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1 . 0  INTRODUCTION

1 . 1  BACKGROUND

As a n  i n t e g r a l  p a r t  o f  t h e  i n t e r m o d a l  f r e i g h t  p r o c e s s ,  d e d i c a t e d  

t r a i n s  ma d e  u p  o f  f l a t c a r s  c a r r y i n g  s t a n d a r d i z e d  t r a i l e r s  a n d  

c o n t a i n e r s  o p e r a t e ,  o v e r  l o n g  d i s t a n c e s  b e t w e e n  r e g i o n s  o f  

c o n c e n t r a t e d  i n d u s t r i a l  a n d  m a r i t i m e  a c t i v i t y .  T h i s  s e r v i c e ,  

known a s  p i g g y b a c k ,  h a s  e x p e r i e n c e d  s t e a d y  g r o w t h  b e c a u s e  i t  

i s  e f f i c i e n t  a n d  p r o f i t a b l e .  F o r  e x a m p l e ,  o n e  m a j o r  r a i l r o a d  

r e p o r t e d  r e c e n t l y  t h a t  25 p e r c e n t  o f  n e t  p r o f i t s  came  f r o m  

p i g g y b a c k  o p e r a t i o n s  w h i c h  c o m p r i s e d  o n l y  15 p e r c e n t  o f  t h a t  

r a i l r o a d ’ s f r e i g h t  t r a f f i c .

The  g r o w i n g  v o l u m e  o f  i n t e r m o d a l  t r a f f i c  h a s  r e s u l t e d  i n  a n  

a l m o s t  u n i n t e r r u p t e d  e x p a n s i o n  o f  t h e  i n t e r m o d a l  r a i l c a r  f l e e t .

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

b e n e f i t s  c o u l d  b e  r e a l i z e d  i f  t h e  ne w r a i l c a r s  w e r e  o f  a r e v i s e d  

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

o p p o r t u n i t y  f o r  i n c r e a s e d  e f f i c i e n c y  a t t a i n a b l e  b y  t h e  a p p l i c a t i o n  

o f  a d v a n c e d  t e c h n o l o g y  t r a d e d - o f f  a g a i n s t  t h e  r e q u i r e m e n t  t o  b e  

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

f a c i l i t i e s .  T h e  n e e d  f o r  e n e r g y  e f f i c i e n c y  p r o m p t e d  a  s p e c i a l  

i n t e r e s t  i n  n e w  f l a t c a r  d e s i g n s  w h i c h  f e a t u r e d  l o w  t a r e  w e i g h t  

a n d  w e r e ,  t h e r e f o r e ,  r e f e r r e d  t o  a " l i g h t w e i g h t  f l a t c a r s . "

Due to the novel and in some cases radical nature of some proposed
lightweight flatcar designs, it was deemed desirable to assess
the ability of such flatcars to transport freight in a safe
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a n d  e c o n o m i c a l  m a n n e r .  To t h i s  e n d ,  t h e  F e d e r a l  R a i l r o a d  

A d m i n i s t r a t i o n ,  O f f i c e  o f  F r e i g h t  S y s t e m s  i n  c o o p e r a t i o n  w i t h :

A m e r i c a n  S t e e l  F o u n d r i e s

N a t i o n a l  C a s t i n g s  D i v i s i o n ,  M i d l a n d - R o s s  C o r p o r a t i o n

P u l l m a n  S t a n d a r d

P u l l m a n  T r a n s p o r t  L e a s i n g

S a n t a  Fe R a i l w a y  Company

T r a i l e r  T r a i n  Company

T r a n s p o r t a t i o n  S y s t e m s  C e n t e r

T r a n s p o r t a t i o n  T e s t  C e n t e r

u n d e r  t o o k  a  p r o g r a m  t o  a d d r e s s  t h i s  q u e s t i o n .  T h e  e f f o r t  was  

r e f e r r e d  t o  a s  t h e  L i g h t w e i g h t  F l a t c a r  E v a l u a t i o n  (LWFC) P r o g r a m .

1 . 2  PURPOSE

T h e  LWFC P r o g r a m  e v a l u a t e d  t h e  d y n a m i c  p e r f o r m a n c e  o f  two 

p r o t o t y p e  l i g h t w e i g h t  f l a t c a r s  a n d  c o m p a r e d  t h e i r  p e r f o r m a n c e  

t o  a c o n v e n t i o n a l  TTAX f l a t c a r  w h i c h  i s  p r e s e n t l y  i n  w i d e 

s p r e a d  u s e .  S p e c i f i c a l l y ,  t h e  o b j e c t i v e s  w e r e  t o :

1 .  O b t a i n  a  q u a n t i t a t i v e  c o m p a r i s o n  o f  t h e  r i d e  

v i b r a t i o n  i n  TOFC a n d  COFC o p e r a t i o n s  b e t w e e n  

a c o n v e n t i o n a l  TTAX f l a t c a r  a n d  t h e  p r o t o t y p e  

l i g h t w e i g h t  f l a t c a r s  TLDX61 a n d  TLDX62.

2 .  O b t a i n  q u a n t i t a t i v e  m e a s u r e m e n t s  o f  t h e  r i d e  

v i b r a t i o n  o f  c o n t a i n e r s  a n d  t r a i l e r s  i n  

t y p i c a l  TOFC a n d  COFC s e r v i c e  c o n d i t i o n s .
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3 .  E x p e r i m e n t a l l y  d e t e r m i n e  t h e  r e l a t i o n s h i p  

b e t w e e n  r i d e  v i b r a t i o n  a n d  c o m p o n e n t  w e a r  

i n c u r r e d  d u r i n g  a c t u a l  TOFC a n d  COFC s e r v i c e  

c o n d i t i o n s .

4 .  E x p e r i m e n t a l l y  d e t e r m i n e  t h e .  r e l a t i o n  b e t w e e n  

c o m p o n e n t  w e a r  a n d  d i s t a n c e  t r a v e l l e d  u n d e r  

s e r v i c e  c o n d i t i o n s .

5 .  D e t e r m i n e  t h e  i n f l u e n c e  o f  l o a d  c o n f i g u r a t i o n  

o n  t h e  r i d e  v i b r a t i o n  p e r f o r m a n c e .

1 . 3  GENERAL PROGRAM DESCRIPTION

To a c c o m p l i s h  t h e  p r o g r a m  o b j e c t i v e s ,  a  s e r i e s  o f  t e s t s  was  

c o n d u c t e d  t o  m e a s u r e  t h e  d y n a m i c  p e r f o r m a n c e  o f  a  c o n v e n t i o n a l  

TTAX f l a t c a r  a n d  two p r o t o t y p e  l i g h t w e i g h t  f l a t c a r s .  F o r  t h i s  

p u r p o s e ,  e a c h  c a r  s y s t e m  was  i n s t r u m e n t e d  w i t h  a  n u m b e r  o f  

a c c e l e r a t i o n  t r a n s d u c e r s  r e f e r r e d  t o  a s  a c c e l e r o m e t e r s .  The  

c a r  s y s t e m  i n c l u d e d  t h e  a x l e s ,  t h e  c a r b o d y  a n d  t h e , l o a d s ,  b o t h  

t r a i l e r s  a n d  c o n t a i n e r s .  The  m e a s u r e d  l i n e a r  a c c e l e r a t i o n s  

w e r e  t r a n s f o r m e d  u s i n g  m o d a l  a n a l y s i s *  t o  a  g e n e r a l i z e d  s e t  o f  

a c c e l e r a t i o n s  d e s c r i b i n g  t h e  a c c e l e r a t i o n  r e s p o n s e  o f  e a c h  c a r  

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

c o n c i s e  b a s i s  f o r  t h e  c o m p a r i s o n  o f  t h e  d y n a m i c  p e r f o r m a n c e  o f  

t h e  t w o  v e r y  d i s s i m i l a r  f l a t c a r . d e s i g n s .

* F o r  a d e t a i l e d  e x p l a n a t i o n  o f  m o d a l  a n a l y s i s ,  s e e  V o l u m e  I 
o f  t h i s  r e p o r t .
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T h e  s e r i e s  o f  t e s t s ,  d e s i g n e d  t o  m e e t  t h e  p r o g r a m  o b j e c t i v e s ,  

w a s  made  up  o f  two t y p e s  o f  t e s t s .  The  f i r s t  o f  t h e s e  was  a 

c o n t r o l l e d  t e s t  c a l l e d  t h e  R i d e  V i b r a t i o n  T e s t  ( R V T ) . T h r e e  

R V T ' s  w e r e  c o n d u c t e d  a t  s p e c i f i e d  l e v e l s  o f  a c c u m u l a t e d  

m i l e a g e  ( 0 ,  5 0 , 0 0 0  a n d  1 2 5 , 0 0 0  m i l e s ) .  E a c h  RVT w a s  c o n d u c t e d  

o n  two  t e s t  z o n e s  r e p r e s e n t i n g  o n e  a n d  t h r e e  m i l e s  o f  C l a s s  3 

a n d  C l a s s  5 t a n g e n t  t r a c k ,  r e s p e c t i v e l y .  The  t e s t  t r a i n  was  

ma de  u p  o f  t h r e e  t e s t  c a r s  a n d  FRA’ s D a t a  A c q u i s i t i o n  V e h i c l e ,  

T - 5 .  T h e  t e s t s  w e r e  c o n d u c t e d  a t  a  s e t  o f  s p e c i f i e d  s p e e d s  

h e l d  c o n s t a n t  t h r o u g h  t h e  t e s t  z o n e  w h i l e  a c c e l e r a t i o n  d a t a  

w e r e  r e c o r d e d .  Upon c o m p l e t i o n  o f  a n  RVT, d e t a i l e d  w e a r  

m e a s u r e m e n t s  w e r e  made  o n  e a c h  t r u c k .  T h u s ,  t h e  s e r i e s  o f  

RV T ' s  w a s  d e s i g n e d  t o  a d d r e s s  a l l  b u t  t h e  s e c o n d  o b j e c t i v e  

g i v e n  i n  S e c t i o n l . 2 .

To a c c o m p l i s h  t h e  s e c o n d  o b j e c t i v e ,  a  s e r i e s  o f  t e s t s  was  

c o n d u c t e d  u n d e r  a c t u a l  r e v e n u e  s e r v i c e  c o n d i t i o n s  c a l l e d  t h e  

O v e r - t h e - R o a d  (OTR) t e s t s .  T h e  i n s t r u m e n t a t i o n  a n d  r e c o r d i n g  

e q u i p m e n t  u s e d  i n  t h e  OTR t e s t  s e r i e s  w e r e  i d e n t i c a l  t o  t h a t  

u s e d  i n  t h e  RVT s e r i e s .  T h e  OTR t e s t s  w e r e  ma de  w i t h  t h e  

t e s t  c a r s  a n d  d a t a  a c q u i s i t i o n  v e h i c l e  i n  a r e g u l a r l y  s c h e d u l e d  

f r e i g h t  t r a i n  b e t w e e n  L o s  A n g e l e s ,  CA, a n d  K a n s a s  C i t y ,  MO. 

A c c e l e r a t i o n  m e a s u r e m e n t s  w e r e  made  d u r i n g  t h e s e  t e s t s  o v e r  

t w e l v e - t e n  m i l e  t e s t  z o n e s ,  s e l e c t e d  t o  r e p r e s e n t  a  c r o s s  

s e c t i o n  o f  t r a c k  s t r u c t u r e s  a n d  o p e r a t i n g  c o n d i t i o n s .  The  

r e s u l t s  o f  t h e  OTR t e s t  s e r i e s  d o c u m e n t  t h e  r i d e  v i b r a t i o n  

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

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

e m p l o y e d  t o  ma ke  t h e  r e q u i r e d  m e a s u r e m e n t s  o f  a c c e l e r a t i o n .

I n  a d d i t i o n ,  t h e  m e t h o d  o f  t r a n s f o r m i n g  t h e  d a t a  t o  a  s e t  o f  

g e n e r a l i z e d  a c c e l e r a t i o n s ,  r e f e r r e d  t o  a s  m o d a l  a n a l y s i s ,  

a n d  t h e  f o r m a t  o f  d a t a  d i s p l a y  a r e  d e s c r i b e d .  T h e  r e s u l t s  

a r e  t h e n  p r e s e n t e d  a n d  d i s c u s s e d  w i t h  r e s p e c t  t o  p r o g r a m  

o b j e c t i v e s .
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2 . 0  TEST EQUIPMENT AND PROCEDURES

To m e e t  t h e  p r o g r a m  o b j e c t i v e s ,  a  s e r i e s  o f  t h r e e  c o n t r o l l e d  

t e s t s  a n d  s i x  r e v e n u e  s e r v i c e  t e s t s  w e r e  c o n d u c t e d .  The 

a c c e l e r a t i o n  d a t a  n e c e s s a r y  t o  e v a l u a t e  t h e  p r o t o t y p e  l i g h t 

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

T h e s e  t e s t s  c o v e r e d  two  y e a r s ,  1 2 5 , 0 0 0  m i l e s  o f  a c c u m u l a t e d  

s e r v i c e ,  a n d  a  w i d e  r a n g e  o f  o p e r a t i n g  c o n d i t i o n s .

2 . 1  INSTRUMENTATION

A c c e l e r a t i o n s  w e r e  m e a s u r e d  w i t h  a maximum o f  48 l i n e a r  

s e r v o - a c c e l e r o m e t e r s  p e r  f l a t c a r .  The  a c c e l e r o m e t e r s  w e r e  

m o u n t e d  i n  s p e c i a l l y  d e s i g n e d  m e c h a n i c a l  i s o l a t o r s  t o  p r o t e c t  

t h e m  f r o m  h i g h  f r e q u e n c y  i m p a c t  a c c e l e r a t i o n s .  T h e  s i g n a l s  

w e r e  e l e c t r i c a l l y  f i l t e r e d  t o  make  maximum u s e  o f  t h e  r a n g e  

a n d  r e s o l u t i o n  o f  t h e  a c c e l e r o m e t e r s .

A c c e l e r a t i o n  s i g n a l s  w e r e  t r a n s m i t t e d  b y  c a b l e  t o  t h e  d a t a  

a c q u i s i t i o n  v e h i c l e  w h e r e  t h e y  w e r e  a n t i - a l i a s  f i l t e r e d ,  

d i g i t i z e d  a n d  r e c o r d e d  o n  m a g n e t i c  t a p e .  The  d a t a  w e r e  

r e p r o d u c e d  o n  s t r i p  c h a r t s  t o  p r o v i d e  a v i s u a l  r e c o r d  a n d  

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

2 . 1 . 1  ACCELEROMETERS

A c c e l e r a t i o n s  o n  t h e  f l a t c a r s  w e r e  m e a s u r e d  w i t h  S c h a e v i t z  

s i n g l e - a x i s  l i n e a r  s e r v o - a c c e l e r o m e t e r s ,  s h o w n  i n  F i g u r e  2 - 1 .

T h e s e  a c c e l e r o m e t e r s  a r e  c l o s e d  l o o p ,  s o l i d - s t a t e ,  f o r c e  

b a l a n c e  i n s t r u m e n t s  w h i c h  p r o v i d e  s t a t e - o f - t h e - a r t  l e v e l s  

o f  a c c u r a c y .  A c c e l e r o m e t e r s  w i t h  a  r a n g e  o f  ±5 g w e r e  u s e d  

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

c o n t a i n e r s  ( s e e  S e c t i o n  2 . 2  a n d  2 . 3 ) .  T h e s e  a c c e l e r o m e t e r s  

w e r e  d a m p e d  w i t h  a n  e l e c t r o n i c  n e t w o r k  w h i c h  l i m i t e d  t h e  

r e s p o n s e  o f  t h e  5 g a c c e l e r o m e t e r  t o  130  Hz w i t h  a n  o v e r a l l  

r e s o l u t i o n  o f  a p p r o x i m a t e l y  0 . 0 0 5  g .  I n  c o n t r a s t ,  t h e
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F i g u r e  2 - 1 .  A c c e l e r o m e t e r

a c c e l e r o m e t e r s  u s e d  t o  m e a s u r e  t h e  d y n a m i c  e n v i r o n m e n t  

e x p e r i e n c e d  b y  t h e  a x l e  o f  e a c h  f l a t c a r  h a d  a  r a n g e  o f  

±30 g .  V i s c o u s  d a m p i n g  u s e d  w i t h  t h e  30 g . a c c e l e r o m e t e r  

l i m i t e d  t h e  f r e q u e n c y  r e s p o n s e  t o  30 Hz w h i l e  p r o v i d i n g  some  

p r o t e c t i o n  a g a i n s t  h i g h  f r e q u e n c y - h i g h  a m p l i t u d e  i m p u l s e s .  

The  m a n u f a c t u r e r s  s p e c i f i c a t i o n s  f o r  t h e  5 g a n d  30 g. a c c e l 

e r o m e t e r s  a r e  s u m m a r i z e d  i n  T a b l e  2 - 1 .

2 . 1 . 2 -  MECHANICAL ISOLATOR

An a c c e l e r o m e t e r  c a p a b l e  o f  w i t h s t a n d i n g  t h e  m o s t  s e v e r e  

v i b r a t i o n s  w h i c h  o c c u r  a t  t h e  b e a r i n g  p a d  o r  w h i c h  a r e  

c a u s e d  b y  m i s m a t c h e d  t r a c k  j o i n t s  w o u l d  l a c k  t h e  r e s o l u t i o n  

n e c e s s a r y  t o  m e a s u r e  t h e  s m a l l e r  a c c e l e r a t i o n s  i n  t h e  low.  

f r e q u e n c y  r a n g e .  T h e r e f o r e ,  i t  was  n e c e s s a r y  t o  p h y s i c a l l y  

i s o l a t e  t h e  a c c e l e r o m e t e r s  f r o m  t h e  h i g h ,  f r e q u e n c y  i n p u t s ,  

i n p u t s  ..
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TABLE 2 - 1

ACCELEROMETER SPECIFICATIONS

5 g 30 g

S c a l e  F a c t o r 1 v o l t / g 0 . 1 6 7  v o l t / g

S t a t i c  L i n e a r i t y 0 . 007% 0. 02%

C r o s s  A x i s  S e n s i t i v i t y 0 . 0 0 1  v o l t s / g 0 . 0 0 1  v o l t s / g

N o i s e 0 . 0 0 1  v o l t s  rms 0 . 0 0 1  v o l t s  rms

M e c h a n i c a l  A l i g n m e n t  
A c c u r a c y 0 . 0 0 2  v o l t s 0 . 0 0 5  v o l t s

N a t u r a l  F r e q u e n c y  
( N o m i n a l ) 130  Hz 30 Hz

To i s o l a t e  a n d  p r o t e c t  t h e  a c c e l e r o m e t e r s ,  a  m e c h a n i c a l  

i s o l a t o r ,  o r  f i l t e r ,  w a s  d e s i g n e d  ( F i g u r e  2 - 2 ) .  T h e  i n n e r  

a n d  o u t e r  c u p s  w e r e  f o r m e d  f r o m  o n e - e i g h t h - i n c h  a l u m i n u m  

w i t h  t h e  s p a c e  b e t w e e n  f i l l e d  w i t h  a  f i r m  o p e n  c e l l  f o a m  

r u b b e r .  T h e  m e c h a n i c a l  i s o l a t o r  a t t e n u a t e d  a c c e l e r a t i o n  

i n p u t s  a b o v e  150  Hz;  a n  i d e a l i z e d  p l o t  o f  t r u c k  a c c e l e r a t i o n  

i n p u t  a n d  t h e  m e c h a n i c a l  i s o l a t o r  r e s p o n s e  a r e  s h o w n  i n  

F i g u r e s  2 - 3  a n d  2 - 4 ,  r e s p e c t i v e l y .  T h e  i s o l a t o r  r e s p o n s e  

c u r v e  ( F i g u r e  2 - 4 )  i s  t y p i c a l  o f  a l i g h t l y  d a m p e d  s e c o n d  

o r d e r  s y s t e m .  T h e  b e n e f i t  o f  l i g h t  d a m p i n g  i s  t h a t  i t  p r o 

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

0 a n d  30 H z .  The  p h a s e  s h i f t  e r r o r  w a s  o f  t h e  o r d e r  o f  1° 

a t  30 Hz a n d  was  t h u s  c o n s i d e r e d  n e g l i g i b l e .  F l a t  l e a d  

s t r i p s  w e r e  p l a c e d  b e n e a t h  t h e  a c c e l e r o m e t e r s  t o  a d d  m a s s ,  

a s  n e e d e d ,  t o  t h e  i n n e r  s t r u c t u r e  i n  o r d e r  t o  a c h i e v e  a 

c o n s i s t e n t  150  Hz c o r n e r  f r e q u e n c y .
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F i g u r e  2 - 2 .  M e c h a n i c a l  I s o l a t o r

Figure 2-3. Truck Acceleration Amplitude (Idealized)
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F i g u r e  2 - 4 .  M o u n t  A m p l i t u d e  R e s p o n s e

E a c h  a c c e l e r o m e t e r  w a s  m o u n t e d  i n  a m e c h a n i c a l  i s o l a t o r  t o  

p r o v i d e  a c o n g r u e n t  p h a s e  a n g l e  b e t w e e n  a l l  t h e  s i g n a l s  

a n d  t o  i n s u r e  h i g h  r e l i a b i l i t y  d u r i n g  t h e  1 0 , 0 0 0 - m i l e  r e v e n u e  

s e r v i c e  t e s t s  ( s e e  S e c t i o n  2 . 4 . 2 ) .  T h i s  a l s o  p r o v i d e d  a 

c o n v e n i e n t  m e a n s  o f  m o u n t i n g  a n d  a l i g n i n g  t h e  a c c e l e r o m e t e r s .  

E a c h  a c c e l e r o m e t e r  was  s e c u r e l y  b o l t e d  t o  t h e  i n n e r  c u p  o f  

t h e  i s o l a t o r ;  t h e  o u t e r  c u p  was  t h e n  b o l t e d  t o  b r a c k e t s  

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

o r t h o g o n a l  m o u n t i n g  t o  w i t h i n  ± o n e  d e g r e e .  T h e  i s o l a t o r  was  

t h e n  e n c l o s e d  w i t h  a  d u s t  a n d  w a t e r  p r o o f  p l a s t i c  c o v e r  t o  

c o m p l e t e  t h e  e n v i r o n m e n t a l  p r o t e c t i o n  o f  e a c h  a c c e l e r o m e t e r .

A c o m p l e t e  a c c e l e r o m e t e r  u n i t  i s  s h o w n  i n  F i g u r e  2 - 5 .

2 . 1 . 3  ACCELEROMETER LOCATIONS

A c c e l e r o m e t e r s  w e r e  m o u n t e d  o n  t h e  l o a d s ,  c a r b o d i e s  a n d  a x l e s  

o f  t h e  t e s t  c a r s  t o  o b t a i n  c o m p l e t e  d a t a  f o r  e a c h  o f  t h e  m a s s  

e l e m e n t s .  T h e  c a r b o d y  w a s  i n s t r u m e n t e d  w i t h  17 a c c e l e r o m e t e r s  

a s  i l l u s t r a t e d  i n  F i g u r e  2 - 6 .  T h r e e  a x l e s  p e r  f l a t c a r  w e r e
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F i g u r e  2 - 5 .  T y p i c a l  A c c e l e r o m e t e r  M o u n t i n g

■y

A c c e l e r o m e t e r  

1 - 1 2

13. - 16 
17 '

D i r e c t i o n

V e r t i c a l

L a t e r a l
L o n g i t u d i n a l

Figure 2-6. Carbody Accelerometers

2 - 6



i n s t r u m e n t e d  w i t h  f i v e  a c c e l e r o m e t e r s  e a c h  a s  s h o w n  i n  F i g u r e  

2 - 7  a n d  t h e  l o a d s  w e r e  i n s t r u m e n t e d  w i t h  e i g h t  a c c e l e r o m e t e r s  

e a c h ,  a s  s ho wn  i n  F i g u r e  2 - 8 .  T h u s ,  a  c o m p l e t e l y  i n s t r u m e n t e d  

c a r  w i t h  t wo  c o n t a i n e r s  o r  t r a i l e r s  c a r r i e d  48 a c c e l e r o m e t e r s .  

T e s t s  c o n d u c t e d  d u r i n g  t h e  l a t t e r  p a r t  o f  t h e  p r o g r a m  r e q u i r e d  

o n l y  35 a c c e l e r o m e t e r s ,  s i n c e  t h e  h a l f - l a d e n  c o n f i g u r a t i o n  was  

e m p l o y e d  e x c l u s i v e l y  a n d  o n l y  two  a x l e s  w e r e  i n s t r u m e n t e d .

T h e  a c c e l e r o m e t e r  l o c a t i o n s  a r e  s p e c i f i e d  i n  A p p e n d i x  A.

S i n c e  e a c h  a c c e l e r o m e t e r  h a s  a  s e n s i t i v e  a x i s  w i t h  a  p o s i t i v e  

a n d  n e g a t i v e  d i r e c t i o n ,  a n d  s i n c e  a  C a r t e s i a n  c o o r d i n a t e  s y s t e m  

w i t h  t h e  c e n t e r  o f  e a c h  f l a t c a r  a s  t h e  o r i g i n ,  was  e s t a b l i s h e d  

t o  s i m p l i f y  t h e  d a t a  a n a l y s i s ,  a l l  t h e  a c c e l e r o m e t e r s  w e r e  

m o u n t e d  s o  t h a t  t h e  p o s i t i v e  d i r e c t i o n  o f  t h e i r  s e n s i t i v e  

a x i s  c o r r e s p o n d e d  w i t h  t h e  p o s i t i v e  d i r e c t i o n  o f  e a c h  a x i s  

o f  t h e  c o o r d i n a t e  s y s t e m .  The  o n l y  e x c e p t i o n  w a s  t h e  l o n g i 

t u d i n a l  a c c e l e r o m e t e r s  o n  t h e  a x l e s  w h i c h  w e r e  m o u n t e d  a s y m 

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

d u r i n g  p r o c e s s i n g .

2 . 1 . 4  INSTRUMENTATION SYSTEM

F i g u r e  2 - 9  i s  a  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  i n s t r u m e n t a t i o n  

s y s t e m .  T h e  t r a n s d u c e r s  on  e a c h  c a r  w e r e  h a r d w i r e d  v i a  c a b l e s  

a n d  c o n n e c t o r s  t o  a  w e a t h e r p r o o f  j u n c t i o n  b o x  ( J - b o x )  ( F i g u r e  

2 - 1 0 )  on t h a t  c a r .  T h e  c o n s o l i d a t e d  s i g n a l s  w e r e  c o n d u c t e d  

t h r o u g h  i n d i v i d u a l l y  s h i e l d e d  c o n d u c t o r  p a i r s  t o  t h e  D a t a  

A c q u i s i t i o n  V e h i c l e ,  T - 5 ,  w h i c h  c o n t a i n e d  t h e  a n a l o g  s i g n a l  

c o n d i t i o n i n g  a n d  d i g i t a l  d a t a  a c q u i s i t i o n  s y s t e m .  F i g u r e  

2 - 1 1  i s  a  s i m p l i f i e d  b l o c k  d i a g r a m  o f  t h e  s i g n a l  f l o w .

