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EXECUTIVE SUMMARY

The purpose of this report is to document the Analysis Plan thatv will be followed to
provide the analytical support for the Truck Design Optimiz'ation Project (TDOP),
Phase II. The overall objective of TDOP is the characterization and specification of
Type I (standard) and Type II (premium) freight car trucks. The characterization will
permit relationships to be drawn between truck parameter vériations and truck
performance. '

The analytical support for TDOP Phase II is divided into these principal areas:
e Reduction and interpretation of test data.
e Use of analytical tools.

e Assessment of analytical tools (engineering formulae, computer simulations,

ete.).
e Definition of analytical tool validation criteria.

e Validation of analytical tools.

The Analysis Plan addresses the first and second items above while the specifics of the
latter three areas are addressed in two companion documents, "The Analytical Tool
Assessment Report" and "The Analytical Tool Validation Report."

In evaluating Type I and Type II trucks, four performance regimes have been
identified. These four regimes are: lateral stability, trackability, curve negotiation,
and ride quality. Each of these regimes relates to aspects of truck performance which
directly affect the safety or effectiveness of rail freight systems. Taken collectively,
the four performance regimes permit a balanced evaluation of the performance of a
given truck. |

Analysis in the lateral stability regime will define the hunting characteristics of a
truck. Field test data will be used to investigate the influence of operational and
environmental factors on truck hunting. In addition, linear and nonlinear modeling
techniqﬁes will be employed to predict the sensitivity of a truck to parameter
variations as well as the wear rate of its key components.

i



Analysis in the regime of trackability (the ability of the truck to maintain ade;;uate
loads for guidance on all wheels for all extremes of in-s,ervice operation) will include a
track twist load equalization evaluation end a harmonic roll and bounce analysis on.
standard and premium trucks. Track twist will rely mostly on test and survey data
obtained during Phase 1I field testing of Type I and II trucks and data acquired from
the Rail Dynamies Laboratory. In contrast, harmonic roll and bounce analysis will
depend heav11y on models for the mvestlgatlon of these extreme dynamices with
' comparlsons being made between simple and complex representations.

Curve negotlatlon regime studies will evaluate Type I and II truck designs with respect
to a curvmg performance index which characterlzes the severity of lateral wheel/rail
loading during curving. Steady state models will be used to compare trucks on the
basis of wheel wear, fuel consumption, and rail wear in curves. _Time domain models
will be used to énalyze derailment potential and curve entry wear. Finally, the ride
quality regime will deal with the normal dynamics of the freight car. Its primary
ob]ectlve will be to develop methodologles for predlctmg a ladmg vibration
environment.

The report consists of three sections and several appendices. Sections 1 and 2 provide
an introduction and overview of the objectives of the TDOP Analysis Plan as well as a
more detailed discussion of the performance regimes chosen. Section 3 constitutes the
main body of the report. It is organized according to the four performance regimes
discussed above. The discussions pertaining to each performance regime deal with the
performance indices, analysis requirements, test data utilization, model utilization,
and special considerations for Type I trucks. ‘ Supplementary material including
instrum entation plans are provided in the appendices.

iv
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SECTION 1 - INTRODUCTION

As an objective of the TDOP Phase II effort, analytical
studies will be conducted to evaluate and characterize
the performance of Type I (standard) and Type I {pre-
mium) freight car truck configurations. These studies
will also investigate the relationship between truck para-
meter variations and performance capabilities.

Both field test data and simulation models will be used
to define performance boundaries for Type I and Type Il
freight car truck configurations. The analysis effort and
the field testing task have been designed to complement
each other in meeting the project objective. The engi-
neering interpretation of the data will serve as a signif-
icant input into the economic cost/benefit trade-off
studies. This Analysis Plan describes the work which will
be performed in the TDOP Phase II analytical tasks.

The Analysis Plan provides an overview for two comple-
mentary documents -which further define the analysis
tasks. The first of the two complementary documents is
FRA Report No. FRA/ORD-79/36, the "Analytical Tool
Assessment Report," which reviews the capabilities of
existing car/truck simulation programs with respect to
requirements set forth in the Analysis Plan. The second
document is FRA Report No. FRA/ORD-79/40, the
"Analytical Tool Validation Report," which defines quan-
titative validation requirements for the car/truck simu-
lations, and documents the results of the validation
exercises performed.

The purpose of the Analysis Plan is to define the
procedures by which the following three main objectives
will be met.

e To establish the relationships between truck
parameter variations and truck performance
indices for "both Type I and Type I trucks.
Model and test data utilization will be defined
for each performance regime.

e To det‘ermine the analysis requirements needed
to extend and extrapolate the field test data
for both Type I and Type II trucks.

e To establish mode! application requirements

which will provide a framework for the model
. validation criteria.

SECTION 2 - TRUCK PERFORMANCE REGIMES
The discussion and analysis. of truck performance has
been divided into the following performance regimes
(reference 1).
e Lateral stability
e Trackability, with the.following subset regimes:
. = Track twist
- Curve entry and exit
- Harmonic roll and bounce

e Curve negotiation

e Ride quality

1

Each of these regimes identifies an aspect of truck
performance which significantly influences the opera-
tional safety or effectiveness of freight systems. Eval-
uating ‘trueks with respect to these four regimes then
leads to a balanced assessment of overall truck perfor-
mance.

2.1 LATERAL STABILITY

Lateral stability is the term used to describe the capa-

bility of a truek to inhibit self-induced lateral and yaw

oscillations known as hunting. Hunting may be exhibited .
_either by the truck alone, or by more complex inter-

actions involving both trucks and carbody. Hunting is a

safety as well as operational problem. High speed

derailments, gage widening, and accelerated component

and track wear are known to result from the hunting

phenomenon. Finally, some lading damage may result

“from hunting in lightly loaded or half loaded cars.

2.2 TRACKABILITY

Trackability is the ability of the truck to maintain
sufficient loads on all wheels to allow the development
of guidance forces which prevent derailment for  all
extremes of in-service track geometry. The trackability
regime includes as subsets the ability of the truck to
accommodate: (1) track twist, (2) curve entry and exit

- dynamies, and (3) harmonie roll and bounce dynamics.

The ability of the truck to accommodate track twist’
refers to the maintenance of adequate wheel loads in the
presence of cross level variations occurring within the
wheelbase of the truck. This ability is important for
suceessful negotiation of low sidings and extremely poor
track in switch yards.

During curve entry and exit, the car and truck exper-
ience forces and motions which can impart extreme

- dynamic response to the carbody and truck. Excessive
harmonie roll and flange contact can occur, resulting in
wheel unloading and wheel climb in extreme situations. -
The truck must be able to maintain a smooth transition
from the tangent to the curved track for a wide range of
operating conditions and environmental factors.

Harmonic roll is a forced response resonance problem
with the carbody-responding with large amplitude, low
center roll motions. The resonance problem is normally
encountered on jointed rail track while traveling at
speeds in the 10 to 20 mph range. Excessive carbody roll
can result in side bearing contact, bottoming of the main
suspensions springs and, ultimately, wheel liftoff and
complete car rollover. The primary coneern of the
harmonic roll problem is one of safety although com-
ponent deterioration, such as snubber wear and truck
bolster failure, also occurs. Some lading damage may
also be attributed to harmonie roll.

Bounce dynamies include carbody vertical and piteh
motions, Bounce resonances are particularly a problem
with shorter cars (around 20 ft in length). Car lengths
that do not correspond to the rail length receive vertical -
and piteh as well as roll excitation. Bounce oceurs at a
higher speed than harmonie roll since the carbody pitch
is a higher frequency mode than the roll mode (typically
‘3 to 5 Hz versus 0.7 to 1.8 Hz). At speeds around 40 to
65 mph, the vertical excitation from the half staggered
rail corresponds to the pitch mode natural frequeney of 3
_to 4 Hz. Both safety and component deterioration are
_coneerns of this regime.



2.3 CURVE NEGOTIATION

This performance regime considers the steady state
curve negotiation capabilities of the truck. The ability
of the truck to provide steering in curves while mini-
mizing flange contact and sliding under a variety of
operational conditions will be evaluated within this
regime. The primary economic impaet of poor steady
state curving performance is wheel and rail wear and
inereased fuel consumption.

2.4 RIDE QUALITY

The ride quality -regime includes all non-extreme car/ ‘

truck dynamices. The truck dynamies during normal
operation with the truck and ecarbody responding to track
inputs with no abnormal or extreme motions (e.g.,
hunting, harmonie roll, or bounce) will be studied within
the ride quality regime. The ride quality regime is

essentially the study of freight car and trueck forced

response to random inputs. Motions resulting from

system resonances, such as harmonic roll and hunting, -
are addressed in the other regimes. The primary eco- .

nomic impact of the ride quality regime is in the area of
lading damage.

SECTION 3 -~ REGIME ANALYSIS PLANS

In this section, a blan is presented for each of the four
regimes.
following:

-  Performance indices

" - Analysis requirements
-  Test data utilization
- Model utilization
- Summary

The performance indices, which are measureable quan-
tities typical of the various regimes, are as defined in
the TDOP Phase II Introduetory Report (FRA Report No.
FRA/ORD-78/53). Under the analysis requirements sec-
tion, the problem is defined and the scope of analysis
effort established. Test data from both Phase I and II
will be used to investigate the actual car/truck dynamics
and to validate models. The test data will also be used
to quantify response levels within each regime. Next,
the analytical tool requirements will be defined in the
model utilization area. The formulation of validation
criteria and the validation exercises themselves (to be
documented in a separate report) appropriate to the
depth and detail required of the analytical tools will also
be carried out as part of the model utilization study.

- Section 3 is divided into four major parts. Section 3.1
covers lateral stability. Section 3.2 discusses the static
and quasi-static aspects of trackability which include
load equalization in the presence of track twist and
harmonie roll and bounce. The analysis of eurve entry
and exit dynamies, although a subset of the trackability
regime, is included under curve negotiation, Section 3.3.
The final Section, 3.4, covers ride quality. :

Each regime analysis plan contains the -

3.1 LATERAL STABILITY

The lateral stabijlity regime treats the tendency of the

~ truck to exhibit self-excited lateral and yaw oscillations,

ecommonly called hunting. Hunting is generally observed
when operating at higher speeds on.tangent track. The
flow diagram shown in Figure 3-1 illustrates the lateral
stabllity analysis tasks that will be performed (discussed
in detail in the following paragraph). This flow diagram
also includes the model validation effort which will be
undertaken prior to using the simulation programs.

3.1.1 Performance Indices

The primary hunting performance indices are critical
speed and lateral acceleration., Critical speed for a
car/truck/lading configuration is the speed at which
large amplitude hunting motion starts. Use of critical
speed is somewhat complicated by the fact that no
simple stability boundary exists for in-service car/truck
configurations (reference 2). The tendency of a truck to
hunt is strongly influenced by environmental factors,

such as rail contamination and track geometry., A given -

truck magy hunt, or not hunt, at different speeds on
different days. However, the single critical speed pre-
dicted by linear Eigenvalue models can be used as a
measure-in parameter sensitivity studies and qualitative

comparisons of car/truck configurations with respect to -

hunting susceptibility. .

Each freight car truck has a basic kinematic wavelength
at which ‘it tends to oscillate laterally while travéling
over tangent track. As speed is increased, the frequency

of the lateral motion increases. Lateral accelerations

characterize and allow comparison of the magnitude of
these kinematic motions for various truck configurations
and parameter variations. The lateral accelerations will
also aid in determining the relative motion of the truck
components for use in estimating wear.

Table 3-1 summarizes the performance criteria, per-
formance indices, and economic impaets for the lateral
stability regime. Detailed discussion of these.items may
be found in the TDOP Phase II Introductory Report
(reference 1),

3.1.2 Analysis Requirements

Sustained limit -eycle hunting motions can result in
component deterioration through wear and fatigue as
well as unsafe operation due to potential derailment.
Test data will be used for both model validation and for
quantifying in-service response levels. The influence of
operating conditions and trueck parameter varlatlons on
_truck performance will be investigated.

Critical speed is of primary importance in characterizing
truck performance. Ideally the critical speed is higher
than the operating speed range expected for the truck.
The effects of truck parameter variations and operating
,conditions on critical speed are important considerations
'in designing trucks and in matching trueks to carbodies
for particular service conditions.

In analyzing the lateral stability regime, the following
operational conditions will be varied in the model:

-  Speed

- Carbody loading (empty cars are normally the
worst hunters)

b
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-  Rail geometry

Any acceptable truck design should be able to maintain
stable operation at a given maximum speed over the
normal operating range of these variables. These oper- -
ating variables will form the standard set of operating
conditions against which the car/truck stability will be
evaluated.

In addition, the following truck parameters will be
studled. '

-  Yaw stiffness

(___PERFORMANCE REGIME )

Lateral stability (hunting)

|

Tramming stiffness

Primary suspension parameters between ‘the
side frame and wheelset

Secondary suspension (consisting of the main
suspension springs and damping mechanism
between the side frame and truck bolster)
Wheel profiles

Truck kinematies (ineluding the effects of wear
and tolerance build-up)

[ PROVIDE INPUT TO )

Engineering task
Economics task

1

RUN MODELS TO

Evaluate the effect of parameter and
configuration changes on

Critical speed
Lateral accelerations

f PERFORMANCE INDICES
Critical speed
Magnitude of lateral
accelerations
~
CRITICAL PARAMETERS
Wheel profiles
Tram stiffness.
Primary & secondary suspension
Mass properties for the truck
carbodies
Creep coefficients
Rail profile
Axle yaw & lateral stiffness
[ T 4 ‘ W
CANDIDATE MODELS TESTING
HUNTCT High seeed runs (30 to
79 wph on both jointed &
17 dof Eigenvalue Soee occurrence of violent
(L&C) hunting required
Force measursments at the
_ wheel/rail interface from
s Phase 11
- PARAMETERS & CONDITIONS \
TO MODEL FOR VALIDATION
Wheel/raf] profile T

)

VALIDATE MODELS

Truck
Tramming stiffness
Primary & ucondlry suspcnsion
Hass properties
Carbody mass & flexibility to first
bending

Validate mode! by predicting kinematic
frequency vs speed

Critical speed
Truck lateral acceleration vs speed
Damping vs speed

Figure 3-1. Flow Diagram for Lateral Stability Analysis



Table 3-1. Lateral Stability Regime

Performance
Indices

Performance
Criteria

Truck
Safe operation Critical speed
High lateral stability Lateral acceleration
High critical speed

Low sensitivity to

worn wheels . stiffness

Low lateral accelera-
tion near critical speed

Parameters

Wheel profile
Tramming stiffness

Yaw stiffness

Inter-axle lateral

Inter-axle yaw

Operational

Ecoromic Impact
Parameters Areas .

Track geometry Component wear

Speed Safety considerations

Lading Lower maximum
operating speed
‘Widening of gage

3.1.3 Test Data Utilization

During TDOP Phase I, a large number of high speed tests
were run for various freight car configurations. These
high speed test runs consisted of dwells of approximately
60 seconds duration at six different speeds: 30, 40, 50,
60, 70, and 79 mph. The car and truck configurations
tested are shown in Table 3-2. The tests were performed
on 70 and 100-ton Type I trucks manufactured by
American Steel Foundries (ASF), and Standard Car Truek
Company (Barber). The variations in the track type,
wheel profiles, and lading condition are also shown in
Table 3-2. : :

Of the 30 variations in test configuration, 17 have been
chosen for data reduction and analysis during Phase II.
The Phase 1 test data to be reduced and analyzed are
indicated by the shadowed boxes in Table 3-2. The major
portion of the tests for which the data is to be reduced
are those performed on jointed rail. Emphasis has been
placed on the jointed rail tests because the tendency of a

truck configuration to hunt will be more easily identified
on the rougher track. Once a "hunter" has been found on
the jointed rail, the corresponding run on continuous
welded rail (CWR) track can then be analyzed. Limiting
the initial data reduction to the jointed rail tests permits
a systematic means of bounding the data reduction and
analysis problem to a manageable size.

The instrumentation used in the Phase I tests is shown in
Figures 3-2a and 3-2b, Both the truck and ecarbody
instrumentation are of interest for lateral stability
characteristics. The mode of hunting experienced most
frequently by freight trucks is one which is coupled
closely with the carbody dynamies and as a result, is
often referred to as "body hunting." Distinet carbody
modes will be associated with each phase of the hunting
motion as the test vehicle speed is increased. Preli-
minary data reduction of 'Phase I high speed tests has
shown cases where the front and rear trucks hunt at
different speeds and exhibit different modes.

Table 3-2. Phase I Test Runs on l‘iigh Speed Track for 'Engineering Studies

Empty Loaded
New Wheels Worn Wheels New Wheels Worn Wheels
Truck Carbody {Jointed CWR Jointed| CWR Jdointed CWR |Jointed] CWR
-9~ 030402 oo | os0m
ASF 100-Ton 100-Ton ?3200? TEM/M THA TEM/H
Hopper Car 08 434
Big | oras az | P4
-2 | -7,8 -12- | -19- -17-
g 10201 1 070203 | 020203 ol0101 010101 020303 | 020303
ASF 70-Ton R::f::nCar THA T e Tem T4 TEW/H O TEM/H
By (a8 1S a1 |1 we-ae| B 2 1w
-10~ -3- -13- 2
ASF 70-Ton | 70-Ton | odsa | GRUR | odoson | Q%03 | odecz | QRO
Low Level | Stac Pac | py sy 08 433 o 401 :
ad | P35 |4 |TPaos | tpagr | TP 406
100-Ton | :1i- 030202 o008 :
rBarber]OO-Ton Box Car %’“2 TEM/H ™ ! $§,2531
3
% 532' T 380,381 % “,.; “lip 388,389
1- 6,5+ TS
70-Ton gsugxox %ﬁl g&oma 030102
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Barber 70-Ton LT, ¥
P <34~
030302 030301
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Box Car g g{ 19 32 g % TP 403




LEGEND
mm{> ACCELEROMETER

12'=-n"

’/
td
/” /
-7 punl> INCHES X 2.54+CM
g 5 FEET X .3048°M
B-END
Figure 3-2a. Carbody Instrumentation
LEGEND

meiemel> ACCELEROMETER
———=C DISPLACEMENT TRANSDUCER
———& FORCE TRANSDUCER

INCHES X 2.54=CM
FEET X .3048= M

f‘igure 3-2b. Truck Instrumentation

The data reduction will be performed in two phases. The
first phase will be a preliminary preview of the data to
verify that all channels of interest were operational
during the test run and that the data appear to be valid.
This preview will be performed with the time domain
plots of the data over the total time period of the test.

An example of a preview plot is shown in Figure 3-3.
The time period of this plot covers the total 520 seconds
of the high speed test run. The channels displayed are
the lateral accelerations on the front and rear carbody
over the center plate and the test vehicle speed. Note
that this plot displays the front and rear truck difference
in hunting speed discussed previously.
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Barber Truck—New: Wheels

Jointed Rail

Figure 3~3. Example of a Preview Plot from a Phase I High Speed (30 to 79 mph) Test Run
(This particular plot shows the front truck hunting at a lower speed than the rear

truck.)

Use of carbody lateral acceleration measurements has
been found to be a good indication of hunting. Measure-
ments from the lateral accelerometers on the axles can
also be used to obtain a hunting indication but these
measurements contain & higher random response acceler-
ation level and do not distinguish between the hunting
and nonhunting states as clearly.

Once the data have been verified the main data reduc-
tion effort will begin. The effort will consist of the
following steps for each of the test series:

Preview data

Select time periods at each dwell speed for which’

data are to be reduced

Establish the equations required to compute‘ the
derived carbody motions (roll bounce, yaw, pitch,
lateral, twist)

Reduce data

Truck and carbody measurements to be taken for the
lateral stability regime are listed below.

Truck Measurements

- Lateral acceleration on leading axles of each
truck

-  Truck yaw '

Carbody Measurements.

- Individual carbody accelerations

- Lateral accelerations at leading and trailing
ends at sill and roof levels

- Vertical acceleration at leadmg and trailing
© ends

- Combinations of the above accelerometer
m easurem ents

-  Derived carbody motions

The lateral stablhty data reduction to be performed on
each channel is as follows:

-~ Time history plots

-  PSD (power spectral density) of the response at
each speed in the frequency range 0 to 30 Hz
with an analysis bandwidth of 0.1 Hz

- RMS (root mean square) vs speed for truck
lateral and yaw accelerations and the derived
carbody motions

'~ Band limited RMS calculations for truck lateral
and yaw accelerations and the derived carbody
motions including histograms of:

s



-~ Probability distribution curves for the
unaltered data

- - Exceedance brobablllty distribution for
absolute value for the data with the mean
removed

The band limited RMS calculations will be taken over a
1-Hz bandwidth about the dominant frequency com-
ponent below 5 Hz. This value is a measure of the
energy at that dominant frequency.

Format examples for the histograms of the probability
distribution and the distribution of the exceedance plots
are shown in Figure 3-4. The histograms of the proba-

bility distribution functions indicate what percentage of
the time a signal is' above or below a given level. The
exceedance probability distribution of the absolute value
of the data with the mean removed allows one to
directly read from the plot of the function the proba-
bility that a signal is within the interval from —x to +x.

In addition to the test data available from Phase I,
testing of Type I and Type I trueks will be performed
during Phase II. The instrumentation chosen for the
Phase II testing was designed to provide the needed
information for each regime. Table 3-3 lists the instru-
mentation which provides information on the lateral
stability of the truck. A complete hst of instru-
mentation is provided in Appendix B.
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Table 3-3. Instrumentation for Lateral Stability

MEASUREMENT TYPE . REQUIREMENTS ‘ APPLICATION FOR LATERAL STABILITY ANALYSIS
ALD : Locate track test areas; mounted under " Required to align response data and track
' . Mobile Laboratory car geometry measurements.
Speed ' ) Speed from distance counter Essential channel for correlation with vehlcle
) ' : response. .
Carbody Lateral . Carbody lateral and yaw acceleration on - Used to determine carBody rigid and flexible
Acceleration A-End bolster centerline body motion for correlation with truck motions.

Primary interest will be coupling of body and
truck motions which produce "body hunting."

Carbody Vertical B Carbody pitch, bounce, and roll acceleration

Acceleration A-End on bolster centerline

Truck Bolster Right truck bolster triaxial acceleration Truck bolster triaxial will be used to correlate

Vertical Acceleration motions with the ecarbody and sideframes.
Especiallyimportantin determining effectiveness
of the secondary suspension in isolating truck
and carbody lateral motions.

Truck Bolster Truck bolster triaxial acceleration

Lateral Acceleration

Truck Bolster Truck bolster triaxial acceleration

Longitudinal Acceleration !

Carbody to ’I‘ruck/carbody swivel and center plate slip Provides a measure of truck yaw and

Truck Swivel lateral displacement at center plate.,

Carbody to Truck Carbody/truck roll displacement - Used to measure harmonic roll and bounce

Bolster Relative L . responses,

Displacement

Truck Bolster to Sideframe relative displacement truck tram Calculation of truek modes during and prior to

ng pr

Sideframe Lateral to the onset of huntmg

Displacement )

Spring Group Verticel Spring group displacement sideframe pitch Used to characterize secondary suspension dynamies.

Displacement Front

Spring Group Vertical Spring group displacement sideframe piteh

Displacement Rear

Fore Axle Bearing Axle vertical acceleration and pitch . Axle bearing accelerations will be used to measure

Pocket Vertical excitation resulting from the wheel/rail interaction.

Acceleration ’

Fore Axle Bearing Axle lateral acceleration forward

Pocket Lateral

Acceleration

Rear Axle Bearing Axle vertical acceleration and pitch

Pocket Vertical '

Acceleration

Rear Axle Bearing Axle lateral acceleration rear

Pocket Lateral

Acceleration

Vertical Acceleration Triaxial acceleration at carbodiy center Measures flexible body and rigid body motions

Carbody Center when used with accelerations on carbody ends.

Lateral Acceleration Triaxial acceleration at cart;ody center

Wheel/Rail Force Lateral, vertical, and longitudinal These forces are requu-ed to determine actual

Measurement System forces at wheel/rail interface creep coefficients in validating the detailed
o nonlinear time domain models.

Wheelset Angle Angle of attack of the wheel Provides additional information on the resultant

of Attack . . wheelset motion and its effect on truck hunting.




3.1.4 Model Utilization

As part of the analysis task, simulation programs which
had potential application. to the Truck Design. Optimi-
zation Project were assessed. The results of that task as

" related to lateral stability are shown in Teble 3-4, Of

the programs having potential application to the lateral

" stability regime, two have been chosen for primary use:

the 17 Degree of Freedom (dof) Elgenvalue Model and
the HUNTCT Model.

These two progl"ams provide comple'men(,tary'\ analysis
capabilities in the frequency and time domain. The 17

_dof Eigenvalue program uses & linearized model of a

carbody on two trucks. The program uses matrix inver-
sion techniques to predict the critical speed, frequency,
and shape of all modes including any unstable modes.
The AAR Freight Car Hunting Model is. another linear
frequency domain model using 25 dof., It has also been
identified in the model assessment exercise as an alter-
native .to the 17 dof Eigenvalue Model. HUNTCT is a
time domain simulation program capable of providing the
same type of response output obtainable from an actual
field test. A program of this type is intended to provide

-quantitative information on dynamic response.

It should be emphasnzed that the successful application

of these models is' dependent on the.results of the
-validation exercises. None of the programs identified
‘during the analytical tool assessments have had any
significant amount of- validation effort. HUNTCT, a
‘Wyle-developed program, has been successfully com-
‘pared with TDOP Phase I data in a limited number of
cases. The data reduction previously discussed will
provide the data against which the validation of both
programs will be performed;

Validation of the 17 dof Eigenvalue Model will focus on
the prediction of the critical speed and the frequency of
hunting as well as the reasonableness of the shapes of
the unstable modes. TDOP Phase I data will be the
primary source of validation data.

Validation of HUNTCT is a more involved process.
'HUNTCT is a nonlinear, time domain model which has
‘the potential for providing quantitative response data
similar to that obtained from actual field tests. Com-
plete validation of this model requires: that truck and
carbody responses be reproduced within a given toler-
ance over the speed range of interest, 30 to 79 mph.

Table 3-4. Lateral Stability Regime Tools

TYPES gf_quii

Qualitative Conbinationsl Linearized Detailed Conp’iete
Engineering| of Simple Models of Models of Nonlinear
APPLICATION | "0y dels, | -Analytic | Complete | Nonlinear | Models of
OF ToOLS Simple Models Vehicles | Subsystems | Vehicles
Conputat‘lonsi
: . 1lg7endvoafm‘ béheel/Raﬂ »
: Kinematic E eometric
Program or Model | = 1¢ | DYNALIST Constraint |  HUNTCT
Freight Car | Subroutine
Hunting .
DYNALIST
SAFETY
Predi
Dlngergzs X X
Conditions
DETERIORATIOH
Predict X
Damage & Wear
PREDICTION. OF
IMPROVEMENTS
T tpel X X X X X
- Type 11
Trucks
IMPROVEMENT
OF WODEL & INSIGHT :
Explain discrepancies X X X X
bpetween theory
and data
TOENTIFICATION
OF HEEDS X
- Heasursmants
- Tests
EXTRAPOLATION
To Conditions X . X
Not Tested
(SIVM,! in
Test Effort)
CORRELATION
With Models X X
& Tests by
Others




The exact validation critieria as well as the tolerances
on the acceptable validation critieria are the topic of
the Analytical Tool Validation Report..

The items below summarize the quantities which are of
primary interest from each of the programs.

Frequency Domain Stability Analysis

Program
- 17 dof Eigenvalue

Output
-  Critical speed

- Frequency at the critical speed
~  Shape of the unstable mode

Time Domain Analysis

Program
- HUNTCT

Output . L

- Truck and carbody response as a function
of speed :

-  Trueck lateral acceleration

-  Truck yaw acceleration

- Carbody accelerations: lateral, vertical,
piteh, yaw, roll

The extent to which the simulation results ean be used "

depends upon the results of the data reduction which will
be performed prior to any extensive application of the
~ models. Model use will be designed:to supplement voids
left by the test data and to investigate and understand
the dynamics that ocecurred during the field testing. The
analysis effort using the simulations will support both
the engineering and the economies tasks. The engi-

neering task support will be primarily in developing:

performance specifications for Type I and Type II trucks.
The economies task support will provide data to cor-
relate the damage identified in the maintenance records
with freight car dynamies which caused the deter-
ioration. Ideally, we would hope to correlate different
types of damage with a specific dynamic regime;
however, this is a goal which may not be possible in all
cases.

3.1.4.1 Potential Simulation Problem Areas. Two pro-
blems have been identified which limit the usefulness of
the Phase I data in recreating the track geometry
excitation experienced by the test vehicle: (1) false
automatic location deteector (ALD) signals exist on both

the test data recordings and on the track geometry .

recordings; and (2) no alignment data for either the right
or left profile is included in the track geometry meas-
urements on the tapes obtained from NTIS,

The first of the problems, the false ALD signals, pre-
vents the input, the track geometry recordings, from
being correlated in time with the output, the truck and
carbody responses. For time domain simulations such as
HUNTCT, the problem means that time histories of
responses between model and test cannot be compared.
With proper track alignment data, model and test results
could still be compared in the frequency domein and in

10,

terms of various statistical measures; however, the
Phase I track geometry recordings do not include this
fundamental lateral stability input. = Comparisons
between the time domain model and the Phase I tests
can only be done by making an assumption about the
track alignment. It is proposed to substitute Phase II
track geometry data which will include track alignment.
The assumption is that the power spectra between the
Southern Pacific test track during Phase I and the Union
Pacific test track for Phase Il will prove to be similar
since they are of the same class and type of track, The
assumption can be tested by comparing the track geo-
metry measurements which were taken in Phase I with
corresponding measurements of Phase II tests, namely
the spatial PSD's of gage and right and left profile varia-
tions. If good agreement exists in these, then the use of
the Phase II track geometry measurements, including the

alignment data, is justified for reconstructing Phase I
responses from model simulations.

3.1.5 Special Considerations Regarding Type HI Trucks

A number of design features of the various Type II trucks
are expected to have an influence on lateral stability.
Particular attention will be paid in the analysis to the
effect of wheelset interconneetion, recommended wheel
profiles, and tramming stiffness. Other features may
also show some influence such as the lateral bolster
freedom and primary versus secondary suspensions.

The lateral stability.of Type II primary suspension trucks
such as the Devine-Scales, NRUC  Maxiride, and National
Axle Motion reportedly is improved by virtue of their
rigid frames (very high tramming stiffness), Secondary
suspension Type II.trucks such as the Dresser DR-1

_retrofit, Barber-Scheffel, National Swing Motion, and

ACF Fabricated designs are said to have achieved
increased tramming stiffness (and thereby lateral sta~
bility) by various wheelset or side frame interconnec-
tions not found in Type I trucks.

3.1.6 Summary

The lateral stability regime treats the hunting charac-
teristics of a truck. -Field test data and simulation
models will be used to investigate the influence of opera-
tional- and environmental factors on truck hunting.
Linear frequency domain modeling techniques will be
used wherever possible to determine preliminary perfor-
mance sensitivity to parameter variations. Nonlinear

- time domain simulations will be used to calculate

motions and forces required for performance speci-
fication input not provided by the field test data.

3.2 TRACKABILITY REGIME

The trackability regime refers to the ability of the truck
to maintain sufficient wheel loads for the development
of forces sufficient to prevent derailment in all
extremes of operation. The trackability regime is
divided into the following subset regimes:

—. Track twist (Section 3.2.1)

— Curve entry and exit, discussed as part of curve
negotiation (Section 3.3)

— Harmonic roll and bounce (Section 3.2.2)



3.2.1 Track Twist

Track twist includes both the static and quasi-static
(very low speed) load equalization capabilities of a truck
in accommodating track irregularities occurring within
‘the wheelbase length. Table 3-5 summarizes the track
twist performance and the truck parameters influencing
load equalization. The primary cconomic reason for
improving load equalization is to minimize the occur-
rence of derailment.

Good load equalization requires that the truck maintain
an adequate load on all four wheels under a range of
track conditions and vehicle dynamics resulting from
transient or periodic changes in these conditions. Even
when a car is perfectly still, unequal wheel loads can
exist depending upon the breakout force of the friection
snubbers and center-of-gravity location of the car. For
the quasi-static case, where the rail car is traveling at
very low speeds (less than 5 mph), the unequal wheel
loads plus the occurrence of a lateral force can result in
derailment.

All freight car trucks have some capability for accom-
modating vertical rail irregularities that occur within
the wheelbase distance. Flexible trucks depend upon
side frame pitch and wheelset roll to accommodate these
irregularities. Rigid trucks utilize the primary suspen-
sion between the wheelset and side frame to accom-
modate such irregularities. Adequate static and quasi-
static equalization capabilities are very important for
safely accommodating special track work, such as sidings
and frogs.

A flow diagram for the track twist analysis task is shown
in Figure 3-5. Each block of the diagram will be
discussed in this section.

The track twist regime is unique in that heavy require-
ments will be placed on testing to evaluate static load
equalization capabilities. Procedures will be developed
for performing simple field and more complex laboratory
tests of track twist. Some form of testing these
procedures will be included in the truck evaluation
methodology.

3.2.1.1 Performance Index. The performance index
defined in the TDOP Phase I Introductory Report
(reference 1) for the statie load equalization capability
with respect to track twist is the wheel unloading index
(WuD.

S /3—WL]+9= (1— YL |+6, degree™
Wy /3 J L Wy/3
Where -
WH = sum of the forces on the three most

heavily loaded wheels

WL = force on most lightly loaded wheel

6 = angle of twist within axle spacing of the
truck (degrees, see Figure 3-6)

The WUI varies from zero for a perfectly equalized truck
to 1/0 for a truck with one wheel unloaded.

1

3.2.1.2 Analysis Requirements. The evaluation of track
twist load equalization capability will be achieved pri-
marily through the analysis of laboratory and field test
data.

Vertical wheel force measurements are required at each
wheel in order to evaluate the WUIL. Wheel/rail force
measurements will be provided by instrumented wheel-
sets for the field measurements. The laboratory testing
will be performed at the Rail Dynamies Laboratory
(RDL) located at the Transportation Test Center near
Pueblo, Colorado. The Vibration Test Unit at the RDL
has the built-in vertical force measurement capability
required.

Test data analysis will consist of evaluating the WUI
performance index for the full range of track twist
measured during field tests and up to the maximum
during laboratory testing.

3.2.1.3 Test Data Utilization. The proposed instrumen-
tation for the TDOP Phase I Type I and Type II truck
test program includes the necessary measurements for
evaluating load equalization capability. Instrumented
wheelsets will be used to measure vertical loads at the
wheel/rail interfaces during the field tests. Table 3-6
lists field test instrumentation channels which have
specific application to the track twist analysis. A
complete list of instrumentation channels for Type I and
Type II trucks, inceluding their ranges and sensitivities, is
presented in Appendix B. Field testing will be performed
on Union Pacific track. Controlled dynamic testing at
the Rail Dynamiecs Laboratory will also be performed de-
pending upon availability of the Vibration Test Unit.

For Phase II Type I and Type II truck testing, two options
are available for evaluating static load equalization
capability. The simplest method is done by jacking one
corner of a truck while recording the wheel loads. This
procedure has been used by railroads (without the benefit
of the vertical load measurement capability) to evaluate
track twist accommodation. Without the wheel load
measurements, the load equalization capability is deter-
mined by the jack height at which one of the other
wheels on the truck lifts off.

A rigorous investigation of track twist can be performed
under the controlled laboratory conditions at the RDL.

‘The Vibration Test Unit (VTU) provides the capability for

quickly and efficiently evaluating static load equali-
zation capability. This machine allows a fully loaded
car/truck configuration to be mounted on eight vertical
actuators. These vertical actuators can be positioned to
crosslevel differences of up to 6 ineches between any of
the four wheels of a truck. Overhead cranes at the RDL
can be used to quickly change the load magnitude and
center of gravity location.

The position and vertical load measurement capabilities
required for these tests are an integral part of the VTU
actuators. This capability will minimize the truck
instrumentation requirements and greatly speed the
static load equalization tests. These tests will be
performed as part of the currently planned Phase II truck
component tests to be performed at the RDL. It is
anticipated that static load equalization test procedures
(refined during the component phase of the test program)
will form part of the overall truck performance evalua-
tion criteria.



Table 3-5. Track Twist Regime

Performance

Torsional stiffness and

Performence Truok
Criteria Indices Parametars
Maintenance of equ_ai Wheel unloading
wheel loads in the index free play

presence of track twist

Operational
Parameters

Track geometry

Speed

Maximum accommodation

angle

Lading

Truek kinematies

Economic Impact
Areas

Derailment costs

{_ PERFORMANCE REGIME

—

Track twist

L

PERFORMANCE INDICES

equation

Wheel unloading index (WUI)

—
PROVIDE INPUT TO

Engineering task
Economics task

RUN MODELS TO

CRITICAL PARAMETERS

Car/truck

Operational conditions
Track geometry

Truck torsional stiffness
Maximum truck twist vs
CG location & Toad magnitude

load

Evaluate WUI for each truck tested

Estimate with the simple kinematic
model the WUI for trucks not tested

Predict special track.work which
could cause potential trouble for
each truck

4

i )
CANDIDATE MODELS

TESTING

—

Simple engineering
models

Field tests - jack one
corner of a truck at a
time while recording
wheel loads

RDL - perform detailed
evaluation on the VTU

TO MODEL FOR VALIDATION

PARAMETERS & CONDITIONS )

Truck torsional stiffness
Twist accommodation limits

Load effects

VALIDATE MODELS

Truck/carbody kinematics

Match model to the static track twist

data

Figure 3-5. Flow Diagram for Track Twist Analysis
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‘Figuré 3-6. Definition of the Track Twist Angle

The VTU has the capability to duplicate a full range of
-actual track twist conditions by varying roll amplitude
and roll center location. Investigation of all these
conditions is required to fully determine the effect of
carbody center of gravity variations and the effect of
the different modes of lockup that can occur in the
friction snubbers. Identification of the worst case
conditions will allow correlation with existing track
geometries encountered in yards, sidings, and special
track work. The ecombinations of wheelset roll amplitude
and roll center variations can be easily investigated on
the VTU by slowly and continuously varying the actua-
tors to test all possible configurations while simul-
tneously recording the vertical load at each wheel.

Track twist can be set up by varying the twist amplitude
and the center of rotation of wheelsets one at a time and
two at a time. Separate plots of each case will be
required. A typical plot of WUI versus track twist is
shown in Figure 3-7. During the tests, data will be
recorded for both increasing and decreasing track twist
in order to detect any hysteresis. It is possible to have
different wheel load distributions even for the static
load cases depending upon how the friction snubbers lock
up when they come to rest.

Py
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MAX ©

Wheel Unioading Index (WUI)——

MAX ©

MAX
INCREASING © e

€ —
TRACK TWIST

Figure 3-7. Typical WUI Plot for Several
Maximum Values of Track Twist

Teble 3-6. Instrumentation for Track Twist

MEASUREMENT
TYPE

REQUIREMENTS

APPLICATION FOR
TRACK TWIST ANALYSIS

Indicates whether brakes were

Brake Cylinder Pressure

Carbody to Truck Swivel

Carbody to Truck Bolster
Relative Displacement

Spring Group
Vertical Displacement
Front

Spring Group
Vertical Displacement
Rear :

Whe2l/Rail Force
Measurement System

Measure brake line pressures
to insure inadvertant braking
from being mixed with data

Truck/carbody swivel and center
plate slip

C arbody/truck roll displacement

Spring group displacement and
sideframe piteh

Spring group displacement and
sideframe pitch

Lateral, vertical,
and longitudinal forees
at the wheel/rail interface

on or off during the static track
twist jacking tests,

Measures center plate lateral
slip during track twist tests.

Measures carbody roll relative
to the truck bolster during
track twist tests.

Measures the roll displacement

of the truck bolster relative

to the sideframe. Spring group dis-
placements will be used to deter-
mine total roll of the carbody.

Required during the static
track twist jacking tests

to measure vertical load, at
each wheel. These loads will
be used as input to the WUI.




