Q

US.Department
1 of Transportation
_ Federal Railrcad
{ Administration

PBs4 (29321

Analytic Studies of the Relationship
Between Track Geometry Variations
and Derailment Potential at Low

Speeds

Office of Research and
Development
Washington DC 20590

Fred B. Blader

The Analytic Sciences Corporation
One Jacob Way
Reading MA 01867

FRA/ORD-83/16
DOT-TSC-FRA-83-3

12 - Safety

September 1983 This document is available to the

Final Report Public through the National
Technical Information Service,
Springfield, Virginia 22161.



NOTICE

This document is disseminated under the sponsorship
of the Department of Transportation in the interest
of information exchange. The United States Govern-
ment assumes no liability for its contents or use
thereof.

NOTICE

The United States Government does not endorse prod-
ucts or manufacturers. Trade or manufacturers'
names appear herein solely because they are con-
sidered essential to the object of this report.




1 '\,

4T

*’)v»‘,‘ i

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
FRA/ORD-83/16
4. Title ond Subtitle 5. Report Date
ANALYTIC STUDIES OF THE RELATIONSHIP BETWEEN September 1983
| TRACK GEOMETRY VARIATIONS AND DERAILMENT S e et e

Technical Report Documentation Page

POTENTIAL AT LOW SPEEDS

8. Performing Organization Report No.

7. Author's)

Fred B. Blader DOT-TSC-FRA-83-3

9. Performing Organization Name and Address 10. Wark Unit No. (TRAIS)

The Analytic Sciences Corporation* RR319/R3305

11. Contract or Grant No.
323d§i§°ﬁAwa§1367 DTRJ-57-80-C-00062

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address .

u.s. Deﬁa%tﬁent of Transportation _ Final Report
Federal Railroad Administration Oct 1981-Mar 1983
Office of Research and Development 14. Sponsoring Agency Code
Washington DC 20590 RRD-12

15. Supplementary Notes U.S. Department of Transportation

Research and Special Programs Administration
Transportation Systems Center :
Cambridge MA 02142

*Under contract to:

16. Abstract )

This report describes analytical studies carried out to define the re-
lationship between track parameters and safety from derailment. Prob-
lematic track scenarios are identified reflecting known accident data.
Vehicle response is investigated in the 10-25 mph speed range, using

an analytic model of a freight vehicle to identify critical values of
body roll, and incipient wheel drop and rail climb, on track with weak
lateral restraint. The track model includes gauge variation as well as
alignment and cross-level in curves and the vehicle represents a 100-ton
hopper car. Model results compare well with experimental results,.

Safe values for gauge and crosslevel are identified for curved track
containing lateral cusps at outer rail joints with and without cross-
level cusps at staggered joints, Safe values of alignment are identified
for sinusoidal alignment variation with constant gauge on tangent track
and in curves up to 10 degrees. Recommendations are made on improvements
to the computational efficiency and accuracy of the simulation and on
further efforts required to identify compietely safe values for track
over the range of speeds, vehicle types and track conditions encount-
ered in service,

17. Key Words - . 18. Distribution Statement
al . - I
uompui-:er Simulation, Mathematical . DOCUMENT IS AVAILABLE TO THE PUBLIC
Pynamic Curving, Hunting, Wheel Raijil THROUGH THE NATIONAL TECHNICAL

. . IELD
Forces, Profiles, Derailment, Track o CERVICE, SPRINGFIELD.
seometry, Track Safety Standards '

'19. 'Se.cu.fify Cias;if. tof 'hi:_r‘epor') 20. Security Classif. (of this page) 21. No. of Pages 22, Price

UNCLASSIFIED . UNCLASSIFIED 134

Form DOT F 1700.7 (8-72) ‘Reproducﬁon of completed page authorized



~—r

PREFACE

As part of the Track Safety Research
Praogram of the Office of Research and
Development of the Federal Railroad
Administration (FRA), the Transportation
Systems Center (TSC) has been conducting
and directing both analytical and exper-
imental studies. These studies aim to
define the relationships between track
design and maintenance parameters and
the safety and performance resulting
from the dynamic interaction of the
track and train. They are intended to
provide the basis for improved track
design and maintenance specification
that can be directly related to the

safe and efficient performance of the
rail transportation system. Efforts
conducted under this program have
included:

° Statistical Correlation of Rail-
car Accident Data and Freight
Car Characteristics Conducted
at TSC (Ref. 1)

. Development of a data base of
engineering parameters character-
izing the physical parameters
and configurations of railway
rolling stock by Pullman-Standard
Corporation (Ref. 2).

. 0 Development of analytic character-
izations of track geometry varia-
tions found in existing track by
ENSCO Corporation (Ref. 3)

o Analytic studies of the relation
between track geometry variatiomns
"and derailment potential conducted
by The Analytic Sciences Corpora-
tion (TASC)

] Field tests and demonstrations
conducted in cooperation with
the Railroad Industry and the
American Railway Engineering
Association (AREA).

This report describes the work conducted
by TASC on the analytic studies over
the years 1977 through 1982 and rep-
resents the contributions on the engi-
neering model and analysis of Dr. Fred
Blader, John A. Elkins, Dr. Narayan A.
Acharya, Paul W. Berry, Dr. Harish C.
Dhingra, Dr. Joseph W. Griffin, Dr.
Robert L. Jeffcoat, and Dr. James H.
Taylor, and on the computer work of
Kathy Baribeau, Dr. David S. Bieksza,
Bill Kuklinski, and Peter Zammuto.

iii

The work described in the report is pri-
marily intended to support the study of
track safety performance standards and

has been used by those in government (FRA,
TSC), the American Railway Engineering
Association (AREA) and the railroad indus-
try, particularly the Association of
American Railroads (AAR), responsible for
addressing these standards and safety
during rail transportation.

The model improvements and‘results will
also be of interest to the rail vehicle
manufacturing industry to aid in assess-
ing the response of particular vehicles
to track geometry.

The author wishes to thank Dr. Herbert
Weinstock, the TSC Technical Monitor,
for his tireless work in guiding and
criticizing the work and for providing
the framework within which the new ap-
proximations were introduced to the
computer program, SIMCAR, used in the
study.
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SUMMARY -

The Track Safety Research Program

aims to define the relationship be-

tween track parameters and safety

under track train interaction. Inves-
tigation of track geometry data indi-
cated that the deviations are generally
large amplitude, infrequent occurrences,
primarily controlled by staggered jointed
rail effects. Dominant scenarios chosen
from a study of the derailment statistics
between January 1976 and September 1978
are found to be,

. Rock and roll and tangent track
10-25 mph

® Alignment-gauge and cross level
variation in curves 10-25 mph.

The former scenario has been studied and
reported by the Transportation Systems
Center (TSC) using an MIT model. The
latter is the primary subject of this
study. An advance in freight car mod-
eling is described to include gauge
variation not available in existing
models and to improve the computational
efficiency at low speeds. The peak
wheel rail forces on the truck leading
axles, predicted by the computer program
developed, are shown to be in reasonable
agreement with data obtained in per-
turbed track tests and tests on Union
Pacific and Chessie System track.

Parametric studies are reported relating
gauge, aligznment, cross level and curva-
ture variations to rail car safety and
wheel rail forces to assist in defining
limits for safe operation between 10

and 25 mph. The results suggest:

a) For new wheel and rail profiles
- which generally. provide the worst
curving performance, the computer
simulation SIMCAR provides valid
performance predictions.

b) For speeds less than 25 mph the
response to outer rail cusped
track, showing both gauge and
alignment variation in curves,
is not sensitive to speed. The
forces generated tend to spread
the rail.

¢) Under minimal lateral track re-
straint conditions, incipient
wheel drop is predicted as the
most likely derailment mode on
curved track with outer rail
cusps.

d) On 10° curves, with outer raii
cusps and cusped cross-level

xiii/xiv

e)

£)

variation, the combined response
presents a more severe derailment
likelihood than is presentad by
the separate studies of response

to gauge and cross-level variation.

Sinusoidal track alignment varia-
tions, with constant gauge at
speeds below 25 mph, are predicted
to produce severe gauge spreading
forces, especially for wavelengths
of 50 ft and below. The wavelength
producing the largest forces

varies with curvature.

A set of geometric track values
for gauge, alignment and cross-
level in curves have been identi-
fied, within which no derailment
is predicted for the loaded 100
ton hopper car simulated.



1. INTRODUCTION
1.1 BACKGROUND

During the past decade, there have been
extensive efforts by both Government
and industry to establish a better un-
derstanding of the dynamic interactions
in the track/train system as a function
of train operating practices, terrain
and track geometry. Significant work
has been accomplished under the Inter-
national Government Industry Track/
Train Dynamics Program administered by
the Association of American Railroads
(AAR), (Ref. 4), towards defining op-
tions for controlling dynamic aspects
of train operation to limit excessive
train action resulting in potentially
unsafe conditions. Several mathemati-
cal models were developed under this
program.

A sample of concurrent efforts to pre-
dict the dynamic behavior of trains and
cars is listed under Ref. 5. These ad-
vances in predicting railcar response
to track geometry variations have made
it possible to reevaluate and redefine
current track geometry and maintenance
specifications in terms of their re-
lationship to the safety-related dy-
namic response of rail cars and trains.
In 1970, when the current FRA Track
Safety Standards were initially formu-
lated, track design and maintenance
practice was based on limited empirical
data, tradition, and intuitive judg-
ments, that could not be subjected to
precise engineering analysis. The
specification represented a consensus
of the best judgment of qualified engi-
neers based upon current and varying
individual railroad practices.

1.2 OBJECTIVE

The purpose of the studies reported
here is to apply the improved state-of-
the-art in dynamic modeling to establish
direct relationships between variations
in track geometry and dynamic perform-
ance of rail cars. These relationships
are then applicable to the development
of specifications which establish- the
maximum tolerable track geometry wvaria-
tions that can be permitted, assuring
safety from derailment.

1.3 APPROACH
Initial results obtained (Ref. 3) indi-

cated that for a wide range of track
geometry measurements, track geometry

variations could Be represented mathe-
matically as a stationary random process
described completely by a limited number
of parameters. These parameters also ap-
peared to correlate well with the assigned
track classes. Accordingly, theé initial
studies conducted under this contract
were directed towards development of a
probabilistic approach to be applied to

-existing rail vehicle dynamics models

giving derailment statistics as a func-
tion of the statistical track geometry
parameters. Further investigation of
the track geometry data, however, indi-
cated that the track geometry deviatious
governing the track classes, to which a
segment of track was assigned, were
generally large amplitude, infrequent
occurrences. These were on one hand
obscured by the statistical processing
of the data and on the other hand too
large and too frequent to be considered
part of the identified stationary random
process. In addition, in the lower
classes of track, where most accidents
were found to occur, (Ref. 1), the track
geometry gauge deviations were found to
be controlled primarily by half stag-
gered jointed rail effects.

Analysis of accident data and experience
of the AREA Ad Hoc Committee on Track
Safety Performance Standards also indi-
cated that railroad accidents were not
purely random occurrences that were ex-
tensions of normal operation conditions
but could be associated.with particular
track and operation conditions. Accord-
ingly, the government/industry efforts
were redirected towards a ''scenario ap-
proach.” Representative problematic
track geometry situations were defined
and associated Tepresentative vehicles
having a high incidence of derailment-
were analyzed to establish limits on
track geometry variations to prevent de-
railment. A more complete description of
the "scenario approach" and an identifi-
cation of the highest priority scenarios
for controlling numbers of accidents is
given in Chapter 2 of this report.

The highest priority scenario was stud-
ied in an analysis by TSC (Ref. 6) mak-
ing use of a simplification of the
"Freight Car Model" of the Government/
Industry Track Train Dynamics Program
developed by Mechanical Engineering
Department of the Massachusetts Insti-
tute of Technology (Ref. 7) which has
been demonstrated to be in good agree-
ment with experimental data. This study
resulted in the definition of a cross-
level index for controlling harmonic
roll derailments induced by crosslevel
variation. It was further evaluated in
a pilot application of the Chessie Sys-
tem and in tests on the Boston and Maine
in August 1982.



The second highest priority as discussed
in Chapter 2 was the combined effect of
alignment, gauge, curvature and cross-
level on high center of gravity cars in
operation at speeds between 10 and

25 mph. Attempts to apply the Library
of Rail Vehicle Dynamics Programs ac-
quired under this effort (Appendix 4a)
resulted in the discovery of two signif-
icant difficulties. First, the programs
that predicted rail forces were designed
for higher operation speeds and were

not computationally efficient at lower
operating speeds. More importantly,

the existing programs failed to treat
gauge variations that normally occur
with alignment variations on lower track
classes. This resulted in the pre-
diction of wheel rail forces for wave-
lengths of the order of 39 feet, much.
higher than those normally observed in
field measurements. Accordingly, as
discussed in Chapter 3, the existing
rail vehicle models were modified to
improve the wheel rail forces represen-
tation. New algorithms were identified
and used to improve the computational
efficiency of the program, SIMCAR.

The peak wheel/rail forces on the truck
leading axles, predicted by the program,
were found to be in general agreement
with data obtained in track tests, as
discussed in Chapter 4.

Parametric studies relating gauge, align=-
ment, and curvature variations to rail
car safety and wheel rail forces were
conducted to define limits of track
geometry variations which would be tol-
erable for operations between 10 and

25 mph. The results of these studies
are presented in Chapter 5. As dis-
cussed these results are believed to be
conservative due to the simulation of
new wheel/rail geometry and a friction
coefficient that would be typical of
clean dry rail.



2. STUDY METHODOLOGY,

2.1 INTRODUCTION

The primary emphasis of the work con-
ducted in this effort is the analysis
of the safety-related dynamic response
of freight cars, subjected to track
geometry variations representing oper-
ating conditions and track geometry
deviation conditions that are typical
of train derailment situations. The
highest priority was identified at the
Transportation Systems Center from the
number of derailments attributed to
track geometry contained in the records
of the FRA Railrocad Accident/Incident
Reporting System (RAIS) over the period
January 1976 to September 1978 inclusive.

Quantitative measures of dynamic re-
sponse were identified that could be
directly related to the proximity to
derailment or track structural failure.
In the studies described here, the ef-
fects of track geometry variations were
assessed using car body displacements
(roll-angle) or wheel displacements
(wheel lift and drop), that implied a
derailment condition. Critical force
and force ratios necessary for evalua-
tion of track structural adequacy were
also identified as required outputs of
the computations.

Finally, analysis tools were examined
for studying the scenario, their capa-
bility for predicting the performance
measures, the.types of geometry devia-
tions possible, vehicle characteristics
depicted, and computational efficiency.
The models were improved and the result-
ing computer simulation applied to the
study described in Chapter 5.

The following sections provide a more
detailed discussion of the scenarios,
processes and measurements, and analy-
sis tools investigated for the study of
derailment due to track geometric
deviations.

2.2 DERAILMENT SCENARIOS

Table 2.2-1 provides a tabulation of
the number of derailments on mainline
track attributed to track geometry
causes between 1976 and 1979 for the
speed ranges associated with current
FRA track safety standards. Based upon
the results of the vehicle accident
correlation studies described in

Ref. 1, the Track Geometry Character-
ization Studies, Ref. 3, and discus-
sions with Railroad Industry represen-
tatives, the derailment scenarios
listed in Table 2.2-2 were identified.
They include cars, track geometry, and

operational conditions representative
of a major portion of accidents in the
categories of Table 2.2-1. Two scenar-
ios appear to dominate the accident
statistics. Both are associated with
high-cg loaded hopper cars.

Inadequacies encountered in existing
models, the necessity for model modifi-
cation, and delays in the availability
of model comparative results from track
tests and track data, restricted the
results reported here to Scenario 2.
The freight car model was developed
sufficiently to complete running in the
10-25 mph and to provide a satisfactory
basis for investigation of higher speed
freight car scenarios.

2.2.1 Scenario 1 - Cross-Level on High
Center of Gravity (CG) Cars, 10-

25 mph

The rock-and-roll scenario (cross-level
response) involves operation of high-cg
cars at above 10 but less than 25 mph.
At these speeds, alternating low joints
in staggered rails provided track cross
level input frequency coincident with
the car's poorly-damped natural roll
mode. This speed range is consistent
with the existing FRA track classifica-
tion No. 2. Although not apparent from
Tables 2.2-1 and 2.2-2, variation in
alignment, gauge, and curvature also
affects the tendency to derail in this
mode. This is seen more clearly in
Table 2.2-3 for all vehicles. It has
been possible, to investigate certain
aspects of this response using models
without wheelrail creep forces or any
track degrees of freedom. Car yaw
motion has also been neglected in these
studies. Such a model (Ref. 7) was
used by the Transportation Systems
Center (Ref. 6) to determine the cross
level amplitude boundaries between safe
and dangerous operation. The results
@ave been used to support investigation
into track geometry requirements to re-
duce number of accidents resulting from
this scenario.

In this study, safety-related dynamic
performance was defined by maximum wheel
lift and peak carbody roll angle. An
example of the latter is given in

Fig. 2.2-1, which also shows the com-
parative result from the SIMCAR program
using the revised model, described in
Chapter 3, designed for the combined
study of varying alignment, gauge, and
curvature. For comparison, the track
was straight and gauge seC tight in
SIMCAR, the conditions prevailing in

the MIT model study. Comparisons are
given for cross-level variations of 1 in.
and 5/8 in. One outcome of the TSC study
was a proposed track figure-of-merit re-
lating the cross level deviation permis-
sible to a moving cross-level average.



TABLE 2.2-1

DERAILMENTS DUE TO TRACK GEOMETRY (Ref. 1)

GOVERNING SCENARIOS FOR TRACK STANDARDS PRELIMINARY LIST

SPEED ALIGNMENT GAUGE SURFACE CROSSLEVEL
10-25 Aligoment induced roll Piteh or Bouance | Harmomic Roll
High CG Loaded Hopper Loaded Autorack | High CG Loaded Hopper
Curve BJR Taagent BJR Taageat BJR ’
1+ s9% 83 {8 8 11 312
25~40 Alignment Induced Roll Pitch or Bounce | Harmonic Roll
High CG Unloaded Hopper Loaded TOFC High CG Unloaded Hopper
Curve BJR Tangent BJR Tangent. BJR .
4 37 9 |9 2 37
40-60 Discontipuity Resp. Pitch or Bounce | Harmoaic Roll
Light Car TOFC Righ CG Loaded Box:
Discoatipuity (Frog) Tangent BJR Tasgent BJR
7 14 3 |10 0|5 4
60-80 Discontisuity Resp. Huneing Pitch or Bounce | Lateral/Vertical Resp
Locomotive Empty Flat Locomotive Locomotive
Discontinuity (Frog) Tangent CWR, Gauge Change | Tangent BJR Spiral Eatry/Exit
13 11 . 0|12 016
80~110 | Discontinuity Resp. ‘| Hunting ' Lateral/Vertical Resp
Locomotive Passenger Passenger
Discontionity (Cusp) Gauge Change Spiral Eatry/Exit
14 16 ()} 015 ()}
+ Priority
* Total no. of accidents TABLE 2.2-2
DERAILMENT SCENARIO PRIORITY BASED
ON ACCIDENT STATISTICS
PRIORITY ' NUMBER OF
AND NO. SCENARIO DESCRIPTION ACCIDENTS
1 Cross-level-induced response of high-cg loaded 312
hopper on tangent bolted-joint rail: 10-25 mph
2 Alignment-gauge response of high-cg loaded hopper 142
on curved bolted-joint rail: 10-25 mph
3 Alignment-gauge response of unloaded hopper car on 46
curved track: 25-40 mph
4 Cross-level induced response of unloaded hopper 37
car on tangent bolted-joint rail: 25-40 mph
5 Alignment-gauge response of light box car on 17
tangent track: 40-60 mph
6 Lateral-yaw response of locomotive during spiral 6
entry-exit 40-60 mph

2.2.2 Scenario 2 - Alignment-Gauge Re-
sponse of High CG Cars, 10-25 mph

The number of accidents resulting from
the second scenario in Table 2.2-2 is
also large. The speed range of this
scenario, derailments due to alignment
and gauge, is again below 25 mph. Al-
though derailments below" 10 mph are
apparent from Table 2.2-3, they are un-
likely to be associated with mainline
running, are relatively inexpensive,
and there remains some doubt as to the
interpretation of their cause. They
are excluded from this scenario as they

were from that of harmonic roll. The
car is similar to that of Scenario 1,
having a high center of gravity. The

- loaded 100 ton hopper, with truck cen-

ters close to rail length and old sus-
pension elements, is known to be a bad
actor when operating over staggered

bolted rail joints. Alighment and gauge

response are generally associated with
lateral rail misalignment. 1In curves,
this implies wide gauge and alignment
variation due to rail spreading forces
at joints particularly on the outer
rail. Tangent track has been included
in this scenario for completeness.

<y
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TABLE 2.2-3
NTS VS SPEED AND TRACK GEOMETRY DEFECTS

(CAUSE CODES) MAINLINE TRACK, UM/RAIS '77 DATA

SPEED TOTAL " DERAILMENTS DUE TO EXCESSIVE TRACK GEOMETRY DEVIATION

(MPH) DERALLMENTS | cpogsrrygi | WIDE GAUGE | ALIGNMENT | SUPERELEVATION | PROFILE

0 -9.9 415 88 121 22 6 4

10 - 15 619 198 53 28 18 5
15.1 - 20 255 60. 10 13 9 2
20.1 - 25 230 54 10 18 8 0
25.1 - 30 181 29 3 16 4 0
30.1 - 35 79 1 3 10 1 0
35.1 ~ 40 130 7 3 11 0 0
40.1 ~ 45 71 0 1 8 0 0
45.1 - 50 85 4 2 5 1 0
50.1 - 55 27 0 0 1 0 0
55.1 - 60 22 0 0 0 0 0
60.1 - 65 7 0 0 0 0 0
65.1 - 70 9 0 o 0 0 0
70.1 - 75 1 0 0 0 0 0
75.1 - 80 0 0 0 0 0 0

2,131 441 206 132 47 11

At 10 mph. and above, total derailments - 1,716.

Figure 2.2-1

"X -MIT, PLATIN MODEL
0 -SIMCAR, WITH TIGHT GAUGE

/l -, LEPEL|
/ VAAT

PEAK CAR BODY ROLL ANGLE, (deg)

¥ "l.

10 1 2 13 14 18 1. 17 "

VEINCLE SPEED, (MM}

Comparison of Peak Car Body Roll Angle €from MIT

and SIMCAR Computer Programs



A particular feature of this scenario

is that the lateral misalignment of each
rail, particularly where the rails are
staggered and jointed, renders their
gauge an important variable. Although
universally specified in track stan-
dards, none of the models collected and
listed in Appendix A allowed for the
study of gauge as an input variable, an
essential feature for this study.

Roll angle is less likely to reach dan-
gerous levels at low speed than in Sce-
nario 1. However, wheel lift in the
form of rail climbing is possible under
extreme curving with large lateral forces,
especially where the vertical force is
reduced. 7Under extreme wide gauge,
whether static or due to dynamic gauge
spreading, the wheelset may "drop in"
between the rails. Simulation requires
a model capable of producing criteria
to suit these forms of derailment. In
the study described in Chapter 5, the
modified model of Chapter 3 was used.

2.2.3 Scenario (Combined 1 and 2) -
Cross-Level and Alignment, Gauge
Response, 10-25 mph

As described under Scenario 1, the effect
of combined alignment, gauge and cross
level variation in curves (Scenarios 1
and 2) is believed by some railway per-
sonnel to be responsible for derailments
of high cg cars which might not have
occurred under either scenario separately.
In particular, unloading of the flanging
wheel while being driven laterally bw

the force on the heavily loaded non-
flanging wheel is a potentially hazardous
situation. 1If this occurs, relating
track standards solely to results of
separate studies under Scenarios 1 and

2 may lead to conditions in which the
track crosslevel, alignment and gauge
combine to give unforeseen derailment
potential. TSC has already recognized
this possibility and has carried out
tests under combined conditions on the
Chessie System. This issue is also
addressed in the model improvements
outlined in Chapter 3, and incorporated
into the SIMCAR program. The modified
model has both the roll characteristics
necessary for Scenario 1, and truck and
wheel/rail characteristics for dynamic
curving including varying gauge. No
other model was found suitable for this
study as modeled.

The measures chosen for identifying
safety related dynamic performance are
compatible with the separate scenarios.
Wheel 1ift may occur due to vertical
motion of the wheel in Scenario 1 or,
less likely, due to large lateral to
vertical force ratio resulting in wheel
climb, as in the second scenario. Body
roll is affected in the combined sce-
nario by coupling of the crosslevel and

lateral excitation of the wheelsets and

also to a lesser extent by track compli-
ance. Wheel drop may occur where the in-
stantaneous dynamic gauge exceeds the crit-
ical distance between wheel flange and op-
posite wheel outer tread and must be avoided.

2.2.4 Scenarios 3 and 4 - Cross-Level
and Alignment, Gauge Response,
25-40 mph

These scenarios, listed in Table 2.2-2,
are a continuation of Scenarios 1 and 2
at speeds of 25 to 40 mph, consistent
with existing FRA track Class 3. A
speed of 40 mph is just above the low-
est speed at which hunting takes place,
for light cars with badly worn wheels.
At these low critical speeds, the kine-
matic wavelength is close to the length
of a single jointed rail and may prove
to be a problem. The reduction in ef-
fective lateral damping may give rise

to large lateral oscillations when
forced by track alignment. This oscil-
lation is described more specifically
under Scenario 5. The investigation of
sinusoidally varying alignment, close

to the kinematic wavelength, is reported
in Chapter 5. In Scenarios 3 and 4,

the light car natural frequencies are
higher than those for a laden car by a
factor approaching 2. Thus, roll ex-
citation of the laden car.at 18 mph,
produces a similar resonance near 36 mph
in the unladen car. Reduced vertical
forces at higher speeds contribute to
larger instantaneous lateral to vertical
force ratios on the wheel.

The model requirements for simulating
these conditions are similar to those
for Scenarios 1 and 2 with some changes
in emphasis where particular suspension
frequencies influence the response.
Gauge variations remain important.
Measurement of wheel drop and lateral
excursion beyond flange contact (rail
climb) are again appropriate as meas-
urements of derailment. Forces are
used to compare the model and test
results. .

2.2.5 Scenario 5 - Alignment, Gauge
Response and Hunting, 40-60 mph

Light cars with worn wheels on dry track
will hunt. The speeds indicated in this
scenario are consistent with existing FRA
Class 4 Track. The condition variables
for hunting to occur include rail and
wheel profiles, variations in track
alignment, gauge and curvature, track
surface conditions, lightness of the

car and truck geometry and stiffness as
maintained. Tramming (dynamically in-
duced out-of-squareness of the truck
plan) is an important feature of hunt-
ing and leads to the wheel attacking

the rail in a potential climbing situa-
tion. Heavy cars are less susceptible



‘to this problem. The hunting oscilla-

tion is frequently associated with car
body yaw. As mentioned in previous
scenarios, the damping may be low enough
at sub-critical speeds to cause large
amplitude responses to sinusoidal track
inputs. Lateral rail alignment varia-
tions can excite the oscillation into
becoming self-sustaining. This is typi-
cal of suspensions with nonlinear char-

acteristics such as those found in freight

cars. Body yaw response is large when
the car truck center distance is nearly
equal to 1 1/2 rail lengths on staggered
jointed track. Although there is a po-
tential for climbing derailment, hunting
is also of a concern as a cuase of subse-
quent track, vehicle and lading failure.
Simulation models of hunting require an
accurate representation of wheel rail
conditions. For this reason and because
of the potential for component failure
and wear, forces are important. Many
models exist for the study of hunting

in freight cars (Ref. 8). They include
random excitation of the vehicle with
nonlinear characteristics using describ-
ing functions to "linearize" the model.
Present model results show some diver-
gence from known behavior when friction
coefficients change. The derailment
record supports a requirement of hunt-
ing study to improve the understanding
of the effect of rail dynamic inputs
during hunting.

2.2.6 Scenario 6 - Lateral, Yaw Re-
sponse in Spirals, 40-60 mph

Derailments descriptive of this scenario
have occurred on particular 3-axled
locomotives. Extensive tests have been
carried out on these and other vehicles
in attempts to identify the cause of
these derailments. The computer pro-~
gram CURVELOCO {(No. 038 Appendix A) was
a particular attempt to simulate this
scenario. The lateral-yaw frequency is

" excited by track geometry within this

speed range, permissible under FRA clas-
sification No. 4, particularly in curve
entry and exit spirals. Dynamic unload-
ing of the wheels has also been observed.
Importance is therefore attached to the
transient forced response of the vehicle
and the effective damping in each mode.
Although the geometric relationship of
wheel to rail adequately defines the
derailment condition in simulations,
tests to derailment are not generally
carried out. Total lateral force was
monitored in tests at TTC to indicate
the proximity to track panel shift and
lateral and vertical forces and their
ratio were used to indicate derailment
potential. Forces are therefore a nec-
essary part of model comparison with
test results.

2.3 ANALYSIS TOOLS

The rail vehicle dynamics library (RVDL),
described in Appendix A, was collected
to select programs for use in the para-
metric studies of rail vehicle response
to track input, identified in the sce-
nario of the preceding sections. Fig-
ure 2.3-1 relates known vehicle modes
and natural frequencies to known vibra-
tion source wavelengths over the speed
range for each scenario. The scenarios
discussed are related to wavelengths
due to rail discontinuities and rail

. alignment errors and include respounse

due to truck kinematic activity during
hunting.

