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CHAPTER 1 

INTRODUCTION 

This  document c o n s t i t u t e s  t h e  F i n a l  Techn ica l  Report  by The U n i v e r s i t y  

of Michigan T r a n s p o r t a t i o n  Research I n s t i t u t e  (UMTRI) on t h e  r e s e a r c h  

p r o j e c t  e n t i t l e d  "Paramet r ic  Ana lys i s  of Heavy Truck Dynamic S t a b i l i t y  . " 
The p r o j e c t  was sponsored by t h e  Na t iona l  Highway T r a f f i c  S a f e t y  

Admin is t ra t ion  (NHTSA) of t h e  U.S. Department of T r a n s p o r t a t i o n  under 

Cont rac t  Number DTNH22-80-C-07344. 

The o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  c h a r a c t e r i z e ,  by a n a l y t i c a l  means, 

t h e  e f f e c t s  of v e h i c l e  d e s i g n  v a r i a t i o n s ,  and t h e  l imits  w i t h i n  which 

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

d i r e c t i o n a l  dynamic s t a b i l i t y  of l a r g e  t r u c k s .  Computerized and t h e o r e t i c a l  

a n a l y s e s ,  s e r v i n g  t o  show t h e  r e l a t i o n s h i p  of v e h i c l e  and o p e r a t i n g  para- 

meters  t o  t h e  d i r e c t i o n a l  and r o l l  s t a b i l i t y  of a p a r t i c u l a r  sample of 

heavy v e h i c l e  c o n f i g u r a t i o n s ,  a r e  used t o  a d d r e s s  t h i s  o b j e c t i v e .  I n  t h e  

b roader  s e n s e ,  i t  i s  presumed t h a t  an improved unders tand ing  of t h e s e  

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

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

Viewed i n  t h e  c o n t e x t  of t h e  tremendous d i v e r s i t y  of v e h i c l e  conf igura-  

t i o n s  which e x i s t  i n  t h e  U.S. t r u c k i n g  f l e e t ,  t h e  above-s ta ted o b j e c t i v e  

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

under tak ing  and t o  focus  t h e  a n a l y t i c a l  e f f o r t  n e a r  " t h e  bounds of s a f e  

v e h i c l e  des ign , "  t h e  s t u d y  was d e f i n e d  t o  p l a c e  emphasis on unusua l ,  y e t  

p r e v a l e n t ,  v e h i c l e  c o n f i g u r a t i o n s  which might be hypothesized t o  r e q u i r e  

high l e v e l s  of hand l ing  s k i i l s  of t h e i r  d r i v e r s .  Accordingly ,  an e a r l y  

t a s k  of t h e  p r o j e c t  was a  su rvey  e f f o r t ,  aimed a t  canvass ing  t h e  U.S. 

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

d r i v e r s  t o  c o n t r o l .  From t h i s  a c t i v i t y  a s e t  of n i n e  s u b j e c t  v e h i c l e  types  

was e s t a b l i s h e d ,  and t h e  fo l lowing  a n a l y t i c a l  a c t i v i t y  focused on t h e s e  

v e h i c l e s .  



Commercial v e h i c l e s  may be s u b j e c t  t o  two g e n e r a l  c l a s s e s  of in-  

s t a b i l i t y ,  namely, (1) d i v e r g e n t  r o l l  r e sponse ,  i . e . ,  v e h i c l e  r o l l o v e r ,  and 

(2 )  d i v e r g e n t  yaw response,  i . e . ,  s p i n o u t  o r ,  i n  t h e  c a s e  of a r t i c u l a t e d  

v e h i c l e s ,  j a c k k n i f e  o r  t r a i l e r  swing. I n  t h e  s i m p l e s t  s e n s e ,  then ,  t h e  

d i r e c t i o n a l  r esponse  c a p a b i l i t y  of a  g iven  commercial v e h i c l e  i s  g e n e r a l l y  

l i m i t e d  by t h e  i n s t a b i l i t y  ( r o l l  o r  yaw) which o c c u r s  a t  t h e  lowest  maneuver- 

i n g  l e v e l  ( a s  i n d i c a t e d  by l a t e r a l  a c c e l e r a t i o n ) .  

A commercial v e h i c l e ' s  r o l l  s t a b i l i t y  l i m i t  can be d e f i n e d  i n  terms 

of l a t e r a l  a c c e l e r a t i o n .  That i s ,  below a  given l e v e l  of l a t e r a l  a c c e l e r a -  

t i o n ,  t h e  v e h i c l e  remains r o l l  s t a b l e ;  above t h a t  l e v e l ,  t h e  v e h i c l e  i s  

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

v e l o c i t y .  Conversely ,  yaw s t a b i l i t y  of heavy v e h i c l e s  may be  a  f u n c t i o n  of 

both  v e l o c i t y  and l a t e r a l  a c c e l e r a t i o n .  Even commercial v e h i c l e s  w i t h  t h e  

most s e v e r e  yaw s t a b i l i t y  problems r e q u i r e  a  forward v e l o c i t y  of about  

25 mph (40 k / h r )  o r  g r e a t e r ,  a long  w i t h  e l e v a t e d  l a t e r a l  a c c e l e r a t i o n ,  i n  

o r d e r  t o  e x h i b i t  yaw i n s t a b i l i t y .  

I n  p r a c t i c e ,  r o l l  and d i r e c t i o n a l  r esponse  cannot  be  d ivorced .  I f  

n o t  t h e  m a j o r i t y ,  then  c e r t a i n l y  a  v e r y  l a r g e  pe rcen tage  of commercial 

v e h i c l e s  w i l l  e x h i b i t  r o l l o v e r  a t  some l e v e l  of a t t a i n a b l e  l a t e r a l  acce l -  

e r a t i o n  ( i . e . ,  a t  a  l a t e r a l  a c c e l e r a t i o n  l e v e l  which i s  l e s s  t h a n  t h a t  

r e q u i r e d  t o  produce s a t u r a t i o n  of t i r e  s i d e  f o r c e s ) .  A s  a  r e s u l t  of t h i s  

f a c t ,  a  commercial v e h i c l e  ( p a r t i c u l a r l y  a  s i n g l e - u n i t  v e h i c l e )  whose l i m i t  

performance is d e f i n e d  by yaw i n s t a b i l i t y  i s  l i k e l y ,  a s  a  r e s u l t  of t h e  

occur rence  of t h i s  i n s t a b i l i t y ,  t o  proceed i n t o  a  c o n d i t i o n  wherein l a t e r a l  

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

s a y ,  whi le  t h e  l i m i t  of  such v e h i c l e s  i s  d e f i n e d  by a  yaw i n s t a b i l i t y ,  t h e  

s a f e t y - r e l a t e d  consequence of exceeding t h e  l i m i t  may be  r o l l o v e r .  S i t u a -  

t i o n s  wherein t h e  v e h i c l e  is c o n s t r a i n e d  t o  a  curved p a t h ,  b u t  may be  

t r a v e l i n g  a t  s u f f i c i e n t  speed t o  a g g r a v a t e  yaw i n s t a b i l i t y ,  such a s  may 

o c c u r  on a  freeway e x i t  ramp, have been hypothesized a s  producing r o l l o v e r  

a s  a  consequence of yaw i n s t a b i l i t y .  

I n  t h e  c a s e  of a r t i c u l a t e d  v e h i c l e s ,  yaw response  of t h e  v e h i c l e  may 

p r e c i p i t a t e  r o l l o v e r  i n  a  somewhat d i f f e r e n t  manner. The yaw response  of 



a r t i c u l a t e d  u n i t s  may be  c h a r a c t e r i z e d  by l i g h t l y  damped dynamic modes 

dominated by yaw p l a n e  o s c i l l a t i o n s  of t h e  t r a i l i n g  u n i t s  of t h e  v e h i c l e .  

Although such  modes may be  s t a b l e ,  i n  t r a n s i e n t  maneuvers (such a s  emergency 

l a n e  changes) they  can e x a c e r b a t e  t h e  yaw response  of t h e  rearmost  u n i t  t o  

such an e x t e n t  t h a t  t h e  r o l l  s t a b i l i t y  1 : i m i t  of t h a t  u n i t  i s  exceeded 

prematurely--prematurely  i n  t h e  s e n s e  t h a t  i f  t h e  t r a i l i n g  u n i t  had exper i -  

enced t h e  same l e v e l  of e x c i t a t i o n  a s  t h e  l e a d i n g  u n i t ,  r o l l o v e r  would n o t  

have occur red .  Th is  g e n e r a l  phenomenorr-the exaggerated o r  a m p l i f i e d  

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

unit-has come t o  be known a s  "rearward a m p l i f i c a t i o n . "  

Accordingly ,  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 i e s  of t h e  dynamic response 

of commercial v e h i c l e s  a r e  examined a n a l y t i c a l l y .  The v a l i d i t y  of t h e  

g e n e r a l  a n a l y t i c a l  f i n d i n g s  is t h e n  demonstrated through t h e  e v a l u a t i o n  of 

pa ramet r i c  changes i n  a  p a r t i c u l a r  s e t  of v e h i c l e s ,  chosen f o r  s t u d y  because 

they appear  t o  be real -world  examples of commercial v e h i c l e s  t h a t  a r e  

p a r t i c u l a r l y  s u s c e p t i b l e  t o  one o f  t h e  fo l lowing  c l a s s i f i c a t i o n s  of l i m i t  

performance: 

-Divergent r o l l  r e sponse ,  pe r  s e  

-Divergent yaw response 

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

The remainder  of t h i s  r e p o r t  i s  s t r u c t u r e d  t o  p rov ide  an  overview of 

t h e  r e s u l t s  of t h e  s t u d y ,  followed by a more i n d e p t h  d i s c u s s i o n  of t h e  

p r o j e c t  f i n d i n g s .  I n  accordance w i t h  t h i s  s t r u c t u r e ,  Chapter 2 p rov ides  

a  n a r r a t i v e  review of t h e  f i n d i n g s  o f  t h e  s t u d y .  Chapter 3 reviews t h e  

s e l e c t i o n  of sample v e h i c l e s  f o r  s t u d y .  Chapters  4 ,  5 ,  and 6 p rov ide  

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

of heavy v e h i c l e s  i n  g e n e r a l ,  and of s e l e c t e d  v e h i c l e s  i n  p a r t i c u l a r ,  

r e l a t i v e  t o  r o l l  d ive rgence ,  yaw d ivergence ,  and l i g h t l y  damped yaw response ,  

r e s p e c t i v e l y .  



CHAPTER 2 

DISCUSSION OF RESULTS 

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

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

commercial v e h i c l e s  w i t h  r e s p e c t  t o  d i r e c t i o n a l  performance ( t h a t  i s ,  w i t h  

r e s p e c t  t o  hand l ing ,  b u t  n o t  b rak ing  performance) .  I n  t h e  main, t h e  d i r e c -  

t i o n a l  performance of commercial v e h i c l e s  i s  l i m i t e d  by one of t h e  fo l lowing :  

1 )  S t ra igh t - fo rward  v e h i c l e  r o l l o v e r  encountered i n  a t t e m p t i n g  

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

of t h e  v e h i c l e .  

2 )  Loss of d i r e c t i o n a l  c o n t r o l ,  p a r t i c u l a r l y  a s  a  r e s u l t  of 

exceeding t h e  v e h i c l e ' s  yaw s t a b i l i t y  l i m i t  and the reby  

i n i t i a t i n g  a  "spinout"  c o n d i t i o n .  For commercial v e h i c l e s ,  

such u n s t a b l e  yaw response  i s  l i k e l y  t o  g e n e r a t e  subse- 

quent t u r n i n g  responses  which exceed t h e  v e h i c l e ' s  r o l l  

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

of t h e  s p i n o u t .  

3) Exaggerated response  of t r a i l e r s ,  p a r t i c u l a r l y  of mul t ip ly -  

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

dynamic modes of behav ior  which a r e ,  t e c h n i c a l l y ,  s t a b l e  

but which may be  very  l i g h t l y  damped. For mul t ip ly -  

a r t i c u l a t e d  v e h i c l e s ,  t h e  r e s u l t  i s  a tendency f o r  t h e  

rearward u n i t s  of t h e  v e h i c l e  t o  show exaggerated o r  ampli- 

f i e d  response ,  r e l a t i v e  t o  t h e  towing u n i t ,  i n  c e r t a i n  

c l a s s e s  of t u r n i n g  maneuvers. "Rearward a m p l i f i c a t i o n "  h a s  

important  s a f e t y  consequences when, i n  such maneuvers, t h e  

t r a i l i n g  u n i t s  exceed t h e i r  own r o l l  s t a b i l i t y  l i m i t ,  

r e s u l t i n g  i n  t r a i l e r  r o l l o v e r .  



Accordingly ,  t h e  parameter s e n s i t i v i t y  a n a l y s e s  of t h i s  s t u d y  have 

been conducted w i t h i n  t h e  fo l lowing  t h r e e  c a t e g o r i e s :  

1) Parameter  s e n s i t i v i t i e s  a f f e c t i n g  v e h i c l e  r o l l  s t a b i l i t y  

l i m i t s .  

2 )  Parameter  s e n s i t i v i t i e s  a f f e c t i n g  v e h i c l e  yaw s t a b i l i t y  

l i m i t s .  

3) Parameter s e n s i t i v i t i e s  a f f e c t i n g  rearward a m p l i f i c a t i o n .  

The fo l lowing  t h r e e  s e c t i o n s  of t h i s  c h a p t e r  w i l l  b r i e f l y  review t h e  

f i n d i n g s  of t h i s  p r o j e c t  a s  they  r e l a t e  t o  t h e s e  t h r e e  t o p i c s ,  r e s p e c t i v e l y .  

The f i n d i n g s  p r e s e n t e d  r e f e r  t o  t h e  mechanical  ( p a r a m e t r i c )  p r o p e r t i e s  of 

v e h i c l e s  and t h e i r  components i n  c o n t r a s t  t o  a  hardware-oriented approach 

i n  which t h e  i n f l u e n c e s  of s p e c i f i c  p i e c e s  of hardware a r e  compared. 

Designing s a t i s f a c t o r y  hardware is  a  m a t t e r  of i n g e n u i t y  and s k i l l  once 

a p p r o p r i a t e  mechanical  s p e c i f i c a t i o n s  ( g o a l s )  have been i d e n t i f i e d .  A 

fundamental  unders tanding of what i s  needed i s  t h e  p r e r e q u i s i t e  t o  t h e  

des ign  of hardware f u l f i l l i n g  t h e  need.  The f i n d i n g s  o f  t h i s  s t u d y  a r e  

in tended  t o  h e l p  p rov ide  t h a t  unders tand ing .  

2 . 1  Parameter  S e n s i t i v i t i e s  A f f e c t i n g  Vehic le  R o l l  S t a b i l i t y  L imi t s  

F igure  1 i l l u s t r a t e s  t h a t  a s  a  v e h i c l e  undergoes a  t u r n ,  i t  exper i -  

ences  a  c e n t r i f u g a l  f o r c e  p u l l i n g  outward from t h e  c e n t e r  of t h e  t u r n  

through t h e  v e h i c l e ' s  c e n t e r  of g r a v i t y .  Th i s  f o r c e  t e n d s  t o  r o l l  t h e  

v e h i c l e  outward from t h e  t u r n ,  and i f  l a r g e  enough, w i l l  cause  t h e  v e h i c l e ' s  

i n s i d e  t i r e s  t o  l i f t  from t h e  ground and r o l l  t h e  v e h i c l e  o v e r .  

The magnitude of t h i s  f o r c e  is  e q u a l  t o  t h e  weight  of t h e  v e h i c l e  

(W) t imes  t h e  l a t e r a l  a c c e l e r a t i o n  ( a  ) generated by t h e  t u r n .  A s  t h e  t u r n  
Y 

becomes more s e v e r e ,  l a t e r a l  a c c e l e r a t i o n  i n c r e a s e s ,  caus ing  a n  i n c r e a s e  i n  

t h e  c e n t r i f u g a l  f o r c e .  Thus, t h e  r o l l  s t a b i l i t y  l i m i t  of  t h e  v e h i c l e  is  

g e n e r a l l y  i d e n t i f i e d  by t h e  maximum l e v e l  of l a t e r a l  a c c e l e r a t i o n  which a  

v e h i c l e  can s u s t a i n  w i t h o u t  r o l l i n g  o v e r .  

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

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



Centrifuqal force 
acting through c.g. - i' 

W Vehicle weight i acting through c.g. 

. .. 

F i g u r e  1. A schematic diagram of a commercial v e h i c l e  
r o l l i n g  i n  a turn.  

I 

c G Outward shift of c.g. 
due to vehicle ro l l .  



r e l a t i v e  t o  t h e  c e n t e r  of t h e  v e h i c l e ' s  t r a c k .  Th is  outward s h i f t  of t h e  

c e n t e r  o f  g r a v i t y  a l s o  tends  t o  promote r o l l o v e r ,  s e r v i n g  t o  lower t h e  

r o l l  s t a b i l i t y  l i m i t .  

A number of v e h i c l e  parameters  can b e  i d e n t i f i e d  which a f f e c t  t h e  

r o l l  s t a b i l i t y  l i m i t  of a  v e h i c l e .  G e n e r a l l y ,  t h e s e  parameters  e i t h e r  

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

r o l l o v e r ,  o r  ( 2 )  c o n t r i b u t e  t o  de te rmin ing  t h e  amount of outward s h i f t  of 

t h e  c e n t e r  of g r a v i t y  i n  a  g iven t u r n .  

The s p e c i f i c  v e h i c l e  parameters  which s e r v e  t o  de te rmine  t h e  l i m i t  

of  r o l l  s t a b i l i t y  a r e  d i s c u s s e d  below. The d i s c u s s i o n  i s  v a l i d  f o r  any 

independent ly  r o l l i n g  v e h i c l e  u n i t .  For example, a  t r a c t o r - s e m i t r a i l e r  

r e p r e s e n t s  a  s i n g l e  u n i t  s i n c e  t h e  f i f t h  wheel does n o t  a l l o w  independent 

r o l l i n g  of t h e  t r a c t o r  and t r a i l e r .  A t r u c k - f u l l  t r a i l e r  combinat ion,  

however, would be two u n i t s ,  t h e  t r u c k  and t h e  t r a i l e r .  That i s ,  t h e  p i n t l e  

hook connect ion g e n e r a l l y  used a l lows  independent r o l l i n g  of t h e  t r u c k  and 

t h e  t r a i l e r .  

The f i r s t  parameter  t o  be  d i s c u s s e d ,  t h e  r a t i o  of t r a c k  wid th  t o  c .g .  

h e i g h t ,  i s  t h e  most b a s i c  parameter  t o  de te rmin ing  t h e  r o l l o v e r  l i m i t .  

That i s ,  i t  is t h e  one parameter which determines  " t h e  d i r e c t  e f f e c t i v e n e s s  

of t h e  c e n t r i f u g a l  f o r c e  i n  g e n e r a t i n g  r o l l o v e r . "  A l l  f o u r  parameters  t o  

be cons idered  a r e  invo lved  i n  t h e  secondary r o l l  s t a b i l i t y  mechanism, i . e . ,  

t h e  outward s h i f t  of t h e  c e n t e r  of g r a v i t y  d u r i n g  t u r n i n g .  To a  l a r g e  

e x t e n t ,  t h e  s t r e n g t h  o f  t h e  i n f l u e n c e  of each i t em i s  dependent on t h e  v a l u e s  

of t h e  o t h e r s .  Thus, no i n f a l l i b l e  ranking of t h e s e  f o u r  i t ems  can be 

given.  Nonetheless ,  t h e y  a r e  p resen ted  i n  an o r d e r  g e n e r a l l y  i n d i c a t i v e  of 

t h e i r  r e l a t i v e  importance.  

1 )  The r a t i o  of t r a c k  wid th  t o  c.g. h e i g h t .  Th i s  r a t i o  is  t h e  most 

fundamental  parameter a f f e c t i n g  t h e  r o l l  s t a b i l i t y  l i m i t .  A s  t h e  r a t i o  is  

i n c r e a s e d ,  e i t h e r  by i n c r e a s i n g  t r a c k  o r  decreas ing  c .g .  h e i g h t ,  t h e  r o l l  

s t a b i l i t y  l i m i t  of t h e  v e h i c l e  i s  improved. Commercial v e h i c l e s  g e n e r a l l y  



have n e a r l y  i d e n t i c a l  t r a c k  wid ths ,  b u t  v a r y  g r e a t l y  i n  c .g .  h e i g h t . "  

Accordingly,  h igh  c.g.  v e h i c l e s  can g e n e r a l l y  be suspec ted  of being most 

prone t o  r o l l o v e r .  

2 )  The g e n e r a l  l e v e l  of t i r e  and suspens ion  r o l l  s t i f f n e s s .  A s  

t i r e s  and suspens ions  become s t i f f e r ,  i n c r e a s i n g  t h e  o v e r a l l  r o l l  s t i f f n e s s  

of t h e  v e h i c l e ,  t h e  v e h i c l e  w i l l  r o l l  less f o r  a  g iven  l e v e l  of l a t e r a l  

a c c e l e r a t i o n .  A s  a  r e s u l t ,  t h e  outward s h i f t  of t h e  c . g .  i n  a  t u r n  i s  

reduced,  causing an improvement i n  t h e  r o l l  s t a b i l i t y  l i m i t  of t h e  v e h i c l e .  

Rol l  s t i f f n e s s  of t y p i c a l  s t e e l  s p r i n g  suspensions  can b e  i n c r e a s e d  

by i n c r e a s i n g  t h e  b a s i c  s p r i n g  s t i f f n e s s  o r  i n c r e a s i n g  t h e  l a t e r a l  spac ing  

between s p r i n g s .  The p resence  of f r e e p l a y ,  o r  l a s h ,  a t  t h e  s p r i n g  hangers  

of many suspensions  decreases  t h e  o v e r a l l  r o l l  s t i f f n e s s  of a  suspension.  

E l imina t ing  l a s h  can,  t h e r e f o r e ,  improve r o l l  s t a b i l i t y .  

The suspension s t i f f n e s s  of concern i s  - r o l l  s t i f f n e s s ,  n o t  v e r t i c a l  

s t i f f n e s s .  Many a i r  suspens ions ,  which have a  ve ry  s o f t  v e r t i c a l  r a t e ,  

n o n e t h e l e s s  a r e  ve ry  s t i f f  i n  r o l l  due t o  s u b s t a n t i a l  " a u x i l i a r y  r o l l  

s t i f f n e s s . "  ( I n  some c a s e s ,  t h i s  s t i f f n e s s  i s  provided by t h e  r i g i d  a t t a c h -  

ment o f  t r a i l i n g  arms t o  t h e  a x l e . )  A u x i l i a r y  r o l l  s t i f f n e s s  mechanisms 

could be a p p l i e d  t o  many suspension t y p e s ,  the reby  improving t h e  r o l l  

s t a b i l i t y  l i m i t .  Some measured va lues  of suspens ion  r o l l  s t i f f n e s s  a r e  

shown i n  Table  1. The r o l l  s t i f f n e s s e s  of s p e c i a l  suspens ions  can v a r y  

g r e a t l y  from t h e  v a l u e s  shown. 

O v e r a l l  r o l l  s t i f f n e s s  i s  a f u n c t i o n  of b o t h  t i r e  and suspension 

s t i f f n e s s .  I n c r e a s i n g  t i r e  s t i f f n e s s  ( e . g . ,  by employing maximum i n f l a t i o n  

p r e s s u r e s )  can h e l p  improve r o l l  s t a b i l i t y .  However, s i n c e  t i r e s  t y p i c a l l y  

c o n t r i b u t e  on ly  1 / 3  of t h e  o f fend ing  r o l l  compliance,  i n c r e a s i n g  t i r e  

*For example, t h e  t y p i c a l  f ive -ax le ,  van,  t r a c t o r - s e m i t r a i l e r  com- 
b i n a t i o n  may have a  sprung mass c.g.  h e i g h t  r ang ing  from about  50 inches  
when empty, t o  i n  excess  of 80 inches  when f u l l y  loaded t o  a  s imul taneous  
"bulk-out' ' and "cube-out" c o n d i t i o n .  The t y p i c a l  f i v e - a x l e  MC306 t r a c t o r -  
s e m i t r a i l e r  t a n k e r  has a  c.g.  h e i g h t  i n  t h e  75 t o  80 i n c h  range when f u l l y  
loaded. 



Table  1. Range of Measured Suspension R o l l  S t i f f n e s s  

Suspension Type 

Leaf-Spring Fron t  Suspensions  

Single-Axle Leaf-Spring Rear 
Suspensions ( T r a c t o r )  

Four-Leaf-Spring Tandem 
Suspension ( T r a c t o r )  

Four-Leaf-Spring Tandem 
Suspension ( T r a i l e r )  

Leaf-Spring Walking-Beam Tandem 
Suspension ( T r a c t o r )  

Rubber Block Walking-Beam Tandem 
Suspension ( T r a i l e r )  

Tandem A i r  Suspensions  

Tandem Tors ion  Bar Suspensions  

R o l l  S t i f f n e s s  Range* 
( in - lb /deg)  ** 

*For tandem suspens ions ,  r o l l  s t i f f n e s s e s  a r e  on an average per  
a x l e  b a s i s ,  measured a t  32,000 l b  v e r t i c a l  suspens ion  l o a d .  
F r o n t  suspens ion  r a t e s  were measured a t  a 12,000 l b  a x l e  load .  
S ing le -ax le  r e a r  suspens ion  r a t e  was measured a t  19,000 l b  
a x l e  load .  

**1.0 Nm = 8.85 i n - l b  

1 . 0  N = 0.2248 l b  



s t i f f n e s s  is  n o t  a s  powerful  a  mechanism f o r  improving s t a b i l i t y  a s  t h a t  

achieved through i n c r e a s i n g  suspens ion  r o l l  s t i f f n e s s .  

A d d i t i o n a l  r o l l  s t a b i l i t y  can be  provided by adding suspens ions  t o  

t h e  v e h i c l e .  More suspens ions ,  o f  course ,  p r o v i d e  more t o t a l  r o l l  s t i f f -  

n e s s .  However, t h e  b e n e f i t  of t h i s  a d d i t i o n a l  s t i f f n e s s  is  l o s t  i f  t h e  

weight  of t h e  v e h i c l e  i s  i n c r e a s e d  p r o p o r t i o n a l l y  ( th rough  added c a r g o ) .  

3 )  The l o c a t i o n  o f  suspens ion  r o l l  c e n t e r s .  When a v e h i c l e  r o l l s  

i n  a  t u r n ,  t h e  body r o t a t e s  i n  r o l l  r e l a t i v e  t o  t h e  a x l e s .  The c e n t e r  of 

t h i s  r o t a t i o n  is  d e f i n e d  by suspens ion  geometry and i s  c a l l e d  t h e  suspen- 

s i o n  r o l l  c e n t e r .  (For t y p i c a l  l e a f - s p r i n g  suspens ions ,  r o l l  c e n t e r  h e i g h t  

i s  n e a r  t h e  h e i g h t  of t h e  main l e a f . )  I f  t h e  r o l l  c e n t e r s  of a  v e h i c l e  can 

be made t o  i n c r e a s e  i n  h e i g h t ,  t h e  l a t e r a l  s h i f t  of  t h e  c . g .  f o r  a  g iven 

l e v e l  of body r o l l  is  decreased .  Thus, r a i s i n g  r o l l  c e n t e r  h e i g h t s  g e n e r a l l y  

improves t h e  r o l l  s t a b i l i t y  l i m i t .  

4 )  The d i s t r i b u t i o n  o f  r o l l  s t i f f n e s s  among suspens ions .  Not on ly  

i s  t h e  g e n e r a l  l e v e l  of r o l l  s t i f f n e s s  impor tan t  t o  r o l l  s t a b i l i t y ,  b u t  

t h e  d i s t r i b u t i o n  o f  r o l l  s t i f f n e s s  among suspens ions  is a l s o  impor tan t .  I n  

g e n e r a l  t e rms ,  t h e  optimum s i t u a t i o n  f o r  r o l l  s t a b i l i t y  is  ob ta ined  when 

suspens ion  r o l l  s t i f f n e s s  is d i s t r i b u t e d  i n  t h e  same p r o p o r t i o n  a s  l o a d .  

Accordingly ,  i n c r e a s i n g  t h e  r o l l  s t i f f n e s s  of t h e  r e l a t i v e l y  s o f t e s t  sus- 

pens ion  of a v e h i c l e  i s  most e f f e c t i v e  toward improving r o l l  s t i f f n e s s .  

Changes i n  t h e  s t i f f e s t  suspens ions  can b e  expected t o  be  l e s s  e f f e c t i v e .  

I f  t h e  v e h i c l e  has  more than  two suspens ions ,  changes i n  t h e  s t i f f e s t  

suspens ion  can be expec ted  t o  be  n e a r l y  i n s i g n i f i c a n t .  

Th i s  g e n e r a l  r u l e  i s  somewhat modif ied by t h e  p o s i t i o n  of t h e  suspen- 

s i o n s  a l o n g  t h e  l e n g t h  of t h e  v e h i c l e .  G e n e r a l l y ,  suspens ions  near  t h e  

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

o r  r e a r .  This  i m p l i e s  t h a t  suspens ions  n e a r  t h e  c e n t e r  need t o  be s t i f f e r  

t o  do t h e i r  " f a i r  share ."  However, t h e  importance of suspens ion  l o c a t i o n  

d e c l i n e s  a s  speed i n c r e a s e s .  A t  highway speeds ,  t h e r e  is  very  l i t t l e  e f f e c t .  

A t  "in-town1' speeds ,  t h e  e f f e c t  can b e  s i g n i f i c a n t .  

Each of t h e  four  i t ems  d i s c u s s e d  has  a n  impor tan t  i n f l u e n c e  i n  

de te rmin ing  a  commercial v e h i c l e ' s  r o l l o v e r  limit, bu t  each i s  a l s o  s u b j  e c t  



t o  p r a c t i c a l  d e s i g n  c o n s i d e r a t i o n s  which may l i m i t  t h e  d e s i g n e r ' s  a b i l i t y  

t o  a f f e c t  advantageous v a l u e s  of t h e s e  pa ramete rs .  I n  regard  t o  t h e  

r a t i o  of t r a c k  wid th  t o  c.g.  h e i g h t ,  c . g .  h e i g h t  i s  o f t e n  more under t h e  

i n f l u e n c e  o f  t h e  v e h i c l e  u s e r  than  t h e  d e s i g n e r ,  and t r a c k  wid th  i s  

g e n e r a l l y  l i m i t e d  by law t o  96 inches  ( 2 , 4 4  m) o v e r a l l .  Within  t h i s  l i m i t ,  

nominal t r a c k  wid th  can be i n c r e a s e d  by t h e  c h o i c e  of wide-base s i n g l e s  

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

by reduced t i r e  v e r t i c a l  s t i f f n e s s .  However, i n  t h o s e  c a s e s  where l e g a l  

wid th  ex tends  beyond 96 i n c h e s ,  f u l l  advantage should be t aken  by i n c r e a s i n g  

t r a c k  wid th  accord ing ly .  

The r o l l  s t i f f n e s s  of commercially a v a i l a b l e  suspens ions  v a r i e s  

g r e a t l y .  Choosing suspens ions  which a r e  s t i f f  i n  r o l l  and have minimal 

s p r i n g  l a s h  can have a  s i g n i f i c a n t  e f f e c t  on r o l l  s t a b i l i t y .  Adding 

a u x i l i a r y  r o l l  s t i f f n e s s  t o  e x i s t i n g  suspens ions  would a l s o  appear  reason- 

a b l e .  Users ,  a s  w e l l  a s  d e s i g n e r s ,  can p l a y  a  r o l e  i n  a s s u r i n g  good d i s -  

t r i b u t i o n  of r o l l  s t i f f n e s s  among suspens ions  of a  v e h i c l e .  

R o l l  c e n t e r  h e i g h t s  of commercial v e h i c l e  suspens ions  v a r y  con- 

s i d e r a b l y .  The more popula r  types  of tandem suspens ions ,  f o r  example, may 

have r o l l  c e n t e r  h e i g h t s  rang ing  from t h e  low 2 0 ' s  ( i n  i n c h e s )  t o  t h e  low 

3 0 ' s  ( 1  m = 39.37 i n ) .  Moreover, c u r r e n t  d e s i g n s  would i n d i c a t e  t h a t  t h e  

importance of r o l l  c e n t e r  h e i g h t  i s  n o t  b road ly  recognized .  Reasonable 

m o d i f i c a t i o n s  t o  suspens ion  des igns  might be  expected t o  move r o l l  c e n t e r  

h e i g h t s  i n t o  t h e  upper 30 ' s .  

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

of t h e  s e v e r a l  suspens ions  o f  a  v e h i c l e  a f f e c t s  t h e  d i s t r i b u t i o n  of r o l l  

moment r e a c t i o n s  and,  t h u s ,  t i r e  l o a d i n g ,  Accordingly ,  t h e s e  parameters  

i n f l u e n c e  yaw s t a b i l i t y  a s  w e l l  a s  r o l l  s t a b i l i t y .  Yaw s t a b i l i t y  p r o p e r t i e s  

must, of course ,  be cons idered  i n  t h e  d e s i g n  p r o c e s s .  

2.2 Parameter S e n s i t i v i t i e s  A f f e c t i n g  Yaw S t a b i l i t y  L i m i t s  

The computer-based r e s u l t s  d i scussed  i n  Chapter 5 sugges t  t h a t  c e r t a i n  

heavy t r u c k s ,  c h a r a c t e r i z e d  p r i m a r i l y  by h igh  c e n t e r s  of g r a v i t y ,  can 

develop yaw d ivergence  i n s t a b i l i t i e s  ( t h a t  is,  a  "spinout")  dur ing  r e l a -  

t i v e l y  moderate t u r n i n g  maneuvers. I n c r e a s i n g  speed a g g r a v a t e s  t h e  problem, 



but  i n  some c a s e s ,  t h e  v e h i c l e  may become u n s t a b l e  i n  yaw a t  speeds  a s  low 

a s  25 mph (40 k / h r ) .  The n a t u r e  of yaw i n s t a b i l i t y  f o r  heavy t r u c k s  can 

be d e s c r i b e d  a s  a  slow, cont inuous  build-up of l a t e r a l  a c c e l e r a t i o n  by t h e  

v e h i c l e  f o r  a  f i x e d  s teer ing-wheel  i n p u t .  That i s ,  t h e  v e h i c l e  w i l l  no t  

t u r n  on a  c i r c l e - l i k e  r a d i u s ,  bu t  r a t h e r ,  t u r n  on a  t i g h t e r  and t i g h t e r  

s p i r a l .  Th i s  t i g h t e r  t u r n i n g  behavior  l e a d s  t o  h i g h e r  l a t e r a l  a c c e l e r a -  

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

d i r e c t e d  toward i d e n t i f y i n g  t h e  s e n s i t i v i t y  of yaw s t a b i l i t y  t h r e s h o l d s  t o  

t y p i c a l  v e h i c l e  parameter v a r i a t i o n s ,  was shown t o  p r e d i c t  r easonab le  r e s u l t s  

when compared t o  r e s u l t s  of a  more comprehensive computer s i m u l a t i o n  s t u d y .  

A more thorough examination of t h e  dynamic behavior  of t h e s e  v e h i c l e s  

dur ing  s t e a d y  t u r n i n g  was conducted w i t h  t h e  u s e  of comprehensive computer 

models used f o r  s i m u l a t i n g  vehicle-driver-roadway i n t e r a c t i o n s .  

S p e c i f i c  c o n c l u s i o n s ,  a p p l i c a b l e  t o  t h e  c l a s s  of high-center-of-  

g r a v i t y  t r u c k s  examined h e r e ,  and based upon t h e  r e s u l t s  p resen ted  i n  

Chapter 5 ,  a r e :  

1 )  Yaw i n s t a b i l i t y  can occur  w i t h  such v e h i c l e s  d u r i n g  moderate 

t u r n i n g  maneuvers (0.2-0.3 g' s )  w h i l e  o p e r a t i n g  a t  highway speeds.  The 

s i g n i f i c a n c e  of yaw d ivergence  dur ing  s t e a d y  t u r n i n g  is t h a t  i t  w i l l  l e a d  

t o  r o l l o v e r  i n  t h e  absence of c o r r e c t i v e  s t e e r i n g  a c t i o n  and /or  reduced 

speed.  

2 )  The p r i n c i p a l  mechanism r e s p o n s i b l e  f o r  yaw i n s t a b i l i t y  dur ing 

moderate t u r n i n g  maneuvers a t  highway speeds  i s  t h e  n o n l i n e a r  manner i n  

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

A s  t r u c k  t i r e s  become more h e a v i l y  loaded ,  t h e i r  a b i l i t y  t o  produce l a t e r a l  

f o r c e ,  i n  p r o p o r t i o n  t o  t h e  l o a d  they  c a r r y ,  i s  diminished.  Hence, d u r i n g  

s teady- tu rn ing  maneuvers, a s  load  is  t r a n s f e r r e d  from t h e  i n s i d e  t o  t h e  

o u t s i d e  tires of a  v e h i c l e ,  a n e t  l o s s  of t i r e  c o r n e r i n g  f o r c e  occurs  on 

each a x l e .  Because heavy t r u c k s  t r a n s f e r  much g r e a t e r  load  a c r o s s  t h e  r e a r  

suspens ion ,  t h e  g r e a t e s t  l o s s e s  i n  t i r e  c o r n e r i n g  f o r c e s  occur a t  t h e  r e a r  

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

s t a b i l i t y  ( " sp in  out")  a s  g r e a t e r  and g r e a t e r  load  t r a n s f e r  occurs .  

3) Vehicle  yaw divergence behavior  may be  s t a b i l i z e d  by c o r r e c t i v e  

s t e e r i n g  a c t i o n s  o f  d r i v e r s .  Whereas a  v e h i c l e  may tend  t o  become 



d i r e c t i o n a l l y  u n s t a b l e  a s  a  r e s u l t  of i t s  own p r o p e r t i e s ,  i t  may be s t a b i l -  

i z e d  t o  some e x t e n t  by t h e  c o r r e c t i v e  s t e e r i n g  c o n t r o l  of d r i v e r s .  However, 

a s  v e h i c l e s  e x h i b i t  g r e a t e r  l e v e l s  of i m t a b i l i t y  (veh ic le -a lone) ,  t h e  

a b i l i t y  of d r i v e r s  t o  s t a b i l i z e  them becomes an  ever - inc reas ing  challenge-- 

l e a d i n g  a t  some p o i n t  t o  l o s s  of c o n t r o l .  An a d d i t i o n a l  c o r r e c t i v e  a c t i o n  

t h a t  can be used by d r i v e r s  is  simply t o  reduce speed.  Since  yaw s t a b i l i t y  

i s  s t r o n g l y  dependent upon v e h i c l e  speed,  slowing down dur ing  c o r r e c t i v e  

s t e e r i n g  should be t h e  b e s t  countermeasure a v a i l a b l e  t o  d r i v e r s .  

4 )  The presence  of s u p e r e l e v a t i o n  i n  highway curves  a c t s  no t  on ly  

t o  c o n t r i b u t e  r o l l  s t a b i l i z a t i o n  t o  such v e h i c l e s ,  b u t  i s  a l s o  a  p a r t i c u l a r l y  

powerful  means f o r  reducing t h e  l i k e l i h o o d  of yaw d ivergence .  Super- 

e l e v a t i o n  of highway curves  produces reduced load  t r a n s f e r  l e v e l s  dur ing  

s t e a d y  t u r n i n g ,  thereby l e a d i n g  t o  improved r o l l  and yaw s t a b i l i t y .  The 

" i d e a l "  l e v e l  of s u p e r e l e v a t i o n  f o r  minimizing t h e  occur rexce  of yaw 

divergence i s  t h a t  amount which produces no load  t r a n s f e r  a c r o s s  t h e  v e h i c l e  

suspension.  S ince  t h i s  l e v e l  of s u p e r e l e v a t i o n ,  of c o u r s e ,  depends upon t h e  

a c t u a l  o p e r a t i n g  speed through t h e  c u r v e ,  no s i n g l e  v a l u e  of " i d e a l "  super- 

e l e v a t i o n  f o r  a  g iven curve  is  p o s s i b l e .  I n  g e n e r a l ,  though, t h e  amount of 

roadway s u p e r e l e v a t i o n  t y p i c a l l y  s p e c i f i e d  by AASHTO highway curve  des ign  

p r a c t i c e  does g r e a t l y  reduce t h e  p ropens i ty  of such t r u c k s  t o  develop yaw 

i n s t a b i l i t i e s .  

5) Reasonable v e h i c l e - r e l a t e d  m o d i f i c a t i o n s  which could be performed 

t o  i n c r e a s e  t h e  y a w / r o l l  s t a b i l i t y  of t h e s e  v e h i c l e s  a r e :  ( a )  improvement 

i n  f o r e / a f t  r o l l  s t i f f n e s s  d i s t r i b u t i o n ,  (b) u s e  of a d d i t i o n a l  t i r e s  o r  

a x l e s  (non-s teer ing)  a t  t h e  r e a r  of t h e  v e h i c l e ,  ( c )  lowering of t h e  c e n t e r  

of g r a v i t y ,  and (d) s e l e c t i o n  of r e a r  t i r e s  w i t h  more l i n e a r - l i k e  v a r i a t i o n  

of c o r n e r i n g  s t i f f n e s s  w i t h  v e r t i c a l  load .  

6 )  Veh ic le  parameters  found t o  have t h e  g r e a t e s t  i n f l u e n c e  upon t h e  

development of yaw divergence i n  t h e  s t r a i g h t  t r u c k  v e h i c l e  c l a s s  examined 

h e r e  a r e :  

a )  Rear t i r e  corner ing  s t i f f n e s s  v a r i a t i o n  w i t h  v e r t i c a l  l o a d .  

A t i r e  which e x h i b i t s  g r e a t e r  - c u r v a t u r e ,  than a  s i m i l a r  t i r e ,  

i n  i t s  corner ing  s t i f f n e s s  ve rsus  load  p l o t  ( s e e  F igure  38) ,  

w i l l ,  i n  g e n e r a l ,  be  a  more l i k e l y  c o n t r i b u t o r  t o  v e h i c l e  

yaw divergence.  



