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EXECUTIVE SUMMARY

As the major component between the lading and the track, the freight car truck
performs the essential functions of guidance, support, and vibration absorption to the
freight_car. In performing these functions in a dynamic environment, the standard
three-piece truck has performed remarkably well since its introduction in the early
1940's. However, increasing demands on the rail transportation system, in the form of
heavier car weight, higher center of gravity, and increasing speed, coupled with
deteriorating maintenance of equipment and track, have brought out the deficiencies

of the standard truck.

In response to the need of the rail industry for a better freight car truck design, the
Federal Railroad Administration (FRA) is sponsoring a broad-based research program:
the Truck Design Optimization Project (TDOP). Its purpose is to characterize the
behavior of existing trucks and to generate performance and test specifications for
new truck designs. Using quantitative performance indices defined by operational and
economic information, these specifications will not only provide the technical base for
design innovation, but also facilitate its easy correlation with the cost of such design

improvements.

The standard, three-piece freight car truck, or its modified versions with basically
similar configurations, is defined in TDOP as the "Type I" truck. The "improved" or
Type II truck is defined as a truck whose design features bring about functional
differences in truck and carbody behavior. In the context of TDOP, the main
restriction placed on a Type II truck is that it preserve coupler height, but the method
of mounting the wheelsets on the frame and of supporting the carbody are not

specified.

Southern Pacific Transportation Company was the contractor for TDOP Phase I. Two
standard, three-piece trucks (the American Steel Foundries' Ride Control truck, and
the Standard Car Truck Company's Barber S-2 truck) were tested under 70- and 100-
ton carbodies. The data from Phase I constitute the main basis for characterizing the

performance of the Type I truck.
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The TDOP project is now in Phase II, with Wyle Laboratories as the prime contractor

and the Union Pacific Railroad as the principal subcontractor. The objectives of
TDOP Phase 1II are:

To define the performance of both Type I and Type II trucks in quantitative

terms, represented by performance indices. s

To establish a plan for collecting economic data on the cost of acquiring,

operating, and maintaining the standard, Type I truck.

To determine a quantitative basis for evaluating the economic benefits to be

derived from Type II trucks.

To generate performance characterizations for Type I trucks and perfor-

mance and test specifications for Type II trucks.

These objectives are being met through several approaches including:

Road testing several Type I and Type II trucks.

Mathematical modeling of freight car trucks to augment and complement

the comparison of test results.

Determination of wear of Type I and Type II trucks in unit train service over

an extended period of time.

Collection of economic data on truck maintenance and operation, and

correlation of such data with information on truck performance.

Engineering interpretation including effect on performance of eventual wear

and deterioration of truck components.

Most of these activities are occurring concurrently; for example, developing and

refining a methodology; field testing of the trucks; economic data collection and

analysis; and assessment, validation, and use of computer models. Those activities will

soon culminate in the establishment of a Type I truck performance characterization

document.

A Type II performance specification, a test specification for Type I and II

trucks, a cost/benefit analysis, and a final report will be produced at the coneclusion of

the project.
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TDOP Phase II's accomplished milestones are deseribed below.

ineerin

“In the engineéering analysis area, a methodology has been developed to define the four

principal performance regimes which, when combined with their associated indices,
can be used to quantify truck performance. This methodology also determined how the
output from the project's five maj'or tasks (field testing, computer modeling, wear data
collection, economic analysis, and engineering interpretation) would be integrated into

a performance specification.

A Type II truck selection criteria was established and seven trucks selected for testing
as representative of the Type II truck population. The seven Type II trucks are: the
NRUC Maxiride, the Dresser DR~1 Steering Assembly, the National Swing Motion, the
Devine-Scales, the Barber-Scheffel Radial, the ACF Fabricated, and the Alusuisse.
Wyle Laboratories worked closely with the railroad industry during the selection

process.

A draft Type I truck performance characterization document has been prepared based
on test data from Phase I and will be distributed when the data acquired from the Type -
I truck field test program of TDOP Phase II are analyzed.

Field Testing

Prior to field testing the Type I and Type II trucks, a determination was first made of

the usefulness of the Phase I test data; sécondly, an automatic location detection

. system was installed in the test zones selected in the Union Pacifie's South Central

District, California Division; and finally, track geometry measurements of the six test
zones were made by the FRA's track geometry survey ear, T-6. These measurements

included alignment, ecross level, curvature, profile, and automatie location detection.

The field test program began with a series of tests of the Friction Snubber Force
Measurement System. These tests were conducted using two Type I trucks (an ASF
Ride Control and Barber S-2) with a 100-ton hopper car in empty, half-loaded, and

fully loaded configuration. F<\>rty—eight channels of data were acquired which



measured truck motion, carbody rigid modes, carbody/truck relative motion, and
friction snubber forces. A report was prepared which deseribed the test, test results,
and friction coefficients for each truck. See Section 1 for this report's complete title
as well as a list of other documents published to date by TDOP Phase II.

In April 1979, the TDOP Phase II wear data collection program began measuring wear
on six truecks: - the ASF Ride Control, Barber S-2, Barber C—'PEP, Dresser DR-1,
National Swing Motion, and the Barber-Scheffel. A seventh, the Devine-Scales truck,
was added in January, 1980. The trucks are in a unit coal train that makes a 1600-mile
round trip between Colorado and California. When this program concludes in October

1980, several of the trucks will have accumulated over 100,000 miles.

Two key measurements missing from the TDOP Phase I test program were measure-
ment of the angle of attack of the wheel relative to the rail and a fneasurement of the
lateral over vertical (L/V) forces at the wheel/rail interface. Techniques have been
developed and measurement systems acquired in TDOP Phase II to measure both of

these quantities during Type I and Type II truck testing.

TDOP Phase II has completed Type I truck testing on a 100-ton ASF Ride Cohtrol
truck to supplement the data acquired during Phase 1. The truck was tested in both an
unloaded and loaded (with coal) configuration over a variety of track. Primary
measurements acquired were the angle of attack and L/V forces. In addition, truck
motion, i-igid carbody modes, truck/carbody relative motions, and accelerations were
measureq and recorded. The data from this test program, which concluded in March

1980, are being analyzed.

Type II truck testing began in April 1980 with the Dresser DR-1 truck under loaded and
unloaded carbodies. Type 11 truck testing will conclude in September 1980 with the

testing of the seventh truck, the Alusuisse.

Economics

In the economies area, considerable progress has been made in determining mainte-

nance costs. Total repair costs by component have been tabulated for cars with known
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‘annual mileage. Thus, changes in wear measured in a service test program (e.g., thé
TDOP Phase II wear data collection program) can be related to dollar savings. Work is
progressing in the fuel consumption study. Specifically, rolling resistance of a single
car operating normally in _curves has been successfully measured. The_conventional
rolling résistance equation used by the railroad industry has been extended to take into
account off-balance speed and spiral negotiation behavior in curves. More work is

underway to relate rolling resistance directly to dollar savings.

To determine the economic impact of Type I and Type II trucks on rail wear, TDOP
Phase II has enlisted the aid of the Canadian Institute of Guided Ground Transport
(CIGGT) under the Joint Research Project Agreement between the United States and
Canada. TDOP Phase II will supply measured L/V and angle of attack for CIGGT's rail
wear model. The CIGGT model has been under development for approximately three

years and successfully simulates actual data on rail deterioration.

Analysis

TDOP Phase II's work in the analysis area has resulted in the development of an
analysis plan, an analytical tool assessment report, and a validétion report. The
analysis plan defined the means by which Type I and Type II freight car trucks will be
characterized and compared. The specific objectives were: 1) to défine the
requirements for field test data and simulated data which will establish performance
specifications; and 2) to determine the extent to which field test data can be

extrapolated.

The second part of the analysis task was to perform an assessment of the analytical
tools (i.e., computer simulation models) that could be used in TDOP Phase II. After
establishing an assessment criteria and conducting a preliminary survey of nearly 60
models, a detailed assessment was made of 17 of those mddels. The results of this
assessment are available in a document published by the National Technical Iﬁforma—

tion Service (NTIS). See Section 1 for the complete title.

Validating the candidate models selected was the third part of the analysis task.
Unfortunately, the results of the validation exercises carried out thus far have been



rather disappointing. With few exceptions, the model results have not agreed with test
data within the tolerance of the validation criteria selected. In some cases, faults in
the programming and model formulation are to blame. In others, the test data are
suspect. During the remainder of TDOP Phase II, greater emphasis will be placed on
ad hoc modeling. The aim of such modeling will be the interpretation of test results.
Simple models will be used to determine why a vehicle exhibits nosing, for instance,

rather than attempt to construct a comprehensive hunting model.
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SECTION 1 - INTRODUCTION

The purpose of this Interim Report is to document
tasks 1 through 7, and 10 of the Truek Design
Optimization Project, Phase I (FRA contract DOT-
FR-742-4277). A cross-reference between the State-

" --ment--of - Work -(SOW) -tasks=and the -corresponding- - -

sections of this report is shown in Table 1-1.

Table 1-1. Cross Reference of SOW
Tasks with Report Sections

Task  Title Report Section
1, 2.1 Definition of performance 2
indices, and economie
relationships; preparation
of Introductory Report

2,10  Establish requirements for 3, Appendix A
additional economic data;
prepare detailed plan for
economic data collection
and analysis ’

3, 4,5 Assessment of analysis tools; 4
development of an analysis
plan; validation of analytical

tools
6  Conduct tests and analyses 5
7  Establish formal methodology 6

for truck evaluation

The material in this report has been drawn largely
from documents published during the course of the
TDOP Phase II project. The documents listed below
with an FRA prefix are available through the Na-
tional Technical Information Service (NTIS). In ad-
dition, we have listed several internal documents that
are available through Wyle Laboratories, Colorado
Springs Division.

NTIS Documents

- Report No. FRA/ORD-78/53, TDOP Phase
1I Introductory Report, November 1978.

- Report No. FRA/ORD-78/34, Phase I
Data Evaluation and Analysis Plan, Sep-
tember 1978.

- Report No. FRA/ORD-78/52, Phase I
Data Evaluation and Analysis Report,
August 1979,

- Report No. FRA/ORD-79/24, Friction
Snubber Force Measurement System Field
Test Report, October 1979.

- Report No. FRA/ORD-78/69, Measure-
ment of Friction Snubber Forces in
Freight Car Trucks, December 1978 (pre-
pared under FRA contract DOT-FR-T-
4263). .

- Report No. FRA/ORD-79/36, Analytical
Tool Assessment Report, August 1979.

- Report No. FRA/ORD-80/31, Analysis
- Plan, March 1980.

Wyle Laboratories Documents

- Document No. C-901-0004-A, Type 1
Truck Test Plan, April 13, 1979 with re-
visions A and B.

- Document No. C-901-0008-A, Type 1

= - “Truek Test Procedire, July 25, 1979 with

revision A.

- Document No. C-901-0002-A, Wear Data
Collection Plan, October 6, 1978 with
revision A.

- Document No. C-901-0006-A, Wear Data
Collection Procedure, November 1979.

- TDOP Technical Report TR-09, Type II
Truck Selection, May 22, 1979. '

- Document No. C-901-0007, Type II Truck
Test Plan, October 1979 with revision A.

- TDOP Technical Report TR-10, Per-

formance Characterization - Type I
Trueks, September 17, 1979 (preliminary
draft).
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SECTION 2 - PROJECT METHODOLOGY

The purpose of this methodology section is first to
define the key terms that will be used in developing
performance characterizations and performance
specifications for the Type I and Type II trucks,

_ respectively. Secondly,_the section.will show.how - .

testing, data acquisition/reduction, computer .model-
ing, and engineering analysis will be used to develop
the performance characterization/specifications.
Finally, this section will identify the Type II trucks
selected for testing and the criteria used in meking
this selection.

2.1 TRUCK PERFORMANCE DEFINED

A railroad needs a means for evaluating the cost
effectiveness of a freight car truck with respect to
the truck's operating conditions. These conditions
may differ econsiderably from one railroad to another.
For example, a railroad operating primarily in moun-

‘tainous territory at relatively low speeds may be

concerned with reducing wear of wheels and rails in

curves. On the other hand, a railroad operating in:

flat terrain at high speeds will require that its trucks
have high lateral stability. Railroads handling fragile
cargo mdy be concerned with the ride quality aspect
of performance. Safety and stability of the vehicle
system, e.g., harmonic roll, is the concern of all
operators.

A useful characterization of truck performance thus
requires the identification of specific performance
regimes which may be defined as sets of conditions
associated with predominant features that distinguish
one regime from another, Besides being distinet and
non-overlapping, the set of performance regimes
should be inclusive, i.e., identify all aspeects of truck
behavior. ’ )

In order to make possible the quantitative evaluation
of truck performance, both absolute and com-
parative, each performance regime must be ass-
ociated with performance indices, by which is meant
measurable quantities typical of that regime. Ex-
amples are critical speed of hunting, lateral wheel
load in curves, and minimum dynamic vertical wheel
load.

A truck performance specification defines a range of
performance indices for each performance regime
that a truck must meet under specified operating
conditions, such as speed, track quality, and degree
of curves, with due regard to state of wear or other
deterioration associated with age or ton mileage.
Specification of performance in quantitative, oper-
ational terms will give latitude to desigh innovation
and facilitate correlation with economie factors.

2.2 PERFORMANCE REGIMES SELECTED

Four regimes have been identified which individually
can be associated with distinctly different operating
conditions, and. which collectively will permit an
overall evaluation of truck performance. The reg-
imes are:

- Lateral Stability (Hunting)
- Curve Negotiation

- Trackability

- Ride Quality

Lateral Stability (Hunting)

Hunting is a self-exeited lateral and yaw oscillation
of the truck and carbody that occurs above a certain
speed (the "eritical speed"). The range of the critical
speed is determined by a number of factors which
include the contours of the wheel tread and rail, the

“surface condition of the rail, the design features of

the truek, the characteristics of the suspension sys-
tem, and the mass and mass distribution of the
carbody. With all of these parameters being equal,
the contour of the wheel tread has been found to
have an overriding influence on lateral stability.

Curve Negotiation

In curve negotiation, horizontal forces between the
wheels and rails act to rotate the truck about the
center of the curve, even though there is no relative
rotation between the truck and carbody. For stand-
ard freight car trucks, the lateral forece that turns
the truck in the curve is usually the flange foree at
the outer leading wheel, and is likely to contribute to
the resistance of the truck to forward motion. It is
believed that this flange forece is responsible for
much of the wear that leads to condemnation of
wheels for "thin flange."

Trackabili

Trackability refers to the ability of the truck to
maintain an adequate load on all four wheels under a
range of track conditions, and the dynamics of the
vehiele resulting from transient or periodic changes
on these conditions. A combination of low vertical
wheel load with a simultaneous lateral load can lead
to derailment. This regime can be further subdivided
into the subregimes of load equalization, curve
entry/exit, and harmonie roll and bounce.

" Ride quality denotes a standard of performance

rather than a performance regime. It is generally
taken to refer to the acceleration environment in the
carbody and thus reflects the capability of the truck
to isolate the carbody from track irregularities. This
characteristic of the truck to-aet as a mechanical
filter is also termed transmissibility.

2.3 PERFORMANCE CRITERIA

Performance criteria express qualitatively the as-
pects of truck behavior considered desirable in the
various performance regimes. Critieria may range
from the most general, such as safety from de-
railment or low wear rates, to the specifie, such as
lateral stability or curve negotiability.

A number of more or less general performance ecri-
teria may be identified for each regime, but not all
are equally suitable to characterize truck behavior in
a quantitative way. Such characterization requires
the selection of a measurable physical quantity that
can be unambiguously associated with performance in
a specific regime. The process of selecting suitable
performance criteria for establishing performance
indices is discussed below for each of the four major
performance regimes.

Lateral Stability . .
The importance of selecting suitable criteria in es-
tablishing a performance index is illustrated in Table
2-1 with respect to lateral stability. ‘



Table 2-1. Lateral Stebility Criteria and Indices

|Criteria Indices

Safe Operation in Desired —
Speed Range

High Lateral Stability —
High Critical Speed Critical speed

Low Sensitivity to Unfavorably —_
Worn Wheel Profiles

Maximum lateral
accelerations

Low Lateral Acecelerations
Near Critical Speed

The first two criteria listed on the left are obviously
important from the operational point of view but do
not lend themselves easily to quantitative expression.
The third criterion, high critical speed, can obviously
be directly translated into a number which has long
served as a performance index for lateral stability.
The next criterion, low sensitivity to unfavorably
worn wheel profiles, represents a desirable feature in
a rail vehicle, but again would be difficult to express
quantitatively, The final criterion, low lateral ac-
celerations near the critical speed, may be the basis
for a useful second performance index. It allows for
differences in the severity of hunting which has been
observed in different truck configurations.

Curve_ Negotiation

. The second performance regime, curve negotiation,
shown in Table 2-2 again illustrates the care required
in passing from an operationally defined performance
criterion to a performance index based on en-
gineering factors.

Table 2-2. Curve Negotiation Criteria and' Indices

This suggests the lateral force on the outer leading
wheel of the truck during steady state curving as a
likely candidate for a performance index. As is well
known, and has been confirmed by both road tests and

‘mathematical modeling, this force is strongly deter-

mined by the ability of the axles to align themselves
with the radius of the curve. By contrast, any
property of the truck tending to increase the angle of
attack, such as the parallelogramming of the stand-
ard three-piece truck, increases the lateral wheel
load directed toward the inside of the curve. Thus, a
suggested performance index for curve negotiation
could be the lateral force on the leading outer wheel,
per degree of curve, at balance speed.

The imperfections of this index are associated with
differences in wheel profile which would thus have to
be specified in detail in the comparison between the

- curve negotiation capability of different trucks, as

well as in the ereep coefficients that determine the
angle of attack of the leading outer wheel in flange-
free curving. Nevertheless, the most important char-
acteristics of the truck in this regime are determined
by its kinematics, as embodied in the relationship of
the rigid components and the properties of the elastic
connections between them.

Trackability

As mentioned earlier, this regime can be subdivided
into load equalization, curve entry/exit, and har-
monie roll and bounce.

Load Equalization. The performance index for track-

Criteria Indices
Low Wheel & Rail Wear -
Safety From Derailment -

Low Lateral Wheel Load Lateral Force on Leading
Outer Wheel, per Degree
of Curve, at Balance Speed

Operational considerations would lead to such eri-
teria as safety from derailment and low wheel and
rail wear. These also are difficult to quantify. In
order to isolate basic differences in curve negotiation
performance between different truck designs, we
must eliminate a number of extraneous factors such
as the effeet of unbalanced centrifugal foree not
compensated by superelevation, and transient effécts
that oceur during curve entry, and focus on the basie
kinematic characteristics of a given truck that de-
termine its orientation in a curve of constant radius,
under the influence of creep and gravitational forces
alone,

ability with respect to track irregularities of shor’
wave length, such as rail joints and track twist, is the
easiest to define, at least in a static sense:

. Let WH =: sum of forces on the three
most heavily loaded wheels
‘Let W, = force on most lightly loaded
' wheel
8 = angle of twist of track within
axle spacing of truck, degrees
WUl = wheel unloading index
Then
Wi /3-W w -1
WUI= H/ L +6=1-"L 36, degree
Wy/3 Wy/3

It may be seen that this index may vary from zero for
a perfeetly equalized truck (since W.,/3 = WL) to 1/0
for a truck with one wheel completIéIly unloaded, or
unit for unit twist in degrees.

It may be noted that the performance index for wheel
unloading due to track twist is not sufficient to
measure derailment potential since it does not refer
to such indices as L/V ratio, or the duration of lateral
wheel impact on the rail. Derailment associated with
wheel unloading is a complex dynamie process which
it may be impossible to define in terms of a truck
performance specification. On the other hand, the
proposed wheel unloading index deseribes a char-
acteristic of the truck itself that could easily be
specified, and which it may be possible eventually to
relate to the derailment potential on the basis of test
data and analyses.



Curve Entry/Exit. This is the transient response of
" the vehicle as it traverses the spirals between tan-
gent and curved tracks while entering into and exit-
ing from:'constant curvature tracks. The dynamies
during the negotiation of these spirals tend to set up
high lateral forces at the wheel/rail interface as well
.as an_uneven distribution.of vertical loads-among the-
wheel/rail eontact points. Thus, it is quite likely that
larger L/V ratios may be encountered during
entry/exit as compared with steady state curve nego-
tiation. Consequently, derailment potential, rather
than wheel and rail wear, is of primary concern
within this subregime. The performance indices
identified in this subregime are:

- LV ratio and the duration associated with
it ‘
- Peak lateral foree on the wheel

- Wheel Unloading Index, as defined above
in the load equalization subregime,

Harmonic Roll and Bounce. The performance index
for harmonie roll and bounce (see Table 2-3), as-
sociated with vertical roll irregularities of long wave
length, illustrates the difficulty of quantifying a
complex dynamic regime. From an operational point
of view, one obviously wants to prevent hazardous
conditions, and damage to truck components, such as
would occur during center plate lift-off and wheel
lift. In the first case the suspension springs are
compressed solidly and are thus subject to fretting
damage, and during wheel lift there is always the
danger of derailment when the track has even a slight
curvature,

Table 2-3. Harmonic Roll Criteria and Indices

measured in a number of ways, such as maximum
amplitude after initial excursion. The mass and mass
distribution, that is the car weight and the height of

.the center of gravity, will have to be specified in the

establishment of this performance index.

- Ride Quality - - - - - oo T em

The aspect of performance shown in Table 2-4, Ride
Quality, does not fit neatly into the proposed scheme.
Ride quality should be "good," according to some
scale. As usually expressed, ride quality is already a
performance index, and the choice here is not be-
tween different criteria to be expressed as perform-~
ance indices, but rather between various ways of
quantifying that performance index, some of which
are indicated below.

Table 2-4. Ride Quality Criteria -

Function of Speed, Track Quality, and
Vehicle Suspension

Referred to a Specific Location on Carbody
Identified as Acceleration Response
Expressed Statistically

- Mean and Standard Deviation

- Exceedances of Probability Distribution
Expressed as a Function of Frequency

- Transmissibility
- Power Spectral Density

CRITERIA INDICES

Prevention of Center Plate —_——
Lift-Off

Prevention of Wheel Lift ——

Low Maximum Roll Amplitude Maximum Roll Angle
Under Given Excitation

Rapid Decay From Maximum Rate of Energy Dissi-
Amplitude pation in Subbing
System

When the springs are solidly compressed during har-
monic roll, the motion of the carbody is determined
almost entirely by the kinetic energy of roll rotation
existing in the carbody. With a given excitation due
to resonance with rail joint spacing, that kinetie
energy is largely determined by the energy that has
been dissipated in the snubbing system prior to that
point. This circumstance suggests that a perform-
ance index for harmonic roll should in some way be:
associated with the capability of the suspension sys-
tem to dissipate energy, for example, by snubbing
friction. Parameters available for variation are level
of friction force, distance through which this force
acts (i.e., spring travel) and rate of increase of
friction level with spring compression. The ef-
fectiveness of this energy dissipation system could be

2.4 DEVELOPMENT OF PERFORMANCE SPECI-
FICATION

After the four performance regimes and their as-
sociated criteria and indices were selected, the next
step was to develop a methodology to integrate the
output from the project's five major tasks into a
performance specification. The methodology that
has been established is shown in Figure 2-1; the
project's major tasks which form the framework for
the methodology are:

a. Road testing of several Type I and Type II
trucks; then the reduction and analysis of
the test data leading to a quantitative
definition of performance.

b. Mathematical modeling of freight car
trucks to augment and ecomplement test
data. '

c. Determination of wear of Type I and Type
II trucks in unit train service over an
extended period of time.

d. Collection of economic data on truck
maintenance and operation, and cor-
relation of such data with information on
truck performance (see Figure 2-2).

e. Engineering interpretation including ef-
feet on performance of eventual wear and
deterioration of truck components.




IDENTIFY TRUCK PARAMETERS OF INFLUENCE

Prelirhinary Engineering Analysis

and/or
existing indicators

v

DESIGN TESTS AND ANALYTIC SIMULATIONS

Structure Tests and Analysis
to link Truck Parameters to
Performance under varied
Operating Conditions

5

TEST DATA ACQUISITION/REDUCTION/ANALYSIS

Conduet Tests and Acquire Data
Choose, Group, Reduce, & Analyze

the Test Data

MODEL VALIDATION

Use Reduced/Analyzed
Test Data as a basis
for Validation of
Mathematical Models

I

ANALYSIS AND SIMULATION

Use Validated Models to
Interpolate, Extrapolate
and Extend Test Data
as necessary

v
PARAMETER VERIFICATION

On the basis of Reduced/
Analyzed Test Data °
Confirm or Reject initially
Identified Truck Parameters
of Influence on Performance

PERFORMANCE INDICES(P.1.)

From the analysis of
Test & Simulated Data
Develop sets of one or
more Quantified P.L

i

PERFORMANCE SPECIFICATIONS

Specifications

Develop Guideline Performance

INFLUENCE CORRELATION

Correlate influence of
Truck Parameters with
Quantified Performance
Indices :

Figure 2-1. Methodology for Truck Evaluation



QUANTITATIVE
PERFORMANCE
CHARACTERISTICS

1

IDENTIFICATION OF
ENGINEERING FACTORS
WITH ECONOMIC IMPACT

ECONOMICS
EVALUATION

REJECT

CONFIRM

EVALUATION OF
PARAMETRIC CONTRIBUTIONS
RE-EVALUATE|  TQ ENGINEERING FACTORS

ECONOMICS”

COST/BENEFIT
EVALUATION

Figure 2-2. Engineering/Economies Interface



2.5 TYPE I TRUCK SELECTION

To develop Type 1 truck performance specifieations,
actual performance data will be collected through
field tests of several Type II trucks. A systematic
selection process based on clearly defined criteria

was undertaken to ensure that the trucks selected _

" would be répresentative of the state-of-the-art in
truck design.

In coordination with the TDOP econsultants group,
who represent railroads, suppliers, and private car
lines, the following criteria were established:

—  structural adequacy
—  suijtability for U.S. conditions
—  unique design features
—  use of standard parts
— ' design information availability
—  initial cost '
—  service experience
_—  truck availability/producibility
—  availability of performance test data
—  unit weight

The candidate trucks were categorized according to
their characteristiecs of their suspension, i.e., prim-
ary, secondary, and others. They were further clas-
sified according to whether the connection between
their side frames and bolsters is of rigid or radial
construction. The trucks were also grouped ac-
cording to whether they have unique load supporting
devices. : :

On the basis of the selection criteria presented
above, seven Type II trucks were selected for testing.
Three of the trucks (the Deviné-Scales, the NRUC
Maxiride and the National Swing Motion) have prim-
ary suspension; three others (the Dresser DR-1, the
Barber-Scheffel Radial, and the ACF Fabricated)
have secondary suspension. The seventh truck select-
ed is the Alusuisse truck. A brief descrption of each
follows.

Devine-Scales Truck (Figure 2-3)

The Devine-Scales truck consists of a one-piece,
fabricated H-shaped frame, with suspension as-
semblies known as subframes, positioned in pockets
at the corners of the main frame, The subframe can
move longitudinally on low-friction slides under the
control of a geometric steering linkage connected to
the carbody on each side of the truck. On tangent
track the rigid frame and steering linkage keep the
wheelsets locked in a straight ahead position to
provide lateral stability according to the manu-
facturer. On curves the geometric steering linkage
adjusts the positions of the subframes, moving them
apart on the outside of the curve and together on the
inside.

Figure 2-3. Devine-Scales Truck

National Railway Utilization Corporation (NRUC)
Maxiride Truchurilﬁe 2-4)
The National Railway Utilization Corporation Maxi-
ride truck is a one-~piece, 100-ton capacity fabricated
truck derived from a series of European trucks. It
" features a welded steel frame and bolster unit con-
struetion, spring suspended roller bearing journal
bearing boxes, frame-stiffening end transoms, and
self-lubricating center bowl and truck-to-carbody
locking center pin. NRUC eclaims the truck improves
high speed performance and ride quality, and reduces
truck hunting and wheel wear.

Figure 2-4. NRUC Maxiride Truck



National Swing Motion Truek (Figure 2-5)

The National Swing Motion truck's conventional side
frames and bolster is held in tram and prevented
from "parallelogramming" by inecorporating a transom
connecting the two side frames through special
rocker seats. This arrangement permits the side
frames to swing laterally in unison as pendulums or
"swing hangers." The control of "rock and roll" is
accomplished (per National Castings) by eliminating
conventional gibs on truck bolster and providing lat-
eral stops between the bolster and the transom at the
height of the side frame spring seat.

Figure 2-5. National Swing Motion

Dresser DR-1 Truck (Figure 2-6)

The Dresser DR-1 Steering Asembly is a retrofit
package designed to add self steering and curve
negotiation control features to conventional trucks.
. The steering assembly ties together opposite axle
boxes, which are, in turn, connected through one of
the bolster openings. An elastomerie pad is provided
between the roller bearing adapter and the roof of
the side frame pedestal with adequate clearance
longitudinally to allow the wheelsets to move in
seeking a radial position. Dresser maintains that a
truek retrofitted with this device will result in im-
proving curving performance, and reduced wheel
wear and fuel consumption.

Figure 2-6. D;&sser DR-1 Steering Assembly

Barber-Scheffel Radial Truck (Figure 2-7)

The Barber-Scheffel Radial truck consists of cast
steel side frame and bolster arranged in a con-
ventional manner. According to the manufacturer,
diagonally placed steel cross arms constrain the
wheel sets to each other for high speed wheelset
stability while,.at the same time, allowing the wheel-

sets to align radially on curved track. Radial align- -

ment is aceomplished by using profile wheels having a
highly effective conicity and providing a low yaw
constraint on each wheelset. The carbody is sup-
ported on a convential AAR center plate.

Figure 2-7. Barber-Scheffel Truck

-)



ACF Fabricated Truek (Figure 2-8)

The ACF Fabricated truek is made up of two side
frames and a bolster with a secondary spring group in
a somewhat conventional arrangement. However, it
has a tie between the side frames and is equiped with

... hydraulie snubbers. . There .is a flat rectangular plate . ...

in a horizontal position that ties the two side frames
together, which is designed to hold the truck frame
rigid while providing additional equalization by al-
lowing the side frames to rotate relative to each
other. ACF claims that holding the truck rigidly in
tram is designed to materially reduce hunting.

Figure 2-8. ACF Fabricated Truck

Alusuisse Truek (Figure 2-9)

A rather radical departure from conventional Euro-
pean or American practice is the M"supple" bogie
developed by Swiss Aluminum, Ltd. (Alusuisse). The
truck frame consists of four hinged arms extending

. from .the. bolster to.roller. bearing. "pillow. blocks"

holding the axles. Longitudinal leaf springs below the
hinged arms are shackled to the arms by multiple
turns of steel cable, A safety cable is provided to
prevent collapse of the scissor arrangement in' case
of a broken spring.

Figure 2-9. Alusuisse Truck



SECTION 3 - ECONOMICS

3.0 INTRODUCTION

The TDOP Phase I economics task involves esti-
mating the dollar savings expected with each truck
design feature considered. Savings and costs in many
departments of the railroad car be estimated. In
particular, the major economic impact areas are:

- Car and truck maintenance costs

- Fuel consumption, particularly in curves
- Rail wear, particularly in curves

- Lading damage charges

- Derailment costs

Although other impact areas exist, the effect of a
new truck design on those other areas would be
relatively small compared to the areas listed above.

The accomplishments of the economics task thus far
have been in the areas of maintenance costs and fuel
consumption. Total repair eosts by component have
been tabulated for cars with known annual mileage.
The resulting tables allow ehanges in wear measured
in a service test program (e.g., the TDOP wear data
collection program) to be related to dollar savings.

The other area where results have been obtained is
fuel consumption. Curving resistance for a single car
operating normally has successfully been measured as
part of the TDOP Phase II test program. The rolling
resistance equation used by the industry has been
extended to take into account off balance speed and
spiral entry behavior in curves. However, more work
remains to be done to relate curving resistance to
dollar savings.

In the area of rail wear, TDOP has enlisted the aid of
the Canadian Institute of Guided Ground Transport
(CIGGT) under the Joint Research Projeet Agreement
between the U.S. and Canada. TDOP Phase Il will
supply measurements of lateral/vertical (L/V) forces
and angle of attack for CIGGT's rail wear model.
The CIGGT model has been under development for
approximately three years and successfully re-
produces real world data on rail deterioration.

Two operational considerations have arisen with res-
pect to Type II trucks. First, most of the benefits
accrue to the handling line as opposed to the owner.
Thus, it is likely that Type II trucks will only be used
in special service in the immediate future. The
owner pays virtually all the added costs of the truck

and must retain some degree of control over the car

to benefit from it. Second, the trucks that seek to
reduce the car's curving resistance are likely to
encounter lading damage problems in hump yards and
from yard impacts in general. The braking equations
used in control systems of automated hump yards
may be unable to handle a significantly improved
truck. It is likely that increased lading damage will
result from lower rolling resistance.

Progress has been slower in the other economic
impact areas; however, detailed plans have been
established for each of these areas, as outlined in
subsequent paragraphs and in Appendix A, the TDOP
Economie Data Collection and Analysis Plan.
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3.1 CAR AND TRUCK MAINTENANCE COSTS

There are a number of direct impacts an improved
truck (Type II) will have in the area of car main-
tenance (e.g., a radial truck is expected to reduce
flange wear on wheels). In addition, there are
indireet costs or savings associated with an improved
truck:

- Reduction in lost car days due to reduced
frequency of repairs

- Increases in inventory costs due to non-
standard parts

- Added repair costs associated with non-
standard parts

- Increased standard repair costs due to
increased truck complexity

Using service test data and repair data from the
AAR's Car Repair Billing System, estimates for the
impaet of individual truck.design features on each of
these areas will be produced. The analyses already
performed will be discussed first, followed by a
description of the way in which the results will be
used to estimate each of the impact areas.

3.1.1 Present Value of Car Maintenance

The present value of ear maintenance is based on the
extra amount a railroad should be willing to pay to
eliminate a‘particular type of repair. For example,
suppose as a result of TDOP's wear data collection
program, it is found that an improved truck will give
30 percent longer wheel life and 10 percent reduction
in other truck repairs for a car averaging 25,000
miles per year. Then the value of the improved
performance of the truck can be estimated using the
tables developed for these analyses (see Appendix B).

Some of these data are summarized in Table 3-1. In
the 25,000 mile per year category of Table 3-1,
eliminating wheelset repairs is caleulated to be worth
$2,006.35 and eliminating other truck repairs is worth
$1,281.78. Multiplying the percentage improvements
by these values (.30 x $2006.35 + .10 x $1281.78)
gives $730.09. This is how much the improvements
are worth per car. Since there are two trucks'per
car, the improvements are worth $365.05 per truck.
Adding a 10 percent investment tax credit to this for
purchasing a new truck brings the value to $401.56.
This is the maximum extra cost a railroad would be
economically justified in paying for this improve-
ment.

3.1.1.1 Discount Rate. The present value of repairs
at the time of purchase is based on a discount rate,
which adjusts for the length of time before any
money is saved from improved performance., In-
flation is ignored in the ecaleulation; it is assumed
that a freight car holds its value, i.e., that as general
prices increase so does the price of used freight cars.
Instead, the discount rate is being used to represent
the "opportunity cost" of the investment in a freight
car. For example, capital commands a rate of
return; if $10 is put in a bank, it will return approxi-
mately 5 percent per year. The incentive to invest
the $10 in freight cars instead of putting it in a bank
is that the freight cars should yield a higher rate of
return.



Table 3-1. Repair Costs by Annual Mileage per Car

ANNUAL MILEAGE
12,500 25,000 37,500 50,000 62,500
Brakes T Tag1.49 7 Tesgloo T 835.33 “T643.77 T T 518.84
Couplers, Yokes, & Draft Gear ' 290.52 766.05 1060.09 565.47 646.25
Mise. Labor & Mfg. Material 452.67 1212.69 1913.32 766.12 1248.93
Other Car Repairs 350.53 560.99 898.68 911.13 483.28 -
Truck Braking System 725.29 1380.53 1913.47 1867.05 1940.11
Wheelsets 953.60 2006.35 2859.78 2517.78 2770.63
Other Truck Repairs 421.87 1281.78 1829.18 268.47 228.80
TOTAL  3675.98 7876.38 11,319.86 7539.78 7831.95
ASSUMED CAR LIFE IN YEARS 30.00 30.00 30.00 24.00 19.20
NUMBER OF CARS 21,620 42,972 28,153 5901 1867

To further illustrate why discounting is used in these

“calculations, suppose complete maintenance records
were available for a large number of cars that had
just been scrapped. Adding the costs to determine
the total maintenance cost would not be the same
number as was calculated here. The difference is the
discounting of the costs to the time of purchase. One
would not pay $10 today for a savings of $10 ten
years from now. In these analyses, a 10 percent
diseoun 0rate is used, which means it would cost
$10/1.17" = $3.86 today to save $10 in ten years.

In the case of complete maintenance records for a
large number of cars that had just been serapped, it
is obvious that some adjustment would need to be
made for the changes in repair costs for the same
repair over the life of the car. A repair that cost
$200 in 1950 when the cars were reasonably new
probably costs $800 today. To interpret the main-
tenance records for these serapped cars, the repairs
should be re-priced to today's dollars. If the results
were to be used in 1981, they could simply be scaled
up the appropriate amount. The results would be
interpreted as the total cost of car maintenance at
today's prices, discounted at 10 percent over the life
of the car. The inflation rate (which is currently
impossible to predict over long periods of time) does
not really enter the discussion.

3.1.1.2 Classification of Cars by Repair. The tables
on which these calculations are based are derived
from data made available by the Union Pacific Rail-
road: repair records for on and off-line repairs to
UP's own cars, repair records for heavy and program
repairs, annual car mileage, and car age. The process
used to produce the tables is shown sechematically in
Figure 3-1.

First, the annual mileage was entered into the
UMLER (Universal Machine Language Equipment
Register) for each car. This was done by averaging
the annual mileage for UP cars by AAR car type
categories (all four digits). This averaging greatly
reduces data requirements. Also, if a per car basis
had been used, cars with high maintenance would
have tended to have artificially low mileage,
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Next, a table is eonstructed showing how many times
each particular repair has been made, counting all
the cars over the approximately 2% years for which
data have been collected. The number of records with
job codes assigned to each repair type is ecounted,
except where more than one part can be reported in
one record; in these cases quantity is counted as long
as it is in units indieating how many parts are
repaired.

As the car repairs are categorized, the total dollars
spent and total number of repairs in each category
are recorded; however the cost is added into the
calculation only if the owner is responsible for the
repair. This allows the handling line to be charged
for the repairs it is responsible for, and also allows a
shorter period of time to be used for calculating
average costs. In this analysis, average prices from
the first half of 1979 were used, which resulted in all
the repairs being priced on that basis (i.e., the first
half of 1979). An example of the results of these
calculations is shown in Table 3-2. Some com-
binations of repairs were necessary to keep the data
base a manageable size; however, this introduces
some errors. For example, both the angle cocks and
the air brakes were averaged in the car brake cate-
gory. Any slight variation in the percentage of angle
cocks versus air brakes shows up as a relatively large
error because of the differences in price. .

Finally, a simijlar table was constructed of heavy
repair data by car. Because UP does not keypunch
their heavy repair data or ship it to a central
location, Wyle obtained the 1977 UP data from the
Omaha shop, keypunched it, and scaled it up to
represent the entire railroad. Prices for each cate-
gory of heavy repairs were not available, so light
Trepair prices were used for heavy repairs. The
resulting numbers look reasonable with the exception
of 100-ton truck bolsters, which appear too low.
Another railroad has provided more complete heavy
repair records, which will be compared to the UP
data to see if more work needs to be done in this
area. :



MILEAGE REPORTS
TO AAR
ANNUAL
MILEAGE MERGE ANNUAL]
MILEAGE

UNIVERSAL MACHINE LANGUAGE
EQUIPMENT REGISTER

LER
TAPE

FBCOICASCI
HASH TO DISQ

CAR REPAIR BILLINGS LIGHT, HEAVY

ON & OFF LINE
BCDIC-®ASC 1
TAPE COPY
UMLER MATCH &
DISC SUMMARIZE

SELECT-CARS
TO ANALYZE

« MNumbers of Repairs for Each Car
by Year in Same Hash as UMLER

AVERAGE
CoST

PRESENT VALU
ANALYSIS

SUMMARY
TABLES

Figure 3-1. Methodology for Calculation of Present Cost
of Repairs at Time of Purchase

Table 3-2. Example of Cost Calculations for Repairs

ROW
NUMBER

61

62

63

64

85

f6

67

68

69

70

n

DESCRIPTION

Truck Bolsters (Replaced)
Truck Bolsters (Repaired)

Center Pins
Center Plates
Center Plate Liners

Truck Side Bearings

Friction Casting (Ride Control)

Frietion Casting (Stabilized)

Side Bearing Shim

Sideframes (Replaced)
Sideframes (Repaired)

JOB NUMBER

COUNT CODES  OF REPAIRS*
R 3500-3554 1846
R 3556 145
R 3560 691
R 3564 32
R 3568 3942
e 3572-3580 4722
I 3582 1522
o 3584 6667
R 3588 308
R 3700-3768 3546
R 3772 168

AVERAGE
COST

$ 978.53

285.15

32.00

. 148,81

24.41

21.36

68.14

35.56
34.33
683.00
223.23

R = Records, 0 = Quantity

*On-Line Repairs First Half of 1979
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3.1.1.3 Processing from Summary Data. Cars can be
selected from the UMLER file by annual mileage
ranges, by the leading digit of their AAR car type, or
by nominal capacity. In Table 3-3, ears have been
selected by annual mileage, their ages calculated,
and then placed in the appropriate category under the
cumulative ear- mileage heading. - - Next; each--car's-
mileage for which repair records exist is added to the
total of all miles for each cumulative mileage cate-
gory. For example, if a car were two years old and
went 30,000 miles per year, it would be placed in the
50,001 to 75,000 cumulative category; if there were
only six months of data for the year used in this
particular calculation, 15,000 miles would be added
to the total miles for all cars in the category.
Finally, the maintenance records for each car are
added into the table.

After all the cars have been included, the number in
each category is multiplied by the average cost of
each repair and then divided by the miles traveled to
obtain cents per mile for each repair. Table 3-3 was
then extrapolated to 1.2 million car miles. This
figure was based on the oldest cars in UP's fleet
(which have journal bearings and have not been
ineluded). The extrapolation was based on the aver-
age of the last ten categories of cumulative car
mileage. :

The extrapolation was done just once, for "all roller
bearing cars." The other tables were based on this
first extrapolation by using a ratio of the averages in
each category for which data existed.

By assuming an annual mileage and a discount rate of
10 percent, the present value of the repairs at the
time of purchase can be calculated. For example, if
the car averaged 25,000 miles per year, after one
year the cost of wheel repairs would be $.0091 (from
Table 3-3) x 25,000 miles = $227.50. However, this

would be disecounted by dividing by 1.1. In the second
year the expense would be $.0045 x 25,000 mjles =
$112.50, which would then be diseounted by 1.1°, and
so on for each year. These numbers are added to get
the one number (in this case, $1,823.41) in the final
tables contained in Appendix B.

3.1.1.4 Limitations and Modifications. Because
maintenance records were used for large numbers of
active cars of all different ages, it was necessary to
assume that cars with similar characteristics ex-
perience similar repairs. Then, if there were enough
"similar” ears to obtain a reasonable estimate of the
cost at each age, the calculation could be done.
However, this introduces some complications. For
example, we may be using 100-ton hopper cars to
estimate the repair costs at 1 to 3 years of age and
50-ton box cars to estimate the repair costs at 20 to
30 years of age.

The hypothetical situation alluded to earlier about
complete maintenance records for scrapped cars is
not ideal either. If we had maintenance data for cars
that are currently being serapped, they would contain
a large number of journal bearing cars and would
contain very few modern 100-ton cars. The ideal
situation lies between the extremes of obsolete
scrapped cars with long histories and brand new car
types for which no history exists. The availability of
data (three-year histories) in these analyses is closer
to' the latter case. A great deal more para-
meterization (e.g., breakdowns by AAR car type)
would be helpful. In the next three or four years, it
will ‘be possible to obtain complete maintenance
histories extending for six to seven years over much
of the fleet., Considerably better parameterization
will be practical at that time, and much of the
uncertainty involved in the analysis presented here
will be eliminated. The methodology used is textbook
material and will produce better results with more
complete data.

