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PREFACE AND ACKNOWLEDGEMENTS

In support of the Improved Track Structures Research Program of the

Office of Research and Development of the Federal Railroad Administration

(FRA), the Transportation Systems Center (TSC) is conducting analytical and

experimental studies of the relationship between track design and maintenance

parameters and the safety and performance of trains, resulting from the dynamic

interaction of the track and train. The objectives of this effort are directed

towards the development of a technological data base that can be used by

Government and industry to:

a.

Establish safe operating regimes based on the dynamics of track/
train interaction.

Evaluate the safety and economics of various types of train operation
and track maintenance practices.

Formulate recommendations for reducing derailments due to track/

train interaction. -

The approach being employed in the conduct of these studies and in

development of engineering guidelines to meet the above objectives includes

the following:

a.

Definition of performance indices which are related to the likelihood
of vehicle derailment, lading damage, passenger ride quality, and
operational efficiency.

Compilation of analysis tools and development of a methodology for
relating track, rail car, locomotive, and train parameters to the

performance indices.
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c. Parametric studies relating the performance indices to track con-
struction and maintenance parameters for the range of in-service
train configurations, equipment parameters and speeds.

d. Development of techniques and methods for track/train dynamics,
laboratory and full-scale test design, and rail vehicle model
validation, by which the performance indices can be quantitatively
evaluated and adjusted as required to provide their proper threshold
values.

The principal safety-related problem currently facing the railroads is
derailment. Derailmentsrresult in direct loss due to damage to rolling stock,
track, lading and facilities, and in injury to passengers, and operators, and
liability for release of hazardous materials. Less well-publicized, but of
great significance, is the indirect economic loss due to decreased operating
speeds and other factors affecting system performance tha* are found necessary
because of the probability of derailments occurring. Advances in understanding
of derailment phenomena would then have the dual benefit of (1) improving the
technology to be more resistant to derailment, and (2) provide a rational
basis for formulating economically sound safety standards for maintenance and
operation that are designed to reduce derailment probability.

Because of the compelling importance of derailment as a problem both to
the railroads and to our national transportation system, and the relatively
undeveloped state-of-the-art in understanding the problem, the FRA has initiated
a major research program in this area. This multifaced program, coordinated by
TSC, involves the characterization of vehicles and trackage previously described,

as well as formulation of appropriate models for quantifying derailment phenomena
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and estimating resultant derailment probabilities. It is essential, however,

that data be made available on the important derailment phenomena, so that

the quantitative models used are soundly based. Until recently, experiments
required to meet this requirement were prohibitively costly, time-consuming,
hazardous, and potentially inaccurate due to the difficulty in controlling test
conditions. Recently techniques and apparatus have been developed to perform
meaningful experiments on derailment through the use of dynamically scaled models.
In this study many of the requirements for quantification of derailment phenomena
essential to the TSC program have been met by an experimental program which
utilizes these techniques and apparatus.

The overall objective of this research program is to provide validation
of analytical models of wheel/rail interaction and of performance indices that
can be used to predict derailment. The experimental results from the scale
model testing will be used as follows:

1. In confirming or improving analytical models of the mechanics of .

wheel/rail interaction, especially under extreme conditions of
load or geometry.

2. In generating critical threshold values of performance indices

which will accurately signal impending derailment.

3. In developing empirical models of wheel/rail interaction, which

can be used without recourse to the detailed theory, and which
may therefore provide a more efficient approach to analysis and

simulation.
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EXECUTIVE SUMMARY

Introduction

Statement of Problem:

The most widely accepted criterion for wheelclimb derailment defines an
upper limit on wheel/rail contact forces on the climbing wheel, the limit
varying with the time duration of the forces. The reliability of this criterion
in predicting derailment is of major importance, since it is used to evaluate
the derailment safety of railroad vehicles, operating conditions, and track
structures. This report presents an analytical and experimental evaluation of
time-dependent wheel load derailment criteria for wheelclimb, which shows that

this type of criterion alone is inadequate for derailment prediction.

Main Objectives of Current Research:

The central goal of this program was to develop a fundamental understand-
ing of the wheelclimb derailment process. Specific objectives undertaken to
meet this goal were:

a. Establishment of an experimental data base of derailment events,
using a dynamically scaled model of a single wheelset, for use in
evaluating the validity of derailment criteria. Evaluation of
specific candidate time-duration dependent wheel load criteria,
such as that proposed by the Japanese National Railways (JNR).

b. Formulatior of analytical models for predicting wheelclimb under
quasisteady and dynamic loading conditions.

c¢. Experimental validution of the analytical models using scale model

experimental data.
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Technical Approach:

Derailment may occur as a result of several distinct processes, including
wheelclimb, wheel 1lift, rail rollover, gauge spreading, and component failure,
each requiring specification of allowable wheel/rail forces or other measures.
This report concerns the first of these processes, which is directly related to
the dynamics of the vehicle on curved and tangent track, and to the track mis-
alignments that excite the vehicle. Wheelclimb is a derailment process in
which large lateral forces acting on the wheelset cause on wheel to climb up
and over the rail. When this wheel is in flange contact, large restoring
forces resisting wheelclimb result from the large contact angle at the wheel/
rail interface. Frictional effects, known as creep forces, aid or inhibit the
process, depending on the angle of attack of the wheel relative to the rail.

The vector sum of the contact forces may be measured by an instrumented
wheelset. Since the maximum allowable lateral force generally scales with
vertical load on the derailing wheel, a derailment quotient, or L/V ratio, is
often used as a measure of safety (L and V are the lateral and vertical force
components, respectively). Under dynamic conditions, significantly larger
derailment quotients may occur without derailment than would be expected under
quasisteady operating conditions. The JNR derailment criterion was developed
to account for this time-duration dependency.

To study the wheelclimb process in detail, three distinct processes were
identified (Table EXEC.1):

a. Quasisteady wheelclimb, in which lateral velocity is negligible and
the yaw angle remains essentially constant. This process applies to
detailment during steady state curving.

b. Single degree-of-freedom (DOF) wheelclimb, in which lateral velocity

effects are important, but the yaw angle remains essentially constant.
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This condition describes steady state curving plus train action,
discrete changes in track geometry, or truck hunting with relatively
stiff primary yaw suspensions for the wheelset.
c. Two degree-of-freedom wheelclimb, which includes lateral velocity
and changing yaw angle effects. This process describes dynamic
curving, wheelset hunting, and truck hunting with relatively compliant
yaw primary suspensions.
In this study the three derailment processes have been analyzed theoreti-
cally in detail. Experiments using a scale model wheelset on tangent track
was used to validate the theoretical analysis. A computer program was developed
for simulation of the wheelset, including coupling to the truck frame, which
permits it to be integrated readily into complete vehicle simulations.
A comprehensive series of experiments was performed to evaluate existing
and proposed derailment criteria for quasisteady and single DOF dynamic wheel-

climb, and to validate theoretical models for all three processes.

Conclusions

The experimental and analytical studies of wheelclimb derailment presented
in this report result in the following conclusions regarding derailment cri-
teria:

1) Wheelclimb derailment criteria based on quasisteady theory are adequate
for derailment prediction under conditions of negligible lateral inci-
dent velocity and constant positive yaw angle. At negative yaw angles
derailment occurs at L/V ratios somewhat below the theoretical limits
(Figure EXEC.1).

2) Application of the JNR and other time-duration dependent derailment

driterion for nonderailment, marginal derailment, and complete




3)

4)
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derailment cases are each spread over an order of magnitude in L/V
ratio amplitude and time duration. None of the criteria tested
could distinguish between safe and unsafe conditions. Defining a
safety criterion below the derailment data would be overly conser-
vative, possibly excluding vehicles, operating conditions, and track
maintenance standards that could be demonstrated to be safe with a
more discriminating criterion. Furthermore, the data provided do
not necessarily establish a lower bound for derailment, since lower
points possibly could be measured (Figure EXEC.2).

The analytical models for dynamic wheelclimb yield accurate predic-
tions of wheelset response to external force inputs, in term of
wheelset motions during derailment and wheel/rail interaction forces
(i.e. L/V ratios) (Figure EXEC.3).

Evidence has been found that derailment criteria employing variables
measured in addition to wheel loads may be successful in predicting
derailment safety, and that diagnostic criteria may be developed for

warning of impending derailment (Figure EXEC.4).

Recommendation for Future Research

To achieve the objective of defining a reliable measure of derailment

safety, the following would be useful as topics of future research:

a)

New Wheelclimb derailment criteria should be developed and validated
that include variables in addition to wheel loads, such as lateral
velocity and yaw angle, that are readily measured under full scale
test conditions. Such multivariable criteria should be better

indicators of derailment safety.
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b) Criteria for the wheelclimb process should be combined with criteria
for other derailments modes, such as gauge spreading and rail rollover,
to yield a comprehensive safety measure. Track stiffness parameters
would be key variables in the comprehensive criteria formulated.

¢) The results of analytical and experimental studies of derailment of
single wheelsets should be extended to complete trucks and vehicles.
It is very important to establish the degree to which single wheelset
criteria may be applied directly to complete velLicle configurations.

In addition to the above, the concept developed in this study of derail-

ment diagnostics should be pursued. This technique provides a means for
detecting marginally safe conditions in full scale tests, so that safety-
related phenomena may be measured without actual derailments being required
in the test plan. Scale model experiments will continue to be useful to the
study of fundamental derailment processes, due to the greater control of test
conditions possible and the relative ease of study of the full range of

derailment conditions.
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TABLE EXEC.1. COMPARISON OF WHEELCLIMB DERAILMENT PROCESSES

PROCESS LATERAL YAW
IDENTIFICATION NAME VELOCITY ANGLE
A Quasisteady Negligible Constant
wheelclimb
B Single DOF  Important Constant
wheelclimb
c Two DOF Important  Changing
wheelclimb

DESCRIPTION

Steady state curving

Steady State

curving plus train

action, discrete changes
in track geometry, truck
hunting with stiff primary
yaw suspensions

Dynamic curving, wheelset
hunting, truck hunting with
compliant yaw suspensions
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Figure EXEC.3
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Measured and simulated wheelset lateral displacement.
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Measured and simulated derailment quotient (L/V ratio) on

derailing wheel.
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direct current displacement transducer

demultiplexer

modulus of elasticity

forces along Cj,i axes

non-dimensional creep forces = Fj,i/FS,i

primary suspension forces

lateral force applied to truck frame along the Y axis
axle load

frequency modulation

foot

wheelset moments of inertia about xyz axes

inch

Japanese National Railways

primary suspension stiffnesses

distance from z-axis to wheel/rail contact points
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LIST OF ABBREVIATIONS AND SYMBOLS (continued)

derailment quotient, ratio of lateral to vertical forces on
axle or climbing wheel

meter

millimeter

multiplexer

primary suspension moments

truck frame mass

wheelset mass

newton

derailment quotient, ratio of lateral to vertical forces
at wheel/rail contact point

longitudinal and lateral radii of curvature of the wheel
at wheel/rail contact points

lateral radius of curvature of the rail at wheel/rail
contact points

rolling radius of the wheel

rolling radius of wheels when wheelset is centered
seconds

shape factor for L/V pulse, increasing with p-lse sharpness
time

duration of L/V pulse

tachometer

time L/V pulse is above threshold value

time L/V pulse is above zero

time L/V pulse is within N percent of peak value
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' forward velocity of wheelset
Vz.i velocity of wheel/rail contact point along Cz.i axis
XYz reference system fixed with respect to rails
xXyz wheelset reference system (y axis always coincides with
the axle and 2z axis lies in a vertical plane passing
through the axle)
Yt’zt truck c.m, lateral and vertical displacements along Y
and Z axes
Yw,zw wheelset c.m. lateral and vertical displacements along
Y and Z axes
a arctan (vy/vx)
oy wheel/rail contact angle with respect to XY plane
rl,rz wheel L/V ratios on left and right wheels, respectively
61,62 lateral displacements of left and right rails, respectively
n nondimensional roll moment applied to wheelset
N4 nondimensional effective roll moment due to wheelset dynamics
M coefficient of friction
um microns (10'6m)
€ Poisson's ratio
°t'wt truck roll and yaw angles (positive clockwise looking forward)
Ow,ww wheelset roll and yaw angles (positive clockwise looking
forward)
2 axle rolling rotational velocity (about y-axis)

E,n,X Kalker creepage parameters [Equations (3.13) to (3.15)]
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LIST OF ABBREVIATIONS AND SYMBOLS (continued)

Yy nondimensional longitudinal creepage
vy nondimensional lateral creepage
v 'Ke + v;
. j . . d i
'YJ’1 creepages in CJ’1 irections
p geometric parameter used in calculating the contact

ellipse (Equation (12))

w3,1 spin creepage

Subscripts

i index used for wheel identification - i=] for right
wheel and i=2 for left

j axis of contact zone coordinate - j=1 for longitudinal,
j=2 for lateral, j=3 for normal direction

t truck frame variable

w wheelset variable
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1. INTRODUCTION

The most widely accepted criterion for wheelclimb derailment defines an
upper limit on wheel/rail contact forces on the climbing wheel, the limit
varying with time duration of the forces. The reliability of this criterion
in predicting derailment is of major importance, since it is used to evaluate
the derailment safety of railroad vehicles, operating conditions, and track
structures. This report presents an analytical and experimental evaluation of
time-dependent wheel load derailment criteria for wheelclimb, which shows that
this type of criterion alone is inadequate for derailment prediction.

To studv wheelclimb derailment processes and evaluate derailment criteria,

a series of derailment experiments was conducted using a one-fifth scale model
of a single wheelset on tangent track subjected to static and dynamic loading
conditions. The results of these experiments were compared to simulations
based on a nonlinear theory developed to represent the important phenomena
associated with dynamic wheelclimb.

This study shows that the JNR and other time-duration dependent criteria
based on wheel load measurements alone are unsuccessful in predicting derailment
safety for dynamic wheelclimb, For wheelclimb processes involving negligible
lateral velocities, the derailment limit can be estimated from quasisteady
snalysis of wheel/rail forces, Evidence has been found that derailment criteria
employing variables measured in addition to wheel loads may be successful in
predicting derailment safety, and that diagnostic criteria may be developed for

warning of impending derailment.



There is a strong motivation for using wheel load measurements for de-
railment prediction. The mechanics of derailment for a complete truck are
complex and highly nonlinear. At present no analytical mode] for complete
trucks has been developed and validated that can relate measured variables
other than wheel loads to derailment occurrence. The hope that wheel loads
would be useful to derailment research has led to the development of instrumented
wheelsets as major experimental research tools, which are also employed to
study problems associated with failure, wear, and large deformation of wheels
and track [22-24].*

The need for accurate and reliable methods for derailment prediction has
intensified recently as efforts increas: to relate vehicle characteristics,
train operation, and track maintenance standards to system safety. With
increasing success the relationships between vehicle and track descriptors and
the resulting wheel/rail reaction forces have been quantified using analytical
or empirical means [24-28]. The critical missing links are definitive specifications
relating these forces to safety.

Derailment may occur as a result of several distinct processes, including
wheelclimb, wheel 1ift, rail rollover, gaupe spreading, and component failure,
each requiring specification of allowable wheel/rail forces or other measures [28].
This report concerns the first of these processes, which is directly related to
the dynamics of the vehicle on curved and tangent track, and to the track mis-
alignments that excite the vehicle. Wheelclimb is a derailment process in which
large lateral forces acting on the wheelset cause one wheel to climb up and over
the rail (see Figure 1.1). When this wheel is in flange contact, large restoring
forces resisting wheelclimb result from the large contact angle at the wheel/

rail interface. Frictional effects, known as creep forces, aid or inhibit the

*Numbers in brackets refer to the list of References,
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process depending on the angle of attack of the wheel relative to the rail.
The vector sum of the contact forces are measured by an instrumented wheelset,
and are distinct from the forces applied to the wheelset through its bearings.
Wheelclimb may occur at low forward and lateral velocities, with the
resultant wheel/rail forces predicted using a quasisteady approach [5,8] , and
have been confirmed experimentally in [8,30,31}. Since the limit on lateral
forces F . scales with vertical axle load on a derailment quotient, or L/V
ratio, is often used, where L and V are the lateral and vertical components of
the wheel/rail reaction forces. When significant lateral velocities occur during
the wheelclimb process, lateral forces exceeding the quasisteady derailment limit
generally occur, but only for relatively short time durations [24-26]. A
criterion developed by the Japanese National Railways (JNR) attempts to account
for the large contact forces by increasing the limit on allowed L/V ratios

proportionally with 1/t ., where t is the duration of the force pulse when

1’
it is less than 50 msec. [32].

The objective of the analytical and experimental research summarized in this
report is the evaluation of the validity of wheelclimb criteria based on wheel
load measurements. In order to systematically treat this objective, three
distinct wheelclimb derailment processes may be identified, which become the
basis for detailed analysis:

Process A - Quasisteady wheelclimb, in which lateral velocity is
negligible and the yaw angle remains essentially constant. This

process applies to derailment during steady state curving.

Process B - Single degree-of-freedom wheelclimb, in which lateral velocity
effects are important, but yaw angle remains essentially constant.

This condition describes steady state curving plus train sction,

discrete changes in track geometry, or truck hunting with relatively

stiff primary yaw suspensions for the wheelset.

—e




Process C - Two degree-of-freedom wheelclimb, which includes
lateral velocity and changing yaw angle effects. This process
describes dynamic curving, wheelset hunting, and truck hunting
with relatively compliant yaw primary suspensions.

In this study the three derailment processes described above are analyzed
theoretically in detail. Experiments using a scale model wheelset on tangent
track are used to validate the theoretical analysis. A computer program is
developed for simulation of the wheelset, including coupling to the truck
frame, which permits it to be integrated readily into complete vehicle simu-
lations. A comprehensive series of experiments is described which are used
to evaluate existing and proposed derailment criteria for quasisteady and
single degree of freedom dynamic wheelclimb (Processes A and B).