Center  of g r a v i t y  h e i g h t .  Vehicles  possess ing  g r e a t e r  c . g .  

h e i g h t s ,  i n  g e n e r a l ,  t r a n s f e r  more load  s i d e  t o  s i d e  dur ing  

corner ing .  Grea te r  l o a d  t r a n s f e r  l e v e l s  a c r o s s  a n  a x l e  

exaggera te  t h e  n e t  l o s s  of corner ing  s t i f f n e s s  ( s e e  Item ( a )  

and Appendix A ) .  

Fore /a f  t r o l l  s t i f f n e s s  d i s t r i b u t i o n .  The l a r g e  d i f f e r e n c e s  

i n  t h e  r o l l  s t i f f n e s s  of f r o n t  and r e a r  suspens ions  ( f r o n t  

suspensions  being s o f t e r )  which a r e  c h a r a c t e r i s t i c  of t h e  

heavy t r u c k ,  promote p r o p o r t i o n a t e l y  g r e a t e r  s ide - to - s ide  

load  t r a n s f e r  a c r o s s  t h e  r e a r  suspension than t h e  f r o n t .  

Correspondingly,  g r e a t e r  o p p o r t u n i t i e s  t o  s u f f e r  c o r n e r i n g  

s t i f f n e s s  l o s s e s  t h e r e f o r e  e x i s t  a t  t h e  r e a r  axles-leading 

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

speeds .  

Number of a x l e s .  I n  g e n e r a l ,  a d d i t i o n  of n o n s t e e r a b l e  a x l e s  

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

and r o l l  s t a b i l i t y  of such v e h i c l e s .  ( S t e e r a b l e  t a g  a x l e s  

w i t h  freedom t o  s t e e r  through c a s t e r i n g  should be avoided 

s i n c e  they produce no l a t e r a l  f o r c e  c o n t r i b u t i n g  t o  t h e  yaw 

s t a b i l i t y  of t h e  v e h i c l e . )  Addi t iona l  r e a r  a x l e s :  ( i )  

i n c r e a s e  t o t a l  r o l l  s t i f f n e s s  of t h e  v e h i c l e  the reby  reducing 

v e h i c l e  r o l l  and rear-end (and t o t a l  v e h i c l e )  load  t r a n s f e r ,  

and ( i i )  i n c r e a s e  immunity t o  yaw i n s t a b i l i t y  by producing 

l e s s  load  t r a n s f e r  p e r  r e a r  t i r e  a s  w e l l .  

Wheelbase l eng th .  Wheelbase l e n g t h ,  R ,  has  a t h e o r e t i c a l  

i n f l u e n c e  on t h e  v a r i a t i o n  of c r i t i c a l  v e l o c i t y  f o r  an  

o v e r s t e e r  v e h i c l e .  That i s ,  doubling a  v e h i c l e ' s  wheelbase 

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

maximum, s t a b l e  o p e r a t i n g  v e l o c i t y  by a  f a c t o r  of 1 . 4 .  

Genera l ly ,  i t  i s  n o t  p o s s i b l e  t o  a s s i g n  a  f i x e d  o r d e r  of importance 

t o  t h e s e  i n d i v i d u a l  parameters .  The n a t u r e  of yaw d ivergence  is  such t h a t  

a  combination of v a r i o u s  parameter c o n d i t i o n s  must e x i s t  s imul taneously  i n  

o r d e r  f o r  i t  t o  develop.  Th is  s y n e r g i s t i c  q u a l i t y  of pa ramet r i c  i n t e r -  

a c t i o n s  t h a t  surrounds  t h e  i s s u e  o f  " important  parameters  r e l a t e d  t o  yaw 

divergence"  i s  worth emphasizing and i s  d i scussed  i n  some d e t a i l  i n  Chapter 

5. 
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2 .3  Parameter S e n s i t i v i t i e s  A f f e c t i n g  Rearward Ampl i f i ca t ion  

I n  sudden l a t e r a l  d isplacement  (obstacle-avoidance)  maneuvers, t h e  

d i r e c t i o n a l  responses  of c e r t a i n  a r t i c u l a t e d  v e h i c l e s  e x h i b i t  l a r g e  amounts 

of rearward a m p l i f i c a t i o n ;  t h a t  i s ,  t h e  l a t e r a l  a c c e l e r a t i o n  of t h e  l a s t  

u n i t  i n  t h e  combination v e h i c l e  i s  a  cons iderab ly  ampl i f i ed  v e r s i o n  of t h e  

l a t e r a l  a c c e l e r a t i o n  of t h e  l e a d i n g  u n i t .  Large amounts of rearward ampli- 

f  i c a t i o n  a r e  u n d e s i r a b l e  because (1)  t h e  l a s t  u n i t ' s  p a t h  may extend w e l l  

o u t s i d e  of t h e  p a t h  of t h e  f i r s t  u n i t  and ( 2 )  t h e  l a t e r a l  a c c e l e r a t i o n  

exper ienced by t h e  l a s t  u n i t  may be high enough t o  cause  i t  t o  r o l l  o v e r ,  

prematurely .  I f  a  v e h i c l e  has  a  l a r g e  amount of rearward a m p l i f i c a t i o n ,  

t h e  d r i v e r  may be a b l e  t o  s t e e r  t h e  l e a d  u n i t  around an  immediate o b s t a c l e  

wi thou t  approaching t h e  r o l l o v e r  l i m i t  of  t h e  l e a d  u n i t ,  bu t  t h e  t r a i l i n g  

u n i t s  may ( a )  swing o u t  of t h e  p a t h  of  t h e  f i r s t  u n i t  the reby  going o f f  

t h e  road o r  s t r i k i n g  o t h e r  v e h i c l e s  and /or  (b )  r o l l  over  due t o  t h e  h igh  

l a t e r a l  a c c e l e r a t i o n  generated dur ing  thle " c o r r e c t i o n  phase" of t h e  

obstacle-avoidance maneuver ( i . e . ,  when t h e  l a s t  u n i t  i s  a t t empt ing  t o  

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

avoided) .  

The rearward a m p l i f i c a t i o n  phenomenon is  a t  i t s  wors t  when t h e  

fo l lowing  o p e r a t i n g  c o n d i t i o n s  p r e v a i l :  (1 )  t h e  v e h i c l e  is  t r a v e l i n g  a t  

highway speeds  ( t h e  f a s t e r  t h e  speed,  t h e  h igher  t h e  a m p l i f i c a t i o n  f a c t o r ) ;  

( 2 )  t h e  v e h i c l e  is  f u l l y  loaded ( reasons  p e r t a i n i n g  t o  both  r o l l o v e r  and 

d i r e c t i o n a l  response app ly  h e r e ) ;  and ( 3 )  t h e  s t e e r i n g  a c t i v i t y  r e q u i r e d  t o  

avo id  an  o b s t a c l e  o r  make a  p a t h  c o r r e c t i o n  c o n t a i n s  a  r a p i d  r e v e r s a l  o r  

r a p i d  r e v e r s a l s  of t h e  s teer ing-wheel  ang le .  

Commercial v e h i c l e s  t h a t  a r e  1ike:Ly t o  have high l e v e l s  of rearward 

a m p l i f c a t i o n  possess  some o r  a l l  of  t h e  fo l lowing  paramet r ic  p r o p e r t i e s :  

-The d i s t a n c e ,  x from t h e  c e n t e r  of g r a v i t y  ( c . g . )  of each towing 
PC'  

u n i t  t o  i t s  p i n t l e  h i t c h ,  connect ing t h e  towing u n i t  t o  t h e  u n i t  being 

towed, is l a r g e .  (Towing u n i t s  i n c l u d e  no t  on ly  t r a c t o r s ,  bu t  a l s o  s t r a i g h t  

t r u c k s  and, i n  doubles and t r i p l e s  combinations,  s e m i t r a i l e r s  and f u l l  

t r a i l e r s .  See F igure  2 . )  
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Figure  2.  Diagram showing xpc,  t h e  d i s t a n c e s  from t h e  
c.g. 's  t o  t h e  p i n t l e  h i t c h e s .  



-The towing u n i t ' s  des ign  parameters  a r e  such t h a t  t h e  v e h i c l e  w i l l  

respond i n  yaw r o t a t i o n  t o  a  much g r e a t e r  e x t e n t  than i t  w i l l  t r a n s l a t e  

l a t e r a l l y  when performing a  sudden l a t e r a l  d isplacement  maneuver. The 

s p e c i f i c  combinations of parameters  t h a t  c o n t r i b u t e  t o  t h i s  type  of s i t u a -  

t i o n  a r e :  

1 )  The r a t i o  of t h e  t o t a l  corner ing  s t i f f n e s s  of a l l  t h e  

towing u n i t ' s  t i r e s  t o  t h e  weight (mass) of t h e  towing 

u n i t  i s  l e s s  t h a n  average.  (That i s ,  t h e  "corner ing  

c o e f f i c i e n t "  i s  l e s s  than t h a t  t y p i c a l l y  used.  For 

example, t h e  corner ing  s t i f f n e s s  of a  conven t iona l  

10x20 bias-ply  t r u c k  t i r e  w i t h  r i b  t r e a d  i s  approximately  

500 l b s l d e g  (2224 N/deg) whe.n loaded t o  4000 l b s  (17,500 

N), y i e l d i n g  a  t y p i c a l  corner ing  c o e f f i c i e n t  equa l  t o  

(500) / (4000) = 0.125 deg-l .  ) Presuming t h a t  s t andard  

t i r e s  a r e  used,  h e a v i l y  load'ed v e h i c l e s  a r e  worse o f f  

than l i g h t l y  loaded v e h i c l e s .  

2) The so-ca l l ed  "damping-in-yaw" ( i .  e .  , t h e  i n f l u e n c e  of 

a x l e  l o c a t i o n s ,  x and t i r e  s t i f f n e s s e s ,  Ca , a s  
i ' 

i 
expressed i n  an e x p r e s s i o n  of t h e  form C X?C where 

i 1 "  
i 

x i s  t h e  d i s t a n c e  from t h e  c .g .  t o  t h e  i - t h  a x l e )  is 
i 

s m a l l .  Presuming a g a i n  t h a t  s t andard  t i r e s  a r e  used,  

short-wheelbase towing v e h i c l e s  w i l l  be worse o f f  than 

long-wheelbase v e h i c l e s  ( e . g . ,  27-foot (8.2-m) t r a i l e r s  

ve rsus  45-foot (13.7-m) t r a i : l e r s  a s  towing u n i t s  i n  

doubles combinat ions) .  

3) Although n o t  a s  important  a s  i tems (1)  and (2)  i n  t h i s  

l i s t ,  l a r g e  amounts of overhang of t h e  load  beyond t h e  

wheelbase of t h e  v e h i c l e  and r e l a t i v e l y  long d i s t a n c e s  

from t h e  c .g .  l o c a t i o n  t o  t h e  f r o n t  a x l e  a l s o  c o n t r i b u t e  

t o  exaggerated yaw responses .  

-The fundamental parameters  having a  f i r s t - o r d e r  i n f l u e n c e  on t h e  

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



Ci - , t h e  t o t a l  corner ing  c o e f f i c i e n t  f o r  t h e  t r a i l e r  
W~ ( i . e . ,  t h e  r a t i o  of t h e  sum of a l l  of t h e  c o r n e r i n g  

s t i f f n e s s e s  d iv ided  by t h e  weight of t h e  t r a i l e r ) ,  

and 

'BA + 'BT, Where 'BA 
is  t h e  d i s t a n c e  from t h e  t u r n t a b l e  t o  

t h e  p i n t l e  h i t c h  on t h e  d o l l y  and xgT is  t h e  

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

t u r n t a b l e  o r  f i f th -whee l  p i v o t .  

F u l l  t r a i l e r s  t h a t  a r e  s h o r t ,  h e a v i l y  loaded,  and p u l l e d  by s h o r t  

drawbars o r  tongues i . . ,  %A i s  s m a l l )  a r e  l i k e l y  t o  have a m p l i f i c a t i o n  

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

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

The o v e r a l l  rearward a m p l i f i c a t i o n  f a c t o r s  f o r  t r u c k - f u l l  t r a i l e r s ,  

doub les ,  and t r i p l e s  combinations may be p r e d i c t e d  ( e s t i m a t e d )  by mul t ip ly -  

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

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

v e h i c l e s .  Hence, t h e  parameter  s e n s i t i v i t i e s ,  desc r ibed  h e r e i n  b e f o r e ,  

f o r  each u n i t ,  app ly  d i r e c t l y  t o  t h e  t o t a l  combination v e h i c l e .  Neverthe- 

l e s s ,  towing and towed u n i t s  t h a t  have s i m i l a r  des ign  parameters  can corn- 

b i n e  t o  make e i t h e r  ve ry  good o v e r a l l  combinations o r  v e r y  poor combinations.  

For example, i f  a  t r i p l e  is  comprised of n e a r l y  i d e n t i c a l  t r a i l e r s  and a l l  

of t h e s e  t r a i l e r s  have l a r g e  a m p l i f i c a t i o n  f a c t o r s  f o r  bo th  towing and 

be ing  towed, t h e  o v e r a l l  rearward a m p l i f i c a t i o n  can be exceedingly  l a r g e  

(on t h e  o r d e r  of 3 t o  4 ) .  On t h e  o t h e r  hand, t h e  t h e o r e t i c a l  r e s u l t s  pre- 

s e n t e d  i n  Chapter 6 i n d i c a t e  t h a t  double drawbar arrangements i n  which 

(1) xgg ( t h e  tongue l e n g t h )  is  e f f e c t i v e l y  inc reased  and ( 2 )  x ( t h e  
PC 

d i s t a n c e  from t h e  c.g. of t h e  towing u n i t  t o  i t s  p i n t l e  h i t c h )  is v i r t u a l l y  

reduced t o  zero  would be ve ry  e f f e c t i v e  f o r  reduc ing  t h e  rearward ampl i f i ca -  

t i o n  of conven t iona l  m u l t i p l y - a r t i c u l a t e d  v e h i c l e s .  



CHAPTER 3 

SAMPLE VEHICLE SELECTION 

A s  i n d i c a t e d  i n  Chapter 1, a s e k c t e d  s e t  o f  commercial v e h i c l e s  

was t o  be used t o  demonstra te  t h e  pa ramet r i c  s e n s i t i v i t i e s  of commercial 

v e h i c l e  performance w i t h  r e s p e c t  t o  (1) d i v e r g e n t  r o l l  r e sponse ,  ( 2 )  

d i v e r g e n t  yaw response,  and (3)  l i g h t l y  damped, o s c i l l a t o r y  yaw response .  

The b a s i c  premise f o r  s e l e c t i n g  t h e  sample v e h i c l e s  from t h e  U.S. f l e e t  

was t h a t  each could reasonab ly  be  suspec ted  of being unusua l ly  s u s c e p t i b l e  

t o  one o r  more of t h e s e  t h r e e  performance l imits.  

I n  o r d e r  t o  i d e n t i f y  t h e  sample v e h i c l e  s e t ,  t h e  f i r s t  t a s k  of t h e  

s t u d y  included a  survey e f f o r t  i n  which a  l a r g e  number of i n d i v i d u a l s  and 

o r g a n i z a t i o n s  a c r o s s  t h e  country  who a r e  a s s o c i a t e d  w i t h  t h e  U.S. t ruck ing  

i n d u s t r y  o r  t h e  s t u d y  of highway s a f e t y  were c o n t a c t e d ,  and asked t o  

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

The i r  r esponses ,  an e v a l u a t i o n  of formal a c c i d e n t  d a t a  s e t s ,  and informa- 

t i o n  ga thered  on a f i e l d  t r i p ,  a long w i t h  eng ineer ing  judgment based on 

a  fundamental  unders tanding of heavy v e h i c l e  dynamics, were used t o  

e s t a b l i s h  t h e  sample v e h i c l e  s e t  f o r  t h e  s t u d y  [ I ] .  

Organ iza t ions  con tac ted  i n  t h i s  e f f o r t  included:  

- p o l i c e ,  p u b l i c  s a f e t y ,  o r  t r a n s p o r t a t i o n  agenc ies  of 

each of t h e  50 s t a t e s  

-50 major U. S  . t r u c k i n g  companies 

- t h e  Brotherhood of Teamsters 

-member companies of t h e  Truck T r a i l e r  Manufacturers  

Assoc ia t ion  

- t h e  Motor Vehicle  Manufacturers  Assoc ia t ion  

Responses were rece ived  from 29 s t a t e s ,  four  t r u c k i n g  companies, and one 

t r a i l e r  manufacturer .  Two responses  w e n  r ece ived  from t h e  Teamsters. 



By f a r ,  t h e  l a r g e s t  a r e a  of concern i n d i c a t e d  by responses  

rece ived  was v e h i c l e  r o l l o v e r .  A v a r i e t y  of h i g h  c e n t e r  of g r a v i t y  

v e h i c l e s  were i d e n t i f i e d  i n  t h i s  r e g a r d ,  High c .g .  v e h i c l e s  i d e n t i f i e d  

inc luded  (1 )  l i q u i d  and d ry  b u l k  t a n k e r  v e h i c l e s  of t r a c t o r - s e m i t r a i l e r ,  

t r u c k - f u l l  t r a i l e r ,  and doubles  c o n f i g u r a t i o n s ,  (2) t r u c k s  and t r a c t o r -  

t r a i l e r  combinations h a u l i n g  s h i f t i n g  l o a d s ,  i n c l u d i n g  f l u i d s ,  and swinging 

meat, (3) mobile homes i n  tow, and (4 )  spec ia l -purpose  v e h i c l e s ,  i n c l u d i n g  

dump t r u c k s  and t r a c t o r - s e m i t r a i l e r s ,  ready-mix cement t r u c k s *  and garbage 

packers .  The o t h e r  major c l a s s i f i c a t i o n  of v e h i c l e s  i d e n t i f i e d  was 

c h a r a c t e r i z e d  by e i t h e r  m u l t i p l e  o r  unusual  yaw a r t i c u l a t i o n  j o i n t s .  Roll-  

over  o r  yaw i n s t a b i l i t i e s  were a s s o c i a t e d  w i t h  t h e s e  v e h i c l e s .  This  

group inc luded  doubles  c o n f i g u r a t i o n s ,  t r u c k - f u l l  t r a i l e r  c o n f i g u r a t i o n s ,  

dump t r u c k s  h a u l i n g  p i n t l e  h i t c h  s e m i t r a i l e r s ,  t r a c t o r - s e m i t r a i l e r  c a r  

h a u l e r s  us ing  " s t i n g e r "  f i f t h  wheels ,  and t r u c k - s e m i t r a i l e r  "dromedary" 

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

BMCS a c c i d e n t  f i l e  d a t a  were a l s o  examined t o  a s s i s t  i n  t h e  

i d e n t i f i c a t i o n  of sample v e h i c l e s  f o r  s t u d y .  The d a t a  involved a r e  a l l  

r e l a t e d  t o  s i n g l e - v e h i c l e ,  heavy-vehicle a c c i d e n t s .  BMCS f i l e s  p rov ide  

in format ion  on t h e  t y p e  of a c c i d e n t  and a l s o  i n d i c a t e ,  i n  a  l i m i t e d  way, 

t h e  t y p e  of v e h i c l e  and cargo involved.  S i n c e  i n t e r e s t  l i e s  i n  v e h i c l e  

i n s t a b i l i t y  and hand l ing  problems, emphasis was p laced  on a c c i d e n t  charac-  

t e r i z e d  a s  e i t h e r  j a c k k n i f e  o r  o v e r t u r n  and,  w i t h i n  t h e s e  c a t e g o r i e s ,  t h e  

purpose was t o  i d e n t i f y  over-involvement of v e h i c l e s  of any g e n e r a l  

v o c a t i o n a l  type.  

The p r e s e n t a t i o n s  of F i g u r e s  3  and 4 d e r i v e  from t h e  BMCS d a t a  f i l e s  

aggrega ted  f o r  t h e  y e a r s  1976, 1977, and 1978. F igure  3 d e a l s  w i t h  r o l l o v e r  

a c c i d e n t  d a t a  f o r  t h o s e  y e a r s ,  and F i g u r e  4 s i m i l a r l y  d e a l s  wich j a c k k n i f e  

a c c i d e n t  d a t a .  

AOne cement t r u c k  of i n t e r e s t  employed a  rear-mounted, f r e e l y  
c a s t e r i n g ,  a i r - t a g  a x l e ,  
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Each f i g u r e  p r e s e n t s  two b a r  graphs  and two p i e  c h a r t s .  The b a r  

graphs  i n d i c a t e  t h e  number of s u b j e c t  a c c i d e n t  types  ( r o l l o v e r  o r  j a c k k n i f e )  

a s  a  pe rcen tage  of t h e  t o t a l  number of a c c i d e n t s  f o r  t h e  s p e c i f i c  v e h i c l e  

o r  cargo c l a s s ;  t h a t  i s ,  f o r  example: 

Number of van r o l l o v e r s  
Number of van a c c i d e n t s  

x 100 

Each b a r  graph has  a  v e r t i c a l  r e f e r e n c e  l i n e  i n d i c a t i n g  t h e  same parameter 

( a l b e i t  f o r  t h e  e n t i r e  p o p u l a t i o n ) ,  t h a t  i s ,  

T o t a l  number of r o l l o v e r s  
T o t a l  number of a c c i d e n t s  

x 100 

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

s p e c i f i c  c l a s s  a s  a  pe rcen tage  of t h e  a c c i d e n t  p o p u l a t i o n ;  f o r  example, 

Number of van a c c i d e n t s  - -  
T o t a l  number of a c c i d e n t s  

- A V U  

Graphs a r e  p r e s e n t e d  accord ing  t o  f i r s t  t r a i l e r  body type and accord ing  t o  

t y p e  of cargo c a r r i e d .  

The BMCS d a t a  p r e s e n t e d  i n  t h e s e  f i g u r e s  t ends  t o  conf i rm t h e  v a r i o u s  

p o s i t i o n s  of t h e  su rvey .  Averaged over  t h e  t h r e e  y e a r s  examined, t h e  d a t a  

i n d i c a t e  t h a t  32 percen t*  of t h e  heavy-vehicle a c c i d e n t s  a r e  c l a s s i f i e d  a s  

a s  r o l l o v e r s ,  w h i l e  1 8  p e r c e n t  a r e  j a c k k n i f e ,  s u p p o r t i n g  t h e  survey r e s u l t  

*Ongoing a n a l y s i s  of t h e  BMCS d a t a  i n d i c a t e  t h a t  t h i s  f i g u r e  might 
b e  s u b s t a n t i a l l y  h i g h e r .  The BMCS coding system demands t h a t  a n  a c c i d e n t  
be recorded i n  on ly  one a c c i d e n t  c l a s s  ( e . g , ,  a n  a c c i d e n t  which involved 
a  j a c k k n i f e  and r o l l o v e r  must be c l a s s i f i e d  a s  one o r  t h e  o t h e r ,  b u t  n o t  
b o t h ) .  Study of t h e  more d e t a i l s  a c c i d e n t  r e p o r t s  shows t h a t  112 t o  314 
of t h e  s i n g l e - v e h i c l e  a c c i d e n t s  coded a s  "ran o f f  road" a l s o  invo lve  r o l l -  
over .  The " r a n  o f f  road" ca tegory  accounts  f o r  approximately  114 of t h e  
coded, s i n g l e - v e h i c l e  a c c i d e n t s .  



emphasizing r o l l o v e r .  (As a  p o i n t  of r e f e r e n c e ,  s i m i l a r  r o l l o v e r  d a t a  

r e p o r t e d  f o r  passenger  c a r s  range  from 7 p e r c e n t  t o  1 4  p e r c e n t  [ 2 ] . )  

Regarding r o l l o v e r  (F ig .  3 ) ,  i t  can a l s o  be  seen  t h a t .  t h e  BMCS d a t a  

tend t o  suppor t  t h e  su rvey  r e s u l t s  w i t h  r e s p e c t  t o  s p e c i f i c  v e h i c l e  pro- 

p e r t i e s .  By body type ,  t h e  graph shows t h a t  h igh  c .g .  t ank  and dump t y p e s  

and m u l t i p l y - a r t i c u l a t e d  d o l l y  types  a r e  over-involved i n  r o l l o v e r s .  The 

m a j o r i t y  of cargo t y p e s  which a r e  over-involved a r e  e a s i l y  i d e n t i f i e d  a s  

a s s o c i a t e d  w i t h  h i g h  c .g .  v e h i c l e s  ( m e t a l  c o i l s ,  g a s e s ,  l i q u i d s ,  s o l i d s ,  

l o g s ,  and mobile homes). 

The BMCS d a t a  of F i g u r e  4 show j a c k k n i f e  t o  be ,  i n  l a r g e  measure,  

an  empty-vehicle problem. The mechanics of heavy v e h i c l e  systems would 

t h e n  imply t h a t  j a c k k n i f e  is  l a r g e l y  a b r a k i n g  performance problem, n o t  a  

handl ing problem (and consequen t ly ,  beyond t h e  scope of t h i s  s t u d y ) .  

R e f e r r r i n g  t o  t h e  "1st T r a i l e r "  d a t a  of t h e  f i g u r e ,  vans  and r e f r i g e r a t e d  

t r a i l e r s  a r e  over - represen ted .  The "Cargo" d a t a  a r e  more r e v e a l i n g .  Here, 

empty v e h i c l e s  a r e  ve ry  s t r o n g l y  over - represen ted  r e l a t i v e  t o  a l l  o t h e r  

c l a s s e s .  I n  o r d e r  t o  b e t t e r  e v a l u a t e  t h e  o t h e r  ca rgo  c l a s s ,  a  second v e r t i -  

c a l  r e f e r e n c e  l i n e  d e a l i n g  on ly  w i t h  loaded v e h i c l e s  ( i . e . ,  n e g l e c t i n g  t h e  

"empty" d a t a )  h a s  been added t o  t h e  graph. The l i n e  shows t h e  v a l u e  o f :  

T o t a l  loaded v e h i c l e  j a c k k n i f e  
T o t a l  loaded v e h i c l e  a c c i d e n t s  

R e l a t i v e  t o  t h i s  r e f e r e n c e ,  t h e  c a t e g o r i e s  o f  General  F r e i g h t ,  Household, 

and Drive Away a r e  over - represen ted .  Presumably a l l  of t h e s e  c a t e g o r i e s  

a r e  dominated by r a t h e r  t y p i c a l  t r a c t o r / v a n - s e m i t r a i l e r  combinat ions  and 

t h e r e f o r e  y i e l d  no i n d i c a t i o n  t h a t  " s p e c i a l "  v e h i c l e s  a r e  p a r t i c u l a r l y  prone 

t o  j ackkni fe .  

The in format ion  d e r i v e d  from t h e  survey responses  and a c c i d e n t  d a t a  

f i l e s  becomes more meaningful when merged w i t h  a  b a s i c  unders tand ing  of 

commercial v e h i c l e  dynamics. With r e s p e c t  t o  r o l l  s t a b i l i t y ,  pe r  s e ,  t h e  

b a s i c  determinant  of t h e  r o l l  s t a b i l i t y  l i m i t  of any conven t iona l  highway 

v e h i c l e  i s  t h e  r a t i o  of t h e  v e h i c l e ' s  c.g.  h e i g h t  t o  t r a c k  wid th .  S ince  

t h e  c.g.  h e i g h t  of commercial v e h i c l e s  g e n e r a l l y  exceeds one h a l f  of t h e  



t r a c k  wid th ,  commercial v e h i c l e s  can g e n e r a l l y  be considered s u s c e p t i b l e  

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

v e h i c l e s  w i l l  g e n e r a l l y  decrease .  Thus, t h e  i d e n t i f i c a t i o n  of h igh c . g .  

v e h i c l e s  (of  a  v a r i e t y  of v o c a t i o n a l  types )  a s  s u s c e p t i b l e  t o  r o l l o v e r  i s  

n o t  s u r p r i s i n g .  

Bas ic  p r i n c i p l e s  of v e h i c l e  dynamics a l s o  i d e n t i f y  t h e  commercial 

v e h i c l e s  a s  being s u s c e p t i b l e  t o  monotonical ly  u n s t a b l e  yaw response ( i . e . ,  

s p i n o u t ) .  This i n s t a b i l i t y  i s  s e n s i t i v e  t o  t i r e  p r o p e r t i e s ,  t o  the  manner 

i n  which t h e  v e h i c l e  l o a d s  i t s  t i r e s ,  and i n  p a r t i c u l a r ,  t o  how t h e  v e h i c l e  

t r a n s f e r s  t i r e  l o a d ,  s ide - to - s ide ,  dur ing  t u r n i n g .  High c . g .  v e h i c l e s ,  i n  

g e n e r a l ,  t r a n s f e r  more load  d u r i n g  a  given t u r n i n g  maneuver, and, t h u s ,  

may be  cons idered  more s u s c e p t i b l e  t o  t h i s  i n s t a b i l i t y .  

L i g h t l y  damped, o s c i l l a t o r y  motions of t r a i l i n g  u n i t s  i s  t h e  t h i r d  

dynamic response t o  which commercial v e h i c l e s  a r e  e s p e c i a l l y  s u b j e c t .  The 

number and c h a r a c t e r  of yaw a r t i c u l a t i o n  j o i n t s  i s  known t o  p lay  an  impor- 

t a n t  r o l e  i n  determining t h e  n a t u r e  of t h i s  dynamic performance regime. 

Thus, i t  i s  n o t  s u r p r i s i n g  t o  f i n d  m u l t i p l e  and unusua l ly  a r t i c u l a t e d  

v e h i c l e s  i d e n t i f i e d  by t h e  survey and a c c i d e n t  a n a l y s i s  e f f o r t s .  

F i n a l l y ,  bo th  a r e a s  of concern regard ing  yaw performance ( u n s t a b l e  

response and l i g h t l y  damped o s c i l l a t o r y  response)  can s e n r e  t o  g e n e r a t e  

v e h i c l e  motions which u l t i m a t e l y  cha l l enge  b a s i c  r o l l  s t a b i l i t y .  Accord- 

i n g l y ,  a c c i d e n t s  which a r e  i n i t i a t e d  by yaw response p r o p e r t i e s  may 

cu lmina te  i n  r o l l o v e r ,  and t h e  overwhelming n a t u r e  of t h e  r o l l o v e r  event  

may s e r v e  t o  obscure  t h e  c a u s a t i v e  r o l e  of yaw dynamics. Thus, where t h e  

survey and a c c i d e n t  f i l e  d a t a  i n d i c a t e  concern f o r  r o l l o v e r ,  yaw performance 

must a l s o  be s u s p e c t e d ,  p a r t i c u l a r l y  where c i t e d  v e h i c l e  p r o p e r t i e s ,  

combined w i t h  an  unders tanding of v e h i c l e  dynamics, p o i n t  toward yaw per-  

formance problems. 

Through combination of t h e  informsat ion ob ta ined  and an  unders tanding 

of commercial v e h i c l e  dynamics, and i n  c ~ o n s u l t a t i o n  w i t h  t h e  Cont rac t  

Techn ica l  Manager, t h e  sample v e h i c l e s  i , n d i c a t e d  i n  Table  2 were s e l e c t e d .  

The t a b l e  a l s o  i n d i c a t e s  t h e  u n d e s i r a b l e  performance modes which each 

v e h i c l e  is  suspected t o  e x h i b i t  and t h e  :primary p h y s i c a l  parameter which 

l e a d s  t o  t h i s  s u s p i c i o n .  Photographs of i n d i v i d u a l  examples of t h e  s e l e c t e d  



Table  2. The S u b j e c t  V e h i c l e s  

- 
S t r a i g h t  Truck 

Cement mixers,  4 and 
5 a x l e  ( i n c l u d i n g  
s t e e r a b l e  t a g )  

Dump t r u c k s ,  3  and 
5 a x l e  

Refuse packer,  3- 
a x l e  f r o n t  loader  

S e m i t r a i l e r  
Combination Vehic les  

N 
m Tractor-semi,  dump 

t r a i l e r ,  6 a x l e s  

Dump t r u c k  wi th  p i n t l e  
hook lowboy t r a i l e r  

Car h a u l e r  wi th  
" s t inger"  5 t h  wheel 

C a l i f o r n i a  Dromedary 

F u l l  Trai.1.er Com- 
b i n a t i o n  Vehic les  

C a l i f o r n i a  t r u c k - f u l l  
t r a i l e r ,  5  a x l e s  

Michigan-style truck- 
f u l l  t r a i l e r ,  11 a x l e s  

Dynamic Modes 
of I n t e r e s t  

Rol lover  Divergent  L i g h t l y  Damped 
Per  Se  Yaw Response Yaw O s c i l l a t i o l  

Primary Gener ic  Quai-ity 
Leading t o  S e l e c t  i o n  

High Unusual M u l t i p l e  
C.G.  A r t i c u l a t i o n  A r t i c u l a t i o n  

See 
F i g u r e s  

5 ,  6 ,  7 

8 ,  9 

1 0  

11 

8 & 1 6  

12  

1 3  



v e h i c l e  types  appear  i n  F i g u r e s  5 through 1 6 .  The dump t r u c k - p i n t l e  hook 

t r a i l e r  combination was composed of t h e  th ree -ax le  dump t r u c k  (Fig .  8 )  and 

t h e  low-boy equipment h a u l e r  (F ig .  1 6 ) .  Payload f o r  t h e  t r a i l e r  was 

d e r i v e d  from measured i n e r t i a l  p r o p e r t i e s  of a  c o n s t r u c t i o n  t r a c t o r  equipped 

w i t h  a f r o n t - l o a d e r  and backhoe. 



























CHAPTER 4 

PARAMETRIC SENSITIVITY OF ROLLOVER LIMIT 

It is  t h e  purpose  of t h i s  s e c t i o n  t o  d i s c u s s ,  i n  d e t a i l ,  t h e  s e n s i -  

t i v i t y  of t h e  r o l l o v e r  l i m i t  of commercial v e h i c l e s  t o  t h e  v e h i c l e  parameters  

p e r t i n e n t  t o  t h i s  l i m i t .  The i n t e r e s t ,  h e r e ,  i s  i n  t h e  r o l l o v e r  l i m i t  per  s e ,  

i . e . ,  i n  t h e  maximum s t e a d y - s t a t e  l a t e r a l  a c c e l e r a t i o n  which a  g i v e n  v e h i c l e  

could  s u s t a i n  wi thou t  becoming a s y m p t o t i c a l l y  u n s t a b l e  i n  r o l l .  Conversely ,  

t h e r e  w i l l  be no c o n s i d e r a t i o n  h e r e  of what l e v e l  of l a t e r a l  a c c e l e r a t i o n  

would a c t u a l l y  be  e s t a b l i s h e d  i n  a g iven  maneuver. Th i s  s u b j e c t  i s  i n  t h e  

realm of yaw p l a n e  dynamics, and w i l l  be d i s c u s s e d  i n  Chapters  5 and 6. 

(This i s  n o t  t o  s a y  t h a t  yaw p l a n e  performance i s  n o t  impor tan t  t o  d e t e r -  

mining whether a v e h i c l e  w i l l  r o l l o v e r  i n  a  g iven  maneuver i n  p r a c t i c e .  

Indeed,  yaw p l a n e  performance does  e s t a b l i s h  t h e  maximum l e v e l  of l a t e r a l  

a c c e l e r a t i o n  achieved by a  v e h i c l e  i n  a  g iven maneuver, and t h u s ,  h e l p s  

determine whether  o r  n o t  r o l l o v e r  w i l l  t a k e  p l a c e . )  

The d i s c u s s i o n  b e g i n s  w i t h  a  review of t h e  phys ics  of t h e  r o l l o v e r  

p r o c e s s ,  us ing  s i m p l i f i e d  r o l l  p l a n e  models a s  a  b a s i s .  The p r e s e n t a t i o n  

i n c l u d e s  and expands on t h e  work of M a l l i k a r j u n a r a o  [ 3 , 4 ] .  This review 

w i l l  s e r v e  t o  i d e n t i f y  and e x p l a i n  t h e  r e a s o n s  f o r  t h e  parameter  s e n s i t i v i t i e s  

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

demonstra t ing t h e s e  s e n s i t i v i t i e s  f o r  t h e  p e r t i n e n t  s u b j e c t  v e h i c l e  w i l l  be 

p resen ted .  

4 . 1  The Phys ics  o f  Commercial Vehic le  Rol lover  

The most fundamental  parameter  a f f e c t i n g  t h e  r o l l o v e r  s t a b i l i t y  l i m i t  

of commercial v e h i c l e s  is t h e  r a t i o  of wheel t r a c k  t o  c .g .  h e i g h t .  Other  

v e h i c l e  pa ramete rs ,  i n c l u d i n g  (1)  t i re  and suspens ion  r o l l  compliances,  

( 2 )  suspens ion  f r e e p l a y ,  ( 3 )  suspens ion  geometry, and ( 4 )  t h e  d i s t r i b u t i o n  

of compliance among t h e  suspens ions  of t h e  v e h i c l e ,  c o n t r i b u t e  s i g n i f i c a n t l y  

t o  de te rmin ing  t h e  r o l l  s t a b i l i t y  l i m i t s  of t h e  v e h i c l e .  The remainder of 

S e c t i o n  4 .1  w i l l  be d e d i c a t e d  t o  a d i s c u s s i o n  of t h e  p h y s i c s  of commercial 



v e h i c l e  r o l l o v e r ,  p resen ted  i n  a  manner in tended t o  e x p l a i n  t h e  s e n s i t i v i t y  

of r o l l  s t a b i l i t y  t o  t h e s e  s e v e r a l  v e h i c l e  parameters .  The d i s c u s s i o n  i s  

a p p l i c a b l e  t o  any v e h i c l e  u n i t  w i t h  a  s i n g l e  r o l l  d e g r e e  of freedom. For 

example, a  t r a c t o r - s e m i t r a i l e r  combination should be cons idered  a s  one u n i t  

s i n c e  t h e  f i f th -whee l  coupl ing r e q u i r e s  t h a t  t h e  two v e h i c l e  e lements  r o l l  

a s  one. 

4 .1 .1  The Bas ic  I n f l u e n c e  of t h e  Ra t io  o f  Track Width t o  C.G.  

Height.  To begin  a t  t h e  primary l e v e l  of importance,  cons ider  t h e  r o l l  

p lane  model of F i g u r e  17 i n  which t h e  compliance of a l l  suspens ion  s p r i n g s  

and t i r e s  i s  n e g l e c t e d .  That i s ,  t i r e s  and suspens ion  a r e  considered r i g i d .  

I n  t h e  f i g u r e :  

W i s  t h e  weight  of t h e  v e h i c l e  

a  i s  s t e a d y - s t a t e  l a t e r a l  a c c e l e r a t i o n  
Y 

T i s  1 / 2  of t h e  v e h i c l e  t r a c k  

h i s  t h e  h e i g h t  of t h e  c .g .  above t h e  ground 

$ i s  t h e  v e h i c l e  r o l l  a n g l e  

(Note t h a t  s i n c e  t h e  v e h i c l e  is  r i g i d ,  (I = 0 a t  a l l  t imes  u n t i l  a  t i r e  l i f t s  

o f f  of t h e  ground.) 

When t h e  v e h i c l e  of F igure  1 7  i s  s u b j e c t  t o  a  s t e a d y - s t a t e  l a t e r a l  

a c c e l e r a t i o n ,  t h r e e  moments a c t  on t h e  v e h i c l e .  Consider ing moments about 

p o i n t  0 i n  t h e  f i g u r e ,  t h e s e  t h r e e  moments a r e  (assuming smal l  r o l l  a n g l e s )  : 

- W 0 a  * h  t h e  "over tu rn ing  moment" 
Y 

(F2 - F1)T t h e  " r e s t o r i n g  moment" 

-W h e  4 an  a d d i t i o n a l  o v e r t u r n i n g  moment r e s u l t i n g  
from t h e  l a t e r a l  s h i f t  of t h e  c . g .  due t o  
r o l l  

For s t e a d y - s t a t e  e q u i l i b r i u m ,  i t  i s  necessa ry  t h a t  





Figure  1 8  p r e s e n t s  a  g r a p h i c a l  r e p r e s e n t a t i o n  of Equation (4 .1 ) .  I n  t h e  

f i g u r e ,  t h e  terms on t h e  r i g h t  s i d e  of t h e  equa t ion  ( a s  w e l l  a s  t h e i r  sum) 

a r e  r e p r e s e n t e d  as  f u n c t i o n s  of I$ on t h e  r i g h t  s i d e  of t h e  graph. The l e f t  

s i d e  of t h e  e q u a t i o n  i s  represen ted  a s  a  f u n c t i o n  of a  on t h e  l e f t  s i d e  
Y 

of t h e  graph. A s  noted on t h e  f i g u r e ,  t:he l e f t - s i d e  moment can be thought 

of a s  t h e  d e s t a b l i l i z i n g  moment due t o  l a t e r a l  a c c e l e r a t i o n .  The r i g h t - s i d e  

moment may be thought of a s  t h e  s t a b i l i z i n g  moment provided by v e h i c l e  

response .  The v e h i c l e  w i l l  become u n s t a b l e  i n  r o l l  a t  any a c c e l e r a t i o n  

l e v e l  which causes  t h e  d e s t a b i l i z i n g  momlent ( l e f t  s i d e )  t o  exceed t h e  

v e h i c l e ' s  a b i l i t y  t o  g e n e r a t e  a  s t a b i l i z i n g  moment ( r i g h t  s i d e ) .  

Note t h a t  t h e  term (F2-F1)T has a  maximum v a l u e  of W T  which is  

e q u i v a l e n t  t o  t h e  c o n d i t i o n  i n  which a l l  of t h e  v e h i c l e  weight has  been 

t r a n s f e r r e d  t o  t h e  outboard t i r e .  S i n c e  t h e  v e h i c l e  is r i g i d ,  f u l l  load 

t r a n s f e r  occurs  w i t h  ze ro  r o l l  ang le .  A s  r o l l  a n g l e  i n c r e a s e s  beyond ze ro ,  

t h e  t o t a l  moment on t h e  r i g h t  s t e a d i l y  diecreases from t h i s  maximum (W T) 

due t o  t h e  i n f l u e n c e  of t h e  W h  4 term. 

