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EXECUTIVE SUMMARY

All transit agencies are under political and financial pres-
sure to reduce operating costs and improve system productivity.
This has forced transit agencies to search for more economical
ways to provide public transportation service, including more ef-
ficient fleet management practices. The Bus Fleet Management
Techniques Guide presents easy-to-understand maintenance manage-
ment techniques which can help fleet managers to understand the
cost drivers in bus maintenance, get more out of their own main-
tenance records, better plan maintenance staffing and spare parts
inventory requirements, and anticipate future problems.

Overview . The Guide contains fully documented practical
examples derived from actual bus maintenance data obtained from
leading transit agencies in the Southwest and throughout the
United States. All of the techniques can be done using inexpen-
sive scientific calculators. A set of 19 work sheets has been
developed to facilitate the computations. Their use is demon-
strated throughout the Guide and blank work sheets are provided.
These techniques can be easily programmed on microcomputers, too.
Some of the methods are accompanied by study questions to further
explain and illustrate the techniques.

An introductory chapter to the Guide reviews the types of
maintenance actions which may be taken to maintain a part or com-
ponent. For example, for some parts and components it may be
best to maintain them before they fail (preventive maintenance)

,

and for others it may be best to maintain them after failure
(corrective maintenance) . The selection of the most suitable
maintenance action is based on failure mileage patterns, mainte-
nance cost information, and the expected life. With this infor-
mation a decision diagram is used to select the best maintenance
action

.

The following five chapters of the Guide present techniques
for the analysis of transit bus part and component failure pat-
terns. The Guide then examines the entire bus and applies life
cycle economic analysis techniques to bus replacement problems.
In the last chapter, the Guide examines the entire maintenance
system and it presents a technique to examine maintenance manage-
ment information needs so that the whole maintenance system can
be better managed.

Failure Pattern Analysis . The typical transit bus has
thousands of parts of components. The maintenance of such com-
plex vehicles is a challenging task. Improving the efficiency of
maintenance operations starts with an understanding of the nature
of failure mileage patterns of components and parts. Knowledge
of the failure mileage patterns is a critical factor in deciding
on the appropriate type of maintenance for each component and
part and enables the development of an efficient maintenance pol-
icy.
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For example, some parts and components have unpredictable
lives and should be replaced after they fail. A fuse, for exam-
ple, is as good as new until a short circuit occurs and the fuse
fails. They are replaced when they fail and not much in the way
of preventive maintenance can be done in the meantime. On the
other hand, most mechanical parts and components show signs of
wear and use. Sometimes they can be monitored to determine when
they will fail. Other components that can not be monitored may
have predictable failure intervals and they can be replaced in
anticipation of a failure.

Chapters Two through Six detail procedures for collecting
and tabulating component failure mileage statistics. Each chap-
ter describes an analysis procedure and when all five chapters
are taken together, they present methods that are applicable to
all likely conditions. Each chapter describes how to develop
survival and reliability curves for the component and then deter-
mine how many of the components in a bus fleet will fail during
any time period, such as one year. This information can be used
in inventory planning by predicting the average demand for parts
and components by the maintenance shop and average repair loads.

One of the major problems with conducting component failure
analysis is that conventional techniques generally assume that
the entire generation of components has failed. However, waiting
for all of the transmissions in a newly purchased bus fleet to
fail may mean that important information on failure patterns is
obtained too late. For this reason, the Guide demonstrates anal-
ysis techniques for incomplete data sets. Thus, components which
have not yet failed can be accounted for in the analysis.

Failure pattern information can be used to help in selecting
the optimal action for maintaining a part or component. There
are four types of repair actions: 1) operate-until-failure where
maintenance is conducted only when a failure occurs, 2) condi-
tion-based-maintenance where a part of component is replace, ad-
justed, or checked when a condition exceeds a specific measur-
able level (e.g. high concentrations of wear metals in oil, high
oil consumption, worn brake shoes, etc.), 3) fixed-mileage-
maintenance where a part of component is replaced, adjusted, or
checked at a specific mileage interval, and 4) design-out mainte-
nance where a part or component is not lasting as long as it
should and the only way to alleviate this high maintenance cost
problem is to alter the system. The Guide contains instruction
and examples on how to determine which maintenance policy is
best

.

Component and Bus Replacement Decision-Making . Chapter
Seven of the Guide provides a simple procedure for determining
the optimal replacement interval for parts and components based
on its mileage failure pattern identified in the previous chap-
ters. The applications of life cycle costing to bus procurement
and replacement problems are covered in Chapter Eight. This
chapter reviews economic principles, introduces the concepts and
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applications of life cycle costing, and provides example applica-
tions. Work sheets are provided for easy application of the
techniques. In addition to discussing vehicle procurement, this
chapter demonstrates the use of life cycle costing in determing
whether or not to replace old buses with new or rehabilitated
buses

.

Maintenance Management Information System Planning . The
last category covered is a technique to be used in the conceptu-
alizing and planning of computerized maintenance management
information systems. It is generally accepted that maintenance
managers can do a better job if they have easy access to
maintenance information. Maintenance management information is
best kept on computers and computerized systems have become a
popular maintenance management tool.

The development of a maintenance information system is too
important to the maintenance manager to allow consultants or in-
house computer experts to make all the decisions regarding the
system's performance. The maintenance manager should take a
leading role in the development of performance specifications and
system planning to make sure that the resulting system fits the
maintenance manager's needs. However, it is not common for main-
tenance managers to be computer experts, themselves. Therefore,
the maintenance manager should use a non-technical format to com-
municate maintenance department needs to the computer experts and
to identify exactly what type of information the system will ul-
timately provide.
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CHAPTER ONE

INTRODUCTION

Overview

All public transit agencies are under political and finan-
cial pressure to cut operating costs and improve system produc-
tivity. About one-third of the operating expenses of the typical
bus transit operator are associated with vehicle fuel and mainte-
nance. The Bus Fleet Management Techniques Guide presents easy-
to-understand maintenance management techniques which can help
busy transit planners and maintenance managers to understand the
cost drivers in bus maintenance, get more use out of their own
maintenance records, better plan maintenance staffing and spare
parts inventory requirements, and anticipate future problems.

The Guide contains easy-to-follow examples derived from ac-
tual bus maintenance data obtained from leading transit agencies
in the Southwest and throughout the United States. All tech-
niques can be done using inexpensive scientific pocket calcula-
tors, the use of which is explained in Appendix B. A set of 19
work sheets has been developed to facilitate the computations.
Their use is demonstrated throughout the Guide and blank work
sheets are provided in Appendix A. These techniques can be easi-
ly programmed on microcomputers, too. Some of the chapters have
study questions to further explain the methodologies.

The Bus Fleet Management Techniques Guide is intended for
use by transit agency maintenance managers, transit agency plan-
ners and other interested personnel, officials of state and met-
ropolitan transportation and planning agencies, university and
college educators in business, industrial, and civil engineering.
No knowledge of advanced mathematics is assumed and the Guide is
entirely self-contained.

Cost Factors in Transit Bus Operations

Bus operating and maintenance expenses are significant ele-
ments in transit agency budgets. A 1983 Urban Mass Transporta-
tion Administration (UMTA) report estimated transit bus operating
and maintenance costs as follows, based on 1981 Section 15 re-
ports (9^) :

1
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COST CATEGORY PERCENT OF TOTAL

Operator Labor (wages, benefits): 46%

Vehicle Maintenance:
Labor
Materials and Supplies

15
6

Fuel and Lubricants: 10

Other

:

23

TOTAL

:

100%

Those costs directly associated with the operation of transit ve-
hicles, fuel and maintenance, were 31 percent of the total, and
this amounted to an annual national expenditure of more than $1.3
billion in 1981.

Individual public transit agencies report figures similar to
these national statistics. In fiscal year 1983 these costs
amounted to about 34 percent of the total operating expenses for
the Central Oklahoma Transportation and Parking Authority in
Oklahoma City. Jones (4^) cited fiscal year cost projections from
1981 to 1985 for Tri-Met in Portland, Oregon, of which about 27
percent was for maintenance and fuel costs. Peskin (_7) projected
that bus vehicle maintenance costs (including fuel) for Houston's
Metropolitan Transit Authority would be 45.8 percent of the total
operating costs in the year 2000.

Bus transit fleet managers are currently being pinched be-
tween two related forces: 1) shrinking Federal support for op-
erating subsidies which are forcing transit operators to econo-
mize, and 2) the growing expense and complexity of modern rolling
stock and maintenance equipment. Malec dramatically illustrated
the problems of rising costs in his analysis of transit operating
statistics (6^). He found that in the late 1970 's and early
1980 's transit maintenance costs had risen five fold, an equiva-
lent annual increase of about 20 percent per year.

As the availability of transit funds becomes tighter, tran-
sit management is naturally forced to look for more productivity
in its operations through efficiency gains. In view of the dis-
proportionate escalation of maintenance costs, maintenance is a
logical candidate for improvement.

The Challenge in Maintenance Management

The contemporary problems faced by transit maintenance man-
agement are more complex than those faced in the past. The re-
cent escalation of costs is evidence that existing practices can
not efficiently tackle the fleet management problems of today.
Old concepts of bus maintenance, such as "loving care" (the re-
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liability of buses is directly proportional to the amount of
maintenance they receive), or "operate until failure", may not bo
the most efficient strategies for economical maintenance.

Maintenance strategies must be efficiently adapted to meet
the specific operating characteristics of a transit system.
Blanket policies intended to cover all conditions or apply to ev-
ery transit system simply will not efficiently deal with the spe-
cific bus operating environments and maintenance problems of in-
dividual transit agencies. Maintenance strategies should be
adaptable to the specific system and its unique problems to
achieve maximum efficiency. However, the tailoring of mainte-
nance strategies is not a simple matter. The manager must ana-
lyze the options, study their consequences and select the most
efficient course of action. This means that the manager cannot
always rely on conventional wisdom or on knowledge of what seems
to work some place else.

Research done on bus fleet management has found that the
availability of maintenance information is the key to making ef-
ficient management decisions (8^) . Management decision-making in-
formation should include more than just the day-to-day records
collected on daily work flows. It should also include inform.a-
tion on expected work flows so that daily scheduling can be con-
ducted, information on future work flows so that labor force re-
quirements and parts inventory levels can be planned, and infor-
mation on the distribution of component failures through time so
that efficient repair policies can be planned.

Guide Objectives and Organization

The efficient planning of repair policies requires the use
of state-of-the-art quantitative techniques. Unfortunately, the
most effective methods which can be used to obtain this informa-
tion are highly technical. Therefore, the principal objective of
the Bus Fleet Management Techniques Guide is to provide practical
instruction on these quantitative methods without requiring that
the user have an in-depth background in mathematics. The Guide
contains descriptions of several quantitative techniques and pro-
vides complete examples of each based on actual bus maintenance
data examples.

The methods presented in the Guide can provide useful infor-
mation for fleet m.anagement-decision making and methods to aid in
the design of systems to collect information. The methods pre-
sented do not provide direct answers to fleet management prob-
lems, but they can help fleet managers to make more informed de-
cisions by providing them with better information.

The text of the Guide is divided into nine chapters covering
three categories of techniques. The first category. Chapters Two
through Six, is the analysis of transit bus part and component
failure patterns. In all likelihood, the greatest potential for
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better management and maintenance cost control exists through a
better knowledge of failure patterns. This is because knowledge
of component failure patterns permits the planning of maintenance
and repair policies for daily use in managing bus fleets.

Life Cycle Costing and Computerized Information Systems also
are common issues in bus fleet management. The second category
of techniques. Chapters Seven and Eight, demonstrates the use of
economic analysis in determining the optimal replacement mileage
intervals for bus components and life cycle costing techniques in
vehicle procurement and vehicle replacement decisions. The third
category. Chapter Nine, is an aid to the better understanding of
maintenance information needs. Chapter Nine demonstrates how to
develop plans for computerizing maintenance management informa-
tion systems.

Component Failure Patterns

The typical transit bus has thousands of parts and compo-
nents. The maintenance of such complex vehicles is a challenging
task. For example, Haenish and Miller estimated that bus mechan-
ics at the Chicago Transit Authority regularly perform 1,800 dif-
ferent functions (3^) . Improving the efficiency of maintenance
operations starts with an understanding of the nature of each
component failure. This determines the appropriate type of main-
tenance for each component and enables the development of an ef-
fective maintenance policy.

For example, some parts and components have unpredictable
lives and should be replaced after they fail. A fuse, for exam-
ple, is as good as new until a short circuit occurs and the fuse
fails. Electrical components in general show little or no de-
terioration until they fail. They are replaced when they fail
and not much in the way of preventive maintenance can be done in
the meantime.

Most mechanical components show signs of wear with use.
Sometimes this wear can be monitored; brake shoe thickness can be
measured periodically and the shoes replaced when they are worn
to a minimum thickness. Other mechanical components, particular-
ly those which are made up of many parts such as engines, trans-
missions, and air compressors, exhibit a different failure
pattern because there are many potential causes of failures.
Preventive maintenance, including changing the oil and filters,
will extend the life cf such components, but their condition is
more difficult to monitor.

A first step in predicting future component failure patterns
is to look at the distribution of component failures as a func-
tion of mileage. Figure 1.1, for example, is a bar chart of the
mileages between wear outs of 68 brake shoes from Flxible 870
buses operated by the Dallas Transit System. One can tell a good
deal about the brake shoe wear out mechanism from this bar chart.
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For example, wear out mileages range from less than 10,000 miles
to more than 30,000 miles. The bar chart tends to be bell-
shaped, with wear outs being most frequent at an average of about
22,000 miles, the "peak" of the bell.

Probability distributions are used to quantify and describe
the failure pattern of parts and components. To quantify the
pattern, a probability distribution curve, or equation, can be
matched to the data. Generally, one of two families of curves
will fit. In Figure 1.2 are shown characteristic members of each
of the two curve families. One of the curves is shaped like a
bell and this is the Normal distribution. The Normal distribu-
tion is more applicable for parts or components that wear out,
like brake shoes. The other curve is shaped like a ski slope and
it is called the Weibull distribution. The Weibull distribution
is more applicable for parts and components that fail.

In Chapt_er Two on the Normal distribution, the mean mileage
to failure, X, and the standard deviation of the failure mile-
ages, SD, are described and simple methods for their calculation
are given. These two numbers, X and SD, determine the Normal
equation and enable the Normal curve to match or fit any com-
ponent failure bar chart that is bell-shaped. As indicated in
Figure 1.2, the mean mileage to failure, X, is the peak of the
bell. The standard deviation, SD, describes the scatter of the
mileages or the width of the bell.

In the Weibull chapters (Chapters Three, Four, Five and
Six) , simple techniques are given to determine the three Weibull
constants, D, B, and T. These three numbers will be defined lat-
er in the Weibull chapters; they determine the Weibull equation
that best fits bar chart data that resembles a ski slope in pat-
tern. A mean (X) and standard deviation (SD) can also be comput-
ed or estimated for Weibull failure data.

There are four chapters on Weibull distribution analysis in
order to accommodate several different types of component failure
data. If all of the components under study have failed, then the
techniques of Chapter Three can be used. However, often it is
desirable to obtain predictions of future failure problems with-
out waiting for the failure of the entire generation of
components under study, particularly if the component lasts a

relatively long time (e.g., transmissions) which would require
many years before the entire generation fails.

There are two types of unfailed components, those whose
mileages exceed the mileage of any failed component and those
whose mileages are exceeded by at least one failed component.
Components in the first category are called "censored cases," and
components in the second category are called "suspended cases."
For example, consider a set of transmission failures where the
largest failure mileage is 125,000 miles. An unfailed trans-
mission with 130,000 miles is treated as a "censored case" while
an unfailed transmission with 95,000 miles is considered a "sus-
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pended case."

The Weibull distribution analysis is different if the data
set contains censored or suspended cases, hence the need for four
Weibull chapters. Each Weibull chapter handles the following
data sets:

Chapter Three: all components have failed,
Chapter Four: the data set contains censored cases,
Chapter Five: the data set contains suspended cases,
Chapter Six: the data set contains both censored and

suspended cases.

The different combinations of failed and unfailed component mile-
ages are reviewed at the beginning of each chapter.

How this failure distribution information can effectively be
used by the maintenance manager to develop the best maintenance
policy for each major component is a principal objective of this
Guide. Later in this chapter the selection of a maintenance pol-
icy for each component or part will be discussed. First, howev-
er, the different types of maintenance policies will be reviewed.

Preventive vs. Corrective Maintenance

There are two fundamental types of component maintenance,
"preventive" and "corrective". Preventive maintenance is carried
out at predetermined inspection intervals, typically based on
accumulated mileage, or other prescribed criteria, such as when a
monitored condition exceeds a tolerance level. This type of
maintenance is intended to reduce the likelihood of the in-
service failure of components by anticipating their failures.

During preventive maintenance inspections fluids and filters
are changed and component checks and adjustments are made. A
less conmion type of preventive maintenance is to preventively re-
move and replace parts or components in advance of their failure.
For example, a transit agency might routinely overhaul all trans-
missions that haven't failed by a specified mileage even if they
are still working properly. In such cases the agency has de-
termined that the transmissions are close to the end of their de-
sign life. Chapter Seven of the Guide describes a technique for
determining the optimal replacement mileage interval for such
preventive replacements.

Corrective maintenance is carried out to repair a part or
component after it has failed. There are trade-offs that must be
made between the levels of corrective and preventive maintenance
that are carried out. For example, suppose that a bus mainte-
nance department performs only minimal preventive maintenance
tasks and only changes fluids and filters at inspection intervals
without making any other checks or adjustments. All other main-
tenance is executed on a corrective basis. In this situation,
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buses are run until something fails. Buses are then tied up in
maintenance instead of being on the street. The maintenance de-
partment is in a situation largely of responding to failures in-
stead of anticipating them. This limits the ability of the
maintenance manager to plan and schedule maintenance activities.
If the bus fleet is relatively low on spares, it places the main-
tenance department in a continual cycle of making emergency re-
pairs to meet peak period demands for buses.

Continually responding to chance failures and making emer-
gency repairs in order to get buses back in service is an unman-
ageable and costly situation. On the other hand, if the mainte-
nance manager has the flexibility to schedule which buses are to
be repaired first, it is possible to make tremendous efficiency
gains. For example, experimentation has shown that the introduc-
tion of work load scheduling and simple maintenance job priori-
tization rules based on the expected number of man hours a job
will take can decrease the average number of buses out of service
for maintenance work by as much as 20 percent {1) .

As preventive maintenance is increased, the amount of emer-
gency repairs should decline, thereby increasing the efficiency
of the maintenance operation and resulting in better control of.
costs. Figure 1.3 depicts the relationship between total mainte-
nance cost, the cost of corrective and preventive maintenance and
the amount of preventive maintenance conducted. As the level of
preventive maintenance effort increases, corrective and total
maintenance costs decrease. The dashed line indicates the opti-
mum level of preventive maintenance where the total cost of pre-
ventive and corrective maintenance reaches a minimum. Past the
minimum total cost point (indicated by the dashed line) , addi-
tional preventive maintenance effort is not cost effective. The
problem for the maintenance manager is to find the efficient
level of preventive maintenance for each part and component which
results in the minimum total maintenance cost.

The optimum level of preventive maintenance for each bus
part or component depends on the following factors:

1. Component failure patterns . Some components and parts
have failure rates that are related to the use and wear they have
been exposed to (they are "age-dependent") while others are unre-
lated to use (they are "age-independent"). The previous examples
of brake shoes and fuses are good illustrations of part failures
that are age-dependent and age-independent, respectively. Pre-
ventive replacement is an appropriate policy for components which
exhibit age-dependent failure patterns but not for those with
age-independent patterns.

2. Repair costs . If it costs just as much to repair an
item before it fails as it does after it fails, then the item
should be replaced after it fails. For example, a burned out
light bulb will require an equal amount of effort to replace be-
fore and after failure and it rarely disables the busl Light
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bulb failure is relatively unpredictable, anyway. Therefore, the
bulb should be replaced only when it fails. The cost of repair-
ing a component before it fails is just the direct cost of the
repair

.

The cost of repairing a component after it has failed must
also include the damage caused by operating the component during
and after the failure. If the failure disables the bus on the
road, forcing passengers to transfer to another bus and a tow
truck to be called, then a dollar penalty should be associated
with the failure. One Southwest transit system assigns a one
thousand dollar penalty for each mechanical failure where the bus
is disabled even though in out-of-pocket terms it does not cost
that much to trade the disabled bus for another. This subject is
discussed further in Chapter Seven.

3. Vehicle spare ratio . Since preventive maintenance is
conducted while the bus is still operative, the manager has some
degree of flexibility over when the preventive maintenance is to
be performed. In other words, the maintenance manager can remove
buses from service for preventive maintenance when it is conve-
nient to both the maintenance shop and the dispatcher. Correc-
tive maintenance is required when an item randomly fails.

The flexibility to schedule preventive component replace-
ments is a function of the number of spare buses available. If
there are not enough spare buses then the dispatcher will be un-
able to meet peak period vehicle demands if too many buses are
tied-up in maintenance. Corrective maintenance must be conducted
promptly whenever a chance failure occurs. Failures may occur at
inopportune times, thus requiring the transit agency to have more
spare buses. Therefore, the transit agency with limited spares
should attempt to schedule maintenance by repairing components
preventively rather than v/aiting until they fail. However, if
spares are plentiful, failure-based corrective maintenance will
be more tolerable.

4 . Ability to monitor the condition of the component .

Preventive maintenance can be performed when a condition check
indicates that the component is wearing out. Brake shoe
inspections are a common example. Another is the monitoring of
engine oil consumption. A bus with a higher than normal oil con-
sumption rate should be brought in and inspected for engine prob-
lems .

Some components or parts may not be monitorable, however,
and condition-based repairs may be impossible. For example, a
relay will give no hint of its impending failure. There-
fore, there is no justification for preventively replacing a
relay.

5. Safety implications . The failure of certain parts cr
components, such as brakes, cannot be tolerated from a safety
standpoint. For example, many transit systems set their interval
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between preventive maintenance inspections equal to the maximum
safe interval between brake inspections. In cases where safety-
is involved, safety rather than cost minimization should dictate
preventive and corrective maintenance levels.

Maintenance Repair Policies

There are four ways to deal with the maintenance of a part
or component according to Kelly (_5) . These are condition-based
maintenance, fixed-mileage maintenance, operate-until-fallure
maintenance, and design-out maintenance.

Condition-Based Maintenance (CBM)

With condition-based maintenance, approaching failures are
predicted when a monitorable condition reaches a level where it
exceeds a tolerable limit. Previously cited examples of condi-
tion-based maintenance are brake shoe wear and engine oil con-
sumption. Condition-based maintenance is appealing for several
reasons

:

1. CBM detects maintenance problems before the bus becomes
inoperable, thus reducing the chances of an in-service
failure. Also, CBM means early detection of a problem
before it mushrooms into a catastrophic failure.

2. The part or component is repaired shortly before it ul-
timately fails. The part or component is used until
nearly the end of its life, thereby getting maximal use
out of the component while avoiding the consequences of
failure

.

3. Chance failures are nearly eliminated. This allows the
manager to execute preventive repairs when they fit in-
to the maintenance department's schedule.

There are three commonly performed types of condition-based
monitoring of components: qualitative inspections, quantitative
inspections, and trend monitoring.

Qualitative Inspections . These are periodic qualitative
checks (visual, feeling or hearing) of a part or component's
condition. For example, the visual inspection of the front tires
of a bus for unusual wear patterns would be a qualitative check.
Frequent qualitative inspections have been found to significantly
reduce in-service failures. A study of bus maintenance records
found that those transit systems that required their drivers to
conduct qualitative inspections of their bus before hitting the
streets have lower than normal road call rates {1) .

Quantitative Inspections . These are quantitative checks
which measure the condition of a part or component to see if it
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exceeds a tolerable level. A common example is the inspection of
brake shoe thickness. If the shoe thickness is below a required
minimum, the brakes are overhauled.

Another example of a condition check is engine oil analysis.
This is a laboratory test to determine the levels of various for-
eign materials in the oil. Abnormal levels may indicate a prob-
lem. For example, engine oil analysis normally tests oil viscos-
ity, water content, fuel dilution, anti-freeze content, silicon
content, suspended solids and content of wear metals. Abnormally
high concentrations of any of these factors may indicate a me-
chanical problem or an approaching component failure.

Figures 1.4 and 1.5 are plots of iron and tin concentrations
in parts per million versus the mileage when the oil was drained
from a Detroit Diesel Allison 8-V71 engine. Both plots show high
concentrations of these metals at early mileages, which is ex-
pected during engine break-in. As mileage increases the levels
of iron and tin subside to normal levels. Eventually, the metal
levels sharply rise again, indicating abnormal wear and the like-
lihood of an impending engine failure.

This condition should trigger the maintenance manager to
bring in the bus and have it thoroughly inspected and repaired if
necessary. Needed repairs are made preventively before the bus
becomes inoperable, thus allowing the maintenance manager to
schedule the engine repair when convenient. If engines were
failing prematurely the oil analysis results could be used as
documentation in a warranty claim against the engine manufactur-
er .

Trend monitoring . These are quantitative measures of past
experience used to set a norm. A common example is the monitor-
ing of fuel and oil consumption rates and flagging buses that ex-
hibit exceptional rates. An exceptional oil consumption rate,
either high or low, may indicate a maintenance problem and the
manager can schedule an inspection of the bus to diagnose the
problem.

Fixed-Mileage-Maintenance (FMM)

These are maintenance actions that are carried out at regu-
lar mileage intervals. This type of maintenance is most applica-
ble where there is a known relationship between the mileage trav-
elled and the failure mechanism. For example, oil and oil fil-
ters are changed at specific intervals because they are known to
deteriorate with use.

In general, condition-based maintenance is preferable to
fixed-mileage-maintenance. This is because there is a degree of
chance variation in the failure mileage of all parts and compo-
nents, as illustrated in Figure 1.1. Condition-based maintenance
permits the maximum use to be obtained from each part or compo-
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FIGURE 1.4

ENGINE OIL ANALYSIS OF IRON CONCENTRATION VERSUS MILEAGE
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nent without allowing the component to fail and makes it possible
to schedule necessary repairs in advance. Fixed-mileage mainte-
nance implies the establishing of blanket repair policies across
all parts and components of a specific type. For example, con-
sider a fixed-mileage maintenance policy which states that all
air compressors on a specific bus model are to be overhauled
every 84,000 miles if a failure has not already occurred before
84,000 miles. The problem with this policy is that a few air
compressors will fail before 84,000 miles and require corrective
repairs. Some, however, will be replaced long before they would
ultimately fail and, thus, are prematurely overhauled.

Advantages . Fixed-mileage replacement, however, is pref-
erable to operate-until-failure maintenance (next section) under
some conditions. First, if the deterioration is time or mileage
dependent and the failure pattern is known and predictable, then
FMM is appropriate. Second, FMM is preferable if the costs of
replacement after the failure has occurred are greater than the
costs of replacement before a failure. The costs of replacement
after a failure should include an assessment of the intangible (a

penalty for a service disruption due to a disabled bus) and tan-
gible ccsts of an in-service failure, the costs associated with
having to make an unscheduled repair, and the costs that may re-
sult from a failure that would not be incurred if the system were
overhauled before a failure. This topic is discussed in more de-
tail in Chapter Seven.

Example . A Southwestern transit system overhauls its
Detroit Diesel Allison V-730 transmissions at a constant interval
of about 100,000 miles. FMM overhauls have resulted in the fol-
lowing benefits according to the transit agency:

1. The maintenance manager is able to schedule the re-
building work in advance, thus keeping the work flow
relatively constant. The maintenance manager has even
more scheduling flexibility than with condition-based
maintenance because the timing of when a transmission's
condition exceeds a given tolerance level is also a
chance event.

2. Since the removal and replacement of transmissions with
FMM can be scheduled, buses can be brought in when it
is convenient and when other corrective and preventive
inspections can be scheduled. Several maintenance
tasks can be performed while each bus is in the shop,
thus reducing the time when the bus is unavailable for
revenue service.

3. The maintenance manager has been able to dramatically
reduce road calls that are a result of transmission
failures. Although such road calls were rare, their
occurrence had serious impacts on the ridership's im-
pression of service reliability.
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4. The maintenance manager has good information on the
life characteristics of the transmissions in the fleet,
similar to the presentation in Chapter Three, so few
transmissions are overhauled much in advance of their
ultimate failure.

Operate-Until-Failure Maintenance (QUF)

Operating a part or component until it fails implies that
all maintenance will be corrective. Because failures are random
events, a component or part that is not being monitored can fail
without warning and maintenance work flows cannot be planned and
scheduled. Generally, an operate-until-failure maintenance poli-
cy is the least preferable strategy for the maintenance of a part
or component in terms of work flow management.

However, it is the most cost-effective policy under the fol-
lowing two conditions. First, if the condition of the part or
component cannot be monitored and/or the failure mechanism is not
mileage-dependent, then OUF is cost-effective. Second, OUF may
be preferable if the total cost of repairing a part or component
after a failure is equal to the cost of repairing it before a

failure. The total cost of repair after a failure should account
for the cost implications of conducting an unscheduled repair and
the intangible cost implications of an in-service failure (if
failure of the part or component would make the bus inoperable)

.

Design-Out-Maintenance (DOM)

The designing out of maintenance problems as a policy is
different in objective than the three previously discussed pol-
icies because DOM seeks to remove the maintenance problem. The
other policies seek to minimize maintenance problems. Sometimes
designs are created which may appear feasible during the develop-
ment, design and production stages of bus manufacture but are
unsatisfactory in an actual operating environment. Similar
problems may result from manufacturing flaws. In either case, if
maintenance costs are excessive then the best solution may be for
the manufacturer to redesign the component or for the transit
agency to purchase an alternative component or system.

An example of a flaw due to poor design is the location of
air conditioning systems on Advance Design Buses built in the
late 1970s and early 1980s. The air conditioning system was
located in the engine compartment where the heat, dust and dirt
caused some of the air conditioners to fail prematurely. Air
conditioning manufacturers have created retrofit units which are
mounted on the upper rear of the bus away from the engine com-
partment and its adverse environment.
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How to Select a Maintenance Policy

Information Requirements . The preceding sections discussed
four policies that may be applied to the maintenance of bus parts
and components. Each policy has advantages and disadvantages as
noted above. The following information is required to select the
appropriate a policy for a particular component:

1. Can the condition of the component be monitored in or-
der to detect an approaching failure?

2. Are failures a result of a design or manufacturing
flaw?

3. Is the failure mechanism mileage-dependent and predict-
able?

The maintenance manager can determine if it is feasible and
economical to monitor the condition of the part or component (the
first type of information required) based on the physical charac-
teristics of the part or component. There are simple statistical
tests that can be used to identify a design or manufacturing flaw
and the predictability of failure, the second and third types of
information required. These methods are described in Chapters
Two through Six and involve the use of either the Normal or
Weibull probability distributions.

Determination of Component Failure Mechanism . Table 1.1 can
be used to determine the component failure mechanism using the
values of the mean mileage to failure, X, and the standard de-
viation, SD. If the Weibull distribution is employed, then B
(the Weibull "shape factor") and D (the Weibull "minimum life
term") are used. For example, consider a component wijih a
Weibull failure pattern. If the mean mileage to failure, X, is
as expected and B is greater than 2, then Table 1.1. indicates
that the failure mechanism is "mileage to failure predictable".

As another example, brake shoe wear outs follow the Normal
distribution. The mean mileage between brake shoe wear outs of
Figure 1.1 is 20,837 miles (X = 20,837 miles) and the standard
deviation is 7,385 miles (SD = 7,385 miles). (X-D)/SD = 2.82
(20,837/7,385 = 2.82). D is neglected in this computation since
the failure pattern is Normal and not Weibull. Assuming that the
mileage between wear outs is not below what is expected, Table
1.1 indicates that the mileage to failure (or wear out in this
case) is predictable.

Coniponent Maintenance Policy Selection . Once the failure
mechanism has been determined using Table 1.1, the decision tree
in Figure 1.6 is used to select a maintenance policy. As an
example of the use of Figure 1.6, consider the above brake shoe
wear out data where X conforms to expected performance. Brake
shoe wear is detected by monitoring the thickness of the brake
shoes, hence the failure occurrence is predictable. The mileage
to failure is predictable as indicated above. The path through
the decision tree in Figure 1.6 for this case is highlighted with
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TABLE 1 .

1

IDENTIFICATION OF COMPONENT FAILURE MECHANISM

Component
*

Value of

Failure
Mechanism X (X-D) /SD B

Design or
Manufacturing Flaw

Less Than
Expected

Less Than
1

Less Than
1

Mileage to Failure
Unpredictable

As Expected Between
1 and 2

Between
1 and 2

Mileage to Failure
Predictable

As Expected Greater
Than 2

Greater
Than 2

X = mean mileage to failure.

SD = standard deviation of failure mileages,

D = Weibull minimum life term,

B = Weibull shape factor.
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X

Component
Failure

—

Pattern

as expected

Failure
Occurrence
Detectable

Failure
Occurrence
Not
Detectable

Mileage-to-Fai lure

Predictable

Mileage- to- Failure
Unpredictable

Preferred
Maintenance
Policy

1. CBM
2. FMM
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X Deteritiine Cause
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CBM: Condition-Based
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FMM: Fixed-Mileage
Maintenance

OUF: Operate-Until-
Failure

DOM: Design-Out
Maintenance

FIGURE 1.6

DECISION DIAGRAM FOR SELECTION OF THE PREFERRED

COMPONENT MAINTENANCE POLICY
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a bold line. The possible maintenance policies, in order of
preference, are condition-based-maintenance (CBM) , fixed-mileage-
maintenance (FMM) , and operate-until-fallure (OUF) . The pre-
ferred policy, CBM, is listed above FMM and OUF to indicate this
preference. However, economic and safety factors also should be
taken into account in the ultimate selection of a maintenance
policy

.
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STUDY QUESTIONS

(1) Consider the following 14 buses with the failure status of

the original transmission indicated below:

Bus
Number

Mileage at
Time of Study

1. d J L m~ c i 1 X _L t, d y t-

of Original
Transmission Failure Status

8301 105,335 81,621

8302 80, 180 66,981

8303 114,852 71,400

8304 80, 309 No failure yet

8305 96, 971 82, 195

8306 115,071 48,250

8307 83,551 No failure yet

8308 121,143 No failure yet

8309 117,036 90,930

8310 123,443 43,483

8311 93,821 52,624

8312 101,178 83,822

8313 118,667 No failure yet

8314 91,013 71,750

Indicate the "failure status" of each transmission as

follows: "failed," "censored," or "suspended."

(2) Engine failures were found to follow the Weibull distribu-

tion with the following statistics:

Mean mileage to failure, X: 258,000 miles

Standard deviation, SD: 82,000 miles

Weibull minimum life term, D: 120,000 miles

Weibull shape factor, B: 1.75

Using Table 1.1 and Figure 1.6, determine the engine failure

mechanism and the best maintenance policy. The mileage be-

tween failures is as expected and the condition of the en-

gine is monitored in several ways, including fuel and oil

consumption, and engine oil analysis.
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ANSWERS TO STUDY QUESTIONS

(1) The transmission with the largest failure mileage is that of

bus 8309, 90,930 miles. The failure status is indicated be-

low for each transmission. Censored cases are unfailed

transmissions with mileages exceeding 90,930 miles, while

suspended cases have mileages less than 90,930 miles.

Bus Failure
Number Status

8301 Failed

8302 Failed

8303 Failed

8304 Suspended

8305 Failed

8306 Failed

8307 Suspended

8308 Censored

8309 Failed

8310 Failed

8311 Failed

8312 Failed

8313 Censored

8314 Failed

(2) (X-D)/SD = (258,000 miles - 120,000 miles )/( 82 , 000 miles) =

1.68. In Table 1.1 either this number or B = 1.75 can be

used. The engine failure mechanism is "mileage to failure

unpredictable." From Figure 1.6, the best maintenance pol-

icies are, in order of preference, condition-based mainte-

nance (CBM) and operate-until-failure (OUF)

.



CHAPTER TWO

COMPONENT FAILURE ANALYSIS USING THE NORMAL DISTRIBUTION:
BRAKE SHOES EXAMPLE

This chapter is a self-contained analysis of brake shoe re-
placements to predict future replacement patterns. It demon-
strates the use of the Normal distribution to determine the mean
failure mileage, predict future failures per mileage interval,
and predict future reliability over time. The topics are:

o How to collect brake shoe replacement data.

o How to tabulate the data.

o Fitting the Normal distribution to the brake shoe data.

o How many brake shoes will wear out during any mileage
interval?

c How long will brake shoes survive?

o How reliable are the brake shoes?

o How often should brake shoes be inspected for wear?

o How many brake shoes will wear out during any time
period?

As explained in the introductory chapter, the Normal dis-
tribution is used to model the failure and/or replacement of
parts which wear out such as brake shoes. Brake shoes are
replaced either when a periodic inspection finds that they are
worn out or after a driver reports brake problems.

How to Collect Brake Shoe Replacement Data

Records of brake shoe replacements generally start with work
orders. Many transit properties summarize work order information
as individual vehicle histories. These histories often are the
most convenient sources of repair information. Alternatively,
one can collect the data directly from work order files.

The information to be collected is the number of miles accu-
mulated by the bus between brake shoe replacements.
Mileage-based statistics can be directly related to bus operating
costs per mile.

Statistical analysis with the Normal distribution requires
that at least 30 mileages are collected, but rarely should it be
necessary to collect more than 50 mileages. Care must be taken
in the data collection to make sure that all the brake shoes are

25
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of the same type and have experienced similar operating con-
ditions. Front and rear brake shoes should be separately an-
alyzed. Similarly, each data set should consist of just one bus
model. Records for express buses, which experience fewer stops
and starts, should be separated from buses which experience con-
ventional duty cycles.

The information collected must be completely correct. There
must be a record for each and every time the brake shoes on a bus
were replaced and the exact mileage of the bus when the repair
was made. Unfortunately, repairs made to a bus are occasionally
omitted in the vehicle history summary. When a record is omit-
ted, it makes that brake shoe appear as though it lasted an
unusually long time ("super shoe"). Care must be taken to
identify and throw out these "super shoes" because they will foul
up the analysis. Usually, it is obvious from the data when a re-
cord is missing.

Shown below is the rear brake maintenance history for one
bus from 1980 to 1983. The numbers in column 2 are the mileages
when the rear brake shoes were replaced on the bus. In column 3

the mileage the bus traveled between brake shoe replacements is
computed and tabulated. The first mileage between brake shoe re-
placements, 57,523 miles, looks suspiciously large, hence it is
treated as a "super shoe" and deleted.

Date of Brake Shoe Mileage at Mileage Between
Replacement Replacement Replacements

(1) (2) (3)

1/10/80 153,303
57,523 ("super shoe")

5/21/81 210,826
18, 154

10/26/81 228,980
26,343

5/14/82 255,323
30,505

1/03/83 285,828
8,684

3/06/83 294,512

Similar information is gathered from other buses of the same mod-
el to obtain the 30 to 50 replacement mileages needed for the
analysis

.

How to Tabulate the Data

Class Data. Table 2.1 (Work Sheet 1) lists 31 mileage
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TABLE 2 .

1

WORK SHEET 1

TABULATION OF FAILURE MILEAGE FREQUENCIES

Cost Driver Brake System Bus Model

Component Type Rear Brake Shoes Study Dates 1981-1983

Failure
Mi leage

/ 1 ^

Failure
Mileage

Mileage Class
i ally

\ -> I

F requency

,

r

( D)

Lower

(3)

Upper

(4)

23,972 30,952 5,000 10.000 // 2

18,833 8,684 1 0 000 1 5 000 //// 4

24,642 16,831 1 5 000 20 000 ///// /// 8

29,249 24,123 90 nnn
f \j \j \j 25 noo ///// ///// 10

19 ,456 22, 105 25 000 ^0 000 ///// 5

19 , 846 20,154 rtc) nnn0\J f VJ u u ^5 nnn // 2

10, 347 IT

27 , 710

18,154

26 , 343

30,505

10,121

24 ,563

23,957

21,266

22,966

14,363

24,435

29 ,506

19,556

13,245

9,023

19 , 304

17,984

26,459

Number of failure mileages, N 31

Maximum mileage 30,952 miles Minimum mileage 8,684 miles
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intervals between rear brake shoe replacements taken from the
vehicle maintenance histories of several buses. There is space
for 50 mileages in the first two columns of the work sheet. In
Table 2.1 the mileages are classed in order to simplify the
analysis. Some information is lost by classing the mileages
rather than working with actual mileages, however, the classed
data are easier to interpret and the conclusions should be good
enough.

Below are listed the guidelines which should be followed in
constructing classes:

1. Use no less than six and no more than 15 classes.
2. Select classes that will include all the mileages.
3. Make sure that each mileage fits into one class.
4. Whenever possible, make the class intervals equal in

size (each should contain the same number of miles)

.

Typically, about six classes should suffice. The number of
classes and the range of mileages in each class are easily de-
termined by working with the maximum and minimum observed re-
placement mileages. In the above example these are indicated at
the bottom of Table 2.1, 30,952 miles and 8,684 miles respective-
ly. If the difference between these two numbers, 22,268 miles,
is divided by six, the result is 3,711 miles. This prompts the
selection of 5,000 miles as the class interval, starting with
5,000 miles and going up to 35,000 miles, with six classes as
indicated in columns 3 and 4 of Table 2.1.

The statistical analysis that follows would not substantial-
ly change if another class interval width were selected or if
there were more classes. For example, a 4,000 mile class inter-
val would work just as well, also resulting in six intervals
ranging from 8,000 miles to 34,000 miles. With just 31 mileages
in the data set, six class intervals is sufficient.

Class Frequency . Once the class intervals have been deter-
mined and entered into Table 2.1, the next step is to determine
the number of mileages that fall within each class. Space is
provided in the work sheet of Table 2.1 to do the tally work
(column 5) . The total number of mileages in each class interval
is entered in column 6. These numbers are called the
"frequencies," the number of times a mileage falls within a
particular class. As a check on the computations, the sum of the
frequencies should equal the total number of mileages, N, which
is 31 in this example.

If the frequency data in Table 2.1 are made into a graph, it
makes the information easier to interpret. The bar chart in Fig-
ure 2.1 was derived from the frequency data in column 6 of Table
2.1. The bars are centered over the average mileage of each
class and the height of each bar is determined by the frequency
of the class. The taller the bar the more frequent were the
mileages observed for that class.
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This graph gives a picture of the variability in brake shoe
life from one shoe to the next. Note the "bell-shape" pattern of
the brake wear out mileages, which indicates Normally distributed
data. Most wear outs are contained in the center bars and few in
the lowest and highest classes.

Fitting the Normal Distribution to the Brake Shoe Data .

Mean . It is obvious from Figure 2.1 that all brake shoes do
not wear out at the same mileage. But how does one summarize
such variable numbers? One way is to calculate the average or
mean" mileage.

The mean mileage is the sum of all the replacement mileages
divided by the total number of mileages, N. In Table 2.1 the sum
of all 31 mileages divided by 31 turns out to be 20 , 924 miles.
Taking the average is a relatively simple task when using
scientific calculators with statistics keys. However, even with
a calculator adding up all those mileages can be tiring and may
lead to mistakes.

A short cut method which uses the classed data of Table 2.1
is showii in Table 2.2 (Work Sheet 2) where the classes are listed
in columns 1 and 2. The average of each mileage class (the lov;er

plus upper mileages divided by 2), X, is entered in column 3 and
multiplied by the class frequency, F, from column 4. The prod-
uct, FX, is entered in column 5. The mean is found by adding all
the numbers in column 5 (EFX) and dividing by the total number of
mileages, N. There is room for this computation at the bottom of
Table 2.2. The mean mileage by classes, 20,403 miles, differs a

little from the actual mean of 20,924 miles, but this should not
affect the results of the analysis.

Standard Deviation . Another way to summarize the different
mileages is the "standard deviation," which measures the scatter
or variability of the mileages, how spread out they are from the
mean. Suppose that the brake shoes from two different manufac-
turers, for example, have the same mean mileage life. The first
brand of shoe, however, tends to have a broad range of mileage
lives (some wear out prematurely, others last far longer than the
mean) while the mileages of the second brand tend to bunch
closely about the mean. This might indicate that the first shoe
brand is of less consistent quality than the second.

Scientific calculators are available which make it relative-
ly easy to calculate the standard deviation. Special button
functions do most of the work. However, even with a scientific
calculator it can be tedious if there are a lot of mileages to
enter

.

A more convenient v^/ay to calculate the standard deviation is
presented in Table 2.2 (Work Sheet 2) by building upon the compu-
tations done to determine the mean using classed data. First,
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Average Mileage of the Bar

FIGURE 2.1

REAR BRAKE WEAR OUT FREQUENCY BAR CHART
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TABLE 2.2

WORK SHEET 2

COMPUTATION OF MEAN AND STANDARD DEVIATION

Cost Driver Brake System Bus Model

Component Type Rear Brake Shoes Study Dates 1981-1983

Mileage Class Class
Average

X

( 3 )

Freq.
F

(4)

FX

(5)

X

(6

)

FX

(7)

Lower

(1)

Upper

(2)

5,000 10,000 7,500 2 = 15,000 56,250,000 112,500,000

10,000 15,000 12,500 4 = 50,000 156,250,000 625,000,000

15,000 20,000 17,500 8 = 140,000 306,250,000 2,450,000,000

20,000 25,000 22,500 10 = 225,000 506,250 ,000 5 , 062 , 500 , 000

25,000 30,000 27, 500 5 = 137,500 756,250,000 3,781,250,000

30,000 35,000 32,500 2 = 65,000 1,056,250,000 2,112,500,000

Sums, I N= 31 ZFX= 632,500 5:FX^= 14 , 14 3 , 7 5 0 , 0 0 0

Mean = X = ZFX
N

632,500 / 31

Standard Deviation = SD = VNEFX^ - (ZFX)^

N (N-1)

X = 20,403 miles

3] X 14,143,750,000 - 632,500 x 632,500 = SD = 6,426 miles

31 X 30
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the class averages, X, are squared and this number, X , is en-
tered in column 6 for each class. Then colur^ 6 is multiplied by
the class frequency, F, with ^he result, FX , entered in column
7. The sum of column 7, ZFX , is computed and entered at the
bottom of the table. In this example, ZFX is 14,143,750,000.

The formula for the standard deviation is presented at the
bottom of Tabl^ 2.1. The formula uses only three column sums:
N, ZFX, and ZFX from columns 4, 5, and 7 respectively. The work
sheet provides blanks to fill in these numbers. The answer for
the standard deviation, SD, is 6,426 miles. This result is only
an approximation, but the correct standard deviation of 6,279
miles, obtained from a scientific calculator, is not greatly dif-
ferent. This error will not affect the results of this analysis.

Table 2.3 (Work Sheet 3) is a convenient summary sheet for
the results of the above computations. Space is provided for the
number of failure (replacement) mileages, the maximum and minimum
mileages observed, the mean, and the standard deviation. The
work sheet also includes a graph for plotting the bar chart of
the frequencies (from Figure 2.1) upon which the mean can be in-
dicated. The above results are summarized in Table 2.3 as an
example

.

The mean, X, and the standard deviation, SD, can now be used
to determine the best maintenance policy for brake shoes as
explained in Chapter One. Dividing X by SD yields a value of
3.18 in Table 2.3. Based on Table 1.1 from Chapter One, the
failure mechanism is "mileage to failure is predictable." The
appropriate maintenance policy for brake shoe replacements, based
on Figure 1.6, is "condition-based maintenance" (CBM) since brake
shoe wear can be monitored.

Normal Distribution . Determining what is expected to happen
is known as forecasting. The problem is to forecast how many
wear outs will occur during any mileage interval, such as the
first 10,000 miles. To make good forecasts, the brake wear out
frequency distribution first is approximated with a smooth curve,
the Normal distribution.

The bar chart of Figure 2.1 is drawn again in Figure 2.2
with a bell-shaped Normal curve added which approximates the
shape of the bar chart. The formula for the Normal curve
includes the mean and standard deviation of the mileage data;
this is how the Normal curve is adapted to the data.

It is easier to work with the Normal curve if the frequen-
cies are converted to percentages. In the brake wear out data
this simply requires that all frequencies be divided by the total
number of brake wear outs. For a frequency of 10, the percentage
is 10/31 = 32.3 percent.

The Normal curve is shown again in Figure 2.3 but this time
the vertical axis is scaled in percent. The horizontal axis is
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TABLE 2 .

3

WORK SHEET 3

SUMMARY SHEET OF FAILURE MILEAGE DISTRIBUTION

Cost Driver Brake System Bus Model

Component Type Rear Brake Shoes Study Dates 1981-1983

Number of cases, N 31 Mean, X 20.403 miles

Number of failures, NF 31

Maximum mileage 30,952 miles

Minimum mileage 8.684 miles

Std. deviation, SD 6 . 426 rpiles

(X-D) /SD 3.18

WEIBULL DISTRIBUTION PARAMETERS

Minimum life term, D

Snape factor, B

Characteristic life factor, T

FAILURE MECHANISM; Mileage to failure is predictable
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Average Mileage of Bar

FIGURE 2.2

RELATIONSHIP BETWEEN ACTUAL BAR CHART DATA

AND NORMAL DISTRIBUTION APPROXIMATION



35

68.27% of the

Distribution

95,73% of the

Distribution

99.73% of the

Distribution

J,5,000

Tv7o OneThree
Standard Standard Standard

Deviations Deviations Deviations

I
' A r ' If 'fir

10,000 15,000 20,000 25,000

I I \
Average

30.000 35,000 40', 000

One Two Three

Standard -Standard Standard

Deviations Deviations Deviations

FIGURE 2.3

RELATIONSHIP BETWEEN STANDARD DEVIATIONS FROM THE

MEAN AND PERCENT AREA UNDER THE

NORMAL CURVE



36

still in miles and scaled in standard deviations from the aver-
age. The mean mileage, 20,403 miles, falls exactly in the
middle (the "peak") of the bell-shaped Normal curve.

How Many Brake Shoes Will Wear Out During any Mileage Interval ?

Figure 2.3 shows the relationship between the percent of the
brake wear outs included in a mileage interval and the width of
an interval in standard deviations. In Figure 2.3, the percent
of the brake wear outs (or percent of the total area under the
curve) which is within one, two and three standard deviations
from the mean is marked.

For example. Figure 2.3 shows that 68.27 percent of the
brake wear outs will occur within one standard deviation above
and below the average (26,829 miles to 13,977 miles). This per-
centage is the same for all data which is Normally distributed.
Similarly, 95. 73 percent of the wear outs are predicted to fall
within plus or minus two standard deviations from the mean,
33,255 to 7,551 miles. This compares to the actually observed
total mileage range (Table 2.3) of 30,952 to 8,684 miles.

Standard Normal Distribution . It is possible to use the
above standard Normal curve relationships to predict brake shoe
wear outs for any range of mileages. For example, what percent-
age of all the rear brakes can be expected to wear out before
10,000 miles? What percentage will wear out between 10,000 and
20,000 miles? The answer, in both cases, is the area under the
bell curve within these mileage ranges.

Obviously, it would be difficult to measure these areas di-
rectly from Figure 2.3. Similarly, it would be tedious to math-
ematically compute the areas using the complex equation that ex-
presses the Normal curve. Well, nobody does it this way and
there is, in fact, a commonly used technique that easily solves
the problem.

The technique is the "z-score." Figure 2,3 represents a
specific Normal curve, the one that fits the rear brake data used
in this chapter. What makes it specific is the values for the
mean, X, and standard deviation, SD. The "z-score" is used to
convert this specific Normal curve to a "Standard Normal" curve.
Then the areas under the Standard Normal curve can be found from
a table and used to answer the above questions.

The z-score is computed as follows for any mileage, M:

M - X
z =

SD
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For example, the z-score for 10,000 miles is:

10,000 miles - 20,403 miles
2 — i

6,4 26 miles

= - 1.62

Table 2.4 presents z-scores ranging from -3.5 to +3.5. Each
number in the table represents the proportion of the total area
under the Standard Normal curve to the left of any mileage, M.

For example, the area to the left of 10,000 miles is shaded
in Figure 2.4. A z-score for 10,000 miles has already been com-
puted, -1.62. In Table 2.4 the number corresponding to a z-score
of -1.62 is 0.0526. Multiplying this number by 100 results in
5.26 percent, the area of the shaded portion of Figure 2.4. This
is the proportion of all the brakes which are predicted to wear
out before 10,000 miles.

Given the original 31 brakes of Table 2.1, it is predicted
that 0.0526 x 31 = 1.63, or about two of the brakes will wear out
before 10,000 miles. In fact, inspection of the mileages in
Table 2.1 indicates that, indeed, two brakes did wear out before
10,000 miles, at 8,684 miles and 9,023 miles.

One may well ask, why go to all this trouble when the answer
could have been determined directly from the original data? And
the answer to that is, what about the next 31 brakes, or the next
100? Statistically, it is more valid to make predictions based
on a theory—the Standard Normal curve—than on raw data. As has
already been seen, raw data is highly variable. One must first
measure this variability, through the mean and standard devia-
tion, and then it can be used for prediction. In other words,
the above techniques get better answers. And it really isn't
hard to do the necessary computations, is it?

Other Applications . Now suppose that the number of brakes
predicted to wear out between 10,000 miles and 20,000 miles is of
interest. This interval is shaded in Figure 2.5. Table 2.4
gives only total areas to the left of each z-score. Therefore,
to determine the percent of wear outs in this interval, first the
percent less than 20,000 miles must be determined. Then, the
percent less than 10,000 miles is determined and subtracted from
the percent less than 20,000 miles.

