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EXECUTIVE SUMMARY

The objective of this research project was' to
develop techniques to analyze the lateral dynamic
behavior of railroad freight cars. The effort in-
cluded development and correlation of theoretical
techniques for predicting freight car dynamic be-
havior, - and use of..the techniques.to- investigate
the .behavior of present and proposed designs. The
project was sponsored by FRA with support and coop-
eration from the Association of American Railroads
and the Union Pacific Railroad.

The models and analysis techniques developed
can be used to examine causes of present dynamic
problems, and to design components and vehicles
that alleviate such problems. Models and analyses
have begen developed for representing the wheel-rail
interaction mechanics and for determﬁnlng freight
car stability and forced response.

In the course of the work several innovations
were introduced into rail vehicle analysis and
testing including development of numerical tech-
niques to deal with arbitrary wheel and rail head
profiles, the use of quasi-linearization techniques
to handle nonlinear characteristics, the use of an
hydraulic excitation system during the vehicle
tests, and the application of the random decrement
technique in analyzing test data.

A number ‘of models and analysis approaches
were developed for freight car behavior on tangent
track. These models differ widely in complexity.
An output of the -project is the understanding of
the appropriate use of each model and .anakysis
technique. )

Exten51ve field tests were planned and carried
out with the cooperation and support of the Associ-
ation of American Railroads (AAR), the Union Pacif-
ic Railroad (UP); and Martin. Denver Division.
These tests. were conducted by, the AAR and UP.
Eight different vehicle configurations were tested,
each at several speeds on both tangent and curved
track. Data obtained from these tests were used
for comparisons with . theoretical predictions of
vehicle response.

On the basis of the limited comparisons made
between test and theory, it seems evident that
purely linear models, analysis, and dynamic re-
sponse criteria aré unsuitable for representing
accurately actual freight car lateral response due
to the dominance of the nonlinear vehicle charac-
teristics. Nevertheless, these linear models and
anaiyses are quite useful in providing an under-

-standing of the trends in response produced by

vehicle ' parameters, operating conditions, and
environment. Both the statistical linearization
approach and the hybrid simulation of the nonlinear
vehicle show considerable promise in more accur-
ately representing the nonlinear behavior of the
actual vehicle. However, due to unknown parameters
such. as creep force characteristics and the unknown
forcing due to track crosslevel, alignment, and
wheel/rail offset terms, it cannot be said that any
of the models. were strictly validated.
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", Chapten: 1'
_INTRODUCTION . .

RACKGRO. MG

This final report sunmarizes the "Frelght C31
Dynamics" project conducted by Clemson and Arizon: .
© State' Universities in cooperation with the Assici:-
tion of American Railroads (AAR) over the period :
December 1973 to April 1981.., The overall cbjectize
of this project was to develop tools and technique:.
-for the ana1y51% of railroad fre1ght car dynamlcq

e

Tea e finge y motlvation behina Lh;b projeot was
the poor dynamic performance of conventional North

American freight cars with 3-piece, trucks., It is

widely recognized that vehicles of this type fre-
quently experience self-excited, "hunting" oscil-
lations, encounter severe wheel wear, and are often
involved in derailments. .A theory for the dynamics
. of these vehicles was needed to understand the
causes and cures for these problems.

At the time the project began, a linear theory
for the lateral dynamics.of rail vehicles had been
developed and applied with some success to the an-
alysis of rail passenger cars [1]., However, only
one effort had been made to apply this theory to
the North American freight car [2]. Thus one ob-
jective of the project was to develop theoretical
tools for. analyzing freight car dynamics. The use

of these analytical tools. to investigate and evalu-

ate design modifications or new operating practices
was the ultimate goal of this effort.

.The existing theory for rail vehicle . lateral
. dynamics also had not been quantitatively validated
by -comparison with experimental results, -although
qualitative comparisons with experimental results
for rail passenger cars indicated agreement. . The
most complete effort, prior to this project, to
make a quantitative ‘comparison had limited success
[31, primarily due' to the complexities and uncer-
tainties of the wheel/rail contact mechanics., A
second objective of this. project was to undertake
another compariscn of theoretical and experimental
results, in this. case using a rail freight car.

At the outset, we believed that .the project
involved a straightforward application of the
.available linear theory to the unique geometry of

the 3-piece freight truck and a limited test pro- ‘

gram . to'obtain data for comparison with theory. We
learned that the problem was con51derably Lore
complex. .

One 1mportant result of this effort has been
the recognition of the strongly nonlinear nature of
. the 3-piece freight truck, and the high level of
variability and uncertalnty in the dominant param-
eters of the vehicle/roadbed system. Consequently,
the simplified plan that we began with in this
project was modified several times to accommodate
our increasing knowledge about the nature of the
problem, .

PROJECT SUMMARY

We -quickiy learned that additional effort in
modeling the wheel/rail contact mechanics was need-

Ry ot QL ard Splatiy oL 1w:8.

ed.A Thus, early in the project, a technique for

-modeling arbitrary wheel and rail cross-sectional

geometries was developed, and computer implementa-

* tions of existing theories for- wheel/rall contact
. forces were completed. :

We also found that the suspen31on connections
between ~components of the 3-piece truck were
strongly nonlinear, and in some cases were not in-
tended by designh to .affect the vehicle dynamics.

+As a-result, a single model could not be developed,
.but rather models of varying complexity were needed

to investigate the .influence of these interconnec-
tions and to determine the most suitable models for
design and’evaluation purposes., ' The nonlinear na-
ture of' .the:vehicle system also necessitated use of
several solution techniques to find methods that
offered acceptable accuracy with reasonable cost in

time and money..

We quickly learned that we faced additional
complexities on ‘the experimental side as-well. The
vehicle suspension .connections could not be deter-
mined by simple analysis or experiment, and exten-

- sive.tests were required to establish these param-
eters. The wheel/rail géometry and wheel/rail con-

tact -force. parameters also requ1red careful mea-
surement.

The field tests to prov1de experimental data
were conducted by the AAR and the Union Pacific
(UP) Railroad during late fall and early winter of
1976=1977.

The bulk of the data analysis and comparison
with anecry s rel.osai 4 un the par-nd hefypeen
Untoritu.ats1ly
ihe project runds were expended before we could
-omplete a thorough comparison of theorv gnd evper-

ver .

Neyertheless, this project resulted in signif-
icant accomplishments. A series of theoretical
models, associated solution techniques, and comput-
er programs for predicting freight car lateral dy-
namic response were developed. Linear, quasi-
linear and nonlinear analyses of these models for
freight car behavior on tangent track were imple-
mented. A comprehensive field test program was
planned and carried out including-vehicle and road-
bed characterization, extensive vehicle instrumen-

tation, -and operation of the test vehicle in sever-

al configurations and test modes. The data from
these tests were reduced and analyzed by a variety
of means, some of which had not been used in rail
vehicle testing prior to our application. Limited
comparisons ‘of theory. with experimental results

were carried out, and numerous areas for future

investigation and development identified.

In the course of this project, several innova-
tions have been introduced into rail vehicle dynam-
ics analysis and testing. - These include develop-
ment of numerical techniques to deal with arbitrary
wheel and rail head profiles, the use of quasi-
linearization techniques to handle nonlinear vehi-
cle. characterlstlcs, the use of a hydraulic excita-
tion system during the vehicle tests, and the ap-
plication of - the random decrement technlque to an-
alyze the test data.



Unfortunately a number of efforts in addition
to the comparison of theory and experiment remain
uncompleted at the termination of the project. The
most important of these are a thorough- analytical
_study of the nonlinear behavior of the freight ve-
hicle; completion of a nonlinear, steady state
curving theory for the freight car; and the devel-
opment of methods for identifying the wheel/rail
force conditions that prevail during vehicle opera-
tion.

_The remainder of this report provides an over-
view of -the results from this effort in the areas
of vehicle modeling, vehicle analysis, and .field
testing and comparison with theory. - The formal and
. informal project reports and the computer program
users' manuals produced during this project are
listed and described in the appendices.



Chapter 2
RAIL VEHICLE MODELING

INTRODUCTION

The " mathematical models developed in this
project for rail frelght car, dynamics were intended
for use in addressing a variety of concerns includ-
ing stability, riding quality, compcnent wear, and
the .magnitude of - the wheel/rail contact forces.,
These models were also intended for use in differ-
ent applications ranging from questions of vehicle

design to matters of safety. Consequently, a hier-

archy of models has been developed for use in dif-
ferent situations and to. answer different
questions. .

This hierarchical. approach was particularly
important for a .system as nonlinear as the North
American .freight car with_ its three-piece trucks.
Conventional analysis methods for complex nonlinear
systems (i.e., direct integration of the equations
of motion using digital or anaiog computers). are
quite expensive, time consuming, and yield diffuse
results in the form of time histories of the system
variables. A hierarchy of models with varying de-
grees of detail and solution techniques that in-
clude linear and quasi-linear methods permits

cheaper computation- and more condensed results.

The performance predicted by these different models
and solution techniques. is being compared: with
field test results to establish the conditions and
range of - applicability of .each model and- analysis
approach. Although this evaluation has not been
completed in this project, it eventually will .allow
the vehicle designer or engineer to.select the mod-
el and - computer program that is most. approprlate
‘for his application. -

The unique dynamic behavior of rail vehicles
arises -from the interaction of the wheel and rail.
Adequate representation of freight car dynamics for
arbitrary conditions of wheel and rail wear, vehi-
cle speed, and roadbed geometry required develop-
.ment of tools for analyzing the wheel/rail forces.
This, in turn, necessitated analysis of the wheel/
rail geometric interaction as well as application
of .available theories for the relationship between
tangential wheel/rail creep forces and the corre-
sponding relative velocities or creepages.

The hierarchical approach was then tollowed by
putting together equations of motion o©. varying
complexity to describe the freight vehicle dynam-

ics. Our accomplishments in each area of vehicle .

modeling are summarized below.

WHEEL/RATL. GEOMETRY

The parameters that characterize the geometry
or kinematics of wheel and rail -contact have a dom-
inant influence on rail vehicle dynamic behavior.
The most important of these parameters, or wheel/
rail geometric constraint relationships, are those
describing the wheel rolling ‘radii and the wheel/
rail contact angles as functions of the wheelset
lateral position. Combinations of these functions
enter the rail vehicle equations of motion in the
terms that are referred to as effective conicity
and gravitational stiffness.

The wheel/rail constraint functions can be
estimated or computed for idealized wheel and rail
profiles such.as - simple conical sections, cylin-
ders, or profiles with constant transverse radii of
curvature. These estimates have been used exclu-
sively to study the small motions of vehicles with
new or slightly worn wheels.

In developing mathematical.models for the pre-
diction and evaluation of freight car.dynamic be-
havior, it became apparent that idealized wheel and

-rail profiles and associated wheel/rail constraint

relationships could not Le used in most cases. The
worn wheel profiles observed on many of the freight
cars in service appear to exhibit severely nonlin-
ear characteristics that we expect to have a domi-
nant influence on the vehicle stability and motion.

.Consequently, we undertook development of a method

for obtaining accurately: and rapidly the desired
wheel/rail constraint relationships for arbitrary
wheel and rail head profiles.

Problem Des r;ptlo

Llnear estimates of the wheel/rall geometrlc
constraint functions can be easily obtained when
the wheels are modeled with conical tread. How-
ever, the dominant influence of worn or profiled
wheels is not represented by such a model. A bet-
ter representation models the wheel and rail by

- eircular arcs [41, but this approach is only valid

for small ranges of wheel/rail motion and is not
easily linearized. Numerical techniques that treat
arbitrary wheel and rail geometry have been devel-
oped by European railroad administrations [5], but
these techniques are not available for general use.
Consequently, we decided to develop a general pro-~
cedure. for calculating. the required wheel/rall geo-
metric constraint functions.

