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PREFACE 

This report presents a mathematical model that permits the estimation 
of cost savings potential from improvements in railcar reliability and 

maintainability. The project is funded by the U.S. Department of 
Transportation, Urban Mass Transportation Administration (UMTA) through its 
Office of Technical Assistance. 

The cooperation received from UMTA and the Washington Metropolitan Area 

Transit Authority (WMATA) whose data were used in calibrating the models has 
been corm,endable. In particular, the project team is deeply indebted to Mr. 
Erich Vogel, General Superintendent , Car Equipment, for his support and 

cooperation throughout the project. 

The project team consisted of Mr. Donatus Muotoh, and Mr. Charles 
P. Elms. Special acknowledgments are made to Dr. Walter Oiewald and 

Mr. Dwight Eldredge for their contributions to the section on example appli
cations of the models. Finally the project team wishes to acknowledge the 
valuabl e guidance and support provided by Mr. Jeffrey Mora, UMTA Contracting 
Officer's Technical Representative. 
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COST SAVINGS POTENTIAL FROM IMPROVEMENTS IN 
RAILCAR RELIABILITY AND MAINTAINABILITY 

EXECUTIVE SIJIIIARY 

Potential benefits from proposed improvements in rail transit equip
ment must be quantifiable so that these benefits can be assessed against 
those from competing alternatives. To date, there has been no consistent 
procedure available to transit authorities to facilitate the estimation of 

such benefits. As a result transit managers and decision-makers have 
hitherto resorted to rough estimates of cost benefits in order to justify 

expenditures planned for car-related improvement projects. A method is 
presented that permits the estimation of cost savings potential from 
improvements in railcar reliability and maintainability. The method 
employs mathematical models to express potential savings in costs as a 
function of car reliability/maintainability indicators. Three separate 
models have been developed to express potential operating, maintenance, and 
fleet capital cost savings as functions of improvements in car Mean Time 
Between Failure (MTBF) and Mean Time To Restore (MTTR). 

RATIONALE FOR COST MODELS 

Car failures can result in service delays, lost car-hours and 
increased operating cost. The operating cost model estimates the potential 
cost savings that can be realized by reducing service-related failures and 
system downtime. 

The maintenance cost model estimates both potential labor and spare 

parts cost savings from improved reliability/maintainability. While labor 
cost saving derives from reduced failure rate and /or mean time to repair 
failed cars, the spare parts cost saving results only from reduced failure 
rates. Because maintenance costs are incurred from all maintenance 
actions, the maintenance cost savings model takes into cognizance both 
service and non-service-related failure s . 
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Savings in fleet cost is reflected in the reduction in spare car 
requirement realized as a result of improved car reliability and maintain
ability. Car-hours are lost from failures occurring in service as well as 
failures detected when the car is in the shop for other maintenance. Hence 
the fleet cost model also considers both service and non-service-related 

incidents. 

CALIBRATING AND USING THE MODELS 

The three mathematical models discussed above have been calibrated and 
tested using actual data from Washington Metropolitan Area Transit 
Authority (WMATA). To facilitate their use, the results have been presented 
as families of curves which can be employed without reference to the mathe
matical formulation once the defining parameters have been established. 
Because the models have been calibrated on the basis of a single data 
source, it is important to recognize the need to recalibrate them for use at 
each transit authority. In the following examples for WMATA, only unsched
uled maintenance performance was modeled. The same procedure can be applied 
to include scheduled maintenance by relating the costs to the mean time 
between maintenance {MBTM) actions and mean time to maintain {MTTM) cars. 

Operating Cost Savings 

Figures 2-1 and 2-2 show the potential annual operating cost savings 
for various levels of improvements in railcar MTBF and MTTR. For known 
percent improvements in MTBF and MTTR, the expected annual operating cost 
savings can be determined from the figures . The results show that maximum 
annual operating cost savings for WMATA is $61,000 which is only about 0.6 
percent of the total estimated WMATA annual operating cost. Such small 
potential to save on operating costs is expected since most transit 
authorities typically operate at high service availabilities even where 
such availabilities require the provision of greater spare levels. 
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Maintenance Cost Savings 

Figures 2-3 and 2-4 show the families of curves that predict the 
potential annual maintenance cost savings for various levels of MTBF and 
MTTR improvements. In general, it can be observed that railcar maintenance 
cost is highly sensitive to transit performance improvements. For example, 
an annual maintenance cost savings of $3.7 million (or approximately half 
of WMATA estimated annual maintenance budget) can be realized by keeping 
MTTR constant and cutting the number of failures in half. 

Fleet Cost Savings 

Fleet capital cost savings from transit performance improvements can 
also be substantial. Figures 2-5 and 2-6 show the total fleet cost savings 
due to a reduction in fleet size resulting from improved MTBF and MTTR. For 
no change in MTTR and 50 percent reduction in number of failures (i.e., 100 
percent increase in MTBF), there is a potential for saving about $4 million 
in fleet costs . 

EXNl>LE APPLICATIONS OF MODELS 

Besides their use for estimating cost savings from overall 
improvements in car performance, the models have several applications. Two 
example applications are illustrated . The first involves the estimation of 
benefits from subsystem improvements and the second involves a life cycle 
cost comparison for making decisions to rebuild or buy new cars. 

Cost Savings Froa the Substitution of M; Propulsion 
for an Existing DC Propulsion Subsystell 

This example uses the NYCTA R-44 rapid railcar to illustrate the 
estimation of potential benefits from subsystem improvements. It estimates 
the potential cost savings from the introduction of an AC propulsion over 
the existing cam-controlled DC propulsion subsystem. The mathematical 
formulations for maintenance labor, parts, and fleet cost savings have been 
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calibrated and separately plotted in Figures 3-1, 3-2, and 3-3. For 
60 percent improvement in MTBM and 52 percent improvement in MTTR obtained 
by using AC propulsion, the annual maintenance cost savings are $4,900 per 
car and $1,220 per car for labor and parts respectively. On a fleet of 352 
R-44 cars, these savings translate to a total annual maintenance cost 
savings of about $3 million. Also resulting fleet cost savings is approx

imately $18 million. 

Decision To Rebuild or Buy New Cars 

Transit authorities have often been faced with the problem of deciding 
between a purchase of new cars or rebuilding existing cars. This judgment 
is one of the most classical applications of the models. The process 
examines the potential net benefits that can be realized by extending the 
life and improving the performance of an existing fleet against the net 
benefits from buying new and possibly more reliable equipment. Life cycle 
cost comparisons were made on the relative savings in fleet costs, mainte
nance costs, and other relevant costs due to improved reliability and 
maintainability. In making the comparisons, two very important parameters 
which influence the decision were taken into consideration. The first is 
the time value of money. The second is the "performance ratio" which 
expresses the relative reliability/maintainability of new cars over rebuilt 
cars. The life cycle cost comparisons between the two alternatives were 
made for varying time values of money and "performance ratios". The results 
are plotted in Figure 3-6 which present the life cycle cost boundaries 
between the two alternatives. In the figure, the region above the horizon
tal axis represents the conditions under which economics favor buying new 
cars. Below the axis, the choice to rebuild existing cars is more econom
ical . Two values for "performance ratios" are indicated. In general, it 
can be seen that as the reliability/maintainability of rebuilt cars 
approach that for new cars (R ~ 0), the choice to rebuild cars is favored at 
higher time value of money. Conversely, as the reliability/maintainability 
of rebuilt cars becomes worse than for new cars (R > 0), economics favor 
buying new cars at lower time value of money. 



CONCLUSIONS 

The following conclusions can be drawn from this work: 

o A realistic and practical method has been developed that relates costs 
with railcar reliability and maintainability. 

o Although the models have been used for rail transit, they can be adapted 
for use in the bus industry, people mover systems, or for other types of 
transit systems. 

o The method can be used by transit operators, suppliers and consultants. 

a. For the operator, it is useful in the following areas: 

- Choice between rebuilding and buying new cars 

- Comparison of cars with known reliability and maintainability 

- Justification for car improvement projects (subsystems) 

- Justification for maintenance improvement projects 

- Justification for changes in maintenance policy 

- Assessment of the impacts of variations in reliability and main-
tainability when life cycle costs are used in the procurement of 
new fleet 

- Spares and inventory control policy development or modification 

- Method for maintenance facility sizing and optimization 

b. For the supplier, it is useful in: 

- Comparison of his product with those of competitors 

- Justification for new product development 

- If specific objectives (or ranges) for improved reliability and 
maintainability are set in relation to the potentials to save 

xii 



money, the method can be used in defining design goals for product 

or component improvement. 

- Comparison of the cost-effectiveness of similar levels of 
improvements in car reliability and maintainability . 

c. For the transit consultant, the method is useful as an analytical 
method to assist transit authorities in trade-off decisions relating 

to both rolling stock and fixed facilities. 
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1. INTRODUCTION 

Potential benefits from proposed improvements in rai 1 transit 
equipment performance must be quantifiable so that these benefits can be 
assessed against those from competing alternatives. Although various 
techniques have been developed in the past, there is probably no consistent 
procedure available to transit authorities to facilitate the estimation of 
such benefits . As a result, transit managers and decision-makers usually 
develop special methodologies or make crude estimates of the benefits to 
justify expenditures incurred on improvement projects . 

The objective of this report is to develop a tool for estimating 
economic benefits from improvements in transit performance. Transit 
improvements are expressed in terms of two major performance indicators -
Mean Time Between Failures {MTBF) and Mean Time To Restore (MTTR) a car to 

service condition. The tool is designed to estimate potential benefits {in 
dollars) achievable through improvements in MTBF and MTTR. It does not, 
however, address the costs incurred or the actual mechanism for realizing 
these improvements. While the tool addresses only performance related to 

unscheduled maintenance, it can be extended to include scheduled 
{preventive) maintenance. 

Different models are generated to estimate potential savings in 
operating, maintenance and fleet costs as well as the interrel ati onshi ps 
between the capital costs of maintenance facilities and performance 
improvements . It is recognized that system performance improvements can 
result in increased transit ridership and, consequently, higher revenues 
for a transit authority. However, because of the difficulty in quantifying 
any resulting increases in ridership, the impact of transit improvements on 
revenues is not addressed in this report. 