Table 3-3. Repair Costs by Cents per Mile

CENTS/MILE
CUMULATIVE TOTAL MILES ~ TOTAL OF
CAR MILEAGE OF ALL CARS WHEELSETS ALL REPAIRS
1 to 25,000 7,045,877 0.91 2.26
25,001 to 50,000 74,108,288 0.45 0.88
50,001 to 75,000 88,157,632 0.51 1.59
75,001 to 100,000 169,114,320 0.54 1.39
100,001 to 125,000 194,589,984 0.52 1.65
125,001 to 150,000 234,004 ,R56 0.57 2.16
750,001 to 775,000 19,631,568 0.59 2.14
775,001 to 800,000 10,105,596 0.69 3.16
800,001 to 825,000 3,974,560 .66 3.08
825,001 to 850,000 2,409,353 0.36 2.62
850,001 to 875,000 0 0.63 2.22
1,150,601 to 1,175,000 0 0.63 2.22
1,175,001 to 1,200,000 ] 0.63 2,22
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In labeling this a textbook analysis, there is one
modification that has been made to the conventional
analysis. Cumulative mileage was felt to be more
important in terms of wear on freight cars than age.
Thus, instead of constructing tables of repairs versus
car age, tables of repairs versus ecumulative mileage
were constructed. Then, if an annual mileage is
assumed, the present cost of car maintenance for any
mileage can be read from a single table. This greatly
reduces the data requirements. Not as long a time
history is needed as would be required if the annual
_mileage were held constant for all the cars con-
sidered in a single table.

To check the procedure, the experiment suggested
above (i.e,, limiting the cars considered to those
between fixed annual mileage bands) was done. The
results are illustrated in Figure 3-2. As can be seen
from the figure, the average of all the cars was an
excellent predictor of the results for cars in fixed
annual mileage bands for the middle region of the
plot. For extremely high and extremely low mileage
cars, the results were dramatically different. Sev-
eral interpretations of this are possible (it may be an
error in methodology arising from any of a number of
sources) however, it seems likely that cars in these
extreme categories see a different type of service
(e.g., unit train service for high mileage cars) and
consequently experience dramatically different costs
of operation.

3.1.2 Lost Car Days

When a car is sent to a one spot or heavy repair
facility for repairs, it is not earning revenue. Thus,
there is another potential savings area besides direct
maintenance costs associated with an improved truek
- the increased utilization of the car. Typically, in
other economic analyses of freight car repairs, the
cost of lost car days is quite large, even approaching
the direct maintenance costs. Thus, it is necessary
to consider lost car days in this analysis also.

On the other hand, there is a problem in assigning
major savings in lost car days to an improved truck.
Usually many repairs are done on a car at one time.
When repairs are done on the carbody as well as the
trucks, it is very difficult to say what percentage of
these repairs would have been deferred if the truck
had not had a problem. Further, reducing truck
repairs eliminates only part of the lost car days
associated with that repair, i.e., a 30% longer wheel
life will only eliminate approximately 30% of the lost
car days associated with wheelset repairs.

The procedure we plan to take in evaluating lost car
days is as follows:

a. Three categories of repairs currently are
being recorded to calculate the present
value of car repairs: repairs done on the
rip track (e.g., brake shoes) with no lost
revenue, repairs done at one spots, and
repairs done in heavy repair shops.

Each of these categories will be assigned

- an average number of lost car days based
on UP data. These lost car days will be
costed based on the annual mileage for
each car and the per diem and mileage
revenues from the UMLER file. The
incentive per diem will be ignored be-
cause of the complexity it introduces (the
date of each car repair would have to be
recorded).

These numbers will be discounted to pre-
sent value, as with the direct car main-
tenance costs.: This will yield a new
category in the tables, the-cost of the lost
car days. '

20 ¢

15 |

Normal Service

10 ]

Present Value of Repairs ($1000/Car)

....
o

High Mileage Service

NOTE: Discount Rate = 10%

Annual Car Miles (1000's of Miles)

T T T

50 60 70 100

Figure 3-2. Present Cost of All Car Repairs at Time of Purchase
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d. Car repairs will be classified into the
following categories:

1. Repairs to carbodies, air brakes,
ete. not involving trucks

2. Repairs to carbodies and trucks
" 3.” " Replacement of brake shoes only ~ ~
4. Replacement of wheelsets
(with or without brake shoes)

only

5. Mixed replacement of wheelsets and
other truck parts (with or without
brake shoes)

6. Replacement of other truck parts
only (with or without brake shoes)

For the purposes of this classification, a
single car repair will be defined as all
repairs to a single car, taking place at a
single standard place location code
(SPLC), on a given railroad, on a given
day. -

e. Finally, based on the TDOP Phase II wear
data collection program results, savings in
lost car days will be computed. For
example, suppose the total discounted
value of lost car days is $5,000 for a car
of 25,000 miles per year, and suppose
categories (d) and (e) above are 20% of all
car repairs (excluding category (e) since it
was also excluded from the lost car days
calculation), and suppose there is a 30%
increase in wheel life; then the potential
savings in lost car days would be $5,000 x
.2.x.3 = $300.

3.1.3 Inventory Costs

The Type II trucks being studied by TDOP all involve
nonstandard parts unique to that truck. The extent
to which this is true ranges from trueks accepting
standard brake shoes, wheelsets, and springs with all
other parts being nonstandard to retrofit kits that
add a steering arm to a standard truck. Clearly, it
will require extra capital costs to stockpile these
nonstandard parts. Even more important, when a

nonstandard part is being introduced, one can not rely

on its being available on other railroads; thus there
are added lost car days associated with a car waiting
for parts to arrive from the owner railroad. To some
extent this and other problems can be expected to
limit the Type II trucks to captive service cars during
the introductory of the trucks. (Another problem

-with free interchange service of cars equipped with

Type 1I trucks is that once the car is interchanged, it
will probably never be returned to the owner line.
Hence, many of the benefits from a Type I truck
would accrue to the handling' line mstead of the
owner.)

Several problems with inventory cost analysis have
become apparent. This is the only place in the
cost/benefit analysis of Type II trucks that it be-
comes necessary to address the rate of introduction
of Type II trucks. The inventory strategy and costs
are highly dependent on whether 3 or 3000 cars are
being introduced per year. Further, the parts in-
ventory of other railroads must be considered, There
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are two issues here: 1) if the benefits of an improved
truck are widespread enough, other railroads might
reasonably be expected to stock the nonstandard
parts, and 2) given the diversity of Type II trucks
being offered, the railroad community will likely
have d1ff1cu1ty selecting Just one new truck.

These sorts of problems have become somewhat mud-

dled in the last several months with regards to
wheels. The Canadian railroads have adopted a
standard for wheel profiles different from the tradi-
tional AAR profile, and will only purchase wheels
with this new profile. The implications of this are
far from clear at this time. There seems to be
agreement that the new Canadian profile will prove
beneficial in inereasing wheel life through longer
flange life. Since thin flange is a leading cause of
wheelset replacement (at least a third), it seems
likely that major economic benefits will acerue to
railroads using the new profile. Under the rules
adopted, it appears that the added inventory costs of
stockpiling the new profile will also be carried by the
railroads that do not adopt the new profile. When an
AAR wheel profile is taken off a car, the wheelset
will likely be turned to the new profile (the argument
is that this will remove the same amount of metal as
turning to the AAR profile, or perhaps less, given
that the wheelset is worn).

The wheel profile situation has simplified economic
analysis of inventory costs, while complicating the
rest of the project. In the testing area, we have re-
examined which wheel profile should be tested under
the Type II trucks. The new CN profile will be used
for all Type II testing. In the inventory analysis area,
it has the effect of removing wheel profile from
consideration as a variable for Type II trucks. The
Type I manufacturers who were insisting on yet
another new profile no longer have the added in-
ventory cost of stockpiling a nonstandard profile.
The issues of Type II trucks and nonstandard wheel
profiles have effectively become unrelated.

3.1.4 Changes in Repair Costs

The last economic impact identified to date in the
area of car maintenance is changed repair costs.
Typically, the charge for each job code (i.e., type of
repair) is determined through polling of AAR member
railroads. If a Type II truck requires significantly
more work than a Type I truck to perform the same
repair, -this would tend to either raise the overall
charge for the repair or force creation of a new job
code for repairs of that type of truck. Neither of
these adjustments would happen very rapidly. The
vast majority of all trucks are Type I trucks, which
will likely be the case for some time to come.

An estimate of the relative difficulty required to
repair the various Type II trueks is being conducted
by the Wyle engineers working in the wear data
collection program. Based on their impression, ad-
justments to some of the truck repair job codes may
be suggested and included in the economic analysis.
For obvious reasons, any penalty ealong these lines
will be small.

It is possible that a Type I truck will reduce the cost
of doing repairs. Indeed, the wear data collection
staff feel the Swing Motion truck is the easiest to



work on of all the Type I or Type II trucks in the wear
data collection program. However, the Swing Motion
truck has been used for a long time and is costed at
the same levels as the standard truck. It seems
doubtful that the costing structure can be made to
reflect a reduction in repair changes.

3.2 FUEL CONSUMPTION

The major economic impaet of improved truck per-
formance on fuel consumption is expeeted to come
from reduced rolling resistance in curves. A number
of trucks are designed to steer through curves by
aligning their axles rather than being dragged through
on the wheel flange. Any truck which reduces flange
wear through modified truck dynamies might reason-
ably be expected to also reduce rail wear (the other
grinding surface) and fuel consumption (the energy
consumed in the grinding process). While TDOP
Phase @I has succeeded in measuring the curving
resistance of a single test car operating normally, it
is difficult to isolate the effects of curves and
requires sophisticated data reduection procedures.
The change in fuel consumption that can be achieved
through reduction of curving forces is quite small
compared to fuel consumed by grade or acceleration.
On the other hand, with fuel prices going up the way
they have been, even a small change ean represent a
_large number of dollars.

TDOP's investigation of fuel consumption is divided
into two parts: the empirical identification of the
curving resistance associated with a given truck, and
the estimation of the cost or saving associated with
the measured change.” Measurement of curving re-
sistance is being accomplished through the use of a
pair of instrumented couplers, a string potentiometer
system to measure the coupler angles, a specially
processed DC coupled longitudinal accelerometer, a
rotary pulse generator to measure speed, FRA's T-6
track geometry car's measurement of curvature and
cross level, and an automatic loeation detection
system used to correlate track position between the
track geometry car and subsequent truck dynamic
test runs. ’

The estimation of costs/savings associated with a
measured change in the curving resistance will be
accomplished through the use of an FRA-developed
fuel consumption simulator. A statistical re-
presentation of track structures will be developed to
represent U.S. railroads. Then statistically re-
presentative consists will be run through the simu-
lator using both Type I (standard) and Type I (im-
proved) trucks to estimate the change in fuel con-
sumption caused by the improved truck. Consists
made up entirely of cars equipped with Type II
trucks, and consists with only one ear in the train
with Type II trucks will be investigated to see if the
savings are the same.- In the complete consist case,
the feasibility of reducing the number of locomotives
will be investigated.

3.2.1 Curving Resistance

Curving resistance is only one of a large number of
determinants of coupler forces. Other forces that
act on the coupler are the inertial effects of the car,
the grade, aerodynamic drag, roller bearing drag,
wheel/rail interface forees, and so on. An exhaustive
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list of the factors that affect rolling resistance is
probably not possible (e.g., state of wear of the car,
rail surface conditions, track modulus, ete.). It is
necessary to restriet one's attention to the largest
forees involved. Further, only the component of the
coupler force that is in the direction of motion of the
car actually contributes to the fuel consumption,
since work is foree moved through a distance.

The approach taken in TDOP Phase II has been to
empirically measure the coupler forces and angles
and all the other identified contributions to the
coupler force. Then the various effects are sorted to
eliminate them from the coupler force until what
remains is the coupler force due to curves, the
accumulated statistical error in removing the other
forces, and any neglected effects. Other procedures
are possible, however, this one was felt to fit most
easily into the existing test program, to be the most
convineing to the industry, and to offer the most
hope of providing new information through cor-
relation to TDOP's lateral/vertical (L/V) and angle of
attack measurement system. On the other hand, this
approach involves customized instrumentation that
would be difficult for a railroad to reproduce; also
the accuracy required to obtain meaningful requires
sophisticated techniques to eliminate errors.

Curving resistance is measured with the following
instrumentation.

a. Force is measured using instrumented
couplers on both ends of the test car
(actually located on the buffer cars). The
couplers have a nominal full scale of +
25,000 1b and a nominal resolution to + 25
1b. Load cells are used to measure the
force. The basic coupler design was first
-used at the Transportation Test Center
for FRA-sponsored full scale aerodynamic
drag testing and was modified for use on
TDOP Phase II, .

b.  Coupler angles are measured with a set of
bending beams set up in a parallelogram
strueture and attached to the coupler
body on the test car and to the test
carbody.

e. Longitudinal acceleration and grade (sum-
med) is provided through the use of a DC
coupled longitudinal accelerometer. The
signal is filtered using a two pole analog,
low pass filter, and gain is set up to + 0.1
full scale through an auxiliary stage of
amplification before digitizing. This ac-
celerometer reads grade as well as ac-
celeration because the DC accelerometer
picks up the sine of the vertical accel-
eration of gravity. The longitudinal ac-
celerometer has proved to be very im-
portant in finding curving forces. It
should be standard procedure on all future
rolling resistance testing involving in-
strumented couplers. It is inexpensive,
easy, and provides the needed boost in
accuracy. It also eliminates the need to
separate grade from acceleration forces
since they are summed. Unfortunately
the technique experiences some thermal
drift because of the extreme amplifi-
cation involved.,
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d. Train speed is provided through a rotary
pulse generator (RPG) on the in-
strumentation car, Two RPGs are also
available on the test car. To date the
instrumentation car speed has been used
for convenience; however, the RPGs on

..the test car--will-be used-as a future --

refinement. Wind-up in a flexible shaft
attaching the RPGs to the axles has
caused problems with the test car RPGs.
Optical sensing of the position of a target
on the wheel has been added to correct
the wind-up problem, however, it com-
plicates the analysis enough that re-
duction of the data has not been at-
tempted yet.

e. Brake line pressure deviation and notch
setting of the throttle are provided as
part of the standard instrumentation
package on the instrumentation car (UP
car 210).

f. FRA's T-6 track geometry car has been
: run through the test zones at two sep-
arate times during testing. In particular,
their measurement of curvature and cross
level are used to provide curvature and
balance speed for the curves. Position on
the track was established using the auto-
matie loeation detection system outlined
below, and data from the track geometry
runs were merged into the test runs using
a linear interpolation routine.  Con-
sidering the low frequency of the data
desired (less than 1 Hz), the merge pro-
cedure is sufficiently accurate.

g. TDOP used a Wyle-designed automatic
location detection system (ALD) to
establish position along the track from
run to run. Permanent magnets were

" installed on the road bed in holes drilled
in the ties. A sensor located on the
instrumentation car detects the magnets
and a channel is recorded indicating when
the magnet is passed. This system has
performed extremely well. It provides
excellent discrimination between - ALD
targets (the magnets) and the normal
background. .

More detail on the testing, consist, and test zones is
provided in Section 5, Field Test Programs.

The equation under investigation states that the sum
of the forces in the longitudinal direction is equal to
the mass times the longitudinal acceleration. The
following formula is used:

CF,; c0s(0.01745 Cy) - CF, c0s(0.01745 C) =
(2000W+8W_ )a+20 WO+ 88b + 1.3b%+

29 + 1.3W + 0.045 Wv + o.oors vZ+

.66 Wo + .07TWoZ +.0003 WovZ -
2

b |+ .00003 Wsv

V
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coupler force on the for-

Where: CF £=
ward end (pounds)

Cf = couplerangleontheforward
end (degrees)
CFr = coupler force on the rear
s om0 end (pounds) T
Cr = coupler angle on the rear
end (degrees)
W= total car weight including
‘ trucks and wheels (tons),
Ww = weight of a siggle wheel,
S r/rw (pounds)
a= longitudinal ecar accel-
eration
6= percent grade ratio (per-
centage)
b= brake line pressure deficit
(ps)
v=  car speed (mph)
¢ = absolute value of 100 ft
chord curvature (degrees)
Vy = balance speed (mph)
s= absolute value of d¢/dx

where x is distance along
the spiral (degrees/mile)

The first line of terms, CFf cos (0.01745 Cf) - CF,
cos (0.01745 Cr)’ represents the difference of the
longitudinal component of the ecoupler forces. The
coefficient 0.01745 converts degrees to radians. The
first term on the second line, (2000 W + 8Ww)a, is the
mass times acceleration term. The coefficient 2000
converts tons to pounds. The term 8WW is actually a
simple way of estimating the rotary inertia of the
wheel-set. It represents the resistance of the wheels
to haviﬁg their rate of rotation changed. Theoret-
ically the term should be 4Irr/rw2' where I, is the
rotational inertia of the wheelset and - is the radius
of the wheel. However, ignoring the axle and treat-
2. Thus the

term 8Ww is a close approximation to the real rotary

ing the wheel like a hoop gives Irr=2wwrw

inertia term.

The next term on the second line, 20 W6, reflects the
effect of grade. The coefficient 20 converts tons to
pounds and percent gradle to grade ratio. The last
two terms, 88b + 1.3b", represent the effect of
applying the air brakes. The reason for including two
terms is that it would be desirable for the first 5 psi
of brake line deficit to have a smaller effect than the
next 5 psi. This would give the engineer better
control when using air brakes to streteh the train out.



The two terms were included to see if this is what
was really done, Of course the positive sign on the
second coefficient suggests it is. Small applications
of air brakes were not attempted during our test
program, thus this result is not highly reliable.

The thirdzline of the equation, 29 + 1.3W + 0.045 Wv +
0.0006 v~, is the original Davis equation. It re-
presents rolling resistance on level, tangent track at
a constant speed. This comes from roller bearing
drag, aerodynamic drag, and resistance at the
wheel/rail interface. These terms appear virtually as
a constant in most of the TDOP test runs. As a
result, the terms are not fitted accurately enough to
provide useful information for choosing between the
various formulations of the equation.

The last line of the equation is the one in which
TDOP is really interested. Several Type II trucks are
designed to reduce the ro]lixig resistance g\ euryes.
These terms, .66 W¢ + .07 W¢~ + .0003 W¢|v -V

+ .00003 Wsv, are intended to represent the behavior
of the coupler in curves and spirals. The first term,
.66 W¢, is widely known in the industry. The co-
efficient .66 represents .66 pounds per ton per degree
of curvature. It is the flanging force of the wheel on
the rail in a gurve at equilibrium speed: The next
term, .07 W¢"~ is a reasonable extension of this idea
indicating that the flanging force is more than pro-
portional for sharper curves (the sharpest curve eon-
sidered is about 6.2 degrees of curvature).

The next term is intended to represent the flanging

force off balance speed for the curve. At balance
speed, the superelevation cancels the centripetal
acceleration going around ‘the curve. If the ex-

pression for centripetal acceleration is written
mvZ/r, this is proportional to W(Vb2 +2V Vv, + Vez)¢

where V,_ is the excess velocity; but the term WV, "¢

is cancelled by the superelevation. The third term on
the fourth line, .0003 W¢ 1v2 - Vb2 , represents the
off balance speed portion of the centripetal accel-
eration. At balance speed, Ve = 0, so the term is

zero. There are absolute value signs around it

because the rolling resistance increases irrespective
of whether it pushes on either the high or low rail.

The last term, .00003Wsv, represents the effects of
spiral curve entry and exit. A term of this type (i.e.,
proportional to d¢/dt) was first suggested by Leonard
MecLean of the Seaboard Coast Line Railroad (one of
the TDOP consultants). Its interpretation is ecompli-
cated by the fact that spirals tend to be set up so
that d¢/dx is a constant. If the term represents the
rotational energy of the trucks and carbody going
through the spiral, it should be scaled by some

proportion of the rotary inertia of the trucks and -

carbody. However, if the term represents the energy
dissipated by rotation of the centerbowl, it should
only be effective when the car is in a spiral and there
is rotation of the centerbowl. When it is effective, it
should only be proportional to the car weight. It is
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very difficult empiricauly to tell these two effects
apart, so they have been lumped together in one
term., With spirals, it is necessary to hypoghesize
such a term to get the correct sign on the W¢™~ term.
Otherwise the relatively large forces in the spiral at
very low degrees q}‘ curvature tend to give a negative
coefficient for Wo".

3.2.1.1  Statistical Procedure. This is a rather
difficult equation to fit. In the test zone used for
TDOP, the second line of the equation (i.e., inertial
effects, grade, and braking) completely dominates all
the other terms. Any error in the bias or gain of the
accelerometer used obscures the other terms. As a
result, it was necessary to use a statistical procedure
known as a staged regression, which is designed to
accommodate this situation. First, the acceleration
and grade terms are fitted and removed from the
measured rolling resistance. Then the remaining
terms are fitted from the residual (the part left over)
from the first stage of the regression. Details of the
procedure are summarized below.

a. Construct a standardized milepost chan-
nel for each test run based on the ALD.
Merge track geometry curvature and
cross level into the data for each run
using the standardized milepost.

b. Estimate grade for each run in the test
zone: :

1. - differentiate car speed and filter it

2. subtract the filtered car speed from
the longitudinel accelerometer as an
estimate of grade

3. integrate the result times the ecar
speed to estimate elevation change

4. estimate a constant bias to correct
the elevation change to agree with
track charts

5. add this bias back into the esti-
mated grade

e.  Average the available estimates of grade
in each test zone. Merge the average
back into the data for each run using the
standardized milepost.

d. Avoiding the perts of the data where air
brakes were applied, form the following
for each test run (low pass filter down to
.25 Hz taking a sample every two sec-
onds):

1. form the difference in the coupler
' forces

2. further filter the longitudinal accel-
erometer (includes grade and accel-
eration terms)

3. form the best available estimate of
all other terms

4, subtract step three from step one

estimate a constant and gain re-
lating steps four and two using least
squares

6. subtract this estimate from step one
to form the residual
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€. Using least squares, estimate the rest of
the equation based on the residuals of all
the test runs. This gives a new best
available estimate of all other terms.
Iterate at step d until the results con-
verge.

f. Go back and find the runs where air
brakes were applied. Subtract everything
else off except the brake line pressure
terms. Using least squares, estimate the
coefficients of the brake line pressure
terms.

Since any empirical study involves errors, the data
are adjusted in the way described above to take
advantage of those parts of the equation which are
known more accurately than can be measured. In this
case, the F = ma terms associated with grade and car
acceleration are exactly as stated by the equation.
However, this cannot be verified because of small
errors in the gain and bias of the accelerometer, and

"the two coupler forces, and errors in measuring the

weight of the test car. Rather than allowing these
errors to obscure the curving forces, a procedure is
devised to correct the errors. First, remove all the
other terms as well as they are known. Estimate the
remaining F = ma terms and attribute all the gain
error to the accelerometer (typically a few percent).
Integrate the accelerometer (with the adjusted gain)
to find how much of the bias can be attributed to the
accelerometer (typically 0.02g). Finally, the remain-
ing bias is attributed to the difference in coupler
force (typically 500 pounds). Removing the adjusted
data produces the curving forces.

The results have been very encouraging. Figure 3-3
illustrates the measured difference in coupler force
(the dotted line) compared to the predicted dif-
ference in coupler force from the equation described
earlier (the solid line) for the near equilibrium speed
run through the curving test zone. Figure 3-4 illus-

. trates the -estimated grade-for this test zone:(the
dotted line) compared to the track chart grade (the
solid line), including the grade compensation needed
for each curve, Although not indicated on the track
chart, the curves are grade-compensated, according
to UP.

Figure 3-5 illustrates the data remaining after the
acceleration and grade terms have been adjusted and
removed from the test data. Again the dotted line is
the test data and the solid line is the prediction from
the equation. While it is obvious that every curve is
not predicted precisely, the data rather closely re-
semble the theoretical numbers. The differences
that remain are being investigated. A possible ex-
planation is road grading in the area, which may be
contaminating the rail surface on one of the test
eurves. Also, there is some suggestion in the liter-
ature that curve memory may exist.

The analysis to date agree rather well with the
results widely known in the railroad industry for the
Type I truck; however, the real issue is how this
changes with a Type II truck. Tests thus far have
shown that the methodology works for a ecase in
which the answers are known. Additionally, the
expressions for curving forces to express off balance
speed and spiral entry behavior have been refined.
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Figure 3-3, Filtered Rolling Resistance
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3.2.2 Statistical Track

In order to estimate the cost/savings associated with
a change in curving resistance, it is necessary to
know how much curved track there is on the railroad
being investigated. This leads to the concept of a
statistical model for track struetures. The variables
that must be considered for use with a fuel con-
sumption simulator are posted speed, grade, and
‘eurvature., Other variables influence fuzl con-
sumption (e.g., track modulus); howewver, the fuel
consumption simulator is not sophisticated enough to
account for them.
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The basic plan is to categorize UP's track into
categories (data groupings are coded: speed
range/curvature range/grade range).

1.  5-25 mph/0-2°/0-0.2%
2. 30-40 mph/0-2°/0-0.2%
3.  45-50 mph/0-2°/0-0.2%
928. 30-79 mph/2-4°/51.0%
29. 5-25 mph/0-2°/>1.2%
30. 30-79 mph/0-2°/>1.2%
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The actual number of categories and the choice of
categories will be based on the data, attempting to
minimize the number of categories without leaving
too large a range of variables and still keeping the
categories all about the same size. Using an existing
computerized track chart for UP, the gross ton

__miles/year (i.e., annual gross tons times miles) will be
counted in each ecategory. Adding all the categories

and dividing each category by the sum gives the
probability of observing data in each category.

Next, statistics will be run on each category. The
mean and standard deviation of each of the three
variables (speed, eurvature, and grade) in each cate-
gory will be determined, as well as the mean and
standard deviation of the miles of track for each
entry into each category (in other words, the length
of time the track stays in each category without
changing parameters will be determined). The pro-
bability of a sign reversal on either grade or curva-
ture (e.g., going from uphill to downhill) will be
calculated. Finally, the conditional probability of
switching from one category to another will be
estimated.

This information will be used to generate track data
for the fuel consumption simulator. Statistically
representative data will be generated instead of using
actual routes for comparison of trucks, since an
actual route may not be representative. By adjusting
some of the parameters for which data are available
on a national basis, the results ecan be made repre-
sentative of national averages. By using UP data
from mountainous regions, a model of mountainous
terrain can be built, and so on.

3.2.3 Fuel Consumption Simulator

Having estimated the change in rolling resistance of
a car and established the track to be considered, it is
still necessary to estimaté the effeect on fuel con-
sumption. This will be done in TDOP through the use
of a fuel -consumption simulator developed by the
MITRE Corporation under contract to the FRA (ref-
erences 1.and 2). The program basically reproduces
measured fuel consumption to approximately five
percent from test data. The -program has been
installed at Wyle .and results from the Wyle version
have successfully been compared with those from the
MITRE version. Some modifications to the program
will be made at Wyle; however, the basic operation of
the program will not be changed.

The program will be used to estimate fuel con-
sumption for statistically representative consists
over statistically representative track. A baseline
will be established through the use of the car rolling
resistance equation introduced earlier. Next a single
car will be changed to have the rolling resistance
messured for one of the Type II trucks. The baseline
data will be rerun precisely as it was before except
for this change. Any change in the fuel consumption
will be attributed to the change in rolling resistance.
Next the entire consist (except for locomotives and
caboose) will be.modified to reflect the Type II truek.
Again the baseline data will be rerun and the change
attributed to the Type I truck. Finally, the number
of locomotives in the consist will be reduced to see if
performance can be maintained with less motive
power. One would expect the answer to depend on
whether the curves are assumed to be grade-compen-
sated. Both cases will need to be investigated.
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Rather than simply keeping track of the overall fuel
consumption, the fuel consumed and the miles trav-
eled in each track category will be tabulated. In this
way the savings can be associated directly to the
track category, allowing estimation of savings for
variations in the weighting of the track categories

_without having to do the entire simulation again.. The___ _ ..... .

savings in the form of gallons saved per car mile by
track category will be tabulated as the final result of
the fuel consumption study.

3.3 RAIL WEAR IN CURVES

The third area of savings from a steering truck is
expected to come from reduced rail wear in curves.
The high rail on sharp eurves wears out much faster
than similar rail on tangent track. As a result, there
are schemes like rail lubrication, exchanging the high
and low rail, special metallurgy, and so on. Improv-
ing the truck may offer an attractive alternative to
these procedures, If the truck is improved, it reduces
wear on every curve that truck encounters. This is in
sharp contrast to the rail-oriented schemes which
only improve one curve at a time. -By ‘improving
heavy, high mileage cars, it may be possible to
realize significant savings in rail wear in curves.

Studying rail deterioration is difficult. The mechan-
isms of rail failure are complicated, and rail tech-
nology is highly specialized. Therefore, TDOP has
been fortunate to enlist the aid of the Canadian
Institute of Guided Ground Transport (CIGGT)
through the support of Transport Canada. CIGGT
(associated with Queen's University in Kingston,
Ontario) has been a pioneer in the area of rail
deterioration simulation.

In CIGGT's approach to rail deterioration modeling,
failure mechanisms are postulated and the engin-
eering aspects of each mechanism are modeled. The
models are substantiated and calibrated through cor-
relation to observed, real world track deterioration.
Finally, the economic consequences of what is being
modeled are predicted. This type of analysis is
needed for TDOP to relate engineering parameters to
economie savings. Given vertical and lateral forces
and angle of attack, CIGGT will predict wear in
curves among & variety of other mechanisms of track
failure.

TDOP will supply CIGGT with the results of the
engineering analysis of each truck in the form of L/V
and angle of attack measurements for various de-
grees of curvature. CIGGT will use their model along
with the same economic assumptions TDOP is using
to produce savings per car mile for each truck
studied. The results of both studies will be inte-
grated into one cost/benefit analysis of Type II trucks
which will be issued jointly.

3.3.1 Statistical Track

The track model for the rail wear study will be very
similar to the one already outlined for the fuel
consumption study. Several additional variables need
to be considered, however. The most significant
variable for the rail study is annual gross tons as-
sociated with each category (e.g., 40-50 mph/0-
0.2°/0-0.4%) considered. Tonnage plays the same
role in a track study that annual mileage plays in a
ear study - it determines the time span over which
benefits are realized. As the tonnage increases,
repairs are needed sooner, thus there is more savings



to be realized from an improvement.
available for the data base TDOP plans to use to
generate the statistical track, thus this presents no
problem.

Several other variables are more of a problem; CWR
versus jointed rail, rail weight, lubrication, and sur-
face treatment are all modeled in the CIGGT simu-
lation. It is difficult to choose a particular set of
these parameters to consider. Statistics will be
developed for these variables (to the extent they are
available) to assist in the choice of assumptions. For
example, one would expect the very low speed, high
curvature categories to be dominated by spurs and
branch lines with lower rail weight and jointed rail.

Two of the variables from the fuel econsumption study
(speed and grade) are probably less important for rail
wear, Particularly, posted speed plays only a second-
ary importance in the analysis of rail wear in curves.
Thus, these variables will probably be treated more
coarsely in the rail study. For example, if the fuel
consumption study uses two categories that are the
same except that in one the posted speed is 40-50
mph, and in the other it is 50-60 mph, these would be
combined into one 40-60 mph category for the rail
study.

3.4 LADING DAMAGE

Reduced lading damage is another area where major
economic savings may be realized from a Type II
truck. Several of the trucks have dramatically
altered suspension characteristics (either dual spring
rates to provide a different ride when empty than
loaded, or a spring nest over each roller bearing, or in
one case, leaf springs as the primary means of
suspension). These modifications are intended to
provide less vertical excitation and thus, a better
ride,

With two exceptions, the trucks that attempt to
reduce rolling resistance are not the ones that at-
tempt to provide a better ride. Reduced rolling
resistance and reduced lading damage tend to be
mutually exclusive because of hump yards. A car
with dramatically reduced rolling resistance is going
to hump very hard. One would expect an increase in
lading damage from a car with reduced rolling resis-
tance. While this problem may be resolvable (e.g.,
one could paint DO NOT HUMP on the side of the
car), it does not seem reasonable that a very large
percentage of the fleet could have this requirement
without dramatically affecting railroad operations, or
more likely, the request would simply be ignored. In

Tonnage is -
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any event, it is unlikely that reduced curving resis~
tance and reduced lading damage could be realized by
the same truck under present operating conditions.

Estimating savings from reduced lading damage due
to vertical excitation is virtually impossible in any
general way. The problem has to do with separatmg
the effects of longitudinal excitation (especially in
hump yards) from the effects of vertical execitation.
Both effects tend to show up in the lading damage
statisties compiled each year by the AAR. While this
category accounts for approximately half of all lad-
ing damage, it is impossible to say how much of the
damage is from vertical excitation and is thus pos-
sible to eliminate by an improved truck. Research in
this area has been done to justify improved couplers.
The results suggest that at least 50 percent of the
lading damage is longitudinally related.

On the other hand, specific cases as outlined by the
TDOP consultants' group often involve large potential
savings. If an improved truck could ecarry the right
commodity, the savings might be substantial. Of
almost equal importance, an improved truck with
better ride characteristics might be able to draw new-
commodities to the railroads. Both of these ar-
guments make it important that TDOP not dismiss
savings in this area as inestimable.

The planned approach is to demonstrate that large
savings may exist in the lading damage area.. Rather
than attempt to estimate the percentage of lading
damage due to vertical excitation, all lading damage
costs for individual commodities will be calculated. -
Deciding whether these costs can be meaningfully
reduced through an improved truck w111 be left to the
individual railroad.

The cost of lading damage to specific commodities
can be estimated in a format that is consistent with
the rest of the analyses being done for TDOP. The
key to making this estimate is to reduce the cost of
lading damage to a cents per mile figure. This can be
done by correlating the AAR lading damage reports
to the 1% waybill sample by commodity code. After
making an assumption about car miles (i.e., 50%
loaded, 50% empty) a ratio of the numbers in the two
reports can be made to estimate the cost per mile of
lading damage. Results of these calculations are
illustrated in Table 3-4. These results will be im-
proved for the final cost/benefit analysis in that the
same year's data will be used for both the 1% waybill
sample and the lading damage reports.



Table 3-4. Lading Damage per Mile by Commodity Type

PERCENT 1% WAYBILL  Cal 3 CAT & CAT 9 CAT 3 CAT 4 CAT 9
- t- - = T = - ALL CLAIMS 1000 @I°T- 1000 3 “1000 $ -~ 10003 CENTS/MI CENTS/MI™ CENTS/HI -

01 FARM PRODUCTS 18.7 $709. 5493, 3202, 10374, 0.31 0.16 0,60
01121 COTYON IN BALES 0.8 405, 16, 14, 1266, 0.02 0,02 1.59
0113 GRAIN ) 4996, 12, 7306, 6909, 0.01 0.73 0,69
01144 SOYBEANS 1.1 364, 2, 374, 1376, 0.00 0,51 1,89
01195 POTATOES 0,8 674, 402, 22, 67, 0.0 0,02 0,05
012 FRESH FRUIT X NUTS 2,3 571, 173, 75, 2e7, 1.46 0,07 0,23
013 FRESH VEGETABLES 4.8 1130, 2482, 94, 723, 1010 0404 0.32
10 METALLIC ORES 0.7 2457, 191. 316, 863, 0404 0.06 0,318
11 COoAL 1.4 11657, 98, 468, 2521, 0.00 0,02 Osl1
14 NOMETALLIC MINERALS 0.5 3300, 634, 257, 393, 0410 0404 0.06
20 FO00p 20.8 12929, 38812, 2685. 8112, 1.50 0,10 0,31
201 MEAT 1.6 587, 5440, 246, 394, 0.46 0,21 0,34
2033 CANNED FRUIY OR VEG 0.7 802. 1611, 21. 259, 1.00 0,01 0.16
2037 FROZEN FRUIT OR VEG 0.5 969, 228, 15, 154, Del2 0.01 0.08
2039 MIXED CANNED GOOLS 0,6 448, 1322, 9, 219, 1.48 0,01 0.24
204 GRAIN MILL PRODUCTS T3 4006, 16948, 1119, 2268, 2.12 0414 0.28
2062 REFINED SuGaR 1.1 594, 2604, 123, 477, 2.19 0.10 0,40
20821 BEER 0.9 1121, 1782, 13. 413, 079 0,01 0.18
209 MISC FOOD PREPARATIONS 4,7 2449, 8533, 582, 2197, 1.74 0,12 0,45
21 TOBACCO PRODUCTS 0.8 239, 1214, Tie 251, 2.54 0.15 0.53
24 LUMBER OR WOO0D 3.5 9718, 5718, 97, 2748, 0429 0.00 0.14
2432 PLYWOOU OR VENEER 0.8 2047, 1457, 19, 723, 036 0,00 0.8
25 FURNITURE OR FIXTURES 1.8 1273, 3722, 125, 452, 1.46 0,05 0.18
26 PAPERe PULPy ETC. 4.9 1862, 10902, 167, 2069, 0.69 0,01 0,13
26213 PRINTING PAPER 1.1 aas8, 2724, 6b, 419, 1.53 0.04 0.2¢
28 CHEMICALS 3,9 8452, weby, 487, w622, 0.28 0,03 0,27
29 PEYROLEUHIOR COAL PROD 1.0 3277, 1456, 185, 1051, 0.22° 0,02 0,16
32 CLAY, GLASS+ STONE 2.6 4271, 5399, 101. 1060, 0.63 0.01 0.12
322  GLASSWARE 8.2 265, 428, 13, 44, 0.81 0,02 0,08
32511 BRICK L) 263, 1132, S, 52, 2,15 0,01 0,10
33 PRIMARY METAL PRODUCTS 2.2 3803, 4321, 213, 981, 0.57 0,03 0.13
3y FAB METAL PRODUCTS 1.5 1240, 3060, 37, 305, 1.23 0,01 0.12
35 MACHINERY (NOT ELECT) 2.4 1010, 4016, 40, 2244, 1.99 0.02 1.11
35 ELECTRICAL MACHINERY 3.1 1366. 4663, 90. 1621, 1.71 0,03 0459
363 HOUSEHOLD APPLIANCES 1.9 1c28, 3354, 17, 3112, 1.63 0,01 1,51
37 TRANSPORTATION EQUIP 20,4 90214, 47090, 54, 8112, 2461 0,00 Vo4d
3711 MOTOR VEHICLES 18.5 4667, 44562, 17, 5853, 4,77 0.00 0.63
3714 MOTOR VEHICLE PARYS 1.3 3767. 2108, 29, 1534, 0428 0.00 0.20

3.5 DERAILMENTS

with catastrophic results.

It will take a number of

To the extent that an improved truck reduces the L/V
ratio, it would tend to derail less often. Thus, it
might seem reasonable that an improved truck would
experience lower derailment costs. Unfortunately,
this probably is not the case. Most of the cars that
are involved in large derailments are mechanically
sound and would not have derailed if the car in front
of them had not derailed. Most cars are vietims, not
perpetrators. Since an improved truck will not
improve the performance of the cars ahead of it, it
seems unlikely that much savings could be realized in
this area by the owner of the car.

Rather, an improved truck will tend to reduce the
overall incidence of derailments. Even this effect
will be fairly distant. One might typify derailments
as the weakest car encountering the weakest track

years for a car introduced into service now to be-
come the weakest car. Under the circumstances,
savings from derailments are probably not a major
economic factor to be considered in purchasing a
Type 1I truck.
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SECTION 4 - ANALYSIS

The specifie objectives of the analysis task are: (1)
to define the requirements for test data and simu-
lation computer models; (2) to determine the extent
to which field test data can be extrapolated; (3) to
assess the most promising of the computer models;
(4) to develop criteria for validating the models, and
(5) to validate the models.

The Analysis Plan (FRA Report No. FRA/ORD-80/31)
addressed the first two objectives, while the Analy-
tical Tool Assessment Report (FRA Report No.
FRA/ORD-79/36) dealt in detail with the third; these
two reports are summarized below in paragraphs 4.1
and 4.2, The last two arnalysis task objectives (devel-
oping model criteria and validating the models) are
covered in paragraphs 4.3 and 4.4,

4.1 ANALYSIS PLAN

An analysis plan was developed for each of the four
performance regimes of lateral stability, -track-
ability, curve negotiation, and ride quality. Each
plan contained a brief review of the performance
indices associated with the regimes, the analysis
requirements, and the model and test data to be used
in performing the analysis.

4.1.1 Lateral Stability Regime
" The lateral stability regirhe treats the tendency of

the truck to exhibit self-excited lateral and yaw-

oscillations, commonly called hunting. Hunting is
generally observed when operating at high speeds on
tangent track. The tendency of a truck to hunt is
strongly influenced by environmental factors such as
rail contamination and track geometry.

The analysis plan recommended that field test data
and simulation models be used to investigate the
influence of these environmental factors as well as
operational considerations on truck hunting. It sug-
gested that linear frequency domain modeling tech-
niques be used wherever possible to determine pre-
liminary performance sensitivity to parameter vari-
ations. Detailed nonlinear time domain simulations
should also be used to calculate motions and forces
required for performance specification input not pro-
vided by the field tests data.

A number of design features of the various Type I
trucks are expected to have an influence on lateral
stability. The plan suggested that particular at-
tention be paid in the analysis to the effect of
wheelset interconnection, recommended wheel pro-
files, and tramming stiffness. Other features such as
lateral bolster freedom and primary versus secondary
suspensions could also affect lateral stability.

4.1.2 Trackability Regime

The trackability regime is divided into the sub-
regimes of: load equalization, harmonic roll and
bounce, and curve entry/exit.

Load Equalization. Load equalization gives the truck
the ability to maintain equal wheel loads for cross
level variations oceurring within the wheelbase. It is
primarily a static or quasi-static (very low speed)
subregime. The analysis plan concluded that most
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data for analyzing load equalization shall be accum-
ulated from field and laboratory testing. Field data
would be acquired during the Type I and Type II truck
test program. Laboratory data would be obtained
from the Vibration Test Unit at the Transportation
Test Center's Rail Dynamics Laboratory. Simple
static and kinematic models would be developed from
the test data and used to evaluate load equalization
capability. .

The Type Il truck features which are expected to
affect trackability with respect to track twist are
the frame rigidity, primary suspension, and the effect
of snubbing devices.

Harmonic Roll and Bounce. The analysis plan noted
that the harmonie roll and bounce subregime analysis
would depend heavily upon models rather than field
testing because the models would permit the safe
investigation of the effects of extreme dynamics.
Requirements for the harmonie roll and bounce anal-
ysis include truck and carbody response prediction
and the effect on performance of parameter vari-
ations (e.g., spring characteristics), and operating
conditions such as speed and track condition. Actual
track geometry data acquired during TDOP Phase I
and II, including field testing of the Friction Snubber
Force Measurement System, are expected to provide
inputs to the modeling effort representative of ser-
vice conditions.

A number of Type U trucks have incorporated fea-
tures which are intended to improve performanece in
the area of harmonic roll and bounce. In particular,
some Type II trucks are designed with soft lateral
bolster movement to reduce harmonic roll, Type I
trucks with primary suspensions which reduce the
unsprung mass, should reduce shocks due to bounce-
type track input.

Curve Entry/Exit. This subregime is econcerned with
the transient response of the vehicle as it traverses
the spirals between tangent and curved tracks while
entering into and exiting from constant curvature
tracks. The dynamies during the negotiation of these
spirals tend to set up high lateral forces at the
wheel/rail interface as well as an uneven distribution
of vertical loads among the wheel/rail contact points.
Thus, it is quite likely that larger L/V ratios may be
encountered during curve entry/exit as compared
with steady state curve negotiation (see below).
Consequently, derailment potential, rather than
wheel and rail wear, is of primary coneern within this
subregime, The performance indices identified in
this subregime are: (1) L/V ratio and the duration
associated with it; (2) peak lateral forece on the
wheel; and (3) wheel unloading index.

4.1.3 Curve Negotiation

This regime considers the steady state curve nego-
tiation phenomenon. The analysis plan recommended
that two types of analytical models be used in
predicting the curving performance index for vari-
ations in truck parameters. Steady state models
should be used to compare the basie kinematie per-
formance of different trucks and for celculations of
wheel wear, fuel consumption, and rail wear in
curves. For derailment potential analyses and for
rail wear, time domain models would be used.




Curve negotiation will be affected by the un-
conventional characteristics of various Type I
trucks. A number of Type I trucks feature self-
steering mechanisms which are intended to reduce
flanging in curves. Comparison of primary versus
secondary suspensmn performance w1ll also be ex-
‘amined.

4.1.4 Ride Quality

The ride quality performance index of trans-
missibility will largely be determined by a truck's
suspension characteristies. Therefore, the plan con-
cluded that the analysis will focus on the differences
exhibited between primary and secondary suspension
trucks. The plan recommended that simple linear
models will be used to perform these studies.

4.2 ASSESSMENT OF ANALYTICAL TOOLS

In order to accomplish a performance evaluation of
Type 1I trucks versus the standard, three-piece Type I
truck, TDOP Phase I will econduct an extensive series
of f1e1d tests on Type I and Type II trucks. TDOP
Phase II will also make use of test data acquired
during TDOP Phase I. Analytical tools will then be
applied to extend and interpret the results of these
field test programs.

The term "analytical tool" refers to any analytical
method employed to prediet and understand the
car/truck dynamic behavior. The set of analytical
tools includes models which are considered here to be
the set of equations describing the car/truck dynam-
ics and the computer program implementing these
equations. The analytical tools of most interest to
TDOP Phase II are those models and computer pro-
grams which have been used in other car/truck
modeling research and development projects. The
criteria established for assessing the analytical tools
is summarized in Table 4-1.

