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and diverts automobile users in the outlying subur
ban areas to the new service. Because the new ex
press bus routes have fewer stops en route, overall 
travel-time savings accruing to the commuters will 
induce some riders from other existing transit 
modes. Location of such service in the corridors 
where good transit service, e.g., commuter rail, al
ready ex ists should therefore be avoided. 

The preceding analyses indicate that 14 corridors 
connecting 25 park-and-ride locations throughout the 
DVRPC region show promise for instituting the ser
vice. If all the routes are made operational, they 
will attract approximately 4,300 additional daily 
riders from the existing automobile users. Some 
shifts in the ridership of other transit modes will 
also result, diverting about 4,900 trips to the new 
service (Table 3). 

The next step in this project is to advance the 
park-and- ride and express bus service to the imple
mentation stage. In view of the fact that the fi
nancial resources are becoming increasingly scarce, 
the transit operating agencies may not be able to 
implement all corridors at the same time. The work 
described in this paper will th.en be expanded to 
study selected corridors in more detail and refine 
the demand estimation and operational and physical 
characteristics of the parking lots and routes. 
Operational agreements, if any, should be investi
gated with two or three owners of the parking lots 
fall i ng in the corridor as well as with the transit 
operating agency that will provide the express bus 
service. 
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Role of Quantitative Analysis in Bus Maintenance Planning 

T.H. MAZE, UTPAL DUTTA, AND MEHMET D. KUTSAL 

Transit maintenance costs increased dramatically between the late 1970s 
and early 1980s. At the 1ame time, transit funding ·assistance has become 
less available. These circumstances require that managers operate their 
maintenance systems more efficiently and that they adopt new cost
cutting policies. It is proposed that maintenance managers use quantita
tive techniques in planning the operations end policies of maintenance 
systems. The suggested quantitatlvo techniques, commonly used in 
other areas of business, industry, and government, may be employed to 
plan transit maintenance system policies and operationt. A simplified 
simulation model of a hypothetical maintenance system is presented as 
an example of the use of analytical techniques in maintenance planning. 

More stress has been placed on the performance anti 
efficiency of transit maintenance in the past few 
years. Although greater emphasis on maintenance is 
often attributed to the financial pinch between es
calating maintenance costs and decreases in the 
availability of federal and local operating assis
tance, the reasons for paying more attention to 
transit maintenance are not so simple. Granted, 
transit industry maintenance costs have grown in 
recent years at a rate of approximately $400 million 
per year while at the same time funding assistance 
nas oeen reduced; nowever, financial problems ace 

only the most· noticeable symptom of the basic prob
lems facing transit maintenance (~). 

Faced with this situation, transit maintenance 
managers must deal with the following basic ques
tions: 

1. What are the causes of escalating transit 
maintenance costs? 

2. How can transit maintenance systems be made 
more efficient? 

3. What ace the cost trade-offs for various 
levels of maintenance service and bus dependability 
and availability? 

4. How do maintenance pol lcies and service re
quirements affect fleet life-cycle costs? 

5. At what level can the transit industry afford 
to fund maintenance systems? 

In this paper, it is shown how· ana·lytical tools can 
be used to aid transit managers in answering the 
first four questions. More specifically, it is pro
posed that once sufficient maintenance information 
exists, analytical planning tools can be used to 
better understand the relationships among mainte-
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nance policies, costs, bus availability (spare 
levels), parts availat>ility, life-cycle costs, and 
otner factors that can be used for a better under
standing of the complex problems that maintenance 
managers face. The need for analytical planning 
tools is defined, their capabilities and limitations 
are described, and, last, a simplified example is 
given of a rudimentary maintenance simulation model. 

NB1':U ~'UR ANALYTICAL MODELS 

The escalation of maintenance cost has been more 
rapid than that of inflation in the past few years 
C.!l· Increasing labor, parts, maintenance-facility, 
and equipment cos ts have added to cost escalation, 
but beca use

0

the rate of increase has outstr ipped the 
average inflation rate of labor and materials, other 
factors must be contributing to transit mainte
nance's rapid rate of cost escalation. These fac
tors are probably related to recent changes in vehi
cle designs, to regulation of vehicle procurement 
and maintenance practices, and to other, less tangi
ble factors such as changes in the makeup of the bus 
maintenance labor force. 

