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INTRODUCTION 

This symposium on commercial v e h i c l e  b rak ing  and 

h a n d l i n g  was sponsored  by t h e  Highway S a f e t y  Research 

I n s t i t u t e  o f  The U n i v e r s i t y  o f  Michigan. The purpose  

o f  t h e  symposium was t o  p rov ide  a  review o f  t h e  s t a t e  

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

I t  was a l s o  des igned  t o  p rov ide  a  forum i n  which 

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

o p e r a t i o n s ,  and government agenc ies  invo lved  w i t h  t h e  

t o p i c  cou ld  communicate i d e a s  and concerns over  problems 

r e l a t e d  t o  measuring and/or  s i m u l a t i n g  t h e  b r a k i n g  and 

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

The symposium had f o u r  t e c h n i c a l  s e s s i o n s ,  e n t i t l e d  

"The Measurement of  Commercial Vehic le  T i r e  P r o p e r t i e s  ," 
"Brake and Ant i lock  System Performance ," "Topics i n  

Computer S i m u l a t i o n , "  and "An Overview of  S imula t ion  

and T e s t i n g . "  The symposium c l o s e d  w i t h  a  pane l  d i s -  

cuss ion  on "The E f f e c t s  of Government S tandards  on 

Commercial Veh ic l e  Braking and Handling."  

These proceedings  c o n t a i n  pape r s  and formal  remarks 

from t h o s e  speake r s  who submi t t ed  a  w r i t t e n  v e r s i o n  o f  

t h e i r  p r e s e n t a t i o n .  By p r i o r  agreement w i t h  t h e  a u t h o r s ,  

t h e s e  pape r s  and remarks were n o t  e d i t e d  o r  changed 

wi thou t  t h e i r  pe rmiss ion .  A l l  a r t  work and g r a p h i c  

m a t e r i a l  was s u p p l i e d  by t h e  i n d i v i d u a l  a u t h o r s .  Each 

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

h i s  own work, 

N e i t h e r  t h e  d i s c u s s i o n s  fo l lowing  t h e  pape r s  no r  

t h e  comments of  t h e  pane l  members were t r a n s c r i b e d  f o r  

i n c l u s i o n  i n  t h e s e  p roceed ings .  



The t e c h n i c a l  pape r s  a r e  p r e s e n t e d  h e r e i n  i n  t h e  

o r d e r  g iven  i n  t h e  program. A f t e r  t h e  t e c h n i c a l  

pape r s  t h e  fo l lowing  i tems a r e  p r e s e n t e d :  

(1) A copy o f  t h e  luncheon speech  by 

W .  D .  E b e r l e ,  P r e s i d e n t  and Chief  

Execut ive  O f f i c e r ,  Motor Veh ic l e  

Manufacturers  A s s o c i a t i o n  

( 2 )  Formal opening s t a t e m e n t s  from 

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

(3 )  A l i s t  o f  symposium a t t e n d e e s  

( 4 )  A copy of  t h e  program. 
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TRUCK T I R E  TESTING ON T I R F  

K .  D .  B i r d  
and 

D .  J .  Schur ing  
Calspan C o r p o r a t i o n  



Calspan T i r e  Research Facility ( T I R F )  



INTRODUCTION 

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

s t a b i l i t y ,  c o n t r o l . ,  and b r a k i n g  c h a r a c t e r i s t i c s  o f  

commercial  v e h i c l e s  i s  no l e s s  dependent  on a  knowledge 

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

p a s s e n g e r  c a r s .  I I t  i s  most a p p r o p r i a t e  t h e n  t h a t  t h e  

open ing  s e s s i o n  o f  t h i s  con fe rence  be concerned  w i t h  

t h e  measurement o f  commercial v e h i c l e  t i r e  p r o p e r t i e s .  

Th i s  pape r  deal.3 w i t h  t h a t  s u b j e c t  by p r e s e n t i n g  t r u c k  

t i r e  t e s t i n g  r e s u l t s  from t h e  Calspan  T i r e  Research 

F a c i l i t y  which ha:; come t o  be  known a s  "TIRF," The 

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

some d e t a i l  i n  Ke:?erer:ce 1 and w i l l  be i n d i c a t e d  on1.y 

v e r y  b r i e f l y  h e r e .  

I n  t h e i r  reccAnt paper  on t h e  l o n g i t u d i n a l  t r a c t i o n  

p r o p e r t i e s  o f  t r u c k  t i r e s ,  E r v i n  and Fancher  [ 2 ]  have 

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

measur ing  t h e  s h e a r  per formance  o f  t r u c k  t i r e s  and o n l y  

a  s m a l l  rtumber o f  s t u d i e s  d e a l i n g  w i t h  such  measurements 

have been r e p o ~ t e t i .  l h e y  p o i n t  o u t  t h e  d i f f i c u l t i e s  o f  

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

f o r c e s  and moment p r o p e r t i e s  o f  t r u c k  t i r e s - d i f f i c u l t i e s  

a r i s i n g  from t j l ~  r e q u i  ~ e m e n t s  f o r  a  l a r g e  l o a d i n g  sys t em 

and wheel s u p p o r t  assembly and f o r  an adequa te  m u l t i -  

component f o r c e  and moment b a l a n c e  s y s  tem. We would 

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

t o  1 0 , 0 0 0  pounds ( I T  more c a r r y  th rough  t h e  c o n s t r u c t i o n ,  

c a l i b r a t i o n ,  day-  :? - d a v  o p e r a t i o n  and ma in t enance .  

The 1:-ivi n- Fa-~cl ie  I- paper  c o n t a i n s  a  review o f  t h e  

very  s p a r s e  l i t e r ( 1 t u r c  on t r u c k  t i r e  t e s t  f a c i l i t i e s ;  

t h i s  w i l l  n o t  be r e p e a t e d  h e r e  e x c e p t  t o  unde r sco re  t h e  

o b s e r v a t i o n  t h a t  i n  t h e  U n i t e d  S t a t e s  t h e  l a b o r a t o r y  



f a c i l i t i e s  c u r r e n t l y  i n  e x i s t e n c e  which can  pe r fo rm 

even  l i m i t e d  t r u c k  t i r e  f o r c e  and moment t e s t s  a r e  

c o n f i n e d  t o  two ve ry - low-speed  f l a t  p l ank  machines 

(one w i t h  a  5 ,000-pound s i d e  f o r c e  c a p a b i l i t y  [ 3 ] ,  

t h e  o t h e r  w i t h  a  10 ,000-pound  l o a d  c a p a c i t y )  and t h e  

Ca lspan  T I R F  whose c a p a b i l i t i e s  a r e  d i s c u s s e d  h e r e i n .  

T i e l k i n g ,  Fancher  and Wild p r e s e n t e d  a  c r o s s -  

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

d r y  s u r f a c e s  a t  low s p e e d  i n  Reference  4 .  A t  t h e  SAE 

Troy Truck Meet ing i n  1974 ,  B i c k e r s t a f f  and H a r t l e y  [ 5 ]  

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

( b r a k i n g )  p r o p e r t i e s  t a k e n  from t h e  Ca lspan  TIRF and 

a l s o  f rom t r a i l e r  t e s t s  and demons t r a t ed  t h e  ma jo r  

i n f l u e n c e  o f  t i r e  l o a d  on d ry  pavement l o n g i t u d i n a l  

t r a c t i o n  pe r fo rmance .  I n  t h i s  p a p e r ,  t h e  TIRF t r u c k  

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

(no b r a k i n g  o r  d r i v i n g  t o r q u e  a p p l i c a t i o n )  o r  s t r a i g h t  

b r a k i n g  ( z e r o  s l i p  a n g l e )  on d ry  roads  w i l l  be  i l l u s -  

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

b r a k i n g  t e s t s  on d ry  r o a d s ,  by b r a k i n g  and c o r n e r i n g  

d a t a  measured on wet r o a d s ,  and by some d u a l  t i r e  t e s t  

r e s u l t s .  I t  i s  hoped t h a t  t h e s e  d a t a  w i l l  be u s e f u l  

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

i n  add ing  t o  t h e  ve ry  s p a r s e  l i t e r a t u r e  on t h e  g e n e r a l  

s h e a r  performance o f  t r u c k  t i r e s .  The a u t h o r s  w i l l  

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

l imi t s .  



TEST FACILITY 

A photograph  o f  TIRF i s  shown i n  F igu re  1 ( f r o n t i s -  

p i e c e )  . The pr imary  f e a t u r e s  of  t h e  machine a r e  : 

TIRE POSITIONING SYSTEM 

The t i r e ,  whee l ,  f o r c e  s e n s i n g  b a l a n c e ,  f r i c t i o n  

b r a k e ,  and h y d r a u l i c  motor ( t o  d r i v e  - o r  b rake  t h e  t i r e )  

a r e  mounted i n  t h e  movable upper  h e a d .  The head p r o -  

v i d e s  s t e e r ,  camber,  and v e r t i c a l  motions t o  t h e  t i r e .  

These motions ( a s  w e l l  as  v e r t i c a l  l o a d i n g )  a r e  s e r v o  

c o n t r o l l e d  and programmable.  The ranges  o f  t h e  p o s i t i o n  

v a r i a b l e s ,  t h e  r a r e s  a t  which t h e y  may be  a d j u s t e d ,  and 

o t h e r  i n f o r m a t i o n  a r e  shown i n  Table  I .  

Table I 
TIRF CAPABILITIES 

I TIRE SLIP ANGLE ( U )  1 530' I 

CHARACTERISTIC 

/ TIRE CAMBER ANGLE ( r )  1 230' 1 

RANGE 

TlRE OUTSIDE DIAMETER 

TlRE TREAD WIDTH 

/ TlRE SLlP ANGLE RATE (21 / IO'/SEC 

18.5 IN TO 46 IN 

24 IN MAX. 

TlRE CAMBER ANGLE RATE ($1 

TIRE LOAD RATE (iz) (TYPICAL) 

TlRE VERTICAL POSITIONING (i) 
ROAD SPEED ( V )  

/ BELT WIDTH I 2 8 1 N  I 

7 ' 1 s ~ ~  

2000 LBISEC 

2 INISEC 

0-200 MPH 



ROADWAY 

The 28 - inch  wide roadway i s  made up o f  a  s t a i n l e s s  

s t e e l  b e l t  covered  w i t h  m a t e r i a l  t h a t  s i m u l a t e s  t h e  

s u r f a c e  t e x t u r e  and f r i c t i o n a l  p r o p e r t i e s  o f  a c t u a l  

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

1 t o  2 m i l s  under  t h e  t i r e  p a t c h  by t h e  r e s t r a i n t  p r o -  

v i d e d  by an a i r  b e a r i n g  pad which i s  benea th  t h e  b e l t  

i n  t h e  t i - r e  p a t c h  r e g i o n .  The roadway i s  d r i v e n  by 

one of  t h e  two 6 7 - i n c h  d i a m e t e r  drums ove r  which i t  r u n s .  

The road  speed  i s  s e r v o  c o n t r o l l e d ;  i t  may be programmed 

t o  be  c o n s t a n t  o r  v a r i e d .  

The s u r f a c e s  u s u a l l y  used  a r e  "Sa fe ty  Walk."* 

These s u r f a c e s  have e x c e l l e n t  m i c r o t e x t u r e  g i v i n g  a  

wet s k i d  numbert o f  about  60 i n  t h e  u n t r e a t e d  c o n d i t i o n .  

The s u r f a c e s  a r e  honed t o  reduce  t h e  wet s k i d  number 

t o  lower  v a l u e s  ( t y p i c a l l y  s u r f a c e s  o f  s k i d  number 50 

and 30 a r e  u s e d ) .  

A un ique  f e a t u r e  o f  T I R F  i s  t h e  a b i l i t y  t o  c a r r y  

o u t  t e s t s  under  wet r oad  c o n d i t i o n s .  A two-d imens iona l  

w a t e r  n o z z l e  spans  t h e  roadway. This  n o z z l e  h a s  an 

a d j u s t a b l e  t h r o a t  which can be s e t  t o  t h e  d e s i r e d  w a t e r  

d e p t h .  The f low th rough  t h e  n o z z l e  i s  t h e n  v a r i e d  b y  

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

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

b e l t  v e l o c i t y .  The f i l m  t h i c k n e s s  may be  v a r i e d  from 

a s  low a s  0 .005  i n c h e s  up t o  0 . 5  i n c h e s .  

*Manufactured by t h e  3M Company 
+ 

A t  40 mph and 0.020 i n c h e s  w a t e r  d e p t h  u s i n g  t h e  ASTM 
E-501 S t a n d a r d  Pavement T r a c t i o n  T i r e .  



TIRE-WHEEL DRIVE 

A d r i v e  s y s t e m  which i s  i n d e p e n d e n t  o f  t h e  r o a d -  

way d r i v e  i s  a t t a c h e d  t o  t h e  t i r e - w h e e l  s h a f t .  T h i s  

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

t h e  b r a k i n g  and d r i v i n g  modes. The t i r e  s l i p  r a t i o ,  

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

BALANCE SYSTEM 

E i t h e r  o f  two s ix - componen t  s t r a i n  gage b a l a n c e s  

s u r r o u n d i n g  t h e  whee l  d r i v e  s h a f t  may b e  u s e d .  Three  

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

measured t h r o u g h  t h i s  s y s t e m .  A f o u r t h  moment, t o r q u e ,  

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

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

t i r e  b a l a n c e s  a r e  shown i n  T a b l e  1 1 .  T r a n s f e r  o f  f o r c e s  

and moments from t h e  b a l a n c e  a x i s - s y s t e m  t o  t h e  con-  

v e n t i o n a l  SAE r e f e r e n c e  sy s t em a t  t h e  t i r e - r o a d w a y  

i n t e r f a c e  i s  implemented i n  t h e  d a t a  r e d u c t i o n  computer  

p rogram.  

Table lI. 

BALANCE SYSTEM CAPABI LIT1 ES 

TRUCK TIRE BALANCE 

12,000 LB 

+ 8000 LB 

k8000 LB 

f 1000 FT LB 

12000 FT LB 

k400 FT LB 

COMPONENT 

LOAD 

LONGlTUDl NAL FORCE 

LATERAL FORCE 

SELF ALIGNING TORQUE 

OVERTURNING MOMENT 

ROLLING RESISTANCE MOMENT 

PASSENGER CAR 
TIRE BALANCE 

4000 LB 

f 4000 LB 

k4000 LB 

,500 FT LB 

k1000 FT LB 

*200 FT LB 



FACILITY VALIDATION 

I t  has  g e n e r a l l y  become accep ted  by i n d u s t r y  and 

government t h a t  passenger  c a r  t i r e  d a t a  taken  on TIRF 

a r e  v a l i d ,  i n  t h e  s e n s e  t h a t  f o r c e s ,  moments, power 

l o s s e s  measured on t h e  f a c i l i t y ,  a r e  t h e  same as  would 

be expe r i enced  on t h e  road under  s i m i l a r  c o n d i t i o n s .  

In 19 7 3 ,  a  round- rob in  v a l i d a t i o n  program was sponsored  

by t h e  Motor Vehic le  Manufac turers  A s s o c i a t i o n  and t h e  

Rubber Manufac turers  A s s o c i a t i o n  i n  which i d e n t i c a l  

b i a s - b e l t e d  and r a d i a l - p l y  t i r e s  were run a t  v a r i o u s  

t e s t  c o n d i t i o n s  on t h e  Calspan TIRF and e i g h t  o t h e r  c a r  

and t i r e  i n d u s t r y  f a c i l i t i e s .  Three of  t h e s e  f a c i l i t i e s  

were road  t e s t e r s  ( t r a i l e r s  o r  t r u c k  b e d ) ,  two were 

c i r c u l a r  drums ( e x t e r n a l )  and t h r e e  ( i n  a d d i t i o n  t o  

TIRF) were f l a t  -bed l a b o r a t o r y  machines.  Typ ica l  r e s u l t s  

a r e  shown i n  F igure  2 .  

I t  may be seen  t h a t  t h e  road t e s t  d a t a  show s i g n i -  

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

c e n t e r  of  t h i s  s p r e a d .  The s i n g l e  drum d a t a  (120 i n  

d iameter )  a r e  i n  good agreement a s  a r e  most o f  t h e  f l a t -  

bed d a t a .  One s e t  o f  t h e  o u t l y i n g  d a t a  from a  f l a t - b e d  

p lank  machine was found t o  be too  low due t o  i n s u f f i c i e n t  

r o l l i n g  l e n g t h  t o  o b v i a t e  t i r e  r e l a x a t i o n  e f f e c t s ;  when 

t h e  r o l l i n g  d i s t a n c e  was ex tended ,  agreement was 

improved. The remaining o u t l i e r  d a t a  a r e  a l s o  from a  

p lank  machine-shorter than  t h e  f i r s t - s o  t h e s e  d a t a  a r e  

a l s o  s u s p e c t .  Taking t h e s e  f a c t o r s  i n t o  a c c o u n t ,  p l u s  

t h e  a c q u i s i t i o n  of  an e x t e n s i v e  body o f  t e s t  d a t a  o v e r  

t h e  p a s t  two y e a r s ,  t h e  TIRF p a s s e n g e r  ca r  t i r e  r e s u l t s  

have come t o  be  accep ted  a s  r e p r e s e n t i n g  t h e  a c t u a l  

f o r c e s  and moments produced under  s t e a d y - s t a t e  o p e r a t i n g  

c o n d i t i o n s .  



CALSPAN TI R F 6 MPH 
- - - - - - -  FLAT PLANK MACHINE 0.84 MPH 
-- - - LINK BELT MACHINE 2 MPH 
- . - . -  FLAT PLANK MACHINE 0.34 MPH 

I 120" EXTERNAL DRUM 20 MPH I 
I I - 

..... 

CORNERINGTRAILER 3 MPH 
. .... I . . 1 MOBILE TESTER 40 MPH I 1 

(TRUCK) ...... 

I I -*- CORNERING TRAILER 40 MPH I 

VERTICAL LOAD, LBS 

Figure 2a FACILITY VALIDATION RESULTS: G78-15 TIRE AT 28 PSI 
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CALSPAN TI RF 6 MPH ------- FLATPLANK MACHINE 0.84 MPH ---- LINK BELT MACHINE 2 MPH 

-.-.- FLAT PLANK MACHINE 0.34 MPH 

120" EXTERNAL DRUM 20 MPH 

-- CORNERING TRAILER 3 MPH 
- 4  Y,":BIF,TESTER 40 MPH 

-* - CORNERING TRAILER 40 MPH 

VERTICAL LOAD, LBS 

Figure 2b FACILITY VALIDATION RESULTS: G78-15 TIRE AT 28 PSI 



Formal c o r r e l a t i o n  t e s t s  have n o t  been run  on 

t r u c k  t i r e s .  As p o i n t e d  o u t  above,  t e s t  f a c i l i t i e s  

t h a t  a r e  capab le  o f  h a n d l i n g  t r u c k  t i r e s  a r e  very  

l i m i t e d .  The d a t a  comparisons of  B i c k e r s t a f f  [ S ]  a r e  

t h e  on ly  p u b l i s h e d  comparisons w i t h  o n - t h e - r o a d  d a t a .  

A number of b r a k i n g  t e s t s  a r e  be ing  i n i t i a t e d  a t  

Calspan and i t  i s  hoped t h a t  i n  t h e  coming months more 

d i r e c t  comparisons w i t h  road  t e s t  can be made. 

TRACTION FIELD DEVELOPMENT O N  DRY PAVEMENT 

On TIRF, t r u c k  t i r e s  a r e  u s u a l l y  braked  by a  d i s c  

b rake  mounted on t h e  wheel a x l e  s h a f t .  The f r e e - r o l l i n g  

t i r e  i s  s e t  t o  t h e  wanted s l i p  a n g l e  and l o a d  a t  t h e  

p r o p e r  road  s p e e d .  I t  i s  t h e n  b raked  a t  t h e  d e s i r e d  r a t e  

u n t i l  t h e  wheel i s  brought  t o  a  s t o p .  During t h i s  

p e r i o d ,  s ix-component  f o r c e  and moment d a t a  a r e  r eco rded  

by t h e  d a t a  sys tem a t  a  sampling r a t e  of  up t o  100 

samples p e r  second ( t h e  s o - c a l l e d  cont inuous  sampling 

mode). As soon a s  t h e  t i r e  r eaches  l o c k - u p ,  t h e  b r a k e  

i s  r e l e a s e d ,  t h e  t i r e  t aken  t o  t h e  n e x t  o p e r a t i n g  cond i -  

t i o n  and t h e  p r o c e s s  r e p e a t e d .  This p rocedure  i s  

con t inued  u n t i l  a l l  d a t a  a r e  s e c u r e d  o r  u n t i l  t h e  d a t a  

s t o r a g e  c a p a c i t y  o f  t h e  computer i s  r eached .  A t  t h i s  

p o i n t  t h e  run i s  s t o p p e d ,  d a t a  a r e  computed, p r o c e s s e d ,  

and p u t  i n t o  d i s c  and /o r  t a p e  s t o r a g e  and a  new run  i s  

s t a r t e d .  

The reduced d a t a  o f  a  b i a s - p l y  1 0  -00-20  t r u c k  t i r e  

b raked  a t  a  road  speed  o f  40  mph and a  l o a d  o f  4,500 

pounds a r e  shown i n  F igures  3 ,  4 ,  and 5 .  The 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  ( F x  and Fy)  have been nondimens ional ized  

by d i v i d i n g  them by F,. I n  P i g u r e  3 ,  t h e  l o n g i t u d i n a l  
f o r c e  c o e f f i c i e n t  i s  p l o t t e d  a g a i n s t  s l i p  r a t i o  a t  s l i p  



SLlP RATIO 

Figure 3 LONGITUDINAL FORCE COEFFICIENT VERSUS SLlP RATIO (BRAKING) 
OF 10.00-20 (F) BIAS PLY TRUCK TIRE 



Fy/F, LATERAL FORCE COEFFICIENT 



Figure 5 TRACTION FIELD (FYIFZ VS FXIFZ) OF 10.00-20 (F) TRUCK TIRE 



a n g l e s  o f  0 ,  2 ,  4 ,  and 8 " ;  i n  F i g u r e  4 ,  t h e  l a t e r a l  

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

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

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

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

F i g u r e  5 .  To a c h i e v e  good d e f i n i t i o n  o f  t h e  f i e l d ,  i t  

i s  i m p o r t a n t  t o  g e n e r a t e  numerous d a t a  p o i n t s  up t o  

s l i p  r a t i o s  o f  abou t  IS%,  t h a t  i s ,  be tween  t h e  f r e e -  

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

f o r c e ,  a s  d e m o n s t r a t e d  i n  F i g u r e  5 .  The i n t e r v a l  f rom 

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

0 . 5  s e c o n d s .  R e c e n t l y ,  much l a r g e r  r a t e s  o f  b r a k e  

a p p l i c a t i o n  have  been  accompl i shed  s o  t h a t  an even  d e n s e r ,  

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

The a l i g n i n g  t o r q u e  (MZ) i s  p l o t t e d  a g a i n s t  l o n g i -  

t u d i n a l  f o r c e  c o e f f i c i e n t  i n  F i g u r e  6 .  A t  p o s i t i v e  s l i p  

a n g l e  w i t h  no b r a k i n g  (Fx " O),  t h e  a l i g n i n g  t o r q u e  i s  

p o s i t i v e ,  which i n  t h e  SAE c o n v e n t i o n *  means t h a t  t h e  

t o r q u e  i s  s e l f - " a l i g n i n g "  ( t e n d s  t o  t u r n  t h e  t i r e  toward  

z e r o  s l i p  a n g l e )  . A p p l i c a t i o n  o f  t h e  b r a k e s  and d e v e l o p -  

ment o f  b r a k i n g  f o r c e ,  however ,  l e a d s  t o  l a r g e  nega -  

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

a n g l e  ; t h i s  h a s  been  l i k e n e d  t o  a  " n e g a t i v e  c a s t e r  a n g l e  

e f f e c t "  [6]. With t h e  compl i ances  i n e v i t a b l y  p r e s e n t  

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

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

m a t t e r  o f  conce rn  i n  c o n n e c t i o n  w i t h  m e e t i n g  FMVSS 1 2 1 .  

The a u t h o r s  had  hoped t o  b e  a b l e  t o  p r e s e n t  

a l i g n i n g  t o r q u e  d a t a  f o r  a  r a d i a l - p l y  t r u c k  t i r e  which 

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

b e h a v i o r  t h a n  t h e  b i a s - p l y  t r u c k  t i r e s .  T h i s  e x p e c t a -  

t i o n  was b a s e d  on c h a r a c t e r i s t i c s  measured on p a s s e n g e r  

*SAE J 6 7 0 - C ,  V e h i c l e  Dynamics Terminology 

1 7  



Figure 6 ALIGNING TORQUE VS BRAKING TRACTION COEFFICIENT OF 10.00-20 
(F) TRUCK TIRE 



c a r  t i r e s  (Re fe r ence  7 ) .  A f a u l t y  s t r a i n  gage ( a  

m a n u f a c t u r e r ' s  q u a l i t y  c o n t r o l  problem) on one o f  t h e  

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

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

a v a i l a b l e  f o r  t h i s  p a p e r .  I t  i s  s u g g e s t e d ,  however ,  

t h a t  d i f f e r e n c e s  i n  b i a s - p l y  and r a d i a l - p l y  t i r e s  

under  combined c o r n e r i n g  and b r a k i n g  may b e  i m p o r t a n t  

i n  some FMVSS 1 2 1  c o n s i d e r a t i o n s .  

WET ROAD PERFORMANCE 

I t  i s  c u r i o u s  t h a t  t h e  N a t i o n a l  Highway T r a f f i c  

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

ha s  been  conce rned  w i t h  d ry  road-ather  t h a n  we t  road  

v e h i c l e  per formance  s i n c e  i t  has  been  w e l l  e s t a b l i s h e d  

t h a t  most l o s s - o f - c o n t r o l  a c c i d e n t s  t a k e  p l a c e  on wet 

roads  [ 8 ] .  On TIRF, t r u c k  t i r e  t e s t s  per formed  unde r  

w e t - r o a d  c o n d i t i o n s  show marked d i f f e r e n c e s  between t i r e s  

i n  b o t h  t h e i r  c o r n e r i n g  and b r a k i n g  c a p a b i l i t i e s  and 

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

l a t e r a l  and l o n g i t u d i n a l  r e s p o n s e  under  haza rdous  

( s  1 i p p e r y )  r o a d  c o n d i t i o n s  . 
Two s u r f a c e s  were u s e d  w i t h  nominal  s k i d  numbers 

o f  30 and 6 0 .  Whereas p a s s e n g e r  c a r  t i r e  t e s t i n g  i s  

u s u a l l y  done w i t h  0 .020 i n c h  o f  w a t e r  on t h e  s u r f a c e  t o  

conform w i t h  ASTM s k i d  t r a i l e r  p r a c t i c e ,  t h e s e  t e s t s  

u s e d  0 .060  i n c h  of  w a t e r  i n  view o f  t h e  l a r g e r  d r a i n a g e  

grooves  i n  t h e  t r u c k  t i r e  t r e a d s .  Al though b o t h  r i b b e d  

and l ugged  t i r e s  were  t e s t e d ,  o n l y  some o f  t h e  g rooved  

t i r e  r e s u l t s  w i l l  be r e p o r t e d  h e r e .  

-- 

*Unl ike  t h e  highway c o u n t e r p a r t  w h e r e i n  t h e  p r imary  
e f f o r t  i s  d i r e c t e d  toward  improved wet  r o a d  
p e r f o r m a n c e .  



AS'I'M s t a n d a r d  pavement t i r e s *  were u sed  a s  

r e f e r e n c e  t i  r e s  t o  " c a l i h r a t e "  t h e  s u r f a c e s .  Runs 

hiere rnade wi th  l ~ o t l l  0 . 0 2 0  i nch  and 0.060 inch o f  

w a t e r ;  t h e  mc:isurcd s k i d  nurnl~ers a r c  shown i n  1:igure 7 .  

A t  2 0  mph, t h e  c i r c u m f e r e n t i a l  g rooves  i n  t h e  ASTM t i r e s  

were a b l e  t o  p r o v i d e  t h e  n e c e s s a r y  d r a i n a g e .  As t h e  

s p e e d  i n c r e a s e d  t o  40 and 60 mph, d r a i n a g e  was i n c r e a s -  

i n g l y  i n a d e q u a t e  w i t h  t h e  t i r e s  r e a c h i n g  n e a r  hydo-  

p l a n i n g  c o n d i t i o n s  on b o t h  s u r f a c e s  w i t h  0 .060  i n c h  o f  

w a t e r  a t  60 mph. A t  4 0  mph and 0 .060 i n c h  w a t e r  d e p t h ,  

t h e  s k i d  numbers o f  t h e  two s u r f a c e s  were 30 and 5 0 .  

F i g u r e  8 i s  a  l a t e r a l  f o r c e - s l i p  a n g l e - r o a d  speed  

c a r p e t  p l o t  o f  a  " c o n t r o l "  t i r e  w i t h  s u p e r i o r  wet  r oad  

per formance  a s  compared t o  two o t h e r  t i r e s  shown i n  

s u b s e q u e n t  f i g u r e s .  I n  F i g u r e  8 ,  t h e  v e r t i c a l  a x i s  i s  

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

n e a r l y  v e r t i c a l  cu rve  on t h e  l e f t  o f  t h e  c a r p e t  p l o t  i s  

t h u s  a  p l o t  o f  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  a t  20 mph. 

For  40 and 60 mph, t h e  z e r o  s l i p  a n g l e  o r i g i n  i s  s h i f t e d  

t o  t h e  r i gh t - -gene ra t i ng  two more c u r v e s .  The p o i n t s  o f  

c o n s t a n t  s l i p  a n g l e  a r e  connec t ed  t o  p roduce  t h e  c a r p e t  

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

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

l i n e s  show t h e  s e n s i t i v i t y  o f  t h e  t i r e  t o  s p e e d .  

I n  F i g u r e  9 ,  t h e  c o n t r o l  t i r e  i s  compared w i t h  two 

o t h e r  t i r e s  on t h e  two s u r f a c e s  (nominal  s k i d  numbers 

o f  30 and 5 0  a t  0 .060 i n c h  w a t e r  d e p t h ) .  These  o t h e r  

t i r e s  d i f f e r  from t h e  c o n t r o l  t i r e  i n  compound and t r e a d  

p a t t e r n .  I n  F i g u r e  1 0 ,  t h e  t i r e s  a r e  " r a t e d "  by  u s i n g  

t h e  r a t i o  o f  two l a t e r a l  f o r c e s  a t  1 0 '  s l i p  angle-the 
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Figure 8 LATERAL FORCE - SLIP ANGLE - ROAD SPEED CARPET COMPUTER 
PLOT: CONTROL TRUCK TIRE (10.00-20) 
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Figure 9 COMPARISON OF WET CORNERING PERFORMANCE OF DIFFERENT 
TRUCK TIRES (10.00-20) 
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Figure 1 0  CORNERING PERFORMANCE RATINGS OF 3 10.00-20 TRUCK TIRES 



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

and t h e  l a t e r a l  f o r c e  deve loped  b y  t h e  c o n t r o l  t i r e  a t  
2 0  mph. I t  may b e  s e e n  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  

e x i s t  between t h e  t i r e s  on b o t h  s u r f a c e s  a l t h o u g h  i t  

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

h i g h  s p e e d s .  

S t r a i g h t  b r a k i n g  comparisons  were  a l s o  made o f  

t h e s e  t i r e s .  F i g u r e  11 i s  a  computer g e n e r a t e d  p l o t  o f  

t h e  n o r m a l i z e d  t r a c t i v e  f o r c e  (Fx /FZ)  v e r s u s  s l i p  r a t i o .  

From p l o t s  such  a s  t h e s e ,  t h e  peak  and s l i d e  c o e f f i c i e n t s  

were  d e t e r m i n e d  and p l o t t e d  a s  i n  F i g u r e  1 2 .  Again i t  

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

among t h e s e  t h r e e  t i r e s .  

DUAL TIRE RESULTS 

Dual t r u c k  t i r e s  a r e  t e s t e d  on TIRF i n  e s s e n t i a l l y  

t h e  same f a s h i o n  a s  s i n g l e  t i r e s .  F i g u r e  1 3  shows a  

s e t  o f  d u a l  8 . 0 0 - 1 6 . 5  ( C )  l i g h t  t r u c k  t i r e s  mounted on 

TIRF. T h e i r  ( f r e e - r o l l i n g )  c o r n e r i n g  t e s t  r e s u l t s  a r e  

shown i n  F i g u r e s  14 t h r o u g h  1 9 ,  w i t h  s i n g l e - t i r e  t e s t  

r e s u l t s  added f o r  compar i son .  F i g u r e  14 i n d i c a t e s  t h a t  

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

t i r e s ,  compared a t  t h e  same v e r t i c a l  l o a d  p e r  t i r e  ( h e r e  

1 , 8 0 0  p o u n d s ) ,  a r e  v i r t u a l l y  i d e n t i c a l  f o r  a l l  s l i p  

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

c o r n e r i n g  c o e f f i c i e n t s  t o  b e  i d e n t i c a l ,  t o o ,  which i s  

v e r y  n e a r l y  t r u e  a s  F i g u r e  1 5  d e m o n s t r a t e s ,  

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

a r e  n o t  i d e n t i c a l  i f  t h e y  a r e  g e n e r a t e d  by t i r e  camber- 

i n g  r a t h e r  t h a n  s i d e - s l i p p i n g .  F i g u r e  16 s u g g e s t s  t h a t  

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

a s  p a r a l l e l  i n d i v i d u a l  u n i t s ,  each  c o n t r i b u t i n g  t o  t h e  
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Figure 11 NORMALIZED TRACTIVE FORCE (TRACTION COEFFICIENT) VS SLIP RATIO: 
COMPUTER PLOT.CONTROL TRUCK TIRE (10.00-20) 
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Figure 12  BRAKING TRACTION PERFORMANCE OF 10.00-20 TRUCK TIRES 



Figure 13 DUALTIRE CONFIGURATION ON TIRF 
8.00- 16.5 (C) W l DE BASE 



Figure 14 LATERAL FORCE COEFFICIENT O F  SINGLE AND DUAL TRUCK TIRES 
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Figure 15 CORNERING COEFFICIENT OF SINGLE AND DUAL TRUCK TIRES 
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Figure 17 CAMBER COEFFICIENT OF SINGLE AND DUAL TRUCK TIRES 







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

l o a d .  C o n s e q u e n t l y ,  t h e  camber c o e f f i c i e n t s  o f  t h e  

d u a l  and s i n g l e  t i r e s  a r e  d i f f e r e n t ,  a s  i l l u s t r a t e d  i n  

F i g u r e  1 7 .  

The o v e r t u r n i n g  moment c o e f f i c i e n t s ,  F i g u r e  1 8 ,  

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

s i n c e  Mx/Fz r e p r e s e n t s  t h e  l a t e r a l  o f f s e t  o f  t h e  c e n t e r  

o f  p r e s s u r e ,  y -a q u a n t i t y  one would e x p e c t  t o  b e  l o n g e r  1 
f o r  d u a l  t h a n  f o r  s i n g l e  t i r e s .  S i m i l a r l y ,  t h e  a l i g n i n g  

t o r q u e  c o e f f i c i e n t s  o f  b o t h  c o n f i g u r a t i o n s  do n o t  show 

s i g n i f i c a n t  d i f f e r e n c e s  ( F i g u r e  19)  . With t h e  e x c e p t i o n  

o f  camber e f f e c t s ,  t h e s e  r e s u l t s  a r e  i n  agreement  w i t h  

d a t a  r e p o r t e d  by T i e l k i n g ,  F a n c h e r ,  and Wild  [ 4 ]  who 

found  t h a t  f o r  8 - 2 2 . 5  ( D )  t i r e s ,  t h e  t r a c t i o n  f o r c e  and 

t h e  a l i g n i n g  t o r q u e  g e n e r a t e d  by t h e  d u a l  c o n f i g u r a t i o n  

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

g e n e r a t e d  by a  s i n g l e  t i r e .  

FACILITY LIMITATIONS 

TIRF was i n i t i a l l y  d e s i g n e d  t o  s e r v e  a s  a t e s t  

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

o f  t h e  p r e l i m i n a r y  d e s i g n  p h a s e ,  Ca lspan  was a s k e d  by 

t h e  Motor V e h i c l e  M a n u f a c t u r e r s  A s s o c i a t i o n ,  one o f  t h e  

p r i m a r y  s p o n s o r s  o f  t h e  f a c i l i t y , *  t o  make p r o v i s i o n s  

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

t h e  concep t  o r  c o s t  o f  t h e  f a c i l i t y .  Hence,  t h e  d e s i g n  

was m o d i f i e d  s o  t h a t  t h e  t i r e  p o s i t i o n i n g  and l o a d i n g  

sys t ems  would accommodate t r u c k  t i r e  s i z e s  and l o a d s .  

I t  was a l s o  found n e c e s s a r y  t o  c o n s t r u c t  a  s e p a r a t e  

t r u c k  t i r e  b a l a n c e  s y s t e m  f o r  l o a d s  up t o  12 ,000  pounds 

( T a b l e  1 1 ) .  I t  was known, however ,  t h a t  a  maximum l o a d  

o f  12 ,000  pounds was i n c o n s i s t e n t  w i t h  t h e  c a p a c i t i e s  

o f  b o t h  t h e  b r a k i n g  and t h e  a i r  b e a r i n g  s y s t e m s .  

*Along w i t h  t h e  Rubber M a n u f a c t u r e r s  A s s o c i a t i o n  



T e s t i n g  e x p e r i e n c e  t o  d a t e  h a s  shown t h e  a i r  

b e a r i n g  upper  l o a d  t o  b e  8 ,000 pounds o r  j u s t  unde r  

150% o f  t h e  TERA l o a d  f o r  a  1 0 . 0 0 - 2 0 ( E )  t i r e  a t  85 

p s i .  A t  t h i s  l o a d ,  s l i p  a n g l e s  have  been  run up t o  

a t  l e a s t  16' .  S t u d i e s  a r e  now underway on t h e  r e p l a c e -  

ment o f  t h e  a i r  b e a r i n g  w i t h  a  w a t e r  b e a r i n g .  The 

sys t em a p p e a r s  t o  be  c o m p l e t e l y  p r a c t i c a l  and t h e  

pe r fo rmance  s h o u l d  be  adequa t e  up t o  12 ,000  pounds t i r e  

l o a d .  

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

6 ,000  pounds o r  l e s s  i f  t h e  f u l l  r ange  o f  s l i p  r a t i o s  

from f r e e - r o l l i n g  t o  l ocked -whee l  i s  t o  b e  c o v e r e d .  

The e x a c t  upper  l o a d  depends upon t h e  peak and  s l i d i n g  

t r a c t i o n  c o e f f i c i e n t s  f o r  t h e  p a r t i c u l a r  t i r e .  (Obv ious ly ,  

h i g h e r  l o a d s  can be  run  on wet  r o a d s  t h a n  on d r y  r o a d s . )  

E x t e n s i o n  o f  t h e  b r a k i n g  pe r fo rmance  t o  h i g h e r  l o a d s  

i s  d i f f i c u l t .  The roadway i t s e l f  i s  d r i v e n  by an 

h y d r a u l i c  d r i v e  w i t h  an i n s t a l l e d  power o f  450 h p .  When 

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

i n  a  t o r q u e  on t h e  d r i v i n g  drum. I f  t h i s  t o r q u e  exceeds  

t h e  d r i v e  c a p a b i l i t y ,  t h e  roadway w i l l  be  r a p i d l y  

d e c e l e r a t e d - r a p i d l y  because  t h e  i n e r t i a  o f  t h e  roadway 

sys t em i s  q u i t e  low (low i n e r t i a  i s  a  r e q u i r e m e n t  f o r  

good s p e e d  c o n t r o l ) .  With l a r g e  b r a k i n g  l o a d s  i t  i s  n o t  

uncommon t o  b r i n g  t h e  roadway c o m p l e t e l y  t o  r e s t  i n  a  

few s e c o n d s .  I n c r e a s i n g  t h e  d r i v e  horsepower  t o  be  a b l e  

t o  m a i n t a i n  c o n s t a n t  s p e e d ,  and a  d r y  t r a c t i o n  c o e f f i c i e n t  

o f  0 . 8 ,  a p p r o x i m a t e l y  850 hp a r e  d i s s i p a t e d  i n  t h e  

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

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

t h a t  t h e  r a t e  o f  slow-down would match t h a t  o f  commercial  

v e h i c l e s  b e i n g  b r a k e d .  



While t r u c k  t i r e  power consumption i s  n o t  a  

s p e c i f i c  s u b j e c t  of  t h i s  mee t ing ,  i t  i s  a  t o p i c  o f  

h i g h  n a t i o n a l  p r i o r i t y  a t  t h i s  t i inc.  TIRI : ,  as i t  

s t a n d s ,  ha s  t h c  c a p a b i l i t y  f o r  s t c a d y - s t a t e  measurc- 

ments o f  t i r e  r o l l i n g  r e s i s t a n c e  o r  power consumption 

a t  l o a d s ,  s l i p  a n g l e s ,  and t o r q u e s  up t o  t h e  maximum 

v a l u e s  of i n t e r e s t .  T I R F  appea r s  t o  b e  t h e  on ly  

f a c i l i t y  i n  t h e  U.S. w i t h  t h i s  c a p a b i l i t y ,  and t r u c k  

t i r e  power consumption t e s t s  a r e  be ing  i n i t i a t e d .  

SUMMARY 

The Calspan T i r e  Research F a c i l i t y  (TIRF) as a  

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

d e s c r i b e d  and t y p i c a l  t r u c k  t i r e  t e s t  r e s u l t s  a r e  

p r e s e n t e d .  Tes t  r e s u l t s  a r e  shown f o r  a  combined 

l a t e r a l  s l i p  ( s l i p  ang le )  and l o n g i t u d i n a l  s l i p  ( b r a k -  

i n g )  o p e r a t i o n s  of  a  10 .00  x 2 0  t r u c k  t i r e  on a dry 

road s u r f a c e .  The measured 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  and a l i g n i n g  t o r q u e s  a r e  used  t o  p o r t r a y  t h e  

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

b e h a v i o r  p o s s i b l y  has  impor tan t  i m p l i c a t i o n s  on t h e  

h a n d l i n g  c h a r a c t e r i s t i c s  o f  a  t r u c k  under  heavy b r a k i n g .  

Wet road  c o r n e r i n g  and b r a k i n g  c h a r a c t e r i s t i c s  of 

t h r e e  d i f f e r e n t  10.00 x 20 t r u c k  t i r e s  measured on 

T I R F  show s i g n i f i c a n t  d i f f e r e n c e s .  I t  i s  n o t e d  t h a t  

wet road  h a n d l i n g  and b r a k i n g  performance of  t r u c k s  ( a s  
w e l l  as  p a s s e n g e r  c a r s )  has  r e c e i v e d  ve ry  l i t t l e  a t t e n -  

t i o n  i n  t h e  Na t iona l  Highway T r a f f i c  S a f e t y  Program i n  

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

o c c u r  on wet r o a d s .  The p r e s e n t e d  r e s u l t s  show t h e  
p r a c t i c a b i l i t y  o f  w e t - r o a d  t e s t i n g  o f  t r u c k  t i r e s  on 

T I R F .  



Comparisons a r e  made of  s i n g l e  v e r s u s  dua l  t i r e  

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

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

a l i g n i n g  t o r q u e ,  and o v e r t u r n i n g  moment c o e f f i c i e n t s .  

The camber c o e f f i c i e n t s  o f  d u a l  t i r e s ,  however,  appea r  

t o  be d i f f e r e n t  from cor respond ing  v a l u e s  o f  s i n g l e  

t i r e s .  

TIRFfs  upper  l i m i t s  of l o a d  and b rake  f o r c e s  a r e  

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

systems w i t h  r e s p e c t  t o  proposed  FMVSS 1 2 1 .  The c u r r e n t  

l i m i t  on t i r e  l o a d  i s  ex tended f a i r l y  r e a d i l y  and,  i n  

f a c t ,  s t e p s  a r e  be ing  t aken  t h a t  a r e  expec ted  t o  e x t e n d  

t h e  l o a d  up t o  a t  l e a s t  12,000 pounds. I n c r e a s i n g  t h e  

b r a k i n g  c a p a b i l i t y  would i n v o l v e  more expens ive  modi- 

f i c a t i o n s  of  t h e  f a c i l i t y .  These m o d i f i c a t i o n s  appea r  

t o  be p r a c t i c a l ;  t h e i r  implemen ta t ion ,  however,  i s  

c o n t i n g e n t  upon j u s t i f i c a t i o n  o f  t h e  a d d i t i o n a l  c a p i t a l  

inves tment  r e q u i r e d .  
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ABSTRACT 

A mob i l e  dynamometer sy s t em h a s  been  deve loped  f o r  

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

p r o p e r t i e s  o f  t r u c k  t i r e s  on a c t u a l  paved s u r f a c e s .  

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

t i c e s  which a r e  employed i n  i t s  u s e .  Da ta  a r e  p r e s e n t e d  

c o v e r i n g  b a s i c  c h a r a c t e r i s t i c s  measured w i t h  t h e  l o n g i  - 

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

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

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

o f  heavy  t r u c k s  on d r y  pavements .  



INTRODUCTION 

?'he t e c h n i c a l  l i  t c r a t u r c  i s  v i r t u a l l y  devoid  o f  

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

p e r t i e s  o f  commercial v e h i c l e  t i r e s .  Indeed ,  on ly  ve ry  

r e c e n t l y  has  t h e  t e c h n i c a l  c a p a b i l i t y  been developed f o r  

conduct ing  measurements of t h e  f r i c t i o n - l i m i t e d  s h e a r  

f o r c e  p r o p e r t i e s  of such t i r e s .  Notable  r e p o r t i n g s  of  

t h i s  c a p a b i l i t y  have been made by t h e  Goodyear T i r e  and 

Rubber Company ( 1 ) )  t h e  Highway S a f e t y  Research I n s t i t u t e  

(HSRI) ( 2 ,  3 ,  4 )  , and t h e  Calspan Corpora t ion  ( 5 )  . While 

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

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

conduc t ing  o v e r - t h e - r o a d  measurements.  Th i s  p a p e r  

supplements  HSRI's p r e v i o u s  p u b l i c a t i o n s ,  p r e s e n t i n g  a  

t o t a l  t r u c k  t i r e  t r a c t i o n  measurement sys t em,  h e r e t o f o r e  

p r e s e n t e d  on ly  i n  p a r t ,  and p r o v i d i n g  d a t a  conce rn ing  

l o n g i t u d i n a l  t r a c t i o n  which has  been documented i n  d e t a i l  

w i t h i n  t h e  t e c h n i c a l  r e p o r t  o f  Reference 4 .  

MOBILE TRACTION MEASUREMENT APPARATUS 

The HSRI mobile dynamometer i n  i t s  c u r r e n t  s t a g e  

of  development c o n s i s t s  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  

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

l a t e r a l  t r a c t i o n  c h a r a c t e r i s t i c s  of  heavy t r u c k  t i r e s .  

The sys tem,  shown i n  F i g u r e  1,  p e r m i t s  measurement o f  

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

dynamometer a s  i t  i s  towed and s e r v i c e d  by t h e  i n s t r u -  

mented t r a c t o r .  Mounted on t h e  same t r a c t o r  i s  a  

s t r u c t u r e  s u p p o r t i n g  a  l a t e r a l  t r a c t i o n  measurement 

sys tem,  as diagrammed i n  t h e  p l a n  view of  F igure  2 .  Each 

t e s t  sys tem i s  b a s i c a l l y  des igned  t o  expose a  t r u c k  t i r e  
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specimen t o  a  s e t  o f  o p e r a t i n g  c o n d i t i o n s  which cover  

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

t u d i n a l  o r  a n g u l a r  s l i p ,  and pavements such  a s  can be  

e n c o u n t e r e d  under  e i t h e r  normal o r  emergency s i t u a t i o n s  

on t h e  highway. 

The l o n g i t u d i n a l  t r a c t i o n  dynamometer, shown i n  

F i g u r e  3 ,  i s  a  welded t r a i l e r  s t r u c t u r e  o f  p i p e  and 

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

and f o r  s t i f f n e s s .  The t e s t  wheel  i s  s i t u a t e d  a p p r o x i -  

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

a  p a r a l l e l o g r a m  s u s p e n s i o n ,  Th i s  s u s p e n s i o n  c o n f i g u r a -  

t i o n ,  shown i n  F i g u r e  4 ,  d e r i v e s  from a t t e m p t s  t o  a c h i e v e  

t h r e e  fundamenta l  q u a l i t i e s  i n  a  mobi le  t r a c t i o n  

measurement machine,  v i z . ,  

1 )  The e l i m i n a t i o n  o f  k i n e m a t i c  i n t e r a c t i o n s  

between t h e  l o a d s  a p p l i e d  t o  t h e  t e s t  wheel  

and r e s u l t i n g  s h e a r  f o r c e s  and moments. 

2 )  The employment o f  a  l o w - s p r i n g  r a t e  l o a d i n g  

mechanism (an  a i r  s p r i n g ) ,  t o  a s s u r e  t h e  

a t t a i n m e n t  of t h e  d e s i r e d  l o a d  l e v e l s  w h i l e  

n e i t h e r  ( a )  s a c r i f i c i n g  f r equency  r e sponse  

i n  t h e  v e r t i c a l  deg ree  o f  freedom o f  t h e  t e s t  

whee l ,  n o r  (b )  imposing a  s i g n i f i c a n t  t h rough -  

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

v e h i c l e  t o  t h e  t e s t  whee l .  

3) The min imiza t i on  o f  t h e  v a l u e  o f  t h e  

"unsprung" mass ,  i . e . ,  t h e  mass which i s  

d i s p l a c e d  w i t h  t h e  v e r t i c a l  mot ion o f  t h e  

t e s t  wheel  s p i n  a x i s .  

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

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

a s s u r i n g  a  ze ro  i n c l i n a t i o n  (camber) o f  t h e  t e s t  wheel  

p l a n e .  



Figure 3. T e s t  Wheel Mounted on the L o n g i t u d i n a l  
Force Trailer. 





The use o f  an a i r  s p r i n g  l o a d i n g  mechanism pe rmi t s  

a  c o n t r o l l a b l e  v e r t i c a l  l o a d  c o n d i t i o n  and,  i n  t h e  case  

of t h e  HSRI machine, imposes a  nominal ly 350 l b / i n  

coup l ing  between t h e  t r a i l e r  and t h e  t e s t  wheel---while 

o p e r a t i n g  a t  a  common mid-range l o a d  of  5000 l b . ,  FZ. 

A t  h i g h e r  l o a d s ,  t h e  s p r i n g  r a t e  r i s e s  t o  a  maximum 

va lue  of 1000 l b / i n  a t  a  l o a d  o f  20,000 l b s . ,  w h i l e  

t h e  s p r i n g  r a t e ,  o f  c o u r s e ,  d imin i shes  t o  zero  a t  zero  

i n f l a t i o n  of  t h e  a i r  s p r i n g .  These s p r i n g  r a t e s  con- 

t r a s t  w i t h  cor responding  l e a f  suspens ion  r a t e s  of  t r u c k s  

which a r e  f i v e  t o  e i g h t  t imes  s t i f f e r  a t  comparable r a t e d  

wheel l o a d s .  

The b a s i c  des ign  p r i n c i p l e  behind  a i r  s p r i n g  

l o a d i n g ,  t h e n ,  i s  t h a t  t h e  machine i n c o r p o r a t e s  a  

r e l a t i v e l y  " s o f t "  load ing  member (which i s  a l s o  v i r t u a l l y  

f r i c t i o n l e s s )  and the reby  a t t a i n s  f e a t u r e s  which s e r v e  

t o  enhance t h e  q u a l i t y  of t h e  v e r t i c a l  l o a d  c o n d i t i o n  

which i s  imposed upon t h e  t e s t  t i r e .  With such a  mechanism, 

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

of v e r t i c a l  l o a d  through t h e  use  o f  commercially 

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

The unsprung mass which i s  a s s o c i a t e d  w i t h  t h e  

v e r t i c a l  degree  o f  freedom of  t h e  t e s t  wheel on t h e  HSRI 

machine weighs 1850 l b s . ,  when o u t f i t t e d  w i t h  a  

10.00 x  2 0 / F  t i r e  and t h e  cor responding  20 x 7 . 5 0  d i s c  

wheel rim. By such a  c o n f i g u r a t i o n ,  t h e  "wheel hop" 

system i n d i c a t e s  a  n a t u r a l  f requency of  approximate ly  

5 H z  ( f o r  an e f f e c t i v e  r a d i a l  s p r i n g  r a t e  o f  t h e  t i r e  

o f  5000 l b / i n )  . I n  g e n e r a l ,  a  h igh  f requency wheel 

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

as  t h e  t i r e  fo l lows  t h e  v a r y i n g  p r o f i l e  o f  t h e  t e s t  

s u r f a c e .  I n  t h e  des ign  of  HSRI1s l o n g i t u d i n a l  f o r c e  



dynamometer, t h e  " q u a l i t y "  d e r i v i n g  from a  reduced s i z e  

o f  t h e  unsprung mass was compromised w i t h  t h e  obvious 

needs  of  s t r e n g t h ,  s t i f f n e s s ,  and economy o f  c o n s t r u c -  

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

f o r c e ,  F x ,  v e r t i c a l  l o a d ,  F Z ,  and b r a k e  t o r q u e ,  T b ,  

a r e  t r a n s d u c e d  b y  way o f  a  s e r i a l - m o u n t e d  l o a d  c e l l .  

These s i g n a l s ,  t o g e t h e r  w i t h  wheel  a n g u l a r  v e l o c i t y  and 

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

f o r  t h e  machine .  

The nominal  p i t c h  and jounce trim of  t h e  HSRI 

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

a i r  s u s p e n s i o n s  on b o t h  t h e  t r a i l e r  r e a r  a x l e  and t h e  

t r a c t o r  r e a r  tandem. Thus,  as  a g i v e n  v e r t i c a l  l o a d  i s  

t r a n s f e r r e d  from t h e  two r e s p e c t i v e  a x l e  s e t s  t o  t h e  

t e s t  whee l ,  t h rough  i n f l a t i o n  o f  t h e  t e s t  wheel  a i r  

s p r i n g ,  t h e  t r a c t o r  and t r a i l e r  l e v e l i n g  sys tems  a d j u s t  

t o  a  runn ing  e q u i l i b r i u m  a t  which t h e  t r a i l e r  assumes 

i t s  d e s i g n  trim a t t i t u d e .  The use o f  a i r  s u s p e n s i o n s  

on bo th  ends o f  t h e  t r a i l e r  a l s o  c o n t r i b u t e s  t o  

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

q u a l i t y  i n  t h e  v e r t i c a l  l o a d  c o n d i t i o n .  

The t e s t  t r a i l e r  i s  c a p a b l e  o f  mounting any t i r e  

i n  t h e  20 - inch  rim s i z e ,  and above ,  which i s :  

a )  l e s s  t h a n  4 6  i n c h e s  i n  f r e e  d i a m e t e r ,  and 

b )  1 8  i n c h e s  o r  l e s s  i n  maximum s e c t i o n  w i d t h .  

T i r e s  can be l o a d e d  t o  a  maximum l e v e l  o f  2 0 , 0 0 0  

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

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

a t  l o a d s  exceed ing  about  15 ,500  l b s .  

The l a t e r a l  t r a c t i o n  dynamometer shown s c h e m a t i c a l l y  

i n  F i g u r e  5 ,  mounts two t i r e  samples  on oppos ing  

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





t r a c k s .  The two t i r e s  a r e  " t oed  - i n "  t o g e t h e r  by  an 

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

range  from - l o  t o  + 3 0 ° .  The t e s t  wheel  s p i n d l e s  a r e  

mounted upon a  s o l i d  c r o s s - a x l e  which i s  c o n s t r a i n e d  

by a s i n g l e  l o n g i t u d i n a l  p i v o t  p i n .  

The p i n  i t s e l f  i s  f a s t e n e d  w i t h i n  a  cage  which 

can  move o n l y  v e r t i c a l l y ,  a s  c o n s t r a i n e d  by a s e t  o f  

f o u r  b a l l - s p l i n e  b e a r i n g s .  The v e r t i c a l l y - " f l o a t i n g "  

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

s p r i n g s .  T h i s  machine t h u s  i n c o r p o r a t e s  a  s u s p e n s i o n  

d e s i g n e d  t o  maximize t h e  t h r e e  " fundamenta l  v i r t u e s H  o f  

mobi le  measurement d e s c r i b e d  e a r l i e r - - b u t  f o r  t h e  more 

c o m p l i c a t e d  c a s e  i n  which two t i r e s  a r e  needed t o  a c h i e v e  

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

C l e a r l y ,  t h e  " p i v o t  a x l e "  a r rangement  p r o v i d e s  f o r  a  

l o a d  e q u a l i z a t i o n  between b o t h  t i r e s  w h i l e  a l s o  p r o v i d i n g  

a  h i g h e r  f r equency  r e sponse  t o  road  p r o f i l e  i r r e g u l a r i -  

t i e s  which a r e  u n c o r r e l a t e d ,  s i d e - t o - s i d e .  The " f l o a t i n g  

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

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

o f  i t s  r e c t i l i n e a r  a n t i f r i c t i o n  c o n s t r a i n t s .  The a i r  

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

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

c o u p l i n g  between t h e  unsprung  m a s s ( e s )  and t h e  f o u n d a t i o n  

v e h i c l e .  

The two wheel s p i n d l e s  a r e  " s t e e r e d "  t o  e q u a l  b u t  

oppos ing  s l i p  a n g l e s  by an e l e c t r o h y d r a u l i c  s e r v o  sys t em 

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

shown i n  F i g u r e  6 .  The l i n k a g e  a r rangement  which 

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

u se  o f  a  s i n g l e  c o n t r o l  l o o p ,  o p e r a t i n g  on t h e  f eedback  

s i g n a l  from t h e  one i n s t r u m e n t e d  wheel  w h i l e  a s s u r i n g  

common s l i p  a n g l e s ,  s i d e  t o  s i d e ,  even  i n  t h e  e v e n t  o f  

a  s e r v o  power f a i l u r e .  





The sys t em p e r m i t s  mounting o f  any t i r e  w i t h i n  

t h e  30" t o  48" range  o f  f r e e  d i a m e t e r s  and which i s  

l e s s  t h a n  18" i n  c r o s s - s e c t i o n  w i d t h .  The measurement 

o f  t i r e  f o r c e  and moment c o n d i t i o n s  i s  a c h i e v e d  by 

way o f  a  s e r i a l  mul t icomponent  l o a d  c e l l  which t r a n s -  

duces  l a t e r a l  and v e r t i c a l  f o r c e  components a s  w e l l  a s  

a l i g n i n g  moment. 

Data  s i g n a l s  from e i t h e r  t h e  l o n g i t u d i n a l  o r  

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

w i t h i n  a  t r a c t o r - m o u n t e d  module.  The module s e r v e s  a s  

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

t h e  o p e r a t o r ' s  s t a t i o n  f o r  s e l e c t i n g  and i n i t i a t i n g  t e s t  

c o n t r o l  f u n c t i o n s .  As shown i n  F i g u r e  7 ,  t h e  o p e r a t o r ' s  

module p r o v i d e s  an a r r a y  o f  h a r d - w i r e d  e l e c t r i c a l  

c o n t r o l s  i n  a d d i t i o n  t o  c e r t a i n  pneumat ic  and h y d r a u l i c  

c o n t r o l  e l e m e n t s .  

MEASUREMENT PRACTICES AND EXPERIENCE 

While t h e  t o t a l  mobi le  t e s t  sy s t em d e s c r i b e d  h e r e  

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

i s  o n l y  b e g i n n i n g  i t s  i n i t i a l  program o f  expe r imen t s  

and i s  c i t e d  i n  t h i s  p a p e r  mere ly  a s  an u p - t o - d a t e  

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

f o r c e  t r a i l e r  has  been  u t i l i z e d  i n  a  program o f  b a s e l i n e  

e x p e r i m e n t s ,  p r o v i d i n g  d a t a  which i s  p r e s e n t e d  i n  t h e  

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

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

Re fe r ence  ( 4 ) .  

The measurement of  l o n g i t u d i n a l  t r a c t i o n  p r o p e r t i e s  

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

c y c l e  ove r  a  range  o f  l o a d s ,  v e l o c i t i e s ,  pavements ,  and 





t i r e  s a m p l e s .  The t e s t  c y c l e  i n c o r p o r a t e s  t h e  whee l  

sp in-down t r a n s i e n t  shown i n  F i g u r e  8 .  T h i s  t i m e  

h i s t o r y  d e r i v e s  from a  c o n t r o l l e d - o n s e t  b r a k e  t o r q u e  

a p p l i c a t i o n  f o l l o w e d  by an a u t o m a t i c  b r a k e  r e l e a s e .  

By means o f  an a p p r o p r i a t e  t h r o t t l i n g  v a l v e  s e t t i n g ,  

t h e  f low o f  a i r  i n t o  t h e  chambers o f  a  dua l -wedge  drum 

b r a k e  i s  c o n t r o l l e d  t o  p r o v i d e  a  g r a d u a l  approach  toward  

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

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

f o r c e .  The l ocked -whee l  c o n d i t i o n  i s  c o n s t r a i n e d  t o  

app rox ima te ly  150 m i l l i s e c o n d s  d u r a t i o n  t o  minimize t h e  

l o a d  v a r i a t i o n s  t h a t  d e r i v e  from " f l a t - s p o t t i n g , "  a s  

r e p o r t e d  p r e v i o u s l y  ( 2 ,  3) . 
In  p r e p a r a t i o n  o f  a  new sample f o r  t e s t i n g ,  a  t i r e  

i s  " b r o k e n - i n , "  on t h e  t e s t  machine ,  f o r  a  d i s t a n c e  o f  

a p p r o x i m a t e l y  10 m i l e s ,  and a t  a  v e l o c i t y  o f  4 0  mph, 

f o l l o w e d  by t h e  e x e c u t i o n  o f  s i x  p r e l i m i n a r y  " lockup  

c y c l e s "  f o r  pu rposes  o f  removing any s u r f a c e  con t aminan t s  

r ema in ing  from t h e  t i r e  molding p r o c e s s .  

I t  ha s  been r a t i o n a l i z e d  t h a t  cus tomary  p r e p a r a -  

t i o n s  enlployed i n  p a s s e n g e r  c a r  t i r e  t e s t i n g ,  such  a s  

u t i l  i z a t i o n  o f  a 1 0 0 - m i l e  f r e e - r o l l i n g  b r e a k - i n  p r a c -  

t i  c c ,  a r e  most L ike ly  i n a p p r o p r i a t e  f o r  p r e p a r a t i o n  o f  

heavy t r u c h  t i r e  s a m p l e s ,  g i v e n  t h a t  t h e  s l i p  cnc rgy  

e x p e r i e n c e d  i n  a s i n g l e  lockup  f a r  exceeds  t h e  accumu- 

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

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

l ockup  c y c l e s  i s  s e e n  by HSRI a s  a  more s a t i s f a c t o r y  

method f o r  a s s u r i n g  t h a t  t h e  sample  e x p e r i e n c e s  t h e  

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

t o  d a t a - t a k i n g .  I t  would appea r  'ram d a t a  which a r e  

p r e s e n t e d  l a t e r  t h a t  t h e  t i r e s  examined i n  HSRI's  

i n i t i a l  t e s t  sample  d i d  i n d e e d  e x h i b i t  a  q u i t e  s t a b l e  
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t r a c t i o n  per formance  o v e r  t h e  s equence  of  t e s t  r u n s ,  

f o l l o w i n g  t h e  i n d i c a t e d  b r e a k - i n  p r o c e d u r e .  The need  -- 

f o r  such a b r e a k -  i n  p r a c t i c e ,  Ilowcvcr, has  no t  heen  

c x p l o r c t l .  

I n  I ISRIts  mobi le  e x p e r i m e n t s ,  raw d a t a  ha s  been 

r e c o r d e d  d i r e c t l y  on FM ana log  t a p e  and s u b s e q u e n t l y  

p r o c e s s e d  t h rough  a  h y b r i d  computer  s y s t e m .  F i n a l  c a l -  

c u l a t i o n s  o f  a v e r a g e d  t r a c t i o n  per formance  have been  

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

no - p h a s e - l a g  d i g i t a l  t e c h n i q u e s .  

I n  p r o c e s s i n g  t h e  d a t a  g a t h e r e d  a t  low t e s t  

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

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

wheel c o n d i t i o n  can  i n v o l v e  a  t r a n s i e n t  p r o c e s s ,  p r o -  

b a b l y  t h e r m a l  i n  n a t u r e ,  which spans  a  s i g n i f i c a n t  r ange  

o f  F v a l u e s .  As shown i n  F i g u r e  9 a ,  t h e  Fx t ime  
X 

h i s t o r y  f o r  a  lockup  c y c l e  a t  3 mph i n d i c a t e s  a  t i m e -  

dependency i n  t h e  Fx r e s p o n s e ,  f o l l o w i n g  ach ievement  o f  

100% s l i p .  (The locked-whee l  v a l u e  i s  s u s t a i n e d  h e r e  

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

c i r c u i t . )  The n o n - s i n g l e - v a l u e  r e l a t i o n s h i p  between Fx 

and s l i p  c a u s e s  t h e  " s l i d e "  v a l u e  of  Fx ( such  a s  was 

c a l c u l a t e d  d u r i n g  p r o c e s s i n g )  t o  assume a v a l u e  which 

i s  somewhat below t h e  i n i t i a l  v a l u e  o f  Fx a t  100% s l i p  

and above t h e  " s t e a d y - s t a t e "  v a l u e .  The i m p l i c a t i o n s  

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

F i g u r e  9b i n  which a r e  p l o t t e d  t h e  " v - s l i p "  ( t h a t  i s ,  

n o r m a l i z e d  l o n g i t u d i n a l  f o r c e ,  Fx/FZ v e r s u s  l o n g i t u d i n a l  

s l i p ,  s ) ,  c u r v e s  o b t a i n e d  f o r  a  s i n g l e  10 .00  x 2 0 / F  

t i r e  o v e r  t h e  examined r ange  o f  v e l o c i t i e s .  The t i m e -  

dependent  " t a i l s "  a r e  m a n i f e s t e d  v i s i b l y  on t h e  3-mph 

and 10-mph c u r v e s  b u t  a r e  i n d i s t i n g u i s h a b l e  a t  h i g h e r  

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

t h i s  p a p e r ,  t h e  Fx/FZ v a l u e  a t  100% s l i p  was de t e rmined  



I:j g u r e  ? a .  'I '  j I I I C  ilcpeniicncc o f locketl-llhcc 1 v a l u e  of' 
I: - a t  :I t e s t  spccil o f  3 inph.  

Y 

I 

( , , , / l ~ I I ( I I I 1 ( l l l l * o I I I . l I I . . I I . I  I l t l i  I 100 I d 0  300 400 
time, milliseconds 

1:igure 9 b .  Implication of locked-wheel time dependency on 
an array of " p - s l i p "  curves. 
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by a v e r a g i n g  t h e  d i g i t a l  samples  accumula t ed  o v e r  t h e  

f i r s t  100 msec.  f o l l o w i n g  t h e  d e t e c t i o n  o f  100% s l i p .  

Thus t h e  t i m e - d e p e n d e n t  b e h a v i o r  a t  low v e l o c i t i e s  h a s  

n o t  b e e n  r o u t i n e l y  c h a r a c t e r i z e d  i n  t h e  d a t a  which  a r e  t o  

f o l l o w .  

DATA DESCRIBING BASIC LONGITUDINAL 
TRACTION SENSITIVITIES 

I n  F i g u r e  1 0 ,  a  t y p i c a l  summary o f  P - s l i p  c u r v e -  

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

l e f t  and v e l o c i t y  s e n s i t i v i t y  on t h e  r i g h t ,  A l l  l o a d -  

s e n s i t i v i t y  r u n s  were  made a t  a  nomina l  v e l o c i t y  v a l u e  

o f  4 0  mph; a l l  v e l o c i t y - s e n s i t i v i t y  r u n s  were  made a t  

a  v e r t i c a l  l o a d  v a l u e  nomina l l y  e q u a l  t o  t h e  T i r e  and 

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

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

F i g u r e  1 0  con f i rm  t h e  l a r g e  f a l l - o f f  i n  F x / F Z  from t h e  

peak t o  t h e  100% s l i p  c o n d i t i o n ,  a s  was r e p o r t e d  i n  

p r e v i o u s  work ( 2 ,  3)-a d r y  pavement t r a c t i o n  c h a r a c -  

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

t r u c k  t i r e s  from p a s s e n g e r  c a r  t i r e s .  I t  i s  s i g n i f i -  

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

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

one a n o t h e r  t h r o u g h o u t  t h e  s l i p  r a n g e ,  w h i l e  g r o s s  

changes  i n  cu rve  s h a p e  a r e  s e e n  t o  accompany t h e  

d i f f e r i n g  v e l o c i t y  c o n d i t i o n s .  I n  t e rms  o f  t h e  mech- 

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

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

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

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

pe r fo rmance  i n  t h e  h i g h - s l i p  r eg ime .  
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As shown i n  F igu re  11, t h e  non-normal ized  Fx 

v e r s u s  s l i p  cu rves  v e r i f y  a  f i r s t - o r d e r  dependency of  

s o - c a l l e d  l o n g i t u d i n a l  s t i f f n e s s  (C,) on v e r t i c a l  l o a d  

where 

The Cs pa rame te r  i s  c h a r a c t e r i s t i c a l l y  i n f l u e n c e d  by 

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

t i r e - r o a d  c o n t a c t  p a t c h  wi th  i n c r e a s e d  l o a d .  In  t h e  

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

t h a t  t h e  C, v e r s u s  F Z  r e l a t i o n s h i p  i s  s e e n  t o  s t i f f e n  

markedly a t  t h e  h i g h e r  l o a d  l e v e l .  As e x p e c t e d ,  

however,  Cs has  been found t o  be u n a f f e c t e d  by v a r i a -  

t i o n s  i n  v e l o c i t y  a s  was i l l u s t r a t e d  i n  t h e  normal ized  

d a t a  cu rves  of  F igure  10. 

