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PREFACE

As part of the Track Safety Research 
Program of the Office of Research and 
Development of the Federal Railroad 
Administration (FRA)» the Transportation 
Systems Center (TSC) has been conducting 
and directing both analytical and exper­
imental studies. These studies aim to 
define the relationships between track 
design and maintenance parameters and 
the safety and performance resulting 
from the dynamic interaction of the 
track and train. They are intended to 
provide the basis for improved track 
design and maintenance specification 
that can be directly related to the 
safe and efficient performance of the 
rail transportation system. Efforts 
conducted under this program have 
included:

• Statistical Correlation of Rail- 
car Accident Data and Freight 
Car Characteristics Conducted
at TSC (Ref. 1)

• Development of a data base of 
engineering parameters character­
izing the physical parameters 
and configurations of railway 
rolling stock by Pullman-Standard 
Corporation (Ref. 2).

, o Development of analytic character­
isations of tTack geometry varia­
tions found in existing track by 
ENSCO Corporation (Ref. 3]

o Analytic studies of the relation
between track geometry variations 
and derailment potential conducted 
by The Analytic Sciences Corpora­
tion (TASC)

• Field tests and demonstrations
conducted in cooperation with 
the Railroad Industry and the 
American Railway Engineering 
Association (AREA).

This report describes the work conducted 
by TASC on the analytic studies over 
the years 1977 through 1982 and rep­
resents the contributions on the engi­
neering model and analysis of Dr. Fred 
Blader, John A. Elkins, Dr. Narayan A. 
Acharya, Paul W. Berry, Dr. Harish C. 
Dhingra, Dr. Joseph W. Griffin, Dr.
Robert L. Jeffcoat, and Dr. James H. 
Taylor, and on the computer work of 
Kathy Baribeau, Dr. David S. Bieksza,
Bill Kuklinski, and Peter Zammuto.

The work described in the report is p r i ­
marily intended to support the study of 
track safety performance standards and 
has been used by those in government (FRA 
T S C ) , the American Railway Engineering 
Association (AREA) and the railroad indus 
try, particularly the Association of 
American Railroads (AAR), responsible for 
addressing these standards and safety 
during rail transportation.

The model improvements and'results will 
also be of interest to the rail vehicle 
manufacturing industry to aid in assess­
ing the response of particular vehicles 
to track geometry.

The author wishes to thank Dr. Herbert 
Weinstock, the TSC Technical Monitor, 
for his tireless work in guiding and 
criticizing the work and for providing 
the framework within which the new ap­
proximations were introduced to the 
computer program, SIMCAR, used in the 
s tudy.
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SUMMARY

The Track Safety Research Program 
aims to define the re la tion sh ip  be­
tween track parameters and sa fety  
under track tra in  in te ra ctio n . Inves­
t ig a tion  o f  track geometry data in d i­
cated that the dev iation s are generally 
large amplitude, in frequent occurrences, 
prim arily con tro lled  by staggered jo in ted  
r a i l  e f f e c t s .  Dominant scenarios chosen 
from a study o f  the derailment s ta t is t ic s  
between January 1976 and September 1978 
are found to be,

• Rock and r o l l  and tangent track 
10-25 mph

• Alignment-gauge and cross lev e l 
v a ria tion  in curves 10-25 mph.

v a r ia t io n , the combined response 
presents a more severe derailment 
l ik e lih o o d  than is  presented by 
the separate studies o f  response 
to gauge and c r o s s - le v e l  v a r ia tion .

e) S inusoidal crack alignment v a r ia ­
t io n s , with constant gauge at 
speeds below 25 mph, are pred icted  
to produce severe gauge spreading 
fo r c e s , e sp e c ia lly  fo r  wavelengths 
o f  50 f t  and below. The wavelength 
producing the la rgest forces  
v aries  with curvature.

f )  A se t o f  geom etric track values 
' fo r  gauge, alignment and c ro s s ­

le v e l in  curves have been id e n t i­
f ie d ,  w ithin which no derailment 
is  p red icted  fo r  the loaded 100 
ton hopper car simulated.

The former scenario has been studied and 
reported by the Transportation Systems 
Center (TSC) using an MIT model. The 
la t te r  is  the primary su b ject o f  th is 
study. An advance in  fr e ig h t  car mod­
e lin g  is  described to include gauge 
v a ria tion  not ava ila b le  in ex is tin g  
models and to improve the computational 
e f f ic ie n c y  at low speeds. The peak 
wheel r a i l  forces  on the truck leading 
a x les , pred icted  by the computer program 
developed, are shown to be in  reasonable 
agreement with data obtained in per­
turbed track tests  and te sts  on Union 
P a c if ic  and Chessie System track.

Parametric studies are reported re la tin g  
gauge, alignment, cross le v e l and curva-- 
ture varia tion s to r a i l  car sa fety  and 
wheel r a i l  forces  to a s s is t  in defin ing 
lim its  fo r  sa fe  operation  between 10 
and 25 mph. The resu lts  suggest:

a) For new wheel and r a i l  p r o f i le s  
which generally , provide the worst 
curving performance, the computer 
sim ulation SIMCAR provides v a lid  
performance p red iction s .

b) For speeds le ss  than 25 mph the 
response to outer r a i l  cusped 
t ra ck , showing both gauge and 
alignment v a r ia tion  in  curves, 
is  not sen s itiv e  to speed. The 
fo rces  generated tend to spread 
the r a i l .

c) Under minimal la te ra l track re­
s tra in t con d ition s , in c ip ien t 
wheel drop is  p red icted  as the 
most l ik e ly  derailment mode on 
curved track with outer r a i l  
cusps.

d) On 10° curves, with outer ra il  
cusps and cusped c ro s s -le v e l

x i i i / x i v



1. INTRODUCTION

1.1 BACKGROUND

During the past decade, there have been 
extensive e f fo r t s  by both Government 
and industry to e s ta b lish  a b e tter  un­
derstanding o f  the dynamic in teraction s 
in the tra ck /tra in  system as a function 
o f  tra in  operating p r a c t ic e s , terrain  
and track geometry. S ig n ifica n t work 
has been accomplished under the In ter­
national Government Industry Track/ 
Train Dynamics Program adm inistered by 
the A ssocia tion  o f  American Railroads 
(AAR), (R ef. 4 ) ,  towards defin in g  op­
tion s fo r  c o n tro ll in g  dynamic aspects 
o f  tra in  operation  to lim it  excessive 
tra in  action  re su lt in g  in p o te n tia lly  
unsafe con d ition s . Several mathemati­
ca l models were developed under th is . 
program.

A sample o f  concurrent e f fo r t s  to pre­
d ic t  the dynamic behavior o f  trains and 
cars is  l is t e d  under Ref. 5. These ad­
vances in p red ictin g  r a ilc a r  response 
to track geometry v a r ia tion s  have made 
i t  p oss ib le  to  reevaluate and redefine 
current track geometry and maintenance 
s p e c if ica t io n s  in  terms o f  th e ir  re ­
la tion sh ip  to the sa fe ty -re la te d  dy­
namic response o f  r a i l  cars and tra in s. 
In 1970, when the current FRA Track 
Safety Standards were i n i t i a l l y  formu­
la ted , track design and maintenance 
p ra ctice  was based on lim ited  em pirical 
data, tra d it io n , and in tu it iv e  judg­
ments, that cou ld  not be subjected to 
p recise  engineering an a lysis . The 
s p e c if ic a t io n  represented a consensus 
o f  the best judgment o f  q u a lifie d  engi­
neers based upon current and varying 
individual ra ilroa d  p ra c t ice s .

1.2 OBJECTIVE

The purpose o f  the stu d ies reported 
here is  to apply the improved s ta te -o f -  
th e-art in  dynamic modeling to estab lish  
d ir e c t  re la tion sh ip s  between varia tion s 
in track geometry and dynamic perform­
ance o f  r a i l  cars. These re la tion sh ip s 
are then a p p licab le  to the development 
o f  s p e c if ica t io n s  which esta b lish  the 
maximum to le ra b le  track geometry v a ria ­
tions that can be perm itted, assuring 
sa fety  from derailm ent.

1.3 APFROACH

In it ia l  resu lts  obtained (Ref. 3) in d i­
cated that fo r  a wide range o f  track 
geometry measurements, track geometry

variation s could be represented mathe­
m atica lly  as a stationary  random process 
described com pletely by a lim ited  number 
o f  parameters. These parameters a lso  ap­
peared to corre la te  well with the assigned 
track c la sse s . A ccord ingly , the in i t i a l  
stud ies conducted under th is  con tract 
were d irected  towards development o f  a 
p r o b a b il is t ic  approach to be applied to 
ex is t in g  r a i l  v eh ic le  dynamics models 
g iv ing  derailm ent s t a t is t ic s  as a func­
tion  o f  the s t a t is t ic a l  track  geometry 
parameters. Further in v estig a tion  o f  
the track geometry data, however, in d i­
cated that the track geometry dev iation s 
governing the track c la sse s , to which a 
segment o f  track was assigned, were 
gen era lly  large amplitude, in frequent 
occurrences. These were on one hand 
obscured by the s t a t is t ic a l  processing 
o f  the data and on the other hand too 
large and too frequent to be considered 
part o f  the id e n t if ie d  sta tion ary  random 
process . In a d d ition , in the lower 
c la sses  o f  track , where most accidents 
were found to occu r, (R ef. 1 ) ,  the track 
geometry gauge deviations were found to 
be con tro lled  prim arily  by h a lf stag ­
gered jo in te d  r a i l  e f fe c ts ..

Analysis o f  accident data and experience 
o f  the AREA Ad Hoc Committee on Track 
Safety Performance Standards a lso  in d i­
cated that ra ilroa d  accidents were not 
purely random occurrences that were ex ­
tensions o f  normal operation conditions 
but could be associated -w ith  p a rticu la r  
track and operation  con d ition s. Accord­
in g ly , the government/industry e f fo r t s  
were red irected  towards a "scenario  ap­
proach ." Representative problem atic 
track geometry situ a tion s were defined 
and associated  representative veh ic les  
having a high incidence o f  derailment 
were analyzed to  esta b lish  lim its  on 
track geometry varia tion s to prevent de­
railm ent. A more complete d escrip tion  o f 
the "scen ario  approach" and an id e n t i f i ­
ca tion  o f  the h ighest p r io r ity  scenarios 
fo r  c o n tro llin g  numbers o f  accidents is  
given in  Chapter 2 o f  th is  report.

The highest p r io r ity  scenario  was stud­
ied in an analysis by TSC (R ef. 6 ) mak­
ing use o f  a s im p lifica t io n  o f  the 
"Freight Car Model" o f  the Government/ 
Industry Track Train Dynamics Program 
developed by Mechanical Engineering 
Department o f  the Massachusetts In s t i ­
tute o f  Technology (Ref. 7) which has 
been demonstrated to be in  good agree­
ment with experimental data. This study 
resu lted  in  the d e f in it io n  o f  a c r o s s ­
le v e l index fo r  c o n tro llin g  harmonic 
r o l l  derailm ents induced by c ro ss le v e l 
v a r ia tion . I t  was further evaluated in 
a p i lo t  a p p lica tion  o f  the Chessie Sys­
tem and in tests  on the Boston and Maine 
in August 1982.
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The second highest p r io r ity  as d iscussed 
in Chapter 2 was the combined e f f e c t  o f  
alignment, gauge, curvature and c r o s s - 
le v e l on high center o f  gravity  cars in 
operation  at speeds between 10 and 
25 mph. Attempts to apply the Library 
o f  R ail V ehicle Dynamics Programs ac­
quired under th is  e f fo r t  (Appendix A) 
resu lted  in the d iscovery  o f  two s ig n i f ­
ican t d i f f i c u l t i e s .  F ir s t , the programs 
that pred icted  r a il  forces were designed 
fo r  higher operation  speeds and were 
not com putationally e f f i c ie n t  at lower 
operating speeds. More im portantly, 
the e x is tin g  programs fa ile d  to treat 
gauge v aria tion s that normally occur 
with alignment varia tion s on lower track 
c la sse s . This resu lted  in the pre­
d ic t io n  o f  wheel r a i l  forces  fo r  wave­
lengths o f  the order o f  39 fe e t , much 
higher than those normally observed in 
f i e ld  measurements. A ccordingly , as 
d iscussed in Chapter 3, the ex is t in g  
r a i l  v eh ic le  models were m odified to 
improve the wheel r a i l  forces  represen­
ta tion . New algorithms were id e n t if ie d  
and used to improve the computational 
e f f i c ie n c y  o f  the program, SIMCAR.

The peak w n ee l/ra il forces  on the truck 
leading a x les , pred icted  by the program, 
were found to be in general agreement 
with data obtained in track te s ts , as 
d iscussed  in Chapter 4.

Parametric studies relating gauge, align 
ment, and curvature variations to rail 
car safety and wheel rail forces were 
conducted to define limits of track 
geometry variations which would be t o l ­
erable for operations between 10 and 
25 mph. The results of these studies 
are presented in Chapter 5. As d i s ­
cussed these results are believed to be 
conservative due to the simulation of 
new wheel/rail geometry and a friction 
coefficient that would be typical of 
clean dry rail.



-2. STUDY METHODOLOGY,

2.1 INTRODUCTION

The primary emphasis o f  the work con­
ducted in th is  e f f o r t  is  the analysis 
o f  the sa fe ty -re la te d  dynamic response 
o f  fre ig h t ca rs , sub jected  to track 
geometry v a ria tion s representing oper­
ating cond itions and track geometry 
deviation  cond itions that are typ ica l 
o f  tra in  derailm ent s itu a t io n s . The 
highest p r io r ity  was id e n t if ie d  at the 
Transportation Systems Center from the 
number o f  derailments a ttr ibu ted  to 
track geometry contained in the records 
o f  the FRA R ailroad A ccid en t/In ciden t 
Reporting System (RAIS) over the period 
January 1976 to September 1978 in c lu s iv e .

Q uantitative measures o f  dynamic re ­
sponse were id e n t if ie d  that could be 
d ir e c t ly  re la ted  to the proxim ity to 
derailment or track s tru ctu ra l fa ilu re .
In the stud ies described  here, the e f ­
fe c ts  o f  track geometry v aria tion s were 
assessed using car body displacements 
(r o l l-a n g le )  or wheel displacem ents 
(wheel l i f t  and d r o p ) , that im plied a 
derailment con d ition . C r it ic a l  force  
and force  ra tio s  necessary fo r  evalua­
tion  o f  track stru ctu ra l adequacy were 
a lso  id e n t if ie d  as required outputs o f  
the com putations.

F in a lly , analysis to o ls  were examined 
fo r  studying the scen a rio , th e ir  capa­
b i l i t y  fo r  p red ictin g  the performance 
measures, the.types o f  geometry devia­
tions p o s s ib le , v e h ic le  ch a ra cte r is t ics  
dep icted , and computational e f f ic ie n c y . 
The models were improved and the r e su lt ­
ing computer sim ulation applied to the 
study described in  Chapter 5.

The fo llow in g  section s  provide a more 
d eta iled  d iscu ssion  o f  the scenarios, 
processes and measurements, and analy­
s is  to o ls  in vestiga ted  fo r  the study o f 
derailment due to track geometric 
d ev ia tion s .

2 .2  DERAILMENT SCENARIOS

Table 2 .2 -1  provides a tabu lation  o f  
the number o f  derailm ents on mainline 
track a ttribu ted  to track geometry 
causes between 1976 and 1979 fo r  the 
speed ranges associa ted  with current 
FRA track sa fety  standards. Based upon 
the resu lts  o f  the v eh ic le  accident 
co rre la t ion  studies described  in 
Ref. 1, the Track Geometry Character­
iza tion  Studies, Ref. 3, and d iscu s­
sions with Railroad Industry represen­
ta tiv e s , the derailment scenarios 
l is te d  in Table 2 .2 -2  were id e n tifie d . 
They include cars, track geometry, and

operational cond itions representative 
o f  a major portion  o f  accidents in the 
ca teg ories  o f  Table 2 .2 -1 . Two scenar­
ios  appear to dominate the accident 
s t a t is t i c s .  Both are associated  with 
h igh -cg  loaded hopper cars.

Inadequacies encountered in  ex is t in g  
models, the n ecessity  fo r  model m od ifi­
ca tion , and delays in the a v a i la b i l i ty  
o f model comparative resu lts  from track 
tests  and track data, r e s tr ic te d  the 
resu lts reported here to Scenario 2.
The fre ig h t car model was developed 
s u f f ic ie n t ly  to complete running in the 
10-25 mph and to provide a sa t is fa c to ry  
basis fo r  in vestig a tion  o f  higher speed 
fre ig h t car scen arios.

2 .2 .1  Scenario 1 - Cross-Level on High 
Center o f  Gravity fCG) Cars, 10- 
25 mph

The ro ck -a n d -ro ll scenario (c r o s s - le v e l  
response) involves operation  o f  h igh -cg  
cars at above 10 but less  than 25 mph.
At these speeds, a ltern ating  low jo in t s  
in staggered r a i ls  provided track c r o s s ­
le v e l input frequency co in cid en t with 
the c a r 's  poorly-damped natural r o l l  
mode. This speed range is  con sisten t 
with the ex is t in g  FRA track c l a s s i f i c a ­
tion  No. 2. Although not apparent from 
Tables 2 .2 -1  and 2 .2 -2 , v a r ia tion  in 
alignment, gauge, and curvature a lso  
a f fe c ts  the tendency to dera il, in  th is 
mode. This is  seen more c le a r ly  in 
Table 2 .2 -3  fo r  a l l  v e h ic le s . It  has 
been p o s s ib le , to in vestiga te  certa in  
aspects o f  th is  response using models 
without w heelra il creep forces  or any 
track degrees o f  freedom. Car yaw 
motion has a lso  been neglected in  these 
stu d ies . Such a model (Ref. 7) was 
used by the Transportation Systems 
Center (R ef. 6 ) to determine the cross 
le v e l amplitude boundaries between sa fe  
and dangerous operation . The resu lts  
have been used to support in v estig a tion  
in to  track  geometry requirements to re ­
duce number o f  accidents resu ltin g  from 
th is scen ario .

In th is study, sa fe ty -re la te d  dynamic 
performance was defined by maximum wheel 
l i f t  and peak carbody r o l l  angle. An 
example o f  the la t te r  is  given in 
Fig. 2 .2 -1 , which a lso  shows the com­
parative re su lt  from the SIMCAR program 
using the rev ised  model, described in 
Chapter 3, designed fo r  the combined 
study o f  varying alignment, gauge, and 
curvature. For comparison, the track 
was stra igh t and gauge set tigh t in 
SIMCAR, the condition 's p rev a ilin g  in 
the MIT model study. Comparisons are 
given fo r  c r o s s - le v e l  varia tion s o f  1 in . 
and 5/8 in . One outcome o f  the TSC study 
'was a proposed track fig u re -o f-m e r it  r e - ” 
la ting  the cross lev e l deviation  perm is­
s ib le  to a moving c ro s s -le v e l average.
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TABLE 2 .2 -1
DERAILMENTS DUE TO TRACK GEOMETRY (R e f .  1 )

GOVERNING SCENARIOS FOR TRACS STANDARDS PRELIMINARY LIST
SPEED ALIGNMENT GAUGE SURFACE CROSSLEVEL
10-25 Alignment induced roll High CG Loaded Hopper Curve BJR3 + 59* 83

Pitch or Bounce Loaded Autorack Tangent BJR 8 8
Harmoaic RollHigh CG Loaded HopperTangent BJR1 312

25-40 Alignment Induced Roll High CG Unloaded Hopper Curve BJR4 37 9

Pitch or Bounce Loaded TOFC Tangent BJR9 0
Harmonic RollHigh CG Unloaded HopperTangent BJR2 37

40-60 Discontinuity Resp. Light CarDiscontinuity (Frog)7 14 3

Pitch or Bounce TOFCTangent BJR 10 0

Harmonic Roll High CG Loaded Box Tangent BJR5 4
60-80 Discoutinuity Resp. Locomotive Discontinuity (Frog)13 0

Hunting Empty FlatTangent CWR, Gauge Change11 o

Pitch or Bounce Locomotive Tangent BJR 12 0

Lateral/Vertical Resp Locomotive Spiral Entry/Exit 6 6
80-110 Discontinuity Resp. Locomotive Discontinuity (Cusp)14 0

Hunting Passenger Gauge Change16 0 0
Lateral/Vertical Resp Passenger Spiral Entry/Exit 15 0

+ P r io r ity
* Total no. o f  accidents TABLE 2 .2 -2

DERAILMENT SCENARIO PRIORITY BASED 
ON ACCIDENT STATISTICS

PRIORITY 
AND NO. SCENARIO DESCRIPTION NUMBER OF 

ACCIDENTS

1 C ross-level-in du ced  response o f  h igh -cg  loaded 
hopper on tangent b o lt e d - jo in t  r a i l :  10-25 mph

312

2 Alignment-gauge response o f  h igh -cg  loaded hopper 
on curved b o lte d - jo in t  r a i l :  10-25 mph

142

3 Alignment-gauge response o f  unloaded hopper car on 
curved track: 25-40 mph

46

4 C ross-leve l induced response o f  unloaded hopper 
car on tangent b o lt e d - jo in t  r a i l :  25-40 mph

37

5 Alignment-gauge response o f  l ig h t  box car on 
tangent track: 40-60 mph

17

6 Lateral-yaw response o f  locom otive during sp ira l 
en try -ex it  40-60 mph

6

2.2.2 Scenario 2 - Alignment-Gauge R e ­
sponse of High CG Cars, 10-25 mph

The number of accidents resulting from 
the second scenario in Table 2.2-2 is 
also large. The speed range of this 
scenario, derailments due to alignment 
and gauge, is again below 25 mph. A l ­
though derailments below'10 mph are 
apparent from Table 2.2-3, they are u n ­
likely to be associated with mainline 
running, are relatively inexpensive, 
and there remains some" doubt as to the 
interpretation of their cause. They 
are excluded from this scenario, as they

were from that of harmonic roll. The 
car is similar to that of Scenario 1, 
having a high center of gravity. The 
loaded 100 ton hopper, with truck c e n ­
ters close to rail length and old s u s ­
pension elements, is known to be a bad 
actor when operating over staggered 
bolted rail joints. Alighment and gauge 
response are generally associated with 
lateral rail misalignment. In curves, 
this implies wide gauge and alignment 
variation due to rail spreading forces 
at joints particularly on the outer 
rail. Tangent track has been included 
in this scenario for completeness.
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TABLE 2 .2 -3
DERAILMENTS VS SPEED AND TRACK GEOMETRY DEFECTS

(CAUSE CODES) MAINLINE TRACK. UM/RAIS '77 DATA

SPEED(MPH) TOTALDERAILMENTS
- DERAILMENTS DUE TO EXCESSIVE TRACK GEOMETRY DEVIATION

CROSS?. EVEL VIDE GAUGE ALIGNMENT SUPERELEVATION PROFILE
0 - 9.9 415 88 121 22 6 4
10 - 15 619 198 53 28 18 5

15.1 - 20 255 60. 10 13 9 2
20.1 - 25 230 54 10 18 8 0
25.1 - 30 181 29 3 16 4 0
30.1 - 35 79 1 3 10 i 0
35.1 - 40 130 7 3 11 0 0
40.1 - 45 71 0 1 8 0 0
45.1 - 50 85 4 2 5 1 0
50.1 - 55 27 0 0 1 0 0
55.1 - 60 22 0 0 0 0 0
60.1 - 65 7 0 0 0 0 0
65.1 - 70 9 0 0 0 0 0
70.1 - 75 1 0 0 0 0 0
75.1 - 80 0 0 0 0 0 0

2,131 441 206 132 47 11
AC 10 mph and above, total derailments - 1,716.

X -MIT, PLATIN MODEL 0 -SIMCAR, WITH TIGHT GAUGE

Figure 2.2-1 Comparison of Peak Car Body Roll Angle from MIT 
and' SIMCAR Computer Programs
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A p a rticu la r  feature o f  th is scenario 
is  that the la te ra l misalignment o f  each 
r a i l ,  p a rticu la r ly  where the ra ils  are 
staggered and jo in te d , renders th e ir  
gauge an important v a ria b le . Although 
u n iversa lly  sp e c ifie d  in track stan­
dards, none o f  the models c o lle c te d  and 
l is t e d  in Appendix A allowed fo r  the 
study o f  gauge as an input v a r ia b le , an 
e ssen tia l feature fo r  th is  study.

R oll angle is  le ss  l ik e ly  to reach dan­
gerous le v e ls  at low speed than in  Sce­
nario 1. However, wheel l i f t  in  the 
form o f  r a i l  climbing is  p oss ib le  under 
extreme curving with large la te ra l fo r c e s , 
e s p e c ia lly  where the v e r t ic a l  fo rce  is  
reduced. Under extreme wide gauge, 
whether s ta t ic  or due to dynamic gauge 
spreading, the wheelset may "drop in ” 
between the r a i ls .  Simulation requ ires 
a model capable o f  producing c r it e r ia  
to s u it  these forms o f  derailm ent. In 
the study described in Chapter 5, the 
m odified model o f  Chapter 3 was used.

2 .2 .3  Scenario (Combined 1 and 2) -
Cross-Level and Alignment, Gauge 
Response, 10-25 mph

As described  under Scenario 1, the e f f e c t  
o f  combined alignment, gauge and cross 
le v e l v a r ia tion  in curves (Scenarios 1 
and 2) is  believed  by some railway p er­
sonnel to  be responsib le  fo r  derailm ents 
o f  high eg cars which might not have 
occurred under e ith er  scenario sep arate ly . 
In p a rticu la r , unloading o f  the flanging  
wheel while being driven la te r a lly  by- 
the fo rce  on the heavily  loaded non­
flanging wheel is  a p o te n tia lly  hazardous 
s itu a tion . I f  th is occu rs, re la tin g  
track standards so le ly  to resu lts  o f  
separate studies under Scenarios 1 and 
2 may lead to conditions in which the 
track  c r o s s le v e l,  alignment and gauge 
combine to g ive unforeseen derailment 
p o te n t ia l . TSC has already recognized 
th is  p o s s ib i l i t y  and has carried  out 
te sts  under combined conditions on the 
Chessie System. This issue is  a lso  
addressed in the model improvements 
ou tlin ed  in Chapter 3, and incorporated 
in to  the SIMCAR program. The m odified 
model has both the r o l l  ch a ra c te r is t ics  
necessary fo r  Scenario 1, and truck and 
w b e e l/ra il  ch a ra cte r is t ics  fo r  dynamic 
curving including varying gauge. No 
other model was found su itab le  fo r  th is  
study as modeled.

The measures chosen fo r  id en tify in g  
sa fe ty  re la ted  dynamic performance are 
com patible with the separate scen arios. 
Wheel l i f t  may occur due to v e r t ic a l  
motion o f  the wheel in Scenario 1 o r , 
less  l ik e ly ,  due to large la te ra l to 
v e r t ic a l  force  ra t io  resu ltin g  in  wheel 
clim b, as in the second scenario. Body 
r o l l  is  a ffe c te d  in the combined s ce ­
nario by coupling o f  the cro ss le v e l and

la te ra l e x c ita tio n  o f  the wheelsets and 
a lso to a le sser  extent by track com pli­
ance. Wheel drop may occur where the in ­
stantaneous dynamic gauge exceeds the c r i t ­
ic a l  distance between wheel flange and op­
p os ite  wheel outer tread and must be avoided.

2 .2 .4  Scenarios 3 and 4 - Cross-Level 
and Alignment, Gauge Response.
25-40 mph

These scen arios , l is t e d  in Table 2 .2 -2 , 
are a continuation  o f  Scenarios 1 and 2 
at speeds o f  25 to 40 mph, con sisten t 
with e x is tin g  FRA track  Class 3. A 
speed o f  40 mph is  ju s t  above the low­
est speed at which hunting takes p la ce , 
fo r  l ig h t  cars with badly worn wheels.
At these low c r i t i c a l  speeds, the kine­
matic wavelength is  c lo s e  to the length 
o f  a s in g le  jo in te d  r a i l  and may prove 
to  be a problem. The reduction  in e f ­
fe c t iv e  la te ra l damping may g ive  r ise  
to  large la te ra l o s c i l la t io n s  when 
forced  by track alignment. This o s c i l ­
la t io n  is  described  more s p e c i f i c a l ly  
under Scenario 5. The in v es tig a tion  o f  
s in u so id a lly  varying alignm ent, c lo se  
to  the kinematic wavelength, is  reported 
in  Chapter 5. In Scenarios 3 and 4, 
the l ig h t  car natural frequencies are 
higher than those fo r  a laden car by a 
fa c to r  approaching 2. Thus, r o l l  ex­
c ita t io n  o f  the laden c a r ,a t  18 mph, 
produces a sim ila r  resonance near 36 mph 
in  the unladen car. Reduced v e r t ic a l  
fo rce s  at higher speeds con trib u te  to 
larger instantaneous la te ra l to v e r t ic a l  
fo rce  ra tios  on the wheel.

The model requirements fo r  sim ulating 
these cond itions are s im ila r  to those 
fo r  Scenarios 1 and 2 with some changes 
in emphasis where p a rticu la r  suspension 
frequencies in flu en ce  the response.
Gauge v a ria tion s remain im portant.
Measurement o f  wheel drop and la te ra l 
excursion  beyond flange con tact ( r a i l  
clim b) are again appropriate as meas­
urements o f  derailm ent. Forces are 
used to compare the model and te s t  
r e su lts .

2 .2 .5  Scenario 5 - Alignment, Gauge 
Response and Hunting, 40-60 mph

Light cars with worn wheels on dry track 
w ill  hunt. The speeds in d icated  in th is 
scenario are con sisten t with e x is t in g  FRA 
Class 4 Track. The con d ition  variab les 
fo r  hunting to occur include r a i l  and 
wheel p r o f i le s ,  v a r ia tion s  in track 
alignment, gauge and curvature, track 
surface con d ition s , lig h tn ess  o f  the 
car and truck geometry and s t i f fn e s s  as 
maintained. Tramming (dynam ically in ­
duced out-of-squareness o f  the truck 
plan) is  an important feature o f  hunt­
ing and leads to the wheel attacking 
the r a i l  in a p o ten tia l clim bing s itu a ­
tion . Heavy cars are le ss  su scep tib le
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2.3 ANALYSIS t o o l sco th is problem. The hunting o s c i l la ­
tion  is  frequentljr associa ted  with car 
body yaw. As mentioned in previous 
scen arios, the damping may be low enough 
at s u b -c r it ic a l  speeds to cause, large 
amplitude responses to sinusoida l track 
inputs. Lateral r a i l  alignment v a ria ­
tions can e x c ite  the o s c i l la t io n  into 
becoming se lf -s u s ta in in g . This is  ty p i­
ca l o f  suspensions with nonlinear char­
a c te r is t ic s  such as those found in fre igh t 
cars. Body yaw response is  large when 
the car truck cen ter d istance  is  nearly 
equal to 1 1/2 r a i l  lengths on staggered 
jo in ted  track . Although there is  a po­
ten tia l fo r  clim bing derailm ent, hunting 
is  a lso  o f  a concern as a cuase o f  subse­
quent track , v e h ic le  and lading fa ilu re . 
Simulation models o f  hunting require an 
accurate representation  o f  wheel r a il  
con d ition s. For th is  reason and because 
o f  the p o ten tia l fo r  component fa ilu re  
and wear, fo rces  are.im portant. Many 
models e x is t  fo r  the study o f  hunting 
in fre igh t cars (R ef. 8 ) .  They include 
random e x c ita tio n  o f  the v eh ic le  with 
nonlinear ch a ra c te r is t ic s  using d escrib ­
ing functions to  " l in e a r iz e "  the model. 
Present model re su lts  show some d iv er­
gence from known behavior when fr ic t io n  
c o e f f ic ie n t s  change. The derailment 
record supports a requirement o f  hunt­
ing study to improve the understanding 
o f  the e f fe c t  o f  r a i l  dynamic inputs 
during hunting.

2 .2 .6  Scenario 6 - L a te ra l, Yaw Re­
sponse in S p ira ls , 40-60 mph

Derailments d e s cr ip tiv e  o f  th is  scenario 
have occurred on p a rticu la r  3-axled 
locom otives. Extensive te sts  have been 
carried  out on these and other veh icles 
in attempts to id e n t ify  the cause o f  
these derailm ents. The computer pro­
gram CURVELOCO (No. 038 Appendix A) was 
a p a rticu la r  attempt to  simulate th is 
scenario . The la tera l-yaw  frequency is  
excited  by track  geometry w ithin th is 
speed range, perm issib le  under FRA c la s ­
s i f i c a t io n  No. 4 , p a r t icu la r ly  in curve 
entry and e x it  s p ir a ls . Dynamic unload­
ing o f  the wheels has a lso  been observed. 
Importance is  th erefore  attached to the 
transient forced  response o f  the veh icle  
and the e f fe c t iv e  damping in each mode. 
Although the geom etric re la tion sh ip  o f  
wheel to r a i l  adequately defines the 
derailment con d ition  in sim ulations, 
tests  to derailment are not generally  
carried  out. Total la te ra l force  was 
monitored in te sts  at TTC to indicate 
the proxim ity to track panel s h ift  and 
la te ra l and v e r t ic a l  fo rces  and their 
ra tio  were used to in d ica te  derailment 
p o ten tia l. Forces are th erefore  a nec­
essary part o f  model comparison with 
te st  re su lts .

The r a i l  v eh ic le  dynamics lib ra ry  (RVDL), 
described in Appendix A, was c o l le c te d  
to s e le c t  programs fo r  use in the para­
m etric stud ies o f  r a i l  v eh ic le  response 
to track input, id e n t if ie d  in the sce ­
nario o f  the preceding se ct ion s . F ig­
ure 2 -3 -1  re la tes  known v e h ic le  modes 
and natural frequencies to known v ib ra ­
tion  source wavelengths over the speed 
range fo r  each scen ario . The scenarios 
d iscussed are re la ted  to wavelengths 
due to r a i l  d is co n tin u it ie s  and r a i l  
alignment errors and include response 
due to truck kinematic a c t iv ity  during 
hunting.

Caution is  necessary in  in terp reta tion  
o f  Figure 2 .3 -1  in to  modeling requ ire ­
ments. The nonlinear ch a ra c te r is t ics  
o f  r a i l  v e h ic le s , p a rticu la r ly  fre ig h t 
v e h ic le s , g ive  r is e  to transient re ­
sponse and harmonic phenomena having 
higher frequency components than those 
in d ica ted . In add ition , the truck modes 
described  assume a primary suspension 
not used in  the fre ig h t v e h ic le  but 
universal in  the design o f  locom otives. 
Table 2 .3 -1  summarizes the extended . 
frequency range o f  in te re s t  in  each 
scenario  together with the modes o f  
o s c i l la t io n  needed in the model fo r  
accurate assessment o f  frequency re ­
sponse. Due to the complex nature o f  
the w h ee l/ra il in tera ction  forces  and 
u n certa in ties  in  wheel and r a i l  pro­
f i l e s  and f r i c t io n  behavior, many o f  
the models c o l le c te d  in Appendix A have 
included h ighly  s im p lified  representa­
tion s o f  the la te ra l w h ee l/ra il force  
ch a ra c te r is t ic s . In models fo r  pre- 
'd ic t in g  hunting behavior, the w heel/ 
r a i l  fo rce  ch aracteriza tion  has been-’ , 
lim ited  to use o f  lin ea r  creep char— £ 
a c t e r is t ic s  with a q u a s i-lin e a riz a tio n  
o f  the "g ra v ita tion a l s t i f fn e s s e s ” and 
" e f fe c t iv e  c o n ic i t ie s "  resu ltin g  from 
w h e e l/ra il geometry contact fo rces  and 
moments. These models have generally  
n eglected  f r i c t io n  saturation  e f fe c t s  
and the large spin creep la te ra l fo rces  
in flange con tact and have assumed con­
stant track gauge.
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Figure 2 .3 -1  Coupled R ail V ehicle Dynamics

TABLE 2 .3 -1
MODAL REQUIREMENTS FOR VEHICLE MODELS

SCENARIO FREQUENCY
RANGE MODE

1,2 0 .1 -4 .0  Hz Rigid Body 
Suspension

3 ,4 0 .3 -1 2 .0  Hz Rigid Body Sus­
pension, Body
Structural

5 ,6 0 .6-22 Hz Rigid Body Sus­
pension, Body 
Structural,Truck  
Suspension

The models fo r  la te ra l response to track 
ir r e g u la r it ie s  have in some cases assumed 
that the alignment varia tion s are much 
la rger than the flange clearance and 
that the wheels fo llow  the la te ra l track 
geometry p e r fe c t ly . This is  sa t­
is fa c to ry  fo r  computing the net fo rces  
on the car and truck, but can be ex­
pected to provide errors in the in d iv i ­
dual wheel fo r ce s , and is  unsuitable fo r  
studies o f  proxim ity to derailm ent. In 
other cases, the models assume the lin ea r  
creep re la tion sh ip s and e f fe c t iv e ly  
assume an in f in ite  flange clearance.

Other models div ided the w h ee l/ra il 
fo rces  in to  a tread region  governed by 
lin e a r  creep fo rces  and a v e r t ic a l  
flange where fo rces  are governed by an 
e f fe c t iv e  r a i l  s t i f fn e s s .  None o f  these 
models provide the p o te n tia l fo r  wheel 
climb to occur. For alignment v a ria ­
tion s ty p ica l o f  lower c la sses  o f  track , 
as d iscussed e a r l ie r  in  th is  chapter, 
the gauge v aria tion s are s ig n if ica n t  
compared to the alignment v a ria tion s 
and have a s ig n if ica n t  e f f e c t  on the 
r a i l  car response and w h e e l/ra il  fo rce s . 
Chapter 3 compares the wheelset d is ­
placements and w h e e l/ra il fo rces  o f  the 
model developed under th is  e f f o r t  with 
other published m ateria l.

I t  was found necessary to  develop an 
improved representation  o f  the w heel/ 
r a i l  fo rce  re la tion sh ip s  which included 
gauge v a ria tion  and wheel climb capa­
b i l i t i e s .  In order to permit genera­
tion  o f  resu lts  in a short time frame, 
a m odifica tion  o f  the w h e e l/ra il force  
models using lin ea r  creep fo rces  in the 
tread range and a nonlinear force  rep­
resentation  on the flange was made to 
permit wheel climb to be studied . As 
shown in Chapter 3, th is  representation  
is  a good approximation fo r  new stan­
dard AAR p r o f i le s  on new r a i l .

Numerical in tegration  programs which 
model the w h ee l/ra il creep forces  were
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found to be com putationally in e f f ic ie n t  
at low speeds because o f  large eigen­
values, which do not in flu en ce  the so lu ­
tion . The program SIMCAR used in the 
study here employs sta te  reduction to 
remove the e f fe c t  o f  these from the 
dynamic ca lcu la tio n .

Freight v eh ic le  response programs de­
veloped prev iou sly  treated  large ampli­
tude r o l l  using models with zero flange 
clearance, while the models that treated 
la te ra l response d id  not account fo r  
large amplitude r o l l .  Since the com­
bined e f fe c t  may be im portant, the model 
described in Chapter 3 contains both.

2 .4  DERAILMENT PROCESSES AND 
MEASURES

Section  2 .2  set out the nature o f  the 
derailment process fo r  the p a rticu la r  
scenarios id e n t if ie d  from the d e r a il ­
ment s t a t is t i c s .  In th is  section  the 
derailment p rocesses , which are not the 
re su lt  o f  track fa i lu r e ,  are id e n tifie d  
in  more d e ta il  and re la ted  to  the mea­
sures used in  the rev ised  model and 
sim ulation study reported  in  Chapters 3 
and 5. Derailment, as d iscussed here, 
represents the cessa tion  o f  guidance 
provided by the r a i ls  to  the wheelsets 
and is  ch aracterized  by movement per­
pendicular to the d ir e c t io n  o f  tra v e l.
In p a rticu la r , the wheel may l i f t  from 
the r a i l  su rface , and/or may move la t ­
e ra lly  as when the flange climbs over 
the r a i l ,  or  when the ou tside  o f  the 
non-flanging wheel moves in side  the 
gauge face o f  the r a i l .  These three 
derailment con d ition s are re ferred  to 
as wheel l i f t ,  wheel clim b and wheel 
drop.

Wheel l i f t  is  p r in c ip a lly  associated  
with the s ta t ic  and dynamic e f fe c t s  o f  
v a ria tion  in c r o s s le v e l.  S ta t ic a lly , a 
to rs io n a lly  s t i f f  fr e ig h t  car can ex­
h ib it  wheel unloading and wheel l i f t  i f  
the rate o f  c ro s s le v e l v a r ia t ion  along 
i t s  length exceeds the ca p a b ility  o f  
the suspension and body to tw ist. This 
con d ition  is  more prevalent with l ig h t ly  
loaded cars having constant contact 
sidebearers. In th is  s t a t ic  s itu a tion , 
derailment genera lly  fo llow s  unloading 
o f  the flanging wheel in  curves where a 
la te ra l force  is  sustained. Dynamic 
wheel l i f t  occurs when the v eh ic le  sus­
pension r o l ls  about a low center excited  
by c ro ss le v e l v a ria tion  at low jo in ts  
on staggered jo in te d  track  or at high 
overbalance speed in curves. Wheel 
l i f t  is  therefore  d e s cr ip t iv e  o f  an 
impending carbody r o l lo v e r  or o f  a po­
ten tia l unrestrained la te r a l  movement. 
Wheel climb is  frequ en tly  associated  
with p a r t ia l wheel unloading. With the 
vheelset attacking the r a i l ,  and the

flanging wheel l ig h t ly  loaded v e r t i ­
c a l ly ,  the non-flanging wheel ca rr ies  
an increase over s ta t ic  load and the 
la te ra l fo rce  developed by the non­
flanging wheel may drive the flanging 
wheel on to and over the r a i l .  The 
wheel la te ra l to v e r t ic a l  force  ra tio ,- 
L/V, has been used (R ef. 16) to in d i­
cate proxim ity to derailment conditions 
in th is  mode and is  e s p e c ia lly  impor­
tant fo r  m onitoring te s t  measurements. 
Derailment in d ices  pertinent to the 
study reported in Chapter 5 are d is ­
cussed in  the fo llow in g  se c t io n s .

