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INTRODUCTION

In recent years the need for increased train speeds, train loads, 
and reduced track maintenance costs has resulted in the initiation of several 
research programs to study track structures, vehicle dynamic performance, and 
how the track and vehicles interact. One result obtained, from many of these 
programs is the recognition that the available data--and means for obtaining 
data--on the dynamic properties of track structures are inadequate. Without 
adequate data on the dynamic properties of the track structure, analyses of 
vehicle dynamic performance may result in vehicle designs which are unstable or 
overdesigned; analyses of track structures cannot be verified with experimental 
data, and rail vehicle test and simulation equipment cannot be used with con­
fidence to accurately simulate realistic railroad operating conditions.

In order to develop the information needed for vehicle, track 
structure, and simulation equipment studies, the Federal Railroad Administration 
(FRA) initiated a program at Battelle to develop a track dynamic compliance 
measuring system. This program has been divided into three phases. This report 
covers the Phase I work which included a review of measurement techniques which 
have been used previously, a compilation of data on typical track dynamic char­
acteristics, a determination of track compliance measurement requirements, and 
an identification of concepts for measuring track compliance.

Following the Phase I work, which was basically a review and evaluation 
of available literature, a supplementary track measurement task was initiated to 
obtain preliminary experimental compliance data which can be used as input data 
for Phase II. The data to be obtained from this measurement program will include 
track damping properties, track compliance, natural frequencies and how these 
parameters vary as a function of position along the track and track conditions. 
These experimental data are needed because very little information applicable to 
the Phase II feasibility and design study was found in the literature.

The Phase II work will consist of conceptual design studies and detailed 
evaluation of system concepts which can be developed to meet the identified 
measurement objectives. The Phase II work will then be followed by a Phase III 
detailed design, construction, and testing phase in which a complete measurement 
system is constructed and evaluated, assuming the design concept recommended at 
the conclusion of Phase II is approved by the Federal Railroad Administration.
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S U M M A R Y

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

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

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

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

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

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

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

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

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

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

e r r o r s  w e r e  a l s o  o b t a i n e d .

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

a r e  t o  p r o v i d e  d a t a  f o r :

( 1 )  A n  e v a l u a t i o n  o f  t r a c k  s t r u c t u r e  c o n d i t i o n

( 2 )  V e h i c l e / t r a c k  d y n a m i c s  r e s e a r c h

( 3 )  W h e e l / r a i l  d y n a m i c s  l a b o r a t o r y .

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

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

( 1 )  d e t e c t  d e f e c t i v e  t i e s  o r  f a s t e n e r s

( 2 )  M e a s u r e  v e h i c l e  d y n a m i c  e x c i t a t i o n  p r o p e r t i e s

( 3 )  D e t e c t  p o t e n t i a l  t r a c k  b u c k l i n g  p r o b l e m s

( 4 )  D e t e r m i n e  l o a d  c a r r y i n g  c a p a c i t y  o f  e x i s t i n g  t r a c k

( 5 )  D e t e c t  r a i l  f r a c t u r e s .

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

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

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

t h e  w h e e l - r a i l  s i m u l a t o r  b e i n g  b u i l t  a t  P u e b l o ,  t h e  m e a s u r e m e n t s  c o n s i d e r e d  t o  

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

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

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

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

s p e e d s  w h i c h  m i g h t  b e  e n c o u n t e r e d  i n  p r a c t i c e .
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It is desirable to measure from a fast moving train to minimize 
interference with normal rail traffic and to determine if track compliance is 
a function of train speed. The importance of minimizing interference with 
normal rail traffic depends on the ultimate use for the system. If the system 
is used frequently and/or for long time periods, this would be an important 
factor. The importance of being able to determine if compliance is affected 
significantly by train speed would depend on the types of analytical and 
developmental work that are expected in the future.

The frequency ranges of primary interest are 0 Hz and the range of 
10 to 100 Hz. There is a secondary interest in the range of 100 to 500 Hz, and 
a slight interest in higher frequencies up to about 1000 Hz. The compliance 
(or stiffness) at the 0 Hz frequency defines the static load-deflection char­
acteristics of the track structure. This is important because it is the 
parameter most often used by both track structure and vehicle suspension 
designers, and it provides the most information about the condition of the 
track structure. Other track structure parameters will almost always be 
related to track compliance. Also, measurement of the 0 Hz, or static, com­
pliance will usually provide a guide to the values of compliance that might be 
expected at other frequencies.

Measurements in the frequency range of 10 to 100 Hz are important 
because data in the literature indicate that with conventional track structures, 
the track structure's natural frequency with a typical vehicle unsprung mass 
is about 30 Hz. With new track structures and/or vehicle suspension systems, 
the natural frequencies will probably be increased, possibly to the 50 to 60 
Hz range. The dynamic track compliance usually changes significantly at the 
track natural frequency, and the rapid changes in compliance can have a signif­
icant effect on measurements of track structure and vehicle stresses and motions

There will be higher order resonant frequencies above 100 Hz where 
specific elements of the track and vehicle system may interact, but because 
the frequency is much higher than the fundamental natural frequency, the com­
plete ballast, tie, and subgrade system will not respond. It is, of course, 
desirable to know how all parts of the system interact; however, because of the 
limited number of elements that interact at higher natural frequencies, these 
modes can usually be adequately studied in the laboratory.
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I n  a d d i t i o n  t o  m e a s u r e m e n t  o f  v e r t i c a l  a n d  l a t e r a l  t r a c k  c o m p l i a n c e  

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

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

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

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

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

f o r  t h i s  p u r p o s e .  H o w e v e r ,  i t  c a n  b e  o b t a i n e d  w i t h  a  m o d e r a t e  a m o u n t  o f  e f f o r t  

w i t h  p o r t a b l e  e q u i p m e n t  t h a t  c o u l d  b e  c l a m p e d  t o  t h e  t r a c k .

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

m e a s u r e m e n t  s y s t e m s  w e r e  c o n s i d e r e d .  T a b l e  1  s u m m a r i z e s  t h e  p r i n c i p a l  c a p a b i l ­

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

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

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

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

o f  t h i s  p r o g r a m .

O n e  s y s t e m  t h a t  m e e t s  m o s t  o f  t h e  m e a s u r e m e n t  o b j e c t i v e s  c o n s i s t s  o f  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

-  A -



T A B L E  1 .  S U M M A R Y  O F  M E A S U R E M E N T  S Y S T E M  C A P A B I L I T I E S

E x c i t a t i o n  S y s t e m

S t a t i o n a r y  M e a s u r e m e n t s M o v i n g  M e a s u r e m e n t s
T r a c k
S t a t i c

S t i f f n e s s

T r a c k  D y n a m i c  C o m p l i a n c e T r a c k
S t a t i c

S t i f f n e s s

T r a c k  D y n a m i c  C o m p l i a n c e
D i s c r e t e
F r e q u e n c y

C o n t i n u o u s
F r e q u e n c y

D i s c r e t e
. . F r e q u e n c y

C o n t i n u o u s
F r e q u e n c y

V a r i a b l e  S t a t i c  L o a d s 1 N A N A 1 N A N A

R o t a t i n g  W e i g h t N A 2 2 N A 1 N A

N o n r o u n d  W h e e l s N A N A N A 2 1 N A

S i n u s o i d a l  E x c i t a t i o n
( v a r i a b l e  f r e q u e n c y ) 1 1 1 N A 1 2

P u l s e  E x c i t a t i o n 2 N A 1 2 2 1

R a n d o m  E x c i t a t i o n 2 1 N A 1 2 2 1

N A  -  N o t  a p p l i c a b l e

1  -  B e s t  C h o i c e

2  -  S e c o n d  C h o i c e



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

m e a s u r e m e n t s  a n d  s t a t i c  m e a s u r e m e n t s .  I f  a n  i n e r t i a l  r e f e r e n c e  s y s t e m  i s  u s e d ,  

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

s y s t e m s  y i e l d  t h e  s a m e  d a t a , ,
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C O N C L U S IO N S  A N D  R E C O M M E N D A T IO N S

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

m e a s u r i n g  s y s t e m  m i g h t  t h e n  b e  c o n s t r u c t e d .
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T E C H N I C A L  D I S C U S S I O N

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

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

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

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

w h i c h  f o l l o w .

