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NOMENCLATURE 

AA 

AAT 

AL FA 

ANTEFF 

CALF 

DD@ T 

DELTA 

D FX 

Dis tance  between t r a c t o r  tandem a x l e s  ( i n )  

Dis tance  between t r a i l e r  tandem a x l e s  ( i n )  

T i r e  s l i p  angle  (degrees)  

An t i lock  e f f e c t i v e n e s s - l a t e r a l  and 
l o n g i t u d i n a l  components 

Dis tance  from t r a c t o r  c . g .  t o  f r o n t  a x l e  ( i n )  

Dis tance  from t r a c t o r  c . g .  t o  c e n t e r  o f  
r e a r  suspens ion  ( i n )  

Dis tance  from t r a i l e r  c .g .  t o  f i f t h  
wheel ( i n )  

Dis tance  from t r a i l e r  c . g .  t o  c e n t e r  of 
t r a i l e r  suspens ion  ( i n )  

Dis tance  from c e n t e r  of  t r a c t o r  r e a r  suspens ion  
t o  f i f t h  wheel ( i n )  . ( F i f t h  wheel l o c a t e d  a f t  
o f  suspens ion  i s  n e g a t i v e . )  

Cornering s t i f f n e s s  of a  t i r e  ( lb /deg)  

S u f f i x  r e p r e s e n t i n g  d i f f e r e n t i a t i o n  twice  w i t h  
r e s p e c t  t o  t ime ( i  . e . ,  GAM-DDOT) 

Average s t e e r  ang le  o f  f r o n t  wheels (deg)  

Long i tud ina l  l o a d  t r a n s f e r  onto  one s i d e  o f  
an a x l e  ( l b )  

L a t e r a l  l o a d  t r a n s f e r  onto  one s i d e  of  an 
a x l e  ( l b )  

S u f f i x  r e p r e s e n t i n g  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  
t o  t ime ( i . e . ,  GAMMADgT, PSID@T, U - D @ T ,  V-DgT) 

Weighting f a c t o r  dependent on t h e  
va lue  of s l i p ,  which m u l t i p l i e s  t h e  t i r e  s i d e  
f o r c e  due t o - s l i p  a n g l e .  F(S)  v s .  S i s  r e f e r r e d  
t o  as  t h e  " s l i p  r o l l - o f f  t a b l e . "  

S t a t i c  l o a d  on an a x l e  ( l b )  

i i i  



FYF 

F Z 

GAMMA 

GAMl 

GAM3 

GAM4 

G V W l  

GVW2 

IQUIT 

ITZZ 

IW 

IZZ 

KEYANT 

K E Y  TD 

Attempted brake  f o r c e  on one s i d e  o f  an a x l e  
( l b )  (brake  t o r q u e  d i v i d e d  by t i r e  r o l l i n g  r a d i u s )  

Long i tud ina l  f o r c e  g e n e r a t e d  by t h e  t i r e  o r  
t i r e s  on one s i d e  of  an a x l e  ( l b )  

L a t e r a l  f o r c e  g e n e r a t e d  by t h e  t i r e  o r  t i r e s  
on one s i d e  of  an a x l e  ( l b )  

L a t e r a l  f o r c e  gene ra ted  by a  t i r e ,  computed 
us ing  F i a l a ' s  t i r e  model which assumes zero s l i p  
( l b )  ( s e e  Reference 7)  

Dynamic l o a d  on one s i d e  o f  an a x l e  ( l b )  

A r t i c u l a t i o n  ang le  of t r a i l e r  w i t h  r e s p e c t  t o  
t r a c t o r  (deg) .  I f  t r a i l e r  swings c lockwise  w i t h  
r e s p e c t  t o  t r a c t o r  look ing  down on t h e  v e h i c l e ,  
GAMMA i s  p o s i t i v e .  (Note:  GAM-DDgT i s  t h e  
second d e r i v a t i v e  of GAMMA.) 

F r a c t i o n  of  l a t e r a l  l o a d  t r a n s f e r  of  t r a c t o r  
which occurs  a t  f r o n t  a x l e  of t r a c t o r  

F r a c t i o n  of r e a r  l a t e r a l  l o a d  t r a n s f e r  of 
t r a c t o r .  Equal t o  1 . 0 - G A M 1  

T r a c t o r  tandem a x l e  l o a d  t r a n s f e r  c o e f f i c i e n t  

T r a i l e r  tandem a x l e  l o a d  t r a n s f e r  c o e f f i c i e n t  

Gross v e h i c l e  weight of  t r a c t o r  ( l b )  

Gross v e h i c l e  weight  of  t r a i l e r  ( l b )  

Maximum a r t i c u l a t i o n  ang le  al lowed b e f o r e  
execu t ion  o f  program i s  s topped  (deg) 

Input  device  number f o r  computer t e r m i n a l .  I t  
i s  s e t  equa l  t o  5 i n  main r o u t i n e .  

2 T r a i l e r  yaw moment of i n e r t i a  ( i n - l b - s e c  ) 

Output device  number f o r  computer t e r m i n a l .  I t  
i s  s e t  equal  t o  6 i n  main r o u t i n e .  

2 T r a c t o r  yaw moment of  i n e r t i a  ( i n - l b - s e c  ) 

Ant i lock  key 

Tandem a x l e / d u a l  t i r e  key 



LAT ACC A c c e l e r a t i o n  o f  t r a c t o r  along y - a x i s  
(AX) ( f t / s e c 2 )  

L O N G  ACC A c c e l e r a t i o n  of t r a c t o r  a long x - a x i s  
(AY) ( f t l s e c 2 )  

MUP Peak t i r e - r o a d  f r i c t i o n  c o e f f i c i e n t  

MUS Locked-wheel t i r e - r o a d  f r i c t i o n  c o e f f i c i e n t  

MU 5 F i f t h  wheel f r i c t i o n  c o e f f i c i e n t  

PSI Clockwise r o t a t i o n  o f  t r a c t o r  ( look ing  down on 
v e h i c l e )  from i t s  i n i t i a l  p o s i t i o n  (deg) 

RAD 5 Equ iva len t  r a d i u s  of f i f t h  wheel ( i n )  

SIDESLIP S i d e s l i p  ang le  of  c . g .  of  t r a c t o r  (deg) 
(6) [Equal t o  t a n - 1  (V-VEL/U-VEL) ] 

SP Assuming a  t h r e e - p o i n t  MU-slip cu rve ,  SP i s  t h e  
s l i p  a t  which t h e  peak f r i c t i o n  c o e f f i c i e n t ,  MUP, 
i s  o b t a i n e d  

TIMF User -en te red  s i m u l a t i o n  time a f t e r  which program's  
execu t ion  i s  t e r m i n a t e d  ( sec )  

TRAl Half l a t e r a l  d i s t a n c e  between c e n t e r s  of t i r e  
c o n t a c t  on t r a c t o r  f r o n t  a x l e  ( i n )  

TRA2 Half  l a t e r a l  d i s t a n c e  between c e n t e r s  of t i r e  
c o n t a c t  on t r a c t o r  r e a r  a x l e s  ( i n )  

TRA3 Half  l a t e r a l  d i s t a n c e  between c e n t e r s  of t i r e  
c o n t a c t  on t r a i l e r  a x l e s  ( i n )  

TU.W RAD Radius of  c u r v a t u r e  o f  c o g .  of t r a c t o r  ( f t )  

U - V E L  Ve loc i ty  o f  c . g .  of  t r a c t o r  along x - a x i s  ( f t / s e c )  

VEL Use r -en te red  i n i t i a l  v e l o c i t y  of  t r a c t o r  a long 
x - a x i s  (mph) 

V-VEL Veloc i ty  of  c . g .  of  t r a c t o r  a long y - a x i s  ( f t / s e c )  

x - a x i s  Body-f ixed a x i s  i n  t r a c t o r  which i n t e r s e c t s  
c . g .  and i s  p o s i t i v e  forward 

XH React ion f o r c e  on t r a i l e r  a t  f i f t h  wheel 
d i r e c t e d  a long t h e  n e g a t i v e  x - a x i s  ( l b )  

y - a x i s  Body-fixed a x i s  i n  t r a c t o r  which i n t e r s e c t s  
c . g .  and i s  p o s i t i v e  t o  t h e  r i g h t ,  looking forward 



React ion  f o r c e  on t r a i l e r  a t  f i f t h  wheel 
d i r e c t e d  a long  t h e  n e g a t i v e  y - a x i s  ( l b )  

Height  of  f i f t h  wheel above t h e  ground ( i n )  

Height  o f  t r a c t o r  c . g .  above t h e  ground ( i n )  

Height  of  t r a i l e r  c . g .  above t h e  ground ( i n )  



1. INTRODUCTION 

Comprehensive computer programs f o r  s i m u l a t i n g  t h e  

response o f  commercial v e h i c l e s  t o  s t e e r i n g  and/or  b rak ing  

i n p u t s  have been developed a t  HSRI under MVMA sponsorsh ip  

[ I ,  21 . *  These programs were developed wi th  t h e  i n t e n t  o f  

producing r e s u l t s  t h a t  would be a s  a c c u r a t e  as  i s  t e c h n i c a l l y  

and economical ly f e a s i b l e ,  To t h i s  end ,  c a r e f u l  ana lyses  

have been performed of  ( a )  unsprung mass dynamics wi th  o r  

wi thou t  tandem a x l e s ,  and (b) b rake  and a n t i l o c k  sys tems.  