Section 1 describes the motivation for this study, and reviews present
knowledge in the field. Section 2 presents the analytical development of
criteria for quasisteady wheelclimb. The experimental data presented agrees
well with the derived criterion. In Section 3, a nonlinear model is validated
for wheelset displacement responses to pulses in applied lateral forces.
Simulations using the dynamic model indicate that the magnitude and duration
of L/V ratios that would be measured during dynamic wheelclimb are not
related in a functional way to derailment occurence.

In Section 4 time-duration dependent wheel load criteria for dynamic
wheelclimb are evaluated. A variety of wheel load criteria, including the
widely recognized JNR criterion, are applied to wheel load measurements taken
from 112 derailment events, with none found to be successful in predicting

derailment safety.
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Appendix A summarizes the results of application of the variety of time-
duration dependent wheel load criteria to the 112 derailment events recorded
during the experiments. Appendix B describes in detail the apparatus used
during Phase One of the research program, with the Phase Two apparatus described
in Appendix C. The computer simulation program used to model wheelclimb

derailment is listed in Appendix D.
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2. QUASISTEADY WHEELCLIMB

2.1 Analytical Development

The steady rolling of a wheelset under load is a quasistatic process in
which an equilibrium condition exists for all applied forces and moments due
to vehicle and track loading. If for a given set of applied axle loads and
wheelset yaw angle an equilibrium condition exists, characterized by a
certain wheelset lateral position, wheelclimb derailment will not occur.

If no stable equilibrium exists, wheelclimb derailment results. Yaw angle
is defined to be positive when the derailing wheel is steered into the rail.
For convenience, derailment is assumed to occur on the right rail, viewed
in the direction of travel.

Since wheelset yaw angles are generally small, force and moment eguilib-
rium conditions may be applied in a vertical plane passing through the axle.
In this report the effect of translation of the wheel/rail contact points
longitudinally along the rails is not considered. Analysis of the wheelset
equilibrium conditions requires calculation of the forces at the contact
points due to longitudinal, lateral and spin creep, each of which varies
with wheelset lateral displacement, yaw angle, and axle angular velocity.

The procedure for calculating the highly nonlinear wheel/rail contact forces

in flange contact is presented in detail in [6), and is summarized schematically
in Figure 2.1. The approach is similar to that presented in [S] and [13],

each analysis including the Kalker creep force theory and iterative solutions
for axle velocity and normal forces at the wheel/rail contact points. Numerical
results are produced for specific wheel/rail contact geometries, computed for

given wheel and rail profiles using algorithms developed in [17]. Creep
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forces at each contact point are determined through interpolation of
numerical results from Kalker's Simplified Theory, tabulated for
appropriate combinations of nondimensional creepages and contact ellipse
geometry [14].

The quasisteady derailment limit (Process A) is derived by calculating
the maximum applied lateral force that may be sustained for a given
vertical force and roll moment applied to the wheelset. The net wheel/
rail reaction forces and moments acting on the wheelset in steady state
as shown in Figure 2.1 are balanced by applied forces Fy » F o and

[} ©

moment M

%

Lateral force:

o
"
3]
+
"n MmN

!~'3’i (“fz,i cosa, + s1nui) (2. n

Yo i=1

Vertical force:

2

0=F + I F,. (- . sino. .
2, i 3,i ( x.:fz.1 sina, + cosul) (2.2)

Roll Moment:

2 .
0=M - I (-1 - i
¢ i) (-1) LiFs,i( M f2,151"°i + cosai) (2.3)

The normal forces F at the contact points may be eliminated to yield the

3,i
vertical and lateral forces acting on each wheel, The wheel/rail reaction
forces are then combined to give L/V ratios for the wheelset axle (both

wheels) or for the climbing wheel only.
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L 1
V |axie = [T ¢ 41,0 ¢ 3 nl-ry + T,)
where Tl = tan(a1¢¢) * ufZ,l
1 - ufz.1 tan (al + ¢)
.- tan(a2*¢) + uf2.2
2 1 - “fz,z tan (a,+4) 2.4)
M
n= - o
(L1 + LZ)Fz
0
L = L
L, +T,
2. = .
2 l.1 + L2

Parameters Tl and Tz are the individual wheel L/V ratios for the left and
right wheels, respectively, Parameter n is the dimensionless roll moment,
representing the degree of asymmetry in axle load between the extremes of
wheel 1ift (with a practical range of ¢1). In the above equations f2,l
and f2,2 are the dimensionless lateral creep coefficients (including spin)
on the left and right wheels, ¢ the wheelset roll angle, and a, and o, the
associated contact angles, defined to be positive counterclockwise. The
nomenclature and coordinate system is developed in [5,6]. For the
quasisteady process, parameters Tl and rz are functions of lateral position
y and yaw angle y; for each value of ¥ a maximum for L/V exists, usuall:
close to the value for y which yields the maximum contact angle on the

climbing wheel,




The L/V ratio for the cliﬁbing wheel "is often used itself as a

derailment criterion, and is defined using the above parameters as*

tan (a,+¢) + uf
L =l = 2 2,2
Viclimbing wheel 2 I- uf2 5 tan (a2+¢)
. »

(2.5)

For large yaw angles Eq. (2.5) approaches the classical limit of Nadal (8],
but for the range of conditions -3% < ¢ <+3° the nondimensional creep

f may vary considerably with wheelset loading, wheel/rail profiles, and

2,2
yaw angle, over the range -1 < f2 5 < 1. Under quasisteady conditions,

»
the creepages are functions only of the wheel and rail profiles, wheelset
displacement, and yaw angle relative to the rail, so that Eqs. (2.1) through

(2.5) are independent of forward velocity V.

2,2 Method of Computation

The method used for computing the quasisteady derailment limit is
the same as that described in detail in [6], with the exception of the
procedure used to calculate creep forces. In [6] creep forces are
approximated by calculating initially the forces due to longitudinal,
lateral, and spin creepages separately, then added vectorially with
approximate adhesion limits imposed. Further study has shown that at
negative yaw angles and large spin creepage (i.e. flange contact) signi-
cant errors accrue using this approximation, yielding derailment limits
at large negative angles that do not agree with Nadal's limit.

The new procedure uses creep force calculations based on Kalker's
Simplified Theory, so that creep forces in the lateral and longitudinal

directions are computed directly from the three creepage components [18].

*For simplicity assume right wheel is climbing.
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To make the computation efficient, nondimensional creep forces are pre-

computed and stored using the following procedure:

1)

3)

The lateral displacement at which the contact angle is maximum
is determined, This point is very close to the point of maximum
lateral force (i.e. derailment limit) and eliminates the need to
search over the y-direction.

The non-dimensional contact ellipse geometry factors a = a//ab
and b = b/vab are computed for this lateral displacement. These

factors are independent of wheel loads. The effect of Y on these

parameters is neglected, also the nondimensional spin creep X is computed.

For the above values of @, b, X &nd Poisson's ratio the Kalker
program is run repeatedly to generate a table of lateral and
longitudinal nondimensional creep forces for all possible values
of lateral and longitudinal creepages vy and vy, respectively,

The table is expressed in coordinates VU and &, which are the polar
transformations of vy and Vo

For each value of vx and vy desired, the creep forces are
calculated from the table using interpolation based on the

Lagrange polynomial method.

The resulting calculations yield a limit for large negative yaw angles

of L/Vax

le equal to 3.1, which agrees with Nadal's limit, in contrast to

a value of 2,0 computed in [29]. At large positive yaw angles both the

above and previously used methods yield the correct Nadal limit.

2.3 Comparison of Axle and Wheel L/V Ratio Criteria

Due to the nonlinearity of the creep force phenomenon, wheelclimb

derailment limits based on both axle and wheel forces vary with axle




loading, Using numerical results for wheels and rails with new profiles
extended from [6] to cases with non-zero roll moments, the degree to
which each criterion may be applied universally is demonstrated. In
Figure 2.2 wheel and axle L/V ratios are shown for varying axle vertical
load. Both criteria are insensitve to vertical load, with minor variation
evident only in the range -1.4°% < Y < O°. The two criteria are related
for all vertical axle loads by a single function shown in Figure 2.3.
Figure 2.4 shows the effect of roll moment parameter n on the two criteria.
A positive roll moment, increasing the vertical force on the wheel in
flange contact, produces & larger axle L/V ratio for wheelclimb derail-
ment for all yaw angles. The scaling of the derailment limit with roll
moment is reflected in the relative insensitivity in the wheel L/V ratio.
Although the roll moment parameter n does not appear explicitly in

Eq. 2.5, it does affect the solution for wheelset force equilibrium,

czasing variations in f over the range -1,0° < Y < 1.0°. The

2,2
relations between the two criteria for varying roll moment is shown
in Figure?2.3,

Table 2.1 summarizes the relative advantages of use of criteria of
each type. For situations in which axle loads including roll moments
are known, from simulation or vehicle measurements, axle L/V ratios are
better since the individual wheel forces are not required. If the roll
moment is not known, as may be the case for field experiments on full scale

vehicles, wheel L/V ratios are better when applied to data from instrumented

wheelsets,
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TABLE 2.1 COMPARISON OF AXLE AND WHEEL L/V RATIO CRITERIA

Advantage Axle L/V Wheel L/V
Insensitive to axle vertical load yes yes
Insensitive to axle roll moment no yes
Shows variation with yaw angle yes yes
Does not require simulation or measurement

of individual wheel contact forces yes no
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2.4 Experimental Validation and Usefulness of Model

The quasisteady wheelclimb experiments’ consist of a lateral force
ramp loading applied to the wheelset, with vertical axle load, yaw angle
f and forward velocity held fixed. The loading rate is held small to
preserve quasisteady conditions. Typical time histories of axle L/V
ratio and lateral displacement are shown in Figure 2.5.

The time histories indicate a very well-defined derailment limit.
Fluctuations in the measured responses are due to variations in local
track geometry; the "track signature" is quite repeatable when the
experiment is duplicated at the same track location, even at different
forward velocities. At other track locations, the fluctuations over
the time history differ, but the L/V derailment limits are consistent
within a range of +5%. The temporal frequencies of these fluctuations
are sufficiently low to maintain quasisteady conditions., Since the

variations in track alignment and rail profile in the scale model are

less than that expected in full scale, the fluctuations in measured
responses shown are probably smaller than would be expected in field
testing. .
Experiments such as that illustrated in Figure 2.5 were conducted
for the range of yaw angles -3° <Y 5_3°. The maximum axle L/V ratio
jmmediately before derailment for each yaw angle is recorded in Figure
2.6 for the case of zero applied roll moment. Agreement between theory
and experiment is generally good, although the theory overestimates the
derailment limit for negative angles in the transition region between

-0.5° and -2.0°.

* Apparatus described in Appendix B.
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The results for quasisteady wheelclimb are consistent with roller
rig data in [7], where the theory also overpredicts the derailment limit
fqr negative yaw angles (but with a smaller error). The source of the
discrepancy in the present tests has not been positively identified, but
may be due either to the presence of the lateral track dynamic input
(not accounted for in theory) or to local variation in friction coefficient
or contact sngle. Since the data presented are the only published results
for tangent track experiments, conservative safety criteria should be
based on the lower measured values rather than the theory for negative
yaw angles,

Three possible sources of error may account for this discrepancy,
two experimental and one theoretical. In the vicinity of the derailment
location on the track, local variation in rail profile curvature from
nominal values may produce significant changes in nondimensional lateral
creep coefficient f2,2' Error in f2,2 or friction coefficient u would
produce an error in the predicted derailment limit, The third possible
source of error results from the high ratio of the semi-axes of the
contact ellipse in flange contact. For the wheel and rail profiles used
in the experiment the ratio a/b is 16, which is beyond the numerical
range computed by Kalker and the experimental range measured by Brickle

[S]). Therefore numerical error in the calculated creep forces is not

excluded as an explanation for the difference between theory and experiment.

The effect of roll moment on the measured axle L/V derailment

limit is shown in Figure 2.7. Data points shown without lines are touching




2-16

the predicted derailment limit at the associated yaw angle. Data points
with lines indicate the differences between theory and experiment. The
application of constant roll moments under rolling conditions on the track
was difficult experimentally, resulting in some scatter iﬁ the data. The
agreement between theory and experiment is good, with the same differences

as discussed above for negative yaw angles.




3. DYNAMIC WHEELCLIMB

3.1 Analytical Development

3.1.1 Introduction

Numerous theoretical models for wheelset dynamics are available in the
literature [1-4]. For large amplitude wheelset motions, the mechanics and
dynamics become highly nonlinear, due to the effects of contact geometry and
rolling friction creep forces. For motions during which tread contact is
maintained on both wheels, whether the wheel profiles are conical or curved,
the wheelset dynamic equations include many terms of approximately equal
magnitude. Under conditions of severe flange contact leading to derailment,
the relative magnitudes of these various dynamic terms differ considerably
from their values in the tread contact case, leading to conclusions different
in certain respects from those of the cited references.

Compared to the rather rigorous analytical models of the preceeding
references, theories used for analysis of derailment mechanics have been
simplified. Equilibrium models for wheels and rails in flange contact by
Gilchrist and Brickle [5], Sweet [6], and Yokose and Arai [7] have success-

fully predicted quasisteady derailment limits. Dynamic wheelclimb models by

Sweet {8] and Yokose [7,9,10] on the other hand, have all been based on

certain assumptions which have not been fully verified by simulation or ex- !

periment. }
In this study a detailed model for wheelset derailment has been developed.

The wheelset motion includes three independent degrees of freedom; lateral

displacement, yaw angle, and axle rolling angular velocity, The truck

motion includes a single degree of freedom: the lateral displacement of the

truck frame.
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While nearly all analyses include the first two motions of the wheelset,
only more recent papers by Clark {11] and Duffek [12] have accounted for the
deviation of the rolling velocity from the nominal value of V/ro expected when
the wheelset is centered and rolls with zero slip. As shown in [6], during
steady flange contact the axle speed drops by about 3%, which should have a
significant effect on calculation of the longitudinal creepage.

If wheel/rail contact is maintained on both wheels, the wheelset verti-
cal and roll degrees of freedom are not independent and may be expressed as
a function of the lateral motion. Imposition of these kinematic constraints
leads to generation of significant dynamic components in the equations of
motion. A wheelset kinematic model is developed in this report to account for
these dynamic effects, as well as for computation of lateral creepages in the
contact zones as a function of the velocity of the wheelset center of mass.

A digital computer program for solving the resulting equations of motion
is described. The program is compatible with published programs used for
computation of contact geometry and creep force functions.

3.1.2 Kinematics of Wheelset Motion

Kinematic Model: Careful representation of the kinematics of wheelset

motion is needed for determination of the creepages at the wheel/rail inter-
faces and the coupling of the vertical, lateral and roll motions. The kinematic
analysis employs three sets of coordinate systems, as illustrated in Figure 3.1.
The contact zone creepages depend on the relative velocities of the contact
points of the wheels with respect to the rails. The wheelset kinematic model

is used to determine these relative velocities in terms of the velocity of

the wheelset center of mass, utilizing the geometrica) constraints imposed by

the rails on the wheelset motion. The model is also used to compute the
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Figure 3.1 - Definition of Coordinate Systems for Wheelset and Contact Zones




wheelset vertical and roll accelerations, as functions of its lateral velocity
and acceleration.

The wheelset kinematic model is illustrated in Figure 3.2. A two-dimen-
sional, planar motion model is used to derive the relationships between lateral,
vertical, and roll motions. The instantaneous center of rotation, point 0, is
assumed to be in the YZ plane, with its location depending on the contact angles
and contact points. The kinematic relationships are derived by first determining
the position of the wheelset center of mass, point C, relative to the instantaneous

center:

2 2
L, (L1+L2) cos’a; (3.1)

OC” = + 3
cos Wi sin (]ul|+az)

} 2L2(L14L2)¢osu1-in(11+uz)

lin(|01|002)co|11

— (3.2)
vhere 71 tan (ro/Lz)
e =1 —
Y, = sin [cho-(vl*az)/oc cos 71]
(3.3)
B=Y; -
From Equations 3.1 through 3.3 the instantaneous relationships between
vertical, lateral, and roll motions are computed:
2}
EY' = -tanf (3.4)
v
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Figure 3.2 - Velocities Defined by Wheelset Kinematic Model
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ad, 1
% € cos 8 C O (3.9)

Contact Zone Velocities

The lateral velocity in the contact plane at each contact point is

determined by:

(Llohz)cooaz v .

'2,1 - .inz|al|+nzs 57: Yv . (3.6a)
v i} (I.lﬂ.z)couxl a_?l ;
2,2 linZlcl' Oazs aYv v (3.6b)

Creepages are defined using the model of Gilchrist and Brickle [5], with
extensions to include dynamic effects, Sign conventions have been modified
for consistency with Kalker theory.

For longitudina) creepage (non-dimensional):

-Qr  .cosyeV . JL.
-—Vel 1) =L
1l.i v + (-1 v 3.7)

For lateral creepage (non-dimensional):

. v, .
- - sinV 2,1
’i,i cosa, * v (3.8)
For spin creepage (dimensional):
oinui
w, .= (3.9)
3,i rv,i

Similar expressions were developed by Elkins and Gostling [13], although
they used the wheelset c.m. lateral velocity Yw instead of V2 T The spin
»

creepage defined in Equation (3.9) is a function of contact geometry only, for a




e —

given value of wheelset lateral displacement. The effects of yaw velocity and
slip on spin creepage have been neglected. For non-zero values of yaw angle

ww the wheelset contact geometry and kinematics become three-dimensional, with
the longitudinal displacements of the contact points probably being the most
important three-dimensional effect. These effects have not been included in the
present analysis.