T r a c k  m o d u l u s  i s  a  t e r m  c o m m o n l y  u s e d  i n  r a i l r o a d  e n g i n e e r i n g  t o  

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

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

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

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

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

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

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

i n t e r e s t .

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

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

r e f e r s  t o  t h e  t r a c k  l o a d - d e f l e c t i o n  r a t i o  ( l b / i n „ ) ,  f o r  a  p o i n t  l o a d  a p p l i e d  

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

a n d  t h e  f o u n d a t i o n .

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

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

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

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

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

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

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

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

h e a d .  T h e r e f o r e ,  a s  t h e  f r e q u e n c y  o f  i n t e r e s t  a p p r o a c h e s  z e r o ,  t h e  t r a c k  c o m ­

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

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

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

d y n a m i c  m e a s u r e m e n t .
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It is important to realize that there are several other dynamic 
quantities found by the ratios of applied force and response variables (dis­
placement, velocity or acceleration) that differ only by being inverse ratios 
or are proportional to the exciting frequency. These include mobility, veloc- 
ity/force; apparent mass, force/acceleration; apparent stiffness or dynamic 
stiffness, force/displacement; and impedance, force/velocity. Since all of 
these give equally adequate information about track dynamics for sinusoidal 
excitation, it is sufficient to be able to measure any one in detail in order 
to determine track dynamic compliance. Therefore, a discussion of techniques 
for measuring dynamic displacements and force will appear in this report along 
with the term dynamic compliance, thereby employing an understanding of this 
relationship.
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I n  s e a r c h i n g  t h e  a b o v e  l i b r a r y  r e f e r e n c e s ,  s e v e r a l  k e y  w o r d s  s u c h  a s  

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

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

s e a r c h e s .  F r o m  t h e s e  k e y  w o r d s ,  s e v e r a l  h u n d r e d  a b s t r a c t s  w e r e  l o c a t e d  a n d  

r e v i e w e d ,  a n d  a b o u t  7 5  a r t i c l e s  w e r e  s e l e c t e d  f o r ,  d e t a i l e d  e v a l u a t i o n .  A b o u t  

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

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

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

t h e  f o l l o w i n g  a r e a s :

( 1 )  T e c h n i q u e s  a n d  e q u i p m e n t  u s e d  t o  m e a s u r e  t r a c k  p a r a m e t e r s .

( 2 )  D a t a  f o r  t y p i c a l  t r a c k  a n d  t h e  e x p e c t e d  v a r i a t i o n s  a s  a  

f u n c t i o n  o f  t r a c k  d e t e r i o r a t i o n ,  s e a s o n  o f  t h e  y e a r ,  e t c .

( 3 )  D a t a  r e q u i r e m e n t s  f o r  b o t h  t h e  d e v e l o p m e n t  o f  s c i e n t i f i c  d a t a  

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

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

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

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

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

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

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

C a n a d i a n  N a t i o n a l  R a i l w a y s  a n d  t o  t h e  U .  S .  A r m y  W a t e r w a y s  E x p e r i m e n t  S t a t i o n  

a t  V i c k s b u r g ,  M i s s i s s i p p i ,  l e t t e r s  t o  W y l e  L a b o r a t o r i e s  a n d  B r i t i s h  R a i l w a y s  

R e s e a r c h  C e n t e r ,  a n d  t e l e p h o n e  c a l l s  t o  s e v e r a l  m a j o r  U .  S .  r a i l r o a d s .  A  l i s t  

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

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

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

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

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

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

( 1 )  S t a n d a r d  S e i s m i c  T e c h n i q u e .  T h e  s t r u c t u r e  i s  i m p u l s e d  b y  

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

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

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

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

d e n s i t y  y i e l d s  m o d u l u s  o f  e l a s t i c i t y  ( E )  d a t a .  M e a s u r e ­

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

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

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

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

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

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

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

r e s u l t s  m i g h t  s t i l l  b e  q u e s t i o n a b l e .

( 2 )  S i n u s o i d a l  E x c i t a t i o n .  A  s i n u s o i d a l  l o a d  i s  a p p l i e d  w i t h

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

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

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

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

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

d e n s i t y .

( 3 )  S e i s m i c  T e c h n i q u e .  A n  i m p u l s e  l o a d  i s  a p p l i e d  b y  a  f a l l i n g  

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

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

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

u n d e r  t e s t  a n d  s t a n d a r d  r e f e r e n c e  s u r f a c e s .

( 4 )  B e n k e l m a n  B e a m  D e f l e c t i o n  T e s t s .  A  v e h i c l e  w i t h  a  h e a v y  

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

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

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

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

s t a t i c  s t i f f n e s s .

( 5 )  D e f l e c t i o n  T e s t .  A  d y n a m i c  l o a d  i s  g e n e r a t e d  w i t h  r o t a t i n g  

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

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

l o a d  p o i n t  a n d / o r  a t  o t h e r  p o i n t s  n e a r  t h e  l o a d  p o i n t .  

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

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

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

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

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

d e v i c e .
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( 6 )  B e a r i n g  P l a t e  T e s t s .  A  s t a t i c  l o a d  i s  a p p l i e d  t o  a  s u r f a c e  

w i t h  a  h y d r a u l i c  j a c k  a t t a c h e d  t o  a  h e a v y  v e h i c l e ,  a n d  t h e  

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

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

o u t s i d e  t h e  l o a d  a f f e c t e d  z o n e .  B o t h  ( 5 )  a n d  ( 6 )  a r e  b a s e d  o n  

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

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

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

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

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

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

a c c u r a c y .

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

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

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

c a p a b i l i t i e s  o f  e x i s t i n g  f l e x i b l e  p a v e m e n t s  i n  a r e a s  s u b j e c t e d  t o  f r o s t  a c t i o n .  

T h e  c o n c l u s i o n  r e a c h e d  i n  t h i s  s t u d y  b y  S c h r i v n e r  e t  a l ^ ^  w a s  t h a t  a  s y s t e m  

w h i c h  a p p l i e d  d y n a m i c  l o a d s  a n d  m e a s u r e s  d y n a m i c  d e f l e c t i o n  ( T r a d e  n a m e  D y n a -  

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

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

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

t h e  r e s u l t s  o f  p l a t e  b e a r i n g  t e s t s  ( d e s c r i b e d  p r e v i o u s l y  i n  I t e m  6 )  a n d  B e n k e l m a n

B e a m  D e f l e c t i o n  t e s t s „ ( d e s c r i b e d  i n  I t e m  4 ) .  S i m i l a r  c o n c l u s i o n s  h a v e  b e e n
(2 )r e a c h e d  b a s e d  o n  w o r k  p e r f o r m e d  a t  T h e  O h i o  S t a t e  U n i v e r s i t y  .  I n  a  r e p o r t

o n  t h i s  t y p e  o f  e q u i p m e n t  w i t h  t h e  t r a d e  n a m e  o f  " T h e  P a v e m e n t  P r o f i l e r " ,  M r .
( 3 )

L .  B e r g e r  s t a t e s  t h a t  t h i s  e q u i p m e n t  c a n  e v a l u a t e  1 0  t o  2 0  m i l e s  o f  h i g h w a y  

p e r  d a y  w h e n  1 5  t e s t s  p e r  m i l e  a r e  m a d e .