F i g u r e  2 - 1 2  i s  a m o r e  d e t a i l e d  d e s c r i p t i o n  o f  a  t y p i c a l  

d a t a  c h a n n e l .

T h e  e x c i t a t i o n  v o l t a g e  ( ±15  VDC) was  t r a n s m i t t e d  t h r o u g h  a 

c a b l e  f r o m  T - 5  t o  t h e  t r a n s d u c e r .  The  o u t p u t  s i , g n a l  f r o m  

t h e  t r a n s d u c e r  was  t r a n s m i t t e d  b a c k  t o  T - 5  v i a  t h e  s h i e l d e d

2-7



F i g u r e  2 - 7 .  A x l e  T r a n s d u c e r  L o c a t i o n s





F i g u r e  2 - 9 .  S c h e m a t i c  R e p r e s e n t a t i o n  o f  
D a t a  M e a s u r e m e n t  S y s t e m

Figure 2-10. Junction Box (J-Box) and Associated Cabling
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p a i r s .  A t  t h i s  p o i n t ,  t h e  t r a n s d u c e r  s i g n a l  i s  i n  t h e  f o r m  

o f  a s i g n a l  c u r r e n t  t o  e l i m i n a t e  l i n e  r e s i s t a n c e  e f f e c t s .

The  s i g n a l  c u r r e n t  w a s  t h e n  c o n v e r t e d  t o  a  s i g n a l  v o l t a g e  

i n  a  c u r r e n t / v o l t a g e  ( I / V )  c o n v e r t e r  o n b o a r d  T - 5 .

The  o u t p u t  o f  t h e  c u r r e n t / v o l t a g e  c o n v e r t e r  Was s u b j e c t e d  t o  

a  p r e w h i t e n i n g  f i l t e r  w h i c h  p r o v i d e d  a  DC g a i n  o f  20 b u t  

w h i c h  a t t e n u a t e d  t h e  s i g n a l s  a b o v e  1 . 6  Hz a t  a r a t e  o f  6 dB 

p e r  o c t a v e .  The  f i l t e r  was  n e c e s s a r y  b e c a u s e  a c c e l e r a t i o n  

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

i n t e r e s t ,  f r o m  0 t o  30 Hz i n  s p i t e  o f  t h e  a t t e n u a t i o n  f r o m  

t h e  m e c h a n i c a l  i s o l a t o r s .  The  6 d B / o c t a v e  a t t e n u a t i o n  o f  

t h e  f i l t e r  e l i m i n a t e d  t h i s  i n c r e a s e  a n d  r e s u l t e d  i n  a n  

a m p l i t u d e  v e r s u s  f r e q u e n c y  r e s p o n s e  d i s t r i b u t i o n  w h i c h  was  

m o r e  n e a r l y  r e c t a n g u l a r ,  o r  w h i t e .  The  f i l t e r  r e s p o n s e  i s  

i l l u s t r a t e d  i n  F i g u r e  2 - 1 3 .

The  p r e w h i t e n i n g  f i l t e r  o u t p u t  d r i v e s  a n  a n t i a l i a s i n g  f i l t e r  

w h i c h  i n s u r e s  t h a t  d i g i t a l  h e t e r o d y n i n g  o f  t h e  s i g n a l  w i l l  

n o t  o c c u r  wh e n  t h e  s i g n a l  i s  d i g i t i z e d .  T h e  f i l t e r  i s  a 

f o u r - p o l e ,  l o w  p a s s ,  B e s s e l  f i l t e r  w i t h  a  c u t o f f  , f r e q u e n c y  

o f  30 Hz .  The  B e s s e l  f i l t e r  i s  u s e d  i n  o r d e r  t o  m a i n t a i n  

l i n e a r  p h a s e  s h i f t  o v e r  t h e  p a s s b a n d  t o  ma k e  s u b s e q u e n t  

c a l c u l a t i o n s  s i m p l e r .

Frequency

Figure 2-13. Prewhitening Filter Response
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The  120 s i g n a l  i n p u t s  a r e  c o n n e c t e d  t o  a n  a n a l o g  m u l t i p l e x e r  

w h i c h  s e q u e n t i a l l y  c h o o s e s  a  c h a n n e l  t o  b e  d i g i t i z e d  b y  t h e  

1 2 - b i t  a n a l o g  t o  d i g i t a l  c o n v e r t e r .  The  m u l t i p l e x e r  a n d  A/D 

c o n v e r t e r  a r e  p a r t  o f  a  R a y t h e o n  704 c o m p u t e r  w h i c h  c o n t r o l s  

t h e  c o n v e r s i o n  a n d  s t o r a g e  p r o c e s s .  A f t e r  t h e  a n a l o g  s i g n a l s  

a r e  d i g i t i z e d  a t  a r a t e  o f  128  t i m e s  p e r  s e c o n d  p e r  c h a n n e l ,  

t h e  d i g i t a l  w o r d s  a r e  s t o r e d  a n d  f o r m a t t e d  i n  t h e  memory  o f  

t h e  c o m p u t e r .  The  f o r m a t t e d  d a t a  . a r e  t h e n  r e c o r d e d  on  d i g i t a l  

m a g n e t i c  t a p e  t o  b e  p r o c e s s e d  o f f - l i n e .

To a l l o w  r e a l  t i m e  m o n i t o r i n g  o f  d a t a  c h a n n e l s  a n d  t o  c h e c k  

f o r  c o m p u t e r  m a l f u n c t i o n s ,  s e l e c t e d  c h a n n e l s  o f  d i g i t a l  d a t a  

w e r e  p a s s e d  t h r o u g h  a  d i g i t a l  t o  a n a l o g  (D/A)  c o n v e r t e r  a n d  

d i s p l a y e d  o n  a n  a n a l o g  s t r i p  c h a r t  r e c o r d e r ,  up  t o  s i x  

c h a n n e l s  a t  a  t i m e .  S e l e c t i o n  o f  a  g i v e n  c o m b i n a t i o n  o f  

c h a n n e l s ,  was  u n d e r  o p e r a t o r  c o n t r o l  t h r o u g h  t h e  c o m p u t e r .

2 . 1 . 5  CALIBRATION PROCEDURES

P r i o r  t o  i n s t a l l a t i o n  o n  t h e  t e s t  f l a t c a r s ,  a l l  o f  t h e  a p p r o x 

i m a t e l y  120  a c c e l e r o m e t e r s  u s e d  i n  t h e  t e s t  w e r e  i n d i v i d u a l l y  

c a l i b r a t e d  o n  a  s w e p t  f r e q u e n c y  s h a k e r  t a b l e  i n  t h e  T r a n s p o r 
t a t i o n  T e s t  C e n t e r  M e t r o l o g y  L a b .  The  r e s u l t i n g  c a l i b r a t i o n  

d a t a  w e r e  g i v e n  t o  ENSCO f o r  i n d i v i d u a l  u n i t  v e r i f i c a t i o n  a n d  

w e r e  f i l e d  a t  t h e  TTC M e t r o l o g y  Lab f o r  f u t u r e  r e f e r e n c e .

P r i o r  t o  a n y  t e s t i n g ,  e a c h  i n d i v i d u a l  a c c e l e r o m e t e r  was  

c a l i b r a t e d  t o  d e t e r m i n e  i t s  s t a t i c  s c a l e  f a c t o r  and.  o u t p u t  

p o l a r i t y ,  a n d  t o  v e r i f y  i n t e r c o n n e c t i o n  w i r i n g  b e t w e e n  t h e  

t r a n s d u c e r  a n d  d a t a  a c q u i s i t i o n  s y s t e m .  T h i s  c a l i b r a t i o n  

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

r e s t  p o s i t i o n  a n d  t h e n  b y  r o t a t i n g  i t  t h r o u g h  1 8 0 °  t o  i m p o s e  

+ 1 ,  0 a n d  -1  g on  t h e  a c c e l e r o m e t e r .  The  c h a n g e  i n  o u t p u t  

v o l t a g e  a s  t h e  a c c e l e r o m e t e r  i s  r o t a t e d  a t  t h e  o u t p u t  o f  t h e  

s i g n a l  c o n d i t i o n i n g  c i r c u i t r y  d i v i d e d  b y  a  c h a n g e  o f  2 g ' s  

(+1 g - ( - 1  g ) )  p r o d u c e d  t h e  s c a l e  f a c t o r  i n  v o l t s / g  f o r
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e a c h  a c c e l e r o m e t e r .  B e c a u s e  e a c h  a c c e l e r o m e t e r  o u t p u t  was  

t a k e n  i n  t h e  c u r r e n t  mode a n d  t h e  i n t e r n a l  i m p e d a n c e  v a r i e d  

±10 p e r c e n t ,  t h e  c o r r e s p o n d i n g  o u t p u t  o f  e a c h  a c c e l e r o m e t e r  

v a r i e d  a c c o r d i n g l y .  On t h e  i n i t i a l  t e s t ,  t h e  g a i n  o f  e a c h  

s i g n a l  c o n d i t i o n e r  w a s  a d j u s t e d  t o  p r o v i d e  a  n e a r l y  e x a c t  

s c a l e  f a c t o r  o f  3 . 5  V / g  a t  t h e  A/D i n p u t  f o r  t h e  30 g 

a c c e l e r o m e t e r s  a n d  4 . 0  V / g  f o r  t h e  5 g a c c e l e r o m e t e r s .  A 

w r i t t e n  r e c o r d  o f  e a c h  c h a n n e l  s e n s i t i v i t y  w a s  m a i n t a i n e d .

S i n c e  t u r n o v e r  c a l i b r a t i o n  o f  t h e  a c c e l e r o m e t e r  r e q u i r e s  

t h e  r e m o v a l  o f  t h e  a c c e l e r o m e t e r  f r o m  t h e  t e s t  v e h i c l e  a n d  

i s  q u i t e  t i m e  c o n s u m i n g ,  a n  e l e c t r i c a l  m e t h o d  o f  c a l i b r a t i o n ,  

w h i c h  c a n  b e  p e r f o r m e d  q u i c k l y ,  was  d e v i s e d  a n d  p e r f o r m e d  

p r i o r  t o  e a c h  t e s t .  The  c a l i b r a t i o n  m e t h o d  d e p e n d s  on  

t r a n s m i t t i n g  a n  a c c u r a t e l y  known c u r r e n t  t o  t h e  a c c e l e r o m e t e r  

f o r c e - b a l a n c e  c o i l  f r o m  t h e  d a t a  a c q u i s i t i o n  v e h i c l e  v i a  t h e  

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

a c c e l e r a t i o n  t o  t h e  a c c e l e r o m e t e r  a n d  c a u s e s  i t  t o  p r o d u c e  

a n  o u t p u t  s i g n a l  p r o p o r t i o n a l  t o  t h e  s i m u l a t e d  a c c e l e r a t i o n  

i n p u t .  B o t h  DC s t e p  f u n c t i o n s  a n d  a s i n e  w a v e  w e r e  a p p l i e d .

The  p r e t e s t  c a l i b r a t i o n  c o n s i s t e d  o f  t h e  f o l l o w i n g  s e q u e n c e :

1 .  I n  c l o s e  c o o r d i n a t i o n  w i t h  p e r s o n n e l  i n  t h e  
D a t a  A c q u i s i t i o n  V e h i c l e ,  T - 5 ,  a  t e c h n i c i a n  
l o c a t e d  t h e  c a l i b r a t i o n  i n p u t  t e r m i n a l s  o f  
a  g i v e n  a c c e l e r o m e t e r  i n  t h e  f u n c t i o n  b o x  
o n  t h e  t e s t  v e h i c l e .  The  t e c h n i c i a n  
c o n n e c t e d  a  p o r t a b l e ,  f l o a t e d ,  c o n s t a n t  
c u r r e n t ,  10 Hz s o u r c e ,  c a p a b l e  o f  g e n e r a t i n g  
a n  a p p r o x i m a t e  h a l f - s c a l e  s i g n a l  t o  t h e  
c a l i b r a t i o n  t e r m i n a l s  o f  t h e  a c c e l e r o m e t e r .

2 .  P e r s o n n e l  i n  T - 5  c o n n e c t e d  a n  a n a l o g  s t r i p  
c h a r t  r e c o r d e r  t o  t h e  a p p r o p r i a t e  c h a n n e l  
t o  r e c o r d  t h e  10 Hz c a l i b r a t i o n  s i g n a l ,  
a n d  v e r i f i e d  t h a t  t h e  a c c e l e r o m e t e r  was  
o p e r a b l e  a n d  c o n n e c t e d  t o  t h e  a p p r o p r i a t e  
c h a n n e l .
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3. Upon c o m p l e t i o n  o f  S t e p s  1 a n d  2 ,  t h e  c a l i 
b r a t i o n  t e c h n i q u e  d e p i c t e d  i n  F i g u r e  2 - 1 4  
was  u s e d  t o  a u t o m a t i c a l l y  i n j e c t  t h e  f o l l o w i n g  
s e r i e s  o f  c a l i b r a t i o n  s i g n a l s :

a .  Z e r o

b .  10 Hz s i g n a l  a t  a p p r o x i m a t e l y  f u l l - s c a l e

c .  C o n s t a n t  s i g n a l  a t  p o s i t i v e  1 / 2 - s c a l e

d .  C o n s t a n t  s i g n a l  a t  p o s i t i v e  f u l l - s c a l e

e .  Z e r o

f .  10 Hz s i g n a l  a t  a p p r o x i m a t e l y  f u l l - s c a l e

g .  C o n s t a n t  s i g n a l  a t  n e g a t i v e  1 / 2 - s c a l e

h .  C o n s t a n t  s i g n a l  a t  n e g a t i v e  f u l l - s c a l e

N o t e  t h e  e f f e c t s  o f  t h e  l o w - p a s s  f i l t e r i n g  o r  t h e  s t e a d y - s t a t e  

s i n u s o i d  r e s p o n s e  a n d  t h e  s t e p  r e s p o n s e .  T h i s  c a l i b r a t i o n  

s e q u e n c e  was  r e c o r d e d  b y  t h e  d i g i t a l  d a t a  a c q u i s i t i o n  s y s t e m  

f o r  u s e  i n  p o s t - t e s t  d a t a  a n a l y s i s .

2 . 2  LOADS

The  l a d i n g  f o r  t h e  f l a t c a r s  c o n s i s t e d  o f  s t a n d a r d  i n t e r m o d a l  

t r a i l e r s  a n d  c o n t a i n e r s  m o u n t e d  on  t h e  a p p r o p r i a t e  c a r  a s  

s p e c i f i e d  b y  t e s t  p l a n s .  The  c o n t a i n e r s  a n d  t r a i l e r s  w e r e  

e i t h e r  e m p t y  o r  l o a d e d  w i t h  2 , 0 0 0  p o u n d  b a l e s  o f  p a p e r .

2 . 2 . 1  TRAILERS

F o u r  4 0 - f o o t  F r u e h a u f  Z V a n s  ( F i g u r e  2 - 1 5 )  w e r e  o b t a i n e d  

f o r  u s e  i n  t h e  t e s t  s e q u e n c e .  T h e  s e r i a l  n u m b e r s  a r e :

SFTZ 2 0 2 5 1 9 ,  SFTZ 2 0 2 6 9 9 ,  SFTZ 2 0 2 7 1 0  a n d  SFTZ 2 0 2 7 5 1 .

A l l  f o u r  t r a i l e r s  h a d  b e e n  m a n u f a c t u r e d  i n  A u g u s t  o r  

S e p t e m b e r  o f  1 9 7 4 ,  a n d  a l l  f o u r  w e r e  M o d e l  No.  F B Z 9 - F 2 - 4 0 .

The  t r a i l e r s  w e r e  f i t t e d  w i t h  w o r n ,  r e t r e a d  t i r e s  o f  v a r i o u s  

m a n u f a c t u r e  ( i n c l u d i n g  F i r e s t o n e ,  G o o d y e a r ,  U n i r o y a l ,  OHTSU) 

w h i c h  w e r e  i n f l a t e d  t o  7 5 - 8 5  p s i  c o l d .

2-16



-17

tsi

n

F i g u r e  2 - 1 4 . C a l i b r a t i o n  S y s t e m



F i g u r e  2 . 1 5 .  F o r t y - F o o t  T r a i l e r

Empt y  t r a i l e r  w e i g h t  w a s  1 2 , 4 0 0  p o u n d s  a n d  w h e n  l o a d e d  w i t h  

p a p e r  b a l e s ,  t h e  g r o s s  w e i g h t  was  4 4 , 5 0 0  p o u n d s .  The  t r a i l e r s  

w e r e  r a t e d  f o r  a  g r o s s  w e i g h t  o f  6 8 , 0 0 0  p o u n d s .
;s

E a c h  t r a i l e r  h a s  15 m o u n t i n g  l o c a t i o n s ,  s i x  i n c h e s  a p a r t ,  

f o r  t h e  b o g i e  ( t r a i l e r  w h e e l  a n d  s u s p e n s i o n ) . .  F o r  t h r e e  o f  

t h e  t r a i l e r s ,  t h e  b o g i e  w a s  m o u n t e d  i n  t h e  f i f t h  p o s i t i o n  

f r o m  t h e  r e a r .  F o r  o n e  (SFTZ 2 0 2 6 9 9 ) ,  t h e  b o g i e  w a s  m o u n t e d  

i n  t h e  f o u r t h  f r o m  t h e  f r o n t .

2 . 2 . 2  CONTAINERS

T h e  c o n t a i n e r s  ( F i g u r e  2 - 1 6  ) w e r e  F r u e h a u f  M o d e l  KAX-40TRA,  

( S e r i a l  N o s .  XTRV 8 7 1 2 6 4 ,  8 7 1 5 9 5 ,  8 7 4 7 5 6  a n d  8 7 7 1 8 9 )  d e s i g n e d  

f o r  g e n e r a l  c a r g o  s e r v i c e .  The  c o n t a i n e r s  w e r e  c o n s t r u c t e d  

o f  a  s t e e l  f r a m e  w i t h  a l u m i n u m  w a l l s  a n d  a  w o o d e n  f l o o r .

E a c h  c o n t a i n e r  w a s  8 . 5  x 8 x 40 f e e t ,  a n d  w e i g h e d  6 , 4 5 0  

p o u n d s  e m p t y .  When r e q u i r e d  f o r  t h e  t e s t ,  t h e y  w e r e  l o a d e d  

w i t h  3 2 , 0 0 0  p o u n d s  o f  b a l e d  p a p e r .  T h e  maximum c a p a c i t y  f o r  

e a c h  c o n t a i n e r  was  6 4 , 0 0 0  p o u n d s .
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2 : 3  TEST CONSIST

T e s t i n g  w a s  c o n d u c t e d  w i t h  a f o u r - c a r  c o n s i s t  c o m p r i s e d  o f  

t h e  t h r e e  i n s t r u m e n t e d  f l a t c a r s  a n d  t h e  FRA D a t a  A c q u i s i t i o n  

V e h i c l e ? ,  T - 5 .  F i g u r e  2 - 1 7  s c h e m a t i c a l l y . r e p r e s e n t s  a  t y p i c a l  

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

w i t h  t r a i l e r s  o r  c o n t a i n e r s  a s  s t i p u l a t e d  b y  t h e  t e s t  p l a n  

f o r  e a c h  t e s t .

2 . 3 . 3  FLATCARS

T e s t s  w e r e  c o n d u c t e d  u s i n g  t h r e e  d i f f e r e n t  f l a t c a r s ;  o n e  

c o n v e n t i o n a l  g e n e r a l  p u r p o s e  f l a t c a r  a n d  t w o  l i g h t w e i g h t  

p r o t o t y p e  f l a t c a r s  ( s h o w n  i n  F i g u r e  2 - 1 8  ) •  A c c e l e r a t i o n s  

o n ' - s i m i l a r ' l o a d  c o n f i g u r a t i o n s  w e r e  f o u n d  t o  b e  c o m p a r a b l e  

f o r  t h e  d i f f e r e n t  t y p e s  o f  f l a t c a r s .  ■

T h e  c o n v e n t i o n a l  f l a t c a r  (TTAX 973799, )  o w n e d  a n d  o p e r a t e d  

b y  T r a i l e r  T r a i n  w e i g h s  a p p r o x i m a t e l y  6 9 , 0 0 0  p o u n d s  i n c l u d i n g  ' 

t r u c k s .  T h e  c a r  i s  90 f e e t  l o n g  ( o v e r  s t r i k e r s )  a n d  9 f e e t  

w i d e  w i t h  t h e  d e c k  2 f e e t ,  5 - 1 / 2  i n c h e s  a b o v e  t h e  r a i l .  T h e r e
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a r e  two c o l l a p s i b l e  k i n g p i n  p e d e s t a l s ,  o n e  a t  t h e  c a r  c e n t e r  

a n d  o n e  a t  t h e  B - e n d * .  The  T'l'AX i s  c a p a b i l e  o f  t r a n s p o r t i n g  

t wo  t r a i l e r s ,  two 4 0 - f o o t  c o n t a i n e r s ,  o r  o n e  o f  e a c h .  The 

t r u c k s  u s e d  i n  t h i s  s t u d y  w e r e  7 0 - t o n  A m e r i c a n  S t e e l  b o u n d a r y  

(ASF)  r i d e  c o n t r o l  t r u c k s  s p a c e d  66 f e e t  c e n t e r - t o - c e n t e r .

One l i g h t w e i g h t  f l a t c a r  (TLDX-61)  was  c o n f i g u r e d  t o  t r a n s p o r t  

o n l y  t r a i l e r s  a n d  t h e  o t h e r  (TLDX-62)  w a s  c o n f i g u r e d  t o  t r a n s 

p o r t  o n l y  c o n t a i n e r s .  T h e s e  c a r s  w e i g h  a p p r o x i m a t e l y  5 9 , 0 0 U  

p o u n d s  a n d  4 9 , 0 0 0  p o u n d s  e m p t y ,  r e s p e c t i v e l y .  The  l e n g t h  

o v e r  t h e  s t r i k e r s  i s  84 f e e t ,  t h e  w i d t h  i s  9 f e e t ,  a n d  t h e  d e c k  

i s  3 f e e t  5 - 1 / 2  i n c h e s  a b o v e  t h e  r a i l .  T h e  t r u c k s  u n d e r  t h e s e  

c a r s  w e r e  a l s o  t h e  7 0 - t o n  ASF r i d e  c o n t r o l  t r u c k s  s p a c e d  63 

f e e t  c e n t e r - t o - c e n t e r .

2 . 3 . 2  DATA ACQUISITION VEHICLE

I n  o r d e r  t o  o b t a i n  m e a s u r e m e n t s  o f  t h e  t h r e e  f l a t c a r s '  d y n a m i c  

p e r f o r m a n c e  u n d e r  b o t h  a c t u a l  o p e r a t i n g  a n d  c o n t r o l l e d  c o n d i 

t i o n s ,  t h e  FRA D a t a  A c q u i s i t i o n  V e h i c l e ,  T - 5 ,  w a s  u s e d  t o  

c o l l e c t  d a t a  a n d  p r o v i d e  t e s t  s u p p o r t .  T - 5  i s  s e l f - c o n t a i n e d  

f o r  p e r i o d s  o f  o n e  t o  t w o  w e e k s  a n d  c a n  s u p p o r t  a  c r e w  o f  

f o u r .  The  s u p p o r t  s y s t e m s  a r e  p o w e r e d  b y  t wo  50 kW d i e s e l  

g e n e r a t o r s  a n d  i n c l u d e ,  i n  a d d i t i o n  t o  t h e  d a t a  a c q u i s i t i o n  

s y s t e m ,  a l l  n e c e s s a r y  a m e n i t i e s  s u c h  a s  s l e e p i n g  q u a r t e r s ,  

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

p a r t i c u l a r l y  i m p o r t a n t  i n  t h e  O v e r - t h e - R o a d  t e s t  s e r i e s  

( S e c t i o n  2 . 4 . 2 ) .

The  d a t a  a c q u i s i t i o n  s y s t e m  o n b o a r d  T - 5  i s  c a p a b l e  o f  a c c o m o 

d a t i n g  up  t o  120 c h a n n e l s  o f  e l e c t r i c a l  a n a l o g  s i g n a l s  g e n 

e r a t e d  b y  a n y  o f  t o d a y ' s  s t a t e - o f - t h e - a r t  t r a n s d u c e r s .  The  

o v e r a l l  s y s t e m  i s  c o m p r i s e d  o f  a n  a n a l o g  a n d  a  d i g i t a l

T h e  e n d  a t  w h i c h  t h e  h a n d  b r a k e  i s  l o c a t e d  i s  r e f e r r e d  t o  
a s  t h e  B - e n d .  The  o t h e r  e n d  i s  t h e  A - e n d .  A l l  t e s t s  w e r e  
p e r f o r m e d  w i t h  t h e  A - e n d  l e a d i n g .

3:
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Trailer Container

4 4 , 5 0 0
P o u n d s

4 4 , 5 0 0
P o u n d s

T - 5  - < C O O D o o
T f D X - 6 1 T T A X

C D  O O O O  O O C D C D
B A " B A

58,340
P o u n d s

Tl.tM-62

D i r e c t i o n  o f  T r a v e l

F i g u r e  2 . 1 7 .  S c h e m a t i c  R e p r e s e n t a t i o n  o f  
T y p i c a l  T e s t  C o n s i s t

Figure 2.18. Lightweight Flatcar TLDX-61 and TLDX-62
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s u b s y s t e m .  The  a n a l o g  s i g n a l s  a r e  i n p u t  t o  t h e  a n a l o g  

s u b s y s t e m  w h i c h  p r o v i d e s  p o w e r  t o  t h e  t r a n s d u c e r s  a n d  c o n 

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

The  d i g i t a l  s u b s y s t e m  i s  c e n t e r e d  a r o u n d  a n d  c o n t r o l l e d  by  

a  R a y t h e o n  704 C e n t r a l  P r o c e s s i n g  U n i t ,  a 12 K m i n i  - c o m p u t e r . 

The  d i g i t a l  s u b s y s t e m  d i g i t i z e s  t h e  d a t a ,  c a r r i e s  o u t  some 

l i m i t e d  p r o c e s s i n g  a n d  r e c o r d s  t h e  d a t a  o n  m a g n e t i c  t a p e .

