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I. INTRODUCTION

This report provides an overview of the pub-
lications on rail system dynamics which have ap-
peared as the products of FRA-sponsored resesrch
in the decade from 1971 to 1981. These include
FRA contract reports and technicsl pspers presen-
ted through the professional societies. In gen-
eral, reports published since 1971 and papers
published since 1975 have been included. The
end of 1981 has been chosen as the cut-off date
for more recent work.

The technical subject matter which falls
under the category of rail system dynamics does
not fit entirely into well-defined classifica-
tions. The decisions about what subject areas
to include (and exclude) have of necessity been
judgemental. A good summary of the subject mat-
ter which is covered here can be gained by re-
viewing the outline of the remaining chapters of
this report:

11. Sources for Overview Information
111, Wheel-Rail Interface Phenomena
IV, Vehicle-Track Dynamics

4.1 Track Characteristics

4.1.1 Track  Geometry Measurement
and Characterization

4.1.2 Track Mechanics (Compliance)
4.1.3 Maintenance of Way
4.2 Vehicle Dynamics for Given Track Geome-

try

4.2.1 Analytical Rail Vehicle Dyna-
mics

4,2.2 Experimental Rail Vehicle
Dynamics

4.2.3 Combined Analyticsl and Ex-
perimental Rail Vehicle Dyna-
mics

4.3 Vehicle~Track Interactions
V. Llongitudinal Train Dynsmics
VI. Other Applications of Rail System Dynamics

6.1 Fuel Consumption/Resistance
6.2 Llading Response

The text of the report includes a brief dis-
cussion of each of the documents which has been
obtained in the gearch through FRA-sponscred pro-
.jects, with citations to & complete bibliogra-
phy. In addition, twenty representative papers
were selected for incorporation into Volume 2 of
this report to display some of the results which
have been achieved during this decade of FRA
sponsorship. These papers have been chosen for
inclusion because taken together they give the
reader an effective picture of the breadth of the

sccomplishments in rail system dynamics which the
FRA has promoted. This selection was based on
the suthor's judgment, and should not be inter-
preted as an officisl endorsement of these paspers
to the exclusion of others.

It is the suthor's hope that this anthology
is as complete as possible within the defined
categories of subject matter, years of publica-
tion and sponsorship. Work which was not spon-
sored by the FRA is not included here. Some
university projects are particularly affected by
this restriction, in that only the documents
which resulted from FRA sponsorship are covered
here, while others produced exclusively under the
sponsorship of the DOT Office of University Re-
search are not covered. Some work sponsored
jointly by FRA and AAR in the Track-Train Dyna-
wics (TID) program is included, but the masjority
of the TTD reports and papers, particularly those
produced by the AAR staff, are not included.

The citations for the documents which are
covered in this report were assembled from sev-
ersl sources. The search was initisted using
the bibliographies and contract descriptions in
the FRA's 1980 directory, "Improving Railroad
Technology" end the Railroad Research Information
Service (RRIS) File Search of August 22, 1979
prepared for the FRA Office of Research and De-
velopment. Using the names of authors of FRA
reports found in both of these sources, new com~
puterized literature searches were performed on
the Engineering Index and RRIS data bases to
identify additional documents. Seme of the
authors whose works sppeared most frequently were
provided with listings of the citations to their
works and were assked to indicate which vere per-
formed under FRA sponsorship. They also sup-
plied citations to aedditional documents which
were not found in the computerized searches.
The documents were then obtained from a variety
of sources, including SCT's collection of rail
dynamics literature, the DOT snd FRA/RRD librar-
ies in Washington, D.C., the Engineering Socie-
ties Library in New York and the libraries of the
Magsachusetts Institute of Technology, Princeton
and Stanford Universities, and the University of
California.



II. SOURCES FOR OVERVIEW INFORMATION

FRA sponsorship of work in railroad system
dynamics has taken two different forms:

(1) support of individual research projects

(2) support of conferences and symposia
which disseminate information about
projects conducted under both public
and private sponsorship.

This section includes examples which fit in both
of these categories. Several FRA-sponsored pro-
jects have been designed in whole or in part to
review the status of some sspects of existing
rail dynamics work, rsther than performing new
snalyses and tests. These projects have led to
the development of some useful reference reports,
which can help lead readers to the original sour-
ces for more detailed information, as wvell as
serving as good introductions to their subject
matter in their own right. The conferences and
syoposia which FRA has sponsored have been valu-
able forums for the exchange of ideas on the
state of the art of railroad technology among the
participants, while the proceedings reports which
have resulted have provided effective overviews
for those who were not able to participate in
person.

The first interim report of the "Freight Car
Truck Design Optimization'" project by the South-
ern Pacific Transportation Company was a three-
volume literature review [1]. This review was
an annotated bibliography, including abstracts
and some copies of technical papers or sections
of reports, providing a comprehensive overview of
the (largely domestic) literature on railroad
trucks prior to 1975. The reports wvere organ-
ized into five separate sections:

the history of the freight car truck
truck design

truck components

track-train dynamics as relsted to truck
performance '

e truck performance

The Battelle~Columbus laboratories have pre-
pared an extensive bibliography on rail technol~
ogy for TSC, under FRA sponsorship [2]. Most of
the material in Reference 2 was oriented towards
issues which are specific to the rails them-
selves, but some vas related to the influence of
the rails on vehicle performance.

The University of Virginia, with the assist-
ance of some outside authorities, has completed a
review of the computer programs which have been
developed to represent railroad vehicle dynamics
[3]. The existing programs were found to have
been developed for wvery specific uses in most
cases, and were infrequently found to be used by
organizations other than their developers’.
Most of the programs were not sufficiently well
documented or validated for general use, and the
input data requirements were often found to be
deterrents to their use. The work reported in

Reference 3 should save significent effort for
other rail dynamics researchers who are interes-
ted in finding existing computer programs which
they can use.

The FRA's sponsorship of conferences on
railroad system dynamics has been most visible in
the annual Railroad Engineering Conferences be-
tween 1975 and 1979, the proceedings of which
wvere published as FRA reports [4-7]. Prior to
1975, these conferences were conducted under pri-~
vate sponsorship and there was no conference in

"1978 to avoid conflicts with that year's Inter-

national Wheelset Congress, which was held in
Colorado Springs.

Some of the work reported in References 4-7
vas sponsored by FRA, but much of it was conduc~
ted overseas or under private sponsorship. The
FRA-sponsored papers are discussed by subject
ares in the appropriate later sections of this
report. The conference proceedings in their
entirety serve as useful surveys of the signifi-
cant railroad research work accomplished during
the four years of their coverage.

The FRA also served as co-sponsor of the
Symposium on Railroad Track Mechanics and Tech-
nology at Princeton in 1975 (8] and the Confer~
ence on Advanced Techniques in Track Train Dyna-
mics at Chicago in 1977 {[9]. The track sympos-
ium proceedings contains significant papers on a
wide range of track issues, serving as an excel-
lent overview of the international state of the
art in track wmechanics as of 1975. The papers
found in References 8 and 9 which are related to
rail vehicle dynamics and were prepard under FRA
sponsorship are covered in later sections of this
report. Reference 9 is a bdroader overview of
the entire field of track-train dynamics as of
1977, focused on work conducted in the joint FRA-
AAR-RP! Track Train Dynamics Program. :

Three more recent conferences co-sponsored
by the FRA also deserve mention here. These have
been reported in the following proceedings vol-
umes:

“Accomplishments in the 70's, Goals for the
80's: A Track Train Dynamics Conference,”
AAR Report R-400, November 27-29, 1979,
Chicago, IL

“FAST Engineering Conference - 1981 Proceed-
ings," November 1981, Denver, CO, Report
FRA/ TTC~82/01.

"Proceedings:
Wheel/Rail

International Conference on

load and Displacement Measurement Techni-
ques,"

January, 1981, Cambridge, MA, Report DOT-
TSC-UMTA-82-3.

The first of these three reports was con-
cerned with the accomplishments of the Track-
Train Dynamics Program in many aspects of



railroad technology, not only dynamics. The
dynamics issues addressed in that conference were
principally train action and wheel/rail loads.
The second report was largely concerned with the
wear-related issues addressed at the FAST track
in Pueblo, rather than with dynamics as such.
The third report contains a collection of papers
which provide detailed descriptions of state of
the art technigues for measuring wheel/rail for-
ces and displacements, some of which were devel-
oped under FRA sponsorship and some of which were
not. The proceedings as a whole is a valuable
reference on international developments in wheel/
rail instrumentation systems, which can help
provide important information about rail wvehicle
dynamic performance.



