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PREFACE

This report presents a summary of a research study to a ssess  the safe 
dynamic performance limits of commuter passenger vehicles with typical truck  
and body constructions operated on a variety of track configurations. A 
companion report (Volume II) presents detailed analytic tools and results on 
dynamic response of the vehicles as they negotiate tracks with varying 
curvatures and with vertical and lateral m isalignm ents. This work w as 
performed under the contract DTFR-53-95-C-00049 from the Federal Railroad 
Administration (FRA) to Foster-Miller, Inc.

The authors w ish  to express their thanks to Dr. Thomas Tsai of FRA, under 
whose technical supervision this work w as performed. Thanks are also due to 
Mr. David Tyrell and Dr. Herbert W einstock of the Volpe Center for their inputs 
and com m ents during this work. The technical guidance from Dr. David 
Wormley is also gratefully acknowledged.
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E X E C U T IV E  S U M M A R Y

T his w ork  h a s  b een  perform ed by  Foster-M iller in  su p p o rt of th e  safety 
s ta n d a rd s  being  developed by th e  Federal Railroad A dm in istra tion  for 
conventional com m uter a n d  in tercity  ra il passenger vehicles opera ting  a t 
speeds of 110 m p h  o r less w ith  th e  u ltim ate  objective of developing a  
m ethodology for safety  a sse ssm e n ts  of rail vehicles. R esearch  h a s  been  
conducted  to identify an d  resolve techn ical issu es  re la ted  to  th e  safety  
a sse ssm e n t of com m uter cars. The resea rch  program  exam ines existing ca r 
designs, requ ired  analysis ta sk s , requ ired  car an d  tra c k  p a ram ete rs , safety 
criteria, critical operational scenario s an d  th e  developm ent of safe perform ance 
lim its. T he analy tical re su lts  of th e  resea rch  program  w hich  a re  p resen ted  in  
th is  rep o rt will be  validated  by  fu tu re  experim ental work.

As a  s ta rtin g  po in t for th is  work, cand idate  vehicle body a n d  tru c k  
co n stru c tio n s  a re  identified includ ing  single and  bi-level ca rs  w ith  equalized 
an d  non-equalized  tru ck s . The dynam ic response  of th ese  vehicles a s  they  are  
opera ted  a t  different speeds on  track s  w ith  different c u rv a tu res  is  evaluated  
th ro u g h  a  com pu ter sim u la tion  tool know n as OMNISIM.

Specific safety  re la ted  operational scenarios s im u la ted  include: h igh  speed 
tru c k  h u n tin g , s teady  curving, dynam ic curving on  trac k s  w ith  a  single cusp , 
dynam ic curving on  tra c k s  w ith  m ultip le  “down an d  o u t” c u sp s  w ith  
im perfections in  th e  vertical an d  la tera l p lane, negotiation of gage narrow ing 
la te ra l im perfections a n d  negotiation  of sw itch po in ts  w ith im perfections in  th e  
vertical p lane. The tra c k  cu rv a tu re  is varied  th rough  th e  range  of 2 -1 /2  to 
20  deg in  som e of th e  stu d ies .

U sing appropria te  safety  criteria, conditions w hich  re su lt in  vehicle 
dera ilm en t due  to  w heel climb or w heel lift in  each of th e  foregoing operational 
scenario s a re  identified for each  of th e  vehicle types: single/b i-level w ith  
equalized /non-equalized  tru ck s . T hese conditions a re  u se d  w ith  conservative 
m arg in s to  e stab lish  safe perform ance lim its.

For tru c k  h u n ting , th e  lim its a re  expressed  in  te rm s of critical speeds.

For s teady  curving, la tera l to vertical force ra tios (L/Vj are  u se d  a s  
ind ica to rs of vehicle safety  perform ance.

S im ula tions have been  conducted  w hich identify lim iting perfo rm ance of 
c a rs  w ith  b o th  equalized a n d  nonequalized  tru ck s  tran sv ersin g  single and
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m ultip le cu sps. T hese s im u la tions determ ine  th e  effects of tru c k  equalization 
in  accom m odating different types an d  com binations of cu sps. For exam ple, a  
bilevel ca r w ith  typical equalized tru c k s  opera ting  a t  ba lance  speed  is show n to 
accom m odate a  cu sp  am plitude  1.5 tim es g rea ter th a n  th e  typical nonequalized 
tru ck s  th a t  w ere m odeled.

W hen gage narrow ing occu rs on a  tan g e n t track , th e  safe speed  is lim ited by 
th e  type of vehicle an d  tru c k  negotiating  th e  im perfection. For a  given tru c k  
type, the  safe speed  is dependen t on  th e  ra te  a t  w hich  th e  gage reduces. Safe 
m axim um  speeds are  expressed  a s  functions of gage reduction  ra tio s  for each  
tru c k  configuration. Safe speeds for exam ple ca rs  w ith  equalized an d  n o n 
equalized tru c k s  are  also determ ined  w hen  th e  c a rs  negotiate a n  AREA No. 8 
switch.

The repo rt p resen ts  conclusions of p rac tica l in te re s t an d  te s t  
recom m endations for m odel va lidations a n d  verification of th e  safe perform ance 
lim its generated  here. A m ethodology for rap id  a sse ssm e n t of com m uter ca r 
safety, w hich requ ires dem onstra tion  a n d  experim ental validation, is  also 
presented .

xvi



1 . IN T R O D U C T IO N

The 1994 am en d m en t of th e  Federal Railroad Safety A uthorization  Act 
requ ires th a t  th e  Federal R ailroad A dm inistration  (FRA) e s tab lish  regu lations 
for m in im um  safety  s ta n d a rd s  of conventional ra ilroad  p assen g er vehicles 
includ ing  com m uter o r in tercity  passen g er cars operating  a t  sp eed s of 110 m ph  
or less.

P assenger ra il vehicles have to operate  on a variety  of tra c k  geom etries: 
tangen t, curved an d  sp ira ls  connecting  tan g en ts  to c o n s ta n t ra d iu s  curves.
T he m axim um  levels of vertical an d  la tera l m isalignm ent a n d  th e  m axim um  
am o u n t of crosslevel varia tion  th a t  can  be safely negotiated  a re  b o th  im portan t 
in  safety  evaluations. The overall objective of th e  w ork repo rted  h ere in  is th e  
developm ent of a  com prehensive m ethod  for evaluating  th e  safety-related  
perform ance of com m uter p assen g er rail vehicles an d  its  app lication  for 
generating  a  prelim inary  se t of safe dynam ic perform ance lim its in  vehicle 
opera tions over a  variety  of tra c k  conditions. D erailm ents occu r for a  variety  of 
reasons , includ ing  tra c k  failures, equ ipm ent failures, a n d  im proper tra in  
operation. However, th e  p rim ary  focus of th is  re sea rch  is on  how  different body 
an d  tru c k  configurations influence th e  vehicle dynam ic resp o n se  an d  m ay 
cau se  derailm ent th ro u g h  w heel climb or wheel lift. A n u m b e r of scenarios 
need  to  be identified for investigation, including tru c k  h u n tin g , s tead y -sta te  
curving, dynam ic curving, a n d  tra n s ie n t response to  vertical an d  latera l 
p e rtu rb a tio n s  in  th e  tra c k  alignm ent.

An ind ication  of th e  lim iting trac k  conditions an d  th e  assoc ia ted  issu e s  for 
safe vehicle operation  can  be determ ined th rough  th e  deta iled  sim u la tions an d  
evaluations of th e  vehicle dynam ic response. These evaluations of vehicle 
dynam ic response  requ ire  m athem atica l m odels an d  com pu ter software.
Hence, th e  developm ent of m odeling an d  com putational “too ls” for u se  in  the  
a sse ssm e n t of vehicle a n d  tra c k  safety  lim its is a  m ajo r p rog ram  effort 
u n d e rta k en  here.

T his rep o rt p re sen ts  a  su m m ary  of th e  research  findings on com m uter car 
safety, detailed analyses of w hich  are  p resen ted  in  a  com panion  volum e (1).
The repo rt is organized a s  follows. Section 2 p resen ts  th e  overall safety 
evaluation  m ethodology developed by th is  work. G eneric single an d  bi-level 
p assen g er ca rs  w ith  equalized an d  non-equalized tru c k s  a re  identified as 
cand ida tes for th is  study . The body an d  tru ck  design fea tu res  a re  broadly  
rep resen ta tive  of selected  com m uter passenger ra il vehicles cu rren tly  operating
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in  th e  U nited S ta tes. Section  2 also p resen ts  th e  analy tical tools an d  th e  safety 
criteria  u se d  in  th e  study .

Section 3 p resen ts  a  p a ram etric  s tu d y  an d  a  su m m ary  of prelim inary  safe 
perform ance lim its for typical exam ples of single an d  bi-level cars  w ith 
equalized an d  non-equalized  tru ck s . Critical speeds for tru c k  h u n tin g  on  th e  
tan g en t trac k  a re  p resen ted . T he vehicle perform ance lim its for dynam ic 
curving on track s  w ith  single cu sp  an d  m ultip le  “dow n an d  o u t” c u sp s  w ith  
crosslevel varia tions a n d  m isalignm ents are  p resen ted . Safe gage narrow ing 
lim its a re  p resen ted  for b o th  equalized an d  non-equalized  tru ck s . Safe cu sp  
am plitudes a t  AREA No. 8 sw itch  an d  safe speeds a re  also p resen ted .