Caution is necessary in interpretation
of Figure 2.3-1 into modeling require-
ments. The nonlinear characteristics
of rail vehicles, particularly freight
vehicles, give rise to transient re-
sponse and harmonic phenomena having
higher frequency components than those
indicated. In addition, the truck modes
described assume a primary suspension
not used in the freight vehicle but
universal in the design of locomotives.
Table 2.3-1 summarizes the extended .
frequency range of interest in each °~
scenario together with the modes of
oscillation needed in the model for
accurate assessment of frequency re-
sponse. Due to the complex nature of
the wheel/rail interaction forces and
uncertainties in wheel and rail pro-
files and friction behavior, many of
the models collected in Appendix A have
included highly simplified representa-
tions of the lateral wheel/rail force
characteristics. 1In models for pre-

‘dicting hunting behavior, the wheel/

rail force characterization has been+
limited to use of linear creep char-
acteristics with a quasi-linearization
of the. "gravitational stiffnesses™ and
"effective conicities" resulting from

wheel/rail geometry contact forces and
moments. These models have generally

‘neglected friction saturation effects

and the large spin creep lateral forces
in flange contact and have assumed con-
stant track gauge.
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TABLE 2.3-1
MODAL REQUIREMENTS FOR VEHICLE MODELS
FREQUENCY
SCENARIO RANGE MODE
1,2 0.1-4.0 Hz | Rigid Body
Suspension
3,4 0.3-12.0 Hz | Rigid Body Sus-
pension, Body
Structural
5,6 0.6-22 Hz Rigid Body Sus-
pension, Body
Structural, Truck
Suspension

The models for lateral response to track
irregularities have in some cases assumed
that the alignment variations are much
larger than the flange clearance and

that the wheels follow the lateral track
geometry perfectly. This is sat-
isfactory for computing the net forces

on the car and truck, but can be ex-
pected to provide errors in the indivi-
dual wheel forces, and is unsuitable for
studies of proximity to derailment. In
other cases, the models assume the linear
creep relationships and effectively
assume an infinite flange clearance.

Coupled Rail Vehicle Dynamics

Other models divided the wheel/rail
forces into a tread region governed by
linear creep forces and a vertical
flange where forces are governed by an
effective rail stiffness. None of these
models provide the potential for wheel
climb to occur. For alignment varia-
tions typical of lower classes of track,
as discussed earlier in this chapter,
the gauge variations are significant
compared to the alignment variations
and have a significant effect on the
rail car response and wheel/rail forces.
Chapter 3 compares the wheelset dis-
placements and wheel/rail forces of the
model developed under this effort with
other published material.

It was found necessary to develop an
improved representation of the wheel/
rail force relationships which included
gauge variation and wheel climb capa-
bilities. In order to permit genera-
tion of results in a short time frame,
a modification of the wheel/rail force
models using linear creep forces in the
tread range and a nonlinear force rep-
resentation on the flange was made to
permit wheel climb to be studied. As
shown in Chapter 3, this representation
is a good approximation for new stan-
dard AAR profiles on new rail.
Numerical integration programs which
model the wheel/rail creep forces were



found to be computationally inefficient
at low speeds because of large eigen-
values, which do not influence the solu-
tion. The program SIMCAR used in the
study here employs state reduction to
remove the effect of these from the
dynamic calculation.

Freight vehicle response programs de-
veloped previously treated large ampli-
tude roll using models with zero flange
clearance, while the models that ‘treated
lateral response did not account for
large amplitude roll. Since the com-
bined effect may be important, the model
described in Chapter 3 contains both.

2.4 DERAILMENT PROCESSES AND
MEASURES

Section 2.2 set out the nature of the
derailment process for the particular
scenarios identified from the derail-
ment statistics. In this section the
derailment processes, which are not the
result of track failure, are identified
in more detail and related to the mea-
sures used in the revised model and
simulation study reported in Chapters 3
and 5. Derailment, as discussed here,
represents the cessation of guidance
provided by the rails to the wheelsets
and is characterized by movement per-
pendicular to the direction of travel.
In particular, the wheel may lift from
the rail surface, and/or may move lat-
erally as when the flange climbs over
the rail, or when. the outside of the
non-flanging wheel moves inside the
gauge face of the rail. These three
derailment conditions are referred to
as wheel lift, wheel c¢limb and wheel
drop.

Wheel lift is principally associated
with the static and dynamic effects of
variation in crosslevel. Statically, a
torsionally stiff freight car can ex-~
hibit wheel unloading and wheel lift if
the rate of crosslevel variation along
its length exceeds the capability of
the suspension and body to twist. This
condition is more prevalent with lightly
loaded cars having constant contact
sidebearers. In this static situation,
derailment generally follows unloading
of the flanging wheel in curves where a
lateral force is sustained. Dynamic
wheel lift occurs when the vehicle sus-
pension rolls about a low center excited
by crosslevel variation at low joints
on staggered jointed track or at high
overbalance speed in curves. Wheel
lift is therefore descriptive of an
impending carbody rollover or of a po-
tential unrestrained lateral movement.
Wheel climb is frequently associated
with partial wheel unloading. With the
wheelset attacking the rail, and the

flanging wheel lightly loaded verti-
cally, the non-flanging wheel carries
an increase over static load and the
lateral force developed by the non-
flanging wheel may drive the flanging
wheel on to aad over the rail. The
wheel lateral to vertical force ratio,.
L/V, has been used (Ref. 16) to indi-
cate proximity to derailment conditions
in this mode and is especially impor-
tant for monitoring test measurements.
Derailment indices pertinent to the
study reported in Chapter 5 are dis-
cussed in the following sections.

2.4.1 Body Roll Angle

A threshold was chosen from the experi-
ence gained from other studies of the
rock and roll phenomenon (Ref. 7). A
value of $5.0 degrees is considered ’
excessive. For the loaded hopper car

' investigated, this angle occurs well

after rotation over the sidebearer and

centerplate separation commences as

discussed in Appendix B. A sample plot

of roll angle against time, from the

SIMCAR model described in Appendix B, )
is given in Fig. 2.4-1, for severe roll .. .. y
in a 10 degree curve with gauge and ~

alignment variation. Although roll

derailment is predicted, i.e., the angle

exceeds %*5.0 degrees, it is accompanied

by wheel climb as seen in Fig. 2.4-1.

2.4.2 wheel Lift and Rail Climb

In earlier studies, a value of 0.5 inch
was used to signify an excessive height
of the wheel tread above the rail in
cross level response. The model of
Platin (Ref. 7) has been used by TSC in
this regime with wheel 1lift as a pri-
mary index of derailment. For the ~
Association of American Railroads (AAR)
1/20 profile, 0.5 inch approximates the
height beyond which the flange angle
decreases. The value of wheel 1lift at
the tape-line during rail climb may be
calculated from the lateral wheel rail
movement and knowledge of the profiles
as given in Fig. 2.4-2. 1It suggests
derailment if the wheel moves more than
0.1 inch beyond initial flange contact.
Distance beyond flange contact is a
monitored output from SIMCAR. Figure
2.4-3 illustrates the results for the
case previously illustrated in roll.
The graph indicates the time history of
the position of the flange beyond ini-
tial contact with the rail. Rail climb
derailment is shown to occur simultane-
ously with the exceedance of 5° roll
angle shown in Fig. 2.4-1 for the same
case.
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LATERAL RAIL CLIMB INDICATION

Figure 2.4-3
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2.4.3 Wheel Drop

The "distance to wheel drop" for new
wide flange wheels is defined by the
equation,

distance = 0.5 (64.5 * ¢.3 -
instantaneous track gauge)

* Yuheel °* inches

where, Yuheel is the wheelset lateral

position relative to the track center
line. The wheelset must also avoid
approaching wheel drop by a significant
safety margin. A value of zero repre-
sents a derailment and is a primary
index. A safety margin of 1.25 in.
shown in Fig. 2.4-4, representing a
maximum gauge of 59 in., has been used
for the cases studied in this report.
This gives the distance to the wheel
drop limit as,

3.07n

distance - instantaneous

flangeway clearance
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The instantaneous flangeway clearance
for rigid track is available as an out-
put from the computer program SIMCAR,
and is illustrated in Fig. 2.4-5. The
true clearance will have additional
gauge increases due to rail deflection.
A representation of this effect, used
in Chapter 5, is illustrated in Fig.
2.4-6, which plots lateral force against
distance to wheel drop directly. The
limiting lateral rail deflection for
the softest rail flexibility thought
acceptable for track restraint specifi-
cation is plotted and the value of the
deflection for the low rail established.
The rail deflection curve for the high
rail, plotted from the low rail deflec-
tion point, gives a limit above which
the computed points would indicate a
derailment. This does not happen in
the illustration used. This form of
derailment will be seen to be important
in the results given in Chapter 5.
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LEADING OUTER WHEEL LATERAL FORCES

Figure 2.4-6
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3. FREIGHT VEHICLE MODEL 3.2 MODEL SUMMARY

3.2.1 Degrees of Freedom

3.1 INTRODUCTION
The freight car model is described in

The model used to study the effect of terms of the following sixteen degrees

‘track irregularities on freight vehi- of freedom:

cles represents a typical freight vehi-

cle having two 3-piece trucks. The

general arrangement is shown in Fig. ® Rigid Body

3.1-1. Values of the’ parameters for a

loaded 100 ton Hopper Car are given in 1. Lateral displacement (yc)
Appendix C. . 2 v

. ertical displacement (z )
The body of the vehicle rests on the 3. Roll angle (¢ )
centerplate of the bolster which in 4, Pitch angle (e )
turn rests on the spring groups at the - 5. Yaw angle (¢ )¢
center of each sideframe. Each s%ring
group contains two spring loaded fric- .
tion snubbers giving damping in the © §l2§lhl§_§292
vertical and lateral directions. Each 6 Twist (2.)
sideframe rests on two bearings, one on : wis X
each axie, through bearing adaptors ' 7. Vertical bending (£y)
which slot into the sideframe above the .
bearings. The body contains body bol- 8 Lateral bending (Ez)
sters over each truck. Sidebearers are
located between the body and truck bol- e Truck A
sters. A general view of a freight
vehicle is given in Fig. 3.1-2. The 9. Lateral .displacement (yA)
truck bolster moves laterally with the 10. Wheelset (bolster) vaw
body, yaws with the wheelsets, and rolls angle (¢A)

relative to both. 11.  Sideframe yaw angle (GA)

’ /X SIDEFRAME

36" DIA. WHEELS

-TOP_OF RAIL

5-10° —t
¥-f i LATE
{ CENTERP
SIDE BEARER "‘j"“‘/

_—TOP OF RAIL

Figure 3.1-1 3-Piece Truck
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Figure 3.1-2

* Truck B

12. Lateral displacement (yB)

13. Wheelset (bolster) yaw
angle (yp)
l4. Sideframe yaw angle (GB)
. Bolsters A and B
15. Roll angle on A (¢BA)
16.

Roll angle on B (¢BB)

A full description of the equations
governing the model behavior is given
in Appendix B.

3.2.2 Nonlinearities

The most complex system characteristics
are associated with the wheel/rail inter-
action which are discussed fully in
Section 3.3. The remaining suspension
nonlinearities are constructed in piece-
wise linear form, and are discussed in
Appendix B. They comprise,

Roll moment - to allow for side-
bearing clearance and rotation
about the edge of the center-
plate

Snubbing forces - friction in
the suspension between bolster
and sideframe in vertical
movement

Centerplate friction - yaw
friction between the centerplate
and body

Tram (truck out of square)
stiffness - sudden increase in
stiffness with increasing angle
between the wheelsets and side-
frames as the clearances are
taken up

Lateral suspension stiffness -
sudden increase in lateral
stiffness as the clearance be-
tween the sideframe and bolster
is taken up

!

100-Ton Freight Car
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. Vertical suspension stiffness -
to permit bottoming of the
springs and movement about free
length of the springs.

3.2.3 Track Inputs

Provision is made in the models for
sinusoidal and jointed rail shapes, the
latter being constructed from an ex-
ponential form. The rail joints may be
staggered or symmetric. Provision is
also made for varying the perturbation
amplitudes in segments of track length,
so that test tracks of known shape may
be represented in constant curvature
with alignment, gauge, and cross-level
variations. The 19 inputs calculated
in the model from the chosen rail
shapes, described more completely in
Appendix B, are

Lateral unbalance in curve

Apparent along track difference

in wheel velocity over rails due
to different rail lengths in the
curve

[ Track yaw angle in curve at each
truck relative to body

e Track lateral alignment at each
axle

® Mean track vertical position at
each truck

® Mean track vertical rate of posi-
tion change at each truck

® Mean cross-level angle at each
truck

e Mean rate of cross-level angle
change at each truck

°© Rail/wheel flange semi-clearance

at each axle..




3.3 RAIL/WHEEL MODEL

The rail/wheel model used in the work
reported is an approximate one based
initially on the work of Sweet, L.M.,
Sivak, J.A., and Putman, W.F. carried
out for TSC at Princeton University
(Ref. 18). 1In this investigation, theo-
retical and experimental results were
obtained for a wheelset, constrained
laterally and in yaw for particular
rail and wheel profiles and coeffi-
cients of friction between 0.45 and
0.52. The ekxperimental work used a
one-fifth scale model and LEXAN was
used for wheels and rails to provide a
proper scale for the rail/wheel forces.

The results suggested that it might be
possible to use a linear model on the
tread with terms added to the wheelset
yaw moment and lateral force upon flange
contact. These additional values were
initially presumed to be a function
solely of lateral position beyond flange
contact. However subsequent modifica-
tion has made the approximations more
complex and more accurate relative to
other models and published data.

In the following description of the
approximate model developed for the
computer program SIMCAR, each wheel/
rail force or moment is given in terms
of the local wheelset coordinates, y or
¢, and their derivatives. These are
linearly related to the motion vari-
ables chosen for equations of motion in
Appendix B.

3.3.1 Lateral Wheel Force

Forces on the tread due to spin-creep
and the lateral component of the normal
at contact are assumed to be small and
are neglected. Choosing y to represent
local wheelset lateral movement and
the local yaw angle relative to the
track, the wheel tread creepages are

< |t

e _ o : 3
longitudinal, v = #(z~y + w>.

[«

right wheel + ve

lateral, vy = (% -~ ¢), both wheels

where

() -

derivative with respect

to time
@ - tread cone semiangle,
assumed constant and small
r, - @mean rolling radius

16

B - lateral half distance
between rail/wheel
contact points
v - velocity along track.
The linear lateral force characteristic

for each wheel, for small creepages and
contact angles, is,

Fy = Fpp (5 - ¥)
where

- linearized lateral creep

F
22 coefficient.

It is known from Carter's work that
these creep coefficients are a function
of vertical load. Thus,

- 2/3
522 - F225tatic R

where
R = ratio of actual to nominal

static vertical load for the
wheel under consideration

( = yorerrs)
static

The linearized relationship for lateral

force by any wheel becomes,

F R2/3 (% - d’)

y - F225taj:ic

Under large creepages, the tangential
force in the contact area will saturate,
becoming equal to the limiting friction
force in the direction of slipping for
the conditions chosen. The direction
of slipping is given by the creepages.
Hence, the lateral direction cosine, is
given by,

& - ¥

o B
j(;; y+*g

Cy =

LI AT

Thus, the limiting lateral force on any
wheel is (Cy uV) where,

y = coefficient of friction on
the tread
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The lateral force on any wheel in-
creases rapidly when the flange is con-
tacted, due to the rapid increase in
contact angle. In full slip, with no
longitudinal component, the value of
lateral to vertical force ratio on a
flanging wheel, at large angle-of-
attack to the rails, may reach that
suggested by Nadal (Ref. 9),

L_ tand -y
v 1+ uy tan §

where
8 = flange angle.

Under conditions of full lateral slip-
page, a non-flanging wheel has a value
of % = y. Upon flanging, the approxi-
mation used here assumes an additional
lateral force which is solely the func-
tion of distance beyond flange contact
shown in Fig. 3.3-1. The increase in

value is introduced progressively for

analytic purposes by the leading slope
KLEAD' The maximum value is chosen to

provide, for large slippage in the lat-
eral direction, a value for the sum of
tread and flange forces on the flanging
wheel equal to that due to Nadal. The
resulting maximum value due to the
additional flange contact force is,

- (1+p?) tan 6
1 +y tan §

tan 6 - g
1+ tan §

The lateral force, L, is assumed pro-
portional to the instantaneous vertical
force, V.

2,00
"G

<

.% (1 +udtan s

1+ ptan

S , ptans
0 185fmm = — — —

g

3 I

3 SLOPE = K a0

RN

> |
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8 !
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Figure 3.3-1 Increase in % at Flange

Contact
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3.3.2 Wheelset Moments

The yaw moment on a non-flanging wheel-
set for small creepages.and angles is
approximately,

- o B
Tz = 2B Fy, (;; y*gw)

where

Fll - longitudinal linear creep
coefficient.

In the approximate model, no adjustment
is made to the longitudinal creep co-
efficient in tread contact to account
for variations in the vertical wheel
loads below saturation. -However, the
moment is saturated in a manner similar
to that for the lateral force.' The
longitudinal direction cosine for tread
contact is,

(& B 1)
c - Tyt U
X -

Ny + B G- n?
o

Hence, the limiting longitudinal force
on any wheel is Cx pV. The maximum

possible moment on the wheelset if no
flanging occurs is,

T = ZBCx uv

max static.

VStatic occurs under equal wheel loads,

R=l. An adjustment is made for other
values. If R=0 then no moment is pos-
sible since no longitudinal force can
exist on one or other of the wheels. A
factor FM between 0 and 1, linear in R,

is used to account for this. The total

saturated moment becomes,

T =TF

2 M 2B Cx TR

static

Flange contact with one rail has the
effect of a sudden increase in rolling
radius and a resulting yaw moment which
steers the wheelset around towards the
track centerline. In addition, there
is generally a change in the rotational
velocity of the wheelset necessitated
by torque equilibrium requirements
about its axis. Flange contact gen-
erally produces saturation at the non-
flanging wheel contact with the rail
and provides a limiting friction



condition. The longitudinal component
of this friction force has therefore
been used to approximate the rotal yaw
moment.

In order to establish the longitudinal
component of the friction force, a val-
ue of longitudinal creep on the non-
flanging wheel was initially derived
assuming single point contact on the
flanging wheel for the new AAR 1/20
wheel on new 132 1b/yd AREA rail. How-
ever it was found necessary to modify
this expression to reflect the two point

contact for these profiles when flanging-

and to allow for change in the wheelset
rotational speed. Thus,

longitudinal creep, Ve

= (%)0-3 (0.0042 + 1.636 FAE)
y : o

where

LAP - distance beyond initial

flange contact

see Fig. 3.3-5 - lead
distance

mean rolling radius.
The expression was obtained as a heu-
ristic fit to published data. The ex-

pression for the longitudinal direction
cosine on the non-flanging wheel is,

L /E‘z"‘ 2]
Cerx = Vx/ Ve * Vy

where
Ve T longitudinal creep,
- given above
vy = linear lateral creep (w-%)

This resulting maximum yaw moment on an
equally loaded wheelset (R=1l) is,

-« 2B - p Vv

Tflz = Cflx static

or in dimensionless terms,

Tflz

7BV =pC

statice flx

As with the non-flanging wheelset the
yaw moment can only exist in the
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presence of non-zero wheel loads and is
assumed to be a maximum when the wheels
are equally laden at the static wvalue.
Thus, for any vertical force ratio on
the flanging wheel,

R=o—V |

Vstatic

Teix
V3

u F, C
static M “flx

where F,, has the value given in Fig.
3.3-2. 1

1.0 [‘
Fm
st L
Fyq =R
Fy = (2-R)0-967
1
0 ] 1.0 2.0
[ I S—

VsTaTc

Figure 3.3-2 Yaw Moment Factor for

Flanging Wheel R

3.3.3 Total Wheelset Characteristics
for SIMCAR

The dynamic response of the vehicle as
modeled to rail/wheel forces and mo-
ments is a consequence of the total
effect on both wheels. These are pre-
sented here in terms of the net lateral
force, P, and the yaw moment, M. They
are made non-dimensional by division by
the axle load, W, and the maximum fric-
tion moment, uBW, respectively. The
values chosen for illustration, and
later for comparison to the Kalker
look-up model are for the new AAR 1/20
wheel on new AREA 132 1b/yd rail with u
= 0.375. The maximum flange angle is &
= 67° and the tread cone angle, a =
0.05 radians.

The total axle lateral to vertical
force ratio, P/W, is shown in Fig.
3.3-3 against ¢, the yaw angle of
attach. This may be interpreted as

the negative lateral creepage, (¥ -
y/v), in a dynamic circumstance. Thus,
the curve for [y| < 0.325 in., is the



approximation for the lateral tread
creepage characteristic, including sat-
uration but shown in a negative sense.
As previously discussed in Section 3.3.1,
the value of lateral force on the flang-
ing wheel decreases with yaw angle to
the Nadal limit. In practice negative
angles of attack during flanging are
limited to the trajiling axle under dy-
namic conditions and to hunting. Con-
sequently, the characteristic in this
regime does not impact the study re-
ported here. However, it is apparent
from Fig. 3.3-3 that the present char-
acteristic is inaccurate in this region.
A more correct model such as that dis-
cussed in Refs., 16, 17, 18 does not
have symmetry suggested by the simpli-
fied form used here. This is due to
the change in the direction of the
flange force. 1In the limit this gives
an expression for the Nadal value on
the flanging wheel,

L_ tan g8 +
v 1 -y tan &

and for the total force on the axle,

P _2p + (1132) tan §
W L -y tan 6§

using values g = 0.375 and § = 67°,

% = 23.8 (Nadal, ¢ << 0)

Although very much larger than the ap-:
parent asymptote in Fig. 3.3-3, this
Nadal value will only be approached

well outside the range of angles shown
and no negative value of angle of attack
has been observed in the results pro-
duced for a flanging wheel.

Variation of the lateral force, P/W
beyond flange contact is apparent from
Fig. 3.3-3 and more easily seen in the
cross plot of P/W against y shown in
Fig. 3.3-4. These values occur during
saturation on the non-flanging wheel
and are affected by the increase in
longitudinal creepage and the resulting
rotation of the slip vector towards the
direction of travel. The result is a
further increase in P/W for positive
angle ¥ and a decrease for negative .
The values for negative ¢ in Fig. 3.3-4
further illustrate the inaccuracy dis-
cussed for this regime. The total lat-
eral force characteristic remains unaf-
fected by curvature of the track.
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The non-dimensional moment M/pBW is
shown in Figs. 3.3-5, 3.3-6, 3.3-7,
3.3-8, for curves of 0, 5, 10, 15 de-
grees, respectively. The principal
difference between these curves is in
the region of tread contact where the
lateral offset of the wheelset for
equilibrium in the curve is apparent.
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Beyond flange contact the moment which
comes from the saturated longitudinal
component of the tangential friction
force, depends solely on the direction
of slippage. In the approximation used
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here this is independent of curvature
and approaches full longitudinal slip-
page with increasing y.
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3.4 COMPARISON OF APPROXIMATE RAIL/
WHEEL CHARACTERISTICS WITH THE
ELKINS MODEL

3.4.1 Historical Background

Prior to the 1960's steady-state curv-
ing predictions were performed using a
method, (Refs. 10 and 11), in which the
treads of each wheel were considered to
be cylindrical and forces were devel-
oped by sliding friction. The direc-
tion of the force was aligned with the
direction of the slippage vector. Ad-
ditional lateral forces were developed
by the flange when it came into contact
with the gauge face of the rail.

The linear relationships between creep
force and creepage first formulated by
Carter (Ref. 12), were applied to the
problem of predicting the curving be-
havior of railroad vehicles by Boocock
(Ref. 13) and Newland (Ref. 14).

The curving models were then refined to
include the effects of gravitational
stiffness and spin creep, which were
significant with worn or profiled wheels,
particularly when contact occurred near
the flange root. The analyses conducted
using the linear creep theory, consid-
ered flange contact as a condition to

be avoided and, therefore, at the limit
of the analysis. However, the limita-
tion occurred for almost all vehicles

on curves having a radius of greater

than 2,000 ft (3°), and for most vehi-
cles on much larger radius curves, where-
as the major problems of rail wear and
track damage were occurring on smaller
radius curves.

At this point, two different approaches
were pursued. The desire to have wheel
profiles which would remain approxi-
mately the same shape throughout their
life, led to the development of pro-
filed wheels. These profiles were found
to give only a single point of contact
with the rail for most of the rail pro-
files, new or worn, found in practice.
In order to evaluate the performance of
these profiled wheels, detailed analyt-
ical models of the wheel/rail interac-
tion were developed. These models made
use of Kalker's nonlinear creep theory
(Ref. 15), which had become available

at about this time. A4As a result, models
were created including the nonlineari-
ties arising from both the single point
contact wheel/rail geometry and the
creep force creepage relationships,
inherent in Kalker's nonlinear theory.
This approach is described in the work
at British Rail of Gilchrist and Brickle
(ReE. 16), Elkins and Gostling (Ref.
17), and in the United States by Sweet
and Sivak (Ref. 18). Experimental
results for lateral force and yaw

moment were obtained from both full
scale experiments and model tests, which
gave good agreement with the predicted
wheel/rail forces.

Models at AAR (Ref. 19) and Battelle
(Ref. 20) in the United States, used a
completely different approach. The
concepts of Porter and Boocock-Newland
were combined, to produce a model which
calculated tread forces from the linear
creep force relationships for a straight
tapered wheel, and introduced a lateral
force on an implicitly vertical flange.

A recent advance by Elkins at TASC,

using the theory of Elkins and Gostling
(Ref. 16), but allowing two points of
contact on the flanging wheel, has given
extremely accurate force and moment
predictions on the flanging wheel when
compared to test results carried out

for the Urban Mass Transportation Admini-
stration on the Washington Metropolitan
Transit Authority by TSC. The Elkins
model is widely accepted as being the
most accurate currently available and
has now been validated for a number of
profiles giving both single and two-point .
contact. It is therefore described in
more detail and used below as a standard
against which the simpler model described
in this report is compared.

3.4.2 The Effect of Rail/Wheel Pro-
files on Forces and Moments

In 1977, resulting from studies carried
out at British Rail, Elkins and Gostling
published "A General Quasi-Static Cur-
ving Theory for Railway Vehicles," (Ref.
17). The paper described a model,
validated by experiment for single point
contact, which used measured cross- -
sectional geometry of wheels and rails
to insert the rail/wheel forces and
moments into the equilibrium equations.
The forces in the plane of contact and-
moments about its perpendicular were
obtained from the Kalker table book
(Ref. 15), extended to include values

of contact patch ellipticity up to 10,
permitting accurate assessment up to
derailment.

Further improvements were made to the
model in Ref. 22 and the addition of
two points of rail/wheel contact, at
TASC in Ref. 23. The model and result-
ing computer simulation are used for
evaluating the accuracy of the simpli-
fied model of wheel/rail forces and
moments described above.



In the model by Elkins, the position
and angles of the points of contact and
a knowledge of the angular velocity of
the axle about its bearing axis ¢, are
used to calculate longitudinal, lateral
creepages and spin at all points of
contact. The angular velocity of the
wheelset ¢ is calculated from consider-
ations of torque balance as discussed
in Ref. 17. The creepage equations for
each point of contact are identical to
those described in Refs. 17 and 22 and
are not repeated here.

The net force and moment on the axle
are made up of components of the normal
and tangential forces on each of the
points of .contact, with the tangential
forces being dependent upon the normal
forces and the previously discussed
creepages. The tangential or creep
forces are highly nonlinear functions
of the creepages and the contact patch
geometry and are calculated from Kalkers
nonlinear table of force/creepage re-
lationships in the manner described in
Ref. 17.

For a single point of contact on each
wheel, the vertical load and the wheel-
set kinematics uniquely define the normal
and, therefore, the tangential forces

at the contact point. However, when

two points of contact exist, there is a
range of values of normal and tangential
force, which may occur at the two points
of contact, for a given vertical wheel
load and wheelset kinematics.

Although, the lateral force and yaw
moment cannot be separately defined for
this lateral displacement, there is a
unique relationship between them. Plots
of axle yaw moment against lateral force
provide a convenient means of comparing
the steering characteristics of the
wheel/rail geometries discussed in this
report and later comparing the SIMCAR
and Elkins characteristics.

A direct comparison is given for the
case of equal wheel loads and three
different profile assumptions in Figs.
3.4-1, 3.4-2, and 3.4-3. The cases
chosen represent the lead axle angle-
of-attack in steady-state in curves of
0, 5, and 10 degrees. The profile
assumptions are single and two-point
contact with new 3AR 1/20 wheel profiles
on 132 1lb/yard AREA rail section, and a
worn wheel profile used by Canadian
National researchers (Ref. 25) (called
CNA) on a worn rail profile shown

in Fig. 3.4-4 and discussed more fully
in Section 3.4.3.

The figures show that the correct
assumption of two point with the new
AAR 1/20 wheel gives a lower steering
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moment for any chosen lateral force.
This increases the lateral force in
equilibrium conditions during curving.
The CNA profile, which represents an
average worn condition, generally re-
sults in a higher steering moment. The
exception occurs at the flaange root
where two point contact occurs. This
is noticeable in Fig. 3.4-1. It-should
be noted that all characteristics given
in this chapter terminate arbitrarily
beyond maximum flange angle.

It is possible to conclude from these
results that the new AAR 1/20 wheel on
new 132 1lb/yard, rail which has contact
separately with flange and tread, con-
tributes a lower steering effect to the
axle and provides the highest potential
for derailment. The simplified char-
acteristic has therefore been designed
to simulate this condition with great-
est accuracy.

3.4.3 Comparison of SIMCAR with Elkins'
Results ~ New Profiles

In order to compare the values of wheel-
set moment and lateral force on the
flanging wheel, descriptive of the steer-
ing characteristics represented by the
model, a matrix of values was chosen.

For the leading wheelset, the angle-of-
attack used was calculated to represent
steady-state curving. The chosen values

were,
Curvature ¢ (Angle-of-Attack)
Q° 0.0°
5° 0.3°
10° 0.6°
15° 0.9°

Each result was computed for load ratio

R = g% = 0.5; 1.0; 1.5. The static
static ’
wheel load is 32,868 1b.

