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I. INTRODUCTION

A. Purpose of the Report

This report summarizes current and potential uses of analytical
methads in transit maintenance managament. It provides an overview of
current record Keeping practice, identifies a number of newly emerging
quantitative techniques, and ocutlines their potential role in improving
the reliahility and cost-effectiveness of transit operations. The
dbjectives of this report are to

1. Summarize current maintenance manaement procedures.

2. Identify gaps between management needs and current decision-making
aids,

3.  Survey potentially beneficial analytical todls, »

4. Assess the deta rejuirements and potential benefits of new
approaches tc maintenance management.

B. Major Findings

1. Maintenance manxgyement toals for contralling and monitoring
routine daily activities are fairly well develcoped and have
been widely adoptead.

Most properties are using systems for preventive maintenance monitoring,
work order processing, driver defect reporting, fluid monitoring, and
cost analysis. These systems differ in conplexity and degree of
autanation, but they generally meet tne information needs of management
and supervisors. The availability of low cost canputer hardware is
facilitating the aloption of progressive systeams at medium and smaller
properties,

2. Several techniques for improving the perfommance of mechanics
have been developed ad implemented, but they have vet to
receive widespreald acceptace.

Both the Chicago Transit Authority and the Detroit SEMIA system have had
positive experiences with work methads analysis and jdb perfomance
alds. These systems have been alopted by both properties. Several
other cperators are interested in these techniques, but mcst systams are
not uow using such goproaches. The time and cost of develgping work
standands and jdb perfommance aids is a major barrier to their aoption.

3. Current maintenance management tools do not aldress strategic
Planning iss:es.

Current techniques are focused on contralling and monitoring daily
activities. They do not praduce the type of information needed to
prepare budget forecasts, to predict the impact of changes in the level
and timing of maintenance, or to evaluate alternative maintenance
schalules., iMethads for vehicle replacamnent analyvsis are also not widely
1sed.

Q 7




The asernce cf strategic planningy methads can be attributed to the
relatively recent nature of concern ahout cos contral in maintenance,
the data requirements of strategic planning + '~. and stroung pressures
on management to deal with day-to-day issues

4. A number of analytical methads have potential for improving
management's strategic planning capability.

The most pramising are survivor curve methads for perfomance analysis
and workloal projection. These techniques can be used to project future
workload levels and budget needs on the basis of vehicle and canponent
life expectarcies. They can also be used to test the impact of
alternative maintenance policies and schedules on perfomance amd
budgets.

The more alvancel maintenance schedule optimization methads also
have potential, but they require stronger assumptions about the type of
maintenance activities involved. The prcbability that these methads
will be adopted in the near future is lower than that for the survivor
curve and forecasting techniques.

It is least 1likely that the industry will adopt prescriptive
vehicle replacament methods. While these methads are being used to
contral costs of large non-trarsit fleets, they are based on assumptions
which do not correspod well with the budgeting and management environ-
ment of U.S. transit cperations.

C. Recanmendat ions

The research tean believes that current maintenance manajement
tools can be effective in controlling routine, day-to~day activities.
However, it has concluded that improvements in cost control and
reliability can be expected if management gives increased attention to
work procedure improvement methads and adopts a strategic planning
gproach to hudgeting, maintenance schedule setting, and wehicle
replacanent decisians.

RBecaise the adoption and diffusion of innovations is a slow
process, and because transit management has a strong day-to-day
orientation in the maintenance area, it 1s important that UMTA encauraje
the further develcopment and testing of new techniques in both the work
methads and strateyic planning areas. But becaise new methads must be
tailored to the practical needs of management, it is imperative that
these etforts .nvolve transit manajement as direct clients for nav
oraducts,

i. In the work methads area, we recammend that evaluations of
existing work methods analyses and jdo performance aids be
conducted ard disseminatel to the industry.

Special erphasis should be given to evaluating the trans-
ferability of results and the development of Juidelines for
using task instructions and s-andard performance times. This



cauld ba done through an independent contract or as an elament
of the National Cocperative Tramsit Research Program. In
order tc insure responsiveness to industry needs and concerns,
the tramsferability companent should be assessed in the
context of trial agpplications of specific procedures in the
cperation of several interested properties. A central
clearinghcuse should be established to provide for sharing of
improved jdb procedure descriptions and time standards.

2, In order to improve organizational planning, we reconmend
that tramsit operations enhance their maintenance management
by adopting strategic planning todls.

These shauld include procedures for camparing the
perfomance of subfleets, garages, and camponent suppliers,
for projecting workload and maintenance cost lewvels with a one
to two year planning horizon, and for analyzing the impacts of
changes in preventive maintenince policies. An important
element in de =loping a strategic planning approach is the
identificatio. of linkages between maintenance, the lmudgeting
canponent of the transit gperations, and cther relevant actors
including regional transit authorities, metropolitan planning
organizations, and state departments of transportation. The
inputs fram maintenance to the tudgeting cycle should be made
Clear, along with qualitative assessments of how agency budget
shortfalls are reflected in the maintenance budget. Mainten-—
ance manajement should then review relevant techniques. At a
minimm, the develcoment of a strategic planning capability in
maintenance will require the establishment of a data hase
organized at the vehicle level and adoption of a simple cost
projection metiicdology. The data base should pemit analysis
of canponent life statistics and cost experience. The cest
analysis procedure (see Sections IV.C and IV.D) wauld
facilitate budget projections and maintenance policy testing.

3. We further recamnend that transit cperators maintain and share
data on maintenance histories, cos:s and conmponent life expectancy.

Such data are needed because a strategyic planning approach
must be based on an analysis of camponent aid vehicle
reliability histories. It is especially critical that cost
data be maintained so that they corresponds to the vehicle
maintenance record. Same central repository for this data
wauld be desirable, along with agreement on reporting formats.
The examples of the trucking industry are illustrative of this
approach. The centralizad callection of these data wauld be
especially helpful to smaller systams which lack the expertise
needed to develp in-hause planning capabilities and whose
fleets are too small to generate timely and statistically
meaningful reliability statistics.




D. Organization of the Report

The rawainder of the report provides background for these recanmen—
dations and an overview of current and emerging methods. It is
organized as follows: Section II discusses the importance of maintenance
management, current variations in industry cost and reliability
statistics, and the need for systematic management procedures,
Section IITI documents current record-keeping and management reporting
methads. Section IV identifies and evaluates new techniques for
improving mechanic and management performance. Section V summarizes the
more pramising of the nev methods, identifies their data rejuirements
and relates their functions to an overall planning framework.

The report references a mmber of research products generated over
the past three years. These include the Year I and II final reports
entitled, "Implementing Cost-Effective Service Interval Planning Methads
for Bus Transit Venicles: A Case Study" and "Development of Transit Bus
Canponent Failure Statistics fram Conventicnal Bus Card Records" as well
as masters' theses ard conference papers. Copies of all these
docunents are available fram the University of Illinois Urban Transpor-
tation Cem:er. (See Appendix A.) A number of vehicle replacement
madels are inventoried in Apperdix C.

10
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II. BACKGROUND

A, Importance of Maintenance

Historically, maintenance has not been a very visible part of
transit operations. There are several reasons for this. The first is
that transit vehicles designed before the new generation 2f alvancel
design huses were relatively simple to maintain. In aidition, the
availability of federal @erating subsidies, the 80%-20% fommula for
funding capital acquisition, and a distinctive "hardware" orientation
have all contributed to a lack of public awareness of the importance of
this Ainction. As lorg as budgets were flexible, maintenance management
cauld keep vehicles in good condition, and little was heard about this
aspect of transit. Indeed, the major questions for debate were those
asscciated with systan expansion and gjuipment procurement.,

This situation is now changing: new federal funding priorities amd
prawvosed changes in grant programs, as well as lowered local fiscal
capabilities, are increasing pressures on local transit (Meyer and
Hemily, 1982)¢ Operators are being asked to make do with lower budgets
or less generous budget increases than in the past. In sawe cases, this
has led to cuts in service, and in others it has resulted in g.trition
in several personnel areas — including maintenance.

The importance of greserving a vigoraus maintenance function has
been :nderscored by the conduct of two major conferences on the topic in
the last year. The multifaceted nature of maintenance was anphasized at
a workshop sponsored by UMIA and TRB in April of 1982. The findings of
the Bus Maintenance Improvement Workshg indicated that advances in
maintenance effectivensss would require action in a number of areas,
including relations with general managers and bhoards of directors,
improvement in data bases and management information systems, clcser
attention to human relations and personnel issues, and facility and
vehicle design innovations (TRB, 1983). The importance of maintenance
to the overall mission of transit was made clear in discussion at the
August 1982 Transit Service Reliability Workshops. That workshop
recaynized that praoer vehicle maintenance is a fundamental precondition
for effective service provision, and is egually as important as route
Jesign and driv- - selection and training (Abkowitz, 1983). Clearly,
proper maintenance is essential if missed runs, late pullouts, and
roadcalls -- leading to the deterioration of headway reliahility and
ultimately to reductions in ridership — are to be avoided.

In recagnition of the importance of maintenance, transit cperators
are developing naw systens for tracking maintenance performance and
resegrchers are being encourayed to develop new methads using techiniques
frm industrial engineering, systens analysis, opsychology, and educa-
tiapal testirg and training to aldress maintenance concerns. All of
rhese efforts are aimed at the dbjective of increasing transit service
raliabilicy in an enviroment of increasingly tight budget constraints.



B. Maintenance Perfomance and Cost

Transit bus maintenance costs constitute apprakimately 20% of total
cperating costs. They totaled 310.7 million dollars in 1981. As Exhibit
IZ.1 shows, maintenance expenditures are positively associated with
system size, as is the frequency of roaicall events. These expenses can
be brdcen down into three major categories: direct wages, benefits, and
materials. Direct wages constitutes 50% of maintenance expenditures
industry wide. This cost item varies fram 36.5% for the smaller systems
(under 25 vehicles) to 50.1% for systems with over 1000 vehicles.
Fringe benefits average 20% of total maintenance costs industry wide,
(witi, a range of 9.3% to 22.9%) and are strongly correlated with system
size. Material costs vary fram 24% to 30% of total costs (Jacdos,
1982).

The effectiveness of these expenditures seams to vary greatly. This
is apparent fram the declining relationship between miles of service per
maintenance dollar and system size shown in Exhibit II.1, as well as
fran the lower number of miles between roadcalls experienced by larger
Systams, Part of the dbserved pattern is certainly die to the more
intense service profile vehicles are subject to in large urban areas and
to higher wage scales. But other factors also are reflected in the
data, including fleet age, peak to base requirements and overall
management efficiency. Regression and correlation madels based on 1980
Section 15 data illustrate the camplexity of these factors. The first
model, based on 62 cbservations having camplete data in the 1981 report,
velates the frequency of chargeable roaicalls to maintenance labor
effort, pesk periadl utilization, average vehicle mileage, ard feder
operating subsidy levels. The results show a positive relationsh
between pesk-heavy service and the frequency of maintenance relat
roacalls. Systems with base-heavy service and relatively high cperating
support tend to have lower frequencies of roadcalls. The statistical
relationships shown in Exhibit II.2 are significant, but it should be
noted that the model explains only 20% of the variation in the data.
Further correlation and regression analysis was not successful in
improviny the predictive validity of the model. It is especially
interesting that age, spare ratios, and reserve fleet size did not show
significant relationships with roalcall experience.

Maintenance labor commitment shows few systematic relationships
across properties. This is evident fran the correlations shown in
oxnibit II.3. There are only two significant predictors of maintenance
effort -- cperating subsidy levels and fleet utilization. The results
strongly indicate that more intensively used wvehicles receive less
maintenance attention and that feleral perating supsidies seem to
increase the ability of properties to support maintenance staffs.

The lack of fleet size and age effects reflectad ®xhibit II.3 was
also evident in several (unshown) regression analyses. None of these
analyses were able to identify strong relationships between the
variables listed in Exhibit II.3 and labor effort, except for vehicle
use and cperating support. This was explained by one mechanic as the
res* - of strong pressures on mechanics and supervisors "to keep busy of
at least lodk busy."

12
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EXHIBIT 1.1

MAINTENANCE EFFICIENCY AND MILES BETWEEN
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Exhibit II.2
REGRESSION ANALYSIS OF ROADCALL FREQUENCY

Necendent Variable

R? = .10
F (4,57) = 3.42
Miechanical Failures per Vehicle Mile P .01
Independent Varidble Coerficient Significance Level
constant .00012
labor hours per vehicle mile +.0046 10 .21
annual per peak mileage per vehicle +.922 % :]._90 .009
annual %octal system mileage per vehicle -.666x1.02 .07
$ Section 5 per bus mile -.038x10 .06
Exhibit II.3
CORRELATIONS BETWEEN MAINTENANCE LABOR
HOURS PER VEHICLE AND SYSTEM VARIABLI"S
Variable r Significance Variable r Significance
fleet size -.04 .74 pes&k miles/bus -.20 11
fleet age -.13 .29 spare ratio .15 21
$ Sectian 5 .23 .06 pea&k to base ratio =-.02 .85
ver bus
Anmal miles/ -.45 .002 roaicalls/mile .12 .32
bus
BEST COPY AVAILABLE
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Taken tayether, these results indicate that maintenance management
shauld improve the efficiency of its operation in anticipation of low:r
operating support levels, that it shaild tzke steps to increase the
effectiveness of labor, and that these steps are most necessary in
larger and more intemsively utilized systems. The need for greater
internal efficiency is supported by the significant relationship between
subsidy levels and both labor commitment and roaicall frequency. More
efficient use of existing resairces will be needed to keep maintenance
perfomance high in the face of budget pressures. The need to explore
ways to improve the effectiveness «f labor is highlighted by the
regression results showing that labor effort is not significantly
related to roaicall reduction. Although it can be argued that chargable
roaicalls are but one indication of maintenance perfomance, this result
reinforzes informal discussions which pointed out the difficulty of
maintaining the accountaility of labor. The final generalization
~-that attention chould especially be directed to larger systems -- is
based on the lower 'level of labor cammitment and higher incidence of
chargeable roadcalls in systems with large and intensively used
vehicles.

