.
Solving Eqs. (8.26) and (8.27) we obtain

P0(t) =
μm

μm + λm
+

λm

μm + λm
e−(μm+λm)t , (8.28)

P1(t) =
λm

μm + λm
− λm

μm + λm
e−(μm+λm)t . (8.29)

Fig. 8.3 Mining system transition diagram
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The mining system availability is given by

Am(t) = P0(t) =
μm

μm + λm
+

λm

μm + λm
e−(μm+λm)t , (8.30)

where
Am(t) is the mining system availability at time t.

As the value of t becomes very large Eq. (8.30) reduces to

Am =
μm

μm + λm
, (8.31)

where
Am is the mining system steady state availability.

Since λm = 1/MTTFm and μm = 1/MTTRm, Eq. (8.31) becomes

Am =
MTTFm

MTTFm + MTTRm
, (8.32)

where
MTTFm is the mining system mean time to failure,
MTTRm is the mining system mean time to repair.

Example 8.4

Assume that the mean time to failure and mean time to repair of a mining machine
are 2000 h and 4 h, respectively. Calculate the machine steady-state availability.

Substituting the given data values into Eq. (8.32) we get

Am =
2000

2000 + 4
= 0.9980 .

Thus, the mining machine’s availability is 0.9980. In other words, there is 99.8%
probability that the machine will be available for service.

Model V

This mathematical model can be used to represent a mining system that can either
fail completely or undergo periodic preventive maintenance (PM). The failed system
is repaired. The model is considered quite useful for predicting system availability,
the probability of system down for preventive maintenance, and the probability of
system failure.

The system state-space diagram is shown in Fig. 8.4. The numerals in the circle
and boxes denote system states.
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Fig. 8.4 Mining system state-space diagram

The model is subjected to the following assumptions:

• All system failures are statistically independent.
• System failure rate, repair rate, rate of system downtime for preventive mainte-

nance, and rate of system preventive maintenance performance are constant.
• After preventive maintenance or repair, the mining system is as good as new.

The following symbols are associated with the model:

i is the ith system state; i = 0 (mining system operating normally),
i = 1 (mining system down for preventive maintenance),
i = 2 (mining system failed),

λp is the constant rate of the mining system downtime
for preventive maintenance,

μp is the constant rate of the mining system preventive
maintenance performance,

λm is the mining system constant failure rate,
μm is the mining system constant repair rate,
Pi(t) is the probability that the mining system is in state i at time t; for i = 0,1,2.

Using the Markov method described in Chap. 3, we write down the following three
differential equations for Fig. 8.4 diagram [21, 22]:

dP0(t)
dt

+
(

λm + λp
)

P0(t) = μmP2(t)+ μpP1(t) , (8.33)

dP1(t)
dt

+ μpP1(t) = λpP0(t) , (8.34)

dP2(t)
dt

+ μmP2(t) = λmP0(t) . (8.35)

At time t = 0, P0(0) = 1, P1(0) = 0, and P2(0) = 0.
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Solving Eqs. (8.33)–(8.35) we get

P0(t) =
μpμm

n1n2
+

[(

n1 + μp
)

(n1 + μm)
n1 (n1 −n2)

]

en1t (8.36)

−
[(

n2 + μp
)

(n2 + μm)
n2 (n1 −n2)

]

en2t ,

P1(t) =
λpμm

n1n2
+

[
λpn1 + λpμm

n1 (n1 −n2)

]

en1t −
[
(μm + n2)λp

n2 (n1 −n2)

]

en2t , (8.37)

P2(t) =
λmμp

n1n2
+

[
λmn1 + λmμp

n1 (n1 −n2)

]

en1t −
[(

μp + n2
)

λm

n2 (n1 −n2)

]

en2t , (8.38)

where

n1,n2 =
−A± [

A2 −4
(

μpμm + λmμp + λpμm
)]1/2

2
, (8.39)

A =
(

μm + μp + λm + λp
)

, (8.40)

n1 + n2 = −A , (8.41)

n1n2 = μpμm + λpμm + λmμp . (8.42)

The probability of the mining system downtime for preventive maintenance, the
probability of the mining system failure, and the mining system availability are
given by Eqs. (8.37), (8.38), and (8.36), respectively.

As time t becomes very large, Eq. (8.36) reduces to

AVmss =
μmμp

μpμm + λpμm + λmμp
, (8.43)

where
AVmss is the mining system steady-state availability.

Example 8.5

Assume that for a mining machine we have the following data values:

λm = 0.007 failures per hour,

λp = 0.009 per hour,

μm = 0.01 repairs per hour,

μp = 0.02 per hour.

Calculate the mining machine steady-state availability using Eq. (8.43).
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Using the specified data values in Eq. (8.43) yields

AVmss =
(0.01)(0.02)

(0.01)(0.02)+ (0.009)(0.01)+ (0.007)(0.02)
= 0.4652 .

Thus, the mining machine steady-state availability is 0.4652. In other words, there is
an approximately 47% chance that the mining machine will be available for service.

8.8 Problems

1. List at least five facts and figures concerned with mining equipment mainte-
nance.

2. What are the main objectives of maintenance engineering?
3. What is total productive maintenance?
4. List at least five reasons for the performance of total productive maintenance.
5. List at least six major factors that contribute to mining equipment maintenance

costs.
6. Discuss the maintenance of explosion-protected switchgear in mines.
7. Prove Eq. (8.12).
8. Assume that the following data values are associated with a mining machine:

• λm = 0.008 failures/h
• λp = 0.009 per hour
• μm = 0.04 repairs/h
• μp = 0.05 per hour

Calculate the mining machine steady state availability using Eq. (8.43).
9. Prove Eq. (8.36).

10. Define three broad maintenance indexes for application in the area of mining.
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Chapter 9
Mining Equipment Costing

9.1 Introduction

Cost is an important factor in mining equipment reliability, maintainability, and
safety, and over the years it has been increasing at a significant rate. Like any other
engineering equipment, cost estimation in mining equipment is extremely impor-
tant for making effective decisions. The main elements of the total cost of produc-
ing a typical piece of mining equipment are design and development cost, materials
cost, testing cost, manufacturing cost, operation cost, and maintenance cost.

In particular, based on past experience, the cost of maintaining equipment in the
field often varies from 2 to 20 times the original procurement cost [1, 2]. Main-
tenance cost includes lost opportunities in up-time, yield, rate, and quality due to
unsatisfactorily or nonoperating equipment, in addition to the cost associated with
equipment-related degradation of safety in regard to people, property, and environ-
ment. Needless to say, past experience indicates that 60 to 70% of the projected life
cycle cost of a piece of equipment can sometimes be locked in by the end of the
preliminary design phase.

This chapter presents various aspects of costing, directly or indirectly, concerned
with mining equipment.

9.2 Reasons for Mining Equipment Costing and Methods
for Making Mining Equipment Investment Decisions

Some of the important reasons for mining equipment costing are as follows [3, 4]:

• To determine the appropriate selling price of mining equipment.
• To perform new equipment feasibility analyses.
• To ascertain the most profitable approach and materials during equipment manu-

facture.
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136 9 Mining Equipment Costing

• To provide appropriate assistance in controling the cost of equipment manufact-
ure.

• To determine if it is more economical to produce the parts in-house or to procure
them from vendors.

• To determine the amount of money required for facilities to manufacture the
equipment under consideration.

• To determine the efficiency of the equipment manufacturing process.
• To provide inputs to the long-term financial goals of the organization.

Some of the useful methods that can be used to make mining equipment investment
decisions are as follows [5–8]:

• Benefit/cost analysis method
• Return on investment method
• Payback period method

Each of the above methods is presented below, separately.

9.2.1 Benefit/Cost Analysis Method

This method is quite useful in determining if the benefits from the mining equip-
ment project under consideration outweigh its cost. More specifically, the equipment
project is considered for development only if its benefits outweigh the investment
cost. The benefit/cost ratio is expressed by

Rbc =
UB
IC

, (9.1)

where
Rbc is the benefit-cost ratio,
IC is the investment cost including the operating cost,
UB is the user benefits.

Example 9.1

Assume that a piece of mining equipment is being considered for acquisition, and
its estimated cost and expected useful life are $500,000 and 15 years, respectively.
The total benefits of the equipment, in dollars, over its lifespan are estimated to be
around $900,000. Calculate the benefit-cost ratio if the annual maintenance cost of
the equipment is $2000.

Thus, the total investment cost of the mining equipment is

IC = 500,000 +(2000)(15)= $530,000 .
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Substituting the above calculated value and the other given data into Eq. (9.1) we
get

Rbc =
900,000
530,000

= 1.67 .