Furthermore,  e x t e n s i v e  p r o v i s i o n s  f o r  r e p r e s e n t i n g  measured 

t i r e  d a t a  were inc luded  i n  t h e s e  s i m u l a t i o n s .  

The developed computer programs r e q u i r e  a  l a r g e  number 

o f  i n p u t  parameters  t o  c h a r a c t e r i z e  t h e  p r o p e r t i e s  of  t h e  

s imula ted  v e h i c l e  (e  . g . ,  geometry,  mechanical c h a r a c t e r i s t i c s  

of  components, i n e r t i a s ,  t i r e s ,  b r a k e s ,  and brake  a c t u a t i n g  

sys t ems) .  The o u t p u t s  of t h e s e  programs a r e  l e n g t h y ,  and 

r e q u i r e  c a r e f u l  a n a l y s i s  t o  y i e l d  meaningful conc lus ions .  

S ince  t h e  i n p u t / o u t p u t  (110) i s  s o  l e n g t h y ,  t h e s e  s i m u l a t i o n s  

have been des igned e x c l u s i v e l y  f o r  ba tch  o p e r a t i o n .  

During t h e  course  o f  development of  t h e s e  programs, i t  

has  become apparent  t h a t  t h e r e  i s  a  need f o r  l e s s  complex 

s i m u l a t i o n s  which can be run i n t e r a c t i v e l y  us ing  minimal 110. 

Hence, t h e  BRAKES2 s i m u l a t i o n  was developed t o  s i m u l a t e  t h e  

s t r a i g h t  l i n e  response o f  commercial v e h i c l e s  t o  a  s t e p  

brake  i n p u t .  This  s i m u l a t i o n  i s  documented i n  an e a r l i e r  

r e p o r t  [ 3 ] .  The p r e s e n t  document p r e s e n t s  t h e  TBS s i m u l a t i o n .  

This  s i m u l a t i o n  con ta ins  a s i m p l i f i e d  v e h i c l e  model f o r  

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

b rak ing  and/or  s t e e r i n g  i n p u t s .  The s i m u l a t i o n  c o n s i s t s  of 

two i n t e r a c t i v e  computer programs-ne f o r  a  s t r a i g h t  t r u c k  

and t h e  o t h e r  f o r  a  t r a c t o r - t r a i l e r .  

*Numbers i n  squa re  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  l i s t e d  i n  
S e c t i o n  6 .  



The ma thema t i ca l  model f o r  TBS was c o n s t r u c t e d  u s i n g  

t h e  model deve loped  by Leucht  [ 4 ]  a s  a  s t a r t i n g  p o i n t .  

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

model ,  were  made t o  p roduce  t h e  p r e s e n t  s i m u l a t i o n .  

The n e x t  s e c t i o n  ( 2 . )  d i s c u s s e s  t h e  a s sumpt ions  and 

f e a t u r e s  o f  t h e  s i m p l i f i e d  model .  Fo l l owing  i n  S e c t i o n  3 . ,  

t h e  s t e p s  i n v o l v e d  i n  r u n n i n g  t h e  computer  program a r e  

d e s c r i b e d .  S e c t i o n  4 .  c o n t a i n s  sample  r e s u l t s .  A b r i e f  

d i s c u s s i o n  i n  S e c t i o n  5 .  c o n c e r n i n g  t h e  u t i l i t y  o f  t h i s  

s i m u l a t i o n  conc ludes  t h e  main body o f  t h i s  r e p o r t .  F i n a l l y ,  

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

r u n n i n g  t h e  computer  program i s  i n c l u d e d  as an Appendix.  * 

*The l i s t i n g  and s o u r c e  code f o r  t h e  TBS computer program 
may b e  o b t a i n e d  by c o n t a c t i n g  t h e  a u t h o r s  o f  t h i s  r e p o r t  
a t  t h e  Highway S a f e t y  Research  I n s t i t u t e .  



2 .  FEATURES OF THE SIMULATION 

I n  deve lop ing  t h e  TBS s i m u l a t i o n ,  a  ma thema t i ca l  model 

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

dynamics o f  a  t r a c t o r - t r a i l e r .  A s i m i l a r  model was t h e n  

deve loped  f o r  a  s t r a i g h t  t r u c k  by s i m p l i f y i n g  t h e  t r a c t o r -  

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

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

d e r i v a t i v e  o f  t h e  t r a c t o r - t r a i l e r  model .  

A s c h e m a t i c  diagram f o r  t h e  t r a c t o r - t r a i l e r  i s  shown 

i n  F i g u r e  1. The v e h i c l e  model c o n s i s t s  o f  two r i g i d  

bodies--one f o r  t h e  t r a c t o r  and t h e  o t h e r  f o r  t h e  t r a i l e r .  

The model ha s  f o u r  deg ree s  o f  f reedom, namely ,  t h e  l o n g i t u d i n a l  

v e l o c i t y  and t h e  l a t e r a l  v e l o c i t y  o f  t h e  t r a c t o r ,  t h e  yaw 

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

r e l a t i v e  t o  t h e  t r a c t o r .  There  a r e  no r o l l  o r  p i t c h  d e g r e e s  

o f  f reedom. Load t r a n s f e r s ,  b o t h  l o n g i t u d i n a l  and l a t e r a l ,  

a r e  computed q u a s i  - s  t a t i c a l l y  . 
In  t h e  computer program deve loped ,  t h e  e q u a t i o n s  o f  

mot ion a r e  i n t e g r a t e d  n u m e r i c a l l y  u s i n g  t h e  HPCG numer i ca l  

i n t e g r a t i o n  s u b r o u t i n e ,  b a s e d  on Hamming's P r e d i c t o r - C o r r e c t o r  

method [ S ] .  

2 . 1  THE HITCH ("FIFTH WHEEL") 

I n  t h i s  s i m u l a t i o n  t h e  h i t c h  i s  assumed t o  t r a n s m i t  a  

yaw moment ( b u t  n o t  a  r o l l  o r  p i t c h  moment) t h rough  t h e  h i t c h  

due t o  f r i c t i o n  i n  i t .  The h i t c h  i s  modeled a s  a  c i r c u l a r  

p l a t e  o f  r a d i u s  RAD5 w i t h  a  c o n s t a n t  p r e s s u r e  d i s t r i b u t i o n  

e q u a l  t o  t h e  s t a t i c  l o a d  d i v i d e d  by t h e  a r e a  o f  t h e  p l a t e .  

The f r i c t i o n  c o e f f i c i e n t  o f  t h e  h i t c h  i s  d e s i g n a t e d  a s  M U 5 .  

(For  a  f i f t h  wheel  employing " s t e e l  on s t e e l "  MU5 i s  

app rox ima te ly  . 0 5  [ 4 ]  .) To i g n o r e  t h e  f r i c t i o n a l  c o u p l i n g  

o f  t h e  h i t c h ,  M U 5  s h o u l d  be  e n t e r e d  a s  0 ,  and n o t h i n g  need  
be  e n t e r e d  f o r  RAD5. 



- GAMMA fi 

/ Trajectory of the Center 

/ of Mars of the Tractor 

, yo 

Figure 1. Tractor-semitrailer vehicle model. 



2 . 2  NORMAL LOADS 

The normal l o a d  on each wheel o f  t h e  v e h i c l e  i s  equa l  

t o  t h e  sum o f  t h e  s t a t i c  l o a d  on t h a t  wheel and t h e  l o a d  

t r a n s f e r  (bo th  l o n g i t u d i n a l  and l a t e r a l )  t a k i n g  p l a c e  a t  

any i n s t a n t  o f  t i m e .  S ince  i t  i s  assumed t h a t  no p i t c h  o r  

r o l l  moments a r e  t r a n s m i t t e d  th rough  t h e  h i t c h ,  t h e  l o a d  

t r a n s f e r  a t  t h e  t r a i l e r  wheels  may be  de te rmined  i n  a  s t r a i g h t  

forward  manner based  on t h e  t r a i l e r  c . g .  h e i g h t ,  t h e  h i t c h  

h e i g h t ,  t h e  f o r c e s  on t h e  t r a i l e r  a t  t h e  h i t c h  and t h e  r o a d ,  

t h e  t r a c k  o f  t h e  t r a i l e r ,  and t h e  d i s t a n c e  between t h e  f i f t h  

wheel and t h e  t r a i l e r  a x l e .  