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

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

d e s c r i b e d  i n  I t e m  5  h a s  b e e n  u s e d  b y  t h e  W a t e r w a y s  E x p e r i m e n t  S t a t i o n  ( W E S )  t o  

m e a s u r e  im p e d a n c e  o n  t h e  F R A  K a n s a s  T e s t  T r a c k  s t r u c t u r e s .  U n f o r t u n a t e l y ,  W E S  

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

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

h a s  a l s o  b e e n  u s e d  b y  t h e  J a p a n e s e  N a t i o n a l  R a i l w a y s  a n d  b y  t h e  G e r m a n  F e d e r a l
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R a i l w a y s ,  p r i m a r i l y  f o r  b a l l a s t  s e t t l i n g  a n d  c o m p a c t i o n  s t u d i e s .  H o w e v e r ,  o n e
( 4 )

r e p o r t  b y  Y .  S a t o h  e t  a l  s h o w s  d a t a  f r o m  t e s t s  w h i c h  a c t u a l l y  w e r e  a  f o r m  o f  

c o m p l i a n c e  m e a s u r e m e n t .  F i g u r e  1  s h o w s  t w o  p l o t s  f r o m  t h i s  r e p o r t ,  o n e  f o r  w o o d e n  

t i e  t r a c k  a n d  o n e  f o r  c o n c r e t e  t i e  t r a c k .  T o  o b t a i n  t h e  d a t a  i n  F i g u r e  1 ,  a  2 -  

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

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

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

5 . 3 ,  8 . 5 ,  1 1 . 4 ,  a n d  1 4 . 6  l b ,  a n d  t h e  e c c e n t r i c i t y  w a s  2 3 . 3  i n .  W i t h  a  m a x im u m  

r o t a t i n g  s p e e d  o f  2 0 0 0  r p m ,  t h i s  s y s t e m  g e n e r a t e d  a  m a x im u m  f o r c e  o f  3 8 , 6 7 9  l b  

p e a k  t o  p e a k .  T h e  d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  w e r e  n o t  e x t e n s i v e  e n o u g h  t o  

o b t a i n  g o o d  q u a n t i t a t i v e  i n f o r m a t i o n  o n  t h e  t r a c k ' s  d y n a m i c  c h a r a c t e r i s t i c s .  

H o w e v e r ,  i n s p e c t i o n  o f  F i g u r e  1  d o e s  i n d i c a t e  t h a t  t h e  s y s t e m  d a m p i n g  w a s  h i g h  

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

9 0 0  C F M  f o r  t h e  w o o d e n  t i e  t r a c k  a n d  a b o u t  1 5 0 0  C F M  f o r  t h e  c o n c r e t e  t i e  t r a c k .  

H o w e v e r ,  t h e  9 0 0  C F M  p e a k  i s  u n u s u a l l y  l o w  f o r  a  t r a c k  s t r u c t u r e  r e s o n a n c e ,  s o  

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

O t h e r  e q u i p m e n t  w h i c h  h a s  b e e n  u s e d  f o r  t r a c k  m e a s u r e m e n t s  c o n s i s t s  

o f  s p e c i a l  ( J a p a n e s e )  c a r s  w i t h  f l a t  s p o t s  g r o u n d  i n t o  t h e  w h e e l s ^ ^ .  A  s p e c i a l  

( F r e n c h )  " d e r a i l m e n t  c a r " ^ ^  e q u i p p e d  w i t h  a  t h i r d  a x l e  i n s t a l l e d  n e a r  t h e  c e n t e r  

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

m e a s u r e  l a t e r a l  t r a c k  d e f l e c t i o n s .  A l s o , -  a n  a t t e m p t  t o  m e a s u r e  t r a c k  d y n a m i c  

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

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

L i t e r a t u r e  C o n c e r n i n g  T r a c k  P a r a m e t e r s

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

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

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

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

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

u a t i o n  s y s t e m s .  T y p i c a l  d a t a  o f  t h e s e  t y p e s  a r e  l i s t e d  i n  T a b l e  2 .
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T A B L E  2 .  SU M M A R Y O F  T R A C K  P A R A M E T E R  
s h o w n  i n  [ ] )

A .  T r a c k  V e r t i c a l  N a t u r a l  F r e q u e n c y  
V i b r a t o r  T e s t s  o n  G F R  [ 8 ,  p  4 3 3 ]
T r a c k  M e a s u r e m e n t s  [ 9 ,  p  5 9 ]

B A R T  A e r i a l  S t r u c t u r e  [ 1 0 ,  p  1 8 ]

W o o d  t i e s  -  J N R  [ 4 ,  p  4 3 ]
C o n c r e t e  t i e s  -  J N R  [ 4 ,  p  4 3 ]
C o n c r e t e  s l a b  t r a c k  -  J N R  [ 1 1 ,  p  1 8 2 ]
W o o d  t i e  a n a l y s i s  -  n o  v e h i c l e  [ 1 2 ,  p  2 5 ]  

C o n c r e t e  t i e  a n a l y s i s  -  n o  v e h i c l e  [ 1 2 ,  p  2 5 ]  
W o o d  t i e  a n a l y s i s  -  n o  v e h i c l e  [ 1 3 ,  p  9 ]
W o o d  t i e  a n a l y s i s  -  w i t h  v e h i c l e  [ 1 3 ,  p  9 ]

B .  T r a c k  L a t e r a l  N a t u r a l  F r e q u e n c y
W o o d  t i e  a n a l y s i s  -  n o  v e h i c l e  [ 1 2 ,  p  2 5 ]  
C o n c r e t e  t i e  a n a l y s i s  -  n o  v e h i c l e  [ 1 2 ,  p  2 5 ]

C .  V e r t i c a l  T r a c k  S t i f f n e s s  
T y p i c a l  a n a l y s i s  [ 9 ,  p  1 7 ]
M i d - r a i l  m e a s u r e m e n t  [ 9 ,  p  5 4 ]
J o i n t  m e a s u r e m e n t  [ 9 ,  p  5 4 ]
T r a c k  o n  s w a m p y  g r o u n d  [ 8 ,  p  4 4 4 ]
T r a c k  o n  a r g i l l a c e o u s  g r o u n d  [ 8 ,  p  4 4 4 ]

T r a c k  o n  g r a v e l  [ 8 ,  p  4 4 4 ]
T r a c k  o n  r o c k  [ 8 ,  p  4 4 4 ]
T r a c k  o n  F r o z e n  b a l l a s t  [ 8 ,  p  4 4 4 ]

O r i g i n a l  s o u r c e  w a s  B R  [ 1 4 ,  p  4 3 2 ]
V a r i a b l e  b a l l a s t  d e p t h  [ 1 5 ,  p  6 ]

D .  L a t e r a l  T r a c k  S t i f f n e s s  
W o o d  t i e  a n a l y s i s  [ 1 2 ,  p  2 5 ]

C o n c r e t e  t i e  a n a l y s i s  [ 1 2 ,  p  2 5 ]
I n c r e a s e  d u e  t o  b a l l a s t  c o m p a c t i o n  [ 8 ,  p  4 4 2 ]  

W a s h i n g t o n  M e t r o  s p e c .  [ 2 0 ]
M e a s u r e d  d a t a  -  n o  v e r t i c a l  l o a d  [ 1 9 ]

E .  T r a c k  D a m p in g  F a c t o r
E s t i m a t e  f o r  a n a l y s i s  [ 1 4 ,  p  4 3 2 ]
E s t i m a t e d  f r o m  F i g u r e  2  [ 4 ,  p  4 3 ]
E s t i m a t e d  f r o m  W ES  d a t a  [ u n p u b l i s h e d ]  
E m b a n k m e n t  T e s t s  -  n o  r a i l  [ 2 5 ,  p  1 3 ]
R a n g e  f o r  S e v e r a l  T r a c k s  [ O R E  D 8 7 / R P 6 ]

D A T A  ( R e f e r e n c e s

Frequency, Hz 
2 0  -  2 7
2 5  -  3 0  

1 0 0  -  1 7 0
3 0

5 0 0  -  1 0 0 0  

1 5 ,  2 5  
20 

>  2 5  
3 2  -  1 6 6

2 6  -  1 0 5  
3 6  -  1 1 0

. 1 6 - 3 8  
Frequency, Hz 

3 2  -  1 8 0  
2 5  -  1 0 9

Stiffness, Kips/in. 
1 7 0

3 5 0  -  4 9 0  
1 1 6  -  1 6 4  

2 8  -  1 4 0  
8 4  -  1 1 2  

1 1 2  -  3 3 6  
1 6 8  -  2 2 4  
4 4 7  -  8 9 5  

4 9 0

4 5  -  2 8 0
Stiffness, Kips/in. 