Vertical and Roll Accelerations

The normal forces at the wheel/rail contact points depend on the vertical
and roll velocities and accelerations of the.uheelset. These quantities are
found readily through application of the chain rule, which relates them to the

wheelset lateral velocity and acceleratio:. For roll,

. ad, ¢
¢, "3y Yw (3.10)
A )
2
.e aq)w LX) a¢' * z
% "5y, W Y 3.11
v oéY v asz v ( )

Similar expressions hold for vertical displacement Z,.-

The first partial derivatives are given by Equations (3.4) and (3.5). Both
the first and second derivatives are functions of contact geometry only, and
may be pre-computed and stored as functions of wheelset lateral displacement.
3.1.3 Creep Forces Derived from Kalker Theory

Geometry of Contact Zone: The Kalker Simplified Theory of rolling con-
tact is used to model the creepage forces at the wheel/rail interface. It is
based on the Hertzian contact assumption [14], which expresses the contact
zone shape and dimension in terms of the local geometry constraints of the

wheel and rail, The contact ellipse semi-axes 8 and bi are given by:
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3 3
3,i%i 3,i%i
- e
a8 .(Gi) o bi - b(‘i) ———c
wvhere
. 4 o _bE
i * 1 1 1 » 2
N tp oty 3(1-¢°)
x,i’ Bi M, (3.12)
2
cos 6, = — A, = —
i " i gy
3= ;‘ﬁ_x_.-,_a_f S W prS N BES R
1'1 "1 2,i l,i l,i 2’i
.
- ° -
éd=90 ¢§

Normalization of Creepages

Given the contact zone shape and dimension, and the associated creepages

and spin, Kalker forms the non-dimensional creep parameters:

P 3.13
£, =Y, — (3-13)
i 1,1 we;

: Pi (3.14)
‘ n =y, . "i
i 2,1 we;

- b; 3.15
x; “3,1;} (3.15)

where u is the friction coefficient and ¢, = JE;S;_'(the geometrical mean of
the contact ellipse semi-axes).

For any combination of a/b ratio and spin parameter X, Kalker's Simplified
Theory predicts the non-dimensional longitudinal and lateral creep forces fl,i
snd fz,i’ The dimensional creep forces spplied by the rails on the rolling
wheel along the contact zone system axes are:

-- - (3.16)
7 5,00 Ty = cf) quFy
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In addition to these forces, a pure moment is transmitted, but of negligible
magnitude.

The angular velocity of the wheelset (moving forward) will produce positive
spin on the left contact zone, and negative on the right. To account for negative
spin, the following reistionships are used, based on arguments of symmetry [14],

!1( E,'.X)"fl(’fv "t.x)“fl(fv""*)"‘fl('f ==X (.17)
fz(g,»,x)-ofz(-g, n,x)-fz( E,-v:,-x)-fz(- £,-",-X)
3.1.4 ANALYSIS OF WHEELSET DYNAMICS

Wheelset Equations of Motion

The following assumptions are employed in deriving the wheelset equations
of motion. Roll and yaw angles are assumed to be small. Gravity and suspension
forces are applied to the wheelset along the XYZ rail coordinates axes. The
longitudinal and lateral axes of the contact ellipse are assumed to coincide with
the X axis and the YZ plane, respectively. The equations of motion are derived
using methods from [15) by Newtonian methods using Euler Angles for calculation
of the gyroscopic térms,

The translational equations of motion are derived in the XYZ rail coordinate
system (see Figure 3.3). Forces and moments transmitted to the wheelset from
the truck frame through the primary suspension are represented dy vectors Fs and
ﬂs, respectively. : i

In the Y-direction (lateral):

. {3.18)
-'Y' .iz,,'i(“fz.ieo.ai’.iui) + ’SY




Figure
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In the Z-direction (vertical):

nz, -E rs'i(ufz'i sing -cosa;) + Fg, (3.19)
i
The rotational equations of motion are derived in the rotating xyz system.

About the x axis (roll):
2’3,1[ (-1)i(eooai-pfz’ ioinui)!.i-(oincioufz. i°°'°i)r v, i] +M = (3.20)
i

o0 .z .
1,8, ¢ (I,-1 W 9, ¢ 1,0y

About the y axis (pitch):

“Z‘x iP3,i%,1 = T2 T o) ¢ (3.21)
?
i

(1.1 u) 1"%"‘1”

About the 2z axis (yaw):

i o o o -
NZ (-1 fl.irS,il'i R ‘v‘v’vuyy.anu) - (3.22)
i
QQHI”-H.z

Application of the Geometrical Constraints

The geometrical constraints of the single point, continuous contact

assumption can be used to express the normal forces at the contact zone by

solving Equations (3.19) and (3.20).
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Denote:
- (3.23)
A= My Zw B FSZ
) . (3.24)
UL S (1u-1”) v, o, 1”9 Y ~ Mox
’ . L2A§B¢: (Psv-l‘Y') . (3.25)
3,1 (ii+L2)(coual-ufz’ltxnul)
F = .
3,2 (L14L2)(cosaz-ufz’zszncz) (3.26)
where 1 = (rv.lorv’z)lz
Coupling to Truck Frame
Loads from the truck frame are transmitted to the wheelset through the
primary suspension (Figure 3.4). To obtain reasonable results for computed
normal forces, the truck frame lateral displacement must be included in the
simulation model, In this study, the truck yaw and roll angles and vertical
displacement are treated as fixed, but these variables are included in the
equations below for generality and ease of extension to future complete truck
models.
For a passenger car, the primary suspension is linear so that
Foy * x’(vt-v‘,) + ‘,“;‘Yw)
Fep = x.(z‘-zv) * 3'(zt-z') (3.27)

Myg = Ky(¥=%) ¢ B (¥,~v)

Moy = B (8-8,) ¢ B(¢,-¢)
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For fixed truck roll, yaw, and vertical displacements, the suspension

forces reduce to: rsz - ":zv"zzv*’zo

M = o -B. ¥
[} Ky‘i qf‘b*uzzo (3.28)

Hax ® .‘bch.’¢¢i’uxxo

where on, Mzzo’ and Mxxo are the steady axle load, steering moment, and roll
moment, respectively.

Coupling between wheelset and truck dynamic motions is represented by the

following equation for truck lateral displacement:

B Ye = - Fsy*Fyo
where FYO is an external force applied to the truck frame via the secondary

(3.29)

suspension. For freight trucks the primary suspension is not linear. Equations
(3.27) and (3.28) may be modified readily for this case.

Moments about the y-axis are produced by drag, tractionf and braking
forces. In this study these moments are set to zero, but for general safety
assessments they should be considered, as pointed out by Gilchrist [5].

3.2 NUMERICAL SIMULATION METHOD

3.2.1 Program Description

The computer program that simulates the dynamic model is named WHSET.
Figure 3.5 shows a flow chart for the computational model. WHSET and its
associated subroutines compute the lateral, yaw, and axle rotational motions of
s wheelset and the lateral displacement of a truck traveling at a constant
forward speed on a track with or without irregularities. These motions are

computed as functions of initial conditions and external excitations. The
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main program calls a number of subroutines that evaluate the first derivatives

of a set of simultaneous nonlinear state equations, and then integrates them
numerically. The program is written in FORTRAN (IBM extension to FORTRAN

ANS), and is compatible with the IBM G and H compilers (see Appendix D for listing).

The numerical integiation is performed using DERK,'a program based on the
sixth-order Runge Kutta method, which is included in the IBM library of
scientific programs [16]. DERK finds spproximations to tﬁe solution of a
system of first-order ordinary differential equations of the form x'=f(x,t)
with initial conditions.

The derivatives of the state variables depend on the contact geometry
parameters (which are functions of the wheelset lateral displacement), the
creep forces (which are functions of the wheelset velocities, the contact
geometry and the normal forces), the wheel/rail contact normal forces, and the
externally applied loads. To reduce computation time, the contact geometry
functions and creep force/creepage relationships are pre-computed and stored
as data files for use by WHSET. These data files are generated by computer
programs previously developed under DOT sponsorship, known as WHRAILA and
FORCES, and are widely available to researchers in the rail vehicle dynamics
area,

Contact Geometry Functions

The program WHRAILA, developed by R. Heller and N. Cooperrider [17],
solves for the following contact geometry parameters as functions of the
wheelset lateral position: the wheel/rail contact angles a, the wheelset roll
angle Ow. the wheelset c.n: vertical displacement Z, the rolling radii of
each wheel T, the distance between the wheelset c.m. and the contact points

of the wheels L, and the lateral radii of curvature of the rails R). WHRAILA

* In this study the wheelset center of mass (c.m.) is defined as the geometric
center of the axle.
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has been supplemented by additional routines which calculate the values of the
elliptic integrals a(@) and b(8), the non-dimensional spin parameter X, the
geometric parameter p, the contact ellipse axes ratio a/b, and the partial
derivatives defined in Equations (3.4) and (3.5) WHRAILA accepts as inputs
specific wheel and rail profiles, gauge, flange clearance, cant angles and
rail heights. The numerical results presented here are for new Association of
American Railroads (AAR) profile wheels running on rails similar to 132 1b RE,
CF and I unworn profile. The program assumes that single point contact is
sustained on both wheels and that yaw angle effects may be neglected. Since
these functions depend on lateral displacement alone, they do not have to be
computed at each time step using WHRAILA. Instead, the values pre-computed at
intervals of 0.51 mm are used as inputs to an interpolation routine. The
program WHSET uses the IBM library program IVP, based on the Aiken's Lagrange
method of interpolation [16].

Creep Force Calculation

The second data file represents the relationships between non-dimensional
creep forces (f1 and fz) and non-dimensional creepages. The program FORCES [18]
is used to pre-compute non-dimensional creep forces using the Kalker Simplified
Theory. It takes as input the contact ellipse dimensions, non-dimensional spin
and creep parameters, and Poisson's ratio. For every contact ellipse ratio a/b
and non-dimensional spin parameter x, a different table is generated for the creep
coefficients as fu.~ctions of the non-dimensional creep parameters in polar form.

The contact ellipse ratio and the non-dimensional spin parameter are
determined by the contact geometry alone, the latter depending on the lateral
displacement of the wheelset. Consequently, these two variables can be pre-

computed for the full range of the lateral motion. A survey of numerical results
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over the displacement range has been conducted, and 21 pairs have been distinguished
so that the contact ellipse ratio and the non-dimensional spin parameter at any
given displacement are within 10% tolerance of at least one of these 21 pairs.
The program FORCES was run repeatedly for these pairs resulting in 21 table sets
stored as data files.

At each lateral displacement, WHSET calls a subroutine to determine which
of the 21 data files is to be used. It then interpolates the datas in tables of

this file, returning the lateral and longitudinal creep forces as functions of the

creepages.
Program Qutputs

The following output variables are generated by the simulation program:

1. VWheelset lateral displacement

2. Truck lateral displacement

3. Wheelset axle rolling velocity

4. Wheelset yaw angle

5. Normal force at each contact point

6. Derailment quotient for each wheel

The derailment quotient, the ratio of lateral to vertical wheel/rail
forces, is the most frequently used measure of proneness to derailment [5-10,19].
In the literature it is designated by either (L/V) or (Q/P). Following the
former convention:

L ufzticosai¢sinui

;= ”fz,i sino,-cosa;

(3.30)
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3.3 SIMULATION RESULTS

3.3.1 Definition of Simulation Conditions

The parametric values for the simulation are selected for a typical high

speed passenger car described in [20]), and are summarized in Table 3.1.

TABLE 3.1

Simulation Parameters

Symbol Value S!Eboi Value
w, 1464 kg K 2x10% a/z
¢ 2928 kg Kg 7.lox103 n-n/rad
1.1, 680 kg-m- X, 1.17x10’ no/m
1
vy 136 kg-mz B, loxl()6 n~s/m
0.3 B, 5.84x10% n-s/m
€ 0.3 B, 1.5%10° n-m-s/rad
2x10}! n/m? K, 5.43x10 ‘n-n/rad
£, 1.36x10° n B, 2.17x102 n-m-s/rad
‘pt 0 “xxo’"zzo 0
v 50 m/s

All other values for parameters in the equations of motion are provided -
by programs WHRAILA and FORCES, with extensions as described previously.

Some comments are needed'regnrdinz inclusion of the truck lateral degree
of freedom. In many previous studies, and in the initial phases of this
investigation, the dynamics of the wheelset slone were simulated. The dynamic
fluctuations in normal force during derailment simulations that result from

“wheelset-only” models are unreclistitally large, due to high wheelset
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accelerations. Adding the truck mass to the model yields much more natural
behavior. Although the dynamics of a complete truck with secondary suspension,
two axles, etc. are not modeled here, the present simulations do exhibit
the important characteristics of wheelsets during derailment.

The simulation program accepts as inputs any combination of forces and
moments applied to the truck frame and wheelset, plus track irregularities.
For clarity in presentation, in the simulation results that follow the only
input is lateral force applied to the truck frame.

3.3.2 Simulation Results

Representative simulation results are shown in Figures 3.6 and 3.7.
Starting with the wheelset and truck frare in the track center position, the
lateral force applied to the truck frame produces a damped sinusoidal truck
lateral displacement. The wheelset lateral displacement lags, sharply decelerating

after the initial flange contact.

In the derailment case, the wheelset first climbs the rail, falls
slightly, then climbs again to complete derailment as the truck frame dis-
placement reaches its second peak. Depending on initial conditions, the
wheelset may derail on initial impact or later, emphasizing the importance of
the dynamic coupling between wheelset and truck frame. Even though the
dersilment quotient exceeded the quasisteady limit (2.0 for ww-O) for about
0.05 seconds (the JNR limit), the wheelset does not derail at this point.

_ After flange contact occurs, the axle speed drops, as expected from
quasisteady theory. There is no fundamental difference between the derail-

ment and non-derajlment cases.
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The drop in axle speed results in longitudinal creep forces imbalance and
a yaw moment which steers the wheelset in the negative direction. Due to the
rather stiff primary suspension, the magnitude of the resulting steering
angles is quite small (less than 0.5 milliradians, or 0.03 deg). These small
‘yuw angles considerably reduce the coupling between the longitudinal and

lateral dynamics of the wheelset.

Figure 3.7 shows the normal force and derailment quotient for the climbing
wheel. In the non-derailment case, the normal force starts at a level close
to one-half the axle load. During flange contact, the normal force is much
larger due to the increasing contact angle. The rapid deceleration of the
wheelset results in a sharp peak in the normal force. Terms due to wheelset
lateral, vertical, and roll accelerations all contribute to the increased
normal force on the climbing wheel while decreasing it on the opposite wheel.

The initial peak in normal force is also seen in the L/V response.

In the derailment case, the peaks in normal force and derailment quotient
are much larger. These peaks may be unrealistically large, due to the
assumption of rigid rails. They are not critical to the simulation, however,
due to their extremely short duration. Peaks shown after initial flange contact
are due to large values of partial derivative terms in Equations (3.10) and
(3.11).

Just prior to derailment, the normal force goes to zero for a short time.
Physically, the wheel is beginning to lose contact while the contact angles
decreases. The large fluctuations in normal force and loss of contact prior to

derailment have been confirmed experimentally in tests at JNR [10].
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3.3.3 Discussion of Modeling Effects

The computer program was altered to study the effect of model complexity
on the simulation results. The first simplification was to set the axle speed
to V/ro. Exclusion of this degree of freedom was found to have almost no
effect on the simulation of the other dynamic variables as s result of the
stiff suspension and the negligible steering effects. As a consequence, the
value of the truck yaw angle ¢ is very important to derailment safety, since
the derailment limit falls from 2.0 to 0.8 as Y, increases from 0 to 50 milli-
radians. This result, predicted from quasisteady derailment theory, is verified
by the dynamic simulation model. Passenger trucks with softer yaw suspensions
and freight trucks may exhibit different behavior.

The acceleration terms in Equations (3.11) through (3.26) are significant
in terms of their effects on wheelset motion, derailment quotient, and derail-
ment proneness. In contrast, gyroscopic terms are not significant and may be
omitted.

The simulation model presented in this report represents a successful
extension of contemporary understanding on wheel/rail contact phenomena and
wheelset dynamics to the wheelclimb derailment regime, Through the use of
this detailed model, it has been determined that the following elements are
necessary for simulation of wheelclimb derailment of a typical high speed
passenger car with a stiff yaw suspension:

1. Wheelset and truck lateral displacement degrees of freedom.

2. Wheel/rail contact geometry parameters determined as functions of

wheel and rail profiles.

3. Creep forces determined by Kalker Simplified Theory.
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4. Wheel/rail normal forces computed from kinematic constraints resulting
from continuous two-wheel, single-point contact, including acceleration
effects.

5. Creepages determined by wheelset kinematics.

6. Truck yaw angle.

For freight trucks or passenger trucks with soft primary suspensions,
wheelset yaw angle and axle rotational speed should be included as additional
degrees of freedom. Gyroscopic terms are not critical to wheelclimb simulation.

The reduction in necessary degrees of freedom associated with stiff yaw
suspension trucks results in significant reductions in computation time,
which will be particularly important in multiple axle, complete vehicle

simulations.
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3.4 Experimental Validation and Usefulness of Model

3.4.1 Results of Phase One Experiments

To validate the theoretical analysis and simulation model, a series of
experiments on dynamic wheelclimb was conducted during Phase One of this
research program. The apparatus used is described in Appendix B, being identical
to that used for study of quasisteady wheelclimb. Forces acting on the wheel-
set were measured with the six-component strain gauge balance, so that only axle
L/V ratios could be measured. The only addition to the apparatus used in the
quasisteady wheelclimb tests was a photocell actuated, pneumatic servo to apply
step or pulse inputs in lateral load to the wheelset at designated locations along
the track.

To simulate the mechanics of the wheelset test apparatus, it was necessary
to modify the equations of motion derived in Section 3.1. These changes were
required to properly represent the kinematics and dynamics of the rigid body
elements that comprise the gimbel and linkage system described in Appendix B.
Since the modified equations apply only to this unique apparatus and are not of
general interest, they are not included in this report (for details, refer to
{1s]).