In addition, results representing the
trailing axle were chosen with zero
angle-of-attack over the same range of
curvatures for R = 1.0. The comparison
was carried out for a value of p = 0.375,
and 8§ = 67°, also used in the simulation
of the results given in Chapter 5.
Figures 3.4-3, 3.4-6 and 3.4-7 show a
complete set of SIMCAR characteristics
of M/uBW (axle moment) against P/W (axle
lateral force) for the chosen values
above. Representative values of the
characteristic are repeated in later
figures in comparison with the charac-
teristic by Elkins, using the Kalker
tables, for new AAR 1/20 wheel profiles
on new AREA 132 1b rail at a standard
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Figures 3.4-8, 3.4-9 and 3.4-10 give
the comparison for the range of wheel
loading equivalent to zero angle of
attack on tangent track. Figure 3.4-9
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also includes zero angle for a 15 de-
gree curve with equal wheel loads,
representative of a trailing axle.

Elkins predicts much larger moments for
the lightly loaded wheel under large
lateral forces. In this regime SIMCAR
underestimates the effect of the normal
force on the flanging wheel at flange
contact. For equal wheel loads this
difference is substantially reduced.

As shown in Fig. 3.4-10 for an over-
loaded flanging wheel, SIMCAR overesti-
mates the moment and underestimates the
lateral force under similar conditioms
closest to flange climbing. However,
the force and moments indicative of
flange climbing by a trailing wheelset
are unlikely and these differences do
not impact the results in the derailment
studies presented here.

The results representative of a leading
wheelset in a curve are given in Fig.
3.4-11, 3.4-12, and 3.4-13 for R = 0.5,
1.0, and 1.5 respectively. The SIMCAR
characteristics differ little from those
due to Elkins. The largest difference
occurs on the lightly loaded wheel in
which SIMCAR again underestimates the
moment during severe climbing lateral
forces. The results are therefore con-
servative under these conditions.

Evidence of the relationship between
yaw moment, M/uBW, and lateral force on
the flanging wheel alone, L/V, provides
similar results to those discussed for
total wheelset lateral force, P/W.
Figure 3.4-14 provides an example for a
15 degree curve. The overall comparison
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is similar to that for .the 10 degree
curve for total lateral force given in
Fig. 3.4<12. 1In both cases the Elkins
result produces a reduced lateral force
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as the wheel climbs the flange in sin-
gle point contact. The SIMCAR char-
acteristic does not attempt to simulate
the regime following flange climb.

The comparisons for R = 1.0 show the
closeness designed into the SIMCAR
characteristic, by adjusting the ex-’
pression for longitudinal creepage for
equal wheel loads and the particular”™
combination of wheel and rail profiles
illustrated.

An alternative representation reflects
both yaw moment and lateral force as
functions of the displacement beyond
flange contact. The model has a lead-
ing slope to the lateral force char-
acteristic, KLEAD’ up to its maximum

value. The model due to Elkins is de-
signed for steady-state analyses and
presumes rigid track. In order to pro-
vide an equivalent circumstance for
both characteristics, the Elkins lat-
eral force has been used to define a
lateral displacement following the ini-
tial flange contact, similar to that in
the SIMCAR characteristic. The moment
is then related to the same lateral
displacement.

The comparison between the SIMCAR and
Elkins' characteristics is given for
R=1and p = 0.375 in Fig. 3.4-15 and
3.4-16. The inaccuracy previously
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noted for values of lateral force at
zero angle-of attack, ¢, and following
wheel tread separation is apparent in
Fig. 3.64-15. The lateral position at
.derailment is generally indicated by
the reduction in the Elkins prediction

of % in Fig. 3.4-15 and occurs close to

0.10 inch. At this value the steering
moment in the SIMCAR approximation in
Fig. 3.4-16 is close to that suggested
by the Elkins model for both wheelsets
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leading to the conclusion that the SIMCAR
approximation is accurate in estimating
lateral equilibrium forces and moments
for the case studied of new wheels and
rails.

3.4.4 Comparison of SIMCAR with Elkins'
Results - Worn Profiles

In order to investigate the generality
of the approximate model used, compari-
son is made with Elkins' results for
two situations representative of worn
circumstances of the rail. For this
purpose, a measured side worn rail pro-
file was chosen, using a cross-section
- taken from Ref. 24, p. 54, Fig. 27A.
The profile is claimed by the author of
the reference to be typical of heavy
operation. However, hand measured
digitization from the figure for the
results presented here may have con-
tributed to some inaccuracy.

Two wheel profiles were investigated.
The first was a standard new AAR 1/20
profile which was found to give 2-point
contact initially, but a lower flange
angle at which tread lift-off commenced.
The second was the CNA profile (Ref.
25), now widely used as a "standard"
worn wheel, which gave single point
contact, except for initial contact
with zero angle of attack. In both
cases a wide gauge of 57% inches was
chosen, equivalent to a clearance (CR)
of 0.825 in.

For standard AAR 1/20 wheel, the results
are given in Fig. 3.4-17 to 3.4-19.
Figure 3.4-17 shows the steering rela-
tionship of dimensionless moment to
total lateral force, on the leading
flanging wheel, for equal wheel loads,”
(R=1), and 0, and 15 degree curves.
Figure 3.4-18 presents the comparison
for lateral force, L/V, against lateral
wheelset displacement beyond flange
contact, with the Elkins model provided
with leading edge slope as discussed in
Section 3.4.2. The gauge clearance for
the Elkins results is arbitrarily fixed
to provide a similar initial contact to
that used in the SIMCAR model results
plotted. Figure 3.4-19 provides the
comparison between the SIMCAR and Elkins

results for the yaw moment, M/uBW, against

lateral wheelset displacement beyond
flange contact.

In general, the approximate character-
istic for the chosen worn rail is iden-
tical to that for new rail since the
model only contains a rudimentary know-
ledge of the profiles; the tread and
flange angles chosen to represent them
are similar. However the widened gauge
used in the worn rail studies modifies
the force and moment wvalues at the start
of flange contact due to the increase in
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Figure 3.4-17 Comparison of SIMCAR’
with Elkins: New

Wheel/Worn Rail

R=1.0; ¢ =0°,
Deg = 0°%; ¢ = 0.9°,
Deg = 15°

the difference in rolling radius be-
tween wheels.

The Elkins model reflects both the
change in rolling radius and the con-
tact angle for the particular profiles
and in this case, for the worn rail,
produces a reduced angle at which 2- -
point contact ceases. This is 42 de-
grees for the side worn rail as com-
pared to 62 degrees with new rail. The
result is a greater difference between
the SIMCAR and Elkins model results,
especially at zero (or negative) angle
of attack on tangent track, where the
Elkins model shows an increase in mo-
ment at the intermediate value of lat-
eral force on tread and flange.

The results for the CNA profile, here
used to represent a worn wheel, and the
side worn rail profile, are shown in
Figs. 3.4-20, 3.4-21 and 3.4-22. This
profile combination provides single
point contact throughout the lateral
wheelset excursion and hence the ini-
tial flange contact is not precisely
defined. An attempt is made here to
match the curves against lateral posi-
tion. However, with flangway clearance

resulting from standard gauge, an effec-

tive conicity of 0.18 has been assumed
as representative of the variation of
tread rolling radius difference between
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wheels with lateral wheelset displace-
ment. With the wide gauge chosen here
to represent worn track, giving a
flangeway clearance of 0.825 in., the
same rolling radius difference at flange
contact suggests a proportionally lower

effective conicity of 0.071, which has
been used here for the tread cone angle
in the SIMCAR model. While this leads
to a closer flange contact characteris-
tic, it may be deficient for studies
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dominated by tread contact and may pro-
vide inaccuracy in the yaw moment on
the trailing axle while not in flange

contact.

These graphs, showingz the worn wheel/
rail profile characteristics, show the

limitation of the approximate model of
separate tread and flange contact
regimes with piecewise linear repre-
sentations for each. The rudimentary
knowledge of the profiles in this model
does not permit an accurate nonlinear
characteristic in worn tread contact.
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However, the problem of a representa-
tive characteristic with varying gauge
and conicity is a general one which
would require recalculation of the con-
tact geometry at each step for am accu-
rate model. The model appears to satisfy
the requirement well for new straight
tapered wheel profiles. Care has been
found necessary in its use with wheel
profiles which produce single point
contact, and an effective conicity which
varies with gauge during tread contact,
where adjustment of the approximate
characteristic has been required.
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4. COMPARISON OF 16-DEGREE-OF-FREEDOM
FRETGHT CAR MODEL WITH TEST RESULTS

4.1 INTRCDUCTION

The modified l6-degree of freedom (DOF)
freight car computer model, described
in Chapter 3 and Appendices B and C,
was designed to be used in studies of
freight vehicles near derailment. Sim-
ulation allows results to be obtained
at a significant reduction in cost
relative to full scale testing, but
requires that the model be verified as
representing the behavior that would be
observed in the field. This enables
valid results to be obtained with lim-
ited amounts of full scale testing.

The procedure is outlined in Fig. 4.1-1.

The results, used here to seek agree-
ment of dominant vehicle outputs (such
as wheel-rail force), are regarded as
indication of the basic accuracy of the
modeling effort. Data for comparison
were available from three sources.

The first data set was generated when
a train, composed primarily of loaded
100-ton cars, was run over instrumented
track perturbations at the Transporta-
tion Test Center in February 1979. The

track perturbations had been constructed
for locomotive testing under the Per-
turbed Track Test (PTT) program (Ref. 26).
Track instrumentation consisted of a
series of rail-mounted strain gauges to
measure lateral and vertical wheel-rail
forces.

A second set of data for comparison was
obtained during loaded 100-ton freight

car testing on the Union Pacific rail-

road during March 1980 (Ref. 27). In-

strumented wheelsets were used to meas-
ure forces.

A third set of data was produced from
tests carried out on the Chessie System
Track at Starr, Ohio in spring 1981
(Ref. 28). Instrumented wheelsets were
also used in this test.

Finally the program was used to generate
results for steady state curving which
were compared to published results of a
number of test programs for the leading
outer wheel force.

4.2 SIMULATION-FIELD TEST COMPARI-
SONS WITH PERTURBED TRACK
TEST DATA

The Perturbed Track Tests (PTT) at
Pueblo were conducted to compare the
response of two six-axle locomotives to

MATHEMATICAL FULL SCALE
MODELING OF FREIGHT CAR
FREIGHT CAR TESTS
MODEL -
PROGRAM -
(SIMCAR VERIFIC/TION [
y
MODEL
VERIFIED
A\
EXTENSIVE
PARAMETRIC
STUDIES OF
DERAILMENT
AESULTS
»| VERIFICATION |
ACTIVITY

Figure 4.1-1

DERAILMENT
RELATIONSHIPS

Y
RESULTS
VERIFIED

Model Verification Activity as Related
to Overall Project Plan
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specific, well-controlled track inputs.
To accomplish this objective, two large
segments oL track were modified to in-
clude various large track perturbations.
One of these two modified segments was
on a 1.5.deg curve (1 inch supereleva-
tion) portion of the Train Dynamics
Track. During the PTT runs, on-board
sensors provided most of the data which
was taken. 1In addition, certain track
sections were provided with strain
gauges as a check on the on-board data
and to measure wheel-rail force on non-
instrumented axles. One of the instru-
mented sections consisted of a "l-inch
high rail misalignment"”. This is a
curved track section in which the joints
of the high rail are displaced outwards
one inch relative to undisturbed track.
This causes the wheels to move outwards
and causes high wheel-rail forces as
the wheel flanges ride up the rail just
past the perturbed joint,

Since the area of curving dynamics,
including variation in track alignment,
cross-level, and gauge, is a unique
aspect of the SIMCAR freight car model,
advantage was taken of the PTT full-
scale test to provide data for verifi-
cation of this model. Although the PTT
runs proper involved locomotive re-
sponses, some freight car data were
taken as the FAST (Facility for Accel-
erated Service Testing) train was hauled
over the PTT track. Specifically, data
was taken on a loaded 100 ton covered
hopper car (Ref. 26), and compared to a
simulation of the same vehicle using
the SIMCAR model.

The result of this comparison is pre-
sented in Fig. 4.2-1. Both the lead
and trailing axles of the lead truck
are shown, and the wheel-rail forces
are measured on the outside wheel. The
magnitude and signature of the simula-
tion result and the field measurement
are close, the differences being within
the range of the uncertainties in the
field measurements and the vehicle and .
track parameters.

4.3 SIMULATION-FIELD TEST COMPARI-
SONS FOR UNION PACIFIC TESTS

During March of 1980, a series 'of in-
strumented freight car tests were made
on the Union Pacific Railroad to support
track geometry specification development
activity using the test equipment of

the FRA Truck Design Optimization Pro-
gram. As part of these tests, over 300
feet of track was modified to exhibit a
series of alignment and gauge devia-
tions. Automatic Location Detector
(ALD) targets were placed along the
modified section to assist in data

reduction. Figure 4.3-1 illustrates
the planned test track alignment.

As part of the simulation output, Fig.
4.3-2 illustrates the flange clearance
between the static wheel position and
the left and right rails obtained from
the SIMCAR program. The space between
the two wheel flanges has been "removed"
from this figure so that wheelset posi-
tion is displayed as a point on the
solid line. Hence, flanging occurs
whenever the wheel set position moves
outside the flange clearance lines.
Periods of flanging can be discerned in
this figure. The test was conducted at
a speed of 27 mph.

The comparison of actual field measure-
ments (Ref. 27) and simulation results

is presented in Fig. 4.3-3. The simu-

lation results were generated using the
track perturbations illustrated in Fig.
4.3-1. The comparison of the magnitude
of the response between test and simu-

lation results is fair.

Some differences between simulation and
test responses are apparent, especially
in the first peak, between ALD 2 and 3.
Although the simulation predicts only a
small force peak due. to. the short flang-
ing occurrence, the actual track test
produced a very large response. As
this is the response to the first per-
turbation, an initial condition dis-
parity could account for this differ-
ence. Other differences may again be
the consequence of variation between
the assumed condition of the wheels and
rails which were the same as for the
PTT test. It is also probable that
details of the track geometry deviated
from the ideal layout of Fig. 4.3-1
used in the SIMCAR results.

4.4 SIMULATION - FIELD TEST COM-
PARISONS WITH STARR TEST DATA

In June 1981, a series of tests were
carried out on the Chessie System at
Starr, Ohio. These tests were conducted
to examine the forces developed on weak
track, their effect on gauge and poten-
tial for wheel drop, the coupling be-
tween cross-level and gauge variation
and its effect on cross level index for
track safety standards. In particular,
for the model used in this report, the
test was designed to provide baseline
force and response data, under the
severe track geometry conditions, for
comparison with the results from the
computer simulation.

The test consist is shown diagrammati-
cally in Fig. 4.4-1. Three loaded 100
ton hopper cars were used. Instrumented
wheelsets on two cars had nomirally new,
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AAR 1/20, and worn, CNA, profiles.
Difficulties with the AAR profiled wheel-
sets resulted in comparison of SIMCAR
output being made with the output of

the CNA profiled wheelsets on Car 5.

For this purpose, an effective conicity
of « = 0.18 and ¢ = 0.375 were used.

The loaded hopper car was assumed to
have standard 100 ton trucks with char-
acteristics similar to those given in
Appendix C. The measured value of truck
spacing in the test car of 40.5 feet

was used in the simulation. The test
vehicle roll characteristic was assumed
to be similar to that discussed in Ap-
pendices B and C. Howewver, the CG height
for the body was estimated as 5 feet
above the center plate. This value was
estimated by TSC, and reported in Ref.
29, using the simplified M.1.T. rock

and roll model (Ref. 7) and data from
the test on tangent track with cross
level variation.

The track alignment and gauge variation
on a six degree curve in test Séction 1
is shown in Fig. 4.4-2. The results

from this section were used for the
comparison with SIMCAR predictions.

The measured and simulated results are
given in Fig. 4.4-3 at 15 mph. Very
little roll was apparent or predicted.
The force levels generally correspond
well, with some difference during the
transition between tight and wide gauge.

In addition to the alignment and gauge
variation, a further series of tests
were, carried out with 3/4 in. cross
level variation added during the last
rail lengths. Car roll was excited almost
to wheel 1ift as shown in Fig. 4.4-4.
The simulated vertical wheel force com-
pares well with that measured, although
some variation is apparent at the start
due to the existence of joints and dips
in the test track exciting an initial
value of roll, not simulated. The lat-
eral forces are shown in Fig. 4.4-5.
Here the simulation shows good agreement
with the measured forces. Since the
predictions for track standards, given
in Chapter 5, are centered on dynamic
curving effects this agreement was con-
sidered to be a valuable verification

of the model behavior.
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4.5 COMPARISON OF SIMULATION RESULTS ® Tests on Union Pacific Track
WITH PUBLISHED DATA FROM TESTS (UP) (Ref. 34).
IN STEADY CURVES
Since each test condition may and prob-

In order to compare the predictions ably will be different, the results

with as broad a set of recorded test given in Fig. 4.5-1 show variation.
circumstances as possible, a survey was However, the results show the same trend
carried out. Published tests were as the model predictions and have a
identified for the leading outer wheel mean value close to that predicted by
force on loaded 100 ton hopper cars the model, adding to the confidence in
with standard 3-piece trucks at near simulation of the 100 ton hopper car,
balance speed in curves. The following in curves under service conditions.

tests were found suitable.

® Truck Design Optimization Project
(TDOP) (Ref. 30)

e Wheel Load Tests at the Facility
for Accelerated Service Testing
(FAST) (Ref. 31)

. Wear Tests of FAST (Ref. 32)

® Tests on new trucks at Canadian
Pacific (CP Rail) (Ref. 33)
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5. STUDY OF LOW SPEED RESPONSE TO
ALIGNMENT, GAUGE AND CROSS-LEVEL
VARIATION IN CURVES ~-100 TON
HOPPER CAR

5.1 INTRODUCTION

In the preceding chapters, the objec-
tive of the study reported here was
described as that required to establish
a relationship between track geometry
and the safety resulting from vehicle/
track dynamic interaction. The study
reported in this chapter concerns the
response of alignment and gauge vari-
ations in curves with and without cross-
level variations in the 10-25 mph speed
range. The 100 ton hopper car, loaded
to a high center of gravity, provides
the poorest performance scenario repre-
sentative of the "real world" situation.
The car is chosen to have significant
sidebearing clearance (% inch) and a
truck center spacing close to the rail
length.

5.2 LOW SPEED STUDY PLAN AND QUTPUTS
The computer program used in the study
of the response of a loaded 100 ton
hopper, between 10 and 25 mph, has a
list of 87 possible output states, all
of which are printed at each chosen
step in time. The list was reduced to
the following time histories for plot-
ting. Each was produced for the runs
listed and discussed.

. Lateral Wheelset Position - axle
1 to observe tracking relative
to track geometric input

e Roll Angle - to establish
vehicle integrity and confirm
lateral weight transfer

® Lateral Forces - axles 1 and 2,
to assess the potential for
derailment

e Lateral Force - axle 3, to
confirm simularity between
trucks ’

e Vertical Force - left wheels,
truck A, to observe under and
overloading and-wheel lift

® L/V - leading left wheel, to
observe the classical rail c¢limb
value (this is the outer wheel
in curving runs)

. the. speed is. 15 mph..

INCHES

42

™ L/V - leading right wheel

® Flange to rail overlap - left
wheels of leading truck, to
observe potential rail climb and
wheel drop

® Flange to rail overlap - right
wheels of leading truck

® Linear lateral siffness required
to prevent wheel drop.

In addition to the above plots, a cross
plot was produced by the compater pro-
gram leading left (outer) wheel force
against leading wheelset distance to
rail drop, as defined in Section 2.4.3.
The left wheel is made the outer wheel
in the computed curving runs by choos-
ing a right hand curve. A sample of
the plotted output without roll angle,
is given in Figs. 5.2-1 through 5.2-11
for a 5 degree curve with 1% inch out-
ward cusps of the joints on the high
rail. The wheel/rail characteristic
for this run represents new wheels and
The track -is
superelevated to give balance at this

speed and the gauge is set at 56.5 inch.

A friction coefficient of 0.5 is as-
sumed. The result is discussed more
fully in Section 5.4.

The planned study separated the work
into four basic track scenarios shown
in Fig. 5.2-12.

-
RAIL POSITION

WHEEL PATH |

-0.5

Lateral Position -
Wheelset 1 - Truck A

Figure 5.2-1
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Figure 5.2-12 Track Scenarios

5.2.1 Steady State Curving .

In order to provide a check with pub-
lished behavior, described previously-
in Section 4.5, and to provide baseline
data and information on the mechanics
of curving, computer runs were under-
taken simulating steady curving on
ideal track with constant gauge. The
basic run list is given in Table 5.2-1
showing the track superelevations for
balanced curving.

In addition to runs carried out solely
in steady curves, all other dynamic
curving studies were preceded by 2 rail
lengths of steady curving to provide
appropriate initial conditions. These
results were therefore available for
further analyses of steady conditions
and as a check on computational accu-
racy and especially to investigate the
effect of friction and gauge changes on
the response.



TABLE 5.2-1
TRACK SUPERELEVATION FOR BALANCED STEADY STATE CURVING (IN.)

VEL
MPH 15 20 25
CURVE
DEGREES
5 0.761 1.353 2.114
10 1.522 2.706 4.059
15 2.283 4.059 6.342

5.2.2 Quter Rail Alignment Cusps

The list of runs planned and carried

out under this track scenario is given
in Table 5.2-2. These runs were planned
to fulfill the following objectives.

e To find the values of minimum
and maximum gauge which suggested
incipient wheel drop or rail
climb for curvatures of 3, 5, 8,
10, 15 degrees, for an appro-
priately poor scenario of the
vehicle/track system.

e To establish the effect of fric-
tion using y4 = 0.375; 0.5 and
curvatures of 5; 10; 15 degrees.

¢ To establish the effect of speed
and unbalance on the results
over a speed range of 10 to 25
mph.

5.2.3 Outer Rail Alignment and
Cross-level Cusps

The preliminary runs carried out in this
study were intended to determine the
sensitivity of additional response phen-
omena due to the combination of align-
ment, gauge and cross-level variation in
curves. Running was limited to the def-
inition of limiting values of outer rail
alignment variation, which had not pre-
viously resulted in the prediction of
incipient wheel drop or rail climb, as
defined in Chapter 2.

A run list is given in Table 5.2-3.
Minimum gauge was fixed at 56.5 in. for
all runs. Maximum gauge was varied be-
tween 57.75 in and 56.5 in. Cross-level
cusps were limited to 0.5, 0.625, and
0.75 in. A value for the coefficient

of friction of 0.5 was used throughout.
The study was carried out on a 10 degree
curve superelevated to give balance at

15 mph. Speeds were varied between 14
and 16 mph to excite roll responses.

5.2.4 Sinusocidal Alignment Variation

This study was to determine response
from track -alignment variation alone.
The study is divided into runs on
tangent track and in 5 degree and 10
degree curves. The run list is given
in Table 5.2-4.

Runs on tangent track were included,
in order to obtain,

e Survey ot the effect of ampli-
tude at wavelength A of 90 ft
and 25 mph to provide baseline
values.

®© Runs at 5 in. and 3 in. peak/
peak amplitudes for a range of
A of 39, 50, 75, 90 ft.

e Investigation of speed effect.

e Identification of critical
values just preventing
incipient wheel drop
prediction.

In curving simulation with sinusoidal
alignment variation the runs were
arranged to satisfy the following
requirements,

e Establish critical values just
preventing incipient wheel
drop prediction.

@ Investigate gauge -variation.

e Investigate speed variation.

The results of each of the investiga-

tions are discussed in the following
sections.
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TABLE 5.2-2 ,
RUN LIST FOR OUTER RAIL CUSPS

BASIC

GAUGE

WHEEL/

RUN CURVE PERTURBATION RAIL SPEED
' NO. | DEG sgggg“ggﬁ GAgég.in. GAgég'in. PROFILES | - ¢ HPH
3/1 3 15 56.5 58.0 NEW 0.375 | 15

3/2 57.0 58.5 v
3/3 v 56.5 v 0.5 )
5/1 5 15 56.5 58.5 NEW 0.375 | 15
5/2 58.0 v y
5/3 58.5 0.5
5/4 25 58.0 0.375 | 25
5/5 ¥ 58.5 I
5/6 15 35
5/7 45 45
5/8 25 15
5/9 32
5/10 40
5/11 i 4 45
5/12 15 57.0 58.0 0.5 15
5/13 56.5 57.75
5/14 56.0 |
5/15 -} 58.0
5/16 | ] 6.5 | \ ! k
8/1 | '8 15 56.5 58.5 NEW 0.375 15
8/2 oy 58.0
8/3 57.0 158.5 ] )
10/1 | 10 15 56/5 58.5 NEW 0.375 | 15
10/2 57.0
10/3 56.5 58.0 |

. 1074 58.5 0.5
10/5 v v 0.375
10/6 57.0 57.75 0.5
10/7 56.0
10/8 56.5

y v + v Yy y ’
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TABLE 5.2-2

RUN LIST FOR CUTER RAIL CUSPS (Continued)

RN ConvE PERTURBATION el SPEED
NO. | DEG SSEEALgNgH GAgég. in. GA% "in, | PROFILES H HPH
15/1 | 15 15 56.5 58.5 NEW 0.375 | 15
15/2 ¥ 58.0
15/3 57.0 58.5 ,
15/4 56.5 ! 0.5
15/5 v 58.0 i
15/6 57.0 } )
15/7 v 57.57 0.375
15/8 56.5 0.5
15/9 56.0 |
15/10 v 57.5
15/11 57.0
y ] 3 ¥
TABLE 5.2-3
RUN LIST OUTER RAIL CUSPS AND X-LEVEL CUSPS
RON gﬁgxllg PERTURBATION ng.sz W{R{f\%/ SPEED
NO. | DEG SggIE.gNggH _GAgég'in. GA%é}é.in. ML(I:ITJtSJSE in, | PROFILES | HPH
x/1 10 15 56.53 57.75 0.0 NEW 0.5 15
x/2 0.5 14
x/3 15
/6 16
x/5 15
/6 0.625
x/7 56. 0.5
/8 0.625
x/9 0.75
¥ v 5 y y \J ¥
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TABLE 5.2-4

RUN LIST FOR SINUSOIDAL ALIGNMENT VARIATION

RUN gg;ég P2§%g§g§¥¥ON GAUGE w§§?i/ SPEED
N0 | DEG | sppnd wpr | LENGTH ia. | AMPLITUDE ia. |  ia. | PROFTLES e
T/1 0 - 1080 3.85 56.5 NEW 25
T/2 3.0 il
/3 v 5.0 58.0 |
T/% 900 ;
T/5 600 :
T/6 468 k :
T/7 1080 3.0 i
T/8 900 i
S T/9 600
T/10 468 ,
T/11 1080 15
T/12 900
T/13 600
T/14 468 v Y
T/15 1080 3.5 57.75
T/16 600 1.0 58.0
T/17 2.0 57.75
T/18 v 38.0
T/19 1080 4.5 57.75
T/20 v v 57.5 |
-T/21 300 3.25 57.75
T/22 600 1.75 |
T/23 468 1.33
T/264 600 1.5
T/25 1.125
T/26
T/27 35
T/28 | . 45
T/29 600 v 25
T/30 1.125 g 5
T/31 160
T/32 I g0
7733 | | ! ‘ ‘ w0
;
c/1 5 25 1080 4.5 57.75 NEW 0.5 i 25
c/2 900 3.25 |
c/3 600 1.25
c/a 468 1.333 ! ' i
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TABLE 5.2-4
RUN LIST FOR SINUSOIDAL ALIGNMENT VARIATION {Continued)
RUN asic P GAUGE VHREL/ SPEED
NO. | DEG sggggu LENg";XE ia. mptu.gmrfrl% fa. CON?ENT PROFILES | ¢ MPH
¢/s | 10 25 1080 4.5. 57.75 NEW 0.5 25
c/6 900 3.25
/7 600 1.25
c/8 ] 468 1.333
c/9 | 15 1080 4.5
c/10 "900 3.25
c/11 600 1.25
c/1iz | | 468 1.333 .
c/13 | 10 1080 4.5 57.5 @
/16 300 3.25 i
/15 600 1.25 i
/16 | 468 1.333
c/17 ] 15 1080 4.5
c/18 900 3.25
c/19 600 1.25
c/20 || 468 1.33 1
c/21 | s 57.75 15
Y Y y Y A

5.3 STEADY-STATE CURVING

As a preliminary to defining the study
plan for gauge, alignment and cross-
level variation in curves, the program
was used to study vehicle performance

in steady-state curving. Each dynamic
curving run was also preceded by a short
section in steady curving as a baseline
for the dynamic results, to provide an
appropriate initial condition, and to
provide additional understanding of
curving mechanics. The predicted forces
and moments for steady-state curving in
5, 10, and 15 degree curves, .at balance
speed, are shown in Fig. 5.3-1, for the
parameters given. The leading outer
wheel sustains the largest force in

full flange contact and with its opposite
on the inside rail comprises a pair of
gauge spreading forces which may become
large. In tight curves, there is little
moment on the lead axle. The second
axle, however, sustains a large moment,
but only small lateral forces, due to
its nearly radial position.

Thus, the wheel/rail forces are pre-
dominantly across-track (lateral) for
the leading and along-track (longitu-
dinal) for the trailing axle. An often
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used estimate provided by test results
is the measure of the L/V of the lead-
ing inner wheel to estimate p, the fric-
tion coefficient. 1In the case of the

10 degree curve illustrated in Fig.
5.3-1, this result suggests a p of 0.34
compared to that of 0.375 used in the
computation and representing the fully
saturated value. It may be concluded
that a small but significant component
of the low rail force is along the track.
The value of lateral forces for p 0.5
is given for the 15 degree curve -in

Fig. 5.3-2 showing that a potential
exists for gauge spreading and rail
rollover for track having low rail
strength/stiffness or a requirement for
a minimum track strength/stiffness.

Figure 5.3-3 shows a graph of wheel/
rail forces against curvature for the
values of g = 0.375 given previously,
and also for p = 0.5, over the range of
curvatures of 3° to 15°. A gauge of
56.5 in. was used throughout. As ex-
pected from the preceding discussion of
tight curves with saturated creep forces,
the larger coefficient of friction u,
produces larger forces in steady-state
curving. There appears to be little
difference due to these friction levels
between lead outer rail forces below
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Figure 5.3-2

Lateral Steady State Forces for High

Friction and Tight Curving

curvatures of 5 degrees, probably due
to the combined rotation of the force
vector in the contact patch and reduc-
tion below full slippage.