I n  a d d i t i o n ,  s i x  d a t a  c h a n n e l s  c a n  b e  r e c o n v e r t e d  t o  a n a l o g  

f o r m a t  a n d  d i s p l a y e d  i n  r e a l - t i m e  on  a  s t r i p  c h a r t  r e c o r d e r .  

The  c o m p u t e r  i s  a l s o  u s e d  i n  o f f - l i n e  p r o c e s s i n g  a n d  i s  

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

2 . 4  TEST PROCEDURE

The  o b j e c t i v e s  o f  t h e  t e s t  p r o g r a m  r e q u i r e d  t w o  t y p e s  o f  

t e s t s  t o  o b t a i n  t h e  n e c e s s a r y  d a t a :  a  s e r i e s  o f  c o n t r o l l e d

R i d e  V i b r a t i o n  T e s t s  (RVT) a n d  a  s e t  o f  i n - s e r v i c e  O v e r - t h e -  

Roa d  T e s t s  ( O T R ) . P r i o r  t o  t h e s e  t e s t s ,  s a f e t y  a n d  f u n c t i o n a l  

c h e c k o u t  t e s t s  w e r e  r u n .  The  t e s t  c h r o n o l o g y  i s  l i s t e d  i n  

T a b l e  2 - 2 .

T h e  RVT s e r i e s  c o n s i s t e d  o f  t h r e e  t e s t s  c o n d u c t e d  a f t e r  a 

s p e c i f i e d  n u m b e r  o f  m i l e s  h a d  b e e n  a c c u m u l a t e d  t o  p r o v i d e  

d a t a  on  t h e  e f f e c t s  o f  w e a r .  T h e  f i r s t  RVT, c a r r i e d  o u t  a t  

z e r o  ( n o m i n a l )  m i l e s  o f  s e r v i c e  o n  t h e  f l a t c a r s ,  was  d e s i g n e d  

b o t h  t o  e s t a b l i s h  a  d a t a  b a s e  f o r . w e a r  m e a s u r e m e n t s  a n d  t o  

a c q u i r e  t h e  d a t a  n e c e s s a r y  f o r  c a l c u l a t i o n  o f  t h e  mode s h a p e . ,  

f u n c t i o n s ,  r e q u i r e d  f o r  m o d a l  a n a l y s i s ,  w h i c h  w e r e  a s s u m e d  

n o t  t o  c h a n g e  s i g n i f i c a n t l y  w i t h  w e a r  s i n c e  t h e y  a r e  p r i n c i 

p a l l y  f u n c t i o n s  o f  t h e  i n t e r n a l  s t r u c t u r e  c o n f i g u r a t i o n .

The  s e c o n d  a n d  t h i r d  R V T ' s ,  c a r r i e d  o u t  a t  5 0 , 0 0 0  a n d  1 2 5 , 0 0 0  

m i l e s  o f  s e r v i c e ,  w e r e  d e s i g n e d  t o  a c q u i r e  d a t a  on  t h e  

e f f e c t s  o f  w e a r  o n  t h e  f l a t c a r s .
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TABLE 2-2

TEST CHRONOLOGY

T e s t D a t e s A c c u m u l a t e d  M i l e a g e

F u n c t i o n a l
C h e c k o u t May - J u l y  1976 0 ( N o m i n a l )

RVT .#1 A u g u s t  - S e p t e m b e r  1 9 7 6 0 ( N o m i n a l )

OTR D e c e m b e r  1976  - 
F e b r u a r y  1977 1 0 , 0 0 0

RVT # 2 S e p t e m b e r  1977 5 0 , 0 0 0

RVT #3 N o v e mb e r  1978 1 2 5 , 0 0 0

The  OTR t e s t s  w e r e  a l l  c o n d u c t e d  a t  a p p r o x i m a t e l y  1 0 , 0 0 0  

m i l e s  o f  w e a r ,  a t  t h e  t i m e  i n d i c a t e d  i n  T a b l e  2 - 3 .  T h e s e  

t e s t s  w e r e  d e s i g n e d  t o  m e a s u r e  t h e  p e r f o r m a n c e  o f  t h e  t e s t  

c a r s  u n d e r  a c t u a l  r e v e n u e  s e r v i c e  c o n d i t i o n s .  I n  c o n t r a s t  

t o  t h e  RVT' s , t h e  t e s t  c o n s i s t  was  c o n n e c t e d  t o  t h e  t r a i l i n g  

e n d  o f  a r e v e n u e  f r e i g h t  t r a i n .

2 . 4 . 1  RIDE VIBRATION

T h e  t h r e e  R i d e  V i b r a t i o n  T e s t s  (RVT) w e r e  c o n d u c t e d  i n  a 

s p e c i a l  t e s t  t r a i n  c o n f i g u r a t i o n  o v e r  t w o  t e s t  z o n e s  on  t h e  

A t c h i s o n ,  T o p e k a  a n d  S a n t a  Fe  (AT^SF)  R a i l r o a d  13 m i l e s  e a s t  

o f  La J u n t a ,  CO. The  g e n e r a l  l o c a t i o n  o f  t h e s e  z o n e s  i s  

sh o wn  i n  F i g u r e s  2 - 1 9  a n d  2 - 2 0 .  The  z o n e s  r e p r e s e n t  two 

d i f f e r e n t  t r a c k  c l a s s e s  t o  p r o v i d e  a  w i d e r  r a n g e  o f  d a t a .  

E a c h  z o n e  w a s  m a r k e d  b y  A u t o m a t i c  L o c a t i o n  D e v i c e  (ALD) 

t a r g e t s ,  w h i c h  w e r e  m e t a l  s t r i p s  n a i l e d  t o  t i e s  a t  p r e 

d e t e r m i n e d  l o c a t i o n s .  A m a g n e t i c  s e n s o r  o n b o a r d  TLDX-61 

d e t e c t e d  t h e  t a r g e t s  a n d  t r a n s m i t t e d  a  s i g n a l  t o  T - 5  w h e r e  

t h e  s i g n a l  was  r e c o r d e d  i n  c o n j u n c t i o n  w i t h  t h e  d a t a .

2-23



t
N

F i g u r e  2 - 1 9 .  G e n e r a l  L o c a t i o n  o f  T e s t  Z o n e s

Figure 2-20.- Test Zone Locations
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T e s t  Zone  1 was  i n  t h e  F i r s t  D i s t r i c t ,  C o l o r a d o  D i v i s i o n  

a n d  c o n s i s t e d  o f  5 , 8 0 8  f e e t  ( 1 . 1  m i l e s )  o f  C l a s s  3 t a n g e n t  

t r a c k  b e g i n n i n g  a t  M i l e p o s t  (MP) 234 a n d  e x t e n d i n g  528 f e e t  

b e y o n d  MP 233 s o u t h  o f  K e l l e r ,  CO on- t h e  B o i s e  C i t y  l i n e  

( s e e  F i g u r e  2 - 2 1 ) .  T h e  ALD t a r g e t  l o c a t i o n s  a n d  m i l e p o s t s  

a r e  a l s o  i n d i c a t e d  i n  F i g u r e  2 - 2 1 .  T h i s  z o n e  w a s  c o m p o s e d  

o f  90 p o u n d  r a i l  w i t h  b o l t e d  j o i n t s  o n  wood  t i e s .  B e t w e e n  

t h e  s e c o n d ,  a n d  t h i r d  RVT' s , t h i s  z o n e  w a s  s i g n i f i c a n t l y  

u p g r a d e d *  a l t h o u g h  t h e  C l a s s  3 r a t i n g  was  n o t  c h a n g e d .

T e s t  Zone  2 c o n s i s t e d  o f  C l a s s  5 t a n g e n t  t r a c k  b e g i n n i n g  

4 , 2 2 4  f e e t  w e s t  o f  MP 541 a n d  e x t e n d i n g  t o  a p o i n t  528 f e e t  

w e s t  o f  MP 537  o n  t h e  m a i n l i n e  t r a c k  i n  t h e  s ame  d i s t r i c t  

a n d  d i v i s i o n  a s  T e s t  Zone  1 ( s e e  F i g u r e  2 - 2 2 ) .  The  t o t a l  

l e n g t h  o f  t h e  t e s t  z o n e  was  1 6 , 3 6 8  f e e t  ( 3 . 1  m i l e s ) .  T h i s ,  

was  m a i n l i n e  t r a c k ,  c o m p o s e d  o f  119  p o u n d  r a i l  w i t h  b o l t e d  

j o i n t s  o n  w ood  t i e s .

The  t e s t s  c o n s i s t e d  o f  a  s e r i e s  o f  p a s s e s  t h r o u g h  e a c h  z o n e  

a t  d i f f e r e n t  s p e e d s  a n d  d i f f e r e n t  l o a d  c o n f i g u r a t i o n s .  On 

t h e  b e g i n n i n g  o f  e a c h  d a y ,  a c a l i b r a t i o n  a n d  t r a c k  c o n d i t i o n i n g  

r u n  w a s  made^ t o  v e r i f y  t h e  p r o p e r  f u n c t i o n i n g  o f  t h e  ALD s y s t e m  

C a l i b r a t i o n  a l s o  f o l l o w e d  e a c h  d a y ’ s t e s t  r u n s .

T h e  t e s t  r u n s  t h r o u g h  e a c h  z o n e  w e r e  ma de  o v e r  a  r a n g e  o f  

s p e e d s  w i t h  t h e  maximum s p e e d  e q u a l  t o  t h e  l e g a l  maximum f o r  

t h a t  c l a s s  t r a c k .  T h e  s p e e d  was  h e l d  c o n s t a n t  t h r o u g h  t h e  

t e s t  z o n e  f o r  e a c h  t a r g e t  s p e e d .  T h e  f i v e  t a r g e t  s p e e d s  f o r  

e a c h  zone,  a r e  l i s t e d  i n  T a b l e  2 - 3 .

T h e  s u b g r a d e  a n d  b a l l a s t  h a d  b e e n  c o m p l e t e l y  r e c o n d i t i o n e d  
f o r  w e l d e d  r a i l  t o  b e  l a i d  i n  t h e  n e a r  f u t u r e .  The  r a i l  
was  s t i l l  b o l t e d  a t  t h e  t i m e  o f  t h e  t h i r d  RVT b u t  a l l  t i e s  
h a d  b e e n  r e p l a c e d  a n d  s p i k e d .  The  j o i n t s  a p p e a r e d  t o  h a v e  
b e e n  r e d o n e  a s  w e l l .
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The  l o a d  c o n f i g u r a t i o n s  f o r  t h e  f l a t c a r s  i n c l u d e d  t w o ,  o n e  

a n d  no  c o n t a i n e r s  o r  t r a i l e r s  m o u n t e d  o n  t h e  f l a t c a r s ,  i n  

v a r i o u s  c o m b i n a t i o n s .  F i v e  c o n f i g u r a t i o n s  c o v e r i n g  a f u l l  

r a n g e  o f  p o s s i b i l i t i e s  w e r e  u s e d  f o r  t h e  f i r s t  RVT. T h e s e  

a r e  i l l u s t r a t e d  i n  F i g u r e  2 - 2 3  a  t h r o u g h  e .  F o l l o w i n g  

a n a l y s i s  o f  t h e  d a t a  f r o m  t h e  f i r s t  RVT,  o n l y  oi ie c o n f i g u r a 

t i o n  was  c h o s e n  t o  b e  u s e d  f o r  t h e  r e s t  o f  t h e  RVT t e s t s ;  

b e c a u s e ,  e x c e p t  f o r  e m p t y  f l a t c a r s  w h i c h  a r e  n o t  o f  i n t e r e s t ,  

t h e  m o s t  s e v e r e  v i b r a t i o n s  w e r e  o b s e r v e d  f o r  t h e  l o a d  c o n f i g 

u r a t i o n s  l i s t e d  i n  T a b l e  2 - 4 .  Mo r e  e x t e n s i v e  d a t a  o n  t h e  

v a r i o u s  c o n f i g u r a t i o n s  w e r e  o b t a i n e d  f r o m  t h e  OTR t e s t s  

( S e c t i o n s  2 . 4 . 2 )  w h i c h  w e r e  c o n d u c t e d  b e t w e e n  t h e  f i r s t  a n d  

s e c o n d  R V T ' s .

F o l l o w i n g  t h e  f i r s t  RVT,  i n s t r u m e n t a t i o n  w a s  r e m o v e d  f r o m  t h e  

A a x l e s .  The  a x l e  i n s t r u m e n t a t i o n  c o n f i g u r a t i o n  f o r  t h e  s e c o n d  

a n d  t h i r d  RVT’ s i s  l i s t e d  i n  T a b l e  2 - 5 .

The  i n s t r u m e n t a t i o n  w a s  r e d u c e d  b a s e d  on  t h e  e v i d e n t  r e d u n -
t  ■. |

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

e l i m i n a t i n g  u n n e c e s s a r y  d a t a .

TABLE 2 - 3  

TEST SPEEDS

T e s t  Zone T a r g e t  S p e e d s  (mph)

1 1 0 ,  1 5 ,  2 0 ,  3 0 ,  40

2 4 0 ,  5 0 ,  6 0 ,  7 0 ,  79

2-28



-29

<

n o  o o  o o  o o  o o  m  m  o o  g o o  o o o
B A B A B ' A

( a )  T e s t  #LWFC-1 ,  21 A u g u s t  1 9 7 6

B A B A B A

( b )  T e s t  #LWFC-2 ,  19 A u g u s t  1 9 7 6

B A B A B A

( c )  T e s t  #LWFC-3 ,  23 A u g u s t  1 9 7 6

F i g u r e  2 - 2 3 . F i v e  C o n f i g u r a t i o n s  f o r  t h e  F i r s t  RVT
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B A B A B A

(d) Test #LWFC-4, 26 August 1976

T-5
12,400
Pounds
* o o

TLDX-61
_ O Q _______ Q Q , . _ Q Q _

H

6,450
Pounds Loco

-j TTAX — TLDX- 62
o o O O O O O O O O Q  O C X )
B A B A

(e) Test #LWFC-5, 27 March 1976

Figure 2-23,, Five Configurations for the First RVT 
(Continued)



TABLE 2 -4
FINAL TEST CONFIGURATION

Flatcar Load

TLDX-61 1 Loaded Trailer
TTAX 1 Loaded Trailer

TLDX-62 1 Loaded Container

TABLE 2-5
INSTRUMENTED AXLES

Car Instrumented Axles

TLDX-61 AA and B
TTAX AA and B

TLDX-62 AA and BB

D O  D C TAA A B BB
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The in-service or OTR tests were designed to measure the 
vibrational environment of containers and trailers under 
typical revenue service conditions. The load configurations 
for the OTR tests were similar to those of the first RVT, 
covering a wide range of possibilities. The structure of 
the consist and the load combinations used are outlined in 
Table 2-6. The sequence in which the tests were conducted 
is shown in Table 2-7.

The first test started in Los Angeles, CA and proceeded to 
Kansas City, KS. At Kansas City, the load configuration was 
changed and a system calibration which served as a post-test 
calibration for the first test and a pre-test calibration 
for the second test was performed. The calibration included 
mechanical and electrical checks using a shaker table. The 
second configuration was tested on the return trip from 
Kansas City to Los Angeles; the remaining tests followed 
this pattern and required a total of three round trips.

Twelve test zones were selected on the ATfjSF route between 
Los Angeles and Kansas City to represent a full range of 
track conditions. These zones and a description of the 
zone location and track conditions are listed in Table 2-8.

The data were acquired while the test cars were coupled to 
the trailing end of a revenue freight train, and hauled 
through the test zones. Zone identification was based on 
visual observation of milepost signs. In addition, no 
control of the train speed or handling was possible or 
des ired.

2 . 4 . 2  OVER-THE-ROAD TESTS
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TABLE 2-6 
LOAD COMBINATIONS

A B A  R A B

Configurations
Instrumented Cars/Loads

TLDX-62 TTAX-799 TLDX-61

LWFC-6 1LT 1LT
LWFC-7 1LC , 1LC
LWFC-8 2LC 2LC
LWFC-9 2LT 2LT
LWFC-10 1ET 1ET
LWFC-11 1EC 1EC

Notes: LT = Loaded trailer
ET = Empty trailer 
LC = Loaded container 
EC = Empty container

With only one container/trailer, the load was on the A-end.

TABLE 2-7 .
CHRONOLOGY OF TESTS

Dates Route Configuration

16-18 December 1976 LA-KC LWFC-6
21-23'December 1976 KC-LA LWFC-7
23-25 January 1977 KC-LA LWFC-8
1-3 February 1977 LA-KC LWFC-10
6-3 February 1977 KC-LA LWFC-9
12-14 February 1977 LA-KC LWFC-11
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TABLE 2 -8
SPECIAL TEST ZONES

Division MP Location Grade Curvature Rail Remarks

1. Los Angeles 735-725 Newberry . 4 % Westbound Tangent Welded Double
2. Los Angeles 716-706 Pisgah 1% Eastbound Two 2° Several 

Smaller
Welded Double

3. Los Angeles 656-646 Cadiz Changes from .41 
Westbound to .7% 
Eastbound

Mostly Tangent Welded Concrete 
Ties 651- 
650
Double

4. Albuquerque 527-517 Harris 1.42% Eastbound Numerous to 6° Welded Double
5. Albuquerque 412-402 Eagle Nest Changes from 

1° Westbound 
to 1% 
Eastbound

Several Long 
1 °

Welded Double

6 . Albuquerque 231-221 Pinta To .6% Eastbound Few Short 1° North Jointed 
and South 
Welded

Double

7. New Mexico 888-878 Becker To 1.2% East- 
bound

One 1° Welded Single

8 . Plains 620-610 Black Relatively Flat Tangent Welded Single
9. Plains 408-398 Fargo Relatively Flat Tangent Welded Single

10. Plains 320-310 Loder Relatively Flat Tangent Welded Single
11. Middle 168-158 Aikman . 4 % Eastbound Mostly Tangent Welded Single
1 2 . Eastern 25-15 Craig .61 Westbound Numerous 2° Welded 15-20 

Jointed 20-25
Double



3 . 0  DATA REDUCTION

The acceleration data were processed off-line to present the 
results in a form and format that would fulfill the program 
objectives. The processing consisted of three basic procedures. 
First, the raw data were inspected to insure the validity of 
the measurements. Second, in a separate data stream, the 
linear accelerations were transformed into a set of global 
accelerations which describe the motion as a whole. These 
are referred to as mode accelerations. The theory and prac
tical aspects of this analytical technique are described in 
detail in Volume I of this report (Reference 1). The third 
step is the presentation of the mode acceleration time 
histories in an output format which can be readily interpreted.

3.1 DATA PREPARATION AND VALIDATION
Prior to data processing, the raw data were inspected to 
verify that the data were apparently valid measurements of 
railcar dynamic behavior. In addition, preliminary data 
processing transformed the data to the format necessary for 
the analytical processing system. In order of occurrance, 
the data were:

© Transformed from a packed format to a
16-bit word length and converted to 
floating point.

® Scaled to dimensional units with the
mean value or bias removed.

® Reproduced as analog plots and vali
dated by visual•examination.
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The acceleration data collected by the T-5 Data Acquisition 
Vehicle were recorded in digital form on magnetic tape. Each 
tape contained one or more data files which contained the data 
collected from one pass through one test zone. Each data file 
consisted of a header and a number of data records correspond
ing to the length of the test zone and the sample rate of the 
1 2 0  data channels containing the digitized acceleration data 
for a particular test zone.

The data file header consisted of 85 sixteen-bit words. These 
words contained the:

a File number
e Tape number
® Number of channels
© Sample rate
© Number of scans per record
® Date
9 Consist configuration
® Run number
® Additional general information which

may have been added at the time of 
the test.

The data records contained 2,973 sixteen-bit words. The 
data were digitized in twelve bits, and, to increase real
time processing efficiency, the data were recorded on the 
tape as illustrated in Figure 3-1. The twelve bits of the 
first datum were recorded in the first twelve bits of the 
first word. The second datum was recorded beginning with 
the last four bits of the first word and continuing into 
the first eight bits of the second, word. In this manner, 
it was possible to record exactly four data values in three 
words on the tape.

3 . 1 . 1  TAPE FORMAT AND UNPACKING

3 - 2



4 Bits 4 Bits 4 Bits 4 Bits
1 1 1 2

2 2 3 3
3 4 4 4
5 5 5 6

6 6 ■- -
- n n n

Figure 3-1. Sample Data Records

3.1.2 REMOVAL OF MEAN AND SCALING
Data from each accelerometer were individually averaged on a 
record-by-record basis. The mean value for each record was 
then subtracted from each data sample in that record, and 
the resulting data were recorded for further processing.
This procedure resulted in a slight discontinuity between 
adjacent records, but the difference was normally negligible.

The data were scaled on the basis of calibration information 
obtained at,the time of the tests, and in effect, the data 
were converted from voltage measurements to engineering units.

3.1'. 3 ANALOG REPRODUCTION AND VALIDATION
The data were analog reproduced in strip chart format for 
visual correlation and comparison with the strip charts pro
duced during the tests. A principal objective of this step 
was the subjective determination that the data were valid 
representations of the tests. An example of the analog 
reproductions is illustrated in Figure 3-2.
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C H A N N E L  D E F I N I T I O N

D C I N E E P I K 3 U N I T S  P E R
U N I T S  P E R C H A N N E L M I N O R

D L S C P I F T I C T * C O U N T R A N G E D I V I S I O N

1 - 3 4 TTfiX T » C K  L A T E R A L  - P A  E N D 0 . 0 9 1 3 9 5 0 9 . 3 9 0 . 0 4 0

2 ■ 2* T T B X  TRiJCfc L A T E R A L  ✓ A  D I D 0 . 9 9 1 3 9 5 0 0 . 3 9 0 . 0 4 0

3 - 2 9 T T A x  T R L C X  L A T E R A L  - B  E N D 0 . 0 9 1 3 5 5 9 0 . 3 0 0.04,'

4 - 4 T L D * 6 1  T P U C J t ' L A T E R A L - P Q  E N D 9 . 0 9 1 3 9 5 9 0 . 3 9 P . 0 4 0

5  -  7P T L O B 1  T R U C K  L W T E P C t -  o  e n d 9 . 9 9 1 3 9 5 9 9 . 3 0 a . 0 4 0

6  - 1 0 9 T L D X S l  T R U C K  L A T E R O L - B  E N D 9 . 9 9 2 7 9 9 0 9 . 3 0 0 . 0 4 0

FILE  03 TAPE se NC* 0124 SP« 0120 NS- (593019 JULY 7B LUFC PEQLCO run

:— - c h  34— ----- 1----------CH S6-----------1 -

TAFE 22  -  F ILE  3 -  TRUCK LATERALS 

------- CM Z 7 ------------1------------ CH 4------------1-------------CH t s ----------- r - -------- CH 199------------

Figure 3-2. Sample Analog Printout
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3 . 2  MODAL TRANSFORMATION

The evaluation of the complex vibrational environment of a 
railcar requires a large number of measurements to obtain 
a comprehensive picture. The vast amount of such data can 
cloud the true picture, and for analytical purposes, it is 
better to combine the measurements in some rational manner 
to obtain a representation which is easier to visualize.
For this reason, the data from the lightweight flatcar test 
program were transformed from local acceleration values to 
components of vibrational modes. That is, the dynamic 
behavior of a railcar was represented in terms of free-body 
modal components.

The modal components are composed of a set of mode shape 
functions each describing a rigid or elastic mode and a set 
of time dependent modal amplitudes describing the motion of 
the test vehicles in terms of the mode shape functions. The 
general problem was to solve for the modal components, given 
a.set of local acceleration measurements. An abbreviated 
description of this transformation follows; a complete 
description is available in Volume I of this report.

The modal components consisted of six rigid body modes and 
as many as four elastic body modes. The rigid motions, illus
trated in Figure 3-3, include translation along each of the 
three axes and rotation about each of the three axes. The 
elastic modes, shown in Figure 3-4, include two bending 
modes and two torsional modes.

Each elastic mode shape was approximated by a truncated 
series or polynomial. These polynomials are listed in 
Table 3-1. The subscripted coefficients are referred to 
as the mode shape coefficients. They embody the elastic 
characteristics of the flatcars and, theoretically are 
constant for varying test parameters.
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2

Figure 3-4. Elastic Body Modes
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TABLE 3-1
ELASTIC MODE POLYNOMIALS

Mode Equation

First Bending V i 00 = 1 + V 2 + V 4

Second Bending Byz2Cx) = x + bjX'1

.First Torsion Txi(x) = x + c3x3

Second Torsion Tx 2 Cx ) - 1 + c2x2

Four elastic modes were used to model the flatcar dynamic 
response. For the loads and the axles, only a limited 
number of modes were expected to contribute significantly 
to linear acceleration. The modes selected for each case 
are listed in Table 3-2. Because the carbody displays the 
greatest dynamic complexity, the equations developed hence
forth will be in reference to the carbody.

TABLE 3-2
ELASTIC MODES FOR EACH CASE

Case Mode

Carbody First bending about the y-axis 
Second bending about the y~axis 
First torsion about the x-axis 
Second torsion about the x-axis

Loads First bending about the z-axis
Axle None
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The  o v e r a l l  d y n a m i c  b e h a v i o r  o f  t h e  c a r b o d y  c a n  b e  e x p r e s s e d  

a s  t h e  sum o f  t h e  r i g i d  a n d  e l a s t i c  mode  c o n t r i b u t i o n s .  T h e  

e l a s t i c  c o n t r i b u t i o n s  a r e  t h e  p r o d u c t  o f  t h e  mode s h a p e  

f u n c t i o n s  a n d  t i m e - d e p e n d e n t  m o d a l  a m p l i t u d e  c o e f f i c i e n t s .  

The  e q u a t i o n s  f o r  c a r b o d y  a c c e l e r a t i o n s  a r e

x(y,z,t) = xQ (t) + <j>Q (t)z - ^Q (t)y (1)

y(x,z,t) = ' ' ^ o ^ 2 + ^ o (t)x C 2 )

- TxlU )(x + c3x3) - Tx 2 ^ t ^ 1 + c2x2^

z ( x , y , t )  = z o ( t ) . +  0 Q ( t ) y  - $ Q ( t ) x  ( 3 )

+ 6y z l ( t ) ( i  + h 2x 2 + b 4 x 4 ,

\
+ 3y z 2 ( t ) ( x  + b 3x 3 ) + .Tx l ( t H x  + c 3x 3 ) y  

+  T x 2  ^  ^  +  c 2 x Z ^ y

w h e r e  x ,  y ,  a n d  z r e p r e s e n t  t h e  m o d e l e d  a c c e l e r a t i o n s ,  x , 

y Q a n d  z q r e p r e s e n t  t r a n s l a t i o n a l  m o d e l  a c c e l e r a t i o n s ,  a n d  

SQ, $ a n d  $ o r e p r e s e n t  r o t a t i o n a l  m o d e l  a c c e l e r a t i o n s  a b o u t  

t h e  x ,  y a n d  z a x e s ,  r e s p e c t i v e l y .  T h e  f u n c t i o n s  B ^ ( t )  a n d  

i ^ ( t )  r e p r e s e n t  t h e  a m p l i t u d e s  o f  t h e  e l a s t i c  m o d a l  

c o o r d i n a t e s .