The z-score for 20,000 miles is -0.06, (20,000-20,420)76,426
= -0.06. Using Table 2.4, a z value of -0.06 corresponds to
0.4761 or 47.61 percent. To derive the percent between 10,000
miles and 20,000 miles, the percent below 10,000 miles (5.26 per-
cent) is subtracted from the percent below 20,000 miles (47.61
percent). The result, 42.35 percent (47.67 - 5.26 = 42.35) is
the percent of rear brakes which are predicted to wear out
between 10,000 and 20,000 miles of service. This means that
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TABLE 2.4

CUMULATIVE AREAS UNDER THE STANDARD NORMAL CURVE

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.00023

0.00034

0.00048

0.00069

0.00097

0.00135

0.0019

0.0026

0.0035

0.0047

0.0062

0.0082

0.0107

0.0139

0.0179

0.0228

0.0287

0.0359

0.0446

0.0548

0.0668

0.0808

0.0968

0.1151

0.1357

0.1587

0.1841

0.2119

0.2420

0.2743

0.3085

0.3446

0.3821

0.4207

0.4602

0.5000

0.00022

0.00033

0.00O47

0.00066

0.00094

0.00131

0.0018

0.0025

0.0034

0.0045

0.0060

0.0080

0.0104

0.0136

0.0174

0.0222

0.0281

0.0351

0.0436

0.0537

0.0655

0.0793

0.0951

0.1131

0.1335

0.1562

0.1814

0.2090

0.2389

0.2709

0.3050

0.3409

0.3783

0.4168

0.4562

0.4960

0.00022

0.00031

0.00045

0.00064

0.00090

0.00126

0.0017

0.0024

0.0033

0.0044

0.0059

0.0078

0.0102

0.0132

0.0170

0.0217

0.0274

0.0344

0.0427

0.0526

0.0643

0.0778

0.0934

0.1112

0.1314

0.1539

0.1788

0.2061

0.2358

0.2676

0.3015

0.3372

0.3745

0.4129

0.4522

0.4920

0.00021

0.00030

0.00043

0.00062

0.00087

0.00122

0.0017

0.0023

0.0032

0.0043

0.0057

0.0075

0.0099

0.0129

0.0166

0.0212

0.0268

0.0336

0.0418

0.0516

0.0630

0.0764

0.0918

0.1093

0.1292

0.1515

0.1762

0.2033

0.2327

0.2643

0.2981

0.3336

0.3707

0.4090

0.4483

0.4880

0.00020

0.00029

0.00042

0.00060

0.00085

0.00118

0.0016

0.0023

0.0031

0.0041

0.0055

0.0073

0.0O96

0.0125

0.0162

0.0207

0.0262

0.0329

0.0409

0.0505

0.0618

0.0749

0.0901

0.1075

0.1271

0.1492

0.1736

0.2005

0.2297

0.2611

0.2946

0.3300

0.3669

0.4052

0.4443

0.4840

0.00019

0.00028

0.00040

0.00058

0.00082

0.00114

0.0016

0.0022

0.0030

0.0040

0.0054

0.0071

0.0094

0.0122

0.0158

0.0202

0.0256

0.0322

0.0401

0.0495

0.0606

0.0735

0.0885

0.1057

0.1251

0.1469

0.1711

0.1977

0.2266

0.2578

0.2912

0.3264

0.3632

0.4013

0.4404

0.4801

0.00019

0.00027

0.00039

0.00056

0.00079

0.001 1

1

0.0015

0.0021

0.0029

0.0039

0.0052

0.0069

0.0091

0.0119

0.0154

0.0197

0.0250

0.0314

0.0392

0.0485

0.0594

0.0721

0.0869

0.1038

0.1230

0.1446

0.1685

0.1949

0.2236

0.2546

0.2877

0.3228

0.3594

0.3974

0.4364

0.4761

0.00018

0.00026

0.00038

0.00054

0.00076

0.00107

0.0015

0.0021

0.0028

0.0038

0.0051

0.0068

0.0089

0.0116

0.0150

0.0192

0.0244

0.0307

0.0384

0.0475

0.0582

0.0708

0.0853

0.1020

0.1210

0.1423

0.1660

0.1922

0.2207

0.2514

0.2843

0.3192

0.3557

0.3936

0.4325

0.4721

0.00017

0.00025

0.00036

0.00052

0.00074

0.00104

0.0014

0.0020

0.0027

0.0037

0.0049

0.0066

0.0087

0.0113

0.0146

0.0188

0.0239

0.0301

0.0375

0.0465

0.0571

0.0694

0.0838

0.1003

0.1190

0.1401

0.1635

0.1894

0.2177

0.2483

0.2810

0.3156

0.3520

0.3897

0.4286

0.4681

0.00017

0.00024

0.00035

0.00050

0.00071

0.00100

0.0014

0.0019

0.0026

0.0036

0.0048

0.0064

0.0084

0.0110

0.0143

0.0183

0.0233

0.0294

0.0367

0.0455

0.0559

0.0581

0.0823

0.0985

0.1170

0.1379

0.1611

0.1867

0.2148

0.2451

0.2776

0.3121

0.3483

0.3859

0.4247

0.4641

Example: The proportion of the total area under the
Standard Normal curve to the left of a

z-score of -1.62 is 0.0526, or 5.26 percent
This is the number in the row corresponding
to z = -1.6 and the column headed by z = 0.
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TABLE 2.4 (continued)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

-1-0 0 0.5040 0.5080 0.5120 0.5160 0.5 199 0 5239 0 5279 fl <,'^^Q fl fTiOU.JJJ 7

4-0 I \j.jjyo 0.5438 0.5478 0.5517 0.5557 0.5596 0.5636 0.5675 fl "1714 \J.D 1 J J

+ 0.2 0.5793 0.5832 0.5871 0.5910 0.5948 0.5987 0.6026 0.6064 0.6103 0.6141

+ 0.3 0.6179 0.6217 0.6255 0.6293 0.6331 0.6368 0.6406 0.6443 0.6480 0.6517

+ 0.4 0.6554 0.6591 0.6628 0.6664 0.6700 0.6736 0.6772 0.6808 0.6844 0.6870

+ 0.5 0.6915 0.6950 0.6985 0.7019 0.7054 0.7088 0.7123 0.7157 0.7190 0.7224

4- 0 ^ U. / ZJ / fl 7901 fl 74^4 f) 748 \j. f J I 1 0 7^0

+ 0.7 0.7580 0.7611 0.7642 0.7704 0.7734 0.7764 0.7794 0.7823 0.7852

+ 0.8 0.7881 0.7910 0.7939 0.7967 0.7995 0.8023 0.8051 0.8079 0.8106 0.8133

+ 0.9 0.8159 0.8186 0.8212 0.8238 0.8264 0.8289 0.8315 0.8340 0.8365 0.8389

+ 1.0 0.8413 0.8438 0.8461 0.8485 0.8508 0.8531 0.8554 0.8577 0.8599 0.8621

O. 1 1^1,1 U.OODJ u.ooco n 87nRu.o / yjo n 877Qv/.o / n 874Q n R77fl fl 87Qfl n 88 1 fl 0 RSTO

+ 1.2 0.8849 0.8869 0.8888 0.8907 0.8925 0.8944 0.8962 0.8980 0.8997 0.9015

+ 1.3 0.9032 0.9049 0.9066 0.9082 0.9099 0.9115 0.9131 0.9147 0.9162 0.9177

+ 1.4 0.9192 0.9207 0.9222 0.9236 0.9251 0.9265 0.9279 0.9292 0.9306 0.9319

+ 1.5 0.9332 0.9345 0.9357 0.9370 0.9382 0.9394 0.9406 0.9418 0.9429 0.9441

•+ l.o 0 QAIA 0 0^0^ \j.yj**j

+ 1.7 0.9554 0.9564 0.9573 0.9582 0.9591 0.9599 0.9608 0.9616 0.9625 0.9633

+ 1.8 0.9641 0.9649 0.9656 0.9664 0.9671 0.9678 0.9686 0.9693 0.9699 0.9706

+ 1.9 0.9713 0.9719 0.9726 0.9732 0.9738 0.9744 0.9750 0.9756 0.9761 0.9767

+ 2.0 0.9773 0.9778 0.9783 0.9788 0.9793 0.9798 0.9803 0.9808 0.9812 0.9817

+ 2.1 0.9821 0.9826 0.9830 0.9834 0.9838 0.9842 0.9846 0.9850 0.9854 0.9857

+ 2.2 0.9861 0.9864 0.9868 0.9871 0.9875 0.9878 0.9881 0.9884 0.9887 0.9890

+ 2.3 0.9893 0.9896 0.9898 0.9901 0.9904 0.9906 0.9909 0.9911 0.9913 0.9916

+ 2.4 0.9918 0.9920 0.9922 0.9925 0.9927 0.9929 0.9931 0.9932 0.9934 0.9936

+ 2.5 0.9938 0.9940 0.9941 0.9943 0.9945 0.9946 0.9948 0.9949 0.9951 0.9952

+ 2.6 0.9953 0.9955 0.9956 0.9957 0.9959 0.9960 0.9961 0.9962 0.9963 0.9964

+ 2.7 0.9965 0.9966 0.9967 0.9968 0.9969 0.9970 0.9971 0.9972 0.9973 0.9974

+ 2.8 0.9974 0.9975 0.9976 0.9977 0.9977 0.9978 0.9979 0.9979 0.9980 0.9981

+ 2.9 0.9981 0.9982 0.9983 0.9983 0.9984 0.9984 0.9985 0.9985 0.9986 0.9986

+ 3.0 0.99865 0.99869 0.99874 C.99878 0.99882 0.99886 0.99889 0.99893 0.99896 0.99900

+ 3.1 0.99903 0.99906 0.99910 0.99913 0.99915 0.99918 0.99921 0.99924 0.99926 0.99929

+ 3.2 0.99931 0.99934 0.99936 0.99938 0.99940 0.99942 0.99944 0.99946 0.99948 0.99950

+ 3.3 0.99952 0.99953 0.99955 0.99957 0.99958 0.99960 0.99961 0.99962 0.99964 0.99965

+ 3.4 0.99966 0.99967 0.99969 0.99970 0.99971 0.99972 0.99973 0.99974 0.99975 0.99976

+ 3.5 0.99977 0.99978 0.99978 0.99979 0.99980 0.99981 0.99981 0.99982 0.99983 0.99983
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PERCENT OF REAR BRAKES WHICH WEAR OUT

BEFORE 10,000 MILES OF USE
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Miles of Wear

FIGURE 2.5

PERCENT OF REAR BRAKES WHICH WEAR OUT BETWEEN

10,000 AND 20,000 MILES OF USE
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0 .4235 X 31 = 13.13, or about 13 rear brakes are predicted to
wear out with accumulated mileages of between 10,000 and 20,000
miles. In fact, based on Table 2.1, some 12 rear brakes actually
did wear out in this interval. Again, a pretty good prediction
has been made of wear outs.

As another example, consider a separate fleet of 60 buses of
the same type as in the original brake wear out data set in Table
2.1. It is predicted that about three buses (5.26 percent of 60
buses = 3.16) will have worn out rear brakes by 10,000 miles of
use. Some 29 buses (47.61 percent of 60 buses = 28.57) likely
will suffer rear brake wear outs between 10,000 and 20,000 miles.

How Long Will Brake Shoes Survive ?

Often, it is useful to know what proportions or numbers of
the component are expected to survive until some point in ser-
vice. For example, from the brake data it would be useful to
know what percent will survive 10,000, 20,000 or 30,000 miles of
wear. The technical term for the survival rate at each total
mileage is the "reliability" of the component.

The original tabulation of the brake wear out information
presented in Table 2.1 (Work Sheet 1) is presented again in Table
2.5 (Work Sheet 4) with some additional information. Column 4 of
Table 2.5 contains the frequency converted to a percentage. Col-
umns 5 and 6 contain the cumulative frequency and cumulative per-
cent, respectively. The term "cumulative" means the total wear
outs which have occurred up to a given mileage. For example, the
cumulative frequency for the mileage interval, 15,000 to 20,000
miles, is 14. This means that by the end of 20,000 miles, 14 of
the 31 original rear brakes, or 45.2 percent, have worn out.

Figure 2.6 contains a bar chart representing the cumulative
percent of brake wear outs from column 6 of Table 2.5. The
height of the bars increases going from left to right, with each
height corresponding to the percent of the rear brakes which have
worn out by the end of the mileage interval. The bar chart is
overlaid with an S-shaped curve call the "survival curve". The
curve is the cumulative form of the "bell-shaped" Normal distri-
bution introduced in Figure 2.2.

The cumulative data is used to determine component survival
rates, or their reliability. The portion of the brake shoes that
have not worn out at the end of the mileage interval are those
which have survived. Hence, the percent surviving is 100 percent
minus the percent that have worn out. The percent surviving at
the end of each interval is listed in column 7 of Table 2.5. For
example, of the original 31 brake shoes in Table 2.1, 22.6 per-
cent or 0.226 X 31 = 7.01 brake shoes have survived 25,000 miles
of use.
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Cost Driver

TABLE 2 .

5

WORK SHEET 4

TABULATION OF FAILURE MILEAGE CUMULATIVE FREQUENCIES

Brake System
Bus Model

Component Type
Rear Brake Shoes Study Dates

1981-198 3

Mileage Class J. i- v_j 1-4d 1 v.^ y f

F

(3)

i. i. C- io y f

%

(4)

Cumulative
Freauencv

D V +"

Surviving

(7)

Lower

(1)

Upper

(2)

Cum F

(5)

Cum %

(6)

5,000 10,000 2 6.5 % 2 6.5% 93.5 %

10,000 15,000 4 12.9 % 6 19.4 % 80.6 %

15,000 20,000 8 25.8 % 14 45.2 % 54.8 %

20,000 25,000 10 32.2 % 24 77.4 % 22. 6 %

25,000 30,000 5 16.1 % 29 93.5 % 6.5 %

30,000 3 5,000 2 6.5 % 31 100.0 % 0.0 %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

Sums: N = 31 100.0%
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Mean Mileage of the Bar

FIGURE 2.6

CUMULATIVE BAR CHART OF REAR BRAKE WEAR OUTS

WITH A CUMULATIVE NORMAL CURVE
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How Reliable are the Brake Shoes ?

Predictions of the durability of components can be made by
comparing the reliability (survival rates) of different brands.
The cumulative Standard Normal distribution is used to quantify
the reliability (the percent surviving) at any mileage and com-
pute a "reliability curve" for each component.

To illustrate, suppose that one wants to know how many brake
shoes are likely to survive at 5, 000 mile increments from 5,000
and 35,000 miles. First, the mileages are converted to z-scores
based on the mean and standard deviation of the replacement mile-
ages as was shown in an earlier section. Table 2.6 (Work Sheet
5) provides space for these calculations using the previous set
of 31 rear brake shoe replacement mileages, whose mean and
standard deviation were 20,403 and 6,426 miles, respectively.

The mileages (column 1) are converted to z-scores in column
2 of Table 2.6. The corresponding cumulative percentage is read
directly from Table 2.4 and entered in column 3. The z-scores
for 10,000 miles and 20,000 miles were calculated earlier in the
chapter. As a reminder example, for 35,000 miles:

M-X
z =

SD

35,000 miles - 20,403 miles

6,426 miles

= 2.27

The Table 2.4 numbers entered in column 3 are multiplied by 100
to convert them to cumulative percentages in column 4.

Finally, the reliability of the brake shoes at each mileage
is found by subtracting the percentage in column 4 from 100 per-
cent. This number is entered in column 5 of the work sheet.
Each percentage directly indicates the percentage of the original
brake shoes predicted to last until that mileage. Thus, for ex-
ample, 79 . 94 percent or about 25 of the original 31 brake shoes
(0.7995 X 31 = 24.78) are predicted to survive 25,000 miles of
use. Looking back at the original data in Table 2.1, 24 brakes
actually survived that long. Another good prediction!

The percentages in column 5, when plotted as a smooth curve
versus cumulative mileage (column 1) result in the reliability
curve shown in Figure 2.7. As an example of how to read Figure
2.7, a dashed line is drawn upvv/ard from 22 , 500 miles. Vi'here this
line hits the curve another dashed line is drawn horizontally to
the vertical axis. This line intersects the vertical axis at 46
percent. This means that 46 percent of the brake shoes are ex-
pected to survive until 22,500 miles, or about 14 brake shoes out
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TABLE 2.6

WORK SHEET 5

COMPONENT RELIABILITY ANALYSIS

Cost Driver Brake System bus Model

Component Type Rear Brake Shoes Study Dates 1981-1983

Percent

. . 3
Failing in

Cumulative
1

Table 2 .

4

Cumulative2 Reliability, R Mileage .

Mileage, M z-score Number Percentage (% Surviving) Interval

(1) (2) (3) (4) (5) (6)

0 0.00 % 100.00 % %

5.000 -2.40 0.0082 0.82 % 99.18 % %

10.000 -1.62 0.0526 5.26 % 94.74 % %

15.000 -0.84 0.2005 20.05 % 79.95 % %

20.000 -0.06 0.4761 47.61 % 52.39 % %

25.000 0.72 0.7642 76.42 % 23.58 % Q,Q

30.000 0.9319 93-19 % 6.81 % %

35.000 2.27 0.9884 98.84 % 1.16 % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

M - X
z = , where M = mileage in column 1, X = mean

SD and SD = standard deviation = 6,426 miles

The number in column 3 times 100.

100 percent less the number in column 4.

Percent failing in mileage interval

^20,403 mi

= R^ - R2 , where: R^ = reliability (column 5) at previous
cumulative mileage

R = reliability at mileage in column 1
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of 31 total.

How Often Should Brake Shoes be Inspected for Wear ?

Different transit agencies have different practices with
regard to the mileage interval between brake inspections. Some
agencies inspect every 1,500 miles, some every 3,000 miles, and
others as much as every 6 ,000 miles. What is the optimal in-
terval for brake inspections? The answer lies in an inspection
of the brake shoe reliability curve. Figure 2.7.

This figure suggests that there is little to be gained from
inspecting buses with new brake shoes since it is highly unlikely
that the shoes will wear out before 10, 000 miles. In fact, as
indicated in Figure 2.7, about 97 percent of the brake shoes will
still be satisfactory after 10,000 miles of service. Only three
percent (1.00 - 0. 97 = 0.03) of the brake shoes will wear out
this prematurely. Thus, as can be seen in the reliability curve
in Figure 2.7, it is very unlikely that brake shoes will were out
before 10,000 miles of use (point "A"). Therefore, early in the
life of the brake shoes, brake inspection can be scheduled less
frequently than later in the shoes' life.

It is assumed that brake shoes are replaced either at the
time of inspection or after a driver complains of worn brakes.
The next section tells how to predict the total number of brake
shoe wear outs for specific mileage (or time) intervals, in-
cluding replacement brake shoes. The optimal inspection interval
is a function of how many brakes are predicted to wear out during
the interval and the cost of allowing buses to remain on the road
with bad brakes. This is something the transit agency must
determine for itself, but the calculations in this chapter can
provide a starting point by predicting the number of wear outs
per selected inspection interval.

How Many Brake Shoes Will Wear Out During Any Time Period ?

Knowledge of how many brake shoes will wear out in a partic-
ular time period, such as one month or every three months, for a
given fleet of buses is useful information for the maintenance
manager. This information helps to predict maintenance shop work
loads and brake shoe inventory requirements

.

In this section z-scores and the Standard Normal curve are
used for getting this information. It is assumed that mileage
can be translated into time. The following example uses the same
Normal distribution, including mean and standard distribution,
computed earlier.

Suppose that a fleet of 60 new buses is projected to average
40,000 miles of service per year. This means that every three
months the buses receive 10,000 miles of brake wear. Also assume
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FIGURE 2.7

REAR BRAKE RELIABILITY CURVE
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that these new buses were delivered to the transit agency and put
into service at about the same time just prior to the first three
month time interval.

Listed in Table 2.7 (Work Sheet 5 again) are the percent of
the original rear brakes that are expected to wear out during
10,000 mile increments (or each three months) between zero and
40,000 miles. The percent of original brake shoe failures
predicted per mileage interval (column 6) is determined from the
reliabilities of column 5 using the following formula:

probability = - R^ / where: R^ = mileage at previous
cumulative mileage,

R2 = reliability at cumula-
tive mileage.

For example, in the interval between 10,000 and 20,000 cumulative
miles

:

probability = 94.74% - 52.30% = 42.35%

This means that 42.35 percent of all the original brake shoes are
predicted to fail between 10,000 and 20,000 miles of service.
Consideration of mileage intervals greater than 40,000 miles is
neglected in the following analysis because the percent of
survivors beyond 40,000 miles, 0.02 percent, is so small it will
not affect the computations.

The percentages in column 6 of Table 2.7 are valid only for
the original brake shoes. The wearing out of the replacement
brake shoes has not been considered yet. In Table 2.8 (Work
Sheet 6) forecasts are made of the total number of brake shoe
wear outs, including replacements, which are predicted to occur
in the first 6 three month periods.

In the first period, 5.26 percent of the original rear
brakes wear out and are replaced, a total of 3.2 wear outs in the
first three months. In the second period 42.35 percent of the
original rear brakes wear out and another 5.26 percent of the
replacement brake shoes wear out. A total of 25.6 brake shoe
wear outs are thus predicted in the second three month period.

The forecast shows that brake wear outs will reach a peak
during the third three month period when 30 brake shoes wear out.
During period four, when the buses have been in service for
30,000 to 40,000 miles, the last of the original brake shoes are
predicted to wear out. In the fifth and sixth periods, the
forecasts reach a stable rate of about 25 wear outs per three
month period.

In succeeding time periods this level of wear outs should
continue to occur at about the same rate of 25 per period. This
type of information is useful in predicting average demands for
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TABLE 2.7

WORK SHEET 5

COMPONENT RELIABILITY ANALYSIS

Cost Driver Brake System Bus Model

Component Type Rear Brake Shoes Study Dates 1981-1983

Percent

3
Failing in

Cumulative
1

Table 2.

4

Cumulative^ Reliability, R Mileage
^

Mileage, M z-score Number Percentage (% SuiTviving) Interval

(1) (2) (3) (4) (5) (6)

0 0 0.00 % 100.00 % %

10,000 - 1.62 0.0526 5.26 % 94.74 % 5.26 %

20,000 - 0.06 0.4761 47.61 % 52.39 % 42.35 %

30,000 1.49 0.9319 93.19 % 6.81 % 45.58 %

40,000 3.05 0.9998 99.98 % 0.02 % 6.79 %

% % g.&

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

age in column 1 , X = mean = t^^^
ard deviation = fi^4:>6 mi Ips

es 100.

r in column 4.

interval

reliability (column 5) at previous
cumulative mileage
reliability at mileage in column 1

M - X
z = , where M = mile

SD and SD = stand

The number in column 3 tim

100 percent less the numbe

Percent failing in mileage

= R^ - R2 / where: R^ =

^2 =
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TABLE 2 .

8

WORK SHEET 6
Page 1 of 2

PREDICTION OF COMPONENT FAILURES OVER TIME

Cost Driver Brake System Bus Model

Component Type ^^^^ Brake Shoes study Dates 1981-J983

Cumulative
Time

(1)

Component
State

(2)

Number of
Buses in
State
(3)

Component
Failures Per
Time Period

(4)

Total Failures
Per Time
Period

(5)

PERIOD 1: Original shoes 60 X 5.26 % 3.2

0-3 months %o 3.2

a

PERIOD 2: Original shoes 60 42.35 ao 25.4

3-6 months Shoes replaced V a

in Period 1 3.2
J\.

5.26 a 0.2

V"A. ao 25.6

ao

PERIOD 3: Original shoes 60 X 45.58 a 27. 3

6-9 months Shoes replaced X a

in Period 1 3.2 X 42. 35 % 1.4

Shoes replaced X %

in Period 2 25.6 X 5.26 % 1.3

X % 30.0

X %

PERIOD 4: Original shoes 60 X 6.79 % 4.1

9-12 months Shoes replaced X %

in Period 1 3.2 X 45.58 % 1.5

Shoes replaced X %

in Period 2 25.6 X 42. 35 % 10. 8

Shoes replaced X %

in Period 3 30.0 X 5.26 % 1.6

X % 18 . 0

X %

X %



TABLE 2.8 (continued)

WORK SHEET 6 t. o ^ oPage 2 of 2

PREDICTION OF COMPONENT FAILURES OVER TIME

Cost Driver Brake System Bus Model

Component Type Rear Brake Shoes Study Dates 1981-1983

LXiULl Xd U X V

Time

V J- 7

State

(2)

Number of
Buses in
State
(3)

Component
Failures Per
Time Period

(4)

Total Failures
Per Time
Period

(5)

PEKIUD D : Shoes replaced X % =

12-15 mo. in Period 1 3.2 X 0.2

Shoes replaced X % =

in Period 2 25.6 X 45.58 % _ 11.7

Shoes replaced X % =

m Period 3 30.0 X 42.35 % = 12.7

Shoes replaced X % =

in Period 4 18.0 X 5*26 % = 0.9

X % = 25.5
,—

X % =

PERIOD 6

:

Shoes replaced X % =

15-18 mo. in Period 2 25.6 X ^•'7^ % = ^•'7

Shoes replaced X % =

in Period 3 30.0 X 45.58 % = 13.7

Shoes replaced X % =

in Period 4 18.0 X 42.35 % = 7.6

Shoes replaced X % =

in Period 5 25.5 X 5.26 % = 1.3

X % = 24.3

X % =

X % =

X % =

X % =

X % =

X % =
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parts and average repair work loads before a great deal of com-
ponent use history has occurred.
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CHAPTER THREE

INTRODUCTION TO WEIBULL DISTRIBUTION FAILURE ANALYSIS:
TRANSMISSION EXAMPLE

This chapter is a self-contained analysis of original
equipment bus transmission failures to predict future re-
placement patterns. It explains the use of the Weibull dis-
tribution to determine the mean mileage to failure, predict
future failures as a function of mileage, and predict future
reliability over time. The topics covered are:

o How to collect the transmission data.

o How to tabulate the transmission data.

o Fitting the Weibull distribution to the transmis-
sion data.

o How long will the transmissions survive?

o Predicting the future reliability of the transmis-
sions .

o How many transmissions will fail during any time
period?

o What about the replacement transmissions?

In this chapter every transmission in the study has failed.
In later chapters, move advanced applications of the Weibull
distribution will be discussed where some or most of the
components under study have not yet failed.

How to Collect the Transmission Data

A bus transmission has failed when it must be replaced
with a new or rebuilt transmission. The analysis in this
chapter uses only the mileage accumulated by the transmis-
sion when it failed. A transmission is made up of many com-
ponents and there are many possible reasons for a failure.
Transmissions will experience environmental and operational
factors -- passenger loads, grades, turns, stops per mile,

which may vary from bus to bus. However, why the
transmission failed is not of concern in this chapter, just
the fact that it did fail at a particular mileage.

At least ten transmission failures are needed for the
analysis. It is assumed that the transmissions under study
are the same model and that all experienced similar use and
maintenance. The possibility that some transmissions failed
because of abuse is not accounted for, although the reader
should separate such cases out.
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In this chapter the example data set consists of origi-
nal equipment transmission failures in 29 new General Motors
RTS II buses owned by the Detroit Department of Transporta-
tion (DDOT) . The transmissions, Detroit Diesel Allison V730
models, were among the first of this model manufactured.
Some premature failures were experienced by DDOT, which
prompted the collection of the data set. The mileages each
had accumulated when they failed are entered in column 4 of
Table 3.1 (Work Sheet 7). Since all of the transmissions
have failed, columns 3, 5, and 6 are ignored.

How to Tabulate the Transmission Data

The mileages are plotted as a bar chart by first
classing them into mileage intervals as shown in Table 3.2
(Work Sheet 1). The class intervals are 20,000 miles wide
with a total of seven classes. The interval width of 20,000
miles was selected for convenience and because it resulted
in at least six classes. Consult the previous chapter on
the Normal distribution for more details on how to classify
and tabulate the data.

The mean mileage in Table 3.1 is 53,759 miles but one
new transmission (bus number 7925) failed after just 3,874
miles. In fact, more than half of the transmissions failed
at mileages less than the mean. One reason for this is that
the mean includes transmissions which proved to be relative-
ly durable; as Table 3.1 indicates, the transmission from
bus number 7904 lasted 126,273 miles. Recall that mileages
for worn out brake shoes tended to occur in the center in-
tervals and close to the mean.

The bar chart of transmission failure mileages is pre-
sented in Figure 3.1. This bar chart has quite a different
pattern from the bar chart of brake shoe wear outs in the
previous chapter (Figure 2.1), one that is not bell-shaped.
Note that the tallest bar is to the left of the average or
mean

.

Bus components which fail, such as transmissions, typi-
cally have mileage-at-failure patterns which are different
than components which wear out, such as brake shoes. In the
previous chapter, the mileages accumulated by worn out brake
shoes followed a bell-shaped normal distribution pattern
when plotted in a bar chart. The mileage pattern bar chart
for failed transmissions in Figure 3.1 looks more like a ski
slope. A few transmissions fail prematurely but some last a
very long time. This indicates that the Weibull distribu-
tion should be used to represent transmission failure pat-
terns .



57

TABLE 3 .

1

WORK SHEET 7

FAILURE STATUS OF ORIGINAL COMPONENTS
IN WEIBULL FAILURE ANALYSIS Page 1 o

Cost Driver Transmission Bus Model CM RTS II

Component Type Detroit Diesel Allison Study Dates 1979-1981
V730

Bus
Number

(1)

ComDonent
Number

(2)

Current
Bus
Mileage

(3)

Original
Component
F ai lure
Mileage

(4)

Status of
Unfailed
Component*

Comments
(7)

Censor
(5)

Susp

.

(6)

7901 58,844

7902 33,181

7903 28,664

7904 126,273

7905 48,027

7906 41, 194

7907 34,612

7908 36, 767

7909 56,852

7910 24,065

7911 32, 806

7912 90,771

7913 56,436

7914 33,950
!

7915 79,996

7916 30,536

7917 80,827

7918 119,060

7919 64,113

7920 51,513

CENSORED cases refer to surviving components which have accu-
mulated more miles than any failed component in the data set.

SUSPENDED cases refer to surviving components which have accu-
mulated less miles than at least one of the failed components.
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TABLE 3.1 (continued)

WORK SHEET 7

FAILURE STATUS OF ORIGINAL COMPONENTS p ^ nf
IN WE IBULL FAILURE ANALYSIS ^

Cost Driver Transmission Bus Model GM RTS II

Component Type Detroit Diesel Allison Study Dates 1979-1981

Bus
Number

( ^ \
\ -L )

Component
Number

L,urrent
Bus
Mileage

Original
L-oinponen u

Failure
Mileage

Status of
Unfailed
Component*

Comments
^ "7 ^

Censor
/ c; \
V ->)

Susp

.

( d)

7921 108,313

7922 14,472

7923 31,126

7924 85,503

7925 3,874

7926 8,308

7927 69,332

7928 76,442

7929 17,985

CENSORED cases refer to surviving components which have accu-
mulated more miles than any failed component in the data set.

SUSPENDED cases refer to surviving components which have accu-
mulated less miles than at least one of the failed components.
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TABLE 3.2

WORK SHEET 1

TABULATION OF FAILURE MILEAGE FREQUENCIES

Cost Driver Transmission Bus Model General Motors RTS TI

Component Type Detroit Diesel Study Dates 1979-1981
Allison V730

r d X -L UX. t: 1. d X J_ u. J- c. Ml ^ rx 1 ^ C Q" X d o o >"^ 1 1 o n X /r X u t: iit-.y /

Mileage Mileage Lower Upper Tally F

(1) (2) (3) (4) (5) (6)

58,844 8, 308 0 19,999 //// 4

33,181 69,332 20,000 39,999 ///// //// 9

28,664 76,442 40,000 59,999 ///// / 6

126,273 17,985 60,000 79,999 /// 3

48,027 80,000 99,999 //// 4

41,194 100,000 119,999 // 2

34,612 120,000 139,999 / 1

36,767 29

56, 852

24,065

32,806

90,771

56,436

33,950

79,996

30,536

80, 827

119,060

64,113

51,513

108,313

14,472

31, 126

85,503

3, 874

Number of failure mileages, N £9

Maximum mileage 126,273 miles Minimum mileage 3,874 miles
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Fitting the Weibull Distribution to the Transmission Data

Calculating D, and T . The Weibull curve which best
fits the original data is found by calculating three con-
stants, D, and T. In order to determine good values for
D, B and T, first the transmissions are listed in order of
increasing mileage at failure in column 5 of Table 3.3 (Work
Sheet 8) . The ranked mileages are then transferred ro col-
umn 2 of Table 3.4 (Work Sheet 9).

The first constant is D and it is called the "minimum
life term." If it were likely that a component could fail
without having accumulated any miles, then the "minimum
life" would be zero. In fact, a good estimate of D is
found by multiplying the lowest failure mileage by 90 per-
cent. In Table 3.4, the lowest mileage is 3,874 miles (bus
number 7825). Therefore, D equals 3,487 miles (3,874 x 0.90
= 3,487). There is room for this computation at the bottom
of Work Sheet 9 in Table 3.4.

The other two constants are B and T*. B, the "shape
factor," determines the shape of the curve and T, the "char-
acteristic life factor," determines how far away the peak in
the curve should be from zero miles. Before calculating B
anc T, two intermediate numbers, K and S, must be de-
termined. These calculations are also shown in Table 3.4.

The minimum life term, D = 3,487 miles, is subtracted
from each original failure mileage (column 3 minus column 2)

to get the fourth column of numbers, which is a value of K
for each failed transmission. The total of all the K's in
column 4 is 1,442,719. The average K, K , is 49,749 miles
(1,442,719 divided by 29 = 49,749), a numljer which will be
needed later.

The K values are then used to compute S as follows.
First, compute the natural logarithm of the largest value
of K, 122,786 miles, for the transmission of bus 7904. This
number is called K . Obtaining the natural logarithm is
simple when using a scientific calculator. Enter the num-
ber, 122,786, and then press the button marked "In". The
natural logarithm, 11.7182, will appear on the display.**
The natural logarithms are rounded-off to only four digits
to the right of the decimal point for simplicity (11.718198
becomes 11.7182) in Table 3.4. There is room for this com-
putation at the bottom of Table 3.4. This number, ln(K )

,

is placed on every line of the fifth column of Table 3.Wf^

Next, the natural logarithm of each value of K, In (K)

,

is written in the sixth column. For example, in the first
line of Table 3.4 (bus number 7925), In (387) equals 5.9584.

* Method for calculating B and T was developed by Bain (1).
** For a discussion of the use of scientific calculators see
Appendix B.
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TABLE 3.3

WORK SHEET 8 Page 1 of 2

RANK ORDERING OF SURVIVING AND FAILED COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Transmission Bus Model RTS II

Component Type Detroit Diesel Allison study Dates 1979-1981

V730

Order
Number

(1)

Bus
Number

(2)

Component
Number

(3)

Failed,
Suspended

,

or Censored
(4)

Mileage When
Failed, Suspended,
or Censored*

(5)

1
"7 Q O
/ y ZD r ai±ea (5 7/1

2
"7 Q O C/y 2b

. .

r aixea 0 , J U o

3
-7 Q T 1Iv 2.2. r aixea

4
'~7 r\ ^ i\7929 — Failed 1-7 Q o C

5 7910 Failea

6 7903 Failed no CCAZ O , D b 4

7 7916 Failed JO , b Jb

8 7923 Failed 31,126

9 7911 Failed j2 , oUb

10 7902 Failed 33,181

11 7914 Failed 33,950

12 7907 Failed 34,612

13 7908 Failed 36,767

14 7906 Failed 41,194

15 7905 Failed 48,027

16 7920 Failed 51,513

17 7913 Failed 56,436

18 7909 Failed 56,852

19 7901 Failed 58,844

20 7919 Failed 64,113

Each component is listed in ascending order of the mileage en-
tered in Column 5

.
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TABLE 3.3 (continued)

WORK SHEET 8 Page 2 of 2

RANK ORDERING OF SURVIVING AND FAILED COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Transmission Bus Model GM RTS II

Component Type Detroit Diesel Allison Study Dates 1979-198
V730

Order
Number

(1)

Bus
Number

(2)

Component
Number

(3)

Failed

,

Suspended

,

or Censored
(4)

Mileage When
Failed, Suspended,
or Censored*

(5)

7 Q 9 7 £ d X X t: V-l vj -7 , O ^

7 Q 9 P1 y c. O r dx X cLJ. If, 449

7 Q 1 R r d X X t:: LI 7 Q Q Q ft

ft. ^ ft 7 Q T 7 r d X X cU. R n fi 9 7

7 Q 9 4
/ y Z 1 Pan 1 oi^r d X Xc U. R s R n ?O J , J u o

Jo ZD / y iz r aixea Q n 7 7 1y u , / / -L

t 9 "7
/I Z /

7 Q 9 1
/ y z 1 r a X xsQ X U O , J X J

p Z O / y 1 o r ai ±ea 1 1 Q n nX X y , u D u

<3I 9 Qzy 7 Q 0 4
/ U ft r dX xeo. 1 9 c 9 7 "5

X Z O , Z / J

10

11

12

13

14

15

16

17

18

19

20

Each component is listed in ascending order of the mileage en-

tered in Column 5

.
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TABLE 3.4

WORK SHEET 9

COMPUTATION OF D, K, AND S FOR

Cost Driver

Page 1 of 2

WEIBULL FAILURE DATA

Transmission Bus Model GM RTS II
Detroit Diesel

Component Type Allison V730 Study Dates 1979-1981

Bus
Number

(1)

Failure
Mileage

(2)

Minimum^
Life, D

(3)

K

(4)

* *

^^max^
(5)

ln(K)

(6)

* **
L

(7)

7925 3,874_ 3,487 _ 387 11. /182 _ 5 . 9584 _ 5 . 7598

7926 8 , 308 _ 3,487 _ 4 ,821 11.7182 _ 8.4807^3.2375

7922 14,472 _ 3,487 _ 10,985 11.7182 _ 9. 3043 _ 2.4139

7929 17,985 _ 3,487 _ 14,498 11.7182 _ 9.5818^2.1364

7910 24,065 _ 3,487 _ 20,578 11.7182 _ 9.9320 = 1.7862

7903 28,664 _ 3,487 ^ 25,177 11.7182 _ 10.1337 = 1.5845

7916 30,536 _ 3,487 = 27,049 11.7182 _ 10.2054 = 1.5128

7923 31,126 _ 3,487 ^ 27,639 11.7182 _ 10.2270 - 1.4912

7911 32,806 _ 3,487 = 29,319 11.7182 _ 10.2860 = 1.4322

7902 33,181 _ 3,487 = 29,694 11.7182 _ 10.2987 = 1.4195

7914 33,950 _ 3,487 = 30,463 11.7182 _ 10. 3243 = 1. 3939

7907 34,612 _ 3,487 = 31,125 11.7182 _ 10. 3458 = 1. 3724

7908 36,767 _ 3,487 = 33,280 11.7182 _ 10.4127 = 1. 3055

7906 41,194 _ 3,487 = 31,101 11.7182 _ 10. 5376 = 1. 1806

7905 48,027 _ 3,487 = 44,540 11.7182 _ 10. 7041 = 1.0141

7920 51,513 _ 3,487 = 48,026 11.7182 _ 10. 7795 = 0. 9387

7913 56,436 _ 3,487 = 52,949 11.7182 _ 10.87-71=0.8411

7909 56,852 _ 3,487 = 53,365 11.7182 _ 10.8849 = 0. 8333

7901 58,844 - 3,487 = 55,357 11.7182 _ 10.9216=0.7966

7919 64,113 _ 3,487 = 60,626 11.7182 - 11.0125=0.7057

Sums

:

ZK = S =

Minimum life term, D = 0.90 x lowest failure mileage
=0.90x 3,874 mi. =D= 3,487 mi.

***

ln(K ) = ln( 122,786 ) = 11.7182
max is the largest, where Kmax

value of K in column 4

.

If the data set contains suspended failure cases, the L terms
must be modified in Work Sheet 10a before computing S.
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TABLE 3.4 (continued)

WORK SHEET 9 Page 2 of

COMPUTATION OF D , K, AND S FOR WEIBULL FAILURE DATA

Transmission Bus Model GM RTS IICost Driver
Detroit Diesel

Component Type Allison V730 Study Dates 1979-1981

Bus
Number

(1)

Failure
Mileage

(2)

Minimum^
Life, D

(3)

K

(4)

In (K )max
(5)

* *
ln(K)

(6)

L

(7)

7927 69,332 _ 3,487 = 65,845 11. 7182 _ 11. 0951 0.6231

7928 76,442 _ 3,487 = 72,955 11.7182 _ 11. 1976 - 0. 5206

7915 79,996 3,487 = 76,509 11. 7182 _ 11. 2452 0.4730

7917 80,827 _ 3,487 77 , 340 11.7182 _ 11. 2460 0. 472;

7924 85,503 _ 3,487 = 82,016 11.7182 _ 11. 3147 0.4035

7912 90,771 _ 3,487 = 87,284 11. 7182 -11.3769 =0.3413

7921 108,313 _ 3,487 = 104,826 11.7182 _ 11.5601 0. 1581

7918 119,060 _ 3,487 = 115,573 11.7182 11. 6577 0.0605

7904 126,273 - 3,487 = 122,786 11.7182 _ 11. 7182 =0.0

Sums

:

ZK = 1,442,719 S = 36.2082

**

** *

Minimum life term, D = 0.90 x lowest failure mileage
= 0.90 X 3,874 mi. = D = 3,487 mi.

ln(K ) = ln( 12 2,786 ) = 1 1.7182 , where K is the largestmax max
value of K in column 4

.

If the data set contains suspended failure cases, the L terms
must be modified in Work Sheet 10a before computing S

.
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The difference of the numbers in the fifth and sixth columns
is written in the seventh and final column. The sum of all
the numbers in column seven is 36.2082, which is the value
for S.

Now it is possible to compute the two remaining Weibull
constants, B and T. Table 3.5 (Work Sheet 10) outlines the
computations for B and T and provides space for each inter-
mediate result and the final answers.

To get the shape factor, B, Table 3.6 is used to first
find the number which corresponds to the quantity of failed
transmissions. In this case the number of failed transmis-
sions is 29 and the corresponding number in Table 3.6 is
54.9903. B is this number divided by S from Table 3.4
(36.2082). Thus, B equals 1.5187 (54.9903 divided by
36. 2082 = 1.5187) .

To get the characteristic life factor, T, Table 3.7 is
used to first find the number which corresponds to the value
of B. First, round off B, which is 1.5187, to 1.5. The ta-
ble number corresponding to B = 1.5 is 1 . 1077. T is cal-
culated by multiplying this number bv the average value of
K, 49,749. Thus T is 55,107 (49,749 x^l.107 = 55,107).

Mean and Standard Deviation . The mean mileage to fail-
ure, X, and the standard deviation, SD, are calculated in
Table 3.8 (Work Sheet 2) in the same manner as discussed in
Chapter Two. The mileage classes and frequencies developed
in Table 3.2 are used again in Table 3.8. The estimated
mean, using mileage classes, 52,759 miles, is close to the
true mean, 53,236 miles. Similarly, the estimated standard
deviation, 33,263 miles, compares to the actual standard
deviation of 32,317 miles. Unlike the Normal distribution,
these numbers are not parameters of the Weibull distribu-
tion, but they have several uses which will be discussed
later

.

Summary . The values for the Weibull distribution, D,
B, and T, the mean mileage to failure and the standard de-
viation, can be entered in Table 3.9 (Work Sheet 3) along
with a frequency bar_ chart as a summary of all the calcu-
lations. Dividing (X - D)by SD yields a value of 1.48 in
Table 3.9. Based on Table 1.1 from Chapter One, the failure
mechanism is determined to be unpredictable. The appropri-
ate maintenance procedure for transmissions, based on Figure
1.6, is either condition-based maintenance or operate-to-
failure.

The Weibull formula is plotted as a smooth curve in
Figure 3.2 using the values for D, B, and T computed above.
For purposes of comparison the bar chart of the actual
transmission failure mileages (from Figure 3.1) has been
added. Note that the Weibull curve closely follows the bar
chart pattern and thus appears to be a good fit for the da-
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TABLE 3.5

WORK SHEET 10

COMPUTATION OF B AND T FOR WEIBULL FAILURE DATA
WHICH CONTAINS ONLY FAILED CASES

Cost Driver Transmission B^s Model
Detroit Diesel

Component Type Allison V730 Study Dates 1979-1981

INPUT NUMBERS:

2'9

Number of failed components

3,487 miles
Minimum life term
(from Work Sheet 9)

1,442,719 miles
(from Work Sheet 9)

36.2082
(from Work Sheet 9)

SHAPE FACTOR, B:

3 3, 54.9903 36.2082

(Table 3.6
number for N)

CHARACTERISTIC LIFE FACTOR, T:

K
ave

T =

1,442,719

IK

1. 1077

29

N

49,749

(Table 3.7
number for B)

K
ave

= B = 1.5187

= K ^ 49,749 miles
ave

= T = 55, 107
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TABLE 3.6

NUMBERS USED TO FIND B

N 0 1 2 3 4 5 6 7 8 9

00
5
J . . 5995 6

.

. 3244 8

,

. 1002 9

.

,9118 1 1

,

. 8218 13

.

. 7bb4

10 15,.6725 17..7056 19.,6456 21.,6365 23,.6092 25..6919 27,,7324 29..8325 31,.8804 33..0061

20 36,.1246 38..1515 40,.3894 42,.4824 44,.6001 46..8757 48,.9810 51..2179 53,.2873 54..9903

30 57,.6666 59,.8223 61,,9607 64,.1437 66,.2731 68..5366 70,.8275 72..9437 75,.2944 77,.5128

40 79,.7906 81..8898 84..2262 86,.5053 88,.7641 91..0807 93,.2631 95..5749 97,.6915 100..1198

50 102,.4411 104.,5045 106,.4227 109,. 1620 111,.1159 113.,4846 116,.1370 117..9392 119,.7248 122,.5984

60 125,.6481 127..5384 129.,8717 132,.4961 135,.1321 136..4222 139,.5236 141..1700 143,.3257 146,.2944

70 148,.2139 150..9364 153..0588 154,.8250 157,.4557 160..2575 162,.3699 165..3072 166,.7951 169,.2090

80 172,.0464 174..3130 177,.3319 179,.6447 180,.9947 183.,7294 186,.6317 188..8208 191..1676 193,.4308

90 195,.8543 197..8507 200,.9231 202,.2633 205,.2821 207..2669 209,.9632 211..9442 215..1698 217,.7204

Example: The number for N = 29 failures is 54.9903, which is the number in the final column
("9") of the third row ("20"). This is the coefficient for 20 + 9 = 29 data items.

D

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

0.0 0.1

1.0000 1.0364

1.1284 1.1291

1.1199 1.1182

1.1033 1.1017

1.0891 1.0879

1.0779 1.0769

1.0690 1.0682

1.0619 1.0612

1.0560 1.0555

TABLE 3.7

NUMBERS USED TO FIND T

0.2 0.3

0.0083

1.0631

1.1288

1.1165

1..1002

1.0857

1.0760

1 .0675

1.0606

1 .0550

0. 1080

1.0828

1.1292

1.1148

1 .0987

1.0855

1.0750

1.0667

1.0600

1 .0545

0.4 0.5 0.6 0.7 0.8 0.9

0.3009

1.0972

1.1281

1.1131

1.0972

1.0843

1.0741

1.0660

1.0594

1.0540

0.4000

1.1077

1.1271

1.1115

1.0958

1.0832

1.0732

1.0653

1.0588

1.0535

0.6646

1.1154

1.1259

1.1098

1.0944

1.0821

1.0723

1.0646

1.0582

1.0530

0.7900

1.1208

1.1245

1 .1081

1.0930

1 .0810

1.0715

1.0639

1.0577

1.0525

0.8826 0.9504

1.1245 1.1269

1.1215 1.1200

1.1065 1.1049

1.0917 1.0904

1.0800 1.0789

1.0706 1.0698

1.0632 1.0625

1.0571 1.0565

1.0529 1.0516

Example: The number for B = 1.5 is 1.1077, which is the number in the seventh column ("0 5")
of the second row ("1.0"). This is the coefficient for B = l.O + 0.5 = 1.5.
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TABLE 3.8

WORK SHEET 2

COMPUTATION OF MEAN AND STANDARD DEVIATION

Cost Driver Transmission
Detroit Diesel

Component Type Allison V730

Bus Model GM RTS II

Study Dates 1979-1981

Mileage Class Class
Average

X

(3)

Freq

.

F

(4)

FX

(5)

X2

(6)

FX2

(7)

Lower

(1)

Upper

(2)

0 19,999 10, 000 4 = 40,000 100,000,000 400,000,000

20 000 39,999 30,000 9 = 270,000 900,000,000 8,100,000,000

40,000 59,999 50,000 6 = 300,000 2,500,000,000 15,000,000,000

60,000 79,999 70,000 3 = 210,000 4,900,000,000 14,700,000,000

80,000 99,999 90,000 4 = 360,000 8,100,000,000 32,400,000,000

100,000 119,999 110,000 2 = 220,000 12,100,000.000 24,200,000,000

120,000 139,999 130,000 1 = 130,000 16,900,000,000 16,900,000,000

Sums, Z N= 29 ZFX= 1 , 530 , 000 EFX^= 111,700,000,000

Mean = X = EFX
N

1,530,000 / 29

Standard Deviation = SD = V NEFX^ - (ZFX)^

N (N-1)

J-

X = 52,759 miles

29 X 111,700,000,000 - 1,530,000 x 1,530,000 = SD = 33 , 263 miles

29 X 28
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TABLE 3.9

WORK SHEET 3

SUMMARY SHEET OF FAILURE MILEAGE DISTRIBUTION

Cost Driver Transmission Bus Model GM RTS II

Component Type Pet. D. Allison V730 Study Dates 1979-1981

Number of cases, N 29 Mean, X 52.759 miles

Number of failures, NF 29

Maximum mileage 126,273 miles

Minimum mileage 3,874 miles

Std. deviation, SD 33.263 miles

(X-D) /SD 1.48

WEIBULL DISTRIBUTION PARAMETERS:

Minimum life term, D 3,487 miles

Shape factor, B l. 5187

Cnaracteristic life factor, T 55.107 miles

FAILURE MECHANISM; Mileage to failure unpredictable
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FIGURE 3.2

RELATIONSHIP BETWEEN ACTUAL BAR CHART DATA

AND WEIBULL DISTRIBUTION APPROXIMATION
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ta. In general, a sample of at least ten similar transmis-
sions is needed to compute a good curve. Using the Weibull
formula so obtained, it is now possible to analyze the re-
liability of the transmissions being studied.

To recap the process, the steps to find D, B and T are:

1. Tabulate the component failure mileages using Work
Sheet 1 (Table 3.2). The frequency distribution can be
plotted as a bar chart in the summary Work Sheet 3

(Table 3.9).

2. List the component failure mileages in increasing order
from smallest to largest in Work Sheet 8 (Table 3.3).

3. Use Work Sheet 9 (Table 3.4) to calculate the interme-
diate number, S, using the ordered failure mileages and
D. The minimum life term, D, is 0.90 multiplied by the
smallest failure mileage.

4. Determine the shape factor, B, and the characteristic
life factor, T, by following the computational outline
in Work Sheet 10 (Table 3.5). Input numbers are S, D,
ZK, and Tables 3.6 and 3.7.

5. Determine the mean mileage to failure, X, and the stan-
dard deviation, SD, using Work Sheet 2 (Table 3.8).

6. Enter the values for D, B, T, X, and SD in summary Work
Sheet 3 (Table 3.9). The Weibull distribution computa-
tion is now complete.

How Long Will the Transmissions Survive ?

This question is best answered by working with the cum-
ulative percent of transmission failures that occurred be-
fore a specific mileage. The cumulative frequencies of
transmission failure mileages are computed in Table 3.10
(Work Sheet 4) based on the failure data of Table 3.12 (Work
Sheet 1)

.

In Figure 3.3 is shown a cumulative bar chart developed
with the data in column 6 of Table 3.10. The first bar
stands for the mileage interval 0 to 19,999 miles. Four
transmissions had failed before accumulating 20,000 miles,
or 13.8 percent (4 divided by 29 = 0.138) of the total. In
the second interval, 20,000 to 39,999 miles, 9 more failed
for a cumulative total of 13 (4 + 9 = 13), which is 44.8
percent (13 divided by 29 = 0. 448) of the total. The re-
maining bars are similarly determined.
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TABLE 3.10

WORK SHEET 4

TABULATION OF FAILURE MILEAGE CUMULATIVE FREQUENCIES

Cost Driver Transmission Bus Model GM RTS II

Detroit Diesel
Component Type Allison V730 Study Dates 1979-1981

Mileage; Class Frequency

,

F
Frequency

,

%

Cumulative
Freauencv

Percent
Surviving

JjCJWcI.

\ i

)

U ppcx.