The computat ion of  t h e  l o a d  t r a n s f e r  on t h e  t r a c t o r  

wheels  i s  n o t  q u i t e  s o  s t r a i g h t f o r w a r d .  The t o t a l  l o n g i t u d i n a l  

and l a t e r a l  l o a d  t r a n s f e r s  can be  computed i n  t h e  same manner 

as  f o r  t h e  t r a i l e r .  However, t h e  appor t ionment  o f  t h e  l a t e r a l  

l o a d  t r a n s f e r  between t h e  f r o n t  and r e a r  a x l e s  o f  t h e  t r a c t o r  

depends on p r o p e r t i e s  o f  t h e  suspens ion  sys tem which a r e  n o t  

i n c l u d e d  i n  t h e  s imp le  TBS s i m u l a t i o n .  Hence, t h e  u s e r  must 

i n p u t  t h e  p a r a m e t e r ,  GAM1,  which i s  t h e  f r a c t i o n  o f  t h e  t o t a l  

l a t e r a l  l o a d  t r a n s f e r  t h a t  t a k e s  p l a c e  a t  t h e  f r o n t  a x l e  o f  

t h e  t r a c t o r .  An e s t i m a t e  o f  t h i s  d i s t r i b u t i o n  can be o b t a i n e d  

by d i v i d i n g  t h e  f r o n t  r o l l  moment p e r  u n i t  of  r o l l  ang le  f o r  

a  s t e a d y  t u r n  ( i  . e .  , r o l l  r a t e  i s  z e r o ,  and hence shock 

a b s o r b e r s  a r e  i gnored )  by t h e  sum o f  t h e  f r o n t  and r e a r  r o l l  

moments. The f r a c t i o n  o f  t h e  l a t e r a l  l o a d  t r a n s f e r  t a k i n g  

p l a c e  on t h e  r e a r  a x l e  o r  a x l e s  o f  t h e  t r a c t o r ,  GAM2, i s  equa l  

t o  1.-GAM1. 

TANDEM AXLES 

A s i m p l i f i e d  model f o r  tandem a x l e s  i s  i n c l u d e d .  The 
d i s t a n c e  between t h e  tandem a x l e s  (AA) i s  e n t e r e d  by t h e  u s e r .  

The p r o p e r t i e s  o f  a l l  t h e  t i r e s  a t  b o t h  a x l e s  i n  t h e  tandem 



p a i r  ( i n c l u d i n g  c o r n e r i n g  s t i f f n e s s  and MU-s l i p  cu rves )  a r e  

assumed e q u i v a l e n t  and a r e  s p e c i f i e d  f o r  one t i r e .  A q u a s i -  

s t a t i c  i n t e r - a x l e  l o a d  t r a n s f e r  i s  s p e c i f i e d  by e n t e r i n g  

t h e  l o a d  t r a n s f e r  coeff ic ient--4AM3 f o r  t h e  t r a c t o r  tandem 

a x l e s  and GAM4 f o r  t h e  t r a i l e r  tandem a x l e s .  The p roduc t  

o f  t h i s  c o e f f i c i e n t  and t h e  b rake  f o r c e  on one s i d e  o f  t h e  

tandem a x l e s  g ives  t h e  i n t e r - a x l e  l o a d  t r a n s f e r  f o r  t h a t  s i d e .  

By p r o p e r  cho ice  of GAM3 ( o r  GAM4), t h e  i n t e r - a x l e  l o a d  

t r a n s f e r  may be approximated f o r  t h e  f o u r  s p r i n g  o r  walk ing  

beam s u s p e n s i o n s .  Based on a  s i m p l i f i e d  a n a l y s i s  of t h e  f o u r  

s p r i n g  suspens ion  [ 6 ] ,  GAM (GAM3 o r  GAM4) can be approximated 

by - 0 . 5 .  However, v e h i c l e  t e s t s  have shown t h a t  t h e  l o a d  

t r a n s f e r  i s  o v e r - p r e d i c t e d  u s i n g  t h i s  s imple  model.  Based 

on v a l i d a t i o n  s t u d i e s  a t  HSRI, i t  i s  recommended t h a t  a  va lue  

o f  - 0 . 3 8  be used f o r  GAM f o r  a  f o u r  s p r i n g  s u s p e n s i o n .  The 

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

rearward  (from t h e  l e a d i n g  t o  t h e  t r a i l i n g  tandem a x l e ) .  

For a  walk ing  beam s u s p e n s i o n ,  GAM may be approximated 

by (AA/R) (100.0 - TE) /100.0 [ I ]  , where R i s  t h e  r a d i u s  of  t h e  

t i r e  and TE i s  t h e  p e r c e n t  o f  t o r q u e  rod e f f e c t i v e n e s s .  For 

" p e r f e c t "  t o r q u e  r o d s ,  TE w i l l  be 100 .0 ,  and t h e r e  w i l l  be 

no i n t e r - a x l e  l o a d  t r a n s f e r .  The c o e f f i c i e n t ,  GAM, f o r  t h e  

walking beam suspens ion  i s  p o s i t i v e  s i n c e  t h e  l o a d  t r a n s f e r  

produced by b rak ing  i s  forward  onto  t h e  l e a d i n g  tandem a x l e .  

I t  shou ld  be no ted  t h a t  t h e  i n t e r - a x l e  l o a d  t r a n s f e r  

may be ignored  e n t i r e l y  by e n t e r i n g  "zeros"  f o r  GAM3 and 

GAM4. 

2 . 4  TIRE MODEL 

I t  i s  convenient  t o  t h i n k  of t h e  s i m u l a t i o n  of  t h e  

s h e a r  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  i n  t h r e e  d i s t i n c t  

c a t e g o r i e s ,  namely, l a t e r a l  f o r c e s  of  a f r e e  r o l l i n g  t i r e  



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

running  t i r e ,  and f i n a l l y ,  t h e  t i r e  s h e a r  f o r c e s  due t o  

combined b rak ing  and s t e e r i n g .  Each of  t h e s e  c a t e g o r i e s  w i l l  

be cons ide red  below. 

2 - 4 . 1  LATERAL FORCES OF A FREE ROLLING TIRE. L a t e r a l  

f o r c e s  g e n e r a t e d  by a  f r e e  r o l l i n g  t i r e  a r e  computed based  

on a  fo rmula t ion  f i r s t  o f f e r e d  by F i a l a  [ 7 ] .  The l a t e r a l  

f o r c e ,  FYF, i s  g iven  by 

- - 
FYF = - MUP*FZ(a - + 2) 2 7 f o r  a < 3 

a FYF = - MUP*FZ - f o r  a > 3 
lZ l  

where 

- 
a = CALFkALPHA 

MUP * FZ 

This model has  been used  w i t h  some success  i n  t h e  

Calspan s i m u l a t i o n s  [ 8 ] ,  and i n  t h e  APL Hybrid S imula t ion  

[ 9 ]  . The u s e r  i n p u t  parameters  a r e  t h e  c o r n e r i n g  s t i f f n e s s ,  

CALF,  and MUP, t h e  r a t i o  o f  peak s i d e  f o r c e  t o  normal l o a d ,  

FZ . 
Given a p p r o p r i a t e  CALF and MUP a s  i n p u t ,  t h e  t i r e  model 

shou ld  produce a  r easonab ly  good f i t  t o  measured t i r e  d a t a  

a c r o s s  a  wide range of  s l i p  a n g l e s .  I t  should  be n o t e d ,  

however, t h a t  CALF and MUP may be l o a d  s e n s i t i v e  (and 

perhaps speed s e n s i t i v e )  . Thus c a u t i o n  must be e x e r c i s e d  

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

2 - 4 . 2  LONGITUDINAL FORCES OF A TIRE IN BRAKING. The 

TBS t i r e  model does n o t  i n c l u d e  a  wheel s p i n  degree o f  freedom 

f o r  t h e  wheels .  Thus q u a s i - s t a t i c  c a l c u l a t i o n s  r e p l a c e  wheel 



s p i n  dynamics .  The u s e r  i n p u t  pa rame te r s  a r e  MUP, t h e  r a t i o  

o f  peak l o n g i t u d i n a l  f o r c e  t o  normal l o a d ;  SP, t h e  v a l u e  of 

l o n g i t u d i n a l  s l i p  a t  which MUP occu r s  ; and MUS, t h e  f r i c t i o n  

c o e f f i c i e n t  o f  t h e  s l i d i n g  o r  l ocked  wheel .  I t  shou ld  be 

n o t e d  t h a t  t h e  v a l u e  o f  MUP f o r  each  o f  t h e  l o n g i t u d i n a l  

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

most conven ien t  t o  de t e rmine  MUP from p - s l i p  cu rves  of  FX/FZ 

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

cu rve  i s  shown i n  F igu re  2 .  