In the past (1950s, 1960s, and early 1970s), bus 
designs remained relatively standard and design mod
ifications were gradual. Maintenance managers 
developed a working knowledge of performance and 
reliability and maintainability. With the advent of 
advanced-design buses in the late 1970s, vehicle 
designs became more complex, equipment available for 
vehicles became more varied, and maintenance manag
ers lacked familiarity with the reliability of the 
new buses. Because of lack of experience with these 
vehicles and the associated uncertainties, and for 
other reasons, some transit systems are designing 
and using the automated maintenance information sys
tem (MIS). These systems automatically summarize 
and analyze the maintenance status of buses, mate
rial, and labor. F,or example, the MIS will usually 
keep track of the date and mileage of repairs and 
mileage between failures and will automatically pro
duce fleet averages for experiences with the same 
component. A notable example of an MIS is the one 
being designed and tested by the five members of the 
western Transit Maintenance Consortium (2) • 

The MIS permits the maintenance manager to access 
a computerized data base that contains information 
related to the most current as well as historical 
information related ·to maintenance operations. 
Other information-summarizing options are often 
built into the data base, such as the flagging of 
exceptions, preventive-maintenance scheduling, wock
order processing, pacts and consumables inventory 
controls, and others. Note that what the MIS has 
given the maintenance manager is the information 
necessary to inventory existing conditions. An MIS 
only provides information to aid in the management 
of the maintenance operation under existing condi
tions. This capability is certainly an improvement 
over conditions without the MIS; however, it leaves 
the maintenance manager with only judgment and expe
rience when evaluating the impact of new policies or 
when forecasting future needs. For example, a cur
rent MIS could not tell the maintenance manager what 
the trade-offs are between increases in the mainte
nance work force and the percentage of the bus fleet 
that should be held as spares nor does the MIS pro
vide the maintenance manager with an estimate of the 
number of buses that will experience a specific com
ponent failure in the future so that the maintenance 
system can be prepared foe surges in the failure 
rates of specific components. 

The capability to estimate tne impacts ot poli
cies and to make forecasts of failures, parts de
mand, maintenance labor required, and so forth, may 
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be achieved through the use of planning models. 
Planning models extend rather than replace the MIS. 
In fact, planning models are calibrated and updated 
on the basis of information that is commonly pro
duced by an MIS. The importance of adding planning 
capabilities to an MIS lies in the two 9eneral types 
of information that such a system would provide: 
(a) forecasts of the impacts resulting from changes 
in maintenance system policies oc operation and (b) 
forecasts of future events while the maintenance 
system's policies and operation remain constant. 
The latter of the two types of information could be 
determined without plannin9 modeling capabilities by 
simply waiting until events occur and usin9 this 
experience in conjunction with the manager's judg
ment to project the occurrence of similar events 
i nto the future. Of course, one must assume that 
the maintenance manager will stay at the same posi
tion for an extended time, that bus designs will 
remain constant, and that the manager can keep track 
of the many events that occur simultaneously. On 
the other hand, a computer-based planning model can 
almost instantly forecast events (e.9., failure 
rates for several components) simultaneously, and 
the results will be completely consistent with what
ever experience with the event is available. Such 
forecasts would be especially valuable in predicting 
surges in component failures so that the maintenance 
system and parts inventories could be prepared in 
anticipation of the surge; in the case of low fail
ure rates of a particular type, resources could be 
devoted to other maintenance functions. 

Computer-based planning models ace particularly 
valuable in obtaining forecasts of the results of 
system chan9es (the first general type of informa
tion) • Once a computer model is created to symbol
ize the system, the model can be used to experiment 
with the system. The user can ask what-if ques
tions. For example, what impact will chan9in9 the 
number of mechanics have on the number of spare 
vehicl.es required to support the active fleet? Be
sides not disrupting the actual system with an ex
periment, a computer model has two important advan
tages. First, the results are obtained very 
quickly, perhaps within a few minutes, whereas the 
same experiment with an actual system might take 
years to produce results. Second, since all of the 
system vac iables in the model are controlled, the 
analyst knows that the results from the experiment 
were produced by the variable or variables manipu
lated. In other words, results obtained from an 
experiment with the real system may be affected by 
variables that cannot be controlled and that change 
during the course of the experiment, such as the 
weather or a union contract. These factors can be 
held constant in a computer model. Thus, a computer 
model can be less disruptive, faster, and more accu
rate than an actual experiment on the maintenance 
system. 