E a c h  e q u a t i o n  r e p r e s e n t s  a  p r e s u p p o s e d  f o r m  o f  a  l i n e a r  

a c c e l e r a t i o n  w h i c h  c a n  b e  r e w r i t t e n  c o l l e c t i n g  t e r m s  w i t h  

l i k e  p o w e r s  o f  x ,  y a n d  z .  R e s u l t i n g  i n  a  s e t  o f  e q u a t i o n s  

w h i c h  a r e  m u l t i v a r i a t e  p o l y n o m i a l s .  F o r  e x a m p l e ,  r e w r i t i n g  

E q u a t i o n  ( 3 )  r e s u l t s  i n  t h e  f o l l o w i n g  e x p r e s s i o n :
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( 4 )

z ( x , y , t )  = AQ ( t )  + A1 ( t ) x  + A 2 ( t ) x  + :A3 ( t ) x '

+A4 ( t ) x 4 + A5 ( t ) x y  + A6 ( t ) x 2y

+A? ( t ) x ' y  + Ag ( t ) y

i n  w h i c h  A ^ C t )  = z Q ( t )  + 3y z l ( t )

Ax ( t ) = '

A2 ( t ) = 8y z l (-t ^'S2

A3 ^ E 8y Z2

a 4 ( t ) . = syzi(t)b4

A5 ( t ) v E y i w

A6 Ct) = Tx 2 (t)c2

a 7 ( t ) - Tx l (t)c3

Ag ( t ) = 9’0 ( t )  + Tx2

A u n i q u e  e q u a t i o n  o f  t he .  f o r m  o f  E q u a t i o n  ( 4 )  c a n  b e  d e r i v e d  

f o r  e a c h  m e a s u r e d  a c c e l e r a t i o n .  I n  o r d e r  t o  d e t e r m i n e  t h e  

v a l u e s  o f '  t h e  mode  a c c e l e r a t i o n s ,  a  n u m b e r  o f  m e a s u r e m e n t s
i

m u s t  b e  made  t o  p r o d u c e  a  s u f f i c i e n t l y  l a r g e  s e t  o f  e q u a t i o n s .  

As d i s c u s s e d  i n  R e f e r e n c e  1 , \ t h e  m o d a l  a n a l y s i s  t e c h n i q u e  

r e l i e s  on  a  r e d u n d a n t  s e t  o f  m e a s u r e m e n t s  t o  d e t e r m i n e ,  i n  

a  s t a t i s t i c a l  s e n s e ,  t h e  b e s t  s e t  o f  mo d e s  n e c e s s a r y  t o  

c o m p l e t e l y  m o d e l  t h e  d y n a m i c  b e h a v i o r  o f  a n  e l a s t i c  b o d y .
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Briefly, the solution may he outlined as follows. The set 
of equations resulting from N number of measurements, 
written in matrix form as

{Z} = [ X ] { A } , (5 )

w h e r e  t h e  Z - v e c t o r ,  {Z } ,  i s  t h e  s e t  o f  m e a s u r e d  a c c e l e r a t i o n s ,

t h e  X - m a t r i x ,  [ X ] ,  i s  t h e  t r a n s d u c e r  l o c a t i o n  m a t r i x  ( n o t e

t h a t  e l e m e n t s  o f  t h e  X - m a t r i x  a r e  i n  g e n e r a l  sums  o f  x ^ n x j m) ,

a n d  t h e  A - v e c t o r ,  {A},  i s  t h e  v e c t o r  o f  A c o e f f i c i e n t s  s u c h

a s  t h o s e  d e f i n e d  i n  E q u a t i o n  ( 4 ) .  T h e  X - m a t r i x  i s  g e n e r a l

r e c t a n g u l a r ;  t h e r e f o r e ,  i t  Xs n e c e s s a r y  t o  f i r s t  m u l t i p l y  by
Tt h e  t r a n s p o s e  o f  t h e  X - m a t r i x  d e n o t e d  [X] .

[ X] T {Z } = [ X ] T [X]{A} (6)

L e t t i n g [Q] = [ X ] T [ X ] ,

w h e r e  b y d e f i n i t i o n  Q i s  a s q u a r e m a t r i x  a n d  w h e r e t h e

i n v e r s e , [Q] \  e x i s t s  a s  l o n g  a s t h e d e t e r m i n a n t | Q | i s
n o n  z e r o , E q u a t i o n  ( 6 )  b e c o m e s

[ Q ] ( A )  = [ X ] T { Z } ( 7 )

T h u s , {A} = [ Q ] " 1 [ X ] T { Z } . (8 )

D e f i n i n g [H] = [ Q ] _ 1 [ X ] T ,

{A} = [ H ] { Z } . ( 9 )

T h u s ,  t h e H - m a t r i x ,  w h i c h  c o n s i s t s o f known t r a n s d u c e r  l o c a -

t i o n s ,  t r a n s f o r m s  t h e  s e t  of7 m e a s u r e d  l i n e a r  a c c e l e r a t i o n s ,

t h e  Z - v e c t o r ,  t o  mode  a c c e l e r a t i o n s  o r  c o m b i n a t i o n s  o f  t h e

s a m e * .  F o r  e x a m p l e ,  Aq , a s  d e f i n e d  i n  E q u a t i o n  ( 4 )  i s  t h e

sum o f  b o u n c e ,  z , a n d  b e n d i n g ,  3 , .’ o ’ s ’ yzl
n

B e f o r e  t h e  t r a n s f o r m a t i o n  was  m a d e ,  t h e  d a t a  w e r e  f i r s t  
i n v e r s e  f i l t e r e d  t o  r e m o v e  t h e  e f f e c t s  o f  t h e  d y n a m i c  
f i l t e r  ( 1 . 6  Hz)  d i s c u s s e d  i n  S e c t i o n  2 . 1 . 4 .
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When a  c o m p o n e n t  o f  t h e  A - v e c t o r  i s  d e f i n e d  b y  a  c o m b i n a t i o n  

o f  mode a c c e l e r a t i o n s ,  t h e  A - c o m p o n e n t  m u s t  b e  u n c o u p l e d  t o  

p r o v i d e  i n f o r m a t i o n  on  e a c h  mode a c c e l e r a t i o n .  To u n c o u p l e  

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

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

t h e  r i g i d  b o d y  i n e r t i a l  f o r c e s  m u s t  b a l a n c e  t h e  e x t e r n a l l y  

a p p l i e d  f o r c e s  a n d  m o m e n t s ,  a n d  t h e  n e t  f o r c e s  a n d  m o m e n t s  

a s s o c i a t e d  w i t h  e l a s t i c  d e f o r m a t i o n s  m u s t  e q u a l  z e r o .  The  

r e s u l t i n g  e q u a t i o n s  a r e :

M M ,
= Ao ^  + M~ A2 ^  + H~ A4 ^o o

<f>Q (t) = A 1 ft) - a 3

0q (t) = A g (t) + A'6 (t)
o

L / 2

w h e r e -  Mn E /  x 2 n p ( x ) d x  n  = 0 , 1 , 2
- L / 2

(10)

( I D

(1 2 )

( 1 3 )

L / 2

H ■ / x J ( x ) d x

■L/2

s = 0 , 1 ( 1 4 )

i s  a  m u l t i v a r i a t e  p o l y n o m i a l  c o e f f i c i e n t ,  J ( x )  a n d  p ( x )  

r e p r e s e n t  t h e  p o l a r  moment  o f  m a t r i x  d i s t r i b u t i o n  a n d  t h e  

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

q u e s t i o n ,  a n d  L i s  t h e  t o t a l  l e n g t h  o f  t h e  v e h i c l e  i n  t h e  

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

n o m i a l  c o e f f i c i e n t s ,  e x p r e s s i o n s  f o r  t h e  mode  s h a p e  c o e f f i 

c i e n t s  a r e  d e r i v e d .  T h e  e x p r e s s i o n  f o r  t h e  mode  s h a p e  

c o e f f i c i e n t  i s  a r a t i o  o f  p o w e r  a n d  c r o s s  s p e c t r a l  d e n s i t i e s ,  

i. e . ,

. a  . = 7t- 
1 G

A . a .
1 1

a i a i
( 1 3 )

w h e r e  a^  i s  a  mode s h a p e  c o e f f i c i e n t ,  i s  t h e  m u l t i v a r i a t e

p o l y n o m i a l  c o e f f i c i e n t  i n  q u e s t i o n ,  i s  t h e  a s s o c i a t e d

m o d a l  c o o r d i n a t e  (B o r  x ) ,  G. i s  t h e  c r o s s  s p e c t r a l
Ai a i

d e n s i t y  (CSD) a n d  G i s  t h e  p o w e r  s p e c t r a l  d e n s i t y  ( P S D ) .
a i a i

Onc e  t h e  mode s h a p e  f u n c t i o n s  a n d  m o d a l  a m p l i t u d e s  a r e  k n o w n ,  

a  s t r a i g h t  f o r w a r d  c a l c u l a t i o n  o f  t h e  t h e o r e t i c a l  o r  m o d e l e d  

l o c a l  a c c e l e r a t i o n s  c a n  b e  made  u s i n g  E q u a t i o n s  ( 1 )  t h r o u g h

( 3 )  . The r e s u l t i n g  l o c a l  a c c e l e r a t i o n s  c a n  t h e n  b e  c o m p a r e d  

w i t h  t h e  m e a s u r e d  a c c e l e r a t i o n s  t o  o b t a i n  a n  e s t i m a t e  o f  t h e  

a c c u r a c y  o f  t h e  m o d a l  r e p r e s e n t a t i o n .

3 . 3  OUTPUT FORMATS

The  t r a n s f o r m a t i o n  o f  l i n e a r  a c c e l e r a t i o n  t o  m o d a l  a c c e l e r a 

t i o n  i s  a  t r a n s f o r m a t i o n  o f  o n e  s e t  o f  t i m e  s e r i e s  t o  a n o t h e r .  

A l t h o u g h  m o d a l  a c c e l e r a t i o n s  a r e  r e a d i l y  v i s u a l i z e d ,  i t  i s  

n e c e s s a r y  t o  s u m m a r i z e  e a c h  t i m e  s e r i e s  i n  a  f o r m  t h a t  i s  

a l s o  r e a d i l y  u n d e r s t o o d .  F o r  t h i s  p u r p o s e ,  t h r e e  d a t a  o u t p u t  

f o r m a t s  w e r e  c h o s e n .  I n  t h e  f r e q u e n c y  d o m a i n ,  t h e  p o w e r  

s p e c t r a l  d e n s i t y  (PSD) w a s  u s e d ;  i n  t h e  t i m e  d o m a i n ,  t h e  

p r o b a b i l i t y  d e n s i t y  f u n c t i o n  w a s  u s e d ;  a n d  a s  a  h y b r i d  

o u t p u t ,  a n  o c t a v e  r o o t  m e a n  s q u a r e  h i s t o r y  was  u s e d  p r o 

v i d i n g  some t i m e  a n d  f r e q u e n c y  d o m a i n  i n f o r m a t i o n  s i m u l t a n e o u s l y .
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3 . 3 . 1  POWER SPECTRAL DENSITIl iS

P S D ' s  a r e  a c o n v e r s i o n  o f  d a t a  f r o m  t h e  t i m e  d o m a i n  t o  t h e  

f r e q u e n c y  d o m a i n .  T i me  d o m a i n  d a t a  a r e  b a s e d  o n  m e a s u r e m e n t s  

t a k e n  a t  a  128  Hz s a m p l e  r a t e .  The  d a t a  a r e  p r o c e s s e d  i n  

b l o c k s  o f  512 s a m p l e s ,  r e p r e s e n t i n g  a  f o u r - s e c o n d  t i m e  

i n t e r v a l .  E a c h  b l o c k  i s  F o u r i e r  T r a n s f o r m e d ,  a n d  t h e  PSD 

i s  t h e n  c a l c u l a t e d  f r o m  t h e  F o u r i e r  T r a n s f o r m  a n d  i t s  c o m p l e x  

c o n j u g a t e .  T h i s  PSD c o n s i s t s  o f  f r e q u e n c y  i n c r e m e n t s  o f  
. 1 /4  H z ,  t h e  l i m i t i n g  v a l u e  a l l o w a b l e  f o r  a  f o u r - s e c o n d  t i m e  

i n t e r v a l .

T h e  P S D ' s  f o r  e a c h  b l o c k  a r e  s t a c k e d ,  o r  s umme d ,  u n t i l  a l l

c o m p l e t e  f o u r - s e c o n d  b l o c k s  h a v e  b e e n  t r a n s f o r m e d  a s  s ho w n

i n  F i g u r e  3 - 5 .  T h e  t o t a l  sum o f  t h e  PSD i s  t h e n  a v e r a g e d  b y

d i v i d i n g  b y  t h e  n u m b e r  o f  P S D ' s  c a l c u l a t e d ,  a n d  t h e  r e s u l t i n g

a v e r a g e  PSD i s  p l o t t e d  a s  shown  i n  F i g u r e  3 - 6 .  T h e  h o r i z o n t a l

a x i s  r e p r e s e n t s  t h e  f r e q u e n c y  d o m a i n  b e t w e e n  z e r o  a n d  30 H z ,

a n d  t h e  v e r t i c a l  a x i s  r e p r e s e n t s  t h e  e n g i n e e r i n g  u n i t s

a p p r o p r i a t e  f o r  t h e  mode d i s p l a y e d ;  t h e  u n i t s  a r e  e i t h e r
2g r a v i t i e s  (1 g - 3 2 . 2  f t / s e c  ) o r  r a d i a n s / s e c o n d / s e c o n d .

T h e  v e r t i c a l  a x i s  i s  a d j u s t e d  s o  t h a t  t h e  maximum v a l u e  o f  

t h e  PSD e q u a l s  t h e  maximum v a l u e  o f  t h e  a x i s  i n  u n i t s  o f  

a c c e l e r a t i o n  s q u a r e d / H e r z  ( H z ) .

3 . 3 . 2  PROBABILITY DENSITY FUNCTION

The m o d a l  a c c e l e r a t i o n  d a t a  a r e  p r e s e n t e d  i n  a  p e r c e n t  o c c u r 

r e n c e  f o r m a t  t o  d i s p l a y  t h e  d e g r e e  t o  w h i c h  t h e  d a t a  a r e  

n o r m a l l y  d i s t r i b u t e d .  The p r o c e d u r e s  a r e  o u t l i n e d  i n  F i g u r e  

3 - 7  .

B a s e d  o n  t h e  maximum a m p l i t u d e  r a n g e  o f  t h e  d a t a ,  t h e  r a n g e  

i s  d i v i d e d  i n t o  200 b i n s  o f  e q u a l  a m p l i t u d e  i n c r e m e n t s .  The  

d a t a  a r e  t a k e n  i n  f o u r - s e c o n d  b l o c k s  f o r  c o n v e n i e n c e ,  e a c h  

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

r e p r e s e n t i n g  t h a t  a m p l i t u d e .  When t h e  e n t i r e  s e t  o f  f o u r -

3-13



DISC FILE 
OF MODAL- 
COORDINATES

PROCESSING 
>  PER MODAL 

COORDINATE

F i g u r e  3 - 5 .  PSD P r o c e s s i n g

3 - 1 4



-15

B- LOAD
TTAX ZONE 8 LWFC 8 2LC

YMIN =• .00000E 00 YMAX = .35844E-03 X-AXIS SCALE .19866E 02 REAL DATA POINTS PER INCH

TOTAL POWER IN THE 0-30HZ BAND .8483E-03 
G’S MEAN SQUARE ROOT MEAN SQUARE .2913E-01

YMIN = .00000E 00 YMAX = .12037E-02 X-AXIS SCALE .19866E 02 REAL DATA POINTS PER INCH

TOTAL POWER IN THE 0-30HZ BAND .3S11E-02 
G’S MEAN SQUARE 

ROOT MEAN SQUARE .6009E-01
YMIN = .00000E 00 YMAX = .58593E-02 X-AXIS SCALE .198SSE 02 REAL DATA POINTS PER INCH

BOUNCE MODE
TOTAL POWER IN THE 0-30HZ BAND .1078E-01 

G’S MEAN SQUARE ROOT MEAN SQUARE .1Q38E 00

F i g u r e  3 - 6 .  S a m p l e  PSD P l o t s  o f  M o d a l  C o o r d i n a t e s



DISC FILE 
OF MODAL 
COORDINATES

PROCESSING 
> PER MODAL 

COORDINATE

F i g u r e  3 - 7 .  P r o b a b i l i t y  D e n s i t y  P r o c e s s i n g

3 - 1 6



s e c o n d  b l o c k s  h a s  b e e n  e x h u a s t e d ,  t h e  v a l u e s  i n  t h e  b i n s  a r e  

t r a n s f o r m e d  t o  a p r o b a b i l i t y  d e n s i t y  ( e . g . ,  a  d a t a  b a s e  o f  

100  v a l u e s )  a n d  p l o t t e d  a s  a p r o b a b i l i t y  d e n s i t y  f u n c t i o n  

a s  s h o w n  i n  F i g u r e  3 - 8 .

T h e  s t a n d a r d  d e v i a t i o n  a n d  t h e  95 p e r c e n t  a n d  99 p e r c e n t  

l e v e l s  o f  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  a r e  a l s o  c a l c u l a t e d  

E a c h  l e v e l  m e a s u r e s  t h e  p e r c e n t  o f  t i m e  t h a t  t h e  c o r r e s p o n d i n g  

a c c e l e r a t i o n s  h a v e  v a l u e s  l o w e r  t h a n  i n d i c a t e d .  T h e  i n d i c a t e d  

v a l u e s  a r e  l i s t e d  a s  sh o wn  i n  F i g u r e  3 - 9 .

3 . 3 . 3  OCTAVE RMS HISTORY

T h e  f r e q u e n c y  b a n d  f r o m  z e r o  t o  30 Hz w a s  d i v i d e d  i n t o  f o u r  

r e g i o n s  o r  o c t a v e s ,  a s  i l l u s t r a t e d  i n  F i g u r e  3 - 1 0 .  The  

a c c e l e r a t i o n  b e h a v i o r  i n  e a c h  mode i s  c a l c u l a t e d  s e p a r a t e l y  

f o r  e a c h  o c t a v e  a n d  c o m p a r e d  t o  t h e  o v e r a l l  b e h a v i o r  f o r  

t h a t  m o d e .  T h e  c a l c u l a t i o n s  a r e  i l l u s t r a t e d  i n  F i g u r e  3 - 1 1 .

PSD V a l u e s  a r e  g e n e r a t e d  f o r  e a c h  f o u r - s e c o n d  b l o c k  o f  a c c e l 

e r a t i o n  d a t a .  E a c h  PSD i s  d i v i d e d  i n t o  f o u r  o c t a v e  r e g i o n s  

w i t h  c e n t e r  f r e q u e n c i e s  a t  2 ,  4 ,  8 a n d  16 Hz ;  t h e '  rms  v a l u e s  

a r e  c a l c u l a t e d  f o r  e a c h  o c t a v e .  I n  a d d i t i o n ,  t h e  rms  v a l u e  

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

T h u s ,  e a c h  f o u r - s e c o n d  b l o c k  i s  t r a n s f o r m e d  t o  a  s e t  o f  f i v e  

rms  v a l u e s .  T h e s e  v a l u e s  a r e  t h e n  p l o t t e d  i n  s e q u e n c e ,  a s  

t i m e  f u n c t i o n s .  An e x a m p l e  i s  s h o w n  i n  F i g u r e  3 - 1 2 .  I n  t h i s  

f i g u r e ,  t h e  v e r t i c a l  a x i s  r e p r e s e n t s  t h e  r a n g e  o f  rms  v a l u e s  

e n c o u n t e r e d ,  i n  t h e  p r o c e s s i n g  o f  t h e  P S D ' s .  The  h o r i z o n t a l  

a x i s  r e p r e s e n t s  t h e  t i m e ,  i n  s e c o n d s ,  e n c o m p a s s e d  b y  t h e  

p r o c e s s e d  a c c e l e r a t i o n  d a t a .  The  f i v e  n u m b e r e d  p l o t s  i n  t h e  

g r a p h  r e p r e s e n t  t h e  f i v e  rms  v a l u e s  c a l c u l a t e d  a s  d e s c r i b e d  

a b o v e .  The  p l o t  n u m b e r e d  " 5 "  r e p r e s e n t s  t h e  rms  v a l u e s  f o r  

t h e  e n t i r e  f r e q u e n c y  r a n g e  f r o m  0 t o  30 H z ,  a n d  t h e  p l o t s
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Figure 3-10. Frequency Band Octaves

numbered "1" through "4" 
octaves in Figure 3-10. 
to the overall rms plot, 
of the power in the PSD. 
in Figure 3-13 for corre 
values.

represent the correspondingly numbered 
Note that plot "2M , which is closest 
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Finally, the test velocity is plotted 

lation with the variations in the rms
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4.0 COMPARISON OF DYNAMIC BEHAVIOR

The processed acceleration data collected during the two years 
and 125,000 miles of the Lightweight Flatcar Test Program 
provide a comprehensive profile of the vibrational environ
ment for a flatcar. The processed data are modal acceleration 
values representing the variations of behavior of a flatcar 
from the variation of one or more of the seven parameters or 
test conditions. These parameters and test conditions are:

• Car Type
• Mass element or subsystem (axle, 

carbody, load)
© Lading configuration
© Speed
© Test zone
• Accumulated mileage

. . ® Test environment

The processed data which most simply summarize the dynamic 
behavior of the three flatcars are tft<& modal rms accelera
tions from the Ride Vibration Tests (RVT). However, a 
detailed analysis of the RVT data showed that a full and 
accurate understanding of the rms accelerations was crucially 
dependent on an examination of the power spectral densities 
(PSD's) for each mode. The PSD plots are included in the 
appendices.

The results of the data analysis are presented in the follow
ing sections by mass element, in the order: axles, carbody
and load, with a descrption of the key features in the 
analysis of the PSD's and references to specific information 
which indicates similarities and differences in the behavior 
of the test flatcars. Because vibration levels were found 
to be generally largest for the half-laden configuration,
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the analysis is centered on this configuration, with an 
examination of the other configurations to verify the con
clusions drawn from the half-laden configuration. For 
similar reasons, the analysis of axle data is focused on 
the rearmost (BB) axle.

4.1 AXLES

The bounce and roll modes for the axles were expected to 
clearly reflect the effects of rail joints. This effect is 
a function of speed, and the vibrational frequency corres
ponding to this input may be expressed as f = nV/39, where 
V is the velocity of the flatcar in feet per second, n is 
either 1 or 2 depending on the mode of interest, and 39 is 
the standard number of feet between rail joints. A concen
tration of vibrational energy corresponding to rail joint 
input was observed at the predicted frequenices for each 
speed in the axle PSD's of both bounce and roll. The effect 
of this particularly strong input was also observed to a 
lesser degree in the PSD's for the other modes. ;

The frequency corresponding to the 39-foot rail input was 
more dominant in the higher speed Class 5 track. The vibra-

j
tional input from the Class 3 track contained sufficient 
input from rail irregularities that the energy associated 
with rail joints was often not the only dominant energy 
source. Examples of Class 3 and Class 5 PSD's are shown 
in Figure 4-1.

Despite the input from the irregularities of the Class 3 
track, the accelerometer signals from the 30 g accelerometers 
at the lower speeds (under 30 mph) were often of such a low 
level that they became lost in system noise, particularly at 
higher frequencies where the prewhitening filter had a larger 
effect. Consequently, the processed data had white noise 
characteristics at higher frequencies, and when this data
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(b)

Figure 4-1. Comparison
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was inverse filtered, the resulting PSD had an appearance 
similar to that shown in Figure 4-2. In this particular 
example, the PSD is considered valid only to about 5 or 6 Hz, 
and the rms value, although reasonably small, is nonetheless 
questionable.

The PSD's for bounce were very similar for all three cars andii
for both front and rear trucks as expected. In addition to 
the rail joint frequency which reached a maximum of 6 Hz at 
79 mph, a set of three smaller peaks in the 15 to 30 Hz range 
were observed. These peaks are also speed dependent and are 
presumed to be characteristic of the ASF truck suspension 
system.

An exception to the regularity of the bounce PSD was observed 
for the BB-axle of TLDX-61 in Zone 2 of RVT 1. A source of 
high energy input was observed beginning at 14 Hz at 40 mph 
and varying linearly with speed to 26 Hz and 79 mph. The 
frequencies associated with this anomaly appear to be asso
ciated with wheel rotation, and since the truck was essentially 
new, the energy is assumed to be caused by some manufacturing 
defect. The anomaly appears in every mode and seems to be 
associated with a defect more complex than an out-of-round 
wheel. The anomaly may have been caused by an intermittent 
dragging brake.

A second.anomaly was observed in the bounce PSD's for TLDX-62 
during the third RVT. In this case, there was sufficient 
energy in the higher frequencies to make the rail joint input 
virtually undetectable. Further, as speed was increased, the 
energy reached frequencies above 30 Hz, and the rail joint 
energy re-appeared in its usual dominant magnitude. This 
sequence of PSD's is shown in Figure 4-3. This phenomenon, 
most likely due to a flat spot on the wheel or a bad bearing, 
had a marked effect on the rms values as shown in Table 4-1.
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BB- AXLE
TLDX 62 TAPE 62 FILE 1. 20 nPH RUT1 LUFC 3A
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RMS 1.40926
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RMS:RW.8 

= D T
0 3 - - '2 2 - '7 9  0 1  s 0 0  = 0 0

0.44729

Figure 4-2. An Example of Inverse Filtered White Noise



Ylill'l ' .0 0 0 0 0 E  0 0

POUIEP IN BAND (0-30 ) « 0.08597 (SS-MS)RMS = 0.29331
(a) 40 mph

YMIN « .00000E 00 YMAX - .10686E 00
— I— I— J_I— I...-I_l. J_L
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J L
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TiTiTr’TTriTn'nTrrTTmT l ■ r-r-r-i-i-i-15 20 25 .TOBOUNCE MODE

(b) 50 mph

YMIN - .00000E 00

POWER IN BOND (0 - 30

YMflX - .66976E-02 X-RXIS SCALE .19866E 02 REAL DATA POINTS PER INCH

RMS = . 0.20128
(c) 60 mph

\
YMIN « .00000E 00 YNAX

POWER IN BAND (0 - 30 ) =RMS =

= .13619E-01 X-AXIS SCALE .19366E 02 REAL DATA POINTS PER INCH

0.2639O
(d) 70 mph

Figure 4-3. Anomaly in Bounce Mode for BB-Axle of TLDX-62
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Listed in Table 4-1 are the bounce rms accelerations for the 
three test cars during the third RVT. For the TLDX-61 and 
the TTAX, a steady increase^is observed for each zone, but 
for the TLDX-62, the pattern is disrupted. This is due to 
the large amount of energy input from the anomaly. This 
input is speed dependent and passes beyond the frequency 
band over which the rms value was computed. Thus, the rms 
values for t|ie TLDX-62 are significantly above the norm for 
speeds below the value at which the anomaly passes above 
30 Hz, approximately 60 mph.