S t r a i g h t - l i n e  b r a k i n g  c a l c u l a t i o n s  t a k e  p l a c e  i n  t h e  

f o l l o w i n g  way: An a t t empted  b r a k e  f o r c e  i s  de te rmined  based  

on t h e  i n p u t  b rake  f o r c e  t a b l e .  (This  t a b u l a r  i n p u t  i s  

e x p l a i n e d  i n  S e c t i o n  2 . 8 . )  I f  t h e  magni tude o f  t h e  a t t empted  

b r a k e  f o r c e  i s  l e s s  t han  MUP*FZ, t h e n  t h e  s i m u l a t e d  b rake  

f o r c e  w i l l  be s e t  equa l  t o  t h e  a t t e m p t e d  b r a k e  f o r c e .  O t h e r -  

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

-MUS*FZ, 

Note t h a t ,  a l t hough  s p i n  dynamics a r e  n e g l e c t e d ,  

l o n g i t u d i n a l  s l i p  can be e s t i m a t e d .  I f  

[ F X ~  - < MUP*FZ, t h e n  

FX/FZ S  = - S P -  MUP 

Othe rwi se ,  t h e  wheel i s  assumed t o  l o c k  and 

As i n  t h e  c a s e  o f  t h e  f r e e  r o l l i n g  t i r e  model ,  r e a s o n a b l e  

i n p u t  d a t a  shou ld  l e a d  t o  r e a s o n a b l e  r e s u l t s .  However, i t  

shou ld  be n o t e d  t h a t  t h e  peak and s l i d e  f r i c t i o n  c o e f f i c i e n t s ,  

MUP and MUS, a r e  l i k e l y  t o  be speed  and l o a d  s e n s i t i v e .  Thus 
c a u t i o n  s h o u l d  be  e x e r c i s e d  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  

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



MUP 

MUS 

Figure  2 .  MU-slip curve .  



2 , 4 . 3  TIRE SHEAR FORCES DUE TO COMBINED BRAKING AND 

STEERING INPUTS. Maneuvers i n  which s imul taneous  s t e e r i n g  

and b rak ing  t a k e  p l a c e  r e s u l t  i n  t h e  g e n e r a t i o n  of  both  

l a t e r a l  and l o n g i t u d i n a l  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 .  

The c a l c u l a t i o n  o f  t h e s e  f o r c e s  proceeds  a s  f o l l o w s .  

The peak l o n g i t u d i n a l  f r i c t i o n  c o e f f i c i e n t  i s  assumed 

t o  d e c r e a s e  a s  a  f u n c t i o n  of  s l i p  a n g l e ,  ALPHA.  The modif ied  

peak f r i c t i o n  c o e f f i c i e n t  i s  g iven  by 

MUMOD = MUP(1. - 1.7kALPHA) (3)  

S imula ted  wheel lockup w i l l  occur  i f  t h e  magnitude of 

t h e  a t t empted  b rake  f o r c e  i s  g r e a t e r  than  MUMOD*FZ. 

The locked wheel b rake  f o r c e  i s  g iven  by 

FX = - MUS*FZ*COS (ALPHA) ( 4 )  

The s i m u l a t e d  l a t e r a l  f o r c e s ,  i n  t u r n ,  a r e  modif ied  by 

t h e  b rake  f o r c e s .  I f  t h e  wheel i s  n o t  locked ,  t h e  l a t e r a l  

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

FY = FYF*F (S) 

where FY i s  t h e  l a t e r a l  f o r c e  due t o  combined b rak ing  and 

s t e e r i n g ,  FYF i s  t h e  l a t e r a l  f o r c e  of  t h e  f r e e  r o l l i n g  t i r e  

due t o  s l i p  a n g l e ,  ALPHA and F ( S ) .  The " s l i p  r o l l o f f  

f u n c t i o n "  accounts  f o r  t h e  e f f e c t  of s l i p  on t h e  l a t e r a l  

f o r c e  g e n e r a t e d .  The f u n c t i o n  F(S) i s  e m p i r i c a l  and i s  

compiled i n  t h e  computer program as  a  t a b l e  of  we igh t ing  

f a c t o r ,  E ,  v e r s u s  t h e  s l i p ,  S .  The u s e r  has  t h e  o p t i o n  of  

e n t e r i n g  h i s  own t a b l e  of F(S) ve r sus  S  i f  he s o  d e s i r e s .  

However, t h e  t a b l e  p rov ided  i n  t h e  computer program i s  based  

on d a t a  taken  from two types  of  t r u c k  t i r e s  ( s i z e s  8.00-16.5(E) 



and 1 0 . 0 0 - 2 0 ( F ) )  t e s t e d  a t  t h e  Calspan TIRF f a c i l i t y  [ l o ] .  

Though t h e  t i r e s  v a r i e d  g r e a t l y  i n  l o a d  r a t i n g s ,  and t h e  

t i r e s  were t e s t e d  a t  d i f f e r e n t  v e l o c i t i e s ,  t h e  t a b l e s  of 

F(S) ve r sus  S were found t o  be s i m i l a r  f o r  speeds o f  4 0  and 

5 5  mph, a s  shown i n  F igure  3 .  Hence, a  t a b l e  of F(S) v e r s u s  

S  was c o n s t r u c t e d  from Figure  3 by u s i n g  t h e  average va lue  

of  F ( S )  a t  each v a l u e  of  l o n g i t u d i n a l  s l i p .  

For t h e  locked wheel c o n d i t i o n ,  i t  i s  assumed t h a t  t h e  

r e s u l t a n t  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  opposes t h e  

d i r e c t i o n  of  t h e  s l i d i n g  wheel .  S ince  t h e  locked wheel 

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

t h e  locked wheel l a t e r a l  f o r c e  must be 

To b r i e f l y  summarize, p r o v i s i o n s  have been made i n  t h e  

TBS t i r e  model t o  de termine  t h e  t i r e  s h e a r  f o r c e s  due t o  

s t e e r i n g  o n l y ,  o r  due t o  b r a k i n g  o n l y ,  o r  due t o  combined 

s t e e r i n g  and b r a k i n g .  The i n p u t  d a t a  r e q u i r e d  f o r  t h e  t i r e  

model a r e  CALF, MUP, SP, and MUS. 

2 . 5  ANTILOCK MODEL 

In  t h e o r y ,  an a n t i l o c k  sys tem can improve t h e  average  

t r a c t i o n  o u t p u t  o f  a  t i r e  (bo th  l a t e r a l l y  and l o n g i t u d i n a l l y )  

o v e r  t h a t  produced by a  locked wheel .  To i n c l u d e  a n t i l o c k  i n  

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

c o e f f i c i e n t s  (AFY, AFX) a r e  d e f i n e d .  These c o e f f i c i e n t s  a r e  

used t o  modify t h e  locked wheel t r a c t i o n  as f o l l o w s :  

F i r s t ,  f o r  bo th  l o n g i t u d i n a l  and l a t e r a l  t r a c t i o n ,  a  

" b e s t  case"  and a  " locked-wheel  case" a r e  d e f i n e d .  These 

c a s e s  a r e :  



Figure  3 .  F(s) v s .  s l i p  s f o r  l i g h t  [ 8 . 0 0 - 1 6 . 5 ( E ) ]  
and heavy [ 1 0 . 0 0 - 2 0 ( F ) ]  t r u c k  t i r e s .  

Note: h o r i z o n t a l  b a r s  b r a c k e t  e x t e n t  of v a r i a t i o n  i n  F ( s ) .  



Long i tud ina l  T r a c t i o n  

a .  Best  Case - - -  MUP*FZ symbolized by FX PEAK 

b .  Locked-Wheel Case - - -  MUS*FZ*C@S(ALPHA) symbolized by 

L a t e r a l  T r a c t i o n  

a .  Best Case - - -  FY computed from F i a l a t s  model w i t h  

s l i p  equa l  0 ,  symbolized by FYpEAK 

b . Locked-Wheel Case - - - MUS*FZ*SIN(ALPHA) symbolized by 

Then the  a n t i l o c k  5 f f e c t i v e n e s s  c o e f f i c i e n t s  a r e  employed 

as shown by t h e  fo l lowing  e q u a t i o n s .  

A s  i s  e v i d e n t ,  AFX = AFY = 0 f o r  no a n t i , l o c k  sys tem.  I t  

should  be no ted  t h a t  a  n e g a t i v e  va lue  f o r  e i t h e r  AFX o r  AFY 

would s i m u l a t e  an a n t i l o c k  system which g ives  a  performance 

poore r  than  t h e  locked-wheel  c a s e .  

