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N o n u n i f n t m i t i e s  i n  t h e  t i r c / w h e e l  a s s e m b l i e s  of heavy t r u c k s ,  such  a s  mas.: imba lance  o r  peomc?tric r u n o u t ,  
add t o  t h e  r i d e  v i b r a t i n i ~ s  on t h e  road  a t  t h e  r o t a t i o n a l  f requency  o f  t h e  wheel  and harmonics  t h e r e o f .  On- 
the - road  measurements  of  t h e  r i d e  d e g r a d a t i o n  a t t r i b u t a b l e  t o  s p e c i f i c  n o n u n i f o r m i t y  c o n d i t i o n s  a r e  t i m p -  

co~isuming  and d i f f i c u l t  b e c a u s e  of t h e  i n a b i l i t y  t o  c o n t r o l  t h e  i n d i v i d u a l  n o n u n i f o r m i t y  c o n d i t i r r n s .  
A c c o r d i n g l y ,  an exper iment  was performed i n  which a  cab-over -cne inc  t r a c t o r  was mounted on a  h y d r a u l i c  rrrad 
s i m u l a t o r  and e x p o ~ e d  t o  a t y p i c a l  road  r o u e h n e s s  i n p u t ,  t o g e t h e r  w i t h  s i m u l a t e d  t i r e l w h e e l  n n n r ~ n i f o r l n i t y  
i n p u t s  i n  t h e  v e r t i c a l  d i r e c t i o n .  S u b j e c t i v e  r a t i n g s  of  t h e  r i d e  were o b t a i n e d  from a 10-person j u r y  f o r  
10(l t e s t  c o n d i t i o n s  cover in^ d j f f e r e n t  a m p l i t u d e s ,  f r e q u e n c i e s ,  wheel  p o s i t i o n s ,  and c o m b i n a t i o n s  u f  
n o n u n i f o r m i t i e s .  

The j u r v  r a t i n g s  e x h i b i t e d  t h e  g r e a t e s t  s e n s i t i v i t y  t o  second harmonic i n p u t s  a t  tlie r e a r  ax1.e. whereas 
t h e i r  s e n s i t i v i t y  t o  f i r s t  and t h i r d  ha rmonics  were n o m i n a l l y  e q u a l ,  and somewhat lower .  For  i n p u t s  a t  tlie 
f r o n t  a x l e ,  a  s e n s i t i v i t y  t o  v a r i o u s  n o n u n i f o r m i t y  c o m b i n a t i o n s  ( i . e . ,  d i f f e r e n t  ha rmonics  o r  wheel 
p o s i t i o ~ i s )  was sometimes dependen t  on p h a s i n g ;  b u t ,  a s  a  r u l e ,  t h e  r i d e  d e ~ r a d a t i o n  a t  t h e  most c r i t i c a l  
p h a s e  c o n d i t i o n  was nomina l ly  e q u i v a l e l i t  t o  t h e  sum of t h e  d e g r a d a t i o n s  a s s o c i a t e d  w i t h  t h e  i n d i v i d u a l  
nonuni fo rmj  t y  components .  

These  f i n d i n g s  were used  t o  p r e d i c t  t h e  r i d e  d e g r a d a t i o n  a r i s i n g  from t h e  r a d i a l  n o n u n i f o r n ~ i t i e s  i n  t l ~ e  
whee l s  of  t h e  t e s t  t r a c t o r .  The comhined e f f e c t  of  f i r s t -  througfi four th -harmonic  r a d i a l  n o n u n i f o r m i t i e s  
t o t a l e d  a p p r o x i m a t ~ l y  one  p o i n t  on a  0-10 r i d e  s c a l e ,  when f i r s t  harmonics were minimized by b a l a n c i n ~  and 
match mounting.  Untler t h e s e  c o n d l t i n n s ,  t h e  f i r s t  th rough  f o u r t h  h a r m o n i c s ,  r e s p e c t i v e l y .  c o r ~ t r i h r ~ t e  2 0 ,  
3 7 ,  2 3 .  and 1 2  percent e a c h  t o  t h e  t o t a l  r i d e  decremeti t .  

I t  a p p e a r s  t h a t  t h e  h y d r a u l i c  road s i m u l a t o r  i s  an e f f i c i e n t  and v a l i d  method f o r  e v a l u a t i n g  t r u c k  
s e n s i t i v i t y  t o  r a d i a l  n n n u n i f o r m i t y  i n p u t s .  The development  of a  s i m i l n r  methodology f o r  s t i ~ d v i n g  t h e  
e f f e c t s  of  n o n u n i f o r m i t p  e x c i t a t i o n  i n  o t h e r  f o r c e  d i r e c t i o n s  i s  recommended. 
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1. INTRODUCTION 

1.1 Background 

Heavy t r u c k s  and t r a c t o r - t r a i l e r s  used  f o r  t r a n s p o r t i n g  goods must  b e  

d e s i g n e d  f o r  e f f i c i e n c y  and d u r a b i l i t y .  Meet ing  t h e s e  g o a l s  c o n s t r a i n s  de- 

s i g n e r s  i n  t h e i r  e f f o r t s  t o  p r o v i d e  a good r i d e  envi ronment  f o r  t h e  t r u c k  d r i v e r  

A s  a  consequence ,  t h e  U.S. t r u c k  m a n u f a c t u r e r s  a r e  c o n s t a n t l y  s e e k i n g  means 

t o  improve t r u c k  r i d e  q u a l i t y  c o n s i s t e n t  w i t h  t h e  t r u c k ' s  p r imary  m i s s i o n .  

V e h i c l e  v i b r a t i o n s ,  t h e  p r imary  i n g r e d i e n t  i n  r i d e  q u a l i t y ,  a r e  caused  by 

t h e  combina t ion  o f  r o a d  roughness  and v i b r a t i o n  s o u r c e s  on-board t h e  v e h i c l e .  

Of t h e  on-board s o u r c e s ,  n o n u n i f o r m i t i e s  ( i m b a l a n c e s ,  r u n o u t s ,  e t c . )  i n  

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

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

( h a r m o n i c s ) .  E s p e c i a l l y  on  smooth r o a d s ,  t h e  t i r e / w h e e l  e x c i t a t i o n s  may 

become more n o t i c e a b l e  and p e r c e p t i b l e  as a  c a u s e  of r i d e  d e g r a d a t i o n .  

I n  1979 ,  t h e  Motor V e h i c l e  M a n u f a c t u r e r s  A s s o c i a t i o n  (I4IsMA), r e p r e -  

s e n t i n g  t h e  common i n t e r e s t s  o f  t h e  U.S. t r u c k  m a n u f a c t u r e r s  and t i r e  

m a n u f a c t u r e r s ,  i n i t i a t e d  a  r e s e a r c h  program a t  t h e  Highway S a f e t y  Resea rch  

I n s t i t u t e  (HSRI) a t  The U n i v e r s i t y  of  Michigan t o  i n v e s t i g a t e  t h e  t r u c k  

r i d e  e f f e c t s  r e s u l t i n g  f rom t i r e / w h e e l  i n p u t s .  The r e s e a r c h  program,  

e n t i t l e d  t h e  " l r u c k  T i r e IWhee l  Systems Resea rch  Program," was o r g a n i z e d  i n t o  

two c o n c u r r e n t  p h a s e s .  

-Phase  I i s  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  of t h e  c y c l i c  f o r c e  v a r i a -  

t i o n s  produced by t r u c k  t i r e / w h e e l  a s s e m b l i e s  on a t i r e  u n i f o r m i t y  t e s t  

machine t o  r e l a t e  them t o  s p e c i f i c  n o n u n i f o r m i t i e s  i n  each  of  t h e  r o t a t i n g  

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

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

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

-Phase  I1 l o o k s  a t  how f o r c e  v a r i a t i o n s  on t h e  whee l s  o f  a  heavy 

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

t i o n s  and harmonics  a r e  most c r i t i c a l .  

T h i s  r e p o r t  documents t h e  f i n d i n g s  o b t a i n e d  i n  t h e  Phase  I1 

p r o j e c t .  



Problem Statement 

The p r o j e c t  purpose a s  o r i g i n a l l y  de f ined  was t o  " . . . c o n d u c t  a  P i l o t  

Program w i t h  one t e s t  v e h i c l e  t o  develop and v a l i d a t e  methodology f o r  

q u a n t i f y i n g  t h e  r i d e  degrada t ion  r e s u l t i n g  from c y c l i c  f o r c e  i n p u t  a t  each 

wheel l o c a t i o n  by o b t a i n i n g  ju ry  e v a l u a t i o n  of t h e  t e s t  v e h i c l e ' s  r i d e  

c h a r a c t e r i s t i c s  on a  smooth road under c l o s e l y  c o n t r o l l e d  c o n d i t i o n s  of 

wheel nonuniformity i n p u t .  " 

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

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

always p r e s e n t  i n  complex combinations adding t o  an e x i s t i n g  v i b r a t i o n  

environment a t t r i b u t a b l e  t o  t h e  road .  Their  s i g n i f i c a n c e  i s  f u r t h e r  depen- 

den t  on: 

-The v e h i c l e ' s  r espons iveness  i n  t r a n s m i t t i n g  t h a t  e x c i t a t i o n  t o  

t h e  cab (which v a r i e s  w i t h  wheel p o s i t i o n ,  f o r c e  d i r e c t i o n ,  

ampl i tude and f requency)  . 

-The s e n s i t i v i t y  of t h e  r i d e r  t o  s p e c i f i c  ampl i tudes ,  f r e q u e n c i e s ,  

and d i r e c t i o n s  of v i b r a t i o n s .  

-The confounding e f f e c t s  of m u l t i p l e  e x c i t a t i o n s  from t h e  road ,  

wheels ,  and o t h e r  s o u r c e s ,  on both  t h e  v e h i c l e  respons iveness  

and r i d e r  s e n s i t i v i t y .  

Any s y s t e m a t i c  a t t empt  t o  measure and c h a r a c t e r i z e  such r i d e  degra- 

d a t i o n  e f f e c t s  c o n f r o n t s  two problem a r e a s .  F i r s t ,  t h e  performance measure 

( r i d e ) ,  which u l t i m a t e l y  must be r e l a t e d  back through t h e  v e h i c l e  t o  ind i -  

v i d u a l  wheel n o n u n i f o r m i t i e s ,  i s  s u b j e c t i v e .  S u b j e c t i v e  measures a r e  

n o t o r i o u s l y  imprec i se  due t o  t h e  l a r g e  magnitudes of random e r r o r  t h a t  occur .  

I n  o r d e r  t o  e x t r a c t  a cause-e f fec t  r e l a t i o n s h i p  from d a t a  which a r e  so 

imprec i se ,  l a r g e  numbers of t e s t s  a r e  r e q u i r e d  t o  o b t a i n  a  s t a t i s t i c a l l y  

s i g n i f i c a n t  sample. Second, a c t u a l  nonuniformity  c o n d i t i o n s  on a  t e s t  

v e h i c l e  a r e  d i f f i c u l t  t o  c o n t r o l  w i t h  much p r e c i s i o n .  "Per fec t "  t i r e / w h e e l  

a ssembl ies  a r e  n o t  a v a i l a b l e  a s  a  base  from which t o  s t a r t ,  t h e r e f o r e  " r e a l "  

assembl ies  must be used.  I n  t h a t  c a s e ,  t h e  nonuniformity  e x c i t a t i o n s  pre- 

s e n t  on a  t r u c k  w i l l  va ry  wi th  t ime i n  an  u n c o n t r o l l a b l e  f a s h i o n  a s  t h e  

wheels phase r e l a t i v e  t o  each o t h e r  whi le  on t h e  road.  E s p e c i a l l y  i n  t h e  



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

problem s e v e r e l y  c o m p l i c a t e s  road  t e s t  methods.  

T h e r e f o r e ,  t h e  f i r s t  p r i o r i t y  i n  t h i s  s t u d y  i s  t o  e s t a b l i s h  a  method- 

o l o g y  by which t h e  i n f l u e n c e  of i n d i v i d u a l  n o n u n i f o r m i t i e s  on a r i d e  r a t i n g  

c a n  be  a s s e s s e d .  The second p r i o r i t y  i s  t o  o b t a i n  a p p r o p r i a t e  measurements  

on a  t y p i c a l  v e h i c l e ,  b o t h  t o  v a l i d a t e  t h e  methodology and a s  a  s t a r t  toward 

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

nonun i f  o rmi ty  i n p u t s .  

1 . 3  Approach and Method 

I n  view of  t h e  above-mentioned p rob lems ,  i t  became c l e a r  t h a t  a n  

i n n o v a t i v e  method would b e  n e c e s s a r y  t o  o b t a i n  a  p r e c i s e  c a u s e - e f f e c t  

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

r a t i n g .  I n  a d d i t i o n  t o  on-road t e s t i n g ,  a  r e s e a r c h  method based  on r i d e  

d e g r a d a t i o n  measurements  per formed on  a  h y d r a u l i c  road  s i m u l a t o r  was pro-  

posed and used .  On t h e  a s sumpt ion  t h a t  t h e  smooth road  r i d e  c o n d i t i o n s  

c o u l d  be  v a l i d l y  r e p l i c a t e d  on a  road  s i m u l a t o r ,  t h e  s i m u l a t o r  was s e e n  a s  

a  v i a b l e  means by which t o  supe r impose  l a r g e  numbers of  n o n u n i f o r m i t y  con- 

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

f r e q u e n c i e s ,  wheel  p o s i t i o n s ,  p h a s i n g s ,  o r  combina t ions  t h e r e o f .  Ride  con- 

d i t i o n s  of  i n t e r e s t  can  be  c r e a t e d  i n  an  e f f i c i e n t  manner on t h e  s i m u l a t o r ,  

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

t i m e  f r ame  t h a t  w i l l  n o t  p roduce  confounding  e f f e c t s  o f  l e a r n i n g  o r  f a t i g u e .  

F u r t h e r ,  t h e  r a t e r s  w i l l  be  f r e e  o f  b i a s  a s s o c i a t e d  w i t h  knowledge of  t h e  

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

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

t a s k s  : 

1. B a s e l i n e  On-Road T e s t s  - I n  o r d e r  t o  e s t a b l i s h  a  b a s e l i n e  r e f e r -  

e n c e  c o n d i t i o n  f o r  t h e  l a b o r a t o r y  tests  per formed on a  h y d r a u l i c  road  

s i m u l a t o r ,  on-road t e s t s  were  f i r s t  conduc ted .  The v e h i c l e  was i n s t r u m e n t e d  

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

o v e r  a  smooth r o a d  s e c t i o n .  The v e h i c l e  was r a t e d  under  t h e  same c o n d i t i o n s  

f o r  i t s  r i d e  c h a r a c t e r i s t i c s  by a p a n e l  of  1 0  e x p e r i e n c e d  e n g i n e e r s  from 

i n d u s t r y .  



2 .  Hydraulic-Road-Simulator  T e s t s  - The p r o f i l e  of t h e  smooth road  

t e s t  s e c t i o n  was measured and r eco rded  on magne t i c  t a p e  f o r  i n p u t  a s  t h e  

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

S i n e  waves were  s e l e c t i v e l y  added t o  t h e  road  p r o f i l e  t o  r e p l i c a t e  t i r e /  

wheel  r a d i a l  n o n u n i f o r m i t i e s  on t h e  s i m u l a t o r .  One hundred test  c o n d i t i o n s  

r e p r e s e n t i n g  d i f f e r e n t  nonun i fo rmi ty  a m p l i t u d e s ,  f r e q u e n c i e s ,  wheel  pos i -  

t i o n s ,  p h a s i n g s ,  and combina t ions  were  g e n e r a t e d .  The r a t i n g  j u r y  were  

s e a t e d  i n  t h e  v e h i c l e  w h i l e  on t h e  s i m u l a t o r ,  and asked t o  e v a l u a t e  t h e  r i d e  

under each  of  t h e  100  c o n d i t i o n s .  The o v e r a l l  changes  i n  t h e  r a t i n g s  were 

t h e n  ana lyzed  t o  de t e rmine  t h e  t h r e s h o l d s  a t  which r i d e  d e g r a d a t i o n  began 

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

n o n u n i f o r m i t y  ampl i tudes .  

3.  Ine r t ance / Impedance  T e s t s  - I n  o r d e r  t o  r e l a t e  t h e  s i n e  wave non- 

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

t i r e / w h e e l  a s sembly ,  t h e  dynamic p r o p e r t i e s  of t h e  t i r e ,  whee l ,  and v e h i c l e  

must  b e  known. I n e r t a n c e / i m p e d a n c e  tests were  conducted i n  a n  e f f o r t  t o  

de t e rmine  t h e  dynamic s e n s i t i v i t i e s  of  t h e  t e s t  v e h i c l e ,  s o  t h a t  t h e  r i d e  

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

t h a n  v e r t i c a l ,  

1 . 4  Repor t  O r g a n i z a t i o n  

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

above.  Emphasis i s  g i v e n  i n  t h e  r e p o r t  t o  a n  a s ses smen t  of  t h e  meaning and 

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

comparable t e s t s  on o t h e r  v e h i c l e s  i n  t h e  f u t u r e .  Chapter  2 documents t h e  

t e s t  methods used  i n  each  of t h e  t h r e e  r e s e a r c h  t a s k s .  Chapter  3 p r e s e n t s  

a  t e c h n i c a l  e x p l a n a t i o n  o f  t r u c k  r i d e  v i b r a t i o n  and how t i r e / w h e e l  nonuni-  

f o r m i t i e s  c o n t r i b u t e  t o  t h a t  v i b r a t i o n  u s i n g  e n g i n e e r i n g  models  t o  cha rac -  

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

l e v e l s  of t i r e l w h e e l  e x c i t a t i o n  a r e  p r e s e n t e d  i n  Chap te r  4 .  Conclus ions  and 

recommendations from t h e  p r o j e c t  a r e  p r e s e n t e d  i n  Chapter  5.  The d e t a i l e d  

r e s u l t s  from t h e  h y d r a u l i c  r o a d  s i m u l a t o r  t e s t s  a r e  i n c l u d e d  i n  Appendix A .  



2 .  TESTING METHODOLOGY 

2 . 1  Techn ica l  I n t r o d u c t i o n  

The r e s e a r c h  o b j e c t i v e  of  measuring t r u c k  r i d e  decrement due t o  t i r e /  

wheel n o n u n i f o r m i t i e s  i s  n o t  e n t i r e l y  wi thou t  p r e c e d e n t .  Within  t h e  v e h i c l e  

and t i r e  manufactur ing i n d u s t r i e s ,  accep tance  c r i t e r i a  f o r  mass imbalance 

and v a r i o u s  t i r e  f o r c e  p r o p e r t i e s  have been based on exper imenta l  t e s t s  

u s i n g  s u b j e c t i v e  r a t i n g s  a s  t h e  performance measure [ 2 ] .  T y p i c a l l y ,  t e s t  

v e h i c l e s  w i l l  be s e t  up w i t h  v a r i o u s  known l e v e l s  of a  g iven t e s t  c o n d i t i o n  

and d r i v e n  on-road f o r  t h e  e v a l u a t i o n .  I n  t h e  c a s e  of t i r e  b a l a n c e ,  f o r  

example, t h e  v e h i c l e  can be s e t  up w i t h  one wheel a t  a  known imbalance and 

a l l  o t h e r s  ba lanced .  Thence t h e  v e h i c l e  w i l l  be  d r i v e n  a t  v a r i o u s  speeds  

over  d i f f e r e n t  road courses  t o  complete t h e  e v a l u a t i o n .  

I n  t h i s  s t u d y ,  a  more p r e c i s e  l o o k  a t  t h e  e f f e c t s  of t i r e l w h e e l  non- 

u n i f o r m i t y  i s  r e q u i r e d .  The scope  of t h e  TireIWheel Systems Research 

Program i n c l u d e s  t h e  f u l l  b r e a d t h  of t i r e  and wheel n o n u n i f o r m i t i e s ,  inc lud-  

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

I n  g e n e r a l ,  t h e  magnitude of t h e  f i r s t  harmonic of t h e  nonuniform f o r c e  pro- 

duced by t i r e l w h e e l  a s sembl ies  can be  c o n t r o l l e d  a r b i t r a r i l y  by s c r e e n i n g ,  

match mounting of t h e  t i r e  and wheel ,  b a l a n c i n g  o r  even t i r e  g r i n d i n g .  

However, technology i s  n o t  a v a i l a b l e  t o  r e a d i l y  c o n t r o l  h i g h e r  o r d e r  non- 

u n i f o r m i t i e s .  The d e s i g n  of a  r e s e a r c h  methodology whereby a  r a t e r  can be  

g iven  c o n t r o l l e d  exposure  t o  h i g h e r  o r d e r  harmonics i n  an  a c t u a l  on-road t e s t  

s e t t i n g  does n o t  e x i s t .  To meet t h i s  need,  a  t e s t  method employing a  h y d r a u l i c  

road  s i m u l a t o r  was conceived.  Modern s i m u l a t o r s  a r e  capab le  of r e p l i c a t i n g  

road p r o f i l e  i n p u t s  t o  f r e q u e n c i e s  w e l l  over  30 H z .  They a r e  l i m i t e d ,  

however, by t h e i r  i n a b i l i t y  t o  r e p l i c a t e  (1) t i r e  envelopment phenomena and 

( 2 )  t h e  s t i f f n e s s  changes i n  t h e  r o l l i n g  t i r e .  The r a d i a l  ( v e r t i c a l )  exci -  

t a t i o n  e q u i v a l e n t  t o  runou t  of t h e  t i r e l w h e e l  assembly can be  r e a d i l y  

d u p l i c a t e d  on t h e  s i m u l a t o r  by t h e  a d d i t i o n  of s i n e  waves t o  t h e  p r o f i l e ,  

t h e  f requency of  which de te rmines  t h e  harmonic. However, i n  t h i s  s e t t i n g ,  

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

c u l a r ,  t h e  r a t e r  e x p e r i e n c e s  a  d i f f e r e n t  n o i s e  environment and l a c k s  t h e  

d i s t r a c t i o n  normal ly  a s s o c i a t e d  w i t h  t h e  d r i v i n g  t a s k .  Hence, i t  would be 

expected t h a t  s u b j e c t i v e  r a t i n g s  i n  t h e  l a b o r a t o r y  w i l l  have a  b i a s  e r r o r  



when compared t o  t h e  road .  Inasmuch as t h e  r e s e a r c h  o b j e c t i v e  i s  t o  

measure  " r i d e  d e g r a d a t i o n , "  a  b i a s  e r r o r  does  n o t  i n v a l i d a t e  t h e  s i m u l a t o r  

method. R a t h e r ,  one might  e x p e c t  t h e  b a s e l i n e  measures  i n  t h e  l a b o r a t o r y  

t o  b e  o f f s e t  from t h a t  o b t a i n e d  on t h e  r o a d ,  b u t  t h e  t h r e s h o l d s  a t  which 

d e g r a d a t i o n  b e g i n s  and t h e  r a t e  a t  which i t  p roceeds  a r e  n o t  as l i k e l y  t o  

d i f f e r  from t h a t  which would be  o b t a i n e d  f rom c o n s i d e r e d  judgments on t h e  

r o a d .  

I n  o r d e r  t o  answer t h e  r e s e a r c h  o b j e c t i v e s ,  road  s i m u l a t o r  t e s t s  

a l o n e  a r e  n o t  s u f f i c i e n t .  The major  sho r t coming  is  t h a t  o n l y  r a d i a l  (ve r -  

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

v i b r a t i o n  l e v e l s  i n  o t h e r  d i r e c t i o n s  r e s u l t  f rom j u s t  t h e  v e r t i c a l  i n p u t ) .  

To c o r r e c t  t h i s  d e f i c i e n c y ,  s e p a r a t e  tests were conducted  t o  i n v e s t i g a t e  

v e h i c l e  s e n s i t i v i t y  t o  l o n g i t u d i n a l  e x c i t a t i o n  a t  t h e  whee l s .  These t e s t s ,  

i . e . ,  t h e  i n e r t a n c e / i m p e d a n c e  t e s t s ,  a r e  c a p a b l e  of q u a n t i f y i n g  t h e  wheel- 

input/acceleration-output r e l a t i o n s h i p ;  b u t  t h e  subsequen t  r e l a t i o n s h i p  t o  

r i d e  d e g r a d a t i o n  must b e  o b t a i n e d  th rough  supp lemen ta ry  a n a l y s i s .  A d d i t i o n a l  

m o t i v a t i o n  e x i s t e d  f o r  conduc t ing  t h e  i n e r t a n c e / i m p e d a n c e  t e s t s  o u t  of  t h e  

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

i n p u t s  d i r e c t l y .  The measured i n e r t a n c e ,  r e f l e c t i n g  t h e  whee l - fo rce - inpu t  

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

t i v i t y ,  

F i n a l l y ,  on-road tests were performed t o  e s t a b l i s h  r e f e r e n c e  condi-  

t i o n s  f o r  t h e  l a b o r a t o r y  tests.  As a  compar ison  p o i n t  f o r  t h e  s u b j e c t i v e  

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

o b t a i n e d  on t h e  r o a d  u s i n g  b a s i c a l l y  t h e  same j u r y .  I n  a d d i t i o n ,  t h e  v i b r a -  

t i o n  c o n d i t i o n s  on  t h e  r o a d  were  measured f o r  compar ison  t o  t h o s e  ach ieved  

on t h e  road  s i m u l a t o r  a s  a  means of v e r i f y i n g  t h a t  t h e  s i m u l a t o r  c o n d i t i o n s  

r e a s o n a b l y  approx ima te  t h e  s i t u a t i o n  on t h e  road .  

2 . 2  T e s t  V e h i c l e  D e s c r i p t i o n  

Because t h e  f i r s t  p r i o r i t y  i n  t h e  p r o j e c t  was t h e  development of 

methodology,  t h e  test  v e h i c l e  was s e l e c t e d  more f o r  convenience  i n  t e s t i n g ,  

r a t h e r  t h a n  on t h e  b a s i s  t h a t  i t  r e p r e s e n t s  t h e  mean of t h e  road  t r a c t o r  

p o p u l a t i o n .  "Convenience i n  t e s t i n g "  t r a n s l a t e s  i n t o  t h r e e  r e q u i r e m e n t s :  



1 )  Two-axle t r a c t o r  - The c h o i c e  of a  two-axle t r a c t o r  s i m p l i f i e s  

t h e  t e s t  method because  on ly  f o u r  i n p u t  p o i n t s  a r e  r e q u i r e d .  With t h e  

popu la r  t h r e e - a x l e  t r a c t o r ,  s i x  i n p u t  p o i n t s  e x i s t ,  which would add t o  t h e  

t e s t  and d a t a  r e d u c t i o n  e f f o r t .  

2) S l e e p e r  cab - A s l e e p e r  cab f a c i l i t a t e s  i n s t a l l a t i o n  of r i d e  

measurement i n s t r u m e n t a t i o n  i n  a  p r o t e c t e d  environment.  