Our'specific objective was to develop the ca-
pability of determining the. wheel/rail geometric
cénstraints for arbitrary wheel, rail, 'and track
structure conditions, and to put these relation-
ships in a form ‘that could be easily incorporated
into rail vehicle dynamic analyses. We felt that
achievement of this objective  required development
of analytical techniques to determine numerically
the desired relationships, conduct of experiments
to determine the relationships for several repre-
sentative wheel and rail conditions, validation of
the analytical technique with .the experimental re-

-sults, and computation of the constraint relation-

ships for a limited sample of cases.
Approac

Railway wheelsets, as they roll along the
track, are constrained to move laterally and verti-~
cally in a prescribed space determined by the geom-
etry of the wheels, rails and track structure. The
characteristics of these geometric constraints de-

- termine, to a large extent, the nature of the lat-

eral. motions of the wheelsets. The wheelset posi-
tion may- be described by two independent variables,
the lateral position of its geometric center rela-
tive to the track centerline, x4, and the angular
rotation of the wheelset about .a vertical axis, Q.
The remaining motions of the wheelset such as roll
or ver'tical movement, are determined by the geomet-
ric constraints.

For our purposes in studying the lateral dy-
namics of rail vehicles, we must know the following



information as a.function of the 1ndependent vari-
ables, xw and oy: .

rp - 1nstantaneous rolllng radlus of the Teft
* wheel

rg -- instantaneous rolling radius of the.

right wheel

VL ~-' instantaneous height of oontact p01nt on
the left rail

yk }- 1pstan£aheous height of contact. point on
the right ra11

6[ -— angle between the contact plane on the
o left wheel and the axle.centerline

GR ~- angle between the contact plane, on.the

- right. wheel and the. axle centerline

By = roll- angle of the wheelset with respect
to the plane of the rails. - |

" These constrained varlables, corresponding coordin-
ate systems, and contact peint def1n1t10ns,~ are
illustrated in Figure 2-~1.

/% 3
FARALLEL T0 L
RAIL PLANE’

\

Fig. 2-1 Wheel/Rail Parameters, Rear View

The dependence of these constrained variables
on the yaw angle of the wheelset is a second order
effect. Consequently, for our purposes it is suf-
ficient to determine the functional relationships
between the wheelset lateral displacement and each
of . the. constrained variables.

The ‘approach we took to modeling the rail-
wheel geometry can be broken down into the follow-
ing steps:

(1) " Formulation of mathematical'descriptions
-of the. rail and wheel profiles using a
series of - fourth-order polynomials over
sub-intervals of the proflle.

(2) Calculation of the locatlons of” the con-
: tact points.

(3 Ca16ulation of -the desired parameters
using the contact point locations and the

polynomial descriptions of the wheel and -

rail profiles.

) Computation of describing functions, or
- quasi~linear functions to -represent the
resulting relationships.

Our approach to describing mathematically the
wheel and rail profiles involved fitting a series
of fourth-order pclynomials to the tabular wheel

and rail data. Curve-fitting was used rather than
interpolation between the data points because it
provided some numerical smoothing of irregularities
in the input data. The polynomials alsc allowed
easy calculation of the slopes of the profiles. A
series of. fourth-order curves was used rather than
fewer higher-order curves or a different function
because of the reduced .complexity of calculations
necessary to manipulate polynomlals of only fourth
order.. . .

We caloulated the contact point locations by
applying 'a numerical search procedure to find the
locations where the difference in helght between

‘the wheel prof11e and the rail proflle is a mini-
‘mum. R

The:'geometric constraint relationships ‘were.
computed by substituting the profile equations and
the. computed contact point locations into the de-
fining equations for the constraint relationships
on a point-by-point basis. For example, the rol-
ling radius of a wheel at a specified wheelset lat-
eral -displacement was found by substituting the-
contact point location into the corresponding wheel
profile equation, a fourth-order polynomial in the
appropriate interval, to obtain the rolllng radlus

. at the glven contact locatlon.

Quasi-linear descrlptlons were needed for some

of the wheel/rail geometric constraint relation-

ships. The describing .function technique with si-
nusoidal and random inputs was used fto. compute
quasi~linear functions for the difference in rol-
ling radii, the difference in contact angles, and
the wheelset roll cohstraints.

) The computatlonal procedures for . thls wheel/
ra11 .contact analysis were .programmed - in FORTRAN.
The resultlng program, tltled WHRAIL, is described
in [6].. " This report also discusses the successful
comparison of the analysis with experimental data,
and contains a limited exploration of the effects
of. wheel and rail wear, wheel profile contour, and
rail gauge on the wheel/rall geometrlc constraint
functions. - .

.In order to better understand the information
provided by. this analysis, it is usefui to study a
typical result generated by the WHRAIL program.
Figure 2-2 illustrates. the -contact positions and
wheel/rail constraint relationships for 1/20 taper
conical wheels on a worn rail head at nominal (56.5
inch) track gauge. The contact positions on the
wheel. and rail shown in this figure illustrate that
the contact position on the rail remzins nearly
stationary at a position just to the inside of the
rail center until the flange contacts. Consequent-
ly, over this range the wheel contact-point moves
in a direction opposite ‘that of the wheelset later-
al dlsplacement and nearly equal in magnitude. The
one slight jump in contact point at a lateral dis-
placement of about 0.27 inches is probably due.to a
spurious dip in one of the profiles introduced ei-
ther 'in the data generation process or during the
curve fit. procedure. This slight dip has very lit-
tle effect on the resulting constraint relation-
ships, as the cyrves in Figures 2-2c, d, e, f, and

g illustrate.

As expected, all the constraint relationships
are nearly linear over the range before the flange
contacts. the rails. When the flange contacts the
rail, the contact point moves to the inside edge of



. d. NORMALIZED ROLLING RADII DIFFERENCE

*.ROLUNG RADH |

a. WHEEL CONTACT POSITION  b. RAIL CONTACT POSITION

— , T T T T T AR * B T
i S e R o B St o 8 -t R ;
ERERE 1 iy IEEARRINE SLE I A I R R i '
ocar(ox F dewtact fFo1grs rocarfan uf donrhct [rorrs New ntf. 0Afa ops o i oW g | 0ale ops - :
T e 1 Nory wajL_parh @l Cod - yorw fa)L_par) R |
: i ' ® [ | A b ¥ H
: 41 - : . ; ! : i
T | s T ] BRERNT ]
i ] J! N \ w L I L .
- T 2t . T £ . £ t -
| ) =N C s ¥ ﬁL l-’j ) .
i i R i | g / ; N 1 !
I =T t TN i Tag IR
2 ! R . e . i@ I
il ! ! 1 : £ i 5 i
L1F P I
i T A R S Nt {7 7 , | = Pl
i 2 i | ; +— Vi =5 T == :
L N i N
8 3 = =
SERRRNE R ER UL T o A
S T SR S {, ‘ : 44__‘_= { —t T l;@ T = —t
I J ) - — R : : M T
R e, T e P T . —_ . - 4o JEIN ; —!_L H
L A A by B T
NEWZHHEEL  DATA 026 WORNFRAIL  DATA 013 L_L fot e af . PR (R G P (A PR [ S I i —
e 1 R R p T
] ) ) ] i i i —] ] } e -+ Iﬂ T
- WHEEL GRGE 53.000 IN.  RAIL CANT .0250 - Lo L - ~. . - L bt
RAIL GRGE 56.500 IN. w e b, bw Tihe TRl 0® ok O e T L
c. WHEELSET ROWL '
T I T r - - {. ONE HALF CONTACT ANGLE DIFFERENCE g. CONTACT ANGLES
I { i 2 . . 2
(R — 3 T, T N i . T T
BEEEREEE SIS T R
“NEW (wHEEL | DATR RS G L . t : . H L1 + :
P e o - i Meulunegr | oath s, ! €w WHEE. | DAt o6 -
! Kl : pory RajL pATA.® Pt een RAlL_joatd @ X
H T T = * = +
t - 1~_( | g A 1 | T T 1
i CT N i e / E it L
& v R N PR
; 1 A ., T NI O T
b e "] Fero ; T ]
RRn 5 b : ——
? ;I . I-H-'UH Lo . ; - - |
e - A BN A R | L N S S,
i o1 g 1 T f % j
£ i‘.ﬂ L._‘,..l,.{,.;_-" oy
g : o ' N [ ™
=t - 1T Tt - b
. B PR TR S 7L T S
- IR H
T I N SR
e iBR - N E | ‘ 3
i K [ Y (. : i AL
-“l i _{ } ] .. R — s ——
¢ <17 1
i : P i ‘l _'II e ! - 45 1
CC ) ‘ | g P sl ] i .
WHECCSET LATeRAL Shy 0% oW e R i L L T

Figure 2-2 'Example wﬁeel/Rail Geoméfric Cénstraint Functions

the rail.. The contact point on the wheel also jumps
from the tread to the flange. This contact jump is
reflected in jump, discontinuities in the rolling ra-
dii difference and contact angle difference. Fur-
ther lateral displacement of the wheelset move the
contact point on up the flange and eventually down
theé other cide when the displacement exceeds 0.70
inches. :

Cihe WHR&IL compiter program deasls witn the
Cvaseowaere the left and right wheels and raiis ars
mirror images of each other. A second program,
WHRAILA, was developed that relaxes this condition
and allows asymmetric wheels and rails. Addition~
ally, a technique utilizing cubic splines for cal-
culating the curvature of the wheel and rail is
incorporated in WHRAILA. This information is need-
ed for calculating the creep coefficients and non-
linear creep force-creepage relationships. The
WHRAILA program and its usage are described in [7].

A technique was also developed in this project
for fast and efficient digitization of graphical
wheel and rail profile data [8]. These digitized
data are needed as input to the wheel/rail con-
straint programs. ) )

ONTAC c
. The shear; stresses acting between wheel and
rail in the Gcontact region give rise to creep

forces and moments. These stresses and correspon-
ding forces and moments are functions of the rela-
tive wheel/rail veloecity. = When normalized by the
forward speed, the relative velocity is termed the
creepage, and its components in the rolling and
transverse directions the longitudinal and lateral
creepages.

The c¢reep force-creepage functional relation-
ship is an essential element of a rail.vehicle dy-
namic model. Unfortunately, the nature of this
function is not well established. Estimating the
parameters associated with the creep force laws is
one of the most difficult and uncertain steps in
assembling the system parameters needed to analyze
rail vehicle dynamics. '

Problem Deseription

Kalker's mnonlinear theory of creep [9,10] is
regarded as the most complete and accurate theory
available. The nonlinear creep force characteris-
tics given by this theory compare well with labora-
tory experiments [11]. "In addition to predicting
the longitudinal and lateral forces due to relative
longitudinal and lateral velocities between wheel

" and rail, Kalker's linear and nonlinear theories.
are the only ones among all the .available treat-
ments that account for the dependence of the later-
al creep force on the relative angular velocity, or
spin, between wheel and rail. This force -compon-



ent, termed the lateral-spin creep force, is usual-
ly less than the lateral creep force compcnent due
to lateral Creepage when , the wheel/rail conteaect
remains’ on the wheel tread. . However, .as the con-
tact point moves towards the flange and the wheel/
-rail contact, angle increases, the lateral-spin com-
ponent becomes dominant. .

It should be noted that despite the general
acceptance of Kalker's .theories, they have some
shortcomings when applied to rail vehicle dynamics.
It has been observed that in_the field the creep-
ages corresponding to a given creep force may be
considerably larger than those given by the theory,
and that these relationships vary. with wheel and
rail surface conditions and with the enviromnmental

. state. Caution should be exercised in using these
* theories in dynamic analyses. It is best to carry
out analyses for a range of the uncertaln parame~
ters of the theory.

Our objective in this prOJect was' to put the
theories of Kalker in a form that could be easily
used by vehicle dynamlclsts.

Approach

A computer program for calculating the linear
creep forces and moments of Kalker's linear theory
was prepared and made available to those investige-
tors requesting it [12). This program provides the
linear coefficients, -or creep coefficients, that
relate the creepages and creep forces. These coef-
ficients are functions of the wheel and rail geome-
try, the wheel/rail normal force, and the material
properties. In most cases these creep coefficients
are used as input parameters for linear vehlcle
“dynamic analyses.

In addition, the program implementing the
"Simplified ‘Theory of Rolling Contact" was trans-
lated from the original ALGOL to FORTRAN [13]1. A
significant number of changes were made in the pro-
gram for more convenient use,.but the fundamental
"equations remain unchanged.

. The "Simplified Theory" program gives an
appropriate solution for the resultant tangential

creep forces and spin moment acting. between two

bodies of equal linearly elastic material proper-
ties. Assumptions corresponding to the Hertz con-
tact theory_are implied, and two additional simpli-
fying assumptions are made resulting in a signifi-
cant reduction in computation as contrasted,K with
the "Exact Theory."

