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SIbIULATION OF THE BR: l I~ I 'B I ;  AND FI-ANDLING 
OF TRUCKS AIJD TRICTOR- TR4I LERS 

INTRODUCTION 

The dynamic pe r fo rmance  o f  a r t i c u l a t e d  v e h i c l e s  h a s  b e e n  

s t u d i e d  by many i n v e s t i g a t o r s  1 Both t h e  b r a k i n g  pe r fo rmance  

and t h e  t u r n i n g  pe r fo rmance  o f  t r u c k s  and a r t i c u l a t e d  v e h i c l e s  . 

have  been  examined a n a l y t i c a l l y  [ 2 -  7 1 .  Horvever, t h e  non-  l i n e a r  

equa t j .ons  d e s c r i b i n g  v e h i c l e  mo t ion  i n  r a p i d ,  a c c i d e n t  a v o i d a n c e -  

t y p e  maneuvers  a r e  n o t  amenable t o  a n a l y t i c  s o l u t i o n ,  To p r o v i d e  

s o l u t i o n s  t o  t h e s e  n o n - l i n e a r  e q u a t i o n s ,  computer  s i m u l a t i o n s  

have  been  deve loped  [ 8 ,  91. 

The c u r r e n t  i n t e n s i f i e d  i n t e r e s t  i n  t h e  b r a k i n g  and h a n d l i n g  

per forn iance  o f  t r u c k s  and t r a c t o r - t r a i l e r s  h a s  r e s u l t e d .  i.11 t h e  need  

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

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

s t a t e - o f - t h e - a r t  i n  t h a t  c a r e f u l  a n a l y s e s  o f  tandem a x l e  dynamics ,  

t i r e  s h e a r  f o r c e  c h a r a c t e r i s  t i c s ,  and b r a k e  s y s  tem o p e r a t i o n  

have  been  i n c l u d e d .  I n  a d d i t i o n ,  many v e h i c l e  components s u c h  a s  

t r u c k  t i r e s ,  s u s p e n s i o ~ i s ,  s t e e r i n g  s y s t e m s ,  and f i f t h  whee l  

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

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

can b e  i n c o r p o r a t e d  i n  t h e  s imulat i .o : ls .  Lab ,ora to ry  equ ipment  has  

been  deve loped  f o r  measur ing  t h e  i n e r t i a l  p r o p e r t i e s  o f  l a r g e  

v e h i c l e s .  F u l l - s c a l e  v e h i c l e  pe r fo rmance  t e s t s  have  been  made s o  

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

t o  v a l i d a t e  t h e  s i m u l a t i o n s .  I n  a d d i t i o n ,  new c o m p u t a t i o n a l  

t e c h n i q u e s  have been  employed i n  t h e  computer  programs t o  r e d u c e  

c o s t s  by s p e e d i n g  up t h e  s o l u t i o n  r a t e .  

Th i s  r e p o r t  p r e s e n t s  a c o n c i s e  sulxmary o f  t h e  HSRI t r u c k  and 

t r a c t o r - t r a i l e r  s i m u l a t i o n  development  work.  

- 
"umbers i n  b r a c k e t s  d e s i g n a t e  r e f e r e n c e s  a t  t h e  end o f  t h i s  r e p o r t .  
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The hlotor V e h i c l e  Manufac tu re r s  A s s o c i a t i o n  (JNJIA) Truck and 

T r a c t o r - T r a i l e r  B rak ing  and Hand l ing  P r o j e c t  was begun a t  HSRI 

i n  mid-1971 w i t h  t h e  e x p r e s s e d  p u r p o s e  o f  e s t a b l i s h i n g  a  d i g i t a l  

compu te r -based  m a t h e m a t i c a l  method f o r  p r e d i c t i n g  t h e  l o n g i -  

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

The work has  been  d i v i d e d  i n t o  t h r e e  p h a s e s :  

a )  Phase  I .  E m p i r i c a l  and a n a l y t i c a l  work r e s u l t i n g  

i n  a  v a l i d a t e d  d i g i t a l  computer  program t o  p r e d i c t  

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

v e h i c l e s .  

b )  Phase  11. Empirical aild a n a l y t i c a l  work r e s u l t i n g  

i n  a v a l i d a t e d  d i g i t a l  computer  program t o  p r e d i c t  

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

v e h i c l e s .  