( 0\
I ^

;

Cum F

(5)

Cum %

(6)

0 19,999 4 13.8 % 4 13.8 % 86.2 %

20,000 39,999 9 31.0 % 13 44. 8 % 55.2 %

40,000 59 ,999 6 20.7 % 19 65.5 % 34.5 %

60,000 79,999 3 10.3 % 22 75.8 % 24.2 %

80,000 99,999 4 13.8 % 26 89.6% 10.4 %

100,000 iiy , y yy oZ 6.9% 28 96.5 % 3.5 %

120,000 139,999 1 3.4 % 29 99.9 % 0.1 %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

Sums: N = 29 100.0%
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100% n

10,00 30,000 50,000 70,000 90,000 110,000

Average Mileage of the Bar

FIGURE 3.3

CUMULATIVE BAR CHART OF TRANSMISSION FAILURES

WITH A CUMULATIVE WEIBULL CURVE
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Predicting the Future Reliability of the Transmissions .

The reliability curve based on the Weibull distribution
for the failed transmissions is found by first calculating
the cumulative Weibull probabilities. The formula used to
calculate points along the Weibull curve is shown below.

Cumulative

Probability

'm - D
T

= 1 - e

Suppose one wants to estimate how many transmissions
are predicted to fail by 30,000 miles. As determined in the
previous section: D = 3,487, T = 55, 107 , and B = 1.5187.
Thus, the proportion (cumulative probability) of transmis-
sions expected to fail before 30,000 miles is:

Cumulative

Probability
= 1 - e

30,000-3,487
55,107

1.5187

= 0.2805

An explanation and pictures of how to work out this formula
with a scientific calculator is shown in Appendix B.

From the above calculation it is thus predicted that
28.05 percent or about one fourth of the transmissions will
fail by the time they accumulate 30,000 miles. In fact, six
transmissions or 20.7 percent (6/29 = 0.207) did fail before
30,000 miles.

The cumulative probabilities for the mileage intervals
used in Table 3.2 as computed by the above formula are en-
tered in column 2 of Table 3.11 (Work Sheet 11). Note that
the mileage intervals in column 1 start with the Weibull
minimum life term, D = 3,487 miles, instead of 0 miles.
Also, the last mileage interval is "greater than 120,000
miles," selected because only one of the 29 failed trans-
missions lasted more than 120,000 miles. The cumulative
probability of failure for this last interval is, by
definition, 1.0000 since it encompasses all the remaining
failures

.

The cumulative probabilities are converted to percent-
ages in column 3 by multiplying the column 2 numbers by 100.
In Figure 3.3 the cumulative bar chart of the transmission
failures is overlaid with the S-shaped cumulative Weibull
distribution curve derived from the numbers in column 3 of
Table 3.11.

The reliability of the transmissions, or the percent
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TABLE 3.11

V70RK SHEET 11

COMPONENT RELIABILITY ANALYSIS
FOR WE IBULL FAILURE DATA

Cost Driver Transmission Bus Model GM RTS II

Component Type_
Detroit Diesel
Allison V730 Study Dates

1979-1981

Cumulative
Mileage, M

Cumulative
Probability
of Failure

Cumulative2
Percentage

3
Reliability, R
(% Surviving)

Percent
Failing in
Mileage

^
Interval

Number
Failing
in Mileage
Imterval

(1) (2) (3) (4) (5) (6)

3,487 0.0 0.0 % 100.0 % %

20,000 0.1482 14.9 % 85.1 % 14.9 % 4.3
40,000 0.4144 41.4 % 58.6 % 26.5 % 7.7
60,000 0.6462 64.6 % 35.4 % 23.2 % 6.7
80,000 0.8072 80.7 % 19.3 % 16.1 % 4.7

100,000 0.9039 90.4 % 9.6 % 9.7 % 2.8
120,000 0.9557 95.6 % 4.4 % 5.2 % 1.5

>120,000 1.0000 100.0 % 0.0 % 4.4 % 1.3
% % %

% % 100.0 % 29.0
% % %

% % %

% % %

% % %

% % %

Cumulative
Probability

= 1 - e

- (M')
M _ 3,487

-1 1.5187

55,107

1 - e

The number in column 2 times 100.

100 percent less the number in column 3.

Percent failing in mileage interval

= R^ - R2 , where: R^, = reliability (column 4) at previous
cumulative mileage

R^ = reliability at mileage in column 1

The total number of failures, N, times the decimal percentage
in column 5.
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surviving at any mileage, is computed in column 4 of Table
3.11 by subtracting the cumulative percentages of column 3

from 100 percent. The resulting reliability curve is de-
picted in Figure 3.4.

Finally, the reliabilities of column 4 are used to com-
pute the predicted number of transmissions failing in each
mileage interval in column 6 of Table 3.11. These numbers
are relatively close to the actual frequencies (Table 3.2),
indicating that the fitted Weibull distribution is satisfac-
tory and can be used for predicting future reliability pat-
terns, as demonstrated in the next section.

How Many Transmissions Will Fail During Any Time Period ?

If a fleet of 60 new buses is purchased which will av-
erage 30,000 annual miles per bus, then based on the infor-
mation from the previous section it is predicted that about
17 of the new transmissions will fail by the end of the
first year (60 x 0. 2805 = 16. 83). Now suppose that one
wants to determine how many of the original transmissions
will fail during each six month period. If the buses travel
30,000 miles in one year (12 months), then in six months
they should travel about 15,000 miles. Table 3.12 (Work
Sheet 11) presents the cumulative probability of failure for
six month intervals up to 72 months (6 years) for these bus-
es, or 180,000 total miles per bus.

The expected number of transmissions failing in each
six month interval is presented in the last column of Table
3.12. For example, five original transmissions (12.8 per-
cent of the total) are predicted to fail between 30 and 36
months of life (75,000 to 90,000 miles). All of the origi-
nal equipment transmissions are predicted to have failed af-
ter six years, or 180,000 miles, of use.

What About the Replacement Transmissions ?

Table 3.12 predicts the number of first time failures
that can be expected in each six month period but it does
not account for the failures of the replacement transmis-
sions. A satisfactory estimate of the total number of
failures (including repeats) to expect during any period can
be obtained as follows. Take the number of miles the buses
will travel, divide it by the mean mileage to failure, and
then multiply the result by the total number of buses. It
is assumed that the replacement transmissions last as long
as the originals.

For example, the transmissions in the above sections
lasted an average of 53,759 miles (Table 3.9). The total
number of transmission failures expected per year (assuming
30,000 miles per year and 60 buses) is estimated to be about
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FIGURE 3.4

TRANSMISSION RELIABILITY CURVE
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TABLE 3.12

WORK SHEET 11

COMPONENT RELIABILITY ANALYSIS
FOR WEIBULL FAILURE DATA

Cost Driver Transmission Bus Model

Component Type Study Dates

Cumulative
Mileage, M

(1)

Cumulative
ProbabilitY
of Failure

(2)

Cumulative

2

Percentage

(3)

Reliability,"^ R
(% Surviving)

(4)

Percent
Failing in
Mileage .

4
Interval

(5)

Number
Failing
in Mileage
Imter^/al

(6)

3,487 0.0 0.0 % 100.0 % %

15,000 0.0886 8.9 % 91.1 % 8.9 % 5

30,000 0.2805 28.1 % 71.9 % 19.2 % 11
45,000 0.4782 47.8 % 52.2 % 19.7 % 12
60,000 0.6462 64.6 % 35.4 % 16.8 % 10
75,000 0.7736 77.4 % 22.6 % 12. 8 % 8

90,000 0. 8624 86.2 % 13.8 % 8.8 % 5

105,000 0.9203 92.0 % 8.0 % 5.8 % 3

120,000 0.9557 95.6 % 4.4 % 3.6 % 2

135.000 0.9764 97.6 % 2.4 % 2.0 % 2

150,000 0.9879 98.8 % 1.2 % 1.2 % 1

165.000 0.9940 99.4 % 0.6 % 0.6 % 1

180.000 0.9971 99.7 % 0.3 % 0.3 %

205,000 0.9992 99.9 % 0.1 % 0.2 %

% % %

Cumulative
Probability

= 1 - e
-(M)

M _ 3,487 -I 1.5187

55,107

1 - e

The number in column 2 times 100.

100 percent less the number in column 3.

Percent failing in mileage interval

60

= R^ - R^ , where R^ = reliability (column 4) at previous
cumulative mileage

R^ = reliability at mileage in column 1

The total number of failures, N, times the decimal percentage
in column 5.
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34 (30,000 divided by 53,759 x 60 = 33.5).

When the 60 new buses are first put into service, the
transmission failure rate (including repeats) will be low.
Eventually the failure rate will increase to 34 transmis-
sions per year, but when will the rate reach 34? A satis-
factory estimate for this time is the mean mileage life of
the transmissions converted into time. In the example, the
buses will travel 30,000 miles per year and the mean mileage
to failure of the transmissions is 53,759. Therefore, the
failure rate will reach 34 per year at about 1.8 years
(53,759 divided by 30,000 = 1.79).

The increase from zero failures per year to 34 per year
is shown in Figure 3.5. A straight line between zero per
year when the new buses are first put into service to 34 at
1.8 years (about one year and ten months) is good enough.
This graph can be used to predict the demand for trans-
mission repairs at any time during the bus life cycle for
the new bus fleet.

List of References

Bain, L.J., Statistical Analysis of Relaiability and Life
Test Models , Markel Dekker, Inc., New York, New York,
1978.
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FIGURE 3.5

TOTAL PREDICTED TRANSMISSION FAILURES PER YEAR

DURING THE SERVICE LIFE OF THE BUSES
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CHAPTER FOUR

WEIBULL DISTRIBUTION FAILURE ANALYSIS WITH CENSORED
SAMPLING: AIR COMPRESSOR EXAMPLE

This chapter is a self-contained analysis of original equip-
ment bus air compressor failures to predict future failure pat-
terns. The air compressor on a transit bus is used by several
mechaniciil systems, including the brakes, doors, and windshield
wipers. When the air compressor fails the bus shuts down, neces-
sitating a road call and tow. The condition of the air
compressor is difficult to monitor, hence it tends to fail with
little or no warning.

Suppose that the bus maintenance manager has a fleet of bus-
es purchased at about the same time. Each bus has experienced
similar usage patterns and accumulated about the same mileage.
At the time of the analysis some of the air compressors have
failed and the manager wants to plan in advance for the remaining
failures. The technique for helping the manager in this task is
called VJeibull distribution failure analysis with "censored"
sampling, whereby all of the buses are included in the analysis
even if their air compressors are still working.

The topics covered in this chapter are:

o How to collect the air compressor data.

o How to tabulate the air compressor data.

o Fitting the Weibull distribution with censored cases to
the air compressor data.

o What is the appropriate maintenance policy for the air
compressors?

o Predicting the future reliability of the air compres-
sors .

o How many air compressors will fail during any time
period?

o What about the replacement air compressors?

How to Collect the Air Compressor Data

The biggest payoff in analyzing component failure patterns
comes from the ability to forecast future failures. These fore-
casts can be used to anticipate maintenance problems, and this
can be important if some of the components under investigation
show signs of premature failure. Forecasts also are useful in
inventory and maintenance management planning.

83
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If forecasts are desired to anticipate future problems then
it frequently is necessary to do the failure analysis before most
of the components of interest have failed. The previous chapter
on transmission failures was based on a data set where all of the
transmissions had failed. In contrast, consider the failures of
the air compressors listed in Table 4.1 (Work Sheet 7). This ta-
ble lists the current mileages (column 3) of 36 Grumman 870 buses
owned and operated by the Dallas Transit System. Just 11 of the
36 air compressors have failed at the time of this study (failure
mileages are indicated in column 4) . The maintenance manager
desires to predict the remaining failures by making effective use
of all of the data in Table 4.1. This means using not only the
failed air compressor mileages but also those of the remaining
buses whose air compressors have not yet failed.

The data reduction technique for doing this analysis is
known as "censored sampling." This means that the buses included
in the study have both failed and yet-to-fail air compressors.
Including all of the air compressors increases the accuracy of
the failure predictions and ensures that the predictions will be
accomplished in time to be useful in maintenance management plan-
ning.

Analysis with censored sampling has the following prerequi-
sites. All of the buses should have been purchased at about the
same time, accumulated similar mileages, and experienced similar
operating conditions. It is assumed that the component of inter-
est is the same model in each bus. At least twenty percent of
the buses being studied should have recorded failures of the com-
ponent of interest and there should be a minimum of ten failures.
The air compressor analysis in this chapter is based on 11 fail-
ures out of a total fleet of 36 buses (31 percent)

.

Furthermore, all of the failed components should have accu-
mulated mileages less than any yet-to-fail component. If this
criterion is not met, it is necessary to use an alternative tech-
nique called censored sampling with suspended samples. This is
covered in Chapters Five and Six.

How to Tabulate the Air Compressor Data

The analysis of censored samples begins by rearranging the
bus mileages of Table 4.1 in ascending order by mileage. This is
done in Table 4.2 (Work Sheet 8). The first 11 buses are those
which have suffered a failed air compressor. The buses are
ordered by increasing mileage until failure. The remaining 25
buses, which have not suffered an air compressor failure, also
are listed by the increasing mileage.

Note that the largest failure mileage, 98,054 miles for bus
number 614, is smaller than the least mileage bus with a surviv-
ing air compressor, bus number 609 with 99,283 miles. Thus, the
prerequisite for censored sampling that the surviving components
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TABLE 4.1

WORK SHEET 7

FAILURE STATUS OF ORIGINAL COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Page 1 of 2

Cost Driver Air Compressors

Component Type

Bus Model Grumman 870

Study Dates

Bus
Number
(1)

Component
Number

(2)

Current
Bus
Mileage

(3)

urigmax
Component
Failure
Mi leage

(4)

Status of
Unfailed
Component*

Comments
(7)

Censor
(5)

Susp

.

(6)

600 114 , 322 X

601 109,562 X

602 109 , 578 X

603 101, 473 97, 863

604 99,681 96,705

605 102,043 X

606 99,152 68,060

607 108,877 X

608 92, 595 94 , 340

609 99,283 X

610 110,877 X

611 102,271 76,366

612 104,168 X

613 99,433 X

614 106,410 93, 054

615 109,981 X

616 108,919 X

617 107,467 95,328

618 104,962 22,572

619 110,115 84,021

CENSORED cases refer to
mulated more miles than

surviving components which have accu-
any failed component in the data set.

SUSPENDED cases refer to surviving components which have accu-
mulated less miles than at least one of the failed components.
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TABLE 4,1 (continued)

WORK SHEET 7 Page 2 of 2

FAILURE STATUS OF ORIGINAL COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Air Compressors Bus Model Grumman 870

Component Type Study Dates

Bus
Number

(1)

Component
Number

(2)

Current
Bus
Mileage

(3)

Original
Component
Failure
Mileage

(4)

Status of
Unfailed
Component*

Comments
(7)

Censor
(5)

Susp

.

(6)

620 108 . 240
. — yA.

621 — 106 .650 Y

622 103 825
^

VA

62\J £t ^ 99 528 A

\j ^1 A

9 Ro ^ 1 Od R 3 3 Q Q 7 04O O , / U ft

TOO QAf\ X

fi27 X

628 100,198 X

629 101,689 X

630 114,038 X

631 107,304 X

632 110,775 X

633 104,403 X

634 97,906 86,745

635 99,482 X

CENSORED cases refer to surviving components which have accu-
mulated more miles than any failed component in the data set.

SUSPENDED cases refer to surviving components which have accu-
mulated less miles than at least one of the failed components.
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TABLE 4.2

WORK SHEET 8 , . ^Page 1 or 2

RANK ORDERING OF SURVIVING AND FAILED COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Compressors ^^^^^ Grunmian 870

Component Type Study Dates

Number
(1)

o U. o

Number
(2)

V^tJlU|JiJll till U

Number
(3)

Failed,
o LI o ^ (r IlUc; vj.

1

or Censored
(4)

Mileage When
T^" 3 T 1 d Cine* ^ ^raixea, ouspenQea,
or Censored*

(5)

J.
618 Failed 22,572

Z 606 Failed 68,060

o
~>

611 Failed 76,366

A 619 Failed 84,021

cD 634 Failed•i- .-L. J_ VwA 86,745

t) 625 Fai 1 ed 88 704

/ 608 Failed 92 598

QO 617 Fa 1 1 pdX -L. J_ ^ V.^ 95 328

q 604 Failed 96,705

10 603 Failed 97,863

11 614 Failed 98,054

12 609 Censored 99,283

13 613 Censored 99,433

14 635 Censored 99,482

15 627 Censored 99,528

16 623 Censored 99,703

17 628 Censored 100,198

18 629 Censored 101,689

19 605 Censored 102 , 043

20 622 Censored 103,825

*
Each component is listed in ascending order of the mileage en-
tered in Column 5.
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TABLE 4.2 (continued)

WORK SHEET 8 Page 2 of 2

RANK ORDERING OF SURVIVING AND FAILED COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Air Compressors Bus Model Grumman 870

Component Type Study Dates

Order

(1)

Bus

(2)

Component
% 1 1 1 \— .!«

(3)

Failed,
Suspended

,

V / X. V—' 1 i O V ' -L. \^ V-i.

(4)

Mileage When
Failed, Suspended,

(5)

Y ^ J- Censored 104,168
J o o C "3 1b J J Censored 104 ,403

2f
23 COT Censored 106,650

COT Censored 107 , 304

5 25 Censored 107 , 773

g 26 620 Censored 108,240

/ 27 607 Censored 108 ,877

g 28 616
_____ _

Censored 108,919

g 29 c 1 c526 Censored 108,940

/Cf 30 601 Censored 109,562

/af 31 602 Censored 109,578

af^ 32 615 Censored 109,981

33 632 Censored 110,775

34 610 Censored 110,877

^^ 35 630 Censored 114,038

36 600 Censored 114, 322

17

18

19

20

Each component is listed in ascending order of the mileage en-
tered in Column 5

.
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have accumulated more mileage than any failed component has been
met. Note that the pattern of failures in Table 4.2 indicates
that the air compressors are starting to fail more frequently as
mileages approach and exceed 100,000 miles. The average of the
11 failure mileages is 82,456 miles, but clearly this is too low
a number. What is the true average failure mileage and how many
more failures should the manager anticipate in the near future?
Answers to these questions require the estimation of a failure
distribution.

Fitting the Weibull Distribution with Censored Cases to the Air
Compressor Data

The air compressor failures are modeled similarly to any
complex component which fails rather than wears out. Thus, the
incomplete set of air compressor failures is modeled with the
Weibull distribution instead of the Normal distribution. Note
that the transmission failures in Chapter Three also were modeled
using the Weibull. The bar chart of the transmission failures
(Figure 3.1) resembles the ski slope pattern of the Weibull.
However, the air compressor failure bar chart will not, simply
because most of them have not yet failed. Hence, the Weibull
distribution is selected not because it resembles the failure
pattern but instead because it is expected that it would if there
were more data.

Calculating D, B, and T . Fitting the air compressor failure
data to the Weibull distribution is similar to fitting the trans-
mission failures but it is not quite the same. The same three
Weibull constants, D, B, and T, have to be calculated, however,
differeiit tables are used. The computation begins by first list-
ing the buses with failed air compressors in order of increasing
mileage in the first column of Table 4.3 (Work Sheet 9).

The first constant is D and it is called the "minimum life
term." If it were likely that a component could fail without
having accumulated any miles, then the "minimum life" would be
zero. ];n fact, a good estimate of D is 90 percent of the lowest
failure mileage. In Table 4.3, the lowest mileage is 22,572
miles (bus 618) and therefore D equals 20,315 miles (22,572 x
0.90 = 20,315). There is space for this computation at the bot-
tom of V7ork Sheet 9.

The other two constants are B and T* . B, the "shape fac-
tor," determines the shape of the curve (note the Weibull curve
in Figure 1.2) and T, the "characteristic life factor," deter-
mines how far away the peak in the curve should be from zero
miles. Before calculating B and T, two intermediate numbers, K
and S, must be determined. These calculations also are shown in
Table 4.3. Note that the following computations use different
tables than were used for the transmissions analysis in Chapter
Three

.

* Method for calculating B and T developed by Bain (1).
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TABLE 4 .

3

WORK SHEET 9

COMPUTATION OF D , K, AND S FOR WEIBULL FAILURE DATA

Cost Driver Compressors bus Model Grumman 870

Component Type Study Dates

Bus

11)

Failure
Mileage

(2)

Minimum^
Life, D

(3)

K

(4)

* *
ln(K )max

(5)

ln(K)

(6)

* **
L

(7)

618 22 , 572 20,315 2,257 11 . 2611 7 7218 5393

606 68.060 20 . 315 47.745 11 2611 10X w • 7736 - 0 4875

611 76 . 366 20 315 56 051 11 261

1

1 0XV* 9340 - 0 3271

619 84 021 20 3] 5 63 706 1 1 261

1

1 1XX. nfi 90 1 QQlX -/ -/ X

634 86 745 20 31 5 fifi 4 30 1 1 9fil 1-L X . ^ O X X XX. 1 O'^QX U J -/
- 0 1 R7 9X J / ^

625 88 704 20 31 5 68 389 11 9fi 1

1

XX • ^ Q X X XX. X J J u - n 1 9S1X ^ O X

608 / ^ , ^ O J 1 1 9^1

1

X X . ^ O X -L X X .
1 fiX O O J = u

.

617 95,328 20,315 75,013 11.2611 11. 2254 = 0. 0356

604 96,705 20,315 76,390 11.2611 11. 2436 = 0. 0175

603 97,863 20,315 77,548 11.2611 11. 2587 = 0. 0024

614 98,054 20,315 11 ,12'^ 11.2611 11. 2611 = 0. 0

Sums

:

ZK S = 4. 9667
*

Minimum life term, D = 0.90 x lowest failure mileage
= 0.90 X 22,572 mi. = D = 20.315 mi les

**
ln(K^^^) = ln( 77,739 ) = 11.2611 / where K^^^ is the largest

value of K in column 4,
** *

If the data set contains suspended failure cases, the L terms
must be modified in Work Sheet 10a before computing S.
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TABLE 4 .

4

WORK SHEET 12

COMPUTATION OF B AND T FOR WEIBULL FAILURE DATA
WHICH CONTAINS CENSORED CASES

Cost Driver Air Compressors Bus Model Grumman 87 0

Component Type Study Dates

INPUT NUMBERS:

Al = 0. 3394 CI = 0. 9869
(from Table 4 .5) ( from Table 4 . 8)

A2 = - 1.1110 C2 = 0.2238

(from Table 4 .6) ( from Table 4 . 9)

A3 = 0.0566 C3 = 0. 0073
(from Table 4 .7) ( from Table 4. 10)

N = 36
(total number of buses)

S = 4.9667
(from Work Sheet 9)

jr _ 77,739 miles

(from Work Sheet 9)

SHAPE FACTOR, B:

M= 0. 3394 +-1. 1110 / 36 + 0 . 0566 / ( 36 )^= 0 . 3086
Al A2 N A3 N

B = 0 . 3086 X 36 / 4 . 9667 = B = 2 . 2368
M N S

CHARACTERISTIC LIFE FACTOR, T:

P=- 0.9 86 9 +-0.2238/ 36 + -0.0073/(36 )^= -0.9931
CI C2 N C3 N

In (T) = 11.2611 - - 0 . 9931 / 2. 2368 = 11. 7051
ln(K ) P B

max

T = 121, 188 ("inverse" of In (T) on a scientific calculator)
miles
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TABLE 4.5

Al NUMBERS

Number Failed

0.02 0.03 0.04 0.05 0.06 0.07

0 .10 0 .1027 0 .1131 0,.1237 0 .1344 0 .1452 0 .1560 0.1669 0 .1779 0 . 1890 0 . 2001

0 .20 0,.2113 0..2225 0..2339 0..2453 0 .2567 0,.2682 0.2799 0,.2916 0 .3034 0,.3153

0 .30 0..3272 0,.3394 0..3514 0,.3637 0,.3760 0,.3884 0.4010 0..4137 0 .4265 0,.4393

0,.40 0.,4523 0,.4655 0,,4787 0..4920 0,.5055 0..5192 0.5329 0..5468 0,.5608 0..5750

0..50 0.,5894 0.,6039 0.,6184 0.,6334 0..6484 0..6636 0.6790 0,.6946 0,.7104 0,,7265

0.,60 0..7427 0.,7592 0.,7760 0.,7930 0.,8102 0.,8278 0.8456 0,,8638 0,,8823 0.,9011

0.,70 0.,9203 0.,9398 0. 9598 0.,9802 1,,0011 1.,0224 1.0443 1.,0668 1.,0899 1.,1137

0. 80 1. 1382 1. 1635 1. 1897 1. 2169 1. 2451 1. 2745 1.3052 1. 3373 1. 3709 1.,4063

0. 90 1. 4436 1. 4830 1. 5248 1. 5691 1. 6164 1. 6668

Example: Al for 0.31 (Number Failed/N = 11/36 = 0.31) is 0.3394, wnicn is tne number in
tne tnird row ("0.30") of tne tfiird column ("0.01"),

TABLE 4 ,

6

A 2 NUMBERS

Number Failed

N 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.10 ,
-1..0271 -1. 0292 -1,.0319 -1,.0350 -1.,0385 -1 .0422 -1,.0461 -1 .0501 -1 .0541 -1,.0581

0.20 -1..0622 -1.,0663 -1,.0704 -1..0746 -1,,0788 -1 .0831 -1,.0875 -1 .0919 -1 .0965 -1,.1012

0.30 -1..1060 -1.,1110 -1..1161 -1..1214 -1.,1269 -1 .1325 -1,.1383 -1 .1443 -1 .1505 -1,.1568

0,40 -1,.1634 -1.,1702 -1.,1771 -1..1843 -1,.1917 -1 .1994 -1,.2072 -1 .2154 -1 .2238 -1,.2325

0.50 -1,.2415 -1.,2508 -1..2605 -1,.2706 -1..2811 -1 .2920 -1,.3034 -1 .3152 -1 .3276 -1,.3405

0.60 -1,.3540 -1.,3681 -1,.3829 -1..3984 -1.,4147 -1 .4317 -1,.4496 -1 .4685 -1 .4883 -1..5092

0.70 -1,.5313 -1.,5547 -1..5795 -1..6060 -1.,6342 -1 .6645 -1,.6970 -1 .7321 -1,.7701 -1.,8115

0.80 -1 .8567 -1.,9063 -1..9609 -2..0212 -2,.0882 -2 .1627 -2,.2459 -2 .3390 -2 .4435 -2.,5608

0.90 -2 .2929 -2.,8417 -3,.0095 -3,.1988 -3,.4125 -3 .6536

Example

:

A2 for 0.31 (Number Failed/N = 11/36 = 0 .31) is -1.1110 , wnicn is tne number
in tne tnird row ("0.30") of the third column ("0.01").
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TABLE 4.7

A3 NUMBERS

Number Failed

N 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.10 0,,0000 0..0004 0.,0011 0.,0038 0.,0074 0.,0113 0.,0154 0.,0194 0.,0232 0.,0267

0.20 0.,0300 0..0330 0.,0357 0.,0382 0..0405 0..0427 0.,0449 0.,0471 0,,0493 0.,0516

0.30 0..0540 0.,0566 0.,0594 0,,0623 0.,0655 0,.0689 0.,0725 0.,0763 0,,0804 0.,0846

0.40 0,.0890 0.,0936 0.,0984 0.,1034 0,.1086 0..1140 0., 1197 0..1255 0.,1317 0.,1382

0.50 0,.1450 0.,1522 0..1598 0.,1679 0..1765 0.,1857 0..1955 0..2060 0,,2172 0.,2292

0.60 0,.2420 0.,2557 0.,2704 0.,2861 0.. 3029 0,,3209 0.,3402 0..3609 0,,3831 0.,4071

0.70 0,.4330 0.,4612 0.,4919 0.,5257 0.,5629 0.,6043 0.,6506 0,.7028 0,.7618 0.,8290

0.80 0,.9050 0,.9945 1,,0967 1.,2150 1,,3522 1.,5117 1,,6972 1.,9132 2,.1644 2,,4565

0.90 2,. 7950 3,.1899 3,.6464 4,.1746 4.,7846 5,,4877

Example: A3 for 0.31 (Number Failed/N = 11/36 = 0.31) is 0.0566, wnicn is tne number in
tne tnird row ("0.30") of tne tnird column ("0.01").



The minimum life term D, 20,305 miles, is subtracted from
each original mileage in Table 4.3 (column 2 minus column 3) to
get the fourth column of numbers, which is a value of K for each
failed air compressor.

The K values are then used to compute S as follows. First,
compute the natural logarithm of the largest value of K, 77,739
miles for bus 614. Obtaining the natural logarithm is simple
when using a scientific calculator. Enter the number, 77,739,
and press the button marked "In". The natural logarithm,
11.2611, will appear on the display.* The natural logarithms are
rounded-off to only four digits to the right of the decimal point
for simplicity (11.261112 become 11.2611) in Table 4.3. There is
space for this calculation at the bottom of Work Sheet 9. This
number is placed on every line of column 5 of Table 4.3.

Next, the natural logarithm of each value of K, In (K) , is
written in the sixth column. For example, in the first line of
Table 4.3 (bus number 618), In (2,257) equals 7.7218.

The difference of the numbers in the fifth and sixth columns
is written in the seventh and final column. The sum of all the
numbers in column 7 is 4.9667, which is the value for S.

Now it is possible to compute the two remaining Weibull con-
stants, B and T. Table 4.4 (Work Sheet 12) outlines the compu-
tations for B and T and provides space for each intermediate re-
sult and the final answers.

To get B requires the use of three tables. Tables 4.5, 4.6,
and 4.7. First, divide the number of buses that experienced an
air compressor failure, NF = 11, by the total number of buses in
the study, N=36. The result is 0.31 (11 divided by 36 = 0.31
rounded to two decimal places). Next, find the number, Al, which
corresponds to 0.31 in Table 4.5. This is 0.3394, found in the
third row ("0.30") and column three (under "0.01"). The numbers
A2 and A3 are similarly found from Tables 4.6 and 4.7, respec-
tively. A2 equals -1.1110 and A3 equals 0.0566.

The values for Al , A2 , and A3 are then plugged into the
equation below:

A2
M = Al + — +

N

A3

N
2

where N = the total number of buses.

For the air compressor example:

- 1.1110 0.0566
M = 0.3394 + + = 0.3086

36

For a discussion of the use of scientific calculators see
Appendix B.
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B is then found by inserting M and S (from Table 4.3) into the
equation below:

M X N
B =

S

For the air compressor example:

0. 3086 X 36
B = = 2. 2368

4 . 9667

There is room for the computation of M and B in Work Sheet 12.

Finally, Tables 4.8, 4.9, and 4.10 are used to get the re-
maining Weibull constant, the characteristic life factor, T. As
before, the ratio of the number of failures to the total number
of buses (0.31) is used to find CI, C2 and C3. First, Table 4.8
is used to look up the number CI that corresponds to 0.31, which
is -0.9869. The numbers C2 and C3 are similarly found from Ta-
bles 4.9 and 4.10, respectively. C2 equals -0.2238 and C3 equals
-0.0073.

The values for CI, C2 and C3 are then plugged into the
equation below:

C2 C3
P = CI + — +

N N

For the air compressor example:

-0.2238 -0.0073
P = -0.9869 + + 5 = -0. 9931

36 (36)^

T is then found by inserting P, B, and K , the largest value of
K in Table 4.3, into the equation below:

P
ln(T) = In (K ,^)max _

15

For the air compressor example:

-0.9931
ln(T) = ln(77 , 739) = 11 . 7051

2. 2368

T = 121,188

Obtaining T from the ln(T) is explained in Appendix B. For exam-
ple, on scientific Texas Instrument calculators enter the number,
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TABLE 4.8

CI NUMBERS

Number

N

Failed

I0.00 0.01 0..02 0 .03 0 .04 0 .05 10.06 10.07 0 .08 0 .09

0.10 -2 .2540 -2.0864 -1.,9611 -1,.8645 -1..7886 -1..7271 -1 .6751 -1 .6286 -1

,

. 5852 _1 . 5427

0.20 -1 .4999 -1.4561 -1.,4110 -1..3646 -1,.3171 -1,.2687 -1 .2200 -1 .1715 -1,.1235 -1..0765

0.30 -1 .0309 -0.9869 -0. 9448 -0..9047 -0,.8665 -0..8303 -0 .7959 -0 .7631 -0,.7316 -0..7013

0.40 -0 .6717 -0.6427 -0.,6138 -0,.5848 -0..5555 -0..5257 -0 .4953 -0 .4640 -0,.4312 -0,.3996

0.50 -0 .3665 -0.3332 -0. 2999 -0,.2670 -0,.2349 -0,.2041 -0 .1751 -0 .1484 -0..1245 -0,,1040

0.60 -0 .0874 -0.0601 -0. 0328 -0.,0055 0.,0218 0.,0491 0 .0764 0 .1037 0,.1310 0.,1583

0,70 0 .1856 0.2187 0. 2536 0.,2894 0.,3249 0.,3591 0 .3908 0 .4190 0.,4430 0. 4620

0.80 0 .4759 0.4848 0. 4897 0.,4921 0.,4946 0.,5090 0 .5164 0 .5475 0.,6032 0. 6942

0.90 0 .8340 1.0392 1. 3294 1.,7282 2.,2634 2.,9634

Example: CI for 0.31 (Number Failed/N = 11/36 = 0.31) is -0.9869, wnicn is tne number
in tne tnird row ("0.30") of the tnird column ("0.01").

TABLE 4 .

9

C2 NUMBERS

Number Failed

N 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0. 10 -0.,5574 -0.,5152 -0,.4783 -0..4460 -0.,4178 -0..3714 -0..3714 -0. 3523 -0.3355 -0.3506

0. 20 -0.,3074 -0.,2956 -0.,2850 -0..2755 -0.,2669 -0..2590 -0..2519 -0. 2453 -0.2393 -0.2337

0.,30 -0,,2286 -0.,2238 -0,.2194 -0.,2152 -0,,2113 -0,.2077 -0..2044 -0. 2012 -0.1983 -0.1956

0.,40 -0..1930 -0,,1907 -0..1885 -0..1864 -0.,1845 -0..1828 -0..1813 -0. 1798 -0.1785 -0.1773

0,,50 -0,.1762 -0..1752 -0,.1743 -0,.1736 -0.,1729 -0..1724 -0,.1719 -0. 1716 -0.1713 -0.1712

0,.60 -0,.1711 -0,.1712 -0..1714 -0,.1717 -0,.1721 -0,.1726 -0,.1733 -0. 1740 -0.1750 -0.1760

0..70 -0..1773 -0,.1787 -0..1802 -0..1920 -0..1839 -0..1861 -0..1885 -0. 1912 -0.1941 -0.1974

0..80 -0,.2011 -0..2052 -0..2098 -0..2150 -0..2208 -0,.2274 -0,.2349 -0. 2435 -0.2534 -0.2647

0,.90 -0 .2777 -0,.2928 -0,.3102 -0..3303 -0,.3536 -0..3806

Example: 02 for 0.31 (Number Failed/N = 11/36 = 0.31) is -0.2238, whicn is tne number
in tne tnird row ("0.30") of the third column ("0.01").
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TABLE 4.10

C3 NUMBERS

Number

N

Failed

C1.00 C1.01 C1.02 C(.03 C1.04 0.05 0.06 0.07 0..08 0.,09

0.10 -0. 0720 -0. 0640 -0. 0565 -0. 0496 -0. 0434 -0.,0378 -0..0328 -0.0285 -0..0248 -0
.,0216

0.20 -0. 0189 -0. 0166 -0. 0147 -0. 0131 -0. 0119 -0,.0108 -0..0092 -0.0093 -0,.0087 -0..0081

0.30 -0. 0077 -0. 0072 -0. 0068 -0. 0064 -0. 0060 -0..0055 -0..0051 -0.0047 -0..0042 -0
,.0038

0.40 -0. 0034 -0. 0029 -0. 0025 -0. 0022 -0. 0019 -0..0016 -0,.0014 -0.0012 -0,.0010 -0,.0010

0.50 -0. 0009 -0. 0009 -0. 0009 -0. 0010 -0. 0011 -0,.0011 -0..0012 -0.0012 -0,.0012 -0
,.0012

0.60 -0. 0011 -0. 0010 -0. 0007 -0. 0004 -0. 0000 0,.0004 0,.0009 0.0016 0,.0022 0..0029

0.70 0. 0037 0. 0045 0. 0052 0. 0059 0. 0066 0..0072 0,.0078 0.0082 0 .0085 0,.0088

0.80 0. 0089 0. 0090 0. 0091 0. 0093 0. 0098 0,.0105 0..0118 0.0139 0,.0171 0,.0217

0.90 0. 0283 0.,0372 0.,0491 0.,0649 0.,0852 0,.1112

Example: C3 for 0.31 (Number Failed/N = 11/36 = 0.31) is -0.0073, wnicn is tne number
in the tnird row ("0.30") of the third column ("0.01")
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11.7052, and then press the following keys, "INV," and "InX".
There is room for the computation of P and T in Work Sheet 12.

Mean and Standard Deviation . The conventional techniques
for finding the mean mileage to failure, X, and the standard de-
viation, SD, that were used in Chapters Two and Three cannot be
used in this chapter. The reason is simple: the two statistics
are meaningful only when they describe a complete set of fail-
ures. This was true for the brake shoes and transmissions in the
preceding two chapters. However, in this chapter just 11 out of
3 6 air compressors in the study have failed yet. And the primary
objective of the study is to make predictions based on all 36 air
compressors. Therefore, some way must be found to determine es-
timates of the X and SD where all 36 air compressors have failed.

The estimated mean mileage to failure, X, is found by using
the previously determined Weibull distribution factors, D, B, and
T. Table 4.11 (Work Sheet 13) provides space for the following
computations

.

First, find the El number in Table 4.11 which corresponds to
the value for B rounded off to just one decimal point. B is
2.2368, or 2.2 rounded off, and the corresponding number. El, in
Table 4.11 is 1. 1288. El is used to find X in the following
equation:

X = 127,675 miles

Note that the estimated mean, X = 127,675 miles, is substantially
higher than the average of the 11 failures alone, 82,456 miles.
There is room for this computation in Table 4.11.

Estimating the standard deviation, SD, is accomplished in a
similar manner using Table 4.13. First, find the number, E2, in
Table 4.13 which corresponds to the value of B, which is 2.2.
E2 is 0.1806. This number is then used in the following equation
for the estimated standard deviation, SD:

X

121,188 miles
1 . 1288

+ 20,315 miles

SD 51 ,501
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TABLE 4.11

WORK SHEET 13

COMPUTING THE ESTIMATED MEAN MILEAGE TO FAILURE
AND THE STANDARD DEVIATION FOR WEIBULL FAILURE

DATA WITH CENSORED AND SUSPENDED CASES

Cost Driver Air Compressors Bus Model Gruinman 87 0

Component Type Study Dates

INPUT NUMBERS:

D = 20,315 miles
(minimum life term)

B = 2.2368
(Weibull shape factor)

T = 121,188 miles
(Weibull characteristic life factor)

El = 1. 1288
(from Table 4.12)

E2 = 0.2360
(from Table 4.13)

ESTIMATED MEAN MILEAGE TO FAILURE, X:

X = 121.188 mi. / 1. 1288 + 20.315 mi. = X = 127.675 mi .

T El D

ESTIMATED STANDARD DEVIATION, SD:

SO = 0.2360 X ( 121.188 )
^ = SD = 51.501 mi .

^ E2 T
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TABLE 4.12

El NUMBERS USED TO FIND ESTIMATED MEAN MILEAGE TO FAILURE

B 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.0 0.0083 0.1080 ^ 0.3009 0.4000 0.6646 0.7900 0.8826 0.9504

1.0 1.0000 1.0364 1.0631 1.0828 1.0972 1.1077 1.1154 1.1208 1.1245 1.1269

2.0 1.1284 1.1291 1.1288 1.1292 1.1281 1.1271 1.1259 1.1245 1.1215 1.1200

3.0 1.1199 1.1182 1.1165 1.1148 1.1131 1.1115 1.1098 1.1081 1.1065 1.1049

4.0 1.1033 1.1017 1.1002 1.0987 1.0972 1.0958 1.0944 1.0930 1.0917 1.0904

5.0 1.0891 1.0879 1.0857 1.0855 1.0843 1.0832 1.0821 1.0810 1.0800 1.0789

6.0 1.0779, 1.0769 1.0760 1.0750 1.0741 1.0732 1.0723 1.0715 1.0706 1.0698

7.0 1.0690 1.0682 1.0675 1.0667 1.0560 ' 1.0653 1.0646 1.0639 1.0632 1.0625

8.0 1.0619 1.0612 1.0606 1.0600 1.0594 1.0588 1.0582 1.0577 1.0571 1.0565

9.0 1.0560 1.0555 1.0550 1.0545 1.0540 1.0535 1.0530 1.0525 1.0529 1.0516

Example: Tne number, El, for B = 2.2 is 1.1288, wnich is tne number in tne tnird
row ("2.0") of tne fourtn column ("0.2"). Tnis is El for B = 2.0 + 0.2 =

2.2.

TABLE 4.13

E2 NUMBERS USED TO FIND THE ESTIMATED STANDARD DEVIATION

OF FAILURE MILEAGES

B 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

l.OOi 0

0.21-6

O.lOf 3

0.06-7

0.0442

0.03:3

0.0247

O.OIS 5

0.0158

0.7714

0.1963

0.0996

0.0620

0.0428

0.0314

0.0241

0.0191

0.0155

0.6197

0.1806

0.0944

0.0595

0.0414

0.0305

0.0235

0.0187

0.0152

0.5132

0.1669

0.0896

0.0572

0.0400

0.0297

0.0229

0.0183

0.0149

108.9553

0.4351

0.1548

0.0852

0.0550

0.0388

0.0289

0.0224

0.0179

0.0146

20.0000

0.3757

0. 1441

0.0811

0.0529

0.0376

0.0281

0.0219

0.0175

0.0143

6.9968

0. 3292

0.1347

0.0773

0.0510

0.0364

0.0274

0.0214

0.0171

0.0141

3.4268

0.2919

0.1262

0.0738

0.0492

0.0353

0.0267

0.0209

0.0168

0.0138

2.0397

0.2514

0. 1185

0.0705

0.0474

0.0343

0.0260

0.0204

0.0164

0.0136

1.3715

0.2360

0. 1116

0.0675

0.0458

0.0333

0.0253

0.0200

0.0161

0.0133

Example: Tne number, E2, for B = 2.2 is 0.1806, wnicn is tne number in tne tnird row
("2.0") of tne fourtn column ("0.2").
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There is room for this computation in Table 4.11.

Summary . The values for the Weibull distribution, D, B, and
T, the estimated mean mileage to failure and the estimated stan-
dard deviation, can be entered in Table 4.14 (Work Sheet 3). A
frequency bar chart of the air compressor failures is included
with a note that only 11 failures had been recorded as yet among
the original sample of 36 buses.

The steps required to find the Weibull constants, D, B, and
T, and the estimated mean and standard deviation, are recapped as
follows

:

1. Tabulate the component failure mileages and the mileages ac-
cumulated by the buses with unfailed original components in
Work Sheet 7 (Table 4.1). All of the unfailed components
should have accumulated more miles than any of the failed
components, which means they are "censored" cases.

2. List the component failed and unfailed mileages in increas-
ing order from smallest to largest in Work Sheet 8 (Table
4.2) .

3. Use Work Sheet 9 (Table 4.3) to calculate the intermediate
number, S, using the ordered failure mileages and D. The
minimum life term, D, is 0.90 multiplied by the smallest
failure mileage.

4. Determine the shape factor, B, and the characteristic life
factor, T, by following the computational outline in Work
Sheet 12 (Table 4.4).

5. Determine the estimated mean mileage to failure, X, and the
estimated standard deviation, SD, using Work Sheet 13 (Table
4.11).

6. Enter the values for D, B, T, X, and SD in summary Work
Sheet 3 (Table 4.14). The Weibull distribution computation
is now complete.

What is the Appropriate Maintenance Policy for the Air
Compressors ?

As in the previous chapters, a determination of the failure
mechani£;m and the best maintenance policy for the air compressors
can be :nade with the summary data of Table 4.14 (Work Sheet 3).
Dividinc (X - D) by SD yields a value of 2.08 in Table 4.14,
which ii greater than 2.0. B, of course, also is greater than
2.0. Bi sed on Table 1.1 from Chapter One, the failure mechanism
is detei mined to be "mileage to failure predictable."

Assuming that X, the mean mileage to failure, is expected
and noting that air compressor failures are relatively undetect-
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TABLE 4 . 14

WORK SHEET 3

SUMMARY SHEET OF FAILURE MILEAGE DISTRIBUTION

Cost Driver Air Coinpressors Bus Model Gruinman 87 0

Component Type_ Study Dates

Number of cases, N 36 Mean, X 127,675 miles

Number of failures, NF 11

Maximum mileage not applicable

Minimum mileage 22,572 miles

Std. deviation, SD 51,501 miles

(X-D)/SD 2.08

WEIBULL DISTRIBUTION PARAMETERS:

Minimum life term, D 20,315 miles

Shape factor, B 2 . 2368

Cnaracteristic life factor, T 121,188 miles

FAILURE MECHANISM; "Mileage to Failure Predictable"
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ablo, then the appropriate maintenance policy can be found in
Figure 1.6. The preferred policy is "fixed-mileage maintenance,"
although "operate-until-failure" also is an acceptable mainte-
nance policy, depending on safety and economic factors not dis-
cussed here.

Predicting the Future Reliability of the Air Compressors

The future reliability of the air compressors is determined
by working with the cumulative percent of air compressor failures
that occurred before a certain mileage. Figure 4.1 includes a
cumulative bar chart of the first eleven failures. Each bar
includes a 20,000 mile interval ranging from 20,000 to 100,000
miles. Table 4.15 (Work Sheet 1) tallies the frequency dis-
tribution for the 11 failures based on the ordered mileages of
Table 4.2. There are so few failure mileages that determining
the cumulative frequencies is a simple task:

Cumulative Mileage Cumulative Frequency Cumulative Percent

20,000 0 0 . 0

40,000 1 2.8
60,000 1 2.8
80,000 3 8 . 3

100,000 11 30. 6

The cumulative frequencies are plotted as a bar chart of cumula-
tive percentages in Figure 4.1. Since all 36 air compressors in
the study eventually will fail, the cumulative percentages are
obtained by dividing the frequencies by 36. For example, three
air compressors have failed after 80,000 miles. The cumulative
percentage is 8.3 percent (3 divided by 36 is 0.083). Similarly,
11 compressors have failed after 100,000 miles, or 30.6 percent
(11 divided by 36 is 0.306).

The smooth curve in Figure 4.1 is the fitted Weibull dis-
tribution representation of the cumulative failure percentages.
Note that although the bars end in the 80,000 to 100,000 mile in-
terval, the smooth Weibull curve continues past 100,000 miles.
Once past the bars the remainder of the cumulative Weibull curve
forecasts future air compressor failures. The Weibull curve can
now be used to forecast the reliability of the air compressors
even though the analysis was done before any of the compressors
had lasted as long as the predicted mean mileage to failure of
127,675 miles!

The reliability curve based on the Weibull distribution for
the failed air compressors is found by first calculating the cu-
mulative Weibull probabilities. The formula used to calculate
points along the Weibull curve is shown below:
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TABLE 4 . 15

WORK SHEET 1

TABULATION OF FAILURE MILEAGE FREQUENCIES

Cost Driver Air Compressors Bus Model Gruimman 87 0

Component Type Study Dates

Failure
Mileage

(1)

Failure
Mileage

(2)

Mileage Class
Tally

(5)

Frequency,
F

(6)

Lower

(3)

Upper

(4)

0 19,999

DO , 060 20,000 39,999 / 1

7d , JDD 40,000 59,999
OA O 1o4 , 02 1 60,000 79j^9 9 9 2

o5 , 74 5 80,000 99,999 ///// ///
///// /// 8

o o 1 r\ Aoo , /04 Tl
no c n oy 2 , 5y o

y 5 / i2 o

y6 , 705

97,863

98,054

Number of failure mileages, N 11 of 36

Maximum mileage not applicable Minimum mileage 22.572 miles
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100%_J

Average Mileage of the Bar

FIGURE 4.1

CUMULATIVE BAR CHART OF AIR COMPRESSOR FAILURES

WITH A CUMULATIVE WEIBULL CURVE
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cumulative
probability =

Suppose one wants to estimate how many of the 36 air com-
pressors are likely to fail before 120,000 miles. As determined
in the previous section: D = 20,315, T = 121,188, and B =

2.2368. Thus, the proportion (cumulative probability) of air
compressors expected to fail before 120,000 miles is:

cumulative
probability = 1 - e

120,000 - 20,315

121,188

2. 2368'

= 0.4759

An explanation and pictures of how to work out this formula with
a scientific calculator is shown in Appendix B.

From the above calculation it is thus expected that 47.59
percent, or about half, of the air compressors will fail by the
time they accumulate 120,000 miles. Thus, it is predicted that
17 of the original 36 air compressors (36 times 0.4759 = 17.13)
will have failed by the time the buses reach 120,000 miles of
use

.

The reliability curve for the air compressors is computed
from the cumulative percentages of Table 4.16 (Work Sheet 11).
Cumulative mileage intervals of 30,000 miles were used in Table
4.16, starting with the minimum life, D = 20,315 miles, and ex-
tending to greater than 240,000 miles. The cumulative probabil-
ities in column 2 are computed by using the above cumulative
probability formula for the fitted Weibull distribution. These
are converted to percentages in column 3. The reliability, or
percent surviving, is computed in column 4 by subtracting the cu-
mulative percentages of column 3 from 100 percent. The resulting
reliability curve is depicted in Figure 4.2.

Finally, the reliabilities of column 4 are used to compute
the predicted number of air compressors failing in each mileage
interval in column 6 of Table 4.16. These predictions are
compared to the actual frequencies below:

Cumulative Actual Predicted
Mileage Frequency Frequency

0

30,000 1 0.1
60,000 0 2.7
90,000 5 6.2
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TABLE 4.16

WORK SHEET 11

COMPONENT RELIABILITY ANALYSIS
FOR WEIBULL FAILURE DATA

Cost Driver Air Coinpressors Bus Model Grumman 870

Component Type_ Study Dates

Mixeage , jxi

(1)

\^ UU UU.XCI L.XV

JTXUXJclUXXX L-V

ox r aXXUxG

(2)

^UlllUXd L.XVc
2

irexcenL.a.ye

(3)

3

V * ourvxvxng )

(4)

irercen L.

rcixxxiiy XII

rixxeage
^

xnuervax

(5)

LNuiuDeir

r cixxxin-j

xn ruLxeace

xnuervax

(6)

20,315 0.0 0.0 % 100.0 % %

30 ,000 0. 0035 0.4 % • 99.6 % 0.4 % 0.1
60 ,000 0.0790 7.9 % 92.1 % 7.5 % 2.7
90,000 0. 2518 25.2 % 74.8 % 17. 3 % 6 . 2

120,000 0.4759 47.6 % 52.4 % 22.4 % 8.1
150,000 0.6877 68.8 % 31.2 % 21.2 % 7.6
180,000 0. 8433 84.3 % 15.7 % 15.5 % 5.6
210,000 0 ,9344 93.4 % 6.6 % 9.1 % 3.3
240,000 0. 9772 97.7 % 2.3 % 4.3 % 1.5

>240,000 1.0000 100.0 % 0.0 % 2.3 % 0.8
o& % %

% % % 35.9
% % %

% % %

% % %

Cumulative
Probability

= 1 - e
M

)

M - 20 ,315
2.2368

121, 188

"
1 - e

The number in column 2 times 100.

100 percent less the number in column 3.

Percent failing in mileage interval

= R^ - R2 / where: R^ = reliability (column 4) at previous
cumulative mileage

R2 = reliability at mileage in column 1

The total number of failures, N, times tne decimal percentage
in column 5.
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AIR COMPRESSOR FAILURES

0 50000 100000 150000 200000 250000 30000

MILES

FIGURE 4.2

AIR COMPRESSOR RELIABILITY CURVE
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The fitted Weibull distribution seems to be satisfactory and can
be used to predict future reliability patterns, as demonstrated
in the next section.

How Many Air Compressors Will Fail During Any Time Period ?

If a fleet of 60 new buses is purchased which will average
30,000 annual miles per bus, then based on the information from
the previous section it is predicted that about 29 of the new air
compressors (60 times 0.4759 = 28.55) will have failed by the
time the buses reach an average mileage of 120,000, which will
occur at the end of the fourth year. Now suppose that one wants
to determine how many of the original air compressors will fail
during each year. The predicted percent failing in each 30,000
miles (or one year) interval up to 240 , 000 miles per bus, or
eight years has already been computed in column 5 of Table 4.16.
The number of original air compressor failures is found by multi-
plying these percentages by 60. For example, in the interval be-
tween the 90,000 and 120,000 miles per bus (between the third and
fourth years) 13 original air compressors are expected to fail
(0. 224 times 60 = 13.4). All but one of them are predicted to
have failed after eight years or 240,000 miles of use.

What About the Replacement Air Compressors ?

Table 4.16 predicts the number of first time failures that
can be expected each year but it does not account for the fail-
ures of the replacement air compressors. A satisfactory estimate
of the total number of failures (including failures of the re-
placements) to expect during any period can be obtained as fol-
lowo. Take the number of miles a bus will travel during the pe-
rioil, divide it by the estimated mean mileage until failure, and
thei multiply the result by the total number of buses. It is
assumed that the replacement air compressors last as long as the
originals

.

