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BACKGROUND INFORMATION

on the

TRACK-TRAIN DYNAMICS PROGRAM

The Track-Train Dynamics Program encompasses studies
of the dynamic interaction of a train consist with track as
affected by operating practices, terrain, and climatic con-
ditions.

Trains cannot move without these dynamic interactions.
Such interactions, however, frequently manifest themselves' in
ways climaxing in undesirable and costly results. While often
differing and sometimes necessarily so, previous efforts to
reasonably control these dynamic interactions have been re-
flected in the operating practices of each railroad and in the
design and maintenance specifications for track and equipment.

Although the matter of track-train dynamics is by no means
a new phenomena, the increase in train lengths, car sizes and
loadings has emphasized the need to reduce wherever possible
excessive dynamic train action. This, in turn, requires a greater
effort to achieve more control over the stability of the train
as speeds have increased and railroad operations become more
systematized.

The Track-Train Dynamics Program is representative of.
many new programs in which the railroad industry is pooling its
resources for joint study and action.

A major planning effort on track-train dynamics was
initiated in July 1971 by the Southern Pacific Transportation
Company under contract to the AAR and carried out with AAR staff
support. Completed in early 1972, this plan clearly indicated
that no individual railroad has both the resources and the in-
centive to undertake the entire program. Therefore, AAR was
authorized by its Board to proceed with the Track-Train Dynamics
Program.

In the same general period, the FRA signaled its interest
in vehicle dynamics by development of plans for a major test
facility. The design of a track loop for train dynamic testing
and the support of related research programs were also pursued
by FRA.

In organizing the effort, it was recognized that a sub-
stantial body of information and competence on this program re-
sided in the railroad supply industry and that significant tech-
nical and financial resources were available in government.

Through the Railway Progress Institute, the supply
industry coordinated its support for this program and has made
available men, equipment, data from earlier proprietary studies,
and monetary contributions,



Through the FRA, contractor personnel and dlrect financial
resources have been made avallable.

Through the Transportatlon Development Agency, the
Canadian Government has made a major commitment to work on
this problem and to coordlnate that work w1th the United States'
effort.

Through the Office de Recherches et D'Essais, the research
arm of the Union Internationale des Chemins de Fer, the basis
for a full exchange of information with European groups active
in this field has been arranged.

The Track-Train Dynamics Program is managed by the Research
and Test Department of the Association of American Railroads
under the direction of an industry-government steering committee.
Railroad members are designated by elected members of the AAR's
Operation-Transportation General Committee, supply industry
members by the Railway Progress Institute, U.S. Government mem-
bers by the Federal Railroad Administration, and Canadian Govern-
ment members by the Transportation Development Agency. Approp-
riate task forces and advisory groups are established by the
steering committee on an ad hoc basis, as necessary to pursue
and resolve elements of the program.

The staff of the program comprises AAR employees, per-—
sonnel contributed on a full- or part-time basis by railroads
or members of the supply industry, and personnel under contract:
to the Federal Railroad Administration or the Transportation
Development Agency.

The program plan as presented in 1972 comprised:

1) Phase I =-- 1972-1974
Analysis of and interim action regarding the
present dynamic aspects of track, equipment, and
operations to reduce excessive train action.

2) Phase II -- 1974-1977
Development of improved track and equipment
specifications and operating practices to
increase dynamic stability.

3) Phase III - 1977-1982
Application of more advanced scientific principles

to railroad track, equipment, and operations to
improve dynamic stability. ’
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-Phase I officially ended in December of 1974, The major
technical elements of Phase I included: .

a) The establishment of the dynamic characteristics
of track and equipment,

b) The development and validation of mathematical
models to permit the rapid analysis of the
effects on dynamic stability of modifications
in design, maintenance, and use of equlpment
and track structures.

c) The development of interim guidelines for train
handling, makeup, track structures, and engineer
training to reduce excessive train action,

The attached report presents the Technical Manual
Documentation for the 2, 3, and 4 Axle Rigid Truck Curve
Negotiation Model, which was developed as an element of item b)
above.

iii
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INTRODUCTION

The interaction between the wheels of a locomotive truck
and the rail have long been of greét interest to design and
Operating personnel associated with railroads, and much in
the way of theoretical and field test work has been done to
learn more of the subject referred to as "Cﬁrve‘Negotiation
Mechanics". It has been learned that the single most
important key to understanding curve negotiation is to
be able tc identify and solve for the phenomenon of friction
and creep occurring at  the wheel-rail interface. Once this
has beeﬁ accomplished, the flange reactions or curving
forces may be detérmined.

An understanding of curve negotiation mechanics is vital
from Ehe staﬁdpoint of learning of the design and operating
parameters that result in decreases and increases in the lateral
reaction occurring between the wheel flange and rail, for it
is this lateral load that results in wear on the wheel and rail,
determines if»a wheel will climb the rail during curving or
if the entire track structure will shift. Aside from the more
obvious considerations of trackiﬁg, iies,the importance of
an understanding of curving from the design spandpoint. It
must be known how much clearance should exist in a rigid framed
truck to allow negotiation of sharp éurves and what loads
may be expected, so that proper design for strength can be
accomplished.

The objectiVe,then; of this study is to develop a technique
by which the wheel/rail interaction associated with the

negotiation of a section of curved track by a rigid framed

1



locomotive truck may be predicted for various arbitrary:
operating conditions, such as:

- Any comBinations of individual axle loads.

- Any combinations of individual wheel loads. -

- Operation at over or undér balance speed.

- Development of-a tractive or braking effort.

- Train operation forces which may result in buff or
drag force components at the truck center bearing.

Section 2 discusses the friction-creep pbenomenon and
its solution, while Section 3 gives an explanation of the
various possible curving constraint modes. In Sectibn 4,
the external loads’to be considered are outlined, and Section
5 discusses the physical model to which they will be applied.
Sections 6 and 7 describe the method of solution and the

results of that solution, respectively.