111, WHEEL-RAIL INTERFACE PHENOMENA

Among the most challenging problems to con-
front researchers in rail vehicle dynamics is
the difficulty of determining precisely what hap-
pens at the interface between the steel wheel and
steel rail. Extremely high stresses are gener-
ated within a small contact patch in order to
transmit the large forces needed to support,
guide, and propel rail wvehicles. A thorough
understanding of the wheel-rail interface is
needed in order to be able to predict the dynamic
response of rail vehicles. Unfortunately, the
interface phenomens are very difficult to observe
and messure empirically, impeding the developmwent
of fully satisfactory theories to explain these
phenowena. The physics at work in the wheel-
rail interface are extraordinarily complex for a
variety of reasons, including:

e mixture of elastic and plastic deforma-
tion of materials

e extremely high stresses, which change
rapidly in time and space

e nonlinesr wheel-rail contact geometry
e creep force ssturation

e abrupt changes in contact angles and
force vectors for small changes in wheel~
set position.

Much research effort has been devoted to
these wheel~rail interface phenomena within the
past decade, under s variety of different sources
of sponsorship. This concentration of effort
has been based on the fact that the wheele-rail
interface must be modeled correctly before the
responses of railroad vehicles to diverse condi-
tions can be predicted with confidence.

FRA support of wheel-rail interface research
dates back to the work of Nayak at Bolt, Beranek,
and Newman, reported in 1972 [10]. This work
dealt with some of the fundamental properties of
rolling contact between bodies which are not
ideally smooth, relaxing some of the simplifying
assunptions of earlier work. Reference 10 was
concerned with two-dimensional rolling contact,
and did not extend to consideration of the prob-
lems specific to railroad wheels on rails.

The high-speed testing of the Linear Induc~-

tion Motor Research Vehicle (LIMRV) provided an
opportunity to measure the available adhesion of
8 rail vehicle as a function of speed over a very
wide speed range. These empirical results were
compared with published dats for moderate speed
tests in Reference 11, indicating that the attain
able adhesion on unpowered steel wheels was more
dependent on the running rail surface than on the
vehicle speed.

In conjunction with the DOT Office of Uni-
versity Research, FRA has supported a long-term

research investigation into wheel-rail contact
phenomena at the University of Pennsylvania.
This work, under the direction of Professor Bur-~
ton Paul, has been reported in s series of papers
and reports since 1975 [12-23]. The series be-
gan with 8 comprehensive review, including an ex-
tensive bibliography, of the literature which was
available prior to 1975 [12-13]. This review
serves as an excellent reference on the physical
processes st work in the contact patch, and
points to the need for developmwent of wethods of
snalyzing the non-Hertzian contact phenomens
which are present at the wheel-rail interface.

Reference 14 presented numerical solution
methods for three~dimensional, frictionless, con-
formal elastic contact, with examples for s
sphere indenting & apherical sest and a cylinder
indenting & cylindrical seat. A method for de-
fining the three-dimensional c¢ontact patch was
also presented in this report. The work comntin-
ued with numerical solutions of the counterformsl
contact stress problem [15-17), including a
user's manual for the computer program which was
developed [16] and an example for non-Hertzian
contact of a railroad wheel and rail [15, 17].
Extensions to the analysis wethod and comwputer
program for conformal contact were documented in
References 18-20a, and improved solution methods
wvere then covered in References 21-23. Reference
17 is reprinted in Volume 2 as documentation of
some of the sccomplishments of this program.

Although the work documented in References
12-23 has not been presented in the form of a
vehicle dynamic wodel, its results will be useful
in helping to develop more accurate models of the
forces and moments transmitted across the wheel-
rail interface. In contrast to that work, the
second major FRA program on wheel/rail contsct
characterization took a more macroscopic approach
to the problem, focused on developing relation-
ships which could be applied directly in vehicle
dynamic wodels. This program, led by Professor
Neil K. Cooperrider at Arizona State University
and Professor E. Harry lLsw at Clemson University,
hes also produced an extensive set of documenta-
tion [24-31]. It has had two principsl foci,
the development of analytical descriptions of
nonlinear (rigid) wheel-rail geometric constraint
relationships [24-28] and the development of
transferable FORTRAN computer programs to imple-
ment the creep theories originally formulated by
Professor J.J. Kalker at the Delft University of
Technology [29-31].

The analytical aend experimental determina-
tions of the macroscopic wheel-rail geometric
constraints (including users' manuals for compu-
ter programs) wvere described in detail in Refer-
ence 24 for symmetrical wheels and rails, while
the extension to asymmetrical cases wvas reported
in Reference 28. In this work, scale models of
wvheel and rail cross-sectional profiles were used
to experimentally validate the analytical method
(a computer program) which calculates the effec-
tive conicity and gravitational stiffness of a
vheelset for arbitrary wheel and rail head pro-



files (assuming negligible deflections due to
contact stresses). These relationships wvere
based on a numerical evaluation of the geometric
constraint functions for rolling radii, sngle of
wheel/rail contact and wheelset roll angle
[271. Those three nonlinear geometric con-
straints were expressed as descridbing functions
for application to & quasi-linear analysis of the
hunting stability of rail freight vehicles (25,
26]. This analysis, which included a describing
function  representation of suspension dry
friction, illustrated the dependence of hunting
behavior (critical speed) on wheel profile and
the amplitude of wvehicle response (limit
cycles). Reference 26 is included in Volume 2
to provide a more detailed overview of this work.

References 29 and 30 asre documentation of
the conversions of Professor Kalker's original
Algol programs for calculation of a nonlinear
creep force-creepage relationship into FORTRAN,
These reports were designed as detailed users'
manuals to enable other analysts to generate the
creep force-creepage relationships needed for
many rail vehicle dynamics models. Reference 31
is the users' manual for an additional FORTRAN
program which uses Kalker's linearized creep
theory and the Hertz theory of rolling contact to
determine contact patch geometry end linearized
creep forces.

A parallel effort to that described in Ref-
erences 24~28 was conducted under FRA sponsorship
at TSC at about the same time. References 32
and 33 described the work of D.P. Gerg in augmen-
ting the realism of frequency domain modeling of
vheelset dynamics using describing functioms.
He showed the dependence of wheelset critical
speed on a variety of parameters, such as primary
suspension yaw and lateral stiffness and axle
load. As part of the same general effort, a
preliminary analysis of truck performance in
curves (with nonlinear creep and flange contact
forces) was also develcoped [34].

A third major FRA-sponscred program of uni-
versity research on wheel~-rail interface phenom-
ens has been led by Professor Sudhir Kumar at the
Illinois Institute of Technology (IIT). Much of
the work in this program has been oriented toward
wear, rather than dynamics, but many of the re-~
sults are still applicable to rail vehicle dyna-
mics problems {35-40].

Reference 35 described the scale model fric-
tion-creep test facility at IIT, which wvas used
to wmeasure coefficients of friction and creep
(longitudinal) in braking. Results were pro-
duced for clean rail and rail contaminated by
water end oil.

Reference 36 covered continuations of this work,
including investigations of the size and shape of
the contact patch, which was shown to change
rather quickly from an ellipse to s rectangle.

One key result of this work was the empirical
demonstration that the product of the contact
area sand creep is a constant for a given normal

load and coefficient of friction, with the con-
tact aree incressing and creep decreasing as wesr
progresses [38], A second result, which pro-
ceeded from that, was the development of a single
nondimensionslized curve for adhesion as & func-
tion of creep [37]. This curve, which demon-
strates the saturation of creep force for in-
creasing creepages, was shown to fit Kalker's
theory for very smooth wheels. Reference 37 is
included in Volume 2 to provide a more complete
description of these findings.

Reference 39 provided a broad overview of
the work presented in [35-38] and then added a
new treatment of the lateral friction-creep rels-
tionship, which was found to have a higher peak
value than the longitudinal relatiomship, follow~-
ed by a fast drop (not merely a monotonic satura-
tion). Reference 40 continued this work into
the realm of wear, demonstrating the effects of
worn wheels on the contact patch (using FAST
data) and suggesting the need for a specisl wheel
profile (as yet undefined) to minimize the sever-
ity of the effects of wear on hunting stability.



IV. VEHICLE-TRACK DYNAMICS

The majority of the attention which has been
devoted to rail system dynamics comes under the
category of vehicle~track dynamics. For better
understanding of this review, this category has
been subdivided further. Track characteristics
sre covered first, in Section 4.1, These are
followed by vehicle dynamics for essentially
fixed track geometry, in 4.2, and finslly
vehicle-track interactions in 4.3.

4.1 TRACK CHARACTERISTICS

The most significant inputs (forces) which
act on rail vehicles are those imposed by the
track. This makes it futile to try to under~
stand the vehicle's dynamic behavior without un-
derstanding the characteristics of the track
which supports and guides it. The geometry of
the track can be measured in either a loaded or
unlosded condition, giving different results.
The differences are attributable to the compli~
ance of the track. Both gecmetry and compliance
should be known in order to be able to predict
the vresponses of a vehicle traversing the
track. These responses cs&n in turn be used to
help direct wmaintenance-of-way planning so that
the track is always wmaintained in a condition
which is both safe and economical for wvehicle
operations.