Two separate computer codes were developed,
the first a general solution with extended input
and output, and the second a shortened version pri-
marily intended for use as a subroutine.

In order to make . a complete set of Kalker's
theories avallable, the computer program titled, "A
Programme for Three-Dimensional Steady State Roll-
ing" was also converted from the original ALGOL to
FORTRAN [14]. This program concerns the same prob-
lem as the simplified theory except for the exten-
sion to unequal materials in the two bodies. How-
ever, the solution does not employ the simplifying
assumptions of [13]. It should be noted that for
equal materials both programs give nearly the same
results, and in addition the simplified theory
‘reduces the computation time by a factor of 50 to
100.

OULOMB FRICTION.

The--damping in suspensions of North American
freight cars is provided entirely by Coulomb fric-
tion. Coulomb friction is also present at other
interfaces between vehicle components such as the
car body~bolster centerplate surface and the side-
frame~bearing adapter-bearing surfaces. This fric-
tion can strongly influence dynamic behavior, and

. consequently must be .accurately represented in com~

puter analyses of rail vehicle dynamics.

In linear . vehicle dynamic models, Coulomb
friction is represented by equivalent viscous damp-
ing computed using quasi-linearization methods.

; Quasiflinear dynamic analyses obviously employ the
same equivalent linearization techniques.

Direct
integration of the equations of motion by digital
or numerical means, however, requires an approxima-
tion to the discontinuous Coulomb friction law to
resolve the: problen of causality when the relative
velocity at the friction -surface is zero.

" We undertook a small study to develop an accu-
rate simulation model of the Coulomb friction non-
linearity for use in digital and analog/hybrid sim-
ulations “of multiple . degree-of-freedom systems
[15]. : Three different friction simulation models
were analyzed .

1. A comparatof and ‘electronic switch ﬁodel'
implemerited on the analog computer.

“ 2. .A linear viscous band model implemented on
_ both the. analog and digital computers.

3. A slider model implemented on the digital
computer. .

The performance of these models in ébsimulation of
a one-degree-of-freedom, harmonically forced
spring-mass-damper system was studied. -

The results orf this study indicated that for

.an analog simulation, the comparator model is most

accurate. The slider model proved to be most accu-
rate for. digital simulation. These results .were
utilized in our later vehicle simulation efforts.

VEHICLE MODELS

. The wheel/rail geometric  constraints and the
creep force laws described above were incorporated
into severzl different mathematical models for the
lateral dynamic behavior of a single railway
freight vehicle. Our attention in this project was
focused on the lateral behavior because it gives
rise to most of the serious problems experienced
with railway freight cars. Hunting, rock and roll,
wheel and rail vear, gauge spreading and wheel
climb, for example, can be attributed to poor lat-
eral vehicle dynamics. Vertical motions are only
weakly coupled through nonlinearities or asymmetric
construction to the lateral motions, and have been
neglected to reduce medel complexity. It is quite
easy to study vertical dynamics independently with
models that are relatively straightforward to de-
velop. Lateral dynamics, in this context, account
for the lateral, yaw and roll motions of the vari-
ous vehicle components.

-A series of medels for the lateral dyhamics of
a single railway vehicle was developed. These are
described in Table 2-1, classified by the number of



degrees of freedom in each.. The equations for
wheelset motions are identical in these models.
The differences arise in the assumptions concerning
the number of additional vehicle components, the
nature of their 1nterconnect10ns, and the possible
component motions.

Nonlinear equations of motion can be written
for each model in Table 2~1. A number of analyses,
or solution methods, are-available to solve these
equations.: In-this project, . solutions were found
by linearization and subsequent analysis, by quasi-
linearization and subsequent analysis, and by di-
rect integration on a hybrid ‘computer. The de~
velopment of the equations of motion for these mod-
els is documented in [16,171. These documents also
address the analysis of the equations” and illus-
trate the application of the models and analy51s to
various ra11 vehicle problems.

As noted earller, one- of our objectives.in
this project has been to develop and identify the
simplest credible model and analysis technique con-
sistent with its ultimate use. The available com-
binations of models and analysis techniques and
their -role in addressing. important rail -vehicle
dynamic problems is discussed further below.

Hunting Stability

One of the most severe problems fa01ng the
railroad industry today is that of ensuring that

.the various rail vehicles in service have an ade--

quate margin of safety with regard to hunting sta-.
bility. - Unfortunately, the practical solution of

the hunting problem for all*railway vehicles is not-
However, the theoretical models and an-

yet here.
alysis techniques developed in this project should
enable rail vehicle designers to develop new vehi-~
cles that offer sufficient safety against hunting,
and find corrective measures for many existing ve-
hicles.

Linear Analyses

Eigenvalue-eigenvector stability analyses have
been developed for linearized versions of each of
the models of Table 2-7. As-discussed previously,
the presence of Coulomb friction in the vehicle
Suspension requires quasi-linearization of this
nonlinearity on a component-basis in order to lin-

Table 2-1
Vehicle Models

Number of
Degrees
of Freedom

Description of Degrees
‘of Freedom

5# Half car model; one roller bear-
ing truck with warp, yaw, and
lateral DOF; .half car body with
lateral and roll DOF.

9. Full car model; two roller bear-
ing trucks with warp, yaw, and
lateral DOF; car body with later-
al, yaw and roll DOF.

11 Half car model; one generalized

‘ truck with lateral, yaw, and tor-
sional DOF of each of two wheel-
sets as well as lateral, warp,
and yaw DOF of the truck frame;
half car body w1th lateral .and
roll DOF. .

17 Full car model; two generalized

- trucks with lateral and yaw DOF
of each of two wheelsets as well
as lateral, warp, and yaw DOF of
the truck frame; car body with
lateral, yaw, and roll DOF.

19 Full car model, two generalized
: trucks with lateral and yaw DOF
of each of two wheelsets as well
as. lateral, warp,.and yaw DOF of
the truck frame; car body with
_rigid body lateral, roll, and yaw
DOF. The use of a two mass ap-
proximation to the car body. per-
mits a first approximation to
flexible car body:« torsion and
lateral bending thus giving the
car body a total of 5 DOF.

23 'Full car model' this model is
' ‘identical to the 19 DOF model .
discussed above with the addition

of an axle torsional degree of

freedom for each of the four

axles. The effects of indepen-

dently rotating wheels or axle

torsional flexibility may be

examined with this model. :

#This model was developed in the early stages of
the research when it was thought there was a pos-
sibility -of performing tests with a similar phys-
ical configuration on the Japanese National Rail-
ways (JNR) roller rig.
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Figure 2-3 Eigenvalues for Least Dahped Mode.
: Linear Freight Car Model.

earize the equations of motion. These eigenvalue
analyses predict the frequency and damping of os-
2illatory modes and the time constants for over-
damped modes as well as the shape of each mode of
vehicle motion. This information permits thé esti-
mation of stability margins from the variation of
the damping with speed. An example of these re-
sults is shown in Figure 2-3.



Computer programs implementing these eigen-
value-eigenvector analyses are documented in [181.
This users' .manual also addresses . the use of the
computer programs.

The selection of input data for the eigen-
value-eigenvector programs is not a simple matter,
even when component test data are available. For
vehicles such as conventicnal North American
freight cars, the lateral suspension characteris-
tics are dominated. by dry friction and other non-—
linearities ‘such as deadband and hardening springs.
The choice of an effective linear suspension repre-
sentaticn requires prior knowledge of the vehicle
dynamic enviromment.

The primary advantages of linear analyses
are the economical computer costs and the readily
understood insight into. the effects of various pa-
rameters on the vehlcle dynamics., ;

Qua51-L1near Ana1y31s

.. The suspensions of typical freight cars are
dominated by nonlinearities.
wheel/rail interaction is characterized by nonlin-
ear wheel/rail geometry and nonlinear creep force-
creepage relationships. These nonlinearities
strongly affect the lateral dynamic response of
rail vehicles.

As discussed previously, there are many uses
for linearized stability analyses of rail vehicles.
.These should be used with considerable care and
Jjudgment when strongly nonlinear characteristics
exist, For those cases where a detailed examina-
tion of nonlinear effects 1is desired, nonlinear
analyses must be used. Because the computation
costs are. usually an order of magnitude greater
than those of linear analyses, these nonlinear an-
alyses should be used with discretion. .

A quasi-linear analysis for hunting stability
seeks to find a middle ground between linear. anal-
ysis and nonlinear simulation by .utilizing linear
analysis techniques in a. special way. Such an
analysis determines the existence and stability
characteristics of limit cycles. The work reported
in-[19,20,21] represents the first efforts to apply
these techniques to rail vehicles.! ‘These results
agree very well with those obtained by direct
integration of the equations of motion,

Results obtained via quasi-linear analysis for )
the limit cycle amplitude vs. speed relationships

are shown in Figure 2-4 for the 9.DOF freight car
model. Unstable limit cycles may be thought of as

stability boundaries, while stable 1limit cycles

represent the hunting behavior, In this case, oéne
sees the effect of varying wheel profiles and in-
troducing suspension friction. We have applied the
quasi-linear analysis to the 2 DOF freight car mod-

el as well as to simpler models, although it may be -

used for almost any nonlinear model.

The computation costs in developing curves
such as those shown in Figure 2-4 via quasi-linear
analysis are much less than the costs would be
using hybrid computation, and several orders of

IThis development: of quasi-linear techniques for

rail vehicle dynamic analysis was primarily sup-

ported by the FRA through the Transportatlon Sys-
_ tems Center contract No. DOT-TSC-902.

In addition, .the.
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magnitude less than the costs associated with nu-
merical integration of the equations by digital
computation, It should  be noted, however, that
quasi~linearization is difficult to apply to com-
plicated nonlinear relationships such as Kalker's
nonlinear creep theory, and that in.certain situd-
tions convergence problems are encountered with the
quasi-linear solution algorithms. Future research
may find solutlons to both these drawbacks.

Nonlinear Analy51s

_ Solution of nonlinear equations of motion was
addressed using the hybrid computer. Although few-
er people have direct access to hybrid computers
than to digital computers, hybrid computation can
offer significant cost savings over digital inte-
gration. These questlons are discussed more com=
pletely in [22].

Due ‘to machine capacity ‘limitations on the
Clemson University Engineering Computer Laboratory
hybrid computer, we have focused our hybrid compu-
tation efforts on the 5 DOF half-car model. The
nonlinearities included are the wheel/rail geomet-
ric -constraint functions and suspension friction.

Random lateral rail alignment irregularities wer:

also introduced to study forced response.

Results of the hybrid simulation of the 5 DOF
model are shown in Figure 2-5. This plot of limit
cycle amplitude vs, speed illustrates two cases
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using the same: vehicle -parameters. In one case
equivalent viscous damping ,is used. for. Coulomb
_friction, while the actual Coulomb friction charac~
teristics are used in the -second case. For practi-
cal purposes, we may be most interested in. the
speed at point A on the curve, which corresponds to

the lowest speed that can sustain hunting behavior.
Point B .in" this figure corresponds to the highest -

predicted speed at which stable limit cycles, or
hunting behavior, can exist. This analysis pre-
dicts derailment- at higher speeds.
simulation. efforts are discussed more completely -in
{17,221,

In summary, we have developed six. different
medels of freight vehicles and have used three dif-
ferent analysis techniques = (linear eigenvalue-
eigenvector analysis, quasi-linear. analysis, and

direct integration using a hybrid computer) for .

..evaluatlng the lateral stablllty of rallway frelght
cars.

‘Fofced-Response

. In: asse551ng vehlcle behav1or, the designer
and operator are also interested .in acceleration,

force and stress levels at various. positions in the
vehicle, and in displacements of suspension ele-
ments and other components. Determining such quan-

tities requires analysis of the forced response of -

the rail vehicle to roadbed irregularities.- Our
work on forced response has concentrated on the 5
and 9 DOF models. Linear arid quasi-linear frequen<

cy domain methods, and’ direct integration of the '

nonlinear equations. have been employed: -
Linear Frequency Domain Analysis

The simplest and. least expensive analysis ap=-
proach uses standard, linear system, frequency an-
alysis techniques. These techniques yield results
. in either or both. of two forms: 1In the first, the
amplitudes of the vehicle response variables (dis-
placements, accelerations, forces across suspension
elements and between wheel and rail, for example)
are obtained as a function of the’ frequency and
amplitude of. the roadbed alignment and/or cross-
level irregularity. = In the second form, the power
spectral densities (PSD's) of the same vehicle re-

sponse variables are found for a given roadbed ir-
Naturally, the equations of motion .

regularity PSD.
must be linearized in order to use these methods.