Table 4-1. Summary of Assessment Criteria

1. Is the analytical tool applicable to one or more
of the TDOP II performance regimes?

2. Is the tool useful in studying truck performance
in terms of the performance indices?

3. Is the tool capable of performing or supporting
analyses that meet TDOP II objectives?

4. Is the tool compatible with the digital computers
available to the Contractor?

5. Is the tool capable of analyzing required
truck/carbody configurations with minor modi-
fications?

6. Is the tool available in terms of the TDOP I
schedule?

7.  What is the validation status of the tool?
8.  What is the accuracy of the tool?
8.  What is the precision of the tool?

10.  Can the tool be verified?

11, Is the utility of the tool acceptable?

12. Doés the tool complement the other tools prop-
erly?
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After completing a preliminary survey of 59 tools, 14
of the most promising analytical tools (as listed in
Table 4-2) were selected for detailed assessment and
validation. This assessment is summarized below.

_4.21 DYNALIST I (Transportation Systems Center)

DYNALIST is a general-purpose, dynamic analysis
simulation program developed by the Transportation
Systems Center (TSC). Models with up to 50 degrees
of freedom can be analyzed in both the time and
frequeney domain, The DYNALIST package was
specifically developed for rail dynamies, hence the
basic elements which can be used to define a dynamic
system consist of wheelsets, truck components, car-
body lading, springs, dampers, ete.

DYNALIST was selected for TDOP Phase II validation
because of its flexibility, the extent of its prior use,
its excellent graphies capability, and good docu-
mentation. It is- particularly useful because of its
capability of performing analysis in both the time and
frequency domains. It is expected that DYNALIST
will be applied to the lateral stability, trackability,
and ride quelity regimes of TDOP Phase II. Due to
its versatility, it is expected to be useful and in
prediceting the effects of minor changes in model
configuration or ecomparisons of Type I and Type II
trucks. The model's limitation is that it is restrxcted
to linear analysis.

4.2,2 HONTCT (Wyle Laboratories)

HUNTCT is a nonlinear, time domain model. The
model has 21 degrees of freedom (dof) in the basic
rigid body representation. The effects of carbody
flexibility may be accounted for by including an
additional degree of freedom for each principal mode
of carbody flexure (e.g., bending).

HUNTCT was selected for validation on the basis of
its capability to perform detailed analysis of lateral
stability phenomena, including the representation of
significant nonlinearities in the truck model and the
wheel/rail interface. . Also, HUNTCT has the ad-
vantage of having already been given some analytical
and experimental serutiny. It can be easily modified
to incorporate specific aspects of a Type II truck.
HUNTCT will be used in the lateral stability regime;
however it could also be used if required in curve
entry and exit analysis to supplement curve .nego-
tiation models.

4.2.3 FRATE (MITRE, Wyle Laboratories)

The FRATE models (FRATE/MITRE, FRATE 11, and
FRATE 17) are nonlinear, time domain models. The
most basic of the three is FRATE 11, developed by
Wyle Laboratories. It is an 11 dof representation of
the rigid body dynamies of wheelsets, trucks, and
carbody with provision for additional degrees of
freedom to represent carbody flexibility in terms of
its normal modes. FRATE/MITRE is an extension of
FRATE 11 in whieh additional lumped elements are
added for lading such as a trailer on a flatear.
FRATE 17 includes extra degrees of freedom in the
truck. The FRATE models have been partially vali-
dated against test data both by Wyle Laboratories
and MITRE.




Table 4-2.

Candidates for Validation

Degrees of | TDOP Areas of Linéar/Non- Frequency/Time Domain Carbody

Model Freedom | Application Linear Steady State Equilibrium Model

DYNALIST I | up to 50 Any (depending on Linear Frequeney and/or Time Rigid or Flexible
particular model
definition)

HUNCT 21 Lateral Stability, Nonlinear Time Rigid or Flexible
‘Curve Negotiation ’

FRATE 27 Harmonijc Roll Nonlinear Time Rigid or Flexible
and Bounce, Ride allows for lumped
Quality masses for lading

FRATE 11 11 Harmonic Roll, General Nonlinear Time Rigid or Flexible
Vehiele/Truck Motions

FRATE 17 17 Harmonic Roll, General Nonlinear Time Rigid or Flexible
Vehiele/Truck Motions

Freight Car 25 Lateral Stability Linear Frequeney Rigid

Hunting (eritical speed, stability
margins)

17 dof 17 Lateral Stability Linear Frequency Rigid

Eigenvalve

9 dof 9 Curve Negotiation Nonlinear Stady State Equilibrium Rigid

Steady State - )

Curving

17 dof 17 Curve Negotiation Nonlinear . Steady State Equilibrium Rigid

Steady State )

Curving

. Flexible 20 Harmonie Roll Nonlinear .Time Two Lumped

Carbody

Vehicle

HALF 4 Component Wear, Linear Frequeney Rigid
Safety

FULL 6 Ride Quality Linear Frequency Rigid

FLEX 6 Ride Quality Linear Frequency Flexible, First

Mode Bending Only
LATERAL 15 Ride Quality Linear Frequency Rigid

FRATE 11 has been selected as the primary tool of
the three to be validated. The selection is based on
past results showing that FRATE 11 and FRATE 17
produce very similar results regarding carbody mo-
tion. In addition, FRATE 11 can be run on Wyle's
Interdata computer as opposed to FRATE/MITRE
which, due to its large core requirements, must be
run on an outside computer., FRATE 11 will be
applied to the trackability (harmonic roll and bounce
subset) and ride quality regimes, providing a detailed
analysis capability including nonlinear effeects.

4.2.4 Freight Car Hunting (Association of American
Railroads) .

The Freight Car Hunting Model is a linearized re-
presentation developed by the Association of Amer-
ican Railroads (AAR) for studying lateral stability.
The model uses 25 degrees of freedom. Matrix
methods are used to obtain natural frequencies and
mode shapes.

The Freight Car Hunting Model was selected for
validation on the basis of the insight it can provide in
investigating lateral stability. The program is suf-
ficiently well documented so that it can be used
readily. Another advantage of the Freight Car
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Hunting Model is the efficiency of the frequency
domain analysis which it uses. No previous validation
work is cited by AAR.

It is expected that the Freight Car Hunting Model
will be used to obtain qualitative rather than quanti-
tative results, such as identifying trends and estab-
lishing relationships in its application to the lateral
stability regime.

4.2.5 17 dof Eigenvalue (Law and Cooperrider)

The Law and Cooperrider 17 dof Eigenvalue Model is
a linear representation developed for analyzing hunt-
ing behavior. The program provides natural fre-
quencies and mode shapes for the configuration de-
seribed by the 17 degrees of freedom. Although it is
a linearized model, the level of detail is sufficient to
allow investigation of the effects of many truck
components.

The 17 dof Eigenvalue Model was selected for vali-
dation as a complementary program to the AAR
Freight Car Hunting Model, which is alsé a linear
frequency domain model. In particular, the Law and
Cooperrider. program is well suited for addressing
investigations of Type I truck behavior and the



-

effects of vehicle front/rear asymmetry. It is ex-
pected that the results obtained with the 17 dof
Eigenvalue Model will, like the AAR hunting model,
identify trends and establish relationships which will
then be examined in greater detail by nonlinear
models.

4.2.6 9 & 17 dof Steady State Curving (Law and

Cooperrider)

These two models are nonlinear representations of a
freight car in steady eurving. The program iterates
until convergence to an equilibrium solution is
achieved. An extra eight degrees of freedom in the
17 dof Steady State Curving Model are used to
account for lateral and yaw motions of individual
wheelséts. These two models were selected for their
ability to relate truck and wheelset parameters to
curving behavior. Both models make use of the Law
and Cooperrider Wheel/Rail Constraint Routines
which have been validated experlmentally

The 9 and 17 dof curving models are expected to be
the primary analysis tools applied to steady state
curve negotiation. One of the results of the vali-
dation exercise will be to establish the range of
application of the 9 and 17 dof versions, It is
expected that these models will be capable of di-
rectly relating parameters to the performance in-

_dices.

4.2.7 Flexible Carbody Vehicle Model (AAR)

The Flexible Carbody Vehicle Model is a nonlinear,
time domain program which represents freight car
vertical and roll dynamics, The model uses 20
degrees of freedom. The model was selected to
complement the FRATE models and other linear
models in the analysis of the trackability (harmonic
roll and bounce) and ride quality areas. The model
has been analytically verified previously and is well
documented. The Flexible Carbody Vehicle Model is
expected to produce detailed results relating carbody
roll, bounce, and twist motions with trackability and
ride quality performance indices.

4.2.8 HALF, FULL, FLEX, AND LATERAL (TSC)

These four models are intended to be eomplementary
frequency domain models. In relation to other
models selected for TDOP validation, these would be
classified as simple, linear analytical tools. HALTF,
FULL, and FLEX deal strictly with vertical motions.
LATERAL computes transmissibilities for the car-
body suspension with respeet to sinusoidal track
alignment variations. These models were selected to
provide an efficient means of obtaining qualitative
results in the ride quality area.

Results from these simple, linear models will be
scrutinized with respect to results from more so-
phisticated nonlinear models such as FRATE and the
AAR Flexible Carbody Vehicle Model. Validation of
HALF will receive a low priority because the re-
presentation of the track is overly elaborate con-
sidering the simplification of the vehicle portion of
the model. HALF was not altogether eliminated,
however, because of its close relationship to the
other three TSC models which are expected to be
validated.
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4,2.9 WHRAIL, and WHRAILA, Symmetric and
Asymmetric Wheel/Rail Geometrie
Constraints (Law and Cooperrider)

In addition to the models described in paragraphs
4.2.1 through 4.2.8, two routines (WHRAIL and
WHRAILA) were selected for use in TDOP Phase II as
the most sophisticated wheel/rail representation
available. These two routines will be used as aux-
iliary programs for such models as HUNTCT and the
9 and 17 dof Steady State Curving models which
require detailed simulation of wheel/rail geometrical
relationships. It may also be possible to adapt other
models with less sophisticated wheel/rail geometrical
representations for one or both of these routines.

The .Symmetric Wheel/Rail Geometric Constraint
program will be used predominantly, execept where
significant left/right asymmetry in either wheelsets
or rails is identified by test data. In such cases the
asymmetric version will be used. Both routines have
been validated with laboratory "mock-ups.” In TDOP
Phase II, they will be implicitly validated when the
models which use them are validated.

4,2.10 Models Not Selected for Validation

After the detailed assessment was completed, three
models were not selected for further validation be-
cause either the same capability was provided by
another tool, or they were overly complex and costly
to run. A description of the three models is given
below.

Lateral/Vertical Model. The Lateral/Vertical
({L/V) Model was developed at AAR by the
Track/Train Dynamics group as a tool to in-
vestigate lateral stability of freight cars. In
particular, the model can be used to make a
determination of the approximate ratio of
lateral to vertical forces at the wheel/rail
interface, thereby giving an indication of the
potential for wheel elimb and derailment. The
model involves 14 degrees of freedom. Only a
single truck and half a carbody are represented.
The representation of the truck allows for non-
linearities such as center plate Coulomb damp-
ing. The solution technique is by time inte-
gration. The strength of the model is in the
detail with which the wheel/rail profiles are
defined; however, other tools selected for
Phase II assessment treat the profiles in a
similar, but easier to use, manner. Therefore,
the Lateral/Vertical Model has not been
selected for validation. ~

Freight Car Curving Model. The Freight Car
Curving model is a nonlinear analysis program
which uses time integration techniques to sim-
ulate the dynamic curving behavior of railroad
freight cars. This model allows 43 degrees of
freedom and features particularly detailed re-
presentation of the trucks. Nonlinearities in-
clude spring bottoming, clearances, and
Coulomb damping. Time integration is used to
solve the equations of motion. The level of
detail in the simulation offers the possibility of
good validation with test results, however, no
validation has been carried out to date. Be-
cause of the complexity of the model, lack of
documentation, and relatively high cost, this
model was not selected for validation.




TDOP Phase I Model. This model is a linearized
frequency domain model which attempts to
represent the lateral and vertical dynamics of a
freight car. A total of 13 degrees of freedom
are used to model trucks and earbodies. The
model has been used to make comparisons with
TDOP Phase I test data but with only poor
results. The model has received a great deal of
serutiny which has identified fundamental tech-
nical flaws contributing to discrepancies with
test data. Because of its serious limitations,
the model is not recommended for use as a
TDOP Phase II analysis tool.

4.3 VALIDATION CRITERIA

Validation is the process of determining the ability of
an analytical tool to reproduce and/or prediet ob-
servable behavior., Only the simplest models could be
used with confidence without successfully being vali-
dated by comparing results from the model against
actual tests of a freight car truck. It is not suf-
ficient to merely establish that the model has been
formulated with a one-to-one correspondence be-
tween the elements of the model and the truck., The
validation process verifies that the characterization
of the interactions between model elements is sound.

Although .there has been a steady growth in the
number of rail dynamiecs models in the last decade,
there has been a lack of activity in comparing the
results of those models with actual test data (ref-
erence 1). One of the reasons for the lack of model
validation is that the modeling activity has tended to
take place outside the traditional railroad com-
munity. Success of model validation efforts depends
not only on the level of experience incorporated
within the model, but also on the availability of
adequate test data to serve as a basis for comparison.
With the large amount of data collected in TDOP
Phase I, the opportunity was seen in TDOP Phase II to
select a number of models as candidates for vali-
dation exercises. The models were selected with
regard to the four performance regimes of lateral
stability, trackability, curve negotlatlon, and ride
quality.

The validation critiera which have been selected
reflect the individual performance indices chosen
early.in TDOP Phase II and the evaluation of test
results from Phase I and elsewhere, Phase I data
have provided a means assessing the range and sen-
sitivity of the performance indices. A detailed
discussion of the validation criteria for the four
performance regimes follows.

4.3.1 Validation Criteria for Lateral Stability Models

The dynamic behavior of a freight car in the regime
of lateral stability is complex and difficult to sim-
ulate except for highly simplified configurations.
This is due to the number of factors that affect
stability and the interactions between them. Thus,
when only a finite amount of test data is available, as
is the case in TDOP, an acceptable model validation
procedure includes the requirements not only for a
close match between the results of simulation and
tests, but also for verification by accepted theory
and the results of other tests.
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A detailed review of TDOP Phase I test data has
shown that the transition from lateral stability to
fully developed hunting is characterized by several
discrete stages, the identification of which is con-
sidered helpful in both the development and assess-
ment of models. At speeds below critical, PSD's of
lateral carbody accelerations show the presence of
all major body modes at their natural frequencies:
lateral, yaw, and, in the case of box ecars, lower
center roll. These osecillations are presumably ex-
cited by track irregularities.

The first evidence of self-execited osecillation is the
predominance of a single frequency in all degrees of
freedom of the carbody. However, the mode of
oscillation is not a normal mode, but a combination
of lateral displacement, yaw, and upper center roll in
such a way that the resulting displacements almost
completely cancel out at the trailing truck but add up
at the leading truck, thus producing a motion called
"nosing."” (The reverse of this phenomenon, called -
"fishtailing," has also been observed, but appears to
be less common.)

As the speed increases there is an often abrupt
increase in the frequency of osecillation which, for the

_cars tested by both TDOP and the AAR (reference 2)

is close to the natural frequency in yaw of the
carbody on its suspension. Since the mass moment of
inertia of the carbody about the center plate is much
higher than that about the center of mass (on the
order of four times) it is hypothesized, though this
remains to be demonstrated, that the ecirculating
energy for the higher frequency and symmetrical
mode in pure yaw is lower than that of the system if
it were to oscillate about one center plate at the
higher frequency. It has been observed in hunting
tests that violent body hunting can coexist with very
small lateral truck displacements, which is an indi-
cation of the small amount of energy required to
maintain a limit eycle (reference 3).

These considerations lead to the conclusion that the
first appearance of a predominant frequeney, indi-
cating the onset of self-excited oscillation, repre-
sents a useful criterion for model validation in the
hunting regime, although successful simulation of
lateral acceleration through the entire eritical speed
range is considered as valuable supporting evidence
of model validity.

In setting the validation ecriteria for prediction of
critical speed, the wide range of the critical speed
has been considered. A tolerance of + 5 mph has
been chosen based on +10 percent of the 50 mph
critical speed range (see Figures 4-1 and 4-2). Al-
though not a performance index, another convenient
point of comparison between lateral stability models
and test results is the frequency at which the hunting
oscillations occur. Figure 4-3 shows the envelope
within which Phase I data fell, A tolerance of +0.3
Hz based on +10 percent of the maximum observed
frequency of approximately 3.0 Hz has been set for
comparison of hunting frequencies.



-

[YE

02t

RMS ACCELERATION, g's

a4
VEHICLE SPEED
Figure 4-1.  Lateral Stability Performance
Bounds - RMS Lateral Carbody
Acceleration Vs. Vehicle Speed
(Box Cars)
[ P23

%

Z ot

o

]

<

P

-]

|

3]

0

< a

[]

=

ot

VEHICLE SPEED
Figure 4-2.  Lateral Stability Performance

Bounds - RMS Lateral Carbody
Acceleration Vs, Vehicle Speed
(Flatecars)

29

20

FREQUENCY, Hz

104

0.0 T T ) T T
0 40 50 &0 70 79

SPEED, mph

Figure 4-3.  Range of Hunting Frequencies
Vs, Critical Speed for Type I Truck

4.3.2 Validation Criteria for Trackability Models

The trackability regime encompasses several aspects
of performance which have in common the ability to
maintain loads adequate to provide guidance forces
on each of a truck's four wheels. These performance
subregimes are load equalization with respect to
track twist, curve entry and exit, and harmonie roll
and bounce.

The track twist/load equalization problem is largely a
quasi-static phenomenon (speeds 5 mph or less). The
accommodation of track twist within the wheel base
of the truck is achieved by side frame pitch with
flexible trucks and by primary suspension compliance
with rigid trucks. With conventional trucks, the
problem is aggravated by sticking of the friction
snubbing devices when operating at low speeds. The
load equalization ability of trucks-has not received a
great deal of modeling interest since it can be
measured relatively simply.

The basic performance index for the load equali-
zation subregime is the wheel unloading index (WUI)
which is given by the formula

W /3-W, ., W . -1

WUI= H L +6=1-"L 6, degree

WH/3 WH/3
Where:

W, = force on the most lightly loaded
wheel

WH = sum offorceson the three most heavily
loaded wheels

0 = angle in degrees of track twist within

the wheelbase of the truck.



Although curve entry and exit can lead to loss of
trackability, from the modeling standpoint it is logic-
ally approached as the dynamic aspect of the overall
curving behavior problem, This subregime, therefore,
will be discussed in terms of the curve negotiation
performance regime (see Section 4.3.3). Harmonie
roll and bounce are forced response phenomena due
to periodie track excitation. Harmonie roll is ty-
pically excited by cross level variations arising from
half-staggered track at speeds from 10 to 20 mph,
Bounce resonance involving pitch and vertical mo-
tions of the. vehicle occurs at higher speeds between
40 and 65 mph on staggered or unstaggered track,
Harmonie roll and bounce have received a great deal
of modeling interest. For harmonie roll, the max-
imum roll angle has been chosen as a performance
index. Load distribution is also an important measure
of performance.,

Validation of trackability models has been focused on
harmonie roll since there is more data available for
comparison for that subregime. Figure 4-4 shows
results for the case obtained by American Steel
Foundries (ASF) of a loaded, 100-ton hopper car from
which a measure of the data scatter can be drawn
especially near resonance. The validation criteria for
peak roll angle has been chosen as +1 degree which
reflects the variation in test data observed in Figure
4-4. Figure 4-5 shows the variation in spring nest
force for the same tests. The spring nest force,
- though not a performance index, is a relevant point
of model comparison. Near resonance the variation
is approximately +3000 Ib or approximately +5 per-
cent of the static 60,000 1b spring nest force. A 5
percent tolerance on spring nest force has, thus, been
chosen for the load distribution validation eriterion.

A final point of comparison in the validation of
harmonic roll and bounce models is the prediction of
speed at resonance. A tolerance of + 1 mph has been
selected. However, the difficulties in identifying
harmonic roll resonance speed should be noted. The
resonance speed has been reported to be dependent
on the amplitude of excitation as well as the fre-
queney sweep of the excitation (i.e., entering the
resonance speed from above or below).

4.3.3 Validation Criteria for Curve Negotiation
Models

Although by definition the curve negotiation per-
formance regime consists only of steady state or
quasi-static conditions encountered during a nego-
tiation of constant curvature track, modeling efforts
covering the transient dynamie response obtained
during curve entry and exit are also included for
discussion. Steady state models are considered in the
simulation of performance under quasi-static con-
ditions; time domain curve negotiation models may
be used to address the dynamic response which ocecurs
due to curve entry and exit.

The performance index chosen for constant radius
curving is the lateral force on the leading outer
wheel per thousand pounds of axle load per degree of
curvature at balance speed. In theory, the lateral
force should be at a single value in a constant radius,
constant speed- curve. In practice, however, some
variation in the lateral force is inevitable due to
track irregularities which cause the Coulomb friction
elements such as the center plate to take on dif-
ferent "sets.," Furthermore, in actual tests, constant
speed is only achieved within a finite margin.

Validation of steady state curve negotiation models is
among the most difficult to obtain primarily because
of limitations in the accuracy of measuring
wheel/rail forces. To date such measurements have
been found to be in error by 30 to 50 percent when
compared with the theoretical force equilibrium.
The wheel/rail force measurement system developed
for TDOP Phase II testing is expected to improve the
measurement aceuracy. With improved experimerttal
teehniques, a +20 percent tolerance in the prediction
of the performance index is considered reasonable.

Curve entry and exit can be characterized by peak
carbody roll angle and wheel load distributions. Fol-
lowing the case of harmonic roll execitation, the
validation criterion for roll angle is +1 degree and for
wheel loads +5 pereent of the nominal static value.
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4.3.4 Validation Criteria for Ride Quality Models

The ride quality performance regime is comprised of
the overall dynamic environment of the ecarbody

response, and the effectiveness of the truck in at-

tenuating track induced execitations, exclusive of the
more extreme dynamies associated with the other
performance regimes. The economie impact areas
associated with ride quality are lading damage and
cost .due to component wear.

The principal performance index for ride quality is
the transmissibiity of the truck. Transmissibility can
be measured as a frequency dependent ratio of
output-to-iraput amplitudes at discrete frequencies
(i.e., transfer functions) or as ratios of root mean
square (RMS) output to input over particular fre-
quency bands. The vealidation criteria selected for
ride quality models consider the comparison of the
oceurrence of principal frequencies and the pre-
diction of magnification/attenuation factors between
0 and 20 Hz. For comparison of principal fre-
quencies, a tolerance of +2.0 Hz is considered ac-
ceptable which is 10 percent of the highest frequency
of interest. The tolerance for reproduction of
output/input ratios, either transfer functions or RMS,
is set at'+20 percent.

4.4 VALIDATION RESULTS

This section documents the results of the analytieal
tool validation efforts which-have been carried out in
each of the performance regimes. See Table 4-2 for

" the list of models originally chosen as candidates for

validation.

4.4.1 Validation Results of Lateral Stability Models

The models which have been examined in regard to
the lateral stability performance regime include a
linear frequency domain representation (17 dof
Eigenvalue Model), a detailed nonlinear time domain
representation (HUNTCT), and a simplified nonlinear
time domain representation. The simplified nonlinear
time domain modeling work has been done in lieu of
validation of the AAR Freight Car Hunting Model
originally selected as a candidate for validation. It
was felt that this would be more productive on the
basis of the similarity between the Freight Car

Hunting Model, HUNTCT and the 17 dof Eigenvalue

Model.

4.4.1.1 17 dof Eigenvalue Model The model chosen
to represent the linear frequency domain family of
lateral stability models was the 17 dof Eigenvalue
Model developed by Law and Cooperrider (reference

1). The model was selected for validation as one of

the most sophisticated linear models of freight car
lateral stability.

At low speeds the natural frequencies for the carbody
motions were also checked against simple theoretical
predictions. The successful comparison of these
identifiable frequencies provided confidence in the
model's formulation and implementation.

Data consistent with TDOP Phase I testing and the
needs of the program was input to the model. The
empty mechanical refrigerator car on 70-ton Barber
trucks with new wheels was selected as the validation
case. This particular combination had exhibited

hunting behavior in the Phase I test including curious
phenomenom such as occurrences of front truck hunt-
ing only (nosing) and intermittent hunting.

An initial comparison of model and test results using
a trial set of input data produced results which
indicated onset of -instability between 40 and 50 mph
at a frequency of 0.75 Hz. Test data indicated the
development of hunting between 50 and 70 mph at a
frequency of from 2 to 3 Hz. ’

Re-examination of the input data led to the con-
clusion that the initial primary suspension stiffnesses
were too large, approximating a rigid truck frame.
The primary suspension stiffnesses were reduced to
values consistent with flexible Type I trucks and a
second comparison made. Again, the frequency as-
sociated with the unstable mode was quite low with
respect to the test results. Variations of parameters
which were considered to be the least accurately
known were made. It was found that the only
parameter which showed a significant sensitivity was
the conicity. By artificially increasing the conieity
from the nominal 1/20 new wheel value to 1/15,
closer agreement between model and test results was
achieved. These results are shown in the complex
frequency representation of Figure 4-6. The figure
shows the loci which are traced from the kinematie
and rigid body modes which are clearly identifiable at
low speed. Also shown are actual test points.
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From the results presented it is eoncluded that the
17 dof Eigenvalue Model is best suited for qualitative
comparison, (For instance, will truek A hunt at a
lower speed then truck B, all other things being
equal?) With care in the choice of wheel conicity,
critical speeds within the validation tolerance may be

obtained. The accurate prediction of the associated-

frequency of the instability appear to be beyond the
model's capability.

4.4.1.2 HUNTCT. HUNTCT is a nonlinear time
domain model developed for lateral stability analysis.
The model was developed at Wyle Laboratories and
was chosen as a validation candidate on the basis of
the detail of its formulation and Wyle's familiarity
with its capabilities. The formulation uses 21 basic
degrees of freedom. Although additional degrees of
freedom to represent carbody flexibility can be in-
cluded, -in the validation exercises conducted with
data from virtually rigid box-type ecarbodies, this
feature was not used. To simulate actual tests the
model requires track geometry data including left
and right rail profile and alignment data. The model
makes use of WHRAIL, the Symmetric Wheel/Rail
Constraint Subroutine (reference 4) to relate the
track input to wheelset motions. As with the 17 dof
Eigenvalue Model, comparisons of model and test
results were made for the TDOP Phase I tests of the
.empty 70-ton refrigerator car with Barber trucks and
new wheels. Unfortunately, the Phase I data col-
lection did not include the key measurement of track
alignment. Time domain comparisons were thus not
feasible.

There is agreement in the location of the prinecipal
frequency; however, the overall comparison of re-
sponse levels in the 1 to 20 Hz range is not good. The
results raise the question as to whether the com-
parison is poor due to the model or the assumption
made about the input data.

The conclusion from the validation exercise with
HUNTCT is that a decision must be reserved until
test data can be obtained for which both response and
input are recorded. The results thus far obtained
indicate some potential to predict principal fre-
quency and critical speed.

4.4.1.3 Wyle Ad Hoe Modeling. Conecurrent with the
assessment and validation work that has been per-
.formed with the more comprehensive lateral stability
models, a modeling effort has focised on the de-
termination of the causes of the more enigmatic
aspects of behavior observed in TDOP Phase I test-
ing, Explanations were sought for the occurrence of
"nosing" (leading truck oscillating, trailing truck
quiescent), fishtailing (opposite of nosing), inter-
mittent hunting, large variations in ecritical speed
between similar configurations, abrupt frequency in-
creases with increasing speed ete. It is believed that
.these quirks of behavior to a large extent can be
traced to particulars of the wheel and rail contours
and truck tramming equilibrium position.

Early simulations of the lateral stability regime were
based on the assumption of conical wheel treads
without throat or flange contact. It was established
that, in rigid and three-piece trucks, the critical
speed decreases with increasing wheel taper or "ef-
fective conieity,” i.e., the angle of the contact plane
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between wheel and rail. Later models were able to
simulate mild states of wheel wear by linearization
techniques that included the increase in wheel taper
and shift of the contact point with lateral displace-
ment of the wheelset. However, none of these simple
models was able to aceount for the sometimes high,
sometimes low critical speeds of freight cars with
severely or lightly worn wheels which sometimes
differed by over 20 mph. An analysis of the results
of two test programs (references 5 and 6) showed
that the observed dynamic behavior could be ex-
plained by the degree of asymmetrical wear of the
wheel contours,

In the cars unstable at low speeds, the kinematic
frequency of the wheelsets with low levels of asym-
metry was close to the frequency of the carbody's
lateral modes at a fairly low speed, so that a low
critical speed could be expected. By contrast, the
leading wheelsets of the stable trucks, because of
their asymmetry, were in contact with the rail at the
throat of one wheel, where the effective conicity was
very high. The kinematic frequency of the stable
trucks was high enough above the lateral natural
frequency of the carbody to minimize amplification,
while the reverse applied to the unstable trucks.

It was clearly concluded in reference 5 that the worn .
wheel profile was considered the most important’
determinant of lateral stability, far outweighing such
other factors as snubber wear, flange geometry or
carbody load distribution. This conelusion, and its
verification by simulation, has important implications
for both model building and model validation. It is
believed that, in the simulation of hunting, relatively
simple models of both trucks and carbody are ade-
quate as long as the worn wheel contours are ade-
quately represented. This approach is considered the
more important in view of the fact that a wheel stays
"new" for only a very short time since the wear rate
is high due to the small area and resulting high
bearing stress of the contact patch on the taper.
Thus, the stability of the truck on worn wheels is of
greater interest to the railroad industry.

The incorporation of worn wheel profiles in a freight
car model involves these three separate steps:

a. Representation of wheel/rail contact ge-
ometry, i.e., transformation of wheel and
rail contours to digital form.

b.  Representation of wheel/rail contact
mechanies, i.e., creep coefficients, loss of
adhesion, multiple contact points, ete.

c. Incorporation of the wheel/rail contact
model in the vehiele model.

It must be emphasized that the validity of these
three modeling procedures can only be demonstrated
after completion of the third stage, when results of
simulation by means of ‘the model containing the
presentation of the worn wheels has successfully
reproduced the behavior of the real vehicle.

Representation of Wheel/Rail Geometry. In con-
nection with the analyses of hunting of flat cars
described in reference 6, Wyle Laboratories devel-
oped a program to model unsymmetrically worn
wheels. Subsequently, Heller and Cooperrider (refer-




)

ence 7) have published results using a similar ap-
proach. The objectives of this wheel/rail geometry
representation are:

- To determine the minimum amount of

information required to characterize an_

" unsymmetrically worn wheelset with re-
spect to its dynamic performance.

- To produce a graphic means that would
make it possible to identify subtle dif-
ferences between worn wheel profiles, as
a means of predicting their dynamic per-
formance without necessarily carrying out
the simulation with the mathematical
model of the complete vehicle.

The Wyle procedure codes the contours of the wheel
and rail as a pair of polynomials (one for the tread or
rail head, and one for the throat and flange or gauge

_side contour) and then determines the radius dif-

ference (AR/R) and rise of the wheelset center as
the wheel is displaced laterally across the rail. The
derivative of the latter, multiplied by the axle load,
is the gravitational stiffness. Plots of the wheel
tread slopes were found to correlate with critical
speeds (See Figure 4-7, taken from reference 6).
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Figure 4-7,
’ 50 Ft. Box Car

By restricting the application of the wheelset model
to the small displacements associated with the region
of initial instability, the characterization of the
wheelset may be further simplified by expressing the
AR/R and gravitational stiffness variations with lat-
eral displacements by combinations of straight line
segments and parabolas, obtained by simple least
square computations. Plots of the wheelset charac-
teristies, such as those shown in Figures 4-8 and 4-9
(which depiet average of rolling radii and normalized
differences of rolling radii), indicate such conditions
as unsymmetrical wear, slight hollows worn into the
profile, and whether a wheelset has been rotated to
counteract unsymmetrical flange wear. The as-
sumption of small lateral displacements (verified by
results from the complete vehicle program) justifies
the assumptlon that the lateral creep forces always
act in a horizontal plane.
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Figure 4-8. Service Worn Wheels on Southern
Pacific Rail, Cross Worn.

Representation of Wheel/Rail Contact Mechanics.

The representation of wheel/rail contact mechanies
is also simplified. Linear creepage is assumed, a
single creep coefficient is used both laterally and
longitudinally, and spin ereep is neglected. However,
an adhesion limit is specified. Secondary phenomena
are neglected, such as the change in wheel load due
to vehiele roll, and the destabilizing effect of gravi-
tational stiffness on a yawed wheelset,

It should be emphasized that these features were
deliberately omitted from the ad hoc model so as to
determine the minimum number of essential elements -
required to characterize the wheelset. Features now
absent in the model can be easily introduced when
the need is demonstrated, as was done for some of
the parameters in the suspension.

Incorporation of Wheel/Rail Representation in Truek
and Carbody Models. The ad hoc model of the three-
piece truck has three degrees of freedom: lateral
displacements of the two  wheelsets, and
wheelset/bolster yaw. A linear torsional spring rate
at the side frame/bolster connection is assumed.




Since each truck, assembled with the carbody, both
provides excitation to itself and is in turn excited by
the other truck through the carbody, not only the
kinematic wavelength of the isolated truck, but also
its kinematic response to sinusoidal lateral excitation
is of interest. From transfer function analysis, the
results of interest are, first, the attenuation of the
response as the excitation frequency is inereased
beyond the frequenecy of kinematic hunting, and,
second, the rise in response as the speed is inereased
and the damping correspondingly decreased.

The carbody is assumed to have three rigid body
degrees of freedom: lateral displacement, yaw, and
roll. Inclusion of torsional flexibility adds another
degree of freedom. The forward and rear -halves of
the carbody are each assumed to have one half the

mass moment of inertia of the whole body, and are
" eonnected by a torsion spring with a stiffness twice
that caleulated from the end-to-end torsional de-
flection as given in the TDOP Phase I Final Report
(reference 8).

Unsymmetric
Equilibrium Position
Left of Center

Unsymmetric
Equilibrium Position
Left of Center

Flgure 4-9. Service Worn Wheels on Southern Pacific
Rail, Cross Worn Reversed

34

In the initial version of the model, viscous friction
was assumed at the snubbers, both vertically and
lateraily, and at the center plate. Modifications in
the damping characteristics were made during vali-
dation trials described below. No limiting due to
finite gib clearance was assumed.

The phenomenon of ™osing" was simulated by means
of a model of a three dof rigid earbody on an
undamped suspension, excited at one end by a small
sinusoidal force over a range of frequencies (see
Figure 4-10). It is evident that near 2.5 Hz a very
small exeitation at one end produces widely differing
responses at the two ends.
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Figure 4-10. Combined Lateral, Yaw, and Upper
Center Roll of 70-ton Refrigerator Car

First Model Validation Trial: Empty Refrig-
erator Car on New and Half-Worn (Machined)
Wheels. Results of these simulations, com-
prising four-second computer runs, are shown in
Figures 4-11 and 4-12. They show the lateral
accelerations at both ends of the carbody. An
initial displacement of 0.1 inch was set as an
initial condition at the A-end (trailing). The
profiles of one truck set of the machined
wheels are shown in Figure 4-13. Except for
the asymmetry, they resemble new wheels in
that the effective conicity is constant over
most of the contours, so that the gravitational
stiffness was not taken into account. Viscous
damping is assumed for both the snubber and
the center plate, and the creep coefficient is
assumed as 600,000 1b per wheel.
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Figure 4-11. Simulated Refrigerator Car with New
Wheels at 50 and 60 mph
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Figure 4-12. Simulated Refrigerator Car with Half Worn
(Machined) Wheels at 50 and 60 mph
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Figure 4-13. Profile of Average Worn (Machined) Wheels

The main resemblance between the simulation
and the test data is in the critical speeds which
are between 50 and 60 mph in both cases. In
addition, the B-end moves with greater am-
plitude than the A-end (although the difference
is less than that observed in the tests), thus,
indicating some degree of "nosing". This does
not apply to the case of new wheels at 50 mph,
but this may be due to the short duration of the
simulation which did not -allow the final dy—
namic state to develop.

However, it is evident that the frequencies of
oscillation are much ecloser to the kinematic
frequencies of the isolated trucks than to any
of the identified yaw frequencies of the car-
body (between 2.0 and 3.1 Hz). Since the
frequency is one of the determmants of lateral
acceleration, this simulation is useless for the
prediction of lateral g. However, these results
raise the interesting question as to whether
simulation can be trusted to prediet the correct
critical speed at the wrong frequency.



An obvious condition for exciting the higher
frequencies of the carbody is stick-slip frietion
at the snubbers, which was consequently in-
corporated in the model, This is consistent
with the overall approach in which the model is
elaborated only when required.

Second Model Validation Trial: Empty 89-Ft.
Flat Car on Service Worn Wheels. The 28-inch
wheel profiles and their characteristic curves
(reference 8) are shown in Figures 4-14 and 4-
15. From the column load of 4110 1b per
snubber and a friction coefficient of 0.37, the
lateral friction force per truck is about 6000 1b.
To preclude numerical problems, a dead band of
0.01 in. was assumed, in which the force at the
snubber is proportional to the relative displace-
ment between side frames and bolster. This

gives a spring rate of 1,200,000 1b/in., which is
sufficiently high above the lateral suspension
spring rate of 10,000 1b/in. to leave the lateral
dynamics unaffected. However, to avoid nu-
merical stability problems, viseous damping was
added so as to act in this region only. Equiva-
lent visecous friction in the vertical snubbing
direction was retained, as well as viseous cen-
ter plate friction.

The calculated RMS lateral accelerations for a
speed range of 40-60 mph are shown in Figure
4-16, superimposed on the accelerations from
the Phase I test as given in reference 9, to-
gether with the calculated and measured fre-
quencies. The introduction of Coulomb damp-
ing has evidently succeeded in exciting the
correct carbody frequencies, and the rate of
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rise of acceleration with increasing speed is
practically the same for the simulated and test
data. However, the curve of simulated ac-
celerations appears laterally shifted, indicating
a critical speed about ten mph higher than that
derived from the test data. o .

MODEL INCLUDES: ACTUAL WHEEL PROFILES
BOLSTER COULOMB FRICTION/STICTION
CREEP COEFFICIENT = B00,000 1b/Wheel

FREQUENCIES

SPEED . .
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40 2.15 Hz 1.92 Hz
50 2.54 Hz 2.63 Hz
60 2.93 Hz 2.94 Hz
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Figure 4~16. Comparison of Test and Simulated Data

4.4.2 Validation Results of Trackability Models

The vealidation work in the trackability regime has
focused on harmonic roll and bounce models. Curve
entry and exit phenomenon are discussed in relation
to validation of curve negotiation models (see Section
4.4.3). Furthermore, since the harmonic roll and
bounce models can generally be applied to the load
equalization subregime, validation of the harmonie
roll behavior of a ‘model gives a measure of con-
fidence in using it for load equalization analysis as
well. Four models are shown in Table 4-2 as being
applicable to harmonie roll analysis. These are the
Flexible Carbody Vehicle Model and three versions of
FRATE. To avoid duplication and based on prior
experience, only one of the FRATE versions has been
treated.

4,4.2.1 Flexible Carbody Vehicle Model: The Flex-
ible Carbody Vehicle Model was developed by Tse and
Martin of AAR in conjunction with the Track/Train
Dynamies Program (reference 10). Version II of the
model has 20 degrees of freedom as shown in
Figure 4-17.
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The model includes nonlinear representations of the
friction snubbers, optional auxiliary snubbing devices,
center plate rocking, gib and side bearing clearances,
flange clearance, and finite spring travel. The car-
body is divided into two half-carbodies connected by
springs to allow a first order representation of car- .
body flexibility.

The model was chosen for validation on the basis of
the level of detail of the representation. In addition,
the model has been widely disseminated among the
railroad community. The model provides the option
for a variety of stylized track inputs whieh, depend-
ing on the track stagger, excite harmonic roll or
bounce behavior on tangent, curved, or ramped
curved track. For the model validation exercise, the
harmonic roll on tangent track option was chosen
because more data is available for this combination.

The experimental data used were acquired by Ameri-
can Steel Foundries (ASF) in tests with a loaded, 100-
ton hopper car on half-staggered shimmed track at
Hartford, Illinois in 1968. This data had been used in
prior validation work with Wyle's harmonie roll
model, FRATE (reference 11).

The results of the comparison of roll angle (single
amplitude) for the tests and the model are shown in
Figure 4-17a. There is significant disparity between
the two sets of results, The model results indicate a
low resonant speed and excessive amplitude at
resonance. The input which produced the results in
Figure 4-17a was discussed with AAR representatives
who suggested that proper adjustment of the load
spring rates of damping could bring the model results
into closer agreement with the test data.

Wyle scrutinized the model for other sources of error
and found two aspeets of the program of which users
should be mindful. The first was a pair of statements
in the subroutine ACCEL in which the instantaneous
accelerations of the various generalized inertias are
calculated. The two statements were:

IF (ABS (DIS(D).LT(1.0E-05) DIS(D) = 0.0
IF (ABS (VEL([).LT.(1.0E-05) VEL() = 0.0

DIS(I) and VEL(I) are the displacement and veloeity
along the Ith generalized coordinate. The two state-
ments are ostensibly included to protect against
numerical underflows. It was found, however, that
with an othervgisse stable integration step size, the
threshold of 10 * was too large and prevented smooth
integration. That is, small but significant contri-
butions to the acceleration calculations arising from
small finite displacements, and veloecities were being
negated by the two statements above. By decreasing
the size of the threshold to values just within the

- machine underflow, the integration problem could be

avoided and the original intent of the statements
preserved. The correction of the two statements
above by itself did not significantly change the
results of Figure 4-17a.

The second anomaly noted is more fundamental and is
associated with the formulation of the model. As
noted in Figure 4-17, the model includes separate
lumped masses for the truck bolsters. The bolsters
are attached to very stiff springs which represent
center plate rocking stiffnesses. The combination of



the relatively small bolster mass with the stiff
springs gives rise to natural frequencies of 200 to 250
Hz. Such frequencies would dietate integration time
steps of 1/(10*250 Hz) = 0.4 ms. This is consistent
with the time step of 0.256 ms recommended in the
model's documentation (reference 10). However, the
bolster is also attached to nonlinear Coulomb damp-
ing elements modified with a narrow viscous range at
very low relative velocities (see Figure 4-18).

The effect of the nonlinear damping representation is
to restrict the integration step size to even much
smaller values to obtain numerical stability with
respect to the bolster accelerations. In this regard,
AAR carried out a study of the effects of the
numerical instability of the bolster acceleration and
showed that the instability was of such a high fre-
quency that it did not significantly affect the inte-
gration of other truck motions (see Figures 4-19 a, b,
¢, and d).
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4.4.2.2 FRATE. The second trackability model
addressed was the FRATE model developed by Wyle
Laboratories (reference 11). FRATE exists in 11 and
17 dof versions. The validation cases discussed here
pertain to the 11 dof version as the test confi-
gurations used did not warrant the additional com-
plexity of the 17 dof version. The appropriate use of
the more complex version will be discussed later.
Figure 4-20 provides a description of the 11 dof
FRATE model. Note that the small bolster mass has
been lumped with the rest of the truck in contrast to
the Flexible Carbody Vehicle Model. At each loca-
tion where spring elements are indicated in Figure 4-
20 provision is made to include a viseous or Coulomb
damping element. Other nonlinearities such as finite
spring travel, clearances, and stops are also included.

The FRATE model was selected for validation based
on the favorable comparisons with test data that the
model had previously produced and by virtue of
Wyle's familiarity with it. Input to FRATE consists
of tabulated track profile data which may be obtain-
ed along with the test data or generated from for-
mulae for idealized profiles. Thus, depending on the
particular track profiles used the model can be used
to investigate either harmonie roll or bounce re-
sponse. FRATE is implemented on Wyle's in-house
Interdata computer.

Prior validation work was performed using the ASF
tests of a loaded, 100-ton hopper car on half-stag-
gered shimmed track at Hartford, Illinois in 1968, the
same data used in the Flexible Carbody Vehicle
Model validation exercise. Table 4-3 summarizes the
results for the validation exercise with the ASF data
against the validation criteria deseribed in paragraph
4.3.2,

Figure 4-20. FRATE 11 Model
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Table 4-3. Comparison of FRATE vs. Test Results

Comparison Criterion Deviation
Peak Roll Angle +1° 0.6?

at Resonance

Critical Speed +1 mph 0.8 mph

Spring Nest Force +5% of static 3.5% of static
at Resonance load

To extend the validation effort it was decided to
compare FRATE results with a different test case
from the TDOP Phase I series. The case chosen was
test number 191 (reference 8), which describes the
test of a loaded, 100-ton box car with Barber trucks,
having standard suspension on half-staggered shim-
med track. The truck center spacing was 46 ft.
Approximately 400 ft. of track were shimmed. The
test section was traversed a number of times at
constant speed beginning at 12 mph and inereasing in
increments of approximately 2 mph up to 20 mph.,
The comparison of the peak roll response versus
speed results for the model and tests are shown in
Figure 4-21. Figure 4-22 compares time histories of
the model and test at the resonant speed. The close

agreement is apparent despite the fact that TDOP

Phase I test data did not ineclude detailed track
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profile measurements but only the elevation dif-
ference at each rail joint. The input for FRATE in
this case had to be idealized between each rail joint.