3.2.1.4 Model Utilization. Although track twist has not
received as much attenfion from the rail research com-
munity as say, lateral stability, a number of applicable
analytical tools are available to TDOP Phase II. The
range of these analytical tools varies from extensive
nonlinear time domain models, such as the AAR Flexible
Carbody Model (reference 3) to relatively simple engi-
neering calculations. In the case of the rigid trucks with
primary suspension, the capability may be investigated
with simple engineering models. Flexible truck twist
capability can be investigated similarly by ecalculating
the maximum twist allowed by tolerances between the
bearing adapter and wheelset and from the estimated
freedom allowed by the friction snubber mechanism.
The friction snubber is currently thought to be the
dominant limiting factor in track twist accommodation.

Car/truck models will be used to determine the effect of
truck and ecarbody parameters on load equalization. The
parameters to be varied include center of gravity height,
spring travel and stiffness for both the primary and
secondary suspensions, effects of the friction snubber
(which will be more closely characterized as a result of a
Phase 1I test program), and loading. The primary model
outputs of interest are vertical and lateral loads at the
wheel/rail interface, maximum carbody roll .for the
quasi-static case, duration of any wheel lift achieved,
and maximum track twist angle which can be accom-
modated.

3.2.1.5 Special Considerations Regarding Type I Trucks.
The Type II truck features which are expected to affect
load equalization with respect to track twist are the
frame rigidity and primary versus secondary suspension.
The effeet of snubbing devices will also be studied.

Vertical displacement of the primary suspension will be
instrumented on the Devine-Scales and NRUC Maxiride
trucks. The unique compliance characteristics of the
primary/secondary suspension arrangement of the
Alusuisse truck will be examined closely. Special instru-
mentation will be deployed to measure wheel spread and
bolster bending of the Alusuisse truek.

3.2.1.6 Summary. Track twist gives the truck the
ability to maintain equal wheel loads for ecrosslevel
variations occurring within the wheelbase. It is pri-
marily a static or quasi-static (very low speed) regime.
Most data for analyzing the track twist subset regime
will be accumulated from field and laboratory testing.
Field data will be acquired during the Phase II Type I and
Type 1I truck test program. Laboratory data will be
obtained from the Vibration Test Unit at the RDL.
Simple static and kinematic models will be developed
from the test data and used to evaluate track twist
capability.

3.2.2 Harmonic Roll and Bounce

Harmonice roll and bounce are foreced response resonance
phenomena between the track and freight vehicle. Har-
monie roll is most severe when the frequency of the roll
excitation resulting from rail crosslevel irregularities is
close to the natural frequency of the earbody in roll.
The large amplitude roll responses normally occur within
the 10 to 20 mph speed range over staggered rail. Less
severe forms of harmonic roll may occur at higher
speeds when the upper center roll mode is excited.

For a given carbody and truck suspension, the severity 6f
roll behavior is determined by the track characteristies.
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At the extremes of carbody roll, the main suspension
springs may go solid and the snubber energy dissipation
ceases. Continued excitation can increase the kinetic
energy of the carbody to the point that separation at the
center plate may occur. In the extreme cases, carbody
rollover will be severe enough to cause a derailment.

Bounce dynamics include the pure vertical and pitch
motions of the carbody in the plane of the vertical and
longitudinal axis. Bounce resonances are particularly a
problem with shorter cars having truck center distances
around 20 feet in length, which corresponds to half the
39-foot staggered rail joint distance. Car lengths that
do not correspond to the rail length will receive some
vertical and pitch as well as roll excitation. Bounce is a
higher speed problem than harmonic roll because the car
body piteh is a higher frequency mode than roll, typically
3 to 5 Hz versus 0.7 to 1.8 Hz for roll resonances. At
speeds around 40 to 65 mph, the vertical excitation from
the half staggered rail lengths coincides with pitch mode
natural frequencies of 3 to 4 Hz.

Some of the areas of economic impact for the harmonie
roll and bounce regime are probability of derailment,
component deterioration through impact, and fatigue
loads. For example, failures of truck bolsters on 100-ton
trucks have been attributed to loads resulting from
harmonie roll.

Figure 3-8 illustrates the flow diagram of the analysis
that will be performed within the harmonic roll and
bounce regime. Each item in the flow diagram will be
discussed in the following sections.

As with the other regimes, the validation of analytical
models precedes their use during analysis. The harmonic
roll and bounce regime is one area where considerable
effort has been expended by researchers in developing
and validating models. Results from previous validation
efforts by the AAR and at Wyle will simplify the
validation process during TDOP Phase II. The following
sections discuss the analysis requirements and the use of
models and test data regarding this regime.

3.2.2.1 Performance Indices. The performance indices
proposed for the harmonic roll regime are maximum roll
angle for a given excitation and rate of energy dissi-
pation. The maximum roll angle for a given car/truck
combination and lading allows a direct comparison of
expected performance for a given track excitation. The
rate of energy dissipation is a direct measure of 'the
damping effectiveness of the snubbers.

Table 3-7 is a compilation of the performance criteria,
performance indices, and truck parameter variations
which affect these indices and the possible areas of
economic impact for harmoniec roll and bounce.

3.2.2.2 Analysis Requirements., The harmonic roll and
bounce analysis requirements include the prediction of
truck and carbody responses and a study of the effect on
performance of certain truck parameter variations and
operational conditions. The truck and carbody response
predictions will be used for safety evaluations (e.g., to
study derailment situations) and to predict component
deterioration through wear and fatigue. Truek perfor-
mance will be evaluated for both internal parameter and
external operational condition variations. The param-
eter variations include both design variations and varia-
tions due to component wear, such as in the friction
snubber.

¥



PERFORMANCE REGIME

Harmonic roll & bounce

J

PERFORMANCE INDICES

Max roll amplitude under

given excitation amplitude

and frequency

Rate of energy dissipation in

the snubbing system

/

PROVIDE INPUT TO

-

Engineering task
Economics task

RUN MODELS TO

—

CRITICAL PARAMETERS

Secondary suspension
Spring group
Friction snubber

Center plate diam & side bearing

clearance

CG location & loaded condition

Operation conditions
Speed

ach

gro

ieve wheel 1iftoff

ups and snubbers

Evaluate performance indices for
W car/truck combinations not tested

Study the occurrence, speed,
and track geometry required to

Determine effect of various spring

-
CANDIDATE MODELS r

TESTING

-

FRATE

Flexible carbody (AAR)

Engineering models

Dwells at critical speed
for shimmed track
Phase 1
ASF test data
Over the road

PR3sE 11 (in the yard)

PARAMETERS & CONDITIONS TO )
MODEL. FOR VALIDATION

Configurations tested using
actual track geometry and.
shimmed track

Friction snubber character-
istics

s

VALIDATE MODELS

Figure 3-8. Flow Diagram for Harmonic Roll and Bounce Analysis

A 10 to 20 mph

and

measured

: { Correlate frequency and amplitude
¢ of response for the speed range

Correlate critical speed, predicted

Table 3-7. Harmonic Roll and Bounce Regime

Performance
Criteria

Prevention of center
plate and wheel liftoff

Low maximum roll
angle

Rapid response decay

Performence
Indices

Maximum roll angle for
a given excitation

Truck
Parameters
Friction snubber

Friction snubber
augmentation

Spring group
Rate of energy dissipation

Operational
Parameters
Track geometry
Speed

Lading

Economic Impaet
Areas

Safety considerations
Component wear

Design changes
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In performing the analysis of harmonic roll and bounce
dynamies, a series of car/truck models will be required.
Initially, simple engineering models will be required to
evaluate car/truck resonances and mode shapes for both
harmonic roll and bounce. Using these simple linear
models, the effect of major parameter variations such as
suspension spring group stiffness and loading condition
will be evaluated. These linear models will also be used
to estimate the excitation and response boundaries at
which nonlinear simulation techniques will be required.

The parameter variations which will be studied during
the harmonic roll and bounce analysis are:

Carbody Parameters

Body stiffness

Load and center of gravity variations

-  Side bearing clearance

Center plate diameter

Truck Parameters

-  Spring characteristies (e.g., stiffness, travel)

-  Friction snubber characteristics and augmen-
tation

-  Side bearing location

Operational Environment

-  Speed
- Crosslevel variation
- Random rail excitation

The truck parameter variations for the harmonie roll and
bounce analysis are primarily concerned with the secon-
dary suspension elements between the side frames and
truck bolster. Note that the harmonic roll and bounce
performance is a trade-off with ride quality perfor-
mance. Modifications to the suspension system which
minimize the harmonic roll and bounce problem’ could
degrade ride quality. During the parameter variation
analysis, the effect of changes on ride quality will be
considered,

Operational conditions which will be varied during the
analysis include speed, car loading, and rail geometry.
These operational conditions will be varied over ranges
encountered during normal cperation. Response to these
operational conditions must be within acceptable bounds.
The determination of "acceptable bounds" on perfor-
mance is one of the requirements of both the engineering
and analysis tasks. )

3.2.2.3 Test Data Utilization. Harmonic roll test data
are available from both TDOP Phase I and supplementary
data to be collected during Phase Il. The test data will
be used for both model validation and analysis of har-
monie roll and bounce dynamies.

The applicable test data from Phase I (termed medium
speed data) consist of the various freight car and truck
configurations operated at 12 different speeds between
12 and 45 mph. Every test configuration was run at
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seven different speeds between 15 and 45 mph at 5-mph
increments. Then runs were made at five additional
speeds at 2-mph inerements. The smaller speed incre-
ment runs started at 12 mph for the fully loaded
configurations and at 24 mph for the empty condition.
The 2~-mph increments were run for identification of the
harmonie roll critical speed (the speed at which the roll
response reaches its maximum amplitude).

These medium speed tests were performed over jointed
rail track. Additional tests, referred to as the modified
track tests, were performed over specially shimmed
track. An initial study of this test series has been
performed. This study showed that the only test varia-
tion which had any significant impact on the harmonic
roll response was the load condition. No further data
reduction is currently planned for the shimmed track
tests other than for model validation.

Data reduction of the Phase I medium speed tests will be
performed for the following four configurations:

e 100-ton hopper car

ASF 100-ton truck
(empty and loaded)

e 100~ton box car
Barber 100-ton truck
{empty and loaded)

e 70-ton box car
Barber 70-ton truck
{empty and loaded)

e  70-ton refrigerator car

ASF 70-ton truck
(empty and loaded)

The medium speed test data reduction will include the
following output for each of the 12 different speeds.

- Time histories

- PSDSs

-  Narrow band RMS response versus frequency
Vehicle responses of interest include the following car-

body motions calculated from the carbody acceler-
ometers and referenced to the center of gravity.

- Lateral - Piteh
- Yaw - Bounce
- Roll - Roll center
-  Twist

Roll angles are calculated from these measured displace-
ments:
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- Carbody to truck bolster
- Truek bolster to side frame
- Carbody to axle .

The primary application of the medium speed data
reduction will be in developing performance specifica-
tions for Type I trucks. Type I truck tests to be
performed during Phase II will also provide additional
harmonic roll and bounce data, which will be reduced in
the same manner as the Phase I data.

Table 3-8 lists the proposed instrumentation channels for
the Phase II tests which have specific application arees
to harmonic roll and bouince analysis. The complete list
of instrumentation channels proposed for Type I and
Type II testing is given in Appendix B. Included in the
appendix are the measurement ranges, accuracy, and
required frequency response fo each instrument.

"The Phase I field test data will be reviewed to determine

if any of the many test conditions which were varied
influenced the harmonic roll response. During Phase I,
17 runs were performed over shimmed test track at five
different speeds per run. These runs were performed to
investigate the effects of the following system charae-
teristics on roll and bounce dynamies:

- Carbody type
-  Truek type
-  Lading
- Spring nest configurations

-  Snubbing configurations

Auxiliary damping devices

The system response data for these runs will be tabu-
lated in the form of carbody roll response maximum
values and RMS levels, This response data will be
correlated with the test parameter variations using lin-
ear regression analysis techniques. Results of this study
will give direction for further investigations using the
analytical models.

3.2.2.4 Model Utilization. Model requirements and
model application areas of the harmonic roll and bounce
regime are shown in Table 3-9, The table also lists the
types of models, from simple spring mass to complex
nonlinear models, which might be applicable in this area.
Detailed discussion of these models can be found in the
TDOP Phase I Analytical Tool Assessment Report.

Models available for harmonic roll and bounce analysis

range from simple models to nonlinear time domain -

simulation models. The latter include all of the domi-
nant nonlinearities in the car/truck system affecting
harmonic roll and bounce response. An example of one
of the more complete programs is the AAR Flexible
Carbody Model (reference 3). This model can be used for
performing detailed time domain response analysis of the
full range of harmonie roll and bounce dynamies.

PR

{Two types of model excitation will be employed: actual
"track geometry field measurements, such as the class 2
‘test track used during the TDOP Phase Il field test:
program and the standard deterministic track geometry.
The - deterministic track geometry will consist of a
rectified sine wave or versed sine wave whose period
-eorresponds to the rail length, typically 39 feet, with a
3/4-inch nominal peak displacement. Staggered rail
Joints are simulated by offsetting the zero values of the
right and left profiles. The jointed rail track can be
closely approximated by this technique. One advantage
of this technique is that a large number of harmonie roll
analysis runs have been made in other programs, such as
the AAR Track/Train Dynamics project. Where possible
results from these other sources can be compared with
results from the TDOP analysis effort.

Of greatest interest to the railroads is the response of
the car/truck system to actual track geometries. Actual
track profiles typically consist of random sequences of
‘high and low joints and soft spots. Track geometry
measurements acquired during the Phase II field testing
and the results of track geometry modeling work cur-
rently being done by ENSCO for the Department of

- Transportation (reference 4) can provide representative
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track geometry inputs to the modeling effort. The
objectives of using actual track geometry inputs are to
predict actual responses for service conditions and to
evaluate the probability of derailment for a particular
car/truck system. In addition, comparison of various
Type I and Type LI truck responses for the same field
recorded track geometry will be made.

It has been reported by the TDOP industry consultants
that service experience with high center of gravity cars
shows two features: .

- Derailment probability increases markedly for
center of gravity height greater than 85 inches.

-  Derailment.probability is much lower for 70-ton
cars than for 100-ton cars having similar center
of gravity heights, even though the roll and
wheel lift characteristics are comparable.

In order to investigate these observations, a model is
required that predicts the forces at the wheel/rail inter-
face, specifically the lateral and vertical forces at each
wheel during roll oscillations. Such an output may show
that critical guidance criteria are satisfied for given
wheel/rail friction values, provided certain parameters
such as center of gravity height and damping are
restricted to certain values. Track compliance is an
important parameter to vary during the studies and must
be included in the model. Track compliance effects
could be one of the factors that accounts for the .
difference in the derailment probability noted above.

Simpler techniques are needed by the industry for esti-
mating the roll and bounce critical speed for a given
car/truck combination. One of the main objectives will
be to use simple models for easier and faster methods to
estimate the harmonic roll critical speed, other than
performing lengthy simulations using complex, nonlinear
time domain models. Initial efforts on the harmonic roll
and bounce analysis effort will use linear models to
calculate roll and bounce resonant frequencies and
amplification factors. Initial estimates of the roll and
bounce critical speeds will be based on assumed track
geometry, such as the rectified sine wave profile.
@



Table 3-8. Instrumentation for Harmonic Roll and Bounce

MEASUREMENT TYPE
ALD
Speed

Carbody Lateral
Acceleration B-End

Carbody Vertical

- Acceleration A-End

Center

Carbody Vertical
Acceleration A-End

Carbody Vertical

Acceleration B-End
Center

Carbody Vertical
Acceleration B-End

Truck Bolster
Vertical Acceleration

Truck Bolster
Lateral Acceleration

Truck Bolster
Longitudinal Acceleration

Carbody to Truck Swivel

Carbody to Truck Bolster

Spring Group Vertical
Displacement Front

Spring Group Vertical
Displacement Rear

Fore Axle Bearing Pocket
Vertical Acceleration

Fore Axle Bearing Pocket
Lateral Acceleration

Rear Axle Bearing Pocket
Vertical Acceleration

Rear Axle Bearing Pocket
Lateral Acceleration

Vertical Acceleration
Carbody Centér

Vertical Acceleration
Carbody B-End

Wheel/Rail Force
Measurement System

Wheelset Angle of Attack

REQUIREMENTS

Locate track test areas; mounted under.
Mobile Laboratory car

Speed from distance counter

Carbody lateral and yaw acceleration on bolster
centerline

Carbody piteh, bounee, and roll acceleratwn
over center plate :

Carbody pitch, bounce, and roll acceleration
on bolster centerline

Carbody pitch, bounce, énd roll acceleration:
over center plate

Carbody pitch, bounce, and roll acceleration
on bolster centerline

Truck bolster triaxial acceleration

Truck bolster triaxial acceleration
Truck bolster triaxial acceleration
Truck/carbody swivel and center plate slip

Carbody/truck roll displacement
Spring group displacement and sideframe pitch

Spring group displaéement and sideframe pitch

Axle vertical acceleration and pitech

Axle lateral acceleratioﬁ forward

Axle vertical acceleration and piteh
Axle lateral acceleration rear

Triaxial acceleration at carbody center
Roll cente;- for carbody roll‘

Lateral, vertical, and longitudinal forces at
the wheel/rail interface.

- Angle of attack of the wheel

APPLICATION FOR HARMONIC ROLL &
BOUNCE ANALYSIS

2

‘Used to correlate track geometry and response
measurements.

Essential channel for correlation with vehicle

response.

All carbody accelerations listed will be required
in verious combinations to determine the rigid
body and flexible body motions. Primary ﬂemble
mode of interest is the torsion mode.

The truck bolster triaxial accelerations will
completely measure the dynamics of the bolster
which will be correlated with the carbody and
sideframe motions to determine carbody rocking
and suspension system isolation,

~

Center plate slip measurement will be used
during harmonic roll motions.

Essential measurements for both harmonic roll
andbounce testing. Provides direct measurement
of carbody to bolster roll andibounce.

i?.ssential measurements which brovide bolster
roll information and displacement across the

spring group.

Axle bearing pocket accelerations will be used .
to help identify track geometry excitation and

. the resulting truck excitation.

Used along with carbody lateral accelerations
to calculate the instantaneous roll center.

Measure wheel loads during harmonie roll and
bounce.
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Complex time domain models, such as the AAR Flexible
Carbody Model, will be used for the detailed harmonic
roll and bounce studies. Model outputs will be reduced
and presented in the manner discussed in Appendix A.
Outputs from the complex time domain simulations will
be combined and reduced to provide the same informa-
tion as the field test data with regard to component
motion and forces. The simulations will be used to
examine hazardous dynamics and very large vehicle
responses which oceur at the harmonic roll and bounce
critical speeds.

3.2.2.5 Special Considerations Regarding Type Il Trucks.
A number of Type II trucks have incorporated features
which are intended to improve performance in the area
of harmonie roll and bounce, In particular, some Type II
trucks are designed with soft lateral bolster movement,
such as the National Swing Motion. The ACF Fabricated
truck features support pads which are located over the

side frames. The pads bear the weight of the carbody

rather than the center plate and reportedly improve roll
control. The roll behavior of the Alusuisse truck will be
closely examined since lateral weight transfer causes

wheelbase spread on the loaded side and hence a steering
action. Type II trucks with primary suspensions which
reduce the unsprung mass should reduce shocks due to
roll and bounce.

3.2.2.6 Summary. The analysis of the harmonie roll and
bounce regime will depend heavily upon models rather
than field testing because the models will permit the
safe investigation of the effects of .extreme dynamics.

- Requirements for the harmonic roll and bounce analysis -

inelude truck and carbody response prediction and the
effect on performance of 1) parameter variations, such
as spring characteristies and 2) operating conditions,
such as speed and track condition. The emphasis will be
on the use of frequency and nonlinear time domain
simulations of the car/truck system, e.g., the AAR
Flexible Carbody Model. Actual track geometry data
acquired during Phase I and II, ineluding field testing of
the Friction Snubber Force Measurement System, will
provide inputs to the modeling effort representative of
service conditions. Techniques will be developed using
simple models for easier and faster methods of esti-
mating the harmonic roll eritical speed.

Table 3-9. Harmonic Roll and Bounce Regime Tools

TYPES OF TOOLS
e

Qualitative Combinations] Linearized Detailed Com]ete
Engineering| of Simple Models of Models of Nonlinear
APPLICATION Models Analytic Complete Nonlinear Models of
OF TOOLS Simple Models Vehicles | Subsystems Vehicles
Cmputationsl
Engineering DYNALIST Flexible Flexible
Program or Model Spring Carbody Carbody
Mass Model
HALF, FULL
FRATE FRATE
SAFETY
Predict X
Dangerous
Conditions
DETERIORATION
Predict X X X
Damage & Wear
PREDICTION OF
IMPROVERENTS X X X X
- Type !
- Type 11
Trucks
MPROVEMENT
OF MODEL & IMSIGHT X X X
Explain discrepancieq
between theory
and data
IDENTIFICATION
OF KEEDS X
- Measurgments
- Tests
EXTRAPOLATION
To Conditions X X
Not Tested
(Slvin,s in
Tezt Effort)
CORRELATION
With Models X X X
& Tests by
Others




3.3 CURVE NEGOTIATION

The curve negotiation regime discussed in this section
considers both steady state phenomena and dynamic
curving phenomena (curve entry and exit). Although
curve entry and exit is generally considered a subset of
the trackability regime, dynamic curving will be dis-
cussed in this section because many of the same pefor-
mance indices and operational factors affect both steady
state and dynamic curving. Figure 3-9 illustrates the
flow of the curve negotiation analysis tasks. Table 3-10
lists the performance criteria, performance indices, and
economic impacts considered.

This section presents the performance indices which will
be used to quantify the curving performance of a truck.
The data reduction and analysis requirement are then
discussed. Specific data reduction and analysis tech-
niques are presented in Appendix A. The primary source
of data will be supplied by Type I truck tests, to be

(" PERFORMANCE REGIME )
Curve negotiation

/
PERFORMANCE INDICES

)

Lateral force on leading outer
wheel/1000 1b axle load/
degree of curve @ balance
speed

r CRITICAL PARAMETERS )

Wheel profile

Truck yaw and tramming stiffness
Operational conditions

Speed

Loading

performed during Phase II. The data reduction planned
for these tests is presented along with the anticipated
use of curving models to supplement the test data
results. The full extent of the application of curving
models will depend partially on the data obtained from
the Type I truck field tests.

3.3.1 Performanece Indices

The primary performance index for curve negotiation is
the lateral force on the leading outer wheel, per thou-
sand pounds of axle load, per degree of curve, at balance
speed. The lateral wheel/rail force is the result of the
flange force, the lateral creep or friction force at the
tread contact point, and the lateral component of the
gravitational force. As noted in the TDOP Phase 1
Introductory Report, the main influences for this index
are associated with differences in wheel profile and
creep coefficients. : ‘

( PROVIDE INPUT TO

Engineering task
Economics task

3

RUN MODELS TO

Evaluate performance indice
for both Type I and Type 1I trucks

Estimate wheel wear during curving

f )
CANDIDATE MODELS TESTING

Simple, 9 dof, and
17 dof Steady
State Curving

Flexible Carbody
(version 2)

From Phase II

interface
attack

Forces at wheel/rail

Wheelset angle of

!

PARAMETERS & CONDITIONS
TO MODEL FOR VAL IDATION

Carbodies not tested

J

VALIDATE MODELS

Compare steady state model forces
and displacements to average

Wheel profile variations
Center plate friction &
traming stiffness

Cant deficiency

values measured during the field
tests

Compare time histories

Figure 3-9. Flow Diagram for Curve Negotiation Analysis
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-Table 3-10. Curve Negotiation Regime

Performance Performance Truck
Criteria Indices

Low wheel/rail wear Lateral force on
leading outer wheel/
1000 1b axle load/
degree of curve at

balance speed

Low derailment
probability

Low fuel consumption

Parameters

Yaw stiffness
Tramming stiffness Speed

Wheel profile

Cperational Economic Impact
Parameters Areas

Track geometry Wheel/rail wear
Fuel consumption

Lading

3.3.2 Analysis Requirements

The objective of the curve negotiation regime analysis is -
to determine the relationships between truck design and -

parameter variations, and the curving performance
index. This objective will be achieved by using over-the-
road field test data and curving simulations capable of
predicting vehicle curving behavior.

The curve negotiation problem can be divided into two .

distinet areas. The first, steady-state curving, is con-
cerned with the basic kinematic performance of the
vehicle rounding the curve. The second, dynamic
curving, is concerned with the transient behavior of the
vehicle as it enters, traverses, and exits the curve.
Typically the rail in curves will show the highest wear
for a short stretch.in the entry and exit portions of the
curve, and relatively even wear through the curve. This
is due to the higher forces required in the curve entry
and exit to orient the trucks with respect to the rails.
The wear in the entry and exit portions of a curve
reflects the mix of vehicles transversing the curve. If
the population of vehicles traversing a curve is domi-

‘nated by a particular car/truck combination, the wear

pattern in the curve will refleet the curve entry and exit
dynamics of that combination.

The differences between steady state and dynamic

ceurving suggest that two different measures of the

performance index should be considered. The first is the
‘maximum value due to transient behavior and the second
is the average value while traversing the eurve. In terms
of derailment potential and rail wear during the entry
and exit portions of the curve, the maximum value is of
interest. In terms of wheel wear, fuel consumption, and
wear along the entire length of the curved rail, the
average value is of interest. Also, in order to compare
the basic kinematic performance of different trucks, it
is desirable to eliminate the transient dynamic effects
due to curve entry and exit, as well as track irregu-
larities and other extraneous factors such as over
balance speed, wind, and rail surface contamination.

Table 3-11 is a list of factors affecting the performance
index during curve negotiation. These factors include
vehicle characteristics, track characteristics, and oper-
ating conditions. Since the purpose of the analysis is to
relate the effects of truck parameter variations on the
performance index, no attempt will be made to deter-
mine the effect of all the factors in the table. Rather,
the effects of truck component variations will be deter-
mined for only a small set of nominal characteristies and
operating conditions.

Table 3-12 lists those truck components which normally
are variable on Type I trucks. According to the TDOP

1

Phase I Final Report (reference 5), varying spring groups,
gib clearance, and side bearing clearance had little
effect on the curving performance of the Type I trucks
tested. The report also indicated that eenter plate
swivel (and thus center plate frietion) and wheel profile
had a significant effeect on curving performance. The
Phase I Final Report drew no conclusions with respect to
the effect of varying frietion snubbers on curving perfor-
mance. Frietion snubbers affect the tram stiffness of
the truck which affects eurving mechanisms.

Table 3-11. Factors Affecting Performance Indices
During Curve Negotiation

Vehicle Characteristies
Wheel Profile
Truck Stiffness and Damping Cheracteristies

Vehicle Weight and Inertia Properties
Vehicle Physical Characteristies

. Center Plate Friction
Frietion Snubber Operation

Track Characteristics
Degree of Curve
Elevation of Curve
Track Curve History :
Track Profile, Alignment, Gage, Cant, ete.
. Track Flexibility
Grade
Length of Curve and Spiral
Type and Class of Track

Operating Conditions
Speed
Wind
Reil Contamination (Sand Grease, Water, etc.)
Braking ’

Table 3-12. Variable Components of Type I Trueks

Spring Groups

Friction Snubbers
Center Plate

Gib Clearance

Side Bearing Clearance
Wheel Profile




Type 11 trucks generally have different flexibilities and
constraints than Type I trucks. Thus, truck parameter
variations which normally are not considered significant
for Type I trucks must be taken into sccount. It is the
intent of TDOP Phase II to determine the effect of
variations of the most significant parameters on the
performance index through testing and modeling.

3.3.3 Test Data Utilization

The TDOP Phase 1 data are not entirely suitable for
characterizing the curving performance of Type I trucks
because lateral wheel/rail foreces were not measured
adequately (reference 6). During TDOP Phase II, addi-
tional Type I truck testing, as well as testing of Type II
trucks, will be performed. Phase Il testing will be
performed on trucks with instrumented wheelsets to
provide wheel/rail interface forces.

The data acquired from testing Type I trucks will be used
primarily for the validation of mathematical models
which have been developed to predict curving perfor-
mance, Once validated, the mathematical models can be
used (in conjunction with the test data) to establish the
baseline performance for a given car/truck system and
to determine the effects of parameter variations on the
performance index. The models can then be used to
predict the performance of Type Il trucks and can be
used as an aid in planning the Type II truck tests.
Testing of Type I trucks will serve to further validate
the math models and to provide data for comparison of
the performance index for the various trucks.

Table 3-13 describes those measurements which are of
most interest to curving and indicates what use will be
made of each measurement, Appendix B contains the
complete list of proposed instrumentation for Type I and
Type 1I testing.

In many cases the veriables of interest will be calculated
from two or more data channels. Examples are vehicle
position (ehannels 1 and 2 of Table 3-13), B-end lateral
coupler force (channels 6 and 8), A-end lateral coupler
force (channels 7 and 9), ecarbody to truck swivel (chan-
nels 20 and 21), truck bolster lateral displacement (chan-
nels 24-29) carbody to side frame roll angle (channels 30-
33). Creep forces can be estimated from the lateral
wheel force measurements. If one wheel on an axle is in
flange contact, the lateral force on the other wheel will
be predominantly due to creep friction. Forces on the
wheel in flange contact will be more difficult to deci-
pher and will require a detailed analysis of the wheel/rail
geometry.

Using the truck swivel and tram calculations and known
geometrical relationships, an estimate of the wheel/rail
angle of attack is possible (assuming perallel axles and
no lateral freedom between axles and side frames). An
estimate of the creep coefficient is possible using the
estimated angle of attack and the measured creep force.

The type of data reduction required includes time history
plots of acquired and derived data and calculation of
average and maximum values. Maximum values are of
most interest with respect to trackability, whereas aver-
age values are of interest when analyzing steady state
_eurve negotiation. Time history plots are important in
understanding both the transient amd steady state be-
havior, and ere of use in identifying anomalous behavior.
Examples of the types of plots which will be generated
are shown in Figures 3-10 through 3-12.
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The Phase II Type I truck testing will provide data from
which the effect of the following variables on the
curving performance index for each earbody/truck con-
figuration will be determined: _

- -Wheel profile (new or worn)

- Load (empty or fully loaded)

~  Grade (uphill or downhill)

- Speed (equilibrium, over, or under)

- Braking (on or off)

~ Track curvature (degree and direction)
Analytieal tools will be used to interpolate and extend
the effects of these variables as well as to determine the
effects of the following:

- Truck stiffnesses

- Creep coefficients

- Vehicle physicel properties
Consideration of the above factors allows the extension
of results to other carbody/truck configurations and

other operating conditions.

3.3.4 Model Utilization .

The main focus in the curving studies is the forces
developed at the wheel/rail interface. Analytical models
to be used, then, must be capable of predicting these
forces within an acceptable tolerance. Because of the
need to investigate maximum and average values of
lateral forces, two types of analytical models appear to
be justified (see references 7 and 8 for general discus-
sions of models). The first type includes steady state
models which prediet the steady state performance in
curves. Both linear and nonlinear models can be used,
with linear models used mainly for qualitative studies
and nonlinear models used for quantitative studies.
Table 3-14 shows potential application areas for these
two types-of models.

Linear steady state curving models have closed form
solutions and may be solved easily with hand calculations
or with a simple computer program. Nonlinear steady
state curving models do not have closed form solutions
and generally use an iterative computer process to solve
the equations. Nonlinear steady state curving models
are generally quite efficient in their use of computer
time; the majority of the TDOP curving analysis will be
performed using this type of tool. Model validation will
consist of comparing the calculated steady state values
of the performance index with the average of the values
measured during the curve following the curve entry
transients. . .
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Table 3-13. Instrumentation for Curve Negotiation

MEASUREMENT TYPE
ALD

A Speed

. Brake Cylinder
Pressure

A-End Coupler Force
B-End Coupler Force

A-End Coupler Angle
B-End Coupler Angle

Carbody Lateral
Acceleration B-End

REQUIREMENTS

Locate track test areas; mounted under
Mobile Laboratory car

Speed from distance counter

Measure brake line pressures to insure
inadvertant braking from being mixed with data.

Note: units have hysteresis.of + 200 1b but are
1 percent when either in tension or compression

Note: units have hysteresis of + 200 b but are
1 percent when either in tension or compression

Coupler angle from longitudi‘nnl centerline of car
Coupler angle from longitudinal centerline of car

Carbody lateral and yaw acceleration on bolster

APPLICATION FOR CURVING ANALYSIS

Used to correlate vehicle response data and
track geometry measurements,

Determine relation to balanced speed.
Verify coasting condition.

Used to calculate energy expended while
curving (fuel economy).

Used to determine external lateral force on the car. "

Carbody accelerations will be used to determine

centerline

Carbody Vertical
Acceleration A-End Center  over center plate

Carbody Vertical

Acceleration A-End on bolster centerline

Carbody Vertical R
Acceleration B-End Center  over center plate

Carbody Vertical
Acceleration B-End on bolster centerline

Carbody to Truck Swivel

Spring Group Vertical
Displacement Rear

Spring Group Vertical
Displacement Front

Fore Axle Bearing Pocket Axle vertical acceleration and pitch

Vertical Acceleration

Wheel/Rail Force
Measurement System

Lateral, vertical, and longitudinal
forces at wheel/rail interface

‘

Wheelset Angle of Attack Angle of attack of the wheel

Carbody pitch, bounce, and roll acceleration

Carbody piteh, bounce, and roll acceleration

Carbody pitch, bounce, and roll acceleration

Carbody pitch, bounce, and roll acceleration

Truck/carbody swivel and center plate slip

Spring group displacement and sideframe pitch

Spring group displacement and sideframe pitch

the influence of carbody dynamies during curve
entry and exit, and for the steady state portion
of the curve. .

Determine truck set in curves and estimate
wheel/rail angle of attack.

" Determine relation of vehicle speed to equil-
ibrium speed.

Truck and carbody accelerations will be used to
determine carbody dynamics. i

Determine vertical force on each wheel
required for trackability studies during curve
entry and exit; lateral force at wheel/rail
interface required to evaluate the performance
index; and lateral force at bearing adaptor
required for determining forces transmitted
from truck to axle.

Required for estimating wheel/rail forces and
for model validation,

The second type of mﬂytical model to be used includes
dynamic nonlinear time domain simulations. This type of

program is useful for predicting maximum values of the -

performance index due to curve entry and track irregu-
larity transients. Models of this type are generally quite
expensive; minimum use will be made of them.  Valida-
tion of this type of model will depend on its ability to
predict the maximum values of the performance index
during the entry and constant curvature portion of the
curve.

Simple steady state truck models can be quite useful in
analyzing the basic kinematie behavior of a truck in
curves, For Type I trucks, the minimum required free-
doms are yaw, lateral, and tram. The simplest Type II
truek models have, in addition, the freedom for the axles
to yaw relative to the truck. Basic forces which must be
considered for flange free curving include creep and
suspension forces. Since Type I trucks experience very

little flange free curving, the inclusion of flange forces
in models used for analyzing these trucks is necessary.

Additional forces which may be considered in steady
state truck models are external lateral forces applied at
the truck center due to draw bar forces and speeds other
than equilibrium and gravitational stiffness forces. The
importance of these forces depends on the situation
being analyzed. The magnitude of gravitational stiffness
forces depends on the wheel profile being analyzed and
the amount of lateral wheel displacement relative to the
rail. Full car models can be used when greater accuracy
is desired. Cooperrider and Law (reference 9) have

‘typically used models with the above freedoms for each

truck with the addition of lateral axle freedoms for Type
Il trucks plus freedoms in lateral, yaw, and roll for the
carbody. Nonlinearities of importance in steady state
curving models include the creep coefficients and the
wheel and rail profiles.
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Table 3-14. Curve Negotiation Regime Tools

TYPES OF TOOLS

State Models

Qun\1tnt1vé-€umb1nction Linearized Detailed Complete
Engineering| of Simple Models of | Models of Nonlinear
A;:Lf:)[éo" ‘Models,. | Analytic Complete Nonlinear Models of
Simple Models Vehicles Subsystems | - Vehicles
Calputationsl
Simple 9 & 17 dof
- Program or Model Steady Steady State

Flexible
Carbody

SAFETY

Predict
Dangerous
Conditions

DETERIORAT 10N

‘Predict
Damage & Wear

PREDICTION OF
IMPROVEMENTS
- Type I

- Type 11
Trucks

IMPROVEMENT
OF MOOEL & INSIGHT
Explain discrepancieg

between theory
and data

IDENTIFICATION
OF NEEDS

- Measurements
- Tests

EXTRAPOLATION

To Conditions
Not Tested
(Savings in

Test Effort)

CORRELATION

Kith Models
& Tests by
Others

3.3.5 Special Considerations Iggardihg'l‘ype II Trucks

Curve negotiation, both steady state and curve entry and
exit, will be affected by the unique characteristics of
various Type @I trucks. A number of Type I trucks
feature self-steering mechanisms which are intended to
reduce flanging in curves. These include the Dresser
DR-1 and Barber-Scheffel. The Barber-Scheffel design
recommends a high conicity wheelset profile for
improved curve negotiation. Comparison of primary
versus secondary suspension performance will also be
examined. Provision has been made for instrumenting
the longitudinal primary suspension deflections on the
Dresser DR-1, Barber-Scheffel, and Devine-Scales
trueks.

3.3.6 Summary

The objective of this analysis is to ascertain the rela-

tionships between variations in truck parameters and the
curving performance index. The selected performance
index is the lateral force on the leading outer wheel per
1000 1b axle load per degree of curve at equilibrium
speed. This performance index can be related to the
performance criteria using theoretical calculations. The
performance criteria for the curve negotiation regime
are low wheel and rail wear, prevention of derailment,
low lateral wheel loads, and minimum fuel consumption.

Two types of analytical models will be used in predicting
the curving performance index for variations in truck
parameters., Steady state models will be used to com-
pare the basic kinematie performance of different trucks
and for calculations of wheel wear, fuel consumption,
and rail wear in curves. Time domain models will be
used for derailment potential analyses and for rail wear
in the entry portion of the curve.



Additional curve testing of Type I trucks will be done to
provide data for validating the math models and for
characterizing Type I trucks. Basic to this testing is the
measurement of wheel/rail foreces. Models will be used
to help plan and predict the results of the TypeIl truck
field testing. The data from the Type Il truck field
testing will be used to further validate the models and to
characterize Type II trucks.

3.4 RIDE QUALITY

The ride quality performance regime as defined includes
the overall dynamie environment of a freight car (lading,
carbody, and trucks), exclusive of the more extreme
dynamics associated with the other performance
regimes. Table 3-15 summarizes performance factors,
truck parameters, and operational conditions which most
affect ride quality. Figure 3-13 illustrates the flow of
analysis in this regime.

To date the major economic impacts associated with ride
quality in freight ears have been identified as component
wear, and damage to lading. Component wear is signif-
icant on the basis of cost, since it occurs with all freight
cars, including those where damage to lading is not a
problem. It may be necessary to treat lading damage as
a selection of special cases in order to obtain any
correlation with observable economic loss. In a general
sense, however, it will be desirable to consider ecarbody
acceleration as a measure of ride quality performance,
even though it may not relate directly to either com-
ponent wear or damage to lading.

3.4.1 Performance Indices

The performance indices associated with this regime are

transmissibility and vibration levels as measured by’

accelerations at specified points on the carbody and
truck. Transmissibility is a well defined quantity. It
may be characterized by a frequency-dependent funetion
of amplitude ratios called a transfer function, or as &
sequence of root mean square (RMS) ratios of output-to-
input over selected frequency bands. The latter may be
more meaningful for families of vehicles which reflect a
broader range of parameter variation than any single
vehicle. It may also be more meaningful from the
standpoint of empirical relationships which relate to
observable patterns of deterioration. RMS ratios can be
derived easily from either measured or eomputed power
speciral density (PSD) functions. In short, transmis-
sibility of a truck directly specifies its ability to isolate
the carbody from road bed vibrations, thereby produeing
a "good" ride quality.

3.4.2 Analysis Requirements

Included within the ride quality regime analysis are the
requirements to:

-® Characterize wear that occurs during the nor-
mal vibration environment of the truck

@ Prediet the vibration environment of the lading

¢ Compare the effectiveness of Type I and Type
II trucks in isolating the vibration inputs due to
track geometry

To date, the economic. analysis has not identified any
major truck components other than brake shoes and
wheels whose high life eycle costs can be related to the
normal vibration environment. This is especially true for

" the Type Il trucks which have not had the amount of in-

service experience which would identify high wear
points. Nevertheless, one of the objectives of the ride
quality task will be to identify relative motions and
normal forces between components which can be used to
estimate wear.