3 )  Axles - I n  o r d e r  t o  measure and a d j u s t  t h e  nonuniformitp  l e v e l s  

a t  each wheel p o s i t i o n ,  t h e  Rockwell FF931 f r o n t  a x l e  and Rockwell R-170 

r e a r  a x l e  were r e q u i r e d .  The t i r e  un i fo rmi ty  t e s t  machine be ing  used i n  

t h e  Phase  I s t u d y  a c c e p t s  t h e s e  a x l e  end c o n f i g u r a t i o n s .  T h e r e f o r e ,  by 

s p e c i f y i n g  t h e s e  a x l e s ,  t h e  e n t i r e  t i r e l w h e e l  assembly mounted on t h e  t e s t  

v e h i c l e  could be  i n s t a l l e d  on t h e  u n i f o r m i t y  t e s t  machine t o  s e t  up and 

measure t h e  nonun i fo rmi ty  l e v e l s .  

A 1980 GMC cab-over-engine (COE) t r a c t o r  was provided by General  

Motors Truck and Coach on a  l o a n  b a s i s  f o r  t h e  program. S i m i l a r l y ,  a  45- 

f o o t  van t r a i l e r  was loaned by t h e  Fruehauf Corpora t ion .  A photograph of 

t h e  t e s t  v e h i c l e  i s  provided i n  F i g u r e  1. The t r a c t o r  i s  1 4 2  inches  i n  

whee lbase ,  w i t h  an 86-inch aluminum s l e e p e r  cab.  The f r o n t  a x l e  h a s  a  

10,860- lb  g r o s s  a x l e  weight  r a t i n g  w i t h  54-inch t a p e r  l e a f  s p r i n g s  and 

shock a b s o r b e r s .  The r e a r  a x l e  i s  r a t e d  a t  19 ,040  l b s  and h a s  a  51-inch 

f l a t  l e a f  suspens ion  w i t h  a u x i l i a r y  s p r i n g s .  The t i r e s  a r e  of b ias -p ly  

c o n s t r u c t i o n ,  s i z e  1 0 . 0 0 ~ 2 0 ,  l o a d  range F .  The a i r -suspended d r i v e r ' s  s e a t  

i n  t h e  t r a c t o r  i s  a  Cush-N-Aire Exec 95 manufactured by t h e  N a t i o n a l  S e a t i n g  

Company of Mansf ie ld ,  Ohio. 

The 45-foot Fruehauf van s e m i t r a i l e r  has  a  tandem a x l e  i n c o r p o r a t i n g  

t h r e e  40-inch t a p e r  l e a f s  a t  each wheel p o s i t i o n  w i t h  e q u a l i z a t i o n  between 

a x l e s .  

The s l i d i n g  f i f t h  wheel  of t h e  t r a c t o r  was placed s i x  i n c h e s  forward 

of t h e  c e n t e r  of t h e  r e a r  suspens ion .  The combination v e h i c l e  was loaded 

w i t h  s t e e l  b a l l a s t  f o r  t h e  t e s t i n g .  The l o a d  was c o n c e n t r a t e d  over  t h e  king- 

p i n  and t r a i l e r  tandem t o  y i e l d  t h e  f o l l o w i n g  a x l e  l o a d  c o n d i t i o n s :  









Axle Load - 
Trac tor  f r o n t  9,200 l b  

Tractor  r e a r  17,300 l b  

T r a i l e r  tandem 26,500 l b  

(This veh ic l e  was a l s o  used i n  a  t ruck  r i d e  t e s t  program conducted 

f o r  the Federal Highway Administrat ion i n  the  p ro j ec t  e n t i t l e d  "Measurement 

of Truck Ride Qual i ty"  [31. In  t h a t  program, the  t ruck v i b r a t i o n  l e v e l s  were 

r e l a t e d  t o  road roughness l e v e l s  on t en  d i f f e r e n t  road s i t e s .  The r epor t  

i s  a v a i l a b l e  through NTIS t o  the i n t e r e s t e d  r eade r . )  

2 . 3  On-Road Test Program Descript ion 

The purpose of t h e  on-road t e s t i n g  was twofol&to ob ta in  v ib ra t ion  

measurements cha rac t e r i z ing  the t ruck  i n  t he  smooth-road r i d e  condi t ion ,  and 

t o  ob ta in  a  ju ry  eva lua t ion  of t he  v e h i c l e ' s  r i d e  under t he  same condi t ions .  

Two s e r i e s  of road t e s t s  were conducted. In  t h e  f i r s t  s e r i e s ,  a  con t ro l l ed  

nonuniformity condit ion was s e t  up on the  l e f t - f r o n t  wheel while t h e  o ther  

t h ree  wheels were dressed t o  minimize imbalance and f i r s t  harmonic r a d i a l  

fo rce  v a r i a t i o n s .  Comprehensive v i b r a t i o n  measurements were made a t  f i v e  

speeds on the  smooth road s e c t i o n ,  and sub jec t ive  r a t i n g s  by a  jury of ten  

engineers  were obtained a t  the  speed of 55 mph. The companion t e s t s  f o r  

the  FmA were a l s o  performed i n  the  same time frame. A t  MTA's r eques t ,  a  

second s e r i e s  of t e s t s  on the  same road sec t ion  were conducted toward t h e  end 

of t he  p r o j e c t  t o  develop maps of t he  r i d e  v i b r a t i o n  spectrum experienced on 

t h i s  t r a c t o r .  To produce these  " spec t r a l  maps," t e s t s  were performed a t  11 

speeds over the range of 30 t o  55 mph with cont ro l led  nonuniformity condit ions 

introduced on the l e f t - f r o n t  and l e f t - r e a r  wheels. 

In  the f i r s t  s e r i e s  of t e s t s ,  the t r a c t o r  was instrumented with 

accelerometers  on the  cab, c h a s s i s ,  and a x l e s ,  toge ther  with necessary s i g n a l  

condi t ioning and recording equipment. The accelerometer l oca t ions  a r e  

i l l u s t r a t e d  i n  Figure 2 .  

Five accelerometers  were placed i n  t he  cab t o  measure s e a t  v e r t i c a l  

and f o r e l a f t  v i b r a t i o n s ,  cab f l o o r  v e r t i c a l  a t  t he  forward and a f t  p o s i t i o n s ,  

and cab f l o o r  f o r e l a f t .  The s e a t  accelerometers  were +5 g  p i e z o r e s i s t i v e  - 
u n i t s  mounted i n  an SAE J1013 s e a t  i n t e r f a c e  pad, borrowed from the  FHWA. 



Figure 2. Accelerometer locations on the test tractor. 



The cab f l o o r  accelerometers  were Entran p i e z o r e s i s t i v e  strain-gauge types 

(+lo - g  range, 150 Hz bandwidth) obtained from the  S T 1  Ride Qual i ty  In s t ru -  

mentation Package [ 4 ] .  

Three accelerometers  were placed on the  t r a c t o r  frame t o  measure frame 

v e r t i c a l  v i b r a t i o n s  above the  f r o n t  and r e a r  a x l e s ,  and the frame f o r e / a f t  

v i b r a t i o n s .  Likewise, accelerometers  were placed on the  ax les  to  measure 

the  v e r t i c a l  and f o r e / a f t  v ib ra t ions  of the  f r o n t  ax l e  and the  v e r t i c a l  

v i b r a t i o n s  on the  r e a r  ax l e .  Each of t hese  accelerometers was a  Schaevitz 

+10 g  servo type.  - 

In  t he  second s e r i e s  of t e s t s ,  a  reduced instrumentat ion package was 

used. The t h r e e  accelerometers  mounted on the  cab f l o o r  were replaced with 

two Schaevi tz  10-g servo accelerometers t o  measure v e r t i c a l  and f o r e l a f t  

v i b r a t i o n s ,  r e spec t ive ly .  The accelerometers mounted on the  frame and ax le  

were de l e t ed .  

I n  a l l  t e s t s ,  t he  accelerometer ou tputs  were connected t o  an FM 

magnetic tape  recorder  through an HSRI  general-purpose a m p l i f i e r / c o n t r o l l e r .  

The a m p l i f i e r / c o n t r o l l e r  allows convenient r e sca l ing  of the accelerometer 

s i g n a l s  fo r  d i f f e r e n t  t e s t  condi t ions ,  and provides 2 con t ro l  s i g n a l  indi-  

ca t ing  t e s t  s t a t u s ,  along with c a l i b r a t i o n  re ference  vo l t ages .  The s i g n a l s  

were recorded i n  analog format on a  Honeywell 5600C FM magnetic tape recorder  

using the  I R I G  Intermediate  Band a t  1-718 inches per  second (3.375k Hz 

center  frequency) which provides 0-625 Hz bandwidth with b e t t e r  than 40 db 

dynamic range. Test i d e n t i f i c a t i o n  was entered on the  voice t r a c k  of t he  

tape  recorder .  

The recorded da ta  were processed i n  the  H S R I  l abora tory  using e i t h e r  

t he  u n i v e r s i t y ' s  computer system o r  a  Hewlett-Packard Model 35828 spectrum 

analyzer  t o  ob ta in  the  a c c e l e r a t i o n  spec t r a  shown throughout t h i s  r epo r t .  

I n  order  to  obta in  the  most repea tab le  t e s t  condi t ions  poss ib l e ,  each 

wheel of the  t e s t  t r a c t o r  was s e t  up t o  a  cont ro l led  nonuniformity input  

condi t ion .  For t he  f i r s t  t e s t  s e r i e s ,  the  ob jec t ive  was t o  minimize the  

nonuniformity condi t ions  a t  a l l  wheels,  except the l e f t - f r o n t  wheel which 



was t o ' b e  l e f t  a t  a t y p i c a l  c o n d i t i o n .  I n  t h i s  way, t h e  v e h i c l e  would have  

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

coming from o n l y  one whee l ,  i t  would be  l e s s  v a r i a b l e  due t o  t h e  random 

p h a s i n g  no rma l ly  o b t a i n e d  w i t h  a  mu l t ip l e -whee l  i n p u t .  Each of t h e  wheels  

o f  t h e  t r a c t o r  were  removed a t  t h e  b e a r i n g s  and t h e  e n t i r e  wheel  assembly  

was i n s t a l l e d  on t h e  MTS T i r e  Un i fo rmi ty  T e s t  Machine b e i n g  used  i n  t h e  

Phase  I s t u d y .  The i n d i v i d u a l  whee l s  were  set t o  t h e  nonun i fo rmi ty  c o n d i t i o n s  

summarized i n  Tab le  1. 

T a b l e  1. Summary o f  T r a c t o r  Wheel Nonuni formi ty  
C o n d i t i o n s  f o r  t h e  F i r s t  S e r i e s  o f  T e s t s .  

Nonuni formi ty  
TJT e  

R i g h t  L e f t  R igh t  
F r o n t  Rear Rear 

R a d i a l  2nd Harmonic i 35.9  
27.2 36 .8  56.4 

I 

R a d i a l  3rd  Harmonic i 36.7 20.4 29 .7  8 . 5  

R a d i a l  4 t h  Harmonic 1 1 2 . 9  30 .1  22 .3  1 9 . 6  

R a d i a l  5 t h  Harmonic 1 1 3 . 7  11.1 1 5 . 3  1 0 . 0  

Balance  

R a d i a l  1st Harmonic* 

Q a d i a l  harmonic magni tudes  measured on T i r e  Un i fo rmi ty  
T e s t  Machine a t  5  mph 

(7 in-oz <2 in-oz ~ 3 3  in-oz (7 in-oz 

184 .5  l b  44 .3  l b  30 .4  l b  63 .3  l b  

The smooth-road test  s i t e  was s e l e c t e d  t o  be t h e  s e c t i o n  o f  US Route 

I 9 4  r u n n i n g  eas tbound  j u s t  s o u t h  of  Ann Arbor ,  Michigan  between m i l e p o s t s  

180  and 182.  The s i t e  i s  a b i tuminous  a s p h a l t  s u r f a c e  which had been  i d e n t i -  

f i e d  i n  p r e v i o u s  H S R I  r e s e a r c h  on road  roughness  [ 5 ] .  By s p e c i a l  a r r angemen t ,  

t h e  e l e v a t i o n  p r o f i l e s  o f  t h e  road  s e c t i o n  were  measured by t h e  l a t e s t  d i g i t a l  

v e r s i o n  of  t h e  GMR-type i n e r t i a l  p r o f i l o m e t e r  b u i l t  by K . J .  Law E n g i n e e r s ,  

I n c .  of  Fa rming ton ,  Michigan .  The p r o f i l o m e t e r  i s  a  van-mounted i n s t r u m e n t a -  

t i o n  sys t em t h a t  r u n s  ove r  t h e  highway s e c t i o n  a t  normal  t r a f f i c  speeds  

measu r ing  t h e  v e r t i c a l  e l e v a t i o n  of  t h e  road  s u r f a c e  i n  t h e  l e f t  and r i g h t  

wheel  t r a c k s .  The " p r o f i l e 1 '  t h a t  i s  r e c o r d e d  i s  a n  a c c u r a t e  r e p r e s e n t a t i o n  



of t h e  road  o v e r  t h e  r a n g e  of  wave leng ths  which i n f l u e n c e  v e h i c l e  r i d e .  

F i g u r e  3 shows t h e  p r o f i l e  e l e v a t i o n  spec t rum o b t a i n e d  f o r  t h e  I 9 4  t e s t  

s i t e .  The r e c o r d e d  p r o f i l e s  were  p r o c e s s e d  by HSRI t o  p r e p a r e  l e f t  and 

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

s i m u l a t o r  a t  I n t e r n a t i o n a l  H a r v e s t e r  Company. 

Fo r  t h e  b a s e l i n e  r i d e  e v a l u a t i o n  of t h e  GMC t r a c t o r ,  a  j u r y  of  t e n  

e x p e r i e n c e d  r i d e  e n g i n e e r s  was s e l e c t e d .  These t e n  were  compr ised  of  e i g h t  

e n g i n e e r s  from t h e  MYMA member company t r u c k  m a n u f a c t u r e r s ,  p l u s  a r e p r e -  

s e n t a t i v e  from t h e  MVMA, and t h e  a u t h o r .  The s u b j e c t i v e  r a t i n g  form shown 

i n  F i g u r e  4 was used .  The form was d e s i g n e d  w i t h  t h e  a s s i s t a n c e  of  HSRI's 

Human F a c t o r s  D i v i s i o n  s t a f f  e x p e r i e n c e d  i n  t h e  s u b j e c t i v e  r a t i n g  p r o c e s s .  

I n  t h e  d e s i g n ,  t h e  s u b j e c t i v e  r a t i n g  form deve loped  by Human F a c t o r s  

Resea rch  (HFR) f o r  t h e  MVMA Truck R ide  Q u a l i t y  Demons t r a t ion  [ 6 ]  was con- 

s i d e r e d ,  b u t  deemed i n a p p r o p r i a t e .  The ma jo r  changes  r e f l e c t e d  i n  t h e  HSRI 

c h o i c e  of  a  r a t i n g  form were :  

1 )  A s u b j e c t i v e  r a t i n g  of  " a c c e p t a b i l i t y "  i s  a  more f a m i l i a r  

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

t h a n  " t o l e r a n c e "  a s  used  by HFR w i t h  t y p i c a l  t r u c k  d r i v e r s .  

2 )  An 1 1 - p o i n t ,  r a t h e r  t h a n  a n  1 1 - i n t e r v a l ,  s c a l e  i s  u s e d .  

3) The s c a l e  i s  b a l a n c e d  a b o u t  a midpo in t  boundary be tween 

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

t a g s  s e l e c t e d  t o  p r o v i d e  a nomina l ly  l i n e a r  s c a l e  between 

wel l -anchored  end p o i n t s .  

I n  t h e  on-road t e s t s ,  t h e  s u b j e c t i v e  r a t i n g  form was used  t o  r a t e  

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

on t h e  smooth road  a t  55 mph. The same form was used  f o r  t h e  s u b j e c t i v e  

r a t i n g s  on t h e  I H C  h y d r a u l i c  road  s i m u l a t o r  w i t h  t h e  a d d i t i o n  of r a t i n g s  

f o r  s e a t  l a t e r a l  v i b r a t i o n  and "cab shake" modes. 

2 . 4  H y d r a u l i c  Road S i m u l a t o r  T e s t  

The I n t e r n a t i o n a l  H a r v e s t e r  Company Truck E n g i n e e r i n g  Cen te r  i n  F o r t  

Wayne, I n d i a n a  m a i n t a i n s  a  h y d r a u l i c  road  s i m u l a t o r  f a c i l i t y  accommodating 

t r u c k s  w i t h  up t o  s i x  wheel  p o s i t i o n s .  The s i m u l a t o r  was manufac tu red  by 

MTS Sys tems ,  I n c .  and i s  comprised  of  a  h y d r a u l i c  power s u p p l y ,  s i x  



WAVEFORM NUMBER (cycie/ft) 

Figure 3. Elevation spectrum for the smooth-road test site. 
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Figure 4. Subjective ride ratings instruction sheet and forms. 



s e r v o - c o n t r o l l e d  a c t u a t o r s  f o r  p lacement  unde r  t h e  i n d i v i d u a l  whee l s  of t h e  

v e h i c l e ,  and a  s e r v o  command/control  sys t em.  The a c t u a t o r s  a r e  c a p a b l e  of 

s t r o k e s  up t o  s i x  i n c h e s  w i t h  f r equency  r e s p o n s e  w e l l  above 30 Hz. The 

I n t e r n a t i o n a l  H a r v e s t e r  Company h a s  f u r t h e r  added p r o v i s i o n s  t o  l o a d  a  

t r a c t o r  emplaced on  t h e  f a c i l i t y  by means of  a  t a n k e r  t r a i l e r ,  t h e  l o a d  of 

which  i s  v a r i e d  by t h e  a d d i t i o n  of w a t e r  b a l l a s t .  

The GMC test  t r a c t o r  was i n s t a l l e d  on t h i s  f a c i l i t y  and loaded  t o  t h e  

a x l e  l o a d  c o n d i t i o n s  used  i n  t h e  on-road t e s t i n g .  HSRI p r e p a r e d  a  magne t i c  

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

f o r  each  t r a c t o r  wheel  p o s i t i o n .  The l e f t  and r i g h t  i n p u t s  were  s e p a r a t e  

e l e v a t i o n  s i g n a l s  as measured by t h e  GMR-type road  p r o f i l o m e t e r  on t h e  

smooth-road s i t e ,  and t h e  r e a r  wheel  s i g n a l s  were  t h e  same p r o f i l e s  t ime- 

d e l a y e d  i n  acco rdance  w i t h  t h e  142- inch  t r a c t o r  whee lbase ,  55 mph speed  

c o n d i t i o n .  The "road" i n p u t  s i g n a l s  were  p l a y e d  back  d i r e c t l y  from a  

Honeywell 5600c t a p e  r e c o r d e r  i n t o  t h e  a c t u a t o r  command hardware  f o r  t e s t i n g .  

A d d i t i o n a l  t r a c k s  on t h e  t a p e  r e c o r d e r  c o n t a i n e d  s i n e  waves o f  7 . 3 ,  1 4 . 6 ,  

21 .9 ,  and 29.2 Hz which cou ld  be  added t o  any  of t h e  wheel  i n p u t  s i g n a l s  t o  

r e p r e s e n t  t h e  f i r s t  t h rough  f o u r t h  harmonics  of wheel  n o n u n i f o r m i t y .  Pre-  

c i s i o n  t e n - t u r n  p o t e n t i o m e t e r s  c o n t r o l l e d  t h e  a m p l i t u d e  of  t h e  "added" s i n e  

wave component. P h a s e - s h i f t e d  v e r s i o n s  o f  each  s i n e  wave were  a l s o  pro-  

v i d e d  on t h e  t a p e  s o  t h a t  c o n t r o l l e d  combina t ions  could  be a c h i e v e d .  By 

p r o v i d i n g  t h e  s i n e  waves d i r e c t l y  on t h e  same r e c o r d i n g  as used  f o r  t h e  

p r o f i l e  i n p u t s ,  harmonic p h a s i n g s  and t h e i r  r e l a t i o n s h i p  t o  t h e  road  i n p u t  

were  a lways  c o n t r o l l e d .  S i n e  waves f o r  f r equency  i n t e r v a l s  below 7 . 3  Hz 

( s p e c i f i c a l l y ,  6 . 6 ,  5 . 9 7 ,  5 .31 ,  4 . 6 4 ,  3 . 9 8 ,  and 3 .32  Hz) were  produced by 

a  s i n e  wave g e n e r a t o r .  These lower  f r e q u e n c i e s  were  used  t o  e x p l o r e  f i r s t  

harmonic e f f e c t s  which o c c u r  a t  lower  o p e r a t i n g  s p e e d s .  I t  shou ld  b e  n o t e d ,  

however, t h a t  t h e  road  was h e l d  a t  a  55-mph speed  i n  t h e s e  tests  i n  o r d e r  

t o  avo id  confounding  e f f e c t s  due  t o  a change i n  road  i n p u t  c o n d i t i o n s .  

A f t e r  i n s t a l l a t i o n  o f  t h e  t r a c t o r  on t h e  road  s i m u l a t o r ,  e a c h  of  t h e  

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

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

The r i d e  j u r y  members were  s c h e d u l e d  t o  come t o  F o r t  Wayne f o r  h a l f -  

day test s e s s i o n s .  Each member was s e a t e d  i n  t h e  t r u c k  and exposed t o  



100 " r i d e "  t e s t s .  Each test  was 60 seconds  i n  d u r a t i o n ,  d u r i n g  which t h e  

r a t e r  was exposed t o  t h e  smooth-road i n p u t  a l o n g  w i t h  some nonun i fo rmi ty  

c o n d i t i o n  unknown t o  t h e  r a t e r .  A t  t h e  comple t ion  of each  t e s t ,  t h e  r a t e r  

was g i v e n  30 seconds  t o  r e c o r d  h i s  r a t i n g  f o r  

-Sea t  v e r t i c a l  v i b r a t i o n s  

-Sea t  f o r  e l a f t  v i b r a t i o n s  

- S e a t  l a t e r a i  v i b r a t i o n s  

-Steer ing-wheel  v i b r a t i o n s  

-Cab shake  v i b r a t i o n s  

u s i n g  t h e  HSRI A c c e p t a b i l i t y  R a t i n g  S c a l e .  A t  t h e  end of  t h e  30-second 

b r e a k ,  a  new t e s t  c o n d i t i o n  was begun. The 100  tests  r e p r e s e n t e d  90 un ique  

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

t i o n ,  and combina t ions  ( m u l t i p l e  wheel  p o s i t i o n s  o r  m u l t i p l e  h a r m o n i c s ' o n  

one  wheel  p o s i t i o n ) .  The r ema in ing  t e n  t e s t s  i n c l u d e d  r e p l i c a t i o n s  and n u l l  

c o n d i t i o n s .  The t e s t  o r d e r  was randomized s e p a r a t e l y  f o r  e a c h  of t h e  t e n  

r a t e r s  t o  c o u n t e r a c t  f a t i g u e  o r  l e a r n i n g  e f f e c t s .  The t o t a l  test  sequence  

was p r e s e n t e d  t o  t h e  r a t e r  i n  a  p e r i o d  of  app rox ima te ly  t h r e e  h o u r s .  

I n  a d d i t i o n  t o  t h e  j u r y  r a t i n g  d a t a  a c q u i r e d  by HSRI, t h e  I H C  

p e r s o n n e l  made s e a t  v i b r a t i o n  measurements on a sampl ing  of t e s t  c o n d i t i o n s  

w i t h  e a c h  r a t e r ,  and r educed  t h o s e  measurements t o  some s t a n d a r d  numer ics  

commonly used  by t h e  I H C  e n g i n e e r i n g  s t a f f  t o  q u a n t i f y  r i d e  v i b r a t i o n s .  

These numer ics  i n c l u d e d  ISO-weighted rms a c c e l e r a t i o n s ,  h i s t o g r a m s ,  and 

abso rbed  power v a l u e s  [ 7 ] .  

While t h e  t r a c t o r  was on t h e  s i m u l a t o r ,  dynamic measurements  were  made 

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

of  t h e  t r a c t o r .  On t h e  s i m u l a t o r ,  i t  i s  conven ien t  t o  expose  t h e  v e h i c l e  t o  

b o t h  random-road and s i n u s o i d a l  i n p u t s ,  s e l e c t i v e l y  a t  e a c h  wheel  p o s i t i o n ,  

w h i l e  c o n c u r r e n t l y  measur ing  ground p l a n e  mot ion ,  ground p l a n e  f o r c e ,  a x l e  

a c c e l e r a t i o n s ,  and s e a t  a c c e l e r a t i o n s .  The d a t a  were  compiled as f o r c e  o r  

a c c e l e r a t i o n  s p e c t r a  and t r a n s f e r  f u n c t i o n s .  (Note:  t h e  t r a n s f e r  f u n c t i o n  

d a t a  was u l t i m a t e l y  found t o  be m a r g i n a l l y  u s e f u l  because  t h e  h i g h  d e g r e e  of 

n o n l i n e a r  b e h a v i o r  i n  t h e  t r u c k  r e s u l t e d  i n  poor cohe rence  between t h e  i n p u t  

and o u t p u t  v a r i a b l e s . )  



2 . 5  Ine r t ance / Impedance  T e s t s  

I n  t h e  HSRI l a b o r a t o r y ,  t h e  t r a c t o r  was s e t  up t o  measure i t s  s e n s i -  

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

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

d i n a l  ( t r a c t i v e  f o r c e )  and l a t e r a l  d i r e c t i o n s ,  o n l y  t h e  l o n g i t u d i n a l  

measurements were  made. The l a t e r a l  tests  were  d ropped ,  i n  p a r t ,  t o  compen- 

s a t e  f o r  t h e  a d d i t i o n a l  on-road ( s p e c t r a l  mapping) t e s t s ,  and ,  i n  p a r t ,  due 

t o  t h e  growing r e c o g n i t i o n  t h a t  t h e  l a t e r a l  v i b r a t i o n s  of t h e  t r a c t o r  were  

o f  second-order  impor t ance  i n  t h e  o v e r a l l  v i b r a t i o n  p i c t u r e .  