In addition to their use for estimating cost savings from improved car 
performance, the model s may also be used in the following areas: 
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o If the contribution of a subsystem to overall system reliability 

is known, then the impact of improvements in this subsystem's 
performance can be investigated. Quantifiable benefits are 

useful in justifying proposed subsystem research and development 
efforts and/or subsystem retrofit projects. 

o The effects of improvements in management, training, and rail 
transit operating policies may be studied. For example, since 

the total time to restore a failed car includes various delay 
components (such as line delay, retrieval time, shop time, etc.), 

the effect of any policy changes aimed at reducing a specific 
delay component may be investigated. 

o The models may serve as a valuable tool in decisions involving new 
car procurements versus rebuilding older cars by permitting the 
estimation of net benefits from rebuilt cars and those from new 
cars. 

o Although the models have been developed for rail transit, they 

can also be adapted for use in the bus industry or for peoplemover 
systems. 

To gain insight into the actual magnitude of cost savings achievable 
from various levels of improvements, the cost models generated in this study 
have been calibrated on the basis of data obtained from the Washington 
Metropolitan Area Transit Authority (WMATA). Because transit costs depend 
largely on the operating policies adopted by the respective transit author
ities, it is recognized that a model calibrated on the basis of only a 

single data source cannot be fully representative of the rail transit indus
try. Hence, the results of this study should not be extrapolated to other 
transit authorities without a close examination for conformity. It will, 

therefore, be necessary to recalibrate these models for use at each transit 

authority. A simplified step-by-step procedure for calibrating and using 
the tool is included in the report to facilitate the use of the models by 
transit operating and supply industry. 
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The remainder of this report is organized as follows : Section 2 

presents the general procedures for estimating cost savings. It illus-

trates the results of the various models calibrated on the basis of data 

obtained from WMATA and presents a simplified step-by-step approach that 

can be used by other transit authorities to calibrate their systems. 

Section 3 shows example applications of the models in other areas including 

cost savings from subsystem improvements and life cycle cost comparison for 

decision-making in regard to rebuilding or buying new cars. The development 

of the models and the detailed calibration procedures can be found in 

Appendices A and B, respectively. Finally, Appendix C presents general 

relationships for sizes of maintenance facilities. 
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2. GENERAL PROCEDURE FOR ESTIMATIHG POTENTIAL 
COST SAVINGS RESULTING FR04 TRANSIT 

PERFORMANCE IMPROVEMENTS 

This section presents the basic procedures for estimating potential 

cost savings that can be derived from improvements in reliability and main
tainability. The tool developed is a perturbation model which is calibrated 
using data on actual costs and performance of a transit system. Since it is 
a perturbation model it will be less accurate for large changes in relia

bility and maintainability. Such inaccuracies would lead to an overestima

tion of the cost savings. If the tool underestimated cost savings, it might 
fail to identify an important benefit. Therefore, for large changes in 
performance, the tool is conservative in that it will identify a cost 

savings potential and provide the justification for a more detailed inves
tigation. 

2.1 TRANSIT PERFORMANCE MEASURES 

The performance of transit equipment is usually indicated by its reli
ability and maintainability. Equipment reliability is measured on the 
basis of the Mean Time Between Failure (MTBF) and reflects the probability 

that the equipment will be operational when required. Its maintainability, 

on the other hand, is determined on the basis of the Mean Time To Restore 
(MTTR) . 

Equipment malfunction results in system downtime, lost car-hours, 
higher level of maintenance and, consequently, increased operating and 

maintenance cost. To minimize delays in service, transit authorities 
should provide cars to serve as spares. This operating policy ensures 
continuity in service. However, it results not only in higher capital 
coll'lllitment for increased fleet size, but also in increased cost needed to 

provide larger maintenance and storage facilitie s . These requirements may 
be reduced by employing equipment with a high l evel of reliability. High 
equipment reliability means low failure rate and consequently reduced 
system downtime. 
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Availability is defined as follows: 

A = 
MTBF 

MTBF + MTTR 

Where MTBF = Mean Time Between Failure 
MTTR = Mean Time To Restore 

From the above definition, it can be seen that performance improvements can 
be realized in two ways: 

1. by increasing the equipment MTBF, and 

2. by reducing the mean time to restore equipment (reduce MTTR) to service 
and/or service condition. 

Two major types of failures can be identified -- service and non
service-related. Service-related failures occur when the car is in service 
and may or may not result in system delay. Non-service-related failures are 
detected when the car is not in service, usually during maintenance. 

For service-related failures, there are three possible scenarios of 
car failure based on the degree of impact such failure has on system 
operations. These scenarios are as follows: 

CASE A 

This scenario involves the failure of a car in a train. The failed car 

is not taken out of service until it is convenient to replace it with a 
spare car without sustaining excessive delays in service. The on-line 
delay due to this failure is Oa. However, the magnitude of Dais such 
that no other trains in the system are delayed as a result of this 
failure . 
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CASE B 

In this scenario, a car in a train fails. The failure is such that the 

failed car must be locked out of passenger service but remain in the 
train. The on-line delay, Db, from time failure occurs to time service 
is restored may or may not cause delays to following trains. The time 
during which the locked-out car remains in the train on the line is t

1
. 

An example of this type of failure may involve air-conditioning mal
function. Case B can be a special case of Case A above (Db= Da) or 

Case C below (Db= De). 

CASE C 

This scenario involves the failure of a car in a train resulting in an 

on-line delay, Dc, which is long enough to cause all following trains 
to be delayed for a period of de. A typical incident that may result 
in this type of failure includes propulsion or brake problems which 
cannot be reset in a short time. 

Each of the above scenarios of service-related failure can result in 
equipment downtime and lost car-hours. In general, five components of car 
downtime can be identified as follows: 

( i ) 

( i i ) 

( i i i ) 

(iv) 

( V) 

On-line downtime, D1. This can be Da, Db + 

depending on the type of failure experienced. 
retrieval time or time to recover a failed car from the l i ne, D r 
time during which the car is in the yard awaiting repair, D 

y 
shop time or time during which a failed car is actually worked on, 

Ds 
time to inspect and approve the repair prior to certification of 

operational readiness, Dv 

On the other hand, non-service-related failures can re sult only in car 
downtime in the yard or shop (i .e. , DY, Os, and Dv}. 
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The cost savings from a reduction in total car downtime can be studied. 
Also, by focusing on a specific downtime component, the effect of minimizing 

D1, Dr, DY, Os, or Dv can also be investigated. 

2.2 BASIC ,ETHODOLOGY FOR ESTIMATING POTENTIAL COST SAVINGS 

Because transit authorities provide sufficient spare cars to compen
sate for equipment failures, actual system downtime resulting from car 
failures is greatly reduced. However, car failures and their resulting lost 

car-hours are associated with system costs. Hence, to estimate potential 
cost savings from transit improvements, all lost car-hours due to failures 
must be taken into consideration whether or not such failures result in 
system downtime. In other words, the analysis must be based on the 

availability of all vehicles in the fleet as opposed to the system 
availability. This section discusses the basic methodology for estimating 
the various cost savings and illustrates the results for the models 
calibrated on the basis of data obtained from WMATA for the month of 
February 1983. It is recognized that February data may not be 
representative of the year's experience. Hence calibration based on such 
data is merely intended to demonstrate the use of the model. Detailed model 
developments and calibration procedures are contained in Appendices A and 
B, respectively. 

2.2.1 Operating Cost Savings 

System operating costs include all costs associated with the actual 
operation (not maintenance) of the system. Specific categories cover the 
costs of operational personnel, and support and handling equipment neces
sary for system operation. By improving the performance of the equipment, 
the service/operating costs associated with schedule delays can be mini 
mized. Hence operating cost savings can be derived by reducing car-hours 
lost in service as a result of service-related failures. 

Section 2.1 identified the various poss ible scenarios of service fail
ures. For any period under consideration, total ca r-hours lost in service 
may, therefore, consist of: 
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o car-hours lost due to failed cars and other cars within failed 
trains 

o car-hours lost due to locked-out cars remaining on the line dur
ing Case B failures 

o car-hours lost from delays of following trains during Case C 
failures. 

By improving fleet mean time between service failure (MTBF) and mean time to 
restore line service (MTTR), the total car-hours lost in service may be 

reduced. If the average operating cost per car-hour operated prior to the 
improvement is known, the savings in operating cost can then be calculated 
by multiplying this average unit cost by the reduction in lost car-hours 
realized through the improvements. The resulting expression (see Appendix 
A.1 for derivation) for this operating cost savings is given by 

where 

( 1 ) 

C0 = operating cost (exclusive of maintenance) prior to any 
improvements 

Pf = increase in MTBF as a ratio of initial MTBF; Pf > 0 
Pr = decrease in MTTR as a ratio of initial MTTR; 0 <Pr< 1 
n

0 
= average number of cars per train 

R1 =meantime to restore line service 
Fs =meantime between service failures 
Rb =meantime to restore type B failures 
Fb =meantime between type B failures 
n1 = number of lines affected by failures 

ncl = average number of cars per line 

Rc = mean delay for following trains during type C failures 
F = meantime between type C failures 

C 

The above relationship has been calibrated on the basis of data obtained 
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from WMATA. Annual operating cost savings for various levels of improvement 
in MTBF and MTTR are tabulated in Tables 2-1 and 2-2. The improvements in 

MTBF are given by Pf which represents the increase in MTBF as a ratio of the 
initial MTBF. Similarly, improvements in MTTR are given by Pr which repre
sents the reduction in MTTR as a ratio of the initial MTTR. The data in 
Tables 2-1 and 2-2 are plotted in Figures 2-1 and 2-2 which show alternative 

methods of representing the results depending on which parameter is varied. 
The results show that, in general, savings in operating cost are small for 
improvements in MTBF and MTTR. 