Examples of the impacts on tcansi t maintenance 
systems that could be estimated with the use of a 
computer model would incl.ude 

1. Testing the impact of various alternatives 
for reducing the portion of the fleet used as spares 
(for example, one strategy that could be tested is 
to increase the number of mechanics devoted to vari
ous maintenance activities); 

2. Determining the internal cost savings and 
ceallocatabl.e resources made available by sending 
buses to private repair shops foe particular types 
of repairs (for example, testing the implications of 
sending buses to a maintenance contractor for brake 
repairs); 

3 . Testing the impact of varying preventive
maintenance policies (for example, a computer model 
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could determine the impact, in terms of in-service 
breakdowns and maintenance work load, of increasing 
or decreasing the interval between the preventive 
replacement of a particular part: the model could 
also test the impact of instigating a preventive 
replacement policy for a particular part) : and 

4. Analyzing the impacts o'n the maintenance sys
tem in shifting new purchases of buses to different 
models or to buses with different major components 
(for example, buses with smaller engines may experi
ence less frequent transmission-related failures 
than buses with larger engines: however, buses with 
smaller engines may experience more frequent engine
related failures--the trade-offs between buses with 
different engines and failure rates can be tested). 

The interests and concerns of individual mainte
nance managers may include those listed above or 
others. What is particularly important about the 
examples of tests listed above is that they illus
trate the types of new policies and system changes 
that computer-based models can be used to analyze. 
As the maintenance manager seeks to improve the 
maintenance system's efficiency and productivity 
through various changes, changes can be tested be
fore they are instituted by running a computer-based 
model that includes the proposed changes. If these 
changes do not cause the expected or desired result, 
the manager will know quickly. Then plans can be 
changed and the model run until the manager has the 
information required to choose the best of the 
available options and eliminate inferior changes in 
the maintenance system. 

Given current conditions in the transit industry, 
tne value of these types of planning models is 
great. Bus designs have changed substantially, and 
uncertainty about the reliability of components and 
maintenance requirements has grown dramatically. In 
addition, stricter regulations are being placed on 
vehicle-fleet spare levels and on bus-procurement 
practices. Thus, the decisions maintenance managers 
face nave become more complex, the input to deci
sions has become more varied, and there is a greater 
degree of uncertainty about the results of decisions 
made. At the same time that uncertainty has in
creased, budgets have become tighter and thus less 
tolerant of error. Therefore, there is an increased 
need to develop computer-based planning models that 
can be used to summarize the outcomes of changes to 
the maintenance systems and aid the maintenance 
manager in instituting efficient system and policy 
changes. 

COMPUTER-BASED PLANNING MODELS 

Capabilities and Inabilities 

Computer-based planning models are commonly used in 
many fields of private business and public service. 
Often tnese models take the form of simulations of 
systems. For example, in urban transportation plan
ning, highway and mass transportation planners com
monly use UMTA' s UTPS simulation of urban travel to 
test tne impact of transportation network changes. 
Traffic engineers have several traffic and highway 
operation simulation models (e.g., TRANSYT, NETSIM, 
FREQ, PASSER) to estimate the impact of cnanges in 
traffic control and in physical changes to high
ways. Simulation modeling has also gained in popu
larity in business as computing costs have dropped. 
Today, many general-purpose simulation packages are 
available for many types of computing systems. 

