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ABSTRACT

This thesis examines the role of vehicle maintenance in the transit
industry and defines a framework which can be used to develop more produc-
tive programs and to subsequently aid in their management.

The importance of the maintenance function to the ability of the
transit industry to meet the challenges it faces and will be facing is
pointed out. The general goals and objectives of a vehicle maintenance
program are discussed and the program components utilized by the industry
to meet them are described. The effects of each on the maintenance and
transportation departments and the consumer, and the level of effort
presently applied to each are discussed. The importance of 'purchasing’'
to the maintenance function is pointed out.

The potential benefits of performing preventive maintenance on a
vehicle system are classified into seven basic types. The cost savings
elements associated with each of them are defined. The framework which is .
then defined utilizes the cost savings of these benefit types in the
development of a vehicle maintenance program. A program structure is
defined by first programming 'primary' systems, or systems whose parts
require the most frequent maintenance. Through the coordination of these
systems' programs a 'minimum interval' is defined. The vehicle's systems
are then programmed so that scheduled actions may occur only a: multiples
of this interval. The basic premise, on which program development is
based, is that there exists an optimal balance of preventive and non-
preventive maintenance for the vehicle and each of its systems, at which
the cost of maintenance to the agency is minimized.

A few special ways in which the framework can be applied to mainte-
nance management subsequent to prcgram development are briefly detailed.
Finally, some recommendations for subsequent steps to take in improving
the vehicle maintenance function of the transit industry are offered.

Thesis Supervisor: Nigel H. M. Wilson
Title: Associate Professor of Civil Engineering



-3~

ACKNOWLEDGEMENTS

The cooperation offered by the many public sector and transit
industry officials, which was necessary in the development of this thesis,
was greatly appreciated. A list of these officials is presented in
Appendix A. Nigel Wilson, who as my advisor, provided encouragement and
wise guidance, was instrumental in the development of this thesis.

Jackie's understanding and friendship have been indispensable in
negotiating the many high and low points experienced in the process of
developing this thesis. Finally, I would also like to acknowledge my
appreciation of my office-mates, and particularly Fred, whose under-
standing and good humor made this past year at M.I.T. a more enjoyable

one.



AbSEtract . v ¢ o ¢ « ¢ 4 & o 4 4 4 e 4 e e e 4 4 s 4 e s e e s e s
Acknowledgements . . « « « ¢ + ¢ 4 4 4 4 e e 4 e e e s e e o
Table of Contents . & v « « ¢« ¢ o o o o o o o s o o o o o
List of Figures . +« + « ¢ & o o o o o o+ o o o o o o c o s o o
LiSt OFf TADLES v « o o v o o o o e e e ot e e e e e
1. INntroduction . v ¢« ¢ v ¢ ¢ 4 e e e e e e e e e e 4 e e e
1.1 The Transit Industry - A Brief Historical Perspective
1.2 The Role of Transit Vehicle Maintenance . . . . . . . . .
1.3 The Need for and Development of a Framework for Program
Development . . ¢ &« ¢ o & o ¢ o o o o o o o o 2 o0 0 .o
1.4 Contents of Subsequent Chapters . . . . « « & « « o o« « &
2. The Transit Vehicle Maintenance Function . . . - . . . . .
2.1 Goals and Objectives of the Maintenance Department . .
2.2 Unscheduled Maintenance Activities . . . . . . . . .
2.2.1 Unscheduled Preventive Maintenance . . . . « . « « &
2.2.2 Unscheduled Non-preventive Maintenance . . . . . . &
2.2.3 Effects on Transportation and Maintenance Departments
2.2.4 The Consumers' View . . « « + o o o « o o o o o o o o
2.3 Scheduled (Preventive) Maintenance . . . . « =« « o « &
2.3.1 Daily Servicing .« . « « « ¢ o ¢ o ¢ 2 s o o 0 4 . .
2.3.2. INSPECtion + & o o o « o o o o o o o o o o o o 0 o0 oo
2.3.3 Preventive Parts Replacement/Repair - P.P.R. . . . . .
2.3.4 Effécts on Transportation and Maintenance Departments
2.3.5 The Consumers' View . ¢ « « &« &+ o o o o o o « o o o o
2.4 The Level of Industry Effort Présently Applied to the

~4-

TABLE OF COMNTENTS

Different Types of Maintenance Activities . . . . . . . .

13
17
19
19

24

26
27
30
31 .
32
35
43
45
46

46



2.5

2.6

3.

3.1

3.2
3.2.1
3.2.1.1
3.2.1.2
3.2.1.3
3.2.1.4
3.2.2
3.2.2.1
3.2.2.2
3.2.2.3
3.2.2.4
3.2.2.5
4 3.2.2.6
3.2.2.7
3.2.2.8
3.2.3

3.2.4

3.2.5

-5~

TABLE OF CONTENTS (Continued)

The Purchasing Department and Its Importance to

Maintenance . « « + « o o o + o o & o & o . .

Summary ; T
hssessing the Benefits of Preventive Maintenance

Identification of Bus Systems/Subsystems/Parts

Potential Benefits of Preventive Maintenance .

System Failure Prevention . . . . . .
Parts COSt « « & & o o o & « o o o o« o «
Labor CoOSt . v o o o o o o o o o o o o

Availability Cost . . . . « ¢« « « o + « &

Objectives Served by System Failure Prevention

Prevention of Road Calls Due to Failure . .
Mechanic Labor COSt « & « + o o o o & =« o
Service Vehicle Use and Ownership Costs .
Availability Cost . . . « « « « « o o &
Parts CoSE v &« &« o« o« ¢ o o o o o o o
Road Call Replacement Bus Costs . . . . .
Cost of Bus Not Repaired at Road Call Site
Total Cost of Road Call Effects . . . .
Objectives Served by Road Call Prevention

Prevention of Major Repair Due to Failure .

Prevention of Failures Endangering Safety and

Objectives Served by Such Actions . . . . .

Service ComfOort . . « o« ¢ o @« s o o o o o o

Page

49
52
54
55
58
59
59
60
60
64
65
66
66
67
67
67
70
70
70

72

14



3.2.6
3.2.7
3.2.7.1
3.2.7.2
3.2.7.3
3.2.7.4
3.2.8
3.2.8.1
3.2.8.2

3.2.8.3

3.3

4.2
4.2.1
4.2.1.1
4.2.1.2
4.2.2
4.2.2.1
4.2.2.2
4.,2.2.3
4.2.2.4

4.2.3

-6-

TABLE OF CONTENTS (Continued)

Performance Improvement

System Life Extension . .
Parts Cost . . . . .
Labor Cost . . . . « .

Availability Cost . . .

Objectives Served by System

Life Extension

Cost of Preventive Maintenance .

Scheduled Preventive Maintenance Action . .

Unscheduled Preventive Maintenance Action .

Types of Preventive Actions and Their Likely Cost

Magnitudes . . . . . .

SUMMAYY « o « o o s o o o o

Developing a Transit Vehicle Maintenance Program .

Defining the Structure of the Preventive Maintenance

Program . . « . « ¢ « o & o .
Programming a System . . . . . .

No Preventive Maintenance

Cost of System Failure . .

Effects on Performance Level .

Hatd-time Preventive Maintenance

Cost of Séheduled Action .

Frequency for Failure Prevention
Frequency for Performance Improvement
Frequency for Life Extemsion . . . . .

On-condition Preventive Maintenance . . .

Page

75
76
77
77
78
78
78
79

79

81
83

84

85
88
90
91
93
95
96
97
101
102

103



4.2.3.1
4.2.3.2
4.2.3.3

4.2.3.4

4.3
4.4

4.5

5.1

5.1'1

5.1.2

5.1.2.1

6I

6.1

6.2

..7_

TABLE OF CONTENTS (Continued)

Cost of Preventive Maintenance Actions . . . . . .

Monitoring Frequency for Failure Prevention . . . .

Monitoring Frequency for Performance Improvement .

Monitoring Frequency for Life Extension . . . . .
Forming a Single Vehicle Maintenance Program . . . . .
Scheduling the Maintenance Task . . . . + v « &« & v « o .
Implementing the Framework . . . . . . . . . . . . ..

Other Applications of the Framework and Its Concepts . . .
Dealing with a Physical Capacity Constraint . . . . . . .

Scheduling the Maintenance Task and Physical Facility

Capacity o v v v v ¢ v v e b e e e e e e e e e e
Alternative Strategies to Deal with the Constraint . .
Non-capital Intensive Strategies . . . . « . . . .
Capital Intensive Strategy . . « « v « & + « « .« .
Fleet Size and Achievement of the Supply Objective . . .
The Maintenance Program and Parts' Quality . . . . . . .
Applications in the Budget-making Process . . . . . . .
Summary . . . . . L v e e e e e e e e e e e e e e e e
ConclusSion . o v & v v 4 o 4 4 4o s 4 s e e e e s e e e e
SUMMATY « &« ¢ & o ¢ ¢ ¢ 0 4 v e 4 e e e e e e e e e e e

Recommendations . . v v o o o o = « o « o o o s o o o o =

Bibliography - . . . . . . . . . . . . . . . . . . . ] . . . . 3 L] .

Appendix A - Telephone and Other Interviews . . . . ¢« « ¢« « « « .

112

114

115

116

120

127

128

128

129

130

134

135

139
141
143
144
144
147
151

153



Figure

Figure

Figure

Figure

Table
Table

Table

Table

Table

Section

1.3

2.4

4.2.3.2

4.5

. Section

2.3.1

2.3.2

2.3.2

3.1

4.4

LIST OF FIGURES

Title

Balancing Preventive and Non-preventive

MaintenanCe . .« « o o o o + o o o o o o s s

Maintenance Cost per Bus Mile VS. Bus Miles

Between Road Calls . . « « « o« o o o & » &
A Cumulative Part Life Distribution .

The Basic Framework . . « « ¢ + o o « « o

LIST OF TABLES

Title

Daily Servicing Activities . . . . .« « .« -
Agencies' Imspection Intervals . . . . . .

Agencies' Maintenance Resources Allocated to

Inspection . « « « & & + @ o @ e e e e e
Vehicle Systems . « « « « « « o o » o o « @

Scheduling Tasks By Down Time . « o « « o o

Page

15

49
109

121

Page
33

39

40
57

117



-9-

CHAPTER 1

INTRODUCTION

In this thesis, the planning and management of the transit vehicle
maintenance function is examined. The general objectives of a vehicle
maintenance program are discussed and the components of today's typical
programs are described. The main goal of this thesis however, is the
definition of a framework which can be used by maintenance managers to
develop productive vehicle maintenance programs for their transit agen-
cies. Although the thesis is oriented toward the transit bus mode, the
general theoretical concepts which are employed in the development of
the framework can be applied to the development of any vehicle maintenance
program.