The maximum annual operating cost savings occurs when either the MTBF 

becomes infinite (i.e., no failures occur) or the MTTR is reduced to zero 
(Pr= 1). Therefore, the maximum possible annual savings would be about 
$61,000 which is only about 0.6 percent of the total estimated WMATA oper
ating cost. Such small potential to save on operating costs should not be 
surprising since most transit systems typically operate at high service 
availabilities even if such availabilities require the provision of higher 
spare levels. 

2.2.2 Maintenance Cost Savings 

Maintenance costs are usually incurred in performing preventive 
(scheduled) and corrective (unscheduled) maintenance activities. The cor
rective maintenance cost depends heavily on equipment performance. Also, 
equipment performance and therefore corrective maintenance cost may be 
influenced by the preventive maintenance policy adopted by the transit 
authority. Only the effect of equipment performance on corrective mainte
nance cost is investigated in this study. However, the methodology can also 
be used to assess the benefits of improved performance obtained through 

better preventive maintenance programs. In this case, the cost for any 
additional preventive maintenance would have to be separately estimated. 

Corrective maintenance cost includes labor and material costs. An 
increase in MTBF reflects fewer maintenance actions and consequently lower 
maintenance labor cost. Also, a decrease in mean time to repair, Rs, 
reflects lower labor requirements and, consequently, lower maintenance 
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labor cost. On the other hand, the cost of materials or spare parts is only 
dependent on MTBF. If MTBF is increased (reduced nunber of failures), the 
need for spare parts is reduced. Note that in considering the effect of 

MTTR, only the time during which the car is shopped (time to repair) is 
considered relevant, since the other delay components usually depend on the 
transit authority's operating policy. It should also be noted that the MTBF 
and MTTR in this case are calculated on the basis of the total number of 

failures (service and non-service related) experienced during the period 
under investigation. 

Corrective maintenance labor cost consists of personnel costs, related 

overhead, and any support activities associated with the accomplishment of 
unscheduled maintenance. For the purpose of this report, this combined cost 
is referred to as Maintenance Infrastructure Cost (MIC). Savings in correc
tive MIC can therefore be related to improvements in MTTR and MTBF. 

The savings in spare parts cost due to improvements in MTBF must be 
added to the MIC savings to obtain the total savings in corrective mainte
nance cost. The resulting relationship (see Appendix A.2 for derivation) 

for total annual corrective maintenance cost savings is given by 

where nf =Ho= total number of failures experienced in a given period 
F 

H
0 

= car-hours operated during the period 
F = MTBF 

( 2) 

Ks = correc tive MIC constant. This is a constant of proportionality 
relating shop delay to cost for corrective maintenance. It is 
expressed in dollars per shop car-hour. 

= MTTR (shop time) 
increase in MTBF as a ratio of initial MTBF; Pf> 0 

= decrease in MTTR (shop repair time) as a ratio of initial MTTR; 
0 < P < 1 rs -

KP = spare parts cost constant; it rel ates spare parts cost to 
nunber of failures and is expressed in dollars per failure 
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It should be noted that the first part of Eq. (2) represents the savings in 

MIC and the second part gives the savings in spare parts cost. Tables 2-3 
and 2-4 show the total annual maintenance cost savings calibrated using data 
obtained from WMATA. The data were extrapolated to reflect a complete 

operating year . In these tables, Pf represents the ratio of increase in 

MTBF to initial MTBF. Also, P represents the ratio of reduction in MTTR to r 
initial MTTR. The cost savings in Tables 2-3 and 2-4 are plotted in Figures 
2-3 and 24, respectively, as a family of curves for various levels of MTBF 

and MTTR. In general, it can be observed that maintenance cost is highly 
sensitive to transit performance improvements. For example, the maximum 
annual corrective maintenance cost savings would be approximately $4.2 
million for a hypothetical improvement level of 50 percent in both MTBF and 

MTTR respectively. This amounts to approximately 56 percent of WMATA' s 

estimated annual corrective maintenance budget. It is important to note 
that for zero MTTR reduction and a 100 percent increase in MTBF (which is 
equivalent to a 50 percent reduction in number of failures), an annual 
savings of about $3.7 million (or half of the estimated annual budget) could 
be obtained. 

It is realistic to expect that the improvements in MTBF and MTTR will 

be smaller in fact than in the above hypothetical cases. The potential to 

realize performance improvements exists more at the subsystem level than at 

the car level. For example, a major subsystem may contribute only 10 
percent in overall car reliability. For such a case a 50% improvement in 
MTBF and MTTR could save on the order of $420,000 per year at WMATA, 

demonstrating that the savings can be significant. 

2.2.3 Fleet Capital Cost Savings 

Savings in fleet capital cost can be realized by improving equipment 
reliability and by reducing the time during which failed cars are out of 
service. These improvements result in a reduction of the number of spare 

vehicles required to meet a given level of service. The reduction in 
required spare vehicles, and therefore fleet cost, is directly related to 
the total car-hours saved . The number of cars saved is given by the ratio 
of total car-hours saved and hours scheduled per car. If the cost per car 
is known, the total fleet capital cost saving resulting from any -level of 

improvement is given by 
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where Cv = cost per car 
H = total car-hours scheduled for period under consideration 

s 
hs = hours scheduled per car for the same period 
Pf = increase in MTBF as a ratio of initial MTBF 
P = decrease in MTTR as a ratio of initial MTTR r 
n

0 
= average number of cars per train 

R1 =meantime to restore line service 

Fs =meantime between service failures 
Rb =meantime to restore type B failures 

Fb =meantime between type B failures 

n1 = number of lines affected by failures 
= average number of cars per line 
= mean delay for following trains during type C failures 

=meantime between type C failures 

mean time to restore (for all failures) based on all 
downtime (excluding line delay component) 

F = meantime between all failures (service and non-service) 

( 3) 

car 

Appendix A.3 presents the detailed derivation of the above relationship. 

The annualized fleet capital cost savings can be easily obtained by multi
plying Eq. (3) by the capital recovery factor for a given discount rate and 

vehicle service life. Thus, 

where crf = capital recovery factor. 

Using WMATA data, the annualized fleet cost savings for various levels of 
MTBF and MTTR are as shown in Tables 2-5 and 2-6. Pf is the ratio of 
increase in MTBF to initial MTBF and Pr is the ratio of reduction in MTTR to 
initial MTTR. The cost savings are plotted in Figures 2-5 and 2-6 respec

tively. The results show that fleet cost savings can also be appreciable. 
For no change in MTTR and 100 percent increase in MTBF, there is a potential 
for saving an annual capital cost of about a half million dollars assuming 
30 years vehicle service life and a 10 percent discount rate . 
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2.2.4 Transit Facility Costs 

Equipment performance also affects the sizes and costs of some transit 
facilities, including maintenance shops, yards, and storage areas. Gener
ally, maintenance facilities are sized on the basis of the maximum percent

age of cars that can be held out of service at anytime. This number of cars 
out of service, in turn, depends mostly on equipment reliability and 
maintainability. The cars held out of service consist of cars in storage 
and ready to be put in service, cars in the maintenance yard waiting to be 
repaired, and cars in the maintenance shop undergoing repair or service. By 
improving equipment performance the sizes of shops, yards, and storage 

areas can be reduced. The actual cost savings from facility size reduction 
may be estimated with a knowledge of the fleet size reduction realized, the 
effect of improvements on fleet failure rate, and the average cost per 
vehicle space for the respective facilities. 

There are also interesting relationships between the sizes of various 
maintenance facilities. For instance, if the repair shop capacity is in

creased, this may result in a decrease in the yard capacity requirements and 
an increase in the "ready" car storage capacity. The relationships for the 
size of maintenance facilities are presented in Appendix C. 

2.2.5 Transit Revenues 

Improvements in transit performance may also have an effect on transit 

revenues. Improved equipment reliability may result in a higher level of 
service and, possibly, increased transit ridership. Increased ridership 
will, of course, generate increased revenues for the transit authority. 
However, because of the difficulty in predicting the actual effect of 

transit performance improvements on ridership, the subject of increased 
revenues was not addressed in this study. 
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2.3 STEP-BY-STEP PROCEDURE FOR CALIBRATING AND USING MODELS 

This section presents a simplified step-by-step procedure for cali
brating and using the estimating models developed in this report. A 

detailed calibration exercise using UMATA data is presented in Appendix B. 

Operating Cost Savings 

The operating cost savings model is given by 

+ ~ + n l ( n cl - no) R c} 
Fb F 

C 

( 1 ) 

With the exception of Pf and Pr, all parameters in the above expression 
can be determined for a given system and a given period under consideration. 
The procedure is as follows: 

Step 1. Determine the operating cost, C
0

, prior to initiation of any 
improvements. 

Step 2. Obtain the average number of cars per train , n
0

; average number of 

cars per line, ncl; and number of lines affected by car failures, 

nl . 

Step 3. Obtain total number of service-related failures, nfs' that occur
red during period under investigation. Obtain the total on - line 
delay due to these service failure s , o1. Using the expression 

o1/nfs' determine the mean time to restore line service, R1. 

Step 4. 

St ep 5. 

Determine the total car-hours operated by the system during the 

period, H
0

. Using the expression H
0
/nfs ' compute the mean time 

between service failure s , Fs. 

Based on the definitions of Case Band Case C fa ilures , compute 

Rb and Rc , the mean times to re store service during Ca se B and 
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Step 6. 

Step 7. 

Case C failure scenarios respectively. If none of these types of 
failures occurred during the analysis period, ignore the relevant 

term in the cost savings expression. Similarly, compute Fb and 
F c, if needed. 

Substitute the values of C
0

, n
0

, n1, ncl, R1 , Fs, Rb, Fb, Re, and 
Fe in equation (1) to obtain the calibrated expression for oper
ating cost savings in terms of the levels of improvement Pf and 
Pr. The resulting expression will be of the form 

where K
0 

is a constant. 

K ( pf + pr) 
0 1 + p 

f 

To obtain the operating cost savings (dollars) for a desired 

level of improvement, substitute the values of Pf and Pr in the 
above equation. Note that Pf and Pr are the levels of improve
ment, where Pf represents the ratio of increase in MTBF to initial 
MTBF and Pr is the ratio of decrease in MTTR to initial MTTR. 