Section 4  p resen ts  a  safety  a sse ssm en t m ethodology for new  vehicles u sin g  
th e  tools an d  techn iques described  in  Sections 2 a n d  3. T his m ethodology 
w ould utilize validated  com pu ter tools to determ ine th e  safe perform ance lim its 
of new  car designs over th e  tra c k  conditions an d  operational scenarios 
an ticipated  in  revenue service.

Section 5 p re sen ts  conclusions of p rac tical in te re s t derived from  th e  study . 
T his section also p re se n ts  recom m endations for add itional s tu d ies  including  
th o se  for te s t validations.
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2 .  T E C H N IC A L  A P P R O A C H  T O  S A F E T Y  A S S E S S M E N T  
M E T H O D O L O G Y

The overall ap p ro ach  adopted  for th e  evaluation  of com m uter c a r safety 
involves th e  following ta sk s , an d  is schem atically  show n in  Figure 2-1.

1. Identify generic types of com m uter cars in  revenue service w ith sufficient 
varia tions in  th e ir  design  for u se  a s  cand idates in  th e  sim ula tion  s tu d ies  
an d  testing.

2. A ssem ble c a r a n d  tru c k  param eters w hich will be  u se d  in  th e  analysis. 
S upp lem en t th e  experim ental pa ram eter charac teriza tion  w ith  th e  
m an u fac tu re r 's  da ta .

3. Identify th e  critical tra c k  param eters th a t  significantly  affect th e  
perform ance of th e  vehicle. The param eters a c t a s  th e  in p u t conditions to 
th e  vehicle dynam ic system .

4  M easure th e  va lues of th e  critical track  p a ram ete rs  th a t  a re  expected in  
service a n d  in  an y  accep tance/qualifica tion  tes tin g  th a t  m ay tak e  place.

5. Define conditions a n d  criteria  for safe operations.

• High speed  opera tions on tangen t trac k  to a s su re  stab ility  aga in st 
possible tru c k  h u n tin g .

• S teady-sta te  curve negotiation.
• D ynam ic curv ing  u n d e r  single cusp  crosslevel varia tions.
• D ynam ic curving  u n d e r  m ultiple "down a n d  out" cu sp  crosslevel an d  

m isalignm ent varia tions.
• Negotiation of gage narrow ing variations.
• N egotiations th ro u g h  sw itches.

6. Select investigation  tools w hich are capable of providing th e  analysis 
requ ired  to  determ ine  th e  car’s  perform ance u n d e r  th e  conditions an d  
failure m odes identified.

7. Using th e  assem bled  vehicle and  track  data , analyze th e  vehicle’s  dynam ic 
response  u n d e r  th e  critical scenarios. 8

8. Develop perform ance lim its for safe vehicle opera tions on th e  b asis  of 
analysis a n d  safety  criteria  in  the  form  of lim iting speeds, crosslevels,

3
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m isalignm ents, a n d  la tera l to vertical force ra tio s  generated  in  th e  vehicle 
operations.

9. Perform  validation  tes ts .

• V alidate th e  s im u la tion  m odel by m easu ring  vehicle p a ram eters  an d  
dynam ic re sp o n se  u n d e r th e  scenarios lis ted  in  item  5.

• Verify safe perform ance lim its generated  th ro u g h  selective te s ts  on 
cand idate  c a r designs.

10. O n th e  b a s is  of th e  foregoing task s, develop a n d  form alize a  p rac tical safety  
a sse ssm e n t m ethodology for new  car equipm ent.

T his rep o rt covers th e  w ork  perform ed on ta sk  item s 1 th ro u g h  8. V alidation 
te s ts  to show  th e  effectiveness of th is  m ethodology a re  cu rren tly  being p lanned . 
T his rep o rt p re sen ts  a  prelim inary  safety a sse ssm e n t m ethodology for new  
equ ipm en t w hich  req u ires  fu rth er developm ent a n d  validation.

2 .1  Id e n tify  C a n d id a te  C o m m u te r C ar E q u ip m e n t

The d a ta  requ ired  for predicting the  safety re la ted  dynam ic perform ance of 
single an d  bi-level c a rs  in  a  consist u n d e r various loadings h a s  been  collected 
from  a  review of vehicles in  general u se  (3). Key p a ram ete rs  for th e  body, 
tru ck s , w heels, couplers, an d  o ther critical com ponen ts a re  ob tained  a s  e ither 
design, experim ental, o r estim ated  values. M easured  p a ram ete rs  are  so u g h t to 
th e  ex ten t th a t  they  a re  readily  available. O therw ise, charac teristics are  
estim ated  or ta k e n  from  existing knowledge of sim ilar ca rs  an d  com ponents. 
Body an d  su sp en s io n  fea tu res an d  param eters for tra n s it  vehicles are  selected 
to reflect th e  variety  of com m uter passenger rail vehicles th a t  are  in  c u rre n t 
U.S. operation. A review of th is  inform ation led to th e  following observations:

Single Level Cars

The GSI “G eneral 7 0 ,” w hich is an  equalized tru c k  design, accoun ts for 
67 p e rcen t of all tru c k s  in  service; 87 p e rcen t of th ese  tru c k s  have been  p laced 
in to  service since 1970.

Bi-Level Cars

The GSI ‘T rad itio n a l,” w hich is also an  equalized tru c k  design, rep re sen ts  
46  p e rcen t of tru c k s  in  service. However, th e  m ajority  of th ese  were p laced  in to  
service prio r to  1970. For those  tru ck s  placed in to  service after 1970, th e  051 
“G eneral 70” (equalized) an d  the  D ofasco/A tchison (non-equalized) designs 
constitu te  th e  m ajority  of th e  population.
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Differences in  body design a re  generally  found to be  of lesse r im portance 
w ith in  each  c lass of ca r (that is, single-level an d  bi-level). Two “generic” cars 
a re  selected as basic  an d  v aria tions su c h  a s  single-level an d  bi-level vehicle 
bodies an d  different loading conditions are  considered. T his allows key design 
fea tu res  an d  p aram eter va ria tions to  be system atically  m odeled an d  studied . 
The s tu d y  evaluates bo th  equalized an d  non-equalized  tru c k  designs. The 
following significant design fea tu res  are  assu m ed  for th e  tru c k  designs:

• Rigid tru c k  fram e.
• W ith an d  w ithou t equalizer beam  prim ary  su spension .
• Axle bearings located o u tb o ard  of th e  wheels.
• Yaw pivot located b e n ea th  th e  secondary  su spension .

Views of tru ck s  incorporating  th ese  design fea tu res a re  p resen ted  for the  
equalized tru ck  in  Figure 2-2 a n d  for th e  non-equalized  tru c k  in  Figure 2-3.

2 .2  A ssem ble  C ar P a ra m e te r  D a ta

Several c a r body an d  tru c k  p a ram ete rs  a re  requ ired  a s  in p u ts  in  th e  
analy tic  model. C u rren t m ethods of evaluating  th ese  tools a re  ra th e r  elaborate  
a n d  can  be u sed  only a t  specia l te s t  s ite s  su c h  a s  th e  T ran sp o rta tio n  
Technology C enter in  Pueblo, CO. Sim pler an d  m ore rap id  m ethods are

Adapter / 
Connection

Frame

\  Adapter 
Connection

©odV. „

384-FRA-97103-2

F ig u re  2-2. V iew  o f  th e  e q u a liz e d  tr u c k
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Secondary Suspension

F ig u re  2-3 . V iew  o f  th e  n o n -e q u a lize d  tr u c k

requ ired  for u se  by  com m uter c a r p roperty  ow ners an d  u se rs  a t  th e ir  sites. 
T hese a re  cu rren tly  being  developed for fu tu re  applications. The p a ram ete r 
d a ta  ob tained  from  su c h  te s ts  will be  supp lem en ted  by m an u fa c tu re r’s  da ta .

For th e  p u rp o se  of th e  w ork conducted  here, th e  requ ired  p a ram ete rs  for th e  
equalized /non-equalized  tru ck s  an d  single/bi-level c a r bodies a re  a ssu m e d  on 
th e  b a s is  of previously pub lished  w orks, including  Ref. (3). T his d a ta  is show n 
in  Table 2-1 so a s  to provide exam ples of th e  in p u t pa ram ete rs  for th e  
com pu ter sim u la tion  tools.