Thus, the value of the benefit-cost ratio is 1.67.

9.2.2 Return on Investment Method

This is another method that can also be used to make mining equipment investment
decisions; it uses the following two different approaches to calculate the return on
investment.

Approach I

In this case, the return on average investment is calculated by using the following
equation:

RIa =
ANP(100)

(0.5Ia +Cw)
, (9.2)

where
RIa is the return on investment,
ANP is the annual average net profit,
Ia is the total amount invested,
Cw is the working capital.

Approach II

In this case, the return on original investment is calculated by using the following
equation:

RIo =
ANP(100)
(Ia +Cw)

, (9.3)

where
RIo is the return on the original investment.

Example 9.2

A coal mining organization is considering purchasing a piece of equipment to be
used in mines that requires $500,000 in investment and $25,000 in working capital.
It is estimated that the use of the equipment will generate average net profits of
$30,000 per year.
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Calculate the return on the original investment.
Substituting the specified data values into Eq. (9.3) yields

RIo =
(30,000)(100)

500,000 + 25,000
= 5.71% .

Thus, the return on the original investment is 5.71%.

9.2.3 Payback Period Method

This method is concerned with determining the payback period over which the
project capital expenditures can be recovered. The major drawback of the method is
that it does not consider the profit factor after the recovery of capital expenditures.

The method makes use of the following four approaches to compute the payback
period [4, 7].

Approach I

In this case, the payback period is expressed by

PP1 =
TCE
ACF

, (9.4)

where
PP1 is the payback period for approach I,
TCE is the total capital expenditure,
ACF is the average annual cash flow.

The average annual cash flow is expressed by

ACF = APn +(TCE)(CDR) , (9.5)

where
APn is the average annual net profit,
CDR is the invested capital (fixed) depreciation rate.

Approach II

In this case, the payback period is expressed by

PP2 =
TCE
AGP

, (9.6)

where
PP2 is the payback period for approach II,
AGP is the average annual gross profit.
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Approach III

In this case, the payback period is expressed by

PP3 =
1

[CDR+{θ/(1− ITR)}] , (9.7)

where

PP3 is the payback period for approach III,
ITR is the income tax rate,
θ is the minimum acceptable rate of return on investment.

Approach IV

In this case, the payback period is expressed by

PP4 =
TCE
APn

, (9.8)

where
PP4 is the payback period for approach IV.

The average annual net profit is given by

APn = AGP− [ITR{AGP− (CDR) (TCE)}+ i(TCE +Cw)] , (9.9)

where
i is the interest rate on the borrowed money,
Cw is the working capital.

Example 9.3

A mining organization is considering replacing a piece of equipment used in under-
ground operations, at a cost of $400,000. It is estimated that the use of the equipment
will generate an average saving of $30,000 per year. Calculate the capital expendi-
ture recovery period.

Using the specified data values in Eq. (9.5) yields

PP2 =
400,000
30,000

= 13.3 years .

Thus, the capital expenditure recovery period is 13.3 years.
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9.3 Cost Estimation Models for Mining Equipment

Over the years, many mathematical models have been developed to estimate various
types of costs concerning engineering equipment [9,10]. This section presents some
of these models considered useful for application to mining equipment.

9.3.1 Cost-capacity Model

This model is quite useful for obtaining quick cost estimates for similar new
projects, facilities, or equipment of different capacities. The cost of the new item
is expressed as follows [10]:

Cn = Cso

[
CPn

CPso

]α
, (9.10)

where

Cn is the cost of the new project, facility, or equipment;
Cso is the cost of the old but similar project, facility, or piece of equipment;
CPn is the capacity of the new project, facility, or piece of equipment;
CPso is the capacity of the old but similar project, facility, or piece of equipment;
α is the cost-capacity factor whose value varies for different items or projects.

For example, the proposed values of this factor for pumps, tasks, and
heaters are 0.6, 0.7, and 0.8, respectively [11–13]. In the event of having
no available data for the factor, it is considered quite reasonable to assume
its value as 0.6.

Example 9.4

Assume that a mining organization spent a total of $500 million to construct a min-
ing site whose annual output is 20,000 tonnes. The organization is considering con-
structing another similar site whose annual output will be 30,000 tonnes. Estimate
the cost of the new site if the value of the cost-capacity factor is 0.6.

Substituting the given data values into Eq. (9.10) we get

Cn = (500)
[

30,000
20,000

]0.6

= $637.71million .

Thus, the cost estimate for the new mining site is $637.71 million.
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9.3.2 Corrective Maintenance Labor Cost Estimation Model

This model is concerned with estimating the annual labor cost of corrective mainte-
nance associated with equipment with known mean time between failures and mean
time to repair. The equipment annual corrective maintenance labor cost is defined
by

CMLC = (ASOH)(R)
[

MTTR
MTBF

]

, (9.11)

where

CMLC is the equipment annual corrective maintenance labor cost,
R is the hourly corrective maintenance labor cost rate,
ASOH is the equipment annual scheduled operating hours,
MTBF is the equipment mean time between failures,
MTTR is the equipment mean time to repair.

Example 9.5

Assume that a piece of mining equipment is scheduled for 6000 h of operation in one
year and its estimated mean time between failures and mean time to repair are 2000 h
and 10 h, respectively. Calculate the equipment annual corrective maintenance labor
cost if the hourly maintenance labor cost rate is $40.

Substituting the given data values into Eq. (9.11) we obtain

CMLC = (6000)(40)
[

10
2000

]

= $1200 .

Thus, the mining equipment annual corrective maintenance labor cost is $1200.

9.3.3 Total Maintenance Labor Cost Estimation Model

This model is concerned with estimating total maintenance labor cost. The total
maintenance labor cost is expressed by [10]

MLCt = m(AHt)(R�) (1 + β ) , (9.12)

where
MLCt is the total maintenance labor cost,
R� is the labor rate per hour,
m is the total number of employees,
AHt is the total number of annual hours associated

with the maintenance activity,
β is the benefit ratio.
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Example 9.6

Assume that the following data values are known for the maintenance department
of a mining company:

• R� = $40,
• m = 15 employees,
• AHt = 2000 h,
• β = 0.4.

Calculate the company’s total maintenance labor cost.
Substituting the given data values into Eq. (9.12) we get

MLCt = 15(2000)(40)(1 + 0.4)= $1,680,000 .

Thus, the mining company’s total maintenance labor cost is $1,680,000.

9.3.4 Production Facility Downtime Cost Estimation Model

This model is concerned with estimating the production facility downtime cost. The
production facility downtime cost is expressed by [14]

PFDC = Cr +Cr� +Co +Cp +Cru +Cti , (9.13)

where

PFDC is the production facility downtime cost,
Cr is the ruined product replacement cost,
Cr� is the revenue-loss cost,
Co is the idle operator salary,
Cp is the late-penalty cost,
Cru is the replacement unit rental cost (if any),
Cti is the tangible and intangible costs associated with factors

such as loss of good will and customer dissatisfaction.

9.3.5 Motor Operation Cost Estimation Model

This model is used to estimate the cost of operating an alternating-current (AC)
motor. Thus, the motor operating cost is expressed by

MAOC =
(0.746)(MAOH)(EC) (MS)

α
, (9.14)
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where

MAOC is the motor annual operating cost,
α is the motor efficiency,
MS is the motor size expressed in horsepower,
EC is the electricity cost expressed in dollars per kilowatt hour ($/KWH),
MAOH is the motor annual operating hours.

Example 9.7

Assume that a 60-horsepower AC motor is operated for 3000 h per year and the cost
of electricity is $0.15/KWH. The motor efficiency is 95%.

Calculate the motor annual operating cost.
Inserting the specified data values into Eq. (9.14) we get

MAOC =
(0.746)(3000)(0.15)(60)

0.95
= $21,202.1 .

Thus, the motor annual operating cost is $21,202.10.

9.3.6 Failure Mode and Effect Analysis Cost Estimation Model

This model is concerned with estimating the cost of performing Failure Mode and
Effect Analysis (FMEA). The cost of performing FMEA is expressed by

Cf = nCh , (9.15)

where
Cf is the cost of performing FMEA,
n is the number of hours needed to perform FMEA,
Ch is the hourly cost of performing FMEA.