Lateral forces were also produced for p
= 0.375, over the same range of cur-
vatures, to assess the effect of gauge
changes on steady curving indicated by
the SIMCAR model. The results are given
in Fig. 5.3-4. 1In tight curves, which
tend to produce gross slippage, the
lateral forces are not very sensitive
to change in gauge. However, in the
smaller curvatures, increased gauge,
and resulting larger rolling radius
difference between wheels produce a

larger steering moment on the leading
axle. The result is a reduced total
(net) lateral force on this axle which
is predicted to change sign for the
lower curvatures. (The inner wheel
lateral force becomes larger than the
outer). The individual lateral forces
are also less for the wider gauge.

5.4 CURVING WITH HIGH RAIL

OUTWARD CUSPS

. The objective of the use of high rail
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cusps in curves in this study was to
establish the effect of gauge change
within the jointed rail length, under a
track geometry perceived to give poor
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response to the 10C ton hopper car.

The curving process under these track
perturbation has been illustrated in

the sample plotted outputs given in
Section 5.2. In particular the graph
of wheelset position relative to the
track, Fig. 5.2-1, showed that, for
this curve, the outer wheel flange of the
leading axle remains in contact with the
outer rail for most of its length,
leaving for a small distance in this
case, just prior to the joint, and hit-
ting the rail again just beyond the
joint. At the higher track curvatures
outer wheel flange separation does not
generally take place.

The maximum lateral force occurs on

both wheels of the leading axle immedi-
ately following the joint at flange
contact, where the angle of attack of

the wheel to the rail is greatest.

This is also illustrated in Fig. 5.2-2.
Thus, the maximum or peak force occurs
close to the widest gauge at the joint.
The joint location is also a potential
weakness in lateral restraint on the
track. Vertical force varies little
during the run, as seen in Fig. 5.2-5.

On the low rail, the right, non-flanging -
wheel L/V (Fig. 5.2-3) approaches
0.5 for the case illustrated.

Interest in the results presented here
is focussed on the worst response for
gauge spreading and potential for wheel
drop. In this scenario, rail c¢limb
appears to be less likely although re-
sults were also produced to indicate
its occurrence for much larger cusp
amplitudes.

Initial runs were carried out using a
coefficient of friction, u, of 0.375
found characteristic of the Starr re-
sults given in Chapter 4. With a mini-
mum gauge of 56.5 in., Fig. 5.4-1 shows
the effect of varying maximum gauge (or
cusp amplitude) on peak outer wheel
lateral forces, over the range of cur-
vatures of 3 to 15 degrees. Since the
low rail is not perturbed the maximum.
gauge is the cusp amplitude added to
the minimum gauge. The superelevation
was set constant to provide balance at
the 15 mph running speed. For compari-
son the Nadal value for this friction
level and a new flange angle of 67° is
34, 568 1b. It is not approached by
these results, supporting the conten-
tion that rail climb prediction is un-
likely. As might be expected, both
increased curvatures and larger outer
rail cusps provide an increase in outer
rail force. This increase is not pro-
portional. The results suggest less
increase in force for larger values of
curvature and cusp amplitude.
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The variation in minimum gauge has a
lesser effect, as shown in Fig. 3.4-2;
the wider the gauge, the lower the peak
lateral force on the outer wheel. This
result was also produced at a balanced
speed of 15 mph throughout. The inner
rail force remains approximately con-
stant over the range of curvatures
investigated.

For a coefficient of friction of 0.5
and flange angle of 67°, the Nadal val-
ue of lateral force becomes 28,007 1b.
It is clearly more likely that rail
climb take place in high curvatures,
with the higher level of friction more
typical of dry running. The effect of
this is shown in the results summarized
in Fig. 5.4-3 for a minimum gauge of
56.5 in. and a maximum gauge of 58.5
in. The lateral force for the higher
friction coefficient approaches that
suggested by Nadal as indicative of
rail c¢limbing. However, as later re-
sults will show, the rail spreading
forces are sufficient to cause wheel
drop at smaller values of cusp ampli-
tude, or maximum gauge, than those in-
dicating rail climb here.

The preceding results show the expected
trends in behavior and support the con-
tention and observations of tests, such
as those performed at Starr, Ohio and
described in Chapter 4, that rail spread-
ing is the more likely cause of derail-
ment, especially where the lateral track
stiffness is low. The remaining discus-
sion in this scenario is devoted to the
assessment of largest values of gauge
which are predicted not to give incipient
wheel drop under dynamic wide gauge on
weak track. Curves of 5, 10 and 15
degrees are used in this investigation.
The distance to wheel drop is calculated
using the method described in Section
2.4.3. Incipient wheel drop is inves-
tigated by comparing the computed outer
wheel lateral force and distance to
wheel drop to those permissable from

the high rail stiffness, after subtract-
ing the spreading due to the low rail.
The low rail force is assumed to be
constant for these runs, at a value
close to the limit, appropriate to the
chosen coefficient of friction. The
results computed are for p 0.5

Figures 5.4-4 and 5.4-5 show the re-
sults for the 5 degree curve. For the
smaller maximum gauge of Fig. 5.4-4,
the results do not approach the limit
set by the track stiffness. However,
in Fig. 5.4-5, the result for a minimum
gauge of 56.5 in. and a maximum of 58.0
in. touches the high rail stiffness
characteristic, above which incipient
wheel drop is predicted. This was the
result used for the sample output given
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previously in Fig. 5.2-1 through 5.2-11.
The small peak in lateral force on the
leading edge of the time history in

Fig. 5.2-2 contributes to the value
indicating incipient wheel drop. Since
no such peak is observed in Fig. 5.2-4
for the leading axle of the trailing
truck, it may be "analytical", rendering
the result slightly conservative.

For the 10 degree curve, the results

for a maximum gauge of 57.75 in., are
given in Fig. 5.4-6. 1In this case the
result for tight minimum gauge of 56.0
in. show a clear prediction of excedance
of the wheel drop lime for p = 0.5.

This result is slightly different from
the other 10 degree results in that the
outer wheel flange leaves the gauge

face of the rail for a short distance
and even hits the low rail briefly, as
shown by the wheelset path in Fig.
5.4-7. However all the results for a
maximum gauge of 57.75 in. in 10 degree
curves show .a proximity to the incipient

wheel drop 'limit. It is generally rec-
ognized that a wide gauge of 59 in. can
cause wheel drop. This is consistent
with the result given here since the
incipient wheel drop limit, chosen in
Section 2.4.3, represents a margin of
safety of 1.25 in. of tread overlap by
the wheel on the low rail.

The results for the computer simulation
in the 15 degree curve for the maximum
gauge of 57.75 in. are given in Fig.
5.4-8. Both minimum gauges produce an
excedance of the incipient wheel drop
limit. " A safer condition is identified
from Fig. 5.4-9 for a maximum gauge of
57.5 in. Although the lateral forces
reach similarly high values, the reduc-
tion in clearance of 0.25 in. is ade-
quate to prevent incipient wheel drop.

All the results discussed above have
been produced for a hypothetic curve at
a 15 mph balance speed. Running at 3
in. overbalance represents a 5% trans-
fer of load fto the outer wheel, lcwering
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of the inner, and a resulting increase
in the outer peak wheel lateral force.
Figure 5.4-10 shows that for 3 in. over-
balance the reduced inner rail force
permits a 10% higher outer rail force
for a 12 degree curve in the region of
20,000 1b without wheel drop. This is
shown in Fig. 5.4-11 to be just over
that predicted in the same curve for

the outer rail at the 3 in. overbalanced
condition. It may be concluded that the
results are not seriously affected by
under or overbalanced running in the

Wheel Drop Tendency in a 15 Degree
Maximum Gauge 57.3 in.

1.9 ]
01STDROP { INCHES)

Curve

range considered normal for freight
vehicles.

CURVING WITH COMBINED HIGH RAIL
ALIGNMENT AND CROSS LEVEL CUSPS
AT JOINTS

“In the preceding section the response
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of the 100 ton hopper was reported for

a track scenario with alignment cusps

in the high rail alone. There exists
the possibility that, if these are com-
bined with a cross level input, coupling
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will take place, rendering the response
to the combination worse than each in-
dividual scenario. This might lead to
the requirement for a further limita-
tion of track geometry to prevent a new
.potential for derailment. The computer
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(in Cusps)

predictions in this combined scenario
were carried out to examine whether the
response produced worse results than
those in the previous section for
alignment and gauge alone or the
periodic cross level cusps studies by



TSC and used to verify the simulation
program in Section 2.2 (see also Ref. 6
and 7).

One manner in which the response to the
combined inputs might cause rail climb
is that of a lateral disturbance during
dynamic wheel unloading in roll. The
study therefore concentrated on roll
angie, lateral and vertical forces and
the tendency to climb the rail, as indi-
cated by the excursion of the wheel
beyond flange contact. A 10 degree
curve with elevation for balance at 15
mph is used throughout.

The respounse in roll is shown in Fig.
5.5-1 for % in. and 5/8 in. cross level
cusps at the speed of 14 mph close to
the roll resonance. The roll angle am-
plitude is large and suggests an angle
above 5° for the 5/8 in. input. The run
for the same speed at the lower cross-
level of & in. was significantly lower.
These results suggest that body roll in
curves is not greatly different from
that in tangent track and is not strongly
influenced by outer rail alignment vari-
ations within the limits studied here.
(Note: these graphs have a different
scale for roll angle.)

ROLL

o
N

Figure 5.5-2 presents a comparison of
lateral forces for the same runs. In
general the lateral forces exceed 20,000
1b. However, the critical information
on performance lies in the phasing with
the dynamic vertical load given in Fig
5.5-3. The roll resonance leads to com-
plete unloading of the wheels for the
5/8 in. cross-level. (A small negative
vertical force is indicated due to the
fact that the snubbing force as modeled
does not cease at wheel lift off.)

The results for the 15 mph run, with

5/8 in. crosslevel cusps, reveals that
the left (outer) wheel lifts off just
prior to 16.5 sec. into the run. This
just preceeds the maximum roll angle in
this cycle. At the same instant the
outer wheel lateral force is zero and
the "non-flanging" wheel force is 10,000
1b. However immediately following this
the flanging wheel lateral force ap-
proaches 20,000 1b with a vertical force
of approximately 10,000 1b. Thus an L/V
of 2 is sustained for a significant time.
The result is a rail climb derailment
indicated more clearly by the value of

left wheel flange overlap of the rail (DYLF
This overlap on the outer

12) in Fig. 5.5-4.
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wheel is represented by the solid line
having positive values. No similar
flange climb derailment is predicted for
the 1/2 in. cross level variation, al-
though an overlap of 0.1 is approached
for very short intervals.

It is possible to conclude from these
results for curvatures of 10° that a
flange climb derailment is predicted for
the combined excitation by track with
values of crosslevel and gauge variation
deemed just safe from separate excitation
in earlier studies at the same speed.
Thus the combined excitation suggests
geometric limits smaller than those ap-
propriate from the separate cross-level
and gauge studies for the same curvature.
Further studies are necessary to identify
the new limits just providing safety from
derailment.

5.6 SINUSOIDAL ALIGNMENT VARIATION

WITH CONSTANT GAUGE

The track geometric variations discussed
in the Sections 5.4 and 5.5 concern
single rail perturbations. These corre-
‘late with gauge and cross level for the
track geometry as measured. Although
single rail alignment contributes to
measured track alignment the results do
not provide a particularly bad scenario
for ascertaining values of track align-
ment which may provide derailment. The
experience with measured track geometry
(Ref. 3) and knowledge of the most likely
response in lowest damped kinematic

mode of vehicle oscillation (Fig. 2.3-1)
suggested that a sinusoidal track align-
ment with constant gauge be studied.

This also includes conditions rather
similar to transient irregularities

such as those identified in Ref. 3 as
the jog or sinuscidal (single wavelength)
also occurring in spirals. ' T

Initial studies were carried out on tan-
gent track with a track wavelength of 90
ft, a gauge of 58.0 in. and 5.0 in. peak
to peak (p/p) alignment amplitude. The

chosen speed for these initial studies was
25 mph and the friction coefficient u=20.5.

Figure 5.6-1 shows the path of the wheel-
set and the lateral force history for

the widest gauge of 38.0 in. Increasing
the gauge not only decreases the lateral
distance before wheel drop is predicted,
but also presents the outer wheel with

a larger angle and tighter curvature at
the point of flange contact, resulting

in a larger lateral force. In the ini-
tial runs the largest lateral force

occurring at the first peak in Fig. 5.6-1,

for a gauge of 58.0 in., and 5 in. p/p
alignment amplitude is 19,000 1b. This
force reduces to 16,000 1b for 3 in. p/p
input. The 3 in. p/p input with a gauge
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reduced to 56.5 in. gave a lateral force
of 12,000 1b. The conclusion drawn from
these initial results using the rail res-
traint curve described in Section 2.4.3,
is that for the S0 ft wavelength the re-
sults indicate incipient wheel drop well
before rail climb and a greater likelihood

with increasing gauge and alignment amplitude.

The etfect of wavelength is shown in
Fig. 5.6-2 for a gauge of 38.0 in. and
alignment amplitude of 3 in. peak/peak.
While this amplitude suggests a margin-
ally safe condition for the 90 ft wave-
length, wheel drop is predicted for the
smaller wavelengths. Indeed rail climb
is predicted for the 50 ft and 39 ft
wavelength as indicated by the sudden
reduction in the distance to wheel drop
(DISTDROP) at the Nadal value of L =
22,000 1b or L/V = 0.85. The vertical

load at this_point is reduced _to 26,000

1b due to a body roll angle of more
than 1.5°. In this condition, as seen
from behind in a curve to the right,
the left wheels are flanging as they
are vertically unloaded dynamically due
to clockwise body rotation. This combi-
nation of truck translation to the left
and clockwise body rotation give an
instantaneous center.of rotation to the
body above axle height. The motion is
generally called upper centér roll or
sway and is one of the two modes of
vehicle oscillation which may be excited
during the kinematic oscillation known
as hunting. It is discussed in Section
2.2.5. Since the hunting oscillation
is least damped at a particular wave-
length, generally below 75 ft, smaller
alignment amplitudes are necessary at
this wavelength to prevent incipient
wheel drop and rail climb. This wave-
length varies with the effective cone
angle of the wheels and with track
curvature. '

Figure 5.6-3 shows the results for crit-
ical values of alignment amplitude and
gauge for a wavelength of 50 ft. Aan
increase in amplitude of 0.25 in. re-
sults in the need for a similar reduc-
tion in gauge at the incipient wheel
drop prediction limit. In order to
establish this limit and because of the
variation in low rail lateral force,

the lateral rail minimum stiffness curve.
is moved to suit the low rail force
recorded as shown by the dotted line on
Fig. 5.6~3. Also shown on Fig. 5.6-3
and subsequent figures are the mid-
chord offset values for the particular
run. These are calculated for a 62 ft
chord (MCO) and 31 ft chord (MC31l).

Critical values of alignment variation
for the safe maximum gauge of 57.75

in., discussed previously in Section
5.4, are given in Fig. 5.6-4, along
with the equivalent mid-chorad offsécs.
The 30 ft wavelength excites the largest
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response in the vehicle modeled on tan-
gent track and consequently demands the
smallest track alignment amplitude for
avoidance of wheel drop. The probable
proximity of this wavelength to the
kinematic wavelength, in which tractive
energy in transmitted through the wheel/
rail interface into vehicle lateral
dynamics, provoked a preliminary study
into the effect of speed on the response
of the truck at this wavelength of 50
ft. The result is shown in the lateral
forces over the speed range of 5 to 100
mph in Fig. 5.6-5. There exists evi-
dence of a peak in force just below 25
mph, which is accompanied in the output
by a peak in roll angle, suggesting the
excitation of a roll resonance. No
attempt has yet been made to establish
the precise speed which gives a maximum.
At speeds above 60 mph, the short simu-
lation runs did not settle in roll angle,
although the peak forces in each time
history were not increasing at the end
of the run. Incipient wheel drop is
predicted by all results for speeds
above 40 mph. The results at high
speeds are preliminary in this low speed
study, but serve to place excitation
with sinusoidal alignment variation

into context of higher speed studies

yet to be carried out. There is prob-
ably a wavelength at which the vehicle
response and lateral forces are greater
than those at 50 ft.

Further insight is possible from the
study of sinusoidal alignment variaticms
in curves. Figure 5.6-6 shows the sen-
sitivity to alignment amplitude in a 3
degree curve at a wavelength of 39 ft
and also shows the reduction due to the
curvature at this wavelength. However
not all wavelengths are similarly
effected, as seen by the comparison be-

tween Fig. 3.6-7 for the 5 degree curve

and the previous Fig. 5.6-4 for tangent
track. The 39 ft wavelength is the
only one requiring a substantially re-
duced amplitude to prevent a simulated

" incipient wheel drop response level at

a curvature of 5 degrees.

In an alternative representation of the
effect of curvature, Fig. 5.6-8 shows
the leading axle lateral forces, .for

the alignment amplitudes, regarded as
critical on tangent track. The increase
in force between tangent and 5 degree
curving on the 39 ft alignment wavelength
is again apparent. All lateral forces
increase beyond the force required for
incipient wheel drop at 10 degrees of
curvature and above. A first estimate
of the simulation for critical values

in the 10 degree curve is given in Fig.
5.6-9, which indicates the reduction in
amplitude necessary to compensate for
the increase in lateral force with cur-
vature. The fact that the gauge has
been kept constant for these alignment
variation runs is apparent from the
substantially constant value of distance
to wheel drop in the results produced
with the leading outer wheel flanging.
The small slope is that due to the lead-

‘ing edge of the wheel/rail characteristic

wheel lateral force vs lateral posi-
tion, at flange contact, described pre-
viously in Section 3.3.1. However, as-
suming the gauge to be constant, say at
57.75 in. gives a constant distance to
wheel drop of 1.17 in. Under potential
derailment conditions, the forces on
both whesls of the leading axle are
large enough to be on the linear upper
slope of the rail restraint characteris-
tic used in allowing for rail deflection
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in the wheel drop studies. The equation
governing this linear portion is,

8 = 0.067L - 0.57

where
6 - lateral rail deflection, in
L - lateral rail force, kips.
Using Gi for the inner rail and 60 for
the outer gives a total rail spreading
deflection of 6§ = 6i + 60 or,
6 = 0.067 zL - 1.14 in.
where

ZL - sum of the rail spreading
forces on the track

Since in’ the limiting case § = 1.17 in.

1.17 + 1.14
0.067

o]

L = = 34.5 Kips

A value of 30.7 Kips is similarly appro-
priate for a gauge of 58.0 in. Refer-
ence to Fig. 5.6-8 suggests that 34.5
Kips will be exceeded at curvatures

just under 10 degrees for A = 90 fr,
close to 5 degrees for A = 75 ft,
between 5 and 10 degrees for A = 50 ft,

and at & very small curvature for A =
39 ft, for the tangent track critical
amplitudes stated. These results are
consistent with the amplitude changes
necessary in Fig. 5.6-7 and 5.6-9 to
produce the critical values for
incipient wheel drop. The tangent track
values are good for all but the 39 f:
wavelength in the 5 degree curve and

all needed changing in the 10 degree
curve.

Figure 5.6-10 shows a curve of total
gauge spreading force at a speed of 25
mph, on both rails against sine wave
double amplitude for u = 0.5, a wave-
length of 50 ft, and gauge of 57.75 in.
on tangent track. The critical value
of amplitude is estimated to be 1.29
in., close to that given for the same
wavelength in Fig. 5.6-4. The differ-
ence is solely due to the reading of
lateral forces from the graphs, which
was done by computer in previous results
and by hand in Fig. 5.6-10. However
this method of establishing critical
values may be useful in interpreting
quick-look data from field tests since
it only involves the computation and
comparison of a measured force with

a predetermined critical value, for
the measured or estimated track com-
pliance and gauge.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the outcome of the
descriptions and discussion of the
preceding chapters is summarized, sepa-
rately, into conclusions and recommen-
dations on the study, and on the rela-
tionship between track geometry and
safety from derailment in the low speed
range.

6.1 CONCLUSTIONS

6.1.1 The Revised SIMCAR Model

The revised model and the computer
simulation program developed under this
effort have been shown to predict known
freight vehicle behavior in the follow-
ing modes.

. Roll - as compared to experi-
mental results and the MIT model
by Platin (Ref. 7), including
jump phenomena due to body/
bolster and truck suspension
nonlinearities

° Steady Curving - as compared for
constant conicity wheels and new
rails with the model of Elkins
(Ref. 22) and in general with
published experimental results

. Dynamic Curving - as compared to
the results of special tests for
alignment and gauge variation on
PTT track (Ref. 26) and UP track
(Ref. 27) and for alignment,
gauge and crosslevel variation,
Chessie track (Ref. 28).

The revised model includes significant
factors not found elsewhere in existing
models in the required combination.

The most important are,

. Gauge variation in addition to
alignment and crosslevel in
curving behavior

. Approximate wheel/rail character-
istics which include linear and
fully saturated regions for both
tread and flange contact

. Snubbing and centerplate fric-
tion and vertical, yaw and lat-
eral suspension nonlinearities
between the bolster and side
frames.
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Steady State Vehicle Behavior

It is apparent from the particu-
lar study of rail/wheel char-
acteristics and their inclusion
in the SIMCAR model, that the
presence of 2-point contact be-
tween the wheel and rail, such
as occurs during flanging with
new AAR 1/20 wheels on new AREA
132 1lb/yd rail, reduces the
steering moment. This fact con-
tributes to larger lateral
forces during curving than are
experienced with a single point
of contact from profiled or worn
wheels on many rail profiles.

The studies of curving perfor-
mance under conditions of in-
cipient derailment indicate a
limiting value to the force on the
leading low rail/wheel as slip-
ping commences in a predominantly
lateral direction, a correspond-
ing large lateral force on the
flanging wheel (also spreading
the rails), and a large yaw
moment resisting curving from

the rear axle in the truck due

to its longitudinal wheel/rail
forces.

Increasing friction between
wheel and rail adds signifi-
cantly to the magnitude of the
forces and potential for
derailment.

Dynamic Curving Without Cross-
Level But With Gauge Variation

In the speed range of 10-25 mph,
associated with present FRA
track class 2, the pre- .
dicted potential for incipient
derailment is dominated by con-
siderations of the lateral
restraint capability of the
rail. 1In the worst conditions
investigated the limiting track
geometry is that necessary to
prevent the prediction of in-
cipient wheel drop due to gauge
spreading forces.

With conditions representative
of the poor track guidance in
curves; including high friction

level, new rail and wheel pro-
files, low track lateral rigidity
and severe outer rail alignment
cusps, the following represent

gauge values within which no
derailment and particularly no
incipient wheel drop is predicted.



N

CURVE "~ MINIMUM GAUGE MAXIMUM GAUGE

0-5 56.0 57.75

5-10 56.53 57.75
10-13 36.5 57.5
degrees inches inches

1.4 Dvnamic Curving with Cross-Level

[
w

and Gauge Variation

For the 10 degree curve investi-
gated, rail climb is predicred

for the gauge variations defined
to avoid wheel drop without track
crosslevel, and when the amplitude
of the crosslevel is 0.625 in. at
each consecutive staggered joint,
the value previously found safe

an tangent track.

The above result and predictions
of incipient rail c¢limb made at
cross-level amplitudes of 0.625
in., and at critical speeds,
confirm the fact that the gauge
and alignment variations in the
10° curve significantly influ-
ences the safe response to cross-
level.

Further studies are recommended
with varying cross-level and
gauge to establish revised maxi-
mum limits to track geometry con-
sistent with the safe performance
of the vehicle in curves.

Sinusoidal Track Alignment
Variation Alone

The dominant mode of derailment

predicted on rail with weakened

lateral restraint, for the speed
range of 10 to 25 mph, is wheel

drop due to large gauge spread-

ing forces.

The sinusoidal track alignment
amplitudes, for 57.75 in. gauge
and 25 mph, below which the
simulation of poor guidance
conditions predicts no incipient
wheel drop derailment, are,
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WAVELENGTH DOUBLE AMPLITUDE

for tangent track,

39 fc 1.33 in.
30 ft 1.25 in.
75 ft 3.25 ia.
90 ft 4.3 in.
for a 5 degree curve,
39 ft 1.0 in.
50 ft 1.25 ia.
75 ft 3.25 in.
90 ft 4.5 in.
and for a 10 degree curve,
50 ft 1.0 1in.
75 ft 2.7 in.
90 ft 3.75 in.
6.2 RECOMMENDATIONS
6.2.1 Present Rail/Wheel Characteristic

The approximation presently used to
create wheel/rail forces and moments,
while arranged to be accurate for
wheels and rails providing constant
tread conicity and two point contact at
the flange, bears only asymptotic
relationships to the physical process.
New models, representing the basic
rolling/creeping process, including the
variation in wheelset rotational speed,
and employing tabular representations
for wheel/rail geometry and creep forces
are in use and are computationally
efficient. They are known from the
literature to be very accurate in pre-
dicting wheel climb and gauge spreading
forces and include the promise of fur-
ther development into the prediction of
dynamic wear and rolling resistance.
This includes the prospect of further
development beyond their present state
of assumed Hertzian contact and dry
interface conditions. A special con-
sideration is that they are completely
flexible for any measured or designed
wheel or rail profile. It is recom-
mended that the present model, used in
the computer program SIMCAR, be modi-
fied to include this advance.

6.2.2 Present Computational Efficiency
of the Simulation

As it presently exists, the program
SIMCAR uses a process of state reduc-
tion to provide accurate integration ot
relevant dynamics with longer time
steps. This process is presently com-
promised by the lack of a suitably
robust algebraic algorithm for the
highly non-linear equations-governing
the equilibrium of the trucks. The



present method uses values from the
preceding step which reduces the ad-
vantage by making the accuracy step
dependent. Because of the importance
of the general problem in steady curv-
ing, in addition to the advantage of an
efficient dynamic curving program for
higher track speeds, it is recommended
that an improved algorithm be sought
and implemented for this purpose.

6.2.3 The Approach to Wheel/Rail Model
Validation and to Determining
Critical Track Geometries

From previous simulation studies and
from published studies of track geome-
try it has been possible to choose
outer rail and cross level cusps and
sinusoidal alignment variation to pro-
vide severe geometric track inputs for
the study of limiting track standards
for gauge, cross level and alignment.
Further studies of response to other
shapes determined from the track geo-
metric surveys are underway. However,
the process of derailment has never
been tested in full scale under con-
trolled conditions in the United States,
s0 that the physical condition under
which derailments occur in the real
world, in either rail climb or wheel
drop, are not precisely known. It is
likely that velocity, angle of attack,
the state of wear of wheel and rail
profiles, load, friction coefficient as
well as track restraint and geometric
history all play a role. A three

part study could be undertaken to
provide a better estimate of the
probability of derailment on

railroads in the United States.

In Parct I it is proposed that an accu-
rate model of a single wheelset on com-
pliant track should be created to exam-
ine the criticality and sensitivity of
the circumstantial variables which to-
gether give rise to the modes of derail-
ment discussed in this report.

In Part II it is proposed that the model
and simulation of the derailment process
in Part I should be combined with a full
scale experiment to provide validation up
to and including a full derailment. For

this it is proposed that a single wheelset

test should be devised using a specially

designed suspension from an existing heavy

vehicle.
In Part III it is proposed that the re-
sulting validated model results should be
used to identify and rank the severity of
track geometries recorded in the United
States so far as their potential for de-
railment is concerned.
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6.2.4 Extension of the Present Studies

The studies reported here have provided
evidence of limiting or critical track
geometries, for the response of a nota-
bly poorly performing vehicle over the
speed range of 10-25 mph for track
shapes, deemed to provide the most
likely circumstance for derailment.
The results have been demonstrated to
be generally consistent with test re-
sults and with the known behavior of
high ¢.g. hopper car in service. The
sections above have addressed improve-
ments desirable in the simulation and
model and its wvalidity. Using these
advances and any others found necessary
through experience to simulate ade-
quately the derailment process at
higher speeds, it is recommended that
studies continue into the safe perfor-
mance limits of vehicles on poor track
up to the highest speed envisaged for
the operation of vehicles in freight
and passenger service. This study
should continue to use scenarios repre-
sentative of known poorly behaving ve-
hicles on track geometry and restraiint
conditions identified as providing the
greatest hazard to the stable guidance
process for the purpose of identifying
relationships between track geometry
and derailment potential.

the



APPENDIX A

RAIL VEHICLE DYNAMICS LIBRARY PROGRAM
DESCRIPTICNS

Al OVERVIEW

The Rail Vehicle Dynamics Library
(RVDL) programs are stored on tape. A
pregram description and log system pro-
vides a data set on each program de-
scribing its origin and attributes.

The programs can be sorted by means of
a keyword system; presently allowable
keywords are described in Section A.2.
A complete listing of the descriptive
material for each RVDL program is given
in Section A.3.

A2 KEYWORD DESCRIPTIONS

The program summary data sheets which
comprise Section A.3 include a set of
keywords for each program. These words
are selected to describe the vehicle
being modeled, the operating regime and
the analysis methodology employed by
the program. A special category of
keywords is used to characterize wheel-
rail analysis programs. The following
four.sections describe the keywords.

A.2.1 Vehicle Keywords

The vehicle under consideration is de-
scribed by the keywords defined in the
following paragraphs:

Train - This keyword indicates that the
program analyzes an entire train, in-
cluding locomotives.

Freight Car - This keyword indicates

that the program analyzes a freight car.

Typically, there is some attribute of
the program that is specific to freight
car behavior, although in some cases
relatively simple program changes could
result in passenger car models. The
keyword "flexible freight car" indi-
cates that the effects of car body
flexibility are included.

Passenger Car - This keyword indicates
that the program analyzes a passenger
car or passenger rail car. Flexible
car body analysis is indicated as for
freight cars.