C. Opportunities for Improving Maintenance

Maintenance managers have develcgped a number of tools for control-
ling their cperations. These include work order systams, driver defect
reports, periodic cost analyses, and preventive maintenance programs.
These tocols are yenerally quite useful for managing daily operations.
However effective maintenance requires attention to a number of cther
concerns. These include fine detail itams such as how to hest perfom a
specific maintenance task, as well as more glabal questions invalved in
setting preventive maintenance schedules and projecting future budget
needs. A fuller understanding of these issues can he develcoped by
canparing the organizational structure of the typical transit property
with the distribution of functional responsibility. This cawpacison
shows that the relatiomship between maintenance and the cther aspects of
a transit operation is much mare camplex than the organizational chart
indicates. The contiast between organizational structure (Exhibit II.4)
ard departmental interdependence (Exhibit 11.5) provides the maintenance
nanajer with an extreamely challenging professional envirament. He is
acamntable for meeting daily schedule requirements, for minimizing
preventale roalcalls, and for directing a diverse array of mechanics,
servicers, foramen, and clerks. The maintenance man&ter's job is
especially difficult becaise his euipment is utilized by drivers
accauntable to other managers.

Transit managers have long been aware of the importance of
maintenance, and they have developed a number of tools for improving its
effectiveness. These methads include pre-run inspections, roalcall
reporting, work order processing, and preventive maintenance scheduling
systans. Sane properties have implemented these tools using sophisti-
caced camputerized managament information systems, while others are
using manual record-keening procedures. Regardless of the degree of
autanation, these types of records and reports are essential for an
ef fect ive maintenance nrogran. “hile the heal of maintenance is held
accauntable for vehicle fueling, repair, and preventive maintenance, his
verfomance is strangly influencel by a number of factors which are nat

9
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Exhibit II.4
TYPICAL ORGANIZATIONAL STRUCTURE

Elected Officials

Board of Directors

General Manager
1

l l | -

Purchasing
and Inventory

Operations Planning Finance

Vehicle - l
Maintenance Personne1AJ

Exhibit II.5

INTERDEPENDENCE OF MAINTENANCE AND
OTHER TRANSIT SYSTEM DEPARTMENTS

Procurement and Inventory

* Component Quality
* Stock Qut Avoidance

*Staffing *Labor quality -
Finance Levels \ | Vehicle Maintenance | Personnel
and Budgeting . 7| Activities ° ~ | and Training
_ *Facilities | *Staff Selection
and Equipmer.t N
*Service Profile
*Scheduling of *Oriver Load Factors
Maintenance Training )
Planning of
Routes and
Schedules
*Nriver *Dafect
Behavior Reports
Transportationj
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directly under his contral. These include the general structure of the
organization, the tyne amd age of egquipment operated, the labor
agreement, the schelule of service, driver training and perfomance,
screet conditions ard st spacing, inventory levels, ard funding
levels. The camplexity of this enviroment makes the maintenance
manager's jdb quite difficult. His decision-making powers include
allocation of mechanics to tasks, scheduling of 1outine preventive
maintenance, and detemining appropriate repair actions. Meanwhile,
external .influences are comstantly affecting vehicle caxdition. The
range of responsibilities and the enviromment in which the maintenance
manager cperates place him in a position of reacting to prdblems as they
occur by ueing existing resources. This reactive pasition 1s reinforced
by the use of general indicators, such as roaicall caunts, missed runs,
and maintenance-related accidents, to measure maintenance preformance.
That current practices do not meet existing reeds is clear fram the
variations in performance discussed above in Section B.

Organizational factors have a major influence on maintenance
performance. A significant nunber of factors affecting vehicle
reliadility can not be manipulated directly by maintenance department
personnel. For exawple, scheduling and route planning affect the amount
of stress imposel on engine, tramsmission and brake systams, and the
intensity of wvehicle use places constraints on the availability of
vehicles for maimtenance. Callective bargaining agreements limit the
availability of manpower for third-shift maintenance, and budgets
influence both spare ratiocs Ad irventory levels.

The saurces of maintenance prablems can be differentiated by their
prakimity to the maintenance department. This is shown in Exhibit II.S.
Internal prablams are under the direct control of maintenance manage~
ment. These include preventive maintenance policies, manayament
information systems, supervision, and workload levels. It is signi-
ficant that budget lewvels for maintenance are beconing recognized as
sanething that can be influenced by maintenance managers ~- if they take
an aggressive rale and develop strong quantitative cases for staff and
material needs, Other factors, such as labor agreaments, fleet age,
rautes and scheadules, and vehicle procurament are less controllable by
the maintenance manager.

This report focuses on the internal decisicn-making associated with
developing a maintenance data base, setting maintenance policies,
forecasting workloals, and making budget presentations to general
nanajement. Maintenance supervisors need these tools to put their own
perations in order and to develop strategyies for securing needed
resaurces fram management. An important finding of the research is that
most innovations in maintenance management have occurred at the level of
day-to~day operations. This is understandable in view of pressures to
meet peak periad danand and keep up the appearance of the transit fleet.
The research project has not faind this high degree of responsiveness in
other areas of maintenance management. Specifically, little attention
has been civen to development of work methods to improve the atcuracy
and quality of mechanics' perfommance and almost no activity nis been
directed at strategic or long-range planning. We wili now survey
Current methads which are applicable to contral of day-to~day operations
and then turn to methods which can be applied to meet organizational
nedis in the work methads and stratejic planning areas.
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Exhibit II. 6

SOURCES OF MAINTENANCE PROBLEMS

CLASSIFIED BY LOCATION

WITHIN THE TRANSIT ORGANIZATION

Internal Prcblems
Controllable by Maintenance
Manager

‘laintenance ?olicies
Maintenance Data base
Supervision
Engineering

Budget

Workload

Prdblems MNot Under
Contral of Maintenance

Labor Contract
Organization Structure
Fleet Age

Quality of Labor
Service Profile

Fixed Facilities
FPunding Levels
Inventory

Vehicle Quality

18



ITI. CURRENT METHQDS

All transit systems use sane maintenance manaement toadls although
systans differ considerably in their degree of scphistocation. This
section will dancument same of the more cammon of these todls. Part A
will describe the tools used in the day-to~-day operation of the
maintenance department. The majority of these tools are simply a
procedure for recording the raw data of daily maintenance. Part B will
describe the next level of toals which are used for monitoring main-
tenance and for planning.

A, Data Cagoture

The first lewvel of management toadls includes:

- occerator defect reports

- fuel and oil consumption reports

- work order systans

- jdb cost reports

- periadic inspection and maintenance scheduies
- vehicle maintenance records

These reports and contral systems are especially important becaise
they contain the information needed to implement emerging forecasting
and planning tools. Tach is described briefly below:

1, Operator Defect Reports

Defect reporting has two cauponents: Pre-trip inspections and in-
service trouble reports. The basic parpose of pre-trip inspection is to
contral the condition of wvehicles put into service and to insure proper
verformance of inaintenance. Operation of buses by drivers responsible
to the transportation division and maintenance of those buses by
mechanics responsible to a different supervisor can leald to endless
shifting of blame for vehicle caxition. Most properties try to control
this by having drivers conduct pre-trip inspections prior to vehicle
Pull-cut. These pre-trip inspectians cover safety items such as lights,
horns, air pressure and window wipers as well as general cleanliness and
body condition. Many operators reguire mechanics as well as drivers to
sign off on vehicles so that vesponsibility for prablems discovered at
sane later time can be clearly est=blished. This procedu. @ provides a
clear record of the comwpleteness and quality of daily maintenance ard
the degree of care exercised by drivers in operating the ejuipment.

The second element of defect reporting is the reporting of prableams
ercaunteral while the wvehicle is in cperation. This is important for
the identification of prdtlems with brake, engine, transmission, heat,
and air conditioning systeams uwhich are experiencel only while the
vehicle is in use. Trip or inservice reports also allow the driver toO
alert Ehe mechanic about noises and other early signs of developing
prablans. This caunponent of the defect reporting system is essential to
the strateyy of conducting maintenance by continuous monitoringy of
vehicle condition.

Zxhibit TII.1 provides an example of «a tynical pre-trip inspection
and trip report. Hote that ccpil%s of the report are distributel to
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EXHIBIT I1l.1

438206

OPERATORS TROUBLE REPORT

Bus Numbwr Date._
PRE-TRIP INSPECTION
(Driver 10 (x) ssch item as Inspected)
Orivers are tc remark on unsatisfactory ltems.
O tires/lug nut O hom
O lights/refisctors 0O wipers
T glass O air pressure
Q other O emergency pressure
O clean
Drivers Remarks:
‘ TRIP REPORT
BusOX ______ Date
Drivers to (x) each item n * satisfactory and provide brief explanation.
Brakes Lights Noise Location Miscellaneous
O soft O head lamps 0 N front O buzzer or light
O noisy 0O turn indicators O nt. front O radio or PA
O grad 0O Interior O #. rear O emergency
O air pressure 0O dash g n. rear equipment
C step wall 0 engine O body damage
O transmission O other (explain)
Engine Steering Body .
C no power 0O hard O doons O defroster
D stalls 0O shimmy O heatug T wipers
d wibration O fren play O air condition O seats
O glass O over hest
Drivers Remarks (Print Only)
Operators Name Supervisors Initial

Distribution: white—maintenances; pink—transportation; yellow—driver
WO Number___

BEST COPY AVAILABLE

420




transportation and maintenarnce personnel and that the driver retains a
capy as well. There is also space to record the numbar of the work
order issued to revedy identifiel defects.

2. Maintenance Shop Reports

Several types of data are collectal thrcugh a variety of shop
reports. The following paragraphs briefly describe same of the most
camnon. Examples of the report fomms are presented in Apperdix 3.

Consumables Report. This report records the amounts of coolant, fuel
©0il, transmission fluid, and engine oil added in 3daily servicing of
-vehilces. Daily records are generally kept on a vehicle-by-vehicle
basis. Same larger systems are currently experimenting with automated
methods for recording both vehicle numbers and amounts of fluid added.

Work Order Systems. Work order systans are a vital mechanism for
building accauntability into the maintenance function. Each maintenance
action is initiatel by a work order. The system generally invalves a
write-up of the jcb after completion, showing what was done, the time
for campletion, and the identity of the responsible mechanic. Main-
ter.ance supervisors generally develcp means of monitoring the number of
autstanding work orders and tracking those which have heen pexding for
prolonged periocds of time.

Maintenance Cost Report. Cost reporting for work orders involves
recording the material and labor used for specific tasks. This report
will generally carry the work order number initiating the activity.
Practices differ on how wweriead is charged on labor activities, making
inter-canpany canparisons difficult.

Pericdic Maintenance Schedules. All transit systeuws have sane system
for periadic inspection, lubrication, and adjustrnient of vehicle systanms.
Schedules for PM activities vary (Preston, 1980), hut most are initially
based on manufacturers' recommendations, with modifications as indicatd

"by experience.”

Vehicle Maintenance Records. In addition to work order ard jdb cost
vecords, virtually all cperators keep a summary record of major repairs.
This is generally the "bus card" or "bus file" record which tracks tre
miles between overhaul or replacement of major campanerts including
starters, ergines, transmissions, air campressors and braes. A copy of
one record format is shown in Exhibit III.2. This record is of <ritical
importance for applying many maintenance planning wethods because it
contains the data necessary to analyze performance trends at the vehicle
sub-system level.

3, Management Reporting

The items just 1iscussed are part f the daily cperatioa of most
nroverties. It is also caumon practice to pregare summaries of periodic
Perfomance for use in monitoring by manajement. These types of reports
re discussed next. Appendix B8 contains examples of such reports.
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Roalcall Reports. These reports give the frequarcy of inservice
prablems.  They generally classn'v the cawse of the proaclem by vehicle
sub-system and usually are o;o-luceﬂ monthly. The fomat should aiiow
easy camparison aof manth-t o-monih variations.

General Perfomance Summaries. Weekly perfomance monitoring is
conducted by many properties. This involves reports by day of bal order
buses, pe& schelules met, roaicalls, cperator defect reports, inspec-
tions perfomed etc. These reports "roll up" Aaily data into summary
fomats. They can be usel to establish perfomance tamgets and to
monitor goal achievement.

Vehicle Cost Report. Analysis of costs by vehicle camplements the
reporting of service performed and problems reported. Vehicle cost
reports summarize oil and fuel consumption and maintenance costs. Data
fran these reports help to identify impending engine or transmission
prablems as well as high-cost wehicles. The cost data is especially
important for long~range planning.

Autanated Systems. A number of canputerized systans have been developed
for routine reporting and managament. One of the earliest was the
Service, Inventory and Maintenance System (SIMS) (MITRE, 1973). This
systan providel for recording unit changes, initiating scheiuled
inspections, and preparing cost and comsumables reports. -Jt also hal
capabilities far displaying wvehicle status and monitoring inventory
activities. The SIMS system was designed as a batch reporting systenm.

jore recently dewvelopal csystems, which include the Chicago Transit
Authority's Veliicle Maintenance Systemns (VMS) ad the Western Main-
tenance Consortium's Maintenance and Inventory System, operate inter-
actively. The VMS system was designed with capabilities for bus and werk
order status reporting, PM schaduling, roadcall monitoring, and employee
time accaunting. The Western Consortium's System has cgpabilities for
PM scheduling, consumables reporting, inventory management, €failure
monitoring, work order processing, and manajement reporting.
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IVv. NBEWY TECHNIQUES

A nunber of methads not current.y in use were idemtifiel in the
course of this research. These include methods for impr-oving main-
tenance procalures, for analyzing canponent quality, for forecasting
future manpower and inventory needs, for camparing maintenance policies
and for evaluating and setting preventive maintenance schedules. These
procedures complement current management tools, and support the
expansion of management's role into the areas of employee perfomance
monitoring and strategic planning.