c )  Phase  111 .  Ref inement  and e x t e n s i o n  o f  t h e  p r e v i o u s  

work . . n c i u d i n g  c o n s i d e r a t i o n  o f :  

1 )  development  o f  a  d i g i t a l  compu te r -based  method 

f o r  p r e d i c t i n g  t h e  moments o f  i n e r t i a  and c e n t e r  

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

f o r  v a r i o u s  t r u c k ,  t r a c t o r ,  and  t r a i l e r  

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

2 )  r e f i n e m e n t  of  tandem s u s p e n s i o n  models a l r e a d y  

deve loped  and f o r m u l a t i o n  o f  models f o r  t h r e e  

a d d i t i o n a l  s u s p e n s i o n  t y p e s ;  

3) development  o f  o v e r -  t h e -  r o a d  equipment  f o r  

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

c h a r a c t e r i s t i c s  o f  t r u c k  t i r e s  ; 

4 )  cieveloplnent o f  niodcls f o r  t y p i c a l  t r u c k  a n t i -  

l o c k  b r a k i n g  s y s t e n ~ s  t o  be  u sed  w i t h  Phase  I 

(B rak ing  Per formance)  and Phase  I 1  (Brak ing  

and Hand l ing  Pe r fo rmance )  s i ~ n u l a t i o n  programs ; 



5 )  e x t e n s i o n  of  t h e  Phase  I (Brak ing  Pe r fo rmance )  

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

d o u b l e s  ( t r a c t o r - s e m i t r a i l e r - f u l l  t r a i l e r )  

c o m b i n a t i o n ;  

6 )  development  o f  more comple te  models o f  m e c h a n i c a l  

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

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

7 )  deveiopment  o f  a  compu te r -based  ma thema t i ca l  

model f o r  e v a l u a t i n g  t h e  a c c e l e r a t i o n  and 

h a n d l i n g  per formance  o f  t r u c k s  and t r a c t o r -  

t s a i l c r  con ib ina t ions  ; 

8)  development  o f  a  compu te r -based  m a t h e m a t i c a l  

method t o  s t u d y  t h e  dynamics o f  a i r  b r a k e  s y s t e m s .  

A t  t h e  p r e s e n t  t i m e ,  Phase  I and Phase  I1  have  been  comple t ed  and 

Phase  I11 i s  underway. 

The Phase  I b r a k i n g  pe r fo rmance  program (and a p p r o p r i a t e  

documenta t ion  ,101) h a s  been  d i s t r i b u t e d  t o  t h e  hNJL4 nnlembcr com- 

p a n i e s  and a  s emina r  was h e l d  a t  IISRI t o  e x p l a i n  t h e  u s e  o f  t h i s  

program.  Th i s  program i s  now o p e r a t i o n a l  a t  s e v e r a l  companies 

where i t  i s  b e i n g  u sed  t o  a i d  i n  t h e  d e s i g n  o f  v e h i c l e  sy s t ems  

r+rhicll a r e  i n t e n d e d  t o  meet impending f e d e r a l  mo to r  v e h i c l e  s a f e t y  

s t a n d a r d s  p e r t a i n i n g  t o  a i r  b r a k e  sy s t ems  f o r  t r u c k s ,  b u s e s ,  and 

t r a i l e r s .  

The Phase  I1 d i r e c t i o n a l  r e s p o n s e  program c o n t a i n s  a l l  t h e  

f e a t u r e s  o f  t h e  b r a k i n g  pe r fo rmance  program p l u s  t h e  p o s s i b i l i t y  

f o r  l a t e r a l ,  yaw, and r o l l  mot ion  o f  t h e  v e h i c l e  [ I l l .  The Phase  

I1 program i s  t o  b e  u sed  f o r  p r e d i c t i n g  r e s p o n s e  t o  s t e e r i n g  i n p u t s  

and r e s p o n s e  t o  combined s t e e r i n g  and b r a k i n g  i n p u t s .  The program 

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

s t a b i l i t y  o f  b r a k e  imba lance ,  s p l i t  f r i c t i o n  c o e f f i c i e n t  s u r f a c e s ,  

and a n t i l o c k  b ra lc ing  s y s t e m s .  