Maintenance Cost Savings 

Total corrective maintenance cost savings model is given by 

Step 1. 

= nf { K R ( Pf + p r s) s 5 1 + p 
f 

+ K 
p ( 2) 

Estimate total "corrective maintenance infrastructure cost 11
, Ccm' 

for a given period, say one year . This cost should include total 
personnel costs, related overhead, and any support activities 
associated with unscheduled maintenance.~ 

Determine the total repair time, 0
5 

(for all incidents -- service 
and non-service related). 

24 



Step 3. 

Step 4. 

Step 5. 

Step 6. 

Using the experssion Ccm/Ds, compute the corrective maintenance 
infrastructure cost constant, Ks. 

Obtain total number of failures, nf (service and non-service) 
experienced during analysis period . Using the relationship 

Ds/nf, compute the mean time to repair, Rs. 

Estimate the total cost of spare parts, esp' used during the 

period. Using Csp/nf, compute the spare parts constant, KP. 

Substitute the values of nf, Ks, Rs, and KP in equation (2) to 
obtain the calibrated expression for maintenance cost savings in 
the form 

t::.C = K l ( pf + P r s) + Kmp cm m 1 + P 
f 

where Kml and Kmp are constants. 

Step 7. To use the model, substitute the required level of improvement in 

MTBF, Pf' and the corresponding level of improvement in mean time 

to repair, Prs; where Pf and Prs are as defined above. 

Fleet Capital Cost Savings 

The annualized fleet capital cost savings is given by 

C H 
V S 

~ 
( 3) 

Step 1. Obtain n0 , n1, ncl' R1, Fs, Rb, Fb, Re, and Fe as in Steps 2 
through 5 of operating cost savings model. 
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Step 2. 

Step 3. 

Step 4. 

Step 5. 

Step 6. 

Step 7. 

Obtain the cost per car, Cv; the hours scheduled per car, hs; and 
the total car-hours scheduled, Hs, during the period under 
investigation. 

Assuming a given discount rate, i%, and vehicle service life, 
n years, look up the capital recovery factor from interest 
tables. 

Determine the total out-of-service delay components of all 

failures, Om. This should include all retrieval time, shop and 
yard time (for service-related failures) and all shop and yard 

time (for non-service-related failures). Compute the mean time to 

restore, Rm from the relationship Rm= Om/np where nf = total 
number of failures (service and non-service related). 

Using the expression, Hs/"f• compute the mean time between 
failure (service and non-service related), F. 

Substitute the values of Cv, Hs, hs, crf, n
0

, n1, "cl, R1, Fs, Rb, 
Fb, Re, Fe, Rm, and F in equation (3) to obtain the calibrated 
expression for annual fleet capital cost savings in the form 

where Kc is a constant. 

K (pf + pr) 
C 1 + p 

f 

To use the model, substitute the desired values of Pf and Pr to 
obtain the annual fleet capital cost savings. 
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3. EXAMPLE APPLICATIONS OF THE MODELS 

The various models for estimating potential cost savings that can be 

realized by improving fleet MTBF and MTTR were discussed in Section 2. In 
this section, three examples are presented to demonstrate some of the appli
cations of the models. 

3.1 COST SAVINGS FROM THE SUBSTITUTION OF N:, PROPULSION FOR AN EXISTING DC 
PROPULSION SUBSYSTEM 

In this example, the potential cost savings resulting from the intro
duction of an AC propulsion subsystem over an existing cam-controlled DC 

propulsion subsystem are estimated. The estimate results are then compared 
with separate estimates made in a study on AC inverter propulsion system 
costs.* The NYCTA R-44 rapid railcar is used for the cost modeling example. 

This is the same vehicle selected for use in demonstrating the AC propulsion 
system developed as part of the UMTA STARS program. 

3.1.1 Data Base and Assumptions 

The following presents the data base and assumptions used in this 
example. All data were obtained from the National Urban Mass Transportation 
Statistics, 1981 Section 15 Report, UMTA-MA-06-0107, November 1982, and the 
previously referenced UMTA STARS study. 

o Total number of cars in fleet: 6303 
o Number of R-44 cars: 352 
o Annual car-hours: 16,686,631 

o Annual car-miles: 256,688,930 
o Total annual operating expenses: $1,161,080,547 

(Rapid rail + apportioned joint motor bus expenses) 

o Percent operating expenses for vehicle maintenance : 18.1 

*Berger, K.W., "AC Inverter Propulsion System Operating Costs." Paper pre
pared as part of UMTA's Subsystem Technology Appli ca tion to Rail System 
(STARS) program. 
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o Percent of operating expense for materials and services: 5.7 
o Percent of vehicle maintenance attributable to propulsion subsys

tem= 30.7 

o Average R-44 operating speed: 13.2 mph 
o Estimated propulsion system MTBM (includes corrective and preven

tive maintenance) 
R-44: 240 hours 
AC: 385 hours 

o Estimated propulsion system MTTM (includes corrective and preven
tive maintenance) 

Shop time only 
R-44: 12.6 hours 
AC: 6 .1 hours 

Total clock time 
R-44: 40.8 hours 
AC: 40.9 hours 

3.1.2 Maintenance Cost Savings 

Applying the model to both corrective and preventive maintena nce 

activities , the total savings in mai ntena nce cost will be given by 

where the parameters now apply to all maintenance actions {preventive and 
corrective) during the period under investigation. Separating the labor 
and parts components and substituting the values of the parameters for the 
DC propulsion system, the savings in maintenance labor cost on a per car 

basis is given by 

= 6962 ( pf + Pr) 
\ 1 + pf 

The above relationship is plotted in Figure 3-1 for various levels of 
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improvements in MTBF and MTTR. From these curves, it can be seen that for 

improvements of Pf= 0.60 and Pr= 0.52 which are obtained by substituting 
an AC propulsion subsystem in place of the DC subsystem, a maintenance labor 
cost savings of about $4900/car/year is achieved. The ratio of number of 

men per maintenance action for AC to that for DC propulsion subsystem is 
0.92. Adjusting the cost savings obtained from the graph by this ratio, the 
effective maintenance labor cost savings becomes $4,500/car/year. 
Maintenance labor costs for DC propulsion subsystem is estimated at about 

$7,000/car/year. Hence the effective savings from using an AC propulsion 
subsystem is approximately 64 percent which compares with 67 .2 percent 
savings estimated in the UMTA STARS Study. 

Similarly the savings in maintenance parts costs is given by 

C = 3232 ( pf ) 
mp 1 + Pf 

which is plotted in Figure 3-2 for various levels of MTBF improvements only 

since the relationship is independent of MTTR. For Pf= 0.60 obtained by 
using AC instead of DC propulsion subsystem, the savings in maintenance 
parts cost is about $1,220/car/year. Agai~ this is discounted by a factor 

of 0.75 to account for the fact that AC propulsion subsystem parts cost per 
maintenance action is higher than for the DC subsystem. Hence effective 
cost savings from using AC propulsion is about $900/car/year representing a 
28 percent savings based on approximately $3,200/car/year estimated for 

maintenance parts for DC subsystem. This percent savings compares favor
ably with 22.7 percent savings cited in the UMTA STARS study. 

3.1.3 Fleet Capital Cost Savings 

The potential fleet cost savings resulting from the introduction of AC 
propulsion subsystem over cam controlled DC propulsion can be approximated 
as follows 

N C 
V V 
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where 

Ream 

F cam 
NV 

CV 
pf' pr 

=meantime to restore for DC propulsion (based on total clock 

time) 

=meantime between maintenance for DC propulsion 

= fleet size (R-44 cars) 

= cost per car (assumed to be equal to $800,000} 

= improvements in MTBM and MTTR respectively 

Substituting the values for the different parameters, the capital cost 

savings becomes 

This is plotted in Figure 3-3 for variations in Pf and Pr· For Pf= 0.6 and 
Pr= -0.0025 obtained by substituting AC for DC propulsion subsystem, the 

savings in capital cost amounts to about $17,888,000 or 22 cars. This 

represents approximately 6 percent of the total fleet size, which compares 
with an estimated savings in spare cars of 5.5 percent obtained in the UMTA 

STARS study. Note that in this case P is negative since total restore time r 
is higher for AC than for DC propulsion systems. 
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3.2 COST SAVINGS FROM AIR COMFORT SYSTEM IMPROVEMENTS 

This second example estimates the potential maintenance and capital 
cost savings that may be realized by improving the MTBF and MTTR of air 

comfort systems. The results from this model are compared with estimates of 

cost savings obtained by using a different more detailed estimating ap
proach that was carried out in another study.* 

3.2.1 Data Base and Assumptions 

The data items of primary interest follow: 

o average daily operating fleet: 148 

o annual A/C repair labor hours per car: 41 

o A/C maintenance actions constitute 6.8 percent of total vehicle 
maintenance. 

All data items are obtained from the report cited above. 

3.2.2 Milintenance Cost Savings 

The model is assumed to be true for both preventive and correc tive 
maintenance. Only maintenance labor cost savings obtained from the model 

are compared with estimates from the Air Comfort System Study. The equation 
for this labor cost sa vings component is 

Noting that 6.8 percent of all maintenance actions are attributable to air

condition malfunction, the resulting equation becomes 

L'iC 
m 

= 369 000 ( ~ -+ pr ) 
' 1 + p 

f 

·- ---- - --
* N.D. Lea & Associates, Inc., "Task 2b Technical Report-Estimation of 

Costs and Benefits of Transit Railcar Air Comfort System Improvements." 
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Figure 3-4 compares results obtained from the above relationship and esti
mates made in the Air Comfort System Study. In general, results from the 
model are higher than those estimated in the Air Comfort System Study. 

Better correlation between the two results is obtained as both Pf and Pr 

increase. 

3.2.3 Capital Cost Savings 

The annual capital cost savings from A/C improvements is given by 

11 E ac (
pf+ p) 

(crf) 1 + P~ 

where Ra, Fa are the MTTR and MTBF for the air comfort system. Substituting 

the values for the parameters, the resulting equation is 

b Eac = 5.47 x 10
4 Cr : :~) 

The results from the model are compared with results from the Air Comfort 
System Study in Figure 3-5. In this case also, the results from the model 

are higher than that from the Air Comfort System Study. 

