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EXECUTIVE SUMMARY

As the major component between the carbody and the
track, the freight car truck performs the essential
functions of guidance, support, and vibration absorption
for 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 into focus the need for design
improvements in freight car suspension systems.

In response to the railroad industry's requirement for
improved suspension systems, the supply industry has
developed a variety of add-on devices and retrofit
packages for the Type I trucks, as well as completely
new suspension systems incorporating innovative design
features in the form of Type II trueks. However, there
have been no systematic studies or criteria allowing a
correlation of the costs and benefits associated with
these new design Type II trucks. The Federal Railroad
Administration-sponsored Truck Design Optimization
Project {TDOP) Phase II is aimed at providing a frame-
work for such an evaluation through which freight car
trucks can be studied and the relationship between
perforinance improvements and increased costs can be
analyzed., The project's main purpose is to characterize
the behavior of existing trucks and to generate perfor-
mance and test specifications for new truck designs.
Using quantitative performance indices defined on the
basis of operational and economic considerations, these
specifications will not only provide the technical base
for an evaluation of design innovations, but also will
facilitate a correlation with the cost of such design
itnprovements.

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 Type II
(premium) truek is defined as a truck which utilizes
current wheelset and journal bearing assemblies, is
compatible with existing air brake systems, and pre-
serves car coupler height, while incorporating engineer-
ing innovations in the design of the suspension systems.

Southern Pacific Transportation Company was the con-
tractor for TDOP Phase 1. Two standard, three-piece
trucks (the American Steel Foundries' Ride Control
truck and the Standard Car Truck Company's Barber
3-2 truck) were tested under 70- and 100-ton carbodies.
The data from Phase 1 constitute the main basis for
characterizing the performance of the Type I truek.

Phase I of the TDOP project,with Wyle Laboratories as
the prime contractor and the Union Pacifiec Railroad as
the principal subcontractor, had the objectives of:

® Definition of the performance of both Type
I and Type II trucks in quantitative terms,
represented by performance indices.

e Establishment of a plan for collecting eco-
nomic data on the cost of acquiring, operat-
ing, and maintaining the standard, Type I
truck.

iii

@ '.,Determination_ of a quanﬁtaﬁve basis for
evaluating the economic benefits to be de-
rived from Type II. trueks.

® Developmeht of performance characteris-
ties for Type 1 trucks and performance spe-
cifications for Type II trucks.

¥ Development of gu1de11ne test- specifications
for fr'elght car trueks.

© Cost/beneflt analysis of Type II trucks rela—
i tive to Type I trueks.

These objectives had been met through several.
approaches including:

-] Road testing several Type I and Type 1I.
trucks.

[} Mathematical modeling of freight car trucks
to augment and ecomplement the comparison
of test results.

) Determination of wear of Type I and Type Il
trueks in unit train service over an extended
period of time.

® Collection of economic data on truck main-
tenance and operation, and correlation of
suech data with information on truck perfor-
mance.

° Engineering interpretation including effect
on performance of eventual wear and
deterioration of truck components.

® Correlation of the costs and benefits asso-
ciated with incremental changes in the
levels of performance as obtained from the
results of the engineering evaluation of the
trueks.

Based on the technological and economic studies con-
ducted during TDOP Phase II for assessing freight car
truck performance and design, the following conclusions
may be stated:

0 The improved design features in the Type II
trucks achieve a degree of qualified success
in attaining improved performance from
freight car trucks. These successes, how-
ever, are limited to some of the domains of
the performance rather than comprehensive,
all-around improvement in all aspects.

0 Performance evaluation of freight car
trueks needs to be undertaken under well-
defined sets of conditions relating to the
state of wear and deterioration of wvehicle
and track structure in order to address fully
all aspeets of performance. For example,
wheel and rail contact geometry, to which
vehicle performance is extremely sensitive
needs to, be thoroughly documented through
the bulk of the wheel and rail life cyele and
their representative conditions used in any
comprehensive evaluation program.



On the basis of the analysis of available car
maintenance data, costs associated with car
maintenance alone do not warrant or-justify
. the levels. of. increased capital investment
. demanded by the Type I trueks. On the
" other hand, improved rolling and curving

resistance, and consequent reduction in fuel

" ‘consumption, seem to be very promising

areas, indieating that the additional invest-
ments warranted by the Type I trucks could

be advantageous. Specific considerations, . '
such as an intermodal scenario, also point to .

_ .an- advantageous outlook with respeet to
- investment in Type Il trucks with rigidized
frame-primary suspension features..

iv

Significant economic benefits from the uti-
lization of Type II trucks seem to accrue
more in the area of the track struecture, in
general, and the rail, in particular. Reduced
rail wear as well as retardation in rail and
track structure deterioration are indicated

“as a result of improved truck performance,
_ These. .economic implieations, if properly

accounted for through a systematie rail
wear and track deterioration study, could be

", significant.
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SECTION 1 ~ INTRODUCTION

Objectives of the Truck Design Optimization Project
(TDOP) Phase 11 are to quantify freight ear truck
performance and to establish a formal methodology to
evaluate the relationship between performance and
economie implications in terms of costs and benefits
for freight car trueks. The primary project objectives
have been addressed through parallel engineering and
economic studies. The engineering effort consisted of
field testing of freight car trucks under revenue service
conditions to generate both performance and endurance
test data; analysis and interpretation of the data; and

the establishment of quantitative performance and a

set of standard test specifications for freight ecar
- trucks. Under the economic studies, maintenance data
were obtained from operating railroads and analyzed; a
methodology was developed for evaluating truck perfor-
mance and determining the associated economie impli-
cations; and a cost/benefit analysis was performed on
premium freight car truecks.

The overall performance of freight car trucks has been .

compartmentalized into four distinet and non-
overlapping performanece regimes. These performance
regimes are lateral stability, trackability, steady state
curve negotiation, and ride quality. Each of these
regimes is primarily defined as a set of conditions with
predominant features which distinguish one from
another (Reference 1). Measurable quantities of truck
performance, defined as performance indices, are iden-
tified within each regime. The levels of truck perfor-
mance are represented by a range of performance
indices quantified in each of the regimes, and related to
a set of specified operating conditions such as speed,
track quality, and lading conditions. The performance
regimes and associated performance. indices are given
in Table 1-1. Performance data generated by means of
field tests during Phase I and Phase Il of TDOP form
the basis for quantification of performance indices
within each regime.

. The bulk of the field test data on Type ! (standard)
freight car trucks came from data generated during
Phase I of TDOP. These data were supplemented with
data obtained from selected additional field tests on
the Type 1 truck conducted during Phase II of TDOP,
The results from the analysis and interpretation of the

‘data on Type I trucks formed the baseline against which
* Type I (premium) truek perforinance was subjected to a
comparative evaluation. The analysis of field test data
on Type I trucks was enhanced through the use of
simulated data from mathematical models. The model
simulated data were used primarily in an interpretative
mode in quantifying truck performance. The results on
Type I trucks have been published in an engineering
document entitled "Performance Characterization of
Type I Freight Car Trucks" (Reference 2).

From among the population of commercially available
Type 1 freight car trucks, seven candidates were
selected (Reference 3) and field tested in TDOP Phase
. Using a set of standard instrumentation ineluding
wheel/rail force and angle-of-attack measurement
transducers especially developed during the project
(References 4 and 5), one Type I and seven Type II

Note: References can be found at the end of each

section.
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trucks were field tested under’revenue service condi-
tions on the Union Pacific's track near Las Vegas,
Nevada (References 6 and 7). The test data were
subsequently reviewed and. analyzed. The results from
the analysis of the test data .led to the quantification of
performance of the Type II trucks. A comparative

-study of the performance of Type I and Type I trueks

then led to the specification of performance for the
Type II trucks (Reference 8).

TABLE 1-1. TDOP TRUCK'PERFORMANCE
CLASSIFICATION

PERFORMANCE REGIME PER-FQ‘RMANCE INDEX

Lateral Stability Critical Speed

Peak Lateral Acceleration
(Zero-to-Peak)

Ride Quality Transmissibility

(Vertical, Lateral, Roll)
RMS Accelerations (Vertical,
Lateral, Roll) - 0-20 Hz

Average Lateral Force
On Leading Outer Wheel

Steady State
Curve Negotiation

Average L/V Ratio On
Leading Outer Wheel

Average Angle-of-~Attack
Of Leading Axle

Critical Speed

" Peak Roll Angle

~ Harmonie Roll )
’ (Zero-to-Peak)

Trackability Critical Speed

Peak Vertical Acceleration
(Zero-to-Peak)

Bounce

Track Twist Wheel Unloading Index*

(95th Percentile)

Curve Entry/Exit Wheel Unloading Index

(95th Percentile)

* Wheel Unloading Index WUI = 1 - W /(W ,/3),
where,

W, is the vertical force on
most lightly loaded wheel

WH is the sum of verticsl forces
on the three most heavily
loaded wheels

A set of standardized field and laboratory test specifi-
cations has also been developed so that test programs
can be designed to generate performance test data
which can be evaluated against the recommended levels
of performance developed during the Phase II effort
(Reference 9).

In the economic studies, car maintenance data from
two major U.S8. railrocads were systematically analyzed
to provide identification of areas of significant



influence on operational economics. Section 5 of this
report includes the details and results from this analy-
sis, Following the insight gained from this analysis,
efforts were focused on fuel consumption as a major
area of economic significance. Rolling resistance/fuel
ceonsumption test data obtained from Phase I field tests
were then analyzed and used in determining relative
improvements in fuel consumption attributable to Type
II trueks as compared to Type I trueks. The other
significant aspeet of the economic study was a
cost/benefit analysis on Type H trucks. This effort
delineated the costs associated with improved designs
incorporated in the Type II trucks and the benefit
accruing from them, This analysis attempts to spell out
the economic feasibility of the engineering options
presented to the railroad industry through the improved
design Type II trucks.

An adjunct study on the endurance of the freight car
trucks is comprised in the "Wear Data Collection
Program." In this program, the trucks have been
deployed in unit coal train service and wear data on

" REFERENCES

L. Cappel, K.L., "Truck Design-Optimization Project
Phase II - Introductory Report," Federal Railroad
Administration Report No. FRA/ORD-78/53,
November 1978.
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Design Optimization Project Phase II - Perfor-
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various truck components periodically collected through
field measurements. The program, at present, is still
underway. A status report on the program has been
published (Reference 10).

The following sections of this report are organized to
provide a broad overview of the engineering and
economic studies undertaken during the project as well
as a summary of the results from these efforts. Section
2 describes the field test program conducted to
generate the performance test data; Section 3 deseribes
the efforts of the analytical studies; Section 4 presents
the performance characteristics of Type I.and Type II
trucks, the performance specification for Type II
trucks, and the guideline test specifications for freight
car trucks; Section 5 discusses the economie metho—
dology developed for the evaluation of costs and
benefits associated with improved ‘design freight car
trucks; and Section 6 provides some conelusions and
reecommendations arrived at through the engineering
and economic studies under the TDOP project.

6. Gibson, D.W., "Truck Design Optimization Project
Phase II - Type I Truck Test Events Report," Wyl
Laboratories Report No. C-801-0009-A, June 9,
1980.

7. Gibson, D.W., "Truck Design Optimization Project
Phase 11 - Type II Truck Test Events Report,"
Wyle Laboratories Reports Nos. C-901-0011-A,
C-901-0014-A, C-901-0015-A, and C—901—0016-A,
dated April 17, April 20, December 15, and
December 22, 1980, respectively.

8.  RamaChandran, P.V., and ElMadany, M.M., "Truck
Design Optimization Project Phase 1I
Performance Speeification For Type II Freight
Car Trucks,” Federal Railroad Administration
Report No. FRA/ORD-81/36-1, July 1981.

9. RemaChandran, P.V., and ElMadany, M.M., "Truck
Design Optimization Project Phase II - Guideline
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SECTION 2 - FIELD TEST PROGRAM

2.1 INTRODUCTION

One of the objectives of the Truck Design Optimization
Project (TDOP) Phase II was to characterize the Type I
and Type U trucks. The characterizations of Type I
trucks was to be based on test data obtained from
TDOP Phase I (Reference 1) and augmented by a TDOP
Phase II field test program of the Type 1 trueks
(References 2 through 5). An evaluation of the test
data from TDOP Phase I showed that certain omissions
in the test matrix and inadequate measurement
techniques would require conducting a limited number
of tests to complete the Type I truck characterization
(References 6 and 7).

The primary objective of the Type I truck test program
conducted in TDOP Phase II was to provide adequate
lateral and vertical wheel/rail force and wheel/rail
angle of attack data during curving. Other objectives
were to provide data on truck load equalization perfor-
manee, on truek rolling resistance for fuel consumption
studies, and on wheel/rail forces during hunting.

The TDOP Phase II field test program on Type I trucks
was conducted to obtain performance data on several
selected Type II freight car trucks in the four perfor-
mance regimes of lateral stability, trackability, curve
negotiation, and ride quality (References 8 through 11).
Tests were also conducted to obtain rolling resistance
data as part of the fuel consumption study. Data on the
longitudinal coupler forces were used to compare the
relative ability of various trucks to reduce rolling
resistance and flanging forces, thus improving fuel
consumption.

Seven Type II trucks were selected for testing
(Reference 12). The testing was conducted in four
series: Series 1, Dresser DR-1 and National Swing
Motion; Series 2, Barber-Scheffel and MTS Maxiride
100; Series 3, Devine-Scales and ACF Fabricated; and
Series 4, Alusuisse. Details of each test series are
documented in the Type II Truck Test Events Reports,
Series 1 through 4 (Reference 10).

The remainder of this section contains an evaluation of
the Phase I data (Section 2.2); a description of the
instrumentation used (Section 2.3); a desecription of the
test  area, track  profiles, track geometry
measurements, ete. (Section 2.4); the Type I truck
testing (Section 2.5), and the Type II truck testing
(Section 2.6).

2.2 PHASE I DATA EVALUATION

A brief summary of the equipment tested during
TDOP/Phase I is given in Appendix A. A complete

description can be found in the TDOP Phase I Final .

Report (Reference 1).

To determine the usefulness of the Phase I data, the’

quantity and scope of the data was first evaluated
- (Reference 7). A data sorting routine revealed that the
preponderance of the 273 Type I truck test runs were

made with a refrigerator ear on ASF 70-ton Ride

Control trucks with new wheels (see Table 2-1). This
emphasis made the data more difficult to use since the
refrigerator car is not a typical freight car because of
its uneven weight distribution and very large empty
weight, . e

TABLE 2-1. 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 829%
ASF 100-ton Ride Control 2%
Barber 70-ton . ’ 7%
Barber 100-ton 5%
ASF T70-ton Low Level 4%

) WHEEL PERCENT
1/20 (new) 72%
1/40 (new) 4%
Cylindrieal 12%
Healf Worn 2%
Worn 10%

The data sorting routine revealed these other signifi-
cant omissions:

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

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.

e. 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 with a 100-ton box car on an ASF
.truek, or the 100-ton hopper car with the
Barber truek. Since jointed rail exercises
the friction snubber, this omission makes it
difficult to compare the two types of snub-

bing systems.

g, Shimmed track tests with other than eylin~
drical wheels were run only with the refrig-
erator car.

The next step in the data evaluation process was to
determine 'which measurements taken during Phase I

provided useful and accurate representations of the

quantity measured. The coneclusion was that the mea-
surements were satisfactory except in two areas: the
measurement of lateral wheel foree at the wheel/rail
interface and in the detection of Automatic Location
Detector (ALD) targets. The first deficiency is of
major significance. The lack of lateral forces at the
wheel/rail interface was of critical importance to
TDOP Phase II. Without it, little could be done in
validating eurving models or assessing the curve negoti-




. TABLE'2-2. TEST DATA REQUIRED FOR PHASE Il ANALYSIS

g:f’amaﬁee _Performance Index Necemary Test Datd - . Availability of Test Data from Phase I -
me . . JR : : .
[ 'Criiical Speed 'Lateral Acceleration of one or more Lateral acceleration availgble on axle ‘and ecar body.

Lateral Stability

® Magnitude of
Lateral Acceleration

representative points on the truek
measured as a funetion of speed and |
such variables as: wheel/tail contour,
rail surface conditions,. car bodies
(truck spacing, stiffness), and lading
(empty, full, ...)

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

Data are taken at constant speeds of 40, 50, 60, 70,
and 79 mph. Varying speeds exist between these con-
stant 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.

Curve Negotiation]

e Lateral force on leading
outer wheel per.1000
pounds axle load per de-

. gree of curve undet, at

and gver balarce speed.

Wear Index

Derailment Potential

Lateral force on leading outer wheel
a5 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 contour.

No measurements made of lateral force.

No measurements made of angle of attack.

No measurements made from which to caleulate L/V.

No measurements mede of vertical load at wheel.

Trnckabiiitx ¢ Wheel Unloading Index Simultaneous loads under the wheels as
: . . a function of track twist in degrees as Vertical loads measured at bearing adapters, but can-

a function of lading. not be correlated to track geometry, e

¢ Max. Roll Amplitude Max. roll amplitude as a function of Roll angle of car body/truck bolster and roll accelera-
excitation (amp. and frequeney) for tion of car body were measured, however, they cannot
different lading conditions. be correlated to track geometry. .

o Rate of Energy Level of [riction force, displacement (i.e., No frietion snubber force measur were made.

Dissipation spring travel), rate of increase of friction

level with spring compression, as a function
of lading.

s Derailment Potential L/V ratio as a function of speed, lading, No measurements made from which to calculate L/V.
wheel/rail contour.

Ride Quality o Transmissibility Acceleration response, referred to one or Vertical acceleration made on car body.' Speed, track-
more specific locations on the ear body, ability, and lading were varied, however, a complete
as a function of speed, track quality and matrix of these variables was not tested,
lading within the normal operating range
ol speeds.

Fuel Consumption | e Differential Coupler force, Coupler angle, actual None
Force/Grade grade, track curvature .
o Differential
Force/Curvature
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ation performance indices on the Type I truck. The
lack of ALD target detection (not being able to corre-
late ALD targets with response) limits the usefulness of
the data for analysis of the trackability regime. The
lack of ALD correlation hampers the ride quality evalu-
ation to a lesser degree.

Finally, the TDOP Phase I data were evaluated for their
adequacy in the development of Type I truck
performance characterization. This evaluation is shown
in Table 2-2 which lists the performance index for each
of the four regimes and the test data required to
quantify the performance index. For the lateral
stability and ride quality regimes, the data appeared to
be adequate; however, the lack of accurate
measurements on the lateral forces at the wheel/rail
interface made it difficult to extract meaningful
information from the test data in the curve negotiation
and trackability regimes. ‘

2.3 INSTRUMENTATION

The primary objectives of the new instrumentation
developed in TDOP Phase Il were to obtain measure-
ments required to calculate the forces at the wheel/rail
interface and the wheel/rail angle of attack. In
addition, transducers were installed to measure truck
and carbody relative motion, rigid body car motion, and

coupler forces.

In order to identify. transducers on the carbody and
trucks, the AAR standard for component location shown
in Figure 2-1 was used. This enabled the exact location
of a transducer to be specified. However, the right and
left-hand side designation were changed because the B-
end was always traveling in the forward position; there-
fore, the AAR conventional left side becomes the test
right side. Thus, the right and left side of the test
vehicle were referred to as shown in Figure 2-1 but the
AAR standard for component location was used to
define transducer mounting locations. For example, the
bearing adapter on the right front axle would be BL-1.

The instrumentation varied from trueck to truck de-
pending on the data channels required for each truck
design. For example, trucks with primary suspension
had displacement across the primary springs measured.
In particular, the Alusuisse truck had a considerably
different set of instrumentation from the other trucks
because its radically different design did not allow the
deployment of the same instrumentation package used
with the more conventional trucks.

Table 2-3 contains a description of all measurements
taken for Type I and Type II trucks. This table gives
the measurement identification number and a
description of the type, {requency response,
measurement range, accuracy, and purpose of each
measurement.

The following paragraphs describe the measurement
taken. Ilowever, not all measurements were taken on
every truek because of the different truck designs. For
this reason; Table 2-4 has been provided to show the
exact instrumentation by truck.

9.3.1 Wheel/Rail Foree Measurements

The forces at the wheel/rail interface provide the key
parameters in the characterization of truck perfor-
mance during curve negotiation. To acecomplish the
objectives of TDOP Phase II, it was required that these
interface loads be measured with sufficient accuracy to
adequately characterize truck performance. After an
extensive review of techniques for measuring these
forces, the axle-bending technique .was chosen

“{(Reference 13). To improve accuracy, additional terms

" and vertical forces. -

were included in the equations to ealculate the lateral
Further, measurements of the
point of application of the vertical loads was imple-
mented. This resulted in a mean rms error of 12.6
percent, which was considered acceptable. It should be
noted that this error assumes a ealibration acecuracy.of
one percent and does not include any errors which may
be introduced by the measurement of the vertieal loads.

Thus, the approach to the measurement of wheel/rail

vertical and lateral forees consisted of:

a. Instrumentation of .the axle with strain
gauges.
b. Instrumented bearing- adapters or displace-
~ ment measurement across primary spring
group to measure vertical loads.

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

d. Slip rings for the rotating axle transduéers.

Strain - Gauged Axle. Each axle on the B-end truck was

Tnstrumenfed with eight, full-bridge strain gauges on
each side of the axle. The strain gauges were placed
with one-half the bridge at the top and one-half the
bridge at the bottom, as shown in Figure 2-2. Thus,
there were 18 half bridge strain gages at 223 degree
increments around the axle. The half bridges on
opposite side of the axle (LA to 1B, 2A to 2B, ete.) were
connected in a full bridge arranged for transmission to
the instrumentation car, Mobile Laboratory Car 210. A
rotary pulse generator (RPG) was placed on each axle
to define the strain gage position as a function of
rotation angle.

In addition to measuring the axle bending moments, the
torque in each axle was measured using two strain gage
measurements at the middle of the axle. This measure-
ment can be used to estimate longitudinal creep forces.

Instrumented Bearing Adapter. One of the prime
contributors to the measurement of lateral and vertical
forces at the wheel/rail is the vertica) forces at the
bearing adapter and the line of action of these forces.
In previous testing, the vertical! forece at the bearing
adapter was measured using a strain-gauged bearing
adapter instrumented with one strain gauge bridge at the
center. This approach suffered from two deficiencies.
The first was that gage sensitivity changed as the load
point changed; the sepphd was that the adapter could
not measure the line of action of the vertical force.




- 7" TABLE 2-3. INSTRUMENTATION LIST

- MEAS. -
st
s2

83

'MEAS.

.. TYPE = -~

- Speed -

ALD

Brake Cylinder,

Pressure

54

C1

Throttle Setting

"B" End

- Coupler
. Force

c2
c3

Cc4

D1

"B" Coupler
Angle

L] A" End
‘Coupler
Force

"A" Coupler
Angle

Rt. Spring

) Group Vert.

D2

D3

D4

D5

D6

D7

D8

DS

D10

D11

Disp. Front

Rt. Spring
Group Vert.
Disp. Rear

Left Spring
Group Vert.
Disp. Front

Left Spring
Group Vert.
Disp. Rear

Truck Bolster
to Side Frame
Lat. Disp.

Rt. Fr. Side

Truck Bolster
to Side Frame
Lat. Disp.

Rt. Rear Side

Truck Bolster
to Side Frame
Right Bottom

Truck Bolster
to Side frame
Lat. Disp.
Lf. Fr. Side

Truek Bolster
to Side Frame
Lat. Disp.

Lf. Rear Side

Truek Bolster
to Side Frame
Lat. Disp.

Lf. Rr. Bot.

Carbody to
Truek Bolster
Rel. Disp.
Rt. Side

" _FREQUENCY

" MEAS.

Speed from distance counter
to.time base. unit

Location of track test areas.
Mounted under Car 210

Brake line pressures

" (to insure inadvertent braking

from being mixed with data)

draw bar forces in
fuel consumption study

- Longitudinal draw bar force and

correlation to fuel consumption

Coupler angle from longi-
tudinal centerline of car

Longitudinal draw bar force and
correlation to fuel consumption

Measure coupler angle from longi-
tudinal centerline of car

Right spring group disp. side frame

Right spring group disp. side fram
pitch .

Left spring group. disp. side frame
Left spring group disp. side

Side frame relative disp. truck
Side frame relative disp. truek

Used with D5 & D6 to measure

Side frame relative disp. truck
Side frame relative disp. truck

Used with D8 & D9 to measure

RESPONSE - RANGE " ACCURACY PURPOSE
1Hz 0-120 +.5 mph
. mph .
. 256 sam- 6-12" e
‘ples/in.
10.Hz 0-100 1%
psid
1-8 Correlation with
- 20 Hz 25000 1b 5%*
20 Hz “+10° +1°
20 Hz 25000 1b 5%*
20 Hz 1100 10,-10
20 Hz +21 1%
-4" piteh
20 Hz +oM ‘1%
_4"
20 Hz +on 1%
-4 pitch
20 Hz +2" 1%
-4" frame pitch
50 Hz +0.8" 1%
tram
50 Hz +0.8" 1%
tram
50 Hz +0.8" 1%
side frame roll
50 Hz +0.8" 1%
tram
50 Hz, +0.8" 1%
tram
50 Hz +0.8" 1%
side frame roll
20 Hz +1.5% 1%

Carbody/truck roll angle

*NOTE: Units have hysteresis of +200 ib but are 1% when either in tension or compression.
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TABLE2-3. INSTRUMENTATION LIST-(CONT'D)

MEAS.

D12

D13

D14

D15
D16
D17
D18

D19

D20

D21

D22

D23
D24

D25

D26

R1
R2

Al

A2

MEAS.
TYPE

Carbody to
. Truck Bolster

Rel. Disp.
Left Bide

Carbody to
Truck Lat. Disp.
Forward

Carbody to |
Truck Lat. Disp.
Rear

Primary Spring
Disp. Rt.
Fr. Axle

Primary Spring
Disp. Rt.
Rear Axle

Primary Spring
Disp. Lf.
Fr. Axle

Primary Spring
Disp. Lf.
Rear Axle

Axle to
Side Frame
Long. Disp.
Rt. Fr.

Axle to
Side Frame
Long. Disp.
Rt. Rear

Axle to
Side Frame
Long. Disp.
Lf. Front

Axle to
Side Frame
Long. Disp.

_Lf. Rear

Steering Arm
Disp. Rt. Side

Steering Arm
Disp. Lf. Side

Spread of
Side Frame
Legs, Rt. Side

Spread of
Side Frame
Legs, Lf. Side

Bolster/Side
Frame Twist
Angle, Front

Bolster/Side
Frame Twist
Angle, Rear

Carbody
Vertical
Accel. B-End
Center

Carbody
Vertical
Accel, A-End
Right

PURPQOSE

~ FREQUENCY MEAS. . S
RESPONSE RANGE. ACCURACY
20 Hz +1.5 1%
100 Hz +10° 0.1%
100-Hz +10° 0.1%

.20 Hz +2n 1%
_4"

20 Hz +2n 1%
_4"

20 Hz +2m 1%
_4"

20 Hz +21 1%
_4“

20 Hz +0.8" 1%

20 Hz +0.8" 1%

20 Hz +0.8" 1%

20 Hz +0.8" 1%

20 Hz +2n 1%

20 Hz +an 1%

20 Hz 42" 1%

20 Hz +g 1%

20 Hz +a 1%

20 Hz +an 1%

20 Hz +5G 1%

20 Hz +5G 1%

Carbody/truek roll angle

Truck/earbody swivel, center

plate lateral slip

Truek/carbedy swivel, center

plate lateral slip

Side frame/axle relative
motion

Side frame/axle relative
motion

Side frame/axle relative
motion

Side frame/axle relative
motion

Side frame/axle relative
“motion

Side frame/axie relative
motion

Side frame/axle relative

motion

Side frame/axle relative
motion

' Right Sice Steering Arm Displacement
Left Side Steering Arm Displacement

Righ? Side. Frame Leg Spread

Lef’é Side Frame Leg Spread

Front Bolster/Side Frame Twist Arlngle
Rear Bolster/Side Frame Twist Angle

. Carbody pitch, bounce & roll

accel. over center plate

Carbody piteh, bounce & roll

accel. over: center plate




TABLE 2-3.

INSTRUMENTATION LIST (CONT'D)

" MEAS.

A3

Ad

AS

A6

A7

A8

A9

Al0

All

L Al12

Al3

Al4

Als

Al6

Al7

F1

MEAS. » FREQUENCY
TYPE ~ RESPONSE

Carbody ) 20 ﬁz, .

Vertical
Accel. B-
End Right

Carbody " 20Hz

Vertical
Accel. A-
End Right

Carbody . -20 Hz

Lateral
Accel.
B-End

Carbody 20 Hz
Lateral

Accel.

A-End

Carbody 20 Hz
Vertical

Accel. B-

End Left

Carbody 20 Hz
Long. Accel.

B-end

Center

Fore Axle 20 Hz
Brg. Pocket
Vert. Accel.
B-end Right

Fore Axle 20 Hz
Bearing Pocket

Lat. Accel.

B-end Right

Rear Axle 20 Hz
Bearing Pocket

Lat. Accel.

B-end Right

Fore Axle 20 Hz
Bearing Pocket

Vert, Accel.

B-end Left

Fore Axle 20 Hz
Bearing Pocket

Lat. Accel.

A-end Right

Rear Axle 20 Hz
Bearing Pocket

Lat. Accel.

A-end Right

Carbody Lateral 20 Hz
Accel. B-End
Center Roof Level

Cerbody Lateral 20 Hz
Accel. A-End
Center Roof Level

Carbody Lateral 20 Hz
Accel. Center of

Car at Truck

Level

BL-1 Bearing 50 Hz
Adapter
Vert, Force

‘MEAS. ACCURACY

RANGE " DESIRED'
156 . 1%
+5G 1%
+5G 1%
+5G 1%
+5G 1%
+5G 1%
+5G 1%
+5G 1%
+5G 1%
+5G 1%
+5G 1%
+5G 1%
+5% 1%
+5% 1%
+5% 1%
20,000 1b 1%

PURPOSE

Carbody piteh, bounce & roll
accel. on bolster centerline

Carbody piteh, bounce & roll
accel. on bolster centerline

Carbody lateral & yaw accel.
on bolster centerline

Carbody lateral & yaw accel.
on bolster centerline

Carbody center of rotation
on bolster centerline

Carbody longitu-
dinal accel. to correlate
with braking

Axle vertical & pitch accel.
to correlate with profile

Axle lateral accel. to define
hunting and to correlate
with alignment

Axle lateral accel. to define
hunting and to correlate
with alignment

Axle vertical & pitch accel.
and to correlate with
profile

Axle lateral accel. to

"define hunting

Axle lateral accel. to
define hunting

Carbody flexible torsional
modes .

Carbody flexible torsional
modes

Carbody flexible torsional
modes

Net vertical force.
Used in L/V calculation
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TABLE 2-3. INSTRUMENTATION LIST (CONT’D)

MEAS.

F2

F3

F4

F1-1

F2-2

F3-2

F4-1

F4-2

G1

G2

Giol
to

G116
G201
G216

Bl

B2

MEAS.
TYPE

BR-1 Beering
Adapter
Vert. Forece

BL-2 Bearing
Adapter
Vert. Force

BR-2 Bearing
Adapter
Vert. Force

. BL-1 Bearing

Adapter
Outer Strain
Gage

BL~1 Bearing
Adapter
Inner Strain
Gage

BR~1 Bearing
Adapter
Outer Strain
Gage

BR-1 Bearing
Adapter
Inner Strain
Gage

BL~2 Bearing
Adapter
Outer Strain
Gage

BL~-2 Bearing
Adapter
Inner Strain
Gage

BR-2 Bearing
Adapter
Outer Strain
Gage

BR-2 Bearing
Adapter
Inner Strain

Gage

BL-1 Rotary
Pulse
Generator
#1

BL-2 Rotary
Pulse
Generator
#2

Axle 1 Bending
Measurements,
16 Strain Gages

Axle 2 Bending
Measurements,
16 Strain Gages

Steering Arm
Strain Gage

Steering Arm
Strain Gage

FREQUENCY MEAS.
RESPONSE RANGE
50 Hz 20,000 1b
50 Hz 20,000 1b
50 Hz 20,000 1b
50 Hz 5 mV
50 Hz 5 mV
50 Hz 5 mV
50 Hz 5 mV
50 Hz 5mV
50 Hz 5mV
50 Hz 5 mV
50 Hz 5mV
40 kHz c-5V
40 kHz 0-5V
. 500 Hz 1,150,000 in-1b
500 Hz 1,150,000 in-Ib
50 Hz
50 Hz

Net vertical force.
Used in L/V calculation

Net vertical force.
Used in L/V calculation

Net vertical foree.
Used in L/V calculation

ACCURACY PURPOSE

1%

1%

1%

1% Line of action
of vertical load

1% Line of action
of vertical load

1% Line oi‘ action
of vertical load

1% Line of action
of vertical load

1% Line of action
.of vertical load

1% Line of action
of vertical load

1% Line of action
of vertical load

1% Line of action

1/2000 rev. -

1/2000 rev,

1%

1%

1%

1%

of vertical load

. Rotation of axle #1, used to

specify strain gage
position

Rotation of axle #2, used to
specify strain gage
position

Measure axle bending for
L/V calculation

Measure axie bending for
L/V caleulation

Dresser truck steering arm forces

Dresser truck steering arm forces

2-7




TABLE 2-3. INSTRUMENTATION LIST (CONT'D)

MEAS.

P1
e
P3
P4
P5
P6
P7
P8
T1
T2
T3

T4

GR

MEAS.
TYPE

_ BL-1A Wheel/

Side Frame
Position
Transducer
"All

BL-1B Rail/
Side Frame
Position
Transducer
I|B"

BL-1C Wheel/
Side Frame
Position
Transducer
HC!I

BL-1D Rail/
Side Frame
Position
Transducer
"DII

BL~2A Wheel/
Side Frame
Position
Transducer
"AII

BL-2B Rail/
Side Frame
Position
Transducer
IlBll

BL~2C Wheel/
Side Frame
Position
Transducer
l'c"

" BL-2D Rail/

Side Frame
Position
Transducer
"D"

B-1 Axle
Torque (Gage 1A)

B-1 Axle
Torque (Gage 1B)

B-2 Axle
Torque (Gage 1A)

B~2 Axle
Torque (Gage 1B)

Filtered
Longitudinal
Acceleration

. ACCURACY

FREQUENCY MEAS.

RESPONSE - RANGE . DESIRED -

50 Hz o 1%

50 Hz g 1%

50 Hz 2n 1%

50 Hz P 1%

50 Hz v 1%

50 Hz on 1%

50 Hz o 1%

50 Hz 20 1%

' 50 Hz +30,000 1%

in/lb

50 Hz 430,000 1%
in/lb

50 Hz +30,000 1%
in/lb

50 Hz +30,000 1%
in/lb

1 Hz g

PURPOSE

Wheel/rail angle of
attack '

Wheel/rail angle of
attack

Wheel/rail angle of
attack

Wheel/rail angle of

attack

Wheel/rail angle of
attack

Wheel/rail angle of
attack

Wheel/rail angle of
attack

Wheel/rail angle of
attack

Torque on axle due to wheel

slip, long. creep forces
Backup for T1

Torque on axle due to wheel
slip, long. creep forces
Backup for T3

Measurement A8 low pass

filtered to provide grade
information

LY
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" TABLE 2-4. INSTRUMENTATION BY TRUCK

= [= I 3 o e o
2 |Eg| v | § |8 |s |8 |§
2 oY) wm | & 2 12 & | ¢g.
£ ™ a G o . R-5 . ™ @
sy gel 2 1@ |2 |3 |3 2 g
E E = - 8 . Q = c 8 oA ot
2 d L 8 @ & .89 3 ‘
55 | =2l 8| € |5 |e [35(8 |2 |
-ty Yl &8 2 a2 {5 |z < - € | General Description. -
! ® - 6 e | . [-@ | @ 9.
s2 @ e |. o e | o |'e@ ® ® _
- 83 o @ |- ®© e | o | @ e | @ Train parameters
s | e e | e o e | e -2 © _ ~ o
Cl 3 e | e [ 3 e e |- & | & |-
C2 -® @ - @ . f .® ] ) o . 8. Coupler force -
C3 o ® @ [ ] o o 8 ] and angle . -
C4 - e | 9o [~ e K e | e |- @ ° (
——-—m—m_—#-—m—u——-—(—-——_—————_—-—_———-—--———————_
D1~ - - ® @ s o o o :
-D2 e @ @ . ® ® _ :
D3 o - 9 9 . ® ® Secondary suspension
D4 [ ] () 8 @ @ " yvertical displacement
D5 ) ® @ e ’ ‘
D6 9 o ] ®
D7 - @ (] © :
D8 ¢ ® ;) Bolster/side frame
D9 o @ e ' :
Dio @ e . <
Camp waED eEED s ufe EEEO U CMD EODE T GEES GOWS COm NIL U EEMD MWL mECH GEGR @ETo RS GZC O CEre eyas] S SIS EUYY EERS ST P DR EEED SIS GIEEY DT G
D11 @ L © ® ® @ ® @ : .
D12 ® -] @ (<] © € ® - Centerplate swivel
—_n_'—ml_——zw—ﬁﬂl:-__ﬂll—‘—.—-_—rqp—”—@ b oo o e _—--::_:_——_—-;-4
D13 L ® ® o K ] K ® ® .
D14 (] & ® - @ & - @ (] ] Carbody roll
D15 & ® ' ‘ '
D16 - @ - ® Primary suspension
D17 o © “'vertical displacement
Di8 @ 9. ’
RSN, NI SESI—" SNy Sy— T p—— e . T L L T e
D19 ® @ & o | o
D20 ® ® ® ® i Primary suspension
D21 @ @ o ® ® longitudinal displace
D22 ® D. @ L] @ ment' <
T I O SIS e T AR G D WS G0N S G R D ST S ) GO W ML) DEDE KN SR Swme GG SOSTYGNENS WER M COCS SEOH CMSH S TONT MM SN e
D1 ' o
D2 -] *Spring Group
- D3 . @ Vertical Displacement
D4 . ® o
:mm;—-— - aran o __-zl_..-l—-m——-h—_-ﬂ_-xllﬂ-‘!m-‘l__-ln-—t—_:l—’:-_m".
D19 ) ® ’
D20 ] Bolster/Leg.,
D21 & ‘ Lateral Displacement
D22 S - : il
. O S CEEn s S SN _——e’_—ﬁ-p_—‘l_—-ﬂlﬂ--“n-ﬂm- U T EErl GRS T CEECy R N mOEn S SHeE e 0y
Al ® @ ® o | e | ® | e e '
A2 o e ® - 9. ] @ @
A3 S ® ® & © e © .3 ) ‘
A4 ] (] 6 @ B <] @ & “Car rigid body .
A5 -Q ® ) ® ® N @ ) modes '
- A8 @ B @ @ € @ K- @ |
A7 ® ® © L} ® ] © - ®
A8 @ ] @ ® @ [ ® @
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TABLE 2-4. INSTRUMENTATION BY TRUCK (CONT'D)

e o oy ! o
2 gS? - éo: 4] 3 ?":P % .
8 ‘08| m 2 s T z g |
53 oE| B 8 2 El 2.1 & @
EE 2= % z | = R g
Zs By 2 g £ 8.8 3
20 851 2| % & g | 58| 8 | 2
20 4g| & 3 - = Z s < < General Description
AS o ® ] ® @ - | ® @
Al0 o o o e (- L J -] o
All ® © K J 9 @ o (-] . @ ’
Al12 o | @ ) -3 ® e P ® Axle accelerations
Al3 @ ] @ @ . @ e | e . @
Al4 ® [ . ® ® @ ® @ ®
(T - ACH SO St SR SO SN NN YR G GUEE S G AT GOEE G S e — — i CMNE S WA S G GRS SIS S CUND m— Smmm STe
AlS . [ ® ® ¢ L J [ ] ‘®
"Al6 ® e L@ ® ° . @ @ |- Carbody flexible
A7 ® ® o | e e | o ® torsional modes
frs e s o ey s ] e o e S T o s e S S S G e S et o o S S [ SR S S S S Ch S ) e
Fi @ [ ] ® @ ’ ® ' )
F2 9 o ® o { : S
F3 - @ ® - @ ® - Bearing adapter .
F4 e | o (3 ° [ ) '
o e = G —-——————— ———l———-———--——--——mh-ﬂ——',—'——f-n——
Fl-1 '® [ ] @ : [ )
F1-2 ® o ° °
F2-1 ® ) © ® .
“F2-2 ® o @ ] Line of action of
F3-1 @ ® ° ° bearing adapter
F3-2 S @ [ ] ¢ vertical foree -
F4-1 L] © .9 o
F4-2 ¢ ® . o
Gl ® e o | o e [ o ,
o9 o ® ° o ° - . Axle position
gi : : : g : RPG reset Pulse
G101 @ ® (. [ (] . @ ®
v * ¥ *
G116 © X . ® e | o B
. Axle bending -
G201 ® 9 ("] ® @ moments -
v % * ' * o
G216 ] % 9 @ ® @
P1 ° ° ) N e | © | @ ™
P2 [ . ® ® ® L [
P3 () () 6 ® © ® ° Angle of attack of
P4 (/] [ ® ® 9 ] ® wheel relative
P5 ® ® e e | e ¢ .© to rail on right side
P6 -] @ o ® @ @ ® .
P7 ® [ © e @ @ @
P8 o | e © e ) ° ° , ,
K D IR G G NS (S SN ) D LD GEE G MDD Sk S S GI I S G B SRS G N EEDY A I SN e N WD BN EINAS SNAY SIS BTN SN
T1 ] ® e | o ° )
T2 (-] . S ] ® :
T3 & ® o e ® o - Axle torsion
T4 - ] (3] e ©
s s e —m--_-l——'———————i——— ;———--—_-n——-n'———-——,—-———
GR ® ] ) Y ) -] ® L 2 ® - Measure grade
S s o e e o o e e S e e o} e S e e e o G o e e o e o s, s e e e
Bl ® o Strain measurement
B2 ® L] on steering arms

. *Channels G104, G108, G110, G1
and G215 not used nn this truck‘ :

14, G206, G207, G211
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FIGURE 2-2. WHEEL/RAIL MEASUREMENT
INSTRUMENTATION
In Phase II testing, the vertical forces at the

bearing adapter were measured by means of a modi-
fied strain  gaged roller bearing adapter. The
modified bearing adapter made use of three sets of
strain gages. One full bridge strain gage was
applied at the center. . The other two strain gages
(half bridges) were applied- on the outside and
inside edge of the bearing adapter as shown in
Figure 2-3. A complete ecalibration was performed
on each adapter recording all the three gages.
From these data, it was possible to obtain a good

estimate of the vertical force and the line of
action of that vertical force.
For two of the secondary suspension trueks

(Barber-Scheffel and National Swing Motion), the
instrumented bearing adapter from the Type 1 truek
test program was used. The bearing adapter on the
Dresser DR-1 truck was modified and strain-gaged
in a manner similar to the Type I bearing adapter.
Both bearing adapters for Type I and Dresser DR-1
trucks were calibrated at the Transportatlon Test
“epter (Reference 5 and 11)

2.3.2 Wheel/Rail Position Measurements -

Four eddy current transducers were used at one end
of each axle of the leading truck to measure the
relative position and angle of attack of the wheel
. relative to the rail. This concept is shown sche-
.matically in Figure 2-4. 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 posi-
tion relative to the wheel (see Figure 2-5). The
difference between the corresponding two trans-
ducers gives the relative angle; the difference
between the side frame to wheel and the side frame
to rail angles results in the angle of attack.

2-11
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FIGURE 2-3. FORCE TRANSDUCER-BEARING

ADAPTER

2.3.3 Truck Measurements

Displacement and acceleration measurements were
made on the truck to measure relative motion be-
tween truck components and acceleration on the
axles. Figures 2-6 shows the accelerometer loca-
tion on the B-end truck. A The instrumentation con-
sists of lateral accelerometers on each axle and
vertical accelerometers at each end of the leading
axle. The A-end of the truck had only lateral
accelerometers on both axles. The displacement
measurements are shown in Figures 2-7.

2.3.4 Truck to Carbody Measurements

Relative motions were measured between the truck
bolster and carbody as shown in Figure 2-8. Two
of the measurements (D11 and D12) were used to
measure carbody rocking and the other two (D13 and
D14) to measure truck swivel.

2.3.5 Carbedy Measurements

The carbody was instrumented with accelerometers at
the sill level and roof level to measure the longitudinali,
vertical and lateral accelerations at different locations
on the carbody. Figure 2-9 illustrates typical loecations
of these accelerometers.

2.3.6 Instrumented Coupler and Coupler Angle

A pair of instrumented couplers to measure longitudinal
draw bar forces, developed and used on the AERO-
TOFC 1I program, were modified at the Transportation
Test Center. The modifications were to change
measurement transducers-to a 25,000-pound precision
load cell and recalibration of the coupler. Details of
the coupler construction are shown in Figure 2-10.
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The couplers consist of a pair of concentric eylinders
connected by a load cell and belleville springs in series.
The concentric cylinders allow the coupler to take
torsional or bending loads without affecting the load
cell, thus only measuring longitudinal force. Overload
stops in the coupler allow it to take transient loads
which exceed the capability of the load cells. For this
application, the overload stops were set experimentally

-at 125% of load or approximately 31,000 lbs.

The calibration of the couplers involved standing them
in a fixture and applying an inerementally increasing
load from 0 to 37,000 lbs. A complete set of calibra-
tion curves for the instrumented couplers is contained
in the Type I Truck Test Results Report (Reference 5).
After completion of the ecalibration, the couplers were
shipped to Las Vegas and installed, one on the leading
buffer car and one on the trailing buffer car. Installing
them on the buffer cars allows the test car to be
switched from empty to loaded without moving instru-
mented couplers. )

In addition to measuring coupler force with the instru-

mented couplers, bending beams were used to measure
coupler angle relative to the carbody longitudinal axis.
Two bending beams were placed on a bracket and
mounted on the carbody at each coupler. The dif-

ference in motion' between the two bending beams -
divided by the distance between them gives the sine of .
the coupler angle. This technique eliminates any error -

[due to coupler longitudinal motion or roll motion.

2.4 TEST DESCRIPTION

2.4.1 Test Zones

The test sites used for testing freight car trucks
consisted of mainline, branch, and yard track of ‘Union
Pacific's south central district and California division,
(see Figures 2-11 to 2-16). Most test zones were within
20 miles of Las Vegas, Nevada. The five test zones are
described in Table 2-5. Test zone 1 consisted of
mainline track with curves of 1 to 6 degrees. Test zone.
2 provided a section of tangent track, made of bolted
jointed rail (BJR) over which high speed (up to 79 mph)
tests were conducted. Test zone 3 was .a section of
yard track over which load equalization (track twist)
tests were conducted. Test zone 4 was the Blue
Diamond Spur, a section of class 2 branch track con-
taining both tangent and curved track used to conduct
harmonic roll tests. Test zone 5 was a section of
continuously welded rail (CWR) and was used for lateral
stability testing and for comparison with jointed rail
tests.

UNION PACIFIC RAILROAD . Ll__

SOUTH CENTRAL DISTRICT
CALIFORNIA DIVISION

OFFICE OF CHIEF ENGINEER
JAN

OMAHA , NEBRASX.

A

VARY |, BT8

¥

FIGURE 2-11. TEST ZONE LOCATIONS
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2.4.2 ALD Placement

An ALD system was developed so that test results
obtained from a specific truck could be correlated
with measured input track geometry and with test
data from other trucks. The ALD system uses mag-
nets imbedded in ties at the center of the track
and a detector system on the railcar which senses
the magnet as the car passes over it.

2.4.3 Track Geometry Measurements

To be able to correlate response measurements made
on test vehicles with a known track input, the
track geometry was measured twice during the pro-
gram. The first set of measurements was taken
during the first week in November 1978, and the
second set was taken during December 1979. Both
tests utilized the T-6 Track Geometry Survey Car
(References 14 and 15).
utilized during both track surveys.

The survey was conducted over the five test zones.
Mesasurements of each test zone was taken at six-
inch sample intervals as the survey car passed
through the zone, normally once in each direction.

The track parameters which were reported are:
right and left alignment, gauge, right and left
profile, ecross level, and curvature (degrees per

The ALD system was

- eurve and mid-chord offset.

100 ft.). A digital tape of these parameters (in-
cluding speed and ALD) had been supplied by the
FRA to Wyle Laboratories in the form of both space
The track properties and
the statistical analysis of the geometry parameters are
given in Table 2-6. Typical power spectral densities are
shown in Figures 2-17 through 2-32.

2.4.4 Test Train Consist

A standard test train consisting of a locomotive,
instrumentation car, buffer car, test ear, buffer ecar,
and a caboose was established for all ‘test runs and
maintained throughout the test program. 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.

2.4.5 Union Pacific Mobile Laboratory Car 210

The Union Pacific Mobile Laboratory Car 210 was used
as the instrumentation car for testing on all trucks.
The hardware on the car was modified prior to the start
of testing to include additional signal econditioning,
magnetic tape, patch panel, and associated wiring to
bring the system up to 96-channel capability.

TABLE 2-5. TEST ZONES

Site Number -

Site Designation/Description

1 Location
Mileposts
Track Type
Rail Type
Speed Limit

2 Location
Mileposts
Track Type
Rail Type
Speed Limit

3 Location
Mileposts
Track Type
Rail Type
Speed Limit
Distance

4 Location
Mileposts
Track Type
Rail Type
Speed Limit

5 Location
Mileposts
Track Type
Rail Type
Speed Limit

- Arden to Sloan, NV
- 321.5 to 314

- Class 4 - Curved

- 133-pound Jointed
- 40 mph

- Boulder Junction to Arden, NV
- 326.5 to 321.5 - .

- Class 4 - Tangent

- 133-pound Jointed

- 79 mph

- Las Vegas, NV

- Las Vegas, Yard

- Curved, 16 Degrees
- Unknown

- 10 mph

- 0.22 miles

- Blue Diamond Spur, NV

- 1.5to08

- Class 2 - Curved and Tangent
- 131-pound Jointed

- 20 mph

- Baleh to Crucero, CA
- 210.5 to 204.5

- Class 4 - Tangent

- 133-pound CWR

- 79 mph
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. TABLE 2-6. TRACK PROPERTIES AND STANDARD DEVIATIONS OF TRACK ALIGNMENT, GAUGE, PROFILE, AND;CRO.SS-L-EVEL

Test Section Milepost Distance Rail Alignment Profile -~ - [ Cross
Zone Procesed Length Left Right Average Gauge Left . Right Average| Level
foot foot inch inch inch inch _inich inch’ . ineh | ineh -
1 Sloan to Arden 314 to 39,424 39 0.144 0.145 0.136 0.23 0.115 0126 | ¢.114 -
321.5 . [, . TR
Arden to Sloan 321.5 to 39,424 39 0.145 0.147 0.137 0.23 0.106 0.124 | 0.109 -
314 : ). :
2 Arden to Boulder 321.5 to 26,112 39 0.084 0.083 0.069 0.142 0.114 0.106 0.101 | 0.172
Junction 326.5 . - R '
Boulder Junetion 326.5 to 26,112 39 0.09 0.086 6.077 0.134 0.092 0.126 0.100 0.175
to Arden 321.5 . .- g .
3 Las Vegas yard - 1,536 39 0.936 0.926 0.922 0.414 1.236 | 1.150 o 1183 |-
(East Bound) ' -
. Las Vegas Yard - 1,536 39 0.907 0,907 0.900 . 0.322 1.162 1.249 1,196 | -
(West Bound) . . .
4 Blue Diamond Spur | 1.5 to 34,306 . | 33&39 0.182 0.179 0.173 0.183 0.132 0.153 '0.129 -
(East Bound) 8" - . - S
Blue Diamond Spur { 8 to 33,792 33&39 0.141 0.144 0.134 - 0,181 0.127 0.151 0.126 -
(West Bound) 1.5 . . -
5 Crucero to Balch 204.5 to 31,232 Welded 084" 0.083 0.070 - 0.136 0.090 ' | 0.084 - 0,082 0,285
- - 210.5 - - o
Balch to Crucero 210.5 to 31,744 Welded 0.077 0.088 0.072 .0.133 0:083 . | 0.102 0.088 [ 0.85
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FIGURE 2-17. POWER SPECTRAL DENSITY - ZONE 2, LEFT ALIGNMENT
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FIGURE 2-19. POWER SPECTRAL DENSITY - ZONE 2, AVERAGE ALIGNMENT
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FIGURE 2-20. POWER SPECTRAL DENSITY - ZONE 2, GAUGE
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FIGURE 2-23. POWER SPECTRAL DENSITY - ZONE 2, AVERAGE PROFILE
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FIGURE 2-24. POWER SPECTRAL DENSITY - ZONE 2, CROSSLEVEL
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FIGURE 2-25. POWER SPECTRAL DENSITY - ZONE 5, LEFT ALIGNMENT
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. FIGURE 2-29. POWER SPECTRAL DENSITY - ZONE 5, LEFT PROFILE
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-+ the same on all wheels.

2.5 TYPE I TRUCK TESTING

Testing on the Type I truck was conducted on two 100-

ton ASF Ride Control trucks using AAR Standard 1:20

taper, new wheel profiles. Prior to the start of Type I
truck testing, the trucks were in revenue service as

part of the TDOP Phase II Wear Data Collection .

Program. At the completion of testing, the trucks were
returned to that program. Before the instrumentation
was installed, all bearing seals of the two ASF Ride
Control trucks were examined to verify that they were
The characteristies of the ASF
Ride ‘Control truck is given in Table 2-7.

" The carbody .type used for this test program was the
"100-ton open . hopper car. The 100-ton hopper car was
" chosen because it is representatlve of the higher capa-
city cars being placed into service today. Two -car-

" bodies from the same.series were instrumented, one
.empty and one loaded. Table 2-8 gives the carbody
characteristics.

" 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 vertical
forces (L/V) at the wheel/rail interface. The basic
. approach taken to measuring L/V was the axle-bending
technique. The vertical forces at the bearing adapter

2.6 TYPE I TRUCK TESTIN G

The purpose of the Type II truck test program was to
obtain performance data on several Type II (premium)
freight car trucks in order to characterize their opera-
tional behavior. . A set of clearly defined criteria for
the selection of Type II trucks for testing was decided

‘upon in_ econsultation with the TDOP -Phase II -con-

sultants, a group of representatives from the operating
rallroads and equipment suppliers (Reference 12).

‘systematie selection process was undertaken to ensure

. were measured using strain-gaged bearing adapters.
" Forty-two of the 92 channels of data listed in Table

2-4 provided measurements of rigid body car motions,
longitudinal coupler forces, truck/carbody relative dis-
placements, 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.
Detailed profile of the curving zone is given in Figure
2-33. 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.

As discussed eariier, the primary objecti\}e of the Type
I test program was to measure truck performance for
the curve negotiation regime. This was, accomplished

by tésting the truck through a series of mainline curves

and measuring the response characteristics. The tests
were conducted near equilibrium speed in both an uphill
and downhill direction. The uphill tests were also
conducted at below and above equilibrium speed.

Secondary objectives were to aecquire hunting, rolling
resistance, and load equalization (track twist) 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
directions and measuring coupler forces, speed, and
throttie settings. These test runs were conducted on
the fully loaded car only. Load equalization data were
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.

2-31

.state-of-the-art in truck design. :
-selected for testing, the Dresser DR-1, National Swing »

that the trucks selected would be representative of the
Of the seven trucks

Motion, Devine-Scales, and Barber Scheffel were taken
from the TDOP Phase I Wear Data Collection Program.
The other three, the MTS . Maxiride '100, ACF
Fabricated, and Alusuisse, were purchased new for
performance testing. The new trucks acquired
approximately 100 miles of wear during checkout and
travel to the test zones. The four trucks acquired from
the Wear Data Collection Program had from 59,000 to
90,000 miles of service in unit coal train service.

The same 100-ton hopper cars were used with the 100-
ton Type II trucks as were used in the testing of Type I
trucks. A 70-ton hopper car was used for the Alusuisse
truck. Two carbodies from the same series were
instrumented, one empty and one loaded. See Table 2-8
for the characteristics of the carbodies. All truecks
except the - Alusuisse were ‘tested fully-loaded and
empty. The Alusuisse was tested with a loaded carbody
only. The five 'track types used for -testing were
mainline tangent (both jointed and continuous welded
rail), mainline curved, class 2 bra_nch line, and yard
track (see Table 2-5).

2.6.1 Wheelsets

All Type II trucks tested except the Alusuisse used the
new Canadian National (CN) wheel profile. This profile
approximates the flange condition of worn wheels and
has better steering characteristics than an AAR 1:20
profile. The position of the TDOP rail industry con-
sultants was that the CN wheel would provide the best
test data for the program. The radial trueck manu-

‘facturers also felt that the CN wheel profile would

operate satisfactorily on their trucks. A comparison
between the AAR and CN profiles is shown in Figure 2-
34. The heat treated, eclass J, 36-inch wheelsets were
strain-gaged and calibrated. Thesé wheelsets were used
to measure axle bending forces on each truck execept
ACF Fabricated and the Alusuisse trucks. The wheel-
sets were used under the ACF truck but axle bending
measurements were not taken. ‘The 70-ton Alusuisse
truck had its own wheelsets, with a new 33-inch AAR
1:20 taper wheel profile.

2.6.2 Trucks Tested

The seven trucks were categorlzed accordmg to their
characteristies of suspension, i.e., primary, secondary,
and others. They were further classified according to
whether the connection between their side frames and
bolsters was of rigid or radial construction. - The trucks
were also grouped according to whether they have
unique._ load supporting devieces. . A summary of the
characteristic parameters of each trueck is given in
Table 2-7. The following paragraphs briefly describe
each truck.

A



TABLE 2-7. TRUCK CHARACTERISTICS

.00 3.00 . | 3.00:

TYPE1 - TYPEI
ASF Dresser Natiéﬁal ' Barber- Maxiride® . Devine- |ACF** |Alusuisse**%
Ride Control DR~1** [Swing Motion** | Scheffels* - : “Scales®
Wheel Base, in _ | - 70,00 70.00 72.00 | 75,00 72.44 70.00 {7000 -
" Spring Growp - | . e C - - -
lm : 8-D5 ~G-DS 6-D6 o 7-D5 1 ’
out ) D5 7-D5 6D7.. . " jebs .. | - - -
" Center Plate SR . - SR . N
Diameter,in . . 16.00 16.00 16.00 16.00 . 14.00° . - 16.00 16.00 13.625
‘ _ _ R ) (spherical) . - o (spherical)
Side Bearer : B " : . 1. ) e »
Clearance, in . 0.25' 0.625 0.28 - 0.181 -] None 0.1875 Constant [Constant
: D - Contact {Contact
Snubbing: ' Constant " Load  {Load Load Load Load Hydraulic{Load
Dependent|Dependent Dependent | Dependent Dependent| Dampers |Dependent
: (non standard) |(Leaf Spring
' Friction)
Weight, b " 10,540 11,810 [11,425 ' 11,500 10,428 12,000 10,600 | -
‘Wheel Diameter,ft -3.00 3.00 3.00 3.00 2.75

*  Primary suspension trucks
©3% Secondary suspension trucks

*%+ Primary + secondary suspension trucks
t . Vertical Spring rate (per car), Ib/in

22,100 (empty)
161,100 (icaded)

TABLE 2-8. CARBODY CHARACTERISTICS

¢

70-Ton Capacity*
Open Hopper Car

100-Ton Capacity
Open Hopper Car

Empty (light) weight, 1b
Loaded weight, 1b
Capacity, 1b

Length 6ver pulling face
of coupler, ft

Truek centers, ft

Center of Gravity (above rail):

Loaded, ft

Empty, ft

44,700
167,900
154,000

46.17

33.67

5.85

67,300

* 237,300

196,000

53.04

40.5

717

4.38

*Used only on Alusuisse truck testing.
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Super

Curve Degree Direction Leﬁgth Elevation Start Stop _Equilibrium
No. of Curve Curve s (ft.) (in.) MP MP Speed”
1 2.5 Left hand 2736 4.09 321.7 320.6 48.3
2 6.2 Left hand 1080 4.98 319.7 319.5 33.9.
3 6.1 Right hand 1386 4.50 319.4 319.1 33.9
4 5.2 Left hand 1136 5.08 318.7 318.5 37.4
5 1.1 Right hand 934 1.41 " 318.0 . 317.8 42.8
6 3.0 ‘Righi hand 3118 5.32 317.1 316.5 39.8
7 5.1 Left hand 961 4.88 316.5 316.3 37.0
8 5.0 Right hand 2070 4.79 316.2 315.8 37.0
9 3.7 Left hand 492 3.72 315.8 315.7 37.9
10 6.2 Right hand 1037 4.94 . 3i5.7 315.5 33.7
11 6.1 Left hand 2420 4.92 315.0 314.6 34.1 -
FIGURE 2-33. CURVE PROFILES - TEST ZONE 1
' %
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FIGURE 2-34. WHEEL PROFILE COMPARISON -
CN PROFILE VS AAR STANDARD 1:20 PROFILE
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Devine-Scales Truck

The Devine-Seales truck consists of a one-piece, fabri-
cated H-shaped frame with suspension assemblies
known as subframes positioned in pockets at the corners
of the main frame (see Figure 2-35). 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 manufaeturer. On
curves, the geometric steering linkage adjusts the posi-
tions of the subframes, moving them apart on the
outside of the curve and together on the inside. '

MTS Maxiride 100 Truck

The MTS Maxiride 100 truck is a one-piece, 100-ton

capacity fabricated truck- derived from a series of-
European trucks (see Figure 2-36). It features a welded-
spring .

steel frame and bolster unit econstruction,

ACP Fabricated Truck

The ACF Fabricated truck is made up of two side
frames and a bolster with a secondary spring group in a
somewhat conventional arrangement (see Figure 2-40).
However, it has a tie between the side frames and is
equipped with hydraulic 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 equaliza-
tion by allowing the side frames to rotate relative to
each other. The manufacturer claims that holding the
truck rigidly in tram is designed to materially reduce
hunting.