Loco - This keyword indicates that the
vehicle being analyzed is a locomotive.
The keyword "6-axle loco" indicates
that the model is specifically built

for a locomotive with two 3-axle trucks.

Loco Truck - This keyword indicates
that cnly a locomotive truck is under

analysis. This is appropriate when the
carbody is in steady state, either due
to the quasi-static nature of the prob-
lem or due to the emphasis on mid- and
high-frequency truck and wheelset re-
sponse. Keywords ''passenger truck"” and
"freight truck”, though not necessary
as vet in the RVDL classification,
would be similarly used.

A.2.2 Operating Regime Kevwords

and some attri-
area under analy-
the following key-

The operating regime
butes of the problem
sis are described by
words

Longitudinal Train Action - This keyword
indicates that the longitudinal degree-
of-freedom of each car is modeled for
the purposes of detailing the buff and
draft (train action) forces in the
string of cars. This typically in-~
volves a simulation of locomotive and
brake system performance as the train
traverses a track exhibiting grade
changes and curvature variations.

A
Curved Track - This keyword describes.a
model that is intended for curved track,
and possibly also in entry/exit spirals.
Since motion around a curve is inher-
ently asymmetric, a model appropriate
for curved track tends to be much more
complex than one restricted to straight
track.

Pitch-Heave - This keyword denotes a
computer model which only evaluates
vehicle response in the vertical plane.
This includes both vertical translation
(heave) and pitching motion.

Vertical - This keyword denotes a pro-
gram which only models vertical trans-
lational motion.

Lateral-Roll-Yaw - This keyword de-
scribes a vehicle model including mo-
tion only out of the plane of symmerry.
In general, three degrees-of-freedom
(lateral, roll, and yaw) are necessary
for each component of the vehicle.

Lateral Force - This keyword is used
for a program which explicitly calcu-
lates lateral forces between vehicles.

Hunting - This keyword denotes a model
that is useful in analyzing the onset
of hunting motion.

Non-Rigid Track - This keyword is used
for a model which includes the effects
of rail and track structure flexibility.

Fatigue Analysis - This kevword indi-
cates that the program analyzes the
fatigue life of the vehicle in question.




A.2.3 Mathematical Model Tvpe and

Analysis Method :

The keywords which describe the type of
mathematical model and the analysis
method used in the rail vehicle dy-
namics programs are described in the
following paragraphs. The first two
keywords describe the type of model.

Linear ~ The mathematical model is
based on the assumption of linearity:
that the output of the system driven by
the summation of two input signals is
equal to the summation of rthe two sepa-
rate output signals. This is often an
approximation of reasomnable validity
for small perturbations about a static
or quasi-static operating point. The
usefulness of the assumption of line-
arity lies in the powerful systems
analysis tools which have been devel-
oped for linear systems.

Nonlinear - This keyword describes a
model for which linear input/output
relationships are not valid. Certain
important rail vehicle subsystems are
inherently nonlinear (for example,
coulomb dampers, flanging, centerplate
and sidebearing contact geometry) and a
nonlinear model is necessary to ade-
quately portray these relationships.

The following analysis method keywords
must be used with one of the above two
mathematical model descriptors:

Time-History - This keyword denotes a
program, one of the primary outputs of
which is a time-history of vehicle com-
ponent displacements, velocities,
accelerations, or interface forces.

For nonlinear systems, these time-
histories are usually produced by
numerical integration of the system
differential equations; for linear sys-
tems a modal superposition or a state
transition matrix approach is most
efficient.

Eigenanalysis ~ This keyword indicates
an analysis procedure that applies only
to linear systems. Calculation of
eigenvalues and eigenvectors is per-
formed, and the results indicate the
stability, frequency and damping of
each vehicle mode, as well as the level
of involvement of each vehicle compo-
nent in each mode.

Transfer Function Calculation - This
keyword indicates that the program
evaluates important vehicle transfer
functions from a linear model. A
transfer function itself can be used
for frequency domain input-output
analysis; however, it is usually best
visualized by evaluation at a range of
frequencies and plotting the resulting
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gain and phase between input and output
as a function or frequency.

PSD analysis - This keyword -- a short-
ened form of power spectral density
analysis -- is a method of describing
the random response of a linear system
to a stationary (statistically time-
invariant) input. This analysis:method
is straightforward because the PSD of
the observed vehicle response is line-
arly related to the PSD of the input,
and the linear relationship depends
only on the vehicle transfer function.

Quasi-Static - This keyword describes a
nonlinear computer program that calcu-
lates .a quasi-steady state equilibrium
condition. Typically, this involves
the solution of force and moment bal-
ance equatiomns.

Limit Cycle - This keyword indicates
that the program in question is suited
to the analysis of limit cycles in non-
linear systems. Although limit cycles
can be simulated using a time-history
generation capability, the keyword is
only used here if a portion of the pro-
gram is especially adapted to limit
cycle analysis. Typically, this in-
volves the use of sinusoidal-input
describing functions.

Random Response - This keyword is
applied to a computer program set up to
describe the random response of a non-
linear vehicle model to random track
inputs. This may be done by direct
simulation, which produces one of many
possible random responses, or by a co-
variance analysis procedure, which pro-
duces a mean response and the variance
about that mean response.

A.2.4 Special Wheel/Rail Keywords

Due to the unique and important part
wheel/rail interactions play in rail
vehicle dynamics, a set of keywords de-
scribing programs addressing wheel/rail
interaction is included:

W/R Geometry - This keyword denotes a
program that calculates the geometry of

the wheel and rail profiles.

Contact Ellipse - This keyword is
applied to a program that calculates
the contact ellipse size and shape be-
tween the wheel and rail. The contact
ellipse depends on material properties
and the curvature of the surfaces in-
volved.

Kalker's Theoryv - This keyword is used
to denote programs which calculate
wheel/rail interactions based on
Kalker's theory of Rolling Contact.




Creep Coefs - This keyword indicates a
program which calculates creep coeffi-
cients, which relate the wheel/rail
forces to the degree of creepage, or
deviation from pure rolling.

W/R Forces - This keyword applies to a
program which explicitly calculates
wheel/rail forces. Hence, this keyword
can only appear in reference to a ve-
hicle simulation program.

L/V Ratio - This keyword applies to a
program which explicitly calculates the
ratio between the lateral and vertical
forces. This ratio is an important
indicator of potential wheel climb.

A.3 DETAILED PROGRAM DESCRIPTIONS

The following pages reproduce the pro-
gram descriptive data as stored on the
computerized library management system.
To a large extent, the headings are
self-explanatory. Version 0 is used to
refer to the program as initially de-
livered. Later versions are used for
modifications or updates to the program
code. The keyword line is especially
important in rapid searches of the RVDL
for programs dealing with a specific
problem.
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FLEXXBLE ACOY RAILRDAD FREIGHT AR MODEL

OATE _CD 01 MAY 77

KEYWIRO NONLINZAR FLEXIBLZI GHT CAR TIME HISTORY: w/R FORCES
JESCRIPTION SIMULATION OF FRIIGHT CAR MOTIGM IN RESPONS
MODEL ZACH CARBODY HALF HAS 5 DOF. SACH JOLITIR AND wHI
METHND EJUATIONS OF MOTION ARZE INTZRGRATED. LAGRANGE'S 4ZTHOD IS S0

INPUTS IMNERTIAL DAMPING ANO STIFFNESS CATA. DIMENS IONAL AND RAIL DAYA AND TRAIN SPEED.
AUTPUTS PDSITION VILOCITY AND ACLILZRATION CF TACH COF. /R AND INTERNAL FORCES
QELIVERY TAPE (2354 [N TASC LIBRARY)

LANGUAGE FORTRAN

OR FULL STAGGZRED TFACK
2 O0F « 22=-20F

RZISOURCES [NPUT: UNITS MDRK FILSS: UNITS 384 PRINT =(LE: UNITS RISTARYT FILEZ: UNIT3
COMPILE TIME{3ECS)= 1:35.8 cgMpILE 512 =(K)— 156 !
RUM TIME{SECS)= 1:05.8S RUN SXL {x3i= 31€

STRUCTURE (CGMPOSED OF ONZ MAIN PRCGRAM AND 6 SUERDUTIN:a
TECH _REPT R-199 FLEXIBLE 300Y RAILROAD FRE
PROGRAM_SPEC  R=260 FLEXIBLE SCOY RAILRLAD F Z T CAn
USER_GUTDE R=200 FLEXIBLI BCLOY RAILROAD FREIGHT CAR
REDT

TITLE 2;2;4 AXLE RIGID TRUCK CURVE NEGRTIATION MODEL

DATE_RECD 021 MAY 77

KZIYWORD NONLINZAR QUASI-STATIC LOCO TRUCK LATERAL FORCES CURVED TRACK: W/R FORCES
OESCRIPTION CALC OF WHEEL/RAIL FORCES GIVEN TRACK CURVATURE AND TRUCK LOADS

400EL A STATIC SQUILIBRIUM CURVING 40DEL IS USZD. NONULINZAR. LATERAL AND YAW DGF
METHOD LATERAL AND LONGITUDINAL FQRCES AND YAW MQMENTS ARE CALC TO FINDO AN SQUILIBRIUM
INPUTS TRUCK DATA. TRACTION/BRAKING LOADS; BUFF/ORAFT LOADS; TRACK CURVATURE
QUTPUTS LATERAL FLANGE AND CREZIP FORCES AT EACH WHEZL. FRICTICN CENTER LGCATION
OELIVERY TAPE (#4397 IN TASC TAPS LIBRARY)

LANGUAGE FORTRAN

RISQURCES INPUTIUNITS OQUTPUTIUNITS TEMPORARY WORK FlL TUNIT?

COMPILE TIME(SECS})}= 3:43.92 COMPILE SIZE(K)= 130

RUN TIME(SECS)= 3:4S.44 RUN SIZS(K)= S5%$3K

STRUCTURE CQOMPOSED QF ONE MAIN PROGRAR AND 21 SUSROUTINESe. MODULAR DES1GNa
TECH_REPT R=206 2=3-4 AXLE RIGID TRUCK CURVE NEGOTIATION MGDEL

PRUGRAM_SPEC R=208 2-3-4 AXLE RIGIO TRUCK CURVE NEGQTIATION MODEL

USER_GUTDE R-204 2-3-a AXLS RIGID TRUCK CURVE NEGOTIATION MODEL

wzMa~

TITLE QUASI=-3TATIC LATERAL TRAIN STABILITY MODEL (TRACK)
ORIGIN AAR
DATE_RECD 41 May 77
KZIYWORD NONLINEAR TRAIN LATEZRAL FORCE: QUASI-STATIC L/V RATIOS CURVEL TRACK
DESCRIPTION SET UP TRACK DATA FILEZ FOR QSLAT(TRAIN)
A0DEL  NONLINZAR
METHGO
INPUTS TRACK GEOM JDISCRIPTION (TANGENTS;SPRIALSICURVISISUPIR ELEVATION) AMO OLRECTION
QUTAUTS TRACK T i TRACK FILE FOR USE BY QSLAT(TRAIN)
DELIVERY TaPs (4395 IN TASC LI3RARY) .
LANGUAGE FORTRAN
SSOURCES CARD INPUTIUNITS QUTPUT SUNITS CISK STORAGEIUNITI
COMPILE TIME(SECS)= 0:42.22 COMPILE SIZE(K)= 120K
RUN TIME(SZCS)= 0:28.38 RUN SIZE(K)}= 318K
STRUCTURE COMPOSED OF ONE MAIN PROGRAM AND 2 SUBROUTINES
TECH_REPT R-209 QUASI-STATIC LATZRAL TRALN STABILLITY MQOEL
PROGRAM_SPEC R=208 QUASI-STATIC LATERAL TRAIN STABILITY MODEL
USER _GUTIJDE R-207 QUASI-STATIC LATERAL TRAIN STABILITY MODEL
MEMO

TITLE QUAg[-STATIC LATERAL TRAIN STASILITY MODZL (TRAIN)
Gl AR

1 MAY 77

NONLINEAR TRAIN LATZERAL FORCE; QUASI-STATIC L/V RATIO! CURVED TRACK
Q.SsRIPT(ON FIND LATZRAL FORCES THRDUGHDUT X TRAIN (UFP TO 100 CARS)

LONG. POSe LAT. 90S. & 7AW FOR ZACH CAR; NON-OYNAMIC

CAR SKEW AND LATERAL FOUND FrROM FORCE AND MOMENT EQUIL IBRIUM

INPUTS TRACK FILZ; DRAWBAR FCRCE FOR ZACH CAR; CAR OAT TRAIN SPEED
QUTPUTS  EdULLIB RESYLTS FOR ZACH TIMT STEP (BOLSTER HEAC; COUPLER ANGLESS L/V RATIOS)
JELIVIRY TAPZ (#3%5 [N TASC LIGERARY)

LANGUAGE FORTRAN

RISOURCIS INPUTIUNITS QUTAUTIUNITE6 TRACK OATA INPUTIUNIT3

COMPILE TIMZ (S3Cs5)= 1:35433 COMPILE ST1ZE(K}= 1E€2K

RUN TIMS{SECS)= 0315.21 RUN SIZE(K)= 234K

STRUCTURE COMPOSED OF GONE MAIN PROGRAM AND 3 SUBROUTINES

TECH_REPT R=20% QUAST-STATIC LATTRAL TRAIM STASILITY MODEL

PROGRAM_SPSC R-208 QUASI-STATIC LATERAL TRAIN STABILITY MQOEL

USSR_GUTDE R—-207 QUASI-STATIC LATEZRAL TRAIN STABILITY 40ODEL

MZ.AQ
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TITLI TRAIN OPTRATIONS SIMULATOR (Z0QUIP)
ARIGIN_  AaRr

2ATE_RICD Q1 May 77

KEYWORD NONLINSAR LONGITUOINAL TRAIN

A GRY; L/V RATIO{ CURVED TRACK
DESCRIPTICN ZRATE A STANCARD VIHICL Ui TGS

RED

MODZL LARGE VEHICLZS DATA 3ASE

MITHOO

INPUTS  VEHICLT DATA CAROS: LDCJMGTXV: DATA CARDS.
OUTPUTS BIMNARY DATA SET FOR USE Sy 710

TAHS (L1ST PART OF #3599 JN YAJC L IBRARY)
FORTRAN

OUTPUT :DATA SASE(UNITI DIEK) PRINTER(UNITE?
K SEC COMPILE leE(K)“ 20

RUN TXM:(S:CS) RUN SIZE(K)= 31

STRUCTURE CGMPOS‘D OF CNE MAIN PROGRAM AND 6 aUBROUTINES

TECH_REPT R-265 TRAIN OPIRATIONS SIMULATOR

PROGRAM_SPEC

USER_GUIDE R-198 TRAIN OPZRATIGNS SI4ULATOR

MZMOT SIMILAR TO RVDL=~00%

TITLE TRAIN OPSRATIONS SIMULATOR

QRIGIN_ AAR

DATE _RECD 91 MAY 77

KEYWORD  NONLINTAR LONGITUDINAL TRAIN ACTION TIME HISTORY: L/V RATIO: CURVIQ TRAC
OESCRIPTION SIM OF THE LONG. MOTIOM JF A TRAIN GIVEN CONSIST: TRACK DATA AND 0P DETAILS
MODEL  NONLINZAR MODEL OF LOCC AND CARS

ME THOD INTEGRATION OF THE EQUATIONS OF MOTION

INPUTS VEHICLE DATA SASE FROM ZQUIR; VEHICLE CONSIST: TRACK DATA: OP OF LOCOAQTLIVE
DUTPUTS SUFF/DRAFT FORCES: TIMZ ANO LOCATION OM TRACK; LOCO CONTROL POS; HAX L/V
DELIVERY TAPE (2ND PART OF #39G IN TASC LIBRARY)

LANGUAGE FORTRAN

RESOQURCES INPUT:IUNIT1 UNITA OQUTPUTIUNIT2 UNITS UN!T7 UNITSE

COMPILZ TIMZ(SECS)= 133 76 COMPILE SXZE(K)— 3&

RUN TIME(SECS)= 0308, 97 RUN SIZE(XK)= 318

STRUCTURE CO4POSED OF ONT MAIN PROGRAM AND 320 SUEROUTXNES

TECH_REPT R-269 TRAIN OPERATIONS SIMULATOR

PROGRAM_SPEC

USZR_GUIDE R-158 TRAIN OPESARATIONS SIMULATGR

MZIMOT MANY SUBROUTINES SIMILAR TG THOSE FOUND IN RVOL~009 AND RVOL-010

TITLE LOCOMOTIVE TRUCK HUNTING MCDEL (LTHNT])

QRIGIN AAR

DATE_RECD 01 MAY 77

XEYWARD  LINEAR 6-AXLI LOCO HUNTING SIGEINANALYSIS

OESCRIPTION ANALYZES HUNTING STAUILITY B8Y SIGENANALYSIS AT A RANGE OF SPEZIDS

MODEL TWO AND THREZ-AXLE TRUCK MODELS ALCNG WITH A 80DY 40DEL. LINEARS 17 OR 21-CQF
MZTHOD MASS; STIFFNESS & DJAMPING MATS ARE CCNVIRTED TO LINEAR STATE EOQNS. Q-R MTHD USED
INPUTS VELOCITY RANGEZ! MASSISTIFFNSS3] AND ODAMDING OATA] OU4SENSIGNAL AND CREIP DATA.
DUTPUTS MASS: STIFFNISS] AND ODAMPING MATRICES: EIGENVALUES AND EIGENVECTCRS.
DELIVERY TAPE (#400 IN TASC LIBRARY)

LANGUAGE FORTRAN

RESOURCES INPUTIUNITS QUTPUTIUNITE

COMPILE TIME(SECS)I= 3:37.37 COMPILE SlZ‘(K)— 112x
RUN T1v SECS)=  2:3S.62 RUN SIZE(K]}=
STRUCTURS CONTAINS 33 SUBROUTINES AND S COMMDN BLOCK3+ FOR MORE INFO SEE PROGRAM LOG.

TICH_REPT R=219 (AAR) LOCOYOTIVE TRUCK HUNTING MOOEL
PROGRAM_SPEC R=~278 LOCOMOTIVE TRUCK HUNTING MODEL
USZR_GUIOE R=227 (AAR) LOCQO40TIVE TRUCK HUNTING 4ODEL
MEMO PRINTS OUT EVERY OTHER EIGENVALUE

TITLE  LOCOMGOTIVE TRUCK HUNTING MODEL (LTHNT)
CRIGIN AAR
DATE_RECO 01 MAY 77

KEYWORD LINSAR 5=AXLE LOCO HUNTING ZIGEMAMALYSIS

DESCRIPTION ANALYZZS HUNTING STABILITY 8Y GIGENANALYSIS AT A RANGE OF SPEEDS

MODEL =AXLE TRUCK MODELS ALONG #ITH A 300DY 40DEL . LINEAR., 17 OR 21-00F
METHOO =SS & DAMPING MATS ARE CONVERTED TQ LINEAR STATE EQNS. Q=R MTHO USED
INPUTS MASS; STIFFNESS: AND DAAPING QATAI DOIMEMSIOMAL AND CRIES CATA
QUTPUTS S; AND DAMPING HMATRICEST ZIGENVALUES AND EIGENVECTCHS

JELIVERY {#400 IN TASC LISRARY)

LANGUAGE FORTRAN

RESOURCIS INPUTIUNITS QUTPUTIUNITS

COMPILE T2 ISEC3)= 3:07.37 COMPILET SIZE(KI= 112K
RUN TIMZ(SECS)= 2:35. RUN SIZE(K)}= 518K
STRUCTURE CGHTAINS 33 SUBROUTINEa AND 5 COMMON BLOCKS.
TECH_REPT  R-215 (AAR) LOCO40TIVE TRUCK HUNTING 4COEL
PRAGRAM_SPEC  R-278 LOCOMOTIYE TRUCK HUNTIMG MODEL
USER_GUTOE R=227 (AAR) LOCC4GTIVE TRUCK HUNTING MODEL
MZIMOT MODIFIED TO PRINT GUT EVERY EIGENVALUE
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9 TITLE ASTAILED LONGITUDINAL TRAIN ACTICM MEOSL (VEHICLE)
ORIGI AAR
DATE d1 MAY 77
KE YW NONLINEAR LONGITUDINAL TRAIN ACTION TIME HISTORY; CURVED TRACK
DESCRIPTION GENSRATION OF A STANDARD VEHICLE LIBRARY FOR USE BY OLTAM SIMULATION

-MODEL LARGE VEHICLE DATA BASE

INPUTS DESCRXPTIGN OF ZACH TYPI DF FRE IGHT CAR AND LGCQMOT IVE GENERALLY ZNCOUNTIFED.
AUTPUTS  VEHICLI LIBRARY FOR OLT

JELIVIRY TAPE (FIRST OF THREX PRUGRAMS ON #3986 IN TASC LIBRARY}

LANGUAGE FORTRAN

RZLQURCZES 'MPUT CARO(UNITA4) OUTRUT IPRINTZ R(UNXT&) DISK{UNITL)
COMPILE TIME CSt= 2:31.73 COMPILE SIZE(K)= .
RUN TIME(SECS)= 05538403 AUN STZZ({K}= 318K

STRUCTURS CONSISTS OF ONTS MAIN PROGRAM ANO & SUBROUTINES
R~221 DITAILED LONSITUDINAL TRAIN ACTION MUDEL {VEHICLE)

USER_ R=220 DITAILZD LONGITUD INAL TRAIN ACTION MOOEL
MIMO SIMILAR TC RVDL-~00S

TITLE OSTAILSO LONGITUDINAL TRAIN ACTION 4QDEL (RUN}

ORIGIN AAR

DATE_RECD 234 Ay 77

KEY#ORD NONLINEAR LONGITUDINAL TRAIN ACTION TIME HISTORY; CURVED TRACK
DEggEXPT!CN PREPARE TRACK; VEHICLS ANC INITIAL CONDITION DATA FOR THE DLTAM SIMULATION
2]s]

HETHGOO

INPUTS VEHICLE LIBRARY FROM VEHICLE; TRACK CAT2 (PROFILE; CURVATURE)
OUTPUTS DATA FOR DIL.TAM SIMULATICON: CURVE FILE; PROFILE FILES CONSIST FILE.
OELIVERY TAPE (#4293 [N TASC LIBRARY)

LANGUAGE FODFTRAN

RESCURCES INPUTS CARDE(UNIT5) TARE(2) CUTPUT:PRINTER(UNITE) TAPE(1~4-3~9)
COMPILI TI4S(S=ECS)= 3:150.17 COMPILE SIZE(K)= 214K

RUN TIME(SECS)= 0I17.29 RUN SIZE{K)= 370K

STRUCTURE CUNSISTS OF ONZ MAIN PROGRAM AND ¢ SUBROUTINES *

TECH_REPT R-221 DETAILED LONGITUSINAL TRAIN ACTION MODEL
PROGRAM_SPEC

USER_GUTDE R=220 DETAILED LONGITUDINAL TRAIN ACTION MODEL
43407 MANY SUBROUTINSS SIWMILAR TG THOSE FOUND IN RVDL-006

TITLE OETAILED LONSITUDINAL TRAIM ACTION MOOZL (SIM)
ORIGIN AAR

RECD 01 MAY 77
KZIYWORD NONLINZAR LONGITUDINAL TRAIN ACTION TIME HISTORY: CURVED TRACK

0Z5CRIPTION SIMULATES TRAIN LONGITUDINAL SEHAVIOR WITH EMPHASIS GN BRAKE AND DRAFT GEAR OP
MODZL DETAILED LONGITUDINAL MODEL OF ZACH VEHICLE INCLUDING BRAKE AND ORAFT SEAR OP

METHOD SPLITS TRAIN UP INTG $OSTAILZD! AND 'MONOETAILEDY SECTIONS. INTEGRATES ZONS

[INPUTS CURVEFILE; 2ROFILE FILZ; AND CONSIST FILE FRGCM RUNG LOCOMGTIVE OPERATIGN ODATA
QUTPUTS LOCATIGN ALONG TRACK: LOCCMOTIVE AND BRAKE STATE: ORAFT GEAR STATE.

DELIVERY TAPEZ (#398)

LAMGUAGE  FONTRAN

RISOURCES INPUT: CARDS(UNIT:) TAPE(UNITS(1-2-3-3-9) )  GUTPUT:PRINTER(UNIT6) PLOTTER{UNIT?7)
COMPILE TIMIZ(SSCS5)= 7142496 COMPILE SIZE(K)I= 126K

RAUN TIMZ(SECS)= RUN SIZE(K)= 718K

STRUCTURE CONSISTS OF ONE MAIN ROUTINE ANO 20 SUBROUTINES. PLOTTING REFERENCES DELETED
TECH_RERT R-221 CETAILED LONGITUDINAL TRAIN ACTIGN MODEL

PROGRAM_SPEC

USER_GUTOE  K=-220 DETAILED LONGITUDINAL TRAIN ACTION MODEL

ME40” NOT RUN DUE TO LARGE CPU TI14Z RZQUIRIAENT; SC“E SUBROUTINES SIMILAR TO RVDL=-006

!

TITLE FLEX

CGRIGIN  TsC

OATE_RSCO 16 MAY 77

KSYWORD CH-HEAVE FLEIXIOLE PASSENGER CAR TRANSFER FUNCTION ANALYSIS

DESCRIATICON FIND THS FREQ RIIAONSE OF A F LINZAR RAIL VEHICLE TG SINUS TRACK SURF [RRZIG
MODEL  TWO TRUCKS £ FLEXIBLI CAR 800Y WITH SUSPINDZD TRANSFORMER. LINSARe 3-D0F .

