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! A l i n e a r  model o f  the v e r t i c a l  dynamics o f  a r a i l c a r  was v a l i d a t e d  by the a p p l i c a t i o n  
o f  spec t ra l  techniques t o  experimental data. Track i n p u t  spectra were computed from t e s t  

I t r a c k  surface measuremnts gathered i n  the TOOP t e s t  program. Acce le ra t ion  measurements of 
; a f r e i g h t  ca r  were used t o  compute veh ic le  acce le ra t ion  spect ra i n  response to the  t e s t  

t r a c k .  The corresponding response o f  the 1 i n e a r  model was computed from the a n a l y t i c a l  
i 
: t r a n s f e r  funct ions and experimental t r a c k  i n p u t  spect ra.  Val i d a t i o n  of the l i n e a r  model 

was based upon a comparison o f  corresponding a n a l y t i c a l  and experimental veh ic le  
a c c e l e r a t i o n  spectra. 

I 
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1 

i 
The t r u c k  suspenston was i s o l a t e d  and analyzed from experimental measurements of 

corresponding t ruck  and c a r  body acce le ra t ions .  Spectra l  func t ions  were employed t o  
@Val uate the assumptions of suspension 1 i n e a r l  t y .  

18. D i s t r i b u t i o n  Statement 
I 

r a i  1 veh ic le  dynamics, va l  i d a t l o n  techniques, 
spec t ra l  ana lys is  

I 

i 

I 



This  r e p o r t  describes one aspect o f  the  r a i l  f r e i g h t  car  dynamic 

ana lys i s  v a l i d a t i o n  e f f o r t  c a r r i e d  o u t  a t  Clemson and Arizona Sta te  

U n i v e r s i t i e s .  Th is  F r e i g h t  Car Dynamics research p ro jec t ,  sponsored 

by the  Federal Rai 1 road Admini s t r a t i o n  and conducted i n  cooperat ion 

w i t h  the  Associat ion o f  American Rai 1 roads, has the o v e r a l l  o b j e c t i v e  

of developing r e a l i s t i c  and e f f i c i e n t  mathematical models and associated 

s o l u t i o n  techniques f o r  f r e i g h t  c a r  l a t e r a l  dynamic behavior.  The 

s p e c i f i c  o b j e c t i v e  o f  the  e f f o r t  repor ted here was t o  i n v e s t i g a t e  the  

feasi  b i l  i ty o f  us ing spect ra l  ana lys is  techniques t o  v a l i d a t e  these 

dynamic analyses. 

Spectra l  ana lys i s  techniques are described i n  t h i s  r e p o r t .  The 

power spec t ra l  densi ty ,  (PSD), cross spect ra l  densi ty ,  coherence, and 

t r a n s f e r  func t ions  are explained. Special considerat ions f o r  spec t ra l  

ana lys i s  of experimental data, such as sampling, prewhi tening, and 

leakage are  discussed. The f a s t  Four ie r  t ransform (FFT) and i t s  use 

i n  spec t ra l  ana lys is  a re  explained. Computer programs t o  imp1 ement 

these techniques a re  g i  ven. 

The spect ra l  ana lys i s  techniques are  used t o  analyze the  v e r t i c a l  

dynamic behavior of a r a i l  f r e i g h t  car. The experimental data used f o r  

t h i s  work was obtained from the  t e s t s  conducted by the Southern P a c i f i c  

Rai 1 road i n  the  TDOP p r o j e c t  sponsored by the Federal Rai 1 raod Admini s- 

t r a t i o n  . 
A l i n e a r  t h e o r e t i c a l  ana lys is  o f  the  v e r t i c a l  dynamics o f  t h e  r a i  1 

f r e i g h t  ca r  i s  presented. Results o f  the  ana lys is  corresponding t o  



The v a l i d a t i o n  presented i n  t h e  r e p o r t  e n t a i l e d  corr~parison o f  t he  

t h e o r e t i c a l  and experimental  PSD ' s . Remarkably good agreement was 

found between t h e  two. 

Th is  e f f o r t  demonstrated t h a t  spec t ra l  techniques are e f f e c t i v e  

f o r  t h e  ana lys i s  o f  r a i  1 road t r a c k  i r r e g u l a r i  t i e s  and r a i  1 road vehi  c l  e 

response. V a l i d a t i o n  o f  t h e o r e t i c a l  ana lys i s  by comparison o f  PSD's 

was shown t o  be f e a s i b l e .  

i 
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Chapter 1 

INTRODUCTION 

Background 

The l a t e r a l  dynamics o f  r a i l  vehic les has always been a source o f  

concern f o r  r a i l r o a d  opera tors  and users. A t  present,  the  l a t e r a l  

dynamic behavior of r a i l  f r e i g h t  cars causes major problems fo r  North 

American r a i  1 roads. Veh ic le  hunt ing, de ra i  lment , wheel and component 

wear, and l a d i n g  damage a r e  among the  problems associated w i t h  f r e i g h t  

ca r  1 a t e r a l  dynami cs . 
The F re igh t  Car Dynamics research p r o j e c t  sponsored by the  Federal 

Ra i l road  Admin is t ra t i on  a t  Clemson and Arizona S ta te  U n i v e r s i t i e s  was 

i n i t i a t e d  t o  develop t o o l s  and techniques t o  so lve  these f r e i g h t  car  

problems. The s p e c i f i c  o b j e c t i v e  was t o  develop r e a l  i s t i c  and computa- 

t i o n a l  l y  e f f i c i e n t  mathematical model s and associated sol  u t i  on tech- 

n iques fo r  the  f r e i g h t  ca r  l a t e r a l  dynamic behavior .  It i s  envis ioned 

t h a t  these mathematical models and s o l u t i o n  techniques, i n  t h e  form 

of  d i g i t a l  computer programs, w i l l  be used t o  exp lo re  the causes o f  

f r e i g h t  ca r  dynamic problems, and t o  eval uate s o l u t i o n s  f o r  these problems. 

Mathematical model s o f  vary ing  compl e x i  t y  have been devel oped t o  

s imula te  both  the f r e i g h t  veh ic le  behavior on tangent  t rack ,  and the  
\ 

dynamics o f  t he  veh ic le  d u r i n g  curve e n t r y  and n e g o t i a t i o n .  A v a r i e t y  

of so l  u t i o n  techniques rang ing,  from 1 inear  system methods t o  numerical 
1 

and h y b r i d  i n t e g r a t i o n  o f  nonl i r iear  equations o f  motion are used t o  
\ 

so lve  the  v e h i c l e  equat ions o f  motion. I n  order  t o  a i d  the  user of 

these computer programs, an eva lua t ion  o f  the  val  i d i  t y  and e f f i c i e n c y  

L 
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o f  each o f  the  models and s o l u t i o n  techniques i s  be ing  developed i n  

t h i s  p r o j e c t .  

Th i s  assessment o f  t h e  v a l i d i t y  o f  t h e  mathematical  models e n t a i l s  

t h e  comparison o f  t h e o r e t i c a l  p r e d i c t i o n s  of  v e h i c l e  dynamic behav io r  

w i t h  exper imenta l  r e s u l t s .  The exper imenta l  da ta  f o r  t h i s  e f f o r t  

was p rov ided  by f i e l d  t e s t s  conducted by t h e  A s s o c i a t i o n  o f  American 

Ra i l r oads  and t h e  Union P a c i f i c  k a i l r o a d .  A  d e s c r i p t i o n  o f  these' t e s t s  

may be found i n  Reference [I]. 

A f t e r  v a l i d a t i o n ,  t h e  models w i l l  be s u p p l i e d  t o  t h e  r a i l r o a d  

i n d u s t r y  f o r  use i n  e v a l u a t i n g  supplemental dev ices  f o r  imp rov ing  

v e h i c l e  dynamics, i n  s t u d y i n g  p o s s i b l e  m o d i f i c a t i o n s  of  c u r r e n t  

f r e i g h t  veh i c l es ,  i n  e x p l o r i n g  new des ign concepts,  and i n  examin ing  

c u r r e n t  v e h i c l e  and t r a c k  mai ntenanc'e procedures. 

Th i s  r e p o r t  dea l s  w i t h  one aspect  o f  t h e  v a l i d a t i o n  s tudy  t o  assess 

t h e  f i d e l i t y  and a p p l i c a b i l i t y  o f  t h e  va r i ous  r a i l  v e h i c l e  l a t e r a l  

dynami c  models. 

Prev ious  Work 

U n t i  1  r e c e n t l y ,  exper imenta l  and t h e o r e t i  c a l  eva l  u a t i o n  o f  r a i  1  

c a r  dynamics have gone down separate pa ths .  T h i s  l a c k  o f  i n t e r a c t i o n  

can be a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  exper imenta l  and a n a l y t i c a l  

work has been done by d i f f e r e n t  groups. Not  s u r p r i s i n g l y ,  those  organ-  

i z a t i o n s ,  such as t h e  B r i t i s h  R a i l  and Japanese Na t i ona l  Ra i lway  resea rch  

groups, t h a t  f i r s t  under took t h e o r e t i c a l  r a i l  v e h i c l e  dynamic analyses 

have a l s o  been t h e  f i r s t  t o  a t tempt  t o  i n t e g r a t e  t h e o r e t i c a l  and exper -  
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imenta l  methods. This  p r o j e c t  has bu i  1  t on t h e i r  background. 

Theore t ica l  model va l  i d a t i  on may be undertaken a t  many d i  f f e r e n t  

l e v e l s .  A t  t h e  lowest  l e v e l ,  a  q u a l i t a t i v e  c o r r e l a t i o n  i s  obta ined 

between t h e o r e t i c a l  l y  p red i c ted  t rends and exper imenta l l y  observed 

behavior .  For example, almost a l l  l i n e a r  s t a b i l i t y  analyses o f  r a i l  

c a r  l a t e r a l  dynamics p r e d i c t  t h a t  veh ic les  whose wheelsets have h igh  

" e f f e c t i v e "  c o n i c i t i e s  w i l l  h u n t ' a t  lower speeds than those w i t h  low 

" e f f e c t i v e "  c o n i c i t y  wheel sets.  This  t r e n d  agrees w i t h  observat ions 

o f  r a i l  v e h i c l e  opera t ion .  

A g r e a t  deal o f  qual  i t a t i v e  v a l i d a t i o n  has been done t o  s t rengthen 

conf idence i n  t h e  a n a l y t i c a l  t o o l s .  I n  s t a b i l i t y  analyses, t he  e f f e c t s  

o f  changes i n  pr imary yaw and warp s t i f f n e s s  on c r i t i c a l  hun t i ng  speeds 

have been q u a l i t a t i v e l y  co r re la ted .  I n  cu rv ing  analyses, t he  e f f e c t s  

o f  yaw s t i f f n e s s  and wheelset c o n i c i t y  on l a t e r a l  t o  v e r t i c a l  f o r c e  

r a t i o s  have a1 so been qual i t a t i  ve l y  co r re la ted .  

The value o f  q u a l i t a t i v e l y  v a l i d a t e d  analyses should n o t  be under- 

est imated.  Such models are i nva luab le  i n  making design changes and i n  

d e v i s i n g  successful  experiments, because they  prov ide  in fo rmat ion  about 

t h e  s e n s i t i v i t y  o f  t h e  veh ic le  behavior  t o  parameter changes and a l s o  

p rov ide  a  framework f o r  i n t e r p r e t i n g  and understanding t h e  t e s t  r e s u l t s .  

A  second l e v e l  o f  val  i d a t i o n  e n t a i l s  c o r r e l a t i o n  o f  a  s ing le ,  u s u a l l y  

c r i t i c a l  , value f rom the  ana lys i s  w i t h  experimental  r e s u l t s .  For example, 

t h e  a n a l y t i c a l  p red i  c t i o n s  f o r  t he  c r i t i c a l  speed when hun t i ng  begins 

o r  t h e  resonant  speed f o r  rock  and r o l l  behavior  would be compared w i t h  

exper imenta l  measurements o f  t he  same v a r i a b l e .  



Too much v a l i d a t i o n  o f  t h i s  s o r t  i s  done. Th is  can be q u i t e  dangerous 

because i t  may lend  f a l s e  conf idence t o  an a n a l y t i c a l  model. Th is  i s  

p a r t i c u l a r l y  t r u e  when those model parameters t h a t  cannot be m e a s ~ ~ r e d  

are  v a r i e d  t o  o b t a i n  agreement between analys is  and experiment.   his 

second l e v e l  o f  v a l i d a t i o n  i s  general l y ' o f  quest ionable value. It i s  

f a r  b e t t e r  t o  proceed d i r e c t l y  t o  a  f u l l  v a l i d a t i o n  o f  t h e  type descr ibed 

be1 ow. 

The h ighes t  l e v e l  o f  v a l i d a t i o n  e n t a i l s  a  ' f a i r l y  complete quan t i  - 
t a t i v e  c o r r e l a t i o n  o f  a n a l y t i c a l  and experimental  r e s u l t s .  A f r e q u e n t l y  

used approach i s  the  d i r e c t  comparison of experimental  and a n a l y t i c a l  

t ime h i s t o r i e s  o f  va r i ab les  such as acce lera t ion ,  displacement o r  f o r c e  

l e v e l .  Another p o s s i b i l i t y  i s  t h e  comparison of power spec t ra l  d e n s i t y  

curves. A t h i r d  p o s s i b i l i t y  f o r  va l  i d a t i n g  s t a b i  1  i t y  analyses i n v o l v e s  

corr~paring t h e  v a r i a t i o n  of system damping r a t i o s  w i t h  speed. The work 

repo r ted  here was c a r r i e d  o u t  t o  develop the  t o o l s  and exp lore  t h e  feas-  

- ib i  1  i t y  o f  us ing the  spec t ra l  ana lys i s  technique i n  v a l i d a t i n g  ou r  var -  

i ous mathematical models . 
One o f  the  most complete attempts t o  u t i l i z e  spec t ra l  a n a l y s i s  

techniques f o r  v a l i d a t i o n  o f  r a i l  veh i c le  dynamic analyses was c a r r i e d  

o u t  by t h e  B r i t i s h  Railway Research Center f o r  t h e  ORE[']. The e f f o r t  

repo r ted  here i nvo l ved  development o f  an equ iva len t  c a p a b i l i t y  f o r  c a r r y i n g  

o u t  t he  spec t ra l  ana lys is ,  and a p p l i c a t i o n  of t h e  techniques t o  r a i l  

f r e i g h t  c a r  dynamic analyses. 



Objec t ive  

The s p e c i f i c  o b j e c t i v e  o f  the  e f f o r t  repor ted  here was t o  develop 

the  computer programs t o  c a r r y  o u t  t h e  spect ra l  analyses, and t o  exp lo re  

t h e  f e a s i b i l i t y  o f  us ing  t h i s  approach t o  v a l i d a t e  t h e o r e t i c a l  r a i l  

v e h i c l e  dynamic analyses. The v e r t i c a l  -dynami cs of a  r a i  1  f r e i g h t  car  

were chosen f o r  a p p l i c a t i o n  o f  t h e  spec t ra l  ana lys i s  techniques due 

t o  t h e  a v a i l a b i l i t y  o f  t rack ,  v e h i c l e  and veh ic le  dynamics data. 

I n  t h i s  exerc ise ,  t h e  e r r o r  between t h e  t h e o r e t i c a l  dynamic response 

and the  experimental ' dynamic response t o  t h e  t r a c k  i n p u t  was minimized. 

I n  a d d i t i o n  t o  t h i s  pr imary o b j e c t i v e ,  t h i s  research e f f o r t  had 

two secondary ob jec t i ves .  The f i r s t  was t o  r e p o r t  some o f  t h e  r e s u l t s  

based on ana lys is  o f  t h e  experimental data. Researchers i n t e r e s t e d  

i n  t h e  dynamics o f  t h e  f r e i g h t  car  should f i n d  many o f  these r e s u l t s  

t o  be o f  i n t e r e s t .  The o t h e r  o b j e c t i v e  was t o  i n v e s t i g a t e  the  i n f l u e n c e  

of t h e  non l i nea r  t r u c k  suspension on v e h i c l e  dynamics. One o f  t h e  most 

impor tant  sources o f  nonl  i n e a r i  ty i n  t h i s  suspension i s  d ry  (coulomb) 

f r i c t i o n  between spring-l'oaded s l  i d i n g  components. The feasi  b i  1  i ty o f  

model ing t h i s  n o n l i n e a r i t y  w i t h  q u a s i - l i n e a r  elements was s tud ied.  