Alusuisse Truck

A rather radical departure from conventional European
or American practice is.the truck developed by Swiss

- Aluminum, Ltd. (see Figure 2-41)., The Alusuisse truck

suspended roller bearing, journal bearing boxes, frame- -

stiffening end transoms and self-lubricating center
bowl, and truck-to-carbody locking center pin. The
manufacturer claims the truck improves high speed
performance and ride quahty, and reduces truck hunting
and wheel wear.

National Swing Motion Truck

The National Swing Motion truack's conventional side
frames and bolster are held in tram and prevented from
"parallelogramming™ by incorporating a transom con-
necting the two side frames through special rocker

seats (see Figure 2-37). This arrangement permits the -

side frames to swing laterally in unison as pendulums or
"swing hangers." The control of "rock and roll" is
accomphshed by limiting conventional gibs on truck
bolster and providing lateral stops between the bolster
and the transom at the height of the side frame spring
seat.

Dresser DR-1 Steering Assembly

The Dresser DR-1 Steering Assembly is a retrofit
package designed to add self steering and curve negoti-
ation control features to conventional trucks (see
Figure 2-38). The steering assembly ties together
opposite axle boxes, which are, in turn, connected
through one of the bolster openings. An elastomeric
pad is provided between the roller bearing adapter and
the jaw of the side frame pedestal with adequate
clearance longitudinally to allow the wheelsets to move
in seeking a radial position., The manufacturer main-
tains that a truck retrofitted with this device will
result in improving curving performance, and reduced
wheel wear and fuel consumption.

Barber-Scheffel Truek -

The Barber-Scheffel truck consists of cast steel side
frame and bolster arranged in a conventional manner
(see Figure 2-39). 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 wheelsets to align
radially on curved track. Radial alignment is accom-
plished by using profile wheels having a highly effective
conicity and providing a low yaw constraint on each
wheelset.

2-34

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 darms by multiple :turns of steel
cable. A safety cable is provided to prevent collapse of
the scissor arrangement in case of a broken spring.

2.6.3 Test Regimes

One carset each of the selected Type II trucks was
tested to generate the performance test data. Field
test data on the tested trucks varied in scope in many
cases from truck to truck within each of the perfor-
mance regimes due to the limitations on the deploy-
ment of instrumentation imposed by the design features
of the trucks themselves, Table 2-9 shows the test
matrix and the data available from the field tests of
Type II trucks. .

Lateral Stability Tests

High speed lateral stability tests were conducted over
mainline, bolted jointed rail (BJR), test zone 2, on all
seven trucks. High speed lateral stability tests were
also conducted over test zone 5 on continuous welded
rail (CWR) with the Dresser DR-1 and the MTS Maxi-
ride 100 trucks. The test cars were run at test speeds
ranging from 40 to 79 mph with dwells of approximately
60 seconds duration at 5 mph intervals within the test
speed range.

Trackability Tests

Track Twist.

Harmonie Roll. These tests were conducted over test
zone 4 which is a class 2 branch line track. Both loaded
and empty cars were run for an operating speed range
of 4 mph to 30 mph with dwells approximating 40
seconds in duration at 2 mph increments; the tests were
then repeated at 2 mph deerements from 30 mph down
to 4 mph.

These tests were run over test zone 3,
which consists of 0.22 miles of yard track with 16
degree curves. The test consist was pulled through the
test zone in one direction at 10 mph. After the consist
had come to a stop, it backed up through the zone at 10
mph with the engine pushing the consist.

Curve Entry/Exit. These tests were run over test zone

1, consisting of mainline jointed track, ranging in
curvature from 1.1 'to 6.2 degrees and ranging in
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FIGURE 2-37. NATIONAL SWING MOTION TRUCK

FIGURE 2-38. DRESSER DR-1 STEERING ASSEMBLY
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FIGURE 2-40. ACF FABRICATED TRUCK,

FIGURE 2-41. ALUSUISSE TRUCK



equilibrium speeds from 34 to 48 mph. These tests
were the same tests designed to collect data for use in
the-curve negotiation regime .

Curve Negotiation

These tests were run over test zone 1. A layout of the
curved track through test zone 1 is shown in Figure 2~
33. Along with the layout is a table giving a detailed
description of each curve and the equilibrium speed for
that curve based on the degree of curvature and the
superelevation. The track data are based on measure-
ments taken during the November 1978 and December
1979 track geometry survey (References 14 and 15).

The test series consisted of four passes over this test
zone, three in the uphill (milepost 321.48 to 314.5) and
one in the downhill direction. The first test in the
uphill direction was run approximately 10 mph below
equilibrium speed for the curves; the second near
equilibrium speed; and the third at approximately 7 mph
over equilibrium. The downhill run was made at a speed
near equilibrium for the curves. Tests were conducted
using carbodies in the empty and the loaded conditions
for all the trucks except Alusuisse which was tested
with a loaded earbody only.

Ride Quality

The ride quality test runs were the same runs as those
used for the lateral stability tests. These test runs
consist of the high speed runs on mainline tangent
track. Lateral oscillations indicative of unstable
phenomena were excluded from consideration in the
ride quality regime.

Fuel Consumption

For the fuel consumption study, the data acquired
during the test runs over curving test zone 1 were used.
Besides these collected data on the ecurving zone, two
passes were made through test zone 2 with a loaded
carbody. One of these passes was made in the downhill
direction and the other in the uphill direction. The
speed profiles in the test procedure called for a range
of speeds from 40 mph to 79 mph and down to a stop.
However, it was found that the engine could not pull
the test consist in the uphill direction at speeds greater
than 50 mph, so the test procedure was revised to make
50 mph the top speed in the uphill direction.

TABLE 2-9. PHASE I TEST MATRIX

Lateral Stability Trackability Curve

Truek Carbody Wheel Lading | Rolling & Ride Quality Harmonie | Track | Negotiation
Profile Resis- Roll Twist
tance Class 4 | Class 5 Class 2 | Yard | Class 4

BJR CWR BJR BJR BJR
Dresser 100-Ton Open CN E ® © [ ® .
DR-1 Hopper Car L 0 iR g ) O D
Barber- 160-Ton Open CN E, L ° ° [ .' °®
Scheffel Hopper Car
Devine- 100-Ton Open CN E, L ° [ e °
Scales Hopper Car
National 100-Ton Open CN E, L . ° © @
Swing Motion | Hopper Car

- 100~Ton Open CN E ° [ o ° )
Maxiride 100 Hopper Car L . . * ]
ACF 100-Ton Open CN E L ° ° * o
Fabricated Hopper Car
Alusuisse 70-Ton Open AAR L ® [ *
Hopper Car 1:20 Taper

Legend

@ Test Data Available

o Curving Data Consisting of Ahgle of Attack;
No L/V Forees

* No Data Available on L/V Forces

. E=Empty
L=Loaded

BJR=Bolted Jointed Rail
CWR=Continuous Welded Rail

CN=Canadian National Profile



2.7 DATA ACQUISITICN

2.7.1 Data Recording

Up to 96 data channels were brought from the trans-
ducers on the instrumented hopper car through the
transfer cables to the signal conditioning on Mobile
Laboratory Car 210. As part of the signal eonditioning,
data were filtered at various filters from 20 to 100 Hz,
depending on the transducer type. The axle bending
data were recorded direetly from the axle using only
the 500-Hz filters in the axle-mounted signal condition-
ing. Real time monitoring of the recorded axle bending
signals, via strip chart and oscilloscope, indicated no
hlgh frequency data on these signals which would re-
quire additional filtering.:

From the signal conditioning, each data channel was

patched to the appropriate A/D channel. The A/D
multiplexer scanned -all channels sequentially over a
2.3-millisecond time frame. These scans were filed
onto a buffer until 22 scans had been aequired.. The
buffer was then written to magnetic tape as one data
record. The scanning of the channels was repeated at a
rate of 200 times per second. The exact data record
format is on file at the National Technical Information
Service (NTIS) with the data tapes.

A noise floor analysis on the tape of data acquired
during Type II truck testing was conducted during the
analysis of the test data from the Friction Snubber
Force Measurement field test program. This analysis is
‘contained in Reference 16 and is applicable to the Type
IT truck test data.

2.7.2 Real Time Data

Real time data consisted of a strip chart playout of the
analog signal from six selected channels. The exact
channels varied from run to run, but always. included
the automatic location detector to provide a reference
for the data. This chart was monitored by the instru-
mentation engineer during the test run to assure data
quality. The data strip charts from all the test runs are
on file. Real time oscilloscope monitoring of the
analog data as it was multiplexed into the analog to
digital converter was done during data recording as a
further quality control measure.

2.7.3 Quick Look Test Data

At the completion of each test run, a five-second
sample of the data for all channels was played back to
verify data quality.

2.7.4 Photographic Documentation

The configuration of all instrumentation was docu-
mented by means of 35 mm color slides. Closed circuit
television camerds were used to monitor truck and
carbody motions, as well as the operation of the angle
of attaek system. For portions of selected runs, a black
and white video recording was made of the television
pictures. These video tapes are on file along with the
color slides.

2.7.5 Data Printouts

The data tape from each test run has a computer
printout which details significant test data and

summarizes the actual recorded data by track locations
and record number. These printouts are retained and
stored with the real time and quick look data.

2.7.6 Data Tapes

Selected.test runs of the best or most representative
data for each test zone and speed have been submitted
to NTIS for public availability. The data tape list is
given in Appendix B.

2.8 DATA REDUCTION

2.8.1 Introduction

Test data reduction was performed using the con- -
tractor's resident Interdata 8/32 computer system. The
system includes a 32-bit computer with 256 kilobytes ‘of
750 nanosecond main memory .and includes a high
performance single and double precision ﬂoatmg pomt
processor to speed calculatlons. ,

Data reduction was accomphshed prineipally with three
computer programs. . The first, called PHIIBLD, was
used to generate a data base on the disc for each test
run using the header information and test data from the
test tape. Following generation of a disc data based for
a particular test run, it was copied to magnetic tape for
long-term storage. The second program, called ADARS

" was used to perform the actual data reduction using the

dise data base and command files generated by the
analyst. The  ADARS computer program is a general-
purpose data analysis and reduction software package,
which provides the capability to-perform a variety of
analytical caleulations.. ~ The third program, called
TABLER, was used to generate summary tables and
plots of statistical data calculated by ADARS and
stored on dise. A typical table or plot would be the
-average lateral wheel/rail force of .the leading outer
wheel as a function of curvature for all of the curves in
the curving test zone. The following sections describe
the data reduction that was performed for the four
performanece regimes of lateral stability, ride quality,
steady state curve negotiation, and trackability.

2.8.2 Lateral Stability and Ride Quality

Data reduction for the lateral stability and ride quality
regimes included determining carbody and truck accele-
rations and truck angles. These calculations were
performed for tests on the high speed, bolted jointed
rail (BJR), and the continuous welded rail (CWR) for
each truck. The equations used for the analysis and
reduction of the lateral stability and ride quality data
are contained in Appendl‘t C.

Output for each run consisted of time hlstory plots of
raw accelerometer data, caleulated body motions (such
as roll, piteh, and lateral), truck and ecarbody angles,
and speed. Additionally, power spectral density (PSD)
plots of some of the above quantities were generated.
Printouts of statistics ineluded maximum, minimum,
average, and standard deviation; probability densities
and exceedances; narrow band RMS calculated about
the peak in the PSD ocecurring below 5 Hz; and wide
band rms for some of the quantities. 'Summary tables
and plots were also generated.
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2.8.3 Steady State Curve Negotiation

‘Data reduction for the steady state curve négotiation

regime included determining wheel/rail forces, angle of’

attack, and truck swivel and.tram angles.

Wheel/Rail Forces. Because of differences in truck

tion: vertical bending moment and longitudinal bending
moment. However, problems with the multiplexer
hardware resulted in a maximum of 32 signals being
acquired. (In some cases less than 32 strain gage
channels were acquired because of constraints in the
data ‘acquisition system.)

'Priér to using the axle-bending strain gage dafa, two

design end instrumentation, the equations used to

determine wheel/rail forces were. not.the same for each
truck. The equations used for the Type I .and Type II
trucks are included in Appendix.C. -

Lateral and vertical forces at the wheel/rail inter-
face and L/V ratio were calculated for each wheel of
the B-end truck using bending strain gage data for the
leading and trailing axles and data from either the
strain-gaged bearing adapters .or the primary spring
displacements. In addition, the wheel unloading index
was calculated for the B-end truck and the net lateral
and vertical forces were caleulated for each axle of the
B-end truek.

The output of the data reduction included time history
plots, printouts of statisties (maximum, minimum,
average, and standard deviation), summary tables of
statisties, and summary plots. Data reduced from the
curving tests were generated as time history plots for
the steady state portion of the curves for the following
measurements (B-end only):

vertical axle bending moment for each of
four locations

verticel 1load at the bearing adapters

bending moment due to the vertical load at
each bearing adapter

vertical wheel/rail force at each of four
wheels :

lateral wheel/rail force at each of four
wheels

L/V ratio for each of four wheels

net lateral wheel/rail force for each of two
axles

net vertical wheel/rail force for each of two
axles

wheel unloading index

speed.

Statisties and summary tables were printed for all of
these except the axle bending moments and the bearing
adapter forces and moments. Summary plots of
average lateral wheel/rail force and L/V ratio as a
function of speed for each eurve were generated using
results from the under, near, and over equilibrium
speeds.

Axle Bending Moments. Strain gage data were aequired
for eight strain gage pairs at each of four locations
(two on each axle). Originally it was planned to
multiplex the eight signals at each location prior to
data acquisition and acquire only two signals per loca-

operations were performed to improve the quality of
the data: bias removal and normalization. The data
from one gage pair resemble a sine wave with the

' positive peak occurring when one gage of the pair is at

the point of maximum strain and the negative peak
oceurring when the other gage is at that point. It was
reasoned that over a significant time period the

. negative and positive peaks should, on the average, be

the same and that the signal should have dan average of
zero. Any offset in the signal can be attributed to
instrumentation bias. Therefore, the bias was removed
from the data before they were used. It was also
reasoned that the eight gage pairs at one location all
measured the same quantity, only with a phase differ-
ence, and that the rms for the eight signals should be
the same over a signifiecant period of time. The eight
signals at each location were therefore normalized to
the average rms for that location. This process
corrected any scale factor differences which may have
oceurred in the signal conditioning.

Two techniques were investigated for determining axle
bending moments from the strain gage data. The first
method, multiplexing, was a software version of the
hardware multiplexer. The Rotary Pulse Generator

_(RPG) signal was used to determine the rotational
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position of the axle, and the gage pair nearest the
vertical plane was selected for the vertical bending
moment. A multiplier of +1 or ~1 was used depending
on which gage of the pair was up. The second method,
referred to as the quadrature method, used the RPG
signal to determine the rotational position of the axle
and two orthogonal pairs of gages to determine the
vertical bending moment. This method assumes that
the signal from a gage pair will be sinusoidal if the
bending in the axle is constant. By only requiring two
gage pairs; this method allows four independent cal-
culations (if all eight signals are good), which can be
averaged to provide a better result.

The two methods were compared, and the quadrature
method was found to give better results, especially
when less than eight gages were functioning. It should
be mentioned that it was found that the longitudinal
bending of the axle was insignificant when compared to
the vertical bending.

Bearing Adapter Forces and Moments. Each strain-
gaged bearing adapter has strain gages in three
locations. The bearing adapters were calibrated by the
Transportation Test Center. From the calibration data,
tables were developed for each bearing adapter with
the magnitude and loecation of the vertical force vector,
given the sum and difference of the two outer gages.
During the data reduction, the sum and difference were
determined and then a table look-up-was performed to
determine the desired vertical force and location. On
the Devine-Scales truck, data for the outer gages were
not acquired and the data from the center gages were
used to determine the vertical force, which was
assumed to be at the center of the bearing adapter.
The equations used to calculate the wheel/rail forees
are given in Appendix'C.




Primary Spring Foreces. On the Maxiride truek, no data
"were available for the bearing adapters, and the
primary spring displacements were used to determine

the vertical forces which were assumed to be at the -
center of the spring group. A nonlinear spring constant

obtained from the truck manufacturer was used for this
purpose.

Lateral and Vertical Forces. Following the determina-
‘tion of vertical axle bending moments and the location
and.-meagnitude of the vertical bearing adapter forces,
the lateral and vertical forces at the wheel/rail inter-
face were caleulated using the equations in Appendix C.

Angle of Attack. Wheel/rail angles of attack for the
-leading and trailing axles of the leading truck were
determined from data acquired from eight proximity
- sensors. The angle of - the wheel relative to the side
frame. and the angle of the rail relative to the side

- frame were determined by taking the difference of two

measurements, dividing by the distance between them,
and multiplying by a constant, The wheel/rail angle
" was determined by subtracting the rail/side frame angle
from the wheel/side frame angle. Appendix C shows
" the angle of attack ealculations. In order to eliminate
instrumentation biases, the bias was removed from the
angle of attack sensors on tangent track.

Output from the angle of attack data reduction
included time history plots, printouts of statisties,
“summary tables of statisties, and summary plots for the
steady state portion of each curve in the curving test
zone. Time history plots, statisties, and summary
tables were generated for each of two axles for the
following measurements:

- Rail/side frame displacement

- "Wheel/side frame displacement

- Wheel/rail displacement

- Rail/side frame angle

-~ Wheel/side frame angle

- Wheel/rail angle

Truck swivel and ftruck tram were
calculated from displacement measurements, The
equations used are contained in Appendix C. The bias
was removed from the dlsplacement data on tangent
track. An output was generated from these angles
similar to that generated for angle of attack. On rigid

trucks which do not allow training, the tram calculation
was omitted.

Truck Angles.

. on data from the yard. tests.

2.8.4 Trackability

The trackability regime includes harmonie roll, track
twist, eurve entry and exit. The data reduction for-
these are deseribed below. '

Harmonic Roll.- Harmonie roll data reduction was
performed on loaded and empty .vehicle tests eonducted
on the class 2 Blue- Diamond spur. It consisted of
determining vehicle roll angles and accelerations at the
leading and trailing ends of the vehicle, and vertical
accelerations. Outputs similar to those for the lateral
stability regime were generated.

Track Twist.. Track twist éaleulations were-performed
These calculations
included wheel/rail forees and the wheel unloading -

_ index (see paragraph2.8.3).

- Curve Entry and Exit. The data reduction for the entry

. steady state curve negotiation.
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and exit portion of each curve was similar to that for
the steady state portion. The only significant
difference is that the summary plots concentrated on
peak values rather than on average values. .See para-
graph 2.8.3 for a descrlptlon of the, data reduction for

2.9 REMARKS

The TDOP Phase II test program provided, by and large,
the performance data required for the engineering and
economic analysis of the Type I and Type I .trucks.
However, it is recommended. that future noncontacting
measurement fixtures (as were used in the angle-of-
attack instrumentation) - be - mounted with larger
clearances above the rail head. In addition, the fixtures
should have sufficient dynamie range to be mounted
from the sprung portions of the truck or carbody. Use
of the Ectron signal conditioners should be restricted
and rework of the amplifiers is recommended before
use on other long-term test programs.

High vibration levels eausing mounting and transducer
problems on the unsprung portions of the truck may be
anticipated on future test programs including primary
suspension trucks such as the MTS Maxiride 100. The
axle-mounted air gap transformer/power supply proved
to be very reliable and rugged. Proven measurement
techniques provided data of consistently good quality
with a minimum of instrumentation problems. Large
volumes of valuable data are contained in the TDOP
Phase II data tapes, which can: be used to address
specific issues related to truck performance.

In addition to those tapes of truek dynamic testing,
there are six tapes containing the results of -a special
test of the friction snubbers of both ASF Ride Control

.and Barber S~2 70-ton trucks. This test was conducted

in various load conditions over sections of the same test
tracks near Las Vegas during November and December
of 1978. The results are presented in Reference 16.
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SECTION 3 - ANALYSIS

The objectives of the analytical studies conducted dur-
ing TDOP Phase I were (a) to assess the available
computer models for applications in fulfilling project
objectives; (b) to develop ecriteria for validating the
models, (e) to validate the models; and (d) to apply the
models in extending and interpreting the results from
field test programs.

Both field test data and simulation models have been
used to define and interpret the performance levels of
Type I (standard) and Type 1I (premium) freight car
truck configurations. The analysis effort and the field
testing task have been designed to complement each
other in meeting the project objectives. A plan
(Reference 1) was developed to define the procedures
for meeting the three main objectives of:

© Defining model and test data utilization
in each performance regime.

e Determining the analysis requirements
needed to extend and extrapolate the
field test data for both Type I and Type II
trucks.

] Establishing model application require-
ments which would provide a framework
for the model validation eriteria.

A number of analytical tools ranging from simple
formulae to complex computer simulations were
reviewed and assessed (Reference 2). This review and
assessment led to the selection of several analytical
tools which were applicable to modeling Type I and
Type II freight car trucks. A set of validation criteria,
for each performance regime against which the analyti-
cal tools could be evaluated, was selected (Reference
3). The process of selecting a set of validation criteria
took into consideration: ’

a. Stated capabilities of the models in terms
of input requirements, predicted outputs,
and modeling assumptions.

b. Quality and adequacy of available experi-
mental data, which serve as the basis
against which ecomparisons could be made.

c. Minimum standards of  credibility
demanded of the models within the con-
text of freight car truck performance
characterization.

The remainder of this section presents an overview of
the analysis plan, an assessment of the analytical tools,
the development of validation criteria, and the results
of the validation effort.

3.1 ANALYSIS PLAN OVERVIEW

An analysis plan (Reference 1) was developed for each
of the four performance regimes of lateral stability,
trackability, curve negotiation, and ride quality. In
each regime, the analysis plan contained a brief review
of the analysis requirements, and the model and test
data to be used in performing the analysis.

In the lateral stability regime, the plan recommended
that field test data and simulation models be used to
investigate the influence of the environmental factors
as well as operational conditions of trueck hunting. It
suggested that linear frequency domain modeling tech-
niques be used whenever possible to determine prelimi-
nary performance sensitivity to parameter variations.
Detailed nonlinear time domain simulations should also
be used to calculate motions and forces required for
performance specification input not provided by the
field tests data.

For the track twist subregime of the trackability
regime, the plan recommended that data for analyzing
load equalization should be accumulated from field and
laboratory testing. Field data would be acquired during
the Type I and Type II truek test program. Laboratory
data would be obtained from the Vibration Test Unit in
the U.S. Department of Transportation Test Center's
Rail Dynamies Laboratory. Simple static and kinematic
models would be developed from the test data and used
to evaluate load equalization capability.

The analysis plan noted that the harmonic roll and
bounce subregime analysis would depend heavily upon
models rather than field testing because the models
would permit the safe investigation of the effeets of
extreme dynamies.

For curve negotiation, the plan recommended that two
types of analytical models be used in predicting the
curving performance indices for variations in truck
parameters. Steady state models should be used to
compare the basic kinematic performance of different
trucks and for calculations of wheel wear, fuel con-
sumption, and rail wear in curves. For derailment
potential analyses and for rail wear, time domain
models would be used. '

The ride quality performance index of transmissibility
is largely determined by the suspension characteristics.
The focus, therefore, would be on the differences
exhibited between primary and secondary suspension
trueks. Simple linear models would be used to predict
the lading vibration environment.



3.2 ASSESSMENT OF ANALYTICAL TOOLS

The term "analytical tool" refers to any analytical
method employed to prediet and understand the
car/truck dynamie behavior. Analytical tools include
models which are considered here to be the set of
equations deseribing the car/truck dynamics and the
computer program that implements these equations.
The analytical tools of most interest to TDOP Phase II
are these models and computer programs which have
been used in other ecar/truck modeling research and
development projects. The ecriteria established for
assessing the analytical tools is summarized in
Table 3-1.

TABLE 3-1. SUMMARY OF ASSESSMENT CRITERIA

@ Is the analytical tool applicable to one or more
of the TDOP Il performance regimes?

@ Is the tool useful in studying truck performance
analyses that meet TDOP II objectives?

© Is the tool capable of performing or supporting
analyses that meet TDOP II objectives? -

® Is the tool compatible with the digital com-
puters available to the TDOP Phase 1I
contractor? ’ '

© Is the tool capable of analyzing required
truek/carbody configurations with minor modi-
fications?

® Is the tool available in terms of the TDOP I
schedule?

® What is the validation status of the tool?
Q What is the accuracy of the tool?

© What is the precision of the tool?

@ Can the tool be verified?

@ Is the utility of the tool acceptable?

® Does the tool complement the other tools
properly?

3.3 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 can be
used with confidence without first being validated by
comparing results from the model against actual test
results. It is not sufficient to merely establish that the
model has been formulated with a one-to-one corres-
pondence between the elements of the model and the
truek, The validation process verifies that the char-
acterization of the interactions between model
elements is sound.

Although there has been a steady growth in the number
of rail dynamics models in the last decade, there has
been a lack of activity in comparing the results of those
models with actual test data. One of the reasons for
the lack of model validation is that the modeling

activity has tended to take place outside the traditional
railroad community. Suecess of model validation ef-
forts depends not only on the level of experience
incorporated within the model, but also on the avail-
ability 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
validation exercises. The models were selected with
regard to the four performance regimes of lateral
stability, trackability, curve negotiation, and ride
quality. The validation ecriteria which have been
selected refleet 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 for assessing the range and
sensitivity of the performance indices. A discussion of
the validation ecriteria for the four performance
regimes is given in subsections 3.3.1 through 3.3.4.

3.3.1 Validation Criteria for Lateral Stability Models

The dynamic behavior of a freight car in the regime of
lateral stability is complex and difficult to simulate
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 in-
eludes the-requirements not only for a close mateh
between the results of simulation and tests, but also for
verification by accepted theory and the results from
other test programs. :

A detailed review of TDOP Phase 1 test data’
(Reference 4) has shown that the transition from lateral
stability to fully developed hunting is characterized by
several discrete stages, the identification of which is
considered helpful both in the development and in the
assessment of models. Below critical speed, power
spectral densities (PSD's) of lateral carbody accelera-
tions show the presence of all major body modes at
their natural frequencies: lateral, yaw, and, in the case
of box cars, lower center roll. These oscillations are
presumably excited by track irregularities.

The first evidence of self-excited oscillation is the
predominance of a single frequency in all degrees of
freedom of the carbody. However, the mode of oscilla-
tion is not a normal mode, but a combination of lateral
displacement, yaw, and upper center voll 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 ealled "nosing,"
(The reverse of this phenomenon, called "fishtailing,"
has also been observed but appears to be less common.)

As the speed increases, there is often an abrupt
increase in the frequeney of oscillation which is close
to the natural frequency in yaw of the carbody on its
suspension. This was true for the cars tested both by
TDOP and the AAR (Reference 5). Since the mass
moment of inertia of the ecarbody about the centerplate
is mueh 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 circulating 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 centerplate at the higher frequeney.
It has been observed in hunting tests that violent body



hunting can co-exist with very small lateral truck
displacements, which is an indication of the small
amount of energy required to maintain a limit eycle
(Reference 6).

These considerations lead to the conclusion that the

first appearance of a predominant frequency, indicating

the onset of self-excited oscillation, represents a useful

criterion for model validation in the hunting regime,

although successful simulation of lateral aceeleration

through the entire critical speed range is considered as
valuable evidence supporting model validity.

In setting the validation criteria 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 3-1 and 3-2). Although not a
performance index, another convenient point of com-
parison between lateral stability models and test results
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is the frequency at which the hunting oscillations occur.
Figure 3-3 shows the envelope within which Phase 1
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 frequen-
cies.

3.3.2 Validation Criteria for Trackability Models

The trackability regime includes 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 harmonic roll and bounce, track twist,
and eurve entry and exit.

Harmoniec roll and bounce are forced response
phenomena due to periodic track excitation. Harmonic
roll is.typically excited by cross level variations arising
from half-staggered track at speeds from 10 to 20 mph.
Bounce resonance involving pitch and vertical motions
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of the vehicle occurs at higher speeds between 40 and

65 mph staggered or unstaggered track. Harmonic roll

and bounce have received a great deal.of modelmg_s

interest. For harmonic -roll,” the maximum roll angle

has been chosen as a performance index. Load distribu-

tion is also an important measure of performance.

' 5 Vahdatxon of trackablhty models has been focused on

harmonie roll since, there are more data available for
.comparison for that subregime.
results for the case obtained by  American Steel
Foundries. (ASF) of a loaded, 100-tori hopper car from
‘which a measure of the data. scatter can be drawn
especially near resonance.

reflects the variation . in - fest data observed in Figure
3-4. Figure 3-5 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 ecom-
parison. Near resonance the variation is approximately
+3000 1b or approximately +5 percent of the static
60,000 1b spring nest force. A five 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 har-
monie 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 frequeney sweep of the
excitation (i.e., entering the resonance speed from
above or below).

The track twist/load equalization problem is largely a
quasi-static phenomenon (with speeds of 10 mph or
less). The accommodation of track twist within the
wheel base of the truck is achieved by side frame piteh
with flexible trucks and by primary suspension com-
pliance with rigid trucks. With conventional trucks, the
oroblem is aggravated by sticking of the frietion snub-
bing devices when operating at low speeds. The load
equalization abilitv of trucks has not receivea a great

deal of modeling interest sineé it can be measured
relatively simply.
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Figure - 3-4 shows:

The validation criteria for
peak roll angle has been chosen -as +1 degree whieh "’
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Spring Nest Force (Lbs)

The basic performance -index for the load equailzatlon
subregime is the wheel unloadmg index (WUI) whieh is

.given by the formula:

W g | degree

WUl = 'M‘_W_Lw: 1- +6 . degree
W../3 ; -
H W H/3
- Wherer C

WL = vertlcal force on - the. most lmhtly
- ' loaded wheel

’ .WH' = . gum of vertical. forces on the three
S most heavﬂy loaded wheels
8 = angle in degrees cof . track twist

within the wheelbase of thé truck.

'Alfhough eurve éntry and.-exit can lead to loss of

trackability, . from the. modeling standpoint it is
logically -approached as the dynamic aspect of the
overall curving behavior problem. = This subregime,
therefore, will be discussed in context of the curve
neootlatlon performance regime.

3.3.3 Vahdat:on Criteria for Curve Negotiation Models

Although by definition the curve negotiation perfor—

mance regime consists only of steady state or quasi-

statie condltlons encountered during a negotiation of

constant curvature track, modeling efforts covering the

transient dynamic response obtained during curve entry

and exit are alsc .included for discussion. Steady state

models are considered in the simulation of performance

under quasi-static conditions; time domain curve nego- -
tiation models may be used to address the dynamic

response which occurs due to curve entry and exit.

The performance index chosen for econstant radius curv-
ing 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 foree should be at
a single value in a "constant radius, constant speed

aurve. In practice, however, some variation in the
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lateral force is inevitable due to track irregularities
which causes the Coulomb frietion elements such as the
centerplate to take on different "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
foreces. 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 I
testing improved the measurement accuracy. With
improved experimental techniques, a + 15 percent
tolerance in the prediction of the performance index is
considered reasonable,

Curve ernitry and exit can be characterized by the wheel
unloading index. Following the case of steady state
curve negotiation, a tolerance of +15% for predicting
wheel unloading index is selected.

3.3.4 Validation Criteria for Ride Quality Models

The ride quality performance regime is comprised of
the overall dynamiec environment of the carbody
response, and the effectiveness of the truck in atten-
uating track-induced excitations, exclusive of the more
extreme dynamics associated with the other
performance regimes. The economic impact areas
associated with ride quality are lading damage and cost
due to component wear.

The principal performance index for ride quality is the
transmissibility of the truck. Transmissibility can be
measured as a frequency dependent ratio of output-to-
input amplitudes at discrete frequencies (i.e., transfer
functions) or as ratios of root mean square (rms) output
to input over particular frequency bands. The valida-
tion criteria selected for ride quality models consider
the comparison of the occurrence of principal frequen-
cies and the prediection of magnification/attenuation
factors between 0 and 20 Hz. For comparison of
principal frequencies, a tolerance of +0.5 Hz is con-
sidered acceptable. The tolerance for reproduction of
output/input ratios, either transfer functions or rms, is
set at +10 percent.

3.4 VALIDATION RESULTS

After completing a preliminary survey of 59 tools, 15 of
the most promising analytical tools were selected for
detailed assessment and validation. While Table 3-2
contains a brief description of these tools, they are
discussed more fully in the subsequent paragraphs of
this section.

3.4.1 Validation Results of Lateral Stability Mcdels

The models which have been examined in regard to the
lateral stability performance regime include a linear
frequency domain representation (17 dof Eigenvalue
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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 (Reference 7)
originally selected as a candidate for validation. It was
felt that this would be more productive because of the
similarity between the Freight Car Hunting Model,
HUNTCT, and the 17 dof Eigenvalue Model.

3.4.1.1 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 8). The
model was selected for validation as one of the most
sophisticated linear models of freight car lateral sta-
bility. The program provides natural frequencies and
mode shapes for the configuration described 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 degrees of
freedom are lateral and yaw of each wheelset, lateral,
yaw and warp (parallelogramming) of each truck (Figure
3-6), and lateral, roll, and yaw of the carbody. Gravita-
tional stiffness, spin creep, and gyroscopic terms are
also included. The model can accommodate asymmetri-
cal loading front to rear and nonidentical front and rear
wheelsets and suspension parameters. Also included in
the model is a provision for modeling, bending, and
shear connections between wheelsets such as those
implemented in a radial axle truck. The prograin uses
matrix inversion techniques to solve the 17 second
order differential equations of motion. Natural fre-
quencies (eigenvalues) and mode shapes (eigenvectors)
are produced by the program.

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 ecombination had exhibited hunting
behavior in the Phase I test including curious phenome-
non such as occurrences of front truck hunting only
(nosing) and intermittent hunting.

An initial comparison of model and test results using a
trial set of input data produced results whieh indicated
the onset of instability between 40 and 50 mph at a
frequeney of 0.75 Hz. Test data indicated the develop~
ment of hunting between 50 and 70 mph at a frequeney
of from 2 to 3 Hz.

Re-examination of the input data led to the conelusion
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 was
made. Again the frequency associated with the un-
stable 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 parameters which showed a
significant sensitivity was the conicity. By artificially



TABLE 3-2. CANDIDATES FOR VALIDATION

Degrees of | TDOP Areas of Linear/ Frequency/Time Domain | Carbody A

‘Model Freedom Application Nonlinear | Steady State Equilibrium Model

17 dof 17 Lateral Stability Linear Frequency Rigid

Eigenvalue*

HUNCT* 21 Lateral Stability, Nonlinear | Time Rigid or Flexible
Curve Negotiation

Freight Car 25 Lateral Stability Linear Frequency Rigid

Hunting (eriticel speed,
stability margins) .

FRATE 11* 11 Harmonic Roll, Nonlinear | Time Rigid or Flexible
General Vehicle/

Truck Motions

FRATE 17 17 Harmonie Roll, Nonlinear | Time Rigid or Flexible
General Vehicle/

Truek Motions

FRATE 27 Harmonic Roll Nonlinear | Time Rigid or Flexible
and Bounce, Ride (allows for lumped
Quality masses for lading)

Flexible 20 Harmonic Roll Nonlinear | Time Two Lumped

Carbody

Vehicle* .

S dof Steady 9 Curve Negotiation Nonlinear | Steady State Equilibrium | Rigid

State Curving . A .

17 dof Steady 17 Curve Negotiation Nonlinear | Steady State Equilibrium Rigid

State Curving { _ )

CN Curving 10 Curve Negotiation Nonlinear | Steady State Equilibrium vRi'gid

Model*

DYNALIST II*| up to 50 Any {(depending on Linear Frequency and/or Time Rigid or Flexible
particular model o
definition)

HALF 4 Component Wear, Linear Frequency 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

*Models validated during TDOP Phase II.
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increasing the conicity 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 3-7.
The figure shows the loci which are traced from the
kinematic and rigid body modes which are clearly
identifiable at low speed. Also shown are actual test
points.

From the results presented, it is concluded that the 17
dof Eigenvalue Model is best suited for qualitative
comparison. (For instance, will truck A hunt at a lower
speed than truck B, all other things being equal?) With
care in the choice of wheel coniecity, critical speeds
within the validation tolerance may be obtained. The
accurate prediction of the associated frequency of
hunting appear to be beyond the model's capability.
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FIGURE 3-7. ROOT LOCi FOR PRINCIPAL MOTIONS OF EMPTY

70-TON REEFER FROM 17 DOF EIGENVALUE
MODEL VS. TEST

3.4.1.2 HUNTCT. HUNTCT is a nonlinear time domain
model developed by Wyle Laboratories for lateral
stability analysis (Figure 3-8). The formulation uses 21
degrees of freedom representing rigid body modes of
the units comprising the freight ecar/truck system.
Additional degrees of freedom to represent carbody
flexibility can optionally be included. The carbody is
allowed to translate in the vertical and lateral direction
and to yaw, roll and pitch. The truck is modeled as a
single mass with vertical, lateral, yaw, and roll degrees
of freedom.

The truek model also provides for coupling between
wheelsets in the yaw sense (lozenging stiffness). Each
wheelset has two independent degrees of freedom -
lateral and yaw. Vertical and roll motions of the
wheelset are constrained by the wheel/rail geometry
with the assumption of no wheel lift off. Detailed
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calculations of the wheel/rail interface are carried out
for each wheelset. The effective track mass, stiffness,
and damping in the vertical sense are lumped with the
truek. To simulate actual tests, the model requires
track geometry data ineluding left and right rail profile
and alignment data. The model makes use of the
Symmetriec Wheel/Rail Constraint Subroutine (WHRAIL)
{References 9 & 10) to relate the track input to
wheelset motions.

FIGURE 3-8. HUNTCT MODEL

As with the 17 dof Eigenvalue Model, comparisons of
model and test results were made for the TDOP Phase 1
tests of the empty 70-ton refrigerator car with Barber
trucks and new wheels. Unfortunately, the Phase I data
collection did not include the key measurement of track
alignment. Time domain comparisons were thus not
feasible. The Friction Snubber Force Measurement
System (FSFMS), which was tested on similar class
track, included alignment measurements. These track
data have been used as model input to obtain statistical
characterizations of the response for comparison with
Phase I test results. The substitution of the FSFMS
data assumes that statistical characterizations of track
of the same class were approximately the same.

The results of the comparisons of test and model
responses for 50 and 79 mph are shown in Figures 3-9
and 3-10. There is agreement in the location of the
principal frequency; however, the overall comparison of
response levels in the 1 to 20 Hz range is not good. The
results raise the question as to whether the comparison
is poor due to the model or the assumptlons made about
the input data.

In a subsequent exercise, critical speed was determined
by simulating the response to an initial lateral displace-
ment on ideal track. The speed at which the response
failed to decay was taken as the critical speed. This
procedure identified the critical speed to be approxi-
mately 65 mph.
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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 frequeney and eriti-
egl speed.

3.4.2 Validation Results of Trackability Models

The validation work in the trackability regime has
focused on harmonic roll and bounce models. Since the
harmonic roll and bounce models can generally be
applied to the track twist subregime, validation of the
harmonic roll behavior of a model gives a measure of
" confidence in using it for load equalization analysis as
well. Four models are shown in Table 3-2 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 was
validated.

REAR CAR BODY

’

REAR WHEEL SET/

SIDE FRAMES
b FRONT WHEEL
Ry SET/SIDE p
4 FRAMES

group of

T.1 B B,

TEST DATA
SIMULATION ———-

POWER SPECTRAL DENSITY, 62/Hz

FREQUENCY, Hz

FIGURE 3-10. POWER SPECTRAL DENSITIES OF THE LATERAL
ACCELERATION OF THE TRUCK AXLE - 79 MPH

3.4.2.1 Flexible Carbody Vehiele Model. The Flexible
Carbody Vehicle Model (FCBVM) was developed by AAR
in conjunetion with the Track/Train Dynamics Program
(Reference 15). The model was selected to complement
the FRATE models in the analysis of the harmonie roll
and bounce subregimes. Version Il of the model was
used in the TDOP Phase II validation exercise. The
model formulation features 20 degrees of freedom
which include the following: vertieal, lateral, roll,
pitch and yaw of each half-carbody, vertieal and roll of
each bolster, vertical and lateral displacements and roll
of each side frame/wheelset combination as shown in
Figure 3-11. -

The results of the comparison of roll angle (single
amplitude) for the tests and the model are shown in
Figure 3-12. 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 shown was
diseussed 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. Further efforts with this model
could not be ecarried out within the time and resource
limitations within the projeet. '

2(3)

FRONT CAR BODY

2D “ R
s K
RL2

FIGURE 3-11. FLEXIBLE CARBODY VEHICLE MODEL
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3.4.2.2 FRATE. FRATE 11, FRATE/MITRE, and
FRATE 17 (References 16 through 19) are nonlinear,
time domain models that can be used to study the
harmonic roll and bounce. The most basic of the three
is Wyle Laboratories’' FRATE 11 (see Figure 3/13). The
eleven basic degree of freedom are lateral, vertical and
roll of -each truck, lateral, vertical, roll, yaw and pitch
of the carbody. In addition, one degree of freedom is
added for each normal mode of vehicle flexibility
included in the carbody representation. Nonlinearities
such as dry friction, finite spring travel, clearances,
and stops are included. Mass, damping, and stiffness
characteristies of the track are included by lumping

them with corresponding elements representing the

FIGURE 3-13. FRATE 11 MODEL

truck. FRATE/MITRE is an extension of FRATE 11 in
which additional lumped elements are added for lading
such as trailer on a flatear. FRATE 17 was developed
directly from FRATE 11. The additional six basie
degrees of freedom are due to the inclusion of an
additional mass for each truck which allows side frames
and wheelsets to be treated separately from the
bolster. Each additional mass has vertical, lateral, and
roll freedom motion. FRATE 11 was selected as the
primary tool of the three to be validated. The selection
was based on past results showing that FRATE 11 and
FRATE 17 produced very similar results regarding car-
body motion. -

Input to FRATE consists of tabulated track profile data
which may be obtained along with the test data or
generated from formulae for idealized profiles. Thus,
depending on the particular track profiles used, the
model can be used to investigate either harmonie roll or
bounce response. The FRATE models have been
partially validated against test data both by Wyle
Laboratories and MITRE. '

Prior validation work was performed using the ASF
tests of a loaded, 100-ton hopper car on half-staggered
shimmed track at Hartford, Illinois,in 1968, the same
data used in the Flexible Carbody Vehicle Model Valida-
tion exercise. Table 3-3 summarizes the results for the
validation exercise with the ASF data against the
validation criteria described in paragraph 3.3.2.

Table 3-3. 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 3.5% of statie

+5% of statie
at Resonance Load :

To extend the validation effort it was decided to
compare FRATE 11 results with a different test case
from the TDOP Phase I series. The case chosen was

" test number 191 (Reference 14), which describes the

test of a loaded, 100-ton box car with Barber trucks,
having standard suspension on half-staggered shimmed
track. The truck center spacing was 46 feet. Approxi-
mately 400 feet of track were shimmed. The test
section was traversed a number of times at constant
speed beginning at 12 mph and increasing 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 3-14. Figure 3-15
compares time histories of the model and test at the
resonant speed. The close agreement is apparent
despite the faet that TDOP Phase I test data did not
include detailed track profile measurements but only
the elevation difference at each rail joint. The input
for FRATE in this case had to bé idealized between
each rail joint.
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Although FRATE 11 compared favorably within the
validation ecriteria in the cases discussed, there are
limitations to its use. It is known, for instance, from
other validation work with FRATE (Reference 19) that
the harmonic roll response of flexible flat cars requires
a model of greater sophistication. Likewise, a more
complex model such as FRATE 17 is recommended in
cases where the excitation is sufficiently great to cause
centerplate rocking. For the more rigid box type cars
at execitation levels below that causing centerplate
rocking, the FRATE 11 model produces satisfactory
results.

3.4.3 Validation Results of Curve Negotiation Models

Originally, the 9 & 17 dof steady state curving models
were selected for validation in the curve negotiation
regime. These two models are nonlinear representa-
tions of a freight car in steady state curving (Reference
20). 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 (CN) Rail Research Center on the
potential use of their test data in TDOP Phase II, a
curve negotiation model developed by them was
discussed. Upon examining the potential of the model,
it was determined that the model indeed accounted for
responses including the condition of flange contact at
the wheel/rail interface. Hence, it was decided to use
the CN Rail Curving model for the steady state curving
analysis instead of the 9 & 17 dof models.

The CN Rail Curving Model is an interactive program
for the solution of steady-state behavior of trucks in
curves. The program is designed to calculate force
levels and geometric parameters such as angle of
attack describing steady-state behavior on smooth cir-
cular arc curves, wholly negleeting dynamic effeets.

The model used in the validation exercise represents a
two-axle railway truck which is supporting a vehicle
body and which is traversing a smooth curved track
section having constant curvature and superelevation
(Reference 21). Figure 3-16 shows the interfaces
between the truck, vehicle body and the track. The
vehicle body may be subjected to lateral coupler forces
as well as to centrifugal and gravity forces.

The truck model consists of a rigid frame and conven-
tional wheelsets having lateral and longitudinal
stiffness characteristics at the primary suspension.
Figure 3-17 shows a plan view of the truek. Each
wheelset has a degree of freedom in the lateral, longi-
tudinal, yaw and rotational directions, which, for the
leading wheelset, are designated as Ql', 02, Q_3 and Q 4

respectively. The truck frame itself has two degrees of
freedom which are in the lateral and yaw directions.
The model also has the capability of modeling inter-
axle steering connections.

The wheel-rail interaction in the. model is shown in
Figure 3-18. A conical wheel tread is assumed to
contact a crowned railhead. Hertizian contact areas,
creep coefficients and creep forces are determined
from simulated vertical wheel-rail forces using
nonlinear curve fnttmg techniques.  Spin creep is
neglected, whieh is justified provided that the tread
conicity is small or that the lateral and longxtudmal
ereepages are relatlvely large.
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When the flangeway clearance is exceeded, flange con-
tacet oecurs. A conical flange face is assumed and point
contact occurs between the flange and the gauge-face
of the rail. The point of flange contact moves
longitudinally depending on the wheelset angle of
attack and on the specified flange geometry. The
flange force consists of normal and tangential
components. The normal force is modeled by a
nonlinear stiffness between the flange and the rail. The
magnitude of the tangential force is assumed to be a
saturated creep force at the point of flange contact.
Its direction is calculated from the exact ereepages at
the point of contact.

The validation efforts consisted of simulating the
experimental curving tests of a standard 100-ton
freight car truck (Reference 4). The curving tests
consisted of running a 100-ton hopper car with Type I
trucks over a test section of curved track. The test
zone consisted of track ranging in eurvature from 2.5 to
6.2 degrees and associated equilibrium speeds ranging
from 34 to 48 mph. Three passes were made through
the test zone for each condition, one at approximately
10 mph less than the nominal equilibrium speed, another
at the nominal equilibrium speed, and a third at approx-
imately 7 mph greater than the nominal equilibrium
speed. The forces at the wheel/rail interface were
measured using instrumented wheelsets, and the lateral
and vertical forces were calculated by means of the
axle bending technique.

Comparisons between the theoretical and experimental
curving forces were made for the case of the.loaded
cars at balance speed. Typical results are shown in
Figure 3-19, It can be seen that the model and the
experiment results both predict a general inerease in
the lateral force of the leading outer wheel with an
increase in track curvature. The model, however,
predicts lower force levels than the test data. It should
be pointed out here that data for many of the para-
meters of the actual hardware tested were not avail-
able, and that engineering estimates were used to
determine their values. In addition, it should be noted
that the parameter values were selected prior to the
examination of the experimental results.

Figure 3-20 shows the graph of the Force Ratio* R, for
the leading outer wheel versus the superelevation
deficiency for the theoretical and experimnental results.
The latter is given as plots of 27 individual points of the
experimental data and by a plot of the least-square fit
through these points. Both the theoretical and experi-
mental results show an increase in the force ratio R
with superelevation deficiency. The figure also shows
that the mean slopes of the theoretical and experimen-
tal data are closely matched (0.085 for the former and
0.094 for the latter). Further details of the CN
model can be found in Reference 21.

*Force Ratio, RF = FV/FB,
where:

F,, = measured lateral force on a given value of
superelevation deficiency

FB = measured lateral force at the balance speed
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3.4.4 Validation Results of Ride Quality Models

The model selected as a candidate for validation in the
ride quality regime was the DYNALIST modeling pro-
gram (Reference 22). DYNALIST is a general purpose,
computer program which solves systems of linear
second order differential equations. Dynamic models of
freight cars with up to 50 degrees of freedom can be
analyzed both in the time and frequency domains. The
DYNALIST program has no particular model structure
but rather the program allows the user to define the
strueture by means of the input. The structure may be
composed of rigid bodies, wheelsets with lateral
degrees of freedom, model mass elements, springs and
dampers. Flexible bodies can also be included by using
an appropriate modal representation. The forecing
function can be harmonie, periodic, or random in
character. DYNALIST was selected for TDOP Phase II
validation because of its flexibility, the extent of its
prior use, its excellent graphics capability, and good
documentation. It is particularly useful because of its
capability of performing analysis in both the time and
frequency domains.

The DYNALIST frequency domain modeling eapability
was applied to the 70-ton refrigerator car combined
with track inputs, represented as spatial PSD's, to
produce the response of the vehicle in the form of
acceleration PSD's. This work-was performed by Wyle
Laboratories' subcontractor, the J.H. Wiggins Co. J.H.
Wiggins followed the procedure used by other modelers
(Reference 23) of separately modeling the dynamies of
the vehicle in the vertical and lateral planes, and
linearizing all friction mechanisms as well as the kine-
maties of wheel/rail contact. Typical results are given
in Figures 3-21 and 3-22.

in the case of the vertical model it was found that, in
the low frequency range, the results of simulation and
tests could be made to mateh only if unrealistically
high equivalent viscous damping was assumed. .For the
roll model, the response predicted by the model in the

}ow frequency range was almost an order of magnitude
owW.

In attempting to explain the discrepancies in the verti-
cal model, it was found that other modelers have also
found it necessary to introduee high damping in order to
make the results of simulation and tests agree; see
Figures 3-23 and 3-24. The authors (Reference 23)
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 frie-
tion excites higher frequencies in the carbody than does
viseous friction. In addition, Coulomb friction raises
the natural frequency of a system. In the case of the
Barber S-2 truck, an additional nonlinearity is
introduced by load-dependent ‘snubbing, the magnitude
of which, moreover, differs in the upward and down-
ward dlrectlons

However, it is believed that the discrepancies between
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 dynamics.
Figures 3-23 and 3-24 that the major diserepancies

It may be seen from,
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are fairly sharply localized jn the frequency range
between about 2 and 5Hz which contains the frequen—
cies of the main lateral carbody modes, including

lateral displacement, yaw and upper center roll.

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 equivalent, restraining moments are applied
to prevent motion of the simulated vehicle out of the
vertical center plane. The finite excitation energy
supplied by the rail joints and other vertical track.
irregularities is, thus, entirely channeled into motions
in the vertical plane while in the real vehicle a large
portion can be expected to be converted into kinetic
energy in the lateral modes at their particular natural
frequeneies. 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 mismatch between, simulated and observed
amplitudes. The fact that, in the DYNALIST model,
the introdueton of carbody bendmg modes which have
higher frequencies than the rigid body modes, did not
succeed in improving the simulation, suggests that this
feature does not constitute a necessary or fundamental
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 1rregular1t1es, and the magnitude of these
wheel/rail forces is directly proportlonal to the creep
coefficient. In addition, as is discussed elsewhere, n
model with linearized damping tends to oscillate in the
lateral modes at a frequency slightly higher than the
frequency of kinematic hunting 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
frietion.

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 practleal 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,
On the basis of the results with DYNALIST, the
structured frequency domain models shown in Table 3-2
(HALF, FULL, FLEX, and LATERAL - Reference 24)
were not treated smce they are also uncoupled config-
urations.

3.5 MODEL UTILIZATION

With reference to the use of mathematical models in
defining and interpreting the performance levels of
freight car trueks, the extent of such.use has varied
from one performance regime to another. In most
cases, the use of models turned out not to be feasible
for both technical and economic reasons.
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In the lateral stability regime, models were used pri-
marily in an interpretative mode, i.e., addressing spe-
cifie questions relating to the results from the test
data. For example, the test data revealed a consistent

tendency on the part of the box type freight cars to-

initiate the nosing phenomenon prior to the develop-
ment of hunting. Since no apparent explanation was
readily available from the test data or the operating
conditions under which they were obtained, analytic
simulations using models were used. Additionally, the
hunting frequencies associated with results from test
data were confirmed through analytic simulations.
Analysis also helped address key parameters "of in-
fluence in freight car hunting, especially as relating to
wheel/rail contours and contact geometry.

In the case of harmonic roll, simulations were ecompared
against field test results with good agreement. How-
aver, only a minimal amount of field test data were
available for this subregime and use of models to
extend these sparse results was not considered
judicious.

Simulations using a nonlinear curve negotiation model
were compared against field test data. The validation
exercise proved to be encouraging. Furthermore,
Transport Canada has an effort underway to further
validate the model against test data ‘from Type II
trucks.

In the regime of ride quality, initial efforts centered
around simple models in the vertical and roll modes
which assumed that these modes were decoupled. Veri-
fication against test data proved this assumption un-

justified. Restrueturing the model to overcome the
deficiencies could not be rationalized in light of the
abundance of data available for use in the ride quality
regime.

Thus, although analytic models were utilized in the
simulation of truck behavior, field test data remain the

. primary basis of the quantified performance characteri-

zations presented in this report. The results from the
test data were interpreted and correlated to
appropriate operating conditions and parameters of
signifieant influence through the use of analytic simula-
tions, as well as through existing knowledge of the
behavioral performance of freight car trucks.

3.6 REMARKS

The results of the analysis tasks carried out thus far
have been less than encouraging. 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. The difficulty in obtaining good agreement
between model and test data is illustrated by the spread
in test results from replicated conditions (e.g., Figure
3-25 taken from Reference 25)

It is recommended that greater emphasis be placed on
simple modeling. The aim of such modeling is the
interpretation of test results. For somé models (such as
the CN Curvmq Model and HUNTCT) addltlonal valida-
tlon work is justified.
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SECTION 4 - ENGINEERING
4.1 INTRODUCTION

One of the primary objectives of the Truek Design
Optimization Projeect (TDOP) Phase II was to define the
engineering options available to the railroad industry in
order to improve the efficiency and productivity of rail
freight transportation. Results from experimental and
theoretical investigations were applied, in consultation
“with the industry, to the development of performance
characterizations of Type I (standard, three-piece) and
performance specifications for Type II (premium)
freight car truck configurations.

Proposed performance guidelines for Type I trueks
(Reference 1), as represented by quantified
characterizations, were developed principally on the
basis of performance test data.generated during Phase I
of TDCP and supplemented, wherever necessary, by
Phase Il data. Characterizations and specifications of
performance for Type II trucks (Reference 2) were
developed from test data aequired during Phase II of
the project.

Freight car truck performance has been divided into
four distinet regimes which, taken together as inclusive
sets of conditions associated with predominant fea-
tures, identify all aspects of trueck behavior. These
regimes are identified as lateral stability, trackability
(harmonic roll, track twist, and curve entry/exit),
steadv state curve negotiation, and ride quality.
Performance indices, which represent measurable
quantities typical of performance, are defined in each
of the performance regimes (Reference 3).

Quantitative performance for Type I and Type II trueks
presented in this report are defined bv ranges of
performance indices in each performance regime, spe-
cifically related to operating conditions such as speed,
track quality, degree of track ecurvature, and lading.
The quantified range of performance indices, developed
from field test data, has been interpreted in the light of
_physical reasoning and tempered by comparative data
studied by means of simple analytic and engineering
models. Within the domain of statistieal significance of
the test data upon which the present characterizations
and specifications are based, it is expected that tests
involving similar equipment and conditions are likely to
produce results comparable to the quantified ranges of
performance presented in this report.

The results represent a comprehensive characterization
of performance of the freight car trucks, embodied in a
range of quantified performance indices which are
relatable to the economics of railroad operations.
Therefore, it is believed that this body of results can be
used to provide the basis for a set of performance
specifications for freight car trucks which could be
useful in railroad procurement and maintenance
operations, as well as provide a guideline or basis for
_equipment manufacturers.

In translating the performance characteristics of Type-

II trueks into a set of recommended guideline specifica-
tions, the test results were interpreted and engineering
judgment exercised in correlating faetors such as the
influence of expected component wear on performance
and possible economic implications. The resulting
guidelines form a set of recommended "performance
specifications" for Type II freight car trucks.

As more information becomes available on such factors
as wheel and rail wear, ‘and truck eomponent wear
(from the TDOP Phase Il Wear Data Colleetion Program
in progress) as well as other sources, the recommended
"specifications"” may be further refined to reflect
factual influences replacing the judgment factor.
However, it is believed that the recommended
guidelines provide a framework to define a set of
improved performance levels associated with design
changes.

This section also includes a set of standard test specifi-
cations for the performanece requirements established in
this project. The objective of the test specifications is
to provide guidelines for the acquisition and analysis of

- field test data, so that the results can be evaluated

against the recommended guideline specifications.

4.2 METHODOLOGY FOR DEVELOPMENT OF
QUANTIFIED PERFORMANCE LEVELS

Establishment of an analytic and experimental method-
ology for relating truck parameters to the economic-
related performance indices defined in each of the per-
formance regimes is a major engineering goal within
TDOP Phase II. Applying this methodology, and in
coordination with industry, guideline performance char-
acterization for Type I trucks and guideline perfor-
mance characterizations and specifications for the
Type II trucks were developed.

The major elements comprising the methodology for
truek evaluation are:

() Field testing of ‘selected trucks to obtain
performance test data and a thorough evalu-
ation of the procedures involved in the ac-
quisition of test data.

° Reduction of the data, followed by interpre-
tation, to ensure that the test results are
consistent in terms of physical principles as
well as of specific characteristics of the
vehicle and test environment.

. Simulations utilizing credible mathematical
models to augment and complement results
from field test data.

° Determination of wear and degradation of
freight car trucks under revenue service
conditions through a structured program of
periodie measurement of various truck com- -
ponents including wheels.

. Correlation of results from analysis of
economic data on ftruck maintenance and
operation from operating railroads with re-
sults from analysis of performance test

* data. ’

. Comparison of test results with results ob-
tained from comparable tests of similar -
vehicles, to identify and.resolve any major
diserepancies. :

o Establishment of performance boundaries -
for both Type I and Type 1I trucks.