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

c e d u r e s  u sed  t o  complement t h e  s i m u l a t i o n  a r e  d e s c r i b e d  i n  t h e  

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

r e p r e s e n t i n g  t h e  mechan i ca l  c o m p l e x i t i e s  o f  t r u c k s  and t r a c t o r -  

t r a i l e r s  i s  d e s c r i b e d  e l s e ~ v h e r e  i n  t e c h n i c a l  r e p o r t s  [ l o -  131 . 

TANDEJI AXLE D'iS-UII CS 

To al lorc  l a r g e  p a y l o a d s  w i t h o u t  unduly  l a r g e  a x l e  l o a d s ,  many 

t r u c k s  and a r t i c u l a t e d  v e h i c l e s  make u s e  o f  tandem a x l e  s u s p e n s i o n s .  

These  s u s p e n s i o n s  commonly have  a mechanism f o r  " l o a d  l e v e l i n g , "  

t h a t  i s ,  an a t t e m p t  t o  m a i n t a i n  e q u a l  l o a d i n g  on each  o f  t h e  

tandem a x l e s  i n  t h e  p r e s e n c e  o f  roa.d i r r e g u l a r i t i e s .  T h i s  

meclianism may a l s o  c a u s e  unequa l  l o a d  d i s t r i b u t i o n  d u r i n g  b r a k i n g ,  

which may, i n  f a c t ,  r e s u l t  i n  s o - c a l l e d  "b rake  hop . "  Thus ,  s i n c e  

t h e  normal  f o r c e  a t  t h e  t i r e - r o a d  i n t e r f a c e  ha s  an i m p o r t a n t  

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

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

Tr;o v e r y  corr,mon tandzr ,  s .cis~~i13i0113 have  been  ~ n o d e i e d :  -ihe 

f o u r  s p r i n g  w i t h  l o a d  l e v e l e r  and t h e  w a l k i n g  beam ( s e e  F i g u r e s  

1 and 2 ) .  E x p e r i m e n t a l  r e s u l t s  show t h a t  t h e  f o u r  s p r i n g  s u s p e n -  

s i o n  t e n d s  t o  t r a n s f e r  l o a d  fro111 t h e  l e a d i n g  a x l e  t o  t h e  t r a i l i n g  

a x l e  d u r i n g  b r a k i n g .  The o p p o s i t e  may be  t r u e  f o r  t h e  w a l k i n g  

beam s u s p e n s i o n ,  wh ich ,  i n  some c a s e s ,  may t r a n s f e r  l o a d  f rom t h e  

t r a i l i n g  a x l e  t o  t h e  l e a d i n g  a x l e  d u r i n g  b r a k i n g .  These  phenomena 

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

i n  t h e  computer  programs t o  s e l e c t  t h e  t y p e  o f  s u s p e n s i o n s  u sed  

on t h e  v e h i c l e  t o  be  s i m u l a t e d .  Thus whee ls  un locked  b r a k i n g  

pe r fo rmance  can  now b e  p r e d i c t e d  r e a l i s t i c a l l y  f o r  e ach  a x l e  o f  

a tandem a x l e  s u s p e n s i o n  s y s t e ~ n .  



F i g u r e  1. Fouv s p r i n g  s u s p e n s i o n  



The b r a k e  sy s t em model may c o n v e n i e n t l y  b e  d i v i d e d  i n t o  t h r e e  

s e c t i o n s .  I n  a  t r a c t o r - t r a i l e r  a i r  b r a k e  sy s t em t h e  d r i v e r  a p p l i e s  

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

p r e s s u r e  a t  t h e  b r a k e s .  I n  t h e  f i r s t  s e c t i o n  o f  t h e  mode l ,  t h e  

r e l a t i o n s h i p  be tween  p r e s s u r e  a t  t h e  t r e a d l e  v a l v e  and t h e  l i n e  

p r e s s u r e  a t  t h e  b r a k e s  on eac.h a x l e  i s  computed a s  a  f u n c t i o n  o f  

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

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

r e s u l t s  which compare f a v o r a b l y  w i t h  e x p c r i ~ n e n t a l  measurements  

a r e  shorin i n  F i g u r e  3. 

