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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.




jiv-
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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

Figure EXEC.3

-XV-

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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LIST OF ABBREVIATIONS AND SYMBOLS (continued)

' 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 o