A block diagram indicating the flow of elements in this
methodological secheme is shown in Figure 4-1.
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4.3 PERFORMANCE CHARACTERIZATION OF 70-Ton Trucks

TYPE I TRUCKS

The intent of the guidelines presented in this section is
to identify Type I freight car truck performance levels
which can be correlated to savings associated with
reduced maintenance, longer equipment life, and other
tangible benefits in terms of railroad operations. The
development of these guidelines has kept in perspective
common industry practices and the Association of
American Railroad (AAR) requirements for interchange
service and regulatory safety require nents,

The quantified levels of performance given under each
of the performance regimes represent the results of
analysis and interpretation of quantified test data.

4.3.1 Lateral Stability

Characteristic performance Tevels in the regime
of lateral stability are given in terms of rms
lateral acceleration and peak 1atera1 accelera-
tion (Reference 1). A summary of results from
analysis of test data in the lateral stability
regime is given in Table 4-1. The results of
the test data analysis have been summarized for
the two classes of trucks, namely, 70-ton and
100-ton trucks.

The empty flat car using worn wheels shows the earliest
evidence of instability, at a speed range between 30 and
40 mph. The maximum acceleration level for this case
inereases sharply to 0.55 g at 40 mph, and to 1.1 g at 79
mph. No data are avallable on the same confi ,,_,ur'atxon
in the loaded condition.

For the flat car using new wheels, test data for the
loaded and the empty conditions exist. The analysis
reveals that the loaded configuration shows no evidence
of hunting and the vehicle remains stable through the
entire range of operating speeds up to 79 miph. How-
ever, in the empty condition with new wheels, hunting
is evidenced in the speed range between 70 and 79 mph.
In general the critical speed of a flat car varies
depending on the operating conditions, and, even more
s0, on - the wheel profiles, with the predominant
frequency of hunting béing in the range of 2.5 to 2.9
Hz.

The behavior of the mechanical refrigerator car and the
box car can be placed into cne categorv since the
findings drawn from the performance test data indicate
general conformity. Therefore, they will be u‘rouped
together and referre(. to as "box type" cars.
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TABLE 4-1. SUMMARY OF RESULTS FROM ANALYSIS OF TEST DATA IN
THE LATERAL STABILITY PERFORMANCE REGIME
Critical** Hunting** RMS Lateral** Peak Lateral**
Vehicle Configuration Hunting* Speed Range Frequency Acceleration . Acceleration Remarks
Yes/No mph Hz g g

70-ton Trucks with Box

Type Cars

1. New Wheels/Empty Yes 40-50 2.5-3.1 0.16-0.36 0.58-1.24 Initiation of nosing at 40~50 mph; fully

’ - developed hunting at 60-70 mph.

2. New Wheels/Loaded No Nosing initiated in the 60-70 mph speed
range with an associated frequency range}
of 3.3 to 3.5 Hz, RMS acceleration of
0.27 to 0.29 g, and peak.acceleration
levels of 0.67 to 0.77 g. Nosing
continued through the speed range up
to 79 mph, the terminal speed for the
test runs, ’

3. Worn Wheels/Empty Yes 40-50 2.5 0.18-0.40 0.66-1.12 Leading end nosing & trailing end

. intermittent hunting at 40-50 mph.
Both ends hunting with increasing
" speéd. . '

4. Worn Wheel/Loaded No - - - - No evidence of hunting.

70-ton Trucks with ‘

Flat Cars

1. New Wheels/Empty Yes 70-79 2.8 0.11 0.59 Fully developed hunting at 70-79 mph.

2. New Wheels/Loaded No - - - - No evidence of hunting.

3. Worn Wheels/Empty Yes 30-40 2.2-2.9 0.12-0.30 0.55-1.10 Fully developed hunting at 30-40 mph.

4. Worn Wheels/Loaded - - - - - No data available.

100-ton Trucks with

Box Type Cars ‘

1. New Wheels/Empty Yes 70-79 2.7 0.10-0.25 0.73-0.83 Fully developed hunting.

2. New Wheels/Loaded No — - - — No evidence of hunting.

3. Worn Wheels/Empty - - - - - No data available.

4. Worn Wheels/Loaded - l - - - - No data available.

*"Hunting" denotes full-body hunting as differentiated from nosing.,

*#*Includes nosing and full body hunting.



In the case of the empty box type cars with new wheels,
hunting begins at a speed between 40 and 50 mph. With
the loaded box type ecars, there is an indiecation of
"nosing," i.e., hunting restricted to the leading end of
the carbody only, initiated in the speed range between
60 and 70 mph, and continuing until 79 mph. To
generalize, in this set of configurations, the critical
speed increases with inereasing loads; with regard to
the effect of wheel profiles, the empty cars hunt at a
lower frequency with worn wheels than with new
wheels. While the empty box type ecars hunt at a
frequency slightly above 3 Hz with new wheels, those
with worn wheels hunt at about 2.5 Hz. The effect of
wheel profiles on amplitude response is not significant.
For the empty box type cars, maximum aecceleration
levels range from 0.66 g at 50 mph to 1.25 g at 79 mph.
From the very limited test configurations and results,
which may not be typical, wheel profiles are seen to
have no significant effect on performance in the case
of the loaded cars. It is emphasized here that all of
these observations regarding the influence of wheel
profiles on truck performance are on the basis of
limited test data; generalization to all freight ear
trucks is not intended. -

100-Ton Trueks

The test data available in this area cover a 100-ton box
car and a 100-ton covered hopper car equipped with
new wheels. No data are available with respect to worn
wheels. Analysis of reduced data indicates that empty
cars on new wheels exhibit hunting in the speed range
between 70 and 79 mph. Further, the leading end of the
carbody experiences more pronounced motion than the
trailing end in the speed range between 60 and 70 mph.
The peak lateral acceleration level experienced is about
0.8 g in the 70 to 79 mph speed range. In contrast, the
loaded car configuration remains stable through the
entire range of operating speeds up to 79 mph.

4.3.2 Trackability

Test data were acquired on harmonic roll, track twist,
and curve entry/exit.

Results of the reduction and analysis of the test data on
the shimmed track showed that the loaded refrigerator
car has the ability to extract energy from the track
input excitations, and the carbody reaches a state in
which the rocking car exceeds its capability to dampen
or absorb rolling motion. The peak roll angle at the
leading end of ‘the carbody is 2.9 degrees for the
refrigerator car at about 14 mph. The peak roll angle
at the leading end of the carbody for the 100-ton box
car is 2.4 degrees at about 14.5 mph. The results also
showed that the data are quite nonlinear, and contain
higher frequency components, particularly when
acceleration responses are considered. The carbody is
rolling about the lower center; in other words, the mode
excited is the lower center roll.
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Characterization of performance in the track twist
subregime is provided by means of the wheel unloading
index (WUI), which is the zero-to-peak value extracted
from the time history. Performance characteristics are
shown in Tables 4-2 and 4-3.

Results of the reduction and analysis of test data
indicate that the dynamic components of the lateral
forces and L/V ratios are high. The wheel unloading
index for the loaded car has a mean value of 0.138 and
a standard deviation of 0.065 on the 16 degree curve.
The corresponding values for the 15.75 degree curve are
0.208 and 0.108, respectively. The mean values of the
wheel unloading index for the empty car are 0.409 and
0.264 for the 16 degree curve and 15.75 degree curve,
respectively, with standard deviations of 0.083 and
0.73, respectively.

The wheel unloading index is substantially higher for
the unloaded car than that for the loaded car. This is
mainly due to the friction snubber in the suspension
which permits little motion between the truck com-
ponents for the empty car. It may be noted, however,
that the field test data considered here included only
the constant frietion snubber trucks.

Characterization of performance in the curve
entry/exit subregime also is provided by means
of the wheel unloading index. Analysis of the
data indicates that, in general, the peak value of the
wheel unloading index increases with increasing degree
of curvature. The effect of speed on this index is not
clear (i.e., does not have a constant pattern) from the
results. This might be due in part to the dependence of
this index on just one point extracted from the time
history, and in part to the dependence of the car
response on the track memory of the truck. Rail
contamination and vehicle nonlinearities may also lead
to this phenomenon. However, it has been noticed that
the empty cars experience a higher wheel unloading
index than the loaded cars on all curves tested.

4.3.3 Steady State Curve Negotiation

The results of the reduced data show that the lateral
forces and L/V ratios increase with increasing degree of
curvature and they tend to have the same character-
istiecs. For the moderate curves of 2.5 degrees and 3
degrees, the lateral forces on the leading outer wheel of
the loaded car are comparable. However, these lateral
forces show substantial inerease in magnitude as the
degree of curvature increases, reaching an approximate
value of 14,000 Ib at the 6.2~degree curve. The ratio of
the dynamic lateral forces to the steady state lateral
forces are lower for higher degree of curvature. The
values of the lateral forces and L/V ratios in both the
forward and reverse directions are comparable. By
comparing the results for the loaded and empty cars,
the following may be stated:



The rate of increase of the lateral forces
and L/V ratios are more critical for the
loaded cars than for the empty cars. This
conelusion is based on mean values of L/V
ratios at balance speed without considering
the associated time duration.

b.  The rate of increase of the lateral forces
and L/V ratios on the leading outer wheel
with ' increasing degree of curvature is
higher for the loaded cars than for the
empty cars. ' .

c. The ratio of the dynamic components of the
lateral forces and L/V ratios to the steady
state components are higher for the empty
cars than for the loaded cars. This indicates
that the dynamic effect of both curve entry
and track irregularities is much higher for
empty cars than for loaded cars.

4.3.4 Ride Quslity N

Characterization of performance in the ride quality
regime is provided by means of quantified performance
indices identified for the regime. These indices are:
transmissibility, and rms response over the wide band
spectrum. ‘

Transmissibility, as presented here, is identified as the
ratio of the rms value calculated from the response
power spectral density within a specified frequency
bandwidth to the rms value calculated from the track
input power spectral density over a corresponding fre-
quency bandwidth.

Transmissibility has been quantified in both the vertical
and the roll directions. Vertical acceleration response
at the sill level and roll acceleration response at either
end of the carbody in the frequeney bandwidths of 0 to
4 Hz and 4 to 10 Hz have been considered. The
corresponding input consisted of power spectral densi-
ties of track profile in respect to vertical response and
track cross level in respect to roll response in the same
frequency bandwidths.

The rms values of the response power spectral densities
for both the vertieal and the roll accelerations were
computed over the frequency range of 0-20 Hz as an
additional performance index and plotted as a function
of speed. -

70-Ton Trucks

In general, loaded box type cars on 70-ton trucks
indicate inereasing values of rms vertical acceleration
with increasing speed and a tendency to resonate in the
vertical plane at about 50 mph. In the case of empty
box type cars, the levels of vertical acceleration
response are higher as compared to the response of the
loaded cars, the implication being that: loaded cars
obtain better ride quality than empty ones. However,
in one case, the loaded box car indicated higher levels
of vertical acceleration above 40 mph as compared to
those of the empty car. This case is considered the
exception rather than the rule, and one possible expla-
nation for this phenomenon is the coincidence of the
natural frequencies of the carbody with those of the
excitations from the jointed track, as well as the
coineidence of the truck center spacing with the spac-

ing of rail joints.

In the case of the flat cars, only the loaded configura-
tion has been analyzed since the empty configuration
was exténsively covered by the lateral stability regime
by virtue of indications of hunting. The flexural modes
of vibration of the car are believed to be significant
contributors to the car response.

In the roll mode, the amplitude response of the loaded
box type cars is lower than that of the empty ears and
the principal reason is considered to be the lower level
of friction damping in this mode. Analysis of data on
the loaded flat car indicates that the contribution from
the torsional mode of vibration is signifiecant. ‘At about
40 mph the response peaks, with the leading end under-

going higher amplitude response than the trailing end.

100-Ton Trucks

Once again, the loaded box type cars on the 100-ton
trucks exhibit better vertical ride quality characteris-
tiecs as compared to those of the empty ecars. The
difference in the responses between the empty and the
loaded cases is attributable, at least in part, to the
higher natural frequencies of the empty cars and the
effect of friction snubbing.

Among the box type cars in the roll mode, the hopper
cars indicate lower levels of amplitude response as
compared to those of the box cars. The trailing end of
the carbody undergoes higher levels of roll acceleration
than the leading end. -



TABLE 4-2. STATISTICAL SUMMARY OF WHEEL/RAIL LOAD DATA OF
100-TON TRUCKS (WITH EMPTY BOX TYPE CARS FROM

CURVED YARD TRACK TESTS)
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Vertical Load (Ib) Lateral Load (Ib) Wheem'g,?“di"g
‘ Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.
8.3 mph, 16° Curve
| -:26" Superelevation 0.409 0.083
Leading Outer Wheel 9330 680 1850 1000 0.196 .0.103 ‘
Leading Inner Wheel 5440 710 2030 680 0.366 0.135
Trailing Outer Wheel 8670 970 -15 1030 0‘.009 0.114
Trailing Inner Wheel 9740 630 440 740 0.043 0.079
9.3 mph, 15.75° Curve '
| i3 Sugerelevation | 0.265 0.0
Leading Outer Wheel 7960 920 3210 1510 0.399 0.186
Leading Inner Wheel 7730 1050 1720 790 0.222 0.105
- Trailing outer Wheel 10080 1280 1710 1780 0.043 0.079 -
Trailing Inner Wheel 10430 1860 -1450 1680 -.106 0.130
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TABLE 4-3.

STATISTICAL SUMMARY OF WHEEL/RAIL LOAD DATA OF
100-TON TRUCKS (WITH LOADED BOX TYPE
CARS FROM CURVED YARD TRACK TESTS)

Vertical Load (Ib) Lateral Load (Ib) L/V Ratio o
Test Condition
Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.
9.8 mph, 16° Curve
i -_.ZE“_Su_pire_le_vaii(E ) 0.138 0.065
Leading Outer Wheel 28300 2880 9790 4430 0.35 0.163
Leading Inner Wheel 26570 2860 6340 1800 0.239 0.066
Trailing Outer Wheel 29620 2960 5430 8800 0.175 0.191
Trailing Inner Wheel 26840 2320 4960 8390 0.317 0.303
8.55 mph, 15.75° Curve
_lsg“ju_geffiaiio_n ] 0.208 0.108
Leading Outer Wheel 24560 3700 8230 2000 0.342 0.0995
Leading Inner Wheel 28730 3200 12460 5580 0.451 0.234
Trailing Outer Wheel 25270 2830 9830 2070 0.396 0.103
Trailing Inner Wheel 26200 5050 12400 3520 0.483 0.148




4.4 PERFORMANCE CHARACTERIZATION
OF TYPE Il TRUCKS

Test data acquired from field tests conduected in TDOP
Phase II on the seven Type II trucks were analyzed
through digital computers and software packages es-
pecially tailored to meet the data reduction require-
ments within the project. The computer outputs of
data analyses were arranged in digital printout and plot
formats to facilitate analysis and presentation of the
results. Data pertaining to each performance regime
were first examined for quality; then, the total time
history in each of the tests was reviewed in the
process of selecting appropriate windows on the data to
be analyzed; finally, selected data were analyzed in
keeping with specific engineering and analytic require-
ments for quantitative definition of performance char-
acteristics. The results in each of the performance
regimes included digital printouts allowing for statisti-
cal analysis, and various forms of plots defining
functional relationships of performance characteristics
with operational variables included in the test
conditions.

As a result of the analysis of field test data on the
performance of the Type II trucks, quantified levels of
performance could be studied as functions of opera-
tional variables. Analysis of test data permitted quan-
tification of the performance indices defined with each

of the performance regimes (Reference 2). Table
4-4 listed the names of the seven Type II trucks
tested in this program.

In making any comparison with the performance levels
associated with Type I trucks described in Section 4.3
and Reference 1, one cautionary note is important to
keep in mind. That is, the Type II trucks were tested in
conjunction with an open hopper car and the trueks used
the CN profile wheels; whereas, the Type I trucks
tested under TDOP Phase I were in conjunction with
carbodies inclusive of boxears and covered hopper cars,
and the trucks used the AAR Standard 1:20 taper
profile wheels. Although the Type I trucks tested in
TDOP Phase II were tested in conjunction with an open
hopper car, the trucks did use the AAR Standard 1:20
taper wheel profiles. One other cautionary remark is in
order; namely, that the Alusuisse truck was a 70-ton
truck as compared to the other six Type II trucks which
were all 100-ton trucks.
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4.4.1 Lateral Stabilit

A summary of the results is presented in Tables 4-5 and
4-6 on test configurations with empty cars and loaded
cars, respectively. Since sustained hunting was
observed in only relatively few cases, the analysis
considered in some detail the intermittent hunting

phenomenon.

4.4.2 Trackability

Quantification of performance characteristics in this
performance regime covered the subregimes of
harmonic roll, track twist, and curve entry/exit. Per-
formance test data covering the harmonic roll
subregime consisted of data from test runs on branch
line, Class 2 track. Analysis of the test data indicated
that the excitations arising from the track irregulari-
ties were not sufficient to cause the rock and roll
phenomenon. This phenomenon is characterized by roll
angles in the range of 3 to 5 degrees. The test data,
however, showed a moderate response with the roll
angle being in the range of 0.5 to 1.0 degrees.
Therefore, no characterization of performance for the
Type II trucks in this subregime is provided. ’I:he
performance characteristics presented in this section
cover only the two subregimes of track twist and curve
entry/exit.

The preformance index defined in the subregime of
track twist is the wheel unloading index (WUI). To
provide some statistical significance associated with
the quantitative values presented, the index presented
is the 95th percentile; and the average value as well as
the standard deviation of the index are given. In
deseriptive terms, the 95th percentile indicates that
the value of the wheel unloading index given is likely to
be exceeded only 5 percent of the time during a single
passage through the spirals. The results presented
represent the performance of trucks as they traverse a
left hand, 16-degree, curved yard track at an
approximate speed of 10 mph. The superelevation of
the curve was -0.26 inch. The results are given in Table
4-7.

The data presented indicate a wide variation in perfor-
mance between the various trucks tested. The empty
cars, in general, experience higher values of wheel
unloading index as compared with loaded _cars.
Although individual Type II trucks seem to attain im-
proved load equalization levels, as a class, the group of
vehicles tested cannot make such a claim.



4.4.3 Steady State Curve Negotiation

In the process of analyzing the field test data to
quantify the performance indices, some unexpected
behavioral trends were observed as they relate to the
wheel/rail force measurements. A closer examination
of these trends through various test runs as well as
examination of the coupler forces data confirmed that
the measured lateral forces tended to be asymmetrie
with respect to the sense of track curvature. In
general, the lateral forces tended to be lower on right-
hand curves as compared to left-hand curves. Although
various hypotheses ‘were formulated to explain the
causes of this asymmetric trend, they remain to be
verified.

These hypotheses include relating the measurements to
well defined wheel/rail contact geometry considera-
tions which may uncover patterns of asymmetry them-
selves, and influence of truck "set" or "memory" as it
travels from one curve to another, among others. A
comparison of the lateral forces for Type II trucks as
they behaved over right-hand curves and left-hand
curves as two distinct groups are given in Figures 4-2
through 4~5 . Figures 4-2 and 4-3 represent the
results for the test configurations with empty cars and
Figures 4-4 and 4-5 represent results for test con-
figurations with loaded cars. On the basis of conserva-
tism under the circumstances, the characterization of
performance of the trucks was determined upon the
higher level of forces, namely those obtained over the
left-hand curves.

Lateral forces and L/V ratios at each of the four
wheel/rail interfaces on the leading truck were
examined for the three test speed conditions, namely
below, at, and above equilibrium, or "balance" speeds.
The algebraic means (average values) of the lateral
forces were calculated for each curve over the length
of track which could be considered "steady state" or
"constant curvature" track. In plotting the characteris-
ties, the absolute values of these algebraic averages
were used,

In general, the test data indicate that in all the cases
the trailing axle tends to carry the higher net lateral
forces for the conditions representing the below
balance speed test runs, and the leading axle tends to
. carry the higher net lateral forces for the conditions
representing the balance speed and the above balance
speed test runs. The trucks with radial alignment
features seem to accomplish their “goal of attaining
flange free curving in the shallower ranges of track
curvature (up to 3.7 degrees), but in the zone with
sharper track curvature (5 degrees and above), guidance
around the track depends on flange contact. No defini-
tively detrimental degradation in performance was dis-
cerned in the case of the rigid trucks relative to the
baseline performance of Type I trucks. Of course, any
comparative evaluation has to keep in perspeective the
differences in test conditions, especially as they relate
to wheel profiles (i.e., the Type I trucks were tested
with AAR Standard 1:20 profile wheels, whereas the
Type II trucks were tested with CN profile wheels).

4.4.4 Ride Quality

Only one of the two identified performance indices in
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this regime was quantified, namely the rms résponse
over the wide band spectrum of 0-20 Hz. The index was
analyzed for the vertical, lateral, and roll accelerations
on the carbody. Accelerations are measured on both
ends of the carbody and the quantitative characteristics
presented in this section are the result of studying the
vertieal, lateral, and roll accelerations at both ends to
choose the performance boundaries determined by the
maximum levels.

Considering vertical vibrations, trueks with primary
suspensions indicate comparable acceleration environ-
ments between the empty and loaded conditions, with
the rms acceleration levels tending to increase with
increasing speeds. On the other hand, secondary sus-
pension trucks indicated a pronounced difference
between the empty and loaded carbody responses, with
the empty carbody responses being the econsistently
higher levels. The truck with primary + secondary
suspension elements featured in the design was tested
only in the loaded condition, and the response levels for
this configuration were bordering the lower bounds of
performance levels for the whole class of Type I
trueks.

In general, for the empty cars equipped with Type I
trueks, the rate of increase of the amplitude of vertical
oseillations with inereasing vehicle speed is small; the
response curves level off in the speed range of 40 to 60
mph. Above 60 mph, the rate of increase in the
response levels of some trucks indicate possible
resonance phenomena at high speeds or, perhaps, a high
degree of coupling between the vertical and lateral
motions of the vehicle system exciting coupled modes.
An examination of the performance of the class of rigid
trucks relative to the radial trucks indicate that, for
the empty ear test conditions, the responses for the

. radial trucks vary in a range so wide that they form the

upper and lower bounds of performance for the whole
group of Type II trucks; in the loaded condition, the
response of the radial trucks also determines the upper
bounds of performance for the whole group of Type Il
trucks tested. i

In lateral motion, the responses of the primary sus-
pension trucks with empty cars indicate levels higher
than that for the secondary suspension trucks. In the
loaded condition, the differences in the levels of accel-
eration responses were not significant. Empty ecars
generally indicated higher levels of lateral aceceleration
response as compared to loaded ecars for the Type II
trucks, as a group. )

Generalization of performance for groups of Type II
trucks in the ease of roll motion proved to be difficult.
Rather, individual trucks showed the ability of specific
design features to influence roll motion. The ability of
a given truck to provide the levels of damping required
to control the motion was especially demonstrated in
the results of the roll response levels.



TABLE 4-4. SYMBOL IDENTIFICATION FOR TYPE II TRUCKS
A Dresser DR-1 Primary Suspension
Trucks ce
[0 Barber-Scheffel Secondary Suspension
Trucks A0am
O Devine-Scales Primary & Secondary O
Suspension Trucks
@® Maxiride 100
A National Swing Motion Radial Trucks A0O0
B ACF Fabricated Rigid Trucks o BmA
() Alusuisse Unconventional O
Suspension Trucks
TABLE 4-5. SUMMARY OF RESULTS FROM ANALYSIS OF TEST DATA
IN THE LATERAL STABILITY PERFORMANCE REGIME
LADING CONDITIONS: EMPTY CARS
RMS Latcral Peak Percentage of
Range of Track Acceleration Lateral Time of Occurrence
Truck Phenomenological| Critical Hunting Excitation (g's) Accel. of Observed
Classification | Behavior Specd(mph) | Frequency(Hz) Frequency(Hz) (g's) Phenomenon
Moderate 60-65 2.7-2.8 2.3-2.5 0.05-0.10 0.34-0.43 60-65
O | Amplitude
Intermittent
Hunting
Moderate 45 2.9 170 0.10 0.35-0.43 65-70
Amplitude
Radial D Intermittent
Trucks Hunting
Sustained Hunting| 55-60 2.90 2.0-2.30 0.2-0.24 0.65-0.68 100
Moderate 60 2.70 2.30 0.12-0.14 0.55-0.60 60-65
Amplitude
Intermittent
O Hunting
Sustained Hunting| 79 3.0 3.0 0.12-0.16 0.87-0.88 100
Moderate 60-65 2.70-3.0 2.3-2.5 .07-0.09 0.46-0.48 60-65
A Amplitude
Intermittent
Hunting
Moderate 65-70 2.70 2.5-2.6 0.105-0.12 0.63-0.65 60-65
Amplitude
Intermittent
Rigid Hunting
Trucks
High Amplitude 79 3.0 3.0 0.12-0.14 0.80-0.84 75-80
Intermittent
Hunting
Moderate 60-65 2.7 2.3-2.5 0.08-0.12 0.50-0.60 60-65
- Amplitude
Intermittent
Hunting
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TABLE 4-6. SUMMARY OF RESULTS FROM ANALYSIS OF TEST'DATA
IN THE LATERAL STABILITY PERFORMANCE REGIME
LADING CONDITIONS: LOADED CARS
Percentage of
Renge of Track RMS Lateral Peak Lateral Time of Occurrence
Truck . Phenomenological Critical - Hunting Execitation Acceleration Acceleration of Observed
Classification Behavior Speed(mph) Frequency(Hz) Frequency(Hz) (g's) (g's) Phenomenon
[aY 75-79 2.7-3.0 2.8-3.0 0.1-0.14 0.48-0.50 80-85
Radial ——1 Moderate
Trucks (8] Amplitude 79 3.0 3.0 0.07-0.09 ~ 0.41-0.43 15-20
—— Intermittent
lo] Hunting 70-75 2.7 - 2.6-2.8 .07-0.11 0.60-0.70 40-50
A 70-75 2.8 2.6-2.8 0.07-0.08 0.50-0.55 ) 30-35
Rigid =1 Moderate g
Trucks o Amplitude 70-79 2.7, 2.6-3.0 0.1-0.14 0.6-0.75 55-60
~—— Intermittent 2
[ | Hunting 70 2.7 2.6 0.1-0.14 0.35-0.40 80
Unconventional () | None N/A N/A N/A N/A N/A N/A
TABLE 4-7. WHEEL UNLOADING INDEX (WUI) LEVELS
Empty Car Loaded Car
Truek Average Standard WUI9 5 Average Standard . W'Ul95
Deviation - Deviation
A 0.564 0.135 0.783 0.190 0.053 0.281
Radial
Trueks a 0.156 0.083 0.343 0.241 0.;[01 0.400
O 0.454 0.218 0.744 0.252 0.136 0.512
Rigid A 0.314 0.126 0.553 0.277 0.058 0.368
Trueks -
[ ] 0.177 0.069 0.297 0.182 0.068 0.307
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4.5 PERFORMANCE SPECIFICATIONS
FOR TYPE Il TRUCKS

One of the major tasks of the Truck Design Optimiza-
tion Project, Phase II was to prepare performance
specifications for Type II trucks; these performance
specifications are presented in thls section.

4.5.1 Seope

Although it was envisioned that the performance speci-
fications developed on the basis of work performed
during the project would be applicable to freight car
trucks universally, it is considered essential to keep in
perspective the finite frontiers of the effort undertaken
during the projeet when applying the specifications to
evaluate freight car trucks. Under conditions eompar-
able to those covered by the project effort, it is indeed
believed that the recommended specifications will be
applicable. Caution is urged, however, in determining
what constitutes a set of comparable conditions for
evaluation. - .

Initially, it was conceived that the development of
performance specifications would be on the basis of
experimental and analytie investigations of a compre-
hensive set of freight ear truck/carbody configurations
that would represent commerically available . vehicle
systems on the market. Furthermore, the analytic
investigations were to be conducted using available
analytie tools subject to validation during the project.
For various reasons, both technical and economie, com-
promises had to be made in the course of the project
resulting in limitations of these investigations which
are reflected in the results.

The recommended performance specifications are or-
ganized by performance regimes. In each performance
regime, the parametric conditions associated with the
recommended guidelines on quantitative performance
are outlined. In using the performance specifications,
it is advisable to relate them to these parametric
conditions to ensure that application of the specifica-
tions are to conditions equivalent to, or at least com-
parable to, the conditions listed. .

4.5.2 Deveiopment of Performance Specifications

The basis on which the performance specifications were
developed was the performance test data acquired
during the TDOP Phase II field tests. The field test
data were analyzed methodically in each of the perfor-
manece regimes to yield quantitative measures of
performance represented by performance indices. The
validity of specifie details. or trends within each regime
was corroborated through physical reasoning, compari-
son with conventional wisdom in railroad literature,
and, whenever possible, through the use of test data
- from other sources.

Extreme behavior of individual trucks, attributable to
specifiec considerations relatable either to hardware
conditions or to test conditions, were excluded from the
recommended specifications. Sueh execlusions were
made after careful and deliberate engineering evalua-
tions of associated conditions and also after compara-
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tive studies with publlshed results. Nevertheless, they
do constitute engineering  judgment and contain an
element of subjective evaluation.

In the interest of coordinating the results with the
industry, the recommended guideline performance
specifications were discussed with railroad industry
representatives at the TDOP consultants' meetings and
at periodie "n progress reviews" to the mdustry Final
results were subjected to review by industry and
government representatives and comments derived
from this review process were accounted for in the
final specifications presented in this section.

4.5.3 Recommended Quantitative Levels of Performance

This subsection presents the quantitative levels of per-
formance that may be expected of the Type I freight
car trucks in each of the performance reglmes under
the applicable conditions*.

Lateral Stability Performance Specifications

Parametric conditions associated with the guideline
performance specifications in this regime are:

Carbodies - 100-ton open hopper car
(with 100-ton Type Il trucks)
- 70-ton open hopper car
(w1th 70-ton Type II trucks)
Wheel - CN Profile (new)
Profiles (with 100-ton Type II trucks)
- AAR Std. 1:20 Taper Profile
(new)
(with 70-ton Type II trucks)
Traek - High Speed Tangent Track
(Class 4, Mainline, BIR)
Speed - 40 to 79 mph
Lading - Carbodies in empty and fully

loaded conditions

Recommended performance specifications are given in
Figures 4-6 through 4-9. The given bands of
performance levels indicate values that may be reason-
ably expected to be obtained under the nominal operat-
ing conditions and associated reasonable variations.
The upper bounds on the bands of quantitative perfor-
mance levels constitute limiting values on the
corresponding parameters.

*With respect to track characteristics, the reader is
referred to Table 2-6, Figures 2-16 through 2-31, and
References 4 and 5 for more details,



Trackability Performance Specifieation - Track Twist

Parametric conditions associated with the guideline
performance specifications in the subregime of track
twist are:

Carbodies - 100-ton open hopper car
Wheel - CN Profile (new)
Profiles
Track - Yard, BJR, 16° eurve

(-0.26 inch superelevation)
Speed - 10 mph
Lading - Carbodies in empty and fully

loaded conditions

Recommended performance specifications are given in
Table 4-8.

TABLE 4-8. WUI95 LEVELS FOR
TYPE II FREIGHT CAR TRUCKS

Performance | Empty Cars Loaded Cars

Index

W[Jl95 0.30-0.55 0.28-0.37

Note: 95% level denotes that the givén values shall not
be exceeded in more than 5% of the time.

Trackability Performance Specifications —
Curve Entry/Exit

Parametric conditions associated with the guideline
performance specifications in the subregime of curve
entry/exit are:

Carbodies - 100-ton open hopper car

Wheel e - CN Profile (new)

Profiles

Track - Class 4, BJR Curved Track,
1.1 - 6.2°

Speed - 25-48 mph

Lading - Carbodies in empty

and loaded conditions

Recommended performance specifications in the curve
entry/exit subregime are given in Figures 4-10 through
4-17.

Steady Stage Curve Negotiation
Performance Specifications

Parametric conditions associated with the guideline
performance specifications in this regime are:

Carbodies - 100-ton open hopper car

Wheel - CN Profile (new)

Profiles .

Track - Clags 4, BéIR, Curved Track,
1.1 -6.27 -

Speed - 25-48 mph

Lading - Carbodies, in empty and fully

loaded conditions

Recommended performance specifications are present-
ed in Figures 4-18 through 4-37. Because of the radieal
differences between the radial and rigid trucks among
the Type II freight car trucks in this performance
regime, the limiting performance associated with rigid
trueks is indicated separately in the illustrations. The
broken lines, shown always &t a level higher than the
radial truck performance bands, represent the upper
limits recommended for the rigid trucks. This excep-
tion, in separating the two subelasses of trucks among
the Type II designs, is considered warranted since better
performance on the part of rigid trucks on curved track’
is not attainable at this time and 1mposmg such
demands is not considered reasonable.

Ride Quality Performance Specifications

Parametric conditions associated with the guideline
performance specifications in the regime of ride quality
are: .

100-ton open hopper car

Carbodies -
(with 100~ton Type II trueks)
- 70-ton open hopper
(with 70-ton Type II trucks)
Wheel - - CN profile (new)
Profiles (with 100-ton Type II trueks)
- AAR Sta. 1:20 Taper profile
(new)
Track - High Speed Tangent Track
: (Class 4, Mainline, BJR)
Speed - 40-79 mph
Lading - Carbodies in empty and fully

loaded conditions

Recommended performance specifications are given in
Figure 4-38 through 4-43. The bands of performance
levels indicate the values of performance indices likely
to be obtained 'under comparable nominal operating
conditions with their associated reasonable levels of
variations. The ‘upper boundary of the performance
bands represent the limiting levels of performance in
each case.



g

g . |
|

i

1
0 5 0 40

PPPPPPPPPPPPPPPPPPP

. RMS LATERAL ACCELERATION LEVELS FOR T
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
PPPPPPPPPPPPPPPPPPPPPPPPP

IH”lHﬂWllHHlHlWW u“

i
30 40

L ]
30 40 70 80
PPPPPPPPP

IIIIIIIIIIIIIIII
PPPPPPPPPPPPPPPPPPPPPPPPPPPP



lllll

O

PPPPPPPPP

EEEEEEEEEEEEEEEE

lllll

z 1

AR

PPPPPPPPP

95 a .
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
CURVED ENTRY/EXIT

lllll

lllll

YA

PPPPPPPPP

EEEEEEEEEEEEEEEE

1 1 1
0 20 30 40

PPPPPPPPP

CURVES ENTRY/EXIT



| i)

PPPPPPPPP

EEEEEEEEEEEEEEEE

M|

PPPPPPPPP

CURVES ENTRY/EXIT

IIIII

lllll

!

1

PPPPPPPPP

PPPPPPPPP

EEEEEEEEEEEEEEE



20,000

T T T
15,000 }- _
3
=
e
10,000 + .
=
ol
5
&
§'>54 5,000 | RIGID TRUCKS ]
< ,
RADIAL TRUCKS
0 \ T e T
10 20 30 40 50
SPEED, MPH
FIGURE 4-18. LATERAL FORCE ON LEADING OUTER WHEEL FOR
. TYPE Il FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CARS - 2.5 DEGREE CURVES
20,000 T T T
15,000 | _
|
wl
L
Ev
—
. g 10,000 - 4
3
s
=
w .
z .
5,000 | RIGID TRUCKS‘\\EX—’ _
0 RADIAL TRUCKS
i e |
10 20 30 T a0 50
SPEED, MPH

FIGURE 4-20. LATERAL FORCE ON LEADING OUTER WHEEL FOR

TYPE Il FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CARS - 3.7 DEGREE CURVES

FIGURE 4-19,

AVERAGE LATERAL FORCE, LB

AVERAGE LATERAL FORCE, LB

20,000

15,000

10,000

5,000

20,000

15,000

10,000

5,000

T

10

SPEED, MPH

LATERAL FORCE ON LEADING OUTER WHEEL FOR

TYPE 1l FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS 2.5 DEGREE CURVES

1

RADIAL TRUCKS
1

10 . 20

30 40 50
SPEED, MPH

FIGURE 4-21. LATERAL FORCE ON LEADING OUTER WHEEL FOR
TYPE II FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS 3.7 DEGREE CURVES

4-18



20,000 T T T - 20,000 T T T

15,000 - e 15,000 - ‘ .
s | = e
3 R . Vi
2 g RIGID TRUCKS ——
- 10,000 1 ; 10,000 |- s
2 g
5 =
—d —
& L
E RIGID TRUCKS 'g:'?:’
= 5,000 ~ l_/-/—— : £ 5,000 -
oL TR il OIAL TRICKS |
0 } IMMWWWWM ] 0 1 - .
10 20 30 40 50 10 20 30 40 50
SPEED, MPH SPEED, MPH
FIGURE 4~22. LATERAL FORCE ON LEADING OUTER WHEEL FOR FIGURE 4-23, LATERAL FORCE ON LEADING OUTER WHEEL FOR
TYPE Il FREIGHT CAR TRUCKS WITH EMPTY TYPE Il FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS - 5.2 DEGREE CURVES OPEN HOPPER CARS - 5.2 DEGREE CURVES
20,000 T = T 20,000 T T T
15,000 k = 15,000 } .
= =
. 5
2 2
= 10,000 - n — 10,000 .
z 2
= =
2 g
£ 5000  RIGID TRUCKSB— T ] £ 5,000 -
RADIAL TRUCKS QI
||unm|m|i|1l1linm\im\\ml\l\llll
0 . Il I S 0 . . C
10 20 30 - 40 50 10 - 20 30 40 50
SPEED, MPH . _ SPEED, MPH
FIGURE 4-24. LATERAL FORCE ON LEADING OUTER WHEEL FOR FIGURE 4-25., LATERAL FORCE ON LEADING OUTER WHEEL FOR
TYPE Il FREIGHT CAR TRUCKS WITH EMPTY TYPE Il FREIGHT CAR TRUCKS WITH LOADED

OPEN HOPPER CARS - 6.2 DEGREE CURVES OPEN HOPPER CARS - 6.2 DEGREE CURVES

4-19



20,000

T

15‘ 000

10,000

AVERAGE LATERAL FORCE, LB

T

5,000

R
0 AD-IAL |||u|||||||nu[lm(lmmllmmllmlmlllllllIlllIIIIIIIIIIIIIIIIIIIIIII

RIGID TRUCKS
N

e
g

1

FIGURE 4-26,

1.0

2 3 4 5 6 7
TRACK CURVATURE. DEGREE
LATERAL FORCE ON LEADING OUTER WHEEL FOR

TYPE I FREIGHT CAR TRUCK WITH EMPTY OPEN
HOPPER CARS AT BALANCE SPEED ( + 2.5 MPH)

0.8 I

0.4

AVERAGE L/V RATIO

0.2 i

0.0

RIGID TRUCKSX

RADIAL TRUCKS
' nmu||n||n|m|||n|l||||||l|||ll||[|||l||||l|I|||||l|I||||||||||||||||l||

10

FIGURE 4-28.

20 30 " 40
SPEED, MPH

50

L/V RATIO ON LEADING OUTER WHEEL FOR
TYPE Il FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CARS - 2.5 DEGREE CURVES

.20,000 T T T T T
15,000 [ J
i |
3
2
2
)
E 10,000 |- .
i}
Y
=
[¥8]
=
5,000 [ :
0
1 7
TRACK CURVATURE, DEGREE
FIGURE 4-27. LATERAL FORCE ON LEADING OUTER WHEEL
FOR TYPE U FREIGHT CAR TRUCK WITH .
LOADED OPEN HOPPER CARS AT BALANCE
SPEED ( + 2.5 MPH)
1.0 T T T
0.8 | i
=)
< 0.6 _
o
<
—
]
§ 0.4 .
= RIGID TRUCKS—
0.2 F T T
RADIAL TRUCKS '
: IIIIIIIIIIIIIIIIIII
I|IIl|||IIIll||IIllI||I|I|I|l|||ll||||||||
0.0 . |||||I||I|l|l| oL
10 20 30 40 50
SPEED, MPH

FIGURE 4-29. L/v RATIO ON LEADING OUTER WHEEL FOR

4-20

TYPE Il FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS - 2.5 DEGREE CURVES



1.0 — —_ L0 — e

08 - T S B 0.8 i :
E’, =3 .
5 0.6 | - = 0.6 . ]
. =
> =
S S
o : w
= L RIGID TRUCKS~ i = N ]
Eow \\>//// EOA
| —" RIGID TRUCKs—iiEL_
0.2 F - 0.2F - J— .
RADIAL TRUCKS RADIAL TRUCKS
0.0 1 1 1 0.0 1 L I
10 20 30 40 50 10 20 30 40 50
" SPEED, MPH ' SPEED, MPH'
FIGURE 4-30. L/VRATIO ON LEADING OUTER WHEEL FOR FIGURE 4-31. L/VRATIO ON LEADING OUTER WHEEL FOR
TYPE II FREIGHT CAR TRUCKS WITH EMPTY TYPE I FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS - 3.7 DEGREE CURVES OPEN HOPPER CARS - 3.7 DEGREE CURVES
1 . 0 1 T T 1 » 0 T T T
0.8 . 0.8 F ‘ .
= =
£ 06 . = 0.6 s
- RIGID TRUCKS — >
D )’ : .
e — » oy RIGID TRUCKS ~. ~
g ouf . g ouf R |
<C <
0.2 0.2 .
RADIAL TRUCKS
0.0 L 0.0 . ! . ] s
10 v . 2 30 40 50
SPEED, MPH _ . SPEED, MPH
FIGURE 4-32. L/V RATIO ON-LEADING OUTER WHEEL FOR FIGURE 4-33. L/V RATIO ON LEADING OUTER WHEEL FOR
TYPE 11 FREIGHT CAR TRUCKS WITH EMPTY TYPE II FREIGHT CAR TRUCKS WITH LOADED

OPEN HOPPER CARS - 5.2 DEGREE CURVES OPEN HOPPER CARS - 5.2 DEGREE CURVES

4-21



AVERAGE L/V RATIO

FIGURE

AVERAGE L/V RATIO

1.0

0.8

0.6

0.4

T T T
L I
RIGID TRUCKS —
e
- .
50

SPEED, MPH

4-34. L/V RATIO ON LEADING OUTER WHEEL FOR

1.0

0.8

0.6

0.4

0.2

0.0

TYPE I FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CAR - 6.2 DEGREE CURVES

/

-

RIGID TRUCKS-\ L
/
/

-

—

RADIAL TRUCKS~
.mmuummmumuumumummunun||u|||lllulmlnllmllllll\\I

1

2 3 ! 5 6 7
TRACK CURVATURE, DEGREE

FIGURE 4-36, L/V RATIO ON LEADING OUTER WHEEL FOR

TYPE Il FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CARS AT BALANCE SPEED
(+ 2.5 MPH) ‘ :

1.0

0.8

0.4

AVERAGE L/V RATIO

0.0

—

RIGID TRUCKS>// -
I

RADIAL TRUCKS

10

FIGURE 4-35.

1.0

20 30 40 50
SPEED, MPH
L/V RATIO ON LEADING OUTER WHEEL FOR

TYPE Il FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CAR ~ 6.2 DEGREE CURVES

0.6 -

AVERAGE L/V RATIO

0.2 -

0.0

RIGID TRUCKS ‘\//-// |
/ WII!|HIII\|||||||W\H

FIGURE 4-37,

4-22

-2 3. 4 5 6 7
TRACK CURVATURE, DEGREE

L/V RATIO ON LEADING OUTER WHEEL FOR -
TYPE Il FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS AT BALANCE SPEED

(+ 2.5 MPH)



0'5 ‘ . l . _I_ " : .";. . ] . 0.5 A . ' : l I
0.4 i | . : ol A
w . . . . o
[Xs) w
S o3} . S o3f .
<L, <C
- o
S 02F . S 02 .
g i = '
> ’ HIIH!HIIIIIIIHIIINHHWHM &
£ | IHIIIHIWWHIIIHNHH ”
" oaf |l!\l|l!\lIl|W|IWH|HH|IIIHI|!W”“" | g |
0.0 1 1 1 1 ’ 0.0 1 1 . 1 1
30 40 50 60 70 80 30 50 . 50 60 70 80
SPEED. MPH : SPEED, MPH
FIGURE 4-38. RMS VE‘RTICAL ACCELERATION LEVELS (0-20 HZ) FIGURE 4-39. RMS VERTICAL ACCELERATION LEVELS (0-20 HZ)
FOR TYPE Il FREIGHT CAR TRUCKS WITH EMPTY FOR TYPE II FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS OPEN HOPPER CARS
0.5 T T T T 0.5 T T T T
0.4} ' i L 0af 1.
o -
= 0.3} - = 03 .
7} &
g 5
= =
- . — .
2 0.2f - 2 0.2t .
s =
g THIT]
| - I
0.0 | ! L 1 0.0 ! ] [ ]
30 40 50 60 - 70 80 0 .40 50 €0 70 80
SPEED, MPH : , SPEED, MPH
FIGURE 4-40, RMS LATERAL ACCELERATION LEVELS (0-20 HZ) FIGURE 4-41. RMS LATERAL ACCELERATION LEVELS (0-20 HZ)
FOR TYPE I FREIGHT CAR TRUCKS WITH EMPTY FOR TYPE Il FREIGHT CAR TRUCKS WITH LOADED

OPEN HOPPER CARS OPEN HOPPER CARS

4-23



I{WWIWHHM
Nﬂ

PPPPPPPPP

IIIIIIIIIIIIIIII
PPPPPPPPPPPPPP

PPPPPPPPP

IIIIIIIIIIIIIII
PPPPPPPPPPPPPPP




4.6 GUIDELINES FOR TEST SPECIFICATIONS

Specification of performance for freight car trucks
developed during TDOP Phase II stipulate gquantitative
levels of performance characteristics expected of them
under a given set of operating conditions. The overall
performance of freight car trucks has been compart-
- mentalized into four distinect and non-overlapping per-
formance regimes (lateral stability, trackability, steady
state curve negotiation, and ride quality); taken toget-
her, these four-performance regimes are inclusive of
the overall truck performance. In each of the perfor-
manece regimes, ranges of economics-related engineer-

ing performance indices correlated to corresponding. .. .

sets.of operating conditions comprise the specification
of performance. ‘A detailed desecription of the perfor—
mance regimes and associated performance indices is
given in Section 1 of this report. : :

The guideline test specifications provided in this see-
tion set forth the procedures for, and conduct of, field
tests (over-the-road tests) as well as laboratory tests
for generating the performance test data which will be
necessary for the quantification of the performance
indices. These indices can then be used to perform a
quantitative evaluation of performance of Type I and
Type II freight car trucks and a check on their ecom-
pliance with the performance specification.

A road test represents the rail environment in all its
complexity. This tends to lend credibility to-the results
whiech may be enhanced by direct observation of the
test specimen. However, care should be taken that the
road tests planned will be properly conducted, ade-
quately instrumented, and rationally interpreted. The
test track is defined in this report so that it can be
duplicated. Laboratory tests, on the other hand, are
accomplished under a controlled environment to con-
duect research on the many dynamic factors affecting
vehicle performance and safety.

With this in mind, the Rail Dynamies Laboratory (RDL)

facility at the Transportation Test Center in Pueblo -

was designed and construeted. The goal of the RDL is
to provide a facility to perform dynamic tests on
several configurations of locomotives, cars and trucks
under controlled conditions. Such a facility permits the
evaluation of various hardware designs in a safe, con-
trolled and reproducible scientific laboratory environ-
ment, allowing the performance of a variety of tests.
While simulated tests under controlied conditions in the
laboratory may not serve as a substitute for field tests,
they can be effective and ecomplementary tools used to
augment the results from a field test program in a cost
effective manner. Thus, the test specifications dis-
cussed. in this section include both field and laboratorv
test conditions.

4.6.1 Field Test Specifications

The specifications reported here cover field testing for
freight car trucks in the four performance regimes.
Under each regime, the data requirements, instru-
mentation, operating conditions, test procedure, and
data reduction and analysis will be specified.

4.6.1.1 Lateral Stability
Data Requirements and Instrumentation. Acceleration
data shall be acquired at these locations: lateral
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accelerations at the B-end, A-end, and the center of
the earbody at the sill level; at the B-end and the A-end
on the carbody at the roof level; at each of the axles on
both trucks under the carbody. The aceceleration data
acquired through accelerometers at these loecations
shall meet the following minimum ecriteria:

. Frequency response: 20 Hz
Range of measurements: + 10 g's
Accuracy of measurements: 1%

Test Track. Lateral stability data shall be aequired on
test runs over tangent track which permits the acquisi-
tion of data over a speed range from 30 mph to 79 mph
or the operating speed limit, whichever is higher. -
(Note: the 79 mph limit is chosen on the basis of
current legal speed limits. on mainline tracks). The
tangent - track may be bolted, jointed, or continuous
welded track, but the jointed track is recommended for
testing since it represents a rough roadbed that may
excite (initiate). the truck hunting movements.

Test Procedures. Tests shall be conducted on a -
selected segment of track of sufficient length
(recommended length: a minimum of five miles, and
more if possible) to permit the acceleration of the test
consist from 30 to 79 mph and also ‘to provide dwell
times at incremental speeds of 5 mph throughout this
range. The dwell times at each incremental speeds,
namely 30, 35, ...70, 75, and 79 mph, shall be a
minimum of 60 seconds to provide acquisition of quality
data at these selected constant speed intervals.. If the
length of test track does not permit this' sequence of
data acquisition in one pass, the -test run shall be
segmented into two, or more passes covering, say, for
example 30 to 60 mph, 60 to 70 mph, and 70 to 79 mph
as overlapping passes. -

Data Reduction and Analysis. The output of the lateral
accelerometers shall be examined using time history
plots to identify the hunting phénomenon. The rms and
the peak values of the collected data shall be deter-
mined and plotted as functions of vehicle speed.

4.6.1.2 Trackability

a. '~ Harmonie Roll and Bounce/Pitch

All requirements relating to data acquisition, instru-
mentatlon, test conditions, and test procedures shall be
in aecordance with "Specifications for Testing Speecial
Devices to Control Stability of Freight Cars,” Associa-
tion of American Railroads Standard, adopted, 1968,
and revised 1976 (Reference 8).

b. Track Twist

Data Requirements and Instrumentation. Simultaneous
measurement of vertical forces at all wheel/rail inter-
faces on-a given truck =hall be.accomplished through
forece measurement transducers. Although a combina-
tion of strain gaged axles and bearing adapters have
been.used to arrive at the results presented in the
TDOP Phase II reports (References 1 & 2), other
acceptable methods of wheel/rail force measurements
may be used provided that suech methods have been
validated to assure that they yield data within acecept-
able limits of accuracy, namely.5%. Properly cali-
brated instrumented wheels may be used as force
transducers to provide acceptable force measurement
data. If only one of the two trucks under a car is




instrumented, it shall be the forward truck; preferably,
both trucks shall be instrumented to obtain vertical
force measurements at all wheel/rail interfaces under
the test car. Typical wheel/rail measurement instru-
mentation is shown in Section 2 of this report (Figure
2-2).

Test Track. Ideally, the tests should be performed on
track with known or available information on track
twist. Examples may be simulated tracks or perturbed
tracks with known measures of track twist introduced
into them. Otherwise, tests shall be conducted on
existing Class 1 tracks (yards) at speeds of 10 mph or
less.

Test Procedures. Tests shall be conducted over the
selected test track sections at an operating of 10 mph
or less. Data shall be continuously recorded during the
test runs.

Data Reduction and Analysis. The data for the vertical
forces at the wheels of the truck shall be examined, and
the Wheel Unloading Index, defined in Section 1 sha]l
be calculated.

c. Curve Entry and Exit .

Test runs and: conditions governing the tests for acquisi-
tion of data to be used in this performance subreglme
are discussed below.

4.6.1.3 Curve Negotiation

Data Requirements and Instrumentation. Data require-
ments under this section, in addition to the steady state
curve negotiation performance regime, also covers the
curve entry/exit subregime of the trackability perfor-
mance regime. '

Continuous measurement of lateral and vertical forces
at the wheel/rail interfaces (preferably, all locations
under the test car; at a minimum all loeations at the
forward truck under the test car) shall be performed.
The forece measurements may be accomplished by
means of instrumented wheelsets where the axles are
strain gaged to record axle-bending moments and the
bearing adapters are strain gaged to measure vertical
forces, with the forces calculated through the axle
bending technique (Reference 8); alternately, instru-
mented wheel plates may be used as force transducers
to measure wheel/rail lateral and vertical forces.

Measurement of the wheel/rail angle of attack shall be.

performed. The angle of attack can be measured using
a wayside system or a vehicle-borne (onboard) system,
The onboard system is recommended since it provides a
continuous measurement of the angle of attack of the
wheel with the rail during the negotiation of the curve.
The onboard system can be electrical (non-contacting
proximity sensors), or mechanieal (spring-mass system).
However, care should be taken to provide sufficient
dynamic range for the system used in measuring the
angle of attack. It is recommended that the angle of
attack be measured on both sides of the wheelsets of
the leading truck.

Measurements of the truck swivel and track tram aré
recommended since they will help in reducmg and
analyzing the data.
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Test Track. Curve negotiation: test runs shall be
conducted on mainline (Class 4 or better) test tracks
consisting of curves ranging, at a minimum, from 2 to 6
degrees. A larger range of track curvature shall be
desirable. The test track shall be selected so as to
allow representation of at least one curve each in the
classes of approximately 2, 3, 4, 5, and 6 degrees, both
right-hand and left-hand curves; the test curves shall be
preceeded by a length of tangent track not less than
that which permits the test train to acecelerate or
decelerate and enter the test curves at specified test
speeds. It is to be recognized that the test. speed will
vary from curve to curve.

Test Procedures. A minimum of three test runs shall be
conducted in each direction on the test track, repre-
senting (a) a test speed at least 5 mph below, but not
more than 10 mph below, the equilibrium speed for each
curved segment of track represented in the test zone;
(b) a test speed equivalent of track represented in the
test zone; and (¢) a test speed at least 5 mph above, but
not more than 10 mph above, the equilibrium speed for
each curved segment of track represented in the test
zone, with a tolerance of + 2 mph on the test speed
being permissible. No brake applications are to be
made during the test runs. Data generated during the
test runs shall be acquired and recorded continuously.

Data Reduction and Analysis. The time history of the
data channels shall be examined. Lateral and vertical
forces and L/V ratios, as well as angle of attack, shall
be ealculated, and then plotted as functions of speed (or
superelevation deficiency) and the degree of curvature.

4.6.1.4 Ride Quality

Data Requirements and Instrumentation. Lateral and
vertical acceleration data shall be acquired at least at
the B-end, A-end, and carbody center at sill level.
Lateral acceleration data shall be acquired at the B-end
and A-end on the carbody at the roof level.

The acceleration data acquired through accelerometers
shall meet the following minimum eriteria:

Frequency response: 20 Hz
Range of measurements: + 10 g's
Accuraey of measurements: 1%

Test Track. Ride quality data shall be acquired on test
runs over Class 4, mainline tangent track (jointed
welded. rail) which permits the acquisition of data over
a speed range from 30 to 79 mph. The track geometry
data shall be acquired in order to correlate response
measurements made on test vehicles -with a known
track input and to calculate the transmissibility. The
track geometry data of interest in the study of ride
quality are profile, alignment, gauge, and eross level.

Test Procedures. The test speeds shall range from 30
to 79 mph with 5 mph inecrement. Sample time of each
speed shall be 60 seconds. The data shall be recorded
continuously at each speed dwell.

Data Reduction and Analysis. . Detailed statistical
analysis shall be performed on the test data. The
analysis shall include caleulations of the frequency
content of the data, the rms-values of the output
signals and the track input, and the percent of the time




a signal amplitude is above a given level as a funetion
of that level. The transmissibility between the output
signal and the track excitation will be calculated. This
transmissibility may be characterized by a frequency

dependent function of amplitude ratios called' transfer’

function, or a sequence of root mean square (rms) ratios
of ouput-to-input over selected frequency bands (for
example 0-4 Hz, 4-10 Hz, and 10-20 Hz).

4.6.2 Laboratory Test Specifications

The Rail Dynamics Laboratory has been designed to
simulate rail vehicle dynamies under laboratory eondi-
tions to discover means of reducing the costs and
damages currently experienced by railroads. In addi-
tion, new vehicles can be tested to assure safety,
improved ride quality, stability, and life expectancy
prior to actual use.

The Rail Dynamics Laboratory building houses two test
rigs (the Roll Dynamics Unit and the Vibration Test
Unit) and supporting equipment. The test machines are
equipped to accommodate nearly all existing and
planned rail vehicles. They have special design features
providing for ecars varying in weight, length, wheel
gauge, and axle and truck spacing. A brief deseription
of the Roll Dynamies Unit and the Vibration Test Unit
is given below.

Roll Dynamies Unit: The Roll Dynamies Unit (RDU) is
used to study wheel/rail dynamic interaction. The
vehiele forward motion is simulated on rollers which
are controlled by drive trains consisting of a motor and
one or more flywheels,

The RDU provides the capability for driving, or absorb-
ing power from, the wheelsets of four-axle vehicle or
locomotive truck. Six- or eight-axle locomotives and
cars can be tested with use of auxiliary support stands.
Through rotation of the rollers, the RDU simulates
tangent track at various vehicle speeds, and permits
investigation of dynamic phenomena characteristies of
"perfect" tangent track such as truck hunting. A
maximum vehicle weight of 400,000 pounds can be
accommodated and speeds over 144 mph can be simu-
lated in a steady-state tangent track environment.

Vibration Test Unit: The Vibration Test Unit (VTU) is
designed to study suspension characteristics of rail
vehicles, component and vehicle natural frequencies,
ride comfort, lading responses, component fatigue, as
well as rock and roll phenomenon. The VTU provides
the capability for subjecting a 320,000-pound rail vehi-
cle equipped with two two-axle trucks, or one truek of
a vehicle having three or four axles, to controlled
vertical and lateral vibration inputs on the wheels,
creating the dynamie effects of irregular track on a
vehicle. The VTU has a frequency range of 0.2 to 30 Hz
and between 0.2 and 2 Hz motions with displacements
up to 2 inches. Computer-generated rail profiles or
recordings of actual rail profiles drive hydraulic actu-
ators which can be positioned to accept a variety of
truck spacings or axle arrangements. '

4.6.2.1 Lateral Stability

Data Requirements and Instrumentation. The Roll

Dynamies Unit shall be used to produce the speecial

dynamics caused by wheel/rail interaction by simulating

a vehicle's forward motion on rollers. Acceleration
data shall be acquired at the following locations:
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- Lateral accelerations at the B-end/sill level,
A-end/sill level and the center of the ear-
body at the sill level,

- At the B-end and A-end on the carbody at
the roof level,

At each of the axles on both trucks under
the carbody.

The truck bolster yaw angle of the leading and trailing
trucks shall be measured using rate gyros. The truck-
mounted accelerometers shall have a range of + 10 g's.
Expected maximum ranges for purposes of sealing and
calibrating are + 10 g's for the trucks and + 5 g's for the .
body. Actual measurements should be less than these.

The wheel and roller profiles shall be measured using
profilometers. .

The lateral accelerometers on the trucks and carbody
should be recorded as well as their double integrated
signals. All data channels signals should be recorded on
the analog tape and digitized and recorded on magnetic
tape. Analog signals will be filtered by 20 Hz low-pass
filter before being digitized. )

Test Procedure. A continuous speed sweep shall be
conducted from 30 mph to the onset of severe hunting
(if it occurs without excitation). Subsequent test runs
shall consist of ineremental speed sweeps (5 mph
increments) up to the onset of truek hunting, followed
by a decreasing sweep to zero speed. Due to the RDU
simulation of "perfect tangent track,” it may be
necessary to excite the trucks in order to initiate
hunting. If this is necessary, the trucks shall. be
perturbed laterally during tests for each ineremental
speed increase. Ten speeds having 1 mph increments
shall be selected over the speed range from slightly
below the threshold of hunting speed to hard flange
contact truck hunting. The threshold of hunting speed
is the lowest speed at which sustained osecillation of
hunting oceurs. A rotary vibrator may be used on the
carbody for purposes of overcoming static friction of
truck components (Reference 9).