Approach 

The t rack ,  v e h i c l e  and v e h i c l e  dynamics data.  gathered by t h e  

Southern P a c i f i c  Ra i l road  i n  t h e  TDOP t e s t  programC31 were used f o r  

t h i s  e x p l o r a t i o n  o f  model v a l i d a t i o n  techniques. The modeling o f  t h e  

v e r t i c a l  dynaniics o f  t h i s  r a i l  f r e i g h t  c a r  i s  described i n  the  f o l l o w i n g  

chapter .  S u f f i c i e n t  background t o  understand t h e  spec t ra l  ana lys i s  

techniques used i n  t h i s  s tudy i s  p rov ided i n  Chapter 3. The experimental 



r e s u l t s  p e r t i n e n t  t o  t h i s  work are descr ibed i n  Chapter 4 and t h e  

v a l i d a t i o n  e f f o r t  repo r ted  i n  Chapter 5. Our conclus ions and recommend- 

a t i o n s  f o r  f u t u r e  work a re  prov ided i n  t h e  f i n a l  chapter.  

Much o f . t h e  work repo r ted  here was a l s o  pub l ished as a  Master 's  

Thesis o f  W i l l i am J. ~ a l  l o n  a t  Arizona S ta te  The 

computer programs t h a t  c a r r y  o u t  the  s p e c t r a l  ana lys i s  o p e r a t i  oms a r e  

descr ibed i n  a  spearate document t 5 1  . 



Chapter 2 

SYSTEM MODELING 

In t roduc t ion  

As mentioned i n  Chapter 1, t h i s  study focused on the North 

American f r e i g h t  ca r .  The s p e c i f i c  car  used t o  provide the 

experimental data used i n  t h i s  study* was a southern P a c i f i c  

Rai l road mechanical r e f r e i ge ra to r  car s i m i l a r  t o  the box car  

p ic tu red  i n  Fig. 2-1. The body i s  a box type w i t h  a r e f r i g e r a t i o n  

u n i t  mounted a t  one end. Both f r o n t  and rear  t rucks are nominal ly  

i d e n t i c a l  and are b a s i c a l l y  configured as i l l u s t r a t e d  i n  Fig.  2-2.  

The car body res t s  on the centerp la te  o f  the bo l s te r  which, i n  

turn ,  i s  supported a t  each end through c o i l  springs mounted i n  the 

sideframes. The ax les  are mounted i n  r o l l e r  bearings and the 

sideframes are seated on the bearing adapter housings a1 lowing essen- 

t i a l l y  no axle-sideframe r e l a t i v e  v e r t i c a l  motion. 

L inear  Model 

The system model was i n i  ti a1 ly formul ated as a 1 i near 1 umped 

parameter model and the equations w r i t t e n  under the f o l  1 owing assump- 

ti ons : 

* The experimental t e s t  data used i n  t h i s  r epo r t  was obtained i n  the 
"Truck Design Opt imizat ion Pro jec t "  conducted by the Southern P a c i f i c  
Rai 1 road under sponsorshi p o f  the Federal Rai 1 road Admi n i  s t r a t i  on. 
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Figure 2-1 Typical Freight Car 



Figure 2-2 Typical Freight Car Truck 



(1 )  r i g i d  ca r  body 

(2)  1 i n e a r  suspensi on elements 

(3)  symmetry about a v e r t i c a l  p lane passing through t h e  

. geometric c e n t e r l i n e  o f  t he  v e h i c l e  

(4) smal l  angular  displacements. 

I n  add i t ion ,  i t  i s  assumed t h a t  any resonant frequencies 

associated w i t h  dynamics n o t  i nc luded  i n  the  model a re  s u f f i c i e n t l y  

h i g h  t o  n o t  a f fec t  t he  system response i n  t h e  frequency range o f  

i n t e r e s t .  Th is  would apply, f o r  example, t o  c a r  body-bolster  o r  

ax le-s ideframe r e l a t i v e  v i b r a t i o n s .  This  assumption a l s o  i m p l i e s  

t h a t  t h e  t r u c k  wheels and r a i l  a c t  e s s e n t i a l l y  as a s i n g l e  mass. 

Therefore, t h e  e f f e c t i v e  mass o f  t h e  t r a c k  s t r u c t u r e  can be lurnped 

w i t h  t h e  assoc ia ted  t r u c k  masses. The f l e x i b i  1 i t y  of t h e  t r a c k  

s t r u c t u r e  can then be modeled as a p a r a l l e l  combinat ion o f  a l i n e a r  

s p r i n g  and damper. From t h i s  viewpoint,  then, t he  i n p u t  t o  t h e  

v e h i c l e  i s  a mot ion i n p u t  due t o  roadbed i r r e g u l a r i t i e s  a c t i n g  

through t h e  r a i  1 elements. Th is  approach has been used w i t h  apparent 

success by Ahlbeck e t . a l .  [61. 

The assumptions o f  symmetry and 1 i n e a r i t y  a1 1 ow t h e  v e r t i c a l  

motions t o  be considered independent, o r  uncoupled, from t h e  l a t e r a l  

and r o l l  i n g  motions . Under these r e s t r i c t i o n s  the  v e r t i c a l  motions 

o f  t h e  v e h i c l e  may be descr ibed i n  terms of t h e  s i x  degree-of-freedom 

model i l l u s t r a t e d  i n  F ig .  2-3. The s t a t e  of t h e  system may be com- 

p l e t e l y  de f i ned  i n  terms of t h e  12 independent s t a t e  v a r i a b l e s  de f i ned  

as bounce, bounce rate, p i t c h  and p i t c h  r a t e  of t h e  c a r  body and two 



Figure 2-3 Linear  6 DOF- Model of the F r e i g h t  Car V e r t i c a l  Dynamics 



fash ion  as s i x  second-order d l  f f e r e n t i a l  equat ions. The complete s e t  

o f  equat ions appears i n  Fig.  2-4. . 
I t  may be noted a t  t h i s  p o i n t  t h a t  t h e  four separate i n p u t s  t o  

t h e  system may be viewed as a s i n g l e  i n p u t  w i t h  appropr ia te  t ime  delays.  

I n  terms o f  t h e  Laplace transforms of t h e  i n p u t s  t h i s  v iewpo in t  may be 

expressed as 

and 

The general t ime delay, T, may be expressed as 

T = L/V . (2-2) 

(where L i s  the  phys i ca l  d is tance between t h e  two i n p u t s  and V i s  t h e  

v e l o c i t y  o f  t h e  veh ic le .  Th i s  approach i s  usefu l  s ince  i t  a l l o w s  t h e  

system t o  be analyzed as a s i n g l e  i n p u t - s i n g l e  ou tpu t  system. 

The i n p u t  t o  t h e  system i s  e s s e n t i a l l y  a random process ( a l -  

though t h e r e  a re  probably some d e t e r m i n i s t i c  components) and hence 

must be descr ibed i n  terms of i t s  s t a t i s t i c s .  Th i s  leads t o  a char-  

a c t e r i z a t i o n  o f  the  i n p u t  i n  terms of i t s  power spec t ra l  dens i t y ,  

(PSD) , which i s  discussed i n  d e t a i  1  i n  t h e  n e x t  chapter .  The PSD 

cha rac te r i zes  t h e  i n p u t  i n  the  frequency domain, which i s  va luab le  

s ince the  model equat ions are ~ i i os t  conven ien t l y  handled i n  t h e  

frequency domain. Taking the Laplace t rans fo rm o f  the  equat ions 
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CAR BODY EQUATIONS - 

FRONT TRUCK EQUATIONS 

FT 'FT + k ~ ~ l  ('FT - U~ - L ~ ~ l  OFT) + C F , T ~ ( ~ F T  - ;2 - L ~ ~ l  ;FT) 

+ k (xFT - u1 + L OFT) + CFTZ(XFT - i l+~  i F T )  
FT2 FT2 FT2 

- kFs (xc  - xFT+ LF 0;) - CFS ( i c  - iFT + LF Bc) = 3' 

.. 
IFT OFT - L ~ ~ l  (XFT - U2 - L F T ~  ~ F T )  + C ~ ~ l  - t2 - L ~ ~ ,  i, ( k ~ ~ l  1 3  (IFT FT 

+ L B ) ) = o  
F T ~  ' ~ F T ~  (xFT - ~1 + L~~~ OFT) + C~~ 2 ( ~ F T  - 

+ LFT2 FT 

REAR TRUCK EQUATIONS 

iqRT iRT + kRTl (xRT - u4 - LRTleRT) + CRT ( i R T  - tg - LRTl 
1 

+ kRT2 (xRT - u j  + LRT2eRT) + C ( i R T  - b3 + LRT2 i R T )  RT2 

- k (xC - - LR ec) - CRS ( i c  - iRT - LR BC) = 0 
Rs 

XRT 

.. - 
L R ~ l  ' k ~ ~ l  (xRT - u4 - LRTl BRT) + CKT1(iRT - i4 - LRTl 6 RT ) >  

- 6 3 - 6  
+ L ~ ~ 2  ( k ~ ~ Z  ('RT '3 + L ~ ~ 2  ~ R T )  + CRT~(;RT - i 3  + L ~ ~ 2  RT 

F i g u r e  2-4 L i n e a r  Equations o f  Mot ion f o r  t he  6 DOF Model 
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i n  F ig .  2-4 y i e l d s  a s e t  o f  l i n e a r  equat ions o f  t h e  form 

{[AIS* + [B]s + [CII ~ ( s )  = { k ( s ) s  + g ( s ) l  u ( s )  (2-3) 

where the  square brackets  designate a square m a t r i x  and t h e  underscore 

designates a vec tor .  The p a r t i c u l a r  elements a r e  expressed i n  t h e  

expanded form o f  (2-3) shown i n  F iq .  2-5. 

The frequency response of t h e  system may be computed by employ- 

i n g  t h e  s u b s t i t u t i o n  v a r i a b l e  s = j w  and s o l v i n g  t h e  associated s e t  o f  

complex 1 i n e a r  simul taneous equat ions f o r  each b f  t h e  des i red  values 

o f  frequency. Th is  i s  e a s i l y  implemented on a d i g i t a l  computer and 

i s  e s s e n t i a l l y  t he  technique employed i n  [ 7  1 f o r  t he  d i g i t a l  computa- 

t l o n  o f  frequency response. The 1 i n e a r  s i m u l a t i o n  program, u t i  1 i z e s  

a mod i f i ed  ve rs ion  o f  t h e  frequency response subrout ine  found i n  [ 7 ] ~.
. Th i s  p rog raminco rpo ra tes  a cornplex .input as de f i ned  by (2-3).  

Some sample t r a n s f e r  f unc t i ons  a r e  shown i n  F ig.  2-6, 7, and 8. 

These computations were performed us ing  t h e  model base l i ne  parameter 

values l i s t e d  i n  Table 5-1 and a v e h i c l e  speed of 100 f t / s e c .  The 

magnitude o f  t h e  system response i s  d i sp layed  i n  terms o f  t h e  v e r t i c a l  

displacement o f  t h e  ca r  body, e.g., p i t c h  angle o f  t h e  ca r  body; and 

v e r t i c a l  displacement o f  t h e  ca r  body centered over  t h e  f r o n t  t r u c k .  

Th is  l a s t  response v a r i a b l e  i s  a l i n e a r  combinat ion o f  t h e  f i r s t  two 

response va r iab les .  It i s  i n t e r e s t i n g  t o  no te  t h e  f i l t e r i n g  e f f e c t  o f  

t h e  t rucks  and c a r  body due t o  combined bounce and p i t c h  motions, A t  

c e r t a i n  f requenc ies  t h i s  t r a n s f e r  f u n c t i o n  magnitude "drops o u t "  and 

the  phase a b r u p t l y  s h i f t s  180". The nature  o f  t h i s  phenomena i s  

discussed i n  Appendix B. The ca r  body c.g. sees a drop o u t  a t  1.1 Hz 

 



F igu re  2-5 C o e f f i c i e n t  Ma t r i ces  and Vectors f o r  the 
Laplace Transform o f  the  L inea r  Equations 
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Figure .  2-6 Sample Car Body C.G. . T r a n s f e r  F u n c t i o n  Magni tude  
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F igure  2-7 Sample Car Body P i t c h  Transfer  Funct ion Magnitude 
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Figure 2-8 Sample Car Body Front End Transfer  Function Magnitude 

I 



due t o  p i t c h i n g  o f  t he  c a r  body and a t  8.8 Hz due t o  p i t c h i n g  of t he  

t r u c k s  and a t  the  odd harmonic associated w i t h  these two fundamental 

f requencies. The corresponding fundamental f requencies f o r  t he  p i t c h  

t r a n s f e r  f u n c t i o n  are  2.2 Hz and 8.3 Hz. The combinkd e f f e c t s  o f  these 

dropouts r e s u l t  i n  t he  jagged appearance-of the  t r a n s f e r  f u n c t i o n  f o r  
 

 displacement o f  the  f r o n t  end o f  t h e  veh ic le .  Also no te  t h a t  t he  break 

frequencies assoc ia ted  w i t h  the  t r u c k  suspension a re  between 3 Hz and 

4 Hz f o r  both p i t c h  and bounce and the  second order  r o l l  o f f  can be 

observed i n  bo th  t r a n s f e r  func t ions .  

 

Nonl i near Considerat ions 

The f r e i g h t .  car ,  1  i ke most phys ica l  systems, conta ins  non- 

l i n e a r  elements. I n  t he  normal regime o f  operat ion,  the  t r u c k  sus- 

pension i s  t h e  pr imary  source o f  non l i nea r  e f f e c t s .  Th i s  suspension 

i s  represented schemat ica l l y  i n  F ig .  2-9. The sp r ing  loaded wedges 

F igu re  2-9 Schematic o f  t he  F r e i g h t  Car Truck 
Suspension 

l l e d  f r i c t i o n  snubbers) p rov ide  damping p r i  mari  l y  through s l  i d i  ng 

u l  omb) f r i c t i o n .  The most common approach t o  model ing t h i s  sus- 

pension i s  t o  use an "equ iva len t "  1 i n e a r  model based on assumptions 
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about t he  na ture  o f  the suspension dynamfcs. A non l i nea r  model and 

an "equSvalent" l l n e a r  model are S l l u s t r a t e d  f n  F ig .  2-10 where B 

i s  t he  cons tant  s l i d i n g  f H c t i o n  fo rce  and Ceq i s  t h e  "equ iva len t "  

( a )  (b )  

k fl; kfFJ:q 
Figure  2-10 (a )  Nonl inear  Truck Suspension Model 

( b )  L inea r  Truck Suspension Model 

viscous damping. A common approach t o  de termin ing  C i s  ' t o  assume 
e q 

a s inuso ida l  mot ion through t h e  suspension o f  ampl i tude Xo and 

frequency foe can then be chosen such t h a t  t he  two models a re  
Ceq 

matched i n  terms o f  energy d i s s i p a t e d  p e r  cycle, i .e., 

which y i e l d s  

'This approach t o  equ iva len t  1 i n e a r i  z a t i o n  i s  equi v a l e n t  i n  

ope ra t i  on t o  t h e  desc r ib ing  f u n c t i o n  approach. The d e s c r i b i n g  func- 

t i o n  technique requ i res  an assumption about t h e  response o f  t he  system 

fo l l owed  by an ana lys i s  of t he  cond i t i ons  necessary t o  ma in ta in  t h i s  

response. The purpose of t h i s  technique i s  t o  o b t a i n  a l i n e a r  f u n c t i o n  

'e 
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t h a t  descr ibes t h e  response o f  the  n o n l i n e a r i t y  f o r  t he  assumed mode 

o f  response. This technique i s  q u i t e  usefu l  f o r  dea l i ng  w i t h  systems 

t h a t  e x h i b i t  s e l f  o s c i l l a t i o n s ,  where t h e  assumed mode of response i s  

then some type o f  s inuso ida l  motion. 

Any l i n e a r  model, however, has 'shortcomings i n  t h a t  i t  cannot 

accu ra te l y  p o r t r a y  t h e  dynamics o f  a  non l inear  system. I n  t h i s  case, 

t h e  e f f e c t s  o f  dry f r i c t i o n  are  ignored. A t  r e l a t i v e l y  low f o r c e  

l eve ls ,  t h e  d ry  f r i c t i o n  w i  11 keep t h e  s-uspension "bound up" and 

cause i t  t o  pass the  dynamicsof t h e  t r u c k  d i r e c t l y  through t o  t h e  c a r  

body. I n  add i t ion ,  t h i s  " s t i c k i n g "  can a f f e c t  t h e  symmetry of t h e  

system and lead t o  coup l i ng  o f  t he  r o l l  and v e r t i c a l  motions o f  t he  

vehi c l  e. 