1.1 The Transit Industry - A Brief Historical Perspective

As we enter the 1980's, the importance of the United States' public
transit industry té the nation and its economy is growing rapidly. This
growth is in sharp contrast to the industry's precipitous decline which
followed World War II and lasted for more than a quarter century. Between
1945 and 1972 transit (revenue) ridership fell an astonishing 72%, from
about 19 billion to 5% billion.'

Certainly a.portion of this decline can be attributed to the initial
high level of usage which was encouraged to support the nation's war
effort in the early to mid-1940's. However, by 1955 ridership was below
that of 1940, and by 1972 was just 50% of it.2

To some extent, the transit industry became a victim of circumstances

1(24, pg. 24)

21bid. i
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beyond its control. Government highway and road construction and home
financing policies were among the important factors which led to what

has become known as 'urban sprawl'. The land-use pattern which character-
izes this sprawl is an extremely inefficient one for transit to serve

and thus ridership, and the importance of the industry, plummeted.

The decline continued undisturbed until the early 1970's, when there
was finally a realization that the health of our urban areas and their
residents was being threatened by the congestion and pollution caused by
urban auto use. Slowly, the awareness of the potential benefits of tran-
sit as an alternative mode of urban transportatior increased. However,
the problems of our urban areas in dealing with congestion and pollution
were just the beginnings of major changes which would soon elevate the
transit industry once again to a position of importance to the nation.

Uncertainty over the supply of oil, which when refined is of course
a necessity for the operation of today's éutOmobiles, was made clear
during the 1973-1974 Arab oil embargo. Although the embargo was quite a
shock to many people in the United States, many people also felt that the
problem was not of crisis proportion. Thus transit ridership was rela-
tively slow to increase, until it began to become evident that we were
indeed treading on soft ground.

Between 1973 and 1977 oil imports more than doubled4, until they

became the source of nearly half of the oil consumed in the country.5 The

3for further information see Meyer, J.R., et al., The Urban Trans-
portation Problem, Harvard University Press, Cambridge, Mass., 1965
4(13, pg.28)

3 Ibid.
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level of oil imports has become an issue of great concern, as the sta-
bility of the governments of the supplier nations has become more suspect.
The instability in Iran led to the gasoline shortage of the summer of
1979. Fear of similar occurrences in other countries which are important
sources of 0il for the United States, along with steep price increases
levied by the o0il supplying nations6 has led to important shifts in
national policy. These shifts limited the level of o0il imports and
resulted in the gradual decontrol of domestic oil prices in an attempt to
spur expansion of domestic o0il production.

These developments have of course affected the United States in many
different ways. One of the effects, however, was to cause a still accel-
erating increase in transit ridership. 1In fact, if ridership continues
to increase at the rate that it did in 1979 (6.75%)7, it would reach the
level of 1950 ridership in only ten years and that of 1945 in about fif-
teen years.

1.2 The Role of Transit Vehicle Maintenance

The role of transit vehicle maintenance in the ability of the transit
industry to meet the challenge of such a rapidly increasing demand is
bound to be an important onme. In order to meet the rising demand for
transit service, the number of vehicle miles traveled will increase,
thereby increasing maintenance demands. Increasing the number of vehicle

miles traveled during peak hours can only be accomplished by increasing

6resulting in the tripling of retail gasoline prices between 1/73
and 12/79, over half of this increase came in 1979 alone; (12, pg. 79;
15, pg. 58).

7(17, pg. 1)

824, pg. 24)
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the number of vehicies in service. Thus, maintenance managers will, on
a regular basis, be told to increase the proportion of the fleet which
is in service.

When peak service demands reach the point where meeting them requires
an expansion of the fleet, further pressure to increase vehicle availa-
bility results if the lead time involved in the delivery of newly ordercd
vehicles is underestimated by the transit agency. When the new vehicles
do finally arrive, the maintenance department will be faced with the task
of maiﬁtaining an expanded fleet. Thus the manager will be directing an
ever larger operation.

Finally, maintenance managers will often find that the new vehicles,
which have been designed to try to meet the public's rising expeétations
for high quaiity service, are more complex and more difficult to maintain
than were the older vehicles. It is likely, however, that they will be
asked to supply at least the same proportion of these vehicles for in-
service use, as they were asked to supply when only the older vehicles
were being used.

The pressure which is being and will continue to be placed on the
maintenance function to increase the supply of vehicles, will be a major.
shift for many maintenance managers, whose first priority for the last
thirty years has been to cut costs. The relative lack of pressure on the
maintenance function to supply enough buses to meet service demands during
transit's long decline is indicated by the fact that although bus service
miles decreased by 317 between 1950 and 1972, tﬁe number of buses owned

9

decreased by only 13.6%.° Although other factors play a role in this

9(24, pgs. 30, 35)
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discrepancy, it's magnitude makes it difficult to deny that the job of
the mainten;nce department was eased by the declining pr0portion of the
bus fleet neceded for service.1

However, with increasing service being offered to meat expanding
demand for service, the emphasis on availability is increcasing. 1In fact,
while bus service miles increasea 247% between 1972 and 1978, the number
of buses owned rose only 7.7%.11 Assuming that a significant portion of
the increase in bus miles occurred during peak hours, these statistics
seem to indicate that the proportion of the fleet which must be made
available to meet service needs had increased by 1978. Thus the demands
on the maintenance function have resulted in increasing the importance
of bus availability, while the pressure to keep costs down has not dimin-
ished.

1.3 The Need for and Development of a Framework For Program Development

Due to the increasing maintenance demands discussed in Section 1.2,

the need for the maintenance function to be carried out in a well-planned

10The picture for the rail mode is quite different. Rail vehicle

miles and vehicles owned were reduced in much closer proportion between
1950 and 1972; 68.5% and 53.9% respectively. This is probably a result
of the greater capital costs (rails, cars, etc.) involved in rail service
than in bus service (24, pgs. 30, 35). '

11Again the rail mode tells a different story. Vehicle miles
decreased by 7.9% in this period, but the number of vehicles owned
increased by 1.5%. This may be attributable to the Section 3 U.M.T.A.
capital grants policy which would affect the rail mode to a greater
extent than bus, due once again to its higher associated capital costs
(24, pgs. 30, 35).
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systematic manner has never been as great as it is today, and the future,
at least in the near term, promises only to increase this need. The wide
disparity in the maintenance programs of different agencies, discussed

in Chapter 2, is an indication that the industry's programs are presently
not being developed in such a manner.

A method or framework can be established which can aid transit
vehicle maintenance managers in the program development process. The
different environments in which different transit agencies operate, cer-
tainly precludes the establishment of a uniform system of vehicle mainten-
ance for the entire industry. These differences, however, are not an
obstacle to the definition of a single framework for developing transit
. vehicle maintenance programs for all agencies. The definition of such a
framework is the main goal of this thesis.

The idea that a single framework can be applied to an entire trans-
portation industry is not brand new. In fact, in 1978 the Federal Avia-
tion Administration provided what might be termed a loose framework to
be used by air carriers as guidance in developing a vehicle maintenance
program. The F.A.A. must also approve the programs which are developed
by each airline. These steps were taken following the realization that
the existing policy of requiring a uniform program for all carriers was .-
not most efficient.12

The framework developed here goes beyond the level of detail of
Ehat developed for the.airlines, and will of course differ somewhat in

approach due to the differences inherent in the operation of an airplane

12(7', 19)
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and a transit vehicle. The emphasis will be on the bus mode although
all of the concepts which are developed are applicable to other conven-
tional transit modes.

The framework is based on one important premise. This is that the
vehicle maintenance program which best meets its objectives can, under
any set of circumstances, be found by striking an optimal balance between
preventive and non-preventive maintenance. This notion is illustrated
in Figure 1.

Allocating less than the optimal level of resources to preventive
maintenance results ir a more than proportionate increase in the resources
which would be required for non-preventive activities. This is demon-
strated by the part of the graph to the left of 'B'. The right-hand side
of the graph illustrates that increasing resource allocation to preven-
tive maintenance beyond the 'balance point's' level would result in a less
than proportionate return in decreased resources required for non-preven-
tive maintenance.

Figure 1: Balancing Preventive and Non-preventive Maintenance

total
cost maintenance .
cost preventive
balance maintenance
point expense =
B
required
| non-preventive
i —__resources
|

preventive maintenance expense
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Thus, when the program involves the practice of less or more preven-
tive maintenance than at this 'balance point (B)', the program will
result in a higher than necessary total cost.

Although it is obviously extremely important that the vehicle's
maintenance program be executed in a well-coordinated manner, a transit
vehicle is composed of different systems, or groups of parts (i.e., bus-
steering, brakes, fuel, power plant, etc.), which have varying maintenance
needs and thus should be programmed separately.

On the other hand, the independent development of each system's
program would cause the task of coordination of the systems' programs
into a single desirable vehicle maintenance program to be quite cumber-
some. Thus, the systems should be programmed in an order which accommo-
dates such coordination. This can be accomplished by first programming
those systems which are expected to require the most frequent maintenance.
The structure which emerges following coordination of these systems'
independently developed programs would then be used to develop programs
for the remaining systems, which would ease coordination into a unified
vehicle maintenance program.

The balancing of preventive and non-preventive maintenance is appli-
cable not only to the entire vehiqle's program but to that developed foru
each system as well. In defining the level of preventive maintenance
which enables this balance to be achieved by a system's program, the
characteristics of that system and the way it functions need to be identi-
fied and understood. This will enable the determination of which of the
potential benefits of preventive maintenance apply to the system being

programmed. It will also aid in the definition of the forms which the



-17-

system's maintenance program can take in attempting to achieve the
desired balance of the system's preventive and non-preventive mainten-
ance.

Since transit vehicles, particularly transit buges, which are being
used by different agencies are extremely similar, it would be most effi-
cient for tasks such as identification of systems, the order in which
they should be programmed, and the potential benefits of performing pre-
ventive maintenance on each of them, to be executed once by a central
authority such as U.M.T.A. This would also have the effect of establishing
a common ground for agencies' maintenance programs, enabling easier inter-
agency communication and cooperation.