Data Reduction and Analysis. The outputs of the
lateral accelerometers and angle rate gyros shall be
examined using time history plots to identify the hunt-
ing phenomenon. The rms and the peak values of the
collected data shall be determined and plotted as a
function of vehicle speed. The damping ratios of the
hunting mode will be calculated using the log decre-
ment method. It will be plotted versus speed. The
effective conicity will be caleulated from wheel/roller
profile data.

4.6.2.2 Trackability

a. Harmonie Roll )

Data Requirements. The Vibration Test Unit (VTU) will
be used to provide a suitable environment for -the
evaluation of vehicle harmonie roll response. The
instrumentation transducers shall be comprised of angle
rate gyros, displacement transducers and pressure
transducers (Reference 10).

The data for roll angles. and roll angle rates shall be
acquired at the B-end and A-end of the carbody. The
suspension deflections (across the spring group) shall be



measured at both ends of the carbody. The vertical
wheel loads will be obtained from measuring, for
example, wheel cradle pressures with pressure
transducers. The accuracy of measurements of roll
angles, roll angle rates, and spring group deflections
should be within 1%. The corresponding accuracy for
measurement of wheel load should be within 5%. The
data shall be filtered at 20 Hz using low-pass filter and
digitized at 200 samples per second.

Excitation Input. The excitation shall be input to the
VTU actuators making use of the profile generating
system. A rectified sine wave profile shall be used to
simulate a 39-foot staggered joint tangent track.
Appropriate time delays shall be induced between axles
depending on axle spacing for the test car. The
rectified sine sweeps will be input with amplitude
levels, for example, of 0,125, 0.25, 0.5, and 0.75 inch.
(It should be noted here that the VTU does not allow
wheel lift.)

Test Procedures. The test speeds shall range from 10
mph to 40 mph.Sample time of each speed {frequency)
shall be the time required for ten low joints to be
simulated. The speeds shall be simulated by inputting
a discrete frequency sweep, data being recorded at
each frequency dwell.

Data Reduction and Analysis. The test data shall be
previewed through the use of time domain plots. The
peak-to-peak values for roll angles, roll angle rates, and
suspension deflections shall be extracted from the time
history data, tabulated, and then plotted versus speed
(frequency). The maximum and minimum values of
wheel vertical loads shall be determined. From
examining the time history data at different frequency
dwells, the resonance speeds (frequencies) will be
identified.

b. Bounce/Pitech

Data Requirements and Instrumentation. VTU shall be
used to vibrate the rail car to simulate the action of
parallel joint tangent track, and consequently examine
the bounce/pitch phenomenon. Vertical aceceleration
data shall be aequired at, as a minimum, the B-end, A-
end, and the center of the carbody at the sill level. The
spring group deflections at both ends of the earbody
shall be measured. ‘The data for wheel vertical loads
shall also be aequired. The accuracy of measurements
for the accelerometers and the displacement trans-
ducers shall be within 1% and the accuracy for pressure
transducers used to measure wheel loads shall be within
5%. The data shall be filtered at 20 Hz using low pass
filter and digitized at 200 samples per second.

Excitation Input. The profile generating system shall

be used to generate a rectified sine wave profile that -

simulates a 19%-foot parallel joint tangent track.
Appropriate time delays shall be induced between axles
depending on axle spacing. The amplitude levels of the
rectified sine sweeps shall be varied, for example,
0.125, 0.25, 0.5, 0.75 inch.

Test Procedures. Maximum speeds ranging from 35 to
79 mph shall be simulated by inputting a diserete
frequency sweep. The data acquired during the test
runs shall be continuously recorded at each frequency
dwell. Sample time for each speed (frequency) shall be
the time required for ten low joints to be simulated.
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Data Reduction and Analysis. The time history data for
all channels shall be reviewed. The root mean square
values of the vertical accelerations shall be determined
and plotted versus speed (frequency). Maximum and
minimum values of the vertical load at each wheel shall
be determined, and the duration of wheel lift, if any,
shall be identified. The bounce resonant frequency
(eritical speed) shall be identified from the time history
plots.

e. Track Twist

Data Requirements and Instrumentation. Track twist
load equalization ineludes both the statie and quasi-
static (very low speed) capabilities of a truck to with-
stand track irregularities. When the car is perfectly
still, unequal wheel loads can exist depending upon the
breakout forece of the friction snubbers and center of
gravity location of the ecar. For quasi-static ecase,
where the rail car is traveling at a very low speed (less
than 10 mph), the unequal wheel loads plus the occur-
rence of a lateral foree can result in derailment.

A thorough investigation of load equalization shall be
performed under the controlled laboratory conditions at
the Rail Dynamics Laboratory. The Vibration Test Unit
shall be used to evaluate static load equalization
capability. This machine allows a fully loaded
car/truck configuration to be mounted on eight vertical
actuators. These vertical actuators can be positioned
to cross level differences of up to 5.9 inches between
any of the four wheels of a truek.

The vertical loads at the wheel/rail interface shall be
determined using, for example, pressure transducers.
These values of vertical forees shall be used to calcu-
late the wheel unloading index.

Test Procedure. The VTU will be used to duplicate a
full range of actual track twist conditions by varying
wheelset roll amplitude and roll center loeation. This
will be aceomplished by slowly and continuously varying
the actuators to test all possible configurations while
simultaneously recording the vertical load at each
wheel.

Track twist will be set up by varying the twist ampli-
tude and the center of rotation of wheelsets one at 2
time and two at a time. During the tests, data shall be
recorded for both increasing and decreasing track twist
in order to detect any hysteresis. It is possible to have
different wheel distributions even for the static load
cases depending upon how the friction snubbers lock up
when they come to rest.

Data Reduction and Analysis. The measured vertical
loads at the wheel/rail interface shall be used to
determine the wheel unloading index. The wheel un-
loading index will be plotted versus the angle of twist
within axle spacing of the truck.

Test data analysis shall consist of evaluating the WUI
performance index for the full range of track twist and
up to the maximum accommodation during laboratory
testing. Identification of the worst case conditions will
allow correlation with existing track geometries en-
countered in yards, sidings, and special track work.



4.6.2.3 Ride Quality

Data Requirements and Instrumentation. The VTU will
be used to generate the test data required to char-
acterize the ride quality regime. Lateral and vertical

acceleration data shall be acquired at least at the B- .

end and A-end and carbody center at sill level. Lateral
acceleration data shall be acquired at the B-end and the
A-end on the carobdy at the roof level.

The acceleration data acquired through accelerometers
shall meet the following minimum eritieria:

Cut-off frequency: 30 Hz
Range of measurements: + 10 g's
Accuracy of measurements: 1%

The wheel excitation, whether it is generated using.

computer or previously recorded of actual rail profiles,
shall be recorded continuously and simultaneously with
the output response data.

Excitation Input, Computer-generated rail profiles
making use of the profile generating system or record-
ing of actual rail profiles shall be used to drive the
hydraulic actuators. The track shall be Class 4 or
hetter. The time delay due to the axle spacing will be
taken into account when exciting the vehicle system.
The track geometry of interest in study of the ride
quality regime are profile, alignment, gauge, and cross
level.

Test Procedure. The test speeds shall range from 30 to
79 mph. Sample time of each speed shall be 60 seconds.
The data shall be recorded continuously at each speed
dwell. Each of track input (profile, alignment, gauge,
and cross level) will be treated separately and then
collectively to study the effect of coupling in the
multi-degree of freedom system.

Data Reduction and Analysis. Detailed statistical
analysis shall be performed on the test data. The
analysis shall include calculations of the frequency
content of the data (i.e., the power spectral density
functions using Fast Fourier transform technique), the
rms values of the output signals and the wheel input,
and the pereent of the time a signal amplitude is above
a given level as a function of that level. The trans-
missibility between the output signal and the wheel
excitation will be ealculated (the leading wheel of the
leading truck can be used as a reference). This
transmissibility may be characterized by a frequency
dependent funetion of amplitude ratios called a transfer
funetion, or a sequence of root mean square (rms) ratios
of output-to-input over selected frequency bands (for
example 0-4 Hz, 4-10 Hz and 10-20.Hz).

4.7 REMARKS

1. From an examination of the test results concern-
ing the lateral stability regime, the following
general conclusions can be drawn:

d. Increasing vehicle speed is a destabilizing
effect. An increase in the speed results in a
higher hunting frequency and a decrease in
the system damping. :

b. Related to a given trueck, an empty car
condition causes lower critical speed, i.e.,
the empty condition has a destabilizing

4-29

character.

The rail length is a very significant factor in
determining the dynamic characteristics of
the earbody/truck system. At low speeds,
the forced frequencies arising from the rail
joints force the vehicle system to osecillate
at the jointed frequencies, and do not give
the natural modes of oscillation a ehance to
be fully developed. At higher speeds, if the
hunting frequeney of the vehicle system s
close to the forced oscillations (especially
the first and second harmonies of rail
joints), a synchronization occurs, i.e., the
hunting movements of the vehicle system
synchronizes with the forced osecillations.
This synchronization makes an autonomous
oscillation (hunting) very probable, and may
lead to intermittent hunting.

On the other hand, as the vehicle is
experiencing fully developed hunting (sus-.
tained oscillation), the. vehicle dynamic be-
haviors on jointed rail and continuous
welded rail are comparable.

There are several stages of Hunting with
increasing vehicle speed. The first stage
manifests itself in a form of nosing or
fishtailing. The second stage takes place
with high probability of the other ecarbody
end undergoing intermittent hunting. The
last stage is achieved with violent motion
for the whole system of carbody and trucks,
indicating fully ‘developed hunting. When
the carbody starts hunting, the frequency
remains approximately constant..

For Type I trucks, the amplitudes of motion
for the 100-ton configurations are much
lower than these for the 70-ton configura-
tions.

The greater lozenging stiffness incorporated
in the rigid truck designs, in association
with the other companion modifications
such as primary suspension elements,
reduced coupling between the trucks and the
carbody and dampening mechanisms, allow
these truck - designs to achieve improve-
ments in lateral stability performance
levels.

In the trackability regime the folldwing may be
noted: . :

a.

The loaded cars have better performance in
equalizing the vertical load on the wheels
than the empty ecars. :

Primary suspension trucks seem to result in
reduced vertical dynamic loads and thus
point to potential improvements in freight
car truck design. '

In the stéady state curve negotiation the follow-
ing may be noted:

a.

The leading outer wheel which is the main
guiding wheel when entering a curve, ex-
periences and maintains larger lateral



forces and L/V ratios above balance speed
than does any other wheel. Above balance

speed, the leading outer wheel also seems to

be more sensitive to track eurvature.

b. Track history, i.e., direction and magnitude

of preceeding curve, has a significant in-
fluence on the curve negotiability. There is
a pronounced difference in the level of the
lateral forces generated during negotiation
of left and right hand curves. This indicates
the asymmetrie characteristics of the gen-
eration of the lateral forces.

e, In general, below balance speed, the major
share of the net lateral force applied to the
track is due to the trailing axle of the truck.
At and above balance speed, however, the
leading axle carries the highest net lateral
forece.

d. The wheelsets of Type I trucks and the rigid
trucks in Type II trucks are unable to align
themselves with the local normal to "the
curve, and the guidanee depends on the
flange forces guiding the truck around the
curve. In other words, the wheel flanges
perform the primary role in curve negoti-
ability in curves of moderate and large
degree of curvature (2.5 degree to 6.2 de-
gree curves).

e. The radial trucks seem to achieve a
measured degree of success in attaining
their goal of reducing the levels of lateral
forces at the wheel/rail interface in eurved
track, especially in track of moderate curv-
ature (less than 5 degrees).

The following are some observations concerning
the reduced and analyzed data used to char-
acterize the ride quality regime:

a. The role of train speed on the ride quality
response of the carbody is clearly discerni-
ble; as the train speed is increased, more
track excitation is transferred to the ecar,

_ resulting in higher amplitude response.

b. Rail joint frequencies and the location of
peaks in the power spectra are strongly

related, indicating that the input execitation -

to the car arises mainly from the periodic
rail joint spacing, with smaller contributions
from the stochastic ‘excitation from the
random track irregularities.
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e For Type I trueks, in the roll mode, the

loaded T0-ton vehicles exhibit more desir-
able dynamie characteristics than the
loaded 100-ton vehicular combinations. In
the vertical mode, the 100-ton trucks are
more effective in attenuating the track ex-
citations transmitted to the carbody than
the 70-ton trucks.

d. Primary suspension trueks seem to have the
ability to attenuate track execitations and
thus, provide smooth ride conditions to the
lading.

e. The loaded cars for 100-ton Type I and Type
1I trucks resonate in the speed range of 50
to 60 mph in both the vertical and lateral
directions.

In general, no single Type II truck tested in the
program seems to achieve significantly improved
performance in all four performance regimes.
The improved performance in specific perfor-
mance regimes on the part of a given Type 1I
truck can be related to specific design features
whieh have desirable impact on performance in
that regime. Improvement in performance in one
regime is attained at the cost of degraded perfor-
mance in another. A thorough evaluation of the
specific design features, as compared to evalua-
tion of the truck itself, with a view toward
maximizing the potential benefits while at the
same time optimizing the trade-off in detrimental
effects, should be considered in continuing efforts
of the type undertaken in TDOP Phase II. The
potential for combining the advantageous tech-
nological features into one future truck: design
cannot be ruled out. The framework for pursuing
such an effort is contained in the experimental
and analytic methodology developed and used in
TDOP Phase IL '

The classification of truek performance into dis-
tinct performance regimes and identification of
performance indices typical of each regime is an
important first step in a standardized metho-
dology for truck evaluation. Detailed analytic
procedures used in reducing, analyzing and inter-
preting field test data and correlating the results
to various service conditions have culminated in a
set of recommended truck performance specifica-
tions.
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" SECTION 5 - ECONOMIC ANALYSIS

5.1 INTRODUCTION

The objectives of the TDOP Phase II economie analyses
are (1) to identify the major parameters that govern the
profitability of the Type II trucks, and (2) to delineate
the trade-offs involved in choosing between Type I and
Type II trucks., These objectives have been addressed
through an analysis of results obtained from field test
data, and an analysis-of car maintenance data that were
acquired from two major operating railroads in the
United States. Added to the analyses of- theése data
bases are considerations relating to such areas as
expected additional costs that may reasonably be
expected to accrue from the use of newer and less
conventional equipment. As nearly as possible, such
judgmental considerations have been arrived at in
consultation with industry sources represented on the
TDOP consultants group.

This section of the TDOP Phase II Final Report has
been organized to refleect the major elements of
analysis. The arrangeraent of the topies econform to the
progression of effort within the economics task. First,
the car maintenance analysis is discussed in detail,
including procedures, data bases, and results. This is
followed by subsections on fuel eonsumption, roadway
maintenance, and lading damage and derailment. Here
the various implications of the field test results in
terms of freight car truck economics are discussed.
Finally, the cost/benefit analysis section reviews the
expected cost increases likely to acerue with the choice
of Type Il trucks as compared with the Type 1 trueks.

5.2 CAR MAINTENANCE ANALYSIS

An expected benefit with a Type II truck design is
reduced car maintenance costs. One of the objectives
of the engineering efforts in TDOP was to estimate the
changes in performance that can be expected with a
Type U truck (e.g., a 30% longer wheelset life with a
steering truck). 1t is the purpose of this analysis to
provide the methodology to convert this engineering
performance evaluation into a dollar savings that would
result from reduced car maintenance.

Conventional economic technigues have been employed
to estimate the cost of all future maintenance over the
projected life of a new freight car at the time the car
is purchased. To build this estimate, complete main-
tenance records were considered from two railroads
(the Union Pacific Railread and an east coast railroad)
over a three-year period of time for all roller bearing-
equipped cars. The repair records of approximately
100,000 cars were used.

The prineipal variable influencing car maintenance was
annual mileage. For this reason, the methodology was
constructed to control for annual mileage variations
among cars. Initially, it was assumed that different
railroads would experience different maintenance costs,
which is why two railroads were considered. Surpris-
ingly, the overall results were quite similar. Finally, it
was suspected that differences in carbody types and car
weights were significant. Some effort has been
expended along these lines (for example, results showed
that 100-ton cars cost slightly less to maintain than 70-
ton cars); however, estimates of this type are difficult
to make because of a lack of long-time histories for the

100-ton cars. Although roller bearing cars have been
used for 16 to 18 years in large numbers, 100-ton cars
have considerably shorter histories. In the case of 100-
ton open hoppers, there simply is not enough data to
draw meaningful eonclusions.

The results of the analysis suggest that car main-
tenance alone will not pay for a Type II truck, at least
in the price ranges considered (from $14,000 to $21,000
per car set). Since the reduced maintenance costs are
not enough on a per car basis to pay the added purchase
price, the TDOP economie analysis went on to consider
fuel consumption and rail wear. However, much more
work could be done with the car maintenance data, for
example:

a. Evaluation of equipment performance with
the following objectives:

- ~ - Establishment of differential costs
between different carbody types for
support in setting rates and calculating
profitability of service.

-  Timely automatie identification of car
series with mechanieal problems.

-~ Evaluation of individual manufacturer's
parts as to their economic perfor-
mance.

b. Automatic auditing of car repair billing
data. .

c. Caleulation of the correct time for cars to
be retired.

5.2.1 Results

Figure 5-1 illustrates the comparison between the
eastern and Union Pacifie (UP) railroads. The annual
car mileages are shown on the X-axis. The Y-axis is
the discounted cost of all future maintenance at the
time of purchase of the car. This is the amount of
money committed to ear maintenance when one pur-
chases a new car. The figure assumes a 10% discount
rate and a 30-year or 1.2 million miles of car life,
whichever comes first.

In examining the UP data, it is obvious that there are
significant differences in maintenance costs between
normal service cars and high mileage cars. This is an
empirical result obtained by comparing data from high
mileage cars with normal serviece cars. Not enough
detailed mileage data are available from the eastern
railroad to draw a distinetion between normal service
and high mileage service. As a result, the curve for the
eastern railroad falls between the UP lines. High
mileage service apparently experiences different repair
costs than normal service. For example, unit trains do
not couple and uncouple as often, saving wear on the
couplers and brake lines. It appears that this type of
service is less damaging per mile than conventional
service. Furthermore, car types tend to be different
between high mileage and normal service cars (e.g., the
high mileage cars tend to be newer). Also, high mileage
cars on the Union Pacific Railroad have an increased
incidence of C-PEP trucks.
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FIGURE 5-1. COMPARISON OF UNION PACIFIC AND EASTERN

RAILROAD CAR MAINTENANCE COSTS

On the other extreme there is some evidence that very
low mileage service (below 10,000 miles/year) is more
expensive. This possibility has not been investigated
because the low mileage cars are not very .likely
candidates for improved trueks, however, it might be an
area to explore for other purposes.

Tables 5-1 and 5-2 break out the values from Figure 5-1
into components for the Union Pacific and eastern
rajlroad, respectively. The tables are very heavily
weighted toward truck repairs in keeping with the
objectives of TDOP; however, all car repairs are
covered. The level of aggregation is fairly high in the
carbody.

The "present" in the table titles refers to the disecount-
ing of future expenditures to equivalent costs at the
present time. In the case of Tables 5-1 and 5-2, the
"present” is the time of purchase of a new car. The
numbers in the tables are the amount of money that
would need to be put in a bank at a 10% rate of return
to completely pay for the expected cost of repairing
the car over its entire life.

Tables 5-2A and 5-2B show the same data reduced to an
equivalent annual cost. Timing of repairs has a very
significant effect on the value of eliminating a given
class of repairs. If a repair typically happens very late
in the life of a car, it does not affect purchase
decisions as much as the same repair would if it
happened earlier. The equivalent annual cost calcula-
tion in Table 5-2A and Table 5-2B takes account of this
difference; thus, it is not quite the same thing as an
average annual cost. ‘

Data in the heavy repair category for the eastern
railroad included some very expensive repairs that
appear to be a car rebuilding program. Since these
costs are not really maintenance costs, any repair
costing more than $10,000/car has been eliminated
from the eastern railroad heavy repair data. Heavy
repair data from UP were based on one year's records
(1977) from the Omaha heavy repair facility only. UP
currently colleets, but does not keypunch, heavy repair
data. Because of the non-random method of sampling,
anomalies have occurred between 70-ton and 100-ton

cars in Appendix D. The UP heavy repair data entry
shown in the tables should be viewed with some skep-
tieism.

5.2.2 Use of Table 5-1

The numbers in Table 5-1 are the dollar value per car of

totally eliminating & class of repairs. For example, for
a car that travels 25,000 miles/year, a braking system
that never needed any maintenance would be worth
paying $752.57 extra per car. For the same car, a truck
braking system that would never wear out would be
worth $1404.51 extra per car. If the wheelsets would
never wear out, an extra $2307.49 per car would have
been realized. :

The data shown in Table 5-1 are from 1977 through
1979. The prices have been inflated to reflect 1981
levels. Several rule changes probably have reduced
some of the costs. In particular, eliminating the
requirement to remove the roller bearings any time
there is a minor derailment will reduce the wheelset
costs somewhat. About 16 percent of all wheelset
replacements were due to derailment. Of these, about
6 percent are for truck set derailments.(e.g., only one
truek derails). If no wheelsets are replaced because of
damaged roller bearings due to minor derailments, the
wheelset numbers would be reduced by approximately 6
percent. Under the revised rules, the railroad is
expected to inspect the roller bearings and replace
them if they are damaged. A 4 to 5 percent reduction
in wheelset costs due to this rule change may be
expected. Other rule changes also are expected to
reduce some of the categories other than truecks.

Finally, it should be pointed out that these are
"average" car numbers. Because of the limitations of
this type of analysis, the numbers should be regarded as
accurate to only one significant figure. The numbers
are indicative of the amount spent per car on each
repair.

Example 1, Steering Truck

Table 5-1 was developed to evaluate the value of a
change in car design. For example, increased wheel life
is widely claimed as a benefit of switching to a steering
truck. Assume a railroad had the opportunity to buy a

steering truck for an extra $2000 per truck and

expected a 30% longer wheel life, fuel savings, and
reduced rail wear as principal benefits. Data from
Table 5-1 can be used to evaluate the increased wheel
life part of the benefits as follows: -

Car Wheelset  30% Savings 30% Savings Investment
Mileage Cost/Car Per Car Per Truck Tax Credit
12,500 1060.53 318.16 159.08- 174.99
25,000 2307.49 692.25 346.13 380.74
37,500 3464.37 1039.31 519.66 571.63
50,000 3245.84 973.75 486.88 535.56
62,500 3979.21 1193.76 596.88 656.57
75,000 4551.28 1365.38 682.69 750.96
87,500 5052.93 1515.88 757.94 833.73
100,000 5490.52 1647.16 823.58 905.94

As shown from the first column, the savings are
strongly dependent on the annual mileage assumed by
the cars. The second column is the wheelset cost per
car from the summary part of Table 5-1. The third
column shows 30% of the wheelset cost/car, i.e., the
30% savings per ear. The fourth eolumn is half of the



third column (two trucks per car). Finally, the last
column is 1.1 times the fourth column, reflecting the
10% investment tax credit on new investment. The
result is the nominal dollar value of 30% longer wheel
life per truck.

This is not the total amount saved over the life of the
car. Since the discount rate is 10%, for the 25,000
mile/year case, (about .10 x $692.25 = $69.23 per year)
will be saved for an estimated life of 30 years. So the
savings is $2076.74 (about 30 x $69.23) over the life of
the car. However, that money is spread out over the

life of the car. A railroad should be willing to pay only

$380.74/truck today to achieve the projected future
savings. Economists regard this as a break-even
proposition; money is neither made nor lost. The
argument goes that if you have $380.74 today you can
invest it and reasonably expect a 10% rate of return. If
the 10% return is not realized, the money should be
invested in something else.

On the basis of wheelset life alone, this is not a
particularly attractive investment. For the normal ear
(about 25,000 miles/year), a railroad would be willing to
pay up to $380, but is asked to pay $2000. An
investment like this would cost $1620 per truck. For
unit train serviee (about 75,000 miles/year), a railroad
would be willing to pay $750. By itself, this is still not
enough to cover the extra purchase price.

Example 2, New Center Bowl Design

Another example would be a new type of ecenter bowl
that would never wear out. To contrast this to the use
of conventional wear liners, Table 5-1 shows that
center plate liners run about $28.75/car for a 25,000
mile/year car.

Savings would also be realized in reduced center plate
wear. This item runs about $4.55/car for a 25,000
mile/year car. Perhaps half of the expense is asso-
ciated with fractures rather than wear.

Adding these costs gives $28.75 + 0.5 x $4.55 =
$31.03/year or $15.51/truck. Adjusting for the invest-
ment tax credit gives $17.06 as the added cost/center
bowl that could be paid for this improvement and still
break even.

Example 3, Composite Material Brake Shoes

Assume that a composite material brake shoe would
wear out 30% slower than a conventional brake shoe
and would cost 25% more than a conventional brake
shoe. The cost of replacing brake shoes would probably
be 25% higher all through the car's life. This is not a

one-time added cost at the time of purchase of a new

car.

The table can be used to estimate the value of the
saving per new car by calculating what a 5% savings
(30% more life - 25% more cost) is worth. For a 25,000
mile/year ecar, this is 0.05 x $1404.57 = $60.01,
illustrating why there is considerable interest in the
relative performance of different types of brake shoes.
Even small changes in the economie performance of a
brake shoe are worth significant amounts of money.

Table 5-1 is not designed for dealing with retrofit
issues. It is constructed based on the assumption that
any changes will be made at the time of purchase of
new cars. However, methodology used to construet the
table is directly applicable to retrofit questions. Sim-
ple modifications of the procedure are discussed in
subsection 5.2.3.



TABLE 5-1. PRESENT VALUE AT TIME OF PURCHASE OF
ALL FUTURE REPAIRS FOR UNION PACIFIC
ROLLER BEARING CARS

SUMNARY Table NORMAL SERVICE HIGH MILEAGE SERVICE

ANNUAL MILEAGE 12500, TE000 . 37500, 50000, 62500, 75000, 87500, jvouo0,
BRAKES {TEST, PRESSURE SYSTEMs & HAND BRAKES)" 354,80 752,57 1135,20] 797,40 1009,55 1171,07 111,85 1433,48
COUPLERSs  YOKES, & DRAFT GEAR 122,58 13,23 737,50 697,10 918,19 1096,.97 1264.11 1406.75
MISCLLLANLQUS LABOR g MANUFACTURED MATERIAL 368,40 1104.02 1754,38 712,48 915,21 1071,52 1214,32 133%,5)
OTHEN CAR REPAINS 267,34 701,02 13198.20 | 1136,02 1524,21 1811,37 2064,67 2282,.81
TRUCK BHARING SYSTEM (HOSTLY BRAKE SHUES) 640,05 1404,591 220%5,92 ] ¢153.12 274%u,1% 3217,.04 3625,1)1 398%5,78
. WHEELSEYS 100,43 2307.49 34n4.37 | 3245,84 3979,21 4551,20 5052.93% 5490,5%2
OTHER TRUCK REPAIRS 139,19 601,55 1U66.28 | 275,23 355,08 919,97 475,40 523,26
HEAVY RELPAIRS 990,59 1929,18 2050.87 ] 153,20 170,17  184,6% 200,33 212,32

TOTAL 3543 .48 8814,18 13612.79 [ 9170,39 11617,77 13523,686 15207,72 1667u,32

ASSUMED CAR LIFE IN YLARS 30,00 30,00 30.00 30,00 28,80 24,00 20.57 18.00

CAR REPAIRS3 ANNUAL HILEAGE :
12500, 25000, 37500, | 50000, 62500, 73000, 87500, 3100000,
BRAKES (TLST, PRESSURE SYSTEMs & HAND BRAKES) 354,80 7952457 1135.20 | 797.40 1009,55 1171,07 1311,85 1433,36
coras 68.83 174,97 275,29 95,11 124,65 147,91 167,43  18%.40
10788 179,79 357,87 520,55 | 431,39 531,50 604,52 666,73 719,84
PRESSURE SYSTER B4,96 182,70 287,38 | 244,66 319,43 378,33 431,63 &77.14
HAND BRAKES 21,22 37,03 51,99 26,24 33,9 40,32 46,08 51,00
COUPLERSe YOKES, 3 DRAFT GEAR 122,58 413,23 737,50 | 697.10 916,19 1096,97 31263,11 1406,7%
COUPLLR BODIES 43,52 144,21  260.37 | 342,06 495,85 587,84 632,76 107,42
COUPLER KNUCKLES 21,37 69,87 120,44 94,10 121,11 143,00 163,15 18U, 39
OTHER CQUPLER PARTS . 39,19 110,21 179,37 | 123,27 155,91 183,92 205,67  225.%0
YOKLS 6,43 27,20 53,44 35,31 47,13 56,57 65,42 73,06
DRAFI GEARS, CARRIERS, AND FOLLOWERS 13,06 61,74 123,88 | 102,36 138,19 167,6% 19,09 220,48
MISCELLANLOUS LAHOR g MANUFACTUARED MATERIAL 368,40 11049,62 175%,38 712,48 339,21 1071,52 121%,32 13539,5)
OTHER CAR REPAIRS 267,34 Tol.02 1198.26 [1136,02 152%,21 1811,37 2064,67 2282.81
OTHLN CAR REPAIRS 138,38 352,10 527,09 | 650,75 895,54 1078,20 1241,33 1382,57
WELDING 57,16 170,93  301.4% | 261,07 343,51 403,61 456,32 500,17
NON BILLABLE INSPECTIONS 71.80 172,00 269,73 | 224,20 285,10 329,55 367,01 400,07

CAR TOTAL 1313,12 2972.%5 4825,34% |3343,0D0 #367,16 5150,93 5853,95 6458,45

TRUCK REPAIRS NORMAL SERVICE HIGH MILEAGE SERVICE
ANNUAL MILEAGE 12500. 25000,  37500. | 50000, 62500, 75000, 87500, 100000,
TRUCK BRAKING SYSTEM (MOSTLY BRaK: SHUES) 640,05 1404051 2205.92z 2153,12 2796,1% 3217,04 3625,11 3985,78
HRAKE BEAMS 61,52 172.66 335,72 | 279,15 399,97 502,48 591,64 &T%,.35
HRAKL BEAM WEAR PLATES . 0,17 0,41 0.57 0,07 v,08 0,09 0,09 V.10
BRAKE BEAM HANGERS 0,02 0,04 0,05 :
BRAKE HANGER BRACKET WEAR PLATE 0,00 o.01 0.02
BRAAL HANGER BRACKET WEAR PLATE SECUREMENT 0,01 0,01 0,02
HBRAKE HANGER OR CONNECTION PIN ’ 2.81 6422 9.73 8,94 11,22 12,96 14,59 19,93
BOTTURM ROD SAFETY SuPPORY 1,07 2.85 4.92 6.74 9,10 30,91 12,60 14,00
HRAKE HEAM SAFETY SUPPORT 0,32 0,78 1.06 0,09 0,11 0,12 0412 0,13
HRARL CONNECTLUN, BOTTOM 2,38 4,29 5,95 6.11 7.39 6,38 9.29 10,01
BRAKL CONNECTION, ToP 2,44 5.89 9.35 12.93 16,79 19,73 22,25 24,55
BRAKL LEVER - 1.68 2,97 4,14 4,12 4,98 5,65 6.29 6.78
BRAKE LEVER GUIDE OR CARRIER 0,05 0,15 0423 0,08 0,1u 0,11 0,13 Uolk
UEAU LEVER GUIDE 0,02 0.06 0.22 0,40 0,61 0,78 094 1,08
UEAU LEVER GUIDE BRACKET 0,02 0.06 0.15 0,44 0.62 0.75 0.8¢ 0.97
YRAKL SHUES 563.89 1200,27 1822.,28 |1826,90 2280.,24 2644,75 2954,81 3225.23
BRAKL SHOE KEYS 3,86 7,85 11,52 7,15 8,93 10,30 11,%8 12.49
UHEELSETS 1060,53 2307.49 3464.37 {3245,84% 3979,21 551,28 5052,93 5490,52
LUBRICATE ROLLER BEARINGS 19,85 44,76 63,14 50,93 60,02 66,90 72,72 78,20
ROLLLK BEARINGS 148,75 320,44 483,36 | 461,49 567,51 655,30 733,79 803,10
ROLLLH BEARING CAP SCREWS 0,68 0,23 0.36 0,39 U.46 0,51 0.54 .57
ROLLLH BEARING LOCKING PLATES . 0,00 0.00 0,01 6,02 °~ 0,03 0,03 0,03 6,03
ROLLLR BEARING LUBRICATION FITTING 0,02 0,02 0.03 0,02 0,02 0,02 0,02 0,02
PEDLSTAL ADAPTERS 20,16 67,49 114,43 76,10 100,47 118,13 133,735 147,43
HHEELS 356,42 773,29 1170.61 11106.52 1359,56 3$569,12 1756,3% 1921.5¢
HHEEL LABOR 509,98 10b9.84 1615.23 [1331,93 1870,91 2117,91 2329,58 2510,99
AXLESs ROLLER BEARINGS 5,29 11,40 17.21 16,45 20,25 23,33 26,15 28,62
OTHER THUCK REPAIRS 139,19 601,55 1066428 | 27%,23 355,06 439,97 475,%0 923,26
TRUCK BOLSTEKS 38,81 181,09  327.67 71.16 93,09 111,38 126,12 139.67
TAULK BOLSTERS (REPAIRED) 6,98 6427 11.48 3,26 4,63 9,66 641 . T.ln
CENTLR PINS 2,59 7443 12,60 7.13 9,07 10,57 11,85 15,03
CENTER PLATES 1,63 4,55 9,13 0,44 0,64 0,79 0,9 1,08
CENTLR PLATE LINERS . 6,93 28,75 50460 36,95 47,34 55,08 61,20 67.09
THULK SIDE BCARINGS 6,24 18.09 28454 11,25 14,14 16,30 18,02 2.
FRICTION CASTINGS 13,19 51,48 86430 20,46 25,42 29,25 32,51 35,41
SIUL BEARING SHINM 0,29 2.12 3.72 0,73 0,93 1,10 1.26 1,37
SIDt FRANMLS 49,53 223,62 405,43 67,27 91,99 112,98 132,32 147,61
SI0r FHAMES (REPAIREO) 8,62 4.69 7.80 0,58 v.77 0.91 1.0 .10
SPRING PLANKS 0,00 0,02 0.0%
OUTLK SPRINGS 7.57 31,13 51466 17,77 20,52 22,81 24,56 26,00
INNEH SPRINGS - 4,27 16.37 26.68 10,77 12,41 13,70° 14,76 19.57
STABILIZER SPRINGS 3,38 15,25 21.87 5419 6,15 6,87 T. % 8,01
TRUCK SPRING FRICTION SNUBBER . 0,04 0.09 0.12 0,03 0,03 0,03 0,03 0,04
TRUCK SPRING PLATES 0,01 0.02 0.03
TAUCK SPRING SHIMe WOOD 6,00 0.ul G,01
StEel 0,05 0,15 B.28 2.1 3.0 3,87 54 4,94
RANUFACTURED MATERIAL (TRUCK) ’ 318 12,43 22,32 | - 19.52 24,54 28,65 32,42 35,53

TRUCK TOTAL 1839,77 4313,56 6736.57 | 5674,20 7080,4% 8186,30 9153,44 9999.5¢




SUMHARY TABLE

TABLE 5-2.

. BRAKES (TLSY. PRESSURE SYSTEM: 2 "AND BRAKES}

COUPLERSs YOKES, & pRAFT GEAR

NISCELLANEQUS LAHOR 3 MANUFACTURED MATEHIAL

DTHER CAR REPAIR>

TRUCK BHAKING SYSTEHM (MOSTLY BRAKE SHOES) '

WHEELSETS
OTHER THUCK REPAJRS
HEAVY HEPAIRS

CAR REPAIRSS

PRESENT VALUE AT TIME OF PURCHASE OF

ALL FUTURE REPAIRS FOR EASTERN RAILROAD

ROLLER BEARING CARS .

125004

587,99
282,57
488,04
397,89
405,24
95,91

88,08
856,91

TOTAL 4052,63

ASSUHFD'CAR LIFE IN YEARS 30,00

BRAKES (TESTy PRESSURE SYSTEMs & HAND BRAKES)

coras
1pTad

PRESSURE SYSTER
HANU BRAKES

COUPLERSy YOKES, & DRAFT GEAR

CouPLLR BODIES
COUPLER KNULKLES
OTHLR COQUPLER PARTS
YOKLS

DHAF | GEARS, CARRIERS, AND FQLLOMERS

MISCELLANLOUS LABOR 3§ MANUFACTURED MATERIAL

OTHER CAK REPAIRS

OTHER CAR RebAIRS
WELUING C

TRUCK KEpalHs

TRUCK BRAKING SYSTEM (MOSTLY oRakk SHOELS)

BRAKE BEAMS .
BRAAL HBEAM WEAR pLATES
BRAML BEAM HANGEHS

BRAKL HANGER BRACKET WEAR PLATE .
* BRARL HANGER BKACKET WEAR PLATL SECUREMENT - 0,00
BRAKL HANGER OK CONNECTION PIN

BOTTUN ROD SAFETY SUPPORT
BRAKL BLAM SAFLTy SUPPORT
BRAKL CONNECTION, bOTTOM
BRAKE CONNLCTION, TGP
BRARL LEVER

BRAnE LEVER GUIDE OR CARRIER

DEAD LEVER GUIUE

VEAU LEVER GUIUE BRACKET
BRAKE SHOES

BRAAL SHOL KEYS

WHEELSETS
LUBRECATE ROLLER BEAHINGS

ROLLEK BEARINGS
ROLLER BEARING CaP SCREWS

NOLLLR BEARING LOCKING PLATES

HOLLER BEARING LUBRICATION FITTING

PLOESTAL ADAPTERS
wHEELS

WHEEL LABOR

AXLESe ROLLER BEARINGS -

OTHER TRUCK REPAIRS

THULR BOLSTERS

TRULK GOLSTERS (REPAIRED)
CENTLR PLINS

CENTEN pLATES

CENTEN PLATE LINERS
TRULK SIDL HEARINGS
FRICTION CASTINGS

S1Ut BEARING SHIM

S10t FHAMLS

SIDt +RAMLS (REPAIRED}
SPRING PLANKS (REPAIRED)
UUTER SPAINGS

INHLR SPRINGS
STAMILIZER SpPRINGS

TRUCK SPRING FRICTION SNUBBER

. TRULR SPRING PLATES
TRUCK SPRING SHIN, wOOD

MANUFACTURED MATERIAL (TRUCK)

12500,
587,99

140,48
275,99
124,64
. 46,88

282,57

88,08
43,63
70,83
21,40
58,58

488,04
397,89

300,48
97,41

CAR TOTAL 1756,49

12500,
409, 2%

70,94

.- 0,01

i 0,01
3,00

.61
3.89
0,51
5,60
L4,10
14,87
0,28
0,08
u,11
296,77
3.4

945,91

22,93
140,76
0,17
0,00
10,01
25,81
283,13
468,21
4,90

30,74
0,61
T.67
1,12
9,55

c 9,22
4,62
0,74
6,06
0,14
0,00

' 6,55
2,46
0,45

T 0e40
v,00
0,0l
T.54

' .TRUCK TOTAL  1439,23

25000,

1074,81
743,08
1104,55
802433
828,44
1844 ,48
225,25
1992,12

8695,06

30,00

25000,
1074,81

262,27
510,84
226,34

75,37

743,08

231,14
104,85
158,53

05,98
182,58

1104,55
882,33

634,07
248,26

3804,77
}

25000,
828,44

133,58
0,07
04,17
O.,04
DeUw
8,81
T.27
1,14
8.76
Yeld

18,350
0,87
0,18
0,19

633,10
b,06

1844 ,48

43,25
270,85
0,41
0,01
0.02
61,09
562,32
896,40
. 9,92

225425

T6.86
1.66
16,00
5,01
26,595
16,07
9,71
6,59
23,10
1,05
0.05
19.70
8,27
0.75
0.91
0,01
0,01
12,37

2898,17

37500,

1526442
1234.30
1035.80
1303,38
1223,00
2573433

34T.52
2680401

125238,717

30,00

37500,
1526442

370,91
732442
317.55
105,54

1234430

391.43
lb4e 94
247,70
111,98
318,425

1635.,80
1303.38

927,22
376.16

5699,91

37500,
1223.00

189,11
0.11
0,40
0,1e
01l

13,34
1U.45
1,99
11.36
19.00
20.45
1.31
0.28
0,25

949,28

947

2573,33

61,20
374.15
0.77
0,02
0,05
94,48
809,62
1219,76
13,30

347452

109,18
2,31
23,55
. Beld
45,73
22,03
16,12
12,89
36,69
1.66
0.09
34,90
14,97
1.68
1e2%
0.ul
0,06
16,88

4143,.84%

ANNUAL HILEAGE

50000,

1969,75
1736,42
2126.69
1705,93
1608,43
3227,25

456,77
3151,681

15983,04

30,00

50000,
1969,75

472,96
956,72
403,69
136,38

1736,82
561,54
222,61
356,97
157,50
457,80

2128,69

1703,93

1205.30 -

498,64

7538,79

62500,

2392,2%
2234,73
2585,72
2076,57
1973,91
3809,2%

556,52
3506,96

19135,90

28,80

ANNUAL MILEAGE

62500,
2392,2%

569,99
1170,14
485,29
166,85

2234,73

732,34
278,9%
423,66
201,84
597,94

2585,72

2076,.57 7

1465,09

611,47

9289,26

INNUAL MILEAUL

50000,
LeUb,43

241,23
0.1y
0.68
0,22
0420

‘18,23
13,81
3,01
13,90
21,5%4
22,28
1,65
0,38
0,26
1258,83
12,05

3227,25

77,84
461,75
1,22
v,03
0.03
125,43
1039,67
1504, 64
16,64

456,77

131,596
2,79
30,64
10,70
65,90
27,58
22,61
29,08
47,36
2.4
0,12
50,49
22,08
1,40
1,48
0,01
0,13
19,74

5292,45

62500, *

19738,91

289,63
0,16
0,95
u.3}
Lozt

23,30
16,97
4,05
16.26
27,95
23,89
1,94
6,47
0,28
1553,03
14,44

3809,24

93,6%
536,52
1,73
v,03
0,04
155,35
1250,58
1751,85
19,54

556,52

149,57
3,11
37,20
12,79
86,35
32,75
29,16

27,16

59,18
Z.47
0,14

5,90

29,20
1,70
1,61
0,02
0,20

22,01

6339,68

75000,

2706,51
2636,13
2936,52
2348,17
2253,15
4257,48

630,85
3763,61

21530,43

24,00

750004
2706,51

643,08
1323,12
548,393
191,95

2636,33

871,26
324,24
492,20
236,44
711,99

2934, 52
2348,17

1656,29
691,89 .

10625,33

75000,
2253,1%

326,40
. 0,17
© 1,17
0,40
0,35
27,37
19,52-
4,82
18,12
32,89
25,18
2,15
0,55
0,29
175,72
16,22

4257,48

105,28
595,00
2,18
0,04
0,04
178,62
1422,45
1931,12
21,88

630,85

162,23

3,32

42,05
14,26
101,50
36,60
34,07

61,05
2,67
0,16

18,27

54,80

1.92 -

1,73
0,02
0,24
23,61

T141,48

32,18

87sq0,

2975,64
2985,38
3235,33
2581,92
2499,63
4632,%0

691,99

3964, 36
23566,60

'Qn.51

87500,
297s,68

701,64
1456, 86
603,14
214,04

298%,.33

995,23
363,47
552,66
265,49
608,33

3235,33
2581,92

1820,19
‘T61.73

11778.31

87500,
2499.63

361.9%
0.18
1.36
Q.40
0,41
30,43
21,64

5,59
19,75
37.71

26,20

2,53
0,61
0,31
1973,36
17,74

4632,4%0

115,45
645,48
2,56
0,u4

0,04,

* 196,22
1569,26
2077,%0

23,85

691,90

170,74
--3451
86,30
15437

114,09
40,00
38,45

1vo000,

3208,45
3301,64
493,61
218U ,4%0
2713,62

S4Y65412

- Tu8,72

8149,52

o
25349,15

18,00

100000,
3208,45

755,35
1570,43

650,59

234,08

3301.64
1105,65
398,71
606,00
92,37
894,90
3493,6)
2760,46

960,67
814,79

'12784%,16

luouoo,
2713,62

391,30
uv,19
1,54
U,55

ER N Y'Y
33,40
23,59

6,18
21,18
41,83
27,12
2,47
0,67
.31

2145,78

19,06

4963,12

123,97
68Y.4¢
2,9%
v, 04
0,04
216,03
1T02,22

-2204%,85%

25,61

743,72
178,39
3.69

Su,06
16,70

©2 129457

36,68 -

65,42
2,68
[

89,03

- 39,70

i 2,12

© L1483

S 0,02
0,29

25010 7

7823,93

42,95
42426
40,41
69,03
3,09
0.19
98,54
44,04
2,26
1,88
Uev2
0,33
26,29

8424, 46



TABLE 5-2A. EQUIVALENT ANNUAL EXPENDITURE ON ALL
REPAIRS FOR UNION PACIFIC ROLLER BEARING

CARS
HIGH MILEAGE SERVICE
SUMMARY TABLE NORMAL SERVICE
ANNUAL MILEAGE 12500, 25000, 37500, 50000, 62500, 73000, 87500, 1vuvoo,
BRAKLS (TEST, PRCSSURE SYSTEM: 3 HAND BRAKES) 37,04 79,83 120.42 84,59 106,48  130,3% 154,09 174,77
COUPLERS+ YOKES, 3 URAFT GLAR 13,00 43,84 78423 73,95 98,66 122,09 148,36 171,53
NMISCELLANEQUS LAROK & MANUFACTURED MATERIAL 39,08 117,18 186410 75,58 9,36~ 249,46 189,65 . Lez.04
OTHEN CAK REPAIRS 28,36 74,36 127,11 | 120,51 163,78 201,61 242,52 278,34
TRUCK BKAKING SYSTEM (MOSTLY BRAKEL SHOES) 67,90 148,99 234,00 228,40 295,08 358,06 425,81 485,99
WHEELSETS 112,50 244,78 367.50 344,32 427,57 506,56 993,52 669,46
OTHER THULK REPAIRS 14,76 63,81 113,11 29,20 38,15 4,74 55,84 63.80
HEAVY RLPAIRS 62,65 162,21 217.56 16,25 16,29 20,55 23,53 25,89
TOTAL 375,89 935,01 1444,0% | 972,79 1248,35 1505,21 1786,30 2032,62
ASSUMED CAR LIFE IN YEARS 30,00 30,00 30,00 30,00 28,80 24,00 20,57 18,00
CAR REPAIRS? ANNUAL MILEAGE

12500, 25000, 37500, | 50000, 62500, 75000, 87500, 3100000,
BRAKES (TLST, PRESSURE SYSTEM, 3 HAND BRAKES) 37.64 79,83 120.42 84,59 108,48 130,34 154,09 174,77
covas 7,30 18,%6 29,20 10,09 13,39 16,46 19.67 22.61
10748 19,07 37,9 55,22 45,76 57,11 67,20 78,31 87,77
PRESSURE SYSTEM 9,01 .19.38 30.49 25,95 34,32 42,11 50.70 58,18
HAND BRAKES Z.28 3,93 5,51 2,78 3,65 ., 5,41 6,22
COUPLERS+ YOKES, & DRAFT GEAR 13,00 43,84 78,23 73,95 96,66 122,09 148.36 171.53
COUPLLR BODIES 4,62 15,50 27.62 36,29 48,98 60,97 T4,.33 86,26
COUPLLR KNUCKLES 2,27 T.41 12.78 9,98 13,01 15,92 19,16 21,99
UTHEK COUPLER PARTS 4.16 11,69 19.03 13,08 16,75 20,25 24,16 27,48
YOKLS 0,58 2,89 5467 3,75 5,06 6,30 7.68 8,91
DRAHT GEARS, CARRIERS, AND FOLLOWERS 1,39 6,55 13,14 10,86 14,85 18,66 23,03 26,88
MISCLLLANLOUS LABOR 3 MANUFACTURED MATERIAL 39,08 117,18  186.10 75,58 98,34 119,26 142,63 162,84
OTHEN CAN REPAIRS 28,36 74,36 127,11 | 120,51 163,78 201,61 242,52 278,34
UTHLN CAR REPAIKS 14,68 37.35 66452 69,03 96,23 120,00 145,81 164,58
WELUANG 6.06 16,77 31,90 27,69 36,91 44,92 53,60 60,99
NON BILLABLE INSPLCTIONS 7.62 18,25 28.61 23,78 30,64 36,68 43,11 48,78
CAR TOTAL 118,08 315,21 511,87 | 354,62 469,26 573,30 687,60 787,48

TRUCK RLPAIRS NORMAL SERVICE HIGH MILEAGE SERVICE
ANNUAL MILEAGL 12500, 25000, 37500, | 50000, 62500, 75000, 87500, 100VOU,
TRUCK BKAKING SYSTEM (HOSTLY BRAKL SHOES) 67,90 148,99 234,00 228,40 295,06 358,06 425,81 485,99
BRAKL BEAMS 6,50 18,32 35.61 29,61 42,98 55,93 69,49 82.22
BRARe BLAM WEAR PLATES 0,02 0,04 0.06 0,01 L,01 0,01 0,01 v,
BRAREL HANGER OR CONNECTION PIN 0,30 0.66 1.03 0,95 1,21 1,44 1.7 1,94
BOTIUM ROD SAFETY SyUPPOKT V.11 0,30 0.5 0,71 0,98 1,21 1,48 1,71
HBRAKL BEAM SAFETY SUPPORT 0,03 0,08 0.11 0,01 0,01 0,01 0,01 V.02
BRARL CONNECTION, BOTTOM 0,25 0,45 0.63 U.65 0,79 0,93 1.09 1.22
BRAKE CONNECTION, ToOP 0,26 0,62 0,99 1,37 1.80 2,20 2.61 2,99
BRAKE LEVER 0,18 0.31 0.44 0,44 0,53 0,63 0,74 v,83
BRAKL LEVLR GUIDE OR CARRIER 0,01 0,02 0,02 0,01 0,01 0,01 0,1 v, 02
UVEAU LEVER GUIDE 0,00 0.01 0,02 0,04 0,07 0,09 0.11 0.13
UEAU LEVER GUIVE BRACKET 0,00 0,01 0,02 0,05 0,07 0,08 0.10 0,12
BRAKL SHOLS 59,82 127,32 193,31 | 193,80 245,66 294,36 347,07 393,25
BRAKL SHOE KEYS 0,41 0,83 1.22 0.76 0,96 3,18 1,35 1,52
WHEELSETS 112,50 244,78 367,50 | 344,32 427,57 506,56 593,52 669,46
LUBKACATE ROLLER BEARINGS 2.11 ..75 6.70 5,40 6,45 7,45 8,54 9.53
HROLLLR BEARINGS 15,78 33,99 51.27 48,96 60,98 72,94 86,19 97,92
KOLLER BEARING CAP SCREWS 0.01 0.02 0.04 0,04 0,05 0,06 0.06 uv,07
PEOLSTAL AUAPTERS 2,14 7.16 12,14 8,28 10,80 13,15 15,71 17,9
WHELLS 37,81 82,u3  124.18 | 117,38 146,09 174,64 206,30 234,30
WHELL LABOR 54,10 115,61  171,3 | 162,51 201,03 235,72 273,63 306,17
AXLESs ROLLER BEARINGS 0,56 1.21 1.83 1,74 2.17 2,60 3,07 3,89
OTHER TRUCK REPAIRS 14,76 63,81 113,11 29,20 38,15 46,74 55,04 63,80
TRUCK BOLSTERS 4,12 19,21 34,76 7.55 10,00 12,40 14,81 17,03
TRUCK BOLSTERS (REPAIRED) 0,10 0,67 1.22 u.3%5 0,50 0,63 0,75 V.87
CENTER PINS 0,27 0,79 1.34 0.76 0,97 1,18 1,39 1,59
CENTER PLATES 0,17 0,48 0.97 0,05 0,07 0,09 0,11 0,13
CENTER PLATE LINERS 0,73 3,05 5,37 3,92 5,09 6,13 7.19 8,18
TRULK SIDE BEARINGS 0,66 1,92 3,03 1,19 1,52 1,81 2.12 2.40
FRILILION CASTINGS 1,40 5,46 9.16 2,17 2,73 3,26 3.82 “.32
SIUL BEARING SHIM 0,03 0,23 0,39 0,08 0,10 0,12 0,15 0,17
SIUt FRAMES 808 23.72 43.01 7.14 9,80 12,57 15,54 18,00
SIUL FRAMES (REPAIRED) 0,07 0,50 0.83 0,06 0,08 0,10 0,12 (T3¢ }

SPRING PLANKS 0,00 0,00 0,00

OUTEN SPRINGS 0.80 3,30 5.48 1.89 2,21 2,54 2,89 3.17
INNER SPRINGLS 6,45 1.7% 2,93 1.1 1,33 1,53 1.73 1,90
STABILIZER SPRINGS 0,35 1,41 2,32 0,55 0,66 0.76 0.88 v.9%8

TRULK SPRING FRICTION SNUBBER 0,00 0,01 0.1 .
STELL 0,01 0,02 0,03 0,29 0,37 0,43 0,53 0,60
MANUFACTURED MATERIAL (TRUCK) 0,33 1.32 2.37 2,07 2,64 3,19 3,83 4,33
TRUCK TOTAL 195,16 457,58  714.61 | 601,92 760,80 911,36 1075,16 1219,2%




TABLE 5-2B. EQUIVALENT ANNUAL EXPENDITURE ON ALL
. REPAIRS FOR EASTERN RAILROAD ROLLER
BEARING CARS

SUMHARY TaBLE

HRAKES (ILST, PKLSSUKt SYSTEM, & HANO BRAKES]
COUPLERS: YOKES, & DRAFT GEAR :

MISCELLANEQUS LAROR 3 MANUFACTUREU MATERTAL

OTHER Cant REPAIRS

THUCK BKAKING SYSTEM (MUSTLY HKAKE SHOES)

WHEELSELTS B

OTHER THUCK REPAJRS

HEAVY REPAIRS

TOTAL

ASSUHMED CAR LIFE IN YEARS

CAR REPAIRS?

BRAKES (TLSTy PRLSSURE SYSTEM, 2 HAND BRAKES}

CoTad
ipras
PRESSURE, SYSTEM
HAND URAKES )

COUPLERSt YOKES, & DRAFT GEAR

COUPLLR 8ODIES

COUPLLR KNUCKLES

OTHLR CQUPLER PAKTS

YOKLS

ORAFT GEARS, CARRIEAS, ANO FOLLOWERS

MISCLLLANEOUS LABOR x MANUFACTURED MATERIAL
OTHER CaN REPAIRS

OTHLR CAR REPAIRS
WELUING

CAR TOTAL

/
THUCK HLPalHs

TRUCK BHAKING SYSTEM (HOSTLY BRAKEL SHOES)

BRAKL BEAMS

BRARL BEAM WEAR PLATLS

BRAKE BEAM HANGERS

BRAXE HANGER BRACKET WEAR PLATE
HRARL HANGLR BRACKET WEAR PLATE SECUREMENT
BRAKL HANGER OR CONNECTION PIN
HOTIOUM ROD SAFETY SUPPOAT

HRAKL BEAM SAFETY SUPPORT

BRAKE CUNNECTIUN, BOTTOM

HRAKt. CONNECTION, TOP

HBRARL LEVER

BRAnL LEVER GUIDE OR CARRIER
UEAU LEVER GulBE

UEAU LEVER GUIDE BRACKET

BRAKE SHOES

HYRAKL SHOL KEYS

WHEELSETS

LUBRICATE. ROLLER BEARINGS
ROLLEH BEAHINGS

KOLLEH BEARING CaP SCREWS
PEULSTAL ADAPTERS

WHELLS

WHEELL LABOR

AXLL3s ROLLER BEARINGS

OTHEM THUCK REPAINS

THULK BOLSTERS

TRUCK BOLSTERS (REPAIRED)
CENIEK PINS

CENILH PLATES

CENTLK PLATE LINCHS

TRULK STDE BEARINGS

FRICTIUN CASTINGS

SIUL HEARING SHIM.

SENL FRAMES

S10t FRAWLS (REPAIAED)

SPRING PLANKS (REPAIRED)
VUTLH SPHINGS

INWER SPRINGS

STABILIZER SPRINGS

TRUCK SPRING FRICTION SNUHHBER
TRUCR SPRING SHIM. WOOD
MANUFACTURED MATERIAL (TRUCK}

TRUCK TOTAL

12500.

62,37
29,97
51,77
42,21
e, 99

100,54

9,34
90,90

429,90

30,00

12500,
62,37

14,90
29,28
13,22

4,97

29.97

9,34
4,63
7,51
2,28
6,21

51.17
va.21

31,87
10,33

186,33

12500,
4o Y9

T.%3
U.00
0,00
0,00
0,00
0,49
V.41
0,06
0,59
0,44
1,54
0,03
0,01
6,01
31,48
0,37

100,34

2.43
14,93
0,02
2,74
30,03
49,67
0,52

0,00
8,70
0.32
0,04
0,04
g,no
0.78

152,67

5-7

25000,

114,02
78.03

117107

93,60
67.68
195,66
23.89
211,32

922,37

30,00

25000,
118,02

217,82
54,19
n.0ot

7.99

78,83

24,52
1t.12
16,82

7,00
19,37

117417
93,60

67.26
26434

403,61

25000,
87.88

14,17
a,nt
0.2
o.ve
0.00
0.93
0.77
0,12
0,93
0.98
1.94
0,09
0,02
9,02

67.16
0,71

195,66

4,59
28,73
0,04
6454
99,63
95,09
1,01

23,89

8,15
0,18
1.70
0,53
2.82
1.70
1.03
0,70
2,45
B.11
0,01
2.09
0. 488
0,08
0.10
0,00
1.38

307,44

37500,

161,92
130.93
175.53
138426
129,74
272,98

36.66
284429

1328.52

30,00

37500,
161.92

39,39
77.69
33,69
11,20

130,93

41,52
17.50
26.28
11,088
33.76

17353
138426

98.36
39,90

604,64

37500,
12974

20.06
v.01
VUl
0.01
0.01
1.42
l.11
0.2
1.21
1.59
2.17
Q.14
0.03
0,02

100,70
1.00

272.98
6,49

39.69
0,08

10,02,

85,88
129.39

1,41,

36,86

11.58
V.28
2.50
0.86
LXX-1-1
2.34
1.71
1,37
3,89
0.18
0.01
3. 10
1429
0.11
0.13
0,01

1.79

439,58

LNNUAL MILLAGE

50000,

208,95

184,20
2¢5.81
180,79
170,62
342,35

48,45
334,34

1695,48

" 30,00

begb00,

257,05
240,13
277,84%
223,13
212,1v
409,33,

59,80
376,83

2056,18

28,80

ANNUAL MILEAGE

50000,
208,95
50,17
101,49
42,82
14,47
184,20
59,57
23,61
35,75
16,71
48,56
225,81
180,75

127.86
52,90

799,11

62500,
257,05
61,25
125,73
52,14
17,98
240,18
78,69
29,97
45,52
21,69
b4,25
277,84
223,13

157,45
65,70

998,14

ANNUAL AILEAGE

50U00,
170,62

25,59
0,01
y.07
0.02
0,02
1,93
1,47
0,32
1.47
2,29
2.36
0,18
0,04
v,03

133,54
1,28

342,35

8,20
48,98
0,13
13,33
110,29
159.61
1,76

48,45

13,96
0,30
3,25
.18
6,99
2,93
2,40
2.13
5,02
0,23

9,01 .

5.36
2434

0,19

0,19
0,01}
2,09

561,42

62500,
212410

31,12
u,02
U.lu
0,03
0,03
2,50
1,82
0,44
1,79
3,00
2,57
0,21
0,u5
0.0

166,87
1,59

409,31

10,06
87,65
0,19
1t,69
134,37
186,24
2,10

59,80

16,07
0,33
%,00
1,37
9,28
3,52
3.13
2,92
5,93
0,27
0,02
7,08
3,14
u,18
0,17
0,02
2,37

681,21

75000,

301,23
293,40
326,61
261,35
250,78
413,66

70,21
418,69

2396, 34

24,00

75000,
301,23

71,57
147,26
61,03
21,36

293,40

96,97
36,09
54,76
26,32
79,c%

326,61
261,35

164,34
77.01

1182,60

75000,
250,78

30,55
0,02
0,13
0,04
0,04
3,02
2.17
0,54
2,02
3,66
2,80
0,2%
0,06
0,03

197,64
1,81

473,86

11,72
66,32
0,24
19,88
158,32
214,98
2,43

70,21

18,06

0,57
4,68
1,59
11,30
4,07
3,79
3,98
6,00
0,30
0,02
8,71
3,07

0,21,
0,19

0,03
2.5

794,85

87500,

349,52
350.66
380,02
303,27
293.01

S44,12.