.- A computer program implementing this analysis
-« for the 9 DOF model is described in [23]. Typical
PSD's obtained from this program are shown in Fig-
urée 2-6. " In this figure, the lead truck lateral,

lead truck warp, car body lateral and car body roll
PSD!'s in response to a roadbed alignment-input are
shown for vehicle parameters typical of an open
- hopper car.- The dominant kinematic.mode at about

These . hybrid -
_ linear analysis was used [19].

" a very cost effective approach.

0.5 Hz is evident in the truck motion PSD's. The

car body PSD's illustrate .the "dropout" phenomenon
or filtering effect, due to the fact that.the car

. body and -truck sideframes are: traveling:chords that

do not respond at their centers to certaln input

. wavelengths,

'Qua51~L1near Frequency Domain Analy51s

To more accurately consider the effects of the
suspension and wheel/rail nonlinearities, quasi-
The output charac-
teristics of the: various nonlinear suspension ele-
ments will depend on the characteristics of the
input motion to the honlinearity. - The quasi-linear
approach - accounts -for this dependency and allows
the designer to calculate the influence of the dis-
turbance magnitude and form on the vehicle re-
sponse.

Both -sinusoidal and random roadbed inputs -were
treated., In this case, the frequency response will
depend nonlinearly on the amplitude of the input

- sinusoid, and’ the output PSD's will depend nonlin-

early on the RMS. level and shape of .the input spec-
trum.

The app;lcatlon of qua51-11near techniques to
the forced response of rail vehicles appears to be
Computation costs
are roughly several orders of magnitude less than
digital integration costs. The time and manpower
required to-generate and interpret results of a
quasi-linear analysis also reflect similar ratios

‘relative to digital integration .methods. However,
_as with:.the quasi-linear stability analysis, there

are approximations and assumptions necessary in a

‘quasi-linear analysis that are not necessary when’

using a direct" 1ntegrat10n approach. Whether these
pose difficulties in a given situation depends on

_the characteristics of the vehicle and on the in-

formation desired,
Direct Integration

We have alsc computed the vehicle forced re-
sponse by direct integration. This work employed

‘the same 5 DOF analysis and hybrid computer program

developed for hunting stability, w1th the addition

of the roadbed input quantities.

Results from the hybrid simuation are in the

" form of -time histories of the vehicle response var-
" iables,
. PSD*s 'or other reduced data.

These may later be processed to yield

. Typical fesults from this program are shown in

. Figure 2-7 for parameter values representative of

an open hopper car on a randomly irregular roadbed.
Note the extremely diffuse nature of the data pro-
duced. by such an ana1y51s.
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Chapter 3
FREIGHT CAR ANALYSES

INTRODUCTIO]

. The freight car dynamic models and aésociated
analysis techniqués developed. in this project have

been utilized to explore questions of model sensi- -

tivity and. limitations, to begin to address vehicle
design and maintenance questions, and to compare

theoretical vehicle results with experimental re--

sults. The latter effort, a major objective of the
project, is discussed in more detail in the follow-
ing chapter.»

Thevbverall objective of this pfoject\wés to
develop adequate models for studying vehicle dynam-
ic behavior. As such, most of our effort in.apply-

ing the models was directed toward exploring their

limitations and comparing their results with exper-
iment. Only preliminary investigation of design
and maintenance questions was carried out in this
project. In our opinion, this should be the focus
of another project in the near future.

MODEL SENSITIVITY STUDIES

Several studies were undertaken to investigate
the relative accuracy of the differént models and
analyses, and to study the sensitivity of- the re-

sults to vehicle and .roadbed parameters ‘that we

expected to be uncertain or highly variable.

Model Complexity

.In order to judge the relative accuracy of the
9, 17 and 19 DOF models, a comparison of eigenvalue
and eigenvector results was made [161. - This com-
parison indicated that the truck model used in the
9 DOF model is adequate for use in stability anal-
yses of vehicles with roller bearing trucks. The
critical speeds predicted by the 9, ~17 and 19 DOF
models for a vehicle with roller bearing trucks are
very similar. However, the shape of the least
damped mode predicted by the 19 DOF analysis dif-
fers from that predicted by the 9 or 17 DOF models
in both the addition of flexible modes and in the
phasing of the front and rear truck motions.

These results indicate that in the initial

design stages of freight vehicles with 3-piece rol-
ler bearing trucks, the 9 DOF model may be used to
investigate stability. It should be noted, how-
ever, that this study was limited to linear anal-
yses. In situations where large motions are expec-
ted, such as during vehicle hunting, linear approx-
imations will not be valid. We expect that more
complex vehicle models will be needed for -such
situations.

eelset Flexibilit:

A study was completed using a- linear, three
degree-of-freedom,  flexible wheelset model [161.

This- model provided for relative angular displace-~ -

ments between the two wheels in addition to lateral
and yaw degrees-of-freedom. The model was develop-
ed as the first "block™ of a complete vehicle
model, The primary objective of this study was to
determine how the critical speed for the onset of
hunting varies as a function of axle torsional
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stiffneés; and thus to also determlne the validity
of the usual assumption that the wheelsets can be
treated as-rigid bodies.

Typical -stability boundaries found in this
study for a nominal wheelset configuration are
shown in Figure 3-1. The speeds at which the real
parts of the eigenvalues become positive for each

of the two possible oscillatory motions of the - .

wheelset are. plotted against the nondimensional
torsional stiffness, where the nominal torsional
stiffness represents a 6 inch axle diameter. Note
that the "rigid body" wheelset modé determines the
stability boundary for torsional stiffnesses
greater than 10% of the nominal, and that the erit-
ical speed of this mode approaches the critical
speed for a rigid wheelset as the torsional stiff-
ness increases. At the nominal torsional stiff-
ness, the critical speed is about 1.7% higher than
that predicted for the rigid wheelset model. :

This study demonstrated that the torsional
flexibility of a conventional (six inch diameter)
freight car axle has a negllglble effect on the
crltlcal speed.

An investigation employing the linear 23
degree-of-freedom freight vehicle model was conduc-
ted [16].
flexibility of the car body were studied for vehi-~
‘cle parameters representative of an open hopper car
and a flat car. The objective of this study was
also to examine the effects of such flexibilities
on stability, and to determine, as a result, the
limits of validity of simpler models that ignore
such flexibilities.

The effect of variations in car body stiffness
on the stability of the hopper car configuration is
shown in Figure 3-2. Over a wide range of car body.
stiffness the critical speed remains hearly con-
stant at a value only a few percent less than the
value predicted by. the 9 degree-of-freedom model
that treats the car body as rigid. However, the
shapes’ of the least damped modes differ somewhat
from those predicted by the. 9 DOF model.

The effect of caf body flexibility on the pre-
dicted motion and stability-of the flat car config-

The effects of lateral and torsional ..
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uration was similar to that found for the hopper
car, although the loaded flat car had a scmewhat
higher critical speed than predicted by the 9 DOF
analysis at moderate stiffness.

This study indicated that car body flexibility
may be neglected for stability studies of relative-
ly stiff vehicles.

Creep Coefficients

It is reasonably well established that the
creep coefficients in the equations of Kalkert's
linear creep theory vary considerably with wheel
and rail surface condition and with environmental
factors such as humidity, It has been suggested
that the creep coefficients that prevail for rail
vehicle situations may be as small as 20% of those
given by Kalker's theory.

Due to this uncertainty over numerical values
for creep coefficients, a limited-study was under-
taken to determine the. influence of variations in
the creep coefficients on freight car stability
[24]. The linear, 9 DOF freight car model was em-
ployed in this study. The parameters chosen were
representative of an open hopper car, but the
choice of equivalent linear characteristics re<
quired arbitrary decisions concerning amplitudes of
motion across nonlinear elcments.

The results of this study indicated that the
creep coefficients can have a strong influence on
vehicle stability and that the nature of this in-
fluence varies widely from configuration to config-
uration. For a freight car with conical taper
wheels, we found that the critical speed of hunting
was nearly proportional to the creep coefficients.
Increasing all the coefficients from 50% to 100% of
Kalker's theoretical values doubled the predicted
critical speed. On the other hand, the critical
speed for the same vehicle with hollow, Heumann

PR

profile, wheel treads decreased as the creep coef-

ficients increased.

As a result of these somewhat surprising re-
sults, we recommended that special tests be imple-
mented in the associated field test program in
order to identify the creep relationships prevail-
ing during the tests.
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Suspension Dither

The majority of the analyses conducted in this
project utilized linear models due to their ease
and efficiency of use. However, one of the most
significant discoveries of the project was the mag-
nitude of the influence of Coulomb friction.on theé
dynamic behavior of the freight car. To investi-
gate the nature of this phenomenon we utilized the
5 DOF hybrid computer simulation [17,301].

One of cur specific interests was to determine
whether higher frequency motions of the truck com-
ponents influenced the friction’ components and, in
turn, the vehicle behavier. To represent such ef-
fects, dither was introduced as a variation in the
breakout force levels at the various nonlineari-
ties. The effect of introducing dither into the
simulation in each of several different vehicle
configurations was to increase the lowest speed at
which hunting might occur, and to increase the
highest speed of stable limit cycles. In other
words, the speeds corresponding to points A and B
in Figure 2-4 moved to the right. :

As these results produced limit cycle behavior
more consistent with our field test observations,
we believe that introducing dither resuits in a
more realistic simulation.

YEHICLE DESTGN AND MATNTENANCE

'The following preliminary studies of vehicle
design and maintenance tradeoffs should illustrate
the use and potential utility of the theory: of rail
vehicle dynamics for investigating such matters.

Suspension Design

To demonstrate the application of the theory
in a design study, the 11 and 23 DOF models were
used to examine the effects on hunting stability of
various primary suspension elements [16]. In ad-
dition, a generic model of a truck with intercon-
nected wheelsets was formulated and a range of val-
ues for, the interconnecting susnension elements was
-examined., Typical results from this study are
shown in Figure 3-3 where the critical speed for
hunting instability is plotted versus the intercon-
nection shear stiffness for a vehicle with directly
interconnected wheelsets.



Asymmetric Wheelsets

These models and analyses have also been ‘used
to examine a potential maintenance problem. As a
freight car accumulates service mileage, the wheels
on a given truck develop different transverse pro-
files. A brief study was conducted to examine the
. effects on stability of using. a different wheel
profile for each of the two axles of a truck [25].

Various. combinations of. wheel profiles were
examined. A typical result is shown in Figure 3-4
where the critical speed for hunting is shown for a

nominally empty B0 ton hopper car with various

wheel profile configurations.” The axles labeled

"N" are those with the standard AAR new profile ”

while those labeled "P" have profiled wheels with -

an effective conicity of about 0.31 and a substan-
tially increased gravitational stiffness. It can
be seen that trucks with different wheel profiles
on the leading and trailing axles exhibit critical
speeds that depend strongly on the direction of
travel,

Asymmetric Loads

The operationai practice  of loading freight’

cars asymmetrically fore and aft was also examined
briefly for its effect on stability [25]. It was
found that stability was increased slightly when
the vehicle was loaded in the rear as opposed to
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the front. However, this difference usually was
small relative to the difference in stability be-
tween empty and fully loaded cars.

Surmary

As indicated in this brief discussion, the
theory of rail vehicle dynamics can be used to an-
swer various questions concerned with maintenance
and operational practices as well as those con-
cerned with vehicle design. The work completed in
this project was intended only to provide example
applications.



Chapter 4
FIELL TESTING AND COMPARISON METHODS

INTRODUCTIGN

Although there has been a great deal of activ-
ity in the field of theoretical rail vehicle dynam-
ics, there has been relatively little comparison of
the theory with field test data. The few previous
attempts to validate theories for rail vehicle lat-
eral dynanics have achieved only partial success
due to uncertainties in many of the system parame-
ters such as the creep force laws, the rail head
profiles and the roadbed geometry.

In the Freight Car Dynamics project, an at-
tempt to eliminate these uncertainties was made.
Several different approaches for compariscn of the-
oretical and experimental results were studied,
.associated data analysis techniques were developed,
a carefully planned set of tests was executed to
provide experimental data, the data was processed
and analyzed by several techniques, and results
from the most promising theoretical analyses were
compared with experimental results.