Although computer-based modeling is a tremen-
dously powerful tool to be used in estimating the 
outcomes of complex experiments, all computer models 
have limitations. A computer model is only a sym-
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bolic representation of the relationships between 
system variables. The relationships of all system 
variables are simultaneously considered in the com
puter model to determine the response of system var
iables to cnanges in one or more variables. For 
example, a relationship between wear and the failure 
of vehicle components could be estimated by modeling 
tne distribution of observed failures and the mile
age accumulated on actual buses until a failure 
occurred. Other relationships could be the distri
bution of time taken to make a repair or the inter
changeability of facilities used to conduct various 
repairs. These relationships are measured from past 
experiences and are simultaneously considered within 
the symbolic structure of the model. 

Computer models make forecasts by considering the 
impact of the manipulated variable on all other var
iables through relationships based on historical 
information. Although the model provides a highly 
ordered structure to extend observed relationships, 
it does not permit the prediction of the outcomes of 
cnanges where the model nas no observed information 
upon which to base forecasts ." 

Sample Maintenance-Planning Model 

In tne following section, an example of a simpli
fied, illustrative computer-based simulation model 
is described. Tne technique used is described else
wnere (3), and the mathematics of the approach is 
not described in detail here. 

The model uses probability distributions of com
ponent failures as a function of accumulated bus 
mileage. From these distributions, and by using an 
average factor for miles accumulated per weeK, the 
simulation estimates the number of vehicles that 
will experience a failure during each week over the 
forecasting period. During any given week a fixed 
number of vehicles are repaired. Repaired buses are 
returned to active service and begin to accumulate 
wear. unrepaired buses waiting in a maintenance 
queue and those being repaired are specified as 
spare vehicles. Once a vehicle leaves the mainte
nance queue and is repaired, all components (includ
ing those not repaired) begin accumulating wear. 

The data used in the simulation and the assump
tions made are purely hypothetical. However, the 
results of the example illustrate the utility of the 
technique. If the model were to be applied to a,n 
actual system, it would have to be carefully struc
tured so that the model would accurately character
ize the maintenance system analyzed. In this ex
ample, to make the illustration as general as 
possible and to make the explanation of the approach 
as understandable as possible, the assumptions made 
and the characteristics of the system are over
simplified. However, given the characteristics and 
peculiarities of an actual system, the model could 
be structured to simulate almost any situation. For 
instance, in the sample runs of the simulation 
model, it is assumed that components are only re
placed after they fail. Many bus components are 
commonly repaired before they fail in anticipation 
of their failure and to prevent in-service break
downs. If the model were used to simulate such a 
system, it would have to be structured to account 
for preventive repairs. 

The inputs and assumptions of the model, for this 
example, are as follows: 

1. The model requires that the number of vehi
cles to be considered in the experiment and their 
ages be specified. In this example, it is assumed 
that there are 500 buses in tne fleet and that all 
are purchased (and begin wear) at roughly the same 
time. 
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Table 1. Hypothetical model parameters. 

Repair 
Rate 

Mean Distance (buses 
Between Failures SD of Between- per 

Component (mile•) I'ailure Mileage week) 

AC alternator 39,000 7,650 6 
Brake lining 

Front 34,235 2,560 5 
Rear 36,750 3,450 5 

Brake relay valve 125,000 3,540 2 
Chassis retro comp 30,000 4,525 6 
Cylinder head 

Left 280,000 25,750 1 
Right 240,000 12,500 1 

Engine blower 145,000 12,300 2 
Engine injector 94,000 7,250 3 
Engine starter 80,000 5,206 3 
Fluid fan drive 115,000 12,875 2 
Leveling valves 64,000 5,500 4 ,5 
Steering box 168,000 15,435 2.25 
Transmission 95,000 15,000 3 
Water pump and 150,000 8,750 2 

heater 
Air-conditioner 200,000 25,750 1.5 

compressor 

length of the 
In the example, 

is considered to 

2. The model requires that the 
experiment (in weeks) be specified. 
the experiment spans 12 yr, which 
be the entire life of the bus. 

3. The model requires that the average wear (in 
miles per week) 'while in active service be speci
fied. In the example, it is assumed that all buses 
travel an average of 700 miles pee week. 

Figure 1. Weekly failure rate, front brake lining. 10 

0 
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4. The model requires that a cep~ ir rate be 
specified for every component considered. In the 
example, repair rates are specified as a maximum 
number of repairs that can be made for each type of 
component pee week. The initial repair rates are 
listed in Table l (.! > • 

~. The model requires the distribution of the 
mileage between failures. In the example, hypo
thetical distributions (and even hypothetical com
ponents) are used. 