The t e s t  s e t u p  i s  i l l u s t r a t e d  i n  F i g u r e  5 which shows a  s e rvo -  

c o n t r o l l e d  h y d r a u l i c  e x c i t e r  a c t i n g  on t h e  c e n t e r l i n e  of  t h e  f r o n t  o r  r e a r  

whee l .  The f o r c e  i n p u t  from t h e  e x c i t e r  was measured by means o f  a  s t r a i n -  

gauge-type l o a d  c e l l .  A random e x c i t a t i o n  g e n e r a t e d  by a Hewlet t-Packard 

spec t rum a n a l y z e r  c o n t r o l l e d  t h e  s e r v o  d i s p l a c e m e n t  i n p u t .  Concur ren t  

measurements  o f  a c c e l e r a t i o n  on t h e  cab  f l o o r  and s e a t  were  o b t a i n e d  and 

r e c o r d e d  on magne t i c  t a p e  f o r  l a t e r  p r o c e s s i n g .  The f o r c e  and a c c e l e r a t i o n  

d a t a  were  t h e n  r educed  t o  t r a n s m i s s i b i l i t y  p l o t s  by means of  a  Hewle t t -  

Packard  spec t rum a n a l y z e r .  (These p l o t s  w i l l  be shown and d i s c u s s e d  i n  a  

subsequen t  p o r t i o n  of  t h i s  r e p o r t . )  



Figure 5. Setup for the inertancelimpedance tests, 





3. MECHANICS OF TRUCK RIDE S71BRATIONS 

3 . 1  I n t r o d u c t i o n  

The o b j e c t i v e  o f  t h i s  c h a p t e r  i s  t o  p r e s e n t  a  t e c h n i c a l  e x p l a n a t i o n  

of  t h e  mechanics  of  t r u c k  v i b r a t i o n  as background f o r  u n d e r s t a n d i n g  how 

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

Truck  r e s p o n s e  t o  r o a d  roughness  i s  c o n s i d e r e d ,  f i r s t ,  i n  o r d e r  t o  

c h a r a c t e r i z e  t h e  background v i b r a t i o n  envi ronment  t o  which t h e  t r u c k  d r i v e r  

i s  exposed .  The v i b r a t i o n s  a r i s i n g  from t i r e l w h e e l  n o n u n i f o r m i t i e s  can be 

c o n s i d e r e d  a s  an  a d d i t i o n  t o  t h i s  background env i ronmen t .  To u n d e r s t a n d  

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

e n g i n e e r i n g  models  o f  t h e  dynamic sys t em a r e  f o r m u l a t e d  and compared t o  

e x p e r i m e n t a l  measurements  on t h e  t e s t  v e h i c l e .  

3 . 2  Truck R ide  Response t o  E x c i t a t i o n  f rom t h e  Roadway 

A s  i s  obv ious  t o  any road  u s e r ,  roughness  i n  t h e  road  i s  a  ma jo r  

s o u r c e  of  r i d e  v i b r a t i o n s .  Road roughness  i s  l a r g e l y  random i n  n a t u r e ,  y e t  

a l l  r o a d s  s h a r e  c e r t a i n  c h a r a c t e r i s t i c  q u a l i t i e s .  When viewed e i t h e r  a s  

an e l e v a t i o n  ( d i s p l a c e m e n t )  o r  a n  a c c e l e r a t i o n  i n p u t  t o  t h e  v e h i c l e  [8] a t  

a  c o n s t a n t  t r a v e l  s p e e d ,  t y p i c a l  r o a d s  have  t h e  ampl i tude - f r equency  cha rac -  

t e r i s t i c s  shown i n  F i g u r e  6. 

A t  t h e  most b a s i c  l e v e l ,  t h e  s u s p e n s i o n  s y s t e m  a c t s  t o  a t t e n u a t e  t h e  

i n p u t  l i k e  a  two-degree-of-freedom sys t em similar t o  t h a t  shown i n  F i g u r e  7 .  

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

mechanism which i s o l a t e s  t h e  r i d e r  from t h e  e v e r  i n c r e a s i n g  a c c e l e r a t i o n  

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

i n  t r u c k  s u s p e n s i o n  sys t ems  c a u s e  t h e  r e s p o n s e  t o  be  s e n s i t i v e  t o  r o a d  

roughness  l e v e l  [9]. The h y s t e r e s i s  a r i s i n g  from i n t e r - l e a f  f r i c t i o n  on 

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

t h e  damping on smooth r o a d s .  Thus t h e  v e h i c l e  e x h i b i t s  more pronounced 

r e s o n a n c e s  on smooth r o a d s .  Fo r  example,  F i g u r e  8 i l l u s t r a t e s  t h e  way i n  

which t h e  r e s p o n s e  d i f f e r s  on rough and smooth r o a d s  a s  a r e s u l t  of  hys- 

t e r e s i s  i n  t h e  s u s p e n s i o n .  C h a r a c t e r i s t i c a l l y ,  t h e  two major  r e s o n a n c e s  
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Figure 7 .  I l l u s t r a t i o n  of t h e  " r i d e  i s o l a t i o n "  behavior of a two-degree- 
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F i g u r e  8. Response f u n c t i o n  g a i n  of a two-mass model w i t h  a h y s t e r e t i c  
s p r i n g  on  rough and smooth r o a d s .  



a s s o c i a t e d  w i t h  sprung-mass-bounce and axle-hop,  tend t o  i n c r e a s e  i n  

r esponse  ampl i tude and f requency a s  t h e  road becomes smoother. This  pheno- 

mena w i l l  be  seen  t o  be  r a t h e r  impor tan t  when examining t h e  t r u c k ' s  response  

t o  t i r e / w h e e l  i n p u t  i n  t h e  l a t e r  s e c t i o n s  of t h i s  c h a p t e r .  

The a c t u a l  r i d e  p rocess  of  a  v e h i c l e  w i t h  two o r  more a x l e s  i s  more 

compl icated than  i n d i c a t e d  i n  F i g u r e  8 s i n c e  t h e  same road i n p u t  a c t s  a t  

s e v e r a l  p o s i t i o n s  on t h e  v e h i c l e ,  de layed on ly  i n  t ime.  This  s i t u a t i o n  

l e a d s  t o  a  "wheelbase f i l t e r i n g 1 '  phenomena [ 8 , 1 0 ]  which causes  t h e  v e h i c l e  

t o  e x h i b i t  c h a r a c t e r i s t i c  n u l l s  i n  i t s  bounce and p i t c h  responses .  This  

e f f e c t  i s  seen  i n  t h e o r e t i c a l  c a l c u l a t i o n s  of t r u c k  r i d e  behavior  such a s  

a r e  p l o t t e d  i n  F i g u r e  9 .  Because a l l  t r u c k s  a r e  s u b j e c t  t o  t h e s e  same 

mechanisms of v i b r a t i o n  g e n e r a t i o n ,  a l l  t r u c k s  e x h i b i t  a  s i m i l a r  o v e r a l l  

spectrum of r i d e  v i b r a t i o n .  The d i f f e r e n c e s  between t r u c k s  become p r i m a r i l y  

d i f f e r e n c e s  i n  t h e  o v e r a l l  ampl i tudes  of v i b r a t i o n ,  and t h e  r e l a t i v e  impor- 

t a n c e  of  s p e c i f i c  f r e q u e n c i e s  o r  n a t u r a l  modes of v i b r a t i o n .  S i m i l a r l y ,  

only  minor v a r i a t i o n s  i n  t h e  c h a r a c t e r  of t h e  v i b r a t i o n  occur  on d i f f e r e n t  

r o a d s .  The g e n e r a l  form of t h e  s p e c t r a  a r e  shown i n  F i g u r e  1 0 ,  which i s  

d a t a  a c q u i r e d  on t h e  GMC t e s t  v e h i c l e  when t e s t e d  on a  sample of roads  which 

va ry  i n  t h e i r  roughness q u a l i t y .  

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

a c c e l e r a t i o n  and a  l i n e a r  h o r i z o n t a l  s c a l e  f o r  f requency.  The l i n e a r - l i n e a r  

format i s  an advantageous way t o  look  a t  t h e  s p e c t r a  ( i n  c o n t r a s t  t o  t h e  log- 

l o g  format used i n  F i g u r e  9 )  because  t h e  a r e a  under t h e  p l o t  equa tes  w i t h  

mean s q u a r e  a c c e l e r a t i o n .  Although t h e r e  i s  a  l a c k  of agreement a s  t o  how 

humans p e r c e i v e  and judge v i b r a t i o n s ,  t h e r e  i s  no doubt t h a t  t h e  b e s t  f i r s t  

e s t i m a t e  of t h e  s e v e r i t y  of  a  v i b r a t i o n  i s  t h e  r o o t  mean square  (RMS) o r  t h e  

r e l a t e d  mean square  v a l u e .  Hence t h e  a r e a  under t h e  p l o t  p rov ides  a  v i s u a l  

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

make t h e  b i g g e s t  c o n t r i b u t i o n  t o  t h e  RMS v a l u e .  

The curves  i n  F i g u r e  1 0  a r e  examples of t h e  b a s e l i n e  v i b r a t i o n  spectrum 

t h a t  w i l l  be p r e s e n t  on a  t r u c k  under a l l  on-road c o n d i t i o n s .  On smooth r o a d s ,  

t h e  e x c i t a t i o n  l e v e l  w i l l  be ,  pe rhaps ,  an  o r d e r  of magnitude lower than  t h a t  

of a rough r o a d ,  b u t  w i l l  always be of t h e  same g e n e r a l  s p e c t r a l  form. 



F i g u r e  9 .  Cal cul a t e d  accel erati on response of a mu7 ti-degrees- 
of -freedom tractor-semi t r a i  l er model t o  random 
mad input. 

Note: The IS0 curves shown i n  the bottom figures 
are for the "reduced comfort" boundary. 





3 . 3  Ride Exci ta t ion  by Tire/Wheel Nonuniformities 

Nonuniformities i n  the na ture  of mass imbalances, runouts ,  and s t i f f -  

ness va r i a t i ons  i n  a  t i re jwheel  assembly cause c y c l i c  force  v a r i a t i o n s  to  be 

produced when the  wheel r o t a t e s ,  which v a r i a t i o n s  c o n s t i t u t e  a  per iodic  

e x c i t a t i o n  t o  the vehic le .  For example, a  mass imbalance imposes a  r o t a t i n g  

force  vec tor  on a  wheel which c r e a t e s  a  fo rce  and moment e x c i t a t i o n  i n  both 

the  v e r t i c a l  and long i tud ina l  d i r e c t i o n s .  From the s tandpoint  of t he  wheel, 

those exc i t a t i ons  may be categorized a s  r a d i a l  ( cons t i t u t ing  v e r t i c a l  input 

t o  t h e  t r u c k ) ,  t r a c t i v e  fo rce  ( c o n s t i t u t i n g  longi tudina l  e x c i t a t i o n  t o  the  

t r u c k ) ,  and l a t e r a l  ( cons t i t u t ing  l a t e r a l  or  r o l l  e x c i t a t i o n  t o  the t r u c k ) .  

The overturning moment and a l ign ing  moment produce moments on the t ruck  

which a r e  neg l ig ib l e  i n  t h e i r  d i r e c t  e f f e c t  on v ib ra t ion .  However, both 

these moments, and the  t r a n s l a t i o n a l  fo rces ,  have the  p o t e n t i a l  f o r  inducing 

v ib ra t ions  i n  the s t e e r i n g  s y s t e m - v i b r a t i o n s  which may c o n s t i t u t e  another 

ob jec t ionable  form of t ruck  v ib ra t ion .  

The per iodic  e x c i t a t i o n s  t h a t  a r i s e  from t i r e iwhee l  nonuniformities 

can be represented a s  the  superpos i t ion  of a  s e r i e s  of s i n e  waves (a  Fourier  

Se r i e s )  having a  fundamental frequency which i s  the  r o t a t i o n a l  frequency of 

the  wheel, and harmonics a t  i n t ege r  mul t ip les  of t h a t  frequency. Each s i n e  

wave component d i f f e r s  i n  i t s  absolu te  amplitude and i t s  phase r e l a t i v e  t o  

t he  fundamental. I n  the case of a  l i n e a r  system, each harmonic can be 

examined separa te ly  f o r  i t s  i nd iv idua l  e f f e c t  on the  dynamic system and the 

combined e f f e c t s  of mul t ip le  harmonics a r e  the  sum of the  ind iv idua l  e f f e c t s .  

However, a  t ruck  i s  not a l i n e a r  system, nor i s  a  d r i v e r ' s  response (per- 

cep t ion  of r i d e )  neces sa r i l y  a  l i n e a r  func t ion  of t he  r i d e  environment. In  

e f f e c t ,  t h i s  means t h a t  the  s ign i f i cance  of one harmonic may be dependent on 

the  presence o r  absence of c e r t a i n  o the r s .  Whether t h i s  mechanism plays an 

important r o l e ,  precluding the  simple add i t i on  of i nd iv idua l  harmonic e f f e c t s  

to  p red ic t  o v e r a l l  r i d e  degradat ion,  i s  an important a r ea  of t he  invest iga-  

t i on  and f ind ings  i n  t h i s  p r o j e c t .  

The manner i n  which t i re /wheel  nonuniformit ies  a f f e c t  t ruck  r i d e  

v ib ra t ions  can perhaps b e s t  be seen by examining a  " spec t r a l  map," a s  obtained 

fo r  a  t yp ica l  t ruck.  The s p e c t r a l  map i s  simply a c o l l e c t i o n  of r i d e  vibra-  

t i o n  spec t r a  measured on the  t ruck  a t  increments of speed and p lo t t ed  t o  

show the  s p e c t r a l  changes with speed. 



Figure 11 shows s p e c t r a l  maps produced by the  GMC t r a c t o r  when driven 

over a  smooth road. Four maps a r e  presented,  one each f o r  the  acce l e ra t ions  

measured a t  t he  cab f l o o r  ( v e r t i c a l  and f o r e l a f t )  and a t  the s e a t  ( v e r t i c a l  

and f o r e l a f t ) .  The maps i l l u s t r a t e  severa l  important po in ts  about t ruck 

r i d e  v i b r a t i o n s :  

1 )  The s p e c t r a l  peak present  a t  3 .5  Hz (due t o  road e x c i t a t i o n  

of b o ~ n c e / ~ i t c h  modes) i s  cons i s t en t ly  present  over the  speed 

range. 

2 )  Spec t ra l  e x c i t a t i o n  a t t r i b u t a b l e  t o  wheel inputs  i s  obvious 

a t  harmonics a s  high a s  the  seventh harmonic. Note, however, 

t h a t  the e x c i t a t i o n  from the d r ive l ine  (corresponding to  a  

3 .70 r e a r  ax le  r a t i o )  f a l l s  near the four th  harmonic and pre- 

dominates over t h a t  harmonic. 

3) Mult iple  vehic le  resonances ( s e n s i t i v i t i e s )  i n  the 10-25 Hz 

range a r e  evident  i n  t he  f l o o r  acce l e ra t ion  spec t r a  and may 

be exc i ted  by t i re /wheel  harmonics a t  c e r t a i n  speeds. 

4 )  The transmission of v e r t i c a l  acce l e ra t ion  from the f l o o r  t o  

the  s e a t  i s  amplified a t  the 3 .5  Hz resonance, but gradual ly 

a t tenuated  above 5 Hz by the  a i r  suspension system of the 

s e a t .  

5 )  The s e a t  produces l i t t l e  i s o l a t i o n  of f o r e l a f t  acce l e ra t ions  

and even tends t o  amplify the  seventh harmonic wheel e f f e c t .  

(Note: the s e a t  f o r e l a f t  i s o l a t o r ,  o f t e n  ca l led  a  "chugger 

snubber," was disengaged during these  t e s t s . )  

Given t h a t  the  area under the s p e c t r a l  curves shown i n  Figure 11 i s  

a  v i s u a l  p i c t u r e  of the mean square v i b r a t i o n ,  i t  i s  c l e a r  t h a t  the  r i d e  

environment i s  dominated by a  low frequency resonance (road-excited bounce 

and/or  p i t c h  motions on the t i r e s ) ,  along with mul t ip le  higher frequency 

resonances exci ted by t i re /wheel  nonuniformit ies .  The v ib ra t ions  exc i ted  

by t i r e /whee l  nonuniformit ies  may be accentuated i f  they occur a t  f requencies  

coincident  with t ruck  resonant  modes. Given t h a t  r i d e  v ib ra t ions  would 

already be present  on the veh ic l e  even i f  the t i re /wheel  assemblies produced 

no e x c i t a t i o n ,  the  key quest ion becomeHThat  i s  ( a r e )  the engineering 
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F i g u r e  11. S p e c t r a l  maps f o r  t h e  l o a d e d  GMC t r a c t o r  on a smooth r o a d :  
s p e e d s  30-55 mph. 



model(s) by which we can p red ic t  the v ib ra t ion  response t h a t  w i l l  appear 

i n  the spectrum f o r  p a r t i c u l a r  nonuniformity magnitudes, harmonics, and 

d i r e c t i o n s ?  

3 . 4  Relat ionship of Tire/Wheel Nonuniformities t o  Truck Ride Vibrat ions 

Though the peaks i n  the spec t r a  seen i n  Figure 11 a r e  obviously 

exci ted by t i r e lwhee l  i npu t ,  the cha rac t e r i za t ion  of t h i s  phenomena can be 

veq-  complex. As an i l l u s t r a t i o n ,  consider the f o r e l a f t  v ib ra t ion  direc-  

t i o n .  Tract ive fo rce  v a r i a t i o n s  a t  e i t h e r  the  f ron t  o r  r ea r  wheels have a  

p o t e n t i a l  in f luence  on f o r e l a f t  v ib ra t ions  i n  the  cab by t h e i r  e x c i t a t i o n  

of l ong i tud ina l  v ib ra t ions  of the  veh ic l e .  S imi l a r ly ,  the v e r t i c a l  exc i ta -  

t i o n  caused by r a d i a l  fo rce  v a r i a t i o n s  a t  the  f ron t  and/or r e a r  wheels 

induce p i t c h  mode v ib ra t ions  involving a  f o r e l a f t  acce l e ra t ion  component 

i n  the  cab. 

I f  the veh ic l e  (system) i s  l i n e a r ,  i t  can be modeled a n a l y t i c a l l y  

using t r a n s f e r  funct ion methods [ I l l .  The re levant  equations a r e :  

where 

A = f o r e l a f t  acce l e ra t ion  spectrum 
X 

A = l a t e r a l  acce l e ra t ion  spectrum 
Y 

A Z  = v e r t i c a l  acce l e ra t ion  spectrum 

Hij k 
= t r a n s f e r  funct ion cha rac t e r i z ing  the  ac t ion  of force  

i n  the  "if' d i r e c t i o n  on acce l e ra t ion  i n  the " j "  
d i r e c t i o n  from wheel "k" 

F ik  = nonuniformity e x c i t a t i o n  force  i n  t he  "i" d i r e c t i o n  
from wheel "k" 



Based on t h e  t r a n s f e r  f u n c t i o n  modeling method r e p r e s e n t e d  by t h e  

above e q u a t i o n s ,  i t  i s  s e e n  t h a t  t o  c h a r a c t e r i z e  t h e  r e l a t i o n s h i p  of t i r e /  

wheel n o n u n i f o r m i t i e s  t o  t r u c k  r i d e  v i b r a t i o n s ,  two t y p e s  of p r o p e r t i e s  

must be  q u a n t i f i e d :  

1) The nonuniformity  must be d e s c r i b e d  i n  terms of t h e  e x c i t a t i o n  

f o r c e  i t  produces a t  t h e  wheel .  

2 )  The t r a n s f e r  f u n c t i o n s ,  Hijk, must be determined.  Even con- 

s i d e r i n g  on ly  t h e  p i t c h  p l a n e  motions ( v e r t i c a l  and f o r e l a f t ) ,  

16  t r a n s f e r  f u n c t i o n s  a r e  r e q u i r e d  t o  r e l a t e  v e r t i c a l  and 

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

a t  f o u r  wheel  p o s i t i o n s .  

It should  be f u r t h e r  noted t h a t  some of t h e s e  e x c i t a t i o n  f o r c e s  may 

be c o r r e l a t e d ;  t h a t  i s ,  when one i s  p r e s e n t ,  t h e  o t h e r  w i l l  a l s o  be p r e s e n t  

and r e l a t e d  i n  a  f i x e d  way. As a  c a s e  i n  p o i n t ,  mass imbalance causes  bo th  

r a d i a l  and t r a c t i v e  f o r c e  e x c i t a t i o n ,  w i t h  t h e  two r e l a t e d  by a  90-degree 

phase  s h i f t .  I t s  e f f e c t  on t h e  i n d i v i d u a l  a c c e l e r a t i o n  s p e c t r a  then  depends 

on how t h e  two c o r r e l a t e d  i n p u t s  t r a n s f e r  through t h e  v e h i c l e  and combine 

i n  t h e  spect rum.  On t h e  one hand, they may add t o g e t h e r ,  i n t e n s i f y i n g  a  

g iven  a c c e l e r a t i o n ,  o r  on t h e  o t h e r  hand,  a c t  i n  o p p o s i t i o n  (out  of phase) 

t o  d imin i sh  t h e  a c c e l e r a t i o n ,  Thus, i n  t h e  p r e c i s e  modeling of c o r r e l a t e d  

e x c i t a t i o n  f o r c e s ,  such a s  from mass imbalance ,  t h e  phase  r e l a t i o n s h i p  of 

t h e  m u l t i p l e  i n p u t s  must be p rese rved .  On t h e  o t h e r  hand,  m u l t i p l e  i n p u t s  

a t  t h e  d i f f e r e n t  whee l s ,  though g e n e r a l l y  a t  t h e  same f requency ,  a r e  no t  

c o r r e l a t e d  b u t  s h i f t  i n  t h e i r  phase r e l a t i o n s h i p  i n  a  random manner. With a  

l i n e a r  sys tem,  t h e i r  e f f e c t s  a r e  superimposed d i r e c t l y .  Though a l l  p o s s i b l e  

combinat ions  might be c o n s i d e r e d ,  t h e  wors t  c a s e  i n  which they  add t o g e t h e r  

i s  t h e  c a s e  of primary i n t e r e s t .  

A s  has  been mentioned,  a c t u a l  t r u c k  p r o p e r t i e s  tend t o  be r a t h e r  non- 

l i n e a r .  I n  t h a t  c a s e ,  f requency i s  n o t  w e l l  p rese rved  between an i n p u t  and 

ou tpu t  ( i . e . ,  i n p u t  a t  one f requency may cause  o u t p u t  r e sponse  a t  a n o t h e r ) .  

Thus t h e  t r a n s f e r  f u n c t i o n  when a c t u a l l y  measured becomes almost  meaningless .  

As a n  a l t e r n a t i v e ,  t h e  " t r a n s m i s s i b i l i t y , "  which i s  simply rhe  r a t i o  of t h e  

ou tpu t - to - inpu t  ampl i tude a t  each f requency ,  may be used.  I n  t h e  on-going 



d i s c u s s i o n ,  t h e  term " t r a n s m i s s i b i l i t y "  w i l l  t h u s  o f t e n  be used i n  l i e u  of 

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

3 . 4 . 1  Nonuniformity E x c i t a t i o n  Force .  Cons ide r ,  f i r s t ,  t h e  v e h i c l e  

e x c i t a t i o n  f o r c e  caused by a  t i r e l w h e e l  nonun i fo rmi ty .  The apparen t  ampli- 

t u d e  of t h e  f o r c e  imposed on a  v e h i c l e  depends on how t h e  f o r c e  i s  de f ined  

and t h e  c o n d i t i o n s  under which i t  i s  measured. Of ten t imes ,  t h e  nonuniformity  

has  been c h a r a c t e r i z e d  i n  terms of t h e  " f o r c e  produced on t h e  a x l e , "  when 

i n  a c t u a l i t y  t h a t  f o r c e  may be d i f f e r e n t  than  t h e  " e x c i t a t i o n  f o r c e "  a t t r i -  

b u t a b l e  t o  t i r e l w h e e l  nonuniformity .  I t  i s  t h e r e f o r e  convenient  t o  t u r n  t o  

an e n g i n e e r i n g  model of  t h e  t i r e l w h e e l  system a s  a  b a s i s  f o r  p r e c i s e l y  

d e f i n i n g  f o r c e s .  A dynamic a n a l y s i s  of t h e  t i r e / w h e e l  system [12]  c l a r i f i e s  

t h e  unders tand ing  of t h e  v a r i o u s  f o r c e s  p r e s e n t  when a  t i r e l w h e e l  assembly 

i s  i n s t a l l e d  on a  dynamic sys tem (whether a  v e h i c l e  o r  a  u n i f o r m i t y  t e s t  

machine) ,  and how they a r e  r e l a t e d .  The f o r c e  genera ted  by a  nonuniformity  

can b e  r e p r e s e n t e d  dynamical ly  by an e q u i v a l e n t  e x t e r n a l  f o r c e  a p p l i e d  a t  

t h e  c e n t e r  of t h e  wheel .* The e q u i v a l e n t  model i s  then  a  uniform t i r e /  

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

shown i n  F i g u r e  1 2 .  The magnitude and f requency of t h e  c y c l i c  f o r c e  quan t i -  

f i e s  t h e  e x c i t a t i o n  f o r c e  a s s o c i a t e d  w i t h  a  nonun i fo rmi ty .  

When t h e  t i r e l w h e e l  assembly i s  i n s t a l l e d  on a  s p i n d l e  ( o r  a x l e ) ,  

t h e  magnitude of t h e  f o r c e  imposed on t h e  s p i n d l e  depends on i t s  dynamic 

p r o p e r t i e s .  I f  t h e  s p i n d l e  i s  ext remely r i g i d ,  t h e  f u l l  magnitude of t h e  

nonun i fo rmi ty  e x c i t a t i o n  f o r c e  i s  f e l t  on t h e  s p i n d l e .  I f ,  however, t h e  

s p i n d l e  i s  compl iant  such t h a t  i t  w i l l  d e f l e c t  under l o a d ,  on ly  p a r t  of t h e  

f o r c e ,  F goes i n t o  t h e  s p i n d l e ,  w h i l e  t h e  o t h e r  p a r t  i s  d i s s i p a t e d  i n  w ' 
d e f l e c t i o n  of  t h e  t i r e .  The r e l a t i o n s h i p  d e f i n i n g  t h e  f o r c e  t h a t  would be 

imposed on t h e  s p i n d l e ,  F i s  g iven  by: 
s , 

*This r e p r e s e n t a t i o n  appears  t o  be a c c u r a t e  f o r  f r e q u e n c i e s  below t h e  
t i r e  r e sonances  (nominal ly  up t o  20 H z ) ,  based on t e s t i n g  conducted i n  t h e  
Phase I p r o j e c t .  When h i g h e r  f r e q u e n c i e s  a r e  c o n s i d e r e d ,  however, i t s  
v a l i d i t y  w i l l  have t o  be e s t a b l i s h e d  by exper imenta l  t e s t s  on t h e  un i fo rmi ty  
t e s t  machine. 