For s t e a d y - s t a t e  e q u i l i b r i u m  i n  r o l l  t o  e x i s t ,  t h e  l e f t -  and r i g h t -  

hand s i d e s  of t h e  f i g u r e  (Equat ion ( 4 . 1 ) )  must produce equa l  moments. Thus, 

F igure  1 8  shows c l e a r l y  t h a t  t h e  maximum s u s t a i n a b l e  l a t e r a l  a c c e l e r a t i o n  

f o r  r o l l  e q u i l i b r i u m  is a  = ~ / h .  A t  t h i s  c o n d i t i o n ,  a  r o l l  moment of 
Y 

W T i s  produced by both  t h e  r i g h t  and Left  s i d e s .  A t  any h igher  l e v e l  of 

a c c e l e r a t i o n ,  t h e  r i g h t  s i d e  cannot g e n e r a t e  enough r o l l  moment f o r  e q u i l i b r i u m  

The excess  o v e r t u r n i n g  moment (W a  h) w i l l  cause  t h e  v e h i c l e  t o  begin  
Y 

t o  r o l l  t o  a  l a r g e r  ang le  ( l a r g e r  than zero  f o r  t h i s  r i g i d  v e h i c l e ) .  As 

r o l l  ang le  i n c r e a s e s ,  t h e  n e g a t i v e  i n f l u e n c e  of t h e  l a t e r a l  s h i f t  of t h e  

c.g.  a c t u a l l y  decreases  t h e  n e t  r e s t o r i n g  moment caus ing  an even g r e a t e r  

imbalance,  and s o  t h e  r a t e  of r o l l  i n c r e a s e s  and t h e  r o l l o v e r  p rocess  con- 

t i n u e s .  That i s  t o  s a y ,  t h e  system h a s  become u n s t a b l e  i n  r o l l .  I n  t h i s  

and fol lowing g r a p h i c a l  p r e s e n t a t i o n s ,  then ,  a  n e g a t i v e  s l o p e  of t h e  n e t  

moment curve is  t h e  key i n d i c a t o r  f o r  a n  u n s t a b l e  r o l l  c o n d i t i o n .  O r ,  

e q u i v a l e n t l y ,  t h e  maximum v a l u e  of t h e  n e t  moment determines  t h e  r o l l  

s t a b i l i t y  l i m i t  of t h e  v e h i c l e .  To express  t h i s  l i m i t  i n  terms of l a t e r a l  

a c c e l e r a t i o n ,  t h e  l a t e r a l  a c c e l e r a t i o n  e q u i v a l e n t  t o  t h e  peak n e t  moment 

i s  determined from t h e  l e f t -hand  p o r t i o n  of t h e  graph.  
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Then, f o r  t h i s  s imple  r i g i d  model, t h e  r o l l o v e r  l i m i t  of t h e  v e h i c l e  

( i .  e .  , t h e  maximum s u s t a i n a b l e  l a t e r a l  a c c e l e r a t i o n )  i s  i d e n t i c a l l y  ~ / h ,  

t h e  r a t i o  of t h e  112 t r a c k  t o  t h e  c.g.  h e i g h t .  I n  o t h e r  words, i n  a  

"parameter s e n s i t i v i t y "  c o n t e x t ,  we expec t  t h e  r o l l  s t a b i l i t y  l i m i t  t o  be 

most s e n s i t i v e  t o  t h i s  fundamental  parameter .  

4 .1 .2  The B a s i c  I n f l u e n c e  of R o l l  Displacement a s  Allowed by T i r e  

and Suspension Compliance. Now c o n s i d e r  t h e  somewhat more complex r o l l  

model of F i g u r e  1 9 .  This  model i n c l u d e s  b o t h  suspens ion  and t i r e  compli- 

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

t h e  compliance o f  a l l  t h e  v e h i c l e ' s  t i r e s  and suspens ions  can be lumped i n t o  

a  s i n g l e  suspens ion  model. Also,  we wi1.L assume t h a t  t h e  v e h i c l e  r o l l s  

around a  p o i n t  i n  t h e  ground, i . e . ,  t h a t  t h e  suspens ion  r o l l  c e n t e r  i s  i n  

t h e  ground p lane .  These assumptions  a l low t h e  s i m p l e s t  i n t r o d u c t i o n  of t h e  

degrading i n f l u e n c e  of r o l l  compliance on t h e  r o l l  s t a b i l i t y  limit. I n  

l a t e r  s e c t i o n s ,  t h i s  i n f l u e n c e  w i l l  be examined i n  more d e t a i l .  

For t h e s e  assumptions ,  Equat ion ( 4 . 1 )  remains v a l i d ,  bu t  we r e q u i r e  

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

a p p r o p r i a t e  r e p r e s e n t a t i o n  appears  i n  F i g u r e  20. I n  t h i s  f i g u r e ,  t h e  

r e p r e s e n t a t i o n  of t h e  (F2-Fl)T term now i n c l u d e s  t h e  composite e f f e c t  of 

suspens ion  compliance and t i r e  compliance. That i s ,  r o l l  a n g l e  d i s p l a c e -  

ment i s  r e q u i r e d  i n  o r d e r  t o  develop suspens ion  r e s t o r i n g  moment, and t h e  

maximum r e s t o r i n g  moment (W T )  i s  no t  a t t a i n e d  u n t i l  t h e  r o l l  a n g l e ,  Q 
R ' 

is  reached. A t  4 wheel l i f t - o f f  w i l l  occur .  When t h i s  r o l l  d isplacement  
R 

e f f e c t  i s  combined w i t h  t h e  W h  4 term,  t h e  t o t a l  e f f e c t  i s  t o  lower 

t h e  maximum a v a i l a b l e  r e s t o r i n g  moment from W T t o  W T - W h  p Q  and 

the reby  lower t h e  s t a b i l i t y  l i m i t  t o  a  l a t e r a l  a c c e l e r a t i o n  t h a t  i s  l e s s  

t h a n  T/h. 

To pu t  t h e  i n f l u e n c e  of t h e  W h + term i n  p e r s p e c t i v e ,  t h e  
R 

example v e h i c l e  t o  b e  cons idered  i n  S e c t i o n  4 . 2  would have a  r o l l  s t a b i l i t y  

s l i g h t l y  i n  excess  of .5 g f s  i f  i t  were a  r i g i d  v e h i c l e .  I n  t h e  b a s e l i n e  

c o n d i t i o n  c o n s i d e r e d ,  however, t h e  a c t u a l  r o l l  s t a b i l i t y  l i m i t  i s  .37 g f s .  

I n  p h y s i c a l  terms,  t h e n ,  t h e  W h  ( R  e f f e c t  (a long w i t h  t h e  more s u b t l e  



Figure 19. Vehicle r o l l  model with lumped suspension compliance. 





e f f e c t s  t o  be considered below) lowers  t h e  r o l l  s t a b i l i t y  of t h i s  v e h i c l e  

by 25%. Ervin  [3]  has shown t h a t ,  i n  s i n g l e - v e h i c l e  a c c i d e n t s ,  t h e  l i k e -  

l i h o o d  of r o l l o v e r  i n c r e a s e s  from 15% t o  40% f o r  t h i s  d e g r a d a t i o n  i n  r o l l  

s t a b i l i t y  l i m i t .  

I n  g e n e r a l ,  t h e  more compliance,  t h e  lower t h e  r o l l o v e r  l i m i t .  This  

can be seen g r a p h i c a l l y  by imagining F igure  20 w i t h  a  lower i n i t i a l  s l o p e  

t o  t h e  (F2-F1)T f u n c t i o n ,  and t h e r e f o r e  t o  t h e  t o t a l  f u n c t i o n .  The e f f e c t  

can be seen i n  e q u a t i o n  form by examining t h e  e x p r e s s i o n  

More compliance impl ies  a  l a r g e r  v a l u e  of B E  and,  thus ,  a  s m a l l e r  v a l u e  f o r  

t h e  express ion .  Express ion (4 .2 )  a l s o  i n d i c a t e s  a  secondary i n f l u e n c e  of 

c .g .  h e i g h t .  When compliance i s  p r e s e n t ,  i n c r e a s i n g  c .g .  h e i g h t  n o t  only  

reduces  t h e  r e f e r e n c e ,  T/h, v a l u e ,  b u t  i n c r e a s e s  t h e  n e g a t i v e  e f f e c t  of t h e  

W * h 4 term, f u r t h e r  reducing t h e  s t a b i l i t y  l i m i t .  
R 

4.1.3 The I n f l u e n c e  of Suspension Spr ing  Lash. Heavy v e h i c l e  

suspens ions ,  p a r t i c u l a r l y  four - l ea f  tandem suspens ions ,  o f t e n  e x h i b i t  

s p r i n g  l a s h  a s  t h e  l i g h t l y  loaded s p r i n g  p a s s e s  from compression t o  t e n s i o n  

on t h e  way toward r o l l o v e r .  The amount of t h i s  l a s h  can  a f f e c t  t h e  r o l l o v e r  

l i m i t .  

Consider F igure  21 which d e r i v e s  from t h e  s i n g l e - a x l e  model w i t h  

s p r i n g  l a s h  inc luded .  From t h e  (F2-F1)T f u n c t i o n ,  i t  can  be seen t h a t ,  a s  

t h e  l i g h t l y  loaded s p r i n g  p a s s e s  through i t s  l a s h ,  suspens ion  r o l l  d i s p l a c e -  

ment t a k e s  p l a c e  wi thou t  any i n c r e a s e  i n  suspens ion  r e s t o r i n g  moment. (The 

magnitude of t h i s  r o l l  d isplacement  i s  6/2S where S is  t h e  amount of l a s h  

and 2s is t h e  spac ing  between t h e  suspens ion  s p r i n g s . )  The e f f e c t  i s  t o  

f u r t h e r  i n c r e a s e  t h e  r o l l  a n g l e  a t  which maximum t o t a l  moment i s  ob ta ined  

((e) and,  a g a i n  through t h e  i n f l u e n c e  of t h e  -W h $ E  term,  t o  reduce 

t h i s  maximum moment and,  the reby ,  t h e  r o l l o v e r  l i m i t .  

It i s  of i n t e r e s t  t o  n o t e  t h a t  t h e  e f f e c t  of l a s h  is ,  i n  t h e  end, 

s i m i l a r  t o  t h e  e f f e c t  o f  i n c r e a s e d  compliance. F igure  21 p o i n t s  t h i s  o u t  

by i n c l u d i n g  p l o t s  of an "equivalent1 '  suspens ion  which i s  more compliant 
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F i g u r e  21. R o l l  r esponse  of v e h i c l e  i n c l u d i n g  s p r i n g  l a s h .  



b u t  has  no l a s h .  S i n c e  t h i s  suspens ion  h a s  a  v a l u e  of 4 t h a t  i s  i d e n t i c a l  
R 

t o  t h e  suspens ion  w i t h  l a s h ,  t h e  r e s u l t i n g  r o l l o v e r  l i m i t  i s  a l s o  i d e n t i c a l .  

I n  e f f e c t ,  then ,  t h e  e q u i v a l e n t  compliance of a  suspens ion  is  t h e  average  

compliance e x h i b i t e d  up t o  t h e  l e v e l  of wheel l i f t - o f f .  Veh ic le  r o l l  

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

a s  i t  d e r i v e s  from b o t h  nominal r o l l  r a t e  and from suspens ion  l a s h .  

Recent r e c o g n i t i o n  of t h e  i n f l u e n c e  o f  s p r i n g  l a s h  had r e s u l t e d  i n  

r e d u c t i o n  of l a s h  on t h e  p a r t  of many manufac tu re r s .  Older  suspens ions ,  

however, e x h i b i t e d  l a s h  on t h e  o r d e r  of one i n c h .  One i n c h  of l a s h  would 

c o n t r i b u t e  about  1 . 5  degrees  of " f ree"  r o l l  o u t  of a  t o t a l  of perhaps  s i x  

degrees  of r o l l  r e q u i r e d  t o  r e a c h  t h e  r o l l o v e r  l i m i t  f o r  a  r e l a t i v e l y  high 

c.g.  v e h i c l e .  Accordingly ,  i n  a  g e n e r a l  s e n s e ,  s p r i n g  l a s h  might account  

f o r  n e a r l y  25% of t h e  r o l l  s t a b i l i t y  l i m i t  d e g r a d a t i o n  g e n e r a l l y  a t t r i b u t a b l e  

t o  suspens ion  compliance. 

4 .1 .4  E f f e c t s  of Suspension R o l l  Center  Height .  I f  we i n c l u d e  

suspens ion  geometry, and i n  p a r t i c u l a r ,  r o l l  c e n t e r  h e i g h t  i n  t h e  v e h i c l e  

model, we can d i s c o v e r  an  a d d i t i o n a l  s e n s i t i v i t y .  

F igure  22  i l l u s t r a t e s  t h e  new model. The new paramete rs  i n  t h i s  

f i g u r e  a r e  

hl t h e  h e i g h t  of t h e  r o l l  c e n t e r  above t h e  ground 

h2 t h e  h e i g h t  of t h e  c . g .  above t h e  r o l l  c e n t e r  

t h e  r o l l  a n g l e  of t h e  unsprung mass 

From t h e  f i g u r e ,  i t  can be  shown t h a t ,  f o r  small a n g l e s ,  t h e  moment due t o  

t h e  l a t e r a l  s h i f t  of t h e  c.g. i s  

I n  t h e  p rev ious  model we assumed t h e  r o l l  c e n t e r  t o  be  i n  t h e  ground. I n  

t h a t  c a s e ,  hl = 0 and h 2  = h and (4 .3)  s i m p l i f i e d  t o  -W h 4 .  

For t h e  moment, l e t  us  make t h e  "opposi te"  assumption,  v i z . ,  t h a t  

t h e  r o l l  c e n t e r  i s  a t  t h e  c .g .  and t h a t ,  t h e r e f o r e ,  hl = h = h2 = 0." 

*For heavy t r u c k s ,  t h i s  c o n d i t i o n  never  e x i s t s ,  b u t  t h e  assumption 
s e r v e s  t o  make an impor tan t  p o i n t .  



Figure 22. Vehicle r o l l  model with r o l l  cen ter .  



With t h i s  assumption,  (4.3) s i m p l i f i e s  t o  -W h For a  g iven  l a t e r a l  

a c c e l e r a t i o n ,  however, we know t h a t  4 i s  l e s s  t h a n  t h e  v a l u e  of $ s i n c e  4 
1 

r e s u l t s  from t i r e  p l u s  suspens ion  compliance and 4 r e s u l t s  o n l y  from t i r e  1 
compliance. Thus, t h e  s l o p e  of t h e  moment due t o  l a t e r a l  c .g .  s h i f t  i s  

reduced,  a s  i n d i c a t e d  i n  F i g u r e  23.  

F u r t h e r ,  w i t h  t h e  r o l l  c e n t e r  l o c a t e d  a t  t h e  c . g . ,  t h e  v e h i c l e  body 

w i l l  n o t  r o l l  w i t h  r e s p e c t  t o  t h e  a x l e  and t h e  body r o l l  a n g l e ,  4 ,  w i l l  

equa l  I n  e f f e c t ,  t h e  composite compliance of t h e  suspens ion  and t i r e s  

is  reduced t o  t h e  compliance of t h e  t i r e s  a lone .  The e f f e c t  i s  t o  i n c r e a s e  

t h e  i n i t i a l  s l o p e  of t h e  (F -F )T f u n c t i o n ,  a g a i n  shown i n  F i g u r e  23. The 2  1 
f i g u r e  a l s o  shows t h a t  t h e  two e f f e c t s  combine t o  produce an  i n c r e a s e  i n  

n e t  moment, and,  t h e r e f o r e ,  a n  improved r o l l  s t a b i l i t y  l i m i t .  

It is  probably  s a f e  t o  s a y  t h a t  t h e  importance of r o l l  c e n t e r  h e i g h t  

t o  t h e  r o l l  s t a b i l i t y  of c o m e r c i a l  v e h i c l e s  has  n o t  been g e n e r a l l y  

recognized  t o  d a t e .  Common commercial v e h i c l e  suspens ion  d e s i g n s  do n o t  

show evidence of s p e c i a l  e f f o r t s  t aken  t o  c o n t r o l  r o l l  c e n t e r  h e i g h t .  A s  

a  g e n e r a l  r u l e ,  r o l l  c e n t e r  h e i g h t  i s  c l o s e l y  approximated by t h e  p o i n t  

where s i d e  f o r c e s  a r e  t r a n s m i t t e d  between t h e  v e h i c l e  frame and suspens ion .  

For  most l e a f - s p r i n g  s u s p e n s i o n s ,  t h e n ,  t h e  r o l l  c e n t e r  h e i g h t  w i l l  be 

n e a r  t o  t h e  h e i g h t  of t h e  connec t ion  between t h e  ends of t h e  l e a f  s p r i n g s  

and t h e  frame. Trai l ing-arm a i r  suspens ions  o f t e n  have s p e c i a l  l a t e r a l  

l i n k s  which t r a n s m i t  l a t e r a l  f o r c e  between t h e  suspens ion  and frame, and 

would t h u s  l o c a t e  r o l l  c e n t e r  h e i g h t .  Limited l a b o r a t o r y  measurements of 

unloaded Class  8 c o m e r c i a l  v e h i c l e s  have i n d i c a t e d  r o l l  c e n t e r  h e i g h t s  

above ground a s  fo l lows :  ( 1  m = 39.37 i n )  

Leaf-spr ing f r o n t  suspension:  abou t  25 i n c h e s  

S ing le -ax le  l e a f - s p r i n g  r e a r  suspension:  about 30 i n c h e s  

Four-spring tandem suspens ion :  

Walking-beam suspens ion  w i t h  l e a f  
s p r i n g s :  

abou t  30 i n c h e s  

about  22 i n c h e s  

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

would appear  t o  have p o t e n t i a l  a s  a  p r a c t i c a l  and e f f e c t i v e  means of 

improving commercial v e h i c l e  r o l l  s t a b i l i t y .  It would appear  t h a t  r o l l  
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c e n t e r  h e i g h t s  i n  t h e  range  of 35-40 i n c h e s  ( 1  m) a r e  p r a c t i c a l l y  ob ta in -  

a b l e .  It should be no ted ,  however, t h a t  d i f f e r e n c e s  i n  r o l l  c e n t e r  h e i g h t s  

among t h e  s e v e r a l  suspensions  of a  v e h i c l e  a f f e c t s  t h e  d i s t r i b u t i o n  of 

r o l l  moment among t h o s e  suspens ions .  Thus, a s  was t h e  c a s e  f o r  r o l l  s t i f f -  

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

v e h i c l e ' s  yaw s t a b i l i t y  a s  w e l l .  

4.1.5 The I n f l u e n c e  of D i s t r i b u t e d  Suspension R o l l  Compliance. The 

s ing le -ax le  model used above i g n o r e s  t h e  i n f l u e n c e  of t h e  d i s t r i b u t i o n  of 

r o l l  s t i f f n e s s  among t h e  s e v e r a l  suspens ions  of t h e  v e h i c l e .  I f  t h e  r o l l  

s t i f f n e s s  of t h e  v a r i o u s  suspens ions  a r e  n o t  p r o p o r t i o n a l  t o  t h e  l o a d s  

c a r r i e d  by t h e  suspens ion ,  then  t h e  s i n g l e - a x l e  r e p r e s e n t a t i o n  w i l l  

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

For example, cons ider  t h e  conven t iona l  t r a c t o r - s e m i t r a i l e r .  Such 

v e h i c l e s  a r e  t y p i c a l l y  equipped w i t h  v e r y  s o f t  f r o n t  suspens ions ,  a con- 

s i d e r a b l y  s t i f f e r  r e a r  t r a c t o r  suspens ion ,  and a  s t i l l  s t i f f e r  t r a i l e r  

suspension.  F igure  24  p r e s e n t s  t h e  g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  r o l l  

moments f o r  such a three-suspension v e h i c l e .  The t r a i l e r  suspens ion  is  

shown a s  t h e  s t i f f e s t ,  whi le  t h e  t r a i l e r  and t r a c t o r  r e a r  suspens ion  c a r r y  

n e a r l y  e q u a l  l o a d  ( i . e . ,  n e a r l y  e q u a l  W=T v a l u e s ) .  The t r a c t o r  f r o n t  a x l e  

is bo th  s o f t e r  and c a r r i e s  a  much lower load .  

The r o l l  a n g l e s  necessa ry  f o r  wheel l i f t  a t  each of t h e  t h r e e  

suspens ions  a r e  i n d i c a t e d  by t h e  ang les  41 E l ,  $ , 2 ,  and (e3 ,  r e s p e c t i v e l y .  

( I f  t h e  s t i f f n e s s  of each suspens ion  was p r o p o r t i o n a l  t o  i t s  l o a d ,  t h e n  

t h e s e  a n g l e s  would a l l  b e  e q u a l  and t h e  model would converge t o  t h e  equi-  

v a l e n t  of t h e  lumped suspens ion  model used e a r l i e r . )  From t h e  p l o t  of t h e  

n e t  moment f u n c t i o n ,  we s e e  t h a t  t h e  maximum r o l l  r e s i s t a n t  moment occurs  

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

even whi le  t h e  t r a c t o r  f r o n t  t ires remain on t h e  ground, n e t  moment i s  

d e c r e a s i n g .  Th is  i m p l i e s  t h a t  t h e  f r o n t  a x l e  s t i f f n e s s  i s  s o  low t h a t  it  

does n o t  compensate f o r  t h e  o v e r t u r n i n g  moment generated by t h e  con t inu ing  

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

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





Figure  24 a l s o  i n c l u d e s  a  dashed l i n e  i n d i c a t i n g  t h e  p r e d i c t i o n  

of r o l l  l i m i t  t h a t  would r e s u l t  i f  t h e  lumped suspens ion  model was used 

f o r  t h i s  v e h i c l e .  Note t h a t  t h e  lumped suspens ion  model p r e d i c t s  a  some- 

what more r o l l - s t a b l e  v e h i c l e .  

The I n f l u e n c e  of I n d i v i d u a l  Suspension S t i f f n e s s e s  - We w i l l  now 

c o n s i d e r  t h e  parameter s e n s i t i v i t y  e f f e c t  of changes i n  t h e  i n d i v i d u a l  

suspension s t i f f n e s s  of F i g u r e  24. For t h i s  purpose ,  we w i l l  d e f i n e  two 

c l a s s e s  of suspens ions ,  v i z .  , (1) "s t i £  f "  suspens ions  which a r e  suspensions  

t h a t  e x h i b i t  t i r e  l i f t  a t  a  r o l l  a n g l e  l e s s  than  t h e  r o l l  a n g l e  a t  which 

maximum n e t  moment i s  ob ta ined  and (2)  " s o f t "  suspensions  which a r e  suspen- 

s i o n s  t h a t  e x h i b i t  t i r e  l i f t  a t  r o l l  a n g l e s  which a r e  e q u a l  t o  o r  g r e a t e r  

than  t h e  r o l l  a n g l e  o f  maximum n e t  moment. Our example v e h i c l e  has  one 

" s t i f f "  suspens ion ,  t h e  t r a i l e r  suspens ion ,  and two " s o f t "  suspens ions .  

This is  t y p i c a l  of t r a c t o r - s e m i t r a i l e r  v e h i c l e s .  It i s  p o s s i b l e  t o  have 

o t h e r  mix tures .  The on ly  i n v a r i a b l e  r u l e  is t h a t  every v e h i c l e  must have 

a t  l e a s t  one " s o f t "  suspension.  That i s ,  t h e  two extreme p o s s i b i l i t i e s  a r e  

(1)  maximum moment occurs  w i t h  t h e  las t  a x l e  l i f t  g i v i n g  one " s o f t "  suspen- 

s i o n  and a l l  o t h e r  suspens ions  " s t i f f "  and ( 2 )  maximum moment o c c u r s  w i t h  

t h e  f i r s t  a x l e  l i f t ,  y i e l d i n g  a l l  " s o f t "  suspens ions .  

" S t i f f "  Suspensions  - F i g u r e  25 i l l u s t r a t e s  t h e  e f f e c t s  of v a r y i n g  

t h e  s t i f f n e s s  of t h e  t r a i l e r  suspens ion  ( t h e  on ly  " s t i f f "  suspens ion)  of 

our  example v e h i c l e .  Two v a r i a t i o n s  from t h e  b a s e l i n e  a r e  shown: (1) 

t h e  suspens ion  is  made s t i f f e r  and (2) t h e  suspens ion  is made s o f t e r  t o  

t h e  e x t e n t  t h a t  i t  becomes a  " s o f t e r "  type.  The f i g u r e  demonstra tes  t h a t  

s t i f f e n i n g  t h i s  " s t i f f "  suspens ion  ( v a r i a t i o n  1 )  r e s h a p e s  t h e  i n i t i a l  por- 

t i o n  of t h e  n e t  moment curve ,  but  does n o t  a f f e c t  t h e  maximum v a l u e  of t h e  

n e t  moment. Thus, t h e r e  is  no e f f e c t  on r o l l  s t a b i l i t y . *  On t h e  o t h e r  hand, 

s o f t e n i n g  t h i s  " s t i f f "  suspens ion  t o  t h e  e x t e n t  t h a t  i t  becomes a " s o f t "  

suspens ion  ( v a r i a t i o n  2)  lowers  t h e  maximum v a l u e  of t h e  n e t  moment and 

t h e r e f o r e  degrades  t h e  r o l l  s t a b i l i t y  l i m i t .  

"of tening t h i s  suspens ion  s l i g h t l y ,  s o  t h a t  it remains a  " s t i f f 1 '  
suspens ion  would, s i m i l a r l y ,  have no e f f e c t  on t h e  r o l l  s t a b i l i t y  l i m i t .  





"Soft" Suspensions - F i g u r e s  26 and 27  i l l u s t r a t e  t h e  i n f l u e n c e s  of 

changes i n  s t i f f n e s s  of t h e  two " s o f t "  suspensions--the t r a c t o r  r e a r  and 

t r a c t o r  f r o n t  suspens ions ,  r e s p e c t i v e l y .  These two f i g u r e s  i l l u s t r a t e  t h a t  

s t i f f e n i n g  any " s o f t "  suspens ion  improves r o l l  s t a b i l i t y  and,  c o n v e r s e l y ,  

s o f t e n i n g  such suspens ions  degrades  r o l l  s t a b i l i t y .  Th i s  i s  s o ,  s i n c e  

any change i n  a " s o f t "  suspens ion  a f f e c t s  t h e  maximum n e t  moment. 

The maximum advantage t o  be gained by s t i f f e n i n g  any s o f t  suspens ion  

i s ,  of c o u r s e ,  l i m i t e d  by t h e  p o i n t  where t h e  suspens ion  e v e n t u a l l y  makes 

t h e  t r a n s i t i o n  t o  a " s t i f f "  suspens ion  type.  

It shou ld  be no ted  t h a t  r o l l  s t i f f n e s s  d i s t r i b u t i o n  i s  v e r y  s i g n i -  

f i c a n t  i n  de te rmin ing  yaw s t a b i l i t y ,  a s  w e l l  a s  r o l l  s t a b i l i t y ,  p r o p e r t i e s  

o f  commercial v e h i c l e s  (Chapters  5 and 6 ) .  I n  t h e  c o n t e x t  of complete 

v e h i c l e  performance,  op t imiz ing  r o l l  s t i f f n e s s  d i s t r i b u t i o n  f o r  r o l l  s t a b i l i t y  

a l o n e  may n o t  be wise  i f  t h i s  s e r v e s  t o  unacceptably  degrade  yaw s t a b i l i t y .  

I n f l u e n c e  of Suspension Lash - A s  po in ted  o u t  e a r l i e r  i n  t h e  d i s -  

c u s s i o n  on suspens ion  l a s h  based on t h e  s i n g l e  suspens ion  model, l a s h  can 

be  viewed s imply a s  a  mechanism which reduces  t h e  o v e r a l l  e f f e c t i v e  s t i f f -  

n e s s  o f  a  suspens ion  up t o  t i r e  l i f t .  Accordingly,  a l l  t h e  comments of 

t h e  immediately p reced ing  d i s c u s s i o n  a r e  a p p r o p r i a t e  t o  t h e  e f f e c t s  of l a s h ,  

i f  we s imply view l a s h  a s  a mechanism which reduces  suspens ion  s t i f f n e s s .  

4.1.6 Suspension Locat ion.  I n  t h e  p rev ious  s e c t i o n ,  we d i s c u s s e d  

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

suspens ions  of t h e  v e h i c l e .  There i s  a n  a d d i t i o n a l ,  more s u b t l e  e f f e c t  of 

m u l t i p l e  suspens ions  on r o l l  s t a b i l i t y  which is r e l a t e d  t o  t h e  l o n g i t u d i n a l  

p o s i t i o n  of t h e  v a r i o u s  suspens ions  on t h e  v e h i c l e .  

Consider t h e  free-body diagram of F i g u r e  28. The f i g u r e  shows t h e  

f o r c e s  which a c t  on a n  unsprung mass i n  s t e a d y - s t a t e ,  namely, 

F1 and F 2 t h e  l e f t  and r i g h t  s i d e  v e r t i c a l  t i r e  f o r c e s  

Fsl and F 
s 2 

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

F t h e  t o t a l  t i r e  s i d e  f o r c e  
Y 







F i g u r e  28. F r e e b o d y  d iagram of an unsprung mass. 



The t i r e  s i d e  f o r c e  i s  r e a c t e d  by a n  equa l  and o p p o s i t e  f o r c e  a t  t h e  r o l l  

c e n t e r  ( R C ) .  The s p r i n g  s p a c i n g  i s  2s and t h e  t r a c k  is  2T. The r o l l  

c e n t e r  h e i g h t  i s  hl. 

Summing moments about  t h e  r o l l  c e n t e r  y i e l d s  

Row, d e f i n e  $ and m l  a s  t h e  r o l l  a n g l e s  of t h e  sprung and unsprung masses,  

r e s p e c t i v e l y ,  and d e f i n e  K and KT a s  t h e  e q u i v a l e n t  t o r s i o n a l  s p r i n g s  of S 
t h e  suspens ion  and t i r e s ,  r e s p e c t i v e l y ,  such  t h a t  

Equat ions  ( 4 . 3 )  through (4.5) may be  combined and so lved  f o r  4 ,  y i e l d i n g  

Now, d e f i n e  WS a s  t h e  t o t a l  v e r t i c a l  load  on t h i s  suspens ion .  

Then wheel l i f t  t a k e s  p l a c e  f o r  t h e  suspens ion  when F = WS and F = 0. 2 1 
Then f o r  t h i s  suspens ion  

where 4 a g a i n ,  is t h e  body r o l l  a n g l e  a t  which wheel l i f t  o c c u r s .  
R ' 
The second term i n  Equat ion ( 4 . 7 )  shows t h a t :  

A s  t h e  v a l u e  of F h i n c r e a s e s ,  t h e  body r o l l  a n g l e  
Y 1 

a t  which t i re  l i f t  o c c u r s  becomes s m a l l e r .  That i s ,  

a s  t h e  F h term becomes l a r g e r ,  t h e  suspens ion  
Y 1 

becomes e f f e c t i v e l y  " s t i f f e r "  p e r  our  p rev ious  

d e f i n i t i o n  of " s t i f f "  and " s o f t "  suspens ions .  



Accordingly,  Equat ion (4.7) i s  a n o t h e r  way of express ing  t h e  impor- 

t ance  of r o l l  c e n t e r  h e i g h t .  A s  t h e  r o l l  c e n t e r  h e i g h t  i n c r e a s e s ,  t h e  

suspension appears  " s t i f f e r "  a s  was d e t e m i n e d  i n  t h e  p rev ious  d i s c u s s i o n  

on r o l l  c e n t e r  h e i g h t .  

I n t e r p r e t i n g  Equation (4.7) i n  ano ther  l i g h t ,  however, w e  s e e  t h a t  

t h e  e f f e c t i v e  s t i f f n e s s  of a suspension i s  r e l a t e d  t o  t h e  amount of s i d e  

f o r c e  (F ) t o  which t h e  suspens ion  i s  s u b j e c t e d .  I f  t h e  s i d e  f o r c e  is 
Y 

l a r g e ,  then t i r e  l i f t  occurs  a t  a s m a l l e r  body r o l l  a n g l e  and t h e  suspension 

i s ,  i n  e f f e c t ,  s t i f f e r .  

The d i s t r i b u t i o n  of F among suspensions  i s  r e l a t e d  t o  yaw plane 
Y 

behavior .  S u f f i c i e n t  f o r  t h i s  d i s c u s s i o n ,  i t  can be s a i d  t h a t ,  a s  a 

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

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

a n g l e s  than  those  c l o s e r  t o  f r o n t  o r  r e a r .  There fore ,  they w i l l ,  i n  

g e n e r a l ,  exper ience  s m a l l e r  l e v e l s  of s i d e  f o r c e .  Thus, a x l e s  p laced near  

t h e  c e n t e r  of t h e  v e h i c l e  can be expected t o  appear  " s o f t e r "  than  t h o s e  

p laced  f a r  forward o r  a f t ,  a l l  o t h e r  parameters  being equa l .  

The s t r e n g t h  of t h i s  e f f e c t  i s  dependent on speed.  For a f i x e d  

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

g e n e r a l l y  w i l l  grow a s  speed decreases .  Thus, a x l e  placement i s  of g r e a t e r  

importance i n  low-speed t u r n i n g  than  i n  high-speed t u r n i n g .  

Equation (4 .7)  l e a d s  t o  one more i n t e r e s t i n g  conc lus ion ,  v i z . ,  t h a t  

s e l f - s  t e e r i n g  a x l e s  can,  i n  g e n e r a l ,  be  expected t o  be e f f e c t i v e l y  " s o f t e r "  

than t h e y  would o therwise  be. There has  r e c e n t l y  been inc reased  i n t e r e s t  

i n  t h e  use  of s e l f - s t e e r i n g  a x l e s  on heavy v e h i c l e s  t o  improve low-speed 

maneuverab i l i ty  and t o  l e s s e n  t i r e  wear. S ince  t h e  g e n e r a l  n a t u r e  of s e l f -  

s t e e r i n g  a x l e s  reduces  t i r e  s i d e  f o r c e  on t h a t  a x l e  d u r i n g  t u r n i n g ,  t h e  

e f f e c t i v e  s t i f f n e s s  of a s e l f - s t e e r i n g  a x l e  can be expected t o  be lower than  

i t  would be f o r  a s i m i l a r ,  non-s teer ing a x l e .  

It should be noted t h a t  t h e  i s s u e s  considered i n  t h i s  s e c t i o n  ( a x l e  

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

among a x l e s  as opposed t o  t o t a l  s t i f f n e s s .  For a g iven s t e a d y - s t a t e  l a t e r a l  

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

*"Unit," h e r e ,  r e f e r s  t o  a s i n g l e  v e h i c l e  u n i t  i n  t h e  yaw p lane .  



when t i r e  s i d e  fo rce  is  found t o  be low on one ax le  due t o  l o c a t i o n  o r  a  

s e l f - s t e e r i n g  func t ion ,  s i d e  forces  on o the r  a x l e s  w i l l  be l a r g e r ,  thus 

adding t o  t h e i r  e f f e c t i v e  s t i f f n e s s .  Depending on the  r e l a t i v e  he ight  of 

t h e  r o l l  cen te r  of the suspension 's  " t racking" s i d e  fo rce ,  t o t a l  e f f e c t i v e  

s t i f f n e s s  may e i t h e r  i nc rease  o r  decrease somewhat, or  remain cons tan t .  

4.1.7 Summary. The preceding d i scuss ion  has served t o  h igh l igh t  

t h e  s i g n i f i c a n t  parametr ic  s e n s i t i v i t i e s  of commercial veh ic l e s  with r e spec t  

t o  the  r o l l  s t a b i l i t y  l i m i t .  S t r i c t l y  speaking, t h e  r e l a t i v e  importance 

of t hese  s e n s i t i v i t i e s  can only be evaluated f o r  a  given v e h i c l e  system. 

Nevertheless ,  an e f f o r t  has been made t o  order  t h e  fol lowing summary according 

t o  r e l a t i v e  importance, given cu r ren t  genera l  p rac t i ce .  The s i g n i f i c a n t  

s e n s i t i v i t i e s  a r e :  

1 )  S e n s i t i v i t y  t o  t r a c k  width and c .g.  he ight .  The r a t i o  of t r a c k  

width t o  c.g. height  is  t h e  fundamental determinant of t he  l a t e r a l  accelera-  

t i o n  l e v e l  a t  which r o l l  i n s t a b i l i t y  w i l l  occur .  Lowering c.g. height  

and/or increas ing  t r a c k  width have a  s t a b i l i z i n g  inf luence .  

2 )  S e n s i t i v i t y  t o  t h e  t o t a l  (lumped) r o l l  compliance of the 

v e h i c l e ' s  suspensions and t i r e s .  I n  gene ra l ,  body r o l l  compliance t h a t  

de r ives  from suspensions and t i r e  compliances degrades the  r o l l  s t a b i l i t y  

limit of t h e  veh ic l e  from t h e  re ference  l e v e l  def ined by t h e  t r ack  width 

t o  c .g ,  r a t i o .  This  degradat ion de r ives  from the  l a t e r a l  s h i f t  of the  c.g. 

which occurs a s  t h e  veh ic l e  r o l l s  on compliant suspensions. 

3) S e n s i t i v i t y  t o  suspension l a sh .  The l a s h  which i s  present  i n  

many heavy veh ic l e  suspensions may con t r ibu te  t o  t he  e f f e c t i v e  r o l l  com- 

p l i ance  of the suspension a s  the veh ic l e  approaches r o l l o v e r .  Accordingly, 

suspension l a s h  i s  seen a s  a  po r t ion  of t he  more general  compliance a f f e c t ,  

bu t  i t  can con t r ibu te  s i g n i f i c a n t l y  t o  t he  degradat ion of the  r o l l  s t a b i l i t y  

l i m i t .  

4) S e n s i t i v i t y  t o  suspension geometry: Rol l  cen ter  he ight .  Rol l  

cen te r  height  has an inf luence  on t h e  e f f e c t i v e  r o l l  compliance of a  

suspension and on t h e  amount of l a t e r a l  c.g.  s h i f t  which occurs  per  u n i t  

of r o l l .  Accordingly, t he  r o l l  s t a b i l i t y  l i m i t  i s  s e n s i t i v e  t o  r o l l  cen te r  

he ights .  I n  genera l ,  higher  r o l l  cen te r s  i nc rease  the  r o l l  s t a b i l i t y  limit. 



Current  p r a c t i c e  s u g g e s t s  t h a t  t h e  i n f l u e n c e  of r o l l  c e n t e r  h e i g h t  on r o l l  

s t a b i l i t y  i s  n o t  wide ly  recognized and t h a t  s i g n i f i c a n t  g a i n s  i n  r o l l  

s t a b i l i t y  might be made through advantageous suspens ion  d e s i g n  changes. 

5 )  S e n s i t i v i t y  t o  r o l l  compliance d i s t r i b u t i o n  among suspensions .  

The d i s t r i b u t i o n  of compliance among t h e  v a r i o u s  a x l e s  of t h e  suspension 

can a f f e c t  t h e  r o l l  s t a b i l i t y  limit. Given t h a t  t h e  suspens ions ,  i n  t o t a l ,  

e x h i b i t  some s p e c i f i c  l e v e l  of r o l l  s t i f f n e s s ,  t h e  optimum d i s t r i b u t i o n  of 

t h a t  s t i f f n e s s  among t h e  suspensions  is  i n  p r o p o r t i o n  t o  t h e  v e r t i c a l  load 

c a r r i e d  by each suspension.  V a r i a t i o n s  from t h i s  d i s t r i b u t i o n  degrade t h e  

r o l l  s t a b i l i t y  l i m i t .  F u r t h e r ,  s t i f f e n i n g  o r  s o f t e n i n g  suspensions  which 

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

s t a b i l i t y  l i m i t .  For suspensions  t h a t  a r e  p r o p o r t i o n a t e l y  too s o f t ,  s t i f f -  

ening w i l l  i n c r e a s e  t h e  l i m i t  and s o f t e n i n g  w i l l  degrade t h e  l i m i t .  

6)  S e n s i t i v i t y  t o  a x l e  l o c a t i o n .  P a r t i c u l a r l y  a t  lower speeds ,  

t h e  e f f e c t i v e  s t i f f n e s s  of a  g iven a x l e  is s e n s i t i v e  t o  i t s  l o n g i t u d i n a l  

placement. Axles n e a r e r  t h e  c e n t e r  of t h e  v e h i c l e  appear  s o f t e r ;  those  

c l o s e  t o  e i t h e r  t h e  f r o n t  o r  r e a r  appear  s t i f f e r .  Thus, t h e  i s s u e  of r o l l  

compliance d i s t r i b u t i o n  ( i t e m  5) is  a f f e c t e d  by l o n g i t u d i n a l  placement of 

a x l e s .  By a  ve ry  s i m i l a r  mechanism, s e l f - s t e e r i n g  a x l e s  a l s o  appear  t o  

be e f f e c t i v e l y  s o f t e r  i n  r o l l  than they would i f  they were non-s teer ing 

a x l e s .  Th i s  e f f e c t  is n o t  speed s e n s i t i v e ,  however, s o  t h a t  s e l f - s t e e r i n g  

a x l e s  always have a  s p e c i a l  i n f l u e n c e  on r o l l  s t i f f n e s s  d i s t r i b u t i o n .  

4 .2  Demonstration of Parameter S e n s i t : i v i t i e s  of Vehic le  R o l l  S t a b i l i t y  

4 .2 .1  I n t r o d u c t i o n .  I n  S e c t i o n  4 .1 ,  s i m p l i f i e d  a n a l y t i c a l  tech- 

n iques  were used t o  e x p l a i n  t h e  phys ics  of t h e  v e h i c l e  r o l l o v e r  p rocess .  I n  

t h i s  way, r a t i o n a l  e x p l a n a t i o n s  "for t h e  parameter s e n s i t i v i t i e s  of t h e  

v e h i c l e  r o l l  s t a b i l i t y  l i m i t  were developed. I n  t h i s  sec ' t ion,  t h e s e  

parameter s e n s i t i v i t i e s  w i l l  be "demonstrated" q u a n t i t a t i v e l y  us ing  computer 

s imula t  ion .  