TABLE 4-1
BB AXLE BOUNCE RMS VALUE FOR RVT 3

Zone Speed
(mph) TLDX-62 TTAX TLDX-61

1

10 0.20 0.05 0.0 7

15 0.25 . 0.07 0.11

20 0.23 0.09 0.15

30 0.29 0.15 0.17

40 0.35

0.29

0.19 0.22

2

40 0.10 0.12

50 0.28 0.13 0.15

60 0.21 .0.18 0.20

70 0.26 0.23 0.25

79 0.30 0.26 0.30
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The rms ievels for axle accelerations were observed to increase 
roughly as the square of speed as best demonstrated by the 
bounce mode. This occurs because the acceleration is propor
tional to the second derivative of the rail profile with the 
constant qf proportionality being equal to the square of the 
speed as shown in(the following equation.

This relationship should be kept in mind when analyzing carbody 
and load accelerations with respect to the suspension.

The PSD's for the longitudinal mode generally indicated ran
dom accelerations with no consistently clear dominant frequency. 
This was expected since input to this mode comes largely from 
the locomotive and is in part a function of test procedures 
and train handling. In the first RVT, the data for any given 
speed came from several separate test runs. In the second 
and third RVT's, there was only one test run for each speed 
making it more reasonable to compare the longitudinal rms 
values for these two RVT's. The rms values for the TLDX-62 
were observed to be consistently higher than for either of 
the other cars. This is attributed to the position of 
TLDX-62 in the test consist. It was coupled directly to 
the locomotive and was receiving direct input from the 
locomotive and from operator effects. These rms values 
are listed in Table 4-2.

where1 a is the acceleration
s is vertical distance 
t is time
x' is horizontal distance 
V is speed
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TABLE 4 - 2

AXLE RMS VALUES EOR LONGITUDINAL MODE

Zone . S p e e d  
(mph) TLDX-62 TTAX TLDX-bl

1

10 0 . 0 1 8 0 . 0 1 9 0 . 0 1 9

15 0 . 0 3 3 0 . 0 2 7 0 . 0 2 8

20 0 . 0 4 0 0 . 0 3 3 0 . 0 3 3

30 0 . 0 5 3 0 . 0 5 1 0 . 0 5 0

40 0 . 0 6 6 0 . 0 6 4 0 . 0 6 5

2

i

40 0 . 0 3 7 0 . 0 3 0 0 . 0 3 3

50 0 . 0 4 4 0 . 0 3 6 0 . 0 4 2

60 0 . 0 5 7 0 . 0 5 1 0 . 0 5 2

70 0 . 0 8 6 0 . 0 5 9 0 . 0 6 5

79 0 . 0 9 6 0 . 0 7 0 0 , 0  71

S p e e d  d e p e n d e n c e  was  n o r m a l l y  e v i d e n t  i n  t h e  d o m i n a n t  f r e 

q u e n c i e s  i n  t h e  b o u n c e  a n d  r o l l  mode s  a n d  a l s o  i n  t h e  yaw 

a n d  s w a y  ( l a t e r a l )  m o d e s .  One e x c e p t i o n  a p p e a r e d  i n  t h e  

d o m i n a n t  f r e q u e n c y  f o r  t h e  yaw mode f o r  t h e  TTAX, w h i c h  was  

s e e n  t o  i n c r e a s e  w i t h  s p e e d  up  t o  a  maximum o f  2 . 2 5  Hz a t  

60 mph ,  A bove  t h a t ,  i t  r e m a i n e d  a t  2 . 2 5  Hz ,  a l t h o u g h  t h e r e  

was  n o  u p p e r  l i m i t  on  t h e  d o m i n a n t  f r e q u e n c y  f o r  t h e  o t h e r  

f l a t c a r s .  T h i s  may b e  a n  e f f e c t  o f  t h e  g r e a t e r  w e i g h t  

o f  t h e '  TTAX, p o s s i b l y  p r o d u c i n g  s i g n i f i c a n t l y  g r e a t e r  

f r i c t i o n a l  r e s i s t a n c e  t o  t r u c k  r o t a t i o n .  T h i s  p h e n o m e n o n  

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

60 mph i s  t h e  s p e e d  a t  w h i c h  h u n t i n g  i s  g e n e r a l l y  o b s e r v e d  

t o  b e g i n  a n d  t h e  TTAX i s  m o r e  p r o n e  t o  h u n t i n g  t h a n  e i t h e r  

t h e  TLDX-61 o r  TLDX-62.  F u r t h e r  i n v e s t i g a t i o n  o f  t h i s  

c o r r e l a t i o n  may b e  w a r r a n t e d .
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Th u s  f a r ,  t h e  a n a l y s i s  h a s  b e e n  l i m i t e d  t o  t h e  BB a x l e  ( r e a r ) .  

T h i s  a x l e  w a s  c h o s e n  b e c a u s e  p r e v i o u s  w o r k  h a d  i n d i c a t e d  t h a t  

t h e  d y n a m i c  b e h a v i o r  o f  t h e  B B - a x l e  w a s  m o r e  s e v e r e  t h a n  t h e  

b e h a v i o r  o f  t h e  f r o n t  a x l e s .  D a t a  f r o m  t h e  AA a x l e s  w e r e  

e x a m i n e d  t o  v e r i f y  t h i s  a n d  t o  c h e c k  f o r  a n y  u n u s u a l  b e h a v 

i o r a l  p a t t e r n s .  The  A A - a x l e  was  f o u n d  t o  b e h a v e  s i m i l a r l y  

t o  t h e  B B - a x l e .

The  m o s t  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  t h e  A A - a n d ; B B - a x l e s  

w e r e  o b s e r v e d  f o r  s w a y  a n d  y a w .  A t  s p e e d s  o f  60 mph a n d  

h i g h e r ,  s wa y  a n d  yaw rms  a c c e l e r a t i o n s  i n c r e a s e d  s i g n i f i c a n t l y  

f a s t e r  f o r  t h e  B B - a x l e  t h a n  f o r  t h e  A A - a x l e .  T h u s ,  w h a t e v e r  

r e l a t i o n s h i p  h e l d  b e t w e e n  t h e  f r o n t  a n d  r e a r  a x l e s  a t  l o w e r  

s p e e d s  c h a n g e d  s u c h  t h a t  BB s w a y  o r  yaw c l e a r l y  e x c e e d e d  AA 

swa y  o r  y a w ,  a t  t i m e s  b y  a  f a c t o r  o f  t h r e e .

One a d d i t i o n a l  e x c e p t i o n  t o  t h e  a x l e  r e l a t i o n s h i p  was  o b s e r v e d  

i n  t h e  l o n g i t u d i n a l  mode f o r  t h e  TLDX- 62 .  I n  t h i s  i n s t a n c e ,  

t h e  rms  a c c e l e r a t i o n  f o r  t h e  A A - a x l e  e x c e e d e d  t h a t  o f  t h e  BB- 

a x l e .  T h i s  c a n  b e  a t t r i b u t e d ,  a s  n o t e d  e a r l i e r ,  t o  t h e  d i r e c t  

c o u p l i n g  o f  t h e  c a r  t o  t h e  l o c o m o t i v e .

4 . 2  CARBODY

The n a t u r a l  f r e q u e n c i e s  o f  t h e  c a r b o d y  b o u n c e  mode w e r e  f o u n d  

t o  b e  i n d e p e n d e n t  o f  s p e e d  a n d  r e l a t e d  t o  t h e  r e l a t i v e  m a s s  

o f  t h e  f l a t c a r s .  F o r  a n  u n d a m p e d  s p r i n g - m a s s  s y s t e m ,  w h i c h  

c r u d e l y  a p p r o x i m a t e s  a  f l a t c a r ,  t h e  r e s o n a n t  f r e q u e n c y  i s  

d i r e c t l y  p r o p o r t i o n a l  t o  / k [ m, w h e r e  k i s  t h e  s p r i n g  c o n s t a n t  

a n d  m i s  t h e  m a s s .  S i n c e  t h e  t r u c k s  w e r e  i d e n t i c a l ,  t h e  

s p r i n g s  w e r e  i d e n t i c a l ,  t h e r e f o r e ,  k  d o e s  n o t  v a r y  a n d  t h e  

r e s o n a n t  f r e q u e n c y  i s  a  f u n c t i o n  o f  m a s s  o n l y .  A l a r g e r  

m a s s  w i l l  r e s u l t  i n  a  l o w e r  r e s o n a n t  f r e q u e n c y  a s  s h o w n  i n  

T a b l e  4 - 3 .  Remember  t h a t  TLDX-62 i s  l i g h t e r  t h a n  TLDX-61 

b e c a u s e  o f  t h e  a b s e n c e  o f  t r a i l e r  m o u n t i n g  h a r d w a r e  a n d  t h a t  
t h e  f r e q u e n c i e s  d e t e r m i n e d  f r o m  t h e  P S D ' s  a r e  o n l y  r e s o l v a b l e  

t o  0 . 2 5  H z .
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TABLE 4 - 3

CARBODY RESONANT FREQUENICES IN HERTZ

TTAX TLDX-61 TLDX-62

H a l f  L a d e n 2 . 7 5 3 . 0 0 3 . 5 0

U n l o a d e d 3 . 7 5 4 . 0 0 5 . 0 0

RMS a c c e l e r a t i o n s  f o r  t h e  b o u n c e  mode w e r e  c o n s i s t e l y  l a r g e r  

f o r  t h e  l i g h t e r  c a r s ,  b y  20 t o  50 p e r c e n t  o n  t h e  a v e r a g e .

At  l o w e r  s p e e d s ,  t h e  rms  v a l u e s  w e r e  s e e n  t o  i n c r e a s e  

l i n e a r l y  w i t h  s p e e d ,  a s  e x p e c t e d  f o r  a  d a m p e d  s p r i n g - m a s s  

s y s t e m .  A t  s p e e d s  a b o v e  40 mph ,  t h e  s u s p e n s i o n  a c t s  a s  a 

f i l t e r  a n d  t e n d s  t o  r e d u c e  t h e  e f f e c t  o f  r a i l  j o i n t  i n p u t s  

w h i c h  a r e  t h e  p r i n c i p a l  i n p u t .  T h u s ,  a t  h i g h e r  s p e e d s ,  t h e  

b o u n c e  rms  a c c e l e r a t i o n s  w e r e  o b s e r v e d  t o  l e v e l  o f f  a n d  

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

A t  l o w  s p e e d s ,  t h e  c a r b o d y  b o u n c e  P S D ' s  r e f l e c t  o n l y  a c c e l 

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

t h e  f r e q u e n c y  c o r r e s p o n d i n g  t o  r a i l  j o i n t  i n p u t  a p p e a r s  a t  

s i g n i f i c a n t  p o w e r  l e v e l s .  The  a p p e a r a n c e  o f  r a i l  j o i n t  

i n p u t  o c c u r s  o v e r  r e l a t i v e l y  s m a l l  s p e e d  i n c r e a s e s .  T h i s  

i s  d u e  t o  a n  i n c r e a s e  i n  v e r t i c a l  a c t i v i t y  a n d  t o  a  r e s o n a n c e  

e f f e c t  o f  t h e  i n p u t  f r e q u e n c y  w i t h  t h e  n a t u r a l  f r e q u e n c y  o f  

t h e  s u s p e n s i o n  s y s t e m .  The  s p e e d s  a t  w h i c h  t h i s  l e v e l  i s  

r e a c h e d  w e r e  h i g h e s t  f o r  t h e  TLDX-62 ,  t h e  l i g h t e s t  c a r .

The  c a r b o d y  s w a y  P S D ' s  d i s p l a y e d  r a i l  j o i n t  i n p u t s  a t  l o w 

s p e e d s  a n d  w e r e  c o n s i s t e l y  s p e e d  d e p e n d e n t .  The  o n l y  u n u s u a l  

f r e q u e n c y  b e h a v i o r  was  t h e  a p p e a r a n c e  o f  e n e r g y  i n  t h e  t h i r d  

h a r m o n i c  o f  t h e  r a i l  j o i n t  i n p u t  a t  m i d r a n g e  s p e e d s ,  u s u a l l y  

f r o m  40 t o  60 mph.  I n  s e v e r a l  i n s t a n c e s ,  t h e  s w a y  rms 

v a l u e s  v a r i e d  f r o m  t h e  n o r m a l  l i n e a r  i n c r e a s e  p r o d u c i n g  an  

a p p a r e n t  n o n - l i n e a r  r e l a t i o n s h i p  w i t h  s p e e d  a n d  i n  some c a s e s ,
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t h e  v a r i a n c e  r e a c h e d  a  p e a k  v a l u e  a t  a  s p e e d  b e l o w  79 mph.  

T h i s  n o n - l i n e a r i t y  a n d  t h e  rms  p e a k s  o c c u r r e d  b e t w e e n  50 a n d  

70 mph w h i c h  may c o r r e s p o n d  t o  p e r i o d s  o f  h u n t i n g .  T h i s  

i s  s u b s t a n t i a t e d  b y  t h e  p r e s e n c e  o f  rms  p e a k s  f o r  yaw a t  

t h e  s a me  s p e e d s .  T h e s e  s p e e d s  a r e  s h o w n  i n  T a b l e  4 - 4 .

The  yaw mode  w a s  l e a s t  a f f e c t e d  b y  r a i l - j o i n t  i n p u t s  w h i c h  

w e r e  n o t  c l e a r l y  s e e n  u n t i l  s p e e d s  o f  30 t o  50 mph h a d  b e e n  

r e a c h e d ,  a n d  i n  o n e  c a s e  (TLDX-61)  t h i s  i n p u t  was  n o t  s e e n  

u n t i l  70 mph h a d  b e e n  r e a c h e d .  The  f l a t c a r s  d i d  n o t  r e s p o n d  

i n  a n y  p a r t i c u l a r  o r d e r  t o  r a i l  j o i n t  e x c i t a t i o n .

C a r b o d y  r o l l  a c c e l e r a t i o n s  w e r e  a f f e c t e d  b y  r a i l  j o i n t  i n p u t s  

a t  20 mph f o r  t h e  TTAX a n d  TLDX-61 ,  a n d  a t  30 mph f o r  t h e  

TLDX-62.  The  r e s p o n s e  a t  t h i s  l e v e l  a p p e a r e d  a s  a n  u n u s u a l l y  

w e l l - d e f i n e d  p e a k  i n  t h e  PSD a t  t h e  r a i l  j o i n t  f r e q u e n c y  

(3 H z ) .  H o w e v e r ,  d u e  t o  c r o s s t a l k  f r o m  t h e  e l a s t i c  m o d e s ,  

t h e  rms  v a l u e s  f o r  r o l l  a r e  n o t  t r u l y  i n d i c a t i v e  o f  t h e  

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

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

T h e s e  p e a k s  c o i n c i d e  w i t h  t h e  p h e n o m e n o n  c o m mo n l y  r e f e r r e d

■TABLE 4 - 4

SWAY AND YAW RMS ACCELERATION PEAKS

TTAX TLDX-61 TLDX-62

Sway
(mph)

Yaw
(mph)

Sway
(mph)

Yaw
(mph)

Sway
(mph)

Yaw
(mph)

RVT 1 None None None None None None

RVT 2 60 60 50* 50* 70* 70*

RVT 3 50 50 70 - - 50

NOTE: i n d i c a t e s  t h a t  t h e r e  was  o n l y  a n  u n u s u a l l y
s u d d e n  rms  i n c r e a s e ,  b u t  n o t  e n o u g h  t o  p r o d u c e  
a p e a k .
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t o  a s  r o c k  a n d  r o l l .  T h i s  i s  t h e  s i t u a t i o n  i n  w h i c h  t h e  

r o c k i n g  b a c k  a n d  f o r t h  f r o m  r a i l  j o i n t s  c o i n c i d e s  i n  f r e q u e n c y  

w i t h  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  r a i l c a r ,  a n d  s e v e r e  r o l l  

r e s u l t s  f r o m  s u s t a i n e d  o p e r a t i o n  a t  t h i s  s p e e d .  The  h i g h e r  

s p e e d  f o r  TLDX-62 i s  a  r b s u l t  o f  t h e  r i g i d l y - m o u n t e d  l o a d  

w h i c h  c h a n g e s  t h e  p o l a r  moment  o f  i n e r t i a .

A t  s p e e d s  j u s t  a b o v e  t h e  r e s o n a n t  s p e e d ,  t h e  c o n t r i b u t i o n  o f  

t h e  r a i l  j o i n t  d e c r e a s e d  t o  a  n e g l i g i b l e  l e v e l *  H o w e v e r ,  

a t  h i g h e r  s p e e d s ,  t h e  r a i l  j o i n t  f r e q u e n c y  r e a p p e a r e d  a n d  

b e c a m e  d o m i n a n t  w h i l e  t h e  rms  v a l u e s  i n c r e a s e d  w i t h  s p e e d .

T h e  r e a p p e a r a n c e  b e c a m e  w e l l - d e f i n e d  a t  70 mph f o r  t h e  TLDX-62 

a n d  a t  60 mph f o r  t h e  o t h e r  f l a t c a r s .  A g a i n ,  t h i s  d i f f e r e n c e  

i s  a t t r i b u t e d  t o  t h e  l o a d  c o n f i g u r a t i o n .

T h u s  f a r ,  t h e  d i f f e r e n c e s  o r  s i m i l a r i t i e s  b e t w e e n  t h e  f l a t c a r s  

h a v e  b e e n  a t t r i b u t e d  t o  t h e  r i g i d - b o d y  m o d e s  w h i c h  a r e  a f 

f e c t e d  b y  e i t h e r  t h e  i n t e r a c t i o n  o f  t h e  c a r b o d y  a n d  i t s  

s u s p e n s i o n  s y s t e m  o r  o f  t h e  c a r b o d y  a n d  t h e  l o a d .  Now t h e  

d i s c u s s i o n  w i l l  t u r n  t o w a r d s  s i m i l a r i t i e s  o r  d i f f e r e n c e s  t h a t  

c a n  b e  a t t r i b u t e d  t o  t h e  e l a s t i c - b o d y  mo d e s  w h i c h  a r e  a f f e c t e d  

b y  t h e  s t r u c t u r a l  d i f f e r e n c e s  o f  t h e  f l a t c a r s .

A f t e r  a  c o m p l e t e  a n a l y s i s  o f  t h e  r a t h e r  l a r g e  d a t a  b a s e  

c r e a t e d  b y  t h e  LWFC P r o g r a m ,  c e r t a i n  l i m i t a t i o n s  a r o s e  i n  t h e  

a n a l y s i s  a n d  d i s c u s s i o n  o f  e l a s t i c - b o d y  m o d e s .  One s u c h  l i m i 

t a t i o n  d e a l t  w i t h  t h e  c o u p l i n g  p r o b l e m .  A l t h o u g h  t h e  c o m p o 

s i t e  o f  t h e  mo de s  s e l e c t e d  d i d  a d e q u a t e l y  m o d e l  t h e  m e a s u r e d  

a c c e l e r a t i o n s  some d i f f i c u l t i e s  w e r e  e n c o u n t e r e d  i n  d e c o u p l i n g  

( S e c t i o n  3 . 2 )  o f  t h e  e l a s t i c  a n d  r i g i d - b o d y  m o d e s .  I n  some 

c a s e s ,  i l l u s t r a t e d  i n  F i g u r e s  4 - 4  a n d  4 - 5 ,  t h e  d e c o u p l i n g  was  

i n c o m p l e t e  r e s u l t i n g  i n  c r o s s t a l k .  I n  F i g u r e s  4 - 4  a n d  4 - 5 ,  

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

(~5 H z ) ,  a n d  e l a s t i c - b o d y  s e c o n d  b e n d i n g ,  w h i c h  o c c u r s  a t  

h i g h e r  f r e q u e n c i e s  (~12  H z ) ,  w e r e  n o t  p r o p e r l y  d e c o u p l e d .
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C r o s s t a l k  may o c c u r  f o r  s e v e r a l  r e a s o n s ,  b u t  t h e  p r i m a r y  

c a u s e  i s  r e l a t e d  t o  t h e  e x p r e s s i o n  o f  t h e  mode  s h a p e .  T h a t  

i s ,  t h e  b i n o m i a l  e x p r e s s i o n  ( T a b l e  3 - 1 )  u s e d  t o  d e p i c t  t h e  

s e c o n d  b e n d i n g  mode w a s  i n a d e q u a t e .  The  b e n d i n g  a n d  t o r s i o n  

mo de s  o f  t h e s e  f l a t c a r s  w e r e  m o r e  c o m p l e x ,  d u e  t o  a b r u p t  

c h a n g e s  i n  s t r u c t u r e  a l o n g  t h e  l e n g t h  o f  t h e  c a r ,  t h a n  t h e  

mo d e s  d e s c r i b e d  b y  t h e  l i m i t e d  p o w e r  s e r i e s .  An e x a m p l e  o f  

t h i s  was  o b s e r v e d  i n  t h e  r e l a t i v e l y  l a r g e  d i f f e r e n c e s  b e t w e e n  

t h e  m e a s u r e d  a n d  m o d e l e d  a c c e l e r a t i o n s  a t  l o c a t i o n s  n e a r  t h e  

b o l s t e r  o r  c e n t e r  p l a t e  o f  t h e  c a r .  None  t h e  l e s s ,  s e v e r a l  

i m p o r t a n t  o b s e r v a t i o n s  c a n  b e  made  b a s e d  o n  t h e  e l a s t i c - b o d y  

b e h a v i o r  o f  t h e s e  f l a t c a r s .

The  f i r s t  a n d  s e c o n d  b e n d i n g  mo d e s  a r e  c h a r a c t e r i z e d  b y  

c o n s i s t e n t  PSD s i g n a t u r e s  w i t h  d o m i n a n t  f r e q u e n c i e s  l a r g e l y  

i n d e p e n d e n t  o f  s p e e d .  T h e  f i r s t  b e n d i n g  mode  f o r  t h e  TTAX 

was  c h a r a c t e r i z e d  b y  t w o  c o n c e n t r a t i o n s  o f  e n e r g y  i n  t h e  

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

f r e q u e n c y  was  i n  t h e  e x p e c t e d  f r e q u e n c y  r a n g e  f o r  t h e  f i r s t  

b e n d i n g  mo d e .  The  u p p e r  c o n c e n t r a t i o n  c o u l d  n o t  s a t i s f a c 

t o r i l y  b e  a t t r i b u t e d  t o  h i g h  f r e q u e n c y  e r r o r s  o r  t o  c r o s s t a l k ;  

t h e r e f o r e ,  i t  i s  c o n s i d e r e d  t o  r e p r e s e n t  v i b r a t i o n  i n  t h e  

t h i r d  b e n d i n g  m o d e .  T h i s  c o n c l u s i o n  i s  c o n s i s t e n t  w i t h  t h e  

d o m i n a n t  f r e q u e n c y  v a l u e s  f o r  t h e  f i r s t  a n d  s e c o n d  m o d e s ,  a s  

l i s t e d  i n  T a b l e  4 - 5 .  I n  a d d i t i o n ,  i t  i s  m a t h e m a t i c a l l y  

r e a s o n a b l e  s i n c e  t h e  t h i r d  m o d e ,  l i k e  t h e  f i r s t ,  w o u l d  b e  

r e p r e s e n t e d  b y  a n  e v e n  p o l y n o m i a l ,  i . e . ,  a  p o l y n o m i a l  w i t h  

o n l y  e v e n  p o w e r s  o f  t h e  v a r i a b l e .  T h u s ,  t h e  mode  s h a p e  

p o l y n o m i a l  f o r  f i r s t  b e n d i n g  i s  f u n c t i o n i n g  a s  a c r u d e  

a p p r o x i m a t i o n  f o r  t h i r d  b e n d i n g .  T h i s  p h e n o m e n o n  a p p e a r e d  

o n l y  f o r  t h e  TTAX w h i c h  i n d i c a t e s  a s o m e w h a t  m o r e  r i g i d  

d e s i g n  t h a n  t h e  l i g h t w e i g h t  f l a t c a r s .  I n  some i n s t a n c e s  w h a t  

a p p e a r e d  a s  t h e  t h i r d  mode  f o r  t h e  TLDX-61 o r  TLDX-62 was  

f o u n d  t o  be  c r o s s t a l k .  T h i s  i s  e v i d e n t l y  a  p h e n o m e n o n  a s s o 
c i a t e d  w i t h  t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  f l a t c a r s .
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TABLE 4 - 5

CARBODY TORSION FREQUENCIES IN HERTZ

TTAX TLDX-61 TLDX-62

1 s t  T o r s i o n 7 - 10 9 - 11 8 - 10

2nd  T r o s i o n 14 - 15 18 - 21 16 - 20 - 21

3 r d  T o r s i o n 21 - 25 - -

The  d o m i n a n t  f r e q u e n c i e s  i n  t h e  f i r s t  a n d  s e c o n d  t o r s i o n

P.SD's f o r  t h e  TTAX v a r i e d  o v e r  a c o n s i d e r a b l e  r a n g e ,  r o u g h l y  

a v e r a g i n g  a r o u n d  8 a n d  16 Hz ,  r e s p e c t i v e l y .  T h e s e  f r e q u e n c i e s  

a r e  n o t a b l y  l o w e r  t h a n  t h e  d o m i n a n t  f r e q u e n c i e s  f o r  f i r s t  a n d  

s e c o n d  t o r s i o n  f o r  t h e  two l i g h t w e i g h t  f l a t c a r s  w h i c h  

a v e r a g e d  a b o u t  10 Hz f o r  f i r s t  t o r s i o n  a n d  20 Hz f o r  s e c o n d  

t o r s i o n .  The  h i g h e r  f r e q u e n c i e s  f o r  t h e  l i g h t w e i g h t  f l a t c a r s  

i s  a t t r i b u t e d  t o  t h e i r  s t i f f e r  t o r s i o n a l  d e s i g n .  I n  a d d i t i o n ,  

t h e  d o m i n a n t  f r e q u e n c i e s  f o r  t h e  l i g h t w e i g h t  f l a t c a r s  w e r e  

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

t o  t h e i r  s t i f f n e s s .