1.4 Contents of Subsequent Chapters

In Chapter 2, the general goals and objectives of the transit vehicle
maintenance department are identified and discussed. The general compo-
nents of a prototypical program, which are used in today's industry to
meet these goals and objectives, are defined and classified by whether or
not they are scheduled or unscheduled and preventive or non-preventive
actions.

Seven basic benefit types of preventive maintenance actions are
identified in Chapter 3. The elements of potential cost savings associ-
ated with each of these types aré defined, and their actual estimation
discuised. In addition, the ways in which these cost savings relate to
the achievement of the goals and objectives identified in Chapter 2 are
discussed.

The framework for developing more productive maintenance programs is

presented in Chapter 4. Through application of the costs or cost savings
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developed in Chapter 3, this framework can be used to develop the program
which meets the maintenance objectives defined in Chapter 2, at minimum
cost to the agency. The method by which the program's structure may be
developed is described and the procedure and information requirements for
programming a vehicle system are detailed.

Chapter 5 describes a few special ways in which the framework, and
the concepts developed therein, can be applied in order to aid a mainten-
ance department and the rest of the agency of which it is a part.
Finally, Chapter 6 summarizes the thesis, and makes some recommendations
concerning the subsequent steps which can be taken by both U.M.T.A. and

the transit agencies, to improve the industry's maintenance programs.
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CHAPTER 2

THE TRANSIT VEHICLE MAINTENANCE FUNCTION

Before setting out to develop a framework for making maintenance
policy decisions,.it is necessary to understand the role of the main-
tenance department as well as what the maintenance task entails. The
purpose of this chapter is to develop this basic knowledge.

The general goals and objectives of the maintenance department will
first be discussed. The various components of maintenance programs,
which have been classified into scheduled and unscheduled maintenance,1
will then be described. References to variations in present industry
practice will be made where appropriate and the effects of the program
components on the user as well as the transportation provider will be
noted. The level of resources which are being applied to the different
types of maintenance activities in today's industry is discussed.
Finally, the important relationship betweeﬁ the maintenance and purchasing
departments will be examined.

2.1 Goals and Objectives of the Maintenance Department

The development of a maintenance program is primarily the responsi-
bility of the director (or superintendent) of maintenance. The director,
throughout the program development process as well as its implementation,
must keep in mind the goals and objectives which the program must satisfy.

The primary goal of any vehicle maintenance department can be stated rather

3This typology is employed, instead of the more common one of pre-
ventive and non-preventive maintenance, in order to stress the importance
of the ability to schedule activities. The important differences between
preventive and non-preventive actions will be pointed out and discussed
within the typology used here.
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simply: to supply a fleet of safe and reliable vehicles of sufficient
size, to meet the needs of the transportation department at the least
possible csst. This goal highlights four major objectives: safety,
supply, fleet reliability, and cost minimization.

Providing for the safety of employees of the transit agency and
users of the services it supplies must obviously be of the utmost
concern to the transit agency and its vehicle maintenance department.
Generally, approximately 507 of an agency's staff is drivers and so
the maintenance department is entrusted with the responsibility of
providing for the safety of a majority of the agency's employees as
well as all of the riders of the transit system. Although the safety
of those aboard the agency's buses cannot be absolutely guaranteed, every
reasonable precaution must be taken by the maintenance department to
ensure their safety.

The consistent achievement of the supply objective is a necessary
(although not sufficient) condition to the fulfillment of the transpor-
tation department's goal of providing adequate service, or more specifi-
cally, providing service according to an established schedule. The
failure of the maintenance department to satisfy this objective on any
single day could easily lead to the transportation department's failure -
to meet its goal.

Although meeting the peak périods' supply requirements will usually
requi;e the greatest attention of the maintenance managers/planners,
they must also be aware of the scheduled vehicle needs for the entire day,
so that no conflicts arise between vehicles' maintenance assignments and
scheduled service vehicle needs. Thus, the sﬁpply requirement will often

require that vehicle availability be maximized during peak service hours,
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and will otherwise have a much lesser influence on maintenance schedul-
ing.

The supply requirement includes not only the number of buses needed
to meet scheduled service, but some additional spare buses as well. A
spare will be used whenever a replacement bus is necessary for an in-
service vehicle which has been 'road called' due to a system's failure.
Peak needs will therefore be determined by the schedule and also by the
number of expected road calls requiring a replacement bus and its varia-
bility.

Thué, if the supply shortfall is not too serious and the transporta-
tion department adjusts its plans then, with a bit of luck, the service
requirements may be met., For example, if fewer emergency or spare
vehicles are made available by maintenance, service requirements may be
met if the spares are distributed more efficiently between garages and
the number of serious road calls is low.

However, a single department failure may lead to subsequent failures.
In such cases, the severity of the failures will have a tendency to
increase, due mainly to the fact that increasingly greater performance is
required as the department falls further behind. Thus repeated failure
to meet the maintenance supply objective'will inevitably have a serious -
effect on the functioning of the transportation department.

When the number of vehicles supplied by the maintenance department
is insufficient to cover even scheduled service then there will certainly
be miséed trips as well as lack of spare vehicles with which to respond
to road calls. Service quality would therefore deteriorate rapidly with
respect to the variables which are generally thought to be most import-

ant in the consumer's mode choice, reliability and safety. At the same time
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transit agency costs will increase substantially for reasons which will
be discussed in detail later in this paper, but generally because it is
more efficient for an agency to input a constant level of resources than
to have the level vary widely over time. Thus the consistent achievement
of the maintenance department's vehicle supply goal is crucial to the
transit agency as a whole.

The need to supply a spare bus fleet is only one effect of the
occurrencevdf failures and road calls which must be taken into account in
the development of a maintenance program. In fact, failures and their
effects should be considered an important measure of fleet reliability,
one of the four major maintenance objectives.

There are a number of different types of system failures however,
which have varying impacts on the agency's costs and the level of service
which is provided by it. A system failure may or may not result in:

1) endangering the safety of those aﬁoard the bus,

2) an interruption in service (due mainly to road calls),

3) the need for a replacement bus to be dispatched into service, and

4) damage to systems or parts not initially involved in the failure.
Thus the fleet reliability objective may actually consist of a series
of objectives related to the occurrence of these different types of
failures. It may be broken down even further by considering the number
of the different types of failures for individual systems.

" The importance of the fleet reliability objective then, extends
beyond the effects on the level of service offered. It has a significant
effect on the ability of the maintenance department to meet its other
objectives as well.

Finally, keeping costs down to a reasonable level obviously is an
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important objective which must be fulfilled by the maintenance program.
As desirable as cost minimization is, it must be realized that a transit
agency is not a 'for-profit firm' but an instrument to offer a public
service to its users and the entire area which it serves. Further,
maintenance is only one function of a transit agency and it is a func-
tion whose performance affects that of other agency functions. Thus a
program which minimizes the cost to the maintenance department is not
necessarily equivalent to one which minimizes transit agency costs. It
is therefore necessary, in order to develop a maintenance program which
is best for the transit agency, to integrate, or internalize the effects
which maintenance has on other agency functions.

Aside from the primary goal of the maintenance department, defined
at the beginning of this section, important secondary goals may be set
for the maintenance department. The most important, as well as most
common secondary goal is to upgrade the public's image of transit
through the use of clean%‘quiet, comfortable and generally attractive
vehicles. By cultivating a positive attitude toward transit, rider-
ship may be increased. The implementation of this type of maintenance
goal must be preceded by a recognition that a safe and reliable fleet is
not equivalent to a comfortable and attractive fleet Furthermore, it
requires the understanding that releasing vehicles into service with such
things as broken or missing windows, damaged interiors, or exteriors
covered with a layer of dark soot from dust and exhgust, will produce a
negative image of transit for both users and nom-users. This negative
image may resulf in ridership decreases or a ridership significantly
below that which otherwise might be enjoyed. Thus, improviﬁg the public

image of transit is an important goal for any transit maintenance
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department.

Although the goals and objectives of the maintenance program may
seem rather simple, their achievement at minimum cost is a difficult task,
There are a number of distinct maintenance activities which should re-
ceive varying degrees of emphasis depending upon prevailing conditions,
though each is vital to the overall maintenance program. The level of
commitment to any single activity cannot be adjusted without affecting
the quality of the performance of the entire program, unless the level of
commitment given to another activity is adjusted to counterbalance the
effect,

A maintenance program then, is not something which can simply be
turned on or off - the development of a useful and productive program
requires careful advance planning coupled with effective execution of
those plans. In this respect, the maintenance department's task is no
different from that of the transportation,.marketing, purchasing or any
other department.

2.2 Unscheduled Maintenance Activities

Unscheduled maintenance activities are those which will probably
occur but when, where and in what situation they will be needed cannot
be determined in advance. These activities may or may not be part of the
preventive maintenance program.

2.2.1 Unscheduled Preventive Maintenance

Two unscheduled activities which are also part of a preventive
maintenance program are the correction of defects either reported by a
driver upon returning the vehicle to the garage at the end of the service

day or discovered during the performance of scheduled preventive
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maintenance14. These unscheduled preventive maintenance actions may be
completed within the time allotted for daily servicing activities and
the scheduled preventive activity respectively, or they may require
additional time.

The most significant unscheduled preventive action may be that of
unit overhaul (or rebuild). The overhauling of a unit or a part is a
major repair process in which a thorough check for needed repairs to the
part is conducted, and those repairs and adjustments which ace required
to restore it to 'good working order' are implemented. The part which
emerges following the process should have a significantly longer expected
life than that of the part prior to the process. In fact, the expected
life of the overhauled part may be the same or sometimes even longer
than that expected for a new part.

The overhaul of many parts is often conducted on a schedule (see
section 2.3.3). However, for some of thesé parte an overhaul might also
be done as an unscheduled preventive action, prior to and instead of
its scheduled overhaul. Such an action would be based either on analysis
of data collected during daily servicing (see section 2.3.1) or on
scheduled inspections (see section 2.3.2) parformed for the express
purpose of determining whether or not an overhaul is warranted. For some
other parts overhauls are never scheduled and are always performed based
on inspection and/or datu analysis.

Finally, for some parts it is possible to do the overhaul with the

part either on or off the vehicle. 1In these cases it may be desirable

4In-fact, a maintenance program may be designed ‘such that a rela- - ..
tively minor scheduled task is performed, in order to determine whether
or not a more major unscheduled preventive task should be performed. This
type of program is often referred to as on-condition maintenance and is
discussed in detail in section 4.2.3.
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to remove the part to be overhauled and replace it immediately with
another new or overhauled part so that the vehicle may be returned to

service. The overhaul would then be completed and the part used to
replace another part, itself removed for overhaul. The decisién éo per-
form the overhaul on or off the vehicle depends on many factors, inclu-
ding the times required to complete the overhaul on the vehicle and off
the vehicle, time to remove and replace the part, and the cost of owning

the extra part.