Based on the above discussion, Section 4.1
has been subdivided further into three categor-
ies:

4.1.1 Track Geometry Measurement and Char-
acteristics

4.1.2 Track Mechanics (Compliance)

4.1.3 Maintenance of Way

4.1.1 Track Geometry Measurement and
Characterization

FRA has invested considerable research
effort in the measurement and analyticsl charac-
terization of track geometry, inm support of the
development and updating of its Track Safety
Standards. Much of this effort has been devoted
to the design and installation of special instru-
mentation in test cars, known as the Track Geome~
try Cars and then the Track Geometry Measurement
System (TGMS). This instrumentation has been

described in a number of technical papers [41~

45), starting in 1973,

The inertial profilometer {[41] wmessures
track profile (vertical) deviations by detecting
the displacement and sccelerstion of s wmass which
is free to slide vertically relative to the truck
journal on which it is wmounted. Appropriate
signal processing produces a vertical space curve
description of each rsil, suitable for use in
vehicle simulation studies. Track curvature is
measured by using a gyroscope to wmeasure the
car's yaw rate, an axle tachometer to measure
speed and velocity transducers for the relative

wotions between the car and trucks [42]}. Refer~
ence 43 described an anslysis of a gyroscopically
compensated vertical pendulum system for measur-
ing track superelevation from a wmoving vehicle,
although it did not refer to its implementation
on any of the FRA test cars. References 44 and
45 described gsuge wmweasuring techniques, again
without reference to their implementation.

Two generations of integrated track geometry
messurement systems wvere described in consider-
able detail in the FRA reports on the extensive
validation test programs to which they were sub-
jected [46, 47}, More compact and sccessible
descriptions of these systems may be found in two
technical pspers, one on the T-6 car [48], and
the other on the T-10 car {49]. The latter of
these two papers is included in Volume 2 of this
snthology to provide good documentation of the
type of track geometry data which can be made
available for analytical investigations.

The pseudo space-curve track geometry dats
produced by the FRA test cars are voluminous and
although they are usable for time-domasin simula-
tion studies, they cannot be readily used for
frequency domsin modeling and analysis or for
general evaluations of track gquality. Appropri-~
ate wmethods for reducing these track data into a
manageable form were the subject of a series of
reports and technical pepers by John C. Corbin
and others at ENSCO [50-54]}. The concept of
using the power spectral density (PSD) was intro-
duced in Reference 50 and then expsnded in Refer-
ence 51, which is particularly valuable for its
discussion of signal processing requirements, its
highlighting of the inherent limitations of the
spproach and the results it presents, character-
izing several segments of track deta. Reference
51 is included in Volume 2 of this anthology to
illustrate how meaningful information can be ex-
tracted from the track geometry messurements.

The track geometry characterization work
continued with a report [52] which relates the
statistical measures (such ss PSD) to more tradi-
tional visual measures of track condition, such
as photographs and space curves. The entire
effort culminated in a large two-volume report
{53, S54] which described the use of a stationary
random process model for homogenous track struc-
tures and a8 more complicated model for anomalies
such as wvelds and joints. This report described
the dsta processing which wust be done in great
detail and demonstrated the great pains the asuth-
or took to ensure the methematical correctness of
each step of the analysis.

*

4.1.2 Track Mechanics (Compliance)

Significant efforts have slso bdeen devoted
to the determination of the complisnce (or its
inverse, the stiffness) of railroad track.
These characteristics are important to the study
of vehicle dynamics because they permit the geom~
etry of the track to change when a vehicle passes
over it, producing dynamic interactions between
the vehicle and track. These interactions (cov~-



ered in grester depth in Section 4.3) can be more
easily understood if the track compliance is
evaluated independently of intersctions with
vehicles.

Although the large majority of the FRA sup-
ported work on track mechanics has been experi-
mental, one of the earlier papers on the subject
wvas concerned with the development of analytical
models [55]. Although the track is in fact a
complex distributed-parameter system, it is much
easier.to work with lumped-parameter models such
as those which were developed and compared with
test data in Reference 55, which is included in
Volume 2. These models include the effects of
the rails, ties snd foundation (ballast and sub-
grade), the discontinuities introduced by joints
and the further levels of detail needed to repre~-
sent wheel~-rail impact response, to separate ver-
ticel and lateral effects and to incorporate
track geometry variations. Experimental results
for tie plate vertical loads plotted against rail
vertical deflection were used to validate the
models (showing significant systematic differen-
ces by season, with winter's frozen foundatioms
producing higher stiffnesses).

Most of the literature on track wmechanics
which has been produced under FRA sponsorship has
focused on the experimental techniques needed to
messure track stiffness (or compliance) [56-60).
Reference 56 explained how mid-chord offset and
profilometer measurements can be combined to pro-
duce stiffness estimates, including s proof test
at the Kansas Test Track. References 57-59 des-
cribed techniques for measuring the static and
dynamic compliance of railroad track, using both
constant and time-varying preloads.

Results of track mechsnics measurement pro~
jects were reported in References 61 and 62. The
first of these two reports described the use of
data from static and dynamic tests of the Kansas
Test Track to validate a dynamic track structure
wodel suitable for evaluation of non-conventional
track structure designs. The other report
described tests con- ducted on mainline track of
the Chessie System to determine how lateral track
stiffness varies with changes in the condition of
ties and ballast.

4.1.3 Maintenance of Way

Track characteristics are continually chang-
ing under the influence of the loads imposed by
moving vehicles. These characteristics must be
maintained within sppropriate tolersnces in order
to avoid unsafe vehicle dynamic behavior. Be-
cause of the very substantial costs which the
railroad industry incurs for wmaintaining its
track, this area has been an important extension
of FRA work on track characteristics.

The existing systems avsilable for track
maintenance (track reneval) in Europe and North
Anerica were surveyed in Reference 63, which also
included reviews of three studies of the econom-
ics of track renewal systems for U.S. rail-

roads. References 64-66 congidered the use of
detailed track geometry data, such as that ac-
quired by the FRA Track Geometry Cars, as a main-
tenance management planning tool. The track
geometry messurements were disgtilled into a set
of "track quality indices" by appropriste data
processing, and these indices were then used by
railroad personnel to allocate maintenance re-
sources to the track sections most in need of
work. The most useful indices were found to in=~
clude alignment, gauge (both roughness and wide
gauge), surface varp and superelevation.

This work was extended [67] to consider what
track geometry deviations would be acceptable to
keep vehicle dynemic responses from exceeding
thresholds which would be undesirable for ressons
of safety or wear and leding damage. These stan-
dards were referred to as performance-based track
geometry descriptors. Reference 67 is included
in Volume 2 to provide a wmore complete descrip-
tion of this innovative use of track geometry
dats.

4.2 VEHICLE DYNAMICS FOR GIVEN TRACK GEOMETRY

The largest category of work which has been
performed on rail system dynamics is that devoted
to the dynamics of the rail vehicles thes-
selves. Because of the size of this category,
it has been further subdivided into programs
wvhich are primarily snalytical, those which are
primarily experimental, and those which combine
both analysis and experiment.

4.2,1 Analytical Reil Vehicle Dynamics

There sre only a few programs which FRA has
sponsored in the purely analytical category.
These can be summarized chronologically as:

(1) Linear frequency domain wmodeling tech-
niques (DYNALIST I1) - TRW/J.H. Wiggins
Co./TSC

(2) Mathematical modeling for compsrison of
freight and passenger vehicles - Bat-
telle Columbus Laboratories

(3) Mathematical modeling of freight car
latersl stability and forced response -
Arizona State and Clemson Universities

(4) Application of quasi-linearization
techniques to rail vehicle dynamics -
Hassachusetts Institute of Technology,
Arizona State and Clemson Universities

(5) Analysis of the design trade-offs be-
tween stability and tracking ability
for rail pessenger trucks =- Massachu-
setts Institute of Technology.

The earliest of these analytical projects,’
the develcpment of DYNALIST 11, was reported in a
four-volume set of reports [68-71) and two tech-
nical papers [72, 73]. DYRALIST II uses the



method of component mode synthesis to compute the
response of rail vehicle systems to sinusocidal or
stationary random rail irregularities. This
work has been extended to include the capability
to represent periodic and transient time-history
responses, but is still restricted to use on lin-
ear or linearized systems. The linear frequency
domain vehicle modeling spproach was continued in
reports from TSC [74, 75], which reviewed several
computer programs developed and/or used at TSC
for the analysis of rail vehicle dynamics, in-
cluding DYNALIST 1I. The TSC work has slso in-
volved & review [76] of the analytical wmethods
which have been used to predict the lateral re-
sponses (including forces) of rail wehicles in
curves (both steady state and transient).