The ability to predict the lading environment for specific
car/truck/lading combinations is necessary to evaluate
the cause of lading damage. This is especially important
for Type II trucks, whose main advantage may be that of
a greatly improved ride quality.

Inasmuch as steady curving is considered for nominal
track geometry only, the total dynamic environment of a
freight car in curving must include both the forces which
arise from steady curving on nominal track geometry,
and those which are caused by track geometry irregu-
larities. Figure 3-14 illustrates the nature of these
combined effects. For the time being, it will be assumed
that the forces (including wheel/rail forees) which ocecur
within a freight car during curving may be represented
by a superposition of the forces due to a steady curving
and response to rando irregularities on tangent track.
This assumption is made with regard to overall force
levels only, and does not imply that instantaneous tan-
gent and curved track forces are additive in the time
domain. Based upon the above assumption, the ride
quality regime will be analyzed for tangent track only.
Experimental data will be examined carefully to assess
the validity of this assumption.

Table 3-15. Ride Quality Regime

Performance Truck
Indices

Performance
Criteria

Smooth ride (minimize Transmissibilities
lading vibration
environment) Vibration levels as
measured by accelera-
tions at specified
points on the carbody

and truck

Minimization of
normal truck
component wear

Perameters

Suspension system
Primary
Secondary

Wheel profile (as it
affects the truck
kinematie motion)

Operailond

Economic Impact
Perameters Areas
Track geometry Lading damage
Speed Component wear

Lading
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((___ PERFORMANCE REGIME 1

Ride quality

T

PERFORMARCE INDICES

Transmissibility between the
wheel/ra{l input and selected
points on the carbody

Vibration levels as measured by
accelerations at specified

points on the carbody and truck

'CRITICAL PARAMETERS

Truck/carbody
Primary & secondary suspension
Carbody type, flexibility
Lading type, lading protection

Operational parameters
Speed
Track class

{ PROVIDE INPUT TO

Engineering task
Economics task

1

RUN MODELS TO )

Evaluate transmissibilities for
car/truck combinations not tested

Evaluate suspension parameter effects
and performance sensitivity

Demonstrate on a specific car-truck-
lading combination techniques for
predicting lading vibration environ-

I

!

!

CANDIDATE MODELS [ TESTING
Source
DYRALIST Phase 1, FSFMS,
TSC series Phase Il
FLEX, FULL, Main data of interest
LATERAL HALF Track geometry, speed
Truck & carbody
accelerations

'

-
) VALIDATE MODELS W

.

PARAMETERS & CONDITIONS )
TO MODEL FOR YALIDATION

Primary & secondary suspen-

Compare transmissibilites measured
during field testing

sion parameters
Speeds, loading conditions,
and car types tested

Verify major spectral contents are
predicted at specified points on

the truck and carbody

Figure 3-13. Flow Diagram for Ride Quality Analysis

ON CURVES

GENERALLY 6,000-8,000 LB ADDITIONAL

OCCASIONALLY 12,000-15,000 LB ADDITIONAL

ON TANGENT TRACK (AT ABOUT 65 MPH)

GENERALLY 10,000-12,000 LB

OCCASIORALLY 18,000-20,000 LB

STEADV STATE

“\Mv ou-rzn WHEEL LOAD
! AT LEADING AXLE

DVNAHIC

'Figure 3-14. Dynamic Environment of a Freighf Car in Curving

-



3.4.3 Test Data Utllization

Field test data applicable to the ride quality regime are
available from Phase I and will be acquired in Phase IL.
All of the data reduction performed on the high speed
runs are applicable to the ride quality regime. The
additional data reduction required on the Phase I data is
the calculation of transmissibility across the truck sus-
pension elements.
For purposes of establishing the transmissibility perfor-
mance index, acceleration data at selected locations will
be acquired. These include:

Carbo

- Lateral measurements at front and rear ends

-  Vertical measurement at mid-car

- Verticel measurements at front and rear ends
Truck Bolster

-  Lateral measurement at bolster

-  Vertical measurements at left and right sides

Axle Bearing Pocket

- Lateral measurement

- Vertical measurement

A detailed list of proposed Phase II instrumentation is
presented in Table 3-16 along with further comments on
the application of each group of measurements to the
ride quality regime. Transmissibilities between rail
irregularities and each of these response points can be
evaluated.  The transmissibility from axle bearing
pockets to the truck bolster or carbody can also be
evaluated. A primary difference between the two types
of transmissibility is that the former includes the effect
of track impedance, whereas the latter does not.

One of the primary requisites of a performance index is
that it be simple enough to correlate with deterioration
patterns and performance profiles while still being useful
as a function of celculable and measurable response
quantities. Thus, to achieve simplicity from the stand-
point of correlating with deterioration, data from the
four vertical axle accelerations, the two lateral axle
accelerations, the two vertical truck bolster accelera-
tions and carbody end accelerations (lateral and vertical)
will be averaged separately.

The car, truek, and lading interact dynamically to form a
complete system in determining accelerations on any
part of the system. However, it is expected that certain
parts of the system may tend to behave somewhat
independently over limited frequency bands. For
example, the vertical exle accelerations in the high
frequency range will be influenced most by track impe-
dance and the bearing assembly, and relatively little by
the dynamic response of the truck bolster or carbody.

"~ Carbody motions in the low frequency range will be

influenced most by the spring nests and snubbers (as well
as the inertial properties of the carbody itself) and
relatively little by track impedance and bearing assem-
blies. Frequency separction effects should therefore be
considered in data interpretation as well as in dynamic
modeling, response analysis, and the formulation of per-
formanee indices. This sort of rationale provides the
basis for using band limited RMS values instead of
overall RMS values for at least some purposes.

3.4.4 Model Utilization

Both vertical and lateral models will be used for ride
quality analysis. Model requirements and application
areas for the ride quality regime are presented in Table
3-17.

Proposed vertical models are shown in Figure 3-15. A
complete freight car is labeled Model #1. It has a total
of 7 degrees of freedom (dof) as indicted in the figure.
However, it may be possible to replace this 7 dof model
by two smaller ones: a 3 dof low frequency model
(Model #2) and a 2 dof high frequency model (Model #3).

Table 3-16. Instrumentation for Ride Quality

MEASUREMENT TYPE REQUIREMENTS

ALD Locate track test areas; mounted under
Mobile Leboratory car -~

Speed Speed from distance counter

APPLICATION FOR RIDE QUALITY ANALYSIS

Used to correlate vehicle response to track
geometry measurements.

Essential ehannel for correlation with vehicle
responses.

A-End Coupler Force

B-End Coupler Force

A-End Coupler Angle
B-End Coupler Angle

Carbody Lateral
Acceleration A-End

Carbody Lateral
Acceleration B-End

Carbody Vertical
Acceleration A-End Center

Note: units have hysteresis of +200 Ib but are
1 percent when either in tension or compression

Note: units have hysteresis of + 200 Ib but are

1 percent when either in tension or compression
Coupler angle from longitudinal centerline of car
Coupler angle from longitudinal centerline of car

Carbody lateral and yaw acceleration on bolster
centerline

Carbody lateral and yaw acceleration on bolster
centerline

Carbody piteh, bounce, and roll acceleration over
center plate

Coupler force components, both lateral and
longitudinal will be required to determine the
effeet of the consist on ride quality measurements,

Carbody acceleration measurements will be used
as the main means of ride quality characterization,
since they are necessary to establish the trans-
missibility performance index.
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Table 3-18. Instrumentation for Ride Quality (cont.)

Carbody Vertical

Acceleration B-End Center center plate

Carbody Vertical

Acceleration B-End ‘bolster eenterline

Trueck Bolster Vertical
Acceleration

Truck Bolster Lateral
Acceleration

Carbody to Truck Swivel

Spring Group Vertical
Displacement Rear

Fore Axle Bearing Pocket
Vertical Acceleration

Fore Axle Bearing Pocket Axle lateral acceleration forward

Lateral Acceleration

Rear Axle Bearing Pocket
Vertical Acceleration
Rear Axle Bearing Pocket Axie lateral acceleration rear
Lateral Acceleration

Vertical Acceleration
Carbody Center

Lateral Acceleration

Carbody Center

Longitudinal Acceleration
Carbody Center

Vertical Acceleration Roll center for earbody roll
Carbody B-End

Carbody pitch, bounce, and roll acceleration over
Carbody pitch, bounce, and roll acceleration on

Truck bolster triaxial acceleration

Truck bolster triaxial acceleration

Truck/carbody swivel and center plate slip
/

Spring group displacement and sideframe pitch

Axle vertical acceleration and pitch

Axle vertical acceleration and pitch

Triexial acceleration at carbody center

Triaxial acceleraton at carbody center

Triaxial acceleration at carbody center

Bolster acceleration measurements will be
important for calculating transmissibilities
within the carbody/truck system.

Truck/carbody swivel will be used to identify
occurrence of and effects from kinematic truck
motion on ride quality.

The lateral and vertical axle bearing acceleration
will be used to separately calculate truck
excitation modes: piteh, roll, vertical, and lateral.

One of the primary carbody acceleration measure-
ments for caleulating transmissibilities and
quantifying the vibration environment.

Needed for calculation of the instantaneous roll
center.

The low frequency model would represent the carbody
modes, including the first vertical bending mode for very
flexible cars such as the flatear. No track compliance is
included in this model, and inputs would be derived from
motion of the wheels (e.g., measured at the bearing
pockets).

The high frequency model would represent the wheel
modes, with the track modeled as a compliant structure.
In this model, the wheelsets, side frame, and a portion of
the track are assumed to move together, except for a
known rail irregularity which is input as a differential
displacement between the two, Although not shown in
the figure, it will be assumed that-there is a viscous
damper everywhere a spring is shown.

A schematic representation of the proposed lateral
model is shown in Figure 3-16. This model is essentially
the same as the 9 dof model developed by Cooperrider
and Law (reference 10) except that it includes the
fundamental flexible carbody torsion or twisting mode
which is expected to be particularly important in char-
acterizing the flatcar. Track inputs to this model will
consist of alignment and crosslevel irregularities, where-
as surface irregularities are input to the vertical models.

It is not clear in the case of lateral motion (as it is for
vertical motion) that simpler models (e.g., low frequency
and high frequency) may be used in lieu of the full car
model. A high frequency model eonsisting of one 3 dof

truck may be valid whereas the full car model will
probably be required to model low frequency behavior.
It may be that two simpler models could be used for
crosslevel excitation, but not alignment.. In any ecase,
the subsystems modeling capability of DYNALIST II
(reference 11) will enable the full car model to be built
up of two truek components (3 dof each) and one carbody
component (3 or 4 dof) depending on whether carbody
torsion is included. The individual components will be
analyzed separately to evaluate their dynamie charac-
teristies.

It is anticipated that the performance indices correlating
with lading damage and component deterioration will
involve accelerations on the carbody and axle bearing
pockets, respectively. Experimentally measured truck
bolster accelerations will be compared with accelera-
tions on the axle bearing pockets to validate the assump-
tion that the truck bolster moves with the car bolster,
and that appreciable center plate rocking does not oceur
in the frequency range of interest.

A model representing categories of in-service vehicles
may be much easier to validate than a model repre-
senting one particular test vehicle. The broader range of
parameters required for a category of vehicles than for a
specific vehicle should lead to less stringent validation
criteria, thereby allowing the test results to be more
easily extrapolated to the national population of in-
service vehicles.
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“Table 3-17. Ride Quality Regime Tools

TYPES g__mP.L

APPLICATION
OF TOOLS

Qualitative

Engineering
Models,
Simple

Computations|

Combinations] Linearized
of Simple Models of |
Analytic Complete

Models Vehicles

Detailed

Models of
Nonlinear
Subsystems

Complete

Nonlinear
Hodels of
- Vehicles

Program or Model

Simple DYNALIST

Spring

Mass Model HALF, FULL,

LATERAL,
FLEX

FRATE

Flexible
Carbody

SAFETY

Pradict
Oangerous
Conditions °

DETERIORATION

Predict
Domege & Wear

PREDICTION OF
IMPROVENENTS

Trucks

IROVERENT
OF MODEL & INSIGHT

Exphin discrepancieq
between theory
and data

IDENTIFICATION
OF NEEDS

- Measurements
- Tests

EXTRAPOLATION

‘Yo Conditions
Not Tested
(Slvm?s in
Test Effort)

CORRELATION

With Models
& Tests by

Others
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Figure 3-15. Vertical Models
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Figure 3-16. Lateral Model (10 Degrees of Freedom)

3.4.5 Special Considerations Regarding Type Il Trucks

The ride quality performance index of transmissibility
will largely be determined by the suspension character-
istics, The analysis will therefore focus on the differ-
ences exhibited between primary and secondary suspen-
sion trucks. Vertical primary suspension displacements
will be measured on the Devine-Scales and NRUC
Maxiride trucks. Secondary suspension vertical displace-
ments will be measured on the Dresser DR-1, Barber
Scheffel, National Swing Motion, and ACF Fabricated
trueks.

3.4.6 Summery

The ride quality regime will treat the normal dynamies
of the freight car. The performance indices for ride
quality are the truck transmissibility and the levels of
vibration at specified points on the ear. Transmissibility
is a measure of the ability of the truck to isolate the
track vibrations from the carbody and lading. The
primary objectives of the ride quality analysis will be to
develop methodologies for predicting the lading vibration
environment. Simple linear models will be used to
perform these studies.
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APPENDIX A - DATA ANALYSIS REQUIREMENTS

This appendix describes the data reduction requirements
.for both track geometry and vehicle field testing. The
track geometry analysis will be performed to determine
the excitation levels existing during the field test and to
generate input for the car/truck simulation programs,

which will be used both in the validation efforts and in:

the extrapolation of field test results. The data reduc-
tion and analysis capabilities will be provided by an in-
house Wyle data reduction system.

. TRACK GEOMETRY

Track geometry data have been acquired from the TDOP
Phase 1 field testing and from the Union Pacific test
track during an on-going Phase II field test program.
Several problems have been encountered during the data
reduction and interpretation of the Phase I track geo-
metry measurements, and steps are being taken under
Phase II to avoid similar problems. The two major
problems have been lack of alignment data and false
location detector signals.

. The magnetic automatic location detectors (ALD) used
during Phase I detected many false targets (spikes,
crossings, cans) along with the true target. These false
indications make it difficult to align the separately
recorded test and track geometry from Phase I. This
problem complicates data reduction where time or phase
correlations are required between the track geometry
and the vehicle response data. A possible solution to this
problem has been identified.

The runs which have been analyzed to date indicate that
the false ALD indications show some repeatability
between the track geometry and the test data run, i.e.,
the stray pieces of metal, cans, etc. were present on
both the field test and track geometry measurements.
This repeatability allows a correlation routine to be used
to align the track geometry and test vehicle response
measurements/./

The ALD signals, both true and false ones, can be aligned
via two distance channels. One distance channel was
measured directly during the track geometry and the

other one can be derived from the speed channel of the

test run. Test run speed is integrated to produce a
distance channel against which the test run ALD indica-
tions are plotted. -

The directly measured track geometry and calculated
ALD versus distance channels are then correlated to
determine any errors that have occurred.

The calculations described above showed very close
correlation between the track geometry and calculated
distance channels for the low speeds and errors on the
order of 5 percent for the higher speeds. The error
distribution indicates that the probable error source is in
the speed measurement. Steps have been taken to avoid
this problem ‘during the Phase II testing.

Phase Il track geometry measurements on the Union
Pacific railroad will use a magnetic field ALD sensor on
the test vehicle which will sense the field from perma-
nent magnets placed in the ties. Stray metal will not
produce false indications. i

- A-1

The test track sections for Phase II are listed in Table
A-1. The track geometry will be sampled every 6 inches
over these sections. Track geometry will be measured
three times during Phase II.

The track geometry measurements consist of the fol-
lowing: .

-  Left and right vertical profile
~  Left and right alignment
- Gege
-  Superelevation
- Center line
The above spatially sampled data will be processed to

produce cumulative distribution functions, probability
densities, and power spectral densities.

For each test speed within a run, the spatially sampled

track geometry data will have to be converted to the
equivalent time domain sample of the track geometry.
This processed "time domain" track geometry will form
the input function for that test run. A typical data
reduction sequence for Phase Il consists of building an
Advanced Data Analysis and Reduction System {ADARS)

Table A-1. Test Zone Locations

Zone Site Designation Deseription

1 Location Sloan to Arden
Mileposts 321.5 to 314 (7.5 miles)
Track Type Class 4 - Curved
Rail Type 133-1b Jointed
Speed Limit 40 mph

2 Location Arden to Boulder Junction
Mileposts 321.5 to 326.5 (5.0 miles)
Track Type Class 4 - Tangent
Reil Type 133-1b Jointed
Speed Limit 79 mph

3 Location Las Vegas
Mileposts Yard Limits (0.22 miles)
Track Type 12-and 16 Degree Curves
Reil Type Jointed
Speed Limit 10 mph

4 Location Blue Diamond Spur
Mileposts 5 to 8 (3 miles)

 Track Type Class 2 - Curved & Tangent

Rail Type 131-1b Jointed
Speed Limit 20 mph

5 Location Balch to Crueero
Mileposts 210.5 to 204.5 (6 miles)
Track Type Class 4 - Tangent
Rail Type 133-1b CWR
Speed Limit 79. mph




test run data file on dise and then processing the
spatially sampled track geometry data to create a "time
domain" track excitation file for that run. Figure A-1
illustrates the technique which is used for converting the
spatially sampled track geometry to the equivalent time
domain sampled track geometry. The technique consists
of interpolating points between the spatially sampled
track geometry data to create an equivalent time
domain sampled track geometry at the 200 samples/
second sample rate used during the field test data
acquisition.

Once accurate time domain track geometry records have
been appended to the test run data base, data reduction
and analysis in either the time or frequency domain can
be performed.

Track geometry will also be combined to enable the
identification of specific truck and carbody excitations,
such as vertical, pitch, and roll movements of the
carbody. An example procedure for combining the
vertical profile measurements to produce the pure verti-
cal and piteh excitation is discussed next. Similar
calculations will be performed to determine lateral exci-
tation for a particular track geometry.

Track geometry measurements will be combined to cal-
culate the carbody pitch and pure vertical excitation
according to the scheme outlined below. The pitch and
vertical excitation is a function of not only the track
geometry but of the truck wheelbase and separation.
-The change in height of a truck center, Zqgs due to
track cross level variations is given by:

Zrc =1 WirHGL )
Where

ZTC = vertical displacement of the truck
center

Hi = wheelset center height due to eross-
level

=1 @y * )
Zyr T displacement of right, left profile
1L, for axle i
i =1,2,3,4

Pure vertical and pitch carbody excitation at a given
position on the track is given by:

Vertical excitation = 1 Qe *Zp)
2 A B
Pitch excitation = 1(Z -~ Zn )
3 1C, TCy
Where
ZTC = vertical displacement of
A A end truck center
Z'I‘C = vertical displacement of
B B end truck center

For the above pitch excitation, the A end is assumed to
be the leading end of the car.

TRACK GZOMETAY TAPE
SPATIAL SAMPLES AT
6" INTERVALS

TEST DATA ON DISK

i

INPUT
NEXT SPEED

INPUT NEXT
TRACK GEOMETRY |
CAEABUREMENT

PERFORM NO. OF INTERPOLATIONS
TO CREATE THE EQUIVALENT
TIME DOMAIN SAMPLED TRACK GEOMETRY
(200 SAMPLES /SEC)

i

STORE DATA ON DISK

Figure A-1. Converting Spatial Track Geometry to
Equivalent Time Domain Track Geometry

The frequency content of the piteh and vertieal excita-
tion will then be calculated in the same manner as track
geometry data. Power spectral densities (PSD) in either
the spatial or temporal domains (given the veloeity) ecan
be calculated. Spatial domain PSDs will be investigated
for any of the longer wavelengths which would result in
excitation at the carbody vertical and piteh mode- fre-
quencies over the normal operating speed range.

VEHICLE FIELD TESTING

Digital data tapes from both the Phasel andIl test
programs will be processed by first demultiplexing the
data to produce a data tape compatible with ADARS.

ADARS provides the capability to perform data reduc-
tion in both the frequency and time domain and to
provide plots and printouts of individual or linear comb-
inations of channels. The general data reduction and
analysis capability provided by ADARS is illustrated in
the block diagram shown in Figure A-2.

Spectrum analysis (SPEC) and display capability are
included within ADARS. The function of SPEC is to
provide power spectral density analysis, using a fast
Fourier transform (FFT) routine with a sine and cosine
look-up table to enhance processing speed. The module
provides the capability to calculate the following:

- PSD

- Cross power spectral density (CSD)

-  Transfer function gain and phase

-  Hanning window on time arrays

- Average of PSD and CSD values

- Mean and degree of freedom (or confidence
level) with PSD plots

=3
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DISPLAY
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__—

ANALYS!IS MODULES

Figure A-2, ADARS Overview Flow Diagram

The statisties capability (STAT) performs the following
statistical analysis funetions for a given input file:

- Computes and writes to line printer the aver-
ages, standard deviation, skewness, and kurtosis

-  Computes the root mean square values

The display function (DISP) provides both plots and print-
outs for the ADARS user. DISP can be initiated by the
user directly, or any analysis module can automatically
initiate DISP upon completion of its execution. The
following types of plots are produced:

Time History Plot. Linear X, linear Y axis for raw
or analyzed data, single channel per grid, single grid
per page or multiple channels per grid with multlple
grids per page

Strip Chart Plot. Raw or analyzed data with com-
mon linear X axis time frame and grid, eight linear
Y axis grids per page with one channel plotted per
grid for each of the eight grids

Any array of analyzed data that is suitable for plotting
can be printed. Both the X and Y axis arrays will be
listed in engineering units with the X eaxis data on the
left portion of the listing.

Maximum/minimum analysis will give the largest and the
smallest data value that occurs within the interval. The
ADARS data analysis capability will then be used to
produce the reduced data required by the model vahda—
tion task.



APPENDIX B - INSTRUMENTATION CHANNELS

Appendix ‘B contains a list of the 41 instrumentation
channels proposed for Type I truck testing. Following
the table are several illustrations showing the location of
the instrumentation.

Further details on the TDOP Phase Il Type I and Type I
truck testing can be found in Wyle Document No. C~901-
0004-A, "Type I Truck Test Plan," dated April, 1979, and
Wyle Document No. C-901-0007-A, "Type Il Truck Test
Plan," dated October, 1979. -

B-1



8K
F

|
: &
s3

S4

C1
Cc2

C3

ca

D1
p2

D3

D4

D5

‘D8

D7

D11

D12

D14

D15

Table B-1. Instrumentation Channels for Type I and Type II Truck Testing

MEAS.

TYPE

-Speed

ALD

Brake Cylinder
Pressure

Throttle Setting

B~End
Coupler Force

'B-End
. Coupler Angle

A-End

Coupler Force

A-End
Coupler Angle

Rt. Spring

.Group Vert.

Disp. Front

Rt. Spring
Group Vert.
Disp. Rear

Left Spring
Group Vert.
Disp. Froat

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

Carbody to

Truck Bolster
Rel. Disp.
Rt. Side

Carbody to
Truck Bolster

. Rel. Disp.

Left Side

Carbody to
Truck Lat. Disp.
Forward

Carbody to
Truek Lat. Disp.
Rear

Primary Spring
Disp. Rt.
Fr. Axle

FREQUENCY
RESPONSE

1 Hz

256 sam-
ples/in.

10 Hz

20 Hz
zh Hz
20 Hz
20 Hz

20 Hz

20 Hz -

20 Hz

20 Hz

50 Hz

50 Hz

50 Hz

20 Hz

20 Hz

100 Hz

100 Hz

20 Hz

MEAS.
RANGE

0-120
mph
6-12"

0-100
psid

1-8

25000 Ib
+10°
25000 1b
0

+10

+2"
4"

2"
-4

+o1
_‘N R

+on
4"

+0.8"
+0.8"

10.8"

+1.5"

+L5"

o

+10°

+9n
~4n

ACCURACY
DESIRED

+.5 mph
+6"

1%

1%

1%

1%

1%

1%

1%

1%

1%

0.1%

0.1%

1%

TYPEU

PURPOSE TRUCKS ONLY

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)

Correlation with draw bar
forces in fuel consumption

study .

Longitudinal draw bar force and
correlation to fuel consumption

Coupler angle from longitudinal
centerline of car

Longitudinel draw bar force and
carrelation to fuel consumption

Measure coupler angle from longi-
tudinal centerline of car

Right spring group disp. side frame
piteh

Right spring group disp. side frame
pitch

Left spring group disp. side frame
pitch :

Left spring group disp. side
frame pitch

Side frame relative disp. truck
tram

Side frame relative disp. truck
tram

Used with D5 & D6 to measure
side frame roll

Carbody/truck roll angle
Carbody/truck roll angle
Truck/carbody swivel, center

plate lateral slip

Truck/carbody swivel, center
plate lateral slip

Side frame/axle relative
motion

*NOTE: Units have hystaresis of +300 lb but are 1% when either in tension or compression,

—
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IEE

D16

D17

D18

D19

D20

D21

D22

D23
D24

D25

D26

R1

R2

Al

A2

A3

A4

AS

A8

Table B-1. Instrumentation Channels for Type I and Type I Truck Testing (Cont.)

MEAS,
TYPE

Primary Spring
Disp. Rt.
Rear Axle

Primary Spring
Disp. Lf.
Fr. Axle

Primary Spring
Disp. Lf.
Resr 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. L{. 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

Carbody
Vertical
Accel. B~
End Right

Carbody
Vertical
Accel. A-
End Right

C arbody
Lateral
Accel.
B~End

Cearbody
Lateral
Accel,
A-End

PREQUENCY  MEAS.
RESPONSE RANGE
20 Hz +21
_4"
20 Hz +21
_4"
20 Hz +2%
_4"
20 Hz +0.8"
20 Hz +0.8"
20 Hz +0.8"
20 Hz +0.8"
20 Hz +20
20 Hz 20
20 Hz o
20 Hz +2t
20 Hz +an
20 Hz +2n
20 Hz 45 G
20 Hz +5G
20 Hz +5G
20 Hz +5G
20 Hz 5G
20 Hz +5 G

ACCURACY
DESIRED

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

PURPOSE
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/axle relative
motion

Side frame/axle relative
motion

Carbody piteh, bounce, & roll
accel. over center plate

Carbody piteh, bounce, & roll
accel. over center plate

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

TYPEN
TRUCKS ONLY

\

/
\
y

-t

- - - -l S
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IBE

A7

A8

A9

Al0

All

Al2

Al3

Al4

F1

F2

F3

F4

F2-2

F3-1

Table B-1. Instrumentation Channels for Type I and Type I Truck Testing (Cont.)

MRASB.
TYPE

Carbody
Vertical
Accel. B-
End Left

C arbody
Long. Accel.
B-End
Center

Fore Axle

Brg. Pocket
Vert, Accel.
B-End Right

Fore Axle

Brg. Pocket
Lat. Accel.
B-End Right

Rear Axle

Brg. Pocket
Lat, Accel,
B-End Right

Fore Axle
Brg. Pocket
Vert. Accel.
B-End Left

Fore Axle
Brg. Pocket
Lat. Accel,
A-End Right

Rear Axle
Brg. Pocket
Lat. Accel.
A-End Right

BL-1 Bearing
Adapter
Vert. Force

BR-1 Bearing
Adapter
Vert. Force

BL-2 Bearing
Adapter
Vert. Force

BR-2 Bearing
Adapter -
Vert. Force

BL~1 Bearing
Adapter
Outer Strain
Gage

BR-1 Bearing
Adepter
Inner Strain
Gage

BR-1 Bearing
Adapter
Outer Strain
Gage

VR-1 Bearing
Adapter
Inner Strain
Gage'

BR-2 Bearing
Adapter
Quter Strain
Gage

FREQUENCY  HMEAS. ACCURACY
RESPONSE RANGE DESIRED
20 Hz +5 G 1%

20 Hz +5G 1%

20 Hz +5G 1%

20 Hz 45 G 1%

20 Hz, G 1%

20 Hz +5G 1%

20 Hz +5G 1%

20 Hz :5 G 1%

50 Hz 20,000 Ib 1%

50 Hz 20,000 1b 1%

50 Hz 20,000 1b 1%

50 Hz 20,000 1b 1%

50 Hz 5mV 1%

50 Hz 5 mV 1%

50 Hz 5mV 1%

50 Hz 5mvV 1%

50 Hz 5 mV 1%

* PURPOSE

Carbody center of rotation
on bolster centerline

Carbody longitudinal
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 grofile

Net vertical force.
Used in L/V caleulation

Net vertical force.
Used in L/V calculation

Net vertical force.

. Used in L/V caleulation

Net vertical force.
Used in L/V calculation

Line of action
of vertical load

Line of action
of vertical load

Line of action
of vertical load

Line of action
of vertical load

Line of action
of vertical load

TYPE II
TRUCKS ONLY

B-4




IBE

F3-2

F4-1

F4-2

Gl
G2

B1

B2

B3

B4

BS

B6

B7

B8

P1

P2

P3

P4

Table B-1. Instrumentation Channels for Type I and Type I Truck Testing (Cont.)

MEAS.
TYPE

BL-2 Bearing
Adapter
Inner Strain
Gage

BR-2 Bearing
Adapter
Outer Strain
Gage

BR-2 Bearing
Adapter
Inner Strain
Gege

BL-1 Rotary
Pulse
Generator #1

BL-2 Rotary
Pulse
Generator #2

BL-1 Axle
Bending
Vertical

BL-1 Axle
Bending
Longitudinal

BR-1 Axle
Bending
Vertical

BR-1 Axle
Bending
Longitudinal

BL-2 Axle
Bending
Vertical

BL~2 Axle
Bending
Longitudinal

BR-2 Axle
Bending
Vertical

BR-2 Axle
Bending
Longitudinal

BL-1A Wheel/
Side Frame
Position
Transducer "A"

BL-1B Reil/
Side Frame
Position
Transducer "B"

BL-1C Wheel/
Side Frame
Position
Transducer "C"

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

FREQUENC Y MEAS.
RESPONSE RANGE
50 Hz 5 mV

50 Hz 5 mV

50 Hz 5mV

40 kHz 0-5V

40 kHz 0-5V

50 Hz 4,000 in-1b
50 Hz 4,000 in-1b
50 Hz 4,000 in-1b
50 Hz 4,000 in-1b
50 Hz 4,000 in-1b
50 Hz 4,000 in-1b
50 Hz 4,000 in-1b
50 Hz 4,000 in-1b
50 Hz n

50 Hz 2"

50 Hz bl

50 Hz »

ACCURACY
DESIRED

1%

1%

1%

1/2000 rev.

1/2000 rev.

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

1%

PURPOSE

Line of action
of vertical load

Line of action
of vertical load

Line of action
of vertical load

Rotation of axle #1, used to
specify strain gage
position

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

Right side vertical
bending moment of lead
axle. Used in L/V
calculation

- Right side longitudinal

bending moment of lead
axle. Used in L/V
calculation

Left side vertical bending
moment of lead axle. Used
in L/V caleulation

Left side longitudinal
bending moment of lead
axle. Used in L/V
calculation

Right side vertical bending
moment of rear axle. Used
in L/V calculation

Right side longitudinal
bending moment of rear
axle., Used in L/V
calculation

Left side vertical bending
moment of rear axle. Used
in L/V caleulation

Left side longitudinal
bending moment of rear
axle. Usedin L/V
calculation

Wheel/rail angle of
attack

Wheel/rail angle of
attack

Wheel/rail angle of
attack

Wheel/rail angle of
attack

TYPEN
TRUCKS ONLY

\
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MEAS.
D

PS5
P6
P7
P8

Tl
T2
T3
T4

GR

_Table B-1. Instrumentation Chanh_els for Type I and Type I Truek Testing (Cont.)

MEAS.
TYPR

BL-2A Wheel/
Side Frame
Paosition
Transducer "A"

BL~2B Rail/
Side Frame
Position
Transducer "B"

BL~2C Wheel/
Side Frame
Position
Transducer "C"

BL-2D Rail/
Side Frame
Position
Transducer "D"

B-1 Axle
Tordue (Gage 1A)

B-1 Axle
Torque (Gage 1B)

B-2 Axle
Torque (Gage 1A)

B-2 Axle
Torque (Gage 1B)

Filtered
Longitudinal
Acceleration

PREQUENCY
RESPOMER

" 50 Hz

50 Hz

50 Hz

50 Hz

50 Hz

50 Hz

50 Hz

50 Hz

1 Hz

WEAS.
ANGR

2||

2’"

+30,000
in-lb
+30,000
in-lb

+30,000
in-lb

+30,000
in-lb

+5G

ACCURACY
DEMRED

1%

1%

1%

1%

1%
1%
1%

1%

PURPOSE

" 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. ereep forces

Backup for T3
Measurement A8 low pass

filtered to provide grade
information

“TYPE D
TRUCKS ONLY

Figure B-1. Truck Instrumentation Locations (B-End)
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APPENDIX C - GLOSSARY
ADHESION

The absence of gross slippage of the wheel on the rail in
the presence of tangential forces at the interface.

ANALYTICAL TOOL

Refers collectively to a series of techniques used to
study or predict the dynamics of a physical system, such
as a freight car. Analytical tools are made up of
mathematical models and computer programs. Models
consist of a set of equations which can be used to
mathematically study and predict the response of physi-
cal systems. The computer programs implement the sets
of equations or models on a digital computer.

ANGLE OF ATTACK

Horizontal angle between the vertical plane of the wheel
and the tangent to the rail at the point of contaect.
ANOVA

Analysis of variance, a body of tests of hypotheses,
methods of estimation, ete. using statistics which are
linear combinations of sums of squares of linear func-
tions of the observed values.

AXLE

The steel shaft on which the car wheels are mounted.
The axle not only holds the wheels to gage, but also
transmits the load from the journal boxes to the wheels.

"B" END OF CAR

The end on which the hand brake is located.

BALANCE SPEED

The speed with which a vehicle traverses a superelevated
curve of constant radius when the centrifugal force
exactly balances the horizontal component of the weight
due to inclination.

BOLSTER (BODY)

The transverse members on the underframe of a car
whieh transmit the load carried by the longitudinal sills
through the center plate to the trucks.

BOLSTER SPRING

The main suspension spring of a car directly supporting
the truck bolster and the weight of the carbody.

BOLSTER (TRUCK)

A beam placed across the frame of a truck to receive,
through the center plate, the weight of the carbody and
transfer it to the truck frame and wheels through the
spring sets in the side frames.

BOUNCE

Vertical osecillation of the center of gravity of the sprung
mass (carbody, truck bolster, eté.).

BRAKE SHOE

Frietion unit contacting the wheels.

CENTER PLATE

One of a pair of plates which fit one into the other and
which support the carbody on the trucks, allowing them
to turn freely under the car.

CLIMB

The process of the wheel flange contacting and elimbing
the rail frequently onto the railhead.

COULOMB DAMPING

A damping mechanism that depends on constant ampii—
tude frietion forces which always resist the direction of
motion,

CURVE NEGOTIATION

The gbility of a truck to enter, provide guidance through,
and exit a curve,

CURVE

In the United States it is customary to express track
curvature in degrees noted by the deflection from the
tangent measured at stations 100 feet apart. The
number of degrees of central angle subtended by a chord
of 100 feet is the "degree curve." One degree of
curvature is equal to a radius of 5,750 feet.

CREEP

The eapability of two bodies to displace in their plane of
contact without slipping. It is made possible by shear
deformation of both bodies in the region of the inter-
face, which can support tractive forces.

CRITIC AL DAMPING

Amount of damping at which no oscillatory vibration
occurs &fter a spring-mass has been released from a non-

- equilibrium position.

CRITICAL HUNTING SPEED

Minimum speed at which violent trueck shimmy occurs.

CRITIC AL SPEED

Excitation forces applied to the vehicle are related to
forward speed. A critical speed is one at which a car-
truck dynamic resonance occurs.

-C-1



DAMPING COEFFICIENT

Number describing the energy-absorbing property of a
physical system.

DATA BASE

A collection of interrelated data stored together to
serve one or more applications; data are stored so that
they are independent of programs using the data, a
common and controlled approach to maintenance and
retrieval of data.

DEGREE OF FREEDOM
A single parameter or coordinate of choice with physical

objects, it implies the ability to displace along or about
one coordinate axis.

EIGENVALUE ANRALYSIS

A method used to prediet the natural frequencies of a
physical system, such as a truck, from the natural loads
of the system. Normally Eigenvalues are calculated
from a linear set of equations used to model the system.

ELEVATION

The higher position of one of the two rails.

FLAT SPOT

Loss of roundness of the tread of a railroad wheel,
caused by wheel sliding.

FLEXIBLE TRUCK

A truck in which the axles are allowed to displace
relative to the frame in the lateral and yaw degrees of
freedom, against elastic constraints, usuelly in the form
of elastomers.

FORC E-DISPLACEMENT CHARACTERISTICS

Graph describing the force necessary to reach/maintain
a specific amount of displacement.

FORCED FREQUENCY

Frequency imposed on the system by superimposed
forces (rail joints, ete).

FORCED RESPONSE

A term used to describe the response of a system due to
some external foreing funetion.

FRICTION PLATE

A removable plate to prevent wear on the main body of a
component.

FRICTION SNUBBER
A device built into the secondary suspension of a truck

to absorb energy. The standard designs rely on sliding
friction to dissipate energy.

FRICTION SNUBBER FORCE MEASUREMENT SYSTEM
(FSFMS)

Friction Snubber Force Measurement System is a device
for measuring the forces within a standard friction
snubber which was used during a TDOP Phase II field test
late in 1978.

GAGE OF THE TRACK

The distance between the rails measured from the inside
head of each rail at a right angle 5/8 inches below the
top of the rail. The standard for this dimension on North
American Railways is 4 feet, 8% inches.

GRADE

Part of roadbed with changing elevation.

GROSS WEIGHT

The total weight of a car, ineluding the lading.

" HARMONIC ROLL

C-2

Periodic angular displacement of the vehicle body about
its longitudinal axis, due to vertical track inputs close to
the natural frequency of the carbody on its suspension,
referred to as rock and roll.

HUNTING

Dynamic instability of sets of wheels or entire trucks
consisting of a lateral translation along the axle and
rotational vibration about a vertical axis.

HYSTERESIS

The dependence of the state of a system on its previous
history, generally in the form of a lagging of a physical
effect behind its cause.

INTERPOLATION

Derivation of function values at arguments not listed in
the look-up table.

ITERATIOR

Method of computation through refinements. The itera-
tion is called convergent if the sequence of computed
values is convergent. The first element of that sequence
is called initialization,

KINEMATICS

The branch of mechanics that deals with motion without
consideration of inertial forces.



KINEMATIC WAVELENGTH

The wavelength of the sinusoidal motion of a wheelset or
truck along the track when inertial forces are negligible.
KINETIC ENERGY

A moving body possesses an amount of energy equal to
the energy needed to bring it to rest. The energy of the
moving body is called kinetic energy. It is defined as
half the product of the mass (mass movement of inertia)
and the square of the velocity (angular velocity).
KINETIC FRICTION

Friction of motion, such as that between the brake shoe
and wheel (when the wheel is turning) or as between a
wheel and rail (during sliding or slipping). Kinetic
friction is always less than statie frietion.

LATERAL STABILITY

Refers to the stability of a truck in the lateral direction.
Trucks with a low degree of lateral stability tend to
oscillate or hunt as speed is increased below some
critical value. '

LATERAL VIBRATION

Pure side to side movement in the horizontal plane.

LIFECYCLE

The expected life of truck components over the life of a
freight ear.

LOAD EQUALIZATION

Ability of truek to maintain equal load distributions on

all four wheels while accomodating the full range of in-
service track geometry.

LOOK-UP TABLE

Values of a funetion at several arguments arranged in a
way that a computer can access it.

LOWER CENTER ROLL

Rotation of the carbody about a virtual longitudinal axis
below its center of gravity.

L/V RATIO

Defined as the ratio of the lateral force to the vertical
force of a car or locomotive wheel on a rail. It is an

important indicator of wheel climb, shifting of the track
structure, rail turnover, and/or derailments.