2.2.2 Unscheduled Non-preventive Maintenance

An action is classified as unschedul~rd non-preventive maintenance,
if it is carried out in response to a system failure which has occurred.
The most important unscheduled maintenance task is that of reéponding to
road calls. A road call occurs when the driver of a bus in scheduled
service reports that the bus is 1noperable for mechanical and/or safety
reasons.

A driver might initiate a road call for a wide variety of reasons

ranging from a malfunctioning windshield wiper to a flat tire to a blown

engine. The driver of the inoperable bus will call the central dispatcher

to report the problem. The dispatcher will then call the garage fore-
man of either the garage closest to the incideut or the one to which
the bus is assigned, or will directly radio a service truck in the area.
The mechanic or mechanics assigned to road call duty will usually
also have the garige assignment of doing relatively minor jobs which do
not require the use of a hois£ or pit. In this way, when they are noti-
fied of a problem they can leave what they are doing immediately without
'tying up' an important hoist or pit.

As soon as the 'road crew' reaches the disabled bus, the mechanics

l\_. T -y
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attempt to fix it as rapidly as possible by any means which does not
jeopardize their (or anyone else's) safety. The crew will attempt to
fix the bus so thatit can return to passenger service or at least be
driven back to the garage. If even this proves to be impossible in a
reasonably short time, the mechanics will usually call for a tow truck
to tow the bus to a garage for further work.

Concurrently, the central dispatcher informs the trarsportation
department'of the road call. He may order that a 'cover man', or a spare
driver be assigned to a spare bus and that the bus be driven to the site
of the breakdown to replace the disabled bus. This order may be warranted
from the driver's description of the problem or may be delayed as iong
as the road crew takes to determine whether or not the bus can be returned
to scheduled service.

In any event, when the spare bus reaches the disabled bus, the two
drivers switch positicons - that is, the driver of the spare bus is re-
placed by the regular driver, and the spare driver stays with the disabled
bus to be driven or towed back to the garage. The spare bus-regular'.
driver pair may be put info scheduled service either at the point of the
breakdown or at or near the point where the bus would have been if it
had adhered to its established schedule.

There are a number of pointg in the preceding general description
of a Foad call response, at which different agencies and different indi-
viduals might act in significantly different manners. However, the de-
scription does give a good idea of what is involved and the decisions
which must be made in responding to a road call.

2.2.3 Effects on Transportation and Maintenance Departments

Unscheduled przventive maintenance activities will have little or no
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effect on other departments, including transportation, unless the demand
for these activities grows to the point where maintenance cannot supply
the vehicles required by transportation - an unusual occurrence.

However, the o~currence of road calls does have a definite impact
on transportation. The time between a bus breakdown and its return to
passenger service or the arrival of a spare vehicle is unproductive
time for which the regular operator is being paid. In addition, road
calls require the employment of a number of 'extra' drivers for use only
during.such emergencies. Finally, the road call may have serious effects
on schedule adherence. The trip which the bus was running at the time
of its breakdown may not be completed, and the following trip or trips
the bus was scheduled to run may be delayed or even eliminated. 1In
addition, the passengers from the disabled bus may cause schedule adher-
ence problems for a number of subsequent trips due to increased passenger
loads and resulting longer travel times. koad calls then, not only have
a negative financial effect on the transportation department but on its
performance with respect to its goal of schedule adherence.

The effect of unscheduled activity on the operation of the mainte-
nance department is also clearly significant. Unscheduled preventive
maintenance may obvizte the need for more difficult and costly work at
a later date. In addition, althkough the demand for unscheduled preventive
maintenance cannot be precisely predicted, thereby precluding their
accurate scheduling, it is possible to a certain extent, to plan for

. 15 . . .
their occurrence in order to ease the impact on the maintenance

5For instance, it is known that any driver-reported defects will
occur upon return of the bus to the garage, and that the specific inspec-
tions which may result in this type of work are performed at particular
times of the day.
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department. If such planning has not occurred, or for some reason could
not be implemented, then it is much more likely that unscheduled preven-
tive activities will cause problems for the maintenance department.

As a relatively simple but not unusual example, consider an agenc:
which does some of its scheduled preventive maintenance between the
morning and evening peaks. ITf a vehicle is found to have a serious
defect which will take a few hours to repair and thereby exceed the down
time allotted for inspection (the time it's scheduled to be out of ser-
vice), then an unsatisfactory choice exists. Either service needs are
not met or an unreliable and possibly unsafe vehicle is returned to
scheduled service.

As serious as the above scenurio may seem, the occurrence of road
calls causes problems to the maintenance department which are at least
as severe and usually more common. There is an opportunity cost associated
with the maintenance work that the 'road érew' would otherwise have done,
Further, the road crew's productivity is much lower than it would have
been if the mechanics were working in the garage on other activities.
This is due mainly to the fact that the time spent driving between the
-garage and the breakdown site are wholly unproductive, but also because
the mechanics may be working in less than optimal conditions in trying
to fix the bus on the road and not in the garage.

Fhere are also notable secondary effects which road calls have on
maintenance operaticns. The need for spare buses which are required
by tra.asportation, depend to a great extent on the expected number of
road calls. Thus in order to meet the needs of the transportation
departmenc, the maintenance department must supply a larger operable

fleet as the number of expected road calls increases. This may be a
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very difficult task due to the increased resources which must be applied
to road call response. This problem will be discussed at greater length
in the next chapter. Another effect which road calls have is that much
of the maintenance supervisory staff's time is spent in a crisis-response
mode, reducing the time available to plan the remaining maintenance tasks.
It is evident then that unscheduled maintenance, particularly non-
preventive actions, are undesirable for the transit agency as a whole
and especially for the maintenance department. In fact many transit
agencies use the number of road calls as one of the primary measures of
their maintenance program's performance.

2.2.4 The Consumers' View

Beyond the direct effects on the transit agency, it is important to
consider the impact of road calls, and the agency's response to them,
on the public, which the transit agency is serving.

The people who are obviously most difectly affected are those riding
on the disabled bus. They are not only inconvenienced by the delay and
discomfort which results, but also their safety may have been endangered,
either in reality or in their own perception. The memory of the dan-
gerous experience may remain with the users for some time and may strongly
affect their subsequent mode chcice.

The delay and discomfort imposed upon the riders of the disabled
bus and on other people who are less directly affected (i.e. people waiting
at stations up the line from the road call site) by the incident, may be
reduced through an efficient response on the part of the maintenancé
and transportation departments. Such a response would basically entail

getting these people inlo another bus and to their destination as quickly

as possible. This would certainly ease some of their negative perceptions
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of the incident.

Unfortunately though,the more typical occurrence in today's industry
is that the people have to wait for the next scheduled bus, or possibly
much longer if they can not fit onto it. This is particularly true for
those who wanted to ride on the trip which the bus was running at the
time of the road call, and sometimes even for those wan;ing to ride on
subsequent trips which the bus was scheduled to have run. As stated
earlier, these effects often could have been avoided if the maintenance
(and transportation) department(s) had responded efficiently.

Since reliability significantly affects mode choice, an agency which
is consistently unreliable due to in-service failures or road calls, will
find itself losing ridership as a restlt. It will also be difficult to
attract new riders, particularly when they witness the towing of a dis-
abled bus.

2.3 Scheduled (Preventive) Maintenance

Scheduled maintenance involves activities whose execution can be
planned in advance based on knowledge of what will be needed, and when.
Scheduled activities are part of the preventive maintenance program,
which includes actions planned and executed (but not necessarily scheduled)
by the maintenance department in order to reduce the probability of a road
call due to vehicle failure, and/or to aid in the achievement of other
maintenance objectives defined in section 2.1.

The scheduled maintenance‘tésk may be divided into three basic
activities; daily servicing, inspection, and prevenLive parts replacement
or repair. Although these activities have distinct meanings, their
functions.will occasionally overliap. In spite of these occasional

similarities, this division most accurately reflects prevailing industry
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practice.

2.3.1 Daily Servicing

The set of actions taken daily to ensure that vehicles are in con-
dition for passenger service is called daily servicing. These actions
may be scheduled prior to a vehicle's entry into passenger service (pre-
run) or following the completion of the vehicle's passenger service runs
for the day (post-run). The majority of pre-run servicing would therefore
be done in the first shift between midnight and 8 a.m. and post-run
servicing &ould take place in the third shift betwecen 4 p.m. and mid-
night.16

Following is a description of the typical procedure for servicing a
bus after it leavés passenger service and before it is retired to the
parking lot for the night. Variations in the procedure do exist and will
be noted where appropriate.

The operator returning the bus to the garage will usually leave the
bus adjacent to or on the service island, or parked in the regular over-
night storage area. (A relatively small number of agencies have the
operator stay with the bus through thz entire servicing cycle.) If the
bus is parked in overnight storage a maincenance employee must retrieve
the bus whea it's time to service the bus. If a driver has reported a
defect in the bus which cannot be corrected by the servicing personnel
then the bus will be taken to a éeparate area where other maintenance

workers can work on it. Otherwise, when the bus arrives in the service

lane one employee will start filling the fuel tank by setting the fuel pump

1 . . . . ‘o .
6The starting and ending times of the shifts vary between agencies
but these times are representative.



~33-

on automatic flow. While the tank is filling he will do minor mechanical
checks on the vehicle and others will clean and vacuum the interior of
the bus.

Specific activities carried out in the daily servicing process vary
between agencies, as shown in Table 1, which summarizes the results of a

1975 M.I.T.R.E. survey of transit agencies' servicing activities.

Table 1

Daily Servicing Activities

Activity Number of Respondents
Fuel refill 61
0il check and refill 61
Record fuel, o0il consumption 58
Tire check 54
Coolant level check | : 54
Interior cleaned 51
Lights checked L4
Torque fluid check | 38
Farebox removal 37
Automatic bus wash (+ manual) 35 (+6)
Minor maintenance check 34

Brake check . 24

The above table demonstrates that although there are activities

which are fairly common, there are very few activities performed uniformly

17(21, pgs. 28, 31), total number of respondents not available.
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throughout the industry.