The Battelle Colusmbus Laboratories have de-
veloped computer models to be used to compare the
dynamic performance of railroad freight and pas-
senger wvehicles, This comparstive analysis was
undertaken to try to evaluate the differences in
track geometry errors and speed limits which
should be permitted for operations by freight and
passenger vehicles. The evaluation criteria
used to rank the different class of vehicles were
ride quslity, track damage potential (forces) and
stability (a basic eet of derailment quot-
ients). The concept of this project, with its
reliance on analysis rather than experimentation
and its use of sophisticated performance mea-~
sures, was innovative for its time (early 1970'as)
in the rail dynsmics field. However, its re-
sults were limited by the linearity of the 14
degree~of-freedom vehicle model, and some of the
track descriptions and performance messures have
been superseded by more recent work. Descrip-
tions of this study can be found in two FRA re-
ports [77, 78] and two technical papers [79, 80].

Extensions of this analytical work at Bat-
telle led to applications on other FRA-sponsored
projects. This included a study of the rels-
tionships among track geometry, vehicle suspen-
sion characteristics and passenger comfort for
operations in curves and transitions [Bl]. This
study, conducted for spplication to the Northeast
Corridor Project, showed that for a Metroliner-
like vehicle with high roll stiffness, the AREA
standard for minimum spiral length was conserva-~
tive. Battelle also reported a parametric
study, using a similar linear wvehicle wmodel,
showing that reducing the torsional stiffness of
s wheelset can significantly reduce the critical
speed for hunting [82]. i

The Freight Car Dynamics research program
conducted by Arizona State and Clemson Universi-
ties has had a strong analytical orientation
throughout, as well as including s major test
program (discussed in Section 4.2.3). The two
@ain thrusts of the analytical results reported
from this research have been the digital computer
modeling and analysis of huntipg behavior and the
anslog/hybrid computer simulation of wvehicle
latersl dynamics.

The analytical wmodels wused to explore
freight car hunting were derived in Reference 83,
beginning with the model of a single wheelset.
Two such wheelset models were incorporated in a
genersl 9-degree-cf-freedom truck model which can
be used to represent a wide range of truck de-
signs. Then, two such truck models were com-
bined with a car body model which has three rigid
body degrees of freedom plus the first lateral
bending and torsional wmodes to produce a 23-
degree-of-freedom £full wvehicle wmodel. These
wodels are among the most thoroughly documented
of any which have been developed for rail vehi-
cles, thenks to a detailed user's wmanual [84].

Extensive parsmetric studies were conducted
to determine how the critical speed for hunting
is sffected by different truck design parame-
ters. The analyses wvere all linear, and the
outputs were the eigenvalues and eigenvectors for
the respective degrees of freedom. The results
of the parsmetric studies were discussed in Ref-
erence 85, which is reprinted in Voluwme 2 as an
effective representation of this work. The same
work wvas later extended to cases with different
vheel profiles on the same axles and asymmetric
loadings [86], revesling somwe important differ-
ences from the results obtained with symmetric
models (such as a strong sensitivity to the di-
rection of wotion). This extension required the
introduction of describing functioms for quasi-
linearization of the wheel-rail geometric con-
straint functions (rolling radius difference and
contact angle difference), although the remainder
of the vehicle model remained linear. A general
review paper [87], describing the hunting phenom-
enon in terms of limit cycles, was also produced
under the general segis of this project.

Analog and hybrid simulation technigques ap-
plied to rail vehicle dynamics were described in
three technical papers [88~90] and one report
[91].  These techniques, adapted from the aero-
space industry, were introduced for use with a
S~degree-of-freedom half-car wmodel of a freight
car (including three degrees of freedom for the
truck) in Reference B89. Nonlinear wheel/rail
geometric comstraints and coulomb suspension
friction vere included in the model. Results of
stability senalyses for individusl wheelsets and
the hslf-car model were shown in Reference 90
(phase plane trsjectories and time histories of
limit cycles, as well as limit cycle bounda-
ries). Both references indicated the speed and
running cost advantages of the hybrid simulation
approsch, while noting the need for substantial
analog computer facilities to represent wmore
realistic, larger scale vehicle wmodels. One
product of this work was a report ([91] which
evalusted the performance of three different
methods (two digital, one analog) of simulating
coulomb friction for use in general vehicle sus-
pension models. Because of the prevalence of
coulomb friction in rail vehicles, these results
can be applied to wmany types of rail wvehicle
sodels.



A third analyticsl product of the Freight
Car Dynamics project was & 9-degree~of-freedom
linear frequency doma.n wodel of a freight car,
which has been thoroughly documented in a user's
manual [92). This model can be used to calcu-

late vehicle lateral transfer functions and

forced response spectral densities.

The Arizona State/Clemson effort was later
extended to include the participation of the
Massachusetts Institute of Technology. This
work involved evaluation of the use of
quasi-linearization techniques (describing
functions) to explore the limit cyecle (hunting)
behavior and forced response of rail wvehicles
[93-97]. The first paper on this subject [93]
dealt with the modeling of a single wheelser,
including three nonlinearities: (a) dry friction
in parallel with a spring for lateral suspension,
(b) flange clearance (deadband) and (c) dry
friction in series with a spring for yaw
suspension. The stable and unstable lieit
cycles for the wheelset were illustrated and the
influences of the non- linearities on wheelsget
stability were discus- sed. This work was
extended [94] to incorporate wheel-rail contact
nonlinearities in a thorough set of parametric
studies of the influences on hunting behavior.
Reference 94 is included in Volume 2 a8 a
representative description of the important
products of this work, which are covered in more
detail in the complete project report [95].

The describing function method of lineariza-~
tion was also applied to the analysis of freight
car rock-snd-roll response to track cross-level
varistions, in parallel with & nonlinear digital
simulation of the same phenomenon [96]. It was
shown to be an efficient method for conducting
parametric studies requiring the evaluation of
steady~-state responses for many cases. The
quasi-linearization approach of References 93-96
is applicable for approximately sinusoidal inputs
(cross-level inputs from staggered rail joints)
and for prediction of limit cycles (hunting).
The extension for forced responses to track ir-
regularities made use of statistical lineariza-
tion methods with a 9-degree-of-freedom freight
car model [97]. Reference 97 showed how these
wmethods (incorporating an efficient iterative
frequency domain numerical algorithm) can be used
to show the effects on vehicle response and stab~
ility of wheel profile geometry, track gauge and
roughness and nonlinear suspension variations.

The FRA-sponsored work on rail vehicle dyna-
mics which followed at M.I.T. (evolving from a
D.0.T. University Research and Training Grant)
was directed toward the development of simplified
analytical tools for designing rail passenger
trucks [98-100). This wvork was based in large
part on the fundawental trade-~offs between stab-
ility and curve tracking performance of rail ve-
hicles (ensuring & critical speed comfortably
sbove the maximum operating speed without produc~-
ing excessive flange contact in curves). In
sddition, the trade-offs between vertical and
lateral ride quality and suspension strokes were

considered in the design procedure (98]. The
slternative truck designs were characterized by
their shear and bending stiffnesses. As part of
the evaluation of the truck designs, a detailed
nonlinear analysis and simulation study was per-
formed, incorporating the effects of normal force
variations, wheel/rail geometry and creep force
saturstion [100]. This snalysis shoved the sig-
nificance of nonlinear wheel/rail forces end the
non-Gaussian distribution of wheelset excursions
vhen the rms excursions exceed 402 of the flange
clearance. Reference 100 is included in Volume 2
to provide a more thorough description of this
study.

4.2.2 Experimental Rail Vehicle Dynamics

FRA's sponsorship of experimental rail ve-
hicle dynamics projects has involved more and
larger programs than were covered in the previous
section. The msjor programs in this area have
included:

e Development of the Rail Dynamics Labora-
tory at the Transportation Test Center in
Puebdlo, CO.

e Truck Design Optimization Project (TDOP),
Phases 1 and 11

o Passenger truck testing (Metroliner)
o Llocomotive tests (SDP-40F and E-8) on

Chessie System track and on perturbed
track (PTT) at Pueblo

_Several additional testing programs of smaller

scope are slso covered here, while those programs
vhich have combined experimental and analytical
work are found in Section 4.2.3.

The RDL development program was largely a
hardware procurement, without extensive technical
reporting. The earlier version of the RDL in-
cluded a Vertical Shaker System (VSS), which was
described in a technical report {101] and two
conference paspers [102, 103}. However, this
unit was quickly upgraded to the Vibration Test
Unit (VIU), which was described in & later con-
ference paper [104]. The use of the VSS and VIU
to validate dynamic wodels of railcars is covered
later, in Section VI. A general overview of the
RDL, its operation and capabilities can be found
in Reference 10S5.

Much wmore extensive documentation was pro-
duced in the two phases of the Truck: Design Opti-
mization Project (TDOP). Although some efforts
were devoted to analysis in this project, the
bulk of the work was experimental and the entire
project is therefore considered here (except for
the three-volume literature search, Reference 1,
vhich was already discussed).