MODEL

A set of equations which may or may not include
nonlinearities used to simulate a physical system such as
a wheelset, a truck, or a complete car/truck system.

NATURAL FREQUENCY

The frequency at which the system tends to vibrate when
released after being displaced from neutral position.

OPERATIONAL CONDITIONS

Refers to the conditions or physical environment in
which a truck must operate. Typical operational condi-
tions inelude speed, track condition, and loading.

PARALLELOGRAMMING

Relative longitudinal displacement of truck side frames
whieh eauses the truck to go in and out of tram.

PARAMETER VARIATIONS

Refers to variations made on the parameters of a
mathematical model to study the effeet of component
changes, configuration changes, or operational environ-
ment changes. '

PERFORMANCE CRITERIA

The aspects of truck behavior considered desirable in
various performance regimes. Criteria may range from
the most general, such as safety from derailment or low
wear rates, to the specifie, such as lateral stability or a
curve negotiability.

PERFORMANCE INDEX

A measurable physical quantity characteristic of perfor-
mance in a particular regime. An example of a perfor-
mance index for hunting would be the critical speed, and
for curve negotiation, the lateral load on the outer
leading wheel of the truck. Each performance index
must be qualified by a statement of conditions for which
it applies, and which may affect its magnitude to varying
degrees.

PERFORMANCE REGIME

‘The characteristic way in which a railcar or truck -

responds to & combination of track and operating condi-
tions (such as speed). Inherent in this definition is a’
comparison with stable vehicle behavior on "ideal" tan-
gent track. Performance regimes selected for truck
characterization should be sufficiently distinet to permit
renking of truek performance on non-overlapping scales.
The four primary regimes chosen are lateral stability,
trackability, curve negotiation, and ride quality.



PITCH

Angular motion in the vertical plane about the axle
perpendicular to the direction of the track.

POWER SPECTRAL DENSITY (PSD)

This represents the distribution of energy in a vibrating
system under defined test conditions over the frequency
spectrum specified.

PRIMARY SUSPENSION

Suspension elements between the side frame and wheel-
sets. For freight car trucks, these usually take the form
of elastomeric pads.

RADIAL TRUCK

A truck in which the axles of the wheelsets are made to
assume an approximately radial orientation in a curve.
A radial truek is a special form of flexible truek in which
the wheelsets or side frames are connected by special
devices that determine the curving kinematics.

RECTIFIED SINE WAVE TRACK GEOMETRY

The shape of the vertical track deviations used to
analytically describe jointed rail. The joints correspond
to the low points of the rectified sine wave and the mid
points represent the peaks of the sine wave.

REGRESSION

A statistical procedure for fitting the coefficients of an
equation, usually based on minimizing the sum of the
squares of the errors between the observed and predicted
values of the equation.

RESONANCE

The condition at which foreing frequeney is equal to
natural frequency; this usually results in violent motion.

ROCK AND ROLL

An informal term for the excessive lateral rocking of
cars and locomotives, usually at low speeds and associ-
ated with jointed rail. The speed range at which this
eyclic phenomenon occurs is between 10 and 25 mph,
with the exact speed determined by sueh factors as the
wheel base, height of the center of gravity of each
individual car or engine, the spring dampening associated
with the suspension system of each vehicle, and the
relative difference in elevation between sueccessive
joints in jointed rail territory. In extreme cases, actual
wheel lift ecan occur which can result in derailments (see
also Harmonie Roll).

ROLL

Rotation of the carbody about a longitudinal axis through
the center of gravity.

C-4

ROLLABILITY
The relative resistance of the truck to longitudinal
motion,

SECONDARY SUSPENSION
Suspension elements between the truck bolster and side

frame. This is the prineipal means of isolating vibration
in a freight car truck.

SHIMMY

A synonym for hunting.

'SIDE BEARING

Bearings attached to the bolsters of a carbody, or truck,
on each side of the center plate to prevent excessive
rocking. The upper, or body side bearing, and the lower,
or truck side bearing, are sometimes merely large flat
surfaces. Other types of side bearings employ rollers,
springs, and friction elements to maintain econstant con-
tact and control relative movement between body and
truck.

-SIDE FRAME

The frame which forms the side of a carbody or a truck.
It includes the column braces, plate, ete., for the car-
body; and the side member of a truck frame.

SILL (CAR)

The main longitudinal members of a car underframe
which are connected transversely by the end sills, body
bolsters, and cross ties. Sills are divided into side sills,
intermediate sills, and center sills.

SIMULATION PROGRAM

A computer code which implements a mathematical
model.

SNUBBERS

Damping devices which are used to attenuate oscillations
of a car or truck. They may be similar to hydraulie
shoek absorbers. Friction devices are commonly used in
rail vehicles,

SPRING GROUP

A helical car spring assembly formed of a number of
separate springs (single or nested) and united by a
common pair of spring plates.

SUPERELEVATION

The vertical distance between the heights of inner and
outer edges of railroad rails.



SWING BOLSTER

A truck bolster which is suspended by hangers or links so

that it can swing laterally in relation to the truck. The
object of providing this swinging motion to the bolster is
to prevent, as much as possible, lateral blows and shocks
from being communicated to the ecarbody, and, vice
versa, to prevent the momentum of the carbody from
acting with its full force on the truck frame and wheel

flanges.

SWING HANGER

Bars or links, attached at their upper ends to the frame
of a swing motion truck, and carrying the spring plank at
their lower ends. Also called bolster hanger.

SWING MOTION

A term applied to an arrangement of hangers or transom
for the springs and truck bolster which enables a car
body to swing laterally on the truck.

SWIVELING

Angular oscillation about an axis; a symmetry, usually
applied to truck action when the bolster oscillates
around the center pin.

THROAT (CAR WHEEL)

The curved transition between the wheel tread and
flange. .
TRACKABILITY

Refers to the ability of a truck to maintain equal wheel

loads under all extremes of operating conditions.

TRACK-TRAIN DYNAMICS

bearing locations. When, in a four-wheel truck, the two
dxagonal measurements are equal the truck is smd to be
in tram.

_ TRANSMISSIBILITY RATIOS

A frequehcy-dependent function of amplitude ratios

called a transfer function, or a sequence of root mean
square ratios of output to input over selected frequeney
bands.

TRUCK CENTER
The center point of a truck. The distance between truck

centers is that distance as measured from one truck
center to the other truck center on a single car.’

" TRUCK CLASSIFICATIONS

A term used to describe the dynamic motion and the -

resulting dynamic forces that result from the interaction
of the vehicles coupled into a train interacting with the
track, under given climatic conditions, train handling,
train makeup, grades, curvature, and operating policies.

TRACK-TRAIN ENVIRONMENT

All the conditions which affect” the track and/or the
train, such as grades, curvature, locomotive and car
characteristies, train handling, ete.

TRACK TWIST

Refers to cross-level variations which occur w1thm the
wheelbase of the truck.

TRAM

This term applies to the diagonal measurement of axle

TYPE I: GENERAL PURPOSE DESIGN
(STANDARD THREE-PIECE)

This design is interchangeable with existing trucks
so as to preserve the present truck coupler height,
support the ecarbody on center plates, utilize air
brakes which are compatible with existing systems,
accept standard wheelsets and journal bearings, and
whose components meet applicable Assoeciation of
American Railroads (AAR) requirements.

TYPE II: SPECIAL PURPOSE DEIGN
. (PREMIUM)

This design utilizes current wheelset and journal

. bearing assemblies, is compatible with existing air
brake systems, and preserves car coupler height.
The Type II truck may employ mechanisms other
than center plate and side bearings for support and
stabilization of the carbody.

TRUCK WHEEL BASE

The horizontal distance between the centers of . the first
and last axles of a truck.

UNDULATING GRADE

A track profile with grade. changes so often that an

. average train passing over the track has some cars on

three or more alternating ascending and descending
grades. The train slack is always tending to adjust as

- cars on descending grades tend to roll faster than those

C-b

on ascending grades.

UPPER CENTER ROLL

Rotation of the carbody about a longltudmal axis above
its center of gravity.

VERTICAL VIBRATION

Pure up and down motion often described as bounce.



VIBRATION TEST UNIT (VTU)

One of the test machines located in the Rail Dynamics -

Laboratory, Pueblo, Colorado. This machine can provide
both vertical and lateral excitation at both ends of a
fully loaded railcar. The VTU will be used for com-
ponent and system testing during TDOP Phase II.

WEAR PLATE

Renewable, wear-resistant, hardened steel plate which
may be applied to center plates, side bearing pads, draft
gear housings, ete.

WHEEL

The flanged rolling element which carries the weight and
provides guidance for rail vehicles. It also serves as the
brake drum for tread-braked equipment. Major classifi-
cations are "forged" (wrought) and "cast" steel wheels.

WHEEL C LIMB

This term applies to the condition where the lateral
(axial) force between the wheel flange and rail head is
great enough so that the resulting frietion force causes
the wheel flange to climb up on the rail.

WHEEL CONKCITY

The slope of the wheel tread at the point of wheel/rail
contact. Wheel conicity is used in linearized models to
.determine the change of rolling radius and the restoring
foree resulting from the particular wheel/rail contact.

WHEEL FLANGE

The projecting edge or rim on the periphery of a car
wheel for keeping it on the rail.

WHEEL LIFT

This term applies to the lifting of a lightly loaded wheel
due to the moment resulting from the high vertical force
on the opposite béaring. Such forces are encountered
when rail vehicles are operated at speeds too great for
the existing superelevation on a.curve, from very slow
speed operation on a high superelevation curve, from
high draft (or buff) foreces on a curve, or from harmon-
ious rocking of a car on rough track.

WHEEL PLATE

The part of a disc car wheel which connects the rim and
the hub., It occupies the place and fulfills the same
purpose as the spokes do in an open or spoke wheel.

WHEEL SLIDING

The situation where the wheel is rotating slower than
longitudinal movement would dictate, and adhesion is
lost.

WHEEL SLIPPING

The situation where the wheel rotates faster than longi- -
"tudinal movement would dictate, and adhesion is lost.

WHEEL TREAD

The exterior eylindrical surface of a wheel which bears
on the rails.

WHEEL UNLOADING

Reduetjon of vertical wheel reaction on the rail.

YAW

Angular motion in the horizontal plane about a vertical
axis.

C-8
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	The purpose of this report is to document the Analysis Plan that will be followed to provide the analytical support for the Truck Design Optimization Project (TDOP), Phase n. The overall objective of TDOP is the characterization and specification of Type I (standard) and Type n (premium) freight car trucks. The characterization will permit relationships to be drawn between truck parameter variations and truck performance.
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	The analytical support for TDOP Phase n is divided into these principal areas:
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	• Definition of analytical tool validation criteria.
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	The Analysis Plan addresses the first and second items above while the specifics of the latter three areas are addressed in two companion documents, "The Analytical Tool Assessment Report" and "The Analytical Tool Validation Report."
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	In evaluating Type I and Type II trucks, four performance regimes have been identified. These four regimes are: lateral stability, trackability, curve negotiation, and ride quality. Each of these regimes relates to aspects of truck performance which directly affect the safety or effectiveness of rail freight systems. Taken collectively, the four performance regimes permit a balanced evaluation of the performance of a given truck.
	In evaluating Type I and Type II trucks, four performance regimes have been identified. These four regimes are: lateral stability, trackability, curve negotiation, and ride quality. Each of these regimes relates to aspects of truck performance which directly affect the safety or effectiveness of rail freight systems. Taken collectively, the four performance regimes permit a balanced evaluation of the performance of a given truck.

	Analysis in the lateral stability regime will define the hunting characteristics of a truck. Field test data will be used to investigate the influence of operational and environmental factors on truck hunting. In addition, linear and nonlinear modeling techniques will be employed to predict the sensitivity of a truck to parameter variations as well as the wear rate of its key components.
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	Analysis in the regime of trackability (the ability of the truck to maintain adequate loads for guidance on all wheels for all extremes of in-service operation) will include a track twist load equalization evaluation and a harmonic roll and bounce analysis on standard and premium trucks. Track twist will rely mostly on test and survey data obtained during Phase n field testing of Type I and II trucks and data acquired from the Rail Dynamics Laboratory. In contrast, harmonic roll and bounce analysis will dep
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	Curve negotiation regime studies will evaluate Type I and II truck designs with respect to a curving performance index which characterizes the severity of lateral wheel/rail loading during curving. Steady state models will be used to compare trucks on the basis of wheel wear, fuel consumption, and rail wear in curves. Time domain models will be used to analyze derailment potential and curve entry wear. Finally, the ride quality regime will deal with the normal dynamics of the freight car. Its primary object
	Curve negotiation regime studies will evaluate Type I and II truck designs with respect to a curving performance index which characterizes the severity of lateral wheel/rail loading during curving. Steady state models will be used to compare trucks on the basis of wheel wear, fuel consumption, and rail wear in curves. Time domain models will be used to analyze derailment potential and curve entry wear. Finally, the ride quality regime will deal with the normal dynamics of the freight car. Its primary object

	The report consists of three sections and several appendices. Sections 1 and 2 provide an introduction and overview of the objectives of the TDOP Analysis Plan as well as a more detailed discussion of the performance regimes chosen. Section 3 constitutes the main body of the report. It is organized according to the four performance regimes discussed above. The discussions pertaining to each performance regime deal with the performance indices, analysis requirements, test data utilization, model utilization,
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	As an objective of the TDOP Phase n effort, analytical studies will be conducted to evaluate and characterize the performance of Type I (standard) and Type n (pre­mium) freight car truck configurations. These studies will also investigate the relationship between truck para­meter variations and performance capabilities.
	As an objective of the TDOP Phase n effort, analytical studies will be conducted to evaluate and characterize the performance of Type I (standard) and Type n (pre­mium) freight car truck configurations. These studies will also investigate the relationship between truck para­meter variations and performance capabilities.

	Both field test data and simulation models will be used to define performance boundaries for Type I and Type n freight car truck configurations. The analysis effort and the field testing task have been designed to complement each other in meeting the project objective. The engi­neering interpretation of the data will serve as a signif­icant input into the economic cost/benefit trade-off studies. This Analysis Plan describes the work which will be performed in the TDOP Phase n analytical tasks.
	Both field test data and simulation models will be used to define performance boundaries for Type I and Type n freight car truck configurations. The analysis effort and the field testing task have been designed to complement each other in meeting the project objective. The engi­neering interpretation of the data will serve as a signif­icant input into the economic cost/benefit trade-off studies. This Analysis Plan describes the work which will be performed in the TDOP Phase n analytical tasks.

	The Analysis Plan provides an overview for two comple­mentary documents which further define the analysis tasks. The first of the two complementary documents is FRA Report No. FRA/ORD-79/36, the "Analytical Tool Assessment Report," which reviews the capabilities of existing car/truck simulation programs with respect to requirements set forth in the Analysis Plan. The second document is FRA Report No. FRA/ORD-79/40, the "Analytical Tool Validation Report," which defines quan­titative validation requirements 
	The Analysis Plan provides an overview for two comple­mentary documents which further define the analysis tasks. The first of the two complementary documents is FRA Report No. FRA/ORD-79/36, the "Analytical Tool Assessment Report," which reviews the capabilities of existing car/truck simulation programs with respect to requirements set forth in the Analysis Plan. The second document is FRA Report No. FRA/ORD-79/40, the "Analytical Tool Validation Report," which defines quan­titative validation requirements 

	The purpose of, the Analysis Plan is to define the procedures by which the following three main objectives will be met.
	The purpose of, the Analysis Plan is to define the procedures by which the following three main objectives will be met.

	• To establish the relationships between truck parameter variations and truck performance indices for both Type I and Type II trucks. Model and test data utilization will be defined for each performance regime.
	• To establish the relationships between truck parameter variations and truck performance indices for both Type I and Type II trucks. Model and test data utilization will be defined for each performance regime.

	• To determine the analysis requirements needed to extend and extrapolate the field test data for both Type I and Type n trucks.
	• To determine the analysis requirements needed to extend and extrapolate the field test data for both Type I and Type n trucks.

	• To establish model application requirements which will provide a framework for the model validation criteria.
	• To establish model application requirements which will provide a framework for the model validation criteria.
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	The discussion and analysis of truck performance has been divided into the following performance regimes (reference 1).
	The discussion and analysis of truck performance has been divided into the following performance regimes (reference 1).

	• Lateral stability
	• Lateral stability

	• Trackability, with the following subset regimes:
	• Trackability, with the following subset regimes:

	- Track twist
	- Track twist

	- Curve entry and exit
	- Curve entry and exit

	- Harmonic roll and bounce
	- Harmonic roll and bounce

	• Curve negotiation
	• Curve negotiation

	• Ride quality
	• Ride quality


	Each of these regimes identifies an aspect of truck performance which significantly influences the opera­tional safety or effectiveness of freight systems. Eval­uating trucks with respect to these four regimes then leads to a balanced assessment of overall truck perfor­mance.
	Each of these regimes identifies an aspect of truck performance which significantly influences the opera­tional safety or effectiveness of freight systems. Eval­uating trucks with respect to these four regimes then leads to a balanced assessment of overall truck perfor­mance.
	Each of these regimes identifies an aspect of truck performance which significantly influences the opera­tional safety or effectiveness of freight systems. Eval­uating trucks with respect to these four regimes then leads to a balanced assessment of overall truck perfor­mance.

	2.1 LATERAL STABILITY
	2.1 LATERAL STABILITY

	Lateral stability is the term used to describe the capa­bility of a truck to inhibit self-induced lateral and yaw oscillations known as hunting. Hunting may be exhibited either by the truck alone, or by more complex inter­actions involving both trucks and carbody. Hunting is a safety as well as operational problem. High speed derailments, gage widening, and accelerated component and track wear are known to result from the hunting phenomenon. Finally, some lading damage may result from hunting in lightly loa
	Lateral stability is the term used to describe the capa­bility of a truck to inhibit self-induced lateral and yaw oscillations known as hunting. Hunting may be exhibited either by the truck alone, or by more complex inter­actions involving both trucks and carbody. Hunting is a safety as well as operational problem. High speed derailments, gage widening, and accelerated component and track wear are known to result from the hunting phenomenon. Finally, some lading damage may result from hunting in lightly loa

	2.2 TRACKABILITY
	2.2 TRACKABILITY

	Trackability is the ability of the truck to maintain sufficient loads on all wheels to allow the development of guidance forces which prevent derailment for all extremes of in-service track geometry. The trackability regime includes as subsets the ability of the truck to accommodate: (1) track twist, (2) curve entry and exit dynamics, and (3) harmonic roll and bounce dynamics.
	Trackability is the ability of the truck to maintain sufficient loads on all wheels to allow the development of guidance forces which prevent derailment for all extremes of in-service track geometry. The trackability regime includes as subsets the ability of the truck to accommodate: (1) track twist, (2) curve entry and exit dynamics, and (3) harmonic roll and bounce dynamics.

	The ability of the truck to accommodate track twist refers to the maintenance of adequate wheel loads in the presence of cross level variations occurring within the wheelbase of the truck. This ability is important for successful negotiation of low sidings and extremely poor track in switch yards.
	The ability of the truck to accommodate track twist refers to the maintenance of adequate wheel loads in the presence of cross level variations occurring within the wheelbase of the truck. This ability is important for successful negotiation of low sidings and extremely poor track in switch yards.

	During curve entry and exit, the car and truck exper­ience forces and motions which can impart extreme dynamic response to the carbody and truck. Excessive harmonic roll and flange contact can occur, resulting in wheel unloading and wheel climb in extreme situations. The truck must be able to maintain a smooth transition from the tangent to the curved track for a wide range of operating conditions and environmental factors.
	During curve entry and exit, the car and truck exper­ience forces and motions which can impart extreme dynamic response to the carbody and truck. Excessive harmonic roll and flange contact can occur, resulting in wheel unloading and wheel climb in extreme situations. The truck must be able to maintain a smooth transition from the tangent to the curved track for a wide range of operating conditions and environmental factors.

	Harmonic roll is a forced response resonance problem with the carbody responding with large amplitude, low center roll motions. The resonance problem is normally encountered on jointed rail track while traveling at speeds in the 10 to 20 mph range. Excessive carbody roll can result in side bearing contact, bottoming of the main suspensions springs and, ultimately, wheel liftoff and complete car rollover. The primary concern of the harmonic roll problem is one of safety although com­ponent deterioration, suc
	Harmonic roll is a forced response resonance problem with the carbody responding with large amplitude, low center roll motions. The resonance problem is normally encountered on jointed rail track while traveling at speeds in the 10 to 20 mph range. Excessive carbody roll can result in side bearing contact, bottoming of the main suspensions springs and, ultimately, wheel liftoff and complete car rollover. The primary concern of the harmonic roll problem is one of safety although com­ponent deterioration, suc

	Bounce dynamics include carbody vertical and pitch motions. Bounce resonances are particularly a problem with shorter cars (around 20 ft in length). Car lengths that do not correspond to the rail length receive vertical and pitch as well as roll excitation. Bounce oceurs at a higher speed than harmonic roll since the carbody pitch is a higher frequency mode than the roll mode (typically 3 to 5 Hz versus 0.7 to 1.8 Hz). At speeds around 40 to 65 mph, the vertical excitation from the half staggered rail corre
	Bounce dynamics include carbody vertical and pitch motions. Bounce resonances are particularly a problem with shorter cars (around 20 ft in length). Car lengths that do not correspond to the rail length receive vertical and pitch as well as roll excitation. Bounce oceurs at a higher speed than harmonic roll since the carbody pitch is a higher frequency mode than the roll mode (typically 3 to 5 Hz versus 0.7 to 1.8 Hz). At speeds around 40 to 65 mph, the vertical excitation from the half staggered rail corre


	This performance regime considers the steady state curve negotiation capabilities of the truck. The ability of the truck to provide steering in curves while mini­mizing flange contact and sliding under a variety of operational conditions will be evaluated within this regime. The primary economic impact of poor steady state curving performance is wheel and rail wear and increased fuel consumption.
	This performance regime considers the steady state curve negotiation capabilities of the truck. The ability of the truck to provide steering in curves while mini­mizing flange contact and sliding under a variety of operational conditions will be evaluated within this regime. The primary economic impact of poor steady state curving performance is wheel and rail wear and increased fuel consumption.
	This performance regime considers the steady state curve negotiation capabilities of the truck. The ability of the truck to provide steering in curves while mini­mizing flange contact and sliding under a variety of operational conditions will be evaluated within this regime. The primary economic impact of poor steady state curving performance is wheel and rail wear and increased fuel consumption.

	2.4 RIDE QUALITY
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	The ride quality regime includes all non-extreme car/ truck dynamics. The truck dynamics during normal operation with the truck and earbody responding to track inputs with no abnormal or extreme motions (e.g., hunting, harmonic roll, or bounce) will be studied within the ride quality regime. The ride quality regime is essentially the study of freight car and truck forced response to random inputs. Motions resulting from system resonances, such as harmonic roll and hunting, are addressed in the other regimes
	The ride quality regime includes all non-extreme car/ truck dynamics. The truck dynamics during normal operation with the truck and earbody responding to track inputs with no abnormal or extreme motions (e.g., hunting, harmonic roll, or bounce) will be studied within the ride quality regime. The ride quality regime is essentially the study of freight car and truck forced response to random inputs. Motions resulting from system resonances, such as harmonic roll and hunting, are addressed in the other regimes
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	In this section, a plan is presented for each of the four regimes. Each regime analysis plan contains the following:
	In this section, a plan is presented for each of the four regimes. Each regime analysis plan contains the following:

	Performance indices Analysis requirements Test data utilization Model utilization Summary
	Performance indices Analysis requirements Test data utilization Model utilization Summary

	The performance indices, which are measureable quan­tities typical of the various regimes, are as defined in the TDOP Phase n Introductory Report (FRA Report No. FRA/ORD-78/53). Under the analysis requirements sec­tion, the problem is defined and the scope of analysis effort established. Test data from both Phase I and II will be used to investigate the actual car/truck dynamics and to validate models. The test data will also be used to quantify response levels within each regime. Next, the analytical tool 
	The performance indices, which are measureable quan­tities typical of the various regimes, are as defined in the TDOP Phase n Introductory Report (FRA Report No. FRA/ORD-78/53). Under the analysis requirements sec­tion, the problem is defined and the scope of analysis effort established. Test data from both Phase I and II will be used to investigate the actual car/truck dynamics and to validate models. The test data will also be used to quantify response levels within each regime. Next, the analytical tool 

	Section 3 is divided into four major parts. Section 3.1 covers lateral stability. Section 3.2 discusses the static and quasi-static aspects of trackability which include load equalization in the presence of track twist and harmonic roll and bounce. The analysis of curve entry and exit dynamics, although a subset of the trackability regime, is included under curve negotiation, Section 3.3. The final Section, 3.4, covers ride quality.
	Section 3 is divided into four major parts. Section 3.1 covers lateral stability. Section 3.2 discusses the static and quasi-static aspects of trackability which include load equalization in the presence of track twist and harmonic roll and bounce. The analysis of curve entry and exit dynamics, although a subset of the trackability regime, is included under curve negotiation, Section 3.3. The final Section, 3.4, covers ride quality.


	The lateral stability regime treats the tendency of the truck to exhibit self-excited lateral and yaw oscillations, commonly called hunting. Hunting is generally observed when operating at higher speeds on tangent track. The flow diagram shown in Figure 3-1 illustrates the lateral stability analysis tasks that will be performed (discussed in detail in the following paragraph). This flow diagram also includes the model validation effort which will be undertaken prior to using the simulation programs.
	The lateral stability regime treats the tendency of the truck to exhibit self-excited lateral and yaw oscillations, commonly called hunting. Hunting is generally observed when operating at higher speeds on tangent track. The flow diagram shown in Figure 3-1 illustrates the lateral stability analysis tasks that will be performed (discussed in detail in the following paragraph). This flow diagram also includes the model validation effort which will be undertaken prior to using the simulation programs.
	The lateral stability regime treats the tendency of the truck to exhibit self-excited lateral and yaw oscillations, commonly called hunting. Hunting is generally observed when operating at higher speeds on tangent track. The flow diagram shown in Figure 3-1 illustrates the lateral stability analysis tasks that will be performed (discussed in detail in the following paragraph). This flow diagram also includes the model validation effort which will be undertaken prior to using the simulation programs.


	The primary hunting performance indices are critical speed and lateral acceleration. Critical speed for a car/truck/lading configuration is the speed at which large amplitude hunting motion starts. Use of critical speed is somewhat complicated by the fact that no simple stability boundary exists for in-service car/truck configurations (reference 2). The tendency of a truck to hunt is strongly influenced by environmental factors, such as rail contamination and track geometry. A given truck may hunt, or not h
	The primary hunting performance indices are critical speed and lateral acceleration. Critical speed for a car/truck/lading configuration is the speed at which large amplitude hunting motion starts. Use of critical speed is somewhat complicated by the fact that no simple stability boundary exists for in-service car/truck configurations (reference 2). The tendency of a truck to hunt is strongly influenced by environmental factors, such as rail contamination and track geometry. A given truck may hunt, or not h
	The primary hunting performance indices are critical speed and lateral acceleration. Critical speed for a car/truck/lading configuration is the speed at which large amplitude hunting motion starts. Use of critical speed is somewhat complicated by the fact that no simple stability boundary exists for in-service car/truck configurations (reference 2). The tendency of a truck to hunt is strongly influenced by environmental factors, such as rail contamination and track geometry. A given truck may hunt, or not h

	Each freight car truck has a basic kinematic wavelength at which it tends to oscillate laterally while traveling over tangent track. As speed is increased, the frequency of the lateral motion increases. Lateral accelerations characterize and allow comparison of the magnitude of these kinematic motions for various truck configurations and parameter variations. The lateral accelerations will also aid in determining the relative motion of the truck components for use in estimating wear.
	Each freight car truck has a basic kinematic wavelength at which it tends to oscillate laterally while traveling over tangent track. As speed is increased, the frequency of the lateral motion increases. Lateral accelerations characterize and allow comparison of the magnitude of these kinematic motions for various truck configurations and parameter variations. The lateral accelerations will also aid in determining the relative motion of the truck components for use in estimating wear.

	Table 3-1 summarizes the performance criteria, per­formance indices, and economic impacts for the lateral stability regime. Detailed discussion of these items may be found in the TDOP Phase n Introductory Report (reference 1).
	Table 3-1 summarizes the performance criteria, per­formance indices, and economic impacts for the lateral stability regime. Detailed discussion of these items may be found in the TDOP Phase n Introductory Report (reference 1).

	3.1.2 Analysis Requirements
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	Sustained limit cycle hunting motions can result in component deterioration through wear and fatigue as well as unsafe operation due to potential derailment. Test data will be used for both model validation and for quantifying in-service response levels. The influence of operating conditions and truck parameter variations on truck performance will be investigated.
	Sustained limit cycle hunting motions can result in component deterioration through wear and fatigue as well as unsafe operation due to potential derailment. Test data will be used for both model validation and for quantifying in-service response levels. The influence of operating conditions and truck parameter variations on truck performance will be investigated.

	Critical speed is of primary importance in characterizing truck performance. Ideally the critical speed is higher than the operating speed range expected for the truck. The effects of truck parameter variations and operating conditions on critical speed are important considerations in designing trucks and in matching trucks to carbodies for particular service conditions.
	Critical speed is of primary importance in characterizing truck performance. Ideally the critical speed is higher than the operating speed range expected for the truck. The effects of truck parameter variations and operating conditions on critical speed are important considerations in designing trucks and in matching trucks to carbodies for particular service conditions.

	In analyzing the lateral stability regime, the following operational conditions will be varied in the model:
	In analyzing the lateral stability regime, the following operational conditions will be varied in the model:

	Speed
	Speed

	Carbody loading (empty cars are normally the
	Carbody loading (empty cars are normally the

	worst hunters)
	worst hunters)
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	Any acceptable truck design should be able to maintain stable operation at a given maximum speed over the normal operating range of these variables. These oper­ating variables will form the standard set of operating conditions against which the car/truck stability will be evaluated.
	Any acceptable truck design should be able to maintain stable operation at a given maximum speed over the normal operating range of these variables. These oper­ating variables will form the standard set of operating conditions against which the car/truck stability will be evaluated.
	Any acceptable truck design should be able to maintain stable operation at a given maximum speed over the normal operating range of these variables. These oper­ating variables will form the standard set of operating conditions against which the car/truck stability will be evaluated.

	In addition, the following truck parameters will be studied:
	In addition, the following truck parameters will be studied:

	Yaw stiffness
	Yaw stiffness


	Primary suspension parameters between the side frame and wheelset
	Primary suspension parameters between the side frame and wheelset
	Primary suspension parameters between the side frame and wheelset

	Secondary suspension (consisting of the main suspension springs and damping mechanism between the side frame and truck bolster)
	Secondary suspension (consisting of the main suspension springs and damping mechanism between the side frame and truck bolster)

	Wheel profiles
	Wheel profiles

	Truck kinematics (including the effects of wear and tolerance build-up)
	Truck kinematics (including the effects of wear and tolerance build-up)
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	During TDOP Phase I, a large number of high speed tests were run for various freight car configurations. These high speed test runs consisted of dwells of approximately 60 seconds duration at six different speeds: 30, 40, 50, 60, 70, and 79 mph. The car and truck configurations tested are shown in Table 3-2. The tests were performed on 70 and 100-ton Type I trucks manufactured by American Steel Foundries (ASF), and Standard Car Truck Company (Barber). The variations in the track type, wheel profiles, and la
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	Of the 30 variations in test configuration, 17 have been chosen for data reduction and analysis during Phase n. The Phase I test data to be reduced and analyzed are indicated by the shadowed boxes in Table 3-2. The major portion of the tests for which the data is to be reduced are those performed on jointed rail. Emphasis has been placed on the jointed rail tests because the tendency of a
	Of the 30 variations in test configuration, 17 have been chosen for data reduction and analysis during Phase n. The Phase I test data to be reduced and analyzed are indicated by the shadowed boxes in Table 3-2. The major portion of the tests for which the data is to be reduced are those performed on jointed rail. Emphasis has been placed on the jointed rail tests because the tendency of a


	truck configuration to hunt will be more easily identified on the rougher track. Once a "hunter" has been found on the jointed rail, the corresponding run on continuous welded rail (CWR) track can then be analyzed. Limiting the initial data reduction to the jointed rail tests permits a systematic means of bounding the data reduction and analysis problem to a manageable size.
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	The instrumentation used in the Phase I tests is shown in Figures 3-2a and 3-2b. Both the truck and carbody instrumentation are of interest for lateral stability characteristics. The mode of hunting experienced most frequently by freight trucks is one which is coupled closely with the carbody dynamics and as a result, is often referred to as "body hunting." Distinct carbody modes will be associated with each phase of the hunting motion as the test vehicle speed is increased. Preli­minary data reduction of P
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	The data reduction will be performed in two phases. The first phase will be a preliminary preview of the data to verify that all channels of interest were operational during the test run and that the data appear to be valid. This preview will be performed with the time domain plots of the data over the total time period of the test.
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	An example of a preview plot is shown in Figure 3-3. The time period of this plot covers the total 520 seconds of the high speed test run. The channels displayed are the lateral accelerations on the front and rear carbody over the center plate and the test vehicle speed. Note that this plot displays the front and rear truck difference in hunting speed discussed previously.
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	Figure 3-3. Example of a Preview Plot from a Phase I High Speed (30 to 79 mph) Test Run (This particular plot shows the front truck hunting at a lower speed than the rear truck.)
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	Use of carbody lateral acceleration measurements has been found to be a good indication of hunting. Measure­ments from the lateral accelerometers on the axles can also be used to obtain a hunting indication but these measurements contain a higher random response acceler­ation level and do not distinguish between the hunting and nonhunting states as clearly.
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	bility distribution functions indicate what percentage of the time a signal is above or below a given level. The exceedance probability distribution of the absolute value of the data with the mean removed allows one to directly read from the plot of the function the proba­bility that a signal is within the interval from -x to +x.
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	In addition to the test data available from Phase I, testing of Type I and Type H trucks will be performed during Phase II. The instrumentation chosen for the Phase n testing was designed to provide the needed information for each regime. Table 3-3 lists the instru­mentation which provides information on the lateral stability of the truck. A complete list of instru­
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	As part of the analysis task, simulation programs which had potential application to the Truck Design Optimi­zation Project were assessed. The results of that task as related to lateral stability are shown in Table 3-4. Of the programs having potential application to the lateral stability regime, two have been chosen for primary use: the 17 Degree of Freedom (dof) Eigenvalue Model and the HUNTCT Model.
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	these two programs provide complementary analysis capabilities in the frequency and time domain. The 17 dof Eigenvalue program uses a linearized model of a carbody on two trucks. The program uses matrix inver­sion techniques to predict the critical speed, frequency, and shape Of all modes including any unstable modes. The AAR Freight Car Hunting Model is another linear frequency domain model using 25 dof. It has also been identified in the model assessment exercise as an alter­native to the 17 dof Eigenvalu
	these two programs provide complementary analysis capabilities in the frequency and time domain. The 17 dof Eigenvalue program uses a linearized model of a carbody on two trucks. The program uses matrix inver­sion techniques to predict the critical speed, frequency, and shape Of all modes including any unstable modes. The AAR Freight Car Hunting Model is another linear frequency domain model using 25 dof. It has also been identified in the model assessment exercise as an alter­native to the 17 dof Eigenvalu


	It should be emphasized that the successful application of these models is dependent on the results of the validation exercises. None of the programs identified during the analytical tool assessments have had any significant amount of validation effort. HUNTCT, a Wyle-developed program, has been successfuUy com­pared with TDOP Phase I data in a limited number of cases. The data reduction previously discussed wiU provide the data against which the validation of both programs will be performed.
	It should be emphasized that the successful application of these models is dependent on the results of the validation exercises. None of the programs identified during the analytical tool assessments have had any significant amount of validation effort. HUNTCT, a Wyle-developed program, has been successfuUy com­pared with TDOP Phase I data in a limited number of cases. The data reduction previously discussed wiU provide the data against which the validation of both programs will be performed.
	It should be emphasized that the successful application of these models is dependent on the results of the validation exercises. None of the programs identified during the analytical tool assessments have had any significant amount of validation effort. HUNTCT, a Wyle-developed program, has been successfuUy com­pared with TDOP Phase I data in a limited number of cases. The data reduction previously discussed wiU provide the data against which the validation of both programs will be performed.

	Validation of the 17 dof Eigenvalue Model will focus on the prediction of the critical speed and the frequency of hunting as well as the reasonableness of the shapes of the unstable modes. TDOP Phase I data will be the primary source of validation data.
	Validation of the 17 dof Eigenvalue Model will focus on the prediction of the critical speed and the frequency of hunting as well as the reasonableness of the shapes of the unstable modes. TDOP Phase I data will be the primary source of validation data.

	Validation of HUNTCT is a more involved process. HUNTCT is a nonlinear, time domain model which has the potential for providing quantitative response data similar to that obtained from actual field tests. Com­plete validation of this model requires that truck and carbody responses be reproduced within a given toler­ance over the speed range of interest, 30 to 79 mph.
	Validation of HUNTCT is a more involved process. HUNTCT is a nonlinear, time domain model which has the potential for providing quantitative response data similar to that obtained from actual field tests. Com­plete validation of this model requires that truck and carbody responses be reproduced within a given toler­ance over the speed range of interest, 30 to 79 mph.
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	The exact validation critieria as well as the tolerances on the acceptable validation critieria are the topic of the Analytical Tool Validation Report.
	The exact validation critieria as well as the tolerances on the acceptable validation critieria are the topic of the Analytical Tool Validation Report.
	The exact validation critieria as well as the tolerances on the acceptable validation critieria are the topic of the Analytical Tool Validation Report.

	The items below summarize the quantities which are of primary interest from each of the programs.
	The items below summarize the quantities which are of primary interest from each of the programs.

	Frequency Domain Stability Analysis
	Frequency Domain Stability Analysis

	Program
	Program

	17 dof Eigenvalue Output
	17 dof Eigenvalue Output

	Critical speed
	Critical speed

	Frequency at the critical speed
	Frequency at the critical speed

	Shape of the unstable mode
	Shape of the unstable mode

	Time Domain Analysis
	Time Domain Analysis

	Program - HUNTCT
	Program - HUNTCT

	Output
	Output

	Truck and carbody response as a function of speed
	Truck and carbody response as a function of speed

	Truck lateral acceleration
	Truck lateral acceleration

	Truck yaw acceleration
	Truck yaw acceleration

	Carbody accelerations: lateral, vertical,
	Carbody accelerations: lateral, vertical,

	pitch, yaw, roll
	pitch, yaw, roll

	The extent to which the simulation results can be used depends upon the results of the data reduction which will be performed prior to any extensive application of the models. Model use will be designed'to supplement voids left by the test data and to investigate and understand the dynamics that occurred during the field testing. The analysis effort using the simulations will support both the engineering and the economics tasks. The engi­neering task support will be primarily in developing performance speci
	The extent to which the simulation results can be used depends upon the results of the data reduction which will be performed prior to any extensive application of the models. Model use will be designed'to supplement voids left by the test data and to investigate and understand the dynamics that occurred during the field testing. The analysis effort using the simulations will support both the engineering and the economics tasks. The engi­neering task support will be primarily in developing performance speci

	3.1.4.1 Potential Simulation Problem Areas. Two pro­blems have been identified which limit the usefulness of the Phase I data in recreating the track geometry excitation experienced by the test vehicle: (1) false
	3.1.4.1 Potential Simulation Problem Areas. Two pro­blems have been identified which limit the usefulness of the Phase I data in recreating the track geometry excitation experienced by the test vehicle: (1) false

	automatic location detector (ALD) signals exist on both the test data recordings and on the track geometry recordings; and (2) no alignment data for either the right or left profile is included in the track geometry meas­urements on the tapes obtained from NTIS.
	automatic location detector (ALD) signals exist on both the test data recordings and on the track geometry recordings; and (2) no alignment data for either the right or left profile is included in the track geometry meas­urements on the tapes obtained from NTIS.