To find the total number of failures (original and repeat
replacements) during one year, first divide the total number of
miles accumulated in a year (30,000 miles per bus per year) by
the mean mileage until failure (127,675). The result is 0.2350
(30,000 divided by 127,675 = 0.2350). Then multiply the number
of buses by 0.2350 to get the number of air compressors that are
expected to fail during each year. If there are 60 buses, then
about 14 are expected to fail each year (60 x 0 . 2350 = 14 . 1) .

When the 60 new buses are first put into service, the air
compressor failure rate (including repeats) will be low. Even-
tually the failure rate will increase and should stabilize at
about 14 per year. A satisfactory estimate of how long it will
take the rate to reach 14 per year is the mean mileage life of
the air compressors converted into time. In this example, the
mean life of the air compressors is predicted to be 127 , 675
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miles. Therefore, the failure rate will reach 14 per year after
about 4.25 years (127,675 divided by 30,000 = 4.2558).

The increase from zero failures per year to 14 per year is
shown in Figure 4.3 as a straight line, which is good enough for
estimating the annual failures until the fourth year. This graph
can be used to predict the demand for air compressor repairs at
any time during the bus life cycle for the new bus fleet.

Finally, the area under the graph between two points in time
is an estimate of the total number of failed air compressors
during that time interval. This information is useful for
estimating annual maintenance costs and air compressor inventory
requirements

.

List of References

Bain, L. J. , Statistical Analysis of Realibility and Life Test
Models, Marcel Dekker, Inc., New York, New York, 1978.
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FIGURE 4.3

TOTAL PREDICTED AIR COMPRESSOR FAILURES PER YEAR

THE SERVICE LIFE OF THE BUSES
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CHAPTER FIVE

WEIBULL DISTRIBUTION FAILURE ANALYSIS WITH SUSPENDED SAMPLING:
GENERATOR EXAMPLE

This chapter is a self-contained analysis of original equip-
ment bus generator failures in order to predict future failure
patterns. The concept of "suspended sampling" is introduced and
incorporated in the analysis. What should be done if the bus
fleet includes original components which haven't failed yet, in
part because they haven't accumulated as many miles of service as
components which have failed? Should the analyst wait until all
the components in the fleet have failed? Should the unfailed
components be dropped from the study?

These unfailed cases should be included because the accuracy
of the failure forecasts is improved by including as many buses
as possible in the analysis. This chapter shows how to include
the mileages of the unfailed bus components in the analysis.
These bus components are treated as if they had been "suspended"
from service and then are handled in a special manner.

The topics covered in this chapter are:

o How to collect the generator data.

o How to tabulate the generator data and account for the
suspended cases.

o Fitting the Weibull distribution with suspended cases
to the generator data.

o What is the appropriate maintenance policy for the gen-
erators?

o Predicting the future reliability of the generators,

o How many generators will fail during any time period?

o What about the replacement generators?

How To Collect the Generator Data

A bus generator has failed when it must be replaced with a

new or rebuilt generator. This analysis assumes that the buses
in the fleet under study all have experienced similar mileages,
duty cycles, and maintenance. As with transmissions, it is
assumed that none of the generators have been abused such as to
bring about premature failure. Such cases should be removed from
the analysis.

Ideally, all of the original generators in the fleet of bus-

113



114

es under study should have failed. However, suppose that some
working generators have accumulated fewer miles than at least one
of the failed generators. If this is the case they cannot be
treated as censored cases. Cases where the bus has a working
component which has accumulated fewer miles than other buses with
failed components are called "suspended cases".

Suspended cases may happen due to chance or perhaps for the
following reasons:

1. By mistake, a failure mileage was not recorded and the
only mileage available is a lower figure when the com-
ponent was last known to be functioning.

2. Buses of the same model have accumulated different
mileages. This might be because some of the buses were
delivered months after the others or because of chance
differences in use (e.g. , a bus was out of service for
a time because of an accident) . Therefore, some buses
without a failed component may have received fewer
miles than other buses with failed components.

There should be at least 10 component failures for the fol-
lowing analysis and at least half of all the components should
have failed. This chapter considers, as an example, original
equipment generators from 22 new buses. The mileages accumulated
by each bus at the time of the study are presented in Table 5.1
(Work Sheet 7). There are several suspended cases in Table 5.1.
Three buses, 8103, 8111, and 8119, still have functioning origi-
nal generators but each has accumulated less mileage than other
buses which have experienced failures (e.g., 8104, 8105).

The generator on bus 8112 has failed but the mileage accumu-
lated on the bus was not recorded on the repair work order. The
original generator was still functioning at the 72,000 mileage
inspection. Therefore, bus 8112 is considered "suspended" at
72,000 miles.

In summary, the analysis of component failures with suspend-
ed samples must meet the following prerequisites:

1. All buses should be the same type vehicles and they
should have experienced similar operating conditions.

2. There should be at least 10 component failures.

3. No buses with a surviving component should have accumu-
lated more miles than the failure with the greatest
mileage

.

4. No more than 50 percent of the data cases should be
suspended

.

5. Do not include failure data for replacement generators.
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TABLE 5 .

1

WORK SHEET 7 Page 1 of 2

FAILURE STATUS OF ORIGINAL COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Generators Bus Model

Component Type Study Dates

Bus
NnmheT"

(1)

Component
Nnmbp r

(2)

Current
Bus
Mi lescre

(3)

OriQi nalV-/ .1- ^-4 i k <_4, _i_

Component
Fai lure
Mi 1 Pr3 QR

(4)

Status of
Unf ai led
Component*

(7)(5)

O U, o ^ •

(6)

8 100 114 ,707 93,604

8 10 1 TAT O 1 yl101,234 /~ A A T67,807

8102 T n o AO/"112,9 26 A A T /"

99 , 126

8 103 122 , 96 3 X

8 104 150 , 474 150 ,474

8105 142 , 948 138 , 547

8106 12 1, 9 12 101,520

8 107 121, 462 111,676

8108 105 , 427 94,260

8109 131,242 62,807

8110 126,667 47,619

8111 132,372 X

8112 82,544 X Failure
unrecorded

8113 92,838 89 , 196

8114 134 , 173 107 , 196

8115 139,761 135,338

8116 127, 382 59,056

8117 124,961 35,397

8118 108,021 47,488

8119 107,279 X

CENSORED cases refer to surviving components which have accu-
mulated more miles than any failed component in the data set.

SUSPENDED cases refer to surviving components which have accu-
mulated less miles than at least one of the failed components.
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TABLE 5.1 (continued)

WORK SHEET 7 Page 2 of 2

FAILURE STATUS OF ORIGINAL COMPONENTS
IN WE IBULL FAILURE ANALYSIS

Cost Driver Generators bus Model

Component Type Study Dates

Bus

(1)

Component
XT 1 1 Tin Q T"

(2)

Current
Bus
1*1 X X cdy fci

(3)

ungmax
Component
Failure
1*1 X Xcdy e

(4)

Status of
Unfailed
Component*

(^^ommen us
(7)

Cen sor
(5)

Susp

.

(6)

8120 96 ,719 61, 113

8121 105,934 42 , 183

CENSORED cases refer to surviving components which have accu-
mulated more miles than any failed component in the data set.

SUSPENDED cases refer to surviving components which have accu-
mulated less miles than at least one of the failed components.
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The replacement on bus 8117, installed when the bus had
recorded 35,397 miles, failed at 121,772 miles and this
bus now has its third generator. Including this re-
placement would distort the results of the analysis.

How To Tabulate the Generator Data and Account for the Suspended
Cases

Fitting generator failure mileage data which contains sus-
pended cases to the Vveibull distribution is similar to but not
quite the same as the procedures used in Chapters Three and Four
where the data set consisted entirely of failure mileages or just
failures and censored cases.

The tabulation of the data with suspended cases begins by
rearranging the bus mileages in Table 5.1 in ascending order by
mileage. This is done in Table 5.2 (VJork Sheet 8) with the order
number indicated in column 1. The suspended cases are noted in
column 4. The buses with generator failures are ordered accord-
ing to their mileage at failure and the suspended cases are or-
dered with regard to their suspended mileage. For example, bus
8119 still had a functioning generator at 107,279 miles, and it
is ranked 16th in Table 5.2. The bus with the unknown failure
mileage, number 8112, is ordered as number 9 based on the last
known functioning mileage, 72,000. Finally, note that the sus-
pended cases are m.ixed in with the failed cases and that, by def-
inition, the last bus in order in Table 5.2 is a failed case.

The next step in tabulating the data is to calculate "ad-
justed order numbers" using Table 5.3 (Work Sheet 14). The
information in columns 1, 2, 3, and 4 is taken from Table 5.2
(VJork Sheet 8). In column 5 of Table 5.3 the original order num-
bers of colum.n 4 are reversed. In this example there are 22
cases, hence, the reverse order numbers listed in column 5 start
at 22 for bus 8117 and decrease to 1 for bus 8104.

The next step is to calculate a "weight" for each bus. When
calculating the weights the suspended cases are skipped. The
weight equation is*:

(number of buses + 1) - (previous adjusted order number)

weight =

1 + (reverse order number)

where the adjusted order number, explained shortly, is found in
column 8 .

As an example, for the first bus, number Sll"^:

22 = The total number of buses,
0 = the previous adjusted order number (it equals zero

because it is the first case)

,

22 = the reverse order from column 5.

* The weighting system was developed by Johnson (1).
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TABLE 5.2

WORK SHEET 8 Page 1 of 2

RANK ORDERING OF SURVIVING AND FAILED COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Generators Bus Model

Component Type Study Dates

Order
Number

(1)

Bus
Number

(2)

Component
Number

(3)

Failed

,

Suspended

,

or Censored
(4)

Mileage When
Failed, Suspended,
or Censored*

(5)

1
8117 Failed 35, 391

2
8121 Failed 42,183

3
8118 Failed 47,488

4
8110 Failed 47,619

5
8116 Failed 59,506

6 8120 Failed 61, 113

7 8109 Failed 62,807

8
8101 Failed 67,807

9 8112 Suspended 72,000

10 8113 Failed 89, 196

11 8101 Failed 93,604

12 8108 Failed 94,260

13 8102 Failed 99, 126

14 8106 Failed 101,520

15 8114 Failed 107 , 193

16 8119 Suspended 107,279

17 8107 Failed 111,676

18 8103 Suspended 122,963

19 8111 Suspended 132,372

20 8115 Failed 135,338

Each component is listed in ascending order of the mileage en-
tered in Column 5

.
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TABLE 5.2 (continued)

WORK SHEET 8 Page 2 of 2

RANK ORDERING OF SURVIVING AND FAILED COMPONENTS
IN WFIBULL FAILURE ANALYSIS

Cost Driver Generators Bus Model

Component Type Study Dates

Order
Number

(1)

Bus
Number
(2)

Component
Number

(3)

Failed

,

Suspended

,

or Censored
(4)

Mileage Khen
Failed, Suspended,
or Censored*

(5)

X
21 8105 Failed 138, 549

>^
22 8104 Failed 150,474

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

10

19

20

*
Each component is listed in ascending order of the mileage en-
tered in Column 5

.
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(22 + 1) - 0

weight = = 1

1 + 22

There is room for this computation in column 6 of Table 5.3, The
weight is entered in column 7.

The next computation is for the adjusted order number of the
bus. The adjusted order number, tabulated in column 8, is the
sum of all the preceding weights from column 7. Thus, for bus
8117 the adjusted order number is the weight, 1, since it comes
first.

For the second bus in Table 5.3, number 8121, the weight is:

(22 + 1) - 1

= 1

1 + 21

The adjusted order number for bus 8121 is this weight, 1, plus
the adjusted order number of bus 8117 (the preceding case), 1.

The sum is 2, which is entered in column 8. Similar computations
follow for each failure case until a suspended case is encoun-
tered.

The first suspended bus is number 8112, which is number 14
in reverse order. Weights and adjusted order numbers are not
computed for suspended cases. Therefore, skip to the next bus,
number 8113, which is 13th in reverse order. For bus 8113:

22 = the total number of buses
8 = the previous adjusted order number (for bus 8101)

13 = the reverse order

(22 + 1) - 8

weight = = 1.0714
1 + 13

The adjusted order number continues to be the sum of the weights
to that point. The adjusted order number for bus 8113 is 8 (the
adjusted order number for bus 8101 since suspended bus 8112 has
no order) plus 1 . 0714 : 8 + 1 . 0714 = 9 . 0714 . Note that for the
first time in the tabulation the adjusted order number differs
from the original order number, 10, for bus 8113.

As a fourth example, skip down to the 16th bus (number 8107)
in order in Table 5.3, which also follows a suspended case. For
bus 8107:

22 = the total number of buses
14.4284 = the previous adjusted order number

6 = the reverse order



124

(22 + 1) - 14.4284
weight = = 1.2245

1 + 6

The adjusted order number for bus 8107 is: 14.4284 + 1.2245 =

15.6529

.

This process of calculating the adjusted order numbers in-
cludes input from the suspended cases. Therefore, even though it
is not known when the suspended samples will eventually fail,
they are included in the analysis. This information can now be
used to derive a V7eibull failure rate distribution which includes
the influence of the missing failures.

Fitting the Weibull Distribution with Suspended Cases to the
Generator Data

Generator fai]ures are modeled similar to any complex compo-
nent which fails rather than wears out. Therefore, just as
transmissions and air compressors were modeled using the ski-
slope-shaped Weibull distribution in Chapters Three and Four, so
too are generators. Normally, the ski-slope characteristic of
generator failure mileages (some premature failures, most failing
around an average mileage and some proving very durable) could be
confirmed by plotting a bar chart of the failure mileages. How-
ever, if the data set includes suspended cases, which could be as
many as half of the total number of buses, then a ski slope pat-
tern may not be evident.

It is expected, however, that if the failure data were
complete, the distribution of failure mileages would be ski-
sloped. Therefore, a Weibull distribution is selected to fit the
data without first drawing a bar chart of failure mileages.

Calculating D, B, and T . The Weibull curve that best fits
the original generator data is determined by calculating the
three Weibull constants, D, B, and T. However, different tables
than in Chapters Three and Four are used when suspended sampling
is involved. The analysis begins by listing in Table 5.4 (Work
Sheet 9) the buses with generator failures in order of increasing
failure mileage. The suspended buses are omitted from Table 5.4.

The first constant is D and it is called the "minimum life
term." Should a component fail without having accumulating any
miles, the "minimum life" would be zero. As before, D is esti-
mated to be 90 percent of the lowest failure mileage. In Table
5.4 the lowest failure mileage is 35,391 for bus 8117. There-
fore, D equals 31,852 miles (35,391 x 0.90 = 31,852). There is
space for this computation at the bottom of the Work Sheet.

The other two constants are B and T. B, the "shape factor",
determines the shape of the Weibull curve (a measurement of how
bunched together or spread out the distribution is) and T, the



125

TABLE 5.4

WORK SHEET 9

COMPUTATION OF D , K, AND S FOR WEIBULL FAILURE DATA

Cost Driver Generators Bus Model

Component Type Study Dates

Bus
Number

(1)

Failure
Mileage

(2)

Minimum^
Life, D

(3)

K

(4)

* *
ln(K )max

(5)

ln(K)

(6)

* *

L

(7)

8117 35,391 _ 31,852 = 3,539 11.6837 _ 8.1716 = 3.5121

8121 42,183 _ 31,852 = 10,331 11.6837 _ 9.2429 = 2.4408

8118 47,488 _ 31,852 = 15,636 11. 6837 _ 9.6573 = 2.0264

8110 47,619 _ 31,852 = 15,767 11.6837 _ 9.6657 = 2.0180

8116 59,056 _ 31,852 = 27,204 11.6837 _ 10.2111 = 1.4726

8120 61,113 _ 31,852 = 29,261 11.6837 _ 10.2840 = 1. 3997

8109 62,807 _ 31,852 = 30,995 11.6837 _ 10.3403 =1.3434

8101O _1_ W J- 67,807 _ 31,852 = 35,955 11.6837 -10.4900 =1.1937

8113 89,196 _ 31,852 = 57,344 11.6837 _ 10.9568 = 0.7269

8100 93,604 _ 31,852 = 61,752 11.6837 _ 11.0309 = 0.6528

8108 94,260 _ 31,852 = 62,408 11.6337 - 11.0414 = 0.6423

8102 99,126 - 31,852 = 67,274 11.6837 -11.1165 =0.5672

8106 101,520 _ 31,852 = 69,668 11. 6837 - 11. 1515 = 0. 5322

8114 107,193 _ 31,852 = 75,341 11.6837 - 11.2298 = 0.4539

8107 117,676 - 31,852 = 85,824 11.6837 -11.3600 =0.3237

8115 135,338 - 31,852 = 103,486 11.6837 -11.5472 =0.1365

8105 138,549 - 31,852 = 106,697 11.6837 -11.5777 =0.1060

8104 150,474 - 31,852 = 118,622 11.6837 - 11.6837 =0.0

Sums: ZK = S =

*
Minimum life term, D = 0.90 x lowest failure mileage

= 0.9 0 X 35,391 mi. = D = 31,852 miles

**
ln(K ) = ln( 118,622 ) = 11.6837 , where K is the largestmax max

value of K in column 4

.

** *
If the data set contains suspended failure cases, the L terms
must be modified in Work Sheet 10a before computing S.
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"characteristic life factor", determines how far away the peak in
the curve should be from zero miles. Before calculating B and
three intermediate numbers, K, L, and S, must be calculated.
These calculations also are shown in Table 5.4.

The minimum life term, D = 31,852 miles, is subtracted from
each original failure mileage in Table 5.4 (column 2 minus column
3) to get column 4, which is a value called K for each failed
generator. The largest value of K, for bus 8104 in the last row,
is labeled K

max

The K values are then used to calculate the values for L in
column 7. First, compute the natural logarithm for K , 118,622
miles. Obtaining the natural logarithm is simple wPie'n using a
scientific calculator. Enter the number, 118,622, and press the
button marked "In". The natural logarithm, 11.6837, will appear
on the display.* The natural logarithms are rounded-off to four
digits to the right of the decimal point for simplicity
(11.683697 becomes 11.6837) in Table 5.4. This number is placed
on every line of column 5 of Table 5.4.

Next, the natural logarithm of each value of K, In (K) , is
written in column 6. For example, in the first line of Table 5.4
(bus 8117), In (3,539) equals 8.1716. The difference of the num-
bers in columns 5 and 6 is L and this is written in the column 7.

Here, the computation for S diverges from Chapters Three and
Four since the failed component set includes suspended samples.
The L values must be modified using the adjusted order numbers of
Table 5.3. Table 5.5 (Work Sheet 9a) is provided for these com-
putations .

First, columns 1, 2, and 3 are filled in using the informa-
tion from Tables 5.3 and 5.4. In column 4 the "row number" is
already entered, starting with 1. There are 18 failures in this
example, hence 18 rows. If there are more than 20 failure cases,
then succeeding pages of Work Sheet 9a should re-number the rows
as 21 to 40, 41 to 60, and so forth. There is room to do this in
column 4.

Next, the adjusted order number in column 3 is divided by
the row number in column 4 to get a ratio which is entered in
column 5. In the final step re-enter the values of L from column
2 into column 6. Multiply the ratio by L (column 5 multipled by
column 6) and enter the result in column 7. Sum all of the num-
bers in column 12. This sum is S, which is 19.6584.

Now it is possible to compute the two remaining Weibull con-

*
For a discussion of the use of scientific calculators see
Appendix B.
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TABLE 5.5

WORK SHEET 9a

MODIFICATION OF L FACTORS TO COMPUTE S FOR
WEIBULL FAILURE DATA WITH SUSPENDED CASES

Cost Driver Generators Bus Model

Component Type Study Dates

Bus
Number

(1)

L
(2)

Adjusted
Order No.

(3)

Row
Number

(4)

Ratio
(5)

L
(6)

Modi f iec
L

(7)

8117 3. 5121 1 / 1 1 3. 5121 3. 5121

8121 2. 4408 2 / 2 1 2

.

4408 2. 4408

8118 2. 0264 3 // 3 1 2. 0264 2. 0264

8110 2. 0180 4 / 4 1 X 2, 0180 2. 0180

8116 1. 4726 5 / 5 1 X 1. 4726 1. 4726

8120 1. 3997 6 / 6 1 X 1. 3997 1. 39 9 7

8109 1. 3434 7 1f 7 1 X 1. 3434 1. 34 34

8101 1. 1937 8 1 8 1 X 1. 1937 1. 1937

8113 0. 7269 9. 0714 1 9 1. 0079 X 0. 7269 0. 7326

8100 0. 6528 10. 1428 1 10 1. 0143 X 0. 6528 0. 6621

8108 0. 6423 11. 2142 1 11 1. 0195 X 0. 6423 0. 6548

8102 0. 5672 12. 2856 1 12 1. 0238 X 0. 5672 0. 5807

8106 0. 5322 13. 3570 1 13 1. 0275 X 0. 5322 0. 5468

8114 0. 4539 14. 4284 1 14 1. 0306 X 0..4539 0 . 4678

8107 0. 3237 15. 6529 1 15 1. 0435 X 0.. 3237 0. 3378

8115 0. 1365 17. 4897 1 16 1. 0931 X 0.. 1365 0. 1492

8105 0. 1060 19. 2365 1 17 1. 1316 X 0 . 1060 0. 1199

8104 0. 0 21. 0733 1 18 1. 1707 X 0. 0 0. 0

1 19 X

1 20 X

Sums

:

S 19 . 6584

* From Work Sheet 9, Column 7.
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stants, B and T. Table 5.6 (Work Sheet 15) outlines the compu-
tations for B and T and provides space for each intermediate re-
sult and the final answers.

To get B requires the use of Tables 5.7, 5.8 and 5.9. In
Table 5.7 a value of Fl is found which corresponds to the total
number of buses in the study, N = 22, including the suspended
cases. Fl for a fleet size of 22 is 1.830. Similarly, F2 and F3
for 22 buses are found in Tables 5.8 and 5.9 and equal -0.033 and
-0.0039.

The values for Fl, F2 and F3 are then plugged into the fol-
lowing equation to find M:

M = Fl + F2 X NS + F3 X (NS)

^

For the generator example, there are four suspended cases.
Hence, NS = 4 and:

M = 1.830 - 0.033(4) - 0.0039(4)^ = 1.636

To get B insert M and S (from Table 5.5) into the equation below:

M x N
B =

S

For the generator example:

1.636 X 22
B = = 1.831

19. 6584

There is room for the computation of M and B in Table 5.6 (Work
Sheet 15 )

.

Finally, the remaining Weibull constant, T, is found by us-
ing Tables 5.10 and 5.11. First, look up the constant Gl in
Table 5.10 which corresponds to N = 22, which is 1.214. From
Table 5.11, G2 is similarly found to be -0.157. The values for
Gl and G2 are then plugged into the following equation:

P = Gl + G2 X NS

For the generator example:

P = 1. 294 - 0. 157 (4) = 0. 666

To get T, enter P, B, K and its corresponding ratio value
(from row 18, column 5 in ^a^le 5.5), into the equation below:

P

B

'K

ln(T) = In
;

""^^

ratio
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TABLE 5 .

6

WORK SHEET 15

COMPUTATION OF B AND T FOR WEIBULL FAILURE DATA
WHICH CONTAINS SUSPENDED CASES

Cost Driver Generators Bus Model

Component Type Study Dates

INPUT NUMBERS:

Fl = 1,830 Gl = 1. 294
(from Table 5. 7) (from Table 5 . 10)

F2 = - 0.033 G2 = 0. 156
(from Table 5 . 8) ( from Table 5 . 11)

F3 = - 0.0039
(from Table 5. 9)

N = 22

NS =

(total number of buses)

4

(total number of suspended cases)

S = 19.6584 ^^tio = l-l^O^

(from Work Sheet 9a) (from Work Sheet 9a,
the ratio in column

K = 118,622 miles 5 corresponding tomax
(from Work Sheet 9) K )max

SHAPE FACTOR, B

M = 1. 830 + - 0. 033 X 4 + -0. 0039 x ( 4 )

^

Fl F2 NS F3 NS

M = 1.636

B = ( 1.636 X 22 ) / 19.6584 = B = 1.831
M N S

CHARACTERISTIC LIFE FACTOR, T:

P = 1.294 - -0.157 X 4 = P = 0.666
Gl G2 NS

ln(T) = In ( 118,622 / 1.1707 ) - 0.666 / 1.831
K ratio P Bmax

in(T) = 11. 1624 , T = 70 , 432 ("inverse" of In (T) on a

scientific calculator)
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TABLE 5.7

Fl NUMBERS

N 0 1 2 3 4 5 6 7 8 9

10 1 ,.568 1

.

. 607 1 ,.642 1..666 1,.678 1,.713 1..724 1..740 1..763 1..791

20 1.. 794 1

.

.815 1

.

.830 1..834 1..853 1

.

.856 1

.

,864 1..882 1,.891 1,,906

30 1

.

.910 1..922 1,.929 1.,936 1..942 1..951 1,.964 1..968 1

.

.971 1,.982

40 1

.

.985 1

.

.992 1

.

.994 2..006 2..014 2 ,.020 2..025 2..038 2..032 2,.036

50 2 ,.043 2,.048 2,.050 2,.053 2 ,.056 2,.060 2..065 2 ,.070 2 ,.073 2,.076

60 2 .080 2 .084 2 .088 2 ,.091 1..095 2,.099 2 , 102 2..107 2,.112 2 .114

70 2,.116 2 .118 2,. 120 2..122 2..125 2,.129 2,.132 2..135 2,.138 2,.140

80 2 ,.142 2,.144 2,.146 2..150 2,.152 2,.154 2,.156 2,.159 2..163 2,.165

90 2 .167 2,. 169 2 .171 2..173 2,.175 2,.176 2..178 2,.180 2,.182 2,.185

Example: Fl for N = 22 is 1.830, which is the number in the second row
("20") of column 4 ("2") .

TABLE 5.8

F2 NUMBERS

N 0 1 2 3 4 5 6 7 8 9

10 -0 .073 -0 .067 -0 .062 -0 .051 -0 .047 -0 .044 -0. 038 -0 .037 -0 .036 -0 .036

20 -0 .035 -0 .034 -0 .033 -0 .029 -0 .028 -0 .026 -0 .025 -0 .025 -0 .024 -0 .023

30 -0 .022 -0 .021 -0 .020 -0 .019 -0 .018 -0 .018 -0 .017 -0 .017 -0 .016 -0 .016

40 -0 .016 -0 .015 -0 .015 -0 .015 -0 .015 -0 .015 -0 .015 -0 .014 -0 .014 -0 .013

50 -0 .013 -0,.013 -0,.013 -0 .012 -0,.012 -0,.012 -0 .012 -0,.012 -0,.011 -0..011

60 -0,.011 -0..010 -0,.010 -0,.010 -0..010 -0..010 -0 .010 -0,.010 -0..010 -0..010

70 -0..010 -0,.010 -0..009 -0..009 -0.,009 -0.,009 -0 .008 -0.,008 -0.,008 -0.,008

80 -0. 008 -0. 008 -0. 008 -0.,008 -0.,008 -0. 008 -0 .008 -0. 008 -0. 008 -0. 008

90 -0. 007 -0. 007 -0. 007 -0. 007 -0. 007 -0. 007 -0 .007 -0. 007 -0. 006 -0. 006

Example: F2 for N = 22 is -0.033, which is the number in the second row
("20") of column 4 ("2") .



131

TABLE 5.9

F3 NUMBERS

N 0 1 2 3 4 5 6 7 8 9

10 -0.,0154 -0,.0128 -0 .0112 -0. 0108 -0 .0091 -0. 0080 -0.,0076 -0.,0066 -0,,0057 -0,.0054

20 -0,,0049 -0,,0042 -0 .0039 -0. 0037 -0 .0034 -0. 0032 -0.,0031 -0.,0027 -0.,0025 -0
,,0024

30 -0.,0023 -0 .0022 -0 .0021 -0. 0020 -0 .0019 -0. 0017 -0.,0016 -0.,0016 -0.,0015 -0 ,0014

40 -0,,0014 -0 .0013 -0 .0013 -0. 0012 -0 .0012 -0. 0011 -0,.0010 -0,.0010 -0,,0010 -0 ,0010

50 -0,,0009 -0 .0009 -0 .0008 -0. 0008 -0 .0008 -0. 0007 -0,.0007 -0,.0007 -0,.0007 -0 .0007

60 -0,,C007 -0 .0006 -0 .0006 -0. 0006 -0 .0006 -0. 0005 -0,,0005 -0,,0005 -0,,0005 -0 .0005

70 -0,.CD05 -0 .0005 -0 .0005 -0. 0004 -0 .0004 -0. 0004 -0,.0004 -0 .0004 -0,.0004 -0,.0004

80 -0.,0004 -0..0004 -0 .0004 -0. 0003 -0 .0003 -0. 0003 -0,,0003 -0.,0003 -0.,0003 -0.,0003

90 -0,,0003 -0,.0003 -0 .0003 -0. 0003 -0 .0003 -0. 0003 -0.,0003 -0,,0003 -0.,0003 -0,,0003

Example

:

F3 for N
("20") of

= 22 is
column

-0

4

.0039
("2")

which is the number in the second row
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TABLE 5.10

Gl NUMBERS

N 0 1 2 3 4 5 6 7 8 9

10 1.,006 1..050 1..069 1..117 1..140 1,.163 1,,178 1.,212 1,.223 1.238

20 1..259 1,.282 1,.294 1..305 1,.317 1,.342 1,.347 1,.360 1..367 1.381

30 1.. 390 1,.410 1,.406 1,.427 1..424 1,.434 1..444 1.,454 1,.456 1.470

40 1..467 1..478 1..485 1..498 1,.503 1..508 1,.514 1..516 1,.523 1.523

50 1..533 1,.541 1,.543 1,.548 1,.546 1,.561 1,.560 1,.565 1..571 1.576

60 1,.577 1..584 1..585 1..592 1..595 1,.597 1,.601 1,.607 1..609 1.612

70 1..617 1,.620 1,.625 1..629 1..630 1..636 1..637 1,.642 1..643 1.647

80 1..648 1,.651 1,.654 1..655 1,.657 1..660 1,.664 1..668 1..670 1.673

90 1,.676 1,.678 1..680 1,.681 1..683 1,.685 1..688 1,.690 1,.693 1.696

Example: Gl for N=22 is 1.294, which is the number in the second row
("20") of column 4 ("2") .

TABLE 5.11

G2 NUMBERS

N 0 1 2 3 4 5 6 7 8 9

10 -0, 308 -0.290 -0.,260 -0..253 -0.,234 -0,.222 -0..204 -0,.198 -0..187 -0,.180

20 -0.
, 171 -0.166 -0,,157 -0..152 -0..144 -0..142 -0..136 -0..132 -0..127 -0,.124

30 -0,,120 -0.118 -0.,113 -0..111 -0.,106 -0..104 -0..102 -0,.099 -0,.096 -0,.095

40 -0,,092 -.0090 -0.,088 -0,.086 -0..085 -0..083 -0..080 -0..078 -0..077 -0,.075

50 -0.,075 -0.074 -0..072 -0,.071 -0..070 -0..069 -0..067 -0,.066 -0..065 -0..064

60 -0,.063 -.0062 -0..061 -0,.060 -0..059 -0,.059 -0..058 -0..057 -0,.056 -0..055

70 -0,.055 -0.054 -0,.053 -0..053 -0..052 -0..051 -0,.051 -0,.050 -0..049 -0,.049

80 -0,.048 -0.048 -0..047 -0..046 -0..046 -0..046 -0,.045 -0..044 -0..044 -0..044

90 -0,.043 -0.043 -0..042 -0..042 -0,.041 -0,.041 -0..040 -0..040 -0..040 -0..039

Example: G2 for N=22 is -0.157, which is the number in the second row
("20") of column 4 ("2") .
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For the generator example:

ln(T) = In
118,622

1.1707

0.666

1.831

= 11.1624

Hence, T = 70 , 432 (on a TI-35 calculator, press INV InX for
11.1756). There is room for these computations in Table 5.6
(Work Sheet 15)

.

Mean and Standard Deviation . As in Chapter Four, the mean
and standard deviation of the failed generator mileages cannot be
directly computed because there are four suspended cases. In
three of these cases the generators have not yet failed and in
the fourth case the failure mileage is unknown (unrecorded) . The
estimated mean and standard deviation for all 22 generators is
found by using the same technique as in Chapter Four.

Table 5.12 (V\?ork Sheet 13) provides space for the compu-
tations. The estimated mean mileage to failure, X, is found by
using the previously determined Weibull distribution factors, D,

B, and T. First, find the El number in Table 4.11 which corre-
sponds to the value of B rounded off to just one decimal point.
B is 1.831, or 1.8 rounded off, and the corresponding number. El,
in Table 4.11 is 1 . 1245. El is used to find X in the follov;ing
equation

:

X 94 , 486 miles

Note that the estimated mean, X = 94,486 miles, is slightly high-
er than the average of the 18 failure mileages in Table 5.4,
86,133 miles. The difference accounts for the suspended cases
which will accumulate more miles before failing.

The estimated standard deviation, SD, is found by first
finding the number, E2, in Table 4.13 which corresponds to B =

1.8. The value for E2 is 0.2614. This number is then used in
the following equation to find the estimated standard deviation:

X
T
El

+ D

70,432 miles
1 . 1245

+ 31,852 miles

SD 36,010 miles
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TABLE 5 . 12

WORK SHEET 13

COMPUTING THE ESTIMATED MEAN MILEAGE TO FAILURE
AND THE STANDARD DEVIATION FOR WEIBULL FAILURE

DATA WITH CENSORED AND SUSPENDED CASES

Cost Driver Generators Bus Model

Component Type Study Dates

INPUT NUMBERS:

D = 31,852 miles
(minimum life term)

B = 1.831 •

(Weibull shape factor)

T = 70,432 miles
(Weibull characteristic life factor)

El = 1. 1245
(from Table 4.12)

E2 = 0.2614
(from Table 4.13)

ESTIMATED MEAN MILEAGE TO FAILURE, X:

X = 70.432 mi. / 1.1245 + 31.852 mi. = X = 94,486 mi
T El D

ESTIMATED STANDARD DEVIATION, SD

:
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This number compares to the standard deviation for the 18 failure
cases alone of 34,161 miles.

Summary . The values for the Vveibull distribution, D, B, and
T, the estimated mean mileage to failure, X, and the estimated
standard deviation, SD, are entered in the summary Table 5.13
(Work Sheet 3). A frequency bar chart of the 18 generator fail-
ures is included.

The Weibull formula is plotted as a smooth curve in Figure
5.1 using the values for D, B, and T, computed above. Now that
the Weibull distribution has been established for the generator
example, it is possible to predict future failure patterns.

The steps required to find the Weibull constants, D, B, and
T, and the estimated mean and standard deviation, are recapped as
follows

:

1. Tabulate the component failure mileages and the mileages ac-
cumulated by the buses with unfailed original components in
Work Sheet 7 (Table 5.1) . All of the unfailed components
should have accumulated less miles than at least one of the
failed components, which means they are "suspended" cases.
If the failure mileage for a failed component was not re-
corded, then this case is considered suspended at the most
recent inspection mileage when the component was still work-
ing. Furthermore, if the data set contains a mixture of
censored and suspended cases, then the techniques of Chapter
Six should be used instead.

2. List the failed and suspended component mileages in increas-
ing order from smallest to largest in Work Sheet 8 (Table
5.2) .

3. Compute the weights and adjusted order numbers for all of
the components in Work Sheet 14 (Table 5.3).

4. Use Work Sheets 9 and 9a (Tables 5.4 and 5.5) to calculate
the intermediate number, S, using the adjusted ordered
failure mileages and D. The minimum life term, D, is 0.90
multiplied by the smallest failure mileage.

5. Determine the shape factor, B, and the characteristic life
factor, T, by following the computational outline in Work
Sheet 15 (Table 5.6).

6. Determine the estimated mean mileage to failure, X, and the
estimated standard deviation, SD, using Work Sheet 13 (Table
5.12)

.

7. Enter the values for D, B, T, X, and SD in summary Work
Sheet 3 (Table 5.13). The Weibull distribution computation
is now complete.
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TABLE 5.13

WORK SHEET 3

SUMMARY SHEET OF FAILURE MILEAGE DISTRIBUTION

Cost Driver Generators Bus Model

Component Type Study Dates

Number of cases, N 22 Mean, X 94,486 miles

Number of failures, NF 18

Maximum mileage 150,474 miles

Minimum mileage 35,391 miles

Std. deviation, SD 36,010

(X-D)/SD 1.74

miles

WEIBULL DISTRIBUTION PARAMETERS:

Minimum life term, D 31,852 miles

Snape factor, B 1. 831

Cnaracteristic life factor, T 70,432 miles

FAILURE MECHANISM; "Mileage to Failure Unpredictable "
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FIGURE 5.1

FITTED WEIBULL PROBABILITY CURVE FOR THE GENERATOR FAILURE
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What is the Appropriate Maintenance Policy for the Generators ?

A determination of the failure mechanism and the best main-
tenance policy for the generators can be made with the summary
data of Table 5.13 (Work Sheet 3). Dividing (X - D) by SD yields
a value of 1.74. B, of course, is 1.831, which also is less than
2.0. Based on Table 1.1 from Chapter One, the failure mechanism
is determined to be "mileage to failure unpredictable".

The appropriate maintenance policy for the generators is
found in Figure 1.6. The mean mileage to failure, X, is assumed
to be about as expected and the occurrence of generator failures
is relatively undetectable. Based on Figure 1.6, then, the pre-
ferred maintenance policy is "operate-until-failure"

.

Predicting the Future Reliability of the Generators

The future reliability of the generators is determined by
working with the cumulative percent of generators that are ex-
pected to fail by a certain mileage. The cumulative Weibull dis-
tribution for the generator example is plotted in Figure 5.2.
The following formula is used to calculate the curve:

probability

As an example of its use, determine the percent of original
equipment generators which can be expected to fail before 60,000
miles. Using the previously determined Weibull values (D =

31,852 miles, B = 1.831, and T = 70,432 miles), the proportion or
cumulative probability of generators expected to fail before
60,000 miles is:

An explanation and pictures of how to work out this formula with
a scientific calculator are shown in Appendix B.

From the above calculation it is thus expected that 17.01
percent of the generators will fail by the time they accumulate
60,000 miles. This means that about three or four out of the 22
original generators (22 times 0.1701 = 3.74) are predicted to
have failed by the time the buses have accumulated an average of
60,000 miles.

The reliability curve for the generators is computed from
the cumulative percentages of Table 5.14 (Work Sheet 11). Cumu-
lative mileage intervals of 15,000 miles were used in Table 5.14,

cumulative

cumulative
probability

= 1 - e
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FIGURE 5.2

CUMULATIVE WEIBULL CURVE OF GENERATOR FAILURES
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starting with the minimum life, D = 31,852 miles, and extending
to greater than 180,000 miles. The cumulative probabilities in
column 2 are computed by using the above cumulative probability-
formula for the fitted Weibull distribution. These are converted
to percentages in column 3. The reliability, or percent surviv-
ing, is computed in column 4 by subtracting the cumulative per-
centages of column 3 from 100 percent. The resulting reliability
curve is depicted in Figure 5.3.

How Many Generators Will Fail During Any Time Period ?

Consider a fleet of 60 new buses which will average 30,000
annual miles per bus. Based on the previous section it can be
predicted that about ten new generators (60 times 0.1701 = 10.21)
will have failed by the time the buses have accumulated 60,000
miles each, which will occur at the end of the second year.

Generator failures per year can be predicted assuming con-
stant annual mileages per bus. In Table 5.14 each cumulative
15,000 mile increment is equivalent to six months of bus life.
Hence, 180,000 miles is equivalent to six years. The expected
nun±)er of generators failing in each mileage or time interval is
presented in column 6. Note that no generators are predicted to
fail in the first 31,852 miles of service (about one year), which
is the minimum life term. All but one of the original generators
are predicted to have failed after six years or 180,000 miles of
use

.

What About the Replacement Generators ?

Table 5.14 predicts the number of first time failures that
can be expected each year but it does not account for the fail-
ures of the replacement generators. A satisfactory estimate of
the grand total number of failures (including failures of the re-
placements) to expect during any period can be obtained as fol-
lows. Take the number of miles a bus will travel during a peri-
od, divide it by the estimated mean mileage until failure, and
then multiply the result by the total number of buses. It is
assumed that the replacement generators last as long as the orig-
inals .

To ;;ind the total number of original equipment and replace-
ment failures during one year, first divide the total number of
miles accumulated by the average bus in a year (30,000) by the
mean mileage until failure, X = 94,486 miles. This equals 0.3175
(30,000 divided by 94,486 = 0.3175). Then multiply the number of
buses by 0.3175 to get the number of generators that are expected
to fail during each year. If there are 60 buses, then about 19

are expected to fail each year (60 x 0.3175 = 19.05).

Whe 1 the 60 new buses are first put into service, the gener-
ator failure rate will be low since the generators are new, too.
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GENERATOR FAILURES

FIGURE 5.3

GENERATOR RELIABILITY CURVE
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TABLE 5.14

WORK SHEET 11

COMPONENT RELIABILITY ANALYSIS
FOR WEIBULL FAILURE DATA

Cost Driver Generators Bus Model

Component Type Study Dates

Cumulative
Mileage, M

(1)

Cumulative
ProbabilitY
of Failure

(2)

Cumulative2
Percentage

(3)

3
Reliability, R
(% Surviving)

(4)

Percent
Failing in
Mileage

^
Interval

(5)

Number
Failing
in Mileage
Interval

(6)

31,852 0.0 0.0 % 100.0 % %

45,000 0.0452 4.5 % 95.5 % 4.5 % 2.7
60,000 0. 1701 17.0 % 83.0 % 12.5 % 7.5
75,000 0. 3348 33.5 % 66.5 % 16.5 % 9.9
90,000 0.5054 50.5 % 49.5 % 17.0 % 10 .2

105 ,000 0. 6576 65.8 % 34.2 % 15.3 % 9.2
120,000 0.7787 77.9 % 22.1 % 12.1 % 7.3
135,000 0. 8661 86.6 % 13.4 % 8.7 % 5.2
150 ,000 0.9241 92.4 % 7.6 % 5.8 % 3.5
165,000 0.9596 96.0 % 4.0 % 3.6 % 2.2
180,000 0. 9798 98.0% 2.0 % 2.0 % 1.2

>180 ,000 1.0000 100.0 % 0.0 % 2.0 % 1.2
% % %

% g. 100.0 % 60. 1
% % %

Cumulative
Probability

= 1 - e

M - 31, 852
1. 831

70 ,432

" 1 - e

The number in column 2 times 100.

100 percent less the number in column 3.

Percent failing in mileage interval

~ ^1 ~ ^2 ' ^1 ~ reliability (column 4) at previous
^ cumulative mileage

R^ = reliability at mileage in column 1

The total number of failures, N, times tne decimal percentage
in column 5.
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Eventually the failure rate will increase and should stabilize at
the previously determined 19 failures per year. The time it
takes for the failure rate to reach this steady-state can be es-
timated to bo the same as the average life of a generator.

For example, if the average life of the generators is
predicted to be 94 , 486 miles, then the time it takes for the
failure rate to reach 19 per year is about 3.2 years (94,486
divided by 30,000 = 3.15). The increase in failure rate from
zero to 19 per year is shown in Figure 5.4 as a straight line
over time. This is good enough for estimating the failure rate
as a function of time until 3.2 years is reached. Based on
Figure 5.4, the generator failure rate for the 60 buses at the
end of one year is about six per year, and at the end of two
years about 12 per year. This graph can be used to predict the
demand for generator repairs at any time during the bus life
cycle for the new bus fleet.

Finally, the area under the graph between two points in time
is an estimate of the total number of failed generators during
that time interval. This information is useful for estimating
annual maintenance costs and generator inventory requirements.

List of References

Johnson, L. G. , The Statistical Treatment of Fatigue Experiments
,

Elsevier Publising Company, New York, 1964.
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CHAPTER SIX

WEIBULL DISTRIBUTION FAILURE ANALYSIS WITH BOTH
CENSORED AND SUSPENDED SAMPLING: TRANSMISSION EXAMPLE

This chapter is a self-contained analysis of original equip-
ment bus transmission failures to predict future failure pat-
terns. Not all of the bus transmissions in the fleet being
studied have failed yet but the analyst desires to include every
bus in the analysis. The buses v;ith surviving transmissions fall
into two categories:

1. Some surviving transmissions have accumulated more
miles than any failed transmission in the fleet. This
is data with censored cases : the buses with these
transmissions have not been in service long enough for
all to have failed. The analyst wishes to forecast
failure patterns before the entire generation of trans-
missions has failed.

2. Some surviving transmissions have accumulated less
miles than at least one of the failed transmissions.
This is data with suspended cases : these buses have
seen less service than those with failed transmissions.

Chapters Four and Five have treated censored and suspended
sampling separately. This chapter considers the situation where
the failure data includes both censored and suspended cases. The
topics covered are:

o How to collect the transmission data.

o How to tabulate data which contains both censored and
suspended cases.

o Fitting the Weibull distribution with censored and sus-
pended cases to the transmission data.

o What is the appropriate maintenance policy for the
transmissions ?

o Predicting the future reliability of the transmissions?

o How many transmissions will fail during any time
period?

o What about the replacement transmissions?

How to Collect the Transmission Data

As in the other chapters, it is assumed that the buses in
the fleet under study were purchased at about the same time and

145
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the buses have experienced similar mileages and operating con-
ditions. It is assumed that the component of interest is the
same model in each bus. The significance of being able to ac-
count for both censored and suspended cases is that it gives the
analyst more freedom when working with actual data. For example,
the analyst naturally wishes to include as many new buses as pos-
sible in the study. However, suppose that the buses were de-
livered over a period of time, such as one year, so that the last
buses delivered have accumulated fewer miles than the others.
Alternatively, a bus may simply have accumulated less miles for a
variety of reasons; perhaps it was in an accident. Such buses
may become suspended cases. Finally, accounting for censored
cases permits the analyst to forecast failure patterns without
waiting for all of the original components to fail.

The bus fleet under study should have recorded at least ten
original component failures, and the failed components should
comprise at least twenty percent of the entire fleet under study.
Do not include failures of component replacements in the analy-
sis.

As an example, consider the fourteen Bluebird 30 foot buses
placed in service by a transit agency in 1981 and listed in Table
6.1 (Work Sheet 7) . For each bus the mileage at the time of the
study and the mileage when the original transmission failed are
recorded. Four out of the fourteen transmissions have not failed
yet. Note that the failed transmission which accumulated the
most miles before failure was from bus number 8109 with 90,930
miles. The transmission on bus 8107 has received less service
(83,551 miles) and has not failed. Therefore, it should be
treated as a suspended case. The transmission on bus 8113 has
not failed but it has accumulated more miles (118,667 miles) than
the highest mileage failure (bus number 8109, 90,930 miles).
Therefore, it is a censored case. The data set thus includes
both censored and suspended cases.

How to Tabulate Data Which Contains Both Censored and Suspended
Cases

The analysis of the components with censored and suspended
cases begins by listing the buses in order of increasing mileage
when the original transmission failed, or the mileage at the time
of the study if it is censored or suspended. This is done in
Table 6.2 (Work Sheet 8). Whether the individual cases are
failed, censored, or suspended is noted in column 4. Note the
relationship of the censored and suspended cases:

1. The censored buses have higher mileages than all of the
failed cases. They are ordered last in Table 6.2.

2. The suspended buses have lower mileages than some of the
failed cases.
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TABLE 6 .

1

WORK SHEET 7

FAILURE STATUS OF ORIGINAL COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Transmissions Bus Model Bluebird

Component Type Detroit Diesel Allison Study Dates 1981-1983

MT 64 3

Bus
IN Lli Ui>J v3 J-

(1)

Component

(2)

Current
Bus
Ml 1 ^ cft^

(3)

Component
Failure
M T 1 o a rri 1 X Xc ci y t-

(4)

Status of
Unfailed
Component*

/A rn vn ^ n + o

(7)

Censor
(5)

Susp

.

(6)

o ±U 1 105 , 335 81,621
o 1 n oO ID Z OA T O A80,180 66,981

O lU J T T /I A r~ A114 , 852 71,400

8104 80,309 X

810 5 96,971 82 , 195
OTA/'
8 105 115 , 07 1 48,250
O 1 A ^810 7 83,551 X

o lU 8 12 1 , 14 3 X

T T ^ A A /"

117 , 0 36 90,930

8110 123,443 43,483

8111 93,821 52,624

8112 101, 178 83,822

8113 118,667 X

8114 91,013 71,750

CENSORED cases refer to surviving components which have accu-
mulated more miles than any failed component in the data set.

SUSPENDED cases refer to surviving components which have accu-
mulated less miles than at least one of the failed components.
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TABLE 6,2

WORK SHEET 8

RANK ORDERING OF SURVIVING AND FAILED COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Transmissions Model Bluebird

Detroit Diesel Allison iqqi iq
Component Type mt 64 3 Study Dates -l-^ol-l^

Order
Number

(1)

Bus
Number

(2)

Component
Number

(3)

Failed,
Suspended

,

or Censored
(4)

Mileage When
Failed, Suspended,
or Censored*

(5)

1
ft 1 1 n r dx xeu ft J , 1 o J

2
ft 1 06 r ax xea

3
ft 1 1 1O X X X r ax xea

4
ft 1 n 9o xu z r ax xea DO , y o 1

5 o XU J r ax xea / 1 , ftU

U

6
PITA r ai lea "7 1 "7 c n

/ 1 , / D U

7 — Suspended on "2 A Qou , juy

8
Q 1 n 10 XU X — r ailea O 1 , D Z 1

9
ft 1 n RO X U 0 r ax lea o z , ly D

10 8107 Suspended 83,551

11 8112 Failed 83, 822

12 8109 Failed 90,930

13 8113 Censored 118,667

14 8108 Censored 121, 143

15

16

17

18

19

20

*
Each component is listed in ascending order of the mileage en-
tered in Column 5

.
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The next step in -Tabulating the data is to calculate "ad-
justed order numbers" using Table 6.3 (Work Sheet 14). The in-
formation in columns 1, 2, 3, and 4 is taken from Table 6.2 (Work
Sheet 8). In column 5 of Table 6.3 the original order numbers of
column 4 are reversed. In this example there are 14 buses, hence
the reverse ordering goes from 14 to 1.

The next step is to calculate a "weight" for each failed
bus. When calculating the weights the censored and suspended
cases are skipped. The weight equation is:

(number of buses +1) - (previous adjusted order number)
weight =

1 + (reverse order number)

The previous adjusted order number is the sum of all the previous
weights and it is found in column 8 of the immediately preceding
failure case.

For example, the first bus (number 8110) has the following:

14 = the total number of buses, N
0 = the previous adjusted order number (it equals zero

because it is the first case)
14 = the reverse order number from column 5.

Thus, the weight for bus 8110 is:

(14 + 1) - 0

weight = = 1

1 + 14

The adjusted order number for bus 8110 is 1 since it is the first
one in Table 6.3.

Similar calculations follow until the first suspended bus is
encountered, number 8104, for which no weight or adjusted order
number is computed. Next, consider the first bus after this sus-
pended bus, number 8101. For bus 8101:

14 = the total number of buses

6 = the previous adjusted order number (for bus 8114)

7 = the reverse order

(14 + 1) - 6

weight = = 1.1250
1 + 7

Thus, the adjusted order number for bus 8101 is 6 + 1 . 1250 =

7. 1250.

As a third example, consider bus number 8112 which comes
after the second suspended bus, number 8107. For bus 8112:



150

O

W

E-«

w

o

1^

D cn
CQ W
M W
W <
^ u
a Q
O W

W W
w w
CQ D
2 W
D

Pi
W
Q
O
Q W
£-1 W
cn <
D U
Q

Q
2

w in

o «
2 D
E-i M
D <:

o
u

rri

d) c» c)

CO Q) in c)

1

—

1 ro in fVJ in
•(—

(<t3 6 00 1

—

rsi

> •

< O 2 r~ 00

1 II 1 1 1 1 II 1 1 11

+J

C c> c
in in

•H 1—H f— iH r— r

—

I—< CN CM

<U —

'

1
— rH

• •

rH rH

c
0 0 iH CM ro in
•H in
+J 1 1 ro 1 CN 1

rH
1 0 1 1

(d
1 rH rH rH rH

•

rH + rH + rH + rH + rH + rH + ^H +
rp

+
IT> U + + + + + + +
•H rH rH H rH rH rH H H rH

rH iH rH rH rH rH rH +
[2 U rH

(0 ^
M <U

ro CN rH 00 in

> 73 e Ln rH iH rH rH rH

QJ >-l ^3
—

'

Pi O 2

rH

c u

iH (N ro •vf LD r- 00 0
•H no g ^ rH

U U 0 ^
O O 2

(U

c

c a*
(D W '0 m 0 r^ 0 0 CTi rH in rH

(X) LD 00 0 in 0 OM CTi in

[2 W ^ CN as "vT ro VO rH in

0
0) - CO ro 00 CM r^ rH 0 rH CM ro

in l> 00 00 00 00

(d 0) CD ro
<D r-l o ^
rH -H
•H to M
2 t4 0

TJ
^ Q)

T3 M Ti
(U 0 0)

CO 73
^0 c c — TS n3 Xi C
0) 0) QJ CM (D CU CD (U 0) 0) (U CU CD CU

rH rH rH rH rH rH rH rH
•H CO H H H H H H CO H H to

(tJ D Sh fd fd (d td (d fd J3 fd fd

W 0 fa fa fa CO fa Ij-l

( 1H <N ro rH in
rH <3 rH ( < rH 0 C <r> 0

CO g rH rH rH rH rH rH rH rH rH rH rH

CO CO 00 00 00 00 00 00 00 00

CQ 2



151

CM

m
o

CM

o

(0

P
C
•H
-P

C
O
u

w
w

O

CQ IjJ

M CO

W <
S u
a Q
o w
CL4 Q
2

Pi cu

W CO
CQ

S
D

«
W
Q
Pi
O

w
Q
D
U
2

Q 02
w w

02Eh
02
D
Q 2
<: w

a:
Q S
< 02
H

02 C/2

E-i >H

W <
w

2
Eh M
D <
CM

O
U

•r-i

< O

CO

-p

H

o
o
o

O
O
LT)

o
o
in
CTi

O

o
o
IT)

C
O
•H
4-1

ITS

4-) M
C P
en U
•H M
(D d

3
-O

X)
+

+

OOO

I

+

+

(T3

C
H >^

CP 0)

>H M
O O

U

X! —

2

CM

0)

0)

C a QJ

;2 02 >M

o

fd (1) (U ro
d) ^ U ^
H fd Sh

S 0

CM
CN
CX)

PO
CO

o

o CO
CN

- 0)

0) O
• w

T3 C C
<D 0) 0) CN
r-l CUO —H W
fC :3

(ii 02 O

t3
QJ

•H

P4

0)

•H

(U

o
CO

G
0)

U

QJ

U
O
cn

c

U

W E ,-H

CQ 2

CN

CO

O
00 CO

CO
o
00



152

14 = the
8.2500 = the

4 = the

total number of buses
previous order number
reverse order number

(bus 8305)

(14 + 1) - (8.2500)
weight = 1 . 3500

1 + 4

The adjusted order number for bus 8112 is 8.2500 + 1.3500 =

9.6000.