The principal published products of Phase 1
of the TDOP program were ten technical reports
[106-115]) end four technical papers [116-119]
(two of which are virtually identical). There



were also six supplementary reports covering de~
tails of individual tests which would only be of
use to a reader who wishes to analyze large quan-
tities of data himself.

The TDOP reports began with a general review
of truck design considerations and planning for
the tests to be done at a later time [106, 116)
and continued with a description of the truck de-
sign modifications which were suggested for later
evaluation by the Japan Nationsl Railways follow-
ing a test program they conducted for the South-
ern Pacific Railroad, the TDOP Phase I contractor
{107}, Detailed test plans were presented in
Reference 108, including the selection of varia-
tions in spring groups and wheel profiles to be
used in the TDOP 1 test matrix. A review of the
seventeen different Type 11 trucks considered for
inclusion in the test program {109] eerved as a
useful compendium of the diversity of freight
truck designs and applications, although these
trucks do not correspond to those which were
tested later in Phase II.

The results of TDOP Phase 1 were covered in
a twelve-volume final report, of which the first
#8ix are considered here. The series began with
a concise and probing Executive Summary [110],
which contains the most significant content.
This report summarized the goals of the program,
the task breakdown, test series and data analy-
sis. The conclusions and recommendations of
Southern Pacific and of FRA were both incorpor-
ated here, along with an FRA evaluation of the
project's difficulties. In addition, & compre-
hensive listing of the reports and data tapes
generated by TDOP I was included for reference.
The reports continued with very detailed documen-~
tation of the test program [111] (equipment, in-
strumentation, test track, vehicle and suspension
characteristics) and of the frequency domain
mathematical wmodel which was also developed
{112]. These were followed by evaluation re-
ports from the Mitre Corporation diagnosimg prob-
lems with the msthemstical model [113), re-deriv~
ing the model's equations of motion as clearly as
possible ({114], end reviewing the entire TDOP
Fhase 1 effort [115], with recommendations about
how to make use of its results.

The technical papers prepared under the TDOP
Phase 1 program followed several of the project
reports quite closely. The first paper [116])
described the field test techniques and dats pro-
cessing procedures for the project while the se-
cond {117, 118] presented some of the results of
the testing of Type I trucks, mostly in the time
domain, and with no interpretation of their sig-
nificance. The final paper [119] considered the
use of the 13-degree-cf freedom linearized mathe-
matical model to predict hunting behavior, but
without validation.

Phase 11 of the TDOP program involved analy-
sis of some of the Phase 1 test data, as well as
extensive additional testing. This phase was
documented in ten technical reports [120~129] and
four technical pepers [130-133]. The earlier
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reports were & direct extension from Phase I, be-
ginning with the development of the data base
system for handling the voluminous Phase I data,
plus software enhancements and the dats reduction
and analysis approach [120]. This was followed
by a summary and evaluation of the Phase I data
[121], describing how it would be used in the
Phase 1] analyses and how it would be supplemen-
ted with additional test cases (filling gaps in
the wmatrix of test conditions) and additional
measurements (lateral wvheel/rail forces, improved
ALD measurements and friction snubber forces).

The Phase 11 Introductory Report [122) in-
cluded & very good general introduction to
freight trucks, their design and evolution. It
also provided s preview to the rest of Phasge 11,
including future plans, a glossary, definitions
of performance regimes snd measures and congider-
ation of the issues of truck testing, analysis,
component wear and possible design changes. The
one analytical report in this series [123] wvas a
review of wmodels available from prior sources,
and an evaluation of the feasibility of validat~
ing them in TDOP Phase 1l1. It is a useful com—
pendium of these models, and also features an ap-
pendix which describes some of the simplest anal-
ytical wodels available in rail wvehicle dyna-
wics. This appendix is included in Volume 2 as
one of the only known references for the simplest
models.,

Reference 124 provided a thorough descrip-
tion of the test program on the Friction Snubber
Force Measursment System (FSFMS) developed in
conjunction with TDOP. The report showed how
these tests were used to estimate an effective
coefficient of viscous (linear) friction for the
friction snubber (bssed on equivalent energy
dissipation) for a single test condition on two
Type 1 trucks. This coefficient was intended
for use in analytical models.

The remaining TDOP Phase 11 reports were
directed toward characterizing the Type I and I1
freight trucks and developing performance gpeci-
fications for them. The Analysis Plan [125] set
forth the procedures to be followed, while the
later reports [126-129] included the results.
Reference 126 was notable for the discussion of
the unsuccessful model wvalidation attempts, in-
¢luding problems with the available test data,
the model formulations (especially for frictionm)
and validation criterias. The characterizations
of Type I and 1I truck performence [127, 128] in-
cluded many figures displaying the ranges of val-
ues experienced in the test program, covering
four dynamic regimes. These displeyed the gen-~
eral trends and the relative strengths of the
different influences on truck performance (load-
ing proving to be more important then wheel pro-
file). Reference 127 also included a good gen-
eral suzmary of the test conditions and equip-
ment, to serve as & reference for the entire pro-
gram. The Type 11 truck characterization showed
the general trends of performance for radial ver-
sus rigid frame and primary versus secondary sus-
pension trucks, while the specifications were de-



fined as performence bands, without explanation
or justification [128]}. The final report in the
series {129) presented a suggested test specifi-
cation to be used in evaluating Type I1 trucks.

The technical papers produced as part of
TDOP Phase 11 began with a preliminary discussion
of the technical approach and & review of the
types of freight trucks being studied [130].
Evaluations of the lateral stability of the Type
1 truck, based on the Phase I data, sppeared in
the next paper [131]. This demonstrated the
effects of wheel wear and car loading on the
measured latersl acceleration of the car body
(which was selected as the performsnce measure
for hunting). A distinction was drawvn between
"nosing" and "fishtsiling" transitions to hunting
(respectively the initistion of hunting at the
leading and trailing trucks). With the addition
of some of the Phase 1I curving test data, per-
formance characteristics of Type 1 trucks in the
four chosen performance regimes were then shown
in Reference 132, which is included in Volume 2
ss an example documentation of the TDOP Phase 11
methods and results. A more limited set of TDOP
results for Type I trucks can be found in Refer-
ence 133,

. Another major FRA test program was conducted
on the LTV/SIG passenger truck used on the Metro-~
liner. These tests were designed to ensure that
this new truck design would provide good ride
comfort at the then-contemplated speeds of up to
160 mph. The tests are documented in a three-
volume set of reports. [134-136]), while the re-
sults of comparing these test results with ansly-
tical predictions are discussed later, in Section
4.2.3.

The last of the major FRA-sponsored tests
covered here was the series of tests on the SDP-
4LOF and E-B locomotives, which were conducted on
mainline track of the Chessie System and on a
special perturbed track at the Transportation
Test Center in Pueblo. The Chessie tests vere
documented in three technical reports [137-139)
and s technical paper [140], while the Perturbed
Track Tests (PTT) were described in an additional
technical report [141] and paper {142},

The principal discussion of the Chessie
tests {138) has been summarized very effectively
in its "Executive Brief" report ([137) aend the
peper [140], while the details of the test pro-
cedures and instrumentation, plus a probabilistic
analysis of locomotive derailment, appeared in
Reference 139. These tests vere very signifi-
cant because of the great care with which they
were conducted and the quality of their instru-
mentation (particularly the plate instrumented
vheelsets for weasuring vertical and lateral
wheel/rail forces, supplemented by wayside track
force measurements). This awount of care wvas
needed to produce valid comparisons between the
performance of the tvo types of locomotives, one
of which had been involved in an unusual pumber
of derailments. On the basis of the test re-
sults, some very specific asnd detailed sugges-

tions wvere presented to help avoid future locomo-
tive derailments. Reference 140 is enclosed to
illustrste the methodology and the results of
this test program.

One of the recommendations of the Chessie
test program was that the ssme locomotives be
tested on & special track containing specified
geometric perturbations, in order to avoid some
of the problems associated with tests on revenue
track. The PIT program resulted, described in
great detsil in {141]). Different combinations
of vehicle suspension damping, coupler shimming,
speed and track geometry were tested in an at-
tempt to identify the factors which contribute to
derailments. As in the Chessie tests, the dats
gathered here were of exceptionally high quality,
and in this casse the track geowetry was also
measured severasl times during the conduct of the
tests. Although these tests wvere well documen-
ted in [141), a more concise description of their
important results has not been published. Rather,
the experience gained in the PTT program was used
to develop design procedures for other perturbed
track testing, as reported in a later technical
paper [142].