	The first of the problems, the false ALD signals, pre­vents the input, the track geometry recordings, from being correlated in time with the output, the truck and carbody responses. For time domain simulations such as HUNTCT, the problem means that time histories of responses between model and test cannot be compared. With proper track alignment data, model and test results could still be compared in the frequency domain and in
	The first of the problems, the false ALD signals, pre­vents the input, the track geometry recordings, from being correlated in time with the output, the truck and carbody responses. For time domain simulations such as HUNTCT, the problem means that time histories of responses between model and test cannot be compared. With proper track alignment data, model and test results could still be compared in the frequency domain and in


	terms of various statistical measures; however, the Phase I track geometry recordings do not include this fundamental lateral stability input. Comparisons between the time domain model and the Phase I tests can only be done by making an assumption about the track alignment. It is proposed to substitute Phase II track geometry data which will include track alignment. The assumption is that the power spectra between the Southern Pacific test track during Phase I and the Union Pacific test track for Phase II w
	terms of various statistical measures; however, the Phase I track geometry recordings do not include this fundamental lateral stability input. Comparisons between the time domain model and the Phase I tests can only be done by making an assumption about the track alignment. It is proposed to substitute Phase II track geometry data which will include track alignment. The assumption is that the power spectra between the Southern Pacific test track during Phase I and the Union Pacific test track for Phase II w
	terms of various statistical measures; however, the Phase I track geometry recordings do not include this fundamental lateral stability input. Comparisons between the time domain model and the Phase I tests can only be done by making an assumption about the track alignment. It is proposed to substitute Phase II track geometry data which will include track alignment. The assumption is that the power spectra between the Southern Pacific test track during Phase I and the Union Pacific test track for Phase II w

	3.1.5 Special Considerations Regarding Type n Trucks
	3.1.5 Special Considerations Regarding Type n Trucks

	A number of design features of the various Type H trucks are expected to have an influence on lateral stability. Particular attention will be paid in the analysis to the effect of wheelset interconnection, recommended wheel profiles, and tramming stiffness. Other features may also show some influence such as the lateral bolster freedom and primary versus secondary suspensions.
	A number of design features of the various Type H trucks are expected to have an influence on lateral stability. Particular attention will be paid in the analysis to the effect of wheelset interconnection, recommended wheel profiles, and tramming stiffness. Other features may also show some influence such as the lateral bolster freedom and primary versus secondary suspensions.

	The lateral stability of Type II primary suspension trucks such as the Devine-Scales, NRUC Maxiride, and National Axle Motion reportedly is improved by virtue of their rigid frames (very high tramming stiffness). Secondary suspension Type II trucks such as the Dresser DR-1 retrofit, Barber-Scheffel, National Swing Motion, and ACF Fabricated designs are said to have achieved increased tramming stiffness (and thereby lateral sta­bility) by various wheelset or side frame interconnec­tions not found in Type I t
	The lateral stability of Type II primary suspension trucks such as the Devine-Scales, NRUC Maxiride, and National Axle Motion reportedly is improved by virtue of their rigid frames (very high tramming stiffness). Secondary suspension Type II trucks such as the Dresser DR-1 retrofit, Barber-Scheffel, National Swing Motion, and ACF Fabricated designs are said to have achieved increased tramming stiffness (and thereby lateral sta­bility) by various wheelset or side frame interconnec­tions not found in Type I t

	3.1.6 Summary
	3.1.6 Summary

	The lateral stability regime treats the hunting charac­teristics of a truck. Field test data and simulation models will be used to investigate the influence of opera­tional and environmental factors on truck hunting. Linear frequency domain modeling techniques will be used wherever possible to determine preliminary perfor­mance sensitivity to parameter variations. Nonlinear time domain simulations will be used to calculate motions and forces required for performance speci­fication input not provided by the 
	The lateral stability regime treats the hunting charac­teristics of a truck. Field test data and simulation models will be used to investigate the influence of opera­tional and environmental factors on truck hunting. Linear frequency domain modeling techniques will be used wherever possible to determine preliminary perfor­mance sensitivity to parameter variations. Nonlinear time domain simulations will be used to calculate motions and forces required for performance speci­fication input not provided by the 

	3.2 TRACEABILITY REGIME
	3.2 TRACEABILITY REGIME

	The trackability regime refers to the ability of the truck to maintain sufficient wheel loads for the development of forces sufficient to prevent derailment in all extremes of operation. The trackability regime is divided into the following subset regimes:
	The trackability regime refers to the ability of the truck to maintain sufficient wheel loads for the development of forces sufficient to prevent derailment in all extremes of operation. The trackability regime is divided into the following subset regimes:

	— Track twist (Section 3.2.1)
	— Track twist (Section 3.2.1)

	— Curve entry and exit, discussed as part of curve negotiation (Section 3.3)
	— Curve entry and exit, discussed as part of curve negotiation (Section 3.3)

	— Harmonic roll and bounce (Section 3.2.2)
	— Harmonic roll and bounce (Section 3.2.2)
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	Track twist includes both the static and quasi-static (very low speed) load equalization capabilities of a truck in accommodating track irregularities occurring within the wheelbase length. Table 3-5 summarizes the track twist performance and the truck parameters influencing load equalization. The primary economic reason for improving load equalization is to minimize the occur­rence of derailment.
	Track twist includes both the static and quasi-static (very low speed) load equalization capabilities of a truck in accommodating track irregularities occurring within the wheelbase length. Table 3-5 summarizes the track twist performance and the truck parameters influencing load equalization. The primary economic reason for improving load equalization is to minimize the occur­rence of derailment.

	Good load equalization requires that the truck maintain an adequate load on all four wheels under a range of track conditions and vehicle dynamics resulting from transient or periodic changes in these conditions. Even when a car is perfectly still, unequal wheel loads can exist depending upon the breakout force of the friction snubbers and center-of-gravity location of the car. For the quasi-static case, where the rail car is traveling at very low speeds (less than 5 mph), the unequal wheel loads plus the o
	Good load equalization requires that the truck maintain an adequate load on all four wheels under a range of track conditions and vehicle dynamics resulting from transient or periodic changes in these conditions. Even when a car is perfectly still, unequal wheel loads can exist depending upon the breakout force of the friction snubbers and center-of-gravity location of the car. For the quasi-static case, where the rail car is traveling at very low speeds (less than 5 mph), the unequal wheel loads plus the o

	All freight car trucks have some capability for accom­modating vertical rail irregularities that occur within the wheelbase distance. Flexible trucks depend upon side frame pitch and wheelset roll to accommodate these irregularities. Rigid trucks utilize the primary suspen­sion between the wheelset and side frame to accom­modate such irregularities. Adequate static and quasi­static equalization capabilities are very important for safely accommodating special track work, such as sidings and frogs.
	All freight car trucks have some capability for accom­modating vertical rail irregularities that occur within the wheelbase distance. Flexible trucks depend upon side frame pitch and wheelset roll to accommodate these irregularities. Rigid trucks utilize the primary suspen­sion between the wheelset and side frame to accom­modate such irregularities. Adequate static and quasi­static equalization capabilities are very important for safely accommodating special track work, such as sidings and frogs.

	A flow diagram for the track twist analysis task is shown in Figure 3-5. Each block of the diagram will be discussed in this section.
	A flow diagram for the track twist analysis task is shown in Figure 3-5. Each block of the diagram will be discussed in this section.

	The track twist regime is unique in that heavy require­ments will be placed on testing to evaluate static load equalization capabilities. Procedures will be developed for performing simple field and more complex laboratory tests of track twist. Some form of testing these procedures will be included in the truck evaluation methodology.
	The track twist regime is unique in that heavy require­ments will be placed on testing to evaluate static load equalization capabilities. Procedures will be developed for performing simple field and more complex laboratory tests of track twist. Some form of testing these procedures will be included in the truck evaluation methodology.

	3.2.1.1 Performance Index. The performance index defined in the TDOP Phase II Introductory Report (reference 1) for the static load equalization capability with respect to track twist is the wheel unloading index (WUI).
	3.2.1.1 Performance Index. The performance index defined in the TDOP Phase II Introductory Report (reference 1) for the static load equalization capability with respect to track twist is the wheel unloading index (WUI).
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	Where
	Where
	Where

	Wjj = sum of the forces on the three most heavily loaded wheels
	Wjj = sum of the forces on the three most heavily loaded wheels

	= force on most lightly loaded wheel
	= force on most lightly loaded wheel

	0 = angle of twist within axle spacing of the
	0 = angle of twist within axle spacing of the

	truck (degrees, see Figure 3-6)
	truck (degrees, see Figure 3-6)

	The WUI varies from zero for a perfectly equalized truck to 1/0 for a truck with one wheel unloaded.
	The WUI varies from zero for a perfectly equalized truck to 1/0 for a truck with one wheel unloaded.


	3.2.1.2 Analysis Requirements. The evaluation of track twist load equalization capability will be achieved pri­marily through the analysis of laboratory and field test data.
	3.2.1.2 Analysis Requirements. The evaluation of track twist load equalization capability will be achieved pri­marily through the analysis of laboratory and field test data.
	3.2.1.2 Analysis Requirements. The evaluation of track twist load equalization capability will be achieved pri­marily through the analysis of laboratory and field test data.

	Vertical wheel force measurements are required at each wheel in order to evaluate the WUI. Wheel/rail force measurements will be provided by instrumented wheel- sets for the field measurements. The laboratory testing will be performed at the Rail Dynamics Laboratory (RDL) located at the Transportation Test Center near Pueblo, Colorado. The Vibration Test Unit at the RDL has the built-in vertical force measurement capability required.
	Vertical wheel force measurements are required at each wheel in order to evaluate the WUI. Wheel/rail force measurements will be provided by instrumented wheel- sets for the field measurements. The laboratory testing will be performed at the Rail Dynamics Laboratory (RDL) located at the Transportation Test Center near Pueblo, Colorado. The Vibration Test Unit at the RDL has the built-in vertical force measurement capability required.

	Test data analysis will consist of evaluating the WUI performance index for the full range of track twist measured during field tests and up to the maximum during laboratory testing.
	Test data analysis will consist of evaluating the WUI performance index for the full range of track twist measured during field tests and up to the maximum during laboratory testing.

	3.2.1.3 Test Data Utilization. The proposed instrumen­tation for the TDOP Phase n Type I and Type II truck test program includes the necessary measurements for evaluating load equalization capability. Instrumented wheelsets will be used to measure vertical loads at the wheel/rail interfaces during the field tests. Table 3-6 lists field test instrumentation channels which have specific application to the track twist analysis. A complete list of instrumentation channels for Type I and Type II trucks, includin
	3.2.1.3 Test Data Utilization. The proposed instrumen­tation for the TDOP Phase n Type I and Type II truck test program includes the necessary measurements for evaluating load equalization capability. Instrumented wheelsets will be used to measure vertical loads at the wheel/rail interfaces during the field tests. Table 3-6 lists field test instrumentation channels which have specific application to the track twist analysis. A complete list of instrumentation channels for Type I and Type II trucks, includin

	For Phase II Type I and Type II truck testing, two options are available for evaluating static load equalization capability. The simplest method is done by jacking one corner of a truck while recording the wheel loads. This procedure has been used by railroads (without the benefit of the vertical load measurement capability) to evaluate track twist accommodation. Without the wheel load measurements, the load equalization capability is deter­mined by the jack height at which one of the other wheels on the tr
	For Phase II Type I and Type II truck testing, two options are available for evaluating static load equalization capability. The simplest method is done by jacking one corner of a truck while recording the wheel loads. This procedure has been used by railroads (without the benefit of the vertical load measurement capability) to evaluate track twist accommodation. Without the wheel load measurements, the load equalization capability is deter­mined by the jack height at which one of the other wheels on the tr

	A rigorous investigation of track twist can be performed under the controlled laboratory conditions at the RDL. The Vibration Test Unit (VTU) provides the capability for quickly and efficiently evaluating 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 crosslevel differences of up to 6 inches between any of the four wheels of a truck. Overhead cranes at the RDL can be use
	A rigorous investigation of track twist can be performed under the controlled laboratory conditions at the RDL. The Vibration Test Unit (VTU) provides the capability for quickly and efficiently evaluating 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 crosslevel differences of up to 6 inches between any of the four wheels of a truck. Overhead cranes at the RDL can be use

	The position and vertical load measurement capabilities required for these tests are an integral part of the VTU actuators. This capability will minimize the truck instrumentation requirements and greatly speed the static load equalization tests. These tests will be performed as part of the currently planned Phase II truck component tests to be performed at the RDL. It is anticipated that static load equalization test procedures (refined during the component phase of the test program) will form part of the 
	The position and vertical load measurement capabilities required for these tests are an integral part of the VTU actuators. This capability will minimize the truck instrumentation requirements and greatly speed the static load equalization tests. These tests will be performed as part of the currently planned Phase II truck component tests to be performed at the RDL. It is anticipated that static load equalization test procedures (refined during the component phase of the test program) will form part of the 
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	Figure 3-5. Flow Diagram for Track Twist Analysis
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	Figure 3-6. Definition of the Track Twist Angle
	Figure 3-6. Definition of the Track Twist Angle
	Figure 3-6. Definition of the Track Twist Angle


	The VTU has the capability to duplicate a full range of actual track twist conditions by varying roll amplitude and roll center location. Investigation of all these conditions is required to fully determine the effect of carbody center of gravity variations and the effect of the different modes of lockup that can occur in the friction snubbers. Identification of the worst case conditions will allow correlation with existing track geometries encountered in yards, sidings, and special track work. The combinat
	The VTU has the capability to duplicate a full range of actual track twist conditions by varying roll amplitude and roll center location. Investigation of all these conditions is required to fully determine the effect of carbody center of gravity variations and the effect of the different modes of lockup that can occur in the friction snubbers. Identification of the worst case conditions will allow correlation with existing track geometries encountered in yards, sidings, and special track work. The combinat
	The VTU has the capability to duplicate a full range of actual track twist conditions by varying roll amplitude and roll center location. Investigation of all these conditions is required to fully determine the effect of carbody center of gravity variations and the effect of the different modes of lockup that can occur in the friction snubbers. Identification of the worst case conditions will allow correlation with existing track geometries encountered in yards, sidings, and special track work. The combinat


	Track twist can be set up by varying the twist amplitude and the center of rotation of wheelsets one at a time and two at a time. Separate plots of each case will be required. A typical plot of WUI versus track twist is shown in Figure 3-7. During the tests, data will be recorded for both increasing and decreasing track twist in order to detect any hysteresis. It is possible to have different wheel load distributions even for the static load cases depending upon how the friction snubbers lock up when they c
	Track twist can be set up by varying the twist amplitude and the center of rotation of wheelsets one at a time and two at a time. Separate plots of each case will be required. A typical plot of WUI versus track twist is shown in Figure 3-7. During the tests, data will be recorded for both increasing and decreasing track twist in order to detect any hysteresis. It is possible to have different wheel load distributions even for the static load cases depending upon how the friction snubbers lock up when they c
	Track twist can be set up by varying the twist amplitude and the center of rotation of wheelsets one at a time and two at a time. Separate plots of each case will be required. A typical plot of WUI versus track twist is shown in Figure 3-7. During the tests, data will be recorded for both increasing and decreasing track twist in order to detect any hysteresis. It is possible to have different wheel load distributions even for the static load cases depending upon how the friction snubbers lock up when they c
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	Figure 3-7. Typical WUI Plot for Several Maximum Values of Track Twist
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	Figure 3-7. Typical WUI Plot for Several Maximum Values of Track Twist


	Table 3-6. Instrumentation for Track Twist
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	MEASUREMENT
	MEASUREMENT
	MEASUREMENT
	MEASUREMENT
	MEASUREMENT
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	TYPE
	TYPE


	REQUIREMENTS
	REQUIREMENTS
	REQUIREMENTS


	APPLICATION FOR TRACK TWIST ANALYSIS
	APPLICATION FOR TRACK TWIST ANALYSIS
	APPLICATION FOR TRACK TWIST ANALYSIS



	Brake Cylinder Pressure
	Brake Cylinder Pressure
	Brake Cylinder Pressure
	Brake Cylinder Pressure


	Measure brake line pressures to insure inadvertent braking from being mixed with data
	Measure brake line pressures to insure inadvertent braking from being mixed with data
	Measure brake line pressures to insure inadvertent braking from being mixed with data


	Indicates whether brakes were on or off during the static track twist jacking tests.
	Indicates whether brakes were on or off during the static track twist jacking tests.
	Indicates whether brakes were on or off during the static track twist jacking tests.



	Carbody to Truck Swivel
	Carbody to Truck Swivel
	Carbody to Truck Swivel
	Carbody to Truck Swivel


	Truck/carbody swivel and center plate slip
	Truck/carbody swivel and center plate slip
	Truck/carbody swivel and center plate slip


	Measures center plate lateral slip during track twist tests.
	Measures center plate lateral slip during track twist tests.
	Measures center plate lateral slip during track twist tests.



	Carbody to Truck Bolster Relative Displacement
	Carbody to Truck Bolster Relative Displacement
	Carbody to Truck Bolster Relative Displacement
	Carbody to Truck Bolster Relative Displacement


	Carbody/truck roll displacement
	Carbody/truck roll displacement
	Carbody/truck roll displacement


	Measures carbody roll relative to the truck bolster during track twist tests.
	Measures carbody roll relative to the truck bolster during track twist tests.
	Measures carbody roll relative to the truck bolster during track twist tests.



	Spring Group Vertical Displacement Front
	Spring Group Vertical Displacement Front
	Spring Group Vertical Displacement Front
	Spring Group Vertical Displacement Front


	Spring group displacement and sideframe pitch
	Spring group displacement and sideframe pitch
	Spring group displacement and sideframe pitch


	Measures the roll displacement of the truck bolster relative to the sideframe. Spring group dis­placements will be used to deter­mine total roll of the carbody.
	Measures the roll displacement of the truck bolster relative to the sideframe. Spring group dis­placements will be used to deter­mine total roll of the carbody.
	Measures the roll displacement of the truck bolster relative to the sideframe. Spring group dis­placements will be used to deter­mine total roll of the carbody.



	Spring Group Vertical Displacement Rear
	Spring Group Vertical Displacement Rear
	Spring Group Vertical Displacement Rear
	Spring Group Vertical Displacement Rear


	Spring group displacement and sideframe pitch
	Spring group displacement and sideframe pitch
	Spring group displacement and sideframe pitch
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	Whecl/Rail Force Measurement System
	Whecl/Rail Force Measurement System
	Whecl/Rail Force Measurement System
	Whecl/Rail Force Measurement System


	Lateral, vertical,
	Lateral, vertical,
	Lateral, vertical,

	and longitudinal forces
	and longitudinal forces

	at the wheel/rail interface
	at the wheel/rail interface


	Required during the static track twist jacking tests to measure vertical load, at each wheel. These loads will be used as input to the WUI.
	Required during the static track twist jacking tests to measure vertical load, at each wheel. These loads will be used as input to the WUI.
	Required during the static track twist jacking tests to measure vertical load, at each wheel. These loads will be used as input to the WUI.





	3.2.1.4 Model Utilization. Although track twist has not received as much attention from the rail research com­munity as say, lateral stability, a number of applicable analytical tools are available to TDOP Phase n. The range of these analytical tools varies from extensive nonlinear time domain models, such as the AAR Flexible Carbody Model (reference 3) to relatively simple engi­neering calculations. In the case of the rigid trucks with primary suspension, the capability may be investigated with simple engi
	3.2.1.4 Model Utilization. Although track twist has not received as much attention from the rail research com­munity as say, lateral stability, a number of applicable analytical tools are available to TDOP Phase n. The range of these analytical tools varies from extensive nonlinear time domain models, such as the AAR Flexible Carbody Model (reference 3) to relatively simple engi­neering calculations. In the case of the rigid trucks with primary suspension, the capability may be investigated with simple engi
	3.2.1.4 Model Utilization. Although track twist has not received as much attention from the rail research com­munity as say, lateral stability, a number of applicable analytical tools are available to TDOP Phase n. The range of these analytical tools varies from extensive nonlinear time domain models, such as the AAR Flexible Carbody Model (reference 3) to relatively simple engi­neering calculations. In the case of the rigid trucks with primary suspension, the capability may be investigated with simple engi

	Car/truck models will be used to determine the effect of truck and carbody parameters on load equalization. The parameters to be varied include center of gravity height, spring travel and stiffness for both the primary and secondary suspensions, effects of the friction snubber (which will be more closely characterized as a result of a Phase n test program), and loading. The primary model outputs of interest are vertical and lateral loads at the wheel/rail interface, maximum carbody roll for the quasi-static
	Car/truck models will be used to determine the effect of truck and carbody parameters on load equalization. The parameters to be varied include center of gravity height, spring travel and stiffness for both the primary and secondary suspensions, effects of the friction snubber (which will be more closely characterized as a result of a Phase n test program), and loading. The primary model outputs of interest are vertical and lateral loads at the wheel/rail interface, maximum carbody roll for the quasi-static

	3.2.1.5 Special Considerations Regarding Type n Trucks. The Type n truck features which are expected to affect load equalization with respect to track twist are the frame rigidity and primary versus secondary suspension. The effect of snubbing devices will also be studied.
	3.2.1.5 Special Considerations Regarding Type n Trucks. The Type n truck features which are expected to affect load equalization with respect to track twist are the frame rigidity and primary versus secondary suspension. The effect of snubbing devices will also be studied.

	Vertical displacement of the primary suspension will be instrumented on the Devine-Scales and NRUC Maxiride trucks. The unique compliance characteristics of the prim ary/secondary suspension arrangement of the Alusuisse truck will be examined closely. Special instru­mentation will be deployed to measure wheel spread and bolster bending of the Alusuisse truck.
	Vertical displacement of the primary suspension will be instrumented on the Devine-Scales and NRUC Maxiride trucks. The unique compliance characteristics of the prim ary/secondary suspension arrangement of the Alusuisse truck will be examined closely. Special instru­mentation will be deployed to measure wheel spread and bolster bending of the Alusuisse truck.

	3.2.1.6 Summary. Track twist gives the truck the ability to maintain equal wheel loads for crosslevel variations occurring within the wheelbase. It is pri­marily a static or quasi-static (very low speed) regime. Most data for analyzing the track twist subset regime will be accumulated from field and laboratory testing. Field data will be acquired during the Phase n Type I and Type II truck test program. Laboratory data will be obtained from the Vibration Test Unit at the RDL. Simple static and kinematic mod
	3.2.1.6 Summary. Track twist gives the truck the ability to maintain equal wheel loads for crosslevel variations occurring within the wheelbase. It is pri­marily a static or quasi-static (very low speed) regime. Most data for analyzing the track twist subset regime will be accumulated from field and laboratory testing. Field data will be acquired during the Phase n Type I and Type II truck test program. Laboratory data will be obtained from the Vibration Test Unit at the RDL. Simple static and kinematic mod

	3.2.2 Harmonic Roll and Bounce
	3.2.2 Harmonic Roll and Bounce

	Harmonic roll and bounce are forced response resonance phenomena between the track and freight vehicle. Har­monic roll is most severe when the frequency of the roll excitation resulting from rail crosslevel irregularities is close to the natural frequency of the carbody in roll. The large amplitude roll responses normally occur within the 10 to 20 mph speed range over staggered rail. Less severe forms of harmonic roll may occur at higher speeds when the upper center roll mode is excited.
	Harmonic roll and bounce are forced response resonance phenomena between the track and freight vehicle. Har­monic roll is most severe when the frequency of the roll excitation resulting from rail crosslevel irregularities is close to the natural frequency of the carbody in roll. The large amplitude roll responses normally occur within the 10 to 20 mph speed range over staggered rail. Less severe forms of harmonic roll may occur at higher speeds when the upper center roll mode is excited.

	For a given carbody and truck suspension, the severity of roll behavior is determined by the track characteristics.
	For a given carbody and truck suspension, the severity of roll behavior is determined by the track characteristics.


	At the extremes of carbody roll, the main suspension springs may go solid and the snubber energy dissipation ceases. Continued excitation can increase the kinetic energy of the carbody to the point that separation at the center plate may occur. In the extreme cases, carbody rollover will be severe enough to cause a derailment.
	At the extremes of carbody roll, the main suspension springs may go solid and the snubber energy dissipation ceases. Continued excitation can increase the kinetic energy of the carbody to the point that separation at the center plate may occur. In the extreme cases, carbody rollover will be severe enough to cause a derailment.
	At the extremes of carbody roll, the main suspension springs may go solid and the snubber energy dissipation ceases. Continued excitation can increase the kinetic energy of the carbody to the point that separation at the center plate may occur. In the extreme cases, carbody rollover will be severe enough to cause a derailment.

	Bounce dynamics include the pure vertical and pitch motions of the carbody in the plane of the vertical and longitudinal axis. Bounce resonances are particularly a problem with shorter cars having truck center distances around 20 feet in length, which corresponds to half the 39-foot staggered rail joint distance. Car lengths that do not correspond to the rail length will receive some vertical and pitch as well as roll excitation. Bounce is a higher speed problem than harmonic roll because the car body pitch
	Bounce dynamics include the pure vertical and pitch motions of the carbody in the plane of the vertical and longitudinal axis. Bounce resonances are particularly a problem with shorter cars having truck center distances around 20 feet in length, which corresponds to half the 39-foot staggered rail joint distance. Car lengths that do not correspond to the rail length will receive some vertical and pitch as well as roll excitation. Bounce is a higher speed problem than harmonic roll because the car body pitch

	Some of the areas of economic impact for the harmonic roll and bounce regime are probability of derailment, component deterioration through impact, and fatigue loads. For example, failures of truck bolsters on 100-ton trucks have been attributed to loads resulting from harmonic roll.
	Some of the areas of economic impact for the harmonic roll and bounce regime are probability of derailment, component deterioration through impact, and fatigue loads. For example, failures of truck bolsters on 100-ton trucks have been attributed to loads resulting from harmonic roll.

	Figure 3-8 illustrates the flow diagram of the analysis that will be performed within the harmonic roll and bounce regime. Each item in the flow diagram will be discussed in the following sections.
	Figure 3-8 illustrates the flow diagram of the analysis that will be performed within the harmonic roll and bounce regime. Each item in the flow diagram will be discussed in the following sections.

	As with the other regimes, the validation of analytical models precedes their use during analysis. The harmonic roll and bounce regime is one area where considerable effort has been expended by researchers in developing and validating models. Results from previous validation efforts by the AAR and at Wyle will simplify the validation process during TDOP Phase n. The following sections discuss the analysis requirements and the use of models and test data regarding this regime.
	As with the other regimes, the validation of analytical models precedes their use during analysis. The harmonic roll and bounce regime is one area where considerable effort has been expended by researchers in developing and validating models. Results from previous validation efforts by the AAR and at Wyle will simplify the validation process during TDOP Phase n. The following sections discuss the analysis requirements and the use of models and test data regarding this regime.

	3.2.2.1 Performance Indices. The performance indices proposed for the harmonic roll regime are maximum roll angle for a given excitation and rate of energy dissi­pation. The maximum roll angle for a given car/truck combination and lading allows a direct comparison of expected performance for a given track excitation. The rate of energy dissipation is a direct measure of the damping effectiveness of the snubbers.
	3.2.2.1 Performance Indices. The performance indices proposed for the harmonic roll regime are maximum roll angle for a given excitation and rate of energy dissi­pation. The maximum roll angle for a given car/truck combination and lading allows a direct comparison of expected performance for a given track excitation. The rate of energy dissipation is a direct measure of the damping effectiveness of the snubbers.

	Table 3-7 is a compilation of the performance criteria, performance indices, and truck parameter variations which affect these indices and the possible areas of economic impact for harmonic roll and bounce.
	Table 3-7 is a compilation of the performance criteria, performance indices, and truck parameter variations which affect these indices and the possible areas of economic impact for harmonic roll and bounce.

	3.2.2.2 Analysis Requirements. The harmonic roll and bounce analysis requirements include the prediction of truck and carbody responses and a study of the effect on performance of certain truck parameter variations and operational conditions. The truck and carbody response predictions will be used for safety evaluations (e.g., to study derailment situations) and to predict component deterioration through wear and fatigue. Truck perfor­mance will be evaluated for both internal parameter and external operatio
	3.2.2.2 Analysis Requirements. The harmonic roll and bounce analysis requirements include the prediction of truck and carbody responses and a study of the effect on performance of certain truck parameter variations and operational conditions. The truck and carbody response predictions will be used for safety evaluations (e.g., to study derailment situations) and to predict component deterioration through wear and fatigue. Truck perfor­mance will be evaluated for both internal parameter and external operatio
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	Figure 3-8. Flow Diagram for Harmonic Roll and Bounce Analysis
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	Table 3-7. Harmonic Roll and Bounce Regime
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	Parameters
	Parameters
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	Prevention of center plate and wheel liftoff
	Prevention of center plate and wheel liftoff
	Prevention of center plate and wheel liftoff
	Prevention of center plate and wheel liftoff

	Low maximum roll angle
	Low maximum roll angle

	Rapid response decay
	Rapid response decay


	Maximum roll angle for a given excitation
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	Friction snubber
	Friction snubber
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	Friction snubber augmentation
	Friction snubber augmentation

	Spring group
	Spring group

	Rate of energy dissipation
	Rate of energy dissipation


	Track geometry
	Track geometry
	Track geometry

	Speed
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	Lading
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	Safety considerations Component wear Design changes
	Safety considerations Component wear Design changes
	Safety considerations Component wear Design changes





	In performing the analysis of harmonic roll and bounce dynamics, a series of car/truck models will be required. Initially, simple engineering models will be required to evaluate car/truck resonances and mode shapes for both harmonic roll and bounce. Using these simple linear models, the effect of major parameter variations such as suspension spring group stiffness and loading condition will be evaluated. These linear models will also be used to estimate the excitation and response boundaries at which nonlin
	In performing the analysis of harmonic roll and bounce dynamics, a series of car/truck models will be required. Initially, simple engineering models will be required to evaluate car/truck resonances and mode shapes for both harmonic roll and bounce. Using these simple linear models, the effect of major parameter variations such as suspension spring group stiffness and loading condition will be evaluated. These linear models will also be used to estimate the excitation and response boundaries at which nonlin
	In performing the analysis of harmonic roll and bounce dynamics, a series of car/truck models will be required. Initially, simple engineering models will be required to evaluate car/truck resonances and mode shapes for both harmonic roll and bounce. Using these simple linear models, the effect of major parameter variations such as suspension spring group stiffness and loading condition will be evaluated. These linear models will also be used to estimate the excitation and response boundaries at which nonlin

	The parameter variations which will be studied during the harmonic roll and bounce analysis are:
	The parameter variations which will be studied during the harmonic roll and bounce analysis are:

	Carbody Parameters
	Carbody Parameters

	Body stiffness
	Body stiffness

	Load and center of gravity variations Side bearing clearance Center plate diameter Truck Parameters
	Load and center of gravity variations Side bearing clearance Center plate diameter Truck Parameters

	Spring characteristics (e.g., stiffness, travel)
	Spring characteristics (e.g., stiffness, travel)

	Friction snubber characteristics and augmen­tation
	Friction snubber characteristics and augmen­tation

	Side bearing location Operational Environment Speed
	Side bearing location Operational Environment Speed

	Crosslevel variation Random rail excitation
	Crosslevel variation Random rail excitation

	The truck parameter variations for the harmonic roll and bounce analysis are primarily concerned with the secon­dary suspension elements between the side frames and truck bolster. Note that the harmonic roll and bounce performance is a trade-off with ride quality perfor­mance. Modifications to the suspension system which minimize the harmonic roll and bounce problem could degrade ride quality. During the parameter variation analysis, the effect of changes on ride quality will be considered.
	The truck parameter variations for the harmonic roll and bounce analysis are primarily concerned with the secon­dary suspension elements between the side frames and truck bolster. Note that the harmonic roll and bounce performance is a trade-off with ride quality perfor­mance. Modifications to the suspension system which minimize the harmonic roll and bounce problem could degrade ride quality. During the parameter variation analysis, the effect of changes on ride quality will be considered.

	Operational conditions which will be varied during the analysis include speed, car loading, and rail geometry. These operational conditions will be varied over ranges encountered during normal operation. Response to these operational conditions must be within acceptable bounds. The determination of "acceptable bounds" on perfor­mance is one of the requirements of both the engineering and analysis tasks.
	Operational conditions which will be varied during the analysis include speed, car loading, and rail geometry. These operational conditions will be varied over ranges encountered during normal operation. Response to these operational conditions must be within acceptable bounds. The determination of "acceptable bounds" on perfor­mance is one of the requirements of both the engineering and analysis tasks.

	3.2.2.3 Test Data Utilization. Harmonic roll test data are available from both TDOP Phase I and supplementary data to be collected during Phase n. The test data will be used for both model validation and analysis of har­monic roll and bounce dynamics.
	3.2.2.3 Test Data Utilization. Harmonic roll test data are available from both TDOP Phase I and supplementary data to be collected during Phase n. The test data will be used for both model validation and analysis of har­monic roll and bounce dynamics.

	The applicable test data from Phase I (termed medium speed data) consist of the various freight car and truck configurations operated at 12 different speeds between 12 and 45 mph. Every test configuration was run at
	The applicable test data from Phase I (termed medium speed data) consist of the various freight car and truck configurations operated at 12 different speeds between 12 and 45 mph. Every test configuration was run at


	seven different speeds between 15 and 45 mph at 5-mph increments. Then runs were made at five additional speeds at 2-mph increments. The smaller speed incre­ment runs started at 12 mph for the fully loaded configurations and at 24 mph for the empty condition.
	seven different speeds between 15 and 45 mph at 5-mph increments. Then runs were made at five additional speeds at 2-mph increments. The smaller speed incre­ment runs started at 12 mph for the fully loaded configurations and at 24 mph for the empty condition.
	seven different speeds between 15 and 45 mph at 5-mph increments. Then runs were made at five additional speeds at 2-mph increments. The smaller speed incre­ment runs started at 12 mph for the fully loaded configurations and at 24 mph for the empty condition.

	The 2-mph increments were run for identification of the harmonic roll critical speed (the speed at which the roll response reaches its maximum amplitude).
	The 2-mph increments were run for identification of the harmonic roll critical speed (the speed at which the roll response reaches its maximum amplitude).

	These medium speed tests were performed over jointed rail track. Additional tests, referred to as the modified track tests, were performed over specially shimmed track. An initial study of this test series has been performed. This study showed that the only test varia­tion which had any significant impact on the harmonic ^
	These medium speed tests were performed over jointed rail track. Additional tests, referred to as the modified track tests, were performed over specially shimmed track. An initial study of this test series has been performed. This study showed that the only test varia­tion which had any significant impact on the harmonic ^

	roll response was the load condition. No further data reduction is currently planned for the shimmed track tests other than for model validation.
	roll response was the load condition. No further data reduction is currently planned for the shimmed track tests other than for model validation.

	Data reduction of the Phase I medium speed tests will be performed for the following four configurations:
	Data reduction of the Phase I medium speed tests will be performed for the following four configurations:

	• 100-ton hopper car
	• 100-ton hopper car

	ASF 100-ton truck
	ASF 100-ton truck

	(empty and loaded)
	(empty and loaded)


	• 100-ton box car
	• 100-ton box car
	• 100-ton box car

	Barber 100-ton truck (empty and loaded)
	Barber 100-ton truck (empty and loaded)


	• 70-ton box car
	• 70-ton box car
	• 70-ton box car

	Barber 70-ton truck (empty and loaded)
	Barber 70-ton truck (empty and loaded)


	• 70-ton refrigerator car
	• 70-ton refrigerator car
	• 70-ton refrigerator car

	ASF 70-ton truck (empty and loaded)
	ASF 70-ton truck (empty and loaded)


	The medium speed test data reduction will include the following output for each of the 12 different speeds.
	The medium speed test data reduction will include the following output for each of the 12 different speeds.
	The medium speed test data reduction will include the following output for each of the 12 different speeds.

	Time histories
	Time histories

	PSD's
	PSD's

	Narrow band RMS response versus frequency
	Narrow band RMS response versus frequency


	Vehicle responses of interest include the following car- body motions calculated from the carbody acceler­ometers and referenced to the center of gravity.
	Vehicle responses of interest include the following car- body motions calculated from the carbody acceler­ometers and referenced to the center of gravity.
	Vehicle responses of interest include the following car- body motions calculated from the carbody acceler­ometers and referenced to the center of gravity.

	Lateral - Pitch
	Lateral - Pitch

	- Yaw - Bounce
	- Yaw - Bounce

	Roll - Roll center
	Roll - Roll center

	Twist
	Twist


	Roll angles are calculated from these measured displace­ments:
	Roll angles are calculated from these measured displace­ments:
	Roll angles are calculated from these measured displace­ments:


	Carbody to truck bolster Truck bolster to side frame Carbody to axle
	Carbody to truck bolster Truck bolster to side frame Carbody to axle
	Carbody to truck bolster Truck bolster to side frame Carbody to axle


	The primary application of the medium speed data reduction will be in developing performance specifica­tions for Type I trucks. Type I truck tests to be performed during Phase n will also provide additional harmonic roll and bounce data, which will be reduced in the same manner as the Phase I data.
	The primary application of the medium speed data reduction will be in developing performance specifica­tions for Type I trucks. Type I truck tests to be performed during Phase n will also provide additional harmonic roll and bounce data, which will be reduced in the same manner as the Phase I data.
	The primary application of the medium speed data reduction will be in developing performance specifica­tions for Type I trucks. Type I truck tests to be performed during Phase n will also provide additional harmonic roll and bounce data, which will be reduced in the same manner as the Phase I data.

	Table 3-8 lists the proposed instrumentation channels for the Phase n tests which have specific application areas to harmonic roll and bounce analysis. The complete list of instrumentation channels proposed for Type I and Type n testing is given in Appendix B. Included in the appendix are the measurement ranges, accuracy, and required frequency response fo each instrument.
	Table 3-8 lists the proposed instrumentation channels for the Phase n tests which have specific application areas to harmonic roll and bounce analysis. The complete list of instrumentation channels proposed for Type I and Type n testing is given in Appendix B. Included in the appendix are the measurement ranges, accuracy, and required frequency response fo each instrument.

	The Phase I field test data will be reviewed to determine if any of the many test conditions which were varied influenced the harmonic roll response. During Phase I, 17 runs were performed over shimmed test track at five different speeds per run. These runs were performed to investigate the effects of the following system charac­teristics on roll and bounce dynamics:
	The Phase I field test data will be reviewed to determine if any of the many test conditions which were varied influenced the harmonic roll response. During Phase I, 17 runs were performed over shimmed test track at five different speeds per run. These runs were performed to investigate the effects of the following system charac­teristics on roll and bounce dynamics:

	Carbody type
	Carbody type

	Truck type
	Truck type

	Lading
	Lading

	Spring nest configurations Snubbing configurations Auxiliary damping devices
	Spring nest configurations Snubbing configurations Auxiliary damping devices


	The system response data for these runs will be tabu­lated in the form of carbody roll response maximum values and RMS levels. This response data will be correlated with the test parameter variations using lin­ear regression analysis techniques. Results of this study will give direction for further investigations using the analytical models.
	The system response data for these runs will be tabu­lated in the form of carbody roll response maximum values and RMS levels. This response data will be correlated with the test parameter variations using lin­ear regression analysis techniques. Results of this study will give direction for further investigations using the analytical models.
	The system response data for these runs will be tabu­lated in the form of carbody roll response maximum values and RMS levels. This response data will be correlated with the test parameter variations using lin­ear regression analysis techniques. Results of this study will give direction for further investigations using the analytical models.

	3.2.2.4 Model Utilization. Model requirements and model application areas of the harmonic roll and bounce regime are shown in Table 3-9. The table also lists the types of models, from simple spring mass to complex nonlinear models, which might be applicable in this area. Detailed discussion of these models can be found in the TDOP Phase II Analytical Tool Assessment Report.
	3.2.2.4 Model Utilization. Model requirements and model application areas of the harmonic roll and bounce regime are shown in Table 3-9. The table also lists the types of models, from simple spring mass to complex nonlinear models, which might be applicable in this area. Detailed discussion of these models can be found in the TDOP Phase II Analytical Tool Assessment Report.