Representative simulated and measured responses for non-derailing and
derailing cases are shown in Figures 3.8 and 3.9. The simulations include the
dynamics of the pneumatic actuator used to apply the lateral force, which acts
as a first-order lag with a time constant of 125 ms. The agreement between pre-
dicted and measured lateral displacements for non-derailing and derailing cases
is good, although for the latter case the predicted derailment occurs more

rapidly than that measured.
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Significant differences between predicted and measured time histories
of the L/V ratio are evident in the figures shown. Specifically, the pre-
dicted responses characteristically exhibit higher maximum values and shorter
time durations than those measured. To resolve this discrepancy, further
research conducted under Phase Two of this study was directed towards refining
the analytical model and improving the force measuring system used in the
experiments. The results of Phase Two experiments are presented in the
following section.
3.4.2 Results of Phase Two Experiments

At the onset of Phase Two, there were two principal factors considered

as having the potential for influencing the measured wheel force signals:

1. The strain gauge balance signals measured in Phase One did not
resolve, in an unambiguous manner, the various external and internal
forces acting during the dynamic wheelclimb experiment. Under quasi-
steady conditions, the external forces, in both vertical and lateral
directions, approximately balance wheel/rail forces acting at the
contact points. Since the strain gauge balance was mounted in series
between the external and wheel/rail forces, the strain gauge balance
was capable of sensing the desired variables under quasisteady conditions.
Further, under quasisteady conditions, a simple functional relation
exists relating axle and wheel L/V ratios, so that resolution of
independent wheel ratios is not necessary. Under dynamic wheelclimb
conditions, none of the above apply, so that it is desirable to have
independent sensing of individual wheel loads, external forces, and

inertial forces (i.e. accelerations).
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2, The bandwidth of the instrumentation system used in Phase One was 2S5 Hz.
The 25 Hz cutoff frequency was determined to be necessary to prevent
aliasing of signals passed through the multiplexing circuits prior
to recording on the FM tape recorder. The L/V ratio pulses predicted
from the digital simulation contain significant high frequency content
that would be attenuated by a 25 Hz lowpass filter.

To eliminate these limitations in the dynamic wheelclimb experiments, a
new set of apparatus for force measurement was designed, fabricated, and carefully
calibrated. Digital simulations were performed which passed the predicted wheel
lateral and vertical force signals through lowpass filters, to determine the
bandwidth necessary for recording of these signals in an unaltered state. The
simulations clearly showed that the 25 Hz filter used in Phase One significantly
attenuated and widened the L/V ratio pulse to qualitatively match that measured
in Phase One. These simulations identified filter bandwidth as the principal
cause of the Phase One discrepancy between theory and test. Further simulations
showed that a cutoff frequency of 100 Hz was sufficient for recording wheel force
signals without attenuation.

An instrumented wheelset was designed to measure lateral and vertical forces
at each wheel/rail contact point. The ASEA/SJ configurations for lateral and
vertical bridges were selected. Straingauge locations were determined after map-
ping of the strain fields on the wheel plate surfaces, to maximize signal output
with minimum ripple, load point sensitivity, and cross talk. External forces were
measured separately with load cells, with the straingauge balance used in Phase One

installed to provide capability for Phase One/Phase Two data comparisons. Details
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of the apparatus design and calibration are given in Appendix C.

Representative measurements of signals during derailment using the
improved instrumentation system are presented in Figures 3.10 through 3.17.
At the beginning of the test, the wheelset is positioned in tread contact
near the opposite (left) rail using a special fixture. At a designated
track location, a photocell senses a light, activating the lateral force
actuator. The lateral force rises exponentially, as shown in Figure 3.10.
The wheelset moved laterally in response to this input until it makes flange
contact on the right rail, where it pauses for about 22 msec. After the
wheel has climbed the rail, lateral displacement increases rapidly to complete
derailment, as shown in Figure 3.11. As the wheelset approaches one rail,
a strong yaw moment is produced by the longitudinal creep forces, causing a
steering action in the negative direction, as shown in Figure 3.12. As
demonstrated in both figures, the agreement with simulation is excellent.

Figures 3.13 through 3.15 show the forces acting at the wheel/rail interfaces.
A large pulse in lateral force on the derailing wheel is produced during the
period that the wheel is in flange contact (about 40 msec). This short duration
is consistent with theory, and clearly shows that the long duration (order of 100
msec.) measured in Phase One resulted from the 25 Hz filters. The lateral forces
measured on the non-derailing wheel result from creepage, and are consistent with
a friction coefficient of 0.3. The vertical force on the derailing wheel
(Figure 3.15) shows some fluctations from its nominal value of 22 n. The
excursions at the flange contact point are consistent with model predictions,
resulting from accelerations in the vertical direction caused by contact geometry

constraints. Other fluctuations in vertical force result from track disturbances
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in the vertical direction that were not included in the simulation model nor
measured in the experiment.

The lateral acceleration of the wheelset is shown in Figure 3.16. The
maximum deceleration is about -0.2 g, which corresponds to an inertial force of
about -22 n. When compared to the lateral force measured at the derailing wheel
(about 75 n. at the same time), the inertial force is significant. This indicates
that measurement of wheel/rail loads at locations as close as possible to the
contact points (i.e. using instrumented wheelsets) is superior to measurement
at an interior point (i.e. using strain gage balance).

Fiﬁally, the predicted and measured L/V ratios are shown in Figure 3,17.
The amplitude and duration of che primary and secondary peaks in the response
are predicted well by the simulation. The first peak results from the large am-
plitude pulse in lateral force during flange contact; the second peak results
from the dip in vertical force resulting from wheelset vertical acceleration.

The experiments performed in Phase Two demonstrate that the dynamic wheel-
climb model presented in this report is capable cf predicting both wheelset
response to external force inputs and the resulting wheel/rail contact forces.
This validated model should prove useful in the future in the evaluation of

vehicle derailment safety and synthesis of new derailment criteria.
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Figure 3.12 - Measured and simulated wheelset yaw angle.
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4. EVALUATION OF DERAILMENT CRITERIA

4.1 Commonly Used Criteria

Although a larger set of variables are available from the experiments
and simulations for use in synthesizing criteria for wheelclimb derailment,
in this report attention is restricted to those criteria which make use of
the time histories of wheel loads only. The ﬁbjective here is to evaluate
the hypothesis that sufficient information exists in the wheel load measure-
ments alone to predict derailment safety reliably.

The basic information available in these pulselike signals may be
distilled into the following quantities: peak value, integrated value,
average value over pulse duration, pulse shape, duration above threshold,
etc. Table 4.1 is a summary of candidate criteria which are of the general
form of a load amplitude versus time duration. To test the hypothesis a
wide selection of candidate criteria was explored. The widely used JNR
Criterion is of Type 4 in the table; duration 13 is defined to be 1.5 times
the period during which the pulse exceeds 50% of its peak value [30].

Criteria 1 through 5 yield a single data point for each event;
Criteria 6 yields a locus of points as the threshold value is swept from
zero to the pulse peak. All criteria may be applied to either L/V ratios
or lateral forces alone. Criteria involving peak values may lack physical
significance and are vulnerable to erroneous conclusions drawn from noisy
instrumentation or wheel loads resulting from high frequency vibration.
Integrated lateral force has units of change in momentum, although it does

not represent the time change in momentum since only the wheel/rail reaction
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TABLE 4.1

CANDIDATE WHEELCLIMB DERAILMENT &llﬁllk

TYPE

ORDINATE

ABSCISSA SENSITIVITY®

PEAX VALUE

TINE ASOVE 2ERO (TAZ) \i\

INTEGRATED VALUE

TAZ i p

INTEGRATED VALUE/TA2

TA2

_ A
4 PEAK VALUE TIME WITHIN NV OF PEAX r’
(INP)
s INTEGRATED VALUE TNP + S
D
A
6 THRESHOLD VALUE TIME PULSE BXCREDS
THMRESHOLD (TAT)

SSENSITIVITY 70 PULSE AREA (A), SMAPE (8), AND DURATION ABOVE ZERD (D), BACH WITH OTMER
PARAMETERS MELD CONSTANT. SHAPE VARIABLE § REPRESENTS TRANSITION THROUGH SNAPES
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forces are being included. By dividing the integrated value by the time
duration, the magnitude averaged over the pulse is obtained. Criteria
4 and 5 may be used to define pulse duration when the mean value of the
signal before and after the pulse is above zero.

The sensitivity of each criterion to changes in pulse area, shape,
and durat;on is shown in Table 4.1. 1In this context sensitivity refers
to the ability of a criterion to discriminate between pulses on the basis
of area, duration, or shape by yielding a different (x,y) value or locus
in the graph. For example, if a criterion sensitive to area were found
to be a good derailment predictor, then derailment could be correlated
with momentum, Many additional cr :-.ia can be proposed, but they

generally will perform in a manner very similar to those in Table 4.1.

4.2 Experimental Evaluation of the JNR Criterion

The recorded experimental wheel load and lateral displacement time
histories were digitized and analyzed using computer subroutines which
implemented the various criteria.

For Process B, 112 derailment events (occurrence of large L/V ratios
or lateral displacements) were examined, distributed in the test matrix
in Table 4.2. Cases were selected deliberately to be near the derailment
limit, and do not reflect the distribution of their occurrence in the
field, A special feature of these experiments is the large number of
marginal and complete derailments, which would not generally be available

from field tests.
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TABLE 4.2

TEST MATRIX FOR DYNAMIC WHEELCLIMB EXPERIMENTS

TEST MATRIX

Yaw Angle
3 0 3% Total
No Derailment 10 19 1 30
Marginal Derailment 9 13 17 39
Complete Derailment 8 21 14 _43
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Figure 4.1 illustrates the application of JNR criterion to a typical
L/V ratio pulse using the algorithm shown in Figure 4.2, with the results
of similar application to the events in the test matrix shown in Figure 4.3.
The JNR Criterion is modified using Eqs. (2.4) and (2.5) to convert wheel
L/V ratio to axle L/V ratio. It is clear from these results that not only
does the JNR criterion not predict derailment, but that no criterion based
solely on L/V ratio and time duration could separate the derailment, marginal
derailment, and nonderailment regions. The data in Figure 4.3 includes
measurements at all yaw angles; from the quasisteady derailment results
strong influence of yaw angle could be expected by rescaling the data and
JNR Criterion by the quasisteady limits shown in Figure 4.2 (0.4 at +3 deg.,
0.6 at 0 deg., 3.1 at -3 deg.), a normalized version of the JNR Criterion
results, given in Figure 4.4. The JWR Criterion is still an inadequate

derailment predictor using this modification.

4.3 Experimental Evaluation of Alternative Wheel.load Criterion

The alternative wheelload derailment criteria are evaluated using
the experimental data base by computing the following quantities:
TAT = time above threshold
PEAK = peak value of L/V ratio
L

AREA - = -
ALV =L ) d

MOMENTUM = ITAT L dt

(AREA-L/V) /TAT = .ﬁlﬁ Soar (%) dt

NORMALIZED MOMENTUM = TIIET Jyap L O

TINR = t; in Figure 4.1
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Figure 4.2 - Algorithm for Derailment Criteria Evaluation
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The results of these computations are tabulated in Appendix A. In
the following paragraphs the results of application of the various criteria
are plotted and discussed.
Type 1 - Peak value of L/V versus TAT

Figure 4.5 shows data for the three derailment conditions plotted
in absolute and scaled formats (using L/V ratio scale factors for each yaw
angle). As is the case using the JNR criterion, the spread of peak values
for each derailment case covers almost a factor of ten in the absolute
format and a factor of six in the scaled format., No significant time
duration dependence is evident.
Tyre 2 - Integrated Valuee versus TAT

Figure 4.6 and 4.7 show data for L/V ratio and lateral force integrated
over the pulse duration, the latter yielding a quantity with units of
momentum. However, as previously discussed, the momentum quantity plotted
here is not the momentum of the wheelset, but rather the change in
momentum due to action of the contact forces alone. In both figures all
data follow & distinct trend of increasing integrated values with increasing
pulse durations. This result is consistent with the observation that the
longer pulses are rather rectangular in shape. Neither criteria discriminates
successfully among the three derailment conditions.
Type 3 - Normalized Integrated Values versus TAT

The proportionality between integrated values in Type 2 criteria and
time duration is compensated by dividing the integrated value by the time

duration. The resulting data are then the average values computed over the

R
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duration of the pulse. Figures 4.8 and 4.9 show NORMALIZED AREA-L/V and
MOMENTUM, respectively. The results are again very similar to those
for the JNR and Type 1 criteria.
Type ¢ - Peak Value versue TNP

The JNR Criterion is of this type, with results presented previously.
Type § - Integrated Value versus TNP

Same results as for Type 2, with data shifted to the left in each
plot, since TNP is always less than TAT. Since no significant influence
of time duration has been found in the test results, Types 2 and 3
criteria are equivalent.
Type 6 - Threshold Value versus Exceedance Time

This type of criterion is applied by sliding the threshold value,
which is plotted as the ordinate, from zero to the peak value of the
signal and computing the time that the pulse exceeds the threshold. In
this manner, the pulse is mapped into the threshold - exceedance time
plane as a continuous curve rather than a single point. Since the continuous
curve retains much of the information content of the pulse, in contrast
to criteria which reduce the pulse information to a single point, this
procedure may have more potential for derailment condition discrimination.
The exceedance curves plotted are for single pulses, and should not be
confused with statistical plots for continuous running time histories

including many pulses and intervening periods.
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The results of this procedure applied to L/V ratio pulses are shown
in Figure 4.10. The shapes of the curves plotted are generally similar
to one another, indicative of pulse shapes ranging from half sine waves
to rectangles. The curves for the three derailment conditions generally
overlap in threshold values and exceedance times, with no apparent divisions

among them,

4.4 Results from Variable Yaw Angle Tests

Tests were conducted with the yaw degree of freedom unlocked and
a soft linear spring yaw suspension installed. These experiments for
Process C permitted self steering by the wheelset under flange contact
conditions and hunting phenomena at high speed. The data recorded were
most interesting, but in retrospect the number of data points accumulated
was too small to yield statistically meaningful results. The section that
follows discusses the implications of the recorded observations as examples
of the complexity of the dynamics of Process C, but at this time conclusions
as definite as those for Processes A and B cannot be drawn.

The four generic types of responses recorded for the wheelset are
shown in Figures 4,11 through 4.14. In Figure4.1l the normal response
of the wheelset at sub-critical velocities to track lateral random mis-
alignments is shown. In the absence of flange contact axle L/V ratios
are small (less than 0.05 ), lateral displacements relative to the.track
less than £0.25 mm, and yaw angles less than £0.50 mn. In Figure 4.12 limit

cycle hunting of the wheelset is shown for velocities in excess of 6 m/s
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model speed. The approximate ranges are 0.4 for axle L/V ratios,:-o.s mm
for lateral displacements relative to the track, |nd': 1-5o for yaw angles.
Derailments did not occur under these conditions,

In Figures 4.13 and 4.14 the responses to step inputs in lateral force
are shown. The tests were conducted in the same manner as for Process B
except that the rubber retaining wheels preventing derailment on the left
rail were removed. Axle L/V ratios up to 1.2 were recorded, with yaw angles
in the range of +2° to -6°, and lateral displacements including
full derailment. This type of response occurred up to 3 m/s model speed.
Above 3 m/s but below the apparent critical speed of 6 m/s a limit cycle
hunting motion was initiated after release of the applied lateral force.
This response is shown in Figure 4.14. The wheelset may or may not derail
due to the initial application of the lateral force, but once the force
was removed and hunting started no further derailments were observed.
Detailed examination of this limit cycle showed that it is identical to
the one found above 6 m/s in frequency and trajectory in the phase plane.
The stability of the limit cycle behavior is shown in Figure 4.15, with
a stable limit cycle existing for speeds below the critical velocity,
contrary to limit cycle behavior predicted in several recent papers. The
production of a limit cycle after a large lateral force is removed is of
practical significance, since this could simulate conditions at the exit
from a curve. Additional discussion of this behavior, known as a Hopf
bifurcation is given in [2,4].

The most interesting results from a derailment prediction point of
view are those typified by Figure 4.13. For the same applied lateral

force both derailments and nonderailments occur.
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Close examination of the responses shows several key phenomena:

1) The yaw moment acting on the wheelset when in flange contact
causes the axle to be steered towards the track center; i.e.

a positive lateral displacement leads to a megative yaw rate.
The yaw moment acts to inhibit the derailment process, since as
the yaw angle becomes more negative, the lateral creep forces
increase in the negative direction.

2) The key determinant of derailment is the yaw angle at the time
of initial flange contact. In Figure 4.13, the yaw angles at contact
for the derailing cases are about -1 degrees, while for the
nonderailing case it is about -3 degrees. The value of “he
yaw angle at flange contact is a random variable, determined
by the wheelset motion prior to application of the lateral force.

While insufficient data was obtained to evaluate derailment criteria

quantitatively, the observations described above provide a qualitative
indication that criteria which do not explictly or implictly account for

yaw angle effects will not be successful predictors of derailment safety.

4.5 Discussion of Experimental Results for Dynamic Wheelclimb Processes

The experimental data presented in this section shows that a variety
of time-duration dependent wheel load derailment criteria are unsuccessful
in predicting derailment safety. The nonderailment, marginal derailment,
and complete derailment cases are represented by these criteria with data
points in overlapping regions spread generally over an order of magnitude.

Defining derailment safety criteria below the minimum levels at which
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derailment occurred would be overly conservative, possibly excluding
vehicles, operating conditions, and track maintenance standards that
could be demonstrated to be safe with more discriminating criteria.

Even if these minimum levels were to be used, they do not establish

a lower bound for derailment, since lower data points possibly could
be measured.

The data presented do not indicate that a time-duration dependence
should be included in derailment criteria. The time durations measured
are in the range of 20 ms to 50 ms, somewhat above the
range of durations in JNR data {[7]. It is possible that under different
experimental conditions impulsive whee! loads with very short (less than
10 ms) time durations and high amplitudes could be measured that
would justify a time-duration dependence in wheel load.

4.6 Derailment Diaggpstics

In the scale model test program reported here it was equally feasible
to measure responses that did or did not involve derailment. In full
scale tests of vehicle safety, in general it will not be feasible to derail
vehicles. This presents a dilemna analagous to nondestructive material
testing, being that if the test conditions are not severe enough, no data
relevant to safety limits may be obtained. It is most desirable to be able
to detect the approach to a derailment limit without exceeding it.

The measured responses shown in Figure 4.16 demonstrate such a diagnostic

technique, By high-pass filtering and integrating the signal from an
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accelerometer attached to the wheelset, the lateral velocity of the wheel-
set is obtained. The single peak shown in the left half of Figure 4.16

is generic to nonderailments, while the double peak on the right half is
generic to marginal derailments. The physical explanations for these
responses are straightforward. At initial flange contact, the rapid
increase in contact angle rapidly decelerates the wheelset in the lateral
direction, resulting in the first peak. In a nonderailment the velocity
returns to zero, the derailment process stops with only a single peak.