2 .4 .1  Body R o ll Angle

A threshold was chosen from the ex p eri­
ence gained from other stud ies o f  the 
rock and r o l l  phenomenon (R ef. 7 ) . A 
value o f  ±5.0 degrees is  considered J 
ex cessiv e . For the loaded hopper car 
in vestig a ted , th is angle occurs w ell 
a fte r  ro ta tion  over the sidebearer and 
cen terp la te  separation  commences as 
d iscussed in  Appendix B. A sample p lo t  
o f  r o l l  angle against time, from the 
SIMCAR model described  in  Appendix B, 
is  given in F ig. 2 .4 -1 , fo r  severe r o l l  ., 
in  a 10 degree curve with gauge and "  
alignment v a r ia t ion . Although r o l l  
derailment is  p red icted , i . e . ,  the angle 
exceeds ±5.0 degrees, i t  is  accompanied 
by wheel climb as seen in F ig. 2 .4 -1 .

2 .4 .2  Wheel L i f t  and R ail Climb

In e a r l ie r  s tu d ies , a value o f  0.5 inch 
was used to s ig n ify  an excessive  height 
o f  the wheel tread above the r a i l  in 
cross le v e l response. The model o f  
P la tin  (R ef. 7) has been used by TSC in 
th is  regime with wheel l i f t  as a p r i ­
mary index o f  derailm ent. For the 
A ssociation  o f  American Railroads (AAR) 
1/20 p r o f i l e ,  0.5 inch approximates the 
height beyond which the flange angle 
decreases. The value o f  wheel l i f t  at 
the ta p e -lin e  during r a i l  climb may be 
ca lcu la ted  from 'the la te ra l wheel r a i l  
movement and knowledge o f  the p r o f i le s  
as given in  F ig. 2 .4 -2 . I t  suggests 
derailment i f  the wheel moves more than 
0.1 inch beyond in i t ia l  flange con tact. 
Distance beyond flange con tact is  a 
monitored output from SIMCAR. Figure 
2 .4 -3  i l lu s t r a te s  the re su lts  fo r  the 
case prev iou sly  i llu s tr a te d  in r o l l .
The graph in d ica tes  the time h istory  o f  
the p o s it io n  o f  the flange beyond i n i ­
t ia l  con tact with the r a i l .  R ail climb 
derailment is  shown to occur sim ultane­
ously with the exceedance o f  5° r o l l  
angle shown in Fig. 2 .4 -1  fo r  the same 
ca se .
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Figure 2 .4 -1  Severe R o ll in  a 10 Degree Curve 14 mph

Figure 2 .4 -2  Wheel L i f t  vs Lateral Displacement New AAR 
(vide Flange Wheel P ro fi le
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Figure 2 .4 -3  Severe Rail Climb Under Severe X-Level and
Alignment Perturbations in  a 10 Degree Curve -

2 .4 .3  Wheel Drop

The "d istance to wheel drop" fo r  new 
wide flange wheels is  defined  by the 
equation,

distance = 0 .5  (64.5 ± 0 . 3  -

instantaneous track gauge)

‘  ^wheel ’ inches 
where, ywkee]_ is  the wheelset la te ra l
p os it ion  r e la t iv e  to the track center 
l in e . The wheelset must a lso  avoid 
approaching wheel drop by a s ig n ifica n t  
sa fety  margin. A value o f  zero repre­
sents a derailment and is  a primary 
index. A sa fety  margin o f  1.25 in. 
shown in Fig. 2 .4 -4 , representing a 
maximum gauge o f  59 i n . , has been used 
fo r  the cases studied in  th is  report. 
This gives the d istance to the wheel 
drop lim it as,

The instantaneous flangeway clearance 
fo r  r ig id  track is  ava ilab le  as an ou t­
put from the computer program SIMCAR, 
and is  i llu s tr a te d  in F ig. 2 .4 -5 . The 
true clearance w ill  have add itional 
gauge increases due to r a i l  d e f le c t io n .
A representation  o f  th is  e f f e c t ,  used 
in Chapter 5, i s  i l lu s tr a te d  in F ig. 
2 .4 -6 , which p lo ts  la te ra l fo rce  against 
d istance to wheel drop d ir e c t ly . The 
lim itin g  la te ra l r a i l  d e fle c t io n  fo r  
the s o fte s t  r a i l  f l e x i b i l i t y  thought 
acceptab le fo r  track restra in t s p e c i f i ­
ca tion  is  p lo tted  and the value o f  the 
d e f le c t io n  fo r  the low r a i l  estab lish ed . 
The r a i l  d e f le c t io n  curve fo r  the high 
r a i l ,  p lo tte d  from the low r a i l  d e f le c ­
tion  p o in t , g ives a lim it  above which 
the computed poin ts would in d ica te  a 
derailm ent. This does not happen in 
the i l lu s t r a t io n  used. This form o f  
derailment w il l  be seen to be important 
in the resu lts  given in Chapter 5.

distance = 3.07" - instantaneous 

flangeway clearance
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Figure 2 .4-4  Wheel/Rail Contact Geometry for AAR Standard 
Freight Car Wheel on AREA Standard Rail at 
59 in . Rail Gauge with Wheelset Displaced 
at Laterally 1.5 in.

Figure 2.4-5 Instantaneous Clearance with Severe Lateral Rail 
Cusps on a 15 Degree Curve
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FORCE-DROP

DISTANCE TO WHEEL DROP LIM IT (INCHES)

Figure 2 .4-6  Leading Outer Wheel Lateral Force Against 
Distance to Wheel Drop - 15 Degree Curve 
with Outer Rail Cusps (See Also Fig. 2 .3-4)
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3. FREIGHT VEHICLE MODEL 3.2 MODEL SUMMARY

3.1 INTRODUCTION
The model used to study the e ffe c t  o f  
track irregu la rities  on freight veh i­
cles represents a typical freight vehi­
c le  having two 3-piece trucks. The 
general arrangement is  shown in Fig. 
3 .1 -1 . Values o f  the parameters for a 
loaded 100 ton Hopper Car are given in 
Appendix C.
The body o f the vehicle rests on the 
centerplate o f the bo lster which in 
turn rests on the spring groups at the 
center o f  each sideframe. Each spring 
group contains two spring loaded f r i c ­
tion snubbers giving damping in the 
v ertica l and la tera l d irections. Each 
sideframe rests on two bearings, one on 
each a x le , through bearing adaptors 
which s lo t  into the sideframe above the 
bearings. The body contains body b o l­
sters over each truck. Sidebearers are 
located between the body and truck b o l­
sters. A general view o f  a freight 
veh icle is  given in Fig. 3 .1 -2 . The 
truck bo lster moves la tera lly  with the 
body, yaws with the wheelsets, and r o l ls  
re la tive  to both.

3 .2 .1  Degrees o f Freedom
The fre igh t car model is  described in 
terms o f  the follow ing sixteen degrees 
o f  freedom:

• Rigid Body
1. Lateral displacement (yc )
2. V ertical displacement (z )
3. Roll angle ($c )
4. Pitch angle (<3)
5. Yaw angle (4ic ) C

® F lexible Body
6. Twist (|x )
7. V ertical bending (| )
8. Lateral bending (4Z)

e Truck A
9. Lateral displacement (yA)
10. Wheelset (b o lster) yaw 

angle ( iJia )
11. Sideframe yaw angle (5A)

-top OF RAIL

Figure 3.1-1 3-Piece Truck
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Figure 3.1-2 100-Ton Freight Car

• Truck B

12. Lateral displacement (y„)
13. Wheelset (b o lster) yaw a 

angle (ijjg)
14. Sideframe yaw angle (5g)

• Bolsters A and B

15. Roll angle on A ( lt>gA)
16. Roll angle on B (4>gg)

A full description of the equations 
governing the model behavior is given 
in Appendix B.

3.2 .2  N onlinearities
The most complex system characteristics 
are associated with the w heel/rail in ter­
action which are discussed fu lly  in 
Section 3.3 . The remaining suspension 
non linearities are constructed in piece- 
wise linear form, and are discussed in 
Appendix B. They comprise,

• Roll moment - to allow for  side­
bearing clearance and rotation 
about the edge o f  the center- 
plate

• Snubbing forces - fr ic t io n  in 
the suspension between bolster 
and sideframe in v ertica l 
movement

• Centerplate fr ic t io n  - yaw 
fr ic t io n  between the centerplate 
and body

• Tram (truck out o f square) 
s t iffn e ss  - sudden increase in 
s t iffn e ss  with increasing angle 
between the wheelsets and side- 
frames as the clearances are 
taken up •

• Lateral suspension s tiffn ess  - 
sudden increase in lateral 
s t iffn e ss  as the clearance be­
tween the sideframe and bolster 
is  taken up

• V ertical suspension s tiffn e ss  - 
to permit bottoming o f the 
springs and movement about free 
length o f  the springs.

3 .2 .3  Track Inputs
Provision is  made in the models for 
sinusoidal and jo in ted  ra il  shapes, the 
la tter  being constructed from an ex­
ponential form. The ra il  jo in ts  may be 
staggered or symmetric. Provision is  
also made for  varying the perturbation 
amplitudes in segments o f track length, 
so that test tracks o f known shape may 
be represented in constant curvature 
with alignment, gauge, and cross -lev e l 
variations. The 19 inputs calculated 
in the model from the chosen ra il  
shapes, described more completely in 
Appendix B, are

• Lateral unbalance in curve
• Apparent along track d ifference 

in wheel v e lo c ity  over ra ils  due 
to d ifferen t ra il  lengths in the 
curve

• Track yaw angle in curve at each 
truck re la tive  to body

• Track la tera l alignment at each 
axle

® Mean track v ertica l position  at 
each truck

• Mean track v ertica l rate o f  p osi­
tion change at each truck

• Mean cross -lev e l angle at each 
truck

• Mean rate o f cross -lev e l angle 
change at each truck

• Rail/wheel flange semi-clearance 
at each axle.
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3 .: RAIL/WHEEL MODEL

The r a i l /w h e e l  model used in  the work 
re p o rte d  is  an approxim ate  one based 
i n i t i a l l y  on the  work o f  Sw eet, L .M . , 
S iv a k , J . A . , and Putman, W .F. c a r r ie d  
o u t fo r  TSC a t  P r in c e to n  U n iv e rs ity  
(R e f. 1 8 ) .  In  th is  in v e s t ig a t io n , th e o ­
r e t i c a l  and e x p e rim e n ta l r e s u lts  were  
o b ta in e d  fo r  a w h e e ls e t, c o n s tra in e d  
l a t e r a l l y  and in  yaw f o r  p a r t ic u la r  
r a i l  and wheel p r o f i le s  and c o e f f i ­
c ie n ts  o f  f r i c t i o n  between 0 .4 5  and 
0 . 5 2 .  The e x p e rim e n ta l work used a 
o n e - f i f t h  s c a le  model and LEXAH was 
used f o r  wheels and r a i l s  to  p ro v id e  a 
p ro p e r s c a le  f o r  the r a i l /w h e e l  fo rc e s .

The r e s u lts  suggested th a t  i t  m ight be 
p o s s ib le  to  use a l i n e a r  model on the  
t r e a d  w ith  term s added to  th e  w h e e ls e t  
yaw moment and l a t e r a l  fo rc e  upon fla n g e  
c o n ta c t. These a d d i t io n a l va lu e s  were  
i n i t i a l l y  presumed to  be a fu n c tio n  
s o le ly  o f  l a t e r a l  p o s it io n  beyond fla n g e  
c o n ta c t. However subsequent m o d if ic a ­
t io n  has made th e  ap prox im atio ns  more 
complex and more a c c u ra te  r e l a t i v e  to  
o th e r  models and p u b lis h e d  d a ta .

In  th e  fo llo w in g  d e s c r ip t io n  o f  the  
approxim ate  model developed  fo r  th e  
com puter program SIMCAR, each w h e e l/ 
r a i l  fo rc e  o r  moment is  g iv e n  in  terms  
o f  th e  lo c a l  w h e e ls e t c o o rd in a te s , y  o r  
i|>, and t h e i r  d e r iv a t iv e s .  These a re  
l i n e a r ly  r e la te d  to  th e  m otion  v a r i ­
a b le s  chosen fo r  eq u a tio n s  o f  m otion in  
Appendix B.

3 - l a t e r a l  h a l f  d is ta n c e  
between r a i l /w h e e l  
c o n ta c t p o in ts

v -  v e lo c i t y  a long  t r a c k .

The l i n e a r  l a t e r a l  fo rc e  c h a r a c t e r is t ic  
fo r  each w h ee l, fo r  s m a ll creepages and 
c o n ta c t a n g le s , i s ,

Fy = F22 (2 - *)

where

'29 * l in e a r iz e d  l a t e r a l  creep  
^  c o e f f i c ie n t .

I t  is  known from C a r t e r ’ s work th a t  
th ese  creep  c o e f f ic ie n ts  a re  a fu n c t io n  
o f  v e r t i c a l  lo a d . Thus,

F -  F r2 /3fc22 " 622s t a t ic  K

where

R -  r a t io  o f  a c tu a l to  nom inal 
s t a t ic  v e r t i c a l  lo a d  f o r  th e  
w heel under c o n s id e ra tio n

( = V
V s ta t ic

3 . 3 . 1  L a te r a l Wheel Force

Forces on the tre a d  due to  s p in -c re e p  
and the  l a t e r a l  component o f  the  norm al 
a t  c o n ta c t a re  assumed to  be sm all and 
a re  n e g le c te d . Choosing y  to  re p re s e n t  
lo c a l  w h ee lse t l a t e r a l  movement and i|j 
th e  lo c a l  yaw an g le  r e l a t i v e  to  th e  
t r a c k ,  the  wheel tre a d  creepages a re

lo n g itu d in a l ,  vx  = ± ( ^  y + |  $ )
o

r ig h t  wheel + ve

The l in e a r iz e d  r e la t io n s h ip  f o r  l a t e r a l  
fo rc e  by any w heel becomes,

Fy = F22scatic r2/3 <1 ‘ *>

Under la r g e  c reep ag es , the  ta n g e n t ia l  
fo rc e  in  th e  c o n ta c t a rea  w i l l  s a tu r a te ,  
becom ing eq u a l to  th e  l i m i t in g  f r i c t i o n  
fo rc e  in  th e  d ir e c t io n  o f  s l ip p in g  fo r  
th e  c o n d it io n s  chosen. The d ir e c t io n  
o f  s l ip p in g  is  g iv e n  by th e  creep ag es . 
H ence, th e  l a t e r a l  d ir e c t io n  c o s in e , is  
g iv e n  b y ,

l a t e r a l ,  -  >|>), both  wheels

where

( ) -  d e r iv a t iv e  w ith  re s p e c t  
to  tim e

a -  tre a d  cone se m ia n g le ,
assumed co n s ta n t and sm all

r  -  mean r o l l in g  ra d iu s

c y
Vv 4*)

J ( ^  y  + 1  $ > 2 + ( ?
o

T hu s , th e  l im i t in g  l a t e r a l  fo rc e  on any 
w heel is  (Cy pV) w here,

p = c o e f f ic ie n t  o f  f r i c t i o n  on 
the  tre a d
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The la tera l force on any wheel in ­
creases rapidly when the flange is  con­
tacted, due to the rapid increase in 
concact angle. In fu l l  s l ip , with no 
longitudinal component, the value o f 
la tera l to v ertica l force ratio on a 
flanging wheel, at large angle-of- 
attack to the r a ils , may reach that 
suggested by Nadal (Ref. 9 ),

L _ tan 5 - p
V ” 1 + p tan 5

where

5 = flange angle.
Under conditions o f  fu l l  la tera l s l ip ­
page, a non-flanging wheel has a value
o f  ^ «  p . Upon flanging, the approxi­
mation used here assumes an additional 
la tera l force which is  so le ly  the func­
tion o f  distance beyond flange contact 
shown in Fig. 3 .3 -1 . The increase in 
value is  introduced progressively for 
analytic purposes by the leading slope 
FLEAD‘ ^he maxi fflum value is  chosen to
provide, fo r  large slippage in the la t ­
eral d irection , a value for  the sum o f  
tread and flange forces on the flanging 
wheel equal to that due to Nadal. The 
resu lting maximum value due to the 
additional flange contact force is ,

L _ + tan 6 - u _ (1+p2) tan 6
V  ̂ 1 + p tan 6 1 + p tan 6

The la tera l force , L, is  assumed pro­
portional to the instantaneous v ertica l 
force , V.

! i  = 0.5: Klea0 -  108lb/in; i  -  87°

Figure 3.3-1 Increase in h at Flange 
Contact

3.3 .2  Wheelset Moments
The yaw moment on a non-flanging wheel- 
set for  small creepages.and angles is  
approximately,

Tz = 2B Fn  y + 1o
where

F,-, - longitudinal linear creep 
c o e f f ic ie n t .

In the approximate model, no adjustment 
is  made to the longitudinal creep co­
e ff ic ie n t  in tread contact to account 
for variations in the v ertica l wheel 
loads below saturation. However, the 
moment is  saturated in a manner sim ilar 
to that for  the la tera l fo r c e . ' The 
longitudinal d irection  cosine fo r  tread 
contact is ,

Hence, the lim iting longitudinal force 
on any wheel is  Cx pV. The maximum
possible moment on the wheelset i f  no 
flanging occurs i s ,

T = 2BC uV max x H s ta tic .

V . occurs under equal wheel loads, s ta tic
R=l. An adjustment is  made for  other 
values. I f  R=0 then no moment is  pos­
sib le  since no longitudinal force  can 
exist on one or other o f  the wheels. A 
factor F  ̂ between 0 and 1, linear in R,
is  used to account for  th is. The tota l 
saturated moment becomes,

Tz = FM • 28 Cx S t a t i c

Flange contact with one ra il  has the 
e ffe c t  o f a sudden increase in ro llin g  
radius and a resulting yaw moment which 
steers the wheelset around towards the 
track centerline. In addition , there 
is  generally a change in the rotational 
v e locity  o f  the wheelset necessitated 
by torque equilibrium requirements 
about it s  axis. Flange contact gen­
era lly  produces saturation at the non­
flanging wheel contact with the ra il 
and provides a lim iting fr ic t io n
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condition. The longitudinal component 
o f  this fr ic t io n  force has therefore 
been used to approximate the tota l yaw 
moment.
In order to establish  the longitudinal 
component o f the fr ic t io n  force , a v a l­
ue o f longitudinal creep on the non­
flanging wheel was in it ia l ly  derived 
assuming single point contact on the 
flanging wheel for  the new AAR 1/20 
wheel on new 132 lb /yd  AREA ra il . How­
ever i t  was found necessary to modify 
this expression to r e f le c t  the two point 
contact for  these p ro file s  when flanging 
and to allow for change in the wheelset 
rotational speed. Thus,

longitudinal creep, vx

_ (LAP)0.3 (0 . 0042 + 1.636

where

LAP - distance beyond in it ia l  
flange contact

5 - see Fig. 3 .3-5 - lead
y distance

RQ - mean ro llin g  radius.

The expression was obtained as a heu­
r is t ic  f i t  to published data. The ex­
pression for the longitudinal d irection  
cosine on the non-flanging wheel is ,

Cf lx  = v
2 2v + vx y

where

v = longitudinal creep, 
' given above

Vy = linear la tera l creep

This resulting maximum yaw moment on an 
equally loaded wheelset (R=l) is ,

T--, = Cc1 • 2B • u Vf lz  fix  M sta tic

or in dimensionless terms,

T
2BV

flz
sta tic

H Cfix

As with the non-flanging wheelset the 
yaw moment can only exist in the

presence o f  non-zero wheel loads and is 
assumed to be a maximum when Che wheels 
are equally laden at the sta tic  value. 
Thus, fo r  any v e rtica l force ratio on 
the flanging wheel,

” V . ’sta tic
T

2BV
fix
s ta tic M FM Cflx

where FM has the value given in Fig. 
3.3=2. n

Figure 3 .3-2  Yaw Moment Factor for 
Flanging Wheel R

3 .3 .3  Total Wheelset Characteristics 
fo r  SIMCAR

The dynamic response o f  the vehicle as 
modeled to rail/w heel forces and mo­
ments is  a consequence o f  the tota l 
e ffe c t  on both wheels. These are pre­
sented here in terms o f  the net la tera l 
force , P, and the yaw moment, M; They 
are made non-dimensional by d iv ision  by 
the axle load, W, and the maximum f r i c ­
tion  moment, pBW, respectively . The 
values chosen for  illu s tra tio n , and 
la ter fo r  comparison to the Kalker 
look-up model are fo r  the new AAR 1/20 
wheel on new AREA 132 lb /yd ra il  with p 
= 0.375. The maximum flange angle is  6 
= 67° and the tread cone angle, a =
0.05 radians.
The total axle lateral to vertical 
force ratio, P/W, is shown in Fig.
3.3-3 against i)>, the yaw angle of 
attach. This may be interpreted as 
the negative lateral c r e e p a g e , [ii - 
y / v ) , in a dynamic circumstance. Thus, 
the curve for |v| < 0.323 in., is the
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2 .ao
approximation for the la tera l tread 
creepage ch aracteristic , including sa t­
uration but shown in a negative sense.
As previously discussed in Section 3 .3 .1 , 
the value o f  la tera l force on the flang­
ing wheel decreases with yaw angle to 
the Nadal lim it. In practice  negative 
angles o f  attack during flanging are 
lim ited to the tra ilin g  axle under dy­
namic conditions and to hunting. Con­
sequently, the ch aracteristic  in this 
regime does not impact the study re­
ported here. However, i t  is  apparent 
from Fig. 3.3-3 that the present char­
a c te r is t ic  is  inaccurate in this region.
A more correct model such as that d is ­
cussed in Refs. 16, 17, 18 does not 
have symmetry suggested by the sim pli­
fied  form used here. This is  due to 
the change in the d irection  o f  the 
flange force . In the lim it this gives 
an expression for the Nadal value on 
the flanging wheel,

L _ tan 6 + m
V 1 - p tan S

and for  the tota l force on the axle,

P _ 2p + (1- m̂ ) tan <5 
W 1 - M tan 6

using values p = 0.375 and 5 = 67°, 

^ = 23.8 (Nadal, >J) << 0)

Although very much larger than the ap­
parent asymptote in Fig. 3 .3 -3 , this 
Nadal value w ill only be approached 
w ell outside the range o f angles shown 
and no negative value o f  angle o f  attack 
has been observed in the results pro­
duced for  a flanging wheel.
Variation o f the la tera l force , P/W 
beyond flange contact is  apparent from 
Fig. 3 .3-3 and more easily  seen in the 
cross p lo t o f  P/W against y shown in 
Fig. 3 .3 -4 . These values occur during 
saturation on the non-flanging wheel 
and are a ffected  by the increase in 
longitudinal creepage and the resulting 
rotation  o f Che s lip  vector towards the 
d irection  o f travel. The result is  a 
further increase in P/W for p ositive  
angle tji and a decrease for  negative 4>. 
The values for negative if) in Fig. 3 .3-4 
further illu s tra te  the inaccuracy d is ­
cussed for  this regime. The tota l la t ­
eral force characteristic  remains unaf­
fected  by curvature o f the track.
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■0.8 -0.4 -0.2 o.'o 0.2 o'. 4 0.6
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Figure 3.3-3 Approximate Wheel/ 
Rail Interaction : 
P/W vs i|j

LATERAL DISPLACEMENT. Y (INCHES)
Figure 3.3-4 Approximate Wheel/ 

Rail Interaction : 
P/W vs y

The non-dimensional moment M/pBW is  
shown in Figs. 3 .3 -5 , 3 .3 -6 , 3 .3 -7 ,
3 .3 -8 , for curves o f  0, 5, 10, 15 de­
grees, respectively . The principal 
d ifference between these curves is  in 
the region o f  tread contact where the 
lateral o ffs e t  o f  the wheelset for 
equilibrium in the curve is  apparent.
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LATERAL DISPLACEMENT. Y IINCHE5)
Figure 3.3-5 Approximate Wheel/

Rail Interaction : 
M/pBW vs y 
Tangent Track

Figure 3.3-6 Approximate Wheel/ 
Rail Interaction: 
M/pBW vs y 
5° Curve

Rail Interaction : 
M/pBW vs y 
10° Curve

LATERAL DISPLACEMENT, Y (INCHES)
Figure 3 .3-8  Approximate Wheel/ 

Rail Interaction : 
M/pBW vs y 
15° Curve

Beyond flange contact the moment which here this is  independent o f  curvature
comes from the saturated longitudinal and approaches fu ll  longitudinal s l ip -
component o f the tangential fr ic t io n  page with increasing y.
force , depends sole ly  on the d irection  
o f  slippage. In the approximation used
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3.4 COMPARISON OF APPROXIMATE RAIL/' 
WHEEL CHARACTERISTICS WITH THE 
ELKINS MODEL

3.4 .1  H istorical Background
Prior to the 1960’ s steady-state curv­
ing predictions were performed using a 
method, (Refs. 10 and 11), in which the 
treads o f each wheel were considered to 
be cy lin d rica l and forces were devel­
oped by slid ing  fr ic t io n . The d irec­
tion  o f the force was aligned with the 
d irection  o f the slippage vector. Ad­
d ition a l la tera l forces were developed 
by the flange when i t  came into contact 
with the gauge face o f  the r a il .
The linear relationships between creep 
force and creepage f i r s t  formulated by 
Carter (Ref. 12), were applied to the 
problem o f  predicting the curving be­
havior o f  railroad veh icles by Boocock 
(Ref. 13) and Newland (Ref. 14).

The curving models were then refined to 
include the e ffe cts  o f  gravitational 
s t iffn e ss  and spin creep, which were 
s ign ifica n t with worn or p ro filed  wheels, 
particu larly  when contact occurred near 
the flange root. The analyses conducted 
using the linear creep theory, consid­
ered flange contact as a condition to 
be avoided and, therefore, at the lim it 
o f  the analysis. However, the lim ita­
tion occurred for  almost a l l  vehicles 
on curves having a radius o f greater 
than 2,000 f t  (3 ° ) , and for  most vehi­
cles  on much larger radius curves, where­
as the major problems o f  ra il wear and 
track damage were occurring on smaller 
radius curves.

At this point, two d iffe ren t approaches 
were pursued. The desire to have wheel 
p ro file s  which would remain approxi­
mately the same shape throughout their 
l i f e ,  led to the development o f pro­
f i le d  wheels. These p ro file s  were found 
to give only a single point o f contact 
with the ra il  for most o f  the ra il  pro­
f i l e s ,  new or worn, found in practice .
In order to evaluate the performance o f  
these p ro filed  wheels, detailed analyt­
ic a l models o f  the w heel/rail interac­
tion were developed. These models made 
use o f Kalker’ s nonlinear creep theory 
(Ref. 15), which had become available 
at about this time. As a resu lt, models 
were created including the nonlineari­
ties  arising from both the single point 
contact w heel/rail geometry and the 
creep force creepage relationships, 
inherent in Kalker’ s nonlinear theory. 
This approach is  described in the work 
at British Rail o f G ilch rist and Brickie 
(Ref. 16), Elkins and Gostling (Ref.
17), and in the United States by Sweet 
and Sivak (Ref. 18). Experimental 
results for la tera l force and yaw

moment were obtained from both fu ll  
scale experiments and model tests , which 
gave good agreement with the predicted 
w heel/rail forces.
Models at AAR (Ref. 19) and B attelle 
(Ref. 20) in the United States, used a 
completely d ifferen t approach. The 
concepts o f Porter and Boocock-Newland 
were combined, to produce a model which 
calculated tread forces from the linear 
creep force relationships for a straight 
tapered wheel, and introduced a la tera l 
force on an im p licitly  v e rt ica l flange.
A recent advance by Elkins at TASC, 
using the theory o f  Elkins and Gostling 
(R e f . .16), but allowing two points o f 
contact on the flanging wheel, has given 
extremely accurate force and moment 
predictions on the flanging wheel when 
compared to test results carried out 
for the Urban Mass Transportation Admini­
stration on the Washington Metropolitan 
Transit Authority by TSC. The Elkins 
model is  widely accepted as being the 
most accurate currently available and 
has now been validated for a number .of 
p ro file s  giving both single and two-point 
contact. It is  therefore described in 
more deta il and used below as a standard 
against which the simpler model described 
in this report is  compared.

3.4.2 The E ffect o f  Rail/Wheel Pro­
f i le s  on Forces and Moments

In 1977, resulting from studies carried 
out at B ritish R ail, Elkins and Gostling 
published "A General Quasi-Static Cur­
ving Theory for  Railway V eh icles," (Ref. 
17). The paper described a model, 
validated by experiment for  single point 
contact, which used measured cross- 
sectional geometry o f  wheels and ra ils  
to insert the rail/w heel forces and 
moments into the equilibrium equations. 
The forces in the plane o f  contact and 
moments about its  perpendicular were 
obtained from the Kalker table book 
(Ref. 15), extended to include values 
o f contact patch e l l ip t ic i t y  up to 10, 
permitting accurate assessment up to 
derailment.
Further improvements were made to the 
model in Ref. 22 and the addition o f 
two points o f  rail/w heel contact, at 
TASC in Ref. 23. The model and resu lt­
ing computer simulation are used for 
evaluating the accuracy o f  the sim pli­
fied  model o f  w heel/rail forces and 
moments described above.
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In Che model by Elkins, che position  
and angles o f the points o f contact and 
a knowledge o f the angular v e lo c ity  o f 
the axle about its  bearing, axis <J , are 
used to calculate longitudinal, la tera l 
creepages and spin at a l l  points o f 
contact. ,The angular v e lo c ity  o f  the 
wheelset | is  calculated from consider­
ations o f  torque balance as discussed 
in Ref. 17. The creepage equations for 
each point o f  contact are iden tica l to 
those described in Refs. 17 and 22 and 
are not repeated here.
The net force and moment on the axle 
are made up o f components o f the normal 
and tangential forces on each o f the 
points o f .contact, with the tangential 
forces being dependent upon the normal 
forces and the previously discussed 
creepages. The tangential or creep 
forces are highly nonlinear functions 
o f  the creepages and the contact patch 
geometry and are calculated from Kalkers 
nonlinear table o f  force/creepage re­
lationships in the manner described in 
Ref. 17.

For a single point o f contact on each 
wheel, the v ertica l load and the wheel- 
set kinematics uniquely define the normal 
and, therefore, the tangential forces 
at the contact point. However, when 
two points o f contact ex is t , there is  a 
range o f  values o f normal and tangential 
force , which may occur at the two points 
o f  contact, for a given v ertica l wheel 
load and wheelset kinematics.
Although, the la tera l force and yaw 
moment cannot be separately defined for 
this la tera l displacement, there is ' a 
unique relationship between them. Plots 
o f  axle yaw moment against la tera l force 
provide a convenient means o f comparing 
the steering characteristics o f  the 
w heel/rail geometries discussed in this 
report and la ter comparing the SIMCAR 
and Elkins characteristics.

A d irect comparison is  given fo r  the 
case o f equal wheel loads and three 
d ifferen t p ro file  assumptions in Figs.
3 .4 -1 , 3 .4 -2 , and 3 .4 -3 . The cases 
chosen represent the lead axle angle- 
o f-attack  in steady-state in curves o f  
0 , 5 ,  and 10 degrees. The p ro file  
assumptions are single and two-point 
contact with new AAR 1/20 wheel p ro file s  
on 132 lb/yard AREA ra il  section , and a 
worn wheel p ro file  used by Canadian 
National researchers (Ref. 25) (ca lled  
CNA) on a worn ra il p ro file  shown 
in Fig. 3.4-4 and discussed more fu lly  
in Section 3 .4 .3 .
The figures show that the correct 
assumption o f two point with the new 
AAR 1/20 wheel gives a lower steering

moment for any chosen lateral force.
This increases the la tera l force in 
equilibrium conditions during curving.
The CNA p r o f i le ,  which represents an 
average worn condition , generally re­
su lts in a higher steering moment. The 
exception occurs at the flange root 
where two point contact occurs. This 
is  noticeable in Fig. 3 .4 -1 . It-should 
be noted that a l l  ch aracteristics given 
in this chapter terminate a rb itrar ily  
beyond maximum flange angle.
It  is  possib le  to conclude from these 
results that the new AAR 1/20 wheel on 
new 132 lb /yard , ra il which has contact 
separately with flange and tread, con­
tributes a lower steering e ffe c t  to the 
axle and provides the highest potential 
for  derailment. The sim plified char­
a c te r is t ic  has therefore been designed 
to simulate th is condition with great­
est accuracy.
3 .4 .3  Comparison o f SIMCAR with Elkins' 

Results - New P rofiles

In order to compare the values o f  wheel- 
set moment and la tera l force on the 
flanging wheel, descriptive o f  the steer­
ing ch aracteristics  represented by the 
model, a matrix o f  values was chosen.
For the leading wheelset, the angle-of- 
attack used was calculated to represent 
steady-state curving. The chosen values 
were,

Curvature t(j (Angle-of-Attack)

0° 0.0°
5° 0.3°0o 0 .6°

15° 0.9°

Each result was computed for  load ra tio
R = ^——----- = 0 .5 ; 1 .0 ; 1 .5 . The s ta tic

sta tic
wheel load is  32,868 lb .
In addition , resu lts representing the 
tra ilin g  axle were chosen with zero 
angle-of-attack  over the same range o f 
curvatures fo r  R = 1.0 . The comparison 
was carried out for  a value o f  p = 0.375, 
and 6 = 67°, also used in the simulation 
o f the results given in Chapter 5.
Figures 3 .4 -5 , 3 .4-6 and 3.4-7 show a 
complete set o f  SIMCAR characteristics 
o f  M/pBV (axle moment) against P/W (axle 
la tera l force ) for  the chosen values 
above. Representative values o f  the 
ch aracteristic  are repeated in la ter 
figures in comparison with the charac­
te r is t ic  by Elkins, using the Kalker 
tables, for new AAR 1/20 wheel p ro file s  
on new AREA 132 lb ra il at a standard
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Figure 3.4-1 Axle Yaw Moment M/pBW vs Flanging Wheel L/V
ELKINS MODEL
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Figure 3.4-2 Axle Yaw Moment M/ BW vs Flanging Wheel L/V
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Figure 3.4-3 Axle Yaw Moment M/pBW vs Flanging Wheel L/V

Figure 3 .4-4  CNA on Worn Rail P ro files
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gauge o f 56% in. A value o f coe ffic ien t  
o f  fr ic t io n  |j = 0.375 is  used throughout.

Figures 3 .4 -8 , 3.4-9 and 3.4-10 give 
the comparison for  the range o f  wheel 
loading equivalent to zero angle o f 
attack on tangent track. Figure 3.4-9
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Figure 3.4-9 Comparison o f  SIMCAR 
with Elkins: New
P rofiles  i|> = 0°;
Deg = 0° and 15°;
R = 1.0

Deg = 0°; R = 1.5

also includes zero angle for a 15 de­
gree curve with equal wheel loads, 
representative o f a tra ilin g  axle.

Elkins predicts much larger moments for 
the lig h tly  loaded wheel under large 
la tera l forces. In this regime SIMCAR 
underestimates the e ffe c t  o f the normal 
force on the flanging wheel at flange 
contact. For equal wheel loads this 
d ifference is  substantially  reduced.
As shown in Fig. 3.4-10 for an over­
loaded flanging wheel, SIMCAR overesti­
mates- the moment and underestimates the 
la tera l force under sim ilar conditions 
c losest to flange climbing. However, 
the force and moments indicative o f 
flange climbing by a tra ilin g  wheelset 
are unlikely and these d ifferences do 
not impact the resu lts in the derailment 
studies presented here.
The results representative o f a leading 
wheelset in a curve are given in Fig.
3 .4 -11 , 3 .4-12, and 3.4-13 for  R = 0.5 , 
1 .0 , and 1.5 respectively . The SIMCAR 
ch aracteristics  d i f fe r  l i t t l e  from those 
due to Elkins. The largest d ifference 
occurs on the lig h tly  loaded wheel in 
which SIMCAR again underestimates the 
moment during severe climbing la tera l 
forces. The resu lts are therefore con­
servative under these conditions.
Evidence o f  the relationship between 
yaw moment, M/pBW, and la tera l force on 
the flanging wheel alone, L/V, provides 
sim ilar results to those discussed for 
to ta l wheelset la tera l fo rce , P/W.
Figure 3.4-14 provides an example for  a 
15 degree curve. The overa ll comparison

Figure 3.4-11 Comparison o f  SIMCAR 
with Elkins: New
P rofiles  <|i = 0 .6 °; 
Deg = 10°; R = 0.5

26



ho
n 
in
n 
ti
nm
.N
i 

no
n-

di
m 
no
nt
Ni

Figure 3.4-12 Comparison o f  SIMCAR 
with Elkins: New
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Figure 3.4-14 Comparison o f  SIMCAR 
with Elkins: New
P rofiles  tp = 0 .9 °; 
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Figure 3.4-13 Comparison o f SIMCAR 
with Elkins: New
P ro files  i)j = 0 .6 °; 
Deg = 10°; R = 1.5

as the wheel climbs the flange in s in ­
gle point contact. The SIMCAR char­
a cte r is t ic  does not attempt to simulate 
the regime follow ing flange climb.
The comparisons for R = 1.0 show the 
closeness designed into the SIMCAR 
ch aracteristic , by adjusting the ex-' 
pression for  longitudinal creepage for 
equal wheel loads and the particu lar ~ 
combination o f  wheel and ra il  p ro file s  
illu stra ted .

An alternative representation re fle c ts  
both yaw moment and la tera l force as 
functions o f the displacement beyond 
flange contact. The model has a lead­
ing slope to the la tera l force char­
a c te r is t ic , ^leaD’ UP to it s  maximum
value. The model due to Elkins is  de­
signed fo r  steady-state analyses and 
presumes rig id  track. In order to pro­
vide an equivalent circumstance for 
both ch aracteristics , the Elkins la t ­
eral force has been used to define a 
la tera l displacement follow ing the in i ­
t ia l flange contact, sim ilar to that in 
the SIMCAR ch aracteristic . The moment 
is  then related to the same latera l 
displacement.

is  sim ilar to that fo r  the 10 degree 
curve for tota l la tera l force given in 
Fig. 3.4-12. In both cases the Elkins 
result produces a reduced la tera l force

The comparison between the SIMCAR and 
Elkins' characteristics is  given for 
R = 1 and p = 0.375 in Fig. 3.4-15 and
3.4-16. The inaccuracy previously
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Figure 3.4-15 Flanging Wheel L/V Relationship with y 
New AAR 1/20 Wheels on 132 RE Rail

Figure 3.4-16 Yaw Moment Relationship with y
New AAR 1/20 Wheels on 132 RE Rail

noted for  values o f  la tera l force at 
zero angle-of attack, i)>, and follow ing 
wheel tread separation is  apparent in 
Fig. 3.4-15. The la tera l position  at 
derailment is  generally indicated by 
the reduction in the Elkins prediction

o f  in Fig. 3.4-15 and occurs close  to
0.10 inch. At this value the steering 
moment in the SIMCAR approximation in 
Fig. 3.4-16 is  close to that suggested 
by the Elkins model for both wheelsets
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leading to the conclusion that the SLMCAR 
approximation is accurate in estimating 
la tera l equilibrium forces and moments 
fo r  the case studied o f  new wheels and 
r a i ls .
3 .4 .4  Comparison o f  SIMCAR with Elkins' 

Results - Worn P ro files
In order to investigate the generality 
o f the approximate model used, compari­
son is  made with Elkins' resu lts for 
two situations representative o f worn 
circumstances o f the r a i l .  For this 
purpose, a measured side worn ra il  pro­
f i l e  was chosen, using a cross-section  
taken from Ref. 24, p. 54, Fig. 27a .
The p ro f ile  is  claimed by the author o f 
the reference to be typ ica l o f  heavy 
operation. However, hand measured 
d ig it iza tion  from the figure for the 
results presented here may have con­
tributed to some inaccuracy.