However, a  l i n e a r  approach i s  q u i t e  o f t e n  a  p r a c t i c a l  " f i r s t  

. c u t "  a t  a  problem. Th is  approach i s  taken i n  t h i s  study. The 

expression i n  (2-5) i s  used t o  compute an equ iva len t  viscous damping 

f o r  t h e  l i n e a r  model. The f r i c t i o n  fo rce  l e v e l  used i n  t h i s  computa- 

t i o n  i s  e x t r a c t e d  f rom reference [8]. Th is  reference conta ins the 

r e s u l t s  o f  ex tens ive  l a b o r a t o r y  t e s t s  o f  t rucks  s i m i l a r  t o  those used 

i n  the  f i e l d  t e s t s  t h a t  provided data  f o r  t h i s  study. Th is  computa- 

t i o n  i s  discussed i n  Chapter 5 where the  p a r t i c u l a r  v e h i c l e  parameters 

are  summari zed. 



Chapter 3 

SPECTRAL TECHNIQUES 

I n t r o d u c t i o n  

The response o f  a  ra i lway  veh ic le  t o  a  t r a c k  i n p u t  i s  essen- 

t i a l l y  random i n  nature.  Therefore, a  s t a t i s t i c a l  approach i s  d'ic- 

t a t e d  f o r  t he  ana lys i s  o f  t h e  veh ic le  response data. The experimen- 

t a l  t ime h i s t o r y  data must be processed t o  y i e l d  s t a t i s t i c a l l y  s table. .  

f u n c t i o n s  t h a t  p rov ide  s p e c i f i c  i n fo rma t ion  about t h e  system response 
I 

i n  a  concise and use fu l  format. 

Spect ra l  f unc t i ons  such as t h e  power s p e c t r a l  dens i t y  (PSD) 1 ' 

and cross spec t ra l  densi ty a re  frequency domain func t i ons  t h a t  s a t i s f y  

t h i s  need. The PSD d isp lays  t h e  frequency d i s t r i b u t i o n  o f  t h e  s i g n a l  

s t r e n g t h  and y i e l d s  such in fo rmat ion  as the  mean squared value o f  t h e  

system response i n  any frequency band. Any s t rong  modal response w i  11 

then be r e a d i l y  apparent i n  the  PSD o f  t h e  response s i g n a l .  The cross 

s p e c t r a l  dens i ty  i s  a  complex frequency domain f u n c t i o n  t h a t  y i e l d s  

i n f o r m a t i  on such as t h e  phase r e l a t i o n s h i p  between two s igna ls .  These 

two f u n c t i o n s  may be combined t o  y i e l d  such i n f o r m a t i o n  as the  coher- 

ence o f  two s igna ls  and a  l i n e a r  t r a n s f e r  f u n c t i o n  t h a t  may r e l a t e  two 

s i  gnal s  . 

These spec t ra l  f unc t i ons  can on'ly be est imated based on f i n i t e  

t ime h i s t o r y  records o f  data. The d i g i t a l  computer c o ~ ~ p l e d  w i t h  t h e  
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Fast  F o u r l e r  Transform (FFT) a l g o r i  thm p rov ide  t h e  necessary t o o l s  t o  

compute PSD's from such data records. Es t ima t ion  o f  t h e  PSD f u n c t i o  

as developed i n  t h i s  chapter, requ i res  computation o f  t h e  d i s c r e t e  

F o u r i e r  transform (DFT) , a task  tha t ,  u n t i  1 t h e  advent o f  t h e  FFT, 

was i n t r a c t a b l e  f o r  a1 1 p r a c t i c a l  purposes. 

The FFT has had considerable i r r~pact  'in t he  area o f  d i g i t a l  

c o ~ ~ p u t a t i  onal techniques. ~ t r a i  ghtforward computation o f  an N-po in t  

d i s c r e t e  F o u r i e r  t rans form requ i res  a computal?i on t ime  p r o p o r t i o n a l  2 

t o  N ~ ,  However, i n  1965 Cooley and Tukey [ 9 ] pub1 i shed an a1 go- a

r i t h m  f o r  t h e  machine computation of t h e  DFT t h a t  y i e l d s  a computa- 

t i o n  t ime  p r o p o r t i o n a l  t o  N log2 N. The computat ional savings, j 

expressed as t h e  r a t i o  N/ log2 N, revea ls  t h e  FFT t o  be 100 t imes 

f a s t e r  f o r  a 1000 p o i n t  t ransform. Whi le  s i g n i f i c a n t  work had been 

pub l ished d a t i n g  back over  t h e  prev ious 50 years, i t  was n o t  u n t i l  

t h e  Cooley-Tukey a1 g o r i  thm was publ i s h e d  t h a t  t he  p r a c t i c a l  imp1 i ca- 

t i o n s  began t o  be r e a l i z e d .  Since t h a t  t ime, an enormous amount o f  

l i t e r a t u r e  has been pub l ished r e l a t i n g  t o  t h e  FFT a lgo r i t hm.  A b r i e f  

d iscuss ion  o f  t h e  FFT along w i t h  a F o r t r a n  coded r o u t i n e  t h a t  uses t h e  

successive doub l ing  method i s  presented i n  DO]. A r a t h e r  d e t a i l e d  

b u t  i n t u i t i v e l y  p leas ing  development o f  t h e  FFT i s  g iven i n  [I I]. I n  

add i t ion ,  t he  e n t i r e  June, 1967 i ssue  o f  IEEE Transact ions on Audio 

and E lec t roacous t i cs  i s  devoted t o  the FFT. A thorough t rea tmen t  o f  

t h e  F o u r i e r  t rans form and the  FFT can be found i n  [12]. 

'The remain ing p o r t i o n s  o f  t h i s  chapter  a re  p r i m a r i l y  devoted 

t o  development of t he  s p e c t r a l  funct ions needed f o r  a n a l y s i s  o f  t h e  

 



experimental data. However, these sec t ions  are preceded by a b r i e f  

d iscussion o f  t h e  FFT, s ince t h e  r e s u l t s  a re  needed i n  developing 

d i s c r e t e  approximati  on expressions f o r  t h e  spec t ra l  func t ions .  

F i n a l l y ,  a 'number o f  computational considerat ions t h a t  must be 

reviewed i n  any p r a c t i c a l  a p p l i c a t i o n  -of  spec t ra l  techniques are  

presented. Much o f  t h e  ma te r ia l  i n  t h i s  chapter  may be found i n  

g rea te r  d e t a i l  i n  [12, 131. - 

The FFT and the  D isc re te  Four ie r  Transform 

The Four ie r  t rans form p a i r  f o r  a continuous f u n c t i o n  i s  
* 

de f i ned  as 

If the s igna l  x ( t )  i s  i n  sampled form, as i s  o f t e n  t h e  case, an 

approximate expression f o r  (3-1) i s  

4. where I1 i s  the  number o f *  sample values o f  x ( t )  . The sampling 

frequency, , determines t h e  t ime reco rd  length, T, de f ined as 

A t  The frequency increment, Af, i s  determined by t h e  sampling 

frequency and record  length, i .e., A f  = l / N A t .  

For n o t a t i o n a l  convenience l e t  t h e  va r iab les  n and k index 
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frequency and time respectively as arguments of the function. Also 

l e t  

W = e  - j 2 ~ r / N  
( 3-4) 

and note that  W assumes a unique complex value once the value of 

N i s  chosen. Now ( 3 - 3 )  may be written' 

In a similar fashion (3-2) may be approximated by 

,Equations (3-5) and (3-6)  are related t o  the Discrete FourSer Trans- 
* 

form and the Inverse Discrete Fourier Transform by the definitions 

and 

Note the s imilar i ty of the transform pair . The computations d i f f e r  

only in the sign of the exponent of W .  Also, note that  w n k  i s  per- 

iodic with period N .  As detaailed in [ I l l ,  the essence of the FFT 

algorithm i s  t o  take advantage of th i s  cyclic nature of W t o  e f f i  c- 

iently compute the transform in e i ther  direction. 

Spectral Functions 

The power spectral density functl'on, as previously mentioned, 



describes the  spect ra l  d i s t r i b u t i o n  o f  power i n  a  s igna l .  The PSD, 

however, i s  normal l y  def ined i n  terms o f  t he  au toco r re la t i on  func t i on .  

The au toco r re la t i on  f u n c t i o n  describes the  dependence o f  a  

s igna l  on i t s e l f  delayed i n  t ime. For an ergodic random process the  

au toco r re l  a t i  on i s  d e f i  ned as 

Rx(r) i s  an even func t i on  and can be useful i n  determining the  e x i s t -  

ence of p e r i o d i c i  t i es ,  o r  d e t e r m i n i s t i c  components, i n  a s i g n a l .  For 

example, if x ( t )  were pu re l y  random i n  nature, then Rx( r )  would 

q u i c k l y  approach zero as t h e  l a g  time, T, increased from zero. How- 

ever, t h e  ex is tence of a p e r i o d i c  component i n  x ( t )  would cause 

i RX(r) t o  e x h i b i t  a  p e r s i s t e n t  o s c i l l a t i o n .  
 - 

The power spec t ra l  dens i t y  i s  de f ined as t h e  Four ie r  t rans-  
  . 
 form o f  t h e  autocor re la t ion ,  i .e. 

NOW, t he  au toco r re la t i on  f u n c t i o n  def ined i n  (3-9) may be est imated 

based upon a  f i n i t e  record  o f  x ( t )  o f  length  T. This est imate takes 

the  form 

h 

R x ( d  = ( x ( t )  x ( t + r )  d~  (3-1 1  ) 

0 

where the  o v e r s c r i p t  designates an est imate.  Note t h a t  the  c o r r e l a -  

t i o n  i n t e g r a l  i s  q u i t e  s i m i l a r  i n  form t o  the f a m i l i a r  convo lu t ion  

i n t e g r a l .  I n  fac t ,  i t  can be shown (see [12 1, pp. 66-68) t h a t  t he  

; 

. 
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Four ie r  transform o f  (3-11), i .e., an es t imate  of t h e  p w e r  s p e c t r a l  

dens i ty  funct ion,  i s  g iven by 

where the  * i n d i c a t e s  the  complex conjugate. Equation (3-12) i s  

of ten employed as an a l t e r n a t e  " p r a c t i c a l "  d e f i n i t i o n  o f  t h e  power 

spectrum. Note t h a t  t h e  power' spectrum i s  a  r e a l  valued f u n c t i o n  

and t h a t  i n t e g r a t i o n  over any frequency band y ' ie lds  t h e  mean squared 

value o f  t he  s igna l  i n  t h a t  band. In f ac t ,  f o r  zero mean data t h e  

var iance i s  g iven by 

= Px( f )  df. (3-1 3) Ox 

A d i s c r e t e  approximation t o  (3-12) may now be made by employing 

(3-5),  y i e l d i n g  

Thus, an approximate expression f o r  t h e  es t ima t ion  o f  power spect ra  

has been developed t h a t  may be r e a l i z e d  computa t iona l ly  u t i l i z i n g  a  

d i g i t a l  computer. 

The cross s p e c t r a l  dens i ty  i s  another spec t ra l  f u n c t i o n  t h a t  

y i e l d s  the  phase r e l a t i o n s h i p  between two s igna ls .  I n  t h e  study 

o f  l i n e a r  systems, phase r e l a t i o n s h i p  i s  a  c r i t i c a l  p iece o f  in form-  

a t i o n  t h a t  i s  conspicuously absent i n  t h e  i n d i v i d u a l  p w e r  spect ra  

of the  s igna ls .  I n  a  manner completely analogous t o  t h e  power 



s p e c t r a l  density,  t h e  cross s p e c t r a l  dens i t y  i s  de f ined i n  terms' o f  

t he  cross c o r r e l a t i o n  func t ion .  

The cross c o r r e l a t i o n  f u n c t i o n  i s  de f i ned  by  

An example o f  t he  usefu lness o f  the  cross c o r r e l a t i o n  i s  t h e  iden-  

t i f i c a t i o n  o f  a pure t ime delay i n  a system. I f  x ( t )  represents , 

t h e  i n p u t  t o  a pure t ime de lay  w h i l e  y ( t )  represents the  output, a  

s p i k e  i n  R (T )  would c l e a r l y  i n d i c a t e  c o r r e l a t i o n  a t  t h e  val  ue o f  
XY 

T corresponding t o  t h e  t ime delay. 

The cross s p e c t r a l  dens i t y  i s  de f i ned  as the  F o u r i e r  t rans-  

form o f  the cross c o r r e l a t i o n  func t i on .  A development analagous t o  

t h e  PSD development y i e l d s  an es t imate  t o  t h e  cross spectrum given 

Again, employing (3-5)  y i e l d s  t h e  d i s c r e t e  approximation t o  (3-16) 

n 

P (n )  = b f  X(n) Y*(n) , (3-1 7) 
XY 

an expression t h a t  may be e f f i c i e n t l y  computed on t h e  d i g i t a l  com- 

pu te r .  

Transfer  Funct ion 

The u t i l i t y  o f  t he  spec t ra l  f unc t i ons  i n  t h e  study o f  a l i n e a r  

p l a n t  can now be examined. A l i n e a r ,  t ime i n v a r i a n t ,  s i n g l e  i n p u t -  



s i n g l e  output  system i s  represented i n  Fig. 3-1. 

F igure 3-1 L inear  S ing le  Input  - S ing le  Output 
Sy,stem Block D l  agram 

The system output  spectrum i s  r e l a t e d  t o  the  i n p u t  spectrum 

by the  r e l a t i o n s h i p  

Py ( f )  = J H ( ~ ) ) ~  Px( f )  (3- 18) 

Note f rom equat ion (3-14) t h a t  the  power spectrum conta ins no phase 

in format ion .  Hence, on l y  the  magnitude o f  t he  t r a n s f e r  f u n c t i o n  can 

be charac ter ized by the  i n p u t  and output  spectra. However, examina- 

t i o n  o f  the  cross spectrum reveals the  impor tant  fac t  t h a t  t he  phase 

r e l a t i o n s h i p  between the  i n p u t  and output  has been re ta ined.  I n  

fac t ,  t h e  i n p u t  ou tput  r e l a t i o n s h i p  may be charac ter ized by 

P w ( f )  = H ( f )  P x ( f )  . 
Hence, knowledge o f  the  cross spectrum as w e l l  as the  i n p u t  spectrum c

.;

completely character izes the  system o f  Fig. 3-1 . 

Coherence 

For two s ignals,  x ( t )  and y ( t ) ,  the  o r d i n a r y  coherence func- 

ti on i s  de f ined as 

, 

J 
1* $ 
tp 
,z; 

PC 



where the  value o f  the coherence func t i on  i s  l i m i t e d  by 

The coherence i s  a very  p r a c t i c a l  t o o l  t h a t  can a i d  i n  determin-ing 

t h e  r e l a t i o n s h i p  o f  two s igna ls .  A coherence value o f  one i n d i c a t e s  

complete c o r r e l a t i o n  between two s igna ls  w h i l e  zero coherence i n -  

d i  cates complete independence of t h e  two s igna l  s. For  example, 

cons ider  the  system represented i n  F ig.  3-1. The coherence i s  

g iven by 

The coherence func t ion  has many p r a c t i c a l  app l i ca t i ons .  

For  instance,  i f  two s i g n a l s  a re  knrrwn t o  be completely c o r r e l a t e d  

b u t  t h e i  r measured values are contaminated w i t h  uncor re la ted noise, 

i t  can be shown (see [13], pp. 142-143) t h a t  

where x = u + n and y = v + m, n and m represent ing  t h e  uncor- 

r e l a t e d  noise.  Hence, the  coherence can be viewed as an es t imate  of 

t he  no ise  contaminat ion i n  the  measurements. 

However, cau t ion  must be employed i n  i n t e r p r e t i n g  coherence. 

For  example, consider  the  s i t u a t i o n  shown i n  F ig .  3-2. I f  t h e  o r d i n a r y  

coherence i s  computed f o r  measured values o f  t he  s igna ls  y ( t )  and z ( t ) ,  



Fi'gure 3-2 Independent L inear  P lants  With a Common 
I r ~ p u t  

a very h igh  value may w e l l  r e s u l t  and lead  t o  a conclus ion t h a t  some 

c a ~ ~ s a l  r e l a t i o n s h i p  e x i s t s  between y ( t )  and z ( t )  . Clear ly ,  y ( t )  and 

z ( t )  a re  on ly  i n d i r e c t l y  r e l a t e d  v i a  the  i n p u t  x ( t )  t h a t  l e d  t o  t h e  

h i g h  coherence. Hence, phys ica l  i n s i g h t  rnust n o t  be overlooked as 

an indispensable ana lys is  t o o l .  