Although the 11 dof FRATE model has produced
favorable comparison within the validation criteria in

the ‘cases discussed, there are limitations to its use. =~ =~

It is known, for instance, from other validation work
with FRATE that the harmoniec roll response of
flexible flat cars requires a model of greater sophis-
tication. Likewise,a more complex model such as the
17 dof version is recommended in cases where the
excitation is sufficiently great to cause center plate
rocking. For the more rigid box type cars at exci-
tation levels below that causing center plate rocking,
the 11 dof FRATE model produces satisfactory re-
sults.

4.4.3 Validation Results of Curve Negotiation Models .

Two similar models have been identified as candi-
dates for validation in the curve negotiation regime.
These were the 9 and 17 dof Steady State Curving
Models. Closer serutiny, however, showed that they
were unsuitable for use on the TDOP Phase II project.
Primarily, the problem has to do with the inability of
these models to treat the nonlinearity associated
with flange contact. In the course of talks with the
Canadian National Rail Research Centre on the po-
tential use of their test data in TDOP Phase II, a
curve negotiation model developed by them was dis-
cussed. Upon examining the potential of the model,
it was determined that the model indeed accounted
for responses including the condition of flange con-
-tact at the wheel/rail interface. A few sample runs
were made initially to satisfy the suitability of using
this model in TDOP Phase II. On that basis, the
model was adopted.

The CN Rail Curving Model is an interactive program
for the solution of steady-state behavior of two- or
three-axle trucks in curves. The program is designed
to calculate force levels and geometric parameters
such as angle of attack. describing steady-state be-
havior on smooth circular are curves, wholly ne-
gleeting dynamic effeects.

The approach to the solution is centered around the
choice of a geometric state-vector which includes
the lateral and longitudinal displacements of wheel-
set centers, yaw angles of wheelsets about an axis
normal to the superelevation plane, dimensionless
wheelset rotational velocities, lateral truck position,
and truck yaw with respect to a rectangular cartesian
coordinate system fixed to ground. An iterative
procedure is used to improve the accuracy of the
chosen trial state-vector.

Wheel/rail interaction is modeled as a two-point
contact condition. ~ At the tread, tangential forces
are modeled using the nonlinear creep formulation of
Johnson with Kalker's initial slope. Creep coeffi-
cients are assumed equal for longitudinal and lateral
creepages. Flange contact is modeled as being at a

constant inclination to the horizontal, and at a con-

stant level Below rail top. Both normal and tan-
gential forces at this point are considered, with the
normal force effecting a steering moment. Lateral
forces arising from spin creep as well as from gravi-
tational stiffness are neglected since these are as-
sumed to be equal and opposite effects to a first
order approximation.
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Some of the other effects accounted for in the

. program include individual wheel radii, tread con-

icity, variable non-linear stiffness characteristies,
wheel diameter mismateh, truek tram errors, and
weight transfer and lateral force due to super-

_elevation. e

The efforts in validating this model involved a two
step approach. Initially, the model attempted to
simulate data generated by the Canadian railroads
(Canadian National and Canedian Pacific) during
their test programs. In particular, the Canadian

Pacifie study, "Comparative Performance of Type H -

Trucks" (reference 12) was used for comparison of
specific sets of simulations. This study included the
curving performance of a standard truck on new AAR
standard wheel profiles. For lack of specific de-
finition of parameter sets, the comparison was on a
qualitative level stopping at trend correlations be-
tween the simulated data and test results. The
results of these trend correlations were satisfactory
in that the model did indeed reproduce the trends
exhibited by the test data.

The second step in the validation efforts eonsisted of
an attempt to reproduce test data obtained from
ASF, which has been used in TDOP Phase II to
characterize curving performance of Type I trucks.
In this attempt, although the trends in the predicted
lateral and vertical forces were closely reproduced,
the goal of quantitative correlation between simu-
lated data and test results fell short of accomplish-
ment. Specifically, the forces predicted by the
model varied from those indicated by the test data by
as much as thirty percent in some cases.

This prompted a deeper examination of the model
capabilities and the reason for such a large dis-
crepancy between simulated and test data. This
examination failed to uncover anything suspeet with
respect to the model; however, pursuing the matter
of the accuracy of the test data, it was discovered
that the data were indeed contributing to the dis-
crepancy. Because of the broad uncertainty as-
sociated with the test data, it was decided that
further fine tuning of the model to obtain a eloser
mateh between the two was not worthwhile.

The sources of the band of uncertainty within the
data have been investigated and many of them have
been identified. The contribution from these sources,
at a maximum level, have been identified and it is
proposed that a quantitative estimate of these un-
certainties can be used to refine the results obtained
from the test data and which could then be used ss a
basis for comparison with the simulated data. This
effort is presently underway. Furthermore, the vali-
dation of the CN model is expected to advance as
test data is acquired during the TDOP Phase I field
testing of Type I trucks.

4.4.4 Validation Results of Ride Quality Models

The models selected as candidates for validation in
the ride quality regime include the DYNALIST
modeling program (reference 13) and a set of com-
plementary models, HALF, FULL, FLEX, and
LATERAL (reference 14). The DYNALIST frequency
domain modeling capability was applied to the 70-ton
refrigerator car combined with. track inputs, repre-
sented as spatial PSD's, to produce the response of
the vehicle in the form of acceleration PSD's. This




work was performed by Wyle's subcontractor, the
J.H. Wiggins Company. J.H. Wiggins followed the
procedure used by other modelers (reference 15) of
separately modeling the dynamics of the vehiele in
the vertical and lateral planes, and linearizing all
friction mechanisms as well as the kinematies of
wheel/rail contact.

In the ease of the vertical model it was found that, in
the low frequency range, the results of simulation
and tests could be made to match only if unre-
alistieally high equivalent viscous damping was as-
sumed. For the roll model, the response predicted by
the model in the low frequency range was almost an
order of magnitude low.

In attempting to explain the discrepancies in the
vertical model, we found that other modelers have
also found it necessary to introduce unrealistically
high damping in order to make the results of simu-
lation and tests agree. The authors of reference 15
state, "The assumptions of symmetry and linearity
allow the vertical motions to be independent, or
uncoupled, from the lateral and rolling motions."
However, they state on page 66 "that the response of
the model in the lowest frequency range is con-
sistently higher than in the actual measured re-
sponse." Referring to Figures 4-23 8, b, ¢ and d
(taken from reference 15), the authors state, "Re-
garding the model response, note that high damping
of the truek suspension yields much better agreement
with experimental results than does the lower damp-
ing in the mid range of the spectrum.” The authors
concluded that nonlinearities in the suspension, not
considered in the model, are responsible for these
diserepancies, and that the flexibility of the carbody,
considered rigid in the model, may be a contributing
factor.

As mentioned elsewhere in this report, Coulomb
friction excites higher frequencies in the ecarbody
than does visecous friction. In addition, Coulomb
friction raises the natural frequency of a system
while viscous friction lowers it. In the case of the
Barber S-2 truck, an additional nonlinearity is intro-
duced by load-dependent snubbing, the magnitude of
which, moreover, differs in the upward and downward
directions.

However, it is believed that the discrepancies be-
tween the results of simulation and testing, while
undoubtedly influenced by these approximations, are
primarily due to a basic feature of the model, i.e.,
the separation of vertical and lateral dynamies. It
may be seen from the figures cited from reference 16
that the major discrepancies are fairly sharply local-
ized in the frequency range between about 2 and 5 Hz
which contains the frequencies of the main lateral
carbody modes, including lateral displacement, yaw
and upper center roll.
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This leads to the following possible explanation of the
discrepancies. In the vertical model, the track inputs
due to staggered rail or other irregularities are either
assumed to be applied at the center plane of the
vehicle, or, equivalently, restraining moments are
applied to prevent motion of the simulated vehicle
out of the vertical center plane. The finite exei-
tation energy supplied by the rail joints and other
vertical track irregularities is, thus, entirely chan-
neled into motions in the vertical plane while in the
real vehicle a large portion can be expected to be
converted into kinetie energy in the lateral modes at
their particular natural frequencies. The suppression
of the lateral response by means of unrealistically
high damping detracts greatly from the validity of
the model even if it succeeds in reducing the mis-
match between simulated and observed amplitudes.
The fact that, in the Wiggins model, the introduetion
of carbody bending modes, which have higher fre-
quencies than the rigid body modes, did not succeed
in improving the simulation, suggests that this
feature does not constitute a necessary or funda-
mental elaboration of the model.

Several explanations are possible for the low response
of the lateral model in the low frequency range.
First, it appears that the (half) creep coefficients are
too low by an order of magnitude. The greater part
of carbody motion is due to wheel/rail excitation
rather than to lateral wheel irregularities, and the
magnitude of these wheel/rail forces is directly pro-
portional to the creep coefficient. In addition, as is
discussed elsewhere, & model with linearized damping
tends to oscillate in the lateral modes at a frequency
slightly higher than the frequency of kinematic hunt-
ing of the truck, between 1 and 1.5 Hz, rather than at
the natural frequencies of the carbody that include
yaw (between 2.5 and 3.1 Hz in the case of the
refrigerator car) which can only be excited by the
high frequenecy content of Coulomb friction,

In summary, while the insertion of unrealistic values
of some parameters in a mathematical model may
succeed in producing results within the specified
validation tolerance of the test results, a model
distorted to this extent does not appear to have much
practical value for such important procedures as
suspension design. Thus, while frequency domain
simulation may be useful in checking out subsystems,
it is doubted whether the complexity of a frequency
domain model containing both vertical and lateral
degrees of freedom is more economical than even a
simplified time domain model. Nevertheless, it is
proposed to investigate the effect of lateral/vertical
coupling by additional work with the flexible strue-
ture of DYNALIST. Based on the results with
DYNALIST, the other structured frequency domain
models (HALF, FULL, FLEX, and LATERAL) have
not been treated since they are also uncoupled con-
figurations.
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4.5 CONCLUSIONS AND RECOMMENDATIONS

The results of the validation exercises carried out
thus far have been rather disappointing. With few
exceptions, the model results have not agreed with
test data within the tolerance of the validation
criteria selected. In some cases, faults in the pro-
gramming and model formulation are to blame. In
others, the test data are suspect. The difficulty in
obtaining good agreement between model and test
data is illustrated by the spread in test results from
_ replicated conditions (e.g., Figures 4-24 and 4-25).

During the remainder of TDOP Phase II, greater
emphasis will be placed on the type of ad hoe
modeling deseribed in paragraph 4.4.1.3. The aim of
such modeling will be the interpretation of test
results. Simple models will be used to determine why
a vehicle exhibits nosing; for instance, rather than
attempt to construet a comprehensive hunting model.
For some models such as the CN Curving Model and
HUNTCT, additional validation work is justified
pending the collection of more complete and ae-
curate data from Phase II field testing.
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SECTION 5 - FIELD TEST PROGRAMS

Field testing for the TDOP Phase II project consists
of four separate programs: Type I truck testing,
Type II truck testing, the wear data collection pro-
gram, and the over-the-road test of the Friction
Snubber Force Measurement System. This section
discusses all of these test programs with the excep-
tion of Type II truck testing which will be covered in
the project's Final Report.

Prior to the start of Type I testing, an evaluation was
made of the test data collected on Type I trucks by
the Southern Pacific Transportation Company
(SPTCo.) during TDOP Phase I. The purpose was to
ascertain if the data collected was sufficient to
develop a performance characterization of the Type I
truck without further field testing. A summary of
this evaluation is included below.

5.1 PHASE I DATA EVALUATION

To determine the usefulness of the Phase I data, the
quantity and scope of the data was first evaluated. A
data sorting routine revealed that the preponderance
of the 273 Type I truck test runs were made with a
refrigerator car on ASF 70-ton Ride Control trucks
with new wheels (see Table 5-1). This emphasis made
the data more difficult to use because the refrig-
erator ear is not a typical freight car because of its
uneven weight distribution and very high empty
weight.

Table 5-1. Percent of Test Runs by Body,
Truck and Wheel Type

CAR PERCENT

Refrigerator Car 86%
70-ton Box Car 3%

100-ton Box Car 4.5%
89-ft. Flat Car 3.5%
100-ton Hopper Car 3%

TRUCK PERCENT
ASF 70-ton Ride Control 82%
ASF 100~ton Ride Control 2%
Barber 70-ton 7%
Barber 100-ton 5%
ASF 70-ton Low Level 4%

WHEEL PERCENT
1/20 (new) 72%
1/40 (new) 4%
Cylindrieal 12%
Half Worn . 2%
Worn 10%
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The data sorting routine revealed these other signi-
ficant omissions:

a. No curving tests were run on 100-ton box
cars and hopper cars with the ASF Ride
Control truck.

b. No curving tests were run with worn
wheels on any car except the refrigerator
car.

c. The lateral wheel force at the wheel/rail
interface was improperly measured.

d. No high-speed CWR tests were run with
the 100-ton box car on an ASF truck, or
the 100-ton hopper car with the Barber
truck.

€. No tangent track tests were run with
worn wheels except for the refrigerator
car, and the empty 89-foot flat car.

f. There were no medium-speed jointed rail
test runs on a 100-ton box ear on an ASF
truck, or the 100-ton hopper car with the
Barber truck. Since jointed rail exercises
the friction snubber, this omission makes
it difficult to compare the two types of

- snubbing systems.

g. Shimmed track tests with other than ey-
lindrical wheels were run only with the
refrigerator car.

The Phase I data evaluation next determined which
measurements taken during Phase I provided useful
and accurate representations of the quantity
measured. For example, did the pins on which the
strain gages were mounted in the adapter give an
accurate representation of the lateral load at the
wheel/rail interface? The conclusion was that the
measurements were satisfactory except in two areas:
the measurement of lateral wheel force at the
wheel/rail interface .and in the detection of Auto-
matie Location Detector (ALD) targets. The first
deficiency is of major significance. The lack of
lateral forces at the wheel/rail interface is of eri-
tical importance to TDOP Phase II. Without it, there
is little that may be done in validating ecurving
models or assessing the curve negotiation perform-
ance indices on the Type I truck. Also, these missing
data would have a secondary influence on the analysis
of lateral stability because the time domain models
could not be validated.

Finally, the Phase I data were evaluated for their
adequacy in performing and supporting the develop-
ment of Type I truck performance characterization.
This evaluation is shown in Table 5~2 which lists the
performance index for each of the four regimes and
the test data required to specify the performance
index. For the lateral stability and ride quality
regimes, the data appear to be adequate; however,
the lack of accurate measurements on the lateral
forces at the wheel/rail interface will make it dif-
ficult to extract from the test data meaningful
information for the curve negotiation and track-
ability regimes.
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Table 5-2. Test Data Required for Engﬁneering Analysis

©

gigg?l:';nmce Performance Index Necessary Test Data Availability of Test Data from Phase I
Lateral Stability e Critical Speed of Lateral acceleration of one or more repre- Lateral aceeleration available on axle and ear body. Data

Curve Negotiation

Trackability

Ride Quality

Hunting

¢ Maximum Lateral
Acceleration

Lateral force on
leading outer wheel
per degree of curve
at balance speed.

Angle of Attack

e L/V Ratio

Wheel Unloading
Index

Maximum Roll
Angle

e Rate of Energy
Dissipation

L/V Ratio

Transmissibility

sentative points on the truck measured as a
function of speed and such variables as:
wheel/rail contour, rail surface eonditions,
car bodies (truck spacing, stiffness), and
lading (empty, full, ...).

Maximum lateral acceleration at or near the
hunting speed, for the same set of variables
mentioned above.

Lateral force on leading outer wheel as a
function of lading, degree of curvature at,
under, and above balance speed.

Angle of attack as a function of lading, and
degree of curvature under, at, and above
balance speed.

L/V ratio as a function of speed, lading,
wheel/rail econtour.

Simultaneous loads under the wheels as &
function of track twist in degrees as a
function of lading.

Maximum roll angle as a function of excita-
tion (amp. and frequency) for different
lading conditions.

Level of friction force, displacement (i.e.,
spring travel),rate of inerease of friction
level will spring compression, as a function
of lading.

L/V ratio as a funetion of speed, lading,
wheel/rail contour.

Acceleration response, referred to one or
more specific locations on the car body, as
a function of speed, track quality and lading
within the normal operating range of speeds.

are taken at constant speeds of 40,50,60,70, and 79 mph.
Varying speeds exist between these constant speeds.
Variables such as wheel profile, rail surface conditions,
car body parameters, and lading is noted in the test
header. No rail contour data are available. Tests were
not run for a full matrix of variables.

Lateral acceleration data on axles.

No measurements made of lateral force.

No measurements made of angle of attack.

No measurements made from which to caleulate L/V.

No measurements made of vertical load at wheel. Vertical

loads measured at bearing adapters, but cannot be cor-
related to track geometry.

Roll angle of car body/truck bolster and roll acceleration
of car body were measured, however, they cannot be
correlated to track geometry. .

No frietion snubber force measurements were made.

No measurements made from which to caleulate L/V.

Vertical acceleration made on car body. Speed, track-
ability, and lading were varied, however a complete
matrix of these variables was not tested.




_5.2 TYPEI TESTING

5.2.1 Introduction

The survey of Phase I data showed that, while much
useful data was acquired in Phase I, certain omissions
in testing and measurement techniques required con-
dueting a limited number of tests on the Type I truck
to complete its charaeterization. Thus, the primary
objective of the Type I truck testing was to provide
truck performance data during curve negotiation.
. Secondary objectives were to provide data on load
equalization performance, on rolling resistance for
fuel consumption studies, and on wheel/rail foreces
during hunting.

Testing on the Type I truck was conducted on a 100-
ton ASF Ride Control truck using new wheel profiles.
This truck is the identical one used in the TDOP
Phase I test program and in the TDOP Phase II wear
data collection program. The carbody used for this
program was a 100-ton open hopper car in both an
unloaded and loaded configuration. Lading cornsisted
of coal. ~

Instrumentation for the test program consisted of 92
data channels. Fifty of the channels were used to
obtain data for the computation of lateral and ver-
tical forces (L/V) at the wheel/rail interface.
basic approach taken to measuring L/V was the
strain-gaged axle technique. The vertical forces at
the bearing adapter were measured using the strain-
gaged bearing adapters from TDOP Phase I. Forty-
two of the 92 channels of data provided measure-
ments of rigid body car motions, longitudinal coupler
forces, truck/carbody -relative displacements, and
angle of attack, All 92 channels of data were
recorded on all test runs in each regime tested.

Most of the testing was conducted over curved track
on Union Pacific's main line south of Las Vegas,

Nevada. However, some high speed runs were made
over main line tangent jointed track. In addition, low
speed runs were made over the Blue Diamond Spur
and on yard track in Las Vegas. The test program
was completed on March 13, 1980. Data acquired
during the testing is presently undergoing reduction
and analysis; test results are expected later in the
summer.

5.2.2 Test Description

Test Zones. The test sites used for the Type I truck
testing consisted of main line and yard tracks of the
UP's South Central District, California Division. The
four test zones selected for Type I truck testing are
described in Table 5-3. Test zone 1 consisted of main
line track with one to six degrees of curvature. Test
zone 2 was a section of tangent, jointed track over
which high speed (up to 79 mph) tests were con-
ducted. Test zone 3, a section of yard track, was
used for load equalization tests. Test zone 4 was a
section of class 2 branch track over which roll and
bounce tests were run.

The -
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Table 5-3. Type I Truck Test Zone Locations

Zone 1: Sloan to Arden
Mileposts: 321.5 to 314 (7.5 miles)
Track Type: Class 4 - curved

Rail Type: 133-1b jointed

Speed Limit: 40 mph

Arden to Boulder Junction

Zone 2

Mileposts: 321.5 to 326.5 (5.0 miles)
Track Type: Class 4 - tangent

Rail Type: 133-1b jointed

Speed Limit: 79 mph

Zone 3

Las Vegas Yard
Mileposts: Yard limits (0.22 miles)
Track Type: 12 and 16 degree curves
Rail Type: Jointed
Speed Limit: 10 mph

Zone 4 Blue Diamond Spur
Mileposts: 4 to 8 (4 miles)

Track Type: Class 2 ~ curved & tangent
Rail Type: 131-1b jointed

Speed Limit: 20 mph

ALD Placement. Wyle developed an ALD system so
that test results obtained from a specific truck can

- be correlated with measured input track geometry

and with test data from other trucks. The ALD
system uses magnets imbedded in ties at the center
of the track and a detector system on the railear
which senses the magnet as the car passes over it.

Track Geometry Measurements. To be able to cor-

relate response measurements made on test vehicles
with a known track input, Ensco, under subcontract
to FRA, measured the track geometry prior to start-
ing FSFMS testing and again prior to the start of
Type I truck testing. The first set of méasurements
was taken during the first week in November 1978
and the second set during November of 1979. Both
tests utilized the T-6 Track Geometry Survey Car.
The Wyle-developed ALD system was utilized during
both track surveys. The final measurement will be
made after completion of the Type I testing. This
measurement will be used to determine if, over a
period of time, there was a change in track ge-
ometry. '

Test Train Consist. A standard test train consisting
of a locomotive, instrumentation car, buffer car, test
car, buffer car, and caboose was established for all
test runs and maintained throughout the test pro-
gram. The buffers were open hopper cars. Prior to
the start of testing, each buffer car was loaded with
gravel. To provide for easier interchange of test
cars, the instrumented coupler was placed on the test
car end of each buffer car.




UP Mobile Laboratory Car 210. The UP Mobile
Laboratory Car 210 was used as the instrumentation
car for all testing on Type I trucks. The hardware on
the car was modified prior to the start of testing to
include additional signal conditioning, magnetie tape,

pateh panel, and associated wiring to brlng the sys-

- tem up to-a 92-channel capability. --

Carbodies. The ecarbody type used for this test
program was the 100-ton open hopper car. The 100-
ton hopper car was chosen because it is repre-
sentative of the higher capacity cars being placed
into service today and was readily available. Two
carbodies from the same series were instrumented,
one empty and one loaded. The trucks were then
moved from the empty to the loaded carbody.

Trueks. The Type I truck selected for testing was the
100-ton ASF Ride Control truck. Prior to the start
of Type I truek testing, the truck set was in revenue
service as part of the TDOP Phase Il wear data
collection program (see paragraph 5.3). At the
completion of testing, the truck set was returned to
the wear data collection program. Prior to the start
of instrumentation, all bearing seals of the two ASF
Ride Control trucks were examined to verify that
they were the same on all wheels.

Wheelsets. The new wheel profiles used for the Type
I truck testing were AAR standard 1:20 taper pro-
files. The two axles were instrumented with strain
gages for.the B-end truck.and were bored and pre-
pared for the use of slip rings prior to the start of
testing.

5.2.3 Instrumentation

The primary objective of the instrumentation was to
obtain response measurements required to calculate
the forces at the wheel/rail interface. In addition to
the instrumentation required to measure the
wheel/rail interface forces, transducers were also
used to measure truck and carbody relative motion,
rigid body ear motion, coupler forces, and wheel/rail
angle of attack.

Wheel/Rail Force Measurements. The forces at the
wheel/rail interface provide the key parameters in
the characterization of truck performance during
curve negotiation. To accomplish the objectives of
TDOP Phase II, it was required that these interface
loads be measured with sufficient accuracy to ad-
equately characterize truck performance. After an
extensive review of techniques for measuring these
forces, the axle-bending technique was chosen. To
improve accuracy, additional terms were included in
the equations to calculate the lateral and vertical
foreces. Further, measurements of the point of ap-
plication of the vertical loads was implemented. This
resulted in a mean RMS error of 12.6 percent, which
was considered acceptable. It should be noted that
this error assumes a calibration accuracy of one
percent and does not include any errors which may be
introduced by the measurement of the vertical loads.

Thus, the approach to the measurement of wheel/rail
vertical and lateral forces consisted of:

a. Instrumentation of the axle with strain
gages,

b. Instrumented bearing adapters from Phase _
T Ito measure vertical loads.

e. | Eddy current displacement transducers to
measure wheel/rail relative position.

d. Slip rings for the rotating axle trans-
ducers,

Strain~Gaged Axle. Each axle on the B-end truck was
instrumented with eight, full-bridge strain gages on
each side of the axle. The strain gages were placed
with one-half the bridge at the top and one-half the
bridge at the bottom, as shown in Figure 5-1. Thus,
there were 16 half bridge strain gages at 221 degree
increments around the axle. The half bridges on
opposite sides of the axle (1A to 1B, 2A to 2B, ete.)
were connected in a full bridge arranged for trans-
mission to the instrumentation car, Mobile Labor-
atory Car 210. A rotary pulse generator (RPG) has
placed on each axle to define the strain gage position
as a funetion of rotation angle.

AXLE BENDING
Q201 T.D Qz08 0208 T? G218

.%/ /'r:l. Te -ioaou: / Fé3|

STAAIN GAGE LOCATIONS
14 PLACES)

LEFT $IDE

AXLE BENDING

Figure 5-1, Wheel/Rail Measurement Instrumentation



Once the strain gage data was transmitted to Car
210, it was planned to multiplex the strain gages so
that a vertical and longitudinal bending moment
would be obtained at each side of the axle. This
would result in a total of eight bending moments
being recorded. After the initial set of runs using the
multiplexer, it was found that the data recorded
using this technique was unsatisfactory for the re-
quired data reduction. The patch panel was then
reconfigured to record all 32 strain gage channels and
software was developed to multiplex the data digit-
ally during data reduction.

In addition to the 32 strain gage channels, the two
rotary pulse generator channels will be recorded.
The torque in each axle (T1 to T4) will be measured
using two strain gages at the middle of each axle.
These measurements can be used to estimate longi~
tudinal ereep forces. '

Instrumented Bearing Adapter. Vertical loads were
measured by means of a modified strain gaged roller
bearing adapter developed by SPTCo. during Phase I
and shown in Figure 5-2. The bearing surfaces on top
of the adapter were partly machined off so as to
leave two narrow bands to support the side frame. A
deep groove was machined into the cylindrical sur-
face so that it would mate with the roller bearing,
and the top of the resulting thin section was instru~
mented with strain gages.

*D - DUMMY STRAIN GAGES
A - ACTIVE STRAIN GAGES

=

=13

i
R iynym—

1
1
2
»

BL - 1 ADAPTER (TYPICAL)

sUsed for thermal compensation and bridge balaneing

‘

Figure 5-2. Force Transducer - Beéring Adapter
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Prior to using the Phase I strain-gaged bearing adap-
ters on Phase I, a complete calibration was per-
formed on the adapters to determine linearity and
the amount of error which is induced in the measure-
ments by lateral shifts in the point of the vertical
load. The results of the preliminary calibration tests
showed the measured vertical load to be very strong-
ly affected by the lateral shift of the load point. To

‘eorrect for this, two additional gages (F1-1 and F1-2) -

were added to each bearing adapter as shown in
Figure 5-2, The calibration series was then rerun
recording all three gages. From this data it is
possible to obtain a corrected estimate of the verti-
cal load and the line of action of that vertical load.

Wheel/Rail Position Measurement. Four eddy current
transducers were used at one end of each axle to
measure the relative position and angle of attack of
the axle relative to the rail. This ¢oncept is shown
schematically in Figure 5-3. The transducers were
mounted on bracketry which was attached to the side
frame. Two of the transducers measured the side
frame position relative to the rail and two of the
transducers measured the side frame position relative
to the wheel (see Figure 5-4).

Optical Data Transmission System. Several tech-

.niques were evaluated for transmitting the strain

gage data from the rotating axle. These techniques
were slip rings, FM telemetry, and opties, The FM
telemetry technique was eliminated early in the
program because of its significantly higher cost and
greater vulnerability to outside interference than the
other two systems. After including the cost of on-
the-axle signal conditioning, the slip ring system and
optical data transmission system had very similar
costs., The optical data transmission system was
finally decided upon for the following reasons:

a.  Ability to transmit a greater number of
data channels.

b.  Better quality of transmitted signal, and
'less vulnerability to interference.

e. Optical transmission is serialized, re-
quiring only one transmission line per axle
to Car 210.

d. No requirement to drill axles, thereby
limiting its future use.

Laboratory testing of the optical data transmission
system demonstrated the device' to work satis-
factorily. However, during field use the reliability of
the optical transmission portion of the system de-
graded to the point that it was unacceptable for the
required data. Hence, the backup plan to transmit
the data from the axle using slip rings was im-
plemented. Two sets of 36 channel slip rings were
installed on each axle. The signal conditioning por-
tion of the optical data transmission system con-
tinued to be used; auxiliary data ports built into the
system were used to transmit the data to the slip ring
and to the test car. The drilling of the axles to
accommodate slip rings was accomplished in Las
Vegas.
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Figure 5-4. Wheel to Rail Displacement Measurement

Carbody and Truck Measurements. Displacement

transducers and accelerometers were used on the
truck and carbody to measure rigid body modes and
relative displacements. In order to locate trans-
ducers on the carbody and trucks, the AAR standard
for component location shown in Figuré 5-5 was used.
This enabled the exact location of a transducer to be
specified and maintained continuity with the wear
data collection program.

Forty-two transducers were installed on the earbody
and truek., Two transducers provided train speed and
position. Longitudinal coupler force and the angle of
the couplers at both ends of the test car were
measured by four transducers.
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Fourteen transducers measured truck side frame to
truek bolster, and truck bolster to ecarbody bolster
relative motions. Eight accelerometers gave the six
rigid body motions of the carbody. Three were used
to determine the roll center of the carbody. Five
accelerometers were on the bearing pockets. Lateral
accelerometers were placed on all four axles, two on
the A-end truck. These accelerometers were used as
an indicator of critical speed for hunting. This was
the only instrumentation used for the A-end truck.
The two vertical accelerometers on each end of the
forward axle of the B-end truck provided a measure
of truck input to the truck.
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Instrumented Couplers. A pair of instrumented
couplers used during the AERO-TOFC-I Program
were modified to measure longitudinal draw bar
forces. These couplers each consist of a pair of
concentric eylinders connected by a load cell and
belleville springs in series, Thus the couplers only
measured forees along the axis of the coupler. Over-
load stops prevented the forces from exceeding the
capability of the load cell. A schematic of the
coupler is shown in Figure 5-6.

A coupler angle measurement was made so that the
coupler forees could be broken into components along
and vertical to the carbody axis. This measurement
was accomplished by attaching two bending beam
transducers from the carbody to the coupler. The

bending beams were. positioned in such a. way that

longitudinal translational motion ean be eliminated
from the summing of the two measurements, leaving
only lateral motion. From the measured distance out
from the carbody to the bending beam attach point,
it was possible to calculate coupler rotation angle.

5.2.4 Test Operations

As discussed earlier, the primary objective of the
Type I test program was to measure truck perform-
ance for the curve negotiation regime. This was
accomplished by testing the truck through a series of
main line eurves and measuring the response charac-
teristics. The tests were conducted near equilibrium
speed in both an uphill and downhill direction. The
uphill tests were also be conducted at below and
above equilibrium speed.

~ magnetic tape.
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Secondary objectives were to acquire hunting, rolling
resistance, and load equalization data. The hunting
data were acquired from high speed sweep and dwell
runs on an empty carbody. The rolling resistance
data were obtained by running at several constant
speeds in both the uphill and downhill direetions and
measuring coupler forces, speed, and throttle set-
tings. These test runs were conducted on the fully
loaded car only. Load equalization data was acquired
by conducting low speed test runs over a section of
yard track. For ‘these tests, the locomotive pulled
the car through the test zone and then pushed it back
through the zone.

The test program was run in a sequence of two test
series: the first series dealt with the unloaded
carbody; the second with the loaded carbody (see
Tables 5-4 and 5-5).

5.2.5 Data Acquisition, Reduction and Analysis

Data Acquisition. Data from this test program was
acquired aboard Mobile Laboratory Car 210. Using
the on-board computer and Wyle-developed data ac-
quisition software, the analog signails from the trans-
ducers were preprocessed, digitized, and recorded on
In some cases, the preprocessing
involved only signal conditioning. In other cases,
analog circuitry was to be used to combine channels
to obtain a measured value. The data aecquisiton
software provided a means of: cataloging and up-
dating information.files describing the test, organ-
izing and writing the digital information on tape, and
previewing the data written on the tape at test
completion.

Quick Look Data Review. Data was recorded on a
six-channel Brush Recorder to provide a real time
cheek on the quality of the data from selected
channel. The real time data consisted of time history
traces of selected channels for the full run duration.
Immediately at the completion of each test, a series
of "quick look" data reduction runs were made to
access the quality of the digitized data. They
consisted of playing the magnetic tapes back and
obtaining a five-second time history at selected
times of each test run for all 92 channels, displayed
four at a time. -

Data Reduction and Analysis. After the quality of
the digital tapes were reviewed using the "quick look"
data techniques, the digital tapes were shipped to
Wyle Colorado Springs for data reduction and anal-
ysis. The digital data tapes were then processed
through a computer program which demultiplexes the
test data and produces a second tape:in a format
compatible with Wyle's Advanced Data Analysis and
Reduction System (ADARS). ADARS provides a
generalized data reduction capability from which the
analyzed data can easily be obtained. Figure 5-7
illustrates the various analysis functions and data
interfaces within ADARS. The analysis and display
capability within ADARS include Spectrum Analysis
(SPEC), Statisties (STAT), Display Function (DISP),
and Data Preparation (PREP).
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Table 5-4. Type I Testing - Empty Hopper Car

RUN NO. TEST TYPE ZONE GRADE SPEED
1A Trackability 4 +1.5% 4-30-4 mph
24 Curve Negotiation 1 +1.0% Under Eqﬁilibrium
3A Curve Negotiation 1 +1.0% Equilibrium
4C - Curve Negotiation 1 +1.0% Over Equilibrium
5B Curve Negotiation . 1 -1.0% Equilibrium
6 Lateral Stability 2 -0.9% 40-79 mph
7 Lateral Stgbility - 2 -0.9% 79~40 mph
8A Trackability 3 Zero 10 mph
Table 5-5. Type I Testing - Loaded Hopper Car
RUN NO. TEST TYPE ZONE GRADE SPEED
9 Trackability 4 +1.5% 4-30 mph
10 Curve Negotiation 1 +1.0% Under Equilibrium
11 Curve Negotiation 1 +1.0% Equilibrium
12 Curve Negotiation 1 +1.0% Over Equilibrium
13 Curve Negotiation 1 -1.0% Equilibrum
14 Lateral Stability 2 ~0.9% 40-79 mph
15 Lateral Stability 2 -0.9% 79-40 mph
16 Trackability 3 Zero 10 mph

58




AID

CHANNEL ID CHANNEL

DEFINITION ]
DATA

=N

DIGITAL DATA ACQUISITION
TAPE

ADARS STANDARD
DATA FORMAT
TAPE

ABLD

DEMULTIPLEX,
REFORMAT
FUNCTION

BUILD ADARS
DATA BASE

ADEMUX

EXEC

EXECUTIVE

FUNCTIONS

Y ! !

DATA SPECTRUM STRESS
PREPARATION ANALYSIS ANALYSIS
I

PREP

\

SPEC STRS

! v

DISPLAY
STATISTICS FUNCTION
STAT DISP

__—

ANALYSIS MODULES

PLOTS,
PRINTS

Figure 5-7. ADARS Overview Flow Diagrams

SPEC's function is to perform Power Spectral Density
analysis, using a Fast Fourier Transform (FFT) rout-
ine with a sine and cosine look-up table to enhance
processing speed. The module includes the following
capabilities:

a. Power Spectral Density (PSD)

b.  Cross Power Spectral-Density (CSD)
e.  Transfer funetion gain and phase

d. Heanning window on time arrays

e.  Averaging of PSD and CSD values

f. Printout of averages, degrees of freedom
(or confidence level) with PSD plots.

Statistics (STAT) performs the following statistical
analysis functions for a given input file:

a. Computes and writes to line printer the
average, standard deviation, skewness,
and kurtosis.

b. Computes the root mean square and the
mean squared data values.

Display Functon (DISP) provides both plots and print-
outs for the ADARS user. DISP can be initiated by
the user directly, or by an analysis module which ecan
automatically initiate DISP upon completion of its
execution. Any data output by PREP or any analysis
module can be processed. The following types of
plots are produced:

a. Time History Plot. Linear X, linear Y
axes for raw or analyzed data, single
channel graph per grid, single grid per
page. Also available are Power Speectral
Density data plotted against frequency.
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b.  Strip Chart Plot. Analyzed data time
history plot over linear X axis time frame
and grid, eight linear Y axis grids per
page with one channel graph per grid for
each of the eight grids.

Data Reduction. After the test data is stored on
disk, ADARS is used to calculate those parameters
shown in Table 5-8. The coupler force measure-
ments, coupler ‘angle, vehicle speed, and vehicle
longitudinal acceleration will be used to calculate
average vehicle rolling resistance. The equations to
be used in this calculation are listed in the table.

Table 5-6. Data Reduction Parameters

Carbody Acceleration

Bounce (Al + A2)/2

Pitch (A1-A2)/L

Yaw (A6-A5)/L

Roll (A3-A1+A4-A2)/2g

Sway (A6+A5)/2

Longitudinal A8

Center of Rotation g-h (L
A3+A4

Sideframe/Bolster Relative Motion (Right Sideframe)

Lateral Displdcement (D5+D6)/2
Vertical Displacement (D1+D2)/2
Piteh Rotation (D1-D2)/a
Yaw Rotation (D6-D5/b
Roll Rotation D7-D6

d
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Table 5-6. Data Reduction Parameters (Cont'd)

Truck/Carbody Relative Displacements

" Truck Swivel'Angle ™~ "7 T T T T (Did-Did)je” T

Lateral Displacement (D14+D13)/2
Roll Angle (D11+D12)/2f
Rail/Wheel Position
Rail to Sideframe Angle (B-D)/L
Wheel to Sideframe Angle (A-C)/L
Angle of Attack (B-D-A+C)/L
Sideframe to Rail Distance (B+D)/2
Sideframe to Wheel Distance (A+C)/2

Wheel/Rail Force Measurements

Vertical Force See Note

Lateral Force See Note

LIV Caleculated by Ratio of

Lateral Force/Vertical Force

Rolling Resistance Calculation
Average speed (ft/sec) V=2

3 n
Energy (ft/1b) E=14667T L 8,(C,e0sC,-C,cosC,)
1 171 2 3 4

Average rolling resistance (Ib) R = E/(nTV)

Average grade (%)

n

€= 204555 (S1 (T) - S (o)-11 aq
nT nl1

Note: These relatively complex equations are discussed in Wyle TDOP Phase I Technical

Note, "Measurement of Wheel/Rail Forces in TDOP Phase I Field Testing," dated

Februery 23, 1979.

5.3 WEAR DATA COLLECTION PROGRAM

The TDOP Phase II wear data collection program will
collect wear data on several Type I and Type II
freight car trucks. The objectives of the program are
to collect sample wear data, establish wear trends,
evaluate wear measurement methods, develop a
schedule for measurement occurrence, and provide
data for economic models.

Six truek types (three Type I and three Type II) have

been in revenue service since April 1979. A fourth
Type NI truck was added to the wear program in
January, 1980. The trucks are run in two unit coal
trains making a 1600~mile roundtrip every four days
between a Colorado coal mine and the Kaiser steel
plant in Southern California. These trains operate on
the Union Pacifie, Atchison, Topeka and Santa Fe,
and Denver and Rio Grande Western railroads. The
trains pass through Las Vegas, Nevada, and are easily
accessible to Union Pacific's Repair In Place (RIP)
track. Most of the service will be on Union Pacific's
main line class 4 track, with curves of up to 10
degrees.
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.locations on each axle.

5.3.1 Trucks Selected

The seven trucks undergoing test are the American
Steel Foundry (ASF) Ride Control truck, the Barber
S-2 truck, the Barber S-2-HD Center Plate Extension
Pad (C-PEP) truck, the Dresser DR-1 Steering As-

-sembly truck, the Standard Car Radial Barber-Schef- ---

fel truck, the National Swing Motion truck, and the
Devine-Scales truck.

The ASF Ride Control and the Barber S-2 will provide
representative data on the Type I trucks. The Barber
C-PEP represents a modified 100-ton truck, and is
considered a Type I truek. This truck along with the
Dresser DR-1, Barber-Scheffel, National Swing Mo-
tion and Devine-Scales trucks will provide wear
information for Type II trucks.

5.3.2 Pre-Service Preparation

Before any of the trucks were placed into service, a
number of essential tasks had to be performed. First,
approvals had to be obtained from the three respons-
ible railroads before acceptance of any truck type
not previously approved for interchange serviee.
Cars were selected from the Union Pacific's fleet;
they were all 100-ton, self-clearing hopper cars and
each had to have a remote retainer valve and sep-
arate retainer air line in order to be included in the
program. The center plate on each carbody was
inspected and measured. Any center plate that
showed an "out-of-circular" condition was cause for
rejection of the car, as was evidence of damage such
as may have arisen from a broken vertical wear ring
on the truck bolster.

" The cars in the wear program were identified with a

placard in each corner. The words "test truck" were
stenciled on each side frame and bolster, and the
words "test wheels" were stenciled in at least four
Additionally, some truck
components, such as friction castings, pedestal roofs,
and center plate wear liners had to have indexing
features designed for them to ensure accurate wear
measurements.

Next, the initial, or zero-mileage measurements were
taken on the trucks. Over 6,800 individual measure-
ments in all, or about 1000 per truck. Truck com-
ponents that were measured included wheels, brakes,
bearing adapters, bolsters, and side frames.
Measurement techniques included the use of ultra-
sonic thickness gages, micrometers, calipers, and
depth gages with indexing features. These inventory
measurements were placed in the software data base.
The truecks then were reassembled and placed into
service.

5.3.3 Wear Measurement Plan

The trucks have been stopped and inspected for wear
at the RIP track on the dates shown in Table 5-7.
The number of miles that each car has accumulated
is shown in Table 5-8. The measurements taken
include wheel profiles, brake shoe wear, wear at the
bearing adapters and pedestals, wear of the friction
snubbers, bolster pockets, gibs, columns, center
plate, and side bearings. The trucks are also in-
spected for any damage or changes in configuration.
The wear data collection program began in January,
1979, and will conclude in October, 1980. Although
mileage will vary, several of the trucks will have
accumulated over 125,000 miles,




Table 5-7. Wear Measurement Ocecurrences

NAT'L SWING 5-20-79|7-29-79 1-10480
MOTION * * *
s5-20-79 7-11-79 1}12-80
BARBER $§~2 ] * "
DRESSER | 5-20-78 7}25-79 12}6-79
DR-1 » * *
BARBER S-2 5f23-79 10f2-79 1-11-80
HEAVY DUTY * * ¥
523-79
ASF L T111-79
RIDE CONTROL *
BARBER- 5-20-79| 10-5-79 12]9-79
SCHEFFEL * * *
0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000

Table 5-8. Wear Data Collection Mileage Status - April 18, 1980

TDOP UNION PAC. CAR DATEIN MILEAGE
TRUCK CAR NO. CAR NO. SERIES SERVICE TO DATE
Nat'l Swing Motion . 001 38192 H-100-11 4-4-79 80.057
Barber S-2 002 37708 H-100-11 4-8-79 81,586
Dresser DR-1 003 38051 H-100-11 4-8-79 51,861*
Barber S-2 Heavy i
Duty W/C-PEP 004 38497 H-100-12 4-4-79 83,880
ASF Ride Control 005 38-080 H-100-11 4-4-79 22,000%*
Barber-Scheffel 006 38243 H-100-12 4-4-79 87,617
Devine-Scales 007 37499 H-100-11 '1-16-80 18,720
*Reading taken 12-07-79; out of sérviee for Type II testing
**Used for Type I testing; re-entered service on April 11, 1980

5.3.4 Measurement Techniques

The program's measurement techniques have been
developed through evaluation of existing railroad and
industry measurement techniques as well as those
being used on the Facility for Accelerated Service
Testing (FAST) Program at the Transportation Test
Center in Pueblo, Colorado. Initial verification
sampling at close mileage intervals were made to
ensure that baseline data on early wear was pre-
served. The wear data has been entered into the
TDOP data base and will be compared by engineering
and economie analysts with wear data from other
data sources (e.g., industry, AAR, and the FAST
program).

An example of the measurements taken is the truck
bolster center plate liner and wear ring, accom-
plished with a template and an ultrasonic gage. Eight
wear ring thicknesses and twelve wear liner thick-
nesses are measured along the bolster longitudinal
and lateral axes using the location template. The
minimum thickness of the wear ring is located and
this defines the major wear axis. The angle is
measured using the pointer and protractor disc on the’
template. The template is then rotated to align with
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the major wear axis and the eight ring and twelve

-liner thickness measurements are made with the

ultrasonic gage.