5 2  -  6 4 0  

6 3  -  7 2 0  
7 5 - 8 7  '

6 4

9 5  -  1 5 0  

D a m p in g  R a t i o  
0.20 
0 . 2 5  
0 . 2 5

0 . 0 8 6  -  0 . 1 3 6  
0.12  -  0.21
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S o m e  o f  t h e  g r a p h i c a l  d a t a  w h i c h  c a n n o t  b e  e a s i l y  r e d u c e d  t o  

t a b u l a r  f o r m  a r e  s h o w n  i n  F i g u r e s  2  a n d  3 .  F o r  e x a m p l e ,  F i g u r e s  2  a n d  3
JU

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

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

D a t a  i n  R e f e r e n c e  1 5  s h o w  t h a t  t h e  s e t t l e m e n t  o f  t h e  t i e  d u e  t o  b a l l a s t  f l o w  

d e c r e a s e s  w i t h  i n c r e a s i n g  m o d u l u s  ( m o r e  r i g i d  t r a c k ) .  O t h e r  d a t a  o n  h i g h w a y s  

( R e f e r e n c e  2 4 )  s h o w  t h a t  m o s t  o f  t h e  d a m a g e  t o  h i g h w a y s  o c c u r s  d u r i n g  t h e  

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

0 . 7  p e r c e n t  o f  t h e  t o t a l  t e s t  l o a d  a p p l i c a t i o n s  d u r i n g  o n e  s p r i n g ,  a n d  i n  t h e  

s e c o n d  s p r i n g  4 0  p e r c e n t  o f  t h e  t o t a l  d a m a g e  o c c u r r e d -  u n d e r  1 3  p e r c e n t  o f  t h e  

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

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

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

t h e  y e a r .

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

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

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

d i t i o n s .  F i g u r e  4  s h o w s  a  c o m p a r i s o n  o f  t h e  l o a d - d e f l e c t i o n  c u r v e s  i n  t h e  

v e r t i c a l  d i r e c t i o n  f o r  c a s e s  o f  ( 1 )  a  " s t a n d a r d "  u n i f o r m  t r a c k ,  ( 2 )  s t a n d a r d  

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

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

o f  t h e  e f f e c t  o f  m i s s i n g  t i e s  ( R e f e r e n c e  1 6 ) .  S o m e w h a t  s i m i l a r  l o a d - d e f l e c t i o n  

c u r v e s  f r o m  R e f e r e n c e  2 6  a r e  s h o w n  i n  F i g u r e  5  f o r  t h e  l a t e r a l  d i r e c t i o n .

*  F o r  n o n l i n e a r  m a t e r i a l s ,  t h e  t a n g e n t  m o d u l u s  i s  t h e  s l o p e  o f  t h e  s t r e s s -  
s t r a i n  c u r v e  a t  a  p a r t i c u l a r  s t r e s s  v a l u e .  T h e  i n i t i a l  t a n g e n t  m o d u l u s  i s  
t h e  s l o p e  a t  t h e  o r i g i n  ( z e r o  s t r e s s ) .  T h e  s e c a n t  m o d u l u s  i s  t h e  s l o p e  o f  
a  s t r a i g h t  l i n e  f r o m  t h e  o r i g i n  t o  a  p a r t i c u l a r  s t r e s s  v a l u e  o n  t h e  c u r v e ,  s o  
t h i s  g i v e s  t h e  a v e r a g e  m o d u l u s  f o r  s t r e s s e s  b e l o w  t h e  s e l e c t e d  v a l u e .
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F I G U R E  2 .  T Y P I C A L  V A R I A T I O N  O F  S U B G R A D E  S E C A N T  M O D U L U S  
D U R IN G  A  Y E A R
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F I G U R E  3 .  E L A S T I C  M O D U L I  F R O M  U N C O N F I N E D  C O M P R E S S I V E  T E S T S  
O N  C O M P A C T E D  C L A Y  S A M P L E S
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F I G U R E  5 .  L A T E R A L  T R A C K  D E F L E C T I O N  W I T H  2 7 , 0 0 0 - L B  A X L E  L O A D  
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W h e n  e v a l u a t i n g  t r a c k  s t r u c t u r e  c o n d i t i o n s  f r o m  a  m o v i n g  v e h i c l e ,  a  

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

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

n e s s  m u s t  b e  k n o w n .  F i g u r e s  6  a n d  7  f r o m  R e f e r e n c e  2 7  s h o w  i d e a l i z e d  t r a c k  

g e o m e t r i e s  f o r  t h e  v e r t i c a l  a n d  l a t e r a l  d i r e c t i o n s  w i t h  C l a s s  6  t r a c k .  F o r  

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

i n  s o m e  c a s e s ,  c o r r u g a t i o n s .  C o r r u g a t i o n s  t y p i c a l l y  h a v e  a  w a v e l e n g t h  o f  6  t o

T O  i n c h e s  a n d  a  d e p t h  b e t w e e n  0 . 0 0 5  i n .  a n d  0 . 0 5 0  i n . ,  a l t h o u g h  c o r r u g a t i o n
(13)d e p t h s  u p  t o  1 / 4  i n .  h a v e  b e e n  m e a s u r e d .  A  t y p i c a l  s h a p e  f o r  t r a c k  w i t h

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

s h a p e ,  T a b l e  3  g i v e s  t h e  h a r m o n i c  c o n t e n t  t h a t  w o u l d  b e  e x p e c t e d .

F i g u r e  8  f r o m  R e f e r e n c e  2 8  s h o w s  s o m e  s u g g e s t e d  g u i d e l i n e s  f o r  t h e  

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

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

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

s h o w n  i n  F i g u r e  9 .  F r o m  t h e s e  d a t a ,  k n o w i n g  a  p r o f i l e  w a v e l e n g t h  a n d  t r a i n  

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

t r a c k  g e o m e t r y  e x c i t a t i o n .

T A B L E  3 .  H A R M O N IC  C O N T E N T  O F  R E C T I F I E D  S I N E  W A V E  
S H A P E  R A I L  P R O F I L E

H a r m o n i c
N u m b e r

A m p l i t u d e , 
p e r c e n t  o f  

m a x im u m

W a v e l e n g t h  f o r  3 9 -  
f o o t  r a i l  l e n g t h ,  

f t

F u n d a m e n t a l  F r e q u e n c y 6 3 . 6 3 9 . 0

2 d  H a r m o n i c 4 2 . 3 1 9 . 5

4 t h  " 8 . 5 9 . 7 5

6 t h  " 3 . 6 6 . 5 0

8 t h  " 2 . 0 4 . 8 7

1 0 t h  " 1 . 3 3 . 9 0

1 2  t h 0 . 8 9 3 . 2 5

1 4 t h 0 . 6 5 2 . 7 8

1 6 t h 0 . 5 0 2 . 4 4

1 8 t h 0 . 3 9 2 . 1 7

2 0 t h  " 0 . 3 2 1 . 9 5
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FIGURE 9. EFFECT OF TRAIN SPEED ON THE EXCITATION FREQUENCY 
FOR TRACK GEOMETRY.IRREGULARITIES
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Measurement Requirements

An effort was made, primarily through contacts with persons assoc­
iated with the railroad industry, to identify track parameters which should 
be identified and/or measured by a track measuring system. Three general areas 
of interest are (1) for track structure condition evaluation, (2) to develop 
data for analytical studies of track and vehicle dynamics, and (3) to develop 
data to be used in programming the wheel-rail simulation facility now under 
construction at Pueblo, Colorado.

Track Condition. For track condition evaluation, the following areas 
of potential interest have been identified:

(1) Detect loose or missing spikes or fasteners
(2) Detect missing, loose, or deteriorated ties
(3) Measure the vehicle dynamic excitation characteristics 

of the track
(4) Detect potential track buckling, wide gage, or rail rollover 

problems (i.e., lateral weakness)
(5) Measure the load-carrying capacity of existing track 

structure
(6) Detect rail fractures.
In addition to the above, a related use for track measurements might be 

to determine the properties of the subgrade and/or ballast in order to obtain 
data for use in designing improved track structures.

In the literature search, and in the discussions with railroad industry 
personnel, a very minimal amount of data were obtained which related track 
deflection or stiffness measurements to track conditions, and which could be 
used to specify the forces and excitation frequencies which would be required 
in measuring track with the objective of identifying the features listed above. 
Even though data relating defects to dynamic compliance measurements are not 
available, conclusions were reached on some of the criteria required for a 
track condition evaluation system. One conclusion is that it will be impractical 
to detect missing spikes or fasteners using only vertical force and motion 
measurements. Additional data are needed to determine if defective rail
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fasteners can be detected using lateral loading. The fact that rail spikes 
are usually installed with about 1/8-in. clearance between the head of the spike 
and the rail may make the detection of missing spikes in individual ties dif­
ficult or impossible; however, some finite number of missing or excessively loose 
spikes in adjacent ties may result in a low lateral stiffness or measurable 
excessive gage spread resulting from lateral loading.