2 . 6  DUAL TIRES 

Dual t i r e s  a r e  t r e a t e d  as two s i n g l e  t i r e s ,  each 

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

t h e  same l o n g i t u d i n a l  and l a t e r a l  f o r c e s ,  FX and FY. Thus,  

FX and FY, f o r  dua l  t i r e s ,  w i l l  be twice  t h e  r e s p e c t i v e  

va lues  of FX and FY f o r  a  s i n g l e  t i r e .  



2 . 7  END OF COMPUTATIONS 

The model cannot  handle  t h e  c a s e  when a  wheel l i f t s  

o f f  t h e  ground ( i . e . ,  FZ l e s s  t h a n  0 ) .  Hence, computat ions 

a r e  s topped  i f  t h i s  happens,  and t h e  wheel which l i f t e d  o f f  

i s  i n d i c a t e d  on t h e  computer o u t p u t .  (The wheels a r e  

numbered as  shown i n  F igure  4 . )  F u r t h e r ,  i f  t h e  a r t i c u l a -  

t i o n  a n g l e ,  GAMMA, grows t o  become l a r g e r  than  t h e  u s e r -  

s p e c i f i e d  va lue  o f  IQUIT, computat ions a r e  s t o p p e d .  By 

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

ang le )  and o t h e r  o u t p u t  v a r i a b l e s ,  i t  i s  p o s s i b l e  t o  de termine  

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

i n s t a b i l i t y  of  t r a i l e r - s w i n g  o c c u r r e d .  I f  none o f  t h e  above 

occur rences  t a k e s  p l a c e ,  computat ions w i l l  end when t h e  

v e h i c l e  s t o p s  o r  when t h e  u s e r - e n t e r e d  t e r m i n a t i o n  t ime ,  

TIMF, i s  exceeded.  

2 . 8  BRAKING AND STEERING INPUTS 

Braking i s  handled  i n  t h e  model by s p e c i f y i n g  ( i n  t a b u l a r  

form) t h e  t ime h i s t o r y  of  a t t empted  b rake  f o r c e  f o r  t h e  b rakes  

on each s i d e  o f  each a x l e .  S ince  each s i d e  i s  cons ide red  

s e p a r a t e l y ,  b rake  imbalance may be s i m u l a t e d .  For a  tandem 

a x l e  p a i r ,  t h e  two s e t s  o f  b rakes  on one s i d e  o f  t h e  tandem 

a x l e s  a r e  assumed e q u i v a l e n t .  Hence t h e  b rake  f o r c e  t ime 

h i s t o r y  i s  e n t e r e d  f o r  t h e  b rakes  on each s i d e  o f  t h e  l e a d i n g  

tandem a x l e  o n l y .  The b rakes  on t h e  t r a i l i n g  tandem a x l e  

a r e  then  assumed t o  have t h e  same t ime h i s t o r i e s  a s  t h e  b rakes  

d i r e c t l y  ahead of  them on t h e  l e a d i n g  tandem a x l e .  I t  shou ld  

be  no ted  t h a t  i f  t h e  peak f r i c t i o n  c o e f f i c i e n t ,  MUP, f o r  t h e  

t i r e - r o a d  i n t e r f a c e  cons ide red  won ' t  s u p p o r t  t h e  a t tempted  

b rake  f o r c e  a t  a  wheel ,  t h a t  wheel i s  assumed t o  lock  ( o r  

c y c l e  i f  t h e  a x l e  has  an a n t i l o c k  s y s t e m ) ,  and t h e  b rake  

f o r c e  i s  computed a s  shown i n  S e c t i o n s  2 . 4  and 2 . 5 .  Since  

t h i s  model assumes q u a s i - s t a t i c  l o a d  t r a n s f e r ,  t h e  e f f e c t  
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The wheels on t h e  t r a c t o r - t r a i l e r  a r e  i d e n t i f i e d  
by t h e  numbers shown i n  t h e  f i g u r e  above.  Numbers 
1,  2 ,  3 ,  4 ,  7 ,  and 8 a r e  always used  whether  o r  n o t  
tandem a x l e s  a r e  s i m u l a t e d .  I f  t h e  t r a c t o r  has  a  
s i n g l e  r e a r  a x l e ,  numbers 3 and 4 i d e n t i f y  t h e  wheels  
on t h a t  a x l e .  The numbers 5 and 6 a r e  t h e n  o m i t t e d .  
I f  t h e  t r a c t o r  has  tandem a x l e s ,  t h e n  3 and 4 i d e n t i f y  
t h e  wheels on t h e  f r o n t  tandem, and 5 and 6 i d e n t i f y  
t h e  wheels on t h e  r e a r  tandem. The same a p p l i e s  f o r  
t h e  t r a i l e r .  Numbers 7 and 8 i d e n t i f y  t h e  wheels on 
t h e  t r a i l e r  a x l e  i f  i t  i s  s i n g l e ,  o r  t h e y  i d e n t i f y  
t h e  wheels on t h e  f r o n t  tandem i f  t h e  t r a i l e r  has  
tandem a x l e s .  I n  t h i s  l a t t e r  c a s e ,  9 and 1 0  i d e n t i f y  
t h e  wheels on t h e  r e a r  tandem. 

Trailer 



o f  "brakes-on" i s  immediate r a t h e r  t h a n  s u f f e r i n g  a  delay 

t ime dur ing  which t h e  l o a d  i s  t r a n s f e r r e d  and t h e  t i r e s  

b u i l d  up t h e i r  new f o r c e s .  

Each l i n e  o f  t h e  b rake  f o r c e  t a b l e  e n t e r e d  must c o n t a i n  

t h e  t ime ,  fo l lowed by t h e  a t t empted  b rake  f o r c e ,  FSX, on 

each s i d e  o f  each a x l e  ( o r  tandem p a i r  o f  a x l e s ) .  Up t o  
f i f t e e n  l i n e s  may be e n t e r e d .  I f  t h e  t i m e ,  t ,  a t  which t h e  

a t t empted  b rake  f o r c e s  must be de termined,  i s  l a r g e r  than  t h e  

l a s t  t ime g iven  i n  t h e  t a b l e ,  t h e  a t t empted  b rake  f o r c e s  a r e  

s e t  equa l  t o  the  l a s t  l i n e  of  b r a k e  f o r c e s  g iven .  I f  t i s  

between two s u c c e s s i v e  t imes  g iven  i n  t h e  t a b l e ,  t h e n  t h e  

a t t empted  b rake  f o r c e s  a r e  l i n e a r l y  i n t e r p o l a t e d  between 

those  two t i m e s .  

F igure  5a shows t h r e e  a t t empted  b rake  f o r c e  t ime 

h i s t o r i e s - - o n e  f o r  a  t r a c t o r  f r o n t  b r a k e ,  t h e  second f o r  a  

b rake  on t h e  t r a c t o r  l e a d i n g  tandem a x l e ,  and t h e  t h i r d  f o r  

a  b rake  on t h e  t r a i l e r  l e a d i n g  tandem a x l e .  Brake imbalance 

i s  assumed t o  be  z e r o .  The b rake  f o r c e  t a b l e  e n t e r e d  t o  

s i m u l a t e  t h e  b rakes  r e p r e s e n t e d  by t h e s e  t ime h i s t o r i e s  i s  

shown i n  F igure  5b. 

S t e e r i n g  i n p u t s  a r e  a l s o  e n t e r e d  i n  t a b u l a r  form. Each 

l i n e  o f  t h e  t a b l e  c o n s i s t s  of  t h e  t ime fo l lowed by t h e  

average s t e e r  a n g l e  f o r  t h e  f r o n t  wheels .  Up t o  t w e n t y - f i v e  

l i n e s  may be e n t e r e d .  As w i t h  t h e  brake  f o r c e  t a b l e ,  a t  ' 

t ime t l e s s  t h a n  t h e  l a s t  t ime e n t e r e d ,  t h e  s t e e r  a n g l e  i s  

determined by l i n e a r  i n t e r p o l a t i o n  between the  t imes  (wi th  

t h e i r  a s s o c i a t e d  s t e e r  ang les )  b r a c k e t i n g  t ime t .  I f  t i s  

l a r g e r  than  t h e  l a s t  t ime e n t e r e d ,  t hen  t h e  s t e e r  angle  i s  

s e t  equa l  t o  t h e  l a s t  s t e e r  ang le  e n t e r e d .  The f i r s t  e n t r y  

i n  bo th  t h e  b rake  f o r c e  t a b l e  and t h e  s t e e r  t a b l e  must be 

a t  t ime equa l  t o  z e r o .  However, t h e  i n i t i a l  b rake  f o r c e s  

and s t e e r  a n g l e  may be nonzero .  



Time in S e c .  