This process of calculating the adjusted order numbers in-
cludes input from the suspended and censored buses even though it
is not mown when their original transmissions will fail. The
adjusted order numbers are now used in the derivation of the
Weibull distribution.

Fitting the Weibull Distribution with Censored and Suspended
Cases to the Transmission Data

The transmission failures are modeled similar to any complex
component which fails rather than wears out. Therefore, the in-
complete set of transmission failures can be modeled with the
Weibull distribution with its characteristic ski-slope shape. If
all of the bus fleet data consisted of transmission failures, the
bar chart of the failure mileages would resemble a ski slope pat-
tern. However, when the data set is incomplete because some of
the transmissions have not failed yet, the bar chart may not look
like that. Instead, the Weibull distribution is selected because
it is expected that the complete failure distribution pattern
would resemble a ski slope.

Calculating D, B, and T . Fitting the transmission failure
data with both censored and suspended cases is similar to previ-
ous chapters but not quite the same. To be able to calculate the
Weibull curve that best fits the original data, the same three
Weibull constants, D, B, and T, have to be calculated. However,
different tables are used. First, the buses with transmission
failures are listed in order of increasing failure mileage in
Table 6.4 (Work Sheet 9). The suspended and censored cases are
not included in this table.

The first constant is D and it is called the "minimum life
term". Should a component fail without having accumulating any
miles, the "minimum life" would be zero. As before, a satisfac-
tory estimate of D is 90 percent of the lowest failure mileage.
In Table 6.4, the lowest failure mileage is 43,483 miles (bus
8110) and, therefore, D equals 39,135 miles (43,483 x 0.90 =

39, 135)

.

The other two constants are B and T. B, the "shape factor",
determines the shape of the curve (a measurement of how bunched
together or spread out the distribution is) and T, the "charac-
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TABLE 6 .

4

WORK SHEET 9

COMPUTATION OF D , K, AND S FOR WEIBULL FAILURE DATA

Cost Driver Transmissions Bus Model Bluebird
Detroit Diesel Allison

Component Type MT 643 Study Dates 1981-1983

Bu s

Number

(1)

Failure
Mileage

(2)

Minimum^
Life, D

(3)

K

(4)

* *
In (K )max

(5)

In (K)

(6)

*• *
L

(7)

8110 43,483 39 , 135 4,348 10 8550 8 3 77 S 2 . 4775

8106 48,250 39 , 135 9, 115 10 8550 Q- y ^ 117 7J L / / 1 . 7373

8111 52,624 39 , 135 13,489 10 8 5 5 0 Q s n 9 6-J \j y \j 1 . 3454

8102 66,981 39, 135 27,846 1 0 7 34 4^ J T 1 0 . 6206

8103 71,400 39, 135 32,265 10 8550 10 3 817 0 . 4733

8114_L -L T 71,750 39 , 135 32 ,615 If) R S SO 1 nJ- u , ^ Q 9 SO y ^ ^ 0 . 4625

810 1t-/ -L W J_ 81,621 39,135 42 ,486 in 8SS0 1 n vj _J U 0 .2011

8105 82,195 39, 135 43,060 10 8550 10 6 70 3 0 . 1847

8 112 83, 822 39, 135 44,687 ] 0 8 5 5 0 1 n 101

A

/ U / T 0 . 1476

90,930 39, 135 51, 795 in R R R

n

1 n R R R nO D D U 0 . 0

Sums

:

ZK s

*
Minimum life term, D = 0.90 x lowest failure mileage

= 0.90 X 43,483 mi, = D = 39,135 mi les

**
ln(K ) = ln( 51,795 ) = 10.8550 , where K is the largest

max max
value of K in column 4

.

** *
If the data set contains suspended failure cases, the L terms
must be modified in Work Sheet 10a before computing S.
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teristic life factor," determines how far away the peak in the
curve should be from zero miles. Before calculating B and T, in-
termediate numbers must be calculated. These calculations are
also shown in Table 6.4.

The minimum life term, D = 39, 135 miles, is subtracted from
each failure mileage in Table 6.4 (column 2 minus column 3) to
get column 4, which is a value of K for each failed transmission.

The K values are then used to calculate the values for L in
column 7. First, compute the natural logarithm of the largest
value of K, K , which is 51,795 miles for bus 8109. Obtaining
the natural logarithm is simple when using a scientific calcula-
tor. Enter the number, 51,795, and press the button marked "In".
The natural logarithm, 10.8550, will appear on the display.* The
natural logarithms are rounded-off to only four digits to the
right of the decimal point for simplicity (10.855049 becomes
10. 8550) in Table 6.4. This number is placed on every line of
the fifth column of Table 6.4.

]Sie> t, the natural logarithm of each value of K, In (K) , is
written in the sixth column. For example, in the first line of
Table 6.4 (bus 8110), In (4,348) equals 8.3775. The difference
of the numbers in the fifth and sixth columns is written in the
seventh column. The values in the seventh column are the values
of L.

Since the data set includes suspended samples, the L values
must be modified using the adjusted order numbers of Table 6.3.
Table 6.5 (Work Sheet 9a) is provided for these computations.

Fiist, columns 1, 2, and 3 are filled in using the informa-
tion frcm Tables 6.3 and 6.4. In column 4 the row numbers from 1

to 10 a" ready are entered. Column 3 is divided by column 4 with
the ratd o result reported in column 5.

The final step is to rewrite the values of L from column 2

into column 6. The ratio is then multiplied by L (column 5 mul-
tipled l;y column 6) and the result is written in column 7. The
sum of all the modified L's in column 7 equals S, which is
7.6692.

Nov it is possible to compute the two remaining Weibull con-
stants, B and T. Table 6.6 (Work Sheet 16) outlines the compu-
tations for B and T and provides space for each intermediate re-
sult and the final answers.

B and T are determined by looking up numbers HI, H2, H3, Jl,
J2, and J3 from Tables 6.7 through 6.54 for the total number of

* For a discussion of the use of scientific calculators see
Appendix B.
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TABLE 6 .

5

WORK SHEET 9a

MODIFICATION OF L FACTORS TO COMPUTE S FOR
WEIBULL FAILURE DATA WITH SUSPENDED CASES

Cost Driver Transmissions Bus Model Bluebird
Detroit Diesel Allison

Component Type MT 64 3 Study Dates 1981-1983

Bus
Number

(1)

*
L
(2)

Adjusted
Order No.

(3)

Row
Number

(4)

Ratio
(5)

L
(6)

Modified
L
(7)

8110 2.4775 1 / 1 1 X 2.4775 — 2.4775

8106 1.7373 2 / 2 1 X 1.7373 1.7373

8111 1.3454 3 / 3 1 X 1.3454 1. 3454

8102 0.6206 4 / 4 1 X 0.6206 = 0.6206

8103 0.4733 5 / 5 1 X 0.4733 = 0.4733

8114 0.4625 6 / 6 1 X 0.4625 0.4625

8101 0.2011 7.1250 / 7 1. 0179 X 0.2011 0.2047

8105 0. 1847 8.2500 / 8 1. 0313 X 0. 1847 0. 1905

8112 0. 1476 9.6000 / 9 1.0667 X 0. 1476 0. 1574

8109 0.0 10.9500 / 10 1. 0950 X 0.0 0.0

/ 11 X

/ 12 X

/ 13 X

/ 14 X

/ 15 X

/ 16 X

/ 17 X

/ 18 X

/ 19 X

/ 20 X

Sums

:

S 7.6692

* From Work Sheet 9, Column 7.
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TABLE 6.6

WORK SHEET 16

COMPUTATION OF B AND T FOR VJEIBULL FAILURE DATA
WHICH CONTAINS BOTH CENSORED AND SUSPENDED CASES

Cost Driver Transmission
Detroit Diesel

Component Type Allison MT 643

Bus Model Bluebird

Study Dates 1981-1983

INPUT NUMBERS:

The following numbers are obtained from Tables 6.7 to 6.54:

HI =

H2 =

H3 =

N =

NS =

NC =

1. 152

- 0.052

- 0.0081

Jl =

J2 =

J3 =

0. 360

- 0.235

0. 0062

14 S =

(total number of buses)

2
(number of suspended cases)

2
(number of censored cases)

7.6692
(trom Work Sheet 9a)

Kmax 51,795 miles

ratio =

(NC/N)xl00 = 14.3 %

(percent of censored
cases

)

(from Work Sheet 9)

1.0950

(from Work Sheet 9a,
the ratio in column
5 corresponding to
K )max

SHAPE FACTOR, B:

M = 1.152 + - 0.052 X 2 + -0.0081 x ( 2 )

M =

B =

Hi

1. 016

H2 NS H3 NS

1. 016 X 14 / 7 .6692 = B = 1. 855
M N S

CHARACTERISTIC LIFE FACTOR, T:

P =

P =

0. 360 - 0.235 X 2 + 0.0062 x ( 2 )

Jl

- 0.085

J2 NS J3 NS

ln(T) = In ( 51,795 / 1.0950 ) - -0.085 / 1.855
Kmax ratio B

in(T) = 10.7185 , T = 45, 184 mi. ("inverse" of In (T) on a
scientific calculator)



157

TABLE 6.7

HI NUMBERS FOR 10% CENSORED

N _o 1 2 3 A 5 6 7 8 9

10 \.Z02 1 . 2 )9 1. 234 1.2<,8 1 . 26 1 1 . 2 7 5 1 . 284 1 . 294 1.J05 1.11

20 i.3]3 1.J25 1.331 1.356 1.541 1.545 1.348 1.352 1.555 1.55

30 1.360 1.362 1.364 1.366 1.368 1.570 1.372 1.374 1.576 1.57

^0 1.379 1.380 1.582 1-383 1-385 1.586 1-587 1.338 1.590 1.59

50 1.592 1.395 1.394 1.395 1-396 1.397 1-397 1.398 1.399 1.4C

60 1.400 1.401 1.402 1-402 1.403 1.403 1.404 1-404 1-405 1.4C

.-jQ 1.406 1 . 406 1 - 407 1 .407 1 . 407 1 .408 1 .408 1 . 408 1 .409 1 . 4Q

80 1.409 1.410 1.410 1.410 1.411 1-411 1.411 1-412 1.412 1.41

on 1.415 1-413 1.413 1.414 1.414 1.414 1-415 1-415 1-414 1.41

TABLE 6 .

8

H2 NUMBERS FOR 10% CENSORED

0 1 2 3 A 5 6 7 8 9_

10 -0.041 -0.059 -0-057 -0.055 -0.053 -0-050 -0.048 -0.047 -0.045 -0.043

20 -0.041 -0.039 -0.038 -0.056 -0.035 -0.053 -0.032 -0.030 -0.029 -0.028

-0.027 -0.026 -0.025 -0.023 -0.022 -0.022 -0.021 -0.020 -0.019 -0.018

AO -0.017 -0.017 -0.014 . -0.015 -0-015 -0-014 -0.014 -0.013 -0.013 -0.012

50 -0.012 -0.011 -0.011 -0.011 -0.010 -0.010 -0.010 -0.009 -0-009 -0.009

60 -0.009 -0.009 -0.008 -0.008' -0-008 -0.008 -0.003 -0.008 -0.007 -0.007

70 -0.007 -0.007 -0.007 -0.007 -0.007 -0.007 -0.007 -0.004 -0.006 -0.006

80 -0.006 -0.006 -0.006 -0.006 -0.006 -0.005 -0.005 -0.005 -0.005 -0.004

90 -0-004 -0.004 -0.004 -0.003 -0.003 -0.003 -0.002 -0.002 -0.001 -0.001
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TABLE 6.9

H3 NUMBERS FOR 10% CENSORED

N 0 1 2 3 A 5 6 7 8 9

10 -0.0152 -0.0132 -0.01U -0.0093 -0.0084 -0.0072 -0.0042 -0.005J -0.0046 -0.0040

-J. 0035 -0.0031 -0.002S -0.0026 -0.0024 -0.0022 -0.0021 -0-0020 -0.0019 -0.0018

^'^ -0.0018 -0.0017 -0.0016 -0.0015 -0.0015 -0.0014 -0.0013 -0.0012 -0.0012 -0.0011

40 -0.0011 -0.0010 -0.0010 -0.0009 -0.0009 -0.0003 -0.0003 -0.0007 -0.0007 -O.Q007

50 -0.0006 -0.0006 -0.0006 -0.0005 -0.0005 -O.OOOS -0.0005 -0.0004 -0.0004 -0.0004

60 -0.0004 -0.0004 -0.0004 -0.0004 -0.0005 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003

70 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0,0003

80 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0-0002 -0-0002

90 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

TABLE 6. 10

Jl NUMBERS FOR 10% CENSORED

^ 0 1 2 3 A 5 6 7 8 9_
10 0.299 0.316 0.532 0.347 0.360 0.371 0.381 0.390 0.398 0.405.

20 0.410 0.416 0.420 0.424 0.427 0.430 0.432 0.434 0.436 0.438

30 0.440 0.442 0.444 0.446 0.447 0.449 0.451 0.452 0.454 0-456

4 0
'

0.«57 0.459 0.460 0.461 0.463 0.464 0.465 0.466 0.468 0.469

C.470 0.471 0.472 0.473 0.474 0.475 0.476 0.477 ' 0-478 . 0.478

f.479 0.480 0.481 0.482 0.482 0.483 0.484 0.484 0.485 0-484

70
0.486 0.487 0.487 0.488 0-488 0.489 0.489 0.490 0.490 0-491

80 0.491 0.492 0.492 0.492 0.493 0.493 0.494 0.494 0.494 0.495

90 C.495 0.495 0.494 0.494 0.496 0.497 0.497 0.497 0.498 0.498
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TABLE 6.11

32 NUMBERS FOR 10% CENSORED

N 0

10 -0.277

20 -0.170

-0.116

-0. 089

-0.071

-0.059

-0.050

-o.o;5

-0.041

30

40

50

60

70

80

90

-0.263

-0.163

-0.1 13

-0. 087

-0.070

-0.058

-0. 050

-0.04*

-0.040

-0. 250

-0.156

-0.109

-0.085

-0.068

-0.057

-0. 049

-0.044

-0.040

-0.2 58

-0.150

-0.106

-0.083

-0.067

-0.056

-0.048

-0.043

-0.039

-0.226

-0-144

-0. 104

-0.081

-0.065

-0.055

-0.048

-0.043

-0.039

-0.215

-0.138

-0.101

-0.079

-0. 064

-0. 054

-0.047

-0.043

-0.039

-0.205

-0.133

-0.098

-0.077

-0.063

-0.053

-0.047

-0.042

-0.038

-0.195

-0.128

-0.096

-0.076

-0. 062

-0.052

-0.046

-0.042

-0.038

8

-0.1 86

-0.124

-0.094

-0.074

-0.061

-0.052

-0. 046

-0.041

-0.037

-0. 1 78

-0.120

-0.091

-0.073

-0.060

-0.05 1

-0.045

-0.041

-0.037

TABLE 6. 12

J3 NUMBERS FOR 10% CENSORED

N 0

10 0.0036

20 0.0024

30 0.0014

40

50

60

70

0.0006

0.0002

0.0001

0.0002

80 0.0001

90 0.0001

C.0035

0.0023

0. 001

3

0.0006

O.OOOZ

0.0002

0. 0002

0.0001

0.0001

0.0033

0.0022

0.001

2

0.0005

0.0002

0.0002

0.0002

0.0001

0.0001

0.0032

0.0021

0.001

1

0.0005

0.0002

0.0002

0.0002

0.0001

0. 0001

0.0031

0.0020

0.001

1

0.0004

0.0002

0. 0002

0.0002

0.0001

0. 0001

0.0030

0.001

9

0.0010

0.0004

0. 0001

0.0002

0.0002

0.0001

0. 0001

0.0028

0.0018

0.0009

0.0003

0.0001

0.0002

0.0001

0. 0001

0.0001

0. 0027

0.001

7

0. 0008

0.0003

0.0001

0.0002

0.0001

0.0001

0.0001

0. 0026

0.0016

0. 0008

0.0005

0.0001

0.0002

0. 0001

0.0001

0.0001

0.0025

0.001

5

0. 0007

0.0002

0.0001

0.0002

0. 0001

0.0001

0 .0001
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TABLE 6 . 13

Hi NUMBERS FOR 20% CENSORED

N 0 1 2 3 l^ 5 6 7 8 9

10 0. 955 0.970 0.934 0.996 1 .003 1.017 1 .026 1.034 1.041 1.047

20 1 .052 1 .056 1 .060 1.063 1.066 1.069 1 .071 1 .073 1 ,074 1 .076

30 1 .078 1.079 1 .031 1 .062 1 .084 1.085 1.087 1.088 1.089 1.090

AO 1.092 1.09J 1 .094 1 .095 1 .096 1 .097 1 .098 1 .099 1. 100 1. 101

50 1.102 1.103 1. 104 1 .105 1.105 1.106 1.107 1.10S 1.108 1 .109

60 1.110 1.110 1.111 1.111 1.112 1.112 1.113 1.113 1.114 1.114

70 1.115 1.115 1.115 1.116 1.116 1.116 1.117 1.117 1.117 1.117

80 1.117 1.113 1.113 1.113 1.118 1.113 1.119 1.119 1.119 1.119

90 1.119 1.119 1.119 1.119 1.119 1.119 1.119 1.120 1.120 1 .1 20

TABLE 6 . 14

H2 NUMBERS FOR 20% CENSORED

N
0

10 -0.064

20 -0.038

30 -0.025

UQ -0.019

50 -0.015

60 -o.OM

70 -0.011

80 -0.010

90 -0.009

-0.050'

-0.036

-0.024

-0.019

-0.015

-0.Q13

-0.011

-0.010

-0.009

-0.057

-0.034

-0.025

-0.013

-0.015

-0.012

-0.011

-0.010

-0.008

-0.054

-0.033

-0.023

-0.018

-0.015

-0.012

-0.011

-0.010

-0.008

-0.051

-0.031

-0.022

-0.017

-0.014

-0.012

-0.01 1

-0.009

-0.008

-0.049

-0.030

-0.022

-0.017

-0.014

-0.012

-0.011

-0. 009

-0.003

-0.046

-0.029

-0.021

-0.017

-0.014

-0.012

-0.010

-0.009

-0.008

-0.044

-0.028

-0.021

-0.01

6

-0.014

-0.012

-0.010

-0.009

-0.008

8

-0.041

-0.027

-0-020

-0.016

-0.013

-0-011

-0.010

-0.009

-0.007

-0.039

-0.026

-0.020

-0.016

-0.013

-0.011

-0.010

-0.009

-0-007
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TABLE 6 . 15

H3 NUMBERS FOR 2C% CENSORED

N 0

10 -o.ou;

20 -0.0031

30 -0.001

5

AO -0.0009

50 -0.0005

60 -0.0003

70 -0.0003

80 -0.0002

90 -0.0002

-0.01 2«

-0.0027

-0.0015

-0.0009

-0.0005

-0.0003

-0. 0003

-0.0002

-0.0002

-0.0106

-0.0024

-0.001 1.

-0.0003

-0.0005

-0.0003

-0.0002

-0.0002

-0.0002

-0.0091

-0.0022

-0.001 3

-0.0003

-0.0005

-0.0003

-0. 0002

-0.0002

-0.0002

-0.00?7

-0.0021

-0.001

3

-0.000?

-0.0004

-0.0003

-0.0002

-0.0002

-0.0001

-0.0066

-0. 0020

-0.001

2

-0.0007

-0.0004

-0.0003

-0.0002

-0.0002

-0.0001

-0.0056

-0.0019

-0. 001

1

-0.0007

-0.0004

-0. 0003

-0.0002

-0.0002

-0.0001

-0.0048

-0.0013

-0.001

1

-0.0006

-0.0004

-0.0003

-0.0002

-0.0002

-0. 0001

8

-0.0041

-0.001 7

-0.0010

-0.0006

-0. 0004

-0.0003

-0.0002

-0.0002

-0. 0001

-0.00 55

-0.0016

-0.001

0

-0.0006

-0. 000 3

-0.0003

-0.0002

-0.0002

-0.0001

TABLE 6 . 16

Jl NUMBERS FOR 20% CENSORED

7

10

20

30

40

50

60

70

80

90

0. 299

0.410

0.440

0.457

0.470

0.479

0.436

0.491

0.495

0. 316

0.416

0.442

0. 459

0.471

0.430

0.487

0.492

0. 495

0. 332

0.420

0.444

0.460

0.472

0.481

0.487

0. 492

0.496

0.347

0.424

0.446

0. 461

0.473

0.482

0.488

0. 492

0.496

0.360

0. 427

0.447

0.463

0.474

0.4 32

0.438

0.493

0.496

0.371

0. 430

0.449

0.464

0.475

0. 483

0.489

0.493

0.497

0.381

0.432

0.451

0.465

0.476

0. 484

0.489

0.494

0.497

0.390

0. 4 34

0.452

0.466

0.477

0. 484

0.490

0.494

0.49 7

0, 398

0. 434

0.454

0.468

0.478

0.485

0.490

0.494

0.499

0.405

0.433

0.456

0.469

0. 478

0.4S6

0.491

0.4 9$

0.478
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TABLE 6 . 17

32 NUMBERS FOR 20% CENSORED

^
0 1 2 3 I, 5 6 7 8 9_

10 -0.310 -0.293 -0.277 "0.262 -0.247 -0.231 -0.222 -0.210 -0.200 -0.190

20 -0.181 -0.172 -O.U; -0.157 -0.150 -0.144 -0.139 -0.134 -0.129 "0.125

30 -0.121 -0.117 -0.114 -0.110 -0.108 -0.105 -0.102 "0.100 -0.097 -0.095

4 n
-0-093 "0.090 -0.088 "0.086 "0.084 "0.082 -0.080 "0.079 "0.077 "0.075

-0.074 -0.072 "0.071 -0.070 -0.063 -0.067 -0.066 "0.065 -0.064 "0.062

-0.061 -0.060 -0.060 "0.059 -0.058 -0.057 "0.056 -0.055 -0.055 -0.054

"0.053 "0.053 -0.052 -0.052 -0.051 -0.050 -0.050 -0.049 -0.049 -0.048

80 -0.048 -0.047 -0.047 -0.046 -0.046 -0.045 -0.045 -0.044 -0.044 -0.043

90 -0.043 "0.042 -0.042 -0.041 -0.041 -0.040 -0.040 "0.039 "0.038 -0.038

TABLE 6.18

J3 NUMBERS FOR 20% CENSORED

10

20

30

40

50

60

70

80

90

Ci.OU* C.0137 0.0125 C.0114

0.0059 0.0C54 0.0049 0.0045

0.0027 0-C025 0.0024 0.0022

C.0015 O.0C14 0.0014 0.0013

0.0009 0.0008 0.0008 0.0008

0.0006 0.0006 0.0005 C.0005

0.0005 0.0005 0.0005 0.0004

:.0004 0.0004 0.0004 0.0004

3.0004 0.0004 0.0003 0.0003

0.0104 0.0093

0.0041 0.0033

C.0021 0.0020

C.0012 0.0012

0.0007 0.0007

0.0005 0.0005

0.0004 0.0004

0.0004 0.0004

0.0003 0.0003

0.0036 0.C079

0.0035 0.0033

C.0019 0.0018

0.0011 0.0010

0.0007 0.0006

0.0005 0.0005

0.0004 0.0004

C.0004 0.0004

0.0003 0.0002

C.0072 0.0045

0.0030 0.0028

0.0017 0.C016

0.0010 0.0009

0.0006 0.0006

0.0005 0.0005

0.0004 C.0004

0.0004 0.0004

0.0002 0.0002
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TABLE 6 . 19

Hi NUMBERS FOR 30% CENSORED

N 0 1 2 3 4 5 6 7 8 9_
10 0.775 0.788 0.799 0.809 0.918 0.825 0.832 0.857 0.842 0.844

20 0.849 0.852 0.855 0.857 0.859 0.860 0.862 0.864 0.845 0.847

30 0.848 0.870 0.871 0.87J 0.874 0.375 0.374 0.878 0.879 0.880

AO 0.881 0.882 0.883 0.884 0.385 0.884 0.887 0.887 0.888 0.889

50 0.89O 0.890 0.391 0.892 0.892 0.893 0.893 0.394 0.894 0.895

60 0.895 0.894 0.896 0.897 0.897 0.697 0.898 0.898 0.898 0.899

70 0.399 0.899 0.900 0.900 0.900 0.901 0.901 0.901 0.901 0.902

80 0.902 0.902 0.903 0.903 0.903 0.905 0.904 0.904 0.904 0.905

90 0.905 0.905 0.906 0.906 0.907 0.907 0.907 0.903 0.908 0.909

TABLE 6.20

H2 NUMBERS FOR 30% CENSORED

N 0 1 2 3 4 5 6 7 8 9_
^'^ -0.087 -0.079 -0.072 -0.065 -0.060 -0.055 -0.051 -0.047 -0.044 -0.042

20
-0.040 -0.033 -0.034 -0.035 -0.034 -0.033 -0.032 -0.051 -0.030 -0.029

30
-0.028 -0.027 -0.026 -0.025 -0.024 -0.024 -0.023 -0.022 -0.022 -0.021

^0 -0.020 -0.020 -0.019 -0.019 -0.018 -0.013 -0.017 -0.017 -0.014 -0.014

50 -0.015 -0.015 -0.015 -0.014 -0.014 -0.014 -0.014 -0.013 -0.013 -0.013

^0 -0.013 -0.012 -0.012 -0.012 -0.012 -0.012 -0.012 -0.011 -0.011 -0.011

70 -0.011 -0.011 -0.011 -0.011 -0.011 -0.011 -0.011 -0.010 -0.010 -O.OlO

^0 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010 -0.009 -0.009

90 -0.009 -0.009 -0.009 -0.009 -0.009 -0.009 -0.008 -0.008 -O.OOS -0.008
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TABLE 6.21

H3 NUMBERS FOR 30% CENSORED

N 0 1 2 3 4 5 6 7 8 9

10 -0,,0121 -0.0104 -0.0088 -0.0076 -0.0064 -0.0055 -0.0047 -0.0041 -0.0035 -0.0030

20 -0.,0027 -0.0025 -0 .0022 -0.0021 -0.0019 -0.0019 -0.0018 -0.0016 -0.0016 -0.0014

30 -0.,0014 -0.0014 -0.0012 -0.0012 -0.0012 -0. 0010 -0.0010 -0.0010 -0.0009 -0.0009

40 -0.
, 0008 -O.OOOB -0.0007 -0.0007 -0.0007 -0.0006 -0.0006 -0.0005 -0.0005 -0.0005

50 -0,,0005 -0.0005 -0.0004 -0.0004 -0.0004 -0.0004 -0.0004 -0.0004 -0.0003 -0.0003

60 -0,,0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003

70 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

80 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

90 -0,,0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001

TABLE 6.22

Jl NUMBERS FOR 30% CENSORED

10 0.019

20 0.118

30 0.U9

0.168
'tO

50

60

70

80

90

0.179

0. IBS

0.188

0.192

0.200

O.OiS

0.12J

0. 152

0.169

0.180

0.185

0.1 89

0.193

0.201

0.050

0.127

0.15*

0.171

0.180

0. 185

0. 189

0.193

0.202

0.063

0.130

0.156

0.172

0.181

0.136

0.189

0.194

0.203

0.074

0.133

0.158

0.173

0.182

0.136

0-190

0.1 95

0.204

0. 084

0. 1 36

0.160

0.1 74

0.182

0.187

0.190

0. 195

0.206

0. 093

0.139

0.162

0. 175

».1 83

0.187

0.190

0.196

0.207

0.101

0.142

0.163

0.176

0.183

0.187

0.191

0. 197

0.209

0.107

0.144

0.165

0.177

0.184

0.188

0.191

0.198

0.210

0.113

0-147

0.167

0.1 78

0.184

0.188

0-192

0.199

0-212
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TABLE 6.2 3

J2 NUMBERS FOR 30% CENSORED

N 0 1 2 3 U 5 6 . 7 8_
10 -0.295 -0.280 -0.265 -0.252 -0.239 -0.227 -0.2)4 -0.205 "0.195

20 -0.177 -0. 169 -0.161 -0.1 5* -0.U7 -0.U1 -0. 1 34 -0. 1 30 -0. 1 24

30 -0.117 -0.113 -0.110 -0.107 -0.104 -0.101 r0.09S -0.094 -0.09*

-0.090 -0.088 -0.086 -0.084 -0.082 -0.081 -0.079 -0.077 -0.074

-0.073 -0.071 -0.070 -0.069 -0.068 -0.066 -0.065 -0.044 -0.043

-0.061 -0.060 -0.059 -0.058 -0.057 -0.056 -0.055 -0.054 -0.054

70 -0.052 -0.051 -0.051 -0.050 -0.050 -0.049 -0.048 -0.048 -0.047

80 -0.046 -0.046 -0.045 -0.045 -0.044 -0.04* -0.044 -0.043 -0.043

90 -0.042 -0.042 -0.041 -0.041 -0.041 -0.040 -0.040 -0.040 -0.039

TABLE 6.24

J3 NUMBERS FOR 30% CENSORED

^ 0 1 2 3 A 5 6 7 8 9_
10 0.0130 0.0123 0.0117 0.0110 0.C10S 0.0099 C.0093 0.0088 0.0013 0.0078

20 0.0074 0.0049 0.0065 0.0061 0.0057 0.00S4 0.0050 0.0047 0.0044 0.0041

30 0.0033 0.0036 0.0033 0.0031 0.0029 0.0027 0.0025 0.0023 0.0022 0.0020

40
0. 0019 0.0017 0.0016 0.0015 0.0014 0.0013 0.0013 0. 001 2 0. 0011 0.001 1

0.0010 0.0010 0.0009 0.0009 0.0009 0.0008 ,0.0008 0.0008 0.0008 0.0008

0.0008 0.0008 0.0008 0.0008 0. OOOS 0.0008 0.0008 0.0008 0.0007 0.0007

70
0.0007 0.0007 0.0007 0.0007 0.0307 0.0004 0.0006 0.0006 0.0006 0.0006

8^ 0.0005 0.0005 0.0005 0.0005 0.0005 0.000* 0.0004 0.0004 0.000* 0-0004

90 0.000* 0.0004 0.0003 0.0003 0.0003 0.0003 C.0003 0.0003 0.0003 0.0003
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TABLE 6.2 5

Hi NUMBERS FOR 40% CENSORED

1 2 3 5 6 7_

'14 0.624 0.6J3 0.641 0.648 0.655 0.661

>aO 0.684 0.637 0.690 0.692 0.694' 0.696

02 0.703 0.703 0.704 0.705 0.706 0.707

10 0-710 0.711 0,712 0.712 0.713 0.714

'16 0.716 0.717 0.718 0.718 0.719 0.719

21 0.721 0.722 0.722 0.722 0.723 0.72J

2* 0.725 0.725 0.725 0.726 0.726 0.726

27 0.727 0.728 0.728 0.728 0.728 0.729

30 0.730 0.730 0.730 0.730 0.731 0.731

TABLE 6.26

H2 NUMBERS FOR 4 0% CENSORED

0 1 2 3 ^ 5 6 7 S 9_
10 -0.081 -0.076 -0.071 -0.066 -0.062 -0-053 -0.054 -0.051 -0.048 -0.045

-0.043 -0.040 -0.033 -0.036 -O.0J5 -0.033 -0.032 -0.031 -0.030 -0.029

30 -0.028 -0.027 -0.026 -0.026 -0.025 -0.024 -0.023 -0.023 -0.022 -0.022

AO -0.021 -0.020 -0.020 -0.019 -0.019 -0.01C -0.018 -0.018 -0.017 -0.017

50 -0.016 -0.016 -0.016 -0.015 -0.015 -0.015 -0.014 -0.014 -0.014 -0.014

60 -0.014 -0.013 -0.013 -0.01j -0.013 -0.013 -0.012 -0.012 -0.012 -0.012

70 -0.012 -0.012 -0.012 -0.012 -0.011 -0.011 -0.011 -0.011 -0.011 -0.011

80 -0.011 -0.011 -0.011 -0.011 -0.011 -0.010 -0.010 -0-010 -0.010 -0.010

90 -0.010 -0.010 -0.010 -0.010 -0.009 -0-009 -0.009 -0.009 -0.009 -0.009
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TABLE 6.27

H3 NUMBERS FOR 40% CENSORED

N 0

10 -0.0097

20

30

-0.0024

-0.001

2

0.0093 -0.0071 -0.0060 -0.0051 -0.0044

0.0022 -0.0020 -0.0019 -0.0013 -0.0017

0.0010

0.0006

0.0004 -0.0004

-0.0012 -0.0011

-0.0007 -0.0006^0 -0.0007

50 -0.0005 -0.0005

60 -0.0003 -0.0003 -0.0003

70 -0.0002 -0.0002 -0.0002

80 -0.0002 -0.0002

90 -0.0001 -0.0001 -0.0001 -0.0001

0.0038

0.0016

0.0010 -0.0009 -0.0009

0.0006 -0.0006

0.0004 -0.0004

0.0002

0.0002 -0.0002

0.0005

0.0004

0. 0003-0.0003 -0.0003 -0.0003

0.0002 -0.0002 -0.0002

0.0002 -0.0002 -0.0002

-0.0001 -0.0001 -0.0001

7

-0.0013

-0.001

5

-0.0008

-0.0005

-0.0004

-0.0005

-0.0002

-0.0002

-0.0001

8

-0. 0029

-0. 001

4

-0.0008

-0.0005

-0.0005

-0.0002

-0.0002

-0.0001

-0. 0001

-0.0026

-0. 001

3

0.0007

-0. 0005

-0. 0003

-0.0002

-0.0002

-0. 0001

-0. 0001

TABLE 6.2 8

Jl NUMBERS FOR 40% CENSORED

10

20

30

40
.

50

60

70

no

90

0

-0.248

-0.160

-0.124

-0. 109

-0.098

-0.091

-0.087

-0. 084

-0.079

-0. 236

-0.155

-0.122

-0.107

-0.097

-0.091

-0.087

-0.08J

-0.079

-0.225

-0.150

-0.120

-0. 105

-0.096

-0.090

-0.087

-0.083

-0.078

-0. 214

-0-145

-0.118

-0.104

-0.095

-0.090

-0.086

-0.083

-0.077

-0.205

-0.141

-0.116

-0.103

-0.095

-0.090

-0.086

-0.082

-0.077

5

-0. 1 96

-0. 138

-0.115

-0.102

-0.094

-0.089

-0.086

-0.082

-0.076

-0.187

-0.134

-0.115

-0.101

-0.094

-0. 089

-0.085

-0.081

-0.075

-0.1 80

-0. 1 31

-0.112

-0. 100

-0.093

-0. 088

-0.085

-0.081

-0.074

-0.173

-0. 128

-0.110

-0.099

-0.092

-0.088

-0.085

-0.080

-0.073

-0.164

-0. 124

-0.10*

-0.098

-0.092

-0.088

'

-0.014

-0.080

-0.07J
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TABLE 6.29

J2 NUMBERS FOR 40% CENSORED

^ 0 1 2 3 A 5 6 . 7 8 9_
10 -0.J37 -0.290 -0.254 "0.229 -0.211 -0.200 -0.192 -0-186 -0.180 -0-17A

20 -0.168 -0.16J -0.158 -0.155 -0.U8 -0. 143 -0.139 -0.134 -0.130 -0-126

30 -0.122 -0.119 -0.115 -0-111 -0.108 -0.105 -0-102 -0-099 -0-096 -0.095

'^^ -0.091 -0.088 -0.086 -0.084 -0.081 -0.079 -0-077 -0-075 -0-074 -0.072

•'^ -0.070 -0.069 -0.068 -0.066 -0.065 "0-064 -0.063 -0.062 -0-060 -0-060

^0 -0-059 -0.058 -0.057 "0.056 -0.056 "0.055 -0-054 -0.054 -0-053 "0-053

70
-0.052 -0.052 -0-051 -0.051 -0.050 "0.050 -0.050 -0,049 -0.049 -0-048

80 "0.048 -0.048 "0.047 "0.047 -0.046 "0-046 "0.045 "0-045 -0.044 -0-043

90 -0.043 "0-042 "0-041 -0-041 "0.040 "0-059 "0-038 -0-037 -0.036 -0-035

TABLE 6.30

J3 NUMBERS FOR 40% CENSORED

N 0 1 2 3 5 6 7 8 9

10 0.0378 0.0206 0.0126 0-0101 0.0097 0.0093 0.0089 ' 0.0085 0.0082 0.0078

20 0.0075 0.0072 0.0069 0.0066 0.0063 0.0060 0-0057 0.0055 0.0052 0.0050

30 0.0048 0.0045 0.0043 0.0041 0.0039 0.0037 0-0055 0.0054 0.0052 0-0050

4 0
0.0029 0.0027 0.0026 0.0024 0.0025 0.0022 0.0021 0.0020 0-0019 0.0018

0.0017 0.0016 0.0015 0-0014 0.0014 0-0015 0-0012 0.0012 0-0011 0.0011

0.0010 0.0010 0-0010 0.0009 0-0009 0.0009 0.0008 0.0008 0.0008 0-0008 •

0.0007 0-0007 0.0007 0.0007 0-0007 0-0007 0-0007 0.0007 0.0007 0-0007

80 0.0007 0.0007 0.0006 0.0006 0.0006 0.0006 0.0006 0.0006 0.0006 0-0006

90 0.0006 0.0006 0.0006 0.0006 0-0005 0.0005 0.0005 0-0005 0.0004 0-0004
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TABLE 6.31

HI NUMBERS FOR 50% CENSORED

N 0 1 2 3 A 5 6 7 8 9_

0.46S 0.476 O.iti 0.(93 0.50] 0.510 0.515 0.520 0.524 0.521

0.5J1 0.53J 0.5J6 0.537 0.5J9 0.541 0.542 0.544 0.545 0.J44

0.S4S 0.549 0.550 0.551 0.553 0.554 0.555 0.554 0.557 0.551

AO 0.S59 0.S60 0.561 0.561 0.562 0.563 0.564 0.S64 0.565 0.566

30 0.566 0.567 0.S67 0.563 0.S69 0.569 0.569 0.570 0.570 0.571

60 0.571 0.571 0.572 0.572 0.572 0.573 0.573 0.573 0.573 0.574

70 0.574 0.574 0.574 0.575 0.575 0.575 0.575 0.57J 0.575 0.575

80 0.576 0.576 0.576 0.576 0.576 0.576 0.576 0.577 0.577 0.577

90 0.577 0.577 0.577 0.577 0.578 0.578 0.578 0.578 0.578 0.579

TABLE 6.32

H2 NUMBERS FOR 50% CENSORED

N 0 1 2 3 4 5 6 7 8 9_
-0.072 -0.068 -0.065 -0.062 -0.058 -0.056 -0.053 -O.OSO -0.048 -0.044

7 0
-0.043 -0.041 -0.040 -0.038 -0.036 -0.055 -0.033 -0.032 -0.030 -0.029

10
-0.028 -0.027 -0.026 -0.025 -0.025 -0.024 -0.023 -0.023 -0.022 -0.022

AO -0.021 -0.021 -0.020 -0.020 -0.020 -0.019 -0.019 -0.019 -0.018 -0.018

50 -0.018 -0.017 .-0.017 -0.017 -0.016 -0.016 -0.016 -0.016 -0.015 -0.015

60 -0.015 -0.015 -0.014 -0.014 -0.014 -0.014 -0.013 -0.013 -0.013 -0.013

70 -0.013 -0.012 -0.012 -0.012 -0.012 -0.012 -0.011 -0.011 -0.011 -0.011

80 -0.011 -0.011 -0.011 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010

90 -0.010 -0.010 -0.010 -0.009 -0.009 -0.009 -0.009 -0.009 -0.009 -0.009
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TABLE 6.33

H3 NUMBERS FOR 50% CENSORED

0 1 2 3 4 5 6 7 8 . 9

10 -0.0086 -0.0077 -0.0069 -0.0061 -0.0054 -0.0043 -0.0043 -0.0038 -0.0034 -0.0030

-0.0027 -0.0024 -0.0022 -0.0020 -0.0018 -0.0017 -0.0016 -0.0015 -0.0014 -0.0014

^'^ -0.001 3 -0.0012 -0.001 2 -0.0011 -0.001 1 -0.0010 -0.0010 -0.0009 -0.0009 -0.0008

40 -0.0003 -0.0003 -0.0007 -0.0007 -0.0007 -0.0006 -0.0006 -0.0006 -0.0006 -0.0005

50 -0.0005 -0.0005 -0-0005 -0.0004 -0.0004 -0.0004 -0.0004 -0.0004 -0.0004 -0.0003

60 -0.0003 -0.0005 -0.0005 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0002

70 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

80 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

90 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001

TABLE 6.34

Jl NUMBERS FOR 50% CENSORED

0 1 2 3 4 5 6 . 7 8 9

10 -0.544 -0.530 -0.517 -0.505 -0.495 -0.485 -0.476 -0.467 -0.460 -0.453

20 -0.447 -0.442 -0.437 -0.433 -0.429 -0.425 -0.422 -0.420 -0-417 -0.415

30 -0.413 -0.411 -0.409 -0.407 -0.406 -0.404 -0-403 -0.401 -0.400 -0.398

''^ -0. 397 -0.395 -0-394 -0.393 -0.392 -0.391 -0.389 -0-388 -0. 387 -0.386

-0-385 -0.384 -0.384 -0-383 -0-382 -0-381 -0.330 -0-380 . -0-379 -0.378

-0-373 -0-377 -0.376 -0-376 -0.375 -0.375 -0.374 -0.374 -0.373 -0.373

-0.372 -0-372 -0-372 -0-371 -0.371 -0.370 -0.370 -0.370 -0-369 -0-369

SO -0.369 -0.368 -0.368 -0.368 -0.367 -0.367 -0.366 -0.366 -0.366 -0-365

90 -0.365 -0.365 -0.364 -0.364 -0.363 -0.363 -0.363 -0.362 -0.342 -0.361
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TABLE 6.35

J2 NUMBERS FOR 50% CENSORED

10

20

30

'lO

50

60

70

80

90

0

-0. 290

-0. 164

-o.ns

-0.087

-0. 048

-o.osr

-0.052

-0.048

-0.042

-0.247

-0. 159

-0.114

-0.085

-0.067

-0.057

-0.052

-0.048

-0.042

-0.222

-0.154

-0.111

-0.082

•0.065

-0.054

-0.051

-0.047

-0.041

-0.20?

-0.149

-0.107

-0.080

-0.044

-0.055

-0.051

-0.047

-0.040

-0. 201

-0.144

-0.104

-0.078

-0.06J

-0.055

-0.050

-0.044

-0.059

-0.195

-0. 139

-0. 101

-0.076

-0.062

-0.05*

-0.050

-0.046

-0.038

-0.188

-0.135

-0.098

-0.074

-0.061

-0.054

-0.050

-0.045

-0.037

7

-0. 1 82

-0. 1 JO

-0.095

-0.073

-0.040

-0.053

-0.04?

-0.044

-0.035

-0. 1 74

-0. 1 24

-0.092

-0.071

-0.05 9

-0.05 3

-0.049

-0.044

-0.034

-0. 170

-0. 1 22

-0.090

-0.049

-0. 058

-0.052

-0.048

-0.043

-0.033

TABLE 6.36

J3 NUMBERS FOR 50% CENSORED

10

20

30

40

50

60

70

80

90

0.0145

0.0114

0.0064

0.0033

0.0017

0.0012

0.0012

C. 001

3

0.0009

0. 01 44

0.0108

C.0040

0.0031

0.0014

0.0011

0.0012

0.0012

0.0009

0.0146

0.0102

0.0054

0.0029

0.0015

0.0011

0.0012

0.0012

0.0008

0.0145

0.0097

0.0052

0.0027

0.0015

0.0011

0.001

2

0.001

2

0.0007

0.0143

0.0091

0. 0049

0.0025

0.0014

0.0011

0.0012

0.0012

0.0004

0.01 39

0.0084

0.0044

O.0023

0.0013

0.001

1

0.0012

0.001

2

0.0005

0.0135

0.0081

0.0043

0.0022

0.001

3

0.0011

0.0012

0.001

1

0.0004

7

0.0131

0.0074

0.0040

0.0020

0.0012

0.001

1

0.001

2

0. 001

1

0.0004

0.0125

C.0072

0.0038

0. 0019

0.0012

0.001

1

o.oon

0. 001

1

0.0004

0.0120

0.C048

0.003S

0. 001

8

0.0012

0.0012

0.0013

0.0010

0.0004
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TABLE 6.3 7

Hi NUMBERS FOR 60% CENSORED

NOl 2 34 5 678 9

20 0.397 0.399 0.402 0.404 0.406 0.408 0.410 0.411 0.413 O.t

3Q 0.415 0.414 0.417 0.418 0.419 0.420 0.421 0.421 0.422 0.'

AO 0.424 0.425 0.425 Q.426 0.426 0.427 0.427 0.428 0.4

50 0.429 0.429 0.430 0.430 0.431 0.431 0.431 0.432 0.432 0.4

60 0-^" 0-^J5 O-^^J 0-'i34 0.434 0.434 0.435 0.435 0. 435 0.4

70 0.436 0.436 0.436 0-436 0.436 0.437 0.437 0.437 0.437 0.4

80 0.438 0.43S 0.438 0.438 0.438 0.439 0.439 0.439 0.439 0.4

90 0.440 0.440 0.440 0.440 0.441 0.441 0.441 0.441 0.442 0.4

TABLE 6.3 8

H2 NUMBERS FOR 60% CENSORED

Noi 2 345 6 78 9

20 -0.044 -0.042 -0.040 -0.039 -0.038 -0.036 -0.035 -0.034 -0.033 -0.032

3Q -0.031 -0.030 -0.029 -0.028 -0.027 -0.027 -0.026 -0.025 -0.024 -0.024

AO -0.023 -0.022 -0.022 -0.021 -0.021 -0.020 -0.020 -0.019 -0.019 -0.018

50 -0.013 -0.017 -0.017 -0.017 -0.016 -0.016 -0.016 -0.015 -0.015 -0.015

60 -0.015 -0.014 -0.014 -0.014 -0.014 -0.014 -0.013 -0.013 -0.013 -0.013

70 -0.013 -0.013 -0.013 -0.012 -0.012 -0.012 -0.012 -0.012 -0.012 -0.012

80 -0.012 -0.011 -0.011 -0.011 -0.011 -0.011 -0.011 -0.011 -0.011 -0.010

90 -0.010 -0.010 -0.010 -0.010 -0.009 -0.009 -0.009 -0.009 -0.009 -0.008
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TABLE 6. 39

H3 NUMBERS FOR 60% CENSORED.

_N 0 1 2 3 ^ 5 6 7 8 9_
2° -O.OOiJ -0.0021 -0.0019 -0.0017 -0.0015 -O.OOU -0.001J -0.0012 -0.0011 -0.0010

3° -0.0009 -0.0009 -0.0003 -0.0003 -0.0007 -0.0007 -0.0007 -0.0004 -0.0006 -0.0006

AO -0.0004 -0.0004 -0.0005 -0.0005 -0.0005 -0.0005 -0.0005 -O.OOOt -O.OOOt -0.0004

50 -O.OOO; -0.0004 -O.OOOV -O.OOOt -O.OOOS -0.0003 -O.OOOJ -O.OOOS -O.OOOJ -0.000)

60 -0.0003 -O.OOOi -O.OOOi -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

70 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

80 -0.0002 -0.0002 -O.OOOI -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001

90 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001 -0.0001

TABLE 6.4 0

Jl NUMBERS FOR 6 0% CENSORED

NOI 2 3/. 5 6 7 8 9

20 -0.740 -0.7S0 -0.747 -0.744 -0.742 -0.7J9 -0.734 -0.734 -0.731 -0.727

30 -0.727 -0.725 -0.723 -0.721 -0.719 -0.717 -0.715 -0.713 -0.712 -0.710

/| 0 -0.709 -0.707 -0.706 -0.704 -0.703 -0.702 -0.701 -0.700 -0.499 -0.698

50 -0.497 -0.496 -0.695 -0.694 -0.693 -0.693 -0.692 -0.491 -0.491 -0.490

60 -0,489 -0.689 -0.688 -0.688 -0.487 -0.487 -0.686 -0.484 -0.484 -0.48J

70 -0.485 -0.684 -0.684 -0.684 -0.683 -0.683 -0.682 -0.482 -0.412 -0.481

80 -0.481 -0.480 -0.680 -0.680 -0.479 -0.479 -0.478 -0.478 -0.477 -0.674

90 -0.476 -0.475 -0.474 -0.474 -0.473 -0.472 -0.471 -0.471 -0.470 -0.449
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TABLE 6.41

J2 NUMBERS FOR 60% CENSORED

NOl2 3/J5e7 8 9

2 0 -0.133 -0.U2 -0. 1 62 -0.1 53 -O.U* -0. 137 -0. 131 -0. 125 -0. 120 -0.1 1 5

30 -0.111 -0.108 -0.104 -0.102 -0.099 -0.097 -0.095 -0.093 -0.091 -0.089

ItO -0.087 -0.085 -0,083 -0.082 -0.080 -0.079 -0.077 -0.075 -0-07A -0.073

50 -0.071 -0.070 -0.049 -0.067 -0.066 -0.065 -0.06; -0.063 -0.062 -0.061

60 -0.060 -0.059 -0.058 -0.057 -0.056 -0.055 -0.054 -0.054 -0.053 -0.052

70 -0.051 -0.051 -0.050 -0.049 -0.049 -0.048 -0.048 -0.047 -0.047 -0.046

80 -0.046 -0.045 -0.045 -0.044 -0.044 -0.043 -0.043 -0-043 -0.042- -0.042

90 -0.041 -0.041 -0.041 -0.04O -0.040 -0.039 -0.039 -0.039 -0.038 -0.038

TABLE 6.4 2

J3 NUMBERS FOR 60% CENSORED

NO 1 2 3 // 5 e 7 8 9

2Q 0.0185 0.0164. 0.0146 0.0130 0.0116 0.0104 0.0094 0.0086 0.0079 0.0073

•jy 0- 0068 0- 0064 0.0060 0.0058 0.0055 0.0053 0.0051 0.0049 0.0047 0.0045

0.0043 0.0042 0.0040 0.0038 0.0037 0.0035 0.0034 0.0033 0.0031 0.0030

5Q 0.0029 0.0028 0-0027 0.0026 0.0025 0.0024 0.0023 0.0022 0.0022 0.0021

0.0020 0.0020 0.0019 0.0018 0.0018 0.0017 0.0017 0.0016 0.0016 0.0016

7 0 0.0015 0.0015 0-0015 0.0014 0.0014 0.0014 0.0014 0.001 3 0.0013 0.0013

gg 0.0013 0.0012 0.0012 0.0012 0.0012 0.0012 O.OOII 0.0011 0.0011 0.0011

0.0010 ,0.0010 0.0010 0.0010 0.0009 0.0009 0.0009 0.0008 0-0008 0.0007
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TABLE 6.4 3

HI NUMBERS FOR 70% CENSORED

N .