A. Methods Analysis

The aim of methads analysis redesign of work to improve the
on-the-jdy performance of mechanics and to give management better
control over costs and time allocation. While methads analysis is
standard practice in many industries, it has received little attention
in transi:. Howewer, in a case where it was applied to transit
maintenance, costs were reduced by 30 to 50% (Miller and Lane, 1982;
Haenisch and Miller, 1976). There are three major camponents to methads
analysis: jdo time estimation, anlaysis and improvement of procedures,
and cost estimation. These camponents as well as implementation and an
example are discussed below.

1. nstimation of Standard Job Times.

Jdb time estimates are necessary for systematic work planning and
ceet comntral. Industrial engineering methads have been developed to
Jenerate reasonable, efficient job standards that, when produced
uniformmly, result in good estimates of standard perfomance times. The
steps necessary for estimating these times include: documentation of
existing cperations; recording of actual times; reduction of unnecessary
transports, delays and out of stock conditions; evaluation of workplace
design; improvement in procedures; specification of todls; specification
of the number of mechanics, carpenters, anxd electricians necessary for
the jdb; and an overall assessment of expected perfomance time.

The first step is to document the way in which the jdb is currently
perfomed. To document existing procedures, on-site cbservations are
taken of the particular jcob being studied. Tasks are braken down to
small (six-minute) intervals and recorded on an dbservation sheet. At
least three separate cbhservations are recorded although longer or more
canplex tasks may reqjuire more dbservations. The dbservations are taken
at different maintenance locations, oserving the work of several
different workers, The initial servation saquence provides an
estimate of average work time and quality of task perfomance. During
the doservation, actual time is recardal. Rach doservation is divided
into actual performance time and avoidable and unavoidable delay times.
The unavoidable and avoidable delays are then subtracted fran total
time, and the three raw standard times are averaged. WNo allowances for
prcblem delays are incorporated into the doserved averamge times. If any
one of Ehe three cdoserved times is not within 33% of the others, that
dservation is discardald and a new bservation is made.
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2. Analysis and improvement of procedure

The detemination of the standard time can be made fran the average
of the three dvserved times. In most Cases, however, more than simple
documentation is required. Most often, the procedure must be sequenced
arnd analyzed to detemine the length of time that the procedure shauld
take. This analysis begins by cambining tasks idemtified in the initial
three dservations into one systematic procedure. Each task is analyzed
to detemmine its necesgity to the coverall proecedure, and unneccessary
ones are eliminated. The analysis includes allocating work time to
securing materiais fram storage areas, canbining tasks to reduce back-
tracking and deathealing and listing all equipment needed to eliminate
repeat. trips. Other steps are aided to assure the highest quality
finished jdb. Special todls may be designed to meke the job easier.
For example, camponent rebuilding may be divided into tasks for
canstructing subassemblies, so when replacement is perfommed, varicus
additional camponents are already part of the larger subassembly.

3. Symthesis into a Procedural Bulletin

Once work methods are coptimized and timss are estimated, the
improved procelure is presented in the fomm of a lbulletin, which is
titled by jdb and begins with a brief statement of purpose. A repair
worker in bus maintenarxe is able to performn the jdb cawpletely and
accurately by fallowing the bulletin. When necessary, other bhulletins

are referenced to provide camplete infomation on haw to do the jab..

The intent of the bulletin is not to provide training, but to serve as a
guide to help the worker perfom the specific task unifomly, and to
praduce the highest quality zroduct in the safest way. The bulletin
provides discrete steps that must be executel. Most importantly, these
bulletins provide a path to follov in order to achieve the established
standari time for that jdb. It shauld be noted that while all huses have
the same basic parts, the parts may require different procealures for
repair or replacement on differemt hus models. Accordingly, different
osulletins are provided for differing bus mcadels.

During the initial documentation and following analysis a camplete
material list and a special toal list are developed. These enable the
individual assigned to a task to dbtain all the materials and tools
needeal to perform that task before the task is begun, eliminating
repetitious returns to the storeroan or =00l crib during the jdb. The
lists also eliminate half finished jcbs and wasted manpower due to
Material shortages. In developing the procedural document, every effort
is made to reluce unnecessary trips amd delays by seguencing th=
Prcedure to minimize the amount of time it should take. Howewver, as
these factors vary in specific locations or garages, it may be necessary
0 estalish separate standard job time constants for cdotaining ard
returning tools and materials and for moving the vehicle fram the
storagge location to the work location and back for :hese specific
situations.

Jork  sampling has shown that a 12%% allowance is needal “or
personal needs. Another 12%% is recawmended for deviations fran ideal
conditions. The allowance factor reflects the following variables:
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1. Condition of the garage - same are new with excellent lighting
and modernm lifts; others are old with service pits and
lighting fran street car days;

2. The availability of air, electricity, etc.;
3. The size of the working location.

The total of 25% in allowances is added to the dbserved average time and
the perfommance constants are added to the standard jcb time ..n order to
establish the estimated standard time for tasks perfomed in garages.
Since the performance and allowance constants can accaunt for a
significant part of the total time, especially on short tasks, various
types of repair or replacement work should be cawbined, especially when
the same toals and materials are required for the canbined tasks. These
canbined tasks are reflected in one bulletin.

Tasks perfomed in overhail shops may not rejuire the same
constants as tasks performed in the garages because the vehicle is
braught to the designated area by other personnel and becaise special
equipment or subassemblies may be in use. Nevertheless, the shop
bul letins are similar to the garage bulletins. nifferences may occur if
the mechanic does not retrieve the bus, material, or tools. However,
the material and tool lists shauld be supplied so the mechanic can check
these itans before beginning the job.

4. Implemenation of Methods Analysis

Standard job times and improved work methods can be usel for a more
efficient daily programming of maintenance tasks and for deteminirg
manpower requirements for particular daily work loads. The standard
times can be recorded on a canputer system to provide summaries of jdb
performance by individual and by particular jdb, allowing contimious
monitoring of productivity by function. This nakes it possible to review
each individual jdb or cambination of jdos in relation to the overall
garaje system, providiung management with the informmation they need for
increasing efficiency and for providing overall better utilization of
marpower,

2n exanple of this aporoach is Miller's (19) study of 150 functions
at ten CTA bus garages. Before implewentaticn of Miller's standards, a
thoraugh review of each hulletin was conductel in a raund-table
discussion with maintenance management foremen and resident instructors
at a working lccation. Methods personnel also demonstrated the use of
the special tools listed in the bulletins. The purpose of the discus-
sian was to increase understanding, assure acceptance, and pemit
refirement by all parties. The bulletins themselves were displayed in
garge locations where the type of wor¢ Jdescribed in the bulletin was
verformed. The bulletins were placed within a few feet of and cam-
pleraly accessible to the amployee nerfoming the task. Copies of the
~ulletins were also distributed duriry emplcyee training and kept by the
anployess.
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Each hulletin was caded with a distinct jdo number. At the CTA
this jd number is keyed into a computerized data systemn when an
anployee begins the jdb. The eamployee "jadbs off" when the joo is
campleted and the time is autamatically computed and stored. Analyses of
worker, jd, location ard system performance can be generated fram the
collected data to provide better utilization of manpower and job
efficiency.

On average, it todk appraximately 100 person hours to praduce each
bulletin, althaugh the time varied with jdo duration amd camplexity

5. An Example of Methads Analysis

One of the more extensive procedures in the CTA case involved the
renoval of the Detroit Diesel power plant. Whereas this coperation was
pr viously performed on a piecemeal basis, the task is now accanplished
by mulling the unit out as an assembly and then partially disasseanbling
the cawerter and blower. Use of an engine dolly facilitates this
method. The revised procedure led to savings of 40%, which amounts to
appraximately $250 per plant removal in 1982 dollars.

The procedure requires an electrician, a carpenter, and two
mechanics. Becaise of the detail of the bulletin (see Exhibit 1V.l),
the foreman knows exactly when to call each trade amd how long each
employee will be needed on this particular jdb. The extensive detail of
the procedure may sean excessive to the dbserver at first, hut such
detail 1is necessary to ensure accurate, unifom, and reproducible
results.

A major achievement of the new procelure was the improred schedul-
ing of amployees and reduction in delays fran one or more not being
available. Reduction in waiting time also pranotel better worker
relations., The initial evaluation of the CTA study showed signif-
icant praductivity gains averaying in excess of 30% due to improvements
in work methads ard as well as reductions in time requirsd for the jdb.
For many functiomns, the gain was in excess of 50%.

5. Analysis of Standard Ccst

Once standard methads are estdblished, the estimated times for the
1bs can be usal to develp standard costs.

Since the standard time is Xnown and a standard labor cost can be
Jdeteminead, only the material cost is needad to determmine the total cost
of rebuilding a canponent. Two alternatives to rebuilding camponents in
nouse should be considered: wurchasing a new camponent fram the
mamfacturer and subcontracting for a rebuilt camponent. The decision
to replace or rebuild depends on several factors: the availability of
crainal staff in hause; the cost of rebuilding versus replacing based on
standard time amd cost estimates; the availability of the new iten and
““e leal time to cbtain it, the ability to and wisdam of stocking
1n=howuse rebuilt canponents versus the ability to and wisdan of stocking
~dw crmponents; the quality and consistency of rebuilt canponents versus
~he consistency of replaceaments.

(O]
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EXHIBIT 1IV.1
EXAMPLE OF PROCEDURE BULLETIN

30=0.5 h (M)
0.8=0.1 h(C)
Power Plant Removal 8V-71 Detroit Diesel Eng. 0.3=0.1 h (E) 2210
JOB DESCRIPTION STANDARD TIME JOB NUMBER
Bus No. 6-9, 21-25, 1000-1524. 7400-7944 Hois:
VEHICLE SERIES SUGGESTED LOCATION

MATERIAL DESCRIPTION LOT NO. QUANTITY

Engine Dolly
0Oil and coolant drain drums

SPECIAL TOOLS TOOCL/LOT NO. QUANTITY

| NOTE: SAFETY [S PART OF THE JOB
Exercise all CTA established safety rules relating to the use of tools, materials. equipment, and personal
safety in the performance of these procedures.

L. o

PROCEDURE:

Note: Four men are required for *his job, two mechanics, one carpenter, and one electician. The job tasks are grouped
by workman type. and are generally sequential within the groupings. The mechanics should begin working
tmmediately upon those tasks which require no previous work by the electrician and carpenter. The electrician
and carpenter should work *“around” the mechanics. attempting to finish their tasks as scon as possible.

I. Go to Data Entry Unit and job-oa.
<. Obtain bus and position in work area.
3. Obtain necessary tools and materials.

Electnician:

Cisconnect batterv c. bles.

Disconnect engine wiring pin connectors (2) at junction panel.
Disconnect wire at bottom of junction panel.

Disconnect A. C winng from alternator (5 wires).

Disconnect two wires from starter motor, working from inside of coach.
Clean up work area—replace tools.

Go to Data Fntry Unit and job-off.

Report to Foreman for next assignment.

f.l-“kat)-——
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continued on next page
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EXHIBIT IV.1 continued

Carpenter:

1.

b

1

O O

Secure engine colapartment door:

a. Raise engine compartment door.

b. Attach support pin 1n compartment support brace.

¢. Run a 40-foot length of rope approximately 1/2 inch in diameter under compartment door and through tr.
door’s mounting hinges.

. Push rear hinged windows out at bottom.

Run rope ends through rear windows.

Tie one end securely to passenger hand rail in bus.

Have mechanic pull support pin out of cotnpartment support brace and push compartment door open to

maximum extension.

h. Pull rope taut and tic loose end securely to passenger hand rail.

Rzmove engine access panels from inside coach.

a. Lift rear seat. Use prop to support seat.

b. Remove top panel.

¢. Remove insulation.

d. Remove bottom panel.

Remove back bumper by removing bumper mounting bracket-to-¢ngine cradle mounting bolts (10).

Remove radiator closure door bottom mounting bolts.

Raise the nght side engine compartment closure door and affix closure door support prop.

©® -0 Q

. Remove right side bumper extension by removing mounting bolts at bulkhead mounting bracket and extension

back mounting bracket.
Remove brace member between right end of engine cradle ana mounting bracket at lower edge of bulkhead.

. Return all materials to their pror=r place.
. Go to Data Entry Uait and job
. Report to Foreman for next assignment.

Mechanics (2):
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Close shut-off valve in heater line.

. Open access flap for coolant filler.

. Press and hold vent cock on surge tank to relieve pressure in cooling systen.
. Open filler cap to vent cooling system while draining.

. Raise radiator closure door and affix support bracc.

Ratise coach.
Exhaust air system by opening drain valve on right rear air tank. When system is exhausted. close valve.

. Position drain coolant drum under lower radiator hose connector drzin plug.
. Remove lower radiator hose connector drain plug. Allow to drain and replace plug.
. Pusition drain coolant drum under heat exchanger coolant exhaust line.

Loosen hose clamps on rubber connector for heat exchanger coolant exhaust line.

. Break connector seal and slide back toward heat exchanger. Allow coolant to drain.
. After exchanger is drained, slide connector forward and tighten hose c.amps.

. Remove drain coolant drum from work area.

. Position drain o1l drum under engine oil pan drain plug.

. Remove engine o1l pan drain plug. Allow to drain and replace drain plug.

Position drain o1l drum under transmussion o1l pan drain piug.

. Remove transmussion oil pan drain plug. Allow to drain and replace plug.

. Disconnect air [ines to transmussion stuft slave cviinder.

. Remove shift cviinder clevis pin at transmussion shaft lever.

- Loosen propeller shaft retaining collar and slide forvard on propeller shaft.
. Disconnect transmussion ground strap.

. Remove A C dust shield.

Remove A. C propeiler shaft flange mounting bolts at fan dnve.
Pull propelier shaft Gff end of A C splined shaf: and remove from vehicle.