The reasons foe using hypothetical distc ibutions 
as opposed to actual information ace as follows: 
(a) there is little available information on the 
distribution of bus pact failures and (b) those that 
are ayailable from empirically observed data do not 
distinguish between repairs made in anticipation of 
failures and repairs made due to actual failures 
(4,5). Therefore, to simplify matters, hypothetical 
data ace used. 

The parameters of the hypothetical distributions 
of wear between failures ace shown in Table 1. All 
of the wear between failures is assumed to be 
Weibull distributed with a skew of 2. Weibull
distcibuted wear between failures is assumed partly 
due to the simplicity of using a Weibull distribu
tion and partly because the Weibull distribution has 
properties that make it a popular choice to model 
the distribution of periods· between failures. 

Figures l through 6 show the predicted failure 
rates in buses pee week foe 6 of the 16 components 
examined based on the distribution pa~ameters and 
repair rates shown in Table 1. (The remaining 10 
failure-rate curves ace not shown foe the sake of 
brevity.) It is assumed in the estimation of these 
failure rates that while a bus is waiting foe a re-

~ 
(") 

' WEEK~ 
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Figure 2. Weekly failure rate, rear brake lining. 10 

0 

Figure 3. Weekly failure rate, chassis retro comp. 10 
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Figure 4. Weekly failure rate, left cylinder head. 10 
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Figure 5. Weekly failure rate, leveling valve. 10 

0 .,...-.. .......... ' I'" ..... , ...... ... 
Q ~ ~ rs ~ ~ ~ ~ ; ! ~ ~ ~ ... ... M 

WEEKS 



Transportation Research Record 915 45 

Figure 6. Weekly failure rate, steering box. 10 

Figure 7. Total weekly failure rate. 
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pair, all other components do not accumulate wear 
and tnat wear on all parts begins once the bus is 
repaired and returned to active service. Note the 
relatively abrupt surge of brake-lining failures in 
Figures l and 2 around week 52 (remember that the 
assumed mean life is 34,235 miles and 36, 750 miles 
tor tront and rear linings, respectively). Also 
note the abrupt surge of chassis retro comp failures 
in Figure 3. The reason for the surge around the 
52nd week is that all have mean lives between 30,000 
and 37,000 miles and all have relatively small stan
dard deviations. A small standard deviation clus
ters a large amount of the distribution about the 
mean life. For example, front brake linings have a 
mean life of 34, 235 miles and a standard deviation 
of 2, 560 miles, which means that approximately 66 
percent of all buses will experience their first 
front brake-lining failure after accumulating be
tween 31,675 and 36, 795 miles (34,235 ± 2,560). 
The surge in brake-lining failures may be contrasted 
with the relatively flat failure-rate curve of left 
cylinder-head failures snown in Figure 4, where left 
cylinder-head failures have a standard deviation of 
25,750. Tne cumulative failure rate per week of all 
16 components, as shown in Figure 7, tapers off 
after tne mean ages of most components are reacned 
and as the age of the components becomes more varied 
across the fleet. 

In Figure 8 the number of vehicles waiting to be 
repaired (spares) is shown. In the first year the 
number of vehicles waiting to be repaired increases 
to more than 300 buses. This surge is mainly due to 
the sudden surge in brake-lining failures and 
chassis retro comp failures. Later, the number of 
vehicles waiting to be repaired begins to build 
slowly as later-occurring failures become more 
frequent. 

Figure 8. Weekly maintenance queue: 
first model run. 
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In the first run of the model, there are as many 
as 300 out of 500 buses waiting for repairs at the 
peak (see Figure 8). This appears to be an unsatis
factory result. Hence, changes must be made in the 
system to relieve the surge and reduce the number of 
buses waiting for repairs to an acceptable level. 
Because brake-lining f.!lilures seem to be the main 
factor contributing to the early surge in buses 
waiting for repairs, the simulation model is run 
again with increaseu repair rales. Suppose that 
mechanics are willing to work overtime due ing the 
few weeks around the surge in brake-lining failures 
and that the maximum repair rate for both front and 
rear brake relinings per week is increased from five 
to seven. 