Th is  s e c t i o n  uses  t h e  f i v e - a x l e  dump t r u c k  of F i g u r e  9 as t h e  

"demonstration" v e h i c l e .  Major d e s c r i p t i v e  parameters  f o r  t h i s  v e h i c l e  

a s  s imula ted  a r e :  



-Total  weight 

-Sprung mass c.g. he ight  

-Five ax le s  

-Axle loads 

- s t ee r ing  

-each of four  non-steering 

70,000 l b s  (311,400 N )  

78.3 i n .  (1.99 m) 

18,000 l b s  (80,000 N)  

13,000 l b s  (57,000 N)  

-Suspension types 

- leaf  spr ing  s t e e r i n g  a x l e  

-Axles 2  and 5 ,  t ag  ax le s  

-Axles 3  and 4, tandem-axle p a i r  

Axles 3  and 4  a r e  a  r a t h e r  t y p i c a l  tandem suspension p a i r .  The a i r -  

suspended t a g  ax le s  (2 and 5) have a  r a t h e r  low v e r t i c a l  s t i f f n e s s ,  but  

s u b s t a n t i a l  a u x i l i a r y  r o l l  s t i f f n e s s .  These two axles  have i d e n t i c a l  

parameters i n  t he  s imula t ion ,  a s  do ax le s  3  and 4 .  A f u l l  parameter s e t  

f o r  the  base l ine  veh ic l e  can be found i n  Appendix E.  

The model used f o r  t he  "demonstration" is the yaw/ro l l  model descr ibed 

i n  Appendix D. The s imulated maneuver is a  slow ramp s t e e r .  This maneuver 

begins wi th  t h e  veh ic l e  t r a v e l i n g  s t r a i g h t  ahead. A s  t he  maneuver pro- 

gresses ,  s t e e r i n g  is  slowly increased from an i n i t i a l  va lue  of zero u n t i l  

a  l e v e l  of s t e e r i n g  i s  reached a t  which the  veh ic l e  f i n a l l y  r o l l s  over.  The 

maneuver i s  not  d i r e c t l y  r e l a t e d  t o  any one "real-world" maneuver, but  

r a t h e r  provides a  p r a c t i c a l  and e f f i c i e n t  method t o  span a  broad range of 

l a t e r a l  a c c e l e r a t i o n  condit ions.  The majori ty  of s imula t ion  runs were con- 

ducted a t  a  v e l o c i t y  of 20 mph (32 k / h r ) .  This r e l a t i v e l y  low speed was 

chosen t o  avoid yaw i n s t a b i l i t y  whose occurrence can se rve  t o  reduce the  

f i d e l i t y  of the  ana lys i s  of r o l l  plane performance. ( In  gene ra l ,  r o l l  plane 

performance is not  s e n s i t i v e  t o  speed,  but  r a t h e r  t o  l a t e r a l  acce l e ra t ion .  

Only the  e f f e c t  of l ong i tud ina l  ax l e  p o s i t i o n  i s  speed s e n s i t i v e .  An 

a d d i t i o n a l  run a t  55 mph (88 k /h r )  was made t o  examine t h i s  in f luence .  

4.2.2 Roll  S t a b i l i t y  of the  Basel ine Vehicle.  The base l ine  veh ic l e  

demonstrates a  r o l l  s t a b i l i t y  l i m i t  of 143 i n / s e c 2  (.37 g ' s )  of l a t e r a l  



a c c e l e r a t i o n .  A t  t h i s  l e v e l  of l a t e r a l  a c c e l e r a t i o n ,  t h e  l a s t  of t h e  f o u r ,  

non-s teer ing a x l e s  completes s ide - to - s ide  load  t r a n s f e r  and l i f t s  i t s  

i n s i d e  t i r e .  A t  t h i s  p o i n t ,  t h e  only  a x l e  w i t h  a l l  t i r e s  on t h e  ground i s  

t h e  f r o n t  a x l e  which i s  no t  s u f f i c i e n t l y  s t i f f  t o  p rov ide  r o l l  s t a b i l i t y .  

Thus, a s  shown i n  F igure  29 ,  a t  a  l a t e r a l  a c c e l e r a t i o n  of 143 i n / s e c 2 ,  t h e  

v e h i c l e  r o l l  a n g l e  begins  t o  i n c r e a s e  ra .p idly  w i t h  no f u r t h e r  i n c r e a s e  i n  

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

i n  r o l l .  

F igure  30 is  a  p l o t  of t h e  l i g h t - s i d e  wheel l o a d s  a s  a f u n c t i o n  of 

v e h i c l e  r o l l  a n g l e  f o r  each o f  t h e  f i v e  a x l e s  of t h e  v e h i c l e .  (Axles a r e  

numbered 1 through 5, beginning w i t h  the  f r o n t  a x l e  and moving rearward. )  

Assuming c o n s t a n t  t o t a l  a x l e  l o a d s ,  t h e s e  p l o t s  a r e  e q u i v a l e n t  i n  form t o  

t h e  r o l l  moment v e r s u s  r o l l  ang le  p l o t s  used i n  S e c t i o n  4.1. (The v e r t i c a l  

load  s c a l e s  of t h e  p l o t  have been i n v e r t e d  and s h i f t e d  so  t h a t  t h e  p l o t s  

t a k e  on t h e  same appearance a s  those  of S e c t i o n  4 .1 . )  A s  such,  they 

i n d i c a t e  t h e  r e l a t i v e  s t i f f n e s s  of t h e  a x l e s  i n  t h e  same manner a s  d i d  t h e  

p l o t s  o f  S e c t i o n  4.1.  

F igure  30 i n d i c a t e s  t h a t  a x l e  1 i s  c l e a r l y  t h e  s o f t e s t  a x l e  and t h a t  

a x l e  5 is  c l e a r l y  t h e  s t i f f e s t .  Axles 2 ,  3 ,  and 4  a r e  r a t h e r  c l o s e  i n  

r e l a t i v e  st iffness-2 and 4 being s l i g h t l y  " s t i f f e r "  t h a n  3. According t o  

our  d e f i n i t i o n  of " s t i f f "  and " s o f t "  suspens ion  t y p e s ,  t h e n ,  a x l e s  5 ,  2 ,  

and 4  a r e  " s t i f f "  and a x l e s  1 and 3  a r e  " s o f t . "  Axles 2  and 4  a r e ,  however, 

r a t h e r  c l o s e  t o  t h e  boundary. Note a l s o  t h a t  t h e  s p r i n g  l a s h  i n  suspensions  

3  and 4  is  c l e a r l y  apparen t  i n  t h e  f i g u r e .  The o t h e r  t h r e e  suspensions  

have no l a s h .  

A t  t h i s  p o i n t ,  i t  i s  convenient  t o  i n t r o d u c e  F igure  31. This f i g u r e  

i s  a  ba r  graph showing t h e  r o l l  s t a b i l i t y  l i m i t ,  expressed i n  i n / s e c 2  of 

l a t e r a l  a c c e l e r a t i o n ,  a s  a  f u n c t i o n  of a  v a r i e t y  of v e h i c l e  parameter 

changes. The b a s e l i n e  v e h i c l e  i s  shown a s  t h e  b a r  on t h e  f a r  l e f t .  For 

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

l i n e  ex tend ing  a c r o s s  t h e  e n t i r e  graph. I n  t h e  fo l lowing  d i s c u s s i o n ,  t h i s  

f i g u r e  w i l l  be r e f e r r e d  t o  numerous t imes.  



Increase of roll with no 
increase of lateral 
acceleration indicates 
rol l  ins tab i l~ ty  

Stabi l i ty L i m i t  

LATERAL ACCELERATION CIN/SEC##21 
( 1  g = 386 in / sec2 )  

Figure 29. Roll response t o  l a t e r a l  acce lera t ion  of simulated 
f ive-axle dump truck.  
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F i g u r e  30. L i g h t - s i d e  t i r e  l o a d  r e s p o n s e  t o  r o l l  o f  s i m u l a t e d  f i v e -  
axle dump t r u c k  a t  20 mph (32 k / h r ) .  





4.2.3 The E f f e c t  of Changes of Track Width t o  C . G .  Height .  Sec t ion  

4 . 1  i n d i c a t e d  t h a t  t h e  most fundamental parameter which a f f e c t s  t h e  r o l l  

s t a b i l i t y  l i m i t  i s  t h e  r a t i o  of 1 / 2  t r a c k  wid th  t o  c . g .  h e i g h t .  To demon- 

s t r a t e  t h e  e f f e c t  o f  t h i s  parameter ,  two r u n s ,  one w i t h  t h e  sprung mass c .g .  

r a i s e d  f i v e  inches  ( . I 2 7  m) and one wi th  t h e  c.g.  lowered f i v e  inches  ( . I27  m), 

were made. Th is  r e p r e s e n t s  changes of about  - + 6% i n  t h e  c .g .  h e i g h t  of t h e  

sprung mass. 

F igure  31 i n d i c a t e s  t h a t  r a i s i n g  t h e  c .  g .  lowered t h e  r o l l o v e r  l i m i t  

about  8% and lowering t h e  c.g. r a i s e d  t h e  r o l l o v e r  l i m i t  about  9%. The 

s e n s i t i v i t y  t o  t h e  t r a c k  width  t o  c.g. h e i g h t  parameter accounts  f o r  - t 6% 

( r e s u l t i n g  d i r e c t l y  from t h e  pe rcen tage  change of t h e  parameter  a s  i t  would 

a f f e c t  a  r i g i d  v e h i c l e ) .  The excesses  i n d i c a t e  t h e  secondary e f f e c t  of 

changes i n  c.g.  h e i g h t  as d i scussed  i n  S e c t i o n  4.1.2 and p r e d i c t e d  by 

Equation ( 4 . 2 ) .  

4.2.4 The E f f e c t  of Changes i n  T'otal  Suspension and T i r e  S t i f f n e s s .  

The n e x t  e f f e c t  t o  be examined is  t h a t  of t h e  t o t a l  suspens ion  and t i r e  

r o l l  s t i f f n e s s .  The lumped suspens ion  model of S e c t i o n  4 . 1  i n d i c a t e s  t h a t  

i n c r e a s e s  i n  t h i s  parameter should i n c r e a s e  t h e  r o l l  s t a b i l i t y  l i m i t .  This 

e f f e c t  i s  shown c l e a r l y  i n  F i g u r e  31 by t h e  b a r s  marked " S t i f f n e s s  x 1 .5"  

and " S t i f f n e s s  x .5." These b a r s  i n d i c a t e  t h e  r e s u l t s  from i n c r e a s i n g  and 

d e c r e a s i n g ,  r e s p e c t i v e l y ,  a l l  t i r e  and s.uspension s t i f f n e s s  by 50%. These 

a r e  r a t h e r  l a r g e  changes i n  s t i f f n e s s ,  b u t  they produce s u b s t a n t i a l  changes 

i n  t h e  r o l l  s t a b i l i t y  l i m i t ,  namely, + 72 and - 13%. 

4 . 2 . 5  The E f f e c t  of Changes i n  R o l l  Center  Height .  Two b a r s  of 

Figure  31 show t h e  i n f l u e n c e  of changes i n  suspension r o l l  c e n t e r  h e i g h t .  

They i l l u s t r a t e  t h e  e f f e c t  of r a i s i n g  and lowering a l l  suspension r o l l  c e n t e r  

h e i g h t s  by f i v e  inches  ( . I 2 7  m) (probably  w i t h i n  a t t a i n a b l e  l i m i t s ) .  

Tne e f f e c t  of t h e s e  changes i s  remarkably s t r o n g .  For  t h i s  example 

v e h i c l e ,  n o t e  t h a t  a  f ive - inch  (0.127-m) i n c r e a s e  i n  t h e  r o l l  c e n t e r  h e i g h t s  



is  about 50% a s  e f f e c t i v e  i n  i n c r e a s i n g  t h e  r o l l  s t a b i l i t y  l i m i t  a s  i s  a 

f ive - inch  (.127-m) decrease  i n  t h e  v e r y  b a s i c  c . g .  parameter .  

I t  should be no ted  t h a t  i n c r e a s i n g  r o l l  c e n t e r  h e i g h t  improves r o l l  

s t a b i l i t y  by decreas ing  t h e  amount of body r o l l  p r i o r  t o  r o l l o v e r .  Thus, 

t h e  s t r e n g t h  of t h i s  e f f e c t  w i l l  be dependent on t h e  n a t u r e  of o t h e r  

parameters  a f f e c t i n g  r o l l .  For  example, a v e h i c l e  equipped w i t h  v e r y  r i g i d  

suspensions  would n o t  r o l l  much p r i o r  t o  t h e  l i m i t .  Thus, changes i n  r o l l  

c e n t e r  h e i g h t  of such a v e h i c l e  would n o t  have a s  s t r o n g  a n  e f f e c t .  On 

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

s u b s t a n t i a l  r o l l  p r i o r  t o  t h e  limit. Thus, r o l l  c e n t e r  h e i g h t  ad jus tments  

can g e n e r a l l y  be expected t o  b e  e f f e c t i v e  f o r  "problem" v e h i c l e s .  

4 .2 .6  The E f f e c t  of Changes i n  S e l e c t e d  Suspension S t i f f n e s s e s .  

This  g e n e r a l  t o p i c  w i l l  be  cons idered  under s e v e r a l  headings  d e a l i n g  wi th  

' l ~ t i f f "  and " s o f t "  a x l e s ,  suspens ion  l a s h ,  and suspens ion  l o c a t i o n .  

" S t i f f "  and "Soft" Axles - As noted above, a x l e  5 is  t h e  on ly  a x l e  

of t h i s  v e h i c l e  which i s  w e l l  w i t h i n  t h e  " s t i f f "  a x l e  c l a s s i f i c a t i o n .  Two 

r u n s  a r e  shown i n  F igure  31 t o  i l l u s t r a t e  t h e  e f f e c t s  of changing t h e  s t i f f -  

n e s s  of t h i s  a x l e .  I n  one run ,  l a b e l e d  "Axle 5 S t i f f e r , "  t h e  a u x i l i a r y  r o l l  

s t i f f n e s s  of a x l e  5 was i n c r e a s e d  t h r e e f o l d ,  from 100,000 t o  300,000 

in- lb/deg (11,300 t o  33,900 Nrnldeg). A s  i n d i c a t e d  by F igure  31, s i n c e  t h i s  

a x l e  was a l r e a d y  " s t i f f , "  v i r t u a l l y  no change i n  r o l l o v e r  l i m i t  was ob ta ined .  

I n  t h e  second run ,  l a b e l e d  " ~ x l e  5 S o f t e r , "  t h e  a u x i l i a r y  r o l l  s t i f f -  

n e s s  of t h e  a x l e  was decreased t o  50,000 in- lb/deg (5,650 Nm/deg). This  i s  

abou t  t h e  maximum d e c r e a s e  which s t i l l  l e a v e s  a x l e  5 i n  t h e  " s t i f f "  c l a s s i -  

f i c a t i o n .  Again, F igure  31 shows t h a t  t h e  change has  no e f f e c t  on r o l l  

s t a b i l i t y  l i m i t .  

Axle 2 is  a l s o  a " s t i f f  a x l e , "  b u t  i s  r e l a t i v e l y  c l o s e  t o  t h e  

" ~ t i f f " / ' ~ s o f t ~ '  boundary. I n  two a d d i t i o n a l  r u n s ,  t h e  a u x i l i a r y  r o l l  s t i f f n e s s  

of a x l e s  2 and 5 were each i n c r e a s e d  and decreased  by 50,000 in-lb/deg 

(5,650 Nm/deg), r e s p e c t i v e l y .  A s  expec ted ,  when t h e s e  " s t i f f "  a x l e s  a r e  

s t i f f e n e d  f u r t h e r ,  v i r t u a l l y  no g a i n  is  found. But when they a r e  s o f t e n e d ,  

a x l e  2 c r o s s e s  t h e  boundary and becomes a " s o f t "  a x l e .  The l o s s  of s t i f f n e s s  

i n  t h i s  " s o f t "  a x l e  t h e n  l e a d s  t o  a decreased r o l l  s t a b i l i t y  l i m i t .  



Axle 1 is  the  only ax le  of t he  veh ic l e  which is  " so f t "  by q u i t e  a  

margin. To show t h e  e f f e c t  of changing the s t i f f n e s s  of a  " so f t "  a x l e ,  an 

a u x i l i a r y  r o l l  s t i f f n e s s  of 50,000 in- lbldeg (5,650 Nmldeg) was added to  

t h i s  axle .  As discussed i n  Sec t ion  4 . 2 ,  t h i s  s t i f f e n i n g  of a  " so f t "  a x l e  

improves t h e  v e h i c l e  r o l l  s t a b i l i t y .  

On the  base l ine  vehic le ,  a x l e  3 i s  a l s o  a  " so f t "  a x l e ,  bu t  is  q u i t e  

c l o s e  i n  s t i f f n e s s  t o  a x l e  4 ,  a  " s t i f f "  ax l e .  I n  another  run ,  t h e  s t i f f n e s s  

of both ax le  1 and a x l e  3  was increased by adding 50,000 in-lb/deg (5,650 

Nm/deg) of a u x i l i a r y  r o l l  s t i f f n e s s  t o  both ax le s .  Figure 31 i n d i c a t e s  

t h a t  t h i s  has near ly  ' the  i d e n t i c a l  e f f e c t  a s  s t i f f e n i n g  ax le  1 only.  The 

reason,  of course,  i s  t h a t  wi th  added s t i f f n e s s ,  ax l e  3  moves pas t  a x l e  4 

i n t o  the  " s t i f f "  c l a s s i f i c a t i o n  almost immediately. Fur ther  s t i f f e n i n g  of 

t h i s  now " s t i f f "  ax l e  has almost no e f f e c t ,  a s  pred ic ted .  

Unfortunately,  i n  p r a c t i c e ,  s u b s t a n t i a l  i nc reases  i n  the  e f f e c t i v e  

r o l l  s t i f f n e s s  of t he  f r o n t  a x l e  a r e  d i f f i c u l t .  Front-axle spr ing  r a t e s  

a r e ,  of course,  i n f l u e n t i a l  wi th  respec t  t o  r i d e  q u a l i t y  and s t i f f e r  r a t e s  

may be undes i rab le  f o r  t h i s  reason. Also, t he  t o r s i o n a l  compliance of 

commercial veh ic l e  frames makes i t  d i f f i c u l t  t o  e f f e c t i v e l y  u t i l i z e  

f r o n t  suspension r o l l  s t i f f n e s s  [ 5 ] .  

A s  another example, t h e  s t i f f n e s s  of ax l e s  2 ,  3 ,  and 4 was increased 

simultaneously. These t h r e e  ax les  a r e  t h e  t h r e e  which a r e  c l o s e l y  grouped 

i n  s t i f f n e s s  and def ine  t h e  boundary between t h e  " s t i f f "  and " so f t "  c l a s s .  

Increas ing  the  s t i f f n e s s  of a l l  of them s h i f t s  the  boundary and al lows each 

inc rease  i n  s t i f f n e s s  t o  be e f f e c t i v e .  Figure 31 shows the  r e s u l t i n g  

inf luence  on the  r o l l  s t a b i l i t y  l i m i t .  

F ina l ly ,  i n  one run, t he  s t i f f n e s s  of ax l e  5  was "reduced t o  the 

l i m i t  , I 1  i . e . ,  t o  zero,  by " l i f t i n g "  t h i s  t ag  ax le .  This obviously moves 

a x l e  5  i n t o  t h e  "sof t"  ax l e  c l a s s .  Of course,  i t  a l s o  causes o the r  e f f e c t s ,  

p a r t i c u l a r l y  the r e d i s t r i b u t i o n  of v e r t i c a l  load ,  but  i t  does r ep re sen t  a  

real-world opt ion which i s  not  uncommon f o r  such v e h i c l e s  when operated 

under "in-town" condi t ions .  The ba r  marked "Axle 5 Li f ted"  i n d i c a t e s  t h e  

se r ious  consequences wi th  respec t  t o  r o l l  s t a b i l i t y  of r a d i c a l l y  lowering 

t h e  s t i f f n e s s  of a  " s t i f f "  ax le .  



Suspension Lash - Axles 3  and 4  of t h e  b a s e l i n e  v e h i c l e  each have 

- 7 5  inches  (1 .9  cm) of suspens ion  s p r i n g  l a s h .  I n  one s i m u l a t i o n  run ,  t h i s  

l a s h  was e l i m i n a t e d ;  i n  a n o t h e r  i t  was doubled t o  v a l u e s  of 1 . 5  i n c h e s  

(3.8 cm). F igure  31 i n d i c a t e s  t h e  r e s u l t s  w i t h  t h e  b a r s  l a b e l e d  "No Lash" 

and "1.5 (3.8 cm)  ash." 

A s  noted i n  S e c t i o n  4 .2 ,  lowering l a s h  is e q u i v a l e n t  t o  i n c r e a s i n g  

s t i f f n e s s  and v i c e  v e r s a .  S i n c e  a x l e  4  i s  a  " s t i f f "  a x l e  and a x l e  3 l i e s  

near  t h e  " s o f t " / " s t i f f "  boundary, s t i f f e n i n g  t h e s e  suspens ions  by e l i m i n a t -  

i n g  l a s h  i s  r a t h e r  i n e f f e c t u a l .  On t h e  o t h e r  hand, s o f t e n i n g  t h e s e  suspen- 

s i o n s  by i n c r e a s i n g  l a s h  does degrade t h e  r o l l o v e r  l i m i t .  Axle 3  is a  
I t  s o f t "  a x l e ,  and s o  i t s  r e d u c t i o n  i n  s t i f f n e s s  i s  a  degrading f a c t o r .  To 

t h e  e x t e n t  t h a t  a x l e  4  moves below t h e  p rev ious  e f f e c t i v e  s t i f f n e s s  of a x l e  

3 ,  i t s  r e d u c t i o n  is  a l s o  a  degrading f a c t o r .  

Note t h a t  i f  a l l  f o u r  of t h e  r e a r  suspens ions  had l a s h ,  e l i m i n a t i n g  

t h e i r  l a s h  ( a t  l e a s t  f o r  2 ,  3, and 4) would be  e f f e c t i v e  s i n c e  t h e  combined 

change would d r i v e  t h e  "sof t" /"s  t i f f "  boundary upward. Also,  i n  t h e  h igher  

speed example t o  fo l low,  a x l e s  3  and 4  bo th  l i e  near  t h e  " s o f t " / " s t i f f l '  

boundary. For t h e  h i g h e r  speed c o n d i t i o n  of t h i s  v e h i c l e ,  then ,  e l i m i n a t i n g  

l a s h  would a l s o  be more e f f e c t i v e .  

The E f f e c t  of Axle Locat ion - F i g u r e  30 i n d i c a t e s  t h a t  i n  " e f f e c t i v e  

s t i f f n e s s , "  a x l e  5  i s  s i g n i f i c a n t l y  s t i f f e r  than  a x l e  2. A s  mentioned above, 

however, t h e s e  two a x l e s  a r e  i d e n t i c a l  air-suspended t a g  a x l e s ,  each ca r ry -  

i n g  13,000 l b s  (57,800 N). The s i g n i f i c a n t  d i f f e r e n c e  between t h e  two i s  

t h e i r  l o n g i t u d i n a l  p o s i t i o n  on t h e  v e h i c l e .  Axle 2 i s  q u i t e  c e n t r a l l y  

l o c a t e d  whi le  a x l e  5 is  l o c a t e d  very  rearward.  Thus, i n  t h e  low-speed t u r n  

which i s  s imula ted ,  a x l e  2  i s  s u b j e c t e d  t o  a  much lower s i d e  f o r c e  t h a n  is 

a x l e  5. (For example, a t  100 i n / s e c  ( .26 g) l a t e r a l  a c c e l e r a t i o n ,  a x l e  2  

g e n e r a t e s  1 ,644  l b s  (7 ,300 N) l a t e r a l  t i r e  f o r c e ,  w h i l e  a x l e  5  g e n e r a t e s  

5,729 l b s  (25,500 N).) A s  p r e d i c t e d  by Equat ion ( 4 . 7 ) ,  a x l e  2 i s  t h e n  s e e n  

a s  having a  much lower " e f f e c t i v e  s t i f f n e s s . "  

To s e e  t h a t  i n c r e a s e d  speed reduces  this e f f e c t ,  cons ider  F i g u r e  32. 

This f i g u r e  i s  l i k e  F igure  30 i n  t h a t  i t  shows l i g h t - s i d e  wheel load  f o r  
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(1 l b  = .45 kg) 

F i g u r e  32. L igh t - s ide  t i r e  l o a d  response  t o  r o l l  of  s imula ted  f i v e -  
a x l e  dump t r u c k  a t  55 mph (88.5 k / h r ) .  



each a x l e  of t h e  b a s e l i n e  v e h i c l e  a s  a  f u n c t i o n  of body r o l l ,  b u t  t h e  f o r -  

ward v e l o c i t y  of t h i s  run  i s  8 1  f t / s e c  (55 mph) (88.5 k / h r )  . I n  t h i s  c a s e ,  

we s e e  t h a t  a x l e  2  has  moved s t r o n g l y  i n t o  t h e  " s t i f f "  a x l e  c l a s s  and 

appears  n e a r l y  i d e n t i c a l  t o  a x l e  5. The r e a s o n  f o r  t h i s  i s  t h a t  a l l  r e a r  

a x l e s  a r e  o p e r a t i n g  a t  more n e a r l y  e q u a l  t i r e  l a t e r a l  f o r c e .  (At 100 

i n / s e c 2  ( , 2 6  g ) ,  a x l e  5  g e n e r a t e s  t h e  l a r g e s t  s i d e  f o r c e  of 3 ,553 l b s  

(15,800 N) and a x l e  2 g e n e r a t e s  t h e  s m a l l e s t  a t  2,483 l b s  (11,045 N). Thus, 

t h e  i n f l u e n c e  of l o n g i t u d i n a l  a x l e  p o s i t i o n  is  s h a r p l y  reduced. 

I n  summary, t h e  b a s e l i n e  v e h i c l e  cons idered  h e r e  is  a  r e l a t i v e l y  

u n s t a b l e  v e h i c l e  i n  r o l l ,  having a  r o l l  s t a b i l i t y  l i m i t  of .37 g ' s .  The 

fundamental  r eason  f o r  t h i s  low l i m i t  i s  t h e  v e h i c l e ' s  r e l a t i v e l y  h i g h  c  .g.  

The v e h i c l e ' s  r a t i o  of t r a c k  wid th  t o  c .  g .  h e i g h t  e s t a b l i s h e s  i ts  r o l l  

s t a b i l i t y  l i m i t  a t  a  t h e o r e t i c a l  l i m i t  of  . 5  g ' s  (which would r e s u l t  i f  t h e  

v e h i c l e  were r i g i d  i n  r o l l ) .  P r a c t i c a l  methods of recouping t h e  s t a b i l i t y  

l o s s  (from $ 5  t o  . 3 7  g ' s ,  s u f f e r e d  due t o  t h e  v e h i c l e '  s a b i l i t y  t o  r o l l )  

i n c l u d e  : 

1 )  S t i f f e n i n g  suspens ions  i n  r o l l  

- p a r t i c u l a r l y  suspens ions  2,  3 ,  and 4  

- through e l i m i n a t i n g  l a s h  i n  suspens ions  3  and 4  

-through s t i f f e n i n g  s p r i n g s  o r  adding a u x i l i a r y  
r o l l  s t i f f n e s s  

2) Rais ing  t h e  suspens ion  r o l l  c e n t e r  

E f f e c t i v e  use of t h e s e  a l t e r a t i o n s  could  b e  expected t o  r e g a i n  113  o f  t h e  

s t a b i l i t y  l o s s  below .5 g. Of c o u r s e ,  t h e  most e f f e c t i v e  r o u t e  t o  g a i n i n g  

r o l l  s t a b i l i t y  would be t o  widen t h e  v e h i c l e ' s  t r a c k  o r  reduce  i t s  c .g .  

h e i g h t ,  presumably r e q u i r i n g  changes i n  c h a s s i s  a n d / o r  body d e s i g n .  



CHAPTER 5 

YAW/ROLL STABILITY OF STRAIGHT TRUCKS 

This  c h a p t e r  i s  concerned w i t h  t h e  i s s u e  of yaw d ivergence  o r  

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

The example, o r  "problemf' c l a s s  of v e h i c l e s  s e e n  a s  being most s u s c e p t i b l e  

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

s t r a i g h t  t r u c k s  c h a r a c t e r i z e d  p r i m a r i l y  by h i g h  c e n t e r s  of g r a v i t y  and l i s t e d  

under t h e  S t r a i g h t  Truck c a t e g o r y  of Tab le  2 .  Examples of s p e c i f i c  types  

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

cement mixers ,  dump t r u c k s ,  and t r a s h  hauler-all  having r e l a t i v e l y  h i g h  

c e n t e r s  of g r a v i t y  when compared t o  t h e  "average" s t r a i g h t  t r u c k  p o p u l a t i o n .  

The p r i n c i p a l  aim of t h i s  c h a p t e r  i s  t o  e x p l a i n  and i l l u s t r a t e ,  

through u s e  o f  s i m p l i f i e d  a n a l y s i s  and computer s i m u l a t i o n ,  t h e  r e l a t i o n -  

s h i p  between d i r e c t i o n a l  (yaw) s t a b i l i t y  and r o l l  s t a b i l i t y  of heavy t r u c k s  

wi th  h igh  c e n t e r s  of g r a v i t y .  The emphasis h e r e ,  a s  w i l l  become c l e a r ,  i s  

n o t  d i r e c t e d  toward r o l l - r e l a t e d  dynamics and i d e n t i f i c a t i o n  of r o l l  

t h r e s h o l d s  f o r  such  v e h i c l e s ,  b u t  i n s t e a d ,  toward a n  e x p l a n a t i o n  of yaw 

d ivergence ,  p e r  se, and i t s  p o t e n t i a l  f o r  p r e c i p i t a t i n g  r o l l  i n s t a b i l i t y  

( r o l l o v e r )  a t  highway speeds  and low l e v e l s  of l a t e r a l  a c c e l e r a t i o n .  That 

i s ,  yaw d ivergence  which precedes  and subsequen t ly  causes  r o l l o v e r  is  t h e  

phenomenon being examined here .  

Yaw i n s t a b i l i t y ,  o r  yaw d ivergence  a s  it i s  f r e q u e n t l y  r e f e r r e d  t o ,  

m a n i f e s t s  i t s e l f  a s  t h e  tendency of a  v e h i c l e ' s  heading t o  d i v e r g e ,  o r  

i n c r e a s i n g l y  p o i n t  away, from t h e  d i r e c t i o n  of t r a v e l .  Terms such a s  

"spinout l t  f o r  motor c a r s ,  and " jackkni fe"  f o r  a r t i c u l a t e d  v e h i c l e s ,  a r e  

commonly used t o  d e s c r i b e  t h i s  g e n e r a l  behav ior .  Although yaw d ivergence  

phenomena a r e  f r e q u e n t l y  encountered w i t h  v e h i c l e s  d u r i n g  b rak ing  maneuvers, 

t h e  concern and a t t e n t i o n  here  i s  d i r e c t e d  on ly  a t  t h e  occur rence  of yaw 

d ivergence  d u r i n g  s t e a d y  t u r n i n g  a t  r e l a t i v e l y  h i g h  forward speeds .  A s  

w i l l  be shown, t h e  p r i n c i p a l  mechanism r e s p o n s i b l e  f o r  t h e  o n e s t  of yaw 

d ivergence  i n  heavy t r u c k s  is  t h e  combination o f :  (1) c o r n e r i n g  s t i f f n e s s  



s e n s i t i v i t y  of t r u c k  t i r e s  t o  v e r t i c a l  l o a d ,  ( 2 )  f o r e l a f t  r o l l  s t i f f n e s s  

d i s t r i b u t i o n ,  (3)  h igh c e n t e r  of g r a v i t y  h e i g h t s ,  and (4)  e l e v a t e d  speeds .  

Moderate r e d u c t i o n s  i n  i tems ( I ) ,  ( 3 ) ,  o r  (4) o r  i n c r e a s e s  i n  ( 2 )  can have 

a  s i g n i f i c a n t  e f f e c t  i n  improving t h e  d i r e c t i o n a l  s t a b i l i t y  of such 

v e h i c l e s  a t  e l e v a t e d  speeds.  

5 .1  Background and Re la ted  Work 

The p rev ious  exper imenta l  and computer s i m u l a t i o n  work of Erv in ,  

e t  a l .  [ 5 , 6 ]  i n  s t u d y i n g  t h e  yaw s t a b i l i t y  of t r a c t o r - s e m i t r a i l e r  v e h i c l e s  

dur ing c o r n e r i n g  has  shown t h a t  t r a c t o r  yaw i n s t a b i l i t y  ( j a c k k n i f i n g )  can 

occur  w e l l  below t h e  r o l l o v e r  t h r e s h o l d  f o r  c e r t a i n  v e h i c l e s .  Modi f ica t ion  

o f  such v e h i c l e s '  f o r e l a f t  r o l l  s t i f f n e s s  d i s t r i b u t i o n  ( through t o r s i o n a l  

frame s t i f f e n i n g  and employment of a  f r o n t - a x l e  r o l l  b a r )  was shown exper i -  

m e n t a l l y ,  and supported by computer s i m u l a t i o n  r e s u l t s ,  t o  e l i m i n a t e  t h e  

occur rence  of t r a c t o r  yaw divergence.  I n  a d d i t i o n ,  o t h e r  v e h i c l e  parameters  

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

d e c r e a s i n g  t h e  p o t e n t i a l  f o r  t r a c t o r  yaw i n s t a b i l i t y  dur ing  s t e a d y  t u r n i n g .  

A s i g n i f i c a n t  a n a l y t i c a l  by-product of t h e  work of Erv in ,  e t  a l . ,  

was t h e  i n t r o d u c t i o n  of a  g r a p h i c a l  p l o t  h e r e i n  termed t h e  "non-linear 

hand l ing  diagram." The p r i o r  a n a l y t i c a l  work of Pacjeka [ 7 ]  i n  d e f i n i n g  

a  so -ca l l ed  "handl ing diagram" and i t s  subsequent  a d a p t a t i o n  by Erv in ,  e t  

a l . ,  i n  t h e  above s t u d y  t o  t h e  non- l inear  s t e a d y  t u r n i n g  response of 

t r a c t o r - s e m i t r a i l e r s ,  h a s  l e d  t o  t h e  u s e  of t h e  analogous %on-l inear  

hand l ing  diagram" f o r  ana lyz ing  t h e  d i r e c t i o n a l  s t a b i l i t y  of such v e h i c l e s .  

A r e c e n t  paper by Sege l  and Erv in  [ 8 ]  concerned w i t h  t h e  i n f l u e n c e  

o f  t i r e  f a c t o r s  on t r u c k  s t a b i l i t y ,  and based l a r g e l y  upon t h e  r e s u l t s  of 

a  p rev ious  r e s e a r c h  p r o j e c t  [ 9 ] ,  concluded t h a t :  (1)  c e r t a i n  heavy t r u c k  

v e h i c l e s  were q u i t e  capab le  of e x h i b i t i n g  yaw d i v e r g e n t  behavior  d u r i n g  

s t e a d y  t u r n i n g  ( h i g h  speed) a t  a s e v e r i t y  l e v e l  f a r  below t h a t  needed t o  

ach ieve  l i m i t  response of passenger  c a r s  and ( 2 )  t h a t  a marked degrada t ion  

i n  d i r e c t i o n a l  c o n t r o l l a b i l i t y  can a c c r u e  w e l l  i n  advance of t h e  maneuver 

s e v e r i t y  r e q u i r e d  t o  r o l l  over  t h e  v e h i c l e .  Fur thermore,  Sege l  and Erv in  



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

bu t ion*  was t h e  primary mechanism s e r v i n g  t o  a g g r a v a t e  t h e  yaw s t a b i l i t y  

of t h e  heavy t r u c k ,  and t h a t  t h e  commercial v e h i c l e  t i r e  was seen t o  

e x h i b i t  c e r t a i n  shear - fo rce - re la ted  p r o p e r t i e s  which cause  t r u c k s  t o  respond 

d i f f e r e n t l y  t o  pa ramet r i c  v a r i a t i o n s  than  t y p i c a l  passenger  c a r s .  

A s t r o n g  r e l a t i o n s h i p  e x i s t s  between t h e  above work and t h a t  d i s -  

cussed i n  t h i s  c h a p t e r .  The p r i n c i p a l  d i f f e r e n c e s  between t h e  two l i e  

wi th :  (1 )  examination of two d i f f e r e n t  and d i s t i n c t  heavy t r u c k  t i r e  

p r o p e r t i e s ,  and ( 2 )  t h e  l e v e l  of s e v e r i t y  of t h e  s t eady- tu rn ing  maneuver. 

The re fe renced  s tudy  examined t h e  development of yaw d i v e r g e n t  behavior  a s  

t h e  c o r n e r i n g  l i m i t  of t h e  v e h i c l e  was approached and demonstrated depen- 

dence of such behavior  upon t h e  non- l inear  s h e a r  f o r c e  p r o p e r t i e s  of the  

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

s t i f f n e s s  wi th  v e r t i c a l  load--a low l e v e l ,  l i n e a r  regime t i r e  p r o p e r t y a n d  

demonstra tes  how i t ,  a c t i n g  i n  c o n c e r t  w i t h  l o a d  t r a n s f e r  mechanisms, a l s o  

can p r e c i p i t a t e  yaw d ivergence ,  but  a t  l e v e l s  of l a t e r a l  a c c e l e r a t i o n  con- 

s i d e r a b l y  below t h o s e  i d e n t i f i e d  i n  t h e  above s tudy .  A s  w i l l  be seen ,  t h e  

p r e r e q u i s i t e s  f o r  t h e  l a t t e r  behavior  t o  occur  a r e :  (1) a s  i n  t h e  above 

s t u d y ,  s i g n i f i c a n t  f o r e / a f t  r o l l  d i s t r i b u t i o n  margins must be p r e s e n t ,  and 

( 2 )  i n  c o n t r a s t  w i t h  t h e  re fe renced  s t u d y ,  t h e  v e h i c l e  must p o s s e s s  a  

r e l a t i v e l y  high c e n t e r  of g r a v i t y .  

A number of i n v e s t i g a t o r s  have s t u d i e d  t h e  s t a t i c  and s teady-  

t u r n i n g  r o l l  s t a b i l i t y  of a r t i c u l a t e d  v e h i c l e s  [10,11,12,13] .  More r e c e n t l y ,  

t h e  work of Mal l ika r junarao  and Ervin  [4 ,14]  i n  comprehensively examining 

t h e  i n d i v i d u a l  mechanical  e lements  t h a t  c o n t r i b u t e  t o  t h e  r o l l o v e r  event  

has  l e d  t o  a  good unders tanding and exp lana t ion  of t h e  a r t i c u l a t e d  v e h i c l e  

r o l l o v e r  p rocess .  S ince  most of t h e s e  f i n d i n g s  a r e  seen a s  e q u a l l y  app l ic -  

a b l e  t o  t h e  s t r a i g h t  t r u c k  v e h i c l e  dur ing  s t e a d y  t u r n i n g ,  t h i s  chap te r  

s imply a c c e p t s ,  and e l e c t s  n o t  t o  r e i t e r a t e  h e r e i n ,  t h o s e  same r e s u l t s  f o r  

t h e  s t r a i g h t  t r u c k  v e h i c l e .  Chapter 4  of t h i s  r e p o r t  h a s  addressed t h e  

*That i s ,  commercial v e h i c l e s  t y p i c a l l y  have low v a l u e s  of f r o n t - a x l e  
r o l l  s t i f f n e s s  and h igher  v a l u e s  of r e a r - a x l e  r o l l  s t i f f n e s s .  



mechanics of t h e  r o l l  p rocess  i n  g r e a t e r  d e t a i l .  There fore ,  t h e  view 

adopted h e r e  w i t h  regard  t o  heavy t r u c k  r o l l  s t a b i i i t y  under s teady-  

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

i n  terms of a  l a t e r a l  a c c e l e r a t i o n  l e v e l  ( e . g . ,  g - u n i t s ) ,  above which t h e  

v e h i c l e  r o l l s  o v e r ;  below which i t  does n o t .  The r o l l o v e r  even t ,  whether 

p r e c i p i t a t e d  by yaw divergence a t  h i g h e r  speeds  o r  encountered wi thou t  yaw 

divergence a t  lower speeds ,  i s  viewed a s  d e f i n i n g  t h e  a b s o l u t e  o r  maximum 

p o s s i b l e  maneuvering regime. The r e s u l t s  of computer s i m u l a t i o n  r u n s  

encounter ing r o l l o v e r  s e r v e  t o  d e f i n e  t h e  a b s o l u t e  maneuvering range ,  o r  

r o l l o v e r  t h r e s h o l d .  

To summarize, p rev ious  exper imental  and a n a l y t i c a l  r e s e a r c h  t h a t  has  

addressed  t h e  yaw s t a b i l i t y  i s s u e  i n  commercial v e h i c l e s  has  focused l a r g e l y  

upon t h e  development of yaw d ivergence  w i t h i n  t h e  s u b r o l l o v e r - l i m i t  

maneuvering range.  Furthermore,  t h e  v e h i c l e s  examined possessed c e n t e r  of 

g r a v i t y  h e i g h t s  t h a t  would be c l a s s i f i e d  a s  moderate. I n  c o n t r a s t ,  t h e  

computer-based r e s u l t s  d i scussed  i n  t h i s  c h a p t e r  focus  on t h e  development of 

yaw d ivergence  and /or  r o l l  i n s t a b i l i t y  f o r  t r u c k s  possess ing  h igh  c e n t e r s  

of g r a v i t y ,  o p e r a t i n g  a t  low l e v e l s  of l a t e r a l  a c c e l e r a t i o n .  The p r i n c i p a l  

mechanism r e s p o n s i b l e  f o r  such behavior  is  shown t o  be t h e  non- l inear  

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

con junc t ion  w i t h  t y p i c a l ,  heavy t r u c k  f o r e l a f t  r o l l  s t i f f n e s s  d i s t r i b u t i o n s .  