CURVING FORCES

The term "Curve Negotiation Forces" is used to describe

the lateral and longitudinal forces (with respect to the track)

that result from the traversing of a portion of curved track

by a rigid locomotive truck. The curve negotiation forces
may be broken down into two (2) general cafegories:'

1. .:Friction—Creep.Forces

2, Wheel Flanée Forces

In terms of cause and efféct'terminology, the friction-
creep forces would be considered the cause as they are the
direct result of steady state curving with no forces applied

externally (lateral center plate loaas, etc.) to the truck.

~The wheel flange forces would then be considered to be the

effect, or those reactions necessary to maintain the truck

in a force equilibrium balance. When externally épplied forces

are present they will be balanced by either wheel flange forces,

friction-creep forces., or combinations thereof.

2.1 Friction-Creep Relationships & Forces

Consider a wheel/axle set in which both wheels are

rigidly mounted on the axle. As this assembly rolls around

a curved segment of track, the distance that must be

traversed by the outer wheel is greater than that distance

which must be traversed by the inner wheel. The taper

" on the wheel will compensate for only a small amount of

this distance in rolling distance and since both wheels are

assumed to be rigidly mounted on the axle, the remaining



portion must be dissipated as a relative‘slip between

thé rail and wheelsl The slip may be more specifically
thoﬁght of as a slip velocity, as that is what in actual-
ity it is, a difference in the rolling ﬁelocity of the wheel
and the relative rail velocity at their contact point.

This slip, when coupled with the normal load éctihg on the
wheel, gives rise to a frictional force which acts in the
same direction as the slip velocity. Due to the fact ﬁhat
the wheel/akle set is considered to be a rigid body, the
longitudinal components of the frictionai force acting at
each wheel will impart a couple which will rotate the assembly
about a vertical axis. The couple imparted to the wheel/
axle assembly will be transmitted into the truck fréme where
it combines with additional couples generated in a similar
fashion at other axles. With this assumﬁtion of a rigid
frame truck sﬁbh that the axles are constrained to remain
parallel to one another at all times, there will be a common
instantaneous center of.rotation for the trﬁck frame and
each axlé. This instantaneous center of rotation may also
be referred to as the "friction center", as the slip
velocity, hence friction force, at each wheel will act
perpendicularly to a line>drawn between the wheel/rail
contact point and the friction center.

2.2 Slip Velocities

.In this analysis of slip, the effect of wheel coning
is .not taken into account as its effect on the longithdinal

creep is assumed to be very small in comparison to the lon-



gitudinal slip developed from the difference in folling
distance of each Wheel;of the wheel/axle set.

Consider a rigid wheel/axle set as it traverses a
segment of curved track at some arbitrary velocity.
Figure 1 shows a wheelset of a rigid truck with its
friction center (instantaneous center of rotation)
at a perpendicular distance bl from £he axle. The assembly
is shown with the friction center displaced an arbitrary
distance S radially outward from the truck cénterline
which in turn makes a small yaw orAmisalignment'angle o
with the rail. The curve is of constant radius R,
and the radius vectors from the friction center and wheel/
rail contact point to the center 6f curvature make angles
| and 8 , respectively, with a fixed X~-Y.rectangular

coordinate system parallel to the truck centerline.
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At any instant of time the contact point on the wheel with
the rail, W,may be located with respect to the center of

curvature, C, in the X and Y directions -as:

) 1
Wy 2 (G-8) 2) 2 cos o (1)

"(R+8) Ccos g + (D1

Wy (R+S) SIN # + (Dl2 + (G-8) 2) % g1N 8 (2)

The wheel/rail contact point on the rail, WR, may be located
at the same instant in both the X and Y direction as:

WR, = (R+G) COS ¢ ’ (3)

WR, = (R+G) SIN o ' (4)
The velocities of the wheel W, and rail WR, contact points

may be found by differentiation of equations (1) thru (4)

with respect to time.

dWX . 2 2.k .

= = wa.= ~-(R+S)SIN # # - (D1°+(G-S)“)* SIN 6 8 - (5)
v, = (ReG)cos g5+ 1% G-8) D % cos e s (O
Qg%E = vwrx=-4R+G)SIN-o o , ) f7)
Qg%l = Vyry = (R+G)COS G o j é8)



'With the wheelset negotiating the curve at some steady
state velocity V the friction center must also translate

at the same velocity, or with respect to the éenter of
curvature:

Vo= (RS) @ o (9)
It can also be seen that for the system where D1 remains
constant f&r steady state curving:

o = g o - o)
The slip velocities between the wheel and rail may be
computed as the difference in the X and Y comporents of the

rail and wheel velocities. Recalling equations (6)and(8),

the lateral slip velocity (Y-direction) will be:
,SLAT = vwry - VWY
Star = O (R+G) COSO -ff (R+S) COS# (11)
. L
-8 (012 + (6-5)°%)% cos o
Substituting equation (10): - -

Spar = # [(R+G) coso - (r+s) cos g]- & (m1? + (12)
(G-s) 2)* cos e

From geometry in TFigure 1, COS 6 may be obtained as:

cos 8 = pl/ (p1? + (G-5) %) % (13)
Substitution of equation (13) into equatioh (12)
yields the lateral slip velocity equation:

Spap = 8 [(R+G) coso - (R+s) cos g] - b1 6 (14)

In a similar manner the longitudinal slip velocity
(X-direction) may be found as the difference between

the longitudinal velocity components of the rail and wheel.