M ajor differences in  th e  equalized an d  non-equalized tru ck s  are  found  in  th e  
prim ary  stiffness p a ram ete rs  of th e  longitudinal, lateral, vertical an d  resu lting  
bending, sh ear, an d  equalization properties. The two tru ck s  differ in  th e ir 
dynam ic behavior owing to th ese  differences in  th e ir  stiffnesses. C ars w ith  
non-equalized  tru c k s  have been  described  a s  having  som e problem s in  
negotiating  y a rd  trackage. In  som e cases, these  tru ck s ' p rim ary  su sp en s io n s  
have been  redesigned  to overcome su c h  problem s. T esting will be requ ired  
w hen  th e  d a ta  is  n o t available for a  p roper a sse ssm e n t of th e  vehicle 
p a ram ete rs  for u se  in  th e  analytic predictions of safe operating  lim its.
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Table 2-1. Example vehicle physical characteristics

Units P a r a m e t e r  Description

Bi-Level, Equalized 

Trucks, O u t b o a r d  

Bearing

Single-Level, 

Equalized Trucks, 

O u t b o a r d  Bearing

Bi-Level, N o t  

Egualized

I N E R T I A S lb-secz/in T r u c k  frame m a s s 14.5 14.5 14.2

lb-sec2/in C a r  b o d y  m a s s 2 5 0 1 7 0 2 5 0

lb-secz/in W h e e l s e t  m a s s 8.8 8.8 11

lb-in-sec2 T r u c k  frame y a w  m o m e n t  of inertia 1 0 0 0 0 1 0 0 0 0 1 9 4 0 0

lb-in-secz C a r  b o d y  y a w  m o m e n t  of inertia 2 . 3 0 E + 0 7 1 . 5 0 E + 0 7 2 . 3 0 E + 0 7

lb-in-sec2 W h e e l s e t  y a w  m o m e n t  of inertia 6 0 6 0 6 0 6 0 7 2 0 0

lb-in-secz T r u c k  frame roll m o m e n t  of inertia 7 5 8 8 7 5 8 8 1 4 7 5 5

lb-in-sec2 C a r  b o d y  roll m o m e n t  of inertia 1 . 0 0 E + 0 6 6 . 6 0 E + 0 5 1 . 0 0 E + 0 6

S P R I N G  R A T E S Ib/in Longitudinal primary stiffness (per wheel) 3 5 0 0 3 5 0 0 2 . 2 5 E + 0 5

Ib/in Lateral primary stiffness (perwheel) 3 5 0 0 3 5 0 0 6 0 2 0 0

Ib/in Vertical primary stiffness (perwheel) 6 0 6 4 6 0 6 4 1 2 1 0 0

Ib/in Inter-axle y a w  stiffness (pertruck) 1 . 5 6 E + 0 8 1 . 5 6 E + 0 8 0

Ib/in Lateral s e c o n d a r y  stiffness (pertruck) 2 1 0 0 2 1 0 0 3 2 2 0

in-lb/rad Y a w  s e c o n d a r y  stiffness (pertruck) 0 0 0

in-lb/rad Roll s e c o n d a r y  stiffness (pertruck) 1 . 5 7 E + 0 7 1 . 5 7 E + 0 7 1 . 3 2 E + 0 7

D A M P I N G Ib-sec/in Lateral s e c o n d a r y  d a m p i n g  (pertruck) 5 6 0 5 6 0 5 2 0

in-lb-sec/in Y a w  s e c o n d a r y  d a m p i n g  (pertruck) 2 8 5 2 8 5 2 6 0

in-lb-sec/in Roll s e c o n d a r y  d a m p i n g  (pertruck) 1 . 6 3 E + 0 6 1 . 6 3 E + 0 6 1 . 4 1 E + 0 6

D I M E N S I O N S in Half of truck w h e e l b a s e 51 51 51

in Half lateral distance b e t w e e n  primary 

s u s p e n s i o n

39 . 5 39.5 39.5

in Half distance b e t w e e n  truck centers 3 5 7 3 5 7 3 5 7

in Vertical distance, truck c.g. to s e c o n d a r y  

s u s p e n s i o n

1 8 1 8 15.8

in Vertical distance, c a r b o d y  c.g. to 

s e c o n d a r y  s u s p e n s i o n

4 7 2 8 4 7



2 .3  Id e n tify  C ritic a l T rac k  P a ra m e te rs

In a  s im ila r m an n e r to th a t  described  for the  vehicles in  su b sec tio n  2.2, th e  
ch a rac te ris tic s  of th e  rails, ties an d  b a lla s t th a t  con tribu te  to th e  dynam ics of 
th e  ra il vehicle also have to be identified. The p a ram ete rs  identified for th e  
p u rp o ses  of OMNISIM an d  the  exam ple sim ula tions described  in  th is  repo rt 
include:

• Rail h e a d  geometry.
• Degree of cu rvatu re .
• H eight of superelevation.
• A m plitude an d  w avelength of cu sp s  (vertical im perfections).
• A m plitude an d  w avelength of la te ra l im perfections.
• Location of sw itches/sw itch  geom etry.
• L ateral stiffness an d  dam ping in  ra il fasteners.
• V ertical stiffness an d  dam ping in  rail fasteners.
• B a llas t stiffness an d  dam ping.

W hile th is  lis t is  derived from  th e  in p u t p a ram eters  requ ired  by  OMNISIM, 
n o t all an a ly ses  o r sim ula tion  tools m ay  utilize all of th is  da ta .

2 .4  A ssem b le  T ra c k  D a ta

To determ ine  th e  a c tu a l va lues of th e  track  p a ram ete rs  described  in  the  
previous section , th e  trac k  condition m u s t be physically  m easu red . Unlike the  
vehicle p a ra m ete rs  w hich can  som etim es be ob tained  from  m an u fa c tu re r’s 
specifications, tra c k  c lass an d  m ain tenance  records provide insufficien t detail 
for th e  p u rp o se s  of sim ulation . To g a th e r th is  inform ation, therefore, requ ires 
specific experim ental te s t  equ ipm ent (such a s  th e  T rack  G eom etry C ar o r the  
Single Tie P u sh  T est equipm ent). For th e  pu rposes of th e  sim u la tions 
described  in  th is  report, exam ple d a ta  b a sed  on previous te s ts  w as u se d  to 
illu stra te  th e  vehicle dynam ics.

2 .5  Id e n tify  F a ilu re  M odes a n d  C r ite r ia  fo r Safe  O p e ra tio n s

Several po ten tia l m odes of failure du ring  vehicle opera tions can  a rise  a s  th e  
vehicle nego tia tes tra c k  scenarios a t  p rescribed  speeds. T hese an d  th e  criteria  
governing th em  have been  previously identified by  Tyrell an d  co-w orkers (4) 
an d  a re  rep roduced  in  Table 2-2. T hese form  th e  b asis  of analy tical 
investigations a s  well a s  th e  te s t validations. The safety  criteria  in  Table 2-2 
are  em pirical a n d  sim ple for rou tine  usage. These criteria  have a  bu ilt-in  
m arg in  of safety. U sing sim ula tion  tools su c h  a s  OMNISIM, th e  m arg in  of 
safety  for an y  specific vehicle operating  on any range of tra c k  conditions could 
be  explicitly ca lcu la ted  an d  u sed  du ring  th e  vehicle’s operation.
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Table 2-2. Failure modes and safety criteria (4)

P a r a m e t e r Safety Limit Filter/Window Failure M o d e s

Vertical W h e e l  L o a d  

Ratio

0.1 5  ft w i n d o w W h e e l  lift a n d  potential 

derailment.

Single W h e e l  L A /  Ratio
<  f tand— ^^-l ( N a d a l ' s  Limit) 

+  0.5 t a n 8 /  ’
5  ft w i n d o w W h e e l  climb derailment.

N e t  Axle L / V  Ratio 0.5 5  ft w i n d o w Track shift a n d  potential 

derailment a n d  ride quality 

deterioration.

T r u c k  Side L/ V  Ratio 0.6 5  ft w i n d o w Rail ro H o v e  r/g a g e  

w i d e n i n g  derailment.

C a r b o d y  Lateral 0.5g, peak-to-peak 1 0  H z

1 s e c  w i n d o w

Falling d o w n  of standing 

p a s s e n g e r s ,  h u m a n  

fatigue.

C a r b o d y  Vertical 0.6g, peak-to-peak 1 0  H z

1 s e c  w i n d o w

Falling d o w n  of standing 

p a s s e n g e r s ,  h u m a n  

fatigue.

T r u c k  Lateral 0.4g, R M S 1 0  H z

2  s e c  w i n d o w

T r u c k  hunting potential 

a n d  h u m a n  fatigue.

In  th is  work, a tten tion  is pa id  to th e  dera ilm en t poten tial d u e  to  w heel clim b 
a n d  w heel lift an d  drop. W hen th e  N adal lim it is reached  or exceeded, w heel 
clim b is considered  to be incipient. In  som e of th e  scenarios considered , w heel 
clim b is  directly  inferred from  th e  sim u la tion  program  w hich c an  sim u la te  an d  
m onitor th e  physics of th e  w heel clim bing over th e  rail. T rack  scenario s su c h  
a s  c u sp s  a n d  m isalignm ents a re  likewise evaluated  in  th is  m an n er. It is 
an tic ipa ted  th a t  su ch  d a ta  will be  valuab le  in  th e  validation of th e  OMNISIM 
sim ula tion  tool a s  well a s  th e  validation  of th e  m ethodology for determ in ing  th e  
safe perform ance lim its.