3.2.4 Discussion of Results 

The following observations can be made in connection with the results 

obtained in this example: 

o Because the model overestimates cost savings from syst em 
improvements, it is conservative as a first estimating tool since 
the results point toward improvement projects with good potential 

for cost savings. 

o The detailed estimate in the Air Comfort Syst em Program Study is 
conservative if it underestimates the savings, since it becomes a 

part of the justification for a development program. 
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o The labor cost factor for the model is less than that from the Air 
Comfort System Study. This difference results because the study 
developed labor costs on a per man-hour basis, whereas, the model 

uses the labor portion of car maintenance costs. 

The ratio of the cost savings from the two estimating methods can be 

normalized on the basis of the actual ratio for Pf= 0. These normalized 
scales are shown on the right vertical axis of Figures 3-4 and 3-5 for 
maintenance and capital cost savings respectively . It may be observed that 
the maintenance cost savings ratio between the two estimating procedures 
remains within 25 percent for 0 < Pf < 0.3, whereas the ratio of capital 

cost savings remains within 20 percent, for 0 < Pf < 0.3. 
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3.3 LIFE CYCLE COST COMPARISON FOR MAKING DECISIONS 
TO REBUILD OR BUY NEW CARS 

Transit authorities are often faced with the problem of deciding be

tween a purchase of new cars or rebuilding existing cars. The following 

example illustrates how the models can be used as part of a life cycle cost 

analysis to assist in making such decisions. The process involves the 

comparison of the potential net benefits that can be realized by extending 

the life and improving the performance of an existing car against the net 

benefits from buying new and possibly more reliable equipment. 

3.3.1 Adaptation of the Models 

Consider a set of existing cars whose mean time between maintenance 

{MTBM), and mean time to maintain {MTTM) are known and have degraded due to 

age and wear or neglect. A decision must be made to either replace or 

rebuild the cars so that acceptable performance in MTBM and MTTM is 

returned. The maintenance costs, MTBM, MTTM and MTTR for the current state 

of the cars is used to generate the general models for maintenance and 

capital cost savings noting that both preventive and corrective maintenance 

costs are included. 

Reformatting Eq . {A-30) from Appendix A, one obtains the following 

model for total maintenance cost savings. 

t-. C m 
= Ho ~ M( pf + pm ) + K ( pf » L s l+P P1+P 

f f 

where t-.C = m maintenance cost savings in dollars 

H = car-hours operated by the fleet in question 
0 

L = MTBM per car in hours 

Ks = Maintenance Infrastructure Cost {MIC) Factor 

hour of maintenance 

M = MTTM per car in hours 

pf = change in L per L · p > ) f 0 
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Pm= change in M per M; 0 .:s._ Pm < 1 
KP= parts cost factor 

Replacing Rm/Fin Eq. (A-37, p. 61) by Rm/ L to account for all maintenance 

actions, t, Cv can be simplified because the factor Rm/L dominates the 
expression. The mean time to restore a car to service condition (Rm= MTTR) 
includes all storage and repair time and is much greater than the delays in 
service. Also the mean time between maintenance (L = MTBM) is usually less 

than one half the mean time between all classes of failures in service. 
Therefore, the expression for the number of cars saved (Eq. (A-31) ) is 
simplified as follows: 

where 

p 
r 

Rm 

= Number of spare cars saved 

= 
= 

Average number 

operating days 

of the 
H 

- s -n 
s 

cars required for service over the 

change in Rm per Rm; 0 < Pr < 1 
MTTR in hours for current condition 

The main differences to be compared between rebuilding or purchasing new 
the life cycle costs. The annual operating costs and the perform

ance, except MTBF and MTTM, are assumed to be the same for both options. 
The life cycle cost is then expressed as: 

cars are 

where 
C = life cycle cost 

Cv = capital cost per car to rebuild or buy new 
Nc = total current number of cars under consideration, including 

spares 

b, Nc = number of cars to be saved 
pwf = present worth factor for interest i percent and expected life

time of n years 
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Cm= current annual cost to maintain fleet in question 

~Cm= savings in maintenance cost due to improvements in reliability 
and maintainability 

Cj = present value of any other important costs 

3.3.2 Data Base and Assuq>tions 

A hypothetical example has been developed based upon data from two 

transit authorities to illustrate the comparison. The assumptions are as 
follows: 

a. Current Status 

N 
C 

... 40 ca rs, each 25 years old 

L ·- 3000 miles between maintenance at average of 20 mph. This 
translates to 150 hours for current condition 

M = 8 hours 

R m = 24 hours 
H = 130,000 hours 

0 
N 

0 
= 20 cars 

(' 
I.., m = $75,000 per car; $3,000,000 total 

Ks = $325/car-hour of maintenance 

KP = $865/ maintenance incident 

b. Rebuilding Cars 

The cars are assumed to be rebuilt to a condition where relia
bility i s doubled and remains constant for 10 years. In the 11th 

and 12th year reliability is assumed to again degrade to the 

current cond ition. This is essentially the same as restoring 

reliability to what it was during the prime life of the cars 
followed by a s low decline back to the current conditon in 10 

years. Since subsystems are not being replaced the MTTM and MTTR 
are assumed constant. 
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Pf= 1, i.e ., L after re0u ildin9 = 6,000 miles or 300 hours 

pm= 0 

Pr= 0 

Assume Cv = $400,000/car 

Life of Rebuilt= 10 years 

Salvage value of unrebuilt car= $10,000 

c. New Cars 

After initial burn-in the new cars are assumed to be more 

reliable and maintainable than the rebuilt cars because of 

attention to this issue during the procurement. Two major 

overhauls are assumed, at 10 and 20 years, for the reliability 

to remain constant over the car's 30 year lifetime. 

Pf= 2, i.e., L for new car= 9,000 miles or 450 hours 

Pm = 0.25, i.e., M for new car= 6 hours 

Pr = 0 .083 , i.e., Rm for new car= 22 hours 
Cv = $950,000/car 

Life= 30 years, with major overhauls at 10th and 20th years 
Cost of Major Overhaul = $200,000 

3.3.3 Application of Models to Evaluate Two Alternatives 

For comparison, two alternatives are assumed. Alternative A assumes 

that new cars are purchased and then subjected to major overhauls after 10 

and 20 years of service. Alternative 8 assumes the rebuilt cars are used 

only for 10 years and then replaced with the same new cars as Alternative A, 

with major overhaul of the new cars after 10 years of service. The total 

comparison is then made for a 30-year period so that Alternative B is 

credited with 10 years of the remaining value of the 20-year-old new cars. 

Sa lvage values for the 10-year-old rebu ilt cars are included. However, the 

present worth of the salvage value when new cars are 30 years old i s 

negligible. Present wo r th fac tors assume no infl at i on and a 10% discount 
rate per the 0MB. 
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Alternative A: New Cars 

Savings in total maintenance costs are calculated to be 

6Cma = 2.25 x 10
6 (2 i ~-~5

) + 0.75 x 10
6 (1 i z) 

= $2,187,500 

Also, number of cars saved 

= 2.22 or 2 cars 

The old cars are assumed to be sold for their salvage value and this 

amount credited against the purchase of the new fleet. The life 

cycle cost for Alternative A is as follows. 

6 6 6 cA =,o.9s x 10 (40-2);+~3.0-2.19)10 (9.43);+1,_o.2 x 10 (o.3s6+0.149v 
---._,,,.-- -----......,.,, -----

Initial cost of 
new fleet 

• • • 1.,_- 0.01 X 106 (40); 
---._,,,.--

Present value of 
30 years of 
maintenance 

salvage value of old fleet 

Present value of 2 
overhauls, one at 
10 years and one at 
20 years . 

CA= 36.10 x 106 + 7.64 x 106 + 0.11 x 106 - 0.40 x 10
6 

CA = $43,450,000 

Alternative B: Rebuilding and Postponing the New Purchase 

Savings in maintenance cost and spare veh icl es are calculated to be 
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6 ( 1 + ~) + o. 75 G 1 1) 6Cmb = 2.25 x 10 1 + + 

= $1,500,000 

6Ncb = 20 (~ + 0) + 1 (~) 
= 1. 6 or 1 car 

The life cycle cost for Alternative n i s as follows: 

6 6 c8 =,0 .4 x ~(40-1 ) / +, (3.0 -1.5~ (6.14) 1 

Initial cost to 
rebuild fleet 

Present value of 10 years of maintenance 
for rebuilt care; 

\. + 0.95 X 106 (40-2) (0.386) ; + , (3.0- 2.19) X 10
6 (8.51)(0.386).J 

---------- ---------

+ 
'-

Present value of buying 
new fleet in 10 years 

0.2 X 106 (0.149}; 0.95 106 
- \-r-

----------

Present value of Present 
overhauling new 1 if e of 
cars at year 20 at year 

Present value of maintenance of 
new cars over years 10 through 30. 