I n  t h e  s econd  s e c t i o n  o f  t h e  b r a k e  sys tem model t h e  r e l a t i o n -  

s h i p  between l i n e  p r e s s u r e  and b r a k e  t o r q u e  i s  modeled.  The 

program u s e r  h a s  two o p t i o n s :  e i t h e r  t o  i n p u t  a t a b l e  o f  b r a k e  

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

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

models which a r e  c o n t a i n e d  i n  t h e  computer  p rogram.  The f i r s t  

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

may be  r e a d i l y  a v a i l a b l e  from dynamometer t e s t i n g .  However, s i n c e  

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

r e p r e s e n t e d .  The b r a k e  mode l s ,  i n c l u d e d  i n  t h e  computer  p rogram,  

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

which y i e l d s  a c c u r a t e  p r e d i c t i o n s  o f  s t o p p i n g  d i s t a n c e .  I n  Phase  

111, f u r t h e r  work on r e p r e s e n t i n g  f a d e  a s  an i n s t a n t a n e o u s  f u n c t i o n  

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

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

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

r e s u l t s  a s  shorin i n  Tab l e  1. 

The t h i r d  s e c t i o n  of t h e  b r a k e  s y s t e m  model i s  nori u n d e r  

deve lopment .  When f i n i s h e d  i t  w i l l  a l lorv t h e  u s e r  t o  s e l e c t  a 

v a r i e t y  o f  wheel  a n t i l o c k  b r a k i n g  mode ls .  P r e l i m i n a r y  r e s u l t s  

f o r  a  h y p o t h e t i c a l  a n t i l o c k  b r a k i n g  sy s t em have  a l r e a d y  been  

o b t a i n e d  from t h e  Phase  I s i m u l a t i o n  [ 1 2 ] .  





TABLE I 

TABULATED STOPPIXG DISTANCES 

T r a c t o r - T r a i l e r  

S t  opp i r ~ g  S t o p p i n g  
l i s t a n c e ,  F t .  Brake L ine  D i s t a n c e .  : Brake  L ine  I , F t .  

P r e s s u r e ,  p s i  Measured ~ i m u l a t e d  -- P r e s s u r e ,  p s i  Measured S i m u l a t e d  

Empty,  60  mph, Dry S u r f a c e  Lcaded, 30 mph, Wet S u r f a c e  

Loaded,  6 0  mph, Dry S u r f a c e  

Empty, 30 mph ,  Wet S u r f a c e  



VEHI C L E  CO3IPONENT ?IEASURE?IENTS 

One o f  t h e  most  c o s t l y ,  t ime -consuming ,  and d i f f i c u l t  t a s k s  

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

f o r  t h e  pa ra ine t e r s  u s e d  t o  d e s c r i b e  t h e  v e h i c l e .  Th i s  i s  p a r t i -  

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

equipment  f o r  measu r ing  component p r o p e r t . i e s  must  be  c a p a b l e  o f  

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

w i t h o u t  f a i l u r e ,  Consequen t ly ,  t e s t  t e c h n i q u e s  and equipment  have  

been deve loped  a t  HSRI f o r  measu r ing  t h e  i n e r t i a l  and s u s p e n s i o n  

p r o p e r t i e s  o f  heavy highway v e h i c l e s  [13]  and f o r  measu r ing  t h e  

s h e a r  f o r c e  pe r fo rmance  o f  t r u c k  t i r e s  [14]. A l s o ,  t e c h n i q u e s  and 

equipment  have  been  deve loped  f o r  t h e  measurement o f  s t e e r i n g  

sy s t em d e f l e c t i o n  and compl iance  s t e e r  [ I l l ,  

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

a r e  : 

(1 )  Weigh ts  o f  sp rung  and unsprung  masses  

( 2 )  C e n t e r  o f  g r av i t . y  p o s i t i o n  o f  s p r u n g  and unsnrung  masses  

(3) Yaw, p i t c h  and r o l l  moments o f  i n e r t i a  o f  t h e  s p r u n g  mass 

( 4 )  Yaw and r o l l  moments o f  i n e r t i a  o f  t h e  unsprung  masses 

( 5 )  S p i n  moment o f  i n e r t i a  o f  t h e  r o l l i n g  masses  

Methods have  been  d e v i s e d  t o  d e t e r m i n e  each  o f  t h e s e  p r o p e r t i e s .  