2 .6  Id e n tify  A n a ly tica l T oo ls

An advanced  sim ulation  m odel to  h an d le  all operational scenario s listed  in  
th e  previous section  and  two sim p ler m odels for prediction of tru c k  h u n tin g  
an d  vehicle behavior on a  single c u sp  have been  developed a s  a  p a r t  of 
investigations carried  ou t in  th is  p rogram . T he advanced sim u la tion  m odel is  a  
com pu ter p rogram  called OMNISIM w hich  m odels vehicles an d  th e  tra c k  a s  a  
m ultibody lum ped param eter system , m ain ta in in g  th e  rolling co n tac t 
m echan ism  betw een th e  w heels a n d  th e  rails. It accoun ts for th e  non linearities 
in  th e  su sp en s io n  and  o th er p a ram ete rs . The sim ula tion  tool c an  rigorously 
determ ine th e  incipience of d era ilm en t d u e  to  w heel climb an d  lift. Analytic 
descrip tions of the  sim ulation  tool sire p resen ted  elsew here (2).
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The sim p ler m odel for tru ck  h u n tin g  is b ased  on a  linear theo ry  a n d  is 
in ten d ed  for a  rap id  evaluation  of critical speeds a t  the  th resh o ld  of hun ting . 
The re su lts  from  th is  m odel a s  well a s  com parisons w ith OMNISIM sim ula tion  
re su lts  a re  p resen ted  in  Volume II QJ. The linear m odel re su lts  a re  found  to be 
significantly  different from  those  of OMNISIM. T his is a ttr ib u te d  to  inadequate  
rep re sen ta tio n  of tru c k  charac teristics su c h  as pedesta l c learance. The 
OMNISIM sim u la tion  accoun ts for m ore realistic  non linear ch arac te ris tic s  
w ith o u t m ak ing  sim plifications typically involved in  th e  linear m odels. The 
re su lts  p resen ted  in  th is  repo rt a re  b a sed  on th e  OMNISIM program . A nother 
sim pler m odel is  b ased  on com bined p seudo -sta tic  an d  s teady  curv ing  theories 
to  evaluate  safe cu sp  am plitudes on curves. C om parisons of th e  re su lts  from 
th is  m odel w ith  those  from  OMNISIM are  p resen ted  in  Volum e II QJ. The 
re su lts  from  th e  sim pler m odel do n o t agree w ith those  from  OMNISIM an d  are 
considered  to  be  overly conservative.

2 .7  A n a ly ze  V eh ic le  R esp o n se  U n d er C ritic a l T rac k  S c e n a rio s

B ased  on  th e  previous stud ies , th e  following scenarios a n d  crite ria  are  
selected  a s  critical in  th e  safety evaluation  of com m uter cars.

• H unting: T ru ck  an d  ca r body h u n tin g  shou ld  no t be  perm itted  a t  
opera tiona l speeds so a s  to  avoid passen g er fatigue an d  po ten tia l dam age 
to  vehicle an d  tra c k  s tru c tu re . The h u n tin g  speed  for th e  com m uter car 
opera ting  FRA C lass 6 shou ld  be  well above th e  110 m p h  m axim um  
opera ting  speed.

• S teady  Curving: The single w heel L /V  ratio  shou ld  be lim ited u n d e r  the  
N adal va lue  to p reven t po ten tia l w heel clim b w hen  th e  vehicle is 
nego tia ting  h igh  degree curves.

• D ynam ic Curving: W heel clim b a n d  w heel lift/d rop  sh o u ld  n o t occur 
w h en  th e  vehicle is  negotiating curves w ith c u sp s  an d  m isalignm ents 
th a t  a re  perm issib le  u n d e r c u rre n t FRA trac k  s tan d ard s .

• Gage Narrowing: The vehicle shou ld  safely negotiate gage narrow ing  
scenario s  perm issib le  u n d e r c u rre n t FRA tra c k  s ta n d a rd s , w ith o u t wheel 
clim b o r w heel drop.

• Sw itches: The vehicle shou ld  safely negotiate sw itches w ith  cu sp  type 
irregu larities allowed by tra c k  s ta n d a rd s  w ithou t w heel clim b or 
genera ting  large latera l loads exceeding the  N adal limit.
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2 .8  D e te rm in e  S afe  P e rfo rm a n ce  L im its

To express safe dynam ic perform ance lim its, th e  following p a ram ete rs  a re  
used : m axim um  safe speeds for h u n tin g , L /V  ra tio s  for steady  curving, 
m axim um  perm issib le  cusp  an d  m isa lignm en t am plitudes for dynam ic curving, 
m axim um  safe speeds for gage narrow ing  a n d  safe cu sp  am plitudes for sw itch 
negotiation. The specific operational scenario s, th e  types of failure m odes 
considered an d  th e  param ete rs  u sed  for th e  safe perform ance lim its are  
sum m arized  in  Table 2-3.

2 .9  T e s t  V a lid a tio n s

An im p o rtan t p a r t  of th e  techn ica l ap p ro ach  in  th e  program  described  in  
th is  report is th e  validation of th e  s im u la tio n s an d  resu lting  safety  m argins.
The validation is achieved by com paring  th e  analytically  derived re su lts  w ith  
re su lts  of experim ents th a t  m onito r th e  vehicle dynam ic response  du ring  th e  
sam e car an d  trac k  scenario. E xperim ental validation  is specifically requ ired  
for:

1. Verification of c a r an d  tra c k  p a ra m ete rs  u se d  a s  in p u ts  to th e  sim ula tion  
tools. In  any  case  w here th e  experim en tal p a ram ete rs  vary  significantly 
from th e  estim ated  p aram eters , th e  experim entally  derived va lues will be  
u sed  in  th e  m odel an d  th e  safety  lim its reevaluated .

2. V alidation of th e  sim ula tion  code th ro u g h  com parisons of th e  m easu red  an d  
predicted vehicle dynam ic response  a s  de term ined  by th e  accelerations 
m easu red  a n d  th e  loads generated.

T a b le  2-3 . O p e ra tio n a l sc e n a r io s , f a i l u r e  m o d e s  a n d  p a r a m e te r s  
f o r  s a fe ty  l im its

Operational Scenario Failure M o d e Parameters for Safety Limits

High S p e e d  o n  T a n g e n t Tr u c k  Hunting Critical S p e e d s

Steady-State Curving W h e e l  Climb L A /  Ratio

D y n a m i c  Curving o n  Single 

Vertical C u s p

W h e e l  Climb C u s p  Amplitude

D y n a m i c  Curving o n  “D o w n  

a n d  O u t  C u s p s ”

W h e e l  Climb C u s p  Amp l i t u d e s  a n d  Misalignment

Negotiation of G a g e  

Narrowing

W h e e l  Climb G a g e  Re d u c t i o n  Ratio

Switch Negotiation W h e e l  Climb a n d  L a r g e  Lateral 

Forces

L / V  Ratio

1 2



3. A ssessm en t of th e  m arg in  of safety derived th ro u g h  th e  safety  c rite ria  th a t  
have b een  estab lished . Since th is  m ay require  certa in  in ten tionally  created  
scenario s th a t  w ould cause  vehicle derailm ent, it  w ould be  desirab le  to 
m inim ize th e  requ irem en t for th is  testing.

4. V alidation  of th e  com m uter ca r safety  a sse ssm en t m ethodology u n d e r  
developm ent for u se  by  com m uter c a r ow ners a n d  u se rs  a s  well a s  o th er 
in te res ted  parties .
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3 .  S A F E  P E R F O R M A N C E  L IM IT S  O F  R E P R E S E N T A T IV E  C A R  
D E S IG N S  O N  T Y P IC A L  T R A C K  S C E N A R IO S

Safe perform ance lim its a re  determ ined  by  OMNISIM analysis an d  are- 
p resen ted  here  for th e  cand idate  c a r designs described  in  Section 2. Table 2-3 
p resen ted  th e  operational scenarios considered, th e  type of po ten tia l failure, 
an d  the  p aram eters  u se d  to define th e  safe lim its, a s  described  in  Section 2.

There are  also o ther operational scenarios, su c h  a s  negotiation  of vertical 
a n d  latera l m isalignm ents w hich m ay  pose safety  p roblem s b u t  are  n o t 
included here  a s  they  are  considered  to  be  well u n d ers to o d  in  th e  lite ra tu re . 
Som e of th e  operational scenarios, su c h  a s  single a n d  m ultip le  cu sp  
negotiation, a re  considered  to be  m ore im p o rtan t on  th e  b asis  of experience 
w ith  th e  C hap ter 11 (4) safety  evaluations for freight cars. The safety  lim its 
p resen ted  here  are  prelim inary, b ased  on analy tical s tud ies , an d  need  te s t  
validations p rio r to th e ir  u sag e  in  com m uter rail operations.

3 .1  C ritic a l S p eed s  o n  T a n g e n t T rac k

Vehicle h u n tin g  oscillations on tan g e n t tra c k  can  occur a t  an d  above th e  
nom inal critical speed, w hich  m u s t  be  above th e  m axim um  operational speed  
to avoid h u n tin g  an d  po ten tia l flange co n tac t in  revenue operations. In  addition  
to causing  passen g er fatigue, h u n tin g  can  cau se  tra c k  dam age by generating  
large n e t axle la tera l loads. C ritical speeds for h u n tin g  depend on  th e  wheel 
profile and  o th er p a ram ete rs  su c h  a s  vehicle load a n d  su sp en sio n  
characteristics. T hree w heel profiles, th e  new  AAR1B s tan d ard , th e  A m trak  
AAR IB and  th e  w orn  AAR1B w ith  tread  angles of 1 /2 0 , 1 /4 0  a n d  1 /20 , 
respectively, a re  considered  in  th is  s tudy . The w orn  AAR1B h a s  a  concave 
shape  added to  th e  trea d  region.