In marginal and complete derailments the velocity does not return to
zero after the first peak. In complete derailments after the deceleration
associated with the first peak occurs, the wheelset again accelerates.

In this case the velocity increases until the wheelset leaves the track.
In marginal derailments the lateral forces applied to the wheelset reverse
direction before the complete derailment, centering the wheelset on the

track. This last second rescue causes the second peak.

This phenomenon may be readily exploited to achieve a simple diagnostic
indicator of impending derailment conditions. Since the number of peaks,
rather than absolute values of signals, are involved, simple logic circuits
or microprocessor computer programs could test signals in real time. For
example, the forward velocity of a locomotive under test could be increased
on succeeding runs over a perturbed track section until double peaks are
detected, At this point this test sequence could be terminated, with the

knowledge that a derailment safety limit had been found.
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¢ While more research is required to establish and validate diagnostic
tools applicable to full scale vehicles, the initial success of this technique

found from single wheelset experiments is most encouraging.
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5. CONCLUSIONS

! 5.1 Conclusions

The experimental and analytical studies of wheelclimb derailment

presented in this report result in the following conclusions regarding

derailment criteria:

1)

2)

3)

Wheelclimb derailment criteria based on quasisteady theory are
adequate for derailment prediction under conditons of negligible
lateral incident velocity and constant positive yaw angle. At
negative yaw angles derailment occurs at L/V ratios somewhat

below the predicted limits.

Application of the JNR and other time-duration dependent derailment
criterion for nonderailment, marginal derailment, and complete
derailment cases are each spread over an order of magnitude in

L/V ratio amplitude and time duration. None of the criterion tested
could distinguish between safe and unsafe conditions. Defining

a safety criterion below the derailment data would be overly
conservative, possibly excluding vehicles, operating conditions,

and track and maintenance standards that could be demonstrated to
be safe with a more discriminating criterion. Furthermore, the data
provided do not necessarily establish a lower bound for derailment,

since lower points possibly could be measured.

The analytical models for dynamic wheelclimb yield accurate
predictions of wheelset response to external force inputs,
in terms of wheelset motions during derailment and wheel/rail

interaction forces (i.e. L/V ratios).
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Evidence has been found that derailment criteria employing variables
measured in addition to wheel loads may be successful in predicting
derailment safety, and that diagnostic criteria may be developed

for warning of impending derailment.

5.2 Recommendation for Future Research

a)

b)

c)

L the following would be useful as topics of future research:

New wheelclimb derailment criteria should be developed and validated
that include variables in addition to wheel loads, such as lateral
velocity and yaw angle, that are readily measured under full scale
test conditions. Such multivariable criteria should be better
indicators of derailment safety.

Criteria for the wheelclimb process should be combined with
criteria for other derailment modes, such as gauge spreading

and rail rollover, to yield a comprehensive safety measure. Track
stiffness parameters would be key variables in the comprehensive
criteria formulated.

The results of analytical and experimental studies of derailment
of single wheelsets should be extended to complete trucks and
vehicles. It is very important to establish the degree to which
single wheelset criteria may be applied directly to complete

vehicle configurations.

To achieve the objective of defining a reliable measure of derailment safety,
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In addition to the above, the concept developed in this study of
derailment diagnostics should be pursued. This technique provides a means
for detecting marginally safe conditions in full scale tests, so that
safety-related phenomena may be measured without actual derailments being
required in the test plan. Scale model experiments will continue to be
useful to the study of fundamental derailment processes, due to the greater

control of test conditions possible and the relative ease of study of the full

range of derailment conditions.
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Appendix A

SUMMARY OF DERAIIMENT TEST

DATA AND COMPUTED INDICES
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APPENDIX B

DESCRIPTION OF PHASE ONE APPARATUS AND WHEELCLIMB EXPERIMENTS

B.1 Dpescription of Wheelset Apparatus

The developrent of validated derailment criteria has been inhibited
previously by practical limitations in obtaining a comprehensive set of
experimental measurements of critical variables under a range of conditions.
The apparatus used in this research is designed to provide detailed measure-
ments of wheelset motions and loading during the evolution of derailment
events. It is also designed to provide sufficient control of test conditions
so that the reproducibility of results may be established and the complete
spectrum of phenomena necessary for derailment prediction be explored.

The apparatus used to study wheelclimb derailment is a one-fifth scale
model wheelset described in detail in [29]. The wheels and rails are
machined to unworn profiles from a polycarbonate‘resin material which
assures proper scaling of the wheel/rail contact (creepage) forces in
relation to the applied axle loading. The wheelset has lateral, vertical,
yaw, and roll degrees of freedom, and is attached to a force measuring
system with vertical and lateral freedoms, the latter simulating a generalize
truck mass. The track structure is tangent track, rigid in bending and
torsion to eliminate interactions between wheelset and track deflections,
and maintained to Class 6+ geometry [31].

The apparatus consists of the following elements, shown in Figure B.1:

a) Wheelset or truck model, dynamically scaled from the full-scale

prototype. Applied static and dynamic forces are scaled so that dynamic

behavior of the prototype is reproduced.
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b) Linkage and gimbal systems providing the model with vertical and
lateral displacement, yaw, roll, and pitch angular degrees-of-freedom. The
sequence of freedoms provided is such that all possible body orientations
and trajectories are obtainable, assuring normal wheel contact at all times.

¢) Idler carriage traveling along the track with an independent
suspension system to provide an attachment point for the linkage system.
Running on well-aligned smooth rails, this rubber-tired carriage provides
a reference for all force and displacement measurements. It also provides
a platform for application of suspension forces, and is a mechanical 1link
to external propulsion, power, data reduction, and data recording equipment.

d) Powered general purpose test carriage, providing velocity-controlled
propulsion, instrumentation power, signal conditioning, and data recording.
The powered carriage runs on an independent rail system.

In the following paragraphs the wheelset and support system are
described in detail.

Wheelset Model and Gimbal Sysetem

The wheelset consists of two polycarbonate resin wheels machined
by numerically-controlled lathe to the specified profile (Figure B.2),
mounted on an instrumented axle, The gimbal system, shown in Figure B.3
and B.4, provides yaw, roll, and pitch angular degrees-of-freedom to the
wheelset or truck body. Each rotation is supported by precision bearings
mounited in close tolerance housings. The gimbal unit is designed to
minimize deflections other than the desired rotations, yet be lightweight

to reduce influence of gimbal inertia on wheelset dynamics.
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Figure B.2 Scaled Wheels Machined to Profile of New Full-Scale Wheels.
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/ The base end of a six-component strain gauge balance is fixed to the
linkage/balance adapter, constrained to move parallel to the track without
roll, yaw, or pitch. By so doing, any forces or moments transmitted through

t the gauge to elements clamped to the metric end of the gauge are sensed in
raii coordinates. The yaw/balance adapter is rigidly clamped around the
gauge,with its other cylindrical axis oriented vertically.

The yaw/roll body adds the first rotational freedom. Its tee-section

encloses that of the yaw/balance adapter; the yaw &xis “s supported by
bearings, while the cylindrical section along the gauge allows clearance for
i +3 degrees yaw rotation. The lower cylinder of the yaw/roll body provides
the axis of rotation for roll. On the top of the yaw/roll body is a yaw
plate, parallel to a similar plate on the yaw/balance adapter. These
plates are used for establishing the nature of the yaw freedom; at one
end of the plates are locations for yaw springs, while at the other end
are locking clamps to prevent yaw displacement as dictated by the experiment.
The roll/axle body allows the second rotational freedom. The lower
bearing supports surround the cylindrical housing of the yaw/roll body,
with bearings used for support. The yaw bearings pass through the center
of the roll/axle body with clearance. The upper bearing supports are for
the axle rotation freedom. In truck experiments, the axle is replaced
by the truck center bolster,
The assenbled gimbal system is shown in Figures B.5 and B.6, The
strain gauge axis, coincident with the roll axis, is parallel to the trach
between the wheel/rail contact points (when wheelset is centered). The

yaw rotation axis passes through the center of the wheelset.
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Figure B.6 Wheelset and Gimbal, Showing Yaw Protractor and Locking Device.
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Lateral/Vertical Linkage System

The lateral/vertical linkage system, shown in Figures B,.4 and B.7
connects the strain gauge balance to the idler carriage bulkhead in a manner
that sustains its orientation parallel to the rails., The bulkhead is
rigidly fixed to the idler carriage, so it is a fixed inertial plane normal
to the rail x axis. Lateral and veftical freedoms with no yaw or pitch
rotation are provided by the parallelogram linkages. The linkages by
themselves do not provide adequate roll stiffness to the gauge balance base;
this stiffness is provided by a torque tube connecting two automotive
universal joints,

Idler and Povered Test Carriages

The track-mounted idler carriage with installed linkage/gimbal/wheelset
assembly is shown in Figure B.8., The carriage serves three functions:

a) Provides a fixed reference for all force and displacement measure-

ments,

b) Provides a platform for application of static and dynamic suspension

vertical and lateral forces and moments to wheelsets and trucks.

¢) Provides a link to main overhead carriage for propulsion, on-board

power, data reduction, and data recording.

The carriage frame is fabricated of two-inch welded aluminum tubing
for high strength to weight ratio. At each end of the carriage are three
sets of pre-loaded opposing wheels that provide the carriage with its
own independent suspension. Each wheel is aluminum with specially molded
rubber tires. The rubber on the top and side wheels is hard to provide a
stiff suspension as they roll on the smooth, sligned surfaces of the rail
top and rail mounting bracket side surfaces. The rubber on the wheels riding
on the rougher underside of the track support structure is softer. The

pre-load is adjusted through cams built into offset wheel axles.

——
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Figure B.7 Parallelogram Linkage and Torque Tube Preserving Rail
Coordinate System Orientation of Gauge Balance Through
Connections to Bulkhead.
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Figure B.8 Wheelset Apparatus Mounted in Idler Carriage.
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The test carriage is powered by a variable displacement hydraulic pump
with velocity feedback to provide precise velocity control (speed constant
to 1%). The carriage maximum velocity is 12.2 m/sec. The complement of
signal conditioning and recording equipment on-board is described in the
following instrumentation section.

B.2 Instrumentation

The transducers employed in the wheelset experiments are listed in
Table B.1. The principal force measurement device is a six-component internal
strain gaugebalance, shown in Figure B.9. This device measures all force
and moment components transmitted from the base end to the gimbal-mounted
model. Since the balance is maintained parallel to the track the forces
and moments are measured in rail coordinates. When the wheelset is centered,
the axis of the gauge is colinear with the contact points, as shown in
Figure B.10.

Translational and angular displacements are measured by DCDT-type*
linear transducers and geared potentiometers, positioned as shown in
Figure B.10. The linear transducers measure track gauge and the lateral
position of the balance, while the pots measure yaw and roll angles.
Accelerometers measure wheelset and track lateral accelerations.

Axle speed is not constant, due to flanging, so that this variable
is measured by DC tachometer (Figure B.10). This signal will also

indicate abnormal test conditions such as gross wheel slippage.

* A Direct Current Displacement Transducer operates on the linear variable
displacement transducer principle. An oscillator, rectifier, and low-
pass filter built into the transducer housing provide a DC voltage
output proportional to displacement.




TABLE B.1 INSTRUMENTATION USED IN SINGLE WHEELSET EXPERIMENTS

B-14

Transducer Variable Measured Symbol
Six-Component Strain Gauge Balance Axial Force Fx‘
Lateral Force Fy‘
Vertical Force Fz*
+
Yaw Moment M,
+
Roll Moment Mx
DC Generator (tachometer) Wheelset Rolling Velocity §
Geared Potentiometers (2) Yaw Angle 7
Roll Angle ¢
DCDT Displacement Transducers (2) Lateral displacement of v
wheelset, relative to
track
Track Gauge 61-62
Servo Accelerometers (2) Wheelset lateral v
acceleration :
Track lateral acceleration 6
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Figure B.9 Section View of Six-Component Internal Strain Gauge Balance.
—_—
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B.3 Data Acquisition and Reduction

The system used for data scquisition and reduction is shown schematically
in Figure B.11. All data from the wheelset transducers is recorded on a
four track frequency modulated (FM) cassette tape recorder. Eight channels
are multiplexed onto each of two tracks, recording lower bandwidth signals.
The higher bandwidth accelerometer signals are recorded directly on the
remaining two tracks. Lowpass (25 Hz) analog filters are used between the
transducers and multiplexer (100 samples/s) to minimize aliasing effects. One
channel of the multiplexer is dedicated to recording an identification signal
used to mark the locations of calibration data and running time records on the
cassette tape.

After a series of test runs have been completed, the cassettes are
plaved back for digitization of the signals. The multiplexed tracks are
demultiplexed, and all signals are again lowpass filtered prior to digitization
to minimizing aliasing. The sampling rate is 200 Hz. Data is stored on

magnetic tape and reduced on an HP-1000 minicomputer system.
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B.4  Track and Support Structure

Track Structure
To perform repeatable, systematic experiments on the dynamics of rail
vehicles requires careful control and detailed knowledge of the track.

Track irregularities provide the principal disturbance input to the truck,

and coupling between vehicle and track support structures may be significant,

Track in service is subjected to intermittent loadings, wear, extremes of
temperature, and variations in other ambient conditions that lead to
irregularities in track geometry, railkead profile, and rail surface
condition that may vary with time and track location.

The objective of the track design in this program is to minimize the
influence of these effects in order to isolate the important wheelset
dynamic properties. It is emphasized that non-ideal track characteristics
are extremely important to derailment in the field; in future experiments
the importance of such effects may be explored by systematically introducing
them into the model experiments.

Consistent test track conditions are maintained through the following:

a) The track structure is designed to provide sufficient static and

dynamic stiffness so that changes in track geometry under load
are negligible. Such high stiffness isolates the truck dynamics;
in subsequent programs track flexibility may be incorporated in

the experiments to quantify the importance of this effect.
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b) Track geometry is specified using statistical models, calibrated
with survey data taken at periodic time intervals. Adjustments
are provided for vertical and lateral alignment, gauge, and cross
elevation,

c¢) The railhead profile is machined to be invariant over the track
length., Profiles from different track locations may be sampled
over time to check wear through use of optical comparators and
contact impression tape.

d) Uniform surface condition of the rails is maintained by its
indoor location and periodic cleaning with methyl alcohol as
standard test procedure.

e) Irregularities induced by temperature variations (range of 27°%
yearly) are minimized by design; measurable effects are eliminated
through realignment,.

These design goals are quantified as specifications in Table B.2.

The remainder of this section describes the design and measured characteristics
of the track and support structure.

The support structure shown in Figures B, 12 and B.13 is an elevated
dual channel beam configuration with cross webs for increased torsional
rigidity. The structure is supported on 1/2 in. (1.27 cm) threaded studs,
permitting vertical alignment and cross elevation adjustment. The support
studs are welded to steel cross ties, which are secured to the concrete floor with
thunderstud bolts. Rail lateral alignment and gauge adjustment are achieved

through movement of rail mounting brackets along a steel plate bolted to
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TABLE B.2 DESIGN GOALS FOR SCALE MODEL TRACK

Parameter Goal

Track Stiffness:

- Vertical 0.125 wm deflection for 445 N vertical
load on both rails

- Lateral 0.125 wm deflection for 111 N lateral
load on one rail

Alignment:

- Vertical § Lateral Spectral density, in scale, as good
as or better than Class 6 trach.

- Gauge 287 « 0.25 mm

- Cross-elevation + 0.25 mm (0.08 percent slope)
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Figure B.13 Installed 213 m Scale Model Test Track.
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the top of the channel beams. These adjustment mechanisms are required
due to inevitable concrete floor settlement, temperature gradients, and
relaxation of internal stresses in large section members that will tend
to distort and misalign the track. Measured stiffness properties of the
track structure are given in [29].

Measurements of Model Track Geometry

Track geometry was determined using statistical models in [29].

The resulting spectral densities for vertical and lateral alignment, cross-
elevation, and gauge are given in Figure B.14 through B.17 plotted with
scaled track geometry data. [31]

Failhead Profiie

The rail profile used in the model track is a geometrically scaled
reproduction of a new 133 1b CF and I rail. The resul}s presented in
this report are specific to the wheel and rail profiles used, and may
differ for other geometries. The 1/40 rail cant is built into the model
rail profile, so that the gauge edge of the railhead is vertical.

The rail section is shown in Figure B.18. The rails are machined
from annealed polycarbonate resin bar stock using special cutting tools
with the specified profile. Tool wear was checked to monitor profile
uniformity over the rail sections. Sections were numbered in sequence
of machining; they were installed in the same sequence to ensure gradual
profile changes (if any) over the track length. Two contact profiles,
identified as A and B, were machined so that a second surface is available
at no extra cost should the first surface be changed by wear or impact
damage, Two V-grooves were machined on the sides as seats for mounting

spring brackets; a small extra groove is added to identify the contact profile.
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The rail is generally square in cross-section, and is considered
to be rigid as mounted on the support structure. As described previously,
in the present experiments rail flexibility is not included, so as to
isolate truck dynamics.

Preparation of Wheel and Rail Contact Surfacee

The establishment of experimental conditions that produce scaled
wheelset forces and moments was found to be critically sensitive to the
coefficient of friction u between the wheel and rail surfaces, Considerable
effort was required to develop procedures for cleaning and final surface
finishing to achieve uniform, realistiz adhesion characteristics.

Adhesion limits u have been measured to range from 0.1 to 0.5 in field tests
using full-scale vehicles, the limit being a strong function of surface
coudition, presence of contaminants, and wetness, and a weak function of
forward velocity. It is desirable to design experiments to operate at
the upper end of the range, since the effects of all creep forces (which
are proportional to u) are more readily measured. The polycarbonate resin
has a friction coefficient of 0.52 (from product literature) to 0.3 (from
roller rig measurements), Under ideal conditions, therefore, it is
suitable for use as a material for wheel/rail contact surfaces.