Chapter 5 beg ins  w i t h  a  b r i e f  d i s c u s s i o n  of y a w / r o l l  s t a b i l i t y  

concep t s ,  followed by r e s u l t s  of a  s i m p l i f i e d  a n a l y s i s  t h a t  assumes t y p i c a l  

t r u c k  t i r e  corner ing  s t i f f n e s s  v a r i a t i o n  w i t h  v e r t i c a l  load .  R e s u l t s  from 

a  comprehensive computer s i m u l a t i o n ,  which r e p r e s e n t s  t h e  v e h i c l e  dynamic 

behavior  i n  g r e a t e r  d e t a i l ,  a r e  then  p r e s e n t e d ,  showing e s s e n t i a l  q u a l i t a -  

t i v e  agreement w i t h  t h e  r e s u l t s  of t h e  p reced ing  s i m p l i f i e d  a n a l y s i s .  The 

s t r a i g h t  t r u c k  v e h i c l e s  of Table  2 s e r v e  a s  t h e  s p e c i f i c  s u b j e c t s  f o r  most 

of t h e s e  s t u d i e s .  F i n a l l y ,  t h e  t o p i c  of closed-loop d r i v e r  c o n t r o l  of yaw- 

d i v e r g e n t  v e h i c l e s ,  a s  r e p r e s e n t e d  by a  computer model, i s  in t roduced  and 

d i scussed .  



5 . 2  Yaw/Roll S t a b i l i t y  

One of t h e  purposes of t h i s  c h a p t e r  i s  t o  p rov ide  a  b e t t e r  under- 

s t a n d i n g  of how yaw divergence can occur  f o r  heavy t r u c k s  and i t s  r e l a t e d  

r o l e  a s  a  p r e c i p i t a n t  of r o l l  i n s t a b i l i t y .  That i s ,  t h e  "de-coupling" o r  

s e p a r a t e  t r ea tment  o f  r o l l  s t a b i l i t y  and yaw s t a b i l i t y  t h a t  i s  o f t e n  

a p p r o p r i a t e  f o r  motor c a r s  and many commercial v e h i c l e s  i s  no t  p a r t i c u l a r l y  

a p p r o p r i a t e  w i t h  t h e  c l a s s  of h igh  c . g .  heavy t r u c k  v e h i c l e s  being examined 

h e r e  (Table  2 ) .  Yaw divergence i n  such heavy t r u c k s  i n e v i t a b l y  l e a d s  t o  

r o l l o v e r ,  u n l e s s  t h e  t i r e / r o a d  f r i c t i o n  coupl ing i s  l e s s  than  t h e  r e l a t i v e l y  

low r o l l o v e r  t h r e s h o l d  o f  t h e s e  v e h i c l e s .  The g e n e r a l  n a t u r e  of the  yaw 

i n s t a b i l i t y  can be  d e s c r i b e d  a s  a n  e v e r  t i g h t e n i n g  s p i r a l  of p a t h  response 

f o r  a  f i x e d  s t e e r  inpu t .  The r e s u l t i n g  build-up of l a t e r a l  a c c e l e r a t i o n  

then causes  r o l l o v e r .  Even though passenger  c a r s  and c e r t a i n  t r a c t o r -  

s e m i t r a i l e r s  can f r e q u e n t l y  e x h i b i t  yaw d ivergen t  behavior  ("spinouts"  and 

" jackkni fes" )  on h igh  f r i c t i o n  s u r f  a c e s  wi thou t  exper ienc ing  r o l l o v e r  a s  

well, t h e  h igh  c.g.  t r u c k  v e h i c l e ,  i n  g e n e r a l ,  cannot .  The development of 

e v e r  i n c r e a s i n g  s i d e s l i p  dur ing yaw i n s t a b i l i t y  p r e c i p i t a t e s  a  corresponding 

i n c r e a s e  i n  l a t e r a l  a c c e l e r a t i o n  which can very  q u i c k l y  l e a d  t o  an u n s t a b l e  

r o l l  response.  I n  f a c t ,  many of t h e  same p h y s i c a l  mechanisms t h a t  d e f i n e ,  

t o  f i r s t  o r d e r ,  t h e  r o l l  s t a b i l i t y  of such v e h i c l e s  ( e . g . ,  c .g .  h e i g h t ,  

t r a c k ,  f o r e / a f  t r o l l  s t i f f n e s s  d i s t r i b u t i o n )  a l s o  p l a y  a n  impor tan t  r o l e  i n  

d e f i n i n g ,  w i t h  t i r e  f o r c e  v e r t i c a l  load  s e n s i t i v i t y ,  t h e  yaw s t a b i l i t y  of 

t h e s e  v e h i c l e s .  

One way of i l l u s t r a t i n g  t h e  yaw and r o l l  s t a b i l i t y  r e l a t i o n s h i p  is 

t o  p l o t ,  f o r  a  g iven  v e h i c l e ,  i t s  yaw d i v e r g e n t  o r  " c r i t i c a l "  v e l o c i t y  a s  

a  f u n c t i o n  of l a t e r a l  a c c e l e r a t i o n  ( s e e  F i g u r e  33,  l i n e  A ) .  Also shown on 

t h e  same p l o t  is  a  v e r t i c a l  l i n e ,  B ,  d e f i n i n g  t h e  r o l l o v e r  th resho ld  f o r  

t h e  given v e h i c l e .  The y a w / r o l l  s t a b i l i t y  regime f o r  t h i s  v e h i c l e  could 

then  be de f ined  a s  t h a t  v e l o c i t y / l a t e r a l  a c c e l e r a t i o n  a r e a  l y i n g  t o  t h e  

l e f t  of  t h e  combined curves .  Any combination of v e h i c l e  v e l o c i t y  and 

a c c e l e r a t i o n  l y i n g  t o  t h e  r i g h t  of t h e  combined curve  w i l l  produce an  u n s t a b l e  

r o l l  and /or  yaw response.  



F i g u r e  33. Y a w / r o l l  s t a b i l i t y  p l o t .  



The y a w / r o l l  s t a b i l i t y  p l o t  i l l u s t r a t e d  i n  F i g u r e  33 i s  comprised 

of f o u r  d i s t i n c t  r e g i o n s :  (1 )  t h e  s t a b l e  r e g i o n ,  ( 2 )  t h e  yaw-stable/  

r o l l - u n s t a b l e  reg ion ,  (3) t h e  yaw-diverg,ent/roll-stable r e g i o n ,  and (4) 

t h e  yaw-d ivergen t l ro l l  u n s t a b l e  reg ion .  We s e e  t h a t  a t  low speeds  and 

i n c r e a s i n g  l e v e l s  of l a t e r a l  a c c e l e r a t i o n  ( t i g h t e r  and t i g h t e r  low-speed 

t u r n i n g ) ,  t h e  p r i n c i p a l  s t a b i l i t y  concern i s  t h a t  of r o l l o v e r .  However, a t  

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

concern i s  yaw d ivergence  p r i o r  t o  reach ing  t h e  r o l l o v e r  t h r e s h o l d .  The 

danger of yaw d ivergence ,  i f  n o t  a t t ended  t o  by c o r r e c t i v e  d r i v e r  s t e e r i n g  

c o n t r o l  and /or  reduced speed,  is t h a t  i t  w i l l  l e a d  t o  a  f u r t h e r  i n c r e a s e  

i n  a  v e h i c l e ' s  l a t e r a l  a c c e l e r a t i o n  and the reby  p r e c i p i t a t e  r o l l o v e r .  

The y a w / r o l l  s t a b i l i t y  p l o t  i s  s e e n  a s  a  convenient  means f o r  d i s -  

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

f o r  r e a d i l y  i l l u s t r a t i n g  s e n s i t i v i t i e s  of t h e s e  s t a b i l i t y  boundar ies  t o  

v a r i a t i o n s  i n  t y p i c a l  v e h i c l e  parameters .  That i s ,  i t  p rov ides  a  method 

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

e a s i l y  unders tandab le  q u a n t i t i e s - s p e e d  and l a t e r a l  a c c e l e r a t i o n .  The nex t  

s e c t i o n  demonstra tes  how such a  p l o t  can be used,  i n  combination w i t h  

s i m p l i f i e d  a n a l y s e s ,  t o  s t u d y  yaw d ivergence  s e n s i t i v i t y  t o  v a r i a t i o n s  i n  

v e h i c l e  parameters .  The subsequent s e c t i o n ,  concerned w i t h  more r e a l i s t i c  

computer s i m u l a t i o n  p r e d i c t i o n s ,  employs such a  p l o t  i n  a n  a b s o l u t e  s e n s e ,  

t o  summarize r e s u l t s  of computer-based s t u d i e s  i l l u s t r a t i n g  t h e  i n t e r -  

a c t i o n l r e l a t i o n s h i p  between yaw s t a b i l i t y  and r o l l  s t a b i l i t y  f o r  the  

p a r t i c u l a r  s t r a i g h t  t r u c k  v e h i c l e s  l i s t e d  i n  Table  2. 

5 . 3  S i m p l i f i e d  Analysis  of Yaw S t a b i l i t y  

Th is  s e c t i o n  p r e s e n t s  r e s u l t s  of s i m p l i f i e d  c a l c u l a t i o n s  of yaw 

s t a b i l i t y  based on t h e  a n a l y s i s  p resen ted  i n  Appendices A and B. An 

"average" v e h i c l e  r e p r e s e n t a t i o n  f o r  t h e  c l a s s  of h igh c .g .  t r u c k s  under 

s tudy  was s e l e c t e d  t o  s e r v e  as t h e  b a s e l i n e  c a l c u l a t i o n .  The "average" 

h igh  c .g .  v e h i c l e  i s  def ined  h e r e  a s  having t h e  average c.g.  h e i g h t ,  average 

suspension l o a d i n g ,  average r o l l  compliance,  e t c . ,  f o r  t h o s e  s t r a i g h t  t r u c k  

v e h i c l e s  l i s t e d  i n  Table  2. V a r i a t i o n s  were then  made i n  s e v e r a l  of the  

v e h i c l e  parameters  i n  o r d e r  t o  r e v e a l  s e n s i t i v i t i e s  of yaw s t a b i l i t y  



boundar ies  t o  changes i n  each of t h e  examined parameters .  The c a l c u l a t i o n s  

shown below make u s e  of Equat ion (B-5) and i l l u s t r a t e  t h e  r e l a t i o n s h i p  

between c r i t i c a l  v e l o c i t y  and l a t e r a l  a c c e l e r a t i o n  o p e r a t i n g  l e v e l .  Note 

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

and t h a t  i t s  p r i n c i p a l  aim i s  t o  i d e n t i f y  s e n s i t i v i t i e s  of yaw s t a b i l i t y  

boundar ies  t o  v a r i a t i o n s  i n  v e h i c l e  pa ramete rs .  

The "average" h i g h  c. g .  s t r a i g h t  t r u c k  v e h i c l e  was d e f i n e d  as having 

t h e  fo l lowing  b a s e l i n e  p r o p e r t i e s  f o r  t h e  purpose  of t h e s e  s i m p l i f i e d  c a l -  

c u l a t i o n s :  

185-inch wheelbase (4.699 m) 

18,000-lb f r o n t  a x l e  load  (80,071 N)  

48,000-lb r e a r  suspens ion  l o a d  shared  by t h r e e  
a x l e s ,  (213,523 N)  d u a l  t i r e s ,  50-inch a x l e  
spac ing  (1.27 m) 

1 0 : l  f r o n t - t o - r e a r  r o l l  compliance 

80-inch f r o n t  t r a c k  (2.032 m) 

72-inch r e a r  t r a c k  (1.829 m) 

16.5x22.5 f r o n t  t i r e  

10Fx20 r e a r  t i r e  

70-inch t o t a l  c .g .  h e i g h t  above ground (1.778 m) 

and average c o r n e r i n g  s t i f f n e s s  s e n s i t i v i t y  t o  v e r t i c a l  
load  f o r  t h e  t i r e s  i d e n t i f i e d  above. 

F i g u r e  34 shows a  t y p i c a l  r e s u l t  from t h e  s i m p l i f i e d  a n a l y s i s  f o r  

r e a r  a x l e  and c .g .  h e i g h t  v a r i a t i o n s .  It d e s c r i b e s  t h e  s e n s i t i v i t y  of t h e  
1 1  average' '  b a s e l i n e  v e h i c l e ' s  yaw s t a b i l i t y  boundary t o  t h e  removal o r  addi-  

t i o n  of t h e  rearmost  a x l e  and t o  i n c r e a s e s  and d e c r e a s e s  i n  c .g .  h e i g h t .  

F i g u r e s  35 and 36 show s i m i l a r  parameter  s e n s i t i v i t y  r e s u l t s  from t h e  

s i m p l i f i e d  a n a l y s i s .  I n  a more complete p o r t r a y a l  of t h e  v e h i c l e  dynamics, 

a s  f o r  example i n  t h e  computer s i m u l a t i o n  s t u d y  of t h e  n e x t  s e c t i o n ,  t h e s e  

boundar ies  w i l l  s h i f t  f u r t h e r  t o  t h e  l e f t  and d i s p l a y  a  more r e s t r i c t i v e  

o p e r a t i n g  range o f  yaw s t a b i l i t y .  The r e s u l t s  of F i g u r e s  34-36 i n d i c a t e  

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



Rear h l e  
Variations 

r AVE BASELINE VEHICLE 
+ ADD 1 REAR AXLE 
0 REMOVE 1 REAR AXLE 

LATERAL ACCEL. C G ' S I  

r AVE BASELINE VEHICLE 
+ C.G. RAISED 6 IN. 
0 C.G. LOWERED 6 IN. 

LATERAL ACCEL.  CG'SI 

Figure  34. S e n s i t i v i t y  of yaw s t a b i l i t y  boundar ies  p r e d i c t e d  by t h e  
s i m p l i f i e d  a n a l y s i s  ( r e a r  a x l e  and c .g .  h e i g h t  v a r i a t i o n s ) .  

8 5 



Wheelbase 
Varia t ions  

r AVE BASELINE VEHICLE 
t WHEELBASE LENGTHENED 24 IN. 
0 VHEELBASE SHORTENED 24 IN. 

L A T E R A L  ACCEL. CG'SI 

R o l l  S t i f f n e s s  

AVE BASELINE VEHICLE 
t REAR ROLL STIFFNESS INCREASED 

BY 2 
0 REAR ROLL STIFFNESS DECREASED 

BY 1/2 

L A T E R A L  ACCEL. CG'SI 

F i g u r e  35. S e n s i t i v i t y  o f  yaw s t a b i l i t y  boundar ies  p r e d i c t e d  by t h e  
s i m p l i f i e d  a n a l y s i s  (wheelbase and r o l l  s t i f f n e s s  v a r i a t i o n s ) .  

8 6 



AVE BASELINE VEHICLE 
REAR TIRE LOAD SENSITIVITY 
INCREASED BY 30 PERCENT 
REAR TIRE LOAD SENSITIVITY 
DECREASED BY 30 PERCENT 

LATERAL ACCEL. CG'SI 

r AVE BASELINE VEtIICLE 
t FRONT TIRE LOAD SENSITIVITY 

INCREASED BY 30 PERCENT 
0 FRONT TIRE LOAD SENSITIVITY 

DECREASED BY 30 PERCENT 

LATERAL ACCEL. C G ' S I  

Figure  36. S e n s i t i v i t y  of yaw s t a b i l i t y  boundar i e s  p r e d i c t e d  by t h e  
s i m p l i f i e d  a n a l y s i s  ( r e a r / f r o n t  t i r e  p r o p e r t y  v a r i a t i o n s ,  
C 2  , C2a ). 
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s u f f e r s )  t h e  most from: ( a )  a d d i t i o n  (removal)  of r e a r  a x l e s ,  (b) changes 

i n  c .g .  h e i g h t ,  and ( c )  v a r i a t i o n s  i n  r e a r  t i r e  load  s e n s i t i v i t y  t o  ver-  

t i c a l  load.  G r e a t e r  s h a r i n g  of l a t e r a l  l o a d  t r a n s f e r  by t h e  f r o n t  a x l e  

a l s o  i n d i c a t e s  s i g n i f i c a n t  improvement i n  yaw s t a b i l i t y .  

A s  i n d i c a t e d ,  t h e  parameter  s e n s i t i v i t y  r e s u l t s  shown i n  F i g u r e s  

34-36 a r e  based upon t h e  s i m p l i f i e d  a n a l y s i s  con ta ined  i n  Appendices A and 

B. Th i s  a n a l y s i s  ex tends  t h e  c l a s s i c a l  s t eady- tu rn ing  e q u a t i o n  t o  i n c l u d e  

t h e  e f f e c t  of s ide - to - s ide  load t r a n s f e r  upon t h e  c o r n e r i n g  s t i f f n e s s  of 

each t i r e .  The n e t  r e s u l t  i s  a  more r a p i d  l o s s  of c o r n e r i n g  s t i f f n e s s  a t  

t h e  r e a r  of t h e  v e h i c l e ,  r e l a t i v e  t o  t h e  f r o n t ,  due t o  t y p i c a l  f o r e / a f r  

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

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

The c l a s s i c a l  s t eady- tu rn ing  e q u a t i o n  can be w r i t t e n ,  w i t h  t h e  

primed q u a n t i t i e s  deno t ing  dependence upon l a t e r a l  a c c e l e r a t i o n ,  a s :  

where 

8 i s  f r o n t  wheel a n g l e  

R is  p a t h  r a d i u s  

a  i s  l a t e r a l  a c c e l e r a t i o n  
Y 

R' is  t h e  s o - c a l l e d  e f f e c t i v e  wheelbase f o r  a  v e h i c l e  w i t h  
e  

tandem r e a r  suspens ion ,  b u t  h e r e ,  dependent upon l a t e r a l  

a c c e l e r a t i o n  

K' i s  t h e  c l a s s i c a l  u n d e r s t e e r  g r a d i e n t ,  K ,  e v a l u a t e d  w i t h  

l a t e r a l  acce le ra t ion-dependen t  c o r n e r i n g  s t i f f n e s s e s  

( s e e  Appendix A) 

The c a l c u l a t i o n  of c r i t i c a l  v e l o c i t y ,  
uc  ' o r  yaw s t a b i l i t y  boundar ies  

appear ing  i n  F i g u r e s  34-36 i s  based upon Equat ion ( B .  5)  , o r  



where l' and K' a r e  d e f i n e d  a s  above; a lL/3a and 3K1/3a r e p r e s e n t  t h e  
e  Y Y 

v a r i a t i o n s  of k b  and K' w i t h  r e s p e c t  t o  l a t e r a l  a c c e l e r a t i o n  ( s e e  Appendix 

B ) .  Noting t h a t  t h e  denominator of t h e  c r i t i c a l  v e l o c i t y  e x p r e s s i o n  i n  

Equat ion (5 .2)  i s  s imply t h e  l a t e r a l  acce le ra t ion-dependen t  u n d e r s t e e r  

g r a d i e n t ,  S ,  Equat ion (5 .2)  can be expressed a s :  

I f  t h e  q u a n t i t y ,  S ,  i s  p l o t t e d  a s  a  f u n c t i o n  of l a t e r a l  a c c e l e r a -  

t i o n  f o r  some r e p r e s e n t a t i v e  h igh  c . g .  heavy t r u c k ,  we would o b t a i n  a  graph 

of t h e  form shown i n  F i g u r e  37. We s e e  t h a t  a t  low l e v e l s  of l a t e r a l  

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

q u a d r a t i c - l i k e  f a s h i o n  as l a t e r a l  a c c e l e r a t i o n  i n c r e a s e s  above 0.2-0.3 g .  

(The t r a n s i t i o n  of t h i s  q u a n t i t y  from p o s i t i v e  t o  n e g a t i v e  v a l u e s  a s  

l a t e r a l  a c c e l e r a t i o n  i n c r e a s e s  i s  analogous t o  t h e  p o l a r i t y  of t h e  s l o p e  

of t h e  non- l inear  hand l ing  diagram i n  r e f l e c t i n g  t h e  t r a n s i t i o n  from under- 

s t e e r  t o  o v e r s t e e r . )  Also shown i n  t h i s  f i g u r e  a r e  t h r e e  a d d i t i o n a l  l i n e s  

r e p r e s e n t i n g  v a r i o u s  e lements  comprising t h e  q u a n t i t y  S .  Two of t h e s e  

e lements ,  " S t e e r i n g  System Compliance" and "Rol l  S t e e r , "  appear  a s  c o n s t a n t  

q u a n t i t i e s  on t h i s  p l o t ;  t h e  one l a b e l e d  "Tires"  is  t h e  element c o n t r i b u t i n g  

t o  t h e  q u a d r a t i c - l i k e  r e d u c t i o n  i n  S a s  l a t e r a l  a c c e l e r a t i o n  is  i n c r e a s e d .  

( A  v a l u e  of 3  deg/g was assumed f o r  t h e s e  c o n s t a n t  q u a n t i t i e s  i n  t h e  c a l -  

c u l a t i o n s  appear ing  i n  F igures  34-36.) The t h r u s t  of t h i s  f i g u r e  i l l u s t r a t e s ,  

q u i t e  conv inc ing ly ,  t h a t  t h e  c o n s t a n t - l i k e  u n d e r s t e e r  mechanisms of s t e e r i n g  

system compliance and r o l l  s t e e r  a r e  v e r y  q u i c k l y  overwhelmed by t h e  

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

t i r e  c o r n e r i n g  s t i f f n e s s  a s  l a t e r a l  a c c e l e r a t i o n  beg ins  exceeding 0.2-0.3 g  

f o r  such v e h i c l e s .  (As l a t e r a l  a c c e l e r a t i o n  i n c r e a s e s  f u r t h e r ,  a d d i t i o n a l  

l a t e r a l  t i re  f o r c e  l o s s e s  d e r i v i n g  from shear - fo rce - re la ted  p r o p e r t i e s  of 



\ Tires 

Figure 37. The influence of l a t e r a l  acceleration upon various understeer/ 
oversteer-contributing mechanisms. 



t h e  t r u c k  t i r e ,  and n o t  inc luded  h e r e ,  would g r a d u a l l y  supplement t h e  

c o r n e r i n g  s t i f f n e s s  l o s s e s  d i scussed  above.)  Without having s i m i l a r  

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

d e s i g n e r  i s  l e f t  w i t h  t h e  fo l lowing  means f o r  improving t h e  d i r e c t i o n a l  

s t a b i l i t y  of such v e h i c l e s  : (1 )  i n c r e a s i n g  f o r e / a f  t r o l l  s t i f f n e s s  d i s -  

t r i b u t i o n s  through i n c r e a s e d  f r o n t  suspens ion  and /or  frame r o l l - t o r s i o n a l  

s t i f f n e s s ,  o r  (2) s e l e c t i o n  of t i r e s  whose c o r n e r i n g  s t i f f n e s s  v a r i e s  more 

l i n e a r l y  t h a n  o t h e r s  w i t h  i n c r e a s i n g  l o a d  ( i . e . ,  l e s s  c u r v a t u r e  i n  t h e  C 
a  

v e r s u s  load  p l o t ) ,  o r  ( 3 )  a d d i t i o n  of more t i r e s  o r  a x l e s  a t  t h e  r e a r  of 

t h e  v e h i c l e .  I tems (1)  and (3) would a l s o  s e r v e  t o  improve t h e  r o l l  s t a b i l i t y  

of t h e  v e h i c l e .  

5.4 Computer S imula t ion  Study 

The fo l lowing  s e c t i o n  d e s c r i b e s  t h e  r e s u l t s  of t h e  computer simula- 

t i o n  s t u d y  which examined t h e  t u r n i n g  response  o f  t h r e e  s i m i l a r ,  though 

d i s t i n c t ,  heavy t r u c k  v e h i c l e s  ( s e e  Table  2 ) ,  a s  r e p r e s e n t e d  by a  compre- 

hens ive  computer model. The p r i n c i p a l  d i f f e r e n c e  between t h i s  s tudy  and 

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

d e f i n i n g  t h e  mechanics of t h e  v e h i c l e  and i t s  dynamic behav ior .  The 

computer model used h e r e  i s  t h e  same model employed i n  S e c t i o n  4 .2  and i s  

d e s c r i b e d  i n  Appendix D. 

5 .4 .1  Es t imat ion  of Vehic le  Parameters .  The computer model was 

used t o  s i m u l a t e  t h e  t u r n i n g  response  of t h e  t h r e e  b a s i c  s t r a i g h t  t r u c k  

v e h i c l e s  l e s c r i b e d  i n  Table.  Each was assumed t o  p o s s e s s  mass d i s t r i b u t i o n  

and geometr ic  p r o p e r t i e s  cons idered  c h a r a c t e r i s t i c  of t h i s  g e n e r a l  c l a s s  of 

h igh c.g.  t r u c k s  ( e . g . ,  c e r t a i n  types  of dump t r u c k s ,  cement mixers ,  and 

f ront-end load ing  t r a s h  h a u l e r s ,  some of which a r e  p e c u l i a r  t o  c e r t a i n  

s t a t e s  o r  r e g i o n a l  a r e a s ) .  The parameter  e s t i m a t e s  used t o  r e p r e s e n t  t h i s  

c l a s s  of v e h i c l e s  i n  t h e  computer model were based upon s imple  f i e l d  

measurements and photographs of t h e s e  types  of v e h i c l e s .  I n  a d d i t i o n ,  

UMTRI's r e s o u r c e  of v e h i c l e  pa ramete rs ,  which i n c l u d e  r e p r e s e n t a t i v e  suspen- 

s i o n  and t i re  d a t a ,  were a l s o  used t o  e s t i m a t e  parameter  v a l u e s  considered 

c h a r a c t e r i s t i c  of v a r i o u s  v e h i c l e  components. 



Table 3 l ists t h e  g e n e r a l  d e s c r i p t i o n  of t h r e e  t r u c k s  i d e n t i f i e d  a s  

Vehicle  A,  Veh ic le  B ,  and Vehic le  C ,  which r e p r e s e n t  h e r e  t h e  t h r e e  s t r a i g h t  

t r u c k  v e h i c l e  c o n f i g u r a t i o n s  i d e n t i f i e d  i n  Tab le  2 .  F i g u r e  38 shows t h e  

c o r n e r i n g  s t i f f n e s s  v a r i a t i o n  w i t h  v e r t i c a l  load  assumed f o r  bo th  t h e  f r o n t  

and r e a r  t i r e s .  The t i r e  d a t a  was t aken  from a  p rev ious  s t u d y  [ 9 ]  i n  which 

v a r i o u s  t i r e  measurements were  conducted on t i r e s  s i m i l a r  i n  s i z e  and con- 

s t r u c t i o n  t o  t h o s e  commonly observed on v e h i c l e s  of t h i s  c l a s s .  The 

suspens ion  r a t e s  shown i n  Table  3 a r e  f o r  t h e  e n t i r e  a x l e  ( l e f t  and r i g h t  

s p r i n g s ) .  Tag a x l e s  equipped w i t h  a i r  suspens ions  were  r e p r e s e n t e d  by low 

v e r t i c a l  s p r i n g  r a t e s  (2K) and h i g h  a u x i l i a r y  r o l l  s t i f f n e s s e s .  C a r e f u l  

a t t e n t i o n  was given t o  assembling computer model d a t a  s e t s ,  upon which t h e  

v e h i c l e  d e s c r i p t i o n s  i n  Table  3 a r e  based,  s o  a s  t o  avo id  p o r t r a y i n g  un- 

r e a l i s t i c  ranges  of geometr ic  and mass d i s t r i b u t i o n  p r o p e r t i e s .  Hence, t h e  

fo l lowing  computer s i m u l a t i o n  p r e d i c t i o n s ,  corresponding t o  v e h i c l e s  A ,  B ,  

and C ,  should  be viewed a s  r e p r e s e n t i n g  a  c e r t a i n  c l a s s  of h igh  c . g .  t r u c k s ,  

and n o t  a p p l i c a b l e  t o  t r u c k s  p o s s e s s i n g  moderate o r  low c e n t e r  of g r a v i t y  

h e i g h t s .  

5 .4 .2  Computer S imula t ion  R e s u l t s .  The methodology, o r  computer- 

based t e c h n i q u e ,  used f o r  conduct ing t h e  computer s i m u l a t i o n  s t u d y  i s  

d e s c r i b e d  a s  fo l lows :  For  a  p a r t i c u l a r  forward speed of t h e  v e h i c l e ,  a  

sequence of s t e a d y  t u r n s  were conducted.  Each s t e a d y  t u r n  d u r i n g  t h i s  

sequence was s l i g h t l y  more s e v e r e  t h a n  t h e  one b e f o r e  due t o  a n  incremented 

s t e e r i n g  ang le .  This  p r o c e s s  was con t inued  u n t i l  a n  i n s t a b i l i t y  developed,  

e i t h e r  i n  t h e  form of  r o l l o v e r  o r  yaw d ivergence .  The forward v e l o c i t y  and 

l a t e r a l  a c c e l e r a t i o n  l e v e l  a t  which t h e  i n s t a b i l i t y  f i r s t  occur red  d u r i n g  

each sequence was then  recorded  and used t o  d e f i n e  one p o i n t  on t h e  yaw/ 

r o l l  s t a b i l i t y  p l o t ,  s i m i l a r  t o  F i g u r e  33 .  This  p r o c e s s  would t h e n  be  

r e p e a t e d  f o r  s e v e r a l  forward v e l o c i t i e s  u n t i l  a n  adequa te  "mapping" of t h e  

y a w / r o l l  s t a b i l i t y  boundary was ach ieved  f o r  each v e h i c l e .  

F igure  39 shows a  r e p r e s e n t a t i v e  time h i s t o r y  r e s u l t  f o r  Vehic le  C ,  

i l l u s t r a t i n g  t h e  yaw d ivergence  phenomenon and how i t  l e a d s  t o  r o l l  in-  

s t a b i l i t y  i f  t h e  s t e e r i n g  a n g l e  remains f i x e d .  This  s i m u l a t i o n  r u n  was 

conducted a t  a  forward speed of 55 mph (88.5  k / h r )  and r e p r e s e n t s  a  v e l o c i t y -  

l a t e r a l  a c c e l e r a t i o n  p o i n t ,  a t  about  one second,  which is  w e l l  w i t h i n  t h e  
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Figure 38; The v a r i a t i o n  of f ron t  and r e a r  t i r e  cornering 
s t i f f n e s s e s  with v e r t i c a l  load. 
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~ a w - d i v e r g e n t  / r o l l - s t a b l e  r e g i o n  of F i g u r e  33 and moves, f o r  t h e  remaining 

t ime ,  toward t h e  r o l l  s t a b i l i t y  t h r e s h o l d .  S h o r t l y  a f t e r  one second,  t h e  

con t inuous ly  i n c r e a s i n g  yaw r a t e  response ,  c h a r a c t e r i s t i c  of yaw d i v e r -  

gence,  has  begun. We observe  t h a t  a f t e r  f i v e  seconds t h e  r o l l  a n g l e  i s  

exceeding seven degrees  and t h e  r e a r  i n s i d e  t i r e s  a r e  approaching l i f t - o f f .  

Note t h a t  t h e  s t a r t  of yaw d ivergence  i s  c l e a r l y  apparen t  w i t h i n  1 .5  seconds 

f o r  t h i s  r u n  a t  a  r e l a t i v e l y  low l a t e r a l  a c c e l e r a t i o n  l e v e l  of 6 f t / s e c 2  

(0.2 g ) .  I n  f a c t ,  t u r n s  a s  low i n  s e v e r i t y  a s  0.18 g ' s  were shown t o  pro- 

duce yaw d ivergence  ( r e q u i r i n g  more t ime  t o  develop)  i n  t h i s  v e h i c l e  a t  a  

forward speed of 55 mph (88.5 k / h r ) .  

F igure  40 summarizes, i n  t h e  same manner a s  F i g u r e  33, t h e  r e s u l t s  

of t h e  computer s i m u l a t i o n  s t u d y  f o r  Vehic les  A ,  B y  and C.  The v e r t i c a l  

l i n e s  r e p r e s e n t  t h e  r o l l  t h r e s h o l d s  p r e d i c t e d  f o r  each v e h i c l e ;  t h e  l i n e s  

curving upward t o  t h e  l e f t  r e p r e s e n t  t h e  yaw s t a b i l i t y  boundar ies  p r e d i c t e d  

f o r  each v e h i c l e .  Also shown i n  t h i s  f i g u r e  a r e  two dashed l i n e s  which 

show t h e  movement, l e f t w a r d ,  of t h e  yaw s t a b i l i t y  boundar ies  f o r  Vehic les  A 

and B a s  a  r e s u l t  of  having removed t h e  rea rmos t  a x l e  from each v e h i c l e .  

The g e n e r a l  range of yaw s t a b i l i t y  boundar ies  p r e d i c t e d  by t h e  

computer s i m u l a t i o n  model i n  F i g u r e  40 a r e  observed t o  be somewhat more 

r e s t r i c t i v e  ( l o c a t e d  more t o  t h e  l e f t )  t h a n  t h e  s i m i l a r  r ange  of yaw 

s t a b i l i t y  boundar ies  p r e d i c t e d  by t h e  s i m p l i f i e d  a n a l y s i s  of t h e  p rev ious  

s e c t i o n .  Th is  d i f f e r e n c e  i s  due t o :  (1) t h e  s t a t i c  s i d e - t o - s i d e  load  

t r a n s f e r  assumption used i n  t h e  s i m p l i f i e d  a n a l y s i s  i s  e s p e c i a l l y  con- 

s e r v a t i v e ,  and ( 2 )  a d d i t i o n a l ,  mi ld  n o n - l i n e a r i t i e s  p r e s e n t  i n  t h e  computer 

s i m u l a t i o n  t i re  r e p r e s e n t a t i o n  a t  low la tera l  a c c e l e r a t i o n  l e v e l s  f u r t h e r  

c o n t r i b u t e  t o  t h e  d e s t a b i l i z a t i o n  p r o c e s s .  R e c a l l ,  however, t h a t  t h e  

pr imary purpose of t h e  s i m p l i f i e d  s e n s i t i v i t y  a n a l y s i s  was t o  a i d  i n  under- 

s t a n d i n g  t h e  development of yaw d ivergence ,  and a l s o ,  t o  p r o v i d e  a  s imple  

means o f  examining t h e  s e n s i t i v i t y  of yaw s t a b i l i t y  boundar ies  t o  v e h i c l e  

parameter  v a r i a t i o n s .  Fur thermore,  i f  F i g u r e  40 i s  viewed a s  a  parameter  

v a r i a t i o n  e x e r c i s e  ( i . e . ,  removal of one o r  more a x l e s ,  v a r i a t i o n s  i n  c .g .  

h e i g h t s  and f o r e l a f t  r o l l  s t i f f n e s s ) ,  some of which a r e  o c c u r r i n g  s imul tan-  

e o u s l y ,  many of  t h e  s e n s i t i v i t i e s  sugges ted  by t h e  s i m p l i f i e d  a n a l y s i s  of 

S e c t i o n  5 .3  a r e  s t r o n g l y  r e f l e c t e d  i n  t h e  computer s i m u l a t i o n  r e s u l t s  of 

t h i s  s e c t i o n .  



VEHICLE: 
YAW STABILITY BOUNDARIES 

LATERAL ACCELERATION CG'SI 

Figure 40. Summary of t h e  y a w / r o l l  s t a b i l i t y  f i n d i n g s  from the  computer 
s i n u l a t i o n  s tudy .  
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The r e s u l t s  o f  t h e  computer s i m u l a t i o n  s t u d y  p resen ted  i n  F igure  

40 sugges t  t h a t  under s t eady- tu rn ing  c o n d i t i o n s :  

1 )  The maximum l a t e r a l  a c c e l e r a t i o n  o p e r a t i n g  range  f o r  t h e s e  

v e h i c l e s  i s  g r e a t e s t  a t  low speeds ,  becoming i n c r e a s i n g l y  r e s t r i c t e d  a s  

speed i n c r e a s e s .  

2) I n c r e a s i n g  t h e  number o f  r e a r  a x l e s  and /or  lowering t h e  c e n t e r  

o f  g r a v i t y  h e i g h t  a r e  e f f e c t i v e  methods f o r  reduc ing  t h e  l i k e l i h o o d  of yaw 

i n s t a b i l i t i e s  o c c u r r i n g  a t  highway speeds  i n  v e h i c l e s  of t h i s  g e n e r a l  

c l a s s .  (An approximate  measure of t h e  r e l a t i v e  importance o f  performing 

one o r  t h e  o t h e r  of t h e s e  changes independen t ly  can be s e e n  i n  t h e  s i m p l i f i e d  

a n a l y s i s  c a l c u l a t i o n s  of F i g u r e  34. ) 

3) Yaw i n s t a b i l i t i e s  a r e  n o t  l i k e l y  t o  be encountered a t  speeds  

l e s s  t h a n  25 mph (40.2 k / h r )  f o r  t h i s  c l a s s  of v e h i c l e s .  

And more s p e c i f i c i a l l y ,  

4)  Moderate wheelbase t r u c k s  which ( a )  p o s s e s s  sprung mass c e n t e r  

o f  g r a v i t y  h e i g h t s  g r e a t e r  than  80 i n c h e s  (2 .03 m) (payload + t r u c k  body 

w e i g h t ) ,  (b )  are equipped w i t h  a r e a r  tandem suspens ion  of average  s t i f f -  

n e s s ,  ( c )  p o s s e s s  t i r e s  of average  t r a c t i o n  which e x h i b i t  c o r n e r i n g  s t i f f n e s s  

v a r i a t i o n  w i t h  v e r t i c a l  load  similar t o  t h a t  shown i n  F i g u r e  38, and (d) 

a r e  loaded i n  a manner s i m i l a r  t o  Vehic le  C o f  Table  3,  a r e  c a p a b l e  of 

deve lop ing  yaw i n s t a b i l i t i e s  a t  l a t e r a l  a c c e l e r a t i o n  l e v e l s  l e s s  t h a n  0.2 g  

w h i l e  o p e r a t i n g  on h o r i z o n t a l  s u r f a c e s  a t  speeds  above 40 mph (64.4 k / h r ) .  

5)  A r e p r e s e n t a t i v e  range  of r o l l o v e r  t h r e s h o l d s  is 0.28 t o  0 .41 

g ' s  f o r  t h e  group of v e h i c l e s  examined i n  t h i s  s tudy .  

5 .5  Closed-Loop S t a b i l i z a t i o n  o f  Yaw-Divergent Vehic les  

The r e s u l t s  of t h e  p r e v i o u s  s e c t i o n s  sugges t  t h a t  c e r t a i n ,  high- 

cen te r -o f -g rav i ty  t r u c k s ,  o p e r a t i n g  a t  highway speeds  can e x h i b i t  yaw 

d ivergence  behavior  under r e l a t i v e l y  low l a t e r a l  a c c e l e r a t i o n  t u r n i n g  con- 

d i t i o n s .  I f  s o ,  a  n a t u r a l  q u e s t i o n  which a r i s e s  i s ,  "Can d r i v e r s ,  through 

normal compensating o r  c o r r e c t i v e  s t e e r i n g  a c t i o n ,  s t a b i l i z e  t h e  v e h i c l e  



and m a i n t a i n  adequate  maneuverab i l i ty  under t h e s e  c o n d i t i o n s ? "  To beg in  

t o  a d d r e s s  t h i s  q u e s t i o n ,  a  s m a l l  s t u d y  was conducted t o  examine t h e  

q u e s t i o n  of c losed- loop s t a b i l i z a t i o n  o f  yaw-divergent v e h i c l e s  w i t h i n  t h e  

yaw-divergent/roll-stable r e g i o n  of F i g u r e  33. That i s ,  r e f e r r i n g  t o  

F i g u r e  33, o p e r a t i o n  w i t h i n  a  r e g i o n  t o  t h e  r i g h t  of t h e  v e h i c l e ' s  yaw 

s t a b i l i t y  boundary and t o  t h e  l e f t  of i ts  r o l l o v e r  t h r e s h o l d .  

R e s u l t s  of s e v e r a l  computer s i m u l a t i o n  r u n s  performed w i t h  t h e  a i d  

of a  d r i v e r  model [ 1 7 ] ,  i n d i c a t e d  t h a t  s t a b i l i z a t i o n  of t h e  closed-loop 

( d r i v e r - c o n t r o l l e d )  sys tem was p o s s i b l e  whi le  r e t a i n i n g  maneuverab i l i ty  o r  

p a t h  c o n t r o l  i n  t h i s  regime. However, b o t h  s t a b i l i t y  and maneuverab i l i ty  

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

The comprehensive computer model [16]  and a s s o c i a t e d  d r i v e r  model 

[17]  were employed i n  t h i s  a c t i v i t y  t o  s i m u l a t e  t h e  c losed- loop d r i v e r /  

v e h i c l e  system. Average d r i v e r  model parameters  r e f l e c t i n g  d r i v e r s '  "look- 

ahead" t ime and response  l a g  were used t o  s i m u l a t e  t h e  d r i v e r  c o n t r o l  

c h a r a c t e r i s t i c s .  F igures  4 1  and 42 show computer s i m u l a t i o n  r e s u l t s  f o r  a  

t h r e e - a x l e  v e h i c l e ,  s i m i l a r  t o  Vehic le  C ( b u t  w i t h  reduced a x l e  l o a d i n g s  

of 1 6 ~ / 1 6 ~ / 1 6 ~  ( 7 1 ~ ~ / 7 1 ~ ~ / 7 1 ~ ~ )  and 75-inch (1.9-m) c . g .  h e i g h t ) ,  perform- 

i n g  a  50-mph (80.5-k/hr)  closed-loop c i r c u l a r  t u r n  a t  0.19 g ' s  and 0.26 g ' s ,  

r e s p e c t i v e l y .  F igure  4 1  corresponds t o  a l a t e r a l  a c c e l e r a t i o n  l e v e l  which 

i s  below t h i s  v e h i c l e ' s  yaw s t a b i l i t y  boundary,  w h i l e  F i g u r e  42 corresponds 

t o  a  p o i n t  above t h e  v e h i c l e ' s  yaw s t a b i l i t y  boundary b u t  below i ts  r o l l -  

o v e r  t h r e s h o l d .  Both d r i v e r / v e h i c l e  systems t r a c k  t h e  c i r c u l a r  p a t h s  w i t h  

l i t t l e  d i f f i c u l t y .  However, as can be s e e n  i n  t h e s e  two f i g u r e s ,  t h e  n a t u r e  

of t h e  closed-loop s t e e r i n g  f u n c t i o n s  a r e  ve ry  d i s s i m l a r .  F igure  4 1  shows 

a  r e l a t i v e l y  c o n s t a n t  s t e e r  c o n t r o l  a f t e , r  3-4 seconds  ( a s  one would e x p e c t ) ,  

w h i l e  F i g u r e  42 shows a  s low o s c i l l a t o r y  s t e e r i n g  c o n t r o l .  