Although our initial objective encompassed
study of freight car behavior on both tangent and
curved track, deficiencies in the test conduct pro-
cedure rendered the curving data unusable for vali-
dation purposes. On curved track, validation by
comparison of theoretical and experimental values
of wheelset  lateral displacements, wheelset yaw
angles and wheel/rail contact forces in curve entry
and steady curving was planned. However, the in-
formation needed to accurately locate the wheelsets
relative to the rails and to obtain lateral ‘wheel/
rail forces was not obtained during the tests, and
the planned comparisons could not be carried ouf.
Consequently, our subsequent comparison effort, was
limited to study of behavior on tangent track.

VALTIDATION TECHNIQUES

Because very little work has been done in the

past to validate rail vehicle lateral dynamics the--

ory, attention was given early in the project to
alternative approaches for this task. It was evi-
dent from the beginning of the project that an ade-
quate validation procedure entails more than com-
parison of single values such as the critical speed
where hunting begins. Two methods for validation
of tangent track theory were pursued: (1) a com-
parison of theoretical and experimental power spec-
tral densities (PSD's) for several vehicle vari-
ables, and (2) a comparison of theoretical and an-
alytical modal frequency, modal damping and mode
shape vs. speed characteristics.  As discussed
later, both these approaches proved to have draw-
backs when applied to a system as nonlinear as the
North American freight car with 3-piece trucks.

In order to investigate the feasibility of
using spectral analysis techniques, a comparison of
theory and experiment for the vertical dynamics of
a rail freight car was carried out. Experimental
roadbed and vehicle dynamic response data from the
TDOP tests [26,27] conducted by the Southern Pacif-
ic Railroad was used for this study. The data was
processed using the spectral analysis techniques
described in the next section to obtain vertical
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'variables of the vehicle system.

© raw data tapes;

car body and truck displacement and acceleration
PSD's. A linear forced response analysis of the
vertical behavior of the freight car produced the-
oretical PSD's for corresponding values. A roadbed
vertical profile FSD obtained from measurement of
the test site roadbed geometry served as input to
this theoretical analysis. This study, reported in
[28], indicated extremely good agreement between
theoretical and experimental PSD's, and demonstra-
ted that this approacn to validation should be pur~
sued for the lateral dynamics study.

The second approach for validation of tangent
track performance entails comparison of modal damp-
ing values and frequencies obtained from an eigen-
value analysis with values found experimentally.
Obtaining such values experimentally for a rail
vehicle on an irregular roadbed poses some prob-
lems, as discussed in the following section. How-
ever, good agreement between such values has been
found for scale model rail vehicles on roller rigs
(291, indicating that the approach warranted pur-
suit in this project.

In addition to modal damping and frequencies,
mode shapes may also be compared. The theoretical
mode shape information is contained in the eigen-
vector. Experimental mode shape information can be
found by cross-spectral analysis between state
This capability
to process experimental data was developed and
used.

DATA ANALYSTS TECHNIQUES

The comparison methods chosen for this project
required preparation and use of computer programs
for data reduction, spectral analysis, random dec-
rement analysis and logarithmic decrement analysis.
Specific accomplishments in each area are reviewed
below.

Data Handling

A voluminous amount of data can easily be
gathered in a series of rail vehicle field tests.
The data collected in the tests conducted in con-
nection with this project filled eleven reels of
1600 BPI magnetic tape. The task of reducing and
analyzing such quantities of data can consume vast
amounts of manpower and computer time, particularly
if not well planned.

The first processing step entailed reading the
converting to engineering units;
combining channels to compute the desired variables
for comparison with theory; computing statistics
such, as mean values, standard deviations, and hist-
ograms; and plotting the time histories of selected
model variables. In this effort, the raw displace-
ment data was combiined to form "model variables"
for the 9 and 19 degree-of-freedom models described
in Chapter 2. These experimental model variables,
based on relative wheel-to-rail displacement mea-
surements, are actually relative vehicle~to-rail
lateral alignment motions.

Special purpose computer programs were written
to read the mini-computer generated data tapes,
convert to the VWFIELDDATA" format of Arizona
Statet's UNIVAC computer, combine channels, and con-
vert to engineering units. The processed data was
recorded on a second set of computer tapes., Pro-
grams to plot this data on a CALCOMP plotter were



also prepared.

The steps in this process; including the equa-
tions defining the model variables are described in

(30,311,

Spectral Analysis

A spectral analysis computer program was de-
veloped to analyze digitally recorded, time series
data such as that generated in field tests. This
program, based on a Fast Fourier Transform algo-
rithm, computes power spectral densities, cross
spectral densities, auto correlation functions,
eross - correlation functions, probability densities,
probability distributions, mean values,
deviations, transfer functions and coherence func-
tions. The processing techniques, including spe-
cial considerations for spectral analysis of exper-
imental data such as sampling rates, pre-whitening,
and leakage are described in detail in [28].

The PSD's computed from experimental data were
compared directly with results frem theoretical
random response analyses. In addition, the damping
ratio and frequency of the least damped mode was
estimated from the P3D's and used to compare with
results of elgenvalue analyses. The damping ratio
of a lightly damped mode can be estimated directly
from the PSD signature by the relationship,

r o AT
2f,

where, .
z —- damping ratio

Af «- half-power bandwidth
o -~ center frequency of local peak
Three practical difficulties can occur when

using this procedure. The peaks are not always
well defined. Consequently, some smoothing is re-
quired. In addition, for very light damping ratios
the estimates are too large because the analysis
bandwidth is finite. For large damping ratios, no
peak appears, and the values needed in the above
estimate cannot be obtained.

Cross spectral density and transfer function

analysis using this same computer program with
field test data have also been used to a limited
extent to estimate mode shapes, i.e., amplitude and
phase angle relationships between component mo-
tions.

These methods for estimation of damping ratios
and mode shapes and their application to rail vehi-~
cle dynamic test data are discussed in [30].

Random Decrement Analysis

Damping ratio and frequency estimates may also
be obtained from random response data using the
Random Decrement Technique [32]. This technique
was used to provide an alternative to estimation of
this information from PSD's., To our knowledge,
this is the first application of the technique in
rail vehicle dynamics. The Random Decrement Signa=-
ture is obtained by averaging & series of time-
domain records. The result of this averaging pro-
cess 1s a Random Decrement Signature that is simi-
lar to the ideal step response of the system.

Once the Random Decrement Signature is formed,
an exponentially decaying sine wave that includes

standard .

bias and trend 1s f1t to the signature data p01nts
to minimize the square of the error between signa-
ture and fitted function. Frequency and damping
ratio are available in the approprlate parameters
of the decaying sine wave.

Details of our use of the Random Decrement
Technique may be found in [30].

Logarithmic Decrement Analysis

A third approach for obtaining frequency and
damping ratio information was also pursued in this
test program. Hydraulic actuators were mounted
between the truck sideframes and the car body in
order to apply a torque that would move the truck
into a disturbed position relative to the rails.
On release of the actuators, the transient response
of the vehicle was observed and used to estimate
frequency and damping of the least damped modes.

Damping ratio information is contained in the
shape of the decay envelope, which is defined by
the peaks in the response curve, The logarithmic
decrement is defined by :

§=z 1n Xn_

Xn+1
where:
8 == log decrement
¥n =- nth peak value
Xnsl == n+1th peak value

For small damping ratios, § is related to the damp-
ing ratio, &, by the expression,

8= 2ng

The above equations 'yield the following relation-
ship between for & when & is small,
2] 1n *n

2T

Xn4+1

TESTING PROCEDURES

The field tests to provide data for the vali-
dation effort were planned in cooperation with the
Association-of American Railroads (AAR) and conduc-
ted by the AAR and the Union Pacific (UP) Railroad.
The tests were conducted during late fall and early
winter of 1976-1977 on the UP mainline west of Las
Vegas, Nevada. The test objectives, test philoso~
phy and test requirementb for these tests are dis-
cus?ed in detail in the program planning document
[33

The test vehicle, shown in Figure 4-1, was a
Louisville and Nashville (L and N) Railroad, 80
ton, open hopper car equipped with 70 ton, Ride
Control trucks. The field tests were conducted
with this vehicle in eight different configurations
of wheel profile, load, truck to car rotational
resistance, and truck warp stiffness as shown in
Table 4-1, These variations in vehicle condition
were selected primarily to determine whether the

* theoretical analyses would correctly predict the

effects of such vehicle changes on vehicle dynamic
performance.,



‘- terization of ' the vehicle/roadbed- system, :
effort 1ncluded laboratory testlng of the test ve-.

Table 4-1 Test Vehicle Configurations : . ;
" [confi uratio' whgels .| Load” ;SX;dE-Bearings Truck Snffener Centerplate

N IEER U N Frofile A { g ! o -""|" " ‘None oy~ {~
2 N Profile A| o 0 None ~ Lubricated
3 N Profile A | g *. -3000 LB - None. - [Lubricated |

. 4. N Profile A7l ¢ ~ AO00 LB - None Lubricated:|

’ A_ 5.« LN Prof"'lfle Al oo [ - ON . Lubncated e
‘6 “New -0 0 Y None | Lubncat.ed'
7 A New o JesaT S0 -+ fione* " |Lubricated:
8 ;Jcn Profile AB3.a x| - 0 “Nene . - |bubricated

The L and.N-hopper car was instfumented by the
AAR Technical Center to measure 22 acceleration

values, L9 displacement values, wheel/rail.. forces . mag

for one truck set with 1/20. tread profiles, -and ‘the
train. speed
placement. transducers to measure  the relative:lat-

eral and angular p051t1on of the wheels relatlve to e
- : S T Flgure u 1

the ralls.

The signals from‘the?transducers werencondi4

"tioned, digitized and. recorded by .the.instrumenta-

tion ‘system on board the AAR 100 instrumentation
car.,

and recorded on:magnetic tape.. These data.tapes

This instrumentation. included 1. dis= - -

The. data. was sampled "at 100 samples/second -

were subsequently analyzed at the AAR- Techn1cal o

Center and Arizona State University.

The tests were conducted on both tangent and
curved ‘sections of track. _The. tangent test site
was a 12,000 foot section of continuous welded rail

‘on the UP mainline in the' Mojave Desert- between

Yermo, Californiaand lLas Vegas, Nevada. = The curv-

ing tests were conducted on Union Pac1f1c track '

<between Sloan and Arden, Nevada.,_.{ e

) The tests were carrled out by the AAR Techn1cal
Center and the- UP.Railroad.
test wcar, 1nstrumentatlon ~car and test crew while
the . motive, - power,
prov1ded"by the Union Pacific: Railroad.. The tests
were -Under the d1rect10n of the AAR Research
Center. : :

: Many detalls of the test vehlcle, 1nstrumenta—
tion and test conduct are given in [34], The:vehi~-
cle description and instrumentation - are also .dis-

- eussed at. greater length in £30].

A significant(portion of the experimental'pro-

.The AAR: provided' the -

caboose and- traln crew weré.

gram was devoted to obtaining data for -the charac~ ..

This

hicle ‘and its ‘components; on-site measurements of .
vehlcle, rajl and roadbed characteristics; and data .

analys1s to obta1n the des1red system parameters.

© Vehicle Character;zat;o -

~ Laboratory tests were ‘conducted by American
" Steel Foundries (ASF), under the AAR'S Track-Train

Dynamics Program to characterize the inertial, geo--

metric -and susperision characteristics of a .70 ton
Ride Control truck. The data from these tests were

used as input to theoretical dynamic- analysis of

the test vehicle . behavior.
results are discussed in [351.

Martin-Marietta, Denver Division;”
further tests on a single, completely assembled; 70
ton Ride Control truck [361, to supplement the test
data obtained by ASF,.

The tests and test
conducted

These tests were conducted_
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- two proflles, the AAR,

-borrowed -from the DB.

-try analysis program described in [7].

1975,

Test Lar w1th lnstrumentat1on

'w1th ohe of. the trucks used - 1n the fleld test

progran,

.‘mneel[Rall Geometny‘Chaéacterization

. One_-of .the most domlnant 1nfluences on rail
vehlcle lateral'dynamlc response is the wheel/rail
geometry., Two wheel profiles were used during the
field tests...The test vehicle wheelsets with.these
1/20 tapered profile and the
Canadian Natiohal (CN) profile "A" [37], weré mea-’
sured. using a wheel profile measuring machine bor-
rowed from the Deutsche’ Bundesbahn (DB) the German
Federal Rallroads.m . - .