4 . 3  LOADS

The  d y n a m i c  c h a r a c t e r i s t i c s  f o r  t h e  c o n t a i n e r s  a n d  t r a i l e r s  

w e r e  t o t a l l y  d i f f e r e n t ,  s i n c e  t h e  t r a i l e r s  w e r e  s u s p e n d e d  a t  

o n e  e n d  w h i l e  t h e  c o n t a i n e r s  w e r e  r i g i d l y  m o u n t e d .  The  c o n 

t a i n e r s  v e r y  c l o s e l y  r e f l e c t e d  t h e  c a r b o d y  b e h a v i o r ;  t h e  

t r a i l e r s  b e h a v e d  l a r g e l y  i n  r e s p o n s e  t o  t h e  d y n a m i c  c h a r a c 

t e r i s t i c s  o f  t h e i r  own s u s p e n s i o n  s y s t e m s .

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

b e t w e e n  t h e  n a t u r a l  v i b r a t i o n  f r e q u e n c i e s  a n d  r a i l  j o i n t  

r e s p o n s e .  The  n a t u r a l  f r e q u e n c y  i s  a  f u n c t i o n  o f  s p r i n g  
c h a r a c t e r i s t i c s  a n d  t r a i l e r  m a s s ,  a n d  t h u s  i t  r e m a i n s  c o n 

s t a n t  a t  a l l  t e s t  s p e e d s .  By c o n t r a s t ,  r a i l  j o i n t  r e s p o n s e
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i s  a  d i r e c t  f u n c t i o n  o f  s p e e d  a n d  i s  r e l a t e d  t o  t h e  r e g u l a r  

3 9 - f o o t  i n t e r v a l s  o f  t h e  r a i l  j o i n t s .  F o r  a  s p e e d  o f  40 

mph a  r a i l  j o i n t  w i l l  b e  r e a c h e d  e v e r y  2 / 3 - s e c o n d ,  a n d  t h u s  

t h e  i m p a c t  o f  r a i l  j o i n t s  w i l l  b e  m e a s u r e d  a t  a  f a t e  o f  

3 / 2  o r  1 . 5  Hz.  T h i s  i m p a c t  w i l l  a p p e a r  i n  t h e  PSD a s  a 

s p i k e  o r  p e a k  a t  1 . 5  H z .  For.  m o d e s  w h i c h  a r e  b a s e d  o n  t h e  

r e l a t i v e  i n p u t  f r o m  b o t h  r a i l s ,  r a i l  j o i n t  i n p u t  w i l l  o c c u r  

e v e r y  1 9 - 1 / 2  f e e t  s i n c e  t h e  r a i l  j o i n t s  a r e  s t a g g e r e d .  T h u s ,  

t h e  i m p a c t  w i l l  o c c u r  e v e r y  1 / 3 - s e c o n d  a n d  b e  m e a s u r e d  a t  a 

f r e q u e n c y  o f  3 Hz .  At  h i g h e r  ( o r  l o w e r )  s p e e d s ,  r a i l  j o i n t  

i m p a c t  w i l l  o c c u r  a t  a  f a s t e r  ( o r  s l o w e r )  r a t e  a n d  t h u s  w i l l  

b e  m e a s u r e d  a t  a h i g h e r  ( o r  l o w e r )  f r e q u e n c y .  T h u s ,  t h e  

p e a k  c o r r e s p o n d i n g  t o  r a i l  j o i n t  i n p u t  w i l l  a p p e a r  t o  move 

up o r  down t h e  PSD s p e c t r u m  a s  s p e e d  i s  c h a n g e d .

F i g u r e  4 - 6 ( a )  i l l u s t r a t e s  t h e  two  p e a k s  c o r r e s p o n d i n g  t o  

r a i l  j o i n t  i n p u t  a n d  n a t u r a l  s p r i n g / m a s s  f r e q u e n c y .  The 

l o w e r  p e h k ,  a t  0 . 5  H z ,  c o r r e s p o n d s  t o  r a i l  j o i n t  i n p u t ,  

a n d  t h e  p e a k  a t  1 t o  1 . 2 5  Hz c o r r e s p o n d s  t o  t h e  n a t u r a l  

f r e q u e n c y  i n  swa y  f o r  t h e  t r a i l e r  i n  q u e s t i o n .  The  r a i l  

j o i n t  i n p u t  f o r  10 mph i s  e x a c t l y  0 . 7 5  Hz;  h o w e v e r ,  d u e  t o  

a p p r o x i m a t i o n s  i n  c a l c u l a t i n g  t h e  P S D ' s  a n d  t h e  0 . 2 5  Hz 

b i n s  t h a t  c o m p o s e  t h e  P S D ' s ,  t h i s  i n p u t  i s  s h o w n  a t  0 . 5  Hz 

i n s t e a d  o f  0 . 7 5  H z .

Due t o  d a m p i n g  i n  t h e  t r a i l e r  s u s p e n s i o n  s y s t e m ,  i t  a c t s  a s  

a s e c o n d  o r d e r  f i l t e r  f o r  i n p u t s  f r o m  t h e  c a r b o d y .  The  f i l 

t e r i n g  e f f e c t  c a n  be  s e e n  b y  o b s e r v i n g  t h e  p r o g r e s s i o n  o f  

t h e  r a i l  j o i n t  p e a k  t h r o u g h  t h e  PSD s p e c t r u m  a s  s p e e d  i s  

i n c r e a s e d .  I n  F i g u r e  4 - 6  ( b )  i t  c a n  b e  s e e n  t h a t  t h e  r a i l  

j o i n t  p e a k  h a s  i n c r e a s e d  i n  f r e q u e n c y .  E x a m i n a t i o n  o f  t h e  

YMAX v a l u e s  i n d i c a t e s  a n  i n c r e a s e  o f  n e a r l y  a n  o r d e r  o f  

m a g n i t u d e .  T h i s  i s  p a r t l y  t h e  r e s u l t  o f  t h e  i n c r e a s e  i n  

s p e e d  a n d  p a r t l y  t h e  r e s u l t  o f  t h e  f r e q u e n c y  r a n g e  o f  t h e  

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

r a n g e  o f  m a g n i f i c a t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  4 - 7 .
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F i g u r e  4 - 6 .  A p p a r e n t  E f f e c t  o f  T r a c k  I n p u t  
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F i g u r e  4 - 7 .  I d e a l i z e d  T r u c k  S u s p e n s i o n  R e s p o n s e

F i g u r e  4 - 6  ( c  a n d  d )  s h o w s  t h e  m e r g i n g  o f  t h e  n a t u r a l  f r e q u e n c y  

p e a k  a n d  t h e : r a i l  j o i n t  p e a k .  I n  F i g u r e  4 - 6 ,  t h e  n a t u r a l  

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

n o t  t h e  c a s e .  The n a t u r a l  f r e q u e n c y  i s  n o t  s p e e d  d e p e n d e n t ,  

w h i l e  t h e  r a i l  j o i n t  i n p u t  d o e s  c h a n g e  w i t h  s p e e d ,  a n d ,  s i n c e  

t h e  r a i l  j o i n t  i n p u t  i s  a m p l i f i e d  b y  t h e  t r u c k  s u s p e n s i o n ,  i t  

o v e r s h a d o w s  t h e  n a t u r a l  f r e q u e n c y  p e a k .  P r o d u c i n g  o n e  l a r g e  

p e a k  ( F i g u r e  4 - 6 ( d)  a n d  F i g u r e  4 - 8 )  t h a t  m o v e s  w i t h  s p e e d .

F i n a l l y  i n  F i g u r e  4 - 6 ( e )  t h e  e n e r g y  c o r r e s p o n d i n g  t o  r a i l  

j o i n t  i n p u t  c a n  b e  s e e n  a s  a  s e p a r a t e  p e a k  a t  a  h i g h e r  

f r e q u e n c y .  T h i s  p e a k  i s  s m a l l e r  i n  s i z e . b e c a u s e  t h e  h i g h e r  

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

i n s t e a d  o f  b e i n g  m a g n i f i e d .

F i g u r e  4 - 8 .  E x a m p l e  o f  R a i l  J o i n t  I n p u t  O v e r s h a d o w i n g  
t h e  N a t u r a l  F r e q u e n c y
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The attenuation of the rail joint input peak begins after it 
has passed the resonant frequency and increases with an in
crease in speed. This is caused by the trailer suspension 
which is behaving like a second order low-pass filter with 
a corner frequency corresponding to its natural resonant 
frequency. Thus, inputs to the trailer at frequencies above 
the natural frequency are attenuated which increases with 
higher frequencies. Associated with this effect, is the 
general absence of high frequency information in the trailer 
PSD’s. The natural frequencies for the trailers in each mode 
are listed in Table 4-6.

With the exception of lateral bending, the PSD's for trailers 
mounted on the TTAX and TLDX-61 were remarkably similar at 
all speeds. In addition, rms values were comparable in the 
modes. Lateral bending differed between the TTAX and TLDX-61 
for the trailer. On the TLDX-61 the accelerations were gen
erally in the neighborhood of 12-15 Hz (which is believed to 
be a natural frequency for the trailers), while accelerations 
for the TTAX-mounted trailer were around 5-10 Hz. This 
variation is thought to be related to the differences in 
elastic stiffness between the TTAX and TLDX-61 carbodies.

TABLE 4-6
TRAILER RESONANT FREQUENCIES

Resonant Frequency (Hz)

Longitudinal 3.0

Sway 1.0

Bounce 3.0

Roll 3.0 - 5.0

Pitch 3.5

Yaw 3.0

Bending 9.0 - 13.0
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The trailer PSD's were compared to the corresponding carbody 
PSD's to determine the effect of carbody inputs on the load. 
Most trailer modes derived their input from the corresponding 
carbody mode with three clear exceptions. First, trailer 
pitch was seen to be related to carbody bending (first 
bending mode only). This can be seen by examining the 
frequency content of the load and carbody PSD's shown in 
Figure 4^9. Second, lateral bending of trailers was seen 
to relate primarily to carbody yaw. Finally, trailer yaw 
was seen to receive significant inputs from both yaw and 
longitudinal accelerations of the carbody.

An important phenomenon observed in connection with carbody 
input to trailer accelerations is the effect of the trailer 
o,n the carbody. This effect, which may be aptly described 
as feedback, is believed to play an important role in the

FIR ST BENDING MCJDE

YNAX = . 45609E-02
_______ I_I _.I„J_J_t_I_1_!—l- 1_*—J—L.J— L I- J._l
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I ( I t  1 t 1 l l I t  1 j  t f5 10
i i t i i i i i iIB
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iitt30

Figure 4-9. Effects of Carbody Bending on Trailer Pitch
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area of crosstalk between carbody modes. Feedback is a 
relatively limited phenomenon for the trailer configurations, 
because of the filtering effects of the trailer suspensions. 
However, for rigidly mounted containers, the effect is much 
more pronounced. In this situation, two otherwise unrelated 
carbody modes may contribute to one container mode, which 
may then feedback the effect equally to the two carbody 
modes. This effect is illustrated in Figure 4-10. The 
upper and lower PSD's correspond to two unrelated carbody 
modes, and the center PSD corresponds to a container mode.
The solid lines indicate the apparent contributions of the 
carbody to the container accelerations, and the broken line 
indicates the feedback from the container. This theory is 
substantiated by examination of the PSD's for unladen car- 
bodies where the crosstalk is markedly reduced, j

Feedback from containers is more pronounced than feedback 
from trailers because, as was previously mentioned, the 
containers are rigidly mounted to the carbodies with no 
suspension system to attenuate the inputs. Thus, carbody 
container interactions are subject to virtually every com
plexity of the physical geometry of carbody motion. The 
carbody modes which contribute to container mode accelerations 
are listed in Table 4-7. The explanation in geometric terms 
is relatively straightforward, as illustrated in Figure 4-11, 
where the motion of the carbody and container in pitch is 
shown. The carbody center remains unmoved, but the container 
center will contain elements of both bounce (vertical) and 
longitudinal motion. Thus, carbody pitch can be visualized 
as a contributor to bounce, longitudinal and pitch modes for 
the container. The real effect, however, will depend sig
nificantly on the displacement within a mode, because dis
placement is magnified by the geometry of the carbody/load 
system. In addition to the carbody/load relationship, the 
container possesses a significant mass, therefore, it is
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TABLE 4-7
INFLUENCE ON CONTAINER MODES

Load Mode Principal Carbody 
Contribution Other Sources

Longitudinal Longitudinal

Sway Sway Yaw

Bounce Roll Bounce, Pitch, 
First Bending

Roll Roll

Pitch First Bending Pitch

Yaw Yaw
Lateral
Bending Yaw

A: LONGITUDINAL D I S P L A C E M E N T  
B: V E R T I C A L  D I S P L A C E M E N T  ( B O U N C E )

Figure 4-11. Motion of C§rh-©dy and Rigidly-Mounted 
Container in Pitch Mode
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reasonable to expect that its motion will cause the carbody 
center to move. That is, there may be a feedback contribu
tion to carbody sway from the momentum of the container. 
From these observations, it is quite appropriate that the 
axle/carbody/load system be referred to as a single system.
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5.0 MILEAGE ACCUMULATION EFFECTS

The objectives of the Lightweight Flatcar Program include the 
assessment of the mileage effects on the dynamic performance 
of the flatcars. For this purpose, the Ride Vibration Test 
(RVT) was performed three times at different amounts of 
accumulated mileage. The three RVT's were performed at 
0 (nominal), 50,000 and 125,000 miles of revenue service 
accumulated over a period of more than two years. To deter
mine the effects of accumulated mileage, the PSD's from the 
three RVT's were examined for the half-laden configuration 
(the configuration with the most severe acceleration). The 
details Of. the results are presented in this chapter by mass 
element, in the order: axles, carbody and loads.

5.1 AXLES

Axle behavior remained essentially constant throughout the 
test series. The modes with vertical orientations were par
ticularly unchanged as expected since the wheel was tracing 
the rail profile. There were isolated increases in rms 
accelerations for the lateral modes at high speeds, but 
there was no consistency or evidence to relate these iso
lated increases with vehicle wear. These isolated occurrances 
are attributed to hunting, which was observed randomly in the 
later RVT's.

The accelerations on the PSD's for the axle data from the 
Class 3 test zone were sufficiently random, thus no noteworthy 
peaks at.speeds below 40 mph corresponding to the rail joint 
input were produced. This effect held for the first and 
second RVT’s, but for the third RVT, a dominating energy 
peak was observed at the rail joint frequency. This disparity 
is the result of track maintenance and improvement which was 
carried out in the low speed test zone between the second and 
third RVT's.
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An anomaly was observed in the PSD for the TLDX-61 from the 
first RVT. A high frequency source of energy dominated the 
power spectrum at low speeds, and at higher speeds the input 
frequency rose above 30 Hz resulting in a more normal, PSD 
signature- This anomaly was attributed to some manufacturing 
or assembly defect associated with wheel rotation. The PSD's 
for the second and third RVT's were examined to determine 
whether this effect disappeared as the truck acquired wear.
The PSD's from the second RVT do suggest that this, effect had 
been smoothed out through wear. However, the third RVT was 
performed on track which had been upgraded, thus, with the 
reduced overall input to the axles, the anomaly was again 
evident. It is, therefore, apparent, that wear reduces the 
excitation but does not eliminate it.

5.2 CARBODY

The carbody mass element is the most important indicator of 
wear effects for two reasons. First, input to carbody 
dynamics is directly through the truck components which 
wear the most, whereas input to the axles is directly from 
the track. Second, input to the loads is filtered by the 
carbody and, in the case of trailers, by a second suspension 
system. Analysis of the data verified that the most signi
ficant mileage effects were displayed by the carbody PSD's.

The analysis of the carbody data began with the expectation 
that evidence would be found indicating increasing rms 
accelerations with.wear. Like axles, a clear correlation 
between wear and rms values was not observed. In most 
instances, however, there were increases through the speed 
range. In a few cases, there was a reversal of the expected 
relationship between rms accelerations and accumulated mileage. 
There are a number of factors which may have contributed to 
these consistencies, including

5-2



© Periodic maintenance, which is known 
to have occurred at least once.

© Test Zone 1 upgrade, between the
second and third RVT's .

© Wheels turned due to spalling.

Thus, although a trend of increasing ns. values is suggested, 
there is no conclusive support in the data.

There, were, however, two significant effects discovered which 
were clearly attributable to wear. One effect was the change 
in the speed at which the bounce mode first displayed con
siderable response to rail joint input. That is, a change 
in the speed at which the input forces overcome the stiction 
(static friction force) between the columb damping devices. 
These speeds are listed in Table 5-1.

The data indicates that as mileage is accumulated, the cri
tical speed (the speed at which the stiction is overcome) 
is reduced. This can reasonably be attributed to the breaking 
in of the moving parts in the truck suspension. In.addition, 
the lightest car, the TLDX-62, consistently responded at the 
highest critical speed. This may be attributed to the design 
of the truck suspensions which were designed for the heaviest 
car, the TTAX.

TABLE 5-1
BOUNCE RESPONSE SPEEDS (IN MPH)

Test TTAX TLDX-61 TLDX-62

RVT 1 30 - 40 30 - 40 40

RVT 2 30 + 30 + 40

RVT 3 20 20 30
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Another major effect of wear is the apparent increase in 
tendency of the system to resonate. That is, although wear 
did not produce a consistent increase in rms values, the 
play in the suspension system increased the likelihood of 
resonance. For example, consider the data in Table 5-3; 
when the flatcars were new there was no evidence of resonant 
activity in either sway or yaw. As mileage accumualted, the 
resonant activity increased at low speeds in most cases.
This indicates that with greater wear, the system resonates 
more easily, that is., resonant activity may occur at the 
lower energy levels associated with lower speeds. The 
associated rms levels are listed in Table 5-2. Observe 
that for numerous cases in the second and third RVT's there 
are either peak rms values at speeds less than 79 mph, or 
there are sudden non-linear increases with speed in the 
rms patterns. However, neither of these occurrences is 
observed for RVT 1, when the trucks were new.

5.3 LOADS

Trailer PSD's and rms values displayed remarkable consistency 
throughout the test series which is most likely related to 
the double filtering effect of the carbody and trailer sus
pension systems. The rms values displayed no significant 
or regular increases with wear; the variations can be 
attributed to variations in test conditions, since several 
trailer modes are significantly affected by inputs in the 
longitudinal mode. (The longitudinal mode directly reflects 
any variations in the operation of the locomotive during the 
tests.)

The absence of high frequency energy in the trailer PSD's 
due to suspension filtering remained the dominant charac
teristic. The natural frequencies were unchanged by wear.
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TABLE 5-2
CARBODY RMS SWAY AND YAW ACCELERATION

Speed
Sway Yaw

RVT 1 RVT 2 RVT 3 RVT 1 RVT 2 RVT 3

TTAX

40 0.026 0.028 0.029 0.032 0.034 0.058

50 - 0.058 0.056 - 0.067 0.072

60 - 0.096 0.049 - 0.103 0.086

70 - 0.089 0.066 - 0.087 0.110

79 0.066 0.117 0.081 0.070 0.102 0.120

TLDX-61

40 0.034 0.036 0.038 0.044 0.045 0.049

50 0.04 2 0.061 0.054 0.054 0.076 0.083

60 0.051 0.070 0.077 0.063 0.088 0.108

70 0.065 0.086 0.137 0.077 0.094 0.137

79 0.081 0.09 7 0.135 ■ 0.089 0.102 0.167

TLDX-62

40 0.026 0.029 0.033 0.029 0.029 0.033

50 0.033 0.034 0.049 0.039 0.046 0.072

60 0.040 0.056 - 0.051 0.0 79 0.060

70 0.050 0.111 0.112 0.066 0.170 0.158

79 0.068 0.129 0.122 0.098 0.198 0.184
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In contrast, the container PSD's showed the effects of 
accumulated mileage since they reflect carbody behavior.
The interaction of container and carbody modes was presented 
in Section 4.3. The pattern of interaction was unchanged 
throughout the test series. As noted in Section 5.2, one 
of the major observations in carbody mileage effects was 
the increase of activity with wear which was indicative of 
resonant-type behavior which appeared as a suddfen non-linear 
increase in rms acceleration at some point in the progression 
of the test speed. These same increases were also observed 
in container behavior. An example of this relationship is 
presented in Table 5-3,. where rms acceleration values for 
container bounce are presented for the Class 5 test zone.
The data for the third RVT shows the most severe deviation 
from linearity.

TABLE 5-3
CONTAINER RESPONSE TO MILEAGE EFFECTS

Speed 
Cmph) . RVT 1 RVT 2 RVT 3

Container Bounce

40 0.08 0.09 0.12

50 0.11 0.11 0.14

60 0.13 0.14 0.15

70 - 0.21 0.26

79 0.19 0.27 0.30

Carbody Roll

40 0.28 0.31 0.36

50 0.31 0.37 0.44

60 0.35 0.43 -

70 0.39 0.70 0.92

79 0.44 0.93 1.11
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C o n t a i n e r  b o u n c e  was  o b s e r v e d ,  on t h e  b a s i s  o f  PSD s i g n a t u r e ,  

t o  d e r i v e  m o s t  b f  i t s  e n e r g y  f r o m  c a r b o d y  r o l l .  T h i s  r e l a t i o n  

was  s e e n  t o  h o l d  t r u e  t h r o u g h o u t  t h e  t e s t  s e r i e s  a n d  a s  s u c h  

c a r b o d y  r o l l  rms  a c c e l e r a t i o n s  w e r e  e x p e c t e d  t o  e x h i b i t  t h e  

s am e  c h a r a c t e r i s t i c s  a s  c o n t a i n e r  b o u n c e ,  a s  s h o w n  i n  

T a b l e  5 - 3  w h e r e  t h e  i n c r e a s e  i n  rms  a c c e l e r a t i o n  w i t h  s p e e d  

b e c o m e s  n o n - l i n e a r  a s  m i l e a g e  i s  a c c u m u l a t e d .
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6 . 0  INFLUENCE OF LOAD CONFIGURATION

Ah e v a l u a t i o n  o f  t h e  e f f e c t s  o f  l o a d  c o n f i g u r a t i o n  o n  f l a t c a r  

b e h a v i o r  w a s  b a s e d  on  d a t a  f r o m  t h e  f i r s t  R i d e  V i b r a t i o n  

T e s t  (RVT) a n d  t h e  O v e r - t h e - R o a d  T e s t  ( O T R ) . T h e s e  d a t a  

p r o v i d e  c o m p a r a t i v e  i n f o r m a t i o n  o n  t h e  new f l a t c a r s  a n d  o n  

t h e  f l a t c a r s  a f t e r  a p p r o x i m a t e l y  1 0 , 0 0 0  m i l e s  o f  a c c u m u l a t e d  

w e a r .

6 . 1  RVT DATA

6 . 1 . 1  LOADS

A n a l y s i s  o f  t h e  d a t a  f r o m  t h e  f i r s t  RVT w a s  p r e c e d e d  b y  c o n 

v e r t i n g  m o d a l  a c c e l e r a t i o n s  t o  a  common u n i t .  The  a n g u l a r 1 

a c c e l e r a t i o n s ,  m e a s u r e d  i n  r a d i a n s  p e r  s e c o n d  p e r  s e c o n d ,  

w e r e  c o n v e r t e d  t o  g ' s  s o  t h a t  a  c o m p a r a t i v e  a n a l y s i s  o f  t h e  

r e l a t i v e  c o n t r i b u t i o n s  o f  a l l  o f  t h e  m o d e s  c o u l d  b e  m a d e .

C o n v e r s i o n  o f  t h e  a n g u l a r  a c c e l e r a t i o n s  t o  g ' s  r e q u i r e d  c a l 

c u l a t i o n  o f  t h e  mode  s h a p e  f u n c t i o n  a n d  a n  a n a l y s i s  f o r  e a c h  

s p e c i f i c  l o c a t i o n  o f  i n t e r e s t  on  t h e  l o a d  o r  c a r b o d y .  The  

l i n e a r  a c c e l e r a t i o n s  a s s o c i a t e d  w i t h  t h e  r o t a t i o n a l  a n d  

e l a s t i c  m o d e s  a r e  f u n c t i o n s  o f  l o c a t i o n  i n  t h e  s y s t e m ,  

w h e r e a s  t h e  a c c e l e r a t i o n s  d u e  t o  t r a n s l a t i o n a l  c o n t r i b u t i o n s  

a r e ,  b y  d e f i n i t i o n ,  c o n s t a n t .

A f t e r  t h e  m e a s u r e m e n t s  w e r e  c o n v e r t e d  t o  t h e  s am e  u n i t s ,  t h e  

l o a d  a c c e l e r a t i o n s  w e r e  c a l c u l a t e d  f o r  t h e  l o c a t i o n  a n d  

c o n d i t i o n  r e s u l t i n g  i n  t h e  maximum a c c e l e r a t i o n s .  The  f a r  

c o r n e r  o f  t h e  l o a d  a t  t h e  maximum a l l o w a b l e  s p e e d  was  f o u n d  

t o  h a v e  t h e  l a r g e s t  a c c e l e r a t i o n .  T h i s  i s  b e l i e v e d  t o  r e p 

r e s e n t  t h e  w o r s t  c a s e  f o r  t h e  v i b r a t i o n a l  e n v i r o n m e n t  a n d  t o  

p r o v i d e  a n  e s t i m a t e  o f  t h e  u p p e r  l i m i t  o f  t h e  v i b r a t i o n a l  

e n v i r o n m e n t .
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T a b l e  6 - 1  s u m m a r i z e s  t h e  r a n g e  i n  w h i c h  t h e  d a t a  f o r  an  

e x t r e m e  c o r n e r  o f  t h e  A - e n d  l o a d  o n  a  f u l l y  l o a d e d  f l a t c a r .  

The  b o u n c e  ( z Q) a n d  r o l l  (0 ) mo d e s  a p p e a r  t o  b e  t h e  l a r g e s t  

c o n t r i b u t o r s  t o  l o a d  a c c e l e r a t i o n .  The  h i g h e r  l e v e l s  o f  

a c c e l e r a t i o n  a r e  a s s o c i a t e d  w i t h  c o n t a i n e r s ,  b e c a u s e  o f  t h e  

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

t a b u l a t i n g  t h e  d a t a ,  t h e  d i f f e r e n c e s  b e t w e e n  t h e  c o n v e n t i o n a l  

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

F o r  c o m p a r i s o n ,  s i m i l a r  d a t a  a r e  p r e s e n t e d  i n  T a b l e  6 - 2  f o r  

t h e  c o r n e r  n e a r  t h e  c e n t e r  o f  t h e  f l a t c a r  o f  t h e  A - l o a d .  At  

t h i s  l o c a t i o n ,  s e v e r a l  o f  t h e  m o d e s  a r e  s i g n i f i c a n t l y  s m a l l e r  

i n  m a g n i t u d e  t h e n  a t  t h e  f a r  e n d  o f .  t h e  l o a d  a n d  n o n e  o f  t h e  

m o d e s  a r e  l a r g e r  t h a n  t h e  e x t r e m e  o u t e r  c o r n e r .