S p e c i a l  t e s t  f i x t u r e s  c o n s i s t i n g  o f  k n i f e  edge s u p p o r t s ,  b e a r i n g  

p i v o t s  and swings  were c o n s t r u c t e d .  A t y p i c a l  example o f  t h e  u s e  

o f  one of t h e s e  t e s t  f i x t u r e s  i s  shorvn i n  F i g u r e s  4 and 5 .  The 

a r c h  members i n  t h e  pendulum swings  can be  i n s t a l l e d  a t  t h e  f r o n t  

and r e a r  o f  t h e  v e h i c l e  t o  make a  swing f o r  measu r ing  t h e  r o l l  

moment o f  i n e r t i a  o r  t h e y  can  be  i n s t a l l e d  on e i t h e r  s i d e  o f  t h e  

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



F i g u r e  4. R o l l  moment o f  i n e r t i a  t e s t i n g  u s i n g  
pendulum s w i n g .  



F i g u r e  5 ,  P i t c h  moment o f  i n e r t i a  t e s t i n g  u s i n g  
pendulum swing .  



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

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

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

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

e x p e r i m e n t s  were  d e t e r m i n e d  by a p p l y i n g  and removing l a r g e  v e r t i c a l  

l o a d s  w h i l e  measu r ing  s u s p e n s i o n  d e f l e c t i o n .  Example r e s u l t s  f o r  

a  f o u r  s p r i n g  s u s p e n s i o n  a r e  shown i n  F i g u r e  6 .  ( I n  t h i s  c a s e  t h e  

measurements  i n d i c a t e  an a v e r a g e  s p r i n g  r a t e  o f  5200 l b / i n  a t  

e ach  whee l  and a coulomb f r i c t i o n  which v a r i e s  f rom 900 l b s / w h e e l  

a t  low l o a d s  t o  1300 lbs/ l ; .heel  a t  h i g h  l o a d s , )  

The s u c c e s s f u l  p r e d i c t i o n  o f  rnotor v e h i c l e  per forn lance  depends 

h e a v i l y  on t h e  knowledge o f  t i r e  s l ~ e a r  f o r c e  p e r f o r m a n c e ,  The 

HSRI f l a t  bed  t i r e  t e s t i n g  machine (shorvn i n  F i g u r e  7 )  was modi- 

f i e d  t o  a l l o w  t r u c k  t i r e s  t o  be  t e s t e d  [ 1 4 ] .  The t i r e  t e s t i n g  

machine can now b e  u sed  t o  t e s t  t i r e s  up t o  4 4  i n c h e s  o u t s i d e  

d i a m e t e r  w i t h  l o a d s  up t o  10 ,000  l b s .  For s i m u l a t i o n  p u r p o s e s ,  two 

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

I'lst Gzd m a ~ h i r i e ,  These parailie Lers a1 c t i le  clorriering s t i f f n e s s  

and t h e  l o n g i t u d i n a l  ( b r a k i n g )  s t i f f n e s s  o f  t h e  t i r e .  A t  t h e  

p r e s e n t  t i m e ,  HSRJ i s  c o n s t r u c t i n g  an o v e r - t h e - r o a d  d e v i c e  f o r  

t e s t i n g  t r u c k  t i r e s  a t  highway s p e e d s .  With t h e  f l a t  bed  machine 

and t h e  o v e r -  t h e - r o a d  d e v i c e ,  HSRI will have  two complementary 

p i e c e s  o f  equipment  f o r  measu r ing  t r u c k  t i r e  pe r fo rmance  o v e r  a  

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

As p a r t  o f  t h e  Phase  I and Phase  I1 s t u d y ,  an e x t e n s i v e  s e t  o f  

t i r e  measurements  \ (e re  made w i t h  t h e  f l z t  bed machine .  The 

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

p a t t e r n ,  and wear  were  s t u d i e d  and r e p o r t e d  on i n  r e f e r e n c e  14 .  

An example  " c a r p e t  p l o t  ," w l ~ i c h  sllo'trs t h e  dependence o f  l a t e r a l  

f o r c e  c a p a b i l i t y  on i n f l a t i o n  p r e s s u r e ,  i s  g i v e n  i n  F i g u r e  8 .  
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Averaged Vertical Deflect ion, inches 

Figure 6 .  Averaged i 7 c r t i c a l  i l e f l c c t i o r l  c h a r a c t e r i s t i c s  
o f  a f o u r  s p r i n g  suspension. 