81,27
465,65

2768,13

20,57

87500,
349,52

82,41
171,12

70.85
25,14

350,66

116,90
42,69
64,92
3,18
94,97

380,02
303,27

213.80
89,47

1583,48

67590,
293,61

42.47
a.82
V.de
0,V
0,04
3.57
2.0y
0.65
2,32
Hot3
3.08
0,27
0,07
0,04

231,79
2,08

Sey,12

13,56
75.82

0,30
23,28

186,35,

244,02
2,80

81.27

20,05
0.41
S5.44
1.83

13.%0

- %,70
4,52
4,31

.T.68
0,34
o.v2
10, %
4,66
0,25
0.21
0,03
2,95

919.00

10000,

391,21
402,57
425,98
339,02
33u,.87
609,40

90.938
504,86

3090,84

18,00

100000,
391,21

91,86

-*191,48

79.33
28,54
#02,57
134,81
48,62
. 73,89
35,65
109,60
429,98

339,02

239,07

99,96

1558,78

1ouu0,
330,67

CY 2% 21
v, 02
U.19
u,07
U le
4,07
2.88
v, 75
2,58
5,10
3,51
V.30
AT
'™

261439
2,32

605,40

‘19,12
an. 08
U, 36
26,34
207,95
268,84
3,12

90,93

21,75
v,y
b,10
2,04

15.31
5,24
5,15
9,93
8,42
v, 38
V.02

12,01
5,37
u.28
v.23
V.04
s.21

wa7,20



5.2.3 Data Required

This subsection discusses the data used to caleculate the
information presented earlier in Tables 5-1 and 5-2.
Subsequently, the two-step procedure for these calcula-
tions is then deseribed in paragraphs 5.2.4 and 5.2.5.

Car Repair Data

1.  Car Repair Billing (CRB) Exchange Tapes -the
consolidated repair billings for a railroad's cars
off line. These tapes are universally available on
a monthly basis through the AAR Mechanical
Inspection Department. These records form the
basis for billing a railroad for repairs done off
line.

D
o

Car Repair Billing Formatted Tapes - on line
repairs for a railroad's cars. These records are
not universally available on all railroads. They
are often available for the purpose of monitoring
one-spot performance or car-type performance.
Car lines have no on line repairs and have the
necessary data available to them.

3. Heavy or Programmed Repair Records -these
records are not universally available on all rail-
roads or car lines. These records contain a
detailed description of repairs by car for all those
repairs which do not qualify as "light" ear repairs
under the AAR definition of approximately 20
labor hours maximum. If these records are not
available, it is not especially significant. These
repairs are normally done relatively late in the
life of a ear and do not dramatically affect the
results. The records are often available for the
purpose of monitoring heavy repair facility per-
formance or car type performance.

Car Descriptions

The Universal Machine Language Equipment Register
(UMLER) - this file, organized by ecar initial and
number, is available at any railroad or car line. It is
required as part of the AAR CRB system. It was used
-to obtain car age and car type for this analysis.

Car Mileage Data

1. The AAR Per Diem Reporting System Tapes -
monthly car mileages by car by railroad for cars
off line. However, in the case of car lines, only
loaded car movements are reported. They form
the basis for paying a railroad for the use of its
cars off its line. Usually it is possible to find
summaries of these records by AAR car type,
apparently for the purpose of reporting them to
the AAR.

2. On Line Car Mileage For System Cars -monthly
car mileages by car for cars on line. In most
cases, these records are available for the purpose
of paying state taxes. Usually it is possible to
find summaries of these records by AAR car type.
This category does not affect car lines.

5.2.4 First Procedure
The first step is to summarize the car repair data by

car by year into a more manageable set of data. In
doing this, it becomes necessary to "recode" the job

codes so that there are less (;odes. In effect, hundreds
of records are compressed into one record indicating
numbers of repairs over the course of a year.

Caleulating Summary Tables by Car

1. - Read in the next car repair record. A typical car
repair record format is shown in Figure 5-2.

2. Check if the current summary record (format
shown in Figure 5-3) is for the right car and year
by comparing the car initial and number from the
two records and the year of the repair (ecolumn 31
from Figure 5-2) with the year in the summary
record (ecolumn 11 from Figure 5-3), If they are
not the same, find the right summary record.

3. Extract the job code (column 58 from Figure 5-2) .
and look up the corresponding summary record
"row" number from the recode table (Table 5-3).
Each summary record "row" number is some group
of job codes. For example, row'1l is Clean, Oil,
Test and Stencil (COT & S) air brakes. There are
a large number of job codes depending on the type
and number of air brakes.

4, Extract the quantity field (column 45 from Figure
5-2) or use 1 for the quantity as indicated in Table
5-3. An "R" in the "count" column in Table 5-3
indicates that records were counted (i.e., just use
1 for the quantity). A "Q" for quantity indicates
the quantity field should be used.

5. Add the quantity into the summary record for
,the recoded job code found in step 3.

6. Update the month of repair fields (columns 13 and
15 in Figure 5-3) by extracting the month of
repair from the car repair record (column 33 in
Figure 5-2). :

Calculating Average Prices

1. Extract the responsibility code {(ecolumn 64 from
Figure 5-2). If it is not owner responsible (code 1)
or if the repair is for a different year, go back to
step 1 in the above paragraph. If the responsi-
bility for the repair is.not the owner's, the repair
is not billed and there are no charges in the labor
and material charge fields.

2. Extract the labor and material charges (column 84
from Figure 5-2). Include the sign of the matarial
charges (eolumn 97 from Figure 5-2).

3. Add the labor and materials charges into the price
tables (see the average price shown in Table 5-3).
Also, add the quantity into the price tables. Then
go back to step 1 in the above paragraph until all
input records are processed.



TABLE 5-3. RECODE TABLE AND AVERAGE PRICES

ROW DESCRIPTION COUNTJOB CODES AVERAGE

NUM PRICE
1 COT&S 1000-1116 217.06
2 IDT&S 1140-1144 26,30
3  Air Brakes & Parts 1160-1628 20.07
4  Hand Brakes, Geared & Non-Geared 1856-1980 67,62
5 Coupler Body, Type E 2000-2049 193.90
& Coupler Body, Type E/F 2180-2189 - 342.83
7  Coupler Body, Type F 2200-2243 377.16
8  Coupler Knuekles 20512058 44.75
8 Coupler Knuekles 2252-2254 44.75
9  Other Coupler Parts 2060-2179 13.99
9  Other Coupler Parts 2256-2276 13.99

2300-2328 . 140.29
2350-2366 . 149.48
2400-2468 287.68

10 Yokes, Type E
11 Yokes, Type E/F and F
12 Draft Gears, Carriers, and Followers

13 TOFC Indication (Lubrieate Hiteh or Stanchion} 2570-2570 64.81
13 TOFC Indicator (Bridge Plates) 5600-5628 64.81
14 Other 4000-4098- 31.46
14 Other 4100-4449 31.46
14 Other 4489-4598 31.46
14 Other .4600-4799 31.46
14 Other 4825-4998 31.46
14 Other 5000-5599 31.46
14 Other 5629-6998 31.46

1999-1999 103.14
2999-2999 103.14
4099-4099 103.14
4450-4488 103.14
4559-4559 103,14
4999-4999 103.14
6999-6999 103.14

15 Manufactured Material (Brakes)
-15  Manufactured Material (Couplers)
15 Manufactured Materials

15 Miscellaneous Labor

15 Manufactured Materials

15 Manufactured Materials .

15 Manufactured Materials

16 Welding 4800-4824 25.41
17 Non Billables 9900-9999 6.31
21 Brake Beams 1640-1676"- 128,18
22 Brake Head Wear Plates 1692-1692 1.81
23 Brake Beam Wear Plates 1696-1696 10.58
24 Brake Beam Hangers 1708-1708 11.00
25 Brake Hanger Bracket Wear Plate 1720-1720 4.36
26 Brake Hanger Bracket Wear Plate Securement 1724-1724 2.00
27 Brake Hanger or Connection Pin 1742-1742 7.54
28 Bottom Rod Safety Support 1764-1768 26.54
29 Brake Beam Safety Support 1772-1776 40.67
30 Brake Connection, Bottom 1792-1792 24.51
31 Brake Connection, Top 1796-1796 16.78
32 Brake Lever 1800-1800 13.48
33 Brake Lever Guide or Carrier 1804-1804 14.69
34 Dead Lever Guide 1808-1808 17.38
35 Dead Lever Guide Bracket 1812-1812 18.25
36 Brake Shoes 1828-1840 11.87
37 Brake Shoe Keys 1852-1852 1.72
38 Lubricators 2500-2508 7.50 -
39 Repack Journal Box 2520-2528 39.19
40 Lubricate Roller Bearings (4-Wheel Trucks) 2550-2550 23,16
41 Lubricate Roller Bearings (One Wheelset) 2552-2552 5.79
42 Lubricate Roller Bearings (6 & 8 Wheel Trucks) 2554-2558 45.58
43 Journals 2600-2652 21.78
44 Journal Wedges 2670-2722 11.17
45 Journal Stops 2730-2730 9.69
46 Journal Box Lids 2750-2774 14.99
47  Journal Box Seals 2778-2790 2.83
48 Journal Box Dust Guards 2794-2794 2.16
49  Roller Bearings © 2800-2853 43.60
50 Roller Bearing Cap Screws 2856-2860 3.41
51 Roller Bearing Locking Plates 2864-2864 9.72
52 Roller Bearing Lubrication Fitting 2868-2868 2.59
53 Pedestal Adapters 2870-2878 26.09

3005-3125 96.08
3150-3150 173.51
3160-3160 216.95

54 Wheels
55 Wheel Labor (Plain Bearings)
56 Wheel Labor (Roller Bearings)

57 Wheel Labor (Turned Under Truck) 3170-3170 0.00
58 Wheel Labor {Assembly by Owner) 3180-3180 80.03
59  Axles, Plain Bearings . 3200-3242 0.20
60 Axles, Roller Bearings 3250-3288 . 6.61

3500-3554 978.53
3556-3556 285.15
3560-3560 32.00
3564-3564 148.81

61 Truck Boslters

62 Truck Bolsters (Repaired)
63 Center Pins

64 Center Plates

65 Center Plate Liners 3568-3568 24.41
66 Truck Side Bearings 3572-3580 21,36
67 Stabilizer Friction Casting (Ride Control Truck) 3582-3582 68.14
68 Stabilizer Friction Casting (Stabilized Truck) 3584-3584 35.56
69 Side Bearing Shim 3588-3588 34.33

3700-3768 683.00
3772-3772 223.23

70 Side Frames
71 Side Frames (Repaired)

:zoooooc@wwww.—-uxo.o.ozmzzmzmxzzwzz:-::a:cwoooozzzc:::oo@ooooooooooooo:u:u:u:v:u:a::pu:csu:u:u:::uzzzzzzwzmmﬁ'w:xzwxzw

72 Journal Boxes 3776-3796 60.40
73 Spring Planks -~ 3850-3858 66.68
74 Spring Planks (Repaired) 3862-3862 46.78
75 Outer Springs 3800-3914 11.63
76 Inner Springs 3916-3934 7.60
77 Stabilizing Spring 3940-3940 18.05
78 Truck Spring Package 3948-3948 0.00
79 Truck Spring Friction Snubbe! 3952-3952 51.50
80 Truck Spring Plate : 3956-3956 6.15
81 Truck Spring Shim, Wood 3960-3960 7.56
82 Steel 3964~3968 26.45
83 Truck Manufactured Materials 3999-3999 14.08

Notes: Count R = Records, Q = Quantity, M = Minutes
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and so on, per Table 5-3

FIGURE 5-3. SUMMARY RECORD FORMAT




5.2.5 Second Procedure

Having summarized the records so there is one record
per car per year, a present-value economic analysis of
the cost of car maintenance can be done as deseribed
below.

Calculating Cost by Cumulative Mileage Tables

1. " Read in the UMLER record for the next car. A
typical UMLER record format is shown in Figure
5-4. :

Check the format of the record by extracting the
record code (column 1 in Figure 5-4). The
UMLER record formats change for different types
of cars. For the subsequent discussion, code 1
formats will be used.

3. Extract the bearing type for the car from column
59, second row in Figure 5-4. If the car is not
equipped with roller bearings (i.e., not "R"), go
back to step 1.

At this point, cars can be selected on a number of
criteria. For example, only 100-ton ears could be used.
Other selections might be made on the basis of AAR
code, . nominal capacity, bearing type, trueck center
spacing, mechanical class, and annual mileage.

4. Extract the year and month the car was built
(ecolumns 22 and 28 in Figure 5-4) for use later at
step 7. Also extract the ecar's annual mileage
(eolumn 73, fifth row in Figure 5-4) for use later
at steps 7 and 8. Annual mileage is not usually in
the UMLER record. It must be estimated and
merged into the UMLER record if it is not avail-
able.

5. Read in the next year of car repair summary data
for the car selected (Figure 5-3).

6. Check to see if the car was in service for this
year by checking the month of repair fields
(columns 13 and 15 in Figure 5-3). If there were
no records for the car (i.e., the dates were not
filled in), chances are it was not in service, If
this is the case go back to step 5.

Extract the year of repair from the summary
record (column 11 in Figure 5-3). Assume the
repairs were done about midyear and calculate
the age of the ears at the time of repairs (care
should be taken to avoid a negative number, as
- could happen if repair were assumed to have been
done in July for a car introduced in September).
Multiply by the annual mileage to estimate the
cummulative miles that the car has traveled.

7.

8. Find the row in Table 5-4 (actually only a small
piece of the table is shown; there is a ecolumn for
each recoded job code) corresponding to this
cummulative mileage. Add all the repairs in
Table 5-4 for the particular car and year. Also,
add the car's annual mileage into the miles
column. Go back to step 5 until all years of data
are processed. Then go back to step 1 until all
cars are processed.
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9. Read in the average price of each recoded job
ecode. Multiply the price by the number of repairs
to get the total expenditure by all cars of that
cummulative mileage. Divide by the miles
column in Table 5-4 and multiply by 100 (dollars
to cents) to get the cents/mile spent on each class

. of repair.

10.- Extrapolate the data to 1.2 million miles total life
by averaging the last 10 non-zero rows. If there
are not many ecars to work with, it may. be
necessary to interpolate some of the lower
cumulative  mileage categories (wherever 0
miles are seen in the cumulative mileage
category).

11. Build new recoded job codes by adding the exist-
ing "rows" together per the instruetions in Table

5-5.

Calculating Present Cost Tables

To convert a column of Table 5-4 to présent. cost,
proceed as follows: .
mileage (e.g., 25,000

1. Assume an annual

miles/year).
2. For this annual mileage, each row in Table 5-4
corresponds to one year's service. Multiply all the
numbers in the column from Table 5-4 by the
annual mileage (25,000 miles/year) and divide by
100 to convert from cents to dollars. This gives
the estimated cost of that class of repairs. for
each year of the car's life.-

Divide by 1/(1+r)" where r is the discount rate
(0.10) and n is the year for which the repair is
being estimated (the number of the row in the
table). This gives the discounted present cost of
the future repairs at the time of purchase.

4. Add all the discounted present costs for each
vear. Stop either when you reach the end of the
table (the car has gone 1.2 million miles) or when
the car reaches 30 years of age, whichever comes
first. In the case of the example-of 25,000
miles/year, stop at row 30 with 750,000 cummula-
tive miles. Table 5-6 illustrates the relationship
between summary "rows" in the final table and
the recoded job codes in Table 5-4.

Go back to step 1 until all mileage numbers and all
columns in Table 5-4 are converted.

5.2.6 Problems Encountered

Not all repairs are costed in the CRB records. For
example, repairs for which the handling line is respon-
sible are reported but not charged. This was addressed
as indicated in the first procedure by only computing
average prices for owner responsible repairs.

Cars tend to be renumbered. This problem caused
significant numbers of records to be ignored, although
there is no reason to believe they would be significantly
different than the records that were used. Step 6 in the
second procedure tends to alleviate the problem.



The records for a given month contain repairs done in
prekus months. This is handled by using the date of
repair field in'step 2 of the first procedure and making
more than one year's summary file (Figure 5-3) avail-
able to the first routine.

Certain rebilling records in the CRB tapes are not
identified by car number. These were dropped from
this analysis when car number 0 could not be found.
This could be handled by creating a dummy car number
0 so that the records could keep track of it.. Inspection
of these records suggests that not a large sum of money
is involved.

5.2.7 Remuls

The volume of data handled in performing these cal-
"eulations is extremely large. For this reason, it is
absolutely essential that some orderly procedure for
doing the I/0 be adopted. In this study, the UMLER file
and car-by-car summary files have been kept in- the
same order. The files were then accessed using a
hashing procedure in the order that the data appeared
on the CRB tapes. An equivalent procedure would be to
sort the CRB tapes into car number order and merge it
with the UMLER data.

The interpolation routine used at step 10 of the second
procedure was as follows. The table for all available
cars was built, which did not require any interpolation.
Then these tables (see Table 5-4) were saved on disk
- and used to interpolate cases where there was a
problem. The table currently being built was called A
and the one for all cars B. At each column, all the rows
that have non-zero mileage in A were added for both A
and B. The ratio of these two sums was multiplied
times the value in B to interpolate A.
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Certain car repairs (e.g.,, COT&S) are done based on
dates rather than mileage. Theoretically, the results
would be more accurate if .these repairs were tracked
on the basis of car age rather than cumulative
mileage. Sinece this does not affect truck results, 1t has
been ignored here.

There is clearly a difference .in relative price growth of
labor and materials. This can be accounted for by
keeping average -prices for -labor and materials
separately and using a slightly different discount rate
for them. In the tables reported here, a 3 percent
difference between the rates for labor and materlals
has been used.

The presentation’ would be helped by caleulating an
equivalent yearly savings. This is done by summing
1/(1+r)" over the life of the car and dividing the sum
into the present value. Engineers find this number
more intuitive than the present cost, thus Tables 5-2A
and 5-2B were adjusted this way.

Throughout this discussion, it should be apparent that
all mileages of cars are used to calculate repair ‘costs.
The car's annual mileage is used to detefmine where the
car is'in its life cyele. There is an- implieit assumption
that cars wear out due to mileage -and that all cars
wear out in similar ways. Appendix D illustrates results
for 70-ton and 100-ton normal service and high mileage
cars. .



CAR YEAR PER DIEM K : END DOOR
T J— :
: LJ ¥ c
B B 1 |o
-1 clels |t t |o cusic S
o Iy LOW NUMBER HIGH NMGER AR COOE T T R T . FILLER L E P.0. ALE OWNER LESSEE CFE DATE CAPACITY HOM (AP TARE 5 ¥ID NT
W S S T PN RN A N I P A N !l;H!pl”g!g;g!”!!!H T
-1 -1 1
1]2]se]s] f of ] shofai]rusadfispelarpo pofolasfazfea]uafas]es] arfeafan]so] a]sefaafsafss ssfar]safas] sofesfecfos]osfos  ssf arfas) afso]s [s2so]se]ss]s] ] se] ss) ol e2]e3]sefes] e sr} o] esiro) a] re]slafas]os oo[rafoaton
INSIDE OUTSIDE 5106 DOOR FLTTING! NOTES
g -
. 51 (o 15
2 lelgl 12
Hr 6P LAVES | UP EAVES | LOW EAVES | LOW EAVES . . El=latz|2] 2 (5101215
LOKG ¥ID HT LENGTH EX WIOTH EX WIDTH 210TH HT WIDTH HT EX HT WIDTH NI e |SIB| &]8, 2| 8 |%|=|2]L] < am 1 2 3
e I D Ty Ty Ty b e THo e Py T L T Ty T I Ty T 1 g Ly el T T
1z [s [e s [ e T o] shofrrfrzfusfus]ss]se] ssfrofiofeofas foafaslee]es es]erfenlesfsof stfszfsaloufas as] srlsal ] sofaa] s [aa| as[as orfonl as s sefsef safsa]ss s s | sfsler[enfesloo o1 [refralre s [rs [ ral ]
HOTES N -
=z .
- - i f
sf 515[2)3(5 H 1
o g MEIR . 4 I8 oLo { oo | oo KEW
“1318|2|=|2] eomr « POOL ORIG v | pofriL festfoakcar 66T
el RATE. BLANK. ! CoTE cost (] GR (1] RATE ({3
1y T AT I ATEFI A AFEFFIFIR AT A I A A P AT T A !} L il NN BN AT
[z 3 Je 5[] [o] sTofusrefussalas]se] a7]r8] 15[ 20]21 [aa 23  2a] 25 [as] ar]as] a9] 20fae] 3] s s as e or Jsaf a9 | a0 r]fus faafus asfarfus] asfso]s1 Jsslsslsef safssfsol s s2f safsa fesleslsr eafosfrofn [ralrafaars] s res]ed
MECH PROJECTS ¥

FACTORED NON-FALTORED
REwAg REHAB
cost cost MECK CLASS 1 2 3 4 s [ 7 8

ST

it T Tee e Ty s T v e Ty T T Ty v 1 iy e e B D L1y
1{z]a]a]sTs] 7] s]s hoJu fiz]rsrafrs]ss [rrhs s feofer [aa]as]ae] s as] er]sfas] sa] atfaz | faa]ss fas] 37 e 39 0] ululu]u]as]u]u]u]u 5o 51|54 s3fsa [ss ss]s7] sa]sofsolsr[e2]sofsess[ss] er]ec[ss]ro] ] aafsfra] e[ 7ef ol e
ANNUAL
MILEAGE
8 9
e T e T o e L T o L o o s Lo I o
[z s TefsTetoTaf shoJufrzfasfaa]usss]s7]sefus]eofer faefaa aefas]ae] 1] es[2s[ o} aefsz |sa sa]s [se] o7 [ss[ o] e0] a] axfes [as]as s  ar]usl sJso[sa 2] safsa] ss[se] s7}se s jso et oz Jes |ea]ss ss s [sa[ssfro] e [oala]ra] s[5 ma]rai
FIGURE 5-4. UMLER RECORD FORMAT, CODES 1 AND 4
TABLE §5-4. COST BY CUMULATIVE MILEAGE
CALCULATION FOR ALL ROLLER BEARING CARS )
r CENTS/MILE —
CUMULATIVE COUPLERS OTHER OTHER
CAR . CAR YOKES MISC. LABOR CAR TRUCK TRUCK
MILEAGE MILES BRAKES DRAFT GEARS MANU. MAT. REPAIRS BRAKES WHEELSETS REPAIRS TOTAL
170 25000 7045877, 0.37887226 0,17309469 0,20200920 0.21190649 0,57969618 0,91649050 0,00773403 2,26779461

25001 TO 50000 74108288, 0.,10660648 0.01766719 .0,06457704 0.,06325251 0,24008775 0,45164359 0,00999283 0.88925034
50001 10 75000 868157632, 0,18045586 0.12678939 0,15010458 0.09254545 0,38842732 0,51800555 0,28722388 1,59344769
75001 1O 100000 169114320, 0.16674483 0,09286263 0,13081998 0.10310096 0,37853652 ¢,54976219 0,10814571 1,39917278
100001 TO 125000 194589984, 0,18737042 0.10491836 o0,1896474% 0415377086 0,39154118 0,52321547 0,29069865 1,65151501
125001 TO 150000 234004656, 0.,20967042 0,28826368 [0,22386223 0.15520203 0,46559781 0,57074237 0,47207659 2.16155338
150001 70 175000 196155216, 0,25806427 0,20550108 0,34582400 0.,22573382 0,44616359 0,71145976 0,11893171  1,96585464
175001 TO0 200000 208663744, 0.,29994333 0,32638150 0,6576997¢ 0.26914%34 0,61707151 0,83955228 0.40961832 2,78171062
200001 to 225000 206990000, 0.35616195 0,28896630 0,86746430 0.31912112 0,61351365 0,89287287 0,4356%010 2.90632534
225001 TO 250000 194223072, 0.36184341 0,31471366 0,78370720 0,30221063 0,71010023 1,01766014% 0,44145411 3,14798164
250001 70 275000 193567408, 0.32503653 0,39514816 0,61894417 0.27036500 0,70999980 1,0694923% 0,51781034 3,28785229
275001 To 300000 211916336, 0.37698379 0,56212658 (,58511257 032038045 0,8166736% 1,14392185 0,72937149 3,94945717
300001 7o 325000 181479792, 0.35089380 0.46856266 0,68369830 0.33530235 10,80346304 1,17238617 0,87429434 4,00490189
325001 TO 350000 173915328, 0,34562719 0,5779246%1 0,60437435 0,31138813 0,85276586 1,12841415 1,01812935 4,23424911
350001 1o 375000 124888144, 0.31473166 0,42309350 0,61782515 0.33989942 0,85555285 1,09031773 0,97650379 4,00009823
375001 TO 400000 82785520, 0.39795125 0,99661171 0,574¢96893 0,32062960 1,15512180 1,14609051 2,58458519 6,60099030
400001 yo 425000 55305840, 0.31967133 0,48704571 1.06411362 0,30721837 0,78259891 0,9186364% 1,54778099 4,.36295128
425001 TO 450000 58106768, 0,29478818 0.40578955 1,01193237 0.28005981 0,59661096 0,79741770 0,89747202 3.27213860
450001 TO 475000 64216768, 0,26620853 0,46565729 0,73608589 0.26130635 0,71387625 1,02401447 1,07463932 3,80570221
475001 7O 500000 56726912, 0,23157048 0,33886695 0,92763788 0.28738946 0,53279519 0,94021606 O0,36630863 2,69714642
500001 T0 525000 33748832, 0,26772243 0,29189903 1,26400566 0,41122502 0,57979286 0,689699131 1,15551758 3,60314846
525001 10 550000 28798944, 0,20626128 0,31431502 0,62674189 0,42115313 0,52649558 0,75296003 0,88142610 3,10261154
550001 7O 575000 1409€053, 0,38583171 0,29552335 ,50772375 0.59688860 0,34894991 9,55393155 0.04899961 2,21012592
575001 TO 600000 22456416. 0,25929570 0,23958313 0,.26317298 0,46792829 0,29876280 0,60139912 0,02692955 1,8938989¢

600001 TO 625000 4782975, 0,32113570 0.,41113597 0,42049772 0.64176232 0,30284959 0,73889875 0,01789179 2,43367481
625001 70 650000 19694864, 0,30533671 0,11251181 0,25660801 0.31791848 0,29789662 0,61166388 0,01818322 1,66351032
650001 TO 675000 8624454, 0,24923092 0,15613538 0,28940821 0.32082826 0,33732152 0,59157777 0,05390578 1,70899868
675001 TO * 700000 5954129, 0,20476943 0,14066023 0,59762394 0,30179161 0,40588254 0,46465689 0,01261964 1,53038025

700001 TO 725000 16944544, 0,14032841 0,22926468 0,28121549 0,19897294 0,34983981 0,83827704% 0,12571329 1,88239670
725001 TO 750000 10112060, 0,21934503 .0,24390858 0,17237496 0,24093646 0,34782988 0,78116006 0,13561612 1,96879673
750001 7O 775000 19631568, 0,30459869 0,28638309 0,22381115 0,39695787 0,46414417 0,59099150 0.10522860 2,14830399
775001 10 800000 10105596, ©0,25067228 0,41058737 0,32864046 0.56156164 0,63135850 0,69080919 0,61864430 3,16363335

800001 y0 825000 3974560, 0,15876627 0,02062291 0,19462532 0,33542204 1,47351933 (,66877717 0,43057150 3,08767986
825001 1O 850000 2409353, 0,21256250 0,26453900 0,27397233 0,52724952 0,75323200 0,362468904 0,50955939 2,62963104
850001 yO 875000 0., 0,23667467 0,22757%9% 0,30387783 0,38434017 0,53638750 0,63393021 0,20279348 2,22170067

0. 0,23667467 0,22757494 0,30387763 . 0.38434017 0,53638750 0,63393021 0,20279348 2,22170067
0. 0.23667467 0,22757494% 0,30387783 0.38434017 0,53638750 0.6339302) 0.20279348 2,22170067
0. 0,23667467 0,2275749% 0,30387763 0,38434017 0,53638750 0,63393021 0.20279348 2,22170067
0., 0,23667467 0,2275745% 0,30387783 0,38434017 0,53638750 0,63393021 0,20279348 2,22170067
0. 0,23667467 0,2275749% 0,30387783 0,38434017 0,53638750 0.63393021 0,20279348 2,22170067
0. 0,23667467 0,22757494¢ . 0,30387785 0,38434017 0,53638750 0.63393021 0,20279348 2,22170067
0., 0,23667467 0,2275749¢ 0,30387783 0,38434017 0,53638750 0,63393021 0,2027934¢8 2.22170067
Dy 0,23667467 0,22757494% 0,303877853 0,.3B434017 0,53638750 0.63393021 0,20279348 2,22170067
0. 0,23667467 0,22757494 0,30387783 0,38434017 0,53638750 0,63393021 0,20279348 2.22170067
0, 0,23667467 0,22757494 0,30387783 0,38434017 0,53638750 ‘ 0,63393021 0,20279348 2,22170067
0, 0,23667467 0,22757494 0,30387783 0,38434017 0,53638750 0,63393021 0,20279348 2,22170067
0, 0,23667467 0,22757494 0,30387783 0,38434017 0,53638750 0,.6339302) 0.20279348 2.22170067
\_0, 0,23667467 0,2275749% 0,30387783 0,38434017 0,53636750 0,63393021 0,20279348 2,22170067

875001 10 900000
900001 TO 925000
925001 TO 950000
950001 TO 975000
975001 TO 1000000
1000001 70 1025000
1025001 y0 1050000
1050001 10 1075000
1075001 10 1100000
1100001 70 1125000
1125001 T0 1150000
1150001 7O 1175000
1175001 yo 1200000

ON PREVIOUS TEN ENTRIES
A

EXTRAPOLATION BASED
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TABLE 5-5. DEFINITIONS OF ADDITIONAL ROWS

DEFINITION OF ADDITIONAL ROWS . ' . | ‘ . K

O W W 0 ®
N = O
[T U L TR [

[Te}
18
it

For Example: New Job Code 86 is Formed by Adding Job Codes 1 through 4.

01+02+03+04 .

05+06+07+08+09+10+11+12

13+14+16+17
21+22+23+24+25+26+27+28+29+30+31+32+33+34+35+36+37
40+41+42+49+50+51+52+53+54+56+57+58+60 ..
61+62+63+64+65+66+67+68+69+70+71+73+74+75+76+77+78+79+80+81+82+83
05+06+07

10+11

13+14 .
40+41+42 . . .
56+57+58

67+68

86+87+88+89+90+91

TABLE 5-6. CORRESPONDENCE BETWEEN ROW NUMBERS
AND TABLE ENTRIES

LABEL

SUMMARY TRBLE

BRAKES (TESTs PRESSURE SYSTEMs & HAND BRAKES)

ROW LABEL

NUM

-2

-3 TRUCK REPAIRS
-4

00

89 TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)

COUPLERS: YOKES: & DRAFT GEAR
MISCELLANEQUS LABOR & MANUFACTURED- MATERIAL 21 BRAKE BEAMS
22 BRAKE HEAD WEAR PLATES
OTHER CAR REPAIRS - 23 BRAKE BEAM WEAR PLATES
TRUCK BRAKING SYSTEM (HOSTLY BRAKE SHOES) 24 BRAKE BEAM HANGERS
WHEELSETS 25 BRAKE HANGER BRACKET WEAR PLATE :
OTHER TRUCK REPAIRS 26 BRAKE HANGER BRACKET WEAR PLATE SECUREMENT
TOTAL 27 BRAKE HANGER OR CONNECTION FIN
28 BOTTOM ROD SAFETY SUPPORT
29 BRAKE BEAM SAFETY SUPPORT
ASSUMED CAR LIFE IN YEARS 30 BRAKE CONNECTION, BOTTOM
: ' 317 BRAKE CONNECTION. YOP
. 32 . BRAKE LEVER L -
. . . 33 BRAKE LEVER GUIDE OR CARRIER
CAR REPAIRS: - 34 DEAD LEVER GUIDE o
35 CEAD LEVER GUIDE BRACKET
36 BRAKE "SHOES
BRAKES (TEST: PRESSURE SYSTEM: & HAND BRAKES) 37 _BRAKE SHOE KEYS
: 00
COT3S 90 WHEELSETS .
10788 . 00 . .
PRESSURE SYSTEM - ' 95 - LUBRICATE ROLLER BEARINGS .
HANU BRAKES : 49 ROLLER BEARINGS
X . . . s0 ROLLER BEARING CAP SCREWS
COUPLERS+ YOKESs & DRAFT GEAR . . .51 ROLLER BEARING LOCKING PLATES
: 52 ROLLER BEARING LUBRICATION FITTING
COUPLER BODIES 53 PEDESTAL ADAPTERS .
COUPLER KNUCKLES" S4 WHEZLS
2;:52 COUPLER PARTS . . 96 WHEEL LABOR
0 A ER BE G
DRAFT GEARS+ CARRIERS: AND FOLLOWERS gb XLES: ROLLER BEARINGS
co
MISCELLANEOUS LABOR & MANUFACTURED MATERIAL 91- OTHER TRUCK REPAIRS
. 00 .
~QTHER CAR REPAIRS 61 TRUCK BOLSTERS
T
OTHER CAR REPAIRS Si‘ c?ﬁ?Engkﬁéiﬂs (REPAIRED)
WELDING 64 . CENTER PLATES
NON BILLABLE INSPECTIONS 63 CENTER PLATE LINERS
66 TRUCK SIDE BEARINGS
CAR TOTAL . 97 FRICTION CASTINGS
69 SIDE BEARING SHIM
70 SIDE FRAMES
71 SIDE FRAMES (REPAIRED)
73 SPRING PLANKS
. : 74 SPRING PLANKS (REPAIRED)
. 75 OUTER SPRINGS
. 76 INNER SPRINGS
. 77 STABILIZER SPRINGS
78 TRUCK SPRING PACKAGE
.79 TRUCK SPRING: FRICTION SNUBBER
80 TRUCK SPRING PLATES
) s 81 TRUCK SPRING SHIM, WOOD
82 STEEL : .
83 MANUFACTURED MATERIAL (TRUCK)
00
. =1 !
00 "

NOTES: ROW =1 PRINTS' AND-'CLEARS TOTALS
- Row =2 PAGE EJECTS
. ROW =3 PRINTS "ANNUAL MILAGE"
. ROW =4 PRINTS VALUE OF MILAGE
ROW =5 PRINTS VALUE OF CAR LIFE

TRUCK TOTAL

“



5.3 - FUEL CONSUMPTION ANALYSIS

Fuel consumption is an area where savings are possible
from a Type I truck. Because a radial truck steers
around curves instead of being dragged on its leading
outer flange, a radial (or steering) truck significantly
reduces the forces experienced during curving. This
produces significant fuel savings on routes with high
curve-to-tangent ratios. On the other hand, the in-
creased weight ‘'of most of these trucks produces fuel
losses on routes with low curve-to-tangent ratios.
While the savings/losses involved are relatively small
(on the order of 0.001 gallons/car mile), significant
amounts of money ean be involved for high mileage cars
with today's rapidly increasing fuel costs.

The approach to measuring the rolling resistance in-
volved the use of instrumented eouplers on both ends of
the test car. The effeets of grade and acceleration
were removed from the rolling resistance using a spe-
cially filtered, DC-coupled, longitudinal accelerometer.
The train speed was maintained relatively constant
during each test run, thus Davis's formulation of the
rolling resistance was essentially constant over the
course of a test ruh. The only remaining variable that
was correlated with curvature was the curving force.
This measured curving force was fit to a theoretical
equation expressing the effect of varying curvature and
off balance speed performance. Next a fuel consump-
tion simulator was used to estimate the fuel savings per
car mile expected as a funection of curve-to-tangent
track ratio. Finally these savings were converted to
dollar savings under a variety of assumptions abott the
annual car mileage and real rate of increase of fuel
prices (i.e., relative to the rate of inflation).

The conventional thinking is that the added rolling
resistance ‘due to ecurving is approximately 0.8
pound/ton/degree of curvature. This value is built into
most railroads in the form of grade compensation of
curves (i.e., wherever practical, the grade is reduced to
compensate for the curve). This value is almost exaetly
the result obtained from the TDOP Phase Il testing of
Type 1 trucks. Figure 5-5 illustrates the added rolling
resistance per ton at balance speed as a funetion of
track curvature for the conventional result of 0.8
pound/ton/degree and the TDOP result of 0.68
pound/ton/degree plus .08 pound/ton/degree squared.

Fuel consumption savings are possible from Type 1I
trucks. This is not only true of steering trucks but also
true of at least one rigid truck in the test program.
However, meaningful fuel savings should only be ex-
pected with routes of high curve-to-tangent track
ratios using high mileage cars where the entire consist
has Type II trucks.

The value of the fuel savings alone that ¢an reasonably
be expected is not high enough to warrant the added
purchase price of any of these trucks under any reason-
able conditions. However, if taken in conjunction with
savinp:s in ecar maintenance and especially in rail wear,
it is possible that one or more of these trucks might be
profitable. :
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5.3.1 Results

TDOP Phase II fuel consumption results come in two
parts: measured curving resistance results and ecom-.
puter simulation results that estimate fuel consumption
savings. . The measured curving resistance data are
much harder to obtain than the simuated fuel savings.-
It appears that previous estimates of fuel savings have
been based on very limited curving resistance data.
Estimates have often been made based on zero curving
resxstance for a steering truck.

Curving Resistance

Three steering trucks were tested as part of the
program: the Barber-Scheffel, the Devine-Seales, and
the Dresser DR-1. All three steering .trucks signifi-
cantly reduced the curving resistance of the test ear
compared to the Type I truck. Figure 5-6 illustrates
the measured curving resistance as a function of curva-
ture obtained for each of the three trucks and also for
the Type I truck shown in Figure 5-5. As can be seen
from Figure 5-6, each of the steering trucks ex-
perienced lower curving forces at every curvature in
the range tested. The results for the other four (non-
steering) Type II trucks tested are much closer to Type
I trucks than to the steering trucks, as illustrated in

Figure 5-7.

Off balance speed.performance of these trucks was also
estimated, The term used to estimate this performance
was Wd (v?2 - vbz), where W is the car weight, d is the
degrees of curvature, v is the train speed, and vp is the
balance speed. Off balance speed results for the
steemng trucks as opposed to Type I trucks are illus-
trated in Figure 5-8 for a o-degree curve with a balance
speed of 35 mph. This situation is typical of the test
data. Similarly, the off balance speed behavior of the
other trucks in the program is illustrated in Figure 5-9.
As can be seen from Figures 5-8 and 5-9, the steering
trucks experienced substantially more . varlatxon thanv
the non-steering trueks. :

Tabular results for the curving resistance of the trucks
tested are shown in Table 5-7. The curving resistance
results shown are based on a least squares curve fit of
the equation shown above the numbers. The numbers in
parentheses below the estimated coefficients are stan-
dard error estimates for each coefficient. The column
entitled standard error is an overall estimate for the
entire equation. The column entitled R2 is an overall
"goodness of fit" estimate for the equation. An RZ of
100 percent is a perfect fit.

While  the Rz results are not good by conventional
engineering standards, this is not-a conventional en-
gineering curve fit. Normally one would expeet an R2
of at least 70 percent on a curve fit of a wvalid
engineering equation. This curve fit is based on a
statistical technique known as a "staged regression."
The coefficients are fitted to the residual of a first
stage regression that eliminates F = ma terms from the
data. Using this technique, the R2 results obtained are
rather good (e.g., 30 to 40 percent), in general.



Simulated Fuel Savings

The second set of TDOP fuel consumption results are
computer simulations indicating what the changes in
curving resistance mean in terms of the economic
performance of freight cars. It is very difficult to do
this in a generally applicable format. In the first place,
there are several types of train simulators in use today.
Second, there are very many possible routes that might
be simulated. Each route would be expected to give
different answers. Third, there are a very large number
of consists that might be simulated. Each consist would
be expected to give different answers. '

Under these ecircumstances, the best that can be
achieved is an indication of the savings that might
reasonably be expected and an insight into the situa-
tions which might warrant further investigation on an
individual basis. To accomplish this, data as a function
of curve-to-tangent track ratio (defined as miles of
curved track divided by miles of tangent track) and
annual car mileage were used. These are both very
important parameters in determining the fuel savings to
be expected from the use of a premium truck. The
time during which eurving forces are present is directly
proportional to the curve-to-tangent ratio of the route,
and the annual savings associated with a given truck is
in direct proportion to the annual car mileage.

The estimated savings were calculated in two parts:
first, the fuel consumption simulator was used to
calculate fuel consumption for the Type I and Type II
trueks under each curve-to-tangent track ratio. The
difference between each Type II truck and the Type I
truck divided by the number of car miles represented in
the simulation yields an estimate for the gallons saved
per mile. These results are shown in Figure 5-10 for
the steering trucks and in Figure 5-11 for the non-
steering trucks. No Type I truck result is shown since
the numbers are relative to a Type I truek. The savings
shown are a very small percentage of the overall fuel
consumption, which was in the range of 0.1 gallons/car
mile. The car mile shown includes both empty and
loaded miles and is for an "average" car (as opposed to
70-ton or 100-ton) at this point.
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FIGURE 5-5. TYPE I TRUCK CURVING RESISTANCE VS CURVATURE

The tendency of many of, the results to be negative
(i.e., showing losses) at low curve-to-tangent ratios
reflects the fact that most of these trucks weigh more
than a conventional truck. This results in more fuel
consumption when there are very few curves.

The second step taken to convert to fuel savings was to
multiply by an annual mileage to convert the savings to
gallons saved per year and to multiply by the price of
diesel fuel per gallon to convert to dollar savings per
year. The price of diesel fuel was taken as 85¢/gallon
and annual mileages in 12,500 miles/year inerements
were estimated up to 100,000 miles/year. This result is
tabulated in Tables 5-8.through 5-13 at the top of each
table.

Finally, to estimate the value of this savings, it is
necessary to choose a rate of return and a rate at which
the price of fuel will increase relative to all other
goods. A reasonable choice would be a 10 percent rate
of return and a 4 percent inflation rate. In other words,
it is postulated that at least a 10 percent return should
be realized on an investment and that the price of
diesel fuel should increase at around 16 percent next
year, Further, suppose that diesel fuel will increase in
price by about 4 percent more than the consumer price
index for the foreseeable future. Under these condi-
tions, the dollar value that should be used is the one
under the 6 percent discount rate in Tables 5-8 through
5-13. It should be 6 percent because the price of fuel in
the numerator will increase at 4 percent and the rate of
return in the denominator is 10 percent, (see subsection
5.3.5, Use of Tables). Part of the two terms eancel and
it is the same as a 6 percent discount rate.

Obviously this result is almost impossible to prediet
(since it depends strongly on the price of diesel fuel), so
other discount rates are available in the tables. To help
visualize these results, constant investment lines on a
plot of curve-to-tangent ratio versus annual mileage
are shown for the three steering trucks and one rigid
truck in Figures 5-12 through 5-15. These figures are
contour plots of the results in Tables 5-8 through 5-13
using the 6 percent discount rate.
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FIGURE 5-12. FUEL SAVING CONTOURS FOR THE ACF
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FIGURE 5-14. FUEL SAVINGS CONTOURS FOR THE
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FIGURE 5-15. FUEL SAVINGS CONTOURS FOR THE
DR-1 TRUCK

TABLE 5-7. CURVING COEFFICIENTS

Curving Resistance = [b1 wd + b2 Ud2 + b3 wd (vz—vbz)] ¢ St Err

Where: bl’ bz. b3. and the standard error are tabulated below
W = weight of the car in tons v = train speed in miles/hour

d = degrees of curvature in degrees o balance speed in miles/hour

R°is a measure of goodness of fit, 100% is a perfect fit. Numbers in () are the standard errors of the individual coefficients.

b
5 B 3 Standard 2

Curve Curve Sq Off Bal Error R

Type 1 0.680 0.081 0.00041 (195.7 Lb) 53.0%
(0.025) (0.004) (0.00001)

ACF 0.632 0.044 0.00051 (244.2 Lb) 34.3%
(0.033) (0.006) (0.00001)

Alusuisse 1.051 -0.031 0.00042 (24%.7-1Lb) 34.9%
(0.043) (0.007) (0.00002) :

Barber-Scheffel -0.040% 0191 0.00032 (386.2 Lb) 23.0%
(0.045) (0.009) (0.00002)

Devine-Scales 0.182 0.056 0.00022 (295.2 'Eb) 10.1%
(0.039) (0.007) (0.00002)

DR-1 0.327 0.077 0.00056 (228.0 Lb) 41.6%
(0.028) (0.005) (0.00001),

Maxiride 0.772 0.067 0.00056 (276.4 Lb) 39.9%
(0.032) (0.006) (0.00001)

Swing Motion 0.673 0.077 -0.00006 (297.6 Lb) 34.47%
(0.044) (0.008) (0.00001)

* not statistically different from zero
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ANNUAL MILEAGE

CURVE/1AWGENT= 0,124
CURVE/TALGENTS g l85
CURVE/ VANGLNT= 1,368
CUHVE/TARGEJT= 0,737
‘CURVE/ I ANGENT= 1,105

ANNUAL MILEAGE

CURVE/VANGENT= (124
CURVE/ IANGENT= 0,185
CURVE/1ANGENT= 04308
CURVE/ I ANGENT= 0.737

CURVE/IANGENT= 1,105 .

ANNUAL MILEAGE

CURVE/VANGENTS 0,124
CURVE/TANGENTS Ul 185
CURVE/VANGENTS 0,368
CURVE/TANGENT=S 04737
CURVE/ I ANGENT=S 1.105

ANNUAL MILEAGE

CURVE/1ANGENT= 0,124
CURVE/1ANGENT= 0,185
CURVE/1ANBENT= 0.368
CURVE/T1ANGENT= 0,737
CURVE/TANGENT= 1.105

ANNUAL MILEAGE

CURVE/TANGENT= 0,124
CURVE/VANGENT= 0,185
CURVE/VANGENT= 0,368
CURVL/IANGENT= §,737
CURVE/TANGENT= 1,105

ANNUAL MILEAGE

CURVE/IANGENT= 0.124
CURVE/IANGENT= 0,185
CURVE/TANGLNT= 0,368
CURVE/ANGENT= 0,737
CURVE/VANGENT= 1.105

ANNUAL MILEAGE

CURVE/TANGENT= 0.124
CURVE/ i ANGLWT= 0,135
CURVE/Z1ANGLHT= 6,368
CURVE/Z 1 ANGEHT= 04737
CURVEZ1ANGEIT= 1,105

ASSUMEU CaR LIFE

AMNUAL MILEAGE

CURVE/IANGENT= 0.124
CURVE/TANGENT= 0,185
CURVE/TANGENT= 0,368
CURVE/IANGE-IT= 0,737
CURVE/TANGENT= 1,105

ANNUAL MILEAGE

CURVE/ I ANGENT= (4124
CURVE/TANGENT= 0,185
CURVE/1ANGLNT= 0,368
CURVE/VANGENT= 0,737
CURVE/IANGENT= 1.105

ANNUAL MILEAGE

CURVE/TANGLENT= 0,124
CURVE/TANGENT= 0.149
CURVE/TANGENT= 0,368
CURVE/TANGENT= 0,737
CURVE/ZVANGENT= 1,105

ANNUAL MILEAGE

CURVE/TANGENT= 0,124
CURVE/TANGENT= 0,185
CURVE/ZTANGENT= 0.368
CURVE/ I ANGENT= 0,737
CURVE/1ANGENT= 1,105

ANNUAL MILEAGE

CURVE/TANGENT= 0.124
CUHVE/TANGENT= 0.185
CURVE/IANGENT= ¢,368
CURVE/ | ANGENT= 04737
CURVE/I1ANGENT= 1,105

ANNUAL M1LEAGE

CURVE/IANGENT= 0,124
CURVE/ZIANGENT= 0,185
CURVE/IANGENT= (.364
CURVE/TANGELNT= 0,737
CURVE/I1ANGENT= 1,105

ANNUAL MILEAGE

CURVL/IARGENT= 04124
CUKVE/TANGENT= ¢.185
CURVE/ZIANGELUT= 0,368
CURVE/1ARGENT= 0,727
CURVE/ZVARGENT= J,1uy

ASSUMEU CaR LIFE

TABLE 5-8.

12500,
1,05
1,69
4,00
7.50
9413

12500,
9.91
15,93
37,74
68,82
80,07

12500,
11,.84%
19,02
45,08
82,18

102,79

12500,
14,47
23,25
55411

100,48

125,68

12500.
18,18
29.21
69,24

126,23

157.88

12500,
23,54
57,84
89,67

163,49

204,49

12500,
31,54
w0,68

120,12

21Y.u0

213.91

30.0

TABLE 5-9.

12500.
-0.89
-1.58
-1,97
-3.21
-2.60

12500,

=8,43
«14,90
=18.60
«30,¢3
-24,50

125v0,
-10.06
17479
22,21
«36.10
=29.¢2b

12500,
-12.50
=21.75
=27.16
-44,14
~35.78

12500.
~15.46
-27.33
-34,12
=55.45
=44,34

12500,
«20,02
-35.40
-44,19
~71.82
-58.21

12500,
~£6.81

~47,41

=59.1Y
LT AN
77,97

3y.0

FUEL SAVINGS FOR ACF FABRICATED TRUCK

25000,
2,10
3,38
8.ul

14,60
18426

25000,
19.82
31,85
75.49

137.63

172,14

© 25000,
23,67
38,04
90.15

lok4,36

205457

25000,
28,94
46,51

110.23

200,97

251,35

25000,
36,36
58,43

138,47

2b2,.4%6

315.76

25000,
47,09
759,67

179,35

326499

408,97

25000,

63,06
101,37
240,24
438,00
S47.82

30.0

DULLARS/YEAR
37500,
3.15
5.07
12,01
21.%0
27,39

DOLLAR VALUE
37500, -
29,73
47478
113,23
206,45
258,21

DOLLAR VALUE
37500,
35,51
57.06
135,23
246,59
308436

DOLLAR VALUE
37500,
43,41
69,76
165,34
301,45
377,03

DOLLAR VALUE
37500,
54,54
87,64
207,71
378,70
473,64

DOLLAR VALUE
37500,
70.63
113,51
269,02
430.48
613,46

OOLLAK vALUE
37500,
94,61
152,08
360,35
657,00
821,72

3.0

8Y ANNUAL MILEAGE
500

0U. 62500,
4,21 9echb
6,76 8445

16.02 20,02
29.¢0 36.50
36.52 45,65
AT 10% DISCOUNT RATE
50000, 62500,
39.64% 49.45
63,70 79.15
150,98 187.58
275.27 343499
344,28 427,73
AT 8% DISCOUNT RaTE
$0000, 62500,
47,34 58,65
76.08 o226
180.30 223.39
328.73 407.28
412,15 509.40
AT 6% DISCOUNT RATE
spoou, 62500,
57,88 Tl.44%
93,02 11%.80
220.45 272,08
401,93 496,06
502.70 620,43
AT 4% DISCOUNT RATE
50000, 62500,
72.71 89.27
116,85 143,46
276.94% 340,01
504,93 619,91
631,52 775,33
AT 2% DISCOUNT RATE
50000, 62500,
94,18 114,82
151,35 184,52
358,69 437,32
653,98 797432
817.94 997,22
AT 0% DISCOUNT RaTE
50000, 62500,
126415 152.44%
202.73 244,97
GH0.47 580,57
876400 1058451
1095.63 1323.89
30.0 26,8

FUEL SAVINGS FOR ALUSUISSE TRUCK

25000,
-1.79
-3.16
-3.95
-6.41
-5.20

25000,
-16,85
-29.80
~37.20
=60.46
=49,00

25000,
«20.12
«35,58
44,43
-72.21
«58.92

25000,
-24,61
-43,51
-54,32
-88.29
=71.55

25000,
-30.91
~51.66
-68.24
~110,91
-89.89

25000,
-40,04
«70.79
-88.38
-143.65
=116.42

25000,
“93.03
-4, 82
~118,39
-192,.42
=15D.94

30.0

DUOLLARS/YEAR
37500,
=2.68
4,74
-Ye92
-9.62
=T.8u

DOLLAR VALUE
37500,
-25.28
~44,69
~55.80
=90.69
=73+50

DOLLAR VALUE
37500,
-30.19
-53.38
-66.6%

=108.31
-87.78

DOLLAR VvALUE
37500,
-36.91
-65.26
=81.48

~132,43
-107.33

DULLAR VALUE
37500,
~46.37
~81.98

-102.36
-166.356
=134.83

DULLAR VALUE
S1500,
~60.05

«106,19
=132.57
=215.47
~174.63

DULLAR VALUE
37500,
~80.44

-142.24
-177.58
=-288,02
-R33.92

30.¢0

5-19

BY ANNUAL MILEAGE

50000, 62500,
«3,58 -4.47
-6.32 ~7.90
-7.89 -9.87

-12.83 -16403
~10.40 -13.00
AT 10% DISCOUNT RATE
50000, 62500,
-33.70 =41487
~59,59 -T4.04
-74.,40 -92.44
-120,93 -150.2%
-98,00 -121.76
AT 8% DISCOUNT RATE
50000, 62500,
-40,25 ~49.87
-71.17 ~88417
-88,85 =110.09

-144.41 ~178492

-117.04 -145.01

AT 6% DISCOUNT RATE

50000, 62500,
-49,21 60, T4
-87.02 -107.39

-108,64 -134.08

-176.57 -217.92

~143,10 «176461

AT 4% DISCOUNT RATE

50000, 62500,
-61.82 -75.90

-109.51 ~134421

-156.48 -167,56

-221.82 272433

-179.77 -220.71

AT 2% DISCOUNT RATE

50000, 62500,
-80,07 =97.62

-141.58 ~172.61

~176.77 -215451

-287,29 -350.27

-232.84 -283.87

AT 0% DISCOUNT. RATE

50000, 62500,

“107.26 -129.60

-189.65 -229.16

-236.78 -286.11

-384.83 ~465.00

-311.89 -376486

30.0 28.8

=<

B

=

<

75000, 87500,
6431 7.36
10,14 11.83
24,02 28.03
43,80 51.10
54,78 63,91
ANNUAL MILEAGE
75000, 87500,
56.67 63465
91.07 102,28
215.84 242,40
393,53 441,95
492,20 552,75
ANNUAL HMILEAGE
75000, 87500,
66,41 73.71
106,73 118.4%6
252,94 280475
461,16 511,86
576.78 640,19
ANNUAL MILEAGE
75000, 87500,
79,16 86,57
127.22 139,12
301,50 329,72
549,71 601,15
687,53 751.86
ANNUAL MILEAGE
75000, 87500,
96,17 103,24
154,55 165,91
366,29 393.20
667,82 716,89
835,249 896,63
ANNUAL MILEAGE
75000, 87500, .
119,30 125,18
191,72 201.17
454,38 476,78
828.43 869,28
1036,13 1087;22
ANNUAL MILEAGE
75000, 87500,
151,38 154,54
243,28 248,39
576,57 588,58
1051,21 1073.1%
1314.76 1342415
24.0 2046
75000, 87500,
=5,36 =6¢26
=9.48 -11.06
~11.84 -13,81
-19.24 -22,45
=15.59 ~18.19
ANNUAL MILEAGE
75000, 87500,
-~48,18 =54,11
=85.20 =-95,68
106437 =119,.4%6
=172.88 =194+15
~140,11 =157.3%
ANNUAL MILEAGE
75000, 87500,
=56.46 =-62.67
~99,84 -110.81
‘=124465 -138.3%
=202,59 -224,.86
~164.19 -182.24
ANNUAL RILEAGE
75000, 87500,
«67430 «73.60
=-119,01 =130.14
-148,%8 =162.49
=241.,49 ~264.08
=195,71 =214,03
ANNUAL MILEAGE
75000, 87500,
-81.77 -87.77
=144,58 =155,20
~160,%51 «193.77
«293.37 =~314.93
«237.77 -255.24
ANNUAL MILEAGE
75000, 87500,
~101.43 =~106.43
-179.35 -188.19
-223.92 =234.96
~363,93 -381.87
=294.95 =309.49
ANNUAL MILEAGE
75000, 87500,
=128.71 ~131.39
-227,58 -232.32
-284.13 ~290,05
-461.,80 471442
-374.26 -382.06
24,0 2046

100000,
8.41
13,82
32,08
58,40
73,04

100000,
68,98
110,85
262,70
478,96
599,08

100000,
78,82
126,67
300,19
547,32
684,954

100000,
91,06
146,34
346,82
632,33
790,87

100000,
106.47
171,10
§05,49
739,31
924,66

100000,
126,09
202.62
480,22
875,54

1093,05

100000,
151,38
243,28
576.%7

1051,21

1314.76

18.0

100000.
-7,18
*12,6%
15,79
=25.66
=20,79

100000,

=58.6%
~103,69
=129,46
-210,41
170,55

100000,

-67.01
«118,49
«147,9%
=240,44
=194.86

100000,

77,42
«136,90
«170.92
~277.79
«225,13

100000,

«90,52
-160,08
~199,83
324,78
~263.22

100000
-107.20
-189,53
-236.63
-384,63
-311.72

100000,
=128.71
=227.58
-284,13
~4e1,80
-374,26

18.0



ANNUAL MILEAGE

CURVE/ IANGENT= 04124
CURVE/1ANGENT= 0,165
CUKVE/ TANGENT= 0,368
CURVE/ IANGENT= 0,737
CURVE/ IANGENT= 1,105
ANNUAL MILEAGE

CURVE/IANGENT= 0,124
CURVE/ IANGENT= 0,185
CURVE/ 1 ANGENT= 0,368
CURVE/TANGENT= 0,737
CURVE/ 1 ANGENT= 1,105
ANNUAL MILEAGE

CURVE/IANGENT= 0,124
CURVE/ I ANGENT= 04185
CURVL/ I ANGENT= 0.368
CURVE/ I ANGENT3 0,737
CURVE/IANGENTS 1,105
ANNUAL MILEAGE

CURVE/TANGENT= 0,124
CURVE/ 1 ANGENT= 0,185
CURVE/TANGENT= 0,368
CURVE/ IANGENT= 0,737
CURVE/TANGENT= 1,105
ANNUAL MILEAGE

CURVE/IANGENT= 04124
CURVE/TANGENT= 0,185
CUKVE/1ANGENT= 0,368
CURVE/ZVANGENT= 0,737
CURVE/TANGENT= 1,105
ANNUAL MILEAGE

CURVE/ IANGENT= 0,124
CURVE/IANGENT= 0,1b5
CURVE/1ANGENT= 0,368
CURVE/ IANGENT= 0,737
CURVEZ 1 ANGENT= 1,10%
ANNUAL FMILEAGE

CURVE/ TANGENT= 04124
CURVEZ 1ANGENT= 04185
CURVEZIANGENT= 0,368
CUKRVE/ZTANGE 4T= 0,737
CURVE/ TANGENT= 1,105

ASSUMEU CAR LIFt

ANNUAL MILEAGL

CUKRVEZIANGENT= 04124
CURVE/ZIANGLIT= 0,185
CURVE/TANGENT= 0,368
CURVEZ IANGENT= UeT3T7
CURVEZ IANGENT= 1.1u%

ANNUAL MILEAGE

CURVE/IANGENT= 04124
CURVEL/TANGENT= 0.185
CURVE/IANGENT= 04368
CURVE/ TRIGENT= 44737
CURVEZ1ANGENT= 14105

ANNUAL MILEAGE

CURVE/TANGENT= 0.124
CUKVE/ZTANGENT= 0.185
CURVE/ TANGENT= 04368
CURVEZ IANGENT= 0,737
CURVE/IANGENT= 1,105

ANNUAL MILEAGE

CURVE/TANGENT= (o124
CURVE/TANGENT= 0,185
CURVE/TANGENT= 0,368
CURVE/TANGENT= 0,737
CURVE/TANGENT= 1,10%

ANNUAL MILEAGE

CUKVE/ZIANGENT= 0,124
CURVE/TANGENT= 0,185
CURVL/TANGENT= 0.368
CURVE/ZTANGENT= 0,757
CURVE/1ANGENT= 1,105

ANNUAL MILEAGE

CURVEZIANGENT= y.124
CURVE/IANGENT= 0,185
CURVE/IANGENT= 04366
CURVE/VAHGENT= 04737
CURVE/ I ANGENT= 1,105

ANNUAL MILEAGE

CUKVEZIANGENT= 04124
CURVE/TANGENT= 0,189
CURVE/ZTAKGENT= 0.360
CURVE/ZIANGENT= 0,757
CURVE/Z IANGENT= 1,105

ASSUMEU CAR LIFE

TABLE 5-10. FUEL SAVINGS FOR BARBER-SCHEFFEL TRUCK

12500,
-3.34
-1.79

1,64
11.98
16,72

12500,
31,53
-16,87

15,45
112,93
157.59

12500,
-37,66
=20,.15

18.45
134,87
188,20

12500,
~46,04
-24,64

22,56
164,90
230,11

12500,
-57.84
-30,95

28,34
207.16
289,08

12500,
-T4,91
-40.09

36,70
268,31
374.41

12500,
=100,35
=55.09
49,10
359,40
501,53

3u.0

TABLE 5-11.