. Remove engine cradle to bulkhead mounting bracket bolt nuts. tlat washers. 1. '4-inch aluminum circular plates

and rubber bushungs. Do not remove bouts.

continued on next page
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27.
28.
9.
. Disconnect air compressor discharge line by removing bolts at discharge line flange.
3l
32.
33
14,
3s.
36.
37.
38.
39.
. Remove throttle clevis pin.
41,
42.
43.

4s.
. Loosen exhaust pipe clamp at engine exhaust pipe support bracket.
47.
48,
49,
50.
51.
52,
53.
54,
55.
56.
57.
58.

59.
. Rotate air intake silencer towards bulkhead.

61

62.
63.

6d

65.
66.
67
68.
59,

0.

~-
R
"4

<

s

R
q

EXHIBIT IV.1 continued

Loosen exhaust pipe to muffler clamps (2) and slide towards muffler.
Disconnect engine oil by-pass fil'er input and cutput lines at filter.
Disconnect heat exchanger input and output oil lines at exchanger.

Disconnect air compressor intake hose at compressor.

Disconnect air compressor gnvernor reservoir port line at compressor.

Disconnect compre ,sor governor unloader port line at compressor.

Disconnect fuel lines at fuel fil rs.

Disconnect power steenug fluid line at compressor. Allow to drain using a can to catch drainage.
Cap power steering fluid line receiver at compressor.

Disconnect o1l manifold line at fittng on generator.

Disconnect air line at engine stop solenoid valve.

Disconnect air line at fast idle solenoid valve,

Remove throttle cable mounting clip on engine compartment door side of engine.
Remove engine coolant temperature sending unit.

Rumove throttle cable mounting clip on bulkhead side of engine.

Pull throttle cable \oward bulkhead to clear engine.

Disconnect speedometer cable from speedometer drive unit on transmssion.

Loosen bottom exhaust pipe clamp at cradle hanger exhaust pipe support bracket.
Remove middle exhaust pipe.

Loosen top exhaust pipe clamp at cradle hanger exhaust pipe support bracket.
Remove exhaust pipe bracket mounting bolts at cradle hanger.

Remove exhaust pipe bracket.

Loosen hose clamp on surge tank overflow line. Disconnect line.

Disconnect surge tank vent line at engine.

Discerinect surge tank deaeration line at engine.

Loosen hose clamp on heater supply line and disconnect line.

Loosen hose clamp on heater return line and disconnect line.

Loosen hose clamp on engine coolant supply line at surge tank and disconnect line.
Loosen clamps on air-intake silencer at both silencer-to-blower intake cover rubber connector and silencer-to-air-
intake filter rubber connector.

Loosen bolts on air intake suencer barrel mounting straps.

Remove bolts from radiator assembly lower support member. Support bracket.

Remove bolt and rubber s yacers at radiator upper support.

Position engine dolly under engine cradle raising or lowering woach to provide 2-3 inch clearance between engine
cradle and dolly.

Lower coach until engine cradle is approximately | inch from dolly.

Connect air line to engine dolly.

Inflate engine dolly, checking for dolly-to-cradle contact alignment.

Lift engine cradle to relieve stress on cradie hangers.

Loosen cradle hanger to coach support bracket bottom mounting bolt nut.

Remove cradle hanger to coach support bracket top mounting bolt nut and bolt. adjusting engine dolly 1ift (f
needed.

Pivot cradle hangers toward the sides of the engine compartment.

Raise engine cradle w1 free cradle to bulkhead support brackets.

- Remove engine cradle-to-bulkhead mountng support bracket bolts (2).

Remove air line from engine dollv.

Move power plant awayv from engine compartment slowly, checking to see that all lines. wiring and coutrols are
disconnected.

Exhaust air from ¢engine dolly air bags.

Ciean work area—replace tools.

Take bus to storage area.

tio to Data Entry Unit and joh-off

Report to Foreman for next assignment.
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If all cother things are ejual, including quality, consistency and
availability, the camponent replacement amd rebuilding decisions cai be
made using the lowest cost criterion. The costs would be assessed as:

In house rebuild: Standard Time X Labor Cost Per Hour +
Material Cost + Overhead

Subcontract rebuild: Quotation fram rebuilder

New purchase: Quotation fran manuf acturer

B. Failure Analysis

Failure analysis involves three different activities: estimation
of canponent life, diagnosis of variations in perfommance, and fault
made analysis, The develgpment of canponent survival curves is a
logical extension of the vehicle history recordkeeping procedure
discussed in Section III. This procedure is useful for detemining the
life expectancy of canpanents, and it also provides the -data necessary
to identify variations in perfomance, predict future repair require-
ments, and assess the desirability of fixed interval replacements vs.
failure or inspection based maintenance, Fault mode analysis is used to
develg corrective actions to extend the useful life of canponents.

1. Nevelcoment of Canponent Life Distributions

&. Purpcse

The distribution of unit failures by miles rmun is useful infor-
mation for maintenance management. It is superior to reports of average
lifc expectancy because it provides an indication of the contribution of
manufacturing error, randan failure, and ageing to component failure.
One of the products of recent maintenance research at the University of
[ilinois (Kosinski et al., 1982) is an cperational methad for detemmin-
ing failure rate statistics fraom standard recordkeeping mechanisms used
oy transit operators, i.e., the bus history card. This procedure is
goplicable to canputer-based repair order axl vehicle tracking systems
as well. It is flexible enocugh to be applied in situations where
canponents have variale installation and replacemnent Jdates, and does
not require that all canponents be run to failure.

The procedure has five steps: 1) detemining the number of miles
each dbservaed canponent accumilated tefore failure or replacament, or
defore the point of data collection, 2) grawping the data into intervals
of thousands of miles, 3) counting the number of camponents which aged
but did not fail in each interval, 4) calculating caoxditional failure
Jrcbabilities for each interval, and 5) calcul-ting cumilative failure
praoabilities fram the canditional failure statistics.

Such information can be used to detemine the orcportion of bus
canponents which will fail in nomal use for a given inspection or
replacament schedule and also to set target inspection and replacement
Nilexges on the basis of managament policies rayarding system reli-
aility (see mxhibit IV.2)
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b. Example

The practicability of the procedure ig demonstrated in a recent
study of AC Transit maintenance data (Kosinski et al., 1982). The basic
iten of interest in this study was the failure rate of each of 17
canponents (e.g., engines, differentials, clutches) and the functional
relatianship between the prdbability of failure for any given unit and
the number of miles cperated. The focus of the analyis of the data is
the mileage that each unit dbotained before it was replacel becaise
failure seemed likely or because the unit actually failed. (The
teminalogy here of "failure" is usel interchamgeably with "replaced in
anticipation of failure®", the assumption being that if the unit did not
gail,)the point of replacement was that point just before the unit would
ail.

Milege between failure for each canponent is conputed in the
following manner: for each type of unit in each bus the incidents of
failure were sorted in chronadlogical order and the mileajes for the
first instance of failure were subtracted fram the second, and the
secand framn the third, and so0 on in order to detemmine the mileage
between replacenents. This convention was reasonable siice AC Transit
rautinely inspects units both at set mileages and upon the basis cof
cperator reports and then closely monitors their perfomance. Any
replacament is likely to indicate that the unit hal reached or was about
to reach the end of its useful life. The frequency of the failures in
given intervals exhibit the characteristic prgperties of classic failure
curves; that is, there were initial pericds of high failure due to
manufacturing defects followed by periads of lower failure rates due to
randan causes.

Detemining prcbabilities of failure reguires the use of special
procedures for handling "censored" cbservations (i.e., cases where the
unit was renoved before failure). This is necessary becaise most
transit operations do not follow block or mileage based replacement
oolicies; rather, canponents are replaced at failure and at any one time
there will be a large variation in the service age of any type of
canponent. The procedure imvolves the identification of the number of
failing and surviving units amd the mileage reached to estimate the
nunber of miles to which the unit had survivel at the date of datc
collection. Using frequencies of unit failure and unit survival,
conditional failure prdoability distributions are calculated. The
cumulative failure prabability distribution function for each unit are
detemined fram the canditional distribution function.

As the data collection proceeded, it became agpparent that the
quality and cansistency of the data cbtained fram AC Transit was very
gocd. Howewver, there were sane indications of scheduling or record-
Xeeping prcdblems, perhaps due to dispraportionate workloads between
jarayes and large varigtions in the mix of maintenance effort., There
was also evidence that the mileages svecified by AC Transit for inspec-
tion of same units may have been set too high because the data indicate
that nearly 808 of samne units had alrealy failed prior to the first

inspection.
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<. Implementation

The quality of the data base affects the reliability and utility of
conclusions drawn fram this method. The data base should cover a
timespan sufficiently large to ensure replacement of a significant
nunber of the units under consideration and it should be built upon a
relidble maintenance recordkeeping system. The data base shauld also
contain informmaticn taken fram buses which are representative of the
entire fleet, and it should include the cause of unit replacement, i.e.,
whether they were changed because of driver report, inspectiom,
maintenance policy, or failure.

2. Camparison of Variations in Life History Data

a. Methads.

The procedures described in the previaus section can be easily
applied due to a recent enhanceament to the SPSS (Statistical Package for
the Social Sciences) software ‘Nie and Hull, 198l1). The SPSS package,
which is cammenly available, now has a SURVIVOR procedure which plots
hazard rates and survival prcbabilities. It also has options pemitting
camarisions of groups of data, such as the performance of components
fron different suppliers or of different vehicle series. Like the
technique described in the previous section, it is also applicable to
"censoral" data, which is typical of that found on bus card records.

The SURVIVOR procedure is relatively flexible, Tt can use either
rav data files or gramped data as inmput. Its wutput includes hazari
rate, survival, and cumlative failure plots, and it can produce
canparisons of up to eight graps of data. It also calculates an
appraximate statistical significance test which can be used to camwpare
sanples and evaluate the importance of dhserved differences. The only
limitation of the procedure is that it reguires preprocessing of the
data typically appearing on ‘us card reconis. This can be accanplished
Dy using the methods develcped by XKosinski et al (1982) and summarized
1n Section IV.3.1.

.  Ixample

A goal example of this technique is the analysis of AC Transit
camponent history data (Foerster, 1982a). This analysis is based on bus
card records assanbled according to the procedures previouslvy autlined.
The SPSS SURVIVOR procedure was used to campare the life expectancies of
17 bus conponents over two time periads and across three different
jarge locations. For each cawparison, tabular and graphical data
fispiays were nroluced. The graphical output, shown in Exhibit IV,3,
Lisplays the proportion of camponents surviving to stated mileages. The
Jrapinlcal symbols in the Zxhibit identify the distrilutions for orakes
instal led bhefore 1978 (symbol "1") and after 1978 (symbal "2"). This
particuaar grxh shows a significant decline in brake life, a prdblem
f11'h 15 now being aldressel hy the National Cocperative Transit
Toseard Pragran. ?lots of hazard rates, prdvability ensity functions,
! logaritinmic scaling are all available as ootions in the oprogram.
She oroggram also praluces tadular cutput, shown in =xhibit IV.4, that
incliies  lescriptilve statistics and opthional tests of the significance
HIoanter-graup (":ireatment") differences.
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Exhibit IV.4

TABULAR QUTPUT FROM SPSS SURVIVOR PROCEDURE
FOR COMPARISON OF BRAKE LIFE

(a) Descriptive Statistics
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(b) Test of time-related differences
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The tests run by Foerster detectel a nunber of garage-related
differences in canponent service life. These include large differences
in front brake life (with median survival mileages of 57,000, 90,000 and
61,000 miles for the three garages studied), ani large inter-garage
variations in replacement milemges for brake digphragms and relay
valves. The detection of these differences can signal a need to inquire
further into the reasons for divergent life expectancies. The front
brake differences may be due to topography and load factor variations.
The bra&ke diaphragimn and relay valve differences are prcbably due to
failure to doserve stated replacement policies for these caonponents.

The results also show that same charges over time occurred at only
one ar two garages. For exawple, Exhibit IV.5 shows clutch 1life
expectations. The circles indicate survival ratec for pre-1978
clutches. These shov no difference in life expectancy by garage. There
are differences amnong garages for the post-1978 data. It appears that
garage rnumber one is experiencing no differences in clutch life, but
that clutches in garaje number two are lasting longer while those in
garage number three are wearing more quickly. Other differences of this
type were also identified in generators and rear bra&es. No major
time~related differences in the frequency of failure and repair/replace
-ment of air canpressors, blowers, generators, starters, clutches,
transmissions, front brake, brake relay valves and rear brake diephragms
were noted. No significant time or garage differences were seen for
engine work, differentials, transmissions, starters and blowers.

C. FREvaluation

The SPSS SURVIVOR procedure 1S an easy-to~use tool for lodking at
historical maintenance data. It can be used to identify trends in
canponent life, to diagnose inter—garage variations in _»rfomance, and
to track the quality of rebuilt or replaceament camnponents.

A goad data management systan would greatly facilitate use of this
program. Such a systan should provide for recording of failure and
replacament data on an ongoing basis (perhaps as the bus card is
updated) and should include the reasons that components are replaced
(failure, mileage 1limit, inspection). This is necessary in order to
distinguish between camponent life and replacement policy effects.

3. Falt Made 2Analysis

4. Cxample of Methods

Fault mode analysis is appropriate for camponents which have a high
failure rate. Kelly and Ho (n.d.) alvecate the formalization of this
oractice to control high maintenance costs. This approach uses the the
typves of data described earlier to identify problem canponents, but it
also involves canmunication with supervisors and manufacturers to
institute operating and manufacturing practices which result in early
detacting of failure (See Exhibit IV.6).

A recent application of this oroccedure resulted €rom the dbser—

vation of fa.iures at low mileamges for new and reconditioned trans-
m1ssions.  The mean :nileage-tcr-fai%tire for new transmissions was 120,300
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COMPARISON OF SURVIVAL FUNCTIONS FOR CLUTCHES:
TWO TIME PERIODS AND THREE GARAGES
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BEST copy AVAILABLE Exhibit 1V,6

FAULT ANALYSIS ACTIVITIES
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miles insteal of a target 200,000 miles. Recoditioned transmissians
were failing at 58,000 miles.