The same M.I.T.R.E. study found that daily servicing generally
required a major portion of the maintenance resources. In fact,
typically 50% of maintenance labor-hours were found to be spent on daily
servicing. It should elso be noted that 50% of the maintenance labor
hours used in daily servicing were in bus movement and walking between the
parked bus and the service island. The average time a bus spent on the
service island was 5 to 6 minutes while the average total cycle time
required 10 to 12 minutes.18

The daily servicing activity is an important one for a number of
reasons. It not only serves to ready the bus for another day of service,
but it can also be an important part of preventive maintenance and/or a
useful tool for marketing the transit service. The daily servicing
activities including fluid checks and refills, light check, brake check
and minor maintenance checks, are themselves preventive maintenance
actions. However, another important contribution can be made to preven-
tive maintenance if the data collected concerning fuel and oil consumpticn
is used wisely. Further, additionél data recording the condition of parts
and fluids checked (i.e. tires, brakes; coolant, torque, air) could be
collected and used in the same way. For example, irregularities in
fluid consumption might indicate that a problem exists which, if dis-
covered early might be easily rectified, avoiding serious damage or a road
call. Unfortunately, many of the industry's maintenance programs do not
take full advantage of this potential offered by daily servicing.

A clean bus interior makes a significant contribution to riders'

1851, pg. 29) )
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comfort and their image of the tramsit service. In addition, a person is
more prone to being convinced to enter a bus which looks clean from the
outside, than one which is coated with unsanitary black soot accumulated
from exhaust fumes and dust.

Finally, all daily servicing activities, including the response of
maintenance employees to driver-reported defects, are important to the
drivers. A driver's attitude is bound to be more positive when the
accessories needed to make driving the bus safe and comfortable are
functioning correctly, and also when the bus is clean and attractive.
These effects are significant because it has been found that the inter-
action betﬁeen the passenger and driver is important to the passenger;

It is, after all, the only personal contact that users regularly have with
the transit system.

The important role that daily servicing plays in the maintenance
program as well as in the rest of the traﬁsit agency's functions has been
explained in the preceding discussion. No maintenance program can be
fully effective without including a good daily servicing program. Unfor-
tunately, many of the industry's maintenance programs de not fully account
for the importance of daily servicing activities and therefore its ﬁoten—
tial as a maintenance tool is often not fully realized.

2.3.2 Inspection

An inspection will be defined as the scheduled checking of and/or.
minor adjustment of specified systems or parts of a bus. The purpose of
scheduled inspections is to correct relatively minor problems before they

become more major and costly problems such as breakdowns, road calls and

19 55 .
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reduced bus life. Scheduled inspections are generally considered to be
the backbone of the transit industry's preventive maintenance programs.

In establiching an inspection schedule, one must determine the type
and frequencies of required tasks. In determining one task's frequency,
the frequency of other tasks must be taken into account as is clearly
illustrated in the following exampla. It is found that the ideal period
between inspections for three different parts is 1900 miles, 2100 miles
and 4300 miles. If the bus is inspected on these intervals it would, in
its first 5000 miles of service, have to be worked on (and thus be un-
available for service) five times; after 1900, 2100, 3800, 4200 and 4300
miles of service.. This is extremely inefficient compéred to a compromise
program where the bus is inspected only twice — at 2000 and 4000 mile
intervals. The tasks whose ideal periods are 1900 and 2100 miles will be
inciuded in the 2000 mile inspection, and the 4000 mile inspection will
also include the task ideally performed at 4300 miles. Continuing this
type of pattern over long periods results in the development of an inspec-
tion hierarchy.

Vehicle miles is the unit commonly used in the bus transit industry
to establish inspection periods as in this example. 1Its prevalence
appears to be due to the relative ease with which it can be measured as -
well as to the sizeable portion of bus maintenance needs which are based
on the number of miles operated. However, a valid alternative basis for
inspection scheduling which is not widely used in the industry is vehicle
hours,

There are a number of arguments in favor of the incorporation of
vehicle hours into inspection scheduling. The maintenance requirements

for many, if not most, bus systems may be more strongly associated with
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vehicle hours operated than vehicle miles.

If the number of vehicle miles per vehicle hour wcre fairly uniform
for che entire bus fleet - that is, if all buses in the fleet averaged
approximately the same speed - then hours or miles could be used inter-
changeably as a basis for inspection scheduling. However, there are
likely to be significs:t differences in average operating speed for dif-
ferent services. A bus which is driven all day in a congested downtown
area is certain to accumulate less miles than one which operates on sub-
urban or e#press routes for the same number of hours. iIn addition, a bus
which operates only during peak hours will very likely accumulate less
miles per hour than a bus operated during the off-peak as well as peak
hours. Thus, different buses may experience widely disparate average
speeds over a period of time (i.e. week, month), unless their service
assignments are systematically rotated to avoid this occurrence. As a
result, the use of miles as a basis for iﬁspection scheduling would not
be effective in meeting maintenance demand generated by operating hours.

Finally,‘the use of vehicle miles as a scheduling basis ignores the
effect on maintenance needs of buses being idled when they are out of
service. This factor may be significant for agencies located in areas
with moderate to cold climates, where it isléomgtimes necessary to keep -
buses running all night to ensure that col&—weather starting problems
will not keep the buses out of sérvice the next day.

Ehus, while there are good reasons for using vehicle miles as a basis
for scheduling inspections, there are also important reasons why vehicle
hours should be used. 1Ideally, a formula which may be applied would be
developed through testing and would take into.account the maintenance

needs resulting from a vehicle mile as well as from a vehicle hour of
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operation. A simpler approach has been taken by CITRAN in San Aatonio
where an interval for both vehicle miles and vehicle hours is set and
whenever either limit is reached an inspection ensues.

In any case, after reaching a decision concerning the variable on
which inspections will be based, the intervals must be determined. This
is a very difficult assignment if the schedule is to be most efficient.
A great deal of in{ormation must be available concerning the rate of decay
of the parts involved as well as the rate's variability. The variability
is important not only when considering a single bus, but also in consid-
ering the bus fleet as a whole. Most agencies own fleets composed of
groups of buses from different manufacturers and/or years of production.
Maintenance needs for each group of buses may be significantly different
and there will probably even be variations within groups of buses. De-~
spite this, it is industry practice to apply a single inspection schedule
to the entire bus fleet. There is, howevér, a rather wide variation in
inspection intervals in the industry, despite the fact that the tasks
which are performed are rather similar. This is demonstrated in Table 2
which summarizes the results obtained from an informal survey of transit
agencies.

The less frequent inspections will obviously require more labor
hours to complete than the higher frequency inspections. This may be
accomplished either by assigning additional workers, allotting a longer
job time or some combination of the two. Some transit agencies' inspec-
tion intervals and the corresponding labor and stall hours allotted to

them are presented in Table 3.
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Table 2

Agencies' Inspection Intervals

Agency/City Inspection Intervals
MBTA-Boston>" 2000 4000 12000 24000
SDTC-San Diego 2000 4000 8000 24000
Golden Gate Transit? 1500 3000 12000 24000
CTA—Chicago23 4000
GRTC-Richmond - 500 6000
NYCTA-New York>> 3000 6000 24000
Tri-Met-Portland?® 1500 3000 12000 24000
GCRTA-Cleveland?’ 1500 3000 6000 1800
RTD-Denver>> 1500 3000 6000
TTC-Toronto>" 2000 8000 32000
SCRTD-Los Angeles3° 1000 6000 12000 18000
NORTRAN-Chicago31 3000 18000
Seattle Metro32 1000 2000 4000 6000

20(10) 26(37)
21(18) 27 (28)
2205, pg. 106)  28(5)
2396 29 (36)
" 30(34)
(27) a1

"77(20)

23(30)

32(37)

36000

96000

24000

12000

72000

24000
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There are obviously rather wide variations in both the inspection
intervals which are used by different agencies and the level of resources
allocated to each inspection and to inspection activity as a whole,

There are numerous potential justifiable explanations for these differ-
ences. Therefore, their existence alone should not be used to draw any
conclusions about interagency efficiency. That is, it may be that an
agency's inspection program may .not be optimal, but it is difficult to
make such a determination through comparison of the data supplied in
Tables 2 and 3.

The variations in inspection intervals which are used by different
agencies, which is demonstrated in Table 2, implies that variations also
exist in the intervals at which specific tasks are performed. This was
confirmed in my survey. These differences in task intervals may be justi-
fiable for several reasons. Each agency is operating under a different
set of environmental conditicns. These iﬁclude not only the region's
climate, but the general condition of the roadways which are used, the
degree of congestion of these roads, and even such things as the skill of
the agencies' operator labor and the degree to which they are trained to
drive to reduce maintenance demands.

The variations in the composition of the agencies' fleets will also
cause their maintenance demands to vary. This is becoming an increasingly
important factor to consider, not only with respect to fleet age but also
in light of the increasing number of different bus models which now char-
acterize the industry's fleet.

Although they are more likély to affect inspection intervals which
are used, all of the factors mentioned above may also result'in the allo-

cation of different levels of resources to inspections. However, physical
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capacity and characteristics of the labor supply are more likely to cause
variation in the resources applied to inspections.

The physical capacity of an agency is to a great extent determined
by the number of stalls available per bus and the number of different
types of stalls per bus (i.e. hoist, pit). An agency with a 'shertage'
of stalls is more likely to decrease the stall hours of an inspection,
often at the expense of increased labor hours. In addition, the level of
sophistication of equipment and tools used fo. maintenance (i.e. dynamo-
meter). will affect the time required for inspection.

The characteristics of the labor supply which are relevant nere
include not only the cost of labor, but the level of skill of the mechanic
workforce, the general availability of mechanics in the region, and any
work rules which restrict managerial policies. This subject could easily
be a topic for an entire research project. However, the general effects
are rather clear - the more difficult it is to find cheap labor, the
greater the inclination will be to substitute capital costs (labor-saving
devices) for labor costs.

Tables 2 and 3 obviously leave many questions unanswered concerning
the reasons for differences in agency practices. Perhaps the study of the
types of differences in maintenance practice would be a rewarding subject
for further research. The remainder of this thesis should shed some light
on justifiable causes for such variations in industry practice. However,
based on my research, I suspect that existing differences are just as
likely to be a result of poor program planning and implementation as they
are to be a result of differences in operating environment.

The workshift during which inspections are scheduled to be carried out

is important, since it determines the procedure for bringing a bus into



43~

the garage for the inspection.

It should be pointed out that a bus is not taken out of service as
soon as it reaches its scheduled inspection interval. It may be removed
slightly before or slightly after the interval is reached. This 'slack
time' allows the maintenance department to plan the inspection of the bus
so that the impact of its availability on the transportation department
is minimized.