Nonuniform Tire/Wheel 
Assembly 

Equivalent Model 

F i g u r e  1 2 .  Dynamic model of a nonuniform tire/wheel assembly .  



where 

F = the dynamic force  imposed on a  sp indle  (or ax le)  
S 

F = the nonuniformity e x c i t a t i o n  fo rce  
W 

K = t he  dynamic s t i f f n e s s  of the  sp indle  
S 

K = the dynamic s t i f f n e s s  of the  t i re /wheel  assembly 
t 

This r e l a t i o n s h i p  has g r e a t  import on the  behavior on a  t i r e  uniformity 

t e s t  machine, a s  we l l  a s  on a  v e h i c l e ,  i . e . ,  on a  t i r e  uniformity t e s t  

machine where the  sp ind le  s t i f f n e s s  i s  on the  same order  of magnitude a s  

t h e  t i r e  s t i f f n e s s ,  s u b s t a n t i a l  e r r o r s  w i l l  r e s u l t .  With the  sp indle  and 

t i r e /whee l  assembly having the  same s t i f f n e s s  ( i . e . ,  = K ) ,  the  measured Ks t 
f o r c e  w i l l  be only ha l f  of the  t r u e  fo rce  a r i s i n g  from the nonuniformity. 

I n  genera l ,  accura te  measurement i s  obtained only when the machine sp ind le  

s t i f f n e s s  i s  s eve ra l  o rders  of magnitude g r e a t e r  than t h a t  of the  t i r e /  

wheel assembly. Lacking t h a t  condi t ion ,  t he  measurement of fo rce  v a r i a t i o n s  

a r i s i n g  from t i r e  o r  wheel nonuniformit ies  w i l l  be dependent on the  machine 

and t i r e  condi t ions ;  and measurements of the s implest  e f f e c t s ,  such a s  the  

inf luence  of t i r e  i n f l a t i o n  p re s su re  (which changes the  t i r e  s t i f f n e s s )  w i l l  

produce misleading r e s u l t s .  

The dynamic coupling of a  t i r e lwhee l  assembly t o  a  veh ic l e  i s  charac- 

t e r i z e d  by the  same equat ion,  d i f f e r i n g  only i n  t he  dynamic parameters.  On 

a  veh ic l e ,  the  sp ind le  f o r c e ,  F i s  t he  fo rce  imposed on the  a x l e  and the 
s  ' 

sp ind le  dynamic s t i f f n e s s  i s  the s t i f f n e s s  of the  a x l e ,  i . e . ,  

where 

F = t he  dynamic fo rce  on the  ax l e  ( i . e . ,  c a r r i ed  by the  
a  

wheel bear ings)  

K = the  dynamic s t i f f n e s s  of the ax l e  
a  



I t s  r e l a t i o n s h i p  t o  t h e  wheel e x c i t a t i o n  f o r c e ,  F i s  i l l u s t r a t e d  i n  
w ' 

F i g u r e  1 3  f o r  v e r t i c a l  response of t h e  s imple  two-mass a n a l y t i c a l  model 

used i n  F i g u r e  7 .  A t  ve ry  low f requency ,  t h e  dynamic s t i f f n e s s  of t h e  a x l e  

i s  n e g l i g i b l e  because t h e  a x l e  c a r r i e s  o n l y  t h e  s t a t i c  l o a d .  With any smal l  

change i n  f o r c e  on t h e  a x l e  i t  no longer  ba lances  t h e  s t a t i c  l o a d ,  and,  a t  

l e a s t  t h e o r e t i c a l l y ,  an i n f i n i t i v e  displacement  w i l l  r e s u l t .  Thus, "K ' I  i s  
a  

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

t i o n  f o r c e ,  F w i l l  produce no s i g n i f i c a n t  dynamic ( c y c l i c )  f o r c e  on t h e  w ' 
a x l e .  I n  o t h e r  words,  s lowly a p p l y i n g  a  v e r t i c a l  f o r c e  t o  t h e  s p i n d l e  a t  

t h e  f r o n t  wheel of loaded t r u c k  does n o t  change t h e  load  on t h e  a x l e ,  i t  

simply changes t h e  load  c a r r i e d  by t h e  t i r e .  

A s  t h e  e x c i t a t i o n  f requency approaches t h e  1-Hz sprung mass resonance 

f requency ,  t h e  f o r c e  r a t i o  i n c r e a s e s .  However, because t h e  suspens ion  s t i f f -  

n e s s  i s  much l e s s  than  t h e  t i r e  s t i f f n e s s ,  much of t h e  e x c i t a t i o n  f o r c e  is  

absorbed by t h e  t i r e  and does no t  g e t  through t o  t h e  sprung mass. Above 

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

a x l e  motion a s  t h e  e x c i t a t i o n  approaches  t h e  10-Hz a x l e  resonance f requency.  

A t  t h i s  p o i n t ,  t h e  sprung mass i s  n e a r l y  s t a t i o n a r y ,  w h i l e  t h e  a x l e  r e s o n a t e s .  

Though t h e  suspens ion  d e f l e c t i o n  ampl i tude i s  n o t  s u b s t a n t i a l l y  d i f f e r e n t  

t h a n  t h a t  s e e n  a t  1 Hz, t h e  much h i g h e r  f requency y i e l d s  much l a r g e r  suspen- 

s i o n  f o r c e s  ( p r i m a r i l y  through t h e  a c t i o n  of t h e  shock a b s o r b e r ) .  F i n a l l y ,  

a t  y e t  h i g h e r  f r e q u e n c i e s ,  t h e  f o r c e  d imin i shes  t o  a  v a l u e  between ze ro  and 

one ,  depending on whether most of t h e  unsprung mass i s  i n  t h e  wheel o r  t h e  

a x l e .  

3 .4 .2  T r a n s m i s s i b i l i t y  P r o p e r t i e s .  The second p r o p e r t y  needed t o  

r e l a t e  f o r c e s  genera ted  by t i r e / w h e e l  n o n u n i f o r m i t i e s  t o  t r u c k  v i b r a t i o n s  

i s  t h e  t r a n s f e r  f u n c t i o n  between t h e  f o r c e  and t h e  v e h i c l e  a c c e l e r a t i o n s  

o f  i n t e r e s t .  That p r o p e r t y ,  r e l a t e d  t o  t h e  so -ca l l ed  i n e r t a n c e , *  i s  i l l u s -  

t r a t e d  i n  F i g u r e  14 f o r  a  s imple  q u a r t e r - v e h i c l e  model. The f i g u r e  shows 

*The term " i n e r t a n c e "  i s  o f t e n  used i n  r e f e r e n c e  t o  t h i s  force- to-  
a c c e l e r a t i o n  r e l a t i o n s h i p ,  presumably implying t h e  mass parameter r e l a t i n g  
f o r c e - t o - a c c e l e r a t i o n  i n  t h e  Newton's Second Law e q u a t i o n ,  F = M x A.  How- 
e v e r ,  i n e r t a n c e  i s  on ly  fo rmal ly  de f ined  a s  an  a c o u s t i c  term. I n  t h e  c a s e  
a t  hand, t h e  o u t p u t  a c c e l e r a t i o n - t o - i n p u t  f o r c e  of i n t e r e s t  i s  t h e  i n v e r s e  
o f  t h e  i n e r t a n c e  which has  no recognized nomencla ture .  Hence, though t h e  
term i n e r t a n c e  i s  used i n  t h i s  r e p o r t ,  t h e  r e a d e r  i s  caut ioned t o  be  aware 
of t h i s  nomenclature problem. 
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F igure  1 3 .  P l o t  of t h e  r a t i o  of  a x l e  f o r c e  t o  nonuniformity  e x c i t a t i o n  
f o r c e  f o r  a  q u a r t e r - v e h i c l e  model. 
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F i g u r e  14, A c c e l e r a t i o n  of t h e  sprung mass casued by nonuniformity 
e x c i t a t i o n  f o r  a  q u a r t e r - v e h i c l e  model. 



a  p l o t  of sprung mass a c c e l e r a t i o n  p e r  u n i t  of v e r t i c a l  f o r c e  i n p u t  a t  t h e  

v e h i c l e  wheel .  Though a t h e o r e t i c a l  r e s u l t ,  i n  t h e  sense  t h a t  i t  i s  de r ived  

from an a n a l y t i c a l  model, i t  y i e l d s  an  impor tan t  o b s e r v a t i o n ;  namely, t h a t  

t h e  v e h i c l e  h a s  t h e  p o t e n t i a l  f o r  be ing  most s e n s i t i v e  t o  nonuniformity  

e x c i t a t i o n  i n  t h e  f requency range of t h e  a x l e  resonance!  

3 .5  Exper imenta l  Xeasurements of Truck T r a n s m i s s i b i l i t y  P r o p e r t i e s  

A s  d i s c u s s e d  e a r l i e r ,  a  minimum of 16  t r a n s m i s s i b i l i t y  f u n c t i o n s  

must be determined j u s t  t o  c h a r a c t e r i z e  a  two-axle v e h i c l e  f o r  i t s  p i t c h  

p l a n e  response  t o  t i r e l w h e e l  nonuniformity .  When expanded t o  cover t h e  

l a t e r a l  d i r e c t i o n  a s  w e l l ,  36 f u n c t i o n s  a r e  r e q u i r e d .  Within t h e  scope of 

t h i s  p r o j e c t ,  t h a t  f u l l  c h a r a c t e r i z a t i o n  was no t  a t t empted .  Only c e r t a i n  

of t h e  more impor tan t  v e r t i c a l  and l o n g i t u d i n a l  f u n c t i o n s  were measured a s  

needed t o  c h a r a c t e r i z e  t h e  v e h i c l e  and t e s t  t h e  methodology. 

When a t t e m p t i n g  t o  measure t h e  t r a n s m i s s i b i l i t y  p r o p e r t i e s  of  a  t r u c k  

e x p e r i m e n t a l l y ,  t h e  shor tcomings  of l i n e a r  t r a n s f e r  f u n c t i o n  methods qu ick ly  

become obvious .  A t  any g iven  f requency ,  t h e  t r a n s f e r  f u n c t i o n  d e s c r i b e s  

t h e  ampl i tude  and phase  r e l a t i o n s h i p  of a n  i n p u t  and o u t p u t .  I f  t h e  system 

c o n t a i n s  n o n l i n e a r i t i e s ,  such a s  i n  t r u c k  l e a f  s p r i n g  s u s p e n s i o n s ,  t h e  out-  

p u t  a t  one f requency may, i n  p a r t ,  d e r i v e  from i n p u t  a t  a n o t h e r  ( i . e . ,  t h e  

i n p u t  and o u t p u t  a r e  n o t  c o h e r e n t ) .  The t r a n s f e r  f u n c t i o n  on ly  r e p r e s e n t s  

t h a t  p o r t i o n  of  t h e  i n p u t / o u t p u t  r e l a t i o n s h i p  t h a t  i s  coheren t .  The problem 

i s  i l l u s t r a t e d  i n  F i g u r e  1 5 ,  which shows t h e  t r a n s f e r  f u n c t i o n  of s e a t  

v e r t i c a l  a c c e l e r a t i o n  o u t p u t  f o r  l e f t  f r o n t  wheel a x l e  v e r t i c a l  d isplacement  

i n p u t .  When the  coherence i s  above 0 . 9 ,  a  good t r a n s f e r  f u n c t i o n  i s  o b t a i n e d .  

However, t h e  t r a n s f e r  f u n c t i o n  magnitude r a t i c  i s  dec reased  p r o p o r t i o n a t e l y  

when t h e  coherence i s  low. Thus, w i t h  t h e  poor coherence shown i n  t h i s  

f i g u r e ,  t h e  t r a n s f e r  f u n c t i o n  magnitude i s  no t  a t  a l l  r e p r e s e n t a t i v e  of t h e  

ou tpu t - to - inpu t  r a t i o .  

Comparable methodology f o r  c h a r a c t e r i z i n g  n o n l i n e a r  systems i s  no t  

w e l l  developed.  A t  b e s t ,  t h e  r a t i o  of t h e  output- to- input  s p e c t r a  can be 

determined t o  d e s c r i b e  t h e  t r a n s m i s s i o n  through t h e  sys tem.  I n  t h a t  c a s e ,  

t h e  phase i n f o r m a t i o n  i s  l o s t  a s  i t  i s  no t  p o s s i b l e  t o  a s s o c i a t e  o u t p u t  a t  

a  g iven f requency t o  i n p u t  a t  t h a t ,  o r  any o t h e r ,  f r equency .  I n  a d d i t i o n ,  

measurements of t h e  t r a n s m i s s i b i l i t y  a r e  s e n s i t i v e  t o  t h e  i n p u t  wave form, 



F i g u r e  15 .  T r a n s f e r  f u n c t i o n  and coherence f o r  s e a t  v e r t i c a l  a c c e l e r a t i o n  
o u t p u t  t o  l e f t  f r o n t  a x l e  d i sp lacement  i n p u t .  



both  i n  i t s  ampl i tude and s p e c t r a l  c o n t e n t .  There fo re ,  it  can be argued 

t h a t  r e p r e s e n t a t i v e  measurements a r e  obta ined on ly  when r e p r e s e n t a t i v e  i n p u t  

wave forms a r e  used,  

3 . 5 . 1  T r a n s m i s s i b i l i t y  of V e r t i c a l  I n p u t s .  Measurements of v e r t i c a l  

t r a n s m i s s i b i l i t y  can be obta ined i n  a  number of ways. The most s t r a i g h t -  

forward i s  by a p p l i c a t i o n  of a  s i n e  wave e x c i t a t i o n  t o  each of t h e  wheels 

s e p a r a t e l y .  This  c l e a r l y  s e p a r a t e s  each wheel and p rov ides  t h e  c l e a n e s t  

measurement, a l though resonan t  f r e q u e n c i e s  and peak ampl i tudes  may be some- 

what i n  e r r o r  due t o  the  absence of a  f u l l y  r e p r e s e n t a t i v e  i n p u t  needed t o  

e x e r c i s e  n o n l i n e a r  components i n  t h e i r  t y p i c a l  o p e r a t i n g  range.  

This  method was employed on t h e  I H C  road s i m u l a t o r  us ing  a s i n e  wave 

ground displacement  under t h e  i n d i v i d u a l  wheels i n  l i e u  of a  f o r c e  a t  t h e  

s p i n d l e .  (Note: It can be shown t h a t  a  ground displacement  i n p u t  produces 

t h e  same sprung and unsprung mass motions a s  a  f o r c e  i n p u t  a t  the  s p i n d l e .  

The equ iva lence  between t h e  f o r c e  and displacement  i s  t h e  dynamic s t i f f n e s s  

of t h e  t i r e ,  which f o r  low f r e q u e n c i e s  i s  e f f e c t i v e l y  t h e  t i r e  s p r i n g  r a t e .  

The on ly  dynamic d i f f e r e n c e  a r i s i n g  from t h e  two types  of e x c i t a t i o n  i s  t h e  

t i r e  c o n t a c t  f o r c e  a t  t h e  ground.)  The ou tpu t  of i n t e r e s t  i s  t h e  v e r t i c a l  

and f o r e / a f t  a c c e l e r a t i o n s  produced on t h e  d r i v e r ' s  s e a t .  The measurement 

p rocess  i n v o l v e s  a  slow sweep of t h e  s i n e  wave frequency w h i l e  t h e  o u t p u t  

s p e c t r a  a r e  averaged.  The s e a t  v e r t i c a l  and f o r e l a f t  response  t o  pure  v e r t i -  

c a l  i n p u t  a t  each wheel p o s i t i o n  i s  shown i n  F i g u r e  16a-d. 

A l l  d a t a  a r e  p l o t t e d  on t h e  same v e r t i c a l  s c a l e  of m i l l i - g ' s  (1/1000th 

of a  g a c c e l e r a t i o n )  p e r  pound of e x c i t a t i o n  f o r c e  t o  a l low d i r e c t  compari- 

sons .  A t i r e  f o r c e  ampl i tude of 125 l b s  was assumed i n  s c a l i n g  t h e  p l o t s ,  

based on t h e  s i n e  wave ampl i tude of 0.025 inches  a c t i n g  a g a i n s t  a  t i r e  s t i f f -  

ness  of 5000 l b l i n .  

Desp i t e  t h e  v e r t i c a l  i n p u t ,  t h e  s e a t  v e r t i c a l  response  i s  l e s s  than 

t h e  wors t  c a s e  f o r e / a f t  response .  I n  p a r t ,  t h i s  may be a t t r i b u t e d  t o  t h e  

v e r t i c a l  i s o l a t i o n  provided by t h e  s e a t  suspension.  Also n o t e  t h a t  t h e  s e a t  

v e r t i c a l  a c c e l e r a t i o n s  i n  t h e  a x l e  r esonan t  f requency range (15-20 Hz)  a r e  

n o t  as dominant a s  would be expected from F igure  1 4 ,  t h i s  r e s u l t  a g a i n  being 

a t t r i b u t a b l e  t o  t h e  s e a t  v e r t i c a l  i s o l a t i o n .  The p l o t s  f u r t h e r  i n d i c a t e  a  
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of t he  GMC c r a c t o r .  
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s t r o n g  r e s o n a n t  mode i n  t h e  20-25 Hz range a f f e c t i n g  s e a t  f o r e / a f t  v i b r a -  

t i o n s .  The v i b r a t i o n  modes r e s p o n s i b l e  a r e  n o t  known. 

A comparison of t h e s e  responses  t o  t h e  v e h i c l e  r e sonances  e v i d e n t  i n  

t h e  s p e c t r a l  maps of  F i g u r e  11 g e n e r a l l y  shows good correspondence of t h e  

resonance  f r e q u e n c i e s .  

3 . 5 . 2  T r a n s m i s s i b i l i t y  of F o r e l ~ f t  I n p u t s .  Response t o  f o r e l a f t  

( t r a c t i v e  f o r c e )  i n p u t s  could  n o t  be measured on t h e  h y d r a u l i c  road s i m u l a t o r ,  

b u t  r a t h e r  was performed i n  t h e  HSRI l a b o r a t o r y .  The i n p u t  was a  random 

displacement  i n  t h e  f o r e l a f t  d i r e c t i o n  a p p l i e d  s l i g h t l y  outboard  of t h e  wheel 

c e n t e r .  I n  t h i s  c a s e ,  f o r c e  was measured d i r e c t l y  as t h e  i n p u t  w i t h  t h e  s e a t  

v e r t i c a l  and f o r e l a f t  a c c e l e r a t i o n s  a s  t h e  o u t p u t s .  F i g u r e  1 7  shows t h e  

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

t i o n s  p l o t t e d  on t h e  same s c a l e  a s  used i n  F i g u r e  1 6 .  

Again,  t h e  f o r e l a f t  s e n s i t i v i t i e s  a t  t h e  s e a t  a r e  dominant,  and q u i t e  

h i g h  i n  t h e  upper f requency range .  Inasmuch a s  t h e r e  i s  no d i s c r e t e  suspen- 

s i o n  i s o l a t i o n  provided i n  t h e  f o r e l a f t  d i r e c t i o n ,  t h e r e  i s  no pronounced 

low frequency resonan t  mode, b u t  r a t h e r  t h e  response  a p p e a r s  c h a r a c t e r i s t i c  

of a  mul t i - r e sonan t  sys tem.  

3 . 6  Chapter  Summary 

The mechanisms of t r u c k  r i d e  v i b r a t i o n  have been d i s c u s s e d  i n  accor-  

dance w i t h  t h e  c u r r e n t  s t a t e  of knowledge. The road v i b r a t i o n s  t r a n s m i t t e d  

t o  t h e  d r i v e r  through t h e  s e a t  a r e  predominant ly  i n  t h e  0-5 Hz r a n g e ,  and 

r e f l e c t  r ig id-body bounce and p i t c h  modes t h a t  a r e  n o t  w e l l  i s o l a t e d  by t h e  

s e a t .  

The t i r e l w h e e l  a s s e m b l i e s  a r e  seen  t o  i n f l u e n c e  t h e  v i b r a t i o n  spect rum 

by a c t i n g  a s  v i b r a t i o n  s o u r c e s  a t  t h e  r o t a t i n g  f requency and m u l t i p l e s  

t h e r e o f .  The v i b r a t i o n  ampl i tude  a s s o c i a t e d  w i t h  each wheel harmonic depends 

on t h e  d i r e c t i o n  of t h e  f o r c e  e x c i t a t i o n ,  t h e  wheel  p o s i t i o n ,  and t h e  

f requency .  Harmonic f r e q u e n c i e s  n e a r  t h e  t r u c k  r e s o n a n t  modes produce t h e  

g r e a t e s t  v i b r a t i o n  ampl i tudes .  The t r u c k ' s  s e n s i v i t i y  i n  t h i s  r e s p e c t  can be 

q u a n t i f i e d  from t h e  d a t a  a c q u i r e d ,  and can be summarized a s  f o l l o w s :  
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1) The broadest  s e n s i t i v i t y  occurs with s e a t  f o r e l a f t  v ib ra t ions  

exc i ted  by t r a c t i v e  fo rce  v a r i a t i o n s  a t  the  l e f t  r e a r  wheel. Mult iple  

t ruck  resonance modes e x i s t  i n  the range of 20 t o  50 Hz with a  s e n s i t i v i t y  

f a c t o r  i n  the range of 1 . 2  mi l l i -g ' s  per  pound o f  nonuniformity exc i t a t i on .  

2 )  Next most important i s  s e a t  f o r e l a f t  v i b r a t i o n  exci ted by t r a c t i v e  

force v a r i a t i o n s  a t  t he  l e f t  f r o n t  wheel, which e x h i b i t s  a  s e n s i t i v i t y  of 

approximately 1 .4  m i l l i - g ' s  per  pound near a  22-Hz resonance mode. 

3) Seat f o r e / a f  t s e n s i t i v i t y  t o  v e r t i c a l  ( r a d i a l )  fo rce  v a r i a t i o n s  

a t  t he  l e f t  r e a r  wheel e x h i b i t s  a  r e l a t i v e l y  high s e n s i t i v i t y  of 1.1 m i l l i -  

g ' s  per  pound, but i s  confined t o  the  f a i r l y  narrow band o f  20-25 Hz.  

4) In  genera l ,  e x c i t a t i o n s  on the  l e f t  s i d e  of the veh ic l e  produce 

more d r i v e r ' s  s e a t  v ib ra t ions  than e x c i t a t i o n s  on the  r i g h t  s i d e .  

5) Seat v e r t i c a l  v i b r a t i o n s  a r e  wel l  a t tenuated  by the  s e a t  i so l a -  

t i o n  system a t  higher frequencies .  Thus, s e a t  v e r t i c a l  s e n s i t i v i t y  i s  

g r e a t e s t  a t  the  low frequency (3  Hz) rigid-body modes. The maximum sens i -  

t i v i t y  i s  i n  the  range of 0 . 4  mi l l i -g '  s  per  ~ o u n d  and occurs with v e r t i c a l  

( r a d i a l )  e x c i t a t i o n  a t  the  r e a r  wheels. 





4 .  RIDE DEGRADATIONS FROM TIRE/WHEEL NONUNIFORMITIES 

4 . 1  I n t r o d u c t i o n  

The a d d i t i o n a l  v i b r a t i o n s  produced on a  t r u c k  a s  a  r e s u l t  of  wheel  

e x c i t a t i o n ,  under  some c i r c u m s t a n c e s ,  a r e  p e r c e p t i b l e  t o  t h e  d r i v e r .  

D r i v i n g  on smooth r o a d s  i s  one o f  t h e  most c r i t i c a l  c a s e s ;  w h e r e a s ,  on 

rough r o a d s ,  t h e  wheel  i n p u t s  a r e  masked by t h e  g r e a t e r  o v e r a l l  v i b r a t i o n  

l e v e l ,  When d r i v e r s  can  r e c o g n i z e  wheel- induced v i b r a t i o n s ,  i t  may become 

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

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

would be e x p e r i e n c e d  by d r i v e r s .  

" D i s s a t i s f a c t i o n "  i s  a  s u b j e c t i v e  measure ,  and w i l l  hence  v a r y  i n  

d e g r e e  w i t h  i n d i v i d u a l  d r i v e r s .  The au tomot ive  m a n u f a c t u r e r s  r o u t i n e l y  t r y  

t o  measure  cus tomer  s a t i s f a c t i o n  w i t h  many a s p e c t s  o f  v e h i c l e  d e s i g n  o r  pe r -  

formance .  The most f o r m a l i z e d  method i s  t o  conduct  " j u r y  e v a l u a t i o n s "  i n  

which  some a s p e c t  o f  v e h i c l e  d e s i g n  o r  pe r fo rmance  i s  r a t e d  on a  n u m e r i c a l  

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

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

toward t h e  f a c t o r  o f  i n t e r e s t .  

I n  o r d e r  t o  measure  t h e  i n f l u e n c e s  of  t i r e l w h e e l  n o n u n i f o r m i t i e s  on 

t h e  r i d e  of  t h e  GMC t r a c t o r  unde r  s t u d y  i n  t h i s  p r o j e c t ,  " j u r y  r a t i n g s "  were  

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

e x c i t a t i o n  a s  d u p l i c a t e d  on a  h y d r a u l i c  road  s i m u l a t o r .  A smooth-road v i b r a -  

t i o n  s p e c t r u m  was produced on t h e  s i m u l a t o r  a s  a  b a s e l i n e  f o r  a l l  t e s t s ,  t o  

which were  added a  m a t r i x  o f  wheel  e x c i t a t i o n  e f f e c t s .  J u r y  r a t i n g s  of t h e  

t r u c k ' s  r i d e  b e h a v i o r  were  o b t a i n e d  on  a  s c a l e  of  0 t o  1 0  o v e r  a  r a n g e  of  

wheel  e x c i t a t i o n  c o n d i t i o n s  i n  o r d e r  t o  map t h e  e f f e c t s  of  wheel  e x c i t a t i o n  

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

quency,  wheel  p o s i t i o n ,  and combina t ions  o f  t h e  above .  The r e s u l t s  of  t h o s e  

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



4 .2  Comparison of Simulator  t o  On-Road 

The l a b o r a t o r y  environment of a  road s i m u l a t o r  d i f f e r s  i n  many ways 

from t h e  on-road s i t u a t i o n  t h a t  may p o t e n t i a l l y  i n f l u e n c e  r i d e  r a t i n g s .  Of 

f i r s t  concern i s  t h e  a b i l i t y  t o  reasonab ly  r e p l i c a t e  t h e  road v i b r a t i o n  

spectrum on t h e  h y d r a u l i c  s i m u l a t o r .  V i b r a t i o n  measurements were made on 

t h e  s e a t  of t h e  t r u c k ,  bo th  on t h e  road and on t h e  s i m u l a t o r ,  i n  o r d e r  t o  

e v a l u a t e  t h e  "real ism" of t h e  s i m u l a t o r  v i b r a t i o n  c o n d i t i o n s .  A comparison 

of t h e  v e r t i c a l  and f o r e / a f t  s p e c t r a  under both  c o n d i t i o n s  i s  shown i n  

F igure  18 .  The v e r t i c a l  spectrum i s  w e l l  r e p l i c a t e d  on t h e  s i m u l a t o r .  The 

RMS g  l e v e l  i n  both  c a s e s  i s  w i t h i n  1 0  p e r c e n t ,  and i t s  l o c a t i o n  w i t h i n  t h e  

spectrum i s  e s s e n t i a l l y  i d e n t i c a l  i n  both  c a s e s .  The d i f f e r e n c e s  between 

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

d i f f e r e n t  s p e c t r a l  p rocess ing  methods used i n  each case .  