T a b l e  6 - 3  c o n t a i n s  d a t a  f o r  t h e  B - e n d  l o a d .  The  v i b r a t i o n a l  

e n v i r o n m e n t  f o r  a  l o a d  i s  s e e n  t o  b e  g e n e r a l l y  i n d e p e n d e n t  o f  

i t s  p o s i t i o n  on t h e  f l a t c a r .  C o n t a i n e r s  s h o w e d  p a r t i c u l a r l y

TABLE 6 - 1

A-END LOAD ACCELERATIONS ON A FULLY LOADED 
FLATCAR AT AN EXTREME CORNER (79 MPH)

Mode A c c e l e r a t i o n  ( g )

X0 0 . 0 4 - 0 . 0 6

^ 0 0 . 0 8  - 0 . 0 9

z 0 0 . 1 3  - 0 . 1 7

e* 0 . 1 2  - 0 . 1 6

h 0 . 1 3

h 0 . 0 7  - 0 . 1 0

^ z y l * 0 . 0 6  - 0 . 1 1

T h i s  s u b s c r i p t  i n d i c a t e s  c o n v e r s i o n  t o  l i n e a r  a c c e l e r a t i o n .  
A n g u l a r  a c c e l e r a t i o n s  a r e  m u l t i p l i e d  b y  t h e  a p p r o p r i a t e  
d i s t a n c e  f r o m  t h e  c e n t e r  o f  m a s s  t o  t h e  p o i n t  o f  i n t e r e s t  
t o  c o n v e r t  t h e m  i n t o -  l i n e a r  a c c e l e r a t i o n s .  E l a s t i c  a c c e l 
e r a t i o n s  a r e  m u l t i p l i e d  b y  t h e  mode s h a p e  f u n c t i o n  e v a l u a t e d  
a t  t h e  p o i n t  o f  i n t e r e s t  t o  y i e l d  t h e  l i n e a r  a c c e l e r a t i o n s .
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TABLE 6 -2
A-END LOAD ACCELERATIONS ON A FULLY LOADED 

FLATCAR AT A MID-SECTION EDGE (79  MPH)

Mode A c c e l e r a t i o n  ( g ) '

0 . 0 4  - 0 . 0 6

^ 0 0 . 0 8  - 0 . 0 9

z 0 0 . 1 3  - 0 . 1 7

0* 0 . 1 2  - 0 . 1 6

h 0 . 0 2

h 0 . 0 1  - 0 . 0 2

___  Bz y i * _ _ _ _ _ _ _ _ _ _ _ 0 . 0 3  - 0 . 0 5

TABLE 6 - 3

B-END LOAD ACCELEATIONS ON A FULLY LOADED 
FLATCAR AT AN EXTREME CORNER (79  MPH)

Mode
>

A c c e l e r a t i o n  ( g )

Xo 0 . 0 4 - 0 . 0 7

?<> 0 . 0 7  - 0 . 0 8

z 0 0 . 1 2  - 0 . 1 7

0* 0 . 1 2  - 0 . 1 6

0 . 1 1 - 0 . 1 3

0 . 0 6  - 0 . 1 1

^ z y l * 0 . 0 3  - 0 . 1 0
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l i t t l e  d i f f e r e n c e  i n  mode a c c e l e r a t i o n s .  The  s m a l l  d i f f e r 

e n c e s  s e e n  i n  t r a i l e r  mode  a c c e l e r a t i o n s  may b e  a t t r i b u t e d  

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

A c c e l e r a t i o n s  f o r  t h e  A - e n d  l o a d  o n  h a l f - l o a d e d  f l a t c a r s  c a n  

b e  s e e n  t o  be  c o n s i s t e n t l y  g r e a t e r  t h a n  f o r  t h e  f u l l y - l o a d e d  

c o n f i g u r a t i o n .  T a b l e  6 - 4  c o n t a i n s  d a t a  f o r  h a l f - l o a d e d  

f l a t c a r s .  The i n c r e a s e  i n  a c c e l e r a t i o n  l e v e l s  i s  a t t r i b u t e d  

t o  t h e  r e d u c t i o n  i n  t h e  t o t a l  m a s s  c o m b i n e d  w i t h  t h e  a s y m m e t r y  

o f  t h e  l a d i n g  c o n f i g u r a t i o n .

F i n a l l y  d a t a  a r e  p r e s e n t e d  i n  T a b l e  6 - 5  f o r  t h e  a c c e l e r a t i o n s  

o f  e m p t y  c o n t a i n e r s  a n d  t r a i l e r s .  T h e s e  a c c e l e r a t i o n s  a r e  

a p p r o x i m a t e l y  d o u b l e  t h e  v a l u e s  f o r  l o a d e d  c o n t a i n e r s  a n d  

t r a i l e r s .  The  d i f f e r e n c e  i s  a t t r i b u t e d  t o  t h e  m i s m a t c h  

b e t w e e n  l o a d  w e i g h t  a n d  s u s p e n s i o n  d e s i g n .

TABLE 6 - 4

A-END LOAD ACCELERATIONS ON HALF-LOADED 
FLATCARS AT AN EXTREME CORNER (79  MPH)

Mode A c c e l e r a t i o n  ( g )

*o 0 . 0 4  - 0 . 0 8

^o 0 . 0 8  - 0 . 1 1

z 0 0 . 1 2  - 0 . 2 1

0 rt 0 . 1 4  - 0 . 1 8

$* 0 . 1 3

■ ' $* 0 . 0 8  - 0 . 1 4

^ 1 * z y l * 0 . 0 7  - 0 . 1 1
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TABLE 6 -5
EMPTY LOAD ACCELERATIONS (A-END) 

ON HALF LOADED FLATCARS

Mode A c c e l e r a t i o n  ( g )

X 0 0 . 1 0 '  - 0. -12

y 0 0 . 1 5  - 0 . 1 9

z o 0 . 2 9

0 * 0 . 2 3  - 0 . 2 8

$* 0 . 2 5  - 0 . 3 2

0 . 1 7  - 0 . 2 0

' ^ z y l * 0 . 1 3 - 0 . 1 7

6 . 1 . 2  CARBODY

D a t a ,  s i m i l a r  t o  t h a t  r e c o r d e d  f o r  t h e  l o a d s ,  w e r e  t a b u l a t e d  

f o r  t h e  c a r b o d i e s  a n d  l i s t e d  i n  T a b l e s  6 - 6  t h r o u g h  6 - 9 .  The 

c a r b o d y  l o c a t i o n s  o f  i n t e r e s t  w e r e  t h e  p o i n t s  o f  c o n t a c t  

w i t h  t h e  l o a d ,  w h e r e  v i b r a t i o n a l  e n e r g i e s  w e r e  d i r e c t l y  

t r a n s f e r r e d  t o  t h e  l o a d s .  F o r  t r a i l e r  l a d i n g ,  t h e  l o c a t i o n s  

o f  i n t e r e s t  w e r e  t h e  k i n g p i n s  a n d  t h e  w h e e l  w e l l  c e n t e r s ,  

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

C e r t a i n  m o d e s  w e r e  o b s e r v e d  t o  h a v e  c o n s i s t e n t  z e r o  v a l u e s  

i n  many  c a s e s .  T h i s  o c c u r s  when  t h e .  l o c a t i o n  o f  i n t e r e s t  i s  

a t  o r  v e r y  n e a r  t h e  n o d e  f o r  t h a t  p a r t i c u l a r  mo d e .  T h u s ,  

t h e r e  i s ,  n o  c o n t r i b u t i o n  t o  v i b r a t i o n  f r o m  t h a t  mo d e .

I n  m o s t  c a s e s  t h e  TTAX s h o ws  m a r g i n a l l y  l o w e r  a c c e l e r a t i o n s ;  

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

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

a c c e l e r a t i o n  d i f f e r e n c e s  c a n  b e  c o n s i d e r e d  s u f f i c i e n t l y  s m a l l ,  

t h u s ,  t h e  o v e r a l l  p e r f o r m a n c e  o f  t h e  f l a t c a r s  i s  c o m p a r a b l e .
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TABLE 6 -6
KING PIN ACCELERATION CONTRIBUTIONS AT 79 MPH

2 Loaded T r a i l e r s  I 1 Loaded T r a i l e r Empty

TLDX 61 TTAX-A TTAX-B TLDX 61 TTAX-A TTAX-3 TLDX 61 TTAX-A TTAX-B

*0 0.034- 0 . 047 0 . 0 4 7 0 . 0 4 0 C.037 0 . 0 3 7 0 . 0 4 2 0 . 0 3 7 0 . 0 3 7

h 0 . 064 0. 050 0 . 050 0 . 085 0 . 066 0 . 066 0 . 110 0 . 083 0 . 0 3 3

z o 0 . 073 0 . 061 0 . 0 6 1 0 . 0 7 5 0 . 070 0 . 070 0 . 140 0. 132 0 . 1 3 2
s * 0 . 052 0 . 075 0 j 073 0 . 065 0 . 090 0 . 091 ■s0 .124 0 . 155 0 . 1 5 5

0 . 022 0 . 022  . 0 . 1 4 0 0 . 0 2 5 0 . 028 0 . 1 6 6 0 . 0 2 9 0 . 034 0 . 2 2 2
0 . 012 0 . 009 0 . 0 6 4 0 . 0 1 3 0 . 011 0 . 0 8 3 0 . 0 1 8 0 . 0 1 9 0 . 1 5 4

Byz l * 0 . 096 0 . 086 0 . 221 0 . 1 1 5 0 . 1 1 3 0 . 2 6 5 0 . 163 0 . 1 5 3 0 . 3 2 3

3yz2* 0 . 018 .0.023 0 . 1 3 4 0 . 0 2 1 0 . 025 0 . 1 3 9 0 . 0 2 6 0 . 032 0 . 1 8 3
Txzl * 0 0 0 0 0 0 0 0 0
‘xz2* 0 0 0 0 0 0 0 0 0

TABLE 6 - 7

WHEEL WELL CENTER ACCELERATION 
CONTRIBUTIONS AT 79 MPH

2 Loaded T r a i l e r s 1 Loaded T r a i l e r Empty

TLDX 61 TTAX-A TTAX-B TLDX 61 TTAX-A TTAX-B TLDX 61 TTAX-A TTAX-B

0 .034 0 047 0 047 0 040 0 037 0 037 0 042 0 037 0 037
0 064 0 050 0 050 0 085 0 066 0 066 0 110 0 083 0 o CO

z „ 0 075 0 061 0 061 0 075 0 070 0 070 0 140 0 132 Au 132

e* 0 054 0 069 0 067 0 065 0 076 0 080 0 129 0 13 S 0 133

'$* ‘ 0 139 . 0 128 0 030 0 151 0 163 0 037 0 185 0 203 0 046

Ji'* 0 087 0 070 0 016 0 105 0 082 0 020 0 140 0 142 0 035

3vzl* 0 109 0 170 0 085 0 126 0 203 0 103 0 189 0 339 0 136

’ 3 y z 2 * 0 045 0 076 0 038 0 049 0 076 0 .040 0 640 0 100 0 051
Txzl* 0 108 0 007 0 046 0 108 0 007 0 047 0 159 0 061 0 0 5 7
~xz2 * 0 060 0 073 0 046 0 060 0 .073 0 . 045 0 086 0 .091 0 054
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TABLE 6 -8
INBOARD CONTAINER BRACKET ACCELERATION 

CONTRIBUTIONS AT 79 MPH

2 Loaded Containers 1 Loaded Empty

TLDX 62 TTAX TLDX 62 TTAX TLDX 62 TTAX

x 0 0 . 0 3 4 0 . 027 0 . 046 0 . 031 0 . 0 5 2 0 . 0 3 7

To 0 . 0 4 2 0 . 04S 0 . 0 6 7 0 . 064 0 . 1 1 7 0 . 0 8 3

z o 0 . 0 6 2 0 . 069 0 . 092 0 . 075 0 . 1 6 9 0 . 1 3 2

e* 0 . 0 3 7 0 . 042 0 . 0 4 8 ' 0 . 061 0 . 1 5 6 0 . 1 3 8

5* 0 0 0 0 0 0

h 0 . 0 0 6 0 . 0 0 6 0 . 009 0 . 008 0 . 0 1 3 0 . 0 1 3

3yzl* 0 . 1 0 1 0 . 1 0 5 . 0 . 1 2 4 0 . 124 0 . 1 7 1 0 . 1 6 2
syz2* 0 0 0 0 0 0
Txzl* 0 0 0 0 0 0
txz2* 0 . 0 1 3 0 . 020 0 . 020 0 . 0 3 6 0 . 0 4 2 0 . 0 6 2

TABLE 6 - 9

OUTBOARD CONTAINER BRACKET ACCELERATION 
CONTRIBUTIONS AT 79 MPH

.2 Loaded Containers 1 Loaded Empty

TLDX 62 TTAX '• TLDX 62 TTAX TLDX 62 TTAX

x o 0 . 0 3 4 0 . 027 0 . 046 0 . 031 0 . 0 5 2 0 . 0 3 7
0 . 0 4 2 0 . 0 4 5 0 . 0 6 7 0 . 0 6 4 0 . 1 1 7 0 . 0 8 3

z o 0 . 0 8 2 0 . 0 6 9 0 . 0 9 2 0 . 0 7 5 0 . 1 6 9 0 . 1 3 2
0 . 0 3 7 0 . 042 0 . 648 0 . 061 0 . 1 5 6 0 . 1 3 8

‘ ■ 0 . 1 6 3 0 . 1 4 4 0 . 1 9 4 0 . 170 0 . 2 0 9 0 . 2 1 6

h 0 . 0 7 2 0 . 065 0 . 105 0 . 0 9 7 0 . 1 5 5 0 . 1 5 1

3yzl* 0 . 2 5 8 0 . 211 0 . 1 8 0 0 . 2 3 7 0 . 3 9 9 0 . 304

eyz2* 0 . 1 2 9 0 . 1 1 5 0 . 149 0 . 1 2 4  , 0 . 1 5 2 0 . 1 5 7

rxzl* 0 . 1 3 9 0 . 0 0 6 0 . 092 0 . 0 4 8 0 . 1 7 9 0 . 1 1 4

T xz 2 * 0 . 0 2 6 0 . 037 0 . 0 4 6 0 . 0 6 4 0 . 0 8 5 0 . 1 1 2
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The e f f e c t  o f  l a d i n g  c o n f i g u r a t i o n  o n  c a r b o d y  a c c e l e r a t i o n s  

i s  s e e n  t o  f o l l o w  t h e  s a m e  p a t t e r n  a s  l o a d s .  The  l o w e s t  

m a g n i t u d e s  a r e  s e e n  f o r  t h e  f u l l y  l o a d e d  c o n f i g u r a t i o n  a n d  

t h e  g r e a t e s t  m a g n i t u d e s  a r e  s e e n  f o r  e m p t y  c o n t a i n e r s  a n d  

t r a i l e r s .  A g a i n ,  t h e r e  i s  n o  d i f f e r e n c e  b e t w e e n  a c c e l e r a 

t i o n s  a t  t h e  A - e n d  a n d  B - e n d  f o r  f u l l y  l o a d e d  c a r s .

6 . 2  OTR DATA

The m o s t  s i g n i f i c a n t  f i n d i n g  i n  t h e  OTR d a t a  was  t h e  i d e n t i 

f i c a t i o n  o f  h u n t i n g .  T h i s  f i n d i n g  i s  e x p l a i n e d  i n  d e t a i l  i n  

S e c t i o n  7 . 0 .  F o r  p u r p o s e s  o f  e v a l u a t i n g  l o a d  c o n f i g u r a t i o n  

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

t h i s  p o i n t .

H u n t i n g  d i d  n o t  o c c u r  t o  a n y  s i g n i f i c a n t  e x t e n t  d u r i n g  t h e  

f i r s t  RVT, b u t  i t  was  o b s e r v e d  i n  t h e  OTR t e s t i n g ,  a t  w h i c h  

p o i n t  a p p r o x i m a t e l y  1 0 , 0 0 0  m i l e s  o f  r e v e n u e  s e r v i c e  h a d  b e e n  

a c c u m u l a t e d .  The  TTAX d i s p l a y e d  t h e  l a r g e s t  a m o u n t  o f  

h u n t i n g ,  t h e r e f o r e ,  t h e  d a t a  f o r  t h e  TTAX w e r e  e x a m i n e d  

f o r  a l l  l o a d  c o n f i g u r a t i o n s  t o  i d e n t i f y  t h e  f u l l  e x t e n t  o f  

h u n t i n g .

H u n t i n g  was  o b s e r v e d  a s  a s t r o n g  l o w - f r e q u e n c y  e n e r g y  c o n c e n 

t r a t i o n  i n  t h e  s wa y  a n d  yaw m o d e s ,  f o r  a l l  t h r e e  m a s s  e l e m e n t s .  

H u n t i n g  was  l a r g e s t  f o r  t h e  h a l f - l a d e n  c o n f i g u r a t i o n .  The 

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

The  r o l l  mode i s  a l s o  known  t o  b e  i n d i c a t i v e  o f  h u n t i n g .

F o r  t h e  f u l l y  l a d e n  c o n f i g u r a t i o n ,  r o l l  P S D ' s  w e r e  s e e n  t o  

c o n s i s t  o f  l o w -  a n d  h i g h - f r e q u e n c y  r e g i o n s  o f  e n e r g y ,  b u t  

f o r  t h e  h a l f - l a d e n  c o n f i g u r a t i o n  t h e r e  was  o c c a s s i o n a l l y  

o n l y  o n e  l o w - f r e q u e n c y  c o n c e n t r a t i o n .  T h i s  i n d i c a t e s  t h a t  

t h e  l o w - f r e q u e n c y  e n e r g y ,  a s s o c i a t e d  i n  p a r t  w i t h  h u n t i n g ,  

was  g r e a t  e n o u g h  i n  t h e  h a l f - l a d e n  c o n f i g u r a t i o n  t o  d o m i n a t e  

t h e  e n e r g y  s p e c t r u m .
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F i n a l l y ,  t h e  e f f e c t s  on  t h e  c a r b o d y  m o d e s  f r o m  c o n t a i n e r  

f e e d b a c k  w e r e  o b s e r v e d  t o  c o n t i n u e  i n  t h e  s ame  f a s h i o n  a s  

f o r  t h e  R V T ' s .  T h i s  p h e n o m e n o n ,  d i s c u s s e d  i n  d e t a i l  i n  : 

S e c t i o n  4 . 3 ,  i s  t h e  r e s u l t  o f  r i g i d  p h y s i c a l  c o n t a c t  b e t w e e n  

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

i n t e r f a c e  a s  w i t h  a  t r a i l e r .  The  g e o m e t r i c  m o t i o n s  o f  t h e  

c a r b o d y  a p p e a r  d i r e c t l y  i n  t h e  r e l a t e d  c o n t a i n e r  m o d b s ,  

w h e r e a s  t h e  t r a i l e r s  a r e  n o t  . d i r e c t l y  r e l a t e d  t o  t h e  c a r b o d y  

a n d  b e h a v e  i n  a  r e l a t i v e l y  c o n s i s t e n t  m a n n e r ,  d i c t a t e d  l a r g e l y  

by  t h e i r  s u s p e n s i o n  c h a r a c t e r i s t i c s . '
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7 . 0  LADING ACCELERATION ENVIRONMENT

The  O v e r - t h e - R o a d  t e s t s  (OTR) w e r e  c o n d u c t e d  t o  q u a n t i f y  t h e  

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

s e r v i c e  c o n d i t i o n s .  F o r  t h e s e  t e s t s ,  t h e  f l a t c a r s  w e r e  

a t t a c h e d  t o  a  r e v e n u e  f r e i g h t  t r a i n .  The  d a t a  w e r e  p r o c e s s e d  

a n d  a n a l y z e d  i n  t h e  s ame  m a n n e r  a s  t h e  RVT d a t a .  U n l i k e  t h e  

R V T ' s ,  t h e r e 1w a s  no  c o n t r o l  o v e r  t r a i n  s p e e d .

7 . 1  OTR AND RVT DATA

C o m p a r i s o n  o f  t h e  OTR a n d  RVT d a t a  r e v e a l e d  n u m e r o u s  s i m u l a r i -  

t i e s .  B e c a u s e  s p e e d  was  n o t  c o n s t a n t  t h r o u g h  t h e  OTR t e s t  

z o n e s ,  i t  was  n e c e s s a r y  t o  e s t i m a t e  a n  a v e r a g e  s p e e d  s o  t h a t  

a n  a p p r o p r i a t e  RVT t e s t  c o u l d  b e  u s e d  f o r  c o m p a r i s o n .

Upon c o m p a r i n g  s i m i l a r  OTR a n d  RVT d a t a ,  t h e  rms  v a l u e s  w e r e  

f o u n d  t o  b e  i n  a g r e e m e n t .  P S D ' s  w e r e  o b s e r v e d  t o  d i s p l a y  

s i m i l a r  s i g n a t u r e s ,  w i t h  d i f f e r e n c e s  b e i n g  a t t r i b u t e d  t o  

s p e e d  v a r i a t i o n s  i n  t h e  OTR. F o r  e x a m p l e ,  OTR P S D ' s  s e l d o m  

d i s p l a y e d  t h e  w e l l - d e f i n e d  s p i k e  t y p i c a l  o f  RVT d a t a  w h i c h  

c o u l d  b e  i d e n t i f i e d  a s  r e s p o n s e  t o  r a i l  j o i n t  i n p u t  d u e  i n  

p a r t  t o  t h e  u s e  o f  w e l d e d  r a i l  i n  t h e  OTR t e s t  z o n e s .  F o r  

t h e  t e s t s  i n  w h i c h  t h e  s p e e d  v a r i a t i o n s  w e r e  m i n i m a l ,  h o w e v e r ,  

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

p o n d i n g  t o  a  3 9 - f o o t  w a v e l e n g t h .

P S D ' s  f o r  a x l e s  w e r e  m o r e  w h i t e  i n  c h a r a c t e r  b e c a u s e  o f  s p e e d  

v a r i a t i o n s .  C a r b o d y  a n d  l o a d  P S D ' s  c o n t i n u e d  t o  i n d i c a t e  

t h e  e f f e c t s  o f  s u s p e n s i o n  c h a r a c t e r i s t i c s  w i t h  c o n c e n t r a t e d  

e n e r g y  a t  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  s y s t e m .  T r a i l e r s  c o n 

t i n u e d  t o  b e h a v e  i n  r e s p o n s e  t o  t h e  l o w - p a s s  f i l t e r i n g  e f f e c t s  

o f  t h e i r  s u s p e n s i o n  c o u p l e d  w i t h  c a r b o d y  s u s p e n s i o n ,  a n d  

c o n t a i n e r s  p r o d u c e d  c o n s i s t e n t  f e e d b a c k  p a t t e r n s  i n t o  c a r b o d y  

P S D ' s .
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7 . 2  LATERAL INSTABILITY (HUNTING)

H u n t i n g  was  o b s e r v e d  a n d  r e c o r d e d  i n  many i n s t a n c e s  d u r i n g  

t h e  OTR t e s t s .  The  v a s t  m a j o r i t y  o f  t h e  h u n t i n g  was  o b s e r v e d  

on  t h e  TTAX f l a t c a r .  T h e r e  i s  n o  o n e  f a c t o r  t o  c l e a r l y  

a t t r i b u t e  t h i s  d i f f e r e n c e ,  s i n c e  t h e  d i f f e r e n c e s  b e t w e e n  t h e  

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

a n d  c o m p o n e n t  w e a r .

H u n t i n g  was  r e c o r d e d  on s t r i p  c h a r t s  ( F i g u r e  7 - 1 )  d u r i n g  t h e  

t e s t .  The  u p p e r  s t r i p  i s  a  s a m p l e  o f  l a t e r a l  a c c e l e r a t i o n  

o f  t h e  B B - a x l e  f o r  t h e  TTAX; t h e  l o w e r  s t r i p  i s  a  s a m p l e  o f  

t h e  B B - a x i e  l a t e r a l  m o t i o n  f o r  t h e  TLDX-61.  B o t h  f l a t c a r s  

c a r r i e d  o n e  t r a i l e r  l o a d e d  o n  t h e  A - e n d .  The  two  s t r i p s  a r e  

s ee n ,  t o  b e  s i m i l a r  a t  t h e  l e f t  e n d  o f  t h e  r e c o r d .  N e a r  t h e  

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

t h e  TTAX a x l e .  A c c e l e r a t i o n  m a g n i t u d e s  b e c o m e  g r e a t l y  

i n c r e a s e d  a n d  a  l o w - f r e q u e n c y  s i n u s o i d a l  p l o t  i s  v i s i b l e .

T h i s  p a t t e r n  was  o b s e r v e d  o n  t h e  s t r i p  c h a r t  d u r i n g  t h e  t e s t  

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

b e h a v i o r .  The  c h a r t  s p e e d  w a s  a p p r o x i m a t e l y  20 mm p e r  s e c o n d ,  

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

s t a n c e ,  i s  a p p r o x i m a t e l y  3 Hz .

T h i s  s a m p l e  o f  s t r i p  c h a r t  w a s  c h o s e n  f r o m  t h e  r e c o r d  o f  

T e s t . Z o n e  8 .  The  e n t i r e  s t r i p  c h a r t  f o r  t h i s  p a r t i c u l a r  

t e s t  was  e x a m i n e d  a n d  a r e c o r d  w a s  made  o f  t h e  t i m e  p e r i o d s  

d u r i n g  w h i c h  h u n t i n g  was  o b s e r v e d .  T h i s  d a t a  was  t h e n  

p l o t t e d  i n  F i g u r e  7 - 2  ( b ) .  The  s h a d e d  a r e a s  r e p r e s e n t  t i m e  

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

The  p e r i o d s  o f  h u n t i n g  a r e  p r e s e n t e d  i n  t h i s  f a s h i o n  t o  

f a c i l i t a t e  c o m p a r i s o n  w i t h  t h e  rms  a c c e l e r a t i o n  h i s t o r i e s .