F i g u r e  5a 

T I  ME DEX: 1 R E D  FORC:E:E:: 
I.. 1: E 11 .:I F 5, :>:: ( 1 ) F.rX .-. (."j ., c' F 9 X 1:: :3 1) F :;,I:*:: I:, 4 ,:I F :5 :x: i 7 ::I F ::: ::-:: (, ::; ,:I 

Figure 5 b .  At tempted  b r a k e  f o r c e  time histories for a tractor-trailer 





3 .  RUNNING THE PROGRAM 

I n  t h e  p r e v i o u s  s e c t i o n  t h e  c o n n e c t i o n  between t h e  

v e h i c l e  model and t h e  computer  program was d e s c r i b e d .  This  

s e c t i o n  p r e s e n t s  t h e  mechanics  o f  o p e r a t i n g  t h e  computer 

program.  

3 . 1  PREPARATION 

The program c a l l s  f o r  two s u b r o u t i n e s  t h a t  a r e  i n c l u d e d  

i n  t h e  IBM s c i e n t i f i c  s u b r o u t i n e  package .  These s u b r o u t i n e s  

a r e  HPCG, a n u m e r i c a l  i n t e g r a t i o n  s u b r o u t i n e ,  and SIMQ, which 

i s  u s e d  t o  i n v e r t  a  4 x 4  m a t r i x  i n  s u b r o u t i n e  FCT ( i n  t h e  

t r a c t o r - t r a i l e r  program o n l y ) .  

Data  f o r  t h e  program may be i n p u t  from a  f i l e ,  though 

an i n p u t  f i l e  i s  o p t i o n a l .  A d d i t i o n a l l y ,  an o u t p u t  f i l e  may 

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

examina t i on  o r  f o r  p l o t t i n g  p u r p o s e s .  ( I n  t h e  computer 

program a s  w r i t t e n ,  5 and  6 were  u sed  f o r  t h e  i n p u t  and 

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

These  may be  changed by t h e  u s e r  by changing  t h e  c a r d s  

IR=5 and IW=6 which a p p e a r  i n  t h e  main r o u t i n e  .) 

3.2 INPUT 

The program i s  d e s i g n e d  s o  t h a t  t h e  u s e r  answers  

q u e s t i o n s  o r  e n t e r s  d a t a  i n  r e s p o n s e  t o  q u e s t i o n s  o r  commands 

from t h e  computer .*  The o p t i o n s  a v a i l a b l e  t o  t h e  u s e r  i n  

e n t e r i n g  h i s  d a t a  a r e  o u t l i n e d  i n  t h e  f low char,i:  shown i n  

t h e  append ix .  

* I n  answer ing  yes /no  q u e s t i o n s ,  a  y e s  answer  w i l l  b e  i n t e r -  
p r e t e d  by t h e  computer program i f  t h e  f i r s t  l e t t e r  o f  t h e  
u s e r ' s  r e s p o n s e  i s  a  " y . "  Any o t h e r  r e sponse  w i l l  be  
i n t e r p r e t e d  a s  n o .  
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The f i r s t  i n p u t  t o  be e n t e r e d  i s  t h e  a n t i l o c k  key 

(KEYANT), which s p e c i f i e s  whether  o r  n o t  each s e t  of  axles-  

t r a c t o r  f r o n t ,  t r a c t o r  r e a r ,  and t r a i l e r - h a s  an a n t i l o c k  

sys tem.  Next t o  be e n t e r e d  i s  t h e  tandem a x l e / d u a l  t i r e  

k e y  ( K E Y T D )  which i n d i c a t e s  whether  o r  n o t  t h e  t r a c t o r  r e a r  

and/or  t r a i l e r  have tandem a x l e s  and /o r  dua l  t i r e s .  

I f  t h e  u s e r  has  asked f o r  a  l i s t  of i n p u t  pa ramete r s  and 

has i n d i c a t e d  t h a t  he w i l l  i n p u t  t h e  d a t a  from t h e  t e r m i n a l ,  

he i s  primed by t h e  symbol and v e r b a l  d e s c r i p t i o n  f o r  each 

parameter  t h a t  must be e n t e r e d .  A f t e r  each parameter  i s  

d e s c r i b e d ,  t h e  u s e r  e n t e r s  t h e  va lue  he wishes i t  t o  have .  

The inpu t  d a t a  e n t e r e d  up through t h i s  p o i n t  a r e  shown i n  

F igure  6 .  The u n d e r l i n e d  q u a n t i t i e s  i n  t h e  f i g u r e  i n d i c a t e  

t h e  responses  of  t h e  u s e r .  Note t h a t  t h e  number which p r e -  

cedes each symbol i s  t h e  i d e n t i f y i n g  datum number f o r  t h a t  

p a r a m e t e r .  This number i s  used  when changing a  p a r a m e t e r ,  

as e x p l a i n e d  i n  t h e  nex t  s e c t i o n .  

Depending on what t h e  u s e r  e n t e r e d  f o r  t h e  keys KEYANT 

and KEYTD,  c e r t a i n  i n p u t  pa ramete r s  w i l l  n o t  be  n e c e s s a r y ,  

and a r e  thus  n o t  c a l l e d  f o r  by t h e  computer.  For i n s t a n c e ,  

i f  t h e  u s e r  i n d i c a t e d  t h a t  t h e  t r a i l e r  has  a  s i n g l e  a x l e ,  

then  t h e  pa ramete r  AAT ( t h e  d i s t a n c e  between t h e  t r a i l e r  t a n -  

dem a x l e s )  w i l l  n o t  be  c a l l e d  f o r .  F igure  7 shows t h e  i n p u t  

d a t a  f o r  a  t r a c t o r  wi th  tandem a x l e s  and dua l  t i r e s  and a  

t r a i l e r  w i t h  a  s i n g l e  r e a r  a x l e .  As shown, d a t a  n o t  necessa ry  

a r e  no t  e n t e r e d .  I t  shou ld  be no ted  t h a t  i n  e n t e r i n g  d a t a  

from a f i l e ,  t h e  same r u l e  appl ies - -da ta  n o t  n e c e s s a r y  i s  

n o t  e n t e r e d .  F igures  8 and 9 show examples of  two d a t a  f i l e s ,  

cor responding  t o  t h e  d a t a  shown i n  F igures  6 and 7 ,  r e s p e c -  
t i v e l y ,  These d a t a  f i l e s  a l s o  i n c l u d e  t h e  b rake  and s t e e r  

t a b l e s  which w i l l  be  d i s c u s s e d  s h o r t l y .  

The l a s t  parameters  t o  be e n t e r e d  a r e  t h e  a n t i l o c k  

e f f e c t i v e n e s s  c o e f f i c i e n t s  (ANTEFF) and t h e  t i r e  p r o p e r t i e s -  

c o r n e r i n g  s t i f f n e s s  (CALF)  , t h e  peak and s l i d e  f r i c t i o n  

c o e f f i c i e n t s  (MUP and MUS) , and t h e  s l i p  (SP)  a t  which t h e  



Figure  6 .  I n p u t  d a t a  for  lbThite t r a c t o r  and Fruehauf ~ r a i ' l e r .  
(Under l ined  q u a n t i t i e s  a r e  r e sponses  o f  u s e r . )  
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F i g u r e  8 .  Sample d a t a  f i l e  f o r  d a t a  shown i n  F i g u r e s  6 and 1 0 .  
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Figure  9 .  Sample d a t a  f i l e  f o r  d a t a  shown i n  F igure  7 .  



peak f r i c t i o n  c o e f f i c i e n t  i s  o b t a i n e d .  The a n t i l o c k  

e f f e c t i v e n e s s  c o e f f i c i e n t s  a r e  e n t e r e d  i n  pairs- the l a t e r a l  

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

commas (AFY, AFX) . The c o e f f i c i e n t s  MUP, MUS, and SP d e f i n e  

a  MU-slip cu rve .  S e p a r a t e  MU-slip cu rves  may be e n t e r e d  f o r  

each s e t  of  a x l e s .  However, t h e  u s e r  may e n t e r  one MU-slip 

curve  f o r  a l l  t h e  t i r e s  on t h e  v e h i c l e  by answering "YES" 

t o  t h e  q u e s t i o n ,  "DO ALL TIRES HAVE THE SAME MU-SLIP CURVE?" 

F i n a l l y ,  t h e  b rake  t a b l e  and s t e e r  t a b l e  a r e  e n t e r e d  

( F i g u r e  1 0 ) .  I n  e n t e r i n g  d a t a  f o r  t h e s e  t a b l e s  t h e  u s e r  f i r s t  

e n t e r s  t h e  number o f  l i n e s  t h e  t a b l e  has  i n  I2 fo rma t .  The 

t a b l e  i s  t hen  e n t e r e d  l i n e  by l i n e .  For t h e  b rake  t a b l e ,  

each l i n e  c o n t a i n s  t h e  t i m e ,  fo l lowed  by t h e  b rake  f o r c e  on 

each  s i d e  o f  t h e  t r a c t o r  f r o n t ,  t r a c t o r  r e a r ,  and t r a i l e r  

a x l e s .  Each l i n e  o f  t h e  s t e e r  t a b l e  c o n t a i n s  t h e  t i m e ,  

fo l lowed by t h e  average  s t e e r  a n g l e  o f  t h e  f r o n t  whee ls .  