Several other isolated reports and papers
have resulted from FRA support in the area of
rail dynsmics testing. Some of the basic prod-
lems faced by rail vehicle instrumentation (es-
pecially shock end vibration), and some caution-
ary advice about rail vehicle test planning in
genersl vere reported in Reference 143. Another
paper [144] demonstrated the similarities and
differences among the forces messured in truck
side frames and side bearings in four different
tests conducted on revenue track. The paper
illustrated the different wvays of processing the
data (different statistics) but could not draw
any conclusions about vehicle dynamics because of
the diversity of vehicle types and test condi-
tions vhich vere considered.

In support of the FRA's program to improve
high-speed passenger train service, the Budd
Company assembled s compendium [145) of the in-
formation available to it describing the design
of a wvide variety of high speed trucks from
around the world. These dats included schema-
tics of the mass, spring and damping characteris-
tics of the trucks as well as vumerical values of
the parameters needed to describe the trucks in
mathematical wodels. A very different type of
documentation was provided by an FRA-sponsored
trenslation of & Russian report on the test
procedures and instrumentation used to wmeasure
vheel/rail forces on freight car ‘trucks in the
USSR. {l46]. This vreport was specifically
concerned with the use of spoked instrumented
(strain-gauged) wheelsets for truck force
measurements gimed at defining L/V  force
ratios. The final report in this sectiom [147]
described g test designed to investigate the
effects of wvehicle component wear and track
degradation on the ride quality of railcars
(high-and-lov-mileage hoppers instrumented for
lateral snd vertical wheel/rail forces and truck
and carbody modal vibrations.



4.2.3 Combined Analvtical and Experimental Rajl

Vehicle Dvnamics

The documents described in the preceding
sections were respectively focused on the mathe-
matical analysis and the testing of rail vehicle
dynamics, with relatively little interaction be~
tween the two. Those considered here have com=
bined the analytical and empiricsl approaches in
an attempt to lesrn more about the dynamics of
rail vehicles, in some cases including attempts
to validate models for further use. A signifi-
cant fraction of this work has been motivsted by
efforts to develop rail vehicles capable of oper-
ating at higher speeds, especially for providing
passenger service.

The earliest of these projects was the study
of the dynamics of the Linesr Induction Motor
Test Vehicle (LIMTV) conducted by the British
Railways Research Department under contract to
FRA (148, 149]. This work was necessary to en~
able the vehicle to operate safely at speeds up
to 250 mph on its test track. The report [148]
contains detailed parametric snalyses, both
linear &nd nonlinear, of hunting, curving and
random-input response of the vehicle to track
inputs, leading to design recommendations for
truck and suspension etiffness, wheel profiles,
and track construction tolerance. This work
appears to have been the first U.S. application
of state-of-the-art rail vehicle modeling tech-
niques, incorporating Ralker's creep model. The
empirical aspect of this work, in addition to the
anslysis, wvas covered in the later technical
paper [149]. Comparisons between theory and
experiment were discussed there, slong with com-
parisons of measured vehicle characteristics to
those which were recommended in the original
snslytical etudy. Reference 149 is included inm
Volume 2 as documentation of this pioneering work.

The next major project of interest was the
Metroliner Ride Improvement Program {150-155],
intended to lead to better ride quality on the
high-speed trains in the Northeast Corridor.
Mathematical models [151] snd laboratory and road
tests [150] were used to determine the effects of
changes in truck configuratioms. This wvork was
described very effectively in a psir of technical
papers [152, 153}, which are unfortunstely too
lengthy to include in this antholegy. The road
tests, with track geometry mesasurements, and
laboratory shaker tests vere used to try to vali-
date the vehicle simulation model (limesr, fre~
quency domsin, lumped parsmeter). The model wvas
then used to develop recommendations for modify~
ing the Metroliner trucks and suspension to re~
duce ride vibrations which caused passenger dis-
comfort near the 1 Hz peak [152]. The new truck
design by LTV and SIG provided for the adjustab-
ility of most suspension parameters in ovder to
permit ride quality ‘"optimizetion" in tests.
Both frequency domain and time domain analyses
were used to select design characteristics for
the new trucks {153].
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The road test program and data analysis for
the new truck design were discussed in a later
paper [154]), with the emphasis on lcad (force)
messurements rather than ride quality. The data
reduction reported here [154] was simed at pre-
diction of fatigue life of components, and there~-
fore dealt with peak load counts under various
conditions rather than with spectral densities.
The end product was a description of the load en-
vironment which the Metroliner truck would be
expected to experience in revenue service, for
use as a truck design tool.

A vide-tanging study of freight car dynamics
vas conducted by Arizona State and Clemson Uni-
versities, in cooperation with the AAR, under FRA
sponsorship. This work, which has been de-
scribed in two reports [156, 157] and three tech-
nical papers [158-160), represents the most smbi-
tious effort yet reported to develop a quantita-
tive comparison between lateral dynamic theory
snd experimental results. The theoretical re-
sults used for these comparisons were discussed
in Section 4.2.1 (References 83-82), while the
field test procedures and results were presented
in considerable detail in Reference 136. This
report also included thorough comwparisons of the
theoretical and experimental results, with valu-
able in-depth explsnstions of the reasons for the
disagreements which were found. The authors'
conclusions included the very significant observ-
ation,

"conclusive validation of the existing
theory for rail car lateral dynsmics was not
obtained in this project. This should not
suggest that the existing theory is ipade-
quate, but rather that the comparison pro~
cess is exceedingly difficult. Uncertain-
ties in vehicle and roadbed parameters, ex-
perimental wuncertainty in the data, the
strongly nonlinear behavior of the test car,
as vell as uncertain and variable quantities
in the wheel-rail force laws prevented de-
finitive conclusions concerning the validity
of the theory."

The three technical papers which described
the experimental side of the Clemson/Arizona
State Freight Car Dynamics Project {158-160) dif~-
fer somevhat in their emphasis and their tim-
ing. The earliest of the three [158] attempted
to provide an overview of both the analytical and
experimental aspects of the project, prior to its
completion, while the latter two {159, 160] were
more directly focused on the experimental work
and its comparison with theory. Reference 160
is included in Volume 2 as the best concise des-
cription available to date of this important
wvork, its accomplishments and limitations.

Closely related to the project just des-
cribed was an sdditional report [161] which des-
cridbed an attempt to vslidate a linesr frequency
domain model of the vertical dynsmics of s rail-
car using the TDOP Phase 1 test data. This
validation was found to be feasible for a middle
frequency range, in which the track input spectra



wvere well defined and the simple linear wmodel
included all the significant response modes.
Truck suspension nonlinearities (especislly dry
friction) made it more difficult to validate a
wodel of the suspension. The limitations of the
direct spectral analysis approach snd the dats
collection requirements for model validation were
pointed out for application to the larger
"Freight Car Dynamics" program.

The FRA "Improved Passenger Equipment Evalu-
ation Program" (IPEEP) produced some combined an-
alytical/experimental vehicle dynamics work [162-
165] even though this was not its principal em-
phasis. This program wes intended to review the
advanced passenger trains and equipment available
outside the U.S. for posssible use in the U.S.
One part of the program was an evaluation of ride
quality snd curving performance, using the models
described in Appendices C and D of Reference
162. These analyses wvere applied using the
parsmeter values which describe several of the
candidate vehicles to estimate their ride quality
and L/V force ratios in curves {163].

Some of the analytical work which wvas not
published in the IPEEP reports appeared in two
technical papers {164, 165]. The first of these
vas an analysis to compare the performance of
conventional and self-steering radial trucks for
high-speed passenger trucks. This mwmodeling
exercise showed that the radial trucks ecould
improve curving performance (reducing wear) by a
factor of two, while an improvement in the steer-
ing characteristics of conventional trucks (low
primary longitudinal stiffness and high secondary

yaw stiffness) could reduce wesar by a factor
greater than four {164]. The second paper used
simple quasistatic curving analyses to define

conservative criteria for the
rail vehicles in curves, in order to avoid de-~-
railments, track deformation, excessive wear and
ride quality degradation [165].

speed limits of

A variety of smaller-scale FRA projects have
also been conducted in this area. In conjunc-
tion with AAR's Track-Train Dynamics project, FRA
sponsored several analytical/experimental charac-
terizations of freight cars and trucks by Martin~
Marietta [166-168]. Reference 166 is included
in Volume 2 as a good example of the use of lab-
oratory testing wmethods to define the dymamic
characteristics of a freight car for use in a
mathemstical model (although the model had not
yet been validated in a field test of hunting
response). Two technical reports included a
comparison of the nonlinear characteristics of
two standard freight trucks [167] and a later
study which compared model and test respomses of
an 80 ton open hopper car [168].

Some additional analytical/experimental rail
vehicle dynamics projects included the evalus-
tions of a lightweight intermodal flatcar [169]
and a high-capacity, high-tenter-of-gravity DODX
railcar [170]. The former included both modal
anslyses and test results for ome conventional
and one new design flatcar {169]), while the
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latter compared a nonlinear 22-degree-of-freedom
model and full-scale field tests for determining
the roll stability characteristics of four vehi-
cles [170].