Two wheel p ro file s  were investigated.
The f i r s t  was a standard new AAR 1/20 
p ro f ile  which was found to give 2-point 
contact in it ia l ly ,  but a lower flange 
angle at which tread l i f t - o f f  commenced. 
The second was the CNA p r o f ile  (Ref.
25), now widely used as a "standard" 
worn wheel, which gave single point 
contact, except fo r  in it ia l  contact 
with zero angle o f  attack. In both 
cases a wide gauge o f  57% inches was 
chosen, equivalent to a clearance (CR) 
o f 0.825 in.
For standard AAR 1/20 wheel, the results 
are given in Fig. 3.4-17 to 3.4-19.
Figure 3.4-17 shows the steering re la ­
tionship o f dimensionless moment to 
tota l la tera l force , on the leading 
flanging wheel, for equal wheel loads,-  
(R=l), and 0, and 15 degree curves.
Figure 3.4-18 presents the comparison 
for  la tera l force , L/V, against lateral 
wheelset displacement beyond flange 
contact, with the Elkins model provided 
with leading edge slope as discussed in 
Section 3 .4 .2 . The gauge clearance for 
the Elkins results is  a rb itra r ily  fixed 
to provide a sim ilar in it ia l  contact to 
that used in the SIMCAR model results 
p lotted . Figure 3.4-19 provides the 
comparison between the SIMCAR and Elkins 
results for the yaw moment, M/pBW, against 
la tera l wheelset displacement beyond 
flange contact.
In general, the approximate character­
is t i c  for the chosen worn ra il  is  iden­
t ica l to that for  new r a il  since the 
model only contains a rudimentary know­
ledge o f the p r o f ile s ; the tread and 
flange angles chosen to represent them 
are sim ilar. However the widened gauge 
used in the worn ra il  studies modifies 
the force and moment values at the start 
o f  flange contact due to the increase in

Figure 3.4-17 Comparison o f  SIMCAR' 
with Elkins: New '
Wheel/Worn Rail 
R = 1 .0 ; <!» = 0°,
Deg = 0°; ij) = 0 .9 °, 
Deg = 1 5°

the d ifferen ce in ro llin g  radius be­
tween wheels.
The Elkins model r e fle c ts  both the 
change in ro llin g  radius and the con­
tact angle for  the particu lar p ro file s  
and in th is case, for the worn r a i l ,  
produces a reduced angle at which 2- 
point contact ceases. This is  42 de­
grees for  the side worn ra il  as com­
pared to 62 degrees with new r a i l .  The 
result is  a greater d ifference between 
the SIMCAR and Elkins model re su lts , 
especia lly  at zero (or negative) angle 
o f  attack on tangent track, where the 
Elkins model shows an increase in mo­
ment at the intermediate value o f  la t ­
eral force on tread and flange.
The results fo r  the CNA p r o f i le ,  here 
used to represent a worn wheel, and the 
side worn r a il  p r o f i le ,  are shown in 
Figs. 3 .4 -20 , 3.4-21 and 3.4-22. This 
p ro f ile  combination provides single 
point contact throughout the la tera l 
wheelset excursion and hence the in i ­
t ia l  flange contact is  not p recisely  
defined. An attempt is  made here to 
match the curves against la tera l p os i­
tion . However, with flangway clearance 
resulting from standard gauge, an e f f e c ­
tive con ic ity  o f  0.18 has been assumed 
as representative o f the variation  o f 
tread ro llin g  radius d ifference between
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Figure 3 .4-18 Flanging Wheel L/V R elationship with y 
New AAR 1/20 Wheel on Side Worn R ail

Figure 3.4-19 Yaw Moment R elationship with y
New AAR 1/20 Wheel on Side Worn Rail

wheels with la te ra l wheelset d isp la ce ­
ment. With the wide gauge chosen here 
to represent worn track, giv ing a 
flangeway clearance o f  0.825 in . ,  the 
same r o l l in g  radius d iffe ren ce  at flange 
con tact suggests a prop ortion a lly  lower

e f fe c t iv e  c o n ic ity  o f  0 .071 , which has 
been used here fo r  the tread cone angle 
in  the SIMCAR model. While th is leads 
to a c lo s e r  flange con tact ch a ra cter is ­
t i c ,  i t  may be d e f ic ie n t  fo r  stud ies
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Figure 3 .4 -21  Flanging Wheel L/V R elationship with y 
CNA Wheel on Side Worn R ail

dominated by tread con tact and may pro­
vide inaccuracy in the yaw moment on 
the t r a ilin g  axle w hile not in  flange 
con ta ct .

These graphs, showing the worn w heel/ 
r a i l  p r o f i le  ch a r a c te r is t ic s , show the

lim ita tion  o f  the approximate model o f  
separate tread and flange con tact 
regimes with p iecew ise lin ea r  repre­
sentations fo r  each. The rudimentary 
knowledge o f  the p r o f i le s  in th is  model 
does not permit an accurate nonlinear 
ch a ra c te r is t ic  in worn tread con tact.
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However, the problem o f  a representa­
t iv e  ch a ra c te r is t ic  with varying gauge 
and co n ic ity  is  a general one which 
would require recalcu lation , o f  the con­
ta ct geometry at each step fo r  an accu­
ra te  model. The model appears to  s a t is fy  
the requirement w ell fo r  new stra igh t 
tapered wheel p r o f i le s .  Care has been 
found necessary in i t s  use with wheel 
p r o f i le s  which produce sin g le  point 
con ta ct, and an e f fe c t iv e  c o n ic ity  which 
v a ries  with gauge during tread con ta ct, 
where adjustment o f  the approximate 
ch a ra c te r is t ic  has been required.
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4. COMPARISON OF 16-DEGREE-OF-FREEDOM 
FREIGHT CAR MODEL WITH TEST RESULTS

4.1  INTRODUCTION

The m odified 16-degree o f  freedom (DOF) 
fr e ig h t  car computer model, described 
in Chapter 3 and Appendices B and C, 
was designed to be used in studies o f  
fr e ig h t  v eh ic le s  hear derailm ent. Sim­
u la tion  allow s resu lts  to be obtained 
at a s ig n if ic a n t  reduction  in cost 
r e la t iv e  to fu l l  sca le  te s tin g , but 
requ ires that the model be v e r if ie d  as 
representing the behavior that would be 
observed in  the f i e ld .  This enables 
v a lid  re su lts  to  be obtained with lim ­
ite d  amounts o f  f u l l  sca le  testin g .
The procedure i s  ou tlin ed  in  F ig. 4 .1 -1 . 
The r e s u lts , used here to seek agree­
ment o f  dominant v e h ic le  outputs (such 
as w h ee l-ra il f o r c e ) ,  are regarded as 
in d ica tion  o f  the ba s ic  accuracy o f  the 
modeling e f f o r t .  Data fo r  comparison 
were a v a ila b le  from three sources.

The f i r s t  data se t was generated when 
a tra in , composed prim arily  o f  loaded 
100-ton  ca rs , was run over instrumented 
track perturbations at the Transporta­
tion  Test Center in  February 1979. The

track perturbations had been constructed  
fo r  locom otive testin g  under the Per­
turbed Track Test (PTT) program (R ef. 26) 
Track instrum entation con sisted  o f  a 
ser ies  o f  rail-m ounted s tra in  gauges to 
measure la te ra l and v e r t ic a l  w h ee l-ra il 
fo r c e s .

A second se t o f  data fo r  comparison was 
obtained during loaded 100-ton fre ig h t  
car te stin g  on the Union P a c if ic  r a i l ­
road during March 1980 (R ef. 27). In­
strumented wheelsets were used to meas­
ure fo rce s .

A th ird  se t o f  data was produced from 
tests  ca rr ied  out on the Chessie System 
Track at S tarr, Ohio in spring 1981 
(Ref. 28 ). Instrumented w heelsets were 
a lso  used in  th is  te s t .

F in a lly  the program was used to generate 
resu lts  fo r  steady sta te  curving which 
were compared to published resu lts  o f  a 
number o f  te s t  programs fo r  the leading 
outer wheel fo r ce .

4 .2  SIMULATION-FIELD TEST COMPARI­
SONS WITH PERTURBED TRACK 
TEST DATA

The Perturbed Track Tests (PTT) at 
Pueblo were conducted to compare the 
response o f  two s ix -a x le  locom otives to

Figure 4 .1 -1  Model V e r ifica t io n  A ctiv ity  as Related 
to Overall P ro ject Plan
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s p e c i f i c ,  w e ll-co n tro lle d  track inputs. 
To accomplish th is  o b je c t iv e , two large 
segments o f track were m odified to in ­
clude various large track perturbations. 
One o f  these two m odified segments was 
on a 1 .5 .deg curve (1 inch supereleva­
tion ) portion  o f  the Train Dynamics 
Track. During the PTT runs, on-board 
sensors provided most o f  the data which 
was taken. In ad d ition , certa in  track 
section s were provided with stra in  
gauges as a check on the on-board data 
and to measure w h ee l-ra il force  on non- 
instrumented ax les . One o f  the in stru ­
mented section s con sisted  o f  a "1 -in ch  
high r a i l  m isalignm ent". This is  a 
curved track se ction  in  which the jo in ts  
o f  the high r a i l  are d isp laced  outwards 
one inch r e la t iv e  to undisturbed track . 
This causes the wheels to move outwards 
and causes high w h ee l-ra il forces  as 
the wheel flanges r ide  up the r a i l  ju s t  
past the perturbed jo in t .

Since the area o f  curving dynamics, 
including V ariation  in  track alignment, 
c r o s s - le v e l ,  and gauge, is  a unique 
aspect o f  the SIMCAR fre ig h t car model, 
advantage was taken o f  the PTT f u l l -  
sca le  te s t  to  provide data fo r  v e r i f i ­
ca tion  o f  th is  model. Although the PTT 
runs proper involved locom otive re ­
sponses , some fre ig h t  car data were 
taken as the FAST (F a c i l i ty  fo r  A cce l­
erated Service Testing) tra in  was hauled 
over the PTT track . S p e c if ic a l ly ,  data 
was taken on a loaded 100 ton covered 
hopper car (R ef. 2 6 ), and compared to a 
sim ulation o f  the same v eh ic le  using 
the SIMCAR model.

The re su lt  o f  th is  comparison is  pre­
sented in F ig. 4 .2 -1 . Both the lead 
and t r a il in g  axles o f  the lead truck 
are shown, and the w h ee l-ra il fo rces  
are measured on the outside wheel. The 
magnitude and signature o f  the simula­
tion  resu lt and the f i e ld  measurement 
are c lo s e , the d iffe re n ce s  being w ithin 
the range o f  the u n certa in ties in the 
f i e ld  measurements and the v eh ic le  and 
track parameters.

4 .3  SIMULATION-FIELD TEST COMPARI­
SONS FOR UNION PACIFIC TESTS

During March o f  1980, a s e r i e s ‘o f  in ­
strumented fre ig h t car te s ts  were made 
on the Union P a c if ic  Railroad to support 
track geometry s p e c if ic a t io n  development 
a c t iv ity  using the te s t  equipment o f  
the FRA Truck Design Optim ization Pro­
gram. As part o f  these te s ts , over 300 
fe e t  o f  track was m odified to ex h ib it  a 
ser ie s  o f  alignment and gauge devia­
tion s. Automatic Location D etector 
(ALD) targets were placed along the 
m odified section  to a s s is t  in data

reduction . Figure 4 .3 -1  i l lu s t r a te s  
the planned te s t  track alignment.

As part o f  the sim ulation output, Fig.
4 .3 -  2 i l lu s t r a te s  the flange clearance 
between the s ta t ic  wheel p o s it io n  and 
the l e f t  and r igh t r a i ls  obtained from 
the SIMCAR program. The space between 
the two wheel flanges has been "removed" 
from th is  figu re  so that wheelset p o s i­
t io n  is  d isp layed as a poin t on the 
s o l id  l in e .  Hence, flanging occurs 
whenever the wheel set p o s it io n  moves 
ou tside  the flange clearance l in e s . 
Periods o f  flanging  can be d iscerned in 
th is  fig u re . The te st was conducted at 
a speed o f  27 mph.

The comparison o f  actual f i e ld  measure­
ments (R ef. 27) and sim ulation re su lts  
i s  presented in  F ig. 4 .3 -3 . The simu­
la t io n  re su lts  were generated using the 
track  perturbations i l lu s tr a te d  in  F ig.
4 .3 -  1. The comparison o f  the magnitude 
o f  the response between te s t  and simu­
la t io n  re su lts  i s  fa ir .

Some d iffe re n ce s  between sim ulation and 
te s t  responses are apparent, e s p e c ia lly  
in  the f i r s t  peak, between ALD 2 and 3. 
Although the sim ulation p red icts  on ly  a 
small fo r ce  peak due to the short fla n g ­
ing occu rrence , the actual track  te s t  
produced a very large response. As 
th is  i s  the response to the f i r s t  p er­
tu rbation , an in i t i a l  con d ition  d i s ­
p a r ity  cou ld  account fo r  th is  d i f f e r ­
ence. Other d iffe re n ce s  may again be 
the consequence o f  v a r ia tion  between 
the assumed con d ition  o f  the wheels and 
r a i ls  which were the same as fo r  the 
PTT t e s t . I t  i s  a lso  probable that 
d e ta ils  o f  the track  geometry deviated 
from the id e a l layout o f  F ig. 4 .3 -1  
used in  the SIMCAR r e s u lt s .

4 .4  SIMULATION - FIELD TEST COM­
PARISONS WITH STARR TEST DATA

In June 1981, a se r ie s  o f  te s ts  were 
ca rr ied  out on the Chessie System at 
S ta rr , Ohio. These te s ts  were conducted 
to  examine the forces  developed on weak 
track , th e ir  e f f e c t  on gauge and poten­
t ia l  fo r  wheel drop, the coupling  be­
tween c r o s s - le v e l  and gauge v a r ia t ion  
and i t s  e f f e c t  on cross le v e l index fo r  
track  sa fe ty  standards. In p a r t icu la r , 
fo r  the model used in th is  rep ort, the 
te s t  was designed to provide base lin e  
fo r ce  and response data, under the 
severe track  geometry con d ition s , fo r  
comparison with the resu lts  from the 
computer sim ulation.

The te s t  co n s is t  is  shown diagrammati- 
c a l ly  in F ig. 4 .4 -1 . Three loaded 100 
ton hopper cars were used. Instrumented 
w heelsets on two cars had nominally new,
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FIELD TEST (2 /3 /79)

SIMULATION RESULT

JOINT

Figure 4 .2 -1  Wheel-Rail Forces -  Measured and Simulated

Figure 4 .3 -1  Test Track Alignment Plan
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LE F T  R A IL  F L A N G E  
'C L E A R A N C E

W H E E L S E T  L A T E R A L  
’ P O S IT IO N

.R IG H T  R A IL  F L A N G E  
C L E A R A N C E

Figure 4 .3 -2  F irs t  Wheelset Lateral Response 

FIELD M E A S U R E M E N TS

S IM U L A T IO N  R E S U L T S  (T R A C K  P E R T U R B A T IO N  A S  D E S IG N E D )

Figure 4 .3 -3  F irst Left Wheel Lateral Force - Simulation 
and F ield  Test
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E M P TY
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C A R  1 C A R  2 CAR 3 C A R  4 C A R  5 C A R  6

X -  IN S T R U M E N T  W H E E LS E T 

O  -  A C C ELER O M ETE R  
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A  ~  A U T O M A T IC  LO C A T IO N  D ETECTO R

•F O R  R U N S  O N  6 /4  A N D  6 /5

Figure 4 .4 -1  Consist Instrumentation

AAR 1 /2 0 , and worn, CNA, p r o f i le s .  
D i f f i c u l t ie s  with the AAR p r o f i le d  wheel- 
se ts  resu lted  in  comparison o f  SIMCAR 
output being made with the output o f  
the CNA p r o fi le d  wheelsets on Car 5.
For th is  purpose, an e f fe c t iv e  c o n ic ity  
o f  a = 0.18 and p = 0.375 were used.

The loaded hopper car was assumed to 
have standard 100 ton trucks with char­
a c t e r is t ic s  sim ila r  to those given in 
Appendix C. The measured value o f  truck 
spacing in the te s t  car o f  40.5 fe e t  
was used in  the sim ulation. The te s t  
v e h ic le  r o l l  ch a ra c te r is t ic  was assumed 
to be s im ila r  to that d iscussed in  Ap­
pendices B and C. However, the CG height 
fo r  the body was estim ated as 5 fe e t  
above the center p la te . This value was 
estim ated by TSC, and reported in Ref.
29, using the s im p lifie d  M .I.T . rock 
and r o l l  model (R ef. 7) and data from 
the te s t  on tangent track with cross 
le v e l  v a r ia tion .

The track alignment and gauge v a ria tion  
on a s ix  degree curve in  te s t  Section  1 
is  shown in  F ig. 4 .4 -2 . The resu lts

from th is  se ction  were used fo r  the 
comparison with SIMCAR p red iction s .
The measured and simulated resu lts  are 
given in  F ig. 4 .4 -3  at 15 mph. Very 
l i t t l e  r o l l  was apparent or p red icted .
The force  le v e ls  gen era lly  correspond 
w e ll, with some d iffe re n ce  during the 
tran sition  between t ig h t and wide gauge.

In addition  to the alignment and gauge 
v a r ia tion , a fu rther se r ie s  o f  te s ts  
were, ca rried  out with 3 /4  in . cross 
le v e l v a r ia t ion  added during the la s t  
r a i l  lengths. Car r o l l  was ex cited  almost 
to wheel l i f t  as shown in F ig. 4 .4 -4 .
The simulated v e r t ic a l  wheel fo rce  com­
pares w ell with that measured, although 
some v a ria tion  is  apparent at the s ta rt 
due to the ex isten ce  o f  jo in t s  and dips 
in  the te s t  track e x c it in g  an in i t i a l  
value o f  r o l l ,  not sim ulated. The la t ­
eral forces are shown in F ig. 4 .4 -5 .
Here the sim ulation shows good agreement 
with the measured fo r ce s . Since the 
pred iction s fo r  track  standards, given 
in Chapter 5, are centered on dynamic 
curving e f fe c t s  th is  agreement was con­
sidered to be a valuable v e r if ic a t io n  
o f  the model behavior.
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HIGH RAIL 
JOINT NUMBERS

Figure 4 .4 -2  Perturbation Layout at S ta rr , Ohio Showing 
Gauge S p e c ifica tio n s  on S o ft  Curve

LfiTFORfil

Figure 4 .4 -3  Test Simulation and Result from Starr, Ohio 
With Track Layout Shown Above
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SIMULATED

VERF0.RA1

Figure 4 .4 -4  Simulation and Test Result From S tarr, Ohio 
With Perturbation o f  F ig. 4 .4 -2  and 3 /4  in . 
Cross-Level at Last 8 Join ts
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SIMULATED MEASURED

Figure 4 .4 -5  Simulation and Test Result From S ta rr , Ohio 
With Perturbation o f  F ig. 4 .4 -2  and 3 /4  in . 
Cross-Level at Last 8 Join ts

4 .5  COMPARISON OF SIMULATION RESULTS 
WITH PUBLISHED DATA FROM TESTS 
IN STEADY CURVES

In order to compare the p red iction s  
with as broad a set o f  recorded te s t  
circum stances as p o ss ib le , a survey was 
ca rr ied  out. Published tests  were 
id e n t if ie d  fo r  the leading outer wheel 
fo r ce  on loaded 100 ton hopper cars 
with standard 3 -p iece  trucks at near 
balance speed in  curves. The fo llow in g  
te sts  were found su ita b le .

• Truck Design Optim ization P ro ject  
(TDOP) (Ref. 30) •

• Wheel Load Tests at the F a c ility  
fo r  A ccelerated Service Testing 
(FAST) (Ref. 31)

• Wear Tests o f  FAST (R ef. 32)

e Tests on new trucks at Canadian 
P a c if ic  (CP R a il) (Ref. 33)

• Tests on Union P a c if ic  Track 
(UP) (R ef. 34).

Since each te s t  con d ition  may and prob­
ably w i l l  be d i f fe r e n t ,  the re su lts  
given in F ig. 4 .5 -1  show v a ria tion . 
However, the re su lts  show the same trend 
as the model p red iction s  and have a 
mean value c lo s e  to that pred icted  by 
the model, adding to the con fidence in 
sim ulation o f  the 100 ton hopper car , 
in  curves under serv ice  con d ition s.
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5. STUDY OF LOW SPEED RESPONSE TO
ALIGNMENT, GAUGE AND GROSS-LEVEL 
VARIATION IN CURVES -100 TON 
HOPPER CAR

5.1 INTRODUCTION

In Che preceding chapters, the o b je c ­
t iv e  o f  the study reported here was 
described as that required to e s ta b lish  
a re la tion sh ip  between track geometry 
and the sa fety  resu ltin g  from v e h ic le /  
track dynamic in te ra ction . The study 
reported in th is chapter concerns the 
response o f  alignment and gauge v a r i ­
ations in  curves with and without c r o s s ­
le v e l  v aria tion s in the 10-25 mph speed 
range. The 100 ton hopper ca r , loaded 
to a high center o f  g ra v ity , provides 
the poorest performance scenario repre­
sen tative  o f  the "rea l world" s itu a t io n . 
The car is  chosen to have s ig n if ic a n t  
sidebearing clearance (^ inch)' and a 
truck center spacing c lo se  to the r a i l  
length.

5 .2  LOW SPEED STUDY PLAN AND OUTPUTS

The computer program used in  the study 
o f  th e .response o f  a loaded 100 ton 
hopper, between 10 and 25 mph, has a 
l i s t  o f  87 p oss ib le  output s ta te s , a l l  
o f  which are printed at each chosen 
step in  time. The l i s t  was reduced to 
the fo llow in g  time h is to r ie s  fo r  p lo t ­
tin g . Each was produced fo r  the runs 
l is t e d  and discussed.

• Lateral Wheelset P osition  - axle 
1 to observe tracking r e la t iv e  
to  track geometric input

• R oll Angle - to estab lish  
v eh ic le  in te g r ity  and confirm  
la te ra l weight tran sfer

• Lateral Forces -  axles 1 and 2, 
to assess the p oten tia l fo r  
derailment

• Lateral Force - ancle 3, to 
confirm  sim ularity  between 
trucks

• V ertica l Force - l e f t  wheels, 
truck A, to observe under and 
overloading and-wheel l i f t

• LA* - leading l e f t  wheel, to 
observe the c la s s ic a l  r a i l  climb 
value (th is  is  the outer wheel 
in  curving runs)

• L/V - leading r ig h t wheel

e Flange to r a i l  overlap - l e f t  
wheels o f  leading truck, to 
observe p o te n tia l r a i l  climb and 
wheel drop

e Flange to r a i l  overlap - r igh t 
wheels o f  leading truck

• Linear la te r a l  s i f fn e s s  required 
to prevent wheel drop.

In add ition  to the above p l o t s , a cross 
p lo t  was produced by the computer pro­
gram leading l e f t  (ou ter) wheel force  
against leading wheelset d istance to 
r a i l  drop, as defined  in  Section  2 .4 .3 . 
The l e f t  wheel is  made the outer wheel 
in  the computed curving runs by choos­
ing a r igh t hand curve. A sample o f  
the p lo tted  output without r o l l  angle, 
is  given in F igs. 5 .2 -1  through 5 .2-11 
fo r  a 5 degree curve with 1\  inch ou t­
ward cusps o f  the jo in t s  on the high 
r a i l .  The w h e e l/ra il ch a ra c te r is t ic  
fo r  th is  run represents new wheels and 
the speed is  15 mph.. The track  is  
superelevated to  g ive  balance at th is  
speed and the gauge is  se t at 56.5 inch. 
A f r i c t io n  c o e f f i c ie n t  o f  0 .5  is  as­
sumed. The re su lt  is  d iscussed  more 
fu l ly  in Section  5 .4 .

The planned study separated the work 
in to  four basic  track scenarios shown 
in  F ig. 5 .2 -12 .

F ig u re  5 .2 - 1  L a te r a l  P o s i t i o n  -
W h ee lse t 1 - Truck  A
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Figure 5 .2 -2  Lateral Forces -
Wheelset 1 -  Truck A

Figure 5 .2 -4  Lateral Force -
Wheelset 2 - Truck B

• o =

F igu re  5 .2 - 3  . L a te r a l  F orces  -
W h ee lse t 2 - Truck A

Figure 5 .2 -5  V ertica l Force -
Left Wheels - Truck A
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TIMECSEC)

Figure 5 .2 -6  L/V - Leading Left 
Wheel - Truck A

Figure 5 .2 -8  Flange to R ail Overlap - 
L eft Wheels -  Truck A

IT

F ig u re  5 .2 -7 L/V - Leading Right 
Wheel - Truck A

F ig u re  5 .2 -9 Flange to Rail Overlap - 
Right Wheels - T r uck A
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• STEADY STATE CURVING

• SINUSOIDAL ALIGNMENT

Required to  Prevent 
Wheel Drop

Figure 5 .2 -12  Track Scenarios
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5 .2 .1  Steady State Curving

In order to provide a check with pub^ 
lish ed  behavior, described previously- 
in Section  4 .5 , and to provide baselin e  
data and inform ation on the mechanics 
o f  curving, computer runs were under­
taken sim ulating steady curving on 
id ea l track with constant gauge. The 
basic  run l i s t  is  given in  Table 5 .2 -1  
showing the track superelevations fo r  
balanced curving.

In add ition  to runs carried  out s o le ly  
in steady curves, a l l  other dynamic 
curving stud ies were preceded by 2 r a i l  
lengths o f  steady curving to provide 
appropriate in i t i a l  con d ition s. These 
resu lts  were therefore a va ilab le  fo r  
further analyses o f  steady con d ition s 
and as a check on computational accu­
racy and e sp e c ia lly  to in vestig a te  the 
e f f e c t  o f  f r ic t io n  and gauge changes on 
the response.

Figure 5 .2 -11  Leading Outer Wheel Force 
vs Distance to Leading 
V heelset Drop
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TABLE 5 .2 -1
TRACK SUPERELEVATION FOR BALANCED STEADY STATE CURVING (IN .)

5 .2 .2  Outer R ail Alignment Cusps

The l i s t  o f  runs planned and ca rr ied  
out under th is track scenario i s  given 
in Table 5 .2 -2 . These runs were planned 
to f u l f i l l  the fo llow in g  o b je c t iv e s .

• To find  the values o f  minimum 
and maximum gauge which suggested 
in c ip ie n t  wheel drop or r a i l  
climb fo r  curvatures o f  3, 5, 8, 
10, 15 degrees, fo r  an appro­
p r ia te ly  poor scenario o f  the 
v e h ic le /tra ck  system.

• To e sta b lish  the e f fe c t  o f  f r i c ­
tion  using p = 0.375; 0 .5  and 
curvatures o f  5; 10; 15 degrees.

• To esta b lish  the e f fe c t  o f  speed 
and unbalance on the resu lts  
over a speed range o f  10 to 25 
mph.

5 .2 .3  Outer R ail Alignment and 
C ross -lev e l Cusps

The prelim inary runs ca rried  out in  th is  
study were intended to determine the 
s e n s it iv ity  o f  add ition a l response phen­
omena due to the combination o f  a lig n ­
ment, gauge and c r o s s -le v e l varia tion  in 
curves. Running was lim ited  to the d e f­
in it io n  o f  lim itin g  values o f  outer r a i l  
alignment v a r ia t io n , which had not pre­
v iou s ly  resu lted  in the pred iction  o f  
in c ip ien t  wheel drop or r a i l  clim b, as 
defined in  Chapter 2.

A run l i s t  is  given in Table 5 .2 -3 . 
Minimum gauge was fixed  at 56.5 in . fo r  
a l l  runs. Maximum gauge was varied be­
tween 57.75 in and 56.5 in . C ross -lev e l 
cusps were lim ited  to 0 .5 , 0.625, and 
0.75 in . A value fo r  the c o e f f ic ie n t  
o f  f r ic t io n  o f  0 .5  was used throughout. 
The study was carried  out on a 10 degree 
curve superelevated to g ive balance at

15 mph. Speeds were varied  between 14 
and 16 mph to e x c ite  r o l l  responses.

5 .2 .4  Sinusoidal Alignment V ariation

This study was to determine response 
from track-alignm ent v a r ia t ion  alone. 
The study is  d iv ided  in to  runs on 
tangent track and in 5 degree and 10 
degree curves. The run l i s t  is  given 
in  Table 5 .2 -4 .

Runs on tangent track  were in cluded , 
in  order to obtain ,

• Survey o t the e f f e c t  o f  ampli­
tude at wavelength \ o f  90 f t  
and 25 mph to provide base lin e  
v a lu es .

• Runs at 5 in . and 3 in . peak/ 
peak amplitudes fo r  a range o f  
\ o f  39, 50, 75, 90 f t .

e In vestiga tion  o f  speed e f f e c t .

e Id e n t if ica t io n  o f  c r i t i c a l  
values ju s t  preventing 
in c ip ie n t  wheel drop 
p red ict ion .

In curving sim ulation with sin u soida l 
alignment v a ria tion  the runs were 
arranged to s a t is fy  the fo llow in g  
requirem ents,

• E stablish  c r i t i c a l  values ju s t  
preventing in c ip ie n t  wheel 
drop p red iction .

® Investigate gauge-variation .

• Investigate  speed v a r ia t ion .

The re su lts  o f  each o f  the in v e s tig a ­
tion s are discussed in the fo llow in g  
s e c t io n s .
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TABLE 5 .2 - 2
RUN LIST FOR OUTER RAIL CUSPS

RUN BASIC
CURVE

GAUGE
PERTURBATION

WHEEL/
RAIL SPEED

NO. DEG BALANCE 
SPEED MPH

MIN.
GAUGE in.

MAX.
GAUGE in. PROFILES p MPH

3/1 3 15 56 .5 58 .0 NEW 0.375 15
3/2 I 57 .0 58 .5 J f
3/3 1 56.5 I V 0.5 1

5/1 5 15 56 .5 58.5 NEW 0.375 15
5/2 58 .0
5/3 58.5 0.5
5/4 25 58 .0 0.375 25
5/5 58 .5
5/6 35 35
5/7 45 45
5/8 25 15
5/9 32
5/10 40
5/11 F ’’ r 45
5/12 15 57 .0 58 .0 0.5 15
5/13 56.5 57 .75
5/14 56 .0
5/15 58 .0
5/16 56.5 '’ 't

8/1 ' 8 15 56 .5 58 .5 NEW 0.375 15
8/2 1 58 .0
8/3 ’ T 57 .0 158.5 r 1

10/1 10 15 56/5 58 .5 NEW 0.375 15
10/2 57 .0 '
10/3 56.5 58 .0 |

. 10/4 ! 58 .5 0.5
10/5 1 i 0.375
10/6 57 .0 57 .75 0.5
10/7 56 .0 I
10/8

f r
56.5 
T______ '
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TABLE 5 .2 - 2
RUN LIST FOR OUTER RAIL CUSPS (C on tin u ed )

SUN BASIC
CURVE

GAUGE
PERTURBATION

WHEEL/
RAIL SPEED

NO. DEG BALANCE 
SPEED MPH

MIN.
GAUGE in.

MAX.
GAUGE in. PROFILES W MPH

15/1 15 15 56 .5 58 .5 NEW 0. 375 15
15/2 1_____ 1______ 58 .0
15/3 57 .0 58 .5
15/4 56 .5 ' 0. 5
15/5 58 .0 j
15/6 57 .0 1T • !
15/7 _____ L ____ 57 .57 0. 375
15/8 56 .5 0. 5
15/9 56.0
15/10 57 .5
15/11

'' 57 .0
''

TABLE 5 .2 -3
RUN LIST OUTER RAIL CUSPS AND X-LEVEL CUSPS

RUN BASIC
CURVE

GAUGE
PERTURBATION

X-LEVEL
PERTN

WHEEL/
RAIL SPEED

NO. DEG BALANCE 
SPEED MPH

MIN.
GAUGE in.

MAX.
GAUGE in.

CUSP
AMPLITUDE in. PROFILES M MPH

x/1 10 15 56 .5 57 75 0. 0 NEW 0 5 15
x/2 0. 5 14
x/3 15
x/4 16
x/5 15
x/6 0. 625
x/7 56 .5 0. 5
x/8 0. 625
x/9 0. 75
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TABLE 5 .2 -4
RUN LIST FOR SINUSOIDAL ALIGNMENT VARIATION

RUN BASIC
CURVE

ALIGNMENT
PERTURBATION GAUGE WHEEL/

RAIL SPEED

NO. DEG BALANCE 
SPEED MPH

WAVE
LENGTH in.

DOUBLE
AMPLITUDE in.

' CONSTANT 
in. PROFILES MPH

T/l 0 - 1080 3. 85 56 .5 NEW 0.5 25
T/2 3.0
T/3 5. 0 58 .0
T/4 900 i
T/5 600
T/6 468
T/7 1080 3.0 1
T/8 900 j
T/9 600 !

i
T/10 468 t
T/ll 1080 15
T/12 900
T/13 600
T/14 468 1’
T/15 1080 3.5 57 .75
T/16 600 1.0 58 .0
T/17 2. 0 57 .75
T/18 ______ 3______ 58 .0 |
T/19 1080 4.5 57 .75 j i
T/20 1T 57 .5

-T/21 900 3. 25 57 .75
T/22 600 1.75 i
T/23 468 1.33 i
T/24 600 1.5
T/25 - 1. 125
T/26 ’____
T/27 35
T/28 v 45
T/29 600 25
T/30 1. 125 | 5
T/31 j ! 60
T/32 | ! 80
T/33 1 '____ '______ 1 ’ 11 1 100

1

C/l 5 25 1080 4.5 57 .75 NEW 0. 5 i 25
C/2 J 900 3.25 r

C/3 j 600 1.25 i
C/4 i

_ k _ f. 468 1.333 1 ’ __ j
i ! 

___L  — 1
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TABLE 5 .2 - 4
RUN LIST FOR SINUSOIDAL ALIGNMENT VARIATION (C on tin u ed )

RUN BASIC
CURVE

ALIGNMENT
PERTURBATION GAUGE WHEEL/

RAIL SPEED

NO. DEG BALANCE 
SPEED MPH

WAVE
LENGTH in.

DOUBLE
AMPLITUDE in.

CONSTANT
in.. PROFILES M MPH

C/5 10 25 1080 4.5- 57.75 NEW 0.5 25
C/6 900 3.25
C/7 600 1.25
C/8 '' 468 1.333 !
C/9 15 1080 4.5 i 1
C/10 900 3.25 i
C / U 600 1.25 |
C/12 468 1.333 1j
C/13 10 1080 4.5 57.5 i
C/14 900 3.25 i
C/15 600 1.25 1

1
C/16 ’ 468 1.333
C/17 15 1080 4.5
C/18 900 3.25
C/19 600 1.25
C/20 ’r 468 1.33 '’ . ''
C/21 5

' I
57.75

'
15

5.3 STEADY-STATE CURVING

As a prelim inary to defin in g  the study 
plan fo r  gauge, alignment and c ro ss ­
le v e l v a ria tion  in  curves, the program 
was used to study v e h ic le  performance 
in steady-state  curving. Each dynamic 
curving run was a lso  preceded by a short 
section  in steady curving as a base lin e  
fo r  the dynamic r e s u lts , to provide an 
appropriate in i t ia l  con d ition , and to 
provide add itional understanding o f  
curving mechanics. The pred icted  forces  
and moments fo r  stead y -sta te  curving in 
5, 10, and 15 degree curves, .at balance 
speed, are shown in  F ig. 5 .3 -1 , fo r  the 
parameters given. The leading outer 
wheel sustains the la rg es t force  in 
fu l l  flange con tact and with i t s  opposite  
on the inside r a i l  comprises a pa ir o f  
gauge spreading fo rces  which may become 
large . In t ig h t curves, there is  l i t t l e  
moment on the lead a x le . The second 
a x le , however, sustains a large moment, 
but only small la te ra l fo r ce s , due to 
i t s  nearly radia l p o s it io n .

Thus, the w h ee l/ra il fo rces  are pre­
dominantly a cross -tra ck  ( la te r a l)  fo r  
the leading and a lon g-track  (lo n g itu ­
d in al) fo r  the t r a il in g  ax le . An o ften

used estim ate provided by te s t  resu lts  
is  the measure o f  the L/V o f  the lea d ­
ing inner wheel to estim ate p, the f r i c ­
t ion  c o e f f i c ie n t .  In the case o f  the 
10 degree curve i llu s tr a te d  in F ig.
5 .3 -1 , th is  re su lt  suggests a p o f  0 .34 
compared to that o f  0.375 used in the 
computation and representing the fu l ly  
saturated value. I t  may be concluded 
that a small but s ig n if ic a n t  component 
o f  the low r a i l  fo r ce  is  along the track . 
The value o f  la te ra l fo rces  fo r  p = 0.5 
is  g iven fo r  the 15 degree curve in 
F ig. 5 .3 -2  showing that a p o ten tia l 
e x is ts  fo r  gauge spreading and r a i l  
r o l lo v e r  fo r  track  having low r a i l  
s tr e n g th /s t if fn e s s  or a requirement fo r  
a minimum track  s tr e n g th /s t if fn e s s .

Figure 5 .3 -3  shows a graph o f  w heel/ 
r a i l  fo rce s  against curvature fo r  the 
values o f  p = 0.375 given p rev iou sly , 
and a lso  fo r  p = 0 .5 , over the range o f  
curvatures o f  3° to 15°. A gauge o f
56.5 in . was used throughout. As ex­
pected from the preceding d iscu ssion  o f  
t ig h t  curves with saturated creep fo r c e s , 
the la rger  c o e f f ic ie n t  o f  f r i c t io n  p, 
produces la rger fo rces  in  stead y -sta te  
curving. There appears to be l i t t l e  
d if fe re n ce  due to these f r ic t io n  le v e ls  
between lead outer r a i l  forces  below
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L AT E R A L  FORCES ON TRUCK AXLES N E G O T I A T I N G  
1 5 °  CURVE WITH NO I R R E G U L A R I T Y
GAUGE = 56.5 in. n = 0.5

L AT E R A L  GAUGE S P R EA DI N G  FORCES ON LEAD AXLE 
OF TRUCK N E G O T I A T I N G  1 5 °  CURVE

18,950 lb 18 ,950  1b

r  ~ i
HIGH RAIL LOW RAIL

L AT ER AL  FORCES ON R A I L S  PROOUCEO BY TRUCK 
N E G O T I A T I N G  1 5 °  CURVE

Figure 5 .3 -2  Lateral Steady State Forces fo r  High 
F r ic t io n  and Tight Curving

curvatures o f  5 degrees, probably due 
to the combined ro ta tion  o f  the fo rce  
v ector  in the con tact patch and reduc­
tion  below fu l l  slippage.

Lateral forces  were a lso  produced fo r  p 
= 0.375, over the same range o f  cur­
vatures, to assess the e f fe c t  o f  gauge 
changes on steady curving in d ica ted  by 
the SIMCAR model. The resu lts  are given 
in Fig. 5 .3 -4 . In t ig h t curves, which 
tend to produce gross s lippa ge , the 
la te ra l forces are not very sen s itiv e  
to change in gauge. However, in  the 
sm aller curvatures, increased gauge, 
and resu ltin g  larger r o l l in g  radius 
d iffe re n ce  between wheels produce a

la rg er  steerin g  moment on the leading 
ax le . The re su lt  is  a reduced to ta l 
(n et) la te r a l  fo rce  on th is  axle  which 
is  p red icted  to change sign fo r  the 
lower curvatures. (The inner wheel 
la te r a l  fo rce  becomes la rger than the 
o u te r ). The ind ividual la te ra l forces  
are a lso  le ss  fo r  the wider gauge.

5 .4  CURVING WITH HIGH RAIL 
OUTWARD CUSPS

The o b je c t iv e  o f  the use o f  high r a i l  
cusps in curves in th is study was to 
e s ta b lish  the e f fe c t  o f  gauge change 
w ithin the jo in te d  r a i l  length, under a 
track geometry perceived to g ive poor
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Figure 5 .3 -3  E ffe ct  o f  F riction  C oe fficien t-S tea d y  State 
Curving Forces-Loaded 100 Ton Car Balanced 
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Figure 5 .3 -4  E ffect o f  Gauge Variation-Steady State 
Curving Forces-Loaded 100 Ton Car 
Balanced Speed - Standard 3 -P iece  Truck
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response to the 100 ton hopper car.
The curving process under these track  
perturbation  has been illu s tr a te d  in 
the sample p lo tted  outputs given in 
Section  5 .2 . In p a rticu la r  the graph 
o f  wheelset p os it ion  r e la t iv e  to the 
track . F ig. 5 .2 -1 , showed th at, fo r  
th is  curve, the outer wheel flange o f  the 
leading axle remains in contact with the 
ou ter r a i l  fo r  most o f  i t s  length , 
leaving fo r  a small d istance in th is 
case , ju s t  p r io r  to the jo in t ,  and h i t ­
ting  the r a i l  again ju s t  beyond the 
jo in t .  At the higher track curvatures 
outer wheel flange separation does not 
generally  take p lace .

The maximum la te ra l fo rce  occurs on 
both wheels o f  the leading axle  immedi­
a te ly  fo llow in g  the jo in t  at flange 
con ta ct, where the angle o f  attack  o f  
the wheel to the r a i l  is  g rea test.
This is  a lso  illu s tra te d  in F ig. 5 .2 -2 . ' 
Thus, the maximum or peak fo rce  occurs 
c lo s e  to the widest gauge at the jo in t ,  
the jo in t  lo ca tion  is  a lso  a p o ten tia l 
weakness in  la te ra l re stra in t on the 
track . V ertica l force  varies  l i t t l e  
during the run, as seen in F ig. 5 .2 -5 .
On the low r a i l ,  the r ig h t , non -flanging - 
wheel L/V (F ig. 5 .2 -3 ) approaches p =
0.5  fo r  the case i llu s tra te d .

In terest in the resu lts  presented here 
is  focussed on the worst response fo r  
gauge spreading and p oten tia l fo r  wheel 
drop. In th is scenario , r a i l  climb 
appears to  be le ss  l ik e ly  although r e ­
su lts  were a lso  produced to in d ica te  
i t s  occurrence fo r  much la rger cusp 
am plitudes.

I n i t ia l  runs were carried  out using a 
c o e f f ic ie n t  o f  f r i c t io n ,  p , o f  0.375 
found ch a ra cte r is t ic  o f  the Starr re ­
su lts  given in Chapter 4. With a m ini­
mum gauge o f  56.5 i n . ,  F ig. 5 .4 -1  shows 
the e f f e c t  o f  varying maximum gauge (o r  
cusp amplitude) on peak outer wheel 
la te ra l fo r ce s , over the range o f  cur­
vatures o f  3 to 15 degrees. Since the 
low r a i l  is  not perturbed the maximum 
gauge is  the cusp amplitude added to 
the minimum gauge. The superelevation  
was se t constant to provide balance at 
the 15 mph running speed. For compari­
son the Nadal value fo r  th is  f r i c t io n  
le v e l  and a new flange angle o f  67° is  
34, 568 lb . I t  is  not approached by 
these re su lts , supporting the conten­
tion  that r a i l  climb p red iction  is  un­
l ik e ly .  As might be expected, both 
increased curvatures and larger outer 
r a i l  cusps provide an increase in outer 
r a i l  fo r ce . This increase is  not pro­
p o rtio n a l. The resu lts  suggest le ss  
increase in force  fo r  larger values o f  
curvature and cusp amplitude.