Analytical re su lts  have b een  generated  u sin g  b o th  OMNISIM an d  a  linear 
model. The linear m odel significantly u n d e re s tim a tes  th e  critical speeds, 
particu larly  for th e  equalized tru ck , w hen  com pared  w ith  th e  OMNISIM 
predictions. T he linear m odel does n o t acco u n t for non linearities su c h  a s  th o se  
due  to th e  pedesta l c learances. W hen su c h  non linearities are  ignored in  
OMNISIM, th e  re su lts  agree w ith  th e  linear m odel. For th e  s tu d y  p resen ted  
here , the  OMNISIM program  incorporating  all th e  non linearities is u se d  to 
derive th e  critical speeds.
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Table 3-1 shows the critical truck hunting speeds for the profiles considered  
when the candidate vehicles are operated on track with 136 lb rail. From this 
table, it is seen  that bi-level equalized trucks have very high critical speeds 
compared to existing FRA speed limits on Class 6 tracks. The single-level cars 
have reduced critical speeds due to their smaller weight compared to that of 
bi-level cars but are well above the permissible limits as per the current FRA 
standards on Class 6  track. The single level car with non-equalized truck and 
AAR1B worn wheel h as the lowest critical speed of about 160 mph, which is  
also above the FRA limit of 110 m ph for the commuter cars on Class 6. The 
conclusion is that hunting is not a safety problem for the cars studied here.

T a b l e  3 - 1 .  T r u c k  h u n t i n g  c r i t i c a l  s p e e d s  f o r  r e p r e s e n t a t i v e  c a r  
p a r a m e t e r s

Truck Hunting
Body Truck Profile Load Track* Speed (mph)

Bi-level Equalized A1B Empty Hard >300
Bi-level Equalized A1B Empty Soft >300
Bi-level Equalized A1B Loaded Hard >300
Bi-level Equalized A1B Loaded Soft >300
Bi-level Equalized M1B Empty Hard >300
Bi-level Equalized M1B Empty Soft >300
Bi-level Equalized W1B Empty Hard 260
Bi-level Equalized W1B Empty Soft >300
Bi-level Non-Equalized A1B Empty Hard 190
Bi-level Non-Equalized A1B Empty Soft >300
Bi-level Non-Equalized A1B Loaded Hard 215
Bi-level Non-Equalized A1B Loaded Soft 270

Bi-level Non-Equalized W1B Empty Hard 185
Bi-level Non-Equalized W1B Empty Soft 260

Single-level Equalized A1B Empty Hard 260
Single-level Equalized W1B Empty Hard 235

Single-level Non-Equaiized A1B Empty Hard 165

Single-level Non-Equalized W1B Empty Hard 160

A1B - New AAR 1B Std (1/20) on new 136 Ib/yd rail *The soft and hard tracks differ in the
M1B - Amtrak AAR 1B (1/40) on new 136 Ib/yd rail assumed stiffnesses at rail fasteners,
W1B - Worn Tread on AAR 1B on new 136 Ib/yd rail____which are given in Ref. (1)._______
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The objective of this task  is to determine the w heel/rail forces generated by 
the generic commuter passenger rail vehicles during steady curving. Steady 
curving, as investigated, neglects the transient dynamic response which occurs 
when a rail vehicle traverses the entrance and exit spirals found in all real- 
world curved track geometry. However, the assum ption of steady curving is a 
useful tool for engineering studies and design tradeoffs.

Steady curving solutions at balance speed conditions are evaluated. Curves 
of 2.5, 5, and 7.5 deg are traversed at 35 mph. Curves of 10, 15, and 20 deg 
are traversed at 20 mph. Both empty and loaded single-level and bi-level 
vehicles are considered. Each vehicle type is evaluated with equalized and 
non-equalized trucks.

For each combination of vehicle and track configuration/param eters, the 
lead-outer wheel L/V ratios are plotted as functions of track curvature.
Figure 3-1 presents these resu lts for single-level cars. The Nadal Value of 1.34  
for a w heel/rail coefficient of friction of 0 .4  is also indicated for reference. 
Figure 3-2 presents similar results for bi-level cars.

3 .2  S te a d y  C u r v in g

F ig u r e  3 - 1 .  L e a d  o u t e r  w h e e l  L /V  v e r s u s  t r a c k  c u r v a t u r e
( r e p r e s e n t a t i v e  s i n g l e - l e v e l  c a r ,  s t e a d y  c u r v in g )
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1.20 --
- Nadal Limit

— A—-Neq., Hard Track, Empty
— X--Neq., Hard Track, Loaded
— m--Eq., Hard Track, Loaded
— ♦—-Eq., Hard Track, Empty
— •— Eq., Hard Track, Empty, Degraded Suspension
— X--Eq., Soft Track, Empty

0 .6 0  - -

0 .4 0  - ■

0.20 - -

0.00-1------------- 1------------- 1------------- 1------------- 1------------- 1------------- 1------------- 1-------------
0 .0  2 .5  5 .0  7 .5  10 .0  1 2 .5  1 5 .0  17 .5  ' 2 0 .0

Track Curvature (deg)

F i g u r e  3 - 2 .  L e a d  o u t e r  w h e e l  L /V  v e r s u s  t r a c k  c u r v a t u r e  
( r e p r e s e n t a t i v e  b i - l e v e l  c a r ,  s t e a d y  c u r v in g )

In all of the cases that are investigated, no wheel climb derailment occurs 
under steady-state curving. It is  anticipated that the vehicle behavior even at 
3 in. cant deficiency will be safe under steady curving.

Figures 3-1 and 3-2  indicate that the influence of track stiffness and load 
are not significant on the steady curving behavior. Even for degraded 
suspension (by about 10 percent), the results are not greatly different from 
those with normal suspension  values.

3 .3  Safe S in gle  Cusp C rosslevels

A single cusp perturbation in the outer rail of curved tracks can pose a 
safety problem for the commuter cars to negotiate. The cusp is defined in 
Figure 3-3 by its amplitude, 6v, and wavelength, X. The cusp causes crosslevel 
variations which can be m easured by a track-geometry car or other m eans. 
Since the wavelength of the cusp is also an important parameter, it is included 
here in the form of sim ple sinusoidal wavelengths: one a short wavelength of 
10 ft and another a longer wavelength of 39 ft. The objective here is to 
determine the safe m axim um  amplitudes of the cusp for these wavelengths, a.t 
and below which no wheel climb or lift is predicted by the OMNISIM sim ulation  
code. For this purpose the cusp amplitude is varied over the range 1, 1.5, 2, 3 
and 4  in. in the sim ulation program with vehicle speed at balance for 
curvatures in the range of 2 .5  to 20 deg.

17



For the purposes of this dem onstration of the safety analysis, the cars were 
assum ed to be running at balance speed. For a thorough safety analysis of a 
car design, the complete range of possible speed cases would have to be 
analyzed as it has been show n that on som e types of cusp s unsafe conditions 
can occur well below balance speed.

A simple pseudo-static m ethod has also been used  to generate initial data 
for safe cusp amplitudes. It does not account for the shear stiffness of the 
truck in wheel unloading. The resu lts of th is m ethod are found to be 
nonconservative when compared to OMNISIM results. OMNISIM is considered 
to be more accurate and reliable for this class of problems. Two m odes of 
unsafe behavior have been identified from the OMNISIM results. The first is 
the classical pseudo-static wheel unloading due to the severity of the crosslevel 
gradient. The second results from the bounce of the wheel on the rail at a 
point ju st beyond the cusp apex. The vertical stiffness of the track is also 
found to be an important parameter in this work.

3 .3 .1  R esu lts for Short W avelength  Cusps

Figure 3-4 presents the safe lim its based on the criteria of wheel lift for the 
range of curvatures and am plitudes considered. The safe and unsafe values are 
identified, respectively, by the blank and shaded spaces. From this figure, it is  
seen  that a single level car with both types of trucks can safely negotiate 1 in.
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Single-Level Car with Equalized Trucks

Bi-Level Car with Non-Equalized Trucks

Hatched: Unsafe— Wheel Lift 396-FRA-97103-1

F i g u r e  3 - 4 .  E x a m p l e  l i m i t s  f o r  s a f e / u n s a f e  o p e r a t i o n  t h r o u g h
s i n g l e  c u s p  ( s h o r t  w a v e l e n g t h )  o f  e x a m p l e  c a r  d e s i g n s
( b a l a n c e  s p e e d )
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cusp amplitude, but not 1.5 in. or higher. The precise value at the transition  
between safe and unsafe regimes is not determined. It is  also seen  from the 
figure that bi-level cars with equalized trucks fare better than single level cars 
in  negotiating the cusp. The unsafe behavior in this track regime arises from 
vertical bounce of the wheel on contact of the rail immediately following cusp  
negotiation.

Table 3-2 shows the specific wheel experiencing wheel lift w hen the 
perturbation exceeds the safe lim its. Wheel 1 refers to the outer wheel on the 
first axle of the leading truck. The odd num bers are successive outer wheels. 
Likewise, the even num bers represent successive inner w heels. It is  noted that 
in the majority of cases of unsafe behavior, involve the first outer wheel lift; 
outer w heels of second and third axles can also experience wheel lift in some 
cases.