Computational Consi d e r a t i  on5 

Sampling 

One o f  t h e  most b a s i c  cons idera t ions  i n  dea l i ng  w i t h  sampled 

data i s  the  sampling ra te .  The cont inuous s i g n a l  must be sarnpled a t  

a r a t e  h igh  enough t o  r e t a i n  a l l  t h e  e s s e n t i a l  i n fo rma t ion  i n  t h e  

s i g n a l .  Consider t h e  s i t u a t i o n  i l l u s t r a t e d  i n  F ig .  3-3. 

Figure 3-3  Two Harmoni ca l  l y  Re1 ated Signal s Sampled 
Every A t  Seconds 
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Clear ly ,  i f  higher frequency components e x i s t  i n  the s ignal ,  

they w i  11 be ind is t ingu ishab le  from lower frequency components. An- 

o ther  way t o  view t h i s  s i t u a t i o n  i s  t o  note t h a t  the e f f e c t  o f  sam- 

p l  i n g  i s  t o  produce a sampled spectrum t h a t  i s  per iod ic  a t  the 

sampling frequency, i .e., 

X(n) = X(n + if,), i = 0, 1. 2 ... (3-24) 

where fS  = 1/At. I f  the reproductions o f  the sampled spectrum are 

no t  spaced s u f f i c i e n t l y  they w i l l  overlap. Hence higher frequency 

in format ion w i l l  be "al iased" back i n t o  the lower frequency region 

o f  the spectrum. This leads t o  the statement o f  the Nyquist sam- 

p l i n g  theorem, i.e., the data must be sampled a t  a r a te  a t  l eas t  

tw ice t h a t  o f  the h ighest  frequency component i n  the s ignal .  

From a p r a c t i c a l  standpoint, then, care must be taken t o  

remove, v i a  f i l t e r i n g ,  a l l  components i n  the  s igna l  greater than 

the Nyquist  f o l d i n g  frequency, def ined as h a l f  the sampling f r e -  

quency, p r i o r  t o  sampling. 

Prewhitening 

The concept o f  "prewhitening" essen t i a l l y  i s  t o  t r e a t  the raw 

data i n  such a way as t o  remove those components t h a t  are r e l a t i v e l y  

s t rong and would thus con t r ibu te  t o  d i s t o r t i o n  o f  the spectrum e s t i -  

mate. The resu l t an t  spectrum estimate, based on the prewhitened data, 

would i d e a l l y  then be "recolored" i n  some fashion t o  account f o r  the 

e f f e c t s  o f  the strong components. From a p r a c t i c a l  standpoint, t h i s  

presents some d i f f i c u l t  problems. However, ce r t a i n  types o f  compon- 

ents are comnon i n  experimental data and may be accounted fo r  w i t h  a 



f a i r  amount o f  ease. 

Experimental  data o f t e n  conta ins very  low frequency components 

For example, if n o t  p r o p e r l y  nu1 led, an e l e c t r i c a l  t ransducer  may 

con ta in  a DC b i a s  i n  i t s  output .  Such components i n  t h e  measured 

s i g n a l  contaminate measurement of t he  t r u e  process and would r e s u l t  

i n  a low frequency peak i n  t he  r e s u l t a n t  spectrum est imate, comple te ly  

obscur ing the  t r u e  low frequency spectrum. Therefore, i t  i s  adv i sab le  

t o  remove such low frequency t rends  i n  t h e  data as a p r e l i m i n a r y  s t e p  

i n  t h e  data processing procedure. For  t h e  purposes of t h i s  s tudy  a 

b i a s  and l i n e a r  t r e n d  were removed from sample data records p r i o r  t o  

spectrum es t imate  computations . 

Leakage 

Leakage i s  t h e  term app l i ed  t o  spreading o f  s p e c t r a l  compon- 

en ts  i n t o  ne ighbor ing  f requencies i n  t h e  spectrum est imate.  T h i s  

phenomena i s  a r e s u l t  of t r u n c a t i o n  of data i n t o  f i n i t e  records.  For  

example, cons ider  t h e  i n f i n i t e  s i g n a l  x ( t )  and i t s  t runca ted  form 

? ( t )  de f ined by 

where 

LO Otherwi se 

w ( t )  i s  r e f e r r e d  t o  as a s p e c t r a l  "window" i n  i t s  general fo rm i n  

equat ion (3-25).  The d e f i n i t i o n  of w ( t )  i n  (3-26) i s  o f t e n  r e f e r r e d  

t o  as the  "boxcar" window. 
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Now, the process defined i n  (3-25) i s  equivalent  t o  con- 

5 vo lv ing  x ( t )  and w( t )  i n  the frequency domain, i .e., 

For the boxcar window 

which y i e l d s  

I I = s i n  ( w f r )  
~ ( f )  w f r  

Fig. 3-4 i l l u s t r a t e s  the  form o f  ' (3-29). 

Figure 3-4 The Boxcar Spectral Window 

Performing the convolut ion ind ica ted  by (3-27) causes leakage due t o  

the r e l a t i v e l y  la rge  s ide lobes o f  W(f) . This leakage e f f e c t  can be 

reduced by app l i ca t ion  o f  a1 ternate  spect ra l  windows. Welch, i n  [14], 

suggests an approximate "hanning" window, def ined i n  (3-30), o r  the 

Parzen windaw, -{; defined i n  i~ (3-31) 

- I t  where 
' T  1 ,  2 0 ~t 5 T  

wh ( t ) -  
Otherwise 



Both o f  these windows e x h i b i t  much sma l l e r  s i d e  lobes than the  box- 

ca r  window. Hence, use o f  e i t h e r  window w i l l  a i d  leakage suppression. 

More complicated windows u t i l i z i n g  t r i g o n o m e t r i c  funct ions have been 

suggested, b u t  t he  ease o f  computation make (3-30) and (3-31) a t t r a c -  

t i v e .  

Leakage may n o t  be a  ser ious  problem i f  the  spectrum i s  r e l a -  

t i v e l y  s low ly  changing. However, i f  t h e  .spectrum conta ins a  s t r o n g  

peak, leakage may s e r i o u s l y  obscure i n fo rma t ion  i n  t h e  v i c i n i t y  o f  

t h e  peak. 

F i n a l l y ,  us ing  (3-5) and (3-14) and app ly ing  an a p p r o p r i a t e  

window y i e l d s  the  f o l  low ing formula f o r  a  power spectrum est imate:  

where 

i s  necessary t o  compensate f o r  t h e  a t t e n u a t i o n  o f  t h e  s i g n a l  due 

t o  a p p l i c a t i o n  o f  the  window. 

S t a t i s t i  ca l  Considerat ions 

The formula of  (3-14) represents an es t imate  o f  t h e  power 

spectrum based on a  s i n g l e  f i n i t e  reco rd  o f  data. Now, e r r o r  i s  



i n t roduced  by the  t r u n c a t i o n  o f  data ( i  .e., leakage) as p rev ious l y  

discussed. However, ser ious  cons idera t ion  must a l s o  be g iven t o  t h e  

s t a t i s t i c a l  v a r i a b i  1 i t y  o f  the  est imate. Several techniques have 

been suggested f o r  reducing t h i s  s t a t i s t i c a l  v a r i a b i l i t y  (see 

[13, 14, 151. I n  [14] Welch suggests computing i n d i v i d u a l  e s t i -  

mates using poss ib l y  over lapping data records and averaging t h e  

r e s u l t s  p o i n t  by p o i n t .  This y i e l d s  the  formula 

h 

3 where P (n) i s  con~puted using (3-32) and represents t h e  spectrum x i  

=, est imate 'based on t h e  ith data record. 

Welch der ives an u n c e r t a i n t y  r e l a t i o n s h i p  t h a t  r e l a t e s  the  

var iance o f  t he  est imate t o  t h e  expected value under the  assumption 

t h a t  t he  process i s  Geussian. For non-overlapping data records t h i s  

@ u n c e r t a i n t y  re1  a t i  ons h i  p may be expressed as 

PC 

r& + .  where K represents t h e  number o f  i ndi  v i  dual est imates averaged. 

: 
iC 
,' Richards, i n  [R l ] ,  der ives an equ iva len t  expression t h a t  may be 

w r i t t e n  as 

+. of t h e  spectrum o f  the  s igna l .  Note t h a t  t h i s  r e l a t i o n s h i p  assumes 



a Galjssian d i s t r i b u t i o n  o f  the  data. However, i t has been suggested 

as a use fu1 , ru le  o f  thumb i n  general.  For example, if 25 i n d i v i d u a l  

est imates are averaged t h e  r e s u l t i n g  spectrum est imate i s  w i t h i n  20% 

o f  the  t r u e  value a t  a 67% confidence l e v e l .  This ru le,  a long w i t h  

the  f a c t  t h a t  the  frequency r e s o l u t i o n  i s  d i c t a t e d  by the  reco rd  

length, i .e., Af  = 1/T, reveals the  t r a d e o f f  between s t a b i  l i t y  and 

r e s o l u t i o n  f o r  a f i x e d  amount o f  data. 

Concl usions 

The expressions t h a t  have been developed i n  t h i s  chapter  

have been incorporated i n t o  a general purpose data processing com- 

p u t e r  program. The d e t a i l s  o f  t h i s  program, i n c l u d i n g  i n p u t  and 

output  formats, are presented i n  [5]. This program was used 

t o  generate the experimental r e s u l t s  t h a t  a re  presented i n  t h i s  

report ,  such as RMS values, PSD's, cross spec t ra l  densi t ies,  coher- 

ence and t r a n s f e r  func t ions  . 
The nex t  chapter describes the f i e l d  t e s t s  and presents t h e  

experaimental r e s u l t s .  These r e s u l t s  i n c l  ude t r a c k  i n p u t  spect ra  and 

corresponding veh ic le  response spectra as w e l l  as t r u c k  s l~spension 

response. The t r a c k  i n p u t  spectra are used as i n p u t  t o  t h e  l i n e a r  

model i n  Chapter 5 f o r  purposes o f  model v a l i d a t i o n .  



Chapter 4 

EXPERIMENTAL RESULTS 

I n t r o d u c t i o n  

Th is  chapter documents experimental r e s u l t s  o f  t r a c k  geo- 

metry and f r e i g h t  c a r  v e r t i c a l  response measurements. The data 

reduc t ion  process i s  b r i e f l y  described, f o l  lowed by p resen ta t i on  

and d iscuss ion o f  t he  r e s u l t s  o f  the  t r a c k  geometry measurements'. 

Representat ive t e s t  veh ic le  v e r t i c a l  response r e s u l t s  are pre- 

sented i n  t h e  f i n a l  sec t ion .  Add i t i ona l  r e s u l t s  a re  presented 

i n  t h e  nex t  chapter  where corresponding a n a l y t i c a l  r e s u l t s  a re  

generated using t h e  l i n e a r  model f o r  purposes o f  comparison and 

model v a l i d a t i o n .  

The f i e l d  t e s t s  t h a t  provided t h e  experimental data 

examined i n  t h i s  r e p o r t  were conducted under t h e  auspices o f  t h e  

U. S. Department o f  Transpor ta t ion .  Th is  t e s t  program, a  j o i n t  

government i n d u s t r y  p r o j e c t  c a l l e d  t h e  F r e i g h t  Car Truck Design 

Opt imiza t ion  P r o j e c t  (TDOP) , was conducted by the  Southern 

P a c i f i c  Transpor ta t ion  Co.. Th is  s e t  o f  f i e l d  t e s t s  a c t u a l l y  

con~prises t h e  f i r s t  phase o f  a  p r o j e c t e d  f o u r  phase program. 

The t e s t  v e h i c l e  was a  Southern P a c i f i c  r e f r i g e r a t o r  c a r  

equipped w i t h  ASF 70-ton t rucks .  As suggested by the  p r o j e c t  t i t l e ,  

t h e  t r u c k  dynamics were o f  prime i n t e r e s t  and the re fo re  t h e  t r u c k s  

were f i t t e d  w i t h  t h e  b u l k  o f  the ins t rumenta t ion .  Th is  i ns t rumen ta t i on  



cons is ted p r i m a r i l y  o f  1 i n e a r  accelerometers and displacement t r a n s -  

ducers f o r  the  purpose o f  moni to r ing  l a t e r a l  and v e r t i c a l  accelera-  

t i o n  and r e l a t i v e  displacements o f  var ious t r u c k  components. How- 

ever, t h e  car  body was a l s o  f i t t e d  w i t h  accelerometers a t  e i t h e r  

end i n  order  t o  moni to r  l a t e r a l  and v e r t i c a l  c a r  body acce le ra t i ons .  

I n  o rde r  t o  ob ta in  data rep resen ta t i ve  o f  veh ic le  response across 

a broad range of opera t ing  con.dit ions several  d i f f e r e n t  t e s t  con f ig -  

u r a t i o n s  were employed. These d i f f e r e n t  con f igu ra t i ons  i n v o l v e d '  the 

use o f  worn as we1 1 as new t r u c k  components, empty as we1 1 as f u l l y  
, =. 

loaded vehicles, and d i f f e r e n t  types o f  t r a c k .  A more d e t a i l e d  des- :pt: 
4 
2 

c r i p t i o n  o f  t he  TDOP program and associated f i e l d  t e s t s  i s  conta ined '-4 
3 4 

i n  C31. ii 
4 

The data from t h i s  t e s t  program, a long w i t h  d e t a i l e d  docu- 
6 

mentation, has been made a v a i l a b l e  t o  t h e  p u b l i c  through t h e  Na t iona l  i 

Technical In format ion  Serv ice.  Selected po r t i ons  o f  t h i s  data, i n  

the  form of d i g i t i z e d  magnetic tapes, were obta ined through NTIS. 

Th is  se lec ted data represents t r a c k  geometry measurements f o r  t h e  

var ious  sect ions o f  t e s t  t r a c k  as we1 1 as t h e  v e h i c l e  response 

measurements f o r  a s i n g l e  nominal t r u c k  c o n f i g u r a t i o n  under empty 

and f u l l y  loaded cond i t ions .  

Data Processing and Reduction 

The raw experimental data examined i n  t h i s  r e p o r t  was i n i t i a l l y  

rece ived i n  t h e  form of "s t ranger"  magnetic tapes. The term "s t rangern  

i m p l i e s  t h a t  the  tape formats a re  f o r e i g n  t o  the U N I V A C  1110 computer 



system a t  Arizona State University where a1 1 programm-ing and data 

processi ng tasks were performed. Therefore, trans 1 a t i  on programs 

were written to read these tapes, reformat the data for UNIVAC 

compati.bility, and store the data in UNIVAC disc f i l es .  Utiliz- 

ing these translation programs, selected channels of track geo- 

metry and vehicle response measurements were read from tape, con- 

verted to engineering units, and stored in separate disc data 

f i l e s  for fas t  access. In many cases these data f i l e s  had to be 

combined t o  obtain the desired 'variable. . For example, the 

vertical acceleration of the car body front and rear were lin- 

early combined t o  yield the acceleration of the car body center 

of gravity. 

The data reduction task was accomplished through the use 

of the general purpose data reduction program described in 

[5].  All of the experimental results presented in th is  chapter 

and the next were generated through the use of this  program. 

Track Geometry 

In order to analytically compute the response of a system, 

no t  only must a transfer function be corr~puted b u t  the input to the 

system must be adequately described. The track irregularity con- 

s t i tu tes  the input to  the system under consideration. This input 

may' be modeled by a mathemati cal expression or computed from actual 

measurements. I n  the next chapter the expression in equation (3-18) 

i s  used t o  compute the PSD of the model response based upon the PSD 



of the  i npu t .  I n  order  t o  m in i~ i l i ze  the  e r r o r  associated w i t h  t h e  

a n a l y t i c a l  response, i t i s  h i g h l y  des i rab le  t o  compute t h e  i n p u t  

spectrum based on measurements o f  t he  s p e c i f i c  p o r t i o n  o f  t e s t  

t r a c k  over which the  veh ic le  response i s  measured. For t h i s  reason, 

the  t r a c k  geometry data i s  very important .  