METHOD AMPLITUDZE QF THE TRNSFIR FUNC IS CALC FRO4 THE INERTIAL DAMPING & STIFF UMATRICES
INPUTS MASSS STIFFNESS £ DAMPING QF 850CY; TRAMGFCRMER! AND TRUCKS. FLEX BUOY OATA
QUTPUTS DISPLACIMENT OF TACH OOF AS FUNC OF TRACK [RREG FREQe ACCEZLERATION 3PIZCTRA AVAIL
JELIVERY  TaPS (4274 IN TASC LIBRARY = S$STRACK)

LANGUAGE FORTRAN

x

RESMNURCIS  INPUTZ CARDS(UNITS) QUTPRUT (PRINTER{UNITE)

COMPILE TIWE(SZCS) 0.43.8[ CO“P(L- -IZE(K)= 362K

RUN TIMZ(SSCS) 'l9 TUN S1ZE(K)= 20K

STRUCTURE CCNSISTS OF ONE 4A{N PROGRAM AND 7 SUBROUTINESe PLOTTING REFERSNCES OSLETED

TICH_REPT FRA-OGRED=76-135«1 FREQUENCY DUOMAIN COMPUTER PROGRAMS FOR PREDICTION ANU ANALYSIS
PEGGRA4_SPEC  FRA-ORLD-7A-135«11 OF RAIL VEHICAL OYNAMICS

JUSTR_GUTDE SRA-DRED-75.135.11

[AZ 40
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012 3 TITLE  HALFAS

SRIGIN  TSC
DATE_RECI 16 MAY 77
KIYwORD L INSAR VERTICAL PASSINGIR CAR_TRANSFER FUNCTION CALCULATION
CESCRIPTIGN FIND VERT WHISL/RAIL FORCIS AND TRACK DEFLSCTION OUE TG _SINUS TRACK SURF IRRZG
NOOEL  HMALF=CAR 800Y¥: CME TRAUCK AND TRAGK STRUCTURS IMPEDANCI. a-DOF
MZTHOO  COMPLX COEF MAT IS FORMED AND KIPEATEDLY VA VER THZ RANGE CF bn_G uF INTEREST
INPUTS MASS STIFE AND OAMPING CF RR({MARY AND 2NDARY SUSPENSIONS NG TAK STRUCTURE. VEL.
GUTPUTS  MAG AND PHASZ OF IACH 0O0F AS WELL A5 THE TRACK DEFLECTION AND FORCE VIRNSFA FONC
DELIVIRY TAPE (9274 (M TASC LIBRARY
LANGUAGE FILZ¥S
RESOURCES 39 TRACK)

TIMZ(S COMBILE STZE(K)= 320K
S(SECSY S1ZS(K)= K
STRUCTUQ= CONSISTS OF A MAIN PROGRAM AMD 9 SUBRUUTINZS. PLOTTING REFERINCES DELE
TICH_RSPT FRA_ORED-76-13S.1
PROGRAM_SPSC FRA-QRED=76-13S.11
USER_GUTDE  FRA=ORED=TE-135,11 .
ME4D

0 v
13 o0 TITLE FULLPS
ORIGIN TSC
OATE_RECDO 1€ MAY 77
KEYWORD L INEAR PITCH-HEAVE PASSENGER CAR TRANSFEZIR FUNCTION CALCULATION
DESCRIPTION CALC OF PITCH=-HEAVE CAR RESPONSE TC VERTICAL SINUSDIDAL TRACK I[RRIESULARITIES
MDDEL BODY HEAVE AND PITCH TRNSFR FUNCTS (BOTH aTH ORDER) FORM THE MODEL
METHOD TRANSFESR FUNCTION EVALUATION (TRUCK PITCH MODES NEGLEZCTED)
INPUTS VELOCITY: VEHICLE 4ASST INERTIA AND SUSPEINSICN DATA
OUTPUTS TABULATICN CF TRANSFER FUNCTIOM AMPLITUDES AS A FUNCTIGN OF FREQUENCY
OELIVERY TAPE (#2774 IN TASC LIBRARY; FILE#77 9TRACK)
LANGUAGE FORTRAM
RESOURCEIS INPUT I CARDS(UNIT20) QUTPUT :PRINTER(UNITS)
COMPILE TIME(SECS)= 0:3t1.36"° COMPILE SIZE(K)I= 360K
RUN TIME{SECSI= 0:19.97 RAUN SIZE(K)= 6K
STRUCTURE CQONTAINS ONE MAIN PROGRAM AND THREZ SUBROUTINSES. AlLL PLOTTING PEFERENCES DELETID
TSCH_REPT FRA~ORED~76-13S.1
PROCRAM_SPEC FRA-QRED=76-135.11
USER_GUIDE FRA-ORED~76-135.11
ME M0
10 v
014 0 TITLE LATERAL
ORIGIN TsC
DATE_RECD 1€ MAY 77
KEYWORD LINZAR LATSERAL-ROLL-YAW DASSENGER CAR TRANSFSR FUNCTION CALCULATICN
DESCRIPTION CALC THE LATERAL FREQ RESP CF A LINEAR RAIL VERICLE TO SINUSOIDAL TRk [RREG
ACDEL  CARBOOY WITH TWO TPUCKSe LINSAR. 15-D0F
METHOD THE COMPLEX CQEFFICIENT MATRICES ARE FCORMED AMO REPEATEDLV SCQLVED
INPUTS LATERAL OR CROSSLIVEL SINUSOIDAL IRREG. SPEC3: VEHILLE OATA
OUTPUTS NORMALIZED DISPLACEMENTS ANO ACCELERATIONS OF ALL DOF'S ARE PRINTED
OSLIVERY TAPZ (#2773 IN TASC LIBRARY; FILE¥#G: 9 TRACK)
LANGUAGE FQRTRAN
RESOURCZS [INPUTICARDS(IUNIT2) CUTPUT?: PR!NTER(UN[TE)
COMPILE TIME(SECS)=_0:54.3a CCMPILE SXZE(K]- 36
FRUN TIME(SECS)= 1253471 RUM SI1Za(K)= 228
STRUCTURE CONSISTS CF QNE MAIN PROGRAM ANO FGUR SUEROUTINES. ALL PLOTTING REFS DELETSD
TSCH_REPT FRA-76~-135.1
PROGRAM_SPEC FRA-76-135.11
5 _GUIVDE FRA-76-135.11
MEMQ~ VERSIGNM [T INCLUDES EXPANDED CAPABILITY
10 v
o1s 0o TITLE TEST DATA
QORIGIN TsSC
DATE_RECD 16 MAY 77
KEYWORD
DESCRIPTION TEST DATA FOR RVOL Q118 Q0123 0135 914
MODEL
METHOO
INPUTS
QUTPUTS
DEL 1VERY
LANGUAGE
RISCQURCES
COMPILE TIME(SECS)= COMPILE SILZE(X)=
RUN TIME(SECS)= RUN SIZE(K)=
STRUCTURE
TECH_REPT

PROGRAM_SPEC
User_GUTDE
MENG

81



mw
a7z

I0
e

[
oLg

4]
as

Pl

QI <

o<

o<

TITLE KHEEPS

SRIGIN_ TSC

DATZ_RSCO 16 MAY 77

KZYWORD _ NONLINEAR W/R GEQMETRY CRSZP COEFS: KALKER'S THEORYS W/R FORCES
CESCRIPTION KALKER'S THEQRY AROGRAM
MODEL  SIMPLIF1ED ROLLING CONTACT
METHOO

INPUTS CONTACT PATCH GECMETRY
QUTPUTS CREZP FORCE

OELIVEAY CARDS {023 BUNCH)

LANGUAGE FORTRAN

RESCURCES INPUT:CARDS(UN!TS) CUTPUT:PRINTZR(UNITS)
COMF(L- TIMZ(S3CS)= 0:18.03 COMPILE SIZ"(K)“ 262K

RUN TI 3ZCS)=  1:135.88 SIZEIK)= 226

STPUCTURE CONSISTS OF ONZ quN PROGRAM AND 2 suanourln=s

TSCh_RSPT

PROGRAM sp=c .
USER uUX

MZA0" SUF“RCED:D B8Y RVDL=-021-0

TITLE PLOTTING PACKAGE

OQRIGIN TsSC

DATE RECD 16 MAY 77

KEYWOR

DESERXPTXQN PLOT PACKAGE FOR RVDL 01313 01237 0135 014
M L

METHQD

INPUTS

QUTPUTS

DELIVERY

LANGUAGE

RESOURCES

COMPILE TIME(SECS)= COMPILE S12E(K)=
RUN TIME(SECS)= RUN SIZE(K)=
STRUCTURE

TSECH_REPT

PROGRAM_SPEC

USER_GUTOoE

MEMO™

TITLE WHRA

ORIGIN ARI’JNA STATE UNIVERSITY

DATE_RECD 0L JUN 77

KEYWGRD NONLINEAR W/R GEOMETRY

DESCRIPTION GIVEN 4HEEL AND RAIL PRCFILE DATAS FIND #/R CONTACT RPTS AND GEOMITRY
MODEL CGNTACT GEGMETRY IS FOUND FOR A RANGE OF WHEELSET LATERAL POSITICNS

AETHOD 4TH ORIER CRVS ART FITTED TC THE DATAe. CONTACT PTS ARE FOUND AND RPRINTEC
INPUTS WHEEL ANOD RAIL SAGE;WHEEL ANO RAIL PRCFILES;RAIL CANTiPROGRAM CCNTRGL INFO
QUTPUTS Ww/R CURVE FIT COTFF; TABLES OF CONTACT PT GEUM AND ROLLING RADIUS VS LAT POS
DEL IVERY CARDS (FOR UNIVAC 1100}

LANGUAGE FORTRaN

RESCURCES INPUTICARDS(UNITES) UTPUT PRXNT:R(UNXTG)

CO4PILE TIYE(SICS)= 1.46 64 COMPILE SlZ‘(K)'

RUN TIME(SECS)= 8:38 RUN SIZE(K)= 277

STRUCTURE CONSISTS CF ONE MAIN PROGRAM AND ll SUBRQUTIN:S. PLOTTING REFS DELETED

EC
USER_ GUTDE FRA-ORED-76/244 APPENDIX A. WHESL/RAIL CONTACT CHARACTSRIZATION PROGRAM
MZ407

TITLE

ORIGIN

DATE_RECO 30 AUG 77

KZYWORD R W/R GEOMETR

Y
QESCRIPTION ERATE TEST OATA (ROUND RAIL AND SIMPLE FLANGZD CONEQD WHESL) FUR anRall
HODEL  NONLINIAR

METHQD CIRCULAR ARCS AND STRAIGHT LINES FORM THE PROFILES

INPUTS

GUTPUTS PROFTLE OATZ FOR RGUMD RAIL AND CONZDS FLANGED WHEEL

DELIVER

LANGUAGE FORTRAN

RZSOURCES INPUTICARDS(UNITE) CUTPUTIPRINTER(UNITSE) TEMP OISK(UNITIS)
COMPILI TIMS(SECS)= 1:104,.35 COMPILE STZE(K)= 360K

RUN TIME(SECS)= 0:01.56 RUN SIZE(K)=_ 3€X

STRUCTURE MO SUBRCUTINE CALLS. QUTPUT DATA FILZ IN CDRRECT FORMAT TO BE WSED BY wHRAIL
SCH_KRE .

PRDu AM_SPEC
_GUTDE

82 .



10
020

10
022

ol <

oS

LU
MEMO™

TITLE RVDCAOET
QRIGIN _TASC
DATE_RECD
KTYWORD  NONLINS AR FRIIGHT CAR LI4LT CYCLE AND RANDOHM RISPONSE TIaE ResTORY
DESCRIPTION NONL INEAR QR QUASI-LINEAR VEHICLE STAT{STICAL OYNAMIC

AODEL  14-00F FREIGHT CAR: TRUCA LATSRAL: YAWI AND TRAM: 3 RIGIDI 3 FLEX 63DY QDS
METHOD  INTESGRATION GF NONLINEAR 2033 5INUSOIDAL CR RANDOM INPUT QUASI LINZARIZATION
INPUTS VEHICLE DATA; SPS CF WEHICLZ AND TRACK PARAMS

QUTPUTS  QUASI L INEARIZED LIMIT CYCLE DATA; COVARIANCE PROPAGATION
2EL1VZRY 1IN HOUSE

LANGUAGE FORTRAN

AIZISOURCEZS [NPUTICARDS(UNITS) CUTPUT PRINT ZRCUNITS) TECHTRONIX ALAOTTER
COMPILE TIME(SECS5)= 0:3%.00 COMPILE SIZE(K)=

RUN TIMS(SECS)= 245 PER FT RUN SIZE(KI= 333K

STRUCTURE MODULAR; GENERAL BURPQSE SXECUTIVE: 2 VEHICLE SPECIFIC SUBRCUTINES

TECH_SEPT WORKING NQTES

PROGRAM_SPEC  WORKING NOTSS

USZR_GUTDE  NONE

MEMO™ IOM 6/10/78 RVDCADET VER¥2 - IOM 11727778 RVDCADET MOOIFICATIONS

TITLE KALKER'S SIMPLIFIED THEORY OF ROLLING CONTACT (FQRCES)

ORIGIN  CLEA4SON

JATE_RECD 12 SEP 7

KZYWORD NONLINSAR W/R GEOYZITRY; CRSEP COEFS; XALKER'S THEGRY

DESCRIPTION GIVEN CONTACT PATCH GEOM: FIND CREEP COEFFSe GIVEN CREEPAGE FIND CRESP FORCES
ACDEL  KALKER®*S TABLES GIVE CREZP COEFFICIENTS. MONLINZAR.

METHOD XALKER®*S TABLES AND ASSYMPTOTIC EXPANSIONS YIELD CREEP CDEFFS

INPUTS NORYMALIZED CONTACT ELLIPSE PARAMS; POISSCN'S RATIO; CREEPAGE (LCNGi SPIN & LAT)
QUTPUTS LONGITUDINAL AND LATERAL CREEP FORCES :

DELIVIRY CARDS -

LANGUAGE™ FORTRAN

RESGURCES INPUT:CAFDS(UNITS) cUTPUT ¢ PRINTER(UNxTé)

COMPILE TIME(SECS)= 0330.4% COMPILE SIZE(K)- 356

RUN TIME({SECS)= 0:47.91 RUN SIZE(K)= 318

STRUCTURE ONE MALIN PROGRAM AND 3 SUBROUTINES. VELL CCMMENTED WITH REF TQ TICH LITERATURS.
TSCH_REPT

PROGRAM_SP

€C
GUTDE FRA-ORED=78/06 USER'S JANUAL FOR KALKER®*S SIMPLIFIED NONLINEAR CRZSP THEORY

TITLE TRKVA2SD M0C I1I

CRIGIN BATTZLLE CDLUMBUS LABCRATCRIZS

OATE_RECD 22 SIP 77

KEYWORO LINZAR FREIGHT CAR PSD ANALYSIS] W/R FGORCES] NON-RIGID TRACK

OZSCRIPTION CALC OF PSD’S OF CAR VERT/HEAVE RESPNS AND CAR LATERAL/RCLL/YAW RESPNS
MODEL  PITCH HNIAVE (7 DOF) 1S DECOUPLED FROM LATIRAL/FROLL/YAW MOTIGN (11 DUF)e LINEAR
METHOD THE _QUTRUT PS) IS CALC FSOM _SAR CF THE TRANSFER FUNC TIMES THE INPUT PSO

INPUTS JAMPINGS AND STIFFNESS INFO§ D14 DATA; WHEEL/RAIL DATA )
QUTPUTS PONSE PSD*S CF TRACK FORCEST ACCELS OISPLACEMENTS & SUMMARIES PRTZD -
DELIVERY CARDS
LANGUA FORTRAN
= INQUT C\RDS(UNIT‘) CUTPUT: PRINT R{UNLT&)
J= 0:i3%.20 COMPILE SIZE(K)= 35
0:31.10 RUN SIZE(K)= 242K

ONE MAIN PROGRAM AND 2 SUBROUTINES AND 1 FUNCTIGN SUBPROGRAM
CH_, SUM4ARY CN PRCGRAM TRKVPSD 400 If (BCL REPORT)
PROGRA"™ PEC SUMMARY ON PRCGRAM TRXYASO MGD (1 {(edL REPORT)
USIR_G SU 1MARY ON PRGGRAM TRKVPSD 40D Il (BCL RSPORT)
MEMOT RECEIVED A LETTER FROM D.Re AHL3ECK CCNCERNING TWO MINOR CHANGES DATED 9/14/77

TITLSE 9 DOF FREIGHT CAR TIGENVALUS/SIGENVICTCR PROGRAM
ORIGIN CLEMSCN
DATE_RECD 01 SEP 77
KZYWORD _ LINZAR FREIGHT CAR_SIGZNANALYSIS
DESCRIPTION EIGINVALUS/EIGINVECTOR CALCULATION FOR A NORTH AMERICAN FREIGHT
MODZL  TRUCK OOF ARZ LAT; YAW AND WARP: 30CY_OGF A
HCD FORM MASS STIFFNZSS & 0AMPING MATS: THIM .S
INPUTS  CAR MASS DAMPING & STIFEMESS JATA; A S OIMENSIONAL DATA:
GUTPUTS MA3S STIFFNESS £ DAMWING MATRICESS SYSTEM RATRTX B CIeENVALUES S ET
OZLIVERY TAPZ
LANGUAGT  FORTRAN
SCURCES  INPUT :CARD RTADS R (UNITL) QUTPUT :PR INTER(UNIT3)
ccMPLLE Txu'(c—fs) L 45. COMPILE SIZE(K)= 354K
)= SIzE(K)= 218K
AA[N RuuT[HE AND 17 SUBROUTINES. SOME NON—~ANSI STANDARD FORTRAN USED

CAR

REZP DATA
'.....NVECTDRC
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TLE  NINS QEGRIES OF FRIZOOXR INTIGRATICN PROGAA™
uRIGIN CLEMSAN
DATS_RECD 01 3 7T
KEYWORD NONLINEAR FREIGHT CAR TIME HISTGRY
OZSCRIPTION INTEGRATICN OF A 9 OCF NORTH AMERICAN FREIGHT CAR SET OF EQUATIONS OF MOTION
MGDEL  LINEAR AS NINEEIG 8UT FRICTICN CAN BE INSERTED AT TH’ CNTR PLATES QR 5i8S: $-~3CF
MITHOO ZQUATIGNS OF 10TIGON ARE INTSGRATSD 3Y 3TH ORCER PREDICTOR-CORRECTOR I ITHoo
INPUTS CAR MASS DAMPING(VISCITUS SR DRY) & 3TIFFNZSS DATAG DIM DATA;
QUTPUTS STATZ TL4S HISTARLIES
DELIVERY TAPE (41094 FILE 42)
LANGUAGE FORTRAN

RESQURCES KNPUT CARDb(UNlTlI OUTPU?:PRIHTER(UNIY3)
COMPILE TIMI({SE 0:29.6[ COMPILE Sl’”(K)— 14

RUN YlM:(SEC:)‘ \ 50- RUN SIZ2(X)= 21

$T2UCAUR$ CONSISTS JF QN- MAIN PRCGRAM AND 17 SUGRDUT!NES

ECHA_RZP

TLE CREZP

IGIN CLEMSON

JATE_RECD 91 SER 77

KEYWORD  W/R GZOMETRY LINEAR CREEP CQOEFS; KALXER®S THEORY: W/R FORCES

OESCRIPTICH FIND CONTACT ELLIPSE GELAETRY AND LINESAR CREEP COEFFS FOR CENTERS HEZLSET
MODEL  ELASTIC DEFQRM THRY GIVSE3 CONTACT ELLIPSEIKALKER'S TABLES FOR LINZAR CR COZF3
METHOO CONTACT ELLIPSE FROM JATERIAL PRCPS AND GEOM; CREEP COEFS FROM KALKER'S TABLES
INPUTS  WHEEL ANO RAIL HEAJD PRCUFILE AND ROLL IMG RADILI MATERIAL PROPERTIES: NGAMAL FORCE
OUTPUTS CREZP COSFFICIENTS LATSRALS LATERAL/SPING SPIN: AND LONGITUDINAL CRIZP FORCE
DELIVERY TAPE (#1094 FILE-3) :

LANGUAGEZ  FORTRAN

RESJQURCES INPUT: CAQDD(UNITI) DUTPUT'PRINT‘R(UNITB,

CO4PILT TIME(S )= 0114405 COMPILE SIZ'(K)— s2K

KUN TIME(SECS)= 01.27 RUN SIZZ(K)= 31

STRUCTURE CGNSXST: OF ONS MAIN PRGGRAM AND TEN SUBROUT INES
TECH_REPT

PROGRAM_SPEC

USER_GUTDE USERYS MANUAL FOR PROGRAM FOR CALC OF KALKIR'S LINEAR CREIP COEFFS (DRAFT)
PECT)

TITLE OYNALIST II
CRIGIN ~T5

DATE_RECO 08 MAY 78

KEYWTRO ~ LINEAR Z{GENANALYSIS; TRANSFIR FUNCTION CALCULATION; PSD ANALYSIS

JESCRIPTION LINSAR SYSTEWA ANALYSIS; SINUSGIDAL OR STATIONARY KANOCM INPUT RZSPONSZI

MODEL  MOOELS ARZ CONSTRUCTEC OF MQOES WITH SUBSYSTEM MOOELS SASILY MANDLED

MITHOD MODEL 3YNTHESIS USING CUMPLIX IIGENVECTARS

INPUTS  GINIRAL SU3SYSTEM DATA

OUTPUTS ZIG3EN PRCSLEM SOLUTIGN: FREQUENCY RESPONSEZ: MAGNITUDE: RANCOM RESPONSE A4PLITUDE
CELIVERY

LANGUAGZ  FORTRAN

RS 50URCES
COMPILE TIMZ(
RUN TIMZ(SECS
STRUCTURE
TECH_RZAT
PROGRAM_SPE
USZR_GUTDS OYNALIST 1§; USIR®S MANUAL; FRA=CRED=~T7S5,22. (1
MZMO

SEC3 )= MPILE SIZE(K)=
)= ZT(K)=

<o
RUN 51

TITLE TRKHNT *
GRIGIN 0QTr/7sC

KEYWORD HUNTING S{GENANALYSIS

DESCRIPTICH LATERAL STABILITY: 2 AXLE TRUCK AS FUNCTION OF SPEED
ACDEL.  LINEAR

METHOO EIGENPROBLEM

INPUTS

QuTPUTS

OEL1VERY

COMPILE SIZE(K)=
AUN SIZE(XK)=

Zp
PREGRAM cPEC
USER_GUTD
MEMDT DRCGRAM PROPRIETARY W1TH 8CL
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DT/TSC

LIN:AR LATZRAL-ROLL-YAW ITIGEINANALYSIS
ATIRAL STAZILITY: CAR PLUS Z TRUCKS AS FUNCTION UOF SPEED

NPROBLEW

COMRILE S1ZE(K)=
RUN SIZE(K)=

&
MS M0 PROGRAM APRUPRIZTARY WITH 9CL

TITLE TRKVEH
ORIGIN 00T/TSC

DATE_RZCO
KEYWGORO LINEAR TIME HISTGORY
RIZISPCNSE TQ RECTIFISO SIMS VIRTICAL ANC LATERAL

OESCRIPTICN
MOOEL 7 O0F P{TCH/HEAVE{ 7 DGF LATEZRAL

COMPILE 51ZE(K)=
RUN SIZE(K)
STRUCTURS

TECH_REAT

€
“Z 407 PROGRAM PROPRIETARY WITH '3CL

TITLE &-AXLE LOCGMOTIVE RESPCNSE MGDEL
QRIGIN AAR

DATE_RECD Ot JUN 78

LINEAR 6=AXLE LOCO TIM:3 HISTORY: NON-RIGID RAIL

3=SCR!PTIDN LOCOMOT I TRUCK AND SCDY RESPONSZT 7O LATIRAL AND VERTICAL TRACK INPUTS
MODZL DECOUPLID PITCH-HEAVE (18 DOF) AND LATERAL-YAW-ROLL (21 OGF)

MITHCO NUMERICAL INTEZGRATION CF LINEAR MOOEL

INPUTS VEHICLZ DATA3 TRACK SINUSOIDAL PARAMLITERS

OUTPUTS POSITION; V_LOCITV & ACCSLERATION COF EACH DCF CAN FIND Ww/R FORCES FRGH4 QUTPUT
OSLIVERY TAPIILRMOO

LANGUA,
RESQURCES
COMPILE I

ZR {UNITS) PRIMTER (U
1:45.38 COMPILE

135.86 RUN STZE(K)=

WAIN PROGRAM AND TWENTY NINE §
R-295 LGCOMOTIVE RESPONSE “OCEL

R=-294 LOCOMOTIVE RESPONSE MODEL

RUM TIME

USZES_GUTDE

MEMQ

TITLE &~AXLE LOCCMOTIVE RESPONSE MCOEL

GRIGIN AAR

OATE_RECD 01 JUN 78

KEYWCORD LINGAR &=-4XLE LOCO TIMS HISTORY: NON-RIGID RaAlL

QESCRIPTION LOCOMOTIVE TRUCK AND B00Y RESPONSE TO L ATERAL AND VERTICAL TRACK [NPUTS
ACOEL  DJECBUPLED PITCH-HEAVE (13 JOF) AND LATSRAL-YAW-ROLL (21 00OF)

METHOD  MUMERICAL [INTEGRATIGN CF LINEAR MGOEL

INPUTS VEHICLZ DATA; TRACK SINUSQIDAL FARAMETERS

QUTPUTS POSITION, YELCCITY & ACCELIRATICN CF EACH DOF; CAN FIND W/R FORCES FROM CUTPUT
SELIVSRY TAPIILR4001

LANGUAGE FORTRAN

RESGURCES  INPUTICARDS(UNMITS) CUTPUTIPRINTERIUNITSE)

COMPILE TIME(SEC3)=_ 0 33.01 CCMPILE SIZE(K)= 388Kk

RUN TIME(SZCS)= 3135 AUN S1ZE(K)= 512K
STRUCTURE CONSISTS OF Mn(M PROGRAM AND 29 SUBROUTINES. THIS wIlLl BE UPDATZID
TECH_REPT R=-295 LUCC40TIVE RZSPUNSE 40DZL

PQDhNAM SPEC
USSR_GUTOE R-204 LOCOMOTIVE RESPONSE 40DE
MEMOT CGDE MOD TO ACCEPT PIECEWISE LIN TRK PERTUREATILNS. CCMP TIME FOR MEW ROUTIMNES
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TITLE FQEIGHT CAR HUNTING MQOEL
SRIGIN  AA

CATE _RECHD 0\ SUN

KTYWORD LINSAR FR"IGHT CAR HUNTING &
CESCRIPTION LATSRAL STABILITY OF A F

ENANALYSIS
HT CAR

MODEL 25 DOOF LATERAL MODZL{ 3 OGF 3COY: T OGF TRPUCKS: 2 OO0F AXLZIS
MITHOD FIND MASS; 3TIFFNZSS £ DAMPING MATRICES 30LYwE ZIGEN PROBLEM

INPUTS  VIHICLZ JATAS SPEED
OUTRUTS -lucNVALu S AND S{GENVICTURS

DELIVERY

LANGUAGE

RISOURCEZS CARD READER (UNITS) PRINTER (UNITE)

COMPILE TIMI(SSECS)I= 1:15.49 COMPILE SIZE(K)= 3S€K

RUN TTM4Z(SECS)= 1:45.73 RUN SIZE(K)= 218K

STRUCTUREZ ONE MAIN ROUTINE AND THIRTEEN SUBROUTINES., WELL COMMENTED.
TICH_REP

PROGRAM SPEC

USZR_SUTDE FR-251 FREIGHT CAR HUNTING J4COSL =~ USIR'S 4ANUAL

MZIMOQ INSTALLATION SUIDE DELIVERED wITH PROGRAM

TITLE DETAILED LATERAL STASILITY MODEL
ORIGIN AAR

WORD
DESCRIPTION LA
MODEL

METHOD

INPUTS

OUTPUTS

DEL [VERY

SECS)= COMPILE SIZE(K)=
)= RUN SIZE(K)=
STRUCTURE

TSECH_REPT

PROGRAM_SPEC

USEZR_GUTOE

MENG™ NOT YET AVAILABLE

TITLE OETAILED VERTIGAL TRAIN STABILITY MOCSL
ORIGIN AAR

DATE_RECD

KEYWGRD .

pescnlpTxaN VERTICAL FORCEZS OF AN ARBITRARY CONSIST
G

4 (SECS )= COMPILE SIZE(K)=
RUN TIME(SECS)= RUN SIZE(K)=
STRUCTURE

TECH_REPT v

PROGRAA_SPEC :

USSR _GUTOE

07 NGT YET AVAILABLE

TITLE LATERAL/VERTICAL FORCEZ MODZL d
AAR

RAL FNRCES OF AN ARBITRARY CONSIST (UVER A HYPOTHETICAL TRACK

ALONG A HYPOTHETICAL TRACK

D=SCR!PT!0N WHEZL/RATIL INTIRACTION FORCES OF A FRIIGHT CAR TRUCK
MO
METHOD

COMPILE SIZE(K)=
RUN SIZI(K)=

R=-237 (USER®*S MANUALJ) IS LISTED



03s bl TITLE wHRATLA
OREGIN CLETASON
DATE_RECD 04 MAY 78
KEYWORD NONLINTAR W/R GEQ4ETRY

DESCRIPTIGN COMPUTES THE WHEZL/RAIL CONTACT POSITINNS; GEQMETRY FROM W/R PROFILZES

MCOEL  ACCEPTS ASYMMETRIC Ww/R DATAS SBRCFILEZ DATA CAN BE VERY GENERAL

METHOD 4TH CRDER CURVES ARE FITTED TO JISITAL PROFILE DATA. ITERATE FGR W/R CONTACT
INPUTS WHZZL AND RAIL GAGZ; wHZZL AND RAIL PROFILESS RAIL CANTPRAGRAM CONTROL INFO
QUTPUTS WHEEL AND RAIL CRY FIT COEFFSITABLES OF CONTACT PT GZUM AS A FUN OF LATZRAL PC3.
DELIVERY CARDS

FORTRAN

COMPLLE TIME(SECS )= COMAILE SIZE(KI=
RUN TIMS(SSC3)= RUN 30ZS(X)=
STRUCTURE MAIN PROGRAM AND 14 SUBRCUTINES
TZCH_REPT

PROGHAM_SPEC ’

USER_GUIDE FRA-DFED=78/05 USSR'S MANUAL
MEMOT ALSO CALCULATES SINUSOIDAL INPUT DESCRIBING FUNCT IONS

D

1<

03s 1 TITLE wHRALLA

KZYWORO NONLINZAR W/R GEOMETRY

OSSCRIPTION COMPUTES THE W#HESL/RAIL CONTACT POSITIONS: GEOMETRY FRCM ws/R PROF ILZS

MODEL ACCEPTS ASYMMETRIC W/R CATA; PROFILE DATA CAN OE VERY GENERAL

MZTHOO 4TH AROER CURVES ARE FITTED TO CIGITAL PROFILE DATA. ITERATE FGOR W/R CONTALT
INPUTS WHEZL AND RAIL GAGZ: WHEEL AND RAIL PRCFILES: RAIL CANTY; PROGRAM CONTRAL INFO
OUTPUTS WHESL AND RAIL TRV FIT COZFFS: TASBLES OF CONTALT PT GEOM AS A FUN OF LATERAL PCS
DEZLIVERY TAPZ #4564 (S TRK; 80 CHAR RECD! 10 REC BLKINGS FILE H)

LANGUAGE FORTRAN

RESOURCES

COMPILE TIMZI(SECS)= COMPILE SIZE(K)=

RUN TIME(SZCS)= RUN SI1ZZ(K}= .
STRUCTURE MAIN PROGRAM AND 14 SUBRQUTINES

TECH_REPT

PROGRAM_SPEC
USER_GUTDE FRA-ORLDO=-78/05 USER'S JANUAL R
MEMO™ ALSO CALCULATES SINUSCIOAL INPUT ~ “RIBING FUNCTIONS: NEW VERSION FROM TSC

1o v
036 Q TITLE DYCAR MQODEL
ORIGIN AAR .
DATE_RECO Ol JUN 78
KZIYWORD NONLINEAR FLEXIBLE F GHT CAR TIME HISTORY; W/R_FORCES
DESCRIATICN PRE AND P0ST PRO SURS FOR FLIXIBLE BODY FREIGHT CAR
MOODEL 22 DGF FLEXISLE BOOY FRIIGHT CAR
METHOD S FORM INPUTS ARE FORMATTED FOR PROGRAM RVDL =001
INPUTS VEHICLZ ODATA: TRACK DATA{ CAR SPEED
CUTPUTS POSITION; VILCCITY; AND ACCELERATION OF LACH DOFV RAIL RSACTIGNS
DELIVERY TAPZY¥92S
LAMGUAGE FORTHIAN
RESOURCES VERY LARGE PORARY DISK JDATA SETS ARE REQUIRED
CCHPILE TIMI(SECS)= 3._ +36 COMPILE S12% (Kl= 354K
RUM TIME(SECS)= 0318, RUN SI1Z=(K}= 32
STRUCTURE 69 FORTRAN <OURC’ RQUTINES PLUS ONE ASSEMBLER ROUTINE (KRONGS)
TECH_REPT
PROGRAM SP“C
USER_GUID
MZMG XNSTALLATXON GUIDT OZLIVIRED wiTH PROGRAM
10 v

37 0 TITLE FATIGUE LIFT ANALYSIS
CRIGIN AAR
JATE_RECD 01 JUN 78
KEYACRD FREIGHT CAR FATIGUE ANALYSIS
DSSCRIPTION CALCULATES FATIGUE LIFE OF A FREIGHT CAR
MODEL
ASTHAO
[HPUTS STRESS SPECTRUMI EMeTY/LCAD RATIOT IMPACT LAADING
QUTRPUTS FATIGUE LIFEZ IN JAILES
DELIVERY TAPE: FLAOO2
LANGUAGE FORTRAN
RESQURCES  [NPUT! CARD R’ADER(UNITS) CUTPUT PRINTER(UNITS)
COMPILIE TIME( S)— .17. COMPILE SIZE(K)= 35S

RUN TIME(SECS RUN SIZE(K)= 220K

STRUCTURE ONZ AAIN ROUT(NE AND S SUBROUTINES. UNCOMMINTED CODE
TECH_REPT

PROGRAM bPEC

USER_GUID

ME 407 XNSIALLAT[UN GULIDE DELIVERED wITH PROGRA4
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TITLS CURVILQCO

ORIGIN TSC/AR{ZONA STATE

CATZ_RECD 08 9qAY 78

KEYWORD NONLINEAR 5-aXLE LOCO TIME HISTORY; CURVED TRACK L/V RATIO;

DESCRIPTION DYNAMIL RESSPONSE OF A 6-AXLE LCCO ON TANGENT: SPIRAL UR ENG SuA
YONEL  6~AXLE LATERAL RESPONSE (21 OGF) WITH 5 HXTRA STATE ESQUATICONS ROTATION

NONL INZAR w#/R _LOCATIGON.
7 #/R CATAL CREEP DATA

RY
L
17
METHQD INTEGRATION OF SQUATICNS UF 40T IGN.
INPUTS VEHICLE DATA] TRACK CHARACTERISTICS
QUTRPUTS STA TIME AISTORY: L/V RATIQOS
OSLIVERY CARDS

LAMNGUAGE FORTRAN

RESCOURCES

COAPILE TIME(SZC3)= COMPILE SIZE{(KYI=

RUN TIME(SECS)= UN SIZE(K)=

STRUCTURZE AAIN PROGRAM AND 12 SUAROUTINES

TECH QEPT

PROGRANM €C

USER uUIOE LOCOMOTIVE DYNAMIC CURVING ANALYSIS PROGRAM USER®S MANUAL
=40

TITLS CURVELOCO

QRIGIN TSC/ARIZONA STATE

OATE_RSECD 03 May 79

KEVYWORO  NONUINEAR 6-AXLE LOCG TIM_ HXSTGRY. CURVCD TRACK L/V RATIO: wW/R FURCZIS
DESCRIPTION DYNAMIC RESPONSE OF ~AXLE LGCCO ON TANGENT: SPIRAL OR CURVED TRK. SEZI ENG SUM
MODEL O+AXLE LATERAL R:SFDNS: (21 DCF) wWITH 6 ZXTRA STATE EQUATIGNS FCOK AXLE RGTATION
METHOD INTZGRATICN OF SQUATIGNS CF MOTION. NONLINEAR W/R LOCATION

INPUTS VEHICLE DATA; TRACK CHARACTERISTICS; w/R CATA: CREEZP DATA

QUTPUTS STATE TIME HISTORY: L/V RATIOS

OELIVERY TARE #4854 (9 TRX; 80 CHAR REC; 10 REC BLKINGS FILE #32)

LANGUAGEZ FORTRAN

RESCURCES

COMPILE TIME( Si= COMPILE SIZE(K)=
RUN TIME{SICS)= RUN SIZS(K)=
STRUCTURE MAIN PROGRAM AND 12 SUBROUTINES

TECH_REPT

PROGRAM_SPEC .