The " p - s l i p "  d a t a  ( such  a s  shown i n  F i g u r e  10)  h a s  

been reduced  f u r t h e r  t o  y i e l d  numeric  c h a r a c t e r i z a t i o n  

o f  Fx/Fz a t  t h e  peak o f  t h e  curve  and a t  t he  100% s l i p  

( o r  " s l i d e " )  p o i n t .  These peak and s l i d e  c h a r a c t e r i -  

z a t i o n s  a r e  u t i l i z e d  h e r e  t o  i l l u s t r a t e  a  v a r i e t y  o f  

b a s i c  f i n d i n g s  . 
Let us examine,  f i r s t ,  t h e  v a r i a t i o n  i n  p e r f o r -  

mance measured f o r  a  s i x - t i r e  sample on an a s p h a l t  

pavement.  F igu re  1 2  summarizes t h e  s a m p l e ' s  t r a c t i o n  

s e n s i t i v i t y  t o  no rma l i zed  v e r t i c a l  l o a d ,  i . e . ,  

F ~ i F z  ( r a t e d )  ' On r e c o g n i z i n g  t h a t  t h e  t i r e  sample 

i n c l u d e d  f o u r  " F " - r a t e d  t i r e s  (open symbols) and two 

"H"-ra ted  t i r e s  ( c l o s e d  symbo l s ) ,  we n o t e  t h a t  t h e  

t r a c t i o n  d a t a  produced b y  t h e  t i r e s  hav ing  a common 

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



Longitudinal Slip, % 

Figure 11. Influence of vertical load on the non- 
normalized (F ) versus slip behavior of 
a Firestone 1$.00x20/~ on the BADC 
asphalt surface. 
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F i g u r e  1 2 .  Normal ized  l o a d  s e n s i t i v i t y  i n  t h e  peak  and 
s l i d e  t r a c t i o n  o f  t h e  s i x - t i r e  sample  (on 
B4DC1s a s p h a l t ) .  



w i t h  r e g a r d  t o  peak v a l u e s .  I t  i s  s u r p r i s i n g ,  however ,  

t h a t  t h e  s i z e  15  x 22.5/H wide b a s e  s i n g l e  t i r e  (code  

UU15) p r o v i d e s  such  a  s m a l l  i nc r emen t  i n  n o r m a l i z e d  

t r a c t i o n  when t h e  l o a d  i s  r educed  from t h e  r a t e d  v a l u e  

(8460 l b s )  t o  0 . 4  o f  t h e  r a t e d  v a l u e  (3380 l b s ) .  T h i s  

pe r fo rmance  s u g g e s t s ,  f o r  example ,  t h a t  t h e  wide b a s e  

s i n g l e  i s  l e s s  s u i t a b l e  f o r  o p e r a t i o n  a t  lower  l o a d s  

t h a n  t i r e s  which a r e  r a t e d  i n  t h e  lower  l o a d  r a n g e .  As 

shown i n  F i g u r e  1 3 ,  w i t h  v e r t i c a l  l o a d  (non -no rma l i zed )  

p l o t t e d  on t h e  a x i s  o f  a b s c i s s a ,  t h e  wide b a s e  t i r e  

p r o v i d e s  a  r educed  t r a c t i v e  per formance  (compared t o  

10 .00  x 2 0 / F t s )  when t h e  v a l u e  o f  FZ i s  below abou t  

8000 l b s .  Thus t h e  n o t i o n  t h a t  one can " t i r e - u p "  t o  

r e s o l v e  s t o p p i n g  per formance  d e f i c i e n c i e s  i n  heavy 

t r u c k s  may n o t  be a  u n i v e r s a l  axiom. 

F i g u r e  14 i l l u s t r a t e s  t h e  i n f l u e n c e  o f  v e l o c i t y  on 

t h e  n o r m a l i z e d  t r a c t i o n  b e h a v i o r  o f  t h e  s i x - t i r e  sample  

a s  measured on t h e  a s p h a l t  pavement .  The d a t a  show a  

r a t h e r  nar row band w i t h i n  t h e  r e s p e c t i v e  peak measure -  

ments  and s l i d e  measurements a c r o s s  t h e  t i r e  s amp le ,  

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

The d a t a  i n  F i g u r e  1 4  a g a i n  p l a c e  t h e  H - r a t e d  t i r e s  

(codes  FT12 and UU15) a t  t h e  lower  boundary of  p e r f o r -  

mance f o r  t h e s e  expe r imen t s  i n  which each  t i r e  was 

o p e r a t e d  a t  i t s  r a t e d  l o a d .  

To c h a r a c t e r i z e  t h e  r e p e a t a b i l i t y  of  t h e  d a t a  

p r e s e n t e d  i n  F i g u r e s  1 2  t h rough  1 4 ,  t h e  d a t a  o b t a i n e d  

from a  s e t  o f  f i v e  r e p e a t  r u n s  which were  i n t e r s p e r s e d  

w i t h i n  d a t a  r u n s  f o r  each  t i r e  a r e  p l o t t e d  i n  F i g u r e  1 5 .  

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

c y c l e s  conduc t ed  a t  4 0  mph and  t h e  T 6 RA r a t e d  l o a d  

on each  t i r e .  Data  p o i n t s  a r e  p r e s e n t e d ,  l e f t  t o  r i g h t ,  

i n  t h e  o r d e r  i n  which t h e y  were  g a t h e r e d .  Below each  



T i r e  Codes 

0 FTlO 

Vertical load, lbs x 103 
F i g u r e  1 3 .  Load s e n s i t i v i t y  (non-normal ized  a b s c i s s a )  i n  

t h e  peak and s l i d e  t r a c t i o n  o f  t h e  s i x - t i r e  
sample (on BADC a s p h a l t ) .  
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Figure 14. Velocity sensitivity of t h e  peak  and s l i d e  
traction values f o r  the six-tire sample 
(on BADC a s p h a l t ) .  



T i r e  Code 

0 F T l O  

a GySlO 

A G L J l O  

0 GySll  

@ F T l 2  

F i g u r e  1 5 .  Peak and s l i d e  t r a c t i o n  measures d e r i v i n g  from 
r e p e a t  runs  of each of  t h e  s i x  t i r e s  t e s t e d  on 
t h e  a s p h a l t  t r a c k  a t  B A D C .  



group  o f  peak and s l i d e  d a t a  p r e s e n t e d  i n  F i g u r e  1 5  

f o r  e ach  t i r e ,  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  measures  

i s  p r i n t e d .  I n  g e n e r a l ,  t h e  i n d i c a t e d  r e p e a t a l l i l i t i c s  

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

s a y ,  i n  peak r e a d i n g s  g a t h e r e d  u s i n g  ASTM s k i d  t r a i l e r s  

I n  a d d i t i o n  t o  t h e  o b s e r v e d  r e p e a t a b i l i t y ,  i t  i s  most 

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

no monoton ic  t r e n d  i n  p e a k / s l i d e  c h a r a c t e r i s t i c s  a s  a  

f u n c t i o n  o f  work h i s t o r y .  Thus we have  conc luded  t h a t  

e ach  t i r e  sample  was behav ing  i n  a  s t a b l e  f a s h i o n  

t h roughou t  t h e  s equence  o f  t e s t  r u n s .  

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

c h a r a c t e r i s t i c s  on peak and s l i d e  t r a c t i o n ,  r e s u l t s  have  

been summarized a s  l o a d  and v e l o c i t y  s e n s i t i v i t i e s  f o r  

a  b a s e l i n e  t i r e  t e s t e d  on f o u r  d i f f e r e n t  t e s t  s u r f a c e s .  

F i g u r e  16 i l l u s t r a t e s  t h e  e x t e n t  t o  which t h c  f o u r  

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

t h i s  t i r e .  While t h e r e  a p p e a r s  t o  be  a changing  r ank  

among t h e  s u r f a c e s  i n  t e rms  o f  t h e  peak and s l i d e  t r a c -  

t i o n  v a l u e s ,  t h e  two a s p h a l t  s u r f a c e s  which were  

examined g e n e r a l l y  p r o v i d e d  h i g h e r  peak t r a c t i o n  p e r -  

formances  t h a n  d i d  two c o n c r e t e  s u r f a c e s .  

F i g u r e  1 7  i n d i c a t e s  t h e  i n f l u e n c e  o f  t h e  pavement 

d i f f e r e n c e s  on v e l o c i t y  s e n s i t i v i t y .  Whereas p r e v i o u s l y  

r e p o r t e d  measurements  i n d i c a t e d  a  p ro found  d i f f e r e n c e  

between peak t r a c t i o n  pe r fo rmances  on c o n c r e t e  and 

a s p h a l t ,  t h e s e  d a t a  show b a s i c a l l y  comparab le  t r e n d s  

among t h e  two a s p h a l t  and two c o n c r e t e  s u r f a c e s .  

To c h a r a c t e r i z e  t h e  s t a t i s t i c a l  r e p e a t a b i l i t y  o f  

t h e  d a t a  d e s c r i b i n g  pavement i n f l u e n c e s ,  t h e  "check run"  

v a l u e s  o f  peak and s l i d e  t r a c t i o n  a r e  p l o t t e d  f o r  e ach  

o f  two b a s e l i n e  t i r e s  i n  F i g u r e s  1 8  and 1 9 .  As b e f o r e ,  



0 Dana Conc re t e  

BADC A s p h a l t  

A T R C  A s p h a l t  

0 TRC C o n c r e t e  

Normalized Load, Fz h,.,.,, 
F i g u r e  1 6 .  I n f l u e n c e  of  n o r m a l i z e d  l o a d  on t h e  peak  and s l i d e  

t r a c t i o n  o f  t h e  F i r e s t o n e  T r a n s p o r t  1 (10.00x20/F)  
on f o u r  s u r f a c e s .  



@ Dana Concrete  

81 BAUC Asphal t  

A T R C  Aspha l t  

() TRC Concre te  

Velocity, MPH 
F i g u r e  1 7 .  I n f l u e n c e  of t e s t  v e l o c i t y  on t h e  peak and s l i d e  

t r a c t i o n  of  t h e  F i r e s t o n e  T r a n s p o r t  1 ( 1 0 . 0 0 x 2 0 / F )  
on f o u r  s u r f a c e s .  



0 Dana Conc re t e  

BADC A s p h a l t  

A T R C  A s p h a l t  

0 T R C  Conc re t e  

1 T e s t  Runs 

F i g u r e  18. Peak and s l i d e  v a l u e s  d e r i v i n g  f rom r e p e a t  r u n s  o f  
t h e  F i r e s t o n e  l ' r a n s p o r t  1 (10.00x20/F) on 
f o u r  s u r f a c e s .  



0 Dana C o n c r e t e  

gSB BADC A s p h a l t  

A T R C  A s p h a l t  

0 T R C  C o n c r e t e  

4 - t , 9 - 
I T e s t  Runs 

F i g u r e  1 9 .  Peak and s l i d e  v a l u e s  d e r i v i n g  f rom r e p e a t  r u n s  
o f  t h e  Goodyear Supe r  H i  b l i l e r  ( 1 0 . 0 0 x 2 0 / F )  
on f o u r  s u r f a c e s .  



t h e s e  d a t a  p o i n t s  a r e  p l o t t e d  from l e f t  t o  r i g h t  a s  

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

t h e  h i g h e r  v a r i a b i l i t y  i n  t h e  r e p e a t e d  check r u n  

measurements i n d i c a t e d  f o r  t h e  TRC-concrete  d a t a  i s  

common t o  b o t h  t i r e  s a m p l e s .  I t  i s  b e l i e v e d  t h a t  t h i s  

v a r i a b i l i t y  d e r i v e s  from a  s p a t i a l  inhomogene i ty  which 

c h a r a c t e r i z e s  t h e  TRC H i  Speed Track  f a c i l i t y .  As a  

consequence  o f  a  pavement g r i n d i n g  o p e r a t i o n  which was 

employed t o  c o r r e c t  c e r t a i n  "h igh  s p o t s "  which ensued  

from t h e  pav ing  p r o c e s s ,  t h e r e  e x i s t  a r e a s  o f  d i f f e r i n g  

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

p o t e n t i a l )  , among which a r e a s  HSRI d i d  n o t  d i s c r i m i n a t e  

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

Comparing t h e  r e p e a t a b i l i t y  d a t a  p r e s e n t e d  i n  

F i g u r e s  1 8  and 1 9  and p r e v i o u s l y  i n  F i g u r e  1 3 ,  i t  would 

appea r  t h a t  t h e  r e p e a t a b i l i t y  o f  measurements o f  t r u c k  

t i r e  l o n g i t u d i n a l  t r a c t i o n  depends more upon pavement 

u n i f o r m i t y  t h a n  upon t h e  s t a t i o n a r i t y  o f  i n n a t e  t i r e  

p r o p e r t i e s .  

CONCLUDING REMARKS 

T h i s  p a p e r  ha s  p r e s e n t e d  a  mobi le  t e s t  sy s t em 

which has  r e c e n t l y  been  deve loped  t o  p e r m i t  measure -  

ments o f  t r u c k  t i r e  t r a c t i o n  b e h a v i o r .  While t h i s  

a p p a r a t u s  i s  n o t  t o t a l l y  un ique  i n  i t s  c a p a b i l i t y ,  i t  

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

i n d u s t r y .  A s  such  i t  r e p r e s e n t s  a  most  s i g n i f i c a n t  

means by which t r u c k  t i r e  t r a c t i o n  d a t a  can and  w i l l  

c o n t i n u e  t o  be  p r e s e n t e d  i n  t h e  open l i t e r a t u r e ,  

Al though  t h e  d a t a  which have been  p r e s e n t e d  h e r e i n  

r e p r e s e n t  a  l i m i t e d  examina t i on  of  an i m p o r t a n t  g roup  

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



e s t a b l i s h ,  t o  f i r s t  o r d e r ,  t h e  b e h a v i o r a l  mechanisms 

invo lved  i n  t h e  g e n e r a t i o n  of  l o n g i t u d i n a l  t r a c t i o n  

by t r u c k  t i r e s  on dry s u r f a c e s .  

C l e a r l y ,  much more expe r imen ta l  work needs t o  be  

done, and t h e  r e s u l t s  made a v a i l a b l e ,  b e f o r e  t h e  

g e n e r a l  f i e l d  o f  t r u c k  t i r e  t r a c t i o n  mechanics can be  

c a l l e d  a  technology.  A b r o a d e r  b a s e  of  t r u c k  t i r e  

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

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

p r e s e n t e d  h e r e i n .  Experiments shou ld  a l s o  be  des igned  

and conducted t o  i n v e s t i g a t e ,  on an e l emen ta l  l e v e l ,  

t h e  mechanics of dry t r a c t i o n  such a s  a p p l i e s  t o  t h e  

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

t i r e s .  I n s i g h t  i n t o  t h e  mechanisms invo lved  i n  t h e  p r o -  

found p e a k - t o - s l i d e  " f a l l - o f f "  o f  heavy t r u c k  t i r e s  

o p e r a t i n g  on dry  pavements would be u s e f u l  t o  t h e  

development o f  an adequate  semi -empi r i ca l  model o f  t h e  

p r o c e s s  and f o r  t h e  des ign  o f  t i r e s  w i t h  improved b r a k i n g  

performance a t  h igh  s l i p .  

E f f o r t s  s h o u l d  a l s o  be d i r e c t e d  a t  t h e  development 

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

i s  bo th  maximally e f f i c i e n t  and comprehensively e f f e c -  

t i v e  i n  a s s u r i n g  s t a b l e ,  r e p r e s e n t a t i v e  samples f o r  

t e s t i n g .  

F i n a l l y ,  t h e  work be ing  done a t  HSRI and e lsewhere  

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

t r u c k  t i r e s  shou ld  be expanded i n t o  t h e  a n g u l a r  s l i p  and 

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

comprehensive under s t and ing  of  t h i s  c r i t i c a l  t r u c k  

component can be developed.  
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T.M. rest 
IIighway S a f e t y  Resea r ch  I n s t i t u t e  

The U n i v e r s i t y  o f  Michigan 

A new t e s t  v e h i c l e  h a s  been  d e v e l o p e d  a t  IiSRI t o  

measure  t i m e  h i s t o r i e s  o f  b r a k e  t o r q u e  o v e r - t h e - r o a d  

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

were  u s e d  i n  an i n i t i a l  t e s t  program which i n c l u d e d  

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

r u b b i n g  s p e e d ,  and drum t e m p e r a t u r e  on b r a k e  t o r q u e .  

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

e f f e c t s .  

The r e s u l t s  from t h e  program were  u sed  t o  

d e v e l o p  a s e m i - e m p i r i c a l  f o rmu la  t o  s i m u l a t e  t o r q u e  

a s  a  f u n c t i o n  o f  t ime  d u r i n g  a sp in -down p r o c e s s .  



' c  s t  Scw y c ; ~  r s  have w i tnessccl  tlic p1.011111lg:it ion 

01' government s a f e t y  s t a n d a r d s  which Iiave s i g n i f i c a n t l y  

i n c r e a s e d  t h e  demands t o  be  met by commercia l  v e h i c l e  * 
b r a k e s .  The most n o t a b l e  s t a n d a r d  i s  F W S S  121 (1 )  , 
which s t i p u l a t e s  maximum s t o p p i n g  d i s t a n c e s  f o r  many 

commercia l  v e h i c l e s ,  and minimum t o r q u e  r e q u i r e m e n t s  

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

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

b r a k e s ,  much r e c e n t  i n t e r e s t  h a s  been  g e n e r a t e d  in  

b r a k e  t e s t i n g .  

Compliance w i t h  t h e  b r a k e  t o r q u e  r equ i r cn l en t s  o f  

1:MVSS 121 i s  b a s e d  on an i n e r t i a l  dynamonleter t c s t ,  

i n  which t i m e  h i s t o r i e s  o f  t o r q u e  a r e  nleasurctl a s  a  

f u n c t i o n  o f  b ra l<c  l i n e  pressure and i n i t i a l  v e l o c i t y  

d u r i n g  s p i n  down. I n e r t i a l  tlynanlometers s u i t a b l e  f o r  

t h e s e  measurenlents have Sor y e a r s  been  ti p r i m a r y  t e s t  

t o o l  u sed  by  b r a k e  m a n u f a c t u r e r s  t o  c h a r a c t e r i z e  t h e i r  

b r a k e s ,  u s u a l l y  t h r o u g h  an a v e r a g e  t o r q u e  v a l u e  d u r i n g  

t h e  sp in -down c y c l e .  IIowever, t h e  c u r r e n t  i n t e r e s t  

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

60  nlph f a c e t s  of  FhlVSS 121)  and h y s t e r e s i s  d u r i n g  

a n t i l o c k  c y c l i n g  ( t h e  wheel  l o c k  p r o v i s i o n s  o f  t h e  

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

adop t  a n t i s k i d  b r a k i n g  sy s t ems  i n  many c a s e s )  have  

made i t  d e s i r a b l e  t o  be  a b l e  t o  measure  t o r q u e  a s  a  

f u n c t i o n  o f  t ime  a t  a  c o n s t a n t  whee l  s p i n  r a t e .  Such 

a  c o n s t a n t  s p e e d  d e v i c e  h a s  been  deve loped  a t  t h e  

IIighway S a f e t y  Resea r ch  I n s t i t u t e  o f  The U n i v e r s i t y  

o f  Michigan ( 2 ) .  I n  t h e  p r e s e n t  p a p e r ,  some r e s u l t s  

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

r e p o r t e d  ( 3 ) .  I n  a d d i t i o n ,  some a n a l y t i c  mode l ing  i n  

* 
Numbers i n  p a r e n t h e s e s  d e s i g n a t e  R e f e r e n c e s  a t  
end  o f  p a p e r .  
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which t h e  b r a k e  t o r q u e  t ime  h i s t o r i e s  a r e  s i m u l a t e d  i s  

p r e s e n t e d .  The p a r a m e t e r s  u sed  i n  t h e  a n a l y t i c  model 

were chosen  t o  r e f l e c t  t h e  r e s u l t s  and c o n c l u s i o n s  of 

t h e  t e s t  program.  

EXPERIMENTAL APPARATUS 

The b r a k e  t e s t  d e v i c e  makes u s e  o f  a  m o d i f i e d  

t r a c t o r - t r a i l e r  and a s s o c i a t e d  a p p a r a t u s  ( F i g .  1 ) .  I t  

i s  o u t f i t t e d  w i t h  modular i t ems  which s u p p l y  e l e c t r i c  

and h y d r a u l i c  power ,  and an o p e r a t o r ' s  s t a t i o n  con-  

t a i n e d  i n  t h e  fo rwa rd  module. The un ique  f e a t u r e  o f  

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

v e l o c i t y .  I t  can  be  u sed  a s  e i t h e r  a  t r u c k  t i r e  t e s t e r  

o r  a  t r u c k  b r a k e  t e s t e r .  I t  i s  c a p a b l e  of  h a n d l i n g  

up t o  20,000 l b s .  of  v e r t i c a l  l o a d  and 240,000 i n - l b .  

of b r a k e  t o r q u e .  The combined w e i g h t  o f  45,000-50,000 

l b s .  of  t r a c t o r - t r a i l e r  a l l o w s  q u a s i - c o n s t a n t  speed  

e x p e r i m e n t s  up t o  70 mph. 

F i g u r e  2 shows t h e  c o n t r o l  and d a t a  a c q u i s i t i o n  

equ ipment  l o c a t e d  i n  t h e  o p e r a t o r ' s  s t a t i o n .  He re ,  

b r a k e  l i n e  p r e s s u r e  and v e r t i c a l  t i r e  l o a d s  a r e  con-  

t r o l l e d  by t h e  o p e r a t o r .  J t  i s  i n s t r u m e n t e d  w i t h  an 

I ' M  a n a l o g  t a p e  r e c o r d e r  l ~ h i c h  r e c o r d s  t ime  h i s t o r i e s  

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

wheel  s p i n  v e l o c i t y  and two drum t e m p e r a t u r e s .  These 

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

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

F i g u r e  3 shows t h e  mounting and measur ing  d e v i c e .  

The wheel  i s  mounted on a  s p i n d l e  a r rangement  which ,  

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

member. The l o a d  c e l l  measures  l o n g i t u d i n a l  and 

v e r t i c a l  t i r e  f o r c e s  as  w e l l  a s  b r a k e  t o r q u e .  The 

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

D C  t a c h o m e t e r  w h i l e  a  f i f t h  wheel  i s  u sed  t o  o b t a i n  t h e  

v e h i c l e ' s  l o n g i t u d i n a l  v e l o c i t y .  The s t e a d y - s t a t e  d ru~n  









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

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

t h r o u g h  t h e  l i n i n g  a n d  r u b s  on  t h e  b r a k e  drum.  

INITIAL TEST PROGRAM 

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

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

d u a l  wedge b r a k e s .  

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

i n  T a b l e  1. B r a k e s  -1 a n d  B a r e  S -cam t y p e s ,  w h i l e  

b r a k e s  C and  I) a r e  t h e  d u a l  \ \ e d g e  1 ) r a k e s .  No te  t h a t  

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

n a m e l y ,  a  c a s t  i l.011 clrunl ant1 ,I c e n t r i  f u g : i l l p  c a s t  tlrum. 

BURN I SH 

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

o f  1 0 0  b r a k e  applicators a t  a b r a k e  l i n e  p r e s s u r e  o f  

40  p s i  a t  v e h i c l e  s p e e d  5 5  mpll f o r  a  d u r a t i o n  o f  3 - 4  

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

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

a n d  w h e e l  s p l n  ~ e l o c l t ) -  and  t h e  drum t e m p e r a t u r e  a r e  

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

e x c e e d  600" 1 ' .  

A t y p i c a l  s e t  01 l , l1 rn i s l1  i l : ~ t ; ~  i s  s l ~ o w ~ l  In I ' igui,c 

4 i n  w h i c h  b r : ~ h c  t o r i i ue  is 11 1 o t  tccl : l g a i n s t  1 iu1 ,n ish  

t e s t  nunlber .  1 h c  c7 c - 5  - h a t c h e d  r c g i o n  i s  e n v e l o p e d  

on  t h e  t o p  by  t h e  p e a k  t o r q u e  and on  t h e  b o t t o m  b y  

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

N o t e  t h a t  a f t e r  a b c u t  8 0  b u r n i s h  r u n s ,  t h e  v a l u e s  o f  

b o t h  t h e  p e a k  a n d  t h e  9 - s e c o n d  f a d e d  t o r q u e  r e a c h  a 

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

t e m p e r a t u r e s  a r e  p l o t t e d  a l o n g  t h e  b o t t o m ,  d e n o t e d  

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

i n d i c a t e  t h a t  t h e  b u r n i s h  p r o c e d u r e  was s t o p p e d  f o r  
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e x t e n d e d  p e r i o d s  of  t i m e .  I t  i s  i n t e r e s t i n g  t o  n o t e  

t h a t  t h e s e  t e m p e r a t u r e  d i p s  at.  r u n s  31 and 61  produce  

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

TEST MATRIX 

The i n i t i a l  t e s t  program was b u i l t  a round  a  

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

r u n s  made a t  a v a r i e t y  o f  o p e r a t i n g  conditions. The 

nominal  v a l u e s  o f  b r a k e  p r e s s u r e ,  v e l o c i t y ,  and i n i t i a l  

drum t e m p e r a t u r e  u sed  i n  t h i s  m a t r i x  a r e :  

(1) Brake P r e s s u r e s  40,  6 0 ,  80 p s i  

(2)  V e h i c l e  V e l o c i t i e s  2 0 ,  40,  55 mph 

(3)  I n i t i a l  Drum 
Tempera tu r e s  Z O O 0 ,  350° ,  500° F 

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

I n  some c a s e s ,  lower  p r e s s u r e s  were  u sed  t o  p r e v e n t  

whee l  l o c k .  

Examina t i on  o f  t h e  t ime  h i s t o r i e s  o f  t h e  r e l e v a n t  

p a r a m e t e r s  l e a d s  t o  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  

t e s t  p r o c e s s .  Recorded d a t a  from two c o n s e c u t i v e  

b r a k e  a p p l i c a t . i o n s  a r e  shown i n  F i g u r e  5 .  I n  t h e  f i r s t  

r u n ,  if38, t h e  p r e s s u r e  r e a c h e s  4 0  p s i ,  t h e  nomina l  

v e l o c i t y  i s  55 mph, and t h e  i n i t i a l  drum t e m p e r a t u r e  

i s  350" F. I n s p e c t i o n  o f  t h e  wheel  v e l o c i t y  t r a c e  

i n d i c a t e s  t h a t  t h e  t e s t  whee l  d i d  n o t  l o c k  and t h e  

t o r q u e  r e a c h e d  a  maximum o f  120K i n - l b  i n  l e s s  t h a n  

one second  and d e c r e a s e d  s i g n i f i c a n t l y  a f t e r  t h a t .  

S i x t y  p s i  was a t t e m p t e d  i n  r u n  # 3 9  i n  which  whee l  

l o c k  d i d  o c c u r  momen ta r i l y ,  a s  i n d i c a t e d  by t h e  wheel  

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

becomes o p e r a t i v e  a t  a  p r e s e t  l o w  v a l u e  o f  whee l  s p e e d  

p r e v e n t i n g  e x c e s s i v e  t i r e  wear  a s s o c i a t e d  w i t h  a p r o -  

l onged  l o c k e d  whee l  c o n d i t i o n .  



Three  t o r q u e  v a l u e s  have b e e n  u s e d  t o  c h a r a c t e r i z e  

b r a k e  pe r fo rmance  i n  t h i s  s t u d y .  

(1) Peak t o r q u e  

( 2 )  T h r e e - s e c o n d  " f aded  t o r q u e "  

(3 )  Average t o r q u e  

The peak  and t h e  t h r e e - s e c o n d  f a d e d  t o r q u e s  a r e  a s  

i n d i c a t e d  i n  r u n  i f 3 8  of F i g u r e  5 .  The a v e r a g e  t o r q u e  

i s  d e f i n e d  by  t h e  f o l l o w i n g  e q u a t i o n :  

where 

P = P r e s s u r e  

T = Torque 

And t h e  b a r s  d e n o t e  a  t ime  a v e r a g e .  

BRAKE TEST RESULTS 

A t y p i c a l  s e t  of d a t a  f o r  one of  t h e  b r a k e s  t e s t e d  

i n  t h e  t e s t  program i s  shown i n  Tab l e  2 .  These  r e s u l t s  

g i v e  r i s e  t o  an i m p o r t a n t  o b s e r v a t i o n :  I n i t i a l  tem- 

p e r a t u r e  h a s  n e i t h e r  a  c o n s i s t e n t  n o r  s i g n i f i c a n t  i n -  

f l u e n c e  on b r a k e  t o r q u e  w i t h i n  t h e  r ange  of  t e m p e r a t u r e s  

employed.  T h i s  t r e n d  was a l s o  found  t o  h o l d  f o r  t h e  

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

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

t e s t  w i l l  be  t h e  a v e r a g e  t o r q u e  o v e r  t h e  r ange  of 

i n i t i a l  t e m p e r a t u r e s  employed a t  e ach  p r e s s u r e - s p e e d  

c o n d i t i o n .  

F i g u r e  6 e x h i b i t s  a  c a r p e t  p l o t  of t h e  peak and 

t h e  t h r e e - s e c o n d  f a d e d  t o r q u e  a s  a  f u n c t i o n  of  s p e e d  

and p r e s s u r e .  The s o l i d  l i n e s  d e n o t e  t h e  peak t o r q u e  

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

t o r q u e .  Here " fade"  i s  d e f i n e d  a s  t h e  d i f f e r e n c e  
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Table 2. Data from a S t a n d a r d  T e s t  b l a t r ix  

Brake Di - Cas t  Iron Drum 

P r e s s u r e  V e l o c i t y  Temperature Peak Torque 3-Second Average 
p s i  mp h O F  K in-lb K in-lb K i n - l b  

64 

7 8 

9 3 

64 

69 

61 

6 3 

61 

53 

104 

Lock 

Lock 

108 

106 

9 8 

9 8 

9 7 

84 

144 

Lock 

Lock 

133 

Lock 

116 

106 

96 

120 
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be tween  t h e  peak and t h e  t h r e e - s e c o n d  f a d e d  t o r q u e ,  

shown i n  t h e  f i g u r e  a s  t h e  l e n g t h  of  t h e  v e r t i c a l  

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

t h a t  f a d e  i n c r e a s e d  w i t h  i n c r e a s i n g  s p e e d  a n d / o r  p r e s -  

s u r e .  

Da t a  f rom t h e  s t a n d a r d  m a t r i x  h a s  been  u sed  t o  

p roduce  F i g u r e  7 ,  Here ,  a v e r a g e  t o r q u e  i s  p l o t t e d  

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

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

s i m i l a r  t o  t h e  c o n v e n t i o n a l  r e s u l t s  f rom a  sp in-down 

dynamometer.  However, i t  s h o u l d  b e  emphas ized  t h a t  

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

t h e  sp in-down dynamometer c u r v e s  a r e  e x p r e s s e d  i n  

t e rms  of  i n i t i a l  v e l o c i t y .  

SPECIAL PURPOSE TESTS 

The s t a n d a r d  m a t r i x  was supplemented  w i t h  two 

a d d i t i o n a l  t e s t s .  The f i r s t  was d e s i g n e d  t o  measure  

t h e  h y s t e r e s i s  i n  t h e  l i n e  p r e s s u r e l b r a k e  t o r q u e  

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

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

t e s t ,  was u sed  t o  s t u d y  t h e  e f f e c t s  o f  q u a s i - c o n s t a n t  

t e m p e r a t u r e  l e v e l s  on b r a k e  t o r q u e .  

I n  t h e  h y s t e r e s i s  t e s t ,  t h e  p r e s s u r e  was i n -  

c r e a s e d  t o  a  p r e s e t  l e v e l  and t h e n  d e c r e a s e d  a t  a  

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

t h e  p r e s s u r e  r i s e  were  compared t o  t h o s e  o b t a i n e d  

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

whee l  l o c k  were  pe r fo rmed .  The d o t t e d  l i n e  i n  F i g u r e  7 

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

d u r i n g  t h e  p r e s s u r e  r i s e .  

F i g u r e s  8 and 9 d i s p l a y  t h e  comple t e  t o r q u e  l oop  

a s s o c i a t e d  w i t h  t h e  p r e s s u r e  r i s e  and f a l l .  The t e s t s  

were  r e p e a t e d  a t  two v e l o c i t i e s - - a  low and an i n t e r -  

m e d i a t e  v e l o c i t y .  The a r rows  i n d i c a t e  t h e  ch rono logy  

o f  t h e  p r e s s u r e  h i s t o r y .  

9 1 



AVERAGE 
B R A K E  
TORQUE 

160 
1 (1000 in-lb) 

.4omph 

05s mph 

/ ' & I I I 
20 

I 
40  60  80 

B R A K E  P R E S S U R E  (psi) 



- 
B R A K E  
TORQUE 

- (1000 in-lb) A 

220 OF 

LOCK 

B R A K E  P R 5 3 S U R E  (psi)  





I n  F i g u r e  8 ,  t h e  t o r q u e  b e g i n s  t o  r i s e  a t  a  push-  

o u t  p r e s s u r e  of  abou t  10 p s i  and whee l  l o c k  o c c u r s  
a t  a  p r e s s u r e  of  a b o u t  7 0  p s i  f o r  e ach  v e l o c i t y ,  a t  

which p o i n t ,  t h e  b r a k e  t o r q u e  immedia te ly  d rops  t o  a  

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

f o r c e  and t h e  e f f e c t i v e  t i r e  r a d i u s .  The p r e s s u r e  i s  

t h e n  r educed  and t h e  e v e n t u a l  wheel  s p i n u p  o c c u r s  a t  

abou t  40 p s i .  Any f u r t h e r  r e d u c t i o n  i n  b r a k e  p r e s s u r e  

r e d u c e s  t h e  t o r q u e  l e v e l .  The l e n g t h  o f  t h e  s o l i d  

p o r t i o n  o f  t h e  h o r i z o n t a l  l i n e  i s  a  measure  o f  t h e  

b r a k e  h y s t e r e s i s .  

The same b r a k e  t e s t e d  i n  which no wheel  l o c k  o c c u r s  

g i v e s  r e s u l t s  a s  shown i n  F i g u r e  9 .  I t  was obse rved  

f o r  a l l  t h e  b r a k e s  t e s t e d  t h a t  h y s t e r e s i s  i s  g r e a t e r  

when wheel  l o c k  o c c u r s .  

The d r a g  t e s t  r e s u l t s  a r e  shown i n  F i g u r e  1 0 ,  i n  

which b r a k e  t o r q u e  i s  p l o t t e d  a g a i n s t  t i m e .  The b r a k e  

was o p e r a t e d  c o n t i n u o u s l y  a t  40 p s i .  The t e s t  began 

w i t h  a  drum t e m p e r a t u r e  n e a r  ambient  and t e r m i n a t e d  

when t h e  drum t e m p e r a t u r e  r e a c h e d  500" F .  The t e s t  

was per formed  a t  v e r y  low speed  ( 4 - 6  mph) and a g a i n  

a t  h i g h e r  speeds  ( 2 0 - 2 5  mph). While d u r i n g  t h e  lower  

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

i n c r e a s i n g  drum t e m p e r a t u r e s ,  t h e  o p p o s i t e  r e s u l t  was 

found a t  t h e  h i g h e r  s p e e d s ,  t h a t  i s ,  t h e  t o r q u e  f a d e d  

w i t h  t i m e .  T h i s  r e s u l t  s u p p o r t s  t h e  t h e o r y  t h a t  t h e  

ene rgy  r a t e  p l a y s  an i m p o r t a n t  r o l e  i n  a s s o c i a t i o n  

w i t h  b r a k e  f a d e .  

ANALYTI CAL TECHNIQUES 

The commercia l  v e h i c l e  r e s e a r c h  i n l p r o g r e s s  a t  

HSRI ha s  many f a c e t s  i n  a d d i t i o n  t o  t h e  measurement 

o f  b r a k e  t o r q u e .  For  example ,  s i g n i f i c a n t  e f f o r t  

h a s  been  expended t o  p roduce  a  computer  s i m u l a t i o n  
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of commercial v e h i c l e  b r a k i n g  ( 4 , 5 , 6 ) .  P r e s e n t l y ,  t h e  

s i m u l a t i o n  i s  be ing  modif ied  t o  r e f l e c t  t ime va ry ing  

b r a k e  t o r q u e  t o  r e f l e c t  b r a k e  f a d e .  The b rake  fade  

a l g o r i t h m  i s  based  i n  l a r g e  p a r t  on e m p i r i c a l  r e s u l t s  

measured u s i n g  t h e  mobile b rake  dynamometer. 

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

s u r f a c e  t empera tu re  ( 7 )  a r e  l i n e a r l y  r e l a t e d  has  been 

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

The f aded  t o r q u e  i s  g iven  by t h e  fo l lowing  e q u a t i o n :  

where : 

TUF = t h e  unfaded t o r q u e  

0 = t h e  drum s u r f a c e  t empera tu re  r i s e  

O T  = t h e  f a d e  parameter  

P = b r a k e  p r e s s u r e  

vo = i n i t i a l  v e l o c i t y  

Thus t h e r e  a r e  two e m p i r i c a l  pa ramete r s  used i n  t h e  

model,  t h e  unfaded t o r q u e  TUF and t h e  f ade  parameter  

O T *  
Although i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  v a l u e  of 

t h e  unfaded t o r q u e  i s  p r e s s u r e  dependent ,  bo th  TUF and 

0 may be f u n c t i o n s  of i n i t i a l  v e l o c i t y .  Each parameter  T 
can be chosen t o  i n s u r e  t h a t  b o t h  t h e  average  t o r q u e  

and t h e  f u n c t i o n a l  shape  of  t h e  t o r q u e  h i s t o r y  a c c u r a t e l y  

s i m u l a t e  t h e  expe r imen ta l  r e s u l t s .  

There a r e  two types  of d a t a  t o  which t h i s  semi-  

e m p i r i c a l  r e l a t i o n s h i p  can be a p p l i e d  t o  de termine  

t h e s e  two q u a n t i t i e s :  



(1)  Conven t iona l  spin-down dynamometer 

r e p r e s e n t a t i o n s  o f  e i t h e r  ave rage  

t o r q u e  v e r s u s  b r a k e  p r e s s u r e  o r  

t o r q u e  v e r s u s  t ime  a t  a  g i v e n  

p r e s s u r e .  

( 2 )  Data  from t h e  c o n s t a n t - s p e e d  mobi le  

dynamometer . 
Spin-down t o r q u e - t i m e  c u r v e s  d i f f e r  i n  c h a r a c t e r  

from r e s u l t i n g  c o n s t a n t - s p e e d  t o r q u e  c u r v e s ,  a s  shown 

i n  F i g u r e  11. While d u r i n g  c o n s t a n t  speed  t e s t s  t h e  

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

t h e  sp in-down r e s u l t s  show t h e  t o r q u e  i n c r e a s i n g  toward 

t h e  end o f  t h e  s t o p .  

Examina t ion  of  t h e  c o r r e s p o n d i n g  drum s u r f a c e  tem- 

p e r a t u r e  h i s t o r i e s  i n  F i g u r e  1 2  shows an ana logous  

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

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

i n  t ime  w h i l e  t h e  t e m p e r a t u r e  d e c r e a s e d  towards  t h e  

end o f  t h e  s t o p  f o r  t h e  spin-down t e s t .  

These  t o r q u e - s p e e d - t e m p e r a t u r e  i n t e r d e p e n d e n c i e s  

l e n d  c r e d i b i l i t y  t o  t h e  i m p l i c a t i o n s  of  e q u a t i o n  ( 2 )  

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

e f f e c t  on t h e  bra.ke t o r q u e .  

C O N C L U D I N G  REMARKS 

Data  h a s  been  p r e s e n t e d  which was g a t h e r e d  from 

a  t e s t  m a t r i x  t a i l o r e d  t o  t h e  c a p a b i l i t i e s  of  t h e  

a p p a r a t u s .  The f i n d i n g s  from t h e  d a t a  i n d i c a t e :  

(1 )  Drum-shoe r u b b i n g  s p e e d  i s  an 

i m p o r t a n t  f a c t o r  i n f l u e n c i n g  

t h e  b r a k e  t o r q u e  o b t a i n e d  a t  

a  g i v e n  p r e s s u r e .  

( 2 )  I n i t i a l  drum t e m p e r a t u r e s  i n  

t h e  200-500°F r ange  have l i t t l e  

i n f l u e n c e  on t h e  l e v e l  of  b r a k e  

t o r q u e .  
9 8 







(3)  The d a t a  g e n e r a t e d  i n  t h i s  s t u d y  

i n d i c a t e  t h a t  t h e  r a t e  o f  ene rgy  

i n p u t  t o  t h e  drum i s  t h e  more 

p e r t i n e n t  f a c t o r ,  i . e . ,  t h e  t ime  

h i s t o r y  o f  t h e  change i n  t e m p e r a t u r e  

i s  more i m p o r t a n t  t h a n  t h e  

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

Based on t h e s e  f i n d i n g s ,  a  s e m i - e m p i r i c a l  b r a k e  f a d e  

model h a s  been  deve loped  i n  which t o r q u e  i s  assumed 

t o  v a r y  l i n e a r l y  w i t h  t h e  t e m p e r a t u r e  change a t  t h e  

l i n i n g / d r u m  i n t e r f a c e .  
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ABSTRACT 

Thi s  pape r  d i s c u s s e s  t h e  use  o f  computer s i m u l a -  

t i o n  i n  t h e  development o f  a n t i l o c k  systems f o r  a i r -  

braked  v e h i c l e s .  The need f o r  such  s i m u l a t i o n s ,  t h e  

pa ramete r s  s i g n i f i c a n t  t o  a n t i l o c k  development ,  and 

d i s c u s s i o n s  concern ing  p h y s i c a l  s i m u l a t i o n s  and 

v e h i c l e  t e s t i n g  a r e  i n c l u d e d .  Comparisons of  s i m u l a -  

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



INTRODUCTION 

The development  o f  a n t i l o c k  b r a k e  sys tems  f o r  

a i r - b r a k e d  v e h i c l e s  h a s  been  made n e c e s s a r y  by t h e  

s a f e t y  s t a n d a r d s  e s t a b l i s h e d  by t h e  N a t i o n a l  Highway 

T r a f f i c  S a f e t y  A d m i n i s t r a t i o n .  T h i s  development  h a s  

p roved  t o  be  a  complex and d i f f i c u l t  p rob l em,  n o t  

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

a l s o  w i t h  r e s p e c t  t o  t h e  sy s t em dynamics .  A n t i l o c k  

sys t em development  h a s  t h e r e f o r e  l e d  t o  t h e  need  f o r  

computer  s i m u l a t i o n .  

T h i s  p a p e r  d i s c u s s e s  t h e  need  f o r  computer  s i m u l a -  

t i o n  and t h e  p a r a m e t e r s  found t o  b e  s i g n i f i c a n t  t o  

a n t i l o c k  sys t em pe r fo rmance .  S p e c i f i c  s i m u l a t i o n  

models a r e  d e s c r i b e d  b r i e f l y .  P r ~ b l e m s  o f  v e h i c l e  

t e s t i n g  a r e  n o t e d  t o  j u s t i f y  t h e  emphasis  on s i m u l a t i o n  

a s  a  d e s i g n  t o o l .  F i n a l l y ,  a comparison o f  s i m u l a t i o n  

r e s u l t s  and v e h i c l e  t e s t  d a t a  i s  p r e s e n t e d .  

NEED FOR SIMULATION 

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

o f  an a n t i l o c k  b r a k i n g  sys t em p roved  v e r y  u s e f u l  i n  

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

t h e  b r a k e ,  w h e e l ,  v e h i c l e ,  and t i r e - r o a d  i n t e r f a c e .  

However, u n d e r s t a n d i n g  t h e  dynamic i n t e r r e l a t i o n s h i p  

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

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

mean ing fu l  d a t a  which can  be a p p l i e d  t o  s y s t e m  d e v e l o p -  

ment i s  t o o  t ime-consuming  t o  be  e f f e c t i v e .  When t h e  

l a r g e  number o f  f a c t o r s  a f f e c t i n g  t h e  a n t i l o c k  s y s t e m  

a r e  c o n s i d e r e d ,  i t  i s  obv ious  t h a t  a  g r e a t  d e a l  o f  

a n a l y s i s  i s  r e q u i r e d  t o  g a i n  a good u n d e r s t a n d i n g  o f  



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

t h e s e  p a r a m e t e r s  a r e  l i s t e d  be low.  

PARAMETERS SIGNIFICANT TO ANTILOCK SYSTEM PERFORMANCE 

The components s i g n i f i c a n t  t o  a n t i l o c k  b r a k e  

s y s t e m  pe r fo rmance  a r e  d e p i c t e d  i n  F i g u r e  1. These  

components a r e  t h e  b r a k e  m o d u l a t o r ,  b r a k e  c h a r a c -  

t e r i s t i c s ,  wheel  dynamics ,  v e h i c l e  dynamics ,  s p e e d  

s e n s o r  and c o n t r o l  l o g i c .  

The b r a k e  modu la to r  i n c r e a s e s  and d e c r e a s e s  t h e  

b r a k e  p r e s s u r e  by means of a  s o l e n o i d  c o n t r o l l e d  by 

t h e  c o n t r o l  l o g i c .  A f u n c t i o n a l  s k e t c h  o f  a  modu la to r  

i s  shown i n  F i g u r e  2 .  The s o l e n o i d  i s  i n  e f f e c t  

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

t o  t h e  r e s e r v o i r .  C l o s i n g  o f f  t h e  p o r t  t o  t h e  a tmos-  

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

v o i r  p o r t  a l l o w s  p r e s s u r e  t o  d e c a y .  The r e s e r v o i r ,  

d e l i v e r y ,  b r a k e  chamber vo lumes ,  t h e  p o r t  a r e a s ,  b r a k e  

l i n e  s i z e s  and l e n g t h s ,  and t h e  i n i t i a l  b r a k e  a p p l i c a -  

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

The whee l  dynamics a r e  a f f e c t e d  by t h e  b r a k e  

t o r q u e ,  r oad  t o r q u e ,  whee l  i n e r t i a ,  w e i g h t  on t h e  w h e e l ,  

and t h e  v e h i c l e  v e l o c i t y .  The b r a k e  t o r q u e  i s ,  o f  

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

The g a i n  be tween  t h e  two i s  h i g h l y  n o n l i n e a r  w i t h  s p e e d  

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

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

Wheel i n e r t i a  a f f e c t s  t h e  whee l  dynamics a n d ,  

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

w h e e l .  Road t o r q u e  i s  g e n e r a t e d  f rom t h e  s l i p p a g e  
be tween  t h e  t i r e  and t h e  r o a d .  T h i s  s l i p p a g e  i s  d e f i n e d  

by 
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and t y p i c a l l y  g e n e r a t e s  a  c o e f f i c i e n t  of  f r i c t i o n  

between t h e  t i r e  and road  a s  shown i n  F igure  3 .  The 

road  t o r q u e ,  Q R ,  i s  t h e n  g iven  by 

where R i s  t h e  wheel r a d i u s  and W i s  t h e  weight  on t h e  

wheel .  The maximum road  t o r q u e  i s  g e n e r a t e d  on most 

road  s u r f a c e s  when SLIP e q u a l s  1 0  t o  30 p e r c e n t ,  i . e . ,  

when t h e  wheel v e l o c i t y  i s  70 t o  90 p e r c e n t  of  t h e  

v e h i c l e  v e l o c i t y .  The weight  on t h e  wheel can have 

a  wide range  o f  v a l u e s  s i n c e  t h e  v e h i c l e  can be empty 

o r  l o a d e d ,  and i t  can be towing a  loaded t r a i l e r  o r  

d r i v e n  b o b - t a i l  w i t h o u t  a  t r a i l e r .  The wheel weight  i s  

a l s o  a  dynamic q u a n t i t y  t h a t  v a r i e s  d u r i n g  b r a k i n g .  

When t h e  v e h i c l e  d e c e l e r a t e s ,  t h e  wheel weight  t r a n s -  

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

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

and suspens ion  c h a r a c t e r i s t i c s .  

Wheel l o a d  and t h e  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  

combine t o  produce t h e  b r a k i n g  f o r c e  and ,  i n  t u r n ,  t h e  

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

The wheel v e l o c i t y  p rocessed  from t h e  speed  

s e n s o r  f o r  use i n  t h e  c o n t r o l  l o g i c  must be f i l t e r e d  

t o  reduce n o i s e .  A compromise must be made between 

t h e  r e s u l t i n g  dynamic l a g  and t h e  amount of  n o i s e  t h a t  

can be t o l e r a t e d .  

Many schemes have been d e v i s e d  f o r  t h e  c o n t r o l  

l o g i c ,  b u t  they  a l l  e i t h e r  c o n t r o l  t h e  wheel v e l o c i t y  
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F i g u r e  3 .  S i m u l a t e d  p - S l i p  Curves  



by c y c l i n g  about  t h e  peak of  t h e  u - s l i p  cu rve  o r  

they  develop a  wheel s l i p  t h a t  nominal ly produces 

t h e  maximum 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 .  

SPECIFIC MODELS FOR SPECIFIC NEEDS 

Once t h e  need f o r  s i m u l a t i o n  has  been e s t a b l i s h e d ,  

a  major  s t e p  i s  t o  de termine  t h e  model c o n f i g u r a t i o n  

and t h e  l e v e l  o f  complexi ty r e q u i r e d .  E f f o r t  has  been 

made t o  minimize complexi ty and t o  use  d i f f e r e n t  models ,  

depending on t h e  requi rements  of each development 

phase .  

CONCEPT DEVELOPMENT 

Genera t ing  c a n d i d a t e  c o n t r o l  concepts  r e q u i r e s  

some means o f  e v a l u a t i n g  per formance .  Th i s  l e v e l  o f  

development does n o t  r e q u i r e  e x a c t  answers ;  o f t e n  t h e  

systems e n g i n e e r  i s  more i n t e r e s t e d  i n  t h e  c h a r a c t e r  

o f  c o n t r o l  o r  t h e  s i g n i f i c a n c e  of a  g iven  pa ramete r .  

I d e n t i f y i n g  t h e  system components which,  i f  improved, 

would improve sys tem per formance ,  a i d s  i n  c o n c e n t r a t i n g  

e f f o r t  i n  t h e  p r o p e r  a r e a s .  

The most b a s i c  model w i l l  s e r v e  t h i s  need .  A 

s i n g l e - w h e e l  model, a s  shown i n  F igure  4 ,  has  a l l  o f  

t h e  b a s i c  e lements  of  t h e  c o n t r o l  l o o p .  

VEHICLE CHARACTERISTICS 

More s o p h i s t i c a t e d  models a r e  r e q u i r e d  when 

s t u d y i n g  weight  t r a n s f e r  and s i d e - t o - s i d e  b rake  and /o r  

road  c o e f f i c i e n t  unbalance .  These c h a r a c t e r i s t i c s  a r e  

ve ry  s i g n i f i c a n t  t o  t h e  a n t i l o c k  sys t em,  and bo th  

r e q u i r e  a  minimum of  two wheels .  For weight  t r a n s f e r ,  



Figure 4. Basic Single-Wheel Model 
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a  b i c y c l e  c o n f i g u r a t i o n  i s  used .  For t h e  o t h e r ,  a  

two-wheel a x l e  c o n f i g u r a t i o n  i s  used .  These two 

models ,  shown i n  F igures  5 and 6 ,  pe rmi t  e v a l u a t i o n  

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

1. Fore and a f t  weight  t r a n s f e r .  

V a r i a t i o n  c e n t e r  of  g r a v i t y  l o c a t i o n .  

3 .  V a r i a t i o n  i n  wheel b a s e .  

4 .  S i d e - t o - s i d e  weight  t r a n s f e r  ( c u r v e ) .  

5 .  Brake unba lance .  

6 .  Road c o e f f i c i e n t  unba lance .  

7 .  I n t e r a c t i o n  between a x l e s .  

COMPONENT DEVELOPMENT 

The models d e s c r i b e d  above s e r v e  t o  d e f i n e  

d e s i r a b l e  component system c h a r a c t e r i s t i c s  o r  e v a l u a t e  

sys tem performance wi th  e x i s t i n g  component per formance .  

Ref in ing  o r  o p t i m i z i n g  performance of  a  p a r t i c u l a r  

component, f o r  example t h e  modu la to r ,  n e c e s s i t a t e s  

d e f i n i n g  a  d e t a i l e d  model of  t h a t  component. 

A d e t a i l e d  p a r t - b y - p a r t  mathemat ica l  model o f  t h e  

b rake  modula tor  was t h e r e f o r e  developed f o r  an o p t i m i -  

z a t i o n  program. Once d e f i n e d  and o p t i m i z e d ,  t h e  

d e t a i l e d  model was s i m p l i f i e d  f o r  u s e  i n  t h e  sys tem 

s i m u l a t i o n s .  

SIMULATION WITH PROTOTYPE COMPONENTS 

Bench t e s t i n g  of  i n d i v i d u a l  p r o t o t y p e  components 

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

e f f e c t  on c l o s e d - l o o p  sys tem per formance .  I n  a d d i t i o n ,  
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no p r o t o t y p e  performs e x a c t l y  l i k e  t h e  model. I t  i s  

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

l a b o r a t o r y ,  a s  much of t h e  sys tem hardware a s  p o s s i b l e  

p r i o r  t o  v e h i c l e  t e s t i n g .  

Opera t ing  t h e  a c t u a l  hardware ,  i n c l u d i n g  t h e  con- 

t r o l  l o g i c  and t h e  a i r  b rake  sys t em,  a s  shown i n  F igure  

7 ,  a l lows  convenient  p r o t o t y p e  t e s t i n g  and pa ramete r  

o p t i m i z a t i o n  f o r  b e s t  sys tem per formance .  I n  a d d i t i o n ,  

pa ramete r s  such a s  p e r c e n t  s l i p  and i n d i v i d u a l  wheel 

c o n t r i b u t i o n  t o  e f f i c i e n c y  can be de termined.  This  

approach minimizes problems d u r i n g  v e h i c l e  t e s t i n g  

because  p r o t o t y p e  "bugs" have been i d e n t i f i e d  p r i o r  t o  

v e h i c l e  t e s t i n g .  Because t h e  p r o t o t y p e  components have 

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

t e s t  d a t a  and s i m u l a t i o n  r e s u l t s  can be a t t r i b u t e d  t o  

t h e  v e h i c l e  and t i r e - r o a d  i n t e r f a c e  model ing,  t hus  

s i m p l i f y i n g  a n a l y s i s  of t h e  d a t a .  I t  has  been found 

t h a t  t h e  t ime saved  i n  v e h i c l e  t e s t i n g  a l o n e  i s  worth 

t h i s  s t e p ;  t h e  improved conf idence  i n  t h e  accuracy  of  

t h e  v e h i c l e  d a t a  and i n s i g h t  i n t o  dynamic component 

performance have been ext remely  v a l u a b l e  t o  t h e  sys tem 

and component d e s i g n e r .  

VEHICLE TESTING 

Veh ic le  t e s t i n g  o f  an a n t i l o c k  sys tem has  s e v e r a l  

d i sadvan tages  : 

* A  g r e a t  d e a l  of  t i m e ,  money and e f f o r t  must be 

expended f o r  r e l a t i v e l y  l i t t l e  d a t a .  

* V a r i a b i l i t y  of c o n d i t i o n s  makes q u a n t i t a t i v e  

a n a l y s i s  of  d a t a  ve ry  d i f f i c u l t  and t ime-  

consuming. 
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*Because t h e  v e h i c l e  i s  be ing  o p e r a t e d  a t  t h e  

b r a k i n g  performance l i m i t ,  damage t o  t i r e s ,  

b r a k e s ,  and suspens ion  can e a s i l y  o c c u r ,  w i t h  

p o s s i b l e  i n j u r y  t o  t h e  d r i v e r .  

* I n t e r a c t i o n  between t h e  i n s t r u m e n t a t i o n  and 

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

c a u t i o n s  when moni to r ing  t h e  e l e c t r o n i c ~  o r  

speed  s e n s o r s .  

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

emphasis on s i m u l a t i o n  a s  a  t o o l  i n  developing  and 

t e s t i n g  a n t i l o c k  sys t ems .  I f  s u f f i c i e n t l y  h i g h  c o r r e -  

l a t i o n  can be  developed between t h e  v e h i c l e  and s imula -  

t i o n  per formance ,  v e h i c l e  t e s t i n g  need  on ly  be used  t o  

conf i rm a n t i l o c k  sys tem performance and c e r t i f y  v e h i c l e  

per formance .  

COMPARISON OF SIMULATION AND VEHICLE DATA 

To d a t e ,  f o u r  d i f f e r e n t  a n t i l o c k  systems were 

developed u s i n g  t h e  s i m u l a t i o n  models d e s c r i b e d .  These 

sys tems were then  v e h i c l e  t e s t e d .  The comparison o f  

s i m u l a t i o n  and t e s t  d a t a  showed t h a t  t h e  s i m u l a t i o n s  

were e f f e c t i v e  i n  p r e d i c t i n g  q u a l i t a t i v e  performance 

and r e l a t i v e  performance l e v e l s  o f  t h e  d i f f e r e n t  sys t ems .  

I n  a d d i t i o n ,  o p t i m i z a t i o n  of  t h e  s y s  tem pa ramete r s  

d u r i n g  v e h i c l e  t e s t i n g  demonst ra ted  t h a t  t h e  optimum 

paramete r  v a l u e s  s e l e c t e d  by s i m u l a t i o n  were a l s o  

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

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

c o n s i d e r e d  t o  be i n  agreement w i t h  v e h i c l e  t e s t  d a t a  

a s  shown i n  F i g u r e  8 .  D i f f e r e n c e s  t h a t  appear  a r e  due 





t o  t h e  s i m p l i f i e d  weight  t r a n s f e r  s i m u l a t i o n  model 

u t i l i z e d .  Weight t r a n s f e r  models t h a t  c o n s i d e r  t h e  

v e h i c l e  p i t c h  dynamics shou ld  reduce t h e  observed  

d i f f e r e n c e s ,  

CONCLUSIONS 

A n t i l o c k  b rake  systems have been des igned  u s i n g  

r e l a t i v e l y  s imple  s i m u l a t i o n  models.  These models ,  

s t r u c t u r e d  t o  accommodate d i f f e r e n t  developmental  

p h a s e s ,  have proven t o  be e f f e c t i v e  des ign  t o o l s .  Com- 

p a r i s o n  o f  v e h i c l e  and t e s t  d a t a  has  demonst ra ted  t h a t  

t h e  s i m u l a t i o n  a d e q u a t e l y  p r e d i c t s  sys tem b e h a v i o r .  I t  

has  a l s o  been demonst ra ted  t h a t  o p t i m i z a t i o n  of  t h e  

system pa ramete r s  can be accomplished u s i n g  t h e s e  v a r i o u s  

s i m u l a t i o n  models.  
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ABSTRACT 

A g e n e r a l  p u r p o s e  d i g i t a l  computer  program f o r  s i m u l a t i n g  
t h e  whee l  s e n s o r ,  c o n t r o l  l o g i c ,  and p r e s s u r e  m o d u l a t o r  

c h a r a c t e r i s t i c s  o f  a n t i s k i d  sy s t ems  i s  p r e s e n t e d .  The 

f l e x i b i l i t y  o f  t h e  program i s  d e m o n s t r a t e d  by s i m u l a t i o n  

r e s u l t s  which r ep roduced  t h e  b a s i c  f e a t u r e s  e x h i b i t e d  

by t h r e e  a n t i s k i d  sy s t ems  t e s t e d  i n  a  l a b o r a t o r y  s e t t i n g .  

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

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

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



INTRODUCTION 

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

a  f l e x i b l e  and g e n e r a l - p u r p o s e  program which a l lows  

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

many o f  t o d a y ' s  wide ly  v a r y i n g  a n t i l o c k  sys t ems .  The 

program i s  p r e s e n t l y  be ing  used  i n  c o n j u n c t i o n  w i t h  

t h e  HSRI t r u c k  and t r a c t o r - t r a i l e r  d i g i t a l  s i m u l a t i o n  

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

per formance .  

The s i m u l a t i o n  c o n c e n t r a t e s  on t h r e e  a r e a s  common 

t o  most a n t i l o c k  sys t ems :  (1) wheel s e n s o r ,  ( 2 )  c o n t r o l  

l o g i c  module,  and ( 3 )  p r e s s u r e  modu la to r .  A d d i t i o n a l  

f e a t u r e s  and s p e c i a l  o p t i o n s  such a s  g e n e r a l  purpose  

c o u n t e r s  and o n e - s h o t s  a r e  i n c l u d e d  f o r  ex tended 

f l e x i b i l i t y .  Ax le -by-ax le  systems a r e  al lowed f o r  a s  

w e l l  as  t h r e e  s i d e - t o - s i d e  o p t i o n s :  (1 )  wors t  whee l ,  

( 2 )  b e s t  whee l ,  and (3 )  average  whee l .  F igure  1 shows 

t h e  g e n e r a l  b lock  s t r u c t u r e  of t h e  a n t i l o c k  program 

and i t s  r e l a t i o n s h i p  t o  t h e  main program r e p r e s e n t e d  by 

t h e  "Vehic le  Dynamics" b l o c k .  Wheel s p e e d ,  w ,  i s  

r e c e i v e d  from t h e  main program and p rocessed  by t h e  wheel 

s e n s o r  where in  an e f f e c t i v e  t ime de lay  occur s  r e s u l t i n g  

i n  de layed  wheel speed  and a c c e l e r a t i o n  s i g n a l s ,  wd,.and 

w d n  These s i g n a l s  a long w i t h  i , v e h i c l e  v e l o c i t y ,  X ,  

v e h i c l e  a c c e l e r a t i o n ,  and feedback from t h e  p r e s s u r e  

modu la to r ,  a r e  i n p u t  t o  t h e  c o n t r o l  l o g i c  module. The 

c o n t r o l  l o g i c  o u t p u t s  an ON/OFF s o l e n o i d  command s i g n a l  

t o  t h e  p r e s s u r e  modulator  which i n  t u r n  g e n e r a t e s  t h e  

b r a k e  p r e s s u r e ,  P ,  r e t u r n e d  t o  t h e  main program. 

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

e x p l a i n  each of  t h e s e  a r e a s  i n  more d e t a i l .  I n  





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

a n t i l o c k  sytems i n  use t o d a y ,  and t h e  s i m u l a t i o n  o f  

t h e  b a s i c  f e a t u r e s  e x h i b i t e d  by t h e s e  sys t ems ,  a r e  

p r e s e n t e d .  

USER DICTIONARY O F  VARIABLES/PARAMETERS 

I n  o r d e r  t o  o f f e r  f l e x i b i l i t y  t o  t h e  program u s e r  

as r e g a r d s  v a r i a b l e  and parameter  programming c h o i c e s ,  

a  t a b l e  o r  d i c t i o n a r y  of  p e r t i n e n t  a n t i l o c k  v a r i a b l e s /  

pa ramete r s  i s  i n c l u d e d .  This  t a b l e  i n c l u d e s  such i t ems  

as  maximum and minimum p r e s s u r e  i n  t h e  l a s t  c y c l e ,  

t imes  o f  t h e  l a s t  ON o r  OFF s o l e n o i d  command, maximum 

and minimum wheel a c c e l e r a t i o n s  i n  t h e  l a s t  c y c l e ,  and 

o t h e r  pa ramete r s  t h a t  might be of  s p e c i a l  i n t e r e s t  t o  

an a n t i l o c k  sys tem.  The d i c t i o n a r y ,  as  shown i n  

F igure  2 ,  i s  s imply a  l i s t i n g  o f  such v a r i a b l e s  and 

pa ramete r s  which a r e  a v a i l a b l e  t o  t h e  u s e r .  

The purpose  of t h e  d i c t i o n a r y  i s  t o  al low t h e  

program u s e r  t o  s e l e c t ,  from a  wide v a r i e t y  o f  p o s s i b l e  

a n t i l o c k  v a r i a b l e s / p a r a m e t e r s  , on ly  t h o s e  which a r e  o f  

i n t e r e s t  t o  t h e  p a r t i c u l a r  sys tem he i s  a t t e m p t i n g  t o  

s i m u l a t e .  

A u s e r  s e l e c t s ,  f o r  programming p u r p o s e s ,  a 

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

v a r i a b l e  I .D.  numeral shown i n  F igure  2 .  Some of t h e s e  

v a r i a b l e s / p a r a m e t e r s  a r e  d e f i n e d  i n  F igure  3 .  ( I f  a  

u s e r  has  need f o r  a  p a r t i c u l a r  v a r i a b l e  o r  pa ramete r  

no t  i n c l u d e d  i n  the  d i c t i o n a r y ,  t h i s  can be  accomplished 

by r a t h e r  s imple  a d d i t i o n s  t o  t h e  FORTRAN code . )  







W H E E L  S E N S O R  MODULE 

The pr imary e f f e c t  of a  wheel s e n s o r  i s  a  phase 

s h i f t  and/or  t ime de lay  between t h e  a c t u a l  wheel r a t e  

and t h e  d e r i v e d  wheel r a t e .  This  i n p u t - o u t p u t  r e l a t i o n -  

s h i p  can o f t e n  be d e s c r i b e d  adequa te ly  by t r a n s f e r  

f u n c t i o n s  o f  v a r i o u s  o r d e r  and/or  t r a n s p o r t  t ime de lay  

e x p r e s s i o n s .  The p r e s e n t  v e r s i o n  assumes a  g e n e r a l  

f i r s t - o r d e r  f i l t e r  o f  t h e  form r e l a t i n g  a c t u a l  
TUP + 1 

wheel r a t e  and d e r i v e d  wheel r a t e ,  where r w  i s  t h e  

t ime c o n s t a n t  of  t h e  f i l t e r  and p  i s  an o p e r a t o r -  

deno t ing  d i f f e r e n t i a t i o n  wi th  r e s p e c t  t o  t ime .  

Many a n t i l o c k  systems make use o f  wheel a c c e l e r a -  

t i o n  d e r i v e d  from t h e  o u t p u t  of t h e  wheel s e n s o r .  This  

normal ly  i n v o l v e s  a d d i t i o n a l  de lays  along w i t h  a  

d i f f e r e n t i a t i o n  p r o c e s s .  The assumed t r a n s f e r  f u n c t i o n  

h e r e  was t aken  as r e l a t i n g  d e r i v e d  wheel r a t e  
L d P  + 

t o  d e r i v e d  wheel a c c e l e r a t i o n .  The d e r i v e d  wheel 

a c c e l e r a t i o n  c a l c u l a t i o n  normally t a k e s  p l a c e  w i t h i n  

t h e  e l e c t r o n i c  c o n t r o l  u n i t .  However, s i n c e  i t ,  along 

w i t h  wheel r a t e ,  i s  a  pr imary i n p u t  t o  t h e  c o n t r o l  u n i t  

l o g i c ,  i t  i s  i nc luded  h e r e  w i t h i n  t h e  wheel s e n s o r  

module s o  t h a t  t h e  c o n t r o l  u n i t  can be c h a r a c t e r i z e d  

p r i m a r i l y  by l o g i c a l  o r  dec is ion-making  p r o c e s s e s .  The 

wheel s e n s o r  module can t h e n  be  d e s c r i b e d  by t h e  i n p u t -  

o u t p u t  r e l a t i o n s h i p s  shown i n  F igure  4 .  
* 

a d  and ud a r e  used as t h e  pr imary  i n p u t s  t o  t h e  

c o n t r o l  l o g i c  module. (Other  v a r i a b l e s  a r e  p rov ided  

as  p o s s i b l e  i n p u t s  t o  t h e  c o n t r o l  l o g i c  module, however, 

no s i m i l a r  o p e r a t i o n s  a r e  a t t empted  on t h e s e  o t h e r  

i n p u t  v a r i a b l e s . )  The assumed wheel s e n s o r  and 

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





t h e r e f o r e  d e s c r i b e d  by two i n p u t  p a r a m e t e r s ,  r u  and 

L d '  which r e p r e s e n t  t h e  f i r s t - o r d e r  f i l t e r  t i m e  

c o n s t a n t s  o f  t h e  wheel s e n s o r  and i t s  d e r i v a t i v e  . 
c i r c u i t .  w d  and w d  appea r  i n  t h e  u s e r  d i c t i o n a r y  a s  

OMEGA and OMEGADOT, I .D. codes  3 and 4 .  

CONTROL LOGIC MODULE 

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

e i g h t  i n e q u a l i t y  e x p r e s s i o n s  which t h e  u s e r  forms a s  

n e c e s s a r y  c o n d i t i o n s  f o r  g e n e r a t i n g  ' O N '  and 'OFF' 

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

e x p r e s s i o n  i s  a  l o g i c a l  v a r i a b l e .  These  l o g i c a l  

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

i n e q u a l i t y  e x p r e s s  i o n s  , a r e  l o g i c a l l y  combined t o  

g e n e r a t e  t h e  ' O N '  and 'OFF' s i g n a l s .  

F i g u r e  5 summarizes t h e  o v e r a l l  s t r u c t u r e  o f  t h e  

c o n t r o l  l o g i c  module ,  showing t h e  r e l a t i o n s h i p s  be tween  

programmed i n e q u a l i t y  e x p r e s s i o n s  on t h e  l e f t  and  t h e  

g e n e r a t i o n  o f  an OFF/ON s o l e n o i d  command on t h e  r i g h t .  

The i n e q u a l i t y  e x p r e s s i o n s  l i s t e d  i n  column 1 a r e  

a r i t h m e t i c  i n  n a t u r e  and a r e  t h e  p r i m a r y  means by which 

t h e  u s e r  programs t h e  c o n t r o l  l o g i c .  Each i n e q u a l i t y  

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

i n g  o r  r e l e a s i n g  b r a k e  p r e s s u r e .  The f i r s t  f o u r  a r e  

u s e d  f o r  t h e  OFF command; t h e  l a s t  f o u r  f o r  t h e  ON 

command. A s s o c i a t e d  w i t h  each  i s  a  l o g i c a l  v a r i a b l e ,  

shown i n  column 2 ,  h a v i n g  e i t h e r  t h e  v a l u e  TRUE o r  

FALSE depending  on whe the r  o r  n o t  t h e  i n e q u a l i t y  i s  

s a t i s f i e d .  These  l o g i c a l  v a r i a b l e s  a r e  combined,  by 

t h e  l o g i c a l  o p e r a t o r s  shown i n  column 3 ,  t o  form a  

f i n a l  OFF o r  O N  s o l e n o i d  command, The g e n e r a l  forms 

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





OFF = (L1 OPIZ L2) OPZ3 (L3 L4) 

and 

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

L1 and L 2 ,  L 3  and L 4 ,  and between t h e  b r a c k e t e d  

e x p r e s s i o n s  by means of  t h e  t h r e e  l o g i c a l  o p e r a t o r  

s w i t c h e s ,  OP12, OP34, and OP25, r e s p e c t i v e l y .  I n p u t  

v a l u e s  o f  0 imply l o g i c a l  'OR' o p e r a t i o n s ;  v a l u e s  o f  

1 imply l o g i c a l  ' A N D '  o p e r a t i o n s ,  The same r u l e s  a p p l y  

t o  l o g i c a l  v a r i a b l e s  L 5 ,  L6, L 7 ,  L 8  and t h e i r  l o g i c a l  

o p e r a t o r  s w i t c h e s  OP56, OP7*, and OP67 

The e i g h t  a r i t h m e t i c  i n e q u a l i t y  e x p r e s s  i o n s ,  Fi , 
a r e  d e f i n e d  by t h e  f o l l o w i n g  g e n e r a l  form:  

where 

'i j , ( j = 1 , 5 )  a r e  t h e  c o n s t a n t  c o e f f i c i e n t s  o f  

each  te rm p o s s e s s i n g  an a d a p t i v e  

f e a t u r e .  