The number of hours needed to perform FMEA is expressed by

n = m(17.79), (9.16)

where

m is the number of unique items requiring FMEA, the number of circuit cards
for piece part and circuit-level FMEA, or the number of pieces of equipment
for equipment level FMEA. The value of m varies from 3 to 206 [9].
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9.3.7 Reliability Testing Cost Estimation Model

This model is concerned with estimating the cost of reliability testing. Thus, the cost
of reliability testing is expressed by [9]

RTC = (RTCh) (T ) , (9.17)

where

RTC is the reliability testing cost,
T is the number of hours needed to perform reliability testing,
RTCh is the hourly cost of performing reliability testing.

The number of hours needed to perform reliability testing is expressed by

T = (182.07)θ , (9.18)

where

θ is the factor whose value depends on the complexity of hardware;
for more than 25,000 parts (θ = 3), for between 15,000 and
25,000 parts (θ = 2), and for less than 15,000 parts (θ = 1).

9.4 Life Cycle Costing Concept

This is a widely used concept in the industrial sector; its history may be traced back
to 1965, when the Logistics Management Institute of Washington, D.C. prepared
a document entitled “Life Cycle Costing in Equipment Procurement” [15]. The life
cycle cost of an item may be described as the sum of all costs (i.e., acquisition and
ownership) over its entire life span.

Some of the important reasons for the increasing use of the life cycle costing con-
cept in the industrial sector are competition, rising maintenance costs, budget limi-
tations, costly products (e.g., military systems, aircraft), greater ownership costs in
comparison to acquisition costs, and increasing cost-effectiveness awareness among
product users. The life cycle costing concept can be used for various purposes. Some
of the important ones are as follows [15, 16]:

• Selecting among options
• Forecasting future budget needs
• Deciding the replacement of aging equipment
• Choosing the most beneficial procurement policy
• Making strategic decisions and design tradeoffs
• Determining cost drivers
• Improving comprehension of basic design-associated parameters in product de-

sign and development
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Fig. 9.1 Specific data required to perform life cycle costing studies of equipment

Various types of data are required to perform life cycle costing studies of equipment.
Some of the specific data required are shown in Fig. 9.1 [10, 15–17].

9.5 Life Cycle Costing Steps

A life cycle costing study can be performed by following seven steps listed be-
low [18].

• Determine useful life of the item/equipment under consideration.
• Obtain estimates of all involved costs (e.g., acquisition and maintenance costs).
• Determine item/equipment terminal cost.
• Subtract the item/equipment terminal cost from its ownership cost.
• Discount the end result of the preceding step to the present value.
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• Calculate the item/equipment life cycle cost by adding the result of the previous
step to the item/equipment procurement cost.

• Repeat the above steps for all items/equipment under consideration for acquisi-
tion.

9.6 Life Cycle Cost Estimation Models for Mining Equipment

Over the years, many mathematical models have been developed to estimate the life
cycle cost of items/equipment [10]. They may be classified under two categories:
general and specific. The general life cycle cost models are not tied to any specific
item, whereas the specific life cycle cost models are tied to specific items/equipment.
This section presents two general models considered useful for application in the
mining industry.

9.6.1 Model I

In this case, the item/equipment life cycle cost is classified under two major cat-
egories: recurring cost and nonrecurring cost. Thus, the item/equipment life cycle
cost is expressed by

LCC = Cr +Cn , (9.19)

where
LCC is the item/equipment life cycle cost,
Cr is the item/equipment recurring cost,
Cn is the item/equipment nonrecurring cost.

The item/equipment recurring cost, Cr, is

Cr =
5

∑
i=1

RCi , (9.20)

where

RCi is the ith recurring cost: (i = 1) operating, (i = 2) maintenance, (i = 3) labor,
(i = 4) inventory, and (i = 5) support.

Similarly, the item/equipment nonrecurring cost, Cn, is expressed by

Cn =
10

∑
i=1

NRCi , (9.21)
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where

NRCi is the ith nonrecurring cost: (i = 1) acquisition, (i = 2) transportation,
(i = 3) research and development, (i = 4) training, (i = 5) support,
(i = 6) life cycle cost management, (i = 7) installation,
(i = 8) equipment qualification approval, (i = 9) reliability
and maintainability improvement, and (i = 10) test equipment.

9.6.2 Model II

In this model, the item/equipment life cycle cost is divided into four areas: research
and development cost, production and construction cost, operation and support cost,
and disposal cost. Thus, mathematically the item/equipment life cycle cost is ex-
pressed by

LCC = Crd +Cpc +Cos +Cd , (9.22)

where

Crd is the item/equipment research and development cost,
Cpc is the item/equipment production and construction cost,
Cos is the item/equipment operation and support cost,
Cd is the item/equipment disposal cost.

The item/equipment research and development cost is made up of seven major com-
ponents: research cost, product planning cost, engineering design cost, software
cost, test and evaluation cost, design documentation cost, and life cycle manage-
ment cost.

The main components of the item/equipment production and construction cost
are construction cost, quality control cost, industrial engineering and operations
analysis cost, manufacturing cost, and initial logistics support cost. Three major
elements of the item/equipment operation and support cost are product distribution
cost, sustaining logistic support cost, and product/equipment operation cost.

Finally, the item/equipment disposal cost is expressed by

Cd = Cer + kθ (Cod −Vr) , (9.23)

where

Cer is the equipment ultimate retirement cost,
θ is the condemnation factor,
k is the total number of unscheduled maintenance actions,
Vr is the reclamation value,
Cod is the overall equipment disposal cost.
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Example 9.8

A mining organization using a certain piece of equipment in its underground op-
erations is contemplating replacing it with a better one. Three manufacturers are
bidding to sell the equipment. The data given in Table 9.1 are available on these
three manufacturers’ equipment.

Using life cycle costs, determine which of the three pieces of equipment the
mining organization would purchase.

Using the Table 9.1 data, we get the following annual expected failure costs of
equipment A, B, and C, respectively:

EFCA = (0.05)(8000) = $400 ,

EFCB = (0.06)(9000) = $540 ,

and
EFCC = (0.04)(7000) = $280 ,

where
EFCA is the annual expected failure cost of equipment A,
EFCB is the annual expected failure cost of equipment B,
EFCC is the annual expected failure cost of equipment C.

Using the given and calculated data values and Ref. [10], we get the following
present values of equipment A, B, and C failure costs over their useful lives:

PVEFCA = 400

[

1− (1 + 0.07)−10

0.07

]

= $2809.4 ,

PVEFCB = 540

[

1− (1 + 0.07)−10

0.07

]

= $3792.7 ,

and

PVEFCC = 280

[

1− (1 + 0.07)−10

0.07

]

= $1966.6 ,

Table 9.1 Data for three pieces of mining equipment manufactured by three different
manufacturers

No. Description Equipment A Equipment B Equipment C

1 Selling price $400,000 $350,000 $425,000
2 Useful operating life 10 years 10 years 10 years
3 Annual failure rate 0.05 failures 0.06 failures 0.04 failures
4 Cost of a failure $8000 $9000 $7000
5 Annual operating cost $6000 $8000 $4000
6 Annual interest rate 7% 7% 7%
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where

PVEFCA is the present value of equipment A operating costs over its useful life,
PVEFCB is the present value of equipment B operating costs over its useful life,
PVEFCC is the present value of equipment C operating costs over its useful life.

Using the given and calculated values, the life cycle costs of equipment A, B, and C
are

LCCA = 400,000 + PVEFCA + PVEOCA

= 400,000 + 2809.4 +42,141.5

= $444,950.9 ,

LCCB = 350,000 + PVEFCB + PVEOCB

= 350,000 + 3792.7 +56,188.7

= $409,981.4 ,

and

LCCC = 425,000 + PVEFCC + PVEOCC

= 425,000 + 1966.6 +28,094.3

= $455,060.9 ,

where
LCCA is the life cycle cost of equipment A,
LCCB is the life cycle cost of equipment B,
LCCC is the life cycle cost of equipment C.

As the life cycle cost of equipment B is the lowest, it should be purchased by the
mining organization.

9.7 Problems

1. List at least seven important reasons for mining equipment costing.
2. Define the term “life cycle cost”.
3. Outline the steps to perform a life cycle costing study.
4. List at least eight specific data items required to perform life cycle costing stud-

ies of, say, mining equipment.
5. What is the benefit/cost analysis method?
6. A mining organization is considering purchasing a piece of equipment to be used

in mines that requires $600,000 in investment and $40,000 in working capital.
It is estimated that the use of the equipment will generate average net profits of
$27,000 per year.
Calculate the return on the original investment.
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Table 9.2 Data for mining equipment under consideration

No. Description Manufacturer A’s equipment Manufacturer B’s equipment

1 Selling price $300,000 $350,000
2 Annual failure rate 0.04 failures 0.05 failures
3 Useful operating life 15 years 15 years
4 Cost of a failure $4000 $3500
5 Annual operating cost $10,000 $9000
6 Annual interest rate 6% 6%

7. Describe payback period method.
8. Assume that a piece of mining equipment is scheduled for 5000 h of operation

in one year and its estimated mean time between failures and mean time to re-
pair are 2500 h and 5 h, respectively. Calculate the equipment annual corrective
maintenance labor cost if the hourly maintenance labor cost rate is $30.