There are two potential measurement techniques which might be used 
to identify most types of track structure anomalies. One is to apply a con­
stant load in the vertical and lateral direction as the measurement car moves 
along the track and measure the resulting deflection. The second technique is 
to apply a periodic load and measure the resulting dynamic deflection. The use 
of a constant load will produce a measurement which is essentially a measure of 
the static stiffness of the system. The use of a periodically applied load will 
produce a dynamic compliance measurement. If the periodic loading technique 
is used, the load must be repeated at a rate that will produce a minimum of 
one complete cycle of excitation, whether it's an impulse, sine wave, or periodic 
random excitation, for every tie spacing traversed if the effects of individual 
ties are to be detected. This implies a minimum application rate of 30 Hz at 
a train speed of 30 mph, or 60 Hz at a train speed of 60 mph.

The dynamic excitation characteristics of the track can be measured by 
a combination of track profile measurements and stiffness or dynamic compliance 
measurements. A measurement of rail profile under two or more different wheel 
loads would be a direct measure of vehicle dynamic excitation characteristics.

Data from highway research indicates that either static stiffness 
(constant loading) or dynamic compliance measurements may be used for deter­
mining load-carrying capacities of track. Measurements for these type of data 
can, and probably should, be averaged over several feet along the track to aver­
age out the variable effects of individual ties.

Detection of rail fracture would probably require either a continuous 
static stiffness measurement or periodic excitation applied at very close 
spacing along the track. Distances as close as one cycle for each 6 inches 
of track might be required to detect rail fracture. However, the detection 
of rail flaws has a very low priority for this program.

Track and Vehicle Dynamics. In making vehicle dynamic studies, the 
parameters which influence the vehicle system response are (1) the compliance 
as seen by each wheel in both vertical and horizontal directions, (2) the

- 27



motions and forces produced at each wheel on a car that result from forces 
and motions being transmitted through the track structure from adjacent wheels. 
There are theories that these compliances may vary substantially as a function 
of vehicle speed.

The information identified as desirable for use in vehicle dynamic 
studies and track structure studies is measurement of the vertical, lateral, 
and longitudinal driving-point compliances at the wheel-rail interface. The 
system should also have the capability of measuring the transfer impedances 
from the wheel-rail contact point on one rail to adjacent points on the same 
rail and the opposite rail. The distance over which transfer compliance data 
are needed would not be greater than the load-affected zone. For most track 
structures (see Figures 4 and 5) this distance would be about 10 feet or less.
It should be possible to obtain these measurements as a function of wheel 
load over the range of about 1000 pounds to 25,000 pounds per wheel.

In order to evaluate the effect of train speed on track dynamic char­
acteristics and to be able to make measurements at normal revenue traffic oper­
ating speeds, an operating speed range of 0 to 80 mph is desirable. For studies 
of track structure conditions, it would be desirable to determine the transfer 
function from the rail head to the tie-ballast interface and also from the tie- 
ballast interface into the subgrade in ordeir to separate the effects of track 
and subgrade on the track dynamic characteristics. Ideally, the system would 
have a bandwidth of 0 to 1000 Hz in order to evaluate static stiffness, track 
resonant frequencies, and reaction forces at joints. However, a system with a 
bandwidth as low as about 10 to 100 Hz would be considered satisfactory as a 
primary system. This range would approximate static stiffness data and also 
include track fundamental frequency data. Alternate measurement systems, having 
d-c to 10 Hz response and having a bandwidth of about 100 to 500 Hz might also 
be provided to extend the range of useful date to include true static stiffness 
data and data on the higher frequency modes of track vibration.

Wheel-Rail Simulator. A letter was sent to Wyle Laboratories 
requesting information on the data requirements for the wheel-rail simulator 
at Pueblo, Colorado. In response to this request, Wyle prepared the list of 
requirements which is included as Appendix A. In general, the data required
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for the wheel-rail simulator are similar to that required for analytical 
studies of track and vehicle dynamics. The major difference is that the 
desired bandwidth for the wheel-rail simulator is d-c to 100 Hz ; therefore, 
it is expected that any system which will meet all or most of the general 
requirements will produce adequate data for the wheel-rail test facility.

Basic Data Acquisition Techniques

There are three basic dynamic excitation techniques available to 
obtain track dynamic compliance data. The first is a steady-state sinusoidal 
technique where the excitation frequency is swept through the frequency range 
of interest. The second method uses a transient input (impulse) to produce 
a transient response from which the transfer function can be calculated.
The third method is to apply a random signal to the system and measure its 
response.

In addition, there are also three techniques for obtaining data on 
track structure condition. The first is to use a nonround wheel with some 
special function machined into the wheel to excite the track. The second method 
is to use track geometry errors as excitation. These would probably have a 
random spatial variation and would yield averaged values of track condition.
The third technique is to use a constant wheel load and measure track stiffness. 
The stiffness data would then be used as an indication of track condition.

Sinusoidal Excitation

The simplest, lowest cost method for determining dynamic character­
istics is to use a sinusoidal force at varying frequencies and measure the 
resulting response. In the simplest form, force and motion measurements are 
manually recorded from meters or oscilloscopes and the data is plotted. The 
plots of dynamic compliance would be in the form of curves of peak-to-peak 
displacement divided by the peak-to-peak force versus frequency,.'. In many 
cases a second plot would also be made of the phase shift between the force 
and displacement signals as a function of frequency. This system can be auto­
mated by using "transfer function analyzers" to automatically record and plot 
transfer functions of a system.
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The major disadvantage of a swept sinusoidal excitation system is 
that it is relatively slow. The sweep speed is limited by the bandwidth of the 
filters, and for systems now on the market a rapid sweep is impossible. For 
track evaluation purposes it would be desirable to excite the system every 
18 in. through a complete frequency span of 0 - 100 Hz or higher while moving. 
This is not possible with a sinusoidal swept system except at very low train 
speeds. However, this technique does have the advantage of requiring lower 
peak forces than other excitation systems, and it also has the potential of 
working with simpler and lower cost components than most other systems. The 
sinusoidal force input can be generated in various ways, and several of these 
are discussed in the following sections.

Counter-Rotating Weight Systems. One of the simplest and, in the 
past, most widely used dynamic excitation systems is a gear box with unbalanced 
counter rotating shafts. This system can, and has been (Reference 6), mounted 
directly to a railroad car axle to produce vertical or lateral track loads.
It could also be mounted on a wheel and axle assembly with its rotation axes 
parallel to the axle to produce a longitudinal excitation while moving along 
the track. Or, for stationary longitudinal measurements the gear box could 
be clamped directly to a rail. Rotating weight systems can produce dynamic 
excitation in the frequency range of about 5 to 100 Hz.

The major disadvantage of the standard rotating weight excitation 
system is that the magnitude of the generated force is proportional to the 
square of the rotational speed times the amount of unbalance on the rotating 
shafts. Therefore, controlling the excitation force independently of the 
speed (frequency) requires stopping the exciter and manually changing the 
unbalance on the rotating shafts. This disadvantage can be eliminated by 
installing a small gear motor on the rotating shaft to adjust the unbalance 
weights while the system is running. However, this modification increases 
the cost and complexity of the system, thereby tending to negate the system's 
main advantages of simplicity and low cost.

When using a counter-rotating weight system for track condition 
evaluation purposes, the system might normally be operated at a constant 
rotational speed, and therefore the lack of flexibility in adjusting force 
levels would not be a disadvantage.
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Hydraulic Exciters. A hydraulic excitation system can be constructed 
using a hydraulic cylinder, servo valve and inertial reactance mass as shown 
in Figure 10. This basic system can be operated in several different modes to 
produce different excitation characteristics. In its simplest form it can be 
operated as a sinusoidal force generator. When operated in this mode, the 
force generated at low frequencies is limited by the cylinder stroke and the 
weight of the reactance mass. Figure 11 shows the relationship between these 
variables.

At high frequencies, the response of the hydraulic exciter will be 
limited primarily by the servovalve natural frequency and/or the control system 
closed loop dynamic response characteristics. Typically, the type of valve 
required for a hydraulic exciter with a force capability in the 1,000 to 10,000 
lb force range will have a response characteristic which is down about 6 dB with 
a 90 degree phase lag at frequencies in the range of 125 to 150 Hz. For smaller 
valves, this limiting frequency can extend up to about 200 Hz.