(40-2)(0 . 0573) 
) 

-----
value of remaining 
20 year old new cars 
30 

6 
~- ~.01 X 106 (40-1)(0.386} 

---------
Salvage value 
of one car 
not rebuilt 

Present worth of the salvage value 
of the rebuilt cars after 10 years 
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CB= 15.6 X 106 + 9.21 X 106 + 13.93 X 106 + 2.66 X 10
6 

... + 0.03 X 106 - 0.69 X 106 - 0.01 X 106 - 0.15 X 10
6 

CB= $40,580,000 

For the above example the difference between Alternatives A and Bis 
$2,870,000 which is 7% of the cost for Alternative Band probably less than 
the accuracy of the model. Therefore, one could conclude that the choice 
between buying new or rebuilding should be made on the basis of additional 
considerations. However, the difference is highly sensitive to the dis
count factor that was used. For an interest rate of 10% and annual infla

tion of 6%, the net time value of money would be 4%. Applying a 4% discount 
factor produces significantly different results, almost doubling the pre

sent value of future costs as follows: 

Alternative A (Discount Factor= 4%): Buying New Cars 

CA= 0.95 x 106 (40-2) + (3.0-2.19)106(17.29) + 0.2 x 106 (0.676+0.456) 

- 0.40 X 106 

C - 36.1 X 106 + 14.00 X 106 + 0.23 X 106 - 0.40 X 106 
A -

CA = $49,930,000 

Alternative B (Discount Factor= 4%): Rebuilding Old Cars First 

CB= 0.4 x 106(40-1) + (3.0-1.5)106(8.11) + 0.95 x 106(40-2)(0.676) 

+ (3.0-2.19)106(13.59)(0.676) + 0.2 X 106(0.456) 

-~ 106(40-2)(0.308) - 0.01 X 106 - 0.01 X 106(40-1)(0.676) 

C8 = 15.60 X 106 + 12.17 X 106 + 24.40 X 106 + 7.44 X 106 

+ 0.09 X 106 - 3.71 X 106 - 0.01 X 106 - 0.26 X 10
6 

c8 = $55,720,000 
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One can observe that a difference of nearly $6 million results in favor 
of Alternative A, buying new cars, if the net time value of money is 4%. The 

differences in the life cycle costs are also sensitive to the relative 
differences in reliability and maintainability between rebuilt and new 
cars. Table 3-1 gives these differences for three discount rates (10%, 4% 
and 2%) for two cases where reliability/maintainability of rebuilt cars is 

less than for new cars and also for reliability/maintainability of rebuilt 
cars equal to new cars. Figure 3-6 plots the data from Table 3-1. The 
horizontal scale shows the time value of money which represents the net 

effect of discount rate and the prevailing rate of inflation. The vertical 
scale shows the life cycle cost savings from either alternative . 

The "performance ratio", R, is defined as 

where qf = improvement in reliability of new car over rebuilt car 
reliability of rebuilt car 

qm = im rovement in maintainability of new car over rebuilt car 
maintaina, 1ty o re u1lt car 

Two values of performance ratios are indicated: R = 0 represents a case 
where the reliability/maintainability of both the new and rebuilt cars are 

the same; R = 0.5 is where the relative reliability of the new car is 
assumed to be 50% better than for rebuilt and maintainability of the new car 
i s 25% better than for rebuilt car. 

The plot shows the boundary where there is no difference in life cycle 
costs between Alternatives A and Bas a function of the discount rate and 
ratio of the differences in performance. In this example the region above 

the boundary i s where the life cycle costs favor the option to buy new cars . 
In the region below the boundary the 1 ife cycle costs for rebuilding the 
cars are less. 
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TABLE 3-1 
LIFE CYCLE COSTS OF TWO ALTERNATIVES: 

BUYING NEW CARS VS. REBUILDING CARS FIRST 
AND POSTPONING NEW CAR PURCHASE FOR 10 YEARS 

Relative Alternative A Alternative B In Favor 
Discount Reliability & Buy New Rebuild then of 

Rate Main ta i nab i1 i ty Cars Now Buy New Ca rs Choice 

10% NEW > REBUILT* $43,450,000 $40,580,000 $ 2,870,000 
B 

NEW EQUAL $43,450,000 $35,950,000 $ 7,500,000 
TO REBUILT B 

4% NEW > REBUILT* $49,930,000 $55,720,000 $ 5,790,000 
A 

NEW EQUAL $49,930,000 $49,730,000 $ 200,000 
TO REBUILT B or NIL 

2% NEW > REBUILT* $54,040,000 $62,830,000 $ 8,790,000 
A 

NEW EQUAL $54,040,000 $56,240,000 $ 2,200,000 
TO REBUILT A 

* Reliability for new cars is assumed to be 50% better than for rebuilt 
cars; maintainability of new cars is assumed to be 25% better than for 
rebuilt cars. 
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The graphical presentation of Figure 3-6 can be very useful to provide 

insight regarding the differences in life cycle costs . Data regarding 
current reliability and maintainability, O&M costs, new car costs and 
rebuild costs can be determined to reasonable accuracy for the specific case 
under consideration. This leaves the greatest uncertainty in regard to the 
future time value of money and relative re]iability and maintainability of 

the two cases. 

In general, two major conclusions can be drawn from Figure 3-6. 

o As the reliability/maintainability of rebuilt cars becomes worse 

than that for new cars (R > 0), then the time value of money must 

decrease to favor the choice to buy new cars. 

o As the reliability/maintainability of rebuilt cars approach that 
for new cars, then the time value of money must increase to favor 

rebuilding cars. 

Again, it should be pointed out that the foregoing is a hypothetical 

example. Therefore, the above conclusions cannot be interpreted to apply to 
such decisions in general. Since the data of the example were taken from an 
existing rail transit system, the results imply that the methodology 
provides important insight regarding the cost effectiveness of rebuilding 

vs. buying new cars. 
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APPENDIX A 

A. DEVELOPIENT OF MODELS 

The development of the various cost savings models is presented in this 
appendix. These estimating models have been generated so that they are 
applicable to any rail transit operation. 

A.l OPERATING COST MODEL 

Three possible scenarios of failure that can result in equipment down
time were identified in Section 2.1. The classification of these service 

failures was made on the basis of the effect that the resulting delay may 
have on system operation. In general, system unavailability due to these 
failures can be minimized by providing spare vehicles to compensate for car 

downtime. The operating cost model estimates the po ten ti al cost savings 
that can be realized by reducing car-hours lost before restoration of line 
service. Only service-related failures are, therefore, considered in de
veloping this model. It is assumed that delays in excess of the operating 

headway would result in Case C scenario. In addition, during Case C fail
ures, all trains upstream of the failed train are assumed to experience 
delay equal to the difference between the on-line delay of the failed train 
and the operating headway. 

For any period under consideration, lost car-hours may consist of 

o car-hours lost due to failed cars and other cars within trains that 
contain the failed cars; 

o car-hours lost by locking out cars during Case B failures; and 
o car-hours lost by following trains when Case C failures occur. 

Consider the definition of fleet availability, 

A = Fs 
f F + R 

s 1 

(Al) 
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H 
Where Fs = mean time between service failures = _o_ (A2) 

and 

nfs 

Rl = mean time to restore line service = D1 
(A3) 

nfs 

Ho = car-hours operated by fleet prior to any improvement 

nfs = total number of servke failures experienced by fleet 
during a specified period 

D1 = total line delay due to all service failures 

= ( A4) 

The subscripts a, b, c, denote types A, B, or C failures, respectively. 

Fleet unavailability, Af = 1 - Af 

If H = car-hours scheduled for fleet, s 

Car-hours lost from failed cars, h/f - H ( Rl ) - s F s + R1 

(A5) 

(A6) 

Hence car-hours lost from failed cars and other cars in failed trains 
is given by 

hf = n0 H5 (r, :\) (A7) 

Consider the car-hours lost from locked-out cars as a result of Case B 
fa i 1 ures; 
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Unavailability of locked-out cars, Ak = (A8) 

where Rb= MTTR for Case B failures 

(A9) 

t 1 = time car is locked-out while it remains in train on-line 
nfb = number of Case B failures experienced during period under 

consideration. 
F = 

b 
mean time between Case B failures 

Hence car-hours lost from locked-out cars, 

(AlO) 

(All) 

Finally, car-hours lost from following trains as a result of Case C 
failures is given by 

where 

h = nl (ncl-no) (Fe 
Re ) H (A12) 

u + R s 
C 

RC = mean delay for following trains during Case C failures 

= L( De - H . ) mm ( A13) 
nfc 

Dc on-line delay per failure due to Case C failures 

Hmin = Minimum operating headway at the time Case C failure oc
curs. It is assumed that each train upstream of a failed 
train experiences the same amount of delay. 
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nfc = number of Case C failures 

nl = number of lines affected by failures 

ncl = average number of cars per line 

no = average number of cars per train 

F = H 
0 

(A14) C -
nfc 

= mean time between Ca se C fa i l u res 

Total car-hours lost prior to any improvements is therefore given by 

(A15) 

From the above, it can be seen that to reduce these lost car-hours, 
MTBF must be increased and/or MTTR must be reduced. If 11 F, 11 Rare 

the respective improvements, the total car-hours saved from service
related failures will be given by 

/1 h 
s 

+ H f_ Rb 
s L ~b-+~ R-b -

( Al6) 

If C
0 

= operating cost (exclusive of maintenance) prior to any improvement, 
then total savings in operating cost due to the improvements are given by 
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For simplicity, assume the following 

(i) F » R 

(ii) H0 ~ HS 

Hence 

Let changes in F and R be represented by 

Prl = 6Rl prb = 6Rb 
Pre = 6Rc 

~ ~ ~ 

Pfs = tF s pfb 
tiFb 

Pfc = ti F = C 

r Fb ~ s 

Rl 

( Al 7) 

R 
C rec 

1£0 = cofo (l 
Fs 

- prlRl) +~ Rb _ Rb -
F + pfsFs Fb Fb + 

P R ) ~ R - p R } rb b + n1(ncl - n0 ) _c _ 
pfcFb F c F + pfcF c C s 

Si mp 1 if y i n g , 

Assuming that changes in Fare the same for all types of failure and that 

changes in Rare also the same for the different failures, Eq. (A18) takes 

the following form: 

(Al9) 

Eq. (A19) gives the savings in operating cos t obtained from improvements in 

MTBF and MTTR. 
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Note that in Eq. (A19) the relationship for savings in operating cost 

consists of these parts: 

(i) First part of the equation gives the cost savings due to reduction 

in car-hours lost by failed cars and other cars within failed 
trains. 

(ii) Second part of the equation gives the savings due to reduction in 

car-hours lost by locked-out cars as a result of Case B failures. 

(iii) Third component of the relationship represents cost savings due 

to reduction of car-hours lost by following trains when Case C 
failures occur. 

Note also that because operating cost is affected only by service-related 
failures, F and R values in Eq. (A19) are based on service-related incidents 
only. 
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A.2 MAINTENANCE COST MOOEL 

Maintenance cost includes all cost (labor and materials) incurred in 
maintaining the railcars. It is a composite of the Maintenance Infrastruc
ture Cost (MIC) and spare parts cost. The effect of performance improvement 
on operating cost discussed in the previous section considered only those 
failures which result in service delays . In analyzing the effect on main
tenance cost, however , those failures which do not affect service should 
also be taken into consideration. The following presents the development of 
the maintenance cost model. 