The v a ria tion  in  minimum gauge has a 
le sse r  e f f e c t ,  as shown in Fig. 5 .4 -2 ; 
the wider the gauge, the lower the peak 
la te ra l force  on the outer wheel. This 
resu lt was a lso  produced at a balanced 
speed o f  15 mph throughout. The inner 
r a i l  fo rce  remains approximately con­
stant over the range o f  curvatures 
in vestiga ted .

For a c o e f f i c ie n t  o f  f r i c t io n  o f  0.5 
and flange angle o f  67°, the Nadal v a l­
ue o f  la te ra l fo rce  becomes 28,007 lb .
I t  is  c le a r ly  more l ik e ly  that r a i l  
climb take p lace  in  high curvatures, 
with the higher le v e l  o f  f r i c t io n  more 
ty p ica l o f  dry running. The e f f e c t  o f  
th is  is  shown in  the resu lts  summarized 
in  F ig. 5 .4 -3  fo r  a minimum gauge o f
56.5 in . and a maximum gauge o f  58.5 
in . The la te ra l fo rce  fo r  the higher 
f r i c t io n  c o e f f i c ie n t  approaches that 
suggested by Nadal as in d ica tiv e  o f  
r a i l  clim bing. However, as la te r  re ­
su lts  w i l l  show, the r a i l  spreading 
fo rces  are s u f f ic ie n t  to cause wheel 
drop at sm aller values o f  cusp ampli­
tude, or maximum gauge, than those in ­
d ica tin g  r a i l  clim b here.

The preceding re su lts  show the expected 
trends in  behavior and support the con­
ten tion  and observations o f  te s ts , such 
as those performed at S tarr, Ohio and 
described  in  Chapter 4 , that r a i l  spread­
ing is  the more l ik e ly  cause o f  d e r a i l ­
ment, e s p e c ia lly  where the la te ra l track 
s t i f fn e s s  is  low. The remaining d iscu s ­
sion  in  th is  scenario  is  devoted to the 
assessment o f  la rg es t values o f  gauge 
which are pred icted  not to g ive in c ip ien t 
wheel drop under dynamic wide gauge on 
weak track . Curves o f  5, 10 and 15 
degrees are used in  th is  in v estig a tion . 
The distance to wheel drop is  ca lcu la ted  
using the method described  in Section  
2 .4 .3 . In cip ien t wheel drop is  inves­
tiga ted  by comparing the computed outer 
wheel la te ra l fo rce  and distance to 
wheel drop to those perm issable from 
the high r a i l  s t i f fn e s s ,  a fte r  su btract­
ing the spreading due to the low r a i l .
The low r a i l  fo r ce  is  assumed to be 
constant fo r  these runs, at a value 
c lo s e  to the l im it , appropriate to the 
chosen c o e f f ic ie n t  o f  f r i c t io n .  The 
re su lts  computed are fo r  p = 0 .5 .

Figures 5 .4 -4  and 5 .4 -5  show the re ­
su lts  fo r  the 5 degree curve. For the 
sm aller maximum gauge o f  F ig. 5 .4 -4 , 
the resu lts  do not approach the lim it 
se t by the track s t i f fn e s s .  However, 
in  F ig. 5 .4 -5 , the re su lt  fo r  a minimum 
gauge o f  56.5 in . and a maximum o f  58.0 
in . touches the high r a i l  s t i f fn e s s  
ch a r a c te r is t ic , above which in c ip ie n t  ' 
wheel drop is  p red icted . This was the 
resu lt  used fo r  the sample output given
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Figure 5 .4 -4  Wheel Drop Tendency in a 5 Degree Curve 
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Figure 5 .4 -5  Wheel Drop Tendency in a 5 Degree Curve 
Maximum Gauge 58.0 in .

previously  in  F ig. 5 .2 -1  through 5 .2 -11 . 
The small peak in la te ra l force  on the 
leading edge o f  the time h istory  in 
Fig. 5 .2 -2  con tribu tes to the value 
in d ica tin g  in c ip ie n t  wheel drop. Since 
no such peak is  observed in Fig. 5 .2 -4  
fo r  the leading axle o f  the tra ilin g  
truck, i t  may be "a n a ly t ic a l" , rendering 
the resu lt s l ig h t ly  conservative.

For the 10 degree curve, the resu lts  
fo r  a maximum gauge o f  57.75 in . ,  are 
given in F ig. 5 .4 -6 . In th is case the 
re su lt  fo r  t ig h t  minimum gauge o f  56.0 
in . show a c le a r  p red iction  o f  excedance 
o f  the wheel drop lin e  fo r  p = 0 .5 .
This re su lt  is  s l ig h t ly  d if fe re n t  from 
the other 10  degree re su lts  in that the 
outer wheel flange leaves the gauge 
face o f  the r a i l  fo r  a short distance 
and even h its  the low r a i l  b r ie f ly ,  as 
shown by the wheelset path in Fig.
5 .4 -7 . However a l l  the resu lts  fo r  a 
maximum gauge o f  57.75 in . in 10 degree 
curves show a proxim ity to the in cip ien t

wheel d ro p 'l im it . I t  is  generally  r e c ­
ognized that a wide gauge o f  59 in . can 
cause wheel drop. This is  con sisten t 
with the re su lt  given here since the 
in c ip ien t wheel drop l im it , chosen in 
Section  2 .4 .3 , represents a margin o f  
sa fety  o f  1.25 in . o f  tread overlap by 
the wheel on the low r a i l .

The resu lts  fo r  the computer sim ulation 
in the 15 degree curve fo r  the maximum 
gauge o f  57.75 in . are given in Fig.
5 .4 -8 . Both minimum gauges produce an 
excedance o f  the in c ip ien t wheel drop 
lim it . A sa fer  con d ition  is  id e n t if ie d  
from Fig. 5 .4 -9  fo r  a maximum gauge o f
57.5 in . Although the la te ra l forces  
reach s im ila rly  high values, the reduc­
tion  in clearance o f  0.25 in . is  ade­
quate to prevent in c ip ie n t  wheel drop.

A ll the resu lts  discussed above have 
been produced fo r  a hypothetic curve at 
a 15 mph balance speed. Running at 3 
in. overbalance represents a 5% trans­
fe r  o f  load to the outer w heel, lowering
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Figure 5 .4 -8  Wheel Drop Tendency in a 15 Degree Curve 
Maximum Gauge 57.75 in .
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Figure 5 .4 -9  Wheel Drop Tendency in a 15 Degree Curve 
Maximum Gauge 57.5 in .

o f  the inner, and a resu ltin g  increase 
in the outer peak wheel la te ra l force . 
Figure 5 .4-10 shows that fo r  3 in . over­
balance the reduced inner r a i l  force  
permits a 10% higher outer r a i l  force  
fo r  a 12 degree curve in the region o f  
20,000 lb  without wheel drop. This is  
shown in F ig. 5 .4-11 to be ju s t  over 
that pred icted  in the same curve for  
the outer r a i l  at the 3 in . overbalanced 
con d ition . It  may be concluded that the 
resu lts  are not ser iou s ly  a ffe cted  by 
under or overbalanced running in the

range considered normal fo r  fre ig h t 
v e h ic le s .

5 .5  CURVING WITH COMBINED HIGH RAIL 
ALIGNMENT AND CROSS LEVEL CUSPS 
AT JOINTS

In the preceding section  the response 
o f  the 100 ton hopper was reported fo r  
a track scenario with alignment cusps 
in the high r a i l  alone. There ex is ts  
the p o s s ib i l i t y  that, i f  these are com­
bined with a cross lev e l input, coupling
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Figure 5.4-10 Modification to Rail Restraint Capacity 
at 3 in. Overbalance in 12 Degree Curve

Figure 5.4-11 Effect of Cant Deficiency in 12 Degree Curving
p = 0.5; New Profiles; Minimum Gauge - 56.5 in.; 
Maximum Gauge - 57.75 in. (in Cusps)

will take place, rendering the response 
to the combination worse than each in­
dividual scenario. This might lead to 
the requirement for a further limita­
tion of track geometry to prevent a new 
potential for derailment. The computer

predictions in this combined scenario 
were carried out to examine whether the 
response produced worse results than 
those in the previous section for 
alignment and gauge alone or the 
periodic cross level cusps studies by
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TSC and used to verify the simulation 
program in Section 2.2 (see also Ref. 6 
and 7) .

One manner in which the response to the 
combined inputs might cause rail climb 
is that of a lateral disturbance during 
dynamic wheel unloading in roll. The 
study therefore concentrated on roll 
angle, lateral and vertical forces and 
the tendency to climb the rail, as indi­
cated by the excursion of the wheel 
beyond flange contact. A 10 degree 
curve with elevation for balance at 15 
mph is used throughout.

The response in roll is shown in Fig.
5.5-1 for \ in. and 5/8 in. cross level 
cusps at the speed of 14 mph close to 
the roll resonance. The roll angle am­
plitude is large and suggests an angle 
above 5° for the 5/8 in. input. The run 
for the same speed at the lower cross­
level of \ in. was significantly lower. 
These results suggest that body roll in 
curves is not greatly different from 
that in tangent track and is not strongly 
influenced by outer rail alignment v a r i ­
ations within the limits studied here. 
(Note: these graphs have a different
scale for roll angle.) ■ ..

ROLL

Figure 5.5-2 presents a comparison of 
lateral forces for the same runs. In 
general the lateral forces exceed 20,000 
lb. However, the critical information 
on performance lies in the phasing with 
the dynamic vertical load given in Fig
5.5-3. The roll resonance leads to com­
plete unloading of the wheels for the 
5/8 in. cross-level. (A small negative 
vertical force is indicated due to the 
fact that the snubbing force as modeled 
does not cease at wheel lift off.)

The results for the 15 mph run, with 
5/8 in. crosslevel cusps, reveals that 
the left (outer) wheel lifts off just 
prior to 16.5 sec. into the run. This 
just preceeds the maximum roll angle in 
this cycle. At the same instant the 
outer wheel lateral force is zero and 
the "non-flanging" wheel force is 10,000 
lb. However immediately following this 
the flanging wheel lateral force a p ­
proaches 20,000 lb with a vertical force 
of approximately 10,000 lb. Thus an L/V 
of 2 is sustained for a significant time.
The result is a rail climb derailment 
indicated more clearly by the value of 
left wheel flange overlap of the rail (DYLF 
12) in Fig. 5.5-4. This overlap on the outer

ROLL

Figure 5..5-1 Roll Response of 100 Ton Car to Crosslevel Variations in 10° Curve 
with Gauge Varying from 56-1/2 in. - 57-3/4 in. (1-1/4 in. Cusp)

15 MPH
F igu re  5 .5 - 2  L a te r a l  F orce  - Leading A x le -H ig h  R a il  - 10° Curve w ith  C r o s s le v e l

V a r ia t io n  on Gauge 5 6 -1 /2  in .  to  5 7 -3 /4  in .  ( 1 - 1 /4  in .  C usps)
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wheel is represented by the solid line 
having positive values. No similar 
flange climb derailment is predicted for 
the 1/2 in. cross level variation, a l ­
though an overlap of 0.1 is approached 
for very short intervals.

It is possible to conclude from these 
results for curvatures of 10° that a 
flange climb derailment is predicted for 
the combined excitation by track with 
values of crosslevel and gauge variation 
deemed just safe from separate excitation 
in earlier studies at the same speed.
Thus the combined excitation suggests 
geometric limits smaller than those ap­
propriate from the separate cross-level 
and gauge studies for the same curvature. 
Further studies are necessary to identify 
the new limits just providing safety from 
de r a i l m e n t .

5.6 SINUSOIDAL ALIGNMENT VARIATION 
WITH CONSTANT GAUGE

The track geometric variations discussed 
in the Sections 5.4 and 5.5 concern 
single rail perturbations. These corre- 
'late with gauge and cross level for the 
track geometry as measured. Although 
single rail alignment contributes to 
measured track alignment the results do 
not provide a particularly bad scenario 
for ascertaining values of track align­
ment which may provide derailment. The 
experience with measured track geometry 
(Ref. 3) and knowledge of the most likely 
response in lowest damped kinematic 
mode of vehicle oscillation (Fig. 2.3-1) 
suggested that a sinusoidal track align­
ment with constant gauge be studied.
This also includes conditions rather 
similar to transient irregularities 
such as those identified in Ref. 3 as 
the jog or sinusoidal (single wavelength) 
also occurring in spirals.
Initial studies were carried out on tan­
gent track with a track wavelength of 90 
ft, a gauge of 58.0 in. and 5.0 in. peak 
to peak (p/p) alignment amplitude. The 
chosen speed for these initial studies was 
25 mph and the friction coefficient y = 0 . 5 .

Figure 5.6-1 shows the path of the wheel- 
set and the lateral force history for 
the widest gauge of 58.0 in. Increasing 
the gauge not only decreases the lateral 
distance before wheel drop is predicted, 
but also presents the outer wheel with 
a larger angle and tighter curvature at 
the point of flange contact, resulting 
in a larger lateral force. In the ini­
tial runs the largest lateral force 
occurring at the first peak in Fig. 5.6-1, 
for a gauge of 58.0 i n . , and 5 in. p/p 
alignment amplitude is 19,000 lb. This 
force reduces to 16,000 lb for 3 in. p/p 
input. The 3 in. p/p input with a gauge

reduced to 56.5 in. gave a lateral force 
of 12,000 lb. The conclusion drawn from 
these initial results using the rail res­
traint curve described in Section 2.4.3, 
is that for the 90 ft wavelength the r e ­
sults indicate incipient wheel drop well 
before rail climb and a greater likelihood 
with increasing gauge and alignment amplitude.

The effect of wavelength is shown in 
Fig. 5.6-2 for a gauge of 58.0 in. and 
alignment amplitude of 3 in. peak/peak.
While this amplitude suggests a m a r g i n ­
ally safe condition for the 90 ft w a v e ­
length, wheel drop is predicted for the 
smaller wavelengths. Indeed rail climb 
is predicted for the 50 ft and 39 ft 
wavelength as indicated by the sudden 
reduction in the distance to wheel drop 
(DISTDROP) at the Nadal value of L =
22,000 lb or L/V = 0.85. The vertical 
load at this point is reduced to 26,000 
lb due to a body roll angle of more 
than 1.5°. In this condition, as seen 
from behind in a curve to the right, 
the left wheels are flanging as they 
are vertically unloaded dynamically due 
to clockwise body rotation. This c o mbi­
nation of truck translation to the left 
and clockwise body rotation give an 
instantaneous center.of rotation to the 
body above axle height. The^ motion is 
generally called upper center roll or 
sway and is one of the two modes of 
vehicle oscillation which may be excited 
during the kinematic oscillation known 
as hunting. It is discussed in Section 
2.2.5. Since the hunting oscillation 
is least damped at a particular w a v e ­
length, generally below 75 ft, smaller 
alignment amplitudes are necessary at 
this wavelength to prevent incipient 
wheel drop and rail climb. This w a v e ­
length varies with the effective cone 
angle of the wheels and with track 
curvature.
Figure 5.6-3 shows the results for crit­
ical values of alignment amplitude and 
gauge for a wavelength of 50 ft. An 
increase in amplitude of 0.25 in. re­
sults in the need for a similar reduc­
tion in gauge at the incipient wheel 
drop prediction limit. In order to 
establish this limit and because of the 
variation in low rail lateral force, 
the lateral rail minimum stiffness curve, 
is moved to suit the low rail force 
recorded as shown by the dotted line on 
Fig. 5.6-3. Also shown on Fig. 5.6-3 
and subsequent figures are the m i d ­
chord offset values for the particular 
run. These are calculated for a 62 ft 
chord (MCO) and 31 ft chord (MC31).

Critical values of alignment variation 
for the safe maximum gauge of 57.75 
in., discussed previously in Section 
5.4, are given in Fig. 5.6-4, along 
with the equivalent mid-chored offsets.
The 50 ft wavelength excites the largest
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response in the vehicle modeled on tan­
gent track and consequently demands the 
smallest track alignment amplitude for 
avoidance of wheel drop. The probable 
proximity of this wavelength to the 
kinematic wavelength, in which tractive 
energy in transmitted through the wheel/ 
rail interface into vehicle lateral 
dynamics, provoked a preliminary study 
into the effect of speed on the response 
of the truck at this wavelength of 50 
ft. The result is shown in the lateral 
forces over the speed range of 5 to 100 
mph in Fig. 5.6-5. There exists evi­
dence of a peak in force just below 25 
mph, which is accompanied in the output 
by a peak in roll angle, suggesting the 
excitation of a roll resonance. No 
attempt has yet been made to establish 
the precise speed which gives a maximum. 
At speeds above 60 mph, the short simu­
lation runs did not settle in roll angle, 
although the peak forces in each time 
history were not increasing at the end 
of the run. Incipient wheel drop is 
predicted by all results for speeds 
above 40 mph. The results at high 
speeds are preliminary in this low speed 
study, but serve to place excitation 
with sinusoidal alignment variation 
into context of higher speed studies 
yet to be carried out. There is prob­
ably a wavelength at which the vehicle 
response and lateral forces are greater 
than those at 50 ft.

Further insight is possible from the 
study of sinusoidal alignment variations 
in curves. Figure 5.6-6 shows the sen­
sitivity to alignment amplitude in a 5 
degree curve at a wavelength of 39 ft 
and also shows the reduction due to the 
curvature at this wavelength. However 
not all wavelengths are similarly 
effected, as seen by the comparison b e ­
tween Fig. 5.6-7 for the 5 degree curve

and the previous Fig. 5.6-4 for tangent 
track. The 39 ft wavelength is the 
only one requiring a substantially re­
duced amplitude to prevent a simulated 
incipient wheel drop response level at 
a curvature of 5 degrees.

In an alternative representation of the 
effect of curvature, Fig. 5.6-8 shows 
the leading axle lateral forces, for 
the alignment amplitudes, regarded as 
critical on tangent track. The increase 
in force between tangent and 5 degree 
curving on the 39 ft alignment wavelength 
is again apparent. All lateral forces 
increase beyond the force required for 
incipient wheel drop at 10 degrees of 
curvature and above. A  first estimate 
of the simulation for critical values 
in the 10 degree curve is given in Fig.
5.6-9, which indicates the reduction in 
amplitude necessary to compensate for 
the increase in lateral force with c u r ­
vature. The fact that the gauge has 
been kept constant for these alignment 
variation runs is apparent from the 
substantially constant value of distance 
to wheel drop in the results produced 
with the leading outer wheel flanging.
The small slope is that due to the lead­
ing edge of the wheel/rail characteristic 
wheel lateral force vs lateral p o s i ­
tion, at flange contact, described p r e ­
viously in Section 3.3.1. However, a s ­
suming the gauge to be constant, say at 
57.75 in. gives a constant distance to 
wheel drop of 1.17 in. Under potential 
derailment conditions, the forces on 
both wheels of the leading axle are 
large enough to be on the linear upper 
slope of the rail restraint characteris­
tic used in allowing for rail deflection
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i n  t h e  w h e e l  d r o p  s t u d i e s .  T h e  e q u a t i o n  
g o v e r n i n g  t h i s  l i n e a r  p o r t i o n  i s ,

5 = 0 . 0 6 7 L  -  0 . o7

w h e r e

6 -  l a t e r a l  r a i l  d e f l e c t i o n ,  i n  

L  -  l a t e r a l  r a i l  f o r c e ,  k i p s .

a n d  a t  a  v e r y  s m a l l  c u r v a t u r e  f o r  \  =
3 9  f t ,  f o r  t h e  t a n g e n t  t r a c k  c r i t i c a l  
a m p l i t u d e s  s t a t e d .  T h e s e  r e s u l t s  a r e  
c o n s i s t e n t  w i t h  t h e  a m p l i t u d e  c h a n g e s  
n e c e s s a r y  i n  F i g .  5 . 6 - 7  a n d  5 . 6 - 9  t o  
p r o d u c e  t h e  c r i t i c a l  v a l u e s  f o r  
i n c i p i e n t  w h e e l  d r o p .  T h e  t a n g e n t  t r a c k  
v a l u e s  a r e  g o o d  f o r  a l l  b u t  t h e  3 9  f t  
w a v e l e n g t h  i n  t h e  5 d e g r e e  c u r v e '  a n d  
a l l  n e e d e d  c h a n g i n g  i n  t h e  1 0  d e g r e e  
c u r v e .

U s i n g  o . f o r  t h e  i n n e r  r a i l  a n d  6 f o r  
i  o

t h e  o u t e r  g i v e s  a  t o t a l  r a i l  s p r e a d i n g
d e f l e c t i o n  o f  <5 = 6 .  +  6 o r ,  i  o

6 = 0 . 0 6 7  X L  -  1 . 1 4  i n .  

w h e r e

X L  -  sum o f  t h e  r a i l  s p r e a d i n g  
f o r c e s  o n  t h e  t r a c k

S i n c e  i n '  t h e  l i m i t i n g  c a s e  6 =  1 . 1 7  i n .

X L 1 . 1 7  +  1 . 1 4
UT(.W! 3 4 . 5  K i p s

A v a l u e  o f  3 0 . 7  K i p s  i s  s i m i l a r l y  a p p r o ­
p r i a t e  f o r  a  g a u g e  o f  5 8 . 0  i n .  R e f e r ­
e n c e  t o  F i g .  5 . 6 - 8  s u g g e s t s  t h a t  3 4 . 5  
K i p s  w i l l  b e  e x c e e d e d  a t  c u r v a t u r e s  
j u s t  u n d e r  1 0  d e g r e e s  f o r  = 9 0  f t ,  
c l o s e  t o  5  d e g r e e s  f o r  A. = 7 5  f t ,  
b e t w e e n  5 a n d  1 0  d e g r e e s  f o r  \  -  5 0  f t ,

F i g u r e  5 . 6 - 1 0  sh o w s  a c u r v e  o f  t o t a l  
g a u g e  s p r e a d i n g  f o r c e  a t  a s p e e d  o f  25  
m p h , o n  b o t h  r a i l s  a g a i n s t  s i n e  w a v e  
d o u b l e  a m p l i t u d e  f o r  p = 0 . 5 ,  a  w a v e ­
l e n g t h  o f  50  f t ,  a n d  g a u g e  o f  5 7 . 7 5  i n .  
o n  t a n g e n t  t r a c k .  T h e  c r i t i c a l  v a l u e  
o f  a m p l i t u d e  i s  e s t i m a t e d  t o  b e  1 . 2 9  
i n . , c l o s e  t o  t h a t  g i v e n  f o r  t h e  sam e  
w a v e l e n g t h  i n  F i g .  5 . 6 - 4 .  T h e  d i f f e r ­
e n c e  i s  s o l e l y  d u e  t o  t h e  r e a d i n g  o f  
l a t e r a l  f o r c e s  f r o m  t h e  g r a p h s ,  w h i c h  
was d o n e  b y  c o m p u t e r  i n  p r e v i o u s  r e s u l t s  
a n d  b y  h a n d  i n  F i g .  5 . 6 - 1 0 .  H o w e v e r  
t h i s  m e t h o d  o f  e s t a b l i s h i n g  c r i t i c a l  
v a l u e s  m ay b e  u s e f u l  i n  i n t e r p r e t i n g  
q u i c k - l o o k  d a t a  f r o m  f i e l d  t e s t s  s i n c e  
i t  o n l y  i n v o l v e s  t h e  c o m p u t a t i o n  a n d  
c o m p a r i s o n  o f  a  m e a s u r e d  f o r c e  w i t h  
a p r e d e t e r m i n e d  c r i t i c a l  v a l u e ,  f o r  
t h e  m e a s u r e d  o r  e s t i m a t e d  t r a c k  c o m ­
p l i a n c e  a n d  g a u g e .

1.0  1.2 1.4 1.6 1.8 2 .0

A L IG N M E N T  S IN U S O ID  D O U B L E  A M P L IT U D E  (IN C H E S )

F i g u r e  5 . 6 - 1 0  R a i l  R e s t r a i n t  L i m i t e d  G au g e  S p r e a d i n g  F o r c e s
o n  T a n g e n t  T r a c k  G au ge  -  5 7 . 7 5  i n .  W a v e l e n g t h  - 
50  f t  u = 0 . 5  f o r  a s p e e d  o f  25  mph
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6. CONCLUSIONS AND RECOMMENDATIONS Steady State Vehicle Behavior6.1 2

I n  t h i s  c h a p t e r ,  t h e  o u t c o m e  o f  t h e  
d e s c r i p t i o n s  a n d  d i s c u s s i o n  o f  t h e  
p r e c e d i n g  c h a p t e r s  i s  s u m m a r i z e d ,  s e p a ­
r a t e l y ,  i n t o  c o n c l u s i o n s  a n d  r e c o m m e n ­
d a t i o n s  o n  t h e  s t u d y ,  a n d  o n  t h e  r e l a ­
t i o n s h i p  b e t w e e n  t r a c k  g e o m e t r y  a n d  
s a f e t y  f r o m  d e r a i l m e n t  i n  t h e  l o w  s p e e d  
r a n g e .

6 . 1  CONCLUSIONS

6 . 1 . 1  T h e  R e v i s e d  S IM C A R  M o d e l

T h e  r e v i s e d  m o d e l  a n d  t h e  c o m p u t e r  
s i m u l a t i o n  p r o g r a m  d e v e l o p e d  u n d e r  t h i s  
e f f o r t  h a v e  b e e n  s h o w n  t o  p r e d i c t  k n o w n  
f r e i g h t  v e h i c l e  b e h a v i o r  i n  t h e  f o l l o w ­
i n g  m o d e s .

•  R o l l  -  a s  c o m p a r e d  t o  e x p e r i ­
m e n t a l  r e s u l t s  a n d  t h e  M I T  m o d e l  
b y  P l a t i n  ( R e f .  7 ) ,  i n c l u d i n g  
ju m p  p h e n o m e n a  d u e  t o  b o d y /  
b o l s t e r  a n d  t r u c k  s u s p e n s i o n  
n o n l i n e a r i t i e s

•  S t e a d y  C u r v i n g  -  a s  c o m p a r e d  f o r  
c o n s t a n t  c o n i c i t y  w h e e l s  a n d  n e w  
r a i l s  w i t h  t h e  m o d e l  o f  E l k i n s  
( R e f .  2 2 )  a n d  i n  g e n e r a l  w i t h  
p u b l i s h e d  e x p e r i m e n t a l  r e s u l t s

•  D y n a m i c  C u r v i n g  -  a s  c o m p a r e d  t o  
t h e  r e s u l t s  o f  s p e c i a l  t e s t s  f o r  
a l i g n m e n t  a n d  g a u g e  v a r i a t i o n  o n  
P T T  t r a c k  ( R e f .  2 6 )  a n d  UP t r a c k  
( R e f .  2 7 )  a n d  f o r  a l i g n m e n t ,  
g a u g e  a n d  c r o s s l e v e l  v a r i a t i o n ,  
C h e s s i e  t r a c k  ( R e f .  2 8 ) .

T h e  r e v i s e d  m o d e l  i n c l u d e s  s i g n i f i c a n t  
f a c t o r s  n o t  f o u n d  e l s e w h e r e  i n  e x i s t i n g  
m o d e l s  i n  t h e  r e q u i r e d  c o m b i n a t i o n .
T h e  m o s t  i m p o r t a n t  a r e ,

•  G a u g e  v a r i a t i o n  i n  a d d i t i o n  t o  
a l i g n m e n t  a n d  c r o s s l e v e l  i n  
c u r v i n g  b e h a v i o r

•  A p p r o x i m a t e  w h e e l / r a i l  c h a r a c t e r ­
i s t i c s  w h i c h  i n c l u d e  l i n e a r  a n d  
f u l l y  s a t u r a t e d  r e g i o n s  f o r  b o t h  
t r e a d  a n d  f l a n g e  c o n t a c t

•  S n u b b i n g  a n d  c e n t e r p l a t e  f r i c ­
t i o n  a n d  v e r t i c a l ,  y a w  a n d  l a t ­
e r a l  s u s p e n s i o n  n o n l i n e a r i t i e s  
b e t w e e n  t h e  b o l s t e r  a n d  s i d e  
f r a m e s .

•  I t  i s  a p p a r e n t  f r o m  t h e  p a r t i c u ­
l a r  s t u d y  o f  r a i l / w h e e l  c h a r ­
a c t e r i s t i c s  a n d  t h e i r  i n c l u s i o n  
i n  t h e  S IM C A R  m o d e l ,  t h a t  t h e  
p r e s e n c e  o f  2 - p o i n t  c o n t a c t  b e ­
t w e e n  t h e  w h e e l  a n d  r a i l ,  s u c h  
a s  o c c u r s  d u r i n g  f l a n g i n g  w i t h  
n e w  AAR 1 / 2 0  w h e e l s  o n  n e w  A REA  
1 3 2  l b / y d  r a i l ,  r e d u c e s  t h e  
s t e e r i n g  m o m e n t .  T h i s  f a c t  c o n ­
t r i b u t e s  t o  l a r g e r  l a t e r a l  
f o r c e s  d u r i n g  c u r v i n g  t h a n  a r e  
e x p e r i e n c e d  w i t h  a  s i n g l e  p o i n t  
o f  c o n t a c t  f r o m  p r o f i l e d  o r  w o r n  
w h e e l s  o n  m a n y  r a i l  p r o f i l e s .

•  T h e  s t u d i e s  o f  c u r v i n g  p e r f o r ­
m a n c e  u n d e r  c o n d i t i o n s  o f  i n ­
c i p i e n t  d e r a i l m e n t  i n d i c a t e  a 
l i m i t i n g  v a l u e  t o  t h e  f o r c e  o n  t h e  
l e a d i n g  l o w  r a i l / w h e e l  a s  s l i p ­
p i n g  c o m m e n c e s  i n  a  p r e d o m i n a n t l y  
l a t e r a l  d i r e c t i o n ,  a  c o r r e s p o n d ­
i n g  l a r g e  l a t e r a l  f o r c e  o n  t h e  
f l a n g i n g  w h e e l  ( a l s o  s p r e a d i n g  
t h e  r a i l s ) ,  a n d  a  l a r g e  y a w  
m o m e n t  r e s i s t i n g  c u r v i n g  f r o m
t h e  r e a r  a x l e  i n  t h e  t r u c k  d u e  
t o  i t s  l o n g i t u d i n a l  w h e e l / r a i l  
f o r c e s .

•  I n c r e a s i n g  f r i c t i o n  b e t w e e n  
w h e e l  a n d  r a i l  a d d s  s i g n i f i ­
c a n t l y  t o  t h e  m a g n i t u d e  o f  t h e  
f o r c e s  a n d  p o t e n t i a l  f o r  
d e r a i l m e n t .

6 . 1 . 3  D y n a m i c  C u r v i n g  W i t h o u t  C r o s s -  
L e v e l  B u t  W i t h  G a u g e  V a r i a t i o n

•  I n  t h e  s p e e d  r a n g e  o f  1 0 - 2 5  m p h ,  
a s s o c i a t e d  w i t h  p r e s e n t  FRA  
t r a c k  c l a s s  2 ,  t h e  p r e ­
d i c t e d  p o t e n t i a l  f o r  i n c i p i e n t  
d e r a i l m e n t  i s  d o m i n a t e d  b y  c o n ­
s i d e r a t i o n s  o f  t h e  l a t e r a l  
r e s t r a i n t  c a p a b i l i t y  o f  t h e  
r a i l .  I n  t h e  w o r s t  c o n d i t i o n s  
i n v e s t i g a t e d  t h e  l i m i t i n g  t r a c k  
g e o m e t r y  i s  t h a t  n e c e s s a r y  t o  
p r e v e n t  t h e  p r e d i c t i o n  o f  i n ­
c i p i e n t  w h e e l  d r o p  d u e  t o  g a u g e  
s p r e a d i n g  f o r c e s ,

•  W i t h  c o n d i t i o n s  r e p r e s e n t a t i v e  
o f  t h e  p o o r  t r a c k  g u i d a n c e  i n  
c u r v e s ;  i n c l u d i n g  h i g h  f r i c t i o n  
l e v e l ,  new  r a i l  a n d  w h e e l  p r o ­
f i l e s ,  l o w  t r a c k  l a t e r a l  r i g i d i t y  
a n d  s e v e r e  o u t e r  r a i l  a l i g n m e n t  
c u s p s ,  t h e  f o l l o w i n g  r e p r e s e n t  
g a u g e  v a l u e s  w i t h i n  w h i c h  n o  
d e r a i l m e n t  a n d  p a r t i c u l a r l y  n o  
i n c i p i e n t  w h e e l  d r o p  i s  p r e d i c t e d .
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CURVE ' M IN IM U M  GAUGE MAXIMUM GAUGE

0 - 5 5 6 . 0 5 7 . 7 5
5 - 1 0 5 6 . 5 5 7 . 7 5

1 0 - 1 5 5 6 . 5 5 7 . 5

d e g r e e s  i n c h e s i n c h e s

> . 1 . 4 D y n a m i c  C u r v i n g w i t h  C r o s s - L e v e l
a n d  G a u g e  V a r i a c i o n

•  F o r  t h e  1 0  d e g r e e  c u r v e  i n v e s t i ­
g a t e d ,  r a i l  c l i m b  i s  p r e d i c t e d  
f o r  t h e  g a u g e  v a r i a t i o n s  d e f i n e d  
t o  a v o i d  w h e e l  d r o p  w i t h o u t  t r a c k  
c r o s s l e v e l ,  a n d  w h e n  t h e  a m p l i t u d e  
o f  t h e  c r o s s l e v e l  i s  0 . 6 2 5  i n .  a t  
e a c h  c o n s e c u t i v e  s t a g g e r e d  j o i n t ,  
t h e  v a l u e  p r e v i o u s l y  f o u n d  s a f e
a n  t a n g e n t  t r a c k .

•  T h e  a b o v e  r e s u l t  a n d  p r e d i c t i o n s  
o f  i n c i p i e n t  r a i l  c l i m b  m ad e  a t  
c r o s s - l e v e l  a m p l i t u d e s  o f  0 . 6 2 5  
i n . ,  a n d  a t  c r i t i c a l  s p e e d s ,  
c o n f i r m  t h e  f a c t  t h a t  t h e  g a u g e  
a n d  a l i g n m e n t  v a r i a t i o n s  i n  t h e  
1 0 °  c u r v e  s i g n i f i c a n t l y  i n f l u ­
e n c e s  t h e  s a f e  r e s p o n s e  t o  c r o s s ­
l e v e l  .

•  F u r t h e r  s t u d i e s  a r e  r e c o m m e n d e d  
w i t h  v a r y i n g  c r o s s - l e v e l  a n d  
g a u g e  t o  e s t a b l i s h  r e v i s e d  m a x i ­
mum l i m i t s  t o  t r a c k  g e o m e t r y  c o n ­
s i s t e n t  w i t h  t h e  s a f e  p e r f o r m a n c e  
o f  t h e  v e h i c l e  i n  c u r v e s .

6 . 1 . 5  S i n u s o i d a l  T r a c k  A l i g n m e n t  
V a r i a t i o n  A l o n e

•  T h e  d o m i n a n t  m ode  o f  d e r a i l m e n t  
p r e d i c t e d  o n  r a i l  w i t h  w e a k e n e d  
l a t e r a l  r e s t r a i n t ,  f o r  t h e  s p e e d  
r a n g e  o f  1 0  t o  2 5  m p h ,  i s  w h e e l  
d r o p  d u e  t o  l a r g e  g a u g e  s p r e a d ­
i n g  f o r c e s .

•  T h e  s i n u s o i d a l  t r a c k  a l i g n m e n t  
a m p l i t u d e s ,  f o r  5 7 . 7 5  i n .  g a u g e  
a n d  2 5  m p h ,  b e l o w  w h i c h  t h e  
s i m u l a t i o n  o f  p o o r  g u i d a n c e  
c o n d i t i o n s  p r e d i c t s  no  i n c i p i e n t  
w h e e l  d r o p  d e r a i l m e n t ,  a r e ,

WAVELENGTH DOUBLE A M P L IT U D E

f o r t a n g e n t  t r a c k ,  

3 9  f c 1 . 3 3 i n .
5 0  f t 1 . 2 5 i n .
7 5  f t 3 . 2 5 i n .
9 0  f t 4 . 5 i n .

f o r a  5 d e g r e e  c u r v e ,

3 9  f t 1 . 0 i n .
5 0  f t 1 . 2 5 i n .
7 5  f t 3 . 2 5 i n .
9 0  f t 4 . 5 i n .

a n d f o r  a  1 0  d e g r e e c u r v e ,

5 0  f t 1 . 0 i n .
7 5  f t 2 . 7 i n .
9 0  f t 3 . 7 5 i n .

6 . 2

6 . 2 . 1

RECOMMENDATIONS

P r e s e n t  R a i l / V h e e l  C h a r a c t e r i s t i c

T h e  a p p r o x i m a t i o n  p r e s e n t l y  u s e d  t o  
c r e a t e  w h e e l / r a i l  f o r c e s  a n d  m o m e n t s ,  
w h i l e  a r r a n g e d  t o  b e  a c c u r a t e  f o r  
w h e e l s  a n d  r a i l s  p r o v i d i n g  c o n s t a n t  
t r e a d  c o n i c i t y  a n d  t w o  p o i n t  c o n t a c t  a t  
t h e  f l a n g e ,  b e a r s  o n l y  a s y m p t o t i c  
r e l a t i o n s h i p s  t o  t h e  p h y s i c a l  p r o c e s s .  
New m o d e l s ,  r e p r e s e n t i n g  t h e  b a s i c  
r o l l i n g / c r e e p i n g  p r o c e s s ,  i n c l u d i n g  t h e  
v a r i a t i o n  i n  w h e e l s e t  r o t a t i o n a l  s p e e d ,  
a n d  e m p l o y i n g  t a b u l a r  r e p r e s e n t a t i o n s  
f o r  w h e e l / r a i l  g e o m e t r y  a n d  c r e e p  f o r c e s  
a r e  i n  u s e  a n d  a r e  c o m p u t a t i o n a l l y  
e f f i c i e n t .  T h e y  a r e  k n o w n  f r o m  t h e  
l i t e r a t u r e  t o  b e  v e r y  a c c u r a t e  i n  p r e ­
d i c t i n g  w h e e l  c l i m b  a n d  g a u g e  s p r e a d i n g  
f o r c e s  a n d  i n c l u d e  t h e  p r o m i s e  o f  f u r ­
t h e r  d e v e l o p m e n t  i n t o  t h e  p r e d i c t i o n  o f  
d y n a m i c  w e a r  a n d  r o l l i n g  r e s i s t a n c e .
T h i s  i n c l u d e s  t h e  p r o s p e c t  o f  f u r t h e r  
d e v e l o p m e n t  b e y o n d  t h e i r  p r e s e n t  s t a t e  
o f  a s s u m e d  H e r t z i a n  c o n t a c t  a n d  d r y  
i n t e r f a c e  c o n d i t i o n s .  A s p e c i a l  c o n ­
s i d e r a t i o n  i s  t h a t  t h e y  a r e  c o m p l e t e l y  
f l e x i b l e  f o r  a n y  m e a s u r e d  o r  d e s i g n e d  
w h e e l  o r  r a i l  p r o f i l e .  I t  i s  r e c o m ­
m e n d e d  t h a t  t h e  p r e s e n t  m o d e l ,  u s e d  i n  
t h e  c o m p u t e r  p r o g r a m  S IM C A R ,  b e  m o d i ­
f i e d  t o  i n c l u d e  t h i s  a d v a n c e .

6 . 2 . 2  P r e s e n t  C o m p u t a t i o n a l  E f f i c i e n c y  
o f  t h e  S i m u l a t i o n

A s  i t  p r e s e n t l y  e x i s t s ,  t h e  p r o g r a m  
S I M C A R  u s e s  a  p r o c e s s  o f  s t a t e  r e d u c ­
t i o n  t o  p r o v i d e  a c c u r a t e  i n t e g r a t i o n  o f  
r e l e v a n t  d y n a m i c s  w i t h  l o n g e r  t i m e  
s t e p s .  T h i s  p r o c e s s  i s  p r e s e n t l y  c o m ­
p r o m i s e d  b y  t h e  l a c k  o f  a  s u i t a b l y  
r o b u s t  a l g e b r a i c  a l g o r i t h m  f o r  t h e  
h i g h l y  n o n - l i n e a r  e q u a t i o n s • g o v e r n i n g  
t h e  e q u i l i b r i u m  o f  t h e  t r u c k s .  T h e
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p r e s e n t  m e t h o d  u s e s  v a l u e s  f r o m  t h e  
p r e c e d i n g  s t e p  w h i c h  r e d u c e s  t h e  a d ­
v a n t a g e  b y  m a k i n g  t h e  a c c u r a c y  s t e p  
d e p e n d e n t .  B e c a u s e  o f  t h e  i m p o r t a n c e  
o f  t h e  g e n e r a l  p r o b l e m  i n  s t e a d y  c u r v ­
i n g ,  i n  a d d i t i o n  t o  t h e  a d v a n t a g e  o f  a n  
e f f i c i e n t  d y n a m i c  c u r v i n g  p r o g r a m  f o r  
h i g h e r  t r a c k  s p e e d s , i t  i s  r e c o m m e n d e d  
t h a t  a n  i m p r o v e d  a l g o r i t h m  b e  s o u g h t  
a n d  i m p l e m e n t e d  f o r  t h i s  p u r p o s e .