Recalling equationé (5) and (7):

SroNG = Vwrx ~ Vux

SLONG =—5(R+G) SINC + b (R+S) SIN & + é (Dl2 + | (15)
(G-5)2) % sIN @
SLONG = # [(R+S) SIN § - (R+G) SING ]+ o (012 + (16)
(G-5) 2) %sIN o
From Figure 1, SIN 8 may be obtained as:
SIN 6 = (G-SY (D12 + (G-s) 2) % (17)
Substitution of equation (17) into equation (16)
yields the longitudinal slip velocity equation:
Sr.onG = g [(R+S) SIN # - (R+G) SINO ]+ (G-S) 9 (18)
Once the geometrical relationships for SIN @, SIN O,
COS @, and COSo have been computed, the actual slip magni-

tudes may be determined. Refer to Appendix "A" for the

computation of the SIN, COS terms which are found to be:

COS 0 = D1/AR+G)
SINo & 1.0
cos g~ 0.0

SIN g =~ 1.0

The lateral slip velocity (14) may now be rewritten as:

Spar = # [(R+G) DL - (R+s) * 0] - D1 @ (19)
] R+G
Spar = D1 (g - 8) . (20)
For steady state curving at a constant radius, it may
be seen that 6 must be equal to zero, hence:
Spar = D1 # (21)



The lateral slip velocity combonent may now bé
written in terms of velocity terms by inserting
equation (9) into (21): |

S = VDl (22)
LAT ° (R¥S) ,

The longitudinal slip velocity (18) will become:
Srong =4 [(R+S) - (R+G)] + (G-S) @ (23)
Making the substitutions for b and 9:

= V_(8-G) -
SLonG = (R+9) . _ (24)

2.3 Resultant Creep

The friction forces that arise ffom curve negotiation

are a function of the total slip or displacément that occurs

between the wheel and rail at their contact éoints.

This relative displacement is commonly called creep and may

be aefined as the slip velocity divided by the roll velocity,

where the roll velocity is the actual Veiocity of the

wheelset, or in a mére‘specific sense, of the friction

center. Therefore, the lateral creep may be written as:
CREEP] ap = SLAT/V (25)

Inserting the lateral slip velocity term (22) into

(25) giveé the term for the magnitude of lateral creep

component:

" CREEP - R+S - , 26)
| LAT D1/ ) ( )

Similarly, the magniéude of the longitudinal .creep
. components may be found as:

CREEPLONG = (S-GAR+S) '  (27)

10



It ié known.that the friction-creep curves for léngitudinal
and.lateral creep differ from one another, both in slope
and the peak coefficient.of‘friction attainable. It is,
therefore, helpful toﬂdefine a resultant creep in cases
wﬁere theoretical or experimental friction-creep relation-
ships have been established as a function of a net or
resultant creep. This is beneficial from the staﬁdpoint
that the direction of the resultant creep af a wheel will
‘be normal to a line extending through the wheel-rail
contact point and friction center. This may be more
readily visualized when recalling that the resultant slip
velocity at each wheel acts in the same direction as the
resultant creep of friction force, -and due to the rigid body
assumption that velocity at any point must act perpendi-
cularly to a line drawn through that point and the instant-

aneous center of rotation (friction center).

The resultant creep may now be determined by combining

the lateral and longitudinal cfeep components at the

wheel to get: +

RESULTANT CREEP = A = (Dl2 + (5-G) 2) %/ (R+8)

Thus far we have been investigating only a wheel on the

outer* rail so that the resultant creep derived is for

* Note: The term outer wheel is used to describe a
a wheel whose consact point with the rail
is at a greater distance from the center
of curvature than the friction centers distance
to the center of curvature, and uvice versa
for an inner wheel.

+ See "Appendix C" for modification to this equatlon
due to radius differential creep.

11



any wheel on the outer or high rail side of the curve,
therefore:

A = a_ = (012 + (s-G) 2

L
) ?/ (R+S) (28)
It can be shown in a similar fashion (see Appendix "B")
that the resultant creep on the inner or low rail side

of the curve will be:+

a, = 1%+ (s+6) %) 7/ (r+s) (29)

With the resultant creep known at each wheel the coef-
ficient of friction may be found from the friction

creep curve (similar to that shown in Figure 16), and
combined with the vertical whgel load to give the
frictional force acting at each wheel. These forces may
then be added to the truck wheelsets as depicted by

Figure 2.

The appearance of the S term in}%he creep equations
indicates that both whéels on the same axle must not
necessarily develop equal créeps, but that they may vary
in both magnitude and direction. This type of occurrence
is most commonly found when the vertical wheel loads
differ from one side to the other or a tractive effort,
braking effort, or buff condition is present.

The friction—creep force orientation depicted in Figure

2 is typical for coasting through a curve with litﬁle

or no lateral center plate load, tractive or braking
effoft, or buff force present. Here it can be seen

that the outer whéels have a tendenéy to creep rearwards,

while the inner wheels creep forwards.-

+ See "Appendix C" for modification of this equation due
to radius differential creep.

12



T¥PICAL FRICTION FORCE LOCATION AND SENSE FOR A THREE-AXLE TRUCK

Friction
Center

—_—

- Direction of Travel

FIGURE 2
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CURVING MODES

There are a number of different cohfigurations ﬁhat a
'rigid framed truck may be in as it traverses a curved
portion of’track, all of which may be characterized by
the relationship of the wheels with respect té fhe réils.
These various modes of curving are more comﬁonly referred

to as degrees of constraint and are diagrammed in Figure 3.

3.1 Free Curving

The term free curving is used to describe that realm
of curve negotiation where the leading outer wheel is
in flange confact with the outer rail, and the trailing
inner wheel is disposed toward thg inner rajil; however,
there is no flange contaét. For a 3 or 4-axle truck
the second outer‘wﬁeel may or may not be in flange contact
with the outer rail. This is dependent on the axle
lateral suspension, frictioﬁ force présent and the axle
to truck frame free clearance designed into the truck,
as when'the friction center is behind the second axle
the resultant friction force is such that the axle will
be disposed outward.

3.2 First Degree Constraint

First degree constraint is used to describe the
curving mode that is typified by the leading outer wheel
being in flange contact with the outer rail, and the

trailing inner wheel in flange contact with the inner

14
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rail.r For a 3 or 4-axle truck the second outer wheell

maj or may not be in ﬁlange contact dependent on thedesign
parameters mentioned in free curving condition. It is generally
desirable to have a middle axle flange contact on as sharp a
curve as possible due to its causing a reductién of the
leading outer wheel flange force.