USER_GUTOE LOCOMOTIVE DYNAMIC CURVING ANALYSIS PROGRAM USER®S MANUAL

MEMOT LGCOMOTIVE OYNAAIC CURVING ANALYSIS PRCGRAM USER'S MANUAL; NEW VERSION FRGA TSC

TITLE WwWRDATAREZSDUC
ORIGIN ARIZUNA STATZ
DATE _RECD_ 08 vAY 78
KIYWORD CREZEP COSFS; CONTACT ZULLIPSS; KALKER'S THLORY; W/R GEOMETRY
DESCRIPTION GIVEN W/R GEOMETRY AS FUNCTION CF LATERAL PCSITION FIND CREESP
MGOZL TIMOSHEINKO FOR COMTACT SLLIASEL KALKIR FOR CRESP COEFS
METHOD CALCULATZ LOCAL CURVATURE: FIND CONTACT ELLIPSZ; FIND CRZZP COEFS
INPUTS wHZEL aMD RAIL CONTACT ANGLES AND CURVATURZ AS A FCN OF LATERAL PUS
JQUTPUTS CREEP CQOEFS AS FCN OF WHEILSET LATERAL
LELIVIERY CARDS
LANGUAGE FURTRAN

S

= COMPILE SI1ZE(K)=
2 ( RUN SIZE(K)=

STRUCTURE

TECH_REPT

PROGRAM_ speC

USZR_GUIDE

MEMO ™~

TITLE WR DATA RECUC

ORIGIN ARIZCNA STATE

DATZ_RECD 03 MAY 79

KIYWORD CREZP COSFS; CONTACT ELLIPSE; KALKER'S THIGRYS Ww/R_GEOMETRY
OESCRIPTION GIVEN W/R GZOMITRY AS FUNCTION GF LATERAL POSITION FIND CREEP
MOTEL  [IMOSHENKO FOR CONTACT SLLIPSE; KALKZR FOR CREZP CDEFS

METHOD CALCULATZ LGCAL CURVATURE: FIND CONTACT ZLLIPSE; FIND CRESP CQEFS
INPUTS AMD RAIL CONTACT ANGLES AND CURVATURE AS A FCN OF LATERAL PUS
=P COEFS AS_FCN OF WHEELSET LATZRAL

SILIVERY TAPT 44593 (STRK; A0 CHAR REC: 10 REC BLKING: FILE #2)

LANGUAGE FORTRAN

KRISQURCES
COMPILE TIMZ(S3CS)= COMPILE SIZE(X)=
RUN TIME(SSCSI= RUN SIZE(K)=

FJR’J(:RAM SP="
USER_GUTODE
MZMOT NEw VERSION FROW TSC
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Qi<

{VIRGINIA)

1

j RECD
KEYWTRO NONLINEAR FLEXIBLI FRIIGHT CAR TIME HISTARY
JESCRIPTION FULL~-CRDZIR TOFC ZQUATICNS CF MOTIOM ARE NUMERICALLY INTEGRATED
MODEL  11~DOF FRT CAR! 3-DOF FL TWQ 3-DCF TRAILZRS; YISCCUS DAMPINGS NCNLIN SPRINGS

SNGL=FREQ LAT; RCOLL: HZAVE PACSITION: VILOCITY OR ACCIL [NPUT JFIVES CaR 40TIGN
YEHICLE DATA: TRAILER OATAD SINGLE-FREQUINCY SINUSTIDAL [NPUT AMP AND PHASE
QUTPUTS RESPONSE TIMI HISTORY; PCN ZNVILOPRES -
DELIVERY
LANGUAGE FORTRAN

RESOURCIS
COMPILE TIME(SZCS)= CO4PILE SIZE(K}=
RUN TIME(SECS)= SUN SIZE(K)=

STRUCTURE AAIN PRGGRAM AND FIVI SUBROUTINES

TZCH_REPT FRATT VOLUME 2: TECHNICAL AANULL

PROGRAM_SPELC

USER_GUTOE FRATE VOLUME 13 USER®S MANUAL (FRA/OREO=78/59)
9S40 DIVELGPID FRGA WYLE PROGRAM FOR ¥TU CALIBRATION

FRG
PRINCZTON (JOI SIVAK) .

RECO 19 FES 79

WORD w/R FORCES; CRSEP C30FS: KALKESRYS THEORY

CRIPTION GIVEN W/R GZOMZTRY AS FCM GF LAT POS AND YAW: FIND LAT FGRCE AND YAW 40MENT

MOOSL  TIMOSHENKQ FOR CONTACT ELLIPSE; KALKER FOR CRETP COEFS

METHOO FIND CONTACT SLLIPSE{ LCOK UP CREEZPi APPLY VECTOR SLIPPAGE LIMLT

INPUTS  w/R_GZOMITRY AS FCN OF LAT POS; YAW RANGE: COEF GF FRICTION; NCRMAL FORCS
CUTPUTS LAT FORCS AND YAW W4O4ENT VS LAT POS AND YAwW

DELIVERY LISTING

LANGUAGE  APL

RESQURCZIS

COAPILE TI1AZ(SECSI= COMPILE S1ZE(K)=

RUN TIME(SECS)= RUN SIZE(K)=

STRUCTURE 4AIN PROGRAM AND 8 SUBROUTINES. NO COMMENTS
TECH_REPT

PROGRAM_SPEC

USER_GUTDE

MEUQ
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APPENDIX B
SIXTEEN DEGREE OF FREEDOM MODEL

B.1 INTRODUCTICON

This appendix describes the freight car
model used with the exception of the
rail/wheel interactions discussed in
Chapter 3. The model consists of six-
teen degrees of freedom with piecewise-
linear suspension elements.

B.2 EQUATIONS OF MOTION

The complete vehicle described by the
model is that of a freight car having
two 3-piece trucks. The trucks have
motion variables subscripted A and B on
the leading and trailing ends. The
body motion variables are subscripted
C. The rigid body coordinates for the
carbody are shown in Fig. B.2-1. The
motion is expressed in rectangular co-
ordinates having their origin at a
point moving with the carbody center of
gravity at constant speed v along the
"track. In the vertical cross section
this point has the static loaded posi-
tion of the body center of gravity
relative to unsuperelevated track.

The five variables describing rigid
body motion of the carbody, given in
Fig. B.2-1, are:

. Lateral displacement (yc)

. Vertical displacement or heave
(z)
¢

™ Roll angle (¢C)
° Pitch angle (BC)
. Yaw angle (¢C).

In addition, carbody flexibility is
modeled by twisting, and by lateral and
vertical bending modes with motion
variables gﬂ, gy and gz respectively.

The subscripts indicate the axis of
rotation. The first mode only is used
to characterize each carbody flexibil-
ity. The modes are illustrated in

Fig. B.2-2. The deflection of these
modes at the carbody bolster per unitc
motion is given by the I' parameters.
Hence, Fz is the lateral deflection due

to lateral bending, Fé is the yaw de-
flection due to lateral bending, Fy is

the vertical deflection due to vertical
bending and F‘ is the roll deflection

due to torsion.

90

The external forces and moments acting
upon the carbody are shown reacting to
positive movement in Fig. B.2-3. In
this diagram, FyA, FyB are the lateral
forces provided by the bolster at
trucks A and 3B, Foc is the force due to

the centrifugal overbalance at the body
center of gravity, wc is the static

distributed,
due to the

toe the
positions A
are the dynamic vertical

body weight assumed equally
TGA and TGB are the moments

lateral load shift relative
central axis during roll at

and B. FzA,B

forces at the bolster centers A and B

and TxA,B are the roll moments between

the carbody and bolster at each truck.
TzA and TzB are the moments in yaw at

the center plates at A and B. The
characteristics of these moments and
forces are given later in terms of
their local coordinates and motion
variables.

Each bolster is modeled as having a
separate degree of freedom, in roll
about the x axis, but is assumed to
move vertically and laterally with the
body. The roll angles are 0py &t truck

A and QBB at truck B. The forces and

moments acting upon the A bolster are
shown in Fig. B.2-4. The bolster moves
in yaw with the truck wheelsets, being
assumed guided at its ends in the side-
frames.

Each truck is modeled as two wheelsets
connected to the sideframes by friction-
less "pin joints" at the bearings, as
shown in Fig. B.2-5. This model was
used by Blader and Kurtz and by Law,
Hadden and Cooperrider (Ref. 8). Truck
characteristics have been measured by
Martin Marietta Corp. (Ref. 13). The
three motion variables for each truck,
shown in the plan view for truck are:

. Truck center lateral dis-
placement (yA, yB)

. Wheelset (bolster) yaw (wA, wB)
o Sideframe yaw (y,, vp).
They are in rectangular coordinates
parallel to those specified for the

body and moving with it at the nominal
position for each truck.
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Figure B.2-1 Rigid Body Coordinates
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Figure B.2-2 Flexible Carbody Model Farameters
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Fya A > %\!z
Taa NTR
FRD
YC
Fyg ——ve \

VEHICLE AT OVERBALANCE

Tea.n
Hy
T,
Fya,B L NTxas 2 X1 2
I‘u.s -IFZB IFZA
We W
Figure B.2-3 External Forces and Moments on the Body

s

BODY CG A
¢BA
7N Hy
Ar,,
FYra
FyLa Fya ~—s ;
FzLa x|/ Fzra
Txa Hea Y FzL.RaA
— — L RalLTOP
Figure B.2-4 External Forces and Moments on Rolster A
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Figure B.2-5

The-vertical displacement z ‘and Zp and

A
the mean roll angle ¢A and ¢B for each

truck are computed directly from the
rail input, since there is no ‘primary
suspension and full "equalization® is
assumed between axles of the load and
the sideframes. Thus in Fig. B.2-6,
FzALl and FzAL2 are equal as are FZARl

and FzARZ' The lateral force on the

wheelsets from the rails are shown as
FyAl and FyA2 and contain both tread

and flange forces as do the yaw moments
TzAl and TzA2' F and TZA arise from

vA
the body suspension. includes the

Foa
force due to centrifugal unbalance on

the truck. ’I‘RA represents a stiffening

element at all pins between axle and
bolster and sideframe. Since the lin-
ear spring elements are represented
at the truck center by moment T\_‘A and
force FyA’ forces FzRA La
remaining suspension force due to the

and FZ are the

93

- B.2.1

\\

~N- 7

Truck Parameters (Truck A Shown)

snubber. Similar forces and moments
are found on the B truck.

The equations of motion for the degrees
for freedom in terms of the external
forces and moments about static bal-
anced equilibrium values are as follows:

Rigid Body Motion

1. Lateral

Me¥e = “Fyo = Fyp - Fyp
2. Bounce
MCEC = -FZA - FzB
3. Roll
IecPc = HpFgn - HpFop ~Tey
“Ten * Toa t To



ﬁ DIRECTION

}_

Tza1

Fyia

FzaRr1.2

FzaLi2

Figure B.2-6

Pitch

IyCSC = L

Yaw
Lac¥c = ~LpFy * LeFyp
cToa - Tpp

Flexible Bodv Motion
(Free-Free Mode)

Twist
Nl :'. - \,1 2
Hxchx T oTMeniE

+ H. T _F

-HTeryA T x yB

S hTaa “<Txs
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FzaL R2 FzaL,n1

External Forces and Moments (Truck A Shown)

7. Vertical Bending (about y)

- 2,
Mychy = -Myeuyly - TyF
- ToF,p

8. Lateral Bending (about z)

s 2,

Mpcky = Mycwié, rszA
- rszB " TToa
*TTm

ro
w

Truck A - Leading

9. Lateral

(Mg +2M 0¥, = Fory + Fops = Fyan
- EyAQ T Faa
+ ( 2MS+2Mw) HSGQA



12.

13.

14,

16.

B.2.6

Yaw (wheelsets)

7 .
( S M +2T. V. = T
(Igp*t2WgeMg2L by = T,y -T,,,

T Tpan - T

RA
VYaw (side frames)

5 .
2 = =
(_IS+2A MW)YA TRA

Truck B - Trailing (Not Shown)

Lateral

(ZM +2M

gta)yp = FyLB + F

yRB

Fop1 - Fypo
+ (2Ms + 2MW) H

- - Fop

sG s
Yaw (wheelsets)

B -
(I, *2WgMg+2L )by = T, - T 5y

- T

- Top1 - Tap

RB

Yaw (sideframes)
(21g+2aMM)Yp = Tpy - AF 4y * AF
Bolster Motion
Roll - Bolster A
IBX ;BA - TxA * wSG FzRA

" Y56 Fara
Roll - Bolster B
Tpx %88 = Txp * Vs Fimp

" Vs Farm

Other Relationships

Lateral Forces at Bolster

I = F + F

yLA yRa

F =

Fotg * Fyra
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» Vertical Forces at Bolster

FzA = F + FZ

zLA RA

F = F

zB - Fzrz * Fare

. Pitch Equalization

Fzar = Tzar1 T Faar2
Foar ® Fzar: * Faare
Fzr = Fosrt = Fzmro
FoeL * Fzary © Fzpro

. Vertical - Trucks A and B

“Fara - Fara T 2841 * 2F,aR
“Forp - Farp = 2Fpp + 2Fp3
N Roll - Trucks A and B
Hog Fya = Hgg Fou
* W5 Fara ~ Ysg Fara
= 2 -
2B F_, - 2B F_,o
Hgg Fyp = Hgg Fgp
* Wos Fopp ™ Ysg Farp
= - 9
2B Fopp - 2B Fopp

B.3 "SYSTEM CHARACTERISTICS

In the following description, each sys-
tem force or moment is given in terms
of the local coordinate, e.g., a local
spring deflection. These, including
the wheel/rail characteristics, are
linearly related to the state variables
chosen for equations of motion. Non-
linear relationships are given in
graphical form. )

Local Coordinates for the
Wheelsets

B.3.1

The characteristic interactions de-
scrbed in Chapter 3 are given in local
wheelset coordinates relative to the
track. These are therefore redefined
in the frame of reference of the motion
or state variables, relative to the
vehicle position when in balance and
placed centrally upon the track. The
following relationships are required to
convert the local coordinates, sub-
scripted al, A2, Bl, B2 for each wheel-
set to the state variables.



. Leading Truck - A - Wheelset 1 % - apparent track yaw
velocity relative to

“W
. the wheelset due to
Iap 5 ¥4 F A(YA'wR) < Yri’ the curve, radius R,
. . . for speed v
Yar T YAt Yy
X - truck rotation due to -
4 A curve {see Fig. B.2-1).
‘bAl = lPA = lhr(l'*q); .
. . v Using the above reliationships, values
ba1 T ¥4 T E are determined for the linear combina-
tions required to compute the wheel/
rail forces and moments. Thus for the
- wheelset 2 leading wheelset the additional rela-
tionships required from Section 3.3.1
are:
Yaz T ¥a T Alyatdp) - gy
§A2 = &A - AQA . Lateral creepage in the horizon-
tal plane
- - _AN,
Q’AZ - "UA d’R(l LT)’
. . N '
K v Al _1,: :
Va2 T ¥a TR <v"‘“A1>‘\7(YA*AYA)"“A
. Trailing Truck - B - Wheelset 1 T
= + + - .
Y1 = Y3 A(YB l”R) YRr3} e Longitudinal creepage in the
: - : horizontal plane for the right
= +
Yg1 T Yp T 4vp wheel -
A
bnq = ¥n * g (1-37) a B : o
B B — = = = ; -
1 R* Ly v, Yal T v Yal) Tz, (va *+ alyy - 0
by = ¥y * | " Ira)
B ,: \4
- wheelset 2 tg Gyt R)
Ygo = ¥p - A(YB+¢R) < Vg4 B.3.2 Lateral Suspension and Truck
. . . Forces
Yp2 T ¥ " AYp
- Forces F F F and F
- A ya’ “yB’ “GaA GB
¥y = ¥p * q’R(l+LT)
. v The lateral forces modeled arise from
bpoy = g * g lateral springing FQA’ FQB, lateral
s " Hi
where damping FYA’ FYB and the forces due to
superelevation deficiency in curves,
Yg1 * Vg4 - lateral track center Fga and FGB'
- offset (alignment
S, N _— .
Zailztlon) at wheelsets The local coordinates Y{ocal(a) and
ylocal(B) are given by:
A - semi wheelbase in truck
LT ~ semi-truck base in car Y1local(a) Sye * HTq’C * LTﬁ"C
*HT & T T8, - vy + Hgg 0y *
Yiecal(By - Y T Hyoc - Lp¥c
- HpP B * T8, - yg + Hgg dg
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;
Fig. B.3 In additicen to the spriang

ing charactarisctic is given in
-1
forces, linear damping forces, F;A and

FiB, are used to approximate energy
J

dissipation, where,

F;A = BVA (yc * HTwc * LT¢C

5 .
h HTrxéx * U8, - v

sG 98’

ESZ,total lateral forces FyA and FyB

F,o = F1, + F!

yA yA yA
and,
P 1
Fyp = Fyp * Fyp
Forces FGA and FGB are due to the un-

balanced centrifugal force on the truck
masses. They are given by,

Foa = 265, + Mg, )e

F = 2G(MWB + M

GB st

F'ya. F'y A

Kay
H—AHG > Ky
e Apg > YiocAL

Apg-GIB CLEARANCE

Figure B.3-1 Lateral Spring Forces

at Each Truck

where,

(5]
1

gravitational constant
in./sec”

. 2,
M., - wheelset mass lb sec®/in.

W

L . 2,
MS - sideframe mass 1lb sec”™/in.

[
1

angle of apparsnt weight
vector to track normal.

B.3.3 Vertical Suspension

Snubbing Forces -

F F F

z1a* FziB’ Fzras FirB

Each local suspension force is com-
prised of the sum of a vertical spring

force with provision for becoming "free"

for "close-coiled" and a snubber force
at each sideframe. The spring force
has the characteristic given in

Fig. B.3-2.

SPRING A
FORCE
K2z
{
Kz 1
|
[EXTSG) |
Z, FREE |
' Z, CLOSE
! COILED
; (COMSG)

Figure B.3-2 Vertical Spring

Characteristic

The local deflections for each spring
are,

Zlocal(RA) = Zc

Zlocal(La) - Z¢ - Mrc v’y

+

ZLOCAL



Zlocal(RB) - %c * LTeC * rygy

- Wggldpp9g) - zp
Z10cal(LB) - Z¢ * Lpfc * T E,

+ -

Wsgl0gp=0p) - 23

For the snubbers, each force is a func-
tion of local velocity across the sus-
pension at each sideframe center. The
characteristic is given in Fig. B.3-3.

SNUBBING A
FORCE
FSNU
Z_ocAL
SLOPE, BZ - )
FSND

Figure B.3-3 Snubbing Characteristics

The local values of the velocity of
each snubber are,

Zlocal(Ra) - %c = Lf¢ * Tyéy
Wsg(Ppa=0a) = 24
Zlocal(La) - 2¢c ~ Lr¥¢c * ryéy

+

Zlocal(RB) - Z¢

Wselegp9p) - 2p
X . ) ]
Zlocal(LB)” %¢c * Lpfc * Tyéy
* Vse(0pptp) - 2Zg
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B.3.4 Body Roll Characteristic

- Moments TxA’ T T

Tegs Tgar Tgp

The total characteristic for the car-
body in roll follows the configurations
shown in Fig. B.3-% suggested by Platin,
Beaman, Hedrick and Wormley (Ref 7).
During configuratican C-1, the roll
stiffness characteristic is linear.

The sequence of events described by
Fig. B.3-4 is as follows:

C-1 - The centerplate remains in
: full contact .
’I‘S{A B - large linear stiffness
KxxR between bolster
and body
C-2 - Body rotates over the edge of
the centerplate of radius RCP
- 1
TxA,B = constant, 5 WC RCP
per truck.

C-3 - Body contacts both centerplate
and side bearer following a
rotation of angle ¢y

W
T‘{A B " large linear stiffness
XA, -
KxxR between bolster
and body
¢, = Clgp/(Lsg-Rep)
where CLSB -~ clearance of the
sidebearer
(Lep-R~p,) - distance between
SB "CP sidebearer and
edge of center-
plate
C-4 ~ Body rotates over sidebearer
_ 1
TxA,B = constant, 5 WC LSB

per truck.

The complete characteristic is given in
Fig. B.3-5. The local values of the
relative roll angle between the car

body and the bolster are,
‘bRA = ('pc + ngX) = q’BA
ogg = (0 = Txéy) - opp

In addition to the roll moment sus-
tained between the body and bolster,

here exists an overturnin
TXA and TxB’ th g



CONFIGURATION # DESCRIPTION -
@ . c-1 BOLSTER ROLLING
% c-2 CENTERLINE ROCKING
ca CENTERPLATE/SIDEBEARING
ROCKING
% | c4 SIDEBEARING ROCKING

Figure B.3-4 Body-Bolster Roll Configurations

ROLL
MOMENT 4
Tx .
— @2 + &3 ——-1
MOM, +
!
MOM, = AWg Lsg !
MOM; = %2W¢ Rep éé SLOPE Kxxr
[}
!
MoMq 1
#1— L*¢3—J
dRLOCAL
SLOPE Kxxr
Figure B.3-5 Roll Moment
Charactaristic
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moment, due to the lateral movement of

the center of gravity of the body with
its load. These are given by:

We Hplog * T8

We Hplop - T80

GA ~

N Noj—=

GB ~

B.3.5 Centerplate Friction

- Moments TzA’ TZB

The characteristic used to represent
centerplate friction is that shown in
Fig. B.3-6,.

This characteristic represents a small
unhindered relative velocity below Acp

about the steady state position allowing
for clearances to be taken up.  The
local relative yaw velocities,
are,

s
local”’



CENTERPLATE
MOMENT T,

Tep ==~

Acp Vrocal

Figure B.3-6 Centerplate
Friction Moment

Ylocal(a) = ¥ * riéz RN

¥10cal(B) = ¥e - rééz - g

B.3.6 Tramming Torque

- Moments TRA’ TRB

The total effect of yaw movement be-
tween the axles {and bolster) and the
sideframes within each truck is modeled
as a relative rotational stiffness hav-
ing two rates as shown in Fig. B.3-7.
The first rate is associated with the
spring groups and the second follows
take up of clearances in the gibs and
bearings.

For trucks A and B the local, relative
yaw angles are,

¥rel(a) = ¥a " Ya

Yre1(B) = ¥3 " Y3

B.3.7 Jointed Rail Inpurs

All dynamic inputs to the vehicle model
are associated with track curvature or
rail geometry. Any track geometry may
be specified having elements of con-
stant track curvature and rail pertur-
bations. Jcinted rail is of particular
interest to the study reported since it

provides a harmonic input to the vehicle.

Figure B.3-7

TRAM )
TORQUE
TR
KzznT
“UNT Al
¥NT YRe

Tramming Torque

The model rail shape used is described
fully here.

The rail geometry chosen
the jointed rail in both

horizontal perturbations

exponentials as shown in

to

represent

vertical and

is

made up of

Fig. B.3-8.

e' (L-X)/XJ /|

\//

L

Figure B.3-8

Single Jointed Rail
Geometry

The equations of w1 and its time der-

dw

. 1
— = W, are
ivative Jz “2 re,

w, = C

100

J

oTX/Xy 4 o (L=x)/xy _

Ze-L/sz

~L/x
1 +e J

2e

-L/Z:\'J

in.



where,
CJ - joint amplitude, in.
Xy - characteristic length, in.

L - rail length, in.

For each wheelset the distance along
the track varies,

for wheelset 1, X, T X
for wheelset 2, Xy = X - 2A
for wheelset 3, X3 = X - 2LT

for wheelset 4, X, = x-2(A+LT)

A further distance difference along the
rail of % is modeled between left and

right rails when the joints are stag-
gered. Thus for any distance along the
track the vertical and lateral position
of each rail are defined. Using the
subscripts A, B to designate the truck;
1,2 to designate the wheelset and L, R
to indicate the left or right wheel,
the input parameters for truck A in the
vertical direction, are, :

Z + z

A= (Zarp * Zatr t o ZaoL * o 2a2r)/%

.

HEINT IRV SR IV Ve

zy = (z5yp

04 7 (Za1p * Zaop - Za1R T Za2g)/4B

+ z

05 = (Zp1p * Za0p 7 Zajr T 2Za2r)/4B

the lateral perturbation of the truck
center,

Yr1 = (Fain * Yar)/2
Yra = Waor * Ya2r)/2

and the variation in gauge,

Ye1 T Yair T Yalr
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‘subtended by a 100 ft chord.

Y62 T Ya2L T Ya2r

Similar expressions exist for truck B
parameters 2zp, 25, g, P, Yp3» Yp4o
Ye3» Ygu- Clearances used in the com-

pu;a;ion of the wheelset-rail nonline-
arities are,

CR1 = CR + yGl/Z

CR2 = CR + yG2/2

CR3 = CR + yG3/2

CR4 = CR + YG4/2

where,

CR - nominal clearance each
side

CRi - total one sided instan-

taneous clearance at
axle 1

B.3.8 Track Curvature

It is customary in railroad pracdtice to
define track curvature in degrees, D,
An ap-
proximation is used that the radius of
the curve R ft is related to the degree
of curvature, D by

R = 5729.6/D ft

This leads to further approximations
for the input variables. For &, the
unbalanced superelevation angle

2

g = 3.767x10_8 v4-D - E/2B radiams,

where,

V = velocity along the track,
in./sec

E = elevation of outer rail
over inner, in.

B = semi~-distance between
rails, in.

For the yaw velocity of the track frame
of reference represented by the differ-
ence AV in the rail velocity relative
to the wheelsert,

-5
AV = 1.4544x10 B.V..D in./sec



and for the offset angle of <ach truck
g

= 1.4546x107° - Ly + D radians

Ur
B.4 TATE EQUATIONS AND REDUCTION
The simultaneous equations of motion in

the 14 degrees of freedom described are
of the form,

Md+Bd+Kd+g(d,du,8) =h (a,1)
where

d - vector of motion variables

M - mass matrix

B - damping matrix

K - stiffness matrix

g - vector of nonlinearities

h - input vector.

For the purposes of step by step inte-
gration this set of second order dif-
ferential equations is reduced to first
order as a state equation.

B.4.1 Full State Equations

The form of the state equation is,

X = Fx_ +1 ; +
X, =Fx, +Df(x,,u) +Gu
where,

X -'state vector

£(x,b) - nonlinear vector
function
u - input vector
F,D,G - dynamics matrices.

The transformation is made using

d=v

Ml (- By - Kd - g + h)

f=3
= -

The ordering of the equations is used
here is,

2,300 Yo 2o 2o ¢ g 8¢ 8p we b &y by &y By 85 &y
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16

Vo Ty by by vy Y4 Yy Y ¥y

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

T

Y5 Yg Y ®3ar Ppac Pz Ppp)

32
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where the first 10 states describe the
rigid boedy monion of the freight car,
the next 6 states describe the torsion-
al, vertical and lateral bending modes
and the two trucks (subscripted A and
B) provide the next 12 states and the
bolsters the final 4 states.

Hence, in the linear system matrix F,

p p o
the elements fodd,even comprise & uni
matrix, the elementcs f

-1
-M “K and

give the matrix -M~

ogive
even,odd give

the elements from £
1 even,even

B. Since M is di-

agonal, M~ is also diagonal consisting
of reciprocals of the appropriate masses
and inertias. The elements in F, D and
G contain multiplication by these.