6 . 2 . 3  T h e  A p p r o a c h  t o  W h e e l / R a i l  M o d e l  
V a l i d a t i o n  a n d  t o  D e t e r m i n i n g  
C r i t i c a l  T r a c k  G e o m e t r i e s

F r o m  p r e v i o u s  s i m u l a t i o n  s t u d i e s  a n d  
f r o m  p u b l i s h e d  s t u d i e s  o f  t r a c k  g e o m e ­
t r y  i t  h a s  b e e n  p o s s i b l e  t o  c h o o s e  
o u t e r  r a i l  a n d  c r o s s  l e v e l  c u s p s  a n d  
s i n u s o i d a l  a l i g n m e n t  v a r i a t i o n  t o  p r o ­
v i d e  s e v e r e  g e o m e t r i c  t r a c k  i n p u t s  f o r  
t h e  s t u d y  o f  l i m i t i n g  t r a c k  s t a n d a r d s  
f o r  g a u g e ,  c r o s s  l e v e l  a n d  a l i g n m e n t .  
F u r t h e r  s t u d i e s  o f  r e s p o n s e  t o  o t h e r  
s h a p e s  d e t e r m i n e d  f r o m  t h e  t r a c k  g e o ­
m e t r i c  s u r v e y s  a r e  u n d e r w a y .  H o w e v e r ,  
t h e  p r o c e s s  o f  d e r a i l m e n t  h a s  n e v e r  
b e e n  t e s t e d  i n  f u l l  s c a l e  u n d e r  c o n ­
t r o l l e d  c o n d i t i o n s  i n  t h e  U n i t e d  S t a t e s ,  
s o  t h a t  t h e  p h y s i c a l  c o n d i t i o n  u n d e r  
w h i c h  d e r a i l m e n t s  o c c u r  i n  t h e  r e a l  
w o r l d ,  i n  e i t h e r  r a i l  c l i m b  o r  w h e e l  
d r o p ,  a r e  n o t  p r e c i s e l y  k n o w n .  I t  i s  
l i k e l y  t h a t  v e l o c i t y ,  a n g l e  o f  a t t a c k ,  
t h e  s t a t e  o f  w e a r  o f  w h e e l  a n d  r a i l  
p r o f i l e s ,  l o a d ,  f r i c t i o n  c o e f f i c i e n t  a s  
w e l l  a s  t r a c k  r e s t r a i n t  a n d  g e o m e t r i c  
h i s t o r y  a l l  p l a y  a r o l e .  A t h r e e  
p a r t  s t u d y  c o u l d  be  u n d e r t a k e n  t o  
p r o v i d e  a b e t t e r  e s t i m a t e  o f  t h e  
p r o b a b i l i t y  o f  d e r a i l m e n t  on  
r a i l r o a d s  i n  t h e  U n i t e d  S t a t e s .

I n  P a r t  I  i t  i s  p r o p o s e d  t h a t  a n  a c c u ­
r a t e  m o d e l  o f  a  s i n g l e  w h e e l s e t  o n  c o m ­
p l i a n t  t r a c k  s h o u l d  b e  c r e a t e d  t o  e x a m ­
i n e  t h e  c r i t i c a l i t y  a n d  s e n s i t i v i t y  o f  
t h e  c i r c u m s t a n t i a l  v a r i a b l e s  w h i c h  t o ­
g e t h e r  g i v e  r i s e  t o  t h e  m ode s  o f  d e r a i l ­
m e n t  d i s c u s s e d  i n  t h i s  r e p o r t .

I n  P a r t  I I  i t  i s  p r o p o s e d  t h a t  t h e  m o d e l  
a n d  s i m u l a t i o n  o f  t h e  d e r a i l m e n t  p r o c e s s  
i n  P a r t  I  s h o u l d  be c o m b i n e d  w i t h  a  f u l l  
s c a l e  e x p e r i m e n t  t o  p r o v i d e  v a l i d a t i o n  up  
t o  a n d  i n c l u d i n g  a f u l l  d e r a i l m e n t .  F o r  
t h i s  i t  i s  p r o p o s e d  t h a t  a  s i n g l e  w h e e l s e t  
t e s t  s h o u l d  be d e v i s e d  u s i n g  a s p e c i a l l y  
d e s i g n e d  s u s p e n s i o n  f r o m  a n  e x i s t i n g  h e a v y  
v e h i c l e .

I n  P a r t  I I I  i t  i s  p r o p o s e d  t h a t  t h e  r e ­
s u l t i n g  v a l i d a t e d  m o d e l  r e s u l t s  s h o u l d  be  
u s e d  t o  i d e n t i f y  a n d  r a n k  t h e  s e v e r i t y  o f  
t r a c k  g e o m e t r i e s  r e c o r d e d  i n  t h e  U n i t e d  
S t a t e s  so f a r  as t h e i r  p o t e n t i a l  f o r  d e ­
r a i l m e n t  i s  c o n c e r n e d .

6 . 2 . 4  E x t e n s i o n  o f  t h e  P r e s e n t  S t u d i e s

T h e  s t u d i e s  r e p o r t e d  h e r e  h a v e  p r o v i d e d  
e v i d e n c e  o f  l i m i t i n g  o r  c r i t i c a l  t r a c k  
g e o m e t r i e s ,  f o r  t h e  r e s p o n s e  o f  a  n o t a ­
b l y  p o o r l y  p e r f o r m i n g  v e h i c l e  o v e r  t h e  
s p e e d  r a n g e  o f  1 0 - 2 5  mph f o r  t r a c k  
s h a p e s ,  d e e m e d  t o  p r o v i d e  t h e  m o s t  
l i k e l y  c i r c u m s t a n c e  f o r  d e r a i l m e n t .
T h e  r e s u l t s  h a v e  b e e n  d e m o n s t r a t e d  t o  
b e  g e n e r a l l y  c o n s i s t e n t  w i t h  t e s t  r e ­
s u l t s  a n d  w i t h  t h e  k n o w n  b e h a v i o r  o f  t h e  
h i g h  c . g .  h o p p e r  c a r  i n  s e r v i c e .  T h e  
s e c t i o n s  a b o v e  h a v e  a d d r e s s e d  i m p r o v e ­
m e n t s  d e s i r a b l e  i n  t h e  s i m u l a t i o n  a n d  
m o d e l  a n d  i t s  v a l i d i t y .  U s i n g  t h e s e  
a d v a n c e s  a n d  a n y  o t h e r s  f o u n d  n e c e s s a r y  
t h r o u g h  e x p e r i e n c e  t o  s i m u l a t e  a d e ­
q u a t e l y  t h e  d e r a i l m e n t  p r o c e s s  a t  
h i g h e r  s p e e d s ,  i t  i s  r e c o m m e n d e d  t h a t  
s t u d i e s  c o n t i n u e  i n t o  t h e  s a f e  p e r f o r ­
m a n c e  l i m i t s  o f  v e h i c l e s  o n  p o o r  t r a c k  
u p  t o  t h e  h i g h e s t  s p e e d  e n v i s a g e d  f o r  
t h e  o p e r a t i o n  o f  v e h i c l e s  i n  f r e i g h t  
a n d  p a s s e n g e r  s e r v i c e .  T h i s  s t u d y  
s h o u l d  c o n t i n u e  t o  u s e  s c e n a r i o s  r e p r e ­
s e n t a t i v e  o f  k n o w n  p o o r l y  b e h a v i n g  v e ­
h i c l e s  o n  t r a c k  g e o m e t r y  a n d  r e s t r a i n t  
c o n d i t i o n s  i d e n t i f i e d  a s  p r o v i d i n g  t h e  
g r e a t e s t  h a z a r d  t o  t h e  s t a b l e  g u i d a n c e  
p r o c e s s  f o r  t h e  p u r p o s e  o f  i d e n t i f y i n g  
r e l a t i o n s h i p s  b e t w e e n  t r a c k  g e o m e t r y  
a n d  d e r a i l m e n t  p o t e n t i a l .
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A P P E N D IX  A

R A I L  V E H IC L E  DYNA M IC S L IB R A R Y  PROGRAM 
D E S C R IP T IO N S

A .  1 O V E R V IE W

T h e  R a i l  V e h i c l e  D y n a m i c s  L i b r a r y  
( R V D L )  p r o g r a m s  a r e  s t o r e d  o n  t a p e .  A 
p r o g r a m  d e s c r i p t i o n  a n d  l o g  s y s t e m  p r o ­
v i d e s  a  d a t a  s e t  o n  e a c h  p r o g r a m  d e ­
s c r i b i n g  i t s  o r i g i n  a n d  a t t r i b u t e s .
T h e  p r o g r a m s  c a n  b e  s o r t e d  b y  m e a n s  o f  
a  k e y w o r d  s y s t e m ;  p r e s e n t l y  a l l o w a b l e  
k e y w o r d s  a r e  d e s c r i b e d  i n  S e c t i o n  A . 2 .
A  c o m p l e t e  l i s t i n g  o f  t h e  d e s c r i p t i v e  
m a t e r i a l  f o r  e a c h  RVDL p r o g r a m  i s  g i v e n  
i n  S e c t i o n  A . 3 .

A . 2 KEYWORD D E S C R IP T IO N S

T h e  p r o g r a m  s u m m a r y  d a t a  s h e e t s  w h i c h  
c o m p r i s e  S e c t i o n  A . 3 i n c l u d e  a  s e t  o f  
k e y w o r d s  f o r  e a c h  p r o g r a m .  T h e s e  w o r d s  
a r e  s e l e c t e d  t o  d e s c r i b e  t h e  v e h i c l e  
b e i n g  m o d e l e d ,  t h e  o p e r a t i n g  r e g i m e  a n d  
t h e  a n a l y s i s  m e t h o d o l o g y  e m p l o y e d  b y  
t h e  p r o g r a m .  A  s p e c i a l  c a t e g o r y  o f  
k e y w o r d s  i s  u s e d  t o  c h a r a c t e r i z e  w h e e l -  
r a i l  a n a l y s i s  p r o g r a m s .  T h e  f o l l o w i n g  
f o u r • s e c t i o n s  d e s c r i b e  t h e  k e y w o r d s .

A . 2 . 1  V e h i c l e  K e y w o r d s

T h e  v e h i c l e  u n d e r  c o n s i d e r a t i o n  i s  d e ­
s c r i b e d  b y  t h e  k e y w o r d s  d e f i n e d  i n  t h e  
f o l l o w i n g  p a r a g r a p h s :

T r a i n  -  T h i s  k e y w o r d  i n d i c a t e s  t h a t  t h e  
p r o g r a m  a n a l y z e s  a n  e n t i r e  t r a i n ,  i n ­
c l u d i n g  l o c o m o t i v e s .

F r e i g h t  C a r  -  T h i s  k e y w o r d  i n d i c a t e s  
t h a t  t h e  p r o g r a m  a n a l y z e s  a  f r e i g h t  c a r .  
T y p i c a l l y ,  t h e r e  i s  so m e a t t r i b u t e  o f  
t h e  p r o g r a m  t h a t  i s  s p e c i f i c  t o  f r e i g h t  
c a r  b e h a v i o r ,  a l t h o u g h  i n  som e c a s e s  
r e l a t i v e l y  s i m p l e  p r o g r a m  c h a n g e s  c o u l d  
r e s u l t  i n  p a s s e n g e r  c a r  m o d e l s .  T h e  
k e y w o r d  " f l e x i b l e  f r e i g h t  c a r "  i n d i ­
c a t e s  t h a t  t h e  e f f e c t s  o f  c a r  b o d y  
f l e x i b i l i t y  a r e  i n c l u d e d .

P a s s e n g e r  C a r  -  T h i s  k e y w o r d  i n d i c a t e s  
t h a t  t h e  p r o g r a m  a n a l y z e s  a p a s s e n g e r  
c a r  o r  p a s s e n g e r  r a i l  c a r .  F l e x i b l e  
c a r  b o d y  a n a l y s i s  i s  i n d i c a t e d  a s  f o r  
f r e i g h t  c a r s .

L o c o  -  T h i s  k e y w o r d  i n d i c a t e s  t h a t  t h e  
v e h i c l e  b e i n g  a n a l y z e d  i s  a  l o c o m o t i v e .  
T h e  k e y w o r d  " 6 - a x l e  l o c o "  i n d i c a t e s  
t h a t  t h e  m o d e l  i s  s p e c i f i c a l l y  b u i l t  
f o r  a  l o c o m o t i v e  w i t h  tw o  3 - a x l e  t r u c k s .

L o c o  T r u c k  -  T h i s  k e y w o r d  i n d i c a t e s  
t h a t  o n l y  a  l o c o m o t i v e  t r u c k  i s  u n d e r

a n a l y s i s .  T h i s  i s  a p p r o p r i a t e  w h e n  t h e  
c a r b o d y  i s  i n  s t e a d y  s t a t e ,  e i t h e r  d u e  
t o  t h e  q u a s i - s t a t i c  n a t u r e  o f  t h e  p r o b ­
le m  o r  d u e  t o  t h e  e m p h a s i s  o n  m i d -  a n d  
h i g h - f r e q u e n c y  t r u c k  a n d  w h e e l s e t  r e ­
s p o n s e .  K e y w o r d s  " p a s s e n g e r  t r u c k "  a n d  
" f r e i g h t  t r u c k " ,  t h o u g h  n o t  n e c e s s a r y  
a s  y e t  i n  t h e  R VDL c l a s s i f i c a t i o n ,  
w o u l d  b e  s i m i l a r l y  u s e d .

' A . 2 . 2  O p e r a t i n g  R e g i m e  K e y w o r d s

T h e  o p e r a t i n g  r e g i m e  a n d  som e a t t r i ­
b u t e s  o f  t h e  p r o b l e m  a r e a  u n d e r  a n a l y ­
s i s  a r e  d e s c r i b e d  b y  t h e  f o l l o w i n g  k e y ­
w o r d s  :

L o n g i t u d i n a l  T r a i n  A c t i o n  -  T h i s  k e y w o r d  
i n d i c a t e s  t h a t  t h e  l o n g i t u d i n a l  d e g r e e -  
o f - f r e e d o m  o f  e a c h  c a r  i s  m o d e l e d  f o r  
t h e  p u r p o s e s  o f  d e t a i l i n g  t h e  b u f f  a n d  
d r a f t  ( t r a i n  a c t i o n )  f o r c e s  i n  t h e  
s t r i n g  o f  c a r s .  T h i s  t y p i c a l l y  i n ­
v o l v e s  a  s i m u l a t i o n  o f  l o c o m o t i v e  a n d  
b r a k e  s y s t e m  p e r f o r m a n c e  a s  t h e  t r a i n  
t r a v e r s e s  a  t r a c k  e x h i b i t i n g  g r a d e  
c h a n g e s  a n d  c u r v a t u r e  v a r i a t i o n s .

C u r v e d  T r a c k  -  T h i s  k e y w o r d  d e s c r i b e s . a  
m o d e l  t h a t  i s  i n t e n d e d  f o r  c u r v e d  t r a c k ,  
a n d  p o s s i b l y  a l s o  i n  e n t r y / e x i t  s p i r a l s .  
S i n c e  m o t i o n  a r o u n d  a  c u r v e  i s  i n h e r ­
e n t l y  a s y m m e t r i c , a  m o d e l  a p p r o p r i a t e  
f o r  c u r v e d  t r a c k  t e n d s  t o  b e  m uch  m o r e  
c o m p l e x  t h a n  o n e  r e s t r i c t e d  t o  s t r a i g h t  
t r a c k .

P i t c h - H e a v e  -  T h i s  k e y w o r d  d e n o t e s  a  
c o m p u t e r  m o d e l  w h i c h  o n l y  e v a l u a t e s  
v e h i c l e  r e s p o n s e  i n  t h e  v e r t i c a l  p l a n e .  
T h i s  i n c l u d e s  b o t h  v e r t i c a l  t r a n s l a t i o n  
( h e a v e )  a n d  p i t c h i n g  m o t i o n .

V e r t i c a l  -  T h i s  k e y w o r d  d e n o t e s  a  p r o ­
g r a m  w h i c h  o n l y  m o d e l s  v e r t i c a l  t r a n s ­
l a t i o n a l  m o t i o n .

L a t e r a l - R o l l - Y a w  -  T h i s  k e y w o r d  d e ­
s c r i b e s  a  v e h i c l e  m o d e l  i n c l u d i n g  m o­
t i o n  o n l y  o u t  o f  t h e  p l a n e  o f  s y m m e t r y .  
I n  g e n e r a l ,  t h r e e  d e g r e e s - o f - f r e e d o m  
( l a t e r a l ,  r o l l ,  a n d  y a w )  a r e  n e c e s s a r y  
f o r  e a c h  c o m p o n e n t  o f  t h e  v e h i c l e .

L a t e r a l  F o r c e  -  T h i s  k e y w o r d  i s  u s e d  
f o r  a  p r o g r a m  w h i c h  e x p l i c i t l y  c a l c u ­
l a t e s  l a t e r a l  f o r c e s  b e t w e e n  v e h i c l e s .

H u n t i n g  -  T h i s  k e y w o r d  d e n o t e s  a  m o d e l  
t h a t  i s  u s e f u l  i n  a n a l y z i n g  t h e  o n s e t  
o f  h u n t i n g  m o t i o n .

N o n - R i g i d  T r a c k  -  T h i s  k e y w o r d  i s  u s e d  
f o r  a  m o d e l  w h i c h  i n c l u d e s  t h e  e f f e c t s  
o f  r a i l  a n d  t r a c k  s t r u c t u r e  f l e x i b i l i t y .

F a t i g u e  A n a l y s i s  -  T h i s  k e y w o r d  i n d i ­
c a t e s  t h a t  t h e  p r o g r a m  a n a l y z e s  t h e  
f a t i g u e  l i f e  o f  t h e  v e h i c l e  i n  q u e s t i o n .
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A . 2 . 3  M a t h e m a t i c a l  M o d e l  T y p e  a n d  
A n a l y s i s  M e t h o d

T h e  k e y w o r d s  w h i c h  d e s c r i b e  t h e  t y p e  o f  
m a t h e m a t i c a l  m o d e l  a n d  t h e  a n a l y s i s  
m e t h o d  u s e d  i n  t h e  r a i l  v e h i c l e  d y ­
n a m i c s  p r o g r a m s  a r e  d e s c r i b e d  i n  t h e  
f o l l o w i n g  p a r a g r a p h s .  T h e  f i r s t  tw o  
k e y w o r d s  d e s c r i b e  t h e  t y p e  o f  m o d e l .  ■

L i n e a r  -  T h e  m a t h e m a t i c a l  m o d e l  i s  
b a s e d  o n  t h e  a s s u m p t i o n  o f  l i n e a r i t y :  
t h a t  t h e  o u t p u t  o f  t h e  s y s t e m  d r i v e n  b y  
t h e  s u m m a t i o n  o f  tw o  i n p u t  s i g n a l s  i s  
e q u a l  t o  t h e  s u m m a t i o n  o f  t h e  tw o  s e p a ­
r a t e  o u t p u t  s i g n a l s .  T h i s  i s  o f t e n  a n  
a p p r o x i m a t i o n  o f  r e a s o n a b l e  v a l i d i t y  
f o r  s m a l l  p e r t u r b a t i o n s  a b o u t  a  s t a t i c  
o r  q u a s i - s t a t i c  o p e r a t i n g  p o i n t .  T h e  
u s e f u l n e s s  o f  t h e  a s s u m p t i o n  o f  l i n e ­
a r i t y  l i e s  i n  t h e  p o w e r f u l  s y s t e m s  
a n a l y s i s  t o o l s  w h i c h  h a v e  b e e n  d e v e l ­
o p e d  f o r  l i n e a r  s y s t e m s .

N o n l i n e a r  -  T h i s  k e y w o r d  d e s c r i b e s  a  
m o d e l  f o r  w h i c h  l i n e a r  i n p u t / o u t p u t  
r e l a t i o n s h i p s  a r e  n o t  v a l i d .  C e r t a i n  
i m p o r t a n t  r a i l  v e h i c l e  s u b s y s t e m s  a r e  
i n h e r e n t l y  n o n l i n e a r  ( f o r  e x a m p l e ,  
c o u l o m b  d a m p e r s ,  f l a n g i n g ,  c e n t e r p l a t e  
a n d  s i d e b e a r i n g  c o n t a c t  g e o m e t r y )  a n d  a  
n o n l i n e a r  m o d e l  i s  n e c e s s a r y  t o  a d e ­
q u a t e l y  p o r t r a y  t h e s e  r e l a t i o n s h i p s .

T h e  f o l l o w i n g  a n a l y s i s  m e t h o d  k e y w o r d s  
m u s t  b e  u s e d  w i t h  o n e  o f  t h e  a b o v e  t w o  
m a t h e m a t i c a l  m o d e l  d e s c r i p t o r s :

T i m e - H i s t o r y  -  T h i s  k e y w o r d  d e n o t e s  a  
p r o g r a m ,  o n e  o f  t h e  p r i m a r y  o u t p u t s  o f  
w h i c h  i s  a  t i m e - h i s t o r y  o f  v e h i c l e  c o m ­
p o n e n t  d i s p l a c e m e n t s ,  v e l o c i t i e s ,  
a c c e l e r a t i o n s ,  o r  i n t e r f a c e  f o r c e s .
F o r  n o n l i n e a r  s y s t e m s ,  t h e s e  t i m e -  
h i s t o r i e s  a r e  u s u a l l y  p r o d u c e d  b y  • 
n u m e r i c a l  i n t e g r a t i o n  o f  t h e  s y s t e m  
d i f f e r e n t i a l  e q u a t i o n s ;  f o r  l i n e a r  s y s ­
te m s  a  m o d a l  s u p e r p o s i t i o n  o r  a  s t a t e  
t r a n s i t i o n  m a t r i x  a p p r o a c h  i s  m o s t  
e f f i c i e n t .

E i g e n a n a l y s i s  -  T h i s  k e y w o r d  i n d i c a t e s  
a n  a n a l y s i s  p r o c e d u r e  t h a t  a p p l i e s  o n l y  
t o  l i n e a r  s y s t e m s .  C a l c u l a t i o n  o f  
e i g e n v a l u e s  a n d  e i g e n v e c t o r s  i s  p e r ­
f o r m e d ,  a n d  t h e  r e s u l t s  i n d i c a t e  t h e  
s t a b i l i t y ,  f r e q u e n c y  a n d  d a m p i n g  o f  
e a c h  v e h i c l e  m o d e ,  a s  w e l l  a s  t h e  l e v e l  
o f  i n v o l v e m e n t  o f  e a c h  v e h i c l e  c o m p o ­
n e n t  i n  e a c h  m o d e .

T r a n s f e r  F u n c t i o n  C a l c u l a t i o n  -  T h i s  
k e y w o r d  i n d i c a t e s  t h a t  t h e  p r o g r a m  
e v a l u a t e s  i m p o r t a n t  v e h i c l e  t r a n s f e r  
f u n c t i o n s  f r o m  a  l i n e a r  m o d e l .  A 
t r a n s f e r  f u n c t i o n  i t s e l f  c a n  b e  u s e d  
f o r  f r e q u e n c y  d o m a i n  i n p u t - o u t p u t  
a n a l y s i s ;  h o w e v e r ,  i t  i s  u s u a l l y  b e s t  
v i s u a l i z e d  b y  e v a l u a t i o n  a t  a r a n g e  o f  
f r e q u e n c i e s  a n d  p l o t t i n g  t h e  r e s u l t i n g

g a i n  a n d  p h a s e  b e t w e e n  i n p u t  a n d  o u t p u t  
a s  a  f u n c t i o n  o f  f r e q u e n c y .

PSD A n a l y s i s  -  T h i s  k e y w o r d  - ' -  a  s h o r t ­
e n e d  f o r m  o f  p o w e r  s p e c t r a l  d e n s i t y  
a n a l y s i s  - -  i s  a  m e t h o d  o f  d e s c r i b i n g  
t h e  r a n d o m  r e s p o n s e  o f  a  l i n e a r  s y s t e m  
t o  a  s t a t i o n a r y  ( s t a t i s t i c a l l y  t i m e -  
i n v a r i a n t )  i n p u t .  T h i s  a n a l y s i s ' m e t h o d  
i s  s t r a i g h t f o r w a r d  b e c a u s e  t h e  PSD o f  
t h e  o b s e r v e d  v e h i c l e  r e s p o n s e  i s  l i n e ­
a r l y  r e l a t e d  t o  t h e  PSD o f  t h e  i n p u t ,  
a n d  t h e  l i n e a r  r e l a t i o n s h i p  d e p e n d s  
o n l y  o n  t h e  v e h i c l e  t r a n s f e r  f u n c t i o n .

O u a s i - S t a t i c  -  T h i s  k e y w o r d  d e s c r i b e s  a  
n o n l i n e a r  c o m p u t e r  p r o g r a m  t h a t  c a l c u ­
l a t e s  a  q u a s i - s t e a d y  s t a t e  e q u i l i b r i u m  
c o n d i t i o n .  T y p i c a l l y ,  t h i s  i n v o l v e s  
t h e  s o l u t i o n  o f  f o r c e  a n d  m o m e n t  b a l ­
a n c e  e q u a t i o n s .

L i m i t  C y c l e  -  T h i s  k e y w o r d  i n d i c a t e s  
t h a t  t h e  p r o g r a m  i n  q u e s t i o n  i s  s u i t e d  
t o  t h e  a n a l y s i s  o f  l i m i t  c y c l e s  i n  n o n ­
l i n e a r  s y s t e m s .  A l t h o u g h  l i m i t  c y c l e s  
c a n  b e  s i m u l a t e d  u s i n g  a  t i m e - h i s t o r y  
g e n e r a t i o n  c a p a b i l i t y ,  t h e  k e y w o r d  i s  
o n l y  u s e d  h e r e  i f  a  p o r t i o n  o f  t h e  p r o ­
g r a m  i s  e s p e c i a l l y  a d a p t e d  t o  l i m i t  
c y c l e  a n a l y s i s .  T y p i c a l l y ,  t h i s  i n ­
v o l v e s  t h e  u s e  o f  s i n u s o i d a l - i n p u t  
d e s c r i b i n g  f u n c t i o n s .

R an d o m  R e s p o n s e  -  T h i s  k e y w o r d  i s  
a p p l i e d  t o  a  c o m p u t e r  p r o g r a m  s e t  u p  t o  
d e s c r i b e  t h e  r a n d o m  r e s p o n s e  o f  a  n o n ­
l i n e a r  v e h i c l e  m o d e l  t o  r a n d o m  t r a c k  
i n p u t s .  T h i s  m a y  be  d o n e  b y  d i r e c t  
s i m u l a t i o n ,  w h i c h  p r o d u c e s  o n e  o f  m a n y  
p o s s i b l e  r a n d o m  r e s p o n s e s ,  o r  b y  a  c o -  
v a r i a n c e  a n a l y s i s  p r o c e d u r e ,  w h i c h  p r o ­
d u c e s  a  m e a n  r e s p o n s e  a n d  t h e  v a r i a n c e  
a b o u t  t h a t  m e a n  r e s p o n s e .

A . 2 . A S p e c i a l  W h e e l / R a i l  K e y w o r d s

D u e  t o  t h e  u n i q u e  a n d  i m p o r t a n t  p a r t  
w h e e l / r a i l  i n t e r a c t i o n s  p l a y  i n  r a i l  
v e h i c l e  d y n a m i c s ,  a  s e t  o f  k e y w o r d s  d e ­
s c r i b i n g  p r o g r a m s  a d d r e s s i n g  w h e e l / r a i l  
i n t e r a c t i o n  i s  i n c l u d e d :

W /R  G e o m e t r y  -  T h i s  k e y w o r d  d e n o t e s  a  
p r o g r a m  t h a t  c a l c u l a t e s  t h e  g e o m e t r y  o f  
t h e  w h e e l  a n d  r a i l  p r o f i l e s .

C o n t a c t  E l l i p s e  -  T h i s  k e y w o r d  i s  
a p p l i e d  t o  a  p r o g r a m  t h a t  c a l c u l a t e s  
t h e  c o n t a c t  e l l i p s e  s i z e  a n d  s h a p e  b e ­
t w e e n  t h e  w h e e l  a n d  r a i l .  T h e  c o n t a c t  
e l l i p s e  d e p e n d s  o n  m a t e r i a l  p r o p e r t i e s  
a n d  t h e  c u r v a t u r e  o f  t h e  s u r f a c e s  i n ­
v o l v e d  .

K a l k e r ' s  T h e o r y  -  T h i s  k e y w o r d  i s  u s e d  
t o  d e n o t e  p r o g r a m s  w h i c h  c a l c u l a t e  
w h e e l / r a i l  i n t e r a c t i o n s  b a s e d  on  
K a l k e r ' s  t h e o r y  o f  R o l l i n g  C o n t a c t .
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C r e e p  C o e f s  -  T h i s  k e y w o r d  i n d i c a t e s  a  
p r o g r a m  w h i c h  c a l c u l a t e s  c r e e p  c o e f f i ­
c i e n t s ,  w h i c h  r e l a t e  t h e  w h e e l / r a i l  
f o r c e s  t o  t h e  d e g r e e  o f  c r e e p a g e ,  o r  
d e v i a t i o n  f r o m  p u r e  r o i l i n g .

V / R  F o r c e s  -  T h i s  k e y w o r d  a p p l i e s  t o  a  
p r o g r a m  w h i c h  e x p l i c i t l y  c a l c u l a t e s  
w h e e l / r a i l  f o r c e s .  H e n c e ,  t h i s  k e y w o r d  
c a n  o n l y  a p p e a r  i n  r e f e r e n c e  t o  a  v e ­
h i c l e  s i m u l a t i o n  p r o g r a m .

L / V  R a t i o  -  T h i s  k e y w o r d  a p p l i e s  t o  a  
p r o g r a m  w h i c h  e x p l i c i t l y  c a l c u l a t e s  t h e  
r a t i o  b e t w e e n  t h e  l a t e r a l  a n d  v e r t i c a l  
f o r c e s .  T h i s  r a t i o  i s  a n  i m p o r t a n t  
i n d i c a t o r  o f  p o t e n t i a l  w h e e l  c l i m b .

A . 3 D E T A IL E D  PROGRAM D E S C R IP T IO N S

T h e  f o l l o w i n g  p a g e s  r e p r o d u c e  t h e  p r o ­
g r a m  d e s c r i p t i v e  d a t a  a s  s t o r e d  o n  t h e  
c o m p u t e r i z e d  l i b r a r y  m a n a g e m e n t  s y s t e m .  
T o  a  l a r g e  e x t e n t ,  t h e  h e a d i n g s  a r e  
s e l f - e x p l a n a t o r y .  V e r s i o n  0 i s  u s e d  t o  
r e f e r  t o  t h e  p r o g r a m  a s  i n i t i a l l y  d e ­
l i v e r e d .  L a t e r  v e r s i o n s  a r e  u s e d  f o r  
m o d i f i c a t i o n s  o r  u p d a t e s  t o  t h e  p r o g r a m  
c o d e .  T h e  k e y w o r d  l i n e  i s  e s p e c i a l l y  
i m p o r t a n t  i n  r a p i d  s e a r c h e s  o f  t h e  RVDL  
f o r  p r o g r a m s  d e a l i n g  w i t h  a  s p e c i f i c  
p r o b l e m .



10 V
001 0 TITLE FLEX I SUE 5CDY RAILROAD FREIGHT CAR .MODEL

ORIGIN AAR
DATE RECO 01 NAY 77
KEYWORD NONLINEAR FLEXIBLE FREIGHT CAR TIME HISTORY? W/S FORCES 
DESCRIPTION SIMULATION OF FREIGHT CAR MOTION IN RESPONSE TO HALF MODEL EACH CAROOOY HALF HAS 3 DOF. EACH BOLSTER AND WHEEL SET HAS 
•METHOD EQUATIONS OF MOTION ARE INTERGRATED. L AGR ANGE * S METHOD IS 
INPUTS INERTIAL DAMPING AND STIFFNESS DATA. DIMENSIONAL AND RAIL OUTPUTS POSITION VELOCITY AND ACCELERATION CF EACH DOF. W/R ANO 
DELIVERY TAPE (*394 IN TASC LIBRARY)
LANGUAGE FORTRAN
r e s o u r c e s  i n p u t : u n i t s  w o r k  f i l e s : u n i t s  s c a p r i n t  " i l s : u n i t 6
COMPILE TIME{3SCS)= 1 :35*89 COMPILE 3I2E(K)= 156K
r u n  t i m e i s e c s i - ::o s *8S r u n  s i z s i k j * s i c k
STRUCTURE COMPOSED CF ONE MAIN PROGRAM AND 6 SUBROUTINES 
TECH REPT R-199 FLEXIBLE BODY RAILROAO FREIGHT CAR 
PROGRAM SPEC R-260 FLEXIBLE BCOY RAILROAO FREIGHT CAR 
USER GUIDE R — 200 FLEXIBLE BCOY RAILROAO FREIGHT CAR 
MEMO

OR FULL STAGGERED TRACK
2 OOF. 22-OOF
USED.
DATA AND TRAIN SPEED. 
NTERNAL FORCES

RESTART FILE: UN IT 3

10 V
002 0 TITLE 2-3-4 AXLE RIGID TRUCK CURVE NEGOTIATION MODEL

ORIGIN AAR 
OATE_RECO 01 MAY 77
KEYWORD NONLINEAR QUASI-STATJC LOCO TRUCK LATERAL FORCE? CURVSO TRACK; W/R FORCES 
DESCRIPTION CALC OF WHEEL/RAIL FORCES GIVEN TRACK CURVATURE AND TRUCK LOADS 
400EL A STATIC EQUILIBRIUM CURVING 40DEL IS USED. NONLINEAR. LATERAL ANO YAW DOF 
METHOD LATERAL ANO LONGITUDINAL FORCES ANO YAW MOMENTS ARE CALC TO FINO AN EQUILIBRIUM 
INPUTS TRUCK DATA. TRACT ION/Bfi4KING LOADS; SUFF/ORAFT LOADS? TRACK CURVATURE 
OUTPUTS LATERAL FLANGE ANO CREEP FORCES AT EACH WHEEL. FRICTION CENTER LOCATION 
DELIVERY TAPE I«397 IN TASC TAPS LIBRARY)
LANGUAGE FORTRAN
RESOURCES INPUT:UNIT5 OUTPUT ?UNIT6 TEMPORARY WORK FILS?UNIT7 
COMPILE TIME(SECS)* 3:43*92 COMPILE SIZE(K)= 130K
RUN TIM£(SECS ) — 3:45.44 RUN SIZEIKJs 594K
STRUCTURE COMPOSED OF ONE MAIN PROGRAM ANO 21 SUBROUTINES. MODULAR DESIGN*
TECH REPT R — 206 2-3-4 AXLE RIGID TRUCK CURVE NEGOTIATION MOOEL
PROGRAM SPEC R— 205 2-3-4 AXLE RIGIO TRUCK CURVE NEGOTIATION MOOEL 
US5R_GUTd E R— 204 2-3-4 AXLE RIGID TRUCK CURVE NEGOTIATION MODEL 
MEMO

003 0 TITLE QUASI-STATIC LATERAL TRAIN STABILITY MODEL (TRACX)
ORIGIN AAR
DATE RECD 01 MAY 77
KEYWORD NONLINEAR T S U N  LATERAL FORCE; OU AS I-ST AT I C L/V RATIO? CURVED TRACK 
DESCRIPTION SET UP TRACK OATA FILc FOR QSL ATITRAIN)
MOOEL NONLINEAR 
METHOD
INPUTS TRACK GEOW DESCRIPTION <TANGENTSJSPRIALSJ OJRVTSISJPER ELEVATION) ANO DIRECTION 
OUTPUTS TRACK GEOMETRY DATA PRINTOUT? TRACK FILE FOR USE BY QSLAT(TRAIN)
DELIVERY TAPE l4395 IN TASC L13RARY )
LANGUAGE FORTRAN
RESOURCES CARO INPUT:UNIT5 OUTPUT :UNI76 DISK STORAGE?UNIT3 
COMPILE TIMEISECS)- 3:42*22 COMPILE SIZE(K)= 120K
RUN T I.Me (SECS) = 0:28*36 RUN SIZEIK)** 318K
STRUCTURE COMPOSED OF ONE MAIN PROGRAM AND 2 SUBROUTINES 
TECH REPT R—209 QUASI-STATIC LATERAL TRAIN STABILITY MOOEL 
PROGRAM_SPEC R-208 QUASI-STATIC LATERAL TRAIN STABILITY MODEL 
USER GUIDE R-207 QUASI-STATIC LATERAL TRAIN STABILITY MODEL 
MEMO

OOA 3 TITLE QUASI-STATIC LATERAL TRAIN STABILITY MODEL (TRAIN1 
ORIGIN AAR 
DATE RECQ 01 MAY 77
KEYWORD NONLINEAR TRAIN LATERAL FORCE? QUASI-STATIC L/V RATIO? CURVED TRACK DESCRIPTION FINO LATERAL FORCES THROUGHOUT * TRAIN (UP TO 100 CARS)
MODEL LONG. POS. LAT. *0S* & YAW FOR EACH CAR? NON-OYNAMIC
METHOO CAR SKEW ANO LATERAL FOUND FROM FORCE AND MOMENT EQUILIBRIUM
INPUTS TRACK FILES DRAWBAR FORCE FOR EACH CAR; CAR DATA? TRAIN SPEED
OUTPUTS EUUILIB RESULTS FOR EACH TIME STEP (BOLSTER REAC? COUPLER ANGLES? L/V RATIOS) 
DELIVERY TAPE (Y3S5 IN TASC LIBRARY)
LANGUAGE FORTRAN
RESOURCES INPUT:UNlT5 0UTPUT:uNI76 TRACK DATA INPUT:UNIT3 
COMPILE TIME(SECS)= i:35.33 COMPILE SIZE(K)-= 162K
RUN TIM £ <SEC S )= 0?lS.2l RUN SIZE(K)= 334K
STRUCTURE COMPOSED OF ONE MAIN PROGRAM AND 3 SUBROUTINES 
TECH REPT R-205- QUASE-STATIC LATERAL TRAIN STABILITY MOOEL 
PROGRAM SPEC R— 2 06 QUASI-STATIC LATERAL TRAIN STABILITY MQOEL 
USER_GUTO£ R-207 QUASI-STATIC LATERAL TRAIN STABILITY 4O0EL 
MEMO
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005 0 TITL£ TWAIN OPERATIONS SIMULATOR (EOUIP)ORIGIN AAR 
DATE_R2C0 Ql MAY 7?
KEYWORD NONLINEAR LONGITUDINAL TRAIN ACTION TIME HlSTCRY? L/V RATIO? CURVED TRACK 
DESCRIPTION GENERATE A STANDARD VEHICLE DATA BASE REOUiREO BY TOS MODEL LARGE VEHICLE DATA EASE 
METHOO
INPUTS VEHICLE DATA CAROS? LOCOMOTIVE DATA CAROS*OUTPUTS BINARY DATA SET rOH USE BY TOS*
DELIVERY TAPS (1ST PART OF #399 ON TASC LIBRARY)LANGUAGE FORTRAN
RESOURCES INPUT?CARDS(UNIT4j OUTP'jTJDATA 3ASE(UNITl DISK) PR I NTSR ( UNI T6 >
COMPILE TIME ( SEC S ) — 3?0S COMPILE SIZE(KJ- 120K
RUN TIM5(SECS)= 0147 RUN SI2E(K)= 31BK
STRUCTURE COMPOSED OF ONE MAIN PROGRAM AND 6 SUBROUTINES
TECH_USPT R-269 TRAIN OPERATIONS SIMULATOR
PROGRAM_SPEC
USER GUIDE R— 198 TRAIN OPERATIONS SIMULATOR MEMO SIMILAR TO RVOL-0OA

006 0 TITLE TRAIN OPERATIONS SIMULATOR
ORIGIN AAR 
OATE_R£CO 01 MAY 77
KEYWORD NONLINEAR LONGITUDINAL TRAIN ACTION TIME HISTORY? L/V RATIO? CURVEO TRACK 
DESCRIPTION SIM OF THE LONG. MOTION OF A TRAIN GIVEN CONSIST? TRACK DATA AND OP DETAILS 
.MOOEL NONLINEAR MODEL OF LOCC AND CARS 
METHOD INTEGRATION OF THE EQUATIONS OF MOTION
INPUTS VEHICLE DATA BASE FROM EQUIP? VEHICLE CONSIST? TRACK DATA? OP OF LCC040TlVi 
OUTPUTS BUFF/ORAFT FORCES? TIME AND LOCATION ON TRACK? LOCO CONTROL POS? MAX L/V 
DELIVERY TAPE (2ND PART OF #399 IN TASC LIBRARY)
LANGUAGE FORTRAN
RESOURCES INPUTJUNITl UNIT4 OUTPUT?UNIT2 UN IT 6 UNIT7 UNITS
COMPILE TlM2(S2CS>= 13520*76 COMPILE SIZE(K)* I46K
RUN TIME(SECS)a 0:03.97 RUN SIZE(K)= 318K
STRUCTURE COMPOSED OF ONE MAIN PROGRAM AND 30 SUBROUTINES
TECH RSPT R—269 TRAIN OPERATIONS SIMULATOR
PROGRAM_SPEC
USER GUIDE R-198 TRAIN OPERATIONS SIMULATOR
MEMO MANY SUBROUTINES SIMILAR TO THOSE FOUND IN RVDL-009 AND RVOL-OlO

10 V
007 0 TITLE LOCOMOTIVE TRUCK HUNTING MODEL (LTHNT)

ORIGIN 4AR 
DAT£_RECD 01 MAY 77
KEYWQRO LINEAR 6-AXLE LOCO HUNTING EIGENANALYSIS
DESCRIPTION ANALYZES HUNTING STABILITY 6Y c IGENANALYSIS AT A RANGE OF SPEEDS 
MODEL TWO AND THREE-AXLE TRUCK MODELS ALONG WITH A SODY MOOEL* LINEAR* 17 OR 21-OOF 
METHOO MASS? STIFFNESS 0 DAMPING MATS ARE CONVERTED TO LINEAR STATE EONS* Q-R MTHO USED 
INPUTS VELOCITY RANGE? MASS ? ST IFFNESS ? AND DAMPING DATA? DIMENSIONAL AND CREEP DATA. 
OUTPUTS MASS? STIFFNESS? AND DAMPING MATRICES? EIGENVALUES AND EIGENVECTORS.
DELIVERY TAPE <#400 IN TASC LIBRARY)
LANGUAGE FORTRAN
RESOURCES INPUT:UNITS OUTPUT 2UN1T6
COMPILE TIMS(SECS>= 3J47.37 COMPILE SIZS(K)s 112K
RUN TIMS(SECS>= 2?35*62 RUN SIZE(K)= 31SK
STRUCTURE CONTAINS 33 SUBROUTINES AND S COMMON BLOCKS. FOR MORE INFO SEE PROGRAM LOG.
TECH REPT R-219 (AAR) LOCOMOTIVE TRUCK HUNTING MODEL
PROGRAM SPEC R-278 LOCOMOTIVE TRUCK HUNTING MODEL
USER.GUIDE R-227 (AAR) LOCOMOTIVE TRUCK HUNTING MODEL
MEMO PRINTS OUT EVERY OTHER EIGENVALUE