Detailedl engineering analysis indicated that the early failure of
the new units was due to use of lubricancs poorly suited to the
Particular application, excessively long lubricant charge intervals,
inadequate air systean inspection, and driver operating habits.

Recommended solutions included more freguent changes of lubricant
more Irequent adjustment of the transmission, improved air system
testing, driver training, and improved camponent design.

Prablems with rebuilt gearbaxes were faund to result fran the use
of reconditionel brake bands axd gear trains. Recommended remeilies
included the use of new brake bands in the rebuilding purocess ard
instrument testing of gear trains to detect hairline cracks before
reuse.

b. Evaluation

Xelly and Ho indicate considerable success with this agppreoach to
specific prablems. However, ithey stress the importance of systematic
recordkeeping:

Unless a data collection system has been properly designed it is
extremely dif~icult to extract the type of information necessary
for maintenance decision-making. A passenger transport ormani-
zation using many identical buses should have a data collecticwn
systemn which will gather infomation on failures down to the item
(e.q., gearbax) level. Such information shauld include the time to
failure, the symptams, and above all, the causes of failure. (Kelly
and Ho, p. 8).

C. Workload Projectians

The techniques surveyed in the first two parts of this section are
concerned with monitoring and improving perfommance. We now consider
methads for planning maintenance activities. Two types of action must
be addressed: schelilel and non—-scheiuled maintenance.

1. Schaduling Regular Maintenance

Scheduled maintenance includes daily servicing as well as peridic
inspection and preventive maintenance. Most properties have daily
schedules for fueling and cleaning. The more critical need is for
oreventive maintenarce and inspection scheduling. This is addressed in
same Systems by incorporating inspection targets into the MIS systenm.
The Chicago Tramsit Authority's Vehicle Maintenance System (VMS) is a
case in point. It displays lists of vehicles reaching maintenance
nileage targets on a daily basis.

A relatal nead is to plan inspections on a long tem basis. This is
important when setting staffing levels and phasing in new fleets.
Several nmethodas for doing this have been developed (Kelly and Ho, n.d.
and Wilson=-Hill, 1980) Their camnc%r& elanent is the analysis of pericds
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when vehicles are unavailable for maintenance becaise they are nealed to
meet peak demand or to maintain spare vehicle ratios. The most aivanced
toal for this purpose is the Interactive Inspection Scheduling Package
(IISP) developed by the Transportation System Center (Wilson-Hill,
1980). It cauld be profitably adapted for handling not only warranty
-relatel items but also for planning compliance with preventive
maint.enance schedules.

2. Projecting Emergency Repairs

In &«dition to estimates of scheduled maintenance workloads,
management also needs to have estimates of non-scheduled (failure)
maintenance. With cuts in subsidies to passenger bus transportation,
more tightly contralled budgets will result., This will rejuire more
accurate assessments of future neels in budgeting for maintenance. One
way to develop good estimates of future money, manpower and facility
needs in the maintenance area is to base budgets on the expected number
of maintenance actions. Accurate failure predictions on a monthly,
quarterly or yearly basis can be translated easily into corresponding
manpower and equipment requirements if an accurate data base is already
in place. Thooe sstimates, in turn, can be used to plan labor schedules
and part orders. The resulting reductions in overtime and of excess
inventory can yield cost savings.

The most significant barrier to systamatic analysis of this type
has been the lack of methods or programs to pemmit transit managers to
estimate the expected mmber of failures by specific camponents.
Currently, estimates of failures are usually developed by seasoned
Personnel on the basis of historical trends, "experience" or special
data analysis. The accuracy of such estimates is questionable.

One product of this project is a conputer pragram to predict
maonthly expected campaonent failures for any given cawponent of a bus
fleet. The camponent failu:re preliction pragram was designed to predict
failures by camponent or major subsystem, for 36 months, using a data
base that cauld be developed easily from bus maintenance records. It
was aiso designed to use a minimun amount of camputer time and storage
and to be readily understoad by the user. Detailed monthly infomation
by camnponent and subsysten is provided to estimate labor time and parts
requiral for repairs. Simple estimates of total expected failures per
month are less useful than this data because managers neel to knuw the
pected replacement times and parts requirements.

The 36-month projection figure was selected because most transit
Ormanizations work with two and five-year planning schames, and the
three-year period wauld provide sufficient information to fit into this
“ume scheme and indicate possible tremds. A data base that can be
readily extracted fran existing records is essential to permit use of
the pragran. The progran was designed for small and medium sized (10 to
500 bus) systums because these systans contain the majority of the hnses
on the roal and becaise the least amount of research has been direc:al
toward this size of property. However, the program does not limit the
nunber of bduses and is usable by transit properties of all sizes.
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Exhibit IV.7

FUNCTIONAL FLOWCHART
QUARTERLY MAINTENANCE REQUIREMENTS MODELS

INPUT cumulative probability of failure INPUT average daily mileage per bus,
distribution number of buses for which unit data
is available, last date ¢f unit re-

Jacement for each bus, and date of
data collection

, !

INTERPOLATE to decermine cumulative DETERMINE average monthly mileage from
robability for each 2000 mile inter- average daily mileage
val
v \
COMPUTE conditional nrobahility of COMFUTE miles run for each unit be-
fatlure for each 2000 mile interval tween last replacement and data collec-
tion

!

ASSIGN each unit on interval based on
mileage accumulated and DETERMINE
average interval mileage

/

COMPUTE expected number of failures for each
— interval: (number of units in interval) X
(conditional orobability of failure in interval)

\

SUM expected interval failures to determine ex- IPRINT total

pected monthly failures —>|expected failures
for month

Y

A0D expected rmanthly mileage to current average
1 interval mileage

\

SUBTRACT expected failures from current in-
terval counts

REASSIGN units to new intervals based on new
miteage and counts

v

INITTALI2E new units added to replace failures
ar zerg miles,
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The canputer pragran was written in FORTRAN using a WATFIV
canpiler. It requires 164K memory (as currently dimensioned) and should
be readily adaptable to most medium-priced microcamputer systems which
support FORTRAN. The program is divided into eight major paits: 1)
entry of cumulative prcbability of failure distrilution, 2) filling in
of missing intervals in cumilative distribution, 3) conversion of cum-
lative prcbabilities to coditional prcbabilities, 4) entry of mileage
and replacement data, 5) camputing of rmiles run since replacement of
each unit, 6) cateyorizing units into mileage intervals, 7) camputing
nunber of failures by interval and month, and 8) updating interval
mileage and accounts. The functional flow chart of the program is
illustratel in Exhibit IV.7.

The type of cutput praluced 'is shown below:
Exhibit Iv. 8

EXPECTED BLOWER REPLACEMENTS
BY TIME PERIOD

Periad (months) Number Mampower and Material Cost
1-6 19.6 $ 2163
7-12 24.5 $ 2722
13~18 25.3 $ 2930
19-24 25.3 $ 2930
25-30 18.0 $ 3210
31-36 17.8 $ 3227

D. ™aintenance Policy Testing

One perennial question facing maintenance mangers is "Does
mileage~based unit change save money?" The canponent failure prediction
progran described in Section C.2 can be usel to aldress this question
and to project cost levels under a variety of maintenance policy
Sscenarics.

For example, FExhibit IV.9 shows the camparison of an existing AC
Transit maintenance policy with two propcsed alternative policies. The
canpeting policies are: the current inspection based maintenance with
replacanent at failure, replaceament at the current inspection mileages,
replacement at 50% prdoability of failure. The progran generated the
following analysis based on a labor cost of $11.58 per haur, labor being
60% of total costs, and the cost of failures being 50% over replacement

costs.
Exhibit IV. 9
POLICY QOST COMPARISONS
FOR TRANSMISSION
Inspection/ Replacement at Replacenent at
failure based inspection mileages 50% prcbahility of failure
maintenance (100,000 miles) (100,000 miles)
Ccst
3-year total  $46,378.30 $77,334.16 §77,334.15
Par quarter $ 3,864.85 $ 6,444.50 $ 6,444.50
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The costs for the secand and third policies for transmissions are
the same since the 100,000 mile inspection replacement interval
coarresponds to the mileage associated with a 50% prdbability of failure.
Basel an the above camparison, the inspection/failure replacement policy
is by far the best, having a total cost 40% less than the cost of
replacanent at 100,000 miles or a 50% cumulative prabability of failure.

A similar analysis of generator replacanent is shown in Exhihit

Iv.10. :
Exhibit IV. 10
POLICY QOST CQMPARISONS
FOR GENERATORS

Inspection/ Replacanent at Replacement at

failure-based inspection mileages 50% prdbability

maintenance (275,000 miles) of failure

(147,000 miles)

Cost
3 year total $4,742.72 $2,205.75 $4,552.01
per quarter $ 395.22 $ 183.81 S 379.33

For generators, the replacament at inspection occurred at 275,000
miles. The mileage associated with a 50% failure prabability is 147,000
miles. Replacament at 50% cumulative prdbability of failure is only
slightly better than the replaceanent policy. Replacing generators at in-
spection mileages, however, wauld current result in a 53% savings over
current practices.

Al analysis of blowers is given in Exhibit IV.1ll.

Exhibit IV, 11
POLICY QOST QOMPARISONS

FOR BLOWERS
Cest Failure/inspection Replacement at Replaceament at
based maintenance inspection mileage 50% prcbability
(90,000 miles) (175,000 miles)
3-year total $17,230.57 $11,747.78 $13,291..58
per quarter $ 1,435.85 $ 978.98 $ 1,107.63

Blower inspection mileage is 90,000 miles. The 50% prcbability of
failure mileaye is 175,000 miles. Replacement at 50% cumlative
nrcbability of failure shows a savings of 23% over current practices,
wich indicates that same improvement could be made by chamging
policies, Howewver, as with the generators, replacement of the blowers
at the 90,000 inspection mileage appears to be the best policy with a
312% savings over current inspection/failure policies.
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Bra&ke policies are illustrated in Exhibit IV.1l2.
Exhibit IV, 12

POLICY QOST COMPARISONS
FOR FRONT BRAKES

Failure/inspection Replaceanent Replacement at
based maintenance at inspection 50% prdbability
mileage (60,000 miles)
Cost (50,000 miles)
3-year total $36,205.11 $102,796.35 $98,629.95
Per quarter $ 3,017.09 $§ 8,566.36 $ 8,219.16

The rerlacement mileages for front brakes for the second and third
policies are 50,000 and 60,000 miles. As the table shows, the
practice followel by AC Transit is substantially cheaper than either
replacement at the specified inspection mileage or 50% cumlative
prcbavility of failure with a savings of 65% and 63%, respectively. As
with the transmissions, AC Transit appears to he followingy the best

policy.

The precealing exhibits show huw the program can be used to
canpare various maintenance policies. Such camparisons could be used to
resolve log-standing disputes about the cost~effectiveness of failure-
based maintenance vs. mileage-dependent unit excharges. The prograr may
also be used to detemine estimated monthly costs or labor rejuirements.
If the cost ard labor time needed to perfomm repairs are known or can be
estimated, the monthly cost and time requiranents may be gppraximated by
multiplying total expectad monthly failures by the unit cost or time.

Other pcssible areas for further development are: writing a
canpanien program which would directly compute the conditional and
cunulative prababilities of failure from historical bus maintenance
data; transletirg the program into an interactive systam; and eventually
including the program in an inventory contral system so that unit
replacenents could be monitored at the parts storeromm level and
quarterly expected parts reguireanents cauld be usel to maintain an
econanical inventory level.

€. Optimum Maintenance Interval Methads

Faur mccdels for determmining maintenance intervals for conponents of
transit buses were identified fram the literature during preparation of
this report. Their use is illustrated in the following section using
data fran AC Transit. The models are described in detail by Rueda and
Miller (1982). They include the Jardine mcdel, the Dynamic Programming
ncdel, the Bakr Maintenance Scheduling model, ard the MASSTRAM systanm.
A canparative analysis and assessment of their value as decision tools
for hus maintenance is presented. The purpose of this effort is to
inform the transit industry of various options for settirg fleet
maintenance policies. Bus replacament techniques are discussal in
Appendix C. Discussian of each methiad includes its dbjective, input
rajuiranents, output gpplications, and ewaluation of meiiicd,
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1. Jardine model. The dbjective of this model is to calculate the
ptimal replacement interval for each bus cawponent. The input
requirements are cost of preventive camponent replacement, cost of
replacanent at failure, and conponent failure distritation per mile.
The autput is a listing of candidate preventive replacement intervals,
expectad number of in-service failures, and expected cost per mile.

Jardine's model evaluates trale-offs between the costs of
preventive replacement and replacement at failure. This madel is
gpplicable only when camponents exhibit ircreasing failure rates over
time and when replacement at failure is considered more costly than
Preventive replacement. The cost of failure may include penalty costs
attributed to service interruptions. For the sake of example, labor
casts were set at $11.58 per hour, and labor was assumed to be 60% of
the total maintenance cocst. A 50% penalty cost was assuwed for
in-service failures, although data on such penalty cuwsts is not
generally available. AC Transit data on camponent failures were used.

A canputer projran was developed by Rueda (1982) to facilitate
canputations. Exhibit IV.13 presents an example of the output for
scheduling canponent replacement.