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

3-Hz rigid-body mode v i b r a t i o n s  a r e  e s s e n t i a l l y  e q u i v a l e n t ,  more h igh  f r e -  

quency c o n t e n t  i s  e v i d e n t  on t h e  s i m u l a t o r .  The s o u r c e  of t h i s  d i f f e r e n c e  

i s  n o t  known, but could i n v o l v e  t h e  d i f f e r e n c e  i n  load ing  t r a i l e r s ,  o r  

d i f f e r e n c e s  i n  t h e  dynamics of t h e  s e a t  a c c e l e r a t i o n  measuring ins t rumenta-  

t i o n .  O v e r a l l ,  t h e  f o r e l a f t  a c c e l e r a t i o n  spectrum on t h e  s i m u l a t o r  i s  

approximately  50 percen t  g r e a t e r  than  on t h e  road.  

S u b j e c t i v e  r a t i n g s  were a l s o  ob ta ined  on t h e  road and on t h e  s i m u l a t o r  

f o r  t h e s e  r i d e  c o n d i t i o n s .  E igh t  of t h e  10 r a t e r s  eva lua ted  bo th  c o n d i t i o n s .  

The common r a t i n g s  covered s e a t  v e r t i c a l ,  s e a t  f o r e l a f t ,  and s teer ing-wheel  

v i b r a t i o n s .  The average r a t i n g s  of t h e s e  f a c t o r s  on t h e  road and s i m u l a t o r  

a r e  a s  fo l lows :  

V i b r a t i o n  F a c t o r  

S e a t  V e r t i c a l  

S e a t  Fore/Af t 

S t e e r i n g  Wheel 

On-Road On-Simulator 

6.22 

6 .0  

6.75 

I n  t h e  l a b o r a t o r y  environment,  r i d e  r a t i n g s  thus  decreased 1 t o  2 p o i n t s .  

The i n c r e a s e d  f o r e / a f t  v i b r a t i o n s  on t h e  s i m u l a t o r  may account f o r  some of 

t h e  d i f f e r e n c e ,  a l though  t h e  absence of t h e  n o i s e  and d i s t r a c t i o n s  of d r i v i n g  



- On-road (.  08 G ' s  RMS) 

-- - S i m u l a t o r  ( - 088  G's RMS) 

FREQUENCY - HZ 

Comparison o f  S e a t  V e r t i c a l  A c c e l e r a t i o n s  f o r  t h e  GMC T r a c t o r  
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On t h e  H y d r a u l i c  Road S i m u l a t o r  

F igure  18 
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may a l s o  c o n t r i b u t e  t o  more c o n s i d e r e d  and c r i t i c a l  judgments i n  t h e  

l a b o r a t o r y .  

The above d i f f e r e n c e s ,  p e r  se, do n o t  s e r i o u s l y  compromise t h e  l a b -  

o r a t o r y  t e s t s .  The r e s u l t s  t h a t  a r e  t o  be  shown p r o v i d e  a  good p i c t u r e  of  

t h e  i n f l u e n c e s  of  wheel  e x c i t a t i o n  on r i d e  r a t i n g .  However, i n  drawing 

c o n c l u s i o n s  f rom t h o s e  r e s u l t s ,  i t  shou ld  b e  remembered t h a t  t h e  l a b o r a t o r y  

r a t i n g s  a r e  l i k e l y  t o  be a t  least  a s  c r i t i c a l ,  o r  s l i g h t l y  more c r i t i c a l ,  

t h a n  on-road r a t i n g s .  

4 .3  R a t i n g s  of  S i n g l e  N o n u n i f o r m i t i e s  

A number o f  t e s t  c o n d i t i o n s  e x p l o r e d  t h e  i n f l u e n c e s  of  s i n g u l a r  non- 

u n i f o r m i t i e s .  These i n c l u d e d  f i r s t ,  s e c o n d ,  t h i r d ,  and f o u r t h  harmonic 

e f f e c t s  a t  e a c h  of  t h e  f o u r  wheel  p o s i t i o n s ,  a t  t h e  e q u i v a l e n t  of  a  55-mph 

road  speed  c o n d i t i o n .  Because o f  t h e  c l e a r l y  e v i d e n t  r i g id -body  modes a t  

a p p r o x i m t e l y  3 . 3  H z ,  lower  f r e q u e n c y  c o n d i t i o n s  were  a l s o  c o v e r e d ,  r e p r e -  

s e n t i n g  f i r s t  harmonic e x c i t a t i o n  a t  lower  o p e r a t i n g  s p e e d s .  I n  o r d e r  t o  

a v o i d  t h e  confounding  e f f e c t s  of changing  road  i n p u t  a t  lower  s p e e d s ,  t h e  

r o a d  was h e l d  a t  55  mph e q u i v a l e n t  i n p u t  d u r i n g  t h e s e  tes ts .  

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

waves t o  t h e  road  i n p u t  spec t rum.  The s i n e  wave a m p l i t u d e s  a r e  d i r e c t l y  

r e l a t e d  t o  n o n u n i f o r m i t y  e f f e c t s  e x p r e s s e d  i n  t e rms  of  l oaded  r a d i a l  r u n o u t .  

The s i n e  wave a m p l i t u d e s  were  produced a t  t h e  d i s c r e t e  l e v e l s  of 0.025,  

0 .050,  0 .075,  0 .100 ,  and 0 .125 i n c h e s .  The h i g h e r  a m p l i t u d e s  were  used  t o  

e n s u r e  cove rage  of  c o n d i t i o n s  c e r t a i n  t o  r e f l e c t  t h e  w o r s t  c a s e  combina t ions  

o f  t i r e  and wheel  e f f e c t s ,  and t o  e n s u r e  t h a t  r a t i n g  t r e n d s  c o u l d  be  d i s c e r n e d  

among t h e  expec ted  s t a t i s t i c a l  s c a t t e r  i n  t h e  d a t a .  

Al though t h r e e  r a t i n g  f a c t o r s  were  used  on t h e  r o a d ,  once  t h e  v e h i c l e  

was emplaced on t h e  s i m u l a t o r ,  i t  became immedia te ly  c l e a r  t h a t  a d d i t i o n a l  

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

i n  which t o  r e c o r d  o b j e c t i o n a b l e  v i b r a t i o n s .  The most  pronounced of  t h e s e  

was need f o r  a  "cab shake" r a t i n g  f a c t o r .  Under c e r t a i n  c o n d i t i o n s ,  ob jec -  

t i o n a b l e  v i b r a t i o n s  were  b e i n g  obse rved  on t h e  o v e r a l l  v e h i c l e ,  b u t  were  n o t  

p e r c e i v e d  s t r o n g l y  on t h e  s e a t .  Thus t h e  need  f o r  a cab shake  r a t i n g  f a c t o r .  

I n  t o t a l ,  f i v e  r a t i n g  f a c t o r s  were  used .  These were a s  f o l l o w s :  



Seat v e r t i c a l  

Seat f o r e l a f t  

Seat l a t e r a l  

S t ee r ing  wheel 

Cab shake 

The r a t i n g  r e s u l t s  a r e  bes t  i l l u s t r a t e d  by means of p l o t s  showing the  

mean r a t i n g  of t he  jury  as  a  funct ion of the  nonuniformity amplitude, A 

more d e t a i l e d  d iscuss ion  r a t i o n a l i z i n g  the choice of t h i s  summary r i d e  

measure i s  provided i n  Appendix A.  Figure 192-d shows the  r a t i n g s  a s  a  

func t ion  of nonuniformity amplitude f o r  the  f i r s t  through four th  harmonic, 

i n  each of t he  four  wheel pos i t i ons .  The . sepa ra t e  p l o t s  cover the  f i v e  

ind iv idua l  r a t i n g  f a c t o r s ,  along wi th  the  average of the  f i v e  f a c t o r s .  The 

v e r t i c a l  a x i s  i n  each p l o t  i s  t he  average value from the  10 r a t e r s ,  and the  

ho r i zon ta l  s c a l e  i s  the  s i n e  wave e x c i t a t i o n  amplitude i n  inches.  

The da t a  show r a t i n g  e f f e c t s  t h a t  vary from "no e f f e c t "  i n  some cases  

t o  r a t h e r  s t rong  degradat ion r a t e s  i n  o the r s .  The t r ends ,  or  s lopes of the 

l i n e s ,  undoubtedly inc lude  a  c e r t a i n  amount of random v a r i a t i o n ,  which, 

even when averaged over 10 r a t e r s  a s  done here ,  i s  s t i l l  s i g n i f i c a n t  enough 

t o  d i s t o r t  the  i nd iv idua l  da t a  po in t s .  A second inf luence  t h a t  may play a  

r o l e  i n  the  v a r i a b i l i t y  i s  the  choice of f a c t o r  i n  which the  r a t e r  pena l izes  

t he  r a t i n g .  For example, when a  f i r s t  harmonic e x c i t a t i o n  i s  appl ied a t  a  

low l e v e l ,  the r a t e r  may a t  f i r s t  pena l ize  s e a t  v e r t i c a l  r a t i n g ,  but a s  i t  

grows l a r g e r ,  he may perceive i t  more a s  a  cab shake v i b r a t i o n ,  dropping 

t h a t  r a t i n g  while  leaving the  s e a t  v e r t i c a l  r a t i n g  unchanged, o r  perhaps even 

al lowing i t  t o  i nc rease  again.  To what ex ten t  t h i s  may be a  r a t e r  e f f e c t  or  

a  consequence of t he  t ruck  dynamics i s  not  c e r t a i n .  An examination of t he  

t ruck  v i b r a t i o n  spec t r a  produced under condit ions of increas ing  nonuniformity 

amplitude does show some confounding e f f e c t s .  Figure 20 shows the  s e a t  

v e r t i c a l  spectrum f o r  s e v e r a l  ampltiudes of f i r s t  harmonic e x c i t a t i o n  a t  t he  

l e f t  f r o n t  wheel, With t h e  lowest l e v e l  of e x c i t a t i o n  (0.025 i n c h e s ) ,  the 

major a l t e r a t i o n  i n  t he  spectrum i s  the emergence of a  s p e c t r a l  peak a t  the 

f i r s t  harmonic frequency of 7.3 Hz. However, a s  the e x c i t a t i o n  amplitude 

inc reases ,  t he  3-Hz s p e c t r a l  peak assoc ia ted  wi th  the  road input  diminishes.  
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This  i s  most probably  due t o  t h e  i n c r e a s e  of h y s t e r e t i c  damping i n  t h e  

suspens ion  system w i t h  t h e  a d d i t i o n a l  d e f l e c t i o n  caused by t h e  nonuniformity  

e x c i t a t i o n .  This  e f f e c t  was n o t  unexpected,  b u t  had been p r e d i c t e d  i n  e a r l i e r  

a n a l y s i s  [ 91 . 
The o v e r a l l  e f f e c t  of each harmonic i s  b e s t  seen  i n  t h e  Average 

Ra t ings .  Consider ,  f o r  example, t h e  l e f t  f r o n t  c a s e  shown i n  F igure  19a.  

The e f f e c t  of a  f i r s t  harmonic nonuniformity  on t h i s  wheel i s  t o  decrease  

t h e  r i d e  r a t i n g  t h e  most qu ick ly  up t o  an  ampl i tude of 0 .05  i n c h e s ,  and 

t h e r e a f t e r  d e c r e a s e  t h e  r a t i n g  a t  a  lower r a t e .  A s i m i l a r  t r e n d  i s  i n d i c a t e d  

f o r  t h e  f i r s t  harmonic on t h e  r i g h t  f r o n t  wheel (F ig .  19c)  a s  w e l l ,  a l though  

i t  on ly  h o l d s  up t o  t h e  f i r s t  l e v e l  of 0.025 i n c h e s .  More c o n s i s t e n t  f i r s t  

harmonic i n f l u e n c e s  a r e  seen  a t  t h e  rear wheel p o s i t i o n s ,  where t h e  t r e n d s  

c o n t i n u e  ou t  t o  t h e  l a r g e s t  ampl i tudes  t e s t e d .  Because of t h e  modest s e n s i -  

t i v i t y  t o  f i r s t  harmonic e x c i t a t i o n  i n  every  c a s e ,  i t  i s  d i f f i c u l t  t o  pin- 

p o i n t  any one of t h e  f i v e  r a t i n g  f a c t o r s  a s  t h e  source  of t h e  degrada t ion .  % 

A t  b e s t ,  one can conclude t h a t  t h e  f i r s t  harmonic has  ve ry  l i t t l e  e f f e c t  on 

t h e  s e a t  l a t e r a l ,  bu t  i t  appears  t o  show up t o  some e x t e n t  i n  a l l  t h e  o t h e r  

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

By and l a r g e ,  t h e  second harmonic has  a much more pronounced e f f e c t .  

The d e g r a d a t i o n  r a t e  of t h e  average r i d e  r a t i n g  i s  q u i t e  s i m i l a r  f o r  a l l  

wheel p o s i t i o n s .  Although t h i s  r a t e  is  h i g h e r ,  i t  should be  k e p t  i n  mind by 

t h e  r e a d e r  t h a t  second harmonic magnitudes i n  t i r e l w h e e l  a ssembl ies  a r e  

g e n e r a l l y  much lower t h a n  f i r s t  harmonic e f f e c t s .  A more c a r e f u l  examination 

of t h e  i n d i v i d u a l  r a t i n g  p l o t s  i n  F i g u r e  1 9  r e v e a l s  t h a t  second harmonic 

e f f e c t s  a r e  pe rce ived  p r i m a r i l y  i n  t h e  cab shake and s teer ing-wheel  v i b r a t i o n  

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

A pronounced s e n s i t i v i t y  t o  t h i r d  harmonic e x c i t a t i o n  i s  a l s o  i n d i -  

c a t e d  by t h e  d a t a .  The t h i r d  harmonic d e g r a d a t i o n  r a t e s  a r e  less l i n e a r  

t h a n  t h e  second, b u t  a t  low l e v e l s  have a  h i g h e r  r a t e  a t  t h e  r e a r  wheel 

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

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

The f o u r t h  harmonic,  i n  g e n e r a l ,  i s  seen  t o  have a r a t h e r  minimal 

e f f e c t  on r i d e  r a t i n g ,  Though i t  h a s  a  d e g r a d a t i o n  r a t e  comparable t o  t h e  

f i r s t  harmonic,  f o u r t h  harmonic magnitudes a r e  g e n e r a l l y  on ly  a f r a c t i o n  of 

t h e  l e v e l  o f  f i r s t  harmonic v a l u e s .  A d d i t i o n a l l y ,  f o u r t h  harmonics a r e  



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

wheel i s  masked o u t  by t h e  t i r e .  

There a r e  s e v e r a l  o p t i o n s  f o r  reduc ing  t h e  d a t a  i n  t h e s e  p l o t s  t o  a  

u s e a b l e  form. S i n c e  t h e  d a t a  a r e  n o n l i n e a r  i n  some c a s e s ,  t h e  most c r i t i c a l  

method i s  t o  determine t h e  g r e a t e s t  s l o p e  ( r i d e  d e g r a d a t i o n  r a t e )  among t h e  

lower ampl i tudes  r e p r e s e n t i n g  t h a t  t o  be t h e  nominal d e g r a d a t i o n  r a t e  

a s s o c i a t e d  w i t h  a  nonuniformity  c o n d i t i o n .  While t h e  lower ampl i tudes  a r e  

expected t o  be more r e p r e s e n t a t i v e  of a c t u a l  e x c i t a t i o n  l e v e l s  on r e a l  

v e h i c l e s ,  t h e  g r a d i e n t s  ob ta ined  can be somewhat e r r a t i c  due t o  t h e  random 

e r r o r  i n  t h e  s u b j e c t i v e  r a t i n g  p r o c e s s .  A second o p t i o n  i s  t o  apply  s tat is-  

t i c a l  methods, namely, a  l i n e a r  r e g r e s s i o n .  The s l o p e  of t h e  l i n e a r  

r e g r e s s i o n  e q u a t i o n  i s  t h e n  t h e  d e g r a d a t i o n  r a t e  of i n t e r e s t .  Table  2  

summarizes t h e  r e s u l t s  f o r  b o t h  methods. 

A s  e v i d e n t  i n  t h e  above summary, e v a l u a t i o n  a t  low ampl i tudes  y i e l d s  

some v e r y  h i g h  s e n s i t i v i t y  f a c t o r s .  A t  t h i s  j u n c t u r e ,  i t  i s  d i f f i c u l t  t o  

a r g u e  t h a t  one i s  n e c e s s a r i l y  more v a l i d  t h a n  t h e  o t h e r .  N e v e r t h e l e s s ,  i n  

t h e  a n a l y s i s  of combination e f f e c t s ,  t h e  l i n e a r  r e g r e s s i o n  c o e f f i c i e n t s  w i l l  

be t aken  a s  t h e  p r e f e r r e d  cho ice  t o  q u a n t i f y  nonuniformity  i n f l u e n c e s .  

Among t h e  s ingle-wheel  i n p u t  t e s t s ,  a  f requency sweep down t o  3 .3  Hz 

was conducted t o  ensure  t h a t  t h e  r a t i n g s  covered t h e  low speed c o n d i t i o n  of 

r igid-body bounce /p i t ch  as e x c i t e d  by t i r e / w h e e l  i n p u t s .  The t e s t s  were 

l i m i t e d  t o  l e f t  f r o n t  and l e f t  r e a r  wheel i n p u t  a t  an  ampl i tude of 0.050 

i n c h e s .  F i g u r e  21 shows t h e  r e s u l t s  of those  tests p l o t t e d  s e p a r a t e l y  f o r  

each r a t i n g  f a c t o r  and f o r  t h e  average .  

For  b o t h  f r o n t  and r e a r  wheel i n p u t ,  t h e  average r a t i n g  does  n o t  change 

profoundly w i t h  f requency ,  even down t o  t h e  p o i n t  of t h e  3 .3  Hz bounce /p i t ch  

range .  The r a t i n g s  of t h e  i n d i v i d u a l  f a c t o r s ,  however, do show some s e n s i t i v i t y  

which i s  washed o u t  i n  t h e  a v e r a g i n g  p r o c e s s .  Not s u r p r i s i n g l y ,  t h e  seat 

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

( l o n g i t u d i n a l )  i s  most n o t i c e a b l y  degraded by r e a r  wheel i n p u t .  The explana- 

t i o n  of why t h e  average  i s  u n a f f e c t e d  i s  n o t  apparen t .  The answer may, 

pe rhaps ,  l i e  i n  t h e  way i n  which nonuniformity  e x c i t a t i o n  changes t h e  sus-  

pens ion  damping and hence t h e  o v e r a l l  spectrum. 

Th is  pseudo-speed e f f e c t  i s  n o t  s e e n  as an  impor tan t  i n f l u e n c e  on t r u c k  

r i d e  v i b r a t i o n s  a t  t h i s  s t a g e  i n  t h e  r e s e a r c h .  Though a  s l i g h t  change i n  



Table  2. ~ i r e l ~ h e e l  Nonuniformity Ride Degradat ion Rates  
(Uni t s  of Ride Ra t ing / Inch  of E x c i t a t i o n 1 )  

1st Harmonic* 

** 

2nd Harmonic* 

* * 

3rd Harmonic* 

** 

Wheel P o s i t i o n  

L e f t  F r o n t  Right F r o n t  L e f t  Rear Right  Rear 

- 7.51.050 -12.6/ .025 -15.21.125 -10.8/ .  125 

- 2.93 - 3.59 -15.3 -12.1 

l ~ x c i t a t i o n  is e q u i v a l e n t  t o  inches  of loaded r a d i a l  runout .  

*Gradient f o r  t h e  range  of z e r o  ampl i tude  t o / ( a m p l i t u d e  shown). 

**Slope of l i n e a r  r e g r e s s i o n  l i n e  f o r  a l l  d a t a  p o i n t s .  

4 t h  Harmonic* 

** 
- 5.1/ .050 -12.51.050 - 6.11.050 - 6.9/ .050 

- 5 . 1  -12.3 - 6 . 1  - 6.9 



Figure  21a. Ride r a t i n g s  a t  low f r e q u e n c i e s  f o r  0.05 i n c h  e x c i t a t i o n  a t  
t h e  l e f t  f r o n t .  
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Figure 21b. Ride r a t i n g s  a t  low frequency f o r  0.05 i n c h  e x c i t a t i o n  a t  
the  l e f t  r e a r .  



s e n s i t i v i t y  t o  t h e  f i r s t  harmonic may be  i n d i c a t e d ,  t h e  accompanying changes 

of  road  i n p u t  a t  lower  speed  i s  l i k e l y  t o  overwhelm any d i r e c t  wheel  e f f e c t s .  

4 .4  R a t i n g s  o f  Nonuni formi ty  Combinations 

Among t h e  100  tests ,  some were  d e s i g n e d  t o  e x p l o r e  t h e  e f f e c t s  of com- 

b i n a t i o n s  of  nonun i fo rmi ty  i n p u t s ,  inasmuch as t h e  o v e r a l l  v e h i c l e  r i d e  i s  

n e v e r  t h e  r e s u l t  of  o n l y  one  n o n u n i f o r m i t y ,  b u t  t h e  combina t ions  of  a  number 

of  i n p u t s  a t  e v e r y  whee l .  Each d imension  of combinat ion  was exp lo red  

s e p a r a t e l y .  

4 . 4 . 1  Combinations on One Axle.  Nonuni formi ty  i n p u t s  on b o t h  t h e  

l e f t  and r i g h t  s i d e  of  a n  a x l e  were t e s t e d  f o r  b o t h  t h e  f r o n t  and r e a r  a x l e s .  

The tests  were  c o n f i n e d  t o  t h e  f i r s t  harmonic c o n d i t i o n  o n l y ,  b u t  cove red  

t h e  in -phase ,  out-of-phase c o n d i t i o n s .  F i v e  a m p l i t u d e s  ( i n c l u d i n g  t h e  n u l l  

c o n d i t i o n )  were  t e s t e d .  The d e g r a d a t i o n  rates were  de t e rmined  from l i n e a r  

r e g r e s s i o n  a n a l y s i s .  Tab le  3 summarizes t h e  d e g r a d a t i o n  r a t e s  f o r  t h e  in -  

phase  and out -of -phase  c o n d i t i o n s ,  and i n c l u d e s ,  f o r  compar ison ,  t h e  appro-  

p r i a t e  r a t e s  f o r  s ing le -whee l  e x c i t a t i o n .  

Tab le  3. Ti re /Wheel  Nonuni formi ty  Degrada t ion  R a t e s  f o r  
F i r s t  Harmonic I n p u t s  a t  t h e  L e f t  and R igh t  
Wheels of a n  Axle.  

I n p u t  

Le f t -R igh t  Le f t -R igh t  
L e f t  Only R igh t  Only Bounce R o l l  

( I n  Phase )  (Out of  Phase )  

F r o n t  - 2.93  - 3.59 - 8.26 -10.28 

Rear 1 -15 .32  -12.14 -25.74 - 0.12  
1 

The t o t a l  d e g r d a t i o n  r a t e  t h a t  would b e  expec ted  from t h e  f r o n t  a x l e  

would b e  -6 .52  i f  t h e  l e f t  and r i g h t  s e n s i t i v i t i e s  were  p u r e l y  a d d i t i v e .  

Though an  u n d e r e s t i m a t e  of t h e  a c t u a l  e f f e c t ,  t h e  e r r o r  i s  less t h a n  40 

p e r c e n t  when p r e d i c t i n g  t h e  w o r s t  c a s e  r o l l  i n p u t , c o n d i t i o n .  Cons ide r ing  

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

r a t e s ,  t h i s  e r r o r  p e r c e n t a g e  i s  n o t  v e r y  s i g n i f i c a n t .  I f  t h i s  l e v e l  of  



accuracy i n  t h e  p r e d i c t i o n  can be a c c e p t e d ,  then i t  can be concluded t h a t :  

"The combined e f f e c t  of concur ren t  l e f t  and r i g h t  non- 
un i fo rmi ty  i n p u t s  on t h e  f r o n t  a x l e  i s  (by f i r s t - o r d e r  
e s t i m a t e )  t h e  sum of t h e  i n d i v i d u a l  s e n s i t i v i t i e s  of bo th  
t h e  l e f t  and r i g h t  wheels .  F u r t h e r ,  t h e  combined e f f e c t  
i s  independent of wheel phasing . I '  

On a s i m i l a r  b a s i s ,  t h e  r e a r  a x l e  d a t a  would i n d i c a t e  a conc lus ion  

t h a t  : 

"The combined e f f e c t  of concur ren t  l e f t  and r i g h t  non- 
un i fo rmi ty  i n p u t s  on t h e  r e a r  a x l e  i s  t h e  sum of t h e  
i n d i v i d u a l  s e n s i t i v i t i e s  of bo th  t h e  l e f t  and r i g h t  wheels 
when t h e  i n p u t s  a r e  i n  phase .  When t h e  l e f t  and r i g h t  
i n p u t s  a r e  ou t  of phase ,  they do no t  produce a r i d e  
degrada t ion . "  

For t h e  r e a r  a x l e ,  t h e  t o t a l  of t h e  l e f t  and r i g h t  ( - 2 7 . 4 6 )  i s  much c l o s e r  

t o  t h e  s e n s i t i v i t y  found i n  t h e  in-phase combination.  The f a c t  t h a t  t h e  

r o l l  combination appears  t o  c a n c e l  a t  t h e  r e a r  a x l e  does n o t  confound t h e  

use of t h i s  r u l e .  The o v e r a l l  v i b r a t i o n  on t h e  road from t h e  r e a r  a x l e  w i l l  

wax and wane a s  t h e  wheel phasing changes ,  being n o t i c e a b l e  t o  t h e  r i d e r  

d u r i n g  t h e  wors t  c a s e  ( in-phase)  combination.  Whether t h e  r i d e r  degrada t ion  

w i l l  be judged on t h e  b a s i s  of wors t  c a s e  o r  average e f f e c t s  i s  n o t  known a t  

t h i s  t ime ,  b u t  i s  a good t o p i c  f o r  f u t u r e  r e s e a r c h .  U n f o r t u n a t e l y ,  t h e  t e s t  

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

and h i g h e r  harmonics,  hence i t  can only  be assumed t h a t  t h e s e  o b s e r v a t i o n s  

hold  f o r  t h e  o t h e r  harmonics.  However, a s  w i l l  be  s e e n ,  t h a t  assumption i s  

a p p r o p r i a t e  f o r  a number of o t h e r  c o n d i t i o n s  i n v o l v i n g  h igher  harmonics,  and 

t h e r e f o r e  r e p r e s e n t s  a b e s t  f i r s t  guess a s  t o  how t o  t r e a t  h i g h e r  harmonic 

combinations on one a x l e .  