In addition to standard servovalves, special high-frequency valves 
which have apparent natural frequencies (the frequency at which 90 degree phase 
lag occurs) in the 400 to 500 Hz range have been built and are listed in 
catalogs. Hydraulic excitation systems can produce some dynamic excitation at 
frequencies significantly above the natural frequency of the valve. For example, 
one manufacturer of hydraulic excitation systems claims a force capability which 
is 20 dB (10:1) down from the system's maximum force capability at a frequency 
which is about five times higher than the natural frequency of the valve.

In addition to operating as sinusoidal force generators, hydraulic 
excitation systems have the advantage that they can also be operated as pulse 
generators or as random force generators. The hydraulic excitors can also be 
used to generate constant forces (i.e., they can generate'd-c response data) 
if they are attached to a car structure so that their reaction forces can be 
transmitted through the car structure and suspension back into the track at a 
substantial distance from the point on the track where the compliance measure­
ments are being made.

A major advantage of hydraulic exciters is their small size and high 
force capacities. These features make it possible to provide a high force 
exciter which is easily portable, and which can be mounted on or between
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Car Body

F I G U R E  1 0 .  H Y D R A U L I C  T R A C K  E X C I T A T I O N  S Y S T E M  W I T H  S E R V O V A L V E  
C O N T R O L
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s u s p e n s i o n  e l e m e n t s  t o  p r o d u c e  v e r t i c a l  a n d / o r  l a t e r a l  t r a c k  e x c i t a t i o n .

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

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

t r a c k  f o r  s t a t i o n a r y  m e a s u r e m e n t s .

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

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

M a j o r  e x c e p t i o n s  a r e  t h a t ,  i n  g e n e r a l ,  e l e c t r o d y n a m i c  e x c i t e r s  u s u a l l y  h a v e  

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

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

c a p a c i t i e s .

P u l s e  E x c i t a t i o n

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

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

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

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  s y s t e m  u s i n g  t r a n s i e n t  e x c i t a t i o n ,  a n d  

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

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

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

s y s t e m  i s  d e f i n e d  a s  t h e  F o u r i e r  T r a n s f o r m  o f  t h e  o u t p u t  d i v i d e d  b y  t h e  

F o u r i e r  T r a n s f o r m  o f  t h e  i n p u t .  F r o m  t h e  s y s t e m  t r a n s f e r  f u n c t i o n ,  i n f o r m a t i o n  

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

d a m p in g  c a n  b e  o b t a i n e d .

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

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

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

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

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

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

s o  t h a t  d y n a m i c  c o m p l i a n c e  a n d  m a n y  o t h e r  s y s t e m  p a r a m e t e r s  c a n  b e  c a l c u l a t e d .
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The advantages obtained by using this system are that a complete analysis can 
be obtained very rapidly, and for some systems, very simple low cost exciters 
can be used. The choice of an exciter depends on the force levels required, pulse 
lengths required, repetition rate required, and the range of frequencies which 
are to be excited.

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

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

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

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

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

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

a r e  c a l c u l a t e d  f o r  a  p u l s e  a m p l i t u d e  o f  5 , 0 0 0  l b ,  a  s t i f f n e s s  o f  2 0 0 , 0 0 0  l b / i n . ,  

a n d  a n  e f f e c t i v e  m a s s  o f  2 , 2 0 0  l b .  T h i s  t a b l e  s h o w s  t h e  s m a l l  d i s p l a c e m e n t s  

y i e l d e d  b y  a  r e l a t i v e l y  l a r g e  f o r c e  o f  5 , 0 0 0  l b  f o r  s h o r t  d u r a t i o n  p u l s e s .

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

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

s y s t e m  a t  i t s  n a t u r a l  f r e q u e n c y  o f  3 0  H z  i n c r e a s e s .  T h e  p r o b l e m  t h e n ,  i s  t o  

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

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

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

e l e c t r o d y n a m i c  e x c i t e r s  c a n  a l l  b e  u s e d  a s  i m p u l s e  e x c i t a t i o n  s y s t e m s .  I m p u l s e  

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

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

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

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

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

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

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

s o m e  d e v i c e s — l o n g i t u d i n a l  e x c i t a t i o n .

- 35



F
o

rc
e

T A B L E  4 .  P U L S E  M E T H O D

P u l s e  D u r a t i o n  P u l s e  A r e a ,
S h a p e _________ M i l l i s e c o n d s __________l b - s e c .

2 . 2  5 . 5

5  1 2 . 5

____________ L  1 0  5 0
Time

F o r c e ,
l b

D i s p l a c e m e n t ,
i n .

E f f e c t i v e
M a s s a
l b m .

S y s t e m
N a t u r a l

F r e q u e n c y
H z

5 0 0 0 0 . 0 0 5 . 2 2 0 0 3 0

5 0 0 0 0 . 0 1 2 2 2 0 0 3 0

5 0 0 0 0 . 0 2 3 2 2 0 0 3 0

5 0 0 0 0 . 0 4 7 2 2 0 0 3 0



R a n d o m  E x c i t a t i o n

A n o t h e r  t e c h n i q u e  s i m i l a r  t o  t h e  p u l s e  e x c i t a t i o n  t e c h n i q u e  i s  o n e  

w h e r e  a  r a n d o m  f o r c e  i s  u s e d  t o  e x c i t e  t h e  t r a c k  s t r u c t u r e  a n d  t h e  F o u r i e r  

T r a n s f o r m  i s  a p p l i e d  t o  t h e  r e s u l t i n g  s i g n a l s  i n  o r d e r  t o  c a l c u l a t e  t h e  s y s t e m ' s  

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

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

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

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

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

D i s p l a c e m e n t  E x c i t a t i o n  S y s t e m s

T w o  p o t e n t i a l  s o u r c e s  o f  d y n a m i c  d i s p l a c e m e n t  e x c i t a t i o n  a r e  ( 1 )  t h e  

u s e  o f  n o n r o u n d  w h e e l s ,  a n d  ( 2 )  t h e  u s e  o f  t r a c k  g e o m e t r y  e r r o r s  w h i c h  a r e  

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

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

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

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

A  s i m p l e  e x a m p l e  o f  t h i s  i s  a  w h e e l  w i t h  a  f l a t  s p o t ;  h o w e v e r ,  m o r e  c o m p l e x  

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

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

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

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

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

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

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

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

i m p a c t  e x c i t a t i o n .

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

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

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

t h e  a l l o w a b l e  s i g n a l - t o - n o i s e  r a t i o s  a n d  i n s t r u m e n t a t i o n  a v e r a g i n g  t i m e s .  T h e  

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

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

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

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

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

t u d i n a l  e x c i t a t i o n .  H o w e v e r ,  t h e s e  c o n c e p t s ,  a n d  e s p e c i a l l y  t h e  n o n r o u n d  w h e e l  

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

u a t i o n  s y s t e m .

C o n s t a n t  W h e e l  L o a d  E x c i t a t i o n  S y s t e m s

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

c a u s e  t h e  t r a c k  t o  d e f o r m  t o  a  s h a p e  s i m i l a r  t o  t h e  c u r v e s  s h o w n  i n  F i g u r e  4 .
A  m e a s u r e m e n t  o f  t h e  m a g n i t u d e  o f  t h e  d e f l e c t i o n  a t  t h e  p o i n t  u n d e r  t h e  w h e e l  

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

t r a c k  d e t e r i o r a t i o n  i n  s o m e  f o r m  h a s  o c c u r r e d .  F o r  e x a m p l e ,  F i g u r e  4  s h o w s  

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

m o d u l u s  b y  3 4  p e r c e n t .  F i g u r e  4  a l s o '  s h o w s  t h a t  f o r  t h i s  t r a c k ,  t h e  s l o p e  

m e a s u r e d  5 . 5  f e e t  f r o m  t h e  l o a d  p o i n t  w o u l d  a l s o  i n c r e a s e  b y  a b o u t  3 4  p e r c e n t  

w i t h  e i t h e r  o n e  t i e  m i s s i n g  o r  w i t h  t h e  t r a c k  m o d u l u s  d e c r e a s e d  b y  3 4  p e r c e n t .  