9. A mining organization spent $400 million to construct a mining site whose an-
nual output is 15,000 tonnes. The organization is considering constructing an-
other similar site whose annual output will be 35,000 tonnes. Estimate the cost
of the new site if the value of the cost-capacity factor is 0.8.

10. A mining organization is considering purchasing a piece of mining equipment,
and two manufacturers are bidding to sell the equipment. Table 9.2 presents
data available on both the manufacturers’ equipment. Determine which of the
two pieces of equipment the mining organization would purchase based on their
life cycle costs.
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Chapter 10
Introduction to Mining Equipment Safety

10.1 Introduction

Mine safety is an important issue that is all too frequently overlooked in an industrial
sector that has been squeezed hard by recent economic events. A mining accident is
quite dangerous, and often deadly accidents occur during the process of mining vari-
ous types of minerals from underneath the Earth’s surface. Some of the causes for
the occurrence of mining accidents are dust explosions, flooding, asphyxiant gases,
and general mechanical errors from improperly used or malfunctioning engineering
equipment.

In the past, underground mining equipment basically consisted of simple but
rugged machines powered by hydraulics and electric motors. Today such equipment
has become powerful, complex, and sophisticated and requires a high degree of skill
to operate and maintain it economically, effectively, and safely. For example, a series
of accidents, including two traffic accidents involving a private car, a minibus, and
an excavator, at a major copper mine in Chile, halted production for 23 h and cost
the company around $700,000 in lost production [1].

In 1977, the US Congress passed the Mine Safety and Health Act (i.e., Mine Act)
to improve safety in the nation’s mines. As a result of this Act, the US Department
of Labor established an agency called the Mine Safety and Health Administration
(MSHA) [2]. The main goal of this agency is to enforce compliance with mandatory
safety and health standards as a means to eliminate fatal accidents, to minimize the
severity and frequency of nonfatal accidents, to reduce health-related hazards, and
to promote better health and safety conditions in US mines.

This chapter presents various important aspects of mining equipment safety.
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10.2 Facts and Figures

Some of the facts and figures concerning, directly or indirectly, mining equipment
safety are as follows:

• In 2006, in the USA 72 miners were killed at work, 47 in coal mining [3, 4].
• Annual mining deaths in the USA decreased from around 500 in the late 1950s

to about 93 during the 1990s [5].
• During the period 1991–1999, an average of 21,351 mine-related injuries per

year occurred in the USA [5].
• During the period 1983–1992, a total of 81 fatalities occurred in quarries in the

UK [6].
• In 2004, 17% of the 37,445 injuries in US underground coal mines were con-

nected with bolting machines [7].
• During the period 1990–1999, 197 equipment fires caused 76 injuries in coal

mining operations in the USA [8].
• As per Ref. [9], over 25% of underground coal mining accidents occurred during

maintenance activity.
• During the period 1983–1990, according to injury data for independent con-

tractor employees in the mining industry, around 20% of the coal-mine-related
injuries occurred during machine maintenance activity or while using hand
tools [10].

• During the period 1978–1988, maintenance activity accounted for 34% of all
lost-time injuries in US mines [11].

• The average fatality rate in the US mining industry was 27.7 per 100,000 workers,
as opposed to 4.8 per 100,000 workers in all US industries during the period
1992–2001 [12].

• During the period 1990–1999, electricity was the fourth leading cause of deaths
in the US mining industry [13].

10.3 Quarry Accidents and Electrical-, Equipment Fire-,
and Maintenance-related Mining Accidents

Nowadays, quarries are considerably more automated and working conditions in
them are more comfortable and safer than decades ago. Unfortunately, many fatali-
ties still occur in quarries. For example, according to a UK study, during the period
1983–1993, 81 fatalities occurred in UK quarries [6]. The breakdown of these fatal-
ities is as follows [6]:

• Vehicle-related (i.e., run over by a vehicle, trapped under vehicle body, vehicles
colliding with plant or other vehicles, vehicle overturned on quarry floor or road,
and vehicles running over open edge of quarry face bench or ramp): 41%

• Stumbling, falling, and slipping: 13%
• Trapped between belt and head/tail drum rollers: 11%
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• Falling objects or ground: 8%
• Maintenance (i.e., while maintaining plant or equipment): 5%
• Crusher blockage (i.e., while clearing feeder or crusher blockages): 4%
• Buried in material: 4%
• Contact with overhead electricity lines: 3%
• Miscellaneous: 11%

A detailed analysis of these fatal accidents revealed that human error was an impor-
tant factor in areas such as vehicles; maintenance; stumbling, falling, and slipping;
and clearing blockages in feeders, crushers, or conveyors.

During the period 1990–1999, a total of 1926 electrical accidents occurred in
US mines. Seventy-five of these accidents were fatal [13]. This means electricity
was the fourth leading cause of deaths in US mines during the specified period.
Furthermore, about 50% of all mine electrical injuries and fatalities occur during
the electrical maintenance activity.

A detailed analysis of the data revealed that core problem areas were circuit
breakers (i.e., 313 of 1926 accidents) cables (i.e., 309 of 1926 accidents), batter-
ies (i.e., 242 of 1926 accidents), working on energized circuits (i.e., 163 of 1926
accidents), grounding (i.e., 204 of 1926 accidents), and using meters and test leads
for troubleshooting (i.e., 90 of 1926 accidents) [13].

Equipment fires can be very dangerous to the safety of miners, particularly when
they occur in confined spaces of underground mines. For example, during the period
1990–1999, a total of 197 equipment fires occurred in US coal mines that caused
76 injuries [8]. These fires were analyzed under four categories in a National Insti-
tute for Occupational Safety and Health (NIOSH) study. The categories and their
corresponding core findings were as follows [8]:

• Underground equipment fires. There were a total of 26 equipment fires in un-
derground coal mines, and 10 of them caused 10 injuries.

• Surface fires at underground mines. There were a total of 14 equipment fires
at the surface of underground coal mines, and 4 of these fires caused 4 injuries.

• Surface coal mine equipment fires. There were a total of 140 equipment fires
at the surface coal mines, and 56 of them caused 56 injuries.

• Prep plant fires. There were a total of 17 equipment fires at the coal preparation
plants, and 6 of these fires caused 7 injuries.

Various types of accidents occur during mining equipment maintenance. Some of
the commonly occurring maintenance-related accidents in underground coal mines
are presented in Table 10.1 [14].

10.4 Causes of Mining Equipment Accidents and Major Ignition
Sources for Mining Equipment Fires

Over the years many studies have been performed to identify the causes of mining
equipment accidents. One such study was conducted by the US Bureau of Mines
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Table 10.1 Some commonly occurring maintenance-related accidents
in underground coal mines

No. Type of accident

1 Falling object
2 Stationary object
3 Flying object
4 Struck by object/machinery
5 Caught, moving-stationary
6 Overexertion, lifting
7 Contact with hot object
8 Rolling object
9 Inhalation of noxious fumes
10 Caught, moving objects
11 Overexertion, push-pull
12 Fall on object

(now NIOSH) [15]. The study revealed seven main causes of mining equipment ac-
cidents, as shown in Fig. 10.1 [15]. However, with respect to design another US
Bureau of Mines study concluded that no matter how much expertise the engineers
had or the type of design problem being considered, typical engineers fail to con-
sider human factors effectively when designing [16].

According to Ref. [8], major ignition sources for equipment fires in US coal
mines during the period 1990–1999, in descending order, were as follows:

• Hydraulic fluid/fuel on equipment hot surfaces
• Flame cutting/welding spark/slag
• Electric short/arcing
• Engine malfunction

Fig. 10.1 Main causes of mining equipment accidents
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10.5 Methods for Performing Mining Equipment Safety Analysis

There are many methods that can be used to perform mining equipment safety analy-
sis [17]. Six of these methods considered most useful to perform mining equipment
safety analysis are preliminary hazards analysis, failure modes and effects analysis,
management oversight and risk tree (MORT) analysis, consequence analysis, binary
matrices, and human reliability analysis [18]. Each of these methods is described
below, separately.