A bus requiring inspection on the second shift, between peaks,
would be assigned by the garage foreman to a peak-hour run. The bus can
then be driven to the garage for inspection after the morning peak,
inspected, and.then returned to service for the evening peak. The problem
with performing inspections on rhe second shift, particularly if they are
major inspections, is that if defects are found on the bus during the
inspection, there may not be enough time to perform the unscheduled work
which is necessary to fix them before the'bus is needed for evening peak
service. Thus either an unreliable bus is placed into service (which may
lead to a road call), or the transportation department fails to meet the
service schedule. Doing the inspections on the third shift instead wouid
build in a much greater safety margin for the process.38

2.3.3 Preventive Parts Replacement/Repair - P.P.R.

Some transit agencies have made a commitment to scheduled preventive
maintenance beyond the common inspection hierarchy by practicing preven-
tive parts replacement/repair. This involves not only a check of bus'

systems at certain mileage intervals, as in inspections, but their

38The problems discussed above led to such changes or proposed
changes in at least two agencies which I have spoken to - GCRTA and Tri-
Met.



44—

replacement cr repair prior to in-service failure. This practice is
warranted for a number of parts in érder to ensure safety and reliability,
where costs associated with an in-service failure are high, and to pre-
vent damage to other bus systems or parts which a deteriorated or mal-
functioning part might cause.

P.P.R. activities are usually integrated into the inspection hier-
archy so that parts are replaced or repaired during a major inspection
at specific mileage intervals. The main problem encountered in attempting
to implement a P.P.R. programlis the accurate prediction of parts' in-
service failure rates and their variability. This problem is accentuated
by the fact that many parts show little or no sign of deterioration prior
to a failure. Thus, in order to determine what parts have failure rates
with low enough variability to warrant establishment of a P.P.R. program,
a substantial amount of data must be collected on bus parts' failures.
Such an approach has apparently been takeﬁ in Toronto (T.T.C.), where a
data based P.P.R. system is sponsored by the provincial government.

In addition, Seattle Metro40 and Portland Tri-Met41 are analyzing their
available data to establish intervals for the parts most suited to P.P.R.
activity.

It appears, however, that in the majority of agencies where P.P.R.
is being practiced, either manufgcturers' recommendations or judgement
and past experience have been used to establish P.P.R. intervals instead
of hard data. This approach could easily result in the establishment of
sub-optimal intervals and a significantly higher cost than if better

information was used to establish intervals.

P36y 4032)  *lan
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P.P.R. involves relatively high capital (spare parts) costs as well
as the high labor costs of repair or replacement. As a result, in
céntrast with inspections, overemphasis on P.P.R. with intervals shorter
th;n the mean part life may increase costs more than underemphasizing it
with intervals longer than the mean life.

Due to the uncertainty of the benefits of P.P.R. as it is practiced
in the industry today, particularly relative to the inspection hierarchy,
P.P.R. activities have not yet become common in the transit industry
(except where required by the warrantee on the part or bus). In fact,
where it is being practiced, it would often be the first activity elimin-
ated if more severe resource constraints were placed on the maintenance
departments.

2.3.4 Effects on Transportation and Maintenance Departments

A well planned preventive maintenance program benefits both the
transportation and maintenance departmenté. The maintenance department
will have much greater control over its performance. Road calls should
be reduced and so maintenance labor time can be used more efficiently.
The overall cost of maintenance can be minimized by balancing the cost
of preventive and non-preventive maintenance.

However, if preventive scheduled maintenance is either under- or
over-emphasized, the overall cost will increase. If it is over-
emphasized, scheduled maintenance will be occurringtoo often and as a
result labor costs and spare parts costs will be higher than they should
be. Underemphasizing scheduled maintenance will result in increased
 failures and road calls which would increase costs, possibly at a more
rapid pace than in the case of overemphasis, depending upon the existing

balance between non-preventive and preventive maintenance.
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A good scheduled maintenance program would therefore keep mainte-
nance performance at a high level and maintain tight control on the cost
of the maintenance program as a whole. There is little need to wonder why
scheduled maintenance is so important in today's transit industry.

Since a good scheduled maintenance program would keep road calls to
a minimum and fleet availability at a maximum, sqhedule adherence
problems due to maintenance would be minimized. As a result, less oper-
ator time would be wasted by road calls and the drivers themselves might
be happier and more productive knowing that everything has been dome to
make the buses they drive safe and reliable.

2.3.5 The Consumers' View

The consumer will obviously also benefit substantially form the
implementation of a well-planned scheduled maintenance program. Break-
duwns are minimized, schedule adherence is good and the total cost to
the public is kept low. Furthermore, ridefs can be comfortable riding
the bus as well as knowing that everything possible to assure their
safety has been done.

2.4 The Level of Industry Effort Presently Applied to the Different

Types of Maintenance Activities

The paucity of available data concerning maintenance practice in the
" transit industry precludes an agcurate,determination of the relative level
of effort which is presently placed on scheduled and unscheduled activi-
ties. The data présented in Tables 2 and 3, and the M.I.T.R.E. finding
that 50% of maintenance labor hours are allocated to daily servicing
activities, give an indication of the level Qf effort applied to scheduled

maintenance.
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Data concerning the resources allocated to unscheduled maintenance
was more difficult to obtain. Unfortunately, no data was available at
all to determine the level of preventive unscheduled maintenance acti-
vity.

Some data was available on road calls, the major non-preventive
unscheduled activity. However, it was available in a form which would
only allow very general comparisons. This data cconsisted of the prelimi-
nary data from the first round of Section 15 reports which transit
agencies muast now submit annually to U.M.T.A. In any case, the data had
a mean and median which were both between 2200 and 2400 miles between
road calls for ten agencies of moderate size (250-1000 buses, mean and
median between 600 and 625).

Thus, according to this data, the average bus would be 'road called'
approximately 30 to 33 times in a 72,000 mile period. This compares to
an approximate median of 160 labor hours énd 80 stall hours allocated to
inspection activity. 1In addition, it must be remembered that 50% of all
maintenance labor hours are allocated to daily servicing.

The shortcomings of this data are evident. Some types of activities
which are also significant parts of the program are not included (unsche-
duled preventive, P.P.R.). No information on the amount of labor and
stall hours which result from a road call is given. Further, comparisons
of labor hours and/or stall hours allocated does not take into account the
skill and wage levels of labor assigned to different tasks, not does it
account for resources allocated other than labor (i.e. parts).

Further, any assertion that an average level of resource allocation

is representative of the transit industry's maintenance practices should

be greeted with a good deal of skepticism. The differences in agencies'
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Figure 2: Maintenance Cost per Bus Mile VS. Bus Miles Between Road Calls
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conclusions on this data would ignore the interagency differences which
were discussed in section 2.3.2 following Tables 2 and 3.
Thus until this type of data can be studied further, no firm conclu-

sions based on it can be justified.

2,5 The Purchasing Department and Its Importance to Maintenance

The role of the purchasing department42 in a transit agency is to
éupply the maintenance &epartment with the spare parts which it requires
to meet its objectives. It is therefore charged with the responsibilities

of purchasing and where applicable, keeping an inventory of the parts

42Here this will include what is often referred to as the purchasing
and stores departments. '
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needed by maintenance. In receut years this task has become increasingly
complex, due in particular to the proliferation of different types of new
buses, each of which often requires different parts.

There are two basic types of spare parts with which the purchasing
department is concerned. These are stock items and non-stock or direct
purchase items. A part which is a stock item is bought by the purchasing
department in quantity, well in advance of the specific need for that
part, so that when demand for the part does arise, the time between the
detection of the need by the maintenance department and its fulfillment
by the purchasing department can be minimized. A part should be a stock
item when it is certain that the maintenance department will need it in the
relatively near future. Parts which are used regularly and on a recurring
basis are the most important to keep as stock items.

The met: od which is in widespread use in the industry to determine
stock item inventory policies is rather simple. Taking into accounf the
average rate of use of a part and the expected 'lead time' between ordering
and receiving new parts, a minimum inventory level is set. When a part's
inventory reaches this level, a quantity which will last for a predefined
period of time based on the rate of use by maintenance, is ordered by the
purchasing department.

Parts which as policy are not kept in inventory, and therefore are
ordered only when the demand for them occurs, are non-stock items. The use
' of these parts may not be a certainty and thus their purchase may result
in wasted resources. In addition, a part may be. classified as 'non-stock'
if it is required so infrequently that the cost of providing the space to
keep it in stock is not worth the savings which would result. The lead

time invelved in a direct purchase of the part is therefore an important
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factor since it is an important part of the cost saved by keeping a part
in stock.

Thus the purchasing department's decision of whether a part will be
a stock or non-stock item is basic to the proper functioning of the main-
tenance department. This decision should not be made unilaterally by the
purchasing department, but jointly with maintenance. Once this decision
has been madé the cooperation of the two departments must continue.

The minimum inventory level and order size for stock items should be
established through this cooperation. In addition, maintenance should
inform purchasing of its changing needs. If it becomes clear that a non-
stock item is or will be needed in the relatively near~term, purchasing
should be informed immediately. It may take longer than expected to
locate, order and receive a part which would fulfill the nead. Purchasing
should be informed if any irregularities in demand for a part should be
anticipated. This may occur not only when special projects are implemented,
but also when an unusually large number of buses in the fleet are ap-
proaching a majof inspection or part replacement interval at the same
time., If purchasing is informed far enough in advance it can react by
reordering the part despite the fact that its inventory is not at the mini-
mum or reorder point and/or by placing a larger order than normal for th;
part. This type of cooperation would therefore reduce the incidence and
magnitude of wait time before purchasing provides the part required by
maintenance.

Another important way in which méintenance-is influenced by the
purchasing department is that the characteristics of the parts which are
bought and supplied by purchasing have a strong effect on the demands

which are placed on the maintenance department. Thus where a choice of
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manufacturers or suppliers of a part exists, the maintenance department
should play a strong role in the purchasing decision. The purchase price e
should not be the only consideration. The cost of maintaining the puart for
its lifetime and more importantly for a fixed period of time (due to dif-
ferences in expected lives of the part) should also be an important
consideration.