A.2.1 Maintenance Infrastructure Cost Savings 

Maintenance Infrastructure Cost (MIC) consists of all labor cost, re
lated overhead, and any cost for support activities associated with the 
accomplishment of scheduled and unscheduled maintenance. Only the MIC as 
related to unscheduled maintenance is modeled in this study. However, the 
resultant model can be reformatted to include both preventive and unsched
uled maintenance. To do this, mean time between failure, F, would have to 
be replaced by mean time between maintenance, L. Also, mean time to repair, 
Rs, would be replaced by mean time to maintain, M. 

Assume that unscheduled maintenance infrastructure costs are directly 
proportional to the length of time cars are shopped . 

If Os = shop delay (or time cars are actually worked on) 

then ccm = KSOS (A20) 

where Ks = corrective maintenance infrastructure cost constant and 
represents the cost per car-hour in the shop, and 

ccm = corrective maintenance infrastructure cost 
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Now Mean time to repair, 

(A21) 

or (A22) 

where nf = total number of failures including service and non

service related failures. 

Also mean time between fa i1 ure, F, is 

H 
F = 0 - (A23) nf 

or 
Ho 

= (A24) nf F 

where H = car-hours operated 
0 

Note that F gives the mean time between all failures (service and non

service). 

Substituting equations (A22) and (A24) in equation (A20), we find, 

(A25) 

Eq. (A25) gives the general relationship for corrective maintenance 

infrastructure cost in terms of mean time to repair (Rs) failed cars and 

mean time between fa i1 ure ( F). If 6 Rs, 6 F are improvements in MTTR and 

MTBF respectively, the savings in corrective maintenance infrastructure 

cost will be given by 

6. ccm = Ks Ho JR s Rs - 6 R~ l_F - F + t:i j (A26) 
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A.2.2 Spare Parts Cost Savings 

Spare parts are also used for both scheduled and unscheduled mainten

ance. The model for spare parts cost savings also focuses on unscheduled 
maintenance only. Spare parts usage is dependent on the number of failures 
experienced in a given period. The cost for spare parts can, therefore, be 
represented by 

Hence 

Csp = Kpnf 

= KP Ho 
F 

(A27) 

where KP = constant of proportionality for spare parts and repre
sents the average cost per failure. If /I, F represents the 

improvement in MTBF, the spare parts costs savings becomes 

6 C = K H ( 1 1 ) sp po F' - ~ F 

A.2.3 Total Maintenance Cost Savings 

Total savings in maintenance cost, 

savings and spare parts cost savings. 

Hence, 

If p = l\Rs p = ti F 
rs -R- f - F-

s 

Hof(~ - s rs s + K R -P R ) ( 
F + Pl p 

= 

(A28) 

6C is the sum of corrective MIC m 

(A29 ) 

1 
F+il ~ r -

(A30) 

Note that H
0

/F is equal to the number of failures in the period. 
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A.3 FLEET CAPITAL COST MODEL 

Savings in fleet cost is reflected in the reduction in spare vehicle 

requirement realized as a result of car-hours saved by increasing MTBF or 

reducing MTTR. Car-hours are lost from failures occurring in service as 
well as failures detected when the car is in the shop for other maintenance. 
All these failures and their resulting downtime dictate the need for the 
provision of spare vehicles. Hence, in estimating fleet cost savings, both 
service and non-service related incidents should be considered. 

If 6h = total car-hours saved from both service and non-service rel ated 
failures, then the number of cars saved, is as follows: 

6 h 6N = 
c~ 

(A31) 

where hs = average hours scheduled per car during the same period 6h is 
accumulated 

6h = 6h + 6h s ns 

where 6hs, the in-service car-hours saved is given by Eq . (A16) 

6h , the out-of-service car-hours saved is given by ns 

6h = H ( Rm 
ns s\T - R - 6R ) m m 

F+ Ef-

(A32) 

(A33} 

where Rm= mean time to restore (for all failures} considering only 
the out-of-service delay components of all failures which 
occur in the shop and yard and in getting failed cars to the 

yard or shop. If preventive maintenance is considered, Rm 
will include preventive maintenance a~tivities. 

F =meantime between all failur~s. F would be replaced by L if 
preventive maintenance activities are considered. 
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If Cv = cost per car, then the savings in capital cost is as follows 

(A34) 

Substituting for 6h, the savings in capital cost is given by 

( :: R1 - 6 hl ) 
F + 6F + 

s s 

R - 6R j C C + 
F + 6F . 

C C 
(~ - (A35) 

This savings in fleet cost can be combined with the annual O&M cost 
savings determined above by calculating the present worth of the latter. 
Alternatively, the capital cost savings can be annualized into an 
equivalent series amount using a capital recovery factor (crf) for a given 
vehicle service life, n years, and discount rate, i%. The annualized 
capital cost savings is given by 

E 

Let prl 

Pfs 

Hence 

6C 
V 

C 

= 

= 

= 6Cv(crf) 

6R
1 . 

p rb = 6Rb 
' 

~ ¾ 
6F 

p fb 
6 F b s = 

- F-
~ s 

assuming Pf= Pfs = Pfb = Pfc 

and Pr=Pr1 =Prb=Prm 

(A36) 

Pre = 6R 
p rm 

6R 
C = m 
~ ~ 

Pfc 
6F 

pf 
6F = C = 

~ 
-F-

R 
+ b + 

~ 
(A37) 
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APPENDIX B 
B. CALIBRATION OF MODELS 

This appendix presents the calibration of the operating, maintenance, 

and fleet cost models developed in Appendix A. The results obtained from 
this calibration are only applicable to the system on which they are based 
and are not transferable to other transit systems. 

B.1 DATA USED FOR CALIBRATION 

Reliability information used in calibrating the models are based on 

data obtained from WMATA for the month of February 1983. These data are 
then extrapolated to reflect an entire year. It is recognized that February 
data may not be representative of the year's experience. Hence calibration 
on the basis of such data is only intended to demonstrate the use of the 
model. Operating and maintenance costs used are estimates made on the basis 
of data obtained from 11 WMATA Approved 1983 Fi seal Year Budget" as well as 

discussions with WMATA officials. The data base are shown below and summar
ized in Tables B-1, B-2, and B-3. Table B-1 shows calculated reliability 
data for the month of February 1983. Table B-2 shows estimates of distribu
tion of operating cost based on data from WMATA 1983 Budget for Rail 
Transportation Branch. Estimates of maintenance cost distribution are 
shown in Table B-3 based on data from WMATA Approved 1983 Fiscal Year Budget 
(Rail Car Maintenance Branch) 

8.1.1 System Operating Data 

Number of lines affected by failures, n1 = 3 
Average nunber of cars per train, n

0 
= 4 

Number of cars operated at peak period= 222 
Nunber of cars operated at non-peak period= 118 
System operating hours = 18 hours/day 
Weighted average nunber of cars operated per day = 148 
Average number of trains operated per day = ~= 37 

Average nunber of trains per line = 12 

Average number of cars per line, ncl = 48 
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TABLE 8-1: RELIABILITY DATA FOR FEBRUARY 1983 
(WMATA Metro-rail System) 

SERVICE NONSERVICE ALL 
RELATED RELATED INCIDENTS 

No. of Failures, Nf 80 370 450 
Repair Time, D_ (car-hours) 

.:, 
149 546 695 

Restore Time, D(car-hours) 844 2,973 3,817 
Maint. Man-hours, MH 297 908 1,205 
MTBF (car-hours) 932 166 
MTBF (system-hours) 6.3 1.12 
MTT Restore line service, Rl 0.12 
Composite MTTR, R 8 .5 
MTT Repair, Rs 1.86 1.47 1. 54 
Man-hours/Maint. Action 3.71 2.45 2.68 
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TABLE B-2: ESTIMATE OF RAIL TRANSPORTATION OPERATING 
COST DISTRIBUTION FOR WMATA 

ESTIMATED 
AVERAGE ESTIMATED 

PERSONNEL NUMBER (1) SALARY ( 2) COST -- - ---~- - ------- - - --- --------
Administration 2 65,000 $ 130,000 

Operations & Analysis Support 

Management & Clerical 11 29,000 319,000 

Depot Clerks 14 19,000 266,000 

Operations Control Center ( 3) 22 28,000 616,000 

Train Operations (3) 

Administration 6 42,000 252,000 

Supervisors 40 40,000 1,600,000 

Train Operators 212 32,000 6,784,000 

Station Operators 

Administration 4 42,000 168,000 

Station Supervisors 13 40,000 520,000 

Sta ti on Attendants 230 21,000 4,830,000 

Start-up (3) 

Supervisors 17 40,000 680,000 

Train Operators 24 32,000 --~~~.ooo 
$16,933,000 

Notes: 

(1) Personnel distribution obtained from WMATA 1983 Budget for Rail Trans
portation Branch 

(2) Includes overhead, fringes, etc . in dollars. 
(3) Categories directly affected by service delays . These categories are 

used in estimating operating cost for use in the model . 
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TABLE B-3: ESTMIATE OF MAINTENANCE COST DISTRIBUTION FOR WMATA 

ITEM DESCRIPTION 

Direct (in house) Labor (1) 
Indirect Costs (1) 

Consultants 
Training 
Temporaries 
Contract Maint. (office 

machines, etc.) 
Contract Maint. (vehicles) 

Traction Motor Overhauls 
Traction Motor Repair 
A/C Compressor Armature 
Other Repairs 

Contract Maint. (garage & 
shop equipment) 

Duplication & Reproduction 
Equipment Leases 
Dues & Subscriptions 
Other Periodicals 
Business Travel 
Freight & Delivery Charges 

Total Maint. Infra
structure Cost (2) 

Materials and Supplies 
Special Purpose Materials 

(furniture & tools) 
Revenue Vehicle Parts (3) 
Fuels & Lubri cation (3) 

Other Material (4) 

Total Materials Cost (5) 

Total Maint. Cost 

Notes: 

ALL 
ACTIVITIES 

11,795,000 

6,000 
35,000 
3,000 

800 

375,000 
480,000 
81,000 
70,000 

25,000 
16,000 
5,000 

800 
500 

2,200 
600 

12,895,900 

59,400 
3,838,300 

58,400 
938,200 

4,894,300 

17,790,200 

UNSCHEDULED 
ACTIVITIES 

4,800,565 

2,442 
14,245 
1,221 

326 

480,000 
81,000 
28,490 

10,175 
6,512 
2,035 

326 
204 
895 
244 

5,428,680 

1,919,150 
29,200 

1,948,350 

SCHEDULED 
ACTIVITIES 

6,994,435 

3,558 
20,755 
1,779 

474 

375,000 

41,510 

14,825 
9,488 
2,965 

474 
296 

1,305 
356 

7,467,220 

1,919,150 
29,200 

1,948,350 

(1) Except where the category is known, item costs are split according to 
personnel distribution as follows: Unscheduled - 40.7%, Scheduled -
59.3%. 