12500,
=5,480
-4,351

0,97
13,355
20,79

12500,
-54.64
-40,63

Y411
125,81
195,95

12500,
-65.25
=48,092

10.88
150,25
234,00

12500,
=79.78
=59,32

13,30
183.71
286,11

12500,
=100,23
=T4.52
16,71
230,79
359.43

12500,
-129,.81
=96,92
21,64
298,91
465,53

12500,
=175,08
«129.29

28,99

400,59

623,58

30,0

25000,
=6+09
=3.58

3,28
23.96
33.44

25000,
-63.,06
-33,74%

30,69
225,87
315,19

25000,

- =75,31

-40,30

36490
269.73%
376,40

25000,
~92,08
-49,27

45,11
329,80
460,23

25000,
-115.,68
-61,90
56.67
414,31
578,16

25000,
-149,83
-80.17
73.40
536.61
748,82

25000,
-200,69
-107.39

96,32

718,79

1003.u5

3u.0

DOLLARS/YEAR
37500,
=10.03

=-5,37

4,92
35.94
50.15

DOLLAR VALUE
37500,
=94.60
-50.62

46,34
338,80
472,78

DOLLAR VALUE
37500,

=-112.97
60,45
55,34
404,60
564.61

DOLLAR VALUE
37500,

-138.12
=73.91
67.67
494,70
690,34

DOLLAR VALUE
37500,

-173,.52
=92.8%5
85.uU1
621.47
ve7,24

DOLLAR VALUE
37500,
224,74
=120.26
110.10
804,92
1123.24

DULLAR VALUE
37500,
=3Ul1,04
~1lb1.08
147,48
1078419
1504,58

30.0

BY ANNUAL MILEAGE
50000, 62500,
-13.38 =16.72

=7.16 «8.95
6.55 8.19
47,92 59,90
66,067 83,59

AT 10% DISCOUNT RATE
50000, 62500,

-126.13 «156.,70
-67.49 -83,85

61,79 76,77
451,73 561.23

630,38 783,18

AT 8% DISCOUNT RATE
50000, 6250u,

-150.,62 «186.62
-80.60 =99,86

13,79 91.42
539,47 668,38

752,81 932,70

AT 6% DISCOUNT RATE
50000, 62500,

-184.,17 -227.30
=96,55 =121.02
90.22 111,35
659,60 814,07
920.45 1136.v1

AT 4% DISCOUNT RATE
50000, 62500,

-231,.36 -284,04

-123,80 =151.99
113,34 139.15
828,63 1017.32

11%6,32 1419,63

AT 2% DISCOUNT RATE
50000, 62500,

«¢99.65 «365,93

=160.34 =195.49

146.80 178,98

1073,23 1306447

1497,65 1825,92

AT 0% DISCOUNT RATE
50000, 62500,

-401,39 ~485,01

-214,78 =259,402
196,04 237461

14357.59 1737.09

20VUe,.10 2424,04

30.0 28,8

BY

BY

BY

BY

BY

BY

FUEL SAVINGS FOR DEVINE-SCALES TRUCK

BY ANHWUAL MILEAGE

25000,
-11,.39
=8.62
1,935
26,09
41,57

25000,
=109.28
-81.25
18,22
251,63
391,89

25000,
-130.50
=97.03%
21.76
300,50
468,00

25000,
=159.%6
-118.64%

26,60

367.42

572,22

25000,
=200,45
=149.04

33,42

461.57

718.86

25000,
=259,62
=193,u4

43,28

597.82

951,06

25000.
-347.76
-258,58

57.96

800,73

1247,15

30.0

UULLARS/YEAR
370,

=12,93
2490
40,04
62,36

DOLLAR vALUE
3750v,

=1l63.92

=-121,88
27.35
377.44
587.84

DOLLAR VALUE
37500,
195,75
=145,55
32.64
450,75
702.01

DOLLAR VvALUE
37500,

239,384

=177.96
39,90
551.13
858,34

DOLLAR VALUE
37500,
=300.08
-223.57
50,13
692.36
1076429

DOLLAR VALUE
37500,
«3589.43
-289.96
64,93
896,73
1396,58

DOLLAR vALUE
37500,
=521.65
-387.86
86,97
1201.1/
1870.73

30.0

5-20

50000, 62500,
-¢3.18 -28,798
-17.24% -21455
3.87 4,83
23,39 66473
83,14 103,93
AT 10% DISCOUNT RATE
50000, 62500,
-218.56 -271.53
-162,50 -201.,90
36,44 45,27
503,26 625,25
783,78 973,77
AT 8% DISCOUNT RATE
50000, 62500,
-261.00 -323.37
-194,07 -240.44
43.51 93491
601,00 744,62
936,01 1159,68
AT 6% DISCOUNT RATE
50000, 62500,
-319,13 -393,86
-237.28 ~292.85
53,20 65,06
754,84 906,93
1144 ,45 1412,47
AT 4% DISCOUNT RATE
50000, 62500,
-400,90 -492,19
-298.09 -365,96
_bb,8Y4 82,06
923,14 1133,35
1437,72 1765.10
AT 2% DISCOUNT RATE
50000, 62500,
-519.24 -633,06
-586,08 470,70
86,57 105,594
1195,64 1457.71
1862.11 2270.26
AT 0% DISCOUNT RATE
50000, 62500,
-695.53 -840.43
-517.15 -624.,¢9
115,96 140,11
1601,56 1935,02
2494,30 5013,95
30,0 28.8

B

=

8y

BY

BY

75000, 87s00,
=20,07 -235.41
=10.74 -12.53
9.83 11,47
T1.68 83,86
100,31 117,02
ANNUAL MILEAGE
75000, 87500,
-180.32 -202,50
<9649 =108.36
88,34 99,21
645,82 725,27
901,21 1012,09
ANNUAL MILEAGE
75000, 87500,
-211.30 =234,53
-113.07 =125.50
103,52 114,90
756.80 840,00
1056.,09 1172,19
ANNUAL MILEAGE
75000, 87500,
-251.88 “275.44
-134.78 =147.39
123,39 134,94
902,11 986,53
1258,86 1376.66
ANNUAL MILEAGE
75000, 87500,
=-305,99 -328,48
-163.73 =175.77
149,91 160.92
1095.94% 1176.48
1529,3% 1641.73
ANNUAL MILEAGE
75000, 87500,
-379.%9 =-398,30
=-203,11 -213.13
185.9%6 195.138
1359.52 1426455
1897.16 1990,69
ANNUAL MILEAGE
75000, 87500,
-481.,66 -491,70
-257.73 =263.10
235,97 240,88
1725,11 1761,05
2407,32 2457,48
24,0 20+6
75000, 87500,
-34,78 «40,57
-25.86 «30,17
5,80 676
80,08 95.42
124,72 145,50
ANNUAL MILEAGE
75000, 87500,
=312.46 =350.90
-232.32 260491
52.09 58450
719,48 808,00
1120.53 1258,39
ANNUAL MILEAGE
75000, 87500,
«366.15 “406.41
-272.25 ~302.18
61,04 67.76
843,12 935,82
1313,09 1457,45
ANNUAL MILEAGE
75000, 87500,
436,45 -477.30
=324.52 =354,89
72,76 79,57
1005,01 1099,05
1565,21 1711,68
ANNUAL MILEAGE
75000, 87500,
-530,23 569,20
=394,.,25 -423,22
88,40 94,90
1220.95 1310.67
1901,52 2041.25
ANNUAL MILEAGE
75000, 87500,
-657.76 690,19
-489,07 -513,18
109.66 115,07
1514.59 1589,26
2358,85 2475.14
ANNUAL MILEAGE
75000, 87500,
-834,63 =-852.,02
-620.58 -633,51
139,15 142,05
1921,88 1961,92
2993,16 3055.52
24,0 2046

100000,
-26,76
-14,32

13,11
95,84
133,74

100000,
-219,46
«117,43
107,51
786,02
1096,85

100000,
-250,78
“134,19
122,86
898,20
1253,40

100000,
-289,74
=155,03

141,94
1037,72
1448,08

100000,
-338,75
=-181.26

165,95
1213,26
1693,06

100000,
-401,17
-214,66

196,53
1436,82
2005,03

100000,
-481,66
=257.73

235,97
1725,11
2497,.32

18.0

100000,
46,37
~34,48

T.78
106,77
166,29

100000,
~380,29
-282,76
63,40
875,67
1363,78

100000,
-434,56
-325,11

72,45
1000,64
1558,42

100000,
=502,06
-373.50

83,70
1156,07
1890,48

100000,
«586,99
436,48

97.86
1351,64%
2109,07

100000,
-695,16
-516,88

115,90
1600,71
2492,97

100000,
-834,63
-620,58

139,15
1921,88
2993,16

18,0



ANNUAL MILEAGE
CURVE/TANGENT= 0.124

CURVE/ TANGENT= 0,185

CURVE/ I ANGENT= 04368
CURVE/TANGENT= 0,737
CURVL/1ANGENT= 1,105

ANNUAL MILEAGE
CURVE/1ANGENT= 0.124
CURVE/1ANGENT= 0,185
CURVE/'ANGENT= y,368
- CURVE/VANGENT= 04737
CURVE/TANGENT= 1,105

ANNUAL PELEAGE

CURVE/TANGENT= 0,124
CURVE/ I ANGENT= 0,185 -

CURVE/TANGENT= 04368
CURVE/ I ANGENT= (,737

CURVE/TANGENT= 1,105

ANNUAL RILEAGE

CURVE/TANGENT= 0,124
CURVE/Z IANGENT= 0,185
CURVE/TANGENT= 0,368
CURVE/TANGENT= ¢,.757
CURVE/TANGENT= 1,105

ANNUAL MILEAGE

CURVE/TANGENT= 0,124
CURVE/TANGENT= 0,185
CURVE/ZITANGENT= 04368
CURVE/I1ANGENY= 0,737
CURVE/Z 1 ANGENT= 1,105

ANNUAL MBILEAGE

CURVE/1ANGENT= 0.124
CURVE/TANGENT= 1,185
CURVE/ TANGENT= ,3h8
CURVE/T1ANGENT= 04737
CURVE/IANGENT= 1,105

ANNUAL MILLAGE
CURVE/Z1ANGENT= 0412y
CURVE/IANGENT= 0.188%
T CURVEZ TARGENTZ 1,30
CURVL/Z IANGEN TS 0, 737
CURVEZITANGEYT= 141ub

ASSUMEU LAR LIFe

ANNUAL MILEAGE

CUHVE/ZIANGENT= 0,124
CURVE/ IANGENT= 0,185
CURVE/TANGERNT= 04368
CURVE/IANGENT= 0,737
CURVL/IANGENT= 14105

ANNUAL MILEAGE

CURVE/ I ANGENT= Go124%
CURVE/ IANGENT= 04185
CURVE/VANGENT= 0.368
CURVE/TANGENT= 0,737
CURVE/1ANGENT= 1.105

ANNUAL MILEAGE

CURVE/1ANGENT= Q.324
CURVE/1ANGENT= Q.385
CURVE/TANGENT= 0,368
CURVE/IANGENT= 0.737
CURVE/1 ANGENT= 14105

ANNUAL MILEAGE

CURVE/ 1ARGENT= 0,124
CURVE/1ANGENT= 0,185
CURVE/IANGENT= 0,368
CURVE/IANGENT= 0.737
CURVE/TANGENT= 1,105

ANNUAL MILEAGE

CURVE/ TANGENT= 0.124
CURVE/TANGENT= ¢.185
CURVE/IANGENT= 04368
CURVE/TANGENT= 0,737

" CUNVE/IANGENT= 1,105

ANNUAL MILEAGE

CURVE/ IANGLNT= 04124
CURVE/TANGENT= 0.188
CURVE/ZIANGENT= 04368
CUNVE/TANGENT= ya737
CURVE/Z1ANGENT= 14105

ANNUAL MILEAGE

CURVE/ TANGENT= 0,124
CURVE/1ANGENT= D.185
CURVE/IANGENT= 0368
CURVE/ 1 ANGENT= 1,747
CURVLZ I ANLENT= 14305

ASSUMEU CAR LIFE

TABLE 5-12. FUEL SAVINGS FOR DRESSER DR-1 TRUCK

12500,
-2.46
-1.35

2,52
10,00
14,48

12500,
"=23.23
-12.71
23,78
94,27
140,28

12500,
=2T.74%
-15.18

28,40
112,58
167.53

12500,
~33.91
-18,56

34,73
137.65
204,84

12500,
~42,60
=23,32

45,63
172,92
257.33

12500,
=-55.18
-30,21

Yb.vl
223,97
333,29

12500,

-713,92

25000,
-4,93
«2.,70

5.U5
20,00
29.76

25000,
~46,45
=25.43

47,57
188,54
280,57

. 25000,

T =55,.48
=30.37

56,81
.225.16
335,06

25000,
=67.,83
~37.13

69,46
275,30
409,68

25000,
-85,21
rrere

87,25
345,84
514,66

25000,
~110.36
=6U0.41
113,01
447,93
666,58

25000,
=147,43
-80,'92
151,48
6OV, UL
8y2, 08

30.0

DOLLARS/YEAR
37500,
~7+39
4405
7457
30,00
44,64

DOLLAR VALUE
37500,
-69.68
-88,14

71,35
282,81
420,85

DOLLAR VALUE
37500,
-83,21
=45.55

85.¢1
337.74
502,59

DOLLAR VALUE
37500,
~101.74%
~55.69
104.18
412,95
614,52

DOLLAR VALUE
. 37500,
-127,.81

-69.97
130,84
518.77
771.99

DOLLAR vALUE
37500,
-165.54
=90.62
169452
671,90
999,87

DOLLAR vALUE
37500,
-221,7%
-121.38
227,07
YyU,.01
1839,82

30.0

BY ANNUAL MILEAGE

$0000. 62500,
-9.86 12,32
=5,39
10.09
4u,00
§9.,55

AT 10% DISCOUNT RATE

50000, 62500,

-92.91 «115.,43

-50.86 -63418
95,13 118.20

377.08 468,48

561,14 697,16

AT 8% DISCOUNT RATE

50000, 62500,

-110.95 =137,46

«60.73 =75.25

113.61 140,76

450,32 557.93

670.13 830.26

AT 6% DISCOUNT RATE

50000, 62500,

=135.66 «167.43

«T4.26 =91,65

138.91 171.44

550,60 679.54

819,35 1011.24%

AT 4% DISCOUNT RATE

50000, 62500,

»170.42 «209,23

-93.29 =114,453

174,51 214,25

691,69 849419

1029,32 1263,70
AT 2% DISCOUNT RATE
50000, . 62500,
-220.73 -269.11
<120.43 ~147,31

226.02 275456

895,87 1092423

1333.16 1625.37
AT 0% DISCOUNT RATE
50000, 6250U,
«295,66 =357,26
=-161.85 =195.56

302.76 360,43

1200.01 1450.02
1785./6 2187400
30,0 | 28.8

TABLE 5-13, FUEL SAVINGS FOR MAXIRIDE TRUCK

12500.
D.41
-0.44
=0.42
=1.99
-2.16

12500,
3,83
4,13
=4.01
=-18.73
-20,39

12500,
4,57
~4,94%
-4,78
=-22,36
=-24,35

12500,
5,69
-6.04
-5.85
~27.34
«29,77

12500,
T.02
=7.58
~7.,35
-34%,35
=3T.40

12500.
J.09
~9.82
=9.h2
=44.49
~48.44

12500,
12,18
-15.1%
~12.75
499,59
-64 .89

30,0

25009,
0.61
-0.088
-0.85
-3,97
=435

25000,
Teu5
-8.27
-8,01
=37.45
-40,78

25000,
9,14
=9.87
=9,57
-h4,73
~48.70

25000,
11,18
T=12.07
-11.70
=54,69
~59.54

25000,

14,04
-15.16
-14,70
-68.70
-74,.80

25000, °

16,18
19,64
-19.u3
-88,98
«96.+388

25000,
24,36
-26431

T =25450

=119.19
-129.78

30.0

DOLLARS/YEAR
37500,
1.22
-1.32
-1.27
-5.96
' -6.49

LOLLAR yALUE
37500,
11,48
-12.40
-12.02
-56,18
et

DOLLAR VALUE
i arsa0,

| 13.71

| 14,81

Te14,55
-67.09
-73.05

DOLLAR VALUE
37500,
16,76
~18411
-17.55
-82.03
-89.32

DOLLAR VALUE
37500,
21,06
-22,75
-22.04

-103.05

-112.20

GOLLAR VALUE
47500,
27.28
=2940
~2b.55

-133,47

-145,33

DOLLAR VALUE
47500,
36.54
-39.46
=36.24

-178,78

«194,66

30.0

5-21

BY ANNUAL MILEAGE
50000, 62500,
1,62 2,03
-1,75 -2,19
-1.70
-7.9%
-8465
AT 10% DISCOUNT RATE
50000, 62500,
15,31 19.02
-16+53 ~20454
-16.02 19,91
~74,90 -93,06
-81,56 ~101443
AT 8% DISCOUNT RATE
56000, 62500,
18,28 22,65
-19.7%- 24446
~19414% -23.71
-89.45 ~110.83
-97.40 120467
AT 6% DISCOUNT RATE
50000, 62500,
22,35 27,59
24,14 -29.79
~23,40 - ~28448
~109.37 =134499
-119,09 -146,98
AT 4% DISCOUNT RATE
50000, 62500,
268,08 34,47
-30.33 37,23
~29.39 =36409
=137.40 ~168.69
-149,61 183,67
AT 2X DISCOUNT RATE
50000, 62500,
36,37 44,34
~39,28 ~47489
-38.07 46,41
=177.96 216,96
-193.77 -236.24
AT 0% DISCOUNT RATE
50000, 62500,
48,71 58,86
-52.61 -63458
-50,99 61462
-23b,37 288,04
-259,55 «313,62
30,0 28,8

By

8

=

75000, 87500, :
14,78 =17.25
=8,09 b oag.44
15,14 17.66
60,00 70,00
89,29 104,17
ANNUAL MILEAGE
75000, 87500,
=132.82 =149.16
72471 «81.65
136,01 152,74
539,09 605,41
802,23 900.93
ANNUAL MILEAGE
75000, 87500,
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5.3.2 Instrumentation and Testing

The instrumented coupler technique was used to eval-
uate the change in curving resistance associated with
each fruck tested. Two instrumented ecouplers were
adapted from the Full Scale Aerodynamic Test Program
conducted at the Transportation Test Center in 1978
under FRA sponsorship (Reference 1). The couplers
were upgraded to use load cells capable of + 25,000
pounds with a nominal accuraecy of about + 25 pounds.
Hysteresis in the couplers was dramatically reduced by
changing the packing of the coupler and draft gear from
grease to a mixture of synthetic lubricant and oil. The
couplers were mounted on the two loaded buffer cars
located on either side of the test car.

Grade and acceleration effects were measured using a
Bell & Howell strain gage accelerometer oriented in the
longitudinal direction on the forward end of the test
car. The need for accuracy in the measurement of the
train acceleration was identified before testing began.
The accuracy problem in measuring train acceleration
ean most clearly be seen by considering the influence of
grade. The grade in the test zone is 1 percent and
dominates the rolling resistance. Grade plus train
acceleration is measured directly by the accelerometer
because the longitudinal accelerometer is tipped and
reads a component of the 1 g gravitational field when
the grade is not zero.

For a 1 percent grade, the accelerometor reads 0.01 g.
When the train acceleration signal is low pass filtered
at .25 Hz, it rarely exceeds +0.02 g so the desired signal
is of the order of +0.03 g. The full scale longitudinal
acceleration without filtering is of the order of +10 g.
If the accelerometer signal was digitized using a 12 bit
A to D converter with full scale at +20 g, each digital
step would be 40/212 = 0.01 g and the data would be
spread over six digital steps. This resolution is inade-
quate. '

To solve this problem, the accelerometer signal was
analog filtered at about 1 Hz and run through an
amplifier to get full scale to be about +0.1 g at the
digitizer. Although this procedure worked, problems
were encountered with thermal drifts affecting the
data. During the course of a test run, the wind and sun
angles caused the accelerometer to heat or cool, gen-
erating a very low frequency extraneous signal. The
accelerometer was packed in insulating material but
the data indicate that thermal problems have not been
eliminated altogether. "

In the future, it is recommended that two further
refinements be used to measure acceleration with the
instrumented coupler technique. First, an accelero-
meter should position along the track from run to run.
Permanent magnets were installed on the roadbed in
holes drilled in the ties. A sensor located on the
instrumentation car detected the magnets and a chan-
nel was recorded indicating when the magnet was
_passed. This system provided good discrimination be-
tween ALD targets (the magnets) and the normal back-
ground. :

Train speed was measured at the instrumentation car
(the Union Pacifie's mobile laboratory) using a system
developed by the Union Pacifie Railroad. This speed
was compared to that obtained from two rotary pulse
generators on the test car and the results suggest that
the two measurements (i.e., the instrumentation car

speed and test car speed) were in excellent agreement
after being filtered at .25 Hz. Brake line pressure
deviation and notch setting of the throttle were also
provided as part of the standard instrumentation
package.

Curvature was estimated from two displacement trans-
ducers located around the center bowl to measure truck
to carbody bolster rotation. Initially, eurvature was
based on track geometry data measured during a
separate test run using the FRA is T-6 track geometry
ear. During the course of data reduction, it.was found
that the results were more sensitive to small errors in
aligning the two sets of data (i.e., the track geometry
run and each test run) than to small errors in estimating
the local curvature. As a result, truck swivel was
scaled to estimate curvature.

An automatie location detection system (ALD) was used
to establish position along the traek from run to run.
Permanent magnets were installed on the roadbed in
holes drilled in the ties. A sensor located on the
instrumentation car detected the magnets and a chan-
nel was recorded - indicating when the magnet was
passed. This system provided good discrimination be-
tween ALD targets (the magnets) and the normal back-
ground. ’

The tests used in ecalculating the curving resistance
were those tests run in the eurved test zone. Typically
runs were made under, near, and over balance speed in
the uphill direction both empty and loaded. In addition,
the loaded carbody was run in the downhill direction
near balance speed. .

5.3.3 Derivation of the Curving Resistance Formula

The conventional formulation of the curving foree (i.e.,
0.8 pound/ton/degree) assumes theé car travels through
the curve near balance speed. Usually no terin is
included to represent off balance speed behavior. Since
tests were run below, near, and above balance speed, a
term was needed to represent this behavior. The term
adopted is based on the theory used to establish balance
speed (i.e., at balance speed the ecentripetal force is

cancelled by the superelevation).
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Centripetal force is mvz/r. Since 1/r is proportional to
curvature, this is proportional to the car weight times
the degrees of curvature times the speed squared. This
force is balanced by the elevation of the high rail. The
amount of superelevation is just enough to cancel the
centripetal force at balance speed. Thus, the off
balance speed term used is proportional to Wd (vz—vbz).
When the train speed is equal to balance speed (v=vp),
the term is zero. If the train speed is higher than
balance speed, the term is positive. If the train speed
is lower than balance speed, the term is negative.

During. the early formulations of this eguation, the
negative value below balance speed proved confusing.
It did not seem possible that the curving resistance
would be reduced by running below balance speed. The
curving resistance will increase irrespective of whether
the train is pushing on the high or low rail. A slightly
more general formulation of the curving resistance was
considered:

curving resistance = W f (d,v)

where f(d,v) is some unknown function. The curving



resistance is proportional to car weight, this has been
confirmed by the TDOP Phase II test results. Expansion
of f(d,v) in a two dimensional power series.gives:

f@dy) = d+agy a2+ +

410

a v+aozv2 + ...t

01
2
alldv + alzdv L

Terms that depend only on train speed can hardly be
called curving terms since they are not zero when the
curvature is zero. Terms that are proportional to v
instead of v2 should be small from the reasoning
offered earlier to derive the off balanece speed term
(i.e., the term should represent centripetal force).
Thus, we see that the leading terms of the power series
would be: )

£(d,v) = byd + byd? + byd (vP-v, )
If f(d,v) were ever to become negative, this would
signify that the truck was pushing on the low rail. The
absolute value signs belong around the whole expres-
sion:

Curving resistance = W bld + bzd2 + b3d(v2—vb2)| '

In a way this result is somewhat paradoxical. There
may be a speed at which the eurving resistance goes to
zero, however it is dramatically below balance speed.
This is consistent with 0.8 pounds/ton/degree of curving
resistance’ at balance speed. It is also consistent with
the data collected during field testing from the L/V and
angle of attack systems on TDOP.

One interpretation is that the wheelset is displaced at
balance speed so that the differences in rolling radii of
the two wheels are just sufficient to take the truck
around the curve. This ensures minimum slipping of the
wheels on the rail.

Rolling Resistance Equation. The complete equation
for the coupler forces of a freight car as modeled in
TDOP is as follows:

CF, cos (0,01745 Cf) - CFr cos (0.01745 CI‘) =

f
(2000 W + 8 Ww) a+20Wg+88b+ 1.3b2 +

929 + 1.3W + 0.045 Wv + 0.0006 v° +

0.68 Wd + 0.08 Wd2 +0.00041 Wd (VZ_va)

Where:
CF; = coupler foree on the forward end (pounds)
Cs = coupler angle on the forward end (degrees)
CF, = coupler foree on the rear end (pounds)
CP = coupler angle on the rear end (degrees)
w = total car weight including trucks
and wheels (tons)
W, = weight of a single wheel (pounds)
a = longitudinal ear acceleration {in gravity

acceleration

g = grade ratio (percentage)

b = brake pressure defieit (psi)

v | = car speed (mph)

d = absolute value of 100 ft echord
curvature (degrees)

Vb. = balance speed (mph)

The first line of terms, CF¢ cos (0.01745 Cy) - CFp cos
(0.01745 Cp), represents the difference of the longitudi-
nal component of the coupler forces. The coefficient
0.01745 converts degrees to radians.

The first term on the second line, (2000 W + 8 Wy,) 1, is
the inertial term. The coefficient 2000 converts tons
to pounds. The term 8 Wy is a simple way of
estimating the rotary inertia of a wheelset. Theoreti-
cally, the term should be 4 Ipp/ry2 where Ipp is the
rotational inertia of the wheelset and ry is the radius

of the wheel. However,ignoring the axle and treating
the wheel like a hoop gives Ipp = 2Wyry2. Thus the
term 8 Wy is a close approximation to the real rotary
inertia term.

The next term on the second line, 20 Wg, reflects the
effect of grade. The coefficient 20 converts tons to
pounds and percentage grade to grade ratio.

The last two terms, 88 b + 1.3b2, 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 tke next
5 psi. This would give the engineer better control when
using air brakes to stretch out the train. The two terms
were included to see if this was really done. The
positive sign of the second coefficient suggests it was.

The third line of the equation, 29 + 1.3W + 0.045 Wv +
0.0006 v2, is the original Davis equation. It represents
rolling resistance on level, tangent track at a constant
speed. This comes from roller bearing drag, aero-
dynamic drag, resistance at the wheel/rail interface,
energy dissipated in the friction shubbers and center
bowl, ete. These terms appear virtually as a constant
in the TDOP Phase II curving runs. As a result, the
terms are not fitted accurately enough to provide
useful information for. echoosing between the various
formulations of the equation (Reference 2).

The last line of the equation is the curving resistance
formulation deseribed previously.

Curve fit. The rolling resistance equation presented is
rather difficult to fit. In the test zone used for TDOP
Phase II curving tests, the second line of the equation
(i.e., the inertial effects, grade, and braking) com-
nletely dominated all other terms. Any error in the
gain or bias of either the accelerometer or the coupler
forces obseured the curving forees,

In principle, the following procedure could be used:

a. Form the rolling resistance by taking
the difference in the coupler forces.

b. Remove grade and acceleration effects
by multiplying the filtered longitudinal
accelerometer by the car weight and



subtracting it from the coupler forces.

c. Remove the rotational inertia of the wheels
by differentiating train speed, multiplying
by the rotary inertia of the wheels, and
subtracting it from the result of step b.

Estimate the Davis equation from the train
speed and car weight and subtract it from
the result of step c.

e. Fit the remainder to the curving terms using
a least squares curve fit. :

In practice, this procedure does not work very well
because the accumulation of small errors in gain and
bias of the data are too great.

To solve this difficulty, a modification of a statistical
procedure known as a staged regression was used.
Basically, the acceleration, grade, and rotary inertia
of the wheels are removed using a least squares curve-
fit to get them scaled as accurately as possible. Next,
the bias is removed from the part of the data that is
left over to get rid of the Davis equation, and the
curving forces are fit to this residual. Unfortunately,
the curving forces are highly correlated with the grade

compensation in the curves, and the curving forces are

always positive so they can not have a mean of zero.
For these reasons, a straightforward staged regression
will not work. Instead, what was done was to estimate
the curving resistance values and remove them. Then
the other terms were fitted and subtracted from the
original data, and the curving terms were fitted to the
residual. This process was repeated until the estimate
at the curving resistance terms was equal to the fitted
data. The basic process is illustrated below:

a. Form an estimate for the local curvature
based on the ALD milepost and the track
charts. Call this d__.. Least squares
curve fit the equation St

dest =Cy ¥ C1 D13 + C,D14

the best available curvature
channel. Use Cp + C; D13 + C9 D14 as
curvature. (D13 and” D14 are the test
identifications of the truck swivel
measurements). Multiply by zero whenever
dest is zero to force the curvature to zero
when not in a curve.

to build

b.” Estimate the balance speed based on the
track charts. Multiply by zero whenever
dest is zero to force the balance speed to
zero when not in a curve.

Ce. Estimate the reading of the filtered
accelerometer -(test identification GR) by
differentiating the train speed and adding it
to the track chart grade. Call this GR__,.

. . est
Least squares curvefit the equation:
GR - GR = CO + C1 tjme + CZ time 2

.5
+ 05 time

est

. 3 . 4
+ C3 time ” + C4 time
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This estimates the bias of GR and the size
of the thermal drifts experienced. It is
useful if time is scaled to be in the range of
-1 to 1. Remove the estimated bias and
thermal drifts from GR.

Estimate the rolling resistance by taking the
difference of the two coupler forces.

e. Estimate the Davis equation using the train
speed and car weight based on the equation
shown in the previous section.

f. Estimate the curving force term based on
the equation shown previously using the best
available estimate for the three coefficients
for the current truck. Start with Type 1
truck coefficents as the first estimate.

g.  Form the rotary inertia term for the wheels
by differentiating train speed to get the
necessary acceleration.

h.  Subtract the terms formed in steps e
through g from the rolling resistance formed
at step d. Call this result Maest. Least
squares curve fit the equation

Maest = C0 + C1 GR + C2 distance
+ 03 distance 2 + C4 distance 3

to fix any gain or bias errors that remain.
The polynomial with distance should be
scaled to be in thé range -1 to 1 and helps to
remove any remaining thermal drift.
Distance is based on the ALD system and
shifted to have 0 at the center of the test

zone.
i. Remove this result from the measured
rolling resistance (i.e., subtract Cg +

C1GR+...). Subtract the Davis equation and
the rotary inertia terms. This is- the
residual.

j. Fit the curving terms to this residual. If the
resulting coefficients are different than
those assumed at step f, go back to step f
and use these new results until the process
converges.

This procedure is time consuming. It has the advantage
that the results compare well with conventional results
for the Type I truck and the results for the Type II
trueks make sense. It also is very insensitive to gain
and bias errors in the test data.

5.3.4 Track, Consist, and Fuel Consumption Simulator

In order to estimate savings/costs associated with the
measured changes in curving resistance, it is necessary
to make some assumptions about the track and train.
Obviously, a train that runs over straight track will not
experience any benefit from a reduction in ecurving
resistance. Similarly, a 70-ton car would be expected
to have less fuel savings than a 100-ton car. Other
parameters probably are not as important as weight and
curve-to-tangent track ratio. For example, a TOFC
(trailer on flat car) configuration might experience less



percentage change because increased aerodynamic drag
causes the fuel consumption to increase. However, the
‘savings per mile due to reduced curving coefficients
"Would. be expected to remain fairly constant, What is
" important is the integral of forece over distance (i.e.,
work). For a constant change in foree, one would
expect to get the same change in work. '

Initiglly the plan for fuel consumption calculations

called for using an "average" consist and an "average"
track. However, the TDOP consultants pointed out that
the average was.not necessarily representative of any
railroad. Two procedures were proposed to deal with
this: 1) scenarios, -dand 2) parameterization.. Sinee the
problem is relatively easy to parametérize (i.e., eurve-
to-tangent track ratio and car weight are the important
parameters), it was decided to proceed this way,

A statistically "average" track was used as illustrated’

in Table 5-14. To vary curve-to-tangent ratio, each

TABLE 5-14. . STATISTICS FOR AVERAGE TRACK

GRADE % of Track
0.12 5260
0.38 24.85
'0.63 13.60" -
0.88 7.73
1.50 . 0.50
2.00 0.72 -

CURVATURE - - % of Track
0.0 73.07
0.5, 9.88 -

.15 8.57
2.5 ° 5.82
- 3.5 . 0.84
4.5 0.47

- 5.5 0.64
6.5 0.71

SPEED % of Track
0 0.69
10 4,59
20 5.02
25 1.29

35 4.98
a0 . 2.46
45 - 15.10
55 26.48
65 . 36.76
79 2.61

curved section of track was comblned with a second
identical record, effectively doubling the length of the
curves, Also the train was run out and back so that it
returned to- the ‘same place it left (to ~avoid any
differences in altitude). Each curved segment was
repeated three times and the tangent segments were
repeated two or three times. This procedure provided
track at a variety of curve-to-tangent ratios with no
changes in altitude to complicate the data.

Also an "average" consist composed of both empty and

loaded cars was used (see Table 5-15). The measured
ro].hng resistance for each truck was used for all the
cars in the consist (except the loecomotives) and the
consist was run over each curve-to-tangent ratio of
track. Next the number of locomotives was increased '
(from three to four) and the runs were repeated. The
number of locomotives was inereased again (from four
to five) and the runs were repeated once again. Finally,
grade compensation was added to the track models and
all three locomotive arrangements were rerun for all
track conditions. All of these modifications produced
relatively small variations in the savings (i.e., the

" difference between Type I and each of the Type Il
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trucks), although substantial différences were observed
in overall fuel consumption. All the results were
averaged and were presented earlier as Figures 5-10
and 5-11. Table 5-16 shows the numerical results.

The average track, average train, and fuel consumption
simulator were all developed as part of an earlier FRA-
sponsored study to develop and calibrate a fuel con-
sumption simulator (as opposed to a train simulator),
References 3 through 6 document . this effort. Data
used. in this project were as specified in the references,
except that the average track model was modified to
add a separate tangent track as opposed to track of the
lowest curvature class. Also the fuel consumption
simulator was modified to allow the eurving resistance
equation and modified truck weight to be entered
externally rather than. being built into the routine.
Finally, it proved necessary to reduce the step size of
the nuinerical integration routine by a faector of 20 to
get consistent results for the fuel savings.

5..3.5 Use of Tables

The average train used in the study carries 61 tons for

each 32 loaded cars and also has 35 empty cars. A

variety of carbody types are used. The gross train

weight execlusive of locomotives and caboose is 4,318

tons. The: net, train weight is 1,952 tons. Thus the -
average car used in the study runs 48 percent loaded,

has a light weight of 35 tons, and carries an average of

61 tons loaded. The average.car weight would be 64

tons.

Since the fuel savings are roughly proportional to car
weight, it is easy to re-scale the calculated savings for
a specifie car. For example, suppose one wanted to
know the savings for a 100-ton hopper ear that runs 50
percent loaded - 50 percent empty, has a light weight
of 33 tons, and carries an average of 99 tons loaded.

Then the average car weight would be calculated as
follows:

.5 x 33 tons + .5 x (99 tons + 33 tons) = 83 tons-

And the scale factor for this 100-ton car would be
83/64 = 1.3 times the savings reported in the tables for
an"average'" car.

Given the scale factor, one can proceed to calculate
the gallons saved per mile for a specific truek from
Table 5-15. For example, suppose the route has a
curve-to-tangent track ratio of 0.70 and the truck is
the Dresser DR-1. Going to the table, for a curve-to-
tangent ratio of 0.737, there is a savings of 0.00094
gal/mile. For a curve-to-tangent ratio of 0.368, there
is a savings of 0.00024 gal/mile. By interpolating, the
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' savings is 0.00087 gal/mile for a curve-to-tangent ratio
of 0.070. Multiplying by the scale factor of 1.3 gives
. 0.00113 gal/mile.

If the price of diesel fuel is 85¢/gallon, this is a savings ~

of $0.00096/mile. If the car goes 50,000 miles/year,
the savings is $48/year. Assuming the price of diesel
fuel will inflate at 4 percent above the average rate of
inflation, that a 10 percent rate of return is’ a break
even proposition, and that the projected car life is 30
years, then the value of the-savings is as fo]lclzws:

v
3 . ¥

30 o
$48/year x (1.04)" " = $660
110" -

n=1 -
Given the 10 percent investment tax credit, one would
break even by paying $660 x 1.1 = $726 per car for these
savings. Of course, this value must be added to any
savings from rail wear, car maintenance, ete., to calcu-
late the warranted investment in a Type I (premium)
truck. :

. TABLE 5-15. 'S’_I‘ATISTICS FOR AVERAGE TRAIN* »

Number -
Cars |Loaded

) Box Cars ill

i Hopper Cars 12

Flat Cars 3

, - Gondola Cars 3
A L .. Tank Cars 3
] ’ V32 .

Number
Empty ' ;«“T;(,)ta'l
12§ (23
12 ! - 2h
L3y 6 |
Y 7
R
—_— i( ) —_—
'3 67
. ()

o - . ; i

[ . and the small portion (2%)

¢

TABLE 5-16. GALLONS SAVED/CAR MILE BY CURVE/TANGENT RATIO

'
i

*Refrigerator cars are placed into the boxcar category for these purposes,
of the remaining categories is ignored. .

5 CURVE_TO_TANGENT

TRUCK - 1.105 ; 0.737 0.368 0.185 0.124

ACF FABkIC ATED 0.00086 0.00069 0.00038 0.00016 0.00010
ALUSUISSE (70 TONS) -0.00024 -0.00030 -0.00019 ~0.00015 -0.00008
BARBER-SCHEFFEL 0.00157“ 6.00113 0.00015 -~0.00017 -0.00055
DEVINE-SCALES 0.00196 0.00126 0.00009 ~0.00041 -0.00055

" DRESSER DR-1 TRUCK: 0.00140 0.00094 0.00024 ~0.00013 -0.00023
MAXIRIDE TRUCK -0.00020 -0.00019 -0.00004 ~0.00004 0.00604
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5.4 ROADWAY MAINTENANCE ANALYSIS

Reduced roadway maintenance is an area where signifi~
cant savings might be achieved with an improved truck
design. The Canadian Institute of Guided Ground
Transport (CIGGT) .under sponsorship of Transport
Canada has agreed to undertake such a study of the
TDOP Phase II test data and to publish a report
available through National Technical Information
Service later -in the year. CIGGT has done several
similar studies in the past. The most.recent of these
studies. was done for the Track-Train Dynamies
Program (References 7 and 8) and is the basis for the
material that follows.

In the CIGGT analysis, rail of tangent and low curva~
ture classes tends to wear out due to fatigue or rail end
batter; in high curvature classes, it tends to wear out
due to plastie flow at the high rail gauge face and low
rail head. There is potential for savings due to
improved truck design in both failure modes. The
tangent and low curvature track life might be increased
by reduction in the dynamiec vertical loads, which eould
be achieved by reducing the unsprung mass aeting on
the rail (e.g., by using a primary suspension system).
Also the axle spacing, spring rates, and snubbing would
have some affect on the vertical dynamiec load. On the
other hand, the steady state vertical load would tend to
be slightly higher due to the increased weight of these
trucks, Of course, the exception would be when the car
is fully loaded. Under these conditions, the car would
have to carry slightly less lading to avoid exceeding the
total rail weight limits.

Based on TDOP Phase II test results, the case for
lengthening rail life on tangent and low curvature track
does not appear good. In general, the test data show
that dynamic vertical loads are higher rather than
lower. Only one primary suspension truck showed major
decreases in the dynamic vertical load. It appears that
increased rail life on tangent track due to reduced
dynamic vertical loads will not be realized with most
Type 1I trucks.

In the high curvature classes, one would expect signifi-
cant savings due to the decrease in lateral curving
stresses associated with radial (steering) trucks and,
possibly, rigid trucks. Stress level, not simply lateral
force, wears out both the wheels and the rail. For this
reason, the produet of angle of attack and lateral force
is often suggested as an index for wear. If the angle of
attack is higher, it implies that the contact area is
smaller and that the stresses are higher for the same
lateral foree, This mechanism is modeled in the CIGGT
analysis for multiple contaet patches on the rail head
and gauge faces. '

The test data show that a steering truck can achieve a
significant reduction in the steady state lateral load on
intermediate curvature track. Potentially large savings
ean be achieved with high annual mileage cars operat-
ing on routes with high curve-to-tangent ratios.

Finally, there is a potential for savings in the area of
lessened gauge widening from a truck that does not
hunt. Results from performance testing in TDOP have
provided lateral forees and durations during hunting for
a number of circumstances. These results have the
potential to be further developed into a gauge widening
model. However, a significant effort is needed to
calibrate these results to the real world situation. If

gauge widening on tangent track is caused primarily by
hunting, the tendency of the gauge to widen should
inerease with increased speed. Data showing the inci-
dence of gauge widening with posted speed need to be
gathered to build a model of this type. The savings
could be potentially significant not only in the area of
rail maintenance but also in reduction of number of
spike-killed ties.

5.4.1 Savings on Tangent Track

Reduction in dynamie vertical loads due to reduction in
the unsprung mass of the truek, changes in axle spacing,
spring rates, damping, etc., offer a potential for savings
in the tangent and low curvature track classes. TDOP
Phase II used strain gaged pedestal adapters to measure
vertical loads for the standard Type I, Barber-Scheffel,
Devine-Scales, Dresser DR-1, and National Swing
Motion trucks. Since the Maxiride-100 truck did not
have conventional adapters, spring group displacement
was used to measure vertical loads in it. In the case of
the DR-1, modified pedestal adapters with an elasto-
meric pad (part of the truck design) had to be used
instead of the conventional, instrumented adapters.
The Devine-Scales truck used different strain gage
instrumentation on the adapter. Details of the instru-
mentation and associated data reduction can be found
in Section 2 of this report.

While the trends in the mean vertical loads are probably
fairly representative (i.e., the data suggest how the
vertical load is redistributed as the car goes through a
curve), care needs to be taken that the standard devia-
tions are not over-interpreted. For example, there is a
tendency for the standard deviation to decrease as the
load on the wheel increases with the Type I truek in the
loaded car configuration. This probably has more to do
with the nonlinear calibration of the adapter than the
Type I truck dynamies. The simplest thing to do is to
average all the standard deviations, calling that typical
of the truck. Using this procedure, it is possible to
compare the Type I, National Swing Motion, and
Barber-Scheffel trueks (all of which use the same
measurement system). Differences between the Type 1
truck and the Devine-Scales, Maxiride-100, or Dresser
DR-1 must be evaluated in the context of the
differences in the measurement system.

Table 5-17 and Figure 5-16 illustrate these results for
loaded cars. As expected, the result for the
Maxiride-100 truck is lower. The Devine-Scales result
is somewhat surprising in that it has primary suspension
and reduced unsprung mass. However, the pockets that
hold the suspension seized up during testing and very
little vertical motion was observed.

Comparison of results from the Barber-Scheffel and
National Swing Motion trucks with results from the
Type 1 truck is consistent with the idea that the
unsprung mass affeets the dynamic vertical loads. Each
of these Type II trucks mount extra equipment on the
side frame, thus inecreasing the unsprung mass. Each of
them seems to have a slightly greater dynamic vertical
load. than a Type I truck. In the case of the Barber-
Scheffel truck, there are elastomeric pads between the
shear pad housing and the side frame pedestal roof.
These might be expected to provide some primary
suspension action, but do not appear to do so.

The Dresser DR-1 truck result shows a slightly reduced

~dynamic vertical lodd comnared to the Type I truck,
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which is counter to the idea that an inereased unsprung
mass will inerease the dynamic vertical load (the DR-1
has slightly greater unsprung mass). However, the
DR-1 does feature an'elastomeric pad at the bearing
adapter which may perform the functions of a primary
suspension element, thus, reflecting the influence of
reduced vertical dynamic loads.

Turning to the economie issue of how much a change in

$231/mile for track below 2 degrees curvature.

i

dynamic loading will save, estimates in Appendix E of
Reference 8 are reproduced here as Table 5-18. For a
traffic density of 15 -MGT/year with a 100-ton car,
there is a very significant annual savings from a redue-
tion of 25 percent in the vertical dynamic loads. The
equivalent annual benefit due to increased rail life is
How-
ever, a Type II truck traffic of 15 MGT/year seems
extremely high. »3- :

TABLE 5-17. STATIC AND DYNAMIC VERTICAL LOADS FOR I;OADED CARS

Static Loads, ' ..
Average Dynamic Loads, % Relative*
Truck Type Weight/Axle Standard Deviation - to Typel
Type 1 33,000 Lb +2,144 Lb 100%
Barber-Scheffel 133,250 Lb +2,577 Lb 120%
Devine-Scales 33,375 Lb +2,979 Lb 139.%
DR-1 33,156 Lb +1,943 Lb 91%
Maxiride 32,982 Lb +1,312 Lb 61%
Swing Motion 33,250 Lb +2,51é Lb 117%

* For e‘)ltample, % relative to Type I for.the BartTer—Sc“heffél =(2577/2144) x 100.
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For example, a 75,000 mile/year unit coal train with

. 100 cars averaging one trip out and back each. week
would have a route 721 miles long (75,000 miles/104
trips). If the gross load on the rails was 132 tons, this
would be 0.86 MGT/year (100 cars x 132 tons x 52
loaded trips + 100 cars x 32 tons x 52 empty trips).
Scaling the savings/mile down gives $13.2/mile ($231 x
0.86/15). If a curve-to-tangent ratio of about 1 to 3 is
assumed, - then there are 541 -miles .of track: in this
category (.75 x 721 miles) and a total annual benefit of

" $71/car/year (i.e., 541 miles x $13.2/100 cars). Assum-
ing the remainder of the track is predominately in the 2
to 5-degree category, carrying out the same catculation
for this category gives a savings of $47/car/year.

- Adding these results, the total (rail) savings from a 25
percent reduction in vertical load would be
$118/car/year.

While the differences here are rather dramatic in terms
of dollars/ear/year it should be pointed out that there
were procedural problems with the CIGGT analysis and
it seems likely these numbers will be subject to change
based on additional .analysis of the TDOP .Phase II
performance data being conduceted by CIGGT.

5.4.2 Savings on Curved Track

Reduction in lateral curving stresses at the wheel/rail
interface due to reduced lateral force or a reduced
angle of attack offers the potential for significant rail
life increases on curved track, The savings come from
a net reduction in the steady state lateral curving force
or steady state angle of attack as a function of
curvature (see Figures 5-17 and 5-18). There is also a
dynamic lateral force and dynamic angle of attack.
This is the random variation about the steady state
force and can be represented by a standard deviation as
in the case of the dynamic vertical force. The lateral
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tu; O DEVINE-SCALES TRUCK
=
2
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0 ! P 1 ! :

TRACK CURVATURE, DEGREE

FIGURE 5-17. AVERAGE LATERAL FORCE VS CURVATURE FOR LEFT
HAND CURVES FOR LOADED STEERING TRUCKS

AVERAGE LATERAL FORCE, LB =~

dynamic environment is quite largé compared to the
steady state environment for low degrees of curvature
and should not be 1gnored.

Lateral load, L/V, and angle of attack data for the Type
1I trucks have been sent to CIGGT in the form of means
and standard deviations, The test data for Type 1I
trucks were taken with the CN profile. This profile is
intended to cause single point contact between the
wheel -and rail. The.contact .pateh assumptions in the.
CIGGT model might need to be reconsidered for these
trucks. The Type I truck was tested with a new AAR
profile. Based on the results already shown in Figure 5~
18, the prospects for reducing the steady state lateral
loads by factors of about 50 percent appear excellent
for steermg trucks. The appropriate data are
reprodueed in Table 5-19 from the economie analysis in
Reference 8.

Considering, the case developed earlier for vertical
dynamic loads (i.e., a 100-car unit coal train, operating
over 721 miles of track, ete.), the scaled annual bene-
fits due to the change in traffic density is $82.3/mile
for the two degree to five degree track category ($1435
x 0.86/15). Under the assumptions given earlier (i.e.,
curved/tangent = 1/3), there are 180 miles of track in
this category, thus, the total annual benefit for rail
wear is $148/car/year ($82.3 x 180 miles/100 cars).

5.4.3 Savings Other Than Rail Life

Savings other than in rail life have been classified in
two categories in the analysis in Reference 8. These
are savings in tie life and "other" savings. The values
projected for these savings were shown in Tables 5-18
and 5-19 and are often larger than the savings projected
for increases in rail life. Although not -originally
planned for inclusion in TDOP Phase II, these savings
have been estimated based on Reference 8 and included
in the cost/benefit analysis.

20,000 T

T T T T
¢ TYPE I TRUCK
B SWING MOTION T
15,000 - A RVUCK ]
@ MAXIRIDE TRUCK
10,000 | i
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0 I 1 L i
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FIGURE 5-18. AVERAGE LATERAL FORCE VS CURVATURE FOR LEFT
HAND CURVES FOR LOADED NON-STEERING TRUCKS
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TABLE 5-18. ECONOMIC IMPACT OF VARIATIONS '
"IN VERTICAL DYNAMIC LOADS

TRAFFIC - 15 MGT/YR. -
BASE CAR - - 100 TON (263,000 Ib. gross load on rails)
TRIAL CAR -  Base car with reductions in static and dynémic loads as listed below:
a) vertical dynamie reduced by 25 pereent
b) lateral dynamic reduce by . 0 percent
e) statié load reduced by " percenf
BENEFITS OF TRIAL CAR OVER BASE CAR
CURVATURE o AN | 0%2° | 2%-5° | 5°-°
"Rail Life (MGT) | Base Car ‘ . 347.9 . 347.'9 193.6 | 128.1 °
" Trial Car '399.2 | 399.2 | 225.4 | ia7.7
 Advantage $/Mile Present Value 1 2,570 5;57.0 5,070 | 7,525
Equivz;_lent Ar;hual Benefit .
~$/Mile - Rail . . 231 231 . 456 | 877
" Tie Life (Yrs) . Base Car - . 24.8 22.7 16.8 15.9
Trial Car |0 22.9 17.1 | 16.2
Advantage $/Mile Present Value 3 141 169 | 458 510
Equivalent Annuai Benefit . | ‘ : - .
$/Mile - Ties ;o ‘ 13 15 41 46
Other Cost " Base Car ;_: .
Relative Factor 1.235 1.342 1.643 '1.689
Trial Car 1.190 1.294 | 1.582 1.626
Advantage $/Mile Present Value ‘ 3,455 | 3,689 4;688 4,833
Equivalent Annual Benefit . -
$/Nﬁ1ef Other 311 332 ) 422 435
Equivalent Annual Benefit no -
$/Mile - TOTAL . 555 578 919 1,153

 5-30



TABLE 5-19. ECONOMIC IMPACT OF VARIATIONS IN. LATERAL LOADS

TRAFFIC - 15 MGT/YR.
BASE CAR - 100. TON (263,000 1b. gross load on rails)
" TRIAL CAR - Base car with reductions in static and dynamic loads as listed below:
a) vertical dynarﬁic reduced by 0 percent
b) lateral dynamie reduced by 50 percent
¢) static load reduced by . 0 percent
BENEFITS OF TRIAL CAR OVER BASE CAR
CURVATURE TAN 0°-2° 20-5% | 59-8°
Rail Life (MGT) Base Car 347.9 | 347.9 193.6 | 128.1
Trial Car 347.9 347.9 347.9 249.5
Advantage $/Mile Present Value - 0 0 15,939 | 26,428
Equivalent Annual Benefit :
$/Mile - Rail 0 0 1,435 2,379
Tie Life (Yrs) Base Car 24.8 | 22,7 16.8 15.9
Trial Car 24.8 24.6 19.9 19.1
Advantage $/Mile Present Value 0 1,491 4,0_64 4,618
Equivalent Annual Benefit
$/Mile - Ties U} 134 366 415 .
Other Cost Base Car
Relative Factor 1.235 " 1.342 1.643 1.689
Trial Car 1.235 1.245 1.485 1.526
Advantage $/Mile Present Value 0 7,444 12,132 | 12,510

Equivalent Annual Benefit
$/Mile - Other 0 670 1,092 1,126

Equivalent Annual Benefit
$/Mile - TOTAL. 0 | 804 2,892 3,920
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5.5 LADING DAMAGE & DERAILMENT ANALYSIS

5.5.1 Lading Damage

Reduced lading damage is another area where 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 when loaded, or primary
suspension where the spring nest is over the roller
bearings, or in one case, leaf springs as the primary
‘means of suspension). These modifications are intended
to attenuate the track excitation and thus provide a
better ride.

With regard to the vertical dynamie environment, small
variations in-rms levels between the trucks were
observed (see Figures 5-19 through 5-24). None of the
trueks performed dramatically better than Type 1
trucks.

Considerable savings could be realized through reduced
lading damage claims.
thing to do with trucks appear in one of three "cause"
categories in the AAR lading damage reports. These
are cause 3 (all damage not otherwise provided for),
cause 4 (defective or unfit equipment), and cause 2
(derailment). Of these, cause 3 is the only one that is
significant. Comparing the commodity codes from the
AAR lading .damage reports to the 1 percent waybill
sample, it is possible to estimate the damage costs per
mile (after making an assumption that the cars travel
50 percent empty and. 50 percent loaded). Typieal
results are shown in Table 5-20.

It is widely reported that longitudinal dynamiecs, not
vertical or lateral dynamics, is the primary cause of
lading damage (see Reference 9). There are probably
specific cases where vertical and lateral dynamics
contribute to lading damage. If Type II trucks could
carry the right commodity, the savings might be sub-
stantial. Table 5-20 shows that there are a numbeér of
commodities that have lading damage costs in the
1¢/mile range. If a Type II truck were to reduce this
cost by 50%, assuming the car -travelled 25,000
miles/year, this would be an annual savings of

Claims that might have some- .
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$125/year. The savings cpuld be very comparable to
the savings from car maintenance, fuel consumption, or
rail wear. Of almost equal importance, an improved
truck with better ride characteristies might be able to
draw new commodities to the railroads.

Reduction of hunting amplitudes and increases in hunt-
ing speeds will reduce lading damage for lightly loaded
or partially loaded cars. All the Type II trucks tested
produced significant improvements in these areas. The
potential is there to reduce lading damage due to
improved lateral dynamics. However, it is very diffi-
cult to be quantitative about these- savings in any
general way. On specifie trains with specific routes
and types of ecommodity, it would be somewhat easier
to identify how much might be saved in lading damage.

5.5.2 Derailment

To the extent that Type II truck reduces the L/V ratio,
it would tend to derail less often. Thus, it might seem
reasonable that a Type Il truek would experience lower
derailment costs. Unfortunately, this is probably not
the case. WMost 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.
Since an improved truek will not improve the perfor-
mance of the cars ahead of it, it seems unlikely that
mueh savings could be-realized in this area by the
owner of the car. : .

Rather, a Type II truck will tend to reduce the overall
ineidence of derailments. Even this effect will be
fairly distant. One might typify derailment as the
weakest car encountering the weakest track with catas-
trophic results. It will take a number of years (or a car
introduced into service now to become the weakest car,
Under the.cireumstances, savings from derailments are
probably not a major economic factor to be considered
in purchasing a Type II truck.

On the other hand, there are certain car series (e.q.,
the 100-ton covered hopper) that have statistically
significant increases in the incidence of derailment.
Under these circumstances, it might make sense to
consider a Type 1I truck as part of an overall design
strategy when redesigning such a car series (see
Reference 10).
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TABLE 5-20. LADING DAMAGE PER MILE BY COMMODITY TYPE
CAUSE SYMBOL CAUSE SYMBOL
PERGCENT 1% WAYBILL 3 4 9 “ 9
ALL CLAIMS 1000 MI 1000 s 1000 s 1000 $ CENTS/MI CENTS/MI CENTS/ML
01 FAKM PRODUCTS 18,7 8709, 5453, 3202, 103574, 0431 0.18 0.60
01121 COTTON IN BALES 0,8 405, le, 14, 1286, 0.02 0.02 1.99
0113 GRALN 8,4 4996, 725 7306, 6909, 0401 0,73 0.69
01144 SUYBEANS : 364, 2, 374, 1376. 0.00 0,51 1.69
01195 PGTATOES 0,8 674, 402, 22, 67. 0.30 0,02 0,05
012  FRESH FRUIT & NUTS 2,3 571, 1673, 75. 267, 1.46 0,07 0,23
013 FRESH VEGETABLES o8 1130. 2482, 9%, 723, 1.10 0.04 0.32
10 MELTALLIC ORES 0,7 2457, 191, 316, 863, 0.04 0,06 0.18
11 CUAL 1,4 11657, 98, 468, 2521, 0,00 0,02 0,11
14 NOMETALLIC MINERALS 0,5 3300, 634, 257, 393, 0,10 0.04 0.06
20 Fuou 20,8 12929, 38812, 2685, 8112, 1.50 0,10 0,31
201  MeAT 1,6 587, 540, 248, 394, 0.46 0,21 0434
2033 CANNED FRUIT OR VEG 0,7 802, 1611, 21, 255, 1,00 0,01 0.16
2037 FROZEN FRUIT OR VEG 0,5 969, 228, 15, 154, 0412 0,01 0,08
2039 MIXED CANNED 600DS 0,6 448, 1322, . X 219, 1.48 0,01 0.24
204  GRAIN MILL PRODUCTS 7,3 4006, 16948, 1119, 2268, 2412 0414 0,28
2062 REFINED SUGAR b P 594, 2604, 123, 477, 2.19 0,10 0.40
20821 BEER i 0,9 2121, 1782, 13, 413, 0479 0,01 0,18
209  MISC FOOD PREPARATIONS 4,7 2449, 8533, 582, 2197, 1.74% 0.12 0,45
21 TUBACCO PRODUCTS 0,8 239, 1214, T1. 251, 2454 0.15 0,53
24 LUMBER OR W0O0D 3,5 9718, 5718, 97, 2748, 029 0.00 0,14
2432 PLYWOOD OR VENEER 0.8 2047, 1457, 19, 723, 0.36 0.00 0.18
25 FURNITURE OR FIXTURES 1.8 1273, 3722, 125, 452, 1.46 0,05 0,18
26 PAPER, PULP+ ETCs 4,9 7862, 10902, 167, 2069, 0,69 0,01 0.13
26213 PRINTING PAPER 1,1 888, 2724, 65, 419, 1.53 0,04 0,24
28 CHEMICALS 3.9 8452, 4689, 487, 4622, 0.28 0,03 0427
29 PEIROLEUM OR COAL PROD 1.0 3277, 1456, 108, 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 0,2 265, 428, 13, 44, 0.81 0,02 0,08
32511 BRICK 0.4 263, 1132, S, 52, 2,15 0,01 0,10
33 PRIMARY METAL PRODUCTS 2,2 3803, 4321, 213, 981, 0457 0,03 0,13
34 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
36 ELECTRICAL MACHINERY 3.1 1366, 4663, 90, 1621, 1.71 0,03 0,59
363  HOUSEHOLD APPLIANCES 1,9 1028, 3354, 17, 3112, 1.63 0,01 1,5
37 TRANSPORTATION EQUIP 20,4 9021, 47090, 54, 8112, 2,61 0.00 0,45
3711 MUTOR VEHICLES 18,5 4667, 44562, 17, 5853, 4,77 0,00 0,63
3714 MUTOR VEHICLE PARTS 1,3 3767, 2108, 29, 1534, 0.28 0.00 0.20

Note: Categories are the same as cause symbols.
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5.6 COST/BENEFIT ANALYSIS

The results of the component elements of economic
analysis covered in subsections 5.2 through 5.5 are
assimilated and discussed in this subseetion. The major
parameters that govern the profitability of Type II
trucks have been identified as:

Annual car mileage
Curve-to-tangent ratio of the route
Number of trucks purchased

Car weights

Empty-to-loaded ratio

Captive versus interchange service -
Lading sensitivity to damage

Added cost of the truck

PR o As TR

5.6.1 Results

Reviewing the different areas where savings might
reasonably be achieved (car maintenance, roadway
maintenance, fuel consumption, lading damage, and
derailinent), it is clear that with the exeeption of car
maintenance, the handling line receives most of the
benefits from improved trucks. The owner (if he is not
the handling line) pays for benefits someone else
receives. For this reason, Type II trucks can only be
profitably used in some type of captive service. ,

For the same reason, car lines and private owners are
not likely to be very interested in Type II trucks. The
railroad receives the benefits from a Type II. truck, not
the private owner. If the railroad is willing to pay
higher fees to the car line or charge -lower fees to the
private owner they might be willing to purchase these
trueks, however, there is still the problem of getting
nonstandard parts to the truck in a timely way. The
owner generally will have to pay for lost car days. In
order for a private owner or car line to profitably
.purchase a Type' II truck, the railroad has to actively
cooperate in controlling the costs of maintaining non-
standard trucks.