007 l TITLE LOCOMOTIVE TRUCK HUNTING MODEL (LTHNT)ORIGIN AAR 
DATE_RE CD 01 MAY 77
KEYWORD LINEAR c-AXLE LOCO HUNTING ElGENANALYSI S
DESCRIPTION ANALYZES HUNTING STABILITY 3Y £ IGENANALYSIS AT A RANGE OF SPEEDS 
•MODEL TWO AND THRES-AXLE TRUCK MODELS ALONG WITH A BODY 4QOEL • LINEAR. 17 OR 21-OOF 
METHOO MASS? STIFFNESS & DAMPING .MATS ARE CONVERTED TO LINEAR STATE EONS. Q-R MTHO USED 
INPUTS VELOCITY RANGE? MASS? STIFFNESS? AND OAIPING DATA? DIMENSIONAL AND CREEP DATA 
OUTPUTS MASS? STIFFNESS? ANO DAMPING MATRICES? EIGENVALUES AND EIGENVECTORS 
DELIVERY TAPE (#400 IN TASC LlSRARY)
LANGUAGE FORTRAN
RESOURCES INPUT ? UNITS OUTPUT ? UNIT 6
COMPILE TlM=tS£C3>= 3?47.37 COMPILE SIZE(K1= 1 12K
RUN TIME(SECS)s 253S.62 RUN SIZS(K)» 3I8K
STRUCTURE CONTAINS 33 SUBROUTINES AND 5 COMMON BLOCKS.
TECH^RSPT R-219 (AAR) LOCQ4QTIVE TRUCK HUNTING MODEL 
PROGRAM SPEC R-276 LOCOMOTIVE TRUCK HUNTING MODEL 
USER GUIDE R-227 (AAR) L O C C 4 G H V 2  TRUCK HUNTING MOOEL 
MEMO MODIFIED TO PRINT OUT EVERY EIGENVALUE
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003 0 TITLE 'DETAILED LONGITUDINAL TRAIN ACTION MCOEL (VEHICLE)ORIGIN AAR 
OATc_ft£CO 01 WAY 77
KEYWORD NONLINEAR LONGITUDINAL TRAIN ACTION TIME HISTORY! CURVED TRACK 
DESCRIPTION GENERATION O F  A STANOARO VEHICLE LIBRARY FOR USE BY OLTAM SIMULATION 
•MODEL LARGE VEHICLE DATA BASS 
METHOD
INPUTS DESCRIPTION OF EACH TYPE OF FREIGHT CAR ANO' LGCQMOT IVE GENERALLY ENCOUNTERED. OUTPUTS VEHICLE LIBRARY FOR DLTAM
DELIVERY TAPE (FIRST OF THREE PROGRAMS ON H Z '56 IN TASC LIBRARY!
LANGUAGE FORTRAN
RESOURCES INPUT;CARQ< UNITA 1 OUTPUT 5PRINTER (U N IT6> 0 ISK1UNIT 1 )
COMPILE TIMS(SECS>= 2:31.73 COMPILE SIZS(K ) = 120K
RUN TIME < SECS)« 0:SB.03 RUN 3 IZ£{K} = 318K
STRUCTURE CONSISTS OF ONE MAIN PROGRAM ANO 6 SUBROUTINES 
TECH_REPT ft— 221 DETAILED LONGITUDINAL TRAIN ACTION MODEL (VEHICLE)PROG RAM_SPEC
USER GUIDE R-220 DETAILED LONGITUO INAL TRAIN ACTION MOOEL 
MEMO SIMILAR TO RVOL-OOS

10 V

10 V
009 0 TITLE DETAILED LONGITUDINAL TRAIN ACTION MODEL (RUN)ORIGIN AAR

DATS PECO 01 MAY 77
KEYWORD NONLINEAR LCNGITUOINAL TRAIN ACTION TIME HISTORY! CURVED TRACK
DESCRIPTION PREPARE TRACK! VEHICLE ANO INITIAL CONDITION DATA FOR THE DLTAM SIMULATIONMODEL
ME T HOO
INPUTS VEHICLE LIBRARY FROM VEHICLE! TRACK DATA (PROFILE! CURVATURE)
OUTPUTS DATA FOR DLTAM SIMULATION! CURVE FILE! PROFILE FILE! CONSIST FILE.
OELIVERY TAPE (V396 IN TASC LIBRARY)
LANGUAGE FORTRAN
RESOURCES INPUTI CAROS(UN IT5) TAPE<2) OUTPUT!PRINTER(UNI 76) TAPE(1-4-8-9)COMPILE TIMS < SECS)= 3150.17 COMPILE SIZECK)= 314K
RUN TIMECSECSJs 0117.29 RUN SIZE(K)= 370K
STRUCTURE CONSISTS OF ONE MAIN PROGRAM AND 9 SUBROUTINES 
TECH REPT R—221 DETAILED LONGITUDINAL TRAIN ACTION MOOEL 
p r q g 5 a m _ s p e c
USSR GUIDE R-220 OETAlLEO LONGITUOINAL TRAIN ACTION MODEL 
42NO MANY SUBROUTINES SIMILAR TO THOSE FOUND IN RV0L-006

010 0 TITLE OETAILED LONGITUDINAL TRAIN ACTION MOOEL <SIM>ORIGIN AAR 
DAT£_RECD 01 MAY 77
KEYWORD NONLINEAR UONGITUOINAL TRAIN ACTION TIME HISTORY! CURVED TRACK
DESCRIPTION SIMULATES TRAIN LONG ITUOINAL BEHAVIOR WITH EMPHASIS CiN BRAKE ANO QRAFT GEAR OP 
MODEL OETAILED LONGITUOINAL MODEL OF EACH VEHICLE INCLUDING BRAKE AND DRAFT GEAR OP 
METHQO SPLITS TRAIN UP INTO 'DETAILED* ANO 'NONOETAILEO' SECTIONS. INTEGRATES EONS 
INPUTS CURVEFILE; PROFILE FILE! ANO CONSIST FILE FROM RUN! LOCOMGTIVE OPERATION DATA. 
OUTPUTS LOCATION ALONG TRACK! LOCOMOTIVE AND BRAKE STATE! ORAFT GEAR STATE.
DELIVERY TAPE (*398)
LANGUAGE FORTRAN
RESOURCES INPUT:CARDS(UMIT5) TAPE(UNITS(1-2-2-3-9)) OUTPUT:P9INTER(UNIT6) PLOTTER(UNIT7) 
COMPILE TIME(SEC 5)= 7142.96 COMPILE SIZE(K)= 126<
RUN T IME(SEC S )- RUN SIZE(K)= 718K
STRUCTURE CONSISTS OF ONE MAIN ROUTINE ANO 20 SUBROUTINES. PLOTTING REFERENCES DELETED
TECH_REPT R-221 OETAILED LONGITUDINAL TRAIN ACTION MOOEL
P«0GRA4_«PEC
USER GUIDE K-220 DETAILED LONGITUDINAL TRAIN ACTION MODEL
WE40~ NOT RUN DUE TO LARGE CPU TI4S REQUIREMENT! SC‘i£ SUBROUTINES SIMILAR TO ftVDL-006

ID V
Oil 0 TITLE FLEX 

ORIGIN TSC 
DATE PECO 16 MAY 77
KEYWORD LINEAR PITCH-HEAVE FLEXIBLE PASSENGER CAR TRANSFER FUNCTION ANALYSIS
DESCRIPTION FINO THE FREQ RESPONSE OF A FLEX LINEAR RAIL VEHICLE TO SINUS TRACK SURF IRREG 
MODEL TWO TRUCKS G FLEXIBLE CAR eQOY 'WITH SUSPENDED TRANSFORMER. LINEAR. 8-DGr .
METHOD AMPLITUDE OF THE TRNSFER FUNC IS CALC FR04 THE INERTIAL DAMP ING & STIFF MATRICES 
INPUTS MASS! STIFFNESS G DAMPING OF BODY! TRANSFORMER! ANO TRUCKS. FLEX BUOY DATA 
OUTPUTS DISPLACEMENT OF EACH OOF AS FUNC OF TRACK IRREG FREQ. ACCELERATION SPECTRA AVAIL DELIVERY TAPE (•>27A IN TASC LIBRARY - 9TRACK)
LANGUAGE FORTRAN
RESOURCES INPUT!CARDS(UNITS) OUTPUT 5PRINTER(UNIT6)COMPILE T I'4E ( SECS )— 01*3.31 COMPILE SIZE(K)= 262K
RUN T IMS (SECS) =* 05 19.12 RUN SIZS(K)= 220K
STRUCTURE CONSISTS OF ONE 4AIN PROGRAM ANO 7 SUBROUTINES. PLOTTING REFERENCES DELETED 
TECH RePT FRA-GRGO-76-125.I FREQUENCY DOMAIN COMPUTER PROGRAMS FOR PREDICTION ANO ANALYSIS 
PR0GKA4_3PEC FftA-OffG'Q— 76-13S.II OF RAIL VEHICAL DYNAMICS
USER_GUIDE FRA-ORGD-76.1 35.I 1 
MEMO

8 0



012 0 TITUS HALFPSORIGIN TSC 
0AT£_REC0 16 MAY 77KEYWORD LINEAR VERTICAL PASSENGER CAR TRANSFER FUNCTION CALCULATION
DESCRIPTION FIND VERT WH££L/RAIL FORCES ANO TRACK DEFLECTION DUE TO SINUS TRACK SURF IRREG MOOEL HALF-CAR 9GOY1 ONE TRUCK AND TRACK STRUCTURE IMPEDANCE. 4-OGF
METHOD COMPLX COEF MAT IS FORMED AND REPEATEDLY EVAL OVER THE RANGE CF FREQ OF INTEREST 
INPUTS MASS STIFF AND DAMPING CF PRIMARY ANO 2N0ARY SUSPENSIONS AND TRK STRUCTURE. VEL. 
OUTPUTS MAG AND PHASE OF £aCH OOr AS WELL AS THE TRACK DEFLECTION AND FORCE TRNSFR FUNC 
DELIVERY TAPE («274 IN TASC LIBRARY 
LANGUAGE FILERS 
RESOURCES 9 TRACK)
COMPILE T!M£<S=CS>» 01*1.95 COMPILE SIZE<K}» 326K
RUN TIME! SECS 1 — 0119.09 RUN SlZSl*>= 220K
STRUCTURE CONSISTS OF A MAIN PROGRAM AMD 9 SUBROUTINES. PLOTTING REFERENCES DELETED
TECH_REPT FRA 0RG0-76-l3S.I
Pk OGRAM_SPEC P.RA-0R60-76-1 05.11
USER GUIDE FRA-OPS0— 7 6-135.11
MEMO

ID V
013 0 TITLE FULLPSORIGIN TSC 

OATE PECO 1C MAY 77
KEYWORD LINEAR PITCH-HEAVE PASSENGER CAR TRANSFER FUNCTION CALCULATION
DESCRIPTION CALC OF PITCH-HEAVE CAR RESPONSE TO VERTICAL SlNUSOIOAL TRACK IRREGULARITIES 
MODEL BODY HEAVE ANO PITCH TRNSFR FUNCTS (BOTH ATH ORDER) FORM THE MOOEL 
METHOD TRANSFER FUNCTION EVALUATION (TRUCK PITCH MODES NEGLECTED)
INPUTS v e l o c i t y ; v e h i c l e  m a s s ; INERTIA AND SUSPENSION OATA
OUTPUTS TABULATION CF TRANSFER FUNCTION AMPLITUDES AS A FUNCTION OF FREQUENCY 
OSLIVERY TAPE ( *274 IN TASC LIBRARY; FILE*7; 9TRACK )
LANGUAGE FORTRAN
RESOURCES INPUT:CAROSIUNIT20) 0UTPUT:PR!NTER(UNIT6)
COMPILE TIMEISECS)s 0131.36 COMPILE SIZE(K)= 360K
RUN TIME J SECS)— 0:19.97 RUN SIZE(K)= 316K
STRUCTURE CONTAINS ONE MAIN PROGRAM ANO THREE SUBROUTINES. ALL PLOTTING REFERENCES DELETED
TECH R5PT FRA-ORtO-76-l35.I
PROCSAM SPEC FRA-QR&D-76-135. I I
USER GUIDE FRA-QR&D—76-135.11
MEMO

014 0 TITLE LATERAL
ORIGIN TSC 
OATE RECD Id MAY 77
KSYWORO LINEAR LATERAL-ROLL-YAW PASSENGER CAR TRANSFER FUNCTION CALCULATION 
DESCRIPTION CALC THE LATERAL FREQ RESP CF A LINEAR RAIL VEHICLE TO SINUSOIDAL TRK If;REG 
MODEL C4R900Y WITH TWO TPUCKS. LINEAR. 15-OOF
METHOD THE COMPLEX COEFFICIENT MATRICES ARE FCRMcO AND REPEATEDLY SCLVfc.0 
INPUTS LATERAL OR CROSSLEVEL SINUSOIDAL IRREG. SPECS; VEHICLE OATA 
OUTPUTS NORMALIZED DISPLACEMENTS ANO ACCELERATIONS OF ALL DOF»S ARE PRINTED 
DELIVERY TAPE ( »274 IN 7A3C LIBRARY; F ILEW9 * 9 TRACK)
LANGUAGE FORTRANRESOURCES INPUT 1CARDS(UNI 72) OUTPUT I PR I NTER (UN l T6 )
COMPILE TIME(SECS)= 0154.34 COMPILE SIZE(K)= 362K
RUN T I.ME (SE C S ) — 1153* 71 RUM SIZS(K)= 22oK
STRUCTURE CONSISTS CF ONE MAIN PROGRAM ANO FOUR SUBROUTINES. ALL PLOTTING REFS OELETSD 
TECH REPT FRA-76-13S.I 
PROGRAM_SPEC FRA-76-t35. I I 
USER GUIDE FRA-76-l35.il
MEMO VERSION II INCLUOES EXPANDED CAPABILITY

ID V
01S 0 TITLE TEST DATAORIGIN TSC 

OATE.RECO 16 MAY 77 
KEYWORD
DESCRIPTION TEST OATA FOR RVOL 011$ 012? 0131 014
MOOEL
METHOO
INPUTS
OUTPUTS
DELIVERY
LANGUAGE
RESOURCES
COMPILE T I ME ( SECS ) * COMPILE S I Z E O U *RUN TlME(SECS)s» RUN SIZE(K) =
STRUCTURE TECH_REPT 
PROGRAM SPEC 
USER_GUlOE 
MEMO
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317 J TITUS KNSSPS
ORIGIN tscOATS RECO 16 MAY 7 7
KEYWORD NONLINEAP W/R GEOMETRY CREEP COEFSJ KALKSR•S THEORY; W/R FORCES 
DESCRIPTION KALKER'S THEORY PROGRAM 
MODEL SIMPLIFIED ROLLING CONTACT 
McTHOOINPUTS CONTACT PATCH GEOMETRY 
OUTPUTS CREEP FORCES DELIVERY CAROS (029 PUNCH)
LANGUAGE FORTRAN
RESOURCES INPUT;CAR0S(UMIT5) GUTPU7:PR1NTER(UNIT6)
c o m p i l e  r I ME (SEC S ) = 0 : 1 0 .0.3 COMPILE SIZS(K)= 362K
RUN TIME!SECS)- 1:35.80 RUN SIZE(K)= 226K
STRUCTURE CONSISTS OF ONS MAIN PROGRAM AND 2 SUBROUTINES
TSCh RSPT
PROGRAM SPEC
USER GUIDE
MEMO” SUPERCEDED BY RVDL-021-0

ID  V

0 1 6  0  T I T L E  P L O T T IN G  PACK AG E
O R IG IN  TSC 
DATE RECO 1 6  MAY 7 7  
KEYWORD
D E S C R IP T IO N  PL O T  PACKAGE F O R  R V D L  O i l ;  0 1 2 5  0 1 3 J  0 1 4
MOOEL
METHOO
IN P U T S
O U TPU TS
O E L IV E R Y
LANGUAGE
RE SO U R C E S
C O M P IL E  T I M E t S E C S ) -  C O M P IL E  S I Z E < K ) a
RUN T I M E ( s e C S ) s  RUN S I Z E ( K ) =
STR U C TU R E  
T E C H _R E P T  
PROGRAM SPEC 
U S E R _G U lO E  
MEMO

ID V
018 0 TITLE WHRAIL

ORIGIN ARIZONA STATE UNIVERSITY
OATE RECO 01 JUN 77
KEYWORD NONLINEAR W/R GEOMETRY
DESCRIPTION GIVEN WHEEL ANO RAIL PROFILE DATA 1 FIND W/R CONTACT PTS ANO GcOM-TRY 
MODEL CONTACT GEOMETRY IS FOUND FOR A RANGE OF WHEELSET LATERAL POSITIONS 
METHOD 4TH ORDER CRVS ARE FITTED TQ THE DATA. CONTACT PTS APE FOUND ANO PRINTED 
INPUTS WHEEL AND RAIL GA G £ l WHEEL ANO RAIL PROF ILE35RAIL CANTJPROGRAM CONTROL INFO 
OUTPUTS W/R CURVE FIT COZFF? TABLES OF CONTACT PT GErJM ANO ROLLING RADIUS VS LAT POS 
DELIVERY CARDS (FOR UNIVAC 1100)
LANGUAGE FORTRANRESOURCES INPUT:CAR0S<UN[TS) 0UTPUT:PRINTER(UN!T6)
COMPILE TIME(SECS)= 1146.64 COMPILE SIZE(K)= 360K
RUN TIME(S£CS)x 0:30-56 RUN SIZc(K)» 2 77K
STRUCTURE CONSISTS OF ONE MAIN PROGRAM ANO 13 SUBROUTINES. PLOTTING REFS DELETED 
TECH REPT 
PROGRAM SPECUSER GUIDE FRA-0fit0— 76/244 APPENDIX A. WHEEL/RAIL CONTACT CHARACTERIZATION PROGRAM 
MEMO”

10 V
019 0 TITLE WHSELOAT

ORIGIN TASC 
OATE_RECO 30 AUG 77 
KEYWORD NONLINEAR W/R GEOMETRY
DESCRIPTION GENERATE TEST DATA (ROUND RAIL ANO SIMPLE FLANGED CCNSO WHEEL) FOR WMRAIL 
MODEL NONLINEAR
METHOD CIRCULAR ARCS ANO STRAIGHT LINES FORM THE PROFILES 
INPUTS
OUTPUTS PROFILE OATE FOR SOUNO RAIL ANO CONED! FLANGED WHEEL 
DELIVERY
LANGUAGE FORTRANRESOURCES INPUT:CARDS(UNITS) CUTPUT IPRINTER(UNIT6) TEMP DISK(UNIT15)
COMPILE TIME(SECS >= 1504.05 COMPILE SIZE(K)= 360KRUN TIMZ(SECS)= 0J01-56 RUN SIZ£(K)= 4 6K
STRUCTURE NO SUORCUTINE CALLS. OUTPUT 0A7A FILE IN CORRECT FORMAT TO 8E USED BY WHRA IL
TCCH_R£PT
PROGRAM SPEC
u3Zr_guTde
NEMO

8 2



ro v
020 0 TITLE RVDCAOET

ORIGIN 7 ASC 
OATE_RECD 07 ScP 77
KEYWORD NONLINEAR FREIGHT CAR U l '<* I T CYCLE AND R A NO 0 '•* RESPONSE TIME HISTORY 
DESCRIPTION NONLINEAR OR OUASl-LTNEAR VEHICLE STATISTICAL DYNAMICS
MODEL 14-OOF FREIGHT CAR I TRUCK LATERAL; YAVrfl AND TRAM; 5 RIGIOJ 3 FLEX 600Y MODES 
METHOD INTEGRATION OF NONLINEAR £QS; SINUSO IOAL GR RANOGM INPUT QUASI LINEARIZATION 
INPUTS VEHICLE 0AT4J SPEED• STATISTICS CF VEHICLE AND TRACK PARAMS
OUTPUTS QUASI LINEARIZED zI GENANALYSISJ LIMIT CYCLE DATA; COVARIANCE PROPAGATION DELIVERY IN HOUSE 
LANGUAGE FORTRAN
RESOURCES INPUT:CAROS!UNITS) CUTPUT2PRINTER!UNIT6) TECHTRONIX PLOTTERCOMPILE TIME(S£C5)= 0239.00 COMPILE SIZE!*!* 344K
RUN TI'4E(SECS) = 2.5 PER FT SUN SIZ2(K>* S3AK
STRUCTURE MODULAR; GENERAL PURPOSE EXECUTIVE; 2 VEHICLE SPECIFIC SUBROUTINES 
TECH RSPT FORKING NOTES 
PROGRAM SPEC WORKING NOTES 
USER GUIDE NON-
MEMO IQM 6/10/78 RVDCAOET VSRT2 - IOM 11/27/78 RVDCAOET MODIFICATIONS

ID V
021 0 TITLE KALKER'S SIMPLIFIED THEORY OF ROLLING CONTACT (FORCES)

ORIGIN CLE4SQN 
DATE_RECO 12 SEP 77
KEYWORD NONLINEAR W/R GEOMETRY) CREEP COEFSJ KALKER'S THEORY
DESCRIPTION GIVEN CONTACT PATCH GcOM; FIND CREEP COEFFS. GIVEN CREEPAGE FIND CREEP FORCES 
4CDEL KALKER'S TABLES GIVE CREEP COEFFICIENTS. NONLINEAR.
METHOD KALKER'S TABLES AND ASSYMPTOTIC EXPANSIONS YIELD CREEP COEFFS
INPUTS NCRMALIZSO CONTACT ELLIPSE PARAMS; POISSON'S RATIO; CREEPAGE !LCNGJ SPIN & LAT) . 
OUTPUTS LONGITUDINAL ANO LATERAL CREEP FORCES 
DELIVERY CARDS 
LANGUAGE- FORTRAN
RESOURCES INPUT:CARDS(UNITS) OUTPUT 2PR INTER!UNIT6)
COMPILE TIME(ScCS)3 0230.44 COMPILE SIZE!K)= 356K
RUN TIME(S£CS)s 0247.91 RUN SIZE(K)s 3 1 bK
STRUCTURE ONE MAIN PROGRAM ANO 4 SUBROUTINES. WELL COMMENTED WITH REF TO TECH LITERATURE. TECH REPT 
PROGRAM SPEC
USER GUIDE FfiA—ORSO—78/06 USER'S MANUAL FOR KALKER'S SIMPLIFIED NONLINEAR CREEP THEORY 
MEMO"

ID V
022 0 TITLS TRKVPSD MOO II

ORIGIN 3ATTELL5 COLUMBUS L A8CRAT OR IES 
OATE_RECO 22 SEP 77
KEYWORD LINEAR FREIGHT CAR PSD ANALYSIS; W/R FORCES; NON-RIGID TRACK
DESCRIPTION CALC OF PSO'S OF CAP VERT/HEAVE RESPNS AND CAR LATERAL/RCLL/YAw RESPNS 
MOOcL PITCH HEAVE (7 DOF) IS DECOUPLED FROM L ATERAL/P.OLL/Y AW MOTICN (11 OOF). LINEAR 
METHOD THE OUTPUT PSD IS CALC FROM SQR CF THE TRANSFER FUNC TIMES THE INPUT PSO
i n p u t s  s p e e d ; 4a s s ; d a m p i n g ; and s t i f f n e s s  i n f o ; d i m  o a t a ; w h e e l /r a i l  o a t a
OUTPUTS VEHICLE RESPONSE PSO'S OF TRACK FORCES; ACCELS DISPLACEMENTS 6 SUMMARIES PRTEO 

~  DELIVERY CARDS
LANGUAGE FORTRAN
RESOURCES INPUT 2 CAROS!UNITS) OUTPUT JPRINTER{UNIT6)
COMPILE TIME(5ECS)= 0235.20 COMPILE SIZc(K)= 354K
RUN TIME(SECS»= 0231.10 RUN SIZE(K)= 242K
STRUCTURE ONE MAIN PROGRAM ANO 2 SUEROUTINES AND 1 FUNCTION SUBPROGRAM 
TECH REPT SUMMARY CN PROGRAM TRKVPSD 400 II (BCL REPORT)
PROGRAM_SPEC SUMMARY ON PROGRAM TRKVPSD MOD II (BCL REPORT)
USER GUIDE SU IMAPY ON PROGRAM TRKVPSD MOD II (BCL REPORT)
MEMO" RECEIVED A LETTER FROM O.R. AHL3ECK CONCERNING TWO MINOR CHANGES DATED 9/14/77

ID V
TITLE 9 OOF FREIGHT CAR EIGENVALUE/EICENVECTOR PROGRAM 
ORIGIN CLEMSCN 
OAT£_RECD 01 SEP 77
KEYWORO LINEAR FREIGHT CAR = I GENAN ALYSIS
DESCRIPTION EIGENVALUE/EIGENVECTOR CALCULATION FOR A NORTH AMERICAN FREIGHT CAR 
MODEL TRUCK DOF ARE LAT2 TAW ANO WARP? 30CY DGF ARE LAT; ROLL; AND YAW. LINEAR.9-OGF 
METHOD FORM .MASS STIFFNESS & DAMPING MATS! THEN SYSTEM MAT 5 F l NO E I GEN VAL 3 C EIGENVECS 
INPUTS CAR MASS DAMPING S STIFFNESS DATA; AS *£LL AS DIMENSIONAL DATA; SPEED?CREEP DATA 
OUTPUTS MASS STIFFNESS & DAMMING MATRICES; SYSTEM MATRIX & EIGENVALUES & EIGENVECTORS 
DELIVERY TAPE 
LANGUAGE FORTRAN 
RESOURCES INPUT:CARO READER 
COMPILE TIME(SECS > = 3245.64
RUN TIME!SEC S )= ' '
STRUCTURE
T2CH_RHPT

(UNIT1 ) OUTPUT 2PR INTER!UNIT3)
COMPILE S 1ZE!K )- 354K

RUN SZZe(K)- 218K 
MAIN ROUTINE ANO 17 SUBROUTINES. SOME NON-ANSI STANOARO FORTRAN USED

0221.
PROGRAM SPEC
u s e p _ g u I d eM • MO

S3



0 2 4  0 T I T L E  NI NE OE QR EE5 OF FREEDOM INTO CRAT ICN PROGRAM
O R I G I N  CLEM SON 
O A T E _ R E C O  0 1  SEP 7 7
KEYWORO N O N LIN EAR F R E I G H T  CAN TIME H I S T O R Y
D E S C R I P T I O N  IN T E G R A T I O N  OF A 9  OCF NORTH A M E R IC A N  F R E I G H T  CAR SET OF E Q U A T I O N S  OF MO TI ON  
MODEL L I N E A R  AS N I N E E I G  3 U T  F R I C T I O N  CAN 3 £  I N S E R T E D  AT THE CNTR PLA TE 'S  OR G I B S ?  9 —DCF 
MZTHOO E Q U A T IO N S  OF 4 0 T I Q N  ARE IN T E G R A T E D  BY 4 TH ORDER P R S D I C T O R - C O P R E C T O R  METHOD 
I N P U T S  CAR MASS O A M P IN G ( V t S C  IC U S  OR D R Y )  £ S T I F F N E S S  0 AT A * DIM DAT A i  S P E E D ;  C R E E P  DATA 
O U TP U TS  S T A T E  TI M E  H I S T O R I E S  
D E L I V E R Y  TA PE  { * 1 0 9 4  F I L E  4 2 )
LANG UA GE FO RTR AN
R E S O U R C E S  I NP'JT :  CARDS I U N IT  l  ) O U TP U 7 ? P R I N T E R <UN I T 3 >
C O M P I L E  T I M E { S E C S  1= 0 ? 2 S « 4 l  C O M P I L E  S l Z E ( K ) =  1 40K
RUN T I M E I S E C S i -  1 5 4 0 . 7 6  RUN S I Z S ( K ) =  2 1 8 K
S T R U C T U R E  C O N S I S T S  OF ONE MAIN PROGRAM AND 1 7  S U B R O U T IN E S
TECH R S P T
P R 0 G R A M _ 5 P S C
USER G U ID E
M.-.MG

10 V

0 2 5  0  T I T L E  CREEP
O R I G I N  CLEMSGN 
DA TS RECD 0 1  SEP 7 7

KEYWORD W/R  GEOMETRY L I N E A R  C R E E P  C O c F S ?  K A L K E R • S T H E O R Y ; W /R  FOR CES
D E S C R I P T I O N  F I N D  CONTACT E L L I P S E  G E C 4 E T R Y  AND L I N E A R  CR EEP C O E F F S  FOR CENT ERED W H SELSET 
MODEL E L A S T I C  DEFORM THRY G I V E S  CO N T A C T  E L L I P S E ? K A L K c R » S T A B L E S  FOR L I N E A R  C R E E P  C 0 £ F 3  
METHOD CON TAC T E L L I P S E  FROM M A T E R IA L  P R O P S  AND GEOM? CREEP C O E F 5 FROM K A L K E R ’ S T A B L E S  
I N P U T S  WHEEL AND R A I L  HEAD P R O F I L E  ANO R O L L I N G  RAO I I M A T E R I A L  P R O P E R T I E S ;  NORMAL FO R C E  
O U T P U T S  CREEP C O S F F I C I E N T S J  L A T E R A L ?  L A T E R A L / S P I N J  S P I N ?  ANO L O N G I T U D I N A L  C R E E P  F O R C E S  
O E L I V E R Y  TA PE  ( 4 1 0 9 4  F I L E - 3 )
LANG UA GE FO RTR AN
R E S O U R C E S  I N P U T J C A R 0 S ( U N I T I  ) O UT PU T J P R I N T E R ( U N I T 3 )
C O M P I L E  T I M =  1 S E C S > = 0 ? 1 4 « 0 5  C O M P I L E  S I 2 E ( K ) =  3 S 2 K
RUN T I M E ( SEC S ) =  02 0 1 . 2 7  RUN S I Z S ( K ) =  3 1 S K
S T R U C T U R E  C O N S I S T S  OF ONE M AIN  PROGRAM ANO TEN S U B R O U T I N E S  
TECH R S P T  
PROGRAM SPEC
U S E R _ G U I D E  USER * S MANUAL FO R PROGRAM F O R  C A L C  OF K A L K S R ' S  L I N E A R  CR EEP C O E F F S  ( D R A F T )  
MEMO

0 2 o  0  T I T u c  O V N A L I S T  I I
O R I G I N  T5C 
DATE RECO 0 8  MAY 7 8
KEYWORD L I N E A R  S l G E N A N A L Y S I S .  T R A N S F E R  F U N C T I O N  C A L C U L A T I O N S  P S Q  A N A L Y S I S  
D E S C R I P T I O N  L I N E A R  SYSTEM A N A L Y S I S ?  S I N U S O I D A L  OR S T A T I O N A R Y  RANOCM IN PU T R E S P O N S E  
MODEL MOOELS ARE CONST RUC TED  OF MODES W IT H S U B S Y S T E M  MOOEL3  E A S I L Y  H A N D L 20  
METHOD MODEL S Y N T H E S I S  U S I N G  COMPLEX E I G E N V E C T O R S  
I N P U T S  GENER AL SU 3S YS TE M  DA TA
O U TP U TS  E IG E N  PROBLEM S O L U T I G N ?  FREQUE NC Y R E S P O N S E J  MAG N ITU D E ?  RANDOM R E SP O N SE  A M P L IT U D E  
D E L I V E R Y
LANG UA GE FO RTR AN 
RE SO U R C E S
C O M P I L E  T I M S { SEC 3 ) —  C O M P I L E  S I 2 £ ( K ) =
RUN T I M E ( S E C S ) =  RUN S I Z E ( K ) =
ST R U C TU R E  
TECH REPT  
PROGRAM SPEC
USER G U ID E  D Y N A L 1ST 1 1 2  U S E R ' S  M A N U A L • F R A - C R & 0 - 7 5 . 2 2 .  11 
MEMO

0 2 7  0 T I T L E  TRKHNT *
O R I G I N  D O T / T S C  
O A T E _ R E C O
KEYWORD HUNTING S I G E N A N A L Y S I S
D E S C R I P T I O N  L A T E R A L  S T A B I L I T Y ?  2  A XL E  T RUC K AS  F U N C T IO N  OF SPEED 
4CDEL L I N E A R  

METHOD EIG ENP ROB LE M 
IN P U T S  
OU TP U TS  
O E L I V E R Y  
LANGUAGE 
R ESOU RCES
C O M P IL E  T I M E ( S E C S ) =  C O M P I L E  S I Z E ( K ) =
RUN T l M E  ( S E C S ) =  RUN S I Z E ( K ) »
STR UC TU RE 
T E C H _ R S P T  
PRCGf iAM_ SPEC 
USSR G U ID E
MEMO PROGRAM P R O P R I E T A R Y  WITH SCL
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0 2 3  O T I T L E  CARHNT
C R I G I N  J O T / T S C  
C A T E  R E C 0
KEYWGRO L I N E A R  L A T S R A L - R O L L - Y A W  Z I GZN AN ALY  S I S
0 2  SCR 1 P T  I ON L A T E R A L  6 T A 3 Z L I T Y ?  CAR P L U S  2 T R U C K S ; AS  F U N C T IO N  CF SPEED
MODEL l i n e a r
METHOD EIGENP WOB LEM
I N P U T S
OU TP U TS
D E L I V E R Y
LANG UA GE
R E S O U R C E S
C O M P I L E  T I M E C S E C S ) =  C O M P I L E  S I  £! £< K l =
RUN T I M E ! S E C S ) — RUN S I Z E ( K ) =
S T R U C T U R E  
T E C H _ R E P T  
PROGRAM SPEC  
US ER Gu TD S
M «M O ~  PRO GRAM P R O P R I E T A R Y  WI TH  3C L

to V

0 2 5  0 T I T L E  TRKVEH
O R I G I N  O O T / T S C  
0 A T S _ R 5 C 0
KEYWORD L I N E A R  T IM E  H I S T O R Y
D E S C R I P T I O N  R E SP O N SE  TO R E C T I F I E D  S IMS * V E R T I C A L  AND L A T E R A L  
MODEL 7 OOP o I T C H / H E A V S ;  7  OGF L A T E R A L  
42THOQ 
IN P U T S  
OU T P U T S 
D E L I V E R Y  
LANGUAGE 
R E S O U R C E S
C O M P I L E  T I M S ( S E C S ) =  C O M P I L E  3 I Z  E ( K ) =
RUN T I M E ! S E C  S ) -  RUN S I 2 E ( K )  =
STR UC TU RE 
TECH R £ P  T 
PROGRAM SPEC 
U S E R _ G U T O £
ME 40 PROGRAM P R O P R I E T A R Y  W l T H * 3 C L

ID V

0 3 0  0 T I T L E  o - A X L E  L O C G M O T IV E  R E S P O N S E  MGOSL
O R I G I N  AAR

, O A T E . R E C D  0 1  JUN 7 8
' KEYWORD L I N E A R  6 - A X L E  LOCO TIME H I S T O R Y ?  N O N - f l I G I O  R A I L

D E S C R I P T I O N  L O C O M O T IV E  TRUCK ANO SCDY  R E S P O N S E  7 0  L A T E R A L  AND V E R T I C A L  T R A C K  I N P U T S  
MOOEL O S C O U P L i O  P I T C H - H E A V E  ( I d  D O F )  AND L A T 5 R A L - Y A t a - R O L L  ( 2 1  O O F )
METHCO NU M E R IC A L I N T E G R A T I O N  CF L I N E A R  MOOEL 
I N P U T S  V E H I C L E  D a t a ;  TRACK S I N U S O I D A L  PARAMETERS
O U T P U T S  P O S I T I O N ?  V E L O C I T Y  0  A C C E L E R A T I O N  O f  EACH D C F l  CAN F I N O  W / R  F O R C E S  FROM OUTPU T 
O S L I V S R Y  T A P E  SLRMOO1 
LANGU AGE FO R T R A N
R E S O U R C E S  CARD READE R ( U N I T S )  P R I N T E R  ( U N I T 6 )
C O M P I L E  T I M E ( S E C S ) =  U A 9 . 3 6  C O M P I L E  S I 2 S ( K ) =  3 S 6 K
RUN T I  M E ( SEC S ) -  3  I 3 5 • 8 6  RUN S I Z E ( K ) =  S 1 2 K
S T R U C T U R E  M A IN  PROGRAM ANO TWENTY N IN E SU BRO U TI N ES 
T £ C i l _ R E P T  R —2 9 5  L OC OM OT IV E R E S P O N S E  MODEL 
PROG R A M _S PE C
U 3 E F _G U I0 C * R - 2 9 A  L OC OM OT IV E RE S P O N S E  MODEL 
MEMO

ID V

0 3 0  1 T I T L E  6 - A X L E  L O C O M O T IV E  R E S P O N S E  MCQEL
O R I G I N  AAR 
O A T E _ R E C O  o i  JUN 7 8
KEYWORD L I N E A R  o - A X L E  LOCO TIME H I S T O R Y ?  N O N - R I G I D  R A I L
D E S C R I P T I O N  LO C O M O T IV E  TRUCK AND BODY R ESPO N SE TO L A T E R A L  ANO V E R T I C A L  TR ACK IN P U T S  
4CDEL DECOUPLED P I T C H - H E A V E  ( 1 3  D O F )  AND L A T E R A L - Y A W - R O L L  ( 2 1  O O F )

METHCO N U M E R IC A L  I N T E G R A T I O N  CF L I N E A R  MOOEL 
I N P U T S  V E H I C L E  D ATA ? TRACK S I N U S O I D A L  PARAMETE RS
OU T P U T S P O S I T I O N ?  V E L O C I T Y  &  A C C E L E R A T I O N  CF EACH DOFJ CAN F I N O  W / R  F O R C E S  FROM OUTPUT 
D E L I  V E R Y  T A P E  JLR'JOO l 
LANG UA GE F OR TR AN
R E S O U R C E S  I N P U T : C A R D S ( U N I T S ) OUTPU T 5 P R I N T E P I  U N I T 6 )
C O M P I L E  T I M S < S £ C 3 > =  0 J 0 3 . 6 1  C O M P I L E  S I Z E ( K ) =  2 S 8 K
RUN T I M E ( S 3 C S > s  3 ? 3 5 - 3 6  RUN S I Z E ( K ) =  S 1 2 K
S T R U C T U R E  C O N S I S T S  OF MAIN PROGRAM AND 2 9  S U B R O U T I N E S .  T H I S  W IL L  BE UPDATED 
TECH R E P T  R - 2 9 S  L 0 C 0 4 0 T I V E  R E S P O N S E  40DEL 
PROGRAM SPEC
U S - R  G u t O E  R - 2 9 A  L O C O M O T IV E  R E SP O N SE  MOOEL
MEMO”  CODE MOD TO A C C E P T  P I E C E W I S E  L I N  TRK. P E R T U R 6 A T I O N S ?  CCMP T I M E  FOR NEW R O U T I N E S
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0 3 1  0 T I T L E  F L I G H T  CA R HUNTING  MODEL
O R I G I N  AAR 
DATE  R S C 3  0 1  JON 7 8
KEYWORD L I N E A R  F R E I G H T  CAR HU N TIN G c I G e N A N A L Y S I S  
D E S C R I P T I O N  L A T E R A L  S T A B I L I T Y  OF A FRE OHT CAR
MOOEL 2 5  OOF L A T E R A L  M OO EL;  3 DGF 3 C D Y J  7  OCF T R U C K S ;  2 0 OF AX L E S
METHOD F I N O  M A S S ;  S T I F F N E S S  S DA M PI N G  M A T R I C E S ;  S O L V E  E I G E N  P R 0 8 L E M
I N P U T S  V E H I C L E  D A T A l  SPEED
OU T P U T S E I G E N V A L U E S  AND E I G E N V E C T O R S
D E L I V E R Y  T A P E I F C H O O S
LANGUAGE F OR TR AN
RE SO U R C E S CARD READER ( U N I T 5 J  P R I N T E R  ( U N I T M  
C O M P IL E  T I M E ( S E C S ) =  i : i S . d 9  C O M P I L E  S I Z E ( K ) *  3 S 6 K
RUN T I , M E I S E C S ) s  1 J A 5 . 7 3  RUN S I  Z E I K  ) =  2 18K
S T R U C T U R E  ONE M A IN  R O U T I N E  AND T H I R T E E N  S U B R O U T I N E S .  WELL COMMENTED.
7 E C H . R E P T
PROGRAM SPEC
U S E R _ G U T 0 E  R - 2 5 1  F R E I G H T  CA R H U N TIN G A GOEL -  U S E R * S  AANUAL 

'  MEMO I N S T A L L A T I O N  G U ID E  D E L I V E R E D  * I T H  PROGRAM

13 V

ID V

0 3 2  0  T I T L E  D E T A I L E D  L A T E R A L  S T A B I L I T Y  MOOEL
O R I G I N  AAR 
OA TE  R2C D 
KEYWORD
D E S C R I P T I O N  L A T E R A L  F O R C E S  OF AN A R B I T R A R Y  C O N S I S T  OVER A H Y P O T H E T I C A L  TRACK
MOOEL
METHOD
IN P U T S
OU TPU TS
D E L I V E R Y
LANGUAGE
RE SO U R C E S
C O M P I L E  T I M E < S E C S > =  C O M P I L E  S I Z E ( K > =
RUN T I M E ! S E C  S ) ® RUN S I Z E ( K ) *
STR UC TU RE 
TECH R E P T
p r o g B a m _ s p e c  
USER—G U ID E
MEMO NOT  Y E T  A V A I L A B L E