Vi , Wik , ( j = 1 , 5 ;  k = 4 , 5 )  a r e  t h e  v a r i a b l e s /  

p a r a m e t e r s  s e l e c t e d  from t h e  

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

A wide v a r i e t y  o f  n e c e s s a r y  c o n d i t i o n s  can b e  ach i eved  

w i t h  t h e  v a r i a b l e s / p a r a m e t e r s  a v a i l a b l e  i n  t h e  u s e r  

d i c t i o n a r y  and s u b j e c t  t o  t h e  a l g e b r a i c  form g i v e n  above.  



Time d e l a y s  w i t h i n  t h e  c o n t r o l  l o g i c  module can 

be ach i eved  by means of  f o u r  t ime  d e l a y s  p r o v i d e d  w i t h i n  t h e  

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

o n e - s h o t s .  

ADAPTIVE COEFFICIENTS 

Many a n t i l o c k  systems p o s s e s s  a d a p t i v e  c a p a b i l i t i e s  

f o r  changing c o e f f i c i e n t s  i n v o l v e d  i n  t h e i r  c o n t r o l  

l o g i c .  For  t h i s  r e a s o n ,  and i n c r e a s e d  programming 

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

v i d e d  f o r  i n  t h e  program.  Each c o e f f i c i e n t ,  C .  . , 
11 

i n v o l v e d  i n  t h e  i n e q u a l i t y  e x p r e s s i o n s  may b e  a i lowed  

t o  change i t s  v a l u e  a s  a  f u n c t i o n  o f  one o r  two d i c -  

t i o n a r y  v a r i a b l e s  i n  t h e  manner shown i n  F i g u r e s  6 and 

I n  F i g u r e  6 ,  t h e  v a l u e  o f  C i j  i s  A o ,  i t s  i n i t i a l  

v a l u e ,  o r  A1 i f  u i j ,  t h e  a d a p t i v e  v a r i a b l e ,  i s  g r e a t e r  

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

I f  two a d a p t i v e  v a r i a b l e s ,  u  and z i j  , a r e  i n v o l v e d  a s  i j  
i l l u s t r a t e d  i n  F igu re  7 ,  

By i n c l u d i n g  an a d d i t i o n a l  numer i ca l  s w i t c h  i n  

t h e  i n p u t ,  t h e  two a d a p t i v e  v a r i a b l e  c a s e  may b e  

a l t e r e d  t o :  

0 A if ' i j  
5 bl  and z i j  2 b 2  

- 
C i j  - A1 i f  u i j  > bl and z i j  5 b 2  

.A2 i f  z i j  > b2  

- 
' i j  

- 

'A* i f  u i j  2 b l  

4 A1 i f  u i j  > B1 and z i j  5 b 2  

A 2  i f  u i j  > b l  - and z i j  > b 2  



(I, 
0 
U 

(I, 
> 
.d 
C1 
0 
rd 
rd 
d 





SIDE-TO-SIDE OPTIONS 

Three d i f f e r e n t  s i d e -  t o - s i d e  o p t i o n s  p e r  a x l e  a r e  

a v a i l a b l e .  One a n t i l o c k  system i s  a l lowed f o r  each 

a x l e  w i t h  t h e  same p r e s s u r e  b e i n g  r e t u r n e d  t o  bo th  

s i d e s  f o r  each of  t h e  a v a i l a b l e  o p t i o n s .  These a r e  

summarized below: 

OPTION 1 - Worst Wheel. The wheel having  t h e  

lowes t  r o t a t i o n a l  r a t e  f o r  a  g iven  a x l e  i s  s e l e c t e d  by 

t h e  c o n t r o l  l o g i c  as  i t s  i n p u t .  The same p r e s s u r e  

i s  r e t u r n e d  t o  b o t h  s i d e s  based  on t h i s  i n p u t .  

OPTION 2 - Best  Wheel. Same as  Option 1 excep t  

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

s e l e c t e d  as  i n p u t .  

OPTION 3 - Averaee Wheel. Both wheel r a t e s  a r e  

averaged  by t h e  c o n t r o l  l o g i c  module and used  as  i n p u t .  

The same p r e s s u r e  i s  r e t u r n e d  t o  bo th  s i d e s .  

For v e h i c l e  v e l o c i t i e s  l e s s  than  7 f t / s e c ,  t h e  

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

w i l l  f o l low t h e  t r e a d l e  p r e s s u r e .  

LOG1 C SAMPLING RATE CONTROL 

The program u s e r  i s  asked t o  s p e c i f y  a  l o g i c  

sampl ing  p e r i o d ,  TSMPLE, which c o n t r o l s  t h e  r a t e  a t  

which t h e  a n t i l o c k  l o g i c  i s  i n t e r r o g a t e d .  I f  TSMPLE 

i s  s p e c i f i e d  t o  be  l e s s  t h a n  o r  equa l  t o  t h e  d i g i t a l  

s i m u l a t i o n  t ime s t e p ,  t h e n  no sampling r a t e  c o n t r o l  

i s  i n  e f f e c t .  I f ,  however, a  l o g i c  sampling p e r i o d  

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

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



p e r t a i n i n g  t o  t h e  c o n t r o l  l o g i c  module a r e  i n t e r r o g a t e d  

a t  t ime i n t e r v a l s  s e t  by t h e  l o g i c  sampling p e r i o d ,  

TSMPLE . Wheel s e n s o r  computat ions and p r e s s u r e  modulator  

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

PRESSURE MODULATOR 

The p r e s s u r e  modulator  va lve  i s  s i m u l a t e d  by two 

t ime d e l a y s  and s e v e r a l  programmable r i s e  and f a l l  

r a t e s  f o r  bo th  e x p o n e n t i a l  and l i n e a r  c h a r a c t e r i s t i c s .  

The programmable r i s e  and f a l l  r a t e s  make p o s s i b l e  t h e  

s i m u l a t i o n  o f  r e l a t i v e l y  complex p r e s s u r e  modulator  

a c t i v i t y  i n c l u d i n g  des igns  i n v o l v i n g  pneumatic  l o g i c  

and p u l s e - w i d t h  modu la to r s .  See F igure  8 .  

T~~ and TOFF a r e  t h e  t ime de lays  between s o l e n o i d  

command s i g n a l s  and t h e  cor responding  t imes  o f  p r e s s u r e  

i n c r e a s e  o r  d e c r e a s e .  These a r e  s p e c i f i e d  as  c o n s t a n t  

i n p u t s  f o r  t h e  program. 

The manner i n  which t h e  e x p o n e n t i a l  o r  l i n e a r  r i s e  

and f a l l  r a t e s  a r e  d e f i n e d  i s  shown i n  F igures  9 

through 1 2 .  The r a t e s  a r e  programmed as  a f u n c t i o n  o f  

a  g e n e r a l  form e x p r e s s i o n  ( s i m i l a r  t o  t h e  c o n t r o l  l o g i c  

forms) shown as  E . . .  c 4 .  The b r e a k p o i n t s ,  x l  . . . x  8 ' 
s e p a r a t e  t h e  t h r e e  r a t e  r e g i o n s  a long t h e  r e s p e c t i v e  c i  

a x e s .  The e x p o n e n t i a l  r a t e s  a r e  f u n c t i o n s  of  and E~ 

d e f i n e d  as  





E x p o n e n t i a l  P r e s s u r e  F a l l  Rate  

PFE 

F i g u r e  9 .  

E x p o n e n t i a l  P ressure  R i s e  R a t e  

F i g u r e  10. 



L i n e a r  P r e s s u r e  F a l l  Rate 

PFL j 

Figure 11. 

Linear Pressure Rise Kate 

x 7 

F i g u r e  12. 



where Hi  and G i ,  ( i = 1 , 5 ) ,  a r e  t h e  c o n s t a n t  c o e f f i -  

c i e n t s  of  each t e rm,  and v and w k ,  ( j = 1 , 5 ;  k = 4 , 5 ) ,  
j 

a r e  v a r i a b l e s / p a r a m e t e r s  a v a i l a b l e  i n  t h e  u s e r  

d i c t i o n a r y ,  A s i m i l a r  s e t  of  e q u a t i o n s  d e f i n e  E 
3 

and E f o r  t h e  l i n e a r  p r e s s u r e  r a t e s .  PFE1, PFE2, e t c . ,  

denote  t h e  s p e c i f i c  r a t e  v a l u e s .  

SPECIAL OPTIONS 

Four s p e c i a l  o p t i o n s  have been i n c l u d e d  i n  t h e  

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

f e a t u r e s  d i s p l a y e d  i n  some a c t u a l  a n t i l o c k  systems 

whi l e  a l s o  p r o v i d i n g  i n c r e a s e d  programming f l e x i b i l i t y .  

The f o u r  o p t i o n s  r e f e r r e d  t o  a r e :  

1) T r e a d l e  o r  Demanded P r e s s u r e  Modulat ion 

2) Pulse-Width-Modulated Square Wave 

3) One-Shots 

4 )  General  Purpose Counter 

TREADLE PRESSURE MODULATION/PROGRAMMING 

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

i n t e r r u p t i o n ,  and many under a n t i l o c k  c y c l i n g ,  f o l l o w  

o r  a r e  l i m i t e d  above by t h e  t r e a d l e  p r e s s u r e  a p p l i -  

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

z e r o  p r e s s u r e  when t r e a d l e  p r e s s u r e  i s  dec reased  o r  

removed. However, i n  some v a l v e s ,  d u r i n g  a n t i l o c k  

c y c l i n g ,  p r e s s u r e  may r i s e  t o  some l i m i t i n g  p r e s s u r e  

l e s s  t h a n  t r e a d l e  and /o r  f a l l  t o  some p r e s s u r e  g r e a t e r  

than  z e r o .  Such t r e a d l e  modula t ion  o r  programming o f  

demanded p r e s s u r e  i s  a f e a t u r e  which i s  a l l o w e d ' f o r  

under t h i s  o p t i o n .  



PULSE-WIDTH MODULATED SQUARE WAVE 

A t ime ,  o r  p u l s e - w i d t h ,  modulated squa re  wave i s  

p rov ided  as an o p t i o n  f o r  g e n e r a l  u s e .  This  o p t i o n  

was mot iva ted  by a  p a r t i c u l a r  a n t i l o c k  system known t o  

p o s s e s s  such a  f e a t u r e  f o r  purposes of  t r e a d l e  p r e s s u r e  

modula t ion .  The squa re  wave gene ra ted  under  t h i s  

o p t i o n  can be used i n  any p o r t i o n  of  t h e  program and 

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

SQUARE. F igure  13  i l l u s t r a t e s  t h e  parameter  and 

v a r i a b l e  r e l a t i o n s h i p s  which d e f i n e  t h e  squa re  wave. 

The p e r i o d  of  t h e  squa re  wave, PERIOD, i s  c o n s t a n t .  

The amount of  t ime modula t ion ,  r e p r e s e n t e d  by TMOD,  may 

be v a r i a b l e  and programmable. This  i s  accomplished i n  

t h e  program by a l lowing  t h e  r a t i o ,  TMOD/PERIOD, t o  be 

a  t a b u l a r  f u n c t i o n  of a v a r i a b l e ,  c 5 ,  as shown i n  

F igure  1 4 .  c 5  i s  d e f i n e d  as a  g e n e r a l  form e x p r e s s i o n :  

where 

PWi , ( i = l S )  a r e  c o n s t a n t  c o e f f i c i e n t s  f o r  

each t e rm,  The a d a p t i v e  c o e f f i c i e n t  f e a t u r e  

i s  p rov ided  f o r  t h e s e  c o e f f i c i e n t s .  

v i ,  wk , ( i = l , S ;  k=4,5)  a r e  v a r i a b l e s / p a r a m e t e r s  
s e l e c t e d  from t h e  u s e r  d i c t i o n a r y .  

Note t h a t  t h e  FZi va lues  i n  t h e  mD TMoD t a b l e  

should  n o t  be g r e a t e r  than  1 . 0  o r  l e s s  than  0 . 0 .  Values 

of 1 . 0  i d e a l l y  s i g n i f y  100% modula t ion;  va lues  o f  0 . 0 ,  

no modula t ion .  ( I n  a c t u a l i t y ,  t h e  degree o f  modulat ion 

a t t a i n a b l e  depends on t h e  s i m u l a t i o n  t ime s t e p  and t h e  

p e r i o d  chosen f o r  t h e  squa re  wave.) 







ONE -SHOTS 

Three  programmable o n e - s h o t s  a r e  p r o v i d e d  u n d e r  

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

p u r p o s e s .  Two common u s e s  would b e :  ( 1 )  t ime  d e l a y  

e f f e c t s  and  ( 2 )  a s  a u x i l i a r y  b i n a r y  v a r i a b l e s  f o r  u s e  

i n  any g e n e r a l  pu rpose  e x p r e s s i o n s .  The t h r e e  o n e -  

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

t h e  n u m e r i c a l  v a l u e  o f  1 . 0  o r  0 . 0 .  These  a r e  a v a i l a b l e  

i n  t h e  u s e r  d i c t i o n a r y  unde r  t h e  names FOS1, FOS2, and 

FOS3. 

The o n e - s h o t s  u s e d  i n  t h e  program o p e r a t e  a c c o r d i n g  

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

( i n e q u a l i t y )  changes  from n e g a t i v e  - t o  p o s i t i v e ,  t h e  

o n e - s h o t  w i l l  change i t s  v a l u e  from 0 .0  t o  1 . 0  f o r  a 

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

t o  0  . O .  Dur ing a  o n e - s h o t  f i r i n g  ( 1 . 0  v a l u e )  , t h e  

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

f i r i n g s  f rom t h i s  s t a t e .  The o n e - s h o t  i s  r e s e t  f o r  

a n o t h e r  f i r i n g  by two o c c u r r e n c e s :  (1) t h e  t ime  d u r a -  

t i o n  o f  t h e  p r e s e n t  o n e - s h o t  f i r i n g  h a s  been  exceeded ,  

f o l l o w e d  by o r  c o n c u r r e n t  w i t h ,  ( 2 )  t h e  t r i g g e r  

c o n d i t i o n  b e i n g  n e g a t i v e .  A t r i g g e r  c o n d i t i o n  v a l u e  

o f  0 . 0  i s  i n t e r p r e t e d  by t h e  program a s  p o s i t i v e .  S e e  

F i g u r e  1 5 .  

The t r i g g e r  c o n d i t i o n  i s  d e f i n e d  by t h e  g e n e r a l  

form e x p r e s s i o n :  

where 

OSi, ( i = 1 , 5 )  a r e  c o n s t a n t  c o e f f i c i e n t s  f o r  

e ach  t e rm  and p o s s e s s  t h e  a d a p t i v e  c o e f f i c i e n t  

f e a t u r e .  



Trigger Condition 

Figure 15. One-Shot Operation 



v i ,  wk , ( i = 1 , 5 ;  k=4 ,5 )  a r e  v a r i a b l e s / p a r a m e t e r s  

from t h e  u s e r  d i c t i o n a r y .  

Each o n e - s h o t  t r i g g e r  i s  programmable by a  g e n e r a l  

form e x p r e s s i o n  as shown above .  The o n e - s h o t  t ime  

d u r a t i o n s  a r e  deno t ed  a s  TOS1, TOS2, and TOS3 and a r e  

r e q u i r e d  a s  i n p u t  f o r  each  o n e - s h o t  u s e d .  

GENERAL- PURPOSE COUNTER 

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

sequence  by i n c r e m e n t i n g  a  c o u n t e r  by 1 e v e r y  d i g i t a l  

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

g r e a t e r  t h a n  o r  e q u a l  t o  0. The v a r i a b l e  c o n t a i n i n g  

t h e  count  i s  c a l l e d  GPCNT and i s  i n  t h e  u s e r  d i c t i o n a r y  

w i t h  t h e  I .D. code 4 4 .  The g e n e r a l  form e x p r e s s i o n  i s  

g i v e n  by 

where 

GPi , ( i = 1 , 5 )  a r e  c o n s t a n t  c o e f f i c i e n t s  f o r  

e ach  t e rm  and can b e  a d a p t i v e .  

vi  ,wk , ( i = 1 , 5  ; k = 4 , 5 )  a r e  v a r i a b l e s / p a r a m e t e r s  

from t h e  u s e r  d i c t i o n a r y .  

I f  t h e  above i n e q u a l i t y  i s  s a t i s f i e d ,  t h e  GPCNT 

coun t  i s  i nc r emen ted  each  t i m e  s t e p .  I f  o n l y  a  one -- 
c o u n t  i n c r e m e n t  i s  d e s i r e d  whenever  a  p a r t i c u l a r  

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

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

t ime  s t e p ,  w i t h  t h e  g e n e r a l  pu rpose  c o u n t e r  i n c r e m e n t i n g  

i t s e l f  e v e r y  o n e - s h o t  f i r i n g .  



The above d i s c u s s i o n  a p p l i e s  whenever t h e  l o g i c  

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

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

s p e c i f i e s  a  l a r g e r  l o g i c  s amp l ing  p e r i o d  ( s l o w e r  

sampl ing  r a t e ) ,  t h e n  t h e  g e n e r a l - p u r p o s e  c o u n t e r  w i l l  

be i nc r emen ted  o n l y  each  l o g i c  s amp l ing  p e r i o d .  

LABORATORY - S  IMULATION RESULTS 

The f l e x i b i l i t y  o f  t h e  a n t i l o c k  program i s  

demons t r a t ed  i n  t h e  f o l l o w i n g  s e c t i o n  which c o n t a i n s  

b o t h  l a b o r a t o r y  a n t i l o c k  sys t em t e s t  r e s u l t s  and  

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

t e r i s t i c s  which a r e  e x h i b i t e d  i n  t h e  l a b o r a t o r y  t e s t  

r e s u l t s  a r e  r ep roduced  u s i n g  t h e  a n t i l o c k  program.  

L a b o r a t o r y  t e s t  d a t a  f o r  t h r e e  d i f f e r e n t  t y p e s  

o f  a n t i l o c k  b r a k i n g  sys t ems  was g a t h e r e d  by means o f  

t h e  a r rangement  o u t l i n e d  i n  F i g u r e  1 6 .  L e f t  and r i g h t  

wheel  dynamics f o r  one a x l e  were  s i m u l a t e d  on an a n a l o g  

computer  s u p p l y i n g  a  p a i r  of  wheel  s p e e d  s i g n a l s  t o  a  

t r u c k ' s  a n t i l o c k  l o g i c  module .  A p r e s s u r e  t r a n s d u c e r ,  

i n s t a l l e d  on t h e  t r u c k ' s  c o r r e s p o n d i n g  b r a k e  chamber,  

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

p r e s s u r e  back t o  t h e  a n a l o g  computer ,  c l o s i n g  t h e  l o o p .  

During a  t y p i c a l  t e s t ,  an o p e r a t o r  s t a t i o n e d  i n  t h e  

t r u c k ' s  cab would f u l l y  d e p r e s s  t h e  a i r  b r a k e  s o  a s  t o  

s i m u l a t e  a  p a n i c  s t o p  t h e r e b y  c y c l i n g  t h e  t r u c k ' s  a n t i -  

l o c k  s y s t e m .  During each  t e s t ,  b r u s h  r e c o r d i n g s  were  

made o f  wheel  s p e e d ,  wheel  a c c e l e r a t i o n ,  b r a k e  p r e s s u r e ,  

and t i r e  f o r c e .  

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

a r e  f o r  t h e  f r o n t  tandem a x l e  o f  a  3 - a x l e  s t r a i g h t  





t r u c k  loaded  t o  44,000 l b s .  The loaded  t r u c k  had a  

62" c . g .  h e i g h t  and 165" wheelbase .  

F i g u r e  1 7  shows a  b rake  p r e s s u r e  and wheel s l i p  

t ime h i s t o r y  l a b o r a t o r y  t e s t  r e s u l t  f o r  System #1. 

The c y c l i n g  f requency i s  about  4 H z  w i t h  minimum s l i p  

v a l u e s  of  about  1 0 % .  
lip 

and u s  a r e  t h e  peak and locked 

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

i n t e r f a c e .  Gb i s  t h e  b r a k e  g a i n  f a c t o r  f o r  t h e  

s i m u l a t e d  l i n e a r  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  ( ana log  

computer) . 
Figure  18  shows t h e  d i g i t a l  s i m u l a t i o n  r e s u l t  f o r  

very s i m i l a r  road  and l o a d  c o n d i t i o n s .  The p r e s s u r e  

and wheel s l i p  c h a r a c t e r i s t i c s  a r e  i n  ve ry  good 

agreement w i t h  t h e  l a b o r a t o r y  r e s u l t  f o r  t h i s  c a s e .  

F igure  19 shows t h e  l a b o r a t o r y  r e s u l t  f o r  System 

# 2  which e x h i b i t s  a  more compl i ca ted  v a l v e  c h a r a c -  

t e r i s t i c .  The p r e s s u r e  r i s e  c o n t a i n s  a  knee o r  b r e a k -  

p o i n t  which s e p a r a t e s  an e x p o n e n t i a l - l i k e  c h a r a c -  

t e r i s t i c  from a  slow l i n e a r - l i k e  c h a r a c t e r i s t i c .  In 

a d d i t i o n ,  a  c e r t a i n  amount o f  o n e - s h o t  a c t i v i t y  t a k e s  

p l a c e  i n  t h e  va lve  r e p r e s e n t e d  by t h e  s m a l l  p r e s s u r e  

r e l e a s e s  o c c u r r i n g  w i t h i n  t h e  f i r s t  2 s econds .  

F igure  2 0  shows a  s i m u l a t i o n  r e s u l t  w i t h  f e a t u r e s  

ve ry  s i m i l a r  t o  t h o s e  shown i n  F igure  1 9 .  Even though 

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

f o r  t h e  l a b  r e s u l t ,  t h e  b a s i c  p r e s s u r e  t r a c e  and 

wheel s l i p  c h a r a c t e r i s t i c s  a r e  reproduced r a t h e r  w e l l .  

F igure  2 1  demonst ra tes  t h e  way i n  which t h e  v a l v e  

mechanism f o r  System # 2  was s i m u l a t e d .  A p r e s s u r e  
b l e e d  o r  t ime ramp from t h e  maximum p r e s s u r e  i n  t h e  

p r e v i o u s  c y c l e  (shown as  t h e  dashed l i n e )  de termined 

t h e  knee o r  b r e a k p o i n t  f o r  t h e  p r e s s u r e  r i s e .  P r e s s u r e  













r a t e s  below t h i s  t ime ramp were d e f i n e d  a s  e x p o n e n t i a l  

i n  n a t u r e ;  t h o s e  above were l i n e a r .  

The l a b o r a t o r y  t e s t  f o r  System #3 i s  shown i n  

F igure  2 2 .  This  i s  a  d i g i t a l  sys tem u s i n g  a  p u l s e -  

wid th  modulated squa re  wave f o r  p r e s s u r e  modula t ion .  

The c y c l i n g  i n  t h e  f i r s t  second i s  f a i r l y  r a p i d  and 

i s  g r a d u a l l y  reduced  t o  about  2 H z  f o r  subsequent  

c y c l e s .  Note a l s o  t h e  l e v e l  t o  which p r e s s u r e  r i s e s  

i n  t h e  f i r s t  few c y c l e s  i s  g r a d u a l l y  dec reased  t o  a  

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

F igure  2 3  shows a  d i g i t a l  s i m u l a t i o n  r e s u l t  f o r  

t h i s  t y p e  of  sys tem.  The i n i t i a l  r a p i d  c y c l i n g  and 

g r a d u a l  r e d u c t i o n  i n  c y c l i n g  f requency t o  demanded 

p r e s s u r e  l e v e l  i s  s i m u l a t e d  r a t h e r  w e l l .  The s i m u l a -  

t i o n  used  t h e  maximum p r e s s u r e  achieved  i n  t h e  l a s t  

c y c l e  a s  means o f  modulat ing t h e  demanded p r e s s u r e  f o r  

subsequen t  c y c l e s .  

F igures  2 4  and 2 5  do n o t  r e p r e s e n t  any p a r t i c u l a r  

a n t i l o c k  sys t em,  b u t  a r e  i n c l u d e d  t o  demonst ra te  t h e  

type  of  r e s u l t s  p o s s i b l y  ach ieved  us ing  a  cont inuous  

c o n t r o l .  F igure  2 4  shows t h e  r e s u l t s  f o r  a  p r o p o r t i o n a l  

c o n t r o l l e r  wherein t h e  d i f f e r e n c e  between demanded 

b rake  p r e s s u r e ,  P d ,  and t h e  p r e s e n t  b rake  p r e s s u r e ,  P ,  

i s  modulated i n  d i r e c t  p r o p o r t i o n  t o  t h e  e r r o r  between 

t h e  wheel s l i p  and a  r e f e r e n c e  v a l u e  of 2 0 % .  The 

re sponse  i s  somewhat l i k e  a  l i g h t l y  damped second-o rde r  

sys tem f o r  t h e  s e l e c t e d  v a l u e  of K .  

F igu re  2 5  i s  f o r  t h e  same c o n t r o l  scheme b u t  now 

wi th  r a t e  c o n t r o l ,  r e p r e s e n t e d  by t h e  L ( ;  + 4 0 . )  t e rm,  

added.  The i n c r e a s e d  damping, due t o  t h e  r a t e  c o n t r o l ,  

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

f i r s t  second.  
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CONCLUSION 

The g e n e r a l - p u r p o s e  a n t i l o c k  s i m u l a t i o n  d i s c u s s e d  

i n  t h i s  p a p e r  has  been shown t o  be a  f l e x i b l e  t o o l  f o r  

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

e x h i b i t e d  by many a n t i l o c k  s y s t e m s .  The l a b o r a t o r y  

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

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

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

s y s t e m s .  
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INTRODUCTION 

The Kenworth and P e t e r b i l t  D i v i s o n s  o f  PACCAR I n c .  

manufac tu re  o v e r  1 4 %  o f  t h e  C l a s s  8 and above t r u c k s  each  

y e a r .  During t h e  p a s t  3 y e a r s ,  a comprehensive  t e s t  and 

development  program h a s  been  implemented a t  t h e  C o r p o r a t e  

Truck RGD C e n t e r  i n  Renton ,  Washington t o  deve lop  and 

c e r t i f y  t h e s e  v e h i c l e s  i n  acco rdance  w i t h  t h e  r e q u i r e m e n t s  

o f  FMVSS No. 1 2 1 .  The o b j e c t  o f  t h e  f o l l o w i n g  p r e s e n t a t i o n  

i s  t o  show some o f  t h e  d a t a  we have  g a t h e r e d  i n  t h e  c o u r s e  

o f  t h i s  p rogram.  We t h i n k  t h a t  we a r e  b e g i n n i n g  t o  u n d e r -  

s t a n d  some o f  t h e  t h i n g s  t h a t  t a k e  p l a c e  i n  t h e  

p r e v i o u s l y  u n e x p l o r e d  w o r l d  o f  a n t i - l o c k  sys t ems  and h i g h  

t o r q u e  b r a k e s .  

I n  many i n s t a n c e s ,  we have  found  t h a t  t h e  p r e d i c t i o n s  

and d e s i g n  g u i d e l i n e s  o f  " c l a s s i c a l "  b r a k e  t h e o r y  do n o t  

h o l d  t r u e  when a n t i - l o c k  sys t ems  and h i g h  t o r q u e  b r a k e s  a r e  

u s e d .  Such e f f e c t s  a s  i n c r e a s i n g  b r a k e  t o r q u e  a n d / o r  

s p e e d i n g  up a i r  t i m i n g  can r e s u l t  i n  l o n g e r  s t o p p i n g  d i s t -  

ances  and w i l l  be  d i s c u s s e d  i n  t h i s  p r e s e n t a t i o n .  FMVSS 

1 2 1  a s  c u r r e n t l y  i n  e f f e c t ,  does  n o t  make p r o p e r  a l l owance  

f o r  e f f e c t s  s u c h  a s  t h e s e .  For  t h i s  r e a s o n ,  among o t h e r s ,  

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

pe r fo rmance  r e q u i r e m e n t s  as p r e s e n t l y  w r i t t e n .  

We have  made 1286 t e s t  s t o p s  on ' 1 2 1 '  equ ipped  v e h i c l e s  

t o  d a t e  and  a r e  j u s t  b e g i n n i n g  t o  u n d e r s t a n d  t h e  d a t a  we have  

g a t h e r e d .  Our p r imary  c o n c l u s i o n  i s  t h a t  c o n s i s t e n t  com- 

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

ments o f  t h e  S t a n d a r d  i s  dependent  upon f a c t o r s  beyond o u r  

c o n t r o l .  A d d i t i o n a l l y ,  we a r e  h i g h l y  conce rned  w i t h  t h e  

f a c t  t h a t  a  F e d e r a l l y  mandated d e a d l i n e  h a s  l e f t  one ma jo r  

q u e s t i o n  unanswered .  How w i l l  heavy t r u c k s  w i t h  b o t h  more 

power fu l  b r a k e s  and a n t i - l o c k  sys tems  pe r fo rm o u t s i d e  o f  a  

h i g h l y  c o n t r i v e d  and a r t i f i c i a l  t e s t  env i ronmen t?  Here  



a r e  some o f  o u r  t e s t  r e s u l t s  and o u r  i n t e r p r e t a t i o n  o f  them. 

VEHICLE TEST IIESIJLTS 

F igure  1 i l l u s t r a t e s  some t y p i c a l  r e s u l t s  o f  one of  

o u r  s t o p p i n g  d i s t a n c e  t e s t s  f o r  FMVSS 1 2 1 .  There a r e  

two major  f a c t o r s  which show up i n  t h e s e  r e s u l t s .  The 

f i r s t  i s  t h a t  t h e  unladen  v e h i c l e  s t o p s  i n  about  80% o f  

t h e  d i s t a n c e  t r a v e l e d  by t h e  same v e h i c l e  i n  a  l aden  con- 

f i g u r a t i o n .  Brake t o r q u e s  were such t h a t  t h e  a n t i - l o c k  

systems were c y c l i n g  i n  t h e  l a d e n  c o n f i g u r a t i o n  and t h e  

cause  o f  t h i s  r e s u l t  must l i e  i n  some o t h e r  f a c t o r ( s ) .  

Note t h a t  t h e  d a t a  a r e  p r e s e n t e d  on l o g - l o g  c o o r d i n a t e s .  

This  was done t o  make l i n e a r  t h e  expec ted  s q u a r e  law 

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

This  b r i n g s  us t o  t h e  second major  e f f e c t  shown by t h i s  

d a t a .  This  i s  t h e  f a c t  t h a t  t h e  d a t a  does n o t  f o l l o w  

t h e  squa re  law r e l a t i o n s h i p  and t h a t  t h e r e  i s  a  

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

convergence between t h e  a c t u a l  d a t a  and t h e  r equ i remen t s  

o f  ' 1 2 1 '  ( squa re  law) a t  t h e  h i g h e r  speeds  i l l u s t r a t e s  

t h i s  v e r y  impor tan t  p o i n t .  F igure  2 shows s i m i l a r  r e s u l t s  

from t e s t s  on a  s h o r t  4 x  2 s t r a i g h t  t r u c k .  These e f f e c t s  

a r e  g e n e r a l  ones and we have n o t  found them t o  be  ve ry  

s e n s i t i v e  t o  v e h i c l e  c o n f i g u r a t i o n .  The nex t  l o g i c a l  

q u e s t i o n  i s ;  What i s  t h e  cause  of  t h e s e  e f f e c t s ?  

F igure  3 i l l u s t r a t e s  t h e  g e n e r a l  t r a c t i o n  c h a r a c t e r -  

i s t i c s  o f  a  heavy t r u c k  t i r e .  Th i s  d a t a  p rov ides  an 

e x p l a n a t i o n  f o r  t h e  unexpected  e f f e c t s  seen  i n  t h e  above 

r e s u l t s .  F igure  3A shows a  t y p i c a l  t r u c k  t i r e  u - s l i p  

c u r v e .  Once a  b rake  has  r e t a r d e d  a  wheel t o  t h e  peak o f  

t h i s  c u r v e ,  t h e  wheel d e c e l e r a t e s  i n t o  lockup.  The r e t a r d -  

i n g  f o r c e  a t  t h e  road  s u r f a c e  i n  t h i s  r e g i o n  i s  comple te ly  
dependent  on t h e  a c t i o n  o f  t h e  a n t i - l o c k  sys tem and i t s  
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c o n t r o l  o f  s l i p  between peak and f u l l  l o c k .  The t i r e  

c h a r a c t e r i s t i c s  shown i n  3A a r e  n o t  s t a t i c .  They have 

been  found t o  be s i g n i f i c a n t l y  dependent  on b o t h  speed  and 

t i r e  l o a d .  These  e f f e c t s  a r e  shown i n  3B and 3C r e s p e c t i v e l y .  

These  two e f f e c t s  e x p l a i n  t h e  e f f e c t s  s e e n  i n  t h e  

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

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

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

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

i n  s t o p p i n g  d i s t a n c e  a t  h i g h e r  s p e e d s .  T h i s  form o f  t i r e  

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

An e x c e l l e n t  p r e s e n t a t i o n  o f  t h i s  t y p e  o f  i n f o r m a t i o n  on 

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

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

S a f e t y  Research  I n s t i t u t e ,  (1)  

F i g u r e  4 i l l u s t r a t e s  a n o t h e r  v e r y  s i g n i f i c a n t  e f f e c t  

o b s e r v e d  d u r i n g  t h e  t e s t i n g  o f  FhWSS 1 2 1  equ ipped  v e h i c l e s .  

The e f f e c t  shown i s  t h a t  o f  s c a t t e r .  Some s c a t t e r  i s  t o  

be e x p e c t e d  i n  any p h y s i c a l  expe r imen t  and v e h i c l e  s t o p p i n g  

d i s t a n c e  t e s t s  a r e  no e x c e p t i o n .  The most i m p o r t a n t  p o i n t  

i l l u s t r a t e d  i n  F i g u r e  4 i s  t h e  f a c t  t h a t  t h e  s c a t t e r  i n  

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

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

s p e e d ,  i t  would b e  a  c o n s t a n t  p e r c e n t a g e  e f f e c t ,  Th i s  would 

show up a s  a  s c a t t e r  band o f  c o n s t a n t  w i d t h  on t h e  l o g - l o g  

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

r e s u l t s  shown. The s c a t t e r  becomes f a r  more s e v e r e  a t  t h e  

h i g h e r  t e s t  s p e e d s .  

F i g u r e s  5  and 6 a r e  a n o t h e r  p r e s e n t a t i o n  o f  t h e  s c a t -  

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

4 x  2 s t r a i g h t  t r u c k .  F i g u r e  5 i s  f o r  t e s t s  a t  a  CG/wheelbase 

r a t i o  o f  - 3 6  and F i g u r e  6 i s  f o r  a  r a t i o  o f  - 4 2 .  The d a t a  

i s  shown p l o t t e d  on Normal P r o b a b i l i t y  c o o r d i n a t e s  and a  

(1 )  R . D .  E r v i n ,  C . C .  MacAdam, P.S.  Fanche r ;  The L o n g i t u d i n a l  
T r a c t i o n  C h a r a c t e r i s t i c s  o f  Truck T i r e s  a s  Measured on Dry 
Pavements ;  H . S . R . I . ,  U n i v e r s i t y  o f  Mich igan ,  Feb.  1975 .  
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s i n g l e  s t r a i g h t  l i n e  r e l a t i o n s h i p  would r e p r e s e n t  a  Normal 

D i s t r i b u t i o n  o f  r e s u l t s .  Some sample s i z e s  a r e  minimal 

i n  t h e s e  f i g u r e s  b u t  do i l l u s t r a t e  t h e  t r e n d s  i n  t h e  s c a t t e r .  

With r e f e r e n c e  t o  F igure  5 ,  which i s  a  l a r g e r  sample ,  t h e r e  

appea r  t o  be two normal ly  d i s t r i b u t e d  v a r i a b l e s  a f f e c t -  

i n g  t h e  r e s u l t s  i n  a  s i g n i f i c a n t  manner. The sample s i z e  

i s  t o o  s m a l l  t o  be ve ry  s u r e  o f  any th ing  b u t  t h e  same 'two 

d i s t r i b u t i o n 1  e f f e c t  seems t o  be p r e s e n t .  F igures  7 and 8 

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

s t o p s  shown i n  F igure  6 .  The s t r i p  c h a r t  r eco rds  show 

t h e  v a r i a t i o n s  i n  p r e s s u r e  on t h e  f r o n t  and r e a r  a x l e s  d u r i n g  

t h e s e  s t o p s  and a r e  a  d i r e c t  i n d i c a t i o n  of  t h e  a n t i - l o c k  

sys tem a c t i v i t y  du r ing  each r u n .  D i s t ances  a r e  shown f o r  

each run and a  d i r e c t  r e l a t i o n s h i p  between a n t i - l o c k  

a c t i v i t y  and i n c r e a s e d  s t o p p i n g  d i s t a n c e  i s  c l e a r l y  shown. 

The t e s t  c o n d i t i o n s  under  which t h e s e  s t o p s  were made 

( s e q u e n t i a l l y )  i n c l u d e d ;  f u l l  t r e a d l e  ' p a n i c '  a p p l i c a t i o n ,  

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

a i r  p r e s s u r e .  Based on t h i s  d a t a ,  and much more j u s t  l i k e  

i t ,  we have concluded t h a t  when u s i n g  b rakes  wi th  s u f f i c i e n t  

t o r q u e  t o  c y c l e  t h e  a n t i - l o c k  systems on a l l  a x l e s  o f  a 

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

o n l y  two pr imary  v a r i a b l e s  - - t i r e -  t o - r o a d  f r i c t i o n  and t h e  

a n t i - l o c k  s y s t e m ' s  c a p a b i l i t y  i n  u t i l i z i n g  t h e  peak f r i c t i o n  

f o r c e  a v a i l a b l e .  Having e s t a b l i s h e d  t h e  f a c t  t h a t  t h e  

a n t i - l o c k  sys tem i s  one o f  t h e  pr imary  v a r i a b l e s  governing 

t h e  s t o p p i n g  d i s t a n c e  under  t h e s e  c o n d i t i o n s ,  a n o t h e r  

answer becomes a p p a r e n t .  The double d i s t r i b u t i o n  o f  t h e  

s c a t t e r  shown i n  F igures  5 and 6 i s  probably  r e l a t e d  t o  

t h e  v a r i a b l e  e f f e c t s  of  t h e  two i n d i v i d u a l  a x l e s  and t h e  

performance o f  t h e i r  a s s o c i a t e d  a n t i - l o c k  modu la to r s .  

F igure  9 shows t h e  s c a t t e r  i n  r e s u l t s  f o r  a  s h o r t  
wheelbase 6 x 4 s t r a i g h t  t r u c k .  Once a g a i n ,  t h e  sample 

s i z e  i s  s m a l l ,  b u t  some i n t e r e s t i n g  t r e n d s  a r e  a p p a r e n t .  
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The "S1 '  format  o f  t h e  d a t a  p o i n t s  s u p p o r t s  t h e  p rev ious  

s u s p i c i o n  t h a t  t h e  s c a t t e r  i s  s t r o n g l y  dependent upon t h e  

a n t i - l o c k  a c t i v i t y  on t h e  i n d i v i d u a l  a x l e s  o f  t h e  v e h i c l e .  

An "S" shaped d i s t r i b u t i o n  i s  a  common r e s u l t  o f  combining 

t h e  random e f f e c t s  o f  t h r e e  independent  f a c t o r s ,  i n  t h i s  

c a s e ,  t h r e e  a x l e s .  The 258 f o o t  i n t e r i m  d i s t a n c e  

requi rement  of  ' 1 2 1 '  and t h e  "1 ou t  of  6" (16 .7%)  compli-  

ance l e v e l  a r e  shown f o r  r e f e r e n c e  purposes .  I t  i s  impor- 

t a n t  t o  n o t e  a t  t h i s  p o i n t  t h a t ,  if t h e  5 %  and 9 5 %  

conf idence  bands were p l o t t e d  f o r  t h e  r e q u i r e d  sample 

s i z e  o f  6 ,  t h e  1 o u t  of  6 q u a l i f i c a t i o n  requi rement  would 

be p r o p e r l y  shown t o  be a  v e r y  unsound b a s i s  f o r  e s t a b l i s h -  

i n g  t h e  performance c a p a b i l i t y  of  t h e  v e h i c l e .  F igure  10 

shows t h e  r e s u l t s  f o r  t h i s  same v e h i c l e  a t  a  h i g h e r  CG/WB 

r a t i o  and i n d i c a t e s  a  2 f o o t  i n c r e a s e  i n  mean d i s t a n c e  

and about  t h e  same s c a t t e r .  This d a t a ,  a long wi th  much 

more t h a t  we have o b t a i n e d ,  i n d i c a t e s  t h a t  when v e h i c l e  

performance i s  governed by road  f r i c t i o n  and a n t i - l o c k  

f a c t o r s ,  CG/WB has  minimal e f f e c t  on s topp ing  d i s t a n c e .  

F igure  11 i s  a  s i m i l a r  p r e s e n t a t i o n  f o r  a  t r a c t o r -  

t r a i l e r  c o n f i g u r a t i o n .  The v e h i c l e  i n  t h i s  case  i s  a  s h o r t  

6  x  4 w i t h  a  4 0 '  f l a t b e d  t r a i l e r .  We have found t h a t ,  i n  

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

t r a i l e r s  i s  somewhat b e t t e r  than t h a t  o f  s t r a i g h t  t r u c k  

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

a x l e  combinat ions due t o  t h e  "averaging" e f f e c t  of  t h e  

l a r g e r  number o f  a c t i v e  a n t i - l o c k  systems on t h e  o v e r a l l  

v e h i c l e .  This t e s t ,  a long w i t h  some o t h e r s  we have r u n ,  

shows a  tendency f o r  t h e  d i s t a n c e  t o  approach some " u l t i -  

mate va lue"  f o r  each v e h i c l e .  I n  t h i s  c a s e ,  i t  i s  about  

255 f e e t .  This  appears  t o  be  due t o  t h e  f a c t  t h a t  t h e  

b rake  s i z e s  and l o a d s  on t h e  v e h i c l e  l i m i t  t h e  a n t i - l o c k  

a c t i v i t y  on each a x l e  t o  some maximum amount. This r e p r e -  

s e n t s  a  wors t  case  c o n d i t i o n  f o r  t h i s  v e h i c l e  and c o r r e l a t e s  
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w i t h  t h e  maximum e x p e c t e d  s t o p p i n g  d i s t a n c e .  The a n t i - l o c k  

sys t em on each  a x l e  d rops  o u t  of t h e  p i c t u r e  and s t o p s  

c y c l i n g  when a  b r a k e  becomes t o r q u e  l i m i t e d  due t o  a  

combina t ion  o f  a i r  p r e s s u r e  r e d u c t i o n ,  b r a k e  f a d e ,  and t i r e -  

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

ANTI - LOCK SYSTEM PERFORMANCE 

Once we had  de t e rmined  t h a t  t h e  a n t i  - l o c k  sys t em on a  

v e h i c l e  was a  ma jo r  v a r i a b l e  gove rn ing  s t o p p i n g  d i s t a n c e ,  

we i n i t i a t e d  a  s e r i e s  o f  t e s t s  t o  compare t h e  e f f e c t i v e n e s s  

o f  t h e s e  s y s t e m s ,  One such  group o f  t e s t s  was run  on t h e  

ana log  v e h i c l e  s i m u l a t i o n  a t  Rockwell I n t e r n a t i o n a l ' s  

A u t o n e t i c s  D i v i s i o n  i n  Anaheim, C a l i f o r n i a ,  Th is  s i m u l a t i o n  

u t i l i z e s  an ana log  computer i n  c o n j u n c t i o n  w i t h  a  dummy a x l e  

equ ipped  w i t h  an a i r  r e s e r v o i r ,  b r a k e  chambers ,  and t h e  a n t i -  

l o c k  l o g i c  and v a l v e  unde r  t e s t s .  

F i g u r e  1 2  i s  an i l l u s t r a t i o n  o f  some r e s u l t s  o f  t h e s e  

t e s t s .  Four d i f f e r e n t  sys tems  a r e  shown under  s i x  d i f f e r e n t  

c o n d i t i o n s .  The b r a k e  t o r q u e  s i m u l a t e d  f o r  t h e s e  runs  was 

a t  a  l e v e l  which e n s u r e d  c y c l i n g  o f  each  sys t em f o r  t h e  

e n t i r e  d u r a t i o n  o f  each  s t o p .  A l l  d a t a  shown r e p r e s e n t s  

a  f r o n t  a x l e  s i m u l a t i o n .  Average d e c e l e r a t i o n  was measured 

f o r  e ach  s t o p  and t h e  ave rage  r e t a r d i n g  f o r c e  d e l i v e r e d  by  

each  sys t em computed on t h i s  b a s i s .  The d a t a  i s  p r e s e n t e d  

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

i . e .  , peak u .  The v a l u e  o f  r e t a r d i n g  f o r c e  c o r r e s p o n d i n g  

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

On t h e  h i g h e r  c o e f f i c i e n t  s u r f a c e ,  t h e  f o u r  sys tems  a r e  s e e n  
t o  d e l i v e r  s i g n i f i c a n t l y  d i f f e r e n t  l e v e l s  o f  r e t a r d i n g  f o r c e  

and t h e  per formance  o f  t h e  sys tems  r e l a t i v e  t o  each  o t h e r  i s  

n o t  a s i g n i f i c a n t  f u n c t i o n  o f  v e l o c i t y .  The r e l a t i v e  

per formance  o f  t h e  f o u r  sys tems  t e n d s  t o  become e q u a l  a s  

f r i c t i o n  c o e f f i c i e n t  i s  d e c r e a s e d  and t h e y  a l l  approach  t h e  
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l o c k e d  wheel  v a l u e  o f  r e t a r d i n g  f o r c e .  Th i s  i s  t o  b e  

e x p e c t e d  s i n c e  a l l  sy s t ems  t h a t  we have e v a l u a t e d  t h u s  f a r  

t e n d  t o  c o n t r o l  wheel s l i p  i n  a  deep wheel  s l i p  mode on low 

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

by F i g u r e  1 2  i s  t h a t  t h e  l a r g e s t  d i f f e r e n c e  i n  r e t a r d a t i o n  

e f f e c t i v e n e s s  o f  t h e  v a r i o u s  sy s t ems  i s  on t h e  h i g h  c o e f f i -  

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

F i g u r e  1 2 B  i l l u s t r a t e s  t h e  l a r g e  d i f f e r e n c e s  i n  a i r  

consumption found d u r i n g  t h e  r u n s  i n  1 2 A .  P r e s s u r e s  below 

50 p s i  become s i g n i f i c a n t  from t h e  s t a n d p o i n t  o f  s p r i n g  b r a k e  

a c t u a t i o n .  

F i g u r e  1 3  i s  a n o t h e r  i l l u s t r a t i o n  o f  t h e  a n t i - l o c k  p e r -  

formance d a t a  g a t h e r e d  on t h e  s i m u l a t o r .  Th is  f i g u r e  shows 

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

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

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

d i s t a n c e  r e l a t i o n s h i p  up t o  t h e  p o i n t  where t h e  b r a k e  ha s  

j u s t  enough o u t p u t  t o  l o c k  t h e  whee ls  unde r  t h e  dynamic l o a d  

p r e s e n t .  Th is  t o r q u e  l e v e l  was c a l c u l a t e d  f o r  t h e  v e h i c l e  

b e i n g  s i m u l a t e d  and i s  u s e d  a s  an " i d e a l "  t o r q u e  r e f e r e n c e  

f o r  p u r p o s e s  o f  comparing t h e  per formance  o f  t h e  v a r i o u s  

s y s t e m s .  In  t h e  absence  o f  an a n t i - l o c k  s y s t e m ,  b r a k e  t o r q u e s  

i n  e x c e s s  o f  t h e  100% " i d e a l "  c a u s e  t h e  whee l s  t o  exceed  

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

" s l i d e "  y a s  shown by t h e  dashed  l i n e .  A p e r f e c t  a n t i - l o c k  

sys t em would d e l i v e r  a  r e t a r d i n g  f o r c e  c o r r e s p o n d i n g  t o  t h a t  

p r o v i d e d  by t h e  "peak" p o f  t h e  s u r f a c e  a s  shown by t h e  

e x t e n s i o n  o f  t h e  s o l i d  l i n e  i n  t h e  o v e r t o r q u e d  r e g i o n .  From 

t h e  d a t a  shown, i t  i s  obv ious  t h a t ,  a l t h o u g h  none o f  t h o s e  

t e s t e d  a r e  p e r f e c t ,  some do p r o v i d e  a  s i g n i f i c a n t  g a i n  i n  

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

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

i n  F i g u r e  1 3 .  The f i r s t  i s  t h a t  a l l  sy s t ems  t e s t e d  showed 

l o s s e s  i n  r e t a r d a t i o n  e f f e c t i v e n e s s  w i t h  i n c r e a s i n g  o v e r t o r q u e ,  
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i . e . ,  o v e r  100% o f  " i d e a l . "  The second p o i n t  i s  r e l a t e d  t o  
t h e  f a c t  t h a t  a l l  systems t e s t e d  began c y c l i n g  a t  v a l u e s  of 

t o r q u e  l e s s  t h a n  t h e  " i d e a l "  peak t o r q u e .  This  occur s  f o r  

two pr imary  r e a s o n s .  The f i r s t  i s  t h e  f a c t  t h a t  t h i s  was a  

f r o n t  a x l e  s i m u l a t i o n  and t h e  p i t c h  i n e r t i a  c o n t r o l l e d  de lay  

i n  v e h i c l e  weight  t r a n s f e r  a l lowed t h e  r a p i d l y  e n e r g i z e d  

f r o n t  b rake  t o  lock  t h e  wheel b e f o r e  a  maximum dynamic l o a d  

c o n d i t i o n  cou ld  be e s t a b l i s h e d .  The second f a c t o r  i s  t h a t  

some systems a r e  r e l a t i v e l y  " s o f t "  and a r e  t r i g g e r e d  by 

lower v a l u e s  o f  wheel d e c e l e r a t i o n .  I n  t h e  c a s e  o f  t h e  two 

systems t h a t  r e s u l t e d  i n  t h e  l o n g e s t  d i s t a n c e s  shown, t h e  

c r i t i c a l  v a l u e  o f  d e c e l e r a t i o n  was exceeded b e f o r e  t h e  

wheels  had d e c e l e r a t e d  t o  t h e  2 0 %  s l i p  co r re spond ing  t o  t h e  

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

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

t h e  b r a k e s ,  wheel i n e r t i a ,  and t o  t h e  e f f e c t  o f  t h e s e  b a s i c  

v a r i a b l e s  on t h e  a n t i - l o c k  s e r v o  sys tem.  I n  o u r  s i m u l a t i o n  

work, we have dubbed t h i s  f a c t o r  "A/V" ( A n t i - l o c k  Veh ic l e )  

S e n s i t i v i t y .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  sys tem 

showing t h e  b e s t  performance d i d  s o  because  o f  a  ' f l u k e '  i n  

t h e  t e s t  c o n d i t i o n s  t h a t  minimized i t s  s e n s i t i v i t y .  A r e s t r i c -  

t i o n  i n  t h e  supp ly  l i n e  t o  t h e  modula tor  va lve  caused  t h e  

va lve  t o  "knee ove r"  t h e  a i r  p r e s s u r e  a t  about 60 p s i  d u r i n g  

i n i t i a l  a p p l i c a t i o n .  This  a l lowed t h e  t o r q u e  r i s e  r a t e  t o  

be  s l o w e r ,  i . e .  lower  " g a i n , "  and more i n - p h a s e  w i t h  t h e  

weight  t r a n s f e r .  

STOPPING DISTANCE SIMULATION 

With o u r  p r e l i m i n a r y  knowledge o f  t h e  major  v a r i a b l e s  

t h a t  c o n t r o l  t h e  s t o p p i n g  performance o f  a n t i - l o c k  equipped 

v e h i c l e s ,  we a r e  developing  a  d i g i t a l  computer model t o  

e s t i m a t e  s t o p p i n g  d i s t a n c e .  The model i s  a  s i m p l i f i e d  s i n g l e  

degree  o f  freedom one and w i l l  hand le  bo th  s i n g l e  u n i t  

(1)  Brake "gain" = l b - f t / s e c  = ( l b - f t / p s i  x  ( p s i / s e c )  
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and combinat ion v e h i c l e s .  Pr imary i n p u t s  a r e :  v e h i c l e  

c o n f i g u r a t i o n ,  b rake  c h a r a c t e r i s t i c s  d e r i v e d  from dynamo - 

m e t e r  d a t a ,  and peak t i r e  t r a c t i o n  as  a  f u n c t i o n  of  speed  

and l o a d .  Secondary i n p u t s  i n c l u d e  A / V  S e n s i t i v i t y  and 

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

v e h i c l e  t e s t s  run  t o  d a t e  t o  g e t  an e m p i r i c a l  f i t  between 

c a l c u l a t e d  and measured r e s u l t s .  Our goa l  i s  t o  ach ieve  a  

c a l c u l a t e d  r e s u l t  t h a t  i s  w i t h i n  ? 5 %  of  t h e  measured v a l u e  

under  a l l  t e s t  c o n d i t i o n s  r e q u i r e d  by FMVSS 1 2 1 .  F igure  14 

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

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

i s  a  145" wheelbase 6  x 4  t r a c t o r .  We have n o t  y e t  achieved  

o u r  2 5% o b j e c t i v e  b u t  seem t o  be p r o g r e s s i n g  i n  t h i s  d i r e c t i o n .  

I n  t h e  p r o c e s s  of  t e s t i n g  o u r  v e h i c l e s  and de te rmin ing  

t h e  f a c t o r s  t h a t  govern s t o p p i n g  d i s t a n c e ,  we have n e c e s s a r i l y  

done a  good d e a l  o f  p a r a m e t r i c  e v a l u a t i o n .  F igure  15 shows 

t h e  e f f e c t s  o f  reducing  bo th  f r o n t  and r e a r  b r a k e  t o r q u e  on 

s t o p p i n g  d i s t a n c e  f o r  a  6  x 4  t r a c t o r .  S imula ted  r e s u l t s  

a r e  a l s o  shown. A l l  b r a k e s  had s u f f i c i e n t  t o r q u e  t o  c y c l e  

t h e  a n t i - l o c k  systems a t  f u l l  p r e s s u r e .  For t h i s  v e h i c l e ,  

l i m i t i n g  e i t h e r  f r o n t  o r  r e a r  b rakes  t o  5 0 %  o f  t h e i r  f u l l  

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

S imula ted  r e s u l t s  a r e  i n  e x c e l l e n t  agreement w i t h  t h e s e  

r e s u l t s .  

F igure  16 i l l u s t r a t e s  t h e  e f f e c t  o f  reducing  f r o n t  

b rake  t o r q u e  on t h e  s t o p p i n g  d i s t a n c e  o f  a  4  x 2 t r a c t o r .  

A minimum s t o p p i n g  d i s t a n c e  was ach ieved  a t  t h e  t o r q u e  

l e v e l  where t h e  a n t i - l o c k  system ceased  t o  f u n c t i o n  and 

t o r q u e  l i m i t e d  performance r e s u l t e d  below t h i s  l e v e l .  

Once aga in  t h e  s i m u l a t i o n  p r e d i c t e d  t h e  r e s u l t s  q u i t e  

a c c u r a t e l y .  

F igure  1 7  shows t h e  e f f e c t  o f  changing CG/WB r a t i o  

f o r  a  s t r a i g h t  t r u c k  c o n f i g u r a t i o n .  S imula ted  r e s u l t s  a r e  
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DATA SOURCE:  T r i p  ##2 

VEHICLE : 145" 6x4 T r a c t o r  

BRAKES:  F ron t  - 15 X 4 RSA, Rear - 16; X 7 Cam 

F igure  14 
1 8 2  

TEST 
COND l TI  ON 

Laden F ron t  - 10,800 
Rear - 38,000 
T r a i l , -  34,000 

A F u l l  Serv ice  

1 

B No Fronts  

C No Rears 

"Bobta i 1 ' '  F ron t  - 9740 
Rear - 4300 

A F u l l  Serv ice  

B No Rears 

T r a i  l e r  Only 

T r a i  l e r  Cal, Weight 

b '  

l NlTlAL 
SPEED 

60 

40 \ 

20 

20.4 

55.2 

19.2 

55.1 

60 

2 O 

21.5 

58.5 

48.4 

60 

MEASURED 
D l STANCE 

245-254 

112 

2 8 

3 2 

235 

44 

407 

224-226 

24-27 

48.5 

41 1 

3 93 

43 0 

S I MULATED 
D l STANCE 

249 

108 

2 9 

3 5 

246 

44 

380 

232 

2 8 

5 7 

442 

406 

408 

% 
ERROR 

-.2 

-3.6 

+3.6 

+9.4 

+4.6 

0 

-6.6 

+3.1 

+go 8 

+17.5 

+7.5 

+3.3 

-5.1 

I 



DATA SOURCE; T e s t  #2 

VEHICLE: 145" 6x4 T r a c t o r  

BRAKES : F r o n t  - 15 X 4 RSA, Rear - 16$ X 7 Cam 

AXLE LOADS: F r o n t  - 10,700, Rear - 38,000, T r a i l e r  - 34,200 

A. E f f e c t  o f  reduc ing  FRONT b rake  to rque  ( p ressu re  l i m i t i n g  ) - A l l  

o t h e r  brakes f u l l  on - 55 MPH-distances. 

FRONT MEASURED S I MU LATED 
PRESS. D l STANCE D l STANCE 

F u l l  209 206 
9 0 208 206 
8 o 2 12 205 
70 21 1 208 
6 0 210 21 1 
5 0 216 215 

B. E f f e c t  o f  reduc ing  REAR b rake  to rque  ( p ressu re  1 i m i t i n g  ) - A1 1 

o t h e r  brakes f u l l  on - 55 MPH d is tances .  

REAR ' MEASURED S I MULATED 
PRESS. D I STANCE D I STANCE 

F u l l  209 206 
90 2 12 206 
8 0 206 205 
7 0 212 204 
60 207 209 
50 208 225 

C. Es t ima ted  e f f e c t s  o f  reduced a p p l i c a t i o n  a t  60 MPH. 

BASELINE - F u l l  A p p l i c a t i o n  248-250 F t .  ( measured ) 

S I MULATED 

FRONT REAR S I MU IATED 
PRESS. PRESS. D l STANCE 

50 1 F u l l  2 59 

F u l l  6 0 252 

F i g u r e  1 5  
1 8 3  

TRACTOR BRAKE TORQUE EFFECTS 



,--- - -- BRAKES : Front - 16; X 5 Cam, Rear - 16s X 7 Cam 
I ,  , I I , I  

I ,  , (  ( -- - I - - - T w t . , l  AXLE LOADS: F r o n t -  10.500. R e a r -  18,000, T r a i l e r -  18,000 3 . . I t 1  I I 



- 

EFFECT OF CG/WB Z 

4 X 2 FULL TRUCK - - 
G V W =  32,000 ~ b .  : 

fi i 
V C ' ; 
G 
*. - a  - .  
2 

3 ;' 
z d '2 7 = 
- - ,  - - - - 0 < 2 .: > 

i; u 

3 .  :f -. 7 

- 1  5 - .  - - .- 1 . . - 
. ,  
.I I 

'.,, - L, 

Figure 17 1 8 5  



also shown and a g r e e  w i t h  t h e  t r e n d  o f  t h e  a c t u a l  t e s t  

d a t a  w i t h i n  t h e  l a r g e  s c a t t e r  band obse rved .  

F igure  1 8  p r e s e n t s  t h e  r e s u l t s  of  o t h e r  p a r a m e t r i c  
v a r i a t i o n s  a s  c a l c u l a t e d  by o u r  s i m u l a t i o n .  F ron t  b rakes  

had s u f f i c i e n t  t o rque  t o  c y c l e  t h e  a n t i - l o c k  on t h e  v e h i c l e  

s i m u l a t e d .  S i g n i f i c a n t  changes i n  bo th  a x l e  we igh t s  

and b rake  to rque  on t h i s  v e h i c l e  w i l l  cause minor 
v a r i a t i o n s  i n  d i s t a n c e  t h a t  a r e  w e l l  w i t h i n  t h e  s c a t t e r  

band o f  v e h i c l e  t e s t  r e s u l t s .  The major v a r i a b l e s  i n f l u e n c i n g  

s t o p p i n g  d i s t a n c e  under t h e s e  c o n d i t i o n s  a r e  r e l a t e d  t o  

a n t i - l o c k  system performance and peak t i r e  t r a c t i o n  c h a r a c -  

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

c a s e  o f  h i g h l y  e f f e c t i v e  a n t i - l o c k  systems must be  viewed 

w i t h  extreme c a u t i o n .  During t h e  course  o f  o u r  t e s t i n g ,  

we have g e n e r a l l y  observed  t h a t  t h e  v e h i c l e  d e c e l e r a t i o n s  

p r e s e n t  du r ing  s t o p s  o f  230 f t .  o r  l e s s  (approximate)  a r e  

a t  l e v e l s  which begin  t o  compromise t h e  hand l ing  and s t a b i l -  

i t y  of  h igh  CG and /o r  s h o r t  wheelbase v e h i c l e s .  

CONCLUSIONS : 

1. On a n t i - l o c k  equipped v e h i c l e s  w i t h  b rakes  s i z e d  

s u f f i c i e n t l y  t o  produce wheel lockup ,  t h e  s t o p p i n g  

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

f u n c t i o n  of  t h e  a n t i - l o c k  system i n  u s e  and t h e  peak 

t r a c t i o n  c h a r a c t e r i s t i c s  of  t h e  t i r e s .  How much t r a c t -  

i v e  f o r c e  i s  a v a i l a b l e  and how much of  i t  can t h e  a n t i -  

l ock  d e l i v e r ?  

2 .  A n t i - l o c k  systems t e n d  t o  d e l i v e r  lower average r e t a r d -  

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

o v e r t o r q u e  and/or  f a s t e r  a i r  t i m i n g .  Any s t a n d a r d  which 

s p e c i f i e s  t h e  r e q u i r e d  b rake  t o r q u e  performance l e v e l s  

and/or  a r b i t r a r i l y  f a s t  a i r  t iming  must e i t h e r  t a k e  t h e  



OTHER PARAMETRI C EFFECTS - S l  MULATED RESULTS 

DATA SOURCE: S imula tor  

VEHICLE: 136" 4x2 TRUCK 

BRAKES: 15 X 5 RDA, 164 X 7 Cam 

AXLE LOADS : Front-  12,000, Rear-20000 (base1 lne)  

A. E f f e c t  o f  chanqinq a x l e  welqhts 

FRONT - REAR - 60 MPH DISTANCE 

12,000 20,000 245 

12,000 23,000 ' 247 

12,000 17,000 247' 

10,800 18,000 241 

0 .  E f f e c t  o f  i n i t i a l  brake to rque 

Nomi na 1 245 

20% High 247 I 

20% Low 244l 

C. E f f e c t  o f  Ant i -Lock S e n s l t l v l t y  

S e n s i t i v i t y  (s:) t 

D. E f f e c t  o f  Ant i -Lock System E f f i c i e n c y  

E f f i c i e n c y  ( % ) 

100 182' 



p r o p e r  e f f e c t  o f  t h e s e  v a r i a b l e s  i n t o  account  o r  must 

l e a v e  them i n  t h e  hands o f  t h e  v e h i c l e  manufac tu re r .  

3 .  The b a s i c  f a c t o r  de te rmin ing  t h e  s t o p p i n g  c a p a b i l i t i e s  

o f  a  v e h i c l e  i s  t h e  peak t i r e  t r a c t i o n  a v a i l a b l e  from 

each  a x l e ' s  t i r e s  under  dynamic l o a d  c o n d i t i o n s .  Peak 

t i r e  t r a c t i o n  o f  t r u c k  t i r e s  has  been found t o  d e c r e a s e  

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

speed .  Veh ic l e  s t o p p i n g  d i s t a n c e  r equ i remen t s  must 

t a k e  t h e s e  f a c t o r s  i n t o  p r o p e r  account  i f  t h e y  a r e  t o  

be o b j e c t i v e  r e q u i r e m e n t s .  The t i r e - t o - r o a d  t r a c t i o n  

o f  a  locked  t r u c k  t i r e ,  which i s  c o a r s e l y  approximated 

by t h e  ASTM "Skid Number" measurement,  has  no d i r e c t  

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

road  s u r f a c e  r e l a t i v e  t o  an a n t i - l o c k  equipped v e h i c l e .  

4 .  S c a t t e r  i n  s t o p p i n g  d i s t a n c e  t e s t  r e s u l t s  i n c r e a s e s  

w i t h  i n c r e a s i n g  i n i t i a l  speed .  This  e f f e c t  has  been 

t r a c e d  t o  i n c r e a s i n g  e f f e c t  o f  a n t i - l o c k  system a c t i v -  

i t y ,  and v a r i a t i o n s  i n  t h i s  a c t i v i t y ,  a s  speed  i n c r e a s e s .  

This  f a c t o r  can make compliance w i t h  p s e u d o - s t a t i s t i c a l ,  

i . e .  "1 o u t  of  6 , "  t e s t  r equ i remen t s  more d i f f i c u l t  a t  

h i g h e r  s p e e d s .  

5 .  Veh ic l e  s i m u l a t i o n  u s i n g  computer t e c h n i q u e s  shows 

s i g n i f i c a n t  promise as  a  means o f  b rake  s i z i n g  and 

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

r equ i remen t s  of  imposed S t a n d a r d s .  There a r e  an 

e x c e e d i n g l y  l a r g e  number o f  t r u c k  c o n f i g u r a t i o n s  

r e q u i r e d  t o  adequa te ly  cove r  t h e  wide spec t rum o f  p r o -  

d u c t i v e  r o l e s  r e q u i r e d  o f  t h e s e  v e h i c l e s  i n  o u r  economy. 

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

t e s t i n g  a l l  o f  them i s  p r o h i b i t i v e .  We f e e l  t h a t  t h e s e  

s i m u l a t i o n  t echn iques  can be used  t o  a d e q u a t e l y  d e f i n e  

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

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



"due care"  approach which can be  shown t o  be  based  on 

t h e  c u r r e n t  " s t a t e - o f - t h e - a r t "  of b rake  technology.  

6 .  I n  g e n e r a l ,  we can on ly  conclude t h a t  a n t i - l o c k  systems 

a r e  a  b e n e f i c i a l  a d d i t i o n  t o  a t r u c k  b rake  system. 

The f a c t  t h a t  t h e s e  systems do n o t  d e l i v e r  maximum peak 

t r a c t i o n  f o r c e  on a  h igh  c o e f f i c i e n t  s u r f a c e  may be  a  

b l e s s i n g  i n  d i s g u i s e .  Although t h i s  causes a  nominal 

i n c r e a s e  i n  s t o p p i n g  d i s t a n c e ,  i t  l imits t h e  maximum 

d e c e l e r a t i o n  of  t h e  v e h i c l e  t o  va lues  which do n o t  com- 

promise s t a b i l i t y  and a l low t h e  d r i v e r  t o  ma in ta in  

c o n t r o l ,  i . e .  " s o f t "  a n t i - l o c k  systems a r e  d e s i r a b l e .  

We have found t h a t  t h e s e  systems p rov ide  s u b s t a n t i a l  

ga ins  i n  l a t e r a l  t i r e  t r a c t i o n  on low c o e f f i c i e n t  s u r -  

f a c e s  which i s  i n  l i n e  w i t h  t h e i r  des ign  o b j e c t i v e .  

7 .  The p r e s e n t  s t o p p i n g  d i s t a n c e  requi rements  o f  FMVSS 1 2 1  

a r e  t o o  s t r i n g e n t  w i t h  r e s p e c t  t o  observed  v a r i a t i o n s  

i n  t e s t  r e s u l t s .  These v a r i a t i o n s  occur  f o r  r easons  

t h a t  a r e  n e i t h e r  accounted f o r  i n  t h e  p r o v i s i o n s  of  t h e  

S t a n d a r d ,  n o r  c o n t r o l l a b l e  by t h e  f i n a l  manufac turer  

o f  t h e  v e h i c l e .  We can only  conclude t h a t  c o n s i s t e n t  

compliance wi th  t h e  s t o p p i n g  d i s t a n c e  requi rements  of  

FMVSS 1 2 1 ,  as i t  i s  c u r r e n t l y  (5-6-75)  w r i t t e n ,  i s  

dependent upon f a c t o r s  beyond o u r  c o n t r o l .  F igure  19 

p r e s e n t s  a  s i m p l i f i e d  approach toward s p e c i f y i n g  more 

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

addressed  by 1 2 1 .  The approach i n c l u d e s  approximate 

e f f e c t s  of  v a r i a b l e s  which were n o t  known when t h e  

S tandard  was i s s u e d .  This in fo rma t ion  was t r a n s m i t t e d  

t o  The Department of T r a n s p o r t a t i o n  i n  PACCAR's p e t i t i o n  

o f  12-10-74 .  

8 .  A l l  o f  o u r  t e s t i n g  has  been done under  t h e  s p e c i f i c  

and l i m i t e d  t e s t  c o n d i t i o n s  mandated by t h e  S tandard .  

The performance o f  FMVSS 1 2 1  equipped v e h i c l e s  o u t s i d e  



These r e q u i r e m e n t s  a r e  b a s e d  on t h e  
g e n e r a l  f o r m u l a :  

Where: S  = D i s t a n c e  i n  f e e t  

vo = I n i t i a l  v e l o c i t y  i n  
f e e t  p e r  s econd  

A1 = D e c e l e r a t i o n  w i t h  
a n t i l o c k  c y c l i n g  

A2 = D e c e l e r a t i o n  w i t h o u t  
a n t i l o c k  c y c l i n g  

T = P r e s s u r e  r i s e  d e l a y  
t ime  i n  s econds  

The e q u a t i o n  i s  b a s e d  on t h e  assumpt ion  SPEED DISTANCE 
t h a t  t h e  a n t i l o c k  sys t em c y c l e s  u n t i l  
t h e  v e h i c l e  h a s  d e c k l e r a t e d  t o  a  v e l o c i t y  20 3 5  
o f  1 / 2  vo. 