4 . 4 . 2  Combinations on Two Axles .  The f r o n t l r e a r  combinations of 

f i r s t  harmonic were explored i n  t h e  l e f t  f r o n t / l e f t  r e a r  wheel p o s i t i o n s .  

Out of concern t h a t  phasing might be impor tan t ,  f o u r  t e s t s  were conducted 

cover ing  t h e  phase a n g l e s  of 0,  90,  180,  and 270 degrees .  The r e s u l t s  a r e  

summarized i n  Table  4 below. 



Tab le  4.  ~ i r e / W h e e l  Nonuni formi ty  Ride  Degrada t ion  R a t e s  
f o r  F i r s t  Harmonic Combinations on F r o n t  and 
Rear Wheels. 

Phase  Angle Degrada t ion  R a t e  Average Ra te  

F r o n t  Only -- - 2.93  
-18.22;'; 

Rear  Only - - -15.3 

Both 0 -17.0 

Both 

Both 

Both 2 7 0 -14.7 

"Average v a l u e  of  9 .11  times two whee l s .  

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

t h e  phase  i n f l u e n c e ,  i f  a n y t h i n g ,  i s  a second-order  e f f e c t .  The a v e r a g e  

v a l u e  of  -16.0 f o r  b o t h  f r o n t  and r e a r  i n p u t s  compares c l o s e l y  t o  t h e  i n d i -  

v i d u a l  l e f t  f r o n t  and l e f t  rear t o t a l  o f  -18.22.  T h e r e f o r e ,  i t  may b e  

conc luded  t h a t  : 

"The combined e f f e c t  of c o n c u r r e n t  f r o n t  and rear n o n u n i f o r m i t y  
i n p u t s  i s  t h e  sum o f  t h e  i n d i v i d u a l  s e n s i t i v i t i e s  o f  t h e  f r o n t  
and r e a r  a x l e s ,  r e g a r d l e s s  o f  phas ing . "  

The a p p l i c a b i l i t y  of  t h e  above c o n c l u s i o n  f o r  harmonics  o t h e r  t h a n  t h e  

f i r s t  is  demons t r a t ed  i n  t h e  t e s t  r e s u l t s  f o r  f r o n t l r e a r  combina t ions  in -  

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

harmonic i n  a  combina t ion  can d i f f e r ,  i n  which c a s e  t h e  method of  summing 

t h e  g r a d i e n t s  shou ld  n o t  be used .  R a t h e r ,  t h e  decrement  must  be  computed 

( u s i n g  t h e  g r a d i e n t  x harmonic  a m p l i t u d e )  f o r  each  component, and t h e n  t h e  

dec remen t s  f o r  a l l  components a r e  added .  However, f o r  t h e s e  t e s t s  a n  ampli-  

t u d e  of  0 .075 was used  f o r  a l l  harmonic i n p u t s ,  s o  t h a t  t h e y  can  be  compared 

by s i m p l e  summation o f  t h e  g r a d i e n t s .  The test  m a t r i x  f o r  t h i s  combina t ion  

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

second o r  t h i r d  harmonic a t  d i f f e r i n g  phase  a n g l e s .  The r e s u l t s  a r e  summarized 

i n  Tab le  5 i n  which t h e  a c t u a l  r a t e  i s  shown a l o n g  w i t h  t h e  r a t e  p r e d i c t e d  by 

a d d i t i v e  g r a d i e n t s .  

6 4 



Table  5. Tire/Wheel Nonuniformity Ride Degradat ion Rates  f o r  Higher 
Harmonic Combinations on Fron t  and Rear Wheels. 

Test  Condi t ion 
Phase Actua l  P r e d i c t e d  
Angle Rate  Rate 

LF 1st Harmonic 

LR 2nd Harmonic 

-25.0 -24.2 

0 

LF 1st Harmonic 

LR 2nd Harmonic 

LF 1st Harmonic 

LR 3rd Harmonic 

LF 1st Harmonic 

LR 3rd Harmonic 

Looking f i r s t  a t  t h e  combination w i t h  t h e  second harmonic on t h e  r e a r  

a x l e ,  i t  i s  e v i d e n t  t h a t  t h e r e  i s  l i t t l e  e f f e c t  of phasing.  Though t h e  

phase a n g l e s  used produced d i f f e r e n t  wave form combinat ions ,  t h e i r  e f f e c t  

on r a t i n g  i s  r a t h e r  i n s i g n i f i c a n t .  I n  t h e  c a s e  of t h e  t h i r d  harmonic t h e  

d a t a  would sugges t  p o t e n t i a l  f o r  a smal l  phasing e f f e c t ;  bu t  aga in  i t  i s  no t  

w e l l  e s t a b l i s h e d  by t h e  d a t a ,  and i s  n o t  of f i r s t - o r d e r  s i g n i f i c a n c e .  Thus 

t h e  p rev ious  conc lus ion  r e g a r d i n g  t h e  r i d e  d e g r a d a t i o n  of f r o n t  a x e l r e a r  

a x l e  combinations appears  t o  be a p p l i c a b l e .  

-27.0 -24.2 

9  0 

-13.3  -17.8 

0 
I 

-20 .5  -17.8 

9  0 

LF 1 s t  Harmonic 

LR 3rd Harmonic 

L a s t l y ,  i t  should be noted t h a t  s e v e r a l  t e s t s  i n  t h e  m a t r i x  were 

d e d i c a t e d  t o  i n v e s t i g a t i n g  whether  t h e  a r b i t r a r y  cho ice  of t h e  phasing of 

wheel nonuniformity  e f f e c t s  w i t h  r e s p e c t  t o  t h e  road i n p u t  was c o n s e q u e n t i a l  

t o  t h e  r e s u l t s .  When a  f i r s t  harmonic i n p u t  was lagged a t  90 and 180 degrees  

w i t h  r e s p e c t  t o  i t s  u s u a l  r e g i s t r a t i o n  on t h e  r o a d ,  no s i g n i f i c a n t  change i n  

r a t i n g s  was ob ta ined .  

-19.3 -17.8 

180 



4 . 5  P r e d i c t i n g  Ride Degradation A r i s i n g  from Radia l  Nonuniformit ies  

From t h e  f i n d i n g s  seen i n  t h e  preceding s e c t i o n ,  t h e  p r e d i c t i o n  of 

r i d e  degrada t ion  f o r  t h e  test t r a c t o r  a t  55 mph i s  reasonably  s t r a i g h t f o r w a r d .  

The p r o s p e c t  of being a b l e  t o  add t o g e t h e r  a  number of i n d i v i d u a l  nonuni- 

fo rmi ty  c o n t r i b u t i o n s  g r e a t l y  s i m p l i f i e s  t h e  method. A t  t h i s  p o i n t ,  an 

example i s  h e l p f u l  t o  demonstra te  a p p l i c a t i o n  of t h e  method, and perhaps  a t  

t h e  same t ime ,  t o  add conf idence i n  i t s  v a l i d i t y .  For t h a t  example, t h e  

method w i l l  be app l ied  t o  t h e  on-road r i d e  t e s t  of t h e  GMC t r a c t o r  t o  p r e d i c t  

t h e  p o r t i o n  of t h e  r a t i n g s  a t t r i b u t a b l e  t o  t h e  r a d i a l  nonuni fo rmi t i es  i n  

i t s  t i r e l w h e e l  a ssembl ies .  

To t h e  e x t e n t  p o s s i b l e ,  t h e  f i r s t  harmonic r a d i a l  nonuni fo rmi t i es  on 

a l l  wheels of t h e  t e s t  t r a c t o r  were minimized by match mounting, except  f o r  

t h e  l e f t  f r o n t  wheel.  I n  a d d i t i o n ,  a l l  wheels were c a r e f u l l y  balanced.  

Second and h igher  harmonics were n o t  a d j u s t e d .  The f i r s t  through f o u r t h  

harmonic r a d i a l  f o r c e  v a r i a t i o n s  on a l l  wheels were measured. Because t h e  

r i d e  degrada t ion  r a t e s  a r e  desc r ibed  i n  t e n s  of r i d e  r a t i n g  per  i n c h  of 

e x c i t a t i o n  ampl i tude,  those  f o r c e  v a r i a t i o n s  must be converted t o  equiva- 

l e n t  loaded r a d i a l  runout  d isplacement ,  This  i s  done by d i v i d i n g  t h e  f o r c e  

v a r i a t i o n  ampl i tude by t h e  t i r e  r a d i a l  s t i f f n e s s .  A s t i f f n e s s  of 5000 l b / i n  

i s  assumed i n  t h e  c a l c u l a t i o n s .  The a s s o c i a t e d  runout  f o r  each harmonic and 

wheel p o s i t i o n  i s  then  m u l t i p l i e d  by t h e  a p p r o p r i a t e  r i d e  degrada t ion  r a t e ,  

a f t e r  which t h e  c o n t r i b u t i o n s  from a l l  wheels and harmonics a r e  summed. Table 

6 shows t h e s e  c a l c u l a t i o n s  and t o t a l s .  

As i n d i c a t e d ,  t h e  t o t a l  r i d e  decrement due t o  t h e  f i r s t  through 

f o u r t h  harmonic r a d i a l  nonuni fo rmi t i es  i s  -0.95 r i d e  p o i n t s .  The average 

on-road r a t i n g  f o r  t h e  v e h i c l e  (average of t h r e e  r a t i n g  f a c t o r s  over  e i g h t  

r a t e r s )  was 7 .83  on t h e  0-10 r a t i n g  s c a l e .  Had a l l  t h e  t i r e / w h e e l  a ssembl ies  

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

p r e d i c t  t h a t  an average r a t i n g  of 8.78 would have been ob ta ined .  That i s ,  

of t h e  t o t a l  decrement of 2.17 r i d e  p o i n t s  (10 - 7.83)  a r i s i n g  from e x c i t a -  

t i o n  by t h e  road ,  t i r e / w h e e l  i n p u t s ,  and o t h e r  s o u r c e s ,  44 pe rcen t  i s  due t o  

t h e  t i r e l w h e e l  r a d i a l  e x c i t a t i o n .  Based on t h e  a u t h o r ' s  exper ience ,  t h i s  

c o n s t i t u t e s  a  ve ry  reasonab le  r e s u l t .  On t h e  one hand, i t  i s  unreasonable  

t o  expec t  t h a t  t h e  t o t a l  e f f e c t  of a l l  r a d i a l  e x c i t a t i o n  would be s i g n i f i -  

c a n t l y  l e s s  t h a n  a  r i d e  p o i n t  cons ider ing  t h a t  t h e  mean square  r i d e  v i b r a t i o n s  



Tab le  6 .  Ride Degradat ion  C a l c u l a t i o n s  f o r  R a d i a l  
Nonun i fo rmi t i e s  on t h e  GMC T e s t  T r a c t o r .  

Wheel LRR Ride Degrada t ion  Ride  Ra t ing  
P o s i t i o n  Harmonic Ampli tude F a c t o r  Decrement 

LF 1 ,0369 i n  x - 2.93  ~ R / i n  - - - . l o 8  

2 .00712 x -13.57 - - -. 0966 

3 ,01446 x - 8.26  - - -. 119 

4 ,00258 x - 5 . 1  - - -. 013 

T o t a l  



a t t r i b u t a b l e  t o  wheel e x c i t a t i o n ,  seen i n  the  s p e c t r a l  maps of Figure 11 ,  

a r e  a  s i g n i f i c a n t  por t ion  of t he  t o t a l .  On the  other  hand, i t  would a l s o  

be unreasonable f o r  t he  method to  p red ic t  s i g n i f i c a n t l y  more than a  r i d e  

poin t  because of the  impl ica t ion  t h a t  with only the  road and d r i v e l i n e  inputs  

the r i d e  r a t i n g  would be above 9 .  

As a  matter  of i n t e r e s t ,  these  da t a  can be used t o  est imate the r i d e  

degradat ion t h a t  would be expected on the  t e s t  veh ic l e  with the wheels s e t  

up a t  d i f f e r e n t  condi t ions.  Inasmuch a s  i t  i s  only p r a c t i c a l  t o  a d j u s t  

f i r s t  harmonic l e v e l s  (by balancing,  match mounting, e t c . ) ,  t h r ee  cases  

represent ing  d i f f e r e n t  l e v e l s  of f i r s t  harmonic a r e  considered. As a  "worst 

case" i t  might be assumed t h a t  a l l  four  wheels had a  f i r s t  harmonic non- 

uniformity equivalent  t o  0.04 inches of loaded r a d i a l  runout.  This may be 

compared aga ins t  the  veh ic l e  "as  tes ted ' '  with a l l  but the l e f t  f r o n t  wheel 

balanced and match mounted t o  minimize f i r s t  harmonic. Then the bes t  case 

would be with the l e f t  f r o n t  wheel dressed t o  the  l e v e l  achieved on the 

r i g h t  f r o n t  wheel-this represent ing  the  b e s t  case poss ib le  by the p r a c t i c e  

of match-mounting and balancing a l l  wheels on a  veh ic l e .  

Table 7 shows the ca lcu la ted  t o t a l  r i d e  decrement assoc ia ted  with 

each harmonic f o r  these  th ree  cases .  I n  t he  worst case ,  an o v e r a l l  r i d e  

decrement of 2 r i d e  poin ts  would be expected, with 66 percent  of t h a t  due 

t o  f i r s t  harmonic nonuniformit ies .  A t  t he  o ther  extreme, with balancing and 

match mounting to  minimize f i r s t  harmonics on a l l  wheels, t he  o v e r a l l  r i d e  

decrement a t t r i b u t a b l e  t o  t i r e lwhee l  nonuniformit ies  can be reduced t o  0.87 

r i d e  p o i n t s ,  leaving the  second and t h i r d  harmonics a s  the  major cont r ibu t ing  

elements. 

As a  second case of i n t e r e s t ,  one might consider  the  impl ica t ions  of 

these  f ind ings  as  they would p red ic t  r i d e  degradation r e s u l t i n g  from the  

r a d i a l  e x c i t a t i o n  by mass imbalance i n  the  t i r e lwhee l  assembly. A 100 in-oz 

imbalance on a t ruck  wheel a t  55 mph equates t o  a  34-lb e x c i t a t i o n  fo rce ,  

based on the  equat ion:  

Force = Mass x Radius x Rotation Speed Squared 



Table 7 .  Example Cases of Ride Rating Degradation with 
Dif fe ren t  Wheel Treatments. 

Assuming 0.04" 3 Wheels Balancing and 
Loaded Radial Match Mounted Match Mounting 

Runout a t  A l l  Wheels LF Wheel Unchanged f o r  1 s t  Harmonic 

Decrement Percent Decrement Percent Decrement Percent 

1 s t  Har. 1.3568 66.3 

2nd Har. .3529 17 .3  

3rd Har. . 2 2 1 7  10.8 

4 th  Har. ,1141 5.6 



T r a n s l a t i n g  t h i s  t o  a n  e q u i v a l e n t  f i r s t  harmonic loaded r a d i a l  runout  (again  

assuming a  t i r e  s t i f f n e s s  of 5000 l b / i n ) ,  i t  i s  e q u i v a l e n t  t o  0.0068 i n c h e s .  

M u l t i p l y i n g  by t h e  f r o n t  wheel r i d e  degrada t ion  f a c t o r s  f o r  t h e  GMC t r a c t o r  

l e a d s  t o  t h e  conc lus ion  t h a t  100 in-oz on bo th  f r o n t  wheels w i l l  y i e l d  a  

r i d e  degrada t ion  of 0.044 r i d e  p o i n t s .  Because of t h e  h igher  r i d e  r a t e  

s e n s i t i v i t y  on t h e  r e a r  wheels ,  100 in-oz on bo th  r e a r  wheels equ ivoca tes  

t o  a  degrada t ion  of 0.093 r i d e  p o i n t s .  For a  t y p i c a l  t r u c k  t h a t  had produc- 

t i o n  b a l a n c e  s p e c i f i c a t i o n s  of 200 in-oz on f r o n t  wheels and 500 in-oz on 

r e a r  d u a l  whee l s ,  a  t o t a l  r i d e  decrement of more than a  h a l f  p o i n t  could 

r e s u l t  from imbalance a lone .  

A p p l i c a b i l i t y  t o  Other F requenc ies  and Force  D i r e c t i o n s  

A t  t h e  i n c e p t i o n  of t h e  p r o j e c t ,  a  v e r y  mechan i s t i c  approach was t aken  

toward r e l a t i n g  r i d e  d e g r a d a t i o n  t o  t i r e / w h e e l  e x c i t a t i o n .  I f  s y s t e m a t i c  

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

a c c e l e r a t i o n  s p e c t r a  could be determined,  then  t h e  knowledge of t h e  t r u c k  

response  t o  o t h e r  f r e q u e n c i e s  and f o r c e  d i r e c t i o n s  ( a s  c h a r a c t e r i z e d  i n  

F i g s .  1 6  and 17) would a l l o w  a s s o c i a t i n g  r i d e  decrements wi th  t h e  s p e c t r a  

p r e d i c t e d  f o r  o t h e r  u n t e s t e d  c o n d i t i o n s .  By t h a t  means, t h e  s u b j e c t i v e  

r a t i n g s  acqu i red  over  a  n e c e s s a r i l y  l i m i t e d  range of nonuniformity  t e s t  

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

number of o t h e r  p o s s i b l e  c o n d i t i o n s .  The o b s e r v a t i o n s  from t h i s  r e s e a r c h ,  

however, sugges t  a t  l e a s t  t h r e e  major impediments t o  any such s y s t e m a t i c  

approach.  

1 )  The r i d e  r a t i n g s  a r e  c l e a r l y  no t  p roduc t s  of on ly  t h e  s e a t  

a c c e l e r a t i o n s .  A s  seen i n  Appendix A ,  v e r y  poor c o r r e l a t i o n  e x i s t s  between 

t h e  average j u r y  r i d e  r a t i n g  and any of seven summary measures of s e a t  

a c c e l e r a t i o n .  I n  essence ,  t h i s  i m p l i e s  t h a t  no measure of s e a t  a c c e l e r a t i o n  

e x i s t s  t h a t  i s  a  good p r e d i c t o r  of t h e  e f f e c t s  on t h e  s u b j e c t i v e  r a t i n g  of 

s e a t  v i b r a t i o n .  F u r t h e r ,  j u r y  members would undoubtedly a g r e e  t h a t  t h e  s e a t  

i n p u t  i s  n o t  t h e  on ly  pe rce ived  source  of o b j e c t i o n a b l e  v i b r a t i o n ,  bu t  

c l e a r l y  i n c l u d e s  a  g e n e r a l i z e d  "cab shake" phenomenon, a s  w e l l  a s  hand and 

f e e t  i n p u t s .  



2 )  The measured s e a t  a c c e l e r a t i o n s  v a r i e d  s i g n i f i c a n t l y  from j u r y  

member t o  j u r y  member. I n  c a s e s  where measures of i d e n t i c a l  t e s t  c o n d i t i o n s  

were o b t a i n e d  w i t h  s e v e r a l  j u r y  members, some of t h e  RMS s e a t  v i b r a t i o n  

l e v e l s  d i f f e r e d  by more than  30 p e r c e n t .  

3)  The s p e c t r a l  changes i n  s e a t  a c c e l e r a t i o n  w i t h  ampl i tude  ( s e e  

F ig .  20)  p r e c l u d e  any s y s t e m a t i c  a s s o c i a t i o n  of r i d e  decrements w i t h  s i n g u l a r  

s p e c t r a l  f e a t u r e s  a r i s i n g  from a  p a r t i c u l a r  nonuniformity  i n p u t .  Complex 

s p e c t r a l  changes i n  a  m u l t i - d i r e c t i o n a l  r e sponse  de fy  such s imple  a s s o c i a t i o n s .  

Under t h e s e  c i rcumstances ,  t h e  m e c h a n i s t i c  approach cannot  be  used w i t h  

a  hope o f  a c c u r a t e  p r e d i c t i o n s .  I n s t e a d ,  t h e  nonuniformity  c o n d i t i o n s  of 

i n t e r e s t  must be  exp lo red  on an i n d i v i d u a l  b a s i s  i n  t h e  s u b j e c t i v e  t e s t i n g .  

That  i s ,  t h e  r i d e  d e g r a d a t i o n  d e r i v i n g  from f o r e / a f t  ( l o n g i t u d i n a l )  e x c i t a -  

t i o n  must be measured d i r e c t l y  by a  j u r y  e v a l u a t i o n  w i t h  t h e  t r u c k  exposed 

t o  f o r e l a f t  e x c i t a t i o n .  F u r t h e r ,  t h o s e  t e s t s  should  e x p l o r e  bo th  t h e  coheren t  

and i n c o h e r e n t  combinat ions  of v e r t i c a l  and f o r e l a f t  e x c i t a t i o n s ;  t h e  

coheren t  r e p r e s e n t i n g  t h e  a c t i o n  of mass imbalance w i t h  i t s  c o n s t a n t  phase 

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

On t h e  p o s i t i v e  s i d e ,  i t  can be s t a t e d  t h a t  w i t h  t h e  c u r r e n t  l e v e l  of 

unders tand ing  of  t h e  t i r e / w h e e l  e x c i t a t i o n  phenomenon, i t  i s  a n t i c i p a t e d  

t h a t  t h e  f o r e l a f t  d i r e c t i o n  embodies fewer n o n u n i f o r m i t i e s  of s e r i o u s  con- 

c e r n .  I n  t h e  f i r s t  harmonic range ,  t h e  t r u c k  response  s e n s i t i v i t y  t o  f o r e /  

a f t  i s  comparable t o  t h a t  of t h e  v e r t i c a l  ( s e e  F i g s .  1 6  and 17)  and i s  t h u s  

r a t h e r  low. Accordingly ,  t h e  r i d e r  s e n s i t i v i t y  t o  t h e  v e r t i c a l  i s  a l s o  low. 

The p r e l i m i n a r y  r e s u l t s  from t h e  Phase I t e s t i n g  i n d i c a t e  t h a t  f i r s t  harmonic 

t r a c t i v e  f o r c e  v a r i a t i o n s  from t y p i c a l  t r u c k  t i r e l w h e e l  a s sembl ies  ( e x c l u s i v e  

of t h a t  caused by mass imbalance) g e n e r a l l y  do n o t  exceed 40  pounds, and a r e  

on ly  about  25 p e r c e n t  of t h e  r a d i a l  magni tudes .  T h e r e f o r e ,  f i r s t  harmonic 

t r a c t i v e  f o r c e  e x c i t a t i o n  i s  l i k e l y  t o  p r e s e n t  a  much l e s s  s e r i o u s  i n f l u e n c e  

than  t h a t  from r a d i a l  f o r c e  e x c i t a t i o n .  

On t h e  o t h e r  hand,  a  mass imbalance g e n e r a t e s  e q u i v a l e n t  e x c i t a t i o n  

i n  bo th  t h e  r a d i a l  and t r a c t i v e  f o r c e  d i r e c t i o n s  nominal ly  e q u a l  t o  34 

pounds f o r  e v e r y  100 in-oz of imbalance.  Hence i t  i s  a n t i c i p a t e d  t h a t  t h e  

pr imary i n t e r e s t  i n  t r a c t i v e  f o r c e  e x c i t a t i o n  w i l l  focus  on t h e  e f f e c t s  of 

mass imbalance.  



A t  t h i s  junc ture ,  l i t t l e  has been learned about higher harmonic t rac-  

t i v e  force  v a r i a t i o n s  i n  the Phase I work because of the frequency l i m i t a t i o n s  

of the  t i r e  t e s t  machine. The assessment of the importance of higher 

harmonic t r a c t i v e  force  v a r i a t i o n s  the re fo re  cannot be made a t  t h i s  time. 



5 .  CONCLUSIONS AND RECOMPIENDATIONS 

5 . 1  I n t r o d u c t i o n  

The r e s e a r c h  per formed i n  t h i s  p r o j e c t  h a s  proved v e r y  r i c h  i n  f i n d -  

i n g s  t h a t  enhance  t h e  u n d e r s t a n d i n g  of  t r u c k  r i d e  v i b r a t i o n s  and t h e i r  

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

t o  t h e  methodology t e s t e d  a r e  summarized i n  t h e  G e n e r a l  Conc lus ions  t h a t  

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

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

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

p r o v i d i n g  gu idance  a s  t o  how t o  improve t h e  methodology f o r  t e s t i n g ,  as w e l l  

a s  what f u r t h e r  t e s t i n g  would b e  s u g g e s t e d  i n  o r d e r  t o  b e t t e r  c h a r a c t e r i z e  

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

5 . 2  G e n e r a l  Conc lus ions  

1) I t  i s  p o s s i b l e  t o  r e p l i c a t e  smooth-road t r u c k  v i b r a t i o n s  a l o n g  

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

i n  a  way t h a t  a l l o w s  mean ingfu l  r a t i n g  of  t h e  v i b r a t i o n s  by a  j u r y  p a n e l .  

Though t h e  a b s o l u t e  r a t i n g s  d i f f e r  from t h e i r  on-road e q u i v a l e n t  (due  t o  

t h e  d i f f e r e n c e s  between t h e  l a b o r a t o r y  and on-road e n v i r o n m e n t s ) ,  t h e  r a t i n g  

dec remen t s  a r i s i n g  f r o n  n o n u n i f o r m i t y  i n p u t s  a p p e a r  t o  b e  r e a s o n a b l e .  The 

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

s u b j e c t i v e  judgments of r i d e  d e g r a d a t i o n  a r i s i n g  from n o n u n i f o r m i t i e s  of 

d i f f e r e n t  a m p l i t u d e s ,  f r e q u e n c i e s ,  wheel  p o s i t i o n s ,  and combina t ions  t h e r e o f .  

2 )  Based on r e s u l t s  o b t a i n e d  from t h e  one  t r u c k  t e s t e d ,  t h e  combined 

e f f e c t  o f  m u l t i p l e  n o n u n i f o r m i t i e s  ( d i f f e r e n t  harmonics  a n d / o r  d i f f e r e n t  

whee l  p o s i t i o n s )  can  be  approximated  by u s i n g  s u p e r p o s i t i o n .  That  i s ,  t h e  

r i d e  decrement  a s s o c i a t e d  w i t h  a combina t ion  o f  n o n u n i f o r m i t y  i n p u t s  i s  

nomina l ly  e q u i v a l e n t  t o  t h e  sum o f  t h e  dec remen t s  a s s o c i a t e d  w i t h  t h e  i n d i -  

v i d u a l  i n p u t s  making up t h e  combina t ion .  Though t h e  p h a s e  r e l a t i o n s h i p  of  

n o n u n i f o r m i t y  components w i t h i n  a  combina t ion  may have  a n  e f f e c t  on  r a t i n g s  

i n  some c a s e s ,  t h e  "wors t  c a s e "  phase  combina t ion  of  p r imary  conce rn  seems 

t o  f i t  t h e  above method o f  p r e d i c t i n g  r i d e  d e g r a d a t i o n  f o r  combina t ions .  