3.3 Final Range of First Degree Constraint

This range is exemplified by the same location
of .the wheels with respecf to the track.as in the first
degree constpaint; howéver, the truck frame is.
beéinning to shift with respect to the axles. The
truck ffame shift manifests itseif as a decrease in the
axle to truck frame lateral reaction at one side of
the trailing axle until the frame moves cauéing the
lateral reaction to'shift to the opposite side. For a
2-axle truck, the truck frame is oriented such that
therlaperal reaction (thrust block, or rubber donut load)
between the axle and frame is on the outer side at
~the trailing axle during curving in first degree
conétraint,_and is shifting to the inner side while
entering the final ranée of first degree constraint.
'In the.case of a 3 or 4-axle truck the lateral reaction
at the trailing axle is on the inner side while in first
"degree constraint, and is shifting to the outer side

for the final range.

16



3.4 Second Degree Constraint

What is called second degree constraint is
found only in rigid trucks containing 3 or more axles.
It is characterized by curving with the leading outer
wheel in flange contact with the outer rail and one of
the in-board axle sets in flange contact with the inner
rail. With the inception of second degree constraint
the flange force at the leading outer wheel will begin
to increase at quite a rapid pace as the radius of
curvature decreases.

3.5 Final Constraint

Final constraint, as in the case of second degree
constraint, occurs only in trucks with 3 or more axles,
and as its name implies is the last commonly considered
curving mode. In final constraint the truck has reached
the limit of its curving capability for, as depicted
in Figure 3, the trﬁck has 3 wheel flanges in contact
with the rail and can accommodate no further reduction
in radius. 1In the case of the 3-axle truck, flange contact
occurs at the leading outer, middle inner, and trailing
outer wheels. With a 4-axle truck in final constraint
the leading outer, third inner and trailiné outer wheel
flanges will be in contact wiph the rail.

3.6 Forced Constraint Modes

Thus far we have been considering constraint modes

that are encountered primarily due to curving at no

17



or limited interaction with the carbody; however,

" lateral center plate loads encountered in buff or
operation at greater than balance speed along with
longitudinal loads generated from tractive or brak-
ing effort serve to reposition or force the truck
into or out of the various constraint modes. For
example, a large lateral center plate load acting
radially outward with respect to the curve may move
the truck from a first degree constraint mode into

a free curving position, and similarly a negative
lateral center plate load may move the truck from
free curving into firsf degree constraint. Typically,
when a truck is influenced by external loads into a
different curving position, that constraint mode is called

forced free curving, etc.

18



EXTERNAL LOADS &'REACTiON FORCES

NIn section 2, the friction forces occurring between
the wheel and rail wefe derived and shown acting as in
Figure 2. These forces may be referred to as internal
forces as they'are-génefated within the system as a
function of pﬁre.curving,'as 6pposed to external and re-
action fofCes-whiéh.gfé the results of actions occuring.
outside of the system and those loads requiring to keep
the systeﬁ in equiiibrium, respectively. It is these re-
action forces occurring between thé‘wheel and rail that we
are seeking, for £hey determine the outcome of curve negoti-
ation. 4 | ‘

4.1 Reaction Forces

‘The reaction forces that have been spoken of are
in essence the lateral flange forces‘that develop
between the wheel and rail. These loads along with the
friction effect are depicted in Figure 4, with the K's
denoting the flaﬁge reaction énd the f's, the friction
force. It is apparent that the longitudinal combonent
of the friction force acting at each wheel will, for-
the ofientationfshown, have the tendency to rotate the
truck about a vertical axis or point, the friction center.
The lateral components will displace the axies laterally
until they are constrained by either the truck frame,
developing a thrust blbck load, or by the rail,‘in which

case a flange force develops. The flange reactions that
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result are those required to maintain lateral and

~rotational equilibrium of the truck. Longitudinal

equilibrium is maintained by the correct location
of the friction center, so that all longitudinal friction
components- balance. The locations and magnitude of

the flange forces that develop are a function of the

curve size, truck design, and friction.

4.2 External Loads

Loads from activity occurring ekternally to the

~truck may be applied through the center bearing in

|

lateral and longitudinal componentg, Fi?ure 5. The
lateral components have the prima;y effect of changing
the magnitudes and locations 6f the flange reactions,
so that lateral gquilibrium will be maintained. 1In the

process, the truck may shift to a different curving

constraint mode as mentioned in Section 3.6 to attain

equilibrium. The application of a lgngitudinal load
component to the center bearing has the primary effect

of shifting the location of the friction center laterally
with respect to the truck centerline, so that the long-
itudinal componénts of the friction force may now balance

the input. Of course, this will result in a redistribu-

‘tion of the lateral flange reactions.
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TRUCK MODEL

| The truck is modeled as a rigidly framed set of axles.
By rigidly framed it is meant that the two side frames are
fixed to one another sqlidly so that no rotation, parallelo-
gramming, or other relative movement may occur between them.
The axles are mounted within the frame such that only lateral
movement of the axle with respect to the frame is allowed.
This, then, ensures that no rotation about a vertical axis
will occur between the individual axles. Each axle is joined
to the frame‘by its lateral journal box suspension only,
which consists of a free clearance follcwed by a spring,
see Figure 6. The free clearance, denoted axle to truck
frame free lateral in ﬁigure 6, is in actuality the sum of
the clearance between the wearing surfaces of the truck
pedestal and journal box. This is for the case of a Hyatt
type journal box, whereas for a Timken type cartridge bearing
it is the clearance between the truck pedestal and bearing
wearing surfaces. The spring represents the stiffness
between the axle end and the truck pedestal once the free
clearance has been taken up. This is the only lateral con-
nection to the truck frame as the small lateral component of
the vertical axle to truck suspension may bé lumped into
the free clearance and spring. No friction on the wearing
surfaces is‘considered.

There also exists a second afea of free lateral clearance,

and that 1is the lateral distance between the wheel flange and
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the gauging pOiﬁt-On_the'réilhead. The magnitude'of.this
clearance is a function of-tﬁé gaugé'wideniﬁg and rail/wheel
wear. The aésumptiéﬁ1isfméde:thét’the rail is rigidly

fixed to theAground]ahdvhés'ho'qUalities of resilience or
deflection. - “

It is a$sumed'that'all'tractive efforﬁ, braking effort
or buff forces are reacted at each individual wheel as a
function of the individual vertical load acting on the wheel,
and that each truck reacts one-half of the total amount applied
to the 1ocomotive; ‘Also assumed is that all effects of the
spin Creep reaCting at each wheel are small enough in
comparison with other considerations to be neglected.