0 1 2 3 4 5 6 7 8 0

20 0 .278 0. 280 0.283 0.285 0. 287 0 . 289 0. 290 0.,291 0 . ? ° 2 0 .293

30 0 .294 0 . 295 0.2952 0.296 0. 297 0 . 297 0 . 208 0 . 299 0 . 209 0 .3 00

40 0 .300 0 . 301 0.302 0.302 0 . 303 0 .303 0 . 304 0 . 304 0 . 305 0 .305

SO 0 .306 0 . 306 0.307 0.307 0. 307 0 ,.308 0 . 308 0. 309 0 ,. 300 0 ,. 309

60 0 .310 0. 310 0.310 0.311 0. 311 0,,311 0 . 312 0 . 312 0 .,312 0 ,,312

70 0 .313 0. 313 0.313 0.313 0. 314 0..314 0. 314 0 , 314 0 .,314 0. 3 15

80 0 .315 0. 315 0.315 0.315 0. 315 0.,315 0. 316 0. 316 0. 316 0 . 316

90 0 .316 0. 316 0.316 0.316 0. 316 0.,316 0. 316 0. 317 0 . 317 0 . 318

TABLE 6.4 4

H2 NUMBERS FOR 70% CENSORED

N

20 -o.ns

30 -0.)29

AO -0.)21

50 -0. 518

60 -0.116

70 -o.)U

80 -0. j12

. 90 -0. )10

-0.043

-0.02S

-0.021

-0.013

-O.OU

-0.01 J

-0.012

-0.010

-0.041

-0.027

-0.021

-0.018

-0.01

5

-0.013

-0.011

-0.010

-0.039

-0.026

-0.020

-0.018

-0.015

-0.013

-0.011

-0.010

-0.057

-0.025

-0.020

-0.017

-0.01

5

-0. 01 3

-0.01

1

-0.010

-0.054

-0.02*

-0.020

-0.01 7

-0.015

-0.013

-0.011

-0.010

-0.054

-0.024

-0.019

-0.017

-0.014

-0.012

-0.01

1

-0.010

-0.035

-0.023

-0.019

-0.017

-0.014

-0-012

-0.01

1

-0.010

-0.031

-0.022

-0.019

-0.016

-0.014

-0.012

-0.011

-0.010

-0.050

-0.022

-0.019

-0.016

-0.014

-0.012

-0.010

-0.010
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TABLE 6.4 5

H3 NUMBERS FOR 70% CENSORED

N 2 8

20 -0.0032

30 -0.0015

4 0 -0-0003

50 -0.0004

60 -0.0002

7 0 -0.0001

80 -0.0001

90 -0.0001

-0.0028 -0.0026

-O.OOU -0.0013

-0.0007

-0.0003

-0.0002

-0.0001

-0.0007

-0.0003

-0.0001

-0.0001

-0.0001 -0.0001

-0.0001 -0.0001

-0.0023 -0.0022 -0.0020 -0.0019

-0.0012 -0.0012 -0.0011 -0.0010

-0.0004 -0.0004 -0.0005 -0.0005

-0.0003 -0.0003 -0.0002 -0.0002

-0.0001 -0.0001 -0.0001 -0.0001

-0.0001 -0.0001 -0.0001 -0.0001

-0.0001 -0.0001 -0.0001 -0.0001

-0.0001 -0.0001 -0.0001 -0.0001

-0.0018 -0.0017 -0.0016

-0.0010 -0.0009 -0.0008

-0.0004 -0.0004 -0.0004

-0.0002 -0.0002 -0.0002

-0.0001 -0.0001 -0.0001

-0.0001 -0.0001 -0.0001

-0.0001 -0.0001 -0.0001

-0.0001 -0.0001 -0.0001

TABLE 6.46

Jl NUMBERS FOR 70% CENSORED

NO 1 2 3
'f

5 ft T 8 9

20 -1.133 -1.122 -1.113 -1.109 -1.104 -1-104 -1.102 -1.100 -1.098 -1.097

30 -1-095 -1.093 -1-091 -1.090 -1.088 -1.087 -1.085 -1.084 -1.083 -1.081

40 -1-080 -1.079 -1.078 -1-077 -1.076 -1.075 -1-074 -1.073 -1-072 -1.071

50 -1.070 -1.069 -1.068 -1.068 -1.067 -1.066 -1.065 -1.065 -1-064 -1.043

50 -1-063 -1.062 -1.061 -1.061 -1.060 -1.060 -1.059 -1.058 -1.058 -1.057

70 -1.057 -1.056 -1.055 -1.055 -1.054 -1.054: -1.053 -1.052 -1.052 -1.051

30 -1.050 -1.050 -1.049 -1.048 -1.048 -1.047 -1.044 -1.045 -1.044 -1.043

go -1-043 -1.042 -1.041 -1.040 -1.039 -1.037 -1.036 -1.035 -1.034 -1.033
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TABLE 6.4 7

J2 NUMBERS FOR 70% CENSORED

No 1 2 3 « 5 e 7 8 9

20 -0.148 -0. 162 -0. 155 "0.150 -O.Ut -0.1J8 -0.15J -0.128 -0.12^ -O.nv

jg -Q.11S -0.111 -0.107 -0.103 -0.099 -0.096 -0.095 -0.090 -0.087 -0.08*

^0 -0.082 -0.079 -0.077 -0.075 -0.075 -0.071 -0.070 -0.068 -0.067 -0.065

50 -0.044 -0.043 -0.042 -0.041 -0.060 -0.059 -0.058 -0.057 -0.057 -0.054

(,0 -0.05$ -0.05$ -0.054 -0.05* -0.05J -0.05J -0.052 -0.052 -0.052 -0.051

70 -0.051 -0.050 -0.050 -0.049 -0.049 -0.048 -0.048 -0,047 -0.046 -0.044

gQ -0.04$ -0.044 -0.043 -0.042 -0.041 -0.040 -0.039 -0.038 -0.037 -0.034

gg -0-034 -0.03$ -0.03$ -0.034 -0.034 -0.034 -0.035 -0.035 -0.034 -0.037

TABLE 6.4 8

J3 NUMBERS FOR 70% CENSORED

'^012 345678 9

20 0.0211 0.0197 0.0184 0.0171 0.0159 0.0148 0.0138 0.0128 0.0118 0.0110

30 0.0102 0.0094 0.0087 0.0080 0.0074 0.0069 0.0064 0.0059 0.0055 0.0051

1,0 0.0047 0.0044 0.0041 0.0039 0.0036 0.0034 0.0033 0.0031 0. 0030 0.0029

30 0.0028 0.0027 0.0027 0.0024 0.0024 0.0025 0.0025 0.0025 0.0025 0.0025

60 0.0024 0.0024 0.0024 0.0024 0.0023 0.0023 0.0023 0.0022 0.0022 0.0022

70 0.0021 0.0021 0.0021 0.0020 0.0020 0.0019 0.0019 "0.0018 0.0018 0.0018

80 0.0017 0.0017 0.0014 0.0014 0.001$ 0.001$ 0.0015 0.0014 0.0014 0.0013

90 0.0013 0.0013 0.0012 0.0012 0.0011 0.0011 0.0011 0.0010 0.0010 0.0010
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. TABLE 6.4 9

HI NUMBERS FOR 80% CENSORED

N 0

20 0-'55

30

40 0-135

50 0.190

60 0.194

70 0. 196

80 0.1 98

90 0.200

0.158

0.177

0.13S

0. 190

0.194

0.197

0. 199

0.200

0-150

0. 178

0.186

0. 191

0.194

0.197

0.199

0.200

0.163

0.179

0.1 86

0.191

0.195

0,197

0. 199

0. 200

J.l 65

0.180

0. 187

0.192

0.195

0.197

0.199

0.201

0. 167

0.181

0. 133

0. 192

0.195

0.197

0.199

0.201

0.169

0.182

0.188

0.192

0. 196

0.198

0.199

0.201

0.171

0.183

0.189

0.193

0.196

0. 198

0.199

0.201

8

0.172

0.183

0.189

0.193

0. 196

0.198

0.200

0.201

0.174

0.184

0.190

0.193

0.196

0.198

0.200

0.201

TABLE 6.50

112 NUMBERS FOR 80% CENSORED

N012 345 6 78 9

20 -0.04i -0.037 -0.033 -0.031 -0.031 -0.030 -0.030 -0-029 -0.029 -0.028

30 -0.023 -0.027 -0.027 -0.026 -0.026 -0.025 -0.025 -0.024 -0.024 -0.024

AO -0.025 -0.023 -0.022 -0.022 -0.022 -0.021 -0-021 -0-020 -0-020 -0.020

50 -0.019 -0.019 -0-019 -0-018 -0.018 -0.018 -0-017 "0.017 -0.017 -0.016

60 -0.016 -0.016 -0-015 -0-015 -0-OtS -0.015 -0-014 -0.014 -0.014 -0.014

70 -0-013 -0.013 -0.013 -0-013 -0.013 -0.012 -0.012 -0.012 -0.012 -0.012

80 -0.012 -0.012 -0.011 -0.011 -0.011 -0.011 -0,011 -0.011 -0.011 -0.011

90 -0.011 -0.011 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010
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TABLE 6.51

H3 NUMBERS FOR 80% CENSORED

N
2 5

20 -0.0048 -0.0044 -O.OOiJ -0.0040 -0.0033

30 -0.0025 -0.0024 -0.0022 -0.0020 -0.001''

40 -0.0011 -0.0010 -0.0009 -0.0008 -0.0007

50 -0.0004 -0.0003 -0.0001 -0.0003 -0.0002

60 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

70 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

80 -0.0002 -0.0002 -0.0002 -0.0002 -0.0002

90 -0.0001 -0.0001 -0.0001 -O.OOOI -0.0001

-0.0036 -0.0033

-0.0017 -0.0014

-0.0007 -0.0004

-0.0002 -0.0002

-0.0OO2 -0.0002

-0.0002 -0.0002

-0.0002 -0.0001

-0.0001 -0.0001

-0.0051 -0.0029 -0.0027

-0.001S -0.0015 -0.0012

-0.0005 -0.0005 -0.0004

-0.0002 -0.0002 -0.0002

-0.0002 -0.0002 -0.0002

-0.0002 -0.0002 -0.0002

-0.0001 -0.0001 -0.0001

-0.0001 -0.0001 -0.0001

TABLE 6.52

Jl NUMBERS FOR 80% CENSORED

N0l2 3^5 67-8 9

20 1 -1.450 .640 .631 -1.623 .417 .411 -1.405 401

30 1 -1.590 .588 .585 -1-583 .581 .579 -1. 577

'lO I -1.570 .548 .547 -1.545 .544 .562 -1.541

50 r -1.554 .554 .553 -1-552 .551 .550 -1.549

)0 I -1.545 .544 .543 -1 .542 .541 .541 -1.540

'0 1 -1.537 .536 -534 -1.535 .535 .534 -1.533

0 I -1.531. .531 .530 -1.530 .529 .529 -1.528

90 r -1.526 .524 .525 -1.525 .524 .524 -1.523
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TABLE 6.5 3

32 NUMBERS FOR 80% CENSORED

N(12 3A5e78 9

20 -0.142 -0.139 -0.137 -0.134 -0.131 -0.128 -0.125 -0.122 -0.119 -0.116

30 -0.110 -0.107 -O.IO; -0.101 -0- 098 -0.095 -0.092 -0.089 -0.087

^0 -0.084 -0.082 -0.079 -0.077 -0.075 -0.073 -0.071 -0.049 -0.067 -0.066

50 -0.06* -0.063 -0.061 -0-060 -0.059 -0-058 -0.056 -0.055 -0.055 -0.054

5Q -0.053 -0.052 -0.051 -0.051 -0.050 -0.050 -0.049 -0.049 -0.048 -0.048

70 -0.047 -0.047 -0.047 -0.046 -0.046 -0.046 -0.046 -0.045 -0.045 -0.045

gg -0.044 -0.044 -0.044 -0.044 -0.043 -0.043 -0.042 -0.042 -0-042 -0.041

-0.041 -0.040 -0-039 -0.039 -0.038 -0.037 -0.036 -0-035 -0.035 -0-033

TABLE 6.54

J3 NUMBERS FOR 80% CENSORED

^01 2 345 678 9

20 0.0143 0.0140 C.0137 0.0134 0.0131 0.0127 0.0124 0.C121 0.0113 C.0115

30 0.0111 0.0108 0.0105 0.0101 0.0098 0.0095 0.0091 0.0088 0.0085 0.0082

AO 0.0078 0.0075 0.0072 0.0069 0.0066 0.0063 0.0060 0.0058 0.0055 0.0052

50 0.0050 0.fl048 0.0045 0.0043 0.0041 0.0039 0.0037 0.0036 0.0034 0.0033

60 0.0032 0.0030 0.0029 0.0028 0.0028 0.0027 0.0026 0.0026 0.0025 0.0025

70 0.0025 0.0024 0-0024 0-0024 0.0024 0.0024 0-0024 0.0024 0.0024 0.0024

80 0.0024 0.0024 0.0024 0.0024 0.0023 0.0023 0.0023 0.0023 0.0023 0.0022

90 0.0022 0. 0021 0.0021 0.0020 0.0019 0.0019 0.001 8 0.0016 0.0015 0.0014
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buses in the study, N. To determine which tables
determine what percent of the cases are censored,
pie, two cases are censored out of 14 or
by 14 is 0.143). The tables give values
and J3 which are 10, 20, 30, 40, 50,
censored. In this example 14.3 percent
percent. Therefore, look up the numbers

to use, first
In the exam-

14.3 percent (2 divided
for HI , H2 , H3 , J 1 , J2

,

60, 70, and 80 percent
falls between 10 and 20
for both 10 and 20 per-

cent under N=14 and estimate the
technique called interpolation.

14.3 percent number by using a

Below are listed the numbers from the 10 and 20 percent ta-
bles (Tables 6.7 to 6.18) for N=14.

Number 10% Censored 20% Censored

HI 1.261 1 . 008
H2 -0.053 -0.051
H3 -0.0084 -0. 0077
Jl 0.360 0.360
J2 -0.226 -0.247
J3 0.0031 0.0104

The next step is to determine the five numbers for 14.3 per-
cent censored. To interpolate a number between the two numbers
given, use the equation below:

(Lcwer
Percentage

Desired
j

/Lower Percent Higher Percent
]

Percent/ \Number Number /

10.0

Lcwer Percent
Number

For HI:

Desired percent = 14.3
Lower percentage = 10
HI for lower percent number = 1.261
HI for higher percent number = 1.008

The interpolated number is:

(10 - 14.3) X (1.261 - 1.008)
HI = + 1.261 = 1.152

10.0

Thus, the value of El for 14.3 percent censored data is 1.152.
The calculations for the remaining four numbers are similar and
are shown below:
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(10 - 14.3) X (-0.053 - -0.051)
H2 = + -0.053 = -0.052

10.0

(10 - 14.3) X (-0.0084 - -0.0077)
H3 = + -0.0084 = -0.0081

10.0

(10 - 14.3) X (0.360 - 0.360)
Jl = + 0.360 = 0. 360

10.0

(10 - 14.3) X (-0.226 - -0.247)
J2 = + -0.226 = -0.235

10.0

(10 - 14.3) X (0.0031 - 0.0104)
J3 = + 0.0031 = 0.0062

10.0

To calculate B insert the values for HI, H2, and H3 into the
equation below:

M = = HI + H2 X NS + H3 X NS^

where NS = number of suspended cases

For the transmission example:

M = 1.152 + -0.052(2) + -0.0081(2)^ = 1.016

To get E insert M and S (from Table 6.5) into the equation below:

M x N
B =

S

For the transmission example:

1.016 x 14
B = = 1.855

7.6692

To get the remaining Weibull constant, T, first determine P
by enteiing the values for Jl, J2 and J3 into the equation below:

P - Jl + J2 X NS + J3 X NS^

For the transmission example:

P - 0.360 + -0.235(2) + 0.0062(2)^ = -0.085
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To get T the values for P, B, K and its corresponding ratio
are entered into the equation below:

ln(T) = In
(

^Hlf^) - I\ ratio I B

For the transmission example:

/51.795\ -0.085
ln(T) = In ( = 10.7185

\1.095 / 1.855

T = 45,184 (on a TI-35 calculator, INV LN (10.7185) is
45,184) .

Mean and Standard Deviation . As in Chapters Four and Five
the mean and standard deviation of the failed transmission data
cannot be directly computed because of the presence of censored
and suspended cases. However, the same technique as used in
those two chapters can be used to estimate the mean and standard
deviation for the transmissions in this chapter.

Table 6.55 (Work Sheet 13) provides space for the compu-
tations. The estimated mean mileage to failure, X, is found by
using the previously determined Weibull distribution factors, D,
B, and T. First, find the value of El in Table 4.12 which corre-
sponds to the value of B rounded off to just one decimal point.
B is 1,855, or 1.9 rounded off, and the corresponding number. El,
in Table 4.12 is 1. 1269. El is used to find X in the following
equation:

T
= El + °

45,184 miles
. toc -i= S

—

TTZ"q + 39, 135 miles

X = 79,231 miles

The estimated mean, X = 79,231 miles, is slightly higher than the
average of the ten failed transmission mileages in Table 6.1,
69,306 miles. The difference is the estimated impact on the mean
when the censored and suspended cases eventually fail.

The estimated standard deviation, SD, is found by first
finding the number, E2, in Table 4.13 which corresponds to B =

1.9. The value for E2 is 0. 2360. This number is then used in
the following equation to find the estimated standard deviation:
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TABLE 6.55

WORK SHEET 13

COMPUTING THE ESTIMATED MEAN MILEAGE TO FAILURE
AND THE STANDARD DEVIATION FOR WEIBULL FAILURE

DATA WITH CENSORED AND SUSPENDED CASES

Cost Driver Transmissions Bus Model Bluebird

Component Type Detroit Diesel Study Dates 1981-1983

Allison MT 643

INPUT NUMBERS:

D = 39,135 miles
(minimum life term)

B = 1.855
(Weibull shape factor)

T = 45,184 miles
(Weibull characteristic life factor)

El = 1. 1269
(from Table 4.12)

E2 = 0.2360
(from Table 4.13)

ESTIMATED MEAN MILEAGE TO FAILURE, X:

^ ^ 45,184 mi. y 1.1269 ^ 39,135 mi, ^ X = 79,231 mi.

T El

ESTIMATED STANDARD DEVIATION, SD

:

SD = 0.2360 X ( 45,184 )

T
= SD =2 1,950 mi.
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SD = Ve 2 X T
- Vo, 2360 X (4 5,184)
= V481,816,150

SD = 21,950 miles

This number compares to the standard deviation for the ten trans-
mission failures of 15,493 miles.

Summary . The values for the Weibull distribution, D, B, and
T, the estimated mean mileage to failure, X, and the estimated
standard deviation, SD, are entered in the summary Table 6.56
(Work Sheet 3) . A frequency bar chart of the 10 transmission
failures is included. The Weibull formula is plotted as a smooth
curve in Figure 6.1 using the values for D, B, and T computed
above

.

The steps required to find the Weibull constants, D, B, and
T, and X and SD, are recapped as follows:

1, Tabulate the component failure mileages and the mileages ac-
cumulated by the buses with unfailed original components in
Work Sheet 7 (Table 6.1). The unfailed components should be
classified as either censored or suspended cases. The fol-
lowing steps assume that the data set contains both types of
cases

.

2, List the failed and unfailed component mileages in increas-
ing order by mileage in Work Sheet 8 (Table 6.2).

3, Compute the weights and adjusted order numbers for all of
the components in Work Sheet 14 (Table 6.3).

4, Use Work Sheets 9 and 9a (Tables 6.4 and 6.5) to calculate
the intermediate number, S, using the adjusted order failure
mileages and D. The minimum life term, D, is 0.90 multi-
plied by the smallest failure mileage.

5, Determine the shape factor, B, and the characteristic life
factor, T, by following the computational outline in Work
Sheet 15 (Table 6.6)

.

6, Determine the estimated mean mileage to failure, X, and the
estimated standard deviation, SD, using Work Sheet 13 (Table
6.55)

.

7, Enter the values for D, B, T, X, and SD in summary Work
Sheet 3 (Table 6.56). The Weibull distribution computation
is now complete.

What is the Appropriate Maintenance Policy for the Transmissions ?

A determination of the failure mechanism and the best main-
tenance policy for the transmissions can be made with the summary
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TABLE 6.56

WORK SHEET 3

SUMMARY SHEET OF FAILURE MILEAGE DISTRIBUTION

Cost Driver Transmissions Bus Model Bluebird

Component Type Pet. Diesel A. Mr643 Study Dates 1981-1983

Number of cases, N 14 Mean, X 79,231 miles

Number of failures, NF 10

Maximum mileage not applicable

Std. deviation, SD 21,950 miles

(X-D)/SD 1.83

Minimum mileage 43,483 miles

WEIBULL DISTRIBUTION PARAMETERS:

Minimum life term, D 39,135 miles

Shape factor, B 1. 855

Characteristic life factor, T 45,184 miles

FAILURE MECHANISM; "Mileage to Failure Unpredictable"
'
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FIGURE 6.1

FITTED WEIBULL PROBABILITY CURVE FOR THE TRANSMISSION FAILURES
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data of Table 6.56 (Work Sheet 3). Dividing (X - D) by SD yields
a value of 1.83. B, of course, is 1.855, which also is less than
2.0. Based on Table 1.1 from Chapter One, the failure mechanism
is determined to be "mileage to failure unpredictable."

The appropriate maintenance policy for the transmissions is
found in Figure 1.6. If the mean mileage to failure, X, is about
as expected and the occurrence of transmission failures is de-
tectable, then, based on Figure 1.6, the preferred maintenance
policy is "condition-based maintenance." "Operate-until-failure"
is the second choice. This was the same conclusion reached for
the transmissions of Chapter Three.

However, X is low_relative to the performance of other types
of transmissions. If X is treated as "less than expected," then
the preferred maintenance policy based on Figure 1.6 is "design-
out-maintenance." The data suggests that there should be further
investigation into the cause of the transmission failures.

Predicting the Future Reliability of the Transmissions

The future reliability of the transmissions is determined by
working with the cumulative percent of transmissions which are
expected to fail by a certain mileage. The curve in Figure 6.2
is the fitted Weibull distribution representation of the cumula-
tive failure percentages. The formula used to calculate points
along the curve is shown below:

M - D
B

cumulative
probability

= 1 - e

As an example of the use of this formula consider what per-
cent of the transmissions can be expected to fail before 60,000
miles. As determined in the previous section: D = 39,135 miles,
B = 1.855, and T = 45,184 miles. Thus, the portion (cumulative
probability) of transmissions expected to fail before 60,000
miles is:

cumulative
probability

= 1 - e

60,000 - 39,135

45,184

1. 855'

= 0.2122

An explanation and pictures of how to work out this formula with
a scientific calculator is shown in Appendix B. From the above
calculation it is thus expected that 21.22 percent of the trans-
missions will fail by the time they accumulate 60,000 miles. In
the example of this chapter, this means that three out of the 14

original transmissions (14 x 0.2122 = 2.97) are predicted to fail
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Miles

FIGURE 6.2

CUMULATIVE WEIBULL CURVE OF TRANSMISSION FAILURES
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by the time the buses have accumulated an average of 60,000
miles. In Table 6.1, note that three transmissions did fail be-
fore they accumulated 60,000 miles.

The reliability curve for the transmissions is computed from
the cumulative percentages of Table 6.57 (Work Sheet 11). Cumu-
lative mileage intervals of 15,000 miles were used in Table 6.57,
starting with the minimum life, D = 39,135 miles, and extending
to greater than 135,000 miles. The cumulative probabilities in
column 2 are computed by using the above cumulative probability
formula for the fitted Weibull distribution. These are converted
to percentages in column 3. The reliability, or percent surviv-
ing, is computed in column 4 by subtracting the cumulative per-
centages of column 3 from 100 percent. The resulting reliability
curve is depicted in Figure 6.3.

How Many Transmissions Will Fail During Any Time Period?

Consider a fleet of 60 new buses which will average 30,000
annual miles per bus. Based on the information from the previous
section it is predicted that about 13 new transmissions (60 x
0.2122 = 12.73) will have failed by the time the buses have accu-
mulated 60,000 miles each, which will occur at the end of the
second year.

Now consider how many original transmissions will fail dur-
ing each year. In Table 6.57 each cumulative 15,000 mile incre-
ment is equivalent to six months of bus life. Hence, 120,000
miles is equivalent to four years. The expected number of trans-
missions failing in each mileage or time interval is presented in
column 6. Note that no transmissions are predicted to fail in
the first 39,135 miles of service (about 18 months), which is the
minimum life term. All but one of the transmissions are predict-
ed to have failed after four years and six months or 135,000
miles of use.

What About the Replacement Transmissions?

Table 6.57 predicts the number of original transmission
failures that can be expected each year but it does not include
the failures of their replacements. A satisfactory estimate of
the total number of transmission failures (including failures of
the replacements) to expect during any period can be obtained as
follows. Take the number of miles a bus will travel during a pe-
riod, divide it by the estimated mean mileage to failure, and
then multiply the result by the total number of buses. It is
assumed that the replacement transmissions last as long as the
originals

.

To find the total number of transmission failures (originals
and replacements) per year, first divide the total number of
miles accumulated in a year (30,000 miles per bus per year) by
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TABLE 6.5 7

WORK SHEET 11

COMPONENT RELIABILITY ANALYSIS
FOR WEIBULL FAILURE DATA

TransmissionsCost Driver
Detroit Diesel

Component Type Allison MT 643

Bus Model Bluebird

Study Dates 1981-1983

uuinuxauxve

(1)

UI IlU±Ci UiVt=

OX r a.XXux6

(2)

L-uinuxa.uxve
2

(3)

3
rCeiiaDlxluy , K
f & d ^f ^ r ^ T 7 ^ v^/^ 1ourvivjjiyj

(4)

ireicen L.

railing in
riiieage

^
inuervai

(5)

NuiT\ber

r ailing
in Mileage
interval

(6)

39.135 0.0 0.0 % 100.0 % %

45.000 0.0224 2.2 % 97.8 % 2.2 % 1.3
60.000 0.2122 21.2 % 78.8 % 19.0 % 11.4
75.000 0.4787 47.9 % 52.1 % 26.7 % 16.0
90.000 0.7123 71.2 % 28.8 % 23.3 % 14.0
105.000 0. 8663 86.6 % 13.4 % 15.4 % 9,2
;20.000 0.9473 94.7 % 5.3 % 8.1 % 4,9

J.35.000 0.9823 98.2 % 1.8 % 3.5 %

>135.000 1.0000 100.0 % 0.0 % 1.8 % 1.1
% % %

% % 100.0 % 60.0
% % %

% % %

% % %

% % %

Cumulative
Probability

= 1 - e

M - 39,135

45,184

1.855

" 1 - e

Tne number in column 2 times 100,

100 percent less the number in column 3.

Percent failing in mileage interval

= R. - R , wnere: R^ = reliability (column 4) at previous
cumulative mileage

R2 = reliability at mileage in column 1

Tne total number of failures, N, times tne decimal percentage
in column 5

.
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the mean mileage to failure, X = 79,231 miles, which equals
0.3786 (30,000 divided by 79,231 = 0.3786). Then multiply the
number of buses by 0.3786 to get the number of transmissions that
are expected to fail during each year. If there are 60 buses,
then about 23 are expected to fail each year (60 x 0. 3786 =

22.718)

.

When the buses are newly purchased, the failure rate (in-
cluding replacements) will be low but eventually it will increase
and stabilize at about 23 per year. A satisfactory estimate of
how long it will take to reach the steady-state rate is the aver-
age lifetime of a transmission. In this example, the average
life of the transmission is predicted to be 79 , 231 miles or 2.6
years (79,231 divided by 30,000 = 2.6410). The increase from
zero failures per year to 23 per year is shown in Figure 6.4 as a

straight line, which is good enough for estimating the annual
failures until 2.6 years is reached.

The area under the failure line between any two times in
Figure 6.4 is the prediction of the total number of transmission
failures for the fleet during that time interval.
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CHAPTER SEVEN

COMPONENT REPLACEMENT MILEAGE INTERVAL DETERMINATION

Chapter One introduced four component maintenance policies
and succeeding chapters have demonstrated how an analysis of com-
ponent failure mileage patterns can help in determining the best
policy for each analyzed component. The four policies were
condition-based maintenance, fixed-mileage maintenance,
operate-until-failure maintenance, and design-out maintenance.
For three of these policies, all except fixed-mileage, it is
evident when the component should be replaced: when it shows
signs of excess wear or when it fails outright.

However, the optimal replacement interval is not straight-
forward in the case of fixed-mileage maintenance, FMM. The pur-
pose of this chapter is to outline a simple procedure for de-
termining the optimal fixed-mileage replacement interval. This
is the interval that minimizes the total costs of the component
to the transit agency during the life cycle of the buses. The
technique assumes that it costs more to replace the component af-
ter it fails than before it fails. This is either because the
failure can cause additional mechanical damage to the bus or
because, if the bus breaks down in service or is otherwise
disabled, there is inconvenience to both passengers and the
transit agency.

Background

There are some parts and components which typically are
replaced or overhauled on a fixed mileage or FMM basis. For
example, oil, fluids, and filters are commonly changed after a

fixed number of miles have passed since they were last changed.
These intervals are based on such criteria as manufacturer
recommendations, industry practice and transit agency experience.
However, there are no well-defined replacement intervals for most
other cases where FMM is an appropriate maintenance strategy.
Often, the optimal replacement interval is a function of the
unique operating environment of each transit system.

Chapter One cited the example of a Southwestern transit
agency maintenance manager who overhauled his Detroit Diesel
Allison V730 transmissions at 100,000 mile intervals. There were
no recommended standards for intervals between transmission over-
hauls that he could follow, so the maintenance manager selected
100,000 miles by trial-and-error . He tried larger mileage in-
tervals but found that too many transmissions were failing while
the buses were in service. Eventually he determined that an
interval of 100,000 miles achieved a satisfactory trade-off
between overly frequent transmission overhauls and inconvenient
in-service failures. The operational benefits of this policy to
the transit agency were reviewed in Chapter One.

195
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If the component failure mileage pattern is known, this
information can be used to more efficiently select the optimal
interval which minimizes costs. Three reasons for using the
failure mileage pattern are as follows:

1. A simple procedure, described in this chapter, can determine
the optimal replacement interval based on the component
failure mileage pattern.

2. A replacement interval can be selected without the need for
a time-consuming trial-and-error process.

3. Since the failure pattern is based on past component
failures, it takes into account the unique operating
environment of the transit agency. For example, the
Southwestern transit system mentioned above serves a
metropolitan area that is hilly, dry, and dusty. This
affects the wear and tear on their transmissions; the
100,000 mile interval they selected may not be applicable to
other operating environments.

Information Requirements

Two types of information are required to estimate the
optimal mileage interval between replacements. These are
replacement cost information and the Weibull distribution failure
mileage factors.

Cost Informatiori . The following cost information is needed
to determine the best mileage interval between replacements:

1 . The approximate parts and labor cost to remove and replace
the part or component before it fails.

2. The approximate cost to remove and replace the part or
component after it fails. If the failure is likely to cause
additional mechanical damage, the cost to repair the damage
should also be included. Similarly, if the failure will
cause a service disruption, then an estimated cost penalty
for the disruption should be included.

The cost of making the repair before the failure must be
less than the cost of making the repair after failure. Other-
wise, the part or component should not be a candidate for fixed
mileage replacement.

The air compressors analyzed in Chapter Four were found to
be a good candidate for fixed mileage replacement. If the air
comipressor fails while in service, it will cause a service dis-
ruption. Therefore, it will cost more to replace after the fail-
ure because of in-service disruption penalities than it would be-
fore it fails. To illustrate, the costs below are used:
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Cost to remove and replace an air compressor before failure ;

1, Labor cost: 3.5 hours at $15.00/hr = $ 52.00
2, Parts cost: Rebuilt air compressor = 280.00

Total: $332.00

Cost to remove and replace an air compressor after failure

1. Labor cost: 3.5 hours at $15.00/hr = $ 52.00
2. Parts cost: Rebuilt air compressor = 280.00
3. Service disruption penalty = 1,000.00
4. Penalty for unscheduled repair = 100.00

Total: $1,432.00

Failure Pattern Information . In Chapters Three through Six
methods were presented for estimating Weibull distribution
factors for various transit bus components. These factors are
used to estimate the best replacement interval so that the analy-
sis can take into account the specific failure pattern of the
part or component analyzed.

The reason that the failure pattern needs to be taken into
account is that replaced operable parts or components will still
have some of their useful life remaining regardless of the inter-
val selected. This means that replacements will be more frequent
under FMM than under an operate-until-failure maintenance policy.
On the other hand, parts or components that are replaced before
they fail do not incur the higher cost of replacement after fail-
ure. The optimal mileage interval for replacement is a trade-off
between the cost of replacing a component with some useful re-
maining life and the cost of replacement after failure. Making
this trade-off requires information on when the part or component
is expected to fail, hence the failure pattern needs to be known.

Optimal Replacement Interval Methodology

The following methodology was first published by Glasser in
1967 {1} ' To find the best replacement interval, two constants
must be calculated, Rl and R2

.

Rl is the ratio of the costs of replacing the part or
component after it has failed divided by the cost of replacement
before it has failed.

The cost of replacing after failure
Rl =

The cost of replacing before failure

This ratio must be greater than one, otherwise fixed-mileage re-
placement should not be considered. For the air compressor
example

:
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$1,432
Rl = =4.3

$332

R2 is a measure of the relative width of the failure mileage
pattern. To get R2 the following formula is used:

(X - D)

R2 =
SD

air compressor example:

127,675 miles, (estimated mean mileage to failure),

51,501 miles, (standard deviation),

20,315 miles, (Weibull minimum life term).

(127,675 miles - 20,315 miles) 107,360 miles

51,501 miles 51,501 miles

R2 = 2.08

Once Rl and R2 are determined the chart in Figure 7,1 is
used to find "z," which is used in the formula to determine the
optimal replacement mileage interval. For the air compressor
example, dashed lines are drawn in Figure 7.1 for Rl = 4.3 and R2
= 2.08. The intersection of these two lines is the value of z

relative to the marked z contour lines. In this case they
intersect between the contours where z equals -1.0 and -0.5.
Interpolating between these two contours, the intersection is at
about z = -0.8.

The optimal replacement interval is determined by using the
following formula:

Optimal replacement interval = X + (z x SD)

For the air compressor example:

Optimal replacement interval = 127,675 + (-0.8 x 51,501)
= 86,474 miles

The maintenance manager would round this off to 90,000 miles,
which then becomes the mileage interval between air compressor
replacements. Any air compressor which has not yet failed after
90,000 miles of service is replaced at this mileage.

For the

X =

SD =

D =

DO —

Concluding Remarks

The interval between component replacements should be ad-
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justed to coincide with bringing the bus in for other maintenance
activities and for maintenance shop scheduling convenience.
Furthermore, the maintenance manager should adjust the
replacement mileage to fit changing conditions. For example, if
an improvement is made to the part or component, the interval
should be changed based on new operating experience and knowledge
of the new failure pattern.

List of References
1. Glasser, Gerald J. "The Age Replacement Problem."

Technometrics , Vol. 9, No. 1, February 1967, pp. 83-91.
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STUDY QUESTION

Consider the generator failures in Chapter Five, for which a

fixed-mileage maintenance policy might be appropric'ite based on

the Weibull distribution failure mileage analysis. The Weibull

minimum life term, D, was 31,852 miles. The estimated mean mile-

age to failure, X, was 94,486 miles, and the standard deviation,

SD, was 36,010 miles. If the cost to replace a generator is $200

before failure and $600 afterwards, then determine the optimal

replacement mileage for the generators.
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STUDY QUESTION: ANSWER

The cost ratio, Rl , is determined as tollows:

$600
Rl = = 3.00

$200

R2 is found as follows:

X - D
R2 = —

SD

94,486 miles - 31,852 miles

36,010 miles

R2 = 1.74

From Figure 7.1, z is found to be z = 0.0. The optimal

replacement mileage interval is:

X + (z X SD) = X = 94,486 miles.

Since z is about equal to zero, then the optimal interval is the

mean mileage to failure. The maintenance manager might round

this5 ott to either 90 ,000 or 100,000 miles. Note, however, that

since generator failures are detectable, the preferable mainte-

nance policy is condition-based maintenance.



CHAPTER EIGHT

APPLICATIONS OF LIFE CYCLE COSTING

This chapter is a self-contained discussion of the applica-
tions of life cycle costing analysis of buses and their compo-
nents for making vehicle procurement and replacement decisions.
There are two major points demonstrated in this chapter. The
first is that life cycle costing does have more applications than
just procurement. The second is that sound economic principles,
including accounting for the time value of money, are inherent to
life cycle costing. Examples will illustrate both points.

The topics covered in this chapter are:

o What is life cycle costing?

o Applications of Life Cycle Costing in the Transit
Industry

.

o Prerequisites to Effective Life Cycle Cost Vehicle
Procurement.

o Review of Economic Principles.

o Information Needed for Vehicle Procurement.

o Selection Among Competing Bidders in Vehicle Procurement.

o When Should Buses be Replaced?

o Purchasing New or Rehabilitated Buses.

What is Life Cycle Costing ?

Life cycle costing is an economic evaluation scheme which
accounts for the capital, operating, and maintenance costs during
the usable life of an investment. In theory, it is both a "com-
mon sense" approach to equipment procurement and a well-
established evaluation procedure in engineering economics.

In the public sector, life cycle costing has been promoted
as an innovative alternative to equipment procurement based on
minimum initial capital cost, the "lowest bid". In the Federal
government life cycle costing has been used for military procure-
ment by the Department of Defense since the 1960s, It also is
used by the General Services Administration for the purchase of
such standardized items as typewriters and office supplies.

The U.S. Urban Mass Transportation Administration (UMTA) , in
response to Congressional dictates, first required life cycle
costing for the purchase of transit vehicles in 1982 ( Federal
Register , Vol. 47, No. 33, February 18, 1982 , pp. 7361-7364) and

203
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later, in 1983, UMTA made it optional. The 1982 guidelines said
that transit agencies should select as "cost drivers" those items
which account for 75 percent or more of operating and maintenance
costs during the life of the bus. Typical cost drivers include
preventive maintenance and major component repairs. UMTA sug-
gested that manufacturers be required to provide estimates of
these cost drivers in the procurement process.

Applications of Life Cycle Costing in the Transit Industry

There are six primary uses for life cycle costing in the
transit industry, as adapted from Seldon (5^). These are
discussed below and applications are presented later in the
chapter

.

1. Long-range planning and budgeting . Gathering the data
needed to do life cycle analysis forces the transit agency to
clarify and identify the operational and maintenance cost ele-
ments of the organization. For example, if the agency is plan-
ning a major acquisition of new buses as part of a service expan-
sion, whit are the budget implications over the projected life of
these buses? Life cycle costing should facilitate the projection
of agency budgets over a long period of time.

2. Comparison of competing programs . Life cycle costing
can provide some of the information needed for broader policy-
making, such as proposals to implement light rail services as an
alternative to expanded bus services. Other examples include
decisions to purchase different types of buses (e.g., vans,
articulated buses, minibuses) or proposals to purchase used or
rehabilitated buses.

3. Comparison of maintenance strategies . There are alter-
natives in maintenance management which are best analyzed in the
long rarge, in keeping with the life cycle costing approach. For
example, will increased preventive maintenance extend the life of
the buses? Should all maintenance work be done in-house, or
would it be more economical to contract for some specialized
maintenance work with outsiders?

4 . Decisions about the replacement of aging equipment .

There are a variety of strategies for determining when to replace
aging vehicles and most would benefit from the information needed
for life cycle costing. In fact, life cycle costing would enable
transit agencies to more effectively monitor the costs associated
with retaining their aging buses. This chapter is concluded with
an example of bus replacement decision-making where the choice is
to keep an old bus or replace it with a new or rehabilitated bus.

5. Control over an ongoing program . The effective manage-
ment of any program requires adequate information on what aspects
contribute to costs. Life cycle costing implies the development
of a data base which should help ongoing performance monitoring.
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This is of particular significance to transit agencies in the
1980s wh -ch are experiencing soaring operating deficits at a time
of diminished financial resources.

6. Selection among competing contractors . Finally, life
costing, in principle, is the rational economic approach to eval-
uating alternative bids for equipment, including transit buses.
Procurement examples which account for the time value of money
are included in this chapter.

Prerequisites to Effective Life Cycle Cost Vehicle Procurement

The successful application of life cycle cost techniques to
vehicle procurement requires several things. First, transit
agencies must have the ability to identify, measure, and evaluate
the cost drivers affecting the operating and maintenance costs of
their buses. Second, the manufacturers of buses must be willing
and able to provide operating and maintenance cost estimates of
the various components included in their bus designs. Third, bus
manufacturers and transit agencies must develop and maintain good
working relationships and mutual understanding.

Six prerequisites to successful life cycle cost procurement
are presented below which should foster the ability of the tran-
sit agei cy to identify its cost drivers and improve its ability
to work intelligently with the manufacturers.

1. Standard and uniform guidelines for life cycle cost
procurenant are necessary, both to ease the task for the transit
agency and to encourage the manufacturers to provide the appro-
priate information. For example, if preventive maintenance is a
life cycle cost driver, the manufacturer should specify the mile-
age intervals and what is to be done at each interval based on
transit agency specifications. Thus, each manufacturer provides
comparable information to the agency. Similarly, manufacturers
estimates of fuel economy can vary widely. The transit agency
should specify the fuel test methodology and a representative op-
erating profile, using identical criteria for all manufacturers
submitting procurement bids. It should be required that the bus
being offered is identical to the bus being tested.

2. Transit operators need adequate records to support life
cycle analysis and to monitor the results once the new buses are
obtained. In addition, the availability of comprehensive cost
and frequency of occurrence records would make it possible to
more efficiently manage maintenance activities and procedures.
Such records should be computerized to make it easier to analyze
data. For example, meaningful cost and frequency of repair pre-
dictions can be accomplished with a relatively small number of
cases (e.g., ten to twenty buses), but the analysis is best done
on c computer. Economic analysis also is easier to do on a com-
puter.



206

3. Transit agencies should integrate their operating and
maintenance records with both long range and annual budget and
operations planning. As noted earlier, there are a variety of
applications for life cycle costing information in addition to
vehicle procurement.

4. Cost and frequency of occurrence records should be col-
lected for individual buses. This information is needed to find
out when old buses should be replaced as demonstrated in the last
example presented in this chapter. A southwestern transit agency
maintenance manager, responsible for a fleet of ICQ buses, told
the authors that 100 buses were about the limit of his ability to
be personally familiar with each vehicle's maintenance history
without the help of a good record-keeping system. With computer-
based records, summaries easily can be provided for bus fleet and
model totals.

5. The time value of money should be considered in life
cycle cost procurement, mainly because of the long time period
involved (12 years typical bus life) and the magnitude of fuel
and maintenance costs which are incurred over time. Uncer-
tainties such as future fuel prices and maintenance expenses are
best accounted for by the thoughtful and conservative use of eco-
nomic principles. Most of the examples in this chapter illus-
trate how this is done.

6. None of the above prerequisites are easy to implement
without adequate staff expertise and the availability of training
courses and guidelines. Management information systems and a ca-
pable supporting staff should be recognized as fundamental compo-
nents of transit agency administration. This is discussed in
more detail in the chapter entitled, "Information System Develop-
ment .

"

7. Top-level management support is needed because life cy-
cle costing departs from traditional procurement practices and it
requires more staff time to prepare and evaluate such analyses.
Management must be willing to provide the staff and training re-
sources needed to satisfy prerequisite six.

Review of Economic Principles

In this section economic principles, including the time val-
ue of money, are reviewed and applied to an example which con-
sists of twenty years of hypothetical bus operating cost records.
The computations covered include depreciation, annual life cycle
cost, and present worth analysis of total life cycle costs.

Transit Bus Life . For purposes of economic analysis a tran-
sit bus is assumed to have three different lives. Life is the
period of time that the bus is used by one transit agency.
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1. Actual ussful life. This is the time period that the
bus is actually used. This may or may not be the same as the de-
preciation or economic life.

2. Depreciation life . This is the anticipated life of the
bus. For accounting purposes, to aid in estimating annual costs
of ownership, the original capital cost is depreciated annually
over this life. Conventional practice in the transit industry is
to use a depreciation life of 12 years for new transit buses.
Note that after 12 years the bus may still have useful life and
be kept in operation by the transit agency.

3. Economic life . This is the length of ownership for
which the net annual cost of the bus is a minimum. This will be
illustrated in the following example. The economic life is the
life at which life cycle costs to the transit agency are min-
imized. This may or may not correspond to the anticipated depre-
ciation life of 12 years. As will be seen later in this chapter,
the concept of economic life is applied to vehicle replacement
decisions. An aging bus should be replaced if it can be shown
that a replacement will incur lower annual costs on a life cycle
basis

.

In order to illustrate the application of economic princi-
ples to the life cycle costing of a bus, hypothetical operating
and maintenance costs are indicated in Table 8.1 for a projected
useful bus life of 20 years and a depreciation life of 12 years.
As the bus ages the annual miles of service are gradually reduced
as indicated in column 2. Annual fuel costs (column 4) are based
on projected annual mileage taking into account decreasing fuel
efficiency in miles/gallon as the bus ages. Maintenance costs
(column 5) are made up but reflect both increased costs over time
and the annual impacts of major component overhauls.

Depreciation Cost . Although the Federal government does not
permit depreciation accounting of Federally-granted funds, this
should not prevent the transit agency from including depreciation
in its economic analysis of bus life cycle costs. This is the
way the original capital costs of buses are accounted for on an
annual basis. If capital costs are not included a vehicle re-
placement analysis will indicate that new buses should be re-
placed every year because of low initial maintenance costs.
Thus, the following computations relate to economic evaluation,
not transit agency finances or budget computations. Their sole
purpose is enable better decisions about bus replacements.

There are several commonly used depreciation techniques.
The one selected here is the double declining balance deprecia-
tion method, which assumes that the annual cost of depreciation
is a constant percentage of the book value of the bus at the be-
ginning of each year.

The constant percentage, k, is determined from the following
formula

;
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k = 2/N, where N = the assumed depreciation life

In this example a depreciation life of 12 years is assumed. The
value for k is 1/6 in this case.

The depreciation in the first year is computed as follows:

d^ = P X k, where d^ = depreciation in the first year
P - original capital cost.

In the example depicted in Table 8.1 the original capital cost of
the bus is $160,000. The depreciation in the first year is
$160,000/6 = d = $26,666.67. This is entered in the first line
of column 3 of "Table 8.1.

In succeeding years the depreciation is computed from the
following formula:

bus age in years
depreciation that year
original capital cost minus
the sum of the depreciations
computed for the previous
years, 1 to n - 1

.

For example, in the second year:

= ($160,000 - $26,666.67) /6 = $22,222.22

In the third year:

d^ = ($160,000 - $26,666.67 - $22 , 222 . 22) /6 = $18,518.52

Depreciation costs are continued in a like manner through year
12. After that the bus is considered fully depreciated and a
value of zero is entered in column 3 of Table 8.1.

In theory, when using the double declining balance depre-
ciation method the salvage value of the bus after N years is
found from the following formula:

N
F = P(l - k) , where: F = salvage value at bus age N

In the example:

F = $160, 000 (1 - l/6)"'-^ = $17 , 945 . 06 .

In reality, the salvage value of the bus is its market value at
the time, which is whatever the transit agency can sell it for
after 12 years.

Annual Life Cycle Cost . The annual life cycle cost for the
bus example in Table 8.1 is found by summing together the annual
depreciation, fuel cost, and maintenance cost (columns 3, 4 and

d = (P ,) X k, where: n =

d =

n-1
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5) and entering this value in column 6. Thus, for the first year
the annual cost is:

$26,666.67 + $13,350.00 + $5,300 = $45,316.67

The annual life cycle cost per mile is found by dividing the an-
nual cost by the miles accumulated that year. In the first year,
this annual life cycle cost per mile is:

$45,316.67 / 47,500 miles = $ 0.95 per mile

This value is entered in column 7, the last column in Table 8.1.

In this example the annual life cycle costs per mile
initially tend to decrease each year. This is because deprecia-
tion costs decline each year and the miles driven per year de-
clines every five years, reducing to some extent fuel and main-
tenance expenses. If the economic life of the bus is considered
to be the life at the minimum annual expense, the figures in
Table 8.1 would conclude that the economic life of these buses is
about 11 to 13 years. Note, however, that the buses in Table 8,1
see less use after 13 years than newer buses and probably they
aren't very reliable. Neither of these important factors are
accounted for in Table 8.1 as costs to the transit agency.

Annual life cycle cost per mile from Table 8.1 is plotted in
Figure 8.1. Such plots are typical for aging equipment and help
in figuring out when equipment should be replaced. Later in this
chapter the question of when to replace an aging bus will be de-
scribed in more detail.

Present Worth Analysis . In bus procurement the time value
of money can be taken into account by discounting the costs in-
curred during the lifetime of a bus. This is done by computing
the present worth of future sums of money. The formula for doing
this is called the single payment present worth factor:

PWF = 1 / (1 - i)^^, where: PWF = single payment present
worth factor

i = discount rate expressed
as a decimal (e.g. , i =

0.10 for 10 percent dis-
count rate)

n = number of years

For example, if the discount rate is 10 percent and n = one year,
then PWF = 0.9091. Values for the single payment present worth
factor typically are found from tables in engineering economics
textbooks or computed directly with business applications pocket
calculators

.
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The discount rate, i, reflects the degree of uncertainty in
the future as well as prevalent economic interest rates. The ex-
amples in this chapter use a discount rate of 10 percent and this
rate is suggested for economic studies of public projects unless
the transit agency has other preferences or policies. For the
convenience of the reader a table of single payment present worth
factors for a discount rate of 10 percent is presented in Table
8.2.

The annual fuel and maintenance costs from Table 8.1 are
converted to present worths in Table 8.3 using the numbers from
Table 8.2. Depreciation costs are deleted from the computations
because in this section they are considered strictly as a book-
keeping device for estimating true annual costs of bus ownership.
It should be rather obvious to note that the present worth of an
initial capital investment of $160,000 to purchase a bus is
$160,000.

In Table 8.3 the fuel and maintenance costs (columns 2 and
3) are added together (sums in column 4) and then multiplied by
the present worth factor (column 5) for each year of bus life.
The result (column 6) is the present worth of those costs for
each future year. For example, in the 5th year of bus life the
fuel and maintenance costs sum to $29,200. The present worth
factor from Table 8.2 for 5 years is 0.6209. Thus, the present
worth of the costs in the fifth year are: $29,200 x 0. 6209 =

$18 , 130. 28 . The sum of all the present worths in column 6 is
$232, 613 . 34 , the present worth at the time the bus is purchased
of 20 future years of fuel and maintenance costs.

Note that the present worth factor substantially reduces the
value of expenditure which are made in the future. Actual total
fuel and maintenance costs per bus over the 20 year period are
$594,320 (sum of column 4).

The proper numbers to use in computing life cycle costs are
the present worths of the initial capital investment and
recurring ownership costs. For example:

Initial purchase price of bus: $160,000.00
Present worth of fuel and
maintenance costs; + $232,613.34

Total life cycle cost: $392,613.34

It is the present worth of all life cycle costs which should be
used when comparing one bus model against another in vehicle
procurement. This is discussed in more detail in the next
section.

Assumptions . In the next section vehicle procurement is
based on estimated maintenance and fuel expenses provided by man-
ufacturers. The transit agency can substitute its own figures
but there is no guarantee that past operating experiences will be
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TABLE 8.2

SINGLE PAYMENT PRESENT WORTH FACTORS FOR i ^- 10 PERCENT

___

Bus Age, n Present Worth Factor

1 0.9091

2 0.8264

3 0.7513

4 0.6830

5 0.6209

6 0.5645

7 0.5132

8 0.4665

9 0.4241

10 0.3855

11 0.3505

12 0.3186

13 0.2897

14 0.2633

15 0.2394

16 0.2176

17 0.1978

18 0.1799

19 0.1635

20 0.1486

*
Single payment present worth factor

(1 + i)" where i = 0.10 or 10 percent
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TABLE 8.3

PRESENT WORTH OF FUEL AND MAINTENANCE COSTS

Bus Age Fuel Maintenance Total x Present = Present
(years) Cost, $ Cost, $ Cost, $ Worth Factor Worth, $

(1) (2) (3) (4) (5) (6)

1 13,500 5,300 18,650 X 0.9091 = 16,954.72

2 1 ^ son 9 1 70 V \J • O ^ U *d 1ft fii n STXO , DXU . J

J

3 13 , 500 11 ,050 24 , 400 0 751 3 1 ft ?T1 79XO,JjX. /z

A
*r± 1 son 1 4 Qon 78 s>sn V 1Q 9Q/a 7S

1 1 500 15 R50 \J • w ^ w 7 1ft 1 "^n 9ftXO,XOL'.ZO

6 12,700 14,300 27,000 X 0.5645 = 15,241.50

7 1 9 7nn
J_ z , / u u IS 1 nnX D , XUU 97 pnnz / , ouu X U . D X J z 1 4 9<^A Qf;Xl , ZDD

.

Qo 1 9 7nnX z , / uu XD , ouu 9 Q Rnnzy , DUU X 1 7 7(^1 7CXJ, / DX. / _!

q 1 9 7nr)x^ , / uu 1 ^ 7nn 9f! zion X n 4941U . ft Z 'I X 1 9 n44 44

1 n 1 9 7nn XD , ^UU 9R Qfin X 11 1 AnXX/X'iU.^/j

11 12,000 13,000 25,000 X 0.3505 8,762.50

12 12,000 13,400 25,400 X 0.3186 8,092.44

13 12,000 16,800 28,800 X 0.2897 8,343.36

14 12,000 18,100 30,100 X 0.2633 7,925.33

15 12,000 21,300 33,300 X 0.2394 7,972.02

16 11,300 22,650 33,950 X 0.2176 7,387.52

17 11,300 26,100 37,400 X 0.1978 7,397.72

18 11,300 25,950 37,200 X 0.1799 6,692.28

19 11,300 28,300 39,600 X 0.1635 6,474.60

20 11,300 27,650 38,950 X 0.1486 5,787.97

Sum = 5246,750 $347,570 $594,320 $232,613.34
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realized with new buses. Other chapters of this report show hov;

the transit agency can make forecasts of component reliability
and replacement rates. In a later section of this chapter it
will be shown how this information can be used to determine the
present worth of specific component repairs for the life of a
bus

.