2  5 5  2  

A 1  i s  r e l a t e d  t o  an e s t i m a t e  o f  t h e  
e f f e c t i v e  c o e f f i c i e n t  o f  f r i c t i o n  o f  a  3  0 7 3 

l o a d e d  t r u c k  t i r e  when t h e  wheel  i s  
b e i n g  c y c l e d  by a  " t y p i c a l "  a n t i l o c k  35 9  8 

sy s t em on a  d ry  h i g h  c o e f f i c i e n t  s u r f a c e .  4  0  1 2 7  

A2 i s  r e l a t e d  t o  t h e  peak c o e f f i c i e n t  45  159 

unde r  t h e  above c o n d i t i o n s  and a p p l i e s  
when t h e  a n t i l o c k  s t o p s  c y c l i n g .  When 5 0  19 4  

t h e s e  sys tems  s t o p  c y c l i n g  i t  i s  because  
t h e  b r a k e s  have t o r q u e  l i m i t e d  and t h e  55  234 

wheel  i s  o p e r a t i n g  r i g h t  a t  peak c o -  
e f f i c i e n t .  Some t e m p e r a t u r e  f a d e  o c c u r s  60  2 7 7  

a f t e r  t h i s  p o i n t .  

E s t i m a t e d  v a l u e s  u sed  t o  c a l c u l a t e  t h e  
d i s t a n c e s  shown a r e :  

A 1  = , 4 3 5  x 3 2 . 2  = 14  FTPSPS 

A 2  = . 7 3 0  x . 8  x 3 2 . 2  = 1 8 . 8  FTPSPS 

Th i s  e q u a t i o n  i s  a  p r e l i m i n a r y  e s t i m a t e  
o n l y .  

F i g u r e  19 

190 



o f  t h i s  h i g h l y  s i m p l i f i e d  and "pure" t e s t  environment 

i s  a  most c r i t i c a l  unanswered q u e s t i o n .  The h i g h l y  

a c c e l e r a t e d  t i m e t a b l e  imposed by t h e  S t a n d a r d  has  n o t  

a l lowed s u f f i c i e n t  t ime f o r  bo th  t h e  development o f  - 
advanced hardware and t h e  p r e l i m i n a r y  t e s t i n g  of  t h i s  

hardware under  a c t u a l  i n - s e r v i c e  c o n d i t i o n s .  The 

word hardware ,  i n  t h i s  c a s e ,  r e f e r s  t o  t h e  combinat ion 

of  b o t h  a n t i - l o c k  systems and more a g g r e s s i v e  b r a k e s .  - 
One o f  t h e  c a r d i n a l  r u l e s  governing  t h e  p r o c e s s  o f  

t e c h n o l o g i c a l  development and advancement i s  t o  neve r  change 

more t h a n  one v a r i a b l e  i f  t h e  o b j e c t i v e  i s  t o  a c c u r a t e l y  

e v a l u a t e  t h e  e f f e c t  o f  t h a t  change. In t h e  c a s e  o f  FMVSS 

1 2 1 ,  t h i s  r u l e  has  been c l e a r l y  v i o l a t e d .  The consequences 

of  t h i s  f a c t  a r e  y e t  t o  be  de te rmined .  





AN EVALUATION OF ANTILOCK SYSTEM PERFORMANCE ON 
HEAVY DUTY AIR BRAKED COMMERCIAL VEHICLES 
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AB ST RAC T 

Performance t e s t  r e s u l t s  o f  heavy du ty  a i r  braked  

v e h i c l e s  equipped w i t h  v a r i o u s  wheel a n t i l o c k  c o n t r o l  

systems a r e  p r e s e n t e d .  These t e s t s  compared bo th  t h e  

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

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

systems from s i x  manufac tu re r s .  I n  a d d i t i o n ,  t h e  

e f f e c t s  o f  i n c r e a s i n g  brake  power and b rake  response  

t ime on t h e  performance o f  wheel a n t i l o c k  systems a r e  

d i s c u s s e d .  The importance o f  t h e  r e s u l t s  o f  t h e s e  t e s t s  

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

1 2 1 .  



INTRODUCTION 

The s t r i n g e n t  requi rements  o f  Fede ra l  Motor 

Veh ic l e  S a f e t y  S tandard  1 2 1  mandate t h e  use  o f  wheel 

a n t i l o c k  systems on a i r  b raked  commercial v e h i c l e s .  

However, due t o  t h e  f a c t  t h a t  wheel a n t i l o c k  sys tems 

have no t  been wide ly  used up t o  t h i s  t i m e ,  ve ry  l i t t l e  

i s  known about  t h e  comparat ive performance o f  t h e s e  

sys t ems .  For t h i s  r e a s o n ,  t e s t s  were conducted t o  

compare r e l a t i v e  performance of  s i x  d i f f e r e n t  makes o f  

a n t i l o c k  sys t ems .  The s i x  systems were t e s t e d  on two 

d i f f e r e n t  v e h i c l e s  : a  s h o r t  wheelbase C .O . E .  s i n g l e -  

d r i v e  t r a c t o r ,  and a  t y p i c a l  d u a l - d r i v e  C . O . E .  l i n e h a u l  

t r a c t o r .  Each system on each  v e h i c l e  was s u b j e c t e d  

t o  : 

1. S t r a i g h t - l i n e  s t o p p i n g  d i s t a n c e  t e s t s  

on bo th  a  dry  a s p h a l t  and a  wet s e a l e d  

a s p h a l t  s u r f a c e .  

2 .  A s p l i t - c o e f f i c i e n t  t e s t  des igned  t o  

de termine  b r a k i n g  c a p a b i l i t y  and s t a b i l i t y  

when t h e  wheels  on one s i d e  o f  t h e  v e h i c l e  

a r e  b r a k i n g  i n  a  s u r f a c e  d i f f e r e n t  from 

t h a t  on t h e  o t h e r  s i d e  o f  t h e  v e h i c l e .  

3 .  A b r a k i n g - i n - a - l a n e - c h a n g e  t e s t  t o  

de termine  b r a k i n g  and h a n d l i n g  c h a r a c -  

t e r i s t i c s  i n  an avoidance maneuver. 

A d e s c r i p t i o n  o f  t h e s e  comparat ive t e s t s ,  t h e  t e s t  

v e h i c l e s ,  and t h e  t e s t  r e s u l t s  a r e  g iven  i n  P a r t  I  o f  

t h i s  p a p e r .  I n  P a r t  1 1 ,  a  second s e r i e s  of  t e s t s  i s  

d e s c r i b e d ,  wherein t h e  e f f e c t s  o f  b rake  l i n i n g  e f f e c t -  

i v e n e s s ,  b rake  power, and b rake  response  t ime on 

v e h i c l e  b r a k i n g  c a p a b i l i t y  a r e  e v a l u a t e d .  In  t h e  



second t e s t  s e r i e s ,  t h r e e  d i f f e r e n t  makes of  a n t i l o c k  

systems were u t i l i z e d ,  

The r e s u l t s  from bo th  s e t s  o f  t e s t s  form t h e  

b a s i s  o f  t h e  d i s c u s s i o n  g iven  i n  P a r t  111. 

PART I 

ANTI LOCK SYSTEM PERFORMANCE COMPARISON 

DESCRIPTION OF TESTS 

S ince  b o t h  s t r a i g h t -  l i n e  b r a k i n g  and b r a k i n g  

combined w i t h  s t e e r i n g ,  such as  i n  an o b s t a c l e  avo id -  

ance maneuver, a r e  impor tan t  c o n d i t i o n s  f o r  e v a l u a t i n g  

v e h i c l e  b r a k i n g  and h a n d l i n g  per formance ,  two types  

o f  t e s t s  were employed t o  p r o v i d e  compara t ive  d a t a  f o r  

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

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

were conducted t o  compare t h e  e f f i c i e n c y  w i t h  which 

each  a n t i l o c k  sys tem u t i l i z e d  a v a i l a b l e  t r a c t i o n  f o r  

b r a k i n g .  Subsequen t ly ,  l a n e  change t e s t s  were con- 

duc ted  t o  compare t h e  l e v e l  o f  l a t e r a l  s t a b i l i t y  

p rov ided  by each a n t i l o c k  sys tem.  The geometry and 

s u r f a c e  s p e c i f i c a t i o n s  o f  t h e  s p l i t  c o e f f i c i e n t  and 
l a n e  change t e s t s  a r e  shown i n  F igures  1 and 2 .  

The s t r a i g h t - l i n e  b r a k i n g  t e s t s  were conducted 
on a  dry  a s p h a l t  s u r f a c e  having  a  nominal s k i d  number 

( a s  d e f i n e d  i n  FMVSS-121) o f  7 5 ,  on a  wet s l i p p e r y  
s u r f a c e  (wet s e a l e d  a s p h a l t )  hav ing  a  nominal s k i d  
number of  20 ,  and on a  s p l i t  c o e f f i c i e n t  s u r f a c e .  Both 

t h e  dry a s p h a l t  and wet s l i p p e r y  s u r f a c e  t e s t s  were 
conducted f u l l y  loaded and b o b t a i l * ,  s i m i l a r  t o  
FMVSS-121 t e s t  r equ i remen t s .  The s p l i t  c o e f f i c i e n t  

*Unladen t r a c t o r  wi thou t  t r a i l e r .  
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t e s t s  were conducted b o b t a i l  on ly  due t o  space  l i m i -  

t a t i o n s  a t  t h e  t e s t  s i t e .  The dry a s p h a l t  t e s t s  were 

conducted a t  2 0  mph and 6 0  mph, wh i l e  t h e  wet s l i p p e r y  

and s p l i t  c o e f f i c i e n t  t e s t s  were conducted a t  2 0  mph 

and 30 mph, r e s p e c t i v e l y .  The measure o f  performance 

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

r e q u i r e d  t o  s t o p  from t h e  d i f f e r e n t  speeds on t h e  

d i f f e r e n t  s u r f a c e s  under t h e  g iven  l o a d  c o n d i t i o n s .  

The l a n e  change t e s t  was used  t o  measure t h e  

l i m i t  o f  l a t e r a l  s t a b i l i t y  p rov ided  by each a n t i l o c k  

system under c o n d i t i o n s  where s t e e r i n g  was combined 
w i t h  b r a k i n g .  The s u r f a c e  o v e r  which t h i s  t e s t  was 

conducted was des igned t o  r e p r e s e n t  a  r easonab ly  

adve r se  r e a l  wor ld  s i t u a t i o n .  Combined i n t o  t h i s  one 

t e s t  were h igh  c o e f f i c i e n t ,  low c o e f f i c i e n t ,  and s p l i t  

c o e f f i c i e n t  c o n d i t i o n s .  Due t o  t h e  complex course  o v e r  

which t h e  l a n e  change t e s t  was conducted,  c o n s i d e r a b l e  

d r i v e r  s k i l l  was i n v o l v e d .  The b rakes  had t o  be 
a p p l i e d  a t  t h e  same p o i n t  each t ime and t h e  d r i v e r  had 

t o  respond t o  t h e  e f f e c t s  of  t h e  a n t i l o c k  modulated 

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

remain w i t h i n  t h e  1 2 - f t ,  wide curved c o u r s e .  The maxi- 

mum speed  a t  which t h e  v e h i c l e - a n t i l o c k  system cou ld  

be s u c c e s s f u l l y  maneuvered through t h e  c u r v i l i n e a r  

course  was s e l e c t e d  as  t h e  measure o f  per formance .  

A f t e r  some i n i t i a l  t e s t i n g ,  a  s c a l e  o f  performance 
employing 5-mph increments  was s e l e c t e d .  I t  was judged 

t h a t  + 2 mph r e p r e s e n t e d  t e s t  r e p e a t a b i l i t y ,  

Both t h e  s t r a i g h t - l i n e  b rak ing  and l a n e  change 
t e s t s  were des igned t o  compare t h e  performance o f  a n t i -  

l ock  sys t ems .  I n  o r d e r  t o  e l i m i n a t e  d r i v e r  modulat ion 
o f  t h e  b rakes  a s  a  t e s t  v a r i a b l e ,  a  r a p i d  f u l l  s e r v i c e  



brake  a p p l i c a t i o n  which was ma in ta ined  throughout  t h e  

d u r a t i o n  o f  t h e  s t o p  was employed (p rov ided  v e h i c l e  

d i r e c t i o n a l  c o n t r o l  could  be m a i n t a i n e d ) .  S i n c e  t h e s e  

t e s t s  were des igned t o  compare t h e  r e l a t i v e  p e r f o r -  

mance o f  t h e  a n t i l o c k  sys t ems ,  each a n t i l o c k  system 

was t e s t e d  on t h e  same v e h i c l e  under  t h e  same t e s t  

c o n d i t i o n s .  

DESCRIPTION OF TEST VEHICLES 

Two v e h i c l e s  were s e l e c t e d  f o r  t e s t i n g .  A 138- inch  

wheelbase ,  t h r e e - a x l e  (6x4) t r a c t o r  (1)  * and a  103- inch  

wheelbase ,  two-axle  (4x2) t r a c t o r  ( 2 )  were used .  A l l  

a x l e s  o f  each v e h i c l e  were equipped w i t h  wheel a n t i l o c k  

sys tems.  Brake system plumbing and r e s e r v o i r  volumes 

on bo th  t e s t  t r a c t o r s  were modif ied  t o  meet FMVSS-121 

requ i remen t s .  

The d r i v e  a x l e  b rakes  on bo th  t r a c t o r s  produced 

wheel lockup on t h e  dry a s p h a l t  s u r f a c e  when f u l l y  

loaded .  But s i n c e  on ly  one p a i r  o f  s t e e r i n g  a x l e  b rakes  

meet ing FMVSS-121 requi rements  were a v a i l a b l e  a t  t h e  

t ime t h e s e  t e s t s  were conducted (Nov. -Dec . ,  1973) , on ly  

t h e  4x2 t r a c t o r  was equipped w i t h  t h e  more e f f e c t i v e  

f r o n t  b r a k e s .  The s t e e r i n g  a x l e  b rakes  on t h e  6x4 

t r a c t o r  l acked  adequate  t o r q u e  t o  produce wheel lockup 

( loaded  o r  b o b t a i l )  on t h e  dry a s p h a l t  s u r f a c e .  

Loaded v e h i c l e  t e s t s  were conducted u s i n g  f l a t -  

bed t r a i l e r s  loaded  w i t h  c o n c r e t e  b l o c k s .  The 6x4 

t r a c t o r  was t e s t e d  w i t h  a  4 0 - f t .  tandem-axle t r a i l e r ,  

wh i l e  t h e  4x2 t r a c t o r  was t e s t e d  w i t h  a  2 7 - f t .  s i n g l e -  

a x l e  t r a i l e r .  The b rake  power and plumbing on bo th  

t e s t  t r a i l e r s  were modif ied  t o  meet FhWSS-121 

*Number i n  p a r e n t h e s e s  i n d i c a t e s  v e h i c l e - t e s t  i d e n t i -  
f i c a t i o n  number. For complete v e h i c l e - t e s t  s p e c i f i -  
c a t i o n s ,  c o n s u l t  appendix.  



r equ i remen t s .  Both t r a i l e r s  were equipped w i t h  a n t i  - 
lock  sys t ems .  To e l i m i n a t e  t r a i l e r  performance as a  

t e s t  v a r i a b l e ,  t h e  a n t i l o c k  systems on t h e  t e s t  

t r a i l e r s  were n o t  changed dur ing  t h e  performance 

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

TEST RESULTS 

A summary of  t h e  t e s t  r e s u l t s  i s  shown i n  Table  I .  

This  t a b l e  i n c l u d e s  r e s u l t s  from t h e  s t r a i g h t  - l i n e  

b rak ing  t e s t s ,  t h e  s p l i t  c o e f f i c i e n t  t e s t s ,  and t h e  

l a n e  change t e s t s .  The l e t t e r s  "B" and "W" i n d i c a t e  

"bes t"  and "worst" per forming a n t i l o c k  systems f o r  each 

t e s t .  The v a r i a t i o n  between t h e  b e s t  and wors t  per form-  

i n g  a n t i l o c k  systems i s  i n c l u d e d  a t  t h e  bottom o f  t h e  

t a b l e .  

I t  shou ld  be emphasized t h a t  t h e  s t o p p i n g  d i s t a n c e s  

shou ld  n o t  be used  as  a  b a s i s  f o r  judging compliance 

w i t h  t h e  s t o p p i n g  d i s t a n c e  requi rements  o f  FMVSS-121, 

The d r i v e  a x l e  b rakes  on both  t e s t  t r a c t o r s  l a c k e d  

adequate  power t o  meet FMVSS-121 dynamometer t e s t  r e q u i r e -  

ments (bu t  d i d  produce wheel l o c k u p ) ,  and t h e  b rakes  on 

t h e  two t e s t  t r a i l e r s  were not  c a l i b r a t e d  t o  a s s u r e  

minimum compliance w i t h  FMVSS-121 " c o n t r o l  t r a i l e r "  

r equ i remen t s .  In  a d d i t i o n ,  t h e  r e s u l t s  of  t h e  compara- 

t i v e  performance t e s t s ,  shown i n  Table I ,  a r e  based  

upon t e s t s  conducted i n  l a t e  1973,  S ince  t h a t  t ime ,  

numerous des ign  and parameter  changes have been made 

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

DISCUSSION OF TEST RESULTS 

The r e s u l t s  of t h e  comparat ive performance 

e v a l u a t i o n  t e s t s  show t h a t  no s i n g l e  a n t i l o c k  system 

performed "bes t"  o v e r a l l .  This  can be g r a p h i c a l l y  

seen  i n  Table I a .  S i g n i f i c a n t  performance v a r i a t i o n s  





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

t e s t  s u r f a c e ,  and t e s t  s p e e d .  Examples o f  t h e  p e r f o r -  

mance v a r i a t i o n s  due t o  each  o f  t h e s e  f a c t o r s  a r e :  

C o n f i g u r a t i o n  - A n t i l o c k  System "DM which p e r -  

formed b e s t  on t h e  4x2 t r a c t o r  

i n  t h e  s p l i t  c o e f f i c i e n t  t e s t ,  

pe r formed  w o r s t  i n  t h e  same t e s t  

conduc ted  on t h e  6x4 t r a c t o r .  

Loading - A n t i l o c k  System "E" which p e r -  

formed b e s t  on t h e  4x2 t r a c t o r  

i n  t h e  20-mph d r y  a s p h a l t  t e s t  

b o b t a i l ,  pe r formed  w o r s t  i n  t h e  

same t e s t  conduc ted  w i t h  t h e  

v e h i c l e  l o a d e d .  

S u r f a c e  - A n t i l o c k  System "C" which p e r -  

formed b e s t  on t h e  6x4 t r a c t o r  

i n  t h e  20-mph loaded  d r y  a s p h a l t  

t e s t ,  pe r formed  w o r s t  i n  t h e  same 

t e s t  conduc t ed  on t h e  wet  s l i p p e r y  

s u r f a c e .  

Speed - A n t i l o c k  System "A" which p e r -  

formed b e s t  on t h e  6x4 t r a c t o r  

i n  t h e  20-mph l o a d e d  d r y  a s p h a l t  

t e s t ,  pe r formed  w o r s t  i n  t h e  same 

t e s t  conduc t ed  a t  60 mph. 

These per formance  v a r i a t i o n s  a r e  shown g r a p h i c a l l y  

i n  F i g u r e s  3 t h rough  6 .  As can be  s e e n  i n  t h e s e  g r a p h s ,  

i f  t h e  r e s u l t s  o f  one per formance  comparison t e s t  a r e  

a r r a n g e d  i n  de scend ing  o rde r ,  a n e a r l y  un i fo rm a s c e n d i n g  

o r d e r  i s  assumed by t h e  r e s u l t s  o f  t h e  s econd  p e r f o r -  

mance comparison t e s t .  Th is  demons t r a t e s  t h a t  
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s i g n i f i c a n t  pe r fo rmance  t r a d e - o f f s  were  made (knowingly 

o r  unknowingly) i n  t h e  c h o i c e  o f  wheel  c o n t r o l  p a r a m e t e r s  

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

t h e  d a t a  demons t r a t e  t h a t  none o f  t h e  a n t i l o c k  c o n t r o l  

sys tems  were a b l e  t o  a d a p t  t o  a l l  p r e v a i l i n g  v e h i c l e ,  

l o a d ,  and r o a d  c o n d i t i o n s  by p r o v i d i n g  maximum u t i l i z a -  

t i o n  o f  a v a i l a b l e  t r a c t i o n  f o r  b r a k i n g  and l a t e r a l  

s t a b i l i t y .  F i n a l l y ,  t h e s e  d a t a  p o i n t  up t h e  e x i s t e n c e  

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

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

l a t e r a l  s t a b i l i t y  a s  measured i n  t h e  l a n e  change t e s t .  

T h i s  t r a d e - o f f  i s  c l e a r l y  shown i n  F i g u r e s  7 and 8 ,  

whe re in  s t a b i l i t y  and s t o p p i n g  d i s t a n c e  d a t a  a r e  p l o t t e d  

i n  t h e  same g raph  f o r  each  v e h i c l e .  

SUMMARY 

The r e s u l t s  o f  t h e  a n t i l o c k  sys t em per formance  

comparison t e s t s  show t h a t  no s i n g l e  a n t i l o c k  sys t em 

per formed " b e s t "  o v e r a l l .  S i g n i f i c a n t  per formance  

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

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

t h e s e  t e s t s  showed t h e  e x i s t e n c e  o f  a  s i g n i f i c a n t  

per formance  t r a d e - o f f  between s t r a i g h t  l i n e  d r y  a s p h a l t  

s t o p p i n g  d i s t a n c e  and l a t e r a l  s t a b i l i t y  p r o v i d e d  by 

each  a n t i l o c k  s y s t e m .  

PART I 1  

ADDITIONAL FACTORS AFFECTING ANTILOCK SYSTEM PERFORMANCE 

The r e s u l t s  o f  t h e  compara t i ve  per formance  

e v a l u a t i o n  t e s t s  demons t r a t ed  t h a t  " t r u l y  a d a p t i v e "  

wheel  a n t i l o c k  sys tems  were n o t  a v a i l a b l e .  Thus ,  i t  

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



AVERAGE HIGH COEFFICIENT STOPPING 
DISTANCE VERSUS STABILITY WITH 6 x 4 TRACTOR 

MAX. LANE 
CHANGE 

SPEED 
IN MPH 

A D F C B  E 

60 MPH 
STOPPING 
DISTANCE 
IN FEET 

ANTI LOCK SYSTEM 
gID Maxmum Lane Change Speed 
I Hgh Coefficient Loaded Stopping Distance 

AVERAGE H lCH COEFFICIENT STOPPING DISTANCE IN 
FEET VERSUS STABILITY WITH 4 x 2 TRACTOR 

MAX. LANE 40 270 
60 MPH 

CHANGE STOPPING 
SPEED 35 

IN MPH 
250 DISTANCE 

IN FEET 
30 2 30 

25 
F D A E 

210 
B C 

ANTILOCK SYSTEM 
I Hgh Coeffctent Loaded Stopplng D~stance 
53 Max~mum Lane Change Speed 

F i g u r e  8 .  



sys tem per formance  which r e s u l t  from " o t h e r  f a c t o r s "  

i n v o l v e d  i n  t h e  b r a k e  sy s t em.  A second  s e r i e s  o f  

t e s t s  were conduc ted  t o  de t e rmine  t h e  e f f e c t  t h a t  

v a r i a t i o n s  i n  b r a k e  e f f e c t i v e n e s s ,  b r a k e  power ,  and 

b r a k e  a c t u a t i o n  t ime  has  upon t h e  s t r a i g h t - l i n e  d ry  

a s p h a l t  s t o p p i n g  d i s t a n c e  per formance  o f  a n t i l o c k  

s y s  tems . 
T h i s  second  s e r i e s  o f  t e s t s  was conduc ted  i n  s t r i c t  

accordance  w i t h  FMVSS-121 requ i rements -a l l  t e s t s  were 

conduc ted  on a  nominal  s k i d  number 75 s u r f a c e  and a l l  

l o a d e d  v e h i c l e  t e s t s  were conduc ted  w i t h  c o n t r o l  t r a i l e r s  

a s  s p e c i f i e d  by t h e  s t a n d a r d .  The e f f e c t  which d r i v e r  

s k i l l  has  upon v e h i c l e  per formance  i n  s t r a i g h t  - l i n e  

b r a k i n g  was minimized by conduc t ing  a l l  t e s t s  u s i n g  a  

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

BRAKE RETARDATION FORCE 

The e f f e c t  which two b r a k e  l i n i n g s  from d i f f e r e n t  

s u p p l i e r s  ( b o t h  o f  t h e  same f r i c t i o n  c l a s s )  have upon 

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

t r a c t o r  ( 3 )  i s  shown i n  Tab l e  11,  Although b o t h  

L i n i n g s  A and B p r o v i d e d  t o r q u e  adequa t e  t o  p roduce  

wheel lockup  ( c o n t r o l l e d  by t h e  a n t i l o c k  sys tem)  o f  t h e  

d r i v e  a x l e  b r a k e s  t h roughou t  a l l  s t o p s ,  ave rage  6 0  mph 

s t o p p i n g  d i s t a n c e s  v a r i e d  by a s  much a s  6 . 5 %  when t h e  

t r a c t o r  was t e s t e d  w i t h  t h e  l oaded  c o n t r o l  t r a i l e r  and 

by 1 5 . 5 %  when t e s t e d  b o b t a i l .  The o n l y  a p p a r e n t  

d i f f e r e n c e  between L i n i n g  A and B was t h a t ,  n o m i n a l l y ,  

L i n i n g  B p r o v i d e s  8 %  ( a v e r a g e )  h i g h e r  r e t a r d a t i o n  f o r c e  

t h a n  L i n i n g  A when t e s t e d  on an i n e r t i a l  dynamometer. 

Based upon t h e  a i r  p r e s s u r e  r e q u i r e d  t o  p roduce  

wheel l o c k u p ,  i t  was de t e rmined  t h a t  L i n i n g  B d i d  
i n d e e d  produce  a h i g h e r  l e v e l  o f  b r a k e  r e t a r d a t i o n  



TABLE I 1  

BRAKE LINING PERFORMANCE COMPARISON 

Average S t o p p i n g  D i s t a n c e  I n  F e e t  

Brake  - Loaded B o b t a i  1 

L i n i n g  20 Mph 60 Mph 2 0 M p h  6 0 M p h  

A 29.3 234.1 25.5 186.1 



f o r c e .  I n  a d d i t i o n ,  from an a n a l y s i s  of  r e c o r d e d  v e h i c l e  

dynamic d a t a  (wheel s p e e d s ,  s u s p e n s i o n  l o a d s  and b r a k e  

chamber a i r  p r e s s u r e )  , i t  was de t e rmined  t h a t  t h e  

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

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

t o r q u e  "B" l i n i n g .  The i n c r e a s e d  b r a k e  t o r q u e  p r o v i d e d  

by L i n i n g  B i n c r e a s e d  t h e  demand p l a c e d  upon t h e  a n t i l o c k  

sys t em t o  modula te  t h e  b r a k e s  which r e s u l t e d  i n  more 

v i o l e n t  " o n - o f f "  modula t ion  o f  t h e  b r a k e s .  Th is  r e s u l t e d  

i n  lower  ave rage  u t i l i z a t i o n  o f  a v a i l a b l e  t r a c t i o n  f o r  

b r a k i n g  and hence l o n g e r  s t o p p i n g  d i s t a n c e s .  

S i m i l a r l y ,  t h e  e f f e c t s  which i n c r e a s e d  s t e e r i n g  

a x l e  b r ake  r e t a r d a t i o n  f o r c e  ha s  on s t o p p i n g  d i s t a n c e  i s  

shown i n  Table  111. The l e v e l  o f  s t e e r i n g  a x l e  b r a k e  

r e t a r d a t i o n  f o r c e  was v a r i e d  by i n c r e a s i n g  t h e  s i z e  o f  

t h e  b r a k e  chamber u sed  t o  a c t u a t e  t h e  b r a k e s .  To i n s u r e  

t h e  v a l i d i t y  o f  t h e  t e s t  r e s u l t s ,  a l l  t e s t s  were  p e r -  

formed u s i n g  t h e  same two-ax l e  t r a c t o r  ( 4 )  t e s t e d  on 

t h e  same SN 7 5  t e s t  s u r f a c e  u s i n g  t h e  same c o n t r o l  t r a i l e r .  

Al though a l l  l o a d e d  t e s t s  were conduc ted  u s i n g  t h e  same 

c a l i b r a t e d  c o n t r o l  t r a i l e r ,  c a u t i o n  s h o u l d  be  u sed  i n  

making a d i r e c t  comparison between t h e  l oaded  s t o p p i n g  

d i s t a n c e  per formance  of  A n t i l o c k  Systems I ,  11, and 111, 

s i n c e  t h e  a n t i l o c k  sys t em used  on t h e  c o n t r o l  t r a i l e r  

was changed between t h e  t e s t i n g  o f  A n t i l o c k  Systems I1  

and 111. 

Based upon e l emen ta ry  v e h i c l e  b r a k i n g  t h e o r y ,  up 

t o  a  1 0 - f t .  r e d u c t i o n  i n  l o a d e d  60 mph s t o p p i n g  d i s t a n c e  

would be  e x p e c t e d  when t h e  s t e e r i n g  a x l e  b r a k e  a c t u a t i o n  

power was i n c r e a s e d .  The key t o  e x p l a i n i n g  t h i s  anomaly 

l i e s  i n  t h e  f a c t  t h a t  w i t h  t h e  5 . 5  x  16 a c t u a t i o n  

power,  t h e  s t e e r i n g  a x l e  b r a k e s  were t o r q u e  l i m i t e d  

( l a c k e d  adequa t e  power t o  p roduce  wheel l o c k u p ) ,  b u t  



TABLE I 1 1  

STEERING AXLE BRAKE ACTUATION POWER 

PERFORMANCE COMPARISON 

Average S topp ing  D i s t a n c e  I n  Feet  

A n t i l o c k  System I I I I 1 1  
7- 

S t e e r i n g  Ax1 e 
Brake A c t u a t i o n  5 . 5 ~ 1 6  5 . 5 ~ 2 0  5 . 5 ~ 1 6  5 . 5 ~ 2 0  5 . 5 ~ 1 6  5 . 5 ~ 2 0  

Power* 

Loaded 

20 Mph 29.2 27.3 30.4 28.7 28.8 27.9 

60 Mph 239.6 242.4 218.2 236.1 234.2 241.5 

Bob ta i  1 

20 Mph 27.9 24.4 26.1 23. C) 23.2 25.2 

60 Mph 213.5 204.2 200.5 195.2 192.9 193.4 

*Brake a c t u a t i o n  power i s  g i v e n  by s l a c k  a d j u s t e r  (b rake  t o r q u e  arm) l e n g t h  i n  
i nches  and e f f e c t i v e  b rake  chamber area,  i .e., 5 . 5 ~ 2 0  means a s l a c k  a d j u s t e r  
l e n g t h  o f  5.5 i nches  and a brake chamber area of  20 sq. i n .  



w i t h  t h e  5 . 5  x 20 a c t u a t i o n  power ,  wheel  l o c k u p ,  con-  
t r o l l e d  by t h e  a n t i l o c k  s y s t e m ,  o c c u r r e d .  S i m i l a r  t o  

t h e  d a t a  p r e s e n t e d  i n  Tab l e  1 1 ,  t h e  e f f e c t  o f  i n c r e a s i n g  
t h e  s t e e r i n g  a x l e  b r a k e  a c t u a t i o n  power was t o  r e q u i r e  

t h e  a n t i l o c k  sys t em t o  modula te  t h e  s t e e r i n g  a x l e  

b r a k e s .  B u t ,  t h e  low u t i l i z a t i o n  o f  a v a i l a b l e  t r a c t i o n  

p r o v i d e d  by a n t i l o c k  sys tems  r e s u l t e d  i n  i n c r e a s e d  

s t o p p i n g  d i s t a n c e s .  The i n c r e a s i n g  s t e e r i n g  a x l e  b r a k e  

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

v e h i c l e  p i t c h i n g  and random s t e e r i n g  f o r c e  i n p u t s  due 

t o  t h e  " o n - o f f "  a n t i l o c k  modula t ion  o f  t h e  s t e e r i n g  

a x l e  b r a k e s .  The t e s t s  were  r e p e a t e d  w i t h  t h r e e  

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

d a t a  u n e q u i v o c a l l y  demons t r a t e  t h e  low e f f i c i e n c y  w i t h  

which c u r r e n t l y  a v a i l a b l e  a n t i l o c k  sys tems  u t i l i z e  

a v a i l a b l e  t r a c t i o n  f o r  b r a k i n g .  

BRAKE ACTUATION TIME* 

The e f f e c t  o f  b r a k e  a c t u a t i o n  t ime  on s t o p p i n g  

d i s t a n c e  per formance  o f  a  t h r e e - a x l e  t r a c t o r  (3)  i s  

shown i n  Tab l e  IV. I n c r e a s e d  b r a k e  a c t u a t i o n  t i m e  p r o -  

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

6 0  mph s t o p p i n g  d i s t a n c e .  But more s i g n i f i c a n t l y ,  t h e  

r e s u l t s  from t h e s e  t e s t s  demons t r a t ed  t h a t  i n c r e a s e d  

b r a k e  a c t u a t i o n  t imes  improved t h e  a b i l i t y  o f  t h e  a n t i -  

l o c k  sys t em t o  c o n t r o l  i n c i p i e n t  wheel l ockup  which i n  

t u r n  reduced  v e h i c l e  p i t c h i n g  and p r o v i d e d  smoother  

s t o p s .  

As shown i n  Tab l e  V ,  i n c r e a s i n g  t h e  s t e e r i n g  a x l e  

b r a k e  a c t u a t i o n  t ime on a  t w o - a x l e  t r a c t o r  ( 4 )  d r a s t i c a l l y  

*Brake a c t u a t i o n  t ime  i s  d e f i n e d  ( i n  acco rdance  w i t h  
FMVSS-121) a s  t h e  e l a p s e d  t ime  between f i r s t  movement 
o f  t h e  s e r v i c e  b r a k e  c o n t r o l  and t h e  t i m e  a t  which 6 0  
p s i  i s  r e ached  a t  t h e  s e r v i c e  b r a k e  chamber w i t h  an 
i n i t i a l  s u p p l y  r e s e r v o i r  p r e s s u r e  o f  1 0 0  p s i .  



TABLE I V  

B rake  A c t u a t i o n  T i m i n g  
T r a c t o r  (Sec. ) -. 

BRAKE ACTUATION TIME 

PERFORMANCE COMPARISON 

Average S t o p p i n g  D i s t a n c e  I n  Fee t  

Loaded --- B o b t a i  1 

20 Mph 60  Mph 20 Mph 60 Mph 



TABLE V 

STEERING AXLE BRAKE ACTUATION TIME 

PERFORMANCE COMPARISON BOBTAIL 

S t e e r i n g  Ax1 e  Ave. Bobta i  1  Stopp ing Dis tance 

Brake A c t u a t i o n  I n  Feet 

Time (Sec. ) 20 Mph 60 Mph 

Two o f  t h e  t h r e e  60 mph 
t e s t s  conducted r e s u l t e d  
i n  l o s s  o f  v e h i c l e  c o n t r o l  
( s p i n  o u t ) .  

A l l  t h r e e  60 mph runs r e -  
s u l t e d  i n  t h e  v e h i c l e  r e -  
main ing w i t h i n  t h e  12 ft. 
1  ane. 

A1 1 t h r e e  60 mph s tops were 
w i t h i n  t h e  12 ft. l a n e  and 
c o n t r o l  was good. 



improved v e h i c l e  s t a b i l i t y .  By i n c r e a s i n g  t h e  b r a k e  

a c t u a t i o n  t i m e s ,  t h e  h igh  i n i t i a l  t o rque  s p i k e ,  

i n h e r e n t  wi th  drum-type b r a k e s ,  was reduced .  The 

r e d u c t i o n  o f  t h i s  t o r q u e  s p i k e  reduces t h e  spin-down 

r a t e  o f  t h e  w h e e l s ,  a l lowing  t h e  a n t i l o c k  c o n t r o l l e r  

adequate  t ime t o  r e a c t  and modulate b rake  p r e s s u r e ,  

t h e r e b y  minimizing s k i d d i n g  and improving v e h i c l e  

c o n t r o l .  In  a d d i t i o n ,  i n c r e a s i n g  t h e  s t e e r i n g  a x l e  

b rake  a c t u a t i o n  t ime reduced  a n t i l o c k  modula t ion  o f  

t h e  s t e e r i n g  a x l e  b rakes  which p rov ided  a  margina l  

improvement i n  loaded  s t o p p i n g  d i s t a n c e  as  shown i n  

Table  V I .  

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

v e h i c l e  performance improvement r e s u l t i n g  from i n c r e a s e d  

b rake  a c t u a t i o n  t i m e ,  i t  must be emphasized t h a t  b r a k e  

a c t u a t i o n  t ime i s  composed o f  t h e  sum o f  t h e  t r a n s -  

mis s ion  and p r e s s u r e  r i s e  t imes  ( s e e  F igure  9 ) .  For 

t h e s e  t e s t s ,  on ly  t h e  p r e s s u r e  r i s e  t ime was v a r i e d .  

A n a l y s i s  of  t h e  t e s t  d a t a  shows t h a t  r educ ing  t h e  

p r e s s u r e  r i s e  r a t e  reduced t h e  spin-down r a t e  o f  t h e  

whee l s .  But s i n c e  wheel spin-down r a t e  i s  a  f u n c t i o n  

o f  t h e  i n s t a n t a n e o u s  b r a k e  t o r q u e ,  wheel l o a d ,  and t i r e -  

road  i n t e r f a c e  c o n d i t i o n s ,  i t  must be concluded t h a t  no 

o v e r a l l  "optimum" b r a k e  a c t u a t i o n  t ime e x i s t s  t o  cover  

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

SUMMARY 

The r e s u l t s  o f  t h i s  second s e r i e s  o f  t e s t s  show 

t h a t  even w i t h  a n t i l o c k  sys t ems ,  when b rake  r e t a r d a t i o n  

f o r c e  i s  i n c r e a s e d  above t h e  l e v e l  r e q u i r e d  t o  produce 

i n c i p i e n t  wheel l o c k u p ,  s t o p p i n g  d i s t a n c e  i s  a l s o  

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

d i s t a n c e s  w i t h  i n c r e a s e d  b rake  power l i e s  i n  t h e  low 

u t i l i z a t i o n  of  a v a i l a b l e  b r a k i n g  f o r c e s  p rov ided  by 



TABLE V I  

STEERING AXLE BRAKE ACTUATION TIME 

PERFORMANCE COMPARISON LOADED 

S t e e r i n g  Ax le  
Average Loaded Stopping Dis tances 

Brake A c t u a t i o n  I n  Feet 

Time (Sec.) 20 Mph 60 Mph 



B R A K E  ACTUATION T I M E  

F igu re  9 .  



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

t h e s e  t e s t s  show t h a t  a  r e d u c t i o n  i n  l oaded  v e h i c l e  

d ry  a s p h a l t  s t o p p i n g  d i s t a n c e  and improved v e h i c l e  

s t a b i l i t y  can be a c h i e v e d  b y  i n c r e a s i n g  b r a k e  a c t u a t i o n  

t ime beyond c u r r e n t  FMVSS-121 l i m i t s .  Th i s  s e n s i t i v i t y  

o f  a n t i l o c k  sys tems  t o  b o t h  b r a k e  r e t a r d a t i o n  f o r c e  and 

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

a n t i l o c k  s y s t e m s ,  sys tems  which adop t  t o  a l l  p r e v a i l i n g  

v e h i c l e  and r o a d  c o n d i t i o n s  t o  p r o v i d e  maximum u t i l i z a -  

t i o n  o f  a v a i l a b l e  t r a c t i o n  f o r  b r a k i n g  and l a t e r a l  

s t a b i l i t y ,  a r e  n o t  p r e s e n t l y  a v a i l a b l e .  

PART I 1 1  

DISCUSSION 

S i n c e  t h e  marg ins  between FMVSS-121 s t o p p i n g  

d i s t a n c e  r e q u i  rements  and a c t u a l  s t o p p i n g  d i s t a n c e s  

f o r  many c l a s s e s  o f  v e h i c l e  can i n  c e r t a i n  c a s e s  be  

s m a l l ,  t h e  supposed  n u m e r i c a l l y  i n s i g n i f i c a n t  e f f e c t s  

which b r a k e  l i n i n g  e f f e c t i v e n e s s ,  b r a k e  power,  and 

a c t u a t i o n  t ime  have upon t h e  per formance  o f  a n t i l o c k  

sys tems  cannot  be i g n o r e d  i f  c o n s i s  t e n t  compliance 

w i t h  t h e  6 0  mph, 2 4 5  f t .  s t o p p i n g  d i s t a n c e  r equ i r emen t  

i s  t o  be a s s u r e d .  These e f f e c t s ,  combined w i t h  t h e  

s e n s i t i v i t y  o f  a n t i l o c k  sys tems  t o  v e h i c l e  c o n f i g u r a t i o n ,  

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

r equ i r emen t  f o r  an i n o r d i n a t e  number o f  v e h i c l e  t e s t s  

t o  e s t a b l i s h  t h e  c o n d i t i o n s  o f  compl iance  u n l e s s  o p t i o n s  

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

a r e  t o  be e l i m i n a t e d .  

F i n a l l y ,  t h e s e  t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  

employment o f  c u r r e n t l y  a v a i l a b l e  t e chno logy  i n  t h e  

d e s i g n  and manufac tu re  o f  b r a k e  c o n t r o l  sys tems  has  n o t  

p roduced  sys tems  which can  a l l o w  f o r  s i g n i f i c a n t  



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

s u r f a c e  t r a c t i o n  p r o p e r t i e s ,  and t e s t  speed  such  t h a t  

un i fo rm per formance  i s  a c h i e v e d .  Thus t h e  f o l l o w i n g  

q u e s t i o n  n a t u r a l l y  a r i s e s :  "Do t h e  t e s t  c o n d i t i o n s  

and s t o p p i n g  d i s t a n c e  r e q u i r e m e n t s  s p e c i f i e d  by FMVSS- 

1 2 1  n e c e s s i t a t e  employment o f  b r a k e  c o n t r o l  sy s t em 

d e s i g n  c o n f i g u r a t i o n s  and p a r a m e t e r s  which compromise 

t h e  f u l l  p o t e n t i a l  s a f e t y  b e n e f i t  p o s s i b l e  from 

u t i l i z a t i o n  o f  such  s y s t e m s ? "  I f  v e h i c l e  s t a b i l i t y  and 

per formance  on s l i p p e r y  and s p l i t  c o e f f i c i e n t  s u r f a c e s  

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

ahead  s t o p p i n g  c a p a b i l i t y ,  t h e  answer  t o  t h e  q u e s t i o n  

would seem t o  be a f f i r m a t i v e .  

The l a s t  t e s t i n g  and a n a l y t i c a l  program s p o n s o r e d  

by t h e  N a t i o n a l  Highway T r a f f i c  S a f e t y  A d m i n i s t r a t i o n  

(NHTSA) aimed a t  g a t h e r i n g  d a t a  upon which a  s t a n d a r d  

f o r  a i r - b r a k e d  v e h i c l e s  may be  b a s e d  was conduc t ed  f i v e  

y e a r s  a g o . *  Many changes  have o c c u r r e d  i n  t h e  p a s t  f i v e  

y e a r s  i n  v e h i c l e ,  b r a k e ,  and b r a k e  c o n t r o l  sy s t em d e s i g n .  

T h e r e f o r e ,  we s t r o n g l y  recommend t h a t  t h e  Depar tment  o f  

T r a n s p o r t a t i o n  immedia te ly  u n d e r t a k e  t o  s p o n s o r  f u r t h e r  

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

r a i s e d  by us and o t h e r  c o n t r i b u t o r s  t o  t h i s  symposium. 

We f u r t h e r  recommend t h a t  an a d v i s o r y  commit tee  b e  

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

m a n u f a c t u r e r s  and t h e  ma jo r  u s e r s  t o  a d v i s e  t h e  NHTSA 

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

t o  keep  t h e  a d m i n i s t r a t i o n  i n  c o n t a c t  w i t h  t h e  " r e a l  

w o r l d . "  

-- - 

*Murphy, R.W., e t  a l . ,  Bus ,  T r u c k ,  T r a c t o r - T r a i l e r  B rak ing  
System Pe r fo rmance ,  Vol .  1 o f  2 : Research  F i n d i n g s .  The 
Highway S a f e t y  Research  I n s t i t u t e ,  March,  1971 ,  
PB #201  3 6 4 .  
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ABSTRACT 

The N a t i o n a l  Highway T r a f f i c  S a f e t y  A d m i n i s t r a t i o n  

(NHTSA) c u r r e n t l y  h a s  o p e r a t i o n a l  a t  t h e  App l i ed  P h y s i c s  

L a b o r a t o r y  o f  The Johns  Hopkins U n i v e r s i t y  (APLIJHU) a  

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

v e h i c l e s  t o  b r a k i n g  and s t e e r i n g  commands a s  w e l l  a s  

ae rodynamic  and road  roughness  d i s t u r b a n c e s .  The s imu-  

l a t i o n  model e q u a t i o n s  a r e  s o l v e d  s i m u l t a n e o u s l y  on an 

a n a l o g  computer  and a  d i g i t a l  computer  y i e l d i n g  a  h y b r i d  

computer  s o l u t i o n  t o  t h e  model.  S i m u l a t i o n  c o n t r o l  i s  

e x e r c i s e d  v i a  a  CRT and keyboard  t e r m i n a l  w i t h  comple t e  

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

d a t a  c o l l e c t i o n ,  and run  c o n t r o l .  The i n t e r a c t i v e  

t e r m i n a l  need  n o t  be  l o c a t e d  a t  t h e  h y b r i d  computer  and 

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

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

Hybr id  Computer V e h i c l e  Hand l ing  Program (HVHP) , 
examines  t h e  development  o f  t h e  ma thema t i ca l  model ,  

d e t a i l s  t h e  t y p e s  o f  motor  v e h i c l e s  f o r  which i t  h a s  

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

s i m u l a t i o n ,  and d i s c u s s e s  t h e  comput ing sys t em on which 

t h e  s i m u l a t i o n  model i s  s o l v e d .  



INTRODUCTION 

The Appl ied  Phys ic s  Labora tory  f i r s t  became invo lved  

i n  t h e  p r e d i c t i o n  of  v e h i c l e  dynamic performance v i a  

s i m u l a t i o n  i n  May of 1 9 7 2 .  A t  t h a t  t ime A P L  was 

r e q u e s t e d  by NHTSA t o  move t o  APL an e x i s t i n g  v e h i c l e  

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

Bendix Research L a b o r a t o r i e s  [ I ,  21 . A NHTSAf s  motive i n  

moving t h e  s i m u l a t i o n  was t o  make i t  a v a i l a b l e  t o  a l l  

NHTSA c o n t r a c t o r s  f o r  v e h i c l e  r e s e a r c h .  APL reprogrammed 

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

change of  t h e  model and p u b l i s h e d  t h e  r e s u l t  i n  Refe r -  

ence [ 3 ] .  The d e r i v a t i o n  o f  t h e  o r i g i n a l  Bendix model 

i s  p r e s e n t e d  i n  Reference  [ 4 ] .  

Work w i t h  NHTSA c o n t r a c t o r s  began i n  J u l y ,  1973 ,  

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

Calspan Corpora t ion  on t h e  NHTSA i n v e s t i g a t i o n  i n t o  t i r e  

p r o p e r t i e s '  e f f e c t s  on v e h i c l e  h a n d l i n g  [ S ]  . During t h e  

work w i t h  Calspan ,  two pr imary  s i m u l a t i o n  m o d i f i c a t i o n s  

were comple ted:  

(1) a ve ry  f l e x i b l e  u s e r  i n t e r f a c e  f o r  i n t e r -  

a c t i v e  s i m u l a t i o n  c o n t r o l  des igned  a t  

APL was added by APL 

( 2 )  a  new t i r e  f o r c e  and moment model s p e c i -  

f i e d  by Calspan was added by A P L .  

Also added t o  t h e  s i m u l a t i o n  about t h i s  t ime was t h e  

c a p a b i l i t y  t o  a u t o m a t i c a l l y  i n i t i a l i z e  t h e  s i m u l a t i o n  

t o  per form any o f  t h e  s i x  Veh ic l e  Handling T e s t  

Procedures  (VHTPf s )  and t o  c o l l e c t  and p r o c e s s  t h e  

d a t a  r e q u i r e d  t o  c a l c u l a t e  t h e  v e h i c l e  performance 

"Numbers i n  b r a c k e t s  r e f e r  t o  r e f e r e n c e s  l i s t e d  a t  t h e  
end of  t h i s  p a p e r .  



compar i son  v a r i a b l e s  (CV). These VHTP's and CV's were 

o r i g i n a l l y  deve loped  by HSRI (Highway S a f e t y  Research  

I n s t i t u t e )  i n  Re fe r ences  [ 6 ]  and [ 7 ]  and r e s t a t e d  f o r  

computer imp lemen ta t i on  by APL i n  Re fe r ence  [ 8 ]  . The 

r e s u l t  o f  t h i s  work was t h e  HVHP (Hybrid  Computer 

V e h i c l e  Handl ing  Program) documented i n  Re fe r ence  [9] . 
Recent  work w i t h  NHTSA c o n t r a c t o r s  h a s  l e d  t o  t h e  

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

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

r e f i n e  t h e  t i r e  f o r c e  and  moment model t o  r e p r e s e n t  t r u c k  

a s  w e l l  a s  p a s s e n g e r  c a r  t i r e s .  C u r r e n t l y ,  dynamic 

per formance  o f  v e h i c l e s  o f  t h e  f o l l o w i n g  s u s p e n s i o n  

t y p e s  can be  p r e d i c t e d  by t h e  HVHP: 

( 1 )  i ndependen t  f r o n t  and r e a r ,  

( 2 )  i ndependen t  f r o n t  w i t h  s o l i d  r e a r  a x l e ,  

(3 )  s o l i d  f r o n t  and r e a r  a x l e s ,  

( 4 )  s o l i d  f r o n t  and r e a r  a x l e s  w i t h  d u a l  

r e a r  t i r e s .  

I n  i t s  work w i t h  NHTSA c o n t r a c t o r s ,  A P L  ha s  added t o  

t h e  s i m u l a t i o n  model any r e f i n e m e n t s  r e q u i r e d  by t h e  

c o n t r a c t o r  t o  s u c c e s s f u l l y  comple te  h i s  r e s e a r c h .  

The s i m u l a t i o n  ha s  p roven  t o  be  economica l  f o r  

v e h i c l e  dynamic per formance  p r e d i c t i o n .  User  e x p e r i -  

ence  w i t h  t h e  HVHP ha s  shown t h a t  w h i l e  pe r fo rming  

p a r a m e t r i c  r u n s ,  500 seconds  o f  v e h i c l e  mot ion can be  

s i m u l a t e d  i n  one hou r  o f  computer u s e .  T h i s  t r a n s l a t e s  

t o  a  c o s t  o f  l e s s  t h a n  $0 .50  p e r  v e h i c l e  s i m u l a t i o n  

second  and r e p r e s e n t s  a  f i f t y  p e r c e n t  u t i l i z a t i o n  o f  

t h e  a v a i l a b l e  comput ing t i m e .  S i n c e  t h i s  s i m u l a t i o n ,  

r unn ing  a t  o n e - f o u r t h  of  r e a l  t i m e ,  i s  c a p a b l e  of  900 



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

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

d a t a  and changing  p a r a m e t e r s .  ' 1 ' 1 1 ~  $ 0 . 5 0  p e r  s imu la t cd  

second  shoul t l  I,c. v icwcd :IS tlic. ct~r.rc.nt lower c o s t  

l i m i t .  

For program debugging and model c h e c k o u t ,  f ewer  

runs  a r e  made i n  a  g i v e n  t ime  p e r i o d  t h a n  when p a r a -  

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

p e r  v e h i c l e  s i m u l a t e d  s econd  would i n c r e a s e .  However, 

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

o b s e r v a t i o n  f o r  debugging d e c r e a s e s  t h e  t o t a l  t ime  

r e q u i r e d  f o r  program c h e c k o u t .  During t h e  debug p h a s e ,  

HVHP c o s t  u s u a l l y  r anges  between one and two d o l l a r s  

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

toward t h e  $ 0 . 5 0  p e r  second  f i g u r e .  

SIMULATION MOLIEL 

The s i m u l a t e d  v e h i c l e  i s  r e p r e s e n t e d  by a  

s e v e n t e e n - d e g r e e - o f - f r e e d o m  model which c o n s i s t s  o f :  

(1 )  A b a s i c  t e n - d e g r e e - o f - f r e e d o m  model o f  

t h e  v e h i c l e  body ,  f r o n t  w h e e l s ,  and 

r e a r  a x l e .  

( 2 )  A t h r e e - d e g r e e - o f  - f reedom s t e e r i n g  

sy s t em model .  

( 3 )  A f o u r - d e g r e e - o f - f r e e d o m  wheel  r o t a -  

t i o n a l  dynamics model.  

The b a s i c  t e n - d e g r e e - o f - f r e e d o m  model r e g a r d s  t h e  

v e h i c l e  a s  an assembly of  f o u r  r i g i d  masse s :  t h e  

v e h i c l e  body ,  two f r o n t  wheel  m a s s e s ,  and t h e  r e a r  

wheel  a x l e  combina t i on  ( s o l i d  r e a r  a x l e ) .  The t e n  



deg ree s  o f  freedom c o n s i s t  o f  t h e  s i x  s t a n d a r d  t r a n s -  

l a t i o n a l  and r o t a t i o n a l  d e g r e e s  of  freedom f o r  t h e  body, 

two f o r  t h e  v e r t i c a l  motion of  each f r o n t  w h e e l ,  and 

two Tor t h e  r o t a t  ion a n d  v e r t i c a l  111otion of  t h e  r e a r  

a x l e .  When t h e  v c h i c l c  modcl i n c l u d c s  t h e  independent  

r e a r  s u s p e n s i o n ,  each r e a r  wheel i s  c o n s i d e r e d  a s  an 

i ndependen t  mass;  and t h e  v e r t i c a l  motion o f  each  r e a r  

wheel i s  a  deg ree  o f  f reedom. 

The s t e e r i n g  sys tem model w i t h  t h r e e  deg ree s  o f  

freedom r e p r e s e n t s  t h e  compliance i n  each  o f  t h e  f r o n t  

whee ls  and i n  t h e  c o n n e c t i n g  r o d .  The t i r e  moments 

abou t  each  k i n g p i n  a x i s  a r e  f u n c t i o n s  o f  t h e  c i rcum-  

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

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

c a s t e r  t r a i l  e f f e c t s  o f  t h e  t i r e s .  S t e e r i n g  wheel d i s -  

p lacement  i s  t h e  s t e e r i n g  sy s t em i n p u t .  

] :our a d d i t i o n a l  d e g r e e s  of  frccdom ( f o r  a  t o t a l  o f  

s e v e n t e e n )  a r e  c o n t a i n e d  i n  t h e  r o t a t i o n a l  e q u a t i o n s  

of  mot ion abou t  t h e  s p i n  a x i s  of  e a c h  whee l .  These 

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

r e a r  w h e e l s ,  y i e l d  t h e  wheel r o t a t i o n  r a t e s  from which 

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

t i o n  c o e f f i c i e n t s  a r e  computed. The i n p u t  t o  t h e  

e q u a t i o n s  can be e i t h e r  d r i v e  t o r q u e  o r  b r ake  t o r q u e .  

The e q u a t i o n s  o f  motion o f  t h e  v e h i c l e  body,  w h e e l s ,  

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

t i r e  f o r c e s  and moments. The s u s p e n s i o n  e q u a t i o n s  

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

and f r o n t  and r e a r  a u x i l i a r y  r o l l  s t i f f n e s s .  The s u s -  

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

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

w e i g h t ,  l ' e h i c l e  f u n c t i o n s ,  such  a s  camber,  c a s t e r ,  and 

t o e  a n g l e s ,  a n t i - p i t c h  and a n t i - r o l l  f o r c e s ,  and bump 



s t o p  f o r c e s  a r e  i n p u t  r e l a t i v e  t o  t h e  un loaded  v e h i c l e  

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

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

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

v e h i c l e  model .  

The t i r e  f o r c e s  ( r a d i a l ,  c i r c u m f e r e n t i a l ,  and  

l a t e r a l )  a r e  computed f o r  each  whee l .  The r a d i a l  l o a d  

i s  p r o p o r t i o n a l  t o  t h e  d i s t a n c e  between t h e  whee l  

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

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

c o e f f i c i e n t  o f  f r i c t i o n  which i s  a  f u n c t i o n  o f  wheel  

s l i p ,  r a d i a l  l o a d ,  and n o r m a l i z e d  s l i p  a n g l e .  The 

l a t e r a l  t i r e  f o r c e  i s  t h e  p r o d u c t  o f  t h e  t i r e  rad ia .1  

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

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

a n g l e  and l o n g i t u d i n a l  s l i p .  A d d i t i o n a l l y ,  t h e  l a t e r a l  

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

wheel  v e l o c i t y .  Wheel a l i g n i n g  t o r q u e s  and o v e r t u r n i n g  

moments a r e  i n c l u d e d  a s  f u n c t i o n s  o f  wheel  r a d i a l  l o a d ,  

s i d e  f o r c e ,  and  camber a n g l e .  

ALLOCATION OF ANALOG AND DIGITAL COMPUTER TASKS 

S i n c e  t h e  model i s  s o l v e d  on a  h y b r i d  compu te r ,  

i t  must b e  s u b d i v i d e d  f o r  s o l u t i o n  i n t o  e q u a t i o n s  t o  

b e  s o l v e d  on t h e  a n a l o g  computer  and  t h o s e  t o  b e  s o l v e d  

on t h e  d i g i t a l  compu te r .  The a l l o c a t i o n  o f  comput ing 

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

( I )  F u n c t i o n  g e n e r a t i o n  r e q u i r i n g  e x t e n s i v e  

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

t a b l e s  o f  v a l u e s  s h o u l d  be  pe r fo rmed  i n  

t h e  d i g i t a l  compu te r .  



Systcm v a r  i : lbles t1c t~r111i  n C t 1  fro111 t h e  

s o l u t i o n  o l  c l i f f c r c r i t i ; ~ l  cc luat ions  
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t ifnc ( t i m c  con.i;t:ltlt) . 'I'llc t l i  f f c r c n t i a l  

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

v a r i a b l e s  s h o u l d  be s o l v e d  on t h e  a n a l o g  

computer ,  and t h e  remain ing  on t h e  d i g i t a l  

computer .  

S l i g h t  compromises t o  t h e  t a s k  a l l o c a t i o n  de te rmined  

from t h e  above r u l e s  were r e q u i r e d  due t o  l i m i t a t i o n s  

i n  d i g i t a l  computer computa t ion  s p e e d ,  numbers of a n a l o g  

computer computa t ion  modules ,  and a v a i l a b l e  ana log -  t o -  

d i g i t a l  and d i g i t a l - t o - a n a l o g  d a t a  communication modules .  

The p r e s e n t  a l l o c a t i o n  o f  computing t a s k s  between 

t h e  a n a l o g  and d i g i t a l  computers i s  p r e s e n t e d  i n  F i g u r e  

1. C a l c u l a t e d  i n  t h e  d i g i t a l  p o r t i o n  a r e  t h e  sprung  

mass e q u a t i o n s  of  mo t ion ,  wheel o r i e n t a t i o n  a n g l e s ,  and 

t i r e  f o r c e  e q u a t i o n s .  Wheel b r ake  and d r i v e  t o r q u e s ,  

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

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

p o r t i o n .  

The a n a l o g  computa t ions  i n c l u d e  t h e  s u s p e n s i o n  

f o r c e s ,  shock a b s o r b e r  and wheel s p r i n g  f u n c t i o n s ,  l o n g i -  

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

f r i c t i o n .  I n  a d d i t i o n ,  t h e  e q u a t i o n s  o f  mot ion o f  t h e  

unsprung masses and s t e e r i n g  sys tem e q u a t i o n s  a r e  s o l v e d  

on t h e  ana log  computer .  

The h y b r i d  s i m u l a t i o n  i s  t ime  s c a l e d  t o  run a t  

o n e - f o u r t h  r e a l  t i m e ,  i . e . ,  twenty seconds  o f  c l o c k -  

o n - t h e - w a l l  t ime  i s  r e q u i r e d  f o r  f i v e  seconds  o f  v e h i c l e  

s i m u l a t i o n .  
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H Y B R I D  COMPUTER 

F i g u r e  2 i s  a  d iagram o f  t h e  A P L I J H U  h y b r i d  com- 

p u t e r  s y s t e m .  The p r imary  u n i t s  a r e  t h e  ana log  and 

d i g i t a l  compu te r s ,  t h e  h y b r i d  c o n t r o l  and d a t a  i n t e r -  

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

remote b a t c h  s t a t i o n .  Two t y p e s  o f  a n a l o g  computers  

manufac tu red  by E l e c t r o n i c  A s s o c i a t e s ,  I n c . ,  a r e  l o c a t e d  

i n  t h e  h y b r i d  l a b o r a t o r y  and t h e  p o r t i o n  o f  t h e  model 

programmed on t h e  a n a l o g  computer  i s  d i v i d e d  between 

them. The e n t i r e  s t e e r i n g  sy s t em i s  c o n t a i n e d  on an 

E A I  231-R and t h e  r o t a t i o n a l  wheel  dynamics ,  c i rcum-  

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

d e f l e c t i o n ,  and s u s p e n s i o n  dynamics i s  c o n t a i n e d  on an 

EAI 6  80 .  

The h y b r i d  d a t a  and c o n t r o l  i n t e r f a c e  p e r m i t s  con-  

t r o l  of  t h e  ana log  computer by t h e  d i g i t a l  computer  and 

exchange of  d a t a  between t h e  ana log  and d i g i t a l  compu te r s ,  

Data  communication w i t h  t h e  d i g i t a l  computer i s  p r o -  

v i d e d  by 2 4  m u l t i p l y i n g  d i g i t a l  - t o -  ana log  c o n v e r t e r s  

(MDAC's) , 24 n o n - m u l t i p l y i n g  DAC's and 2 4  c h a n n e l s  o f  

a n a l o g - t o - d i g i t a l  c o n v e r s i o n  (ADC's) .  The sys t em con-  

t a i n s  a  c o n t r o l  i n t e r f a c e  which a l l o w s  comple te  c o n t r o l  

o f  t h e  680 a n a l o g  computer and d a t a  i n t e r f a c e  v i a  

F o r t r a n  IV c a l l a b l e  s u b r o u t i n e s  by t h e  d i g i t a l  computer 

which i s  r emo te ly  l o c a t e d  1000 f e e t  from t h e  h y b r i d  

l a b o r a t o r y .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  APL/JHU 

h y b r i d  f a c i l i t y  i s  p r e s e n t e d  i n  Appendix C o f  Re fe r ence  

[9Im 

The d i g i t a l  computer  i s  an  IBM 360 Model 91 .  Th i s  

i s  one o f  t h e  l a r g e s t  and f a s t e s t  computers  b u i l t  by 

IBM and i s  c h a r a c t e r i z e d  by t h e  f o l l o w i n g :  
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T h i r d  g e n e r a t i o n  hardware  

4 m i l l i o n  b y t e s  o f  main c o r e  s t o r a g e  

4 b i l l i o n  b y t e s  o f  random a c c e s s  s t o r a g e  

Minimum i n s t r u c t i o n  e x e c u t i o n  t ime  o f  

60 nanoseconds 

Use o f  t h e  O p e r a t i n g  System OS/bWT ( M u l t i -  

programming w i t h  a  V a r i a b l e  Number o f  Tasks )  . 

A l l  v e h i c l e  model c a l c u l a t i o n s  n o t  a s s i g n e d  t o  t h e  

a n a l o g  computers  a r e  pe r fo rmed  d i g i t a l l y .  S i m u l a t i o n  

cod ing  i s  per formed  i n  t h e  F o r t r a n  I V  l a n g u a g e .  

S i n c e  t h e  h y b r i d  comput ing f a c i l i t y  i s  r emo te ly  

l o c a t e d  from t h e  d i g i t a l  compu te r ,  a  remote  b a t c h  

t e r m i n a l  i s  r e q u i r e d  f o r  program deck s u b m i s s i o n  and 

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

h y b r i d  l a b o r a t o r y  i s  manufac tu red  by Data  100 and 

c o n t a i n s  a  600 c a r d l m i n u t e  r e a d e r  and a  600 l i n e l m i n u t e  

p r i n t e r .  

The h y b r i d  o p e r a t o r s  c o n t r o l  c o n s o l e  i s  an IBM 

3270 d i s p l a y  sy s t em c o n s i s t i n g  o f  a  CRT, k e y b o a r d ,  and 

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

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

v i a  t h e  keyboa rd  and s i m u l a t i o n  o u t p u t  a p p e a r  on t h e  

C R T .  The p r i n t e r  i s  u sed  t o  g h o s t  p r i n t  e v e r y t h i n g  

t h a t  a p p e a r s  on t h e  CRT s o  t h a t  u s e r / c o m p u t e r  t r a n s a c -  

t i o n s  a r e  n o t  l o s t .  A v e r y  power fu l  and  f l e x i b l e  s e t  

o f  communication r o u t i n e s ,  d e s i g n e d  f o r  s i m u l a t i o n  u s e ,  

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

c o n s o l e .  



USER'S INTERFACE 

To i n c r e a s e  e f f i c i e n c y  and conven i ence  o f  u s e ,  

an i n t e r f a c e  between t h e  e n g i n e e r i n g  u s e r  and t h e  

computer  ha s  been d e s i g n e d  and implemented i n  t h e  

HVHP. I n  t h i s  way, u s e r  c o n t r o l  and i n f o r m a t i o n  

r e t r i e v a l  from t h e  h y b r i d  computer  i s  maximized [ l o ] .  

The i n t e r f a c e  ha s  been implemented by a  s e t  o f  g e n e r a l  

i z e d  i n p u t / o u t p u t  s u b r o u t i n e s .  Using t h e s e  communi- 

c a t i o n  r o u t i n e s ,  t h e  f o l l o w i n g  n e c e s s a r y  t a s k s  can be  

accompl i shed  i n t e r a c t i v e l y  a t  t h e  CRT h y b r i d  c o n t r o l  

c o n s o l e .  

* I n t e r r o g a t i o n  o f  any d i g i t a l  v a r i a b l e ,  

i n c l u d i n g  a r r a y s ,  by F o r t r a n  name o r  an 

a l i a s .  

*Assignment  o f  new v a l u e s  t o  any d i g i t a l  

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

* T r a c k i n g  and p r i n t i n g  t h e  v a l u e s  o f  any 

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

* P r i n t i n g  t h e  end o f  run  v a l u e s  o f  any 

d i g i t a l  v a r i a b l e  o r  p a r a m e t e r .  

* P e r f o r m i n g  a u t o m a t i c a l l y  a  group o f  p a r a -  

m e t r i c  r u n s  v a r y i n g  one o r  more p a r a m e t e r s  

o r  i n i t i a l  c o n d i t i o n s  by an a r b i t r a r y  amount. 

* A s s i g n i n g  new d i g i t a l  v a r i a b l e s  t o  t h e  DAC's 

( d i g i t a l -  t o -  a n a l o g  c o n v e r t e r s )  and ADC's 

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

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

t h e  DACfs o r  i n p u t  on t h e  A D C ' s .  



*Commenting t h e  computer  o u t p u t  w i t h  

o b s e r v a t i o n s  p e r t i n e n t  t o  t h e  computer  

r u n s .  

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

on command. 

The u s e f u l n e s s  o f  t h e s e  r o u t i n e s  i s  augmented by h a v i n g  

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

-The o u t p u t  u n i t  f o r  a l l  d i g i t a l  computer  

r e s p o n s e s  i s  s e l e c t a b l e  ( l i n e  p r i n t e r ,  C R T ,  

o r  b o t h ) .  

- E x t e n s i v e  s u b r o u t i n e  e r r o r  r e c o v e r y  which 

a l l o w s  o p e r a t i o n  by u n t r a i n e d  p e r s o n n e l .  

* F r e e  fo rmat  i n p u t  which o b v i a t e s  t h e  need  t o  

a lways  i n s e r t  dec ima l  p o i n t s ,  s p a c e s ,  e t c . ,  

which would b e  r e q u i r e d  by F o r t r a n  s y n t a x .  

An e x p l a n a t i o n  of  t h e  modules which a r e  t h e  b u i l d i n g  

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

i n t e r a c t i o n ,  i s  p r e s e n t e d  i n  Appendix D o f  Re fe r ence  

[ g l  

VHTP MANEUVERS AND COMPARISON VARIABLES 

Due t o  t h e  impor t ance  o f  h a n d l i n g  t e s t  p r o c e d u r e s  

i n  v e h i c l e  r e s e a r c h ,  t h e  HVHP was programmed t o  a u t o -  

m a t i c a l l y  pe r fo rm t h o s e  d e f i n e d  f o r  p a s s e n g e r  c a r s  by 

HSRI [ 8 ] .  The a s s o c i a t e d  compar i son  v a r i a b l e s  (CV's)  

f o r  t h e  VHTP's a r e  a l s o  c a l c u l a t e d .  S i n c e  t e s t  p r o -  

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

s t e e r i n g ,  and combina t i ons  o f  b r a k i n g  and s t e e r i n g ,  



t h e  HVHP imp lemen ta t i on  can g e n e r a l l y  be  u sed  t o  

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

The comparison v a r i a b l e s  a r e  l e s s  g e n e r a l  and r e f e r  

s p e c i f i c a l l y  t o  t h e  I-ISRI p a s s e n g e r  v e h i c l e  VHTP's. 