The  rms  a c c e l e r a t i o n  h i s t o r i e s ,  d e s c r i b e d  i n  S e c t i o n  3 . 3 . 3  

a r e  a  t i m e  d o m a i n  p r e s e n t a t i o n  o f  t h e  r e l a t i v e  c o n t r i b u t i o n s  

t o  o v e r a l l  a c c e l e r a t i o n  l e v e l s  f r o m  e a c h  o f  f o u r  o c t a v e s  i n  

t h e  30 Hz f r e q u e n c y  d o m a i n .  The  l i n e  l a b e l e d  " 5 "  r e p r e s e n t s  

t h e  t o t a l  a c c e l e r a t i o n  l e v e l  a t  a n y  g i v e n  t i m e .
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TLDX-61

Figure 7-1. BB-Axle Lateral Acceleration History



SEC
SWAY -BB -AXLE

(TTflX TEST ZONE 8 LHFC 6 1LT AXLES)

(b) Periods of Hunting for TTAX

SEC
(a) RMS Acceleration History

Figure 7-2. Comparison of Hunting with the rms 
Acceleration History for the TTAX
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The rms acceleration;history shown in Figure 7-2 (a) contains 
several distinct peaks, or periods of high dynamic energy.
These peaks are directly associated with the periods of 
hunting presented in Figure 7-2 (b). The differences in the 
magnitudes of the peaks are attributed not to the severity 
of the hunting but to the time span involved; the time 
history is actually not a continuous history but a sequence 
of averages calculated over time spans of 20 seconds. Thus, 
a period of hunting which was less than 20 seconds would be 
indicated by a peak which included quiet data (periods of 
no hunting). Even periods greater than 20 seconds will be 
affected by the placement of the 20-second window which 
could possibly overlap into quiet data. Complete accelera
tion histories for both the TTAX and the TLDX-61 are included 
in Appendix F.

Several observations can be made from this data. First, 
where hunting is indicated for the BB-axle, there is very 
little indication of hunting by the AA-axle. In this case, 
hunting was primarily associated with the rear truck. Second, 
hunting also appeared in both sway and yaw axle accelerations. 
Finally, the rms acceleration peaks associated with hunting 
appear in the rms acceleration histories for load yaw and 
carbody yaw and sway. To a lesser degree, hunting was also 
indicated by load sway and carbody roll.

The high energy levels associated with the peaks in the rms 
acceleration histories are also apparent in the PSD's at the 
3 Hz hunting frequency determined from strip chart measurements. 
Shown in Figure 7-3 are the sway mode PSD's for the BB-axle 
for the TTAX and TLDX-61. The PSD for the TLDX-61 shows a 
sufficiently smaller concentration of energy which keeps the 
scale factor (YMAXJ low enough to allow higher frequency 
energy to become visible. A significant decrease in rms 
acceleration was also observed. A small peak is present at 
3 Hz; this energy is associated with the minor occurrences 
of hunting by TLDX-61.
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YMIN = .00000E 00- YMAX = .75730E-03,. X-AXIS SCALE . 19866E 02 REAL DATA POINTS PER INCH
• ’ ' I I

POWER IN BAND ( 0 - 3 0  ) =
RMS 0.0S483

(a) TLDX-61

ION
YMIH = .00000E 00 YMAX = .11150E-01 •AXIS SCALE .198SSE 02 REAL DATA POINTS PER INCH1

POWER IN BAND ( 0 - 3 0  ) =
RMS 0.15881

(b) TTAX

Figure 7-3. A Comparison of BB-Axle Sway (Zone 8}



The evidence of hunting is seen in the PSD's for several 
modes of the loads and carbodies. Shown in Figure 7-4 is 
a set of PSD's of carbody sway and yaw modes for the TTAX 
flatcar. The similarities between the sway and yaw PSD's 
in each set are attributed in part to the neutral response , 
to hunting. The PSD's in Figure 7-4(a) are dominated by 
a peak at 3 Hz. The signature for the second set (Figure
7-4(b)) includes, besides the peak at 3 Hz, additional 
energy representative of more normal behavior. The rms 
acceleration values for Figure 7-4 (b) are significantly 
lower than the values for Figure 7-4(a), due to the reduced 
occurrence of hunting.

Beyond the identification and characterization of hunting, 
the preceding analysis has additional significance in terms 
of the overall evaluation of the statistical data from the 
test series. Concentrations of energy at 3 Hz have previously 
been attributed to either of two sources - rail joint input 
at 40 or 79 mph, and vibration at the natural frequency for 
a spring mass system. The inclusion of hunting as a third 
source of 3 Hz energy increases the possibilities for a 
thorough data interpretation and additionally provides new 
insight into the troublesome phenomenon of hunting.
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CAR BODY 
TTAX ZONE 8 1LT ■ LUFC 8

YMAX -  .50547E-02 X -A X IS  SCALE . 198S6E 02 REAL DATA POINTS PER INCH

SWAY MODE

TOTAL POUER IN 30 HERTZ BAND .373316E-02 G’ S MEAN SQUARE
. 610996E-01 RMS

YMAX =■ .27078E-02 X -A X IS  SCALE . 1S866E 02 REAL DATA POINTS PER INCHI

HERTZ 

YAW MODE

TOTAL POWER IN 30 HERTZ BAND .223261E-02 ( RAD/SECxSEC) MEAN SQUARE
. 472505E-01 RMS

(a)

CAR BODY
TTPX ZONE 3 1LT Ll-IFC 6

YMAX " .35424E-03 X -A X IS  SCALE . 19866E 02 REAL DATA POINTS PER INCH

HERTZ

SWAY MODE

TOTAL POWER IN 30 HERTZ BAND . 131487E-02 G’ S MEAN SQUARE
. 362611E-01 RMS

YMAX -  . 20717E-03 X -A X IS  SCALE .19B66E 02 REAL DATA POINTS PER INCH

YAW MODE

TOTAL POWER IN 30 HERTZ BAND .1069102-02 IRAD/SEC/SEC3 MEAN SQUARE
■ 330027E—01 RMS

(b)

Figure 7-4. A Comparision of Carbody Sway and Yaw
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8.0 WEAR MEASUREMENTS

Another objective of the LWFC Program was to determine the 
relationship between component wear and accumulated mileage 
in revenue service. Appendix. B contains the vehicle component 
measurements made by American Steel Foundaries using their 
standard service wear measurement■form. Measurements were 
also made of wheel tread wear and draft gear wear. A complete 
set of measurements was made at accumulated mileage levels' 
of 0, .50,000, and 125,000 miles with the exception of draft 
gear wear which was measured at 0 and 125,000 miles.

8.1 COMPONENT DAMAGE AND MAINTENANCE
Before discussing the trends in component wear resulting from 
mileage a brief summary of events and damage incurred during 
the 125,000 miles of service is required. The intent of the 
LWFC Program was to subject all the flatcars to the rigors 
of normal usage. As a consequence, a certain amount of damage 
and repair work was incurred.

American Steel Foundries presented an excellent summary of 
Wear effects on flatcars in a letter* to FRA dated 4 December 
1978. Excerpts from,the letter follow:

"Wear as indicated by the latest inspection (RVT3) 
generally appeared to follow the moderate trends 
established by Inspection No. 2 (RVT2) from October 
1977. Qualitatively and from brief quantitative 
review, we found the trucks to be performing satis
factorily and in a reasonably normal manner. A , few 
scattered wear data points indicated negative wear 
(wrong direction) relative to the previous inspections, 
but such were inconsequential to the extent of data 
gathered. They are probably attributable to some 
variations in measurement position or misapplication 
of a gauge. In retrospect, data acquired should 
provide a statistically useful study."

* L e t t e r  A m e r i c a n  S t e e l  F o u n d r i e s / H . G . T e n n i k a i t / 4  D e c e m b e r
1 9 7 8
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observed which 
an aid to your

Those bolsters using a horizontal center 
plate liner were subject to liner retention weld 
failure around the king pin hole. The plates 
were then free to move somewhat, therein causing 
some localized plate damage (small broken pieces), 
through contact with the weld metal. These 
liner pieces then apparently gouged the car body 
center plates around their king pin holes. All- 
in-all, this condition did not represent a 
functional degradation, but the plate movement 
essentially restricts study of bolster center 
plate wear to a more averaging approach, and 
subjects analysis to some error relative to 
initial measurements when the welds were intact.

The L-2 inner pocket slope liner plug welds 
of TLDX 62 failed. The plate was in position 
at disassembly, however, and appeared to have 
caused no functionally significant damage. It 
was rewelded into position for re-assembly.

The side frame column friction plate in 
the R-l position of the TTX car displayed some 
weld cracking in all six retention positions 
and both attachment bolts were missing. The 
plate was not loose, however, and due to the 
normal retention lugs, could not be expected 
to cause trouble. As a precaution, undersize 
carriage bolts were installed upon re-assembly. 
Should plans be made for the trucks to be used 
for additional test purposes of extended duration, 
this plate should be reworked.

The side bearing clearance of the TLDX 61 
AL corner was zero at the time of measurement. 
Adjustment or another check would be desirable 
before deploying for additional testing.

Wheels on the B-end truck of TLDX 61 had 
been substituted some time prior to the inspec
tion with wheels in rather poor condition, as 
noted by the trend contours, attached. There 
was also considerable shelling in the treads.
We have no idea why the substitutions were made 
or where the original wheels are. These parti
cular wheels should be modified before any 
additional testing. While on the wheel subject, 
all others were in generally good shape, with 
some sporatic but minor shelling.

"Various isolated occurrences were 
should be brought to your attention as 
evaluation. These include:
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Bearing adapters were found rotated 180° 
out of original position in two cases, and for 
the B-end of TLDX-62, had been swapped L-l 
to L-2 and R-l to R-2. These discrepancies were 
probably the result of truck work relating to 
tests or wheel changes. Data are provided for 
and adapters reinstalled in the original 
orientations."

In addition to the replacement of the two axles on the B-truck 
of the TLDX-61 mentioned in the ASF letter the B-axle (axle 2) 
of the TLDX-62 was'replaced. After RVT2 the BB-axle (axle 1) 
of both the TTAX and TLDX-61 were turned into a narrower 
flange contour due to spalling.

During the first wear measurement, it was found that on all three 
cars only the B-truck had a king pin liner. During the second 
measurement, it was found that the liner horizontal weld had 
cracked on both the TTAX and TLDX-61. These were repaired 
before the flatcars were returned to service. Some evidence 
of various maihtehance and component changes was found through
out the program. The most notable evidence concerned the roller 
bearing wedge adapters on the left side of the TLDX-62 B-truck 
which had been turned around and all four keepers which were 
missing.

During preparation for the second RVT, the cut bar support 
assembly on the TLDX-61 was found to have been damaged. Also, 
one of the. containers (XTRU-871264) had had a latch broken off. 
In summary, the three test flatcars had seen 125,000 miles of 
service typical to that experienced by any flatcar in inter- 
modal service.

8 .2 COMPONENT WEAR
The draft gear of all three flatcars, showed little.wear after 
the 125,000 miles of service; however, the TTAX shank butt 
height at the B-end did reach the condemning limit at the end 
of the program. This may be attributed to a variation in the
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butt design between the draft gear of the two lightweight 
flatcars which were manufactured in January 1967 and the draft 
gear of the TTAX which was manufactured in December 1974. The 
measurements of the wheel contours (Appendix B) indicate normal 
wear and the turning of the wheels due to spalling. Wheel 
wear took place primarily in the throat area. There is no 
direct correlation between wheel wear and axle position which 
agrees with the observations made in previous sections concern
ing lateral instabilities or hunting. It should, however, be 
noted that all the wheels turned and the axles replaced were 
on the B-trucks.

Wear measurements made on other truck components show a steady 
wear rate trend on the order of 0.05 to 0.1 inched per 100,000 
miles of service. The ASF letter points out exceptions to the 
general wear rate trend.

One interesting wear surface to examine is the truck bolster 
center plate. Sufficient measurements were made on this surface 
to provide a statistical data base. Measurements were made 
every 45° around three concentric rings. Tables 8-1, 8-2, and
8-3 summarize these measurements in terms of the mean value, 
y, and the standard deviation, a,about the mean for each of 
the three cars. Each table shows four sets of these parameters, 
one each for the outer, middle and inner rings as well as an 
overall set which is the mean of all measurements.

These statistics show that the overall wear rate ranges from
0.04 to 0.1 inches after 125,000 miles of service. The rate 
of wear seems to be more or less constant for a given car.
The TLDX-62 exhibits the smallest amount of wear (0.04 inches) 
followed by the TTAX (0.06 inches). The TLDX-61 shows by far 
the most wear -- almost twice that of the other cars.
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Although there is no clear cut trend in the standard deviation 
of the measurements, which may be thought of as ah irregularity 
or'roughness in the surface, it appears as though there may 
be a tendency to smooth the center plate surface with use.
This observation is obscured by the weld failures around the 
king pin liners. The standard deviation does, however, 
establish the limit of resolution in the mean which permits 
the comparison of the three flatcars.

TABLE 8-1
TTAX .TRUCK BOLSTER CENTER PLATE WEAR MEASUREMENTS

Truck Mileage Outer Middle Inner Overall
u a u a u C u a

B 0 .3863 .0176 .3813 .0156 .3729 .0143 .3801 .0162
30,000 .3584 .0176 .3633 .0122 .3628 .0099 .3615 .0132

125,000 .3206 .0090 .3163 .0083 .3000 .0055 .3134 .0115

A 0 .3705 .0476 .3595 .0349 .3545 .0208 .361S .0352
50,000 .3555 .0435 .3458 .0282 .3393 .0175 .3468 .0309

125,000 .3181 .0488 .3094 .0332 .2969 .0141 .30825 .0347
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TABLE 8-2
TLDX-61 TRUCK BOLSTER CENTER PLATE WEAR MEASUREMENTS

Truck Mileage Outer Middle Inner Overall
u a u a u a u a ;

B 0 .3795 .0229 . 3710 .0139 .3605 .0073 .3703 .0172
30,000 .3566 .0264 .3698* .0156 A * v3601 .0221

123,000 .2900 .0314 .2669 .0196 .2613 .0133 .2727 .0252

A . 0 .3203 .0281 .3083 .0210 .3049 .0111 .3111 .0214
30,000 . 2906 .0164 .2925 .0135 .2905 .0088 .2912 .0127

125,000 .2043 .0205 .2128 .0149 .2169 .0149 .2113 .0171

* TLDX-61 (RVT2) the horizontal weld around the king pin liner was broken 
allowing the liner to rise and show negative wear.

TABLE 8-3

TLDX-62 TRUCK BOLSTER CENTER PLATE WEAR MEASUREMENT

Truck Mileage Outer Middle Inner Overall
u a u a u a u a

3 0 .3634 .0168 .3593 .0157 .3526 .0118 .3584 .0150
30,000 .3420 .0214 .3618* A A A A A

125,000 .3216 .0161 .3179 .0083 .3141 .0085 .3179 .0115

A 0 .3355 .0194 .3389 .0113 .3253 .0127 .3332 .0154

50,000 .3080 ,0110 .3153 .0081 .3100 .0121 .5111 .0105

125,000 .2396 .0102 .2948 .0071 .2943 .0100 .2929 .0091

* Weld broke around king pin/liner rise allowed negative growth.
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9.0 CONCLUSIONS AND RECOMMENDATIONS

The Lightweight Flatcar (LWFC) Evaluation Program has provided 
a complete representation of the dynamic performance of the 
conventional TTAX flatcar and the two prototype lightweight 
flatcars. An analysis of this information has provided valuable 
insight into the relative merits of these two types of flatcar. 
In addition, several fundamental findings were made regarding 
the dynamic performance of flatcars in general. The LWFC 
Program has provided useful data for future flatcar design and 
has demonstrated the means for future railcar test and evalua
tion .

9.1 SUMMARY OF IMPORTANT FINDINGS
The first objective of the LWFC Program as stated in Section 1.2 
was to obtain a quantitative comparison between conventional 
and lightweight flatcars. To this end, a great deal of data 
was analyzed to determine if the overall performance of the 
flatcars studied was comparable. By comparable, we mean that 
with the exception of certain isolated cases, the mode acceler
ations were typically 20 to 30 percent different between cars.
In some instances, the lightweight flatcars exhibited lower 
levels of acceleration and in other situations the conventional 
flatcar provided lower levels of acceleration. Thus, 
lightweight flatcars are comparable to conventional flatcars 
in terms of their dynamic performance. One exception to this 
was the bounce mode in which the TTAX consistently experienced 
lower acceleration levels. This is due to the type of spring 
groups used during this study which were designed for the 
heavier car (TTAX). As a result, the lightweight flatcars 
were relatively stiff and experienced somewhat higher levels 
of vertical acceleration. Modification of the spring groups 
for the lightweight flatcars, therefore, offers a potential 
improvement in their performance.

Before further discussing the relative performance of the 
flatcars, we must consider the sources of vibrational input
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to each system. Examination of axle accelerations has shown 
that for the most part each flatcar did indeed receive similar 
inputs. Exceptions to this were seen during the first Ride 
Vibration Test (RVT^j where TLDX-61 (trailer) apparently had 
a defective truck and during RVT£ where TLDX-62 (container) 
apparently had a flatspot on the wheel. Also the flatcar 
coupled directly to the locomotive (TLDX-62) experienced 
somewhat larger longitudinal inputs than did the two trailing 
flatcars.

An analysis of axle accelerations revealed certain fundamental 
features of the rail environment useful in establishing the 
physical validity of the data. First, the regular spacing 
of joints at 39 feet produced a pronounced input to the vehicle 
system; the frequency of this input was a linear function of 
speed. This was useful in identifying the paths of input trans
mission and the causes of certain vehicle response character
istics. Also, the staggering of rail joints every nineteen 
and one half feet provided similar information for those modes 
which depend on the differences in track inputs from both rails.

The level of axle acceleration was observed to increase with 
the square of the speed. This was anticipated because the 
wheel remained in contact with the rail at all times. In 
contrast, the acceleration experienced by the carbody and load 
increased linearly with speed. This was again anticipated since 
these masses are mounted above the truck suspension which acts 
as a filter to,any input. Thus, as the speed and.the track 
input frequency increase, the input is filtered more and more. 
These facts helped establish confidence in the data and thereby 
the credibility of the conclusions drawn from them.

The second objective of the LWFC Program was to quantify the 
load acceleration environment under typical operating conditions.
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The Over-the-Road (OTR) test series was conducted to accomplish 
this objective. Basically these results were in agreement with 
those of the RVT series with some differences related to 
differences in train handling (controlled versus uncontrolled) 
and track inputs (tangent versus curved). These differences 
basically appeared as wider energy peaks in the power spectral 
densities of the OTR results caused primarily by variations 
in speed. Also hunting \va:s more prevalent during the OTR test 
series. The levels of acceleration were found to lie in the 
range of .01 to .2 g n s  during the OTR test series. There 
were, however, instances where the level of instantaneous 
accelerations on the axle exceeded one g; e.g., during hunting.

The third objective was to determine the relation between wear 
and dynamic performance. A trend towards increasing accelera
tion levels for all three flatcars was found to occur with 
accumulated mileage and increased wear. The actual rate of 
increase was small, and as a result unplanned events, such as 
axle replacement and other repairs, obscured the trend and, 
in some cases, caused a reduction in acceleration levels. A 
pattern was, however, observed in which occurrences of resonant 
behavior became increasingly frequent with wear. In some 
cases, this resulted in a relative maximum in the accelera
tion versus speed curves. Overall the results were found to 
be in line with the expected values for this study. That is 
simply, wear causes increases in acceleration levels.

The fourth objective of the LWFC Program was to determine 
the relation between accumulated mileage and wear. Those 
surfaces designed to wear were found to wear normally with 
accumulated mileage. These surfaces typically wore at a rate 
of one-tenth of an inch per one hundred thousand miles. In no 
case was wear found to be more than a quarter of an inch and, 
in most Cases, less than one-tenth of an inch during the entire
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program. There were, however, occasional failures and cracks 
which developed resulting in larger changes than caused by- 
simple wear.

The fifth program objective was the determination of load 
configuration influence on dynamic performance. The lading 
configuration was seen to have a significant effect on flatcar 
performance. The fully-loaded flatcars experienced the lowest 
acceleration levels while the empty flatcars experienced the 
highest levels. The most extreme lading acceleration environ
ment was observed on the outside corners of the load in the 
half-loaded configuration.

Trailers were observed to experience a vibrational environment 
composed almost exclusively of low frequency energy due to the 
filtering effect of their suspension systems. Containers 
experienced vibration similar to that of the carbodies them
selves, and complicated due to feedback. Energy was transferred 
from one mode to another through the geometry of the mass 
system comprised of the carbody and the loads.

One additional finding was made concerning hunting. Hunting 
was identified on three levels or domains of data representa
tion. In the time domain hunting appeared as large sinusoidal 
oscillations on the strip chart records of lateral acceleration. 
In the octave rms. histories, which are a graphical combination 
of the time and frequency domains, hunting was indicated by 
peaks several factors larger than the normal acceleration 
levels. In the frequency domain, the indication for hunting 
was a peak in the PSD at approximately 3 Hz.

Hunting was virtually nonexistent when the trucks were new 
(R V T ) but considerable hunting was observed when approximately
10,000 miles of service had been accumulated. Hunting was 
observed primarily for the conventional flatcar and almost 
exclusively for the half-laden configuration.
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The results of the Lightweight Flatcar Program indicate that 
the. performance of the lightweight flatcars is comparable to 
conventional flatcars. Indications are that normal service 
will he feasible and in the long run the benefits associated 
with weight reduction will be gained without incurring penalties 
in other areas.

The LWFC Program has provided an extensive data base which' 
will lend itself to further analysis and can be used in 
guiding futuie test planning. Several observations have 
already' been made which warrant further investigation1, such 
as hunting, and axle frequency. Another observation was 
that hunting occurred primarily for the half-laden config
uration after some wear had been accumulated on the trucks. 
Further investigations to determine whether extensive wear 
will result in significant hunting for fully laden flatcars 
as well may be warranted. The answers to such questions are 
important to the successful operation and future develop
ment of rail transport systems. The results of the Light
weight Flatcar Program have contributed answers to specific 
questions and have provided a stepping stone for future 
analytical programs.

Finally the LWFC Program lias developed a highly useful method
ology, and tool which can be used in the evaluation of other 
vehicles and/or components. Volume I. of this report describes 
in detail the technique and general procedures of modal analysis. 
Use of the modal analysis technique and the data base established 
by this program should serve as a guideline for future studies 
of dissimilar vehicles.

9.2 CONCLUSIONS AND RECOMMENDATIONS
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APPENDIX A
TRANSDUCER LOCATIONS
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Figure A-l. Transducer Locations on TTAX Car



TTAX TRANSDUCER LOCATIONS
CL/2 = 45 Feet)

VERTICAL
Number ID X y

1 34.0 V 43'9-1/2" - 4'3/4"
2 32.0 V 31'10-7/8" 7-5/8"

, 3 31.1 V 16'6" -4’3/4"
4 30.0 V -8-1/2" -4'3/4"
5 29.1 V -16'6-1/4" -4'3/4"
6 : '28.0 V : -43'9" -4’ 3/4"
/ 49.0 V 43'9-1/2" + 4 '3/4"
8 49.1 V 16'5-1/4" , 4 ' 3/4"
9 50.0 V 7-1/2" 4 ’ 3/4"
10 50.1 V -16’6-1/2" 4'3/4"
11 29.0 V - 32'1/4" 7-5/8"
12 51.0 V -43’6-3/4" 4 '3/4"

LATERAL ■
13 3 3 L 44 ’5-5/8" 1 ’8-1/2"
14 32 L 33'9 - 1/2" 9-1/4"
15 . •( 31 L 3-1/4” -1'2-3/8

16 29 L -32’2-1/2" -1 ’ 4"
LONGITUDINAL

17 32 H 31’1-3/4" 7-5/8"

Figure A-l (Cont.). Transducer Locations on TTAX Car
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Figure A-2. Transducer Locations on TLDX-61 Car



TLDX-61 TRANSDUCER LOCATIONS
C L/2 = 411 5”)

VERTICAL
Number ID X y

1 27 V 40'6-1/2" -4'2-7/8"
2 25 V 31'3” : -1 0 -1/2"
3 24 ;V 23'3-1/2" -2 ' 11-7/8
4 22 V 3-3/8" - 2'10-3/4
5 21 V -23'2-3/8" - 2 'll-7/8
6 19 V -40’7-1/2" - 4'3 -1/2"
7 52 V 40'6-1/8" 4'3-1/4"
8 53 V 23'3-7/8" 3'1/8"
9 54 V 3-1/2". 2 '1 0 -5/8"

' 10 55 V . -23'3-5/8" 2 ' IT- 3/4"
1 1 20 V - 37'7-3/4" -1 0 -1/2"
12 56 V -40'6-1/4" 3 ' -1/8"

LATERAL
13 26 L 41'1-3/4" 1' 5”
14 25 L 30'10- 5/3" 1 ’4-3/8"
15 23 L -1-3/4" 2 ’ 7-1/2"
16 20 L -33'9-5/8" 1'4-1/4"

LONGITUDINAL
17 . 25 H 30'1 - 5/8" 1 0 -1 /2”

Figure A-2 (Cont.). Transducer Locations on TLDX-61 Car
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Figure A-3. Transducer Locations on TLDX-62 Car



TLDX-62 TRANSDUCER LOCATIONS
CL/2 - 41'5")

VERTICAL
Number ID X .7,

1 43 V 39•4-3/4” -3 ’ 5-1/4"
. 41 V 31’1-5/8" 10"

3 40 V 22 ’ 8- 5/8" 1 1—1 1—* i O
Q

4 38 V ' 10-3/4" - 2 ’ 10'-3/8
5 37 V - 2219 - 7/8" -2'11-7/8
6 35 V -39*4-1/8" -5 ' 5-1/2"
7 44 V 39’4-3/4" 3' 5"
8 45 V 22’9" 2 ’11-5/8"
9 46 V 9-5/8" 2'10-7/8"
10 ' 47 V -22’9-3/4" 2 ’ 11-5/8"
11 36 V - 33 ’ 10 - 1/4" 10-1/2"
12 . 48 V - 39’3 - 3/4" 3'5 -1/4"

LATERAL
15 *42 L 39 ’4" 1 ’ 9”
14 41 L 31 ’ 9" 1 ’4”
15 39 L 1 ’6-1/8" 2 ’7"
16 36 L - 33 ’ 3-5/8" 1'4 - 1/2"

LONGITUDINAL
17 41 H 51 ’1-3/3" 10"

Figure A-3 (Cont.) . Transducer Locations on TLDX-62 Car



I



« 0

,/



F i g u r e  A - 6 .  A x l e  T r a n s d u c e r  L o c a t i o n s

A - 9



l i b r a h y

Lightweight Intermodal Flatcar Evaluation 
Program, Volume II: Tests Results Report 
(Including Appendix A - Transducer 
Locations), 1979
US DOT, FRA, MA Kenworthy, J Edelman