The final three documents discussed here
{171-173] were focused more on the methodology
for wvalidating vehicle models using test data
than on the results of the validations. Refer~-
ence 171 discussed the use of non-traditionsl
spectral analysis techniques for linear systems
(applied to an FRA T-2 research car). In con-
trast, Reference 172 concentrated on the defini~
tion of the terms the authors preferred to use to
describe the validation process, and then pro-
ceeded to apply Bayesian statistical parsmeter
estimation to the validstion of a nonlinear model
of freight car "rock and roll." In both this
paper and Reference 173, there vas a strong em-
phasis on establishing the adequacy of the basic
test dats available for the validstion process.
Reference 173 defined the general structure of @
model validation procedure, based on system iden-~
tification techniques, and applied it to a sample
case for locomotive test data from the Perturbed
Track Tests.

4.3 VEHICLE-TRACK INTERACTIONS

The most challenging class of vehicle dyna-
mics problems are those for which the track geo-
metry cannot be assumed to remain fixed, but in
which the cowpliance of the track produces an in-
teraction with the dynamics of the vehicle. The
track compliance sust be considered whenever the
forces between wheels and rails sre to be meas-
ured or modeled and when derailment phenomena are
to be predicted., The documents described in
this section cover the FRA-sponsored efforts to
investigate wheel/rail forces and potential
causes of derailments.

The largest single body of work in this
category is that conducted by the Battelle Colum-
bus Laboratories under FRA sponsorship at TSC
since 1975. Although & large portion of the
Battelle work has been involved with track wech-
anics, the documents discussed hers are concerned
with the interactions between vehicles and
tracks. The first interim report in this pro-
gram [174] explained the objective of developing
a statistical charscterizaton of wheel/rail loads
on U.S. rsilroads with the eventual aim of devel~
oping methods to reduce these losds in order to
prolong track life. Reference 174 included com~
prehensive reviews of the available test data on
wheel/rail losds as well as the anaslytical meth-
ods, instrumentastion (wayside and on-board) and
data processing procedures which could be used to
obtain further information about these loads.
It can thus serve as a valuable review of the
state~of-the-art of track technology as of 1976.

later work on the Battelle project produced
additional technical papers and reports on
vehicle-track interaction [175-181). The first
of these [175, 176] described how vehicle dynamic
responses can produce gage-videning deformations



of tangent track. Field tests were conducted on
revenue track, using & special track-mounted sys-
tem for measuring rail displacements as well as
the vertical load and transverse moment on the
tie plates. The levels of load and displacement
were correlated with the types of vehicles pas-
sing over the instrumented tie plate, demonstra-
ting that the most severe gage widening  inputs
were sssociated with hunting as speeds increased
snd vehicle loading decreased. The loads were
substantially higher during the winter, when the
frozen ballast was unsble to shift in response to
the vehicle's passage. Another paper produced
as part of this project [177] described the track
instrumentation (strein gage circuit in rail webd)
and data reduction methods used to determine the
wheel/rail forces,

A further report [178] and technical papers
{179, 180) provided more complete descriptions of
the wheel/rail load environment, including joint
impact loads messured by instrumented wheelsets
and wheel-flat loads measured by specisl wayside
instrumentation. Both tangent and curved track
and bolted-joint and continuous velded rail were
included in these studies. Statistical charscter-
izations of the lateral and vertical wheel/rail
loads (amplitude distributions, £requencies of
exceedance) experienced under mixed freight traf-

fic were shown for different train speeds, and
techniques for extrapolating these results to
other track, traffic and opersting conditions

were described [179]. The vertical impact loads
produced by anomalous rail joints or flat spots
on wheels were 8lso messured and compared to the
predictions of a mathematical model {180]. The
transient characteristics of the loads (time his~
tories) were displayed, as well as the trends in
the maximum and minimum loads with changes in
train speed and length of wheel flat. This work
vas extended with the development of a very large
data base on vwheel/rail loading at the FAST Track
in Pueblo {181]. That comprehensive set of data
permitted the derivation of some powerful statis-
tical descriptions of the wheel/rail force envi=-
ronment at FAST, including load amplitude (joint
vertical and lateral distribution), snd both load
and L/V force ratic exceedance distributions.
Reference 181 is included in Volume 2 as one of
the more comprehensive available descriptions of
the wheel/rail load environment.

Descriptions of the instrumented wheelsets
vhich are used to measure wheel/rail forces are
found in two different FRA-sponsored reports
[182, 183]. Becsuse of the expense of these
direct measurement techniques, there has been
considerable interest in developing wmore indirect
ways of estimating wheel/ rail forces from other
wmessurements. A description of a technique for
estimating lateral forces. from wmeasurements of
acceleration and displacement on the carbody and
truck components is found in Reference 184.
During the Perturbed Track Tests described prev-
icusly, this technique was tested by comparing
its estimates of locomotive truck lateral forces
with the direct measurements made by costly plate
instrumented wheelsets. By using careful esti-~
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mates of the locomotive physical parameters in &
12-degree-of-freedom model of lateral dynamics,
it was shown that the acceleration measurements
could be used to calculate the truck force time
histories to within a very close agreement with
the direct measurewents (including peak forces to
within 10Z). Although this method permits iden~-
tification of the contributions to total truck
forces from the major vehicle masses, it cannot
be used to estimate the lateral forces on indivi-
dusl wheelsets because of unknown 1longitudinal
creep forces [184].

The remaining refersnces covered in this
section deal with the prediction of derailments
based on wheel/rsil contact phenomena. The
first two of these {185, 186) were reports by the
Naval Surface Weapons Center. describing instru-

mentation which can be used to predict
derailments caused by a variety of different
mechanisms. The others were more directly con-

cerned with the distinct mechanisms of derailment
as studied by TSC [187, 188) and Princeton Uni-
versity [189-192]. The TSC work has been based
entirely on analysis, while the Princeton work
has combined amalysis with scale-model experimen-
tation.

The earlier TSC paper [187] used a quasi-
linear frequency domain simulation of a passenger
car operating over tangent trasck described by
spectral density representations of geometric
devistions. The L/V force ratio was used to de-
fine safety for wheel-climb derailments, and the
analysis showed how different combinations of
speed and track deviations would produce equiva-
lent "safety." Two-and three-dimensional con-
tours of permissible operating conditions were
shown in this paper for the baseline passenger
car [187]. A later extension to this work [188]
considered the probability of dersilments across
a diverse fleet of rail vehicles, divided into
generic car families defined on the bdasis of dy-
namic similarity. This study suggested the use
of statistical descriptions of the wvehicle and
track characteristics, which could then be ap-
plied in & quasi-linear covariance propagstion
analysis to estimste the probabilities of five
different modes of derailment (wheel lift, car-
truck separation, wheel c¢limb, rail deflection
and sudden component failure). Reference 188 is
included in Volume 2 to illustrate this unusual
statistical approach to the analysis of rail ve-~
hicle dynamice, although it unfortunately in-
cludes only hypothetical results, and not results
based on actual data.

The FRA-sponsored Princeton vork on develop-
ment of improved criteria for predicting wheel-
climb derailments ([189-192) is an extension of
vork begun under a DOT University Research and
Training Grant. The first of these papers [189)
proposed wheel-climb derailment criteria for o
single wheelset on the basis of nonlinear simula-~
tion results, and included experimental verifica-
tion of these criteria for quasisteady rolling
conditions. The quasi-steady derailment analysis
considered the L/V force ratio for an individual



wvheel or for the entire axle (which required in-
clusion of the axle roll moment). The analysis
and scale model experiments were found to be in
reassonable agreement, producing derailments under
comparable conditione, and the L/V derailment
limits were found to be very consistent.

The extension to dynamic wheelclimb of &
wheelset {190, 191] and to s complete truck [192]
represented later stages of this work. Refer-
ence 191 is included in Volume 2 as the most com~
prehensive presentation of these wheelclimb cri-
teria, complete with the validation using experi-
wental data and an evaluation relative to the
widely used JNR Criterion. Reference 191 in-
cluded discussions of several different types of
derailment criteria based on time histories of
wvheel loads, and showed the results of 112 de-
railment experiments plotted agsinst the JNR cri-
terion and a rescaled modification to that cri-
terion. It was concluded that additional weas-
urements, beyond the L/V ratio time histories,

would be needed to discriminate derailment events. .
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V. LONGITUDINAL TRAIN DYNAMICS

The FRA has not sponsored as much work on
longitudinal train dynamics aes it has on the dy-
namics of individual rail vehicles, Much of the
work in this area was performed by the AAR with
FRA support. This section reviews some assorted
longitudinal dynamics projects which were spon-
sored at least in part by the FRA. Two separate
university efforts {193, 194] in longitudinal dy-
namics are included here, the first of which was
funded in cooperation with the AAR Track-Trein
Dynamics Program, the second with the DOT Office
of University Research.