As a final consideration, the point of connection
between the truck and carbody is modeled to transmit both
lateral and 1ongitudina1 force components without,imposing
rotational stiffness of any sort to the truck, in other words,
a frictionless pivot. (Provision is made for an initial
rotational»fbreakéway" moment term to be considered. See

"Appendix C".
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METHOD OF SOLUTION

Referring tOAFigure-4, it can be seen that there are

twelve (12) possible reactions between the wheels and rails

at any particular instant of time; however, for assumptions
made ih this modei, the nﬁmber may be reduced considerably.
Firét of all, it is known that for all bﬁt very abnormal
cases only one wheel of each wheel/axle set will be in
flange contact at a time. This éliminates three of the
unknowns. Secondly, since the rigid body concept is being
used, the frictional forces at each wheel will all be
related, so that knowing one or the friction center location
will lead to the solution of all. Therefore, the initial
concept of the model has been reduced to four unknowns,
three flange forces and the friction center location. Three
of these unkﬁowns are independent, and the fourth is
dependent. At this point, three equations may be‘written

for egquilibrium:

I M = 0
However, a fourth equation canno£ be written to locate
the friction cehter, becéuse due to the free clearance
between the wheel and rail, axle and truck f;ame along with
the deflection of the rubber donut due to the combined action
of the friction and flange forces no geometric solution can

be written. So, with three equations and four unknowns the
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problem has become'statically indeterminate. In order

to éoive this problem, a numerical analysis technique

which incorporates an iterative method and convergence
routine must be employed. The iterations and convergence
are done on the longitudinal location of the fricpion
center. (The lateral location of the friction center is a
function of vertic§l wheel loads and the longitudinal center
plate load, and once a longitudinal friction center location
has béen established the lateral location may be easily
found to react the longitudinal input.)

As an initial step, it must be determined into what
cﬁrving constraint mode the truck would be for the particular
size curve dgiven if there were full deflection of the rubber
donuts. This may be done by computing the transition point,
-as a function of curvature, between free curving and first
" degree constraint. If the radius of curvature being’considered
is greater than the transition curvature, it may be assumed
as an initial starting point that the truck is in free
curving, and in first degree constraint if the curve size
modeled is less than the transition curvature. . A similar
procedurelmay be used to determine if the truck is in second
or final constraint.

In order to locate the transition radii (free curving
to first degree constraint, first degree conétraint to second
degree constraint, etc.), a geometric relationship is

introduced to calculate the longitudinal friction center
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location as a function of curvature. This may be done with
-the assumption of full donut deflection and knowing that
at the inception of first degree constraint the trailing
inner wheel has come into flange contact with the rail,
however, its reactions or K31 must be equal to zero.
Figure 7 depicts the truckrposition and variables X, Y and Z.
From experience it ié known that the reactions occurring\
between the axles and frame in first degreé constraint
ére located at the leading and trailing inner positions and
the middle outer position. With this, the position of the
wheels with respect to the fails and the axles with respect
to the-truck frame are known and the longitudinal friction
center location may be established. Recall that for equal
wheel loads  and no longitudinal center plate loads the
friction center is located on the centerline of the track as
its velocity must match the wvehicle velécity.

&he centerline of the truck frame at each axle may
now be calculated at a distance (X, Y or Z) from the center
of curvature for the constraint modes. In free curving only,
the leading axle may be geometrically located.

X =R+ ¢ + e, + §

1 17 %
Where: R = Radius of the Curve
€1 = Wheel to Rail Free Clearance at Axle 1
e, = Axle to Truck Frame Free Clearance at Axle 1
61 = Deflection of the Rubber Donut at Axle 1
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In the first degree constraint, the truck centerline may
be located at both the lead and trailing axle positions:

X = R+ e + + §
1 -

€1 1

Y = R- &3+ eyt gy

With this assumption of a maximum deflection of the"
thrust block, the distance from the leading axle to the

friction center, D1 may be determined by:

X2 - Dlz = R2 = - Y2 - (WBASE - Dl)2
x2 - p12 = y?2 - (wease® - 2p1'weasE + p1?)
p1 = x% - v* + wease®

2+ WBASE
This now enables calculation of the frictian-creep forces
at each wheel. The flange force at the trailing axle may
be found through the force, moment equilibrium equations.

At this point an iteration procedure  commences by varying

the radius until the value of K31 approaches zero, at which

point the transition from free curving to first degree

constraint has been located. With the truck position known

(free curving, first degree~¢onstraint, etc.), the system

(2)

(3)

(4)

(5)

may now be solved for the exact radius and set of conditions

given. In free curving the friction center is iterated

until equilibrium is maintained without flange contact at

the trailing axle and‘geometric compatibility is satisfied.

For first degree constraint the friction center location is

calculated by equation (5) using for the deflection of the

donut the loads resulting from the ‘previous iteration. This
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is continued until the friction center calculation con-
verges to a constant value at which point equilibriuﬁ

has been maintained. Finally, the computed value of the
donut deflection is compared to the assuméd value used in
the transition from free curving to first degrée constraint
calcglation. If they are different, the newly computed
value is used as the assumed value and the entire process
is repeated until the calculated result approaches the
assumed value. At this point, both force equilibrium and
geometric compatibility have been maintained and the truck
has been successfully ﬁodeled. A similar procedure is
followed to model the truck in the other constraint modes.