Exhibit IV.13
JARDINE MODEL: OPTIMAL REPLACEMENT MILEAGES
AND COSTS
Canponant Replacement Interval Cost
(00 mi) ($/000 mi)
Rear Brakes 42.0 6.7
Rear Brake Digphragm 57.0 0.6
Front Brakes 62.0 3.4
Clutch 75.0 2.3
front 3rake Diaphragm 67.0 0.4
Brake Application valve 92.0 0.4
Starter 107.0 0.3
Air Canpressor 122.0 0.3
Transmission 152.0 1.9
Brake Relay Valve 221.0 0.2
3lower 165.0 0.9
Generator 240.0 0.1
Differential 333.0 0.8
Semi Engine Overhaul 263.0 4.8
Maior Engine Overhaul 305.0 11.1

2. Dynanic Programing Mudel. The dbjective of this approach developed
by Vermyin and Scriabin (1977) is to schedule preventive, cpportunistic,
or hredkdown replacement of a multi-camponent hus subsystem. The impc

requirements are cost of preventive replacement by camponent, penalty
cxsts of replacamnent at failure, cost-savings associated with the
oreventive raplacement of groups of camponents and sirvival prcbapility
oy camponent milexe. The outmut is the replacament policy Ffor every
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canbination of canponent ages. The methodology uses a dynanic pro-
gramwning approach to evaluate alternative maintenance policies. These
policies aree a) replacement of a component only upon failure, b)
replacement of a camponent hefore its failure, ¢) replacement of a group
of camponents upon failure of one camponent, d) the replacement of a
group of camponents upon preventive replacement of one camponent.

To illustate this methol, suppose a system is campused of con-
ponents 1, 2, 3, and 4. The dynamic programning stages would be the
number of mileae intervals the canponents are expectad to gperate. The
state would be the number of 40,000 mile intervals survived by each
camponent ard its specific stage. The transition cost would be the cost
associated with a breakdown, preventive or opportunist replacement
policy.

The penalty cost for replacament at failule was assumed to be a 50%
increase over the cost of prewentive replacement cost. Cost savings for
graip preventive replacemnent was evaiuated over two sets of assumptions:
1) the group praventive replacement cost is the sum of the preventive
replacement cost of each canponent, and 2) group replacement resul:s in
a 50% realuction in total replacement costs. Three sets of assumed
accunulated mileages for the canponents were evaluated. A sample cf the
autput fran a program by Rueda (1982) is shown in Exhibit IV.14.

Exhibit IV, 14
SAMPLE DYNAMIC PROGRAMMING/GROUP REPLACEMENT ANALYSIS

Cunulative Failure Prdbabilities

canponent 40,000 mi 80,000 mi 120,000 mi
1 «263 .657 .876
2 .263 .657 .876
3 .438 .871 .976
4 .438 .871 .976

Optimal Replacament Strategies

Case Mileage Accumulated Best Option Assuming
by Canponent No cost savings Graup
1 2 3 4 fcr Group Action  Savings
0 40,000 0 80,000  120,6.9 Replace 4 Replace 1,4
2 40,000 0 120,000 80,000 Replace 3 Replace 1,3
3 80,000 120,000 80,000 80,000 Replaca 2 Replace 1,2

This technique can e usal to evaluate the cost trale-offs,
frauencies of breakdown, and preventive and cpportunistic policies for
regplacanent of multi-canponent systems. In contrast to deriving
replacement intervals for camponents on an individval basis, this method
accaunts for both the camnponent's age and the ages of the other
canponents in the subsystan, It tends to become camputationally
difficult as the number of canponets under evaluation is increasai, hut
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sub—-graups with a reasonadle number of camponents exhipitiny potential
for preventive and opportunistic replacament can be considered.
Canponents of such graups may be characterised by increasing failure
costs, similar mean mileage lives, or similar failure functions. A
significant disalvantage of the method is the anount of recordkeeping
rejuireal to Xeep track of the camponents' ages to decide whether
preventive, oportunistic or block replacement shauld ta&ke place at
specific mileage intervals. This makes the model most appropriate for
use in special studies to contral high c~st functions.

3. Bakr Maintenance Scheduling Model

The dojective of this model is again to detemmine .an econanical
bus maintenance schedule by accaunting for preventive maintenance costs,
costs of in service tfailures, and bus preparation costs. The irmput
requirements are failure distributions by component, preventive replace-
ment times by canponent, emergency replacement times by canponent,
prabability of bus accident upon in-service failure of camponent, costs
and times for replacement, average cost of an accident and lus pre-
paration costs. The output is the maintenance schedule and the total
maintenance cost per mile. Bakr and Xretschmer (1974) use a search
methad to 3elect least-cost bus maintenance schedules. The search
begins by grauping camponents with similar mean mileage lives. These
canponents are then kept as a group for scheluling purpcses. The
initial estimates of mileage intervals are derived by minimizing
preventive replacement and in-service failure costs. The search method
evaluates the cost of candidate mileage intervals within the ramge of
the mean failure time of the camponents. Final service schedules are
derived by minimizing preventive replacement, in-service failure and hus
preparation costs., A moving-range search methad is used.

Test aeplications of this model have generated solutions which are
extremely sensitive to bus preparation time, accident cost, ard the
difference between scheduled and unscheduled repair costs. The methad
also tends to praduce schedules which are incawatible with the
bjective of meeting pea&k haur service needs. 3Same of those prdblams
are ranediel in the approach discussed next.

4. MASSTRAM. The Maintenance Analysis and Scheduling System for Transit
Management or MASSTRAM model was originally intended for rail mainten-
ance schaluling. Its aithors caducted initial runs of the model, using
data “collectel fran the Massachusetts Bay Transportation Authority
(Hderniter et al., 1977). Recently, Foerster et al. (1980) modified ard
tested the model using data fran a vus transit system. The anique
feature of MASSTRAM is that it is an interactive systan. It |is
basically a more refinel version of the Bakr model and has options
allowing the user to define minimum and maximun preventive mileage
intervals and the maximum allowable number of inservice failures. Peak
fleet requianent pbecame an additional constraint in the derivation of
least--ost maintenance schedules, The user specifies the maximum number
of different preventive mileage intervals to be considered during the
anluation and the model has the capability to differentiate regular and
overtime rajuirements for amy generatel maintenance schedule. It
searches for the maintenance schedule which minimizes preventive
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maintenance and in-service failure costs, and which also satisfies
user-provided constraints on peak fleet requirements and allowable
numbers of in-service failures. Examples of MASSTRAM ocutputs are shawn

in Exhibit IV.15. It has the unique capability of analyzing the
traleoffs between cast and system reliability.
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EXHIBIT IV.13
MASSTRAM MAINTENANCE SCHEDULE AND TRADEOFF OUTPUT

ARARARRANBANNA NN R AR

SUBSYSTEM EVALUATION
ANATRRRRARARANRARN RN

EXPECTED MAN-HOURS VEH. HRS.

MAINT. REQUIRED FOR ouUT oF

SYSTEM DESCRIPTION INTERVAL MAINTENANCE SERVICE

(MILES) REG EMERG. TOTAL ?ER YEAR

ATARNNARVNANANANANNDN ANNANED AARNANANRRNRANRAARNANN S ANBABARNY
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ENGINE STARTER 158999 282 392 1774 3636
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TRANSMISSION 153999 2351 3097 5447 22083
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V. SUMMARY AND CONCLUSIONS

Vehicle maintenance is an extemely important and camnplex aspect of
transit management. The efficiency and effectiveness of maintenance are
influenced by a number of decisions about haow to plan individual jadbs,
now to record daily activities, and how to allccate resaurces over both
short and long tem planning pericds. Techniques for improving

maintenance performance can be categorized according to their relevance
to these concerns:

Technique Issue Addressed
Jdb task design Work
Canponent rebuilding procedures methads
Daily fueling and swrvicing issues
Preventive maintenarnce Daily
Rezordkeeping operating
Maintenance scheduling recoris
Maintenance scheduling Strategic
Budgeting planning
Venicle replacement analysis issues

Current maintenoence management toals ajdress routine qperating concerns,
orincipally dJaily servicing, scheduled inspections, and exception
reporting. A checklist of these current tocals is given in Txhibit V.1.

Joportunities for improving maintenance exist in both the work
methads and strateyic planning areas. The types of issues which arise
in these areas are not immediately reflected in daily performance
reports, ut they have an important impact on long-temm cost and on
reliability trends.

Le("mlqus for redesigning work metiials which have potential for
improving maintenanc: performance inc ude:

- Standard jdb perfomance procedures
- Standard job time estimation

- Jab perfomance hulletin

- Fault mcde analysis

Strategic planning technigques vhich could improve manajement effective-
ness include:

Failure Analysis

- o5t and Manpower Forecasting vethods
- Maintenance Policy Testing Methals

- “Aaintenance Scheduling Tools

- 7ahicle Replacament Analysis

Imiementation of these new methads will require a cowmnitrent by
management to long-temm planning and ormyanizational development. This
caunitment must e translated into improved maintenance cecordkeeping

BEST COPY AVAILABLE
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EXHIBIT V.1
CURRENT MAINTENANCE MANAGEMENT TOOLS

Item Purpose Reference
Page Exhibit
Operator defect report * Monitors vehicle condition
* Egtablishes accountability 14 III.1
of driver
Consumables report * Monitors fuel and oil used
* Provides data for cost analyslis 55 B.1
Work order system * Jdentifies items needing attention
* Provides for accountability 56 B.2
Maintenance cost report * Details and summarizes time
and material used 57 B.3
Pariodic tnspection * Monitors vehicle condition
* Allows for routine adjustmeut 58~59 3.4
Vehicle history record * Tracks mileage between repair
* Documents periodic inspection 16 1II1.2
Roadcall reporting * Identifies reliability problems
* Insures corrective action 60 B.5
Performance summaries * Monitors fleet condition
and maintenance effectiveness 61 B.6
Vehicle cost summaries * Tracks average cost levels
* Jdentifies problem vehicles 62 B.7

Note: txhibits Bl-B7 are located in Appendix B.
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and more systematic maintenance engineering studies to identify
property-specific strategies for improving performance and controlling
Casts.

Experience in the work methads area has demonstrated that methais
analysis and the use of jdb performance hulletins improve maintenance.
The major need in this area is dissemination and transfecability
testing.

The idea of strategic planniny methoils is relatively new in transit
maintenance 't it has been standard practice in maintenance engineering
for many years. This report documents a number of procedures for
processing camponent reliability data, analyzing maintenance policies,
and generating improved maintenance schedules. These techniques have
been faund to be practicable. They can he recammended to management as
toals for simulating and evaluating the budgetary and staffing impacts
of maintenance decisions.

Tha actual impacts of strateyic planning todls currently cannot be
quantifiedl because their data reguirements are not met by current
fecordkeeping practices. Adgption of these methoads will rsjuire
develcpment of a data base which nas campoent~level maintenance
information including cost of materials and labor, reason for main-
tenance, and mileage of perfommance. This type of data is frequently
kept in written records but at this time it is not sumwmarized into
useable form nor is it retained over the life of the individual
vehicles. It is essential that histcrical camponent level records of
this type be magntained to permit trend analysis arr® policy testing. It
is not sufficient merely to record the mileage at which the last main-
tenance action was taken, as is now the practice for routine inspection
scheduling.

The specific techniques identified in this study, their data

requiranents, and potential for improving transit maintenance are
sunmarized in Exhibit v.2.
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Exhibit Vv, 2
POTENTIAL APPLICATIONS AND DATA REQUIREMENTS OF
NEW TECHNIQUES

Tt am Objective Data Application
1. Work Methads * Identify saurces of * Special * Reduce error
Analysis error and inefficiency dbservation * produce reference
for staff
* Develp standard * Improve performance
jdb procedures time

(referencee Section IV. A)

2. Standard * Dewvelcp estimate * Special * Jdb scheduling
Jdb times of labor ne=ded dbservation * @mployee
perfomance
(reference: Section IV. A.l) monitoring
3. Stardard * Detemine material * Bill of * Costing
Cost Analy=is and ldbor cost of materials joo~cut
specific task *(1) and (2)above decisions

(reference Section V. A.6)

4. Failure * Detemnine failure * Canponent life * Supplier
Analysis characteristics of miles canparison
ey camponents * maintenance * Trend analysis
nhistory canparison
* rleet/facility
(reference: Section IV.B) performance analysis

* Policy testing
and forecasts

5. Fault Mode * Diagnose reasons * Special * Develop
Analysis for canponent engineering remedial
failure studies measures

(reference: Section IV. 8.3)

5. ?lann=d * Allccate manpower * Jenicle mileages * Set PM
Maintenance to meet P intervals * M schelules policies
rorecasting * Vehicle and

Labor availability

(references Section V. C.l)
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7. Non-Scheudluei * Project future * Same as * Budget

Maintenance Forecasting Failure-Based (5) above fore-asting
Maintenance * Taventory

and manpower
planning

(reference: Section IV. C.2)

3. Maintenance Policy * Preiict Failures, * Same as * evaluate
Testing Cost of Maintenance (5) above impact of
* Unit change- PM and planned
aut costs unit exchange
* failure-baseai policies
unit replacement o cost,
caost workload

( reference: Section IV.D)

3. PM Scheduling * Develop least cost * Same as (9) * Cost ad
Maintenance Except for Failure
Plan for Entire Bus for all systems of £ analysis

( reference: Section IV.E)
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Appendix B
EXAMPLES OF SHOP AND GARAGE REPORTS




EXHIBIT 8.1
SAMPLE CONSUMABLES REPORT

DIESEL FUEL | TRWS. OIL MUTOR n:i]
DATE: -
METER AND DIPSTICK
READINGS START
TOTAL
sus | FurL | Trans. og&_] sos! rorr Jvrans, Lorn | Lros]  ruen | rrans. ] o1t
1101 126 1404
1102 127 140
1103 1128 1406
11064 1129 140
1105 1130 '°°1
1106 1131 140d
107 1422 141
1108 1133
1109 1201
1110 1202
1111 1203
1112 1206
1113 1205
114 1206
115 1207
1116 1208
1117 1209
111R . 1210
1119 1301
1120 1302
1121 1303
1122 1304
123 1401
1124 1402
(1123 1403

BEST COPY AVAILABLE
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EXHIBIT B.2
SAMPLE WORK ORDER

MECHANICAL DEPT. WORK REPORT

DATK TYPR INSP BUS. NO

Original Job No.
owrgets | [, , ;| o4 ]

Reported by _
k- - -- .\ - - _________. . - .- — - - |

REPAIRS COMPLETED

Badge-Dats

Q.K For Service-inspecred by
o

FOREMAN

BEST COPY AVA
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LS

ERIC

Full Tt Provided by ERIC.