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

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

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

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

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

T o  e l i m i n a t e  o r  m i n i m i z e  t h i s  p r o b l e m ,  a  s y s t e m  o f  t h e  t y p e  s h o w n  

s c h e m a t i c a l l y  i n  F i g u r e  1 2  c a n  b e  u s e d .  I n  t h i s  s y s t e m  t h e  t r a c k  p r o f i l e  

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

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

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

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

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

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

This technique of measuring track stiffness has the advantage that, 
because the excitation is continuous, measurements can be obtained at very 
high vehicle speeds while maintaining the ability to resolve changes in track
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s t i f f n e s s  r e l a t e d  t o  v a r i a t i o n s  c a u s e d  b y  i n d i v i d u a l  t i e s .  T h e  c o n c e p t  c a n  

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

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

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

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

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

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

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

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

D e s i g n  C o n c e p t s  f o r  T r a c k  D y n a m i c  C o m p l i a n c e  M e a s u r e m e n t  D e v i c e s

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

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

w i l l  p r o b a b l y  h a v e  s o m e  o r  a l l  o f  t h e  e l e m e n t s  s h o w n  s c h e m a t i c a l l y  i n  F i g u r e  1 3 .  

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

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

X. A  l o a d i n g  f i x t u r e  p r o d u c e d  a  f o r c e ,  F  ,  b e t w e e n  t h e  r a i l  h e a d  a n d  t h e  f i x ­

t u r e .  T h i s  l o a d  i n  t u r n  p r o d u c e s  a  d e f l e c t i o n  i n  t h e  t r a c k  s t r u c t u r e  X ^ .  I n  

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

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

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

r e s u l t s  o n l y  d u e  t o  t h e  e x c i t e r  f o r c e  F  .  W i t h  t h e  s y s t e m  s h o w n  i n  F i g u r e  1 3 ,§
t h e  d e f l e c t e d  r a i l  p o s i t i o n  X ^  c a n  b e  d e t e r m i n e d  i f  t h e  l o a d i n g  f i x t u r e

i m p e d a n c e  Z  i s  k n o w n ,  b u t  t h e  o r i g i n a l  r a i l  p r o f i l e  X  a n d  t h e  l o a d - g e n e r a t e d  I*  p
d e f l e c t i o n  X ^  c a n n o t  b e  s e p a r a t e d  w i t h  o n l y  t h e  c o m p o n e n t s  s h o w n  i n  F i g u r e  1 3 .  

O n e  s o l u t i o n  i s  t o  m a k e  t h e  e x c i t a t i o n  f o r c e s  l a r g e  e n o u g h  s o  t h a t  t h e  f o r c e -  

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

m o t i o n  X ^  t h a t  t h e  n o i s e  i s  n e g l i g i b l e .  A n o t h e r  s o l u t i o n  i s  t o  m e a s u r e  t h e  

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

T h i s  w i l l  r e q u i r e  t w o  m e a s u r e m e n t  s y s t e m s  o f  t h e  t y p e  s h o w n  i n  F i g u r e  1 3 .

I f  t h e  m e a s u r i n g  s y s t e m  i s  u s e d  t o  d e t e c t  d e f e c t i v e  t i e s  o r  f a s t e n e r s ,  

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

t a n c e  o f  1 . 5  f e e t  o r  l e s s .  I f  o n e  c y c l e  o f  e x c i t a t i o n  i s  g e n e r a t e d  f o r  e a c h  1 . 5
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f e e t  t r a v e r s e d  a t  3 0  m p h ,  t h e  r e q u i r e d  e x c i t a t i o n  a n d  p r o c e s s i n g  r a t e  i s  3 0  H z .  

O n e  c y c l e  i n  e a c h  0 . 7 5  f e e t  w o u l d  r e q u i r e  e x c i t a t i o n  a n d  p r o c e s s i n g  a t  6 0  H z ,  

a n d  a  c y c l e  e a c h  0 . 5  f e e t  w o u l d  r e q u i r e  w o r k i n g  a t  a  9 0  H z  r a t e .  W i t h  w a v e ­

l e n g t h s  i n  t h e  0 . 5  t o  1 . 5  f t  r a n g e ,  p r o f i l e  e r r o r s  i n  t h e  r a n g e  o f  0 . 0 0 0 5  t o

0 . 0 0 5 - i n .  p e a k - t o - p e a k  w o u l d  b e  e x p e c t e d  f o r  n o r m a l  t r a c k .  N e a r  j o i n t s ,  o r  

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

e x p e c t e d  i n  t h i s  s a m e  w a v e l e n g t h  r a n g e .

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

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

f o r c e  s h o u l d  p r o d u c e  d e f l e c t i o n s  w h i c h  a r e  a t  l e a s t  1 0  d B  h i g h e r  t h a n  t h e  p r o f i l e  

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

0 . 0 0 1 5  i n .  p e a k - t o - p e a k ,  a n d  f o r  m a n y  t r a c k  c o n d i t i o n s  t h e y  m i g h t  h a v e  t o  b e  

c l o s e  t o  0 . 1  i n .  p e a k - t o - p e a k  t o  o b t a i n  g o o d  d a t a .  T o  o b t a i n  t h e s e  a m p l i t u d e s  

a t  f r e q u e n c i e s  b e t w e e n  3 0  a n d  9 0  H z  w i l l  r e q u i r e  e x c i t a t i o n  f o r c e s  i n  t h e  r a n g e  

o f  2 0 , 0 0 0  t o  3 0 , 0 0 0  l b  p e a k - t o - p e a k .

F o r  l o n g  w a v e  l e n g t h s ,  p r o f i l e  e r r o r s  c a n  b e  i n  t h e  1 / 4  t o  1 - i n .  

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

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

h i g h  t r a i n  s p e e d s .  F o r  e x a m p l e ,  w i t h  a  1 0  H z  e x c i t a t i o n  f r e q u e n c y  a n d  a  t r a i n  

s p e e d  o f  6 0  m p h ,  t h e  r e s u l t i n g  w a v e  l e n g t h  w o u l d  b e  a b o u t  9  f t .  T o  o b t a i n  a  

s i g n a l  w h i c h  i s  1 0  d B  g r e a t e r  t h a n  t h e  p r o f i l e  n o i s e  w i t h  9 - f t  w a v e  l e n g t h s  

m a y  r e q u i r e  a n  e x c i t a t i o n  f o r c e  g r e a t e r  t h a n  1 0 0 , 0 0 0  l b  p e a k - t o - p e a k  u n d e r  

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

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

r e q u i r e d  e x c i t a t i o n  f o r c e s  a r e  t o  ( 1 )  a v e r a g e  t h e  d a t a  o v e r  a  l o n g  s e c t i o n  o f  

t r a c k ,  o r  ( 2 X  m e a s u r e  t h e  m o t i o n s  t h a t  a r e  a  f u n c t i o n  o f  t h e  r a i l  p r o f i l e  e r r o r s  

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

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

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

e x a c t  t i m e  t h a t  a  c y c l e  o f  e x c i t a t i o n  s t a r t s  c a n  b e  k n o w n  a c c u r a t e l y .  U s i n g  

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

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

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

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

s i g n a l - t o - n o i s e  r a t i o  w i l l  i m p r o v e  b y  a b o u t  3  d B  e a c h  t i m e  t h e  n u m b e r  o f  a v e r ­

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

n o i s e  b y  a b o u t  3  d B ,  a v e r a g i n g  1 6  s i g n a l s  w i l l  i m p r o v e  t h e  r a t i o  b y  a b o u t  1 2  d B ,  

a n d  a v e r a g i n g  2 5 6  s i g n a l s  w i l l  i m p r o v e  t h e  r a t i o  b y  a b o u t  2 4  d B .  B y  a v e r a g i n g  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

C o n c e p t  D e v e l o p m e n t

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

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

p r e v i o u s  s e c t i o n s  o f  t h e  r e p o r t .  A t  t h i s  t i m e ,  i t  i s  n o t  k n o w n  h o w  a c c u r a t e l y  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

c h a n g e  i n  t h e  l o a d  e f f e c t e d  z o n e .