Thus thé relationship between the maintenance and purchasing depart-

ments is extremely important to the smooth operation of the maintenance

department and its ability to meet its objectives. The importance of the
relationship seems to warrant the establishment, within the maintenance
department, of a liaison poéition between the two departments,

The main concern of this liaison would be to ensure the continued
efficiency of the relationship between the departments. Familiarity and -
full understanding of the problems encountered by the purchasing depart-
ment in filling its role, would obvi0usly'aid communication. The liaison
would then be in a strong position to aid in evaluation of altermative B
part manufacturers and the stock/non-stock decision. In addition, the
liaison would aid in establishing a part's reorder point and order size
through use of past needs and more importantly, in accordance with pre-
dicted future deﬁand for the part (thefeby taking into account any forth-
coming irregularities in demand). The computerization of the inventory
system does not replace the need for this liaison, unless it is tied to
a computerized maintenance system which not only records what is occurring
at the moment, but also allows the prediction of the future parts needs ;_

of the maintenance department.

2.6 Summary

In this chapter, the goals and related objectives of a maintenance -
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department were defined and discussed. They included safety, fleet relia-

bility, supply, cost minimization and service comfort. The types of sched-
uled and unscheduled actions which are commonly employed by today's tran-

sit industry to meet these goals and objectives were then described.

The effects of each of these action types on the transit agency and
the users of the service it offers were summarized. It was found that
unscheduled activities, particularly those which were non-preventive (i.e.
road calls), had the greatest negative effect on the agency and its = " -
patrons. On the other hand, scheduled activities, consisting of daily
servicing, inspection, and preventive parts replacement/repair, which are
 preventive by definition, were shown to positively affect not only the
agency's patrons, but the agency itself. This positive effect is experienc-
ed as long as the program is well pianned, scheduled and executed as well
as well developed.

The level of.effort presently being abplied to the different types
of maintenance activities was then discussed using the limited data which
was available. This data points out the need for improving the industry's
maintenance program development procedures. |

Finally, the importance of cooperaticn between the maintenance and
purchasing departments to the efficiency of  the maintenance task was
demonstrated. The need for a liaison between the two to ensure this coop-
eration was noted and the situations in which this liaison would be an

asset were discussed.



=54-

CHAPTER 3

ASSESSING THE BENEFITS OF PREVENTIVE MAINTENANCE

In this chapter, the various purposes of performing preventive mainte-
nance are clearly defined. For each of these purposes, the full cost sav-
ings which may accrue will be specified, and the ways in which these cost
savings relate to the achievement of the maintenance goals and objectives
outlined in section 2.1, will be discussed.

Consideration of the potential benefits of preventive maintenance in
any more thén a very general manner, requires an understanding of what these
types of actions will be performed on. Section 3.1 addresses this need.

The remainder of the chapter is then devoted to specifying the cost
savingsvwhich may accrue from the performance of preventive maintenance
for each qf the seven purposes identified at the beginning of section 3.2.
Any discussion of the cost savings of preventive maintenance actions must
of course include the cost of those actions which were necessary to accrue
these savings. This is considered near the end of section 3.2.

All of the effects of preventive maintenance action, whether they are
short-term or long-term, are considered as potential cost savings. Vehicle
maintenance should be a tool not only to provide service today but also
for mary days, months and years to come. Actions which zre taken in one
program period, often have effects on aétidns which must be taken in
subsequent periods. |

Thug, long-term effects should be included in the analysis of an
action's cost savings estimate, and should also be an important part of
program development. There do exist some special instances which are
exempted from this 'rule'. For example if new.buses are scheduled to be

put into service to replac: older buses, the performance of actions with
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long-term benefits may not be suitable for some period prior to the
buses' retirement. However, even this type of situation may be occurring
less frequently due to a trend toward continued use of the older buses
(i.e. for service expansion, stockpiling for use during a gasoline short-
age or some other potential emergency, use as spare parts, sale as used
bus or parts, storing as 'insurance' against early problems with new

buses).

3.1 Identification of Bus Systems/Subsystems/Parts

An absolute necessity in the development of a vehicle maintenance
program or in understanding such a program, is the realization that no
single balance of preventive and non-preventive maintenance applies to an
entire vehicle. In fact, there are hundreds of different parts on a bus,
each of which has different maintenance meeds. However, programming each
of these parts separately would be extremely difficult as well as ineffi-
cient.

It is possible to cluster groups of parts together intu subsystems
and to furthér group these subsystems into different systems. Each of
these systems has a distinct function in the operation of the vehicle.
Further, each subsystem has a particular 'job' to do, sé that the system
can perform its function. For example, the steering linkage would be a |
subsystem of the steering systém, because it transfers the motion of the
steering gear to the steering knuckle. However, thellinkage gonsists of
a number of parts which allow this transfer to occur, including the
pittman arm, the tie rods and the various ball and socket joints.

An excellent model which could be used to generate this 'system/
subsystem/part' list is that developed for the Vehicle Maintenance

Reportiug Standards or VMRS. VMRS is a maintenance records system
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developed by the American Trucking Association and adopted by many trucking
firms to aid in maintenance management. This typdlogy divides a truck

into 63 systems, of which 40, believed to be common to motor buses, are
listed in Table 4. Each of these systems includes between two and thirty-
seven subsystems which are broken down further into specific parts.

There may be a few systems, subsystems, and/or parts which are part of

a transit bus but are not listed in the VMRS as part of a motor truck and
so some modifications would have to be made to this list. It does however
give a.good indication of the level of detail required in such a list.

A further distinction must be made between the different manufacturers
or suppliers from which the transit agency receives parts. Significant
differences in the characteristics of parts obtained from different
suppliers are known to exist and should be accounted for in the develop~
ment of a maintenance program.

Since transit buses presently in use are essentially composed of the
same systems, subsystems and parts, it would be most efficient if the task
of generating such a list would be done once, by a central authority
such as U.M.T.A.. This task will undoubtedly be tediéus if it has never -
been done before. However, the benefits of compiling this list will far
outweigh the energy spent in its development.

It will simplify and allow a more precise definition of the 'parts
groupings' which will be considered together in developing the vehicle
maintenance program. In fact, the systems which are defined may often be
the wost desirable grouping of parts for program development. This is
because the parts and subsystems of a system are working together for
some common purpose'in vehicle operation, and thus their maintenance

needs will often interact.
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Table 4

Vehicle Systems

Air Conditioning, Heating and Cranking System
Ventilating System Ignition System
Cab and Sheet Metal Air Intake System

Instruments, Gauges (All) and Mcters Lighting System

Axles Ffopt'- Non-Driven Cooling System

Axles Rear - Non-Driven Exhaust System

Brakes Fuel System

Frame Power Plant

Steering Electric Propulsion System

Suspension General Accessories

Tires Electrical Accessories

Wheels, Rims, Hubs, and Bearings Expendable Items

Automatic Chassis Lubricator Horn and Mounting

Axle Driven - Front Steering Radio Equipment

Axle Driven - Rear Spare Wheel Mounting

Clutch Hydraulic Systems - Speciai

Drive Shaft(s) ' Aﬁplications

Power Take Off Body

Tra?smission—Main—Automatic Rear Door

TrgnSmission-Auxiliary and Trim gnd Miscellaneous Hardware
Transfer Case Safety Devices

Charging System

43(16)
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The act uf developing the list will reduce the risk of a part or
subsystem somehow being exclided from consideration in the vehicle mainte-
nance program development.

Finally, the list establishes a good foundation for collection of
useful information concerning vehicle maintenance needs, and will also
enable the maintenance department to determine the extent to which its

program is satisfying the objectives which have been set for it.

3.2 Potential Benefits of Preventive Maintenance

The potential benéfits of performing preventive maintenance on a
system may be classified into seven basic types. These are;

1) veducing the likelihood of system failure,

2) reducing the likelihood of road calls due to system failﬁre,

3) reducing the need for major unscheduled repair due to system

failure,

4) reducing the likelihood of failure endangering safety,

5) providing an acceptable level of service comfort,

6) imporving a system's performance, and

7) extending the life of a system or some part of it.

It may appear redundant to distinguish between reducing the likelihoods of
system failures, road calls and major unscheduled repair due to system
failures. However, each of these, and the remaining benefit types, affect
the achievement of the maintenance objectives in different ways.

In the remainder of this chapter, the potential cost savings associ-
ated with the seven benefit types identified above will be defined, and
their relevance to the maintenance objectives (see section 2.1) discussed.
The discussion of the costs of the preventive maintenance actions neces-

sary to obtain these savings will follow the discussion of the seven
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benefit types. This may be done instead of discussing them with each
benefit type, since the cost of preventive maintenance will be formulated
and discussed so that it may bg applied to each of the benefit types
sought, as well as each form of preventive action practiced on any of the

vehicle's systems.

3.2.1 System Failure Prevention

A system failure does not necessarily cause either a road call or
the need for major unscheduled repair. These negative effects may not be
incurred until well after the failure has occurred. This type of failure
may be detectable to drivers, daily servicemen and/or inspectors. For
example, failure of the axhaust or suspension system may be detected by
the driver, but the bus may be kept in service until it is returned to the
garage at the end of its service day. Similarly a slow leak of fluid in
one of the bus systems will not cause immediate problems. Reducing the
likelihood of this type of failure is a potential benefit of performing
preventive maintenance. It may be possible for example, to reduce the risk
of a fluid leak by checking the condition of the fluid lines or even re-
placing them at certain intervals.

The ensuing discussion of the cost savings which accrue from prevent-
ing this type of system failure, is oriented toward consideration of the
costs involved in a particular level of severity of failure of a particular
system. The general consequences of the failure would therefore be

familiar to those involved in a maintenance program,

3.2.1.1 Parts Cost
The parts cost is simply the cost of those parts which would need to

be replaced due to the system failure.
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3.2.1.2 Labor Cost

The cost of the labor which is required to repair the failed system
must be estimated. In order to designate a labor cost, the number of
mechanics to be assigned to the failure repair job and the number of hours
each would work on the job should be estimated. The wage levels corre-

sponding to each of the mechanics should also be known.

3.2.1.3 Availabilitr Cost

This is'the cost incurred by the agency as a result of the failed bus
being unavailable for service. It cshould be thought of as the product of
the down time of the failed bus and the 'value' of that time.

The availability cost is sometimes the most significant cost of a
failure, yet its estimation is certainly the most difficult. This is
mainly because the value of the down time and sometimes the down time
itself is dependent on the time of day during which the failure occurs.

If a failure which requires a few hours to repair occurs just prior to

a peak period, it will make the bus unavailable for service ‘during that
peak. On the other hand, if the bus had failed just after the peak, it
would have been possible to complete the repair and make the bus available
for service before the onset of the next peak period. There are generally
fewer spare buses available during the peak period. Therefore the like-
lihood that a failure will cause some scheduled 'runs' to be missed is
generally greater if the failure causes the bus to be unavailable-during
a peak period. The potential dependence of down time on the time of day

during which the failure occurs, is explained in the subsequent discussion

concerning 'wait time'.