10.5.1 Preliminary Hazards Analysis

Preliminary hazards analysis (PHA) is an effective method to identify the potential
hazardous conditions inherent in a system and evaluate the significance of potential
accidents. The method is composed of ten steps, shown in Fig. 10.2 [18].

Some of the main advantages of PHA are as follows [18]:

• It is a simple and straightforward safety analysis method that qualitatively con-
siders all aspects of a system.

• Anyone possessing a detailed knowledge of the system under consideration can
perform an effective PHA.

• It is a fairly cost-effective approach.

In contrast, the disadvantages of PHA include use of a columnar format that may
cause the analyst to fall into a “form-filling mode,” the fact that it is a qualitative
approach, etc.

The application of PHA to a mining system is demonstrated in Ref. [18].
Nonetheless, most of the hazardous energy sources and hazardous processes and
events that may be associated with a mining system are presented in Tables 10.2
and 10.3, respectively [18]. This information could be useful in performing PHA of
a mining system.

10.5.2 Failure Modes and Effect Analysis (FMEA)

This method is widely used in the industrial sector to perform reliability and safety
analyses of engineering systems. FMEA is an effective qualitative approach used
to identify all possible ways in which particular pieces of equipment can fail and
the possible resulting effects on the total system and associated personnel. Thus,
the method can be used to examine the failures of elements of a mining system and
determine the effects of such failures on people and objects at the mine. The main
steps involved in performing FMEA are as follows [18]:
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Fig. 10.2 Preliminary hazard analysis (PHA) steps
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Table 10.2 Potentially hazardous energy sources in a mining system

No. Hazardous energy source

1 • Pressure containers
2 • Mechanical equipment
3 • Electrical generators
4 • Rotating machinery
5 • Charged electrical capacitors
6 • Suspension systems
7 • Fuels and mine gases
8 • Storage batteries
9 • Spring-loaded devices
10 • Impacting machinery
11 • Pumps, fans, and blowers
12 • Heating devices

Table 10.3 Potentially hazardous processes and events in a mining system

No. Hazardous process/event

1 • Mechanical shock
2 • Drilling
3 • Fire
4 • Vibration
5 • Pressure
6 • Explosion
7 • Climbing
8 • Moisture (high humidity)
9 • Acceleration
10 • Heat and temperature
11 • Hoisting (kinetic energy)
12 • Conveying
13 • Excavation

• Step 1. Obtain sufficient working knowledge of the system under consideration.
• Step 2. Establish the appropriate FMEA format.
• Step 3. Choose the first subsystem for analysis and list its components.
• Step 4. Choose the first component to be analyzed.
• Step 5. Identify and analyze all possible failure modes of the initial component

and their anticipated effects.
• Step 6. Choose and analyze the remaining components of the first subsystem by

repeating step 5 for each component or part.
• Step 7. Continue until all subsystems and components have been analyzed by

repeating steps 4 to 6 for each subsystem.
• Step 8. Prepare a list of items considered critical.

Some of the main advantages of FMEA are that it has a simple analysis procedure,
is a useful visibility tool for management, employs a procedure that starts from the
detailed level and works upward, and its format provides an orderly and structured
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examination of the hazardous conditions inherent in an industrial process. In con-
trast, the major drawback of using FMEA is that it considers only one failure at
a time. Additional information on FMEA is available in Chap. 3.

The application of FMEA to an underground coal mining system is demonstrated
in Ref. [18].

10.5.3 Management Oversight and Risk Tree (MORT) Analysis

The MORT method is based basically on a document prepared by W.G. Johnson
in 1973 [19] and is a comprehensive safety assessment tool that can be applied to
any mine safety program. The method focuses on administrative or programmatic
control of hazardous conditions and is designed to identify, evaluate, and prevent
safety-related errors, omissions, and oversights by workers and management per-
sonnel that can cause accidents. The main steps used in performing MORT analysis
are shown in Fig. 10.3 [18].

Some of the main advantages of the MORT analysis are that it is a comprehensive
approach that attempts to evaluate all aspects of safety in any type of work, is useful
for examining all three aspects of an industrial system (i.e., humans, hardware, and
management) as they collectively cause accidents, and the results of MORT analysis
can suggest appropriate improvements to an existing safety program that could be
helpful in saving lives, reducing injuries, and reducing property damage.

Some of the disadvantages of the MORT analysis method are that it creates a vast
amount of complex detail, is a time-consuming approach, and emphasizes manage-
ment’s responsibility to provide a safe workplace. The application of the MORT
analysis to a mining system is demonstrated in Ref. [18].

10.5.4 Consequence Analysis

Consequence analysis is concerned with determining an undesired event’s impact
on items such as adjacent property, people, or the environment. Some examples
of an undesired event are fire, explosion, projection of debris, and the release of
toxic material. The primary consequences of concern in the area of mining include
injuries, losses due to property/equipment damage and operational downtime, and
fatalities. Needless to say, consequence analysis is one of the intermediate steps of
safety analysis as accident consequences are normally determined, initially using
approaches such as FMEA or PHA.

Additional information on consequence analysis in regard to its application in
the area of mining is available in Ref. [18].
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Fig. 10.3 Main steps for performing MORT analysis

10.5.5 Binary Matrices

As many safety analysis methods do not adequately address interactions among the
elements or subsystems of a system, in this regard, a binary matrix is a useful, log-
ical, and qualitative approach to identifying system interactions [20]. This method
can be used during the system-description stage of safety analysis or as a final check-
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point in a PHA or FMEA to ensure that all important dependencies associated with
the system have been considered in the analysis in an effective manner.

The specific tool used in binary matrices is the binary matrix that contains in-
formation on the relationships between the elements/components of a system. The
objective of this matrix is to identify the one-on-one dependencies that exist between
system elements/components. All in all, the matrix serves merely as an effective tool
to “remind” the involved analyst that failures in one part of a system may affect, to
a certain degree, the normal operation of other, seemingly unrelated, subsystems in
completely separate areas.

The application of the method to a mining system is demonstrated in Ref. [18].

10.5.6 Human Reliability Analysis

Human reliability analysis may simply be described as the study of human perfor-
mance within a complex man-machine operating system. The method is quite useful
for developing qualitative information concerning the causes and effects of human
error in specific conditions. Human reliability analysis is performed by following
the six steps listed below [18].

• Step 1. Describe the goals and functions of the system under consideration.
• Step 2. Describe all possible situational characteristics.
• Step 3. Describe the characteristics of the involved personnel.
• Step 4. Describe the tasks and jobs performed by the involved personnel.
• Step 5. Perform an analysis of the tasks and jobs to identify error-likely situations

and other possible problems.
• Step 6. Suggest appropriate changes to the system under consideration.

All of the above steps are described in detail in Refs. [18,21]. The application of the
method to a mining system is demonstrated in Ref. [18].

10.6 Hazardous Area Signaling and Ranging Device (HASARD)
Proximity Warning System

Over the years a large number of surface and underground mining personnel have
been killed or permanently disabled because of working near machinery and pow-
ered haulage. For example, in surface mining operations, around 13 people are killed
each year by being run over or pinned by mobile mining systems/equipment [22].
In the area of underground mining in the USA, during the period 1988–2000,
around 23 fatalities were associated with mining personnel getting caught, pinned,
or crushed by continuous mining equipment. An analysis of these fatalities revealed
that, although in most cases the mining workers are aware of the dangers, they be-
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come preoccupied with operating their equipment and fail to realize when they or
their associates stray into or are subjected to hazardous conditions.

To overcome problems such as these an active proximity warning system called
HASARD (hazardous area signaling and ranging device) was developed by the Na-
tional Institute for Occupational Safety and Health (NIOSH). The system warns
mine workers when they approach known hazardous areas around heavy mining
equipment and other hazardous work zones. HASARD is composed of the follow-
ing two items [22]:

• Transmitter: generates a 60-KHz magnetic field using one or more wire loop
antennas. Each antenna is adjusted as the need arises to establish a magnetic
field pattern for each hazardous zone.

• Receiver: a magnetic field strength meter worn by mining workers. The received
signal is compared with preset levels, which are calibrated to highlight danger
levels. The receiver outputs can be made to disable machine operations and can
include vibratory, audible, and visual indicators.

All in all, HASARD has proven to be a very useful tool and is rugged enough to
withstand the harshest production environments. Additional information on
HASARD is available from Ref. [22].