The t ime-varying,  closed-loop s t e e r i n g  c o n t r o l  c h a r a c t e r i s t i c s  f o r  

t h e  yaw-divergent v e h i c l e  i n  F i g u r e  42 can be  unders tood by n o t i n g  t h a t  a  

yaw-divergent v e h i c l e  (wi thou t  d r i v e r  c o n t r o l )  w i l l  respond t o  any d i s t u r -  

bance by d i v e r g i n g  away from a n  o t h e r w i s e  s t r a i g h t - l i n e  pa th .  C l e a r l y ,  a  

f i x e d  l e v e l ,  closed-loop s t e e r i n g  c o n t r o l ,  a s  i s  a p p r o p r i a t e  f o r  fo l lowing  

a  c i r c u l a r  t u r n  i n  t h e  c a s e  of a  y a w s t a b l e  v e h i c l e ,  i s  n o t  a p p r o p r i a t e  
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F i g u r e  42.  Closed-loop ( d r i v e r - c o n t r o l l e d )  c i r c u l a r  t u r n i n g  maneuver, 
o p e r a t i n g  o u t s i d e  t h e  v e h i c l e  yaw-stable boundary.  



f o r  a  yaw-divergent v e h i c l e .  I n s t e a d ,  a  c o n t i n u a l l y  changing s t e e r i n g  

c o n t r o l ,  which c o n s t a n t l y  c o r r e c t s  t h e  path-divergence t endenc ies  of t h e  

more dynamically varying yaw-divergent v e h i c l e ,  i s  t h e  r e q u i r e d  s t e e r i n g  

c o n t r o l  s t r a t e g y .  ( I f  t h e  maneuver, a s  d e s c r i b e d  h e r e ,  l a s t e d  f o r  a  long 

enough per iod  of t ime,  t h e  o s c i l l a t o r y  s t e e r i n g  c o n t r o l  would e v e n t u a l l y  

d i e  o u t ,  s e t t l i n g  on a  q u a s i - l i k e  f i x e d  v a l u e . )  Needless t o  s a y ,  such 

v e h i c l e  c h a r a c t e r i s t i c s  r e q u i r e  ve ry  a t t e n t i v e  d r i v e r s  under t h e s e  circum- 

s t a n c e s  and a r e  h a r d l y  d e s i r a b l e .  

The purpose of p r e s e n t i n g  and d i s c u s s i n g  such r e s u l t s  is  not t o  

s a n c t i o n  o r  encourage closed-loop o p e r a t i o n  w i t h i n  t h e  yaw-divergent / rol l -  

s t a b l e  regime, but  i n s t e a d ,  t o  t r y  t o  a d d r e s s  c e r t a i n  q u e s t i o n s  and pre- 

v a i l i n g  n o t i o n s  t h a t  e n t e r i n g  t h i s  regime w i l l  p r e c i p i t a t e  a suddenly un- 

s t a b l e  o r  uncon t ro l l ed  d r i v e r / v e h i c l e  system. Based on t h e s e  r e s u l t s ,  

t h e r e  appears  t o  be no th ing  "magical" about  t h e  yaw s t a b i l i t y  boundary f o r  

closed-loop o p e r a t i o n  except  f o r  t h e  requirement  of d r i v e r s  t o  use  a  con- 

t i n u o u s l y  va ry ing  (and presumably u n d e s i r a b l e  and more demanding) s t e e r i n g  

c o n t r o l  t o  s t a b i l i z e  t h e  d i r e c t i o n a l  v e h i c l e  dynamics a t  l a t e r a l  a c c e l e r a -  

t i o n  l e v e l s  above t h i s  boundary. I n  a d d i t i o n ,  i t  was observed t h a t  t h e  

d i r e c t i o n a l  s t a b i l i t y  of t h e  closed-loop d r i v e r l v e h i c l e  system i s  g r a d u a l l y  

degraded a s  l a t e r a l  a c c e l e r a t i o n  o p e r a t i n g  c o n d i t i o n s  a r e  inc reased  from 

low l e v e l s  t o  t h e  r o l l o v e r  t h r e s h o l d .  

Another example, u s i n g  t h e  same model, demonstra tes  t h e  yaw 

s t a b i l i z i n g  b e n e f i t s  de r ived  from roadway s u p e r e l e v a t i o n .  F i g u r e  43 shows 

a  l i m i t - l e v e l  0.3 g ,  55 mph (88.5 k / h r ) ,  closed-loop c i r c u l a r  t u r n  by t h e  

same v e h i c l e  (Figs .  41, 42)  on a  f l a t  h o r i z o n t a l  road and o p e r a t i n g  above 

i t s  yaw s t a b i l i t y  boundary. F igure  44 shows t h e  same maneuver r e p e a t e d ,  

b u t  now on a  roadway which g r a d u a l l y  i n c r e a s e s  i n  s u p e r e l e v a t i o n  t o  a  f i x e d  

v a l u e  of e i g h t  pe rcen t .  While t h e  hor izon ta l -p lane  l a t e r a l  a c c e l e r a t i o n  is  

s t i l l  0 .3 g ' s  i n  n e g o t i a t i n g  t h i s  t u r n ,  t h e  presence o f  s u p e r e l e v a t i o n  

reduces  t h e  l a t e r a l  t i r e  f o r c e  requirements  t o  m a i n t a i n  t h e  same c i r c u l a r  

pa th  and a l s o  decreases  t h e  s ide- to-s ide  load  t r a n s f e r .  S ince  rear-end 

load t r a n s f e r /  t i r e  load  s e n s i t i v i t y  i s  t h e  p r i n c i p a l  mechanism r e s p o n s i b l e  

f o r  yaw-divergent v e h i c l e  dynamic behav ior ,  a  s t a b i l i z i n g  e f f e c t  should 

a c c r u e  from t h e  p resence  of s u p e r e l e v a t i o n .  F igure  44 c l e a r l y  r e f l e c t s  
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such an improvement w i t h  a  yaw-stable, c:losed-loop s t e e r i n g  c o n t r o l  s i m i l a r  

t o  t h a t  shown i n  F igure  41,  and g r e a t l y  reduced s ide - to - s ide  load t r a n s f e r .  

These l a s t  examples r a i s e  t h e  i n t e r e s t i n g  q u e s t i o n  of whether t h e  

yaw divergence phenomena, a s  suggested by t h e s e  computer-based f i n d i n g s ,  

and s o  e f f e c t i v e l y  countered by s u p e r e l e v a t e d  curves  and t o  some e x t e n t  by 

d r i v e r  s t e e r i n g  c o n t r o l ,  should be,  i n  a. v e r y  p r a c t i c a l  sense ,  a  r e a l  

concern.  That i s ,  s i n c e  t h e  development of yaw d ivergence  r e q u i r e s  high- 

speed t u r n i n g  on p r i m a r i l y  h o r i z o n t a l - l i k e  s u r f a c e s ,  do ample o p p o r t u n i t i e s  

o r  s c e n a r i o s  a c t u a l l y  e x i s t  w i t h i n  t h e  highway system f o r  v e h i c l e s ,  such a s  

t h o s e  s t u d i e d  h e r e ,  t o  develop yaw i n s t a b i l i t i e s ?  Does t h e  l e v e l  of 

s u p e r e l e v a t i o n  i n  expressway curves ,  e x i t  ramps, and r u r a l  highway curves ,  

a s  determined by common des ign  p r a c t i c e ,  e f f e c t i v e l y  n e g a t e  t h e  l i k e l i h o o d  

of yaw i n s t a b i l i t i e s  o c c u r r i n g  i n  such v e h i c l e s ?  To what e x t e n t  a r e  a c t u a l  

d r i v e r s  capab le  of d e t e c t i n g ,  c o n t r o l l i n g ,  and overcoming yaw-divergent 

behavior  of c e r t a i n  v e h i c l e s ?  While such q u e s t i o n s  a r e  c l e a r l y  p e r t i n e n t  

and should be pursued,  i t  i s  a l s o  t r u e  t h a t  t h e  des ign  of heavy t r u c k  

v e h i c l e s ,  s o  a s  t o  g r e a t l y  d imin i sh  o r  e l i m i n a t e  t h e  p o s s i b i l i t y  of yaw 

i n s t a b i l i t y  occur rences ,  is undoubtedly t h e  most e f f e c t i v e  means f o r  

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

5.6 S t e e r a b l e  Tag Axles 

A t r e n d  toward equipping c e r t a i n  types  of commercial v e h i c l e s  

w i t h  s t e e r a b l e  t a g  a x l e s  h a s  become apparen t  i n  r e c e n t  years .  The p r i n c i p a l  

r eason  f o r  us ing s t e e r a b l e  t a g  a x l e s  ( i n  a d d i t i o n  t o  being a b l e  t o  c a r r y  

g r e a t e r  load)  i s  t o  r e t a i n  maneuverab i l i ty  and avoid  t i r e  wear (scrubbing)  

under low-speed t u r n i n g  c o n d i t i o n s .  Apparent ly ,  a  v a r i e t y  of such arrange-  

ments e x i s t  i n  t h e  commercial v e h i c l e  popula t ion .  However, one v e h i c l e  

which UMTRI had an o p p o r t u n i t y  t o  s t u d y  i n  some d e t a i l  was an  otherwise  

conven t iona l  four -ax le  cement mixer,  b u t  which included a  t ag  a x l e  l o c a t e d  

approximately  12 f e e t  (3.66 m) behind t h e  r e a r  tandem suspension.  The r e a r  

t a g  a x l e  was t y p i c a l l y  loaded t o  12,000 I b  (53,380 N)  (62,000-72,000 l b  

(275,800-320,300 N) g r o s s  v e h i c l e  weight)  and was equipped w i t h  s t e e r a b l e  

wheels which c a s t e r e d .  By " d i a l i n g  in" d i f f e r e n t  yardages  of cement a t  

t h e  s i d e  of t h e  v e h i c l e ,  h y d r a u l i c  rams load  t h e  r e a r  t a g  a x l e  t o  p r e s c r i b e d  



o r  p r e s e t  v e r t i c a l  loads .  "Booster Mixer'' ("booster"  l o a d  on t h e  t a g  a x l e )  

i s  t h e  most common term used f o r  d e s c r i b i n g  such v e h i c l e s .  

I n i t i a l  hypotheses  about  t h i s  p a r t i c u l a r  c o n f i g u r a t i o n  of a  s t e e r a b l e  

t a g  a x l e  was t h a t  i t  would promote poor hand l ing  q u a l i t i e s .  The rearwar  

p o s i t i o n i n g  and l o a d i n g  t o  12,000 l b s  (53,380 N) of a  non-s tee rab le  t a g  

a x l e  would normal ly  produce a ( d e s t a b i l i z i n g )  rearward s h i f t  i n  c .g .  which 

would be approximately  o f f s e t  by a  ( s t a b i l i z i n g )  l eng thened  wheelbase 

e f f e c t .  However, s t e e r i n g  of t h e  t a g  a x l e  wheels does  n o t  l e n g t h e n  t h e  

e f f e c t i v e  wheelbase (no l a t e r a l  t i r e  f o r c e s  produced) and the reby  r e s u l t s  

i n  a d e s t a b i l i z i n g  rearward c.g.  s h i f t  a lone .  S ince  such v e h i c l e s  a r e  

h i g h l y  r e a r  b i a s e d  i n  l o a d  t o  beg in  w i t h ,  t h e  l a r g e  a f t  p o s i t i o n i n g  of t h e  

s t e e r a b l e  t a g  a x l e  could  s i g n i f i c a n t l y  s h i f t  t h e  c.g. p o s i t i o n  rearward,  

the reby  degrading t h e  a l r e a d y  p r e c a r i o u s  yaw s t a b i l i t y  l e v e l s  f o r  t h i s  k ind 

o f  v e h i c l e .  

R e s u l t s  of a  computer s i m u l a t i o n  s t u d y  which examined t h i s  type  of 

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

employed i n  t h e  above-described manner, produce a r a p i d  d e g r a d a t i o n  of high- 

speed d i r e c t i o n a l  s t a b i l i t y .  F i g u r e s  45 and 46 show example r e s u l t s  f o r  a 

s imula ted  "Booster Mixer" w i t h  a x l e  l o a d s  of 18K/ 19K/19~/12K (80KN/84.5KN/ 

84 .5KN153.4~)  performing a 20-degree f  i x e d - s t e e r  t u r n i n g  maneuver a t  55 

mph (88.5 k / h r ) .  F i g u r e  45 is  t h e  same r u n  a s  shown i n  F i g u r e  46, b u t  

wi thou t  t a g  a x l e  s t e e r i n g .  A s  s e e n ,  t h e  e f f e c t  of p e r m i t t i n g  t h e  r e a r  t a g  

a x l e  t o  c a s t e r ,  r a t h e r  t h a n  remain f i x e d ,  produces a n  u n s t a b l e  yaw response  

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

o f  t h i s  i n s t a b i l i t y  is  t h a t  i t  i s  p r e s e n t  a t  v e r y  low l e v e l s  of l a t e r a l  

a c c e l e r a t i o n .  Whereas t h e  v e h i c l e s  examined e a r l i e r  i n  t h i s  c h a p t e r  r e q u i r e d  

t h a t  a  c e r t a i n  l e v e l  o f  l a t e r a l  a c c e l e r a t i o n  be  ach ieved  b e f o r e  p r e c i p i -  

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

e x h i b i t  l i t t l e  o r  no l a t e r a l  a c c e l e r a t i o n  s t a b i l i t y  margin a t  55 mph (88.5 

k / h r )  . 
To examine what s t e e r i n g  c o n t r o l  c h a l l e n g e s  such  a  v e h i c l e  might 

p r e s e n t  t o  d r i v e r s  dur ing  high-speed highway maneuvers, a  b r i e f  s e r i e s  of 

closed-loop ( d r i v e r - c o n t r o l l e d )  s i m u l a t i o n s  were performed. A 12-foot 

(3.66 m) l a n e  change s e r v e d  a s  t h e  nominal maneuver. F i g u r e  47 shows an 



Figure 45. Simulated "Booster Yixer" - no tag ax le  s t e e r i n g  - 55 mph 
(88.5 k /h r )  , 20' f ixed  s t e e r  turning maneuver. 
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Figure 46. Simulated "Booster Mixer" - wich tag  a x l e  s t e e r i n g  - 55  mph 
(88.5 k / h r ) ,  20' f i x e d  s t e e r  t u rn ing  maneuver. 
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". r l g u r e  4 7 .  S inula ted  "Booster ?iixerU - 55 ;c7h (88.5  Z / h r ) ,  dr iver -  
con t ro l l ed  lane-change maneuver. 
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example r e s u l t  performed a t  a  speed o f  55 mph (88.5 k / h r )  s u g g e s t i n g  a  

m a r g i n a l l y  s t a b l e  d r i v e r  / v e h i c l e  system. Repeating t h e  same maneuver a t  

40 mph (64.4 k / h r )  ( F i g u r e  48) demonstrated c o n s i d e r a b l y  improved p a t h  and 

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

c o n t r o l  by t h e  s imula ted  d r i v e r .  V a r i a t i o n  i n  t h e  b a s i c  d r i v e r  model 

parameters  ( d r i v e r  preview time and t r a n s p o r t  l a g )  d i d  no t  have s i g n i f i c a n t  

i n f l u e n c e  i n  a l t e r i n g  t h e  b a s i c  r e s u l t s  shown i n  F i g u r e s  47 and 48. This 

cou ld  sugges t  t h a t  new d r i v e r s  of such v e h i c l e s  would f i n d  l i m i t e d  means of 

compensating t h e i r  normal c o n t r o l  s t r a t e g y  t o  overcome t h e  i n h e r e n t  d e f i -  

c i e n c i e s  p r e s e n t  i n  t h e  v e h i c l e  d i r e c t i o n a l  dynamics. Presumably more 

exper ienced d r i v e r s  of b o o s t e r  mixers  have developed a  set of l e a r n e d  s t e e r -  

i n g  responses  which a r e  c a p a b l e  of s t a b i l i z i n g  t h e  c losed- loop system t o  

s i g n i f i c a n t l y  g r e a t e r  degree  t h a n  t h a t  d e p i c t e d  i n  F i g u r e  47 under s i m i l a r  

c i rcumstances .  

I t  shou ld  be emphasized t h a t  t h e  kind of b o o s t e r  mixer be ing  d i s -  

cussed above is  d i s t i n c t  i n  having t a g  a x l e  wheels which a r e  e s s e n t i a l l y  f r e e  

t o  c a s t e r .  That i s ,  u n l i k e  some b o o s t e r  mixers  which have h y d r a u l i c a l l y -  

c o n t r o l l e d  s t e e r a b l e  wheels ( l i n k e d  by a se rvo-con t ro l l ed  d e v i c e  t o  t h e  

d r i v e r - s t e e r e d  f r o n t  whee l s ) ,  t h e  v e h i c l e s  be ing  examined h e r e  employ no 

a c t i v e  s t e e r i n g  c o n t r o l l e r  a t  t h e  s t e e r a b l e  t a g  wheels .  I t  is v e r y  l i k e l y  

t h a t  t h e  m a j o r i t y  o f  h y d r a u l i c a l l y - c o n t r o l l e d  b o o s t e r  mixers  do n o t  s u f f e r  

t h e  same degrada t ion  i n  hand l ing  q u a l i t i e s  a s  t h e  type  examined h e r e .  

5.7 Chapter  Summary and Conclusions  

The computer-based r e s u l t s  d i s c u s s e d  i n  t h i s  c h a p t e r  s u g g e s t  t h a t  

c e r t a i n  heavy t r u c k s ,  c h a r a c t e r i z e d  p r i m a r i l y  by high c e n t e r s  of g r a v i t y ,  

can develop yaw d ivergence  i n s t a b i l i t i e s  d u r i n g  high-speed s t e a d y  t u r n s  a t  

r e l a t i v e l y  low l e v e l s  of l a t e r a l  a c c e l e r a t i o n .  A s i m p l i f i e d  a n a l y s i s ,  

d i r e c t e d  toward i d e n t i f y i n g  t h e  s e n s i t i v i t y  of yaw s t a b i l i t y  t h r e s h o l d s  t o  

t y p i c a l  v e h i c l e  parameter  v a r i a t i o n s ,  was shown t o  p r e d i c t  r e a s o n a b l e  

r e s u l t s  when compared t o  r e s u l t s  of a  more comprehensive computer s i m u l a t i o n  

s t u d y .  A more thorough examinat ion of t h e  dynamic behavior  of t h e s e  

v e h i c l e s  d u r i n g  s t e a d y  t u r n i n g  was conducted w i t h  t h e  u s e  of comprehensive 

computer models used f o r  s i m u l a t i n g  vehicle-driver-roadway i n t e r a c t i o n s .  



Figure 48. Simulated "Booster Yixer" - 40 nph 

lane-change ma~euver . 
(64 .4  k l h r )  , dr ive r -con t ro l l ed  



S p e c i f i c  conc lus ions ,  a p p l i c a b l e  t o  t h e  c l a s s  of h igh  c e n t e r  of 

g r a v i t y  t r u c k s  examined h e r e ,  and based upon t h e  r e s u l t s  of t h e  computer 

s i m u l a t i o n  s t u d y  a r e  : 

A )  Yaw divergence behav ior  dur ing  s t e a d y  t u r n i n g  is p o s s i b l e  i n  

such v e h i c l e s  o p e r a t i n g  a t  e l e v a t e d  speeds  and r e l a t i v e l y  low l a t e r a l  

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

B)  The occur rence  o f  yaw d ivergence  d u r i n g  s teady- tu rn ing  condi- 

t i o n s  w i l l  l e a d  t o  r o l l o v e r  i n  t h e  absence of c o r r e c t i v e  s t e e r i n g  a c t i o n  

and /or  reduced speed.  

C) The p r i n c i p a l  mechanism r e s p o n s i b l e  f o r  t h e  p roduc t ion  of yaw 

d i v e r g e n t  behavior  a t  low l a t e r a l  a c c e l e r a t i o n  l e v e l s  and e l e v a t e d  speeds 

is  t h e  non- l inear  s e n s i t i v i t y  of t r u c k  t i r e  c o r n e r i n g  s t i f f n e s s  t o  v e r t i c a l  

l o a d  ( i . e . ,  t h e  degree  of c u r v a t u r e  i n  a  t i r e ' s  c o r n e r i n g  s t i f f n e s s  v e r s u s  

v e r t i c a l  load p l o t ) .  

D) Although v e h i c l e  yaw d ivergence  behavior  may be s t a b i l i z e d  by 

c o r r e c t i v e  s t e e r i n g  a c t i o n s  of d r i v e r s ,  t h e  margin of s t a b i l i t y  of such 

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

sys tems possess ing  s t a b l e  yaw dynamics. 

E) The presence  of s u p e r e l e v a t i o n  i n  highway curves  a c t s  n o t  on ly  

t o  c o n t r i b u t e  r o l l  s t a b i l i z a t i o n  t o  such v e h i c l e s ,  b u t  i s  a l s o  a p a r t i -  

c u l a r l y  powerful  means f o r  reducing t h e  l i k e l i h o o d  of yaw divergence.  

F) Reasonable v e h i c l e - r e l a t e d  m o d i f i c a t i o n s  which could be per-  

formed t o  i n c r e a s e  t h e  y a w / r o l l  s t a b i l i t y  of t h e s e  v e h i c l e s  a r e :  (1) 

i n c r e a s e s  i n  f o r e l a f t  r o l l  s t i f f n e s s  d i s t r i b u t i o n ,  (2)  use  of a d d i t i o n a l  

t i r e s  o r  a x l e s  (non-s teer ing)  a t  t h e  r e a r  of t h e  v e h i c l e ,  ( 3 )  lowering of 

t h e  c e n t e r  of g r a v i t y ,  and (4 )  s e l e c t i o n  of r e a r  t i r e s  w i t h  more l i n e a r -  

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

G )  Veh ic le  parameters  found t o  have t h e  g r e a t e s t  i n f l u e n c e  upon 

t h e  development of yaw divergence i n  t h e  s t r a i g h t  t r u c k  v e h i c l e  c l a s s  

examined h e r e  a r e :  



1 )  Rear t i r e  corner ing  s t i f f n e s s  v a r i a t i o n  w i t h  v e r t i c a l  

load .  A t i r e  which e x h i b i t s  g r e a t e r  c u r v a t u r e ,  t h a n  a  - 
s i m i l a r  t i r e ,  i n  i t s  corner ing  s t i f f n e s s  v e r s u s  l o a d  

p l o t  ( s e e  F ig .  38) w i l l ,  i n  g e n e r a l ,  be a  more l i k e l y  

c o n t r i b u t o r  t o  v e h i c l e  yaw divergence.  

2 )  Center  of g r a v i t y  h e i g h t .  Veh ic les  possess ing  g r e a t e r  

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

dur ing  corner ing .  G r e a t e r  load  t r a n s f e r  l e v e l s  a c r o s s  an  

a x l e  exaggera te  t h e  n e t  l o s s  of c o r n e r i n g  s t i f f n e s s  ( s e e  

i t em (1)  and Appendix A ) .  

3 )  F o r e / a f t  r o l l  s t i f f n e s s  d i s t r i b u t i o n .  Low v a l u e s  of f o r e /  

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

heavy t r u c k  v e h i c l e ,  promote p r o p o r t i o n a t e l y  g r e a t e r  s ide -  

to-s ide  load t r a n s f e r  a c r o s s  t h e  r e a r  suspension than t h e  

f r o n t .  Correspondingly,  g r e a t e r  o p p o r t u n i t i e s  t o  s u f f e r  

corner ing  s t i f f n e s s  l o s s e s  t h e r e f o r e  e x i s t  a t  t h e  r e a r  

a x l e ~ l e a d i n g  t o  v e h i c l e  o v e r s t e e r  and d i r e c t i o n a l  in- 

s t a b i l i t y  a t  e l e v a t e d  speeds .  

4 )  Number of a x l e s .  I n  g e n e r a l ,  a d d i t i o n  of non-s teerable  

a x l e s  a t  t h e  r e a r  of t h e  v e h i c l e  c o n t r i b u t e s  t o  t h e  

d i r e c t i o n a l  and r o l l  s t a b i l i t y  of such v e h i c l e s .  (Steer-  

a b l e  t a g  a x l e s  w i t h  freedom t o  s t e e r  through c a s t e r i n g  

should be avoided.)  Addi t iona l  r e a r  a x l e s :  ( a )  i n c r e a s e  

t o t a l  r o l l  s t i f f n e s s  of t h e  v e h i c l e  the reby  reducing 

v e h i c l e  r o l l  and rear-end (and t o t a l  v e h i c l e )  load  t r a n s -  

f e r  a t  a  g iven l a t e r a l  a c c e l e r a t i o n ,  and (b) i n c r e a s e  

immunity t o  yaw i n s t a b i l i t y  'by producing l e s s  load  t r a n s -  

f e r  p e r  r e a r  t i r e  a s  w e l l .  

5 )  Wheelbase l e n g t h .  Wheelbase l e n g t h ,  R ,  has  a  t h e o r e t i c a l  

JR i n f l u e n c e  on t h e  v a r i a t i o n  of c r i t i c a l  v e l o c i t y  f o r  an 

o v e r s t e e r  v e h i c l e .  That i s ,  doubl ing a  v e h i c l e ' s  wheel- 

base  l e n g t h  f o r  t h e  same o v e r s t e e r  c o n d i t i o n  w i l l  r a i s e  the  

maximum, s t a b l e  o p e r a t i n g  v e l o c i t y  by a  f a c t o r  of 1 . 4 .  



CHAPTER 6 

AMPLIFIED LATERAL RESPONSES I N  COMBINATION VEHICLES 

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

The phenomenon addressed  i n  t h i s  c h a p t e r  is  r e f e r r e d  t o  a s  "rearward 

a m p l i f i c a t i o n . "  It  is t y p i c a l l y  c h a r a c t e r i z e d  by t h e  r a t i o  of ( a )  t h e  

l a t e r a l  a c c e l e r a t i o n  o f  t h e  t r a i l i n g  u n i t  i n  a  combination v e h i c l e  d i v i d e d  

by (b) t h e  l a t e r a l  a c c e l e r a t i o n  of t h e  t r a c t o r  o r  towing u n i t  [ 1 9 ] .  

Some a r t i c u l a t e d  v e h i c l e s  have very  l a r g e  amounts of l a t e r a l  a c c e l -  

e r a t i o n  g a i n  ( i . e . ,  rearward a m p l i f i c a t i o n )  d u r i n g  t h e  t r a n s i e n t  phases  of 

sudden l a t e r a l  d isplacement  maneuvers, o t h e r s  do n o t  [ 2 0 ] .  Large amounts 

of rearward a m p l i f i c a t i o n  a r e  dangerous i n  an  obs tac le -avo idance  maneuver, 

n o t  o n l y  because  t h e  r e a r  u n i t  i n  a  combinat ion v e h i c l e  t ends  t o  o s c i l l a t e  

w e l l  o u t  of t h e  p a t h  of t h e  l e a d  u n i t  b u t ,  a l s o ,  because  t h e  r e a r  u n i t  may 

exper ience  a  l e v e l  of l a t e r a l  a c c e l e r a t i o n  s u f f i c i e n t  t o  cause  i t  t o  r o l l  

over .  The primary purpose  of t h i s  c h a p t e r  i s  t o  i d e n t i f y  combinations of 

v e h i c l e  parameters  t h a t  may s i g n i f i c a n t l y  i n f l u e n c e  t h e  tendency f o r  

a r t i c u l a t e d  v e h i c l e s  t o  "c rack  t h e  whip" i n  obstacle-avoidance maneuvers a t  

highway speeds .  

The scope of t h i s  d i s c u s s i o n  i s  l i m i t e d  t o  a r t i c u l a t e d  v e h i c l e s .  

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

do n o t  have a  problem wi th  rearward a m p l i f i c a t i o n .  The l a t e r a l  a c c e l e r a t i o n  

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

c e n t e r  of g r a v i t y  of t h e  t r a c t o r  by a m u l t i p l i c a t i v e  f a c t o r  rang ing  from 

0 . 8  t o  1 . 2  i n  obstacle-avoidance maneuvers [20] .  N e v e r t h e l e s s ,  the  pro- 

p e r t i e s  of s e m i t r a i l e r s  w i l l  be  examined i n  connec t ion  w i t h  t h e i r  u s e  i n  

doubles  and t r i p l e s  combinations employing f u l l  t r a i l e r s .  

The s t u d y  of rearward a m p l i f i c a t i o n  is  most impor tan t  w i t h  regard  

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

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

suppor ted  by t h e  d o l l y .  



I n  v a r i o u s  S t a t e s ,  f u l l  t r a i l e r s  a r e  c u r r e n t l y  i n  common use  i n  

doubles  and t r i p l e s ,  a s  w e l l  a s  i n  t r u c k - f u l l  t r a i l e r  combinations.  The 

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

economies i s  l i k e l y  t o  l e a d  t o  an increa.sed use  of t h e s e  m u l t i p l y - a r t i c u l a t e d  

v e h i c l e s .  M u l t i p l e  a r t i c u l a t i o n  j o i n t s  a r e  popular  because they can be  

a r ranged  t o  p rov ide  good low-speed maneuverab i l i ty  and l i t t l e  o f f - t r a c k i n g  

even f o r  long v e h i c l e  t r a i n s .  Never the less ,  m u l t i p l y - a r t i c u l a t e d  v e h i c l e s  

can have l a r g e  amounts of rearward a m p l i f i c a t i o n  i f  c a r e  i s  n o t  e x e r c i s e d  

i n  a r rang ing  combinations w i t h  low l e v e l s  of l a t e r a l  a c c e l e r a t i o n  ga in .  

I n  some c a s e s ,  a  t r a d e o f f  between low-speed maneuverab i l i ty  and highway- 

speed obstacle-avoidance c a p a b i l i t y  may be  necessa ry  i f  t h e  p o t e n t i a l  f o r  

avo id ing  r o l l o v e r  a c c i d e n t s  i n  s i t u a t i o n s  i n v o l v i n g  high-speed maneuvering 

i s  t o  be inc reased .  

6.2 Summary of S i m p l i f i e d  A n a l y t i c a l  Techniques f o r  Studying Rearward 
Ampl i f i ca t ion  

The problems a s s o c i a t e d  w i t h  rearward a m p l i f i c a t i o n  had been d i s -  

covered p r e v i o u s l y  i n  connect ion w i t h  r o l l o v e r  e v e n t s  fo l lowing  avoidance 

maneuvers performed by double-tanker g a s o l i n e  t r u c k s  o p e r a t i n g  i n  Michigan 

[21] .  Although progress  has  been made i n  s t u d y i n g  t h i s  p a r t i c u l a r  type 

of v e h i c l e  [20,21,14] ,  g e n e r a l i z e d  f i n d i n g s  have n o t  been p r e v i o u s l y  f o r t h -  

coming. Th is  r e p o r t  p rov ides  a  g e n e r i c  t r ea tment  of t h e  rearward ampl i f i -  

c a t i o n  phenomena a s s o c i a t e d  w i t h  combination v e h i c l e s  i n  o r d e r  t o  provide 

a  b a s i s  f o r  (1)  r e a d i l y  i d e n t i f y i n g  v e h i c l e s  t h a t  may have rearward ampli- 

f i c a t i o n  problems, (2)  i n d i c a t i n g  t h e  v e h i c l e  parameters  t h a t  c o n t r i b u t e  t o  

t h e s e  problems, and ( 3 )  sugges t ing  changes t h a t  can be made t o  reduce 

rearward a m p l i f i c a t i o n .  

To f i l l  t h e  need f o r  a  g e n e r i c  t r~ea tment  of t h e  a m p l i f i c a t i o n  pro- 

p e r t i e s  of combination v e h i c l e s ,  l i n e a r i z e d  e q u a t i o n s  of motion app ly ing  t o  

t h e s e  v e h i c l e s  have been s t u d i e d  i n  d e t a i l .  D e r i v a t i o n s  of t h e  r e s u l t s  

summarized i n  t h i s  s e c t i o n  a r e  p resen ted  i n  Appendix C of t h i s  r e p o r t  and 

a l s o  i n  S A E  Paper No. 821259 e n t i t l e d  "The Trans ien t  D i r e c t i o n a l  Response 

o f  F u l l  T r a i l e r s "  [ 22 ] .  The methodology under ly ing  t h e s e  r e s u l t s  c o n s i s t s  

of u s i n g  frequency response methods t o  develop t r a n s f e r  f u n c t i o n s  d e s c r i b i n g  



how forward v e l o c i t y ,  d i s t a n c e s  from p i n t l e  h i t c h e s  t o  cen te r -o f -g rav i ty  

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

commercial v e h i c l e  combinations employing f u l l  t r a i l e r s .  

The r e s u l t s  o f  t h i s  l i n e a r  a n a l y s i s  can  be expressed  i n  reasonab ly  

s imple  form f o r  each u n i t  of a  combination v e h i c l e  ( t h a t  i s ,  f o r  t r u c k s ,  

t r a c t o r - s e m i t r a i l e r s ,  o r  f u l l  t r a i l e r s )  because  (1 )  t h e  l a t e r a l  f o r c e s  of 

c o n s t r a i n t  a t  p i n t l e  h i t c h  connec t ions  t o  s t e e r a b l e  d o l l i e s  a r e  smal l  and 

(2) f u l l  t r a i l e r s  a r e  t y p i c a l l y  loaded w i t h  approximately  e q u a l  l o a d s  on a l l  

t h e i r  t i r e s ,  w i t h  t h e s e  t i r e s  a l l  having similar mechanical  p r o p e r t i e s .  

(See Appendix C f o r  d i s c u s s i o n  of t h e  t e c h n i c a l  m a t t e r s  p e r t a i n i n g  t o  t h e s e  

two s i m p l i f y i n g  approximat ions . )  To t h e  e x t e n t  t h a t  t h e  two i t ems  enumerated 

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

r e s u l t s  ( s e e  Table  4 )  can be used t o  make f i r s t - o r d e r  e s t i m a t e s  of t h e  over-  

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

i n d i v i d u a l  a m p l i f i c a t i o n  f a c t o r s  app ly ing  t o  each u n i t  i n  t h e  combination.  

For example, g iven  a  combination v e h i c l e  c o n s i s t i n g  of a  t r u c k  towing 

a  f u l l  t r a i l e r ,  t h e  rearward a m p l i f i c a t i o n  (expressed a s  t h e  r a t i o  of t h e  

l a t e r a l  a c c e l e r a t i o n  of t h e  c e n t e r  of g r a v i t y  of t h e  f u l l  t r a i l e r  t o  t h e  

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

us ing  t h e  fo l lowing  equa t ion .  

where 

L - 
A i s  t h e  l a t e r a l  a c c e l e r a t i o n  g a i n  ( t r a n s f e r  f u n c t i o n )  

ycl between t h e  mot ions  of t h e  t r u c k ' s  c . g .  and t h e  p i n t l e  

h i t c h  connec t ion  p o i n t  ( I t em 1 i n  Table  4 ) ,  and 

i - 
L 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  a c c e l e r a t i o n  of t h e  n 
"1 p i n t l e  h i t c h  and t h e  a c c e l e r a t i o n  of t h e  c .g .  of t h e  f u l l  

t r a i l e r  ( I t e m  4 i n  Tab le  4 ) .  



Table 4 .  . l np l i f i ca t ion  Fac tors  [ 2 2 ]  

Note: For each towing u n i t ,  the  symbol x r ep re sen t s  the d i s t a n c e  from 
P c t h e  c .g.  t o  t he  p i n t l e  h i t c h .  The o the r  s p b o l s  a r e  def ined i n  

Table 5. 
1. Towing hi:: S t r a i g h t  Truck 

X e a ~ ~ r z r d  a iz? l i f i ca t ion  between the  c. g. of a 
s t r a i g h t  t ruck  and i t s  p i n t l e  h i t c h  

3. Towing Uni t :  F u l l  T r a i l e r  

Reaward ampl i f i ca t ion  between the  c.g. of 
a f u l l  trai:er and t h e  p i n t l e  h i t c h  con- 
nec t ion  t o  the  u n i t  i t  is  towing 

where 

2 .  Towinn Unit  : Trac to r -Semi t ra i l e r  

a. Rearward a m p l i f i c a t i o n  between t h e  c. g. 
of a s e m i t r a i l e r  and i ts  p i n t l e  h i t c h  
connection t o  t h e  u n i t  being towed 

b. Note t h a t  f o r  t y p i c a l  t r a c t o r s e m i t r a i l e r s  
[20  1, t he  rearward ampl i f i ca t ion  between 
the c.g. o f  t h e  t r a c t o r  and the  c.g. of t h e  
s e m i t r a i l e r  may range from a maximum of 
approximately 1.2 t o  a minimum of approxi- 
mstely 0.8 i n  t h e  frequency range from 0 
t o  3.5 rad/sec .  Vehic les  wi th  s h o r t  semi- 
t r a i l e r s  tend t o  have maximum a m p l i f i c a t i o n  
f a c t o r s  g r e a t e r  than  1 . 0  a t  f requencies  i n  
the  range from 1 t o  4 rad/sec .  Vehicles 
wi th  longer  s e m i t r a i l e r s  tend t o  have 
q l i f i c a t i o n  f a c t o r s  of 1 . 0  a t  low £re- 
quencies wi th  t h e i r  ampl i f i ca t ion  f a c t o r s  
f a l l i n g  o f f  t o  approximately 0.8 i n  t h e  
neighborhood of 3 rad/sec .  For f i r s t -  
order  e s t ima tes  of o v e r a l l  rearward 
a q l i f i c a t i o n ,  a reasonable  cumpromise 
i s  t o  a s s i g n  an  ampl i f i ca t ion  f a c t o r  of 
1 .0  between t h e  c. g. of the  t r a c t o r  and 
the  c.g. of t h e  s e m i t r a i l e r  i f  t h i s  
a q l i f i c a t i o n  f a c t o r  i s  not known from 
p r i o r  work. 

(The ampl i f i ca t ion  f a c t o r  f o r  a towed f u l l  
t r a i l e r  is  given next i n  Item 4 . )  

4 .  Towed Unit: F u l l  T r a i l e r  

Reaward acdplification between t h e  p i n t l e  
h i t c h  connection t o  t h e  towing u n i t  and 
t h e  c.g. of the  f u l l  t r a i l e r  

where 

nc 

See Equations (12) and (13) f o r  determining 
the  maximum va lue  of A /A  . 

Y C  YP 



Table  5. Symbols, S u b s c r i p t s ,  and D e f i n i t i o n s .  

?ar:e a?A ?!oneat Coeff iciezts  Lsed i n  Linear 
Zcuatioru of ?loe',oa 

H A e  r a t e  gf  change of  l a t e r a l  for:.- v i r h  
respect  t o  v 

Z r  
=be r a t e  or' c'nsngr or' l a c e r a l  force wi:h 
respec t  t o  r 

I :he r a t e  of &image of l a t e r a l  for:e with 
4 zespect eo 2 

I :he r a t e  of change of l a t e r a l  force with 
respec t  t o  iy4-y-) - & 

I d e  r a t e  of change of l a t e r a l  force vi:h 
" respecr  t o  5 

:he r a t e  of change of :raw mnen: ;=th respec: 
:5 7 

7 the r a t e  or' change o l  yaw mrnenc .&:?I respec: r 
to  r 

7 the r a t e  of charge of yaw m m m t  .sit3 respec: 
:o 7 

T., the r a t e  of c U g e  of gav mmene .vith respec: 
, to (y*-p_) 

: :he r a t e  of change of yav mment srith respect  
to 5 

ind ica tes  d i f f e r e n t h t i o o  sri;h :espec: 
t o  : b e  

frequsncy, rad l sec  - 
complex number e q d  t o  +-l 

piuse 

z ~ l f t u d e  

La te ra l  acee le ra t ion  t r a n s f e r  func:icn 
between ? o a t s  1 and 2 

anpli='ication faccor f o r  a  tcvlng mi: 

open-loop t r a a s f e r  funct ion 

closed-Loop t r a n s f e r  funczion 

nunera t o r  

denoaiuacor 

quant i tp  perzatning to couplex 
conj ugara zeros 

quant i ty  ~ e r t a i n i a g  t o  complex 
conjugace p o l u  

nac:ral f r e q u a u y  

Cmping r a t i o  

frequency a t  -zaimm 3 i A  

= h u m  gain f o r  a  h.lI : ra i le r  

p-5:le hizch of a  f u i l  : r a i l e r ,  a l s o  
C11- . ,, ,h &.eel of a  t r a c t o r - s d : r a i l e r  , 
p e r e r t l f p  :he a r t i c u l a t i o n  join: 
cl:sest :o the f t o n t  JI the vehicie  

C c.3. of any t o r i n 3  u t i t  

L,?,3  x c .  rear  axles  of a  f u l l  t r a i l e r  s t a r r i n g  
f r -a  :he r e a r  ax le  c l o s e s t  t o  :he 
z - ~ ~ .  -. -. of the  t r a i l e r ;  a l s o ,  these 
a c 3 e r s  a r e  used in a double s u b s c r i ~ r .  
nc ta t ion  ( b )  to denote the j ch  ax ie  
o r  the  i:h unit  of a t r a 2 .  Zsr 
e m p l e ,  x13 is :he f i s t a n c e  from :he 
:enter of p a v i t v  of a  3-axle t r a c t o r  
:o Lts rearnos t  a x l e  

53ecial Sumations 
-r  --  ::le sum of the  c o r n e r b g  s t i r ' fnesses  
2 of a l i  she c i r e s  on a  full t r a i l e r  

o r  s t r a i g h t  t ruck 

: ,C the sum of the c o m e r b g  s tLf faesses  . a of h e  :ires on the f r o n t  axle($)  of 
a  f u l l  : r a i l e r  o r  s t r a i g h t  truck 

+==: r;le cf :he ?roauc:s of zhe lis- 
: a x e  from cho :.a. EO u c h  :ear ax le  
vix 2:s c o n e r i n g  stetcfncss f o r  f u i l  
traiias 

:x2e the sum of :he ?roduc:s of the square 
a of :he c i rcaace  from the c.3. to c a t 5  

a e s  t 5 e s  d e  comer ing  t t Z f z a s s  
fo r  th t  a x l e  ( see  T_ in Fig. 2 f o r  
f . 2  zrailsr s i x a t i b n s )  

Ysef s~ Tar-hcies  - 5ef lni:ions 

v l a t e r a l  velocizy 

C l a t e r a l  displacement 

A la teraL accn ls ra t ion  
7 - c z t i c ~ i a c i o n  ~ n g i e  

s:eerbg angle of f ron t  vneels 

:he sun of t5e camer izg  s:is'fnesses 
of & :he : iyw aountsd on a  aesig- 
u t e d  a x l e  

lonqi rud isa l  dis:ince 5 e r ~ e e n  points  
indicated jp subscr ip t s ,  r . g . ,  x~ 
3 s e  Cistance f roa  p o h t  3 eo point .i 



The two terms on t h e  r i g h t  s i d e  of Equat ion 6 .1  a r e  independent of each 

o t h e r  i n  t h a t  t h e  t r a n s f e r  f u n c t i o n  A / A  depends o n l y  upon t h e  d e s i g n  
YP, YC,  

parameters  of t h e  towing u n i t ,  e . g . ,  t h e  t r u c k ,  and ZlyC / A  depends on ly  
J 7 YPl 

L I 

upon t h e  des ign  parameters  of t h e  towed u n i t ,  t h e  f u l l  t r a i l e r .  This 

independence f e a t u r e  i s  very  u s e f u l  because i t  a l lows  towing u n i t s  o r  towed 

u n i t s  t o  be analyzed i n d i v i d u a l l y  the reby  (1)  reduc ing  t h e  number of impor- 

t a n t  combinations of parameters  needed t o  e v a l u a t e  t h e  performance of any 

one u n i t  and ( 2 )  a l lowing  a  v a r i e t y  of combination v e h i c l e s  t o  be s t u d i e d  

once t h e  performance c h a r a c t e r i s t i c s  of s e v e r a l  b a s i c  towing and towed u n i t s  

have been determined. 