3 .3 .2  R esu lts  for Long W avelength Cusps

The results for the longer wavelength of 39 ft are shown in  Figure 3-5. The 
figure illustrates that the bi-level cars with equalized trucks can safely 
negotiate a 3 in. amplitude cusp up to a maximum of about 10 deg curvature. 
The non-equalized truck cars can only accommodate lower am plitudes of 
disturbances than the cars with equalized trucks for both single and bi-level 
constructions. This result is  consistent with the field experience with the non- 
equalized truck car. Table 3-3 identifies the specific w heels involved in the 
predicted wheel lift, which show s that the majority of these cases experience

T a b l e  3 - 2 .  W h e e l  l i f t  a t  b a l a n c e  s p e e d  i n  t h e  s i n g l e  c u s p  
( s h o r t  w a v e l e n g t h )  o f  t y p i c a l  c a r  d e s i g n s

Curve (deg)
Equalized Trucks Non-Equalized Trucks

Cusp (in.) Bi-Level Single-Level Bi-Level Single-Level

2.5 1.0 None None None None
5 1.0 None None None None

10 1.0 None None None None
15 1.0 None None None None
20 1.0 None None None None
2.5 1.5 None wheel 1 wheel 1 wheel 1
5 1.5 None wheel 1 wheel 1 wheel 1

10 1.5 None wheel 1 wheel 1 wheel 1
15 1.5 None wheel 4 wheel 5 wheel 1
20 1.5 None wheel 6 wheel 1 wheel 1
2.5 2.0 wheel 1 wheel 1 wheel 1 wheel 1
5 2.0 wheel 1 wheel 1 wheel 1 wheel 1

10 2.0 wheel 1 wheel 1 wheel 1 wheel 1
15 2.0 wheel 3 wheel 1 wheel 1 wheel 1
20 2.0 wheel 1 wheel 1 wheel 1 wheel 1
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Single-Level Car with Equalized Trucks

Cusp (in.)
Curve (°)

2.5 5 10 15 20
1

SAFE1.5
2
3

4

Single-Level Car with Non-Equalized Trucks

Bi-Level Car with Non-Equalized Trucks

Cusp (in.)
Curve (°)

2.5 5 10 15 20
1

C A C C
1.5
2
3
4

Blank: Safe— No Wheel Lift or Wheel Climb
Hatched: Unsafe— Wheel Lift or Wheel Climb 396-FRA-97103-2

F i g u r e  3 - 5 .  E x a m p l e  l i m i t s  f o r  s a f e / u n s a f e  o p e r a t i o n  t h r o u g h
s i n g l e  c u s p  ( l o n g  w a v e l e n g t h )  d e r i v e d  f r o m  s i m u l a t i o n
( b a l a n c e  s p e e d )
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T a b l e  3 - 3 .  W h e e l  c l i m b  o r  l i f t  a t  b a l a n c e  s p e e d  i n  t h e  s i n g l e  
c u s p  ( l o n g  w a v e l e n g t h )  o f  t y p i c a l  c a r  d e s i g n s

Equalized Trucks Non-Equalized Trucks
Curve (deg) Cusp (in.) Bi-Level Single-Level Bi-Level Single-Level

2.5 1.0 None None None None
5 1.0 None None None None

10 1.0 None None None None
15 1.0 None None None None
20 1.0 None None None None
2.5 1.5 None None None None
5 1.5 None None None None

10 1.5 None None None ‘wheel 5
15 1.5 None None None ‘wheel 1
20 1.5 None None •wheel 5 ‘wheel 1
2.5 2.0 None None None •wheel 1
5 2.0 None None None •wheel 1

10 2.0 None None •wheel 5 •wheel 1
15 2.0 None None •wheel 1 ‘wheel 1
20 2.0 None None •wheel 1 ‘wheel 1
2.5 3.0 None •wheel 1 •wheel 1 •wheel 1
5 3.0 None •wheel 1 •wheel 1 •wheel 1

10 3.0 None •wheel 1 •wheel 1 •wheel 1
15 3.0 ‘wheel 1 ‘wheel 1 ‘wheel 1 ‘wheel 1
20 3.0 ‘wheel 1 ‘wheel 1 ‘wheel 1 ‘wheel 1
2.5 4.0 •wheel 1 •wheel 1 •wheel 1 •wheel 1
5 4.0 •wheel 1 •wheel 1 •wheel 1 •wheel 1

10 4.0 •wheel 1 •wheel 1 •wheel 1 •wheel 1

‘Wheel climb 
•Wheel lift

wheel lift of the outer wheel of the lead axle. Unsafe behavior in this track 
regime arise from both dynamic and pseudo-static causes. In general, the 
equalized truck experiences w heel bounce only.

3 .4  Safe Down and Out Cusp A m plitudes and M isalignm ents

Cusps with outward lateral m isalignm ents on curves can pose potential 
safety problems for commuter cars. Multiple cusps with lateral m isalignm ents 
over wavelengths of 39 ft for each cusp, as shown in Figure 3-6, are considered 
in this study. Commuter car response to five sequential “down and out” cusps 
are sim ulated using OMNISIM; however, it is found that wheel response is the 
sam e at each cusp. The vertical amplitude of each cusp is taken as one half of 
its lateral amplitude. The lateral amplitude is varied over the range 0.8, 1.0,
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1.2, 1.4, and 1.6 in. w ith the corresponding vertical am plitudes of 0.4, 0 .5 , 0.6, 
0.7, and 0 .8  in. The track curvature is varied in the range 2.5, 5, 10, 15, and 
20 deg.

As in the single cusp simulations, all runs were computed with the vehicle 
speed equal to the balance speed. Again, a  thorough safety analysis of any  
vehicle would have to examine the full range of speeds over any given track 
condition to uncover any unsafe behavior.

Figure 3-7  show s the results for single and bi-level cars with both types of 
trucks. For the range of cusp lateral and vertical amplitudes, the cars traverse 
the 2 .5  deg curve without any wheel climb. The bi-level car with equalized 
trucks can accommodate the entire range of curves with cusps studied here. 
The non-equalized truck cannot accommodate the sam e level of perturbation 
as the equalized trucks. The single level car can traverse slightly lower 
amplitude deviations than the bi-level car for the sam e type of truck. Table 3-4  
shows the specific wheel that experiences wheel climb. As in the previous 
investigation, the outer wheel of the first axle generally is  the candidate for the 
wheel climb w hen the safe perturbation limit is  exceeded. However, there are a 
few exceptions w hen the outer and inner wheel of the third axle can also 
experience wheel climb, as noted from Table 3-4.

3 .5  Safe Gage Narrowing L im its

Gage variation m ay occur in revenue service, and m ust be negotiated safely 
by the passenger vehicles. Figure 3-8 shows the basic track shape for the gage

23



Cusp (in.) Curve (°)
Lateral Vertical 2.5 5 10 15 20

0.8 0.4

SAFE

1.0 0.5
1.2 0.6
1.4 0.7
1.6 0.8

Bi-Level Car with Non-Equalized Trucks

Hatched: Unsafe— Wheel Climb 3 9 6 -F R A -9 7 1 0 3 -3

F i g u r e  3 - 7 .  E x a m p l e  l i m i t s  f o r  s a f e / u n s a f e  o p e r a t i o n  t h r o u g h  d o w n
a n d  o u t  c u s p s  d e r i v e d  f r o m  s i m u l a t i o n s  ( b a l a n c e  s p e e d )
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T a b l e  3 - 4 .  W h e e l  c l i m b  i n  t h e  d o w n  a n d  o u t  c u s p s  f o r  
r e p r e s e n t a t i v e  c a r  p a r a m e t e r s

Cusp (in.) Equalized Trucks Non-Equalized Trucks
Curve (deg) Lateral Vertical Bi-Level Single-Level Bi-Level Single-Level

2.5 0.8 0.4 None None None None
5 0.8 0.4 None None None None
10 0.8 0.4 None None None None
15 0.8 0.4 None None None None
20 0.8 0.4 None None None None
2.5 1.0 0.5 None None None None
5 1.0 0.5 None None None None
10 1.0 0.5 None None None None
15 1.0 0.5 None None None None
20 1.0 0.5 None None None None
2.5 1.2 0.6 None None None None
5 1.2 0.6 None None None None
10 1.2 0.6 None None None wheel 1
15 1.2 0.6 None None None wheel 1
20 1.2 0.6 None None None wheel 1
2.5 1.4 0.7 None None None None
5 1.4 0.7 None None None wheel 1
10 1.4 0.7 None None None wheel 1
15 1.4 0.7 None None None wheel 1
20 1.4 0.7 None None None wheel 1
2.5 1.6 0.8 None None None None
5 1.6 0.8 None wheel 1 wheel 5 wheel 1
10 1.6 0.8 None wheel 1 wheel 1 wheel 1
15 1.6 0.8 None wheel 1 wheel 1 wheel 1
20 1.6 0.8 None wheels wheel 1 wheel 1

narrowing investigated. One of the rails is considered as a  reference rail from 
which the effective gage can be determined based on the relative position of the 
other rail. This is  regarded as providing the worst case in that it produces the 
largest slope of gage reduction. From Figure 3-8, it is  seen  that the slope of the 
gage narrowing is constant along the distance. The speed at which incipient 
wheel climb occurs has been established here through OMNISIM sim ulations 
for vehicle and truck types considered in this work. The truck types have a 
significant influence on the vehicle behavior in the gage narrowing scenario. In 
num erical work presented here, the inverse of the slope is used  as a
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Length, B

F i g u r e  3 - 8 .  C o n s t a n t  g a g e  n a r r o w i n g  s c e n a r i o

characteristic parameter in terms of which safe operational speeds can be 
expressed. This parameter is defined as the Gage Reduction Ratio (GRR). In 
addition to GRR, the track gage (G) is also important in the determination of 
wheel climb threshold speeds.