5.3.5 Wear Data Base

The TDOP wear data base is designed to collect data
from multiple sources by truck type, manufacturer,
load capacity, operational classifications, curve-to-
tangent ratios, mechanical wear, and repair and
maintenance costs. Data from participating rail-
roads, the TDOP wear data collection program, and
the FAST program will be utilized. The data base
will be developed by means of Wyle Laboratories'
Interdata 8/32 computer using TOTAL as a data base
management system. This system is ideal for the
wear data base in that it allows for both fixed data
files (master files) and variable files. Thus, fixed
information such as truck manufacturer, type, and
nominal physical characteristics and specifications
only need be recorded once in the data base. Vari-
able data such as serial numbers of individual truck
components, operating profiles, track characteristic
measurements, maintenance labor hours, component
replacements, wear measurements, ete., can be en-
tered into the variable data files as appropriate.
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5.3.6 Wear Data Collection Report

At the completion of the TDOP wear data collection
program, a report will be released which will deseribe
the program, and its collected data and data base. It
will also provide selected plots of wear measure-
ments and significant results. The contents of the

“data base will be recorded on computer magnetic

tape and submitted to the National Technical Inform-
ation Service for public access.

5.4 FRICTION SNUBBER FORCE MEASUREMENT
SYSTEM

A Frietion Snubber Forece Measurement System
(FSFMS) was developed and shop-tested during TDOP
Phase I. The primary objective of this system was to
measure friction coefficients and forces transmitted

between the friction shoes and the wear plate of -

conventional freight car trucks. During Phase II of
TDOP, a series of over-the-road tests was run to
obtain friction snubber data in actual railroad opera-
tion.

The FSFMS was installed on both an ASF Ride
Control and Barber S-2 70-ton trueck. During Novem-
ber and December of 1978, these trucks were run
through a series of tests in various load conditions
over sections of Union Pacific track near Las Vegas.
In addition to the instrumentation for measuring
frietion snubber forces, transducers were installed on
the trueks and carbody to measure relative motion
between carbody and truek, and carbody rigid modes.

Results from the data analysis showed the Barber
truck to have a coefficient of dynamie frietion
between .31 and .36 while the dynamiec friction
coefficient of the ASF truck was between .37 and
.49. The only strong correlation between relative
motion in the truck and friction forces ocecurred in
the vertical motion of the side frame relative to the
truck. As the vertical motions increased, the vari-
ation in the friction forees increased.
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The friction forces obtained as a result of this test
program could be applied to other work, for example,
as input to analytical models, to validate roll and
bounce models, and as considerations in truck design.
Only those data required to meet the objectives of
the program were analyzed for the FSFMS test

- report, There remains a significant amount of anal- -

ysis information which may still be extracted from
the data. Some of the .areas in which additional work
is recommended are:

- Determining frietion coefficients in
curves to see if they differ from those for
tangent track.

- Completing the analysis of center plate
kinetic friction coefficient.

- Exploring the relationship for the half
loaded to the empty and loaded car con-
figurations.

- Determining the relationship of braking to
frietion forces.

- Investigating the effect of asymmetric
column loading on snubber friction.



SECTION 6 - PERFORMANCE CHARACTERIZATION
OF TYPE I TRUCKS

6.1 INTRODUCTION

One of the principal tasks of TDOP Phase II is to
characterize the performance of the Type I truck.
This performance characterization of the Type 1
truck will form the baseline for the ongoing evalu-
ation and assessment of the response characteristics
of the Type II truck so that the effects of design
innovations on truck performance and the consequent
benefits to operating railroads can be objectively
assessed.

The procedure employed in developing this character-
ization was to establish a methodology, acquire and
reduce test data on the Type I truck, perform analy-
tical simulation through the use of mathematical
models, analyze and interpret the data, and quantify
the performance characteristics. The results of such
a procedure yield a performance characterization for
the freight car truck. The purpose of this section is
to deseribe the work-in-progress of this performance
characterization. Data used in the analysis was
derived from TDOP Phase I and from American Steel
Foundries tests; none of the data acquired during
Phase II testing of the Type I truck has been included
at the time of the publication of this Interim Report.

.

6.2 METHODOLOGY

As discussed in Section 2, the methodology that
TDOP Phase II adopted to develop the Type I truck
performance characterization included these steps:

Definition of Truck Performance. The character-
ization of performance requires the identification of
specific performance regimes which may be defined
as sets of conditions associated with predominant
features that distinguish one regime from another. In

order that performance be quantified, performance,

indices associated with each of the performance
regimes have been identified. The characterization
of performance is represented by a range of quan-
tified performance indices within each regime and
associated with a specified set of operating condi-
tions such as speed, lading, and track quality. The
defined performance regimes and associated per-
formance indices are given below:

Performance Regime Performance Index

Lateral Stability Critical speed
maximum lateral accel-
eration
Curve Negotiation Lateral force at
(Steady State) wheel/rail/interface
L/V ratio
Angle of attack
Trackability Critical speed

(Harmonic Roll only)
- Ride Quality

Maximum roll angle
Transmissibility

. Data Acgquisition. Identification of the performance
indices led directly to defining the requirements for
test data which in turn will permit the quantification
of the indices. In general, at least a part of these
data is usually available from existing sources. In the
case of TDOP, extensive field tests were conducted
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in Phase I and performance test data acquired for
Type I trucks.. This body of test data was evaluated
in the light of the data requirements. The evaluation
of existing data resulted in the identification of
additional test requirements. Thus, additional field
tests of the Type I truck were conducted in Phase II
to supplement the Phase I data (see Section 5).

Data Reduction and Analysis. Following established
procedures, the data were reduced, verified for ac-
ceptability, and analyzed to provide quantitative
measures for the performance indices. Where field
test data were unavailable, simulated data were
utilized. Where unusual or abnormal traits were
discovered in the data, verified and/or validated
mathematical models were used in explaining such
traits and interpreting the results. Finally, a set of
quantified performance indices, each associated with
a specific set of operating conditions, have been
produced. . -

Development of Performance Characterization. The
quantified indices of performance are next inter-
preted to form performance characterizations within
each of the performance regimes. The quantified
indices were related to the specific operating con-
ditions under which they were obtained, with due
regard to state of wear or other deterioration as-
sociated with age or ton/mileage of the truck. The
range of quantified performance indices for each
Type I truck performance regime under specified
operating conditions then comprise a characteri-
zation of performance and are represented by a set
of characteristic plots of the performance indices. A
flow diagram of the entire process is shown in Figure
6-1. '

ANALYTIC
MODELS

| TEST DATA -

MODEL
VALIDATION

YES

DATA REDUCTION
& ] PERFORMANCE
ANALYSIS DATA SIMULATION

INTERPRETATION 8
QUANTIFICATION OF
PERFORMANCE INDICES

—

CORRELATION WITH
OPERATING CONDITIONS

1

PERFORMANCE
CHARACTERIZATION

Figure 6-1. Truck Performance Characterization
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6.3 FIELD TEST AND DATA ACQUISITION

The primary basis for the characterization of Type I
truck performance is the test data acquired during
TDOP Phase I. The Phase I instrumentation econsisted
of displacement transducers, accelerometers, and
force transducers at different points on the truck and
carbody: -- In- addition, -‘track geometry- data were
acquired to correlate vehicle response to track input.
The Phase I test consist included a locomotive, the
instrument car, the test car, and a caboose in that
order. The test track included high speed jointed and
continuous welded track, medium speed jointed track,
curved track ranging in curvature from one to nine
degrees, and a modified track for rock and roll tests.

To supplement the data acquired during Phase II, the
recently concluded Phase II test program of Type I
trucks was implemented to provide the required test
data. Tests performed during Phase II were primarily
intended to provide additional data on the forces at
the wheel/rail interface. A vehicle-borne instru-
mentation system was developed to provide contin-
uous measurement of the lateral and vertical forces
at the wheel/rail interface; this instrumentation
package utilized the axle-bending technique. Also
implemented was a system to provide continuous
reading of the angle of attack that the wheel makes
with the rail as the vehicle traverses a curved track.
The tests were run using an instrumented 100-ton,
open hopper car. The test track consisted of medium
and high speed jointed tangent and curved track
ranging in curvature from two to six degrees; low
speed test runs were made in yards to obtain data on
trackability.

6.4 ANALYTIC SIMULATIONS

TDOP Phase II views analytic techniques as ex-
tremely valuable tools in interpreting and extending
the results from field test data. A survey was
conducted of existing models and: computer programs
which had been used in other railroad research and
development projects and an effort was made to
validate these models against a set of eriteria (see
Section 4).

The analytic efforts proved to be of great value in
interpreting various phenomena encountered during
data reduction, especially in such areas at the in-
fluence of wheel/rail contact geometry on hunting,
and the progression of the development of hunting
from the "nosing" mode to one of steady hunting. In
the regime of curve negotiation, modeling was a
valuable tool. The test data used in the character-
ization of curving performance contained information
on the lateral and vertical forces at the wheel/rail
interface, but-not on the angle of attack. The model
used in the curve negotiation regime was validated
against these data as well as data from other sources
and the simulated results used to quantify the angle
of attack, thus complementing the wheel/rail forces
obtained from test data under similar conditions.
Test data have been relied upon entirely in the
characterization of performance in the ride quality
regime,
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6.5 DATA ANALYSIS AND PERFORMANCE CHAR
ACTERIZATION

Leading up to the quantitative characterization of
Type I truck performance, field te’st’dat&ﬂg\re re-
duced, analyzed, and interpreted following a géneral

methodology outlined below: ) o
- Review time history data on accelerations’

at various loeations on the carbody and
truck, relative motions between compone-
nts, end forces on components.

- Select appropriate segments of the raw
data for use in each of the performance
regimes.

- Perform power spectral density analysis
on selected data, where appropriate.

- Calculate rms levels for selected indices.

- Calculate transfer funections relating ve-
hicle response to track input, where ap-
propriate.

- Extract peak values for selected indices
from time history data.

- Determine statistical significance of
quantified indices, where applicable.

Data analysis within each performance regime is
treated individually in the paragraphs below.

6.5.1 Lateral Stability

The lateral acceleration data on the carbody at the
sill level and the roof level as well as on the truck
axles were considered. In eddition, the data were
examined to determine distinguishing charaecteristies
of the response at the leading and trailing ends with
respect to one another. Also, having determined
from the data that the response of the wheelsets

followed along the response at_the body sill levél,

the carbody response was chosen_to rize
lateral stability performance. The carbody roof level

response was studied relative to the sill level re-
sponse and the characterizations arrived at represent
the enveloping levels, i.e., worst case response. The
frequency range of analysis was 0 to 20 Hz. Each
power spectrum in the range of 0 to 5 Hz was
scanned and the peak value of the speetrum selected;
centered around this frequency the rms acceleration
was calculated for a frequeney bandwidth of 1 Hz. -

Analytic means were relied on in the interpretation
of some aspects of the test data, especially per-
taining to the influence of wheel profiles and the
predominant evidence of the "nosing™ (the leading end
of the carbody undergoing violent lateral motions
with respect to the trailing end) phenomena pre-

ceding fully developed hunting in most of the cases.

Some of the resulting characterization of perform-
ance for Type I trucks in the lateral stability regime
is given in Figures 6-2 and 6-3.
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6.5.2 Trackability

Although this regime has been defined to include
harmonic roll, load equalization, and curve
entry/exit, in terms of available field test data only
the performance of harmonic roll has been charac-
terized. Peformance relating to the subsets of load
equalization and curve entry/exit will be reported on
later. With respeet to harmonic roll, test data
available cover 70-ton Type I trucks with a mechan-
ical refrigerator car and 100-ton Type I trueks with
" box cars, both using eylindrical wheels, tested on
track modified according to an AAR specification for
testing special devices to control stability of freight
cars (see AAR Manual of Standard and Recommended
Practices, 1974). Roll angle of the carbody relative
to the side frame, and carbody roll accelerations
have been quantified from the data. The results are
presented in Figures 6-4 and 6-5.
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6.5.3 Curve Negotiation

100-ton, Type I trucks with loaded open hopper cars
tested over curved track ranging in curvature from
1.5 to 7.5 degrees at varying speeds provided the
performance test data in this regime. The lateral
forces at the wheel/rail interface were obtained

“through the axle-bending technique of measurements

which consists of strain gage instrumentation on the
truck axles. Vertical forces were measured by strain
gaging the side frames. In quantifying the lateral
forces at the wheel/rail interface, the algebraic
average, the root mean square value, and the peak
value have been calculated and a description of their
functional relationships to operational variables such
as speed and degree of track curvature has been

© provided.

Using the calculated lateral and vertical forces ob-
tained from the test data, the lateral-to-vertical
(L/V) foree ratio has been quantified for all four
wheels in a truek. The test instrumentation did not
consist of angle of attack measurements. However,
analytic simulations utilizing a steady state non-
linear curving model have been used in quantifying
the angle of attack performance index. The model
was verified against the test data for validity by
using the lateral and vertical force measurements as
the criteria for comparison. The results in this
performance regime are shown in Figures 6-6 through
6-8.
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6.5.4 Ride Quality

Ride quality, as a performance regime, refers to the
acceleration environment in the carbody reflecting
the capability of the truck to attenuate the ex-
citation arising from track irregularities. This at-
tenuating characteristic of the truck has been termed
transmissibility. Extreme performance phenomena,
such as resonance and other unstable conditions, have
been excluded from consideration in this regime since
they have been considered part of the lateral sta-
bility and trackability regimes. Test data is available
covering both the 70- and 100-ton Type I trucks in
the empty and loaded conditions over a wide variety
of track and speed conditions. Track geometry data
have been acquired from the Department of Trans—
portation and include such track parameters as pro-
file, alignment, gage, and cross level, as well as
automatie location detection along the track.

Characterization of ride quality performance has
been accomplished through calculation of the trans-
missibility in both the vertical and the roll modes,
relating carbody response at the sill level to the
track input. This process included power spectral
density analysis, ealculation of rms levels of vertical
and roll accelerations evaluated for selected fre-
queney bandwidths, and quantification of transm-
issibility by means of the ratio of rms response to the
corresponding rms track input. The results from the
data analysis are given in Figures 6-9 through 6-11.
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Figure 6-7. Lateral Force on Leading Outer
Wheel vs Degree of Curvature
100-ton, Type I Trucks at Balance Speed
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Figure 6-9. Transmissibility - Vertical
Acceleration for 70-ton, Type I Trucks,
Loaded Flat Cars
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6.6 WORK IN PROGRESS

Once the data acquired during the Phase II testing of
the Type I truck has been reduced and analyzed, a
complete performance characterization of the stand-
ard, three-piece truek will be released.

In a related area, a Type I truck aecceptance test
specification guideline has been formulated and pre-
sented to the FRA and the TDOP Phase II consultants
for their comments. The following procedural steps
will be followed in developing the acceptance test
specification:

- Determine salient performance charac-

teristics

- Outline data requirements to quantify
performance characteristies

- Define representative equipment and op-
erational conditions

- Seleet necessary instrumentation

- Construet matrix of tests required to pro-
duce data '

- Choose test sequence
- Outline test procedures

- Determine data aequisition, reduction,
and analysis methods

- Set forth data interpretation and pre-
’ sentation methods and formats
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INTRODUCTION

As the TDOP Phase Il contractor, Wyle Laboratories,
will develop:

- An illustrative benefit/cost analysis that

operating conditions, and

- Economically based performance speci-
fications for trucks that will lead to op-
timal truek performance.

This document briefly describes the major sources of
economic data to be used. It discusses economic
impact areas and the analytic methodology to con-
nect economic and engineering performance of
freight car trucks. Finally, it briefly outlines the
way in which these results may be used in an in-
cremental benefit/cost analysis to assess-the cost-
effectiveness of Type II trucks.

SUMMARY

Basically, three things are required to perform a
benefit/cost analysis: knowledge of the benefits to
be expected, knowledge of the costs, and a set of
conditions under which trade-offs are to be discussed.
Economic benefits and costs will be developed for
improved (Type H) trucks through the use of life
cycle analysis. Baseline life cycle costs will be
developed for the standard (Type I) truek considering
several economic impact areas as follows:

Cost Areas: . Benefit Areas:
Initial Purchase Price Track Maintenance
Inventory Costs Fuel Consumption
Car Maintenance

Lading Damage

Train Delay & Lost Car Days

Derailment:

In each area, only that part of the cost that might be
expected to change with a modified truck design
must be developed. In an incremental benefit/cost
analysis, only the changes are considered in the
analysis. This approach greatly reduces the data
requirements of a life eycle analysis.

Baseline life cycle costs will be developed from a
number of data sources. This document concentrates
on real-world data available from TDOP's railroad
subcontractor, the Union Pacifie railroad (UP), the
FRA, the Association of American Railroads (AAR),
and an eastern railroad and a private car line that
have contributed maintenance data. Additionally,
test data are available from Phase I and more test
data will be available from further testing during
Phase II. Analytic truck models will be used to
interpret and extend the test results. A limited
number of Type I trucks are being subjected to
service testing as part of the TDOP Phase Il wear
program. We expect to have data made available
from the Facility for Accelerated Service Testing
(FAST) on both truck and rail wear. Information is
available in the open literature and from other on-
going FRA programs. Finally, the TDOP Phase II
industry consultant group regularly reviews our re-
sults providing guidance and information.

_ each railroad may modify to suit its own _ _



A multiplicity of data sources is very important to
the success of TDOP because of the limited amount
of real-world data available to assess Type I trueck
performance. While baseline life cycle costs are
being assessed, causal relationships between the costs
and engineering performance must be hypothesized
and tested. Engineering performance is to be assess-
ed in the following performance regimes:

Lateral Stability
Trackability
Curve Negotiation
Ride Quality \

Causal connections between the engineering perform-
ance regimes and costs must be established so the
results of test and analysis data may be applied to
estimate the change in costs associated with each
Type I truck. This information is the required input
for an incremental benefit/cost analysis.

The last requirement for performing a benefit/cost
analysis is a well defined set of conditions under
which trade-offs are to be discussed. The
benefit/cost ratio will vary widely depending on what
service conditions are considered. For example, unit
train operations insure that the owner line (who pays
most of the costs) also is the handling line (who
receives many of the benefits). The implications of
an improved truck for car lines (who are never the
handling line) are quite different from those for Class
A railroads. For cars affected by special service
orders (designed to insure the return of the car) we
will sée different benefit/cost ratios than those in
general sérvice interchange. Similarly, the engi-
neering parameters of the car (e.g., annual mileage,
car weight, cost of lading, truck center spacing, ete.)
and the operating characteristics of the railroad
(e.g., miles of curved track, posted speeds, track
class, ete.) will produce different benefit/cost ratios.
Rather than analyze every possibility, TDOP will
attempt to identify those areas where Type II trucks
might reasonably be expected to pay for themselves;
and also to provide the basie data and methodology
required to analyze each case.

SOURCES OF ECONOMIC DATA

Life cycle costs are to be developed from a wide
variety of sources ranging from results of road tests
to the open literature. Virtually all of the inform-
ation developed as part of TDOP Phase II should
eventually ‘be reflected in the economie analysis.
The economic task is most closely associated with
real-world data available from the Union Pacifie
railroad (TDOP's railroad subcontractor) and from
data contributed by an eastern railroad and a car
leasing company. This is because of the need for
statistieal analysis of these types of data required to
produce information useful to the project. It is this
class of information (e.g., car maintenance data) that
will be deseribed here. Where other sources within
the projeet must be relied upon, they will be de-
seribed here; however, more interaction between the
different parts of the projeet should be expected as
the project develops.

In this section, the economic impact areas to be
studied will be introduced, the data sources we
propose to use for each economic impact area will be
briefly deseribed, and the analysis to be undertaken
will be outlined. Because the relationship of the data
to the analyses is often fairly complicated, all the
data sources will be discussed before considering the
detailed analysis techniques to be employed. Ad-
ditionally, data sources in the area of car movements
will be developed.

TRACK DATA

While TDOP Phase II deals with freight car truecks,
one of the most important impact areas is probably
rail wear in curves. Radial trucks are expected to
reduce rail wear in curves, while rigid trucks may
accelerate rail wear in curves., Additionally, im-
proved trucks are expected to control hunting, Gage
widening due to hunting should be reduced. Harmonie
roll and bounce probably are related to weakening
rail joints. Clearly, rail deterioration must be con-
sidered as part of TDOP. Still, TDOP is a truek
design optimization project. Rather than undertake a
rail study as part of the projeet, we will use rail wear
models available in the open literature to estimate
savings in this area.

A statistical model of a railroad is required to make
these estimates, in addition to a model of the wear
process under stated conditions (e.g., angle of curv-

“ature). In the case of the Union Pacifie railroad, the

necessary statistics can be developed from a com-
puterized track file known as the Mainline Consist
and History. This file is an inventory of UP rail used
primarily to predict where damage should be ex-
pected. Data are available (finer than milepost-by-
milepost) desecribing the date the track was laid, the
cumulative gross tonnage passing over the track, the
type of' rail, eurved track by angle, posted speed,
super elevation, grade, and observed failures by type
of failure. By taking the difference between cum-
ulative gross tonnage for two successive years of this
file, annual gross tonnage is available for the UP's
entire mainline.

Similar aggregated data for mainline track in the
U.S. has already been made available by the FRA as
part of their investigations of fuel consumption. The
annual gross tonnage associated with each category
(e.g., total miles of track by degree of curvature,
speed limit, and grade) is currently being developed
by the FRA and will be made available to TDOP.

Our use of these data will be to form a detailed
statistical model of a railroad in terms of annual
gross tonnage experiencing different angles of curv-

" ature, operating speeds, grades, etc. This model will

in turn be used to estimate savings in the areas of
fuel consumption and rail wear. Only the Union
Pacific case will be developed in sufficient detail to
adequately estimate these savings; however, as part
of our trade-off. studies (see Benefit/Cost Analysis
Section), we will assess the sensitivity of our analysis
to these variables. The national data will be used to
evaluate the peculiarities associated with using the
Union Pacifiec. Each railroad may use its own track
parameters with the same basic analysis to evaluate
truck investments under their particular circum-
stances,



FUEL CONSUMPTION

Reduction in fuel consumption is another area where
improved trucks might reasonably be expected to
affeet performance. Radial trucks, through their
ability to steer through a curve, ought to consume
less- fuel than conventional truecks.
estimate fuel eonsumption empirieally, The drawbar
force on each end of the test car will be measured as
part of the road test program. Since the distance
integral of the drawbar force is work, this integral
multiplied by the locomotive's efficiency factor gives
fuel consumption. Comparing the integrals obtained
for different trueks, should permit estimating the
change in rate of fuel eonsumption with the different
trucks over fixed test zones at constant speeds. The
work done in each curve of the test zone will be
calculated and ecompared between truecks. Then, the
track model described in the previous section will be
used to extrapolate these results to the entu'e rall-
road.

Several difficulties exist with this procedure. It will
be impossible to econtrol the aerodynamic drag caused
by winds; a significant factor in fuel consumption.
Wind speed will be measured, and estimated cor-
rection factors applied to eliminate its effect; how-
ever, data on different car body profiles are not
available, and any correction will only be an ap-
proximation. It will be impossible to exaetly re-
plicate the same speed profile with each test run.
Since the data are integrated, this will tend fo
alleviate some of the sensitivity to small changes in
speed. Finally, there is the problem of obtaining
sufficient sensitivity to measufe the changes ex-
pected. The savings to be expected from improved
curving performance have been estimated to be of
the order of only 2% or 3% of the total fuel con-
sumption. It should be recognized, however, that the
small size of this estimate has more to do with the
relatively small numbers of sharp curves in the rail
network than with the savings to be realized from
any given curve. Also, it should be recognized that
2% or 3% of the total railroad fuel consumption is an
enormous sum (about 24 to 36 mllhon dollars an-
nually, and inereasing).

CAR MAINTENANCE

Car maintenance is another major area where savings
are expected from an improved truck. Improved
curving performance should lead to reduced wheel
wear and longer wheel life. Control over hunting
should reduce gib and center bowl wear. If harmonic
roll and bounce can be controlled, bolster fatigue,
snubber wear, and side bearing damage should also be
reduced.

Historical data for off- and on-line light repairs for
all. UP cars (and foreign cars on UP's lines) by car
component have been collected for approximately
two years, Light repairs are defined as those re-
quiring less than 20 man-hours of labor. The AAR
car repair billing (CRB) system is used to collect
these data, which include: car initial and number,
the component repaired, the reason for the repair,
the component position on the car, the repair date,
the geographic location of the repair, and standard
labor hours and material quantities at AAR prices.. In

-TDOP plans to- -~ -

addition to the usual AAR billable repairs, inform-
ation has been gathered on nonbillable repairs (e.g.,
inspections) as part of the UP on-line data. These
nonbillable repairs have been priced by UP and ean be
included for on-line repairs (off-line nonblllable re-

- pairs must be-estimated from these data). -

The pricing system used for car repair billing com-
plicates these data to some extent. Charges are not
included for repairs for which the handling line
assumes responsibility. Additionally, penalty charges
and capital improvement charges are included. Thus,
the records will be repriced on a standard basis and
will be tabulated in three categories as follows:

a. Charges to the owner
b.  Charges to the handling line on-line
¢. Charges to the handling line off-line

The first category is the only one paid by a car-
leasing company. The first two are paid by a Class A
railroad on its own cars, and all three are of interest
from an industry-wide perspective. After the num-
bers of repairs are tabulated, they will be multiplied
by average costs from the first category to calculate
standardized costs for all three categories. The
average costs will be compared to the AAR master
price lists and where -large diserepancies exist, they
will be investigated to determine if adjustments are
called for to eliminate penalty charges, ete.

While light repairs represent the majority of all
repairs done to UP's cars, heavy repairs are also of
interest. In particular, bolster work appears to be
done mostly in heavy repair shops. On-line heavy
repair data have been colleeted by the UP, but the
files are not automated at this time. Since it would
be impractical to access these manual files on any
large scale, we plan to request only a small sample of
this information (approximately 5% of the fleet).
This same approach is being used with car move-
ments. The date and place a ear enters the heavy
repair shops for this sample of the fleet is known,:
making manual access to the data less difficult.

In addition to UP's- maintenance records, TDOP has
been given the repair records for 1977 from a car-
leasing company. Annual mileage for each car was
also supplied by the leasing company, allowing estim-
ation of repair costs in terms of miles traveled:
Finally, we are currently discussing obtaining repair
data from an eastern railroad. In this case, heavy
repairs are available as part of the basic data file.
Geographic differences in the data will be assessed
from analysis of records from a variety of railroads.

Car repair data is enhanced considerably when it is
merged with data from the Universal Machine Lan-
guage Equipment Register (UMLER). This is being
done in the case of UP's data and will be done for the
eastern railroad. Of particular interest in the
UMLER data are the year and month the car was
built, the nominal capacity of the car, the geometry
of the car, the type of bearings (journal or roller
bearings), the number of axles, the truck center
distance, and any information available about the
mechanical class of the car (e.g., the AAR car code
and local mechanical designation).



Our analysis of these data is proceeding at two
levels: first, the cross tabulation technique is being
used to relate the performance regimes to car re-
pairs, and second, wheelset life is being modeled
through the use of simulation techniques. The cross
tabulation study centers around finding categories of
repairs that are related to classes of cars known to
have problems in a certain performance regime (e.g.,
cars with 39-foot track centers have problems with
trackability). In the wheelset life study, the age at
replacement of wheelsets for different reasons is
being calculated (see the discussion of the Wheel Life
Model in the next section). In each case, the intent is
to relate the repair to a performance regime so that
the change in repair frequeney with a change in
performance may be estimated.

)

The FAST program and the TDOP wear program offer
opportunities to check our results in the area of car
maintenance. Data on the deterioration of Type II
trucks will be gathered in these wear measurement
programs. These data will be compared to our
projections. Even more important, secondary effects
will be assessed based upon wear program results.
- Perhaps this is most easily seen with an example.
Suppose an improved truck were to reduce rolling
resistance of the car. This suggests the standard
setup for the brakes might no longer be appropriate.
Operating experience is essential to properly assess

this type of interaction, where changes cascade caus-

ing hard-to-assess (or even unanticipated) con-
sequences.

CAR MOVEMENTS

Car movements relate directly to lost car days in
that the utilization rate for each car may be cal-
culated from the data. More important, however, is
the potential for calculating mileage traveled for
each car. This is important in the analysis of car
maintenance as mileage, not time in service, wears
out trucks. Additionally, it should be possible to
calculate the traffic mix (e.g., 100-ton vs. 70-ton
cars) at locations on the UP's line from ear move-
ment data. Because of the importance of this
information, we believe it to be worthwhile to eolleet
these data for possible use later in the project or by
other projects.

Because of time constraints, the use of these data by
TDOP will be very limited. We propose to use
estimates of average car mileage by mechanical class
or other breakouts to estimate the miles a given ear
has traveled. Where finer data are available, as in
the case of the private car line data, we propose to
use them, However, we believe it to be too large a
task to attempt developing a capability to analyze
on- and off-line mileage data, as well as the rest of
the TDOP economic analysis data.

The sources for car-movement data at the UP are:

a. Complete Operating Information System
(COINS) is a continuously updated inter-
active system reporting all on-line move-
ments (i.e., UP and foreign cars) and for
UP cars off-line on several other rail-
road's lines with whom they have data-
sharing agreements. These data include:
geographic departure and arrival locations
(freight station accounting code - FSAC)

and times for each car number; com-
modity carried; whether empty or loaded;
gross weight; and bad order, storage and
hold status.

b. The UP Jumbo File contains the same
information as COINS beginning with the
inception of the program but it is only
available on microfiche. These data are
too voluminous to access for a large num-
ber of cars.

e. Telerail Automated Information Network
(TRAIN II) provides the major source of
off-line ear movements on a national bas-
is but in less detail than the on-line
system. The data include car placements
indicating that a car has been turned over
to a shipper for loading, loading reports
which show when a shipper releases a car

. to a railroad, the origin of a loaded car,
its commodity and destination, inter-
changing receipts and deliveries (for car
tracing), regional crossing boundaries, un-
loading time, empty car destination, and
bad order, storage and hold status.

d. The AAR Per Diem Reporting System
further supplements the car movement
data. Since the per diem records include
empty and loaded miles traveled off the
reporting railroad's line, these data may
be used to estimate the distance the ecar
has traveled.

e. The Freight Station Accounting
Code/Standard Point Loeation Code
(FSAC/SPLC) Master File provides a
cross-index between the maintenance
records which contain the SPLC for the
geographic repair locations and the car
movement records which contain the
FSAC for the geographic departure and
arrival locations. This file, therefore,
provides the means to conneect repairs to
regions and car movements.

f. The Mileage Master File functions to con-
nect miles to the car movements from
station-to-station in the car movement
file.

Because of the volume of data involved when dealing
with car movements, TDOP has requested only a 5%
sample of the UP's data. This is to be based on car
number according to the following formula: if the
car number ends in one and the preceding number is
even (including zero), the car is part of the sample;
additionally, we have asked for all the cars in the
wear program unit train and for 100 cars with
National Swing motion trucks that the UP already has
in service. - Preliminary tests on cars sampled with
this formula indicate it gives a very representative
sample of the UP's fleet.

LADING DAMAGE

Reduction in lading damage is another major eco-
nomic impact area where an improved truck might
prove beneficial. Improved performance in the har-
monie roll, bounce, and hunting regimes should trans-
late into savings in the form of reduced claims for
lading damage. Additionally, if the overall ride
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quality of a improved truck were significantly im-
proved, it might result in expanded markets or at
least a strong selling point for using a particular
railroad's cars.

Identifying the cause of lading damage in any but

specific cases”is virtudlly impossible.” For this rea-

son, our approach to date has been to identify speci-
fic areas where major problems exist and to attempt
to study these areas. Where .a relatively small
percentage of the fleet is involved in very large
claims for lading damage, it seems possible an im-
proved truck might materially improve the situation.
Unfortunately, the area identified to date, i.e., dam-
age to automobiles in auto rack cars is so con-
troversial it is difficult to obtain agreement that this
is a reasonable area for TDOP to study. The rail-
roads widely believe that the damage occurs not in
transit but at the loading and unloading points. As a
result, our current approach is to await empirical
results on ride quality from the road testing, and to
only pursue the matter if it appears reasonable that
one of the trucks in the program actually offers a
potential solution to the problem.

Data on-lading damage are available from the Union
Pacific including information on the car number, its
AAR car code, the way bill number and date, the
standard commodity code, the cause of the loss (to
the extent it can be determined), the miles on UP's
line involved, and the tons involved:. This is difficult
to relate to specific routes taken and any other
railroads involved. Also, there doesn't appear to be
any cost information in the record. Some headway
might be made by relating this file to the UMLER
and testing for disproportionate numbers of claims of
unassigned cause by the car's engineering charac-
teristies or ear body type. This will be done using the
cross-tabulation technique.

Estimating changes in lading damage charges is prob-
ably too difficult to be attempted without actual
service experience. We plan to go as far as possible
to put bounds on the savings. - Where we can't show
hard savings, minimum savings (probably zero) will be
used to insure a conservative estimate.

LOST CAR DAYS AND TRAIN DELAYS

Reduction in the number of lost car days due to
maintenance and in the incidence of train delays due
to truck-related failures is yet another area where
savings might be realized from an improved truck
design.

Train delay and lost car days are currently estimated
at the Union Pacific by using data from the dis-
patcher's daily time sheets. The reasons for train
delay (e.g., power shortage, accidents, ete.) and the
location are manually recorded on the sheets which
contain the train's departing station, date and time of
arrival. The data are keypunched and visual charts
are manually prepared to display the data peri-
odically. .

The major effect of an improved truck design on lost
car days probably is in the maintenance area. Car
days are lost when the car is being maintained.
Charges for lost car days will be included as part of
the maintenance analysis.

The major effect of an improved truck design on
train delay probably is in the track area. Rail
replacement necessitates significant interruption of
service and charges will be estimated for this as part
of the rail study.

"DERAILMENT

Reduction in the number of derailments is a likely
outcome of adopting an improved truck design. How-
ever, as with lading damage, it is extremely difficult
to attribute some failure of the trucks as the cause
of any large number of derailments. A computerized
UP accident reporting system is available which is

" used both internally at UP and to meet the require-

ments set forth in the "FRA Guide for Preparing
Accident/Incident Reports”. These data are in con-
siderable detail covering the environmental and op-
erating conditions at the time of injury or damage to
persons, property and equipment. Cause codes re-
lated to certain truck components are included: bol-
sters, side frames and bearings, snubbers and springs
(as well as truck stiff, improper lateral, or swivel-
ling).

TDOP's use of these data can be to relate the
prineipal car involved in the derailment to its main-
tenance history for comparison with other similar
cars to establish any trends related to the truck,
possibly providing a link to derailment. Just as in the
case of lading damage estimates, conservative num-
bers will be used where hard savings cannot be
demonstrated.

PURCHASE PRICE AND INVENTORY COSTS

In most cases, the initial purchase price of an im-
proved truck is significantly higher than that of a
standard three-piece truck. The purchase price of
each truck being considered is available from the
manufacturer and has been requested. The require-
ment that a purchase price be established is part of
TDOP's selection eriteria for trucks.

Probably even more important than the added pur-
chase price is the added inventory cost necessary to
maintain the nonstandard parts of an improved truck.
This information will be developed by obtaining a
price list for the nonstandard parts in each truck and
predicting the quantities of each part required based
on estimated replacement rates as predicted from
the analysis of car maintenance discussed in the
Statistical Analysis Section of this appendix. Anal-
ysis of inventory costs is discussed in the same
section.

DATA AVAILABILITY SUMMARY

A great deal of real-world data exists that is relevant
to the goals of the TDOP project. Virtually no data
are available on Type II trucks. This is the challenge
we are faced with, extracting information from the
data that do exist to predict what would be found if
premium truck data were available.

The data we are currently gathering for TDOP eco-
nomie analysis are summarized in Table A-1.



In addition, we will request heavy repair data on the
basis of an individual car number, repair site, and
date using the COINS data. If train delay data are in
a higher state of automation later in the project, we
may request a representative sample for further
analysis. Also, an eastern railroad and a car leasing
company either have contributed data, or are cur-
rently considering contributing data.

Table A-1. Summary of TDOP Phase II Economic Data

On-Line Maintenance -~ All

1/77/ through 3/80
UP Cars :

Off-Line Light Maintenance ~
All UP Cars

1/77 through 3/80

In-House UMLER" Latest Update

On-Hand at Wyle

Car Movements (COINS,
TRAIN II, Per Diem
Reporting System) for
Selected Cars

Monthly through
3/80 and all available

a. All UP car numbers with
the next to last digit even
(approximately 5% of the
fleet)

b. UP National Swing Motion
Cars: UP Car Numbers
215550 through 215649

e. Wear Program Cars: UP
Car Numbers 31900-32099

Freight Station Accounting
Code/Standard Point Location
Code Master File

Latest update

Mileage Master File Latest update

Track Files: Mainline Consist Last three annual
and History

Accident File Latest annual

Freight Loss and Damage Latest annual

File.

STATISTICAL ANALYSIS

The objéctive in analyzing these data is to quantify
the changes expected with an improved (Type II)
truck. Also the timing of the changes must be
estimated. In order to meet this objective, it is
essential that causal relationships be established be-
tween engineering performance and costs. Require-
ments for establishing this relationship are outlined
in Section 3 of the TDOP Phase II Introductory
Report, FRA/ORD-78/53. Briefly, in each engi-
neering performance regime, we must relate the
operating environment of the truck (e.g., speed,-angle
of curve) and the truck's engineering characteristies
(e.g., truck center distance, wheel profiles) to a
mechanism of failure (e.g., unlubricated sliding fric-
tion) and a mode of failure (e.g., loss of metal). Only
when this relationship is established can we make
predictions with a high level of confidence. Sta-
tistical analysis alone cannot do this. As outlined in

Section 5 of the TDOP Phase II Introductory Report,
engineering interpretation, testing, and analysis are
also required.

Statistical analysis has a major role in the success of
TDOP. In many areas of truck performance, the
relationship of performance to ecost is simply not
understood at this time. It is in these areas that
statistical analysis ecan make its most significant
contribution. While it is not possible to establish
causal relationships statistically, these techniques
are designed to find relationships (not necessarily
causal) and to say whether a significant relationship
actually exists. Additionally, once a causal relation-
ship is established, statistical analysis can help
quantify the relationship. )

This should not be confused with economic analysis
(with the exception of inventory costs described later
in this seetion). The benefit/cost analysis briefly
outlined in the next section is an economic analysis.
What is being deseribed in this section is simply
statistical analysis. Since economists are trained as
statisticians, the responsibility for doing this analysis
falls in the economics area.

CROSS TABULATION

Cross tabulation studies are almost always done as
the first step of a statistical analysis. Cross tabu-
lation is a simple and remarkably powerful tool for
discovering relationships between data. The pro-
cedure starts with identification of the variables

.available to be analyzed. Then relationships between

these variables are hypothesized. A table showing
the joint frequenecy distribution between the variables
is constructed. The expected value of each cell in
the table is constructed based upon the assumption
there is no relationship between the variables (i.e.,
that they are distributed independently). Finally a
chi square (x“) statistic is calculated to test the
assumption that the variables are independently dis-
tributed. If this statistic shows that it is extremely
unlikely that the variables are independent, the as-
sumption of independence is rejected and the op-
posite assumption - that there is a relationship - is
accepted.

An example will make this more clear. Consider the
analysis of car maintenance data. The first step is to
identify the variables available to be studied. Figure
A-1 illustrates one of the data records for CRB main-
tenance data. There is a large number of variables
available in this record. In particular, notice the
following variables:

a. Car initial and number starting at eolumn
20. This uniquely refers each record to a
freight car.

b. The removed job code starting at column
58. The job code tells what part of the
car is being repaired (e.g., job codes 3005
to 3125 refer to wheels). Each part
repaired requires another record.

e. The "why made" code starting at column
56. This code explains the reason for
making the repair (e.g., thin flange, high
flange, ete., for wheels).



By looking up each car number in the UMLER file,
more variables may be made available. Figure A-2
illustrates the UMLER data record used for most car
types. Notice the following variables:

d. The nominal capacity starting at column
--. - - 64, -This:indicates-the -nominal weight- the---
car can carry in thousands of pounds.

e. The truek center spacing starting at
column 67 of the second row. This indi-
cates the distance between truck centers
in feet and inches.

Having identified a few of the variables to be
studied, we need to hypothesize a relationship be-
tween the variables. An engineer explains that cars
with 39-foot truck centers are much more susceptible
to harmonic roll because this corresponds to the
spacing of rail joints for 39-foot staggered jointed
rail. We expect some of the wheel repairs to be
caused by harmonic roll, so we hypothesize a rela-
tionship between ecars with trueck center spacing
around 39 feet and the "why made" codes for wheel
repairs.

Next, we are ready to construet our table (known as a
contingeney table). First, we must separate all the
car repair records with job codes 3005 to 3125 (i.e.,
wheel repairs) from our car repair records and match
each record with its UMLER record to gain access to
the additional data included in the UMLER.

At the same time, we recode the truck center
spacing as follows: arbitrarily we say plus or minus
four feet (10%) is close enough, if the truck ecenter
spacing is 35 feet to 43 feet we change the value to
be 1; otherwise, we change the value to be zero. We
then count the number of 0's and the number of 1's
found for each "why made" code. This produces a
table. shown as Table A-2 where the number of
records counted is listed as the "observed" value in
each cell.

Next, we need to calculate the expected value of
each cell in the table based upon the assumption that
there is no relationship between the two variables.
To do this, we calculate the "marginals" for the
table. By summing the observed values across all the
columns and all the rows, we calculate the per-
centages shown to the right and below the table.
These numbers are the distribution of the variables
("why made" codes and truek center spacing) taken
independently. If we multiply them, we calculate the
distribution as if they were independent. If we also
multiply by the total number of records in the entire
table, we obtain the "expected" value for each cell.

Finally, we are ready to calculate the x’z statistie.
This is done by taking the difference between the
observed and expected values in each cell, squaring
this difference, and dividing by the expected valueZ
When these numbers are added, they form the yx
value for the table. We may go to any statisties book
and look up the number in a table of .the chi squared
distribution where we use the number of degrees of
freedom equal to the number of cells in the table
minus one. The number we obtain from the table
tells how likely this result is based on random chance.

For examplf, if we have 23 degrees of freedom, we
find th&t ¥~ = 64.0 for .99999 probability. Since we
have x“ = 337, we are well beyond the value indi-
cating that 0.001% of the time this result will happen
by chance. In the social sciences, statisticians

. usually accept_anything less than a 5% chance as
evidence that a relationship exists. Based upon this

criterion, it appears there is a relationship.

Inspection of the table reveals what the nature of the
relationship is. Notice that "why made" codes 64
(high flange), 75 (tread shelled), and 76 (tread built-
up) occur far more often than we would expect on
cars with truek centers between 35 and 43 feet. This
suggests (but does not prove) that harmonic roll is
part of the cause of these problems. If engineering
analysis can demonstrate that there is a relationship,
we might be justified in assuming a reduction of
incidence of these problems down to the level of the
other truck center category if an improved truck
were to completely solve the harmonie roll problem.

This example illustrates the basies of the cross
tabulation procedure. Numerous extensions of this
basic idea exist. For example, it is not always
appropriate to use the marginals as the assumed
distribution. One might use the distribution of total
miles traveled by cars in each of the two truck
center categories. This would control for the dis-
tance traveled. Another extension to the basie
technique would be to count dollars (another variable
in the car maintenance records) instead of records.

RAIL WEAR IN CURVES

One of the major areas that needs to be developed
under TDOP Phase II is rail wear in curves. Rather
than develop expertise in rail wear, Wyle will collect
and analyze rail wear data from other sources. The
essential activity to be performed is to estimate
savings to be realized in rail life based upon the
measured performance of improved truck designs.
The essentials of this analysis are indicated in the
following discussion. The open literature contains
examples from Tresearch institutions that have de-
veloped this analysis beyond the state discussed here.
We plan to draw ‘on this knowledge to evaluate the
savings to be gained in the area of rail wear.

The proposed procedure for making this estimate of
rail wear in curves is illustrated in Figure A-3. As
part of the TDOP test program, lateral force on the
leading outer wheel in a curve is to be measured.
This force, coupled with slipping between the wheel
and rail, causes wear of both the wheel and the rail.
These test data are to be used to validate analytic
models of truck behavior in a curve. A curving model
can be used to generate continuous plots showing the
lateral force as a function of angle of curve (e.g., the
bottom curve in Figure A-3). Given the plot illustrating
rail life for Type I trucks shown at the top of Figure
A-3, an easy geometrie construction produces the es-
timated relationship for rail life for Type II trucks.