The a m p l i f i c a t i o n  f a c t o r s  p resen ted  i n  Table  4 a r e  expressed i n  terms 

of ( a )  b a s i c  des ign  parameters  (such a s  :masses, i n e r t i a s ,  h i t c h  and c .g .  

l o c a t i o n s ,  and t i r e  corner ing  s t i f f n e s s e s ) ,  (b) forward v e l o c i t y ,  u ,  and 

(c)  t h e  f requency,  w, employed i n  descri 'bing each t r a n s f e r  f u n c t i o n .  A l l  of 

t h e s e  q u a n t i t i e s  ( i . e . ,  des ign  paramete rs ,  forward v e l o c i t y ,  and frequency 

of e x c i t a t i o n )  a r e  important  i n  ana lyz ing  t h e  rearward a m p l i f i c a t i o n  

phenomenon. The n e x t  s e c t i o n  w i l l  d i s c u s s  t h e  s e n s i t i v i t y  of rearward ampli- 

f i c a t i o n  t o  v a l u e s  of des ign  parameters  :for v e h i c l e s  t r a v e l i n g  a t  highway 

speeds  and a t  maneuvering r a t e s  ranging from low f r e q u e n c i e s  up i n t o  f r e -  

quenc ies  c h a l l e n g i n g  t h e  limits o f  d r i v e r  c a p a b i l i t y  i n  r o t a t i n g  t h e  s t e e r i n g  

wheel. S ince  t h e  s i m p l i f i e d  a n a l y s i s  has produced symbolic express ions  ( a s  

c o n t r a s t e d  t o  numerical  r e s u l t s )  , t h e  a n a l y s i s  of pa ramet r i c  s e n s i t i v i t i e s  

can proceed from ( a )  b a s i c  g e n e r a l i z a t i o n s  p e r t a i n i n g  t o  t h e  v a r i o u s  types  

o f  heavy commercial v e h i c l e  combinations c u r r e n t l y  i n  u s e  t o  (b )  d e t a i l e d  

numerical  a n a l y s e s  ( s i m u l a t i o n s )  of p a r t : i c u l a r  v e h i c l e s  i d e n t i f i e d  i n  Table  

2 .  

6 . 3  Paramet r ic  S e n s i t i v i t i e s :  The I n f l u e n c e s  of Design Parameters  
on Rearward Ampl i f i ca t ion  

Examination of Table  4 i n d i c a t e s  t h a t  t h e  f u l l  t r a i l e r  i s  t h e  on ly  

t y p e  of towed u n i t  t o  be considered i n  ana lyz ing  heavy v e h i c l e  combinations.  

The s e m i t r a i l e r  p a r t  of a  t r a c t o r - s e m i t r a i l e r  v e h i c l e  i s  t r e a t e d  a s  a  towing 

u n i t  f o r  a  f u l l  t r a i l e r  and n o t  a s  a  towed u n i t  because no method is  a v a i l -  

a b l e  f o r  ana lyz ing  t r a c t o r s  and s e m i t r a i l e r s  s e p a r a t e l y .  Furthermore,  

t h e  p i n t l e  h i t c h  connect ion a t  t h e  back of  t h e  s e m i t r a i l e r  i s  a  l o g i c a l  



c h o i c e  f o r  s e p a r a t i n g  a  doubles  o r  t r i p l e s  combination i n t o  c o n s t i t u e n t  

p a r t s  because t h e  f o r c e  a t  t h e  p i n t l e  h i t c h  i s  s o  small t h a t  t h e  motion of 

t h e  u n i t  t h a t  t h e  d r i v e r  is s t e e r i n g  ( i . e . ,  t h e  t r a c t o r - s e m i t r a i l e r  p o r t i o n )  

i s  n o t  n o t i c e a b l y  i n f l u e n c e d  by t h e  c h a r a c t e r i s t i c s  of t h e  fo l lowing  

t r a i l e r ( s ) .  Accordingly ,  t h e  t y p e s  of towing u n i t s  cons idered  i n c l u d e  

t r u c k s ,  t r a c t o r - s e m i t r a i l e r s ,  and,  i n  t h e  c a s e  o f  t r i p l e s  combinat ions ,  t h e  

f u l l  t r a i l e r  t h a t  p u l l s  t h e  l a s t  f u l l  t r a i l e r  i n  t h e  t r i p l e .  

C l e a r l y ,  t h e  o v e r a l l  rearward a m p l i f i c a t i o n  of combination v e h i c l e s  

i s  determined by t h e  product  of t h e  t r a n s f e r  f u n c t i o n s  a p p l i c a b l e  t o  t h e  

towing and towed u n i t s  compris ing t h e  v e h i c l e .  N e v e r t h e l e s s ,  each t r a n s f e r  

f u n c t i o n  may be examined s e p a r a t e l y  t o  r e l a t e  v e h i c l e  d e s i g n  parameters  t o  

o v e r a l l  rearward a m p l i f i c a t i o n .  The fo l lowing  d i s c u s s i o n  starts  w i t h  t h e  

f u l l  t r a i l e r - - t h e  on ly  u n i t  common t o  t h e  b a s i c  types  of m u l t i p l y - a r t i c u l a t e d  

v e h i c l e s  t y p i c a l l y  employed i n  t h e  U.S. 

6.3 .1  The I n f l u e n c e  of F u l l  T r a i l e r  Parameters  (When t h e  F u l l  

T r a i l e r  i s  a Towed U n i t ) .  The s i m p l i f i e d  t r a n s f e r  f u n c t i o n  f o r  a  f u l l  

t r a i l e r  is c h a r a c t e r i z e d  by a  second-order sys tem w i t h  n a t u r a l  f requency ,  

w and damping r a t i o ,  3 a s  s p e c i f i e d  i n  I tem 4  i n  Table  4 .  Th i s  
nc ' c '  

t r a n s f e r  f u n c t i o n  w i l l  have a  maximum v a l u e ,  corresponding t o  maximum r e a r -  

ward a m p l i f i c a t i o n  of t h e  motion of t h e  p i n t l e  h i t c h ,  a t  a  f requency ,  

w given  by t h e  fo l lowing  equa t ion :  
max' 

w = w f o r  5 < .707 
max nc c c 

(where w and 5 a r e  expressed  i n  terms of d e s i g n  paramete rs  i n  I tem 4 
nc  c 

of Table  4 ) .  

From a  p r a c t i c a l  s t a n d p o i n t ,  i t  i s  impor tan t  t o  know whether w max 
i s  w i t h i n  t h e  f requency range t h a t  a  d r i v e r  is  l i k e l y  t o  e x c i t e .  I f  it i s ,  

t h e  t r a i l e r  may be  s u s c e p t i b l e  t o  r o l l i n g  over  ( i f  t h e  rearward a m p l i f i c a -  

t i o n  i s  l a r g e  enough). Example r e s u l t s  f o r  t h r e e  c u r r e n t l y  employed f u l l  

t r a i l e r s  ( s e e  Table  6) i n d i c a t e  t h a t  w = 3.9,  3.4,  and 2.7 r a d / s e c  f o r  max 
t h e  pup t r a i l e r  of a  "Michigan" double  t a n k e r ,  a  27-foot (8.23-m) t r a i l e r  



Table  6. F u l l  T r a i l e r  Examples. 

Name: Pup T r a i l e r  o f  a Michigan Double Tanker 

P a r a m e t r i c  Values:  Numerical  R e s u l t s :  

x = 968 i n / s e c  (55  mph) A 
m = 1 6 7 . 1  l b - s e c 2 / i n  T 

%T = 75 .32  i n  

$A = 7 0  in 

C = 95,860 l b / r a d  ( a l l  a x l e s )  
a 

G = 1.59 
max 

W = W 
max nc c = 3 .9  r a d / s e c  

1 m = 39.37 i n  = 3 . 2 8 1  f t  
1 mph = 1 .609  k/hr 
1 N = 0.2248 l b  ' 

TRACTOR SEMI .TRAILER /PUP TRAILER 

Profile view of 55- foot, I I axle, double- bottom tanker. 

F- Conventional f i f t h  wheel ; A -  Pintle- hook connection, 
0 -  Kingpin connect ion.  



Table  6. (Cont. ) 

Name: 27-Toot T r a i l e r  (Convent ional  F i v e - h l e  65-Foot Double)  

P a r a m e t r i c  Values:  bumer ica l  R e s u l t s  : 

x = 968 i n / s e c  (55 mph) A 
p = 90.67 i n - s e c 2 / i n  

- 

x = 1 1 7 i n  
BT (xBT + xBA) = 197 i n  

xBA = 80 i n  

C = 162,100 l b / r a d  ( a l l  axles) <c = 0.434 
a 

G = 1.28 
max 

w = 4.26 r a d / s e c  
nc 

W max = o = 3.36 r a d l s e c  
nc 

5 A x l e  Double 



T a b l e  6 .  (Cont .) 

Name: F u l l  T r a i l e r  from a C a l i f o r n i a  T ruck-Fu l l  T r a i l e r  
(See  F i g u r e  1 4 )  

P a r a m e t r i c  Values :  

= 968 i n / s e c  (55 mph) 
A 
mT = 98.34 l b - s e c 2 / i n  

XST = 106 .6  i n  

%A = 148  i n  

C = 154,710 l b / r a d  
a 
5, = 115.4  i n  

IT = 683,600 in - lb - sec2  

Numer ica i  R e s u l t s :  

C C 
a - = 3143 i d r a d - s e c 2  =' m 

L 

(%T+ = 254.6 i n  

CC 
= 0.462 

G max = 1 . 2 2  

w = 3.52 r a d / s e c  
n c  - 

o = w 41-2cL = 2.67 r a d / s e c  
max n c  

California Truck Full Trai ler 



incorporated i n  a  convent ional  65-foot (19.8-m) double, and a  f u l l  t r a i l e r  

f ro2  a  "Cal i forn ia"  t ruck - fu l l  t r a i l e r  combination, r e spec t ive ly .  These 

frequencies  ( i . e . ,  va lues  of o ) a r e  w i th in  t h e  range of f requencies  
nax 

t h a t  a d r i v e r  could e x c i t e  i n  an emergency s i t u a t i o n  when maneuvering t o  

avoid an obs t ac l e .  

For second-order systems wi th  damping r a t i o s  i < .707, the maximum 

a n u l i f i c a t i o n ,  G which occurs a t  o may be expressed a s  a  func t ion  
max' max ' 

of damping r a t i o ,  v i z . ,  

G - - 1 
max 25  J1-S' 

C C 

When evaluated f o r  var ious  values of cc ( s ee  t h e  graph and t a b l e  i n  Figure 

49) ,  Equation (6.3) i n d i c a t e s  t h a t  s i g n i f i c a n t  amounts of rearward ampli- 

f i c a t i o n  r e s u l t  f o r  damping r a t i o s  l e s s  than  0.47. 

(If ic > . 7 0 7 ,  t h e  maximum gain is u n i t y  and i t  occurs  a t  low (zero)  

frequency . ) 

G max - 
1 .o 
1.21 
1.36 

Figure L ? .  G versus 5 . 
ma x c 



The b a s i c  r e s u l t s  concerning t h e  i n f l u e n c e  of f u l l  t r a i l e r  para- 

mete r s  on rearward a m p l i f i c a t i o n  a r e  con ta ined  i n  t h e  e x p r e s s i o n  f o r  < 
C 

which i s  repea ted  below: 

where 

u is  t h e  forward v e l o c i t y  

) i s  t h e  c o r n e r i n g  c o e f f i c i e n t  f o r  t h e  t r a i l e r  ( i . e . ,  
m, 
1 t h e  sum of t h e  c o r n e r i n g  s t i f f n e s s e s  of a l l  t h e  

t r a i l e r ' s  t i r e s  d iv ided  by t h e  mass of t h e  t r a i l e r )  

and +x ) i s  t h e  d i s t a n c e  from t h e  p i n t l e  h i t c h  t o  t h e  
('BT BA 

c e n t e r  of g r a v i t y  of t h e  f u l l  t r a i l e r  

Equat ion ( 6 . 4 )  i n d i c a t e s  t h a t  t h e  damping r a t i o  d e c r e a s e s  ( the reby  causing 

t h e  rearward a m p l i f i c a t i o n  t o  i n c r e a s e )  i f  ( a )  t h e  forward v e l o c i t y ,  u ,  is  

i n c r e a s e d ,  (b) t h e  t o t a l  c o r n e r i n g  c o e f f i c i e n t ,  CC /m i s  decreased ,  o r  
a T '  

( c )  t h e  d i s t a n c e  from t h e  c .g .  t o  t h e  p i n t l e  h i t c h  i s  decreased .  S ince  

damping r a t i o  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  forward v e l o c i t y ,  t h e  magnitude 

of t h e  v e l o c i t y  i s  a  c r i t i c a l  c o n s i d e r a t i o n  when examining rearward ampli- 

f i c a t i o n .  The i n f l u e n c e s  of t h e  c o r n e r i n g  c o e f f i c i e n t  and t h e  d i s t a n c e  from 

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

Hence, they a r e  e q u a l l y  powerful  (on a  pe rcen tage  b a s i s )  w i t h  regard  t o  

t h e i r  i n f l u e n c e s  on damping r a t i o  and rearward a m p l i f i c a t i o n ,  bu t  l e s s  

powerful  t h a n  t h e  v e l o c i t y  f a c t o r .  

I n  a  q u a l i t a t i v e  s e n s e ,  l a r g e  amounts of rearward a m p l i f i c a t i o n  a r e  

p r e d i c t e d  at  h igh  v e l o c i t i e s  f o r  h e a v i l y  loaded s h o r t  t r a i l e r s  w i t h  low 

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

t r a i l e r s  t h a t  a r e  employed i n  combination v e h i c l e s  having l a r g e  amounts of 

rearward a m p l i f i c a t i o n  [20]  a r e  p r e s e n t e d  i n  Table  6 .  Even though t h e  pup 

t r a i l e r  of t h e  double  t a n k e r  h a s  f i v e  a x l e s  (20 t i r e s )  a s  compared t o  t h e  

o t h e r  two f u l l  t r a i l e r s  ( s e e  Table  6 )  which have two a x l e s  ( e i g h t  t i r e s ) ,  

t h e  o v e r a l l  c o r n e r i n g  c o e f f i c i e n t  (CC /m ) i s  s i g n i f i c a n t l y  s m a l l e r  f o r  
a T 



t h e  pup t r a i l e r  t h a n  i t  i s  f o r  t h e  o t h e r  two t r a i l e r s  ( t h i s  i s  because  

t h e  pup t r a i l e r  employs s m a l l  t i r e s  and c a r r i e s  a  v e r y  heavy l o a d ) .  I n  

a d d i t i o n ,  t h e  pup t r a i l e r  has  a  r e l a t i v e l y  s h o r t  tongue l e n g t h ,  x and 
BA ' 

a  s h o r t  o v e r a l l  l e n g t h  f a c t o r  ( %A f X B ~ ) .  Consequently,  t h e  rearward 

a m p l i f i c a t i o n  i s  much l a r g e r  f o r  t h e  pup t r a i l e r  than  i t  i s  f o r  t h e  o t h e r  

two t r a i l e r s .  

Although t h e  f u l l  t r a i l e r  from t h e  so -ca l l ed  " C a l i f o r n i a  t ruck-  

f u l l  t r a i l e r "  h a s  t h e  lowest  a m p l i f i c a t i o n  f a c t o r ,  G i t  a l s o  has  t h e  
max ' 

lowes t  v a l u e  of wmax ( s e e  Table  6 ) .  This  means t h a t  t h i s  f u l l  t r a i l e r  has 

i t s  maximum g a i n  a t  a lower f requency which is e a s i e r ,  and probably  more 

l i k e l y ,  f o r  t h e  d r i v e r  t o  employ. Examination of t h e  e x p r e s s i o n s  f o r  w 
nc 

and 5 ( s e e  Table  4 )  i n d i c a t e  t h a t  i n c r e a s i n g  t h e  tongue l e n g t h ,  xgA, has 
C 

both  a  major advan tage ,  because  i t  i n c r e a s e s  t h e  damping r a t i o  of t h e  

e q u i v a l e n t  second-order sys tem,  and a l s o  a  minor d i sadvan tage  connected w i t h  

lowering t h e  n a t u r a l  f requency of t h e  e q u i v a l e n t  second-order sys tem,  the re -  

by producing a d d i t i o n a l  a m p l i f i c a t i o n  i n  l e s s  r a p i d  maneuvers. Never the less ,  

i n c r e a s i n g  t h e  tongue l e n g t h  i s  a n  impor tan t  countermeasure (des ign  f a c t o r )  

t o  c o n s i d e r  when a t t e m p t i n g  t o  reduce  rearward a m p l i f i c a t i o n .  

6 . 3 . 2  The I n f l u e n c e  of Towing Uni t  Parameters .  An a p p r e c i a b l e  

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

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

n e a r  t h e  c e n t e r s  of g r a v i t y  o f  towing u n i t s .  The l a t e r a l  a c c e l e r a t i o n  of 

t h e  p i n t l e  h i t c h  d i f f e r s  from t h a t  of t h e  c .g .  of a  towing u n i t  by a  f a c t o r  

determined by t h e  product  of t h e  yawing r o t a t i o n a l  a c c e l e r a t i o n  of t h e  

towing u n i t  t imes  t h e  d i s t a n c e ,  x  from t h e  c .g .  back t o  t h e  l o c a t i o n  of 
PC'  

t h e  p i n t l e  h i t c h .  S i n c e  t h i s  fundamental  f a c t  a p p l i e s  t o  a l l  types  of 

towing u n i t s  whether they  b e  t r u c k s ,  t r a c t o r - s e m i t r a i l e r s ,  o r  f u l l  t r a i l e r s ,  

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

types  of towing u n i t s  g iven  i n  Table  4 have s e v e r a l  impor tan t  s i m i l a r i t i e s .  

(Again, s e e  Appendix C f o r  a d e t a i l e d  t e c h n i c a l  d i s c u s s i o n  of t h e  

d e r i v a t i o n  of t h e  e x p r e s s i o n s  g iven  i n  Table  4 .  The i n t e n t i o n  h e r e  i s  t o  

use t h e  i t ems  i n  Table  4  t o  develop a n  unders tand ing  of t h e  s e n s i t i v i t y  

of rearward a m p l i f i c a t i o n  t o  t h e  v a l u e s  of d e s i g n  paramete rs . )  



F i r s t  observe ( s e e  Table  4 )  that :  f o r  each towing u n i t  a  q u a n t i t y ,  

AA, may be  conven ien t ly  used t o  e v a l u a t e  t h e  amount t h a t  t h e  a m p l i f i c a t i o n  

f a c t o r  d i f f e r s  from 1 . 0 ,  t h a t  i s ,  from "zero a m p l i f i c a t i o n . "  This con- 

venience i s  a  d i r e c t  r e s u l t  of t h e  fundamental  connect ion between t h e  

l a t e r a l  a c c e l e r a t i o n  of t h e  c . g .  of a  towing u n i t  and t h e  l a t e r a l  a c c e l e r a -  

t i o n  of t h e  l o c a t i o n  of i t s  p i n t l e  h i t c h .  Furthermore,  n o t e  t h a t  i n  a l l  

c a s e s  ( I tems 1, 2 ,  and 3 i n  Table 4) AA would be ze ro  i f  x  were ze ro .  
P  c  

C l e a r l y ,  x t h e  d i s t a n c e  from t h e  c . g .  of t h e  towing u n i t  t o  t h e  p i n t l e  
P C '  

h i t c h ,  i s  a  c r u c i a l  parameter i n  determining rearward a m p l i f i c a t i o n  w i t h  

l a r g e  v a l u e s  of x  t end ing  t o  promote inc reased  a m p l i f i c a t i o n .  
P  c  

P i n t l e  h i t c h e s  a r e  connected t o  t h e  r e a r  of towing u n i t s  because 

o t h e r  arrangements a r e  u s u a l l y  n o t  pract ica l -e .g . ,  r e a r  a x l e s  a r e  i n  t h e  

way of long drawbars and s u i t a b l e  a t tachment  p o i n t s  w i t h  adequate  c l e a r a n c e  

f o r  r o t a t i o n s  a r e  n o t  a v a i l a b l e  near  t h e  c e n t e r s  of g r a v i t y  of towing u n i t s .  

However, t h e  p o s s i b i l i t y  o f  u s i n g  double drawbar arrangements has  been 

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

and r e s e a r c h e r s  i n  g e n e r a l  [23,24,25,26,22] .  Although double drawbars a r e  

n o t  commonly used i n  commercial s e r v i c e ,  they  have been s u c c e s s f u l l y  

employed i n  s p e c i a l  s i t u a t i o n s  [ 7 ] .  These double  drawbar s e t u p s  r e s u l t  i n  

four-bar  l i n k a g e s  t h a t  a r e  approximately  e q u i v a l e n t  t o  p rov id ing  a  v e r y  

long  tongue t h a t  i s  e f f e c t i v e l y  a t t a c h e d  t o  t h e  towing u n i t  a t  a l o c a t i o n  

well forward of t h e  r e a r  of t h e  towing u n i t .  For example, us ing  a  double 

drawbar arrangement,  t h e  e f f e c t i v e  v a l u e  of x  could be  reduced t o  ze ro ,  
PC 

the reby  e l i m i n a t i n g  any c o n t r i b u t i o n  from t h e  towing u n i t  t o  t h e  o v e r a l l  

rearward a m p l i f i c a t i o n  of t h e  e n t i r e  v e h i c l e  [ 2 2 ]  . 
For conven t iona l  towing u n i t s ,  £13~  which x  i s  not  r e a d i l y  a l t e r e d  

P c  
by a  s i g n i f i c a n t  amount, t h e  i n f l u e n c e s  3f d e s i g n  parameters  o t h e r  than x  

PC 
can b e s t  be s t u d i e d  by e v a l u a t i n g  OA numer ica l ly .  Never the less ,  c e r t a i n  

o b s e r v a t i o n s  f o l l o w  from recogniz ing  t h a t  a l l  of t h e  e x p r e s s i o n s  given f o r  

AA i n  Table 4  may be s t a t e d  i n  t h e  fo l lowing  form: 



where t h e  s p e c i f i c  d e f i n i t i o n s  of r ,  w n ,  and 5 depend upon whether t h e  

towing u n i t  i s  a s t r a i g h t  t r u c k ,  a t r a c t o r - s e m i t r a i l e r ,  o r  a f u l l  t r a i l e r .  

The q u a n t i t y  r i n  t h e  numerator of (6.5) r e p r e s e n t s  t h e  q u o t i e n t  of t h e  

forward v e l o c i t y  d iv ided  by t h e  g e n e r a l i z e d  c o r n e r i n g  c o e f f i c i e n t  f o r  t h e  

towing u n i t  and, g e n e r a l l y ,  t h e  magnitude of AA a t  a g iven  forward v e l o c i t y  

can be reduced i f  t h e  u n i t ' s  c o r n e r i n g  c o e f f i c i e n t  is  i n c r e a s e d .  The 

denominator o f  (6 .5)  corresponds t o  t h a t  of a c l a s s i c a l  second-order system 

which c a n  r e s o n a t e  a t  a f requency n e a r  w i f  5 i s  s m a l l .  For  heavy commer- 
n 

c i a 1  v e h i c l e s ,  w t e n d s  t o  b e  above 6 t o  7 r a d l s e c r - f r e q u e n c i e s  w e l l  above n 
t h e  maneuvering range t h a t  t h e  d r i v e r  can  e f f e c t i v e l y  u t i l i z e .  However, 

i f  5 i s  small, t h e  i n f l u e n c e s  of t h e  combinations of parameters  appear ing  

i n  t h e  denominator of (6 .5)  can be important  i n  t h e  range  of f r e q u e n c i e s  

corresponding t o  emergency maneuvers, t h a t  i s ,  around 3 r a d l s e c .  These 

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

" C a l i f o r n i a "  t r u c k - f u l l  t r a i l e r .  

The t r u c k  i n  t h e  " C a l i f o r n i a "  t r u c k - f u l l  t r a i l e r  i s  r e p r e s e n t e d  by 

t h e  parameters  g iven i n  Table  7 .  A s  i n d i c a t e d  by t h e  numerical  r e s u l t s  f o r  

AA and A ( a l s o  g iven  i n  Tab le  7 ) ,  t h e s e  q u a n t i t i e s  (AA and A) a r e  complex 

v a r i a b l e s  t h a t  a r e  f u n c t i o n s  of f requency.  The manner i n  which AA v a r i e s  

w i t h  f requency i s  i l l u s t r a t e d  i n  F igure  50 which a l s o  shows how t h e  v e c t o r ,  

AA(3), combines w i t h  t h e  u n i t  v e c t o r  t o  form t h e  v e c t o r  A = 1 + AA, when 

The form of t h e  AA f u n c t i o n  and t h e  magnitude of t h e  a m p l i f i c a t i o n  

f a c t o r ,  A, can b e  r e l a t e d  t o  t h e  u n i t  c o n s t a n t s  ( w ,  5 ,  and l / r )  g iven  i n  

Table  7.  The v a l u e  of l / r  i n d i c a t e s  t h e  f requency a t  which t h e  magnitude 

of AA w i l l  i n c r e a s e  r a p i d l y  due t o  t h e  terms i n  t h e  numerator of Equation 

( 6 . 5 ) .  I n  t h i s  c a s e ,  t h e  c o r n e r i n g  c o e f f i c i e n t ,  CC /m and t h e  forward 
C1 

v e l o c i t y ,  u,  have v a l u e s  such  t h a t  1 / ~  = 3.2 r a d / s e c ,  which i s  i n  t h e  range 

of f r e q u e n c i e s  t h a t  may b e  e x c i t e d  i n  emergency (lane-change) maneuvers. By 

making C C  / m  l a r g e r  ( i n c r e a s i n g  t h e  c o r n e r i n g  c o e f f i c i e n t )  o r  by reduc ing  
C1 

u ( v e l o c i t y ) ,  1 / ~  could be made t o  occur  a t  a h igher  f requency,  the reby  

reducing t h e  a m p l i f i c a t i o n  i n  t h e  emergency maneuvering range.  

Since  wn e q u a l s  7.5 r a d / s e c ,  t h e  denominator terms i n  Equation 

(6 .5)  a r e  s m a l l e s t  a t  f r e q u e n c i e s  w e l l  above t h e  emergency (lane-change) 



Table  7 .  
STRAIGHT TRUCK-TOWING UNIT 



AA versus w for the 
truck part of a California 
truck f u l l  trailer operating 
st 55 mph. (88.5 k/hr) 

1 .25 .5 .75 1.0 REAL 
, 

F i g u r e  50.  ve versus frequency, G ,  in t 5 e  complex plane. 



maneuvering range.  However, 5 ,  t h e  damping r a t i o ,  i s  s m a l l  s o  t h a t  t h e  

denominator terms can c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  magnitude of t h e  AA 

v e c t o r  even a t  f r e q u e n c i e s  i n  t h e  neighborhood of 3 r a d / s e c .  For example, 

a  second-order sys tem t s i t h  a  damping r a t i o  of 0.22 has  a  ga in  of approxi-  

mately  1 .25  a t  a  f requency corresponding t o  one-half o f  i t s  n a t u r a l  £ re -  

quency. The p o i n t  of t h i s  d i s c u s s i o n  i s  t h a t  t h e  pa ramete rs  c o n t r i b u t i n g  

t o  5 can have a  n o t i c e a b l e ,  p o s s i b l y  i m p o r t a n t ,  i n f l u e n c e  on t h e  a m p l i f i -  

c a t i o n  f a c t o r  f o r  t h e  towing u n i t .  

Continuing w i t h  t h e  s t r a i g h t  t r u c k  example ( b u t  s t i l l  n o t i n g  t h a t  

t h i s  example is  similar t o  t h e  s i t u a t i o n  f o r  o t h e r  types  of towing u n i t s ) ,  

t h e  i n f l u e n c e s  of d e s i g n  parameters  on a m p l i f i c a t i o n  can  be  d i s c u s s e d  

f u r t h e r  by examining t h e  e x p r e s s i o n  f o r  5 a s  g i v e n  below: 

cx2c 
where 

3 i s  t h e  damping i n  yaw ( i . . e . ,  t h e  i n f l u e n c e  of t i r e  
U 

s t i f f n e s s e s  and a x l e  l o c a t i o n  i n  opposing yaw 

mot i o n )  

I i s  t h e  yaw moment of i n e r t i a  of t h e  t r u c k  

xll i s  t h e  d i s t a n c e  from t h e  c .g .  t o  t h e  f r o n t  ( s t e e r i n g  

a x l e )  

C C i s  t h e  t o t a l  c o r n e r i n g  s t i f f n e s s  ( t h e  sum of t h e  
C1 

c o r n e r i n g  s t i f f n e s s e s  of a l l  t h e  t i r e s )  

A s  i n d i c a t e d  by ( 6 . 6 ) ,  d e s i r a b l e  pa ramet r i c  combinat ions  (wi th  r e s p e c t  t o  

making < l a r g e )  a r e  p r e s e n t  i n  v e h i c l e s  t h a t  may be  d e s c r i b e d  a s  f o l l o w s :  

a )  The damping-in-yaw ( L X ~ C ~ / U )  i s  l a r g e  because  t h e  a x l e s  a r e  

w e l l  sp read  away from t h e  c .g .  l o c a t i o n  and t h e  t i r e s  a r e  s t i f f .  (As i s  

t y p i c a l  f o r  a l l  pneumat ic- t i red v e h i c l e s ,  t h e  damping-in-yaw is  i n v e r s e l y  

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

h igh speed.  ) 



b) The moment o f  i n e r t i a  i s  s m a l l  f o r  t h e  w h e e l b a s ~ e a n i n g  t h a t  

t h e  u n i t  does no t  have l a r g e ,  heavy s e c t i o n s  t h a t  extend o u t s i d e  i t s  

wheelbase.  

c )  The d i s t a n c e  from t h e  c.g.  t o  t h e  s t e e r i n g  a x l e  o r  a x l e s  is 

n o t  a l a r g e  f r a c t i o n  of t h e  wheelbase,  i . e . ,  xll i s  r e l a t i v e l y  s m a l l .  

d)  The t o t a l  c o r n e r i n g  s t i f f n e s s  i s  s u f f i c i e n t l y  l a r g e  (a l though  

( z c ~ ) ' / *  occurs  i n  t h e  denominator of ( 6 . 6 ) ,  t h e  damping-in-yaw a l s o  con- 

t a i n s  t h e  c o r n e r i n g  s t i f f n e s s e s  such t h a t  i n c r e a s i n g  t h e  o v e r a l l  sum of t h e  

c o r n e r i n g  s t i f f n e s s e s  t ends  t o  i n c r e a s e  t h e  damping r a t i o ,  5). 

Based on t h e  above c o n s i d e r a t i o n s  concerning x CC / m ,  and <, t h e  
PC' ci 

" C a l i f o r n i a "  t ank  t r u c k  ske tched  i n  F i g u r e  5 1  is an example of a  towing u n i t  

t h a t  w i l l  have a  s u b s t a n t i a l  rearward a m p l i f i c a t i o n  a t  f r e q u e n c i e s  above 

2 r a d / s e c  ( s e e  Table  7 ) .  The c e n t e r  of g r a v i t y  of t h e  t a n k  t r u c k  (shown 

towing a  f u l l  t r a i l e r  i n  F i g u r e  51) l i e s  j u s t  i n  f r o n t  of t h e  t i r e s  in- 

s t a l l e d  on t h e  middle a x l e  of t h e  towing u n i t .  Without knowing any th ing  

about  t h e  i n s t a l l e d  t i r e s ,  b u t  a c c e p t i n g  them a s  s a t i s f a c t o r y ,  one would 

expec t  t h e  damping-in-yaw t o  be  s m a l l  because  t h e  r e a r  a x l e s  w i t h  d u a l  

t i r e s  a r e  c l o s e  t o  t h e  c.g.  w h i l e  t h e  f r o n t  wheels ,  a l though  t h e y  a r e  r e l a -  

t i v e l y  f a r  from t h e  c . g . ,  a r e  equipped w i t h  s i n g l e  t i r e s .  The f a c t  t h a t  

t h e  ( f r o n t )  s t e e r e d  wheels a r e  f a r  from t h e  c .g .  i s  unfavorab le  w i t h  regard  

t o  rearward a m p l i f i c a t i o n ,  and t h e  l a r g e  overhang of t h e  t ank  beyond t h e  r e a r  

a x l e  is  a l s o  unfavorab le  because  of i t s  i m p l i c a t i o n s  concerning t h e  yaw 

moment of  i n e r t i a .  F i n a l l y ,  s i n c e  t h e  h i t c h  p o i n t  i s  l o c a t e d  w e l l  behind t h e  

end of t h e  t ank ,  t h e  d i s t a n c e ,  x  , i s  l a r g e .  Th is  example i l l u s t r a t e s  t h a t  
PC 

i f  (1) t h e  c.g. l o c a t i o n  i s  c a l c u l a t e d  from a x l e  l o a d s  and ( 2 )  a  p i c t u r e  

( o r  t h e  v e h i c l e  i t s e l f )  is  a v a i l a b l e  f o r  examinat ion,  a n  e s t i m a t e  of whether 

t h e  u n i t  w i l l  have a  l a r g e  a m p l i f i c a t i o n  f a c t o r  can be r e a d i l y  made. 

I n t u i t i v e l y ,  t h e  b a s i c  i d e a  used i n  i d e n t i f y i n g  towing u n i t s  w i t h  

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

i n  which t h e  c.g.  of t h e  u n i t  responds l a t e r a l l y  w i t h  much l e s s  g a i n  t h a n  

t h e  p i n t l e  h i t c h  does .  When a  towing u n i t  yaws s i g n i f i c a n t l y  w i t h  r e s p e c t  

t o  t h e  amount of l a t e r a l  t r a n s l a t i o n  o c c u r r i n g  a t  t h e  c . g . ,  t h e  motion of 

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



@ C.G. 

Figure 51. Sketch, C a l i f o r n i a  t r u c k - f u l l  t r a i l e r .  

a p l i f i e d  ve r s ion  of t he  motion of t h e  c .g.  ( i f  the  p i n t l e  h i t c h  i s  loca ted  

a t  a  s i g n i f i c a n t  d i s t a n c e  away from t h e  c . g . ) .  Yi th  t he  except ion of x  
PC ' 

t he  7a rame t r i c  s e n s i t i v i t i e s  discussed i n  t h i s  s ec t ion  a r e  simply those 

t h a t  c o n t r i b u t e  t o  l a r g e  r a t i o s  of yaw a c c e l e r a t i o n  t o  l a t e r a l  a c c e l e r a t i o n  

gain. I n  t h e  s imp les t  terms, i f  (a )  t i r e  and i n e r t i a l  c h a r a c t e r i s t i c s  a r e  

approximately equiva len t  and (b)  t he  va lues  of x  a r e  nea r ly  equal ,  long 
P c  

wheelbase v e h i c l e s  w i l l  have l e s s  rearward a m p l i f i c a t i o n  than t h a t  experi-  

enced by s h o r t  wheelbase veh ic l e s .  

6 .3.3 Matching of Towing and Towed Uni t s .  The o v e r a l l  rearward 

a n p l i f i c a t i o n  f o r  a  combination v e h i c l e  i s  a  complex v a r i a b l e  t h a t  i s  a  

func t ion  of frequency. The magnitude o f  t h e  t o t a l  rearward ampl i f i ca t ion  

depends upon t h e  product of t h e  magnitudes of t he  ampl i f i ca t ion  f a c t o r s  f o r  

each of t h e  u n i t s  comprising t h e  combination veh ic l e .  This  product is  

c a r r i e d  out  a t  each frequency of i n t e r e s t  t o  account f o r  how the  frequency 

response c h a r a c t e r i s t i c s  of a l l  u n i t s  in f luence  the  o v e r a l l  ampl i f i ca t ion .  

Clear ly ,  i f  s e v e r a l  u n i t s  i n  a  combination have high ga ins  a t  t h e  same f r e -  

quency, then a  very high o v e r a l l  ga in  w i l l  r e s u l t .  On the  o the r  hand, i f  

?he f requencies  a t  which high gains  occur a r e  separated from each o t h e r ,  the  

o ~ e r a l l  ga in  may not be very  much l a r g e r  than  t h e  maximum component ga in .  

For example, t h e  s imp l i f i ed  cal .culat ions f o r  t he  f u l l  t r a i l e r  of the  

"Cal i forn ia"  t ruck - fu l l  t r a i l e r  i n d i c a t e  t h a t  G = 1.22  a t  a  frequezlcy of 
rcax 

2 .67  r ad / sec ,  while  t h e  tank t ruck  has a  maximum ampl i f i ca t ion  of almost 

7 . 0  a t  7 . 6  rad /sec .  However, t h e  o v e r a l l  ampl i f i ca t ion  d e t e m i n e d  by the  

?rocuc:s of the  a?p ropr i a t e  t r a n s f e r  func t ions  pe r t a in ing  t o  t h e  towing and 
,. L,,ed ,.., u n i t s  does not  exceed 2 .0  ( s ee  FLgure 5 2 )  . I n  t h i s  ca se ,  t he  l a t e r a l  

a c c e l e r a t i o n  ga in  of t he  f u l l  t r a i l e r  f a l l s  o f f  r a p i l l y  enough above 
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on rearward a m p l i f i c a t i o n .  



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

of t h e  towing u n i t  i n  t h e  f requency range from 3 t o  5 r a d / s e c  (aga in  s e e  

F igure  52) .  

( R e s u l t s  f o r  f r e q u e n c i e s  above 5 r a d / s e c  a r e  g e n e r a l l y  n o t  cons idered  

t o  be meaningful w i t h  r e g a r d  t o  d r i v e r  c a p a b i l i t i e s ,  and 3.14 r a d / s e c  (0.5 

Hz) i s  sometimes used a s  t h e  maximum frequency of i n t e r e s t  [ 2 1 ] . )  

The r e s u l t s  shown i n  F i g u r e  52 i l l u s t r a t e  t h a t  t h e  parameters  

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

f a c t o r  t h a n  t h e  pa ramete rs  d e s c r i b i n g  t h e  t a n k  t r u c k .  I n  t h i s  c a s e ,  changes 

i n  f u l l  t r a i l e r  parameters  (exc lud ing  t h o s e  changes p e r t i n e n t  t o  double  

drawbar arrangements)  a r e  n o t  l i k e l y  t o  be  h i g h l y  b e n e f i c i a l ,  bu t  t h e  

s e l e c t i o n  of a  d i f f e r e n t  towing u n i t  w i t h  a  lower a m p l i f i c a t i o n  f a c t o r  might 

be a  v i a b l e  improvement. With r e g a r d  t o  t h e  t ank  t r u c k ,  t h e  d e s i r e s  t o  

make ( a )  t h e  q u a n t i t y  x  s m a l l  and (b)  t h e  towing v e h i c l e  long w i t h  a  
P  c  

c e n t r a l l y  l o c a t e d  c.g.  ( i . e . ,  t h e  f r o n t  a x l e  n o t  g r e a t l y  removed from t h e  

c . g . )  a r e  i n  c o n f l i c t .  That i s ,  i f  t h e  p i n t l e  h i t c h  i s  placed a t  t h e  r e a r  

of t h e  towing u n i t ,  t h e n  a t t e m p t s  t o  reduce  yaw response  by l eng then ing  t h e  

wheelbase o r  moving t h e  c.g.  c l o s e r  t o  t h e  f r o n t  a x l e  w i l l  i n c r e a s e  x  
P C  ' 

the reby  t e n d i n g  t o  o f f s e t  t h e  improvement gained by reduc ing  t h e  yaw 

response.  However, changes i n  d e s i g n  t h a t  d e c r e a s e  t h e  yaw moment of i n e r -  

t i a  and reduce t h e  overhang of t h e  t a n k  behind t h e  r e a r  a x l e  appear  t o  be 

good p o s s i b i l i t i e s  f o r  o b t a i n i n g  moderate r e d u c t i o n s  i n  rearward ampl i f i ca -  

t i o n .  Never the less ,  u n l e s s  some nove l  approach (such as t h e  double  drawbar 

arrangement)  i s  used t o  reduce x  i t  w i l l  be  d i f f i c u l t  t o  a c h i e v e  major 
PC ' 

r e d u c t i o n s  i n  rearward a m p l i f i c a t i o n  by changing t h e  geometr ic  l a y o u t  of t h e  

tow v e h i c l e .  