For the initial wheelset experiments the wheel profile had a satin
finish resulting from the precise machining performed on a numerically-
controlled lathe. The rail surface, machined using a specially contoured
flycutter, had longitudinal grooves due to imperfections in the cutting
tool, and lateral, scalloped markings due to movement of the rail past

the cutter. Although these machining marks were less than 25 um in depth,
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they significantly reduced the achievable adhesion limit. Even with
extensive chemical cleaning to remove contaminants, the maximum friction
coefficient measured (in yaw moment tests in flange contact) was about
0.1,

A procedure was later developed to remove these tool marks using
emery paper (grit Nos. 180 and 400) and micromesh diamond cloth (no. 1000)
successively, each used in machine sanders held in jigs to preserve the
original rail profile. The contact surface is inked with felt markers
to highlight the machine marks; the surface is abraded until all tool
marks are removed and a smooth finish 1s achieved, The wheels and track
are chemically cleaned with methyl alcohol prior to each run, with a
strong industrial solvent used periodicaily to remove grease accumulated
after the track has been unused for extended periods.

B.5 Description of Wheelclimb Experiments

Experiments are conducted at constant forward velocity and axle load,
preset at the beginning of each test, Lateral forces art :pplied to the
model as shown in Figure8.,19 . Wheel/rail reaction forces are measured
by the straingauge balance which produces signals proportional to the
total wheel/rail contact forces acting on the wheelset (axle L/V ratio).
Comparisons with theory are made using the axle L/V ratio, since separate
wheel force measurements were not made, Quasisteady derailment (Process A)
is measured by progressive lateral loading of the mode] with a ballscrew
drive motor, with vertical load, roll moment and forward velocity held

constant. During the dynamic experiments (Processes B and C), a pneumatic
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Figure B.19 Application of Forces to Wheelset Model.
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servo actuated photoelectrically at specific locations along the 200m test
track applies lateral forces to the wheelset model. The magnitude and
duration of the applied lateral forces are varied during the series of
experiments, &8s well as vertical axle load and forward velocity. To
provide uniform initial conditions for the experiments, the wheelset is
held against stops near the opposing rail prior to application of the
lateral force. Responses are recorded on an FM tape recorder, and
subsequently digitized for detailed analysis off-line.
Experiments on Process A were conducted at yaw angles over the
range of -3° to +3°, for roll moments covering the range possible
without wheellift at either wheel. To simulate Process B, a series
of experiments was conducted at constant yaw angles of 3° to -3°
by locking this degree of freedom. Experiments for Process C were
conducted using a yaw spring suspension with low stiffness. Tests
were conducted on the wheelset from below critical speed to beyond the
onset of hunting. Lateral force pulse inputs were superimposed on the
track inputs to simulate dynamic curving.

Experiments were performed to determine the reproducibility of the
derailment events, This information is useful in determining the extent
to which derailment processes may be described by differential equations
in a deterministic manner, without including random variations in parameters
or forcing functions. The results of these experiments were highly
reproducible at specific track locations, but exhibited variation in
results when the same forces were applied to the wheelset at different

sites along the track as shown in Figure B.20.. Since the rails were
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machined to a profile that is relatively uniform along the track and
the rails cleaned with methyl alcohol prior to each test, the occurence
' of derailment appears to be sensitive to minor local variations in

friction coefficient and railhead profile,
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APPENDIX C

DESCRIPTION OF PHASE TWO EXPERIMENTS

C.1 Purpose
s The experiments conducted during Phase Two of the research program were
designed to help resolve the following issues:

1. The time durations of large lateral forces during derailment events
that were measured in the Phase One experiments were significantly
larger than those predicted from simulation. The bandwidth of the
instrumentation used in Phase One was limited to 25 Hz, which would

¢ filter lateral force impulse-like signals. The bandwidth of instrumen-
tation used in Phase Two was extended to 100 Hz, which was determined
to be sufficient to pass the predicted lateral force signals.

2. In the Phase One experiments, the strain gauge balance was the only
force measuring device employed. This created an ambiguity in re-
solving dynamic forces acting on the individual wheels, inertial forces,
and externally applied loads. Under quasisteady derailment conditions,
with inertial forces insignificant, the remaining loads were in equilibrium,
so that they could be resolved analytically. Under dynamic loading
conditions, it is necessary to have independent measurements of the
load signals. 1In the Phase Two experiments, an instrumented wheelset
with plate mounted strain gauges was used to yield lateral and vertical
force signals for each wheel. A load cell was used to monitor the
external lateral force input, with an accelerometer used to sense
inertial forces in the lateral direction,

In the remainder of this Appendix the hardware and experimental procedures

used in Phase Two are briefly documented.




' C.2 Instrumented Wheelset Design

An instrumented wheelset was designed to provide measurements of lateral

and vertical forces acting on each wheel, subject to the following design
‘ criteria:

1. Maximum sensitivity of output signal to input load.

2. Minimum sensitivity of output signal to other loads (cross-

sensitivity).

3. Minimum sensitivity of output signal to load point location.

4. Minimum sensitivity of output signal to thermal and centrifugal

stresses.

5. Minimum ripple in output signal when subjected to continuous load.

To determine the best choice of strain gauge bridge geometry the strain
field of the wheel plate surface was mapped, for various combinations of load
magnitudes and application points. Using the mapped fields as a data base,

a number of bridge designs proposed in the literature were evalua‘ed using
computer simulations.

For the lateral bridge, a constant output, two-sided configuration pro-
posed by ASEA/SJ was selected. This configuration, shown in Figure C.1, is
described in [32]. The principal advantages of this design were moderately high
sensitivity and no need for processing of the signal downstream of the strain gauge
bridge amplifier [32). The principal disadvantages cited in [32), sensitivity

! to thermal and centrifugal stresses, proved to be insignificant problems for
the Lexan scale model wheels used.
For the vertical bridge, an "A+B" triangular output configuration proposed by
{ ASEA/SJ was selected. This configuration, shown in Figure C.2, is also described

in [32). Two bridges of the geometry shown in the figure are required, mounted
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45 deg out of phase with each other. The outputs of the two strain gauge bridge
amplifiers are added together using the following equation,

output = Max (|A|, |B], K(|A] + |B|)) (c.1)
where K is a constant selected to minimize ripple. In the experiments reported
here, bridge signals A and B were recorded directed, with the operations specified
by Eq. C.1 performed by digital computer during post-experiment data reduction.

The final wheel designs required application of twenty-eight strain gauges,
fourteen to each side of the wheel. Gauges selected were Micro-Measurements EA-41-
062DN-350, selected for their small size, convenience of mounting, and compati-
bility with the Lexan wheel material, The strain gauge signal bridges were
connected to their external excitation and amplifiers via slip rings mounted at
each axle end. The completed assembly is shown in Figure C.3.

C.2 Instrumented Wheelset Instrumentation and Calibration

The strain gauge bridges were excited and sensed using Analog Devices Model
2B31 strain gauge conditioners. Three-pole, Bessel type active lowpass filters
were used, with a cutoff frequency of 100 Hz.

The completed wheelset and signal conditioning subsystem was calibrated by
mounting the wheels in a machining lathe fitted with a specially-designed rolling
wheel fixture. The fixture was equipped with a wheel machined to the same
cross-section profile as the rail used in the track experiments. The fixture
provided variable vertical and lateral loads, over a range of load application
points. Using the lathe/fixture apparatus, the wheelset could be calibrated under
running conditions similar to those encountered during derailment tests.

The calibration experiments consisted of applications of vertical loads in the

range 0 to 34 n (derailment tests at 22 n nominal load), lateral loads in the




¥ s

Figure C.3 - Assembled single wheelset apparatus, including plate instrumented
wheelset,
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range 0 to 18 n (maximum lateral impulse load subsequently measured was 90 n),
for contact point locations from the flange to the outside edge of the wheel.
From these calibration tests, the sensitivities of the output signals to
applied loads were determined. The sensitivities were found to be independent
of contact point location and cross-load to within ¢ 10%, as desired.
C.3 Instrumentation and Data Acquisition Systems

The complete instrumentation system for the Phase Two experiments is shown
in Figure C.4. The system is similar to that used in Phase One, with the exceptions
of the instrumented wheelsets, higher bandwidth strain gauge amplifiers, and load
cell for measurement of external applied lateral force. Data was recorded on a
fourteen track Honeywell 5600 FM tape re:order. The availability of more tracks
eliminated the need for multiplexing (as in Phase One), permitting higher bandwidth
for all signals. Subsequent to the track experiments, the data was processed by
lowpass anti-aliasing filters (100 Hz bandwidth), and digitized at 400 Hz on a
Preston Scientific GMAD-1 analog-to-digital converter. Data storage and reduction
were performed on a Hewlett-Packard 2IMXE Series 1000 minicomputer system located

at the Princeton University Gas Dynamics Laboratory.
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Appendix D

LISTING OF DYNAMIC WHEELCLIMB SIMULATION

PROGRAM '"WHSET"
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8S000 10
WHS00020
us$00030
SBsS00040
|sS00050
98500060
8500070
98500080
8500090
#8500100
|ES00110
ns20120
. SHS00130

] PERAIL | WBS00140
. #HS00150

| ms00160

v ¥RS00170

. ¥aS00180

KALTAB [} ¥HS00190
ceccecccmcnneed 98500200
1 98500210
v WHS90220
. #8500230
TRACK | WBS00240
ceccmmcmconnasd SHS00250
1 ¥HS002690

v WRS00270

- . WRSJ0280
1 IvIT 1 98500290
PO cramccccsd - S¥HS00300
' ®ASs00310
cecevromcon ¥8sS0032)

< OREPERATS® > ®#8S00330
PR ¥gs00340

v 88500350

e e L T - . 8500360
| DDERK |===>} PDERIY ] ®psS00370
e » Grrrmcconccnnnnd ERSJI0380

L

§ o
! PROGRAE TO SINULATE TERRE-DISRESIOBAL BOTION
] OF A SINGLE WEERBLSET, PLUS LATERAL

| DISPLACBEENT OF TER TRUCK PRASE. ¥SES WERAILA
! COBTACT GROERTRY APD KALKER CREBP PORCES
'

]

{

'

L 4

PROGRARAED BY L. A. SUEET AT JFR BRAILUAY
TRCENICAL EESEARCE IVSTITOTE, TOKYO, JAPAR
VERSIORN 1 Ay, 1982

Pemasonen ap anan an &

P
=

P .

S = &

L Zadi J

| * - . #1S20390
teccrccmcave)| GRON 1 ¥HS00800
' foovavoacsncccnnd 94520410
1 8s00420
1 N . #ES00430
P e 1 [ 148 23 ] SASO044D
) fecccocevececned "wso0usSo
t BRS00u6)d
" tromcresmancannt #RS00470
becommmamenad] cREEPG 0 URS0048)
' $rcovosnsswncawd IHSOOU90
I ens00500
] mosocconvoconand #usS00510
#cceeeeece=e>]  EALKER | ¥ES0052)
' frossavavesccand ¥85005130
' SAS0054)
1 98500552
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AN

a5

108

] ] . 4
¢ D el 4 | PRORE ]
1 . romcoons coveanad
| i
[ t - *
} e 1 | PeBRL |
| 1 . .
| !
] [ >~ .
] D e 4 | PRULER 1
[ ] [] * [
1 |
] [] >~ .
] e S Y | PSUSP 1
1 - .
v

e 3

] STORE ]

L .

1

L 4 [ ]
] {194 []

P i Epa———pY

REAL BXI, 0220 °

DINZESION PX(21,13,13) ,PY(21,13,13),Y(7),P3(2) ,DY (7} ,AUX(4D),

P1(2) ,P2(2) ,IFPLAC(3),PS(7)
BEXTRERFAL FDBERIV
COBADF /KALK/ PI,PY
COBNON /VYPRUD/ VEL,VOR
CORBON /LOAD/ PZ,NIX,PY0,8220
CONRON /PORCES/ P1,P2,P3
COBROR /)CCEL/ YDDOT,PSDDOT
COBBOE /TRUCK/ PS,PSIT
DATA RPS1,DEL,T,H /1,02-02,0.0,0.0,9.08=-03/
DATA THAX,ERAX /.20,8000/
PATA IPLOT /&/
DATA BEAX /5.02-08/
DATA IPLAG /3°0/
CALL ¥BEAIL
CAll EALTAB
CAll TRACK
CALL IPIT(Y)
CALL PRORN (Y)
DO &S I=1%,2
IP (P3(I) .1LB. 0.0) IPLAG(I)=?
IP (IPLAG(Y) .BQ. 1 .OR. IPLAG(2) .BQ. V) GO TO 30
CALL PDERIV(Y,Y,DY)
0.0
CALL STORE (T7,Y)
PT=0
IRITR (6,108)
POREBAT (* BFETER DISPLAY IDTRERVALY)

W8S00560
8HS00570
¥BS005480
¥8S00590
WAS00600
98S00610
8500620
$AS00630
WBS00640
¥AS00650
8500660
¥AS00670
W¥AS00680
ms006950
YRS00700
w¥RS00710
¥ns00720
WHS00730
$8500740
|sno7so
WAS00760
wasd0770
W8s00780
W¥RS00790
w§s00809
WRS00810
8500320
¥ms008630
WRS00840
SHSOORS50
wRS00860
¥BS00870
WHS)HORBD
WHSDO0B90
WRS00900
¥BS00910
¥BS00920
§HSD0930
WBS20940
wAss0950
¥8S00960
WHS00970
500980
WHS00990
#BS01000
WRS01010
#8S01020
4S9 1030
WASO 104D
WRsS010590
SHS01060
™MsS01070
S0 1080
WAS01090
S0 1100
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BEAD (S5,%) 1§57 ¥B8sS01110

nITE (6,101) wnsS0 1120

101  POREAT (' SIBULATION DEGINS') "8501130

20 CALL PBORE (Y) e8S01140

{ DO 25 1=1%,2 "RS01150
25 IP (P3(I) .13. 0.0) IFLAG(I)=1 ¥8501160

c IP (IPLAG(Y) .FE. 1 .AWD. IPLAG(2) .NE. 1) GO TO 26 ¥8sS01170

c CALL STORB (THAX,Y) © wBs01180

c €0 70 30 28501190

26 IER==-12385 9ES01200

E=ABINY (8,05AY) *AS0121)

| CALL DERK (PDERIV,?,Y,DY,7,8PS1,H,A0K,I5R) eES01220
IP (IER .BQ. 100) GO TO 20 ¥AS01230

TDDOT=DY (2) ¥nS01280

PSDDOT=DY (5) WHS01250

IP (BOD(WPT,1PLOT) .BQ. O) CALL STORE(T,Y) wgS01260

IP (T .GY. TEAX) GO 7O 30 28S01270

Ir (ADS(Y(1)) .1T. 0.0200) 6O TO 35 ¥RS01280

IPLAG(3) =1 #BS01290

i . CALL STORE (T,Y) ®HS01300
60 T0 30 ES01310

35 BPT=EPY+ WHS01320

I? (FPT .GE. BEAI) GO0 TO 30 $HS01330

17 (MOD(¥PT,INT) .WE. D) GO TO 20 RHS0340

4 SRITE (6,100) WPT,T,E,Y(1),Y(2),.Y(%),Y(6),Y(7) 28BS0 1350
100 PORAAT (IN,2E9.2,8%,5E10.2) WRSN1360

60 TO 20 ¥HS01379

30 cosTIsgE #HS01380

PRITE (6,102) IPLAG 850 1390

102 PORMAT(' PLAGS = *,3I10) #BS0 1400

sTop WASO1410

ZXD WRS01420

c WHS0143)

[of *- * | L ALY

C 1 b4 3¢ 4 ' WHS01450

¢ becccccccnecncad WHSO 1469

, c WHSC 1470
SUBROUTINE IRIT(Y) WHSO 1480

c ¥ES0 1090

C READS IF SISULATION COBTROL PARANETERS PRON TERBIRAL W8sS01500

C SETS PROGRAR PARAARTERS FROE DATA STATEBAZETS WHS01510

' c ¥8501520
REAL IYY,122,1X1,8%,00,80,0%K,0320,KY,KPRI,KZ, KPSI, AT WRS01530

DISERSION ¥(7),P3(2),ALPEA(2),L (2),RB0(2),8Y(2),ATH(2),BTR(2), wH501589

1 CRI(2),P1(2),P212),7S(7) W50 1550

COBNOB /8PARAB/ BW,IVY,T2%3,11I,8T WRS01560

CORBON /SPARAR/ BY,KY,BZ,XZ,KPSI,PPSI,BORBGA,KPEI, BPEI WAS0 157D

COSRON /VPRYD/ VEL,VOR WRS01580

COBRON /NATERL/ BU,2B WHS01590

COBSOF /LOAD/ P3,8XX,PY0,82Z0 SN 1600

CO8ROS /GRO/ £,D2,DDZ,PEI,DPEI,DDPBI,ALPEA,L,REO,RY,ATH,BTE,CHI  WRSJ161D

CONROR /PORCRS/ 71,72,73 WRS0 1620

COMNON /ACCEL/ TDDOT,PSDDOT wRS01630

CONAOR /YRUCK/ FS,PSIT ¥BSH 1647

222D (1,°) BR,N? WAS01650
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READ (1,*) XIX,1YY,132 WBSO01660
READ (V,°) BY,KY SBS01670
BRAD (1,¢) BI, K2 : RSO 1680
BEAD (1,®) BPSI, KPSI SPSD1690
READ (1,*) BPEI,KPNI 9sS01700
BEAD (1,®) DOBERGA W8sS01710
SEAD (1,¢) 80,808 SAS01720
READ (%,®) VEL w§S01730
BBAD (1,9) P2, 81X YHSO01740
PERAD (1,¢) PYO.AZLZ0 WHS01750
READ (%,8) PSITY 8501760
SN=R,00R/ (3.0 (1,0-0000¢2)) "8s01770
CAllL CROAR(0.0) ¥8s01780
20=2Y (2) SNS0 1790
T(1)=0.0 WHS01800
Y(2)=0.0 ¥RS01810
VYOR=VRL/R0 wBS01820
T(3) =v02 YHS01830
7 (8) =PS]IT ¥ns0 1840
1(5)=0.0 ¥AS01850
1(6)=0,0 FHSO 1869
T(N)=0.0 RS0 1870
DD0T=0.0 ¥ASD1880
?S({2)=0.0 ¥AsS01890
CALL GBOB(Y (1)) ¥HSN1900
RETORN WAS0 1910
1) #Rs01520
wHS01930