	Models available for harmonic roll and bounce analysis range from simple models to nonlinear time domain simulation models. The latter include all of the domi­nant nonlinearities in the car/truck system affecting harmonic roll and bounce response. An example of one of the more complete programs is the AAR Flexible Carbody Model (reference 3). This model can be used for performing detailed time domain response analysis of the full range of harmonic roll and bounce dynamics.
	Models available for harmonic roll and bounce analysis range from simple models to nonlinear time domain simulation models. The latter include all of the domi­nant nonlinearities in the car/truck system affecting harmonic roll and bounce response. An example of one of the more complete programs is the AAR Flexible Carbody Model (reference 3). This model can be used for performing detailed time domain response analysis of the full range of harmonic roll and bounce dynamics.


	j Two types of model excitation will be employed: actual ' track geometry field measurements, such as the class 2 : test track used during the TDOP Phase n field test program and the standard deterministic track geometry. The deterministic track geometry will consist of a rectified sine wave or versed sine wave whose period corresponds to the rail length, typically 39 feet, with a 3/4-inch nominal peak displacement. Staggered rail joints are simulated by offsetting the zero values of the right and left prof
	j Two types of model excitation will be employed: actual ' track geometry field measurements, such as the class 2 : test track used during the TDOP Phase n field test program and the standard deterministic track geometry. The deterministic track geometry will consist of a rectified sine wave or versed sine wave whose period corresponds to the rail length, typically 39 feet, with a 3/4-inch nominal peak displacement. Staggered rail joints are simulated by offsetting the zero values of the right and left prof
	j Two types of model excitation will be employed: actual ' track geometry field measurements, such as the class 2 : test track used during the TDOP Phase n field test program and the standard deterministic track geometry. The deterministic track geometry will consist of a rectified sine wave or versed sine wave whose period corresponds to the rail length, typically 39 feet, with a 3/4-inch nominal peak displacement. Staggered rail joints are simulated by offsetting the zero values of the right and left prof

	Of greatest interest to the railroads is the response of the car/truck system to actual track geometries. Actual track profiles typically consist of random sequences of high and low joints and soft spots. Track geometry measurements acquired during the Phase II field testing and the results of track geometry modeling work cur­rently being done by ENSCO for the Department of Transportation (reference 4) can provide representative track geometry inputs to the modeling effort. The objectives of using actual tr
	Of greatest interest to the railroads is the response of the car/truck system to actual track geometries. Actual track profiles typically consist of random sequences of high and low joints and soft spots. Track geometry measurements acquired during the Phase II field testing and the results of track geometry modeling work cur­rently being done by ENSCO for the Department of Transportation (reference 4) can provide representative track geometry inputs to the modeling effort. The objectives of using actual tr

	It has been reported by the TDOP industry consultants that service experience with high center of gravity cars shows two features:
	It has been reported by the TDOP industry consultants that service experience with high center of gravity cars shows two features:

	Derailment probability increases markedly for center of gravity height greats1 than 85 inches.
	Derailment probability increases markedly for center of gravity height greats1 than 85 inches.

	Derailment probability is much lower for 70-ton ears than for 100-ton cars having similar center of gravity heights, even though the roll and wheel lift characteristics are comparable.
	Derailment probability is much lower for 70-ton ears than for 100-ton cars having similar center of gravity heights, even though the roll and wheel lift characteristics are comparable.

	In order to investigate these observations, a model is required that predicts the forces at the wheel/rail inter­face, specifically the lateral and vertical forces at each wheel during roll oscillations. Such an output may show that critical guidance criteria are satisfied for given wheel/rail friction values, provided certain parameters such as center of gravity height and damping are restricted to certain values. Track compliance is an important parameter to vary during the studies and must be included in
	In order to investigate these observations, a model is required that predicts the forces at the wheel/rail inter­face, specifically the lateral and vertical forces at each wheel during roll oscillations. Such an output may show that critical guidance criteria are satisfied for given wheel/rail friction values, provided certain parameters such as center of gravity height and damping are restricted to certain values. Track compliance is an important parameter to vary during the studies and must be included in

	Simpler techniques are needed by the industry for esti­mating the roll and bounce critical speed for a given car/truck combination. One of the main objectives will be to use simple models for easier and faster methods to estimate the harmonic roll critical speed, other than performing lengthy simulations using complex, nonlinear time domain models. Initial efforts on the harmonic roll and bounce analysis effort will use linear models to calculate roll and bounce resonant frequencies and amplification factor
	Simpler techniques are needed by the industry for esti­mating the roll and bounce critical speed for a given car/truck combination. One of the main objectives will be to use simple models for easier and faster methods to estimate the harmonic roll critical speed, other than performing lengthy simulations using complex, nonlinear time domain models. Initial efforts on the harmonic roll and bounce analysis effort will use linear models to calculate roll and bounce resonant frequencies and amplification factor
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	REQUIREMENTS
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	APPLICATION FOB HABMONIC BOLL A BOUNCE ANALYSIS
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	ALD
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	Locate track test areas; mounted under Mobile Laboratory car
	Locate track test areas; mounted under Mobile Laboratory car
	Locate track test areas; mounted under Mobile Laboratory car


	Used to correlate track geometry and response measurements.
	Used to correlate track geometry and response measurements.
	Used to correlate track geometry and response measurements.



	Speed
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	Speed from distance counter
	Speed from distance counter
	Speed from distance counter


	Essential channel for correlation with vehicle response.
	Essential channel for correlation with vehicle response.
	Essential channel for correlation with vehicle response.



	Car body Lateral Acceleration B-End
	Car body Lateral Acceleration B-End
	Car body Lateral Acceleration B-End
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	Carbody lateral and yaw acceleration on bolster centerline
	Carbody lateral and yaw acceleration on bolster centerline
	Carbody lateral and yaw acceleration on bolster centerline


	All carbody accelerations listed will be required in various combinations to determine the rigid body and flexible body motions. Primary flexible mode of interest is the torsion mode.
	All carbody accelerations listed will be required in various combinations to determine the rigid body and flexible body motions. Primary flexible mode of interest is the torsion mode.
	All carbody accelerations listed will be required in various combinations to determine the rigid body and flexible body motions. Primary flexible mode of interest is the torsion mode.



	Carbody Vertical Acceleration A-End Center
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	Carbody pitch, bounce, and roll acceleration over center plate
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	Carbody Vertical Acceleration A-End
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	Carbody pitch, bounce, and roll acceleration oh bolster centerline
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	Carbody Vertical Acceleration B-End Center
	Carbody Vertical Acceleration B-End Center
	Carbody Vertical Acceleration B-End Center
	Carbody Vertical Acceleration B-End Center

	Carbody Vertical Acceleration B-End
	Carbody Vertical Acceleration B-End


	Carbody pitch, bounce, and roll acceleration- over center plate
	Carbody pitch, bounce, and roll acceleration- over center plate
	Carbody pitch, bounce, and roll acceleration- over center plate

	Carbody pitch, bounce, and roll acceleration on bolster centerline
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	Truck Bolster Vertical Acceleration
	Truck Bolster Vertical Acceleration
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	Truck bolster triaxial acceleration
	Truck bolster triaxial acceleration
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	The truck bolster triaxial accelerations will completely measure the dynamics of the bolster which will be correlated with the carbody and sideframe motions to determine carbody rocking and suspension system isolation.
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	Center plate slip measurement will be used during harmonic roll motions.
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	Essential measurements for both harmonic roll and bounce testing. Provides direct measurement of carbody to bolster roll andbounce.
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	Axle bearing pocket accelerations will be used to help identify track geometry excitation and . the resulting truck excitation.
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	Used along with carbody lateral accelerations to calculate the instantaneous roll center.
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	Wheel/Rail Force Measurement System
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	Lateral, vertical, and longitudinal forces at the wheel/rail interface.
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	Measure wheel loads during harmonic roll and bounce.
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	Complex time domain models, such as the AAR Flexible Carbody Model, will be used for the detailed harmonic roll and bounce studies. Model outputs will be reduced and presented in the manner discussed in Appendix A. Outputs from the complex time domain simulations will be combined and reduced to provide the same informa­tion as the field test data with regard to component motion and forces. The simulations will be used to examine hazardous dynamics and very large vehicle responses which occur at the harmonic
	Complex time domain models, such as the AAR Flexible Carbody Model, will be used for the detailed harmonic roll and bounce studies. Model outputs will be reduced and presented in the manner discussed in Appendix A. Outputs from the complex time domain simulations will be combined and reduced to provide the same informa­tion as the field test data with regard to component motion and forces. The simulations will be used to examine hazardous dynamics and very large vehicle responses which occur at the harmonic
	Complex time domain models, such as the AAR Flexible Carbody Model, will be used for the detailed harmonic roll and bounce studies. Model outputs will be reduced and presented in the manner discussed in Appendix A. Outputs from the complex time domain simulations will be combined and reduced to provide the same informa­tion as the field test data with regard to component motion and forces. The simulations will be used to examine hazardous dynamics and very large vehicle responses which occur at the harmonic

	3.2.2.5 Special Considerations Regarding Type II Trucks. A number of Type II trucks have incorporated features which are intended to improve performance in the area of harmonic roll and bounce. In particular, some Type II trucks are designed with soft lateral bolster movement, such as the National Swing Motion. The ACF Fabricated truck features support pads which are located over the side frames. The pads bear the weight of the carbody rather than the center plate and reportedly improve roll control. The ro
	3.2.2.5 Special Considerations Regarding Type II Trucks. A number of Type II trucks have incorporated features which are intended to improve performance in the area of harmonic roll and bounce. In particular, some Type II trucks are designed with soft lateral bolster movement, such as the National Swing Motion. The ACF Fabricated truck features support pads which are located over the side frames. The pads bear the weight of the carbody rather than the center plate and reportedly improve roll control. The ro


	wheelbase spread on the loaded side and hence a steering action. Type II trucks with primary suspensions which reduce the unsprung mass should reduce shocks due to roll and bounce.
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	3.2.2.6 Summary. The analysis of the harmonic roll and bounce regime will depend heavily upon models rather than field testing because the models will permit the safe investigation of the effects of extreme dynamics. Requirements for the harmonic roll and bounce analysis include truck and carbody response prediction and the effect on performance of 1) parameter variations, such as spring characteristics and 2) operating conditions, such as speed and track condition. The emphasis will be on the use of freque
	3.2.2.6 Summary. The analysis of the harmonic roll and bounce regime will depend heavily upon models rather than field testing because the models will permit the safe investigation of the effects of extreme dynamics. Requirements for the harmonic roll and bounce analysis include truck and carbody response prediction and the effect on performance of 1) parameter variations, such as spring characteristics and 2) operating conditions, such as speed and track condition. The emphasis will be on the use of freque


	Table 3-9. Harmonic Roll and Bounce Regime Tools
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	3.3 CURVE NEGOTIATION
	3.3 CURVE NEGOTIATION
	3.3 CURVE NEGOTIATION

	The curve negotiation regime discussed in this section considers both steady state phenomena and dynamic curving phenomena (curve entry and exit). Although curve entry and exit is generally considered a subset of the trackability regime, dynamic curving will be dis­cussed in this section because many of the same pefor- mance indices and operational factors affect both steady state and dynamic curving. Figure 3-9 illustrates the flow of the curve negotiation analysis tasks. Table 3-10 lists the performance c
	The curve negotiation regime discussed in this section considers both steady state phenomena and dynamic curving phenomena (curve entry and exit). Although curve entry and exit is generally considered a subset of the trackability regime, dynamic curving will be dis­cussed in this section because many of the same pefor- mance indices and operational factors affect both steady state and dynamic curving. Figure 3-9 illustrates the flow of the curve negotiation analysis tasks. Table 3-10 lists the performance c

	This section presents the performance indices which will be used to quantify the curving performance of a truck. The data reduction and analysis requirement are then discussed. Specific data reduction and analysis tech­niques are presented in Appendix A. The primary source of data will be supplied by Type I truck tests, to be
	This section presents the performance indices which will be used to quantify the curving performance of a truck. The data reduction and analysis requirement are then discussed. Specific data reduction and analysis tech­niques are presented in Appendix A. The primary source of data will be supplied by Type I truck tests, to be


	performed during Phase II. The data reduction planned for these tests is presented along with the anticipated use of curving models to supplement the test data results. The full extent of the application of curving models will depend partially on the data obtained from the Type I truck field tests.
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	3.3.1 Performance Indices
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	The primary performance index for curve negotiation is the lateral force on the leading outer wheel, per thou­sand pounds of axle load, per degree of curve, at balance speed. The lateral wheel/rail force is the result of the flange force, the lateral creep or friction force at the tread contact point, and the lateral component of the gravitational force. As noted in the TDOP Phase n Introductory Report, the main influences for this index are associated with differences in wheel profile and creep coefficient
	The primary performance index for curve negotiation is the lateral force on the leading outer wheel, per thou­sand pounds of axle load, per degree of curve, at balance speed. The lateral wheel/rail force is the result of the flange force, the lateral creep or friction force at the tread contact point, and the lateral component of the gravitational force. As noted in the TDOP Phase n Introductory Report, the main influences for this index are associated with differences in wheel profile and creep coefficient
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	Simple, 9 dof, and 17 dof Steady State Curving Flexible Carbody (version 2)
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	Carbodles not tested Wheel profile variations Center plate friction & tramming stiffness Cant deficiency
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	Figure 3-9. Flow Diagram for Curve Negotiation Analysis
	Figure 3-9. Flow Diagram for Curve Negotiation Analysis
	Figure 3-9. Flow Diagram for Curve Negotiation Analysis


	Performance
	Performance
	Performance
	Performance
	Performance
	Performance


	Performance
	Performance
	Performance


	Truck
	Truck
	Truck


	Operational
	Operational
	Operational


	Economic Impact
	Economic Impact
	Economic Impact



	Criteria
	Criteria
	Criteria
	Criteria


	Indices
	Indices
	Indices


	Parameters
	Parameters
	Parameters


	Parameters
	Parameters
	Parameters


	Areas
	Areas
	Areas



	Low wheel/rail wear
	Low wheel/rail wear
	Low wheel/rail wear
	Low wheel/rail wear


	Lateral force on leading outer wheel/
	Lateral force on leading outer wheel/
	Lateral force on leading outer wheel/


	Yaw stiffness
	Yaw stiffness
	Yaw stiffness


	Track geometry
	Track geometry
	Track geometry


	Wheel/rail wear
	Wheel/rail wear
	Wheel/rail wear



	Low derailment
	Low derailment
	Low derailment
	Low derailment


	1000 lb axle load/
	1000 lb axle load/
	1000 lb axle load/


	Tramming stiffness
	Tramming stiffness
	Tramming stiffness


	Speed
	Speed
	Speed


	Fuel consumption
	Fuel consumption
	Fuel consumption



	probability
	probability
	probability
	probability


	degree of curve at balance speed
	degree of curve at balance speed
	degree of curve at balance speed


	Wheel profile
	Wheel profile
	Wheel profile


	Lading
	Lading
	Lading


	TD
	P
	Span



	Low fuel consumption
	Low fuel consumption
	Low fuel consumption
	Low fuel consumption


	TD
	P
	Span


	TD
	P
	Span


	TD
	P
	Span





	3.3.2 Analysis Requirements
	3.3.2 Analysis Requirements
	3.3.2 Analysis Requirements

	The objective of the curve negotiation regime analysis is to determine the relationships between truck design and parameter variations, and the curving performance index. This objective will be achieved by using over-the- road field test data and curving simulations capable of predicting vehicle curving behavior.
	The objective of the curve negotiation regime analysis is to determine the relationships between truck design and parameter variations, and the curving performance index. This objective will be achieved by using over-the- road field test data and curving simulations capable of predicting vehicle curving behavior.

	The curve negotiation problem can be divided into two distinct areas. The first, steady-state curving, is con­cerned with the basic kinematic performance of the vehicle rounding the curve. The second, dynamic curving, is concerned with the transient behavior of the vehicle as it enters, traverses, and exits the curve. Typically the rail in curves will show the highest wear for a short stretch ,in the entry and exit portions of the curve, and relatively even wear through the curve. This is due to the higher 
	The curve negotiation problem can be divided into two distinct areas. The first, steady-state curving, is con­cerned with the basic kinematic performance of the vehicle rounding the curve. The second, dynamic curving, is concerned with the transient behavior of the vehicle as it enters, traverses, and exits the curve. Typically the rail in curves will show the highest wear for a short stretch ,in the entry and exit portions of the curve, and relatively even wear through the curve. This is due to the higher 

	The differences between sfeady state and dynamic curving suggest that two different measures of the performance index should be considered. The first is the maximum value due to transient behavior and the second is the average value while traversing the curve. In terms of derailment potential and rail wear during the entry and exit portions of the curve, the maximum value is of interest. In terms of wheel wear, fuel consumption, and wear along the entire length of the curved rail, the average value is of in
	The differences between sfeady state and dynamic curving suggest that two different measures of the performance index should be considered. The first is the maximum value due to transient behavior and the second is the average value while traversing the curve. In terms of derailment potential and rail wear during the entry and exit portions of the curve, the maximum value is of interest. In terms of wheel wear, fuel consumption, and wear along the entire length of the curved rail, the average value is of in

	Table 3-11 is a list of factors affecting the performance index during curve negotiation. These factors include vehicle characteristics, track characteristics, and oper­ating conditions. Since the purpose of the analysis is to relate the effects of truck parameter variations on the performance index, no attempt will be made to deter­mine the effect of all the factors in the table. Rather, the effects of truck component variations will be deter­mined for only a small set of nominal characteristics and operat
	Table 3-11 is a list of factors affecting the performance index during curve negotiation. These factors include vehicle characteristics, track characteristics, and oper­ating conditions. Since the purpose of the analysis is to relate the effects of truck parameter variations on the performance index, no attempt will be made to deter­mine the effect of all the factors in the table. Rather, the effects of truck component variations will be deter­mined for only a small set of nominal characteristics and operat

	Table 3-12 lists those truck components which normally are variable on Type I trucks. According to the TDOP
	Table 3-12 lists those truck components which normally are variable on Type I trucks. According to the TDOP


	Phase I Final Report (reference 5), varying spring groups, gib clearance, and side bearing clearance had little effect on the curving performance of the Type I trucks tested. The report also indicated that center plate swivel (and thus center plate friction) and wheel profile had a significant effect on curving performance. The Phase I Final Report drew no conclusions with respect to the, effect of varying friction snubbers on curving perfor­mance. Friction snubbers affect the tram stiffness of the truck wh
	Phase I Final Report (reference 5), varying spring groups, gib clearance, and side bearing clearance had little effect on the curving performance of the Type I trucks tested. The report also indicated that center plate swivel (and thus center plate friction) and wheel profile had a significant effect on curving performance. The Phase I Final Report drew no conclusions with respect to the, effect of varying friction snubbers on curving perfor­mance. Friction snubbers affect the tram stiffness of the truck wh
	Phase I Final Report (reference 5), varying spring groups, gib clearance, and side bearing clearance had little effect on the curving performance of the Type I trucks tested. The report also indicated that center plate swivel (and thus center plate friction) and wheel profile had a significant effect on curving performance. The Phase I Final Report drew no conclusions with respect to the, effect of varying friction snubbers on curving perfor­mance. Friction snubbers affect the tram stiffness of the truck wh

	Table 3-11. Factors Affecting Performance Indices During Curve Negotiation
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	Vehicle Characteristics Wheel Profile
	Vehicle Characteristics Wheel Profile
	Vehicle Characteristics Wheel Profile

	Truck Stiffness and Damping Characteristics Vehicle Weight and Inertia Properties Vehicle Physical Characteristics Center Plate Friction Friction Snubber Operation
	Truck Stiffness and Damping Characteristics Vehicle Weight and Inertia Properties Vehicle Physical Characteristics Center Plate Friction Friction Snubber Operation

	Track Characteristics Degree of Curve Elevation of Curve Track Curve History
	Track Characteristics Degree of Curve Elevation of Curve Track Curve History

	Track Profile, Alignment, Gage, Cant, etc.
	Track Profile, Alignment, Gage, Cant, etc.

	, Track Flexibility Grade
	, Track Flexibility Grade

	Length of Curve and Spiral Type and Class of Track
	Length of Curve and Spiral Type and Class of Track

	Operating Conditions Speed Wind
	Operating Conditions Speed Wind

	Rail Contamination (Sand, Grease, Water, etc.) Braking
	Rail Contamination (Sand, Grease, Water, etc.) Braking


	Table 3-12. Variable Components of Type I Trucks
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	Spring Groups Friction Snubbers Center Plate Gib Clearance Side Bearing Clearance Wheel Profile
	Spring Groups Friction Snubbers Center Plate Gib Clearance Side Bearing Clearance Wheel Profile
	Spring Groups Friction Snubbers Center Plate Gib Clearance Side Bearing Clearance Wheel Profile


	Type II trucks generally have different flexibilities and constraints than Type I trucks. Thus, truck parameter variations which normally are not considered significant for Type I trucks must be taken into account. It is the intent of TDOP Phase II to determine the effect of variations of the most significant parameters on the performance index through testing and modeling.
	Type II trucks generally have different flexibilities and constraints than Type I trucks. Thus, truck parameter variations which normally are not considered significant for Type I trucks must be taken into account. It is the intent of TDOP Phase II to determine the effect of variations of the most significant parameters on the performance index through testing and modeling.
	Type II trucks generally have different flexibilities and constraints than Type I trucks. Thus, truck parameter variations which normally are not considered significant for Type I trucks must be taken into account. It is the intent of TDOP Phase II to determine the effect of variations of the most significant parameters on the performance index through testing and modeling.

	3.3.3 Test Data Utilization
	3.3.3 Test Data Utilization

	The TDOP Phase I data are not entirely suitable for characterizing the curving performance of Type I trucks because lateral wheel/rail forces were not measured adequately (reference 6). During TDOP Phase n, addi­tional Type I truck testing, as well as testing of Type n trucks, will be performed. Phase II testing will be performed on trucks with instrumented wheelsets to provide wheel/rail interface forces.
	The TDOP Phase I data are not entirely suitable for characterizing the curving performance of Type I trucks because lateral wheel/rail forces were not measured adequately (reference 6). During TDOP Phase n, addi­tional Type I truck testing, as well as testing of Type n trucks, will be performed. Phase II testing will be performed on trucks with instrumented wheelsets to provide wheel/rail interface forces.

	The data acquired from testing Type I trucks will be used primarily for the validation of mathematical models which have been developed to predict curving perfor­mance. Once validated, the mathematical models can be used (in conjunction with the test data) to establish the baseline performance for a given car/truck system and to determine the effects of parameter variations on the performance index. The models can then be used to predict the performance of Type n trucks and can be used as an aid in planning
	The data acquired from testing Type I trucks will be used primarily for the validation of mathematical models which have been developed to predict curving perfor­mance. Once validated, the mathematical models can be used (in conjunction with the test data) to establish the baseline performance for a given car/truck system and to determine the effects of parameter variations on the performance index. The models can then be used to predict the performance of Type n trucks and can be used as an aid in planning

	Table 3-13 describes those measurements which are of most interest to curving and indicates what use will be made of each measurement. Appendix B contains the complete list of proposed instrumentation for Type I and Type II testing.
	Table 3-13 describes those measurements which are of most interest to curving and indicates what use will be made of each measurement. Appendix B contains the complete list of proposed instrumentation for Type I and Type II testing.

	In many cases the variables of interest will be calculated from two or more data channels. Examples are vehicle position (channels 1 and 2 of Table 3-13), B-end lateral coupler force (channels 6 and 8), A-end lateral coupler force (channels 7 and 9), carbody to truck swivel (chan­nels 20 and 21), truck bolster lateral displacement (chan­nels 24-29) carbody to side frame roll angle (channels 30- 33). Creep forces can be estimated from the lateral wheel force measurements. If one wheel on an axle is in flange
	In many cases the variables of interest will be calculated from two or more data channels. Examples are vehicle position (channels 1 and 2 of Table 3-13), B-end lateral coupler force (channels 6 and 8), A-end lateral coupler force (channels 7 and 9), carbody to truck swivel (chan­nels 20 and 21), truck bolster lateral displacement (chan­nels 24-29) carbody to side frame roll angle (channels 30- 33). Creep forces can be estimated from the lateral wheel force measurements. If one wheel on an axle is in flange

	Using the truck swivel and tram calculations and known geometrical relationships, an estimate of the wheel/rail angle of attack is possible (assuming parallel axles and no lateral freedom between axles and side frames). An estimate of the creep coefficient is possible using the estimated angle of attack and the measured creep force.
	Using the truck swivel and tram calculations and known geometrical relationships, an estimate of the wheel/rail angle of attack is possible (assuming parallel axles and no lateral freedom between axles and side frames). An estimate of the creep coefficient is possible using the estimated angle of attack and the measured creep force.

	The type of data reduction required includes time history plots of acquired and derived data and calculation of average and maximum values. Maximum values are of most interest with respect to trackability, whereas aver­age values are of interest when analyzing steady state curve negotiation. Time history plots are important in understanding both the transient and steady state be­havior, and are of use in identifying anomalous behavior. Examples of the types of plots which will be generated are shown in Figu
	The type of data reduction required includes time history plots of acquired and derived data and calculation of average and maximum values. Maximum values are of most interest with respect to trackability, whereas aver­age values are of interest when analyzing steady state curve negotiation. Time history plots are important in understanding both the transient and steady state be­havior, and are of use in identifying anomalous behavior. Examples of the types of plots which will be generated are shown in Figu


	The Phase n Type I truck testing will provide data from which the effect of the following variables on the curving performance index for each carbody/truck con­figuration will be determined:
	The Phase n Type I truck testing will provide data from which the effect of the following variables on the curving performance index for each carbody/truck con­figuration will be determined:
	The Phase n Type I truck testing will provide data from which the effect of the following variables on the curving performance index for each carbody/truck con­figuration will be determined:

	Wheel profile (new or worn)
	Wheel profile (new or worn)

	Load (empty or fully loaded)
	Load (empty or fully loaded)

	Grade (uphill or downhill)
	Grade (uphill or downhill)

	Speed (equilibrium, over, or under)
	Speed (equilibrium, over, or under)

	Braking (on or off)
	Braking (on or off)

	Track curvature (degree and direction)
	Track curvature (degree and direction)

	Analytical tools will be used to interpolate and extend the effects of these variables as well as to determine the effects of the following:
	Analytical tools will be used to interpolate and extend the effects of these variables as well as to determine the effects of the following:

	Truck stiffnesses
	Truck stiffnesses

	Creep coefficients
	Creep coefficients

	Vehicle physical properties
	Vehicle physical properties

	Consideration of the above factors allows the extension of results to other carbody/truck configurations and other operating conditions.
	Consideration of the above factors allows the extension of results to other carbody/truck configurations and other operating conditions.

	3.3.4 Model Utilization
	3.3.4 Model Utilization

	The main focus in the curving studies is the forces developed at the wheel/rail interface. Analytical models to be used, then, must be capable of predicting these forces within an acceptable tolerance. Because of the need to investigate maximum and average values of lateral forces, two types of analytical models appear to be justified (see references 7 and 8 for general discus­sions of models). The first type includes steady state models which predict the steady state performance in curves. Both linear and 
	The main focus in the curving studies is the forces developed at the wheel/rail interface. Analytical models to be used, then, must be capable of predicting these forces within an acceptable tolerance. Because of the need to investigate maximum and average values of lateral forces, two types of analytical models appear to be justified (see references 7 and 8 for general discus­sions of models). The first type includes steady state models which predict the steady state performance in curves. Both linear and 

	Linear steady state curving models have closed form solutions and may be solved easily with hand calculations or with a simple computer program. Nonlinear steady state curving models do not have closed form solutions and generally use an iterative computer process to solve the equations. Nonlinear steady state curving models are generally quite efficient in their use of computer time; the majority of the TDOP curving analysis will be performed using this type of tool. Model validation will consist of compar
	Linear steady state curving models have closed form solutions and may be solved easily with hand calculations or with a simple computer program. Nonlinear steady state curving models do not have closed form solutions and generally use an iterative computer process to solve the equations. Nonlinear steady state curving models are generally quite efficient in their use of computer time; the majority of the TDOP curving analysis will be performed using this type of tool. Model validation will consist of compar


	MEASUREMENT TYPE
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	MEASUREMENT TYPE
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	REQUIREMENTS
	REQUIREMENTS
	REQUIREMENTS


	APPUCATION FOR CURVING ANALYSIS
	APPUCATION FOR CURVING ANALYSIS
	APPUCATION FOR CURVING ANALYSIS



	ALD
	ALD
	ALD
	ALD


	Locate track test areas; mounted under .Mobile Laboratory car
	Locate track test areas; mounted under .Mobile Laboratory car
	Locate track test areas; mounted under .Mobile Laboratory car


	Used to correlate vehicle response data and track geometry measurements.
	Used to correlate vehicle response data and track geometry measurements.
	Used to correlate vehicle response data and track geometry measurements.



	Speed
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	Speed
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	Speed from distance counter
	Speed from distance counter
	Speed from distance counter


	Determine relation to balanced speed.
	Determine relation to balanced speed.
	Determine relation to balanced speed.



	Brake Cylinder Pressure
	Brake Cylinder Pressure
	Brake Cylinder Pressure
	Brake Cylinder Pressure


	Measure brake line pressures to insure inadvertent braking from being mixed with data.
	Measure brake line pressures to insure inadvertent braking from being mixed with data.
	Measure brake line pressures to insure inadvertent braking from being mixed with data.


	Verify coasting condition.
	Verify coasting condition.
	Verify coasting condition.



	A-End Coupler Force
	A-End Coupler Force
	A-End Coupler Force
	A-End Coupler Force


	Note: units have hysteresis of + 200 lb but are 1 percent when either in tension or compression
	Note: units have hysteresis of + 200 lb but are 1 percent when either in tension or compression
	Note: units have hysteresis of + 200 lb but are 1 percent when either in tension or compression


	Used to calculate energy expended while curving (fuel economy).
	Used to calculate energy expended while curving (fuel economy).
	Used to calculate energy expended while curving (fuel economy).



	B-End Coupler Force
	B-End Coupler Force
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	Note: units have hysteresis of + 200 lb but are 1 percent when either in tension or compression
	Note: units have hysteresis of + 200 lb but are 1 percent when either in tension or compression
	Note: units have hysteresis of + 200 lb but are 1 percent when either in tension or compression
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	A-End Coupler Angle
	A-End Coupler Angle
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	A-End Coupler Angle


	Coupler angle from longitudinal centerline of car
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	Coupler angle from longitudinal centerline of car
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	B-End Coupler Angle
	B-End Coupler Angle
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	Coupler angle from longitudinal centerline of car
	Coupler angle from longitudinal centerline of car
	Coupler angle from longitudinal centerline of car


	Used to determine external lateral force on the car.
	Used to determine external lateral force on the car.
	Used to determine external lateral force on the car.



	Carbody Lateral Acceleration B-End
	Carbody Lateral Acceleration B-End
	Carbody Lateral Acceleration B-End
	Carbody Lateral Acceleration B-End


	Carbody lateral and yaw acceleration on bolster centerline
	Carbody lateral and yaw acceleration on bolster centerline
	Carbody lateral and yaw acceleration on bolster centerline


	Carbody accelerations will be used to determine the influence of carbody dynamics during curve entry and exit, and for the steady state portion of the curve.
	Carbody accelerations will be used to determine the influence of carbody dynamics during curve entry and exit, and for the steady state portion of the curve.
	Carbody accelerations will be used to determine the influence of carbody dynamics during curve entry and exit, and for the steady state portion of the curve.



	Carbody Vertical Acceleration A-End Center
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	Carbody pitch, bounce, and roll acceleration over center plate
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	Carbody pitch, bounce, and roll acceleration on bolster centerline
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	Carbody Vertical Acceleration B-End
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	C arbody to Truck Swivel
	C arbody to Truck Swivel
	C arbody to Truck Swivel
	C arbody to Truck Swivel


	Truck/carbody swivel and center plate slip
	Truck/carbody swivel and center plate slip
	Truck/carbody swivel and center plate slip


	Determine truck set in curves and estimate wheel/rail angle of attack.
	Determine truck set in curves and estimate wheel/rail angle of attack.
	Determine truck set in curves and estimate wheel/rail angle of attack.



	Spring Group Vertical Displacement Rear
	Spring Group Vertical Displacement Rear
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	Spring Group Vertical Displacement Rear


	Spring group displacement and sideframe pitch
	Spring group displacement and sideframe pitch
	Spring group displacement and sideframe pitch


	Determine relation of vehicle speed to equil­ibrium speed.
	Determine relation of vehicle speed to equil­ibrium speed.
	Determine relation of vehicle speed to equil­ibrium speed.



	Spring Group Vertical Displacement Front
	Spring Group Vertical Displacement Front
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	Spring group displacement and sideframe pitch
	Spring group displacement and sideframe pitch
	Spring group displacement and sideframe pitch


	TD
	P
	Span



	Fore Axle Bearing Pocket Vertical Acceleration
	Fore Axle Bearing Pocket Vertical Acceleration
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	Axle vertical acceleration and pitch
	Axle vertical acceleration and pitch
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	Truck and carbody accelerations will be used to determine carbody dynamics.
	Truck and carbody accelerations will be used to determine carbody dynamics.
	Truck and carbody accelerations will be used to determine carbody dynamics.



	Wheel/Rail Force Measurement System
	Wheel/Rail Force Measurement System
	Wheel/Rail Force Measurement System
	Wheel/Rail Force Measurement System


	Lateral, vertical, and longitudinal forces at wheel/rail interface
	Lateral, vertical, and longitudinal forces at wheel/rail interface
	Lateral, vertical, and longitudinal forces at wheel/rail interface


	Determine vertical force on each wheel required for trackability studies during curve entry and exit; lateral force at wheel/rail interface required to evaluate the performance index; and lateral force at bearing adaptor required for determining forces transmitted from truck to axle.
	Determine vertical force on each wheel required for trackability studies during curve entry and exit; lateral force at wheel/rail interface required to evaluate the performance index; and lateral force at bearing adaptor required for determining forces transmitted from truck to axle.
	Determine vertical force on each wheel required for trackability studies during curve entry and exit; lateral force at wheel/rail interface required to evaluate the performance index; and lateral force at bearing adaptor required for determining forces transmitted from truck to axle.



	Wheelset Angle of Attack
	Wheelset Angle of Attack
	Wheelset Angle of Attack
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	Angle of attack of the wheel
	Angle of attack of the wheel
	Angle of attack of the wheel


	Required for estimating wheel/rail forces and for model validation.
	Required for estimating wheel/rail forces and for model validation.
	Required for estimating wheel/rail forces and for model validation.





	The second type of analytical model to be used includes dynamic nonlinear time domain simulations. This type of program is useful for predicting maximum values of the performance index due to curve entry and track irregu­larity transients. Models of this type are generally quite expensive; minimum use will be made of them. Valida­tion of this type of model will depend on its ability to predict the maximum values of the performance index during the entry and constant curvature portion of the curve.
	The second type of analytical model to be used includes dynamic nonlinear time domain simulations. This type of program is useful for predicting maximum values of the performance index due to curve entry and track irregu­larity transients. Models of this type are generally quite expensive; minimum use will be made of them. Valida­tion of this type of model will depend on its ability to predict the maximum values of the performance index during the entry and constant curvature portion of the curve.
	The second type of analytical model to be used includes dynamic nonlinear time domain simulations. This type of program is useful for predicting maximum values of the performance index due to curve entry and track irregu­larity transients. Models of this type are generally quite expensive; minimum use will be made of them. Valida­tion of this type of model will depend on its ability to predict the maximum values of the performance index during the entry and constant curvature portion of the curve.

	Simple steady state truck models can be quite useful in analyzing the basic kinematic behavior of a truck in curves. For Type I trucks, the minimum required free­doms are yaw, lateral, and tram. The simplest Type n truck models have, in addition, the freedom for the axles to yaw relative to the truck. Basic forces which must be considered for flange free curving include creep and suspension forces. Since Type I trucks experience very
	Simple steady state truck models can be quite useful in analyzing the basic kinematic behavior of a truck in curves. For Type I trucks, the minimum required free­doms are yaw, lateral, and tram. The simplest Type n truck models have, in addition, the freedom for the axles to yaw relative to the truck. Basic forces which must be considered for flange free curving include creep and suspension forces. Since Type I trucks experience very


	little flange free curving, the inclusion of flange forces in models used for analyzing these trucks is necessary.
	little flange free curving, the inclusion of flange forces in models used for analyzing these trucks is necessary.
	little flange free curving, the inclusion of flange forces in models used for analyzing these trucks is necessary.

	Additional forces which may be considered in steady state truck models are external lateral forces applied at the truck center due to draw bar forces and speeds other than equilibrium and gravitational stiffness forces. The importance of these forces depends on the situation being analyzed. The magnitude of gravitational stiffness forces depends on the wheel profile being analyzed and the amount of lateral wheel displacement relative to the rail. Full car models can be used when greater accuracy is desired.
	Additional forces which may be considered in steady state truck models are external lateral forces applied at the truck center due to draw bar forces and speeds other than equilibrium and gravitational stiffness forces. The importance of these forces depends on the situation being analyzed. The magnitude of gravitational stiffness forces depends on the wheel profile being analyzed and the amount of lateral wheel displacement relative to the rail. Full car models can be used when greater accuracy is desired.
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	Figure 3-10. Average Lateral Force of Leading Outer Wheel-Nominal Conditions
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	Figure 3-11. Effect of Wheel Profile on Lateral Force
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	Figure 3-12. Effect of Load on Lateral Force
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	3.3.5 Special Considerations Regarding Type n Trucks
	3.3.5 Special Considerations Regarding Type n Trucks
	3.3.5 Special Considerations Regarding Type n Trucks

	Curve negotiation, both steady state and curve entry and exit, will be affected by the unique characteristics of various Type n trucks. A number of Type II trucks feature self-steering mechanisms which are intended to reduce flanging in curves. These include the Dresser DR-1 and Barber-Scheffel. The Barber-Scheffel design recommends a high conicity wheelset profile for improved curve negotiation. Comparison of primary versus secondary suspension performance will also be examined. Provision has been made for
	Curve negotiation, both steady state and curve entry and exit, will be affected by the unique characteristics of various Type n trucks. A number of Type II trucks feature self-steering mechanisms which are intended to reduce flanging in curves. These include the Dresser DR-1 and Barber-Scheffel. The Barber-Scheffel design recommends a high conicity wheelset profile for improved curve negotiation. Comparison of primary versus secondary suspension performance will also be examined. Provision has been made for

	3.3.6 Summary
	3.3.6 Summary

	The objective of this analysis is to ascertain the rela­
	The objective of this analysis is to ascertain the rela­


	tionships between variations in truck parameters and the curving performance index. The selected performance index is the lateral force on the leading outer wheel per 1000 lb axle load per degree of curve at equilibrium speed. This perform ance index can be related to the performance criteria using theoretical calculations. The performance criteria for the curve negotiation regime are low wheel and rail wear, prevention of derailment, low lateral wheel loads, and minimum fuel consumption.
	tionships between variations in truck parameters and the curving performance index. The selected performance index is the lateral force on the leading outer wheel per 1000 lb axle load per degree of curve at equilibrium speed. This perform ance index can be related to the performance criteria using theoretical calculations. The performance criteria for the curve negotiation regime are low wheel and rail wear, prevention of derailment, low lateral wheel loads, and minimum fuel consumption.
	tionships between variations in truck parameters and the curving performance index. The selected performance index is the lateral force on the leading outer wheel per 1000 lb axle load per degree of curve at equilibrium speed. This perform ance index can be related to the performance criteria using theoretical calculations. The performance criteria for the curve negotiation regime are low wheel and rail wear, prevention of derailment, low lateral wheel loads, and minimum fuel consumption.


	Two types of analytical models will be used in predicting the curving performance index for variations in truck parameters. Steady state models will be used to com­pare the basic kinematic performance of different trucks and for calculations of wheel wear, fuel consumption, and rail wear in'curves. Time domain models will be used for derailment potential analyses and for rail wear in the entry portion of the curve.
	Two types of analytical models will be used in predicting the curving performance index for variations in truck parameters. Steady state models will be used to com­pare the basic kinematic performance of different trucks and for calculations of wheel wear, fuel consumption, and rail wear in'curves. Time domain models will be used for derailment potential analyses and for rail wear in the entry portion of the curve.
	Two types of analytical models will be used in predicting the curving performance index for variations in truck parameters. Steady state models will be used to com­pare the basic kinematic performance of different trucks and for calculations of wheel wear, fuel consumption, and rail wear in'curves. Time domain models will be used for derailment potential analyses and for rail wear in the entry portion of the curve.