The above example also neglected the effects of inflation on
costs over time. The reader is advised to consult textbooks on
engineering economics for techniques of handling costs which grow
by a uniform increment or a constant percentage over time, e.g.,
maintenance labor rates which increase x percent a year. Note,
however, that predicting future price trends is a speculative ef-
fort at best. Inflation has typically increased over time but at
unpredictable and variable rates. Fuel costs have varied up and
down in past decades and likely will continue to do so.

The safest course for the analyst is probably to not get too
involved in predicting the unpredictable. The discount rate in-
cludes future cost uncertainty. If all costs inflate at about
the same rate then there is no compelling reason to predict in-
flation as long as alternative bus models are economically
treated in the same manner. Thus, it is not likely that the ana-
lyst should need to forecast inflation rates or cost growth
rates. Instead, more attention should be paid to the levels of
maintenance likely to be incurred each year throughout the life
of the bus using the techniques presented in the other chapters.

Information Needed for Vehicle Procurement .

Obtaining buses with the lowest acquisition costs may not be
the least expensive option for the agency in the long run. The
total cost of ownership of a bus consists of the following
factors

:

o Initial acquisition cost,

o Operating costs which include fuel, tires, preventive
maintenance, repairs, and major component rebuilding and
replacement, and which recur periodically over time,

o Salvage or resale value when the transit agency decides
to get rid of the bus at the end of its economic life.

Ownership cost does not include driver wages or transit adminis-
tration overhead since these costs are generally independent of
the types of buses purchased. One notable exception, however, is

the articulated bus which offers more passenger seats per driver.
It would be appropriate in this case to account for increased
driver productivity in life cycle costing.

A comprehensive list of potential life cycle cost factors or
"drivers" is presented in Table 8.4. Including all such factors
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TABLE 8.4

LIST OF POTENTIAL OPERATING FACTORS FOR LIFE
CYCLE COST PROCUREMENT

BODY
Shel l

External and Applied Panels
Finish
Skirt Aprons
Floors
Steps and Stepwells
Wheel Housing
Passenger Doors
Service Compartment Service Doors
Operating Components
Door Actuators
Windshield Wiper/Washer
Light Control and Instruments
Fare Box
Loading System
Signals
Interior
Mirror
Passenger Seats
Driver Seats
Floor Covering
Panels and Bulkheads
Access Doors
Stanchions and Handrails
Windows
Driver's Windows
Side Windows

CHASSIS
Propulsion System
Engine
Cooling System
Transmission
Engine Accessories
Hydraulic Drive

Final Drive
Rear Axle
Drive Shaft
Suspension
Springs and Shock Absorbers
Front Axle
Kneeling Equipment
Steering
Brake Mechanism
Hub and Drums
Air System
Brake Linings
General Chassis
VJheels

Fuel System
Bumper System
Frame
Electrical System
Electrical Components
Climate Control
Heating
Air Conditioning
Ventilation
Radio & Pijblic Address System
Mobile Radio System
Public Address System

ROAD CALLS
PREVENTIVE MAINTENANCE

Oil Change
Tuneup
Inspections
Lubrications
Cleaning and Washing

OPERATING FACTORS
Fuel
Tires
Oil

Source: American Public Transit Association.
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in a life cycle analysis, however, is likely to complicate and
prolong the analysis without significantly improving the end
result or changing the procurement decision.

The following eight major cost drivers generally comprise
more than 75 percent of the operating cost of a bus:

1. fuel
2. tires
3. engine oil
4. brakes
5. transmission
6. engine
7. air conditioning
8. preventive maintenance

Life cycle cost procurement should include evaluation of these
cost drivers. In addition, other elements such as body corro-
sion, other body work, and the electrical system, may be used
based on past experiences or concerns of the transit agency.

As an example of these cost factors. Table 8.5 provides a
breakdown of fuel and maintenance expenses for 22 new buses in
their first and third years of operation by the Central Oklahoma
Transportation and Parking Authority. Maintenance costs are seen
to increase over time, exceeding fuel costs after three years.

By calculating the present worth of costs which would be in-
curred for each selected cost driver over the entire life of the
bus and adding up the results, the total life cycle costs can be
determined. This is done for each competing bus in the procure-
ment. From this, the bus with the lowest overall life cycle cost
can be determined.

The operating cost data required for the life cycle calcu-
lations can be obtained from the competing manufacturers or from
transit agency records. The following data typically are re-
quested from the manufacturer according to the American Public
Transit Association for the eight major cost drivers noted above:

o the bus acquisition cost

o the estimated lifetime mileage of the bus, typically
500,000 miles

o the estimated fuel consumption of the bus, preferably
based on fuel economy tests for the bus which simulate
typical bus duty cycles

o the estimated number of miles between transmission over-
hauls

o the number of labor hours required to remove and re-
install the transmission
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TABLE 8.5

OPERATING COST DRIVERS FOR GENERAL MOTORS
RTSII MODEL 04 BUSES IN OKLAHOMA CITY*

Cost Driver

Average Operating Cost per Bus

First Year Third Year

Brakes $1,328 $1,128

Electrical System 404 1,069

Air Conditioning 214 1,028

Preventive Maintenance 651 746

Engine TCI151 o yi o

Transmission 28 186

Miscellaneous 810 3,062

Subtotal

:

$ 3,586 $7,568

Fuel 11,250 7,506

Total Operating Cost: ?14,836 $15,074

Average Mileage: 52,941 35,322

Cost/Mile: $ 0.28 $ 0.43

Average costs for 22 General Motors RTSII Model 04 buses
acquired by the Central Oklahoma Transportation and Parking
Authority in 1981.



219

o the number of labor hours required to dismantle, overhaul
and test tne transmission

o the cost of the materials (parts) required to overhaul
the transmission

o the estimated number of miles between brake repairs using
old drums

o the estimated number of miles between brake repairs in-
stalling new drums

o the cost of materials (parts) required to repair brakes
using old drums

o the cost of materials (parts) required to repair brakes
installing new drums

o the estimated number of hours between air conditioning
compressor overhauls

o the estimated number of hours required to rebuild the air
conditioning compressor

o the cost of materials (parts) required to rebuild the air
conditioning compressor

o the estimated number of miles between air conditioning
blower motor overhauls

o the number of labor hours required to remove and re-
install the air conditioning blower motor

o the number of labor hours required to rebuild the air
conditioning blower motor

o the estimated number of miles between air conditioning
condenser motor overhauls

o the number of labor hours required to remove and re-
install the air conditioning condenser motor

o the number of labor hours required to rebuild the air
conditioning condenser motor

o the schedule of preventive maintenance actions in miles

o the number of preventive maintenance actions for the life
of the bus

o the number of labor hours required to perform each
preventive maintenance action
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o the cost of materials (parts) required for each
preventive maintenance action.

The following data typically are provided by the transit agency:

o the cost of fuel per gallon

o the hourly labor wage rate for the personnel needed to
perform the various repairs and preventive maintenance
actions

o the number of years the operator plans to keep the bus

o the number of miles the bus will be operated per year
(average utilization rate) and passenger loads (bus
weight)

,

As an example of the operating cost data that can be collected,
the information requested from manufacturers by the Central
Oklahoma Transportation and Parking Authority (COTPA) in a 1981
procurement is presented in Table 8.6.

Although the information on the major cost drivers is ob-
tained from the manufacturer, it can be helpful for the transit
agency to have its own figures. Conscientious transit operators,
including COTPA, are alert to and commonly specify specific types
and brands of components (e.g., air conditioning units or en-
gines) in their bid specifications because of past maintenance
experiences, either within the agency or by comparing experiences
with other agencies. Maintaining a data base of cost and fre-
quency of occurrence statistics for the transit agency's own
fleet can only facilitate the procurement process. It gives the
agency a basis for assessing the validity of manufacturer claims
or justifying the specification of specific components. It also
enables the agency to account for local climatic and bus duty cy-
cle conditions.

Selection Among Competing Bidders in Vehicle Procurement

The present worth of the life cycle costs for the buses of
each competing manufacturer is determined as follows. The costs
included in the computation are the acquisition price, up front
spare parts and delivery charges, and the eight major cost
drivers listed in Table 8.6. The manufacturer has provided the
cost information for each cost driver indicated in Table 8.6.

The total present worth of fuel costs during the 12 years of
anticipated bus life is computed in Table 8.7 (Work Sheet 17).
In this case the bus is expected to accumulate 47,500 miles per
year in its first five years of use (column 2) , then declining
mileages as the bus ages. The reader can readily see that any
annual mileage schedule can be accommodated in this work sheet.
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TABLE 8.6

LIFE CYCLE COST PROCUREMENT INFORMATION REQUIRED FROM
MANUFACTURERS BY CENTRAL OKLAHOMA TRANSPORTATION AND
PARKING AUTHORITY

COST FACTOR INFORMATION REQUIRED
^

FUEL CONSUMPTION Fuel economy in miles per gallon based
on specified fuel economy test
operations

.

OIL CONSUMPTION Consumption (excluding oil changes) in

miles per quart

TIRES Number of tires (brand specified by
COTPA) required for 500,000 miles of
anticipated bus use

BRAKE RELINING
(front and rear)

Parts and labor for life of bus,
including expected interval in miles
betv/een replacements and overhauls

PREVENTIVE MAINTENANCE

Oil change & filter Parts and labor

,

expected intervals

Engine air filter Parts and labor

,

expected intervals

Engine Tune-up Parts and labor. expected intervals

Transmission Parts and labor

,

expected intervals

Air conditioning Parts and labor. expected intervals

Chassis lubrication Parts and labor

,

expected intervals

Differential Parts and labor. expected intervals

Brake adjustment Parts and labor

,

expected intervals

ENGINE REPLACEMENT
AND OVERHAUL

Parts and labor

,

expected intervals

TRANSMISSION REPLACEMENT
AND OVERHAUL

Parts and labor, expected intervals

AIR CONDITIONING COMPRESSOR
REPLACEMENT AND OVERHAUL Parts and labor, expected intervals

The manufacturer is required to tabulate all of the above costs and
maintenance performance intervals and provide total maintenance costs for

the life of the bus using labor, fuel, and oil costs supplied by COTPA as

well as miscellaneous maintenance practices information.
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TABLE 8 . 7

WORK SHEET 17

PRESENT WORTH ANALYSIS OF ANNUALLY
RECURRING COST DRIVERS

Cost Driver: Annual Fuel Consumption

Bus Age Mileage Cost per Total Annual Present Worth Present
(years) per year Mile Cost Factor * Worth

(1) (2) (3) (4) (5) (6)

1 47,500 X $ 0.249 $ 11, 828 X 0. 9091 $ 10,753

2 47,500 X $ 0. 249 $ 11,828 X 0. 8264 $ 9,775

3 47,500 X $ 0.249 $ 11,828 X 0. 7513 $ 8,886

4 47,500 X $ 0.249 $ 11,828 X 0. 6830 $ 8,079

5 47,500 X $ 0.249 $ 11,828 X 0. 6209 $ 7,344

6 40,000 X $ 0.249 $ 9,960 X 0. 5645 $ 5,622

7 40,000 X $ 0.249 $ 9,960 X 0. 5132 $ 5, 111

8 40,000 X $ 0.249 $ 9,960 X 0. 4665 $ 4,646

9 40,000 X $ 0.249 $ 9,960 X 0. 4241 $ 4,224

10 40,000 X $ 0.249 $ 9 ,960 X 0. 3855 $ 3,840

11 35,000 X $ 0.249 $ 8,715 X 0. 3505 $ 3,055

12 35,000 X $ 0.249 $ 8,715 X 0. 3186 $ 2,777

Total Present Worth

:

$ 74,112

Single payment present worth factor with discount rate
= 10 percent.
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Annual fuel costs are calculated as follows. The manufac-
turer provides the estimated fuel economy, in this case 4.218
miles per gallon based on the duty cycle and bus weights spec-
ified by the transit agency. The transit agency provides the
cost of fuel, $1.05 per gallon. Fuel cost per mile is found from
the following formula:

fuel cost/gallon
Fuel cost per mile = —

_

fuel economy in miles/gallon

$1 . 05/gallon
= = $0 . 249/mile

4.218 miles/gallon

This number, entered in column 3 of Table 8.7, is multiplied by
the annual miles to get the annual fuel cost. For example, in
the first year the annual fuel cost is 47,500 miles x $0.249/mile
= $11,828, which is entered in column 4 of Table 8.7.

The annual fuel costs are multiplied by the single payment
present worth factors found in Table 8.2 for a discount rate of
10 percent (entered in column 5) which results in the present
worth of each annual expenditure for fuel. The results are
indicated in the last column of Table 8.7.

The present worth of the total fuel costs over the 12 years
is $74,112, which is substantially less than the direct sum of
the annual fuel costs, $126,370. Neglected in these computations
are changes in fuel cost over the years, an unpredictable factor,
and changes in bus fuel economy as it ages. These uncertainties
are among those which are accounted for in the discounting of the
costs

.

other cost drivers which are incurred every year are handled
in a similar manner. These may include oil, tires, brake re-
pairs, and preventive maintenance. The number of repair events
per year is computed for each driver and the costs tabulated on
an annual basis for input to the present worth analysis.

Next, consider the present worth of transmission replace-
ments and overhauls, a much less frequent repair. Table 8.8
(Work Sieet 18) provides the manufacturer's estimates of labor
hours and cost of materials for transmission overhauls. The
manufaci.urer estimates the mileage between overhauls to be
265,000 miles but the transit agency, based on its own previous
maintenc-ince experience with similar transmissions, disputes this
figure and uses its own estimate of 100,000 miles between over-
hauls .

The transit agency provides the labor rate of $16.50 per
hour. The calculations in Table 8.8 estimate that the total cost
per transmission overhaul will be $1 , 963 , and this cost will be
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TABLE 8.8

WORK SHEET 18

MAINTENANCE TASK COSTING

Cost Driver: Transmission Overhaul

Estimated Labor Cost of Cost per

Maintenance Task Labor Hours* Rate** Materials* Task

1 . Remove and

reinstall

transmission 5.45 x $ 16.50 + $ 65 = $ 155

2. Dismantle,

overhaul

,

ar.d test 18.75 x $ 16.50 + $ 1,500 = $ 1,809

Total Cost: $ 1,964

*
Expected interval in miles: 100 , OOP

* Supplied by bus manufacturer

** Supplied by transit agency

NOTE: Manufacturer provides an estimate of 265,000 miles between
transmission overhauls but transit agency substitutes
100,000 miles based on its past operating experience.
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incurred once every 100,000 miles of accumulated bus use.

The present worth of the transmission overhaul costs over
the projected lifetime of the bus is calculated in Table 8.9
(Work Sheet 19) . This table assumes that the bus will accumulate
the same annual mileages as indicated in Table 8.7 through its 12
years of anticipated service. The cumulative miles are indicated
in column 2 and total 507,500 miles.

Since the transmissions are predicted to need overhauls at
100,000 mile intervals, overhauls are predicted after 100,000;
200,000; 300,000; 400,000; and 500,000 miles of service. The
year in which each mileage occurs is indicated in column 3 of
Table 8.9 and the present worth of the overhaul expense for that
year is computed. A discount rate of 10 percent was used in
Table 8.9, hence the present worth factors are the same as were
used in Table 8.3.

The total present worth of the transmission overhauls is the
sum of the numbers in the last column of Table 8.9, or $4,460.
Note that this is substantially less than the simple sum of the
four transmission overhauls expected during the 500,000 mile
lifetime of the bus, which is $7,856.

Finally, note that looking at the time frequency of over-
hauls has resulted in the final failure, at 500,000 miles, being
deleted from the analysis. This is because the bus has reached
the end of its projected life. At that time, 12 years, evalua-
tion needs to made of what to do with the bus. Should the trans-
mission be overhauled again? This depends on what the transit
agency intends to do with the bus: scrap it, sell it, or reha-
bilitate it. These questions are addressed in the next section.

Present worth analysis clarifies a problem several transit
agencies have encountered in conventional life cycle costing,
which includes a "frequency interval factor." This factor is the
total life mileage of the bus, 500,000 miles, divided by the man-
ufacturer's estimate of the miles between major service items.
For example, suppose that the manufacturer estimates that the in-
terval between major engine overhauls is 360,000 miles. The fre-
quency interval factor is computed as follows:

500,000 miles
factor = = 1.39

360,000 miles

This factor is multiplied by the estimated engine overhaul cost
to determine the life cycle cost of engine overhauls per bus.
Assuming the cost per overhaul to be $5, 950.00 , the life cycle
cost for engine overhauls is:

cost = 1.39 X $5,950.00 = $ 8,271.

Some transit agencies have complained that certain manufac-
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TABLE 8.9

WORK SHEET 19

PRESENT WORTH ANALYSIS OF INFREQUENT
MAINTENANCE COST DRIVERS

Cost Driver: Transmission Overhaul

Bus Age Cumulative Cost Driver Present Worth Present
(years

)

Miles Occurrence* L.OS u Factor** Worth

(1) (2) (3) (4) (5) (6)

1

2

3

4

c

6

7

8

9

10

11

12

47,500 no X II

II

II

II

II

II

II

II

II

II

II

II

95,000 no * X ?

142 ,500 fai lure
?

1,964 X 0.7513 *
? 1,476

190,000 no
$ X $

237,500 failure <t
•p

1,964 X 0.6209 *
•p 1,219

277,500 no
$ X $

317,500 failure $ 1,964 X 0.5132 $ 1,008

357,500 no
$ X $

397,500 no $ X $

437,500 failure $ 1,964 X 0. 3855 $ 757

472,500 no $ X $

507,500 failure*** $ X $

Total Present Worth: $ 4,460

Transmissions expected to fail every 100,000 miles according
to transit agency records. Hence, failures requiring overhaul
are predicted at 100,000; 200,000; 300,000; 400,000; and
500,000 miles.

* * . 1

«

Single payment present worth factor with discount rate = 10

percent.
* * *

Failure at end of bus life excluded from calculations.
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turers round the frequency interval factor down to the nearest
whole number. In the above example, this would be a rounded fac-
tor of 1, which would make the life cycle cost $5,950.00 instead
of $8,271. This would give this manufacturer a substantial cost
advantage over competitors with a similar or even the same engine
who did not round the factor.

The rationale for rounding is evident in the present worth
tabulation, in that it assumes the component has some remaining
useful life at the end of 500,000 miles or fails at the end of
the bus life. A present worth tabulation clarifies the as-
sumptions being made and should ensure that the figures for each
manufacturer are treated equitably.

Table 8.10 presents a tabulation of the life cycle costs and
other factors for bus procurement, in this case assuming four
competing manufacturers. The list is headed by the acquisition
price and costs of spare parts and delivery, all present costs by
definition. This is followed by the present worths of the eight
major cost drivers. The fuel and transmission overhaul costs
computed in Tables 8.7 and 8.9, $74,112 and $4,460 respectively,
are entered under manufacturer A in Table 8.10. All of these
costs are summed to determine the total life cycle cost for each
manufacturer. Based on these costs alone, the manufacturer with
the lowest total life cycle costs would be selected.

Not included in this example is consideration of performance
and standardization, also part of the procurement process. Per-
formance indicators for each manufacturer include financial re-
sources of the manufacturer, training and other technical sup-
port, availability of service and repair parts through dealers or
other organizations, ability to deliver the buses in a timely
fashion, and bus features which exceed the minimum specifications
of the agency. Performance, since it largely includes qualita-
tive or dif ficult-to-quantify factors, might be included as a

comparative ranking in Table 8.10.

Standardization aspects include the degree of similarity or
interchangeability of bus components. Lack of standardization
can incur costs associated with the need for additional service
training, tools, inventory, and other facilities. Transit
agencies typically request a standardization cost estimate from
each manufacturer. This cost can be treated as a present cost
and so entered in Table 8.10.

The total procurement evaluation, based on all the informa-
tion summarized in Table 8.10, is not attempted in this chapter
as it is to a considerable extent a matter of judgement and
specific to the transit agency making the procurement decision.
Note, however, that the intent of present worth analysis is to
make the life cycle cost procurement process as systematic ard
clear as possible. This should help eliminate misunderstandings
between manufacturers and transit agencies.
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TABLE 8.10

COMPARATIVE LIFE CYCLE COST EVALUATION
OF COMPETING MANUFACTURERS

Manufacturers
Present Worth $
Life Cycle Cost, A B C D

Acquisition
Price* $ $ $ $

Spare Pacts
and Delivery*

Fuel Consumption

Oil Consumption

Tires

74,112

Brake Relining

Preventive
Maintenance

Engine Replacement
and Overhaul

Transmission
Replacement and
Overhaul 4,460

Air Conditioner
Compressor Replace-
m.ent and Overhaul

TOTAL LIFE
CYCLE COST

STANDARD I ZAT ION *

PERFORMANCE

These costs are considered as present costs and are entered
as quoted by the manufacturer with no present worth
discounting.
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When Should Buses Be Replaced?

When a bus has reached the end of its economic life it is
time to consider replacing the bus or keeping it in operation for
a few more years. In the transit industry it is standard prac-
tice to keep a new bus for 12 years or 500,000 miles, which thus
becomes the depreciation life of the bus. The economic life of a
bus tends to approximate the depreciation life of 12 years as was
indicated in the hypothetical data of Table 8.1 and Figure 8.1.

In economic analysis the existing bus is termed the defend-
er. The possible replacement, whether it be a new, used, or re-
habilitated bus, is the challenger . These terms are commonly
used in this situation because the economic decision technique is
based on a comparison of the annual costs of the alternatives for
one more year. In other words, should the existing "defender"
bus be kept by the transit agency one more year? The answer is
no if it can be shown that a replacement (the "challenger") will
cost less the next year.

The economic analysis of bus replacements follows these
guidelines

:

1. All computations are done on an equivalent annual cost
basis. First, this is done because the decision is based on an-
nual expenses for the next year only. Second, this permits com-
parisons of alternatives which have different lives. A new bus
typically has a depreciation life of 12 years. Rehabilitated
buses typically should last an additional 3 to 10 years depending
on how much remanufacturing is done. Who knows how long a used
bus, particularly the defender, will last? A present worth anal-
ysis comparison is possible but all alternatives should have
equal life spans. This becomes difficult (at least, cumbersome)
if one alternative has a life of 12 years, another 8 years, and
the defender, say, 3 years.

2. The capital value of the defender bus is its present
market value, not its book value based on depreciation (note the
figures in Table 8.1). All past capital and maintenance invest-
ments are neglected in the analysis; they are no longer germane
to the analysis. Past investments are unrecoverable now. The
value of the defender is whatever the transit agency can sell it
for on the open market.

3. There is no point in looking beyond the next year's op-
erating costs for the defender bus. Since it is an old bus these
are rather unpredictable anyway. In the coming year the transit
agency has a good idea of what duty cycles the bus will perform
and likely maintenance expenses. For example, the old bus may be
"defending" itself because the maintenance manager knows it has
been unreliable in the past and likely will need major engine and
transmission overhauls before the year is out. Or perhaps the
defender is already sitting out back waiting for overhauls.
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4. The defender should be replaced if its annual cost in
the coming year is greater than the equivalent annual cost of a
replacement bus, new or rehabilitated. This statement is based
on the assumption that the defender will continue to deteriorate
over time. Thus, it will be even more expensive to operate in
the second and succeeding years.

As will be seen in the example in the next section, the
economic analysis may not be as simple a calculation as implied
by the above statements. The defending bus, because it is old,
already may be putting in less miles than a newer bus. It may
generate excessive road calls or otherwise be unreliable, thus
relegating it to tripper or spare status. A new or rehabilitated
replacement should be more reliable and expected to see more
active service. Thus, there is more to the replacement decision
than just economics. It is hard to quantify "reliability" and
hard to take different duty cycles into account. Therefore, the
transit agency should look at the economic comparisons as just
one element, albeit a useful and important one, in the replace-
ment decision process.

Purchasing New or Rehabilitated Buses .

Consider a defending bus which is 12 years old and has accu-
mulated about 500,000 miles of service. The maintenance manager
anticipates that it will need about $23,000 in work in the coming
year, including routine maintenance appropriate to its age. Some
major ccmponent overhauls are anticipated, too. The bus has in-
curred high maintenance costs in the past and is expected to con-
tinue t( do so in the future. Recent fuel consumption records
indicate that it consumes 3.9 gallons/mile. The bus averages
1,200 miles between road calls. It has been relegated to tripper
status and thus will be operated about 25,000 miles in the coming
year. Is it time to replace the bus?

The transit manager intends to compare the cost of keeping
this defender bus for one more year with the cost of two alterna-
tive challengers, a new bus and a rehabilitated bus. The compar-
ison will be made on an equivalent annual cost basis. That is,
all investments will be converted to their annual equivalents.
Acquisition prices and salvage values are converted to equivalent
annual costs by using the capital recovery factor:

i (1 + i)
n

capital recovery facto
(cr f-i-n)

r =

(1 + i)
n - 1

whe:re

:

n number of years

discount rate expressed as a
decimal, e.g., 0.10 for 10
percent
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Table 8.11 provides capital recovery factors for a discount rate
of 10 percent and 12 years of bus life.

Fuel costs and maintenance costs already are provided on an
annual basis, hence, they do not need to be converted. If road
calls are assumed to cost $100, which includes tow truck expense
and ridership inconvenience and delay, then the annual cost of
road calls is:

25,000 miles/year
X $100/call = $2,083.33

1,200 miles/call

Acquisition costs and salvage value (the market value of the
bus when it is sold) are converted to equivalent annual costs us-
ing the following formula:

capital recovery = (P - S) x (crf-i-n) + Si

where: P = present worth of defender or acquisition cost of
challenger

S = salvage value (selling price) at end of n years

i = discount rate

n = remaining bus life in years

For example, suppose that the defender bus can be sold as is for

$5,000 today, its present worth. One year from now it will be

worth only $3,000. The capital recovery for the defender bus

thus is:

($r,000 - $3,000) X (crf-10%-1) + ($3,000) x (0.10)

or

$2,000 X. 1.10000 + $3,000(0.10)

which i;; $2,500.
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TABLE 8.11

CAPITAL RECOVERY FACTORS FOR i = 10 PERCENT

_

Bus Age, n Capital Recovery Factor

1 1.10000

2 0.57619

3 0.40211

4 0.31547

5 0.26380

6 0.22961

7 0.20541

8 0.18744

9 0.17364

10 0.162/5

11 0.15396

12 0.14676

Capital recovery factor, (crf-i-n)

^ where i = 0.10, or 10 percent
(1 + i)" - 1
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The total equivalent annual cost of keeping the defender bus

one more year is:

Annual fuel cost: $ 6,730.77 (25,000 miles of service)
Annual maintenance: 23,000.00 (manager's estimate)
Annual road calls: 2,083.33
Capital recovery: 2,500.00

Total annual cost: $34,314.10

Annual cost/mile: $ 1.37

The next step is to compare the defender bus with the equiv-
alent annual costs of nev7 and rehabilitated bus alternatives on a
cost per bus mile basis. The computations for the two alterna-
tives are presented in Table 8.12.

Note that when annual costs vary over time they can be con-
verted to a single equivalent annual cost by first computing the
present worth of all the annual cost items, and then converting
this to one equivalent annual cost by multiplying it by the capi-
tal recovery factor for the total years involved. This is illus-
trated in Table 8.12 for the new bus. Annual fuel costs are pro-
jected to decline over time as the new bus ages and sees less
service

.

For simplicity constant annual maintenance costs were as-
sumed for both new and rehabilitated buses in Table 8.12. If the
transit agency has other information which leads to varying annu-
al maintenance costs, the same conversion as was done with fuel
costs could be applied to the maintenance costs.

The equivalent annual costs for the three alternatives are
summarized below:

Alternative Equivalent Annual Cost Cost/Mile

Defender Bus $34,314.10 $ 1.37
(one more year only)

New Bus (12 year life) 51,327.22 1.21

Rehabilitated Bus 47,720.75 1.19
(6 year life)

With these figures the answer seems to be to replace the defender
with a rehabilitated bus if annual costs per mile are considered.
However, some managers might argue that if the defender were to
get a rebuilt engine and transmission (needed in the first year)



234
TABLE 8,12

EQUIVALENT ANNUAL COST COMPARISON OF A NEW BUS
VERSUS A REHABILITATED BUS

New Bus
(Life = 12 years,
42,292 miles/year)

Rehabilitated Bus
(Life = 6 years,
40,000 miles/year)

Annual Fuel Cost:''' $10,873 .40 Annual Fuel Cost: $11,500. 00

Annual Maintenance: 16,500 .00 Annual Maintenance: 18,000. 00

2
Annual Road Calls: 939 .82

2Annual Road Calls: 1,000. 00

3Capital Recovery: 23,014 .00
4Capital Recovery: 17,220. 75

ANNUAL COST: $51,327 .22 ANNUAL COST: $47,720. 75

ANNUAL COST/MILE: $ 1 .21 ANNUAL COST/MILE: $ 1. 19

This is derived from the fuel schedule in Table 8.7 by
multiplying the present worth of the 12 years of fuel costs
by the capital recovery factor for 12 years:

Annual fuel cost = $ 74,089.65 x (crf-10%-12)
= $ 74,089.65 X 0.14676
= $ 10,873.40

Each road call is assumed to cost $100 which includes tow-
truck expenses and ridership inconvenience and delay. New
buses are assumed to average 4,500 miles between road calls
and rehabilitated buses 4,000 miles. For example, with a
new bus:

Annual road calls = $100/call (42,292 miles/year)
/ (4,500 miles/call)

$939.82/year

For a new bus assume an acquisition price of $160,000 and a
salvage value of $10,000 after a depreciation life of 12
years. Hence:

Capital recovery = ($160,000 - $10,000) x (crf-10%-12)
+ $10,000 x 0.10

= $150,000 X 0.14676 + $10,000 x 0.10
= $ 23,014.00

For a rehabilitated bus assume an acquisition price of
$75,000 with no salvage value after a depreciation life of 6

years. Hence:

Capital recovery = $75,000 x (crf-10%-6)
= $75,000 X 0.22961
= $17,220.75
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it should be kept for at least several more years, say three. In
this case, its equivalent annual costs should cover three years,
and the cost/mile might be decreased. Again, note that future
maintenance costs for an unreliable defender are relatively un-
predictable. Thus, it may be prudent to consider costs for just
the coming year.

The numbers also demonstrate the economic appeal of
rehabilitated buses. Even though the rehabilitated bus is
assumed to incur greater annual fuel and maintenance costs in
Table 12, its lower initial acquisition price results in a
somewhat lower equivalent annual cost to the transit agency
relative to a new bus.

Rehabilitation of transit buses has grown substantially
since the late 1970 's, in part following national trends of re-
manufacturing transportation vehicles and other expensive capital
investments. Also, it has seemed attractive to rehabilitate the
old but reliable and familiar "New Look" buses which long have
dominated transit fleets instead of investing in the more
expensive advanced design buses (ADB) now being manufactured.

In the late 1970 's the first ADB buses were perceived by
some transit agencies to have reliability problems and there were
long acquisition lead times. A 1983 UMTA report, Economic
Comparison of New Buses Versus Rehabilitated Buses
(UMTA-IT-06-0219-02-2) , found that rehabilitated buses were
distinctly less expensive to purchase, they were perhaps just as
reliable in terms of road call frequencies as new buses, and they
achieved 25 to 35 percent more miles per gallon than new advanced
design buses. The UMTA survey found that no transit agency which
had purchased rehabilitated Duses had done a comprehensive life
cycle cost arialysis, in large part because of the uncertainty of
operating anc maintenance data for rehabilitated buses as well as
their projected life. Capital costs per rehabilitated bus ranged
from $22,000 to $85,000 (1979-1982 figures) with corresponding
extensions of 3 to 10 years in bus life depending on the extend
of the remanufacturing

.

A similar economic analysis could be done for the purchase
of used buses. Finally, if articulated buses were an alterna-
tive, the analysis would also have to account for differences in
bus utilization and driver productivity. One way to do this
would be to compute equivalent annual costs on a per seat-mile
basis assum.ing that the extra seats would be justified by pas-
senger loadings. Typically, articulated buses are assigned to
routes with high passenger demands such that fewer articulated
buses would be needed to provide the same level of service as
conventional 40-ft. buses.
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STUDY QUESTIONS

(1) The acquisition cost of a new bus is $135, 000 . Determine

the depreciation for this bus in zhe third year of its

service using the double declining balance depreciation

method. Assume a depreciation life for the bus of 12 years.

(2) For the above bus annual fuel costs are estimated at

$11,500. In its third year of service maintenance expenses

are estimated at $6,000.

(a) Compute the total annual life cycle cost for this bus

in its third year of service.

(b) What is the present worth of the life cycle cost m
part (a) , assuming a discount rate of 10 percent?

(3) As part of the bus procurement process Manufacturer A sub-

mits a bid which includes an estimated fuel consumption rate

of 3.784 miles per gallon. Determine the present worth of

the fuel consumed during the projected lifetime of this bus.

Assume a life of 12 years and a discount rate of 10 percent.

The transit agency projects that the bus will be used 45, COO

miles per year in its first six years and then 37,500 miles

per year for the remaining six years. The transit agercy

estimates the fuel cost to be $1.05 per gallon. Use Work

Sheet 17 for the computations.
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As part ot the bus procurement prcess Manufacturer A submits

a bid which includes information on the following mainten-

ance cost driver, engine overhauls. There are two tasks to

be performed. The manufacturer estimates that it will take

12.55 labor hours to remove and replace the engine, accompa-

nied by $50 worth of materials. The overhaul, itself, will

take 48.75 labor hours and $3,800 in materials. The ex-

pected interval between engine overhauls, according to

Manufacturer A, is 350,000 miles.

Determine the present worth of the expenditures tor

engine overhauls during the lifetime of the bus. Assume

that the bus will be kept in service for 12 years v/ith the

cumulative miles indicated in Table 8.9. Assume a discount

rate of 10 percent and a labor wage rate of $13.50 per hour.

Use Work Sheets 18 and 19 for your computations.
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In the last section ot the life cycle costing chapter the

transit agency considered replacing its existing 12-year-old

buses with either new or rehabilitated buses. Suppose the

transit agency also has the opportunity to purchase a fleet

ot used buses for $25,000 each. These used buses are eight

years old so the transit agency assumes a remaining life of

tour years. The used buses have been averaging 30,000 miles

of service a year and 3.95 miles per gallon. It is esti-

mated that these buses will cost $20,000 a year to maintain.

An annual cost of $1 ,500 is assumed for road calls. The

transit agency estimates that the used buses will have a re-

sale (salvage) value of $5,000 after four more years of use.

Assuming that fuel costs $1.05 per gallon and a ten percent

discount rate, should the transit agency buy these used

buses instead ot new or rehabilitated buses?
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ANSWERS TO STUDY QUESTIONS

Use the following formula:

= (P^ ^) X k, where: n = bus age in years

= depreciation in year n

P _^ = original capital cost
minus the sum of the
depreciations computed
for the previous years,
1 to n-1.

k = 2/N, where
N = depreciation life

In this problem the depreciation life is 12 years, hence,

k - 2/12 = 1/6. The depreciation in the third year is found

from the following computations:

Year, n Pi >^ k = d^
n-1 n

1 (135,000 - 0) X 1/6 = $ 22,500

2 (135,000 - 22,500) x 1/6 = $ 18,750

3 (135,000 - 22,500 - 18,750) x 1/6 = $ 15,625

The depreciation in the third year is $ 15,625.

(a) The total annual life cycle cost is the sum of the

depreciation, fuel, and maintenance costs. For the

third year of service:

$15,625 + $11,500 + $6,000 = $ 33,125 .

(b; The present worth of $33,125 is found by multiplying

this number by the present worth factor for n = 3 years

and a discount rate of 10 percent. From Table 8.2 this

factor is 0.7513. Hence:

$33,125 X 0.7513 = $ 24,887.



241

The computations are indicated in Work Sheet 17 on the next

page. The cost of fuel per mile is computed as follov;s:

fuel cost/gallon $1.05/gal
= = $0, 277 per mile

fuel economy Ln miles/gal 3.784 mpg

This cost factor is entered in column (3) of the work sheet.

Note that the work sheet can accomodate changing cost

factors over time. For example, the transit agency may wish

to account for changes in fuel cost over time, or increase

the fuel economy figure as the bus ages. As indicated in

Work Sheet 17, the total present worth of the twelve years

of fuel consumption is $79,964.

Note that there are only two different annual costs m
the work sheet, $12,487 for the first six years and $10,4C6

in the remaining six years. There is a short-cut method

which can be used to simplify the present worth computations

in such cases, namely, another compound interest formula

called the UNIFORM SERIES PRESENT WORTH FACTOR:

(1 -f i)" - 1

uniform series pwf =

i(i + i)"

The present worth of a series of n equal annual costs is

found by multiplying the annual cost by this factor. For

example, the present worth of the first six years of equal

annual fuel costs, $12,487, is computed as follows:

(1 + 0.10)'^ - 1

total present worth = $12 , 487 x —
^

0.10(1 + 0.10)

= $12,487 X 4.355

= $54,381
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STUDY QUESTION 3: ANSWERS

WORK SHEET 17

PRESENT WORTH ANALYSIS OF ANNUALLY
RECURRING COST DRIVERS

Cost Driver: Annual Fuel Consumption

Bus Age Mileage Cost per Total Annual Presenl^ Worth Present
(years) per year Mile Cost Factor Worth

(1) (2) (3) (4) (5) (6)

1 45,000 X $ 0.277
$

12,487 X 0.9091
$

11,352

2 45 ,000 X $
0.277 $

12 ,487 X 0. 8264
$

10,319

3 45,000 X $ 0.277 $ 12,487 X 0. 7513
$

9,381

4 45,000 X $ 0.277 $ 12,487 X 0. 6830
$

8,529

5 45,000 X $ 0.277 $
12,487 X 0.6209

$
7 ,753

6 45 ,000 X $ 0.277 $ 12 ,487 X 0. 5645
$

7,049

7 37,500 X $ 0.277 $ 10,406 X 0. 5132
$

5,340

8 37 ,500 X $ 0.277 $ 10,406 X 0.4665
$

4 ,854

9 37 ,500 X $ 0.277 $ 10,406 X 0.4241
$

4,413

10 37,500 X $ 0.277 $ 10,406 X 0. 3855 $
4,012

11 37 ,500 X $ 0.277 $ 10 ,406 X 0. 3505 $
3,647

12 37 ,500 X $ 0.277 $ 10,406 X 0. 3186 $
3,315

Total Present Worth: $
79,964

Single payment present worth factor with discount rate =

10 percent.
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Values tor the uniform series present worth factor also can

be found in tables in any engineering economics textbook.

The total present worth for the second series of six annual

costs similarly is computed:

total present worth = $10,406 x 4.355

= $45,318

However, this is the total present worth at the start of the

seventh year of bus life, not today. This figure is easily

converted to a total present worth today by multiplying it

by the single payment present worth factor for n = 6 years

.

This value, for a 10 percent discount rate, is found in

Table 8.2 to be 0.5645. The total present worth today is:

total present worth today = $10,406 x 4.355 x 0.5645

= $45,318 X 0.5645

= $25,582

Finally, the two present worth totals are summed to obtain

the present worth of all 12 years of bus life:

grand total present worth = $54,381 + 25,582

= $79,963

This IS the same figure as computed in Work Sheet 17.
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(4) The information supplied by the manufacturer, along with the

labor wage rate provided by the transit agency, is tabulated

in Work Sheet 18. The total cost to perform each engine

overhaul is found to be $4,677. Based on the cumulative

miles indicated in Work Sheet 19, the engine is predicted to

need an overhaul after 350,000 miles or in its eighth year

of service. Multiplying the overhaul cost by the appropri-

ate present worth factor (from Table 8.2 for 8 years and 10

percent discount rate, the factor is 0.4665) yields the

present worth of this first overhaul, which is $2,182.

At the end of 12 years the first engine overhaul is

predicted to be still in service. In fact, it will have

accumulated only 150,000 miles out of a projected lite of

350,000 miles. Should a cost be assigned to the miles

accumulated by this overhaul? The suggested answer is no,

because the second engine failure is estimated at 700,000

miles, which is beyond the projected lite of the bus. Since

the expense for a second overhaul does not occur within 12

years, it is not included in the present worth estimate for

bus procurement. The value of the engine is part of the

salvage value of the bus after 12 years and it may contrib-

ute to bus replacement decisions made at that time. Thus,

the present worth of engine overhauls for Manufacturer A is

the previously determined $2,182, and it is this figure

which is entered in Table 8.10, the comparative evaluation

of competing manufacturers.
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STUDY QUESTION 4 : ANSWERS

WORK SHEET 18

MAINTENANCE TASK COSTING

^ ^ . Engine Overhaul
Cost Driver: ^

Estimated Labor Cost of Cost per

Maintenance Task Labor Hours* Rate** Materials* Task

1 . Remove and

replace

2 .

12.55 ^ ^ 13.50 ^ ^
50 ^ ^ 219

Overhaul 48.75 ^ ^ 13.50 ^ ^ 3,800 ^ ^ 4,458

Total Cost:

Expected interval in miles: 350 ,
000

* Supplied by bus manufacturer

** Supplied by transit agency
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STUDY QUESTION 4 : ANSWERS

WORK SHEET 19

PRESENT WORTH ANALYSIS OF INFREQUENT
MAINTENANCE COST DRIVERS

Cost Driver: Engine Overhaul

Bus Age Cumulative Cost Driver Present Worth Present
(years) Miles Occurrence Cost Factor* Worth

(1) (2) (3) (4) (5) (6)

1 47,500 no $ X = $

2 95,000 no $ X = $

3 142,500 no $ X = $

4 190 ,000 no $ X = $

5 237,500 no $ X = $

6 277,500 no $ X = $

7 317,500 no $ X = $

8 357,500 failure $ 4,677 X 0.4665 = $

9 397,500 no $ X = $

10 437,500 no $ X = $

11 472,500 no $ X = $

12 507,500 no $ X = $

Total Present Worth: $

*
Single payment present worth factor with discount rate = 10 percent.
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As v/ith the other alternatives the equivalent annual costs

will be computed for owning the used buses for four years.

The first step is converting the purchase price and salvage

value to an equivalent annual cost by using the capital

recovery factor:

capital recovery = (P - S) x (erf - i - n) + Si

= ($25,000-$5,000)x (crt-10%-4)

+ $5,000 X 0. 10

= $20,000 X 0.31547 + $500

= $6,809

The annual fuel cost is computed as follows:

30,000 miles x $1.05/gallon
annual fuel cost =

3.95 miles/gallon

= $7,975

The total equivalent annual cost for each used bus is:

Annual fuel cost: $ 7,975
Annual maintenance: 20,000
Annual road calls: 1,500
Capital recovery: 6,809

Total annual cost: $36,284

Annual cost/mile: $1.21

Based on the annual cost per mile the used buses are

superior to the defender buses and comparable in cost to the

new or rehabilitated alternatives. Note that the transit

agancy could use these computations to negotiate the price

tor the used buses. In other words, the agency could de-

termine a mc.ximum price it would be willing to pay to pur-

chase these used buses rather than new or rehabilitated

buses

.
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CHAPTER NINE

CONCEPTUALIZING AND PLANNING OF MAINTENANCE MANAGEMENT
INFORMATION SYSTEMS AND CONSIDERATIONS FOR SYSTEM DESIGN

Introduction

There are a number of maintenance management techniques that
have been implemented in practice and/or discussed in the litera-
ture. These methods include component failure forecasting to aid
in planning labor needs, parts inventory quantities and main-
tenance budgeting; time standards for mechanics; work load sched-
uling and planning; maintenance job method analysis; life cycle
costing for budget analysis and vehicle replacement decisions;
maintenance performance indicators; and other systematic manage-
ment techniques. Through experimentation it has been found that
the application of systematic techniques can have dramatic im-
pacts on a maintenance system's performance. For example, com-
puter simulation has shown that the introduction of work load
scheduling and simple maintenance job prioritization rules (based
on the expected number of man hours a job will take) can decrease
the average number of buses out of service for maintenance work
by as much as 20 percent (_1) .

Hov/ever, no systematic management technique is implementable
without the availability of quality maintenance information. In
fact, even rudimentary management procedures are impossible v/ith-
out good information. For example, a common practice for main-
tenance managers is to monitor fluids consumption rates (fuel,
oil, transmission fluid and coolant) and flag vehicles that have
rates which are unusually high or low. Flagging a vehicle and
inspecting it can identify difficulties before a major failure
occurs. However, even the simple flagging of vehicles that
experience fluid consumption rates that are out of a tolerance
level requires a good information base.

To capitalize on these management techniques, a good infor-
mation base is essential. Although computerization of an infor-
mation kase is not a mandatory feature of having a good informa-
tion system, a computer can certainly be a tremendous improvement
over a paper system.

One of the most troublesome aspects of computerization is
that conputer system development is commonly left up to computer
experts. However, the development of a computerized information
system is too important to the user to be left up to computer ex-
perts. The users (the maintenance manager, the parts and inven-
tory mar.ager, etc.) should take the leading role in the system's
conceptualization and planning and be deeply involved in the
system's design, implementation and maintenance. Unfortunately,
the typical computer system development techniques usually re-
quire krowledge of computers, data structures, software, computer
technical jargon, etc. which may be foreign to non-computer

249
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experts (the users)

.

Fortunately, the conceptualizing and planning of a computer
system does not require technical knowledge of computers. The
first part of this chapter shows how to lay out the plans for an
information system using a tool that works like an information
flow road map. The road map is called a "data flow diagram".
The diagram requires very little knowledge of computers and
allows the users to communicate their desires to computer ex-
perts. The data flow diagram is illustrated using the informa-
tion flows of an actual transit system, the Metropolitan Transit
Transit Authority of Wichita, Kansas. The second part of the
chapter discusses technical aspects of designing the performance
of maintenance information systems, inventory systems, semi-
automatic fueling systems, and designing the man-machine inter-
face .

Information System Development

The development of any computerized information system
should go through five stages.* They are:

1. Conceptualizing ; What are the objectives? What is expected
from the information system? This is first determined
through management-level brainstorming sessions.

2. Planning : This is the determination of information needs
and evaluation methods. Planning should result in a system
performance specification.

3. Design ; What hardware and software is required to meet per-
formance specifications? How will the system be organized?
How will transit agency procedures be changed? What about
staff training?

4. Implementation : During this step the new information sys-
tems is installed. Transit agency staff become operational
in its use and the "bugs" are worked out of the system.

5. Maintenance ; This stage covers the life of the system after
the system builders are done with their implementation. The
first half of this chapter deals only with the first two stages.
Conceptualization and Planning. The second half covers technical
considerations of Design.

Where Does the Fleet Manager Get Involved ?

In candid discussions with some fleet managers that have in-
formation systems, they have admitted that "the system doesn't
quite fit my needs" or "it doesn't give me the information I

* These five stages are defined by Mathews (2)

.
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want", or even worse, "the system doesn't require detailed input
information, so I don't get the information at the level of de-
tail I need." One of the reasons for these complaints is that
there was not enough involvement of the fleet manager at the very
beginning of the system development.

During the first two stages of system development (Concept-
ualizing and Planning) , the fleet manager must take a leading
role. The reason for this is that the computer experts and sys-
tem salespersons do not understand the agency's information needs
as well as the fleet manager*. In the three remaining stages
(Design, Implementation and Maintenance) the computer experts can
take a leading role with continuing guidance from the fleet
manager

.

To further demonstrate why it is important for the fleet
manager to be involved at the very beginning, consider the cost
of m.aking computer system changes after the system has been in-
stalled. Figure 9.1 shows the relative cost for fixing a compu-
ter information system at each of the five stages.** For exam-
ple, an error found during the Conceptualizing stage may have a
relative cost of 0.5 (say $100). To correct it later, in the
Maintenance stage, this same error may have a relative cost of
15.5 to correct: 31 times more costly ($100 x 31 = $3,100)!
Therefore, it makes sense to tie down the fleet manager's needs
in the early stages of development. Once a system is implemented
it may be too costly to change it to the way it should have been
in the first place! In other words, transit agencies can't
afford to wait for their staff to "see what they get" before they
"know what they want."

The Fleet Manager's Involvement in Conceptualizing

During the Conceptualizing stage of an information system's
development, the system's goals and objectives must be developed.
At this point, the scope of the system must be decided. For ex-
ample, a limited system might deal just with data collection at
the fueling island, while a broad system may fully integrate all
trarsit management activities (maintenance, parts inventory, ser-
vice scheduling, accounting, etc.). Another system dimension
that must be decided on is the ability to change the system to
adapt to the changing needs of the transit agency. Can staff
people make these changes? How free are they to analyze and in-
terpret the data generated by the system?

The computer expert, in this case, may be a member of the
agency's data processing department, a consultant, or a
computer software/hardware vendor.

Figure 9.1 was adapted from relative cost information given
in (3).
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FIGURE 9.1

THE RELATIVE COST TO FIX AN ERROR AT EACH STAGE
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The broadness of a computer system and its ability to con-
trol more functions is generally described as being integrated.
Usually computer experts will argue that broadly integrated sys-
tems are preferable to single function systems. For example,
computerized inventory systems should hook directly into a com-
puter maintenance information system. If the two systems are in-
tegrated, then when a part is assigned to a work order the com-
puter automatically adjusts the inventory records. Similarly,
experts will argue that flexibility to customize is important.
Generally, the users will grow and change. If the user can cus-
tomize the system, the system can grow and change with the user.
Unfortunately, flexible and integrated systems are more expen-
sive .

The Fleet Manager's Involvement in Planning

As part of Planning, a functional specification must be de-
signed. Because the system is largely for the fleet manager's
benefit, the functional specification must be designed to meet
the fleet manager's needs and desires. The difficulty in devel-
oping the system specification lies in presenting these informa-
tion needs and desires in a format that can be easily understood.

In the remainder of this section a graphical technique is
introduced which can help the fleet manager develop a system
specification.* This technique largely involves putting together
a picture of the information flows for the transit agency based
on information only the fleet manager knows and understands. The
technique can be used without a background in computers. The
main benefits of the technique are:

1. It helps the fleet manager to better understand and clarify
current information flows.

2. It helps in determining what information flows could and
should be computerized.

3. It aids in finding new information flows that are made pos-
sible with a computer.

4. It creates a picture that can be understood and agreed to by
all involved (this is planning!).

5. It shows how the system should function without regard to
the type of computer (such as, microcomputer or minicomput-
er) or other physical requirements.

6. It expresses preferences and system trade-offs.

* This technique is adapted from (4).
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Functional Specification Design Technique

This technique uses diagrams to construct the specification
rather than words. To understand why this graphical approach is
much easier than a written description of all the specifications,
suppose that a specification for a building had to be written
rather than charted with blueprints. It would take hundreds of
pages of English text to describe the dimensions and locations of
each door, window, wall, column, joist, etc. Instead, a plan can
provide the same information. The same is true with computerized
information systems. One or two data flow diagrams can replace
several pages of text. As the old saying goes, "a picture is
worth a thousand words".

Data Flow Diagrams . The data flow diagram has only four
types of symbols, each representing an activity in the flow of
data. To illustrate each one, consider a simple example:

A bus driver reports a mechanical problem on a bus and
triggers a chain of events which eventually results in the bus
getting fixed. For now, consider only what happens when the shop
foreman receives the notice of the problem.

The driver submits a defect card at the end of the shift
which notes "soft brakes." The defect card goes to the shop
foreman ( an "information flow" I ) who must decide on a mainte-
nance action. The shop foreman might check the bus's maintenance
history to see when the brakes last were inspected or repaired,
another information flow. Next, the foreman decides whether the
bus should be taken off service until it is repaired ("dead
status") or if the bus can make tripper runs ("deferred status")
while waiting for maintenance. The foreman changes the status of
the bus and writes a work order indicating that the bus's brakes
must be checked, two more information flows.

To diagram these information flows, it is first necessary to
identify each flow and activity:

1. The defect card is generated by the driver.

2. The defect card goes (flows) to the shop foreman.

3. The foreman responds by checking the bus maintenance history
and inspection log.

4. The foreman then posts a new status for the bus (dead,
deferred or active)

.

5. The foreman submits a v7ork order to the maintenance shop.

The diagram below shows this flow of information.
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Bus Maintenance
History \.oy,

Inspection
Record Log

This diagram uses just four symbols. Their meanings are;

1. Double Square : The double square is an external source or
destination of information. In this example the driver .\s

considered to be external to the maintenance system but
this was simply a matter of choice. Alternatively, drivers
might be considered part of the maintenance system.

Source or destination of data

2. Arrow: The arrow represents a data flow. These can be
identified in existing paper maintenance systems because
they only transmit information that is later recorded some-
where else. For example, the defect card or the work order
are messages that are only of temporary value and they only
provide data about one bus. Later, the results of the
action taken in response to the message are recorded or used
sorrewhere else.

Arrow Data Flow (Message)

Rounded Rectangle ; The rounded rectangle shows that the da-
ta is processed. In the example, the shop foreman gets the
defect card and starts processing data by figuring out what
should be done. While deciding what to do (processing) , the
foreman may look at other records, in this case bus inspec-
tion and maintenance records. The results of the foreman's
process is a change in the status of the bus and a mainten-
ance work order.
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Rounded
Rectangl(

Process Which Transforms Data

Open-ended Rectangle ; The open-ended rectangle stands for a
data store. A data store is where information is kept. For
example, the bus status log keeps data on several buses and
even though it changes from one day to the next, it is a
long term record of the work flow.