0 3 3  0 T I T L E  O E T A I L E D  V E R T I C A L  T R A I N  S T A B I L I T Y  MODEL
O R I G I N  AAR 
D A T E _ R E C D  
KEYWOKO
D E S C R I P T I O N  V E R T I C A L  F O R C E S  OF AN A R 3 I T R A P Y  C O N S I S T  ALONG A H Y P O T H E T I C A L  TRACK
MODEL
4 S T H 0 0
IN P U T S
OUTPUTS
D E L I V E R Y
LANGUAGE
RE SO U R C E S
C O M P I L E  T IME (  S c C S  \  =  C O M P I L E  S I Z S ( K ! =
RUN T IM E ( SEC S ) =  RUN S I Z E ( K ) =
ST R U C TU R E
TECH R E P T  \
P R O G R A M _S P E C  
USER G U ID E
ME M Q " NOT YE T  A V A I L A B L E

ID V

Q34 0  T I T L E  L A T 5 R A L / V E R T I C A L  F O R C E  MCOEL *
O R I G I N  AAR 
DATE RECD
k e y w S r d
D E S C R I P T I O N  W H E E L / R A I L  I N T E R A C T I O N  F O RCES OF  A F R E I G H T  CAR TRUCK
MOOEL
METHOD
IN P U T S
O U TP U TS
D E L I V E R Y
LANGUAGE
RE SO U R C E S
C O M P IL E  T I M S ( S E C S ) —  C O M P I L E  S I Z E ( K )  =
RUN T I M E ( S E C S  1 = RUN S I Z Z  CK ) =
STR UC TU RE 
TECH REPT  
PROGRAM SPEC 
USER G UI DE
m e m o "  NOT Y E T  A V A I L A B L E ;  R - 2 3 7  ( U S E R ' S  M ANU AL!  I S  L I S T E D
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0 3 5  3 T I T L £  W HRAtLA
O R I G I N  C L E 4 S O N  
Q A T £ _ R E C D  0 4  MAY 7 3  
KEYWORD N O N L IN E A R  W /R  GEO 45  TRY
D E S C R I P T I O N  COMPUTES THE W H E c L / R A I L  C ON TA CT P O S I T I O N S ;  GEOMETRY FROM W /R  P R O F I L E S  
MODEL A C C E P T S  ASYM M ETR IC  W /R  D A T A ;  P R O F I L E  DATA CAN B E  V ERY GENER AL
METHOO 4T H ORDER CURVES ARE F I T T E D  TO D I G I T A L  P R O F I L E  D A T A .  I T E R A T E  FOR W /R  C O N T A C T  
IN P U T S  WHEEL AND R A I L  G A G E ! WHEEL AND R A I L  P R O F I L E S ;  R A I L  C A N T ; PROGRAM C GN TR OL  INF O 
O U TP U TS  WHEEL AND R A I L  CRV F I T  C O E F F S J T A B L E S  OF C ON TA CT P T  GEOM A S  A FUN OF L A T E R A L  P C S .  
D E L I V E R Y  C ARD S 
LANG UA GE FO R T R A N  
RE SO U R C E S
C O M P I L E  T I M E ( 3 c C 3 > =  C O M P I L E  5 I Z E ( K > =
RUN T I M S ( S E C S  i -  RUN 3 1 Z £ ( K  ) =
S T R U C T U R E  M A IN  PROGRAM AND t 4  S U B R O U T IN E S
T E C H _ R E P T
PROGRAM SPEC
US S R  Gu TO E F R A - 0 R & D - 7 8 / 0 S  U S E R ' S  MANUAL
-MEMO A L S O  C A L C U L A T E S  S I N U S O I D A L  IN PU T D E S C R I B I N G  F U N C T IO N S

ID V

0 3 S l T I T L E WH RAILA
O R I G I N CLEMSQN
DATE RECO 0 3  MAY 7 9
KEYWORD N O N L IN E A R  W /R  GEOMETRY
D E S C R I P T I O N  COMPUTES THE W H c E L / R A I L  C ON TA CT P O S I T I O N S ;  GEOMETRY FROM W /R  P R O F I L E S  
MODEL A C C E P T S  ASY M M E TR IC  W /R  CATAJ  P R O F I L E  DATA CAN BE V E R Y  GENERAL
METHOD 4T H CROC R CUR VES ARE F I T T E D  TO D I G I T A L  P R O F I L E  D A T A .  I T E R A T E  FO R W / R  C O N T A C T  
I N P U T S  WHEEL AND R A I L  GAGE J WHEEL AND R A I L  P R O F I L E S ?  R A I L  CA N T?  PROGRAM CON TR OL  INF O
O U TP U TS  WHEEL AND R A I L  
D E L I V E R Y  T A P E  * 4 5 9 4  ( S  T R K ? 
LANGUAGE F OR TR AN 
R E S O U R C E S
C O M P IL E  T I M E ( S E C S ) =
RUN T I ME < SEC S ) =

F I T  C O E F F S ;  T A B L E S  OF C ON TA CT » T  GEOM A Seo c h a r  r e c d : i o  r e c  b l k i n g ;  f i l e
A FUN OF L A T E R A L  P C S

RUN
C O M P IL E  S I Z E ( K ) = 
S I Z E I K ) =

S T R U C T U R E  MAIN  PROGRAM AND 1 4  S U B R O U T IN E S
TE CH R S P T
P R O G R A M _S P E C
USER G U ID E  F R A - 0 R & 0 - 7 8 / 0 5  U S E R ' S  MANUAL 
MEMO~ A L S O  C A L C U L A T E S  S I N U S O I D A L  I N P U T  * R i a i N G  f u n c t i o n s ;  n e w  v e r s i o n  f r o m  t s c

0 3 6  0 T I T L E  DYCAR MODEL
O R I G I N  AAR 
D A T E _ R E C O  0 1  JUN 7 8
KEYWORD N O N L IN E A R  F L E X I B L E  F R E I G H T  CAR T I M E  H I S T O R Y ; W / R  F O RCES 
D E S C R I P T I O N  PRE ANO PO ST P R O C S S S U R S  FOR F L E X I B L E  BOOY F R E IG H T  CAR 
MOOEL 2 2  DOF F L E X I B L E  BOOY F R E I G H T  CAR
METHOD FREE FORM IN P U T S  ARE FORMATTED FOR PROGRAM R V D L - O O l  
I N P U T S  V E H I C L E  O A T A ;  TRACK D ATA ? CA R SPEED
OU TP U TS  P O S I T I O N ;  V E L O C I T Y ?  ANO A C C E L E R A T I O N  OF EACH OOFT R A I L  R E A C T I O N S  
D E L I V E R Y  TAPE.* 9 2 5  
LANGUAGE FO R T R A N
R E S O U R C E S  V ERY LA R G E  TEMPOR ARY D I S K  DATA S E T S  ARE REQ U IRED  
C O M P I L E  T I M E ( S E C S ) = 3 I 2 4 . 0 6  CO M P IL E  S I Z E ( K ) =  3 5 4 K
RUN T I.ME C S E C S )  =  0 J 1 8 . 1 5  RUN S I  ZE (K  ) =  3 2 2 K
ST R U C TU R E  6 9  FO R T R A N  SOURCE R O U T I N E S  P L U S  ONE A S SE M B L E R  R O U T I N E  (K R O N O S )  
TECH R E P T  
PROGRAM SPEC 
U S E R _ G U I D E
MEMO I N S T A L L A T I O N  G-JIOE D E L I V E R E D  WI TH  PROGRAM

ID V

0 3 7  0 T I T L E  F A T I G U E  L I F E  A N A L Y S I S
O R I G I N  AAR 
D A T c _ R E C D  0 1  JUN 7 3
KEYWORD F R E I G H T  CAR F A T I G U E  A N A L Y S I S
D E S C R I P T I O N  C A L C U L A T E S  F A T I G U E  L I F E  OF A F R E I G H T  CAR
MOOEL
•METHOD
I N P U T S  S T R E S S  S P E C T R U M ; E M P T Y / L C A Q  R A T I O ?  IMPACT L Q A O I N G  
OU TP U TS  F A T I G U E  L I F E  IN 4 I L E S  
D E L I V E R Y  T A P E :  F L A 0 0 2  
LANGUAGE F OR TR AN
R E S O U R C E S  I N P U T ? C A R O  R E A D E R ( UN I T S ) C U T P U T ? PR I N T E R ( UN I T 6 )
C O M P IL E  T I M E ( S E C S ) ~  0 : i 7 . 9 0  C O M P IL E  S I Z E ( K > =  3 5 6 K
RUN T I M E ! S E C S ) =  0 ? 1 . 3 1  RUN S I Z E I K l *  2 2 0 K
ST R U C TU R E  ONE 4 A I N  R O U T IN E  AND 5 S U B R O U T I N E S .  UNCOMMENTED CODE 
TECH REPT
p r o g 3 a m _ s p e c
U S E R _ G U I O E
ME 40 I N S T A L L A T I O N  G U ID E  D E L I V E R E D  WITH PROGRAM
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J 3 3  0  T I T L E  CUR VSLQC O
O R I G I N  T S C / A R I Z O N A  STATE 
CATE RECO 0 6  HAY 7 8
k e y w o r d  n o n l i n e a r  s - a x l s  l o c q  t i m e  h i s t o r y ; c u r v e d  t r a c k  l / v  r a t i o ;  * / r  f o r c e s
D E S C R I P T I O N  DY N AM IC R E S P O N S E  OF A 6 - A X L E  l CCQ ON T A N G z N T ? S P I R A L  OR CURVED T R A C K . S E E  ENG SUM 
MODEL 6 - A X L E  L A T E R A L  R E S P O N S E  ( 2 1  O G F )  WITH 6 E X T R A  S T A T E  E G U A T I G N S  FO R AXL E R O T A T I O N  
METHOD I N T E G R A T I O N  OF E Q U A T IO N S  OF M O T IO N . N O N L IN E A R  * / R  L O C A T I O N .
IN P U T S  V E H I C L E  O A T A ;  TRACK C H A R A C T E R I S T I C S ;  * / R  DATA*. C R E E P  DATA
OU TP U TS  S T A T E  T I M E  H I S T O R Y !  L / V  R A T I O S
D E L I V E R Y  CAROS
LANGUAGE FO RTR AN
R E SOU RCES
C O M P IL E  T l M E l S S C S J s  C O M P I L E  S I Z S ( K T -
RUN T I M E t S E C S J s  RUN S I Z E l K ) =
STR UC TU RE MAIN PROGRAM AND 1 2  S U B R O U T IN E S  
TECH RE PT  
PROGRAM SPEC
USER G U f O E  LO C O M O TI V E  DY NA MIC C U R V IN G  A N A L Y S I S  PROGRAM U S E R ' S  MANUAL

!0 V

ID V

0 3 6 T I T L E  CUR VELOCO
O R I G I N  T S C / A R I Z O N A  STA TE
OATE RECO 0 3  MAY 7 9
XEYWQRO N O N L IN E A R  6 - A X L E  L O C O  T I M E  H IST O R Y * .  CURVCD TR A C K  L / V  R A T I O :  W /R  F O R C E S
D E S C R I P T I O N  DY N AM IC R E S P O N S E  OF A 6 - A X L E  LO CO ON T A N G E N T ?  S P I R A L  OR CURVED T R K .  SEE ENG SUM
MODEL o - A X L E  L A T E R A L  R E S P O N S E  < 21  D C F )  W I T H  6 E X TR A S T A T S  E Q U A T I O N S  FO R A XL E  R O T A T I O N
METHOD I N T E G R A T I O N  OF E Q U A T I O N S  CF M O T I O N .  N O N L IN E A R  W / R  L O C A T I O N
IN P U T S  V E H I C L E  D A T A ;  TRACK C H A R A C T E R I S T I C S ;  W/R  OA TA J C R E E P  DATA
OU TP U TS  S T A T E  T I M E  H I S T O R Y ?  L / V  R A T I O S
D E L I V E R Y  T A P E  6 * 5 9 4  < 9  T R K . 8 0  CHAR RECJ 1 0  REC B L X I N G ?  F ' l L E  * 3 )
LANGUAGE FO RTR AN
R ESOU RCES
CO M P IL E  T I M E ( S S C S ) *  C O M P I L E  S I Z E ( K ) =
RUN T I M E ( S E C S ) =  RUN S I Z E ( K ) -
ST R U C TU R E  MAIN  PROGRAM ANQ 1 2  S U 3 R 0 U T I N c S  
TECH WEPT 
PROGRAM SPEC
USER GU TPE  L O C O M O T IV E  DY N AM IC CU R V IN G  A N A L Y S I S  PROGRAM U S E R ' S  MANUAL
MEMO" L O C O M O T I V E  DYNAMIC C U R V I N G  A N A L Y S I S  PROGRAM U S E R ' S  M ANU AL? NEW V E R S I O N  FROM TS C

ID V

0 3 9  0 T I T L E  WRDATAREDUC 
O R I G I N  A R I Z O N A  S T A T E  
DATE RECO 0 8  MAY 7 8
K” Y w5 R D  C R E E P  C O E F S ;  C ON TA CT E L L I P S E ;  K A L K E R ' S  T H L O R Y ;  
D E S C R I P T I O N  G I V E N  W /R  GEOMETRY AS  F U N C T IO N  CF L A T E R A L  
MODEL TIMOSHE NK O FO R CON TA CT E L L I P S E ?  K ALK ER FQR CR E E P  
METHOD C A L C U L A T E  LO CAL CURVATURE*.  F I N D  CON T A C T  E L L I P S E  
IN P U T S  WHEEL AND R A I L  CON TA CT AN GL ES AND CURVATURE AS 
O U TP U TS  CR E E P  C O E F S  AS  FC N  OF W H 5S LS ET L A T E R A L  
D E L I V E R Y  CARDS  
LANGUAGE FO R T R A N  
R ESOU RCES
C O M PI LE  TI M E  < S E C S  ) =
RUN T I M E ( S E C S ) =
STR UC TU RE 
TECH REPT  
PROGRAM SPEC 
USER GU IO E

C O M P I L E  S I Z E < K ) =  
RUN S I Z E ( K ) «

W / R  GEOMETRY 
P G S 1 T I 0 N  F 1 N 0  CR EEP 

C O E F S
; F I N D  C R E E P  COEFS 
A F C N  OF L A T E R A L  PUS

10 V

0 3 9  1 T I T L E  WR OA TA  REDUC
O R I G I N  A R I Z O N A  STATE  
DATE RECO 0 3  MAY 7 9
XZYWORO C R E E P  C O E F S ?  CON TA CT E L L I P S E ;  KALK ER * S T H E O R Y ; W / R  GEOMETRY 
D E S C R I P T I O N  G I V E N  W/ R GEOMETRY A S  F U N C T IO N  GF L A T E R A L  P O S I T I O N  F I N D  CREEP 
MODEL TIMOSHENKO FOR CON TAC T E L L I P S E ?  KALKE R FOR C R E E P  C O E F S  
METHOD C A L C U L A T E  LO C A L  C U R V A T U R E ?  F I N D  C ON TA CT ELL I P S E ? F I N D  CR E E P  COEFS  
IN P U T S  WHEEL AMO R A I L  C ON TA CT AN GL ES AND CURVATURE AS A F C N  OF L A T E R A L  PO 
OU TP U TS  CREEP C O E F S  AS  FCN  OF WHEELSET L A T E R A L
D E L I V E R Y  T A P E  W 4 S 9 4  ( 9 T R K J  6 0  CHAR R EC? 10  REC B L K 1 N G ?  F I L E  6 2 )
LANGUAGE F OR TR AN 
RE SO U R C E S
C O M P IL E  T I M S ( S E C S  > —  C O M P IL E  S I Z E ( K ) =
RUN T I M E ( S E C S ) =  RUN S I Z E < K > -
3 7 R U C T U R E
TECH R E P T
PROGRAM SPEC
USER G U IO E
MEMO NEW V E R S I O N  FROM TSC
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T I T L E  P R A T E
O R I G I N  M I T R E  ( V I R G I N I A )
OATH R E C 3
K5 Y'.tffRO N O N L IN E A R  F L E X  IB L S  F R E I G H T  CAR TI M E  H I S T O R Y
D E S C R I P T I O N  F 'J L L -Q f t O E R  TGFC H 0 U A T I C N 3  CF MOTION ARE N U M E R IC A L L Y  I N T E G R A T E D
MOOc L 1 1 - O O F  FR T C A R : 4 - D O F  F L E X ?  TWO di-DCF T R A I L E R S ?  V I S C O U S  D A M P I N G ?  NC.NLIN S P R I N G S
METHOD S N G L - F R E Q  l ATJ R O L L ?  HEAVE P C S I T I O N ?  V E L O C I T Y  OR AC CEL IN PU T D R I V E S  CAR MOTION
IN P U T S  v e h i c l e  d a t a ;  t r a i l e r  d a t a ? s i n g l e - f r e q u e n c y  s i n u s o i d a l  i n p u t  a m p  a n o  p h a s e
OU TP U TS  R E S P O N S E  T IM E  H I S T O R Y ;  R E S P O N S E  ENVEL OPE S 
D E L I V E R Y
LANGUAGE FO R T R A N  
R E  SOUR CES
C O M P IL E  T I M E ( S E C S  )  — CO MP IL E S I Z E ( K  ) =
RUN T I M E ( S S C S ) s  RUN S l Z E ( X ) = :
ST R U C TU R E  MAIN PROGRAM ANO F I V E  SU B R O U T IN E S 
T E C H _ R 2 P T  P R A T E  VOLUME 2 .  ? T E C H N I C A L  MANUAL 
PROGRAM SP E C
U S E R _ G u 7 o t  F R  AT E  V O L U M E  I ?  U S E R  • S M A N U A L  ( F R A / Q R S - 0  — 7 0 / 5 9  )
MEMO D E V E L O P E D  FROM WYLE PROGRAM FO R VTU C A L I B R A T I O N

T I T L E  FPG
O R I G I N  P R I N C E T O N  { JOE S I V A K )
DATE PE CO 1 9  F £ 9  7 9
k e y w o r o  w/ r  f o r c e s ;  c r e e p  c h o p s :  k a l k s r « s  t h e o r y
D E S C R I P T I O N  G I V E N  W /R  GEOMETRY AS  FCN GF L A T  PCS ANO YAW? F I N D  L A T  FORCE ANO YAW MOMENT 
MOOEL T IM OS HEN KO  FOR CON TAC T E L L I P S E ;  KALKE R FOR C R E E P  C O E F S  
METHOD F I N O  CON TAC T E L L I P S E ;  LO CK UP CR E E P  5 APP LY VE CTO R S L I P P A G E  L I M I T  
IN P U T S  W /R  GEOMETRY A S  FCN  OF  LA T P O S 5 YAW RANG E• COEF GF F R I C T I O N ;  NORMAL FO RCE 
OU TPU TS LA T FO R C E  AND YAW MOMENT VS  L A T  P O S AND YAW 
O E L I V E R Y  L I S T I N G  
LANGUAGE APL  
R ESOU RCES
C O M P I L E  T I  M E t S E C S ) *  C O M P I L E  S l Z E l K >  =
RUN T I M S ( SEC S I 3  RUN S I Z E ( K )  =
S TR UC TU RE MAIN PRO GRAM ANO S S U B R O U T I N E S .  NO COMMENTS
T E C H _ R E P T
PROGRAM SPEC
USER G U l O E
MEMO

89



APPENDIX B
SIXTEEN DEGREE OF FREEDOM MODEL

B.1 INTRODUCTION

This appendix describes the fre igh t  car 
model used with che exception o f  the 
ra il /w heel in teractions discussed in 
Chapter 3. The model consists  o f  s i x ­
teen degrees o f  freedom with p iecewise- 
l inear  suspension elements.

B.  2 EQUATIONS OF MOTION

The complete veh ic le  described by the 
model is  that o f  a fre igh t car having 
two 3 -p iece  trucks. The trucks have 
motion variables subscripted A and B on 
the leading and t r a i l in g  ends. The 
body motion variables are subscripted
C. The r ig id  body coordinates fo r  the 
carbody are shown in Fig. B .2-1. The 
motion is  expressed in rectangular c o ­
ordinates having their  o r ig in  at a 
point moving with the carbody center o f  
gravity  at constant speed v along the 
track. In the v e r t ic a l  cross sect ion  
th is  point has the s ta t ic  loaded p o s i ­
t ion  o f  the body center o f  gravity  
re la t iv e  to unsuperelevated track.

The f iv e  variables describing r ig id
body
Fig.

motion o f  the carbody, 
B .2-1, are:

given in

• Lateral displacement <yc >
• V ertica l displacement 

( 2 c >
or heave

• Roll angle (bc )

• Pitch angle (0 )

• Yaw angle (t|ic ) .

In addition , carbody f l e x i b i l i t y  is  
modeled by tw isting , ’ and by la te r a l  and 
v e r t i c a l  bending modes with motion
variab les  £ , £ and | resp ect iv e ly ,  x y z
The subscripts indicate  the axis o f  
rota tion . The f i r s t  mode only i s  used 
to characterize each carbody f l e x i b i l ­
i t y .  The modes are i l lu s tr a te d  in 
Fig. B.2-2. The d e f le c t io n  o f  these 
modes at the carbody b o ls te r  per unit 
motion is given by the T parameters. 
Hence, i s  the la te ra l  d e f le c t io n  due
to la te ra l  bending, r ' is  the yaw de­
f l e c t i o n  due to la tera l  bending, is
the v e r t ic a l  d e f le c t ion  due to v e r t ic a l  
bending and is the r o l l  d e f le c t io n
due to torsion .

The external forces  and moments acting 
upon the carbody are shown reacting to 
p os it iv e  movement in Fig. B.2-3. In 
this diagram, F^A, F^g are the la te ra l
forces  provided by the b o ls te r  at 
trucks A and 3, Fv(_, is  the force  due to
the cen tr ifu ga l  overbalance at the body 
center o f  g rav ity ,  W is  the s ta t ic
body weight assumed equally d is tr ib u ted ,  
T^A and T^g are the moments due to the
la te ra l  load s h i f t  r e la t iv e  to the 
central axis during r o l l  at p os it ion s  A 
and B. FzA g are the dynamic v e r t ic a l
forces  at the b o ls te r  centers A and B 
and g are che r o l l  moments between
the carbody and b o ls te r  at each truck. 
TzA and Tzg are the moments in yaw at
the center p lates  at A and B. The 
c h a ra c te r is t ics  o f  these moments and 
forces  are given la te r  in terms o f  
th e ir  lo c a l  coordinates and motion 
v a r ia b le s .

Each b o ls te r  is  modeled as having a 
separate degree o f  freedom, in r o l l  
about the x a x is ,  but i s  assumed to 
move v e r t i c a l l y  and la te r a l ly  with the 
body. The r o l l  angles are at truck
A and <|)gg at truck B. The forces  and
moments acting upon the A b o ls te r  are 
shown in Fig. B .2-4. The b o ls te r  moves 
in yaw with the truck wheelsets, being 
assumed guided at i t s  ends in the s ide -  
frames .

Each truck is  modeled as two wheelsets 
connected to the sideframes by f r i c t i o n ­
less  "pin j o in t s "  at the bearings, as 
shown in Fig. B .2-5. This model was 
used by Blader and Kurtz and by Law, 
Hadden and Cooperrider (Ref. 8 ) .  Truck 
c h a r a c te r is t ic s  have been measured by 
Martin Marietta Corp. (Ref. 13). The 
three motion variab les  fo r  each truck, 
shown in the plan view fo r  truck are:

• Truck center la te ra l  d i s ­
placement (yA, yB)

• Vheelset (b o ls te r )  yaw (i|iA, 4<g)

• Sideframe yaw (y^, Yg).

They are in rectangular coordinates 
p a ra l le l  to those sp e c if ie d  for  the 
body and moving with i t  at the nominal 
p os it ion  for  each truck.
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Figure B.2-1
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Figure B.2-2 F lexib le  Carbody Model Parameters
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Figure B.2-3 External Forces and Moments on the Body
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Figure 3 .2 -4  External Forces and Moments on B olster  A
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The - v e r t ic a l  displacement z . and z„ and r A B
the mean r o l l  angle <(>A and <j>̂ for  each
truck are computed d i r e c t ly  from the 
r a i l  input, since there i s  no primary 
suspension and f u l l  "eq u a l iza t ion ” is  
assumed between axles o f  the load and 
the sideframes. Thus in  Fig. B.2-6,
FzAL1 and FzAL2 are equal as are FzAR1 
and Fz Ĉ 2 ' The la te r a l  force  on the
wheelsets from the r a i l s  are shown as 

and an<̂  contain both tread
and flange forces  as do the yaw moments
TzAl and Tza2 ' FyA and TzA arise  from 
the body suspension. FgA includes the
force  due to cen tr ifu g a l  unbalance on 
the truck. T ^  represents a s t i f fe n in g
element at a l l  pins between axle and 
b o ls ter  and sideframe. Since the l i n ­
ear spring elements are represented 
at the truck center by moment T ^  and
force  FvA, forces  Fz -̂ A and Fz^  are the 
remaining suspension fo rce  due to the

snubber. Similar forces  and moments 
are found on the B truck.

The equations o f  motion for  the degrees 
fo r  freedom in terms o f  the external 
forces and moments about s ta t ic  b a l ­
anced equilibrium values are as fo llow s :

B.2.1 Rigid Body Motion 

1. Lateral

MCyC “ ~FyC " FyA " FyB

Bounce

MCZC ' czA " FzB

3. R oll

”HTFyA '  HTFyB "TxA 

TxB + 1GA + TGB
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DIRECTION

4. Pitch

IyC3C = LTFzA ‘  LTFzB

5. Yaw

rzC^C = ' LTFyA + LTFyB 

TzA ‘  TzB

B.2.2 F lexib le  Body Motion 
(Free-Free Mode)

6 . Twist

Mxc4 = -V x ? x

"HTFxFyA + HTFxFyB

rxTxA + rx Tx3

7. V ertica l  Bending (about y)

V y  = ' MyC“ y^y - FyFzA 

- FyFzB ■

8 . Lateral Bending (about z) 

Mzc4  = - MzC“ z^z * Fz FyA
- r f1 z ryB
+ T ’T r, z zB

r ’T .z zA

B.2.3 Truck A - Leading

9. Lateral

<2MS +2Mw)yA = v 4. r* r-
1yLA c yRA f YA1

'  FyA2 '  FGA 

+ ( 2V 2V  HSC»A
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1 0 . Yaw (wheelsets) *  V ertica l Forces at Bolster

^ B z +2WSGMS+2 I w^ A  =
. T> *P

zA - i zAl p  =  F +  FczA zLA zRA
TzA2 '  TRA p  -  p  +  F c zB e zLB c zRB

1 1 . Yaw (s ide  frames) •  Pitch Equalization
9

( 0 1  +  W  =  T
K~ LS “ W;yA R̂A - AF ,,yAl *zAR = FzAR1 ~ FzAR2

+  AF . o yA2 FzAL = FzAL1 ” FzAL2

FzBR = F2BR1 = FzBR2

B.2.4 Truck B - T ra ilin g  (Not Shown) FzBL = FzBL1 = FzBL2

CM <—l Lateral •  V ertica l  - Trucks A and B

(zMs +2My )yB =  FyLB + FyRB - Fz LA * FzRA =  2FzAL +  2FzAR

FyBl ‘  FyB2 fgb
" Fz LB " FzRB =  2FzBL + 2FzBR

+  ( 2MS +  2V hsg ^B •  Roll - Trucks A and B

13. Yaw (wheelsets) HSG FyA '  HSG FGA

ÎBz+2WSGiV1S+2 IV ^ 3  = 

TzB1 '  TzB2

Tz * TzB1

trb

+  WSG FzRA '  WSG FzLA
=  9R P . 9R FzAL r ZAR

14. Yaw (sidefram es )
HSG FyB '  HSG FGB

( 2 xs+2A“ Mv )Yb =  Trb AFyBl +  AFyB2
+ WSG FzRB '  VSG FzLB 

= 2B FzBL '  2B FzBR

B.2.5 B olster  Motion
B.3 SYSTEM CHARACTERISTICS

15. Roll - B olster  A In the fo llow ing descr ip t ion , each sys­
tem force  or moment is  given in terms

I Bx ^BA = TxA + WSG FzRA o f  the lo c a l  coordinate, e . g . ,  a lo c a l  
spring d e f le c t io n .  These, including

WSG
the w h ee l /ra il  c h a r a c te r is t ic s ,  are

FzLA lin ea r ly  re lated  to the state  variab les  
chosen for  equations o f  motion. Non-

16. R oll - B olster  B linear  re lationships are given in 
graphical form.

I Bx ^BB = TxB + WSG FzRB B.3.1 Local Coordinates for  the
Wheelsets

VSG FzLB The c h a ra c te r is t ic  in teractions de-
scrbed in Chapter 3 are given in lo ca l  
wheelset coordinates re la t iv e  to the

B.2.6 Other Relationships track. These are therefore redefined
in the frame o f  reference o f  the motion 
or state var iab les ,  r e la t iv e  to the

Lateral Forces at Bolster veh ic le  pos it ion  when in balance and
placed cen tra l ly  upon the track. The

y  = p  +  p"yA yLA c yRA follow ing relationships are required to 
convert the lo c a l  coordinates, sub-

p  -  p  j. pyB c vLB ' yR3 scr ip ted  A1, A2, B1, B2 for each wheel- 
set to the state variables .
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• Leading Truck - A - wheelset 1

yAl = yA

yAl = yA

♦Al = ^A

*A1 = *A

+ a (Va - » r )

+ Â A

M 1+L^):
+ v

R

yR1 ’

- wheelset 2

yA2

If

-  A ( V ■dR )

yA2 = yA -  a^a

*t’A2 = *A - * R ( 1 - ■ I T )lt

*A2 = *A

T ra iling  Truck - B -

yR2

Wheelset 1

 ̂ - apparent track yaw 
v e lo c i ty  r e la t iv e  to 
the wheelset due to 
the curve, radius R, 
fo r  speed v

x - truck rota tion  due to 
curve (see Fig. B .2 -1 ) .

Using the above re la t ion sh ip s ,  values 
are determined fo r  the l inear  combina­
tions required to compute the wheel/ 
r a i l  forces  and moments. Thus fo r  the 
leading wheelset the add it ional r e la ­
tionships required from Section 3 .3 .1  
a r e :

• Lateral creepage in the horizon­
ta l  plane

Al - 4,Al = ^(yA + ay4)

+ 4,R V1 + 4

yBl yB + A(W  " yR3; 

yBl = yB + A*B
Longitudinal creepage in the 
horizontal plane fo r  the r ight 
wheel

"Bl = +

*B1 = "’B + R

or , B •
—  yAl + v + o Al r^ ( yA + A(yA - *R>

- yR1

- wheelset 2 + -  ( i ,v

yB2 yB ^ B ^ R ^  " yR4 ’ 

yB2 = yB ‘  A*B

4<r0 = >!)* + <(i0(l+ — ) 
JT

*B2 = 1’B + R

where

y^^ ■* yjj4 ■ la te ra l  track center 
o f f s e t  (alignment 
v aria t ion ) at wheelsets 
1 - 4

A - semi wheelbase in truck 

Lj, - semi-truck base in car

B.3.2 Lateral Suspension and Truck 
Forces

- Forces Fy V  FyB, FQA and FGB

The la te ra l  forces modeled a r ise  from 
la te r a l  springing RyA’ ^YB’ •'■at-era -̂ 
damping RyA> Ryg and the forces  due to
superelevation d e f ic ien cy  
FGA and FGB'

in cu rves ,

The l o c a l  coordinates y-, and•'•local(A)
y lo c a l (B ) are given by:

y loca l(A ) = yC + n ^ c  + Lt4<c
+ + Fz^z - yA + KSG *A

ylo ca l(B ; = yc + i L LTbC
- HTFx§x + r z5z - yB + HSG
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The spring c h a ra c te r is t ic  is given in 
Fig. B.3-1. In addition  to the spring

where,
t o r c e s , l in ear  damping forces ,  F^A and G - g rav ita t ion a l  constant
FyB’ are use<  ̂ to approximate energy in . / s e e "
d iss ip a t io n ,  where,

MT, - wheeisec mass lb sec^ /in .  w
FyA = BvA M  + M e  + M e 9- siaelrame mass I d s e c “ / i n  o

+ n-r'Mx + M z  '  h
s - angle o f  apparent weight 

vector  to track normal.

+ HSG M B.3.3 V ertica l  Suspension
ana,

FyB ByB M  + M e  '  M e

Snubbing Forces

Fz LA* Fz LB’ FzRA’ FzRB

- HtM x + M z - yB

+ HSG <̂B)

The to ta l  la te r a l  forces  F . and F.
a r e , yA yB

F = F' + F" yA ryA ryA
and,

F = F1 + F" yB *yB *yB

Forces Fqa and F^g are due to the un­
balanced cen tr ifu g a l  force  on the truck 
masses. They are given by,

FGA 2 G M ’A  + MS A )e

fgb 2g m̂wb + msb £̂

Figure  B . 3 - 1  L a t e r a l  Sp r ing  Forces
at  Each Truck

Each lo c a l  suspension force  is  com­
prised o f  the sum o f  a v e r t ic a l  spring 
force  with provision  fo r  becoming " free "  
fo r  " c l o s e - c o i l e d "  and a snubber force  
at each sideframe. The spring force  
has the ch a ra c te r is t ic  given in 
Fig. B.3-2.

Figure B.3-2 V ert ica l  Spring 
C haracteristic

The lo ca l  d e f le c t io n s  for  each spring 
a re ,

z local(RA)

z local(LA)

ZC " LT9C + M y  

' W S G (* B A _M  '

LT3C + r v$y  =  y

+ wsgM a" M  ‘ zA
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zc + M e  +z l o c a l ( R B )

SG^ B B 'V  ‘

B . 3 . 4  Body R o l l  C h a r a c t e r i s t i c

Moments T ^ ,  j.xB> Tga , Tgb

z local(LB) " ZC + LT0C + T y^>y

+ " s G ^ B B 'V  '  ZB

For the snubbers, each force  is  a func­
tion  o f  lo ca l  v e lo c i t y  across the sus­
pension at each sideframe center. The 
ch a ra cte r is t ic  is  given in Fig. B.3-3.

The to ta l  ch a ra c te r is t ic  fo r  the car- 
body in r o l l  fo llow s the con figurations 
shown in Fig. B.3-4 suggested by P latin , 
Beaman, Hedrick, and Wormley (Ref 7 ).  
During configuration  C - l ,  the r o l l  
s .t i f fness  ch a ra c te r is t ic  is  l in ear .

The sequence o f  events described by 
Fig. B .3-4 is  as fo llow s:

SNUBBING |  
FORCE

FSNU

z LOCAL 
---- >-

SLOPE, BZ-

FSND

Figure B.3-3 Snubbing C haracteristics

The lo c a l  values o f  the v e lo c i ty  o f  
each snubber are,

z local(RA) ZC ‘  LT0C + f ySy

^ G ^ B A 'M  * ZA

z local(LA) ZC " LT0C + r y^y

+ WSG( ^BA-V> - ZA

z local(RB) ZC + LT0C + f y^y

C -l - The centerplate  remains in 
f u l l  contact

T . t, - large l inear  s t i f fn e s s  
’ ^xxR between h o ls te r

and body

C-2 - Body rotates over the edge o f  
the centerplate o f  radius RGp

XxA,B = constant;> 2 WC RCP 
per truck.

C-3 - Body contacts both centerplate  
and side bearer fo llow ing  a 
rota tion  o f  angle $2

I  . n - large l inear  s t i f fn e s s  
‘ ’ ^xxR between b o ls te r

and body

*2 = CLSB/ ( L SB'RCP)
where CL^g - clearance o f  the 

sidebearer

(LqR-Rrp ) - distance between 
sidebearer and 
edge o f  cen ter ­
p late

C-4 - Body rotates over sidebearer

T . D = constant, i  W„ L,.,, xA,B ’ 2 C SB
per truck.

The complete ch a ra c te r is t ic  is  given in 
Fig. B .3-5 . The lo c a l  values o f  the 
r e la t iv e  r o l l  angle between the car 
body and the b o ls te r  are,

WS G ^ B B 'M  '  ZB

Zl o c a l ( LB)= ZC + LT0C + Fy^y

+ WS G ^ B B 'M  ‘  ZB

^RA " (•"c + M x > ' *BA

*RB = - fx M - *BB

In addition  to the r o l l  moment sus­
tained between the body and b o ls te r ,
T , and T „ ,  there ex is ts  an overturning xA xB
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C O N F IG U R A T IO N 7T D E S C R IP T IO N  •

G C-1 B O LS TE R  R O L L IN G

C-2 C E N T E R L IN E  R O C K IN G

G C-3 C E N T E R P L A T E /S ID E B E A R IN G
R O C K IN G

G C-4 S ID E B E A R IN G  R O C K IN G

Figure B .3-4 Body-Bolster Roll Configurations

Figure B.3-5 Roll Moment
Characteristic

moment, due to the la te ra l  movement o f  
the center o f  gravity  o f  the body with 
i t s  load. These are given by:

tga = i  wc Kr^c + rx^x>

TGB 1  WC HT^*C " rx^x^

B.3.5 Centerplate F r ic t ion  

- Moments TzB

The c h a ra c te r is t ic  used to represent 
centerplate f r i c t i o n  is  that shown in 
Fig. B.3-6.

This ch a ra c te r is t ic  represents a small 
unhindered re la t iv e  v e lo c i t y  below Acp
about the steady state  p os it ion  allowing 
for  clearances to be taken up. The
loca l re la t iv e  yaw v e lo c i t i e s ,  iii, , ,lo ca la re ,
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C EN TE R P LA TE  
M O M E N T T z

‘ CP

-ACP

^ p

* ’ CP

Figure B.3-6 Centerplate
F ric t ion  Moment

tj>, = 41 + r-4  - >ii« The model r a i l  shape used is  describedlocaUA) c z z A fu l ly  here. •

41-, , , , >  = 41 - F • i  - ijiR The r a i l  geometry chosen to represent
 ̂ '  c the jo in te d  r a i l  in both v e r t ic a l  and

h orizonta l perturbations is  made up o f  
exponentials as shown in Fig. B.3-8.

B.3.6 Tramming Torque 

Moments T ^ ,  TRg

The to ta l  e f f e c t  o f  yaw movement be­
tween the axles (and b o ls te r )  and the 
sideframes within each truck is  modeled 
as a re la t ive  rotational s t i f fn e s s  hav­
ing two rates as shown in Fig. B.3-7. 
The f i r s t  rate is  associated  with the 
spring groups and the second fo llow s 
take up o f  clearances in the gibs and 
bearings.

For trucks A and B the l o c a l ,  r e la t iv e  
yaw angles are,

*rel(A) " ^A

*rel(B) = ' Y3

B.3.7 Jointed Rail Inputs

A ll  dynamic inputs to the v eh ic le  model 
are associated with track curvature or 
r a i l  geometry. Any track geometry may 
be sp ec if ied  having elements o f  con­
stant track curvature and r a i l  pertur­
bations. Jointed r a i l  is  o f  particu lar  
in terest  to the study reported since i t  
provides a harmonic input to the veh ic le

Figure B.3-8 Single Jointed Rail 
Geometry

The equations o f  ŵ  and i t s  time der- 
dw,

iva t iv e dt—  = W’2 ars

w. = C .
,-x/Xj + e -(L-x)/xJ _ 2e-L/2Xj

1 + e
-L/x, -L / 2 x ,

J - 2e J

J
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and
-e~x /x J + , e - (L~x ) / x J
, . - L/XJ , ' L/2xJ 1 + e - 2e

sec

where,

Cj - j o in t  amplitude, in.

Xj - ch a ra c te r is t ic  length, in. 

L - r a i l  length, in .

For each wheelset the distance along 
the track v a r ie s ,

7 G2 yA2L " yA2R

Similar expressions ex is t  for  truck 3 
parameters zR, z 3 , (Jig, B , yR~ , yR 4 ,

Clearances used in the com­
putation o f  the w h ee lse t -ra i l  nonline­
a r i t ie s  are,

yG3’ yG4‘

CR1 = CR + y . , , /2  

CR2 = CR + yG2/2  

CR3 = CR + yG3/2  

CR4 = CR + yG4/2

for wheelset 1 , X1 = X where,

for wheelset 2 , x 9 = x - 2A CR - nominal clearance each
z side

for wheelset 3, = x - 21™0 1 CRi - to ta l  one sided instan
for wheelset 4, x4 = x-2(A+Lj.) taneous clearance at

axle i

A further distance d i f fe ren ce  along the 
r a i l  o f  I? is  modeled between l e f t  and
right r a i ls  when the j o in t s  are stag­
gered. Thus fo r  any distance along the 
track the v e r t ic a l  and la te r a l  pos it ion  
o f  each r a i l  are defined. Using the 
subscripts A, B to designate the truck; 
1,2 to designate the wheelset and L, R 
to indicate the l e f t  or r ight wheel, 
the input parameters f o r  truck A in the 
v e r t ic a l  d ire c t io n ,  are,

B.3.8 Track Curvature

It  is  customary in ra ilroad  pra ct ice  to 
define track curvature in degrees, D, 
subtended by a 100 f t  chord. An ap­
proximation is  used that the radius o f  
the curve R f t  is  re lated  to the degree 
o f  curvature, D by

R = 5729.6/D f t

ZA ~ (zAlL + ZA1R + ZA2L + ZA2R)/ 4

2A = (zAlL + 2AIR + ZA2L + ZA2R)/ 4

*A = (ZA1L + ZA2L '  ZA1R '  ZA2R)/4B

This leads to further approximations 
fo r  the input var iab les .  For s ,  the 
unbalanced superelevation angle

e = 3.767x10 B V2 -D - E/2B radians,

^A (zAlL + ZA2L '  ZA1R '  zA2R)/4B

the la te ra l  perturbation o f  the truck 
cen ter ,

where,

V = v e lo c i t y  along the track, 
i n . / s e c

E = e levation  o f  outer r a i l  
over inner, in.

yRl = (yAlL + ^ l R ^ 2 B = semi-distance between 
r a i l s ,  in.

yR2 = (yA2L + yA2R)/ 2

and the var ia t ion  in gauge,

For the yaw v e lo c i t y  o f  the track frame 
o f  reference represented by the d i f f e r ­
ence AV in the r a i l  v e lo c i t y  re la t iv e  
to the wheelset,

yGl yAlL " yAlR AV = 1.4544x10" B.V. .D in . / s e c
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and for  the o f f s e t  angle o f  each truck 
* R ’

= 1.4544x10 3 • L̂ , • D radians

B.4 STATE EQUATIONS AND REDUCTION

The simultaneous equations o f  motion in 
the 14 degrees o f  freedom described are 
o f  the form,

M d + B d + K d + g  (d ,d ,u ,u )  = h (u ,u) 

where

d - vector  o f  motion variab les  

M - mass matrix 

B - damping matrix 

K - s t i f fn e s s  matrix 

g - vector  o f  n on lin ear it ies  

h - input vector .

where the f i r s t  10 states describe the 
r ig id  body motion o f  the fre igh t car, 
the next 6 states  describe  the to rs ion ­
a l ,  v e r t i c a l  and la te ra l  bending modes 
and the two trucks (subscripted  A and 
B) provide the next 12 states and the 
b o lsters  the f in a l  4 s ta tes .