VHTP MANEUVERS 

The s i m u l a t i o n  ha s  t h e  c a p a b i l i t y  o f  s e l f -  

i n i t i a l i z i n g  t o  pe r fo rm any o f  t h e  s i x  p a s s e n g e r  c a r  

VHTP maneuvers and t o  c a l c u l a t e  t h e  comparison 

v a r i a b l e s  a p p r o p r i a t e  f o r  t h e  s e l e c t e d  VHTP.  U t i l i z -  

i n g  t h e  communication r o u t i n e s ,  a  VHTP i s  s e l e c t e d  by 

a d d r e s s i n g  t h e  F o r t r a n  v a r i a b l e  VHTPNO and a s s i g n i n g  

i t  a  v a l u e  from 1 t o  6 .  The v a l u e  o f  0 i s  r e s e r v e d  

f o r  a  s p e c i a l  check run  t h a t  v e r i f i e s  c o r r e c t  dynamic 

o p e r a t i o n  o f  t h e  s i m u l a t i o n .  Once a  VHTP h a s  been 

s e l e c t e d ,  t h e  i n p u t  command p e r t i n e n t  t o  t h e  VHTP can  

be a c c e s s e d .  For a l l  VIITP's t h e  F o r t r a n  v a r i a b l e  PFL 

r e p r e s e n t s  b r a k e  l i n e  p r e s s u r e .  For  VMTP's 2 t o  6 ,  

t h e  s t e e r i n g  wheel i n p u t  has  t h e  F o r t r a n  name STR2, 

STR3, e t c .  The names PFL, STR2, e t c . ,  can be u sed  i n  

t h e  m u l t i - r u n  r o u t i n e  t o  s i m u l a t e  a  s e r i e s  o f  VHTP 

t e s t s  i n  which t h e  b r a k e  l i n e  p r e s s u r e  o r  s t e e r i n g  wheel  

i n p u t  i s  inc re rnen ted .  By c o n v e n t i o n ,  when a  VHTP i s  

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

p a r a m e t e r  (VHTP 2 ,  4 ,  5 1 ,  t h e  STR v a r i a b l e  c o n t a i n s  t h e  

s t e e r i n g  wheel  r o t a t i o n  r e q u i r e d  t o  i n p u t  2 . 0  deg ree s  

o f  n o r m a l i z e d  s t e e r .  Normal ized s t e e r  i s  t h e  i ndepen -  

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

s t e e r i n g  i s  i n c r e m e n t e d .  

VHTP COblPARISON VARIABLES 

Comparison v a r i a b l e s  a r e  o u t p u t  i n  b o t h  t h e  s i n g l e  

r u n  and m u l t i p l e  r u n  modes. I f  a  s i n g l e  run  i s  e x e c u t e d ,  

a  g e n e r a l  compar i son  v a r i a b l e  fo rma t  i s  s e l e c t e d  i n  



which a l l  CV1s a r e  o u t p u t .  However, on ly  t h o s e  p e r -  

t i n e n t  t o  t h e  s e l e c t e d  VHTP w i l l  be  nonzero .  I f  a  

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

format  w i t h  t h e  i n p u t  command ( s t e e r i n g  wheel ang le  o r  

b rake  l i n e  p r e s s u r e )  s t a r t i n g  i n  t h e  l e f t  column fo l lowed 

by t h e  p e r t i n e n t  CVts.  An example i s  p r e s e n t e d  i n  

F igure  3 ,  i n  which t h e  fo l lowing  o c c u r s :  

(1) VHTP 4 i s  s e l e c t e d .  

( 2 )  The STR4 v a r i a b l e  i s  i n t e r r o g a t e d  t o  

de termine  t h e  s t e e r i n g  wheel r o t a t i o n  

f o r  two degrees  of normal ized  s t e e r .  

(3) The s t e e r i n g  wheel i n p u t  i s  s e t  equal  

t o  300  d e g r e e s .  

(4) A s i n g l e  run i s  execu ted .  

( 5 )  A run s e r i e s  of f o u r  runs i s  s e t  up 

w i t h  STR4 i n i t i a l i z e d  t o  two degrees  
normal ized  s t e e r  (NS) and incremented 

by two degrees  NS i n  each r u n .  

( 6 )  A m u l t i p l e  run i s  execu ted .  

A r e p r e s e n t a t i v e  p a r a m e t r i c  run s e r i e s  f o r  each VHTP i s  

p r e s e n t e d  i n  F igure  2 - 2  (a)  t o  2 - 2  ( f )  of Reference [ 9 ] .  

SIMULATION OUTPUT 

I n  a d d i t i o n  t o  t h e  user /computer  t r a n s a c t i o n s  

p r i n t e d  on t h e  h y b r i d  o p e r a t o r ' s  p r i n t e r ,  t h e  s imula -  

t i o n  has  s e v e r a l  o u t p u t s  which a r e  normally a v a i l a b l e  

t o  t h e  u s e r .  The o u t p u t  i s  summarized below: 

(1) VHTP comparison v a r i a b l e  va lues  

( 2 )  analog  s t r i p  c h a r t  t ime h i s t o r y  

r eco rd ings  ( s i x t e e n  v a r i a b l e s )  
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(3 )  d i g i t a l  p r i n t o u t  of v a r i a b l e s  v e r s u s  

t ime (up t o  f i f t y  v a r i a b l e s )  

( 4 )  comparison v a r i a b l e  g r a p h s .  

The a p p r o p r i a t e  VHTP comparison v a r i a b l e  v a l u e s  

a r e  p r i n t e d  fo l lowing  t h e  e x e c u t i o n  o f  a  VHTP maneuver,  

T y p i c a l  examples a r e  p r e s e n t e d  i n  F igure  3 .  

S i x t e e n  channe l s  of  s t r i p  c h a r t  t ime h i s t o r y  

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

b r a k i n g  i n  a  t u r n  t e s t  p rocedure  a r e  p r e s e n t e d  i n  

F igures  4 ( a )  and 4 (b)  . The v a r i a b l e s  a r e  d e f i n e d  below: 

F igure  4 ( a )  - 

(1)  l o n g i t u d i n a l  d e c e l e r a t i o n  i n  gees ( A x ) ,  

( 2 )  l a t e r a l  a c c e l e r a t i o n  i n  gees ( A  ) ,  
Y 

( 3 )  v e h i c l e  yaw r a t e  i n  r a d i a n s  p e r  second ( r ) ,  

( 4 )  s t e e r i n g  wheel i n p u t  i n  r a d i a n s  ( a S w ) ,  

( 5 )  v e h i c l e  forward v e l o c i t y  i n  f e e t  p e r  

second ( u ) ,  

( 6 )  v e h i c l e  s i d e  v e l o c i t y  i n  f e e t  p e r  

second (v) , 

( 7 )  v e h i c l e  s i d e s l i p  a n g l e  i n  r a d i a n s  

( B ) ,  and 
- 1 ( 8 )  t u r n i n g  r a d i u s  o f  c u r v a t u r e  i n  f e e t  , 

( l / R ) .  

F igu re  4 ( b )  - 

( 1 - 4 )  t h e  a n g u l a r  v e l o c i t i e s  of  t h e  r i g h t  

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

second ( u l ,  u 2 ,  u 3 ,  u4,  r e s p e c t i v e l y ) ;  







( 5 -  7 )  t h e  d e f l e c t i o n  from t h e  e q u i l i b r i u m  

p o s i t i o n  of  t h e  r i g h t  f r o n t  w h e e l ,  

l e f t  f r o n t  whee l ,  and r e a r  a x l e  i n  

i n c h e s  (61, d 2 ,  6 3 ,  r e s p e c t i v e l y ) ;  

( 8 )  t h e  a n g u l a r  r o t a t i o n  o f  t h e  r e a r  a x l e  
w i t h  r e f e r e n c e  t o  t h e  sp rung  mass i n  

r a d i a n s  (mr).  

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

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

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

gram d a t a  deck o r  s e l e c t e d  i n t e r a c t i v e l y  d u r i n g  program 

e x e c u t i o n .  The t ime  i n t e r v a l  f o r  o u t p u t  i s  a l s o  i n t e r -  

a c t i v e l y  s e l e c t e d .  The i n t e r a c t i v e  s e l e c t i o n  c a p a b i l i t y  

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

s t u d y i n g  unexpec t ed  dynamic phenomena. Any v a r i a b l e  

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

o u t p u t  example i s  p r e s e n t e d  i n  F i g u r e  5 .  

To a i d  i n  q u i c k  a n a l y s i s  o f  v e h i c l e  pe r fo rmance ,  

computer  g e n e r a t e d  comparison v a r i a b l e  p l o t s  a r e  made 

a v a i l a b l e .  An example p l o t  f o r  a  t r a p e z o i d a l  s t e e r  t e s t  

p r o c e d u r e  i s  p r e s e n t e d  i n  F i g u r e  6 .  

CONCLUSION 

The Hybr id  Computer V e h i c l e  Handl ing  Program (HVHP) 

h a s  demons t r a t ed  r e a l i s t i c  dynamic s i m u l a t i o n s  o f  

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

per formance  o f  s i m u l a t i o n  r u n s ,  e s p e c i a l l y  t h o s e  i n -  

v o l v i n g  t h e  s i x  v e h i c l e  h a n d l i n g  t e s t  p r o c e d u r e s  (VHTP), 

i s  i n e x p e n s i v e l y  and e a s i l y  pe r fo rmed .  I n  a d d i t i o n ,  

t h e  per formance  measur ing  v e h i c l e  Comparison V a r i a b l e s  

( C V )  f o r  each  VHTP a r e  a l s o  p r o v i d e d .  
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TIRE FRICTION MODELS AND THEIR EFFECT O N  
SIMULATED VEHICLE DYNAMICS 

P .  K .  Nguyen 
and 

E .  R .  Case 

I n  t h i s  p a p e r ,  v a r i o u s  t i r e  f r i c t i o n  models a r e  

examined and t h e i r  s i m i l a r i t i e s  and d i f f e r e n c e s  a r e  

p o i n t e d  o u t .  Emphasis i s  p l a c e d  on t h e  t i r e  s i d e  

f o r c e  and a  numer ica l  comparison i s  i l l u s t r a t e d  based  

on e x i s t i n g  exper imen ta l  d a t a .  D i f f e r e n t  u s e s  of  

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

o f  v e h i c l e  response  t o  d i f f e r e n t  t i r e  models i s  

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

Three b a s i c  maneuvers a r e  s i m u l a t e d :  c o r n e r i n g ,  

s t r a i g h t  ahead b r a k i n g  and b r a k i n g  i n  a  t u r n .  The 

s i m u l a t i o n  r e s u l t s  a r e  compared w i t h  one p a r t i c u l a r  

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

f i e d  by t a b l e s  o f  expe r imen ta l  t i r e  d a t a .  Accurac ies  

and computing t imes  f o r  each t i r e  model a r e  s t u d i e d .  



NOTATIONS 

c o n s t a n t s  t o  be  d e t e r m i n e d ,  i = 1 , 2 , .  . . 
components o f  t h e  r a d i u s  v e c t o r  from 

v e h i c l e  c . g .  t o  t h e  wheel  c e n t e r  ( f t )  

" f o r e  and a f t "  t i r e  s p r i n g  c o n s t a n t  ( I b s l f t )  

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

c o n s t a n t  d e f i n e d  i n  E q u a t i o n  ( 6 )  

t i r e  f r e e  r a d i u s  ( f t )  

t ime  ( s e c )  

d e l a y  t ime  u sed  i n  m o d e l l i n g  b r a k e s  ( s e c )  

f o rward  and l a t e r a l  v e l o c i t i e s  ( f p s )  

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

l a t e r a l  t i r e  s t i f f n e s s  ( l b s / r a d )  

l o n g i t u d i n a l  t i r e  s t i f f n e s s  ( l b s )  

r e s u l t a n t  f r i c t i o n  f o r c e  ( l b s )  

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

l a t e r a l  f o r c e  ( l b s )  

a  f u n c t i o n  d e f i n e d  i n  E q u a t i o n  ( 2 5 )  

yaw moment o f  i n e r t i a  o f  v e h i c l e  ( s l u g - f t 2 )  

wheel  p o l a r  moment o f  i n e r t i a  ( s l u g - f t 2 )  

v e h i c l e  mass ( s l u g s )  

normal l o a d  on t i r e  ( l b s )  

t i r e  t r e a d  r e s i l i e n c e ,  s e e  E q u a t i o n  ( 7 )  

c o n s t a n t  d e f i n e d  i n  E q u a t i o n  ( 7 )  

l o n g i t u d i n a l  s l i p  r a t i o  



brak ing  to rque  ( f t  - 1 b s )  

v e h i c l e  speed ( f p s )  

s l i p  angle  ( r a d )  

s t e e r i n g  angle  ( r a d )  

f r i c t i o n  r e d u c t i o n  parameter  

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  

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

r i s e  t ime used i n  modell ing b rakes  ( sec )  

yaw ang le  ( r a d )  

wheel speed ( r a d / s e c )  



INTRODUCTION 

S ince  t h e  a i r - i n f l a t e d  t i r e  was f i r s t  used by 

S i r  Robert Thompson i n  England around 1845 [ I ] ,  

e x t e n s i v e  r e s e a r c h  has  been conducted on t i r e  f r i c -  

t i o n ,  p a r t i c u l a r l y  i n  r e c e n t  y e a r s .  An e x c e l l e n t  

c o l l e c t i o n  of  t i r e  f r i c t i o n  t h e o r i e s  has  been p r e -  

s e n t e d  by Kummer [Z] ,  and o t h e r ,  more r e c e n t  r e s e a r c h  

r e s u l t s ,  a r e  given i n  Reference [ 3 ] .  P r e s e n t  l i t e r a t u r e  

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

o f  t i r e  f r i c t i o n  would r e q u i r e  an e n t i r e  book. There-  

f o r e ,  f o r  t h e  purposes o f  t h i s  p a p e r ,  i t  i s  s u f f i c i e n t  

t o  say  t h a t  t i r e  f r i c t i o n  invo lves  much more than  t h e  

f r i c t i o n  o f  rubber  m a t e r i a l  a g a i n s t  a  s u r f a c e ;  i t  a l s o  

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

v e l o c i t y ,  pavement s t r u c t u r e  , and o t h e r  envi ronmenta l  

f a c t o r s .  

T i r e  f r i c t i o n  has  been s t u d i e d  bo th  expe r imen ta l ly  

and t h e o r e t i c a l l y  . Experiments have been conducted 

[4-121 t o  de termine  t i r e  f r i c t i o n  i n  terms o f  t h e  above 

f a c t o r s .  U n f o r t u n a t e l y ,  depending on methods of  curve  

f i t t i n g  and o b s e r v a t i o n ,  d i f f e r e n t  "empi r i ca l "  formulas  

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

I n  c o n t r a s t  t o  t h e  abundance of  expe r imen ta l  i n v e s t i -  

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

t i r e  f r i c t i o n  [13 ,  1 4 1 .  The complexi ty of  t i r e  f r i c t i o n  

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

t o  assume a  p r e s s u r e  d i s t r i b u t i o n  over  t h e  c o n t a c t  
pa tch  and t o  lump t i r e / r o a d  i n t e r f a c e  f r i c t i o n ,  t r e a d  

p a t t e r n  and weather  c o n d i t i o n s  i n t o  one c o e f f i c i e n t  
u s u a l l y  r e f e r r e d  t o  as t h e  " 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 ,  p." The outcome of  such a  s t u d y  w i l l  be 

r e f e r r e d  t o  i n  t h i s  paper  as " a n a l y t i c a l "  fo rmulas .  



T i r e  f r i c t i o n  f o r c e s  (and  moments) p l a y  a  very 

impor tan t  r o l e  i n  v e h i c l e  dynamics a s  they  de termine  

t h e  s t a b i l i t y  and c o n t r o l  of t h e  v e h i c l e .  Some f a c t o r s  

t h a t  i n f l u e n c e  t h e  v e h i c l e  response  a r e :  suspens ion  

sys tem c h a r a c t e r i s t i c s ,  b rake  sys tem r e s p o n s e ,  i n e r t i a  

d i s t r i b u t i o n ,  aerodynamic f o r c e s ,  e t c .  To make t h e  

problem more compl i ca ted ,  a  t i r e  behaves d i f f e r e n t l y  

i n  t r a n s i e n t  and s t e a d y - s t a t e  r e sponses  [ 4 ] .  I n  most 

p r a c t i c a l  c a s e s ,  t h e  s i d e  s l i p  ang le  v a r i e s  s lowly  

( excep t  i n  v i o l e n t  maneuvers) s o  t h a t  t h e  t i r e  t r a n s i e n t  

response  can be  j u s t i f i a b l y  n e g l e c t e d  i n  v e h i c l e  simu- 

l a t i o n s .  As a consequence,  t h e  d i s c u s s i o n  i n  t h i s  

p a p e r  i s  l i m i t e d  t o  t h e  r o l e  o f  s t e a d y - s t a t e  t i r e  

f r i c t i o n a l  f o r c e s  i n  v e h i c l e  dynamics.  The q u e s t i o n  

now a r i s e s :  which e m p i r i c a l  o r  a n a l y t i c a l  t i r e  f r i c -  

t i o n  formulas  shou ld  be used i n  v e h i c l e  s i m u l a t i o n s  t o  

o b t a i n  a  r e a s o n a b l e  r e s u l t ?  The purpose  o f  t h i s  s t u d y  

was t o  f i n d  an answer t o  t h i s  q u e s t i o n .  

A number o f  a n a l y t i c a l  and e m p i r i c a l  formulas  a r e  

examined and compared. For t h i s  p u r p o s e ,  t h e s e  

formulas  a r e  f i r s t  r e w r i t t e n  i n  a  u n i f i e d  n o t a t i o n  and 

a r e  a p p l i e d  t o  t h e  same o p e r a t i n g  c o n d i t i o n ,  i . e . ,  same 

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

conf ined  t o  t i r e  f r i c t i o n a l  f o r c e s  on dry o r  wet pave-  

ments ,  w i t h  emphasis on l a t e r a l  f o r c e  p r o p e r t i e s .  T i r e  

t r a c t i o n  on snow covered  pavements ,  t i r e  a l i g n i n g  

t o r q u e ,  e t c . ,  a r e  t h e r e f o r e  beyond t h e  s c o p e . o f  t h i s  

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

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

model i s  used t o  compare t h e  v e h i c l e  motions a s  p r e d i c t e d  

b y  d i f f e r e n t  f r i c t i o n  fo rmulas .  



TIRE FRICTION MODELS 

The t i r e  f r i c t i o n ,  F ,  i s  c o n s i d e r e d  a s  a  f u n c t i o n  

o f  f i v e  o f  t h e  most i m p o r t a n t  v a r i a b l e s :  

where 

= 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  

a = s l i p  a n g l e  

S = s l i p  ( r a t i o )  

N = normal l o a d  on t i r e  

V = t i r e  t r a n s l a t i o n a l  speed  

T i r e  camber a n g l e  i s  c o n s i d e r e d  t o  be z e r o  i n  t h i s  

d i s c u s s i o n .  F igu re  1 i l l u s t r a t e s  t h e  l o n g i t u d i n a l  

component , Fx, and t h e  l a t e r a l  component, F o f  t h e  
Y '  

f r i c t i o n a l  f o r c e ,  F .  F i g u r e  2 shows t y p i c a l  e x p e r i -  

m e n t a l l y - d e t e r m i n e d  v a r i a t i o n s  o f  Fx and F  w i t h  S ,  
Y 

a ,  V and pavement c o n d i t i o n s .  F igu re  3 d e p i c t s  t h e  

d i s t r i b u t i o n  o f  Fx and F  when b o t h  o f  them e x i s t  
Y 

s i m l ~ l t  aneous ly  . 

LATERAL FORCE FORMULAS FOR Z E R O  SLIP CONDITIONS 

Under normal o p e r a t i n g  c o n d i t i o n s  ( i  . e .  , e x c l u d i n g  

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

w i t h i n  t h e  r ange  o f  2 0 ° ,  as  shown i n  F i g u r e  2 .  The 

"s imple"  b e h a v i o u r  o f  t h e  F v s .  a c u r v e ,  as  compared 
Y 

w i t h  t h e  Fx v s .  S c u r v e ,  has  a t t r a c t e d  more a t t e n t i o n  

and a s  a  r e s u l t  a  number o f  e m p i r i c a l  l a t e r a l  f o r c e  

fo rmulas  have  been p roposed .  For t h e  z e r o - s l i p  c a s e ,  

most i n v e s t i g a t o r s  assume a  c u b i c  po lynomia l  r e l a t i o n -  

s h i p  between F  and a unde r  a  g iven  l o a d ,  v e h i c l e  s p e e d  
Y 



r ll 
S = SLlP = I - -  v 

k WHEEL PLANE 

- I  "y a = SIDE SLlP = Ion - 
vx 

Figure 1, Longitudinal and Lateral Frictional Forces 
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Figure 3, Combined Longitudinal and Lateral Friction 



and road  s u r f a c e  c o n d i t i o n s  [5 -111 .  N i c o l a s  and 

Comstock [12]  viewed t h e  same cu rve  a s  an e x p o n e n t i a l  

f u n c t i o n .  Some t y p i c a l  e m p i r i c a l  f o rmu la s  a r e  now 

p r e s e n t e d .  They appea r  i n  a  u n i f i e d  n o t a t i o n  and i n  

c h r o n o l o g i c a l  o r d e r .  

I n  1958 ,  from an e x t e n s i v e  s t u d y  o f  pneumat ic  

a i r c r a f t  t i r e s ,  Smiley and Horne [ 6 ]  e s t a b l i s h e d  t h e  

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

where 

C = l a t e r a l  s t i f f n e s s  ( o r  c o r n e r i n g  power) a 

= aF / a a  e v a l u a t e d  a t  a = 0 
Y 

a = v a l u e  o f  a a t  which F i s  maximum m Y 

The s u b s c r i p t e d  name i n d i c a t e s  t h e  i n v e s t i g a t o r  a s s o -  

c i a t e d  w i t h  t h e  fo rmu la .  F i g u r e  4 shows t h e  v a r i a t i o n  

F y ~ m i l e y  w i t h  a .  

I n  1960 ,  Radt and M i l l i k e n  [7 ]  employed t h e  

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

au tomob i l e s  : 



Figure 4, Variation of Fy srniley (GFy ) with n 



I t  i s  o b s e r v e d  t h a t  b o t h  FySmiley and F y ~ a d t  a r e  odd 
f u n c t i o n s  o f  a .  A comparison w i t h  FySmiley f o r  t h e  

same v a l u e s  o f  C a  and Fmax i n  F igu re  5 shows a 

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

t h e i r  maxima a t  d i f f e r e n t  s l i p  a n g l e s .  Equa t ion  (3 )  

ha s  been used  by o t h e r  r e s e a r c h e r s ,  f o r  example ,  

McHenry [ I S ]  and P i z i a l i  [16]  who b o t h  a l s o  u sed  t h e  

f o l l o w i n g  cu rve  f i t t i n g :  

where a o ,  . . .  ' as a r e  c o n s t a n t s  t o  b e  de t e rmined  by c u r v e  

f i t t i n g .  

I n  1964 ,  when d i s c u s s i n g  t h e  problem o f  t r a c t o r  

and s e m i - t r a i l e r  h a n d l i n g  w i t h  F .  J i n d r a ,  E l l i s  [ 8 ]  

p roposed  a  fo rmu la  o f  t h e  fo rm:  

where c l  and c 2  a r e  two c o n s t a n t s  chosen t o  s a t i s f y  

t h e  f o l l o w i n g  c o n d i t i o n s  : 

The r e s u l t  i s  what i s  now known as  t h e  E l l i s  f o rmu la :  



Figure 5, Variation of Fy Radt with o 



where 

Equa t ion  (5)  i s  e x a c t l y  t h e  same a s  FySmiley g i v e n  by 

( 2 ) .  The advancement h e r e  i s  t h e  use  o f  t h e  f r i c t i o n  

c i r c l e  concept  t o  de t e rmine  . 
Y 

I n  1967 ,  Chiesa  and R inonapo l i  [ 9 ]  used  a  n o n l i n e a r  

v e h i c l e  model s i m u l a t i o n .  They p roposed  a  cu rve  

f i t t i n g  scheme i n  which F i s  g iven  by 
Y 

where n ,  a l ,  a 2  , . = c o n s t a n t s  t o  b e  de t e rmined  f o r  

t h e  t i r e  i n  c o n s i d e r a t i o n .  I t  i s  i n t e r e s t i n g  t o  n o t e  

t h a t  i n  Equa t ion  (6 )  : 

( i )  F y ~ h i e s a  i s  n o t  an odd f u n c t i o n  o f  a 

( i i )  t h e  t i r e  l a t e r a l  s t i f f n e s s  v a r i e s  w i t h  N~ 

( i i i )  t h e  f r i c t i o n  enve lope  i s  a  p a r a b o l a  i f  

n = l  and an e l l i p s e  i f  n=2 



( i v )  t h e  polynomial  can be t r u n c a t e d  a t  t h e  a 3  

o r  a 4  terms depending on t h e  c a s e  

i n v e s t i g a t e d  [ 9 ]  

(v) a t  l e a s t  s i x  d a t a  p o i n t s  a r e  r e q u i r e d  

t o  de termine  t h e  c o n s t a n t s  a l ,  a 2 , .  . . 

In  1969,  through e x t e n s i v e  t e s t i n g  o f  d i f f e r e n t  

t i r e s  on v a r i o u s  s u r f a c e s  a t  v a r y i n g  s p e e d s ,  Holmes 

and Stone [ S ]  a t t empted  t o  e s t a b l i s h  a  formula f o r  each 

pavement c o n d i t i o n  : 

F y ~ o l m e s  = ( ao  + alV + a Z v 2  + a  3 a + a  4 a 2  + a 5 a 3  + a6R + a7P) 

(7) 
where a o , ,  . . , a 7  = c o n s t a n t s  t o  be determined e x p e r i m e n t a l l y  

R = t i r e  t r e a d  r e s i l i e n c e  

U n f o r t u n a t e l y ,  t h e  v a r i a n c e  from t h e i r  s t a t i s t i c a l  

a n a l y s i s  i s  r a t h e r  l a r g e  and they  admi t t ed  t h a t  i t  

"d i scourages  t h e  use  of  t h e  e q u a t i o n  a s  a  d i r e c t  

s u b s t i t u t e  f o r  exper imenta l  r e s u l t s  . "  Perhaps ,  t h e  

p e c u l i a r i t y  of  Equat ion (7)  i s  t h e  l i n e a r  combination 

of  f u n c t i o n s  of  V ,  a , .  . . This  p o i n t  c o n t r a s t s  w i t h  

what o t h e r  r e s e a r c h e r s  b e l i e v e ,  namely, t h a t  F i s  a  
Y 

p roduc t  of f u n c t i o n s  of  V ,  a , .  . . 

P = t  

I 

0 smooth t i r e  

1 p a t t e r n e d  t i r e  
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I n  1973,  Eshleman e t  a l .  [ l l ]  developed a  s imula -  

t i o n  program f o r  a r t i c u l a t e d  v e h i c l e s  i n  which ,  among 

o t h e r  t i r e  models ,  t hey  used  t h e  e m p i r i c a l  formula 

( f o r  t r a c t o r  ( t r a i l e r )  t i r e s )  : 

where C a  - 11 - - 
4 lJEshleman N/am 

N > 6800 l b s .  

a  m = 9 ( 1  + N/6800)/57.27 N i n  l b s .  

F igure  6 d e p i c t s  t h e  v a r i a t i o n  of FyEshleman wi th  a 

where a  d i s c o n t i n u i t y  i n  s l o p e  a t  am can be  r e a d i l y  

obse rved ,  A s c r u t i n y  of (3) and (9)  r e v e a l s  t h a t  f o r  

the  same and FyEshleman i s  always g r e a t e r  t h a n  

F y ~ a d t  f o r  0 < a  - < a m .  Note t h a t  C a E s h l e m a n  can  b e  

r e w r i t t e n  a s  

which i s  s i m i l a r  t o  t h e  e x p r e s s i o n s  i n  (4) used by 

McHenry and P i z i a l i .  



Figure 6, Variation of F,, ~ ~ h l ~ ~ ~ ~  witti o 



A d i s t i n c t  s i d e  f o r c e  fo rmula  was employed by 

N i c o l a s  and Comstock [12]  i n  t h e i r  s i m u l a t i o n  program 

o f  t r a c t o r - s e m i -  t r a i l e r s  pe r fo rming  a  combina t ion  

b r a k i n g  and c o r n e r i n g  maneuver w i t h  a n t i  - s k i d  b r a k e  

sys t ems .  Admi t t ing  a  " l i m i t i n g "  s i d e  f o r c e  and an 

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

w r i t t e n  i n  t h e  " u n i f i e d "  n o t a t i o n ,  i s  

- - 
F y ~ i  c o l  a s  +im N[1 - ~ X ~ ( - C ~ ~ / U ~ ~ ~ N ) ]  (1  1)  

where 

a o '  al  9 a2  , = c o n s t a n t s  t o  be  de t e rmined  

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  FyNicolas  i s  n o t  an odd 

f u n c t i o n  o f  a .  I f  F - - m ax '1 i m  N ,  t h e n  f o r  t h e  same 

'a and Fmax' F y ~ i c o l a s  i s  always s m a l l e r  t h a n  FyEllis9 

F y ~ a d t  , and t h e  o t h e r s ,  which have t h e i r  maxima a t  a  

f i n i t e  am.  To compare (11) w i t h  R a d t ' s  and Eshleman's  

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

s o  t h a t  (11)  can be w r i t t e n :  
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Figure 7, Variation of Fy Nicolar witti o 



The s i m i l a r i t y  between Nicolas  and Comstockls formula 

[12] and Radt and M i l l i k e n ' s  and Eshleman e t  a1  . ' s  

formulas  [ 7 ,  111 can be r e a d i l y  recognized  from t h e  form 

of  ( 1 3 ) .  

This s e c t i o n  p r e s e n t s  t h e  a n a l y t i c a l  r e s u l t  

e s t a b l i s h e d  by Dugoff e t  a l .  [13] who de r ived  t h e  

c l o s e d  form express ions  f o r  t h e  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  F and F x ,  r e s p e c t i v e l y ,  c o n t a i n i n g  both  u and 
Y 

S .  Formulas only a r e  quoted  h e r e ;  t h e  d e r i v a t i o n s  may 

be found i n  t h e i r  r e p o r t  [ 1 3 ] .  A t  t h i s  p o i n t ,  on ly  t h e  

s i m p l i f i e d  v e r s i o n  o f  Dugoff e t  a l . ' s  formula i n  which 

S has  been s e t  t o  zero w i l l  be  cons ide red .  

Ca t a n  a  a < a  - 0 

Fy D U ~ O  f  f  

= I p N (1 - 4 C a  vN t a n  a  0  

- 1 where a. = t a n  [uON/(2Ca+~Vp0 N)] 

u = p o  (1 - E V  t a n  a )  

p o  = "nominal" f r i c t i o n  c o e f f i c i e n t  

E = t i r e  r e d u c t i o n  parameter  

I t  shou ld  be no ted  t h a t ,  i n  p r a c t i c e ,  t h e  ang le  a. i s  

u s u a l l y  s m a l l ,  e . g . ,  f 3 " .  I t  can r e a d i l y  be observed 

t h a t  f o r  sma l l  a ,  FyDugoff = Ca t a n  a - > C a a  However, 
s i n c e  a i s  s m a l l ,  t h e  d i f f e r e n c e  between t a n  a  and a 

i s  t o o  sma l l  t o  be n o t i c e a b l e .  For a  > a. FyDugoff 
has  i t s  maximum a t  amax where amax i s  given by t h e  

fo l lowing  q u a d r a t i c  e q u a t i o n :  



The v a r i a t i o n  o f  FyDugoff w i t h  a  i s  d e p i c t e d  i n  

F i g u r e  8 .  

Observe t h a t  a l l  f o rmu la s  above r educe  t o  t h e  

b a s i c  form 

f o r  s m a l l  a ,  i . e . ,  t h e  d i f f e r e n c e s  between t h e  fo rmulas  

r e a l l y  e x i s t  o n l y  f o r  l a r g e  v a l u e s  o f  a .  U n f o r t u n a t e l y ,  

however ,  a  s i n g l e  r e l a t i o n s h i p  canno t  b e  e s t a b l i s h e d  

between C a ,  amax and Fmax where  amax i s  t h e  v a l u e  o f  a 

a t  which F a t t a i n s  i t s  maximum Fmax. Tab l e  1 
Y 

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

numer i ca l  v a l u e s  o f  Fv. I n  p a r t i c u l a r ,  Tab le  1 shows 

t h e  i n p u t  p a r a m e t e r s  h h i c h  a r e  u sed  t o  compute F . 
Y 

These i n p u t  p a r a m e t e r s  a r e  chosen from t h e  t h r e e  a v a i l -  

a b l e  v a l u e s  o f  Ca, a  m ax and Fmax such  t h a t  t h e  computed 

v a l u e s  o f  Fy a r e  i n  good agreement  w i t h  e x p e r i m e n t a l  

d a t a .  The Aumerical  v a l u e s  o f  F,, o b t a i n e d  from e i t h e r  

a  q u a r t i c  o r  a  c u b i c  f i t  a r e  ver; s e n s i t i v e  t o  t h e  d a t a '  

p o i n t s  chosen .  However, a  good c h o i c e  o f  d a t a  p o i n t s  

l e a d s  t o  f a i r l y  good v a l u e s  o f  F . The l a t e r a l  f o r c e s  
Y 

p r e d i c t e d  by t h e  Dugoff e t  a l .  fo rmula  a g r e e  w e l l  w i t h  

e x p e r i m e n t a l  d a t a .  

L O N G 1  TUDINAL FORCE FORMULAS 

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

f o rmu la s  f o r  t h e  l a t e r a l  f o r c e  F ( a ) ,  few e m p i r i c a l  
Y 



P o N  = Ill0 lbs 

a = 8 330 Ibs /rad 

e =.00905 
V = 2 0 m p h  

F~ 
( lbs 

1000 

Figure 8, Variation of Fy D~~~~~ witti o 





formulas  have been developed f o r  t h e  l o n g i t u d i n a l  

f o r c e  Fx(S) , Also ,  t h e  v a r i a t i o n  o f  Fx w i t h  S i s  

normal ly  s p e c i f i e d  a t  d i s c r e t e  p o i n t s  r a t h e r  t h a n  

c o n t i n u o u s l y  as was t h e  c a s e  f o r  bo th  t h e  e m p i r i c a l  

and a n a l y t i c a l  e x p r e s s i o n s  f o r  t h e  F v s .  a curve .  
Y 

L i n e a r  i n t e r p o l a t i o n  i s  used t o  de termine  Fx f o r  p o i n t s  

i n  be tween.  

A s imple  scheme was used by Nico las  and Comstock 

[12]  where t h e  f u n c t i o n  Fx(S) f o r  a  g iven  speed  V ,  

l o a d  N ,  and ze ro  s l i p  ang le  a i s  s p e c i f i e d  by o n l y  f i v e  

p o i n t s ,  a s  i l l u s t r a t e d  i n  F igure  9 .  The two e m p i r i c a l  

formulas  by Smiley and Horne [ 6 ]  and Holmes and Stone 

[S] a r e ,  u n f o r t u n a t e l y ,  n o t  g e n e r a l l y  u s e f u l .  Smiley 

and Horne [ 6 ]  found t h a t  f o r  s m a l l  S 

where 

r = t i r e  f r e e  r a d i u s  

k = " f o r e  and a f t "  t i r e  s p r i n g  c o n s t a n t  

Equa t ion  (17) was v e r i f i e d  f o r  S < 0 . 1  and found good - 
f o r  S - < 0 . 0 4 ,  which i s  q u i t e  sma l l  under  normal b r a k i n g  

c o n d i t i o n s .  As i n  ( 1 7 ) ,  Holmes and Stone  [ S ]  t r i e d  

t h e  f o l l o w i n g  curve  f i t t i n g  e x p r e s s i o n  : 

where - - a o ,  . . .  , a 7  a r e  c o n s t a n t s  t o  be determined 

T h e i r  s t a t i s t i c a l  a n a l y s i s  shows a  l a r g e  v a r i a n c e  which,  

t h e y  b e l i e v e ,  i s  due t o  t h e  inadequacy o f  t h e  number 



Figure 9, Nicolas and Cornstock's Longitudinal Force F, (0,s) 



o f  terms i n  S .  I n  o t h e r  s i m u l a t i o n s  o r  f r i c t i o n  

s t u d i e s ,  most a u t h o r s  d i d  n o t  mention how they  s p e c i f i e d  

t h e  f u n c t i o n  Fx(S) ; presumably t h e  f u n c t i o n  was 

s p e c i f i e d  by more t h a n  f i v e  p o i n t s  f o r  0 - < S  - < 1. 

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

d e r i v e d  formula  by Dugoff e t  a l .  [13]  f o l l o w s .  For 

a = 0 ,  t h e i r  formula i s  

where 

E and p O  a r e  as  d e f i n e d  i n  (14) 

As p o i n t e d  o u t  t o  t h e  a u t h o r s  by Ewald S c h r o e d e r ,  

P r o j e c t  Research E n g i n e e r ,  M i n i s t r y  o f  T r a n s p o r t a t i o n  

and Communications, Dugoff e t  a1  . , i n  d e r i v i n g  (14) 

i n t e g r a t e d  t h e  t i r e  s h e a r  s t r e s s  o v e r  t h e  " t i r e  c a r c a s s  

reg ion1 '  i n s t e a d  o f  ove r  t h e  "ground c o n t a c t  p a t c h . "  

More p r e c i s e l y ,  i n  Dugoff e t  a l .  Is n o t a t i o n ,  t h e  i n t e -  

g r a t i o n  was c a r r i e d  o u t  ove r  0 - < 6 '  < 2 k  i n s t e a d  of  
S - 

0 5 5, - < 2L where 5; = t i r e  c a r c a s s  c e n t e r l i n e  c o o r d i n a t e ,  



5, = ground c o n t a c t  p a t c h  c o o r d i n a t e ,  2 L  = l e n g t h  o f  

c o n t a c t  p a t c h .  (Dugoff e t  a l .  d i d  n o t  d i s c u s s  why t h e  

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

o f  t h e  i n t e r v a l  0 < 6 < 2R . )  The two above c o o r d i n a t e s  - S - 
a r e  r e l a t e d  t o  each  o t h e r  by  

By i n t e g r a t i n g  Dugoff e t  a l . ' s  s t r e s s  o v e r  E S  from 

0 t o  2 R  i t  i s  found t h a t  

where  

F i g u r e  10 i l l u s t r a t e s  t h e  s i m i l a r i t y  between 

F x ~ u g o f  f and F x ~ u g o f f ,  m o d i f i e d '  From E q u a t i o n s  (19) 

and (21)  , i t  i s  e v i d e n t  t h a t  

F x ~ u g o f f  > F x ~ u g o f f ,  m o d i f i e d  O < S < 1  - - 

( 2 2 )  
and S o  < S1 

I t  i s  obv ious  from ( 2 1 )  t h a t  t h e  anomalous c o n c a v i t y  

i n  ( 1 9 )  f o r  s m a l l  S h a s  been  removed. 



--- ORIGINAL DUGOFF'S FORMULA 

--- ORIGINAL DUGOFF'S FORMULA 

- MODIFIED DUGOFF'S FORMULA 

,005 
20 mph 
2000 Ibs 
.85 

8330 Ibs/rod 
13 5 0 0  Ibs 

Figure 10, Differences Between Dugolf's Original and Modified Formulas 
2 7 3 



DISTRIBUTION OF F  AND F  AND THE FRICTION ELLIPSE 
X Y 

The p r e c e d i n g  s e c t i o n s  emphasized t h e  v a r i a t i o n  

o f  one component o f  t h e  t i r e  f r i c t i o n  when t h e  o t h e r  

component was a b s e n t .  Th i s  s e c t i o n  d i s c u s s e s  t h e  i n t e r -  

a c t i o n  between Fx and Fy. Expe r imen ta l  e v i d e n c e ,  such  

a s  t h a t  shown i n  ~ i ~ u r e ' 5 ,  h a s  b r o u g h t  i n t o  t h e  l i t e r a t u r e  

t h e  f r i c t i o n  e l l i p s e  c o n c e p t .  According t o  t h i s  c o n c e p t ,  

t h e  " t r a c t i o n  enve lope"  [4 ]  l o o k s  a lmos t  l i k e  an e l l i p s e  

whose s e m i - a x e s  a r e  t h e  maximum v a l u e s  of  Fx and F . 
Y 

For pu rposes  o f  i l l u s t r a t i o n ,  a  t r u e  e l l i p s e  h a s  been 

super imposed  i n  F i g u r e  3 and i s  shown p a s s i n g  t h rough  

t h e  two p o i n t s  (Fxmax, 0) and ( 0 ,  Fymax). Al though t h e  

f r i c t i o n  e l l i p s e  i s  n o t  q u i t e  an a c c u r a t e  r e p r e s e n t a t i o n  

o f  Fx,  F d i s t r i b u t i o n ,  i t  seems t o  be more r e a l i s t i c  
Y 

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

u sed  by Ch ie sa  and R inonapo l i  [ 9 ]  and Okada e t  a l .  1101 . 
With in  t h e  l i m i t a t i o n  o f  t h e  f r i c t i o n  e l l i p s e  

t h e o r y ,  t h e r e  i s  more t h a n  one approach  and t h e  r a t i o  o f  

s emi -axes  v a r i e s  from one s t u d y  t o  a n o t h e r .  I n  

Esh l eman ' s  r e p o r t  [ l l ] ,  f o r  example ,  t h e  r a t i o  o f  ma jo r  

t o  minor  axes  i s  1 . 5 ;  t h e  s emi -ma jo r  a x i s  r e p r e s e n t s  

t h e  "b rak ing"  f o r c e  Fx .  N i c o l a s  and Comstock [12] 

d e r i v e d  t h e i r  e x p r e s s i o n s  f o r  F x ( a ,  S )  and F  ( a ,  S)  
Y 

b a s e d  on t h e  f o l l o w i n g  two a s sumpt ions  : 

( i )  t h e  r e s u l t a n t  f r i c t i o n  f o r c e  - F  i s  co -  

l i n e a r  w i t h  and o p p o s i t e  t o  t h e  r e l a t i v e  

v e l o c i t y  v e c t o r  o f  t h e  t i r e  f o o t p r i n t  

w i t h  r e s p e c t  t o  t h e  ground 

( i i )  f o r  a  c o n s t a n t  wheel  s p e e d  V t h e  f r i c t i o n  

f o r c e  v e c t o r  - F d e s c r i b e s  an e l l i p s e  whose 

semi - axes  a r e  Fx ( 0 ,  S) and F ( a ,  0) where  
Y 

Fy ( a ,  0) i s  g i v e n  by (11) and Fx(O, S) i s  

s p e c i f i e d  as i n  F i g u r e  9 .  T h e i r  e x p r e s s i o n s  

a r e  : 



Fx I F y  = S l  ton a 

s c  1 

Figure 11, Nicolas and Cornstock's,Friction Distributiorl 



Fx(O, S ) F  ( a ,  0 ) t a n  a 

F y ~ i c o l a s  ( a ,  S) = [ s 2 ~ ~ ( a ,  0)  + F;(O, s ) t a n 2  a]112 

Fx(O, S ) F  ( a ,  0) S  

F x ~ i c o l a s  ( a ,  s )  = [ s 2  F~ ( a ,  0)  + F:(o, S) t a n 2  a ]  1 / 2  
Y 

S i n c e  F ( a ,  S)  and Fx(O, S) v a r i e s  w i t h  a  and  S ,  
Y 

r e s p e c t i v e l y ,  t h e  f r i c t i o n  e l l i p s e  s h r i n k s  o r  expands  

when a  o r  S  v a r i e s .  Viewed from a  d i f f e r e n t  p o i n t  o f  

v i ew ,  (23)  means 

( i )  t h e  r e d u c t i o n  f a c t o r  f o r  F  due t o  a  
Y 

n o n - z e r o  S  i s  

[ l  + S ' F ~  ( a ,  O ) / ( F ~ ( ~ ,  s ) t a n 2  a ) ]  I /  2 
Y X 

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

due t o  a  n o n - z e r o  a  i s  

A more u s u a l  approach  i s  t y p i f i e d  by McHenryls 

d e s c r i p t i o n  [ I S ]  . I n  t h i s  a p p r o a c h ,  t h e  l o n g i t u d i n a l  

f o r c e  Fx i s  "g iven  f i r s t  p r i o r i t y  i n  u t i l i z a t i o n  o f  t h e  

a v a i l a b l e  f r i c t i o n . "  Fx i s  d e t e r m i n e d  i n  t e rms  o f  t h e  

i n s t a n t a n e o u s  v a l u e s  o f  V ,  N ,  and S v i a  t a b l e s  and 

i n t e r p o l a t i o n s .  Whether o r  n o t  t h e  dependence o f  Fx 

on a i s  t a k e n  i n t o  accoun t  i s  u s u a l l y  n o t  made c l e a r .  

The bounding " f r i c t i o n  e l l i p s e "  i s  t h e n  u sed  t o  d e t e r m i n e  

t h e  s a t u r a t i o n  v a l u e  Fymax(amax, S) by 



where 

S  = v a l u e  o f  S a t  which Fx i s  maximum max 

a  = va lue  o f  a  a t  which F i s  maximum max Y 
F ymax ("rnax9 0) i s  computed a s  i n  t h e  p rev ious  

s e c t i o n  

I n  p a r t i c u l a r ,  McHenry [ I S ]  used  t h e  fo l lowing  

a l g o r i t h m :  

According t o  McHenry [IS] , t h e  above cho ice  of  G 

"p reven t s  a  r ecovery  of s i d e  f o r c e  c a p a b i l i t y  a t  

S  > S " and t h e  a l g o r i t h m  f o r  Fx(O, S )  i s  n e c e s s a r y  m ax 
t o  t r e a t  " t r a c t i o n "  o r  "b rak ingf1  a p p r o p r i a t e l y .  

I F i ( a m a x ,  0) 
Fx(O, S) = min px(S)N,  

I n  a n o t h e r  approach ,  used  by Eshleman e t  a l .  [ l l ]  , 
t he  bounding e l l i p s e  i s  used  merely as a  check t o  f i n d  

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

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

I 

an2 a  + ~ ; ( a ~ = ,  0) / G 2  



semi -ma jo r  axes  o f  t h e  bounding e l l i p s e  a r e  Fx(O, Smax) 

and Fy(amax,  0) and t h e  e f f e c t  o f  S on F i s  n o t  t a k e n  
Y 

i n t o  accoun t  when computing F . 
Y 

The comple te  form o f  t h e  t h e o r e t i c a l l y - d e r i v e d  

fo rmu la s  o f  Dugoff e t  a l .  [13] a r e  p r e s e n t e d  below: 

Ca t a n  a - - 
F x ~ u g o f  f 1 - S f (A) 

As i n  ( 2 1 ) ,  when t h e  f a c t o r  (1 -S)  i n  Equa t ion  ( 2 6 )  

i s  r e p l a c e d  by 1,  t h e  m o d i f i e d  Dugoff e t  a l .  f o rmu la s  

a r e  o b t a i n e d .  Both o r i g i n a l  and m o d i f i e d  fo rmulas  a r e  

i l l u s t r a t e d  by F i g u r e  1 0 .  The f a c t o r  (1 -S)  i n  

F y ~ u g o  f  f c ause s  a  l o c a l  maximum o f  FyDugoff a t  S + ,025 

f o r  s m a l l  a .  This  maximum i s  removed i n  t h e  mod i f i ed  

fo rmu la  and t h e  Fx, F  d i s t r i b u t i o n  t h e n  a g r e e s  more 
Y 

c l o s e l y  w i t h  e x p e r i m e n t a l  r e s u l t s  a s  shown i n  F i g u r e  3 .  

I t  i s  an  i n t e r e s t i n g  p o i n t  t h a t  a c c o r d i n g  t o  ( 2 6 ) ,  

i f  Cs = C a ,  t h e n  FxDueoff v a r i e s  w i t h  S i n  e x a c t l y  t h e  

same way as FyDugoff  aoes  w i t h  t a n  a .  I n  t h i s  c a s e ,  
- 

( F x / F y )  Dugof f  = a and (Fx/Fy)Dugoff  - ( F x / F y ) ~ i c o l a s '  
The p h y s i c a l  s i g n i f i c a n c e  and s i m i l a r i t y  o f  S and t a n  a  

a r e ,  p e r h a p s ,  b e s t  i l l u s t r a t e d  i n  S e g e l l s  p a p e r  [ 1 7 ]  , 



from which h i s  i l l u s t r a t i o n  i s  reprcjduced i n  t h i s  

p a p e r  a s  F i g u r e  1 2 .  Expe r imen ta l  e v i d e n c e  con f i rms  

t h i s  s i m i l a r i t y  when Holmes and S t o n e  [ S ]  p l o t t e d  

Fx v s .  S  and F v s .  s i n  a i n  t h e  same graph and S e g e l  
Y 

[17]  super imposed  t h e  Fx v s .  S  c u r v e  on t h e  g raph  o f  

F  v s .  t a n  a ( f o r  t h e  range  o f  a unde r  c o n s i d e r a t i o n ,  
Y 

t a n  a i s i n  a + a ) .  This  seems t o  i n d i c a t e  t h a t  t a n  a 

i s  t h e  p a r a m e t e r  o f  impor t ance  r a t h e r  t h a n  t h e  a n g l e  

a i t s e l f .  

VEHICLE MOTIONS AS PREDICTED BY A SIMPLIFIED 
MODEL AND FRICTION FORMULAS 

To s t u d y  t h e  s e n s i t i v i t y  o f  v e h i c l e  mot ion t o  

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

was chosen ( F i g u r e  1 3 ) .  The v e h i c l e  i s  assumed t o  b e  

b a s i c a l l y  a  r i g i d  s p r u n g  mass mounted on f o u r  w h e e l s ,  

r unn ing  on a  smooth,  h o r i z o n t a l ,  unbounded r o a d .  The 

t i r e s  and s u s p e n s i o n  s y s  tems a r e  c o n s i d e r e d  r i g i d  

b o d i e s .  The v e h i c l e  m o t i o n ,  t h e r e f o r e ,  c o n s i s t s  o n l y  

o f  t h e  f o r w a r d ,  l a t e r a l ,  and yawing m o t i o n s .  A body-  

f i x e d  f rame ( x B ,  yB) was chosen w i t h  t h e  o r i g i n  a t  t h e  

v e h i c l e  C . G .  ; xg i s  t h e  v e h i c l e  l o n g i t u d i n a l  a x i s  and 

yB i s  t h e  v e h i c l e  l a t e r a l  a x i s .  I n i t i a l l y ,  ( x g ,  yB) 
c o i n c i d e s  w i t h  t h e  i n e r t i a l l y - f i x e d  f rame ( x l ,  y l )  . 

EQUATIONS OF MOTION 

Wi th in  t h e  above a s sumpt ions  and w i t h o u t  t h e  

d r i v i n g  t o r q u e ,  t h e  v e h i c l e  mot ion e q u a t i o n s  a r e :  



V - .  = wheel velocity = _Vr + ys 
u = in-plane wheel velocity = cos a - 
V, = rolling velocity - 
V, = slip velocity = V + V - -Sx  -% 
S, = S = longitudinal slip = Vs 

-X 
Sy = V,= tan a u 

-Y 
U 

! 
DRIVING TORQUE APPLIED BRAKING TORQUE APPLIED FREE ROLLING 

, 

Figure 12, Translational Slip Velocity V, (after Scgcl [ 171 1 
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Figure 13, Simplified Vehicle Model 



where 

M = v e h i c l e  mass 

I = yaw p r i n c i p a l  moment o f  i n e r t i a  

X , Y  = c o o r d i n a t e s  o f  t h e  v e h i c l e  C . G .  i n  
i n e r t i a l  f rame 

= yaw a n g l e  ( s e e  F i g u r e  14) 

d  , d  = components o f  r a d i u s  v e c t o r  d .  from x i  Y i  -1 
v e h i c l e  C . G .  t o  t h e  c e n t r e  o f  

wheel  i i n  b o d y - f i x e d  frame 

i = s t e e r  a n g l e  o f  wheel  i 

F  ,F = as  d e s c r i b e d  i n  S e c t i o n  2 
X i  Y i  

and t h e  s u b s c r i p t  i d e n o t e s  t h e  wheel  number ( s e e  

F i g u r e  1 3 ) .  To s p e c i f y  F  and F  , t h e  whee l  v e l o c i t y ,  
Y i  

V .  must b e  e x p r e s s e d  i n  t h e  whee l  r e f e r e n c e  f r a m e :  
-1 



Figure 14, Vehicle Trajectory 



and t h e  s l i p  a n g l e  a i :  

- 1 
a i = t a n  ( v i / u i )  

o f  t h e  wheel under  c o n s i d e r a t i o n  has  t o  be  computed.  

For t h e  wheel dynamics ,  i t  was assumed t h a t  a l l  

f o u r  whee ls  have t h e  same r o l l i n g  r a d i u s  r and p o l a r  

moment o f  i n e r t i a  J s o  t h a t  t h e  n o t i o n  e q u a t i o n  o f  

wheel n o ,  i can be  w r i t t e n  a s  

where R = a n g u l a r  speed  o f  wheel i i 

Ti  = b r a k i n g  t o r q u e  ( s e e  F i g u r e  1. The same b r a k i n g  

t o r q u e  T i s  assumed a t  a l l  f o u r  w h e e l s . )  

The l o n g i t u d i n a l  f o r c e  F i s  r e l a t e d  t o  t h e  wheel  speed  
x 4 
I 

R i  v i a  t h e  l o n g i t u d i n a l  s l i p  S i :  

The b r a k e  sys tems  a r e  i d e a l i z e d  such  t h a t  t h e  b r a k i n g  

t o r q u e  T i  can be e x p r e s s e d  a s  



where 

Tmax = maximum v a l u e  o f  T 

d  
= de lay  t ime 

5 = r i s e  t ime 

(This  i d e a l i z a t i o n  was used  by Bernard [19]  . )  

The l a c k  o f  expe r imen ta l  d a t a ,  which i s  r e q u i r e d  t o  

de termine  t h e  dependence o f  t h e  f r i c t i o n  f o r c e  on t h e  

t i r e  normal l o a d  f o r  a l l  t i r e  f r i c t i o n  models ,  has  l e d  

t o  t h e  assumption t h a t  a l l  f o u r  t i r e s  have t h e  same 

c o n s t a n t  l o a d .  This  assumption i s  n a t u r a l l y  n o t  v a l i d  

s i n c e  t h e  l o a d s  on t h e  t i r e s  depend on t h e  s t a t i c  l o a d  

d i s t r i b u t i o n  and t h e  v e h i c l e  i n e r t i a  f o r c e  ( z e r o  a e r o -  

dynamic f o r c e s  and no p i t c h  o r  r o l l  l o a d  t r a n s f e r s  were 

assumed) does c o n t r i b u t e  t o  t h e  dynamic loads  on t h e  

t i r e s .  However, i t  i s  a c c e p t a b l e  i n  t h i s  s t u d y  because  

i t  u n d e r l i e s  a l l  t i r e  f r i c t i o n  models and merely 

e l i m i n a t e s  t h e  c o n t r i b u t i o n  o f  va ry ing  normal l o a d s  t o  

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

SIMULATION 

The d i f f e r e n c e s  between t i r e  f r i c t i o n  models and 

t h e  v e h i c l e  motion e q u a t i o n s  have been d i s c u s s e d .  The 

s i m u l a t i o n s  w i l l  now be d i s c u s s e d  w i t h  emphasis on how 

t h e  t i r e  f r i c t i o n  models were implemented i n  t h e  computer 

programs.  

Veh ic l e  Data 

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

dimensions f o r  p a s s e n g e r  c a r s  [ 7 ]  were used :  



M = 4000 l b s ,  I = 4000 s l u g - f t 2 ,  J = 1 . 5  s l u g - f t 2  

- d  = d  = d  = - d  = 3  f t ,  r = 1 . 2 5  f t  
Y i  Y Z  Y3 Y4 

The t i r e  d a t a  a r e  a s  s p e c i f i e d  i n  Table  2 showing t h e  

e x p e r i m e n t a l  d a t a  on Fx (a ,S )  and F (a ,S )  [ 1 7 ] .  From 
Y 

Re fe r ence  [17]  , i t  i s  found t h a t  

C = 8330 l b s / r a d ,  CS 
a 

= 13500 l b s .  (34) 

f o r  t h e  t i r e  under  c o n s i d e r a t i o n ,  a t  V = 2 0  mph. 

Of t h e  f i v e  v a r i a b l e s ,  p ,  a ,  S ,  N ,  V ,  i n  Equa t ion  

( I ) ,  more emphasis  i s  p l a c e d  on S and a ,  p a r t l y  because  

o f  t h e  l a c k  o f  d a t a  f o r  d i f f e r e n t  N ,  p ,  V and p a r t l y  

because  S and a a r e  b e l i e v e d  t o  b e  t h e  more i m p o r t a n t  

v a r i a b l e s .  I n  what f o l l o w s ,  assumpt ions  r e g a r d i n g  t h e  

dependenc i e s  o f  F x ,  F on N ,  p ,  V w i l l  b e  d i s c u s s e d .  
Y 

These a s sumpt ions  a r e  a p p l i e d  t o  a l l  models s o  t h a t  any 

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

t o  t h e  dependenc i e s  o f  Fx,  F on S and a .  
Y 

a )  Choice  o f  T i r e  Data  f o r  Normal Load N 

As ment ioned  p r e v i o u s l y ,  t h e  assumpt ion  i s  made 

t h a t  Fx and F do n o t  v a r y  w i t h  N .  Using t h e  d a t a  i n  
Y 

( 3 3 ) ,  t h e  normal  l o a d  on t h e  l e f t  ( o r  r i g h t )  f r o n t  t i r e  

i s  found t o  be e q u a l  t o  1143 l b s .  and 857 l b s .  f o r  t h e  

l e f t  ( o r  r i g h t )  r e a r  t i r e .  These l o a d s  a r e  c l o s e  t o  

800 l b s . ,  t h e  l o a d  u sed  i n  e s t a b l i s h i n g  t h e  e x p e r i m e n t a l  

d a t a  i n  Table  2 .  I t  i s  t h e r e f o r e  b e l i e v e d  t h a t  t h e  

e x p e r i m e n t a l  d a t a  i n  Table  2 a r e  a p p r o p r i a t e  f o r  t h i s  

v e h i c l e  model.  







b)  S i m u l a t e d  F r i c t i o n  C o e f f i c i e n t  

From Tab le  2 ,  a t  V = 20 mph, N = 800 l b s .  

The u n u s u a l l y  l a r g e  (>  1 )  v a l u e s  o f  p may b e  due t o  

t h e  c o n t a m i n a t i o n  o f  e x p e r i m e n t a l  d a t a  (N was n o t  k e p t  

c o n s t a n t )  a s  e x p l a i n e d  by  S e g e l  [17]  . To e l i m i n a t e  

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

o f  i n  t h e  t i r e  f r i c t i o n  models i s  a v o i d e d .  I n s t e a d ,  

t h e  unno rma l i zed  f o r c e s  F x ,  F a r e  u s e d .  
Y 

Fo l lowing  t h e  common p r a c t i c e  ( f o r  example ,  s e e  

N i c o l a s  and Comstock [ 1 2 ] ,  McHenry [ I S ] ) ,  t h e  f o l l o w i n g  

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

where  E = f r i c t i o n  r e d u c t i o n  p a r a m e t e r  > 0 .  

For t h e  t i r e  i n  c o n s i d e r a t i o n ,  E = 0.00217 s e c / f t .  

Th i s  v a l u e  o f  E i s  b a s e d  on t h e  v a l u e s  o f  Fx(O,S ) max 
a t  V = 20 mph and 4 0  mph a s  g i v e n  i n  Re fe r ence  [ 1 7 ] .  

However, s i n c e  i t  i s  d e c i d e d  t o  abandon t h e  u s e  o f  p 

and t o  u s e  d a t a  a t  V = 20 mph, (36) i s  r e w r i t t e n  i n  

t h e  f o l l o w i n g  form 



where  Fo = 935 l b s .  = f r i c t i o n  f o r c e  a t  V = 29 .33  f p s .  

For Dugoff e t  a l . ' s  model ,  however ,  t h e i r  

e q u a t i o n  i s  u s e d  

From t h e  e x p e r i m e n t a l  d a t a  i n  Re fe r ence  [17]  , i t  i s  

found t h a t  u n f o r t u n a t e l y  E v a r i e s  g r e a t l y  depending  on 

which d a t a  p o i n t s  a r e  chosen .  To b e  c o n s i s t e n t  w i t h  

t h e  d e t e r m i n a t i o n  o f  E above ,  t h e  same two d a t a  p o i n t s  

a r e  u s e d .  Th i s  r e s u l t s  i n  E = 0.00905 s e c / f t .  The 

d i f f e r e n c e  i n  t h e  above two v a l u e s  o f  E i s  due t o  t h e  

f a c t  t h a t  Fx(O,S) a t t a i n s  i t s  maximum a t  d i f f e r e n t  

S max f o r  d i f f e r e n t  V .  Using Dugoff e t  a l a 1 s  fo rmula  

f o r  a  = 0 , s  = 1 ,  p N = 937 l b s .  i s  o b t a i n e d  which i s  0  
t o o  low f o r  Fy(a ,O)  t o  r each  i t s  maximum a t  9 3 5  i b s .  

, 
For t h i s  r e a s o n ,  i t  i s  d e c i d e d  t o  u s e  FyDUgoff(amax,O) = 

9 3 5  l b s .  and i t  i s  found t h a t  u O  N = 1110 l b s .  which i s  

t h e n  u s e d  i n  t h e  s i m u l a t i o n s .  

A leo r i t hms  

Due t o  t h e  assumpt ions  made above and some 

ambigu i ty  p r e s e n t  i n  t h e  t i r e  mode l s ,  i t  i s  n e c e s s a r y  

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

show how t h e y  a r e  implemented i n  t h e  s i m u l a t i o n s .  

a )  T i r e  Models 

Holmes and S t o n e  [ 5 ] ,  Ch i e sa  and R inonapo l i  [ 9 ]  

and N i c o l a s  and Comstock [12]  p r e s e n t e d  t h e i r  f o rmu la s  



o f  F  ( a )  f o r  a  > 0 w i t h o u t  men t ion ing  a  v a l i d i t y  f o r  
Y 

a < 0. Due t o  t h e  p r o p e r t y  F  ( - a , O )  = - F  ( a ,  0 ) ,  t h e i r  
Y Y 

f o r m u l a s  have been  changed t o :  

where  t h e  c o n s t a n t s  a l , , . .  a r e  d e t e r m i n e d  by a  c u r v e -  

f i t t i n g  scheme ( s e e  T a b l e  1 ) .  A l s o ,  F x ( a , - S )  = - F x ( a , S )  

was s e t  f o r  s m a l l  S  i n  a l l  mode l s ,  e x c e p t  i n  Dugoff 

e t  a l e ' s  mode l .  I t  i s  n o t e d  t h a t  t h i s  c o n d i t i o n  i s ,  

however ,  s a t i s f i e d  by t h e  m o d i f i e d  Dugoff e t  a l .  f o r m u l a .  

For N i c o l a s  and Comstock 's  model [ 1 2 ] ,  Fx(O,S) 

i s  s p e c i f i e d  a t  t h e  f o l l o w i n g  f i v e  p o i n t s  : S  = 0 . 0 ,  

0 . 1 ,  0 . 2 7 5 ,  0 . 5 ,  1 . 0 .  The f r i c t i o n a l  f o r c e s  a r e  t h e n  

computed a c c o r d i n g  t o  ( 2 3 )  . For  o t h e r  mode l s ,  e x c e p t  

Dugoff e t  a l e ' s  mode l ,  F x ( a , S )  i s  s p e c i f i e d  a s  shown 

i n  Tab l e  2 and Fx i s  "g iven  f i r s t  p r i o r i t y  i n  u t i l i z a -  

t i o n  o f  t h e  a v a i l a b l e  f r i c t i o n . "  The r e a s o n  why i t  i s  

d e c i d e d  t o  s p e c i f y  Fx (a ,S )  i n s t e a d  o f  Fx(O,S) w i l l  b e  

e x p l a i n e d  l a t e r .  

1n  t h e  s i m u l a t i o n s ,  t h e  dependence o f  FyHolmes on 
V ,  R ,  P i s  i g n o r e d .  

3 ~ n  e l l i p t i c a l  f o r c e  d i s t r i b u t i o n  f o r  Ch ie sa  and 
R i n o n a p o l i ' s  model i s  assumed. 



Regard ing  t h e  Fx,  F d i s t r i b u t i o n ,  t h e  f o l l o w i n g  
Y 

a r e  chosen :  

- a  f r i c t i o n  c i r c l e  f o r  Smi ley  and Horn ' s  model 

- a  f r i c t i o n  e l l i p s e  f o r  Radt and M i l l i k e n ' s  

model (McHenry ' s  a l g o r i t h m  i s  u sed  h e r e )  

- a  f r i c t i o n  e l l i p s e  f o r  Ch i e sa  and 

R i n o n a p o l i  ' s  model 

- a  f r i c t i o n  e l l i p s e  f o r  Holmes and S t o n e ' s  model 

( t h e  same e l l i p s e  a s  i n  Ch i e sa  and R i n o n a p o l i ' s  

model i s  u s e d  f o r  compar ison p u r p o s e )  

- a  f r i c t i o n  e l l i p s e  f o r  Eshe lman ' s  model 

(ma jo r  a x i s / m i n o r  a x i s  = 1 . 5 )  

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

i n  which t h e  f o r c e s  Fx (a ,S )  and F ( a , S )  a r e  s p e c i f i e d  
Y 

i n  t a b u l a r  forms a s  shown i n  Tab l e  2 .  To o b t a i n  t h o s e  

p o i n t s  ( a , S )  n o t  shown i n  t h e  T a b l e ,  l i n e a r  i n t e r p o l a t i o n s  

a r e  u s e d .  

b )  Maneuvers 

Three  maneuvers a r e  s i m u l a t e d ,  namely ,  c o r n e r i n g ,  

b r a k i n g - i n - a - s t r a i g h t - l i n e  and b r a k i n g - i n - a - t u r n .  The 

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

8O/sec t t - < 1 s e c  

( 4 0 )  

8 "  t > 1 s e c  

The b r a k e  c h a r a c t e r i s t i c s  a r e  d e f i n e d  by 



d  = d e l a y  t ime  = .1 s e c  

5 = r i s e  t i m e  = - 2 5  s e c  

T = maximum b r a k i n g  t o r q u e  = 1500 f t - l b s .  max 

For  s i m p l i c i t y ,  i t  i s  assumed t h a t  a l l  f o u r  whee l s  

have  t h e  same b r a k e  c h a r a c t e r i s t i c s  and t h e  same 

b r a k i n g  t o r q u e .  For b r a k i n g -  i n -  a -  t u r n  maneuvers ,  b o t h  

(40)  and (41) a r e  u s e d  w i t h  t h e  e x c e p t i o n  t h a t  td  i s  

now s e t  e q u a l  t o  1.1 s e c s  a t  which t ime  S ( t )  = 8 '  = 

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

i s  t > 5  seconds  o r  t h e  v e h i c l e  fo rward  v e l o c i t y  < 0 ,  - - 
whicheve r  o c c u r s  f i r s t .  

NUMERICAL RESULTS AND DISCUSSIONS 

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

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

Numerical  Method/Programming 

The sys t em o f  E q u a t i o n s  ( 2 7 )  t o  (30)  i s  s o l v e d  

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

me thod4 .  The i n t e g r a t i o n  s t e p  s i z e  and t h e  e r r o r  bound 

a r e  s e t  a t  0 , 0 0 2  s econds  and 0 .001 ,  r e s p e c t i v e l y .  The 

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

i n t e g r a t i o n  t i m e ,  The i n i t i a l  c o n d i t i o n s  f o r  t h e  

mot ion  e q u a t i o n s  a r e  : 

x(0) = 60 f p s  

 h his i s  a v a i l a b l e  i n  t h e  IBM SCIENTIFIC SUBROUTINE 
PACKAGE unde r  t h e  name SUBROUTINE HPCG. I n  H P C G ,  
t h e  i n t e g r a t i o n  s t e p  s i z e  i s  a u t o m a t i c a l l y  doub led  
o r  h a l v e d  depending  on whe the r  t h e  l o c a l  e r r o r  i s  
l e s s  o r  g r e a t e r  t h a n  t h e  e r r o r  bound.  



These c o n d i t i o n s  a r e  used i n  a l l  s i m u l a t i o n s .  The 

f r i c t i o n a l  f o r c e s  Fx, F a r e  d e f i n e d  i n  SUBROUTINE 
Y 

FORCE s o  t h a t  t h i s  s u b r o u t i n e  only  needs t o  be changed 

f o r  d i f f e r e n t  t i r e  models.  

Discuss ions  

To b e t t e r  unders tand  t h e s e  s i m u l a t i o n  r e s u l t s ,  i t  

shou ld  be kep t  i n  mind t h a t  they  a l l  c o n t a i n  e r r o r s  

when compared w i t h  expe r imen ta l  v e h i c l e  r e sponse .  The 

common e r r o r  a r i s e s  from o v e r - s i m p l i f y i n g  t h e  v e h i c l e  

dynamics ; o t h e r  e r r o r s  a r e  from model l ing t h e  t i r e  

f r i c t i o n ,  as  d i s c u s s e d  i n  S e c t i o n  2 .  I n  p a r t i c u l a r ,  

t h e  t a b u l a r - d a t a - m o d e l  r e s u l t s  c o n t a i n  t h e  exper imenta l  

e r r o r  i n  measuring t i r e  f o r c e s  and t h e  numer ica l  e r r o r  

a s s o c i a t e d  w i t h  l i n e a r  i n t e r p o l a t i o n s .  Without e x p e r i -  

mental  d a t a  on t h e  v e h i c l e  r e sponse ,  t h e  t a b u l a r - d a t a -  

model r e s u l t s  w i l l  be used s imply as  a  b a s e l i n e  t o  judge 

t h e  responses  p r e d i c t e d  by o t h e r  t i r e  models.  I t  i s  

n o t  i m p l i e d ,  however, t h a t  t h e  t a b u l a r - d a t a - m o d e l  r e s u l t s  

would be i n  b e s t  agreement wi th  exper imenta l  d a t a .  

Whether e r r o r s  i n  model l ing t h e  v e h i c l e  dynamics and 

t h e  t i r e  f r i c t i o n  accumulate o r  cance l  each o t h e r  i s  

n o t  known a t  p r e s e n t .  Future  i n v e s t i g a t i o n s  w i l l  be 

aimed a t  f i n d i n g  an answer t o  t h i s  problem. 

The s i m u l a t i o n  r e s u l t s  a r e  p r e s e n t e d  i n  Tables  3 

t o  5 and Figures  1 5  t o  1 9 .  I n  o r d e r  t o  keep t h e  graphs 

u n c l u t t e r e d ,  only t h e  t a b u l a r - d a t a - m o d e l  r e s u l t s  a r e  

shown as cont inuous curves ; o t h e r  r e s u l t s  a r e  shown a t  

t ime t = 1 , 2 , 3 , .  . . seconds f o r  t h e  purpose o f  

comparison. 
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Figure 15, Vehicle Trajectory as Predicted By Different Tire Models 

(Cornering Maneuver). Data points shown are at t = 2,3,4,5 seconds. 
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Figure 16, Yaw Angle as Predicted by Different Tire Models 

(Cornering Maneuver) 
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Figure 17, Braking Performance as Predicted by Different Tire Models 
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Figure 19, Yaw Angle as Predicted by Different Tire Models 

(Braking-in-a-turn Maneuver) 



a )  Corner ing  Maneuver 

Most x -y  t r a j e c t o r i e s  and yaw a n g l e  h i s t o r i e s  

$ ( t )  a r e  w i t h i n  app rox ima te ly  s even  p e r c e n t  of  t h e  
t a b u l a r - d a t a - m o d e l  r e s u l t s ,  e . g . ,  8 f t .  i n  t r a j e c t o r y  

and 4' i n  $ ( t ) ,  e x c e p t  f o r  t h e  r e s p o n s e s  p r e d i c t e d  by 

N i c o l a s  and Comstockts  and Ch ie sa  and R inonapo l i  ' s  

models .  The i n s t a n t a n e o u s  p o s i t i o n s  o f  t h e  v e h i c l e ,  

however ,  v a r y  more s i g n i f i c a n t l y  from one model t o  

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

t h e  o n l y  c o n c e r n ,  most t i r e  f r i c t i o n  models w i l l  b e  

s u i t a b l e  s i n c e  most p r e d i c t  p r a c t i c a l l y  t h e  same 

t r a j e c t o r y .  