The curve illustrating rail life for Type I trucks may
be estimated directly from the Mainline Consist and
History data file available at UP. This file gives
information on the age of all the track in the UP's
mainline by angle of curve and superelevation. This
is a file listing "live" rail. We want to know the age
at replacement (i.e., the age of "dead" rail). In order
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Figure A-1. Union Pacific On-Line Repair Record
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Figure A-2. UMLER Data Records ~ Codes 1 and 4



Table A-2. Cross Tabulation

TRUCK CENTER

WHY-MADE 0 1 MARGINALS
CODE

11 Observed 560 547 1107 40.01%
Expected 614 493 .

60 Observed 268 77 345 12.47%
Expected 191 154

64 Observed 49 130 179 6.47%
Expected 99 80 :

73 Observed 41 4 45 1.63%
Expected 25 20

74 Observed 6 3 9 v 0.33%
Expected 5 4

75 Observed 28 99 127 4.59%
Expected 70 57 ’

76 Observed 128 1355 283 10.23%
Expected 157 126

77 Observed 6 22 28 1.01%
Expected 15 12

78 Observed 157 120 277 10.01%
Expected 153 123

79 Observed 11 8 19 0.69%
Expected 11 8

89 Observed 81 30 111 4.01%
Expected 62 49

80 Observed 201 36 237 8.56%
Expected 132 105 .

MARGINALS 1536 1231 dgf =23

55.5% 44,5% | Total = 2767 X =337
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to estimate this, we must assume that no improve-
ments are being made in the rail on the UP. We may
estimate rail life based upon the track file (e.g., by
averaging the data at each angle of eurve), however,
we will tend to produce curves that indicate the rate
at which continuous welded rail (CWR) is being
introduced instead of curves that indicate rail life.
Another method for estimating the top ecurve is to
measure rail profiles and estimate the remaining rail
life. This apparently has already been done by other
research institutions.

The analytical models of curving may be used to

estimate the effeet of traffic mix. The lateral force

for different car weights may be estimated from the
model. Then, if the usual assumption is made that
the rate of wear is proportional to the normal force,
the significance of ‘different car weights may be
assessed. This assumption is more important than-it
might seem at first., Notice that a variety of curves
(for the one lower curve in Figure A-3) will be available
even for Type I trucks. Edch car weight will give a
different curve. The curve that should be used is a
weighted average -of the curves for individual car
weights. The weighting should be in proportion to the
traffic mix and the normal forece. Again, this as-
sumption is discussed in the open literature, where it
is widely held that heavy cars greatly accelerate rail
wear. This could either be because the lateral force
is a great deal higher for 100-ton cars, or because the
_rate of wear is more than proportional to the normal
forece. This last possibility may in fact be the case.
The wheel/rail interface is commonly beyond the
yield limit for the materials involved; a situation not
often considered in wear models.

Yet another problem exists in that the curve shown
for Type I truck rail wear is calculated as if only
Type II trucks were running on the rail. In most
situations, this would not be valid. Type I trucks
would be more common than Type II trucks. Inter-
mediate points may be interpolated using the same
sort of weighting scheme just discussed; however, it
seems doubtful that any real savings would be re-
alized from a small number of cars. Rail is often
replaced on the basis of the million gross tons (MGT)
that it has experienced, rather than strictly on the
basis of the inspection results. Some major increase
in life will have to be predicted before it is reason-
able to attribute any savings in this area.

Finally, there is the matter of estimating the savings
associated with a shift in the bottom curve. This
may only be done based -upon some known distribution
of rail by angle of curve, posted speed, super-
elevation, and traffic mix. The only railroad for
which sufficiently detailed information will be avail-
able will be the Union Pacific. Further, the cost of
replacement of rail will tend to vary somewhat.
Again, pricing information will be obtained from the
Union Pacific and will only apply to them. Notice,
however, that any railroad may use the source data
developed and their own rail distribution and pricing
information to estimate savings on their line.

WHEEL LIFE MODEL

One of the major areas where ecar maintenance
dollars are expended is on wheel replacements.
Typically, when a wheel is replaced, both wheels, an

. axle, both roller bearings, and labor are charged for

one wheelset replacement. Wheel set replacements
account for approximately 30% of all light main-
tenance dollars charged to the owner in the UP data.
Wheelset replacement costs are expected to change
with introduction of an improved truck. We will need
to quantify these changes and estimate their timing
as part of TDOP.

Large quantities of data are available on the re-
placement of wheelsets in the car repair data. It is
classified as to cause in terms of "why made" codes
introduced earlier in the Cross Tabulation section.
Unfortunately, only limited information is available
to estimate the time or mileage between replace-
ment. Car age is available, and since April 1978,
year and month of manufacture of each wheel is
available. Ideally we would have a long enough
duration of car maintenance data to observe the
same wheels being replaced over and over. Unfor-
tunately, it is too long between wheelset replacement
(approximately 9.4 years in the UP's case) for re-
placement to be observed very often.

The problem with not knowing the age at replace-
ment is surmountable, though it does complicate the
analysis. A simulation procedure can be used to
calculate the wheel-set age from the known car age.

If we start by assuming a normal distribution (i.e.,
with a mean and a standard deviation) for the age of
the wheelset at replacement, then we may calculate
the distribution we would observe using car age
instead of wheelset age (see Figure A-4). If we also
tabulate car maintenance data by car age and éieflne
an error, e.g., error = {calculated - observed)” , we
may use a search algorithm to minimize the error
through the choice of mean and standard deviation.
In other words, we use a systematic procedure to
guess the mean and standard deviation, taking the
guess with the lowest error as the correct one. We
plan to use one of a number of search algorithms
(systematie procedures for guessing) already avail- .
able on the computer (probably one based on the
gradient method). We will not write our own al-
gorithm.

Calculation of the distribution using car age proceeds
as follows: suppose the probability of a wheelset
being replaced is normally distributed. Then, the
probability of a wheelset bemg replaced between

 wheelset ages of t - At and t is as follows:
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P (t) = (14/Zn0) f x - W)/,
: t-At

Where u is the mean and o is the standard deviation.

Subroutines are readily available for calculatmg P(t)

given values for u ando.

(Eq. 1)

For the moment, consider a fleet of 1000 cars. We
can calculate how many wheelsets are replaced in the
first period of time as follows:
X(1) = 1000 P (1) (Eq. 2)
The next period, the number of wheelsets replaced
from the wheelsets that were not replaced yet is
simply 1000 P(2). However, some of the wheelsets
that were replaced must be replaced again. This
occurs with the same distribution as the new wheels
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Figure A-4. Estimating Wheel Life

so it is estimated by X(1) P(1). Thus in the second
period the following numbers of wheel-sets are re-
placed:

X(2) = X(1) P(1) + 1000 P(2) (Eq. 3)
_X(3) = X(2) P(1) + X (1) P(2) + 1000 P(3) (Eq. 4)
X(4) = X(3) P(1) + X(2) P(2) + X(1) P(3)

+ 1000 P(4) (Eq. 5)

and so on. The shape of the X(t) is illustrated in the
lower figure in Figure A-4.

A handy check on these equations is to see that 1000
cars are always present each period, This can be
done by caleulating the ages of all the wheelsets for
the 1000 cars. The probability that a wheelset will
survive until period t is given by:

=] 9 ’
F(t) = (1//270) f o) 204, (Eq. 6)
t

Then, in each period, the numbers of cars is the sum
of the wheelsets replaced and the survivors as fol-
lows:

1000 = X(1) + 1000 F(1) V (Eq. 7)
1000 = X(2) + X(1) F(1) + 1000 F(2) (Eq. 8)
1000 = X(3) + X(2) F(1) + X(1) F(2) + 1000 F(3) (Eq. 9)

1000 = X(4) + X(3) F(1) + X(2) F(2) + X(1)
F(3) + 1000 F(4)

and so on.

- (Eq. 10)

A minor problem exists in that there are no cars with
ages in the negative numbers. This means that F(0) is
not equal to one. To correct this, equation 1 and
equation 6 may be multiplied by 1/F(0). In other
words, because the car age starts at zero, it isn't
really appropriate to assume a normal distribution.
However, the error is very small as long as the mean
is significantly larger than the standard deviation (at
least by a factor of two). If this is not so, a "normal"
distribution doesn't make sense as an assumed distri-
bution. .

What is available in the car maintenance data is not
1000 cars being followed through time but rather all
the cars (of many ages) looked at in approximately a
one-month period. This does not present any prob-
lem. If we calculate based on one car in the
population, we get the distribution of wheelsets re-
placed by car age as X(t). Then, if we multiply by
the total number of ears in the fleet of each age, we
get the expected number of wheelsets replaced in a
period.

The fact that there are four wheelsets on each car
does not make a great deal of difference either, If -
we go back and replace all the references to "wheel-
sets" with the statement "wheelset on the number
one axle," it is clear we can do this four times (one
for each axle position) and look for differences in
wheelset life between axle positions (there appear to
be such differences).

Multiple causes for wheelset replacements do com-
plicate the result somewhat. In order to deal with
differences in wheel life between different causes for
wheelset replacement, it is necessary to introduce a
new variable, the probability of a‘ wheelset being
-replaced due to each cause. Then we redefine P(t) to
be as follows:

P(t) =p, P(t| 1y, ) +py P(t]| By 0,) + .. (Eq. 11)

where the notation P(t| #l,l 0.) means P(t) evalu-
ated for values of the mean and standard deviation of
#. and o,, And where p, is the new variable, the
p obabilit§ of a wheelset b%ing replaced due to cause
1.

Some of the causes of wheelset replacement are
clearly associated with failures instead of wear and
can happen at any time with equal likelihood. This is
easily modeled by dropping the P(t) term and the
mean and standard deviation for these causes just
leaving Py to be estimated.
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Finally, we can switech from time to mileage by
estimating annual mileage and multiplying it times
the car age. Doing this on a per car basis would
significantly decrease the estimates of standard devi-
ation because variance in the mileage and variance in
the wheel life are being estimated together when
“wheel life is calculated in terms of time. Un-
fortunately, mileage on an individual ear basis will
not be available due to time limitations.

The wheel life model described above will allow us to
estimate changes in wheel life associated with Type
II trucks. For example, suppose the engineering
analysis suggested that "thin flange™ would be elimi-
nated by adopting a radial truck design. Then the
probabilities in the wheel life model could be ad-
justed and a new average life of wheelsets caleu-
lated. This would tell how much longer to expect the
wheelsets to last and what "why made" codes to
expect them to ultimately fail in. This information is
what is required as input to the benefit/cost analysis.

ANALYSIS OF INVENTORY COSTS

Perhaps the largest obstacle to the acceptance of
Type II trucks is concern on the part of the railroad
management about how many additional nonstandard
parts will have to be stocked to maintain them.
Since this concern is probably well founded, it is
important that a very good job be done of estimating
the added inventory costs associated with each pre-
mium truck. This information will be developed by
obtaining a price and weight list for the nonstandard
parts in each truck from the truck manufacturer.
Competing maintenance strategies will be costed
between stockpiling parts at a single site or distri-
buting them over the potential repair sites. If there
is a point of crossover, where the most cost-effective
strategy changes, the time will be calculated at
whieh the crossover oceurs. Finally, our estimate of
inventory costs will be verified with the Union Paci-
fic railroad to help insure that the results are reason-
ably accurate,

The costs to be considered are the initial purchase
price of the parts, the cost of shipping them to the
railroad, the cost of shipping them to the repair site,
and lost car days waiting for parts to arrive. De-
pending upon the strategy used, the numbers of parts
required will be based upon the estimated frequenecy
of repair of the part (in the case of dispatched parts)
or the estimated frequeney of repair adjusted for
minimum inventory requirements (in the ecase of
distributed parts).

A point of changeover where the least-cost procedure
changes is to be expected. Early in the introduction
of a Type I truck, dispatched parts should be the
optimal strategy. There will be very little require-
ment for parts, offsetting losses due to lost car days
waiting for parts to arrive. Later, the distributed
parts strategy may become the least-cost strategy
when the demand for parts increases and the lost car
days become excessive. If a small number of cars is
involved, the dispatched parts strategy may be opti-
mal for the entire life of the cars because of the
large inventory ‘required with the distributed parts
strategy.
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The estimated frequency of replacement will be
based upon the car maintenance analysis results dis-
cussed in the next section. Rates of replacement will
be estimated for standard parts and their nonstandard
equivalents will be estimated at the same rates.
Where no standard equivalent part exists, engineering
judgment will be used to classify the part as "similar"
to some existing part. The wear data program may
provide some input along these lines.

Individual components may have different optimal
inventory strategies. This may be evaluated by
performing the calculations deseribed above on a
component-by-component basis. In other words, a
nonstandard bolster probably would be replaced so
seldom that a dispatching strategy would be optimal
for a much longer time than a non-standard wheel.
Also, the optimal strategy will depend upon the rate
of introduction of additional ear sets. This will also
need to be estimated.

COMPONENT LIFE CYCLE ANALYSIS

The most convincing life cycle analysis is to track
trucks in real service over long enough periods of
time to observe the same components being changed
over again. This is not really necessary to obtain a
reasonable estimate of how long that time is. Using
the number of box cars in the UP's fleet taken from
the National Equipment Register (issue effective
1/1/178), a ratio of that number to the number of box
car components repaired in two months was devel-
oped. This method was used to estimate the mean
time between replacement of several components
(the small sample of data shows that wheels come out
to an average replacement of 9.4 years). These kinds
of numbers will be generated from the approximately
40 months of repairs anticipated by the end of Phase
II.

Where cost data indicate that a full-blown life model
is not justified, the method of developing ratios to
obtain average life will be used. It has several
drawbacks. For example, if the age distribution of
the fleet of cars changes, this method incorrectly
reports this as a change in the life of the com-
ponents. When this technique is used, the main issue
to be addressed will be to determine if there is any
difference in life between components in different
car classes (after taking into account mileage dif-
ferences). For example, do cars with 39-foot truck
centers break springs more often? Accuracy of this
technique will be improved as more railroads' data
are considered. If they all have changes in age
distribution, it seems reasonable that the industry as
a whole is undergoing such changes.

ANALYSIS OF FUEL CONSUMPTION

The changes to be expected with different Type I

trucks are to be estimated based upon experimental
results from the test program. Drawbar force is to
be measured at each end of the test car. The energy
dissipated in each curve of the test zone, and at each
speed along track, ete., through the following equa—
tion:

work/mile = (1/mi) ft VeFdt (Eq. 12)
0
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where the data should be normalized by either the
distance (mi) or time (t) spent in the curve (or
whatever else is being considered). Data points of
this type will be collected from along the test zone
from each test.

-At._this. point, -it is. necessary _to. relate .the energy

dissipated to actual fuel consumption. A current
FRA project can help in this regard. As part of the
Locomotive Performance Analysis Program (AR
74348), both drawbar force and the rate of fuel
consumption will be measured. This system ecan
provide the calibration of energy dissipated to fuel
consumption.

Finally, we briefly get to a job for the economies
task. Taking the measured data from the TDOP
testing and the calibration data, coefficients for the
Davis equation will be fitted using regression teeh-
niques. From here, we will attempt to use existing
fuel consumption analysis programs to evaluate the
potential and savings of a Type Il truck.

ANALYSIS SUMMARY

Further definition is required to compl‘éte this eco-
nomic analysis plan. The major costs of hunting have
not been identified yet, much less analyzed. This is

only one example reflecting our existing state of
knowledge. Often the costs of things are suspected,
but there has been little systematic work to verify
these suspicions. 'As a result, this plan cannot be
"complete". Rather than telling how all the analysis
is to be done, this plan has attempted to show how we

"expect to get there. "Relationships must be found; - -

using the cross tabulation technique and engineering
analysis. Then we can attempt to analyze them.

Enough examples have been developed to make the
methodology clear. Statistical analysis is being used
on real-world data to obtain insight into the cost of
problem areas in which Type II trucks might improve
performance. A large amount of data is being
collected from diverse data files belonging to many
divisions of the railroad. By combining these data
files into a data base (see Figure A-5), the inform-
ation available is greatly enhanced. As the problem
areas become identified, further analysis techniques
suggest themselves. The wheel life analysis outlined
earlier resulted from this methodology. As more
data are analyzed using the cross tabulation tech-
nique, more detailed analyses will be identified.
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Figure A-5. TDOP Phase I Economic Data Base
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In the case of identifying the major costs of hunting,
there appears to be general agreement that increased
car maintenance, operational constraints on speed,
and an unacceptably high risk of derailment are the
major costs. Also hunting probably damages the rail,
and possibly causes gage widening. Unfortunately,
there does not seem to be much agreement on which
parts incur the increased car maintenance. Everyone
seems to agree that center bowl wear is accelerated
by hunting; however, this is a relatively small factor
in light maintenance records. Probably these costs
are to be found in the heavy maintenance records
(which TDOP Phase II has not analyzed yet). In any
event, headway can be made through the type of
analysis described here. We plan- to compare journal
bearing cars (where hunting is not so serious) to roller
bearing cars. We expect to compare data from
railroads that limit their speed to the UP's data. This
type of comparison coupled with engineering evalu-
ation, test data, and analytical modeling can reason-
ably be expected to produce results.

BENEFIT/COST ANALYSIS

The preceding discussion eentered around quantifying
the changes to be expected with an improved truck
design. This section discusses the analysis of these
changes to determine if an improved (Type II) truck is
a sound investment. The methodology recommended
in this plan is to conduct an incremental benefit/cost
analysis to evaluate proposed investments in im-
proved trucks. Much of the discussion centers around
arriving at a set of conditions under which the
analysis is to be made.. Normally this is not a major
problem - the conditions under which an investment
are to be made are usually well known. Because of
the desire that TDOP be universally applicable, the
analysis proposed here is not as simple as if a given
railroad were to attempt to evaluate Type H trucks
under more fixed conditions.

JUSTIFICATION OF INCREMENTAL ANALYSIS-

The railroad industry purchases trueks to continue
their operations. Given a level of capital investment
in freight cars, there will be some rate of replace-
ment necessary to maintain that level of investment,
and this will necessitate some continuing rate of
purchase of freight car trucks. Investment decisions
require information we are not planning to gather
such as the profitability of individual routes and car
body types. Decisions about how many trucks should
be purchased are clearly outside the realm of a Truck
Design Optimization Projeet. Thus, TDOP should not
be involved in decisions like whether to retrofit part
of an existing fleet with improved trucks - we haven't
gathered the data necessary to make such a decision.
Rather, we propose to investigate the conditions
under which an improved truck would be a profitable
investment as part of the ongoing replacement of the
existing fleet as the existing fleet wears out. In this
way we can isolate our attention on the truck,
ignoring the larger issues.

Given that a decision has already been made to
purchase a truck, we ask the question whether it
would be worthwhile to invest extra money in an
improved trueck to gain improved performance from
the truck. The only issues involved are incremental
ones: are the incremental costs of purchasing an
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improved truck justified by the ineremental benefits
expected from this purchase. If truck performance is
degraded in some area with a given Type II truck, the
expense of this loss of performance is part of the
incremental cost. If the purchase price is higher, this
is part of the ineremental cost, ete.

It is within the realm of possibility that the perform-
ance improvements obtained from a Type II truek
might be so large that they would materially affect
purchase decisions affecting the size of the fleet.
This is possible; however, TDOP is not in a position to
analyze this possibility.

CONDITIONS TO BE ANALYZED

The next important issue confronting us is whether to
consider that Type IO trucks have not yet been
approved for interchange service. Most important,
do we consider that other railroads will not stock
parts for these trucks? Clearly, we must start from
the existing situation and work from there. If a Type
II truck will pay for itself recognizing this problem, it
will be introduced and ultimately arrive at the situ-
ation where parts are stocked. There is very little
utility to answering a question like, assume all rail-
roads were currently required to stockpile the non-
standard parts for this truck and further that this
truck was so common that it could be introduced into
unrestricted use in interchange serviece, then would

an investment in the truck be profitable? The answer .

to this question is meaningless, the assumptions did
not happen.

If we do not assume that a Type II truek is to be used
in general interchange service, what do we have left?
Type II trucks might be used on unit trains for service
entirely on a single railroad's line, or Type II trucks
might be interchanged between two or more railroads
with mutual agreement between the railroads. These
are the interchange conditions under which it cur-
rently makes sense to talk about the cost-effective-
ness of a Type II truck.

Another major hurdle needs to be introduced here.

The optimal truck will probably be different depend-

ing upon the operating conditions of the railroad
being considered. A truck that fixes hunting prob-
lems at the expense of curving performance (call it
truck A) is not likely to be aceceptable to the eastern

_railroads. This does not mean that there is no role

for such a truck. It is possible that applications exist
where truck A is the best answer under the inter-
change conditions discussed in the previous para-
graph. If the analysis were performed under the
assumption that each truck was approved for inter-
change service, we would not be evaluating truck A
fairly.

Rather than attempt to analyze a situation that
doesn't exist, it makes more sense to develop the
conditions under which a Type II truck will pay for
itself if given limited interchange conditions. How
much annual mileage does this type of truck need to
be profitable? What percentage of the traffic over a
given line does a Type II truck need to contribute
before it is reasonable to talk about savings in rail
wear? Which car bodies would an improved truck be
most profitable under? What mix of curved to
tangent track is needed before a given truck pays for
itself? It is this sort of issue that TDOP should
concern itself with.

o



INTERPRETATION OF BENEFIT/COST ANALYSIS

The methodology recommended in this plan is to
conduet an ineremental benefit/cost analysis to eval-
uate proposed investments in Type II trucks. Rail-
roads follow such procedures in arriving at their
.. profit-making rolling ..stock -investment -decisions,--- - - - -.-.
However, the data required to establish the operating
cost of existing conventional (Type I) trucks for
comparing their cost effectiveness with improved
(Type 1) trucks have never been available in usable
form. It has now been established that the basic data
may be obtained from the Union Pacific railroad as a
result of their ongoing data collection efforts.

There are two broad categories of economic-related
data required: 1) the cost data required are the
capital investments or purchase prices of the con-
ventional and improved trucks, adjusted for any cred-
its and debits such as investment tax credits or
additional working capital requirements. The dif-
ference plus any added inventory cost disecounted to
present value is the net incremental cost; 2) the
benefits data required are derived from the actual
operating cost of the conventional truck and the
estimated operating cost of the improved truek.
Their difference is the estimated gross incremental
benefit which is adjusted for the income tax shield
arising from depreciation allowances and discounted
to present value using a railroad's cost rate to
acquire the investment funds (i.e., their cost of
capital). That caleulation produces the estimated net
incremental benefit. To measure the cost effective-
ness of the improved truck, the estimated net incre-
mental benefit is divided by the actual net in-
cremental cost. Values greater than one provide
benefits greater than cost, a profitable investment;
less than one, an unprofitable investment; equal to
one, an "indifferent" investment.

Values of the benefit/cost ratio greater than one do
not necessarily mean a given railroad should make
the investment. In principle, each railroad should
estimate its own benefit/cost ratios for all the po-
tential investments it has before it. Then, only the
most profitable investments should be undertaken.
For the purposes of doing trade-off studies, TDOP
Phase 1I will treat a value of one as the point where
an investment might reasonably be considered. A
given railroad should regard this as the point where it
is reasonable to start considering the investment
rather than as a recommendation to the industry that
the investment be made.
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PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR ALL ROLLER BEARING CARS

SUMMARY TalLE

ANNUAL MILEAGE

12500, 25000, 37500, ;nond. 62%00, 75000, 87300, 3100000,
BRAKES (TEST. PRESSURE SYSTEMs § HAND BRAKES) 290,15 629,82 945,48 1200.31 1399,65 1%62,28 1696.63 1808,%
COUPLLHSy  YUKES: & DRAFT GEAR 219,31 628,13 1001.57 1297.39 1519,62 1702,29 1838.00 1983,48
AISCLLLANLOUS LABOR ¥ MANUFACTURED HMATERIAL 335,50 1001.16 1586.24% 2039,9% 2395,58 2676,25 2906.,%6 3085.85
OTHER CAH REPAIRS 206,60 543,38 983,65 1278,.36 1548,71 1770.56 1938,57 2116.56
TRUCK BHAKING SYSTEM (MOSTLY BRAKE SHOES) 564,80 1268.56 1974.5% 2532,37 2968.22 3328,28 3620,63 3871.12
WHELLSETS 831,31 1823,41 2738.21 3463,36 4028,00 448K, 40 4837,31 5173,28
OTHLR TRUCK REPAIRS 286,21 1021.20 1625,32 2078,.35 2408,49 2682,21 2899.62 3076,
TOTAL  2733,87 6911,62 10814.96 13890,07 16266,31 18206,27 319793,33 21116,18
ASSUAED CAR LIFE IN YEARS 30,00 30,00 30.00 24,00 19,20 16,00 13.711 12,00

CAR REPAIRS: ANNUAL MILEAGE
12500. 25000, 37500, 30000. 62500, 75000, 87300, 100000,
BRAKES (TESTe PRESSURE SYSTEM: & HAND BRAKES) 290.15 625.82 9NS5,.44 1200.31 1399,69 1%62,28 1696.63 13508,9%8
coT3s 63.26 163,39 251.58 319.79 371,82 514,93 449,08 877,99
IuTss 122,60 244,45 357,45 447,13 517,22 573,99 620445 659,97
PRESSURE SYSTEM 86,61 187,01 292,87 379.61 488,87 505,43 553,34 992,60
HAND BRAKES 17,68 30,97 43.5% 53,78 61,78 68,38 13,80 78,43
COUPLERSs YUKESs & URAFT GEAR 219,31 628413 1001.57 1297,39 1519,62 1702,29 1854.00 1963.%8
COUPLER BODLILS 141,67 367.77 852.53 698,61 796,31 881,57 931,72 1010.%3
COUPLER KHUCKLES 23,02 71,72 118.92 156,95 186,57 210,39 230,33 287,19
OTHER COUPLER PARTS 32,62 91.51 147,97 193,14 228,74 257,13 280,65 300.61
YOKLS 8,56 36.63 64459 87.01 104,05 117,89 129,48 139,87
DRAFT GLAHSe CAKRIERS, AND FOLLOWERS 13,45 60,30 117.56 165,67 203,95 235,30 261.8¢ 285,28
AISCELLANEDUS LARUK & MANUFACTUKED MATLRIAL 335,50 1001.16 1586.2% 2039,9% 2393,58 2676,25 2906.36 3065,85
OTHER CAR RLPaLRY 206,60 543.34_  943.65 1278,36 1548,71 1T770,56 19358.57 2116436
UTHLR CAR REPAIRS 137,33 346,00 611,22 834,97 1016,96 1167,60 1295.67 1403.41,
WELUING 40.70 128,32 222,97  301.3% 364,01 414,47 457,24  492.82°
RON BILL WILE IWSPLCTIONS 28.57 69.03  109.45 142,08 167,7% 188,49 205.66 220,33
CAR TOTAL  1051,56 2798.45 4476,90 5816,00 6861,60 7711,37 6415.77 8994.87

TRUCK REPALRS ANNUAL MILEAGE
12500, 25000. 37500, 50000. 62500, 75000, 87500, 100000,
TRUCK BRAKING SYSTEM (MDSTLY BRAKE SHOES) 564,80 1268.56 1974.54 2532,37 2968,22 3328.28 3620.63 3871.12
BRAKE BEANS 108,39 291,22 492,33  650.49 773,27 878,13 961,07 1033.85
BRAKE HEAU WEAR PLATES 0,64 1.46 1.96 2,29 2.48 2.67 2.80 2,90
BRAKE BEAM WEAR PLATES 0.11 0.29 Q.41 0.49 0,55 0,60 0.62 0466
BRAKE BEAM HANGERS 0,01 0,03 0404 0,04 0,05 0,05 0,05 0,03
URAKE HANGER BRACKET WEAR PLATE 0.00 0,01 0.01 0,02 0,02 0,02 0402 0,02
BRAKE HANGER BRACKET WEAR PLATE SECUREMENT 0,00 0.01 0,01 0,02 0,02 0,02 0.02 0.02
BRARE HAAGER UK CONNECTIUN PIN 2,17 4,80 7.51 9.70 11,42 12,83 14,01 15,00
BOTIOM, RDU SAFETY SUPPORT 0,84 2,22 3,83 5,30 6,50 7.48 8.34 9,04
UBRAKE BEAM SAFETY SUPPORT 0,26 0,62 0,85 0,99 1,10 1,18 1,21 1,28
BRAKE CONNECTIONe HOTTOM 2,06 4.27 6.07 7450 8454 9.37 10012 10,71
URAKE CONNECTIONs TCP 6,35 16.89 24455 3g.29 34,18 37,49 40.18 42,42
BRAKE LEVER 1,42 2.65 3.73 %,58 5,22 5,74 6418 6456
BRAKE LEVER GUIDE OR CARRIER 1,77 1.99 2.10 2.18 2,23 2,27 2.32 2.35
DEAU LEVER GUIDE 0,23 0.77 1.23 1,59 1.8% 2,08 2.24 2,40
DEAU LEVER GUIVE BRACKET u.09 0,43 0472 0,94 1.11 1,23 1e34 1.44
BRAKE SHOES, 437,56 93%.02 1420.52 1805.10 2107,16 23%3.24 2555.10 2726444
BRAKE SHOE KEYS 2.89 5,89 8467 10.84 12,53 13,89 15,01 15,958
WHELLSETS 831,31 1823,41 2738.21 3u63.,36 4028,00 ®484,40 4857,31 5173.,28
LUBRICATE KOLLER BEARINGS 14,78 34,75 49.70 60,72 69,02 75,42 80.56 84492
ROLLER BEARINGS 138,42 298,51 446,38 563,74 655,10 T29,16 789,61 840,86
ROLLER BEAKING CAP SCREWS 0,09 0.25 0,38 0,47 0,54 0,60 0468 0,68
ROLLER BEARING LOCKING PLATLS 0,02 0.08 0412 0.15 0.16 0.18 0,19 0.19
ROLLER BEARING LUBRICATION FITTING 0.01 0,02 0,02 0.03 0,03 0,03 0403 0,03
PEOESTAL AUAFTERS 17,54 58,22 97.79 128,95 153,60 173,23  189.36 202461
WHEELSY 308,06 673,76 1010,12 1277.08 1484,45 1652,13 1789,23 1905,80
WHEEL LABOR 341,98 735,43 1100.17 1389.88 1615,84% 1798,83 1948,32 2074.92
AXLES, ROLLER BEARINGS 10,41 22.40 33.51 42.35 49,24 54,82 59.37 63,23
OTHER TRUCK REPALRS 286,21 1021.20 1625,32 2078,35 2408,49 2682,2) 2899,62 3076,9%
TRUCK OOLSTERS 37,53 172,00  302.41 402,82 481,61 545,77 596,80 637.73
TRUCK HOLSTENS (REPAIRED) 0,59 3,82 7434 10.41 12,92 14,9% 16.48 18400
CENTEK PINS 1,90 5,49 9.36 12,47 14,94 16,97 18463 20.06
CENTLR PLATES 1.25 3,53 7.06 9.97 12,35 14,32 16,01 17.64%
CEWTER PLATE LINERS 4,60 19.73 35.54 48,60 58,88 67,23 74405 80,14
TKUCK SI0t BEARINGS 5,10 14,82 23.42 30.06 35,19 39,31 42461 45435
FRICTION CASTINGS 9,97 38.77 65,95 87,37 104,07 117,42 128,21 137,47
SIOL BEARING SHIN 0,33 2.25 3.91 5.28 6,22 6,92 7.59 8.18
SIDE FRANLS 208,61 692,81 1057.60 132%,18 1508,81 1665,31 1788.45 1887,55
SI0E FRAMES (REPAIRED) 0,74 5,81 9.6 13,04 15,24 17,06 18:36 19.69
SPRIAG PLANKS 0,29 0.82 1.17 1,42 1,58 1,70 1.80 1.88
SPRING PLANKS (REPALRLD) 0,11 0.51 0479 1,00 1,14 1,24 1,34 1.42
OUTLH SPRINGS 6.64 27.57 45,16 58,49 68,68 76,52 82,98 88,28
INRUR SPRINGS 3,36 12,32 21,14 27,34 32,19 35,88 38,92 41.38
STABILIZLR SPHINGLS 2.28 9430 15071 20.6% 24,43 27.4% 29,88 31.90
THULK SPHING FRICTION SNUBBER v.0% 0,08 0.11 0.13 0,14 0,15 0.16 0.17
TRULK 5PRING PLATES 0,02 0,06 0.09 0,11 0,13 0,13 0,15 0,18
TRULK SPRING SHIM. LOOD 0,04 0.20 0.31 0,39 0,45 0,49 0.53 0,55
STELL .22 1.38 2414 2.70 3.08 3,38 3.67 3,87
MANUF ACTUKED MATERIAL (TRUCK) 2,49 9.34 16.25 21.92 26,44 30,01 33,00 35.54
TRUCK TOTAL  1682.31 4113417 6338,06 8074,07 9404,71 10494,89 11377.56 12121.31




PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR ALL ROLLER BEARING WITH ANNUAL MILEAGE BETWEEN 37500 AND 100000 MILES

SUMMARY TALLE . ANNUAL MILEAGE
o s pm mem e mimee i e meman e s eim e = ssemes e s S - 125004 - 250006 -378500.- 250000, - 62600, - ~75000," - 87300, 100000, - -~
BRAKES tTESYs PRESSUNE STSTEM: & HANU BRAKES) 125,89  277.17° %55,9%  60%,17 723,09 821,69 S0%.72 973.83
COUPLERSs YOKES: & DRAFT GEAR 99,90  264.44% 465,40 596,84 T10,39 805,04 890,29 960,01
AISCELLANEOUS LABUR & MANUFACTURED MATERIAL 87,97 242,72 443,05 611,30 788,99 857,99 955,22 103%.69
OTILKR CAR REPAIRS 90,04 279,19 578.17 833,58 1045,22 1221,31 1373,36 1499.9%
TRUCK BHAKING SYSTEM [MOSTLY BRAKE SHOES) 356,29 756,22 1250.3% 1643.66 1962,16 2228,98 24%6.76 2631.38
WHEELSETS 615,88 1293.65 199,40 2u71,51 2874,51 3204,83 3479,57 3710.%8
OTHER THUCK REPALIRS 32,55 101.73 192,85 260,23 314,85 358,94 395.9% 425.20
TOTAL 1408,51 3215,12 5315.,16 T021,88 B8378,81 9%96,46 10%43,86 11235,87
ASSUMED CAH LIFE IN YEARS 30,00 30,00 30,00 24,00 19,20 16,00 13,71 12.00
CAR REPAIRS: i ANNUAL MILEAGE
12500, 25000, 37500, 30000, 62500, 75000, 873500, 100000,
HBRAKES (TEST, PRESSURL SYSTEAe 3 HAND BRAKES) 125,89 277,17 455,95 604,17 723,09 821,69 908.72 973,88
coras 9,18 25.36 88,14 67.37 82,59 95,83 106.55 116,37
orss 67,14 144,11 222.52 285,42 335,00 375,55 909.1% 437.19
PRESSURE SYSTEM 45,06 98,16 169.23 229,74 279,34 320,33 355.79 384,45
HAND BRAKES 4,51 9.55 16.07 21.6% 26,17 29,98 33,26 35.87
COUPLEHS . YOKESs & DRAFT GEAR 99,90 264,44 443,40 596,84 710,39 805,04 890,29 960.01
COUPLER BODILS 60,74 144,79 231.%52 303,.1n 385,45 399,61 439,82 872,78
COUPLER KNUCKLES 14,39 36414 6037 80,53 96,66 109,.6% 120.97 130,07
OTHER COUPLER PARTS 20,03 45.69 T4e15 97,86 116,64% 131,99 149,46 155.96
! YOKES . 1,22 8.7 17.27 24.41 29,55 33,87 37.8% 41,08
DRAFT GLARS+ CARRIERS, AND FOLLOWERS 3,92 29.11 62.11 90,89 112,09 129,93 14660 160,17
MISCELLANEQOUS LABOR & HANUFACTURED MATERIAL 87,97  242.72 443,05 611,90 T48,99 857,99 955,22 103%,69
OTHER CAR REPAIRS 90,04 279.19 578,17 833,56 1085,22 1221,41 1373,36 1499,95
OTHER CAR REPAIKS S$5.13 17671 386418 866,17 T16,16 881,58 950,40 1081.46
WELCING 19.55 64,66 127.31 180,84 228,61 260,76 291.99 317.02
'WON BILLAGLE INSPECTIONS 15,36 37.82 64.69 86,57 104,45 119,07 130,98 141,86
CAR TOTAL 403,80 1063,52 1922.57 2646,49 3227,69 3706,12 ®123,59 4168,32
THUCK REPALRS ! ANNUAL MILEAGE
12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
TRUCK BHRAKING SYSTEH (MOSTLY BRAKE SHOES) 356,29 796,22 1250434 1643,66 1962,16 2228,98 2446.76 2631,58
UIKAKE BEAMS 27,11 56488  161.70 236,19 299,52 354,46 397,92  436.57
BRARL HEAU WCAR PLATES 0.00 0.12 0.19 0,25 0,28 0,31 0434 0.36
BHAKE BLAM wEAR PLATES 0,01 0,03, 0,04 0,05 0,06 0,07 0,07 0,07
BRARE HAWGLER O} CONNECTION PIN 1,71 3,28 5.13 6.65 T.84 8,84 , 9,71 10,40
d0TTOM ROU SAFETY SUPPURT 0,69 1492 3.46 4,88 6,04 6,98 748% 8450
URAKE HEAM SAFETY SUPPORT 0,01 0,04 0406 0,08 0,09 0,10 010 0.11
BRAKE CONNECTIUW. BOVTOM 1,35 2.72 3.86 4,76 5,44 5,98 6445 6.78
BRARE CONNECTIUNS: TOP 1,15 4459 T.71 10,10 12,00 13,46 14465 15,66
BHARE LEVER 0,93 1,83 2464 3.28 3.76 4,14 4e49 Yo7k
BRARE LEVEK GUILUE OR CARRIER 0,00 0.02 004 0.05 0.06 0,07 0.08 0,09
UEAD LEVER GUIDE 0,02 0404 0413 0.20 0,26 0,30 0.35 0,39
UEAD LEVER GUIDE BRACKET 0,04 0,11 0.19 0.25 0,31 0,35 0.37 0,41
HBRAKE SHOES . 322,38 672,23 1061.23 1371.72 1620,33, 1826,93 1996.71 2139.27
BRAKE SHOE KLYS 1,09 2442 3.96 5.19 6.17 6,98 7466 8.22
WHEELSETS 615,88 1293.65 1949.40 2471.5%1 2874,51 3204.43 3479.57 3710,58
LUSKICATE HOLLER BEARINGS 7.30 20,58 30,84 38.72 44,32 48,76 52.43 55,88
ROLLEK BEARINGS 104,20  21643% 324,72 411,14 477,87 532,56 578.18 616439
ROLLER BEARING CAP SCREWS 0,09 0,21 0,29 0,434 0,38 0,41 0443 0.45
ROLLER BEARING LOCKING PLATES 0,00 0,01 0.02 0.02 0,02 0,02 0,03 0,03
ROLLEK BEARING LUBRICATION FITTING 0,00 0,01 0,01 0,01 0,02 0,02 0.02 0,02
PEDESTAL AUAPTERS 7450 26414 48,01 65,29 79,13 90,28 99,60 107,47
“HEELS 229,60 476432 T13.77 902,66 1048,36 1167,70 1267.17 1350,50
AHEEL LAUOR 259,28 537.66 807.13 1022,15 1188,17 1324,30 1437.,85 1533,09
AXLLS, KULLEK BEARINGS 7.90 16.39 24,61 31,17 36,23 40,39 43,85 46,76
OTHER TRUCK REPAIHS 32,55 101,73 192.85 260,23 314,45 353,95 395,95 425,20
TRUCK BOLSTEKS 7.78 21.90 45491 63,10 77.78 89,96 99,07 107.16
THULK BOLSTEKRS (REPAIRED) 0,00 0.44 1.20 1.87 2,54 3,11 3,49 3,88
CENTER PINS 0,92 2.24 3.84 S,11 612 6,97 Te66 8.29
CENTER PLATES 2.00 0.07 0420 0,31 0,40 0,48 0456 0.60
CENTER PLATE LIWERS 2,03 10,42 18.71 25,26 30,65 35,06 38425 41.43
TrULK SIOt DBEARINGS 1,386 3,95 6485 9,02 ‘10,88 12,30 13.36 14,42
FRICTION LASTINGS 3,37 7.19 11.92 15,44 18,25 20,55 22.40 24,02
SIVt LEARLING SHLN 0,01 .12 0451 0,47 0.59 0,70 0,79 0.86
SIDe FRAMALS . 5,58 32,11 69.42 96,94 118,29 135,61 152,22 163.25
slde FAMES (REPAIRED) 0,00 0,10 0424 0,35 [y 0,57 0463 0,69
SPRING PLANKS 0.00 0,00 0.01 0,01 0,02 0,03 0.03 0.04
SPRING PLAGKS (REPAIRED) 6.00 0,00 0.01 0,01 0,02 0,02 0,03 0,03
OUTER SPRINGS 4,73 8.64 12413 14,49 16,33 17,89 19,03 19.92
IniLR SR IKGS 2.67 5.11 7.17 8.58 9.66 10,54 11.23 11,72
STABILIZER SPrRINGS . 0,83 1.9% 3401 3.79 4,34 4,81 S.17 S.51
THUCK SPRING FRICTIu SHULUER 0.01 0.02 0.02 0.03 0.03 0,03 0.03 0.03
THUCK SPRING SHIMe wdOU 0.00 0,00 0,00 0.00 0,01 0,01 0,01 0401
STEEL 0.48 1.1% 1.57 1.91 2,15 2,21 2.44 2.49
MANUF ACTUKED MATERIAL {YHUCK) 1,99 6.33 10.34 13.54 15,93 17,68 19.55 20.84%
TRUCK TUTAL  1004,72 2151,60 3392.58 375,39 5151,12 5792,3% 6322,27 6767.35




PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR ROLLER BEARING CARS WITH ANNUAL MILEAGE LESS THAN 25000 MILES

SUMMARY TaABLE

ANNUAL.MILEAGE

12500. 25000, 37300, 50000, 62500, 73000. 87500, 100000,
BRAKES (TESTs PRESSURE SYSTEils & HAND HRAKES) 481,49 986481 1454e27 1822.79 2112,29 2346.31 2539.,90 2701.19
COUPLEKSs YOKESy & DRAFT GEAR - 290,52 806,87 1264.61 1658,53 19%6,04 2161,13 2371,67 2s537,77
MISCELLANEOUS LABUR 8 MANUFACTURED MATERIAL 452,67 1065,40 1576420 1968,33 2270,0% 2506,69 2703.42 2858,21
OTHER CAR REPAIRS 350,53 839,02 1386,31 1838,32 2200,56 2496,2% 27T46,32 2953.70
TRUCK BRAKING SYSTEM {KOSTLY BRAKEL SHOES) 725,29 1591.46 2455.44% 3134,21 3664,78 4106,76 44960.67 8T766.7%
WHEELSETS 953,60 2206.37 3338492 4226,28 9917.20 5478,44 59331.17 6313,21
OTrtR THUCK REPAIRS 421,87 1311,88 2071.83 2639,00 3077,1% 3433,17 3708.28 3943.01
TOTAL  3675,98 8807.84% 13567.57 17287.45 20188,06 22568,73 28461,.83 26073,82
ASSUMED CaR LIFE IN YEARS 30,00 30,00 30,00 24,00 19.20 16,00 13,72 12.00
CAR REPAIRSS ANNUAL MILEAGE
12500. 25000, 37500, 50000, 62300, 75000, 87300, 100000,
BRAKES (TESTs PRESSURE SYSTEMs & 'HAND "BRAKES) 481,49  986.81 1456.27 1622,79 2112,29 2346,31 2539.90 2701.19
€oT3S 124,89 296,05  442.48 553,35 640,36 709,37  765.87  812.43
IDT3S 187.82 359.96 517,52 642.19 739,23 818,37 882,70 937.%2
PRESSURE SYSTEH 132,25 265.24 402412 513,52 602,87 674,60 736,06 786,60
HAND BRAKES 36,53 65,56 92,16 113,73 130,24 143,78  155.26 168,72
COUPLERSY YOKESs & DHAFT GEAR 290,52 806,87 1284.61 1656.53 19%6,04 2181,13 2371.67 2537.77
COUPLER BOUIES 165,69 418,64 623,98 777,53 890,69 984,05 1057.91 1122.61
COUPLER KNUCKLES 35,35 101,05 163,57 213,37 252,36 283,77 309.7h 331,76
OTHER COUPLER PAKTS 52,00 139,71 222,62 288,61 340,53 382,05 416,43 485,34
TOKLS 14,59 51,69 89,20 119,03 142,47 161,81 176.89 191,00
DRAFT GEARSy CARKIERS. AMU FULLOWERS 22,89 95,78 185,24 259,98 319,98  369.4%  410.70 447,07
MISCELLANEOUS LABUK & MANUFACTURED MATERIAL 452,67 1065,40 1576.20- 1968,33 2270,0% 23506,69 2703.82 2858.21
OYHEH CAR HEPALIRS 350,53 639,02 1386.31 1838,32 2200,58 2%96,2% 2796,32 2938.70
OTHLR CAR HEPAIRS 233,25 527,71 673,96 1161,43 1392,68 1583,18 1794.43 1880.40
WELOLHG 69.45 202,14 342,68 458,44 551,11 625,13 688,09 780,08
NON BILLAULE INSPLCILONS 47,83 109,16 169.68 218,45 256,79 287,92 313.80 335,23
CAR TOTAL  1579.21 3698,.11 5701.3¥ 7287,96 85208,95 9530.36 10361,30 11052.87
THUCK REPALRS ' ANNUAL MILEAGE
12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
TRUCK BRAKING SYSTEH (A0STLY HKARE SHOES) 725,29 1591.48 2455.4% 3134,21 3664,78 4106.76 4460.,6T7 766,74
HRAKE BEAMS 156,06  396e11  661.0% 867,54 1029,.5¢ 1168,68 1276.84 1372.50
BRAKE HEAU WLAR PLATES 0,10 0.26 0435 0.41 0,45 0,48 0.50 0,53
BRAKC GEAM WEAR PLATES 0,22 0,59 0.83 1.01 1,11 1,20 1.23 1,33 L.
BRAKE BEAM HANGERS 0,08 0,07 0,09 0.10 0,11 0,11 0.11 0,12
ShAKE HANGLR BHACKET WEAR PLATE SECUREMENT 6,01 0.0 0,402 0,02 t.02 0,u3 0,03 0,03
HRAKE HANGER OR CUNNECTION PIN 2.65 5,98 9.38 12,11 14,27 16,05 17.55 18,77
30TTUH ROD SAFETY SUPPOKT 0,75 1,89 3.19 4,34 5,31 6.09 6.76 7.33
BRAKE UEAA SAFETY SUPPORT 0,55 1,22 1.62 1.85 2,04 2,18 2,22 2,35
HAAKE CONNEC FIOH, BCTTOM 2.21 5.01 7436 9.23 10,62 11,71 12,68 13,53
BRAKE CONNECTION. TOP 6,66 16425 23.33 28,55 32,32 35,35 37.72 40,11
BRARE LEVER 1,75 3,07 4425 5.16 5.87 6,44 6091 T.32
BRAKE LEVER GUIDE OR CARRIER u.09 0,22 0.31 0,36 0,41 0,45 Dob7 0,49
UEAD LEVER GUIDE 0,33 0.96 1.51 1,96 2.24 2,48 2472 2,91
OEAU LEVER GUIUE BRACKET 0,14 0,81 1.39 1,85 2,15 2,41 2.67 2,64
BRAKE SHOLS 549,06 1150.15 1728.07 2184,05 2540,3& 2833,10 3070.92 3273.97
OHAKE SHOE KEYS 4,69 8489 12469 15,65 17,95 19,861 21434 22,61
WHEELSETS 955,60 2206437 3338,92 4226,28 4917,20 3478, 4% $5931,17 6313.21
LUBRICATE ROLLEH BELARINGS 25,53 53,15 73.32 87,91 99,17 107,65 114,15 120,13
ROLLEH BEARINGS 154,89 354,35 534,85 676,42 786,51 876,28 948,55 1009.58
ROLLEK BEARING CAP SCREWS 0,09 0,29 0.47 0,59 0,69 0,78 0.88 0.88
ROLLER BEARING LOCKING PLATES 0,04 0.14 0.21 0.25 0,28 0,31 0433 0434
KULLER BEAKING LUBRICATION FITTING 0,02 0,03 0403 0,04 0,04 0,04 0.05 0,08
PEUESTAL ADAPTEKRS 35,08 99,35 160.91 208,86 247,33 278,04  303.02  323.26
WHEELS 343,39 796,03 1208,%% 1524,87 1773,62 1975,83 2139,05 2277,36
WHEEL LABUR 382,93 876,38 1324,39 1676.31 1950,18 2173,33 2353,52 2505.33
AXLES, ROLLER BEARINGS 11,63 26465  40.30 51,02 59,37 66,17 T1.66 76,29
OTHER TRUCK REPAIRS 421,87 1311.88 2071.83 2639,00 3077,1% 3433,17 3708.28 3943,01
TRUCK LOLSTERS 83,46 207,85 486,70 638,72 760,89 861,33  940.20 1000.7%
TRUCK HOLSTERS (REPAIRED) 1,57 6427 11.21 15,57 19.03 21,77 24407 26,09
CENTER PINS 3,30 8.77 14,61 19,26 23,00 26,08 28,62 30,76
CENTER PLATES 2,50 6,40 12,23 17,00 20,94 24,18 26,95 29,59
CENTER PLATE LINERS 9,02 33.49 S58e67 79.43 95,77 109,08  120.00 129.%2
TRUCK SIVE BEARINGS 10,58 27.11 41,69 52.93 61,72 68,82 T4.56 79,07
FRICTIUN CASTINGS 20,65 66,49 112,82 147,63 174,90 196,89 214,78 229,60
SIOE BEAKING SHIM 0,36 3,12 5.28 7.03 8,26 9.17 10,00 10,83
SIUL FRAMES 257,38  T48,46 1129.51 1403,21 1608,30 31775,55 1899.81 201%,19
SIDE FRAMES (REPAIRED) 1.26 11.16 19.30 25,66 30,22 34,18 36.77 39,12
SPRING PLANKS 0,62 1,15 1.43 1.67 1,76 1,81 1.91 1,99
SPRING PLANKS (REPAIRED) 6,17 0.87 1,37 1,75 2,02 2,18 2437 2,58
OUTER SPRINGS 13,86 52,32 84,75 109,18 128,24 182,89 154,87 164,29
INGER SPRINGS 7ok 24,98 40,35 51,88 61,13 68,09 73,81 78,32
STAHILIZ2ER SPRINGS 5,15 16421 26.16 33,75 39,73 44,48 48430 51,39
TRULK SPRING FRILTION SNUBWER 0,12 0,24 0,32 0.36 0,40 0,44 0446 0s47
TRUCK SPRING PLATLS v.06 0,10 0.13 0.15 0,16 0,17 0.18 0,18
TRUCK SPRING SHINe WOOD 0,04 0,27 0,44 0,56 0,65 0,71 0,76 0.61
STEEL 0,17 0,46 0,67 0,82 0,91 0,99 1.04 1,12
MANUFACTURED MATERIAL (TRUCK) 4,25 14,15 24421 32,43 39,11 44 42 48,61 52,49
TRUCK TOTAL  2100,77 S5109,73 76866,18 9999.49 11659.12 13018,37 14100.12 15022.%96

»?
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- PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
i FOR ROLLER BEARING CARS WITH ANNUAL MILEAGE BETWEEN 12500 AND 37500 MILES

SUMMARY TaBLE

ANNUAL MILEAGE

12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
-- - BHAKES: {TEST+ PRLSSUKE- SYSTEM -4 HAND-oRAKES) - - - -= - - - - - 266,79-- ‘668,00 - 1030,73- 1322,19--1550,43 —1735,77 -1890,72 2017.61- - --
COUPLEKSe YOKESs & URAFT GEAR 268,70 766,05 1241.50 1625,3% 1921,67 2161,41 2364,13 2332,43
AISCELLANEOUS LAHOR 3 MANUFACTURED MATERIAL 391,00 1212,69 1922.53 2472.33 2901,55 3252,42 3530.85 3736.16
OTLR CAR REPAIRS 205,62 560,99 937,19 1253,17 1502,84 1705,72 1880.96 202%.88
TRUCK BRAKING SYSTEM (MUSTLY URAKE SHOES) 993,86 1380,53 2101.73 2679,98 3123,54 3485,31 3785,42 #035,99
WHEELSETS 958,51 2006.35 2946407 3695.7¢ 277,79 &751,27 5132.08 5433,86
OTHER TRUCK REPAIRS 321,9% 1261,78 2090.25 2709.22 3188,60 3537,33 36841,09 #078,14
TOTAL  3026.42 7876,38 12269.99 15757,97 18436,43 20629,23 22425.2¢ 23879,07
ASSUMED CAR LIFE IN YEARS 30,00 30,00 30.00 24,00 19,20 16,00 13,71 12,00
CAR REPAINS? ANNUAL MILEAGE

- 12500, 25000, 37500, 50000, 62500. 75000. 87500, 300000,
GHAKES (TESTe PRESSURE SYSTEihs & HAND BRAKES) 286,79 668,00 1030.73 1322,19 1550,43 1735,77 1890472 2017.61
cords 72,66 202,03 324,04 420,41 495,72 557,68 608,20 649,43
10T4S 114,23 250,18 376453 - 478,54 558,29 622,13 675.95 720449
PHESSURE SYSTLM 38,19 190,51 291,85 374,37 439,41 491,95 537.19 573,43
HAND BRAKES 11,71 25.27 38,31 48,87 57,02 68,00 69439 The26
COUPLERSs YOKES. & DRAFT GEAR 260,70 766,05 1241.50 1625,3% 1921,67 2161.41 2364.13 2552.43
COUPLER BOUIES - 188,30 442,25 642,29 793.63 901,38 992,91 1066.%% 1128,80
COUFLER KWUCKLES 24,58 81,71 138,93 185,53 222,31 253,69. 276,33 297.08
OTHEK COUPLER PAKTS 51,95 103,26 175,54 234,79 282,16 319,52 351,51 377,80
YOKLS 9.45 51,36 98.50 138,05 170,23 198,9% 217.15 235,12

DRAFT GEARSs CAKRRIERS, ANU FOLLOWERS 14,43 87,47 187,24 273,33 345,59  802,3%  452.70  493.6%
MISCELLANEOUS LABOR & MANUFACTURED HATERIAL 391,00 1212,69 1922.53 2472,33 2901,%3 3252,42 3530.85 3736.16
OTHER CAR REPAIRS 205,62 560.99 937,19 1283,17 1502,84 1705,.72 1880.96 202%.88
OTHER CaR REPAIRS 133,95 344,31 570,69 760,61 910,71 103%.57 1139,59 1226,86
AELVING 45,24 145,03 253,19 342,21 414,28 470,88 522,81  563.9%
NON HILLABLE -JWSPECTIONS 26,44 71,66 115,11 150,35 177,89 200,27 218.56 234.08
) CAR TOTAL  11%2,31 3207.73 5131.95 6673,03 7876,50 8855,31 9666,66 10311,08

FHUCK KEPAIRS ANNUAL MILEAGE

12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
TRUCK BRAKING SYSTEM (MOSTLY HRAKL SHUES) 595,86 1380,%3 2101.73 2679,98 3123,54¢ 3485,31 3785.,42 4035.99
BRARE dEABS 137,57 356460 548475 T03.83 616,95 912,65 992,41 1058,93
BRAKE HEAU WEAR PLATLS U,90 1,88 2.47 2.86 3,07 3,30 3.45 3,56
BRAKE GEA® WEAR PLATES 0.17 0,36 0449 0.58 0,64 0,69 0.71 0.76
BRAKE HEAM HANGERS 9,02 0,04 0,05 0,05 0,06 0,06 0.06 0,06
BRAKE HANGEN BRACKET WEAk PLATE u,00 0,01 0.01 0,01 0,02 0,02 0.02 0,02
SRAKE HANGER BRACKET WEAR PLATE SKCUREMENT 0.00 0,01 0.02 0.02 0,02 0,02 002 0,02
BRAKL HANGER UR CONNECTIUN PIN 1,91 4.64 Te22 9.31 10,90 12,21 13,30 14419
BOTION RUD SAFETY SUPPORT 0,93 1,80 2459 3.25 3,76 4,19 w54 4eB4
BRAKE BEAM SAFETY SUPPORT 0,28 0,68 0,93 1,09 1,20 1,28 1,32 1,40
BHAKE CUWNECTIUNs BUTTOM 2,51 4,81 6460 8.02 9,01 9.82 10454 11.14
BRAKE COWWECTLONe TOP 8,63 20,54 28,71 34,75 38,69 42,14 44,88 47,22
BRAKE LEVER 1,41 2,69 3.82 4,69 5,34 ° 5,87 6432 671
HRAKE LEVER GUIDE UK CARRIER . 4,12 4,48 4459 _4.69 4,75 4,80 4484 4,68
DEAJ LEVEK GUIDE 0.30 0,95 1.51 1,96 2.26 2.50 2474 2,94
UEnD LEVER GUIDE BRACKET . 0,09 0,48 0,82 1.08 1.26 1,41 1454 1,66
BAAKE SHOLS . 432,52 974,50 1483.86 1891.9% 2211,75 2468.87 2661.95 2859.76
BHARE SHUE KEYS 2,50 6.06 9430 11.88 13,88 15,47 16.79 17.89
WHEELSETS 958,51 2006.35 2946.,07 3695,74¢ H277,79 &751.27 5132.08 5453,86
LUBKICATE ROLLER BEARINGS 16,02 36462 51,499 63,24 71,75 78,35 83,35 87,92
ROLLER BEARINGS 160,40 323,40 467.52 581.88 670,11 742,45 800.11  849.10
RULLER BEARING CAP SCREWS 6.08 0426 0442 0,54 0,63 0,71 0e77 0.82
ROLLER BEARING LOCKING PLATES 0,02 0,08 0.13 0,16 0,17 0,19 0420 0,21
ROLLER BEANKING LUBRICATION FITTING 0,01 0.01 0,02 0.02 0,02 0,02 0402 0,02
PEOLSTAL AUAK[ERS 16,06 64,10 306440 140,03  165,9% 186,93 203.95 217.62
WHEELS 356,38 762,05 1133.88 1433,59 1668,21 1857,63 2011,75 2141,93
WHEEL LASOR 495,51 795,61 1150.66 1432,62 1650,64 1829,24 1971.63 2092.46
AXLES, ROLLER BLARINGS 12,03 24,22 35.05 43,65 50,30 55,75 . 60,09 63.78
OTHER TRUCK KEPAIRS 321.94% 1281.78 2090.25 2709.,22 3158,60 3337,33 3841,09 4078.1%
TRUCK GOLSTERS 33,74 220426  H0%.4T7 549,95 662,37 756.0% 831,70 888,54
TRUCK BOLSTERS (REPAIREU) ’ 0,49 5.72 13,75 17.11 21,%0 25,08 27.84 30,43
CENTER PINS 1,88 7402 13,29 18,53 22,84 | 26.2% 29.23 31,57
CENTER PLATES 1,41 4,21 10406 14,95 19,00 22,38 25,31 28,16
CENTER PLATE LINERS 4a44 23,52 44,78 62,65 76,90 88,48 96,01 106440
TRUCK SIUE BEARINGS 5,33 17,71 28462 37.17 43,66 49,01 53.28 56,60
FRICTION CASTINGS 9,00 47,90 86,60 117,91 182,27 162,16 173,25 191,50
SIOC HEARING SHIH 0,34 3,02 5.41 T.43 8,83 9,81 10.79 11,69
SIVE FRAHES 249,56 866,02 1334.53 16082.13 1921,3% 2127,28 2290,77 2416,97
SIDE FRAMES (KEPAIRED) 0,72 8.17 14.36 19,38 22,84 25,70 27.084 29,88
SPRING PLANKS . U.40 1.02 1.43 1,73 1,91 2,04 2.16 2,26
SPRING PLANKS (REMAIRED) 0,12 0,59 0.92 1.17 1,34 1,46 1.58 1.68
UUTER SPRINGS 6,41 36413 62,31 82,68 98,17 110,55 120,59 128,61
INNER SPRINGS 3,32 16,58 28.53 37,74 44,91 50,55 55,16 88,74
STABILTZER SPRINGS 2.06 11.86 21451 29.10 34,91 39,64 43,52 46459
TRUCK SPRING FRICTION SNUBBER 0.02 0.07 0.10 0.12 0,13 0,14 0.1% 0,16
TRJCK SPRING PLATES 0,01 0.07 0,10 0.13 0,14 0.16 0.17 0,18
TRUCA SPRING SHIM: WJUOD 0.c5 0,24 0,38 0,47 0,54 0,59 0.63 0,67
STEEL 0,32 1,53 2.39 3,03 3,46 3,81 4el4 .37
AANUFACTURED MATERIAL {TRUCK) 2.3 1013 18.71 25,83 31,35 36,19 39,97 43,23
TKUCK TUTAL  1874.31 4668,66 7156.04 9084.9% 10559.93 11773.91 12758.58 13567.99




PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR ALL ROLLER BEARING CARS WITH ANNUAL MILEAGE BETWEEN 25000 AND 50000 MILES

ANNUAL MILEAGE
12500. 25000, 37500, 50000, 62500, 75000, 873500, 100000,

SUMHARY TablLi

BRAKES (TESTs PRESSURE SYSTEMs 3 HAND BRARES) 211,33 522486 845433 1109,76 1316,25 1%87,98 1631,99 1789,2%
COUPLEKSs YOKESs 8 JUKAFT GLAR 225,74 652,69 106009 1390,51 1636,45 1881,69 2016.,93 2162,23
MISCELLANLOUS LABMUK 3 HANUFACTURED MATERIAL 312,46 1198.96 1913.32 2501,51 2960,18 3338,14 3638.56 3862.,47
OTHCR CAH HEPAIRS . 145,54 476,27 898,68 1260,95 1553,40 1795,74 2005.65 2176,76
TRUCK URAKINGL SYSIEM (MOSTLY BRAKE SHULS) 562,41 1262,80 L 1913,47 2434,063 2834,18 3161,65 3433,06 3660,5%
WHEELSLTS Y52,37 1935H,69 28H9.T8 3608.72 4194,50 4668,66 5061.58 5389.04
OTHER TRUCK HEPAIRS 248,83 1113,9Y 182Y.,18 2370,83 2766,98 3099,36 3370.00 3574,33

TOTAL 2661,69 7i23,20 11319;65 14684,92 17261,9% 19393,42 21137.,76¢ 22374,60
ASSUHMED CAR LIFE IN YEARS 3u.00 30,00 30.00 24,00 19.20 16,00 13,71 12,00

ANNUAL MILEAGE
12500. 25000, 371500, 50000, 62500, 75000, 87500, 100000,

CAR REPAIRS:

BHARES (TESTe PRESSURE SYSTEiy & HaND DRAKES) 231,38 522.86  B45.33 1109.76 1316,25 31%87,98 1631.99 1749,2%
CuT4s 40.26 125,22 211.95 281,61 334,18 379,50  N16.8% 446,61
10148 95,78  207.25 3le.41 409,90 474,26 530.43 577.36 616432
PHESSURE SYSTEM Tu.06 174,22 290.04 387,15 468,27 928,17 583,16 626,08
HAND BRAKES . T.23 16,16 26493 36,10 43,54 49,80 94,93 89,29

COUPLERS . YOKES. a URAFT GEAR 225,74  652.69 106U.U9 1390,51 1636,45 1861,89 2016.93 2162,23
COUPLER JUDIES . 168,60 413,25  619.32 782,17 896,42 993,9% 1077,55 1185,6%
COUPLER KNUCKLES . 18,59 67.95 118.19 159,54 191,75 217,99 240,18 236,44
OTHLR COUPLER PARTS 23,99 79.48 137.85 185.72 223,717 254,42 280,38 301.72
YOKES 5,86 38,54 71.58 99,05 119,58 136,%6 151.17 163.92
DRAFT GEARSy CARRIERS, AND FOLLOWEKRS 8,69 53.46 11314 164,03 204,93 239,02 267.67 292.46

MISCELLANEOUS LAHBOR & MANUFACTURED MATERIAL 315,46 1158.96 1913.32 2501,51 2960,18 3338,1% 3638.%6 3062.47

OTHER CAR HEPAIRS 145,54 476.27 898.68 1260.,95 1553,80 1795,7% 2005.65 2176.,7¢
OTHLR CAR KEPAIRS 96440 302.00 584422 828,11 102,32 1191,91 1336.,01 1453,37
WELDING 29,79 118,11 219,93 306,68 375,99 432,62 481,48 520,8%
NOw BILLABLE INSPECTIONS | 19,35 56,15 94,52 126,16 151,09 171,20 188,16  202.35

CAR TOTAL 898,07 2810,77 4T717.42 6262,73 466,28 B463,74 9293.12 9950.70

TRUCK KEPAIRS ANNUAL MILEAGE

12bu0. 25000, 347500, 50000, 62500, 75000, 87500, 100000,

TRUCK BRAKING SYSTEM (HUSTLY BRAKE SHUES) B6Z.41  1262,80 1913,47 2434,63 2834,18 3161,65 3433.06 3660,5%
BHAKE BEAMS 1lb,.91 Su8.43 4TH .22 608,77 706,61 769,17 858,54 915,98
BRARE HLAL WLAR PLATES i . 1,u0 2428 3405 3,58 3,87 4,18 4,38 %56
UnAnt BLAM WLAR PLATES 0,14 0.24 U3l 0.36 0,41 0,44 0445 0.48
GRARE BEAN HANGERS 0.00 0.01 0,01 0,01 0,02 0,02 0,02 0,02
OHAKE HANGLR BRACKET WEAR PLATE U.u0 Uebd 0.02 0,02 v, 02 0,02 0403 0,03
BRARE HANGEN UBRACKET WEAn PLATE SECUREMENT V.60 0.01 0.01 ~ 0,01 0,02 0.02 0.02 0,02
BRAKE HAWGER OR CONNECTION PIN <419 5,006 8403 10,50 12.41 14,00 15,35 16,44
BOTTOMN wOD SAFETY SUPPOKT B 1,29 3.u6 526 Te29 8,93 10.29 11.51 12,47
BRARE BEAM SAFCTY SuPPORT v.08 V.25 0.30 [ L 1) 0,49 0,52 0455 0,58
dAnE CONNLCT U4y BOTTOM Ze 34 4460 [-13-3§ 8,06 9.17 10,086 10.93 11,54
BRAKE CONNECTLONs TUP Te23 19,99 29.16 36422 40,77 W4,78 48.22 50.90
BRARE LEVER ’ 1.22 2,61 3,90 4,94 5,70 6.32 688 T34
BRAKE LEVEK LUIDE OK CARRILR 5,82 6.29 belth 6458 64,66 6,72 6e79 6486
UtAu LEVEK GUIDL u,23 U,81 1e54 1,75 2,06 2,50 2452 2.70
DEAD | EVER GUIUE BRACKET . u.08 Ue32 0+55 0,71 0,85 0,95 1.02 .11
BRAKE SHOES 422,u1 904,06 1366.89 1735,87 2025,07 2259,38 2452432 2615.07
BRAKE SHOL KEYS 1.91 4.76 Ted 9.51 11,13 12,44 13.52 18,43
WHEELSETS 952,37 1935.64 2859.78 3608,72 4194,50 4668,66 5061.58 B5389.04
LUBRICATE KOLLER BEARINGS 12,32 30.88 45,72 56,94 65,36 72,07 T7.61 82401
ROLLER BEARLINGLS 160,54 319.12 468,10 588,93 683,46 760,13 823,64 876464
HOLLEK BEAKlWG CAP SCREWS 0,09 0.26 Geltd 0,52 0,60 0,66 0.71 0.76
ROLLER BEARING LOCKING PLATES U.02 0.06 0.09 01l 0,13 0,14 0013 0,15
ROLLER BEARING LUBHRICATION FITTING 0,00 [TPY'Y 0.01 0.02 0,02 -0,02 04,02 0,02
PEULSTAL ADAPTERS 12,09 51,98 92433 125,12 150.87 171,63 188.99 20274
WHELLY ‘ 357,72 723,92 1066419 1343,86 1560,37 1735,31 1880.78 2002,60
WHEEL LABUR 397,53 785,48  1151.8% 1449,07 1682,4% 1871,48 2027.69 2158,35
AXLES, ROLLER BEARINGS 12,11 23,93 35,09 °  4%.15 81,26 87.02 61,79 68,76
OTHER TRUCK REPAIRS 246,83 1115,99 1829,18 2378,83 2766,98 3099,36 3370.00 357%.33
TRUCK BOL3ITERS 22.49 170.45 317409 432,66 522,11 896,62 656416 700,99
TRUCK BOLSTERS (REPAIKRED) 0.36 444 9.22 13.40 16,89 19,74 21.82 23,88
CENTEK PINS 1,34 944 13,06 ‘15,96 18,39 20433 22,02
CENTER PLATLS 0,51 6419 9,55 12,35 14,70 16,73 18,67
CENTLR PLATL LINERS 2408 17.79 35.52 50,57 62,56 72,37 8049 87,69
THUCK SIJE BEARINGS 2.87 12.14 20465 27.39 32.58 36,04 40424 42,92
FRICTION CASTINGS 6424 34,64 64.67 88,96 108,28 124,03 136452 146,78
SIUE HEARLNG SHIN u,.25 2454 Heb5 6445 772 8,61 9,50 10,27
SIVE FRAFRLS 202,37 804,32 1253,77 1591.23 '1814,36 2011,00 2172.3% 2290,1%
Slut FRAMES (REPALKED) 0,30 5.27 9.23 12,53 14,74 16,40 17.90 19.33
SPRING PLANRS 0,17 0.79 1e24 1,54 1,77 1,95 2406 2.17
SPHING PLARRS [REPALRED) V.06 0445 056 0.70 0.60 0.88 0.9 0,98
OUTLR SPRINGS 3,46 28,52 41413 54,98 65,50 73,483 80,68 86401
INHLR SPRINGS 1,682 10.72 19,00 25,38 30,30 349,26 37,47 39,89
STASLLIZLR SPHINGS 1,34 B.T8 16e24% 22,07 26,58 30,28 33.22 35,49
VAULK SPRERG FIICIION SWULBER uenl U.02 Ul 0,03 0,04 0,04 0,04 0,04
THULR 5PRINL PLalS v.uy 0.07 0,11 [ A U7 0,18 0e20 0,22
TRULK SPRING SiHlr, 00U - L,ud 6,19 veey V.36 [ATI) 0.%4% 048 0,50
STLLL V.3l 1.97 3417 4,07 4,67 5,16 5.63 5.97
AANUFACTURE U MATERLAL (TRUCK) l.0U 8492 16497 23,74 29,20 33,59 3724 40,36

FRUCK TUTAL 1703.,02 4312.43 B602.4% 8422,19 97§b.6& 10929.68 11864.64% 12623.90
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PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR ALL ROLLER BEARING CARS WITH ANNUAL MILEAGE BETWEEN 37500 AND 62500 MILES

SUIMARY TAULE

ANNUAL MILEAGE

12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
BHAKES (TEST, PRESSURE SYSTEM. & HAND URAKES} 142,62 300,38  4B87.46 643,77 768,97 872,93 960.16 1033.%0
COUPLERSs YOKESs & DRAFT GraR 54,08 221,90 408,67 565,47 682,80  TBO.4%% 868,13  9M0.40
MISCELLANEOUS LABUR & MANUFACTURED MATERIAL 236,32 393,79 595,15 766,12 905,86 1018,16 1116,90 1199.12
OTHER CAR RCPAIRS 116,66 320,56 637,83 911,13 1136,67 1323,7% 1485,59 1621,10
TRUCK BRAKING SYSTEM (MOSTLY URAKE SHOES) 516,06 948,15 1454,57 1867,05 2200,85 2479,70 2708.7% 2902.99
WIEELSLTS T17.26 1374.49 2011.03 2517,78 2910,06 3231,09 3498,02 3723,2%
OTHER TRUCK REMAIRS 32,66 105.1%  198.85 268,47 324,20 369,55 407,81 837,67
TOTAL  1815,66 3656.42 5793.55 7539,78 8929,40 10075,62 11045,35 118%8,01
ASSUMED CAR LIFE IN YEARS 30,00 30,00 30,00 24%.00 19,20 16,00 13.72 12.00

CAR REPAIRS: ANNUAL MILEAGE
12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
HRAKES (TESTy PRESSUKE SYSTEMs 3 HAND BRAKES) 142,62 300,38 487,46 643,77 768,97 872,93 960,16 1033.30
coTas 4,54 21.26 45017 65444 81,43 95,56 106677  117.17
10Tas 99,26 179,62 261,09 327,06 379,310 N21,68 457,00 486,63
PRESSURE SYSTEM 37,41 93,00  167.89 232,13 284,85 327,82 365,13 393,67
HAND BRAKES 1,42 6,50 13,31 19,14 23,87 27,87 31.25 38,02
COUPLERS: YOKLSe & ORAFT GEAR 54,08 221,90 408,67 565,47 682,80 T80.4% 868,13 980,80
COUPLLR BODIES 14,54 98,99 187.78 261,12 314,60 359,48 000.0%  #33,97
COUPLER KNUCKLES 14,99 36,46 61401 81,59 98,06 111,57 123,02 132,53
UTHLR COUPLER PAKTS 19,81 47,25 ¢ T7.42 102,65 122,59 138,80 153,10 164,26
YOKES . 1,27 Yel4 18.10 25,64 31,06 35,56 39.72 43,11
URAFT GEARSs CARRIERS, AHD FOLLOWLKS 3,47 30,09 64,37 94,46 116,49 135,04 152,24 166,52
MISCELLANEUUS LAHUR & MANUFACTURED MaTERIAL 236,32 393,79 595.15 766.12 905,86 1018,16 1116.90 1199.12
OTiLR CAR REPAIRS 116,66 320,56 637,83 911,13 1136,67 1323,7¢ 185,59 1621.10
UTILR CAR kEPALKRS 69.83 200,12 421,0% 612,37 771,26 903,68 1018.85 1115,68
AtLilae 21,44 70,87 138,74 197,32 244,90 283,92 317,83 345,23
WON HILLABLE 1NSPECTIONS 25,39 49,58 78.05 101,45 120,52 136,15 148,91 160,19
CAR TOTAL 549,69 1236.6% 2129.10 2886,46 3494,30 3995,28 4430.77 8794%,11

THUCK REPAINS ANNUAL MILEAGE
12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
TRUCA BRAKING SYSTEM (MOSTLY BHAKE SHUES) 516,06 940,15 1454,57 1867.05 2200,85 2479,70 2708.7% 2902.99
URARE BEAAS 47,32 88,53 183,61 " 258,29 321,67 376,74 420,43 459,20
YRAKE 1ILAU WEAR PLATLS 0.00 ve12 0019 0.25 T 0,28 0,31 0434 0.36
HRAKE HEAM WLAR PLATES 0,00 0,02 0.03 0.04 0,05 0,06 8406 6,06
UKAKE HANGER UR CONNECTION PIN 2,28 4,01 5.99 7.64 8,92 9,98 10.92 11,67
HOTTUM ROU SAFETY SUPPORT 0,62 2,20 3,91 5,50 6,79 7.85 8.81 9.54
BRARE, BEAM SAFETY SUPPORT 0,01 0,04 0.06 0,08 0,09 0,10 0.10 [T}
BRAKE CONMECTION. BCTTOM 1,54 3,02 4,26 5.23 5,96 6,55 7406 To42
URAKE CONNECTION. TOP 1,25 4,84 8410 10,62 12,61 14,15 15,39 16,46
BRAKE LEVER 1,09 2,09 2.97 3.66 4,18 4,59 4,97 Se4
dRAKE LEVER GUIDE OR CARRIER 0,00 0,02 0.04 0,06 0,07 0,08 0409 0.10
DEAD LEVER GUILE 0,03 0,05 0.14 0,22 0,27 0,32 0437 [ 32
DEAD LEVEN GUIDE BKACKET 0,04 0,12 0.20 0,26 0,32 0.36 0,39 0,42
BRARE SHOLS 460,45 832,36 1240.72 1569,57 1832,98 2051,13 2231.60 2383,21
BRAKC SHOE KEYS 1,33 2,73 4,33 5,62 6,64 7,49 8,19 8,78
WHEELSLTS 717,26  1374,49 2011.03 2517,78 2910,06 3231.09 3498.02 3723,2%
LUBRICATE ROLLER dEARINGS 7,94 21,85 32.49 40,64 46,44 50,99 54,85 58,37
ROLLEH BEARINGS 121,26 229,46 334,19 417,68 482,34 535,36 579,40 616,51
AOLLLK ULARING CAP SCREMWS 0,09 0,22 0.30 0,35 0,40 0,43 0,46 0.47
ROLLER BEARING LOCKING PLATES 0,00 0,01 0,01 0,01 0,01 0,01 0,01 0,02
ROLLER BEARING LUBRICATION FITYING 0,00 0,01 0,01 0,01 0,02 0,02 0,02 0,02
PEOESTAL ADAPTERS 9.90 30,08 53.30 71.79 86,53 98,23  108+26 116456
WHEELS 267,19 505,21 734,62 917,02 1058,16 1173,81 1269,78 1350,68
WHEEL LABOR 301,66 570,28 830,80 1038,62 1199,58 1331,65 1441,31 1533,88
AXLES, RULLER BEAKINGS 9,19 17,38 25,32 31,66 36,57 40,59 43,93 46,76
OTHER TRUCK REPAIRS 32,66 105,14 198,85 268,47 324,20 369,55 407.81  437.67
TRUCK uOLSTERS 8,39 23.51 48422 65,97 81,05 93,42 102.68 111,08
TRUCK BOLSTERS (REPAIRED) 0,00 0,49 1,33 2,08 2,63 3,47 3,89 4e32
CENTLR PINS 1,03 2.42 4408 5442 6447 7.37 8409 8475
CEWTER PLATES 0,00 0,07 0.21 0,32 0.42 0,50 0457 0.63
CENTER PLATE LINERS 5,06 11,13 19.87 26483 32,51 37.12 40454 43,88
TRUCK SIJE BEARINGS . 1,43 Yelb 7416 9.43 11,36 12,82 13,94 15.03
FRICTIUN CASTINGS 3,79 8,00 13,01 16,77 19,7% 22,14 24,12 25,82
SIUL HEARING SHIM 0,01 0,13 0,34 0,51 0,64 0,76 0.86 0,94
SIDL FRAMES 6,43 34,28 72,42 100,67 122,45 340,08 136,92 168,04
SIOEL FRAMES (REPAIRED) 0,00 0.11 0.26 0.39 0,52 0,63 070 0.77
SPRING PLANKS 0,00 0,00 0,01 0.01 0,02 0,03 0.03 0,06
SPRING PLANKS (REPAIRED) 0.60 0,00 0.01 0,01 0,02 0,02 0,03 0,03
OUTER SPRINGS 3,46 7.54 11.13 13,57 15,45 17,04 18,22 19.12
INNLR SPRINGS 2,17 4,71 6084 8,30 9.40 10,30 11,01 11,52
STABILIZER SPRINGS 0,93 2,14 3,27 4410 4,68 5.17 5,58 5,90
TRUCK SPRING FRICTION SNUBSBER 0,01 0,02 8002 0,03 0,03 0,03 0,03 0,03
TRUCK SPRING SHIMs WO0O 0,00 0,00 0,00 0,00 0.01 0,03 0,01 0,01
STEEL 0,00 0.01 0.06 0,11 0,14% 0,17 0.20 0,22
MANUFACTURED MATERIAL (TRUCK) 1,93 6,44 10,60 13,94 16,45 18,45 20.21 21,58
TRUCK TOTAL  1265.97 2419.78 3664,45 4653.30 5435,20 6080,34% 6614.57 T063,%1

B-7




PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR ALL ROLLER BEARING CARS WITH ANNUAL MILEAGE BETWEEN 50000 AND 75000 MILES

SUMHARY TaULE

ANNUAL MILEAGE

12500. 25000, 37500, 50000, 62500, 75000, 87500, 100000,
BRAKES (TESTy PRESSUKE SYSTEr 2 HallD UBRAKES) 125,63 237.57 351.40 441,90 513,94 571,55 621.73 661,57
CUUPLERSs  YOKLS+ & UKAFT ©( 125,48  288.81  436.43 558,44 646,25 T18,65 T84.15 839,05
MISCELLANEOQUS LAUOR & MAWL . {URED MATERIAL 191,76 510,43 816415 1057,91 1248,93 1403,75 1519.57 163%.4%
OTHER CAR REPAIRS 84,29 170,57 296.89 398,89 483,28 552,95 612.07 660.70
TRUCK BRARING SYSTEM (MOSTLY HHAKE SHOES) 336,89 708,80 1212.85 1608,48 1940,11 2213,22 2437,83 2627.72
WHEELSETS 606,12 1252,98 1877.55 2374,10 2770,63 3087,95 3361,37 3371.63
OTHER THUCK REPAIRS 17,65 T4.56  141.73 190,74 228,80 261,12 286.66 308.9%
TUTAL  1489,80 3243,71 5133,00 6630,45 7831,95 8809,19 9623.37 1030%.08
ASSUMED CAR LIFE IN YEARS 30,00 30,00 30,00 24,00 19,20 16,00 13,71 12,00
CAR REPAIRS: ANNUAL MILEAGE
12500, 25000. 37500, 50000. 62500, 75000, 87500, 100000,
BRAKES (TESTy PRLSSUKE SYSTEMy & HAND BRAKES) 125,63 237,57 351,40 441,90 513,94 571,55 621,73 661,57
cotss 9,41 21.44 30.98 38,77 44,29 48,73 53.02 55,98
10748 58.62 119.61 180.2% 227.79 265,69 296,13 321.858 382,78
PRESSURE SYSTEM 51,83 87.75 128.89 162.03 189,19 210,81 229.91 244,99
HAND BRAKES 5.77 8.76 11.28 13,31 14,77 15,88 16495 17.02
COUPLERSy YOKES+ & URAFT GEAR 125,48  2808.81 436,43 558,44 646,25 T18,65 784,15 839,08
COUPLER HUDIES 76,80 180.56 258.35 322,28 363,73 400,81 433,47 61,90
COUPLER WNUCKLES 22,38 46,75 69,30 87,44 101,20 111,49 121.36 129,21
OTHLK COUPLER PARTS 15,63 29,21 43.07 54,35 63,49 70,9% 76.96 81,92
YUKES 2,31 6.38 11.87 16.36 20,06 22,85 25,35 27.47
UKAFT GEARS+ CARRIERS, AND FOLLOWEKS 6,35 25.91 53,84 78.00 97.77 112,36 127,01 138,55
MISCELLANEOUS LABOR 8 MANUFACTURED MATERIAL 191,76  510.43  B816.15 1057.91 1248,93 1403.75 1519.37 163%.4%
OTHER CAR REPAIRS 84,29 170.57 296.89 398,89 483,28 552,95 612,07 660,70
OTHER CAR REPAIRS 55,07 112.91 200,33 270,81 329,48 377,96 419,13 432,70
WLLUING 18,56 32.69 53,94 71.15 85,27 97.05 107.05  115.49
NON BILLAGBLE INSPECYIONS 10,66 24,97 42.63 56,93 68,53 77.9% 85,89 92,51
CAR TUTAL 527,15 1207,37 1900.87 2457,13 2892,41 3246,90 3537,52 3795.77
THULK KLPAIRS ANNUAL MILEAGE
12500. 25000, 37500, 50000, 62500, 75000, 87500, 100000,
TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHUES) 336.89 708,80 1212.85 1608,48 1940,11 2213,22 2437.83 2627.72
BRAKE BEAMS 51,81 128,95 282.15% 400,11 502,27 586,06 654,54 T715.15
UKAKE LAU WLAR PLATES 0.03 0.29 0.46 0.59 0.66 0,72 0.78 0.84
BRAKE UBEAM WCAR PLATES V.02 0.03 0.03 0,03 0,03 0,03 0.04 0404
URAKE HAWGER UR CONNECTIUN PIM 0,38 0.77 1.55 2,19 2,69 3,11 3,49 3.80
HOTTON ROD SAFETY SUPPOR! u.01 0,02 0402 0,03 0,03 0,03 0.03 0,03
BKARL BEAM SAFLTY SURPCRT 0,01 0.03 0.04 0.05 0.06 0,07 0.08 0,08
ORAKE COWNECTIONy BOTTOM 0,19 0.43 0.61 0.75 0.85 0,91 0.99 1,02
GHAKE CONNLCTIUNS TOP U.35 2.30 3.90 5.13 6,04 6,76 T.41 7.85
URAKE LEVEK 0,05 0,17 0.27 0.36 0,43 0,47 0,52 0,55
BRAKE LEVER wUIDE OR CAltkiLR 0.00 0,02 0.03 0.04 0,05 0,06 0.06 0,07
OEAD LEVER GUILE 0,00 0.01 0,01 0,02 0,02 0,02 0.02 0,03
DEAU LEVER GUIDE BRACKET 0.00 0,00 6401 0,02 0,02 0,02 0,03 0.03
BKAKE SHOES 285,20 573,85 920.39 1194.65 1421,50 1608,69 1762.92 1890.78
BRAKE SHUE KEYS V.54 1.93 3.37 4,51 5.47 6,26 6492 T.%6
WHELLSETS 606,12 1252.,98 1877.55 2374,10 2770,63 3087,95 3361.37 3571.63
LUBKICATE ROLLEKR BEARINGS 1.12 7.58 12.78 16.87 20,00 22,41 24459 26,10
ROLLEK BEARINGS 103,83 214,12 320434 404,95 472,43 526,55 573.16 608.98
RULLEK UBLAKINGL CAP SCREWS 0,01 0,02 0.04 0,05 0,06 0,06 0,07 0.07
HOLLER BEARING LOCKING PLATES 0,03 0,08 0.11 0.13 0,15 0,16 0.17 0.17
ROLLER BEAKING LUBRICATION FITTING 0,00 0,00 0,01 0.01 0,01 0,01 0,01 0,01
PEOESTAL AUAPTERS 6,74 14.26 24,99 32.88 40,04 45,49 49,73 53.62
AHEELS 228,34  470.14% 702.15 886,65 1033,59 1151,3% 1252,87 1330.75
WHEEL LABUR 258,19 530,57 792,90 1001,91 1168,60 1302,07 1417.37 1505.81
AXLLS, KULLER BLAKINSS 7,87 le.20 24,24 30,65 35,76 39,86 43,39 46,11
UTHER THUCK REPAIKS 17.65 T4.56 141.73 190,74 228,80 261,12 286466 308.96
TRUCK BOLSTERS 1.10 3.69 16,45 25.38 33,55 40,01 45,54 50.72
TRUCK BOLSTERS (REPAIRED) 0,03 0409 0.19 0,29 0,37 0,44 0.50
CENTER PINS 0,27 0.71 1.20 1.61 1,90 2,15 2.37
CENTER PLATES 0.01 0,08 0,15 0.20 0,26 0,29 0,33
CENVER PLATE LINERS 0.18 1.47 3.06 4,36 5,45 6.38 7.07
TRUCK SIUE BEARINGS 0,63 1.30 2.1 3,76 4,64 5,40 6.02
FRILTION CASTINGS 0.17 0.63 1,65 2.79 3,64 4,40 .92
SIUEL UEARING SHIM 0,00 0.01 0,02 0.03 0,03 0,04 0,04
SIUE FRAALS 5.63 47,52 89.77  120.56 143,31  162,9% 178.9¢
SIDE FRAAES (REPAIRED) 0,04 0,10 0.21 0,32 0,41 0,50 0.56
SPrING PLANKS v,00 0,01 0.01 0,02 0,03 0,03 0,06 0,04
SPRING FLANKS (REPAIRED) 0,00 0,01 0401 0,02 0,02 0,03 0,03 0,03
OUTLR SPRLNGY 2,85 3.85 5.03 5.88 6,58 7.12 7.56 7.97
INHER SPRINGS L led 1.54 2.01 2.35 2,63 2,85 3,03 3,19
STABILIZER SPRINGS 0.u1 0,04 0.22 0.34 0,44 0,54 0,60 0.67
TRULK SPIuL SHIMy WOGU 0,00 0.00 0.00 0,01 0,01 0,01 0401 0,01
sSTeet 4,45 10,57 14.33 17,09 18,65 19,76 21,01 21.88
UANUF ACTURLU ATERIAL (TRUCK) 1.13 2,94 4450 5,73 6,67 7,43 8.08 8.58
THUCK TOTAL 962,66 2036.34 3232,13 4173,32 4939,54 5562,29 6085.86 6508.31




PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS

FOR ROLLER BEARING, 70 TON CARS

SUNAARY TABLE

ANNUAL MILEAGE

12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
SRARES (TLSTy. PRESSURE _SYSTENy. 4 HANU. BRAKESY.- . . S e 623,82 .1118,95- 15647.35--1892,03 2154,22 - -2368,41- -2343,01- -2689.37
COUPLERSY “YURESs & JHAFT GEAI 399,55  JT4,35 1472.93 1860.37 2150,35 2395,50 2586.66 2735.35
MISCELLANEOUS LAUUH & MANUFACTUKLD MATERIAL 054,19 2164,13 3084,19 3796,72 4345,58 4787.68 5142,04. 5419,03
OTHER CAH HEPAIRS bbB,70  10bU,32 1604.69 2068,24% 2431,26 2733,23 2964,15 3197,70
TRUCK HKAKINO SYSTEM (MUSTLY UR4KE SHUES) 115,68 201b,67 2838.69 J34B7,53 3987,98 407,51 4T42.43 5031.48
WILELLSETS 1177.97 2542,67 3365,77 4166,77 4782,37 5282,47 5683.18 6022.21
ITrL’ TRUCK REPAIRS 699,57 1963.06 2949,78 3680.78 4214,46 4661,24% 5004,3% 5284,98
TOTAL  9666,48 11636,15 16863.41 20952,44 24066,19 26636,00 28685,80 30400,33
ASSUMED CAR LIFE I YEARS 30,00 30,00 30.00 24,00 19,20 16,00 3.7 12,00