An alternative sinusoidal shape has been used in the past to examine the 
likelihood of wheel climb in gage narrowed track. This is shown in Figure 3-9. 
In this shape, the necessary parameters in gage narrowing are the initial gage 
(G), the amplitude (A), and the wavelength (A,). Since the slope of gage 
narrowing on the sinusoid at the point of flange contact varies with the axle 
initial, lateral, and yaw positions, the potential for derailment will similarly vary 
with these positions. The safety limits can be more conveniently expressed for 
the constant gage narrowing scenario rather than the sinusoidal scenario.

Using knowledge of track geometry, m easured or simulated, it is possible to 
isolate the worst case of gage narrowing m isalignm ent. This may be absolute 
or may be related to particular sinusoidal wavelengths in the track gage as 
measured. In either case the inverse of the largest slope, or sm allest GRR, can  
be determined and plotted for the car investigated and a maximum safe speed  
established.

Current FRA standards permit a maximum limit of 1 / 2  in. for the amplitude 
in gage narrowing for all c lasses of track. If this occurs sinusoidally over a 
wavelength of 6 ft, the largest GRR is about 46; for a wavelength of 12 ft, it is 
92. For these GRRs, the maximum perm issible speeds for the passenger
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F i g u r e  3 - 9 .  S i n u s o i d a l  g a g e  n a r r o w i n g  s c e n a r i o

vehicle with equalized trucks on track with a nominal gage of 56 .5  in. are 
shown to be 40  m ph and over 120 m ph respectively. The safety criterion 
implied here is that wheel climb derailment will occur if the vehicles operate at 
higher speeds than the safe speeds identified.

3 .5 .1  Safe Sp eeds for Equalized Trucks

The m axim um  safe speeds without wheel climb derailment are determined 
for vehicles with the nom inal equalized truck and are summarized in  
Figure 3-10. These resu lts are applicable for both single and bi-level cars. The 
results are given for the nominal (initial) gage of 56.5 in. and up to 59 in. As 
the GRR decreases, the allowable speed becomes considerably smaller. It may 
also be noted that an initially wider gage allows a higher speed for the sam e  
GRR.

Specific data for two sinusoidal gage narrowings are included. These are for 
a sinusoidal amplitude of 2 .5  in. with a wavelength of 20 ft and for an  
amplitude of 3 in. w ith a wavelength of 40  ft. Each result is  interpreted as a 
point on the plot of critical speed against gage reduction ratio and show n in 
Figure 3 -10  for the initial gage of 59 in. The results are seen  to be conservative 
and are due to the fact that the axle moves off the track centerline used  in the 
calculation of GRR prior to flange contact. The true value of GRR is therefore 
slightly larger than that used in the figure.
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F i g u r e  3 - 1 0 .  M a x i m u m  s a f e  s p e e d  f o r  a  c a r  w i t h  t y p i c a l  e q u a l i z e d  t r u c k s  

3 .5 .2  Safe S p eed s for N on-Equalized Trucks

The maximum safe speeds for the nominal non-equalized truck are shown  
in Figure 3-11, and are applicable for both single and bi-level cars. The sam e 
points for a sinusoidal gage reduction are also included. Comparing these  
results with those presented in Figure 3 -10  for equalized trucks, the safe 
speeds are again lower with decreasing GRR. However, the results suggest that 
the safe speeds at incipient wheel climb for the equalized truck are higher than  
those for the non-equalized truck. As with the equalized trucks, an initial 
wider flangeway clearance allows higher speed for the sam e GRR without wheel 
climb.

3 .6  Safety  in  S w itch es

Large m otions of the body and lateral wheel-rail forces can occur at sudden  
changes in the direction of the guiding rails at sw itches. OMNISIM w as used  to 
simulate vehicle behavior passing through an AREA No. 8 crossover at speeds 
from 5 to 25 mph. In the sim ulation program, wheel climb potential is 
examined for movement of the wheel up and onto the rail head using the value 
of L/V. The lateral shift of the rails is also studied for increase in gage beyond 
safe limits.

The AREA No. 8 switch and crossover is m odeled to show a sudden change 
in yaw angle at the switch entiy  followed by a straight switching rail and a
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F i g u r e  3 - 1 1 .  M a x i m u m  s a f e  s p e e d  f o r  a  c a r  w i t h  t y p i c a l  
n o n - e q u a l i z e d  t r u c k s

curved rail with curvature equivalent to ju st over 11 deg up to the entry to the 
frog, which is straight. The gage is slightly tight at the switch entry. The 
second part of the crossover is a  reverse mirror image of the first. In other 
runs, downward cusp s are also added at the entrance to the frog.

Without downward cusps, the results for both vehicles (single and bi-level) 
with equalized and non-equalized trucks are similar. Neither the speed nor the 
differences in truck design influences the L/V values significantly over the 
unsuperelevated crossover. L /V  values close to 0.6, well below the Nadal value 
for the profiles and friction, occur at initial flange contact and through the 
curved sections as show n in Figures 3-12 and 3-13 for the equalized and non- 
equalized trucks respectively. The non-equalized truck has marginally better 
steering in the sw itch curves.

3 .6 .1  The E ffect o f  a 3 9  ft W avelength Downward Cusp

Figures 3-12 and 3-13 also show the effect of a downward cusp at the end of 
the first curved rail in  the crossover ahead of the frog. In these, the car with 
equalized trucks has an increase in the peak L/V ratio of the lead axle in the 
trailing truck to a m axim um  of 1.52 in the 3 in. cusp. Although this is greater 
than the Nadal value shown, no derailment is seen  as the effective angle of 
attack is small (<7 mrads). At the lower cusp amplitude of 1.5 in., the increase 
of the L/V with speed is m uch less for this car and show s no likelihood of
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F ig u r e  3 - 1 3 .  W h e e l  L / V  v e r s u s  s p e e d  f o r  a n  e x a m p l e  c a r  w i t h  
t y p i c a l  n o n - e q u a l i z e d  t r u c k s
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derailment. Figure 3 -14  shows the variation with cusp amplitude for both  
truck leading w heels at 25 mph, indicating that the trailing truck h as the  
largest L/V ratio. It should be noted that the curvature of the rail ahead of the 
cusp is 11.77 deg and the results reflect those show n in Figure 3-5.

The car w ith non-equalized trucks is predicted to derail at all speeds in the 
crossover with the 3 in. cusp amplitude. The L/V  at the climb is about 1.5, 
greater than the Nadal value of 1.34 for the maximum profile angle of 75 deg 
and the coefficient of friction of 0 .4  used throughout the sim ulations. However, 
the effective angle of attack is greater than 11 m rads in each case. Figure 3-15  
again shows the lead axle in the trailing truck to have a greater potential for 
derailment. No derailments occur in the 1.5 in. cusp amplitude, which h as an  
L/V of 1.15 at 25  mph. The derailments predicted are again consistent with 
those investigated and reported for the single downward cusp in Figure 3-5.

F i g u r e  3 - 1 4 .  W h e e l  L /V  v e r s u s  c u s p  a m p l i t u d e  f o r  a n  e x a m p l e  c a r  
w i t h  t y p i c a l  e q u a l i z e d  t r u c k s
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t y p i c a l  n o n - e q u a l i z e d  t r u c k s
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4 . SAFETY A SSE SSM E N T  METHODOLOGY FO R NEW  
EQUIPM ENT

In the previous sections, an overall research approach has been developed 
for an assessm ent of commuter rail vehicle safety. This research approach w as 
shown in Section 3 to determine dynamic performance limits for cars with an 
assum ed set of generic parameters. When the safety of new equipment is to be 
evaluated, the performance limits of the new car design m ust be evaluated.
This can be a laborious process, involving m any hundreds of man-hours 
dedicated to physically testing the car’s performance over a wide range of 
possible operational scenarios. However, this process can be simplified using  
the methodology described in this report, providing that the steps required to 
validate the modeling technique have been performed.

The proposed methodology would be applied with the following steps:

1 . D e v e lo p  S im p le  T e s t  P r o c e d u r e s  a n d  T o o ls  f o r  D e te r m in in g  th e  C a r  P a r a m e te r s

• Car body and truck m asses and m om ents of inertia.
• Primary susp en sion  and damping characteristics.
• Secondary susp en sion  and damping characteristics.
• Wheel profile.