The l a r g e  r a d i u s  of  c u r v a t u r e  and t h e  s m a l l  yaw 

a n g l e  i n  t h e  N i c o l a s  and Comstock t r a j e c t o r y  show an 

inadequacy  o f  t i r e  l a t e r a l  f o r c e s ,  which might  be  due 

t o  t h e  s p e c i f i c a t i o n  used  i n  t h i s  s t u d y ,  plimN = Fmax 
( N i c o l a s  and Comstock [12] d i d  n o t  d i s c u s s  i n  d e t a i l  

how t h e y  chose  p , i m  e x c e p t  by s a y i n g  t h a t  p l i m  = a  

f a c t o r  m u l t i p l i e d  by p,.) A b e t t e r  u s e  o f  FyNicolas  

i n , E q u a t i o n  (11) can be  made by s o l v i n g  f o r  p l i m  from 

t h e  f o l l o w i n g  n o n l i n e a r  a l g e b r a i c  e q u a t i o n :  

where F m a x ,  a max ' and Ca a r e  s p e c i f i e d  a c c o r d i n g  t o  

t i r e  e x p e r i m e n t a l  d a t a .  Equa t ion  ( 4 2 )  e s s e n t i a l l y  f i t s  

t h e  F  (a)  cu rve  t o  t h e  p o i n t  (amax, max Y F 

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

r e c a l l e d  t h a t ,  g e n e r a l l y  s p e a k i n g ,  t h e  yaw a c c e l e r a -  

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

f o r c e s  a t  t h e  f r o n t  and r e a r  w h e e l s ,  whereas  t h e  



y - c o o r d i n a t e  o f  v e h i c l e  C . G .  v a r i e s  w i t h  t h e  sum o f  

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

t h e  s t e e r i n g  a n g l e  6 = 8"  f o r  t - > 1 s e c . ,  d u r i n g  

which t ime  t h e  s l i p  a n g l e s  a r e  app rox ima te ly  1 2 '  and 

4 "  f o r  t h e  f r o n t  and r e a r  w h e e l s ,  r e s p e c t i v e l y .  As a  

consequence ,  i t  i s  found from Table  1 t h a t  t h e  Ch ie sa  

and R inonapo l i  model would p roduce  a  l a r g e  yaw r a t e  

4, whereas  t h e  Eshleman model would p r e d i c t  a  l a r g e  

y - c o o r d i n a t e  o f  t h e  v e h i c l e  C . G .  These f a c t s  a r e  

v e r i f i e d  i n  F i g u r e s  15 and 1 6 .  I t  i s  i n t e r e s t i n g  t o  

o b s e r v e  from F i g u r e  16 t h a t  t h e  yaw r a t e  4 remains  

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

b )  B rak ing -  i n -  a - S t r a i g h t  -L ine  Maneuver 

Due t o  t h e  s c a r c i t y  o f  Fx(S) f o r m u l a s ,  o n l y  t h r e e  

models f o r  t h i s  maneuver a r e  u s e d ,  namely ,  t h e  Dugoff 

mode l ,  t h e  N i c o l a s  model and t h e  t a b u l a r - d a t a - m o d e l .  

The s i m u l a t i o n  r e s u l t s  a r e  summarized i n  Tab l e  4 .  Note 

t h a t  t h e  o n l y  d i f f e r e n c e  between t h e  N i c o l a s  model and 

t h e  t a b u l a r - d a t a - m o d e l  i s  t h a t  i n  t h e  fo rmer  Fx(S) i s  

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

same f u n c t i o n  i s  d e f i n e d  a t  20 v a l u e s  o f  S  i n  t h e  l a t t e r .  

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

2 F x ~ a b u l a r  f o r  0 - < S  - < 1, t h e  e q u a l i t y  h o l d s  o n l y  a t  

t h e  p o i n t s  where  FxNicolas and F x ~ a b u l a r  a r e  d e f i n e d  

i d e n t i c a l l y .  Consequen t ly ,  a  l o n g e r  s t o p p i n g  d i s t a n c e  

i s  r e q u i r e d  i n  t h e  N i c o l a s  model .  The d i f f e r e n c e  o f  

6 . 5  f e e t  i n  t h e  s t o p p i n g  d i s t a n c e s  p r e d i c t e d  by t h e  two 

models above mere ly  r e p r e s e n t s  t h e  accumula ted  e r r o r  i n  

i n a c c u r a t e l y  d e f i n i n g  Fx (S) . 
The compar i son  o f  t h e  s t o p p i n g  d i s t a n c e s  p r e d i c t e d  

by t h e  Dugoff and t a b u l a r - d a t a - m o d e l s  i s  more s i g n i f i c a n t .  



The f o l l o w i n g  d i f f e r e n c e s  between t h e  two models s h o u l d  

be  k e p t  i n  mind: 

- The Dugoff l o n g i t u d i n a l  s t i f f n e s s  C s D u g o f  

i s  u n a l t e r e d  by t h e  wheel  s p e e d  V and a t  

S > So ( s e e  E q u a t i o n  ( 1 9 ) ) ,  t h e  l o n g i t u d i n a l  

f o r c e  F x ~ u g o f f  i s  q u a d r a t i c  i n  ( ~ - E v s ) ~ .  The 

' s ~ a b u l a r  and F x ~ a b u l a r  a r e  s i m p l y  p r o p o r t i o n a l  

t o  V ( s e e  E q u a t i o n  ( 3 7 ) ) .  

- 'max, t h e  v a l u e  o f  S a t  which Fx i s  maximum, 

v a r i e s  w i t h  V i n  D u g o f f ' s  mode l .  I n  t h e  

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

r e s p e c t  t o  V .  

- A t  V = 20 mph, t h e  l o n g i t u d i n a l  f o r c e  

F x ~ u g o f  f  h a s  i t s  maximum a t  935 l b s .  f o r  

N = 1110 l b s .  and 866 l b s .  a t  poN = 937 l b s .  

The e x p e r i m e n t a l  d a t a  u s e d  i n  t h e  t a b u l a r - d a t a -  

< 865 l b s .  Inode' is FxTabular - 

For  compar i son  p u r p o s e s ,  t h e  Dugoff model r e s u l t s  a r e  

u s e d  f o r  poN = 937 l b s .  The s t o p p i n g  t i m e s  p r e d i c t e d  

by t h e  two models a g r e e  w i t h  each  o t h e r  w i t h i n  f o u r  

p e r c e n t .  The Dugoff model s t o p p i n g  d i s t a n c e  i s  a p p r o x i -  

m a t e l y  11 f t .  l o n g e r  t h a n  t h e  d i s t a n c e  p r e d i c t e d  by 

t h e  t a b u l a r - d a t a - m o d e l .  However, t h i s  compar i son  does  

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

a c c u r a c y  o f  t h e  Dugoff model s i n c e  B e r n a r d  [ 1 9 ] ,  who 

u s e d  t h e  Dugoff mode l ,  showed t h a t  t h e  a c c u r a c y  o f  h i s  

s i m u l a t i o n s  depends on t h e  a p p l i e d  b r a k i n g  t o r q u e .  I n  

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

(1500 f t - l b s )  o f  t h e  b r a k i n g  t o r q u e  i s  u s e d .  



c) B r a k i n g - i n - a - T u r n  Maneuver 

The wide ly  known b r a k i n g  s t i f f e n i n g  e f f e c t  can be 

r e a d i l y  obse rved  i n  F i g u r e s  18  and 1 9 :  t h e  t r a j e c t o r y  

c u r v a t u r e  and t h e  yaw a n g l e  a r e  b o t h  reduced  by b r a k i n g .  

An i n t e r e s t i n g  f e a t u r e  i s  d i s p l a y e d  by t h e  r e s u l t s  

o b t a i n e d  from t h e  t a b u l a r - d a t a - m o d e l ,  t h e  Dugoff model,  

and t h e  N i c o l a s  model,  namely t h a t  t h e  yaw a n g l e  

+ ( t )  a t t a i n s  i t s  l o c a l  maximum s h o r t l y  b e f o r e  t h e  

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

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

c o r n e r i n g  maneuver,  showing t h e  impor tance  o f  an a c c u r a t e  

r e p r e s e n t a t i o n  o f  t h e  Fx, F  f o r c e  d i s t r i b u t i o n .  
Y 

I n  g e n e r a l ,  t h e  r e s u l t s  from t h e  Dugoff model a r e  

i n  b e s t  agreement w i t h  t h e  t a b u l a r - d a t a - m o d e l  r e s u l t s  

and t h e  r e s u l t s  from t h e  Eshleman model d e v i a t e  t h e  

most from t h e  t a b u l a r - d a t a - m o d e l  r e s u l t s .  I t  i s  

r e c a l l e d  t h a t  i n  Eshlemanls  model [ l l ]  , F  (a ,O)  i s  
Y 

used  as t h e  t r u e  l a t e r a l  f o r c e  even when Fx = t h e  

l o n g i t u d i n a l  f o r c e  i s  nonze ro .  A s  a  r e s u l t ,  Esh leman t s  

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

t u r n  maneuver. (The same a l g o r i t h m  employed i n  t h i s  

p a p e r ' s  s i m u l a t i o n s  was used f o r  Eshlemants  model . )  The 

t r a j e c t o r y  p r e d i c t e d  by t h e  Nico la s  model h a s  t h e  same 

t r e n d  as  i n  t h e  c o r n e r i n g  maneuver which,  i t  i s  f e l t ,  

could  be improved by t h e  u s e  o f  Equa t ion  ( 4 2 ) .  

I n  t h e  models by Smiley and E l l i s ,  Radt and 

McHenry, Eshleman, Holmes and C h i e s a ,  t h e  "brak ing"  

f o r c e  Fx (a ,S )  i s  g iven  t h e  f i r s t  p r i o r i t y  and 

Fx(a ,S )  i s  s p e c i f i e d  i n s t e a d  o f  Fx(O,S) s o  t h a t  t h e  

e f f e c t  o f  s l i p  a n g l e  a on Fx i s  t a k e n  i n t o  accoun t .  

The d i f f e r e n c e  between t h e s e  models and t h e  t a b u l a r -  

da ta -model  i s  t h e n  s imply  t h e  d e t e r m i n a t i o n s  o f  



F y ( a , S ) .  The f a c t  t h a t  t h e  Holmes model t r a j e c t o r y  

d e v i a t e s  from t h e  t a b u l a r - d a t a - m o d e l  t r a j e c t o r y  more 

i n  t h i s  maneuver than  i n  t h e  c o r n e r i n g  maneuver shows 

t h a t  t h e  r e d u c t i o n  f a c t o r  ( i n  C h i e s a ' s  

model) i s  n o t  a c c u r a t e  enough. On t h e  o t h e r  hand,  

i t  i s  obse rved  t h a t  t h e  t r a j e c t o r i e s  p r e d i c t e d  by 

t h e s e  models have l a r g e r  c u r v a t u r e s  when compared w i t h  

t h o s e  g iven  by t h e  Dugoff model,  t h e  Nico las  model,  and 

t h e  t a b u l a r - d a t a - m o d e l  , The yaw a n g l e s  p r e d i c t e d  by 

t h e s e  models do n o t  have l o c a l  maxima b e f o r e  t h e  v e h i c l e  

comes t o  a  f u l l  s t o p .  These c h a r a c t e r i s t i c s  a r e  

though t  t o  be a s s o c i a t e d  w i t h  t h e  u s e  o f  t h e  f r i c t i o n  

e l l i p s e .  F i n a l l y ,  a s  i n  t h e  case  o f  t h e  c o r n e r i n g  

maneuver, t h e  Holmes model t r a j e c t o r y  i s  c l o s e r  t o  

t h e  t a b u l a r - d a t a - m o d e l  t r a j e c t o r y  than  t h e  Chiesa  model 

t r a j e c t o r y .  This  i n d i c a t e s  t h a t  a  c u b i c  r e p r e s e n t a t i o n  

o f  F i s  s u p e r i o r  t o  a q u a r t i c  one.  
Y 

C O N C L U D I N G  REMARKS 

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

on v e h i c l e  r e sponses  have been p r e s e n t e d .  A number of  

c o n c l u s i o n s  have been drawn. 

There a r e  s i g n i f i c a n t  d i f f e r e n c e s  i n  v e h i c l e  

motions p r e d i c t e d  by d i f f e r e n t  models.  The 

f a c t  t h a t  two " s i m i l a r "  models might l e a d  

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

s t r o n g l y  proves  t h e  n e c e s s i t y  f o r  an 

a c c u r a t e  model o v e r  t h e  e n t i r e  o p e r a t i n g  

r e g i o n s  o f  s l i p  ang le  a ,  s l i p  r a t i o  S ,  

v e h i c l e  s p e e d ,  V ,  e t c .  



( i i j  Gerzernlly s p e a k i n g ,  t h e  v e h i c l e  yaw 

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

between t h e  t i r e  l a t e r a l  f o r c e s  a t  t h e  

f r o n t  an? r e a r  w h e e l s .  The t r a n s l a t i o n a l ,  

l a t c ~ r i i  a c c e l e r a t i o n  o f  t h e  v e h i c l e ,  how- 

e v e r ,  v a r i e s  w i t h  t h e  sum o f  t h e s e  f o r c e s .  

( i i i )  The t a b u l a r - d a t a - m o d e l  i s  e x p e c t e d  t o  g i v e  

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

n o t  n e c e s s a r i l y  t h e  most r e a l i s t i c  one when 

cornpared with a c t u a l  v e h i c l e  r e s p o n s e .  

O the r  models which p r e d i c t  s i m i l a r  v e h i c l e  

mot ions  a r e  c o n s i d e r e d  " a c c e p t a b l e .  " A 

f u t u r e  r e p o r t  w i l l  p r e s e n t  a s t u d y  which 

examines whe the r  t h e  . t i r e  f r i c t i o n  m o d e l l i n g  

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

m c d e l l i n g  e r r o r .  

( i v )  F o r  s m a l l  s l i p  a n g l e s  a ,  a l l  fo rmulas  i n  

t h i . 5  s t u d y  redxce  t o  t h e  b a s i c  form 

and t h e  d i f f e r e n c e  between v a r i o u s  fo rmu la s  

o n l y  e x i s t s  a t  l a r g e  v a l u e s  o f  a .  From 

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

t a n  a a p p e a r s  t o  b e  t h e  p a r a m e t e r  o f  

impor t ance  r a t h e r  t h a n  t h e  a n g l e  a i t s e l f ,  

(v)  There  i s  no un ique  r e l a t i o n s h i p  between t h e  

"maxi.mum" a n g l e  a max ' t h e  maximum s i d e  f o r c e  

F ymax ' and che l a t e r a l  s t i f f n e s s  Cc; t h a t  

can be e s t a b l i s h e d .  



( v i )  A c u b i c  f i t  f o r  t h e  F v s .  a cu rve  i s  
Y 

found t o  b e  s u p e r i o r  o v e r  a  q u a r t i c  o n e .  

Fo l lowing  t h e  i d e a s  i n  t h e  fo rmu la s  by 

E l l i s ,  Radt and Eshleman,  t h e  f o l l o w i n g  

e m p i r i c a l  f o r m u l a  i s  p r o p o s e d :  

where  a l ,  a 2  s a t i s f y  t h e  c o n d i t i o n s  be low:  

1: 
Ca"m' ymax a r e  d e t e r m i n e d  from e x p e r i m e n t a l  

d a t a .  Equa t ion  (44)  s i m p l y  e n s u r e s  t h e  

maximum o f  F a t  am. I n d e e d ,  i t  i s  v e r y  
Y 

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

v s .  a  c u r v e  i s  nonze ro  a t  a and a  s i g n i -  m 
f i c a n t  e r r o r  i s  i n t r o d u c e d  i n  t h e  ne ighborhood  

o f  am a s  i n  t h e  c a s e  o f  Holmes and S t o n e ' s  

( t h r e e  p o i n t )  c u r v e  f i t t i n g  [ S ]  . I t  i s  e v i -  

d e n t  t h a t  t h e  t h r e e  fo rmu la s  by E l l i s ,  Radt 

and Eshleman a l l  s a t i s f y  (43) and (44) , 

E q u a t i o n  (42 )  i s  a  s l i g h t  improvement o v e r  

t h e  Radt f o rmu la  a s  i l l u s t r a t e d  i n  Tab l e  1. 

( v i i )  The u s e  o f  t h e  f r i c t i o n  e l l i p s e  c o n c e p t  i s  

c r i t i c a l  f o r  b r a k i n g - i n - a - t u r n  maneuvers .  

An improper  d i s t r i b u t i o n  o f  l o n g i t u d i n a l  and 

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

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



( v i i i )  D u g o f f ' s  model i s  remarkab ly  good.  The 

computing t i m e  f o r  t h i s  model i s  t h e  

s h o r t e s t  u sed  i n  t h e  s i m u l a t i o n s .  T h i s  

p r o v e s  t h e  advan t age  o f  t h e  c l o s e d - f o r m  

fo rmu la s  f o r  t i r e  f r i c t i o n a l  f o r c e s .  

ACKNOWLEDGEMENTS 

The a u t h o r s  a r e  g r a t e f u l  t o  blr. Ewald S c h r o e d e r ,  

P r o j  e c t  Research  E n g i n e e r ,  M i n i s t r y  o f  T r a n s p o r t a t i o n  

and Communications,  f o r  r e v i e w i n g  t h e  p a p e r  and t o  

Mr. Alan B i l l i n g ,  Research  O f f i c e r ,  M i n i s t r y  o f  

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

and comment. 



REFERENCES 

Ludema, K .  C .  , " T i r e s  and Roads ," Mechanica l  
E n g i n e e r i n g ,  December 1970 ,  p p .  8 - 1 4 .  

Kummer, H.W., " U n i f i e d  Theory o f  Rubber and T i r e  
~ r i c t i o n , "  ~ n ~ i n e e r i n ~  ~ e s e a r c h  B u l l e t i n  B-94 ,  
The P e n n s y l v a n i a  S t a t e  U n i v e r s i t y ,  C o l l e g e  o f  
E n g i n e e r i n g ,  J u l y  1966 .  

Hays ,  D.F. and Browne, A . L .  ( E d s . ) ,  The P h y s i c s  
o f  T i r e  Traction-Theory and Expe r imen t ,  Plenum 
P r e s s ,  New York,  1974 .  

B e a u r e g a r d ,  C .  and McNall ,  R . G . ,  " T i r e / C o r n e r i n g /  
T r a c t i o n  T e s t  Methods , I t  P ape r  No. 730147, 
I n t e r n a t i o n a l  Automotive E n g i n e e r i n g  Congre s s ,  
D e t r o i t ,  Mich . ,  J a n u a r y  8 - 1 2 ,  1973 .  

Holmes,  K . E .  and S t o n e ,  R . D . ,  Tyre  Fo rce s  a s  
F u n c t i o n s  o f  C o r n e r i n g  and   raking S l i p  on Wet 
Road S u r f a c e s .  Road Research  L a b o r a t o r v  R e ~ o r t  

S m i l e y ,  R.F. and Horne ,  W.B., "Mechanical  P r o p e r t i e s  
o f  Pneumat ic  T i r e s  w i t h  S p e c i a l  Re fe r ence  t o  
Modern A i r c r a f t  T i r e s , "  NACA T e c h n i c a l  Note 4110 ,  
J a n u a r y  1958 .  

R a d t ,  H . S . ,  J r .  and M i l l i k e n ,  W . F . ,  J r . ,  "Motions 
o f  S k i d d i n g  Automobi les  , I t  SAE Pape r  No. 205A, 
Summer Mee t ing ,  Ch icago ,  I l l i n o i s ,  June  5 - 1 0 ,  1960.  

E l l i s ,  J .  R .  , " T r a c t o r  and S e m i - T r a i l e r  Hand l ing  ," -. 
~ n t e r n a t i o n a l  Forum, Automobile E n g i n e e r ,  
March 1 9 6 4 ,  p p .  9 4 - 9 7 .  

C h i e s a ,  A .  and R i n o n a p o l i ,  L . ,  "Veh ic l e  S t a b i l i t y  
S t u d i e d  w i t h  a  Non-Linear  Seven Degree Model," 
SAE Pape r  No. 670476, 1967 ,  p p .  1708-1724 .  

Okada,  T . ,  T a k i g u c h i ,  T . ,  N i s h i o k a ,  M . ,  and 
Utsunomiya,  G . ,  " E v a l u a t i o n  o f  V e h i c l e  Hand l ing  
and S t a b i l i t y  by Computer S i m u l a t i o n  a t  t h e  F i r s t  
S t a g e  o f  V e h i c l e  P l a n n i n g , "  SAE Paper  No. 730525, 
Automobi le  E n g i n e e r i n g  Mee t ing ,  D e t r o i t ,  Mich . ,  
May 1 4 - 1 8 ,  1973 .  



Eshleman.  R . L . .  D e s a i ,  S . D . ,  and D tSouza ,  A . F . ,  
~ t a b i l i t ;  and Hand l i ng  c r i t e r i a  o f  ~ r t i c u l a t e d '  
V e h i c l e s ,  P a r t  2 ,  AVDS3 U s e r ' s  Manual ,  Repo r t  
No. DOT-HS-500-916, August  1973 ,  

N i c o l a s ,  V . T .  and Comstock, T . R . ,  " P r e d i c t i n g  
D i r e c t i o n a l  Behav io r  o f  T r a c t o r  S e m i t r a i l e r s  
When Wheel A n t i - S k i d  Brake Systems Are Used," 
Pape r  No. 7 2  -WA/Aut - 1 6 ,  ASME Win t e r  Annual 
Mee t i ng ,  New York,  November 26 -30 ,  1972 .  

Dugof f ,  H . ,  F anche r ,  P . S . ,  and S e g e l ,  L . ,  - T i r e  
Per fo rmance  C h a r a c t e r i s t i c s  A f f e c t i n g  V e h i c l e  
Response t o  S t e e r i n g  and Brak ing  C o n t r o l  I n p u t s ,  
F i n a l  Repor t  f o r  P e r i o d  May 1968-August  1969 ,  
c o n t r a c t -  No. CST-460, o f f i c e  o f  v e h i c l e  Systems 
R e s e a r c h ,  N a t i o n a l  Bureau o f  S t a n d a r d s ,  Aug. 1969.  

T i e l k i n g ,  J . T .  and M i t a l ,  N . K . ,  A Com a r a t i v e  
E v a l u a t i o n  o f  F i v e  T i r e  T r a c t i o n  Mo -+?-- e l s  Unlv.  o f  
Mich igan ,  Ann Arbo r ,  Repor t  No. UM-HSRI -PF- 74- 2 
(PB-229 7 0  7) , J a n u a r y  19 7 4 .  

McHenry, R .  R . ,  "Research  i n  Automobi le  Dynamics- 
A Computer S i m u l a t i o n  o f  Gene ra l  Three  
Dimens iona l  Mo t ions , "  SAE Pape r  710361,  Mid Year  
Mee t i ng ,  M o n t r e a l ,  J une  7 -11 ,  1971 .  

P i z i a l i ,  R . A . ,  Dynamics o f  Automobi les  During 
Brake A p p l i c a t i o n s - V a l i d a t i o n  o f  a  Computer 
S i m u l a t i o n .  C o r n e l l  A e r o n a u t i c a l  L a b o r a t o r y ,  . . 
Repor t  V J - ~ ~ S I - V - ~ ,  PB 204 533 ,  J u l y  1971 .  

S e g e l ,  L .  , " T i r e  T r a c t i o n  on Dry,  Uncontaminated 
S u r f a c e s  ," The P h y s i c s  o f  T i r e  Traction-Theory 
and E x p e r i m e n t ,  Plenum P r e s s ,  New York,  1974 ,  
p p .  6 5 - 9 8 .  

B e r n a r d ,  J . E .  , W i n k l e r ,  C . B . ,  and F a n c h e r ,  P  . S . ,  
A computer  ~ a s e d  Ma thema t i ca l  Method 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  o f  Trucks  and T r a c t o r -  
T r a i l e r s .  Phase  I1 T e c h n i c a l  R e ~ o r t  UM-HSRI-PF-73-1, 
~ i ~ h w ~ y - ~ a f e t y  Research  ~ n s t i t u i e ,  Univ.  o f  ~ i c h i g a n ,  
June  1973 .  

B e r n a r d ,  J . E .  , "A D i g i t a l  Computer Method f o r  t h e  
P r e d i c t i o n  o f  B rak ing  Per formance  o f  Trucks  and  
T r a c t o r - T r a i l e r s , "  SAE P a p e r  No. 730181, 
I n t e r n a t i o n a l  Automotive  E n g i n e e r i n g  Congre s s ,  
D e t r o i t ,  M i c h . ,  J a n u a r y  8 - 1 2 ,  1973 .  



APPLICATION OF GENERAL RIGID BODY 
DYNAMICS TO VEHICLE BEHAVIOR 

A .  I .  K r a u t e r  
Shake r  Resea rch  C o r p o r a t i o n  

and 
W .  E .  T o b l e r  

S i b l e y  School  of  b lechan ica l  and Aerospace E n g i n e e r i n g  
C o r n e l l  U n i v e r s i t y  

ABSTRACT 

T h i s  p a p e r  i s  conce rned  w i t h  t h e  a p p l i c a t i o n  o f  

a  4 x 4  m a t r i x  method t o  s i m u l a t i n g  t h e  b e h a v i o r  o f  

a r t i c u l a t e d  highway v e h i c l e s .  The method r e q u i r e s  

o n l y  t h a t  a  model o f  t h e  v e h i c l e  be  a d o p t e d  and  t h a t  

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

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

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

e q u a t i o n s  t h a t  govern t h e  b e h a v i o r  o f  t h e  v e h i c l e  model.  

'I'he method i s  a p p l i e d  t o  s i m u l a t i n g  t h e  b e h a v i o r  

o f  s e v e r a l  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  a r e  f i r s t  

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

t r a i l e r  t r u c k .  These  r e s u l t s  a r e  compared w i t h  t h o s e  

o b t a i n e d  from a  p r e v i o u s l y  deve loped  t r a c t o r - s e m i t r a i l e r  

model .  The compar i son  l e a d s  t o  t h e  d i s c o v e r y  o f  an 

e r r o r  i n  t h e  p r e v i o u s l y  deve loped  model .  When t h e  

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

o b t a i n e d  from b o t h  models a r e  n e a r l y  i d e n t i c a l .  The 

method i s  t h e n  u sed  t o  o b t a i n  t h e  p r e d i c t e d  b e h a v i o r  

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

i n g  maneuver w i t h  and w i t h o u t  b r a k i n g .  R e s u l t s  o f  a  

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

( t r a c t o r  w i t h  t h r e e  t r a i l e r s )  a r e  g i v e n .  



The r e s u l t s  i l l u s t r a t e  t h e  e a s e  w i t h  which t h e  

method can be a p p l i e d  t o  t h e  complex, n o n l i n e a r  

v e h i c l e  sys tem.  I f  t h e s e  r e s u l t s  were o b t a i n e d  u s i n g  

conven t iona l  methods,  many man-years of  e f f o r t  would 

have been r e q u i r e d .  
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INTRODUCTION 

Computer s i m u l a t i o n  h a s  r e c e n t l y  become a  w i d e l y -  

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

way v e h i c l e s .  The c o n v e n t i o n a l  p r o c e s s  u sed  t o  p roduce  

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

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

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

t h e  b e h a v i o r  of  t h i s  model .  F i n a l l y ,  t h e  d i f f e r e n t i a l  

e q u a t i o n s  a r e  s o l v e d  by t h e  computer  t o  p roduce  t h e  

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

i n  [ I ]  - [ 5 ]  . *  
U n f o r t u n a t e l y ,  o b t a i n i n g  t h e  a n a l y t i c a l  d i f f e r -  

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

e x p e n d i t u r e  o f  much t i m e  and e f f o r t ,  I n  a d d i t i o n ,  

t h e s e  e q u a t i o n s  a r e  n o t  e a s i l y  m o d i f i e d .  Such m o d i f i -  

c a t i o n  becomes n e c e s s a r y  when t h e  v e h i c l e  model i s  

changed s i g n i f i c a n t l y  o r  when i t s  assumed o p e r a t i o n a l  

env i ronment  i s  a l t e r e d  s u b s t a n t i a l l y .  

T h i s  p a p e r  p r e s e n t s  t h e  a p p l i c a t i o n  t o  v e h i c l e  

dynamics o f  a  n u m e r i c a l  method r e c e n t l y  deve loped  f o r  

k i n e m a t i c s .  With t h i s  n u m e r i c a l  method,  t h e  s econd  s t e p  

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

d i f f e r e n t i a l  e q u a t i o n s  which d e s c r i b e  t h e  mo t ion  o f  t h e  

v e h i c l e - i s  e l i m i n a t e d .  I n s t e a d ,  t h e s e  e q u a t i o n s  a r e  

b o t h  f o r m u l a t e d  and s o l v e d  n u m e r i c a l l y  by t h e  compu te r .  

The method u s e d  i s  b a s e d  on t h e  4 x 4  t r a n s f o r m a t i o n  

m a t r i c e s  o r i g i n a t e d  by Denavi t  and H a r t e n b e r g  [ 6 ] .  The 

method was deve loped  i n  l a r g e  p a r t  by U i c k e r  and  was 

p r e s e n t e d  i n  1 9 6 9  [ 7 ]  f o r  a p p l i c a t i o n  t o  c l o s e d - l o o p  

mechanisms.  T o b l e r  [ 8 ]  g e n e r a l i z e d  t h e  method t o  

*Numbers i n  b r a c k e t s  r e f e r  t o  r e f e r e n c e s  l i s t e d  a t  
t h e  end  o f  t h i s  p a p e r .  



i n c l u d e  bo th  open- and c l o s e d - l o o p  mechanisms and 

a p p l i e d  i t  t o  t h e  dynamics of v e h i c l e s .  The r e a d e r  

i s  r e f e r r e d  t o  [ 8 ]  f o r  a  review of  t h e  l i t e r a t u r e  

p e r t a i n i n g  t o  t h e  method and f o r  a  complete d e s c r i p -  

t i o n  o f  i t s  a p p l i c a t i o n  t o  v e h i c l e  model ing.  That  

d e s c r i p t i o n  p r e s e n t s  many d e t a i l s  which cannot  be 

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

THE METHOD 

The 4 x 4  m a t r i x  method r e q u i r e s  t h a t  t h e  v e h i c l e  

be ing  modeled be r e p r e s e n t e d  a s  a  sys tem of  i n t e r -  

connected  r i g i d  e l e m e n t s .  These e lements  have 

c o o r d i n a t e  systems a t t a c h e d  t o  them. C e r t a i n  4 x 4  

m a t r i c e s ,  c a l l e d  "A" m a t r i c e s ,  a r e  used  both  t o  t r a n s -  

form v e c t o r s  between t h e  c o o r d i n a t e  systems and t o  

r e f e r e n c e  p o i n t s  i n  any o f  t h e  c o o r d i n a t e  sys t ems .  The 

"A1' m a t r i x  f o r  a d j  a c e n t  c o o r d i n a t e  systems (systems 

a t t a c h e d  t o  e lements  on e i t h e r  s i d e  of a  k i n e m a t i c  j o i n t  

o r  connec t ion  p o i n t )  i n c o r p o r a t e s  t h e  k i n e m a t i c  con-  

s t r a i n t s  imposed on t h e  v e h i c l e  by t h e  j o i n t .  I n  

a d d i t i o n ,  t h i s  "A" m a t r i x  c o n t a i n s  p a r t  of  t h e  informa-  

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

V a r i a b l e s  of motion a r e  a s s o c i a t e d  w i t h  most o f  

t h e  "A" m a t r i c e s .  (For  an a r t i c u l a t e d  v e h i c l e ,  many o f -  

t h e s e  v a r i a b l e s  a r e  s t a t e  v a r i a b l e s  s i n c e  such  a  v e h i c l e  

can g e n e r a l l y  be modeled a s  an open c h a i n  of  connected  

r i g i d  b o d i e s  ; i .  e . ,  an open loop . )  The v a l u e s  of  t h e s e  

v a r i a b l e s  and o f  t h e i r  d e r i v a t i v e s  de termine  t h e  

v e l o c i t i e s  of a l l  p o i n t s  i n  t h e  v e h i c l e .  Consequent ly ,  

a  Lagrangian approach can be used t o  o b t a i n  t h e  e q u a t i o n s  

which d e s c r i b e  t h e  motion of  t h e  v e h i c l e .  The a n a l y -  

t i c a l  development i s  a s  f o l l o w s :  The p o s i t i o n  e q u a t i o n  



f o r  an a r b i t r a r y  p o i n t  on t h e  v e h i c l e  i s  w r i t t e n  and 

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

e x p r e s s i o n  f o r  t h e  k i n e t i c  ene rgy  a s s o c i a t e d  w i t h  t h i s  

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

y i e l d s  t h e  t o t a l  k i n e t i c  e n e r g y .  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  r e s u l t s  i n  t h e  Lagrange e q u a t i o n s  which 

d e s c r i b e  t h e  mo t ion .  

The Lagrange e q u a t i o n s  r e q u i r e  e x p r e s s i o n s  f o r  

g e n e r a l i z e d  f o r c e s .  These e x p r e s s i o n s  can be  o b t a i n e d  

u s i n g  t h e  p r i n c i p l e  o f  v i r t u a l  work and  a r e  deve loped  

and c a t a l o g e d  f o r  common components such  a s  l i n e a r  

s p r i n g s  and dampers .  E x p r e s s i o n s  f o r  t h e  g e n e r a l i z e d  

f o r c e s  due t o  s p e c i a l  components must be  deve loped  

i n d i v i d u a l l y  f o r  t h e i r  u s e  w i t h  t h e  method.  Such 

e x p r e s s i o n s  a r e  r e q u i r e d ,  f o r  example ,  f o r  t h e  g e n e r a l i z e d  

f o r c e s  due t o  r o a d  l o a d s  on t h e  t i r e s .  

Imp lemen ta t i on  o f  t h e  method t o  s i m u l a t e  t h e  

mot ion o f  a  v e h i c l e  ( o r  o f  any sys t em composed o f  i n t e r -  

c o n n e c t e d  r i g i d  e l e m e n t s )  p roceeds  a s  f o l l o w s  : 

I n f o r m a t i o n  s u f f i c i e n t  t o  c h a r a c t e r i z e  t h e  geomet ry ,  

k i n e m a t i c s ,  dynamic c h a r a c t e r i s t i c s ,  and e x t e r n a l  f o r c e s  

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

c o n c e r n i n g  t h e  manner i n  which t h e  s i m u l a t i o n  i s  t o  be  

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

o f  m o t i o n s ,  e t c . ,  i s  a l s o  p r o v i d e d .  The Lagrange 

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

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

t h e  g e n e r a l i z e d  f o r c e s ) .  These  e q u a t i o n s  a r e  manipu- 

l a t e d  n u m e r i c a l l y  such  t h a t  t h e  r a t e  o f  change of  each  

mot ion v a r i a b l e  ( e .  g .  , p o s i t i o n ,  s p e e d ,  a n g u l a r  v e l o c i t y )  

i s  a  f u n c t i o n  o f  a l l  t h e  o t h e r  mot ion  v a r i a b l e s  and  o f  

t i m e .  A s t a n d a r d  n u m e r i c a l  i n t e g r a t i o n  p r o c e d u r e  i s  
t h e n  u sed  t o  d e t e r m i n e  t h e  v a l u e s  o f  t h e  mot ion 



v a r i a b l e s  a t  t h e  nex t  i n s t a n t  of t i m e .  A t  t h i s  new 

t ime t h e  p rocess  i s  r e p e a t e d  ( t h e  Lagrange e q u a t i o n s  

a r e  r e f o r m u l a t e d ,  e t c . )  , t h e  r e s u l t  be ing  a  p r i n t o u t -  

a  s imula t ion--of  each motion v a r i a b l e  as  a  f u n c t i o n  of  

t ime . 

APPLICATION OF THE METHOD FOR A TRACTOR-DOUBLE 
TRAILER COMBINATION 

A t r a c t o r - d o u b l e  t r a i l e r  combinat ion i s  used  t o  

i l l u s t r a t e  t h e  manner i n  which t h e  method i s  used  t o  

s i m u l a t e  v e h i c l e  b e h a v i o r .  The double  was chosen 

because t h e  procedure  used f o r  i t  i s  r e p r e s e n t a t i v e  

o f  t h a t  u sed  f o r  a  s i n g l e  ( t r a c t o r - s e m i t r a i l e r )  o r  f o r  

a  t r i p l e  ( t r a c t o r  and t h r e e  t r a i l e r s ) .  

The double i s  shown s c h e m a t i c a l l y  i n  F igure  1. I t  

c o n s i s t s  o f  a  t r a c t o r ,  two s e m i t r a i l e r s ,  a  d o l l y ,  two 

f i f t h  whee l s ,  and f i v e  beam-axle suspens ion  sys t ems .  

Each of  t h e s e  e lements  i s  d e s c r i b e d  b r i e f l y  below. 

The t r a c t o r ,  F igure  2 ,  was modeled a s  a  r i g i d  body 

having  mass. Guides were p rov ided  f o r  a t t a c h i n g  two 

i d e a l i z e d  beam-axle suspens ion  systems t o  t h e  t r a c t o r .  

Also a  f i f t h  wheel ( h i t c h )  p i n  was p rov ided  f o r  a t t a c h -  

i n g  an i d e a l i z e d  f i f t h  wheel ,  F igure  3 ,  t o  t h e  t r a c t o r .  

Two c o o r d i n a t e  sys t ems ,  denoted  X 6 Y 6 Z 6  and X 7 Y 7 Z 7 ,  a r e  

b o d y - f i x e d  t o  t h e  t r a c t o r .  These c o o r d i n a t e  sys t ems ,  

a long w i t h  a p p r o p r i a t e  dimensions o f  t h e  t r a c t o r ,  a r e  

shown i n  F igure  2 .  

The t r a c t o r  f i f t h  wheel was modeled a s  a  mass l e s s  

r i g i d  body.  Two r e v o l u t e  j o i n t s  f o r  a t tachment  o f  t h e  

f i f t h  wheel t o  t h e  t r a c t o r  and t o  t h e  f i r s t  s e m i t r a i l e r  

a r e  i n c l u d e d  i n  t h e  model. A s i n g l e  c o o r d i n a t e  sys tem,  

denoted  X 8 Y 8 Z 8 ,  i s  body- f ixed  t o  t h e  f i f t h  wheel .  Th i s  







F i g u r e  3 .  The T r a c t o r  F i f t h  Wheel - F i f t h  Wheel #1 



c o o r d i n a t e  system has  t h e  same o r i g i n  a s  t h a t  o f  

X 7 Y 7 Z 7  a t t a c h e d  t o  t h e  t r a c t o r .  The c h a r a c t e r i s t i c  

dimension of  t h e  f i f t h  wheel i s  shown i n  F i g u r e  3 . *  

The second f i f t h  wheel connec t s  t h e  f i r s t  semi-  

t r a i l e r  t o  t h e  second  s e m i t r a i l e r .  This  second  f i f t h  

wheel i s  s i m i l a r  t o  t h a t  d e s c r i b e d  above.  I t s  body- 

f i x e d  c o o r d i n a t e  sys t em,  denoted  X14Y14Z14, i s  

ana logous  t o  X 8 Y g Z 8 .  

The beam-axle  s u s p e n s i o n  sys tem a t t a c h e d  t o  t h e  

f r o n t  o f  t h e  t r a c t o r  i s  shown i n  F igu re  4 .  Sp r ings  and 

dampers hav ing  l i n e a r  c h a r a c t e r i s t i c s  a r e  c o n t a i n e d  w i t h -  

i n  t h e  p r i s m a t i c  and r e v o l u t e  j o i n t s .  The beam-axle  i s  

modeled e i t h e r  a s  b e i n g  m a s s l e s s  o r  a s  hav ing  mass.  When 

t h e  beam-axle  i s  modeled a s  m a s s l e s s ,  f o r c e s  and moments 

which a c t  on t h e  t r a c t o r  s u s p e n s i o n  guide  a r e  de te rmined  

by an e q u i l i b r i u m  a n a l y s i s  of  t h e  w h e e l - a x l e  assembly .  

When t h e  beam-axle  i s  modeled a s  hav ing  mass ,  f o r c e s  and 

moments which a c t  on t h e  wheel hubs a r e  de t e rmined .  

Three b o d y - f i x e d  c o o r d i n a t e  systems a r e  a t t a c h e d  t o  t h e  

s u s p e n s i o n  sys t em.  Two o f  t h e s e  c o o r d i n a t e  s y s t e m s ,  

deno ted  X16Y16Z16 and X17Y17Z17, a r e  a t t a c h e d  t o  t h e  

m a s s l e s s  l i n k  c o n t a i n i n g  t h e  p r i s m a t i c  j o i n t .  The 

o r i g i n s  o f  t h e s e  c o o r d i n a t e  sys tems  a r e  l o c a t e d  a t  t h e  

r e v o l u t e  j o i n t  and have t h e  o r i e n t a t i o n s  shown i n  F igu re  

4 .  The o r i g i n  of  t h e  t h i r d  c o o r d i n a t e  sys t em,  deno ted  

X18Y18z18' i s  f i x e d  t o  t h e  c e n t e r  mass o f  t h e  beam-axle .  

The axes  o f  t h i s  c o o r d i n a t e  sys tem have t h e  o r i e n t a t i o n s  

shown i n  t h e  same f i g u r e .  

*This dimension i s  denoted  H;. The s u p e r s c r i p t  1 

i n d i c a t e s  t h a t  t h e  dimension i s  t h a t  o f  t h e  f i r s t  
f i f t h  wheel .  The co r r e spond ing  dimension o f  t h e  

2 second f i f t h  wheel i s  denoted  HZ. 





Four  a d d i t i o n a l  beam-axle  s u s p e n s i o n  sys t ems  

a r e  r e q u i r e d  i n  model ing  t h e  d o u b l e .  These  s u s p e n -  

s i o n  sys tems  a r e  s i m i l a r  t o  t h e  one d e s c r i b e d  above .  

C o o r d i n a t e  sys tems  c o r r e s p o n d i n g  t o  t h o s e  d e s c r i b e d  

above a r e  d e f i n e d  f o r  e ach  s u s p e n s i o n  s y s t e m .  

The f i r s t  s e m i t r a i l e r ,  F i g u r e  5 ,  o f  t h e  doub le  i s  

modeled a s  a  r i g i d  body h a v i n g  mass .  A g u i d e  i s  p r o -  

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

one shown i n  F i g u r e  4 .  A f i f t h  wheel  p i n  i s  p r o v i d e d  

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

whee l ,  F i g u r e  3 ,  I n  a d d i t i o n ,  a  p i n t l e  hook (modeled 

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

F i g u r e  6 ,  t o  t h e  s e m i t r a i l e r ,  Two b o d y - f i x e d  c o o r d i n -  

a t e  sy s t ems  a r e  u s e d  f o r  t h e  s e m i t r a i l e r .  The o r i g i n  

o f  t h e  f i r s t  c o o r d i n a t e  s y s t e m ,  d e n o t e d  X 9 Y 9 Z 9 ,  i s  

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

t h e  s econd  c o o r d i n a t e  s y s t e m ,  deno t ed  X I O Y I O Z 1 O ,  i s  

f i x e d  t o  t h e  p i n t l e  hook.  These c o o r d i n a t e  s y s t e m s ,  

a l o n g  w i t h  t h e  a p p r o p r i a t e  d imens ions  o f  s e m i t r a i l e r  # I ,  

a r e  shown i n  F i g u r e  5 .  

The second  s e m i t r a i l e r  o f  t h e  double  i s  s i m i l a r  t o  

t h e  one d e s c r i b e d  above .  The c o o r d i n a t e  sy s t em c o r r e s -  

ponding  t o  X g Y g Z g  is X15Y15z15* A c o o r d i n a t e  sy s t em 

c o r r e s p o n d i n g  t o  X I O Y I O Z I O  i s  n o t  needed  f o r  mode l ing  

t h e  doub le .  

The d o l l y  i s  modeled a s  a  m a s s l e s s  r i g i d  body. A 

gu ide  i s  p r o v i d e d  f o r  a t t a c h i n g  a  s u s p e n s i o n  sys t em 

s i m i l a r  t o  t h e  one shown i n  F i g u r e  4 .  A f i f t h  wheel  p i n  

i s  p r o v i d e d  f o r  a t t a c h i n g  f i f t h  wheel  # 2 .  T h i s  f i f t h  

wheel  i s  s i m i l a r  t o  t h e  one shown i n  F i g u r e  3.  I n  

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

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

Two c o o r d i n a t e  s y s t e m s ,  d e n o t e d  X13Y13Z13 and X Y Z 2 5  2 5  2 5 '  







a r e  f i x e d  t o  t h e  d o l l y  f i f t h  wheel p i n .  These 

c o o r d i n a t e  systems and t h e  dimensions of  t h e  d o l l y  

a r e  shown i n  F igure  6 .  

S i x  a d d i t i o n a l  c o o r d i n a t e  systems a r e  r e q u i r e d  

t o  d e s c r i b e  t h e  double .  The f i r s t  c o o r d i n a t e  system 

i s  t h e  i n e r t i a l  c o o r d i n a t e  sys t em,  denoted  X O Y O Z O o  

The o r i g i n  of t h i s  c o o r d i n a t e  sys tem i s  l o c a t e d  a t  t h e  

road  s u r f a c e .  The X o  a x i s  i s  t aken  t o  be p a r a l l e l  t o  

t h e  l o n g i t u d i n a l  c e n t e r l i n e  of t h e  t r a c t o r  when t h e  

t r a c t o r  i s  i n  i t s  i n i t i a l  p o s i t i o n  a t  t h e  beginning  of  

a s i m u l a t i o n .  The Z O  a x i s  i s  d i r e c t e d  v e r t i c a l l y  down. 

The remaining f i v e  c o o r d i n a t e  systems a r e  denoted 

X I Y I Z 1  - X Y z 5 5 5 '  These c o o r d i n a t e  systems a r e  used  t o  

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

To complete t h e  d e s c r i p t i o n  of  t h e  v e h i c l e  f o r  t h e  

computer ,  d a t a  on t h e  dynamic c h a r a c t e r i s t i c s  of t h e  

e lements  and i n f o r m a t i o n  on t h e  e x t e r n a l  f o r c e s  and 

moments which a c t  on t h e  v e h i c l e  must be p rov ided .  The 

dynamic c h a r a c t e r i s t i c s  a r e  p rov ided  by means of "J" 

m a t r i c e s .  A "J" m a t r i x  f o r  an element  t a k e s  t h e  form 

I L '  XX VV Z Z '  XV X 7. 

- - -  
where m i s  t h e  mass e l emen t ,  x ,  y ,  z a r e  t h e  c o o r -  

d i n a t e s  of  t h e  mass c e n t e r  of  t h e  element  i n  i t s  

c o o r d i n a t e  sys t em,  and I x x ,  I e t c . ,  a r e  t h e  moments 
XY ' 

and p r o d u c t s  of  i n e r t i a  w i t h  r e s p e c t  t o  t h e  same 

c o o r d i n a t e  sys t em.  



The e x t e r n a l  f o r c e s  and moments i n  t h e  absence  

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

f o r c e s ,  f o r c e s  due t o  t h e  t i r e s ,  and moments due t o  

t h e  g y r o s c o p i c  e f f e c t s  o f  t h e  w h e e l s .  The g r a v i t a -  

t i o n a l  f o r c e s  a r e  c o n s i d e r e d  t o  be  known e x t e r n a l  

f o r c e s .  The g y r o s c o p i c  moments a r e  de t e rmined  from 

t h e  s p i n  s p e e d s  of  t h e  w h e e l s .  The s p i n  s p e e d  of each  

wheel  i s  computed u s i n g  an a n a l y t i c a l  s o l u t i o n  t o  t h e  

l i n e a r i z e d  e q u a t i o n  f o r  t h e  a n g u l a r  a c c e l e r a t i o n  o f  

t h e  w h e e l .  The method u s e d  i s  t a k e n  from t h a t  o f  

Be rna rd  [ 5 ] .  

E v a l u a t i o n  o f  t h e  s p i n  s p e e d  f o r  e ach  wheel  and 

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

t h e  a d o p t i o n  o f  a  t i r e - r o a d  i n t e r a c t i o n  model .  The 

model u s e d  i s  a m o d i f i e d  form o f  t h a t  p r e s e n t e d  i n  191.  

The model g i v e s  t h e  r a t i o s  o f  t h e  l a t e r a l  f o r c e  t o  normal  

l o a d  and  o f  t h e  b r a k i n g  f o r c e  t o  normal  l o a d  a s  non-  

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

Curves which show f u n c t i o n a l  dependenc i e s  p r o v i d e d  by 

t h e  model and  u sed  f o r  t h e  work a r e  g i v e n  i n  F i g u r e s  7 

and 8 .  

RESULTS 

The method was u s e d  f o r  comparing s i m u l a t i o n s  o f  

t r a c t o r - s e m i t r a i l e r  b e h a v i o r  a s  g i v e n  by t h r e e  mathe-  

m a t i c a l  mode ls .  The f i r s t  ma thema t i ca l  model was an 

e x i s t i n g  m o d i f i e d  h l i ku l c ik  model [ l ]  ( r e f e r r e d  t o  a s  

model 1 )  h a v i n g  m a s s l e s s  beam-axle  s u s p e n s i o n  s y s t e m s .  

The s econd  ma thema t i ca l  model (model 2 )  was t h a t  o b t a i n e d  

u s i n g  t h e  s u b j e c t  method w i t h  m a s s l e s s  beam-axle  

s u s p e n s i o n  s y s t e m s .  Each o f  t h e s e  models had  f o u r t e e n  

d e g r e e s  o f  f reedom ( i n c l u d i n g  t h e  whee l  s p i n  d e g r e e  o f  
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f r eedom) .  The t h i r d  model (model 3) was t h a t  o b t a i n e d  

u s i n g  t h e  s u b j e c t  method w i t h  beam-ax l e s  h a v i n g  mass .  

Model 3  h a d  twenty  d e g r e e s  o f  f reedom. The p a r a m e t e r s  

f o r  a l l  t h r e e  models a r e  g i v e n  i n  T a b l e  I .  The v a l u e s  

o f  t h e s e  p a r a m e t e r s  were  chosen t o  make models 2 and 3  

a s  s i m i l a r  t o  model 1 a s  p o s s i b l e .  

Each t e s t  s t a r t e d  w i t h  t h e  v e h i c l e  moving a t  a  

c o n s t a n t  f o r w a r d  v e l o c i t y  o f  8 8  f p s .  A l l  o t h e r  s t a t e  

v a r i a b l e s  were  i n i t i a l l y  z e r o ;  i . e . ,  t h e  v e h i c l e  was 

moving i n  a  s t e a d y  s t a t e  down a  s t r a i g h t ,  l e v e l  r o a d .  A t  

t i m e  e q u a l  t o  z e r o  s e c o n d s ,  a  s t e p  s t e e r i n g  a n g l e  o f  0 . 0 1  

r a d i a n s  was a p p l i e d  t o  t h e  f r o n t  w h e e l s .  No b r a k i n g  

was a p p l i - e d .  

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

a s  p r e d i c t e d  by each  o f  t h e  t h r e e  m a t h e m a t i c a l  models i s  

shown i n  F i g u r e  9 .  Each model p r e d i c t s  t h a t  t h e  t r a c t o r  

w i l l  r o l l  t o  t h e  o u t s i d e  o f  t h e  t u r n .  A f t e r  3 . 0  s e c o n d s ,  

a  n e a r l y  s t e a d y  s t a t e  v a l u e  o f  r o l l  a n g l e  h a s  been  

r e a c h e d .  However, t h e  r o l l  a n g l e s  p r e d i c t e d  by models  

2 and  3 a r e  c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  p r e d i c t e d  by 

model 1. 

I t  can be  shown w i t h  a  s t a t i c  a n a l y s i s  t h a t  t h e  

s t e a d y  s t a t e  r o l l  a n g l e  p r e d i c t e d  by model 2 i s  c o r r e c t  

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

u n d i s c o v e r e d  e r r o r  i n  t h e  b l i ku l c ik  a n a l y s i s  (model 1 ) .  

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

t e rms  i n  t h e  e q u a t i o n s  o f  m o t i o n .  Once a  r o l l  a n g l e  h a s  

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

t h e  r o l l  a n g l e .  For  t h e  v e h i c l e  and t h e  maneuver con-  

s i d e r e d ,  t h e  r o l l  a n g l e  p roduced  by t h e  g r a v i t a t i o n a l  

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

a c c e l e r a t i o n .  



Table I 

Vehic le  Parameters  f o r  Model 1, Model 2 ,  and Model 3  

Note: Dimensions and c h a r a c t e r i s t i c s  a r e  common t o  t h e  
t h r e e  mathematical  models except  where n o t e d .  Excep- 
t i o n s  a r e  f o r  Model 3 and a r e  necessa ry  t o  d e s c r i b e  t h e  
mass d i s t r i b u t i o n  and t i r e  model used .  

Dimensions 

Bl  = 4.15 f t .  

B3  = 4.55 f t .  

H1 = 1.00 f t .  

H i  = 0.25 f t .  

H: = 0 .03  f t .  ( -132133 f o r  
Model 3) 

1 B4 = 13.4  f t .  H i  = 0 .03  f t .  ( . I29491 f o r  
Model 3) 

B: = 11.6 f t .  

D : =  3 .13  f t .  

2 Dl = 3.00 f t .  

D: = 3.00 f t .  

H: = 4.38 f t .  (4.48491 f o r  
Model 3) 

H: = 0.98 f t .  

H: = 0.98 f t .  

H i  = 0.98 f t .  

H: = 3.10 f t .  

Suspens ion  Dampers and Spr ings  

1 c  = 800 l b ,  s e c . / f t .  k1 = 24480 l b . / f t .  

C' = 2000 f t .  l b .  s e c . / r a d .  K' = 61200 f t .  l b . / r a d .  

c2  = 5480 f t .  l b .  s e c . / r a d .  K' = 126000 f t .  l b . / r a d .  

c3 = 5 0 0 0  f t .  l b .  s e c . / r a d .  K~ = 108000 f t .  l b . / r a d .  

T i r e  Radius - 1 . 7  f t .  f r o n t  t i r e s ;  1 . 6 4  f t .  a l l  o t h e r s  

T i r e  I n e r t i a  - 7.81 s l u g - f t  . 2  a x l e  1 
( s p i n )  16.2 s l u g - f t . '  a x l e  2 

15.6 s l u g - f t . '  a x l e  3 

T i r e  S t i f f n e s s  - 53400 l b / f t .  f r o n t  t i r e s ;  90000 l b . / f t .  
Model 3  a l l  o t h e r s  



T a b l e  I ( C o n t . )  

2 Mass and  I n e r t i a  - "J" M a t r i c e s  ( s l u g s  o r  s l u g - f t .  ) 

0  0  0  
T r a c t o r  4600 0  
Models 1 and  2 2900 0 

0  -200 0 -2100 I 
T r a c t o r  
Nodel 3 

S e m i t r a i l e r  
Models 1 and 2 

S e m i t r a i l e r  
Model 3 

Axle 1 
Model 3 

Axle  2 
Model 3 

Axle  3 
Model 3 





The d i f f e r e n c e  i n  r o l l  a n g l e  b e h a v i o r  f o r  models 

2 and 3 i s  a s s o c i a t e d  p r i m a r i l y  w i t h  t h e  t i r e  s t i f f -  

n e s s  n e c e s s a r y  f o r  a  s u s p e n s i o n  sys t em h a v i n g  mass .  

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

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

i s  e x p e c t e d  w i t h  model 3 .  

The t r a c t o r  yaw r a t e  v e r s u s  t ime  i s  shown i n  

F i g u r e  1 0 .  T r a c t o r  yaw r a t e s  r a t h e r  t h a n  yaw a n g l e s  a r e  

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

between t h e  r e s p o n s e s  p r e d i c t e d  by t h e  t h r e e  models .  The 

yaw r a t e s  a t t a i n  n e a r l y  s t e a d y  s t a t e  v a l u e s  a f t e r  3 

s e c o n d s .  The d i f f e r e n c e  among t h e  t r a n s i e n t  r e s p o n s e s  

shown can be e x p l a i n e d  a s  f o l l o w s .  The b e h a v i o r  o f  t h e  

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

t r a c t o r  f i f t h  wheel p i n .  These  f o r c e s  a r e  d i r e c t e d  t o  

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

w i s e  yaw r a t e  o f  t h e  t r a c t o r .  I t  can be shown t h a t  t h e s e  

f o r c e s  d e c r e a s e  i n  magni tude a s  t h e  v e h i c l e  a c c e l e r a t e s  

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

a c c e l e r a t i o n  p r e d i c t e d  by model 2 i s  i n i t i a l l y  g r e a t e r  

t h a n  t h a t  f o r  model 1, i t  i s  e x p e c t e d  t h a t  t h e  yaw r a t e  

o f  t h e  t r a c t o r  p r e d i c t e d  by model 2 w i l l  b e  i n i t i a l l y  

l e s s  t h a n  t h a t  p r e d i c t e d  by model 1. T h i s  i s  shown t o  

be t r u e  by F i g u r e  10 a t  t ime  e q u a l  t o  1 . 0  s econd .  A t  

t i m e  e q u a l  t o  2 . 0  s e c o n d s ,  t h e  r o l l  a c c e l e r a t i o n  p r e -  

d i c t e d  by model 2 i s  l e s s  ( i . e . ,  i t  i s  more n e g a t i v e )  

t h a n  t h a t  p r e d i c t e d  by model 1. T h e r e f o r e ,  i t  i s  

e x p e c t e d  t h a t  t h e  yaw r a t e  o f  t h e  t r a c t o r  p r e d i c t e d  by 

model 2 w i l l  be g r e a t e r  t h a n  t h a t  p r e d i c t e d  by model 1. 

Th i s  i s  a l s o  shown t o  be  t r u e  by F i g u r e  1 0 .  

The e f f e c t s  of r o l l  a n g l e  can b e  e s s e n t i a l l y  

e l i m i n a t e d  by 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  s u f f i c i e n t l y .  

The r o l l  s t i f f n e s s  u sed  i n  models 1 and 2 was i n c r e a s e d  

f o r t y  t imes-the r o l l  damping r a t e  was i n c r e a s e d  t o  





m a i n t a i n  a  c o n s t a n t  damping r a t i o .  The r e s u l t i n g  

t r a c t o r  r o l l  a n g l e s  o f  b o t h  models a r e  s i m i l a r  t o  t h a t  

shown f o r  model 1 i n  F i g u r e  9 e x c e p t  t h a t  t h e y  a r e  

app rox ima te ly  4 0  t imes  s m a l l e r .  The t r a c t o r  yaw r a t e  

r e sponse  f o r  b o t h  models i s  shown i n  F i g u r e  11. The 

f i g u r e  i l l u s t r a t e s  t h a t  t h e  yaw r a t e s  p r e d i c t e d  by 

models 1 and 2 a r e  n e a r l y  i d e n t i c a l .  S i m i l a r  s t a t e m e n t s  

can be  made f o r  t h e  o t h e r  q u a n t i t i e s  ( a r t i c u l a t i o n  a n g l e ,  

e t c . )  t h a t  d e s c r i b e  t h e  b e h a v i o r  o f  t h e  v e h i c l e .  

Brak ing  comparison t e s t s  were a l s o  made. The 

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

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

c o n s t a n t  r a t e  and p r o p o r t i o n a l  t o  t h e  s t a t i c  wheel  l o a d s ,  

was s t a r t e d  a t  t ime  e q u a l  t o  z e r o  s e c o n d s .  R e s u l t s  

s i m i l a r  t o  t h o s e  above were o b t a i n e d  [ 8 ] .  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  by a  f a c t o r  of 40  c aused  t h e  b e h a v i o r  

o f  models 1 and 2 t o  compare c l o s e l y  ( s m a l l  d i f f e r e n c e s  

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

a s sumpt ions  made i n  t h e  s u s p e n s i o n  a n a l y s i s  f o r  model 

1 )  

The r e s u l t s  o b t a i n e d  above i n d i c a t e d  t h a t  t h e  method 

produced  s i m u l a t i o n s  which compared w e l l  w i t h  t h o s e  from 

an a c c e p t e d  v e h i c l e  model.  I n  a d d i t i o n ,  t h e  d i f f e r e n c e s  

o b t a i n e d  c o u l d  be  j u s t i f i e d .  As a  r e s u l t ,  i t  appea red  

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

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

and t r i p l e  were  c o n s i d e r e d  i n  t h e  o r i g i n a l  work 181- 

n o - b r a k i n g  and b r a k i n g  c a s e s  were r u n .  The r e s u l t s  

o f  t h e  n o - b r a k i n g  c a s e  and o f  t h e  b r a k i n g  c a s e  f o r  t h e  

t r i p l e  a r e  g iven  be low.  

The model o f  t h e  s i n g l e  u s e d  i n  [ 8 ]  was t h e  same 

a s  model 2 ( a b o v e ) .  T h i s  model had f o u r t e e n  deg ree s  o f  

f reedom. The model o f  t h e  double  was o b t a i n e d  by com- 

b i n i n g  t h e  model o f  t h e  s i n g l e  w i t h  t h e  model o f  t h e  
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m a s s l e s s  d o l l y ,  F i g u r e  6 ,  and  w i t h  t h e  model o f  a  

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

s e m i t r a i l e r .  The model o f  t h e  doub le  had  t w e n t y -  

t h r e e  d e g r e e s  o f  f reedom. The model o f  t h e  t r i p l e  was 

o b t a i n e d  by combining t h e  model o f  t h e  doub le  w i t h  t h e  

model o f  a  s econd  d o l l y  ( i d e n t i c a l  t o  t h e  f i r s t  d o l l y )  

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

t h a t  o f  t h e  f i r s t  s e m i t r a i l e r .  The model o f  t h e  t r i p l e  

had  t h i r t y -  two d e g r e e s  o f  f reedom.  M a s s l e s s  beam-axle  

s u s p e n s i o n s  were  u sed  on each  v e h i c l e .  The t h r e e  

v e h i c l e s  a r e  q u a n t i t a t i v e l y  d e s c r i b e d  i n  Tab l e  11. 

The r e s p o n s e  o f  t h e  t r i p l e  t o  a  s t e p  s t e e r i n g  o u t -  

p u t  o f  0 . 0 0 4  r a d i a n s  a t  88  f p s  i s  g i v e n  i n  F i g u r e s  1 2  

t h r o u g h  1 4 .  These f i g u r e s  a l s o  d e s c r i b e  t h e  b e h a v i o r  

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

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

i d e n t i c a l l y .  S i m i l a r  s t a t e m e n t s  can be  made f o r  s emi -  

t r a i l e r  #1 o f  each  v e h i c l e  and f o r  d o l l y  1 and s emi -  

t r a i l e r  #2 o f  t h e  double  and o f  t h e  t r i p l e .  Th i s  s i t u a -  

t i o n  a p p e a r s  t o  be due t o  t h e  manner i n  which t h e  d o l l i e s  

were  modeled;  i . e . ,  t h e y  were modeled a s  b e i n g  m a s s l e s s  

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

t h e i r  beam-axle  s u s p e n s i o n  s y s t e m s .  As a  r e s u l t ,  o n l y  

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

doub le  and t r i p l e .  These r e a c t i o n  f o r c e s  had an 

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

The yaw a n g l e s  o f  t h e  t r a c t o r  and o f  t h e  t h r e e  

s e m i t r a i l e r s  c o m p r i s i n g  t h e  t r i p l e  a r e  shown i n  F i g u r e  

1 2 .  I t  can  be s e e n  from t h e  f i g u r e  t h a t  t h e  t r a c t o r  

q u i c k l y  assumes a  n e a r l y  s t e a d y  s t a t e  ( r i g h t )  t u r n .  The 

yaw a n g l e  b e h a v i o r  o f  e ach  s e m i t r a i l e r  i s  d e l a y e d  when 

compared t o  t h a t  o f  t h e  t r a c t o r .  A l s o ,  decay ing  o s c i l l a -  

t i o n s  i n  t h e  yaw a n g l e  b e h a v i o r  o f  each  s e m i t r a i l e r  a r e  



T a b l e  I 1  

V e h i c l e  P a r a m e t e r s  f o r  t h e  S i n g l e ,  D o u b l e ,  and T r i p l e  

D i m e n s i o n s  

B1 = 4 . 1 5  f t .  H1 = 1 . 0 0  f t .  

B2 = 6 . 6 5  f t .  H: = 0 . 2 5  f t .  

B3 = 4 . 5 5  f t .  

1 B4 ' 1 3 . 4  f t .  

2  B4 = 1 3 . 4  f t .  

B: = 1 3 . 4  f t .  

1 B5 = 1 1 . 6  f t .  

B: = 1 1 . 6  f t .  

B: = 1 1 . 6  f t .  

B: = 1 4 . 6  f t .  

B: = 6 . 0 0  f t .  

2  B 7  = 6 . 0 0  f t .  

D: = 3 . 1 3  f t .  

2 Dl = 3 . 0 0  f t .  

D: = 3 . 0 0  f t .  

4  Dl = 3 . 0 0  f t .  

D: = 3 . 0 0  f t .  

6  Dl  = 3 . 0 0  f t .  

7 Dl = 3 . 0 0  f t .  

H: = 0 . 0 3  f t .  

H: = 0 . 0 3  f t .  

H: = 4 . 3 8  f t .  

H4 = 1 . 0 3  f t .  3  

H: = 4 . 3 8  f t .  

H! = 1 . 0 3  f t .  

H: = 4 . 3 8  f t .  

H: = 0 . 9 8  f t .  

H: = 0 . 9 8  f t .  

3 H4 = 0 . 9 8  f t .  

H: = 0 . 9 8  f t .  

H: = 0 . 9 8  f t .  

H! = 0 . 9 8  f t .  

H i  = 0 . 9 8  f t .  

1 H5 = 3 . 1 0  f t .  

H E  = 3 . 1 0  f t .  

H: = 3 . 1 0  f t .  

H: = 4 . 3 8  f t .  

H: = 4 . 3 8  f t .  

H i  = 1 . 0 3  f t .  

H; = 1 . 0 3  f t .  



Table I1 (Cont.) 

Suspension Dampers and Springs 

c1 = 800 1b.-sec./ft. k1 = 24480 lb./ft. 

6 C = 5000 1b.-sec./rad. = 108000 ft.-lb./rad. 

c7 = 5000 lb. -sec./rad. = 108000 ft.-lb./rad. 

Tire Radius - 1.7 ft. front tires; 1.64 ft. all others 
* 
L Tire Inertia - 7.81 slug-ft. axle 1 

(spin> 
16.2 slug-ftq2 axle 2 

15.6 slug-ft.' axle 3 

2 Mass and Inertia - "J" Matrices (slugs or slug-ft. ) 

[ 4;2 

0 0 
Tractor 4600 0 

0 2900 0 
-200 0 -2100 -;" I 
0 0 

Semitrailers 111800 0 -2100 
0 8200 0 

-2100 0 200 O I 



TRIPLE 
STEER = 0,034 
NO WKING 

TIE (SECONDS) 

F i g u r e  1 2 .  T r i p l e  w i t h  No Braking: Yaw Angles 
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TRIPLE - SECOND TPAILER 

STEER = 0, @I4 
NO BRAKING 

a A  I I I I 1 1 1 I I 

0 1 2 3 4 5 6 7 9 9 1 0  
TIME (SECONDS) 

F i g u r e  1 3 .  T r i p l e  w i t h  No Brak ing :  F i f t h  Wheel 
Angle ,  P i n t l e  Hook Angle and Yaw 
Rate  f o r  T r a i l e r  # 2  
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TRIPLE - TtlIRD Tk4ILER 

STEER = 0 , CO4 
10 BPAKINS 

0 - 1 2 3 4 5 6 7 8 9 1 0  
TIME (SECONDS) 

Figure  14. T r i p l e  w i t h  No Brak ing :  F i f t h  Wheel Angle ,  
P i n t l e  Hook Angle and Yaw Rate  f o r  T r a i l e r  # 3  
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a p p a r e n t .  The amp l i t ude  o f  t h e s e  o s c i l l a t i o n s  i s  

g r e a t e r  and t h e  decay ing  r a t e  i s  s m a l l e r  f o r  t h e  t h i r d  

s e m i t r a i l e r  when compared t o  t h o s e  f o r  t h e  s econd  

s e m i t r a i l e r  ( and  t o  t h o s e  f o r  t h e  second  s e m i t r a i l e r  

when compared t o  t h o s e  f o r  t h e  f i r s t ) .  

The f i f t h  wheel  a n g l e ,  t h e  p i n t l e  hook a n g l e ,  and 

t h e  yaw r a t e  o f  t h e  s econd  s e m i t r a i l e r  a r e  shown i n  

F i g u r e  1 3 .  The p i n t l e  hook a n g l e  i s  t h a t  a s s o c i a t e d  w i t h  

a r t i c u l a t i o n  o f  t h e  d o l l y  #1 w i t h  r e s p e c t  t o  s e m i t r a i l e r  

#1 ( t h i s  a n g l e  i s  measured abou t  a x i s  Z l O ,  F i g u r e  5 ) .  

The f i f t h  wheel  a n g l e  i s  t h e  a n g l e  o f  r o t a t i o n  o f  semi-  

t r a i l e r  # 2  w i t h  r e s p e c t  t o  t h e  f i f t h  wheel o f  d o l l y  # I .  

The cu rves  i n  F i g u r e  1 3  show t h a t  t h e  p i n t l e  hook a n g l e ,  

t h e  f i f t h  wheel  a n g l e ,  and t h e  yaw r a t e  o f  s e m i t r a i l e r  

# 2  have an o s c i l l a t o r y  b e h a v i o r .  Th i s  b e h a v i o r  i s  

e x p l a i n e d  a s  f o l l o w s .  