3 )  No means were found f o r  p r e d i c t i n g  s u b j e c t i v e  r i d e  r a t i n g s  from 

measures of s e a t  a c c e l e r a t i o n .  The primary reason  i s  t h a t  "cab shake" and 

"hand/foot l '  v i b r a t i o n s  a r e  found t o  be important  e lements  of t h e  t r u c k  

v i b r a t i o n  environment a f f e c t i n g  r i d e r  judgment. I n  a d d i t i o n ,  through t h e i r  

e f f e c t  on t h e  n o n l i n e a r  suspens ion  system, t i r e / w h e e l  nonunif ormity  i n p u t s  

a l t e r  t h e  t r u c k ' s  v i b r a t i o n  response t o  road roughness  i n p u t s .  

4 )  As a  consequence of t h e  p reced ing  c o n c l u s i o n ,  r i d e  degrada t ion  

due t o  nonuniformity  i n p u t s  cannot be p r e d i c t e d  from e n g i n e e r i n g  models of 

a  t r u c k ' s  v i b r a t i o n  response .  T h e r e f o r e ,  t o  a s s e s s  r i d e r  s e n s i t i v i t y  t o  

nonuniformity  i n p u t s  of d i f f e r e n t  f r e q u e n c i e s ,  d i r e c t i o n s ,  o r  wheel posi -  

t i o n s ,  s u b j e c t i v e  r a t i n g  t e s t s  must be  conducted under t h e s e  d i f f e r e n t  

c o n d i t i o n s .  

5 . 3  Conclusions  - S e n s i t i v i t y  of t h e  GMC T r a c t o r  t o  ~ i r e / W h e e l  Nonuniformit ies  

For t h e  two-axle GMC cab-over-engine t r a c t o r  t e s t e d  i n  t h i s  p r o j e c t ,  

t h e  s e n s i t i v i t y  t o  t i r e j w h e e l  nonuniformity  i n p u t s  ( a s  d e t a i l e d  i n  Table 2 )  

may be  summarized a s  fo:lows: 

1 )  The v e h i c l e  i s  most s e n s i t i v e  t o  r a d i a l  nonuniformity  i n p u t s  

a t  t h e  r e a r  a x l e .  The s e n s i t i v i t y  ( r i d e  d e g r a d a t i o n  r a t e )  i s  g r e a t e s t  f o r  

t h e  second and t h i r d  harmonics. 

2 )  F i r s t  harmonic r a d i a l  n o n u n i f o r m i t i e s  may account  f o r  r i d e  r a t i n g  

l o s s e s  of anywhere from 0 .2  t o  1 . 4  r i d e  p o i n t s  (on a 0-10 p o i n t  s c a l e ) ,  

depending on wheel s e t u p .  

4) T y p i c a l  wheel imbalances may account f o r  r i d e  p o i n t  l o s s e s  i n  

t h e  range of 0 . 1  t o  0 .5  p o i n t s .  

5 )  I n  t h e  absence of r a d i a l  t i r e / w h e e l  nonuniformity  i n p u t s ,  t h e  

b a s i c  t r u c k  would e x h i b i t  a  smooth road r i d e  r a t i n g  i n  t h e  range  of 8.5 t o  

9 . 0  p o i n t s .  With t y p i c a l  n o n u n i f o r m i t i e s ,  t h a t  r a t i n g  could d imin i sh  t o  t h e  

range of a  6 t o  7 r i d e  r a t i n g .  



5 .  L Recommendations 

The f ind ings  f r o r  t h i s  research  program have shown t i r e lwhee l  non- 

uni formi t ies  t o  be a  s i g n i f i c a n t  source of smooth-road r i d e  degradat ion.  

Fur ther  research  i s  recommended to  b e t t e r  understand the inf luence  of non- 

uniformity of o the r  types ,  and on o ther  veh ic l e s .  Spec i f i c  research  

recommendations a r e  a s  fol lows:  

1 )  Not only the  f i r s t  harmonic, but a l s o  higher harmonics a r e  impor- 

t a n t  sources of r i d e  degradat ion.  The higher  harmonics t he re fo re  meri t  

c r i t i c a l  examination a t  both the t ruck  and t i r e lwhee l  t e s t i n g  s tages .  

- In  t he  phase I i n v e s t i g a t i o n  of c y c l i c  fo rce  v a r i a t i o n s  emanating 

from t l r e lwhee l  assemblies ,  t e s t  c a p a b i l i t y  to  a t  l e a s t  50 Hz i s  recommended. 

- In  f u t u r e  measurements of t ruck  s e n s i t i v i t y ,  examination of the 

f i f t h ,  and perhaps s i x t h ,  harmonics should be considered on a t  l e a s t  one 

t ruck  to ensure t h a t  v i t a l  s e n s i t i v i t i e s  a r e  not  being overlooked. 

2 )  The hydraul ic  road s imulator  method i s  a  very e f f i c i e n t  and 

e f f e c t i v e  means f o r  sub jec t ive  measurements of t ruck s e n s i t i v i t y  t o  t i r e /  

wheel e x c i t a t i o r ~ .  I t  o f f e r s  a v e r s s t i l i t y  i n  measurement t h a t  makes i t  

p r a c t i c a l  t o  s epa ra t e  the r i d e  e f f e c t s  assoc ia ted  with ind iv idua l  nonuniformity 

inpu t s  i n  a  sub jec t ive  r a t i n g  exe rc i se .  I n  f u t u r e  research ,  equipment should 

be assembled t o  allora exposure of the  t rucks  t o  t r a c t i v e  f o r c e ,  l a t e r a l  fo rce ,  

and a l ign ing  moment e x c i t a t i o n s ,  so t h a t  s e n s i t i v i t i e s  t o  these  e x c i t a t i o n  

sources can be assessed .  

3) Addit ional  research  should be i n s t i t u t e d  t o  document t he  r i d e  

s e n s i t i v i t y  of a d d i t i o n a l  t r a c t o r s .  The popular three-axle  t r a c t o r  of t he  

convent ional  cab and cab-over-engine types should be examined. More complete 

information on the  r i d e  s e n s i t i v i t y  of t r a c t o r s  i s  needed t o  help i d e n t i f y  

the types of t i r e lwhee l  nonuniformit ies  t o  be given emphasis i n  the  research  

on t i r e  and wheel components. 

NOTE: I n  t he  p a s t ,  drum r o l l e r  and on-road t e s t  methods have o f t en  

been proposed a s  means to  eva lua te  t ruck  s e n s i t i v i t y  t o  nonuniform e x c i t a t i o n s .  

The drum r o l l e r  t e s t  method f a c i l i t a t e s  i npu t s  of a c t u a l  nonuniformity con- 

d i t i o n s ,  but is very l imi t ed  i n  t he  degree t o  which t e s t  condi t ions can be 



v a r i e d .  A t  b e s t ,  i t  i s  on ly  s u i t e d  t o  s t u d i e s  of f i r s t  harmonic e f f e c t s  f o r  

which t h e  ampl i tudes  can be v a r i e d  by t h e  a d d i t i o n  of wheel ba lance  weigh t s .  

On-road t e s t  methods have t h e  advantages  of being more r e a l i s t i c  and 

i n c o r p o r a t i n g  t h e  concurrent  i n p u t s ,  bu t  a r e  even more l i m i t e d  i n  t h e  

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

The road s i m u l a t o r  method i s  t h e  most v e r s a t i l e  and could be expanded 

t o  i n c l u d e  t h e  o t h e r  d e s i r e d  f e a t u r e s  by t h e  a d d i t i o n s  of m u l t i - d i r e c t i o n a l  

e x c i t e r s  t o  t h e  wheels.  The approach invo lves  a h igher  i n i t i a l  inves tment ,  

bu t  s u b s t a n t i a l l y  lower expense f o r  a c t u a l  t e s t i n g .  A t  t h i s  s t a g e ,  t h e  

knowledge of t h e  t r u c k  a s  a  dynamic sys tem i s  s u f f i c i e n t  t o  a l low des ign  of 

such a  system. There fore ,  i t  i s  reccmended  t h a t  t h e  development of 

methodology i n  t h i s  d i r e c t i o n  be pursued.  
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APPENDIX A 

DESCRIPTIOE OF THE SUBJECTIVE RIDE RATING TESTS 
ON THE HYDRAGLIC ROAD SIMULATOR 

Test  Procedures  

As d e s c r i b e d  i n  t h e  main s e c t i o n s  of t h e  r e p o r t ,  t h e  1981 GMC t e s t  

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

I n t e r n a t i o n a l  Harves te r  Company Engineer ing Center i n  F o r t  Wayne, I n d i a n a .  

The t r a c t o r  was loaded a t  t h e  f i f t h  wheel v i a  a  b a l l a s t  t r a i l e r .  Hardware 

c o n t r o l l i n g  t h e  s i m u l a t o r  was conf igured  t o  a l low repea ted  playback of a  

smooth-road p r o f i l e  i n t o  each of t h e  v e r t i c a l  a c t u a t o r s  under t h e  t r a c t o r  

wheels .  The playback corresponded t o  a  55-mph road speed,  wi th  s e p a r a t e  

l e f t  and r i g h t  p r o f i l e  i n p u t s ,  and t ime  l a g s  between t h e  f r o n t  and r e a r  

wheel i n p u t s .  The hardware provided f o r  t h e  a d d i t i o n  of s i n e  waves t o  t h e  

road p r o f i l e  s i g n a l ,  r e p l i c a t i n g  a r b i t r a r y  nonuniformity  c o n d i t i o n s .  These 

c o n d i t i o n s  were v a r i e d  i n  ampl i tude ,  f requency ,  wheel p o s i t i o n ,  combinat ions ,  

and t h e  phasing of combinations.  

A 1 0 0 - t e s t  sequence was dev i sed  cover ing  90 nonuniformity  c o n d i t i o n s  

of i n t e r e s t ,  p l u s  1 0  r e p e a t s .  The nonuniformity  c o n d i t i o n s  represen ted  i n  

each of t h e  t e s t s  a r e  l i s t e d  i n  Table  A-1 .  The f i r s t  2 1  t e s t s  were used t o  

i n v e s t i g a t e  t h e  i n f l u e n c e  of f i r s t  harmonic nonuniformity  i n p u t s  a t  t h e  

i n d i v i d u a i  wheel p o s i t i o n s .  S i x  ampl i tudes  were use&the n u l l  c o n d i t i o n ,  

and f i v e  ampl i tudes  from 0.025 t o  0.125 inches  o f  s i n e  wave ampl i tude .  I n  

t e s t s  22  through 53,  t h e  e f f e c t s  of second,  t h i r d ,  and f o u r t h  harmonics were 

t e s t e d  a t  t h e  i n d i v i d u a l  wheel p o s i t i o n s  i n  a  lower range of ampl i tudes .  

T e s t s  54 through 79 were ded ica ted  t o  e x p l o r i n g  t h e  e f f e c t s  of combined 

i n p u t s ,  e i t h e r  on b o t h  wheels of one a x l e  o r  on wheels of d i f f e r e n t  a x l e s .  

These t e s t s  exp lored  t h e  fo l lowing :  

-Tes t s  54-57 - E f f e c t s  of f i r s t  harmonic phas ing  under f r o n t  and 

r e a r  wheel i n p u t  

- T e s t s  58-62 - E f f e c t s  of f i r s t  harmonic on t h e  f r o n t  axle w i t h  

second o r  t h i r d  harmonic on t h e  r e a r  a x l e  a t  d i f f e r e n t  phase 

c o n d i t i o n s  



TABLE A-1 
Nonuniformity Test Conditions 

I WHEEL LOCATION 



TABLE A -  1 (Cont i nued)  

T e s t  
L e f t  Front h WHEEL LOCATION 

1 R i g h t  Front I / L e f t  Rear 1 
Freq. 

Hz 

14.6 
14.6 
14.6 
21 -9 
21.9 
21.9 
29.2 
29.2 

7  9 3 
7 . 3  
7 . 3  
7 . 3  

14.6 
14.6 
21.9 
21 . g  
21.9 

7  * 3  
7 . 3  
7 . 3  
7 . 3  
7 . 3  
7 . 3  
7 . 3  

Deg . 

0"  
0 " 
0 " 
0 O 

0 O 

0 O 

0" 
0 O 

0 O 

90 " 
180" 
270" 

0 "  
90 " 

0 "  
0 O 

180" 

0 O 

0 O 

0 O 

0"  
0 O 

0 " 
0 "  

I R i g h t  Rear 



TABLE A - 1  (Continued) 

I WHEEL LOCATION 



- T e s t s  63-65 - E f f e c t s  of f i r s t  harmonic phase r e l a t i o n s h i p  t o  

t h e  road i n p u t  

-Tes t s  66-69 - E f f e c t s  of f i r s t  harmonic r o l l  ( o u t  of phase)  

i n p u t  on t h e  f r o n t  a x l e  

-Tes t s  70-72 - E f f e c t s  of combined ( i n  phase)  f i r s t  harmonic 

i n p u t  on bo th  wheels of t h e  f r o n t  a x l e  

-Tes t s  73-75 - E f f e c t s  of combined ( i n  phase)  f i r s t  harmonic 

i n p u t  on both  wheels of t h e  r e a r  a x l e  

-Tes t s  76-79 - E f f e c t s  of f i r s t  harmonic r o l l  (ou t  of phase)  

i n p u t  on t h e  r e a r  a x l e  

T e s t s  80 through 91 looked a t  t h e  e f f e c t  of f i r s t  harmonic f requency 

on t h e  f r o n t  and r e a r  a x l e s  i n d i v i d u a l l y .  The f requency range  goes from 

7 . 3  Hz, r e p r e s e n t i n g  a  55-mph road speed ,  down t o  3.3 Hz, t h e  e q u i v a l e n t  

of a 25-mph road speed.  That lower l i m i t  was s e l e c t e d  t o  ensure  t h a t  f i r s t  

harmonic s e n s i t i v i t y  was determined a t  t h e  t r a c t o r ' s  bounce /p i t ch  resonan t  

mode. During t h i s  f requency sweep, t h e  road i n p u t  was he ld  c o n s t a n t  a t  t h e  

55-mph e q u i v a l e n t  c o n d i t i o n .  

The remaining t e s t s ,  91-100, were a s e l e c t e d  s e r i e s  of r e p e a t s  ( t h e  

same r e p e a t s  were used w i t h  a l l  r a t e r s )  t o  p rov ide  d a t a  from which t o  

q u a n t i f y  t e s t - t o - t e s t  v a r i a n c e .  

The sequence was randomized i n t o  a  s e p a r a t e  t e s t  o r d e r  f o r  each r a t e r .  

Ten r a t e r s  were s e l e c t e d  t o  comprise t h e  s u b j e c t i v e  r a t i n g  j u r y .  The 

members were a s  f o l l o w s :  

-Terry Baughn - I n t e r n a t i o n a l  Harves te r  

-Marty Ekonen - Ford Motor Company 

-Tom G i l l e s p i e  - HSRI, U n i v e r s i t y  of Michigan 

-Ed L e i s s  - General  Motors Corporat ion 

-Nick Mehta - I n t e r n a t i o n a l  H a r v e s t e r  

-Steve M i t t e l s t a d t  - General  Motors Corporat ion 

-Trevor Norsworthy - Kenworth 

-Gary Rossow - MVMA 

-Don Schumaker - ~ a c k  Truck 

-Don Stephens  - PACCAR 



Each r a t e r  was scheduled t o  be present  a t  the I H C  Engineering Center 

f o r  a one-half-day period.  P r i o r  t o  t e s t ,  the r a t e r  was given i n s t r u c t i o n  

on the  t e s t  procedures and the r a t i n g  process.  The r a t e r  was seated i n  the 

t ruck-driver  s e a t  pos i t i on  with i n s t r u c t i o n  t o  take  a  posture a s  i f  d r iv ing  

the vehic le .  The simulator was s t a r t e d ,  exposing the vehic le  t o  the desired 

t e s t  condition f o r  approximately one minute of durat ion.  S t a r t  and s top  

t r a n s i e n t s  were softened by ramping the  gain over a  two-second period a t  

the beginning and end of t e s t .  When the  t e s t  ended, the r a t e r  was given 

approximately 30 seconds (or more time, i f  requested) t o  record h i s  r a t i n g s  

of the  r i d e  condi t ions ,  during which time the experimenter r e s e t  t he  cont ro l  

hardware for  the  next t e s t  condi t ion.  When both the  experimenter and r a t e r  

were ready, t he  next t e s t  was begun. With t h i s  procedure, the  f u l l  100-test  

sequence could be completed i n  a  period of about t h ree  hours. 

The r a t e r  was asked to provide a  r i d e  r a t i n g  value f o r  each of f i v e  

r a t i n g  f a c t o r s :  

-Seat v e r t i c a l  v ib ra t ion  

-Seat l ong i tud ina l  v i b r a t i o n  

-Seat l a t e r a l  v ib ra t ion  

-Steering-wheel v ib ra t ion  

-Cab shake v ib ra t ion  

The r a t i n g  was made on a  s c a l e  r e f l e c t i n g  the  "accep tab i l i t y  of t h a t  v ibra-  

t i o n  a s  a  fu l l - t ime occupational exposure t o  you a s  a  t ruck  d r ive r . "  The 

accep tab i l i t y  s c a l e  i s  shown i n  Figure 4 of t he  main r epor t .  The f ami l i a r  

0-10 s c a l e  i s  used with verba l  tags  chosen t o  present  a  nominally l i n e a r  

s c a l e  balanced around a  midpoint represent ing the boundary between accept- 

ab l e  and unacceptable. 

Analysis of Differences Among Raters 

Subs tan t ia l  d i f fe rences  i n  the  sub jec t ive  r i d e  r a t i n g s  were observed 

among the ten  r a t e r s .  The s e a t  v e r t i c a l  r a t i n g  of the  n u l l  condi t ion 

received r a t i n g s  ranging from 5 .5  t o  8.5,  while the  cab shake r a t i n g  a t  the  

n u l l  condi t ion ranged from 5 .5  to  9.0. Null condi t ion r a t i n g s  a r e  i l l u s t r a t e d  

i n  Figure A-1. Raters a l so  d i f f e r e d  somewhat i n  t he  spread, or  standard 

dev ia t ion ,  of t h e i r  r a t i n g s ,  a s  i l l u s t r a t e d  i n  Figure A - 2 .  Some r a t e r s '  

assessments span a  l a r g e r  range than o the r s .  
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MEAU AN0 STANORRO O E V I R T I O U  O f  1 0 0  TEST.$ 
SCAT YCRTlCLE 

1 0  , 1 

W Y .  u 
I 

5 , .  
0 

2 .  

HERR AN0 STANDARD O E V I R T I O N  O r  1 0 0  TESTS 
SCAT LONSITUOINAL 

O l ~ ~ ' ' ~ ' " ' ~ ~  
3 Y S 8 7 8 B 1 0 1 1 1 2  . 

RATER 

UCRY AN0 STAUORRO O C V f A t l O N  OF 1 0 0  TESTS 
SCAT LRTCRAL 

1 0  T 

UCAN AND $TANDRRO OEVIRTIOW Or  LOO TESTS 
t t c c n l n a  u n e e L  

1 0  ,, I 1 

O l " ' " " ' " ~  
Y S 8 7 8 1 1 0 1 t 1 2  

RATER 

nno srnnoaao ocvtntIow or too rcsrs 
CAB rnrrc 

Figure A-2. Comparisons of the means and standard deviations for the 
ten raters. 



The i s s u e  of combining the  r a t i n g s  of t he  t en  ind iv idua ls  was given 

some cons idera t ion .  The most r igorous approach would be t o  car ry  out t he  

e n t i r e  a n a l y s i s  s epa ra t e ly  f o r  each r a t e r ,  and only combine across  r a t e r s  

i f  t h e  t rends  were s u f f i c i e n t l y  s i m i l a r .  Following t h i s  approach through 

t o  conclusion would have been ted ious  and produced an unmanageable volume 

of paper.  However, s e l ec t ed  s e r i e s  of t e s t s  - were examined sepa ra t e ly  f o r  

each r a t e r .  Although the  abso lu t e  value of t he  r a t i n g s  d id  d i f f e r  by the  

magnitudes t h a t  a r e  r e f l e c t e d  i n  t he  d i f f e r ences  a t  the n u l l  condi t ion (Fig. 

A-1)  , the  general  t rends  were exhib i ted  i n  each r a t e r ' s  s co re s .  Raters  d id  

d i f f e r  i n  t he  magnitude of t h e  decrement i n  sub jec t ive  r i d e  r a t i n g  assessed 

f o r  p a r t i c u l a r  t e s t  condi t ions ,  some decreasing the  r a t i n g  by a s  much a s  

two po in t s  and o the r s  by a  ha l f  po in t  or  l e s s .  

A l t e rna t ive  methods of combining scores  across  r a t e r s  were considered. 

Various methods of ad jus t ing  the r a t i n g s  were t r i e d  before  being r e j e c t e d .  

Among these  was a  f u l l  adjustment i n  which each r a t e r ' s  scores  were scaled 

so a s  t o  have the  same o v e r a l l  mean and the  same standard devia t ion  f o r  t he  

f u l l  s e t  of 100 t e s t  condi t ions .  Each of t he  f i v e  responses ( s e a t  v e r t i c a l ,  

s e a t  l o n g i t u d i n a l ,  s e a t  l a t e r a l ,  s t e e r i n g  wheel, and cab shake) were scaled 

sepa ra t e ly .  This adjustment was successfu l  i n  t h e  sense t h a t  confidence 

i n t e r v a l s  were 30 percent  t o  50 percent  smal le r .  Unadjusted 95-percent 

confidence i n t e r v a l s  f o r  the  mean of t en  r a t e r s  t y p i c a l l y  a r e  p lus  and minus 

one po in t  on t h e  sub jec t ive  r i d e  s c a l e ,  while  the  confidence i n t e r v a l s  of 

the  ad jus ted  r a t i n g s  were t y p i c a l l y  p lus  and minus one-half t o  two-thirds of 

a  po in t .  

Resul t s  presented i n  t h i s  r epo r t  a r e  based on unadjusted r a t i n g s .  

Adjustments t o  minimize r a t e r  d i f f e r ences  were not used f o r  s eve ra l  reasons.  

F i r s t ,  t he  reduced confidence i n t e r v a l s  of t he  ad jus ted  r a t i n g s  do not 

dramat ica l ly  increase  the  number of comparisons t h a t  a r e  s t a t i s t i c a l l y  

s i g n i f i c a n t .  Second, de t ec t ion  of s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r ences  i s  

not a  primary ob jec t ive  i n  an explora tory  a n a l y s i s  such a s  t h i s .  Third, 

r a t e r  d i f f e r ences  a r e  f e l t  t o  be an important r e s u l t  of t h i s  exploratory 

a n a l y s i s  t h a t  should be included o r  r e f l e c t e d  i n  the p re sen ta t ion  of the  

d a t a .  Consequently, the  r e s u l t s  presented a r e  an average of r a t i n g s  recorded 

by the  ten s u b j e c t s .  Ninety-five percent  confidence i n t e r v a l s  f o r  t he  mean 

were a l s o  computed f o r  each t e s t  condi t ion.  The confidence i n t e r v a l  r e f l e c t s  



the observed v a r i a t i o n  i n  the  recorded r a t i n g s .  I f  the  experiment (sub- 

j e c t i n g  ten r a t e r s  t o  100 t e s t  condi t ions)  were repeated over and over ,  one 

would expect the  " t rue" average to  be within the  computed i n t e r v a l  19 of 

every 20 times the  experiment was repeated.  Se lec t ion  of a  d i f f e r e n t  group 

of r a t e r s  i s  l i k e l y  t o  f u r t h e r  a l t e r  the  r e s u l t s .  

The complete s e t  of t e s t  r e s u l t s  ( f i v e  r a t i n g  f a c t o r s  f o r  100 t e s t  

condi t ions)  represent ing  the  unadjusted average over ten  r a t e r s  i s  presented 

i n  Table A-2 .  

Sources of Var ia t ion  

The objec t ive  of any experimental design i s  to  help ensure t h a t  the  

inferences  made a r e  accura te .  I f  r a t i n g s  a r e  observed t o  decrease with 

increas ing  amplitude, one would l i k e  t o  i n f e r  t h a t  the amplitude of t he  

v ib ra to ry  input  i s  the cause of the reduct ion and not the  noise l e v e l  i n  

the  cab or  the  f a t i gue  of t he  sub jec t .  The poss ib le  sources of v a r i a t i o n  

considered i n  the  design of t h i s  experiment a r e  l i s t e d  here.  

1. The a b i l i t y  of t he  human to  perceive v ib ra t ion .  

2.  The inf luence  of preceding v ib ra to ry  inputs .  

3. Time t rends :  

a .  Learning by the subjec t  

b. Fat igue of the  subjec t  

4 .  The inf luence  of uncontrol led f a c t o r s .  

5. Differences i n  r a t e r  judgment. 

Each of these  w i l l  be b r i e f l y  discussed.  

Some v a r i a t i o n  would be expected a s  a  r e f l e c t i o n  of t h e  human s u b j e c t ' s  

a b i l i t y  t o  d iscr imina te  one l e v e l  of v i b r a t i o n  from another .  This v a r i a t i o n  

i s  inherent  to  t he  use of sub jec t ive  r a t i n g s .  However, t he  sub jec t ive  r a t i n g s  

may a l s o  be influenced by o the r  f a c t o r s  t h a t  t he  experimenter would l i k e  t o  

e l imina te  o r  minimize. Ratings may be influenced by the  noise  l e v e l  o r  

temperature i n  the cab s ince  they con t r ibu te  t o  the  general  comfort of the 

s u b j e c t ,  o r  the adjusted pos i t i on  of the  s e a t .  Previous v ibra tory  inputs  

may inf luence  following assessments.  A moderate l e v e l  of v ib ra t ion  may be 



Table A-2 

Subject ive Ride Ratings 
(Average of Ten Raters )  

Test Seat 
Cond. Vert .  

1,  6 .80  
2. 7 .00  
3. 6 .00  
4. 6 .00  
5.  6 . 4 5  
6. 6 .60  
7.  6 . 5 5  
8 .  6 .60  
9. 6 .75  

10. 6 .20  
11 .  6 . 2 0  
12 .  6 .35  
13 .  5 .70  
14 .  5 . 5 0  
15. 5 . 8 0  
16 .  5 .85  
17 ,  6 . 3 5  
18.  6 . 7 5  
19.  6 . 3 0  
20 .  6 .35  
2 1 .  6 .20  
2 2 .  6 .80  

Seat 
Lonq. 