The draft gear is the most critical element
in determining longitudinal dynawmic response, and
because of its highly nonlinear spring-—damper
characteristice (coulomb friction, deadband,
etc.) (193] it has not been easy to model. An
improved model of draft gear dynamic response
would greatly facilitate the analysis of the dy-
namic interactions among cars in a train, leading
to a better understanding of the causes (and pos-
sible prevention) of wmany derailments. Refer-
ence 193 was an application of an equation error
technique of system identification to define the
parameters of & nonlinear draft gear model. The
draft gear was subjected to a series of impact
tests and the force-displacement trajectories
(cross-plots) were compared with simulations of
the draft gear model under the same input condi~-
tion. The identified model predicted peak force
and energy dissipation to within close agreement
with the test results. Reference 194 described
a2 simulation model for predicting the longitudi-
pal-vertical motion of railroad cars in impact
situations, as part of a study of the coupler by-
pass (override) phenomenon in collisioms. Each
car vas represented as an idealized system with
up to six degrees of freedom (including lading
and truck motions), and including a variety of
friction effects.

An isolated report with significant implica-
tions for longitudinal train dynamics wvas the
design study for the Research Locomotive and
Train Handling Evaluator (195}. Although this
three-volume report did not in itself contribute
to the understanding of train dynamics, it de-
fined the requirements and specifications for a
wajor new FRA test facility which will be useful

for evaluating the effects of train operator per-

formance on train dynamics.

The single most councentrated FRA-sponsored
effort on longitudinal dynamics has been at
TSC. The reports on this work began with a des-
cription of & generalized computer program [196]
used to evaluate the buckling of traine in buff
conditions. A later report [197] described the
development of a "Draft-Buff Indicator" system to
sense, display and rtecord slack action in
trains. This system wvas designed to provide a
real-time display as & trsin-handling aid, as
well as & recording for later analysis, of the
distribution of draft and buff within a woving
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train. The TISC work also led to a patent appli-
cation [198] for a derailment warning aystem
wvhich uses multiple sensors and a resl-time on-
board microprocessor anslysis to give a train en-
gineer advance warning of a potential derail-
ment. The sensors wmessure train speed, imbal-
ance in curves, track curvature and locomotive
drawbar force, which serve as inputs to the train
stability anslysis which was compiled when the
train wvas assembled in the yard. The train
stsbility analysis, which is also used to help
guide the yardmaster in configuring the train, is
described in Reference 199. This paper is in-
cluded in Volume 2 to illustrate the simple quasi
static snalysis which cen quickly determine the
ability of a consist to withstand the buckling
and stringlining forces which could produce de-
rsilments in curves. The potential spplications
of the snalysis method by the ysrdmaster and the
train engineer are demonstrated in Reference 199.



V1. OTHER APPLICATIONS OF RAIL SYSTEM DYNAMICS

This section covers some FRA-gponsored work
in rail system dynamics which did not fit neatly
into the previous categories. The two mein sub-
ject aress covered here are fuel consumption (or
train resistance) and lading response, which
could also be regarded as a subset of vehicle dy-
namics.

6.1 FUEL CONSUMPTION/RESISTANCE

Because fuel was a relatively insignificant
expense for railroads prior to 1974, fuel con-
sumption and resistance of trains received very
little attention at that time. The first FRA-
sponsored study of railroad fuel consumption ap-
pears to have been a two-volume TSC study conduc-
ted between 1973 and 1977 [200, 201]. The ana-
lytical part of this study demonstrated the con-
tributions to fuel consumption (i.e. energy dis-
sipation) from rolling and aerodynamic resist-
ance, braking, idling and locomotive power gener-
ation and conversion losses [200]. Graphs were
used to illustrate parametrically the effects of
speed, grade, power/weight, load factor, etc.
The results derived from B0 separate tests on
line-haul freight movements, performed in cooper=-
ation with six different rasilroads, were used to
demonstrate the consistency of the analytical es-
timates with operating experience [201].

A more intensive study by the Mitre Corpora-~
tion produced a four-volume report [202-205] on
freight train resistance aimed at determining how
fuel could be conserved. This work showed the
dependence of fuel savings on train operating
procedures, which could make it difficult to
achieve gavings comparable to the theoretical re-
ductions in train resistance. It also evaluated
the savings effected by use of light-weight hop-
per cars in unit coal train service. Both com=-
puter predictions and field measurements were
discussed in these reports.

With the increased use of intermodal unit
trains snd their higher than average operating
speeds as important wmotivations, an intensive
experimental study of the aerodynamic resistance
of these trains was sponsored by the FRA [(206-
210]. Carefully controlled tests of models in
wind tunnels were compared against full-scale
field tests for various TOFC and COFC configura-
tions, and the effects of rolling and aerodynamic
drag vere separated out. The effects of differ-
ent gap spacings, new intermodal car designs, car
loading orientation, changes in trailer frontal
areas and specific aerodynamic treatments (fair-
ings) were investigated in this study.

6.2 LADING RESPONSE

Most analyses of rail vehicle dynamics have
ignored the dynamic effects associated with lad-
ing response by assuming the lading to be a sim-
ple mass rigidly connected to the car body.
Several FRA-sponsored studies have taken a closer
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look at lading response in an attempt to gain a
better understanding of how lading is damaged and
how the lading can interact with the rail vehicle
to modify its rigid-body dynamic response.

The first study in this cstegory was s uni-
versity project under the joint sponsorship of
FRA, AAR, General Motors and the DOT Office of
University Research {211, 212]. This involved
the development of a nonlinesar 27-degree-of-
freedom wmodel of the freight car, truck and
freight element, which vas used for time domain
simulation and frequency domain anslysis. The
freight element was assumed to have three trans-
lational degrees of freedom, each of which was
connected to the carbody center of mass by a
parsllel linesr spring and damper. Time history
outputs of the simulation were compared with the
outputs of & similar model by the A, Stucki Com-
pany, but field test dats were not available for
model validation. The same wmodel was used to
evaluate a "six point suspension system" [212],
which introduces additional spring/damper sets
between the bolsters and carbody of a freight car.

The most concentrated FRA support of lading
dynamics work has been in the development and
validation of a model known as FRATE (Freight Car
Response Analysis and Test Evaluation). This
model began with the work of Battelle {?77], which
wvas then adapted by M.J. Healy of Wyle {213] and
extended by MITRE [214~217]. The basic ll-and
17-degree of freedom vehicle models, upon which
flexible bdody modes can be superimposed, were
presented in Reference 213, A preliminary at-
tempt to validate the model with test data wvas
also described there [213], but the model did not
yet incorporate an explicit treatment of lad-
ing. The extended wmodel [214] included 31
degrees of freedom, to allow representation of
two trailers mounted on a flatcar, with up to
four flexible carbody normal wodes. Although
the user's manual [214] was restricted mainly to
the wmechanics of using the FRATE program, the
separate technical paper on this work [215] pro-
vided & good description of the model and the at-
tempt to validate it using tests of a TOFC con-
figuration on the Vertical Shaker System in the
Rsil Dynamics Laboratory at Pueblo. That paper

is included in Volume 2 to illustrate the FRATE
program and the attempt to validate it. The
wodel predictions and test results (reasonant

frequencies, deflection shapes and amplitudes at
resonances) were not found to be in complete
agreement, even with some =manual adjustments of
parameter values, and the authors therefore sug-
gested including nonlinear spring representations
and additional degrees of freedom for trailer
flexibilicy.

The later extensions to FRATE included the
addition of cowpliant lading (two spring=-mounted
masses in each trailer, leading to a total of 43
degrees of freedom) [216] and a conversion to a
rigid boxcar with complisnt lading [217]. These
reports included simulation studies of rock and
roll, hunting and vertical forced response (track
irregularities). These studies indicated the



relative seriousness of the different operating
conditions for lading accelerations and wheel~
rail forces (combinations of speeds, track geo-
metry, trailer wmounting and vehicle suspension
characteristics). Recommendations were offered
for vehicle operation and suspension changes
which could reduce the undesirable responses.

A final example of s lading response project
was Reference 218, which described an experimen-
tal program to characterize the shock and vibra-
tion environment of TOFC trailers carrying sensi-
tive equipment. The lading, trailers and flat-
csrs were instrumented for test runs during typi-
cal revenue operations. Accelerations were
found to be most severe near the kingpin, and
least severe near the middle of the trailer
floor. Relatively minor differences were found
between the vibration envirorments on leaf-spring
and air-suspension trailers, and in both cases
the sccelerations were considered mild enough to
be acceptable for vibration-sensitive equip-
ment . Vibration spectra and smplitude distribu-
tions were included as descriptions of the vibra-
tion environment experienced in a typicsl over-
the-road test.
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