The p i n t l e  hook a n g l e  must r e s u l t  from t h e  b e h a v i o r  

o f  t h e  d o l l y  a n d / o r  from t h e  b e h a v i o r  o f  s e m i t r a i l e r  #1. 

The b e h a v i o r  o f  s e m i t r a i l e r  #1 ( a f t e r  t ime  e q u a l  t o  

4 . 0  s econds )  i s  n o t  o s c i l l a t o r y .  Consequen t ly ,  t h e  

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

i s  m a s s l e s s ,  t h i s  o s c i l l a t o r y  b e h a v i o r  must be  due 

p r i m a r i l y  t o  s e m i t r a i l e r  # 2 .  However, mot ion o f  t h e  

d o l l y  due t o  t h e  s e m i t r a i l e r  # 2  p r o v i d e s  s t e e r i n g  f o r  

t h i s  s e m i t r a i l e r .  The i n t e r a c t i o n  between t h e  mot ion 

o f  t h e  d o l l y  and t h e  mot ion of  t h e  s e m i t r a i l e r  r e s u l t s  

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

The p i n t l e  hook a n g l e ,  f i f t h  wheel  a n g l e ,  and yaw 

r a t e  o f  t h e  t h i r d  s e m i t r a i l e r  v e r s u s  t ime  a r e  shown i n  

F i g u r e  1 4 .  The c u r v e s  show t h a t  t h e  b e h a v i o r  a s s o c i a t e d  

w i t h  s e m i t r a i l e r  # 3  i s  s i m i l a r  t o  t h a t  a s s o c i a t e d  w i t h  

s e m i t r a i l e r  # 2 .  The f r e q u e n c i e s  o f  t h e  o s c i l l a t i o n s  



shown i n  F i g u r e s  1 3  and 14 a r e  a p p r o x i m a t e l y  t h e  same. 

However, t h e  amp l i t ude  o f  t h e  b e h a v i o r  shown i n  F i g u r e  

14  i s  g r e a t e r  t h a n  t h a t  shown i n  F i g u r e  1 3 .  This  may 

be due t o  t h e  e f f e c t  t h a t  t h e  mot ion o f  s e m i t r a i l e r  # 2  

has  on t h e  mot ion o f  d o l l y  #2. 

The r e sponse  o f  t h e  t r i p l e  when b r a k i n g  i s  a p p l i e d  

a l o n g  w i t h  t h e  s t e p  s t e e r i n g  i s  shown i n  F i g u r e s  15  

t h r o u g h  1 7 .  The b r a k i n g  t o r q u e  ( f t - l b s )  a t  each  wheel  

i s  g i v e n  by 

where R i s  t h e  wheel  r a d i u s  ( f t )  , P i s  t h e  b r a k e  l i n e  

p r e s s u r e  ( p s i ) ,  and W i s  t h e  s t a t i c  t i r e  l o a d  ( l b s ) .  

The p r e s s u r e ,  P ,  was a p p l i e d  a s  a  ramp i n p u t  s a t u r a t i n g  

a t  100 p s i  a t  1 . 0  seconds  ( a  s e v e r e  b r a k i n g  e f f o r t ) .  

The yaw a n g l e  b e h a v i o r  o f  t h e  t r i p l e  i s  shown i n  

F i g u r e  1 5 .  The yaw a n g l e  cu rves  o f  t h e  t r a c t o r  and o f  

s e m i t r a i l e r  #1 were found t o  be s i m i l a r  t o  c o r r e s p o n d i n g  

c u r v e s  o b t a i n e d  f o r  a  double  hav ing  t h e  same p a r a m e t e r  

v a l u e s  and i n p u t s .  The yaw b e h a v i o r  g iven  f o r  s emi -  

t r a i l e r  # 2  shows l i t t l e  t endency  f o r  s e m i t r a i l e r  swing .  

S e m i t r a i l e r  # 3  shows an unexpec t ed  tendency  t o  yaw i n  a  

c o u n t e r c l o c k w i s e  d i r e c t i o n .  

The f i f t h  wheel  a n g l e  f o r  s e m i t r a i l e r  # I ,  t h e  

p i n t l e  hook a n g l e  f o r  d o l l y  # 1 ,  and t h e  f i f t h  wheel  

a n g l e  f o r  s e m i t r a i l e r  # 2  a r e  shown i n  F i g u r e  1 6 .  The 

c u r v e s  i n  t h i s  f i g u r e  were  a l s o  found t o  be  s i m i l a r  t o  

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

The p i n t l e  hook a n g l e  f o r  d o l l y  # 2  and t h e  f i f t h  

wheel a n g l e  f o r  s e m i t r a i l e r  # 3  a r e  shown i n  F i g u r e  1 7 .  

These c u r v e s  i n d i c a t e  a  s e v e r e  c l o c k w i s e  b u c k l i n g  o r  

j a c k k n i f e  o f  d o l l y  # 2 .  



F i g u r e  1 5 .  T r i p l e  w i t h  B r a k i n g :  Yaw A n g l e s  



(SECONDS > 

F i g u r e  1 6 .  T r i p l e  w i t h  Brak ing :  F i f t h  Wheel Angle f o r  
T r a i l e r  #1, and F i f t h  Wheel Angle and P i n t l e  
Hook Angle f o r  T r a i l e r  # 2  
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' 1 TIME (SECONDS) 
\ 
\ 
\ 
\ PINTLE HMK ANGLE 
\ 

Figure  1 7 .  T r i p l e  w i t h  Braking:  F i f t h  Wheel Angle 
and P i n t l e  Hook Angle f o r  T r a i l e r  # 3  



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

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

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

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

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

c a p a b i l i t i e s  o f  t h e  t i r e s .  A f t e r  1 . 0  s e c o n d ,  t h e  maxi-  

mum b r a k i n g  e f f o r t  i s  a t t a i n e d .  Forward we igh t  s h i f t s  

o c c u r  from s e m i t r a i l e r  # 3  t o  d o l l y  # 2  and from d o l l y  # 2  

t o  t h e  p i n t l e  hook o f  s e m i t r a i l e r  # 2 .  These  we igh t  

s h i f t s  p e r m i t  a l l  whee ls  o f  s e m i t r a i l e r  # 3  and o f  d o l l y  

# 2  t o  l o c k  u p . *  The a s s o c i a t e d  l o s s  i n  d o l l y  t i r e  s i d e  

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

tendency  r e s u l t s  from s e m i t r a i l e r  # 3  o v e r r u n n i n g  s emi -  

t r a i l e r  # 2 .  There  i s  no s e m i t r a i l e r  swing s i n c e  t h e  

l a t e r a l  a c c e l e r a t i o n  o f  s e m i t r a i l e r  # 3  i s  s m a l l  d u r i n g  

t h e  d u r a t i o n  of  t h e  t e s t .  

The w e i g h t  s h i f t s  from s e m i t r a i l e r  # 3  t o  s e m i t r a i l e r  

# 2  i n c r e a s e  t h e  v e r t i c a l  t i r e  l o a d s  o f  s e m i t r a i l e r  # 2 .  

T h i s  i s  a  s t a b i l i z i n g  c o n d i t i o n  f o r  s e m i t r a i l e r  # 2 ;  

h e n c e ,  t h e r e  i s  l i t t l e  t endency  f o r  swing o f  t h a t  s emi -  

t r a i l e r .  The we igh t  s h i f t s  from s e m i t r a i l e r  # 2  t o  semi-  

t r a i l e r  #1 i n c r e a s e  t h e  v e r t i c a l  t i r e  l o a d s  o f  s e m i t r a i l e r  

# I .  T h i s  i s  a  s t a b i l i z i n g  c o n d i t i o n  f o r  t h e  l a t e r a l  

b e h a v i o r  o f  s e m i t r a i l e r  #1. The unusua l  t r a c t o r  b e h a v i o r  

i s  e x p l a i n e d  by t h e  l o s s  o f  b r a k i n g  e f f o r t  (due t o  wheel  

lockup)  on s e m i t r a i l e r  # 2 .  Th i s  l o s s  i n  b r a k i n g  e f f o r t  

r e s u l t s  i n  t h e  o v e r r u n n i n g  o f  t h e  t r a c t o r  by t h e  s emi -  

t r a i l e r s .  Hence,  t h e  v e h i c l e  t r a i n  i s  s u s c e p t i b l e  t o  

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

up ( r e s u l t i n g  from we igh t  s h i f t s  due t o  t r a c t o r  r o l l ) .  

The l o s s  i n  b r a k i n g  e f f o r t  a t  t h i s  wheel  c a u s e s  a  t endency  

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

- 

*This  s i t u a t i o n  d i d  n o t  o c c u r  f o r  t h e  c o r r e s p o n d i n g  
d o u b l e .  For  t h e  double  o n l y  one d o l l y  t i r e  l o c k e d  up .  



Once t h i s  yaw h a s  begun ,  t h e  v e h i c l e  t r a i n  b u c k l e s  a t  

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

t h e  l a r g e  n e g a t i v e  f i f t h  wheel  a n g l e  f o r  s e m i t r a i l e r  #1 

shown i n  F i g u r e  1 7 .  

CONCLUSIONS 

The r e s u l t s  i l l u s t r a t e  t h e  e a s e  w i t h  which t h e  

method can  be  a p p l i e d  t o  t h e  complex,  n o n l i n e a r  v e h i c l e  

s y s t e m .  I f  t h e  above r e s u l t s  were  o b t a i n e d  u s i n g  con-  

v e n t i o n a l  methods ,  many man-years  o f  e f f o r t  would have  

been  r e q u i r e d .  The r e s u l t s  g i v e n  do n o t  r e p r e s e n t  an 

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

v e h i c l e s .  R a t h e r ,  t h e  r e s u l t s  show how a  v e h i c l e  h a v i n g  

m u l t i p l e  t r a i l e r s  c o u l d  behave unde r  a  s p e c i f i c  s e t  o f  

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

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

t y p e s  ( c o n f i g u r a t i o n s )  o f  v e h i c l e s .  
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NOTAT I O N  

D i f f e r e n t i a l  o p e r a t o r  

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

S i d e  f o r c e  p roduced  a t  t i r e  

He igh t  f rom r o l l  c e n t e r  t o  v e h i c l e  c . g .  

R o l l  i n e r t i a  

L a t e r a l  t i r e  s t i f f n e s s  

Change i n  p r e f e r r e d  d i r e c t i o n  of  r o l l i n g  w i t h  
l a t e r a l  d e f l e c t i o n  

Suspens ion  r o l l  s t i f f n e s s  

R o l l  s t e e r  c o e f f i c i e n t  

V e h i c l e  mass 

R o l l  v e l o c i t y  

Forward v e l o c i t y  

L a t e r a l  v e l o c i t y  

Axle l a t e r a l  v e l o c i t y  

R o l l  a n g l e  

Angle between wheel  p l a n e  and p r e f e r r e d  
d i r e c t i o n  o f  r o l l i n g  



INTRODUCTION 

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

money h a s  b e e n  s p e n t  on p r e p a r i n g  m a t h e m a t i c a l  models  

o f  r o a d  v e h i c l e s .  T h e s e  mode l s  w e r e  g e n e r a l l y  d e v e l o p e d  

by a p p l y i n g  t e c h n i q u e s  employed  i n  t h e  a e r o s p a c e  i n d u s t r y  

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

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

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

i n  a  complex  f a s h i o n .  I n  a d d i t i o n  t o  r e p r e s e n t i n g  t h e  

m o t i o n  o f  t h e  v e h i c l e  e f f o r t s  h a v e  a l s o  b e e n  made t o  

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

and  e v e n  humans.  

R e f e r e n c e  1 summar izes  t h e  m a t h e m a t i c a l  nlodels  o f  

a r t i c u l a t e d  v e h i c l e s  wh ich  w e r e  a v a i l a b l e  a  few y e a r s  

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

Such  complex  mode l s  c a n  p r e d i c t  a c c u r a t e l y  t h e  

e f f e c t  o f  a p p l y i n g  a  known f o r c e  o r  c o u p l e  t o  t h e  

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

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

E x t e r n a l  f o r c e s  upon r o a d  v e h i c l e s  a r e  o f  two 

s o r t s  : 

Aerodynamic  l o a d i n g s  

T i r e  f o r c e s  

Depend ing  upon t h e  o p e r a t i n g  c o n d i t i o n s  t h e  a e r o d y n a m i c  

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

d o u b t  however  t h a t  t h e  t i r e  f o r c e s  a r e  d o m i n a n t .  Con- 

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

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

m a t h e m a t i c a l  m o d e l s .  

S h o r t c o m i n g s  i n  t h e  r e p r e s e n t a t i o n  o f  t i r e s  may 

b e  e i t h e r  q u a n t i t a t i v e  o r  q u a l i t a t i v e .  I n  t h e  f i r s t  

c a s e  a computed  f o r c e  may b e  i n  e r r o r  by  some p e r c e n t a g e .  

The s e n s i t i v i t y  o f  t h e  model  t o  s u c h  e r r o r s  may b e  



checked and t h e  consequences  of  such  e r r o r s  p r e d i c t e d  

and a l l o w e d  f o r .  Er roneous  a n a l y s i s  i n v o l v i n g  q u a l i -  

t a t i v e  e r r o r s ,  on t h e  o t h e r  h a n d ,  can  a f f e c t  t h e  p r e -  

d i c a t i o n s  i n  a  much more s e r i o u s  way. The e r r o r s  

p roduced  may b e  such  t h a t  t h e  n a t u r e  o f  t h e  p r e d i c t i o n  

i s  wrong. Such an a n a l y s i s  may p r e d i c t  a  damped 

o s c i l l a t o r y  mot ion  when a  more a c c u r a t e  a n a l y s i s  p r e -  

d i c t s  an u n s t a b l e  mot ion .  U n f o r t u n a t e l y  t h e r e  i s  no 

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

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

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

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

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

T r a d i t i o n a l l y  t h e  g e n e r a t i o n  of l a t e r a l  f o r c e s  

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

Using t h i s  approach  t h e  t i r e s  were assumed t o  p roduce  

l a t e r a l  f o r c e s  " i n s t a n t a n e o u s l y "  upon a p p l i c a t i o n  o f  

a  s l i p  a n g l e .  A d d i t i o n a l l y  t h e  t i r e  i s  assumed t o  b e  

i n f i n i t e l y  " s t i f f "  i n  t h e  l a t e r a l  s e n s e .  Such models 

of  t i r e s  have been  employed w i t h  some s u c c e s s  i n  p r e -  

d i c t i n g  t h e  mot ions  of  a u t o m o b i l e s .  Re fe r ence  2 

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

t i r e  model and e x p e r i m e n t s  d e s i g n e d  t o  v a l i d a t e  t h i s  

s i m u l a t i o n .  

However, au tomob i l e s  and t r u c k s  a r e  d i f f e r e n t  and 

t h e  a p p r o x i m a t i o n s  which work f o r  an au tomob i l e  may 

n o t  work f o r  a  t r u c k .  

I t  i s  t h e  o b j e c t i v e  of  t h i s  p a p e r  t o  d e t e r m i n e  

whe the r  o r  n o t  a  form o f  t i r e  r e p r e s e n t a t i o n  b a s e d  

s o l e l y  on " s l i p  a n g l e s "  i s  v a l i d  f o r  commercia l  v e h i c l e s .  

T I R E  MECHANI 

I n  o r d e r  t o  examine t h e  e f f e c t s  of  t h e  a p p r o x i -  

mat ion  i n v o l v e d  i n  t h e  " s l i p  ang l e "  t i r e  model,  i t  i s  

n e c e s s a r y  t o  have a  t i r e  model which does  n o t  c o n t a i n  

t h e s e  a p p r o x i m a t i o n s .  



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

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

With t h e  q u a l i f i c a t i o n s  t h a t  t h e  t i r e  i s  f r e e l y  

r o t a t i n g  a t  a  f r e q u e n c y  w e l l  below any of  i t s  r e s o n a n t  

f r e q u e n c i e s ,  two main p r o c e s s e s  may be  i d e n t i f i e d  i n  

t h e  t i r e :  

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

t h e  s t r u c t u r e  of  t h e  t i r e  

b )  t h e  m o d i f i c a t i o n  o f  l a t e r a l  d i s t o r t i o n  due 

t o  changes  i n  p r e f e r r e d  d i r e c t i o n  of  

r o l l i n g ,  p roduced  by l a t e r a l  d e f l e c t i o n  o f  

t h e  t i r e  

R e s t r i c t i n g  t h e s e  e f f e c t s  t o  s m a l l  amp l i t udes  a l l o w s  

them t o  be  t r e a t e d  a s  l i n e a r  r e l a t i o n s h i p s ,  w i t h  t h e  

f o l l o w i n g  c o n s t a n t s .  

1.  Ky - t h e  l a t e r a l  t i r e  s t i f f n e s s  i n  u n i t s  

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

2 .  Ka - t h e  change i n  p r e f e r r e d  d i r e c t i o n  of  

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

d e f l e c t i o n  

I m p l i c i t  i n  t h e  s m a l l  amp l i t ude  assumpt ion  i s  t h a t  

t h e  t i r e  i s  n o t  s l i d i n g .  I n  a d d i t i o n  i t  i s  assumed 

t h a t  t h e  v e r t i c a l  compl iance  o f  t h e  t i r e  i s  lumped i n  

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

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

" sma l l " .  

These p a r a m e t e r s  may b e  r e l a t e d  t o  t h e  t r a d i t i o n a l  

c o r n e r i n g  f o r c e  c o e f f i c i e n t  ( C  ) a s  F 



F i g u r e  1 shows t h e  g e o m e t r i c a l  f e a t u r e s  o f  t h e  

r o l l i n g  t i r e  where DEL i s  t h e  l a t e r a l  d e f l e c t i o n  and 

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

f o r w a r d  v e l o c i t y  o f  t h e  wheel  p l a n e  t h e  f r o n t  edge  of  

t h e  c o n t a c t  p a t c h  moves towards  t h e  wheel  p l a n e  a s  

* 
DEL = -U-a ( 2 )  

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

d e f l e c t i o n ,  t h e r e f o r e  

I f  t h e  wheel  p l a n e  i s  a l l owed  t o  move l a t e r a l  w i t h  

v e l o c i t y  ( V )  t h e n  

E q u a t i o n  ( 4 )  shows t h a t  a t  z e r o  fo rward  v e l o c i t y  t h e  

t i r e  w i l l  deform l a t e r a l l y  a s  a  consequence  o f  s i d e -  

ways mo t ions  o f  t h e  rim and t h a t  a t  a  s t e a d y  s t a t e  

c o n d i t i o n  ( D ~ L  = 0 )  

DEL *Ka 

The r e l a t i o n s h i p  between l a t e r a l  d e f l e c t i o n  and 

s i d e  f o r c e  comple t e s  t h e  t ime  v a r y i n g  d e s c r i p t i o n  of  

t h e  t i r e .  I t  i s :  

Fy = K y * D E L  ( 7 )  

Although  e q u a t i o n s  ( 4 )  and ( 7 )  a r e  l i m i t e d  by  t h e  

a s sumpt ions  d e s c r i b e d  above t h e y  do embody t h e  o r i g i n a l  

o b s e r v a t i o n s  made a b o u t  t h e  r o l l i n g  t i r e  and a r e  

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

a p p r o a c h .  



DEFLECTED 
SHAPE 

FIGURE I 
GEOMETRY OF ROLLING TIRE 



SUSPENSION EFFECTS 

' I  hc t i  r.cs o l '  t l ic vcll i c l c  : ~ r c  att:rcllctl v i : ~  t h e  

suspension. As t h c  vc l r ic lc  r o l l s  and  tllovcs t h c  g c o -  

mctry  of  t h e  s u s p e n s i o n  c h a n g e s .  T h i s  chang ing  s u s p e n -  

s i o n  geometry  ha s  t h e  e f f e c t  o f  c o n v e r t i n g  any one v e h i c l e  

mot ion  i n t o  a  v a r i e t y  o f  e f f e c t s  a t  t h e  t i r e s .  For  

example a s  t h e  v e h i c l e  r o l l s  t h i s  p roduces  a  s ideways  

mot ion of  t h e  a x l e  and a  s t e e r i n g  o f  t h e  a x l e .  

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

r o l l  i s  r e f e r r e d  t o  a s  "Ro l l  S t e e r "  and i s  p roduced  by 

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

a x i s  a s  i n  F i g u r e  2 .  

I n  t h e  v e h i c l e  shown i n  F i g u r e  3 t h e  r o t a t i o n  and 

s ideways  v e l o c i t y  o f  t h e  c e n t e r  of  g r a v i t y  combine t o  

p roduce  a  l a t e r a l  a x l e  mot ion (VAX) where 

S i n c e  t h e  r o l l  o f  t h e  body s t e e r s  t h e  a x l e  t h e r e  i s  

a l s o  a  component o f  f o rward  v e l o c i t y  p r e s e n t  due t o  

r o l l  s t e e r  

To examine t h e  impor t ance  o f  t i r e  mechanisms i n  

v e h i c l e  dynamics t h e  r o l l i n g  mot ion  of  t h e  v e h i c l e  i n  

F i g u r e  3 w i l l  be a n a l y z e d .  

E q u a t i o n s  (1)  - (9)  d e s c r i b e  t h e  t i r e  and s u s p e n s i o n  

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

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

a c c e l e r a t i o n .  They a r e :  

1.n; = K~ O D E L  

Combining (10) and (11) w i t h  (3)  and ( 7 )  a l l o w s  t h e  

e q u a t i o n  t o  be  assembled  i n  m a t r i x  form: 



R O L L  C E N T E R S  
R E A R  
R O L L  
C E N T E R  I 

T R A C T O R  I 
R O L L  A X I S  T R A I L E R  

R O L L  A X I S  

FIGURE 2 
ROLL A X E S  OF A N  

A R T I C U L A T E D  V E H I C L E  



CENTER 

FIGURE 3 

A X E S  USED IN TRAILER A N A L Y S I S  



where D i s  t h e  d i f f e r e n t i a l  o p e r a t o r .  E q u a t i o n  (12) 

may be  expanded a s :  

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

a n a l y s i s  i s  g i v e n  by d i v i d i n g  (13)  by Ky t h e n  u s i n g  

t h e  e q u a t i o n  (1 )  and l e t t i n g  Ky become i n f i n i t e .  T h i s  

y i e l d s  : 

T a b u l a t i n g  t h e  c o e f f i c i e n t s  of  t h e  two c h a r a c t e r i s t i c  

e q u a t i o n s  g i v e s  Tab l e  I. 

I n  Tab l e  I i t  can  be  s e e n  t h a t  t h e  two s e r i e s  d i f f e r  

i n  c o e f f i c i e n t s  of  t h e  f o u r t h  and s econd  powers o f  t h e  

d i f f e r e n t i a l  o p e r a t o r .  With t h e  h i g h e s t  o r d e r  o p e r a t o r  

i n  t h e  s l i p  a n g l e  b a s e d  a n a l y s i s  b e i n g  t h r e e  t h i s  means 

t h a t  i t  h a s  o n l y  one mode of  o s c i l l a t i o n  where t h e  

l a t e r a l l y  f l e x i b l e  t i r e  model h a s  two. 

The d i f f e r e n c e  i n  t h e  s econd  power c o e f f i c i e n t  means 

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

a l s o  be  changes i n  t h e  i n d i c a t e d  v a l u e s  o f  r o l l  

f requency  and damping. 

These d i f f e r e n c e s  a r e  i l l u s t r a t e d  by an example.  

SPECIMEN VEHICLE 

Figure  2 shows a  s e m i t r a i l e r  which h a s  t h e  

dimensions g iven  i n  Table  1 1 .  The r o l l  a x i s  i n c l i n a t i o n  

i s  due t o  t h e  d i f f e r e n c e  i n  h e i g h t  between t h e  r e a r  r o l l  

c e n t e r  and t h e  f i f t h  wheel c o u p l i n g .  I t  s h o u l d  be  n o t e d  

t h a t  t h e  t i r e  l a t e r a l  s t i f f n e s s e s  r e l a t e  t o  t h e  lumped 

v a l u e s  f o r  a l l  o f  t h e  t i r e s  on one a x l e .  Although t h e  

d a t a  u sed  i n  t h e s e  c a l c u l a t i o n s  a r e  n o t  meant t o  

r e p r e s e n t  a  s p e c i f i c  v e h i c l e ,  t hey  a r e  w i t h i n  t h e  bounds 

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

Table  I11  c o n t a i n s  t h e  r o o t s  f o r  t h e  system a t  

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

DISCUSSION 

Table  I11 shows t h a t  i n c l u d i n g  v a r i o u s  amounts o f  

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

r o l l  f r equency  and damping. 

Reducing t i r e  l a t e r a l  s t i f f n e s s  r educes  t h e  p r e -  

d i c t e d  r o l l  f r e q u e n c y .  Omi t t i ng  t h e  t i r e  l a t e r a l  

f l e x i b i l i t y  i n t r o d u c e s  a  1 0 %  e r r o r  i n t o  t h e  r o l l  f r e -  

quency and 2 0 %  i n  t h e  damping. 

S i m i l a r l y  i n c r e a s i n g  t h e  l a t e r a l  f l e x i b i l i t y  t e n  

f o l d ,  app rox ima te ly  h a l v e s  t h e  r o l l  f r equency  and 

damping. 
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TABLE I11 

ROOTS FOR ROLLING MOTION O F  SPECIMEN TRAILER 

Roots f o r  R o l l  Motion* 

Ka = .1 Ka = 1 S l i p  Angle blodel - 
U Speed K y  = 2 x 10 4 Ky = 2 x 10 5 - 
f t / s e c  

Ky - " 

*When t h e  mode h a s  two r e a l  r o o t s ,  t h e  more p o s i t i v e  

one i s  shown. 



These changes i n  r o l l  f requency imply changes i n  

t h e  s  t e a d y - s  t a t e  r o l l  ang le  measured when c o r n e r i n g .  

The 1 0 %  e r r o r  i n  f requency due t o  omiss ion  o f  t i r e  

l a t e r a l  f l e x i b i l i t y  would l e a d  t o  a  20% e r r o r  i n  r o l l  

a n g l e .  

These r e s u l t s  i n d i c a t e  t h e  importance of  i n c l u d i n g  

t i r e  l a t e r a l  f l e x i b i l i t y  when c a l c u l a t i n g  r o l l  b e h a v i o r .  

In  p a r t i c u l a r ,  t h e  r e s u l t s  show t h a t  t h e  r o l l  s t a b i l i t y  

may be enhanced by p rope r  t i r e  s e l e c t i o n .  

CONCLUSIONS 

I t  has  been shown t h a t  t h e  p r e d i c t e d  v e h i c l e  

r o l l i n g  motion depends on t h e  manner i n  which t h e  t i r e s  

a r e  r e p r e s e n t e d .  Omission o f  t i r e  f l e x i b i l i t y  i n t r o  - 
duced e r r o r s  of  10 -20% f o r  t h e  specimen v e h i c l e .  I t  

must be concluded t h e r e f o r e  t h a t  t h e  approximat ions  

i n v o l v e d  i n  t h e  r e p r e s e n t a t i o n  of  t i r e s  s o l e l y  i n  terms 

of  s l i p  a n g l e s  can produce unaccep tab ly  l a r g e  e r r o r s  

i n  t h e  c a s e  o f  commercial v e h i c l e s .  
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ABSTRACT 

Recent  a p p l i e d  r e s e a r c h  s t u d i e s  i n  v e h i c l e  

h a n d l i n g  have  emphas ized  l a r g e  commercia l  v e h i c l e s .  

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

e q u a t i o n s  t o  model t h e  l a t e r a l  and l o n g i t u d i n a l  h a n d l i n g  

dynamics o f  an i n t e r c i t y  b u s .  These  e q u a t i o n s  were 

implemented as  a d i g i t a l  s i m u l a t i o n  f o r  a n a l y s i s  o f  

v e h i c l e  r e s p o n s e  and pe r fo rmance  w i t h  v a r i o u s  s t e e r i n g  

and b r a k i n g  i n p u t s .  Concu r r en t  f u l l - s c a l e  t e s t s  w i t h  

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

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

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

and t h e  s i m u l a t i o n .  A n a l y t i c a l  and f u l l - s c a l e  r e s u l t s  

a r e  shown f o r  v a r i o u s  maneuvers t o  d e m o n s t r a t e  t h e  

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

o f  t h e  l i m i t s  o f  pe r fo rmance  ( s p i n o u t ,  p l o w o u t ,  and 

r o l l o v e r )  . 



INTRODUCTION 

T h i s  p a p e r  summarizes an a n a l y t i c a l  i n v e s t i g a t i o n  

o f  bus  h a n d l i n g  (1 )"  which emphasized t h e  open l oop  

dynamics o f  t h e  v e h i c l e  r e l a t e d  t o  d i r e c t i o n a l  ( s t e e r -  

i n g )  c o n t r o l ,  w i t h  and w i t h o u t  b r a k i n g .  The r e s u l t s  

r e p r e s e n t  an e x t e n s i o n  o f  work p r e v i o u s l y  accompl i shed  

i n  t h e  a r e a  o f  au tomob i l e  h a n d l i n g  ( e . g . ,  2 and 3 ) .  

The o v e r a l l  o b j e c t i v e s  of  t h e  Re fe r ence  1 s t u d y  

were  t o :  

*Develop per formance  p a r a m e t e r s  f o r  e v a l u a t i o n  

o f  t h e  road  w o r t h i n e s s  o f  s e l e c t e d  commercial  

v e h i c l e s .  

*Apply computer s i m u l a t i o n  programs t o  compi le  

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

o p e r a t i o n s  i n  p r o x i m i t y  t o  t h e  l imits o f  

pe r fo rmance .  

* E s t a b l i s h  by f u l l  - s c a l e  t e s t i n g  t h e  per formance  

l imits  o f  such  v e h i c l e s  and v e r i f y  t h e  computer 

s i m u l a t i o n .  

* F u r n i s h  d a t a  on c o n t r o l  i n p u t s  v e r s u s  v e h i c l e  

r e sponse  c h a r a c t e r i s t i c s .  

The comple te  s t u d y  i s  d e s c r i b e d  i n  ( I ) ,  and t h i s  p a p e r  

emphas izes  t h e  s i m u l a t i o n  o f  an i n t e r c i t y  b u s .  F i r s t ,  

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

*Numbers i n  p a r e n t h e s e s  r e f e r  t o  s i m i l a r l y  numbered 
r e f e r e n c e s  a t  end o f  p a p e r .  

l ~ h e  a p p l i e d  r e s e a r c h  s t u d y  d e s c r i b e d  h e r e i n  was 
accompl i shed  i n  p a r t  f o r  t h e  N a t i o n a l  Highway T r a f f i c  
S a f e t y  A d m i n i s t r a t i o n  under  C o n t r a c t  DOT-HS-242-2-421, 
The f i n d i n g s  and o p i n i o n s  e x p r e s s e d  h e r e i n  a r e  t h o s e  
o f  t h e  a u t h o r s  and n o t  t h e  NHTSA. 



by a  v e r b a l  d e s c r i p t i o n  o f  t h e  a n a l y t i c a l  mode l .  The 

d i g i t a l  s i m u l a t i o n  which was u s e d  t o  implement t h e  

a n a l y t i c a l  model i s  a l s o  d i s c u s s e d .  F i n a l l y ,  examples  

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

s i m u l a t i o n  v a l i d a t i o n  r u n s .  L i m i t s  o f  pe r fo rmance  

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

d e m o n s t r a t e d .  

PHYSICAL DESCRIPTION OF BUS 

The s u b j e c t  bus  i s  a  Motor Coach I n d u s t r i e s  Model 

MC-7, s k e t c h e d  i n  F i g u r e  1.  I t  h a s  a  s o l i d  I -beam 

f r o n t  a x l e ,  a  d u a l  whee l  r e a r  a x l e ,  and a  s i n g l e  r e a r  

t r a i l i n g  wheel  ( t a g  a x l e )  on each  s i d e  i n d e p e n d e n t l y  

su spended  from t h e  coach body .  I t  i s  d i e s e l  powered ,  

w i t h  an a u t o m a t i c  t r a n s m i s s i o n  and a i r - o p e r a t e d  b r a k e s  

on a l l  w h e e l s .  The o v e r a l l  bus  d imens ions  a r e  4 0  f t .  

l o n g ,  8 f t .  w i d e ,  and 1 0 . 7 5  f t .  h i g h ;  and i t  h a s  a  

whee lbase  o f  2 3 . 7 5  f t .  

The coach h a s  an a i r  s u s p e n s i o n  s y s t e m  c o n s i s t i n g  

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

r o d s ,  and shock  a b s o r b e r s .  The a i r  beams a r e  r e s e r v o i r s  

a t  f r o n t  and r e a r  of  t h e  coach which improve r i d e  

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

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

t h e  coach body .  The h e i g h t  c o n t r o l  v a l v e s  o p e r a t e  on 

t h e  f r o n t  and r e a r  a x l e  a i r  beams ( b e l l o w s )  t o  m a i n t a i n  

t h e  coach a t  a  g i v e n  trim h e i g h t ,  r e g a r d l e s s  o f  l o a d .  

These  v a l v e s  have a  t ime  c o n s t a n t  i n  t h e  r ange  o f  1 t o  

6 s e c o n d s ,  which means t h a t  t h e  h e i g h t  c o n t r o l  v a l v e  

h a s  l i t t l e  e f f e c t  d u r i n g  normal  t r a n s i e n t  maneuvers .  





The r a d i u s  rods  h o l d  t h e  a x l e s  i n  t h e  p r o p e r  

t r a n s v e r s e  and l o n g i t u d i n a l  p o s i t i o n .  Four r a d i u s  

r o d s  a r e  u sed  a t  t h e  r e a r  a x l e  and f i v e  a t  t h e  f r o n t  

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

from t h e  a x l e s  t o  t h e  body. The shock a b s o r b e r s  a r e  

double  a c t i n g ,  a i r c r a f t  t y p e .  Two a r e  u sed  a t  t h e  

f r o n t  a x l e ,  f o u r  a t  t h e  r e a r  a x l e  and two a t  t h e  t a g  

a x l e s .  

The r e a r  t r a i l i n g  whee ls  a r e  c a r r i e d  on i ndepen -  

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

a t t a c h e d  t o  an a x l e  t u b e  l o c a t e d  b e h i n d  t h e  r e a r  d r i v i n g  

a x l e .  The r e a r  t r a i l i n g  whee ls  u s e  r o l l i n g - l o b e  b e l l o w s .  

Air p r e s s u r e  i n  t h e s e  be l l ows  i s  c o n t r o l l e d  by a  

p r e s s u r e  r e g u l a t i n g  v a l v e  which m a i n t a i n s  c o n s t a n t  

p r e s s u r e  i n  t h e  b e l l o w s ,  and un i form v e r t i c a l  l o a d i n g  

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

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

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

a x l e  b e l l o w s  behave l i k e  s p r i n g s  d u r i n g  maneuvers .  More 

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

( 4 )  and ( 5 ) .  The f o l l o w i n g  s e c t i o n  p r o v i d e s  an 

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

ANALY T I CAL MODEL 

The h a n d l i n g  dynamics o f  numerous l a n d  v e h i c l e s  

have been s t u d i e d  i n  t h e  p a s t  v i a  a n a l y t i c a l  models 

and computer s i m u l a t i o n .  These models and t h e i r  s t a t u s  

were rev iewed  a t  t h e  o u t s e t  o f  t h i s  program,  and none 

was found t o  be  f u l l y  a p p l i c a b l e  t o  t h e  needed i n v e s t i -  

g a t i o n  o f  t h e  s u b j e c t  v e h i c l e .  As a  r e s u l t ,  t h e  

e q u a t i o n s  o f  mot ion were  r e d e r i v e d  i n  a  form s u i t a b l e  



t o  t h e  s t u d y  o f  t h e  o p e n - l o o p  dynamics o f  t h e  v e h i c l e ,  

w i t h  component e l emen t s  o f  e x i s t i n g  s i m u l a t i o n  models  

i n c l u d e d  when a p p r o p r i a t e .  

For  p u r p o s e s  o f  mode l ing  i t s  h a n d l i n g  dynamics ,  

t h e  bus  was assumed t o  c o n s i s t  o f  t h e  f o l l o w i n g  i n t e r -  

c o n n e c t e d  r i g i d  b o d i e s  : 

*Coach body o r  s p r u n g  mass 

* F r o n t  a x l e  

* R e a r  a x l e  

- 2  t a g  a x l e s  

* 2  f r o n t  whee l s  

* 2  r e a r  d u a l  whee l s  

- 2  t a g  whee l s  

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

wheel  t o r q u e  dynamics .  For  a n a l y t i c a l  conven i ence  

t h e s e  b o d i e s  were  g rouped  a s  f o l l o w s :  

*Unsprung mass ,  c o m p r i s i n g  t h e  f r o n t  and r e a r  

a x l e s  and t h e i r  w h e e l s ,  which were  i n t e r -  

c o n n e c t e d  by an a n a l y t i c a l  l i n k a g e  whose 

mot ion  was d e f i n e d  by a  bus  c e n t e r l i n e  a x i s  

sy s t em 

*Sprung  mass 

.Tag a x l e s  and whee l s  

The mo t ions  o f  t h e s e  g r o u p i n g s  were  d e f i n e d  a c c o r d i n g  

t o  t h e  v e c t o r  b a s e s  s k e t c h e d  i n  F i g u r e  2 .  The 

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

p h y s i c a l  d e s c r i p t i o n  a r e  summarized i n  T a b l e  1. The 

mot ions  d i r e c t l y  r e l a t e d  t o  h a n d l i n g  r e s p o n s e  and  





TABLE 1. DEGREES OF FREEDOM IN BUS DYNAMIC MODEL 
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pe r fo rmance  a r e  t h o s e  o f  t h e  unsprung  mass .  The 

c o n t r o l  v a r i a b l e s  ( s t e e r  a n g l e  and wheel  t o r q u e )  com- 

p r i s e  t h e  sy s t em i n p u t s .  The remain ing  d e g r e e s  o f  

freedom i n  Tab l e  1 a r e  s u b s i d i a r y  i n  t h e  o v e r a l l  

pe r formance  s e n s e ,  b u t  t h e y  do have a  d i r e c t  i n f l u e n c e  

v i a  t h e  dynamic c o u p l i n g  on t h e  unsprung mass and 

t o t a l  v e h i c l e  a t t i t u d e  and t r a j e c t o r y .  

The more s i g n i f i c a n t  a s sumpt ions  made i n  d e r i v i n g  

t h e  bus  e q u a t i o n s  o f  mot ion can b e  summarized a s  

f o l l o w s .  The bus  h e i g h t  c o n t r o l  v a l v e  was assumed t o  

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

t h e  h a n d l i n g  t e s t  maneuvers .  The bus  a i r b a g s  were  

assumed t o  a c t  l i k e  l i n e a r  s p r i n g s  f o r  pu rposes  o f  

model ing t h e  l a t e r a l - d i r e c t i o n a l  m o t i o n s .  The p i t c h  

a n g l e s  o f  t h e  bus  c e n t e r l i n e  r e l a t i v e  t o  t h e  ground 

(8) and sp rung  mass r e l a t i v e  t o  t h e  bus  c e n t e r l i n e  

(OS) were assumed t o  be  s m a l l  a n g l e s .  The r o l l  a n g l e  

o f  t h e  sp rung  mass r e l a t i v e  t o  t h e  bus  c e n t e r l i n e  (mS) 

was assumed t o  be  s m a l l  because  o f  s u s p e n s i o n  con-  

s t r a i n t s .  'The r o l l  a n g l e s  o f  t h e  f r o n t  ( J F )  and r e a r  

(mR) a x l e s  a r e  r e l a t i v e  t o  t h e  bus  c e n t e r l i n e  (and hence  

t o  each  o t h e r )  and were assumed t o  be  s m a l l .  The k i n g  

p i n  camber and c a s t e r  a n g l e s  were assumed s m a l l .  A l l  

o t h e r  a n g l e s  such  a s  t h e  v e h i c l e  h e a d i n g  a n g l e  and t h e  

body r o l l  a n g l e  r e l a t i v e  t o  t h e  ground were  assumed t o  

be  l a r g e ,  and were r e s o l v e d  i n t o  t h e i r  t r i g o n o m e t r i c  

components .  The f o l l o w i n g  b o d i e s  were  assumed t o  b e  

symmet r ic  about  t h e  x - z  p l a n e  w i t h  r e s p e c t  t o  an a x i s  

sy s t em f i x e d  a t  t h e  c o r r e s p o n d i n g  body mass c e n t e r :  

unsprung mass (bus  c e n t e r l i n e  v e c t o r  b a s i s ) ,  sp rung  mass ,  

f r o n t  and r e a r  a x l e s ,  and t a g  a x l e s .  

The sp rung  mass was assumed t o  i n c l u d e  t h e  t a g  

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

o f  mo t ion .  Movement o f  t h e  t a g  a x l e s  r e l a t i v e  t o  t h e  



sp rung  mass does n o t  change t h e  s p r u n g  mass i n e r t i a l  

p r o p e r t i e s ,  s i g n i f i c a n t l y .  The t a g  a x l e  e q u a t i o n s  

o f  mot ion assumed t h a t  t h e  sp rung  mass i s  much l a r g e r  

t h a n  t h e  t a g  a x l e  mass .  E x t e r n a l  f o r c e s  and moments 

due t o  r o l l i n g  r e s i s t a n c e  and aerodynamic  e f f e c t s  were  

n e g l e c t e d ,  s i n c e  t h e s e  e f f e c t s  a r e  r e l a t v e i l y  i n s i g -  

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

i n  t h i s  s t u d y .  

For  g e o m e t r i c  and k i n e m a t i c  p u r p o s e s ,  t h e  whee ls  

were assumed t o  be un i fo rm c i r c u l a r  d i s c s ,  symmet r i ca l  

abou t  a  p l a n e  which i s  normal  t o  t h e  s p i n  a x i s  and 

which b i s e c t s  t h e  t i r e .  The t i r e  w i d t h  was assumed 

s m a l l .  The r o l l i n g  r a d i u s  o f  t h e  t i r e  was assumed t o  

v a r y  w i t h  t i r e  compres s ion .  The r e a r  d u a l  whee l s  were  

assumed t o  be  an e q u i v a l e n t  s i n g l e  wheel  w i t h  t h e  f o r c e  

and moment p r o p e r t i e s  p e r t i n e n t  t o  two w h e e l s .  D e s p i t e  

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

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

Th i s  means t h a t  t h e  a c t u a l  w i d t h  o f  t h e  t i r e  and t h e  

ground f o o t p r i n t  geometry  were  accoun ted  f o r  e m p i r i c a l l y .  

The m o d i f i e d  f r i c t i o n  e l l i p s e  t i r e  model deve loped  

i n  (6), and u sed  i n  ( 4 ) ,  f o r  example ,  was u sed  t o  

compute t h e  f o r c e s  on t h e  t i r e  a t  t h e  ground c o n t a c t  

p o i n t .  Th i s  model t a k e s  i n t o  accoun t  t h e  l o a d  normal  

t o  t h e  ground (FN), n o n l i n e a r  s i d e  f o r c e  (FS) p r o -  

p e r t i e s ,  c i r c u m f e r e n t i a l  f o r c e s  (FC) due t o  b r a k i n g  

and a c c e l e r a t i o n ,  and t h e  i n t e r a c t i o n  o f  no rma l ,  c i r -  

c u m f e r e n t i a l ,  and s i d e  f o r c e s .  The c o n t a c t  p o i n t  

geometry  i s  shown i n  F i g u r e  3 .  The model i s  e m p i r i c a l ,  

and i t  u s e s  t e s t  d a t a  f o r  a  t i r e  towed a t  v a r i o u s  

l a t e r a l  s l i p  a n g l e s  ( a ) ,  b r a k i n g  t o r q u e s  r e s u l t i n g  i n  

f r a c t i o n a l  r o t a t i o n a l  s l i p  ( S ) ,  normal  l o a d s ,  and f o r  

s e l e c t e d  pavement c o n d i t i o n s .  The r e q u i r e d  d a t a  i n c l u d e s  
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t h e  t i r e  l o a d - d e f l e c t i o n  c h a r a c t e r i s t i c s ,  t h e  s i d e  

f o r c e  p e r  u n i t  s l i p  a n g l e  (Y,) v s .  normal l o a d ,  and 

t h e  n o r m a l i z e d  maximum s i d e  f o r c e  (11 ) v s .  normal 
S 

l o a d .  Examples o f  t h e s e  d a t a  f o r  t h e  M C - 7  bus  a r e  

g i v e n  i n  F i g u r e s  4 ,  5 ,  and 6 .  As i n d i c a t e d  i n  t h e  

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

f u n c t i o n s  f o r  use  i n  t h e  computer  s i m u l a t i o n .  

The complc te  n o n l i n e a r  e q u a t i o n s  f o r  t h e  bus  and 

t h e i r  d e r i v a t i o n  a r e  g i v e n  i n  ( 1 ) .  These e q u a t i o n s  

were implemented i n  a  d i g i t a l  computer s i m u l a t i o n .  The 

s i m u l a t i o n  and i t s  use  a r e  d e s c r i b e d  be low.  

The comple te  model comprised 30 s i m u l t a n e o u s  

f i r s t  -o rder .  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n s .  These  

were sol-ved u s i n g  a  v a r i a b l e  s t e p  s i z e  f o u r t h - o r d e r  

Runge-Kut ta  method.  A s i m p l i f i e d  5 deg ree  o f  freedom 

model was a l s o  s i m u l a t e d  and u sed  i n  p a r a l l e l  w i t h  t h e  

complete  model .  

The i n i t i a l  numer i ca l  v a l u e s  f o r  t h e  model 

p a r a m e t e r s  were  e i t h e r  t a k e n  from (4), b a s e d  on f u l l -  

s c a l e  measurements ,  o r  b a s e d  on ad  hoc  c a l c u l a t i o n s ,  

a s  a p p r o p r i a t e .  

The s i m u l a t i o n  programs were w r i t t e n  i n  USA 

S t a n d a r d  FORTRAN IV, and t h e y  were  implemented i n  a  

t i m e s h a r i n g  i n t e r a c t i v e  computer s y s t e m .  T h i s  a l l owed  

r e a d y  a c c e s s  d u r i n g  t h e  e x t e n s i v e  checkout  and deve lop -  

ment p h a s e .  I t  a l s o  p e r m i t t e d  o n - l i n e  o p e r a t i o n  o f  

t h e  s i m u l a t i o n  v i a  a  remote t e r m i n a l  a t  t h e  f u l l - s c a l e  

t e s t  s i t e  which p roved  an i n v a l u a b l e  a i d  i n  i n t e r p r e t i n g  

e x p e r i m e n t a l  r e s u l t s ,  r e f i n i n g  t h e  expe r imen t  a1  d e s i g n  

as  t h e  d a t a  were o b t a i n e d ,  and p r o b i n g  p o t e n t i a l l y  



Figure 4. Tire Load Deflection Characteristics (4). 
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c a t a s t r o p h i c  per formance  l i m i t s  such a s  r o l l o v e r s .  

T h e  p r imary  computer  used  rsas a  D i g i t a l  Equipment 

Corp.  PDP-10 computer ,  a l t h o u g h  some o f  t h e  d e v e l o p -  

ment work was done on a  C o n t r o l  Data  CDC 6400 .  The 

s i m u l a t i o n  h a s  a l s o  been  a d a p t e d  t o  run i n  a  b a t c h  

mode on an IBM 370-91 a t  t h e  App l i ed  Phys i c s  L a b o r a t o r y  

o f  Johns  Hopkins U n i v e r s i t y .  The s i m u l a t i o n  c o s t s  p e r  

r un  v a r i e d  somewhat w i t h  t h e  t y p e  o f  maneuver ,  t h e  

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

d e s i r e d .  

SIMULATION VALIDATION 

F u l l - s c a l e  h a n d l i n g  t e s t s  compr i sed  a  s i g n i f i c a n t  

p a r t  o f  t h e  s t u d y .  These were accompl i shed  w i t h  

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

and low pavement s u r f a c e  c o e f f i c i e n t s ,  and w i t h  

v a r i o u s  c o n t r o l  i n p u t  amp l i t udes  and t i m i n g s .  S e l e c t e d  

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

The bus  was t e s t e d  i n  t h r e e  l o a d i n g  c o n d i t i o n s :  

empty,  nomina l ,  and f u l l .  The t o t a l  empty w e i g h t  was 

28,780 l b . ,  i n c l u d i n g  i n s t r u m e n t a t i o n ,  The bus  t i r e s  

were Goodyear t u b e l e s s  1 2 . 5 - 2 2 . 5  mounted on a  22 .5  x 8 .25  

rim. They were  i n  n e a r  new c o n d i t i o n  ( n o t  r e t r e a d s )  w i t h  

s e v e r a l  hundred  m i l e s  o f  highway o p e r a t i o n  a t  t h e  s t a r t  

o f  t h e  t e s t s .  The bus  t i r e s  were a l l  o p e r a t e d  a t  75 

p s i g .  Two s u r f a c e  c o e f f i c i e n t s  were u s e d :  wet  w i t h  a 

nominal  s k i d  number (SN) o f  25 ,  and d r y  w i t h  a  nominal  

s k i d  number i n  e x c e s s  o f  70.  The i n i t i a l  v e l o c i t i e s  

were t y p i c a l l y  30 and 50 mph. Va r ious  b r a k i n g  l e v e l s  

and c o n f i g u r a t i o n s  were  u s e d  i n  t h e  t e s t s .  The con-  

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

o n l y  b r a k e d ,  and t h i s  was accompl i shed  v i a  a  b r a k e  

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

a i r  l i n e s  a t  each  w h e e l .  Brake l e v e l s  co r r e sponded  t o  

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



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

o f  t h e  t e s t  r u n s ,  and examples  o f  t h e s e  i l l u s t r a t e  

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

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

Runs s e l e c t e d  t o  show t h e  s a l i e n t  p o i n t s  i n c l u d e  

t r a p e z o i d a l  s t e e r  i n p u t s  on d ry  pavement ,  b r a k i n g  i n  

a  t u r n  on  t h e  wet w i t h  a l l  b r a k e s  ( p l o w o u t ) ,  and b r a k i n g  

i n  a  t u r n  on t h e  wet  w i t h  r e a r  b r a k e s  o n l y  ( s p i n o u t ) .  

TRAPEZOIDAL STEER, D R Y ,  NO BRAKING,  30 MPH 

F u l l - s c a l e  r e s p o n s e  d a t a  f o r  t h e  empty bus  w i t h  

an 11 d e g r e e  t r a p e z o i d a l  s t e e r  i n p u t  (6 ) a r e  shown i n  w 
F i g u r e  7 .  T h i s  t e s t  was done on t h e  h i g h  SN d r y  p a v e -  

ment a t  an  i n i t i a l  s p e e d  o f  30 mph. The c o r r e s p o n d i n g  

s i m u l a t i o n  r u n  i s  shown a s  da shed  l i n e s  i n  F i g u r e  7 

f o r  compar i son .  

The b a s i c  d i r e c t i o n a l  r e s p o n s e  ( h e a d i n g  r a t e ,  

and  l a t e r a l  a c c e l e r a t i o n ,  a  ) o f  t h e  s i m u l a t i o n  i s  
Yacc 

s e e n  t o  a g r e e  q u i t e  w e l l  w i t h  t h e  f u l l - s c a l e  r e s u l t s .  

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

s t a t e  i s  r e a c h e d ,  due i n  p a r t  t o  t h e  more r a p i d  s p e e d  

r e d u c t i o n  shown by t h e  f u l l - s c a l e  d a t a  ( s e e  t h e  f o r w a r d  

v e l o c i t y  a s  measured by t h e  f i f t h  w h e e l ,  u F W ) .  The 

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

aerodynamic  d r a g  which were  n o t  i n c l u d e d  i n  t h e  s i m u l a -  

t i o n  ( b u t  c o u l d  be  added ,  r e a d i l y ) .  The h e a d i n g  a n g l e  

( I ) ~ ) ,  on t h e  o t h e r  hand ,  a g r e e s  q u i t e  c l o s e l y .  

The s i m u l a t e d  s p r u n g  mass r o l l  r e s p o n s e  ( m G )  shows 

o n l y  f a i r  agreement  w i t h  t h e  f u l l - s c a l e  d a t a ,  The 

l a t t e r  i s  more l i g h t l y  damped w i t h  a  s m a l l e r  peak  v a l u e .  

The s i m u l a t i o n  r e s u l t s  shown c o r r e s p o n d  t o  t h e  ( 4 )  

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

t r a c e s  i n t o  c o r r e s p o n d e n c e .  Such a d j u s t m e n t s  were 

made d u r i n g  t h e  d a t a  a n a l y s i s  t o  make t h e  two r o l l  

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

l a t e r a l  a c c e l e r a t i o n  r e s p o n s e s  were  n o t  a f f e c t e d .  

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

t h e  r o l l i n g  and d i r e c t i o n a l  modes o f  t h e  commercial  

v e h i c l e s  s t u d i e d ,  due no doubt  t o  t h e  s o l i d  a x l e  

s u s p e n s i o n  geomet ry .  The r educed  s t e a d y - s t a t e ,  f u l l  - 

s c a l e  r o l l  a n g l e  c o u l d  a l s o  b e  due t o  t h e  compensa t ing  

e f f e c t  o f  t h e  l o a d  l e v e l e r  v a l v e  i n  t h e  pneumat ic  

s u s p e n s i o n ,  T h i s  n o n l i n e a r  e f f e c t  was assumed t o  b e  

low f r e q u e n c y  r e l a t i v e  t o  t h e  h a n d l i n g  dynamics o f  

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

Another  e f f e c t  i l l u s t r a t e d  i n  F i g u r e  7 i s  t h e  

t i m e  d e l a y  between t h e  s i m u l a t e d  and a c t u a l  v e h i c l e  

r e s p o n s e s .  T h i s  i s  shown a s  a  l a g  o f  abou t  0 . 1  s econd  

between t h e  f u l l - s c a l e  and s i m u l a t e d  s t e e r  a n g l e  i n p u t s ,  

o b t a i n e d  by making t h e  i n i t i a l  r e s p o n s e s  match t o  

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

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

f u l l - s c a l e  r e sponse  would l a g  t h e  s i m u l a t e d  r e sponse  

by abou t  0 . 1  s e c o n d .  T h i s  t ime  d e l a y  p r o b a b l y  r e f l e c t s  

a  combina t ion  o f  f u l l - s c a l e  f a c t o r s ,  e . g . ,  s t e e r i n g  

sy s t em compl i ance ,  dead  zone ( f r e e  p l a y )  i n  t h e  power 

s t e e r i n g  u n i t ,  t h e  t i r e  r e l a x a t i o n  t ime  c o n s t a n t ,  and 

l a g s  i n  t h e  mot ion s e n s o r s  ( g y r o s ,  a c c e l e r o m e t e r s )  . 

BRAKING IN A T U R N ,  WET, ALL WHEELS BRAKED, 30 MPH 

Brak ing  i n  a  t u r n  r e p r e s e n t s  a  much more compl i -  

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

p a r t i c u l a r l y  on a  low SN s u r f a c e  which admi t s  s k i d d i n g  

and a s s o c i a t e d  s p i n o u t  o r  p lowou t .  The s i m u l a t i o n  i s  



cor respond ing ly  more complex, a l s o .  Such a  s i t u a t i o n  

i s  shown i n  F igure  8 w h i c h  p r e s e n t s  f u l l - s c a l e  and 

s i m u l a t i o n  r e s u l t s  f o r  t h e  empty b u s ,  b r a k i n g  i n  a  

t u r n  on t h e  w e t ,  from an i n i t i a l  speed  of  30 mph, w i t h  

a l l  wheels  b raked  f u l l .  The s t e e r  ang le  i n p u t  

t r a p e z o i d  has  a  r i s e  t ime of  1 second t o  a  maximum 

va lue  o f  7 . 4  d e g r e e s ,  and t h e  b rake  p e d a l  i s  f u l l y  

depressed  a t  t h e  end o f  t h e  1 second r i s e .  The wheel 

r o t a t i o n  d a t a ,  n o t  shown, i n d i c a t e  t h a t  a l l  wheels  d i d  

desp in  t o  zero w i t h i n  about  1 second a f t e r  b r a k e  a p p l i -  

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

bus plows o u t ,  c o n t i n u i n g  t a n g e n t  t o  i t s  t r a j e c t o r y  a t  

t h e  t ime b r a k i n g  becomes e f f e c t i v e ,  w i t h  l i m i t  unde r -  

s t e e r .  Desp i t e  t h e  i n h e r e n t  c o m p l e x i t i e s  and n o n l i n e a r i -  

t i e s  o f  t h i s  t e s t ,  t h e  s i m u l a t i o n  does a  good job o f  

modeling t h e  e s s e n t i a l  c h a r a c t e r i s t i c s  o f  t h e  r e sponse .  

The s i m u l a t e d  l o n g i t u d i n a l  a c c e l e r a t i o n  (ax  ) 
a c c  

shows a  s i m i l a r  r e sponse  form t o  t h e  f u l l  s c a l e  w i t h  a 

somewhat lower a m p l i t u d e .  The f u l l - s c a l e  ampl i tude  

i n c r e a s e s  a  l i t t l e  a s  t h e  bus s l o w s ,  w h i l e  t h e  s i m u l a -  

t i o n  v a l u e  remains more c o n s t a n t .  The 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  ) i s  a l s o  l e s s  f u l l  s c a l e .  
Yacc 

The reduced a c c e l e r a t i o n s  a r e  probably  caused  by t h e  

a c t u a l  t e s t  s k i d  number b e i n g  somewhat s m a l l e r  t h a n  

t h e  u s  = 0 . 2 5  va lue  used  as nominal i n  t h e  wet s i m u l a -  

t i o n  r u n s .  Of c o u r s e ,  t h i s  s i m u l a t i o n  pa ramete r  cou ld  

e a s i l y  be a d j u s t e d  t o  g i v e  a  b e t t e r  match.  The 

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

t h e  forward  v e l o c i t y  t r a c e s  (uFW).  

The g e n e r a l  form of  t h e  s i m u l a t e d  l a t e r a l  

a c c e l e r a t i o n  ( a  ) i s  s i m i l a r  t o  t h e  f u l l  s ca l e -  
Yacc 

b u i l d i n g  i n i t i a l l y ,  t hen  dropping  o f f  s h a r p l y  a s  b r a k i n g  
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becomes e f f e c t i v e .  Most o f  t h e  f u l l - s c a l e  d a t a  f o r  

t h i s  t e s t  show a  more r a p i d  drop o f f  o f  a  t h a n  
Yacc 

t h a t  shown i n  t h e  F igu re  7 example,  b u t  t h e  e f f e c t  on 

o v e r a l l  per formance  o f  such  d e t a i l s  i s  n o t  i m p o r t a n t .  

The head ing  r a t e s  ( r G )  show i n i t i a l  b u i l d u p s  

u n t i l  b r a k e  a p p l i c a t i o n ,  t h e n  decay a s  t h e  f r o n t  wheels  

b e g i n  t o  s k i d  and t h e  s t e e r i n g  moment r educes  t o  a  

lower  l e v e l .  The s i m u l a t e d  head ing  r a t e  goes t o  zero  

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

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

heading  a n g l e .  These d i f f e r e n c e s  a r e  minor and p r o -  

bab ly  d e r i v e  from some combinat ion o f  unevenness  i n  

pavement f r i c t i o n a l  c h a r a c t e r i s  t i c s  and asymmetry i n  

b rake  t o r q u e  a p p l i c a t i o n .  N e v e r t h e l e s s ,  t h e  e s s e n c e  

o f  l i m i t  performance i n  t h i s  ca se  i s  a  s t r a i g h t  ahead 

p lowou t ,  as  n o t e d ,  

The r o l l  a n g l e  r e s u l t s  ( m G )  show d i f f e r e n c e s  

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

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

r e s p o n s e .  Dynamical ly ,  t h e  r o l l  a n g l e  l a g s  t h e  l a t e r a l  

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

a  drop o f f  a f t e r  b r a k i n g  r e s u l t s  i n  a  de l ayed  
Yacc 

peak ing  o f  C G .  Th is  de l ayed  m G  peaking  c a r r i e s  o v e r  

as a  phase  s h i f t  between f u l l  s ca ' l e  and s i m u l a t i o n  i n  

t h e  l a t t e r  p a r t  of  t h e  r o l l  r e s p o n s e .  

B R A K I N G  I N  A TURN, WET, REAR B R A K E S  O N L Y ,  30 MPH 

The two p r e v i o u s  runs  have demons t r a t ed  many of 

t h e  f e a t u r e s  o f  t h e  v e h i c l e ' s  dynamic r e s p o n s e ,  i n c l u d i n g  
t h e  plowout l i m i t  o f  performance w i t h  a l l  wheels  b r a k e d .  

The nex t  example shows a  l i m i t  o f  performance s p i n o u t  



wi th  r e a r  b r a k i n g  o n l y .  Adding i n t e r e s t  t o  t h i s  

example i s  t h e  t e r m i n a l  r e sponse  which o c c u r s  when 

t h e  b r a k e s  a r e  r e l e a s e d  and t h e  s t e e r  ang le  i s  cen -  

t e r e d  a t  t h e  c o n c l u s i o n  o f  t h e  run wh i l e  t h e  bus i s  

s t  i ll p roceed ing  backwards.  Remarkably enough, t h e  

s i m u l a t i o n  models a l l  t h e  s a l i e n t  a s p e c t s  of  t h i s  

complex maneuver w i t h  r e a s o n a b l e  f i d e l i t y .  

The f u l l - s c a l e  and s i m u l a t e d  t ime  r e sponses  a r e  

shown i n  F igu re  9 .  The co r r e spond ing  bus t r a j e c t o r y ,  

o b t a i n e d  from t h e  s i m u l a t i o n ,  i s  shown i n  F igu re  1 0 ;  

h e r e  t h e  bus i s  shown a t  1 second i n t e r v a l s .  The s t e e r  

i n p u t  i s  a  t r a p e z o i d  w i t h  a  peak v a l u e  of  7 . 2  d e g r e e s .  

A t  t h e  end o f  t h e  1 second r i s e ,  f u l l  b r a k e  t o r q u e s  a r e  

a p p l i e d  t o  t h e  r e a r  d u a l  wheels and t h e  t a g  w h e e l s ,  

which causes  them t o  d e s p i n  t o  ze ro  w i t h i n  a  second  o r  

so  ( s e e  R 3 - f i g ) .  The r i g h t  f r o n t  wheel i s  n o t  b raked  

and does n o t  d e s p i n  ( s e e  R1), and i t  shows t h e  forward 

v e l o c i t y  ( f i f t h  wheel i n o p e r a t i v e  on t h i s  r u n ) .  The 

s i m u l a t e d  s t e e r  a n g l e  i s  shown l a g g i n g  t h e  f u l l  s c a l e  

by about  0 . 1  s econd ,  f o r  r ea sons  d i s c u s s e d  above. 

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

t h e  f u l l - s c a l e  p e d a l  d e f l e c t i o n  by about  0 . 3  s econd ,  

s o  t h a t  s i m u l a t e d  wheel  d e s p i n  (R3, n5,  e t c . )  co r r e sponds  

t o  t h e  d a t a .  As n o t e d  i n  F i g u r e  9 ,  some manual b r a k i n g  

was used  a f t e r  t h e  AVC i n p u t  was removed t o  r e c o v e r  

from t h e  maneuver and h a l t  t h e  v e h i c l e ,  Th i s  shows up 

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

cu rves  towards t h e  end .  S i n c e  t h i s  l e v e l  of  b r a k i n g  

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

b raked  wheels  have been t r u n c a t e d  a t  t h e  end o f  t h e  

b a s i c  i n p u t .  
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The waveforms o f  t h e  s i m u l a t e d  and f u l l - s c a l e  

r e s p o n s e  t r a c e s  show good c o r r e s p o n d e n c e ,  w i t h  d e t a i l  

d i f f e r e n c e s  i n  a m p l i t u d e  and t i m i n g .  For  example ,  

t h e  s i m ~ . ~ l a t i o n  s p i n s  ( r  ) a  l i t t l e  more q u i c k l y ,  b u t  G 
t h e  o v e r a l l  h e a d i n g  change (QC)  i s  a b o u t  t h e  same. 

The l a t e r a l  a c c e l e r a t i o n  ( a  ) peaks  s o o n e r  and w i t h  
y a c c  

h i g h e r  a m p l i t u d e  i n  t h e  d a t a ,  b u t  t h e  form o f  t h e  

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

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

a c c e l e r a t i o n  ( a x  ) a g r e e s  w e l l  u n t i l  n e a r  t h e  e n d ,  
a c  c 

f o r  r e a s o n s  r io ted above .  The s i m u l a t e d  r o l l  r e s p o n s e  

(mG) i s  g r e a t e r  t h a n  t h e  d a t a ,  a s  i t  was i n  t h e  s i m p l e r  

maneuvers ( e .  g . ,  F i g .  7 )  . 

LARGE TRAI'EZOIDAL STEER, DRY, NO B R A K I N G ,  30 blPI-I 

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

i n c r e a s e s ,  t h e  bus  w i l l  e v e n t u a l l y  r o l l  o v e r  on d r y  

pavement w i t h  no b r a k i n g .  T h i s  b e h a v i o r  was i n v e s t i -  

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

The r e s u l t s  a r e  i l l u s t r a t e d  i n  F i g u r e  11 f o r  an  18  d e g r e e  

peak  s t e e r  a n g l e ,  which i s  s l i g h t l y  more t h a n  t h e  

minimum i n p u t  v a l u e  needed  f o r  r o l l o v e r .  H e r e ,  t h e  

r a p i d  t r a p e z o i d a l  i n p u t  r a t e  i s  a  s i m u l a t i o n  conven i ence  

and  i t  does  n o t  a f f e c t  t h e  l o n g e r  t e rm  r e s p o n s e .  

The r o l l o v e r  i s  e v i d e n t  i n  t h e  s p r u n g  mass r o l l  

a n g l e  r e l a t i v e  t o  th.e g round  (PHIG) which i s  shown 

g o i n g  o f f  s c a l e  a t  - 2 3  d e g r e e s  w i t h  a  r o l l  r a t e  (PG) 

o f  a b o u t  - 2 6  d e g / s e c  and i n c r e a s i n g .  I n t e r e s t i n g l y ,  

t h e  r o l l  a n g l e  o f  t h e  s p r u n g  mass r e l a t i v e  t o  t h e  

unsprung  mass (PHIS) peaks  and t h e n  r e d u c e s  a s  t h e  

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

The peak l a t e r a l  a c c e l e r a t i o n  CAY, 3 ) i s  abou t  
2 Y 1 5 . 1  f t / s e c  ( 0 . 4 7  g )  , and t h i s  i s  one measure  o f  t h e  





performance l i m i t .  La rge r  v a l u e s  of s t e e r  ang le  w i l l  

no t  r e s u l t  i n  a  g r e a t e r  l a t e r a l  a c c e l e r a t i o n  b e f o r e  

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

ground a t  t h e  p o i n t  where i t s  v e l o c i t y  becomes c o n s t a n t ,  

about  2 . 5  seconds a f t e r  t h e  s t a r t  o f  t h e  s i m u l a t i o n  r u n .  

T h i s  t ime i s  a l s o  seen  a s  t h e  beg inn ing  o f  t h e  d i v e r -  

gence i n  t h e  f r o n t  a x l e  r o l l  r a t e  ( P F )  . I f  d e s i r e d ,  

t h e  s i m u l a t i o n  cou ld  have been run  (about  one more 

second) u n t i l  t h e  r o l l  a n g l e  r eached  9 0  d e g r e e s ,  which 

i s  t h e  s i m u l a t i o n  l i m i t  i n  r o l l .  This  a d d i t i o n a l  

running  t ime i s  u n n e c e s s a r y ,  s i n c e  t h e  r o l l  d ive rgence  

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

DISCUSSION 

The r e s u l t s  shown demonst ra te  t h a t  f u l l - s c a l e  

t e s t s  can be  used  t o  a s s e s s  h a n d l i n g  performance l imi t s ,  

and t h a t  t h e  a s s o c i a t e d  s i m u l a t i o n  p r o v i d e s  an adequa te  

model o f  t h e  nominal h a n d l i n g  and l i m i t  performance 

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 r e a d i l y  i n t e r p r e t e d  o v e r a l l  h a n d l i n g  pa ramete r  

i s  t h e  n a t u r e  of  t h e  performance l i m i t ,  and t h i s  v a r i e s  

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

i l l u s t r a t e d  i n  t h e  p a p e r ,  s e v e r a l  k i n d s  of  performance 

l imits  r e s u l t ,  i . e . ,  

* R o l l o v e r ;  which occur s  on h i g h  c o e f f i c i e n t  

pavement s u r f a c e s  when t h e  l a t e r a l  a c c e l e r a t i o n  

exceeds  a  c e r t a i n  boundary and remains a t  t h a t  

l e v e l  f o r  a s h o r t  p e r i o d  o f  t i m e .  

* S p i n o u t ;  which i n v o l v e s  t h e  l i m i t  o v e r s t e e r  

and t y p i c a l l y  occur s  on a  low c o e f f i c i e n t  

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

c a p a b i l i t y  o f  t h e  r e a r  t i r e s  d e c r e a s e s  



r e l a t i v e  t o  t h a t  o f  t h e  f r o n t  t i r e s ,  e . g . ,  

d u r i n g  b r a k i n g  i n  a  t u r n  w i t h  r e a r  wheel  

b r a k e s  o n l y .  

*P lowou t ;  which i n v o l v e s  l i m i t  u n d e r s t e e r  

and t y p i c a l l y  o c c u r s  on a  low c o e f f i c i e n t  

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

w i t h  no b r a k i n g  o r  w i t h  modera te  b r a k i n g  

a c t i v i t y  on a l l  a x l e s .  

For t u r n i n g  and b r a k i n g  maneuvers on d r y  pavement t h e  

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

pe r formance  depends on t h e  t y p e  and amount of  b r a k i n g  

e f f o r t .  For  example ,  w i t h  h a r d  b r a k i n g  of  t h e  r e a r  

whee ls  o n l y ,  t h e  v e h i c l e  w i l l  s p i n  o u t  on a  h i g h  c o -  

e f f i c i e n t  s u r f a c e .  On t h e  o t h e r  h a n d ,  w i t h  h a r d  b r a k i n g  

o f  a l l  whee ls  t h e  v e h i c l e  may plow o u t ,  a s  i t  does  on 

t h e  low c o e f f i c i e n t  wet s u r f a c e .  For i n t e r m e d i a t e  

l e v e l s  o f  b r a k i n g  o f  e i t h e r  t.he r e a r  whee ls  o r  a l l  

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

t u r n  maneuver b e f o r e  plowout o r  s p i n o u t  o c c u r s .  