	Additional curve testing of Type I trucks will be done to provide data for validating the math models and for characterizing Type I trucks. Basic to this testing is the measurement of wheel/rail forces. Models will be used to help plan and predict the results of the Type II truck field testing. The data from the Type II truck field testing will be used to further validate the models and to characterize Type n trucks.
	Additional curve testing of Type I trucks will be done to provide data for validating the math models and for characterizing Type I trucks. Basic to this testing is the measurement of wheel/rail forces. Models will be used to help plan and predict the results of the Type II truck field testing. The data from the Type II truck field testing will be used to further validate the models and to characterize Type n trucks.
	Additional curve testing of Type I trucks will be done to provide data for validating the math models and for characterizing Type I trucks. Basic to this testing is the measurement of wheel/rail forces. Models will be used to help plan and predict the results of the Type II truck field testing. The data from the Type II truck field testing will be used to further validate the models and to characterize Type n trucks.

	3.4 RIDE QUALITY
	3.4 RIDE QUALITY

	The ride quality performance regime as defined includes the overall dynamic environment of a freight car (lading, carbody, and trucks), exclusive of the more extreme dynamics associated with the other performance regimes. Table 3-15 summarizes performance factors, truck parameters, and operational conditions which most affect ride quality. Figure 3-13 illustrates the flow of analysis in this regime.
	The ride quality performance regime as defined includes the overall dynamic environment of a freight car (lading, carbody, and trucks), exclusive of the more extreme dynamics associated with the other performance regimes. Table 3-15 summarizes performance factors, truck parameters, and operational conditions which most affect ride quality. Figure 3-13 illustrates the flow of analysis in this regime.

	To date the major economic impacts associated with ride quality in freight cars have been identified as component wear, and damage to lading. Component wear is signif­icant on the basis of cost, since it occurs with all freight cars, including those where damage to lading is not a problem. It may be necessary to treat lading damage as a selection of special cases in order to obtain any correlation with observable economic loss. In a general sense, however, it will be desirable to consider carbody accelerati
	To date the major economic impacts associated with ride quality in freight cars have been identified as component wear, and damage to lading. Component wear is signif­icant on the basis of cost, since it occurs with all freight cars, including those where damage to lading is not a problem. It may be necessary to treat lading damage as a selection of special cases in order to obtain any correlation with observable economic loss. In a general sense, however, it will be desirable to consider carbody accelerati

	3.4.1 Performance Indices
	3.4.1 Performance Indices

	The performance indices associated with this regime are transmissibility and vibration levels as measured by accelerations at specified points on the carbody and truck. Transmissibility is a well defined quantity. It may be characterized by a frequency-dependent function of amplitude ratios called a transfer function, or as a sequence of root mean square (RMS) ratios of output-to- input over selected frequency bands. The latter may be more meaningful for families of vehicles which reflect a broader range of
	The performance indices associated with this regime are transmissibility and vibration levels as measured by accelerations at specified points on the carbody and truck. Transmissibility is a well defined quantity. It may be characterized by a frequency-dependent function of amplitude ratios called a transfer function, or as a sequence of root mean square (RMS) ratios of output-to- input over selected frequency bands. The latter may be more meaningful for families of vehicles which reflect a broader range of


	3.4.2 Analysis Requirements
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	Included within the ride quality regime analysis are the requirements to:
	Included within the ride quality regime analysis are the requirements to:

	« Characterize wear that occurs during the nor­mal vibration environment of the truck
	« Characterize wear that occurs during the nor­mal vibration environment of the truck

	• Predict the vibration environment of the lading
	• Predict the vibration environment of the lading

	• Compare the effectiveness of Type I and Type II trucks in isolating the vibration inputs due to track geometry
	• Compare the effectiveness of Type I and Type II trucks in isolating the vibration inputs due to track geometry

	To date, the economic analysis has not identified any major truck components other than brake shoes and wheels whose high life cycle costs can be related to the normal vibration environment. This is especially true for the Type II trucks which have not had the amount of in- service experience which would identify high wear points. Nevertheless, one of the objectives of the ride quality task will be to identify relative motions and normal forces between components which can be used to estimate wear.
	To date, the economic analysis has not identified any major truck components other than brake shoes and wheels whose high life cycle costs can be related to the normal vibration environment. This is especially true for the Type II trucks which have not had the amount of in- service experience which would identify high wear points. Nevertheless, one of the objectives of the ride quality task will be to identify relative motions and normal forces between components which can be used to estimate wear.

	The ability to predict the lading environment for specific car/truck/lading combinations is necessary to evaluate the cause of lading damage. This is especially important for Type II trucks, whose main advantage may be that of a greatly improved ride quality.
	The ability to predict the lading environment for specific car/truck/lading combinations is necessary to evaluate the cause of lading damage. This is especially important for Type II trucks, whose main advantage may be that of a greatly improved ride quality.

	Inasmuch as steady curving is considered for nominal track geometry only, the total dynamic environment of a freight car in curving must include both the forces which arise from steady curving on nominal track geometry, and those which are caused by track geometry irregu­larities. Figure 3-14 illustrates the nature of these combined effects. For the time being, it will be assumed that the forces (including wheel/rail forces) which occur within a freight car during curving may be represented by a superpositi
	Inasmuch as steady curving is considered for nominal track geometry only, the total dynamic environment of a freight car in curving must include both the forces which arise from steady curving on nominal track geometry, and those which are caused by track geometry irregu­larities. Figure 3-14 illustrates the nature of these combined effects. For the time being, it will be assumed that the forces (including wheel/rail forces) which occur within a freight car during curving may be represented by a superpositi
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	Smooth ride (minimize lading vibration
	Smooth ride (minimize lading vibration
	Smooth ride (minimize lading vibration
	Smooth ride (minimize lading vibration


	Transmissibilities
	Transmissibilities
	Transmissibilities


	Suspension system Primary
	Suspension system Primary
	Suspension system Primary


	Track geometry
	Track geometry
	Track geometry


	Lading damage
	Lading damage
	Lading damage



	environment)
	environment)
	environment)
	environment)


	Vibration levels as measured by accelera-
	Vibration levels as measured by accelera-
	Vibration levels as measured by accelera-


	Secondary
	Secondary
	Secondary


	Speed
	Speed
	Speed


	Component wear
	Component wear
	Component wear



	Minimization of normal truck component wear
	Minimization of normal truck component wear
	Minimization of normal truck component wear
	Minimization of normal truck component wear


	tions at specified points on the carbody and truck
	tions at specified points on the carbody and truck
	tions at specified points on the carbody and truck


	Wheel profile (as it affects the truck kinematic motion)
	Wheel profile (as it affects the truck kinematic motion)
	Wheel profile (as it affects the truck kinematic motion)


	Lading
	Lading
	Lading


	TD
	P
	Span





	Div
	Figure

	Figure 3-13. Flow Diagram for Ride Quality Analysis
	Figure 3-13. Flow Diagram for Ride Quality Analysis
	Figure 3-13. Flow Diagram for Ride Quality Analysis


	ON CURVES
	ON CURVES
	ON CURVES

	GENERALLY 6,000-8,000 LB ADDITIONAL OCCASIONALLY 12,000-15,000 LB ADDITIONAL
	GENERALLY 6,000-8,000 LB ADDITIONAL OCCASIONALLY 12,000-15,000 LB ADDITIONAL

	ON TANGENT TRACK (AT ABOUT 65 MPH) GENERALLY 10,000-12,000 LB OCCASIONALLY 15,000-20,000 LB
	ON TANGENT TRACK (AT ABOUT 65 MPH) GENERALLY 10,000-12,000 LB OCCASIONALLY 15,000-20,000 LB


	STEADY STATE
	STEADY STATE
	STEADY STATE


	Div
	P
	Span


	OUTER WHEEL LOAD AT LEADING AXLE
	OUTER WHEEL LOAD AT LEADING AXLE
	OUTER WHEEL LOAD AT LEADING AXLE


	DYNAMIC
	DYNAMIC
	DYNAMIC


	Figure 3-14. Dynamic Environment of a Freight Car in Curving
	Figure 3-14. Dynamic Environment of a Freight Car in Curving
	Figure 3-14. Dynamic Environment of a Freight Car in Curving


	3.4,3 T—t Data PtlBaation
	3.4,3 T—t Data PtlBaation
	3.4,3 T—t Data PtlBaation

	Field test data applicable to the ride quality regime are available from Phase I and will be acquired in Phase H. All of the data reduction performed on the high speed runs are applicable to the ride quality regime. The additional data reduction required on the Phase I data is the calculation of transmissibility across the truck sus­pension elements.
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	A detailed list of proposed Phase II instrumentation is presented in Table 3-16 along with further comments on the application of each group of measurements to the ride quality regime. Transmissibilities between rail irregularities and each of these response points can be evaluated. The transmissibility from axle bearing pockets to the truck bolster or carbody can also be evaluated. A primary difference between the two types of transmissibility is that the former includes the effect of track impedance, wher
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	One of the primary requisites of a performance index is that it be simple enough to correlate with deterioration patterns and performance profiles while still being useful as a function of calculable and measurable response quantities. Thus, to achieve simplicity from the stand­point of correlating with deterioration, data from the four vertical axle accelerations, the two lateral axle accelerations, the two vertical truck bolster accelera­tions and carbody end accelerations (lateral and vertical) will be a
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	The car, truck, and lading interact dynamically to form a complete system in determining accelerations on any part of the system. However, it is expected that certain parts of the system may tend to behave somewhat independently over limited frequency bands. For example, the vertical axle accelerations in the high frequency range will be influenced most by track impe­dance and the bearing assembly, and relatively little by the dynamic response of the truck bolster or carbody. Carbody motions in the low freq
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	Both vertical and lateral models will be used for ride quality analysis. Model requirements and application areas for the ride quality regime are presented in Table 3-17.
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	Proposed vertical models are shown in Figure 3-15. A complete freight car is labeled Model #1. It has a total of 7 degrees of freedom (dof) as indicted in the figure. However, it may be possible to replace this 7 dof model by two smaller ones: a 3 dof low frequency model
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	The low frequency model would represent the carbody modes, including the first vertical bending mode for very flexible cars such as the flatcar. No track compliance is included in this model, and inputs would be derived from motion of the wheels (e.g., measured at the bearing pockets).
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	The high frequency model would represent the wheel modes, with the track modeled as a compliant structure. In this model, the wheelsets, side frame, and a portion of the track are assumed to move together, except for a known rail irregularity which is input as a differential displacement between the two. Although not shown in the figure, it will be assumed that there is a viscous damper everywhere a spring is shown.
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	A schematic representation of the proposed lateral model is shown in Figure 3-16. This model is essentially the same as the 9 dof model developed by Cooperrider and Law (reference 10) except that it includes the fundamental flexible carbody torsion or twisting mode which is expected to be particularly important in char­acterizing the flatcar. Track inputs to this model will consist of alignment and crosslevel irregularities, where­as surface irregularities are input to the vertical models.
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	It is not clear in the case of lateral motion (as it is for vertical motion) that simpler models (e.g., low frequency and high frequency) may be used in lieu of the full car model. A high frequency model consisting of one 3 dof
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	truck may be valid whereas the full car model will probably be required to model low frequency behavior. It may be that two simpler models could be used for crosslevel excitation, but not alignment.. In any case, the subsystems modeling capability of DYNALIST II (reference 11) will enable the full car model to be built up of two truck components (3 dof each) and one carbody component (3 or 4 dof) depending on whether carbody torsion is included. The individual components will be analyzed separately to evalu
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	It is anticipated that the performance indices correlating with lading damage and component deterioration will involve accelerations on the carbody and axle bearing pockets, respectively. Experimentally measured truck bolster accelerations will be compared with accelera­tions on the axle bearing pockets to validate the assump­tion that the truck bolster moves with the car bolster, and that appreciable center plate rocking does not occur in the frequency range of interest.
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	A model representing categories of in-service vehicles may be much easier to validate than a model repre­senting one particular test vehicle. The broader range of parameters required for a category of vehicles than for a specific vehicle should lead to less stringent validation criteria, thereby allowing the test results to be more easily extrapolated to the national population of in- service vehicles.
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	»
	»
	»


	Div
	Table
	TR
	TD
	P
	Span


	TD
	P
	Span


	TD
	P
	Span


	TD
	P
	Span


	TD
	P
	Span


	TD
	P
	Span


	TD
	P
	Span



	TR
	TD
	P
	Span


	APPLICATION OF TOOLS
	APPLICATION OF TOOLS
	APPLICATION OF TOOLS


	Qualitative
	Qualitative
	Qualitative

	Engineering
	Engineering

	Models,
	Models,

	Simple
	Simple

	Confutations
	Confutations


	Combinations of Simple Analytic Models
	Combinations of Simple Analytic Models
	Combinations of Simple Analytic Models


	Linearized Models of Complete Vehicles
	Linearized Models of Complete Vehicles
	Linearized Models of Complete Vehicles


	Detailed Models of Nonlinear Subsystems
	Detailed Models of Nonlinear Subsystems
	Detailed Models of Nonlinear Subsystems


	Complete Nonlinear Models of Vehicles
	Complete Nonlinear Models of Vehicles
	Complete Nonlinear Models of Vehicles



	Program or Model
	Program or Model
	Program or Model
	Program or Model


	Simple Spring Mass Model
	Simple Spring Mass Model
	Simple Spring Mass Model


	TD
	P
	Span


	DYNALIST
	DYNALIST
	DYNALIST


	TD
	P
	Span


	FRATE
	FRATE
	FRATE



	TR
	HALF, FULL, LATERAL, FLEX
	HALF, FULL, LATERAL, FLEX
	HALF, FULL, LATERAL, FLEX


	Flexible
	Flexible
	Flexible

	Carbody
	Carbody





	Div
	Table
	TR
	TD
	P
	Span


	SAFETY
	SAFETY
	SAFETY

	Predict Dangerous Conditions '
	Predict Dangerous Conditions '


	TD
	P
	Span


	TD
	P
	Span


	TD
	P
	Span


	'
	'
	'


	TD
	P
	Span



	TR
	TD
	P
	Span


	DETERIORATION Predict Damage & Weir
	DETERIORATION Predict Damage & Weir
	DETERIORATION Predict Damage & Weir


	TD
	P
	Span


	TD
	P
	Span


	TD
	P
	Span


	TD
	P
	Span


	X
	X
	X



	TR
	TD
	P
	Span


	PREDICTION OF IMPROVEMENTS
	PREDICTION OF IMPROVEMENTS
	PREDICTION OF IMPROVEMENTS

	- Type I
	- Type I

	- Type II Trucks
	- Type II Trucks


	X
	X
	X


	TD
	P
	Span


	X
	X
	X


	TD
	P
	Span


	TD
	P
	Span



	TR
	TD
	P
	Span


	IMPROVEMENT OF K00EL 1 INSIGHT
	IMPROVEMENT OF K00EL 1 INSIGHT
	IMPROVEMENT OF K00EL 1 INSIGHT

	Explain discrepancies between theory and data
	Explain discrepancies between theory and data


	X
	X
	X


	TD
	P
	Span


	X
	X
	X


	TD
	P
	Span


	X
	X
	X



	TR
	TD
	P
	Span


	IDENTIFICATION OF NEEDS
	IDENTIFICATION OF NEEDS
	IDENTIFICATION OF NEEDS

	- Measurements
	- Measurements

	- Tests
	- Tests


	X
	X
	X


	TD
	P
	Span


	X
	X
	X


	TD
	P
	Span


	X
	X
	X



	TR
	TD
	P
	Span


	EXTRAPOLATION
	EXTRAPOLATION
	EXTRAPOLATION

	To Conditions Not Tested (Savings in Test Effortl
	To Conditions Not Tested (Savings in Test Effortl


	X
	X
	X


	TD
	P
	Span


	X
	X
	X


	TD
	P
	Span


	X
	X
	X



	TR
	TD
	P
	Span


	CORRELATION
	CORRELATION
	CORRELATION

	With Models 1 Tests by Others
	With Models 1 Tests by Others


	X
	X
	X


	TD
	P
	Span


	X
	X
	X


	TD
	P
	Span


	TD
	P
	Span





	MODEL #1
	MODEL #1
	MODEL #1

	(7 . DOF)
	(7 . DOF)


	Div
	Figure

	MODEL #2
	MODEL #2
	MODEL #2

	(3 - DOF)
	(3 - DOF)


	Div
	Figure

	MODEL #3 (2 - DOF)
	MODEL #3 (2 - DOF)
	MODEL #3 (2 - DOF)


	Div
	Figure

	Figure 3-15. Vertical Models
	Figure 3-15. Vertical Models
	Figure 3-15. Vertical Models


	TORSION
	TORSION
	TORSION


	CARBODV
	CARBODV
	CARBODV


	Div
	Figure

	TRUCK BOLSTER
	TRUCK BOLSTER
	TRUCK BOLSTER

	WHEELS A SIDE FRAME
	WHEELS A SIDE FRAME


	Div
	Figure

	3.4.5 Special Considerations Regarding Type n Trucks
	3.4.5 Special Considerations Regarding Type n Trucks
	3.4.5 Special Considerations Regarding Type n Trucks

	The ride quality performance index of transmissibility will largely be determined by the suspension character­istics. The analysis will therefore focus on the differ­ences exhibited between primary and secondary suspen­sion trucks. Vertical primary suspension displacements will be measured on the Devine-Scales and NRUC Maxiride trucks. Secondary suspension vertical displace­ments will be measured on the Dresser DR-1, Barber Scheffel, National Swing Motion, and ACF Fabricated trucks.
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	The ride quality regime will treat the normal dynamics of the freight car. The performance indices for ride quality are the truck transmissibility and the levels of vibration at specified points on the ear. Transmissibility is a measure of the ability of the truck to isolate the track vibrations from the carbocfy and lading. The primary objectives of the ride quality analysis will be to develop methodologies for predicting the lading vibration environment. Simple linear models will be used to perform these 
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	This appendix describes the data reduction requirements for both track geometry and vehicle field testing. The track geometry analysis will be performed to determine the excitation levels existing during the field test and to generate input for the car/truck simulation programs, which will be used both in the validation efforts and in the extrapolation of field test results. The data reduc­tion and analysis capabilities will be provided by an in- house Wyle data reduction system.
	This appendix describes the data reduction requirements for both track geometry and vehicle field testing. The track geometry analysis will be performed to determine the excitation levels existing during the field test and to generate input for the car/truck simulation programs, which will be used both in the validation efforts and in the extrapolation of field test results. The data reduc­tion and analysis capabilities will be provided by an in- house Wyle data reduction system.
	This appendix describes the data reduction requirements for both track geometry and vehicle field testing. The track geometry analysis will be performed to determine the excitation levels existing during the field test and to generate input for the car/truck simulation programs, which will be used both in the validation efforts and in the extrapolation of field test results. The data reduc­tion and analysis capabilities will be provided by an in- house Wyle data reduction system.


	The test track sections for Phase n are listed in Table A-l. The track geometry will be sampled every 6 inches over these sections. Track geometry will be measured three times during Phase D.
	The test track sections for Phase n are listed in Table A-l. The track geometry will be sampled every 6 inches over these sections. Track geometry will be measured three times during Phase D.
	The test track sections for Phase n are listed in Table A-l. The track geometry will be sampled every 6 inches over these sections. Track geometry will be measured three times during Phase D.

	The track geometry measurements consist of the fol­lowing:
	The track geometry measurements consist of the fol­lowing:

	Left and right vertical profile Left and right alignment
	Left and right vertical profile Left and right alignment


	TRACK GEOMETRY
	TRACK GEOMETRY
	TRACK GEOMETRY

	Track geometry data have been acquired from the TDOP Phase I field testing and from the Union Pacific test track during an on-going Phase II field test program. Several problems have been encountered during the data reduction and interpretation of the Phase I track geo­metry measurements, and steps are being taken under Phase II to avoid similar problems. The two major problems have been lack of alignment data and false location detector signals.
	Track geometry data have been acquired from the TDOP Phase I field testing and from the Union Pacific test track during an on-going Phase II field test program. Several problems have been encountered during the data reduction and interpretation of the Phase I track geo­metry measurements, and steps are being taken under Phase II to avoid similar problems. The two major problems have been lack of alignment data and false location detector signals.

	The magnetic automatic location detectors (ALD) used during Phase I detected many false targets (spikes, crossings, cans) along with the true target. These false indications make it difficult to align the separately recorded test and track geometry from Phase I. This problem complicates data reduction where time or phase correlations are required between the track geometry and the vehicle response data. A possible solution to this problem has been identified.
	The magnetic automatic location detectors (ALD) used during Phase I detected many false targets (spikes, crossings, cans) along with the true target. These false indications make it difficult to align the separately recorded test and track geometry from Phase I. This problem complicates data reduction where time or phase correlations are required between the track geometry and the vehicle response data. A possible solution to this problem has been identified.

	The runs which have been analyzed to date indicate that the false ALD indications show some repeatability between the track geometry and the test data run, i.e., the stray pieces of metal, cans, etc. were present on both the field test and track geometry measurements. This repeatability allows a correlation routine to be used to align the track geometry and test vehicle response measurements.
	The runs which have been analyzed to date indicate that the false ALD indications show some repeatability between the track geometry and the test data run, i.e., the stray pieces of metal, cans, etc. were present on both the field test and track geometry measurements. This repeatability allows a correlation routine to be used to align the track geometry and test vehicle response measurements.

	/
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	The ALD signals, both true and false ones, can be aligned via two distance channels. One distance channel was measured directly during the track geometry and the other one can be derived from the speed channel of the test run. Test run speed is integrated to produce a distance channel against which the test run ALD indica­tions are plotted.
	The ALD signals, both true and false ones, can be aligned via two distance channels. One distance channel was measured directly during the track geometry and the other one can be derived from the speed channel of the test run. Test run speed is integrated to produce a distance channel against which the test run ALD indica­tions are plotted.

	The directly measured track geometry and calculated ALD versus distance channels are then correlated to determine any errors that have occurred.
	The directly measured track geometry and calculated ALD versus distance channels are then correlated to determine any errors that have occurred.

	The calculations described above showed very close correlation between the track geometry and calculated distance channels for the low speeds and errors on the order of 5 percent for the higher speeds. The error distribution indicates that the probable error source is in the speed measurement. Steps have been taken to avoid this problem during the Phase II testing.
	The calculations described above showed very close correlation between the track geometry and calculated distance channels for the low speeds and errors on the order of 5 percent for the higher speeds. The error distribution indicates that the probable error source is in the speed measurement. Steps have been taken to avoid this problem during the Phase II testing.

	Phase II track geometry measurements on the Union Pacific railroad will use a magnetic field ALD sensor on the test vehicle which will sense the field from perma­nent magnets placed in the ties. Stray metal will not produce false indications.
	Phase II track geometry measurements on the Union Pacific railroad will use a magnetic field ALD sensor on the test vehicle which will sense the field from perma­nent magnets placed in the ties. Stray metal will not produce false indications.
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	Superelevation Center line
	Superelevation Center line

	The above spatially sampled data will be processed to produce cumulative distribution functions, probability densities, and power spectral densities.
	The above spatially sampled data will be processed to produce cumulative distribution functions, probability densities, and power spectral densities.

	For each test speed within a run, the spatially sampled track geometry data will have to be converted to the equivalent time domain sample of the track geometry. This processed "time domain" track geometry will form the input function for that test run. A typical data reduction sequence for Phase II consists of building an Advanced Data Analysis and Reduction System (ADARS)
	For each test speed within a run, the spatially sampled track geometry data will have to be converted to the equivalent time domain sample of the track geometry. This processed "time domain" track geometry will form the input function for that test run. A typical data reduction sequence for Phase II consists of building an Advanced Data Analysis and Reduction System (ADARS)
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	Zone
	Zone
	Zone
	Zone
	Zone
	Zone


	Site Designation
	Site Designation
	Site Designation


	Description
	Description
	Description



	1
	1
	1
	1


	Location
	Location
	Location


	Sloan to Arden
	Sloan to Arden
	Sloan to Arden



	TR
	TD
	P
	Span


	Mileposts
	Mileposts
	Mileposts


	321.5 to 314 (7.5 miles)
	321.5 to 314 (7.5 miles)
	321.5 to 314 (7.5 miles)



	TR
	TD
	P
	Span


	Track Type
	Track Type
	Track Type


	Class 4 - Curved
	Class 4 - Curved
	Class 4 - Curved



	TR
	TD
	P
	Span


	Rail Type
	Rail Type
	Rail Type


	133-lb Jointed
	133-lb Jointed
	133-lb Jointed



	TR
	TD
	P
	Span


	Speed Limit
	Speed Limit
	Speed Limit


	40 mph
	40 mph
	40 mph



	2
	2
	2
	2


	Location
	Location
	Location


	Arden to Boulder Junction
	Arden to Boulder Junction
	Arden to Boulder Junction



	TR
	TD
	P
	Span


	Mileposts
	Mileposts
	Mileposts


	321.5 to 326.5 (5.0 miles)
	321.5 to 326.5 (5.0 miles)
	321.5 to 326.5 (5.0 miles)



	TR
	TD
	P
	Span


	Track Type
	Track Type
	Track Type


	Class 4 - Tangent
	Class 4 - Tangent
	Class 4 - Tangent



	TR
	TD
	P
	Span


	Rail Type
	Rail Type
	Rail Type


	133-lb Jointed
	133-lb Jointed
	133-lb Jointed



	TR
	TD
	P
	Span


	Speed Limit
	Speed Limit
	Speed Limit


	79 mph
	79 mph
	79 mph



	3
	3
	3
	3


	Location
	Location
	Location


	Las Vegas
	Las Vegas
	Las Vegas



	TR
	TD
	P
	Span


	Mileposts
	Mileposts
	Mileposts


	Yard Limits (0.22 miles)
	Yard Limits (0.22 miles)
	Yard Limits (0.22 miles)



	TR
	TD
	P
	Span


	Track Type
	Track Type
	Track Type


	12 and 16 Degree Curves
	12 and 16 Degree Curves
	12 and 16 Degree Curves



	TR
	TD
	P
	Span


	Rail type
	Rail type
	Rail type


	Jointed
	Jointed
	Jointed



	TR
	TD
	P
	Span


	Speed Limit
	Speed Limit
	Speed Limit


	10 mph
	10 mph
	10 mph



	4
	4
	4
	4


	Location
	Location
	Location


	Blue Diamond Spur
	Blue Diamond Spur
	Blue Diamond Spur



	TR
	TD
	P
	Span


	Mileposts
	Mileposts
	Mileposts


	5 to 8 (3 miles)
	5 to 8 (3 miles)
	5 to 8 (3 miles)



	TR
	TD
	P
	Span


	Track Type
	Track Type
	Track Type


	Class 2 - Curved & Tangent
	Class 2 - Curved & Tangent
	Class 2 - Curved & Tangent



	TR
	TD
	P
	Span


	Rail Type
	Rail Type
	Rail Type


	131-lb Jointed
	131-lb Jointed
	131-lb Jointed



	TR
	TD
	P
	Span


	Speed Limit
	Speed Limit
	Speed Limit


	20 mph
	20 mph
	20 mph



	5
	5
	5
	5


	Location
	Location
	Location


	Balch to Crucero
	Balch to Crucero
	Balch to Crucero



	TR
	TD
	P
	Span


	Mileposts
	Mileposts
	Mileposts


	210.5 to 204.5 (6 miles)
	210.5 to 204.5 (6 miles)
	210.5 to 204.5 (6 miles)



	TR
	TD
	P
	Span


	Track Type
	Track Type
	Track Type


	Class 4 - Tangent
	Class 4 - Tangent
	Class 4 - Tangent



	TR
	TD
	P
	Span


	Rail Type
	Rail Type
	Rail Type


	133-lb CWR
	133-lb CWR
	133-lb CWR



	TR
	TD
	P
	Span


	Speed Limit
	Speed Limit
	Speed Limit


	79 mph
	79 mph
	79 mph





	test run data file on disc and then processing the spatially sampled track geometry data to create a "time domain" track excitation file for that run. Figure A-l illustrates the technique which is used for converting the spatially sampled track geometry to the equivalent time domain sampled track geometry. The technique consists of interpolating points between the spatially sampled track geometry data to create an equivalent time domain sampled track geometry at the 200 samples/ second sample rate used duri
	test run data file on disc and then processing the spatially sampled track geometry data to create a "time domain" track excitation file for that run. Figure A-l illustrates the technique which is used for converting the spatially sampled track geometry to the equivalent time domain sampled track geometry. The technique consists of interpolating points between the spatially sampled track geometry data to create an equivalent time domain sampled track geometry at the 200 samples/ second sample rate used duri
	test run data file on disc and then processing the spatially sampled track geometry data to create a "time domain" track excitation file for that run. Figure A-l illustrates the technique which is used for converting the spatially sampled track geometry to the equivalent time domain sampled track geometry. The technique consists of interpolating points between the spatially sampled track geometry data to create an equivalent time domain sampled track geometry at the 200 samples/ second sample rate used duri

	Once accurate time domain track geometry records have been appended to the test run data base, data reduction and analysis in either the time or frequency domain can be performed.
	Once accurate time domain track geometry records have been appended to the test run data base, data reduction and analysis in either the time or frequency domain can be performed.

	Track geometry will also be combined to enable the identification of specific truck and carbody excitations, such as vertical, pitch, and roll movements of the carbody. An example procedure for combining the vertical profile measurements to produce the pure verti­cal and pitch excitation is discussed next. Similar calculations will be performed to determine lateral exci­tation for a particular track geometry.
	Track geometry will also be combined to enable the identification of specific truck and carbody excitations, such as vertical, pitch, and roll movements of the carbody. An example procedure for combining the vertical profile measurements to produce the pure verti­cal and pitch excitation is discussed next. Similar calculations will be performed to determine lateral exci­tation for a particular track geometry.
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	Track geometry measurements will be combined to cal­culate the carbody pitch and pure vertical excitation according to the scheme outlined below. The pitch and vertical excitation is a function of not only the track geometry but of the truck wheelbase and separation. The change in height of a truck center, Z™, due to track cross level variations is given by:
	Track geometry measurements will be combined to cal­culate the carbody pitch and pure vertical excitation according to the scheme outlined below. The pitch and vertical excitation is a function of not only the track geometry but of the truck wheelbase and separation. The change in height of a truck center, Z™, due to track cross level variations is given by:
	Track geometry measurements will be combined to cal­culate the carbody pitch and pure vertical excitation according to the scheme outlined below. The pitch and vertical excitation is a function of not only the track geometry but of the truck wheelbase and separation. The change in height of a truck center, Z™, due to track cross level variations is given by:


	^rc <VHCi.l>>
	^rc <VHCi.l>>
	^rc <VHCi.l>>

	Where
	Where

	Zrpc = vertical displacement of the truck center
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	Pure vertical and pitch carbody excitation at a given position on the track is given by:
	Pure vertical and pitch carbody excitation at a given position on the track is given by:
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	For the above pitch excitation, the A end is assumed to be the leading end of the car.
	For the above pitch excitation, the A end is assumed to be the leading end of the car.
	For the above pitch excitation, the A end is assumed to be the leading end of the car.


	Figure A-l. Converting Spatial Track Geometry to Equivalent Time Domain Track Geometry
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	Figure A-l. Converting Spatial Track Geometry to Equivalent Time Domain Track Geometry

	The frequency content of the pitch and vertical excita­tion will then be calculated in the same manner as track geometry data. Power spectral densities (PSD) in either the spatial or temporal domains (given the velocity) can be calculated. Spatial domain PSDs will be investigated for any of the longer wavelengths which would result in excitation at the carbody vertical and pitch mode fre­quencies over the normal operating speed range.
	The frequency content of the pitch and vertical excita­tion will then be calculated in the same manner as track geometry data. Power spectral densities (PSD) in either the spatial or temporal domains (given the velocity) can be calculated. Spatial domain PSDs will be investigated for any of the longer wavelengths which would result in excitation at the carbody vertical and pitch mode fre­quencies over the normal operating speed range.

	VEHICLE FIELD TESTING
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	Digital data tapes from both the Phase I and II test programs will be processed by first demultiplexing the data to produce a data tape compatible with ADARS.
	Digital data tapes from both the Phase I and II test programs will be processed by first demultiplexing the data to produce a data tape compatible with ADARS.

	ADARS provides the capability to perform data reduc­tion in both the frequency and time domain and to provide plots and printouts of individual or linear comb­inations of channels. The general data reduction and analysis capability provided by ADARS is illustrated in the block diagram shown in Figure A-2.
	ADARS provides the capability to perform data reduc­tion in both the frequency and time domain and to provide plots and printouts of individual or linear comb­inations of channels. The general data reduction and analysis capability provided by ADARS is illustrated in the block diagram shown in Figure A-2.

	Spectrum analysis (SPEC) and display capability are included within ADARS. The function of SPEC is to provide power spectral density analysis, using a fast Fourier transform (FFT) routine with a sine and cosine look-up table to enhance processing speed. The module provides the capability to calculate the following:
	Spectrum analysis (SPEC) and display capability are included within ADARS. The function of SPEC is to provide power spectral density analysis, using a fast Fourier transform (FFT) routine with a sine and cosine look-up table to enhance processing speed. The module provides the capability to calculate the following:

	- PSD
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	Cross power spectral density (CSD)
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	Transfer function gain and phase
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	Hanning window on time arrays
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	Average of PSD and CSD values
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	Mean and degree of freedom (or confidence level) with PSD plots
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	Figure A-2. ADARS Overview Flow Diagram
	Figure A-2. ADARS Overview Flow Diagram
	Figure A-2. ADARS Overview Flow Diagram


	The statistics capability (STAT) performs the following statistical analysis functions for a given input file:
	The statistics capability (STAT) performs the following statistical analysis functions for a given input file:
	The statistics capability (STAT) performs the following statistical analysis functions for a given input file:

	Computes and writes to line printer the aver­ages, standard deviation, skewness, and kurtosis
	Computes and writes to line printer the aver­ages, standard deviation, skewness, and kurtosis

	Computes the root mean square values
	Computes the root mean square values

	The display function (DISP) provides both plots and print­outs for the ADARS user. DISP can be initiated by the user directly, or any analysis module can automatically initiate DISP upon completion of its execution. The following types of plots are produced:
	The display function (DISP) provides both plots and print­outs for the ADARS user. DISP can be initiated by the user directly, or any analysis module can automatically initiate DISP upon completion of its execution. The following types of plots are produced:

	Time History Plot. Linear X, linear Y axis for raw or analyzed data, single channel per grid, single grid per page or multiple channels per grid with multiple grids per page
	Time History Plot. Linear X, linear Y axis for raw or analyzed data, single channel per grid, single grid per page or multiple channels per grid with multiple grids per page


	Any array of analyzed data that is suitable for plotting can be printed. Both the X and Y axis arrays will be listed in engineering units with the X axis data on the left portion of the listing.
	Any array of analyzed data that is suitable for plotting can be printed. Both the X and Y axis arrays will be listed in engineering units with the X axis data on the left portion of the listing.
	Any array of analyzed data that is suitable for plotting can be printed. Both the X and Y axis arrays will be listed in engineering units with the X axis data on the left portion of the listing.

	Maximum/minimum analysis will give the largest and the smallest data value that occurs within the interval. The ADARS data analysis Capability will then be used to produce the reduced data required by the model valida­tion task.
	Maximum/minimum analysis will give the largest and the smallest data value that occurs within the interval. The ADARS data analysis Capability will then be used to produce the reduced data required by the model valida­tion task.


	Strip Chart Plot. Raw or analyzed data with com­mon linear X axis time frame and grid, eight linear Y axis grids per page with one channel plotted per grid for each of the eight grids
	Strip Chart Plot. Raw or analyzed data with com­mon linear X axis time frame and grid, eight linear Y axis grids per page with one channel plotted per grid for each of the eight grids
	Strip Chart Plot. Raw or analyzed data with com­mon linear X axis time frame and grid, eight linear Y axis grids per page with one channel plotted per grid for each of the eight grids
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	Appendix B contains a list of the 41 instrumentation channels proposed for Type I truck testing. Following the table are several illustrations showing the location of the instrumentation.
	Appendix B contains a list of the 41 instrumentation channels proposed for Type I truck testing. Following the table are several illustrations showing the location of the instrumentation.
	Appendix B contains a list of the 41 instrumentation channels proposed for Type I truck testing. Following the table are several illustrations showing the location of the instrumentation.

	Further details on the TDOP Phase II Type I and Type II truck testing can be found in Wyle Document No. C-901- 0004-A, "Type I Truck Test Plan," dated April, 1979, and Wyle Document No. C-901-0007-A, "Type n Truck Test Plan," dated October, 1979.
	Further details on the TDOP Phase II Type I and Type II truck testing can be found in Wyle Document No. C-901- 0004-A, "Type I Truck Test Plan," dated April, 1979, and Wyle Document No. C-901-0007-A, "Type n Truck Test Plan," dated October, 1979.
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	Units have hysteresis of +200 lb but are 1% when either in tension or compression.
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	1%
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	Carbody pitch, bounce, Sc roll accel. on bolster centerline
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	20 Hz
	20 Hz
	20 Hz


	+5 G
	+5 G
	+5 G


	1%
	1%
	1%


	Carbody longitudinal accel. to correlate with braking
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	Fore Axle Brg. Pocket Vert. Accel. B-End Right
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	B1
	B1


	BL-1 Axle
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	Bending
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	4,000 in-lb
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	4,000 in-lb


	1%
	1%
	1%


	Right side vertical bending moment of lead axle. Used in L/V calculation
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	4,000 in-lb
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	TD
	P
	Span



	B8
	B8
	B8
	B8


	BR-2 Axle
	BR-2 Axle
	BR-2 Axle

	Bending
	Bending

	Longitudinal
	Longitudinal


	50 Hz
	50 Hz
	50 Hz


	4,000 in-lb
	4,000 in-lb
	4,000 in-lb


	1%
	1%
	1%


	Left side longitudinal bending moment of rear axle. Used in L/V calculation
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	BL-1A Wheel/ Side Frame Position Transducer "A"
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	Wheel/rail angle of attack
	Wheel/rail angle of attack
	Wheel/rail angle of attack
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	Measurement A8 low pass filtered to provide grade
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	Acceleration information
	Acceleration information
	Acceleration information
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	Figure B-3. Bolster Instrumentation (Right Side)
	Figure B-3. Bolster Instrumentation (Right Side)
	Figure B-3. Bolster Instrumentation (Right Side)
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	Figure B-4.' Bolster Instrumentation (Left Side)
	Figure B-4.' Bolster Instrumentation (Left Side)
	Figure B-4.' Bolster Instrumentation (Left Side)
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	Figure B-5. Center Plate Instrumentation i B-7
	Figure B-5. Center Plate Instrumentation i B-7
	Figure B-5. Center Plate Instrumentation i B-7
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	ADHESION
	ADHESION
	ADHESION

	The absence of gross slippage of the wheel on the rail in the presence of tangential forces at the interface.
	The absence of gross slippage of the wheel on the rail in the presence of tangential forces at the interface.


	ANALYTICAL TOOL
	ANALYTICAL TOOL
	ANALYTICAL TOOL

	Refers collectively to a series of techniques used to study or predict the dynamics of a physical system, such as a freight car. Analytical tools are made up of mathematical models and computer programs. Models consist of a set of equations which can be used to mathematically study and predict the response of physi­cal systems. The computer programs implement the sets of equations or models on a digital computer.
	Refers collectively to a series of techniques used to study or predict the dynamics of a physical system, such as a freight car. Analytical tools are made up of mathematical models and computer programs. Models consist of a set of equations which can be used to mathematically study and predict the response of physi­cal systems. The computer programs implement the sets of equations or models on a digital computer.


	ANGLE OF ATTACK
	ANGLE OF ATTACK
	ANGLE OF ATTACK

	Horizontal angle between the vertical plane of the wheel and the tangent to the rail at the point of contact.
	Horizontal angle between the vertical plane of the wheel and the tangent to the rail at the point of contact.


	ANOVA
	ANOVA
	ANOVA

	Analysis of variance, a body of tests of hypotheses, methods of estimation, etc. using statistics which are linear combinations of sums of squares of linear func­tions of the observed values.
	Analysis of variance, a body of tests of hypotheses, methods of estimation, etc. using statistics which are linear combinations of sums of squares of linear func­tions of the observed values.


	AXLE
	AXLE
	AXLE

	The steel shaft on which the car wheels are mounted. The axle not only holds the wheels to gage, but also transmits the load from the journal boxes to the wheels.
	The steel shaft on which the car wheels are mounted. The axle not only holds the wheels to gage, but also transmits the load from the journal boxes to the wheels.