10.7 Human-Factor-related Tips for Safer Mining Equipment,
Guidelines to Improve Electrical Safety in the Mining
Industry, and Strategies to Reduce Mining Equipment Fires
and Injuries

As equipment is the primary cause of injury in about 11% of all mining accidents
and a secondary cause in another 10%, it is very important that new equipment in-
corporate good human-factor design criteria that maximize the safety of mine work-
ers [23]. In this regard, human-factor-related tips for safer mining equipment are
divided into four areas as follows [23]:

• Control design
• Workstation layout
• Seating
• Visibility

Some of the useful tips concerning control design are as follows: (i) ensure that
operators can identify the appropriate controls, quickly and accurately; (ii) ensure
that all controls have sufficient resistance to reduce the possibility of inadvertent
activation by the weight of a hand or foot; (iii) ensure that all design controls comply
with anthropometric data on human operators; (iv) ensure that all design controls
can withstand or guard against abuse, such as from falling roof and ribs or from the
forces imposed during a panic response in an emergency stop; and (iv) ensure that
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the speed of a vehicle or component is proportional to the control displacement from
its rest position and in the same direction.

Some of the useful tips associated with workstation layout are the following:
(i) ensure that the workstation fits operators from the 5th to 95th percentile range;
(ii) ensure that the relative placement of controls and displays for similar types of
equipment is maintained; (iii) anticipate all potential safety hazards and required
emergency actions prior to starting the design process; and (iv) distribute workload
as evenly as possible between hands and feet.

Some of the useful tips concerning seating are: (i) ensure that the seat provides
appropriate design features for guarding against shocks caused by rough roads and
minor collisions that tend to unseat the involved individual; (ii) design the seat in
such a way that mine workers can easily maintain or replace it; (iii) ensure that the
seat fits and adjusts to body dimensions, supports posture, and distributes weight to
relieve pressure points; (iv) ensure that the seat does not hinder the ability of the
operator to enter or exit the workstation; and (v) ensure that the seat does not hinder
the operator’s ability to control the equipment/machine.

Finally, two of the useful tips concerning visibility are: (i) ensure that the work-
station provides an unobstructed line of sight to locations or objects that should be
visible to carry out a task safely and effectively and (ii) ensure that there is ade-
quate contrast between the luminance of the object or location of interest and the
surrounding background, so that the task can be carried out safely and effectively.

Some of the useful guidelines to improve electrical safety in the mining industry
are as follows [13]:

• Improve system design.
• Use power line avoidance devices.
• Improve electrical maintenance procedures and schedules.
• Provide power line awareness training.
• Target training at known problem areas.

Finally, some of the strategies to reduce mining equipment fires and injuries are as
follows [8]:

• Perform equipment hydraulic, fuel, and electrical system inspections more thor-
oughly and frequently.

• Develop more rapid equipment/cab fire detection systems having an audible/
visible cab alarm.

• Provide frequent emergency preparedness training to individuals operating the
equipment.

• Improve systems concerned with equipment/cab fire prevention/suppression.
• Develop appropriate new technologies for fire barriers, emergency hydraulic line

drainage/safeguard system, and emergency engine/pump shutoff.
• Develop appropriate and effective local firefighting response capabilities.
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10.8 General Areas for Safety Improvements in Mines

Over the years, many general areas for safety improvements in the mining industry
have been identified. Most of these areas are shown in Fig. 10.4 [12]. In the area
of machinery, improved hardware, operating conditions, and machine design guide-
lines are considered essential to reduce injuries to mine workers working on or near
equipment.

In the area of slips and falls, better procedures and equipment are considered
essential to eliminating injuries while mounting or dismounting from a vehicle with
ladders. In the area of powered haulage, the development and implementation of
new and improved collision warning systems is considered essential to reducing
worker exposure to moving vehicles and equipment. Furthermore, better methods
to reduce operator jolting and jarring on mobile equipment will be helpful to reduce
back injuries.

In the areas of high-wall collapse, new hazard-recognition methods for identify-
ing unstable high walls and slopes are considered necessary so that innovative haz-
ard mitigation strategies can be used effectively. With respect to electrical, the use
of overhead power line contact proximity alarms for mobile equipment is consid-

Fig. 10.4 General areas for safety improvements in the mining industry
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ered essential on more mobile equipment. In the area of falling, rolling, and sliding
material, appropriate methods to detect, mitigate, and/or eliminate material bridging
in storage piles, silos, bins, and hoppers need to be developed for reducing injuries
from collapsing materials.

As for the collapse of roofs, existing technology to warn of ground-stability-
related hazards needs to be used by a larger proportion of the mining sector. Finally,
in the area of handling materials, appropriate changes in the way manual tasks are
performed or mechanization of such tasks are considered necessary to reduce back-
related injuries.

10.9 Problems

1. List at least five facts and figures directly or indirectly concerned with mining
equipment safety.

2. Discuss quarry-related accidents.
3. Discuss mining equipment fire-related accidents.
4. List at least ten commonly occurring maintenance-related accidents in under-

ground coal mines.
5. What are the main causes of mining equipment accidents?
6. List and discuss at least four methods that can be used effectively to perform

mining equipment safety analysis.
7. Describe the hazardous area signaling and ranging device (HASARD).
8. List at least five useful guidelines to improve electrical safety in the mining

industry.
9. Discuss strategies to reduce mining equipment fires and injuries.

10. List and discuss the five most useful general areas for safety improvements in
mines.
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Chapter 11
Programmable Electronic Mining System Safety

11.1 Introduction

Generally, mining was traditionally a low-tech industrial sector. Today, it is driven
by competitive pressures to go high-tech by using programmable electronics (PE) in
areas such as mine processing equipment, mine monitoring systems, longwall min-
ing systems, and automated haulage. Just as in other areas, the application of PE
technology (i.e., software, programmable logic controllers (PLCs), and micropro-
cessors) in the mining sector has created unique challenges for system design, verifi-
cation, operation, maintenance, and assurance of functional safety [1]. More specif-
ically, although the application of PE provides numerous benefits, it certainly adds
a level of complexity that, if not considered with care, may compromise the safety
of mine workers (i.e., it can create new hazards or worsen the existing ones) [2, 3].

PE technology has various types of unique failure modes that are quite different
from mechanical or hard-wired electronic systems traditionally used in the mining
sector. Needless to say, the mining industry’s experience with the functional safety
of PE is quite limited in comparison to other industries. This simply means that the
application of the PE technology in the mining sector, with respect to safety, must
be considered with care.

This chapter presents various important aspects of PE mining system safety.

11.2 Programmable Electronics Usage Trends in Mining

The mining industry is increasingly using new technologies including programmable
electronics (PE) due to various factors. A study of informal industry surveys, in-
dustry studies, and published equipment surveys revealed that the usage of PE in
the mining sector is not limited to specific systems, mining methods, or commodi-
ties [4]. In fact, their usage can be grouped under three basic areas, as shown in
Fig. 11.1 [4]. These are control, protection, and monitoring. Within the framework
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Fig. 11.1 Basic areas of programmable electronics usage

of these three basic areas are many application areas. Some of these are as fol-
lows [4]:

• Longwall coal mining systems
• Mine elevators and hoists
• Remote controllers for underground mining machines
• Automated haulage vehicles for surface and underground metal/nonmetal mines
• Mine atmospheric monitoring systems that monitor methane, carbon monoxide,

and fresh airflow

Underground mine atmospheric monitoring and control began in the late 1970s, and
in the 1990s almost 17% of all underground mines were equipped with computer-
based systems [4]. Similarly, from 1990 to 1996, usage of programmable longwall
systems doubled, i.e., to around 95% of all longwalls in the USA. Furthermore,
microprocessor technology is increasingly being used in the control and monitoring
of conveyor systems.

Today, industrywide trends are inclined toward more use and complexity as ma-
chinery in general moves from localized PE control to distributed control of pro-
cesses and machines. All in all, this trend is expected to increase in the future due
to factors such as economic pressures, lower grades of ores and coal, and increasing
degrees of difficulties in physically accessing such resources.

11.3 Programmable-electronic-related Mishaps

Today programmable-electronic-related mishaps are an important issue in the min-
ing industry. The Mine Safety and Health Administration’s (MSHA) serious think-
ing about the functional safety of PE-based mining systems started in 1990 as a re-
sult of the occurrence of an unplanned longwall shield mishap [5]. During the period
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1995–2001, a total of 11 PE-related mining incidents were reported in the USA;
four of these were fatalities [1, 6]. During the same time period (i.e., 1995–2001),
71 incidents were reported in underground coal mines in New South Wales (NSW),
Australia [1].