The veh ic le  response examined i n  t h i s  r e p o r t  represents  the  

response over two s p e c i f i c  po r t i ons  o f  tangent  t e s t  t rack :  one sec- 

t i o n  o f  cont inuous welded r a i l  (CWR) and one sec t i on  o f  j o i n t e d  r a i  1 

The CWR sec t i on  i s  a  p a r t  o f  the  ,S.P. Oakland-Ogden eastbound main- 

l i n e  (mi leposts  42.5 t o  47.3) and t h e  j o i n t e d  r a i l  i s  a  s e c t i o n  o f  

t he  S.P. S h e l l e v i l l e  branch l i n e  (mi leposts  50.2 t o  55.0). A U.S. 

Department o f  Transpor ta t ion  (DOT) t r a c k  geometry measurement ve- 

h i c l e  was used t o  measure t r a c k  geometry parameters i n c l u d i n g  

alignment, c ross leve l ,  and sur face i r r e g u l a r i t i e s .  

The t r a c k  geometry measurement o f  i n t e r e s t  i n  ana lyz ing  

the  v e r t i c a l  v e h i c l e  response i s  the  v e r t i c a l  i r r e g u l a r i t y  o f  t h e  

t r a c k  cen te r l i ne ,  taken t o  be the  mean o f  t h e  r i g h t  and l e f t  sur -  

face dev ia t i ons  . An i d e a l  measurement system would, w i t h o u t  e r ro r ,  

measure these dev ia t i ons  r e l a t i v e  t o  an a r b i t r a r y  reference charac- 

t e r i z e d  by a  "very  long" wavelength. By "very  long" i t  i s  meant 

t h a t  t h e  re ference deviates from a s t r a i g h t  l i n e  so s low ly  that ,  

i f  the  t r a c k  corresponded pe r fec t l y ,  t he  v e r t i c a l  dynamics o f  t h e  

veh ic le  would i n  no way be exc i ted .  However, from a p r a c t i c a l  

s tandpoint ,  such a  system i s  n o t  e a s i l y  o r  economical ly r e a l i z e d .  



A conlmon a l t e r n a t i v e  i s  t o  employ a I1chordal o f f s e t "  tech- 

n ique where t h e  d e v i a t i o n  o f  t h e  r a i l  i s  measured r e l a t i v e  t o  t h e  

m idpo in t  o f  a chord t r a v e l i n g  a long the  r a i l .  This  i s  t h e  tech- 

n ique employed i n  t h e  DOT t r a c k  geometry veh ic le .  I n  o rder  t o  

o b t a i n  a more r e a l  i s t i c  measurement o f -  t he  " t r u e "  sur face i r r e g u -  

l a r i t i e s ,  t he  r e s u l t s  must be compensated t o  account f o r  the  

e f f e c t s  o f  t h i s  midchord o f f s e t  measurement system. I n  Appendix 

A i t  i s  shown t h a t  t h e  midchord o f f s e t  measurement system can be 

cha rac te r i zed  by the  f o l l o w i n g  "chordal t r a n s f e r  f unc t i on " :  

ITL H(h) = 1 - cos (k (4-1 

or ,  e q u i v a l e n t l y ,  i n  terms o f  s p a t i a l  frequency, 

~ ( f )  = 1 - cos ( r L f )  (4-2) 

where L i s  t h e  l e n g t h  o f  t he  chord. This  t r a n s f e r  f u n c t i o n  i s  

e f i ned  as t h e  r a t i o  o f  t he  midchord d e v i a t i o n  t o  the  " t r u e "  devia- 

t i o n .  Note t h e  f a c t  t h a t ,  when t h e  chordal measurement system i s  

used, i n f o r m a t i o n  i s  l o s t  a t  t he  fundamental frequency corresponding 

t o  a wavelength o f  h a l f ,  t h e  chord l e n g t h  and a t  a l l  t h e  harmonics, 

=r, 2n H ( f )  = 0 a t  f n = 0, 1, 2 ... (4-3) 

The DOT t r a c k  measurement veh i c le  used i n  t h e  TDOP t e s t  

samples a t  a constant  i n t e r v a l  o f  approximate ly  2.42 f e e t  and uses 

a 14.5 f o o t  chord f o r  sur face measurements. The sur face spec t ra  

based on t h i s  data may be co~npensated by employing t h e  r e l a t i o n s h i p  



./-. 

where P(f)  i s  the  spectrum based on the chordal measurement data. 

Note t h a t .  the  compensated spectrum w i  11 e x h i b i t  peaks i n  t h e  areas 

where i n fo rmat ion  was l o s t  by us ing the  chordal  system. Note t h e  

range 1 i m i t a t i o n s  o f  t h e  r e s u l t a n t .  spectrum. 'Long wavelengths a r e  

the  range o f  t h e  compensated spectrum i s  r e s t r ' i c t e d  t o  f requenc ies  

about 100 f e e t .  F i n a l l y ,  note t h a t  no i n fo rmat ion  e x i s t s  near t h e  

frequency corresponding t o  a 7.25 f o o t  wavelength ( h a l f  t he  chord 

1 ength) . 
The experimental t r a c k  spectrum repor ted  here cons is t s  o f  

the  o r i g i n a l  uncompensated spectra as w e l l  as t h e  spectra compensated 

v i a  the  r e l a t i o n s h i p s  o f  (4-2) and (4-4) .  The o r i g i n a l  and compen- 

sated PSD's o f  the  l e f t  sur face i r r e g l ~ l a r i  t i e s  are  d isp layed i n  F ig .  

4-1 through Fig.  4-4 f o r  the  CWR and j o i n t e d  r a i  1 t e s t  sec t ions .  Para 

l l e l  r e s u l t s  are shown i n  Fig.  4-5 through Fig. 4-8 f o r  t h e  t r a c k  cen- 

t e r l i n e ,  computed as the  mean o f  the  r i g h t  and l e f t  sur face measure- 

ments. The c e n t e r l i n e  spectra are compensated e x a c t l y  as t h e  l e f t  

sur face spectra based on the  assumption t h a t  t h e  l e f t  and r i g h t  

chords are  o f  equal l e n g t h  and t h a t  a chord passing through the  

midchord po in ts  i s  perpendicular  t o  the t r a c k  c e n t e r l i n e .  The two 

compensated c e n t e r l i n e  spectra c o n s t i t u t e  the  i n p u t  t o  the  l i n e a r  



model o f  the  f r e i g h t  c a r  which i s  the  t o p i c  o f  t h e  next  chapter.  

The r i g h t  sur face spect ra  are no t  shown because, as expected, they 

are  q u i t e  s i m i l a r  t o  t h e  corresponding l e f t  surface spectra. 

A l l  t he  compensated spectra shown i n  these f i g u r e s  appear 

t o  e x h i b i t  a  simple exponent ia l  r e l a t i o n s h i p  t o  wavelength i n  the  

range o f  about 10 t o  100 f e e t  ( f  = 0.01 t o  0.1). This general 

c h a r a c t e r i s t i c  has been repor ted  many t imes and appears t o  h o l d  

c o n s i s t e n t l y  f o r  t r a c k  o f  w ide ly  vary ing typ6 and cond i t i on .  The 

r e s u l t s  repor ted  here f a l l  q u i t e  agreeably w i t h i n  both  t h e  ranges 

of PSD's repor ted  i n  references [6 1 and L161. Both o f  these re -  

ferences r e p o r t  a range o f  v e r t i c a l  spectra f o r  several  d i f f e r e n t  

sarr~ples o f  t r a c k  and 1 i m i  t t h e i r  r e s u l t s  t o  wavelengths between 

approximately 10 and 100 f e e t .  

A s a l i e n t  f e a t u r e  o f  the  t r a c k  spectra repor ted  here i s  the  

ex is tence o f  pronounced peaks, p a r t i c u l a r l y  i n  t h e  j o i n t e d  r a i  1 

spectra. The peaks correspond t o  the  fundamental frequency cor res-  

ponding t o  t h e  standard 39 f o o t  r a i l  and a l l  o f  i t s  harmonics. Th is  

phenomena, considered i n  some depth i n  reference [17], i s  a r e s u l t  

of t h e  f a c t  t h a t  as r a i l  becomes "se rv i ce  bent"  i t  tends t o  assuliie 

low p o i n t s  a t  t he  j o i n t s .  Th is  i s  p r i m a r i l y  c h a r a c t e r i s t i c  of 

j o i n t e d  r a i l  b u t  a l s o  appears i n  cont inuous welded r a i l .  Th i s  

p e r i o d i c  c h a r a c t e r i s t i c  o f  t h e  t r a c k  has o f ten  been modeled as a 

r e c t i f i e d  s i n e  wave f o r  a n a l y t i c a l  purposes. A c u ~ i o u s  p o i n t  i s  t h e  

appearance o f  s ide  lobes on the  peaks i n  t h e  j o i n t e d  r a i l  l e f t  surface 
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spectrum. These peaks may be the  r e s u l t  o f  some " b a l l a s t  memory" 

as descr ibed i n  reference [I 71. B a l l a s t  memory r e f e r s  t o  pe r iod -  

i c i t i e s  i n  the roadbed b a l l a s t  t h a t  a re  even tua l l y  r e f l e c t e d  i n  

the  t r a c k  i r r e g u l a r i t i e s .  A f i n a l  p o i n t  worth n o t i n g  i s  t h a t  t h e  

peaks i n  the  c e n t e r l i n e  spectra are  s i g n i f i c a n t l y  l e s s  pronounced 

than i n  t he  corresponding l e f t  surface. Th i s  i s  due t o  t h e  f a c t  

t h a t  i n  the U.S. t h e  r a i l  i s  l a i d  i n  an o f f s e t  f ash ion  such t h a t  a 

j o i n t  i n  the  l e f t  r a i l  corresponds t o  the  midpo in t  o f  t h e  r i g h t  

r a i  1 . This tends t o  cancel t he  p e r i o d i c  v e r t i c a l  i r r e g u l a r i  t y  

r e f l e c t e d  a t  the  c e n t e r l i n e .  

Table 4-1 conta ins  a summary o f  t he  RMS dev ia t i ons  f o r  t h e  

f o u r  separate measurements. The values i n  t h i s  t a b l e  represent  

the  p o s i t i v e  square r o o t  o f  t he  i n t e g r a l  o f  t h e  corresponding un- 

compensated PSD's over  the  e n t i r e  frequency range shown i n  t h e  

f i g u r e s .  Note t h a t  these values are  based on the o r i g i n a l  chordal  

Table 4-1. RMS Values o f  Four Track Surface Measurements 

MEASUREMENT RMS VALUE ( I N . )  

L e f t  Surface, CWR .043 

Center1 i ne, CWR -039 

L e f t  Surface, Jo in ted  .099 

Center1 ine ,  Jo in ted  .0833 



Figure 4-1 Uncompensated PSD of the L e f t  Surface Measurement, CWR 



Figure 4-2 Compensated PSD o f  the L e f t  Surface Measurement, CWR . . 
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Frequency ( c y c l e s  / f t )  

F igu re  4-3 Uncompensated PSD o f  t h e  L e f t  Surface Measurement, Jo in ted  Rail 



Frequency (cycles / ft) 

I Figure 4-4 Compensated PSD o f  the L e f t  surface Measurement, Jointed Rai l  



Frequency (cycles / f t )  

Figure 4-5 Uncompensated PSD o f  the Track Center1 ine, CWR 



Figure 4-6 Compensated PSD o f  the  Track Center1 ine ,  CWR 
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Frequency (cycles / f t )  

Figure 4-7 Uncompensated PSD of the Track Centerline, Jointed Rail 



Freque~cy (cycles / ft) 

Fiaure 4-8 Corn~ensated PSD of the Track Centerline, Jointed Rail 



me~asurement data. Th is  i s  because o f  the  u n c e r t a i n t i e s  associated 

w i t h  t h e  compensated spectra. Spec i f i ca l l y ,  t h e  compensated spect ra  

e x h i b i t  huge peaks a t  frequencies of 0.0 and 0.138 c y c l e s / f o o t  which 

con ta in  no usefu l  i n fo rma t ion .  Any use fu l  i n fo rma t ion  t o  be gained 

by i n t e g r a t i o n  of t h e  compensated spectra would be completely 

obscured by i n t e g r a t i o n  of these spur ious peaks. The o r i g i n a l  

chordal  information, on the  o the r  hand, y i e l d s  a  p e r f e c t l y  v a l i d  

r e l a t i v e  measurement o f  RMS dev ia t i on .  From ' t h i s  viewpoint, then, 

Table 4-1 revea ls  t h a t  t h e  RMS dev ia t i ons  o f  t h e  j o i n t e d  r a i l  a re  

rough ly  t w i c e  t h a t  o f  t he  continuous welded r a i l .  

Veh ic le  Response 

The veh ic le  used i n  t h i s  phase o f  t h e  TDOP t e s t s  i s  a  stan- 

dard 70 t o n  capac i ty  mechanical r e f r i g e r a t i o n  car  equipped w i t h  ASF 

A-3 Ride Con t ro l  t rucks .  This veh ic le  has been descr ibed b r i e f l y  

i n  Chapter 2. 

In t h i s  r e p o r t  t h e  response o f  t h e  t e s t  v e h i c l e  i s  examined 

f o r  four  d i f f e r e n t  veh ic le / t rack  con f igu ra t i ons .  These f o u r  con f ig -  

u r a t i o n s  a re  def ined i n  Table 4-2. 

Table 4-2. Vehicle/Track Test  Conf igura t ions  and Codes 

, CODE CONFIGURATION 

A Empty Car @ 58 f t /sec over  CWR 

B Empty Car O 100 f t / s e c  over  CWR 
- 

C Loaded Car @ 64 f t / s e c  over  J o i n t e d  R a i l  

D Loaded Car @ 100 f t / s e c  over  CWR 
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The response of the  v e h i c l e  i s  examined i n  t,erms of two response 

var iab les :  the v e r t i c a l  acce le ra t i on  o f  t h e  c a r  body center -o f -  

g r a v i t y  (c.g.) and the  v e r t i c a l  acce le ra t i on  of the  c a r  body a t  a  

p o i n t  centered over the  f r o n t  b o l s t e r .  For conf igura t ions  B and 

D two a d d i t i o n a l  response va r iab les  are  monitored:: t h e  v e r t i c a l  

acce le ra t i ons  o f  t h e  ca r  body a t  a  p o i n t  centered over t h e  r e a r  

b o l s t e r  and t h e  midpo in t  between t h e  r e a r  t r u c k  sideframes. These 

l a t t e r  va r iab les  are examined i n  order  t o  i so ' l a te  t h e  t r u c k  sus- 

pension ( b o l s t e r - s i  deframe) dynamics . A1 1  response va r iab les  a r e  

presented i n  terms o f  t he  corresponding power s p e c t r a l  d e n s i t y  

est imates computed from t h e  experimental data. The r e s u l t s  f o r  

c o n f i g u r a t i o n  A a re  presented i n  t h i s  chapter .  The r e s u l t s  f o r  t h e  

o the r  con f igu ra t i ons  are  presented i n  t h e  n e x t  chapter  where they  

a re  compared t o  the  corresponding r e s u l t s  p r e d i c t e d  by the  l i n e a r  

model . 
The spect ra  f o r  t he  acce lera t ions  of t he  c a r  body c.g. and 

f r o n t  end f o r  c o n f i g u r a t i o n  A are  shown i n  F i g .  4-9 and F ig .  4-10 

respec t i ve l y .  I n  a l l  cases, t h e  analog t ransducer s igna ls  were 

f i l t e r e d  a t  20 Hz and sampled a t  a r a t e  of 200 Hz. This 20 Hz 

f i l t e r i n g  i s  r e a d i l y  ev iden t  *in a1 1  the  computed spectra o f  v e h i c l e  

response . 
A d i s t i n c t  f e a t u r e  of F ig .  4-9, t he  PSD of t he  c a r  body c.g., 

i s  t h e  l a r g e  number of de f i ned  "dropouts".  These dropouts, as 

discussed i n  Appendix B, a re  due t o  t h e  f i l t e r i n g  e f fec ts  o f  t he  
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t rucks and the car  body i t s e l f .  The vehic le speed, combined w i t h  

the  wheelbase o f  the t rucks and the distance between the f r o n t  and 

rea r  t ruck  centers, def ines two fundamental frequencies given by 

where V i s  speed and i s  the prescr ibed distance. Any t r ack  

i npu t  a t  e i t h e r  o f  these two fundamental frequencies o r  a t  any o f  

the  odd harmonics w i l l  be f i l t e r e d  ou t  a t  the ca r  body c.g. and on ly  

e x c i t e  p i t ch i ng  o f  the t rucks o r  car  body. For t h i s  p a r t i c u l a r  t e s t  

con f igu ra t ion  the speed i s  58 f t /sec,  the t r u c k  wheelbase i s  5.66 

feet ,  and the b o l s t e r  separat ion f r o n t  t o  r ea r  i s  45.72 feet.  These 

parameters def ine fundamental frequencies o f  5.12 Hz and 0.63 Hz. 