6.1 Intermediate Axle (3, 4-Axle Trucks)

For an intermediate axle with the truck in free
curving, first degree, or othér forced constraint.mode
the flange reaction with the rail is computed independetly
of the summation of force, moment equations which are
used to obtain the leading and trailing axle flange forces.
For a 4-axle truck there are two intermediate axles
that may be in flange contact with the rail. The
friction force acting on the wheelset results in a
lateral displacement of the assembly until it is either
constrained by the rail, truck frame, or both. If the
free clearance between the axle and truck frame is great:
enough, the wheel flange will move up against the rail

and the flange force reaction will be given as:
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Kyx = fy1 ¥ £y

"Where f denotes the lateral component of the friction
developed at each wheel of that particular wheel/axle
set. For this condition the wheel/axle set is com-
monly referred to as externally guided. If the
clearance is not great enough, the axle wili come in
contact with the rubber donut and begin to compress it.
In so doing, the additional lateral motion gained may
allow the wheel to move up against the rail, in which
~ case the flange reaction would be:

Kygy = fy; * £y, = k8
Where k is the stiffness of the rubber donut and §
its deflection. Once the maximum deflection of the
donut has been attained with no flange contact at the
wheel, the friction force is reacted entirely by tﬂe
truck frame. In this case the axle set-is said to be
internally guided, and the friction force transmitted

into the'truck frame will be reacted at some other wheel.
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Results

. The primary interest in curve negotiation is focused
on the'flange or guiding force at the leading outer wheel
of the truck, as this is the most highly laterally loaded

wheel during normal curve negotiation. It is, therefore,

"of great consequence how operating practices and design

parameters affect the lateral loading of this wheel if not

. from the derailment standpoint, then from wear considerations.

The quantity that provides an index to evaluate the wheel
climb, rail rolloVer, or wearing tendency is referred to as

the net-lateral load. 1In terms of force, the het lateral load
at a wheel is the vectorial sum of the flange force and lateral
component of the friction force. This net lateral loaa»is

the "L" term in the L/V ratio.

The "standard"™ truck chosen for comparison purposes, has

the folloWing characteristics:

1. Axle to truck frame free lateral clearance at each
axle equals + 6.1875", or 0.375" total.

2. Free clearange between the wheellflange and rail at
each wheel equals + 0.340", or 0.680" total per
wheel/axle assembly. (New wheels and rail.)

3. The rubber donut has a maximum deflection of 0.250"
and‘may.be modeled as a linear spring with a rate
of 20,000 lbs./inch.

Note, that in all cases the graphs are drawn for a truck

'curving with ﬁb lateral or longitudinal center plate loads

unless noted. This is analogous to the case of a locomotive
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traversing a.CUrvevat‘balance speed‘With-no buff,.trective,
‘or” braking efferts developed. }
| Figure ll;iﬁdicates'for a 3-axle truck the effect of

increasing'the-axle'te frame'free lateral at the center axle
in steps of 1/8" pef_eide; It is apéarentvthat the additional
lateral allows more 1eaa to be taken at the‘rail rather than
being reacted by the truck frame. This results in a decrease
of the net lateral‘load at the guiding wheel which can be
substantial on the sharper curves, 8% on a 6 degree curve.
‘It may also be noted, that except for the truck with 7/8 free
lateral at the middle axle is pa%tially constrained in all
other cases..

Figure 12 indicates the efﬁect of increasing the lateral
at all axles‘equally.  Much the same behavior is noted as
with increasing eﬁly>£he center axle lateral, however, it
is.muchemore pfbnbuhced_iﬁ its effect on the middle axle
flange fqrcee’:fbr'a tfuck with 5/8" lateral at all axles
the.center’akleeis exterﬁaliy éuided up to 2-1/4 degrees of
Eu;vature, aﬁd up,tQ 4 degrees'for'a truck with 7/8" totel
lateral clearahce. This again reeults in a reduction of fhe
leading axle net lateral load.

Next to be evaluated is the importance of wheel to rail
clearance -and ﬁhe effect-of gauge widening on the tracking
of a trﬁck}' Figure'lB depicts how gauge widening of 1/2"
total Changes the net lateraleloads. As long as the‘truck is

in free curving, the addition of wheel/rail clearance will
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not change the curving fofcés_since_the truck will follow
tpenouter'rail; However, when in first'degree constraint,
the addition of gaﬁge widening will allow the truck to skew
to a greater degree within the rails resulting in an increase
in the friction and.flange~force§ as.the angle of attack |
rises. The true benefit of gauge widening is iﬂ.itg pushing
of second degiee and final constrain£ to lower radii of
curvétﬁre, but in firsf degrée'constraint curving it can be
very detrimental, and ;neffective for free curving.

The effective spring rate of ﬁhe rubber donut is
. another truék design parameter that may have a bearing on
the curving activity of the truck. It can be seen in Figure
14 that the rubber donut stiffness has a slight effect on the
ne£ lateral loads generated during curving and that, in
geherai,'the éofter the donut the better. It is obv?ous
that a . less stiff donut will allow greater lateral dis-
plaéement of the middle axle allowing it to react more of
the friction component against the fail.r This again is
beneficial tb_the guiding force at the.leading outer wheel.
The frictién—creep relaﬁionships pfésehted in Section 2

are the heart of the truck curving model, for it is the
fricﬁion force developed between the wheel and rail that
must be reaéfed by the flange fofce. It is, therefore,
essential that an accurate friction versus creep relationship
be available for the situation being modeled.l However,

it is indeed a very difficult,~if not impossible task to
-predict a relationship for é specific situation, so it must
be known how minor changes'in the friction-creep curve will
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affect the outcome of the model. Figure 15 depicts how

"the friction relationships shown in Figuré 16 change the
output of the model; It can be seen that the model is

very sensitive té the shape and slope of the assumed friction
curverand that quite an error may be introduced by the

use of an inacéurate relationship. It shouid be noted that
Curve 1 in Figure 16 is the result of extensive field

testing conducted by Electrb—Motive Divisidn, GMC.