-~ . SASO 1940

] TRACK [} ¥BS01850

rrncsacconencs W4S01969)

wRsS01970

SOBROUTIFE TRACK WEs01982
WHS01990

READS SIBULATED OR BEASURED TRACK GRORETRY INPUTS PROM CAS PIlES ¥RS02000
weHs02019

RETORR WRS02029
BRD WHS22030
WASO2040

- . W¥RS22359

] PFDERIV { WHSN2060

. . WRASD2070

§HS0208)

SUBROUTINE PDEPRIV(Z,Y,DY) ¥BS02090
WAS0 2192

SOBFOUTINE CALLED BY DDERK 20 RVALUATE PIRST DERIVATIVES OF A'L 8502110
STATE VARIABLES AT BACH TIBE STEP. BQUATIONS ARE IN THE POFN: ¥8S02120
DY (I) = (PER(I) SPRUL(X) ¢ PS(I) ¢ PRIT(I)) / BASS(D) BHES0213)
WARPE "msSf214)
PER = UALEL/RAIL IRTRRACTION PORCES MS02150

PECL = BULBR PORCES 98802160

PFS = SUSPRUSION PORCES SHS02170

PRIT = RITERUAL PORCES WSN21680

83SS = GBUEBALIZED IBRRTIA POR EBACE STATR VARIABLE 'nsgzvva
SHS02200
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REAL L(2),3Y7,138,13X,0A85,88,07,01X,0%20
DINRNSION Y(7),DY(7),PI(2),0021S(2),BAXXS(2),YNO(2),ABCLE(2),

1 ?1(2) ,P2(2) ,CHX (2) ,PER(T7) , PROL(Y) ,#5(7) ,PR2T(T) ,

2 ALPEA (2) . REO (2} LRV (2) ,ATB(2),PTR(2) ,BASS(T) ,SICP(2)
CoNEON /GRO/ £,D5,DDE,PAI,DPEI,DDPEI,ALPEA,L,REO,RY, ATH, BTN, CH
CONSON /BPARAR/ RV, IYI,I82,1KX,87
COBBON /CBTROL/ BAUGR,STRP,¥,0,RPS,P1
CONBON /VPRUD/ VEL,VOR
CORRON /L0AD/ P3,N%X,PY0,8230
COBRBOW /PORCES/ P1,72,P)

CONEOY /3CCEL/ YDDOT,.PSDDOY

CONAOR /TRUCK/ PS,PSIT

CALL GBON({Y(1)~TBK)

CALL NBRTZ (AAXIS,BAXIS)

CALL CBBEPG(Y,AAXXS,BAXIS,VRU,ANGLE,SIGN)
CALL KALKERR(AMXIS,BAXIS,VNU,AWGLE,CHI,Y,SICH)
CALL PUERL (PUR)

CALL PBULER(Y,PEUL)

CALL PSUSP(Y)

mASS (1)=1.0
BASS (2) =8y
BASS (3)=IYY
BASS (8)=1.0
®ASS (5)*122
AASS (6)=1.0
BASS (T)=8T
DO 5 Is1,7
PRIT (1)=0.0
PEXT (7)=PY0
PEIT (5)=A220
po 10 3=1,7

10 DY (I)=(PRE{I) *PROL (I) ¢PS (1) *+PEXT (1)) /BASS (1)

nOohAanNnnN

AN NOonNnNNn

DY (1) =Y (2)
DY (8) =T (5)
DY (6)=Y(7)

BEDDCED-OBDER BRODEL
DY (3)=0.0
DY (8)=0.0
DY (5)=0.0
RRTORN
BrD

P )

] SANPLR t

> *

SUBROUTINE SABPLR
SANPLES TISR SISULATION AT UNIPORA TIEE IRTEBRVALS SET BY INIT

RRTORR
BRD

WNS02210
"HS02220
¥AS02230
WHS02240
BS02250
wBsS02260
wBs02270
WR50228)
¥8S02290
wHs02300
wBs02310
wmsdH2320
wmsn2330
wHES02360
PHS02350
wBsS02360
w4s0237)
¥NS02380
®ES02390
9502400
wgs024810
wHS502420
wys02430
wAs02u4al
¥R502u50
9HS0248690
WBS02470
FHS02480
wHgsd2490
¥KS02500
wys02510
¥A502520
¥HS5N2530
WRSH2540
WHS)2550
88522560
¥A55257D
wns02580
WHS 22590
WHS02607
WRSJ2610
wHs02620
wHS02630
BRS02640
WHS02650
pE502660
WRS02670
wBs026890
*HS0269)
¥4502700
WHS02710
wHS02720
WH502739
502740
PuS02750
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SUBROVUTIIEE STORR(T,Y)

STORES SASPLED SIAULATION DATA IF C8S FILRS POR POTORE PROCESSING

REAL WU,L

DINRUSION Y(7),P3(2),MLPBA(2),L(2),080 (2),0V(2},ATN(2) BTN (2),
CBI (2) ,71(2),P2(2),QP(2)

COBRON /VPRED/ VEL,VOR

COSROR /SATERL/ ¥U,RBW

cConnom /G20/ 3,D%,DDZ,PAI,DPEI,DDPEI,ALPEA,L,REO,RY,ATH,BYE,CHI

CORNO® /PORCRS/ P1,72,FP3

FEDISP=Y {1) ®1000.

O8RGA=Y (3) /VOR

TAR=Y (3) #1000,

TRDISP=Y {6)* 1000,

DO 10 I=1,2

C1=COS (ALPEA (1))

S1=S18(ALPBA (1))

QP (I)==(-1)9810 (BUSP2(I) SC1eS1) / (AUSP2 () #S1-CY)

I? (?3(I) .1E. 0.0) QP (I)=0.0

WRITE (2,%) T.SEDISP,TRDISP,OBEGA,YAW,QP,P3

WLTORN

BND

Sreconccsnccnand

I 1..7932 [

¢rcccccoccavanas

SUBRODTINE ®BRAIL

READ STORED WERAILA DATA

DIBEWSIOR TZ(161),TD3 (161) ,2DDZ(161) ,TPEX (161) ,TDPEI (161),
SDDPEI (161) , TALPEA (161,2) ,TL (161,2) ,TRRO(161,2) , TRV (161, 2),
TATE (161,2) ,2BTA (161,2) , 7CAL (161,2)

CORROR /TGEOB/ T3,TDI,TDD3,TPRI,TDPEI, TDDPAI,TALPEA, TL,TRAO, TRY,
TAYE,TBTH, YCEI

CORNOR /CETROL/ RASGE,STEP,N,8,EPS,PI

BARPLIST ,sUBRL/ T2,7DZ,TDDZ,TPBI,TDPAI,TODPAI, TALPEA,TL,TRBO,TRY,

TATA,TBTH, TCBI
REBAD (3,0821)
DO 10 JI=1, 161
TPAY () =-TPRI ()
TOMNI (J) =~TOPEI (J)
TDDPRI (J) =-TDDPRI {J)
RETORN
9D

EALTAR \

WHS02760
WRS02770
ws02780
8502790
8s02800
8502810
wns02820
WBS02R30
WBSN2840
SRS02850
¥8S02860
¥8s02870
wgs02880
WA502890
WRS02900
¥BS02910
YAS02920
W8sS02930
SnS02949
WHS502950
§BS02960
wHs02970
WAS02980
WAS02990
¥AS03000
WAS03010
wHes03020
¥AS03030
WRS03049
WHS0305)0
WHs03060
#8S03070
®AS03080
wHS03090
¥Hs503100
L LELRART]
uns03120
¥8S03130
WHSO3 14N
WHS03150
was03160
¥HS03170
¥RS01318D
WRS03190
§8S503200
WRS03210
wys03220
ns03239
¥ns0 3249
WRSNI250
W§s03260
¥8s03270
¥nS23280
¥4S03290
8803300
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SUBROUTINE KALTAD
DIRRNSION PX(21,13,13) ,PY(21,13,13),PETRAP (13,13),PYTREP (13,13)
CORBON /KALR/ PX,PY

c
C B8EAD KALKER TABLES FROS CSS PILRS (PILE §OS. ST TEROUGE 71)
c

AAANANNANANANONNNNONNNAN NNNANND

PO 10 I=1,21

PIN=S041

BEAD (BBR,200) ((PITBEP (K, B) ,B=1,13),0=1,13),
1 {(PYTRRP (K,0) ,0=1,13) ,K=1,13)
PORUAR (/777770 V3 (/580 13(P9.3)) o /7//// 013 (/+51,13(P9.3)))
PO 20 ¥=1,13

2O 20 R=1,13

PI(I,K,0)=PITREP (X,0)

PI(I.X,5)=PTTREP (X,N)

CONTINOR

sETORS

BD

oooassace o ows §

P P
L 4 *

SUBROUTINE GEOH(Y)

COBPOTES COSTACT GROAETRY PARASETERS AS PUBCTION OF LATERAL
POSTION OF SARELSET. DATA IS STORED IN TADULAR PORA, WITE POSITIVE
DISPLACESEET DATA AT THE TOP OF THR TABLE.

Y = WAEELSET LATERAL POSITION
PEI = WEBBLSET ROLL ABGLE
DPEX = D(PBI) / DY
DDPEI = D2 (PAI) / DY2
L = WEEELSET C.H. VSRTICAL DISPLACRERRT
DT = B(Z) / DY
DDz = D2(2) / DY
L(I) = NOBIZONTAL DISTANCE PROS C.8. T0 COSTACT POINTS
ALPHA (I) = CONTACT ANGLE
BV(I) = ROLLING RADIUS :
2HO (1) = GROBETRIC BEAN OF EERTT CONTACY BLLIPSE
ATH(I) = A(TERTA)
BTE (1) = B(TEETA)
CEI(I) = BORNALIZED EALKER SPIF PARMISTRR

I=1 pOR RIGET WNEEL
I=2 POR LEPT GHBEL

L L

PISENSION TT(161),TDZ(161) ,TDDL (161) ,TPEI(161) ,TDPHI (161),
1 TDDPRI (161),TALPRA (161,2) ,TL{161,2) ,TREO(161,2) ,TRV(161,2),
2 SATE(161,2) ,BTRE(161,2) ,TCHI (161,2) ,ALPEA (2) ,L(2),BH0(2) ,
3 BV (2),A78 (2) ,BTE (2) ,CBI (2) ,AUZ (100) , PALPEY (161), TALPB2(161),
& TLI(16Y),TL2(161),TRECY(161) ,TRRO2 (161) , TRV (161), TRY2 (161),
S TATRY(161) ,TATH2(161) ,TBTHT (16 1) ,TDTH2(161) ,TCHI1(16T),

SNS03310
"8s03320
¥8s03330
yuS03380
ms03350
9BS03360
ERS03370
WAS03380
¥ns03390
8BS03400
SAS03410
¥BS03620
w8s03830
uas03e40
wEs03a50
WBS03460
WES03u70
¥BS03480
¥8s03490
¥BS03500
nsN3510
885013520
9HS50353)
WRS503540
WAS013550
8501560
WHS03570
WRS03580
WRS0359)
WRS03600
¥8s5036 10
WASD 3620
wEs03630
¥850364)0
$HS03650
WHS0366D
WAS03670
WHSO36R0
¥BS03690
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ananN

ann Nnonh

6
1

VR WN-

TCRI2(V6%)

COSN0N /26R08/ T3,TDL,TDDL,TPEI,TOPEI, TDDPRI,TALPEA, TL,TRE0,TRY,
TATH,THTH, TCEI

CoNS0N /GEO/ 3,DX,DDE,PNI,DPNI,DDPNI,ALPEA,L,RN0,RY,ATH,BYE,CE]
COBAOS /CITROL/ BANGE, STEP,R,8,8PS

BQUIVALEBCE (TALPEA(Y) ,TALPRY (1)), (TALPEA(162) ,2ALPE2(Y)),

(T (1) ,2L1(0)), (TL{162),232(V)),

(TREO (V) ,TRBOI (1)), (TRWO (162) ,TRBO2(T)),
TRV (1) ,TRVI(1)), (PRV(162) ,22V2(V) ),
(TATE(1) o TATHY (1) ), (TATA (162) ,72TR2(Y)),
(EBTR (1) ,TRTN1 (1)), (TRTN(162) ,TBTH2(V)),
{TCRI (1) (,TCRIN (V) ), (TCRX (162) ,7CRI2(1))

INTERPOLATION XS PRRPFORBED BY SUBROUTINE “IVP" PFROS IB8 SI-BATH
LIPRARY, SEICR XS BASED OB AITKREE'S ITERATIVE SETHOD

TITAD
i=Ra
| Lo

LR=Y
aGe
STEP

17 (Y ,GT. RANGE) TYTABLE=RANGE
IP (Y +LT. ~RABGER) YTABLE=-RANGE

CALL
CAll
CalL
CALL
CALL
CAlL
CALL
CAll

b ) 4
IvP
Ivp
1ve
Ivp
Ive
Ive
b4 ) 4

(R,ST,TPAI, N, 2TADLER, B,BPS,PH], A0, IBR)
(»,ST,TDPEI,B,YTABLE, B, RPS, DPRI,ADUX,IER)
(»,ST,TDDPBI, D, YTADLE,H,8PS,DDPRI,A0X,188)
(2,57,TL,0,YTADLE,A,BPS,2,A0X,IBR)
(2,52,TDZ,8,1T2BLE, N,RPS,D2,A01,12R)
(2,87,TDDZ, W, TTABLE,A,RPS,DD2,A0X,I2R)
(2,87,TALPEY, B, TPADLE,B,RPS,ALY,ADL,1ER)
(R,ST,TALPE2, N, ITABLE, N, BPS,AL2,A0UX,12R)

ALPBA (1) =-ALVePHI
BLPHA (2)=AL2+PAI

CALL
CaLr
CAll
CALL
CaLL
CAlL
CALL
CAll
CALL
CAll
CALL
CalL

BETU
ZWD

I
Ive
Ive
Ivp
Ivp
e
1vp
Ivp
Ive
1P
1vp
I

(2,8T,TLY,0,YTABLE, 0, BPS,L (1) ,AUX,IRR)
(2,87,TL2,¥,YTABLE, R, BPS,L(2) ,A01,10R)
(3,87,TRNO1,B,YTABLE, B,BPS,BH0(1) ,ADX,IER)
(2,ST,TR802,W, YPABLE, B, 8PS, RBO(2) ,AUX,IBR)
(2,S7,72V1,0,YTADLE,0,8PS,RV (1) ,AUX, IER)
(R,37,TRV2, W, YTABLE, &, BPS,2Y(2) ,A0X,IER)
(B,ST, 2071, 0, YTABLE, R, BPS,ATR (1) (,AUX ,IER)
(3,SY,TATH2,8,Y2ABLE,R,BPS,ATR(2) ,AUL,IER)
(2,57,7878¢,0,TTaBLE, B, RPS, BTR (1) 30X, ,1ER)
(3,57,7p782,9,YTABLE,8,2PS, D20 (2) ,AV1,1B8)
(2,87, 7CHIN, N, ITADLE,B,8PS,CAT (1) ,AUY,IER)
(2,87,7TCEI2,0,YTABLE,8,RPS,CHI(2) ,AVUX,IER)

] 2ERT2

P

1

SUBROUTIBE EERTZ (AAXIS,BAILS)
COBPUTE DIARUSIONS OF SERTZ COSYACT RLLIPSE

WasS03869
8503870
WRS0388)
98s 03890
WRS03300
98s03910
SRS03920
SAS03930

. WBSD03940

wns03850
WRS03960
g8s503970
8503980
¥AS03990
As04000
sUs04010
98s048020
WAS08030
o8s04040
¥8S04050
was06069
s0a070
WAS04080
as0409)
BES04100
yRS0&110
was04120
WASOL130
LLEL AT T
850450
WBSO8 160
WAS04 170
PRASHHIRD
WESO4 190
WRS04200
@RS0421)
WRS04229
WHS0a230
¥YSO 424D
WNSON257
WAS0u260
WHS04270
WHSDG280
wys08290
¥AS04300
WHSO04IND
PRSO4320
wasS04330
WNS043u)
ES08350
WNS0436)
BASN43T70
WRSO083B0
eRS08I90
¥asos4do
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aEAL 1,80
DIAZNSION P3(2) ,aAXIS(2),0A21S(2),R80(2),478(2),BTR(2) ,CHI (2},
1 ALPED (2) ,1 (2) BV (2) .7V (2),P2(2)

COBEO /G30/ 3,DS,DDT,PBI,DPNI,DDPRI,ALPEA,L,RE0,RY, TS, TH,CAI
CORBOR /BATERL/ NU,BN

COBRON /VPRED/ VEL,VOR

CORNOR /FORCRS/ P1,P2,P3

DO 10 I=1,2

I? (P3(1) .LR. 0.0) GO TO 10

PRE= (P3(I) SREO (1) /38) ** (1. /3.)