The bus' down time includes stall time and wait time components.

Stall time is the number of hours which the bus must be worked on in the
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garage in order to repair the failure and return the bus to acceptable
operating condition.

The wait time is the remainder of the bus' downvtime, which it
spends not being worked on due to the lack of a stall, a mechanic or the
spare parts which are necessary for completion of the repair of the bus.
Wait time may be significant since the required maintenance is unscheduled.
If the work required is not generally done during the workshift in which
it failed then it will have to wait until the shift during which it is
regula;ly done, thereby increasing the expected down time. This can
often be avoided through adept scheduling.

However, even if the failure does occur during a shift in which such
work is done, all of the garage's stalls may be occupied. The bus would
then have to wait for a stall to be freed in order for a mechanic to work
on it. The average length of this type of delay is almost certain to be
greater for the unscheduled action than if the action were schednled.

This is true because of the lesser degree of control over the flow of buses
into the garage for unscheduled maintenance. The difference between the
peaks and valleys in the demand for unscheduled maintenance will therefore
be greater than for scheduled mainterance. Thus, an increased average
wait time for a stall will be experienced and/or the maintenance task will
have to be scheduled at a smaller percent below that which would meet peak
needs - an inefficient use of maintenance resources.

TheIEOmponent of~&ait time which-may-currenfi§ Bé most éiénif££5ﬁ£
and is certainly the most openly discussed, is that'due to lack of spare
parts. Since the maintenance is unscheduled, the need for the part
can not be predicted. When the part needcd is not a stock item, it may be

necessary to have the part delivered from the central store. Finally,
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the part may not be in the inventory even if it is a stock item, due to
the perturbations in demend for the part which are likely to occur when
the part 1s maintained on an unécheduled basis. This would not only in-
crease the bus' wait time but may result in a higher price being paid
for the part due to the short notice involved. Improved communication
between the purchasing/stores and maintenance departments may help to
reduce the incidence of these type of events.

In order to determine the periods of the service day during which
the bus will not be available, an estimate of the time of day at which
the failure will occur is necessary. Assuming that the failure s equally
likely to occur during any mile which the bus is operated44, then the
distribution of failures throughout the day can be estimated by the dis-
tribution of bus miles operated during the day. For example, if 35%
of the total bus miles operated in a day are in the morning peak period,
then 35% of a day's failures are expected to occur during the morning
peak. More accurate estimates, taking experience into account, should
be possible, particularly when only minor ad justments are being contem-
plated to an existing program.

By adding the down time to the time of each of the intervals it is
possible to find out the portions of the service day for which the bus
is likely to be unavailable. When the wait component of the down time
varies significantly according to the time of day at which failure occurs

(as previously discussed), then it would be advisable to take this into

44This may tend to underestimate the probability of a failure during
peak periods due, among other things, to the common practice of using
the less reliable buses only during peak hours.
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account here, by using estimates of down time which correspond to failures

which occur during each period of the day.

In order to determine the value of the down time, it is necessary
to know how the failure is likely to affect fleet usage. For each period
of the day45, estimates are needed for the number of buses needed for
service and as spares to replace road call buses, and the number of
buses which are scheduled to be in maintenance or otherwise disabled.
When the sum of these estimates is subtracted from the fleet size, the
remainder should be the number of extra buses which are not used during
that period.

This is the number of buses available to replace buses which are
down for unscheduled maintenance, like the bus which has failed, before
other more costly means must be found to meet service needs. It would
therefore also be necessary to estimate the number of other buses which
are likely to be down due to previous periods' failures. If this number
exceeds the number of extra available buses, then one of the spare buses
which was allotted for road call response would probably be placed in
service. If the sum of the deficit in extra available buses and the num-
ber of road call response buses which are actually needed is less than -
the initial number of spare buses46, then the response still has not

resulted in any costs aside from headaches and gray hair.

45Since the availability cost is likely to be most significant during
the peak periods, they should be examined first. If costs are significant
in the peak then the next most demanding periods should probably be
examined as well.

46The probability of this happening can be found by estimating the
probabilities of different numbers of road call response buses which
would be needed, or the 'road call bus distribution'.
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However, if the number of spare buses is insufficient, then either
a bus must be released which was scheduled for maintenance47 or the
service schedule cannot be met. The expected cost of delaying the
scheduled maintenance can be estimated as discussed in chapter 4.
Finally, the cost of a missed 'run' should include the revenues lost
in the short term due to aborted passenger trips, revenues lost in the
long term due to the negative impact on users' subsequent choice of using
transit and the cost of paying operators who have no bus to drive.

Thus fhe estimation of availability cost is rather dificult.
Use of past experience and data would be a tremendous aid in estimating
such things as the likelihood of different.numbers of road calls during
an interval and the number of buses which can be expected to be down
for unscheduled maintenance. From the predictions made on this basis a
program can be developed. If the program results iﬁ_;;énificantly
different outcomes, then iterations could be made. In any case the impor-
tance of the availability cost must not be ignored, since both of its
elements, down time and the value of that time, are extremely important
factors in finding the balance of preventive and non-preventive main-

tenance best for the transit agency.

3.2.1.4 Objectives Served by System Failure Prevention

Thus the cost savings which accrue from preventing a system failure
which wonld not cause either a road call or the need for major repair,
are mainly availability cost savings. The maintenance objectives which

may be served are those of supply and cost minimization of the

47This is unlikely since a bus should not be 'scheduled' for
maintenance during peak hours. (see section 3.2.8)
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maintenance task.

The unscheduled nature of the maintenance needs caused by this type
of failure, means that the timing of the need is not controlled (and
thus may occur at undesirable times, like just before or during a peak
period), and that the expected wait time is longer than it would be for
scheduled maintenance. Prevention of this type of failure would there-
fore increase the probability that the maintenance supply objective
would be met.

Avoiding or even easing the supply effects of those failures which
are not prevented, can only be accomplished by increasing the cost of the
maintenance program. This would involve scheduling the use of the main-
tenance resources in a less efficient manner and either keeping a larger
.inventory of the parts involved in the failure, at the garages and the
central store, or paying a higher price for the part needed on such

short notice.

3.2.2 Prevention of Road Calls Due to Failures

In attaching a cost savings to the prevention of a road call and
its effects, it must be kept in mind that a road call is only the response
of mechanics to a 'distress' call from an opérator. The effect of road
calls Qill differ'according to each individual incident. A replacement
bus may or may not be dispatched, the bus which has been road called may
be fixed and returned to service or it may have to be driven or towed back
to its garage, and a major repair may or may not be necessary. A number
of different comBinations of these effects ma& also occur. Thus in esti-
mating the cost of a road call caused by a particular system's malfunc=
tion, the probabilitiesvof the various effects should be estimated as

well as their costs.
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3.2.2.1 Mechanic Labor Cost

Mechanic labor may be the largest and is certainly the most obvious
cost involved. One of the unfortunate characteristics of road call
response is not only that mechanic labor time is consumed, but that
it is consumed at a rather low rate of productivity. The time spent
gaining access to the road call site is wholly unproductive time, while
that spent working on the problem bus is probably spent less produc-
tively than if the same job were being done under more favorable condi-
tions at the garage. It is appropriate then, to include an opportunity
cost as well as the direct labor cost of the access and on-site time,
in the total mechanic labor cost.

This opportunity cost would become important if the road call as-
signment caused the mechanics to fall behind on their scheduled work.
Thus any overtime costs incurred to catch up on this work or any conse-
quences of delaying the work should be estimated and included in the
opportunity cost. Such a cost may be difficult to estimate, nevertheless

it should be taken into account since it may be significant.

3.2.2.2 Service Vehicle Use and Ownership Costs

Another important cost of road call response involves the owner-
ship and use of the service vehicles. Costs result from the fuel which
is consumed and maintenance needs which develop due to the use of the
service vehicles for road call response. These costs may be estimated
using the expected access distance and the vehicle's per mile mainte-
nance costs and fuel consumption or by splitting the total expected
cost of maintenance and fuel among the road call responses.

The total cost of owning these vehicles and the proportion of their

use which is associated with road call response must be known in order to
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determine the ownership cost which should be apportioned to road calls.
An estimate of the total number of expected road calls would then provide

the cost allocated to an individual road call.

3.2.2.3 Availability Cost

There is a bus availability cost associated with a road call due to
the delay it imposes on the users of tbhe system. In the short term,
some users up the line from the road call may stop waiting for the bus
and in the long run, the 'bad experience' may influence subsequent mode
choice negatively with respect to transit.

In addition, the time which the driver of the disabled bus spends
without a bus to drive is unproductive time due directly to the road call.
Thus the wages earned by the driver during that time should be included

as part of the availability cost.

3.2.2.4 Parts Cost
Finally, the cost of any parts or materials used by the mechanics
while working on the road called bus, is also directly attributable

to the road call.

3.2.2.5 Road Call Replacement Bus Costs

A road call, as was pointed out earlier, may lead to other actions
being taken by the tramsit agency, each of which has an associated cost.
One of these potential actions is the dispatching of a spare bus to re-
place the bus which has been road called. If taken, this action would
usually occur either directly following notification of a road call or
after it has been determined that the bus causing the road call cannot

be returned to service before going to the garage.

There is an operator labor cost involved in the dispatch of a
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replacement bus due to the need for an 'extra' driver to operate the
replacement bus. Generally a transit agency will employ a greater number
of drivers on a shift than the number needed to meet scheduled service.
The extra drivers are needed to stand in for absentees and/or to drive
replacement buses to drivers of road called buses and subsequently to
stay with the disabled bus until it is delivered to the garage.

The operator labor cost associated with a road call replacement might
be estimated by the time an extra driver would spend on a road call due
to the par- _1l1functioning. However, this cost estimate neglects the facf
that the extra driver cannot be hired only to respond to that particular
road call. The extra is paid at the same rate for the time spent waiting
for a 'job' to come #long. A better formulation would therefore allocate
the total wages earned by extras employed for replacement bus driving,

to each of the replacement bus trips expected.

The fuel, maintenance and other operating costs associated with
moving the replacement bus from the gaﬁage to the point at which it
begins service, may in some cases be significant. More important though,
is that the availability of a spare bus to carry out this operation-

n&t be taken for granted. The need for maintenance to supply a larger
operable fleet than would be necessary if the road call did not require

a replacement bus, p;qduqes a cost which should be considered, particular-
ly for road calls occgrring during peak perio