A rail head proflle measurlng dev10e also was
This device was used to mea-
sure. transverse rail head profiles at approximately

160 'stations in the ‘tangent-and' curved test sec-...

Time and manpower .limitations -precluded”
although the information

tions.. - !
measuring more,stations,

-would have been useful in developing power spectral

densities for rolling line and other offsets.

The wheel and rail head prof1les measured dur—

"ing the field tests were digitized and processed

through a modified version of the wheel/ra1l geome-
"Rolling:
line offset, - effective . conicity, gravitational
stiffness, and -other wheel/rail geometric con-
straint parameters were calculated .at each roadbéd
station for both the AAR and the CNA profile wheel-.
'sets. Mean values, standard deviations and other
statistical measures for these parameters were also

;calculated for each test sectlon.

Boadbed Chare.is. .cabl

N
]

“The wurved aud tangent track.geometry was meu-
sured by the UP's track geometry car in the Fall of
Due to the long delay before carrying out
the field tests, attempts were made during and im- -
mediately after the field testing period to resur-
vey the roadbed with the FRA Track Measurement cars
and with the Track Survey Device. The track geo-
metry measurement was measured with FRA Track Meas-
urement Car T1-T3 on November 27, 1977. :



", car.

;rFlgure 4-2 Roadbed Centerl1ne Alignment PSD

As the FRA track measurement car does not pro-.

“vide information-about roadbed lateral.alignment, a
dominant input to the vehicle lateral dynamics, the
most useful ‘roadbed-geometry data was obtained from
the UP's.Plasser-American. EM=80. track' evaluation

'y51s program described earlier.

This data was-processed by the spectral anal-.. .-

The roadbed centerline alignment PSD for the ..
12,000 foot tangent test section is shown:in Figure -

42,
duced as a consequende .of. compensating .for .

EM-80. 2 . . R
,’TestC ot ‘

e The field tests. themselves were. conducted

between . November. 1976. and January .1977.-
ferent types of. tests were made with. each of the 8
. configurations:, . curv1ng tests,
tests, forced response tests, and creep tests.~

'Curv1ng Tests o .
. Two curves, 1 degree and 6 degrees, were .tra-
versed at 3. speeds. The speeds were intended to .be
'below, near and above balance speed

' Our 1ntention was to evaluate the theory for

steady state rail  vehicle curving by comparison of

predicted and measured wheelset 'lateral and yaw. -

" The two large- peaks in ‘this PSD are.. intro-.
the . |
' chordal .offset measurement process used by the :

*‘Four dif-"

random response

. observed .-

"’ wheelset‘and car componernt displacements.
nately, the data from these creep tests. also-cannot:

' wheel/rail transducers weré not obtained.

sponse to a known, deterministic input. A study
was conducted to . evaluate roadbed and onboard

- inputs, -and. to -find. the most effective form for
.each, ’

. An onboard system was selected.

The test vehicle was equipped with a hydraulic
truck forcing system that exerted a torque between
truck and car body. ."This system, when pressurized,
caused' an initial translation and angular displace-

~ment of the truck components, providing a control-

lable -initial coridition. +. When the forcer pressure
was released the subsequent transient response was
to extract frequency . and ° damping
information. N L Pl ’ '
o The forced response tests were also conducted
at " several speeds for -each configuration on 'the

same  tangent test section as the random- response

tests. . The test results were eventually .used for
comparison with theoretical stability analyses.

Creep Tests ST

. Pre—test sens1tiv1ty‘ studies‘ “indicated . a
strong influence of the creep coefficients on the
vehiclé behavior. For this reason, a fourth series

. of tests was planned and executed in an’atfempt to
determine the.creep coefficients more directly.
- These tests,'run at.slow speeds of :5-10 mph,

in- -
volved.. applying measurable torques between' the-

" truck and car body:and recording. the resulting dis-

Pplacement .and :angular positions of the wheelsets
relative to“the rails.. The torques were applied

"with the hydraulic forcer system described earlier.

"+.. The creep coefficients were to be determined

Dy an identification.procedure utilizing the equi-
librium - equatlons for the vehicle :and-the measured
Unfortu-

be : :used- because the . initidl ~conditions- for ‘the
This -~
prevents extracting of the steady state lateral and

yaw displacements that are needed to determine -the
,creep forces. T .“‘,, o

v Despite the .failure of these creep tests, we

“'belleve that .field testing to establish the creep

displacements for the various vehicle .configura- .

tions and. test conditions..

Comparison with the

steady state-wheel/rail force data was:-to be made,:<'

where p0331ble.

However, as explained. earlier, the -

wheel/rail displacement and ‘wheel/rail force data -

o were- not adequately calibrated, and- could not be -

'used for these comparisons.
Random Response Tests

‘These tests were conducted at different speeds
on' the tangent mainline track,
bance' acting on the vehicle in these tests was the
random irregularity of the roadbed. Data from
these tests was used for comparison with random
response and stability analyses.

_»Fcrced Response Tests c

v It was decided early in the test planning that
J;it would be, desirable to evaluate the vehicle re- -

The primary distur-.
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. described earlier,

- tangent test data was used

" plotted as functions of .time.

. then ,selected for analysis.

force conditions should be -a part of all future
tests.

. RESULTS

. Test data was furnished to Arizona State and
Clemson Universities in the form of digital magnet-
ic tapes. . This data was analyzed with the tools
and’ compared- with: theoretical
only -

results. For reasons discussed, earlier,‘

Test Results

Displacement transducer data proved to be more
useful for our: purposes than- acceleration data.
Initially, the raw displacemen; data was combined
into "“‘modelY variables and the results stored on
disc and tape., _ All variables to be analyzed were
‘Portions of data
from each configuration and speed of interest were
Figure 4-3 shows a
portion of the. Configuration 2,  A-truck lateral
displacement during an-‘unforced tangent track run
at 35 mph. .We found it essential to study plots of
all data ‘to .be analyzed before proceeding. For
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example, in Figure 4-3, periods of hunting followed
by periods of non-hunting are seen. Because the
tern; damping ratio- cannot be applied to hunting
behavior, a fundamentally nonlinear phenomenon, it
is only meaningful to estimate damplng ratios for
periods without huntlng.

Selectlon of Slgnals

In theory, ‘all modes of v1brat10n are present
in every motion of a coupled dynamic system. From
that viewpoint, any of the model variables could be
used for the frequency and damping ratio estimates.
However, the least damped mode is, dominant in some
signals, :We found that the truck lateral displace-
ment signals were .best for estimating parameters of
the least damped mode, although this mode is readi-
1y observable in the truck yaw, truck warp, and
wheel displacement. signhals.

"Random Response

Test vehicle response to random rail irregu-
~larities was studied using the spectral analysis
computer program.. A typical PSD plot- is shown in
Figure 4-4., The least damped mode is readily seen
in this plot, the large peak at about 1.4 Hz, The
smaller peak at 8 Hz is associated with the wheel
revolution rate. ' The peaks at 20 and 40 Hz are
noise from the motor-generator set'on the data col-
lection car.

The PSD plots were used, in turn, to estimate
damping ratios and frequencies for the least damped
modes of motion, wusing the . method descrlbed
earlier.

Tést vehicle response to random rail irregu-
larities was also studied using the Random Decre-
ment Technique. A typical Random Decrement Sigha-
ture and the least squares curve fit to it are
shown in Figure. 4-5., Damping ratios and frequen-
cies are directly available in the parameters of
the curve fit to the signature.
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Both the PSD" and Random Decrement techniques
provided essentially the same results for frequency
and’ damplng ratio. The techniques should be viewed
as two different methods of extracting the same
information from a signal. Both take about the
same amount of computer.time, in our implementa-
tions. The advantages of the Random Decrement are
that it works for all values of the damping ratio,
however large or small, and that it makes the fre-
quency and damping ratio estimates automatlcally.

The primary disadvantage to,the Random Decre-
ment, Technique is that a judgment is required as
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to how much of the signature to fit with the decay-
ing sine wave. The signature degenerates at low
amplitude values, so it is always truncated at some
peint. We believe that this degeneration may be
due to nonlinearities in' the test vehicle.

The end result- of the damping and frequency
estimation process is the frequency and damping
ratio vs. speed characteristic. Figure U4-6 shows
the experimentally determined natural frequency and
damping ratio as functions of speed for Configura-
tion 4,

Forced Response Analysis

_Test vehicle response'follow1ng application of
the truck forcers was .studied u51ng the logarithmic
decrément technique, Figure U4-T7 ‘shows a typical
time hlstory of the A-truck lateral dlsplacement
during & forced run,
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Figure 4-7 Truck Lateral Dlsplacement U51ng
Hydraulic Forcers
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Damping ratios were computed from signals such
as that of Figure 4-7, Figure 4-8 illustrates the
damping ratio vs. speed information obtained from
such an analysis for Configuration 5. Interesting-
ly, these values are almost one order of magnitude
less than the corresponding values found by analy-
sis of the random response data.

The difference between the random and forced
response results is probably due to nonlinearities
in the vehicle suspension. In a nonlinear system
such as the test vehicle, where Coulomb friction is
the dominant nonlinearity, the effective damping
decreases with increased amplitudes of' motion.
Because the forced runs began with the flanges hard
against the rails during the empty vehicle runs,
the amplitudes were at maximum values. In con-
trast, during the unforced runs the amplitudes were
smaller. As a result, smaller estimates of damping
would be expected in the forced response situation.
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Figure 4-8 Damping Ratio and Frequency vs. Speed
Relationships from Forcer Response Data

Vehicle Hunting Characteristics -

An important result of the field tests is a
characterization of -the hunting performance of the
test vehicle in its eight configurations. Discus-
sions of hunting behavior are often conducted in
terms of "the hunting speed" of a vehicle as though
hunting speed were a unique property of a vehicle.

. These tests demonstrated that, in reality, the
. hunting behavior of a freight vehicle can not be

characterized by a single number with the dimension
of speed. There is actually a transition speed
range in which intermittent hunting occurs. Below
this range hunting never occurs, and above it
sustained hunting always occurs. A typical burst
of intermittent hunting, this one of about 30-
seconds duration, is shown in Figure #4-3. This

" data was recorded on a constant 35-mph test run of

Configuration 2. It should be noted that this type
of hunting can easily go undetected by a test crew.

Figure 4-9 summarizes the hunting characteris-
tics of the eight configurations. The ordinate on
these bar-type charts is percent of time the vehi-
cle was hunting at a given speed. The data points

- used in constructing the graphs are shown. In every

case a point 1is shown for =zero-percent hunting.
This point represents the speed at and below which
no hunting was observed to occur. A point is also
shown, when available, for 100-percent hunting,
which is thie speed at and above which sustained

, hunting was always observed to occur.

]



CONCLUSIONS
Field Test Conduct

We have reached =everal observation- J4nd
conclusions concerning the test planning and con-
duet that we believe may be useful to others in-
volved in similar tests. Concerning the vehicle, a
very thorough effort was made to characterize the
test vehicle., However, only one truck was charac-
terized, and that effort was carried out in Denver
many months prior to the test. Consequently, dif-
Jerences in suspension stiffness and friction
betweer: the two trucks, and the variations ir sus-
pension friction with environmental conditions
remain undetermined. It would be desirable to
identifyv these characteristics at the test site.

Tre vehicle instrumentation and data recording
system used in these tests were well thought out,
and they performed wéll during the tests. The
wheel/rail displacement probes, in particular, pro-
vited reliable and useful data. The greatest
siorteoming of the tests, however, was the failure

obtezir iritial conditions for these devices, A
s:wple procedure to zero these probes shouid have
seen developed.

We would have preferred, giver the limitations
o1 testing resources (and the benefit of hind-
s.ght), to have more test datz for fewer vehicle
configurations, Longer runs at the same speed, and
runs at more speeds would have given enough data to
analyze the anomolous behavior that often occurred.
Hoiding speed more nearly constant during the test
runs also would have made the data more usefuil.