Private owners (especially utility companies and Trailer
Train) control a significant portion of the cars (such as
these in unit coal trains) that might reasonably be
equipped with premium trueks. There are 26 pages of
prime candidate cars in the 1977 Official Railway
Equipment Register belonging to utility companies and
Trailer Train alone. The railroads will have to take the
initiative in getting maximum benefits from a Type I
truek. If railroads are convineed of such benefits, they
must play an active role in equipping appropriate cars
with improved trucks.

.In order for a Type II truck to be profitable, it must be

on a ecar with high annual mileage because the benefits
from such a truck acerue sooner on a high mileage car
and are consequently worth more. All the benefits,
such as savings from reduced rail wear and fuel con-
sumption, are more or less proportional to annual car
mileage. The annual benefits get larger with larger
annual mileage.

One of the reasons that Type II trucks cost more than
Type I trucks is because Type I trucks are produced in
very large quantities, The Type I truck costs 65¢ a
pound. A price this low is only possible in very large
quantities. The nonstandard parts in a Type II truck
cost around $1 a pound. This is a fairly typieal price
for iron products produced in normal production quanti-

ties. If the truck manufacturer tries to recover his
development costs, the price/pound is even higher.
Several of the Type II truck manufacturers have taken
advantage of these facts. Retrofit kits or trueks that
are already in production have distinet cost advantages
since they take advantage of the economies of seale in

" producing a Type I truck.
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The advantages of a Type Il truck have to be dramatic
to overcome the built-in cost advantages of a Type I
truck. Also, the advantages of standardization work
against a Type II truck. The cost of introducing a set of
nonstandard parts to many repair sites. throughout the
United States is quite significant.

Under the circumstances, it is fairly surprising that any
Type II truck has a chance to enter the railroad market.
However, it appears that there are two scenarios  in
which a Type Il truck may be profitable. First,  a
steering (i.e., radial) truck may be able to pay for itself
on routes with high curve-to-tangent ratios using high
annual mileage cars. The savings come primarily from
reduced rail wear of curved track. Doing a worst-case
analysis' of one of the steering trucks and varying the
annual mileage and curve-to-tangent ratio, the
boundary (between profitable and marginal) shown in
Figure 5-25 was obtained in which the net present value
of the benefits was positive.

As can be seen by considering the values of the
parameters at which the steering truck is clearly pro-
fitable, there are relatively few cars in this situation;
however, they do exist. The marginal area is more
encouraging. Again, these are not the normal cars
being purchased today (the annual mileage is too high).
However, significant numbers of cars with these com-
binations of annual mileage and curve-to-tangent ratio
do exist. Also, the requirement for routes with unrea-
sonably high curve-to-tangent ratios has been re(‘uced
well into the normal railroad range.

The second scenario with a profitable Type 1l truck;is
more questionable. A primary suspension truck reduces
the unsprung mass of the truck and may experience
lower vertical dynamic loads. This leads to reduced
track wear irrespective of curvature. The boundary
with curve-to-tangent track ratio is not very meaning-
ful because the savings are insensitive to it (see Figure
5-26). A more interesting case is the boundary with
loaded car weight because of the potential for savings
in reduced lading damage due to hunting (see Figure
5-27). Normally, loaded ears on Type I trucks hunt at
very high speeds, and since they are not run at such
speeds, one would not expect lading damage due to
hunting. However, particularly in intermodal service,
there are a reasonably large number of unit trains that
carry relatively light loads.

The boundary with loaded car weight shown in Figure
5-27 is quite encouraging. No savings from lading
damage were assumed in computing the boundary and a
number of losses were excluded (e.g., small fuel losses)
yet there is enough track wear savings to pay for the
truck improvement even with a lightly loaded car.
While it is virtually impossible to caleculate how much
savings there would be due to reduced lading damage,
substantial savings seem likely.

Depending on the assumptions one makes about car
maintenance and truck prices, a very similar seenario
can be constructed for rigid trucks in which savings
come from car maintenance and reduced lading
damage, and losses are due to increased track wear.
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5.6.2 Procedure

The basic procedure used to assess the economic per-
formance of Type II trucks is illustrated in Table 5-21.
The approximate costs and weights of the Type I and
Type II trucks are shown in Table 5-22. The data shown
are estimated data for a steering truck using the
economic methodology developed under Phase [ of
TDOP (References 11 through 13). The assumptions
about the ear and route are:

32 tons

132 tons

0.5

80,000 miles/year
0.667

Empty weight

Loaded weight
Empty to loaded ratio
Annual mileage
Curved/tangent ratio

Several other assumptions are made impliecitly. Since
the rail and fuel benefits have been included, this must
be a captive service car (i.e., it only runs on the car
owner's own line). No provision has been made to add a
lading damage benefit, thus the lading is assumed to be
insensitive, as for example, coal.

The definition for empty to loaded ratio is miles
traveled empty/total miles traveled. The curve-to-
tangent ratio is miles of curved track (any
curvature)/miles of tangent track.

In Table 5-21, under the heading, Incremental Net Cash
Investment Calculation, the incremental gross cash
investment is shown as $3000/car. The next line shows
the 10% investment tax credit of $300; the difference
($3000-$300) shown on the following line is the incre-
mental net cash investment of $2700/car. This is the
amount of extra money that the buyer would invest in
the truck when it was purchased.
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5.6.3 Annual Incremental Benefit Calculation

5.6.3.1. Car Maintenance Savings. Under the next
heading in Table 5-21, Annual Incremental Net Cash
Benefits Calculation, the first category is annual car
maintenance savings (subsection 5.2 on car maintenance
presented total car maintenance costs by part and by
annual mileage). The equivalent annual expenditure
data are reproduced here as Table 5-23. Appendix D
presents the same results by 70 or 100-ton cars and
could be used to further refine the estimates. How-
ever, for the purposes of this analysis, that degree of
detail is not required.

a. Wheel Life. The largest single maintenance
change from a Type II truck is expected to
be a significant increase in wheelset life.
The evidence from the TDOP Phase II per-
formance testing and wear data collection
program supports this conclusion. It would
be possible to estimate the changes in
wheelset life by using ratios of lateral curv-
ing forces from the performance testing;
however, in this case better data are avail-
able from the wear program. The relevant
table from the wear program (Reference
14) is reproduced here as Table 5-24. These
estimates are developed by linear extrapola-
tion of measured wear rates. Although
better estimates are desirable, these esti-
mates are used in the economic analysis
methodology for lack of better available
data. Also, since the objective is to
demonstrate the methodology, these esti-
mates are used without prejudice.

v



TABLE 5-21. WORST CASE BENEFIT/COST ANALYSIS OF A STEERING TRUCK

ASSUMPTIONS

Empty Weight 32 Tons
Loaded Weight 132 Tons
Empty to Loaded Ratio - 0.500

Annual Mileage 80,000 Miles/Year
Curved/Tangent Ratio 0.667

'
INCREMENTAL NET CASH INVESTMENT CALCULATION

Incremental Gross Cash Investment 3000.00
Less: Investment Tax Credit of 10% -300.00
Inecremental Net Cash Investment 2700.00

ANNUAL INCREMENTAL NET CASH BENEFITS CALCULATION

Car Maintenance Savings:

Wheel Life 133.71
Steering Arm -61,35
Side Frame -13.76
Adapter -28.35
Inventory Adjustment -5.00 -

TOTAL 25.25 25.25

Roadway Maintenance Savings:

Vertical Forces 110.30
Curving Forces 333.90 :
TOTAL 444,20 444,20
Fuel Savings 4 ' 97.26
Gross Cash Benefits Before Depreciation 566.71
Depreciation ($3000./22.6 Years) (Non Cash Item) -132.58
Gross Accounting Profit 434.13
Tax at 50% 217.06
Net Accounting Profit 217.086

Gross Cash Benefits Adjusted to Net Cash:

Gross Cash Benefits 566,71

Less Tax at 50% 217.08
Annual Incremental Net Cash Benefits : 349.64
NET PRESENT VALUE CALCULATION
Present Value of Benefits .
($349.64 x 8.80 P.V. of $1 at 10% for 22.6 Yr) ) 3075.67
Less: Incremental Net Cash Investment -2700.00
Net Present Value 375.67

5-39




TABLE 5-22.

WEIGHT AND COST OF TYPE I TRUCKS

Weight Cost
Trucks per per
Car Set - Car Set
Type 1 21,000 1b $13,350
ACF Fabricated 20,944 1b N/A
Alusuisse i N/A N/A
Barber-Scheffel 23,000 Ib $21,300
Devine-Scales 24,000 1b $21,000
DR-1 23,620 1b $16,350
. Maxiride 20,856 1b $3_l4,f300
Swing Motion 22,850 1b $15,767

*The weight end cost of a standard 3-piece truck, namely 21,000 1b and $13,350 for a
Barber $-2 truek, have been added to the numbers quoted for theé DR-1 steering arms
in amvmg at the given figures.

NOTE: All of the above figures are based on the best information available in TDOP
Project files; the information on file has been gathered as submitted by the
manufacturers on a voluntary basis. As far as ean be determined, all weight and cost
figures given above inelude one car set of two trueks with the assocmted sets of brake
gear and wheelsets and other auxiliaries.

TABLE 5-23.

TRUCK REPAIRS

TAUCK BRAXING SYSTEM (MOSTLY BRAKE SHOES)

URAKL BEANS

GRARL BEAM WEAR PLATES
BRAKE  HANGER OR CONNECTION PIN
HOTIUA ROD SAFETY SuPPORT
HRAAKL BEAM SAFETY SUPPORT ~
HRAREL CONNECTION, BOTTOM
BRAKE CONNECTION, TOP

HRAKE, LEVER

BRAKL: LEVER GUIDE OR cannlta
OELAU LEVER GulIDE

UEAU LEVER GUIDE BRACKEY
BRAKL SHOES

URAKE SHOE KEYS

WHEELSETS.

LUBKICATE ROLLER BEARINGS
ROLLLR BEARINGS

ROLLEK BEARING CaAP SCRENS
PEOLSTAL ADAPTERS

WHEELS

WHEEL LABOR

AXLESe ROLLER BEARINGS

OTHER TRUCK REPAIRS

TRUCR 8OLSTERS

TRUCK BOLSTERS (REPAIRED)
CENTLR PINS

CENTER PLATES

CENTER PLATE LINERS

TRULR SIDE BEARINGS

FRICTION, CASTINGS

S10L BEARING SHIm

SIUL FRANES

SI0t FRAMES (REPAIRED)

SPRING PLANKS

OUTEM SPRINGS

INNEX SPRINGS

STABILIZER SPRINGS

TRULK SPRING FRICTION SNUBBER
STELL

MANUFACTURED MATERIAL (TRUCK)

-EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS FOR *

UNION PACIFIC ROLLER BEARING CARS

SER

12500, 25000,

67,90 148,99

6,50
0,02
0,30
0,11
0,03
0,25
0,26
0,18
0,01
0,00
0,00

18,32
0,04
0.66
0.30
0,08
0,45
0,62
0,31
0,02
0,01
0,01

99,62 121 32

0,41

- 112,50 248,78

2.11 8,75
18,78 33,99
0,01 0,02
2,18 7.16
37,81 82,03
54,10 119,61
0.%6 1.21
18,76 63,81
%12 19,21
0,10 0,67
0,27 0,79
0.17 0,48
0,73 3,08
0,66 1,92
1,40 5,46
0,03 0.23
5,25 23,72
0,07 0,50
0,00 0,00
0,80 5,30
0,45 1.7%
0,33 1.81
0.00 0,01
0,01 . 0,02
0,33 1,32
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"TRUCK TOTAL 195,16 457,58

CE
371500,

234,00

0.06
1.03
0,52
0s11
0.63
0.99
[ FL 1)
0,02
0.02
002
193,31
1.22

367,50

670
51.27
0,04
12.1%
124,18
1713
1,83

113.12

38,76
1.22
1434

Ti0,61

HIGH MILLAGE SERVICE

50000,
228,%0

29,61
0,01
0,99 -
0.71
0,01
V.69
1.37
0,48
0,01
0.0%
0,09

193,80
0. 76

308,32

8,40
8,%
0,08
8,28
117.38
162,51
1,78

29,20

7.5%
0,35
0,76
0,09
3,92
1,19
2.17
0,08
7,18
9,06
1,09
1.1%
0,55

0,29
2,07

601,92

62500,
295,08
42,98

0,01,

1,21
0,92
0,01
0.79
1.80
- 0,53
0,0
0,07
0,07
285,66
0,96

827,57

6,05
60,98
0,05
10,80
146,09
201,03
2,17

58,13

10,00
0,50
0.97
0,07
5,09
1.52
2.73
0,10
9.88
0,08

2.21
1,33
0,66

0,37

2,64
760,80

75000,

93,93
0,01
1.4%

1,21,

0,01
0.93
2,20
0,63
0,01
0,09
0,08

‘299,36
1,18

7,89
72,9
0,06
13,19
178,68
233,72
2,60

%,

12 57
0.10

2,34
1,33
0,76

0,88
3,19

87500,
425,01

69,09
0.01
1,71
1.8
0,01
1.09

2.61

[ 34
0,01

0,13
15,56
0,12

2,89
1.73
0.88

0.93
3.0

100000,
803,99

02,22
V.01
1.9
1.7
.,02
1.22
2,99
0,03
0,02
0.13
0,12
393,28
1,52

17,08
v.87
1.59
0,13
8,18
2.%0
8,32
0,17

18,00
9.13

3.17
1.9
0.98

911,36 107S.16 1219.23



Based on Table 5-24, wheelset wear can be
estimated in three ways: on the basis of
high flange, on the basis of thin flange, or
on the basis of metal removed. Using the
Barber S-2-C trueck as the Type I truck and
the Dresser DR-1 as the Type II truek, the
following comparisons can be made:

DR-1/8-2-C
High flange: 51.81/36.57 = 1.42
Thin flange: 96.23/38.03 = 2.53
Metal removed: .0374/.0208 = 1.80

It appears from Table 5-24 that the DR-1
truck wheelsets will ultimately wear out for
high flange at around 518,100 miles. This is
just one truck on one specific route; other
‘trucks on other routes can be expected to
behave differently. For this reason, the
intermediate number of the three estimates
was used (i.e., 1.8 based on metal removed).

At this point, it is necessary to estimate the
percentage of wheelsets that fail for wear-
related reasons. Table 5-25 shows a tabula-
tion of wheel constructed. Other railroads
have different distributions of wheelset re-
placements. To get a reasonably accurate
estimate, it is recommended that the
equivalent of Table 5-25 for the railroad in
question be used to perform the analysis.

Simply tabulating why made codes for wheel
replacements will not give an estimate of
the percentage of wheels replaced due to
wear. For example, most wheels are
removed for why made code 11 - removed in
good condition on account of associated
repairs. TDOP's procedure for doing this
tabulation is illustrated in Table 5-26.
Individual records from the Car Repair
Billing tapes (as shown at the top of the
figure) were assembled into the record
shown in the middle at the bottom of the
figure. Reading across the bottom record,
the data transferred is as follows:

- Car initial and number

- Wheel diameter and wheel wear
(from the job code)

- L1 roller bearing why made code

- L1 wheel why made code

- 1 axle why made code -

- Rl wheel'why made code

~ Rl roller bearing why made code

-  Wear of the secénd axle's wheels
The repairs shown in Table 5-26 were
obviously made for why made code 64

(i.e., high flange). After tabulating
wheelsets in this way, causes of
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wheelset replacement can easily be
identified as shown in Table 5-25.

The number of wheelsets that fail in the
thin flange, high flange, and the mixed and
other categories from the Union Pacific
data in Table 5-25 is 41 percent of all
wheelsets. Based on this result, the change
in overall wheelset life can be calculated as
follows:

.41 x 1.8 + .59 x 1 = 1.328 longer life

More sophisticated techniques for forming

. this estimate can easily be constructed.

The chief advantage of this technique is
that it is simple. However, one
disadvantage is that it may tend to
overstate the wheel life somewhat,

The equivalent annual wheelset repair cost
shown in Table 5-23 for a Type I truek, is
$506.56 at 75,000 miles/year and $593.52 at
87,500 miles/year. Interpolating this to the
desired annual mileage of 80,000 miles/year
gives $541.34/year.  Thus, the reduced
expenditure on wheelsets would be as
follows: $541.34/1.328 = $407.64, annual
saving of $541.34 - $407.64 = $133.70. This
is the number shown on the wheel life
savings line in Table 5-21.

New Repair Categories, e.g., Steering Arms.
The next entry in Table 5-21 is an example
of a new repair category that has not
existed before in the Car Repair Billing
system. If there are steering assemblies on
a Type II truck, a new repair category for
repairing the steering assemblies will have
to be created. It is very difficult to esti-
mate the expense associated with this type
of change since there are no existing data.
The steering arm is geometrically similar to
a brake beam and is located in the same
part of the truck. The same sorts of
disassembly and labor should be involved.
Also, brake beams are replaced fairly
regularly. Brake shoes wear away and the
brake beam grinds on the wheels, destroying
itself. It is difficult to imagine that the
steering assembly could cause more prob-
lems than the brake beams.

_ Using this logie, the cost of repairing steer-

ing assemblies was estimated to be the same
as the cost of repairing brake beams. Table
5-23 shows that brake beam repairs average
$55.93/year for a 75,000 mile/year car and
$69.49/year for an 87,500 mile/year ecar.
Interpolating to. 80,000 miles/year one gets
a cost of $61.35/year, which is the number
shown in Table 5-21.

Changes in Repair Frequency, e.g., Side
Frames and Pedestal Adapters. The
comments on the Dresser DR-1 truck from
the TDOP wear measurement report
(Reference 14) indicate that the side frame
pedestal adapter jaw and pedestal adapters
are wearing approximately three times as
fast as on the Type 1 trucks. This would




appear to be correct since the DR-1 steer-
ing arms are attached to the pedestal
adapter and rotate it to accomplish the
steering. '

Table 5-21 shows repair costs for side
frames and pedestal adapters. Again the
results were interpolated from Table 5-23.
The side frame repairs were doubled and the
adapter repairs were ftripled; these were
taken as cost items and included as negative
entries in Table 5-21. The side frame
number was doubled, not tripled, because
there are other wearing surfaces on the side
frame and all of the replacements probably
do not come from the interface with the
pedestal adapter.

Inventory Adjustment. The next extry in
Table 5-21 is intended to represent the cost
of stockpiling new types of parts along the
railroad's line. In this case, DR-1 steering
assembly kits would have to be purchased
and distributed to the repair sites along the
railroad. Each kit costs $3000. Assuming
there are 12 places where the parts would
be stored, an extra $36,000 would be
required to purchase the: required stockpile
of parts. Since this money could be invested
in something else with a 10% rate of return,
stoekpiling these parts will cost 10% of
$36,000 or $3600 per year for as long as the
stockpiles of parts are maintained.

At this point, the analysis becomes sensitive
to the rate at’which Type II trucks are
purchased. If small numbers were
purchased, the parts could be stored at less
sites and the railroad would absorb an addi-
tional cost in lost car days waiting for the
parts to arrive. Assuming that a large
number of ecars have been equipped with
steering arms, it becomes profitable to dis-
tribute the parts to all sites. The cost
shown in Table 5-21 (i.e.. $5/car) corres-
ponds to about 720 car sets equipped with
steering trucks (i.e., $3600/year spread over
720 cars). For 100 cars purchased as an
experiment to determine if the modification
does pay for itself, a charge of about
$36/car would be appropriate.

Caleulating this charge correctly is rather
complicated. For example, there are other"
expenses involved besides just the loss in
revenue due to the capital tied up in stock-
piling parts. It is necessary to actually buy
the stockpile (i.e., to spend the $36,000) at
some point. Also there are transportation
and labor costs associated with moving the
parts to the storage sites. Finally, at some
point, the stockpiles will need to be
increased from one assembly to two or more
assemblies due to the demand for the parts.
All this has been neglected here in the
interests of simplicity. The inventory costs
depend strongly on how many storage sites

TABLE 5-24. SUMMARY OF TEST TRUCK WHEEL WEAR

ANTICIPATED MIL.ES BEFORE
CONDEMNING LIMITS ARE
REACHED BASED ON CURRENT
TRENDS (X10,000 MILES)
TRUCK TYPE SERVICE HIGH THIN NOTES
MILES FLANGE FLANGE -
National I 125,701 73.57 43.13 1)
Swing Motion '
Barber I . 100,094 36.57 38.03 2)
s-2-C (avg. wheel)
Dresser DR-1 | 1I 90,116 51.81 96.23 1)
Barber S-2 131,493 75.51 67.06 ’ 3)
Heavy Duty
ASF Ride I 59,813 47.85 41.21 1)
Control
Barber- i 92,709 60.74 111.25 1)
Scheffel
Devine-Scales | 1I 31,613 N/A N/A 4)

NOTES:

N/A = NOT AVAILABLE

1) ALL ORIGINAL WHEELS CONTINUE IN SERVICE.

2) FOUR WHEELS REMOVED AT 83,000 MILES FOR SHELLED-OUT TREAD:
TWO WHEELS REMOVED AT 116,000 MILES FOR GROOVED TREAD
(WITH BRAKE SHOES NOT NORMAL TO CAR): TWO ORIGINAL WHEELS

CONTINUE IN SERVICE.

3) ALL ORIGINAL WHEELS IN'SERVICE UNTIL FEB. 5, 1981;

TWO WHEELS REMOVED FOR CAUSES NOT RELATED TO WHEEL

WEAR (LOOSE BEARING SEAL BACKING RINGS) AND

REPLACED WITH NEW WHEELS FOR SERVICE CONTINUATION,

4) TRUCK REMOVED FROM PROGRAM AFTER 31,613 MILES.

ALL WHEELS CLASS "U" UNTREATED CAST STEEL, TWO WEAR TYPE CJ36
FOR FREIGHT SERVICE, EXCEPT BARBER-SCHEFFEL WHEELS WHICH ARE
CLASS "U" UNTREATED CAST STEEL, TWO WEAR TYPE WITH SPECIAL PROFILE.
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TABLE 5-25.

UNION PACIFIC WHEELSET REPLACEMENT

e Thin Flange

e Slid Flat

e Mixed & Others

e Car Set Derailment

o Tread Buildup

e Bearings & Axle

e High Flange

e Truck Set Derailment
e Tread Shelled

e Brakes Failed

% ALL
WHEELSETS

23.6%
11.1%
10.7%

9.4%

8.1%
5.9%

3.7%

WHEELSET
DOLLARS

$
$
$
$
$
$
$
$
$
$

433,154

43,380
175,930
5,146
115,015
81,422
130,979
11,687

37,789

73,679

$1,108,181

ALL REPAIRS
DOLLARS

511,561
68,038
209,661
8,058

128,700

$
$
$
$
$
$ 109,581
$ 158,791
$ 19,350
$ 41,965
$ 83,560

© $1,339,205

TABLE 5-26. WHEELSET FAILURE IDENTIFICATION METHODOLOGY

All Repalrs to :
Railroad Car

Date Site

Why Job
Loc Made Code

CN| UP 960109
CN UP 960109
CN| UP 960109
CN| UP 960109
CN UP 960109

1
1
1
1
1
1|CN| UP 960109

770616| 043226
770616 | 043226
770616| 043226
770616| 043226
770616| 043226
770616| 043226

Rt
R1
L1
L1
i
1

64 3085
11 | 2816
11 | 2816
643085
09| 3160
11 | 3276

WHEEL, 36" 2W STEEL

ROLLER BEARING, GROU
ROLLER BEARING.GROUI
WHEEL, 36" 2W STEEL
WHEEL LABOR, ROLLER
AXLE-RWS-ROLLER BR€+

Axie 1

Axie 2

Axle 3 Axie

UP 160406 |33 2 [11:64-11-11 1

UP 960109|36 2 | 1:64-11-64:11
UP 960195{33 M | 11: 11-11-64:11

2| 93:64-11-11:11

2 | 11:64-11-11:11 I
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exist along a given railroad.
reason, inventory costs by railroad are prob-
ably highly variable.

e. Total Car Maintenance Savings. The wheel
life savings minus the added car
maintenance costs gives the $25.25/year
savings shown in Table 5-21. Considerably
more  sophistication © could easily be
employed to form this estimate. This is
particularly true of the wheelset 'life
estimate and the inventory analysis. During
the early stages of TDOP Phase I there
were plans to build a statistical wheelset
life model based on the large amounts of car
maintenance data available. Procedures for

doing this were developed and checked out. -

Also there were plans to build an inventory
control model of the Union Pacific Railroad.
However, as it became obvious that car
maintenance simply was not going to pay for
a Type II truck, it was decided to invest the
remaining time and resources in fuel and
rail savings rather than in further refining
the car maintenance methodology.

5.6.3.2. Roadway Maintenance Savings. The
methodology for estimating savings in rail life was
discussed in subsection 5.4 on roadway maintenance and
is summarized here. The Canadian Institute of Guided
Ground Transportation performed the analysis on which
the estimates here are based for a Track-Train
Dynamies study (References 7 and 8). CIGGT has
agreed to undertake a similar study based on TDOP
Phase II test data. This effort is to be funded by
Transport Canada and the results are to be made publie
through the joint information exchange agreement
between the U.S. and Canada. The results should be
available through NTIS at the end of 1981,

The CIGGT estimates are in two parts: savings from a
reduction in vertical dynamic loads on all traeck curva-
tures and savings from a reduction in static lateral
loads during curving. In both cases, the dollar savings
per mile of track in several curvature categories,
ineluding estimated savings from rail, ties, and "other"
track costs, are considered. The two relevant tables
from the roadway maintenance subsection are Tables
5-18 and 5-19. In order to convert these estimates to
an annual savings per ear, it is necessary to
considerably adjust the assumptions on which the
analysis is based. Sinece the CIGGT analysis is highly
nonlinear, the result should be viewed with some
skepticism. It would be preferable to refer to the on-
- going CIGGT analysis of the TDOP performance data
when it becomes available later in the year.

a. Vertical Dynamies. The next item in Table
5-21 is savings in rail wear from decreased
vertical loads on tangent track. This sav-
ings is based on the vertical dynamie load
results from CIGGT shown in Table 5-18.
Test results from TDOP performance test-
ing were given in the subsection on roadway
maintenance (see Table 5-17). Referring to
the Dresser DR-1 result, there was 9 per-
cent reduction in vertical dynamic loads
measured during TDOP testing.

Referring to the CIGGT results in Table
5-18, the bottom line equivalent annual

For this
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benefit for tangent track is $555/mile and
the corresponding benefit for the 2 - 5
degree category is $919/mile. These were
the only two track categories used for this
analysis.

The procedure for converting the data to a
different set of assumptions was illustrated
in subection 5.4 with the example of a
75,000 mile/year unit coal train. The train
contains 100 cars and averages one trip out
and back each week. It can be shown
algebraicelly that the number of trips or
cars assumed has no effect on the ultimate
savings. In general, the procedure is as
follows:

Tangent track savings/year ($/year) =
37x 107 sA (Wpe + W, (1-e)}/ (e + 1)
Curved track savings/year ($/year) =

61.3x10 0 sc A (Wge+ W, (1-e)}/(c+1)

Where:

WE ‘ = - the empty weight in
tons

WL = the loaded weight in
tons

e = the empty/loaded ratio

A = the annual mileage

e = the curved/tangent ratio

s = the. ratio of the reduc-

tion of the dynamie
vertical loads (i.e., 9
percent as shown in
Table .5-18) to the value
assuming in ealculating
the CIGGT data (i.e.,
25 percent).

Evaluating these expressions with the
assumptions presented at the top of Table
5-21 and adding them together gives the
result shown in the table as the vertical
dynamic load savings (i.e., $110.30).

Curving Dynamies. The next line in Table
5-21 is the savings due to reduction in the
statie lateral curving force of a car in a
curve. It is calculated in the same way as
the savings for the vertical dynamic loads
except that the CIGGT data is from Table
5-19. In this case, savings are only
experienced on curved track. Using a re-
duction in lateral force of 1/3 (i.e., the
force is 2/3 of what it was for Type 1), the
result shown in Table 5-21:($333.90) is ob-
tained.

Total Roadway Maintenance Savings. Add-
ing the two ecategories, the total annual
saving for the track is $444.20. These
results undoubtedly will be revised when




CIGGT finishes its analysis of the TDOP
Phase II performance test data. The treat-
ment of the several nonlinear effects in the
analysis illustrated above can be improved
in a more complex and thorough analysis.
For example, there is considerably more
effect from varying the empty/loaded ratio
than just changing the MGT the car puts on
the rail. Separating the rail wear data of
empty cars from loaded cars would allow
this to be considered.

5.6.3.3 . Fuel Savings. Fuel savings were discussed
earlier in subsection 5.4. The results are summarized in
the table showing fuel savings per mile, reproduced
here as Table 5~27. To convert these savings to annual
savings, it is necessary to re-scale them to the specific
situation involved. In general, the following equation
can be used:

85sAe WE + (1-e) W /64
Where:
.85 = price per gallon of diesel fuel

S = interpolated savings from Table 5-27
based on curved to tangent ratio

A = car's annual mileage

e =  empty/loaded ratio

w = empty weight of the car

WL = loaded weight of the car

64 = average tonnage on which the analysis

~ for Table 5-27 was based

Because the price of fuel has been increasing more
rapidly than overall inflation, this value should be
inflated to reflect the net present value of the increase
in fuel prices. Put another way, the price today of
diesel fuel probably does not refleet the true savings.
Referring to the tables from the fuel consumption
subsection, the value of the savings at a 10 percent
discount rate and at a 6 percent discount rate are
shown. Taking the ratio between the two sets of
values, the following table by annual mileage was
developed:

Scale Factor

Annual Mileage

12,500 1.46
25,000 1.46
37,500 1.46
50,000 1.46
62,500 1.45
75,000 1.40
87,500 1.36
100,000 1.32

Interpolatmg from the table and multiplying: times the
savings from the equation glves the total annual savmgs
($97.26/year) from fuel shown in Table 5-21.

5.6.3.4 Tax Adjustment. Adding all the benefits
from the line items above gives a gross.cash benefit of
$566.71, which represents the additional money at the
end of the year if all the estimated savings actually
were realized.

Since the equipment costs more, it will have a higher
depreciation value. Taking the same estimated life as
was used all through the ecalculation, and assuming
straight line depreciation, one would depreciate “the
extra $3000 investment at $132.58/year. This tax
shield reduces the amount of taxes that have to be paid.
Subtracting it from the gross cash benefits gives the
accounting profit ($434.13) which is the amount of
money on which corporate taxes are paid. At a 50
percent tax rate, $217.06 would appear on the books as
profit.

Going back to the $566.71 gross ecash beneflts, if
$217.06 was paid to the government in taxes, then
$349.64 must have been retained as cash by the rail-
road. Thus the annual ineremental net cash benefits
are $349.64. Every year the Type II truck operates, the
railroad is $349.64 ahead.

5.6.4 The Net Present Value Caleulation

At this point it is necessary to compare the railroad's
cost of the improvement to the annual benefits. The
accepted procedure for doing this is to compute the
present value of the annual benefits. Calculating the
present value of a dollar over 22.6 years at a 10 percent
rate, each dollar of annual savings is worth $8.80 of
expenditure today. Multiplying the $349.64/year by
$8.80 gives a net present value of $3075.67, the amount
that could be spent to break even on the investment. In
this case, all that was spent was $2700, so the railroad
stands to make $375.67 on this investment.

TABLE 5-27. FUEL SAVINGS PER MILE

GALLONS SAVED/CAR MILE BY CURVE/TANGENT RATIO
CURVE/TANGENT 1.105 0.737 0.368 0.185 0.124
ACF FABRICATED 0.00086 0.00065 0.00038 0.00016 0.00010
ALUSUISSE (70 TONS) -0.00024 -0.00030 -0.00019 -0.60015 . -0.00008
BARBER-SCHEFFEL 0.00157 0.00113 0.00015 -0.00017 -0.00031
DEVINE-SCALES 0..00196 0.00126 0.00609 -(.00041 -0.00055
DRESSER DR-1 TRUCK 0.00140 0.00094 0.00024 . -0.00013 -0.00023
MAXIRIDE TRUCK -0.00020 -0.00019 -0.00004 -0.00004 0.00004
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5.6.5 Remarks

The analysis outlined above is intended as an illustra-
tion and is not meant to be an endorsement of the truck
involved or even a fair assessment of its relative
merits. Some simplifications were made in the
interests of automating the results (e.g., using only
curved and tangent track categories in the roadway
analysis). Further information at higher mileages
should be available at a later date from the TDOP wear
program which is ongoing under the sponsorship of the
FRA. As better information becomes available, this
analysis could well need revision.

This economic analysis contains several very conserva-
tive assumptions that should be reviewed in light of
further data.
ratio on the car maintenance analysis. ' However, there
is obviously an effect in the case of wheel life. A
further refinement might be to assume that thin flange
wheel life varies in the same way with curvature as rail
wear on curved track (the rail is the other wearing
surface).

The assumption that a steering arm will have repair
costs similar to a brake beam is obviously a worst-case
assumption. Further data from the wear measurement
program, or from any of the unit trains equipped with
steering trucks that are now in service, will provide
additional information on the actual costs. There are
obviously going to be repairs done on the nonstandard
equipment. The issue is how serious a problem these
repairs will be. The assumed rates of wear of the
adapter and side frame should similarly be reviewed as
data become available.

The inventory analysis offered is probably not as con-
servative as it ought to be. The inventory costs
preclude the profitable operation of a small number of

There is no effect of curve-to-tangent .
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premium trucks. If a railroad is going to buy these
trucks, it should have some strategy for controlling the
inventory cost of the new parts. For example, parts
could be distributed only along the route the cars are
intended to take, or the nonstandard parts could be
repaired only at one facility on a regular schedule.

Other savings seem possible. In keeping with the worst-
case assumption about the steering arm, there is no
provision for decreases in the number of lost ear days.
Data on the performance of these trucks are not
available at this time. As it becomes available, some
effect from lost car days should be considered. At this
point, lost ear days could be increased or decreased
depending on what kind of maintenance problems are
uncovered.

The preceding analysis was set up in an attempt to
demonstrate in whieh situations, (such as specific
curve-to-tangent ratios or annual mileages), a specifie
kind of Type I (premium) truck, such as a steering
truck or a primary suspension truck, might pay for
itself. A better analysis of an actual situation could be
made. For example, fuel savings for an actual, rather
than a hypothetieal, unit train eould be calculated with
train performance calculators. The curving resistance
data on which to base such an analysis was provided in
subsection 5.4 and would provide a mueh more accurate
estimate than the procedure for caleulating fuel savings
outlined in that section. On the other hand, analysis of
an actual situation is tedious and expensive. 1t is fairly
easy to identify the cases in which a detailed analysis
might be appropriate by following the steps given in the
example. If the result looks promising, for example, if
the net present value does not show a loss greater than
50 percent of the added investment cost, it is worth-
while considering a detailed analysis in the larger
benefit areas.
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SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

The major results obtained from experimental and
analytic studies undertaken during TDOP Phase II are:

® Definition of the performance characteris-
tics of Type I trueks.

° Development of performance specifications
for Type II truecks.

° Development of guideline field and labora-
tory test specifications for freight car
trueks.

[ Development of a methodology for truck
evaluation.

° Development and implementation of a field
test program to collect wear data on freight
car trucks.

° Establishment of a plan for collecting eco-
nomic data on costs of acquiring, operating,
and ‘maintaining freight car trucks.

. Development of an economic methodology
for the evaluation of costs and benefits
associated with improved designed freight
car truecks.

Some conelusions, on the basis of the results; arrived at
through the engineering and economie studies under the
program are summarized below.

° The improved design features in the Type II
trucks achieve a degree of qualified success
in attaining improved performance from
freight car trucks. These successes, how-
ever, are limited to some of the domains of
performance rather than comprehensive,
all-around improvement in all aspects.

) One of the significant engineering findings
from the field test data related to a definite
trend of asymmetry with regard to
wheel/rail lateral forces. As the various
test trucks traversed a curve in the test
zone, they almost uniformly experienced
lateral forces consistently higher or lower
depending on the orientation of the curve in
a left- or right-handed sense. Analysis of
data from six independent channels has con-
firmed a definite trend with respect to such
asymmetry. Further detailed studies are
necessary to determine the sources which
give rise to these asymmetrie trends.

° Performance evaluation of freight car
trucks needs to be undertaken under well-
defined sets of conditions relating to the
state of wear and deterioration of vehicle
and track strueture in order to address fully
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all aspects of performance. For example,
wheel and rail eontact geometry, to which
vehicle performance is extremely sensitive,
needs to be thoroughly doecumented through
the bulk of the wheel and rail life eycles and
-their representative conditions used in any
comprehensive evaluation program.

° On the basis of the analysis of available car
maintenance data, costs associated with car
maintenance alone do not warrant or justify
the levels of increased capital investment
demanded by the Type U trueks. On the
other hand, improved rolling and curving
resistance and consequent reduction in fuel
consumption seem to be very promising
areas which indicate that the additional
investments warranted by the Type Il trucks
could be advantageous. Specifie
considerations, such as an intermodal
scenario, also point to an advantageous
outlook with respeet to investment in Type
I trucks with rigidized frame/primary
suspension features. .

) Significant economic benefits from the uti-
lization of Type II trucks seem to acerue
more in the area of the track structure, in
general, and the rail, in particular. Reduced
rail wear as well as retardation in rail and
track structure deterioration are potential
benefits from improved truck prformance.
These economie implications, if properly
accounted for through a systematic rail
wear and track deterioration study, could be
significant.

The project treated all Type II trucks as a single group,
in terms of evaluating them relative to the Type I
trucks. However, within the Type I1I truck group,
significant design features, such as self-steering and
rigid-frames, set some of the trucks apart from the
others. Each of these groups, e.g., self-steering, rigid,
primary suspension, and secondary suspension, seek to
achieve a definite set of objectives with respeet to
performance improvements. For example, the
objective of a rigid frame truck is to eliminate hunting,
rather than to improve curve negotiability. Therefore,
an evaluation program geared to address specific
design- features in the context of stated performance
improvement objectives would be likely to yield more
responsive results. Furthermore, if it can be shown
that a specific design feature does succeed in its
abjectives, then the industry could attempt to incorpo-
rate more than one, if not all, of these features into a
single desigh as an integrated suspension system which
then could lead to overall improvement in freight car
truek performance. The engineering and economic
methodologies developed in TDOP Phase II provide a
framework for the evaluation of the freight car trucks.



APPENDIX A
PHASE 1 TEST EQUIPMENT AND CONDITIONS

INTRODUCTION

This appendix contains a brief summary of the equip-
ment tested during TDOP Phase I to generate field test
data.

TEST TRAIN

The test train was made up of a locomotive, the SP-250
instrument car, the test car, and a caboose, in that
order. This consist reflects the intent to study freight
car truck performance with the test car approximating
a free body with no extraneously imposed longitudinal
foreces.

EQUIPMENT TESTED

The cars tested were a 70-ton mechanical refrigerator
ear, a 70-ton boxcar, a long, low-level "stac-pac"
flatcar, a 100-ton boxecar, and a 100-ton covered hopper
car. The data on these cars are given in Table A-1.

Trucks tested were 70-ton ASF Ride Control trueks, 70~
ton Barber 5-2-C trucks, 70-ton ASF low-level Ride
Control trucks, and 100-ton Barber S-2-C trucks. The
data on these trucks are given in Table A-2.

Wheel profiles used in the Phase I test program, data
from whieh were used in quantifying performance char-
acterizations under the Phase II effort, are listed
below.

. CM-33 1/20 taper profile wheels on the 70-
ton ASF Ride Control and Barber S-2-C
trucks

) CM-33 worn profile wheels on the 70-ton
ASF Ride Control trucks

° CJ-36 1/20 taper profile whe€ls on the 100-
ton ASF Ride Control and Barber S$-2-C
trucks

. CD-28 1/20 taper profile wheels and CB-28
worn profile wheels on the 70-ton ASF Ride
Control low-level trucks

) CM-33 TDOP cylindrical profile wheels on
the 70-ton ASF Ride Control trucks

. CJ-36 TDOP cylindrical profile wheels on
the 100-ton Barber S-2-C trucks

TEST TRACK

High-speed jointed rail test track consisted of a 7.8-
mile westbound section of track between Suisun-
Fairfield and Bahia (MP 48.5 to 40.7). This track has
alternate staggered rail joints of 39-foot, 132-pound per
yard rail.

Medium-speed jointed rail test track consisted of a 5-
mile section of the Schellville branch beginning near
Cordelia and ending near Suisun-Fairfield. This is a
section of alternately staggered joints of 39-foot, 132-
pound per yard rail {second-hand rail within serviceable
limits).

A 3.3 mile section of track in Niles Canyon (MP 30.5 to
33.8) was selected for curve negotiation testing. The
test track consisted of 12 eurves ranging in curvature
from one degree to nine degrees.

A short section of the Schellville branch near Lombard
was selected for distortion by instituting 0.75-inch
cross level differences at the rail joints.

The track geometry cars were used to measure and
record track characteristics at the high-speed and
medium-speed test sites. The track geometry measured
ineluded profile, alignment, gage, cross level and curva-
ture.

TEST MATRICES

The test matrices for high-speed and medium-speed
jointed track used during Phase II in quantifying the
performance characteristics of Type I trucks are given
in Tables A-3 and A-4. For the shimmed track test, a
loaded 70-ton mechanical refrigerator ecar equipped
with a 70-ton ASF Ride Control truck, and a loaded
100~ton boxcar equipped with a 100-ton Barber $-2-C
were used. The two test trucks were equipped with
eylindrical wheels.

INSTRUMENTATION

The various test cars were instrumented to obtain
information for quantifying ride quality, and for mea-
suring track input, track energy transmission through
the truek, and movement between truck components.
These objectives were accomplished by application of
displacement transducers, accelerometers, and force
transducers at strategic locations on the trucks. To
obtain information on reaction of the carbody,
accelerometers were placed at optimum locations to
record body movement.

Truck-mounted instrumentation was heavily concen-
trated on the B-end truck, which was the leading truck
in the direction of motion during ail tests. A lesser
amount of instrumentation was on the trailing truck.



TABLE A-1.

CARBODY CHARACTERISTICS

70-Ton Capacity

70-Ton Capacity

70-Ton Capacity

100-Ton Capacity

100-Ton Capacity

Mechanical General Service Long Low-Level Auto-Parts Covered

Refrigerator Car Boxear Flatear Boxcar Hopper Car
Light Weight, 1b 89,100 61,200 56,300 87,300 64,500
Capacity, 1b 130,900 154,000 122,000 174,000 197,500
Length Over Pulling 63.70 55.38 93.67 68.25 54.29
Face of Coupler, ft '
Truck Centers, ft 45.72 40.00 64.00 46.25 40.83
Car Wheel Base, ft 51.39 46.83 69.08 52.08 46.25
Overhang, ft 9.00 7.29 14.83 11.00 7.29
Center of Gravity- 7.33 7.03 7.17 7.83 7.03
Loaded, ft
Center of Gravity- 5.55 4.58 1.97 5.17 4.58
Empty, ft
Centerplate Diameter, ft 1.17 1.17 1.17 1.33 1.25

1
TABLE A-2. TRUCK CHARACTERISTICS
70-Ton ASF Ride ~70-Ton Barber 70-Ton ASF 100-Ton ASF . 100-Ton Barber

Control Truek §-2-C Truek Low-l.evel Truek Ride Control Truck $-2-C Truek

Wheel Base, ft 5.67 5.67 5.08 5.83 5.83
Wheel Diameter, ft 2.7% 2.75 2.33 3.00 3.00
Bolster Centerplate 1.15 1.17 1.17 1.25 1.33
Diameter, ft

Centerplate Height, ft 2.15 2.15 1.68 2.07 2.15
Weight, 1b 9,080 9,100 7,600 10,540 10,560
Gross Rail Load, Ib 220,000 220,000 179,000 263,000 263,000
Vertical Spring Rate 94,466 89,653 97,450 108,333 109,367

(Per Car), 1b/in

Lateral Spring Rate
(Per Spring Nest), b/in

Frietion Snubber Column
Load, 1b

*Spring Nest Height

4,665 (at 9.47")*
7,795 (at 7.56")%

3,140

3,470(at 9.47")
9,080(at 7.56")

Variable
(Load-Dependent)

4,755(at 9.06")
12,015(at 8.31")

3,110

3,655(at 9.47m)
9,560{at 7.56")

4,510

2,705(at 9.47")
10,285 (at 7.56")

Variable
{Load-Dependent)




TABLE A-3. HIGH-SPEED JOINTED TRACK TEST MATRIX

TDOP PHASE I TEST MATRIX
USED DURING PHASE 11 ANALYSIS

“ [ TEST DATA AVAILABLE

O NO TEST CONDUCTED

Truck Carbody Empty Loaded
Wheel Profile
New AAR 1/2(1 Worn lNew AAR 1/2 Worn

70-Ton Refrigerator
ASF Ride Car [ [ ] [ [ ]
Control .
70-Ton Refrigerator ° [ ]
Barber $-2-C Car .

70-Ton Boxcar L4 ®
70-Ton 89-ft Flatcar
Low Level ASF L L4 ®
Ride Control
100-Ton 100-Ton Boxcar PY ®
Barber $-2-C .
100-Ton 100-Ton Covered
ASF Ride Hopper Car [ ] o
Control .

TABLE A-4. MEDIUM-SPEED JOINTED TRACK TEST MATRIX

TDOP PHASE I TEST MATRIX (] TEST DATA AVAILABLE

USED DURING PHASE I ANALYSIS

0 N~oO TEST CONDUCTED

Truck Carbody Empty Loaded
Wheel Profile
New AAR I/Z(J Worn New AAR 1/2(1 Worn

70-Ton Refrigerator
ASF Ride Car [ ] @ K ®
Control
70-Ton Refrigerator ® Y
Barber $-2-C Car

70-Ton Boxcar L] (]
70-Ton 89-ft Flatcar °
Low Level ASF b4
Ride Control
100-Ton 100-Ton Boxcar PY PY
Barber $-2-C .
100-Ton 100-Ton Covered
ASF Ride Hopper Car [ ] [
Control

A-3




APPENDIX B - TEST TAPES

The following test data tapes are available through the
National Technical Information Service.

TDOP Phase I, Type I Truck Test Data Tapes

- NTIS Accession No. PB 250 163 through
345/AS.

TDOP Phase II, Type I Truck Test Data Tapes
- FRA/ORD/MT - 81/12.1 through 817/12.16
- NTIS Accession No. PB 81 181695, 1703,
1711, 1729, 1737, 1745, 1752, 1760, 1778,
1786, 1794, 1802, 1810, 1828, 1836, 1844.

TDOP Phase II, Type I Truck Test Data Tapes -
FRA/ORD/MT - 81/38-I through VII

‘I - Dresser DR-1

I - National Swing Motion
I -  Barber-Scheifel

IV -  MTS Maxiride 100

v -~ Devine-Scales

VI -  ACF Fabricated

VII. ~  Alusuisse

TDOP Phase II, Friction Snubber Force Measurement
System Test Data Tapes

- FRA/ORD/MT-80/72-126

- NTIS Accession No. PB 81 122764, 772, 788,
798, 806, 814

B-1



APPENDIX C
DATA REDUCTION EQUATIONS

WHEEL/RAIL FORCES

Typical Vertical Axle Bending Moment Caleulations:
S _ .
(VA) = { (RMSRI/RMSGHG) c116] %+

[(RMSRI/RMSGHZ )G112]

2
(VB) = { RwsRl/RMSG115) G115]

[
[ RMSRl/RMSGlll)Glll] }
[
[

+
l

2,

=

(RMSRl/RMSG113) G113]

(RMSRI/RMSClog) GIOQ]Z}

o=

(RV1) = [(VA) +(VB) + (VC)] /3

Where RMS, . is the average RMS value for the bending
moment gages located at the right side of axle 1 (R1)
and RMS; 146 is the RMS value for gage G1186.

Similar ealculations were made for (LV1), (RV2), and
(LV2). _

PRIMARY SPRING VERTICAL DISPLACEMENTS
(MAXIRIDE)

Xpy = 0.8333 D15 +.0834 (D15 + D17)

X, = 0.8333 D17 + .0834 (D15 + D17)

Xpg = 0.8333 D16 + .0834 (D16 + D18) )
Xig = 0.8333 D18 + .0834 (D16 + D18)

Using these displacements, vertical forces and moments
were calculated using nonlinear spring constants pro-
vided by the manufacturer.

LATERAL AND VERTICAL FORCE CALCULATIONS

FVR1 = 1500.+.03333[ (RV1) - (LV1)] + VLA1

FVLI = 1500.- .03333 [(RV1) - (LVD)] + vLA2

FLR1 = 156.45 - .05556 x BMAL + .05556 x (LV1)
+0.081944[(RV1) - (LV1)]

FLL1 = 156.45-.05556 x BMA2 +_.05556.x (RV1)

-0.081944 [(RV1)- (Lv1)]
QUR1 = FLR1/FVRI

VLAL1 is the vertical load on bearing adapter number 1
(R1) and is determined éither from an instrument
bearing adapter or from the pmmary spring displace-
ments.

QUL1 = FLL1/FVL1
AXL1 = FLR1 - FLL1
AXVl = FVR1 + FVL1

Same calculations are repeated for axle 2.

WHEEL UNLOADING INDEX

FVT

MINV .

WUI

FVR1 + FVL1 + FVR2 + FVL2
Minimum of (FVR1, FVL1, FVR2, FVL2)

1-3x MINV/(FVT - MINV)

ANGLE OF ATTACK

LRSI =  .5(P2+P4)
LWS1L = .5 (P1 + P3)
LWR1I = - LWSI-LRS1
LRS2 =  .5(P6+P8)
LWS2 = .5 (P5+PT)
LWR2 =  LWS2-LRS2
ARS1 = C1l x (P2-P4)
AWSLT =  C2x(P1-P3)
AWR1 =  AWSI-ARSI
ARS2 =  Cl1x(P6-P8)
AWS2 =  C2x(P5-P7)
AWR2 =  AWS2-ARS?2

See Table C-1 for values for C1 & C2..

TRUCK AND TRUCK/CARBODY MOTIONS

C3 (D13 - D14)

SWIV =
e
TRAM = C4 (D6 - D5)
SGVD = (D1 + D2 + D3 + D4)/4.
SGRL = C5 (D1 +D2-D3-D4)or
C5 (D15 + D16 - D17 - D18)
CBBL = C6 (D11 - D12)

CBSF = . SGRL + CBBL

CARBODY MOTIONS

PTCH

VERT

AROL

BROL

ROLL

TWST

ARLL

BRLL

RLLL

LAT

C7 (A1 - A2)

0.5 (A1 + A2)

C8 (A2 - A4)

C9 (A7 - A3)

0.5 (AROL + BROL) ~

BROL - AROL

C10 x (A16 - A6) + C11 x YAW
C12 x (A15 - A5) - C13 x YAW
0.5 (ARLL + BRLL)

C14 x (A5 + AB) + C15 x (A15 + A16)
(EMPTY)



LAT

YAWB
YAWT

YAW

C16 x (A5 + A8) + C17 x (A15 + A16)
(LOADED)

C18 x (A5 - A6) \
C19 x (A15 - A16)

0.5 (YAWB + YAWT)

Table C-2 gives the coefficients for carbody motions.

NOMENCLATURE

SWIV - Truck swivel rotation (carbody to bolste;‘)

TRAM - Truck tram rotation
(bolster to side frame)

SGVD - Spring group vertical displacement

SGRL . - Spring group roll angle

CBBL - Carbody - bolster roll angle

CBSF - Carbody - side frame roll angle

VA - Vertical axle bending moment from
the first pair of quadrature gages

VB - Vertiéal axle bending moment from
the second pair of quadrature gages

vC - Same as VA except thira pair of gages

RV1 - Vertical axle bending moment for the
gages near the right wheel of axle 1

LV1 - Same as RVl except left wheel |

RV2 -~ Same as RV1 except akle

LV2 - Same as LV1 except axle 2

VLA1 - Vertical load on bearing adapter #1

. (R1)

VLA2 - Vertical load on bearing adapter #2
(L1)

VLA3 - Vertical Joad on beafiﬁg adapter #3
(R2)

VLA4 - Vertical load on bearing adapter #4
L2)

BMA1 - Bending moment due to VLA1

BMA2 - Bending rrioment due‘to VLA2

VMA3 - Bending moment due to VLA3

BMA4 - Bending moment to VLA4 .

FVR1 - Vertical wheel/rail force - R1

FVL1 =~ - Vertical wheel/rail force - L1

FVR2 - Vertical wheel/railiforce - R2

FVL2

FLR1
FLL1

FLR2
FLLZ

QUR1
QUL1
QUR2
QUR2
AXL1
AXL2

AXV1
AXV?2
R1
L1
R2

L2

FTV
MINV®

WUI

LRSi

LWSi

* LWRI

ARSI
AWSi
AWRi

PTCH

Vertical wheel/rail f orce. - L2

Lateral wheel/rail force ~ R1

Lateral wheel/rail force - L1

Lateral wheel/rail force - R2

Lateral wheel/rail force ~ L2

L/V ratio - R1

L/V ratio - L1

L/V ratio ~ R2

L/V ratio - L2

Total lateral wheel/rail force on axle 1
Total lateral wheel/rail foree on axle 2

Total vertical wheel/rail force on
axle 1 :

Total vertical wheel/rail force
on axle 2 : .

Primary spring displacement,
R1 spring group

Primary spring displacement,
L1 spring group. ~

Primary spring displacement
R2 spring group

Primary spring displacement,
L2 spring group

Total vertical wheel/rail force
for B-end truck

Minimum vertical wheel/rail force
for four wheels of B-end truck

Wheel unloading index, equal to zero
implies all four wheels have equal load,:
equal to one implies one wheel has no load

Lateral displacement of rail relative to
side frame for axle i, i = 1,2

Lateral displacement of wheel relative to
side frame for axle i, i = 1,2

Lateral displacement of wheel rélative to

rail for axle i, i = 1,2

Angular displacement of rail relative to
side frame for axle i, i = 1,2

Angular displacement of wheel relative to
side frame for axle i, i = 1,2

Angular displacement of wheel relative

to rail for axle i, i = 1,2

Carbody pitch acceleration



VERT

AROL

BROL

ROLL

TWST

ARLL

Carbody vertical acceleration

Carbody A-end roll acceleration
(from vertical accelerometers)

Carbody B-end roll aceeleration
(from vertical accelerometers)

Carbody roll acceleration
(from vertical aceelerometers)

Carbody twist acceleration
(from vertical accelerometers)

Carbody A-end roll acceleration
(from lateral aceelerometers)

BRLL

RLLL

LAT

YAWB

YAWT

YAW

- Carbody B-end roll aceeleration

‘(from lateral accelerometers)

- Carbody roll acceleration

(from lateral accelerometers)

- Carbody lateral acceleration at CG

- Carbody yaw acceleration near

bottom of carbody

- Carbody yaw acceleration near top

of carbody

~ Carbody yaw acceleration near center

of ecarbody

TABLE C-1. CALCULATION COEFFICIENTS - TRUCK AND TRUCK/CARBODY MOTIONS

COEFFICIENT

C1
C2
Cc3
C4
C5
Cé

ASF-100 DR-1
126.17 126.17
171.90 171.90
2.117 2.117
2.12 2.12
0.2812 0.2979
0.5715 0.5715

TABLE C-2. CALCULATION

COEFFICIENT

Cc7

C8

C9

C10
Cl11
Ci2
C13
C14
C15
C16
C17
C18

C19

Swing
Motion

126.17
171.90
2.49i
2.08
0.2979

0.5715

Barber-
Scheffel

126.17
171.90
2.491
2.08
0.2979

0.5715

TRUCK

Maxiride
100

122.79
158.07
2.491
N/A
0.2979

0.5715

Devine- ACF Alusuisse
Scales

122.79 122.79 N/A
158.07 125.59 N/A
2.451 2.547 2.388
N/A N/A N/A
0.2979 0.3247 0.3247

0.5715 0.5715 0.626

COEFFICIENTS - CARBODY MOTIONS

100-TON
HOPPER CAR

45.1

402.1
199.0
207.0
0.450
208.0
0.456
0.470

0.0298 -

0.305
0.195
45.32

37.81

70-TON
HOPPER CAR

53.9
402.1
206.7
271.0
0.674
277.3 ‘ !
0.690
N/A
N/A
0.358
0.142
54.48

42.86



TABLE D-1.