	"B" END OF CAR
	"B" END OF CAR
	"B" END OF CAR

	The end on which the hand brake is located.
	The end on which the hand brake is located.


	BALANCE SPEED
	BALANCE SPEED
	BALANCE SPEED

	The speed with which a vehicle traverses a superelevated curve of constant radius when the centrifugal force exactly balances the horizontal component of the weight due to inclination.
	The speed with which a vehicle traverses a superelevated curve of constant radius when the centrifugal force exactly balances the horizontal component of the weight due to inclination.


	BOLSTER (BODY)
	BOLSTER (BODY)
	BOLSTER (BODY)

	The transverse members on the underframe of a car which transmit the load carried by the longitudinal sills through the center plate to the trucks.
	The transverse members on the underframe of a car which transmit the load carried by the longitudinal sills through the center plate to the trucks.

	BOLSTER SPRING
	BOLSTER SPRING

	The main suspension spring of a car directly supporting the truck bolster and the weight of the earbody.
	The main suspension spring of a car directly supporting the truck bolster and the weight of the earbody.

	BOLSTER (TRUCK)
	BOLSTER (TRUCK)

	A beam placed across the frame of a truck to receive, through the center plate, the weight of the earbody and transfer it to the truck frame and wheels through the spring sets in the side frames.
	A beam placed across the frame of a truck to receive, through the center plate, the weight of the earbody and transfer it to the truck frame and wheels through the spring sets in the side frames.


	BOUNCE
	BOUNCE
	BOUNCE

	Vertical oscillation of the center of gravity of the sprung mass (earbody, truck bolster, etc.).
	Vertical oscillation of the center of gravity of the sprung mass (earbody, truck bolster, etc.).

	BRAKE SHOE
	BRAKE SHOE

	Friction unit contacting the wheels.
	Friction unit contacting the wheels.


	CENTER PLATE
	CENTER PLATE
	CENTER PLATE

	One of a pair of plates which fit one into the other and which support the earbody on the trucks, allowing them to turn freely under the car.
	One of a pair of plates which fit one into the other and which support the earbody on the trucks, allowing them to turn freely under the car.


	CLIMB
	CLIMB
	CLIMB

	The process of the wheel flange contacting and climbing the rail frequently onto the railhead.
	The process of the wheel flange contacting and climbing the rail frequently onto the railhead.


	COULOMB DAMPING
	COULOMB DAMPING
	COULOMB DAMPING

	A damping mechanism that depends on constant ampli­tude friction forces which always resist the direction of motion.
	A damping mechanism that depends on constant ampli­tude friction forces which always resist the direction of motion.


	CURVE NEGOTIATION
	CURVE NEGOTIATION
	CURVE NEGOTIATION

	The ability of a truck to enter, provide guidance through, and exit a curve.
	The ability of a truck to enter, provide guidance through, and exit a curve.


	CURVE
	CURVE
	CURVE

	In the United States it is customary to express track curvature in degrees noted by the deflection from the tangent measured at stations 100 feet apart. The number of degrees of central angle subtended by a chord of 100 feet is the "degree curve." One degree of curvature is equal to a radius of 5,750 feet.
	In the United States it is customary to express track curvature in degrees noted by the deflection from the tangent measured at stations 100 feet apart. The number of degrees of central angle subtended by a chord of 100 feet is the "degree curve." One degree of curvature is equal to a radius of 5,750 feet.


	CREEP
	CREEP
	CREEP

	The capability of two bodies to displace in their plane of contact without slipping. It is made possible by shear deformation of both bodies in the region of the inter­face, which can support tractive forces.
	The capability of two bodies to displace in their plane of contact without slipping. It is made possible by shear deformation of both bodies in the region of the inter­face, which can support tractive forces.


	CRITICAL DAMPING
	CRITICAL DAMPING
	CRITICAL DAMPING

	Amount of damping at which no oscillatory vibration occurs after a spring-mass has been released from a non­equilibrium position.
	Amount of damping at which no oscillatory vibration occurs after a spring-mass has been released from a non­equilibrium position.

	CRITICAL HUNTING SPEED
	CRITICAL HUNTING SPEED

	Minimum speed at which violent truck shimmy occurs.
	Minimum speed at which violent truck shimmy occurs.


	CRITICAL SPEED
	CRITICAL SPEED
	CRITICAL SPEED

	Excitation forces applied to the vehicle are related to forward speed. A critical speed is one at which a car- truck dynamic resonance occurs.
	Excitation forces applied to the vehicle are related to forward speed. A critical speed is one at which a car- truck dynamic resonance occurs.
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	DAMPING COEFFICIENT
	DAMPING COEFFICIENT
	DAMPING COEFFICIENT

	Number describing the energy-absorbing property of a physical system.
	Number describing the energy-absorbing property of a physical system.


	DATA BASE
	DATA BASE
	DATA BASE

	A collection of interrelated data stored together to serve one or more applications; data are stored so that they are independent of programs using the data, a common and controlled approach to maintenance and retrieval of data.
	A collection of interrelated data stored together to serve one or more applications; data are stored so that they are independent of programs using the data, a common and controlled approach to maintenance and retrieval of data.


	DEGREE OF FREEDOM
	DEGREE OF FREEDOM
	DEGREE OF FREEDOM

	A single parameter or coordinate of choice with physical objects, it implies the ability to displace along or about one coordinate axis.
	A single parameter or coordinate of choice with physical objects, it implies the ability to displace along or about one coordinate axis.


	EIGENVALUE ANALYSIS
	EIGENVALUE ANALYSIS
	EIGENVALUE ANALYSIS

	A method used to predict the natural frequencies of a physical system, such as a truck, from the natural loads of the system. Normally Eigenvalues are calculated from a linear set of equations used to model the system.
	A method used to predict the natural frequencies of a physical system, such as a truck, from the natural loads of the system. Normally Eigenvalues are calculated from a linear set of equations used to model the system.


	ELEVATION
	ELEVATION
	ELEVATION

	The higher position of one of the two rails.
	The higher position of one of the two rails.


	FLAT SPOT
	FLAT SPOT
	FLAT SPOT

	Loss of roundness of the tread of a railroad wheel, caused by wheel sliding.
	Loss of roundness of the tread of a railroad wheel, caused by wheel sliding.

	FLEXIBLE TRUCK
	FLEXIBLE TRUCK

	A truck in which the axles are allowed to displace relative to the frame in the lateral and yaw degrees of freedom, against elastic constraints, usually in the form of elastomers.
	A truck in which the axles are allowed to displace relative to the frame in the lateral and yaw degrees of freedom, against elastic constraints, usually in the form of elastomers.


	FORC E-DISPL AC EM ENT C H AR AC TERISTIC S
	FORC E-DISPL AC EM ENT C H AR AC TERISTIC S
	FORC E-DISPL AC EM ENT C H AR AC TERISTIC S

	Graph describing the force necessary to reach/maintain a specific amount of displacement.
	Graph describing the force necessary to reach/maintain a specific amount of displacement.


	FORCED FREQUENCY
	FORCED FREQUENCY
	FORCED FREQUENCY

	Frequency imposed on the system by superimposed forces (rail joints, etc).
	Frequency imposed on the system by superimposed forces (rail joints, etc).

	FORCED RESPONSE
	FORCED RESPONSE

	A term used to describe the response of a system due to some external forcing function.
	A term used to describe the response of a system due to some external forcing function.

	FRICTION PLATE
	FRICTION PLATE

	A removable plate to prevent wear on the main body of a component.
	A removable plate to prevent wear on the main body of a component.


	FRICTION SNUBBER
	FRICTION SNUBBER
	FRICTION SNUBBER

	A device built into the secondary suspension of a truck to absorb energy. The standard designs rely on sliding friction to dissipate energy.
	A device built into the secondary suspension of a truck to absorb energy. The standard designs rely on sliding friction to dissipate energy.


	FRICTION SNUBBER FORCE MEASUREMENT SYSTEM (FSFMS)
	FRICTION SNUBBER FORCE MEASUREMENT SYSTEM (FSFMS)
	FRICTION SNUBBER FORCE MEASUREMENT SYSTEM (FSFMS)

	Friction Snubber Force Measurement System is a device for measuring the forces within a standard friction snubber which was used during a TDOP Phase II field test late in 1978.
	Friction Snubber Force Measurement System is a device for measuring the forces within a standard friction snubber which was used during a TDOP Phase II field test late in 1978.


	GAGE OF THE TRACK
	GAGE OF THE TRACK
	GAGE OF THE TRACK

	The distance between the rails measured from the inside head of each rail at a right angle 5/8 inches below the top of the rail. The standard for this dimension on North American Railways is 4 feet, 8i inches.
	The distance between the rails measured from the inside head of each rail at a right angle 5/8 inches below the top of the rail. The standard for this dimension on North American Railways is 4 feet, 8i inches.


	GRADE
	GRADE
	GRADE

	Part of roadbed with changing elevation.
	Part of roadbed with changing elevation.


	GROSS WEIGHT
	GROSS WEIGHT
	GROSS WEIGHT

	The total weight of a car, including the lading.
	The total weight of a car, including the lading.


	HARMONIC ROLL
	HARMONIC ROLL
	HARMONIC ROLL

	Periodic angular displacement of the vehicle body about its longitudinal axis, due to vertical track inputs close to the natural frequency of the carbody on its suspension, referred to as rock and roll.
	Periodic angular displacement of the vehicle body about its longitudinal axis, due to vertical track inputs close to the natural frequency of the carbody on its suspension, referred to as rock and roll.


	HUNTING
	HUNTING
	HUNTING

	Dynamic instability of sets of wheels or entire trucks consisting of a lateral translation along the axle and rotational vibration about a vertical axis.
	Dynamic instability of sets of wheels or entire trucks consisting of a lateral translation along the axle and rotational vibration about a vertical axis.

	HYSTERESIS
	HYSTERESIS

	The dependence of the state of a system on its previous history, generally in the form of a lagging of a physical effect behind its cause.
	The dependence of the state of a system on its previous history, generally in the form of a lagging of a physical effect behind its cause.

	INTERPOLATION
	INTERPOLATION

	Derivation of function values at arguments not listed in the look-up table.
	Derivation of function values at arguments not listed in the look-up table.

	ITERATION
	ITERATION

	Method of computation through refinements. The itera­tion is called convergent if the sequence of computed values is convergent. The first element of that sequence is called initialization.
	Method of computation through refinements. The itera­tion is called convergent if the sequence of computed values is convergent. The first element of that sequence is called initialization.


	KINEMATICS
	KINEMATICS
	KINEMATICS
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	V
	V


	t*
	t*
	t*

	I
	I


	The branch of mechanics that deals with motion without consideration of inertial forces.
	The branch of mechanics that deals with motion without consideration of inertial forces.
	The branch of mechanics that deals with motion without consideration of inertial forces.
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	KINEMATIC WAVELENGTH
	KINEMATIC WAVELENGTH
	KINEMATIC WAVELENGTH

	The wavelength of the sinusoidal motion of a wheelset or truck along the track when inertial forces are negligible.
	The wavelength of the sinusoidal motion of a wheelset or truck along the track when inertial forces are negligible.


	KINETIC ENERGY
	KINETIC ENERGY
	KINETIC ENERGY

	A moving body possesses an amount of energy equal to the energy needed to bring it to rest. The energy of the moving body is called kinetic energy. It is defined as half the product of the mass (mass movement of inertia) and the square of the velocity (angular velocity).
	A moving body possesses an amount of energy equal to the energy needed to bring it to rest. The energy of the moving body is called kinetic energy. It is defined as half the product of the mass (mass movement of inertia) and the square of the velocity (angular velocity).


	KINETIC FRICTION
	KINETIC FRICTION
	KINETIC FRICTION

	Friction of motion, such as that between the brake shoe and wheel (when the wheel is turning) or as between a wheel and rail (during sliding or slipping). Kinetic friction is always less than static friction.
	Friction of motion, such as that between the brake shoe and wheel (when the wheel is turning) or as between a wheel and rail (during sliding or slipping). Kinetic friction is always less than static friction.


	LATERAL STABILITY
	LATERAL STABILITY
	LATERAL STABILITY

	Refers to the stability of a truck in the lateral direction. Trucks with a low degree of lateral stability tend to oscillate or hunt as speed is increased below some critical value.
	Refers to the stability of a truck in the lateral direction. Trucks with a low degree of lateral stability tend to oscillate or hunt as speed is increased below some critical value.


	LATERAL VIBRATION
	LATERAL VIBRATION
	LATERAL VIBRATION

	Pure side to side movement in the horizontal plane.
	Pure side to side movement in the horizontal plane.


	LIFECYCLE
	LIFECYCLE
	LIFECYCLE

	The expected life of truck components over the life of a freight car.
	The expected life of truck components over the life of a freight car.

	LOAD EQUALIZATION
	LOAD EQUALIZATION

	Ability of truck to maintain equal load distributions on all four wheels while accomodating the full range of in- service track geometry.
	Ability of truck to maintain equal load distributions on all four wheels while accomodating the full range of in- service track geometry.

	LOOK-UP TABLE
	LOOK-UP TABLE

	Values of a function at several arguments arranged in a way that a computer can access it.
	Values of a function at several arguments arranged in a way that a computer can access it.

	LOWER CENTER ROLL
	LOWER CENTER ROLL

	Rotation of the carbody about a virtual longitudinal axis below its center of gravity.
	Rotation of the carbody about a virtual longitudinal axis below its center of gravity.


	L/V RATIO
	L/V RATIO
	L/V RATIO

	Defined as the ratio of the lateral force to the vertical force of a car or locomotive wheel on a .rail. It is an important indicator of wheel climb, shifting of the track structure, rail turnover, and/or derailments.
	Defined as the ratio of the lateral force to the vertical force of a car or locomotive wheel on a .rail. It is an important indicator of wheel climb, shifting of the track structure, rail turnover, and/or derailments.


	MODEL
	MODEL
	MODEL

	A set of equations which may or may not include nonlinearities used to simulate a physical system such as a wheelset, a truck, or a complete car/truck system.
	A set of equations which may or may not include nonlinearities used to simulate a physical system such as a wheelset, a truck, or a complete car/truck system.


	NATURAL FREQUENCY
	NATURAL FREQUENCY
	NATURAL FREQUENCY

	The frequency at which the system tends to vibrate when released after being displaced from neutral position.
	The frequency at which the system tends to vibrate when released after being displaced from neutral position.


	OPERATIONAL CONDITIONS
	OPERATIONAL CONDITIONS
	OPERATIONAL CONDITIONS

	Refers to the conditions or physical environment in which a truck must operate. Typical operational condi­tions include speed, track condition, and loading.
	Refers to the conditions or physical environment in which a truck must operate. Typical operational condi­tions include speed, track condition, and loading.

	PARALLELOGRAMMING
	PARALLELOGRAMMING

	Relative longitudinal displacement of truck side frames which causes the truck to go in and out of tram.
	Relative longitudinal displacement of truck side frames which causes the truck to go in and out of tram.


	PARAMETER VARIATIONS
	PARAMETER VARIATIONS
	PARAMETER VARIATIONS

	Refers to variations made on the parameters of a mathematical model to study the effect of component changes, configuration changes, or operational environ­ment changes.
	Refers to variations made on the parameters of a mathematical model to study the effect of component changes, configuration changes, or operational environ­ment changes.


	PERFORMANCE CRITERIA
	PERFORMANCE CRITERIA
	PERFORMANCE CRITERIA

	The aspects of truck behavior considered desirable in various performance regimes. Criteria may range from the most general, such as safety from derailment or low wear rates, to the specific, such as lateral stability or a curve negotiability.
	The aspects of truck behavior considered desirable in various performance regimes. Criteria may range from the most general, such as safety from derailment or low wear rates, to the specific, such as lateral stability or a curve negotiability.


	PERFORMANCE INDEX
	PERFORMANCE INDEX
	PERFORMANCE INDEX

	A measurable physical quantity characteristic of perfor­mance in a particular regime. An example of a perfor­mance index for hunting would be the critical speed, and for curve negotiation, the lateral load on the outer leading wheel of the truck. Each performance index must be qualified by a statement of conditions for which it applies, and which may affect its magnitude to varying degrees.
	A measurable physical quantity characteristic of perfor­mance in a particular regime. An example of a perfor­mance index for hunting would be the critical speed, and for curve negotiation, the lateral load on the outer leading wheel of the truck. Each performance index must be qualified by a statement of conditions for which it applies, and which may affect its magnitude to varying degrees.


	PERFORMANCE REGIME
	PERFORMANCE REGIME
	PERFORMANCE REGIME

	The characteristic way in which a railcar or truck responds to a combination of track and operating condi­tions (such as speed). Inherent in this definition is a comparison with stable vehicle behavior on "ideal" tan­gent track. Performance regimes selected for truck characterization should be sufficiently distinct to permit ranking of truck performance on non-overlapping scales. The four primary regimes chosen are lateral stability, trackability, curve negotiation, and ride quality.
	The characteristic way in which a railcar or truck responds to a combination of track and operating condi­tions (such as speed). Inherent in this definition is a comparison with stable vehicle behavior on "ideal" tan­gent track. Performance regimes selected for truck characterization should be sufficiently distinct to permit ranking of truck performance on non-overlapping scales. The four primary regimes chosen are lateral stability, trackability, curve negotiation, and ride quality.


	C-J
	C-J
	C-J


	PITCH
	PITCH
	PITCH
	PITCH
	PITCH
	PITCH


	HOLLA BILITY
	HOLLA BILITY
	HOLLA BILITY



	Angular motion in the vertical plane about the axle perpendicular to the direction of the track.
	Angular motion in the vertical plane about the axle perpendicular to the direction of the track.
	Angular motion in the vertical plane about the axle perpendicular to the direction of the track.
	Angular motion in the vertical plane about the axle perpendicular to the direction of the track.


	The relative resistance of the truck to longitudinal motion.
	The relative resistance of the truck to longitudinal motion.
	The relative resistance of the truck to longitudinal motion.



	POWER SPECTRAL DENSITY (PSD)
	POWER SPECTRAL DENSITY (PSD)
	POWER SPECTRAL DENSITY (PSD)
	POWER SPECTRAL DENSITY (PSD)


	SECONDARY SUSPENSION
	SECONDARY SUSPENSION
	SECONDARY SUSPENSION



	This represents the distribution of energy in a vibrating system under defined test conditions over the frequency spectrum specified.
	This represents the distribution of energy in a vibrating system under defined test conditions over the frequency spectrum specified.
	This represents the distribution of energy in a vibrating system under defined test conditions over the frequency spectrum specified.
	This represents the distribution of energy in a vibrating system under defined test conditions over the frequency spectrum specified.


	Suspension elements between the truck bolster and side frame. This is the principal means of isolating vibration in a freight car truck.
	Suspension elements between the truck bolster and side frame. This is the principal means of isolating vibration in a freight car truck.
	Suspension elements between the truck bolster and side frame. This is the principal means of isolating vibration in a freight car truck.



	PRIMARY SUSPENSION
	PRIMARY SUSPENSION
	PRIMARY SUSPENSION
	PRIMARY SUSPENSION

	Suspension elements between the side frame and wheel- sets. For freight car trucks, these usually take the form of elastomeric pads.
	Suspension elements between the side frame and wheel- sets. For freight car trucks, these usually take the form of elastomeric pads.


	SHIMMY
	SHIMMY
	SHIMMY

	A synonym for hunting.
	A synonym for hunting.
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	SIDE BEARING „
	SIDE BEARING „
	SIDE BEARING „



	RADIAL TRUCK
	RADIAL TRUCK
	RADIAL TRUCK
	RADIAL TRUCK

	A truck in which the axles of the wheelsets are made to assume an approximately radial orientation in a curve. A radial truck is a special form of flexible truck in which the wheelsets or side frames are connected by special devices that determine the curving kinematics.
	A truck in which the axles of the wheelsets are made to assume an approximately radial orientation in a curve. A radial truck is a special form of flexible truck in which the wheelsets or side frames are connected by special devices that determine the curving kinematics.


	Bearings attached to the bolsters of a carbody, or truck, ^ on each side of the center plate to prevent excessive rocking. The upper, or body side bearing, and the lower, or truck side bearing, are sometimes merely large flat surfaces. Other types of side bearings employ rollers, springs, and friction elements to maintain constant con­tact and control relative movement between body and truck.
	Bearings attached to the bolsters of a carbody, or truck, ^ on each side of the center plate to prevent excessive rocking. The upper, or body side bearing, and the lower, or truck side bearing, are sometimes merely large flat surfaces. Other types of side bearings employ rollers, springs, and friction elements to maintain constant con­tact and control relative movement between body and truck.
	Bearings attached to the bolsters of a carbody, or truck, ^ on each side of the center plate to prevent excessive rocking. The upper, or body side bearing, and the lower, or truck side bearing, are sometimes merely large flat surfaces. Other types of side bearings employ rollers, springs, and friction elements to maintain constant con­tact and control relative movement between body and truck.



	RECTIFIED SINE WAVE TRACK GEOMETRY
	RECTIFIED SINE WAVE TRACK GEOMETRY
	RECTIFIED SINE WAVE TRACK GEOMETRY
	RECTIFIED SINE WAVE TRACK GEOMETRY


	SIDE FRAME
	SIDE FRAME
	SIDE FRAME



	The shape of the vertical track deviations used to analytically describe jointed rail. The joints correspond to the low points of the rectified sine wave and the mid points represent the peaks of the sine wave.
	The shape of the vertical track deviations used to analytically describe jointed rail. The joints correspond to the low points of the rectified sine wave and the mid points represent the peaks of the sine wave.
	The shape of the vertical track deviations used to analytically describe jointed rail. The joints correspond to the low points of the rectified sine wave and the mid points represent the peaks of the sine wave.
	The shape of the vertical track deviations used to analytically describe jointed rail. The joints correspond to the low points of the rectified sine wave and the mid points represent the peaks of the sine wave.


	The frame which forms the side of a carbody or a truck. It includes the column braces, plate, etc., for the car- body; and the side member of a truck frame.
	The frame which forms the side of a carbody or a truck. It includes the column braces, plate, etc., for the car- body; and the side member of a truck frame.
	The frame which forms the side of a carbody or a truck. It includes the column braces, plate, etc., for the car- body; and the side member of a truck frame.



	REGRESSION
	REGRESSION
	REGRESSION
	REGRESSION


	SILL (CAR)
	SILL (CAR)
	SILL (CAR)



	A statistical procedure for fitting the coefficients of an equation, usually based on minimizing the sum of the squares of the errors between the observed and predicted values of the equation.
	A statistical procedure for fitting the coefficients of an equation, usually based on minimizing the sum of the squares of the errors between the observed and predicted values of the equation.
	A statistical procedure for fitting the coefficients of an equation, usually based on minimizing the sum of the squares of the errors between the observed and predicted values of the equation.
	A statistical procedure for fitting the coefficients of an equation, usually based on minimizing the sum of the squares of the errors between the observed and predicted values of the equation.


	The main longitudinal members of a car under frame which are connected transversely by the end sills, body bolsters, and cross ties. Sills are divided into side sills, intermediate sills, and center sills.
	The main longitudinal members of a car under frame which are connected transversely by the end sills, body bolsters, and cross ties. Sills are divided into side sills, intermediate sills, and center sills.
	The main longitudinal members of a car under frame which are connected transversely by the end sills, body bolsters, and cross ties. Sills are divided into side sills, intermediate sills, and center sills.



	RESONANCE
	RESONANCE
	RESONANCE
	RESONANCE


	SIMULATION PROGRAM
	SIMULATION PROGRAM
	SIMULATION PROGRAM



	The condition at which forcing frequency is equal to natural frequency; this usually results in violent motion.
	The condition at which forcing frequency is equal to natural frequency; this usually results in violent motion.
	The condition at which forcing frequency is equal to natural frequency; this usually results in violent motion.
	The condition at which forcing frequency is equal to natural frequency; this usually results in violent motion.


	A computer code which implements a mathematical model.
	A computer code which implements a mathematical model.
	A computer code which implements a mathematical model.



	ROCK AND ROLL
	ROCK AND ROLL
	ROCK AND ROLL
	ROCK AND ROLL


	SNUBBERS ^
	SNUBBERS ^
	SNUBBERS ^
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	An informal term for the excessive lateral rocking of cars and locomotives, usually at low speeds and associ­ated with jointed rail. The speed range at which this cyclic phenomenon occurs is between 10 and 25 mph, with the exact speed determined by such factors as the
	An informal term for the excessive lateral rocking of cars and locomotives, usually at low speeds and associ­ated with jointed rail. The speed range at which this cyclic phenomenon occurs is between 10 and 25 mph, with the exact speed determined by such factors as the
	An informal term for the excessive lateral rocking of cars and locomotives, usually at low speeds and associ­ated with jointed rail. The speed range at which this cyclic phenomenon occurs is between 10 and 25 mph, with the exact speed determined by such factors as the
	An informal term for the excessive lateral rocking of cars and locomotives, usually at low speeds and associ­ated with jointed rail. The speed range at which this cyclic phenomenon occurs is between 10 and 25 mph, with the exact speed determined by such factors as the


	Damping devices which are used to attenuate oscillations of a car or truck. They may be similar to hydraulic shock absorbers. Friction devices are commonly used in rail vehicles.
	Damping devices which are used to attenuate oscillations of a car or truck. They may be similar to hydraulic shock absorbers. Friction devices are commonly used in rail vehicles.
	Damping devices which are used to attenuate oscillations of a car or truck. They may be similar to hydraulic shock absorbers. Friction devices are commonly used in rail vehicles.



	wheel base, height of the center of gravity of each individual car or engine, the spring dampening associated with the suspension system of each vehicle, and the
	wheel base, height of the center of gravity of each individual car or engine, the spring dampening associated with the suspension system of each vehicle, and the
	wheel base, height of the center of gravity of each individual car or engine, the spring dampening associated with the suspension system of each vehicle, and the
	wheel base, height of the center of gravity of each individual car or engine, the spring dampening associated with the suspension system of each vehicle, and the


	SPRING GROUP
	SPRING GROUP
	SPRING GROUP



	relative difference in elevation between successive joints in jointed rail territory. In extreme cases, actual wheel lift can occur which can result in derailments (see also Harmonic Roll).
	relative difference in elevation between successive joints in jointed rail territory. In extreme cases, actual wheel lift can occur which can result in derailments (see also Harmonic Roll).
	relative difference in elevation between successive joints in jointed rail territory. In extreme cases, actual wheel lift can occur which can result in derailments (see also Harmonic Roll).
	relative difference in elevation between successive joints in jointed rail territory. In extreme cases, actual wheel lift can occur which can result in derailments (see also Harmonic Roll).


	A helical car spring assembly formed of a number of separate springs (single or nested) and united by a common pair of spring plates.
	A helical car spring assembly formed of a number of separate springs (single or nested) and united by a common pair of spring plates.
	A helical car spring assembly formed of a number of separate springs (single or nested) and united by a common pair of spring plates.



	ROLL
	ROLL
	ROLL
	ROLL


	SUPERELEVATION
	SUPERELEVATION
	SUPERELEVATION



	Rotation of the carbody about a longitudinal axis through the center of gravity.
	Rotation of the carbody about a longitudinal axis through the center of gravity.
	Rotation of the carbody about a longitudinal axis through the center of gravity.
	Rotation of the carbody about a longitudinal axis through the center of gravity.


	The vertical distance between the heights of inner and outer edges of railroad rails.
	The vertical distance between the heights of inner and outer edges of railroad rails.
	The vertical distance between the heights of inner and outer edges of railroad rails.





	A truck bolster which is suspended by hangers or links so that it can swing laterally in relation to the truck. The object of providing this swinging motion to the bolster is to prevent, as much as possible, lateral blows and shocks from being communicated to the carbody, and, vice versa, to prevent the momentum of the carbody from acting with its full force on the truck frame and wheel flanges.
	A truck bolster which is suspended by hangers or links so that it can swing laterally in relation to the truck. The object of providing this swinging motion to the bolster is to prevent, as much as possible, lateral blows and shocks from being communicated to the carbody, and, vice versa, to prevent the momentum of the carbody from acting with its full force on the truck frame and wheel flanges.
	A truck bolster which is suspended by hangers or links so that it can swing laterally in relation to the truck. The object of providing this swinging motion to the bolster is to prevent, as much as possible, lateral blows and shocks from being communicated to the carbody, and, vice versa, to prevent the momentum of the carbody from acting with its full force on the truck frame and wheel flanges.


	SWING HANGER
	SWING HANGER
	SWING HANGER

	Bars or links, attached at their upper ends to the frame of a swing motion truck, and carrying the spring plank at their lower ends. Also called bolster hanger.
	Bars or links, attached at their upper ends to the frame of a swing motion truck, and carrying the spring plank at their lower ends. Also called bolster hanger.


	bearing locations. When, in a four-wheel truck, the two diagonal measurements are equal, the truck is said to be in tram.
	bearing locations. When, in a four-wheel truck, the two diagonal measurements are equal, the truck is said to be in tram.
	bearing locations. When, in a four-wheel truck, the two diagonal measurements are equal, the truck is said to be in tram.

	TRADMISSIBILITY RATIOS
	TRADMISSIBILITY RATIOS

	A frequency-dependent function of amplitude ratios called a transfer function, or a sequence of root mean square ratios of output to input over selected frequency bands.
	A frequency-dependent function of amplitude ratios called a transfer function, or a sequence of root mean square ratios of output to input over selected frequency bands.

	TRUCKCENTER
	TRUCKCENTER

	The center point of a truck. The distance between truck centers is that distance as measured from one truck center to the other truck center on a single car.
	The center point of a truck. The distance between truck centers is that distance as measured from one truck center to the other truck center on a single car.


	TRUCK CLASSIFICATIONS
	TRUCK CLASSIFICATIONS
	TRUCK CLASSIFICATIONS


	SWING MOTION
	SWING MOTION
	SWING MOTION

	A term applied to an arrangement of hangers or transom for the springs and truck bolster which enables a car body to swing laterally on the truck.
	A term applied to an arrangement of hangers or transom for the springs and truck bolster which enables a car body to swing laterally on the truck.


	SWIVELING
	SWIVELING
	SWIVELING

	Angular oscillation about an axis; a symmetry, usually applied to truck action when the bolster oscillates around the center pin.
	Angular oscillation about an axis; a symmetry, usually applied to truck action when the bolster oscillates around the center pin.


	THROAT (CAR WHEEL)
	THROAT (CAR WHEEL)
	THROAT (CAR WHEEL)

	The curved transition between the wheel tread and flange.
	The curved transition between the wheel tread and flange.


	TRACEABILITY
	TRACEABILITY
	TRACEABILITY

	Refers to the ability of a truck to maintain equal wheel loads under all extremes of operating conditions.
	Refers to the ability of a truck to maintain equal wheel loads under all extremes of operating conditions.


	TYPE I: GENERAL PURPOSE DESIGN (STANDARD THREE-PIECE)
	TYPE I: GENERAL PURPOSE DESIGN (STANDARD THREE-PIECE)
	TYPE I: GENERAL PURPOSE DESIGN (STANDARD THREE-PIECE)

	This design is interchangeable with existing trucks so as to preserve the present truck coupler height, support the carbody on center plates, utilize air brakes which are compatible with existing systems, accept standard wheelsets and journal bearings, and whose components meet applicable Association of American Railroads (AAR) requirements.
	This design is interchangeable with existing trucks so as to preserve the present truck coupler height, support the carbody on center plates, utilize air brakes which are compatible with existing systems, accept standard wheelsets and journal bearings, and whose components meet applicable Association of American Railroads (AAR) requirements.


	TYPE IL- SPECIAL PURPOSE DESIGN (PREMIUM)
	TYPE IL- SPECIAL PURPOSE DESIGN (PREMIUM)
	TYPE IL- SPECIAL PURPOSE DESIGN (PREMIUM)

	This design utilizes current wheelset and journal bearing assemblies, is compatible with existing air brake systems, and preserves car coupler height. The Type n truck may employ mechanisms other than center plate and side bearings for support and stabilization of the carbody.
	This design utilizes current wheelset and journal bearing assemblies, is compatible with existing air brake systems, and preserves car coupler height. The Type n truck may employ mechanisms other than center plate and side bearings for support and stabilization of the carbody.


	TRACK-TRAIN DYNAMKS
	TRACK-TRAIN DYNAMKS
	TRACK-TRAIN DYNAMKS

	A term used to describe the dynamic motion and the resulting dynamic forces that result from the interaction of the vehicles coupled into a train interacting with the track, under given climatic conditions, train handling, train makeup, grades, curvature, and operating policies.
	A term used to describe the dynamic motion and the resulting dynamic forces that result from the interaction of the vehicles coupled into a train interacting with the track, under given climatic conditions, train handling, train makeup, grades, curvature, and operating policies.


	TRACK-TRAIN ENVIRONMENT
	TRACK-TRAIN ENVIRONMENT
	TRACK-TRAIN ENVIRONMENT

	All the conditions which affect the track and/or the train, such as grades, curvature, locomotive and car characteristics, train handling, etc.
	All the conditions which affect the track and/or the train, such as grades, curvature, locomotive and car characteristics, train handling, etc.


	TRACK TWIST
	TRACK TWIST
	TRACK TWIST

	Refers to cross-level variations which occur within the wheelbase of the truck.
	Refers to cross-level variations which occur within the wheelbase of the truck.

	trAm
	trAm

	This term applies to the diagonal measurement of axle
	This term applies to the diagonal measurement of axle


	TRUCK WHEEL BASE
	TRUCK WHEEL BASE
	TRUCK WHEEL BASE

	The horizontal distance between the centers of the first and last axles of a truck.
	The horizontal distance between the centers of the first and last axles of a truck.


	UNDULATING GRADE
	UNDULATING GRADE
	UNDULATING GRADE

	A track profile with grade changes so often that an average train passing over the track has some cars on three or more alternating ascending and descending grades. The train slack is always tending to adjust as cars on descending grades tend to roll faster than those on ascending grades.
	A track profile with grade changes so often that an average train passing over the track has some cars on three or more alternating ascending and descending grades. The train slack is always tending to adjust as cars on descending grades tend to roll faster than those on ascending grades.


	UPPER CENTER ROLL
	UPPER CENTER ROLL
	UPPER CENTER ROLL

	Rotation of the carbody about a longitudinal axis above its center of gravity.
	Rotation of the carbody about a longitudinal axis above its center of gravity.


	VERTICAL VIBRATION
	VERTICAL VIBRATION
	VERTICAL VIBRATION

	Pure up and down motion often described as bounce.
	Pure up and down motion often described as bounce.


	VIBRATION TEST UNIT (VTU)
	VIBRATION TEST UNIT (VTU)
	VIBRATION TEST UNIT (VTU)

	One of the test machines located in the Rail Dynamics Laboratory, Pueblo, Colorado. This machine can provide both vertical and lateral excitation at both ends of a fully loaded railcar. The VTU will be used for com­ponent and system testing during TDOP Phase n.
	One of the test machines located in the Rail Dynamics Laboratory, Pueblo, Colorado. This machine can provide both vertical and lateral excitation at both ends of a fully loaded railcar. The VTU will be used for com­ponent and system testing during TDOP Phase n.


	WEAR PLATE
	WEAR PLATE
	WEAR PLATE

	Renewable, wear-resistant, hardened steel plate which may be applied to center plates, side bearing pads, draft gear housings, etc.
	Renewable, wear-resistant, hardened steel plate which may be applied to center plates, side bearing pads, draft gear housings, etc.


	WHEEL
	WHEEL
	WHEEL

	The flanged rolling element which carries the weight and provides guidance for rail vehicles. It also serves as the brake drum for tread-braked equipment. Major classifi­cations are "forged" (wrought) and "cast" steel wheels.
	The flanged rolling element which carries the weight and provides guidance for rail vehicles. It also serves as the brake drum for tread-braked equipment. Major classifi­cations are "forged" (wrought) and "cast" steel wheels.


	WHEEL SLIPPING
	WHEEL SLIPPING
	WHEEL SLIPPING

	The situation where the wheel rotates faster than longi­tudinal movement would dictate, and adhesion is lost.
	The situation where the wheel rotates faster than longi­tudinal movement would dictate, and adhesion is lost.

	WHEEL TREAD
	WHEEL TREAD

	The exterior cylindrical surface of a wheel which bears on the rails.
	The exterior cylindrical surface of a wheel which bears on the rails.

	WHEEL UNLOADING
	WHEEL UNLOADING

	Reduction of vertical wheel reaction on the rail.
	Reduction of vertical wheel reaction on the rail.

	YAW
	YAW

	Angular motion in the horizontal plane about a vertical axis.
	Angular motion in the horizontal plane about a vertical axis.


	WHEEL CLIMB
	WHEEL CLIMB
	WHEEL CLIMB

	This term applies to the condition where the lateral (axial) force between the wheel flange and rail head is great enough so that the resulting friction force causes the wheel flange to climb up on the rail.
	This term applies to the condition where the lateral (axial) force between the wheel flange and rail head is great enough so that the resulting friction force causes the wheel flange to climb up on the rail.
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	WHEEL CONICITY
	WHEEL CONICITY
	WHEEL CONICITY

	The slope of the wheel tread at the point of wheel/rail contact. Wheel conicity is used in linearized models to determine the change of rolling radius and the restoring force resulting from the particular wheel/rail contact.
	The slope of the wheel tread at the point of wheel/rail contact. Wheel conicity is used in linearized models to determine the change of rolling radius and the restoring force resulting from the particular wheel/rail contact.


	WHEEL FLANGE
	WHEEL FLANGE
	WHEEL FLANGE

	The projecting edge or rim on the periphery of a car wheel for keeping it on the rail.
	The projecting edge or rim on the periphery of a car wheel for keeping it on the rail.


	WHEEL LIFT
	WHEEL LIFT
	WHEEL LIFT

	This term applies to the lifting of a lightly loaded wheel due to the moment resulting from the high vertical force on the opposite bearing. Such forces are encountered when rail vehicles are operated at speeds too great for the existing superelevation on a curve, from very slow speed operation on a high superelevation curve, from high draft (or buff) forces on a curve, or from harmon­ious rocking of a car on rough track.
	This term applies to the lifting of a lightly loaded wheel due to the moment resulting from the high vertical force on the opposite bearing. Such forces are encountered when rail vehicles are operated at speeds too great for the existing superelevation on a curve, from very slow speed operation on a high superelevation curve, from high draft (or buff) forces on a curve, or from harmon­ious rocking of a car on rough track.
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	WHEEL PLATE
	WHEEL PLATE
	WHEEL PLATE

	The part of a disc car wheel which Connects the rim and the hub. It occupies the place and fulfills the same purpose as the spokes do in an open or spoke wheel.
	The part of a disc car wheel which Connects the rim and the hub. It occupies the place and fulfills the same purpose as the spokes do in an open or spoke wheel.


	WHEEL SLIDING
	WHEEL SLIDING
	WHEEL SLIDING

	The situation where the wheel is rotating slower than longitudinal movement would dictate, and adhesion is lost.
	The situation where the wheel is rotating slower than longitudinal movement would dictate, and adhesion is lost.


	C-fl
	C-fl
	C-fl


	Div
	P
	Span


	Div
	P
	Span


	Div
	Figure

	Truck Design Optimization Project: Phase II - Analysis Plan, 1980 US DOT, FRA, Larry L Johnson, Arnold J Gilchrist
	Truck Design Optimization Project: Phase II - Analysis Plan, 1980 US DOT, FRA, Larry L Johnson, Arnold J Gilchrist
	Truck Design Optimization Project: Phase II - Analysis Plan, 1980 US DOT, FRA, Larry L Johnson, Arnold J Gilchrist








Accessibility Report





		Filename: 

		1980_TRUCK DESIGN OPTIMIZATION PROJECT _Analysis Planpdf.pdf









		Report created by: 

		



		Organization: 

		







[Enter personal and organization information through the Preferences > Identity dialog.]



Summary



The checker found problems which may prevent the document from being fully accessible.





		Needs manual check: 0



		Passed manually: 2



		Failed manually: 0



		Skipped: 1



		Passed: 24



		Failed: 5







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Passed manually		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Passed manually		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Passed		All page content is tagged



		Tagged annotations		Failed		All annotations are tagged



		Tab order		Failed		Tab order is consistent with structure order



		Character encoding		Passed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Failed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Passed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Failed		Tables should have headers



		Regularity		Failed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Skipped		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top