One of the shortcomings of our tests was the
Yack of adequate roadbed geometry characterization.
As explained earlier, alighment, profile and gauge
dat: was only gathered one year before and after
the tests. In addition, there i. strong evidence
trat ne alignment data recordec were in error.
The ac-ual roadbed condition during the testz was
rot known, nor ware we able to synchronize ithe ve-
Vi le uest data with roadbed measur<ments. This
fr ved to be particularly unfortunate, because we
i»und that nonlinear friction ir the vehicls sus-
pensior causes the vehicle behavior t. aepend
“trongly o the roadbed disturbances.

Test Resuits

No unique hunting speed exists for =z given
vehiiele configuration. Instead, 2 hunting speed
rei. - exists, In the lower port.or of thi: speed
rougl tuant.mg omay be  intermittent. Above some
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speed 1in this range sustained hunting sliways
occurs.

The kinematic mode of the test vehicle domine-
ted the response of the vehicle, It is fairly wei
recoghized by now that the kinematic mode of z ~-il
vehicle exhibits a frequency that is nearly direc -
ly proportional to speed. This was found to be the
case in our tests. The PSD analysis clearly shows
the majority of energy to be associated with the
kinematic mode. This mode is so strong that it car
be observed di-ectly in the time response ot *he
vehicle.

In summary, we regard these tests as or- »t
series of tests to obtain data for compariscr w*ih
theoretical vehicle dynamic analyses. We bel.. ve
that a great deal of useful information was otia.:-
ed in this project, and that better informet :v
will be obtained in future tests by building
the foundation of 1ri.rmation obtained ir =¥
tests.



Chapter 5
COMPARISON OF TEST AND THEORY

INTRODUCTION

An overview of our efforts to compare and ob-
tain agreement between test and theoretical results
for the lateral dynamic behavior of a rail freight
car is presented in this chapter. This work is
discussed fully in [3017.

The process reported in [30] and summarized
here is only a first step toward validation of rail
vehicle dynamics theory. Numerous ideas that might
lead to better correlation were generated but could
not be pursued within the time and effort con-
straints of the project.

Experimental data were compared with results
from the following three analysis methods: linear
eigenvalue-eigenvector analysis, quasi-linear sta-
tistical linearization analysis, and direct analog
integration using a hybrid computer. The following
discussion is organized around these three analyti-
cal approaches.

LINEAR EIGENVALUE ANALYSTS

A linear eigenvalue analysis of the 9 degree-
of-freedom freight car model was used to develop
theoretical estimates of the damping ratio and fre-
quency of the least damped or hunting mode., These
estimates were made at a series of speeds and re-
sults were compared with those obtained by random
decrement and spectral analysis of test data.

Sinusoidal input describing functions were
used to obtain estimates of linear equivalent val-
ues for the suspension and wheel/rail geometry non-
linearities. Theoretical results were obtained for
Configuration 6 for a range of creep coefficient
values. Three cases were consideréd in calculating
the equivalent linear parameters using sinusoidal
input describing functions: (a) nominal amplitudes
and frequency, (b) small amplitudes and low fre-
Gquency, and (c) small amplitudes, low frequency,
and high conicity. Results for the speed dependen-
cy of frequency and damping ratio of the hunting
mode are shown in Figure 5-1.

As may be seen, there is a strong dependency
of the theoretical results on the values of the
creep coefficients (one of the unknown parameters
of the system). None of the cases in Figure 5-1
show good agreement between theory and test. After
evaluating the possible reasons for these discrep-
ancies [30], we have tentatively concluded that it
is nearly impossible to represent accurately actual
freight car behavior with a purely linear model due
to the strong nonlinearities such as Coulomb frie-
tion that are present in this vehicle.

STATISTICAL [.INEARIZATION ANALYSIS

The statistical linearization approach was
used to compute PSD's of vehicle response variables
(front and rear truck absolute and relative lateral
displacement) for several configurations of the
nonlinear vehicle, These were compared with re-
sults obtained from the field tests.
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Sample results where good agreement between
analysis and test was obtained are shown in Figures
5-2 and 5-~3. Other theoretical results obtained
did not show as good agreement with test.

While substantial effort was expended in ob-
taining results and making comparisons, we did not
have the time or funds to pursue fully questions
that arose during the investigation or to examine
the full range of configurations, speeds, and re-
sponse variables for which test data were avail-
able. Nevertheless, the results obtained [30] in-
dicate the potential value of the statistical lin-
earization approach.

HYBRID COMPUTER ANALYSTS

A simulation of a 5 degree~of-freedom half-car
freight car model was conducted using the hybrid
computer facility of the Clemson Engineering Com-
puter Laboratory [22,30]. Actual nonlinear wheel/
rail geometric constraint functions for small con-
tact angles were used as were simplified nonlinear
suspension characteristics determined by tests

[36]1. Excitation due to lateral track alignment -

irregularities was simulated and PSD!s for the re-
sponse variables were calculated. These were then
analyzed to obtain estimates of the damping and
frequency of the hunting mode. Additionally, limit
cycle studies were conducted to determine the sen-
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sitivity of the nonlinear hunting mode response to

* yvariations in creep coefflclents, suspension, and

loading characteristics. The response to the truck
forcers used in the field tests was also simulated
and . the damping and frequency of the hunting mcde
were calculated.

An example of the simulated time history of
the response of Configuration 6 to both centerline
alignment irregularities and the truck forcer is
shown in Figure 5-4, Spectra calculated for truck
relative lateral displacement for Configuration 6
are shown in Figure 5-5. These spectra compare fa-
vorably on a qualitative basis with those obtained -
from field test data. .

One of the main purposes of the hybrid compu-
ter analysis was to apply the data analysis methods
used with the field test data to the response data
obtained from the hybrid simulation, and to evalu-
ate the utility of the different methods. On the
basis of the hybrid computer studies we concluded
that, for the highly nonlinear freight car, the

~utility. of the damping ratio as an indicator of

stability margin and the likelihood of .a hunting

limit cycle at a given speed is open to question.
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SUMMARY

Limited efforts (due to time and budgetary
constraints) were made to compare test results with
theory. Based on these efforts, we have concluded
that it is nearly impossible to use purely linear
models to represent accurately the lateral dynamic
behavior of the highly nonlinear HNorth American
freight car.

Both good and poor agreement of theory and
test were obtained with the statistical lineariza-
tion approach. As several critical parameters
(creep ccefficients ete.) and the inputs (cross-
level, alignment, wheel-rail offset terms) were un-
known, we cannot draw firm conclusions regarding
the agreement. However, it appears that the sta-
tistical linearization approach has considerable

promise and efforts should be made to apply and
rafine $+ Forther,

{1 results of the hybrad simulatiun oi the
half car model demonstrate that damping ratio of
the hunting mode is not a good indicator of either
stability margin or the possibility of a hunting
limit cycle for this highly nonlinear freight car
[30]. However, the agreement between the hybrid
and- experimental results indicates that the noniin-
ear model used here is probably a valid represen-
tation- fcr freight car dynamics.
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Chapter 6
SUMMARY AND CONCLUSIONS

- SUMMARY

During the course of this piroject, a sgeries of
theoretical models, associated solutlon methods,
and computer programs for predicting freight car
lateral dynamic response were developed. Linear,
quasi-linear, and nonlinear analyses of these mod-
els for freight car behavior on tangent track were
implemented. A comprehensive field test program
was planned and conducted for the express purpose
of providing test data for comparison with theory.
This test program included characterization of the
vehicle and roadbed, extensive instrumentation of
the vehicle, and operation of the test vehicle in
several configurations and modes. The data from
these tests was reduced and analyzed by several
different methods, some of which had not been used
in rail vehicle testing prior to this project. Due
toe time and funding constraints, only limited com-
parisons of theory with the test results were
conducted., }

Six formal project reports were prepared.
These are listed together with the documentation
pages in Appendix A. Seven computer program users!
manuals were written describing programs that were

" developed and made available to the public through
the National Technical Information Service (NTIS).
Six of these are listed together with documentation
pages in Appendix B. ~ The seventh is contained

- within the report, "Analytical and Experimental

Determinations of Nonlinear Wheel/Rail Geometric

Constraints" described in Appendix A. Ten informal

reports were prepared as needed to document results
or to convey information to interested parties.

These are listed in Appendix C. Eleven papers or

presentations at national meetings were made based
wholly or in part on this project.

MODELING AND ANALYSIS

Our approach in this project has been to de-

velop and investigate the conditions of applicabil-"

ity of & number of modeling and- analysis approach-
es. The rationale behind this multi-faceted ap-
proach is to provide a variety of model and analy-
sis techniques that can be tailored to the partlcu-
lar analytical objective.

Linear and nonlinear analyses both have a
place. We found that the linear analysis approach-
es cannot be used to prédict accurately the dynamic
response of the highly nonlinear freight car. How-
ever, they can be used as inexpensive "stepping-
stones" to the nonlinear analysis and, when used
with care and judgment, can help in obtaining a
qualitative understanding of the response.. The
quasi-linear and hybrid computer analyses of the
nonlinear freight car yielded results that appear
to be more representative of the actual behavior
encountered.

Simpler vehicle models appear to be useful in
many situations. Our analysis of field test data
indicates that the 3 degree-of-freedom model of the
freight truck that is incorporated in the 9
degree-of-freedom vehicle model is appropriate for
describing the conventional freight truck.

If the car body is sufficiently rigid such
that the natural frequencies of the first lateral
bending mode and the first torsional mode are sig-
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nificantly higher than the rigid body and hunting
modes, the 9-degree-of-freedom model should be a
reasonable representation for the lateral dynamics
of a conventional freight car. For car bodies that
are flexible, the 23 degree-of-freedom vehicle mod~
el that incorporates a 5 degree-of-freedom car body
may be used. If it is desired to model trucks with
lateral and longitudinal primary suspension ele-
ments, direct wheelset interconnections, and inde-
pendently rotating wheels, one may choose from the
17, 19, or 23 degree of freedom models (Tabie 2-1).
Quasi~linear and hybrid computer analyses of these
models were not developed, although these would be
quite useful for investigation of advanced truck
and car design coucepts.

FIELD TESTING AND COMPARISON WITH THEORY

The field tests-conducted in concert with this
project yielded mich useful information for compar-
ison with theory. Time and budgetary constraints
precluded our making use of ail the data or carry-
ing out as compiete a comparison as possible. An
oversight in the conduct of the field tests render-
ed unusable the data obtained from the creep and
curving tests. The comparisons we did make indica-
ted that purely linear models cannot accurately
represent the lateral dynamic bzhavior of the high-
ly nonlinear North American freight car. As a cor-
ollary, the data analysis techniques used to deter-
mine modal damping and frequency gave highly vari-
able results. These approaches, including the ran-
dom decrement method, log decrement analysis and
analysis of PSD's, imply an assumption of nearly
linear behavior when used to estimate damping ra-
tios. We have ccncluded that damping ratio is not
a good indicator of stability margln for the non-
linear freight car.

The comparisons of test results with results
from the statistical linearization (or quasi-
linear) analysis provided mixed returns. Because
several unknown parameters had to be guessed or
neglected (creep coefficients, alignment and cross-
level inputs, rolling line offset, ete.) no firm
conclusions regarding the validity of the model and
analysis approach: car be drawn. However, based on
the results obtained, the statistical linearization
approach (while more difficult to use than the lin-
ear analyses) appears to have considerable promise.
FUTURE WORK
As in any project of this scope and duration,
many subjects and questions could not be investiga-
ted fully. The following open questions should be
topics for future work:

1. Analysis of the field test data and comparisaon
with theoretical results for.the vehicle con-
figurations that were not studied in this
project.

2. Further development of the existing statisti-
cal linearization approach and application to
configurations and conditions that were not
studied in this project.

3. Refinement of the statistical linearization
algoritim to include cross level and rolling
line offset inputs and extension to more ccm-
plex vehicle models.

4, Development of a method for predicting stabil-
ity margin of norlinear railway vehicles.



5. Completion of the development of a nonlinear
dynamic model and analysis for investigation
of curve entry and negotiation of freight
vehicles.

6. Development of identification and simple test
tecnniques for determination of creep force
characteristics and suspension parameters.
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Appendix B
COMPUTER PROGRAM USERS®' MANUALS

The following computer programs were develop-
ed, documented and made available to the general
public during this project:¥

1. Userst Manual for Asymmetric Wheel/Rail
Contact Characterization Program, December

1977.