F i g u r e  7 .  Dual t i r e  assembly mounted i n  f l a t .  
bed t i r e  t e s t i n g  machine.  



I Zero Canbcr  10.00-20/G 

F i g u r e  8 .  L a t e r a l  f o r c e  v e r s u s  s l i p  a n g l e  and 
v e r t i c a l  l o a d  on 10 .00-20 /G t i r e  a t  
100 p s i  and  a t  50  p s i .  



PERFORMSCE TESTS AND VALIDATIOB 

I n  o r d e r  t o  v a l i d a t e  t h e  computer  s i m u l a t i o n s ,  an  e x t e n s i v e  

program of v e h i c l e  t e s t i n g  was comple ted  f o r  t h e  two v e h i c l e s  

shown i n  F i g u r e s  9 and 1 0 .  An example o f  t h e  good co r r e spondence  

between measured and s i m u l a t e d  s t r a i g h t  l i n e  b r a k i n g  r e s u l t s  was 

g i v e n  i n  Table  1. The Phase  I b r a k i n g  s i m u l a t i o n  a l s o  does  a v e r y  

good job o f  p r e d i c t i n g  t h e  p o i n t  a t  which whee ls  l o c k  up f o r  t h e  

s t r a i g h t  t r u c k  which was equ ipped  w i t h  a  wa lk ing  beam s u s p e n s i o n .  

For t h e  t r a c t o r  and t r a i l e r ,  b o t h  o f  rChich had f o u r  s p r i n g  su spen -  

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

a x l e s  a t  s l i g h t l y  lower  l i n e  p r e s s u r e s  t h a n  were  found e x p e r i m e n t a l l y .  

I n  t h e  Phase  111 e f f o r t ,  t h e  model of t h e  f o u r  s p r i n g  s u s p e n s i o n  

has  been ex t ended  t o  i n c l u d e  f r i c t i o n  a t  t h e  f r a m e - t o - s p r i n g  

c o n t a c t  p o i n t s ;  t h u s ,  the b r a k i n g  s i m u l a t i o n  now p r o v i d e s  a. much 

more a c c u r a t e  p r e d i c t i o n  of  t h e  l e v e l  o f  b r a k i n g  a t  wheel  l o c k  u p .  

The v a l i d a t i o n  o f  t h e  Phase  I1 d i r e c t i o n a l  r e s p o n s e  s i m u l a t i o n  

i s  i l l u s t r a t e d  by  a  comparison between t e s t  and s i m u l a t i o n  r e s u l t s  

f o r  a b r a k i n g - i - , I - a - t u r n  maneuver.  (See F i g u r e s  11 and 1 2 , )  I n  

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

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

Once t h e  v e h i c l c  ha s  e s t a b l i s h e d  a  t u r n ,  t h e  b r a k e s  a r e  a p p l i e d  

and t h e  veh i - c l e  s lows  t o  a s t o p  w h i l e  s t i l l  t u r n i n g .  The r e s u l t s  

shown f o r  t h e  t r u c k  ( F i g u r e  11)  and f o r  t h e  t r a c t o r - t r a i l e r  

( F i g u r e  1 2 )  i n d i c a t e  t h a t  t h e  Phase  I 1  s i m u l a t i o n  a c c u r a t e l y  p r e -  

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

maneuver and t h e  combined b r a k i n g  and s t e e r i n g  r e s p o n s e  d u r i n g  t h e  

second p a r t  of  t h e  maneuver .  

CO!IPUTATI ON.AL FEATURES 

I n  t h e  Phase  I and I 1  s i m u l a t i o n s  wheel  r o t a t i o n  d e g r e e s  o f  

freedom have been  i n c l u d e d  f o r  tito i m p o r t a n t  r e a s o n s :  (1) t h e  

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

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

d e v i c e s  c u r r e n t l y  used  i n  a n t i l o c k  b r a k i n g  sys tems  r e q u i r e  



F i g u r e  9 .  S t r a i g h t  t r u c k  u s e d  f o r  t e s t i n g .  
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i n f o r m a t i o n  abou t  t h e  r o t a t i o n  o f  t h e  w h e e l s ,  Computer c o s t s  

i n v o l v e d  i n  d i g i t a l l y  i n t e g r a t i n g  t h e  whee l  r o t a t i o n a l  d i f f e r e n t i a l  