Open-ended
3^^^^ ^^^^Rectangle

The data flow diagram uses only these four symbols. In the
Planning stage it is not necessary to translate these flows,
processes, and data records into computer programs or functions.
The diagram simply describes the relationship between the various
functions of the system. Later, in the Design stage, computer
programmers can figure out the details.

With the data flow diagram one need not worry about in-
cluding procedures to double check for common mistakes which
could be made when recording data. For example, on the defect
card the driver may enter the wrong bus number. While processing
the defect card, a check should be run to see if the driver was
actually assigned to the indicated bus. Although these checks
are important, they do not need to be considered at the data flow
diagram stage. A good computer programmer will know that the
program must check for common errors.

Drawing a Data Flow Diagram . To illustrate the drawing of a
data flov7 diagram, we are going to use an actual, small transit
property (60 buses) as an example. The transit property is the
Metropolitan Transit Authority of Wichita, Kansas. This example
makes no attempt to approach the technical level of a computer
programmer or a system analyst.

When drawing-up a data flow diagram, there are five conven-
tions to always remember.

1. Do not cross data flow lines if possible.

2. In order to avoid crossing lines, it is acceptable to draw
external entities and data stores twice or more. To indi-
cate that the same external entity or data store appears
more than once in the data flow diagram, draw a line in the
corner of the data entity symbol and a line across the left
end of the data store symbol as shown below.
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[
Bus Maintenance History

Bus Maintenance History

3. To help identify a process put the title of the individual
doing the process at the bottom of the rounded rectangle as
shown below:

Verifying
Parts Are
Available
and
Adjusting
Stock
Level

Parts Person;

4. A miniinum of three drafts of the data flow diagram should be
made. After completing each draft of the diagram, one will
find ways to improve it and find data flows that were over-
looked.

Starting a Data Flow Diagram . Where to start the designing
of a data flow diagram largely depends on what is presently being
done. Presumably, most properties at least have a paper-based
work order system. Therefore, most fleet managers have some kind
of record-keeping system to start with.

Many transit systems have excellent paper or paper and com-
puter record-keeping systems. Often these systems have taken
years to perfect and they are tailored after the fleet manager's
maintenance philosophy. These existing systems provide excellent
starting points from which to start. Potential improvements will
become apparent as the diagram is developed and additions can be
made to later drafts of the data flow diagram.

To provide an example, the paper information system kept by
the MTA is analyzed first. To do this, all of the forms used by
the MTA maintenance department in its activities are first col-
lected together. Using the paper forms a description of the
external entities, the data flows, and the data stores is de-
veloped .

External Entities . The external entities are easily defined
because they are individuals who start the paper flow but are
external to the maintenance system. A driver submitting a defect
may be considered an external entity. By submitting a defect
card, the driver starts the paper information flow.

5. Neatness does not count!
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Sometimes it is not clear cut whether an entity is external'
or not. For example, the fueler starts a paper flow by submit-
ting a fueling and fluids consumed report. Whether the fuelers
are external or internal is simply a matter of definition. The
external entities used for the MTA example are:

Drivers
Dispatcher
Fuelers
Maintenance and services contractors
Parts vendors
Transit system management ^

Data Flows . In a good paper information system, almost all
data flows will be represented by a form or report. For example,
the driver's defect card is a form that transmits data. However,
even at the best managed transit properties not all data flows
are formalized with their own form or report. For example, at
the MTA the night fuelers occasionally spot a defect that a
driver did not report. If the defect is minor, the fueler will
fix the defect. If the defect is major, the fueler will change
the status of the bus on the daily work sheet (a status log of
the condition of each bus that is waiting for maintenance) and
leave a note for the shop foreman. The next day the dispatcher
sees that the status of the bus has been changed so it is not
assigned to a driver. The shop foreman finds the note and writes
a maintenance work order. Although information flowed from the
fueler to the shop foreman, the MTA has no specific form or
report for this information flow.

Another subtle example of data flow occurs during the
requisition of a part. The mechanic asks the parts man for a
specific part. This request is a data flow. In the next step,
the parts man "processes" the verbal request by looking up the
part number and its availability. The second data flow is the
availability or unavailability (stock-out) of the part. The next
process is to get the part if it is available. Thus, the parts
example illustrates two data flows that were verbal and had no
forms: 1) the parts request and, 2) the availability or unavail-
ability of the part.

To identify the data flows, start by identifying and class-
ifying all of the paper forms. The following is a list and des-
cription of all the MTA forms and reports that are considered to
act as data flows.

1. Driver's Bad Order (Defect) Card . These are used by tlie

driver to describe mechanical defects on their bus.

2. Notice of an Inspection Due . This is sent from the book-
keeper to the shop foreman and indicates that a bus is ap-
proaching the mileage level where another inspection will be
required

.
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Notice of Inspection Completed . This is sent from the shop
foreman to the bookkeeper and it indicates that the inspec-
tion has been completed. The bookkeeper starts accumulating
miles until the next inspection.

Fueling Sheets . This report is generated by the nightly
fueler and contains the fuel and fluids (i.e., oil, coolant
and transmission fluid) consumed by each bus. This report
is given to the bookkeeper.

Bus Line Report . This report is generated by the nightly
fueler and identifies the location of each bus after fueling
and cleaning. The report is given to the dispatcher.

Daily Mileage Report . The daily mileages accumulated by the
bus are based on route miles. The dispatcher creates a re-
port of all mileages accumulated by all the buses and the
report is given to the bookkeeper.

Work Orders . Work orders are the heart of any maintenance
information system, paper or computerized. A work order is
a written history of each individual maintenance action.
From the work order, information is later collected as in-
puts to summary reports. At the MTA, work orders are used
to transmit data in a number of ways. Below are listed each
of the distinct ways a work order is used to transmit
information. In the data flow diagram each will appear as a
separate data flow.

a. The work order is used to tell maintenance to process a

bus inspection.

b. Maintenance uses the work order to tell the shop fore-
man that the inspection was completed and that the bus
is okay or that further maintenance work is needed.

c. The work order is used to tell maintenance to correct a

bus defect.

d. The work order is used to tell the shop foreman that a

bus's defect was corrected and what was done to correct
the defect.

e. A work order is used to tell a maintenance contractor
to perform a service (e.g., rebuild a transmission or
dispatch a tow truck to a road call)

.

f. The work order is used to show the shop foreman that
the maintenance contractor has completed his service.

g. The work order is used to transmit to the bookkeeper
the direct costs (labor and material costs) of an in-
spection, maintenance task, defect repair, or con-
tracted maintenance work.
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8. Purchase Orders . These are used to purchase materials from
vendors. Purchase orders provide several types of data
flows. They are:

a. To tell the vendor to deliver material.

b. The returned purchase order tells the parts man to add
the material to the inventory records and to create
parts cards.

c. The purchase order is finally transmitted to the book-
keeper and the bookkeeper processes payment of the ven-
dor.

9. Parts Cards . These are cards attached to each part in the
inventory. The card lists the part number, cost, English
description, the bus on which the part was used, and the
date of its installation. Parts cards have two information
flows. They are:

a. When the part is requisitioned, it goes with the work
order while the defect is corrected.

b. When the work order is returned, after the defect has
been corrected, the parts card supplies the part's di-
rect cost information.

10. There are several end-of-the-month reports generated which
provide management information. Each report is processed by
the bookkeeper. These monthly reports are:

a. Fluids and fuel used per month and current inventory
levels

.

b. The monthly mileage, fuel and oil consumption quanti-
ties per bus and per mile.

c. The total monthly fuel, oil, parts, and maintenance la-
bor cost, miles and cost per mile by the entire fleet,
by bus model type, and by bus.

d. Parts purchased and parts cost by purchase order or
contract

.

There are several more data flows other than those repre-
sented by forms. These are general verbal data flows or flows
from a data store to a process. For example, when the shop
foreman receives a card from a driver reporting a defect (say,
transmission slipping) , the foreman will probably look the bus up
in the maintenance history. The information found in the history
log is a data flow. Such data flows will become obvious when
drawing the data flow diagram.
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Data Stores . Data stores can be easily identified because
they contain information gathered from several individual data
flows. For example, the bus maintenance history ledger summar-
izes the results of numerous work orders. The data stores iden-
tified at the MTA are:

1. Daily Work Sheets . This sheet lists the status of buses
that currently require maintenance. As buses require main-
tenance work they are added to the list and when repaired
they are taken off the list. The list also defines the sta-
tus of a bus. For example, a bus with a cracked tail light
cover can be used in service but eventually needs to be
brought in for repair. Such buses are given tripper status
which means that the dispatcher can assign the bus to
tripper runs, thus making the bus available for the majority
of the day. Buses with more serious defects are assigned
dead status, thus stopping the dispatcher from assigning the
bus to any run. Buses that are not repaired during that day
are transferred to the next day's work sheet.

2. Parts Card File . In this file there is a card for each
part. The card lists when parts are received and disbursed,
how many are on hand, the vendor and the part cost.

3. Daily and Monthly Miles, Inspection and Fuel . This is an
accumulative log of the fuel and fluid each bus has consumed
each month and the miles each bus has accumulated since the
beginning of the month, and since the last inspection. At
the end of the month the miles since the last inspection are
carried over to the next month.

4. Bus Maintenance History Ledger . Once a work order has been
processed, component and major part replacements are posted
to the bus maintenance history ledger. The information on
the ledger is the date of the repair, the mileage of the bus
and serial number of reusable parts and components.

5. Inspection Record Log . When the shop foreman receives an
inspection notice the receipt of the notice is added to the
inspection record log. This record is used to determine
which type of inspection should be done next (e.g., 3 , 000 ,

6,000, 12,000 mile inspections).

6. Annual Cost Ledger . This ledger contains all of the monthly
sums of parts, labor, fluid, fuel and contract service costs
per bus (direct maintenance and operation costs) . The total
costs are produced on an annual basis from this ledger.

Drawing the Data Flow Diagram . The next step in preparing
to draw the data flow diagram is to list out each of the data
flows and determine what process, data store or external entity
the data flows link together. Specifically, on both ends of the
data flow arrow there must be a process, data store or external
entity. The MTA's list is shown in Table 9.1.



TABLE 9 .

1

LIST OF DATA FLOWS FOR THE MTA

Generates
Data Flow Data Flov/

Receives
Data Flow

Driver

Bookkeeper Pro-
cessing monthly
miles and inspec-
tion records

Shop foreman
processing in-
spection com-
pleted work
orders

Fuelers

Fuelers

Dispatcher

Driver ' s bad
order card

Notice ot
inspection

Notice of
inspection
completed

Fueling sheets

Bus line report

Daily mileage
report

Shop foreman processing
defect correction work
orders

Shop foreman processing
inspection work order

Bookkeeper processing
monthly miles and inspec-
tion records

Bookkeeper processing
monthly miles and inspec-
tion records

Dispatcher

Bookkeeper processing
monthly miles and inspec-
tion records

Foreman process-
ing ins]3ection
work orders

Maintenance per-
sonnel process-
ing inspection

Shop foreman
processing all
completed work
orders

Maintenance per-
sonnel processing
detect corrections

Shop foreman pro-
cessing contract
work orders

Work order in-
itiating in-
spection

Work order for
completion of
inspection

Work order
initiating cor-
rection of de-
fect

Work order in-
dicating correc-
tion completed

Work order in-
dicating re-
quired contract
services

Maintenance personnel
processing inspections

Shop foreman processing
inspection completion
work orders

Maintenance personnel
processing defect cor-
rections

Shop foreman processing
defect correction work
orders

Maintenance contractor

(continued)



263

TABLE y.l. (continued)

Generates Receives
Data Flow Data Flow Data Flow

Maintenance
contractor

Work order in-
dicating comple-
tion of contract
service

Shop foreman processing
completion of contract
work orders

Shop foreman
all work order
completion pro-
cesses

Work order used
to transmit
direct costs

Bookkeeper processing
monthly cost reports

Parts man pro-
cessing requisi-
tion from vendor

Purchase order
to vendor

Vendor

Vendor Purchase order
material re-
ceived

Parts man processing
inventory update

Parts man pro-
cessing inventory
update (entering
new parts in card
file and creating
parts card)

Parts man pro-
cessing parts
requisition

Purchase order
for payment

Parts card
assignment to
defect correc-
tion

Bookkeeper processing
payment and posting to
monthly reports

Maintenance personnel
processing defection
correction

Maintenance
personnel pro-
cessing defect
correction

Parts card with
completed work
order

Shop foreman processing
defect correction work
orders

Bookkeeper
processing
monthly reports

Monthly reports Management
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With this information collected the data flow diagram can be
drawn. Find a big sheet of paper, a table, and pencil. Then
start with an external entity and start tracing the data flows.
The second draft is shown in Figure 9.2 and a final draft (drawn
with drafting tools) is shown in Figure 9.3.

Drav/ing the data flow diagram was simply a matter of con-
necting the processes and data stores with data flows. Now that
the data flow diagram has been drawn, it is wise to have others
check it over for accuracy and make the necessary corrections.
Spend a few minutes inspecting the diagram and see if it looks
like the data flow at your maintenance system.

Designing Functional Specifications for an Information System

Now that the existing system has been laid-out, the last
step in the Planning stage can begin. This step consists of
deciding what is desired from the computerized information system
relative to the data flow diagram. These are three aspects to
this step:

1. Determine which existing functions should be computerized.
For example, at the MTA the bookkeeper processes an accumu-
lative report of miles, fuel and miles since the last in-
spection. This would be a relatively simple function to
automate and therefore, a strong candidate for computeri-
zation. Further, the functions which the bookkeeper per-
forms are relatively standard. Therefore, inexpensive
general bookkeeping software is available to process the
bookkeeper's records.

2. Determine the information data flows you would like to have
available but which are not feasible without computeriza-
tion. For example, the MTA keeps fairly accurate parts in-
ventory information. From their existing records it would
be possible to calculate part usage rates (the quantity of a
specific part used per month) . This information would be
useful in setting stock levels. However, the extensive
labor required to calculate part usage rates makes it
impracticable. New information flows, like part usage
rates, can be added to the data flow diagram by drawing an
arrow between the parts card file and the management and
labeling it part usage rates.

3. Determine which functions are not currently conducted but
would be feasible with computerization. For example, the
MTA does not currently schedule the work flow through the
maintenance shop. Maintenance work orders are processed at
random. Computerization would help in the creation of time
standards and thus allow the computer to prioritize mainte-
nance work orders according to the estimated time it takes
to complete the work order. These new functions can be
represented by new rounded rectangles.
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The desired new data flows and information functions to be
automated can be added to the data flow diagram. After amending
the data flow diagram, it is now time to conclude the Planning
stage by meeting with computer experts and transit management to
make system performance trade-offs.

The MTA example also provides a good example of the trade-
offs that can be made at this stage. The MTA intends to examine
not only the computer needs of the maintenance department but
also planning, accounting, routing and scheduling, paratransit
administration and property administration. Therefore, the
managers of each department must make a trade-off between their
needs and the limited funds that are available for computeriza-
tion .

A computer expert with knowledge of the cost of computers
and computer programs must be an integral part of the trade-off
decision making. The expert will estimate the costs of the
functions that the individual departments v/ant to have performed
by the computer. As an example of the trade-offs that may be
considered, the MTA would like to automate inventory and mainte-
nance history record-keeping. Because these functions will re-
quire special purpose software, an integrated inventory and main-
tenance system will be expensive and may use up all the funds
available for computerization. This may be unacceptable to the
managers of other departments. On the other hand, maintenance
information functions currently performed by the bookkeeper could
be easily automated by using inexpensive computer programs that
can be used by other departments to keep their records. There-
fore, the managers must trade-off the levels of available funds
with their competing desires for automation.

The data flow diagram shows what you are getting for your
money in a visual and non-technical format. Therefore, it is
possible for fleet managers, who may have little technical train-
ing in computers, to meaningfully participate in the trade-offs
made regarding system performance.

Technical Aspects of the System Design

The previous sections are intended to assist in the planning
of fleet management information systems at a non-technical level
and without consideration of the physical constraints of the
computer or the organizational constraints within the transit
agency. The following sections examine the technical aspects of
system design. Included are discussions of maintenance systems,
inventory systems and semi-automatic fueling systems.* Some of
the technical aspects of the man-machine interface and system
layout are also covered.

* This information is a summary of the information found in (5)

and ( 6 )

.
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The three types of systems (maintenance, inventory and fuel-
ing systems) are discussed separately. However, the three sys-
tems should be fully integrated. In other words, the computer
user should be able to get information from any of three systems
and not be aware that they are different systems.

The computer system's ability to meet management needs is
largely constrained by the computer programs (software) used by
the system. Regardless of the sophistication of the computer
equipment (hardware) , if the software is unable to prepare the
information required by the performance specification, the system
will not be doing its job. Therefore, while designing the
system, it is important to first consider the performance of the
software. The next most important consideration in constraining
the abilities of the system is the layout of the system. The
layout of the system defines how many computers there are going
to be (one or more) , how powerful the computer (s) will need to
be, how data will be stored, and how data are entered. The last
in importance is the selection of the brand of computer equipment
(hardware) . Once the performance expectations of the software
have been determined, the hardware choices are largely con-
strained to those which are compatible with the performance of
the selected software.

Maintenance System Design

At a minimum the maintenance system should include informa-
tion on the following three areas of fleet status:

1. Vehicle Reliability Indicators . Reliability is the likeli-
hood of a vehicle operating properly at any given time.
Common indicators of reliability include the average miles
between road calls and the average miles between component
failures

.

2. Vehicle Maintainability Indicators . Maintainability is a
measurement of the time needed to fix a failure and perform
prevention maintenance. Direct labor hours devoted to
various types of repairs per component failure, by vehicle
type and by fleet can be used as indicators of vehicle
maintainability

.

3. Vehicle Availability Indicators . Availability is the like-
lihood of a bus being operational at any point in time. In-
formation systems should provide such indicators of vehicle
availability as the number of open work orders, the average
duration of open work orders, current spare levels, and so
forth.

Vehicle reliability, maintainability and availability are
rudimentary measures of fleet and vehicle status. Some of the
system functional requirements that should be considered during
the planning stage include the following paragraphs.
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Comparative Analysis . The information system should be able
to produce reports of maintenance activities in numerical and
possibly giraphical form. Statistical information sumiried across
the entire fleet or across a bus model can be compared to
individual buses. For example, the comparison of the oil
consumption of one bus to the average oil consumption of the
other buses of the same model is useful in diagnosing engine
problems

.

The information system should be able to aid the manager in
making comparisons to find buses with exceptional parts or fluids
consumption rates (high or low) which indicate a maintenance
problem. For common indicators of maintenance problems such as
fuel mileage, oil consumption and brake shoe life, the system
should automatically flag exceptions.

Information Classification . The system should be able to
summarize and report information at every level of breakdown
imaginable. The system should allow the user to analyze any
reported activity. For example, the user should be able to com-
pute direct labor costs for brake repairs and be able to stratify
the average labor hours at the fleet, model and individual bus
levels. Other classification levels would include the vehicle
system cr component, the individual ( s ) performing the work task,
locatior. , and whether the work was preventive or corrective.

Data Input . The data input system should not require the
user t( input what is routine or obvious. For example,
preventive inspections require that certain standard activities
take plfice. It is important that the system records that the
inspection took place, the direct labor time that the inspection
consumed, and the identity of the inspector. However, it is not
important to report each and every activity; the user knows what
activities take place during an inspection without the system's
help. If a problem is found (e.g., the vehicle needs a brake
system overhaul) then the defect and the overhaul should be re-
corded in the information system. This system of reporting only
the unusual is known as "reporting by exception."

Another way of minimizing what is stored is to only store an
individual description of what represents a significant activity.
Other activities can be accounted for in general categories with
known descriptions. Guidelines for determining whether an activ-
ity is significant enough to warrant being described are:

1. If an activity requires more than 1 to 2 hours to com-
plete ,

2. If the activity requires the efforts of several
individuals

,

3. If the activity has a relatively high cost in terms of
parts used and/or labor.



270

4. If the activity is related to vehicle safety systems,
because of potential liability,

5. If the activity is one of several included in a stan-
dard procedure (like the activities included in a pre-
ventative inspection) , then the performance of the
overall procedure is significant but not each individu-
al activity, and

6. If the activity is part of a fleet or model-wide cam-
paign, then the procedure is known and only the fact
that the individual bus had the procedure completed is
significant

.

Information Petail . Information must be scaled by the level
of detail to match the informational needs of individuals at
various levels of the organization. For example, the general
manager may need condensed information in the form of performance
indicators. The maintenance manager may only need to see daily
summaries of normal activities (i.e., the number of preventive
inspections conducted, direct labor hours, etc.) and exceptions
that have been flagged. The shop floor supervisor needs access
to daily work logs to make schedules and allocate assignments.
The mechanic needs access to work histories to determine if a
diagnosed problem is a recurring one and how it was taken care of
previously. Each individual requires access to the same data
store but at different levels of detail.

Inventory System Design

The primary purposes of the inventory system are to help en-
sure that there are neither too few nor too many parts and compo-
nents on hand. Too few will increase the downtime of a bus re-
quiring a part or component. Too many increases the dollars tied
up in the parts and components inventory. To enable the proper
management of inventory quantities, the system should automatic-
ally flag parts that need to be reordered, produce inventory dol-
lar values, and report the average usage rate for each part.
However, in combination with a maintenance system, the inventory
system can provide much more assistance than just helping to
control inventory quantities.

The inventory system should interface directly with the
maintenance system. The interface enables the inclusion of part
and component costs and usage information in maintenance activity
information system reports without re-entry of data. Part and
component usage statistics can thus be accessed directly from the
maintenance system. Further, the inventory system can flag high
usage items. For example, suppose an item, like a voltage regu-
lator, exhibits an unusually high usage rate and is flagged. At
that time, the manager can decide whether to investigate this
problem further.
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To permit the inventory system to interface with the mainte-
nance system, the two must recognize the same part and component
coding system. The coding system should include the identity of
the coach that the part was assigned to, thus allowing failure
analysis and allowing the tracking of components. Of course, for
the interface system to operate properly, all inventoried items
must be coded correctly. Not allowing items to be received with-
out the proper code should be one of the error trapping func-
tions. The coding structure should be simple and recognizable.

The inventory system's primary function is to provide quan-
tity control. However, the information produced by the system
should permit the manager to conduct several types of analyses.
Three of these are:

1. Vendor Responsiveness Comparisons . The system should
keep track of the time elapsed between when the pur-
chase order for parts is issued and when the parts are
entered into the system. If a part can be gotten more
quickly and with a lower variability in delivery time,
then fewer parts need to be held in inventory. There-
fore, the shorter and more reliable the delivery time,
the smaller the reorder quantity. The smaller the re-
order quantity, the smaller the inventory which results
in fewer dollars invested in inventory.

2. Vendor Parts Reliability . The maintenance system's
frequency of failure information can be stratified by
vendor identity to make reliability comparison of parts
from different vendors. For example, it would useful
to compare the mean miles and variance of miles between
brake shoe wear-outs. This comparison would determine
which vendor provides shoes that last the longest and
are consistent in quality. Differences in the physical
reliability of parts from different vendors can be
traded-off with purchase price and vendor responsive-
ness .

3. Component Rebuild Versus Purchase Comparisons . Parts
and components can be divided into two types, expend-
able and repairable. Expendable parts are those which
are used only once. Examples of expendable parts in-
clude filters, relays, light bulbs and body parts. Re-
pairable parts are those which may be used many tim.es

on different buses and after each use the part is re-
paired, reconditioned or overhauled. Examples of re-
pairable parts include engines, transmissions, and
starter motors. The management of repairable parts is
much more complex than expendable parts.

To be able to manage repairable parts requires that the
manager be able to track the part through cycles of
being refurbished. Tracking of repairable parts
permits comparison of failure frequencies and costs of
in-house versus off-property repairing of parts.
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The tracking of individual repairable items also
permits the determination of desirable inventory
quantities of repairable items.

Semi-Automatic Fueling System Design

Of the costs associated with operating and maintaining vehi-
cle fleets, fuel generally is the second largest single cost
item. Labor costs (driver and mechanic wages) are generally
first. Both the size of fuel costs in operating budgets and
increasing fuel prices make fuel a likely candidate for cost
cutting by agencies facing pressures to economize.

A popular option to aid in the control of fuel costs is the
use of semi-automatic fueling systems. Although the capabilities
of these systems vary dramatically, at a minimum, through auto-
matic data entry at the fuel pump, the quantity of fuel use by
individual vehicles and the dates at which vehicles are fueled is
recorded. This allows the fleet manager to track quantities of
fuel and other fluids delivered and used.

Very simple software systems will store and report trans-
action lists. For each time fuel is accessed, the transaction
list will generally indicate the vehicle identification code, the
date, number of gallons delivered, the fueling location (if there
are more than one fueling locations), and the employee's
identification code. More sophisticated systems can and should
be tied into the maintenance management information system.
Sophisticated systems generally offer such options as sending
messages to drivers and fuelers, controlling the quantity of fuel
delivered to vehicles, and analysis of fuel consumption
statistics. More specifically, some of the more sophisticated
options include:

1. Validation . Validation of data entered. Data validated in-
cludes :

a. Validation of the current mileage (or hours) entered.
For example, the system should not accept a mileage
that is less than the one entered in a prior transac-
tion or a mileage that indicates the vehicle has gone
an unrealistic distance since the last transaction.

b. Validation of the vehicle codes and employee authoriza-
tion codes.

c. Validation of the fuel products used and the quantities
delivered. For example, the system should not allow
the delivery of diesel fuel to a vehicle that is listed
in the master file as a gasoline engine automobile nor
should it allow the delivery of more fuel to a vehicle
than the maximum the vehicle could have used given the
mileage travelled since the last transaction or more
fuel than the capacity of the vehicle's fuel tank.
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2. Management Information . The fueling system can directly
provide datd to the maintenance management information
system to assist the fleet manager in better managing the
fleet. The information that can be provided includes:

a. Comparative statistics identifying fuel consumption
trends and traits of the fleet, vehicle models and
individual vehicles. Vehicle operating costs are
highly dependent on fuel costs, thus this information
can be used in such high-level management activities as
determining vehicle economic replacement intervals and
life-cycle costing.

b. Billing and expense reports.

c. Exception reports which identify the occurrence of fuel
consumption (or consumption of other fluids) which is
outside of normal tolerances. Exception reports are an
important element in determining a bus ' s performance
and in diagnosing impending mechanical problems.

3. Messages . When a particular driver, fueler or vehicle is
identified at the fuel pump, the system may provide messages
indicating some special characteristic. For example, the
message may tell the fueler that the vehicle is due for
preventive maintenance and needs to be positioned in a
special location or that the vehicle is part of a special
test and the vehicle should not receive normal lubricants.

Fuel Delivery and Systems . The device allowing access to
the system is the primary point of control and security. Because
of its importance, the type of system used to permit access
should be carefully selected to meet the needs of the agency.
There are a broad variety of access systems with varying degrees
of sophistication and each has good and bad points.

The system chosen for fuel pump control can also constrain
the types of data collected at the access point. For example,
the primary purpose for key and card systems is to control access
to fuel. If the fueling system is intended to collect more than
simple transaction information, (i.e., current vehicle mileage,
other fluids used, etc.) the key or card system must be augmented
with a data entry keypad and a display screen. However, once a

data entry keypad is available, it may be possible to control
access to the system by typing in authorization codes, thus re-
lieving the need for the key or card controlled system. There-
fore, key and card systems may not be appropriate systems if the
system performance specifications calls for higher-level informa-
tion .

The following paragraphs discuss the good and bad points of
popular access systems.



274

Plastic Card Systems . These systems can use plastic cards
with hole patterns punched through the cards or with a magnetic
strip on the card. Encoded in the holes or on the magnetic strip
is the identity of the vehicle. Card systems are inexpensive and
functional, however, the integrity of these systems can be easily
jeopardized through misuse and abuse of the cards.

The cards are extremely susceptible to misuse. For example,
they can be used to open locked doors, as ice scrapers in the
winter, and to fuel unauthorized vehicles. Further, they become
brittle in extreme heat or cold, thus making it easy for them to
become bent or broken. Also, the punch cards can be easily du-
plicated by punching holes in the same pattern into another card
or through a piece of paper.

Individual Keys . In these systems, a key is encoded with
the identity of each vehicle. This system is inexpensive and c£.n

be efficient if only one driver is given responsibility for a ke^y

and always drives the same vehicle. On the other hand, if many
individuals drive many different vehicles, a key system can be-
come cumbersome and clumsy. The key can be easily lost or for-
gotten and, therefore, a backup set of each key is generally
maintained.

Key-Like, Memory Devices . These are plastic data keys con-
taining computer memory chips. Information can be read from arid

written on the chips. Each vehicle is assigned a key and the
key's chip contains the vehicle's authorization code. Keys Cc\n

be coded at the user's site thus making it easy to replace lost
keys. Lost keys are automatically disabled which reduces un-
authorized fueling.

Keypad Systems . Many systems use a keypad for data entry at
the fueling island. Keypads are either the standard raised
mechanical key type or touch-sensitive. In keypad systems there
are no devices to bend or lose, no chance of reproducing a card,
and most people are familiar with similar systems (money card ma-
chines at banks and supermarkets) . These systems are more expen-
sive to purchase than card and key systems, however, the security
and the system integrity are higher.

Bar-Code Readers . Although the technology used in bar-code
readers has been used in other applications, its application to
semi-automatic fueling systems is recent. The bar-code strips
resemble those used on food products in grocery stores. Some
bar-codes are mounted on the inside of the fuel door. Others are
mounted on the side of the vehicle. These can be read with a
hand-held bar-code reader wand or a wall mount reader.

All types of access systems, to some extent, have diffi-
culties v/ith harsh weather and other environmental conditions.
For example, moisture from humidity, snow, rain and sleet can
tamper with the ability of card and key systems to read accurate-
ly. Dirt and oil can block a bar-code, making it impossible to



275

read. To reduce weather problems, enclosures and other protec-
tive devices should be provided.

Designing the Man-Machine Interface

The proper planning of the interface of the user and the
computer is probably the most complex aspect of the system plan.
The behavior of the computer is highly predictable. However, the
behavior of the user is not. At the two ends of the system, data
input and information retrieval, the computer must interface with
the user. At these two points the system must be flexible enough
to forgive and adjust to the user mistakes.

Data Entry . Given the state-of-the-art of computer equip-
ment, all data entry should be conducted at an online terminal.
With an online terminal system, all data entered should be
checked for accuracy while being entered. For example, when en-
tering a bus mileage from a work order report the system should
check to see that the mileage is greater than the mileage report-
ed in a previous work order for the same bus and that the mileage
is not greater than the mileage normally traveled in the time
interval since the last report. Any errors found are immediately
identified, thus permitting the user to re-enter the correct
information

.

The ease with which the user can interact with the system is
termed "user friendliness." There are several ways to increase
the friendliness of the data entry process. Some examples are:

1. Set up the data entry screen to replicate the data forms
(such as, work orders, defect cards, etc.). A screen with
specific areas to enter data is known as a mask. The mask
enables data entry personnel to follow forms without being
concerned with the input screen. To understand the im.-

portance of the screen depicting the exact form, suppose a
paper form has the employee number before the vehicle
number, and the screen ha.s the vehicle number before the
employee number. During data entry the user has to trans-
pose the information thus creating the possibility of gen-
erating errors during the entry process.

2. Each input number should be checked when it is entered.
This means that all data to be input into a mask does not
have to be entered before the system performs the validation
process. Because the data are re-entered on a "number by
number" basis, when an error is flagged the user can choose
to either correct the number in error, or recognize that the
number is in error, enter the rest of the data called for by
the mask and later correct the number in error. Suppose,
for example, a vehicle number for a work order is entered
and the number is not found in the master file. When the
error in the data element is flagged, the user can check to
see if the vehicle number is entered correctly from the work
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order. If the number on the work order is in error, the
user can finish entering the other data off the work order
and later investigate the improper number and discover the
correct one.

3. Provide error messages which describe the actual error con-
dition, instead of providing an error code number. When an
invalid vehicle number is entered the error message should
state" Invalid Vehicle Number" or "Vehicle Number Not on
Master File", not "error 102 see documentation".

Reporting Information . One of the greatest advantages of a
computerized system is that it can process vast quantities of in-
formation quickly. However, the production of large quantities
of information can also be a detriment. Too much information can
bury valuable information in valueless trivia. For example, when
interviewed, a fleet manager of a transit system with a computer-
ized information system explained that he did not use the reports
because they were too confusing. The reports provided too much
information and too often the data were labeled in non-English
codes.

To be useful, reports must be selective in providing only
the information that the manager needs and the system should pro-
vide English titles. Some characteristics that reports should
have to increase their usefulness and to increase the efficiency
of the manager in interpreting report are:

1. Uniformity . Reports should have uniform formats so that the
user can recognize the report's scope and purpose.

2. Information Presentation . Reports should be designed for
maximum visual impact and readability. Individuals can more
readily interpret graphical presentation of material. Thus,
if possible, statistical data should be accompanied by
computer plots.

3. Report Accessibility . Terminals, printers and paper copies
of reports should all be accessible to the manager.

The report generator of the system should have the ability
to process several uniform format reports. These reports should
be varied in detail in accordance with the level of the user in
the organization. For example, the fleet manager should have a
series of summary reports. Typical examples of management level
summary reports are:

1. Maintenance Cost by Vehicle System Report (i.e., air-
conditioning, engines, chassis, etc.). This report enables
the manager to identify high cost (in labor and parts)
systems within the fleet.

2. Vehicle
average
vehicle

Class Performance Report,
operations and maintenance

class

.

This report provides
cost information by
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3. In Stock Valuation Report. This providos the manager v/ith
current inventory levels and their value.

A more detailed report should be accessed by shop supervi-
sors or when the manager is conducting more indepth analyses.
Typical examples of detailed reports are:

1. Bus Case History Reports. On any specific bus this report
provides mileage, date, employee, labor and parts cost, and
other specific information on each maintenance activity.

2. Component Activity Report. This report provides detailed
information on the maintenance activities on a specific
component on every bus or every bus within a class.

3. Re-Order Report. This report identifies all stock items
that are at or below the minimum established stock level.

System Layout Plan . The system layout plan (configuration)
determines where the computer's processor is going to be and what
other types of computer equipment (printers, terminals, data
storage devices, etc.) are going to be used. The layout options
are many. For example, one option would be to do computing on
microcomputers that work by themselves (a stand alone configura-
tion) . Another option is to do all computing on a large central-
ized computer and all user work on the computer through a term-
inal. Four types of system layouts are described as follows:

1. Local Microcomputer . This is a stand alone system and each
user has one computer. An example of this type of system is
shewn in Figure 9.4. Because there is no connection between
computers to share data or programs, the data m.ust be re-
corded on tapes or disks which can be m.oved to another
machine

.

One of the advantages to this type of system is that it
allows each user to work independently. For example, if a
microcomputer is used in a fueling system, each site has the
flexibility to control its own fuel. Its primary disadvan-
tage is the difficulty in integrating the various functions
(inventory, maintenance, and fueling).

2. Multi-User, Central Computer . A centralized processor al-
lows the sharing of programs and data. An example of this
type of system is shown in Figure 9.5. A centralized system
is generally a powerful enough computer to manage large data
sets and provide high-level management information.

One of the difficulties in having a centralized com-
puter lies in problems encountered in system failures. The
entire system may become disabled. A failure of the com.pu-
ter or a failure of the communications lines would result
both in dead terminals and the inability to pump fuel.

System layouts V\^ere adapted from general system layouts in ( ; ) .
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3. Network of Microcomputers . This system has all the ad-
vantages of the stand-alone system (i.e., independence of
users) plus the advantage of being able to share data and
computer programs. An example of this type of system is
shown in Figure 9.6. A network system also has the
advantage over a multi-user, central computer of permitting
the number of computers to expand as needs grow. A central
computer will have a limit on the number of users that can
be attached to the computer.

A network system's primary disadvantage is that the
individual microcomputers are limited in the amount of data
that they can individually process efficiently. Therefore,
a local area network system may have difficulty summarizing
large data sets to provide high level information.

4 . Combination Multi-User Computer and Networked Microcompu-
ters . This system has the advantages of all the other three
systems. An example of this type of system is shown in
Figure 9.7. It allows local computing on microcomputers and
additional computing on a central computer. For example, if
the stand-alone microcomputer cannot handle a large set cf
data this activity could be taken over by the central com-
puter with the results transferred back to the microcomputer
use

.

A combination, multi-user computer and network of
microcomputers increases the reliability of the system (the
probability of operating normally over a specific time in-
terval) because of the duplication of computing capabili-
ties. For example, in the case of a fueling system, the
central computer could fail while the micro-processor at the
pump would continue to control fueling.

Conclusions

The purpose of Chapter Nine is to present information which
allows transit agency staff such as fleet managers who may not
possess technical training in computers to take the lead in
computer system planning. The importance of their involvement
lies in the fact that they will have to ultimately live with the
system. If the users become more deeply involved with the
system's development they will:

1. Better understand their own information data sources, devel-
opment processes, uses/need, system trade-offs, and how the
information flow operates.

2. Receive an information system which will more adequately
meet their needs.
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WORK SHEET 1

TABULATION OF FAILURE MILEAGE FREQUENCIES

Cost Driver Bus Model

Component Type Study Dates

r d X -L uli.

Mileage

(1)

I. dj. X U. X. C
Mileage

(2)

Mileage Class
Tally

(5)

F

(6)

Lower

(3)

Upper

(4)

Number of failure mileages, N

Maximum mileage Minimum mileage



285

WORK SHEET 2

COMPUTATION OF MEAN AND STANDARD DEVIATION

Cost Driver Bus Model

Component Type Study Dates

Mileage Class r" 1 ^ c cX d o o

Average
X

(3)

Freq

.

F

(4)

Lower

(1)

Upper

(2)

FX

(5)

X^

(6) (7)

Sums , Z N= EFX=
2

ZFX =

Mean = X = £FX
N

X =

/itandard Deviation = SD =
NZFX^ - (ZFX)^

N (N-1)

= SD
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WORK SHEET 3

SUMMARY SHEET OF FAILURE MILEAGE DISTRIBUTION

Cost Driver Bus Model

Component Type Study Dates

Number of cases, N Mean, X

Number of failures, NF

Maximum mileage

Minimum mileage

Std. deviation, SD_

(X-D) /SD

WEIBULL DISTRIBUTION PARAMETERS

Minimum life term, D

Snape factor, B

Characteristic life factor, T

FAILURE MECHANISM:
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WORK SHEET 4

TABULATION OF FAILURE MILEAGE CUMULATIVE FREQUENCIES

Cost Driver Bus Model

Component Type Study Dates

Mileage Class Frequency

,

F

(3)

Frequency

,

a

(4)

Cumulative
Frequency

Percent
o urviVI ng

(7)

Lower

(1)

Upper

(2)

Onm TPLUm r

I -> )

Cum %

( 6 )

o %

9tO %

% % ao

aO % a

9:o % a

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

* % %

% % %

% % %

Sums: N = 100.0%
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WORK SHEET 5

COMPONENT RELIABILITY ANALYSIS

Cost Driver Bus Model

Component Type Study Dates

Percent
Failing in

Cumulative Table 2.4 Cumulative2 Reliability, R Mileage
^

Mileage, M z-score Number Percentage (% Surviving) Inteirval

(1) (2) (3) (4) (5) (6)

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

M - X
z = , where M = mileage in column 1, X = mean =

SD and SD = standard deviation =

The number in column 3 times 100.

100 percent less the number in column 4.

Percent failing in mileage interval

= R^ - R2 , where: R^ = reliability (column 5) at previous
cumulative mileage

R^ = reliability at mileage in column 1
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WORK SHEET 6

PREDICTION OF COMPONENT FAILURES OVER TIME

Cost Driver Bus Model

Component Type Study Dates

Cumulative
Time

(1)

Component
State

(2)

Number of
Buses in
State
(3)

Component
Failures Per
Time Period

(4)

Total Failures
Per Time
Period

(5)

mm Q_X % =

X « =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =

X % =
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WORK SHEET 7

FAILURE STATUS OF ORIGINAL COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Bus Model

Component Type Study Dates

Bus
Number
(1)

Component
Number

(2)

Current
Bus
Mileage

(3)

Original
Component
Failure
Mi leage

(4)

Status of
Unfailed
Component*

Comments
(7)

w 1 1 o \y j_

(5)

fc-/ UO ki^ •

(6)

CENSORED cases refer to surviving components which have accu-
mulated more miles than any failed component in the data set.

SUSPENDED cases refer to surviving components which have accu-
mulated less miles than at least one of the failed components.
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WORK SHEET 8

RANK ORDERING OF SURVIVING AND FAILED COMPONENTS
IN WEIBULL FAILURE ANALYSIS

Cost Driver Bus Model

Component Type Study Dates

uraer
Number

(1)

IJ Ul o

Number
(2)

Number
(3)

Failed,
ouspenaea

,

or Censored
(4)

Mileage When
raiieu/ ouspenaeQ/
or Censored*

(5)

X

A

c

D

7

po

9

10

11

12

13

14

15

16

17

18

19

20

Each component is listed in ascending order of the mileage en-
tered in Column 5

.
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WORK SHEET 9

COMPUTATION OF D, K, AND S FOR WEIBULL FAILURE DATA

Cost Driver Bus Model

Component Type Study Dates

Bus
Number

(1)

Failure
Mileage

(2)

Minimum^
Life, D

(3)

K

(4)

ln(K )max
(5)

* *
ln(K)

(6)

* **
L

(7)

Sums: EK = S =

Minimum life term, D = 0.90 x lowest failure mileage
= 0.90 X = D =

**
ln(K ) = ln( ) = , where K is the largestmax ' max ^

value of K in column 4

.

** *
If the data set contains suspended failure cases, the L terms
must be modified in Work Sheet 10a before computing S.
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WORK SHEET 9a

MODIFICATION OF L FACTORS TO COMPUTE S FOR
WEIBULL FAILURE DATA WITH SUSPENDED CASES

Cost Driver Bus I'4odel

Component Type Study Dates

Bus
Number

(1)

*
L
(2)

Adjusted
Order No.

(3)

Row
Number

(4)

Ratio
(5)

L
(6)

Modi fied
L
(7)

/ 1 X

/ 2 X

/ 3 X

/ 4 X

/ 5 X

/ 6 X

/ 7 X

/ 8 K

/ 9 X

/ 10 X

/ 11 K

/ 12 X

/ 13 X

/ 14 X

/ 15 X

/ 16 X

/ 17 X

/ 18 X

/ 19 X

/ 20 X

Sums

:

S

* From Work Sheet 9, Column 7.
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Cost Driver

WORK SHEET 10

COMPUTATION OF B AND T FOR WEIBULL FAILURE DATA
WHICH CONTAINS ONLY FAILED CASES

Bus Model

Component Type Study Dates_

INPUT NUMBERS:

N =

D =

ZK =

S =

Number of failed components

Minimum life term
(from Work Sheet 9)

(from Work Sheet 9)

(from Work Sheet 9)

SHAPE FACTOR, B:

B =

(Table 3.6
number for N)

= B =

CHARACTERISTIC LIFE FACTOR, T:

K
ave

IK N
= K

ave

T =

(Table 3.7
number for B)

Kave

= T =
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WORK SHEET 11

Cost Driver

COMPONENT RELIABILITY ANALYSIS
FOR WEIBULL FAILURE DATA

Bus Model

Component Type_ Study Dates

r\ Trm 1 1 a -f- "i \/o

Ml 1 0:PrTf^ MI'iXXCClMC f i-

1

PtoVv^V^i 1 "i "hvX X. \yX.y\JLX^^ -L. wjr

of Fri "i 1 IITPX. X -A- 1.w

OllTTml 1 VP
PPTPPTThACTP

3
Reliabilitv R
( % SiiTvi vi T\Cl\\ O Ik./ \ 1 L V ^ V 1^ /

PpTT'pn't"CX V^C^ i u
pa "ill nrr "i ni- CLXX Xi 1W XI i

M"i 1 oAno1 iXXCCL^C
^

XiIL.C^ VCIX

INLUIUJ^X

r CLX ^ Xi 1^

XJi 1 ixXtrclUt^

Xi 1 L-tzX V CLX

(1) (2) (3) (4) (5) (6)

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

% % %

Cumulative
Probability

= 1 - e

- M B

~ 1 - e

The number in column 2 times 100.

100 percent less the number in column 3.

Percent failing in mileage interval

= R^ - R- , where: R, = reliability (column 4) at previous
cumulative mileage

R 2 = reliability at mileage in column 1

The total number of failures, N, times the decimal percentage
in column 5.
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WORK SHEET 12

COMPUTATION OF B AND T FOR WEIBULL FAILURE DATA
WHICH CONTAINS CENSORED CASES

Cost Driver

Component Type

Bus Model

Study Dates

INPUT NUMBERS:

Al =

K

CI =

(from Table 4 .5) ( from Table 4. 8)

A2 = C2 =

(from Table 4 .6) ( from Table 4. 9)

A3 = C3 =

(from Table 4 .7) (from Table 4. 10)

N =

s =

max

(total number of buses)

(from Work Sheet 9)

(from Work Sheet 9)

SHAPE FACTOR, B:

M = /

Al

B =

A2 N

X /

M N S

CHARACTERISTIC LIFE FACTOR, T:

P = + / +
CI

ln(T) =

T =

A3

= B =

N

/( )^ =

C2 N C3

/

N

In (K )max
P B

("inverse" of In (T) on a scientific calculator)
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WORK SHEET 13

COMPUTING THE ESTIMATED MEAN MILEAGE TO FAILURE
AND THE STAND \RD DEVIATION FOR WEIBULL FAILURE

DATA WITH CENSORED AND SUSPENDED CASES

Cost Driver Bus Model

Component Type Study Dates

INPUT NUMBERS;

D =
'

(minimum life term)

B =

(Weibull shape factor)

T =
(Weibull characteristic life factor)

El =
(from Table 4.12)

E2 =
(from Table 4.13)

ESTIMATED MEAN MILEAGE TO FAILURE, X:

X = / + = X =

T El D

ESTIMATED STANDARD DEVIATION, SD

:

SD - V X J )J = SD =

E2 T
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WORK SHEET 15

COMPUTATION OF B AND T FOR WEIBULL FAILURE DATA
WHICH CONTAINS SUSPENDED CASES

Cost Driver Bus Model

Component Type Study Dates

INPUT NUMBERS:

Fl = Gl =

( from Table 5.7) (from Table 5.10)

F2 = G2 =

(from Table 5.8) (from Table 5.11)

F3 =

( from Table 5.9)

N =

(total number of buses)

NS =

(total number of suspended cases)

S = ratio =

(from Work Sheet 9a)

K
(from Work Sheet 9)

(from Work Sheet 9a,
the ratio in column
5 corresponding to

^max^

SHAPE FACTOR, B

M = + X + x( )^

Fl F2 NS F3 NS

M =

B = ( X ) / = B =

M N NS

CHARACTERISTIC LIFE FACTOR, T:

P = - X = P =

Gl G2 N

in(T) = In ( / ) - /

K ratio P B
max

in(T) =
, T = ("inverse" of In (T) on a

scientific calculator)
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WORK SHEET 16

COMPUTATION OF B AND T FOR WEIBULL FAILURE DATA
WHICH CONTAINS BOTH CENSORED AND SUSPENDED CASES

Cost Driver Bus Model

Component Type Study Dates

INPUT NUMBERS:

The following numbers are obtained from Tables 6.7 to 6.54:

HI = Jl =

H2 = J2 =

H3 = J3 =

N = S =
(total number of buses) (trom Work Sheet 9a)

NS = Kmax(number of suspended cases) (from Work Sheet 9)

NC = ratio =

(number of censored cases) (from Work Sheet 9a,
the ratio in column

(NC/N)xlOO = 5 corresponding to
(percent of censored K )

. max
cases)

SHAPE FACTOR, B:

2
M = + X + X ( )

Hi H2 NS H3 NS

M =

B = X / = B =
M N S

CHARACTERISTIC LIFE FACTOR, T:

P = + X + X ( )

^

Jl J2 NS J3 NS

P =

ln(T) = In ( / ) - /

K ratio P B
max

ln(T) =
, T = ("inverse" of In (T) on a

scientific calculator)
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WORK SHEET 17

PRESENT WORTH ANALYSIS OF ANNUALLY
RECURRING COST DRIVERS

Cost Driver:

Bus Age Mileage Cost per Total Annual Present Worth Present
(years) per year Mile Cost Factor Worth

(1) (2) (3) (4) (5) (6)

1 X $ = $_ X = $

2 X $ = $ X = $

3 X $ = $ X = $

4 X $ = $ X = $

5 X $ = $ X = $

6 X $ = $ X = $

7 X $ = $ X = $

8 X $ = $ X = $

9 X $ = $ X = $

10 X $ = $ X = $

11 X $ = $ X = $

12 X $ = $ X = $

Total Present Worth: $



302

WORK SHEET 18

MAINTENANCE TASK COSTING

Cost Driver:

Estimated Labor Cost of Cost per

Maintenance Task Labor Hours* Rate** Materials* Task

1.

X $ + $ = $

2.

X 5 + $ = 5?

Total Cost: $

*
Expected interval in miles:

* Supplied by bus manufacturer

** Supplied by transit agency
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WORK SHEET 19

PRESENT WORTH ANALYSIS OF INFREQUENT
MAINTENANCE COST DRIVERS

Cost Driver:

Bus Age Cumulative Cost Driver Present Worth Present
(years) Miles Occurrence Cost Factor Worth

(1) (2) (3) (4) (b) (6)

1
• $ X = $

2 $ X = $

3 $ X = $

4 $ X = $

5 $ X = $

6 $ X = $

7 $ X = $

8 $ X = ^

9 $ X = $

10 $ X = $

11 $ X = $

12 $ X = $

Total Present Worth: $
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The purpose of this Appendix is to introduce the reader to

the use of pocket scientific calculators. If you have not used

one of these calculators before, you will find these machines al-

low the user to do complicated mathematics with the push of a

button.

The calculator we are going to demonstrate with is a Texas

Instrument TI-35. This calculator costs roughly $22.00 and is

sold with an instruction book and separate paper back book that

contains many useful formulas for everything from business to

games. Other equally acceptable scientific calculators, manu-

factured by Casio, Radio Shack and Sharp, are listed below.

Other brands of calculators that can take logarithms, powers and

have statistic keys are acceptable.

Casio Radio Shack Sharp

Model Suggested Price Model Suggested Price Model Suggested Price
FX-82 $19.95 EC-4007 $19.95 EL-509A-7 $19.95
EX-98 $29.95 EC-4006 $21.95 EL-506H-T $29.95
FX-900/910 $29.95 EC-499 $27.95 EL-510A-T $24.95
FX-990 $34.95 EC-4004 $34.95 EL-515-T $34.95
FX-350 $24.95
FX-550 $34.95
FX-450 $34.95

Calculations

Each of the following sections is divided into instructions

on each type of calculation. In the body of the guide where a

calculation is made, there are references directing you to the

place in this Appendix where the calculation is demonstrated.
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Taking Natural Logarithms

The calculator gives the natural logarithm of a number by

simply entering the number and pressing the
Inx

button For

example, suppose we want to convert 122786 to its natural

logarithm. First we enter 122786 like it's shown below.

r
m^mmm

Natural Logarithm
Button
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Two more examples are

Press

387

Displ

In.

4821-

Caluclating Weibull Cumulative Probabilities

This is a fairly complex calculation and involves four

steps. The Weibull cumulative probability formula is:

Cumulative

Probability
= 1 - e .

-/miles-D

Let D = 3,487, T = 55,107 and B = 1.5187 and suppose we want the

cumulative probability at 30,000 miles.

? = 1 - e*-

'30,000 - 3,487

55.107

1.51871
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30 , 000 - 3 , 487 t,^*.^^ -,0 nnn
Step 1: In this step we solve .

Enter JU,uuu as
55107

shown below:
mm

iSfr ».--.hN;w.f.tw»,.---r.-.a-;; Ai

Texas iNBTiiUMiNTa
TI-35

(SlDDCDCZ)

tSSSBBSBBBBHBHIl

Press Display

'3487-

-55107-

n »j O I I IOC
u I I its Id
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Step 2: in this step we solve (0 . 4811186) ^ * After Step 1

the calculator display should appear as shown below:

«n Texas Instruments'
Tl-35

Coostant Men-iory

OFF0%'

Press
Display



step 3: In this step we solve e
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[-0.3291821]

number, you press INV and next press

To get the e of a

e is the opposite

of the natural logarithm. To see how this work, enter 2 into

your calculator and press

0.6931472. Next press

inx

INV

and the calculator displays

and then press Inx and the

calculator displays 2 again.

After Step 2, the calculator will appear as shown below.

Inverse
Button

ll \KS iNSTRllMtNTS
TI-35

Constant MsrTMjry

1

us 150ISM

7
I I

8
I I 9

laciicxicz)

-e Button

Press Display
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Step 4: The last step is to solve for 1 - 0.719519. After Step

3, the calculator will appear as shown below.

Press Display

1 1 O n ij n n
ux UU lUQ

HAD

For a second example, suppose we wish to find the cululative

probability of 45,000. We start by entering 45000 as shown

belov:
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Press

Step 1 p~-»-348 7-

T ,-—^55107-

Display

timim

Step 2 ^1.5187-

Step 3
•[nv llnxl

jlTI » » L J * U L' U
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