Even if the manufacturer provides technical data on these parameters, tests  
will still be required to verify the data to account for any in-process changes, or 
post-manufacturing faults. These tests could include, but are not limited to:

• Wheel unloading.
• Rigid body modal excitation.
• Truck interaxle shear.
• Truck interaxle bending.
• Damper characterization.

Currently, these parameter characterization tests  are performed with 
complex machinery, requiring a dedicated test facility, such  as at the 
Transportation Technology Center in Pueblo, CO. Simpler and more rapid 
m ethods of performing these tests on stationary cars on a siding or in a yard 
using portable and sim ple instrumentation are required for the rapid and low  
cost assessm ent of car parameters.
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2 . A n a l y z e  C a r  D y n a m ic  B e h a v io r  U n d e r  S e le c te d  T r a c k  S c e n a r io s

U sing the m easured input param eters, the dynam ic behavior of the 
equipm ent should be sim ulated and quantified for selected track scenarios. 
The sim ulation program or other analytic tools used  for th is analysis would  
have been previously validated. A list of candidate scenarios h as been  
described in subsection 2 .7 . The OMNISIM code used  to dem onstrate the 
m ethodology in th is report is  capable of addressing all of the scenarios but is 
still in  the process of being validated.

3 . D e f in e  S a f e  P e r fo r m a n c e  L im its

U sing the sim ulation code, the safe perform ance lim its can be expressed in  
term s of speeds and m axim um  perm issible track perturbations. If these lim its 
are not adequate for the planned u se  of the vehicle, it m ay have to be 
redesigned and modified to enlarge the safe perform ance envelope. It is  also  
beneficial for all the parties involved if the track scenarios are an integral part 
of the performance specifications to be followed by the m anufacturer at the 
design stage of any new car equipm ent.

4 . D e s ig n  a n d  P e r fo rm  S p e c if ic  D y n a m ic s  E x p e r im e n ts

If any specific safety issu es arise from the analyses described in item s 1 
through 3 which need experim ental resolution, appropriate dynam ic tests  
w ould have to be designed and executed to validate the safety concern. If no 
safety concern arises from the sim ulation analyses of vehicle operations on all 
track scenarios, a m inim al se t o f standard vehicle acceptance tests m ay be 
adequate for an assurance of vehicle safety in revenue service.
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5 . CONCLUSIONS AND RECOM M ENDATIONS

5.1 Conclusions

1. A safety assessm en t m ethodology for conventional passenger vehicles has 
been presented. The approach identifies required vehicle param eters, 
critical vehicle operational scenarios and required analysis tools for 
quantification of vehicle dynam ic response and potential for vehicle 
derailm ent.

• The vehicle param eters can be conveniently grouped as those of sin g le / 
bi-level car bodies and equalized/non-equalized truck types, w hich are 
representative of the variations in  the current vehicle dynam ic behavior, 
and their safety performance.

• The vehicle operational scenarios studied include 1) truck hunting on  
tangent track, 2) steady curving, 3) dynam ic curving on tracks w ith  
single cusp  im perfections, 4) dynam ic curving on tracks w ith m ultiple 
“down and out” cusp im perfections, and 5) negotiation of sw itches w ith  
im perfections.

• An advanced sim ulation tool such  as OMNISIM is essen tia l for a proper 
assessm en t of vehicle dynam ics under the various operational scenarios. 
H ie tool can evaluate the derailm ent potential w ith reasonable accuracy.

• The safe perform ance lim its for the operational scenarios can be 
expressed in  term s of appropriate param eters su ch  as critical speeds for 
hunting, safe cusp  am plitudes for dynam ic curving, safe speeds at gage 
narrowing, safe m axim um  vertical irregularities at sw itches, and also in  
term s of safe m axim um  w heel L /V  ratios. Prelim inary data on these are 
presented for the vehicle types considered here.

2. For the assum ed vehicle, OMNISIM sim ulation resu lts show  that truck  
hunting is  not likely to occur for the vehicles considered here w ithin their 
norm al operational ranges. The low est speed at w hich cyclic full-flange 
contact can occur is  about 160 m ph for the single car w ith non-equalized  
trucks on worn w heels and “hard” (stiff) track conditions.

3. For the assum ed vehicle, the sim ulation resu lts do not show  any specific 
derailm ent potential for the vehicles under steady curving on tracks up to
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20 deg curvatures at balance speeds. No problem s are anticipated on cant 
deficient curves, perm issible according to the existing FRA specifications 
(3 in. cant deficiency) for veh icles w ith sim ilar param eters to those  
considered.

4 . In the negotiation of a single cusp  over a long wavelength, the exam ple
vehicle w ith non-equalized trucks did not perform as w ell as one w ith  
equalized trucks. The single level car w ith an equalized truck can negotiate 
a 2 in. cusp over a 39 ft w avelength on tracks up to 15 deg curvature, 
w hereas with non-equalized trucks, it can negotiate no more than  1.5 in. 
cusp am plitudes on tracks w ith up to 5 deg curvature. The exam ple bi-level 
car w ith a non-equalized truck can negotiate safely up to 2 in . cusp  
am plitudes (over a 39 ft wavelength). An exam ple of the sam e car with an  
equalized truck h as a safety m argin up to 3 in. am plitude on tracks w ith a 
10 deg curvature lim it. T hese perform ance com parisons are m ade for the 
sake of developing an “engineering feeling” for the behavior of the different 
types of cars and are not intended as recom m endations for their usage in  
revenue servic«u->i t-j. ■ 1 fi

• b f t - i  .7 • • ib ir j s-tr.ii?  x v  - ,q < t  -v  •
5. The conclusion on safe perform ance com parisons of vehicles on “down and

out” cu sp s is qualitatively sim ilar to the foregoing conclusion for the single 
cusp. As ah-exsmple;:.thd single level car w ith an equalized truck can  
negotiate “down and out” cu sp s w ith 1.4 in; vertical and 0 .7  in; lateral 
am plitudes safely on tracks w ith up to 10 deg curvatures, w hereas the 
sam e car with non-equalized trucks is restricted to curvatures under 5 deg 
for safe negotiation of; sim ilarcu sp s. The sam ple bi-level cars can  
accom m odate higher am plitude cu sp s than the single level cars in  these  
scenarios. ouv: ../K’o;.:: .

6. A valuable ;key param eter is  Jthe “Gage Reduction Ratio” for the assessm en t 
of safety on gage? narrowing scenarfcjs: -A* scenario sim pler than  the 
traditional sinusoidal gdge1 narrowing is  identified and sim ulated, w hich is  
represented by a straight ra if angled to represent a  constant rate of gage 
reduction. The Gage Reduction Ratio is  defined as the inverse of th is 
constant. The m axim um  safe vehicle speed can be expressed as a function  
of the Gage Reduction ratio param eter (in field conditions, th is is  the 
equivalent of the m axim um  rate of gage variations, w hich can be easily  
m easured). Typical safe m axim um  sp eeds are presented for the assum ed  
vehicle param eters. The vehicle w ith equalized trucks h as a higher safe 
speed than the one w ith non-equalized trucks for the sam e level o f gage 
narrowing condition. 7

7. Negotiation of the AREA No. 8 crossover h as been sim ulated in  th is study. 
An added cusp at the entrance to the frog cau ses a response sim ilar to that 
investigated for the single cusp  in  a curve and show s the im portance of 
retaining vertical wheel load during curving. Only the sam ple non- 
equalized trucks derailed and then only at the 3 in. am plitude cusp.
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5.2  Recom m endations

1. The safety assessm en t m ethodology presented here should be considered as 
prelim inary and m ust be validated through testing. Testing should  include 
both single and bi-level car bodies w ith equalized and non-equalized trucks. 
Testing should  have the following objectives:

• Car param eter characterization: The assum ed param eters in  th is report 
need to be checked against experim ental data.

• V alidation of OMNISIM: The vehicle-dynam ic response under the various 
scenarios m u st be experim entally quantified using L /V  ratios, truck and  
car body accelerations, and other test outputs, and com pared w ith  
OMNISIM predictions.

• Verification of Safe Performance Limits: The derived safe perform ance 
lim its should be verified by tests specially designed for th is purpose, 
including a few specific tests w ith predicted conditions for w heel clim b 
derailm ent (slow speeds on high curvature tracks w ith cusp  type 
im p e rfe c t io ^ ^ )raY l v  a u m , u  q r : . ,  j  ..■ ■  u m o b  ->q o ib t . n o n  -sr *

• nt rl i/fe Viol' ‘jib-OI TiSVi? >■;if-fi.Op.
• Verification of sim ple te s t  tools (underrdeyelopment) tfor^eharacterizing

car body and trnck param eters, < - j;; "hi'. . . ; i t ?
X tj 1, ' f 'j...' % *; ■Tt - "• ' --- - \,~~J

2. Other potential safety5critical scenarios (e.gi, :irfegularities on both rails) 
should also be exam ined. • ■ Parametric stu d ies usin g  OMNISIM for su ch  
scenarios, as w ell as to .extend the range of variables fonscenarios 
considered in  th is report, should be conducted.

3. The OMNISIM program should be extendedjfor u se  in  the W indows 
environm ent for ease of its application in. the v.ehicle dynam ic sim ulation. 
This should  be a single software package evaluating ear ̂ safety under all the 
critical scenarios and giving safe dynam ic perform ance lim its for the 
scenarios.
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