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

p rograms .  Consequen t ly ,  a  new s o l u t i o n  t e c h n i q u e ,  employing p r e -  

programmed f u n c t i o n s ,  was deve loped  t o  a l l o w  t h e  u s e  o f  a  

r o t a t i o n a l  wheel  model w i t h o u t  a  l a r g e  i n c r e a s e  i n  computer  c o s t s  

[ I21  

P r e v i o u s  a r t i c u l a t e d  v e h i c l e  s i m u l a t i o n s  [8, 91  have employed 

a  r i g i d  f i f t h  whee l  c o u p l i n g  c o n s t r a i n t  o f  one form o r  a n o t h e r .  

I n  t h e  new program,  deve loped  a t  HSRI, t h e r e  i s  no g e o m e t r i c  con-  

s t r a i n t  a t  t h e  f i f t h  whee l .  There  i s  r a t h e r  a  f o r c e  and moment 

c o n s t r a i n t  i n  rvhich t r a c t o r  and t r a i l e r  a r e  s u b j e c t  t o  e q u a l  and 

o p p o s i t e  f o r c e s  and moments dependen t  on t h e  d i f f e r e n c e  i n  t h e  

f i f t h  wheel  p o s i t i o n  and o r i e n t a t i o n  a s  ~ n e a s u r e d  on  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 .  Th i s  method a l l o ~ g s  f o r  (1 )  new f l e x i b i l i t y  

i n  t h e  f i f t h  wheel  model and ( 2 )  r e a d i l y  a v a i l a b l e  v a l u e s  o f  f i f t h  

wheel  f o r c e s  anad moments. 

The Phase  1 and Phase  I 1  programs a r e  q u i t e  i n e x p e n s i v e  t o  

r u n  even though t h e y  a r e  ve ry  l a r g e .  On t h e  Michigan Termina l  

System,  f o r  t h e  Phase  I  p rogram,  s t r a i g h t  t r u c k  runs  can  be  made 

f o r  abou t  one d ~ l l a r  p e r  s i m u l a t e d  s econd  and a r t i c u l a t e d  v e h i c l e  

runs  c o s t  abou t  t h r e e  d o l l a r s  p e r  s i m u l a t e d  s econd .  For  t h e  

Phase  I 1  program,  t h e  c o s t s  a r e  a b o u t  4 . 5  d o l l a r s  p e r  s i m u l a t e d  

second  f o r  t h e  s t r a i g h t  t r u c k  and a b o u t  8 d o l l a r s  p e r  s i m u l a t e d  

second  f o r  t h e  a r t i c u l a t e d  v e h i c l e .  

A t  t h i s  p o i x t  i n  t i m e ,  a  s i m u l a t i o n  t o o l  ha s  been  deve loped  

and i t  i s  r eady  f o r  u s e .  I t s  v a l u e  i s  t w o f o l d ;  f i r s t ,  i t  a l l o w s  

t h e  u s e r  t o  o b t a i n  ~ :un l e r i ca l  a m w e r s  t o  v e r y  complicated p rob l ems ,  

and second  (and p r o b a b l y  more i m p o r t a l i t l y ) ,  i t  p r o v i d e s  t h e  u s e r  

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

c h a r a c t e r i s t i c s  o f  h i s  p a r t i c u l a r  p rob lem.  



Even though  t h e s e  s i m u l a t i o n s  v;ere d e v e l o p e d  f o r  t r u c k s  and 

t r a c t o y - t ~ : a i l e r s ,  t h e r e  i s  no reasoi l  why t h e y  c a n n o t  b e  e x t e n d e d  

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

and r e c r e a t i o n a l  v e h i c l e  c o m b i n a t i o n s .  While  t h e  models f o r  t h e  

suspe ;?s ions  and b r a k e  sy s t ems  may r e q u i r e  m o d i f i c a t i o n ,  t h e  b a s i c  

e q u a t i o n s  o f  mot] on will need  no c h a n g e s .  

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

v e h i c l e  d e s i g n  s t u d i - e s  ~ i h i c h  w i l l  l e a d  t o  s a f e r ,  and t h u s  more 

economica l ,  motor ve! l i c lc  t r a n s p o r t a t i o r , .  
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