A study of both sets of data, i.e., from the USA and Australia, revealed that
the majority of mishaps involved unexpected movements or startups of PE-based
mining systems. In 1991, MSHA performed a study of all longwall installations with
respect to PE. The study revealed that 35% had experienced unexpected movements
basically due to the following problems [1, 5]:

• Sticking or defective solenoid valves
• Software programming errors
• Operator error
• Water ingress

A detailed analysis of the above US and Australian data sets reported the four major
factors shown in Fig. 11.2, which contributed to PE-based mishaps [5, 7]. How-
ever, the solenoid valve problems were the leading factor contributing to PE-based
mishaps.

In response to the above longwall mishaps, MSHA recommended improvements
in items as follows:

• Operator training
• Timely maintenance
• Maintaining alertness for abnormal operational sequences that might be indica-

tive of a software problem
• Maintaining integrity of enclosure sealing

Fig. 11.2 Major factors contributing to programmable-electronics-based mishaps
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Subsequently, MSHA realized the shortcomings of the above approach for complex
PE mining systems and then proposed a safety framework largely based on the IEC
61508 safety life cycle [8].

11.4 Methods for Performing Hazard and Risk Analysis
of Programmable Electronic Mining Systems

Many methods can be used to perform hazard and risk analysis of programmable
electronic mining systems. The most useful ones are as follows [9]:

• Preliminary hazard analysis (PHA)
• Failure mode and effect analysis (FMEA)
• Fault tree analysis (FTA)
• Hazard and Operability studies (HAZOP)
• Event tree analysis (ETA)
• Interface analysis
• Action error analysis (AEA)
• Operating and support analysis (OASA)
• Sequentially timed events plot (STEP) investigation system
• Potential or predictive human error analysis

PHA and FMEA are described in Chap. 10 and FTA in Chap. 3. The remaining
methods are presented below, separately [3].

11.4.1 Hazard and Operability Studies (HAZOP)

This is a systematic and structured qualitative method that had its beginnings in the
chemical process industry [3,9–11]. HAZOP has proven to be an effective approach
to identifying unforeseen hazards designed into facilities for various reasons, or
hazards introduced into already existing facilities due to factors such as changes
made to process conditions or operating procedures.

Three basic objectives of HAZOP are as follows [11]:

• Produce a complete facility/process description.
• Review all facility/process elements to determine how deviations from the design

intentions can occur.
• Decide whether the above deviations can lead to operating hazards/problems.

A HAZOP study can be performed by following the five steps listed below [11,12].

• Establish study objectives and scope. This is concerned with developing study
objectives and scope by considering all relevant factors.
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• Form HAZOP Team. This involves forming a HAZOP team composed of per-
sons from design and operation with appropriate experience to determine all pos-
sible effects of deviations from intended applications.

• Collect all types of relevant information. This involves obtaining the necessary
documentation, drawings, and process description. More specifically, it includes
items such as equipment specifications, layout drawings, process control logic
diagrams, operating and maintenance procedures, and emergency response pro-
cedures.

• Analyze all major pieces of equipment and supporting items. This involves
performing analysis of all major items of equipment and all supporting equip-
ment, piping, and instrumentation using the documents obtained in the previous
step.

• Document the study. This is the final step and is concerned with documenting
items such as consequences of any deviation from the norm, a summary of de-
viations from the norm, and a summary of deviations considered credible and
hazardous.

Three main advantages of HAZOP are as follows [3]:

• Very good track record of previous use and success.
• Does not require specialized tools or extensive training.
• Can produce detailed and comprehensive results.

In contrast, two main drawbacks of HAZOP are that it can be quite time consuming
for large and complex systems and it is best for short time periods only because team
members can loose effectiveness. The application of HAZOP to a mining system is
demonstrated in Ref. [3].

11.4.2 Event Tree Analysis

This is a “bottom up” approach to identifying the possible outcomes when the prob-
ability of occurrence of the initiating event is known. The method has proven to be
an effective tool for analyzing facilities having engineered accident-mitigating char-
acteristics for identifying the sequence of events that follow the initiating event and
produce given sequences. Normally, it is assumed that each sequence event is either
a failure or a success.

Because of the inductive nature of this approach, the fundamental question ad-
dressed is “What happens if . . . ?” Usually, ETA is used to perform analysis of more
complex systems than those handled by the failure mode and effect analysis ap-
proach.

Two main advantages of ETA are that it is an effective tool for single events with
multiple outcomes and for high risks not amenable to simpler analysis methods [3].
In contrast, its disadvantages include an extremely time-consuming approach and
that the event occurrence probabilities may be difficult to estimate. Additional in-
formation on ETA is available in Refs. [11–13].
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11.4.3 Interface Analysis

Interface analysis is used to determine the incompatibilities between subsystems
and assemblies of an item/product that could result in serious accidents. The analy-
sis establishes that distinct units/parts can be integrated into a fairly viable system
and the normal operation of a part/unit will not impair the performance or damage
another part/unit or the entire system.

The relationships considered by the analysis can be grouped under three areas,
shown in Fig. 11.3 [11, 14].

Flow relationships are concerned with two or more units where flow between
these units may involve air, steam, water, electrical energy, fuel, steam, or lubricant
oil. In addition, flow could be unconfined, such as heat radiation from one item to
another. The frequent flow-related problems associated with many products are the
proper level of flow of fluids and energy from one unit to another through confined
passages. In turn, these may result, directly or indirectly, in safety problems.

Functional relationships are concerned with multiple items. For example, in
a situation where outputs of an individual item constitute the inputs to a down-
stream item, any deficiency in inputs and outputs may cause damage to the down-
stream item and, in turn, a safety hazard. The outputs could be in conditions such as
unprogrammed, zero, excessive, degraded, and erratic outputs.

Physical relationships are concerned with the physical aspects of items. For ex-
ample, two units/items may be well designed and manufactured and operate quite
effectively individually, but they may fail to fit together due to dimensional differ-
ences or they may present other difficulties that may lead to safety-related problems.

Some of the advantages of the interference analysis are applicable to all types
of systems and interfaces as well as at the subsystem to the component level. In
contrast, some of its drawbacks are that it is difficult to apply to complex systems
and it is difficult to discover all interface-related incompatibilities for each and every
operation.

Fig. 11.3 Main areas of relationships considered in interface analysis
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11.4.4 Action Error Analysis (AEA)

This is a quite effective method used to identify operator errors and their conse-
quences. The method focuses on the interactions between humans and a system
during testing, operation, and maintenance phases. For operation and maintenance
tasks AEA is performed by following the three basic steps shown in Fig. 11.4 [15].

In step 3, for each action the following types of errors are considered:

• Incorrect sequence of actions
• Wrong actions taken
• Error of omission (i.e., failure to an action)
• Temporal errors (i.e., actions taken late or early)
• Actions applied to the incorrect object

The main advantage of AEA is that it is well suited for automated or semiautomated
processes with operator interfaces; the main disadvantage is that it requires a high
level of expertise concerning the system in question.

11.4.5 Operating and Support Analysis (OASA)

This method seeks to identify potential hazards during operation and maintenance,
find the associated root causes, determine the acceptable risk level, and recommend
appropriate measures for risk reduction. The operating and support analysis is per-
formed by a group of individuals familiar with the system’s operation and interac-
tion with all involved humans.

Fig. 11.4 Steps for perform-
ing action error analysis for
operation and maintenance
tasks
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Some of the factors considered during OASA are as follows [3, 15]:

• Operation in normal and abnormal situations
• Testing of systems
• Making the required changes to the system
• Training operation and maintenance personnel
• Maintaining the equipment and its associated software
• Providing appropriate documentation for the systems under consideration.

The main advantage of OASA is that it provides hazard identification in the context
of the entire system operation. Its major disadvantage is that it requires a high degree
of expertise concerning the system in question.

11.4.6 Sequentially Timed Events Plot (STEP) Investigation System

STEP is a useful analytical method that graphically shows sequentially timed events.
All events are defined with formatted “building blocks” made up of an “actor and
action” [3]. STEP analysis is quite helpful for discovering and analyzing problems
and assessing mitigation options. It is also used to perform analysis of the types and
sequences of events that can result in an incident.

The two main advantages of STEP are that it can be used to define and system-
atically analyze complex processes or systems and that it facilitates focus-group
analysis. In contrast, its main disadvantage is that it is usually perceived as a com-
plicated approach that is costly to implement.