BAXIS (I)=ATH (1) oPEB
BAXIS(I)=BTE(1)ePEN
10 CONTINUB
SETURN
4}
[ o
c - *- .
c ] CREERPG ]
c *- .
C
SUBROUTINE CREEPG (Y, AMXIS,BAXIS,VEU,ABGLE,SICGN)
[+
C CONPUTE BOR-DIRENSIONAL CRERPAGES I POLAR PORA
o
REAL 1,080
DIBEBSION WED (2),A0GLE(2),AAX1S (2),BAX2S (2),Y(7),CHI(2),
1 RV (2) (ALPEA(2) ,1(2),B00(2) ,ATH (2),BTH(2) ,SIGN(2)

CONRON /G20/ 2,08,DDZ,PAI,DPEL,DDPEI, ALPBA,L RO, RV, ATH, BTH,CH]
COBROR /EATERL/ 6OU,EW

CORRON /YPRED/ VEL,VOR

CORBOS /CETROL/ RABGE,ST,E,H,RPS,P1

c
C DEPIREZ STATE VARIADLES
C

IDOT=Y (2)
OREGA=Y (3)
PSI=Y (4)
PSIDOT=Y (5)

C

C CORPUTR BONDINERBSIONAL CREEPAGES

(o

po 10 I=1,2

GABL 1= (VEL-COS (PSI) SORRBGASRY (1) ¢ (~1) SIS PSIDOTSOL (X)) /VEL
I7 (1 .BQ. 1) 11s2

¥2e= (L (1) +1(2) ) ®COS (ALPRA (11)) *DPEISYDOT/SIN (ADS (ALPEA (1))
1 ¢ALPHA (2))

GABA2= (~SIE (PSI)+V2/VERL) /COS (ALPRA(Y))

REONCsRNO (1) /(RUCSQRT (AAXIS (I) ®#BAXIS(I)))

XI=18S (GABA1®RBONKC)

SIGE (I)=1,

IP (GABA1.1T.0.) SIGE(I)=-1.

STA=GABA20REORC

IP (1.30.1) BTA=-RTA

SuS08k0
8804420
WAS08s30
98508840
e8S08450
WBS08s60
UAS08a 70
' ¥ES084880
TRS04490
yRS08500
"BS04510
TnsS08529
SAS04530
FRAS04S40
SHSOUS550
#BS04S60
SRS04570
WRS0US8)
WBS04590
SHSOLE00
8504610
WRS04620
WHS04630
SRSOM640
WASOUESO
WRSCU66D
WRASOU4AT0
BESO46R)
WRASC4690
WHS04700
WBSOUT710
WHS04720
BRS04730
WASO04T4)
FHSOUTS)
WRSO476D
TUSO4770
¥BS04780
¥HS0479)
WHSOUROD
LLE AR
¥4SIuB2D
HSOuB3D
WRSN4B4D
LLEP LR
UASOuB60
UHSOug?)
*RS0uB3)
RS0889)
¥HS04900
Rs04910
9HS048920
*ms0493)
98504940
SNS04950
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C COBVERT 20 POLAR PORBR USING KALKERR'S DERPINITIONS
c
VR0 (I) = (XX0%2:RTAS€2) 00,5
IP ((XX .BQ. 0.) .AUD. (BTA .6B. 0.)) ANGLEB(I)=90.
IP (X1 .BQ. 0.) GO YO 200
AUGLE(I) =ATAR(BTA/X1)*180. /P2
200 courIRUE
10 coFrinoe
RETORE
BRD

*

KALKER ]
.

=1

SOBROUTISE KALKRR (AMXIS,BAXIS,VED,ANGLE,CBI,Y,SIGH)

SPLECTS STORED KALKERR TABLE FOR GIVEE A/B AND SPIN CEI
PERPORSS 2-DIRENSIONAL TABLEZ IFTERPOLATION

AN NOonnon

DII!IS!OI PX(21,13,13) ,PY(21,93,13) ,0081(21) ,00B2(21),
CII'(?').Cll?(!!).ll!l!(2).3]!15(2),'lﬂ()).llﬁl!(?),

2 P1(2),P2(2),CB1(2).Y(V3),Y("),S1IGN(2),P3(2)

CORBO¥ /KALK/ PX,PY

COARON /PORCES/ P1,P2,P3

L0GICAL COWDI,COND2

DATA 20B1/0.0,1.025,3%1,075,291.125,2¢1.175,4.6,2¢9.5,2¢11.75,
3‘13...‘13. /e

2082/1.025,1.075,301,125,201,175,294,6,9.5,2¢11,.75,2#13.,

3#13.9,0¢20./,

<085, .06,-.0,.0875,.1125,. 1375/,
CHEI2/2¢10.,.%925,.255,10.,.2375,10.,.230,10.,10.,. 183, 10.,
« 1385, 10.,.085,.06,10.,.0875,.1125,.1375,10./
DATA v/0.0,0,.1,0.2,0.35,0.5,0.65,0.0,%.1,1.8,1.7,2.0,2.5,3.0/

DOV EWN -

c
C PERPORE KALKEZR TABLE INTERPOLATION POR BACE CONTACT POINT, I=1,2
c

DO 100 I=1,2

IP (P3(I) .GT. 0.0) GO TC 30

P1(1)=0.0

P2 (1)=0.0

GO T0 100
30  CORTINDZ

20B=A111S (1) /BAXIS (3)

DO 10 J=1,21

COBD1=(30P .GT. 201 (J)) .ABD. (AOB .1B. A0B2{J))

CORD2= (CEI (I) .GT. CHIV(J)) .AND. (CBI(I) .LE. CBI2(J))

I? (COND! .AWD. COND2) GO TO 20

10 comTINOE

SPILE=0

G0 TO 999
. 20 PrILEeY

C!II/?‘.0..1925..255..0,.2375..0,.23.2'-0..183..0,.‘385,.0,

SRS04960
e8s04970
YBS0 4980
¥ns0s990
¥BS05000
98505010
¥8s0502¢C

" WBS0S030

SAS05040
MMs05050
8S05060
"Mms05070
WRS05080
SBS05090
"ns05100
"M|sI5110
WES0512)
WAsS05130
WES0S5140
WHS05150
BHS05160
WRS05170
¥BS05189
WAS05190
WRS05200
¥8S0521)
®AS05220
$AS05230
#RS05240
WHS05250
WBS05262
WES05270
#8505280
wWHS05290
SES0£300
"BSIS3N)
¥AS0532)
WAS0533)
WHS0534D
WHS0513590
WHSDS536)
"BS05370
WPs05180
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WES05400
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TAS05420
WBSISH 30
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WESOS4AD
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C SETUP INPUT TO IRTERPOLATION ROUTINE. P IS PRACTIOPAL IBCREAENT IN
C VD TABLE. II IS THE COORDIBATE OF BASE POIRT POR INTERPOLATION

c

25

YU=ABINT (VRO (1),3.0)

21212

DO 25 I1=1,12

TP ((VD .GR. V(I1)) .AED. (VB .1T. ¥(I1¢1))) II=I1
Pu (VB-V(11)) /(Y (Z3¢1) =¥ (II))

c
C Call 2-DISBASIONAL INTERPOLATION ROUTINE

c

C

100

C
c
C

c

epD

CALL IBTP2D(PX,J,3X,ADGLE(I),P,1,PPY)
CALL INTP2D(PY,J,11,ABGLE(I),P,2,7P2)

?1(I)=-3XGB (1) *PPY

P2(I)=~PP2

1P (1.BQ.1) P2(I)=-P2(I)

coFrino:

0? KALKER TABLE 1IFTERPOLATION LOOP

SETURN

C ABORT BED - BO KALKER PILE POUND
c

anNnnNNmn Nnonnn

1000

D1SP=1000.°Y (1)

¥BITE(2,1000) DISP, NYSTEP

WRITE (6, 1000) DISP, BTSTEP

PORBAT(* BO DATA PILE POUND--PROGRAN TERBIRATED AT °*,P7.2,

' DISPLACBARET (88)',/,782,'1IW TBE *,I8,'TH TINR STEP')

RETURN
D

] PEORS [}

> *

SUBROOTINE PBORS (Y)

CALCULATES ¥ORNAL PORCE P3{(I) AT BACE CONTACT POIAT PRON
TEO-DISEZNSIONAL PORCE ASD SOSSFY BALABCE OF WBRELSET, INCLUDING
DYNANWIC TERES

®EAL L,BV,1YY,332,131,80,87,112,KY,RPRI,KE, KPS, B12,8220

DIRRESION P3(2),Y(7)P2(2),0A(2),PB(2) ALPEA (2),1(2),RV(2),
REO (2) ,07H (2) BT (2) ,CHX (2) ,S1(2) ,C1(2) ,P1(2) PS5 (7)

CORRO» /G20/ 2,DI,DDI,PEI,DPRI,DDPEI,ALPEA,L,RRO,RY,ATH, BTH, CAI

CORRON /SPARAR/ BY,KY,BZ,KL,KPSI,BPSI, DOSEGA,KPAI, BPAI

COBROS /BPARAE/ BV,ITY,133,1XX,8%

CONROS /10AD/ PT,AXE,PYO, 8220

COBROR /PORCRS, P1,P2,P3

CONROS /BATERL/ BO,EZN

CORMOR /ACCEL/ YDDOT,PSDDOT

COBRON /TROCK/ PS,PSIT

¥8S05510
wns05520
98505530
"Ms05540
wuSs05550
98505560

- WHS05570

¥8505580
¥RsS05590
#8505600
wEs05610
¥AS05620
®A8505630
WRS05640
WRS05650
WHS05669
98S05670
WHS05680
¥BS0569)
wBS05700
¥BS05710
98S05720
WAS0S5730
WASO5740
WHS50575)
WHS0S760
WHS0577)
WES05780
waAS05790
WHS05800
WRS05810
WHS0582)
¥B8SC5830
WHS059u)
WRS05850
WASISRAD
WHSO05870
¥8s50568)
L LELRY .4
¥8sI5902
wHS05912
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WAS0599)
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wms06040
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EDDOT=DISYDDOT+DDT LY (2) #92

PEDDOT=DPEISTIDDOTODDPRICY (2) 002

A=PZ-UEIDDOT- BTS2 DOT-KESL

D=BXI~ITXOPEDDOT- (ITE-ITY) OF (S) SS20pAT-TTYSY (3) #Y ($)
~KPEI*PRI-BPEICDPRICY (2)

PO 10 I=1,2

$1(1)=SI8 (ALPEA (1))

C1(X)=COS (ALPEA (1))

L12=1 (1) +L (2)

D11 129 (C1 (V) ~RUSP2 (V) #S1( 1))

D2=112¢ (CY (2) -ROSF2(2) *S1(2) )

RBAR=0.5¢ (RY (1) 27 (2))

P3 (V)= (1 (2) *A+BeRPAR® (PS (2) - BUSTDDOT) ) /DY

P3(2) > (L (1) *2=D-RBAR® (PS (2) ~AUSTIDDOT) ) /D2

¢
C CEBECK POR P3(X) > O. PREVREYS PRGATIVE P3(I) AND GIVES BARWING

c

2%
(4

N Nnnan

10

~N
o

AN nfhhnon

Do 25 I=1,2
P3(I)=28AX1(P3 (X),0.0)

RETORN
:9D

.
| 41344 ]

=t

SODROUZINE PRERL (PRP:

REAL L,80

DINENSION P3(2),PUR(7),ALPEA(2),1(2),RV(2),PV(2),P2(2),RH0(2),
278 (2), 878 (2) ,CB1(2)

CORNON /GRO/ 2,D3,DDZ,PRI,DPBI,DDPEI,ALPRA,L,REO,RY,ATH, BTH,CHI

COANON /BATERL/ BU,EN

COREON /PORCES/ P1,P2,P3

DO 10 J=1,7

PR (3)=0.0

DO 20 1=1,2

PUR(2) sPuR (2) +P3 (I)® (8D@P2 (T) oCOS (ALPEA (X)) + SIS (ALPEA(I)))

PO (3) =PER (3) - BOSP1(T) ®PI(T) *RV (1)

PUR(S) =PUR (5) ¢ (- 1) $oToP 1 () oP3 (1) *L(I)

RETORN

2RD

FEOLER

LN

@ = 1r

SUBROCTINE PEULRR(Y,PROL)

COEPUTES PORCES RESULTIRG PROB BULER TERAS IN BQUATIONS OF B0TION
IBYOLYING CROSS PRODUCTS OF ADGULAR DISPLACEBAERWTIS AWD VELOCITIES

REAL L,IXX,ITY,ISL,00,80,87,KY,RPR1,E8,R2PS]
DINERSION 3(7) ,PEOL(T),L(2),ALPEHA (2),REO0(2),0V(2) ,ATE(2) ,BTN (2),

WAS06060
WYES06070
WES06080
WES06090
8506100
®RS06110
#RS06120

- WBS06130

PESD6140
#8S06150
98506160
¥RS06170
9AS506180
gHS06190
¥BS06200
Wns06210
W8s06220
MSs06230
98506240
WHS06250
SRS06260
98506270
WHS96280
¥BS06299
wHS06300
¥RS06310
wus06320
W§S0€6330
FRS06340
WHS063%9
#8S06360
MmsC6370
#8S 06380
w§s06390
WHS06400
WusS06410
SRS064 20
PRS064 3D
BASYAAU)D
WRS06450
BHSD6R6D
WRSO06470
wHS064B9
WHSO0649D
#AS06500
WHSOES10
°Wsd5520
ES06530
PRS065u0
WAS06550
WNSIE560
MNS06570
ERS06S80
98506590
Mms06600
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) CBI(2) ¥nS06610
coRaoOR /630/ 2,0Z,DDS,PAI,DPRI,DDPEI,ALPEA,L,RRO,RV,ATE,BTH,CHEL WA506620
COBNON /SPARAR/ BY,KY,DL,EZ,KPSI,BPSI,BOBEGA,KPRI, BPEI UAS06630
CONEOS /EPARAR/ B8P, IYY,138,1IXX,HT WRS06640
COARON /RATERL/ 8U,BN yBS06650
COSBON /ACCEL/ YDDOT,PSDDOT WHS506660
PEDOT=DPEI®Y (2) 9BS06670

DO 10 3=1,7 - WAS06680

10 PRUL (J)=0.0 MS06690
PEOL (3) = (Y (S) *PEDOT+PEISPSDDOT) oI Y~ (5) OPBDOT® (122~-1XX) ¥BsS06700

PRUL (S)=Y(5) *PEI*PEDOTSIII-1 YT ST (3) ¢PEDOT vBS06710

1 - (IX3-37Y) *PEISPEDOT®Y (5) ¥BS06720
BETURE ¥BS06730

29D WHS06740

C ¥8S06750
C ¢ * ¥NS06760
c 1 psSusp [ ] PAES06770
o L o . Wns%6780
c ¥BS06790
SUBRODTINE PSOSP(Y) ¥8s06800

C w¥ns06810
C COAPUTES PORCES RESULTING PROB DISPLACRERET OF PRIBRARY SUSPEUSIONS ¥BS06820
C BETUEEE UHBELSET AFD BOGIE PRARE, ISCLUDING LATERAL, VERTICAL, ROLL, WHS06830
C AND YAW STIPPRESS MWD DAEPING, PLUS DRAG OR BRAKING PORCE OF AXLP WYAS06840
(o ¥ES06850
REAL L,KY,KPRX,KZ,KSPI WHS06860
DIARESION XY (T ,PS(7) PRS06870
CORNOB /SPARAR/ BY,KY,BZ,K2,KPSI,BPSI,BOREGA,KPEI,BPE] WBES06880
COBROF /TRUCK/ PS,PSIT WRS06890
PS(1)=0.0 WES06900

PS (2)=KYS (T (6) =Y (1)) *BY® (T (7)=1(2)) WBS506910

PS (3)==BOBRGA®Y (3) WHS0€9290

?S (8)=0.0 WBSV6930
PS{S)==BPS1IeY (5) ¢KPSI® (PSIT-Y(N)) WAS0694D

?S (6)=0.0 WHS06950
PS(7)=RI* (Y (1) =Y (6)) +NY* (Y (2)~-Y (7)) ¥RSN6960
RETORN BHS5069720

WD WRS06989

c ¥B506990
[ ¢ . w¥8s0700d
[ § BLOCK DATA ) WHSO7010
[of *- . Wes07020
C 8uS07030
BLOCK DATA WRSO07049

o wES07050
C USED T0O INITIALIZE PARAARTRERS I3 DLOCK COBBOB ACUTBROL/ 8507060
c ®8507070
COREOR /CUTROL/ RABGE,STEP,0,0,BPS,P) SHS0708)

BEAL RABGE/80.64%-03/,3TEP/5.082-008/,8PS~0.05/,P1/3. 18159/ ¥NS07090
INTRGRR B/16%/,0/73/ WHS07100

4} ERSO7110

[o HS07120
C sssexsnavzsesssusass FHSOT130
(4 SERVICE ROUTINES WHSO0714)
C smssTEsuEEaass sEEw =un §HESO07150
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190

cr- ?

SERVICE ROUTIER TO PERPORE TUO-DINRISIONAL ISTRRPOLATION

SUBROUTINE IDTP2D(P,J,11,00GLE,P,1IPLAC,VALUR)
DINBESION P(21,13,13),B081(1S) ,RO¥2(1S),A0X (30)
DATA EPS/-1.0E-02/

90 10 1=1,13

BOB1 (101)=P(J,11,1)

ROW2(1+1)=P (I, (1X¢91),])

2001 (V)=P (J,11,2) ¢ (~ 1) OOIPLAG

ROU2 (1)=P (J, (1101) ,2) 8 (~1) *SIPLAC

ROWY (15) =P (3,12,12) % (~1) *SIPLAG

ROB2 (15) =P (J, (X101) ,12) & (= 1) *¢IPLAC

Caiy Xvp (’105. Py 15. .IOI ‘. lS.IIGl-l.3.”3.!!.!'!.!!')
Call IVP(~105.,15.,%002,15,00GLE,3,2PS,PB,A0X, IBR)
VALOR= (1.0-P)*PA ¢ PoPD

RETORD
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APPENDIX E
PATENT DISCLOSURE STATEMENT

In accordance with the patents rights course of the terms and
conditions of this contract, and after comprehensive review of the
work performed, it was found that no new patentable items were
produced under this contract. However, significant innovations and
advancements to the field of research on derailment safety were achieved.
The following hardware and software items were developed as a
result of the sponsorship of research under Contract DOT-TSC-1603:
1) Scale model wheelset experimental apparatus for use
in studies of derailment processes.
2) Computer programs for analysis of measured wheel/
rail forces for comparison with proposed derailment
criteria.
3) Measurement and data reduction methods for on-line
diagnostics of impending derailment conditionms.
4) Computer programs for simulation of quasisteady and
dynamic wheelclimb derailment processes.
The above items are potentially useful to both model scale and full

scale experiments and analysis of rail vehicle derailment safety.
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