The effect of lateral center plate loads on curving
forces may be'SeenIby examination of Fiéure 17. As the
center élate loéd ihcreases, the truck is being pushed
up against the oﬁter tail and the friction center moves
towara the center of the truck. With the truck displaced
laterally as much asvpossible, the friction center will be
at the geometric center of the truck, accounting for the
very low nef lateral loads at the middle axlé. The leading
and trailing outer whéels will divide'and react the center
" plate load at the rail. As the curve becomes sharper, the
load is not great enough to hold the truck against the outer
rail and it starts to slip into a forced free curving condition.
This moves the friction center farther away from the lead
axle incréasing the frictional component, hence flange re-
action at the second outer wheel. The middle axle, however,
remains externally guided on. sharper cﬁrves than normal as
the truck is disposed towardvthe outer rail by the center

plate load.
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Figure 18 depicts the relationship of the flange
forces on a 3-axle truck, with first degree constraint
beginning a; about a 6 degree curve. The effect of free
clearance within and external to the truck on the point
where first degree constraint becomes less pfonounced
and that with gauge widening of 1.2" it plays no“role at
allifor normal ranges. ‘

The type of journal bearing employed in the truck plays
a role in the tracking of the-truck as evidenced by Figure
20, which compares a typical cartridge type beéring with
the basic model bearing. it may be-observed that there is
a significant difference in the behavior of the trucks with the
two types-of bearings, especially in that the cartridge bearing
truck'reacﬁes second degree constraint while while on the
same size curve the truck with model bearings remains in
first degree constraint. This is due to the cértridgehbearing
design which does nét incorporate ény lateral axle suspens-
ion that would be able to deflect and allow édditional clearance -
that would keep the truck in first degree constraint.

Figure 21, 22, and 23 ihdicate that for a 2-axle truck,
unlike a 3—axle'truck changes in axle free lateral, rail to
wheel clearance and the stiffpess of the rubber donut have
little effect, if any, on the net lateral loads in the normal
curving ranges. This is due to the. fact that fhe truck is
in first degree constraint in this range, so it is tracking

with one wheel only in flange contact. In fact, this wheel
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does not generate greater than 0.008 radians creep'as
evidenced by Figure 24, where the samé results are obtained
up to a 16 dggree curve with the use of both friction-creep
Curves 1 and 2‘(Fig. 16).

The net lateral loads for a 4=-axle truqk are plotted
in Figure 26, which indicates that on a 4'degree curve first
deéree constraint is entered and on a 12 degree curve the tkuck
reaches second degree constraint. The net lateral load
at the leading outer wheel for the 4-axle truck is shown
plotted with the leading éuter wheel net lateral loads for the
guiding wheel are 48% higher for the 3-axle truck, and.
94% higher for the 4-axle truck than the 2-axle tfuck on a
4 degree curve.

7.1 validation

Figures 28.and 29 cémpare typical computer predic£ed
data with the field data obtained through tests at
Electro-Motive Division, GMC. It can be seen that there
is quite good correlation between computed-and measured
data, especially when considering the wealth of unknown
and assumed pafameters such as a linear rubber donut and
the average friction creep curve.

It may be noted, that the field data used in‘the
validation curves is the same data presented iﬁ ASME

Paper No. 65-WA/RR~4 by Messrs. Koci and Marta in 1965.
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Figure 23
NET LATERAL LOAD v/s CURVATURE
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Figure 25
NET LATERAL LOAD v/s CURVATURE
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Figure 26
NET LATERAL LOAD v/s CURVATURE
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CONCLUSIONS.

As mentioned at the outset in Section 7, the primary
interest in curve hegoﬁiation-is”céntered on the leading
outer wheel, its guiding:forcé and what can be done in
the way of operating and design practices to conﬁrol the
magnitude of the net lateral load developed. For trucks
with three or more axles, the importance of an intermediate
axle in an externally gﬁided mode has proven to be the
most singly beneficial method of reducing the guiding force
at the leading wheel. The intermediate axle can be made to
play more_of a réle in many ways, increasing the free lateral,
making the rubber donut less stiff, etc.; however, for a
2-axle truck there is very little that can be done. It should
gb without saying, that the shorter the wheelbase the better,
refer to Figure 27.

One of the more detrimental practices to.curve negotia-
tion is the use of gauge widening on a curve where the
truck is normally in first degree constraint. The additional

clearance allows the truck to skew to a greater extent re-

sulting in increased curving forces. Gauge widening does,

however, have its merit, but only on sharper curves where second

and final constraint may exist.

As a final point, the importance must be stressed of
using an accurate friction-creep relationship in the modeling
of a particular situation as the relationship changes greatly
from coasting curving to curving with tractive effort to oily

rail.
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APPENDIX "A" ~ DERIVATION OF SINE AND COSINE SUBSTITUTIONS

- Refer to the diagram in Figure 8 for the geometrical
relationships being considered.

It can be seen that:

COS 0 = D1/(R+G) _ (1)
SING = X/(R+S) = D1/ (R+G) S (2)

Therefore: |
X = (r+s) [Dp1/(r+)] (3

This misalignment angle & between the wheel and rail is
assumed to be a small angle, so that TANQ * SIN G .
TAN ¢ = t/(G-S) ' (4)

Combining with equation (2):

t (G-S) ° D1/ (R+G) - (5)
Also:
U = Dl - t
= Dl - (G-S) ° D1/ (R+G)

= Dl (1 - G-S) (6)
R+G

Therefore, the SINC may be determined:
SIN 0 = (C0sa = X/U

= R+S (7)
R+G - G+S ’

= 1
In actuality(Jis not exactly 90 degrees, but very close to
it as small wheel/rail and axle/truck frame clearances would
enter into the denominator; however, they are fractions of
inches and in comparison to the curve ;adius ferms may be

neglected due to their small influence.
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With
g = o + a

SIN 4

]

SIN 0 COSa + COS 0 SIN a
- SIN @ = 1+ (Dl/R+G)2
The (Dl/R+G)2 term may be considered very small, hence:
SIN g = 1

‘Solving then for COS #:

COSs ¢ = (COSE0COSo - SINOSIN o
= D1/(R+G) - D1/ (R+G)
Therefore:
cos g = 0
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APPENDIX "B" - CREE.P AT INNER WHEELS

. In the derivations of the equatidns to folldw, refer
to Figures 9 and 10. The derivation of the creep formula-
tions at the inner or low rail side of the wheelset’

follows much the same procedure as that for the outer wheels
outlined in Section 2.2 and 2.3.‘ Initially,h(refer to Figure
9) the inner wheel contact point on the rail may be defined

with respect to the center of curvature as the track as:

Contact point on the wheel, W, in the X-direction:

2 4 (e+s) 3

W, = (R+8) COS g + (D1 2 ;/2 Cos 8 (1)
And in the Y-direction:
W, = (R+S) SIN g - (012 + (a+s) %) Y2 sin 6 (2)
(As long as the datum was chosen parallel to the
truck.centefline.i
The meting contact point on the rail, WR, may also be
located with respect to the center of curvatﬁre in both the
X and Y direction by:
WR, = (é—G) COs o | ) - (3)
WR, = (R-G) SINO | ~ (4)

Y
The X and Y velocity components of the wheel and rail
contact points, W and WR, respectively, may be found by

differentiation of equations,l—4 with respect to time:

aw, = Vg, = -(RHS)SIN # g - (D1° + (G+S) %) SIN 0 0(5)
Similarly, , for the wheel in the Y-direction:
dWy = (R+S) COS g # - (D1? + (G+s) 2) /2 cos o o (6)
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The velocity components of the rail contact point may be

- found as:
~vwrx = -~ g(R-G) SIN ¢
,Vwry = U(R—G) COS ¢

In Section 2.2 it was shown that:
V. = (R+S) b
And: |
i- o
The slip velocity will be the difference in the rail
and wheel contact point velocities. Therefore, the
lateral élip velocity (Y-direction) may be written as:

SLAT - Vwry -V
wy

ﬂA [(R—G) COSO - (R+S) COS g:|+

1
e (~1312 + (G+S)2) 2 COoS 6

|

From Figure 9 COS 8 may be found and inserted into (11)

to yield:
Cos 8 = Dl/(Dl2 + (G+S) 2) 172
Spap = # {(R-G) COSo - (R+S) COs g} - Dl 6

The longitudinal slip will become:

= v - v

SLONG wrx wX
Srong = # {(R+S) SIN § - (R-G) SINo}+ (G+S) 6
In order to furhter evaluate equations (12) - (13) the

SIN, COS terms must be determined. This can be done by

reference to Figure 10, and the use of the small angle

(7)

(8)

(9)

(10)

(11)

(12)

(13)

assumption in dealing with the wheel/rail misalignment angle,

or angle of attack. First, it may be observed that:
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cos o= Dl/(R-G)-}“

SINa= X/ (R+S).
. With the small‘angle‘aSSumptioh

TAN o = t/(G+S)

~

Combination

t

Next define:

U

of equations'(l6)~and (17) yields:

- D1/ (R-G)

D1/ (R=G)

D1 (R+S)/(R-G)

D1 + t

D1 {1 + (G+8)/(R-G)}

With this SING may be determined:

SING =

Therefore, SIN o may be}éoﬁsidered as 1. With g = 0+ a

‘SINC

C0OSsa

X/U

(Rr+8) D1 '.

R-G

- _R+S

R-G + G+S

the SIN @ can be fOund as:

SIN g

Or upon reduction:

i

SIN @

With the radius R in.the denominator the (Dl/R-G)zvterm

in equation (21) may be considered small, making:

SIN g
Hence:

cos §

1

D1 (1 + G+8S)
R-G

SINO COS 0+ COSg SIN o

1 + (D1/R-G)2

1
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Insertion of equations (14), (20), (22), and (23) into the
slip velocity equations, (12) and (13) gives the simplified

versions of:

Star = DI (g - 8) | (24)

Scong = (GS) (8 + 9) | (25)
Again,‘recalling thatAfor steady state curving 8 = 0, or

there is a constant truck rotation with respect to the track
for a constant radius of curvature. The slip equations

reduce to:

Spap = # DI

Spong = 8 7 (GHS)

‘Now, the angular velocity term, @, may be réplaced by equation

(9) or:
SLAT = V ° D1/(R+S) ‘ (26)
SLONG = V * (S+G)/(R+S) (27)

" With the creep defined as the slip velocity divided by
the roll velocity, the lateral and longitudinal creep

components may now be found as:

LATERAL CREEP = SLAT/V ' D1/ (R+S) (28)

LONGITUDINAL CREEP (S+G) / (R+S) (29)

SLONG/V
Combining equations (28) and (29) to solve for the

magnitude of the resultant creep on an inner wheel we get:

CREEP = (D12 + (s+G) 2)Y/2 *(1/(r+s)) | (30)
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APPENDIX C - CENTERPLATE BREAKAWAY MOMENT & RADIUS

DIFFERENTIAL CREEP

l.‘ CENTERPLATE BREAKAWAY MOMENT
The model has én optional input to simulaté the
moment that resists'(initially only) the rotation of
the truck as it enters a curve. The moment is énalogous
to that encountered when opening a jar; once overcome,
the rotation is ﬁnrestricted.
2. RADIUS DIFFERENTIAL CREEP
Additional cfeep may be introduced due to the slip
velocity_e#isting when wheel radii on a truck differ.
.If’VT is the léngitﬁdingl truck speed, Ryyg 1S the

average wheel radius of the truck and QAVG is the average

radial velocity at the wheel rail interface,

£ Vo = PRaye @ ave

Lettlng VSN
differential and R

represent the slip velocity due to the radius

N the radius at the wheel under

consideration,

e 8
Vsn = Rave AVG Ry * AvG

- Q
Vsn = (Rave Ry) ™ ave
The creep at wheel N is'therefore

R - R
CREEP) = _AVG N AYG' (longitudinal)

N B
\

T
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This creep is incorporated into the equations‘as creep

' ét inner rail (negative) and outer raii (positive) .

The ultimate sign is dependent on whether the radius at
the wheel. specified is lérger or smaller than the average.
In‘the equations below, CI and C# represent this creep-
factor normalized to be dimensionélly consistent, i.e.,

CI = CREEPy pyoipp) © (RHS)

. CP = CREEPN(OUTSIDE) * (R+8)

The modified equations (28 and 29) for resultant creep

are then,

A, = (1% + (s-6+CP) %)%/ (r+s) (282)
A; = (012 + (s+a-c;)2)%/(k¥5) - (29A)
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A 3-AXLE TRUCK
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FIGURE 21: EFFECT OF AXLE FREE LATERAL ON NET LATERAL LOADS
FOR A 2-AXLE LOCOMOTIVE
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