The simulation model is rerun by using both a 
front and rear relining repai~ maximum rate of seven 
per week. The resulting quantity of buses waiting 
for repairs per week is plotted in Figure 9. Note 
that there still is a relatively sharp surge in the 
buses waiting for repairs around week 52, when there 
are as many as 200 buses waiting for repairs. This 
represents a drop of 100 buses per week from the 
peak in tne previous run, but it still appears to be 
an unsatisfactory portion of the fleet waiting for 
repairs. Therefore, increasing the rate of lining 
repairs to seven per week did not decrease the early 
surge to a satisfactory degree. 

Next, suppose that each week all buses with 
braKe-lining failures that exceed the number of bus 
brake linings that can be repaired within the tran
s it system's maintenance facility are taken to a 
private repair snop. This, in effect, increases the 
system's capacity to repair brake-lining failures to 
the point where all brakes can be repaired within 
the same week. 

By using a brake-lining repair rate greater than 

----

WEEK!i. 
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Figure 9. Weekly maintenance queue: second model run. 

Figure 10. Weekly maintenance queue: third model run. 
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the maximum weekly failure rate, the simulation 
model is · reruni the resulting number of buses wait
ing for repairs during each week is shown in Figure 
10. Note that the surge around week 52 has dis
appeared but is replaced by a nearly equal surge 
that takes place around week 180. At that time, the 
increase in buses waiting for repairs is brought on 
by the combined increase in the rate of failures of 
engine starters, transmissions, fluid fan drives, 
and brake relay valves. 'l'he surge around week 1110 
did not occur in previous experiments because in the 
first and second experiments, a large portion of the 
buses are waiting for Drake-lining repairs. Because 
Duses waiting in tne maintenance queue do not accum
ulate wear, other components experienced a lower 
rate of failure. The model clearly illustrates that 
Dy relieving the problem of buses waiting for brake 
relinings, another problem is inadvertently caused 
in another portion of the maintenance system. 

As can be seen from this simplified 16-component 
example of the use of a simulation model, changes in 
the maintenance system may have complex impacts on 
other parts of the system. As demonstrated by the 
third experiment, change in one portion of the sys
tem to relieve a specific problem may aggcavate an
other portion of the system. Because of the complex 
and simul:taneous relationships among vehicle wear, 
failure rates, repair cates, spare level, fleet 
size, and so on, all likely impacts of system 
changes are not obvious nor is it likely that they 
can be predicted by using intuition, hence the need 
to test for these impacts with a computer model. 
When one considers that the inputs to the examples 
are far fewer than those that would be considered in 
an actual application, the situation becomes more 
complex and the need for quantitative methods to 
predict the outcomes of system changes becomes even 
greater. 

CONCLUSIONS AND RECOMMENDATIONS 

Some of the contemporary issues in transit mainte
nance are described and reasons why transit mainte
nance managers should use quantitative tools to aid 
in addressing these issues ace explained. Computer
based quantitative models are commonly used to aid 
in the planning of operations and policy in other 
fields of transportation and in other industries. 
In other areas, quantitative tools ace often used to 
aid decision makers when the system of concern is 
too complex and varied to analyze by using intuition 
or hand calculations. As the problems faced by 
transit maintenance managers are made more complex 
by new and more varied bus designs, pressure for 
maintenance cost containment, increased demands on 
in-service vehicle reliability, pressure to decrease 
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the number of spare vehicles carried to support the 
fleet, and so forth, it seems essential that mainte
nance managers use state-of-the-art quantitative 
techniques to aid in making decisions. 

Quantitative planning models can be quite valu
able in the decision-making process; however, a 
mo<lt!l is uu better than the data used in calibra
tion. Therefore, before maintenance-planning models 
can be tested and designed, there must exist data in 
su(flcient quality and quantity to permit tile esti
mation of true relationships between the relevant 
variables. The recent push toward the automated MIS 
is a step toward making useful and reliable mainte
nance data available. The next step is to use these 
data in the maintenance-planning process. 
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