BEST COPY AVAILABLE EXHIBIT B.3

MAINTENANCE CO®T REPORT

Account Distribution R Type

Description of Work

w—ﬂm:—:— ——————————— |
LABOR PARTS AND MATERIALS —
Deve | Clasa Me. fste Oute “ﬁl . Dascription Price Ansunt
—— g
last . | S— SR =
To!n! Porty
To ! Leker
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EXHIBIT B.4
SAMPLE PERIODIC MAINTENANCE SCHEDULE

QUAD-CITIES TRANSIT FACILITY

21,000
30-000 MILE SERVICE INSPECTION

All COACHES equipped with DIESEL HYDRAULIC

Proparty
Coach No inspection Miles Date
NOTE. REFER TO MANUFACTURER S
Symbol Definiton: [J 0K MANTENANCE MANUALS FOR
O ADJUSTED DETAILS
O REPAIRS NEEDED * OF INSPECTION PROCEDURES
Coach Interior Inspection Coach Exterior Inspection - continuen
MEC~ SYMBDL - MECH SYMSOL X
3 . CHECK The Following: -0 FILL IN The Following:
FREE PLAY IN STEERING WHEEL
BRAKES. ACCELERATOR.PEDAL OPERATION YOoLTA ATTERY NO. _ HYORQMETER
“ORN FOR SOUND & BUTTON OPERATION
AIR. OIL & GENERATOR GAUGES FOR PROPER READING
& OPERATION -_ —_—
TEMPERATURE GAUGE OPERATION —_— _—
S“IFT.TOWER & LEVER OPERATION e _—
MAND BRAKE LEVER OPERATION -_— —
WINNSHIELO WIPER SWITCHES & OPERATION —BATTERY NO__
REAR VIEW MIRRORS 3
HEAD LIGHTS & DIMMER SWITCHES

OOME. DASH & STEPWELL LIGHTS
TURN SIGNAL OPERATION & LIGHTS

1J0000000CC0000000000DO0n onag

PASSENGER BUZER FOh SOUND & OPERATION v .
DESTINATION SIGN FOR OPERATION & LIGHTS
FAONT & REAR DQOR OPERATION CHECK VOLTAGE REGULATOR (IF NECESSARY)
INSTRUMENT BPANGL SWITCHES i i i
STOP & START SWITCHES . Coach Under Chassis - Pit Inspection
MEATER & BLOWER OPERATIONS (BLOW OUT CORES) ., (=) ORAG UINE & TIE ROD FOR WEAR & ADJUSTMENT
JRIVER'S SEAT & OPERATION i (2] PEDAL. SHIFTER. ACCELERATOR & HAND BRAKE RODS
WINDOWS. LATCHES. OPERATION & GLASS —_— FOR WEAR
STANCHION & GRAB RAILS FOR DEFECTS — ]} FRONT SPRINGS FOR BROKEN LEAVES
SEAT FRAMES & COVERING FOR OEFECTS ' . CENTER BOLTS. LOOSE SHACKLES & U~ BOLTS
8UZZER CORQ ., [ sHOCK ABSORBERS FOR FLUIO & LINKAGE ADJUSTMENT
EMERGENCY COOR LEVER & OPERATION : [J AR TANKS. MOUNTING. ‘ORAIN TANKS"
SENERAL INTERIOR CONDITION PAINT PANELS. ETC —_— 0 rue. -anks FoR Leaks. ETC.
JO0OR.ENGINES FOR AIR LEAKS ETC 3 ~rean sPRINGS FOR BROKEN LEAVES. CENTER 80LTS
FIRE EXTINGUISHEAS . LCOSE SHACKLES & “U~ BOLTS
FLOOR COVERING FOR LOOSENESS & OEFECTS ] HAND BRAKE LUINKAGE & ADJUSTMENT OF SHOES
SAFETY DOOR EOGES. TREAOLES ETC ~ [ ~RIVE SHAFT & U JOINTS FOR LOOSENESS ETC
"7 [ OIFFERENTIAL PINION BEARING FOR EXCESSIVE LASH

Coach Exterior Inspection : (] OIFFERENTIAL-PINIIN.OIL-SEAL FOR LEAKS

—- ] 8RAKE DIAPHRAGMS FOR LEAKS IBRAKES APPLIED)

—— [ varKER CLEARANCE STOP & TAIL LIGHTS T~ 7 [ 8RAKE-CAM.TRAVEL & POSITION (BRAKES APPLIED)

. [ :comrs& ceNDER RUBBERS T[] RELEASE - ACTION & ADJUST BRAKES

__ [0 ~e~eraL 8OOY & PAINT CONDITIONS T[] B8RAKE SHOE SPRING OPERATION

. 3O ~-3wTen WHEEL & AXLE FLANGE NUTS T[] WHEEL SEALS FOR CiL OR GREASE LEAKS

. [ s.air 1RES FOR UNEVEN WEAR CUTS £TC T (J ENTIRE UNDER CHASSIS OF COACH FOR DEFECTS

. [ :2.USTMENT ON WHEEL BEARINGS (RAISED WHEELS] 0 MUuD SPLASH FLaRs

_.. B2 - 520 ~EaR aaSED WHEELS T [0 COMPLETE 3-255 5 LUBRICATION as per ‘digr s Soec

. {3 -ikanCSETTOE N T [ OFFEREANTIL. il EVEL

OO -¢ - anccEAvicE BATTERIES -

. . SE TR 81 Ne tma 1 ire AlLECTLn KNG B 100 ynger Semgrag Dr Ge.. - cd ) AN~ o $has Suot x Foreman

continued on next page
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EXHIBIT B.4 continued

FLUID LEVELS TIRE PRESSURES
olL. LEFT FRONT
TRANS. RIGHT FRONT.
REAR END LUBE: L. REAR INNESR.
COOLANT L. REAR QUTER:
NALCOOL: R. REAR INNER
ALCOHOL: R. REAR QUTER:

W/S SOLVENT:

Coach Eng. Compartment Insp.iCant.)

Coach Eng. Compartment Lubrication

Y 2™ CHECK The Following: Mg ST™MIOL HECK The Following:

— CHECX STARTER OPERATION. BRUSHES & SPRINGS [ SHUTTER AIR CYLINDER (KYSOR FLUID)

. JLOWER BOX DRAINS FOR OBSTRUCTIONS - SHUTTER AIR FILTSR (KYSOR FLUIO)

. ENGINE GOVERNOR UNKAGE. ETC. CLUTCH AIR CYLINDER (OIL)

— RONT ENGINE SUPPORT | THROTTLE AIR CYLINOBR (QiL)

S m—— [Ty

. FAN AND FAN HUS ! QIL - STARTER

N FAN SHROULD FOR LOOSENESS. CRACKS. ETC. 1 GREASE - GENERATOR
AADIATOR & SURGE TANKS FOR LEAKS. and — CHANGE AIR COMPRESSOR OIL (WAGNER COMP)
VIOUNYINGS FOR LOOSENESS 1 TRANSMISSION-GOVERNOR (OIL. IF NECESSAAY)
8LOW OUT RADIATUR FINS FROM INNER SIDE CLUTCH RELEASE - BEARINGS (GREASE)
RADIATOR FILLER CAP ANO GASKET T HYORAULIC TRANS. BEARING-CAPS (GREASE)

LCLLETEE TP T LT T L

]

booodooobidood nooobodoooboooobooona

FA0IATOR SHUTTER OPERATION

TAIL PIPE, MOUNTINGS

SULKHEAD BELLCRANKS. RODS. & CLEVISES

AR COMPRESSOR SUPERCHARGER TUBE

‘AUFFLER & EXHAUST PIPE

WATER MANIFOLD FOR LEAKS

VALVE LASH . HOT ENGINE

INJECTORS & INJECTOR FLUID LINES FOR LEAKS

STALL TEST TUNE ENGINE, |F NECESSARY

CHECK & AIR TIRES

ALL WIRING FOR BROKEN INSULATION. LOOSE
TERMINALS. ETC.

ENGINE COMPARTMENT SWITCHES

ENGINE STOP, REAR STARTER, ETC.

ENGINE ALARMSTAT

ALL OIL. FUEL. AIR & WATER UINES FOR LEAKS & DEFECTS

ALL "WVATER HOSE & CLAMPS

TRANSMISSION QUTPUT 3EARING FOR EXCESSIVE LASH

"RANSMISSION QUTPUT SEAL FUR LEAKAGE

NEUTRAL STOP ADJUSTMENT AND OPERATION

CLUTCH ADJUSTMENT

GENERATOR BRUSHES & SPRINGS (BLOW QUT DUST)

£NGINE {NSULATORS

AR COMPRESSQR-'NLOADER-VALVE LASH

A3PRATOR 1F SO EQUIPPED

<L .10 PUMP .F SO EQUIPRED

RRRRERRRRES

CLUTCH RELEASE SHAFT - UPPER & LOWER (GREASE)
SHUTTER . LINKAGE & BLADE-B8EARINGS (OIL)

CLEAN AIR COMPRESSOR AIR CLEANER. \f equioped
CLEAN GEMERATCR AIR STRAINERS, 7 equigped
CLEAN ENGINE AIN-CLEANERS & CHECK INTAKE SYSTEM
CLEAN ENGINE OIL STRAINER

CHANGE ENGINE OIL FILTER ELEMENT

CHANGE ENGINE LUBE OIL

CLEAN FUEL OQIL STRAINERS

CHANGE FUEL OIL FILTER ELEMENT

CHANGE TRANS. FLUIO & CLEAN STRAINER

CHANGE ANGLE-DRIVE OIL

1000000000003000000000

IEMARKS.

-

SIGNATURE OF SUPERINTENDENT QR FOREMAI}
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EXHIBIT B.5
SAMPLE ROADCALL SUMMARY

Bus Doun
Shift Cate
us w0, PROBLON WITH B8 VORK ORER WO, I U S /et
f R
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rLAHIBIT B.6
SAMPLE SUMMARY OF DAILY PERFORMANCE

Daily Maintenance Performance Indicators

Week Ending: @

Indicator Monday | Tuesday Wednesday| Thursday Friday Saturday Target | Actual

(2 | @3

Bad Order Buses

Spare Buses (at peak)

€

Road Calls

5
Z®
(v

s Sarvicae Delays

Defects Reported by Operators

Defecte Repaired

Intarior Washes

Enginea Cleaned

Minor Inspections

SlelclolioiicRle
VAN
P

Major inspections




EXHIBIT 8.7
SAMPLE VEHICLE COST SUMMARY

RICMMD
Novembier - 1981
Lad
Page 2 CUAD CITY TRANSIT FATILITY
CONSUMABLES HAINTENANCE COST
Total [ 0il Totque Anti Tire ' Repairc lPuttl Labor Direct I TOTAL Cost Per
Bus) Miles "Fuel M.P.G. Qts. M.P.Qt, 0il Freeze Cost Total Hours Costs Costs Charge  Total CosTs Hile

8101 4360 1085 4.0 18{36) 242

‘ $118.68 $1298.56 9,25 § 25.44 S 80.8) § 53.04 § 159.29 $1457.85 §$.334

8102 4421 1138 3.9 17 260 2 120.34 1333.20 5,75 4.90 £3.33  204.53 259,76 1593.04 .360
8103 4326 1126 3.8 13(36) kEE] 3 117.76 1337.14 7,25 212.23 66.71 270994 1616.08 374
8104 4099 1052 1.9 9(16) 455 3 111.58 1250.57 7,25 42.66 66.11 1208,77 1359.34 .332
8105 3580 960 3.7 13 275 ‘ 97.45 1122.10 16.25 799.02 144.57 286.55 1230.14 2352.24 657
9 8106 4568 1147 4.0 6(36) 761 1 1264.35 1360.03 6,25 25.44 62.59 0.03 1448.06 317
8107 3810 989 3.9 6(36) 635 103.71 1171.64 22,25 176.36 216.21 392.57 1564.21 .411
8108 4120 1078 3.8 10¢34) 412 1 112.15 1276.11 18.50 304.63 176.41 431,04 175/.15 <426
8109 3803 997 3.8 9(36) 423 1 103,52 1182.54 23,75 134.73 230.30 365.03 1547.57 .407
8110 443) 1164 3.8 12 {36) 369 2 120.67 1378.64 17.00 35.55 156.04  144.36 337.95 1716.59 .387
6111 928 247 j.c 2 464 25.26  287.16 39,00 119.40 298.26 859.90 1377.56 1664.72  1.794
8112 4206 1100 3.8 8(36) 526 ‘ 214.49 1304.53 24.00 81.08 221.18 302.26 1606.79 .382
8113 3934 989 4.0 7(36‘ 562 2 107.09 1177.48 18,75 145.6. 187.09 332.96 1510. 44 .I84
8114 3554 910 3.8 9(36) 395 2 15 96.74 1.05.88 38,50 204.82 376.20 581.02 1687.03 475
8115 4242 1057 4.0  14(W) 303 2 115.47 1260.48 17,00 145.36 198.98 195.53 539.87 1800 .35 424
8116 4014 1054 3.8 10(36) 401 2 105,27 1249.99 24.50 220.63 246.09 466.372 1716.71 .420
8117 ¢592 1171 3.9 11014 a7 29 125,00 1414.31 24.25 233.32 234.%9 467.91 18002.22 .410
8118 4113 1044 1.9 15 274 3 6 111,96 1225.47  7.00 44.58 66.95 292.51 404,04 1629.51 .196
8119 1869 1002 1.9 10(36) 387 2 105.32 1191.14 19.00 152.33 182.89 335.22 1526.36 .195
8120 1990 1048 3.8 s 266 3 108.62 1226.52 26.75 134.80  275.65 414.45 1641.37 411

RICMMTD tan a total of 97,612 miles, total cost was $47,651,66 which equals an aveinge cost per mile of §.488.
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Appendix C
Vehicle Replacement Decision-Making

Six methads for analyzing hus replacement were identified in the
caursz of the maintenance project. These are Fleet Age Profile
Analysis, Fleet Acguistion and Retirement Modeling, Maintenance Cost
Trend Analysis, Life Cycle Cost Analysis, Average Cost Analysis, and the
Annual Maintenance Cost Limit (AMCL) method. They are presented here to
camplement the main discussion of maintenance decision aids. The intent
is to present a canparative analysis of maintenance decision aids for
fleet replacement and to inform the transit indusiry of these various
ptions. The methads are illustrated using actural camponent failure
and estimated cost data. Discussion is organized around each methad's
thjectives, imput regyuirements, output infommation, and a brief
evaluation.