CAk REPATKRSS ANNUAL MILEAGE .
12500, 25000, _375U0. 50000, 62%00. 75000. 87500, 100000,
HRARES (TESTe PHLSSUKE SYSTLM. X HAGU UNARES) 623,62 1114,99 1547.35 1892,03 2154,22 2368,41 2543.01 2689.37
coT4as 191,78  362.04% 494,74 595,11 669,47 729,08 777.05 816,32
1uT4s 262.63 426,76 569,51 684,13 770,55 B41,25  898.41 947,56
PHLSSURE SYSTL# 151,05 286,57 424,19 538,36 627,97 702,05 763.63 814.86
HAHD yRARLS 17,97 39,57 58,92 74,43 86,23 96,08 103,92 110,63
COUPLERS s YOKESs & DHAFT GLan 399,55 974,55  14T2.93 1860,37 2150,33 2395.50 2566.66 2735.5%
COUPLER BULIES 230,02 553.16  B807.45 997.16 1133,76 1234,09 1343.41 122,83
COUPLER KNULRLLES 62,75 130,35 191,91 241,50 279,36 310,07 335,29 356,82
UTHER CUUPLER PARTS Te, 16 196,07 232431, 293,20 340,35 378,44 409,22 435,67
YukLs 15,12 54,26 90.4% 119,19 140,97 158,81 173,26 186,48
URAFT btARSe CAHRIERS, ANU FOLLUWLKS 19,51 80,51 150,82 209.31. 255,86 294,09 325,51  353.76
MISCELLANEDUS LABUK & MANUFACTURED HATFERIAL 1054,19 2164,13 3084.19 3796,72 43%b,58 4787,64 5142.0¢ 5919.,03
OFHLR LAR REPALRS 528,70 1058,32 1604.69 2068,2% 2431,26 2733,23 2984.15 3197.70
OTILR CAR LEPALWS 370,89 691,27 3058,78 1373,35 1621,22 1828,82 2001.93 2149.79
whluliG 111,93 238,78 368,91 478,15 563,06 . 632,67 690,20 738.7%
wuW BILLALLE INSPECTIONS TH.d86 128,27 177.00 216,74 246,90 271,74  292.01 309,17
CAR TOTAL  2036.0% 5311,75 7709,16 9617,36 11081,38 12284,79 13255,65 14061,68

THULK KEPALRS ANNUAL MILEAGE

12500, 25000, 37500, 50000, 62500, 75000, A&7500, 100000,
TRUCK BRAKING SYSTEM {MUSTLY BKAKEL 1ShUES) 152,48 2018.67 2838.69 34B7.53 3987,98 4407,51 4742,3 5031,48
BRAKL BEAMS 164,23 450454 713.18 915,45 1071,41 1207,18 1311.10 1403,01
Orane HEAL WEAR PLATES 1.3% 2,72 3,54 4,07 .36 4,70 9,90 5,03
BHAKE UEAH WEAR PLATES 0,11 0,36 0454 0.66 0.7% 0,82 0.8y 0,91
Bhahtt JbEAR HANGERS . 0,03 0.06 0,08 0,09 0,09 0,10 0,10 0,11
URARE HANWEH URACKET WEAR PLATL . 0,01 0.02 0403 0.03 0,0% 0,04 0.04 0,04
URARE HANULER HUACKET KEAR PLATE SECUHEMENT 0,01 0,02 O.ud 0,04 0,04 0,04 0,08 0,05
BHARE HAWLEh UR CUNNECTIUH PIN 3,30 6,78 10.30 13,15 15,39 17.28 18,81 20.22
307TTUR ROU SAFETY SUPPORT 0,74 2,61 4.99 T.16 8,93 10,96 11,70 12.79
BRARE BEAM SAFETY SUPPORT 0,56 1.30 1.75 2,02 2,24 2,39 2.46 2460
BRAKE CONNCCIIONs buTTun 1.50 4.31 6.69 8,61 10,01 11,15 12,19 12,98
BRAKE CUNNECTLOive TOP 11.42 26.89 37.86 46,04 51,38 56,26 59,95 63.27
BRARE LEVLR - 0.95 2.30 3.53 4451 5,25 5,87 6.39 6.08
BHAKE LEVER GUIUE OR CARRIER 0,03 0.20 0.32 _ 0.41 .47 0,51 0,56 , 0460
ULAL LEVLR LUIUE 0,75 1.45 1497 2,491 2.67 2,89 3.13 3,31
ULAD LLVCR BULUL BRACKET 0,06 0.36 0,62 0.82 0,98 1,10 1.21 1431
BHAKE SHUES 945,83 1510,83 2041.9% 2468,06 2797,94 3069,02 3290,04 3478.33
BRARE SHOE KEYS 4,08 7.92 11.34 13,99 16,04 17,70 19.03. 20,16
WHELLSETS 1177,97 2542.67 3365,77 4166,77 4782,37 5202,47 5683,18 6022,21
LUBRICATE ROLLER BEARIu-: 48,51 77,03 96,70 111,36 121,55 129,58 135,63 180,73
HOLLER BEAKINLS 184,51  3bB.06  529.80 656,29 753,68 033,09 896,66 950.41
ROLLER JEARING CAP SCHREWS 0,06 0,23 0,37 O 47 0,88 0,61 067 0.70
ROLLEK BLARING LOCKING PLATES 0,02 0.07 D.11 0.13 0,15 0,16 0417 0.18
RULLEK BEARING LUSRICATIUN FITTING 0,01 0,02 0,02 0,03 0,03 0,03 0,03 0.0%
PEOLSTAL ADAPTLRS 63,71 128.93 186,80 232,24 267,35 295,60 318,18 336.80
dHELLS 410,41 834,69 1208,83 1502,54 1727,93 1910.86 2037,83 2183,10
WHELL LABOR 456,87 906,11 1303.50 161%,61 1854,70 2050,16 2206,87 2339,10
AXLLS, ROLLER LEARINGS 13,87 - 27.53 39.63 49,10 56,42 62,37 67.14 . Tlelé
UTHER TKUCK HEPAIKS 699.57 1963.06 2949.78 3680.76 4218,%6 4661,2% S004.3% 528,98
TRULK 3OLSTEKS 100,60 354,17 580.23 753,19 889,37 999,02 1083,50 115%.356
TRUCK nOLSTERS (REPAIRED) 16,40 21,51 25.63 29.34 31,608 33,68 35.26 36454
CENTLR PIuS 3,89 9,41 14.81 19,10 22,48 25,23 27.%6 29.36
CENTER PLaTLS 2.u41 5,71 9,91 13,33 16,09 18,3% 20,32 22.1%
CLNTER PLaTL LINERS 244,45 45,54 65436 81.99 94,25 108,27 112.51  119.67
IRUCK SIUE BEAKINGS 11,54 28,74 43,00 53,97 62,38 69,08 T3 76,87
FRICTIUN CaSTINGS 24,74 72,47 114,33 146,76 172,07 192,28 208.36 221.86
SIUt BEARING SHINM u,71 2.61 4olt 5.26 6,06 6,71 7e31 775
SIUL FHAYES 472,99 1302.30 1906.93 2343,26 2647,3¢ 2910,60 3107.62 3269,97
SIUE FHAMES (REPATHED) 1,49 T T4 12446 15.93 18,30 20,50 21.93 23.10
SPRING PLANKS . 0.50 1.91 2454 3.00 3.26 3,48 3,64 3.79
SPRING PLANRS (HEPAIRLD) 0,19 0.86 1,33 1,69 1,92 2,09 2.26 2.39
OUTLR sPRINGS : 15,17 46492 72.63 91.84% 106,85 118,23 127.35 134,39
INNLR SPRInLS 7,90 25,03 35.49 44,77 52,21 57,73 62417 65.69
STAMILIZEK 5PkluGs 6453 18,70 28,97 36,70 42,77 47.56 51437 54,38
THULK SPRING FRICTION SNUBLER U,12 0.21 0.27 0.30 0.34 0.36 0.38 0,39
TRUCK $PKInb FLANES 0,69 0.88 0.97 1,05 1,07 1,09 1.11 1.13
TRULK SPR1AU SHIn, wuOu 0.uY 0432 048 0.60 0,68 0,74 079 0.83
L STRLL [N 2,40 3,62 4,52 5,11 5,59 605 6,37
HANUIFACTURED mATERLAL (THUCK) 8,10 17.61 26.70 34,18 490,02 44,70 48,52 31.80
. ThULK TUTAL  3030,82 6324,40 9154,25 11335,08 12984,80 14351,22 15429.95 16338.68




PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR ROLLER BEARING, 100 TON CARS

SUMMARY TadlE

ANNUAL MILEAGE

12500, 25000, 37500, 50000, 62500. 75000, 87500, 100000,
BRAKES (TEST, PRUSSURE SYSTLH. % (HAHD URAKES) 226,01 449,97  659.51 826,58 95%,63 1060.78 1147.66 1222.2%
COUPLERSe  YUKLS, 3 URAFT GLAR . 145,57 411.06 646,02 834,57 971,09 1081,07 1179,35 1259.8%
AISCELLANLEOUS LAlDuk 8 MANUFACTURED WMATERLAL 179,31 471,00 731.86 935,65 1094,97 1219,6% 1322.59 1410,57
OTHER CAR HEPALIRS 155,43 363,16 584462  765.04 906,88 1023,45 1120.%0 1204,03
TRUCK BRAKING SYSTLM (MUSTLY HKAKE SHLES) 439,79 1105.35 1716.03 2200.88 2581,09 2891,19 3146.21 3366.54
WHEELSLTS ? 740,94 1648.4%6 2515.30 321%.99 3768,91 4208,53 N376.50 %888,07
OTHER THUCK KLPATKS 120,44 389,42 599.91  759.56 869,59 957,76 1031.36 1096.47
TOTAL  2075.45 4838,42 7453.26 9537,27 111487,11 12#82,43 13526,27 18487,76
ASSuMEL CAR LIFL IN YLARS 30,00 30,00 30,00 24,00 19,20 16,00 13,71 12,00

CAR HEPALKS:S ANNUAL MILEAGE
125004 25000, 37500, 50000, 62500, 75000, 873500, 100000,
BRAKES (TESTy PRLSSURL SYSTEWM. 4 HAUD HRAKES) 226,01 949,97  659.51 826,58 954,63 1060.78 1147.66 1222.2%
CuT&s 29,50 80,58 129.24 168,44 197,351 222,89 242.68 260,51
1U143 107,47 203,63 290.34 358,76 411,47 458,08 489.32 519.26
PRESSURE SYSTLM 79.2%  146.10 215,06 270,25 313,33 308,78 378.3% 403,21
HANU HRAKES 15,79 19,66 24,86 29,13 32,32 35,04 37430 3%.27
COUPLERSs YUKLSe & JORAFT GEAR 145,57 411,06 646,02 834,57 971,09 1081.07 1179,33 1239.84
COUPLER HOLIES 93,78 241,98 358,78  450.4% 512,81 563,80 610.32 686,81
CUUPLLR. RWUCALLS 16,00 48,10 78,27 102,55 120,87 135,71 148,28 159.00
UTHER COUPLER PARTS 22.69 59.39 93.40 120,48 141,35 158,03 171.9% 183.86
YOKLS 4,61 21,20 37.05 50.06 59,51 67,10 73.83 79.92
UMAFT GEARSs CAKRIERS, AND FOLLUJLKS 8,48 40,38 T8.52 111,05 136,55 156,43 174,97 190,25
MISCLLLANEUUS LABUR & MAWUFACTURED MAIERIAL 179,31 471,00 731.86 935,65 1094,97 1219,64 1322.59 1410.87
OTHLR CAR KLPalks ) 195,43 363,16 584,62 765,04 906,84 1023,45 1120.%0 120%.03
ULILR CAR REFAIRS 101,92 221,22 355.87 466.31 553,78 626,85 687,28 739,08
NIRRT PTA 29,05 83,53 136.67 179,55 212,60 239,13 261,54 280,91
NOW UILLANLE TusPIClloils 24,46 H8.41 92,08 119.18 140,45 157,50 171.58 184.0%
CAR TOTAL Iue,53 195,19 2622,00 3361,83 3927,52 4384,9% 769,99 3096.68

THUCK KEPAIRS ANNUAL MILEAGE
12500, 29000, 37500. 50000, 62500. 75000, @7500., 100000,
TRUCK BRAKING SYSTEWM (MOSTLY DRAKE SHUES) 499,74  1105,35 1716.03 2200,88 2581,09 2891,19 3146.21 336654
BRARE HEAIS 70,63 148,95 327,62 439,65 527,56 600,58 660.33 712,89
BHARE HEAQ WEAR PLATES 6,37 0.81 1.07 1.24 1,35 1,44 1.49 1.5%
ORAKE UEAM WLAR PLAVES 0,08 0,17 0.23 0.27 0,30 0,32 043¢ 0.36
BHAKE HARGEK OR CONKECTION PIN 1,89 3,76 5.57 7.01 8,13 9.02 9.79 10,42
BOTTOM ROU SAFETY SUPPORT 0,79 1.53 2.1 2.66 3,07 3,38 3.67 3.88
BKAKE HEAN SAFETY SUMPORT u.02 0,06 0,08 0.10 0,11 0.12 0,13 0413
BRARE COWMNWECTIUNS BGITON 1.97 3.52 465 5451 6,11 6,59 7.02 7.35
UBRAKE COUNLCTIUNy TOP 4452 11.19 15.90 19.34 21,73 23,63 25.24 26041
ORARE LEVLA 1,41 2.50 3.40 4,08 4,60 4,99 5434 5,62
BRARE LEVER GUIUE OR CARRIER 1.81 2,01 2.09 2.16 2,21 2,25 2.28 2,30
UEAD LEVER GUIDE 0,12 0.61 1.06 1,41 1,65 1,85 2,02 2,19
DEAU LEVER GUIDE BRACKET 0.12 0,51 0.84 1,09 1,26 1,41 1.52 1,62
JUAKE SHUES 418,47 808,82 1344.1% 1707.32 1992,52 2223,98 2414,96 257841
URAKE SHOL KEYS 2,54 4492 7.22 9.04 10,48 11,62 12.58 13,39
WHEELSETS ©THE,9%  L6UB.HE  2515.30 3214,99 3768,91 208,53 4576.50 4888,07
LUBRICATE ROLLER BEARIAGS 12,06 29.03 41.79 51,34 58,46 63,84 68.42 72.40
ROLLER BEAKINGS 126,02 274458 418,91 S535.67 628,34 702,03 763.62 815,76
HOLLER HEAKING CAP SCREWS 0,10 0.25 0437 0.45 0,52 0,56 0460 0,63
ROLLEK BEARINL LOCKING PLATES 0.03 0,09 0.13 0.16 0,18 0,19 0421 0,23
HOLLER BEAKInG LUBKICATION FITTIdu 0,01 0,02 0,02 0,02 0,02 0,02 0403 0,03
PEDESTAL ADAPTERS 9e12 30,65 Sle14 67,32 79,78 89,43 97.68 104466
WHEELS 260.18 613,71 933,84 1192,22 1396,%2 1558,72 1694.51 1809,35
WHEEL LABOK 311,93 679.42 1037.4%6 1327.32 1557,58 1740,63 1893,67 2023,30
AXLLS, ROLLER BEAKINGS 9,56 28,71 31.64 40,48 47,51 53,10 57.77 61,73
OTHER TRUCK REPAIRS 120,44 389,42 599,91 759,56 869,59 957,76 1031.56 1096447
TRULK BOLSTERS 7.33 30,79 53.71 71,81 85,66 95,76 104440  112.49
TKUCK JULSTERS (REPAIREU) . U, 24 3.34 6486 9.99 12,55 14,58 1611 17.84
CENTER PINS 1,18 3,07 5413 6.80 8.11 9.19 10,07 10,86
CENTER PLATES 0.36 1,76 3,95 5.76 T.24 8,43 9o 45 10,48
CENTER PLATE LIAERS 3,00 14,37 26427 36413 43,80 50,03 55,068 59.88
THULK S10E HEARINGS 2,63 624 9.18 11.46 13,17 14,49 15.56 16,53
FRICTION CLSTINGS . 9,00 15,90 26.26 34,64 40,96 45,73 49.79 53.69
SIVE sEARING SHIM v,16 1,49 3.43 4,76 S.68 6431 6493 7.56
SIUL FRAMLS 91,73 275,86 405,29 499,76 560,28 610,93 653,05 687,53
SIut FRAMEL (REPAIRELD) U.24 4,37 6.00 8,22 92.77 10,87 11.76 12.9%
SPRING PLANKY 0.03 0.19 0.31 0.39 [ 7Y 0,49 0.52 0.56
SPUING PLAPKS (hEPRIRED) .03 0.18 0.26 0,33 0,37 0,41 0,44 0,47
OUTL R 5PRINLS 3,70 15.24 26,70 32.15 37,52 41,49 45,01 48430
INNLR SPrlnbs 1,81 beb3 11.02 14.25 16.65 18.42 19,97 21.38
STADILLIZER SPhllus 0,89 3,29 Sethth T.27 8,58 9,55 10,33 11.17
TRULKR SPRING FRIUTION SHUsBLR v,01 a.02 0.03 0,03 0,03 0,03 0.03 0,04
THUCK SERIMG PLATES 0.0 0.00 0.01 0.01 0.01 0.01 0.01 0.01
THULK SPRINL SHIA. LOOU u,02 0.10 0.16 0.21 0.23 0,25 0.27 0,29
STEkL U,11 0,46 0.72 0,90 1.04 1,14 1.22 1,30
AANUFACTURED HATERIAL {THUCLK) 1.0 6.57 11.07 14,70 17.51 19.67 21455 23.14
rLUCK TOTAL  1309,12 3143,25 4831.23 6175.43 7219,59 8057,48 8754,28 9351.08
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PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR ROLLER BEARING, 70 TON CARS WITH AAR CAR TYPES A AND B

SUMMAHY TABLE

ANNUAL MILEAGE

12500, 25000, 37500, 50000, 62500. 75000, 87500, 100000,

BRAKES (TCSTy PRLSSURE SYSTEHe % HAND BRAKES) 592,72 1069,95 1521.,9% 1883,97 2169,43 2399.14 2588449 274640

COUPLEHSs YOKLSe & URAET GEAK o _ . 404,43 | 936,09 1410.30 . 1778,36 2058,83 -2289.36- -2470.85 —2634,70° ~

MISCELLANEOUS LADDR & MANUFALTURED MATLAYAL 692,92 1515.57 2166.28 2652.17 3021,23 3310,71 3544.36 3736.02

OTHER CAR REPAIRS 440,20 953,81 1562.4% 2075,52 2489,29 20828,77 3115,22 3356,86

THUCK BKAKING SYSTEM (nOSTLY BRAKE SHUES) 1037,93 1907,88 2773,31 3457,20 3984,62 H427,05 4777.52 5083.11

AHEELSETS . 1450,67 2628,25 3648.13 4440,35 5043,32 5531,2% 5924.91 6256,30

OTHER THUCK RLPAIRS 670,66 1825,52 2764491 347,97 3975,80 4404,75 4726.40 5S002.99

TOTAL  5289,12 10836,86 15847.30 19735,54 22742,53 25191,04 27147,7¢ 28817.18
ASSUMEDL CAR LIFt IN YLARS 30,00 30,00 30,00 24,00 19,20 16,00 13,71 12,00

CAR REPAIRS? ANNUAL MILEAGE
12500. 25000, 37500, 50000, 62300, 75000, 87500, 100000,

BRAKES (TESTe PRLSSURE SYSTEM. & HAND BRAKES) 992,72 1069,95 1521.,9% 1883,97 2169,43 2399,14 2588.49 2746.40
cuTES 153,48 307,58 434,95 530,02 605,88 664,21 712,63 751,03
ILTeS 233,66 399,12 553,99 679.08 775,64 854,72  918.93 973.97
PRESSURE SYSTEM 182,684 328,61 487,18 619,78 725,75 812,16  B884.13 944,50
‘HAND BRAKES 22,73 34,53 45,82 55,11 62,15 68,04 72,80 76,89

COUPLERSy YOKESs & URAFT GEAR 404,43 936,09 1410,30 17768.36 2058,83 2289.38 2470.85 2634.70
COUPLER BUULES 213,60 501,7% 735,10 908,37 1038,1% 11%7,02 1227.5% 1303,49
COUPLER KNUCKLES 84,86 155,06 220.63 273,91 314,02 346,49 373,08 396,03
OTHER COUPLER PARTS 72,85 159,07 243.70 312,93 366,96 410,26 446,21 476,77
YUMLS 14,04 49,64 82,66 108,13 127,83 143,73 156,49 168,23
ORAFT GEAKSy CARRIERS, ANU FOLLOWERS 19,09 70,58 128420 175,03 211,89 241,89 267,53 290.19

MISCELLANEOUS LABUR & MANUFACTURED MATERIAL 692,52 1515,37 2166,28 2652,17 3021,23 3310,71 3544,3¢ 3736.82

OTHER CAR REPALRS 440,20 953,81 1562.4% 2075,52 2489,29 2828,77 311%5.,22 3356486
OTHER CAR REPAIRS 290,55 998,71 975,50 1292,39 1548,4% 1760.47 1938.14 20689.39
WELD NG 109,87 267,95 454,27 614,45 743,74 848,00 937.7¢ 1012,75
NON BILLAGLE INSPECTIONS 39,78 87415 132.67 168,68 197,11 220.30 239.34 254.72

CAR TOTAL  2129.87 4475.21 6660.96 8390,02 “9738,78 10828,01 11718,92 12474.78
THULK REPALRS ANNUAL MILEAGE
12500, 25000, 37500, 50000, 62500, 73000, 87500, 100000,

TRUCK ‘BRARING SYSTLM (HOSTLY BRAKC SduCS}) 1037,93 1907,88 2773.31 3457,20 3984.62 W427,05 u#777.52 5083.11
URAKE DEAMS 209,7%  4B7.65 791.73 1026485 1212,9% 1374.60 1496.18 160716
BRAKE (ILAL WEAK PLATLS v.21 0,54 0.74% 0.88 0,96 1,08 1,09 1,14
BRAKE BEAN wEAK PLATES v.03 0.07 0409 0,11 0,12 0,13 0.13 0,14
BRARE BEAM HANGEHS 0,03 0,07 0,10 0,11 0,12 0.13 0013 0.14
BKARE HANGER BRACKET WEAK PLATE 0.01 0.03 0404 0,05 0,06 0,07 0407 0,07
BKARE HANGLR BRACKET WEAR PLATE SLCUREMENT c.01 0,03 0404 0,05 0,05 0.06 0.06 0,06
BRARE WANLLR OR CUNNECTIOW PIN .94 beld 9.27 11,73 13,69 15,31 1664 17,74
BOTTU; KOO SAFETY SUPPORT 1,18 2,52 3,92 5.12 6,11 6.93 7460 8.20
BRAKE BEAM SKFETY SUPPORT v,73 1,5% 2,01 2,29 2,50 2.65 2.7% 2,86
BRAKE CONNECTIONs BUTTOM 2,24 5,07 7438 9.18 10,54 11,60 12.51 13,35
HRARE CUNNECTIOWs TOP 7.86 21,35 31.28 38,54 43,89 48,28 51,57 84,72
BRAAE LEVER 1.35 2.52 3.51 4427 4,87 5,33 5,73 6,07
URAKE LEVER GUIDE OR CARRIER V.79 €,89 094 0,97 0,99 1,00 . 1,02 1,03
DEAL LEVEK GUIDE 0.42 1,17 1.82 2,32 2,711 3,00 3,29 3,47
DEAD LEVER GULUE BRACKET 0,05 0,37 0¢65 0,86 1,04 1,16 1.27 1,39
BRAKE SHUES 803,87 1366,47 1903.17 2333,01 2659,84 2928,79 3148.40 3334.58
BRAKEL SHOL KEYS [ 11,46 16463 20,85 24,19 26,96 29,09 30.98

WHEELSElS 1450,67 2628,25 3648.13 4440,35 5043,32 5531,24 5924,91 6256,30
LUBRICATE ROLLER BEARINGS . 39,10 65,31 83,79 97,36  107.4% 114,79 120,51 125,70
ROLLEK BEARINGS 232,17 418,19 579,32  TO4.45 799,65 B76.95 939,25 991,59
HOLLER BEAKING CAP SCREWS L,06 0,24 0440 0,52 0,61 0.69 0.76 0.79
ROLLEK BEAKING LOCKING PLATES 0,01 0,04 0406 0,07 - 0,08 0,09 0409 0.09
HOLLER BEARIGLG LUBRICATION FITYING 6,02 0.03 0404 0.0% 0,05 0,05 0405 0,05
PEUESTAL AUAPTERS 71,27 138,18 199,35 246,80 284,02 313.41  337.30 35T.14
wHEELS 514,74 941,88 1311.,70 1599,33 1817,56 199,81 2137,46 2258434
WHEEL LABOK 575,02 1032,98 1430,01 1738,91 1973,90 2164.61 2318,96 2048,13
AXLES, HOLLEK BEARINGS 17,48 31.38 43,47 52,87 60,03 65,84 70453 T4e46

-

OTHER, TRUCK REPALKS 670,66 1825,52 2764.91 3447.97 3975,80 H404.75 4726.40 5002.99
TRUCK UOLSTERS 135,08 375,51 598,20 763,51 896,90 1005.50 1088,56 1157.01
TRUCK dOLSIELRS (RLPAIRED) 0.82 3.84 . 6493 9,58 11,71 13,40 14.80 15,90
CENTEK PIUS 3,57 8,60 13,68 17,62 20,80 23,40 25,54 27,30
CENTER PLATES 3.25 6,86 11.27 14,74 17,53 19,67 21.80 23.67
CENTER PLAIL LINLQS 9.67 27,99 45,78 60,22 71,36 80,34 87,90 94,23
FRUCK 'S1DE HEARIWGS 16,94 36,99 51.88 63,14 71,79 78,66 84,07 88,65
FKILTION CASTINGS . 47,75 98,37 141,65 174,97 199,88 220,0% 236.19 250.18
SIDL GEARING sHId . 6,59 2.47 4.07 5.34% 6.27 P 7.55 8416
SIDE FRAMLS 581,47 1108,22 1662.36 2054,81 2353,19 2597,93 2775.51 2931.42
S1DE FRAMLS (REPALRED) 1,78 13,42 23.05 30,50 35,89 40,59 43,49 46424
SPRING PLANKS 0,84 1.38 1.63 1.85 1,92 1.95 2404 2414
SEIING PLAIKS (HEPAIRLUY) 0,13 0.70 1.10 1,41 1,65 1,78 1,92 2,10
OUTER SPRINGS 24,30 55,74 81.23 ' 100,38, 115,07 126,09 134,97 142,52
INNER SPRINGS 12,41 28,42 41.73 51,49 59,48 65,28 69,93 73.80
STABLLIZER SPIInNGS 12,52 25,71 37.18 45,84 52.47 57.63 61.80 65.39
TRUCK SPRING FRICTIun SHCHBCH 0417 0.30 g.38 Q.43 0.47 .50 0.53 0,54
TRUCK SPRiwG PLATLS 0,03 0,10 014 0.18 0.20 0,21 0.23 0.24
ThUCK SPRIL SHING LLUD 0,04 0.29 047 0,60 0,69 0.77 0.82 0.88
STCLL 9.5 1.96 3.18 4,09 4,73 S.2% 571 6,04
MANUFACTUREDL BRIErTAL (TiuCng 17.26 28466 49.00 47,48 . 53,78 58,79 63,03 66456

THULK TOTal  3199..5 6361,65 9186.34 11345,51 13003,75 14363,0% 15426.8% 16342,40
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PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR ROLLER BEARING, 100 TON CARS WITH AAR CAR TYPES A AND B

SUHHARY TABLE

ANNUAL MILEAGE

12500. 25000, 37500, 50000, 62500. 75000. 07500, 100000,
ARAKES (TESTy PRESSURE SYSTthe & HAND UHAKES) 336,92  882.73 1424.72 1867,77 2203,59 2482,.53 2723.37 2912,72
COUPLERS e  YUKLSe 3 URAFT GEAR 418.54 1309.38 2109.00 2762,25 3206,78 3588,53 3939.77 #182,12
MISCELLAWEOUS LABUR & MANUFACTUKED NATERIAL 350,82 1001.5% 1572029 2022,52 2360,12 2636.035 2860.26 3048,17
OTHEH CAR REPAIRS 179,73 652,%3 1235.54 1731.14 2129,76 2458,27 2739.2%5 2973.87
THUCK BRARING SYSTEM (MUSTLY BHAKE Sit0eS: 620,45 1661,80 2729.58 3586,05 4218,54 #757,40 5218.10 5573.06
- HEELSLTS ’ 593,64 1475,34 2276.47 2912,52 3396,67 37808,46 911162 $578,69
OTJLK Truck REPALKS 362,72 1447,17 2292.,62 2948,33 3363,85 3T21.50 H047,67 270,08
TuTaL 28bc, B2 8430,89 13642423 17830,59 20879,02 234%32,73 25640.04 27340,87
ASSUMED CAR LIFE IN YEARS 30,00 30,00 30.00 24,00 19,20 16,00 13.72 12.00

LAR HEPAIRSS ANNUAL MILEAGE
12500, 25000, 37500. 50000, 62500, 15000. 87500, 100000,
BRAKES {TESTe PRESSUKE SYSTEle 3 HANU BRAKES) 536,92 882,73 1424.72 186T.77 2203,59 2482.53 2723.37 2912.72
CuTss Su,86 193,10  321.24 426,31 497,20 559,94 618,57 655.19
turas 98,72 231,82  354.33 451,61 526,15 586,93 636.26 678.89
PRESSURE SYSTEM 176,91 444,42 726,92 963,90 1149,86 1301,06 1431,43 3830,92
HAND JRARES- 6443 13,49 20.23 25,95 30,38 35,99 37,80 39,72
COUPLERSs YOKESs § URAFT GEANW 418,54 1309,38 2109.00 2762,25 3206,78 3588,53 3939.17 _!102.13
COUPLER BOULES 336,54 1002,36 1576.28 2043,88 2350,9% 2618,12 23871.18 3033,66
COUPLER KNUCKLLES 32,19 111,57 189.21 253,21 299,84 339,26 373.82 399,53
UTHER COUPLLR PAKTS aC,42 93.71 155,24 205,34 244,28 275,50 303,62 324,02
TUALS 13,99 77,44 138.61 188,40 224,01 253,83 279.02 301,53
OHAFT GEARS+ CAKRRIERS. AND FOLLOWLRS 3,40 24,30 49,66 .. 87.711 101,82 118,13 123,41
AISCELLANEOUS LAHOR & MANUFACTUREU MATERIAL 350,82 1001.5% 1572.29 2022.,%2 2360,32 2636.05 2660:26 3048.17
OTHER CuR REPAIRS 179,73 652,93 1235,54 1731,1% 2129,78 2458,27 2739.25 2973.87
OTHLR CAR REPAINS 110,98 369.41 716452 1014.57 1236,05 31457,80 1630.41 1773.67
wWhLUTiis 46,05 217.02 407.82 569,01 697,37 603,33 890.46 965,46
NUW BILLAULE INSPECTIONS 22,711 66,50 112,21 147,56 176,36 159,14 218,38 23%,Te
CAR TOTAL 1286,02 3846,58 6341.55 6383.69 9900,27 11365,37 12262,64 13118,88

THUCK KLPAIKRS ANNUAL MILEAGE
12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
TRUCK oWAKIHNG SYSTEM (HOSTLY BRAKE Snoue$) 620,45 1661,80 2729.58 3586,05 4218,5¢ 757,40 52i8.10 5573.06
URAKE BEAMS 222,77 681,58 1196.21 1616,95 1914,98 2180,07 24l14.29 2581,22
BRAKE (EAU WCAK PLATES 0,66 149 2401 2,36 2,59 2,77 2.91 . 3.02
BRAKE UEAN WEAR PLATES 0,10 0,27 0,38 0,46 0.51 0,52 - 0.57 0,57
BRAKL AW HANGERS v.02 0.03 0.03 0,03 0,03 0,03 0,04 0,04
BRAKE HANGLR OR CONNECTION PIN 1,55 5454 9.68 13,06 15,69 17.84 19.67 21,13
BOTTuA RUL SAFETY SUPPOKRT 0.46 3,66 7447 10,94 13,75 16,07 18,14 19,69
BRARL UEAm SAFETY SUPPURT 0,08 0,22 0,431 0,38 0,41 0.45 0.46 0,49
BrAKL CONNLCT A0/ BOTTOA 2,70 8494 14.24 18,55 21,41 23,91 26022 27.76
BRAKL CONNECTIONs TuP 13,41 39,00 58406 72,78 82,35 90,42 97,69 102,82
BrARC LEVER 1,77 5440 8485 11,52 13,64 15,33 16465 17,83
UBRAKE LEVER GUIDE OR CARRIER 10.61 11,53 11.88 12,16 12,36 12,52 12,65 12,75
DEAU LEVER LULUE 1.23 6,29 11.08 14,76 17.43 19.67 21444 23,07
ULAU LEVER GUulUE UKACKET 1,383 T.52 12.96 16,35 18,98 21,24 234,05 24,29
BRARE SHOUS 300,20 884,28 1387.62 1:.4,27 2091,19 2341,92 2548.56 2721,63
BHAKE SHOt KEY> 3,05 6426 9.19 11445 13,21 14,62 15.77 16,74
WHEELSETS 593.64% 1475,34 2278.47 2912,52 3396,67 3788,46 4111.62 4378,89
LUBKICATE HOLLER BEARINGS 15,50 37.20 52467 64,05 71,80 78,35 83,03 87,57
ROLLLx BEARINGS 94,50 227,83  349.88 446,10 520,12 579,96 629,30 669,69
HOLLER BEAKRING CAP SCREWS 0.24 0,53 0475 0,90 1,02 1,10 1.19 1,23
RULLEK BEARING LUCKING PLATES ¢.30 1,06 1.62 2,06 2,26 2,49 2.73 2,713
HOLLER BEAKIMG LUBRICATION FITTING 0,01 0,04 0.06 0.08 0,09 0,10 0el1 0,11
PEULSTAL AULAPTERS 17.05 52.18 85,35 111,45 131,88 147,65 161,34 171,65
WHECLS 227,00 568,38 919,67 1183,23 1382,52 1544,3% 16768.86 1790,70
wWHEEL LASUK 231,96 551,27 842,67 1071,82 1249,11 1391,82 1508.78 1605,96
AXLES, ROLLEh BEAKINGS 7,08 16,84 25.78 32,82 38,27 42,66 46426 9,24
OTHER THUCK REPALRS ’ 362,72 447,17 2292.62 2948,33 3363,55 3T21,50 4047.67 4270,04
THUCK GBOLSTERS 11.3% 56.75 100.76 135,51 161,41 182,54  200.80 212.48
TRULK BOLSTERS (KEPALRED) 0,13 D.79 1,52 2.17 2,66 3.08 3445 3,68
CENTER PINS 0,77 3,06 5.55 7.53 9,12 10,42 11.49 12,36
CENTER PLATES u,00 0,u5 0417 0.28 0,38 0,46 0.54 0,60
CENTER PLATE LINERS 2,50 11430 20451 28.06 33,96 38,81 42,83 46,03
TRULK SIOE BEARINGS 2,50 8,75 14.20 168,51 21,58 24,12 26436 27.82
FRICTION CASTINGS 12,25 28.43 43,03 54,62 63,24 70,21 76417 80,49
SIDE BEARING SHIM u,97 5,59 9.38 12,55 14,35 16,00 1764 18,65
SIVE FRAMES 311,36 1201,55 1870.19 2385,78 2698,91 2974,66 3230.12 3399,56
SIDE FRAMES (REPAIRED) 1,09 10437 17,31 22.92 26.84 29,91 32.19 34,92
SPRIG PLANKS 0,50 2.45 3,88 4,89 5,57 6.13 6051 6,90
SPRING PLANKS [REPAIRED) 0,54 2.41 3.78 4,77 5,36 5,92 6435 6,63
OQUTLK SPRINGS 10,33 76,24 123,34 165,48 195,3% 219,23 240,20 256,34
IRNER SPRINGS 3,03 26,29 87,71 64,82 77.46 87,26 95,83 102,89
STABILIZER SPHINGS 1,50 4,99 8407 10,45 12,16 13,57 14470 15,53
THUCK SPHING FRICTION SHUBBER 0,02 0,04 0.06 0,06 0,07 0,07 0.07 0,07
TRUCK SPRING PLATES u,01 0.05 0.07 0,08 0.10 0.10 0,31 0,11
TRUCK SPRING SHIM, wUOD 0,26 1,25 1,93 2,45 2,74 3,01 3.24 3,40
Srecl 1,25 4,99 7.88 9,87 11,43 12,60 13.41 14,22
HANUFACTURED AATERIAL (TRUCK) 2456 8.0% < 13,30 17.53 20,82 23,39 25.67 27,35
THUCK TOTAL  157b.81 4584,32 7300.68 9446,90 10978,76 12267,36 13377.39 14221,99
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PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
POR AAR CAR TYPES H, L, G, F, AND V

SUNAARY TAGLE

ANNUAL MILEAGE

12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
- - BRAKES (TLSTs-PRUSSURE ‘STSTLAV=4" HAKL DRAKES) ~~ - 263,02 49€.32° TTe.0% 994,59  1170.46 1314.50 1837,39 1541.64
COJPLERSt  YUKESs & URAFT GEAR 97,53 324,63 582.64 769,32 951,19 1080,70 1196.97 1293.68
MISCELLANEOUS LABOR » MANUFACTURED hATLRIAL 126,19 347,27 625,74 849,21 1029,20 1173,69 1301.73 1406,68
OTHER CAR REPALRS . 165,89 438,76 880,78 1252,45 1557,85 1812,19 2037,60 2225.07
TRULK qRAKLNb SYSTEH (MOSTLY BRAKE Si10ES) 482,14 1027,09 1603.72 2059.,77 2421,26 2716,50 2960.28 317D0.87
WIHELLSETS . ] 823,32 1b88,26 2532.18 3198,62 3717,76 4137,57 491,71 791,02
OTicrt TRUCK REFAIRS 43,11 198,19  364.42 492.83 593,82 670,95 T41.11 796,94
TOTAL  1977,20 4520,51 7361,51 9636,79 11441,5¢ 12906,09 14166.79 15225,91
ASSUMED CAR LIFE IN YEARS 30,00 30,00 30,00 24,00 19,20 16,00 13,711 12,00
CAR REPAIRS?: ANNUAL MILEAGE
12500, 25000, 37500, 50000, 62500, 75000, 87500, 100000,
BHAKES (TLS1s PRESSURE SYSTEM: 2 HANU BRAKES) 243,02 496432  T72.04 994,59 1170,46 1314,50 1437.39 1541.64
cotas 36415 93,72 154,18 201,78 238,32 268,61 293.27 316,58
IoTss D 115,24 220,81  324.25 406,81 471,50 523,95 567.98 605,11
PRLSSURE SYSTEM 68,47 141,39  236.9% 316,37  380,9% 434,25 481.39  N19.42
HAND BRAKES 23,16 40,39 56467 69,62 79.62 87,69 94.75 100.53
COUPLERSs YCKESe % ORAFT GEAR 97,53 324463  582.64 789,32 951,19 1080,70 119697 1293.68
COUPLER 8UDIES 44,11 136,31 250,17 337,66 406,01 460,47 511,83 852,37
COUFLER KNUCKLES 15,20 49,75 85,58 114,46 137,16 155,27 170,9% 184,03
OTHER COUPLEK PARTS 24,10 68,55 117,61 157,43 189,10 214,51 236.39 254,81
YORES 3,59 17,42 31,96 43,64 52,65 59,77 65,04 71,43
DRAFT GEARS: CARRIEHS, ANU FOLLOWERS 10,53 50,60 97.31 136,13 166,28 190,66 211,98 231,04
MISCELLANEOUS LABUR & MANUFACTURED MATERIAL 124419 347.27  625.74% 849,21 1029,20 1173,69 1301.73 1406.68
OTHER CAR REPAIRS 163,89 438,76 880,78 1252,45 1557,85 1812,19 2037.60 2225.07
UTHER CAR REPAIRS 111,64 284,76 599.45 B865.9% 1086,60 1272,29 1437.41 1574.71
AtLolne 25,67 90.19  177.87  250.94% 310,40 358,70 401.86  436.74
NON BILLABLE [NSPECTIONS 26,57 63.81 103,46 135,57 160,86 181,20 198.33 213.63
CAR TOTAL 628,63 1606,97 2861.20 3885,57 4708,70 5381,07 5973,69 6467,07
.
ThUCK REPAIKRS ANNUAL MILEAGE
12500. 25000, 37500, 50800, 62500, 75000, 87500, 100000,
TRUCK URARLING SYSTED (MUSTLY LRAKE SiuES) 482.1% 1027.09 1603,72 2059,77 2“21;26 2716,50 2960.28 3170,87
BHARE ©EAns 42,08 113,28 208,43 276,62 335,81 384,56 423.51 458,63
URAKE HEAU WLAR PLATES 0.03 0410 D.l% 0.18 0.20 0.21 0.23 0.24
URARE UEAM WEAR PLATES 0.16 Q.40 0458 0,70 0,78 0,85 0.87 0,94
BRAKE HANGER UR CONNECTION PIN 2,04 421 6084 9.05 10.82 12,27 13,52 14,57
JOTTOK KOU SAFETY SUPPORT 0,66 2416 3.92 5,59 6,98 6.12 914 9.96
BRARC HEAM SAFETY SUPPURT 0,06 0.23 0436 0.43 0.5 0,56 0457 0.62
BHAKE CONNECTIOWe BUTTOM 1.72 3.08 4439 5434 6,12 6,74 7,29 Te71
BHARE CUNNECTLOWs TOP 1.76 5,04 8.07 10,45 12,32 --13,7% 15,08 16400
UBRARE LEVER 1,35 2.36 3.33 4,10 4,70 5,17 5,60 5,93
BHAKE LEVER GUIDE OR CAHRIER 0,04 0.13 0420 0,26 0,30 0.33 0436 0439
UEAD LEVLR GUIDE 0,02 0.05 0.18 0,29 0.37 0,44 0,52 0.57
UEAD LEVER GUIDE BRACKET 0.02 0,05 0,12 0.17 0,21 0,25 0.28 0,30
BHAKE SHUCS 427,50 391,24 1364.07 1737.56 2031,60 2271,51 2470.55 2641.37
BRAKL SHOL KEYS 2,52 4,76 7.13 9,02 10,52 11,73 12,74 13.62
B
WHEELSETS 823,32' 1660,26 2532,18 3198,62 3717,76 4137,57 H4491.71 4791,02
LUBRICATE ROLLER BEARINGS 12,23 . 29,95 43,93 54,34 62,09 68,02 73,20 77.50
ROLLEK BLAHINGS 139,15 280,38 417,85 526,48 611,09 679,69 737.38 786,18
ROLLER BEARILG CAP SCKEWS 0,09 0.25 0437 0,45 0,451 0,56 0.60 0.63
ROLLER BEAKING LUBRICATION FITTING u,01 0,02 0.02 0,02 0,02 0,03 0,03 0,03
PEUESTAL ADAPTERS 10,02 38,07 70405 95,28 115,26 131,13 145,26 156,51
WHEELS 306,00 622,17 929,86 1173,13 1362,69 1515.91 1644.85 1754.32
WREEL LABUR 365,29 696,20 1038.4% 1309.00 1519,7% 1690,65 1834 46 1956416
AXLES, KOLLEW BEARINGS 10,52 21,22 31466 39,92 46,35 51,57 55,95 59,67
OTHER TRUCK REPAIRS 43,11 198,19  3e4.42 492,63 593,82 670,95 THi.ll  T796.9%
THUCK BGLSTERS 6434 58459 76.82 106,65 130,50 148,89 165.52 178.44
TRULK BOLSTERS (REPAIREU) 0.32 3.35 6451 9.27 11,47 13,20 14451 16404
CENTEK PINS 1,39 3,99 6,95 9,30 11,14 12,64 13,94 15,06
CENTER PLATLS 0,49 2,45 9,59 6434 7.75 8,88 9,82 10,70
CENTER PLATE LINERS 4,20 18,46 33,70 46415 55,76 63,59 70,20 76420
THUCK SINE BEARINGS 2,9 8,01 12.81 16.60 19,58 21,91 23,89 25.58
FRICTION CASTINGS 5,21 19,24 34,11 45,55 54,49 61,27 67,46 72,65
SIDE BEARING SHIAM 0,15 1,60 3.42 4,81 5,83 6,5% 7.20 7.88
SIUE FHANLS 14,u8 68,77 128.06 172.27 207,19 233,21 258,50 276,35
SIUE FRAMES (REPAIRED) u,20 2.47 4o41 6,06 7.24 8,04 8469 9,56
SPRING PLANKS (REPAIRED) 0,00 0.00 0,01 0,01 0,02 0,03 0,03 0,04
OUTER SPHINGS 3.65 14,70 24,62 32,05 37,79 82,16 45,83 48,88
INWER SPRINGS 1,73 6450 10.90 14,17 16,72 18,63 20,30 21.64
STABILIZER SPRlnu$ 0,73 3.35 6,02 8.10 9,71 10,91 11,9 12.89
FRUCK SPRING FHICTIUN SNUBBER 0,01 0,02 0.02 0,03 0,03 0,03 0403 0.03
TRUCK SPRING SHIMs WOOD 0,00 0.00 6.00 0,01 0,01 0.01 0.01 0,01
STEEL . 0,01 0,03 0414 0.23 0.29 0,35 0.41 0,45
MANUFACTUHED HATERIAL (TKUCK} 1.7 6446 11,31 15,23 16,28 20,69 22.80 24,54
TRUCK TUTAL  1348,56 2913,54 4500031 5751,23 6732,84 7525,02 B8193,09 8758.83
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