6 .00  
5 . 9 5  
5 . 7 0  
5 . 9 0  
6 . 4 0  
6 .15  
6 . 0 5  
6 .35  
5 . 8 0  
5 .60  
5 , 6 5  
5 . 6 0  
5 . 3 0  
5 , 2 5  
4 . 6 0  
3 . 3 0  
6 . 0 0  
5 . 8 5  
5 . 1 0  
4 . 7 0  
3 . 8 5  
6 . 0 0  

Seat Steer ing 
Lat. Wheel 

6.65 7 . 6 0  
7 .30  7 .20  
6.90 7,30 
6.70 7 ,15  
6.90 7.20 
6 ,65  7.10 
6 .55  7 .00  
6.80 7 .65  
6.70 7 .60  
6.40 7 .50  
6,40 6 .90  
6 .90 .  7 .60  
7 .20  6 .80  
7 ,15  6 .35  
7 .45  5 .85  
6.75 5 .00  
7 ,30  7.25 
6.80 7 .30  
6 .80  5.90 
7 .00  5 .40  
7 .05  5.30 
6.80 6 .30  
6 .65  6.00 
6.65 5.20 
6 .75  6.55 
6 .65  6.90 
6.95 6 .30  
6,90 7,20 
7.39 6.05 
6.80 5 .65  
6,95 4.95 
7 . 0 5  4.65 
7 .35  6.65 
6,70 5.90 
7 . 3 5  6 .30  
7.05 6.75 
7 .00  6 .10  
6.50 6.20 
6 .70  5 .85  
7 .25  3.35 
7 .05  5 .10  
7 .10  4.70 
7 .05  4.50 
6 .85  7.20 
6 .75  6.85 
7 .45  6.30 
6 .75  5 .10  
6 .95  4.80 
6 .75  6 .00  
7 .25  5.10 

Cab 
Shake 



Table A-2 (Cont . )  

Test 
Cond. 

Subjective Ride Ratings 
(Average of Ten Raters) 

Seat 
Vert. 

Seat Seat 
Lonq. Lat. 

Steering Cab 
Wheel Shake 



perceived d i f f e r e n t l y  i f  i t  follows seve ra l  t e s t s  a t  a  minimal l e v e l  than i t  

w i l l  be i f  i t  fol lows a  severe t e s t .  Also, a  r a t e r ' s  judgment may change 

over the  course of the  experiment as  he becomes more experienced i n  d is -  

c r imina t ing  v ib ra to r?  inputs .  I n  t he  l a t e r  s t a g e s ,  f a t i g u e  may inf luence  

the  r a t i n g s .  Both of t hese  inf luences  may be genera l ly  charac te r ized  a s  

time t rends .  F i n a l l y ,  r a t e r s  may simply d i f f e r  i n  t h e i r  judgments of r i d e  

q u a l i t y .  The s c a l e  was d e l i b e r a t e l y  designed t o  be an absolu te  s c a l e  i n  

the sense t h a t  desc r ip to r s  such a s  "acceptable/unacceptablet '  were a t tached  

t o  s p e c i f i c  l e v e l s  of the  sca l e .  Differences i n  the  r a t e r s '  assessments 

of t hese  absolu te  c h a r a c t e r i s t i c s  w i l l  be r e f l e c t e d  i n  t he  r a t i n g .  Differ-  

ences i n  age, he igh t ,  and weight may a l s o  inf luence  the  r a t i n g s .  

Each was asked t o  r a t e  the  same 100 t e s t  condi t ions .  Unwanted sources 

of v a r i a t i o n  were con t ro l l ed  a s  much a s  poss ib l e .  The experimental design 

required t h a t  t he  runs be conducted i n  random order  f o r  each s u b j e c t .  The 

o b j e c t i v e  of the  randomization i s  t o  t r y  t o  prevent any remaining uncon- 

t r o l l e d  sources of v a r i a t i o n  from being assoc ia ted  i n  a  systematic  manner 

wi th  any of the dependent v a r i a b l e s .  As a  r e s u l t ,  pos s ib l e  systematic  e r r o r s  

become random e r r o r s ,  and the  p o s s i b i l i t y  of f a l s e  conclusions i s  reduced. 

For example, i f  f a t i g u e  inf luences  the r a t i n g s ,  and i f  t he  same t e s t  con- 

d i t i o n s  were run l a s t ,  the  inf luence  of f a t i g u e  i s  l i k e l y  to  be f a l s e l y  

a s soc i a t ed  wi th  the  l a s t  few t e s t  condi t ions .  

Rater  b i a s  i s  no t  l i k e l y  t o  inf luence  the  general  t rends  observed, 

s i n c e  each r a t e r  was exposed t o  t he  same 100 t e s t  condi t ions (but not i n  

t h e  same o r d e r ) .  Rater b ias  does,  however, i n f l a t e  t h e  observed e r r o r .  The 

r e p l i c a t e  runs included i n  t h e  experimental design were used t o  examine the 

con t r ibu t ion  of r a t e r  b i a s  t o  the observed e r r o r .  An a n a l y s i s  of var iance 

ind ica t ed  t h a t  t he  var iance  assoc ia ted  with r a t e r  b i a s  was g rea t e r  than the 

var iance  assoc ia ted  with r e p l i c a t e  runs f o r  an ind iv idua l  r a t e r  i n  near ly  

a l l  of t he  condi t ions  examined ( seve ra l  d i f f e r e n t  t e s t  condi t ions and a l l  

f i v e  responses) .  F r a t i o s  ( the  r a t i o  of t h e  variance assoc ia ted  with r a t e r  

b i a s  t o  the var iance  assoc ia ted  with r e p l i c a t e  runs f o r  an ind iv idua l  r a t e r )  

ranged from 3 t o  8 with a  t y p i c a l  va lue  of 5 o r  6 .  These r a t i o s  were a l l  



highly s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  t h e  given sample s i z e s . *  As discussed 

e a r l i e r ,  the d i f f e r ences  among r a t e r s  were examined and found t o  be respons ib le  

f o r  perhaps 30 t o  50 percent  of t he  observed e r r o r  ( i . e . ,  width of t he  

confidence i n t e r v a l ) .  

I n  genera l ,  t he  r e l a t i v e  con t r ibu t ions  of the  remaining sources of 

v a r i a t i o n  cannot be assessed.  The da t a  were viewed i n  the sequence i n  which 

the  t e s t s  were a c t u a l l y  conducted, and no evidence of time t rends  was 

observed. Other sources of e r r o r  con t r ibu t ing  t o  the  v a r i a b i l i t y  assoc ia ted  

wi th  r e p l i c a t e  runs ,  a r e  e r r o r s  a s soc i a t ed  with the  human's a b i l i t y  t o  per- 

ce ive  v i b r a t i o n ,  t h e  inf luence  of preceding t e s t s ,  and any o the r  uncontrol led 

f a c t o r s .  It i s  worthwhile t o  note  t h a t  t he  combination of t hese  f a c t o r s  was 

found t o  make a  much smaller  con t r ibu t ion  t o  the  observed var iance  than the  

r a t e r  b i a s .  Because the  unadjusted r a t i n g s  were used, the  confidence i n t e r -  

v a l s  r e f l e c t  t he  inf luence  of a l l  of t h e  sources of v a r i a t i o n  d iscussed ,  

including d i f f e rences  among r a t e r s .  

As a  f i n a l  no te ,  t he  r e p l i c a t e  runs were simply combined f o r  presenta-  

t i o n  a s  i f  t h e r e  were 20 r a t e r s  i n s t ead  of t en .  Accordingly, the confidence 

i n t e r v a l s  f o r  t hese  t e s t  condi t ions  a r e  somewhat smal le r .  Table A-3 l i s t s  

t h e  95 percent confidence range f o r  t he  r e s u l t s  l i s t e d  i n  Table A - 2 .  The 

95 percent  confidence i n t e r v a l  f o r  any r e s u l t  i s  obtained by taking the 

average value from Table A-2, p lus  and minus t h e  range shown i n  Table A-3. 

Comparisons of Subjec t ive  Ratings wi th  Accelerometer-Derived Vibra t ion  
Measures 

Raters  s a t  on a  s e a t  pad containing accelerometers  t h a t  were o r i en t ed  

i n  t h e  v e r t i c a l  and long i tud ina l  ( f o r e / a f t )  d i r e c t i o n s .  Several  measures of 

r i d e  v i b r a t i o n  were derived from the  r e s u l t i n g  accelerometer d a t a ,  a s  l i s t e d  

below. 

1. The percent  of time the weighted histogram was wi th in  

+0.125 g. - 

*The ana lys i s  of var iance  assumes the  v a r i a b l e s  a r e  measured on an 
i n t e r v a l  s c a l e .  This i s  no t  neces sa r i l y  the case f o r  sub jec t ive  r a t i n g s .  



Tes t  
Cond. 

TABLE A - 3  
Twice t h e  Standard  E r ro r  f o r  Average Ride Ra t ings  

(Average of Ten R a t e r s )  

Sea t  Sea t  Sea t  
Ve r t .  Long. L a t .  

S t e e r i n g  Cab 
Wheel Shake 



Test 
Cond. 

TABLE A-3, cont. 
Twice the Standard Error for Average Ride Ratings 

(Average of Ten Raters) 

Seat 
Vert. 

,9639 
.5260 
,6334 
,8492 
,9405 
.7064 
,9575 
,9244 
1.2455 
,8492 
1.2478 
,8334 
,8138 
,8492 
,6404 
,9911 
,6532 
,6675 
,6675 
,7952 
,9939 
1,0350 
.7775 
1.3001 
1.3438 
,8699 
,8851 
,8750 
,8440 
,6290 
,5121 

Seat 
Long, 

.8945 
,7718 
,9044 
,9452 
,9667 
1.0377 
1.1201 
,8667 
,900 1 
,6111 
,7572 
,7917 
.7609 
,8564 
,8750 
,8334 
,800 1 
,9001 
,8138 
,8440 
1,1625 
1.0589 
,9196 
,9799 
1.1720 
,7718 
,6864 
,9978 
,9244 
,8193 
.763 1 
,9753 
.7572 
1.0667 
,895 1 
.9166 
,7454 
,9911 
,7311 
,8227 
1.0198 
,8795 
.7064 
,6532 
,8564 
,9895 
,8274 
1,4942 
,8334 
1,0771 

Seat 
Lat . Steering Cab 

Wheel S h a ~ e  



2 .  The p e r c e n t  of t ime t h e  unweighted his togram was w i t h i n  

t 0 . 1 2 5  g .  - 

3. The weighted RMS a c c e l e r a t i o n  i n  g ' s ,  

4 .  The unweighted RMS a c c e l e r a t i o n  i n  g ' s .  

5 The absorbed power i n  w a t t s .  

These measures were computed f o r  both  t h e  v e r t i c a l  and l o n g i t u d i n a l  d i r e c -  

t i o n s .  The r a w , d a t a  a r e  shown i n  Table A-4. I n  a d d i t i o n ,  t h e  t o t a l  absorbed 

power ( v e r t i c a l  and l o n g i t u d i n a l  combined) and t h e  IS0 exposure t ime i n  t h e  

4 Hz band (IS0 Standard 2631-1978(E), "Guide f o r  t h e  Eva lua t ion  of Human 

Exposure t o  Whole-Body V i b r a t i o n , "  I n t e r n a t i o n a l  S tandards  O r g a n i z a t i o n ,  

1978) were computed. Accelerometer measurements were recorded f o r  about 

1 0  of t h e  100 t e s t  c o n d i t i o n s  f o r  each r a t e r ,  f o r  a t o t a l  of 104 t e s t s .  

D i f f e r e n t  t e s t s  were s e l e c t e d  f o r  each r a t e r  so t h a t  acce le romete r  measure- 

ments were o b t a i n e d  f o r  52 of t h e  100 t e s t  c o n d i t i o n s .  

Only a  b r i e f  examination of t h e  acce le romete r  measurements has  been 

made. I n  g e n e r a l ,  t h e  acce le romete r  measurements were on ly  weakly a s s o c i a t e d  

w i t h  t h e  s u b j e c t i v e  r a t i n g s .  S c a t t e r  p l o t s  of t h e  1 2  acce le romete r  measure- 

ments v e r s u s  t h e  a p p r o p r i a t e  s u b j e c t i v e  r a t i n g  a r e  p resen ted  i n  F i g u r e s  A-3 

through A-5. C o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  same p a i r s  of v a r i a b l e s  a r e  

shown i n  Table  A-5. Most of t h e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  n o t  s i g n i f i -  

c a n t l y  d i f f e r e n t  from zero  f o r  t h e  given sample s i z e .  C o r r e l a t i o n  c o e f f i -  

c i e n t s  a r e  somewhat s e n s i t i v e  t o  " o u t l i e r s , "  and assume t h e  v a r i a b l e s  a r e  

each coded on an i n t e r v a l  s c a l e .  



Table A-4 

Seat Pad Accelerometer Measurements in the Vertical Direction 

Test 
Rater Cond. 

4 .  1 .  
1 0 .  1 .  

3  , 2 .  
5 .  2 .  
4 .  4 .  
9 .  4 .  
7 .  5 .  
8 .  5 .  

1 0 .  5 .  
1 1 .  5 .  

5 .  6 .  
8 .  6 .  

11 .  8 .  
5  * 9 .  
8 .  9  , 
9  , 10 .  

1 0 .  10 .  
3 .  1 1 .  
9 .  1 1 .  

12 .  1 1 .  
5 .  12 .  
7 .  1 3 ,  

1 1 .  13 .  
3 .  16 .  

1 1 .  1 6 ,  
1 2 .  1 6 .  

7 .  17 .  
9 .  17 .  
9 .  18 .  
7 .  19 .  

1 2 ,  1 9 ,  
5 .  2 0 .  
6 .  20 .  
8 .  2 0 ,  

12 .  2 0 .  
4  , 2 1 ,  
9 .  2 1 .  

12 .  2 1 .  
3 .  2 4 .  
5 .  2 4 ,  
6 .  24 .  
9 .  2 4 .  

10 .  24 .  
4 .  2 6 .  
5 ,  26 .  
8 .  2 7 .  

1 1 .  2 7 .  
1 2 .  27 .  

5 .  2 8 .  
3 .  3 0 .  
7 .  30 .  
8 .  3 0 .  

Wtd. 
RMS 

Unwtd. 
RMS 

. 0 8 7 7 5  

. 0 8 0 3 0  

. 0 8 2 7 5  
, 0 8 9 8  1 
. 0 8 4 2 2  
- 0 8  107  
. 0 8 8 5 3  
. 0 8 3  1 1  
. 0 8 4 6 3  
, 0 8 4 2  1  
, 0 8 6 0 3  
, 1 0 0 8 0  
, 0 8 4 4  1  
. 0 8 9 4 7  
. 0 9 0 9 9  
. 0 8 0 8 5  
. 0 9 0 7 6  
, 0 9 0 2 5  
, 0 9 3 4 8  
, 0 9 5 9 2  
, 0 9 2  11 
, 0 9 4 6 7  
. 0 9 4 5 6  
, 1 0 5 8 0  
. I 1 3 2 0  
. I 1  7 3 0  
, 0 9 3 4  1 
. 07  158  
. 07621  
. 08911  
. 0 8 7 0 3  
, 0 9 3 4 5  
, 0 9 3 6 7  
. I 0 8 3 0  
. 0 9 4 7 8  
, 1 0 4 5 0  
. 1 1 0 3 0  
. 0 9 6 8 4  
. 0 7 2 3 8  
, 0 7 2 3 4  
, 0 7 5 8 7  
. 0 6 9  17 
. 0 6 9 0 9  
. 0 7 4 8  1 
. 0 9 0 7 0  
. 0 9 8 7  1 
, 0 7 8 8 0  
, 0 7 9 9 3  
. 0 8 3 0 7  
, 0 8 4 6 9  
, 0 7 9 4 8  
, 0 8 0 4 7  

Absorbed 
Power 

, 9 6 6 9  
. 8 2 7 2  
, 8 2 1 8  

1 .0410  
, 7 9 2 5  
. 6051  
. 8 2 6 6  
, 5 9 5 8  
, 7 6 7 9  
, 7 9 1 3  
, 7 4 4 0  
, 8 9 7 3  
, 9 0 5 3  
, 9 6 8 5  
, 8 1 7 3  
, 6 4 7 6  
. 9 5 5  1  
. 8 6  16 
, 8 2 3 8  
, 9 9 4 0  

1 , 1 0 4 0  
1 . 0 6 5 0  
1 , 1 1 5 0  
1 . 0 8 8 0  
1 , 3 6 6 0  
1 . 3 9 4 0  
1 . 1 2 7 0  

, 5 2 3 7  
, 6 1 5 0  

1 .0030  
, 8 7 4 4  
, 9 3 9 5  
, 9 2 2 2  

1 . 0 8 6 0  
, 9 3 2 2  

1 . 1 1 0 0  
. 9 7 0 6  

1 .0080  
, 5 4 5 3  
. 5 6 1 5  
, 6 0 8 7  
, 3 8 2 7  
, 4 8 8 6  
. 7 5 4 8  
, 9 4 1 5  
, 5 8 5 8  
, 6 7 0 5  
, 7 0 8 4  
, 9 6 9 9  
, 8 6 2 3  
, 7 5 8 0  
, 6 2 8 2  



Table A-4 (Cont.) 

Seat Pad Accelerometer Measurements in the Vertical Direction 

Rater 
Test 

Cond. Unwtd. % 
Wtd. 
RMS 

,07022 
,06543 
.06958 
,07495 
.07007 
.08927 
,06995 
,06622 
,07568 
.07 108 
,07604 
.05603 
.07 172 
,07296 
,07514 
,07673 
,07554 
,07468 
,072 12 
,07758 
,07859 
,07388 
.07070 
,07691 

Unwtd, 
RMS 

,09950 
,09355 
,08470 
,08909 
,0840 1 
.I5360 
. I 1  320 
.08508 
,09973 
.08524 
.09135 
.07304 
.08859 
.09549 
,08759 
.08934 
.09059 
.09002 
,08860 
.09 195 
,08856 
.08426 
,08133 
,0887 1 
,0882 1 
,08378 
,08592 
,08878 
,0873 1 
.077 1 1  
,08394 
,07897 
.08537 
.08304 
.09 104 
.090 18 
.09852 
,09654 
.07554 
,0938 1 
,09953 
.08279 
,09345 
,08598 
,08047 
,08970 
.I0480 
.09 162 
,08820 
.09089 
.08633 
,08854 

Absorbed 
Power 

,7586 
,6327 
,8585 
,9988 
.8525 
,9267 
,6280 
.6969 
1,0370 
.8903 
1.0430 
.4925 
.9308 
.9325 
1.0260 
1.0610 
1.0040 
,9858 
.8840 
,9082 
,9235 
,8686 
,6733 
,9469 
,9442 
,8824 
.9288 
1.0133 
,9492 
.7057 
,8565 
,764 1 
.9479 
1.0030 
1.0350 
1.0780 
1.3710 
1,3430 
,5674 
,904 1 
1.1160 
,5810 
,9292 
,7973 
,5854 
,8618 
1,1240 
1,0000 
.9764 
1.0280 
.9480 
1.0250 



Table A-4 (Cont.) 

Seat Pad Accelerometer Measurements in the Longitudinal Direction 

Test 
Rater Cond. 

Wtd. 
RMS 

Unwtd. 
RMS 

Absorbed 
Power 



Table A-4 (Cont.)  

Seat Pad Accelerometer Measurements in the Longitudinal Direction 

Test 
Rater Cond. 

1 1 .  3 2 .  
12 .  3 2 ,  
3 .  34 
7 .  3 6 .  
3 .  3 7 .  
8 .  4 0 .  
9 .  4 0 .  
8 .  4 1 .  

10.  43 .  
4  . 4 9 .  
5 .  49 .  
8 .  5 1 .  

1 1 .  5 1 .  
12.  5 1 ,  
4 .  5 2 .  

1 1 .  5 2 .  
3 .  53 .  
6 .  5 3 .  
6 .  5 4 .  
4 .  6 2 .  

10.  6 3 .  
1 1 .  6 3 .  
8 .  6 4 ,  
5 .  6 5 .  

10.  6 5 .  
4 .  6 7 .  
4 .  7 6 .  
5 .  8 0 .  
7 .  8 0 ,  
9.  8 0 .  
3 .  8 1 .  
6 .  8 1 .  
6 .  8 2 .  
3.  8 4 .  
6 .  8 8 .  

wtd,  
wtd.% Unwtd.% RMS 

Unwtd. Absorbed 
RMS Power 

, 1 1 7 1 0  , 4 6 3 0  . 14310 . 5 0 6 5  
-0.  -0 .  

. l o 1 4 0  .586 1 

.04391 .2171 

. I 7 1 4 0  .853  1 
, 1 2 8 5 0  , 3 4 9 3  
.11830  , 5 0 2 3  
, 1 8 5 8 0  .4725  

-0 .  -0. 
. I 0 8 7 0  , 0 0 6 0  
, 1 4 7 3 0  .2684 
, 1 7 5 2 0  .4026 
. I 9 6 5 0  .4647 
.09050  ,5664  
. I 0 4 7 0  .4611 

-0 .  -0 .  
. I 1  590 .5625  
. I 5 5 0 0  , 6 7 4 6  
. I 9 2 7 0  , 7 6 3  1 
. 0 8 8  15  ,551  1 
, 0 9 7 5 8  .5214 
.09101  , 3 1 0 3  
, 0 8 8 4  1 .4699 
. 0 9 3 9 6  .5367 
. I 0 4 1 0  .6502 
.04063  .2739  
, 0 8 7 6 7  . 4 9 9 5  
, 1 0 0 5 0  .4842 
. I 0 0 9 0  .3152 
. 0 3 8 5 5  , 2 4 0 0  
, 0 9 4 6 9  .3161 
, 1 0 6 5 0  , 5 3 5 5  

-0 .  - 0 .  
, 1 1 2 6 0  , 5 5 3 8  
, 0 9 0 7 4  .4466  . 13500 , 5 2 9 0  
. I 3 1 7 0  .4786  

-0 .  -0 ,  
. 1 1 6 1 0  .6938  
. I 0 0 5 0  .656  1 
, I 1  840  .5862 
.09170  , 5 4 4 0  
, 1 0 3 9 0  .4920  
. I 1 6 9 0  .5722 

-0 .  -0 .  
, 1 5 3 3 0  . 6 7 3 5  . 11450 , 6 9 5 3  
. I 0 9 4 0  , 7 4 2 9  
. I 0 2 0 0  .5625  
, 0 9 9 2  1 .5237 
, 1 1 5 0 0  , 5 8 4 3  



Table A-4 (Cont.)  

Combined Seat Pad Accelerometer Measurements ( ~ e r t  ical and ~ o n g i  tudinal) 

Rater 
Test 
Cond. 

I SO 
Time 

Combined 
Power 



Table A-4 (Cont , )  

Combined Seat Pad Accelerometer Measurements (Vertical and ~ongitudinal) 

Rater 
Test 
Cond. 

I SO 
Time 

Combined 
Power 



d t 
LO a m  o.w 0.s a m  a10 0.12 0.14 0.16 

UNWEIGHTED RMSt G I S  

d I 
0.0 0.m 0.04 a06 0.m 0.10 0.12 

WEIGHTED R H S t  G ' S  

d : ; : : : : : : : ,  
0 10 20 30 40 50 60 70 80 90100 

UNWEIGHTED PERCENT WITHIN 0.125 G 

d . I  
0 10 20 30 40 50 60 70 80 90100 
WE1 GHTED PERCENT WITHIN 0.1250 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
ABSORBED POWER, WATTS 

F i g u r e  A-3. Comparison of s u b j e c t i v e  r a t i n g s  wi th  o b j e c t i v e  measures of 
s e a t  a c c e l e r a t i o n  f o r  t h e  v e r t i c a l  d i r e c t i o n .  



UNWEIGHTED RMSt G'S 

WEIGHTED PERCENT WITHIN 0.125 G 

7 c : :-.24. , 
< 
W 
V) 

0.0 0.01 0.92 am aw a m  o.os 0.07 o.ca 
WEIGHTED RMSr G'S 

UNWEIGHTED PERCENT WITHIN 0.1256 

: : I  
0.0 0.1 0.20.30.4 0.5 0.6 0.70.8 0.9 1.0 

ABSORBED POWER, WATTS 

Figure A-4. Comparison of subjec t ive  r a t i ngs  with objec t ive  measures of 
s e a t  acce lera t ion  f o r  t h e  longi tudina l  d i r ec t ion .  



d : : : : ; : : : : ,  
0 1 2 3 4 5 6 7 8 9 1 0  

IS0 EXPOSURE TIME, HOURS 

Figure  A - 5 .  Comparisons of s e a t  ave rage  r a t i n g s  w i t h  t h e  IS0 exposure 
l i m i t  and absorbed power. 
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TABLE A-5 
C o r r e l a t i o n  o f  Seat Pad Acce lerometer  Measurements 

w i t h  S u b j e c t i v e  R ide  Ra t i ngs  

C o r r e l a t i o n s  o f  V e r t i c a l  Accelerometer  Measures 
w i t h  S u b j e c t i v e  Seat  V e r t i c a l  Ra t i ngs  

(N= 103) )': 

Accel erometer Measure C o r r e l a t i o n  C o e f f i c i e n t  

C o r r e l a t i o n s  o f  H o r i z o n t a l  Accelerometer  Measures 
w i t h  S u b j e c t i v e  Seat  L o n g i t u d i n a l  Ra t i ngs  

(Ne95) k 

Weighted Percent  W i t h i n  50.125 G 

Unweighted Percent  W i t h i n  k0.125 G 

Weighted RMS 

Unwe i gh t e d  RMS 

Absorbed Power 

Weighted Percent  W i t h i n  50.125 G 

0.1893 

0.3009 

-0.1736 

-0.2884 

-0.1826 

Unweighted Percent  W i t h i n  k0.125 G 

Weighted RMS 

Unwe i gh ted  RMS 

Absorbed Power i 

&For sample s i z e s  o f  103 and 95, c o r r e l a t i o n  c o e f f i c i e n t s  w i t h  
a b s o l u t e  v a l u e  g r e a t e r  t han  0.1937 and 0.2017 r e s p e c t i v e l y  a r e  
s i g n i f i c a n t l y  d i f f e r e n t  t han  ze ro  a t  t h e  5% l e v e l .  

C o r r e l a t  i ons  o f  Combi ned Accelerometer  Measures ( V e r t  i c a l  and Fore-Af t )  
w i t h  t h e  Average S u b j e c t i v e  Seat  R a t i n g  

(N= 103) 9; 

Comb i ned Absorbed Power 

IS0 Exposure Time 

-0.3654 

0.2966 