Where linear springs and dampers occur
in the physical model described, they
give rise to linear coefficients in K
and B, positive on the diagonal and
negative in the element of the coupled
variable. The signs are therefore re-
versed in F. Moment arms appear from
the model to create moments from forces.
The resulting terms are apparent from
the listing of the elements in the
matrix F provided in Appendix C.

B.4.2 Elimination of Truck Masses -
State Reduction

The range of frequencies associated
with the tracking performance of freight
vehiclas is generally less than 15 Hz.
However, the response of the vehicle as
modeled in SIMCAR includes rapidly de-
caying phenomena, or "hard states",
associated with the truck masses. In-
clusion of these states would require
an extremely small computation time
step increasing cost of simulation. To
order computation cost and contain suf-
ficient accuracy the inertia forces in
the truck and bolster have been set to
zero for the study in this report.

This has been carried out in the pro-~
gram without changing the basic model
by a process of state reduction. The
state vector is first permuted such

that x =N x_ where,
3 RN
Xo - body states
X5 = R - truck and bolster
(28x1) displacements
X, - truck velocities
and,



X " Ygr Yer Feo Zer 9¢r PS¢0 Fco
¢C, ¢Cy EX’ EX’ gy, éys gZ’ éZ
. {T - YA, wA’ YA; YB, WB; YB’ ¢BA’ ¢BB

T

}jl - (:EC’:ST)

S7A’ lI’A, &A! .yB’ !i’B’ :!B’
%8a % T X2

The permutation matrix, n can be se-
lected for particular application in
SIMCAR and the permutation above is
that chosen for the studies reported
here. The permuted system, x_ is
governed by, P

X, = Fpx, + D E(x,,u) + G u

- original state vector

X,
- T
Fp =M F T
Dp =1 D,
Gp =0 G0
a X
X is partitioned into, x_ = |----
35 X, .

Fip 1 Fpg 1 r Dy
Fp = -----% ----- i3 Dp = _———— l’
Fa1 1 Fao _] Dy |
-
Gy
G = R
1%
G2 J

The system equations are rewritten,

X3 = Fpp X3 * Fyp %5 + Diflx,,w

+ G1 u

21 %1 * Fap Xp * Dpfl(x,,w)

<
1
N
il
rry

+ + Gy u

However, £ = HT X, = HT(x , X )T. Hence
=0 =p =1’=2

the vector of nonlinearities, £, is
also a function of x, the unknown. For

the severe non-linearities of a freight
car, a fast general algebraic solution,
at each integration step, is difficult.
This has been avoided by using the
values from the preceeding step Thus
Lnltlally,

4Bl ol
(P )

+ Gl u

n

Then,

™ e,
0t ([, P [

)
o
I\
=

* where
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i
)

Then,

(it = P2, ™ P2,
AP e )
+ G1[¥Jn+l

Integration is by means of the "trape-
zoidal" method as follows:



+ 0.5 (

%
AR
+ [ﬁ

where AT is the cime step and [

(I O W |

{ ]n+l represent values at the n

(n+l)tn integration time step.

]n
th

>

)AT
n+l

and
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APPENDIX C
NOMENCLATURE AND PARAMETRIC VALUES

c.1 INTRODUCTION

The nomenclature used in this report is
similar to that used in the program,

SIMCAR, also used in the study reported.

In general syvmbols have been identified
where they arose through statement of
definition on a figure. In this appen-
dix they are listed, along with the
dynamics matrices in the program
SIMCAR. The parametric values, used
for the study reported in Chapters &
and 5, are also given.

C.2 NOMENCLATURE

The symbols used in this report and in
the program SIMCAR have the meaning
identified in the following sections.

C.2.1 Masses (M) and Inertias (I)
SYMBOL DEFINITION
MC Car body mass
MXC Car body effective gx mass
MYC Car body effective gy mass
3 £
MZC Car body effective §, mass
MB Bolster mass
MS Sideframe mass
~Mw Wheelset mass
IKC Car body inertia about
‘ X axis
IYC Car body inertia about
y axis
IZC Car body inertia about
z axis
IBX Bolster inertia, roll
IBZ Bolster inertia, yaw
IS Sideframe inertia, yaw
Iw Wheelset inertia, yaw
C.2.2 Inverse Masses and Inertias
MCINC = 1.9 /- MC
IXCINVY = 1.0 ,/ 1IXC

IYCINV
LZCINV
MXCINV
MYCINV
MZCINV
MTINV

IWINV

ISINV
IBINV

c.2.

H O O s b
o cCUOCOoOOO

LYC

1Z2C

MXC

MYC

MZC :
(MW + MS)

( (IW + B

N

(Is + A
IBX

B * MS
.0+ 1B
AT MW

E el

NN
\/\./\'./

3 Stiffnesses (K) and Dampings (3)

SYMBOL

Kz7NT

DEFINITION

Car body to sideframe lat-
eral stiffness front/rear
trucks - small deflections

Same -~ following gib
clearance

Car body to truck vertical
stiffness front/rear
trucks - linear range

Same - following spring
closure ’

Car body to bolster roll
stiffness - small relative
deflections

Car body to bolster yaw
stiffness - linear

Tram stiffness in yaw .
front/rear trucks - small
deflections

Tram stiffness - large
deflections

All B's are Analogous Damp-

ing to Above Stiffness
Where They Occur

C.2.4 Car and Component Dimensions
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SYMBOL

Lt

Hp

DEFINITION

Car body CM to truck CM
distance, in x direction

Distance of car body CM
from the truck center,
in z direction

Half truck wheelbase,
in X direction

Half track gauge,
in y direction

Half lateral distance
between spring groups



SYMBOL

hSG

SB

CLSB

cp
COMSG

EXTSG

DEFINITION

Height of top of springs
(= Truck CM) above rail

Clearance at gibs in y
direction

Wheel radius - centered
contact with rail

Half lateral distance
between sidebearers

Clearance of the
sidebearers

Centerplate radius

Close-coiled compression
of spring group

Extension to free length
of spring group

C.2.5 Flexibility Parameters for the

Car_body

SYMBOL DEFINITION
QY’Qy’Qz Natural frequencies of

> %

modes gx,gy,gz

r‘,ry,rz Modal shapes at +L,

! 1 t ) .
rx,ry,rz Modal derivatives at +LT

C.2.6 Non-Linear Characteristics

{(Not included elsewhere)

SYMBOL

FSNU

FSND

oy

DEFINITION

Upwards snubbing force
limit

Downwards snubbing force
limit

Roll angle between body and ’

bolster at which body tips
on center plate

Roll angle between body and
bolster at which body would
tip over sidebearer with no
sidebearer clearance

Roll angle between body and
bolster during tipping on
center plate up to side-
bearer contact

Roll moment at which the
car body tips over the
edge of the center plate

SYMBOL SEFINITION

MOM, Roll moment at which the
car body tips over the
sidebearer

TCP Frictional center plate
moment in yaw

A~p Free rotational velocity
for cencer plate

by Relative yaw angle betwesn

sideframes and bolster
(or wheelsets) at which the
relative mcment stiffens.

C.2.7 Track Parameters

SYMBOL DEFINITION

CJ Amplitude at the joint

Xy Characteristic length

L Rail length

CR Nominal flangeway
clearance

D(DEG) Degree of curvature

C.2.8 Wheel/Rail Parameters

SYMBOL DEFINITION
o Tread conicity
8 Flange angle (maximum)
u Coefficient of friction

C.3 DYNAMICS MATRICES

The elements of the dynamics matrices
F, D and G are identified in this sec-
tion for the state equation.

= F x + Df(x,u) + Gu

1% e

These are followed by a statement of
the vectors £ (nonlinearities), and
u {(inputs).
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C.3.1 Linear System Matrix F

==MCINV

F{ 2, 1) 2 ( KY + KY )

Fl 2, 2) ==MCINV x® { EY + BY )

Fl 2y S) ==MCINV * { KY + KY ) % HT

F{ 24 6) ==MCINV % ( BY + BY ) * HT

Fl 2,13) ==MCINV x ( KY + KY ) = GAMSZ

Fl 2516) ==MCINV * ( BY + 8Y ) * GAMSZ

F{ 2,17}

F{ 2,18)

F( 2,24)

F( &, 3) * { + KZ)

Ft 4, a2 x ( + B8Z)

F( 4,13) x® + KZ ) % GAMSY

F{ 4514) =—=MCINV %" ( BZ + BZ ) * GAMSY

F{ 645 1) ==IXCINV % ( KY + KY ) * HT

F{ 64 2) ==IXZINV % ( BY + BY ) * HT

F{ 6+ 5) ==IXCINV % ( 2,0 * { KXXR = KXXG ) + ( XY + KY )
3 * HWMT & HT )

Fl{ 69 6) ==IXCINV * ( BY 4+ BY ) ¥ HT * HT = Z+0 % IXCINV * EXXR
F( 6415) ==IXCINV * { KY + KY ) * GAMSZ * HT

F( 6416) ==IXCINV ¥ { BY + BY ) * GAMSZ * HT

Fl 6+17) = IXCINV % KY * HT

F{ 6s18) = IXCINV % BY * HT

F{ 6422) = IXCIMV % KY * hT

F{ 6,24) = IXCINV * BY & HT

F{ 6429) = IXCINV 3 KXXR

F{ 6430) = IXCINV % BXXR

F{ 6431) = IXCINV % KXXR

F{ 6,32) = INCINV * BXXR

Fl 85 7)) ==1IYCINV % ( KZ + KZ ) * LT * LT

F{ 8y 8) =~1YCINV x ( BZ + BZ ) % LT * LT

F{10s 9) ==IZCINV % ( KZZ + K2Z2Z + ( KY + KY ) % LT %
F(10,10) ==IZCINV x ( BZZ + BZZ + ( SY + 8y ) % tT * t; ;
Fl10,11) ==J2CINV * { KY + KY ) * GAMSX * HT =* LT
F{(l0512) =~IZCINV * { BY + BY )} * GAMSX * HT * LT
F{10s17) = IZCINV % KY x LT

F(l10,18) = IZCINV % BY * LT

F(10,19) = JZCINV % KZZ

F(10,20) = IZCINV * 527

F(10+s23) ==IZCINV % KY * LT

F(10,24) =~I12CINV * BY % LT

F{10.25) = 1ZCINV * KZ2Z

F(10+26) = IZCINV * BZ2Z

F(12y 9) =-MXCINV x ( KY + KY) % GAMSX * HT * LT
F{124,10) ==-MXCINV = ( BY + BY) % GAMSX = HT * LT
Fl125,11) ==MXCINY * ( ( 2.0 * { KXXR — KXXG ) + ( KXY + XY )
$ B HT * HT ) * GAMSX * GAMSX + MXC * OMX * OMX )
F(12,12) =—MXCINV * ( 8Y 4+ BY ) % HT % HT % GAMSX * GAMSX
* = 2,0 = MXCINV % BXXR % GAMSX #* GAMSX
F(12+,17) = KY #* MXCINV * GAMSX % HT

F(12,18) = BY % MXCINV * GAMSX * HT

F{12,23) =-XY * MXCINV * GAMSX * HT

Fl124+24) ==BY % MXCINV * GAMSX * HT

Fl12,29) = MXCINV *®* KXXR * GAMSX

Fl12+:30) = MXCINV * BXXR * GAMSX

F(12431) =-MXCINV * KXXR * GAMSX

F(12+:32) =-MXCINV % BXXR * GAMSX

F{14,y 3) =—MYCINV *x ( KZ + KZ ) * GAMSY

Flla,e 4) =—MYCINV %= { BZ + BZ ) * GAMSY

F(14,13) ==MYCINV = ( ( KZ + KZ ) * GAMSY % GAMSY

S . + MYC * OMY =*x OMY )
F{14,14) =-MYCINV x ( BZ BZ ) % GAMSY % GAMSY

F{16y 1) =-MZCINV » { KY + KY ) * GAMSZ

F(16, 2) =-=MZCINY % ( 3Y + 8Y ) * GAMSZ

F(16s S) ==MZCINV * ( KY + KY ) *x GAMSZ * HT

F{16y 6) ==MZCINV % { BY + BY ) * GAMSZ * HT

Fll6,1S)Y =—MZCINV. * ( ( KZZ + KZZ ) * GAMPSZ =* GAMPSZ
kS + ( KY + KY ) * GAMSZ * GAMSZ

H + MZC * OMZ * OMZ )

F(16+16) =—MZCINV * { ( BZZ + BZZ ) *= GAMPSZ * GAMPSZ
5 . + ( BY + BY ) * GAMSZ % GAMSZ )
F16,17) = KY % MZCINV * GAMSZ .

F{16,18) = BY *® MZCINV % GAMSZ

F{16+19) = KZZ * MZCINV % GAMPSZ

F{156,20) = BZZ * MZCINV * GAMPSZ

F(16,23) = KY % MZCINV % GAMSZ

F(16,24) = BY % MZCINV * GAMSZ

F{16425) =-KZZ * MZCINV * GAMPSZ

F(16+26) ==822 * MZCINV % GAMPSZ
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G
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Continued)

B8

KZT * ISINV
BZT * ISINV
?ZT * ISINV

F(18s 1) = KY * MTINV
F{(18s 2) = BY * MTINV
F(18es S) = KY * HT *x MTINV
{18, 6) = BY %= HT = MTINV
Fl18s 9) = KY * LT * MTINV
F(18,10) = 8Y % LT % MTINV
F{184511) = KY * GAMSX * HT * MTINV
F(18s12) = 8Y % GAMSX * HT & MTINV
F{18,15) = KY % GAMSZ % MTINV
F{18+,156) = BY * GAMSZ * MTINV
F(184517) =~KY * MTINV
F(18,18) ==MTINV % ( BY + 4.0 * F22 / VIPS )
F{18,19) = F22 % MTINV % 4.0
F(20, G) = K22 * IWINV
F(20,10) = 8ZZ * IWINV
F(20,15) = KZZ = GAMPSZ = IWINV
F{(204,16) = SZZ % CAMPSZ *x IWINV
F(20,17) == = Fl1l % ALPHA / RG %* IWINV ¥ 4,0
F(20419) ==( XZT + KZZ) * IWINV .
F{20,20) ==( BZT + BZZ + 3 * 8 * Fl1 / VIPS % 4,0 ) * IWINV
F(204+21) = KZT * IWINV
F(20+22) = SZT * IWINV
F{(22,19) = ¥ZT = ISINV
F(22,20) = 3ZT * ISINV
F(22421) =-KZT % ISINV
F(22,22) =={ BZT + F22 % A % A % 84,0 / VIPS ) % ISTNV
F(24, 1) = KY % MTINV
F{24, 2) = BY * MTINV
F(24, S) = KY %= HT * MTINV
F(24, 6) = BY x HT x» MTINV
F(28s 9) =~KY * LT % MTINV
F(24,10) =—-8Y = LT * MTINV
F{24,11) ==~KY % GAMSX * HT * MTINV
F{24,12) =-8Y % GAMSX * HT * MTINV
F{24,15) = KY * GAMSZ * MTINV
F(2a,16) = BY % GAMSZ * MTINV
F(24423) ==KY =% MTINV
F(244,24) =={ BY + F22 % 4.0 / VIP3 } * MTINV
F(26,25) = F22 %= MTINV * 2.0
( . ) IWINV
(254+10) TWINV
(26,15) GAMPSZ * IWINV
( v16) GAMPSZ #* IWINV
(26+23) F11 * ALPHA / RO * IWINV * 4,0
(26,25) ==( XZT + KZZ ) * IWINV
( $26) =~{ BZT + BZZ + B * B % Fll / VIRS % 4,0 ) = IWINV
( »27) IWINV
(26+28) IWINY
(
(
4
4

[MIMIN I

wewe

-({ B8ZT F22 * A ¥ A % 4,0 / VIPES ) % ISINV
BINV KXXR
B8 INV 8XXR

KXXR * GAMSX
BXXR ¥ GAMSX
( KXX + KXXR
BXX = IBINV * BXXR

e evwe
nagounn
i

GIN) =
=N~ OUYUN~OUN ONOUW BNOUWOOIOWY

R EREREEERERE B EERERERREEEE R
~m o~ ———————
GWWWWW WWWLWWW PN DIV
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»1 =-I8INV KXXR * GAMSX

» 1 =—18 INV BXXR * GAMSX
»3 ==1BINV { KXX 4+ KXXR )
»3 ==IB INV

BXX — IBINV * BXXR

C.3.2 Nomnlinear Dynamics Matrix D

MCINV
MCINV

[oX's]

- et P e et et Ot gt NP N Nt

..
N

o~

MC INV
MCINV
MCINV
MCINV
MCINV
MC INV
MCINV
MCINY
IXCINY
IXCINV
IXCINV * HT
D(64+,19)
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C.3.3 Input Dvnamics Matrix G

[AX21202 1)
veswwe
-

[

1
oL

(2]

—

F4

<

ey

-
-

=2=IXCINV % T & KXY & HSG
2=IXCINV = T = 2Y = 453

P A e T

e

o

= XZI & LT
= 32 % LT
}
}

wEOWw e S PP PRNPDD

PR
-
-
[
U
-
<

= LT & XY & HSG
s LT = 3Y = HSG
3~G( 10, 8)
z=G(10s 9

PApAD-AP-N PPy
coas

e

2=MXCINV & HT & KY # HSG & GAMSX
S~MXCINV = HNT & BY = HSG = GAMSX
==G(12, 8)
=2=G3{12+ 9)

PePpap-iy
-
S

= KZI & GAMSY = MYCINV
a 32 ® GAMSY » MYCINV
= Gl1as 5)
= 6{14, 7)

meGl ® MZCINV = GLOADZ
==MZCINV & XY = HSG = GAMSZ
a=MZCINV & BY ® HS5G % GAMSZ
= G(16s 8)

= Gl16s 3)

WRONG UWpo® BbOod WRND BPLpOD W NG U POD

Lt i
e®vee eeea
-

-

Weoh MpUr W PN OO BPOo~

a=Gl

3=F22 * MTINV % 4,0
= MTINV = KY & H5G
= MTINV = BY s HSG

PR

=8 w F11 / VIPS % IWINV % 4,0
= 8 & F11 = ALFHA / RQ * IWINY s 2.0
= G{20s &)

A s e

NRNR DN N NN e ot e e

==F22 % ISINV % 400 & A * A /7 LT
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P WWWN w wee e W e e

{ .

(24, 3)

( (%3 = G(18. 8)

{ 1 = Gl(18s 9)

{ . = G{20+ 2)

{ *1 = G{20» a)

( o1 = G(26»10)

( . = 6(22, 3)
Gl3v. 3) = I8BINV ® KXX
CG{39s 9) = ISINV = BXX
G(32.18) = ISINV = KXX
G{3Z.15) = IBINV & BXX

C.3.4 Input and Noan-linearity Vectors

The full input vector u is .
unbalanced super-

u; - € .
- elevation/track gauge EhistOLal
u, - AV (= Vb/R); R-curve - £ to
radius, b-semigauge 1
u, - ¢,, yaw angle of track
3 R under truck in curve f9 to
(see Fig. B.2-1)
U, " Ygpo rail offset in curve fll to
at axle 1
s . f to
Us = Ypoo rail offset in curve 13
at axle 2
u, - z,, truck A mean vertical f15 to
[¢) A .
displacement (see
Fig. B.2-5) fl7 to
uy - éA’ truck A mean vertical
rate £ to
19
ug - ¢A’ truck A mean roll
angle (see Fig. B.2-3) le to
ug - éA’ truck A mean roll 629 to

rate

4y to Uyg - as b4 To b9 for Truck B

110

u;g to u;g - gauge variation of track

at axles 1 to 4.

vector on nonlinearities

g - lateral wheel-rail
forces

flO - roll stiffness at
bolster A, bolster B

f17 - vertical snubbing force
truck A, right, left

f14 - vertical snubbing force
truck B, right,  left

fl6 - centerplate yaw moment
truck A, truck B

518 - tramming torque truck A,
truck B

£,0 - lateral stiffness
< truck &, truck B
- yaw wheel-rail torques

f32 - vertical stiffness
nonlinearity each
spring group.



C.h 100 TON HOPPER CAR PARMMETER
LIST

The parametric values used in the study
described in Chaptsrs 4 and 5 are
listed below. The truck values were
taken from measurements reported by
Martin-Marietta Corporation (Ref. 33).
The body and certain suspension param-
eters were those used by Platin, Beaman,
Hedrick, and Wormley (Ref. 7) in their
study of "rock and roll." ©No particu-
lar vehicle has these dimensions, it is
designed to be realistic but to exhibic
poor response to track input. In this
list, since the trucks are identical,
only values for Truck A have been
given.

Masses and Inertias

2

Ny,

Mo = 630.77  1b sec’/in.
MXC = 912,000.0 1b-in.-sec
MYC = 317.2 1b secz/in.
Mo o= 317.2 1b sec?/in.
My = 3.78  1b sec’/in.
Mg = 2.983 1b secz/in.
M, = 7.731  1b sec’/in.
IXc = 1,824,000 1b-in.-sec
IYC = 16,800,000 lb-in.-sec
IZC = 16,657,000 1b-in.-sec
Ipy = 2,757.0 lb-in.-sec
Iz, = 2,757.0 1b-in.-sec
Ig = 1,366.0 1b-in.-sec
Iy = 5,889.0 lb-in.'-_selc_;

Stiffnesses per Truck

KY = 20,400.0 lb/in.

KZY = 1,020,000.0 lb/in.

KZ = 44,200.0 1b/in.

KZZ = 2,406.000.90 1b/in.

- _ 9 .

RXXR = 10 1b/in.

KZT = 34,300,000 1b-in./rad
KZZNT = KZT % 10 lb-in./rad

[ NS TR S T (SRR (S E S S

)

Ref. 7
Note 1
Note 1
Note 1
Ref. 35
Ref. 35
Ref. 35
Ref. 7
Ref. 7
Ref. 7
Ref. 35
Ref. 35
Ref. 35
Ref. 35
Ref. 7
Ref. 7
Ref. 7
Ref. 7
nominal
Ref. 35
Ref. 35



Damping pner Truck
BY = 3,245.0 ' lb-sec/in. - Note 2
B, = 20,000.0 lb-sec/in. - nominal
Other linear coefficients = 0.0
FSNU = FSND = 4000.0 1b - Ref. 7

each side - see Fig. B.3-3
Teo = 56,190.0 1b 1in. - Ref. 35

See Fig. B.3-6

Vehicle Dimensions

Lo = 243.0 in. - Ref. 7
Ho =  60.0 in. - Ref. 7
a = 35.0 in. - Ref. 35
b = 29.75 in. - standard
Ygq = 39.52 in. - Ref. 7
hea = 21.7 in. - standard
8hg = 0.375 in. - Ref. 7
R, = 18.0 in. - Standard
Lgg = = 25.0 in. - Standard
CLgp = 0.25 in. ' ‘ - Estimate
Rep = 7.0 in. - Standard
COMg, = 0.91 in. - Estimate
EXTgn = 2.78 in. - Estimate

Flexibility Parameters

Qx = 44,08 rad/sec - Note 1
Q, = 108.45 rad/sec - Note 1
Q; = 63.90 rad/sec - NoFe 1
r. = 0.9274 - Yote 1
Fy = 0.6237 - Note 1
r, = 0.6237 - Note 1
r, = 0.01028/1in. - Note 1



Other Nonlinear Parameters

sep = 1.765 x 1073 rad/sec

21 = 8.52 x 1074 rad

25 = 3.06 x 1077 rad

®3 = 0.0139 rad

byt = 0105236 rad

Rail Wheel Parameters

o = 0.05 (or 0.071

: or 0.18)
- 6

fll = 1.96 x 10~ 1b
- 5

f22 = 1.83 x 10° 1b

MU(u) = 0.375 (or 0.5)

8 = 67° (or 70°)

Note 1 - The flexible modes assume a
free-free beam shape. The values of
GAMSX (r‘), GAMSY, (Ty), GAMSZ (FZ),

GAMPSZ (Fé) are derived from these

modes,

gz = c0s(2.365 ’;—C>
- 0.1329 cosh(2.365 ¥-) .
C
_ . 4 X
FX = sxn(i 7
C
for the value %~ = 0.756, also,
I +2
_ “XC 2 _ ,
MXC = ch .[2 Fx (x)dx = O.SIXC

_om

S .
My gc 7 7 _[ MY,z (V)dx = 0509,

Note 2 - This is an approximate linear
viscous damping equivalent to a friction
force of 4000 1b per side in the range
of frequencies and amplitudes investi-
gated. The results are not sensitive

to this value.

113

- Estimate
- Estimate
- Estimate
- Estimate

- Ref. 35

- see Chapter 3

- see Chapter 3

- see Chapter

C.5 AUXILIARY STATES AND OUTPUTS
LIST

In the following list, the first 32
entries are the vehicle states, fol-
lowed by the 55 auxiliary states com-
puated in the program SIMCAR. The
dimensions as they appear on output are
also given. 1In some cases (especially
angles) these are not the '"natural
units” used to solve the problem.



Original State
Number

W00 N oYy B e N

[ Tl
[ N =)

14
15
16

17
18
19
20
21
22
23
24
25
26
27
28
294"
30
31

Auxiliary
State

1

Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body

Description
lateral position
lateral velocity
vertical position
vertical velocity
roll angle
roll rate
pitch angle
pitch rate
yaw angle
yaw rate
torsion displacement
torsional rate

vertical bending

displacement

Body

vertical bending

velocity

Body

lateral bending

displacement

Body

lateral bending

velocity

Truck
Truck
Truck
Truck
Truck
Truck A
Truck B
Truck B lateral VeLOCiE§
Truck B
Truck B
Truck B
Truck B
Truck A bolster réli'éﬂélé':“A*
Trudk A :
Truck B

B

Truck

R

A lateral position
A lateral velocity
A wheelset yaw angle
A wheelset yaw rate

A sideframe yaw angle

sideframe yaw rate

lateral position .

‘"Whéel;gﬁ“&qw,égglé

wheélée; yaw rate

-
R

sideframe. yawirater i

bolster roll® rate

Desériptién ~ 7

First axle lateral force,

left

wheel

Second axle lateral force,
left wheel

Third axle lateral force,
left wheel

114

‘siaefrémetyaw~angléd

bolster roll angle |
‘bolster-roll rate- .

Units
inches
in./sec
inches
in./sec
deg
deg/sec
deg
deg/sec
deg
deg/sec
rad
rad/sec

rad
rad/sec
rad

rad/sec
inches
in./sec
deg
deg/sec
deg
deg/sec
inches
in./sec
deg
deg/sec
deg
deg/seé
deg
deg/sec
deg -
deg/sec

Units

4.

»



Auxiliary

State

WO N o

13
14
15
16
17
18
19
20
21

22

Descrincion Units

Fourth axle lateral force,

left wheel 1bf
First axle lareral position inches
Second axle lateral position inches
Third axle lateral position inches
Fourth axle lateral position inches
Vertical force on right weels

of Truck A {per wheel) lbf
Vertical force on left wheels

of Truck A (per wheel) lbf
Vertical force on right

wheéels of Truck B (per wheel) lbf
Vertical force on left

wheels of Truck B (per wheel) lbf
Lateral position of rail

center under Truck A inches

Lateral position aof rail
centerline under Truck B inches

Lateral position of rail
centerline under body inches

Average of front and rear
crosslevel deg

Rail lateral position, front
right wheel of Truck A inches

Rail lateral position, rear
right wheel of Truck A inches

Pitch angle of track due to
profile at truck centers deg

Yaw angle of track due to
alignment at truck centers - deg

Average of front and rear . . | o
rail vertical position inches
Yaw moment due to rail ahd }
wheel-wheelset -1 . 1:- & « 2.2 7 1b in.

. . -
Yaw moment due- to.rail: and - :
wheel-wheelset 2 | . L. 1b in.’,

e - 1

Rail lateral‘posigignﬂxffont

left wheel of Truck A inches,
Rail lat@tal positién, rear .
left wheel of:Truck-as. - ° v . inches
Rail lateral position, front

left wheel of Truck B inches
Rail lateral position, rear

left wheel of Truck B inches
Rail lateral position, front el
right wheel of*Trfuck-B— inches =~ 7
Rail lateral position, rear

right wheel of Truck B inches
Linear lateral creepage,

first axle rad
Angle-of-attack (neg),

first axle rad
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Auxiliary

State

32
33

34

35
36

39

40
41

42
43
44
45

46
47

48

49

50

51

53

54

55

Description

Lateral creepage, second axle

Angle-of-attack (neg),
second axle

Lateral creepage, third
axle

Lateral creepage, fourth axle

First axle lateral force,
right wheel -

Second axle lateral force,
right wheel

Third axle lateral force,
right wheel

Fourth axle lateral force,
right wheel

L/V of first axle, left wheel

Lateral force, left wheels of
Truck A

L/V of left side of Truck A
Total lateral force of Truck A
L/V of first axle, right wheel

Lateral force, right wheels
of Truck A

L/V of right side of Truck a

First left wheel flange to
rail overlap

First right wheel flange to
rail overlap

Second left wheel flange to
rail overlap

Second righﬁ wheel flange to
rail overlap

Third left wheel flange to
rail overlap

Third right wheel flange to
rail overlap

Fourth left wheel flange to
rail overlap

Fourth right wheel flange to
rail overlap

Ratio of leading left wheel
lateral force over distance
to wheel drop on leading
right wheel

116

Unicts

rad

rad

rad

rad

1b

1b

1b

1b

1b

1b

1b

inches

inches

inches

inches

inches

inches

inches

inches

inches

Y



APPENDIX D
REPORT (OF NEW TECHNOLOGY

No patentable item has been found in
the work performed and described in
this report. However, it contributes
to the state-of-the-art in the area of
rail vehicle simulation.

A computer program, SIMCAR, of a freight
car analytical model has been developed,
capable of indicating the response of
real freight cars to track geometry
variations, including curvature, align-
ment, gage and crosslevel.

Values have been computed of the largest
track gecmetry variations which do not
indicate incipient derailment for a
standard 100 ton hopper car in the speed
range 10 to 25 mph.
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