Hence, in the l in ear  system matrix F, 
the elements f ^ ^  ^Ven comPr i se 3 tmib
matrix, the elements f  .. give ̂ even,odd °
-M~i K and the elements from f, even, even
give the matrix -M XB. Since M is  d i ­
agonal, M  ̂ i s  a lso  diagonal consist ing  
o f  re c ip roca ls  o f  the appropriate masses 
and in er t ia s .  The elements in F, D and 
G contain m u lt ip l ica t ion  by these.
Where l inear  springs and dampers occur 
in the physical model described , they 
give r is e  to l in ea r  c o e f f i c i e n t s  in K 
and B, p o s it iv e  on the diagonal and 
negative in the element o f  the coupled 
variab le . The signs are therefore re ­
versed in F. Moment arms appear from 
the model to create  moments from forces .  
The resu lt ing  terms are apparent from 
the l i s t in g  o f  the elements in the 
matrix F provided in Appendix C.

For the purposes o f  step by step in te ­
gration this set o f  second order d i f ­
fe r e n t ia l  equations is  reduced to f i r s t  
order as a state equation.

B.4.1 Full State Equations

The form o f  the state equation i s ,

x = F x  + D f ( x , u ) + G u  —o —o — '—o ’— —

where ,
x -•state vector

f (x ,b )  - nonlinear vector  
function

u - input vector  

F,D,G - dynamics matrices.

The transformation is  made using 

d = v

and

v = M-1 ( -  Bv - Kd - g + h)

B.4.2 Elimination o f  Truck Masses - 
State Reduction

The range o f  frequencies associated 
with the tracking performance o f  fre igh t 
veh ic les  is  generally  less  than 15 Hz. 
However, the response o f  the veh ic le  as 
modeled in SIMCAR includes rapidly  de­
caying phenomena, or "hard s ta te s " ,  
associated  with the truck masses. In­
c lusion  o f  these states would require 
an extremely small computation'time 
step increasing cost  o f  simulation. To 
order computation cost  and contain s u f ­
f i c i e n t  accuracy the in er t ia  forces  in 
the truck and b o ls te r  have been set to 
zero fo r  the study in this report.
This has been carr ied  out in the pro­
gram without changing the basic  model 
by a process o f  state  reduction. The 
state v ector  is  f i r s t  permuted such 
that x_ = n x .  where,

- body states

- truck and bo ls te r  
displacements

- truck v e lo c i t i e s

x-P(28x1)

- 2

The ordering o f  the equations is  used
h e r e

*o=(YC

i s , 

zc ZC *C *C 9c 9C *C ix ^Z ^Z
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

ya *A *A *A YA *A y b yb *B ' h ^BA • ®BA’ *3B
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

and,

w
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- yc , yc . zc ,' ZC ’ *c- ♦c- 9C ’ ac>

’ ^c- *x', 4X , V ^z

X-T,— L - y.\’ y a '’ yB , V vB . ^BA’' ^BB

* 1 = (5c .x t )T

- 2 - > v  *A > yA j■ y B > V yB ’

^ B A ’ ^BB 3 k2

- 1 1
~ “ * 2 2 ^21 — ~ c 22 9̂-— — ^

- F29 Gj u

T T THowever, ^  = IT ' x = n (x^.x,,) ,. Hence
the v ec tor  o f  n on l in ea r it ie s ,  _f, is  
a lso  a function o f  x9 the unknown. For
the severe n o n - l in e a r i t ie s  o f  a fre igh t  
car , a fa st .gen era l  a lgebraic so lu t ion , 
at each in tegration  step , is  d i f f i c u l t .  
This has been avoided by using the 
values from the preceeding step. Thus 
i n i t i a l l y ,

The permutation matrix, n can be se­
lected  fo r  p a rt icu la r  app lica tion  in 
SIMCAR and the permutation above is  
that chosen fo r  the -studies reported 
here. The permuted system, x^ is  
governed by, -P

x F„x + D f (x  ,u) + G u~P P-P P~ -o - 
where

Xp is  partit ion ed  in to ,  x^ =
* 1

This implies the further p a r t it io n s ,

D," F 1 1 F 12

. F 2 1 F 22
! °P -

GP =

° 2

G1 "

The system equations are rewritten,

X1 = F 1 1  * 1  + F 1 2 —2 + DlF^ o ’ii>
+ Gj u

0 ~ x 2 = F 2 1  x l + F92 x 9 + D2f(xQ ,u) 

+ G2 u

5ll = Fu f e ]  + F1 2 f e ]
. J n L J n L  J n

( P ’-Jn’ M n ' M . )
+ D1f / [X-,

+ G^ u

Then,

X - o r is in a l  state  vector Ix^] = -— 0
T

f rr L  j n+iF = ITP 0
D = n DP 0
G = n G _
P 0

- F
M .

‘  ( [ Sl] » ' [ S2] » ' [ “]n *J2

*2 — n+1

where

F21 -  F '1_ F22 F21

d2 -  F '1_ F22 D2

G2 -  F '1 “ F22 G2

Then,

M
= F

n+1 1 1  

+ D

> ] »  *

t( P 1] . ,P 2] « i ,[ V )

ra,
+ G,

j n+1

Integration is  by means o f  the "trape­
zo ida l"  method as fo llow s:
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where iT  is  Che time step and ( ] ,

[ ] represent values at the n1̂  and 

(n + l ) tn integration  time step.
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APPENDIX C
NOMENCLATURE AND PARAMETRIC VALUES 

C .l  INTRODUCTION

The nomenclature used in this report is  
sim ilar to that used in the program, 
SIMCAR, also  used in the study reported. 
In general symbols have been id en t i f ied  
where they arose through statement o f  
d e f in i t io n  on a f igure .  In this appen­
dix they are l i s t e d ,  along with the 
dynamics matrices in the program 
SIMCAR. The parametric values, used 
for  the study reported in Chapters 4 
and 5, are also  given.

C.2 NOMENCLATURE

IYCINV = 1.0 / IYC
IZCINV = 1.0 // IZC
MXCINV 1.0 / MXC
MYCINV = 1.0 / MYC
MZCINV = 1.0 / MZC
MTINV = 0.5 / (MV + MS)
IWINV = 1.0 / ( ( IW + B * B * MS •)

* 2 .0  + 13 )
ISINV = 0.5 / ( IS + A * A. * MW )
IBINV = 1.0 / IBX

C.2.3 S t i f fn esses  (K) and Dampings (3)

SYMBOL DEFINITION

Ky Car body to sideframe l a t ­
eral s t i f fn e s s  fr o n t /r e a r  
trucks - small d e f le c t io n s

The symbols used in th is  report and in 
the program SIMCAR have the meaning 
id e n t i f ie d  in the fo llow ing  sections.

C.2.1 Masses (M) and Inertias ( I )

^2Y

KZ

Same - fo llow ing  gib 
clearance

Car body to truck v e r t i c a l  
s t i f fn e s s  f ro n t /re a r  
trucks - l in ear  range

SYMBOL DEFINITION
K2Z Same - fo llow ing  spring 

closure

MC

Mxc

Car body mass

Car body e f f e c t iv e  4x mass

kxxr Car body to b o ls te r  r o l l  
s t i f fn e s s  - small re la t iv e  
d e f le c t ion s

myc Car body e f f e c t iv e  4y mass KZZ Car body to b o ls te r  yaw 
s t i f fn e s s  - l inear

Mzc
MB

Car body e f f e c t iv e  4Z mass 

B olster  mass
KZT Tram s t i f fn e s s  in yaw 

fron t /rea r  trucks - small 
d e f le c t ion s

MS
MW

Sideframe mass 

Wheelset mass
kzznt Tram s t i f fn e s s  - large 

d e f le c t ion s

Ixc Car body in er t ia  about 
x axis

A ll  B 's are Analogous Damp- 
ing to Above S t i f fn ess  
Where They Occur

IYC Car body in er t ia  about 
y axis C .2 .4  Car and Component Dimensions

IZC Car body in ert ia  about 
z axis SYMBOL DEFINITION

IBX B olster  in e r t ia ,  r o l l lt Car body CM to truck CM 
distance , in x d ire c t ion

TBZ
I„

B olster  in e r t ia ,  yaw 

Sideframe in e r t ia ,  yaw
ht Distance o f  car body CM 

from the truck center , 
in z d irec t ion

x w
Wheelset in e r t ia ,  yaw a Half truck wheelbase, 

in x d irect ion

C.2 .2  Inverse Masses and Inertias b Half track gauge, 
in y d irec t ion

MCINC = 1. 
IXCINV = 1.

0 /■ MC 
0 /  IXC

'"SG Half la tera l  distance 
between spring groups

»
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SYMBOL . DEFINITION

Hq„ Height o f  cop o f  springs
(= Truck CM) above r a i l

inr. Clearance ac gibs in y
d irec t ion

R Wheel radius - centered
concact with r a i l

Lgg Half la tera l  distance
between sidebearers

CLgB Clearance o f  the
sidebearers

R̂ P Centerplate radius

COMgg C lose -co i led  compression
o f  spring group

EXTgg Extension to free length
o f  spring group

C.2.5 F le x ib i l i t y  Parameters for  the 
Car body

SYMBOL DEFINITION

Q ,S) Natural frequencies o f  
y modes 4x ,4y ,4z

r ,T ,T Modal shapes at +L_x y z T

Modal derivatives at +L̂ ,

C.2.6 Non-Linear C haracteristics 
(Not included elsewhere)

SYMBOL DEFINITION

FSNU Upwards snubbing force 
l im it

FSND

* 1

*2

'P3

MOM1

Downwards snubbing force  
lim it

R oll angle between body and 
b o ls te r  at which body t ips  
on center plate

Roll angle between body and 
b o ls te r  at which body would 
tip  over sidebearer with no 
sidebearer clearance

Roll angle between body and 
b o ls te r  during tipping on 
center p late up to s id e ­
bearer contact

Roll moment at which the 
car body tips over the 
edge o f  the center plate

SYMBOL DEFINITION

MOM? R oll  moment at which the
car body tips  over the 
sidebearer

T„p F r ic t ion a l  center p late
moment in yaw

Â .p Free ro ta t ion a l  v e lo c i t y
for  center p late

Relative yaw angle between 
sideframes and b o ls te r  
(or  wheelsets) at which the 
r e la t iv e  moment s t i f f e n s .

C.2.7 Track Parameters

SYMBOL DEFINITION

CJ Amplitude at the j o in t

XJ C haracter istic  length

L Rail length

CR Nominal flangeway 
clearance

D(DEG) Degree o f  curvature

C .2.8  Wheel/Rail Parameters

SYMBOL DEFINITION

a Tread c o n ic i ty

6 Flange angle (maximum)

M C o e ff ic ie n t  o f  f r i c t i o n

C.3 DYNAMICS MATRICES

The elements o f  the dynamics matrices 
F, D and G are id e n t i f ie d  in this s e c ­
t ion  fo r  the state equation.

x = F x + Df(x,u) + G u

These are followed by a statement o f  
the vectors  _f (n o n l in e a r i t ie s ) ,  and 
u ( inputs).

>4;

V

4
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C . 3 . 1 L i n e a r  S y s t e m  M a t r i x F

F t 2, 1 ) = - M C I N V t KY + KY )
F  ( 2 , 2 ) s-M.CINV * t SY + BY )
F t 2 , 5 ) = - M C I N V * t KY + KY ) * HT
F ( 2. 6) = - V C I N V * ( BY BY i * HT
Ft 2,15) = - M C I N V * t KY KY ) * GAMSZ
Ft 2,1 6 ) = - M C I N V * ( SY + SY ) * GAMSZ
Ft 2.1 7 ) = KY 4 M C I N V
F ( 2. 1 8 ) s gy * M C I N V
F ( 2,23) = KY 4 M C I N V
Ft 2 , 2 4 ) = eY * MCI NV
Ft 4, 3) = - M C I N V * t KZ KZ )
F < 4, 4) = - M C I N V * < BZ + BZ)
F ( 4. 1 3 ) 5 - M C I N V * t KZ + KZ ) * GA M S Y
Ft 4, 1 4 ) = — MC INV t BZ + ez > * G A M S Y

Ft 6 , 1 ) = - r x c i N V * ( KY + KY > * HT
Ft 6 , 2 ) 3 - I X C I N V * ( BY + BY > * HT
F t 6, 5) 3 - I X C T N V ■* ( 2. 0 * { K X X R  -  K X X G ) + ( KY KY >

S 4 H T  4 HT )
F t 6. 6) = - I X C I N V * ( SY + BY ) * HT * HT - 2.0 4 IXCINV
F t 6, 1 5 ) 3 - I X C I N V ♦ ( KY + KY ) * G A M S Z  * HT
F t 6,16) 3 - I X C I N V # i BY + BY ) * G A M S Z  * H T
F ( 6,17) 3 IXCI N V * K Y  * HT
Ft 6, 1 8 ) 3 IXCINV * BY * HT
Ft 6,23) 3 IXCINV * K Y  * HT
F( 6,24) = IXCI N V * S Y  * HT
F ( 6 ,29) 3 I X C I N V * K X X R
Ft 6,30) 3 I X C I N V * B X X R
Ft 6,31 ) 3 IXCINV * KXXR
Ft 6 , 3 2 ) 3 IXCI N V * B X X R

F t 8, 7) — ,- I Y C I N V ( KZ + K Z ) * LT * L T
Ft 6. 8) = - I Y C 1 N V * ( BZ + BZ ) LT * L T
Ft 10. 9) = - I Z C I N V * ( K Z Z  + KZZ + t KY + KY ) 4 l_T * l t )

)Ft 10,10 ) = - I Z C I N V ★ ( BZZ + BZZ + ( SY +  BY ) 4 LT * LTF t 10,11 ) = •- I Z C I N V * ( KY + KY ) * G A M S X  * H T  4 LTF (10,12) s.- I Z C I N V ♦ ( BY + BY i * G A M S X  * H T  4 i_TFt 10,17) 3 IZCINV * KY 4 L T
F ( J O , 18) 3 IZCINV * B Y  4 LT
F C 1 0 . 1 9 ) 3 I Z C I N V * K Z Z
F t10,20) 3 IZCINV * B Z Z
F (10,23) 3 *-IZCINV * KY 4 LT
F (10.24) = - I 2 C l N V * BY 4 LT
F ( 1 0 , 2 S ) 3 I Z C I N V * KZZ
F 1 1 0 . 2 6 ) = I Z C I N V * B Z Z
F ( 12 , 9 > 
F { 12.10 ) F (1 2 ,11 )

F (12.17) 
F (12.18 ) 
F ( 1 2 , 2 3 )  
F( 12,24)

- M X C I N V  
-MX ClNV 
- M X C I N V  * (

S * H T  * HT
F (12,12) = - M X C I N V  * (

- 2 
KY 4
BY * M X C ? N V  * 
-KY * M X C I N V  4 
-BY * M X C I N V  *

( K Y  + KY) 4 GAMSX * HT * 
( BY + BY) * G A M S X  4 H T  * 

( 2.0 * I KXXR - K X X G  ) 
) * G A M S X  * G A M S X  + MXC
BY + SY ) 4 HT 4 H T  

0 * M X C I N V  4 BXXR 4 G A M S X  
M X C I N V  4 GA M S X  4 HT 

GAMSX 4 HT 
G A M S X  4 HT 

*

LT
LT
+ { KY + KY )
* OMX 4 OMX )

4 G A M S X  4 
4 G A M S X

GAMSX

F (12 » 29) = M X C I N V * K X X R * GAM S X
F (12,30) = M X C I N V * BXXR GA M S X
Ft 12.31 ) ss-MXCINV * K X X R GAM S X
F (12.32) = - M X C I N V * BXXR GAMSX
Ft 14, 3) = — M Y C I N V * < KZ + KZ 1 * G A M S Y
F (14, 4) = - M Y C I N V t 37 + BZ ) c GAMSY
F (14,13 ) s - M Y C I N V t ( KZ + KZ ) * G A M S Y * G A M S Y

S + MYC * OMY * OMY
Ft 14,14) = - M Y C I N V * t BZ 4- BZ ) * G A M S Y  * G A M S Y

F t 16 , 1 ) = —M Z C I N V * t KY + KY ) * GA M S Z
F ( 16. 2) = —M Z C I N V £ t SY BY ) * GAMSZ
F ( 16♦ 5) ® - M Z C I N V * < K Y + KY ) * GA M S Z  * HT
F(16, 6) = - M Z C I N V * t BY + BY ) * GA M S Z  * HT
Ft 16,15) = - M Z C  INV. * < ( KZZ + K Z Z ) * G A M ° S Z  * G A M P S Z

£ + ( KY + KY ) * G A M S Z * G A M S Z
S + M Z C  *• OMZ * OMZ )
F ( 1 6 . 1 6 ) = — M Z C I N V * t < BZZ + BZZ ) * G A M P S Z  * GAM P S Z

£ + t SY + BY > * G A M S Z * G A M S Z >
F I 1 6 . 1 7 )  = KY 4 M Z C I N V  4 G A M S Z
F ( 1 6 , 1 8 )  = BY 4 M Z C I N V  4 GA M S Z
Ft 16,19) = K Z Z  4 M Z C I N V  4 G A M P S Z  
F (I S ,20) = BZZ 4 M Z C I N V  * G A M P S Z  
Ft 16,23) = KY 4 M Z C I N V  4 GA M S Z
Ft 16,24) = BY 4 M Z C I N V  4 GA M S Z
F (16,25) = - K Z Z  4 M Z C I N V  4 GAM P S Z  
Ft 16,26) = — B Z Z  4 M Z C I N V  4 G A M P S Z

4

*

BXXR
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(C .3 . I  Continued)

F (18 , 1 > = KY * M T I N V
F (18, 2) = BY 4 M T I N V
F ( 1 8 * 5) = KY * HT 4 M T I N V
F (13 * 6) = eY 4c HT * M T I N V
F ( 18 . 9 ) = KY * LT 4 M T I N V
F (18.10 ) = BY : k LT 4 MT I N V
F (18,1 1 ) S KY 4 G A M S X  4 HT 4 M T I N V
F ( 18.12) = 3Y 4 G A M S X  4 HT 4 M T I N V
F( 18,15) = KY 4 GAM SZ 4 M T I N V
F< 13.16) = BY 4 G A M S Z  4 MTI N V
F [ 18,17) = ■-KY 4 M T I N V
F (18,18) = •- M T I N V  * ( BY + 4.0 4 F 2 2  / VIPS
F (18,19) = F22 4 M T I N V  4 4.0

F (2 0. 9) _ KZZ 4 IWINV
F (20,10 ) = SZ Z 4 IWINV
F (20,15 ) = K Z Z 4 G A M P S  Z 4 IWINV
F ( 2 0 ,16 ) = BZZ 4 G AMPS Z * IWINV
F ( 20,17) = --6 * FI 1 4 A L P H A  / RG * IWINV 4 4
F (20.19) = -( K ZT + KZZ) 4 IWINV
F (20,20) = --( 5ZT + BZZ + 3 4 B 4 F 11 / VIPS
F (20.21 ) KZT 4 I W INV
F (20,22) = SZT 4 IW I N V

* IWINV

V

F ( 2 2 , 1 9 ) = KZT 4 I S I N V
F ( 2 2 , 2 0  ) = 3 Z T * I S I N V
F ( 2 2 , 2 1 ) = - K Z T 4 I S I N V
F ( 2 2 , 2 2 ) = - <  BZT + F 2 2  4 A 4 A 4 A
F ( 2 4 ,  1) =S KY 4 MTINV
F ( 2 9  ,  2 ) S BY 4 MTINV
F ( 2 4 ,  5 ) = KY 4 HT 4  MTI NV
F ( 2 4 ,  6 ) a BY 4 HT 4 MTI NV
F ( 2 4 ,  9 ) = •- KY * LT 4  MTI NV
F < 2 4 , 1 0 ) a-- BY 4 LT 4 MTI NV
F < 2 4 , 1 1 ) = - KY 4 GAMSX * HT 4 MTI NV
F ( 2 4 , 1 2  ) = ■- BY 4 GAMSX 4  HT 4 MTI NV
F ( 2 4 , 1 5  ) = KY 4 GAMSZ 4  MT INV
F ( 2 4 , 1 6 ) a BY 4 GAMSZ 4 MT I NV
F ( 2 4 , 2 3 ) «■- KY 4 MTI NV
F (2 4  * 2 4 ) = -< BY F 2 2  * 4.0 / V I P S  ) 4 M T I N V
F ( 2 4 . 2 5 )  s  F 2 2  * M T I N V  *  4 . 0

F (26 • 9 )  =  K Z Z  '■* I WI NV 
F ( 2 5 . 1 0 )  = BZZ *  IW2NV
F ( 2 6 . 1 5 ) = —KZZ * GAMPSZ 4  I WI NV
F ( 2 6 , 1 6 ) = - B Z Z  4 GAMP SZ 4 I WI NV
F ( 2 6 , 2 3 ) = - B  * f :I 1 4 ALPHA /  RO 4 I WI NV 4
F ( 2 6 , 2 5 ) = - <  KZT + KZZ ) 4 I WI NV
F ( 2 6 , 2 6 ) = - <  BZT BZZ + B 4 B * F 11 /  V I P S
F ( 2 6 , 2 7 ) = KZT * I WI NV
F 1 2 6 . 2 8 ) = BZT 4 I WI NV

F ( 2 3 , 2 5  ) = KZT 4 I S I N V  *
F ( 2 8 , 2 6 ) = BZT 4 I S I N V
F ( 2 3 , 2 7 ) = - K Z T  4 I S I N V
F ( 2 8 , 2 8 ) = - (  8 Z T + F 2 2  4 A 4 A 4 4 . 0  /  V I P S

F ( 3 0 ,  5 ) = I B INV 4 KXXR
F ( 3 0 ,  6 ) = IB INV 4 SXXR
F ( 3 0 , 1  1 ) = 1 3 INV 4 KXXR 4 GAMSX
F C 3 0 . 1 2 ) = I B I N V 4 3XXR 4 GAMSX
F ( 3 0 , 2 9  ) s - I S I N V 4 ( K XX + KXXR )
F ( 3 0 , 3 0 ) = —I 3 INV 4 5XX - I B INV 4 BXXR

F ( 3 2 ,  5 ) = I B INV 4 KXXR
F ( 3 2 ,  6 ) = I S I N V 4 a x x R
F ( 3 2 . 1 1 ) = - i e I N V 4 KXXR 4 GAMSX
F ( 3 2 , 1  2 ) = - I 3 I N V 4 BXXR 4 GAMSX
F ( 3 2 , 3 1  ) s s - I B I N V 4 ( KXX + KXXR >
F ( 3 2 , 3 2 ) I B I N V 4 BXX ~ I B I N V  * BXXR

C.3 .2  Nonlinear Dynamics Matrix D

* 1 ST wv

4.0
4 . 0  ) *

* ISINV

IWINV

\j

D ( 2 . 1 9 ) MCI NV
D ( 2 , 2 0 ) = MC I NV

D ( 4 . 1 1 ) = MC INV
D ( 4 , 1 2 ) a MC INV
0  ( 4 , 1 3 ) a MC I NV
D ( 4 , 1 4 ) = MC I NV
0 ( 4 , 2 9  ) = M C I N V
0 ( 4 , 3 0 ) a MC INV
0 ( 4 , 3 1  ) =_ MC INV
D ( 4 , 3 2 ) a MC INV
D ( 6 ,  9 ) a IXCINV
0 ( 6 . 1 0 ) a I XC I NV
D ( 6 . 1 9 ) a I X C I N V  4 HT
D ( 6 , 2 0 ) = 0 ( 6 * 1 9 )
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C.3 .3  Input Dynamics M atrix  G
v

G ( 2. l) =-GlG( 2, 8) a-*4ClNV * HSG * KYG( 2, 9) s-MCINV » MSG * 8 YS( 2.14) * 01 2* 3)G ( 2*15) a Gl 2. 9)
G( 6) ■ <Z • MCINVG< 4, 7) a 82 * MCINVG( a.12 ) a G ( 4 , £ )G( a.13) a G( 4. 7)
G ( 6 « 9 1 a-lXCINV * MT mKY « HSGG ( 6. 9) s.IXCINV * Ht * 2 Y • mSGG( 6.14) = G( 6. 3)G ( 6 • 1S ) a G( 6. 9)
G ( 3* 6) a—IY CINV « <Z • LTG( 3. 7) a-IYCINV * SZ « LTg( e*i2) =-G< 8. 6)G ( 3.12) a-G( 9. 7)
G < ! 0 , 3 ) a-IZClNV * LT « KY a HSGG<10. 9) a-IZCTNV • LT * SY a HSGG(10•14 ) a~G<10. S)G(10.lS) *-G(10. 9)
Gl 12 . 8) a-MXCINV • MT • KY a HSG a GAMSXG < 12 » 9) a-MXClNV * HT • BY a HSG « GAMSXG(12.14) ■-0(12. 8)G(12,15) a-G(12. 9)
3(14, 6) a <Z * 6AMSY « MYCINVG(14. 7) a BZ 4 GAMSY * MYCINV0(14,12) a G(14* 6)6(14,13) a G(14. 7)
G(16 • 1 > ■—Gl • M2CINV * GLOAOZG(16• 6) a-MZCINV * KY * HSG * GAMSZG(16, 9) a-MZCINV * BY « HSG a GAMSZG(16.14) a G(16* 8)0(16*15) a Gl16. 9)
6(16. 1) ■-G1G ( 18 * 3) a-F22 * MTINV * 4.0G< 18 . 8) a MTINV * KY a HSGG(18, 9) a MTINV * BY a HSG
G (20. 2) a-e a Ftl /  VIPS a iwINV a 4.oG(20• 4) a a a F1 1 a alpha /  «Q a IWINV aG(20• 5) a G(20* 4)
G(22• 3) *-F22 « ISINV « 4.0 a A a A /  LT
G(24, 1) »—GlG(24 * 3) =-G<18. 3)0(24,14) a G{13. 8)G(24•IS ) a G(18. 9)
G(26. 2) a G(20. 2)0(26.10) S G< 20. 4)GC26.11) a G(26.10)G(28. 3) a G(22. 3)
G 1 30• d > * 19INV • KXXG < 30. 9 ) = I5INV * 8XX
0(32.14) = ISJNV « KXXG(32•IS) = 1&1NV • 3XX

C.3.4 Input and Mon-linearity Vectors

The f u l l  input vector  u is

U1 - £ unbalanced super-
e leva t ion /track  gauge

u2 - AV (= Vb/R); R-curve 
radius, b-semigauge

u3 ’ yaw angle o f  track 
under truck in curve 

(see Fig. B.2-;

u4 - yRl , r a i l  o f f s e t  in curve 
at axle 1

u-0 '  yR2 , r a i l  o f f s e t  in curve 
at axle 2

" ZA’ truck A mean v e r t ic a l0 displacement (see 
Fig. B.2-5)

u7 ~ *A> truck A mean v e r t ic a l  
rate

u8 - <bA> truck A mean r o l l  
angle (see Fig. B.2-5

u9 '  ’ .V truck A mean r o l l
rate

J15 - as b  ̂ to bg for  Truck B

u, c. to u-j q - gauge varia t ion  o f  track 
10 at axles 1 to 4.

The to ta l  v ec tor  on n on linearit ies
f  i s ,

f l to f 8 - la te r a l  w heel-ra il  
forces

f 9 to f 10 - r o l l  s t i f fn e s s  at 
b o ls te r  A, b o ls te r  B

f l l to f 12 - v e r t ic a l  snubbing force  
truck A, r igh t ,  l e f t

f 13 to f 14 - v e r t i c a l  snubbing force  
truck B, right,-  l e f t

f 15 to f 16 - centerplate yaw moment 
truck A, truck B

£17 to f 18 - tramming torque truck A 
truck B

f 19 to f 20 - la te ra l  s t i f fn e s s  
truck A, truck B

f 21 to f 27 - yaw w heel-ra il  torques

f 29 to c
x 32 - v e r t ic a l  s t i f fn e s s  

nonlinearity  each 
spring group.
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C. 4 100 TON HOPPER CAR PARAMETER
LIST

The parametric values used in the study 
described in Chapters 4 and 5 are 
l i s t e d  below. The truck values were 
taken from measurements reported by 
Martin-Marietta Corporation (Ref. 35). 
The body and certa in  suspension param­
eters were Chose used by P latin , Beaman, 
Hedrick, and Wormley (Ref. 7) in their 
study o f  "rock and r o l l . "  No part icu ­
lar  veh icle  has these dimensions, i t  is  
designed to be r e a l i s t i c  but to exhibit 
poor response to track input. In this 
l i s t ,  since the trucks are id e n t ic a l ,  
only values for  Truck A have been 
given.

Masses and Inertias

Mc = 630.77 2lb sec / i n . - Ref. 7

Mxc = 912,000.0 2lb - in . - s e c - Note 1

myc = 317.2 2lb sec / i n . - Note 1

Mzc = 317.2 2lb sec / i n . - Note 1

h b = 3.78 2lb sec / i n . - Ref. 35

M s = 2.983 lb sec^ /in . - Ref. 35

Mw = 7.731 2lb  sec / i n . - R ef. 35

Ixc = 1,824,000 1K . 2 l b - in . - s e c - Ref. -T/

IYC = 16,800,000 l b - i n . -sec^ - R ef. 7

Izc = 16,657,000 2lb - in . - s e c - Ref. 7

I BX = 2,757.0 2lb - in . - s e c - Ref. 35

I BZ = 2,757.0 lb - in . -s e c ^ - R ef. 35

1S = 1,366.0 -i i 2lb - in . - s e c - Ref. 35

Tw = 5,889.0 ' il b - in . - s e c - Ref. 35

ffnesses per Truck

ky • = 20,400.0 l b / i n . - Ref. 7

5*5 to H5J = 1,020,000.0 l b / i n . - R ef. 7

L, = 44,200.0 lb / in . - R ef. 7

K2Z = 2,406.000.0 lb/in. - Ref. 7

k x x r
= 109 l b / i n . - nominal

kzt = 34,300,000 lb - in . / r a d - Ref. 35

^ZZTT = x 10X lb - in . / r a d - Ref. 35
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i ruckDamping per

By = 3,242.0 l b - s e c / i n . -

Bz = 20,000.0 l b - s e c / in . -

Other linear c o e f f i c i e n t s  = 0.0

FSNU = FSND = 4000.0 lb -

each side - see Fig;. B.3-3

"̂cp = 56,190.0 lb i n . -

See Fig. B.3-6

Vehicle Dimensions

lt = 243.0 in. -

ht = 60.0 in. -

a = 35.0 in. -

b = 29.75 in. -

WSG = 39.52 in. -

hSG = 21.7 in. -

Ahg = 0.375 in. -

Ro 18.0 in. -

lse = 25.0 i n . -

clsb = 0.25 in. f -

RCP = 7.0 i n . -

comsg = 0.91 in. -

extsg = 2.78 in. -

F le x ib i l i Parameters

fix = 44.08 rad/sec -

ay = 108.45 rad /sec -

fiZ = 63.90 rad/sec -

r - 0.9274 .

r y = 0.6237 -

r z = 0.6237 -

rz = 0 .01028/in . -

Note 2 
nominal

Ref. 7 

Ref. 35

Ref. 7 

Ref. 7 

Ref. 35 

standard 

Ref. 7

standard v'

Ref. 7

Standard v

Standard

Estimate

Standard

Estimate

Estimate

Note 1 

Note 1 

Note 1 

Note 1 

Note 1 

Note 1 

Note 1
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O ther N on linear  P aram ete rs
O'

*

*

^CP = 1.745 x 10~3 rad/sec - Estimate

1—1
e- = 8.52 x i o _i+ rad - Estimate

*2 = 3.04 x 10‘ 3 rad - Estimate
= 0.0139 rad - Es timate

♦nt
= 0.05236 rad - Ref. 35

Rail Whee 1 Parameters

a = 0.05 (or  0.071 
or 0.18)

- see Chapter 3

h i
= 1.96 x 106 lb

f 22 = 1.83 x 106 lb

MU(p) = 0.375 (or  0.5) - see Chapter 3
6 = 67° (or  70°) - see Chapter

Note 1 - 
f r e e - f r e e

The f l e x ib l e  
beam shape.

modes
The

assume a 
values o f

C. 5 AUXILIARY STATES AND OUTPUTS 
LIST

GAMSX (Tx ) ,  GAMSY, (T ) , GAMSZ ( T , 
GAMPSZ (r^) are derived from these 
modes ,

ry ,z cos(2 .365 j —) 
c

- 0.1329 co sh (2 .365 |-)

In the fo llow ing  l i s t ,  the f i r s t  32 
entries  are the v eh ic le  s ta tes ,  f o l ­
lowed by the 55 aux iliary  states com- 
puated in the program SIMCAR. The 
dimensions as they appear on output are 
also  given. In some cases (e sp e c ia l ly  
angles) these are not the "natural 
units" used to solve the problem.

r- _ . /7t x ,
r x " s in ( 2 I-5  c

for  the value ~ ~  = 0 .756, a lso ,

<XC = #  L  r x <x >dx = °-5IXC

- r z
’’ZC " 2AC 1 ,

r "  „ (x)dx = 0 .509Mr y ,z v

Note 2 - This is  an approximate linear 
v iscous damping equivalent to a f r i c t io n  
force  o f  4000 lb per side  in the range 
o f  frequencies and amplitudes in v e s t i ­
gated. The resu lts  are not sensit ive  
to th is  value.

(f
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Original State 
Mumber Descriotion Units

1 Body la te r a l  pos it ion inches
2 Body la te r a l  v e lo c i t y in . / s e c
3 Body v e r t i c a l  pos it ion inches
4 3ody v e r t i c a l  v e lo c i ty i n . /s e c
5 Body r o l l  angle deg
6 Body r o l l  rate deg/sec
7 Body p itch  angle deg
8 Body p itch  rate deg/sec
9 Body yaw angle deg
10 3ody yaw rate deg/sec
1 1 Body tors ion  displacement rad
12 Body to rs ion a l  rate rad /sec
13 Body v e r t i c a l  bending 

displacement rad
14 Body v e r t i c a l  bending 

v e lo c i t y rad/sec
15 Body la te r a l  bending 

displacement rad
16 Body la te r a l  bending 

v e lo c i t y rad/sec
17 Truck A la te r a l  p os it ion inches
18 Truck A la te r a l  v e lo c i t y i n . / s e c
19 Truck A wheelset yaw angle deg
20 Truck A wheelset yaw rate deg/sec
21 Truck A sideframe yaw angle deg
22 Truck A sideframe yaw rate deg/sec
23 Truck B la te r a l  pos it ion inches
•24 . Truck B la te ra l1 V eloc ity i n . / s e c
25 Truck B ’wheelset yaw angle deg
26 ' Truck B wheelset yaw rate deg /sec
27 ■ Truck B sideframe:yaw angle- deg
28 Truck B sideframe yaw.: rate ■ - ’ deg /sec
29 Truck A b o ls te r  r o l l ’ angle deg
30 Truck A bolster;; r o l l ’’ rate deg/sec
31 ' Truck B b o l s t e r . r o l l ,  angle , deg
32.-. Truck B b o ls te r  r o l l  rate-" ■-i deg /sec

Auxiliary
State 1 ' J' Description  ’ ” . Units

1 F irst  axle la te ra l  fo rce ,  
l e f t  wheel lb f

2 Second axle la te ra l  fo rce ,  
l e f t  wheel lb f

3 Third axle la te ra l  force ,  
l e f t  wheel lb f
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'4

*

V

Auxiliary
S tate Description CJniCs

4 Fourth axle la te r a l  fo rce ,  
l e f t  wheel lb f

5 First  axle la te ra l  pos it ion inches
6 Second axle la te ra l  p os it ion inches
7 Third axle la te ra l  pos it ion inches
8 Fourth axle la te r a l  pos it ion inches
9 V ertica l f o r c e  on r ight weels 

o f  Truck A (per wheel) i b f
1° V ertica l force  on l e f t  wheels 

o f  Truck A (per wheel) l b f
11 V ertical force  on right 

wheels o f  Truck 3 (per wheel) l b f
12 V ertica l force  on l e f t  

wheels o f  Truck 3 (per wheel) l b f
13 Lateral p os it ion  o f  r a i l  

center under Truck A inches
14 Lateral p o s it ion  o f  r a i l  

centerline  under Truck B inches
15 Lateral p os it ion  o f  r a i l  

centerline  under body inches
16 Average o f  front and rear 

c ross leve l deg
17 Rail la te ra l  p o s it io n ,  front 

r ight wheel o f  Truck A inches
18 Rail la tera l  p o s it ion ,  rear 

right wheel o f  Truck A inches
19 Pitch angle o f  track due to 

p r o f i le  at truck centers deg
20 Yaw angle o f  track due to 

alignment at truck centers deg .
21 Average o f  front..and rear 

r a i l  v e r t ica l '  pos it ion inches
22 Yaw moment due to' r a i l  and 

wheel - wheels et- 1 . J - ’ ?■ • - lb in.
23 ........ Yaw moment due to . 'ra i l  = and- - 

wheel-wheelset 2. . lb in . 1
24 Rail la t e r a l , positipn., , front 

l e f t  wheel o f  'Truck'A’ inches.
25 ' - r' Rail la te 'ra l1 p os it ion ’,'" rear- 

l e f t  wheel. ofcTruek:-Ao inches
26 Rail la te ra l  p os it ion ,  front 

l e f t  wheel o f  Truck B inches
27 Rail la te ra l  p o s it ion ,  rear 

l e f t  wheel o f  Truck B inches
28 Rail l a t e r a l .p o s i t i o n , front 

right wheel o-f-"-Truck;-B - inches
29 Rail la tera l  p os it ion ,  rear 

right wheel o f  Truck B inches
30 Linear la te ra l  creepage , 

f i r s t  axle rad
31 Angle-of-attack  (n e g ) , 

f i r s t  axle rad

II-
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Aux:
S

l ia ry
:ate D escr lotion Uni t3

32 Lateral creepage, second axle rad
33 A n g le -o f-a ttack  (neg) , 

second axle rad
34 Lateral creepage, third 

axle rad
35 Lateral creepage, fourth axle rad
35 F irst  axle la te ra l  fo rce ,  

right wheel ! b f
37 Second axle la te r a l  fo rce ,  

right wheel i b f
38 Third axle la te r a l  fo rce ,  

r ight wheel l b f
39 Fourth axle la te r a l  fo rce ,  

right wheel i b f
•40 L/V o f  f i r s t  ax le ,  l e f t  wheel
41 Lateral fo rce ,  l e f t  wheels o f  

Truck A ib f
42 L/V o f  l e f t  s ide  o f  Truck A
43 Total la te r a l  force  o f  Truck A l b f
44 L/V o f  f i r s t  ax le ,  r ight wheel . . .
45 Lateral fo r ce ,  r igh t  wheels 

o f  Truck A ib f
46 L/V o f  r ight  side o f  Truck A
47 F irst  l e f t  wheel flange to 

r a i l  overlap inches
48 F irst  r igh t  wheel flange to 

r a i l  overlap inches
49 Second l e f t  wheel flange to 

r a i l  overlap inches
50 Second right wheel flange to 

r a i l  overlap inches
51 Third l e f t  wheel flange to 

r a i l  overlap inches
52 Third r ight wheel flange to 

r a i l  overlap inches
53 Fourth l e f t  wheel flange to 

r a i l  overlap inches
54 Fourth r igh t wheel flange to 

r a i l  overlap inches
55 Ratio o f  leading l e f t  wheel 

la te ra l  force  over distance 
to wheel drop on leading 
right wheel inches

f
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APPENDIX D
REPORT OF NEW TECHNOLOGY

No patentable item has been found in 
the work performed and described in 
this report. However, i t  contributes 
to the s ta t e -o f - t h e -a r t  in the area o f  
r a i l  v eh ic le  simulation.

A computer program, SIMCAR,. o f  a fre ight 
car an a ly tica l  model has been developed, 
capable o f  ind ica ting  the response o f  
real fre igh t cars to track geometry 
v ar ia t ion s , including curvature, a l ign ­
ment, gage and c r o s s le v e l .

Values have been computed o f  the largest 
track geometry varia t ions  which do not 
indicate  in c ip ien t  derailment for  a 
standard 100 ton hopper car in the speed
range 10 to 25 mph.
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