With r e g a r d  t o  v e h i c l e s  w i t h  m u l t i p l e  u n i t s  (such a s  i n  a  t r i p l e s  

combinat ion) ,  t h e  o v e r a l l  rearward a m p l i f i c a t i o n  can  be  v e r y  l a r g e .  For 

example, a  conven t iona l  t r i p l e  c o n s i s t i n g  of a t r a c t o r  and t h r e e  27-foot 

t r a i l e r s  [20] has  been found t o  have the fo l lowing  a m p l i f i c a t i o n  f a c t o r s  

a t  a  f requency of 3.36 r a d / s e c  corresponding t o  w f o r  each of t h e  n e a r l y  
max 

i d e n t i c a l  f u l l  t r a i l e r s  [ 2 2 ]  : 



Table  8. Rearward Ampl i f i ca t ion  F a c t o r s  P e r t a i n i n g  
t o  a  T r i p l e s  Combination. 

T r a c t o r  c.g.  t o  semi c.g.  1 .15  

Semi c .g .  t o  p i n t l e  h i t c h  1 . 4 1  

1st f u l l  t r a i l e r  p i n t l e  h i t c h  t o  c .g .  1 .28 

1st f u l l  t r a i l e r  c.g.  t o  p i n t l e  h i t c h  1.40 

2nd f u l l  t r a i l e r  p i n t l e  h i t c h  t o  c . g .  1 . 2 8  

The product  of t h e s e  f a c t o r s  equa l s  3.72 which i s  a  l a r g e  amount of 

a m p l i f i c a t i o n  t o  p r e d i c t  a t  3.36 r a d / s e c .  

Note t h a t  when a l l  t h e  u n i t s  a r e  n e a r l y  i d e n t i c a l ,  t h e  i n d i v i d u a l  

maximums a l l  occur a t  n e a r l y  t h e  same frequency,  the reby  producing t h e  

maximum o v e r a l l  a m p l i f i c a t i o n .  Also,  n o t e  t h a t  a m p l i f i c a t i o n  i n c r e a s e s  by 

a  m u l t i p l i c a t i v e  f a c t o r  of 1 . 8  ( i . e . ,  1 .40 x 1.28) when going from a  doubles  

t o  a  t r i p l e s  combination ( s e e  Table  8  d e s c r i b i n g  t h e  conven t iona l  t r i p l e ) .  

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

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

w i l l  occur .  

6.4 Nonlinear S imula t ion  R e s u l t s  f o r  S e l e c t e d  Vehic les  Performing 
Obstacle-Avoidance Maneuvers 

A s  a  r e s u l t  of t h e  survey e f f o r t  conducted i n  t h e  i n i t i a l  p a r t  of 

t h i s  p r o j e c t ,  two m u l t i p l y - a r t i c u l a t e d  v e h i c l e s  were s e l e c t e d  f o r  d e t a i l e d  

s tudy .  These v e h i c l e s  were a  "Ca l i fo rn ia"  t r u c k - f u l l  t r a i l e r  and a  f i v e -  

a x l e  " d i r t "  t r u c k  p u l l i n g  a  s ix -ax le  f u l l  t r a i l e r  ( s e e  Table  2 and F i g u r e s  

14 and 1 5 ) .  

I n  a d d i t i o n ,  t h r e e  t r u c k - s e m i t r a i l e r  combinations w i t h  unconvent ional  

h i t c h i n g  arrangements were s e l e c t e d ,  One of t h e s e  v e h i c l e s  c o n s i s t e d  of an 

empty th ree -ax le  dump t r u c k  employing a  p i n t l e  h i t c h  t o  tow a  lowboy semi- 

t r a i l e r  loaded w i t h  a  backhoe. Th is  combination was s e e n  a s  being (1) pre- 

v a l e n t  i n  t h e  c o n s t r u c t i o n  i n d u s t r y  and (2)  s u s c e p t i b l e  t o  enough rearward 

a m p l i f i c a t i o n  t o  cause  premature r o l l o v e r  of t h e  s e m i t r a i l e r  due t o  t h e  use  

of a  p i n t l e  h i t c h  l o c a t e d  w e l l  a f t  of t h e  rearmost  a x l e .  



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

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

Never the less ,  t h e  s t u d y  of a u t o m o b i l e - r e c r e a t i o n a l  s e m i t r a i l e r  combinat ions  

i n d i c a t e s  t h a t  t h i s  t y p e  of v e h i c l e  arrangement may have a  v e r y  o s c i l l a t o r y  

d i r e c t i o n a l  behav ior  [27 ,28] .  Fur thermore,  i n  c o n t r a s t  t o  a  f i f t h  wheel,  

t h e  p i n t l e  h i t c h  does n o t  p rov ide  r o l l  s u p p o r t  t o  t h e  s e m i t r a i l e r .  Hence, 

i n  an  obs tac le -avo idance  maneuver, t h e  l i k e l i h o o d  of r o l l o v e r  of t h e  semi- 

t r a i l e r  can be a  problem f o r  t h i s  t y p e  o f  v e h i c l e .  

The o t h e r  two v e h i c l e s  s e l e c t e d  because  of t h e i r  a t y p i c a l  h i t c h i n g  

arrangements a r e  a  so -ca l l ed  " C a l i f o r n i a  dromedary" and a  c a r  h a u l e r  ( s e e  

F igures  1 3  and 1 2 ) .  Both of t h e s e  v e h i c l e s  employ f i f t h  wheels p laced  n e a r  

o r  a t  t h e  r e a r  of t h e  towing u n i t  and in b o t h  c a s e s  t h e  towing u n i t  c a r r i e s  

p a r t  of t h e  load  ( s e e  F i g u r e  53) .  The f i f t h  wheel p r o v i d e s  a  r o l l  con- 

s t r a i n t  ( a s  c o n t r a s t e d  t o  a  p i n t l e  h i t c h ) ,  n e v e r t h e l e s s ,  due t o  t h e  rearward 

l o c a t i o n  of t h e  a r t i c u l a t i o n  j o i n t ,  t h e  p o s s i b i l i t y  f o r  unusua l ly  high 

rearward a m p l i f i c a t i o n  e x i s t s .  

Due t o  t h e  fundamental  d i f f e r e n c e s  between v e h i c l e s  employing 

s t e e r a b l e  d o l l i e s  and t r u c k - s e m i t r a i l e r  v e h i c l e s ,  t h e  fo l lowing  m a t e r i a l  

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

i n g  t h e  t r u c k - f u l l  t rai ler  t y p e  of v e h i c l e  ( t o  which t h e  e a r l i e r  s i m p l i f i e d  

a n a l y s i s  p e r t a i n s )  and t h e  second s u b s e c t i o n  p r e s e n t i n g  example r e s u l t s  f o r  

a n  empty truck-lowboy combination,  a  " C a l i f o r n i a "  dromedary, and a c a r  

h a u l e r  w i t h  a  s t i n g e r  f i f t h  wheel. 

6 . 4 . 1  Truck-Full T r a i l e r  Examples. The " C a l i f o r n i a "  t r u c k - f u l l  

t r a i l e r  has  s e r v e d  a s  a  pr imary example i n  t h e  d i s c u s s i o n  of p a r a m e t r i c  

s e n s i t i v i t i e s  based on a  s i m p l i f i e d  l i n e a r  a n a l y s i s  ( s e e  S e c t i o n  6 . 3 ) .  The 

l i n e a r  a n a l y s i s  p r e d i c t s  a  maximum rearward a m p l i f i c a t i o n  of approximately  

2.0 a t  f r e q u e n c i e s  i n  t h e  neighborhood of 3 .4  r a d / s e c  f o r  t h i s  t r u c k - f u l l  

t r a i l e r .  Hence, i f  t h e  f u l l  t r a i l e r  has  a load  w i t h  a  h igh  c e n t e r  of 

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

i n d i c a t e s  t h a t  t h e  f u l l  t r a i l e r  may be  expected t o  r o l l  over  i n  a  s e v e r e  

avoidance maneuver. 







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

( s e e  Appendix D) h a s  been used i n  s tudy ing  t h e  yaw and r o l l  dynamics of t h e  

v e h i c l e ,  S imula t ion  runs  have been made t o  p rov ide  a  c h a r a c t e r i z a t i o n  of 

v e h i c l e  response  i n  an  emergency obstacle-avoidance maneuver. The d e s i r e d  

t r a j e c t o r y  f o r  t h e  maneuver is  g iven  by a n  e q u a t i o n  of t h e  form 

where 

' D X  

y  i s  t h e  i n s t a n t a n e o u s  l a t e r a l  d isplacement  

X i s  t h e  l o n g i t u d i n a l  p o s i t i o n  

Y(X> = ' 

D i s  t h e  t o t a l  l a t e r a l  d isplacement  

(T)($ f o r  X < V T  

D f o r  X 2 VT - 

T is  t h e  pe r iod  of t h e  maneuver 

and V i s  t h e  forward v e l o c i t y  

\ 

Using t h e  ground p a t h  g iven  by ( 6 . 7 ) ,  a  s t e e r i n g  c o n t r o l  model, t h a t  

approximates d r i v e r  c o n t r o l  c h a r a c t e r i s t i c s ,  has  been used t o  cause  t h e  

v e h i c l e  t o  fo l low t h e  d e s i r e d  p a t h  [17] .  To i l l u s t r a t e  t h e  l i m i t  response 

of t h e  v e h i c l e  i n  avo id ing  an  o b s t a c l e ,  a  s e r i e s  of s i m u l a t i o n  r u n s  were 

made a t  55 mph (88.5 k / h r )  w i t h  D e q u a l  t o  a  l a n e  width  ( i . e . ,  1 2  f e e t  

(3.66 m)) and VT v a r i e d  from 150 t o  100 f e e t  (45.7 m t o  30.5 m). 

I n  t h e  s i m u l a t i o n  run w i t h  VT = 100 f e e t  (30.5 m ) ,  t h e  f u l l  t r a i l e r  

r o l l e d  over  ( s e e  F i g u r e  54 and Tab le  9 ) .  Note t h a t ,  a l t h o u g h  t h e  s i m u l a t i o n  

is a  n o n l i n e a r  time-domain c a l c u l a t i o n  of v e h i c l e  response ,  t h e  s i m u l a t i o n  

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

a n a l y s i s .  F i r s t ,  t h e  f o r c e  a t  t h e  p i n t l e  h i t c h  is  small throughout t h e  

maneuver. Second, even though t h i s  t y p e  of v e h i c l e  has  a  ve ry  l i m i t e d  range 

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

parameters  t h a t  i t  inc ludes -even  i n  t h e  n o n l i n e a r  c a s e .  None of t h e  non- 

l i n e a r i t i e s  c o n t r i b u t e  t o  improving t h e  d i r e c t i o n a l  r esponse  c h a r a c t e r i s t i c s  

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

f u l l  t r a i l e r  i s  much l a r g e r  than  a t  t h e  c.g. of t h e  t r u c k .  



Figure 54. Obstacle-avoidance, Cal i forn ia  t ruck - fu l l  t r a i l e r .  
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The r o l l  c h a r a c t e r i s t i c s  a r e  obv ious ly  impor tan t  i n  t h e  s i m u l a t i o n .  

The s i m u l a t i o n  run i s  s topped a f t e r  r o l l o v e r  of t h e  f u l l  t r a i l e r  i s  c e r t a i n  

( b u t  b e f o r e  i t  h i t s  t h e  ground).  The r o l l  dynamics and t h e  pa ramete rs  

s i g n i f i c a n t l y  i n f l u e n c i n g  r o l l o v e r  ( e . g . ,  c . g .  h e i g h t  t o  t r a c k  wid th ,  r o l l  

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

s e e  Chapter 4 ) )  a r e  impor tan t  p r i m a r i l y  i n  de te rmin ing  r o l l o v e r  b u t ,  a l s o ,  

they  c o n t r i b u t e  t o  t h e  l a t e r a l  a c c e l e r a t i o n s  of each of t h e  sprung masses,  

the reby  making t h e  d e t e r m i n a t i o n  of rearward a m p l i f i c a t i o n  more complicated 

than  i n  t h e  s i m p l i f i e d  l i n e a r  a n a l y s i s .  C l e a r l y ,  t h e  s i m p l i f i e d  l i n e a r  

a n a l y s i s  i s  much e a s i e r  t o  u s e  t o  unders tand  and p r e d i c t  whether  a v e h i c l e  

may have a  tendency towards l a r g e  amounts o f  rearward a m p l i f i c a t i o n .  The 

n o n l i n e a r  s i m u l a t i o n  p rov ides  t h e  means f o r  producing d e t a i l e d  t ime h i s t o r i e s  

t h a t  can be used t o  ( 1 )  conf i rm t h e  p r e d i c t i o n s  of t h e  l i n e a r  a n a l y s i s  and 

( 2 )  s t u d y  r o l l  and yaw i n t e r a c t i o n s  d i r e c t l y  and s imul taneous ly .  

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

s i m u l a t i o n  model h a s  been used t o  s t u d y  t h e  " C a l i f o r n i a "  t r u c k - f u l l  t r a i l e r  

w i t h  a n  i d e a l i z e d  double  drawbar arrangement such  t h a t  x = 0, t h a t  i s ,  
PC 

t h e  e f f e c t i v e  drawbar is  connected from t h e  t u r n t a b l e  of t h e  f u l l  t r a i l e r  

t o  a  p o i n t  below t h e  c.g. of t h e  sprung mass of t h e  t a n k  t r u c k  ( s e e  F i g u r e  

5 5 ) .  C l e a r l y ,  i n  t h i s  c a s e  t h e  s i m u l a t i o n  i s  r e p r e s e n t i n g  a  l i n k a g e  

arrangement t h a t  can on ly  b e  approximated i n  p r a c t i c e .  N e v e r t h e l e s s ,  t h e  

r e s u l t s  ( s e e  Tab le  10 and F i g u r e  56) conf i rm i n  a  q u a l i t a t i v e  manner t h e  

p r e d i c t i o n s  of  t h e  s i m p l i f i e d  theory .  S p e c i f i c a l l y ,  t h e  rearward amplif i- 

c a t i o n  ( s e e  Tab le  10)  is  approximately  1 . 0  f o r  t h i s  v e h i c l e  i n  t h i s  maneuver. 

Furthermore,  t h e  s imula ted  v e h i c l e  does  n o t  r o l l  over  (a l though  i t  comes 

c l o s e ) .  I n  t h i s  c a s e ,  t h e  t r a i l e r  t r a c k s  t h e  t r u c k ' s  p a t h  w i t h  much l e s s  

overshoo t  t h a n  i n  t h e  o r i g i n a l  c a s e  w i t h  t h e  conven t iona l  drawbar ( s e e  

F igure  56) .  The improvement i n  t r a c k i n g  i s  approximately  50 i n c h e s  (1.27 m). 

Hence, t h e  s i m u l a t i o n  r e s u l t s  i n d i c a t e  t h a t  t h e  double  drawbar should be  a  

s u c c e s s f u l  improvement f o r  ex tend ing  t h e  obs tac le -avo idance  c a p a b i l i t y  of 

t h i s  v e h i c l e .  
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California Truck - Full- Trailer 
Convent ional  Hitch 
1 rn = 39.37 in 

F i g u r e  56. I n f l u e n c e  of double  drawbar on t r a j e c t o r i e s .  



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

f i v e - a x l e  t r u c k  p u l l i n g  a  s i x a x l e  f u l l  t r a i l e r  w i t h  a  th ree -ax le  d o l l y  

( s e e  Figure  1 5 ) .  

The s i m p l i f i e d  a n a l y s i s  of t h i s  v e h i c l e  i n d i c a t e s  t h a t  i t  w i l l  

have a  maximum rearward a m p l i f i c a t i o n  of 2.46 a t  3.95 r a d / s e c  ( s e e  F igure  

57) .  A t  3.95 r a d / s e c ,  t h e  magnitudes o f  t h e  a m p l i f i c a t i o n  f a c t o r s  f o r  t h e  

towing and towed u n i t s  a r e  2.05 and 1 .20 ,  r e s p e c t i v e l y .  

The r e s u l t s  from t h e  s i m p l i f i e d  a n a l y s i s  of t h e  " d i r t "  t r u c k - f u l l  

t r a i l e r  a r e  q u a l i t a t i v e l y  s i m i l a r  t o  those  f o r  t h e  "Ca l i fo rn ia"  t r u c k - f u l l  

t r a i l e r  and,  hence, t h e  s i m u l a t i o n  r e s u l t s  f o r  t h e s e  two v e h i c l e s  a r e  

expected t o  be s i m i l a r .  Although t h e  "dirt" t r u c k - f u l l  t r a i l e r  v e h i c l e  has 

many a x l e s ,  i t s  performance i s  s i m i l a r  t o  t h e  "Ca l i fo rn ia1 '  t r u c k - f u l l  

t r a i l e r  because i t s  a x l e s  a r e  h e a v i l y  loaded,  t h a t  i s ,  i t s  corner ing  

c o e f f i c i e n t s  a r e  n o t  l a r g e .  A s  i n d i c a t e d  i n  Table 11, t h e  s imulated d i rec -  

t i o n a l  response of t h e  " d i r t "  t r u c k - f u l l  t r a i l e r  i s  indeed comparable t o  

t h a t  of t h e  "Ca l i fo rn ia"  truck-f u l l  t r a i l e r .  The l a t e r a l  a c c e l e r a t i o n  of 

t h e  f u l l  t r a i l e r  i s  much l a r g e r  t h a n  t h a t  of t h e  " d i r t "  t r u c k  and t h e  f u l l  

t r a i l e r  r o l l s  over  i n  an  emergency maneuver r e q u i r i n g  a  l a t e r a l  d isplacement  

of 12 f e e t  (3 .66 m). I n  a d d i t i o n ,  f u r t h e r  c a l c u l a t i o n s  w i t h  a n  i d e a l i z e d  

double drawbar arrangement (such t h a t  x  = 0)  show t h a t  i n  t h e  emergency 
PC 

maneuver t h e  f u l l  t r a i l e r  w i l l  n o t  r o l l  over  ( t h e  rearward a m p l i f i c a t i o n  

i s  c l o s e  t o  1 .0)  and t h e  p a t h  of t h e  f u l l  t r a i l e r  overshoo ts  t h e  p a t h  of 

t h e  t r a c t o r  by 30 inches  (. 76 m) when x  = 0  compared t o  a  75-inch (1.9-m) 
PC 

overshoot  f o r  t h e  conven t iona l  h i t c h i n g  arrangement.  Although t h e  maximum 

f o r c e  a t  t h e  p i n t l e  h i t c h  can be  on t h e  o r d e r  of f i v e  p e r c e n t  of t h e  maximum 

f o r c e  a t  t h e  t u r n t a b l e  f o r  t h i s  th ree -ax le  d o l l y ,  t h e  s i m p l i f i e d  a n a l y s i s  

provides  approximate r e s u l t s  t h a t  can be used t o  p r e d i c t  t h e  q u a l i t a t i v e  

n a t u r e  of t h e  v e h i c l e  ' s d i r e c t i o n a l  response i n  an obstacle-avoidance 

maneuver. I n  summary, t h e  s i m u l a t i o n  r e s u l t s  f o r  t h e  " d i r t "  truck-f u l l  

t r a i l e r  provide f u r t h e r  evidence suppor t ing  t h e  p rev ious  conclus ions  t h a t  

(1) t h e  s i m p l i f i e d  a n a l y s i s  p rov ides  t h e  b a s i s  f o r  u s e f u l  p r e d i c t i o n s  and 

(2) t h e  double drawbar arrangement has  p o t e n t i a l  f o r  improving d i r e c t i o n a l  

performance i n  obstacle-avoidance maneuvers. 



Vehicle  I d e n t i f i c a t i o n :  Dirt Truck-Full T r a i l e r  

Xax. A q i i f i c a t i o n  Gain f o r  W 5 - 5.00 r a d l s e c :  

GX = 2.467 a t  W = 3.95 r ad / sec  

Anp l i f i ca t ion  Gain Components a t  W = 3 . 9 5  r ad / sec :  

S t r a i g h t  t ruck ,  c.g. t o  p i n t l e  hook, G2 = 2.05 

1st f u l l  t r a i l e r ,  p i n t l e  eye t o  c. g. , G 3  = 1.203 

Dl RT - TRUCK - FULL - TRAILER 

FREQ. R A D / S E C  

Figure  57. Five-axle " d i r t "  t r u c k  p u l l i n g  a s ix-ax le  t r a i l e r .  





Table 11 (Cont .) 

5 nx l r -  d l r t  t r u c k  4 6 n x l e  f l r l l  t r a 1 l o l -  

ROLL 
ANGLE 
( o c c )  

0.0 
0.00 
0.00 
0.00 
0 .01  
0 . 0 1  
0 . 0 3  
0.05 
0 . 0 9  
0. 12 
0 .  10 
0 . 0 2  

-0. t6 
-0.44 
-0.04 
-1.38 
-2.02 
-2.68 
-3 .35  
- 4 . 3 2  
- 5 . 4 8  
-6.06 
- 6 . 4 5  
- 7 .  16 
- 8 . 0 5  
- 0 . 0 5  
-9 .91  

-10.22 
- 9 . 5 0  
-1.29 
-3 .20  

1.75 
5 .79  
9.  05 

13.43 
19.00 
2 8 . 2 6  
39.36 

1'1 lCl1 FORWARU LAlERAL ROC 
AHQCE VCL VE L RA I 



6.4.2 S imula t ion  R e s u l t s  f o r  Truck-Semi t ra i l e r  Combinations. The 

empty dump truck-loaded s e m i t r a i l e r  combination was chosen because i t  h a s  

a  p i n t l e  h i t c h  connec t ion  l o c a t e d  w e l l  behind t h e  r e a r  a x l e  of t h e  t r u c k  

( s e e  F i g u r e s  8  and 1 6 ) .  Parameters  d e s c r i b i n g  t h i s  v e h i c l e  i n  d e t a i l  a r e  

g iven  i n  Appendix E .  The d i r e c t i o n a l  r esponse  of t h i s  v e h i c l e  i s  n o t  a t  

a l l  l i k e  t h a t  of a  t y p i c a l  t r a c t o r - s e m i t r a i l e r  which employs a  f i f t h  wheel 

l o c a t e d  i n  f r o n t  o f  t h e  r e a r  a x l e  of t h e  t r a c t o r .  I n  t h e  t y p i c a l  t r a c t o r -  

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

wheel c o n s t r a i n s  t h e  r e l a t i v e  r o l l  between t h e  t r a c t o r  and t h e  s e m i t r a i l e r  

the reby  improving t h e  r o l l  s t a b i l i t y  of t h e  v e h i c l e .  I n  c o n t r a s t ,  t h e  

dump-truck-pintle-hook-semitrailer h a s  a  l a r g e  rearward a m p l i f i c a t i o n  and 

t h e  s e m i t r a i l e r  may r o l l  over  w h i l e  t h e  t r a c t o r  remains  u p r i g h t  because  t h e  

p i n t l e  h i t c h  does n o t  p rov ide  a  r o l l  c o n s t r a i n t .  Example r e s u l t s  ( t ime  

h i s t o r i e s )  from t h e  s i m u l a t i o n  of a 12-foot (3.66-m) obs tac le -avo idance  

maneuver a r e  p resen ted  i n  F i g u r e  58 t o  i l l u s t r a t e  t h e  rearward a m p l i f i c a t i o n  

i n  t h e  combination and t h e  e v e n t u a l  r o l l o v e r  of t h e  s e m i t r a i l e r .  Compared 

t o  t h e  " C a l i f o r n i a "  t r u c k - f u l l  t r a i l e r ,  t h i s  t r u c k - s e m i t r a i l e r  combination 

has  approximately  t h e  same l e v e l  o f  rearward a m p l i f i c a t i o n  (around 2 . 0 ) ,  

however, t h e  t iming of t h e  r o l l  r e sponse  i s  d i f f e r e n t .  A s  shown i n  F i g u r e  

58, t h e  l a t e r a l  a c c e l e r a t i o n  g a i n  between t h e  t r u c k  and s e m i t r a i l e r  i s  l a r g e  

and t h e  s e m i t r a i l e r ' s  r o l l  a n g l e  i n c r e a s e s  v e r y  q u i c k l y  once t h e  s e m i t r a i l e r  

s t a r t s  t o  r o l l  over .  These s i m u l a t e d  r e s u l t s  demons t ra te  t h a t  t h i s  t ruck-  

s e m i t r a i l e r  combination (1 )  h a s  l a r g e  amounts o f  rearward a m p l i f i c a t i o n  and 

(2)  i s  s u s c e p t i b l e  t o  r o l l i n g  over  t h e  s e m i t r a i l e r  i n  obstacle-avoidance 

maneuvers. 

The s i m u l a t i o n  r e s u l t s  f o r  t h e  " C a l i f o r n i a "  dromedary (F igure  13)  

and t h e  c a r  h a u l e r  ( F i g u r e  12) a r e  n o t  a.s d ramat ic  as t h o s e  f o r  t h e  empty- 

dump/loaded-lowboy v e h i c l e  (e .g . ,  compare F i g u r e s  59 and 60 w i t h  F i g u r e  58) .  

Both t h e  dromedary and t h e  c a r  h a u l e r  employ a  f i f t h  wheel which coup les  

t h e  towing and towed u n i t s  i n  r o l l  ( s e e  F i g u r e  53), the reby  a l lowing  each 

u n i t  t o  a i d  i n  p rov id ing  r o l l  suppor t  t o  t h e  o t h e r  u n i t  dur ing  t h e  v a r i o u s  

phases  o f  an obstacle-avoidance maneuver. I n  c o n t r a s t  t o  t h e  dump t ruck-  

s e m i t r a i l e r  t h a t  uses  a  p i n t l e  connec t ion ,  n e i t h e r  t h e  dromedary nor  t h e  

c a r  h a u l e r  r o l l  over  i n  t h e  s imula ted  obstacle-avoidance maneuver. (See 

t h e  r o l l  t ime h i s t o r i e s  i n  F i g u r e s  59 and 60.) The rearward a m p l i f i c a t i o n  



sec 

F i g u r e  58. Empty dump truck, loaded lowboy semi. 



Time, sec 

w .  r l g u r e  5 9 .  " C a l i f o r n i a "  dromedary. 
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\---- A Time, sec 

F i g u r e  60. Car hauler. 



f a c t o r s  f o r  t h e  dromedary and t h e  c a r  h a u l e r  (bo th  approximately  1 . 4  i n  

t h i s  maneuver) a r e  s l i g h t l y  l a r g e r  than  t h o s e  a s s o c i a t e d  w i t h  t y p i c a l  

t r a c t o r - s e m i t r a i l e r s  w i t h  towing u n i t s  having comparable wheelbases.  

Never the less ,  t h e  p a t h s  of t h e  r e a r  u n i t s  do n o t  d i f f e r  g r e a t l y  from t h e  

p a t h s  of t h e  l e a d  u n i t s  f o r  t h e s e  two v e h i c l e s .  Apparent ly ,  even though 

t h e i r  f i f t h  wheels a r e  i n  unusual  l o c a t i o n s ,  t h e s e  v e h i c l e s  have t i r e s ,  

wheelbases,  and l o a d i n g  arrangements such  t h a t  they can execu te  emergency 

avoidance maneuvers reasonably  w e l l .  

Note t h a t  reasonably  good performance i n  avo id ing  o b s t a c l e s  depends 

upon us ing  a  f i f t h  wheel r a t h e r  t h a n  a  p i n t l e  h i t c h .  The fo l lowing  hypo- 

t h e t i c a l  r e s u l t s  ( s e e  F igure  61) apply  t o  a  " C a l i f o r n i a "  dromedary i n  which 

t h e  f i f t h  wheel has  been rep laced  by a  p i n t l e  h i t c h  i n  t h e  s i m u l a t i o n  model. 

A s  i l l u s t r a t e d  i n  F igure  61,  t h e  s e m i t r a i l e r  r o l l s  over  i n  t h i s  h y p o t h e t i c a l  

s i t u a t i o n  which demonstra tes  t h e  consequences of us ing  a  p i n t l e  h i t c h  r a t h e r  

than a  f i f t h  wheel. Although t h e  t iming of t h e  r o l l  r e sponse  i s  d i f f e r e n t  

from t h a t  achieved by t h e  empty dump truck-loaded s e m i t r a i l e r  combination,  

t h e  r o l l o v e r  r e s u l t  occurs  i n  bo th  c a s e s  due t o  t h e  l a c k  of t h e  r o l l  

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

6 . 5  Concluding Sta tement  f o r  Chapter - 6 

The f i n d i n g s  and r e s u l t s  p resen ted  i n  t h i s  c h a p t e r  have been 

summarized i n  Chapter 2 .  Recommendations from t h i s  s t u d y  of rearward 

a m p l i f i c a t i o n  a r e  included i n  Chapter 7 .  



\ 
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Figu re  61.  " C a l i f o r n i a "  droaedar l ; .  
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CHAPTER. 7 

CONCLUSIONS AND RECOMMENDATIONS 

The s t a t e d  o b j e c t i v e  of t h i s  s t u d y  was " to  c h a r a c t e r i z e ,  by 

a n a l y t i c a l  means, t h e  bounds o f  s a f e  v e h i c l e  d e s i g n  and t h e  l i m i t s  w i t h i n  

which d r i v e r s  must o p e r a t e  l a r g e  t r u c k s ,  a s  t h e s e  c o n s i d e r a t i o n s  r e l a t e  t o  

the  d i r e c t i o n a l  dynamic s t a b i l i t y  of l a r g e  t r u c k s . "  The s t u d y  has  

endeavored t o  meet t h i s  o b j e c t i v e  by f i r s t  i d e n t i f y i n g  t h e  primary s a f e t y -  

r e l a t e d  problems a s s o c i a t e d  w i t h  commercial v e h i c l e  d i r e c t i o n a l  dynamics 

and then t o  i d e n t i f y  what v e h i c l e  and o p e r a t i n g  parameters  tend t o  exacer-  

b a t e  t h e s e  problems. I n  s o  doing,  t h e  s t u d y  has  helped t o  i d e n t i f y  what 

types  of v e h i c l e s  may have what types  of problems i n  what types  of maneuvers. 

F u r t h e r ,  t h e  s tudy  has  helped i d e n t i f y  what a c t i o n s  can be t aken  t o  m i t i g a t e  

a  g iven v e h i c l e ' s  s a f e t y  problems. 

The s t u d y  has  focused on t h r e e  s p e c i f i c  s u b j e c t s  r e l a t e d  t o  "di rec-  

t i o n a l "  performance,  v i z . ,  (1) r o l l  s t a b i l i t y  l i m i t s ,  ( 2 )  d i v e r g e n t  yaw 

i n s t a b i l i t y ,  and ( 3 )  l i g h t l y  damped, o s c i l l a t o r y  yaw response .  I n  Chapters 

4 ,  5 ,  and 6 ,  r e s p e c t i v e l y ,  t h e s e  subject ; ;  were d i scussed  i n  terms of t h e i r  

under ly ing  p h y s i c a l  mechanisms and w i t h  r e s p e c t  t o  t h e  s p e c i f i c  v e h i c l e  and 

o p e r a t i n g  parameters  by which they  a r e  in f luenced .  

" ~ a f e t y , "  of course ,  i s  a  r e l a t i v e  term. A s  such,  i t  is  always 

imposs ib le  t o  i d e n t i f y  e x a c t l y  a t  what l e v e l  of performance a  v e h i c l e  becomes 

"safe ."  Accordingly,  t h i s  s t u d y  has  n o t  a t tempted t o  d e f i n e  q u a n t i t a t i v e l y ,  

"safe"  boundar ies  of performance r e l a t i v e  t o  t h e  t h r e e  t o p i c s  of i n t e r e s t .  

However, t h e  major pa ramet r i c  s e n s i t i v i t i e s  have been i d e n t i f i e d ,  such t h a t ,  

w i t h  r e s p e c t  t o  each of t h e  t h r e e  a r e a s  or' performance,  " l ess - sa fe"  and 

"more-safe" v e h i c l e s  can be recognized and changes i n  d e s i g n  o r  o p e r a t i n g  

parameters  l e a d i n g  t o  s a f e r  v e h i c l e  behavior  can be i d e n t i f i e d .  

The knowledge concerning t h e  pa ramet r i c  s e n s i t i v i t i e s  of commercial 

v e h i c l e  d i r e c t i o n a l  behavior  r e f l e c t e d  i r 1  t h i s  r e p o r t  ho lds  p o t e n t i a l  f o r  

improving t h e  s a f e t y  performance of t h e  U.S. commercial t r u c k i n g  f l e e t .  



That p o t e n t i a l  cannot be  f u l l y  r e a l i z e d  u n l e s s  t h i s  knowledge i s  d e l i v e r e d  

t o  t h e  broad range of members of t h e  t r u c k i n g  i n d u s t r y  i n  a  u s a b l e  form. 

Herein  l i e s  a  problem. 

Presumably, most manufactur ing e n t i t i e s  of t h e  t r u c k i n g  i n d u s t r y  

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

t h i s  s t u d y  and t o  p rov ide  themselves w i t h  t h e  p a r a m e t r i c  d a t a  necessa ry  t o  

implement t h e  f i n d i n g s  i n  s p e c i f i c  a r e a s .  Th i s  i s  probably  n o t  s o ,  however, 

f o r  t h e  l a r g e  m a j o r i t y  of t r u c k  u s e r s .  While many u s e r s  may unders tand t h e  

f i n d i n g s  of t h i s  s t u d y  i n  a  g e n e r a l  s e n s e ,  t h e  p a r a m e t r i c  d a t a  necessa ry  

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

u s e r .  I n  many c a s e s ,  component and v e h i c l e  manufac tu re r s  do n o t  r e g u l a r l y  

g e n e r a t e  such d a t a  and i t  is v i r t u a l l y  never  made r e a d i l y  a v a i l a b l e  t o  t h e  

purchase r .  It should be noted t h a t  a  major reason  f o r  t h i s  i s  t h a t  such 

d a t a  has h i s t o r i c a l l y  n o t  been demanded i n  t h e  marketplace .  Accordingly ,  

i t  i s  recommended t h a t  c o n s i d e r a t i o n  be g i v e n  t o  t h e  d i s t r i b u t i o n  of t h e  

i n f o r m a t i o n  con ta ined  h e r e i n ,  i n  a p p r o p r i a t e  forms, t o  t h e  broad range  of 

i n d i v i d u a l s  invo lved  i n  t h e  U.S. t r u c k i n g  i n d u s t r y  and t h a t  e f f o r t s  be made 

t o  encourage i t s  p r a c t i c a l  implementat ion.  

Along more t e c h n i c a l  l i n e s ,  t h e  e f f o r t s  of t h i s  p a r t i c u l a r  p r o j e c t  

have been p u r e l y  a n a l y t i c a l .  While we b e l i e v e  s t r o n g l y  t h a t  t h e  f i n d i n g s  

h e r e i n  a r e  q u a l i t a t i v e l y  c o r r e c t ,  t h e r e  is  good r e a s o n  t o  conf i rm t h e  

q u a n t i t a t i v e  n a t u r e  of t h e  r e s u l t s  by exper imenta t ion .  

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

been found by exper ience  t o  p rov ide  a  r e l a t i v e l y  low l e v e l  of f i d e l i t y  i n  

de te rmin ing  t h i s  performance l i m i t .  An a l t e r n a t i v e  procedure  f o r  making 

t h i s  measurement on r e a l  v e h i c l e s  i s  t h e  l a b o r a t o r y  method employing a  

t i l t  t a b l e .  I n  t h i s  method, t h e  v e h i c l e  i n  q u e s t i o n  i s  mounted on a  t a b l e  

which can be t i l t e d  i n  r o l l .  The p r e c i s e  r o l l  a n g l e  a t  which t h e  v e h i c l e  

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

i n  terms of l a t e r a l  a c c e l e r a t i o n .  (For  commercial v e h i c l e s ,  t h e  r e q u i r e d  

t i l t  a n g l e  i s  n o t  s o  g r e a t  a s  t o  s e r i o u s l y  degrade t h e  experiment due t o  

r a d i c a l  changes i n  t i r e  " v e r t i c a l "  l o a d s ,  a s  i s  t h e  problem w i t h  passenger  

c a r s . )  Unfor tuna te ly ,  we know of  no such  f a c i l i t y  s u i t a b l e  f o r  heavy 

v e h i c l e s  i n  North America ( t h e r e  be ing  a t  l e a s t  f i v e  i n  Europe and one i n  



A u s t r a l i a ) .  UMTRI has  recommended t h a t  such a  f a c i l i t y  be e s t a b l i s h e d  i n  

t h i s  coun t ry ,  and con t inues  t o  do s o .  

Regarding d i v e r g e n t  yaw i n s t a b i l i t y ,  a l though  t h e  e x i s t e n c e  of 

d ive rgen t  yaw i n s t a b i l i t y  has  been e s t a b l i s h e d  bo th  a n a l y t i c a l l y  and 

exper imenta l ly  f o r  heavy t r u c k s ,  t h e  importance of t h i s  open-loop divergence 

i n  t h e  concept  of t h e  closed-loop s t a b i 1 , i t y  of t h e  d r i v e r - v e h i c l e  system has  

not  been completely eva lua ted .  Computerized models f o r  r e p r e s e n t i n g  t h e  

c o n t r o l  f u n c t i o n s  of d r i v e r s  a r e  avai labl le  and they have been used t o  s t u d y  

the  performance of t h e  d r i v e r - v e h i c l e  sys tem i n  path-fol lowing s i t u a t i o n s .  

T h e o r e t i c a l  p r e d i c t i o n s  ob ta ined  by empl.oying t h e s e  computerized models have 

produced r e a l i s t i c  r e s u l t s  and they c e r t a i n l y  may be used t o  i n d i c a t e  

reasonab le  bounds of closed-loop system s t a b i l i t y .  Never the less ,  l i t t l e  o r  

no exper imental  work, d e a l i n g  w i t h  t h e  closed-loop c o n t r o l  of t h e  d i r e c -  

t i o n a l  performance of heavy commercial v e h i c l e s ,  has  been repor ted  i n  t h e  

open l i t e r a t u r e .  The p rogress  t h a t  can be  made a n a l y t i c a l l y  w i l l  n e c e s s a r i l y  

be l i m i t e d  u n t i l  conf i rming,  experimenta.1 r e s e a r c h  can be  accomplished. 

Concerning l i g h t l y  damped o s c i l l a t o r y  yaw responses  of commercial 

v e h i c l e s ,  t h e  a n a l y t i c a l  f i n d i n g s  of t h i s  s t u d y  i n d i c a t e  t h a t  mul t ip ly -  

a r t i c u l a t e d  v e h i c l e s  a s  c u r r e n t l y  conf igured may have l e v e l s  of rearward 

a m p l i f i c a t i o n  t h a t  a r e  l a r g e  enough t o  cause  emergency maneuvering t o  be 

e x c e p t i o n a l l y  dangerous. Experimental  r e s u l t s  conf i rming t h i s  hazard f o r  

p a r t i c u l a r  v e h i c l e s  have been ob ta ined  i n  p rev ious  s t u d i e s ,  bu t  t h e  under- 

l y i n g  mechanisms and parameter s e n s i t i v i t i e s  were not  n e a r l y  a s  w e l l  under- 

s tood  i n  t h e  p a s t  a s  they a r e  now. C e r t a i n l y ,  t h e  knowledge now e x i s t s  t o  

c o n f i g u r e  v e h i c l e s ,  l o a d  them, and o p e r a t e  them s o  t h a t  t h e  hazards  of 

rearward a m p l i f i c a t i o n  can be r e a d i l y  demonstrated f o r  a  v a r i e t y  of combina- 

t i o n  v e h i c l e s .  More impor tan t ly ,  t h e  t h e o r e t i c a l l y  p r e d i c t e d  advantages  of 

us ing  double drawbar arrangements f o r  connect ing m u l t i p l y - a r t i c u l a t e d  

v e h i c l e s  should be t e s t e d  i n  v e h i c l e  experiments invo lv ing  doubles ,  t r i p l e s ,  

and t r u c k - f u l l  t r a i l e r  combinations.  

F i n a l l y ,  t h e  pa ramet r i c  s e n s i t i v i t i e s  developed h e r e i n  could  be  

used i n  a t t empts  t o  i d e n t i f y  v e h i c l e s  t h a t  might be "acc iden t  prone." Con- 

f i r m a t i o n  of t h i s  q u a l i t y  of a c c i d e n t  proneness might be pursued i n  ana lyz ing  

t h e  a c c i d e n t  r e c o r d ,  bu t  p a s t  exper ience  i n d i c a t e s  t h a t  g r e a t  s k i l l  and c a r e  



would be needed t o  remove t h e  i n f l u e n c e s  of confounding o r  l u r k i n g  v a r i a b l e s  

from t h e  r e s u l t s .  Furthermore,  t h e  amount of d e t a i l e d  in format ion  needed 

t o  e s t a b l i s h  t h e  v a l u e s  of t h e  p e r t i n e n t  d e s i g n  paramete rs  i s  no t  o r d i n a r i l y  

o b t a i n e d  i n  c o l l e c t i n g  a c c i d e n t  d a t a .  However, t h e  work done i n  t h i s  s t u d y  

could a i d  i n  d e f i n i n g  a  b a s i c  s e t  of parameters  t o  be s t u d i e d  and t h e  types  

of a c c i d e n t  s c e n a r i o s  t o  look  f o r .  Due t o  t h e  need f o r  d e t a i l e d  para- 

m e t r i c  and o p e r a t i o n a l  in fo rmat ion ,  t h e  most s u c c e s s f u l  u s e r s  of a c c i d e n t  

proneness  measures d e r i v e d  from t h e  r e s u l t s  of t h i s  s t u d y  might be  i n d i -  

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

t h e y  had r a t h e r  complete r e c o r d s  s p e c i f y i n g  v e h i c l e  c h a r a c t e r i s t i c s ,  how 

t h e y  a r e  loaded ,  how t h e y  a r e  used,  and what t y p e s  of a c c i d e n t s  t h e y  have. 
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