3 . 3  CHANGES 

A f t e r  a l l  d a t a  has  been e n t e r e d ,  o r  a f t e r  a  run has  been 

completed-yielding t h e  t ime  h i s t o r i e s  f o r  a  p a r t i c u l a r  d a t a  

s e t  a s  output-any pa rame te r  i n  t h e  d a t a  s e t  may be changed. 

A pa rame te r  i s  changed by keying  i t s  i d e n t i f y i n g  datum number, 

and then  e n t e r i n g  i t s  new v a l u e .  Subsequent  changes a r e  

primed by a  " ? "  a f t e r  which t h e  datum number t o  be changed 

shou ld  be e n t e r e d ,  A f t e r  a l l  changes t o  be made have been 

comple ted ,  a "0" i s  e n t e r e d  i n  response  t o  t h e  " ? " .  

I t  shou ld  be n o t e d  t h a t  t h e  a n t i l o c k  key (KEYANT) need 

n o t  be changed t o  engage t h e  a n t i l o c k  o p t i o n .  I f  ANTEFF i s  

changed s o  t h a t  i t  has  a  non-ze ro  component, t h e  a n t i l o c k  key 

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

tandem a x l e / d u a l  t i r e  key (KEYTD) . For example,  i f  AAT ( t h e  

d i s t a n c e  between t h e  t r a i l e r  tandem a x l e s )  i s  changed from 
i t s  assumed va lue  o f  z e r o  f o r  a  s i n g l e  a x l e  t o  a  f i n i t e  l e n g t h ,  

t h e  tandem a x l e / d u a l  t i r e  key must a l s o  be  a d j u s t e d  by  t h e  u s e r .  
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F i g u r e  1 0 .  I npu t  d a t a  f o r  b r ake  and s t e e r  t a b l e s .  (Con t inua t i on  
o f  i n p u t  d a t a  shown i n  F i g u r e  6 . )  



The o p t i o n  s e t  by t h e  u s e r  as  t o  whether  o r  n o t  he 

wants t o  e n t e r  one MU-slip curve  f o r  a l l  t i r e s  on t h e  v e h i c l e  

remains a s  s p e c i f i e d  i n  t h e  i n p u t  d a t a  u n t i l  t h e  program i s  

r e l o a d e d .  Hence, i f  t h e  u s e r  s p e c i f i e d  one MU-slip curve  

f o r  a l l  t i r e s ,  he need on ly  change MUP(1) , MUS(1) , and 

SP(1) t o  e f f e c t  a  new MU-slip curve f o r  a l l  t h e  t i r e s .  ( I t  

shou ld  be no ted  t h a t  w i t h  t h e  s i n g l e  MU-slip curve o p t i o n  i n  

e f f e c t ,  t h e  u s e r  may change on ly  MUP(1) , MUS(1) , o r  SP(1) 

and n o t  any o t h e r  e lements  o f  MUP, MUS, o r  SP .) I f  t h e  s i n g l e  

MU-slip curve  o p t i o n  wasnl t i n  e f f e c t ,  t h e  u s e r  must change 

t h e  MU-.slip curves  f o r  t h e  t r a c t o r  f r o n t ,  t r a c t o r  r e a r ,  and 

t r a i l e r  t i r e s  s e p a r a t e l y ,  

The b rake  and s t e e r  t a b l e s  may a l s o  be  changed. Lines 

may be  added a f t e r  t h e  l a s t  e n t r y  a s  long  a s  t h e  t a b l e  

c a p a c i t y  i s n ' t  exceeded.  F i f t e e n  l i n e s  a r e  p e r m i t t e d  f o r  t h e  

brake  t a b l e ;  t w e n t y - f i v e  a r e  p e r m i t t e d  f o r  t h e  s t e e r  t a b l e .  

Any l i n e s  a l r e a d y  c o n t a i n e d  i n  e i t h e r  t a b l e  may be changed by 

r e e n t e r i n g  those  l i n e s  w i t h  t h e  new v a l u e s .  

A f t e r  t h e  b rake  and s t e e r  t a b l e s  have been changed and 

t h e  s t a t i c  a x l e  l o a d s  d i s p l a y e d  '(upon command), t h e  u s e r  

must e n t e r  t h e  i n i t i a l  a r t i c u l a t i o n  a n g l e .  I f  he e n t e r s  ze ro  

f o r  t h i s  a n g l e ,  and it  i s  t h e  f i r s t  t ime through t h e  program's  

execu t io r  , t h e  u s e r  i s  a sked ,  "WILL ARTIC. ANGLE BE VARIED?'' 

I f  he an5wers " N O , "  t h e  i n i t i a l  a r t i c u l a t i o n  a n g l e  w i l l  . 

t h e r e a f t e r  be assumed ze ro  u n t i l  t h e  program i s  r e l o a d e d .  I f  

t h e  u s e r  answers "YES," o r  i f ,  i n i t i a l l y ,  he e n t e r e d  a  non- 

zero  va lue  f o r  t h e  a r t i c u l a t i o n  a n g l e ,  he w i l l  have t o  e n t e r  

t h e  i n i t i a l  a r t i c u l a t i o n  ang le  each t ime he goes through t h e  

change p rocedure .  

Before t h e  i n p u t  i ;  ended,  t h e  u s e r  i s  asked one l a s t  

t ime whether  o r  n o t  t h e  d a t a  s e t ,  i n c l u d i n g  t h e  b rake  and 
s t e e r  t a b l e s ,  i s  c o r r e c t ,  I f  i t  i s  n o t ,  t h e  e n t i r e  change 

procedure  i s  r e p e a t e d ,  



An example of t h e  "change procedure" i s  shown i n  

Figure 11. The number of  changes shown i s  l a r g e  i n  o r d e r  

t h a t  t h e  change procedure  be c l e a r l y  unders tood.  (A flow 

diagram of t h e  change procedure  i s  shown on page 52 . )  

3.4 OUTPUT 

There a r e  83 o u t p u t  v a r i a b l e s  f o r  t h e  a r t i c u l a t e d  

v e h i c l e  and 52 f o r  t h e  s t r a i g h t  t r u c k .  Each of  t h e s e  may be 

d i s p l a y e d  as a  f u n c t i o n  of t ime .  These v a r i a b l e s  a r e  shown 

i n  F igures  1 2  and 13 .  They may be l i s t e d  a t  t h e  t e r m i n a l  

on command t h e  f i r s t  t ime through t h e  program's  e x e c u t i o n .  

I t  should  be no ted  t h a t  t h e  o u t p u t  v a r i a b l e s  FX, FSX, FY, and 

FZ a r e  given f o r  each s i d e  o f  each a x l e .  

As shown i n  F igure  1 4 ,  t h e  u s e r  s p e c i f i e s  t h e  number of 

o u t p u t  v a r i a b l e s  ( t o  a  maximum of  6 ) ,  t h e i r  i d e n t i f y i n g  

numbers, and t h e  t ime s t e p  upon which t h e  o u t p u t  w i l l  be 

p r i n t e d . *  A f t e r  t h i s  o u t p u t  has  been echoed,  t h e  u s e r  may 

demand more ou tpu t  i n  t h e  same manner. When t h e  u s e r  has  seen  

( o r  has  p u t  on f i l e )  a l l  t h e  o u t p u t  v a r i a b l e s  he wishes ,  he 

answers ' t N O t t  t o  t h e  q u e s t i o n ,  "DO YOU WANT ANY MORE OUTPUT?" 

The run i s  then  completed.  The u s e r  may then  change t h e  i n p u t  

d a t a  o r  e l s e  i n p u t  a  whole new d a t a  s e t .  

* I t  should  be n o t e d  t h a t  t h e  t imes  a c t u a l l y  p r i n t e d  on o u t p u t  
may be as much as - 0 2  s e c  o f f  t h e  d e s i r e d  v a l u e s ,  due t o  t h e  
method of i n t e g r a t i o n  o f  HPCG and t h e  manner i n  which t h e  
next  t ime s t e p  t o  be d i s p l a y e d  i s  t r i g g e r e d .  



Figure  11. Change p rocedure .  (Under l ined  q u a n t i t i e s  a r e  
responses  o f  u s e r . )  

1 I J IT IRL  'V'ELOII I T Y :  I,I-DIREI:'TIOP~ ~::tqFH:s & 

Hri TEFF AklT ILOI::~' EFFEI: T IVEHE:Z::5: 1::OEFF I C:IEPiT I: LH1 . 7 LONG. 1 
- .  
in t, FROriT AXLE: RPiTEFF= . 59 0. 
'i 4 "  L. 