Since the c a r  body c.g. i s  l o c a t e d  near the geometric center, drop- 

outs are c l e a r l y  ev ident  i n  the spectra a t  these fundamental f r e -  

quencies and a t  a l l  t he  odd harmonics. 

The PSD o f  the acce lera t ion o f  the  f r o n t  end i s  d isplayed 

i n  F ig .  4-10. As expected, the f i l t e r i n g  e f f e c t  o f  the t rucks i s  

d i s t i n c t l y  ev ident  a t  5.1 Hz and 15.3 Hz. Note a lso  the number o f  

l ess  pronounced dropouts a t  the odd harmonics o f  the fundaniental f r e -  

quency associated w i t h  the car body. This niay be explained i n  terms o f  

the separate cont r ibut ions o f  ca r  body p i t c h  and bounce t o  the 

motion 'o f  the f r o n t  end. Examination o f  F ig .  2-6 through Fig.  2-8 

may be he lp fu l  i n  v i s u a l i z i n g  the nature  o f  t h i s  combination. A t  

the  ca r  body fundamental frequency and the  odd harmonics no con t r i -  

bu t i on  t o  the v e r t i c a l  motion o f  the f r on t  end i s  made by bounce o f  

. ... . 



Frequency (Hz) 

F igure 4-9 Car Body C.G. Accelerat ion PSD (Test  Conf igurat ion A )  
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Figure 4-10 Car Body Front End Accelerat ion PSD (Tes t  Configurat ion A) 



t he  c a r  body. Hence, dropouts o f  somewhat l e s s e r  magnitude would 

be expected and are apparent  i n  F ig .  4-10. 

The response o f  t h e  v e h i c l e  f o r  a l l  con f i gu ra t i ons  i s  sum- 

marized i n  Table 4-3 i n  terms o f  RMS values of acce le ra t i on .  These 

RMS values were computed by i n t e g r a t i n g  t h e  corresponding PSD's ove r  

t h e  i n d i c a t e d  frequency ranges, Note t h a t  t he  car  body f r o n t  end 

c o n s i s t e n t l y  experiences h ighe r  l e v e l s  o f  a c c e l e r a t i o n  than t h e  c,.g.. 

This  i s  t o  be expected s ince  t h e  c.g. o f  t h e  c a r  sees no c o n t r i b u -  

t i o n  from p i t c h  motion. Also, no te  t h a t  t he  empty v e h i c l e  e x h i b i t s  

h ighe r  a c c e l e r a t i o n  l e v e l s  than,  t he  f u l l y  loaded veh i c le .  Th i s  may 

be expected because t h e  f u l l y  loaded v e h i c l e  induces more a c t i o n  i n  

t he  t r u c k  suspension. Thus, t h e  suspension more e f f e c t i v e l y  f i  1 t e r s  

t he  t r a c k  i n p u t .  I n  o t h e r  words, t h e  l a r g e r  mass o f  t he  system 

r e s u l t s  i n  a lower  n a t u r a l  f requency and a cor respond ing ly  f a s t e r  r o l l  

o f f  i n  response. 

Concl u s i  on 

This chapter  descr ibes  t h e  f i e l d  t e s t s  t h a t  p rov ided da ta  f o r  

t h i s  research and l a y s  t h e  groundwork, i n  terms o f  exper imenta l  r e -  

s u l t s ,  f o r  t h e  n e x t  chapter .  The t r a c k  i n p u t  spectra,  computed f rom 

measurements o f  t h e  t e s t  t r ack ,  a re  developed and discussed i n  d e t a i l ,  

The random t r a c k  i r r e g u l a r i t i e s  y i e l d  spec t ra  t h a t  e x h i b i t  a  s imp le  

exponent ia l  re1  a t i o n s h i  p  t o  frequency. P e r i o d i c  t r a c k  i r r e g u l a r i t i e s  

a re  evidenced by d i s t i n c t  peaks i n  the  t r a c k  spec t ra .  Representa t i ve  



v e h i c l e  response spec t ra  are  a l s o  presented and discussed. The f i l -  

t e r i n g  ef fects o f  p i t c h i n g  o f  the  ca r  body and t rucks  i s  c l e a r l y  e v i  - 
den t  i n  t he  a c c e l e r a t i o n  spec t ra  shown. The t r a c k  - input and v e h i c l e  

response data i s  sumnarized f o r  a1 1 t r a c k l v e h i c l  e  c o n f i g u r a t i o n s  i n  

'terms o f  RMS values. 

Add i t i ona l  experimental  . r e s u l t s  a r e  presented i n  t he  n e x t  

two chapters. Car body and t r u c k  acce le ra t i on  spectra f o r  di f fer:  

e n t  t e s t  c o n f i g u r a t i o n s  a re  presented i n  t h e  n e x t  chapter  i n  con- 

j u n c t i o n  w i t h  r e s u l t s  p red i c ted  by the  1  i n e a r  model. 



Table 4-3. RMS Values o f  Car Body ~ c c e l e r a t i o n s  
( g  ' s )  f o r  A 1  1 Con f igu ra t i ons  

CON F I  Gl l  RAT1 ON FREQUENCY '" I FRONT 
RANGE (Hz) END 



Chapter 5 

LINEAR MODEL VALIDATION 

I n t r o d u c t i o n  

I n  t h i s  chapter, t h e  response o f  t h e  l i n e a r  model o f  chapter 

2 t o  the  t r a c k  i n p u t  spect ra  o f  Chapter 4 i s  presented. These r e -  

su l ts ,  i n  the  form o f  acce le ra t i on  PSD1s,are compared t o  correspond- 

i n g  r e s u l t s  computed f rom experimental data i n  order  t o  eva luate  the  

model. 

The comparison o f  a n a l y t i c a l  and experimental r e s u l t s  i s  

done i n  several  ways. Experimental and a n a l y t i c a l  spect ra  and RMS 

l e v e l s  f o r  the  c a r  body acce le ra t i on  are  compared. I n  add i t i on ,  the  

t r u c k  suspensi on performance i s  examined. The,coherence and t r a n s f e r  

funct ions o f  Chapter 3 a r e  used t o  compute a t r u c k  suspension t rans -  

f e r  f u n c t i o n  based on experimental data f o r  both t h e  empty and f u l l y  

loaded veh ic le .  The r e s u l t s  a re  cornpared w i t h  those p red ic ted  by 

t h e  1 i n e a r  model. F i n a l l y ,  some a d d i t i o n a l  experimental r e s u l t s  

r e l a t i n g  t o  veh ic le  response a re  presented. These a r e  n o t  d i r e c t l y  
. 

r e l a t e d  t o  the  l i n e a r  model v a l i d a t i o n  problem, b u t  a r e  i nc luded  t o  

demonstrate some a d d i t i o n a l  aspects o f  the  u t i l i t y  of s p e c t r a l  tech- 
. 

n iques.  
 

Veh i c 1 e Parameters 

The base l ine  parameters f o r  the  l i n e a r  model o f  t he  S.P. 

r e f r i g e r a t o r  c a r  a re  l i s t e d  i n  Table 5-1. The nlass p r o p e r t i e s  of 
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t he  veh ic le  were est imated from data provided w i t h  the TDOP data  

tapes and from t e s t  v e h i c l e  desc r ip t i ons  i n  [3]. The mass and 

suspension s t i f f n e s s  p roper t i es  o f  the 70-ton t rucks  were provided 

by the  Harmonic Ro l l  Ser ies  Volume 2 [8]. This reference presents 

t h e  r e s u l t s  o f  extensive l abo ra to ry  t e s t i n g  o f  t he  type of 

t r u c k  used on the  S.P. experimental t e s t  veh ic le .  The mass pro- 

p e r t i e s  and sp r ing  constants come d i r e c t l y  f rom t h i s  document. 

The t r u c k  suspension damping i s  based on the  computation 

o f  t he  expression i n  (2-4) . The fo rce  l e v e l  ' i n  the  t r u c k  suspen- 

s i o n  due t o  the  f r i c t i o n  snubbers was obta ined f rom l a b o r a t o r y  

measurements a t  var ious  l e v e l s  of s inuso ida l  e x c i t a t i o n  [8]. The 

r e s l ~ l  t s  i n d i c a t e  a c o n s i s t e n t  l e v e l  o f  3120 1 b. f o rce  per  sideframe 

due t o  d r y  f r i c t i o n .  The S.P. t e s t  veh ic le  was equipped w i t h  

d i  s p l  acement transducers a t  each sideframe t o  moni t o r  the re1 a t i  ve 

displacement through the  suspension. Examination o f  t h i s  data fo r  

a l l  four  t e s t  con f igu ra t i ons  revealed excurs ions r a r e l y  l a r g e r  than 

0.1 inches. When these values o f  f r i c t i o n  f o r c e  l e v e l  and d isp lace-  

ment combined w i t h  a frequency est imate o f  2.5 Hz were used i n  

equat ion  (2-4),  a damping val  ue o f  60,700 'I b - s e c / f t  per  t r u c k  was 

obta ined.  

The val  ues o f  t r a c k  s t r u c t u r e  sp r ing  r a t e  and.-damping are  

those used by Ahlbeck e t .  a l .  i n  reference [6]. 

Model Response Computations 

The 1 i n e a r  model response i s  computed. i n  terms o f  the  power 





spect ra  o f  the acce le ra t i on  o f  t h e  car  body cen te r -o f -g rav i t y  and 

t h e  f r o n t  end of the ca r  d i r e c t l y  above the  b o l s t e r  centerp la te .  

Th is  response i s  computed f o r  th ree t r a c k l v e h i c l e  conf igurat ions:  

thi (1 )  empty veh ic le  t r a v e l i n g  a t  100 f t l s e c  over cont inuous 

welded r a i  1 (CWR), the  (2) f u l l y  loaded veh ic le  t r a v e l i n g  a t  t h e  

same speed over the same t e s t  t rack,  and t h e  (3)  f u l l y  loaded 

v e h i c l e  t r a v e l i n g  a t  64 f t l s e c  over j o i n t e d  r a i l .  I n  a l l  cases, 

t h e  corresponding spect ra  reduced from experi'mental data a re  pre- 

sented f o r  pu'rpose's of comparison. 

The response o f  t he  model i s  computed us ing  t h e  r e l a t i o n -  

s h i p  

Po(f) = p ( f ) 1 2  PI(f) (5-1 

where PI(f) i s  the  v e r t i c a l  t r a c k  i n p u t  spectrum. This i n p u t  

spectrum i s  one of t he  two t r a c k  spect ra  from Chapter 4. The 

frequency range o f  t he  response i s  l i m i t e d  t o  t h a t  o f  t h e  i n p u t  

spectrum; i n  t h i s  case, a s p a t i a l  frequency range o f  about 

3.0 x 1 0 ' ~  c y c l e s l f t  t o  1.1 x 10-I  c y c l e s / f t .  This range t rans-  

l a t e s  t o  0.3 Hz t o  11.0 Hz a t  a veh ic le  speed o f  100 f t / s e c  and 

t o  approximately 0.2 Hz t o  7.0 Hz a t  a speed o f  64 f t l s e c .  Con- 

sequently, the model response i s  presented on ly  over  t h e  l i m i t e d  

frequency range d i c t a t e d  by the  t r a c k  spectrum range and t h e  

v e h i c l e  speed. The corresponding experimental r e s u l t s  a re  pre- 

sented f o r  the  e n t i r e  a v a i l a b l e  frequency range, l i m i t e d  by t h e  

20 Hz fi l t e r  c u t o f f  frequency. 



Comparison o f  Veh ic le  Acce lera t ion  Results 

A  t y p i c a l  t r a n s f e r  f u n c t i o n  magnitude i s  shown i n  F ig .  

5 - l (a )  f o r  t he  acce le ra t i on  o f  t he  f r o n t  end o f  t h e  f u l l y  loaded 

car  t o  a  displacement i n p u t .  Note t h a t  t h i s  t r a n s f e r  f u n c t i o n  i s  

f o r  a  h e a v i l y  damped system. As mentioned prev ious ly ,  t h e  r e l a -  

t i v e  displacement i n  t h e  t e s t  t r u c k  suspension proved t o  be q u i t e  

small, i .e., on t h e  o rde r  o f  0.1 inches. For purposes o f  compar- 

i s o n  the  model response i s  a l s o  computed f o r '  a  much l e s s  h e a v i l y  

damped suspension; A  t r u c k  suspension damping o f  6070 1  b - s e c / f t  

was chosen, corresponding t o  an e x c i t a t i o n  l e v e l  o f  1.0 inches.  

The f r o n t  end acce le ra t i on  t r a n s f e r  f u n c t i o n  f o r  t h i s  l e s s  h e a v i l y  

damped system i s  shown i n  F ig.  5 - l ( b ) .  Note the  lower magnitude 

a t  h igher  f requencies due t o  the lower l e v e l  o f  damping and t h e  

associated f a s t e r  r o l l  o f f .  A lso  no te  t h a t  t he  response i s  

i d e n t i c a l  below 1  Hz. 

The t e s t  v e h i c l e  response i s  d isp layed i n  F ig .  5-2 through 

F ig .  5-4 i n  terms o f  acce le ra t i on  spectra.  The model response f o r  

bo th  nominal and low suspension damping i s  sketched over  t h e  

corresponding p l o t  o f  experimental  r e s u l t s .  The comparat ive r e s u l t s  

a re  summarized i n  Table 5-2 i n  terms o f  RMS a c c e l e r a t i o n  l e v e l s .  

These RMS va l  ues were computed from t h e  corresponding a c c e l e r a t i o n  

spec t ra .  

Note t h a t  the  response o f  t h e  model i n  t he  lowest  frequency 

range i s  c o n s i s t e n t l y  h ighe r  than t h e  a c t u a l  measured response. The 



model would be expected t o  b e  most accurate a t  these very low 

frequencies which are  w e l l  below the  resonant f requencies o f  t h e  

system. This observat ion tends t o  i n d i c a t e  t h a t  t h e  i n p u t  spect ra  

may be i n  e r r o r .  A t  a speed o f  100 f t / s e c  frequencies below 1.0 

Hz correspond t o  wavelengths greater  than 100 ft and such wave- 

lengths are  d i f f i c u l t  t o  measure ( p a r t i c u l a r l y  w i t h  a 14.5 ft chord).  

Also, t he  experimental spectra ' i n d i c a t e  t h a t  no s i g n i f i c a n t  c a r  body 

dynamics are  exc i ted  a t  these low frequencies: Based upon these 

observat ions, i t  appears t h a t  the  t r a c k  i n p u t  spect ra  might  be 

b e t t e r  described by a l e v e l i n g  off  o r  even bending back over a t  

very low frequency. 

A t  t he  upper end o f  t he  frequency spectrum poor agreement 

again r e s u l t s  between t h e  model response and t h e  ac tua l  response. 

A pr imary fac to r  c o n t r i b u t i n g  t o  the  discrepancy i s  probably over- 

s i m p l i f i c a t i o n  o f  t h e  model . Modes such as car  body bending as 

w e l l  as o t h e r  h igher  frequency dynamics a re  n o t  i nc luded  i n  the  

model. I t  should be noted t h a t  t he  resonant f requencies associated 

w i t h  t h e  r a i l  s p r i n g  r a t e  and damping tu rned  o u t  t o  be h igher  than 

t h e  experimental f i l t e r  c u t o f f  frequency o f  20 Hz. The car  body 

t r a n s f e r  func t ions  were computed and revealed no s i g n i f i c a n t  con- 

t r i b u t i o n  from these modes i n  t h e  frequency range o f  i n t e r e s t .  

Another f a c t o r  t o  be considered i s  the ac tua l  r e s o l u t i o n  of 

t h e  model spectra versus t h e  experimental spectra.  The r e s o l u t i o n  

of t h e  model response i s  a f u n c t i o n  o f  t h e  a n a l y t i c a l  frequency 



response which may be computed t o  v i r t u a l l y  any degree of r e s o l u -  

t i o n .  On t h e  o ther  hand, the  r e s o l u t i o n  of t he  r e s u l t s  computed 

from experimental  data i s  degraded by t h e  leakage problem d i s -  

cussed i n  Chapter 3. Th is  i s  c l e a r l y  apparent a t  the  dropout  

frequencies where t h e  power i n  ad jacent  frequency bands tends t o  

"-leak" and obscure t h e  dropout i n  t he  experimental  r e s u l t s .  