2. Users' Manual for Kalker's Simplified Non-
linear Creep Theory, December 1977.

3. Users' Manual for Kalker's "Exact" Non-
linear Creep Theory, August 1978.

4, Users' Manual for Program for Calculation
_of Kalker's Linear Creep Coefficients, May
1979. . . :

5. Users' Manual for Lateral Stability Compu-~
ter Programs for Railway Freigat Car
Models, April 1980,

6. Users?' Manual for Linear Freight Car Forced
Response Analysis Computer Program,
December 1980.

Documentation pages for these Users' Manuals also
follow. Both the manuals and the computer programs
are available from NTIS.

*1 users' manual for the symmetric wHeel/rail con-
tact characterization program is contained in,
"Analytical and Experimental Determination of Non-
linear Wheel/Rail Geometric Constraints," December

1975.
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g, ,T1t1e and Subt1tle b,,“" o . 5.'-Report Date
.- USERS' MANUAL FOR ASYHHETRIC HHEEL/RAIL CONTACT 1t
CHARACTERIZATION PROGRAN .~~~ " December 1977
- 6. ‘Perform1ng Organ1zation Code
7. Authors IR ~ o R X 8. Performing Organization Report -No.
" "R. Heller, N. K. Cooperr1der o C
19; Perform1ng 0rgan1zat1on Name . and' Address . . o 10. workhUnit No. (TRAIS)
Clemson University ;'Ar1zona State University “
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- ,Hash1ngton, D. C e T 14; Sponsoring Agency Code
o o L | FP.A/RRD 211
15. Supplementary Notes o
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16. Abstract . )
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report' is a .users' manual for a computer program written in FORTRAN IV that uses iterative
procedures to determine these nonlinear functions for arbitrary wheel and rail prof11es The
_program computes the.wheel/rail contact positions, geometric constraint functions, and profile
“Curvatures for any given wheel profile, rail prof1le rail cant angle, and rail gauge for an
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Report No. 2. ‘Gouernment>Accession“No, N 3. »Recipient's Catalog No,

- CREEP THEORY

PB 279503 .
“Title and Subtitle . - B ) 5. Report Date =
'USERS' MANUAL FOR KALKER'S SIMPLIFIED NONLINEAR December 1977

6. Performing Organization code,

.Y'Authors .
) “James G. Goree, Professor, Engineering Mechanics
“’fE ‘Harry' Law, Assoc1ate Professor Mechanical Engr.

(Clemson University) 8. Perfbrming Organiaation'Report'No.A<

‘9. Performing Organization Name and Address - - | 10. Work Unit Np.f(TRAIS)

Clemson University Arizona State University ° -]~
Dept of Mech. Engineering Oept. of Mech. Engineering
Clemson. sC 29631 ~ Tempe, Arizona 85281

11. Contract or Grant No
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1 - u.s. Department of Transportation™ <~ - - ~ Interim
- Federal' Railroad Administration S o ;
- Hashington 0. C o L ;~'11 A T 14. iSponsoring Agency Code

Sponsoring Agency Name and Address B T Type of Report and Period Covered

FTU&/IURD-{Ll

15,

 Prepared in ‘cooperation with Association of American Railroads Research Center L
"Chicago. I1linois -

Supplementary Notes

{16 4

- riginal solution,

~calculation of.a ‘'nonlinear creep force-creepage relationship) from the original Algol language
"derived from the paper,. “Simplified Theory.of Rolling Contact," Delft Progr. Rep., Series C:

_ " Mechanical and:Aeronautical Engineering and Shipbuilding, 1 (1973). pp. 1=-10. -A-significant
.. number of changés was made in thé program for more convenient use; however, .the fundamental -

‘moment acting between two bodies of equal 1inearly elastic material properties. ' |The creep forces
" and spin moment are due to lateral, longitudinal, and spin creepages. Assumptions corresponding

ﬁwinput and output, and the second a shortened version primarily intended for use as 'a subroutine.

Abstract ' o . ~
" The conversion of the computer program, "Simplified Theary of Rolling Contact," (used for

to- Fortran is considered. The Algol program was written.by Professor J. J. Kalker and was

equations remain unchanged. The results were checked in detail to insure agreement with the

The program gives an appropriate solution for the resultant tangential creep forces and spin

to.the Hertz contact theory are implied and two additional simplifying assumptions are made, result-
ing-in. a: significant reduction in computation time as contrasted with previous solutions ‘

Two separate computer codes were developed, the first being the general solution with extended

_ Surprisingly good agreement is found to exist between the "Simplified Theory" and published
experimental results for a wide range of contact elllpse eccentricity.

17.

---State rolling,Hertz contact, railroads -, Service, Springfield, Virginia 221581 . . SRS

1. 8
‘ﬁ(of this report)
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Technical Reporf Documentahon Pnge :

I'I. Report No.

FRA/ORD-78/50

2, Governmenf Accession-No. '

3. Recnpnem s Cotalog No .

_PR 287472
4. Title and Subtitle

USERS' MANUAL 'FOR KALKER S "EXACT“ NONLINEAR
CREEP- THEORY D

t

5 Report Date

August 15, 1978 o

.6. Porforming Organization Code

Mechanics and Mechan1ca1 Eng1neer1ng

7. Authorls) James G. Goree, Professor:Engineering -

8.. Performing Organization Report No.

9. Perfonmng Orgonization Nome end Address )

'Clemson University
Dept. of Mech. Engr.
‘Clemson, SC - 29631

T0. Work Unif No. (TRAIS)

11. Contract or Grant No.
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U.S. Department of Transportat1on
‘Federal Railroad Administration
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l'Interim_‘“

14. Sponsoring Agency Codé

- FRA/RRD- 11

15. Supplementary Nofes

| Prepared in cooperation w1th Assoc1at1on of Amer1can Ra11roads Techn1ca1

'wCenter Ch1cago 1111no1s

-1 ¥6. Aburoc'

. The convers1on of the computer program, "A Programme for Three D1mens1ona1 Steady »'fé
vState R0111ng" deve]oped by Professor J. J. Kalker, from the original A}goT ]anguageg =

| ‘to- Fortran is considered.. This program determines the resultant creep forces and
moment for steady state r0111ng of two bodies of equa] or unequa] 11near1y eTast1c

mater1a1 propert1es

A reTated manual for Kalker's. "S1mp11f1ed Theory of R0111ng Contact" is cons1der-f .

ed in”the report "User's Manual for Kalker's Simplified Nonlinear Creep Theory,"
by James G. Goree and E. Harry Law, FRA/ORD-78/06 Contract DOT-0S-40018, December,

- - 1-1977.. The. program considered in the present report concerns the same prob]em except | - -
- | for the.extension to unequaT materials. It is found that; for equal materials, the |-

P"S1mp11f1ed Theory" gives approximately the same results as the exact solution in
"most cases. and in those instances where some .difference was' noted, the simplified
theory.appears to be in better agreement with experimental . resuTts ~In addition;
" the s1mp11f1ed theory reduces the computat1on time’ by a factor of approx1mate1y

-50 to 100

7. Key Words Non11n°ar Freep, Creepage,

] 18, busmbuﬂon Statement Document 15 ava-l]ab]e )

Creep Forces, Spin, Spin Moment, Steady- to .the public through the National Techni-
State RoT]1ng, Hertz Contact, Ra1]roads cal Information Serv1ce Spr1ngf1e1d

.V1rg1n1a 22151
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5. Report Da.n

_March, 1979

‘4. " Title ond Subh".

| {)SERS* MANUAL FOR PROGRAM FOR CALCULATION : 8 Porforming Oroomi somon Code™
L OF KALKER'S LINEAR CREEP OOEFFICIENTS . W e e

. _::] 8. Performing Orgonizotion Report-No.
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Prepared in cooperation with the Assoc1at10n of Amerlcan Railroads Research
- Center, C.‘nlcago, Illmo1s.‘ . o S T

: !6 ‘Abstract .

A program wrn:ten in F¢RI'RAN IV is descnbed that uses the Hertz theory :
’| . of rolling contact between two bodies and Kalker's linearized theory of creep
‘|- to determine the geometry of the contact patch between railway - -vehicle wheel -
~ .and rail and the creep coefficients that characterize the linearized creep:.. .
" forces bebween wheel and. rail. ‘The -program mput, output ‘and the subrout:mes -
| 'used are“described herein and the ‘results are in the form of. printout..’ “The e
“manual includes program listings, sample deck set ups ‘and sample run dutputs. -
| Two other user's manuals for determination of creep forces and moments. have
~{..been issued under this contract. These are "Users' Manual for Kalker's - - . .
- | Simplified Nonlinear Creep Theoty' by J.G.  Goree and E.H. Law and "Users’ L
s Manual for Kalker ] Exact Nonlmear Creep Theory" by J. G Goree‘ : -

l7 K'y Word: B - —— s ) _18 ‘ Dumbmion. SOotomqr;O . R R : .
linear treep, creep ceefﬁczents Hertz - Document ' is ava11able to the pubhc |
- contact; 'contact patch contact stresse;,,. . through. the Naubnal Technical Infor-

Sprmgf:.eld VA, 22361 :
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USERS' MANUAL FOR LATERAL STABILITY COMPUTER -
PROGRAMS FOR RAILWAY FREIGHT CAR MODELS I

= 5 Report Date - <

hpril 1980
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i N.Ki Cooperrider, Arizona State University
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Prepared in cooperation with Association of American Railroads Research
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| * herein and the results are in the form of printout.

The dynamic performance of a rai] vehic]e is characterized by its curving
behavior, vibration response and stability. The stability of a linear system
.1 ~can be studied by such classical methods as ‘eigenvalue/eigenvector: analysis._"

'} This report is a Users' Manual for four programs written in FPRTRAN. IV that.
- use the. e1genva1ue/eigenvector -analysis to determine the lateral stability of
| “the 9, 17, .19, and 23 degree of freedom linearized models of the North- American
"?,Freight Car The program input, output, and the subrout1nes used. are described '
‘The ‘manual inc1udes o
program 11st1ugs, sample deck setups and sample run outputs.‘ AR

Hunting, Freight Cars

17. ‘Key Vlords o — . . 18 DlS'l’lbU’Ioﬂ Statement . -

~ Eigenvalues, Eigenvectors, Latera1 - | Document is. available to the
Stability Linear Models, aiIroads. _,' through the Natjonal Technica
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tion Service, Springfield VA 22161
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B ected output power spectra are prepared

This manual documents a FORTRAN IV computer program that solves for the forced

‘laterali sinusoidal and random response of a linear, 9 degree-of freedom freight =~

car. The vehicle model represents the lateral dynamics of typical North American

"~ freight cars equipped with three piece trucks. - Responses. to both roadbed’ center—l,@;

11ne alignment and cross” 1eve1 1rregu1ar1t1es are computed ' : R
b I e i:.i'

The response is ca1cu1ated using frequency domain techniques The steady state :

tained and R.M.S. values found by integration of the power spectra Plots of sel-':% :

The manua] br1ef1y describes the vehuc]e and roadbed model and the solut1on tech-j"f
nique. " The program descript1on -a samp1e run and ‘a comp]ete program 11st1ng are vf,

1nc1uded RS R ST P

i
: |
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Appendix C

INFORMAL REPORTS

In addition to the formal documents listed in
Appendices A and B, the following informal reports
were prepsred as needed to document results or to
convey information to interested parties:

1.

2.

3.

4,

6.

7.

"Roller Rig Validation Tests for Railroad
Freight Car Dynamic Model," April 22, 1974.

"Program Plan for Field Test Validation of
Lateral Freight Car Dynamic Analysis," July
5, 1974,

"Parametric Study of Freight Car Stabil-
ity--Preliminary Results," July 2, 1975.

"Data Book: Wheel/Rail Geometry for Five
Wheel Profiles and Three Rail Profiles,”
October 1, 1975.

"Data Book: Wheel/Rail Geometry, Volume
II," March 15, 1976.

"Interactive Computation Procedure for
Digitizing Wheel and Rail Profile Data,"
June 1976,

"Walidation Plan for Freight Car Dynamic
Analyses," June 1976.

. "Data Bock: Wheel/Rail Geometry, Volume

III," November 10, 1976.

. "A Review of European Facilities for Re-

search in Rail Vehicle Dynamics," May 1977.

10. "AAR/UP Field Test Data, Displacement

PSD's for L and N Hopper Car Motions,"
October 1977,
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