(2) Sum of all labor cos t, related overhead, and any support activities 
associated with maintenance . 

(3) Distributed on the basis of 50-50 split. 
(4) Assumed not related to vehicle maintenance. 
(5) Sum of costs for unscheduled and schedul.ed does not equal subtotal 

because only MTBF-related costs are distributed. 

Source : WMATA Approved 1983 Fi scal Year Budget (Rail Car Maintenance Branch) 
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Average number of car-hours operated, 
H

0 
= 148 cars x 18 hrs/day x 28 days 

H
0 

= 74,592 car-hours/mo 
H

0 
= 972,360 car-hours/yr 

Hours scheduled per car (using average 148 cars), hs = 18 hrs/day x 28 
days= 504 hrs/mo or 6,570 hrs/year 

B.1.2 Reliability Data 

B.1.2.1 Service-Related Incidents 

Number of failures experienced, nfs = 80 per mo or 1,043 failures/yr 
Nunber of Case B failures, nfb = 0 
Number of Case C failures, nfc = 18 per mo or 235 failures/yr 
Total on-line service delay, D1 = 9.27 hrs per mo or 120.8 hrs /yr 
Total on-line service delay for upstream cars during Case C failures, 

Dc - Hmin = 2.83 hrs/mo or 36 .9 hrs/yr 

Mean Time Between Service Failure, F -
972 •360 - 932 car-hrs s - 1,043 -

Mean Time Between Case C Failure, Fe 

Mean Time To Restore line service, R1 

= 972,360 = 
235 

120.8 =~~= 1,043 

4,138 car-hrs 

0. 12 hrs 

Mean Time to Restore Service for upstream cars during Case C failures, 

RC=~= 0.16 hrs 

8.1.2.2 Non-Service-Related Incidents 

Number of incidents = 370 per mo or 4,823 failures/yr 

Total restore time= 2,973 car-hrs/mo or 38,755 car-hrs/yr 
Actual repair time= 546 car-hrs/mo or 7,118 car-hrs/yr 
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B.1.2.3 All Incidents 

Nunber of failures experienced, 

nf = 450 per mo or 5,866 failures per yr 
Total restore time, D = 3,817 hrs per mo or 49,757 hrs/yr 
Total time to restore (excluding line delay), 

D = 49,757-120.8 = 49,636 hrs/yr m 
Total repair time, D = 695 car-hrs or 9,060 car-hrs/yr s 

Mean Time between fa i 1 ures, F 972,360 _ = 5 866 - 166 car-hrs 
' 

Mean time to restore = 49,757 = 8.5 hours 5,866 

Mean time to restore (excluding 1 i ne de 1 ay) , 

Mean time to repair , Rs = 9,060 = 
5,865 1. 54 hrs 

B.1.3 Cost Data 

B.1.3.1 Operating Cost 

R _ 49,636 
m - 5,866 = 8. 5 hrs 

Total operating budget for 1983 for Rail Transportation Branch is 
$16,935,000 to cover personnel costs. An estimate of the distribution of 
this cost is shown on Table 8-2 based on estimated annual salaries for 
personnel. Since operating cost is affected by service delays, an adjusted 
annual operations cost that reflects the services of personnel directly 
involved with train operations has been estimated as $10,800,000. 

B.1.3.2 Maintenance Cost 

An estimate of maintenance costs obtained from WMATA 1983 budget re
port is presented in Table 8-3. Except where labor categories are known, 
the di s tribution between scheduled and unscheduled activities is based on 
discussions with WMATA officials on the personnel split for this system 
functions. Total annual unschedul ed maintenance infrastructure cost is 
estimated at about $5,429,000 and the annual spare parts cost for revenue 
vehi cl es i s about $1,948,000. 
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B.2 CALIBRATION PROCEDURE 

B.2.1 Operating Cost Model 

The general re lationship for operati ng cost savings was given as 

6C = C ( pf 
0 0 1 ( B 1) 

Using WMATA data presented in the previous section, the above relationship 
reduces to the following: 

6C = 10.8 X 106 f4 X 0.12 + 
o l 932 

= 60, 685(" pf + Pr) 
\ 1 + pf 

3(44)(0.16)\ (pf+ pr \ 
4,138 J 1 + Pf ) 

(B2) 

where Pf,Pr represent the improvements in MTBF and MTTR respectively. For a 

given value of Pf,Pr can be varied to investigate the impact of MTTR on 
operating cos t. Similarly, by holding Pr constant at different levels, Pf 
can be varied to test the effect of MTBF on operating cost. Fami 1 ies of 
curves obtained by performing these sensitivity analyses are shown in Fig
ures 2-1 and 2-2. 

B.2.2 Maintenance Cost Model 

Total corrective maintenance cost savi ngs is given by 

( B 3) 

Substituting WMATA data, 

Ks= Ccm = 5,429 , 000 = $599 per car-hour 
Ds 9,060 

Say $600 per car-hour. 
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Hence , 

1,948,000 
5,866 

= $332 per failure 

ti Ccm = 5866 {600) ( 1. 54) (P f + P rs)+ 332 ( ~ J t \ 1 + pf 1 + pf!f 

= 5,420,000(Pf + Prs) + 1,948,000 ( Pf ) 
1 + pf 1 + pf 

(B4) 

The results of the sensitivity analyses are shown in Figures 2- 3 and 2-4 . 

B.2.3 Fleet Capital Cost Model 

The annualized fleet capital COS t savings is given by 

R 
6E = CVHS toRl + Rb t R~} ( C rf) nl (nc l - no) ~+ C 

hs F s F b F 
C 

Using WMATA data and assuming the following 

o Cost per car, Cv = $1,000,000 

o Discount rate , i = 10% ( per 0MB) 

o Vehicle service life, n = 30 yrs 

= 

= 106 
X 972,360 X 0. 10608 

6,570 

890 ,000( pf + Pr) 
1 + pf 

(
4 X O. 12 

932 
+3x44x0 . 16 

4,138 

(B5) 

+ 8. 46) (pf + p ) 
166 1 + p~ 

(B6) 

Figures 2-5 and 2-6 show the results of the sensitivity analyses. 
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APPENDIX C 

C. DEVELOPMENT OF RELATIONSHIPS FOR SIZES Of MAINTENANCE FACILITIES 

Relationships for sizes of maintenance facilities are developed in 
this section . The size of a facility is expressed in terms of the maximum 

number of cars it can hold. 

At any particular time during a transit system operating period, the 

total number of cars in the fleet consist of 

o Cars in service, Np or N
0 

depending on whether peak or non-peak 
period is being considered 

0 Failed cars in sidings or being taken to the yard, Nt 

0 Failed cars in the "dead" yard awaiting repair, Ndy 

0 Cars in the maintenance shop undergoing repair, NS 

0 Cars in "ready" yard waiting to be put in service, Nry 

Hence fleet size, N = N / + Nt + Nd + N + N p o y s ry (Cl) 

C. l MINIMUM REQUIREMENT FOR MAINTENANCE SHOP SIZE 

During peak period, the number of cars that fail is given by 

N T 
~ (C2) 

where F = meantime between failure 

Tp = peak hours 

During this same time, the shop can repair cars at a rate given by 
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NsTp 
R 

where R =meantime to repair 

(C3) 

Hence, additional spares (i.e., deficiency in shop capacity) required to 

meet peak period 

(C4) 

Duri ng off-peak, the shop can repair faster than the rate at which they 

fail. 

Excess spare cars generated during this period 

(CS) 

where T
0 

= non-peak hours 
R = meantime to repair 

For equilibrium, the excess cars generated during off-peak must compensate 

for the shop deficiency during peak period. 

Thus 

TO cs _ ~o) = T P ( f _ ~s) 
. R (T N + T N ) Hence, shop size, Ns = pp o o 

F' T + T 
0 p 

(C6) 

If k is a shop capacity design factor, necessary to meet failure rates, 

greater than the mean, then the shop design capacity is given by 

N - kR ( T N +TN ) s - p P O 0 
F T + T 

0 p 

( C7) 
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C.2 NlJ4BER OF VEHICLES ON SIDINGS ANO IN TRANSIT TO YARD 

Let Tt = time on sidings and in transit to the yard 

for T < Tt < ( T + T ) p- 0 p (C8) 

or 

C.3 SIZE Of DEAD VEHICLE YARD 

The dead yard is used to hol d failed cars until they can be moved i nto 

the shop for repairs. It exc ludes the space needed to store cars not 

required for service during off-peak peri od. The yard shoul d be s ized on 
the basis of t he rate at whi ch dead cars are received from sidings and the 
rate at which the shop accepts these cars for repair . The "dead" yard will 

receive cars at a faster rate for a period TP as a result of the difference 

between peak period failure rate and the abi lity of the shop to repair them. 

The minimum size of the dead yard for minimum shop capacity, Ns, is given by 

= TpTo (Np - N0 ) 

F T + T 
0 p 

(C9) 

Dead yard capacity requi red to match factored shop design capac ity (NS) is 
given by 

A T 
~o(Np - (K - IJ Ndy = p kN0 ) - TPNP 

F(T
0 

+ Tp} 
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