~~'TFIP~LIE M ii:s:LE ..DI_IAL TIF;:E C:ODE 14 11 .;I : - 1 0 1  1 
1.15 A h  11 I ST. E:ETWEEN TRA1::TOR THNIIEM H:i::LE:5 I 1 pi I 51:1, 
21 ISF~PI:. TRQ1:TOF THNKlEM FI>::LE LORD 3:-FEP 1::OEF. - _ a -I -I 

1:16 RiiT D I S.T. BETWEEH TTRH I LER TRNIlEN HXLE'S. I.. I h.1 51:1. 
2.2 G H M ~  TPHILER THNDEM HXLE LORD X-FER COEF. - . 2  

TRHL TOP THHDEM R:,::LE LOHD ::.::-FEF;; l:'CIEF. - . .:I 



F i g u r e  11. (cont  .) 
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Figure  12. List of tractor-trailer o u t p u t  variables. 
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Figure  1 2 .  ( c o n t . )  
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4 .  SAMPLE RESULTS 

F igure  1 5  shows t h e  i n p u t  d a t a  used t o  s i m u l a t e  a  

Diamond Reo s t r a i g h t  t r u c k .  This t r u c k  i s  d e s c r i b e d  i n  

d e t a i l  i n  Reference 2 .  The b rake  and s t e e r  t a b l e s  were 

s e t  up t o  s i m u l a t e  b rak ing  i n  a  t u r n .  The r e s u l t s  were 

compared t o  measurements and Phase I I s i m u l a t i o n  r e s u l t s  

(Ref .  2 ,  p .  98) o b t a i n e d  p r e v i o u s l y  f o r  t h e  same maneuver 

(F ig .  1 6 ) . *  S ince  t h e  TBS s i m u l a t i o n  i s  q u a s i - s t a t i c ,  t h e  

b rake  f o r c e  a t  t h e  t i r e s  occur s  i n s t a n t a n e o u s l y  w i t h  t h e  

a c t u a t i o n  o f  t h e  b r a k e s .  Hence t h e  l o n g i t u d i n a l  f o r c e ,  A X ,  

due t o  t h e  b rakes  i s  g e n e r a t e d  about two- ten ths  of a  second 

b e f o r e  i t  occur s  on t h e  a c t u a l  v e h i c l e  as  shown by t h e  

measured r e s u l t s  i n  F igure  1 6 .  Because t h e  b rake  f o r c e  i s  

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

s t o p s  e a r l y ,  a s  can be i n f e r r e d  from t h e  yaw r a t e  t ime h i s t o r y .  

The magnitude of  t h e  yaw r a t e  reaches  a  h i g h e r  va lue  i n  t h e  

TBS s i m u l a t i o n  than  f o r  t h e  measured r e s u l t s ,  s i n c e  a l i g n i n g  

to rque  and f r o n t  r o l l  s t e e r  were ignored  i n  t h e  TBS s i m u l a t i o n .  

These e f f e c t s  were i n c l u d e d  i n  t h e  Phase I1 s i m u l a t i o n ,  and 

hence t h e  agreement between t h e  Phase I1 s i m u l a t i o n  r e s u l t s  

and measured r e s u l t s  i s  much b e t t e r  t han  t h a t  y i e l d e d  by TBS. 

F igure  6 ,  p r e v i o u s l y  r e f e r r e d  t o  i n  S e c t i o n  3 . 2 ,  shows 

t h e  i n p u t  d a t a  used t o  s i m u l a t e  a  White t r a c t o r  and a  Freuhauf 

t r a i l e r .  The b rake  and s t e e r  t a b l e s  e n t e r e d  ( F i g .  10) w'ere 

used t o  s i m u l a t e  t h e  same maneuver a s  was run and s i m u l a t e d  

i n  the  Phase I1 work (Ref .  2 ) .  F igure  18 shows a  comparison 

o f  t h e  TBS r e s u l t s  and t h e  measured and Phase I1 s i m u l a t i o n  

results.*"gain,  t h e  d i f f e r e n c e s  i n  t h e  l o n g i t u d i n a l  and 

yaw r a t e  t ime h i s t o r i e s  i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  

q u a s i - s t a t i c  s i m u l a t i o n  p r e d i c t s  premature b r a k i n g .  F u r t h e r ,  

*The computer o u t p u t  of  TBS used  t o  p l o t  t h e  r e s u l t s  shown 
i n  F igure  16 i s  shown i n  F igure  1 7 .  

**Figure 14 shows t h e  computer o u t p u t .  



Figu re  1 5 .  I n p u t  d a t a  fo r  Diamond Reo t r u c k .  (Da t a  r e a d  
from f i l e . )  
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Phase II Simulation --- TBS Simulation ----- Measured 
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F i g u r e  1 6 .  Time h i s t o r y  o f  a  b r a k i n g - i n - a - t u r n  maneuver.  
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Figu re  1 7 .  Output  o f  truck program.  
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t h e  q u a s i - s t a t i c  load  t r a n s f e r  of  t h e  TBS s i m u l a t i o n  causes 

t h e  l e f t  s i d e  of a x l e  4 ( t h e  t r a i l e r  f r o n t  tandem ax le )  t o  

lock  immediately upon a c t u a t i o n  of  t h e  b r a k e s .  This 

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

t r a n s f e r  c o e f f i c i e n t s ,  GAM3 and GAM4*, r e s u l t s  i n  t h e  

c o r r e c t  p r e d i c t i o n  of  which wheel l o c k s , * *  though t h e  t ime 

o f  t h e  occurrence  i s  m i s c a l c u l a t e d .  I t  should  be no ted  t h a t  

i f  GAM3 and GAM4 were ignored  ( s e t t i n g  them equa l  t o  0 ) ,  

lockup would no t  have been p r e d i c t e d .  

*These c o e f f i c i e n t s  were e s t i m a t e d  very crudely  us ing  
eng inee r ing  judgment, based  on t h e  c o n s i d e r a t i o n s  o u t l i n e d  
on page 6 .  

**Lockup i s  determined by comparing t h e  o u t p u t s  of a t tempted  
brake  f o r c e ,  FSX, and achieved brake  f o r c e ,  FX. I f  FX i s  
l e s s  than  FSX, lockup has occur red .  





5 .  CONCLUDING REMARKS 

A computer program f o r  p r e d i c t i n g  t h e  b rak ing  and 

s t e e r i n g  response  of  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  has  

been p r e s e n t e d  i n  t h i s  r e p o r t .  

This program uses  a  v e h i c l e  model which i s  much l e s s  

complex than  t h e  comprehensive model developed by HSRI i n  

Reference 1. N e v e r t h e l e s s ,  t h e  model has  f e a t u r e s  which 

p rov ide  means f o r  r e p r e s e n t i n g  brake  imbalance,  tandem a x l e s ,  

dua l  t i r e s ,  l o n g i t u d i n a l  and l a t e r a l  l o a d  t r a n s f e r ,  t h e  i n t e r -  

a c t i o n  of  l o n g i t u d i n a l  s l i p  and s l i p  ang le  i n  de termining  t h e  

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

t h e  e f f e c t i v e n e s s  of  a n t i l o c k  b r a k i n g  sys tems.  

This program i s  des igned f o r  u s e r  convenience.  The 

model employs a  r e l a t i v e l y  smal l  number of  i n p u t  parameters  

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

on t h e  u s e r .  The program i s  w r i t t e n  i n  an i n t e r a c t i v e  form 

f o r  use  a t  a  computer t e r m i n a l .  The u s e r  i s  guided by cues 

p r i n t e d  ou t  a t  t h e  t e r m i n a l .  Thus, t h e  u s e r  can l o a d  t h e  

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

response  v a r i a b l e s  wi th  only  a l i m i t e d  f a m i l i a r i t y  w i t h  t h e  

computer program. 

I t  i s  i n t e n d e d  t h a t  t h i s  computer program be u s e f u l  f o r  

(1)  making p r e l i m i n a r y  s t u d i e s  o f  new o r  proposed v e h i c l e  

d e s i g n s ,  ( 2 )  address ing  eng inee r ing  q u e s t i o n s  concern ing  

combined b rak ing  and s t e e r i n g  maneuvers,  ( 3 )  p l ann ing  l a r g e -  

s c a l e  v e h i c l e  t e s t  programs, o r  ( 4 )  p l ann ing  d e t a i l e d  

s i m u l a t i o n  ana lyses  us ing  more complex v e h i c l e  models.  
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This appendix c o n t a i n s  a flow c h a r t  which i n d i c a t e s  

t h e  o p t i o n s  a v a i l a b l e  t o  t h e  u s e r  i n  running t h e  TBS computer 

program. 
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