One l a s t  p o i n t  t ha tmus t  c o n t r i b u t e  t o  discrepancy i s  t h e  

i n e v i t a b l e  presence of non l i nea r  e f fec ts .  t or example, i n  a p a r t i -  

c u l a r  frequency range, the f r i c t i o n  snubbers i n  t h e  t r u c k  sideframes 

may be s t i c k i n g  a l a rge  percentage of t h e  t ime. Th i s  would l e a d   to^ 

a h igher  l e v e l  o f  c a r  body response than would be p r e d i c t e d  b y  the  

l i n e a r  model s ince the suspension i s  "bound up" a t  these t imes.  

The presence and e f f e c t s  o f  s p e c i f i c  nonl  i n e a r i  t i e s  can be q u i  t e  

d i f f i c u l t  t o  asce r ta in .  The d e f i c i e n c i e s  o f  the  l i n e a r  model, 

and the  u n c e r t a i n t i e s  associated w i t h  the  t r a c k  i n p u t  

spectra, a re  the pr in iary causes o f  t h e  d iscrepancies between t h e  

11iodel and t e s t  veh i c le  response. 

Regarding t h e  model response, no te  t h a t  h igh  damping o f  t he  

t r u c k  suspension y i e l d s  much b e t t e r  agreement w i t h  exper imenta l  

r e s u l t s  than does the  lower damping i n  t he  midrange o f  the  spectrum. 

I n  fac t ,  i n  the  midrange band, t h e  h i g h l y  damped l i n e a r  model y i e l d s  4 
s u r p r i s i n g l y  good agreement w i t h  the  a c t u a l  response o f  t h e  t e s t  

veh ic le .  Examination o f  Table 5-2 revea ls  that ,  w i t h  p roper  ad- 

justment o f  t he  t r u c k  suspension damping, t h e  model response can 
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Figure  5-1 ( a )  Car Body Front  End Trans fer  Funct ion Magnitude f o r  a  Heav i l y  
Damped Truck Suspension 
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F igu re  5-1 (b)  Car Body Front  End Trans fer  Funct ion Maanitude f o r  a L i a h t l v  
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F i g u r e  5-2 ( a )  Car Body C.G. V e r t i c a l  Acce le ra t i on  Spect ra  ( ~ m p t y  Veh i c l e  
T r a v e l i n g  a t  100 f t / s e c  Over CUR) 
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Frequency (Hz) 

Figure 5-3 ( a )  Car Body C. G. Verti ca7 Acceleration Spectra (Loaded Vehicle Traveling 
a t  100 f t / s e c  Over CWR) 



Frequency (Hz) 

F igure  5-3 (b)  Car Body Front  End V e r t i c a l  Accelerat ion Spectra (Loaded Vehicle  
Trave l ing  a t  100 f t / s e c  Over CWR)" 
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Figure 5-4 (a )  Car Body C.G. Ve r t i ca l  Accelerat ion Spectra (Loaded Vehicle Travel i n g  
a t  64 f t / s e c  Over Jo in ted Ra i l  ) 



Frequency (Hz) 

Figure  5-4 (b) Car Body Front  End V e r t i c a l  Acce lera t ion  Spectra (Loaded Vehic le 
T rave l i ng  a t  64 f t / s e c  Over Jo in ted  R a i l )  



Table  5-2 RMS Acce lera t ion  Levels ( g ' s )  f o r  the L inear  Model and Test  Vehic le 

TEST 
CONFIGURATION 

Empty Vehic le 
T r a v e l i n g  a t  
100 f t / s e c  
over  CW R 

Loaded Veh ic le  
T r a v e l i n g  a t  
100 f t /sec  
over  CWR 

Loaded Vehic le 
T r a v e l i n g  a t  

64 f t / s e c  
over  J o i n t e d  
Rai 1 

FREQUENCY 
RANGE 
(Hz) 

0.2 - 1.0 

1.0 - 10.0 

0.2 - 10.0 

0.2 - 1.0 

1.0 - 10.0 

0.2 - 10.0 

0.2 - 1.0 

1.0 - 7.0 

0.2 - 7.0 

CENTER OF GRAVITY 

MODEL 
(LOW 

DAMP IN G) 

.0033 

.0421 

.0422 

.0034 

.0461 

,0463 

.0047 

.0355 

.0359 

- 

FRONT END OVER TRUCK 

ACTUAL 

.0025 

,0504 

.0505 

,0025 

.0292 

.029 3 

.0036 

.0431 

.0432 

MODEL 
(HIGH 

DAMPING) 

.0033 

.0265 

.026 7 

. 00 34 

.0203 

.0206 

,0043 

.0221 

.0225 

MODEL 
(LOW 

DAMP I N  G) 

,0062 

.0731 

.O 734 

.0066 

.0698 

.0701 

.0080 

.0687 

.0692 

ACTUAL 

.002 1 

.0381 

.0382 

.0019 

.0192 

.0193 

.002 1 

.0269 

.02 70 

MODEL 
(HI GH 
DAMPING) 

.006 1 

.0391 

.0396 

.,006 4 

.0325 

.0331 

. 00 77 

.05 78 

,0583 



be made t o  match t h e  ac tua l  response w i t h i n  t h e  l i m i t e d  midrange 

frequency band i n  terms o f  RMS acce le ra t i ons .  

Truck Suspensi on Performance 

The performance o f  t h e  t r u c k  suspension s t r o n g l y  a f fec ts  

the  o v e r a l l  v e h i c l e  behav ior  and warrants a  c l o s e r  exammination. 

A l l  t he  prev ious r e s u l t s  i n d i c a t e  t h a t  t he  suspension i s  q u i t e  

s t i f f  and may n o t  be ope ra t i ng  i n  an op t ima l  ' fashion.  The r e a r  

t r u c k  was equ-ipped w i t h  an accelerometer centered on each s ide -  

frame, enab l i ng  the  v e r t i c a l  acce le ra t i on  of t he  r e a r  t r u c k  c e n t e r  

, t o  be monitored. Th is  t r u c k  accelerat ion,  a c t i n g  through t h e  

b o l s t e r - s i  deframe suspension, c o n s t i t u t e s  t h e  v e r t i c a l  i n p u t  t o  t h e  

ca r  body r e a r  end. Accelerometers mounted on the  ca r  body a l l o w  

the  v e r t i c a l  acce le ra t i on  response a t  t h i s  p o i n t  t o  be monitored. 

Th i s  c a r  body acce le ra t i on  may be considered t h e  ou tput  o f  t h e  r e a r  

t r u c k  suspension i f  n e g l i g i b l e  ca r  body-bol s t e r  dynami cs are 

assumed. Th i s  t r u c k  suspension i npu t -ou tpu t  s i g n a l  p a i r  was exam- 

i n e d  t o  assess t h e  suspension performance f o r  t he  empty and f u l l y  

loaded veh ic le  t r a v e l i n g  a t  100 f t / s e c  over  cont inuous welded r a i l .  

The i n p u t  and ou tpu t  a c c e l e r a t i o n  spec t ra  were computed, 

as w e l l  as t h e  cross spectrum, coherence, and t r a n s f e r  funct ion,  

f o r  bo th  v e h i c l e  con f i gu ra t i ons .  The i n p u t  spectrum, coherence, 

and t r a n s f e r  func t ion  a re  presented i n  F ig .  5-5 f o r  t he  empty 

v e h i c l e  and i n  F ig .  5-0' f o r  t h e  loaded v e h i c l e .  The t r u c k  i n p u t  



and car  body output  RMS accelerat ions are summarized i n  Table 

5-3. 

I n  both con f i gu ra t i  ons the input-output  s ignals e x h i b i t  an 

extremely high l e v e l  o f  coherence, p a r t i c u l a r l y  i n  the midrange 

o f  the spectrum. This ind icates a  strong co r re l a t i on  between the 

s igna ls  and should lend confidence t o  the t r ans fe r  funct ion conipu- 

ta t ions .  The marked drop i n  coherence near 9 Hz i s  due t o  the 

p i t ch i ng  act ion o f  the  t ruck.  Any t r ack  inpu t  a t  t h i s  frequency 

causes the t r uck  t o  p i t c h  only, w i t h  no v e r t i c a l  bounce o f  the 

t r uck  center. Thus, the t r uck  acts as a  notch f i l t e r  and removes 

informat ion i n  both i npu t  and output s igna ls .  The coherence tends 

t o  f a l l  o f f  a t  low frequencies because o f  the very low l e v e l  of 

response and corresponding low signal- to-noise r a t i o  i n  both 

s igna ls .  The i r r e g u l a r i t i e s  a t  h igher frequencies are probably an 

i nd i ca t i on  o f  the con t r ibu t ion  o f  s igna ls  other than the t ruck  

acce lera t ion t o  the car body response, such as car body-bolster 

v ib ra t ions .  Deviat ions from u n i t y  i n  the coherence can a lso  

i nd i ca te  the existence o f  a  non l inear  re la t ionsh ip .  The t ruck  

suspension i s  known t o  be nonl inear  and hence t h i s  must a lso  be 

considered as a  f a c t o r  i n  the degradation o f  the coherence. Neverthe- 

less, the coherence between the respect ive input-output  s igna ls  i s  

q u i t e  strong up t o  the higher frequencies and lends a  good deal o f  

confidence t o  the corresponding t r ans fe r  funct ions . 
The t ruck  suspension has been modeled as a  l i n e a r  second 

order  system. The t r ans fe r  funct ion may be expressed as 

7 9 



where c  and k  represent  t h e  damping and s p r i n g  r a t e  c o e f f i c i e n t s  

o f  t h e  t ruck  suspension and M may be considered h a l f  the  mass o f  

t h e  ca r  body. Using t h e  values f rom Table 5-1, t h e  t r a n s f e r  func- 

t i o n  < o f  (5-1) i s  sketched over the  corresponding experimental 

t r a n s f e r  func t i ons  o f  F ig .  5-5 and Fig.  5-6. 

For the  empty vehic le,  note that,  ass  p red ic ted  by t h e  anal-  

y t i  c a l  t r a n s f e r  funct ion,  the  t r u c k  provides v i r t u a l  l y  no v i b r a t i o n  

i s o l a t i o n  below 10, Hz. I n  fac t ,  examinat ion o f  Table 5-3 revea ls  

t h a t  t h e  RMS acce le ra t i on  o f  the  c a r  body i s  o n l y  20% less  than t h a t  

o f  t h e  t ruck  f o r  t he  0.2 t o  20.0 Hz range. Th is  may n o t  be t e r r i b l y  

s u r p r i s i n g  i n  view o f  the f a c t  t h a t  t h e  v e h i c l e  i s  completely empty 

and may be expected t o  induce the  l e a s t  amount o f  suspension a c t i o n .  

The performance o f  t h e  f u l l y  loaded t r u c k  i s  somewhat more 

dramatic, as evidenced by Fig.  5-6. The suspension, when f u l l y  

1  oaded, provides s i g n i f i c a n t l y  more a t tenua t ion  o f  t h e  i n p u t  acce l -  

e r a t i o n  than p r e d i c t e d  b y  the  l i n e a r  model. Table 5-3 i n d i c a t e s  

an o v e r a l l  a t tenua t ion  o f  t h e  i n p u t  RMS a c c e l e r a t i o n  o f  approximately 

50%. 

I n  both veh ic le  conf igura t ions  the  a n a l y t i c a l  t r a n s f e r  f u n c t i o n  

va r ies  s i g n i f i c a n t l y  f rom t h e  exper imenta l ly  computed t r a n s f e r  func-  

t i o n .  Both the  a n a l y t i c a l  and experimental f unc t i ons  a re  i n  e r r o r  

t o  t h e  ex ten t  t h a t  the  system i s  non l inear .  I n  addi t ion,  t h e  e x p e r i -  

men ta l l y  determined t r a n s f e r  f u n c t i o n  i s  l i m i t e d  by such f a c t o r s  as 



Figure 5-5 ( a )  Rear Truck Center Vertical Acceleration Spectrum (Empty Vehicle 
Traveling a t  100 f t l sec  Over CWR) 
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Figure 5-5 (b )  Rear Truck Center - Car Body Rear End Coherence (Empty Vehicle Traveling 
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Figure 5-5 ( c )  Rear Truck Center - Car Body Rear End Transfer  Function Magnitude 
(Empty Vehicle  Trave l ing  a t  100 f t / s e c  Over CUR) 
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Figure 5-6 (a)  Rear Truck Center Vert ica l  Acceleration, Spectrum (Loaded Vehicle 
Traveling a t  100 ft /sec Over CWR) 



Figure 5-6 (b)  Rear Truck Center - Car Body Rear End Coherence (Loaded Vehicle  
  raveling a t  100 f t /sec  Over CWR) . . . , .  . .
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Figure 5-6 ( c )  Rear Truck Center - Car Body Rear End Transfer Function Magnitude 
(Loaded Vehicle Travel ing a t  100 ft /sec Over CWR) 





Table 5-3 RMS Accelerat ion Levels ( g a s )  f o r  the 
Rear Truck Center and the Car Body 
Over the Truck 

TEST FREQLIEN CY TRUCK CAR BODY 
CONFIGURATION RANGE (HZ) CENTER OVER 

TRUCK 

Empty vehic le 0.2 - 1.0 .0030 .002 8 
t r a v e l i n g  a t  1 .O .0436 f t / sec  - 10.0 .0526 100 
over CWR 10.0 - 20.0 .0663 .0330 

0.2 - 20.0 .0794 .0622 

Loaded vehic le 0.2 - 1 .O .0036 ,0023 
t r a v e l i n g  a t  

1 .O - 10.0 .0345 .0302 100 f t / sec  
over CW R 10.0 - 20.0 . 0 785 .0320 

0.2 - 20.0 .0858 .0440 



(1) t he  q u a l i t y  o f  the  data i n  terms of no i se  contaminat ion and 

(2) t he  ex ten t  o f  .the system e x c i t a t i o n .  For instance, i f  t h e  i n p u t  

s igna l  i s  d e f i c i e n t  i n  a  frequency band con ta in ing  a  system reson- 

ance, then the  mode w i  11 n o t  be e x c i t e d  and t h e  r e s u l t a n t  coherence 

and t r a n s f e r  f u n c t i o n  w i l l  be poor i n  t h i s  band. Hence, f rom a  

p r a c t i c a l  standpoint,  t h i s  approach t o  system i d e n t i f i c a t i o n  can 

be q u i t e  tenuous. 

One f i n a l  s e t  o f  r e s u l t s  i s  presented t h a t  i s  n o t  d i r e c t l y  

r e l a t e d  t o  t h e * t r u c k  syspension modeling problem b u t  demonstrates 

some a d d i t i o n a l  i n t e r e s t i n g  and usefu l  p r o p e r t i e s  o f  spec t ra l  func-  

t i o n s .  Due t o  t h e  symmetry o f  t h e  system, the  i n p u t  t o  the  c a r  

body a t  t he  r e a r  i s  e s s e n t i a l l y  t he  same as t h e  i n p u t  t o  t h e  f r o n t  

delayed i n  t ime. Based on t h i s  observat ion i t  would seem reason- 

ab le  t h a t  the t r a n s f e r  f u n c t i o n  f o r  t he  f r o n t  end response t o  the  

r e a r  end i n p u t  would be q u i t e  s ' im i la r  t o  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  

r e a r  end response t o  t h e  same inpu t .  I n  fact, the on ly  d i f f e rence  

should be the t ime delay operator, eJUt. I n  equat ion form 

and 

where the subsc r ip t s  F  and R designate f r o n t  and rear, r e s p e c t i v e l y .  