APPENDIX D
CAR REPAIRS USING 10% DISCOUNT RATE

PRESENT VALUE AT TIME OF PURCHASE OF ALL

REPAIRS FOR ALL ROLLER BEARING CARS

SUMMARY TABLE

BRAKLS (TEST. PRESSURE SYSTEM: & HAND BRAKES)
COUPLENS1 YOKES, & DRAFT GEAR

MISCELLANEOUS LABOR & MANUFACTURED MATERIAL
OTHER CAR REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
WHEELSETS

OTHER TRUCK REPAIRS

HEAVY RLPAIRS

TOTAL

ASSUMED CAR LIFE IN YEARS

CAR REPAIRS:

BRAKES (TLST. PRESSURE SYSTEMs § HAND BRAKES)

coTas
1DT3S
PRESSURE SYSTEM
HANU BRAKES
COUPLERSs YOKESe 2 DRAFT GEAR
COUPLER BODIES
COUPLLR KNUCKLES
OTHER CQUPLER PARTS
YOKES
DRAFT GEARS, CARRIERS. AND FOLLOWERS

MISCELLANEQUS LABOR 3 MANUFACTURED MATERIAL
OTHER CAR REPAIRS
OTHEX CaR REPAIRS

WELUING
NON BILLABLE INSPECTIONS

TRUCK REPAIRS

TRUCK BRANING SYSTEM (MOSTLY BRAKE SHOES)

BRAKL
BRAKE
BRAKE
BRAKL

BEAMS

BEAM WEAR PLATES

BEAM HANGERS

HANGER BRACKET WEAR PLATE
BRAKE HANGER BKACKET WEAR PLATE SECUREMENT
BRAKL HANGER OR CONNECTION PIN
BOTTUM ROD SAFETY SUPPURT

BRAKL BEAM SAFETY SUPPORT

BRAKE CONWECTION. BOTTOM

BRAKE CONNECTION, TOP

BRAKE LEVER

BRAXE LEVER GUIDE OR CARRIER
UEAD LEVER GuIDE

UEAU LEVER GUIDE BRACKET

YRAKL SHOES

BRAKE SHOE KEYS

WHEELSETS

LUBHICATE ROLLER BEARINGS

ROLLER BEARINGS

ROLLER BEARING CAP SCREWS

KOLLER BEARING LOCKING PLATES
ROLLER BEARING LUBRICATION FITYING
PEDLSTAL ADAPTERS

WHELLS

WHELL LABOR

AXLESy ROLLER BEARINGS

OTHER TRUCK REPAIRS

TRUCK BOLSTERS

TRUCK BOLSTERS (REPAIRED)
CENIEK PINS

CENTLR PLATES

CENTER PLATE LINERS

TRUCK SIDE BEARINGS

FRICTlOn CASTINGS

SID. BEARING SHIM

SI0t FRAMES

SIDL FRAMES (REPAIRED)

SPRING PLANKS

UUTER SPRINGS

INNER SPRINGS

STASILIZER SPRINGS

TRUCR SPRING FRICTION SNUBBER
JRUCK SPRING PLATES

TRUCK SPRIN, SHIM, WOOD
STEEL

PANUFACTURED MATERIAL {TRUCK)

DATA SHOWN USING 107 DISCOUNT RATE

CAR YOTAL

TRUCK TOTAL

354,80
122,58
368,40
267,34
640,05
1060,835
139,19
590,59

3543,48
30.00

12500,
354,80

68,83
179,79
84,596
21,22

122,58

43,52
21,37
39.19

5,43
13,06

368,40
267,34

138,38
57,16
71.80

1113,12

12500,
640,05

61,32
0.17
0.02
0,00
0,01
2.81
1.07
0.32
2,38
2,04
1,68
0,05
0,02
0.02

563,89
3.86

1060,53

19,85
148,75
0,08
0,00
0.02
20,16
356,42
509,98
5,29

139.19
38,81
0.98

2,59
1,63

3,14

1839,77

752,57
413,23

1529,.186
8814,18
30,00

25000.
752,57

174,97
557,87
182,70

37.03

413,23
184,21
69,87
110,21
27,20
61,7%
1104,62
701,02

352,10
176,93

172.00

2971.45

25000,
1404,51

172,66
0.41
0,04
0.01
0.01
6422
2,85
0,78
4,29
5.89
2,97
0,18
0,06
0,06

1200,27
T.85

2307.49

44,76

773,29
1089,84
11,40

601,55
181,09
6,27

T.43
4,55

4313,56

113520

T37.50
1754,38
1198.26
2205.92
3564437
1066.28
2050,87

1361279
30.00

37500,
1135,20

275.29)
8204353
287,38

51,99

757.50
260,37

123,88
1754,38,
1198426

627,09
301,44
269,73

4825, 34|

37500,
2205.92

335,72
0457
0405
0.02

3464.37

63,14
483,36
0436
0,01
0403
114,43
1170.61
1615,23
17.21

1066428

327.67
11448
12.60

9413
50,60
2845%
B64.30

3.72

405443

7.80

6736,57

ANNUAL
oo,

1507, 36




TABLE D-1A. -EQUIVALENT ANNUAL EXPENDITURE ON ALL
REPAIRS FOR ALL ROLLER BEARING CARS

SUMHARY TABLE sNNUAL MILEAGE
T L1 L T Bl PSR ST gPsue poe0p
9 gt 56/ 276 46,

BRAKES (TESTs PRESSURE sVSTEHv 3 HAND BRAKES) 37.6% 79.83  120.42 P8I0 b, 23
COUPLERS+ YOKES: & DRAFT 13.00 43.84 76423 3.9 968 i§'-s “aa.é
RISCELLANEQUS LABOR T HANuFAcrun:n RATERIAL 39,08 117.18  186.10 47481, a7, Se3st 425¢8
OTHER CAR REPAIR 28,36 The36 127.31 1M, 37558 pé, 62 0.
TRUCK BRAKING svsr:n (HOSTLY BRAKE SHOES) 67,90 , 148,99 234,00 17448 03,3

WHEELSETH 112,50 264,78 367.50
OTHER THUCK REPAIRS 14,76 63.81 113.11
HEAVY REPAIRS 62,65 162,21 217.%6

TOTAL 375,89 935,01 144%.04

ASSUIED CAR LIFE IN YEARS’ 30,00 30,00 30,00

TAR REPAIRS?
12500, 25000, 37500,

BRAKES (VEST. PRESSURE SYSTEM, & HAND BRAKES) 37,64 79,83 120,42
CoTas N T30 18,56 29.20
TpTas 19,07  B87.56  85.22
PRESSURE SYSTEM Si01 19,38 30.49
HAND BRAKES 2025 3.95 .51

COUPLERS+ YOKES, & DRAFT GEAR 13,00 43,84 78,23
COUPLER BODIES W.62 15,30  27.62
COUFLER KNUCKLES 2,27 7.1 12,78
OTHER CQUPLER PARTS 4,16 11,69 19.03
YOKES 0,58 2,89 5,67
DRAFT GEARS, CARRIERS, AND FOLLOWERS 1,39 6,55 13.4

MISCELLANEOUS LABOR 3 MANUFACTURED MATERIAL 39,08 117,18 186.10

OTHER CAR REPAIRS 20,36 TH.36 . 127,11
OTHER CAR REPAIRS 14,68 37.35 66,52
WELDING 6.06 18,77  31.98
NON BILLABLE INSPECTIONS Ti62 18,25 28,61

CAR TOTAL 116,08 315,21 511,87

TRUCK REPAIRS
12500. 25000, 37500,

TRUCK BRANING SYSTEM (MOSTLY BRAKE SHOES) 67,90 148,99 234,00
BRAKEL BEAMS 6,50 18.32 35,61
BRAKL BEAM WEAR PLATES 0,02 0.0% 0.06
BRAKE HANGER OR CONNECTION PIN 0,30 0.66 1.03
BOTTUM ROD SAFETY SUPPORT 0,11 0,30 0,52
BRAKE BEAM SAFETY SUPPORT 0,03 9,08 0,11
BRAKE CONNECTION, BOTTOM 0,25 0.45 0,63
BRAKE CONNECTION, TOP 0.26 0.62 0499
BRAKE LEVER 0,18 0,31 [
BRAKE LEVER GUIDE OR CARRIER 0,01 0,02 0.02]
OEAU LEVER GUIDE o.oo 0,01 0.02
DEAU LEVER GUIDE BRACKET X 0,0 0,01 0.02
BRAKE SHOES 59.52 127,32 193.31
BRAKE SHOE KEYS 0,81 0,83 1.22

WHEELSETS 112,50 244,78 367,50
LUBRICATE ROLLER BEARINGS 2411 4,75 6470
ROLLER BEARINGS 15,78 33,99 51.27
HOLLEW BEARING CAP SCREWS 0,01 0,02 0409
PEOESTAL ADAPTERS 2414 7.16 12,14,
WHELLS 37,81 82,03  124.18)
WHEEL LABOR 4,10 115,61 171,34
AXLES+« ROLLER BEARINGS 0.56 1.23 1,83

OTHER THUCK REPAIRS 14,76 63,81 113,11
TRUCK BOLSTERS 4,12 19,21 34,76
TRUCK BOLSTERS (REPAIRED) 0,10 0.67 1.22]
CENTER PINS 0.27 0,79 1,34
CENTER PLATES 0,17 0,48 0,97
CENTER PLATE LINERS 0,73 3.05 5.37]
TRUCK SIOE BEARINGS 0,66 1.92 3,03,
FRICTION CASTINGS 1.40 B.46 9e16|
SIDE BEARING SHINM 0,03 0,23 0439
SI0L FRAMES . 5,25 23,72 43.01
SIOL FRAMES (REPAIRED) 0,07 0,50 0,83
SPRING PLANKS 0,00 6,00 0,00
OUTER SPRINGS 0,80 3,30 5,48
INNER SPRINGS 0,45 1.7% 2,83
STABILIZER SPRINGS 0,35 1.41 2.32
TRUCK SPRING FRICTION SNUBBER 0,00 0,01 0,01
STEEL 0,01 0,02 0,03
MANUFACTURED MATERIAL (TRUCK) 0,33 1.32 2,37

TRUCK TOTAL 195,16 457,58 714461

DATA sHoWN UsING 107 DISCOUNT RATE

D-2



(3

TABLE D-2.

SUNRARY TaBLE

BRAKES (TESTs PRESSURE sYSIEH‘ & HARD BRAKES)
COUPLERS+ YOKES: & DRAFT GEAR

MISCELLANEQUS LABDR & HANUFACTURED MATERIAL
OTHER CAR REPAIR

TRUCK BKFKING SYSTEH {MOSTLY BRAKE SHOES)
WHEELSET

OTHER TKUCK REPAIRS

HEAVY RLPAIRS

PRESENT VALUE AT TIME OF PURCHASE OF ALL

- TOTAL

ASSUMED CAR LIFE IN YEARS

CAR REPAIRSS

BRAKES (TESTs PRESSURE SYSTEM, & HAND BRAKES)

COT&S

IDTas

PRESSURE SYSTEM
HAND BRAKES

COUPLERSs YOKESs 3 DRAFT GEAR

GOUPLER BODIES

COUPLER KNUCKLES

OTHER COUPLER PARTS

YOKES

ORAFY n:Ans. CARRIERS: ANO FOLLOWERS

MISCELLAWEQUS LABOR & MANUFACTURED MATERIAL
OTHER CAK REPAIRS

OTHEN CAR REPAIRS
WELWY.
NON HILLABLE INSPECTIONS

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)

BRAKL BEAMS

BRAKE BEAM WEAR PLATES

BRAKE HAKGEK OR CONNECTION PIN
BOTTOM ROD SAFETY SUPPORT
BRAKE BEAM SAFETY SUPPORT
ORANE CONNECTION, BCTTOM
BRAKE CONNECTION, TOP

BRAKE LEVER

BRAKE LEVER GUIDE OR CARRIER
DEAU LEVER 6UIDE

OEAU LEVER GUIDE BRACKET
BRAKE SHOES

BRAKE SHOE KEYS

WHEELSETS

LUBRICATE ROLLER BEARINGS

ROLLER BEARINGS

ROLLER BEARING CAP SCREWS

ROLLER BEARING LOCKING PLATES
ROLLER BEARING LUBRICATION FITYING
PEDESTAL ADAPTERS

WHEELS

MHEEL LaBOR

AXLES, ROLLER BEARINGS

OTHER TRUCK REPAIRS

TRUCK BOLSTERS

TRUCA BOLSTERS (REPAIRED)
CENTER PINS

CENTER PLATES

CENTEK PLATE LINERS
TRUCK SIDE BEARINGS
FRICTION CASTINGS

SI0E BEARING SHIM

SI0t FRAMES

SIDt FRAMES (REPAIRED)
QUTER SPRINGS

INNEK SPR]NGS

STABILIZER SPRINGS

TRUCK SPRING FRICTION SNUBBER
STEEL

PANUFACTURED MATERIAL (TRUCK)

DATA SHOWN USING 107 DISCOUNT RATE

CAR TOTAL

TRUCK TOTAL

797,40
697,10
Ti2.48
1136,02
2153,12
3245,84
275,23
153,20

50000,
797,40

95,11
a31,39
248,66

26,24

697,10
342,06

94,10
123,27

35,31
102,36
712,48
136,02
650,75
261,07
224,20

p343,00

So000,
2153,12

279.15
0,07
8,9
6,74
0,09
6,11

12,93
4,12
0,08
0,40

0,64
1826.90
T.15
3245,84

50,93
461,49
0.39
0,02
0,02
78,10
1106,52
1531,93
16,45

275,23

5674.20

9170.39 11617,77

ANNUAL MILEAGE

ANNUAL MILEAGE

0 500 500, 100000

1009.55 1171.07 1311.85 1434.38
916,19 1096,97 1263,11 1406,7%
915,21 1071,52 1214.32 1333,51
1524,21 1811,37 2064,67 2282,81
2746,1% 3217,04% 3625,11 398%,7a
3979,21 551,28 5052.93 5490,52
355,08 419,97 478,40 523,26
170,17 134,64 200,33 212,32
13523,86 15207,72 16670,32
28,80 24,00 20,37 18,00
62500, 75000. 87500, 100000,
1009,55 3171,07 1311,85 1435.38
124,65 147,91 167,43 185,40
531,50 604,52 666,71 T19.84
319,43 378,33 431,63 477.1%
33,96 60,32 4,08 51,00
918,19 1096,97 1263,11 1406,75
455,85 547,64 632,78 707,42
121,11 143,00 163,15 180,39
155,51 181,92 205.67 225.40
47,13 56,57 65,42 73,06
138,19 167,64 196,09 220,48
915,21 1071,52 121%,32 1335.51
1324,21 1811,3T7 2064,67 2282.81
895,54 1078,20 1241,33 1382.57
343,51 403,61 456,32 500,17
285,16 329,85 367,01 400,07
8367,16 S5150,93 5853,95 6458.45
62500, 75000, 87500, 100000

2746,14 3217,04 3625,11 3985,74

502,48 591,64  674,3%

0,09 0,09 0.1

12,98 14,59 15,93

10,91 12,60 14,008

0,12 0412 0,13

8,38 9.29 10,01}

19,73 22,25 24,55

5.65 6429 6,78

0,11 0.13 UValy

0,78 0494 1.08

0,62 0,78 0,86 0,97

2286,24 26M44,75 2954,81 3225,23

8.93 10.30 11,48 12,49

3979,21 4%51,28 8952,93 3490,52

60,02 66,90 T2, 72 78,29

567,51 655,30 733,79 803.10

0,46 0,57

0,03 0.03

0,02 0,02

100,47 147,43

135956 569,12 1756, Su 1921,56

1870,91 2117,91 2329,58 2510,99

20,23 25,35 28,15 28,62

355,00 819,97 475,40 325.2¢6

95,09 111,38 126,12 139.67

5.66 [0.2% Taly

10,57 11.85 13,03

0,79 0,9% 1,05

55,08 61.20 67,09

16,30 18,02 19.71

29,25 32,51 35,41

1,10 1,26 1,37

112,98 132,32 147,61

0,91 1,01 1,10

22,8 24,56 26,00

13,70 14,76 15,57

6,87 Tob6 8,01

0,03 0,03 U,04

3,87 4454 94

24,54 26,65 32,42 35,53

7080,44% A8188,30 9153.44 9999,56

REPAIRS FOR HIGH MILEAGE ROLLER BEARING CARS




TABLE D-2A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS
FOR HIGH MILEAGE ROLLER BEARING CARS

SUMNARY TABLE

BRAKES (TEST. PRESSURE SYSTEM: 3 HAND BRAKES)
COUPLERSs YOKES, & DRAFT GEAR

AISCELLANEOUS LABOK & MANUFACTURED MATERIAL
OTHER CAR REPAIRS

TRUCK BRAXKING SYSTEM (MOSTLY BRAKE SHOES)
WHEELSETS

OTHER TRUCK REPALRS

HEAVY REPAIRS

TOTAL
ASSUMED CAR LIFE IN YEARS

CAR REPAIRS?

BRAKES (TEST+ PRESSURE SYSTEM: 3 HAND BRAKES)

COTaS

IDT&S

PRESSURE SYSTEM
MANU BRAKES

COUPLERS» YOKES, & DRAFT GEAR

COUPLER BODIES

COUPLLR KNUCKLES

OTHER CQUPLER PARTS

YOKLS

ORAFT GEARS, CARRIERS. AND FOLLOWERS
MISCELLANEOUS LABOR 3 MANUFACTURED NATERIAL
OTHER CAR REPAIRS

OTHLH CAR REPAIRS

WELDING

NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)

BRAKE BEAMS
BRAKL BEAM WEAR PLATES
BRAKE WANGER OR CONNECTION PIN

BOTYUM ROD SAFETY
BRAKEL BEAM SAFETY
BRAAL CONNECTION.
BRAKE CONNECTION,

BRAKE
BRAKE

LEVER
LEVER GUIDE

SuPPORT
SUPPQRT
BOYTOM
ToP

OR CARRIER

UEAU LEVER GUIDE

DEAU LEVER GuIDE BRACKET
BRAKE SHOES

BRAKE SHOE KEYS

WHEELSETS

LUBRICATE ROLLER BEARINGS
ROLLER HEARINGS

ROLLER BEARING CAP SCRENS
PEOESTAL ADAPTERS

VHEELS

WHELL LABOR

AXLES+ ROLLER BEARINGS

OTHER THUCK REPAIRS

TRUCK BOLSTERS

TRUCK BOLSTERS (REPAIRED)
CENTLR PINS

CENTLR PLATES

CENTLR PLATE LINERS
TRUCK SIDE BEARINGS
FRICTION CASTINGS
S10t BEARING SHIM
S1Dt FRAMES

SIDE FRAMES (REPAIRED)
QUTEH SPRINGS

INNER SPRINGS
STAUILIZER SPRINGS
STEEL

MANUFr ACTURED MATERIAL (TRUCK)

TRUCK TOTAL

“DaTa sHowN usinG 107 DISCOUNT RATE

80000,

84,59
73,95
75,58
120,51
228,40
344,32
29,20
16,25

972,19
30,00

50000,
84,59

10,09
85,76
25,9%

2,78

‘73,95

120,51

69,03
27.69
23,78

50000,
228,40

29,61
0.01
0,98
0,71
0,01
0.65
1,37
O.44
0,01
0,04
0,08

193,80

346,32

8.60
48,96

29,20

7.55
0,35

2,07

601,92

25004

108,48
98,66
98,34

163,78

295,08

427,57
38,18
18,29

1288,38
28,80

AKNUAL MILEAGE

62500,
108,48

13,39
57,11
34,32

3.65

98.66
.a,98
13.01
16.78
5.06
14,85
98,34
163,78
96,23
36,91
- 30,64

469,26

ANNUAL MILEAGE

62500,
295,08

42,98
0.01
1,21
0,98
0,01
0,79
1,80
0,53
0,01
0,07
0.07

245,66
0.9

427,87

6,48
60,98
0,05
10,80

0,37
2,64

760,80

130,38
122,09
119,26
201,61
358,06
506,56

46,7%

20,55

1505,21
28,00

73000,
130,3%

16,45
67,28
42,11

849

122,09

60,97
15,92
20.25

6,30
18,66

119,26

201.61

120,00 *

44,92
36,68

573,30

506,56

7.08
72,9%
0.06
13,18
174,64
235,72
2,60

46,74

3,19

500,

134,09
188, 3¢

23,53
1786, 30
20,57

arso00,
134,09
19,67
78,31
50.70
S, 41
188,36
78,33
19.1¢
24.16
T.68
23,03
142,63
242,52
148,81
53.60
43,11

&87.60

87500,

425,81

69,49
0,01
1.7
1.48

3.81

1 .
174.77
171,58
162,84

278,34
485,99
669,46

63,80
25.89

2032,.62
18.00

100000,
174,77

22,61
87,77
58,16

6,22

171.53

86,26/
21,99
27.48)

8,91
26,88

162,84
278,34/

168,58
60,99
48,78,

787,48

100000,
48%,99

82,22
V.01
1.9%

sl
0.02
1.22
2,99
0.83
v,02
3

.
0,12
393,25
1,52

669,46

9.53
97,92
0.07
17,98
234,30
306,17
3,49

17,03
0.87
J1.59
0,13
8,18
2,40
.32
0.17
18,00
0.13
3.7
1.90
0,98
0,60
4,33

911,36 1075.16 2219.25




TABLE D-3. PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR 100-TON, NORMAL SERVICE, ROLLER BEARING CARS

SUNMARY TABLE
12500, 250004 5004

BRAKES (TEST+ PRESSURE SYSTEMs 3 HAND BRAKES) 325.88 712,36 1093.0%
COUPLERSe YOKES, & DRAFT GEAR 354,53 650,53
AISCELLANEQUS LABOR 3 MANUFACTURED MATERIAL €33,39 971,13
OTHER CAR REPAIRS 667,63 1133,%%
TAYCK BRAKING SYSTEM (MOSTLY BRAKE BHOES) 1452,%6 2299.02

WHEELSETS 2304,18 3579.65
OTHER TRUCK REPAIRS 257,46 476,59
HEAYY REPAIRS 426,65 1098,5% 18537,2%

- ToTAL 2992,87 7480,60 11660,69
ASSURED CAR LIFE IN YEARS 30400 30,00 80,00

CAR REPAIRS!
12500, 25000, 37500,

BRAKES (TEST PRESSURE SYSTEH: 3 HAND BRAKES) 328,88 712,36 1093.04
covas 37411 128.41 221,51
IDTaS : 177.6% 353,72 515,57
PRESSURE SYSTEM 90.18 199,18 315,45
MANU BRAKES 20,93 31,04 40,50

COUPLERSs YOXES, & DRAFT GEAR 87,45 354,53 ©50.55
COUPLER BODIES 27,25 121,28 221.1%
COUPLER KNUCKLES 15,58 60,83 110.2%
OTHER COUPLER PARTS 30,14 93,12 1856.07
YOKES 4,21 26,90 56,07
DRAFT GEARS, CARRIERS, AND FOLLOWERS 10,29 52,33 107,02

MISCELLANEOUS LABOR 3 MANUFACTURED MATERIAL 284,39 633,39 973.13

OTHER CAH REPAIRS 238,46 667,63 1133,4%%
OTHLR CAR REPAIRS 120.62 296,90 3510.8%
WELDING 47,61 187,15 330.99
NON BILLABLE INSPECTIONS 70,23 181,58 291,61

CAR TOTAL 896,18 2367.%0 3848.17

TRUCK REPAIRS
12500, 25000, 37500,

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES}) 644,92 1452.46 2299.02
BRAKL BEAMS 54,22 147.82 288,67
HRAKL BEAM WEAR PLATES 0.13 0,29 0440
BRAKE BEAM HANGERS 0.01 1 0401
BRAKE HANGER OR CONNECTION PIN 2.4% 9473
BOTTUN ROD SAFETY SUPPORT 0,96 6.53
BRAXKE BEAM SAFETY SUPPORT 0,04 0,18
BRARE CONNECTION, BOTTOM 2,56 6469
BRARE CONNECTION, TCP 3,02 12467
BRAKE LEVER 1.85 5.23
BRAKE LEVER GUIOE QR CARRIER 0.07 0,42
VEAD LEVER GUIDE 0.01 0,61
DEAL LEVER GUIOE BRACKET . 0,01 0.08
BRAKE SHOES 575,58 1956,81
BRAKE SHOE KEYS 4,01 10499

WHEELSETS 981,27 2304,18 3579.65
LUBKICATE ROLLER BEARINGS 19.10 42,55 59.76
ROLLER BEARINGS 139,39 319,59 500.85
ROLLEN BEARING CAP SCREWS 0,09 0.26 0,40
ROLLLH BEARING LUBRICATION FITTING .02 .02 0.03
PEOESTAL ADAPTERS 11.70 46,68 82,53
WHELLS 333,88 769,73 120875
WHEEL LABOR 472,14 1313.95 1709.48
AXLES, ROLLER BEARINGS 4,95 11,38 17.6%

OTHER TRUCK REPAIRS 43,65 257.46 876,59
TRULK BOLSTERS T.09 47,88 92.62
TRUCK BOLSTERS [REPAIRED) 0,48 10.30 20,21
CENTER PINS 1.62 8,14 8,94
CENTER PLATES 0,55 3,34 8.32
CENTLR PLATE LIKERS . [ 30,60 57411
TRUCK SIDE BEARINGS . 4,19 10.67 16.51
FRICTION CASTINGS 6,96 29.12 51,51
SIDE BEARING SHIM 0,19 ", 54 48|
SIDL FRAMES 8,18 81,43 6|
$10t FRAMES (REPAIRED) 0.38
SPRING PLANKS 0,01
OUTEM SPRINGS 3,67
INNEM SPRINGS 1,98
STABILIZER SPRINGS 1.27
TRUCK SPRING FRICTION SNUBBER 0,01
STELL 0,01
RANUFACTURED MATERIAL {TRUCK} 2,13 9.99

TRUCK TOTAL | 1669.84 014,10 6355,27]

DATA SHOWN USING 107 DISCOUNT RATE




TABLE D-3A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS FOR
100-TON, NORMAL SERVICE, ROLLER BEARING CARS

SURRARY TABLE

BRAKES (TESTy PRESSURE SYSTEM: 3 HAND BRAKES!
COUPLERS+ YOKES, & DRAFT GEAR

NISCELLANEQUS LABDR & MANUFACTURED MATERIAL
OTHER Ca® REPAIR!

TRUEK BRAKINE SYSTEW (MOSTLY BRAKE SHOES)
WHEELSETS

OTHER THUCK REPAIRS

HEAVY REPAIRS

TOTAL

ASSUMED CAR LIFE IN YEARS

CAR REPAIRSS

BRAKES (TESTe PRESSURE SYSTEN: 3 HAND BRAKES)

coTas

1pT3S

PRESSURE SYSTEM
HANU BRAKES

COUPLERS+ YOKES. 3 DRAFT GEAR

COUPLER BUDIES

COUPLER KNUCKLES

OTHER CQUPLER PARTS

YOKES

ORAFT GEARS, CARRIERS.: AND FDLLOUERS

NISCELLANLOUS LABOR 3 MANUFACTURED MATERIAL
OTHER CAKR REPAIRS

OTHER CAR REPAIRS
WELDANG
NON BILLABLE INSPECTIONS

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)

BRAKL BEAMS

BRAKE BEAM WEAR PLATES

HRAKE HANGER OR CONNECTION PIN
BOTTUM ROD SAFETY SUPPORT
HRAKE BEAM SAFETY SUPPORT
HRAKE CONNECTION, BOTTOM
BRAKE CONNECTION, TOP

HBRAKE LEVER

HRAKE LEVER GUIDE OR CARRIER
DEAU LEVER GUIDE

UEAU LEVER GULIDE BRACKET
BRAKE SHOES

BRAKE SHOE KEYS

WHEELSETS

LUBRICATE ROLLER BEARINGS
ROLLLR BEARINGS

ROLLER BEARING CAP SCREWS
PEDESTAL ADAPTERS

WHEELS

WHELL LABOR

AXLES+ ROLLER BEARINGS

OTHER TRUCK REPAIRS

TRUCK BOLSTERS

TRUCK anLSTERS (REPAIRED)
CENTER PINS

CENTER PLATES

CENTER PLATE LINERS
TRULK SIDE BEARINGS
FRICTION CASTINGS

SIOE HEARING SHIM

SI0L FRAMES

SI0t FRAMES (REPAIRED)
DUTER SPRINGS

INNEK SPRINGS

STABILIZ2ER SPRINGS
MANUFACTURED MATERIAL (TRUGK)

DATA SHowWN USING 107 DISCOUNT RATE

CAR TOTAL

TRUCK TOTAL

12500

34,587
9.28
25,92
25,30
68,41
104,09
4,63
%%,28

317,48
30,00

12500
34,57

1,09
23,92
25,30

12,80
5,05
7045

93,07

12500,
68,41

5.75
0.0%
0.26
0,10
0,00
0.27
0,32
0,20
0,01
0,00
0,00
61,06
0,43
104,09

0,25
177.14

23000

75457
37461
67,19

T0.82,

154,08
244,43

27.31
116,54

793,54
30,00

25000,
75,57

13.62
37.52
21,13

3,29

37.61

1206
6,45
9.68
2.86
5,55

67,19
70,82
31,71
19,85
1926

251,19

25000,
154,08

269443

4,51
33,90
0,03
4,95
81,66
118,17
1.21

21.3

5,08
1,09
0,5%
0.38
3,25
1.13
3,09
0,48
5,46
0.8%
2.82
1,40
0,70
1,06

825,81

37500

11!

69,02
103,02
120.2%
243.88

1236.96

37300,
115.98
23450
54,69
33.46
.30
69,01

23246
11.70

103,02
120.24
54,19
35,11
30.93

408.23

37500,
243,88

30,62
0.04

128022
101,38
1.89

2414
0953

674,16

ANNUAL WILEAG
50500 590,
155058 d5 &%

60,58 137,35
1351 €5 74
0. 220,88
32458 2,96
6 $39489
72489 o6
R 98 Ay
hes€. 069,26

-

L



TABLE D-4

FOR 100-TON, HIGH MILEAGE, ROLLER BEARING CARS

SUNNARY TABLE

BRAKES {TEST, PRESSURE svsT:n. 3 HAND BRAKES)
COUPLERST YQKES, & ORAFT

MISCELLANEGUS LABOR 3 ﬂANuFAcrunEn MATERIAL
OTHER CAR REPAIRS

TRUCK aﬂAKlns SYSTEM (MOSTLY BRAKE SHOES)
WHEELSET

OTHER vnntx REPAIRS

HEAVY REPAIRS

TOTAL
ASSUNED CAR LIFE IN YEARS

CAR REPAIRS!

BRAKES (TESTy PRESSURE SYSTEM: 2 HAND BRAKES)

coTas

I0T4S

PRESSURE SYSTEM
WARU BRAKES

COUPLERS+ YOKES, & DRAFT GEAR

COUFLER BODIES

COUPLER KNUCKLES

OTHER CQUPLER PARTS

YOKLS

DRAFT GEARS, CARRIERS, AND FOLLOWERS
AISCELLANEOUS LABOR & MANUFACTURED MATERIAL
OTHER CAR REPAIRS

- OTHER cnn REPAIRS

WELDI

NON HlLLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BKAKING SYSTEM IHUSTLY‘BRAKE SHOES)

BRARE BEAMS
BRAKL BEAM WEAR PLATES
BRAKE HANGER OR CONNECTION PIN

592,30
475,81
621,54
1948,32
3430,46
211,00
172,46

8076.79
30,00

50000,
625,20

85,67
372,10
151,35

135,88

592,30
286,65

68,64

99,89

32,55
104,58
475,51
621,58
316,10
121,52
183,92

2314,56

764,22
609,66
793,18

2480,18

4237,70
257,17
191,06

20072,63
28,00

ANNUAL MILEASGE

62500,
771,52

110,68
452,64
189,01

19,19

764,22
371,20
86,25
122,57
42,79
183,42
609,66
791,15
408,50
152,02
230,63

2936,55

ANNUAL MILEAGE

BOTTON ROL SAFETY
URAKL BEAM SAFETY
BRARE CONNECTION,
BRAKL CONNECTION,
HRAKE LEVER

HRAKE LEVER GUIDE

SUPPORT
SUPPORT
BOTTOM
ToP

OR CARRIER

OEAV LEVER GuIDE

UEAU LEYER GUIBE BRACKET
BRAKE SHOES

BRAKE SHOE KEYS

WHEELSETS N

LUBRICATE ROLLER BEARINGS

ROLLER BEARINGS

ROLLER BEARING CAP SCREWS

ROLLER BEARING LOCKING PLATES
ROLLER BEARING LUBRICATION FITTING
PEDESTAL ADAPTERS

WHEELS

WHEELL LABOR

AXLESy ROLLER BEARINGS

OTHER THUCK REPAZRS

TRULK BOLSTERS

TRUCK BOLSTERS (REPAIRED)
CENIER PINS

CENTER PLATES

CENTER PLATE LINERS

TRULK SIDE BEARINGS

FRICTION CASTINGS

SIOL BEARING SHIRM

SIDE FRAMES

S10t FRAMES (REPAIRED)

OQUTLH SPRINGS

INNER SPRINGS

STABILIZER SPRINGS

;RELK SPRING FRICTION SNUBBER
MANUFACTURED MATERIAL lTRUCK)

TRUCK TOTAL

DATA SHOWN USING 107 DISCOUNT RATE

50000, 62500,
1948.32 24%0,15
235,67 328,11
.05
7,06
2,80
6,10
4,96
10.98
3,64
0,08
ﬂ.Z“
0,70
1575 ou 2075.7%
9.00
430,46 4287,70
52,90 62,36
488,93 607,44
0,41 0,49
0,01 0,01
0,02 0,02
61,65 76,80
1170,78 1452,95
1638,34  2016,38
17,82 21,64
211,00 257,37
52,15 63,59
s.11 7,25
6,63 8,34
0,26
35,51
8.96
17,38
0,24
31,57
0,91
16,87
10,68
5,06
0,03
0,03
19,67 26,58

902,52
112,07
916,85
2843,10
862,80
291,96
207.30

11619,62
28,00

75000,
883,41

131,30
511,45
218,57

22,09

902,52
439,23

100,91
140,78

81,01 °

170,59
712,07
916,43

877,56 .

174,23
264,66

B418,43

750004
2843,10

404,54

0,85
2385,77
10,32

4862,80

69,50
704,86
0,54
0,01
0,02
87,80
1684, 84
2250,11
25,11

291,96

5589,77 6945,02 7997,86

PRESENT VALU}) AT TIME OF PURCHASE OF ALL REPAIRS

625,20  TTi.%2 683,41

977468 1060.65

10531,82 1142,91

799,58 879,13

1022,80 1115,

3184,03 382,41

5408,31 5884,97

320,75 383,39

220,93 239.00

12969,89 18180,29

20,57  18.00

87500, 200000,

977,68 1060,69

167,29 162,55

561,08 603,72

244,77 267.68

24,54 26,74

1033,82 1142,91

S02.73 557,80

113,66 128,25

157,36 170,64

58,66 65,30

199,61 223,73

799,58 879,13

1022.80 1115.56

837,00 988,55

193,32 209.58

292,47 17,46

3831,88 8190,32

/87500, 100000,

3184.03 3482, 4

471,43 532,43

0,05 0,0

10,63 13,47

4,63

T Dl

Tebt

19.9:

5.6

040¢

0.6;

1.1;

2686, 3¢

12.4¢

5864,97

. 81.38

868,21

0.62

0,02

0,02

106,63

2073,25|

2723.93

28,20 30,93

320,75 3a3,S¢
76.93
10,04
10.7
0,53
58411
13.21
25,70
0435
45, T4
1.58
22,26
14,23
6,98
0.03
.02
32.27

8913,08 9712,97




TABLE p-4A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS
FOR 100-TON, HIGH MILEAGE, ROLLER BEARING CARS

SUMRMARY YABLE

dRAKES {TEST PRESSURE SYSTEMs & HAND BRAKES)
COUPLERS+ YOKES, & ORAFT GEAR

RISCELLANEOUS LABOR X MANUFACTURED MATERIAL
OTHER CAR REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
WHEELSETS

OTHER TKUCK REPAJRS

HEAVY RLPAIRS

)
TOTAL

ASSURED CAR LIFE IN YEARS

CAR REPAIRS3

BRAKLS (TEST. PRESSURE SYSTEMs & HAND BRAKES)

CoTas

IpTES

PRESSURE SYSTEM
HANO BRAKES

COUPLERS+ YOKES: 3 DRAFT GEAR

COUPLER 8ODIES

COUPLER KNUCKLES

OTHEK COQUPLER PARTS

YOKES

DRAFT GEARS. CARRIERS, AND FOLLONERS
HISCELLANEQUS LABOR 3 MANUFACTURED MATERIAL
OTHER CAR REPAIRS

OTHEK CAR REPAIRS

WELLING
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)

URAKE BEAMS
BRAKE HANGER OR CONNECTION PIN
80TTUM ROD SAFETVY SUPPORT

HRAKE BEAM SAFETY
BRAKE CONNECTION,
BRAKE CONNECTION,
BRAKE LEVER

BRARL LEVER GUIDE

SUPPORY
B0TTON
ToP

OR CARRIER

UEAV LEVER 6UIDE

DEAU LEVER GUIDE BRACKET
HRAKE SHOES

BRAKL SHOE KEYS

WHEELSETS

LUBRICATE ROLLER BEARINGS
ROLLER BEARINGS

ROLLER BEARING CAP SCREWS
PEDESTAL ADAPTERS

WHEELS

WHEEL LABOR

AXLES+ ROLLER BEARINGS

OTHER THUCK REPAIRS

TRUCK BOLSTERS

TRUCK BOLSTERS (REPAIRED)

CENTER PINS

CENTLR PLATES

CENTER PLATE LINERS

TRUCK STDE BEARINGS

FRICTION CASTINGS

SIOL BEARING SHINM : N
SIDE FRAMES

S10t FRAMES (REPAIRED) .
OUTER SPRINGS

INNER SPRINGS

STAUILIZER SPRINGS

MANUFACTURED MATERIAL (TRUCK) -

TRUCK TOTAL

DATA sHOWN USING 107 DISCOUNT RATE

50000,
206,68

$,53
0,54
0,70
0,03

2,09
592.%

22,38 7

500

S0, 44
65,93
206,68
363,90
22,33 27,63
18,29 20,53
856,78 1082,32
30,00 268,80
RNNUAL MILEASE
50000, 62500,
66,32 82,90
9,09 11,89
39,47 48,64
16,08 20,31
1,68 2,06
62,83 82,12
39,09
.27
13.17
8,60
15,20
65,51
85,01
43,89
16,33
24,76
285,53 315,54

hNNUAL MILEAGE

82500,
263,27

316,44
Su1,28
32,50
23,07

1293,27
28,00

75000,
98,32
14,61
86,92
24,33

2,46

100,48

48,89

750004

T 316,44

45,03

455,35
6,70

27,63

6,82
0,78
0,90
0,04
4,86

2,64

186,25

890,16

8750/
114.8¢

$35,2¢
37,67
26,42
1523, %

20.57

87500,
114,84
17.50
65,%
28,78
2,83
121.20

89,05

120014
" 63,08
22,7
34,38

450,09

87500,
374,00

55.47

1.25
0.51
0402
0482
2.14

635,26

8,88
92,97
0,07
11,49
222,11
296,41

.31

37,67

1046493

10000

129,33
139,36

1723.35
18,00

100000,
129,33
19,82
73,61
32,64
3.26
139,36
68,01
18,27
20,83
7,96
27.28
107,19

136,02

S11,50

100000,
424,61

64,92

1.40-

0.56
0,02
0,91
2,43
0,69
9.01
0,08
0,14
351,94
1,%2

717,56

9.92
105,66
0,08
13,00
252.79
332,12
"

2,18

10,40
1,%
1,44
0,07
T.75
1,74
3,38
0,04
3,85
Ue21
2,85
1,82
0,91
4.5

1184,31

Y

]



TABLE D-5. PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR 70-TON, NORMAL SERVICE, ROLLER BEARING CARS

SUAHARY TABLE

f
BRAKES (TESTe PRESSURE SYSTEMs 3 HAND BRAXES)
COUPLERSY YOKES, & ORAFT GEAR

MISCELLANEQUS LABOR & MANUFACTURED MATERIAL
OTHER CAR REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
WHEELSETS

OTHER TRUCK REPAIRS

HEAVY REPAIRS

TOTAL

ASSUMED CAR LIFE IN YEARS

CAR REPAIRS?

BRAKES (TESTy PRESSURE SYSTEMe¢ 3 WAND BRAKES)

CoTasS

1pYas

PRESSURE SYSTEM
HAND BRAKES

COUPLERS+ YOKES. & ORAFY GEAR

COUPLLR BODIES

COUPLER KNUCKLES

OTHER COUPLER PARTS

YOKES

URAFT GEARS, CARRIERS, AND FOLLOWERS

MISCELLANEOUS LABOR & MANUFACTURED MATERIAL
OTHER CAKR REPAIRS

OTHER CAR REPAIRS
WELLING
NON BILLABLE INSPECTIONS

TRUCK REPAIRS

TRUCK BHAKING SYSTEM (MOSTLY BRAKE SHOES)

BRAKE BEAMS

ERAKL HEAD WEAR PLATES

BRAKE BEAM WEAR PLAYES

BRAKE BEAM HANGERS .

HRAKE HANGER BRACKET MEAR PLATE
BRAKL HANGER BRACXET WEAR PLATE SECUREMENT
BRAKE HANGEK QR CONNECTION PIN
BOTTUR ROD SAFETY SUPPORT

BRAKE BEAM SAFETY SUPPORT

BRAKE CONNECYION. BOTTOM

BRAKE CONNECTION, TOP

BRAKE LEVER

BRAKL LEVER GUIDE OR CARRIER
OEAU LEVER GUIDE

OEAU LEVER GUIOE BRACKET

BRAKE. SHOES

BRAKE SHOE KEYS

WHEELSETS

LUBRICATE ROLLER BEARINGS

ROLLER BEARINGS

ROLLLR BEARING CAP SCREWS

HOLLER BEARING LOCKING PLATES
HOLLER BEARING LUBRICATION FITTING
PEDESTAL ADAPTERS

WHEELS

WHEEL LABOR

AXLES: ROLLER BEARINGS

OTHER TRUCK REPAIRS

TRUCK BOLSTERS

TRUCK BOLSTERS (REPAIRED)
CENTER PINS

CENTER PLATES

CENYER PLATE LINERS
TRULKR SIDE BEARINGS
FRICTION CASTINGS

SIDE BEARING SHIM

SIDE FRAMES

SIDL FRAMES (REPAIRED)
SPRING PLANKS

OUTER SPRINGS

INNER SPRINGS

STABILIZER SPRINGS

TRUCK SPRING FRICTION SNUBBER
TRUCK SPRING PLATES
TRUCK SPRING SHIM. w000
STEEL

RANUFACTURED MATERIAL (TRUCK)

DATA sHOWN USING 107 DISCOUNT RATE

CAR TOTAL

TRUCK TOTAL

12500, 25000, 37500, 500,

651,74 1236.45 1772437
212,92 637,47 1099.43)
801,48 2063.33 3120462
610,85 3170.91 1718.26
923,93 1837.1% 2693,52
1277.13 2725.38 3989.16
419,11 1344.76 2253.48
11%4,47 2597,9% 3%00.82

6041,59 13615,36 20047,87)
30,00 30,00 30400

32500, 25000, 37500,
651,7% 1238.45 1772437
214,30 %21.,73 613,23
286,63 529,22 738,66
127,90 241,40 351.91
20,91 46,10 68,37
212,92 837,87 109943
90,34 169,19 283,51
w9,28 120,35 192,12
86,32 194,67 299,41
7.83 47,92 100.21
19,15 105,33 224,19
801,%% 2063.33 3120.82
610,85 1170.91 1718.26f
340,855 617,67 897,65
126,313 282.61 436,44
144,17 270,62  384.16

2276,96 3110.16 7710.5H

12500, 25000, 37500,
923,93 1837.1% 2693452
TTe42 234,92 397.91

0.00 0.01 0.01
0.17 0,51 0,73
0,03 0,07 0.09
0401 0,02 0,03
0,01 0.03 0404
4,86 9411 13.09
0,96 2,09 3.10
0,71 1,64 2.21
82 3,23 8,64
3,56 .22 8440
1,01 2,13 3.15
0,04 0,13 0.20
0,01 0,04 0.17
0,01 0.07 0018
829,17 1566,96 2244,76
4,42 9,97 14,80

1277,13 2725,38 3989,14

65,26 99.92 123,84
164,05 357,83 527,44
0,05 0,19 0.354
0,00 0,00 0401/
0,01 0,02 0402
70.59 185,62  210.52
393,80 902,50 1374,73
577,52 1206,54 1733,48
S.84% 12,74 18,79

419,11 134%,76  2253.48)

109,7%  408,2%  T06.21
22,43 32,10 41,61
14,61 24,98
7.62 15.70

1.62 242
523,83 903,28
5.07 Te95
0,04 007

11,64 24,89 38,74
2620,17 5907.28 8936.14

A6
2300 5000 87598, X00960




TABLE D-5A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS FOR
70-TON, NORMAL SERVICE, ROLLER BEARING CARS

SURMARY TABLE ‘ggyAL MILEAGE
. . 5 0 [
BRAKLS (TESTy PRESSURE sVETEHv & HAND BRAKES) 69,14 131,37 268,0%
COUPLERSs YOKES, & DRAFT GEAR 22.%9 67,62 116,463
MISCELLANEQUS LABOR 3 WANUFACTURED WATERIAL 85,02 218,88 333,04
OTHER CAR REPAIRS €4,80 124,231 182427
TRUCK OHAKING SYSTEM {ROSTLY BRAKE SHOES) 98,01 194,88 285.7%
WHEELSEYS 135,48  209.11 423,17
OTHER TRUCK REPAIRS G, 46 342,65 239,0%
HEAVY REPAIRS 121,40 275,39 360,74

TOTAL 680,89 1484,31 2126.67]
ASSUMED CAR LIFE IN YEARS 30.00 30.00 30,00

CAR REPAIRS:
12500, 25000, 37500,

BRAKES (TEST, PRESSURE SYSTEMs & HAND BRAKES) 69,14 131,37 188,01
COTaS 22,73 44,74 65,05
10745 30,62 36,14  T8.38
PRESSURE SYSTEM 18,87 23,61 37,35
WAND BRAKES 2,22 “,09 Te28

COUPLERS+ YOKES: & DAAFT GEAR 22,59 67,62 116463
COUPLER BODIES 5,34 17,95 30.07
COUPLER KNUCKLES $.23 12,77 20,38
OTHER CQUPLER PARTS 9,16 20,65 3.7
YOKLS 0,83 5,08 10,63
ORAFT GEARS, CARRIERS, AND FOLLOWERS 2,05 11,17 23,78

PISCELLANEOUS LABOR 2 MANUFACTURED MATERIAL 85,02 218,88 331,06

OTHER CAR REPAIRS 64,20  124.21 182427
OTHLH CAR REPAIRS 36,13 65,52 98,22
WELUING 13,38 29,98 46,30
NON BILLABLE INSPECTIONS . 15,29 28,71 40,75

CAR TOTAL 2831,5% 502,08 817,97

TRUCK REPAIRS
125004 25000, 37500,

TRUCK BRAKING SYSTEM (HOSTLY BRAKE SHOES) 98,01 194,88 285,73
HRAKE BEAMS 8,21 24,92 42,21
BRAKE BEAM WEAR PLATES 0,02 0.05 o.oB
BRAKE BEAM HANGERS 0,00 0,01
BRAKE HANGER OR CONNECTION PIN 0,52 0,97
BOTIOM ROD SAFETY SUPPORT 0,10 0.22
HRAKL BEAM SAFETY SUPPORT 0,08 0.17
BRAKE CONNECTION, BOTTOM 0.16 043¢
BRAKE CONNECTION, ToP 0,38 0,66
BRAKE LEVER 0,11 0,23
URAKt LEVER GUIDE OR CARRIER 0,00 0,01
OEAU LEVER GUIDE 0,00 0,00
OEAD LEVER GUIDE BRACKET 0.00 0,01
HRAKE SHOES . 87,96 166,22
BRAKE SHOE KEYS 0,47 1,06

WHEELSETS 135,48 289,11 423,17
LUBRICATE ROLLER BEARINGS . 6,92 10,60 13414
ROLLLK BEARINGS 17,40 37,96 85,95
ROLLER BEARING CAP SCREWS 0,01 0,02 0,04
PEOLSTAL ADAPTERS 7.49 15,45 22,33
WHEELS 41,77 95,74 145,63
WHELL LABOR 61,26  127.99 183,89
AXLESt ROLLER BEARINGS 0,62 3.35 1.99

OTHER TRUCK REPAIRS G4,86 142,65 239,05
TRUTK BOLSTERS 11,64 43,31 T4.93
TRUCK BOLSTERS {REPAIRED) 2,38 '3.40 4e41
CENTER PIN: 0,36 1,55 2,65
CENTER an:s . 0,34 0,81 1466
CENTER PLATE LINERS 3,54 6,97 10,40
TRUCK SIDE REARINGS 1,5 3.86 5,83
FRICTION CASTINGS 3,47 11,08 17.74
SIOL BEARING SHIm .. 0,06 0,17 0426
SIOL FRAMES 15,54 55,87 95,82
SIDE FRAMES m:mn:m 0,13 0,56 0o 84
SPRING PLANK 0,00 0,00 0,01
OyTLR smnss 191 6,30 10,16
INNER SPRINGS 1.07 3.36 5.32
STABILIZER SPRINGS 0,97 3,01 477
TRUCK SPRING FRICTION SNUBBER 0,01 0,02 0,03
'nwcn SPRING PLATES 0,09 0,11 0,12
ST 0,00 0.00 0.01
HAnuFAcruREn MATERIAL (TRUGK} 1,28 2,64 11

TRUCK TOTAL 277,95 626,64 947,95

DATA SHOWN USING 10% DISCOUNT RATE

D-10



TABLE D-6.

PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS

FOR 70-TON, HIGH MILEAGE, ROLLER BEARING CARS

SUMMARY TABLE

BRAKES (TEST+ PRESSURE sVerH- & HAND BRAKES)
COUPLERSs  YOKES, & GRAFT GEAI

MISCELLANEQUS LABOR 2 HANUFACTURED MATERIAL
OTHER CAR REPAIRS

TRUCK BRAKING SYSTEM (HOSTLY BRAKE SHOES)
WHEELSETS

OTHER TRUCK REPAIRS

HEAVY REPAIRS

ASSUNED CAR LIFE IN YEARS

CAR REPAIRS:

BRAKES (TEST, PRESSURE SYSTEM, g HAND BRAKES)

coTas

IDTaS

PRESSURE SYSTEM

HAND BRAKES
COUPLERS+ YOKES, & ORAFT GEAR

COUPLER BODIES

COUPLER KNUCKLES

OTHER COUPLER PARTS

YOKES

ORAFT GEARS, CARRIERS, AND FOLLOMERS
MISCELLANEQUS LABOR 3 MANUFACTURED WATERIAL
OTHEK CAK REPAIRS

DTNLN CAR REPAIRS

WELL
NON HILLABLE INSPECTIONS

TRUCK REPAIRS

TRUCK SRAKING SYSTEM (MOSTLY BRAKE SHOES)

BRAKE BEAMS

BRAKE BEAM WEAR PLATES

BRAKE HANGER OR CONNECTION PIN
8OTTUN ROD SAFETY SUPPORT

BRAKL BEAM SAFETY
BRAKL CONNECTION,
SRARE CONNECTION,
BRAKE LEVER

YRAKE LEVER GUIDE

SUPPORT
BOTTOM
ToP

OR CARRIER

DEAU LEVER GUIDE

VEAU LEVER GUIOE BRACKET

BRAKE SHOES

BRAKE SHOE KEYS .

WHEELSETS

LUBRICATE ROLLER BEARINGS

AOLLER BEARINGS

KOLLEK BEARING CAP SCREWS

ROLLLR BEARING LOCKING PLATES
ROLLLR BEARING LUBRICATION FITTING
PEDESTAL ADAPTERS

WHEELS

WHELL LABOR

AXLES: ROLLER BEARINGS

OTHER TRUCK REPAIRS

TRUCK BOLSTERS

TRUCK BOLSTERS (REPAIRED)
CENTER PINS

CENTLR PLATES

CENTER PLATE LINERS
TRUCK SIDE BEARINGS
FRICTION CASTINGS
SIDE HEARING SHIN
SIDE FRANES

SIDE FRAMES (REFA!R:D)
QUTER SPRIN

INNER spkxns
STAJILIZ2ER SPRINGS
SYEEL

MANUFACTURED NATERIAL {TRUCK)

DATA SHOWN USING 107 DISCOUNT RATE

TOTAL

CAR TOTAL

TRUCK TOTAL

1818,09
927,86
4572.66
2457,64%
5089,75
§741,22
366,75

89,50

o

ANNUAL MI
50000,

1818,09

113,52
1050,30
606,07

48,20

927,86

275,98
295,51
188,96

45,82
121,60

4572,66
245764
1288,28

666,41
502,94

2196,11
1205,20
5296,18
3150,31
6054 ,67
8677,66
¥77,95

79,03,

%137,10
28,80

LEAGE
62500,

2196.11
147,03
1228,56
788,51
62,00
1205,20

388,17

8296,18
3150,31

+3699,96

886,31
604,04

5000,

2487,48
1430,14
8668,28
3669,49
6808,06
6382,89
569,02
93,34

26,00

75000,
2487,48
172,68
1389, 4%
881,59

73,77
143018
481,88
%06,37
278,13

70,95
192,81
5858,25

3669,49

‘7! 23

2736.81
1630,78
6335,99
113,37
T450,51
7015,02

649,01

108,53

27308,67 30037,02 32426,%1 N

20,37

37300,
27!6.Blv

194,83
1869, 74
988, 4y
83,78

1630,78

564,49
452,09
312,38

80,53
221,39

6335,99
N113,57
2280,13

1092,59
T4o.66

100000

2950, 46|
1806,42
6758,72
4496, 73|
803,72
To43,78

720,04
116,53

3100000,
2950,46

213,83
1564, 90
1079,21

92,52

1806,42

637,13
430,78
342,06

89,26
287,22

6758,72
496,73
2513,62

1186,9¢
796,18

776,25 11887,79 13453,36 18216,95 16012,34

ANNUAL MILEAGE

50000, 62500, 75000, 87500, 100000
5089,75 054,67 6808,06 7T450,51 B8031,7%
615,21 815,52 967,02 1099.02  1222.84
0,23 0.27 0,31 0.33 0,34
10,66 13,83 16,39 18,59 20,69
11,65 15,98 19,47 22,48 25,13
0.04 0,06 0,07 0,08 n.nﬂ
6,08 8,62 10,07 11,34 12,
11,00 14,49 17,33 19,78 21,93
3.78 ®,77 5,61 6,433 6,99
0,12 0,15 0,17 0.19 0.24]
n.us 0,70 0,89 1,08 1423
0,30 D.44 - 0,585 0,64 0,73
446,07 B5164,06 S5752,43 6251,26 698,57
13,38 15,82 17,76 19,37 20,80
#791,22 B677,66 6382,89 T015,02 T545,78
27,33 33,36 38,23 42,25 45,23
685,01 819,57 926,81 1025.24 1108,62
08 0.09 0,11 0,12 0.13
0,11- 0.12 0,13 0.15 0,1%
0,01 0.01 0,01 0,01 0,01
175,17 216,60 246,43 275.34 299.1¢%
1623,64  1940,93 219%,28 2%25,28 2621,2¢
2205,42 2637,70 29%2,79 3210,05 333,56
24,46 29,27 33,10 36,61 39,59
366,75 477,95 569,02 649,05 720,04
87,50 115,54 139,26 189,47 177,77
1,10 1.47 1,73 1.96 2,16/
S.42 7.08 8,37 9.53 10,50
0,50 6,71 0,89 1,04 i,l8
36,95 47,98 856,40 63,5 69,89
13,36 16,90 19,88 22,25  24,4s
19,24 24,52 28,70 32,33 33,57
1,51 1,50 2,20 2,48 2,69
137,87 181,5% 219,28 251,49 280,23
0,79 1405 1,24 1840 1,54
11,01 13,73 15,86 17,78 19,38
5,02 6423 7.16 8,01 8,70
2,35 2,98 3,48 3,92 4,30
25,72 31,86 35,98 40,98 45,18
18,43 24,06  28,6% . 32,85  3&,52

§0197,72 12210.27 13759,97 15114,54¢ 16297,5%




TABLE D-6A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS
FOR 70-TON, HIGH MILEAGE, ROLLER BEARING CARS

SUMMARY TABLE

:

BRAKLS (TESTy PRESSURE SVSTEH| & HAND BRAKES)
COUPLERSt YOKES, & DRAFT

MISCELLANLOUS LABOR 3 HANUFACTUREU WATERIAL
OTHER CAR REPAIRS

TRUCK BuAK!NG SYSTEHM (MOSTLY BRAKE SHOES)
WHEELSETS

OTHER TRUCK REPAIRS

HEAVY REPAIRS

TOTAL
ASSUMED CAR LIFE IN YEARS

CAR REPAIRSS

BRAKES (TEST, PRESSURE SYSTEM, 3 HAND BRAKES)

CoTas

10188 )
PRESSURE SYSTER
HAND BRAKES

COUPLERS+ YOKES: 3 ORAFT SEAR

COUPLER BODIES

COUPLER KNUCKLES

OTHER CQUPLER PARTS
KES

OKE

ORAFT GEARS, CARRIERS, AND FOLLOWERS
MISCELLANEQUS LABOR 2 NWANUFACTURED HATERIAL
OTHEK CAR REPAIRS

OTHER CAR REPAIRS
WELOLNG
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCKR BRAKING SYSTEM (MOSTLY BRAKE SHOES)

BRAKL BEAMS

BRAKE BEAM WEAR PLATES

BRAKL HANGER OR CONNECTION PIN
HOTTOM ROD SAFETY SUPPORT
BRAKE BEAM SAFETY SUPPORT
BRAKE CONNECTION, BOTTOM
BRAKE CONNECTION, TOP

BRAKL LEVER

YRAKE LEVER GUIDE OR CARRIER
OEAU LEVER GUIOE

VEAU LEVER GUIDE BRACKET
BRAKE SHOES

BRAKE SHOE KEYS

WHEELSETS

LUBKICATE ROLLER BEARINGS
ROLLLK BEARINGS

HOLLER BEARING CAP SCREWS
ROLLLR BEARING LOCKING PL‘TES
PEDLSTAL ADAPTERS

WHEELS

WHELL ‘L ABOR

AXLESy ROLLER BEARINGS

OTHER TRUCK REPAIRS

TRUCK BOLSTERS

TRUCK BOLSTERS (HEPAIRED}
CENTLR PINS

CENTLR PLATES

CENTLR PLATE LINERS
TRUCK SIDE BEARINGS
FRICTION CASTINGS
SIDE HEARING SHIN
SIDE FAAKES

SI0 FRAMES (REPAIRED)
QUTER SPRINGS

INNER SPRINGS
STABILIZER SPRINGS
STELL

MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

DATA SHOWN USING 107 DISCOUNT RATE

D-12
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192,86
96,43
485,07
260,71
539,92
802,95
38,%0
£,31

2125.1%
30,00

50000,
192,86

12,04
111,42
64,29
S.11

95,43

29.28
31.35

485,07
260,71

136,66
70,69
53,35

1037,06

$0000.
339,92

65,26
0,02
1,13
1,24
0,00
0,73
1.17
0,40
v,01
8,085
0.03

468,45
1.42

502,95
2490

0,01
0,01

1.95

500

235,97
129,50
569,08
338,51
©50,58
610,07
51,36
8,49

2993,57
282,80

ANNUAL NMILEAGE

62500,
235,97
15,80
132,01
81,50
6,66
229,80
41,71
38,3%
25,58
6,49
17,38
369,08

338,351

1273.06

RNNUAL MILEAGE

62500,
650,58

87,63
¢,03
1,40
1,72
0,01
0,93
1,56
0,51

51,36

12.41
0,16
0,76
0,08
Se16
1.82
2,63
0,20

19,58

0,11
1,08
0.67
0,32
3.42
2,58

pos1.77 1312,01

276,86
159,17
653,14
508,41
757.7%
710,42

63,33

16,39

3039,%6
24,00

75000,
276,86
19,22
151,31
98,12
8,21
189,17
53,63
85,23
30,96
7,90
21,46
683,14
408,01
223,82
109,13
75,47

1497,58

75000,
757,74
107,63

0t
640,25
1,98

Ti0,42

4,25
103,15
0,01
0,01

5

27,
264,11
327,53

3,68

63,33

15,50
0,19

3.1
1531,49

321,47
191,55
Thy, 23
443,16
875,14
823.%8
76.23
12,40

3528,1%
" 20,87

87300,

221,47

22,89
172,64
116,190

9,84
191.55

66.30

53,30

36.69

9,46

25,99
Thh,23
483,16
267,82
128,34

87.00

17480,40

87s00,
875,14
129,09

3.86
1775,35

359,75
220,26
824,09
548,29
979,31
920,06
87.79
19,22

3983,77
18,00

100000,
359,73

26,07
190,81
131,59

11,28

220,26

77,69,
89,84
41,70
10,88
30,14

824,09
548,29

306,49
144,73
97.08

1952, 35]

100000,
979,31

9,1
0404
2,50
3,06
0.01
1,53
2,67
0,85
0,03
.15
0.09

816,76
2,54

920,06

.52
135,17
0,02
0,02
36,48
219,61
418,41
4,83

87.79

21,68
.26
1,28
0,14
8,52
2,98
4,34
0,33

34,17
0,19
2,36
1.06
0,52
5,51
L]

1987.17
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