11.4.7 Potential or Predictive Human Error Analysis

This is a team-based method and is quite similar to the hazard and operability studies
(HAZOP) approach. However, this method focuses on human tasks and their asso-
ciated error potential [16]. The method classifies the causes of human error into five
basic categories (along with their corresponding effects in parentheses): complexity
(increases the likelihood of error), environment (adverse environments increase the
likelihood of error), stress (increases the likelihood of error), fatigue (increases the
likelihood of error), and training (better training decreases the likelihood of error).

Therefore, it is important that the members of the team performing the analysis
consider these causes of error during the analysis. The basic analysis procedure is
composed of the following two steps [3]:

• Step 1: Identify key human tasks.
• Step 2: For each task, apply guide words such as incomplete action, incorrect

action, incorrect selection, action omitted, wrong action sequence, wrong action
timing, and action applied to incorrect interface object.
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The main advantage of the method is that it can identify a high proportion of po-
tential errors. Similarly, its two main disadvantages are that it can be a quite time-
consuming approach if there are many tasks and actions and its effectiveness de-
pends on the team’s expertise and effort [3].

11.5 Lessons Learned in Addressing the Safety
of Programmable Electronic Mining Systems

Over the years, the National Institute for Occupational Safety and Health (NIOSH),
in conjunction with Mine Safety and Health Administration (MSHA) and the in-
dustrial sector, generated the NIOSH safety framework of functional safety of PE
mining systems. In this regard, many valuable lessons were learned for addressing
functional safety and for changing the perspectives and practices of the industrial
sector [1]. These lessons are benefiting the mining industry and can also be applied
to other industries as well. Most of these lessons are as follows [1]:

• Involve the industrial sector early and on a continuous basis.
• Identify and understand all related issues and perceptions.
• Establish important concepts, terminology, and definitions as early as possible.
• Decompose the problem under consideration into manageable parts.
• Separate the associated concerns.
• Conduct industry workshops as considered appropriate.
• Make use of scenarios for conveying some types of information.

11.6 Obtaining Programmable Electronic Mining System
Safety-Related Information

There are many sources for obtaining, directly or indirectly, programmable elec-
tronic mining system safety-related information. This section presents a number of
such sources classified under three categories.

11.6.1 Organizations and Systems

• National Institute for Occupational Safety and Health (NIOSH), 200 Indepen-
dence Avene SW, Washington, DC, USA

• Occupational Safety and Health Administration (OSHA), US Department of La-
bor, 200 Constitution Avenue, Washington, DC, USA

• The American Society of Safety Engineers, 1800 E. Oakton Street, Des Plaines,
IL, USA
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• System Safety Society, 14252 Culver Drive, Suite A-261, Irvine, CA, USA
• Institute of Electrical and Electronics Engineers (IEEE), 445 Hoes Lane, Piscat-

away, NJ 08854-4141, USA
• International Electro-technical Commission (IEC), 3 rue de Varembe, P.O. Box

131, CH-11, Geneva, Switzerland
• National Safety Council, 444 North Michigan Avenue, Chicago, IL, USA
• National Electronic Injury Surveillance System, US Consumer Product Safety

Commission, 5401 Westbard Street, Washington, DC, USA
• Computer Accident/Incident Report System, System Safety Development Cen-

ter, EG8G, PO Box 1625, Idaho Falls, ID, USA
• GIDEP Data, Government Industry Data Exchange Program (GIDEP) Opera-

tions Center, Fleet Missile Systems, Analysis, and Evaluation, Department of
Navy, Corona, CA, USA

11.6.2 Books and Standards

• Levenson, N.G.: Safeware: System Safety and Computers, Addison-Wesley,
Reading, MA (1995)

• Perrow, C.: Normal Accidents: Living with High-Risk Technologies, Princeton
University Press, Princeton, NJ (1999)

• Beizer, B.: Software Testing Techniques, International Thomson Computer Press,
London (1990)

• Redmill, F., Chudleigh, M., Catmur, J.: System Safety: HAZOP and Software
HAZOP. Wiley, New York (1999)

• IEC 61508 SET, Functional Safety of Electrical/Electronic/Programmable Elec-
tronic Safety-Related Systems, Parts 1–7, International Electrotechnical Com-
mission, Geneva, Switzerland (2000)

• Defence Standard 00-58, Parts I and II, HAZOP Studies on Systems Contain-
ing Programmable Electronics, Directorate of Standardization, UK Ministry of
Defence, Glasgow, UK (1998)

• MIL-STD-882C, System Safety Program Requirements, US Department of De-
fense, Washington, DC (1993)

• IEEE-STD-1228, Standard for Software Safety Plans, Institute of Electrical and
Electronics Engineers (IEEE), Piscataway, NJ (1994)

• IEEE-STD-730, Standard for Software Quality Assurance Plans, Institute of
Electrical and Electronics Engineers, Piscataway, NJ (1995)

• IEEE-STD-830, Recommended Practice for Software Requirement Specifica-
tions, Institute of Electrical and Electronics Engineers (IEEE), Piscataway, NJ
(1993)
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11.6.3 Commercial Sources for Obtaining Standards

• Global Engineering Documents,
15 Inverness Way East,
Englewood, CO 80112-5704
USA

• Total Information Inc.,
844 Dewey Avenue,
Rochester, NY 14613
USA

• Document Center, Inc.,
111 Industrial Road, Suite 9,
Belmont, CA 94002
USA

11.7 Problems

1. What is a programmable electronic mining system?
2. What are the main areas of programmable electronics usage in mining?
3. What are the major factors contributing to programmable-electronics-based

mishaps in the area of mining?
4. List at least six methods for performing hazard and risk analysis of pro-

grammable electronic mining systems.
5. Describe the following two methods:

• Operating and support analysis
• Action error analysis

6. Discuss the lessons learned in addressing the safety of programmable electronic
mining systems.

7. List the five most important sources for obtaining programmable electronic min-
ing system safety-related information.

8. Compare interface analysis with event tree analysis.
9. Discuss the advantages and disadvantages of hazard and operability studies

(HAZOP).
10. Discuss potential or predictive human error analysis.
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B

bathtub hazard rate curve, 28
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Chi-square distribution, 107
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cost-capacity model, 140
cumulative distribution

function definition, 17

D

definition
accident, 2
failure, 3
failure mode, 3
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safety, 3

disabling injury frequency rate, 54
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dump-truck reliability, 61
dump-truck tire reliability, 69

E

electric power generation, 27
Electronic Maintainability, 27
equipment design stages, 75
event tree analysis (ETA), 172, 173
expected value definition, 18
explosion-protected switchgear, 119

F

failure mode and effect analysis (FMEA),
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fault tree symbols, 43
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human reliability, 27
human reliability analysis, 162
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Industrial Accident Prevention, 27
interface analysis, 172, 174
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job safety analysis, 53
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Laplace transform definition, 19
life cycle cost estimation models, 146
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maintainability function definition, 47
maintainability measures, 93
maintainability parameters, 110, 111
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mean time to failure definition, 30
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motor operation cost, 142
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open-pit parallel system, 62
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open-pit-system reliability, 60
operating and support analysis (OASA),
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operational testing, 102, 112
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payback period method, 136, 138
periodic maintenance cost, 145
potential or predictive human error analysis,
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preliminary hazards analysis, 157
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probability definition, 14, 15, 24
probability density function definition, 17
probability distribution

binomial distribution, 20
exponential distribution, 20, 29, 96
lognormal distribution, 22
normal distribution, 22, 25, 95
Rayleigh distribution, 21
Weibull distribution, 21, 25

probability properties, 14, 15, 24
probability tree method, 81
production facility downtime cost, 142
programmable electronic mining system

failures, 64
programmable electronic-related mining

incidents, 2
programmable logic controllers, 169
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qualification and acceptance testing, 101,
112

quarry accidents, 154

R

Railway Safety Act, 27
reliability networks

k-out-of-m configuration, 35
bridge configuration, 37
parallel configuration, 33
series configuration, 31
standby system, 36

reliability testing, 108
reliability testing cost, 144
return on investment method, 136, 137

S

sequentially timed events plot (STEP)
investigation system, 172, 176

shovel machine failure, 67, 68
software reliability, 27
success testing, 102, 112

surface coal mine equipment fires, 155

T

technic of operations review (TOR), 53
throughput ratio method, 83
total productive maintenance, 116, 117, 132
total quality management (TQM), 49

U

underground coal mines, 71
underground equipment fires, 155
underground mining equipment, 89
underground mining industry, 98

V

variance definition, 18

W

winder rope degradation, 65
World Safety Organization, 6
Wright brothers, 27
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