The t r a n s f e r  f u n c t i o n  magnitude and phase f o r  t he  f r o n t  end response 



t o  t h e  r e a r  t r u c k  i n p u t  f o r  t he  empty veh ic le  t r a v e l i n g  a t  100 

f t / s e c  i s  shown i n  F ig .  5-7. As expected, t h e  corresponding t r a n s -  

f e r  f unc t i on  magnitudes o f  Fig. 5-5(c) and Fig. 5-7(a) a re  q u i t e  

s imi  l a r .  'The corresponding phase p lo ts ,  however, a re  r a d i c a l l y  

d i f f e r e n t  s ince the  p l o t  i n  F ig.  5-7(b) e x h i b i t s  the  phase s h i f t  

due t o  the  e jwT f a c t o r .  From F ig .  5-7(b), the  pe r iod  o f  t he  phase 

r o t a t i o n  i s  approximately 2.2 Hz, which corresponds t o  a  t ime delay 

o f  about 0.45 seconds. Since the veh ic le  i s '  t r a v e l i n g  a t  100 f t / s e c  

and t h e  t r u c k  displacement f r o n t  t o  r e a r  i s  approximately 45 feet ,  

the  t ime delay o f  0.45 seconds revealed by the  t r a n s f e r  func t ion  

phase p l o t  appears co r rec t .  As mentioned i n  Chapter 3, t he  cross 

c o r r e l a t i o n  can be usefu l  .in i d e n t i f y i n g  a  t ime delay i n  a  system. 

For t h i s  exarr~ple, t h e  cross c o r r e l a t i o n  was computed as t h e  Four ie r  

t rans form o f  the  cross spec t ra l  dens i ty  o f  t h e  r e a r  t r u c k  v e r t i c a l  

acce le ra t i on  and c a r  body f r o n t  end v e r t i c a l  acce le ra t i on .  'The 

r e s u l t  i s  shown i n  Fig.  5-7(c) which indeed revea ls  t h e  expected 

c o r r e l a t i o n  a t  a  l a g  t ime o f  0.45 seconds. 

Conclusions 

I n  t h i s  chapter  the  response o f  t h e  l i n e a r  model t o  t h e  

t r a c k  i n p u t  spect ra  o f  Chapter 4  has been examined. Wi th in  a  l i m i t e d  

frequency range the  response o f  t h e  model compares q u i t e  agreeably 

w i t h  t h e  ac tua l  response o f  the  t e s t  veh ic le .  I t  should be apparent 

t h a t  i n  o rde r  t o  o b t a i n  good agreement the  i n p u t  spect ra  must be 



adequately represented as we1 l as the system i t s e l f .  An adequate 

representa t ion  of the  t r a c k  i n p u t  spectra has been shown t o  be 

r a t h e r  d i f f i c u l t  t o  obta in .  From t h i s  v iewpoint  the  u t i l i t y  of 

spec t ra l  techniques has been demonstrated and the l i n e a r  model, ' 

w i  th' in li m i  ts,  has been va l  i dated. - 

This spec t ra l  approach has a lso  po in ted t o  the l i m i t a t i o n s  

of t h e  l i n e a r  model. The examination o f  the  t r u c k  suspension per- 

formance po in ts  t o  the  r a t h e r  s i  gni f i c a n t  discrepancies between the 

l i n e a r  c h a r a c t e r i s t i c s  o f  the  model and the ac tua l  response char- 

a c t e r i s t i c s  o f  the t ruck .  I t  seems reasonable t o  assume t h a t  the  

. pr imary l i m i t a t i o n s  o f  the l i n e a r  model may be a t t r i b u t e d  t o  the  

known non l inear  c h a r a c t e r i s t i c s  of the t r u c k  suspension. 
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Figure 5-7 (a)  Rear Truck Center - Car Body Front End Transfer Function Magnitude 
(Empty Vehicle t r a v e l i n g  a t  100 f t /sec Over CWR) 
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Figure 5-7(c) Rear Truck Center - Car Body Front End Cross correlation Function 
(Empty Vehicle Traveling a t  100 f t / sec  Over CWR) 



Chapter 6 

CONCLUSIONS AND RECOMMENDATIONS 

Concl us i ons 

This s tudy demonstrated t h a t  spec t ra l  ana lys i s  techniques a r e  . 

q u i t e  s a t i s f a c t o r y  f o r  t he  v a l i d a t i o n  o f  a  l i n e a r  model o f  t h e  v e r t i c a l  

dynamics o f  a  t y p i c a l  f r e i g h t  c a r .  The t r a c k  spec t ra  i n p u t  t o  the  

l i n e a r  model was computed f rom t r a c k  geometry measurements of t h e  

p e r t i n e n t  sec t ions  o f  t e s t  t r a c k .  The v a l i d i t y  o f ,  t he  model was based' 

upon a  comparison o f  t he  model response spectra and the  response spec t ra  

computed f rom veh ic le  acce le ra t i on  measurements. The r e s u l t s  i n d i c a t e  

t h a t  t h i s  p a r t i c u l a r  model i s  r e l a t i v e l y  accurate i n  t he  midrange 

frequency band between 1.0 Hz and 10.0 Hz. A t  lower f requencies,  t h e  

t r a c k  i n p u t  spec t ra  are n o t  w e l l  de f ined because o f  t he  l i m i t a t i o n s  

o f  t h e  t r a c k  geometry measurement system. A t  h ighe r  frequencies, t h e  

presence o f  modes n o t  i nc luded  i n  the simple 1  i n e a r  model r e s u l t s  i n  

d isc repanc ies .  

The n o n l i n e a r i t y  o f  the t r u c k  suspension served t o  i l l u s t r a t e  

l i m i t a t i o n s  o f  t he  l i n e a r  model as w e l l  as c e r t a i n  l i m i t a t i o n s  o f  

s p e c t r a l  techniques. The t r u c k  suspension was i s o l a t e d  and analyzed 

us ing  t r u c k  and ca r  body v e r t i c a l  acce le ra t i on  measurements. The 

coherence f u n c t i o n  was very useful  i n  es t ima t ing  the  qua1 i ty o f  the  

r e l a t i o n s h i p  between the  s i g n a l s .  The r e l a t i v e l y  h i g h  l e v e l  o f  computed 

coherence l e n t  conf idence t o  t h e  corresponding t r a n s f e r  func t ion  compu- 

t a t i o n s .  Only f a i r  agreement r e s u l t e d  between the  1  i n e a r  model of 

t h e  suspension and the  t r a n s f e r  f unc t i ons  computed f rom experimental  



data. Th is  may be a t t r i b u t e d  p r i m a r i l y  t o  d ry  f r i c t i o n ,  t h e  dominant 

nonl  i n e a r  c h a r a c t e r i s t i c  of t he  t ruck  suspension. Spectra l  f unc t i ons  

can o n l y  be used t o  i d e n t i f y  a  l i n e a r  system. 

Nonetheless, t h i s  s u r p r i s i n g l y  good agreement between 1  i n e a r  

t h e o r e t i c a l  ana lys i s  and experimental r e s u l t s  demonstrates t h a t  t h e  , 

1  i n e a r  ana lys is  provides r e s u l t s  o f  s u f f i c i e n t l y  h igh  accuracy fo r  

use. i n  s tudying and s o l v i n g  many r a i l  veh ic le  dynamic problems. Th is  

i s  o f  r e a l  p r a c t i c a l  importance, because the  corr~puter programs t o  

implement the l i n e a r  ana lys is  are  many t imes fas te r  than the  numerical 

i n t e g r a t i o n  techniques w ide ly  used t o  so l  ve nonl i n e a r  equations o f  

motion. Thus one can a f f o r d  t o  make ex tens ive  use o f  t he  l i n e a r , a n a l y s i s  

i n  design s tud ies ,  i n  con junc t ion  w i t h  f i e l d  t e s t s ,  and i n  s e l e c t i o n  

o f  'components o r  maintenance p rac t i ces  . 

Recommendations 

'The r e s u l t s  o f  t h i s  s tudy are s u f f i c i e n t l y  encouraging t o  recommend 

t h e  spec t ra l  ana lys i  s  approach t o  anyone cons ider ing  v a l  i d a t i o n  o f  r a i  1  

v e h i c l e  dynamic analyses. We are en~p loy ing  these same approaches i n  

v a l i d a t i o n  o f  r a i l  veh ic le  l a t e r a l  dynaoiic analyses w i t h  t e s t  data 

from t h e  f i e l d  t e s t s  conducted by the  AAR and t h e  Union P a c i f i c  . 

Rai 1  road. 

The model va l  i d a t i o n  procedure i 11 us t ra ted  i n  t h i s  r e p o r t  revea l  s  

t h e  l i m i t a t i o n s  imposed n o t  on l y  by the  modeling ass~~mpt ions  b u t  by 

the  experimental t e s t  procedures. The model va l  i d a t i o n  process depends 

c r i t i c a l l y  on a  knowledge o f  the  system i n p u t .  I n  the  case o f  the  

r a i l w a y  veh ic le ,  a1 t e r n a t i v e  systems f o r  the  measurement o f  t r a c k  

geometry should be g iven care fu l  cons idera t ion .  I n  the  case o f  veh ic le  



l a t e r a l  dynamics, t he  t r a c k  l a t e r a l  al ignment,  c ross - l eve l  and r a i l  

head p r o f i l e  v a r i a t i o n  are  needed t o  corr~plete ly  cha rac te r i ze  t h e  

t r a c k  i n p u t .  This  da ta  i s  cons iderab ly  more d i f f i c u l t  t o  o b t a i n  

than the  v e r t i c a l  p r o f i l e  i n fo rma t ion  needed f o r  t h e  v e r t i c a l  

dynamics study.  

It i s  e q u a l l y  impor tan t  t h a t  t he  v e h i c l e  used i n  any t e s t i n g  a l s o  

be adequately charac ter ized.  I n  t he  case o f  the  v e r t i c a l  dynamics 

problem s t ~ ~ d i e d  here, r e l a t i v e l y  few parameters a r e  needed. However, 

an understanding o f  r a i  1  v e h i c l e  1  a t e r a l  dynamics requ i res  more 

ex tens ive  c h a r a c t e r i z a t i o n .  For  example, wheel p r o f i l e s ,  wheel and 

r a i l  su r face  cond i t ions ,  warp s t i f f n e s s  and f r i c t i o n ,  and cen te rp l  a t e  

f r i c t i o n  must be known. 

Specia l  cons idera t ions  i n v o l v i n g  t e s t  procedures are  impor tan t  i f  

spec t ra l  ana lys i s  techniques are t o  be employed. For example, i t  i s  

e s s e n t i a l  t h a t  t ime h i s t o r y  records are  o f  s u f f i c i e n t  l e n g t h  i f  r e l i a b l e  

spec t ra  are t o  be computed. Th i s  was a  problem w i t h  some o f  t he  TDOP 

data t h a t  y i e l d e d  l e s s  than 100 seconds o f  data f o r  some t e s t  conf igura-  

t i o n s .  The f i l t e r i n g  and sampling o f  t e s t  s i g n a l s  must a l s o  be per- 

formed such t h a t  a l i a s i n g  i s  avoided w h i l e  va luab le  i n fo rma t ion  i s  r e -  

t a i  ned i n  t a c t .  

We expect  t h a t  f u r t h e r  uses f o r  t he  spec t ra l  a n a l y s i s  approach w i l l  

emerge from the  l a t e r a l  dynamics study t h a t  we are  now conduct ing. 
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APPENDIX A 

THE CHORDAL TRANSFER FUNCTION 

Track i r r e g u l a r i t i e s  i n  surface and l a t e r a l  al ignment a re  

o f t e n  measured w i t h  respect  t o  t h e  midpo in t  o f  a  chord t r a v e l i n g  

a long t h e  t r a c k .  Th is  t y p e  of measurement d i f f e r s  from t h e  devia- 

t i o n  o f  t h e  t r a c k  w i t h  respect  t o  a  t rue,  o r  "very  s t r a i g h t " ,  

reference. The n a t u r e  o f  t h e  d i f f e r e n t i a t i o n ,  i .e .  t h e  charac ter -  

i s t i c  o f  t h e  chordal measurement system, must be i d e n t i f i e d  t o  

assess t h e  consequences o f  us ing  chordal data. Th is  charac ter iza-  

t i o n  can be conven ien t ly  handled i n  t he  frequency domain by d e r i v -  

i n g  t h e  t r a n s f e r  f u n c t i o n  t h a t  r e l a t e s  t h e  " t r u e "  d e v i a t i o n  t o  t h e  

chordal  dev ia t i on .  

'The phys ica l  s i t u a t t o n  i s  represented schemat ica l ly  i n  F ig.  

A-1 where L i s  t h e  l e n g t h  o f  t h e  chord t r a v e l i n g  along t h e  r a i l  a t  

a  v e l o c i t y  V. The midchord d e v i a t i o n  i s  represented by x2 w h i l e  

x1 and xg def ine t h e  d e v i a t i o n  of  t h e  chord f rom t h e  " t rue "  r e f e r -  

ence. The r a t i o  o f  t h e  midchord d e v i a t i o n  t o  t h e  t r u e  d e v i a t i o n  may 

TRUE REFERENCE CHORD 

F igu re  A-1 Track Dev ia t ion  R e l a t i v e  t o  a  Chord 
M idpo in t  and a  "True" Reference 



be expressed as 
x,(s) 

G(s) 
L -  

= 
- 

x1 ( s )  + x3(s)  
x2(s)  + 2 

where T 2 L/V f o r  small angular  dev ia t ions  o f  t h e  chord w i t h  

respect  t o  t h e  reference. Note a l s o  t h a t  

x l ( t )  + x3 ( t )  
x 2 ( t )  = xl ( t -  T/2) - 2 (A-2 

and 

x3( t )  = xl(t-T) . 

Taking t h e  Laplace transforms o f  (A-2) and (A-3) and s u b s t i t u t i n g  

i n t o  (A-1) y i e l d s  

= 1 - cos (sT/2) . (A-4) 

I n  terms o f  wavelength, A, t h e  t r a n s f e r  f u n c t i o n  may be expressed 

o r  i n  terms o f  s p a t i a l  frequency, f, 

h 

G(f) = 1 - cos ( I T L ~ ) .  (A-6) 

Th is  t r a n s f e r  f u n c t i o n  may be used t o  compensate spectra 

computed from midchord o f f s e t  data. Note, however, t h a t  t h e  chordal  

measurement system completely f i  1 t e r s  i n fo rma t ion  a t  frequencies 



APPENDIX B 

THE FILTERING EFFECT OF MULTIPLE INPUTS I N  A 

SYMMETRIC MODEL 

The input  t o  a symnetric rai lway vehic le  model induces a 

p i t ch ing  motion i n  the t rucks and car body t h a t  r esu l t s  i n  a d is-  

t i n c t  f i l t e r i n g  o f  the inpu t .  Consider the symmetric model o f  the  

v e r t i c a l  motions o f  a ra i lway vehic le shown schematical ly i n  Fig. 

. Figure 0-1 Symnetri c Model of the Rai lcar  Ver t i ca l  Dynamics 

The blocks represent l i n e a r  suspension elements. The t r ans fe r  

func t ion  f o r  bounce, x and pi tch,  8, f o r  a s ing le  i npu t  may be 

expressed as 

and 



respect ively.  

Under the assumption of symnetry, the t ransfer  funct ions 

r e l a t i n g  t o  the  other inputs  are given by 

and 

Now, the m u l t i p l e  inputs  may be expressed i n  terms o f  a s i ng le  input, 

i .e., 

and 
-so1+ T2) 

u4(s) = e ul(s) 

where the vehic le  i s  t r a v e l i n s  a t  a v e l o c i t y  V, T1 = LT/Vs and 

T2 = Lc/V. Dropping the subscr ip t  on the input, the t r ans fe r  func- 

t-ions may n w  be expressed as 

and 



1 8 
'-1 - 
r' 
a 

- 2  

S 
5 

- a -ST] -sT2 +(TI+ T2) 
= [ l + e  - e  - e  C G(s) 

-ST, - sT2 
= ( 1 + e  ) ( I - e  ) G 2 ( s ) .  (B-8) 

I n  t h i s  form, t h e  f i  1  t e r i n g  e f f e c t  o f  p i t c h i n g  o f  the t rucks  and c a r  

' body i s  r e a d i l y  i d e n t i f i e d .  Regarding the  t r a n s f e r  f u n c t i o n  magnitude, 

the  c a r  body bounce t r a n s f e r  func t ion  e x h i b i t s  "dropouts" a t  t h e  

s p a t i a l  frequencies 

f = -  n  V , n = 1 , 3 , 5  , . . .  
L~ 

and 

nV f = -  , n = 1 , 3 , 5  , . . .  . (B-9) 
2Lc 

The car  body p i t c h  t r a n s f e r  f u n c t i o n  e x h i b i t s  s i m i l a r  dropouts a t  

f = -  n  V , n = 1 , 3 , 5  , . . .  
2 L ~  

and 

f = -  n V , n = 0 , 2 , 4 ,  ... . (B- 10) 
2Lc 

Note a l s o  t h a t  t h e  t rans fe r  func t ion  phase a b r u p t l y  s h i f t s  180" a t  

each dropout frequency . 
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