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

h y d r a u l i c  e x c i t e r  w i t h  t h e  g e n e r a l  c o n f i g u r a t i o n  s h o w n  i n  F i g u r e  1 0  i s  r e c o m ­

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

1 0 0 0  a n d  5 0 0 0  l b  o v e r  t h e  f r e q u e n c y  r a n g e  o f  a b o u t  1 0  t o  1 0 0  H z  w h i l e  m o v i n g  

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

p e a k  f o r c e  c a p a b i l i t y  o f  a b o u t  1 0 0  l b .  C o m p l i a n c e  m e a s u r e m e n t s  a t  f r e q u e n c i e s  

g r e a t e r  t h a n  1 0 0  H z  w o u l d  p r o b a b l y  n o t  h a v e  t o  b e  m a d e  w h i l e  m o v i n g .

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

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

s h o w n  s c h e m a t i c a l l y  i n  F i g u r e  1 3  s h o u l d  b e  u s e d .  P h y s i c a l l y ,  t h i s  s y s t e m  

m i g h t  b e  i n s t a l l e d  o n  a  m o d i f i e d  c a r  a s  s h o w n  i n  F i g u r e s  1 4  a n d  1 5 .  T h e r e  a r e  

s e v e r a l  w h e e l  s u s p e n s i o n  a n d  e x c i t a t i o n  s y s t e m s  w h i c h  m i g h t  b e  u s e d .  F i g u r e s  1 6  

a n d  1 7  s h o w  t w o  d i f f e r e n t  t y p e s  o f  s u s p e n s i o n  u t i l i z i n g  i n d e p e n d e n t  w h e e l  s u s ­

p e n s i o n ,  a n d  F i g u r e  1 8  s h o w s  a  r i g i d  a x l e  t y p e  o f  s u s p e n s i o n  s y s t e m  w h i c h  h a s  

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

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

( 1 )  C o m p l e t e  s y s t e m  m o v e s  l a t e r a l l y  r e l a t i v e  t o  t h e  c a r  b o d y  

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

o n  c u r v e d  t r a c k .

( 2 )  C o n t r o l l e d  v e r t i c a l  a n d  l a t e r a l  p r e l o a d  f o r c e s  c a n  b e  

a p p l i e d .

( 3 )  S y s t e m  n a t u r a l  f r e q u e n c i e s  i n  t h e  d e s i r e d  l o a d i n g  

d i r e c t i o n s  c a n  p r o b a b l y  b e  m a d e  g r e a t e r  t h a n  1 0 0  H z .

( 4 )  L a t e r a l  a n d  v e r t i c a l  e x c i t a t i o n  c a n  b e  p r o d u c e d  a t  o n e  

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

d u c e d  a t  t h e  o p p o s i t e  w h e e l / r a i l  i n t e r f a c e .
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Excitation and measuring truck.
Front wheels are excitation and measuring wheels. 
Rear wheels are measuring wheels , see figure 15.

L  u U L_l U U U U L_T I_I I _I I_I U U L_l I_I I_I U I_I I_I I_I
(5B3)

1—1 I_I I_I U I_I I _I I_I I_I l_l U X

F I G U R E  1 4 .  R E L A T I V E  P O S I T I O N  A N D  M O U N T IN G  O F  T R A C K  M E A S U R E M E N T  S Y S T E M  I N  A  
M O D I F I E D  B O X  C A R



Floating platform with respect to car 
which allows measurement and 
excitation system to move lateraly

F I G U R E  1 5 .  E X C I T A T I O N  A N D  M E A S U R E M E N T  T R U C K



F I G U R E  1 6 .  I N D E P E N D E N T  W H E E L  S U S P E N S I O N  W I T H  P I V O T E D  A R M  
S U P P O R T

- 47



F I G U R E  1 7 .  I N D E P E N D E N T  W H E E L  S U S P E N S I O N  S Y S T E M  W I T H  P A R A L L E L  
A R M  S U P P O R T

- 48



F I G U R E  1 8 .  M O D I F I E D  R I G I D  A X L E  W H E E L  S U S P E N S I O N

49



T h e  s y s t e m  s h o w n  i n  F i g u r e  1 6  i s  a n  i n d e p e n d e n t  s u s p e n s i o n  s i m i l a r  
t o  t h e  " t w i n  I  b e a m "  s u s p e n s i o n  u s e d  o n  F o r d  t r u c k s .  T h i s  h a s  t h e  d e s i r a b l e  

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

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

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

n o n r o t a t i n g  a x l e .

T h e  c o n c e p t  s h o w n  i n  F i g u r e  1 8  i s  s i m i l a r  t o  a  c o n v e n t i o n a l  r i g i d  

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

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

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

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

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

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

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

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

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

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

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

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

a p p l i c a t i o n ,  i t  w i l l  n o t  b e  p o s s i b l e  t o  o b t a i n  a d e q u a t e  s i g n a l - t o - n o i s e  r a t i o s  

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

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

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

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

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

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

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

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

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

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

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

( 1 )  F o r c e  t r a n s d u c e r s  t o  m e a s u r e  t h e  f o r c e  g e n e r a t e d  b y  t h e  

d y n a m i c  e x c i t e r s .

50



( 2 )  A c c e l e r o m e t e r s  o n  t h e  w h e e l  s u p p o r t  f i x t u r e s  t o  b e  u s e d  

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

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

( 3 )  D i s p l a c e m e n t  t r a n s d u c e r s  t o  m e a s u r e  g a g e  s p r e a d ,  t r a c k  

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

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

( 4 )  A  p u l s e  t r a n s d u c e r  a n d / o r  e n c o d e r  t o  i n d i c a t e  p o s i t i o n  

a l o n g  t h e  t r a c k .

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

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

i n e r t i a l  r e f e r e n c e  u s i n g  a c c e l e r o m e t e r s ,  o r  r e l a t i v e  t o  s e c t i o n s  o f  t r a c k  o u t ­

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

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

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

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

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

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

a  c h o r d a l  m e a s u r e m e n t  s y s t e m  w i t h  t h e  g e n e r a l  s y s t e m  s h o w n  i n  F i g u r e  1 3  a r e  t o

( 1 )  u s e  t h e  c a r  b o d y  a s  t h e  r e f e r e n c e  c h o r d ,  ( 2 )  i n s t a l l  a n  i n d e p e n d e n t l y  s u s ­

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

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

t h e  a b o v e  s y s t e m s  r e p r e s e n t s  s a t i s f a c t o r y  a c c u r a c y  a t  t h e  l o w e s t  c o s t .
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APPENDIX A

R E Q U I R E M E N T S  F O R  W H E E L - R A I L  S I M U L A T O R

W Y L E  L A B O R A T O R I E S

August 10, 1973

BATTELLE
Columbus Laboratories 
505 King Avenue 
Columbus, Ohio 43201

ATTENTION: M r. R. H. Prause

SUBJECT: Impedance Information for BATTELLE

Dear M r. Prause:

In response to your telephone conversation of July 27, 1973 with R. Coupland 
and^orTthe track impedance data requirements for the track simulation aspects 
of the Wheel/Rail Dynamics Laboratory, we feel that the following list summarizes 
the anticipated requirements.

a) Both phase and amplitude of the input impedance at the 
wheel/rail contact point in the vertical, lateral and longitudinal 
directions, to be obtained at 18-inch intervals for each rail.

b) Both phase and amplitude of the transfer impedance at the w heel/ 
rail contact point, in the vertical, lateral and longitudinal 
directions, to cover the area encompassed by the largest truck 
envisioned (approximately + 10 feet), to be obtained at 18-inch 
intervals for each rail. Both interrail and between rail transfer 
impedances are required.

c) Data is required over distances of the order of 5 miles, and should 
be obtained about every two hundred yards and over a frequency 
range of DC to 100 Hz.

d) While not of immediate concern, it would be useful to have ballast 
point transfer function in addition if these could be obtained with a 
minimum of difficulty and cost.

A-l



M r. R. H. Prause 
Columbus, Ohio

August 10, 1973 
Page 2

I also have attached two figures that should clarify items a) and b) above.

Sincerely,

WYLE LABORATORIES

Advanced Technology 

DB:dc

Attachments
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Input and Transfer Impedance Measurement (Calibration) 
with Each Dynamic Force Direction Applied Separately 
and with a Vertical Static Load Applied at Each of the 
Measurement Points while Stationary



Applied Static Load

Applied Dynamic Excitations 
(Triaxial Input Forces and Responses)

Vertical, Lateral and Longi­
tudinal Response Measurement 
Points

Force-to-Response Transfer 
Functions
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