Fleet Age Profile Analysis

The djective of this technique is to describe the effect of
vehicle replacement schedules an fleet mix. 'The input requirements are
the fleet ae profiles at the start of the planning horizon, the length
of the planning horizon and anmual retirement and replacement plans. The
autput is a display of fleet canposition on a yearly basis. The
Tri-State Ragional Planning Cammission (1973) used this approach to
Study hus purchase decisions over a 20 year time frame, accaunting to
both changes in demand as well as bus fleet age. The fleet age profile
is derived at the start of the planning period and the huses are retired
annually with the oldest age groups getting higher priority than the
more recent purchases.

The goproach does not cansider acquiszition budget constraints and
does not acount for vehicle characteristics and mileage in the
detemination of the replaceament schedule, Caming up with a stabilized
replacement schedule may not be possible at all if many of the buses are
"oreraged" and the desired bus age is to be arrived at in a relatively
short time frame, The methad, however, is a quick and easy toal for
loking at fleet modernization requirements. It is illustrated in
xhibit C.1.

Strategic Fleet Acquisition and Retirenent Madel

The dbjective of this methols is to generate a schedule of bus
acquisitions wver a five-y2ar stratgyic planning pericd by evaluating
the trade-off Detween bus acquisition and maintenance costs. The
2lanning toal was develared by E. Hauer (1975) and was tested using data
fran the Ottawa Transit Cammission, the Ottawa Carlton Regional Transit
Cannission, and the Cielph Transportation Canmission. The input
rojuirements are fleet age profile, annual miles run by buses in each
aje groap, maintenance costs per nile of buses in each age grap,
rajuired passenger miles per year, annual maintenance hudgets, acquis-
‘tion budget limits per year, and murchase cost of a new us. Te
outsut 13 3 listiry of all feasible five vear acquisition amd retirement
strateyles witil annual maintenance and acquisition casts and averge
Sleet e at the end of five vears. Each of these feasible stratagies
can pe waluatad on the basis of acquisition and naintenance <osts

63

76



1982
1383
1984
1985
1986
1987
1988
1389
1990

Age

21
20
19
18
17
16
15
14
13
12
11
10

Exhibit C.1
SAMPLE FLEET AGE ANALYSIS

Fleet Age Profile
(January, 1982)

Number of Buses $ of Total
126 49,2
6 2.3
0 0.0
13 5.1
11 4,3
2 0.8
18 7.0
0 0.0
11 4,3
0 0.0
30 11.7
0 0.0
32 12.5
7 2.7

Bus Replacement Schedules

Schedule 1 Schediule 2

Bus Age Purchases Bus Age
21 126 22
20 6 23

19 24 24
17 20 25

16 11 25
15 30 22

13 32 18

3 7 17

9 0 9

54 77

Purchases
25
25
25
25
26
30
34
34
32



and/or average fleet aje. A camputer pragran was develoned by Rueda
(1982) using the methadolagy propcsed by Hauer. Exhibit C.2 shows the
type of autput praduced.  Strateyy one provides for the maximum number
af acquisitions allowed by the annual budget, yielding an average fleet
age of 15.2 years at the end of five years. This is in contrast to low
cost strategy three, where no acquisitions are made owver the five year
time frame, resulting in an older fleet of 18.5 vears. 3trategy two has
a cost saving of $2,709,316 over that of strategy one with an average
fleet age of 17 years.

This technique is a good mangjement tool for evaluating fleet
perfomance over a project time horizon. One of its aivantages is not
Carsidering replaceanents on an individual basis, so the replaxcement of
an old bus will not assume the role of its predeceesor. The whole fleet
perfomance is affectel as new huses are assigned more mileage than the
replacel older units. Maintenance cost as related to bus age must be
deteminal, however.

"aintenance Cost Trend Analysis

The iective of this methad is to detemmine the oconanical
replacement age of a bus by analyzing the behavior of its maintenance
costs. The data regquired is the maintenance cost per mile of a bus at
various mileages or ages. The output is the replacement age of the hus
resulting in lowerst total cost. This quick and easy method was
discussed by Brown-West (1981) in his case study of the New York Transit
Authority. The proceaiure is to plot the maintenance costs per mile
versus bus age, and detemine the ejmilibrium value by noting signi-
ficant increases or decreases in maintenance costs. Exniibit C.3 shows a
sanple plct. It should be noted that significant cost increases occured
at years 4, 5, 8, 9, 10, and 11. Cunulative mileaje at years 5, 9 and
11 are 200,000, 360,000 and 440,300 miles respectively. At these points
major and semi-engine werhauils are assumed to occur. This is supported
Dy an analysis of AC Transit data which indicates a mean interval of
255,000 miles betweer. sami-overhails and 340,000 miles between major
engine overhauls. Records also show that most of the other camponents
were replaced along with these overhails. One or two decreases in cost
follow these overhauls due to increased system reliability until the
wear-aut effect is evident again. after three such overhails, costs
fran year 13 start to fluctuate. TIncreases in maintengnce cost are
attributed to the rising failure rate. What sean to be cost decreases
may ne due to the ninimal use of older buses because of their high
failure potential. The trend analysis indicates an econanic replaceament
xje of 13 years.

The major alvantage of this method is that it is easy to use. 1t
is 513ed on the retionale that the buses shauld be replaced whien furthes
naintenance hecanes Janeconanical. Tt does not consider the trade-off
netween cquisition and maintenance costs.

Aer ge Cost Analvsis

The rective here is to detemine the most econanical replaceament
e by minimizing averaje anmial costs per mile. Tie input regquirements
ar< ‘aaintenance cirst per year of operation, fuel costs per year of
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Exhibit C.2
SAMPLE FLEET ACQUISITION/REPLACEMENT OUTPUT

Strategyy Year Acquisitions Retirements Totals ($) Cost

L 1 10 10 1,252,374
2 10 10 1,278,230
3 10 1C 1,272,058
4 10 10 1,278,730
5 10 10 1,265,330

2 1 10 10 1,272,374
2 9 9 1,169,359
3 6 6 837,155
4 0 0 192,899
5 0 0 185,067

3 1 0 0 183,655
2 N 0 195,351
3 0 0 194,699
4 d 0 205,451
5 0 0 198,351

7
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$/Mile x 104

340~

320-
300 =
280
260 —
240 -
220 -
200 -
180
160
| 40 ~
120 =
100 -
80
60 -

40 -

EXHIBIT C.3

MAINTENANCE COS8T CURVE

REPLACEMENT ANALYSIS

> Overhaul
(O Replace




cperation, depreciation costs per year of operation, operating reli-
ability costs per year of operation, and expected years of operation.
The autput is the optimal replacement ae. The total anrual cost is
canprisal of maintenance, operation, and depreciation costs. The
averagje annual cost per mile is derived and the optimal replacament
strategy is to retire vehicles at the point of the lowest average cost.
Data fran the ICC analysis (see below) assuming a constant mileage of
40,000 miles per year of operation were used. Exhibit C.4 shows the
averagje cost curve. Minimum average cost per mile occurs &t year 13.
This is a very simple method and its results are camparable to the more
canplex LCC analysis when grawth in ccst and discaunt effects cancel aut
or are not considered.

Life Cycle Costs (ICC) Analysis

The dbjective is to detemine the replacanent interval that
minimizes the discc " 73'ue of future acquisition, operation and
maintenance costs. a lengthy series of iiput raguirements are ramuired.
They are: discount rate, maintenance cost growth rate, fuel cust growth
rate, dep. ~iation cost growth rate, operating reliability cost growth
rate, mie ©per year of operation, maintenace costs per year of
aperation, operdting reliability costs per year of operation, and
expectal y-.ars of operation. The output for each potential replacement
Interval 1s the replacement miles, the discounted maintenance, fuel,
depreciation and operation reliability costs and the life cycle costs
per life mile.

The metiacd considers other cest elements in the bus life cycle in
addition to maintenance costs. The bus acr 'isition cost is represented
as depreciation casts per year of the bus life cycle. Relevant
weratinnal costs are likewise accounted for. Life cycle cost analysis
examines the per mile discaintel cost cf the bus for variaus asswmotions
of anrwel miles, discount rates, and cost growth rates. It basically
raquires relevant costs to be calculatel at current prices, adjusts them
~w means of cost growth rates, and discounts total costs to the base
vear,

Jhaveri (1978), however, orawoses that instead of just discourting
costs over the life cycle, the time horizons to be evaluated must be
sy fizantly longer than any of the candidate replacament intervals.
™15 Alows for a camarison of Jdifferent replacement cycles and also
avers out annual costs fluaccuations thet occur in short time horizons.
Life cyele replacement analysis is a very useful quantitative tool,
esixxcially 1f the perial under evaluation has irrggular cost trends and
1 ygreac deal of econonic vncertainty. T4 ercounts fer all relevant
srsts related to vochicle awmership including those that vary as the
cears wo by, WT evaluatss the interaction of effects of replasement
Laisions on various ccEil. elements  incurrel thrcaughout the us life
sl and,  aside fram replacenent analysis, can alse evaluate buy/
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$/mile x
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54 ~

52 ~

50 -

48

46 -

EXHIBIT C.4

AVERAGE COST CURVE

Replacement age
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rehabili‘ate optians as well as bus procurement bid selectians. Growth
and discaunt rates far all cost ¢. cegories must be detemined, however,
and much canputational time is inv.ived in deriving the ILCC increments.
Lifecycle cost analysis is now beirg used by the Wational Bus Campany
“hich operates over 17,000 buses in the United Kingdanm.

Annual Maintenance Cost Limit (AMCL) Method

The dbjective is to derive annual maintenance cost limits that will
indicate if a vehicle of specified age should be replaced or be kept for
ancther year. The imput requirenents are length of planning horizon,
maximum bus age, purchase costs of a new bus, resale value ¢f a hus at
specifiad age at the end of the planning horizon, and the prdoability
distribution of anmial maintenance costs of a bus of specified age.
This approach has been gplied by Jardine (1976) for heavy duty
transport vehicles, At the start of the year the expectal maintenance
cost is estimated. If the estimate exceeds the corresponding AMCL, the
bus is replaceil. Otherwise it can continue cperating for the rest of
the year and the evaluation is done naw at year's end. The derived
averae maintenance cost limits should minimize the expected future
casts of maintaining and replacing the bus until the planning periad
ends, when it assumed that the vehicle is sold.

A cost function is detemined and is evaluated recursively until
the initial year of the planning period is rearched. In this case an
evaluation periad of ten years was usel as the planning horizon. The
maximum age limit of a bus was set at 20 years. Buses reaching this age
are aitamatically replacel. The purchase cost of a hus was the 1981
estimate of $109,728. Adrxting the double declining depreciation
policy, the net bock value of the bus at the end of each year of
operation was assumed to be its resale value. The procedure for
deriving bus majntenance caosts was previausly discussed. The same method
was adoptedl but the categories are by bus age regardless of annual
mileage. A camputer program was develcped and was usal to solve the
recursive equation. Exhibit C.5 shows the resulting AMCLs fram the
application run. Derivation of these AMLs considers the prdbability
distribution of maintenance costs as che bus ages. An AMCL of $5C0
mMeans that no more than this value should be (llocated to mainterance
for a bus of age one. If costs are foreseen to be greater than this at
the start of the year, it is wortlwhile replacing the vehicle.

The table also shows that a bus with elewven years of operation to
data has an AMCL of zero at the end of the planning periad. This is so
because by then it would reach age 20, the maxiinim &ge 1limit that
indicates certain replacement. ikewise, a tus of 12 years or more now
has a starcing AMCL of zero. This triggers replacement rather than a
cantinued coeration for ancther year. This result is consistent with
rhat dotainel fram the life cycle cost aml the average cost analysis.
one of the weaknesses of pure econanic life models is that they ignore
the situation when a bus requires extensive repair hefore the end of its
econanical life. Comtrary to the fixel econanical life policy arrived
at by the average cost or the life cycle cost analysis, this methad
allows for the evaluation of each bus at the start of the year.
Replacanent occurs only when it would be uneconamical to maintain the
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Exhibit C.5
ANNUAL MAINTENANCE QOST LIMITS ($00)

Years Remaining

Age Now 10 9 8 7 6 5 4 3 2 1
1 5 12 14 15 22 26 21 26 23 21
2 12 14 15 22 26 21 26 23 21 21
3 14 15 22 26 21 26 23 21 21 27
4 15 22 26 21 26 23 21 21 27 30
5 22 26 21 26 23 21 21 27 30 29
6 26 21 26 23 21 21 27 30 29 34
7 21 26 23 21 21 27 30 29 34 53
8 26 23 21 21 27 30 29 34 53 39
9 23 21 21 27 30 29 34 53 39 39
10 21 21 27 30 29 34 53 39 39 39
11 21 27 30 29 34 53 39 39 39 0
12 0 0 0 0 0 0 0 0 5
13 0 0 0 0 0 0 0 0 5 12
14 0 0 0 0 0 0 0 5 12 14
15 0 0 0 0 0 0 5 12 14 15
71
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bus a year further. This approach allows the bus to be utilized for all
its worth. Premature or very late replacements can be avoided. On2 of
its disalvantages would be the significant man hours involved in
evaluating buses on an individual basis. The model's data reguirements
might need more recordkeeping and analysis. Prcbability distributions
of naintenanarce cost by bus age need to be derived. Althaugh no
discount and inflation factors have been considered, the recursive
ajuation can be modified accordingly.
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