The expe r imen t s  and a n a l y s e s  show a  d r a m a t i c  

d i f f e r e n c e  i n  t h e  l imit  per formance  between low (wet)  

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

o v e r s  a r e  l e s s  l i k e l y ,  and t h e  v e h i c l e  e i t h e r  s p i n s  o r  

plows o u t .  On a  d ry  s u r f a c e ,  t h e  t y p i c a l  pe r formance  

l i m i t  w i t h  a  r e l a t i v e l y  topheavy commercial  v e h i c l e  

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

l a r g e .  F u r t h e r ,  t h e  wet s p i n o u t  s i t u a t i o n  i s  a g g r a v a t e d ,  

i f  n o t  i n i t i a t e d ,  by a  r e l a t i v e l y  l a r g e  b r a k i n g  e f f o r t  

on t h e  r e a r  whee ls  w i t h  minimal b r a k i n g  o f  t h e  f r o n t .  

Such unba lanced  b r a k i n g  c a u s e s  t h e  f r o n t  whee ls  t o  

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

which g e n e r a t e s  t h e  l a r g e  yawing moment l e a d i n g  t o  a 

s p i n o u t .  



Although  t h e  e x i s t i n g  s i m u l a t i o n  i s  e x t e n s i v e  

i n  i t s  d e t a i l ,  t h e r e  a r e  s e v e r a l  ways i n  which i t  might  

be  u s e f u l l y  e x t e n d e d  f o r  c e r t a i n  a p p l i c a t i o n s ,  The 

f r o n t  s u s p e n s i o n  c u r r e n t l y  compr i s e s  a  s o l i d  a x l e  and 

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

S i m i l a r l y ,  d i f f e r e n t  r e a r  a x l e  g e o m e t r i e s  cou ld  be 

employed.  The e x i s t i n g  e q u a t i o n s  i n c l u d e  a s i m p l e  

s t e e r i n g  subsys t em and t h i s  migh t  be  e l a b o r a t e d  t o  

i n c l u d e  t h e  dynamics and n o n l i n e a r i t i e s  o f  a power 

s t e e r i n g  box ,  t i e  r od  e n d s ,  e t c .  F i n a l l y ,  aerodynamic 

te rms  c o u l d  e a s i l y  be  added t o  p e r m i t  s t u d y  o f  t h e  

e f f e c t s  o f  c ro s swinds  and aerodynamic d i s t u r b a n c e s .  



SYMBOLS 

a 
X 

AX 
acc 

Coefficients of tire load-deflection 

characteristics 

Longitudinal acceleration measured by 

vertical-gyro-stabilized accelerometer 

Lateral acceleration measured by 

vertical-gyro-stabilized accelerometer 

Coefficients of tire cornering stiff- 

ness characteristics 

Circumferential force at tire contact 

point 

Vertical load on tire at contact 

point 

Radial load on tire at contact point 

Side force on tire at contact point 

Distance from centerline x axis to 

front axle c.g., along zF axis 

Distance from centerline x axis to 

rear axle c.g., along zF axis 

Distance of sprung mass (including 

tags) c.g. above centerline axis 

Origin of centerline axis system 

Origin of front axle assembly axis 

system 

Origin of front (right) wheel axis 

system 

Origin of inertial axis system 
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O r i g i n  o f  r e a r  a x l e  assembly  a x i s  

sy s t em 

O r i g i n  o f  s p r u n g  Illass a x i s  sys te in  

Geometric. c e n t e r  o f  t a n k  

C e n t e r l i n e  a x i s  sy s t em r o l l  r a t e  

F r o n t  a x l e  r o l l  r a t e  w i t h  r e s p e c t  t o  

i n e r t i a l  f r a ~ n e  

Angula r  r o l l  r a t e  measured by r a t e  

g y r o  f i x e d  i n  t h e  sp rung  mass 

R o l l  r a t e  o f  r e a r  a x l e  w i t h  r e s p e c t  

t o  i n e r t i a l  f rame 

R o l l  r a t e  o f  sp rung  mass with r e s p e c t  

t o  i n e r t i a l  frame 

P i t c h  r a t e  o f  c e n t e r l i n e  a x i s  sy s t em 

Heading o r  yaw r a t e  o f  c e n t e r l i n e  

a x i s  sy s t em 

Angula r  head ing  o r  yaw r a t e  measured 

by r a t e  gyro  f i x e d  i n  t h e  s p r u n g  mass 

Torque on wheel  due t o  b r a k i n g  

Dr ive  l i n e  t o r q u e  

Forward v e l o c i t y  ( o f  c e n t e r l i n e  o r i g i n )  

a l o n g  x 

Forward v e l o c i t y  a s  measured by f i f t h  

wheel  

V e l o c i t y  o f  c e n t e r l i n e  o r i g i n  a l o n g  y 

Total .  v e l o c i t y  o f  wheel  c o n t a c t  p o i n t  

i n  ground p l a n e  measured i n  c e n t e r -  

l i n e  a x i s  s y s t e m  



Ground t r a c k  v e l o c i t y  i n  p l a n e  of  t i r e  
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V e l o c i t y  o f  c e n t e r l i n e  o r i g i n  a long  z 

Vec tor  b a s i s  f i x e d  i n  t h e  c e n t e r l i n e  

Vec to r  b a s i s  f i x e d  i n  f r o n t  a x l e  

a s  s  emb l y  

Vec to r  b a s i s  f i x e d  i n  f r o n t  ( r i g h t )  

wheel 

Vec tor  b a s i s  f i x e d  i n  i n e r t i a l  space  

Vec to r  b a s i s  f i x e d  i n  r e a r  a x l e  assembly 

Vec to r  b a s i s  f i x e d  i n  sprung  mass 

Vec to r  b a s i s  f i x e d  i n  t a g  a x l e  assembly 

Corner ing  s t i f f n e s s  o f  t i r e  

S l i p  ang le  of  t i r e  

S i d e s l i p  ang le  

Brake p e d a l  p o s i t i o n  

F ron t  wheel s t e e r  a n g l e  

Change i n  r o l l i n g  r a d i u s  ( t i r e  

d e f l e c t i o n )  due t o  l o a d  

E u l e r  a n g l e  f o r  ( p i t c h )  r o t a t i o n  o f  

c e n t e r l i n e  a x i s  sys tem 

P i t c h  a n g l e  s e n s e d  by t h e  v e r t i c a l  gyro 

f i x e d  i n  t h e  sprung  mass 

Unper turbed  v a l u e  o f  0 

P i t c h  a n g l e  of  sprung  mass r e l a t i v e  

t o  c e n t e r l i n e  a x i s  sys tem 

P i t c h  ' angle  of r i g h t  t a g  wheel t r a i l i n g  

arm r e l a t i v e  t o  sp rung  mass 
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P i t c h  a n g l e  of  l e f t  t a g  wheel t r a i l i n g  

arm r e l a t i v e  t o  sp rung  mass 

L a t e r a l  p a t h  a n g l e  o f  wheel  

Normal ized maximum t i r e  s i d e  f o r c e  

c o e f f i c i e n t  o f  t i r e  

Camber a n g l e  o f  t h e  k i n g  p i n  

E u l e r  a n g l e  f o r  r o l l  r o t a t i o n  o f  

c e n t e r l i n e  a x i s  sy s t em 

R o l l  a n g l e  o f  f r o n t  a x l e  r e l a t i v e  t o  

c e n t e r l i n e  a x i s  sy s t em 

R o l l  a n g l e  s e n s e d  by t h e  v e r t i c a l  gyro  

f i x e d  i n  t h e  sp rung  mass 

R o l l  a n g l e  o f  r e a r  a x l e  r e l a t i v e  t o  

c e n t e r l i n e  a x i s  sy s t em 

R o l l  a n g l e  of  sp rung  mass r e l a t i v e  t o  

c e n t e r l i n e  a x i s  sy s t em 

E u l e r  a n g l e  f o r  head ing  o r  yaw 

r o t a t i o n  o f  c e n t e r l i n e  a x i s  sy s t em 

Heading o r  yaw a n g l e  s e n s e d  by a  

d i r e c t i o n a l  gyro  f i x e d  i n  t h e  sp rung  mass 

R o t a t i o n  r a t e  ( a n g u l a r  v e l o c i t y )  o f  

wheel  
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and 

P . L .  Read 
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C r a n f i e l d  I n s t i t u t e  o f  Technology 

ABSTRACT 

The development  o f  a r t i c u l a t e d  v e h i c l e  s t u d i e s  

a t  t h e  Schoo l  o f  Automotive  S t u d i e s ,  C r a n f i e l d ,  i s  

o u t l i n e d .  Re fe r ence  i s  made t o  t h e  v a r i o u s  p u b l i c a t i o n s  

i n  t h i s  f i e l d  o r i g i n a t i n g  a t  t h e  S c h o o l .  



The School  o f  Autor~lotive S t u d i e s  a t  C r a n f i e l d  

I n s t i t u t e  o f  ' lechnology s t a r t e d  work on t h e  mode l l i ng  

o f  a r t i c u l a t e d  v~, : l~ic les  t o  examine t h e i r  h a n d l i n g  

q u a l i t i e s  i n  t h e  e a r l y  n i n e t e e n  s i x t i e s .  

Th i s  ~ n i  t i a l  \cork cu lmina t ed  i n  E l l i s ' s  p a p e r ,  

'The Dynanlics r;C l ' c h i c l e s  d u r i n g  B r a k i n g ,  ' i n  1963 ,  

Re fe r ence  ( 1 ) .  'l'l! i s  p a p e r  d e a l t  w i t h  p a s s e n g e r  c a r s  

and a r t i c u l a t e d  v e h i c l e s  . .i model was deve loped  f o r  

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

t h e  a r t i c u l a t e d  v c l ~ i c l e .  

The v e h i c l e  model led  was a  s i n g l e  d r i v e - a x l e  t r a c -  

t o r  w i t h  a  s i n g l e  a x l e  s e m i - t r a i l e r .  The whee ls  on each  

a x l e  a r e  r e p l a c e d  by a  s i n g l e  wheel on t h e  v e h i c l e  

c e n t r e  l i n e .  These s i n g l e  whee ls  have t h e  combined 

p r o p e r t i e s  o f  t h e  wheels  the?- r e p l a c e d .  The e q u a t i o n s  

o f  mot ion were o b t a i n e d  by u s i n g  a  body c e n t r e d  axes  

s y s t e m .  They were  b a s e d  on t h e  u se  o f  e q u a t i o n s  o f  

mot ion w r i t t e n  f o r  each  body s e p a r a t e l y  and w i t h  t h e  

b o d i e s  l i n k e d  by  t h e  f o r c e s  and geometry o f  t h e  c o n n e c t i o n .  

The model was s i m p l i f i e d  by n e g l e c t i n g  p i t c h ,  r o l l ,  

and bounce rnotio;ls .  The t r a c t o r  and s e m i - t r a i l e r  were  

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

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

e q u a t i o n s  IGere m a n i p u l a t e d  i n t o  t h e  form o f  f o u r  non-  

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

t r a c t o r  f o rward  s p e e d ,  l a t e r a l  and yaw v e l o c i t i e s ,  and 

a r t i c u l a t i o n  tingle between t r a c t o r  and t r a i l e r .  T h i s  

method i s  sometimes known a s  t h e  ' s t a t e  v a r i a b l e '  

t e c h n i q u e .  

Th i s  model r e p r e s e n t e d  t h e  f i r s t  a n a l y s i s  o f  an 

a r t i c u l a t e d  v e h i c l e  t o  i n c o r p o r a t e  v a r i a b l e  fo rward  

speed  and c o u l d  accommodate l a r g e  a r t i c u l a t i o n  and 

s l i p  a n g l e s .  



The p a p e r  a l s o  c o n s i d e r e d  i n  some d e t a i l  t h e  

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

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

on l a t e r a l  f o r c e .  The ' F r i c t i o n  E l l i p s e 1  concep t  was 

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

As t h e  e q u a t i o n s  o f  mot ion  were  n o t  l i n e a r ,  i t  

was n o t  p o s s i b l e  t o  u s e  c l a s s i c a l  a n a l y t i c a l  t e c h n i -  

ques  t o  examine t h e  v e h i c l e ' s  s t a b i l i t y .  The e q u a t i o n s  

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

v e h i c l e  by u s i n g  a  n u m e r i c a l  i n t e g r a t i o n  r o u t i n e  

e x e c u t e d  by a d i g i t a l  computer .  

Using t h i s  mode l ,  E l l i s  showed f o r  t h e  f i r s t  t i m e  

by s i m u l a t i o n  t h e  phenomena o f  j a c k - k n i f i n g  and t r a i l e r -  

swing o f  a r t i c u l a t e d  v e h i c l e s .  I t  was a l s o  employed t o  

examine some f e a t u r e s  o f  t h e  f i f t h  wheel  c o u p l i n g .  The 

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

e x t e n d e d  t o  i n c l u d e  such  a n t i - j  a c k - k n i f e  d e v i c e s  a s  

f i f t h  whee l  d i s c  b r a k e s .  The e f f e c t  on j a c k - k n i f i n g  

and t r a i l e r - s w i n g  o f  moving t h e  p o s i t i o n  o f  t h e  f i f t h  

wheel  on t h e  t r a c t o r  was a l s o  i n v e s t i g a t e d .  

Horn-Andrcws , Refe rence  ( 2 )  1964 ,  u s e d  t h e  model 

t o  examine t h e  e f f e c t  o f  r oad  camber on t h e  b r a k i n g  

per formance  o f  an a r t i c u l a t e d  v e h i c l e .  F r o n t  wheel  

l o c k i n g  on an  i n c l i n e d  s u r f a c e  was s p e c i f i c a l l y  i n v e s t i -  

g a t e d .  I t  was shown t h a t  a  s i t u a t i o n  s i m i l a r  t o  j a c k -  

k n i f i n g  can  r e s u l t  unde r  t h e s e  c o n d i t i o n s .  

I n  1966 E l l i s  p r e p a r e d  a f u r t h e r  p a p e r  on 

a r t i c u l a t e d  v e h i c l e  s t u d i e s ,  'The Ride and Handl ing  o f  

S e m i - T r a i l e r  A r t i c u l a t e d  V e h i c l e s ,  ' Refe rence  (3 )  . The 

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

o f  f reedom,  n o n - l i n e a r  model d i s c u s s e d  i n  ( 1 ) .  A 

l i n e a r i z e d  a n a l y s i s  o f  t h i s  model was t h e n  pe r fo rmed .  

The a s sumpt ions  made w e r e :  



*Cons t a r i t  Eorii a r d  s p e e d  

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

. L i n e a r  t y r e  da - ta  

~ ! l r t i c u l a t i o n  a n g l e  i s  sma l l  

By examin j ag  t h e  r o o t s  of  t h e  c h a r a c t e r i s t i c  f r e q u e n c y  

e q u a t i o r ? ,  t h e  vehicle's s t a l ~ i l i t y  a t  v a r i o u s  

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

The two f e a t u r e s  c l o s e l y  examined were  t h e  

p o s i t i o n s  o f  t h e  f i f t h  wheel  and t h e  l o a d  on t h e  

t r a i l e r .  I t  was shown t h a t  w i t h  a u n i f o r m l y  d i s t r i -  

b u t e d  l o a d ,  inovenlent o f  t h e  f i f t h  wheel  towards  t h e  

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

same e f f e c t  was n o t e d  i f ,  f o r  a  g i v e n  f i f t h  whee l  

p o s i t i o n ,  t h e  l o a d  was moved t o  t h e  r e a r  o f  t h e  t r a i l e r .  

A s t e a d y  s t a t e  a n a l y s i s  o f  an  a r t i c u l a t e d  v e h i c l e ' s  

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

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

t o  p a s s e n g e r  c a r s .  

The work d i s c u s s e d  i n  t h e s e  two p a p e r s  h a s  been  

i n c o r p o r a t e d  i n  a  c h a p t e r  o f  E l l i s ' s  book ' V e h i c l e  

Dynamics '  Re fe r ence  ( 4 ) .  

The n e x t  ma jo r  p i e c e  o f  work was u n d e r t a k e n  by 

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

f reedom model t o  examine t h e  e f f e c t s  o f  p i t c h ,  r o l l  and 

bounce and a s e r i e s  o f  v e h i c l e  t e s t s  t o  p r o v i d e  d a t a  t o  

v a l i d a t e  t h e  s i m u l a t i o n .  

The model developed employed t h e  s i x  d e g r e e s  o f  

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

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

e q u a t i o n s  o f  mot ion  f o r  each  body were  w r i t t e n  s e p a r a t e l y  

w i t h  f o r c e s  and g e o m e t r i c  c o n s i d e r a t i o n s  a t  t h e  j o i n t s  

p r o v i d i n g  e x t r a  cons  t r a i n t s  . 



The e q u a t i o n s  were t h e n  m a n i p u l a t e d ,  as i n  ( I ) ,  

t o  a r r i v e  a t  a  s e t  o f  e q u a t i o n s  which c o r r e s p o n d  t o  

t h e  d e g r e e s  o f  f reedom o f  t h e  s y s t e m .  

Due t o  t h e  s i z e  and complex i ty  o f  t h e s e  e q u a t i o n s ,  

a  d i g i t a l  computer was employed t o  s o l v e  them.  A m a t r i x  

e q u a t i o n  c o n s i s t i n g  o f  t h e  e q u a t i o n s  of  m o t i o n ,  t h e  

g e o m e t r i c  c o n s t a n t s ,  t y r e  f o r c e s ,  and f i f t h  wheel  f o r c e s  

was w r i t t e n .  Th i s  e q u a t i o n  was s o l v e d  f o r  a c c e l e r a t i o n s .  

These  a c c e l e r a t i o n s  were  t h e n  o p e r a t e d  on by a  n u m e r i c a l  

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

The r o u t i n e  i n t e g r a t e d  o v e r  a  r e a l  t ime  s t e p  l e n g t h  

de t e rmined  by p r e s c r i b e d  a c c u r a c y  c r i t e r i o n .  The v e l o -  

c i t i e s  and d i s p l a c e m e n t s  from one s t e p  s e r v e d  a s  i n i t i a l  

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

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

d e t e r m i n e d  r e a l  t ime  had  been  c o v e r e d .  O t h e r  i m p o r t a n t  

f e a t u r e s  of  t h e  model can be  l i s t e d :  

* V e r t i c a l  and l a t e r a l  compl iance  o f  a l l  t y r e s ;  

t h e  t y r e  model i s  n o n - l i n e a r  and f o r c e s  a r e  

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

* F o r c e s  a t  t h e  f i f t h  wheel  

* N o n - l i n e a r  r e p r e s e n t a t i o n  o f  s p r i n g s  and 

dampers 

*The s i m u l a t i o n  can r e p r e s e n t  t h e  v e h i c l e  a t  

s t a n d s t i l l  i n  a d d i t i o n  t o  fo rward  and 

r e v e r s e  s p e e d s .  

*Any a x l e  may be  s t e e r e d ;  r o l l  s t e e r  i s  i n c l u d e d .  

With t h e s e  f e a t u r e s  t h e  v e h i c l e  can be  r e p r e s e n t e d  i n  

b o t h  r i d e  and h a n d l i n g  modes. 



To p r o v i d e  e x p e r i m e n t a l  d a t a  t o  check t h e  p r e -  

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

b u i l t .  The d imens ions  o f  t h e  v e h i c l e  had  t o  b e  such  

t h a t  p a r a m e t e r s  c o u l d  be  measured on equipment  a v a i l a b l e  

a t  t h e  S c h o o l .  These  p a r a m e t e r s  i n c l u d e  v e h i c l e  mass ,  

i n e r t i a s  abou t  a l l  t h r e e  a x e s ,  p o s i t i o n s  o f  c e n t r e s  o f  

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

r o l l i n g  and s t a t i c  t y r e  d a t a .  

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

a  10000-pound g r o s s  we igh t  v e h i c l e .  I t  was deve loped  

around a  Ford T r a n s i t  c h a s s i s - c a b  u n i t .  The s emi -  

t r a i l e r  was b u i l t  a s  a  h e a v i l y  t r i a n g u l a t e d  t u b u l a r  

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

The d e s i g n  a l l owed  a  number o f  p a r a m e t e r s  t o  b e  

e a s i l y  changed .  The major  i t e m s  were t r a i l e r  mass ,  

i n e r t i a s  and p o s i t i o n  o f  c e n t r e  o f  g r a v i t y ,  p o s i t i o n  

o f  r e a r  a x l e  and p o s i t i o n  and geometry  o f  f i f t h  w h e e l .  

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

v e l o c i t i e s ,  d i s p l a c e m e n t s ,  and f o r c e s .  

To v a l i d a t e  t h e  s i m u l a t i o n ,  t e s t s  were  per formed  

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

ments were computed and showed s a t i s f a c t o r y  c o r r e l a t i o n  

w i t h  t h e  measured v a l u e s .  

A s i m i l a r  r o u t i n e  was a p p l i e d  t o  a x l e  l o a d s .  



R I D E  M O T I O N S  A T  ZERO FORWARD S P E E D  

A f e a t u r e  of  t h i s  s i m u l a t i o n  was i t s  a b i l i t y  t o  

examine v e h i c l e  motions w h i l s t  a t  r e s t .  

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

p i t c h ,  and r o l l  f r e q u e n c i e s  and mode shapes  o f  t h e  

v e h i c l e  r i d i n g  on i t s  s p r i n g s  and t y r e s  were measured 

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

These t e s t s  were t h e n  s i m u l a t e d  u s i n g  an e i g e n v a l u e  

e x t r a c t i o n  p r o c e d u r e .  To de t e rmine  n a t u r a l  f r e q u e n c i e s  

and mode shapes  from t h e  n o n - l i n e a r  model by normal 

runn ing  o f  t h e  s i m u l a t i o n  p roved  p r o h i b i t i v e  i n  computer 

t i m e .  I t  was t h e r e f o r e  assumed t h a t  t h e  v e h i c l e  motions 

under  examina t ion  were ' s m a l l . '  T h i s  e n a b l e d  t h e  model 

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

g i v e  t h e  n a t u r a l  f r e q u e n c i e s .  

Seven modes were i d e n t i f i e d  by t h i s  p r o c e d u r e  

a g a i n s t  t h r e e  by e x p e r i m e n t .  Th i s  was a t t r i b u t e d  t o  

l i m i t a t i o n s  i n  t h e  e x p e r i m e n t a l  equipment .  The t h r e e  

modes compared w e l l  w i t h  t h e  co r r e spond ing  s i m u l a t e d  

v a l u e s .  

STEADY STATE TESTS 

A 3 5 0 - f o o t  r a d i u s  cu rve  was a v a i l a b l e  f o r  t h e s e  

t e s t s .  The v e h i c l e  was h e l d  i n  a  s t e a d y  s t a t e  on t h i s  

c u r v e  o v e r  a  r ange  of s p e e d s .  S t e e r  and a r t i c u l a t i o n  

a n g l e s  were mon i to red .  S a t i s f a c t o r y  c o r r e l a t i o n  was 

a c h i e v e d  between t h e s e  r e s u l t s  and t h e  s i m u l a t e d  

per formance  o f  t h e  v e h i c l e .  



TRANSIENT TESTS 

To examine t h e  v e h i c l e ' s  t r a n s i e n t  r e s p o n s e ,  a  

s t e p  i n p u t  o f  s t e e r  was a p p l i e d  o v e r  a  r ange  o f  s p e e d s .  

Good c o r r e l a t i o n  was shown between measured and  

computed r e s u l t s .  

A t r a n s i e n t  r e s p o n s e  t o  a  s m a l l  s t e p  i n p u t  on an 

i n i t i a l  s t e a d y  s t a t e  t u r n  was u s e d  t o  p rove  t h e  a c c u r a c y  

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

D e t a i l s  o f  t h i s  work a r e  g i v e n  i n  a  p a p e r  by E l l i s  

and Shap l ey  e n t i t l e d  ' A n a l y s i s  and  T e s t i n g  o f  t h e  

A r t i c u l a t e d  S e m i - T r a i l e r  V e h i c l e , '  Re fe r ence  ( 5 ) .  

Between 1970 and 1972 ,  two p i e c e s  o f  work were  

c a r r i e d  o u t  a t  t h e  School  on v e h i c l e s  w i t h  a r t i c u l a t e d  

s t e e r i n g .  The f i r s t  by J a b l o n s k i ,  Re fe r ence  ( 6 ) ,  

d e s c r i b e s  a  s i x  deg ree  o f  f reedom ma thema t i ca l  model 

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

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

were  t h a t  t h e  a x i s  s e t  was p o s i t i o n e d  a t  t h e  s t e e r  p i n  

axes  and  t h a t  mot ion  on an  i n c l i n e d  p l a n e  c o u l d  b e  

r e p r e s e n t e d .  Four models o f  t y r e  l a t e r a l  f o r c e  were  

s i m u l a t e d  on t h e  v e h i c l e  model:  L i n e a r  r i g i d ,  n o n - l i n e a r  

r i g i d ,  l i n e a r  l a t e r a l l y  f l e x i b l e ,  and n o n - l i n e a r  

l a t e r a l l y  f l e x i b l e .  A two d e g r e e  o f  f reedom model 

was employed t o  compare t h e  r e s p o n s e s  o f  an a r t i c u l a t e d  

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

v e h i c l e .  

The work i l l u s t r a t e d  a  d i f f e r e n c e  between t h e  

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

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

n e g a t i v e  yaw o f  t h e  r e a r  body .  The r e s p o n s e s  o f  a  

v e h i c l e  w h i l e  o p e r a t i n g  on an i n c l i n e d  p l a n e  were  shown 

t o  depend on i t s  o r i e n t a t i o n  on t h e  p l a n e .  Making a  



t u r n  when t h e  v e h i c l e  i s  i n i t i a l l y  p o i n t i n g  down t h e  

p l a n e  was shown t o  be  a  p a r t i c u l a r l y  u n s t a b l e  c o n d i t i o n .  

The second  p i e c e  o f  work,  V icke r s  ( 7 ) ,  ex t ended  

t h i s  s t u d y  by deve lop ing  a  more complex model i n c l u d i n g  

t h e  s i x  d e g r e e s  o f  freedom f o r  each  o f  t h e  t h r e e  v e h i c l e  

u n i t s :  Main body,  s t e e r e d  body,  and r e a r  a x l e .  The 

t y r e  model i n c l u d e d  l a t e r a l  and v e r t i c a l  f l e x i b i l i t y .  

Undu la t i ng  and i n c l i n e d  t e r r a i n  was a l s o  mode l l ed .  

The s i m u l a t i o n  was employed t o  examine t h e  

v e h i c l e ' s  t r a n s i e n t  r e s p o n s e s  t o  t e r r a i n  i r r e g u l a r i t i e s  

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

q u a l i t y .  C o n d i t i o n s  o f  s t a t i c  r o l l o v e r  were a l s o  

i n v e s t i g a t e d .  

I n  1972 ,  Ben-Ari  c a r r i e d  o u t  a  p i e c e  o f  work 

d e v e l o p i n g  a  ma thema t i ca l  model o f  a  d r i v e r  t o  c o n t r o l  

a  v e h i c l e  model t h rough  a  manoeuvre.  The v e h i c l e  model 

chosen  was t h e  f o u r  deg ree  o f  f reedom,  n o n - l i n e a r  a r t i -  

c u l a t e d  v e h i c l e .  When t h e  d r i v e r l v e h i c l e  sy s t em was 

pe r fo rming  s a t i s f a c t o r i l y  i n  t a k i n g  a  s t a n d a r d  v e h i c l e  

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

p a r a m e t e r s  were made s o  t h a t  t h e  ' d r i v e r ' s f  r e a c t i o n s  

cou ld  be o b s e r v e d .  

The p a r a m e t e r s  v a r i e d  w e r e :  

a )  P o s i t i o n  o f  f i f t h  wheel 

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

c) Wheel b a s e  o f  t r a i l e r  

V a r i a t i o n s  ( a )  and ( b )  con f i rmed  t h e  e f f e c t s  on v e h i c l e  

s t a b i l i t y  examined i n  (3 )  . V a r i a t i o n  ( c )  i n d i c a t e d  

t h a t  s e m i - t r a i l e r s  below 2 0  f e e t  might  c a u s e  d r i v e r s  

some c o n t r o l  p rob l ems .  



The v e h i c l e ' s  r e sponses  t o  locked a x l e s  were a l s o  

g r a p h i c a l l y  i l l u s t r a t e d  by t h e  use  of  computer graph 

p l o t t i n g  f a c i l i t i e s .  D e t a i l s  of  t h i s  work a r e  g iven  

i n  a  p a p e r  by Ben-Ari and E l l i s  e n t i t l e d  ' S i m u l a t i o n  

of  t h e  Dr iver -Vehic le-Road System; An I n i t i a l  S t u d y , '  

Reference  ( 8 ) .  

I n  A p r i l  1974,  t h e  School was awarded a  c o n t r a c t  

by t h e  T r a n s p o r t  and Road Research Labora to ry ,  Crowthorne, 

England,  t o  examine v a r i o u s  a s p e c t s  of  v e h i c l e  s a f e t y .  

One of  t h e s e  a s p e c t s  was an examinat ion  of  t h e  h a n d l i n g  

c h a r a c t e r i s t i c s  of  'Double '  o u t f i t s  by s i m u l a t i o n .  

V e h i c l e s  towing two t r a i l e r s ,  e . g . ,  a  s e m i - t r a i l e r  

and a  f u l l - t r a i l e r ,  a r e  no t  p e r m i t t e d  on B r i t i s h  r o a d s .  

However, t h e i r  use on t runk  roads  and motorways f o r  

moving goods t o  d i s t r i b u t i o n  p o i n t s  o u t s i d e  c i t i e s  i s  

be ing  c o n s i d e r e d .  

Two models of  t h i s  type  of  v e h i c l e  have been 

developed:  

1)  A l i n e a r ,  s m a l l  a n g l e  model w i t h  c o n s t a n t  

forward  speed  

2 )  A n o n - l i n e a r ,  l a r g e  ang le  model w i t h  

v a r i a b l e  forward  speed  

These models have been d e r i v e d  u s i n g  t h e  t echn ique  

d e s c r i b e d  by E l l i s  ( 1 ) .  The f o u r  p o r t i o n s  o f  t h e  v e h i c l e :  

T r a c t o r ,  s e m i - t r a i l e r ,  d o l l y  a x l e ,  and second s smi -  

t r a i l e r ,  a r e  c o n s i d e r e d  s e p a r a t e l y  and l i n k e d  by e q u a t i n g  

v e l o c i t i e s  and f o r c e s  a t  t h e  t h r e e  j o i n t s .  Both models 

n e g l e c t  r o l l ,  p i t c h ,  and bounce.  The n o n - l i n e a r  model 

i n c o r p o r a t e s  a b r a k i n g  model.  

The l i n e a r  model has been produced as  bo th  d i g i t a l  

and analogue s i m u l a t i o n s .  The n o n - l i n e a r  model has  on ly  

been produced i n  d i g i t a l  form. 



Both models a r e  now per forming s a t i s f a c t o r i l y .  The 

l i n e a r  model w i l l  be  used  t o  examine h a n d l i n g  c h a r a c -  

t e r i s t i c s  of  a  ' d o u b l e '  o u t f i t  and such f e a t u r e s  a s  

t r a c k i n g  o r  c u t - i n .  The n o n - l i n e a r  model w i l l  be  

employed t o  examine t h e  u n i t ' s  r e sponse  t o  combinat ions 

of  locked  a x l e s .  

Veh ic l e  d a t a  f o r  t h e s e  s i m u l a t i o n s  i s  b e i n g  d e r i v e d  

from t h e  on ly  ' d o u b l e '  o u t f i t  i n  B r i t a i n .  This  has  

been produced as a  demons t ra t ion  u n i t  j o i n t l y  by Volvo 

and Crane-Fruehauf .  I t  comprises  a  t r a c t o r  and two 

2 7 - f o o t  s e m i - t r a i l e r s .  Gross v e h i c l e  weight  i s  3 8  t o n s .  

Work i s  i n  p r o g r e s s  a t  t h e  School  t o  s t u d y  t h e  

e f f e c t s  of  m u l t i - a x l e  s e t s  and s t e e r i n g  a x l e s  on semi-  

t r a i l e r s .  A l i n e a r ,  sma l l  a n g l e  model o f  a s i n g l e  

t r a i l e r  v e h i c l e  w i t h  freedom t o  r o l l  i s  a l s o  under  

development ,  a long w i t h  a  model o f  t h e  c a r / t r a i l e r  home 

combinat ion .  
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1 beg in  on an 

exper imen ta l  v e h i c l e ,  based  on S h a p l e y ' s  u n i t ,  t o  p r o v i d e  

performance d a t a  t o  v a l i d a t e  t h e s e  s i m u l a t i o n s .  
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INTRODUCTION 

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

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

The use  o f  a n a l y t i c a l  t echn iques  i n  t h e  s o l u t i o n  o f  v e h i c l e  

hand l ing  and b r a k i n g  problems came o f  age w i t h  t h e  d i g i t a l  

computer i n  t h e  e r a  of t h e  l a t e  f i f t i e s .  E f f i c i e n t  u se  

o f  t h e  d i g i t a l  computer t o  s o l v e  numer ica l  problems 

p rov ided  t h e  e n g i n e e r  powerfu l  t o o l s  f o r  s o l v i n g  n o n l i n e a r  

d i f f e r e n t i a l  e q u a t i o n s .  The p r e s e n t  technology i n  t h i s  

a r e a  i s  reviewed h e r e  a long w i t h  t h e  development c r i t e r i a  

f o r  s a f e t y  s t a n d a r d s .  The pape r  a l s o  d i s c u s s e s  t h e  e v a l -  

u a t i o n  o f  r e sponse  l e v e l s  o f  g e n e r a l  c l a s s e s  o f  v e h i c l e s  

and s p e c i f i c  v e h i c l e  c h a r a c t e r i s t i c s  a s  t h e y  a f f e c t  hand1 - 

i n g  and b r a k i n g  c a p a b i l i t i e s .  The emphasis i n  t h i s  pape r  

i s  p l a c e d  on a c t u a l  maneuvers ,  r o a d s ,  envi ronments ,  and 

d r i v e r s .  S e p a r a t i o n  o f  each o f  t h e s e  e f f e c t s  i s  impor tan t  

i n  e v a l u a t i o n s  of  b r a k i n g  and hand l ing  problems.  

ANALYTICAL TECHNIQUES 

L i n e a r  models have long been used  t o  de te rmine  t h e  

s t a b i l i t y  and f requency response  o f  v e h i c l e s .  The use  

o f  t h e s e  models i n  a s s e s s i n g  s t a b i l i t y  l e a v e s  a  l o t  t o  be 

d e s i r e d ,  because  i n  c r u c i a l  maneuvers,  t h e  v e h i c l e  

and i t s  t i r e s  o p e r a t e  i n  t h e  n o n l i n e a r  regime.  A case  

might be made f o r  t h e  use o f  l i n e a r  models t o  e v a l u a t e  

t h e  r e sponse  of  t h e  v e h i c l e  i n  l i n e a r  t i r e  regimes dur ing  

normal d r i v i n g .  However, s a f e t y  c r i t e r i a  must be  dev-  

ve loped i n  n o n l i n e a r  regimes of  o p e r a t i o n .  

I n  t h i s  pape r  we a r e  most i n t e r e s t e d  i n  n o n l i n e a r  

response  models .  The on ly  p r a c t i c a l  a n a l y t i c a l  method 

a v a i l a b l e  today  f o r  t h e  e v a l u a t i o n  o f  n o n l i n e a r  r e sponses  

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



mot ion .  The e q u a t i o n s  can b e  i n t e g r a t e d  i n  one o r  two 

s imp le  ways.  The c o n v e n t i o n a l  c o n t r o l  mode, where d r i v e r  

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

and t h e  v e h i c l e  r e sponse  i s  a s s e s s e d ,  can be  u s e d .  The 

s econd  method,  c a l l e d  t h e  t r a j e c t o r y  mode, u s e s  a  maneuver 

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

t h r o u g h  t h i s  maneuver.  F i g u r e  1 shows t h e  scheme o f  

computa t ions  f o r  t h e  t r a j e c t o r y  mode. The l e f t  s i d e  

o f  t h e  f i g u r e  i n d i c a t e s  t h a t  any s o r t  o f  maneuver may b e  

p u t  i n t o  t h e  a n a l y t i c a l  model ,  which i s  a  n o n l i n e a r  model .  

Th is  model ,  o f  c o u r s e ,  t a k e s  c a r e  of  a l l  t h e  p r o p e r t i e s  o f  

t h e  v e h i c l e ,  t h e  r o a d ,  and t h e  env i ronmen t .  The model 

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

such  as  yaw, p i t c h ,  and r o l l .  A check o f  t h e  s t a b i l i t y  

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

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

Pure  ma thema t i ca l  s t a b i l i t y  t e c h n i q u e s - - t h e  s o l u t i o n  

o f  t h e  e q u a t i o n s  o f  mot ion f o r  a s y m p t o t i c  s t a b i l i t y - -  

have n o t  been  deve loped  s u f f i c i e n t l y  f o r  v e h i c l e s  t o  

p r o v i d e  p r a c t i c a l  r e s u l t s .  To a s s e s s  s t a b i l i t y  on a  

ma thema t i ca l  b a s i s ,  t h e  v e h i c l e  i s  o p e r a t e d  on a p r e -  

s c r i b e d  t r a j e c t o r y ,  l i k e  t h o s e  u sed  i n  F i g u r e  1,  and t h e  

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

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

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

i t  may o r  may n o t  r e t u r n  t o  i t s  o r i g i n a l  t r a j e c t o r y .  

Whether i t  r e t u r n s  i s  a  measure o f  i t s  s t a b i l i t y .  A 

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

e q u a t i o n s  o f  mot ion i s  u sed  t o  p e r t u r b  t h e  v e h i c l e  from 

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

which i s  j u s t  a  s l i g h t  mot ion o f f  t h e  t r a j e c t o r y ,  i f  t h e  

v e h i c l e  comes back t o  t h e  t r a j e c t o r y ,  t h e n  i t  i s  a s s e s s e d  





as  be ing  s t a b l e .  I f  t h e  v e h i c l e  d e p a r t s  from t h e  t r a j e c t o r y ,  

t hen  i t  i s  u n s t a b l e .  Some people  t h i n k  t h i s  i s  a  ve ry  

r e s t r i c t i v e  t h e o r y ,  because  i t  does n o t  i n c l u d e  p r o v i s i o n  

f o r  t h e  v e h i c l e ' s  moving t o  an a s s o c i a t e d  t r a j e c t o r y  t h a t  

may be s t a b l e .  F igure  2 shows t h e  r e l a t i o n s h i p  between 

mathemat ica l  s t a b i l i t y  and p h y s i c a l  s t a b i l i t y .  Of c o u r s e ,  

p h y s i c a l  s t a b i l i t y  i s  based  on t h e  s l i p  ang les  and 

motions o f  t h e  v e h i c l e ,  whereas mathemat ica l  s t a b i l i t y  

i s  a  pu re  go/no-go type  o f  a s ses smen t .  

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

mode have been made u s i n g  t h e  A r t i c u l a t e d  Veh ic l e  Dynamic 

S i m u l a t i o n  o r  s o - c a l l e d  AVDS program. AVDS was developed 

a t  t h e  I l l i n o i s  I n s t i t u t e  o f  Technology Research I n s t i t u t e  

i n  t h e  e a r l y  1 9 7 0 ' s  under  f e d e r a l  sponsor sh ip  [ I ] .  

Some examples o f  work done w i t h  t h e  AVDS s i m u l a t i o n  

model u s i n g  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  a r e  shown 

i n  F igure  3 .  F igure  3 shows t h e  r e sponse  of  a  t r a c t o r  

double s e m i t r a i l e r  on a 1 4 - f t .  wide x 1 9 0 - f t .  long  l a n e  

change a t  40 mi le s  p e r  h o u r .  The a c c e l e r a t i o n  o f  t h e  

c e n t e r  o f  g r a v i t y  of  t h e  v e h i c l e  i s  shown above t h e  s t e e r -  

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

s i m u l a t i o n  and t h e  s o l i d  l i n e s  r e p r e s e n t  expe r imen ta l  

r e s u l t s .  F igure  4 shows t h e  a b s o l u t e  yaw a n g l e s  o f  t h e  

t r a c t o r  and a l s o  t h e  d o l l y .  F i n a l l y ,  t h e  r e l a t i v e  yaw 

a n g l e s  between t h e  t r a c t o r  t r a i l e r  and t h e  d o l l y ,  second 

s e m i - t r a i l e r  a r e  shown i n  F igure  5 .  

F igure  6 shows t h e  r e s u l t s  of  some exper iments  

i n v o l v i n g  s t e e r i n g  response  o f  d r i v e r s .  I t  shows what 

they  do w i t h  r e s p e c t  t o  t h e  t r a j e c t o r y  mode o f  computa t ion .  

The t r a j e c t o r y  mode o f  computat ion g i v e s  t h e  r e sponse  o f  
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f o r  l a n e  change ( 1 4 . 4  f t  x 191  f t )  a t  4 0  mph 
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t h e  optimum d r i v e r  f o r  t h a t  maneuver .  T h e r e f o r e  t h e s e  

r e s u l t s  show how t h e  d r i v e r  compares w i t h  t h e  optimum 

d r i v e r .  Having t h e  optimum d r i v e r  i n  a  v e h i c l e  a c t s  as  

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

some expe r imen t s  t a k e n  a t  d i f f e r e n t  t imes  and compared t o  

an optimum d r i v e r ,  a s  c a l c u l a t e d  by AVDS.  Th is  t e l l s  us  

someth ing  t h a t  we have known a l l  a l o n g ,  t h a t  most d r i v e r s  

a r e  p r e t t y  e f f i c i e n t ;  t h e y  do j u s t  about  t h e  b e s t  t h e y  

can w i t h  t h e  v e h i c l e .  

VAL I DATI ON 

Why do we v a l i d a t e ?  F i r s t ,  because  t h e r e  i s  a  

c r e d i b i l i t y  problem w i t h  a n a l y t i c a l  t e c h n i q u e s  and 

s i m u l a t i o n .  To improve t h e  c r e d i b i l i t y  o f  t h e s e  t e c h -  

n i q u e s ,  t h e  r e s u l t s  a r e  compared w i t h  t h e  r e s u l t s  o b t a i n e d  

from f u l l - s c a l e  e x p e r i m c n t s .  The second  rcasorl f o r  

v a l i d a t i n g  conce rns  knowledge.  Every t i  nle a v a l i d  

expe r imen t  i s  c o n d u c t e d ,  d a t a  a r e  o b t a i n e d  on how t h e  

s i m u l a t i o n  i s  work ing .  F i g u r e  7 shows a scheme used  f o r  

v a l i d a t i o n  w i t h  t h e  t r a j e c t o r y  mode; i t  shows t h e  computer 

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

s t e e r s  w i t h  l i g h t  c o n s t r a i n t s  t h rough  some maneuver.  

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

and r e c o r d e d .  The a c t u a l  measured t r a j e c t o r y  t h a t  t h e  

d r i v e r  went th rough  i s  i n t r o d u c e d  t o  t h e  a n a l y t i c a l  model ,  

and t h e  d r i v e r  r e sponse  o b t a i n e d  i s  one t h a t  would have 

r e s u l t e d  i f  t h e  optimum d r i v e r  had been u s e d .  The 

r e s p o n s e s  o b t a i n e d  a r e  compared t o  f u l l - s c a l e  t e s t s  

on a  o n e - t o - o n e  b a s i s .  
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SAFETY STANDARDS DEVELOPMENT 

What t y p e  o f  s a f e t y  s t a n d a r d  development can be  

done o r  has  been done? Some work has  been done on 

c r i t e r i a  development w i t h  r e s p e c t  t o  s t a b i l i t y .  C r i t e r i a  

development has  been approached from t h e  p o i n t  o f  view 

of  mathemat ica l  s t a b i l i t y  and p h y s i c a l  s t a b i l i t y .  

This  r e l a t i o n s h i p  was shown i n  F igu re  2 .  A second  s e t  o f  

c r i t e r i a  cou ld  be concerned  w i t h  t h e  s e n s i t i v i t y  

o f  t h e  v e h i c l e  t o  i t s  envi ronment .  For i n s t a n c e ,  i s  i t  

s e n s i t i v e  t o  a  bad  d r i v e r ,  o r  t o  wind ,  o r  t o  yoad p e r -  

t u r b a t i o n s ?  This  s e t  o f  c r i t e r i a  needs development .  

The t h i r d  s e t  o f  c r i t e r i a  i s  concerned  w i t h  v e h i c l e  

m a n e u v e r a b i l i t y  and space  c o n s i d e r a t i o n s .  How much space  

s h o u l d  be  a l lowed f o r  a  v e h i c l e  t o  per form i t s  maneuver? 

How does t h i s  a f f e c t  t r a f f i c ?  Do you c a l l  a  v e h i c l e  s a f e  

i f  i t  can per form t h e  r e q u i r e d  maneuver b u t  has  t aken  up 

s o  much space  t h a t  i t  causes  an a c c i d e n t  i n  heavy t r a f f i c  

c o n d i t i o n s  o r  i n  a  t r a f f i c  mix? These a r e  q u e s t i o n s  t h a t  

have t o  be  answered t e c h n i c a l l y  unde r  p r e s c r i b e d  ground 

r u l e s .  

An example o f  a  s t a b i l i t y  c h a r t ,  showing l i m i t  

maneuver speed  v e r s u s  r o a d - t i r e  c o e f f i c i e n t ,  i s  shown i n  

F i g u r e  8 .  Some e x p e r i m e n t a l  r e s u l t s  i d e n t i f i e d  on t h i s  

f i g u r e  show t h e  d r i v e r  do ing  about  what was e x p e c t e d .  

F igu re  9 shows a  s t a b i l i t y  c h a r t  b a s e d  on peak l a t e r a l  

a c c e l e r a t i o n .  Th i s  f i g u r e  shows t h e  v a r i a t i o n  o f  

s t a b i l i t y  from v e h i c l e  t o  v e h i c l e  f o r  l a n e  changing .  

I t  shows t h e  d i f f e r e n t  s t a b i l i t y  l e v e l s  o b t a i n e d  f o r  a  

t r a c t o r - s i n g l e ,  d o u b l e ,  and t r i p l e  s e m i t r a i l e r .  
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EVALUATION OF LEVELS 

Along w i t h  c r i t e r i a  deve lopment ,  some k i n d  o f  an 

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

a r e  c o n d u c t e d :  s e n s i t i v i t y  and p a r a m e t e r  s t u d i e s .  

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

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

c o n d i t i o n s .  The e f f e c t s  o f  t h e  road  and o f  t h e  d r i v e r -  

whe the r  he  i s  optimum o r  degraded-can be  f a c t o r e d  i n t o  

t h i s  s t u d y .  Using t h e  a n a l y t i c a l  model ,  t h e  d r i v e r  

can a c t u a l l y  be  degraded  t o  s e e  what e f f e c t  he  ha s  on t h e  

v e h i c l e  pe r fo rmance .  F i g u r e  10 shows t h i s  t y p e  o f  

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

Many o f  t h e  v e h i c l e  p a r a m e t e r s  can be v a r i e d .  

These p a r a m e t e r s  i n c l u d e  t h e  v e h i c l e  geomet ry ,  t i r e s ,  

b r a k e s ,  s u s p e n s i o n ,  and l o a d i n g .  F i g u r e  11 shows 

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

t h e  v e h i c l e  c h a r a c t e r i s t i c s .  I n  e s s e n c e  t h i s  c h a r t  i s  

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

CONCLUSIONS 

A n a l y t i c a l  t e c h n i q u e s ,  a v a i l a b l e  t o d a y ,  can be  

u s e d  a s  t o o l s  f o r  t h e  development  o f  s a f e t y  s t a n d a r d s .  

These t e c h n i q u e s  have been v a l i d a t e d  and a r e  r eady  t o  

be  u s e d  i n  t h e  development  o f  c r i t e r i a  and l e v e l s  i n  

s a f e t y  s t a n d a r d s .  I t  must b e  u n d e r s t o o d ,  however ,  t h a t  

t h e  r e s u l t s  o f  t h e s e  t e c h n i q u e s  must b e  t empered  by 

human judgment .  S o c i a l  and economic f a c t o r s  must be 

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

The a n a l y t i c a l  t e c h n i q u e s  can be  u s e d  t o  conduc t  

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

e v a l u a t i o n .  I n  a d d i t i o n ,  mean ing fu l  t e s t  programs can 

be  deve loped  w i t h  t h e  a i d  o f  a n a l y t i c a l  t e c h n i q u e s .  These  
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t e c h n i q u e s  shou ld  be used  i n  t h e  f u t u r e ,  a long 

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

o f  r e a l i s t i c  s a f e t y  s t a n d a r d s  based on p r e s e n t  

t echno logy .  
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INTRODUCTION 

T h i s  p a p e r  p r o v i d e s  an overv iew o f  t h e  t r u c k  and 

t r a c t o r - t r a i l e r  b r a k i n g  and h a n d l i n g  p r o j e c t  which 

t h e  I I i  ghway S a f e t y  Research I n s t i t u t e  (IISRI) ha s  been  

c o n d u c t i n g  f o r  t h e  Motor V e h i c l e  Manufac tu rc r s  

A s s o c i a t i o n .  'l'lle pu rpose  o f  t h i s  r e s e a r c h  is  t o  

e s t a b l i s h  a d i g i t a l  compu te r -based  ma thema t i ca 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 c l i n a l  and d i r e c t i o n a l  

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

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

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

o f  s p e c i f i c  commercia l  v e h i c l e s  ( o r  p r o j e c t e d  v e h i c l e s ) .  

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

t i o n s  can a i d  i n  d e v e l o p i n g  an  u n d e r s t a n d i n g  o f  how 

changes  i n  v e h i c l e  components a n d / o r  t e s t  c o n d i t i o n s  

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

a  b a s i c  unclers tant l ing o f  t h e  i n f l u e n c e  o f  changes  i n  

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

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

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

L a r g e - s c a l e  computer  programs f o r  p r e d i c t i n g  

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 s  have  been  

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

t h e  p r e s e n t  t ime  t h e s e  programs a r e  b e i n g  a p p l i e d  and 

e v a l u a t e d .  The programs a r e  i n t e n d e d  t o  b e  u s e f u l  f o r  

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

c o n f i g u r a t i o n .  A f t e r  t h e  s i m u l a t i o n  has  been  deve loped  

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

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

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

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



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

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

t h e  accu racy  and u t i l i t y  o f  t h i s  a p p r o a c h .  

The body o f  t h i s  p a p e r  c o n t a i n s  s e c t i o n s  e n t i t l e d :  

*E lemen t s  o f  a  S i m u l a t i o n  Approach 

*Accomplishments  (A H i s t o r i c a l  Review) 

F u t u r e  Developments 

-Conc lud ing  Remarks 

OBJECTIVES 

The u l t i m a t e  g o a l  o f  t h e  t r u c k  and t r a c t o r - t r a i l e r  

b r a k i n g  and h a n d l i n g  p r o j e c t  i s  t o  deve lop  optimum 

means f o r  p r e d i c t i n g  and e v a l u a 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 s  o f  commercia l  v e h i c l e s .  The 

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

government w i l l  have a v a i l a b l e  f o r  u s e  i n  t h e i r  r e s e a r c h  

( 1 )  a p p r o p r i a t e  computer  s o f t w a r e  

( 2 )  new t e c h n i q u e s  and equipment  f o r  

p a r a m e t e r  measurement ,  and 

(3 )  mean ing fu l  r e s p o n s e  measu re s .  

ELEMENTS OF A SIMULATION APPROACH 

The t u r n i n g  and  b r a k i n g  r e s p o n s e s  o f  highway 

v e h i c l e s  a r e  d e s c r i b e d  by complex s e t s  of  n o n - l i n e a r  

d i f f e r e n t i a l  e q u a t i o n s .  The s t a t e  o f  knowledge con-  

c e r n i n g  t h e  pe r fo rmance  o f  some v e h i c l e  components 

( f o r  example ,  b r a k e s ,  tandem s u s p e n s i o n s ,  o r  t i r e s )  may 

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



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

w i t h  t h e s e  c h a r a c t e r i s t i c s  a r e  i n t r a c t a b l e  t o  c l o s e d -  

form s o l u t i o n .  Consequent ly ,  computer s i m u l a t i o n  

methods a r e  used t o  develop means f o r  p r e d i c t i n g  t h e  

b rak ing  and d i r e c t i o n a l  r e sponses  of  commercial 

v e h i c l e s .  

The g e n e r a l  e lements  of  a  s i m u l a t i o n  approach 

a r e  d i s c u s s e d  h e r e  t o  p r o v i d e  a  background f o r  under -  

s t a n d i n g  t h e  s t e p s  t a k e n  by HSRI t o  meet t h e  o b j e c t i v e s  

of  t h i s  i n v e s t i g a t i o n .  

A b lock  diagram o f  t h e  approach used  by HSRI i s  

shown i n  F igure  1 .  C l e a r l y ,  t h e  i n i t i a l  s t e p  i n  t h i s  

approach i s  t o  d e s c r i b e  t h e  p h y s i c a l  p r o p e r t i e s  o f  

commercial v e h i c l e s  i n  mathemat ica l  t e rms .  Once t h e  

e q u a t i o n s  a r e  fo rmula ted  and programmed on t h e  computer ,  

F igure  1. Development of  a  Computer-Based P r e d i c t i o n  
C a p a b i l i t y  I n c l u d e s  Parameter  Measurement 
and Veh ic l e  T e s t .  

Veh ic l e  

S imula t ions  . + 
Parameter  Veh ic l e  - 
Measurement T e s t s  

I 

't - V a l i d a t  i o n  



p a r a m e t r i c  v a l u e s  a r e  needed  b e f o r e  c a l c u l a t i o n s  can 

be made. For a  complex v e h i c l e  model t h e  p a r a m e t e r  

measurement a c t i v i t y  can be d i f f i c u l t ,  c o s t l y ,  and 

t ime-consuming .  To check whether  t h e  c a l c u l a t i o n s  a r e  

v a l i d ,  v e h i c l e  t e s t  r e s u l t s  a r e  r e q u i r e d  t o  compare 

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

computer s i m u l a t i o n  i m p l i e s  t h e  development o f  

paramete r -measurement  and v e h i c l e -  t e s t i n g  c a p a b i l i t i e s .  

As i n d i c a t e d  i n  F i g u r e  1 ,  t h e  r e s u l t s  o f  e x p e r i -  

menta l  a c t i v i t i e s  ( e i t h e r  p a r a m e t e r  measurement o r  

v e h i c l e  t e s t i n g )  i n f l u e n c e  t h e  ma thema t i ca l  mode ls .  

New i n f o r m a t  i o n  and i d e a s  g a i n e d  from e x p e r i m e n t a l  work 

a r e  u sed  t o  r e f i n e  t h e  model s o  t h a t  i t  becomes a  

b e t t e r  r e p r e s e n t a t i o n  of  t h e  v e h i c l e .  S e v e r a l  i t e r a -  

t i o n s  o f  p a r a m e t e r  measurement ,  c a l c u l a t i o ~ ~ ,  and 

v e h i c l e  t e s t i n g  may be needed  t o  o b t a i n  c o n f i d e n c e  t h a t  

( 1 )  t h e  v e h i c l e  sy s t em i s  a d e q u a t e l y  d e s c r i b e d  by t h e  

e q u a t i o n s  (and e m p i r i c a l  d a t a ) ,  ( 2 )  t h e  e q u a t i o n s  a r e  

programmed c o r r e c t l y ,  (3 )  t h e  p a r a m e t e r s  a r e  measured 

a c c u r a t e l y ,  and (4 )  t h e  v e h i c l e  r e s p o n s e  t e s t s  a r e  

conduc ted  p r o p e r l y .  

Once t h e  o r i g i n a l  development c y c l e  i s  comple ted  

and t h e  s i m u l a t i o n  i s  o p e r a t i n g ,  t h e  u s e r  may f i n d  t h a t  

he  would l i k e  t o  e x t e n d  t h e  r ange  o f  a p p l i c a t i o n  o f  

t h e  computer p rogram.  The p r o c e s s  o f  augment ing t h e  

program i n c l u d e s  t h e  e l emen t s  o f  t h e  o r i g i n a l  deve lop -  

ment c y c l e .  Changes i n  t h e  computer program t o  meet 

new r e q u i r e m e n t s  i n v o l v e  a d d i t i o n a l  p a r a m e t e r  measure -  

ment a c t i v i t y  and f u r t h e r  comparisons  w i t h  v e h i c l e  t e s t  

r e s u l t s .  The p r o c e s s  o f  e x t e n d i n g  t h e  computer program 

i s  diagrammed i n  F i g u r e  2 .  



F i g u r e  2 .  New Requirements Lead t o  F u r t h e r  Development 



ACCOMPLISHMENTS (A HISTORICAL REVIEW) 

The motor t r u c k  b r a k i n g  and h a n d l i n g  p r o j c c t  

s t a r t e d  i n  mid-1971.  The major  o u t p u t s  from t h i s  

p r o j e c t  have been (1 )  comprehensive computer -based  

models f o r  p r e d i c t i n g  t h e  b r a k i n g  and d i r e c t i o n a l  

r e sponse  o f  t r u c k s  and t r a c t o r -  t r a i l e r s  [l t h rough  

5 ] *  and ( 2 )  t h e  development of  t e s t  equipment and 

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

i n  t h e  computer models t o  s i m u l a t e  t r u c k s  and t r a c t o r -  

t r a i l e r s  [ l ,  3 ,  4 ,  and 6 t h rough  111 . 
From mid-1971 th rough  mid-1973,  t h e  p r o j e c t  was 

conducted  i n  t h r e e  p h a s e s .  I n  Phase I ,  l a s t i n g  from 

mid-1971 t o  mid-1972,  a  ma thema t i ca l  model o f  t h e  

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

t r a i l e r s  was deve loped  [I]. That  model was c o n s t r u c t e d  

from ma thema t i ca l  r e p r e s e n t a t i o n s  of  i n e r t i a l  p r o -  

p e r t i e s ,  tandem s u s p e n s i o n  s y s t e m s ,  t i r e - r o a d  i n t e r -  

f a c e  f o r c e s ,  b r a k i n g  s y s t e m s ,  and wheel r o t a t i o n a l  

dynamics .  The b r a k i n g  model c o n t a i n e d  15 deg rees  o f  

freedom f o r  a  t r a c t o r - s e m i t r a i l e r  w i t h  f i v e  a x l e s .  The 

d e g r e e s  o f  freedom i n c l u d e d  were (1)  v e r t i c a l  motion 

o f  each  a x l e ,  ( 2 )  r o t a t i o n a l  dynamics f o r  t h e  whee ls  on 

each  a x l e ,  (3 )  v e r t i c a l  and p i t c h  mot ions  f o r  t h e  

t r a c t o r  and t r a i l e r  sprung  masses ,  and  ( 4 )  a  l o n g i t u -  

d i n a l  deg ree  o f  freedom f o r  t h e  e n t i r e  v e h i c l e .  

The s p e c i f i c  v e h i c l e s  u sed  by HSRI t o  v a l i d a t e  t h e  

computer program c o n s t r u c t e d  from t h i s  ma thema t i ca l  

model were :  a  5 0 , 0 0 0 - l b  GVW Diamond Reo s t r a i g h t  t r u c k ,  

and a  t r a c t o r - s e m i t r a i l e r  c o n s i s t i n g  o f  a  6 x 4 COE 

White t r a c t o r  and a  4 0 - f t .  Fruehauf  t r a i l e r .  The 

*Numbers 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 .  



s t r a i g h t - l i n e  b r a k i n g  pe r fo rmances  o f  t h e s e  v e h i c l e s  

were measured  and compared w i t h  r e s u l t s  o b t a i n e d  f rom 

computer  s i m u l a t i o n s  o f  t h e  same t e s t s  (30  and  6 0  mph 

empty and l o a d e d ,  d r y  and wet p a v e m e n t ) .  The s imu-  

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

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

Diamond Reo t r u c k ,  which was e q u i p p e d  w i t h  a  w a l k i n g -  

beam tandem s u s p e n s i o n .  The s i m u l a t e d  r e s u l t s  f o r  

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

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

lower  l e v e l  o f  b r a k e  p r e s s u r e  (and  c o n s e q u e n t l y ,  l o n g e r  

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

which c a u s e d  wheel  l o c k  i n  t h e  v e h i c l e  t e s t s .  An 

improved model o f  t h e  f o u r - s p r i n g  tandem s u s p e n s i o n  

employed on t h e  Fruehauf  t r a i l e r  and t h e  White t r a c t o r  

was deve loped  l a t e r  ( i n  Phase  111)  t o  c o r r e c t  t h i s  

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

I n  Phase  1 1 ,  conduc t ed  i n  1972 and r e p o r t e d  i n  

1973 ,  t h e  work f o c u s e d  on d e v e l o p i n g  a  computer  program 

f o r  s i m u l a t i n g  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  

d u r i n g  combined s t e e r i n g - b r a k i n g  maneuvers [3 ]  . T h i s  

second  computer  program c o n t a i n s  a l l  o f  t h e  b r a k e ,  

s u s p e n s i o n ,  and t i r e  model ing f e a t u r e s  c o n t a i n e d  i n  t h e  

s t r a i g h t  - l i n e  b r a k i n g  pe r fo rmance  s i ~ u l a t i o n  program 

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

and r o l l  mo t ions  o f  t h e  v e h i c l e .  As w i t h  t h e  f i r s t  

p rog ram,  i t  was v a l i d a t e d  a g a i n s t  e x p e r i m e n t a l  t e s t  

r e s u l t s  on b o t h  t h e  s t r a i g h t  and a r t i c u l a t e d  v e h i c l e s .  

h e v e l o p i n g  a  s i m u l a t i o n  program t o  model t h e  

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

complex u n d e r t a k i n g .  I t  was n e c e s s a r y  t o  b e g i n  w i t h  

t h e  p i t c h  p l a n e  model deve loped  i n  Phase  I and t h e n  



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

1.  S e l e c t  a p p r o p r i a t e  a x i s  sy s t ems  and 

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

mot ion i n  t e rms  o f  dynamic v a r i a b l e s  

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

2 .  Program and r e f i n e  a  semi - e m p i r i c a l  mathe-  

m a t i c a l  model f o r  r e p r e s e n t i n g  measured 

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 .  

3 .  Develop t e c h n i q u e s  f o r  comput ing f o r c e s  

and moments o f  c o n s t r a i n t  between sp rung  

and  unsprung  masse s .  

4 .  Model t h e  f i f t h - w h e e l  c o u p l i n g  between 

t r a c t o r  and t r a i l e r .  

5 .  I n c l u d e  d e f l e c t i o n  and compl iance  s t e e r  

c h a r a c t e r i s t i c s  a s  w e l l  a s  s i d e - t o - s i d e  

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

6 .  Develop,  r e f i n e ,  and u s e  equ ipment  and 

t e c h n i q u e s  f o r  measu r ing  v e h i c l e  i n e r t i a l  

p r o p e r t i e s ,  a x l e  r o l l  s t e e r ,  f i f t h - w h e e l  

r o l l  s p r i n g  r a t e ,  and 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 .  

7 .  Pe r fo rm f u l l - s c a l e  v e h i c l e  t e s t s  c o n s i s t i n g  

o f  s t e a d y  t u r n s ,  b r a k i n g - i n - a - t u r n  

maneuvers ,  and j a c k k n i f e  maneuvers .  

8 .  S i m u l a t e  t h e  maneuvers l i s t e d  i n  7 .  and 

compare t h e  p r e d i c t e d  r e s u l t s  w i t h  measured 

r e s u l t s  t o  v e r i f y  t h e  v a l i d i t y  o f  t h e  

s i m u l a t i o n s .  

The computer  program f o r  s i m u l a t i n g  b r a k i n g /  

s t e e r i n g  r e s p o n s e s  ha s  been w r i t t e n  s o  a s  t o  be e f f i -  

c i e n t  and e a s y  t o  u s e  [ 1 2 ,  131 . However, u s e r s  o f  

t h i s  program must know a  g r e a t  d e a l  abou t  t h e  components 



o f  t h e  v e h i c l e  ( o r  p r o j e c t e d  v e h i c l e )  t o  be  a b l e  t o  

s u p p l y  t h e  needed  p a r a m e t r i c  d a t a .  

I i i g u r e  3 p r e s e n t s  a  sample  o f  s i m u l a t i o n  r e s u l t s  

t h a t  show v e r y  good c o r r e l a t i o n  w i t h  t e s t  d a t a .  T h i s  

l e v e l  o f  agreement  between s i m u l a t i o n  and t e s t  r e s u l t s  

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

d e s c r i b i n g  t h e  v e h i c l e  ( i n c l u d i n g  i t s  t i r e s )  b e  

e x t r e m e l y  a c c u r a t e .  

I n  Phase  I11 o f  t h e  p r o j e c t ,  HSRI r e s e a r c h e r s  

r e f i n e d  and e x t e n d e d  t h e  work o f  Phases  I and  I 1  i n  

t h e  f o l l o w i n g  s t u d i e s  : 

1. Development o f  a  d i g i t a l  - c o m p u t e r - b a s e d  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  a x e s  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 .  Ref inement  o f  t andem-suspens ion  models 

a l r e a d y  d e v e l o p e d ,  and f o r m u l a t i o n  o f  models f o r  f i v 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  equ ipment  f o r  

measu r 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 .  Development o f  models  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  sys t ems  t o  b e  u s e d  w i t h  Phase  I (Brak ing  

Pe r fo rmance )  and  Phase  I1 ( B r a k i n g  and Hand l ing  P e r -  

formance)  s i m u l a t i o n  p rog rams .  

5 .  E x t e n s i o n  o f  t h e  Phase  I 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 -  

t r a i l e r )  combinat  i o n .  

6 .  Development o f  a  b r a k e  t e m p e r a t u r e  model t o  

b e  u s e d  f o r  s i m u l a t i n g  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 .  
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Figure 3. l'alidation of a braking-in-a-turn maneuver 
for a tractor-trailer. 



7 .  Development 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 r a i l e r  c o m b i n a t i o n s .  

The r e s u l t s  i l l u s t r a t e d  i n  F i g u r e  4 show t h e  

improvement o b t a i n e d  w i t h  t h e  r e f i n e d  f o u r - s p r i n g  tandem 

s u s p e n s i o n  model ,  which was deve loped  i n  Phase  111. As 

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

f i g u r e ,  t h e  i n i t i a l  model (Suspens ion  Model I )  p r e -  

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

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

(Suspens ion  Model 11) i n c l u d e s  f r i c t i o n a l  f o r c e s  a t  t h e  

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

f o r c e s  r educe  t h e  l e v e l  of  i n t e r a x l e  l o a d  t r a n s f e r  by 

c o n t r i b u t i n g  t o  t h e  r e a c t i o n  o f  b r a k e  t o r q u e  [ 8 ] .  The 

d a t a  p r e s e n t e d  i n  F i g u r e  4  d e m o n s t r a t e  t h e  i n c r e a s e d  

a c c u r a c y  o f  wheel  l o c k  p r e d i c t i o n  u s i n g  t h e  new model 

o f  t h e  f o u r - s p r i n g  s u s p e n s i o n .  

A t  t h e  end o f  Phase  I11 t h e  e x t e n d e d  and r e f i n e d  

b r a k i n g  per formance  program was o p e r a t i o n a l  on computers  

a t  s e v e r a l  m a n u f a c t u r e r s  o f  commercia l  v e h i c l e s .  The 

s i m u l a t i o n  was u sed  t o  a i d  i n  t h e  development o f  v e h i c l e  

sy s t ems  i n t e n d e d  t o  meet impending F e d e r a l  motor  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  sys tems  f o r  

t r u c k s ,  b u s e s ,  and t r a i l e r s  [ 1 4 ] .  

During 1974 ,  t h e  s t r a i g h t - l i n e  and d i r e c t i o n a l  

r e s p o n s e  programs were  e x t e n d e d  t o  a l l o w  s i m u l a t i o n  o f  

campers and motor  homes. T h i s  e x t e n s i o n  c o n s i s t e d  o f  

add ing  i n d e p e n d e n t l y  su spended  f r o n t  whee ls  t o  t h e  s e t  

o f  a v a i l a b l e  s u s p e n s i o n  o p t i o n s .  ( T h i s  o p t i o n  a l l o w s  

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

t r u c k s  a n d ,  s i n c e  t h e  f i f t h  wheel  c o n n e c t i o n  i s  r e p r e -  

s e n t e d  b y  f o r c e  and  moment c h a r a c t e r i s t i c s  i n  t h e  
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Phase I 1  model ,  c a r - t r a i l e r  and r e c r e a t i o n a l  v e h i c l e -  

t r a i l e r  combina t i ons  can b e  s i m u l a t e d  u s i n g  d i f f e r e n t  

t y p e s  of  h i t c h  c o n f i g u r a t i o n s . )  

Major e f f o r t s  d u r i n g  1974 were d i r e c t e d  towards  

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 r u c k - t i r e  

c h a r a c t e r i s t i c s ,  b r ake  f a d e ,  and a n t i l o c k  sys t em p e r -  

fo rmance .  An o v e r - t h e - r o a d  d e v i c e  f o r  measur ing  t h e  

l o n g i t u d i n a l  f o r c e  p r o p e r t i e s  o f  t r u c k  t i r e s  was com- 

p l e t e d  and two t i r e  t e s t  programs were  conduc ted  [ 9 ,  

111 ( s e e  E r v i n ' s  p a p e r  i n  t h e s e  p r o c e e d i n g s ) .  I n  a d d i -  

t i o n ,  c o n s t r u c t i o n  was s t a r t e d  on an o v e r - t h e - r o a d  

d e v i c e  f o r  measur ing  t h e  l a t e r a l  f o r c e  p r o p e r t i e s  o f  

t r u c k  t i r e s .  The d e v i c e  u sed  t o  measure t r u c k  t i r e  

p r o p e r t i e s  was m o d i f i e d  t o  a l l o w  mounting o f  a  number 

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

t o r q u e  c h a r a c t e r i s t i c s  o f  a  sample o f  d i f f e r e n t  t v p e s  

o f  commercial  v e h i c l e  b r a k e s  (S-cam and wedge) were  

measured ,  u s i n g  t h e  t r u c k - t i r e  dynamometer a s  a  c o n s t a n t -  

speed  b r a k e  t e s t e r  [ l o ]  ( s e e  P o s t ' s  c o n t r i b u t i o n  t o  

t h e s e  p r o c e e d i n g s ) .  

F i g u r e  5 shows a  r e c e n t l y  o b t a i n e d  s e t  o f  t e s t  

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

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

t i r e  model [ I ]  t o  match t h e  t e s t  d a t a  o b t a i n e d  a t  40 

mph. The t i r e  model i n c l u d e s  a  p a r a m e t e r ,  Fa ,  t o  r e p r e -  

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

s l i d i n g  v e l o c i t y .  

The t e s t  d a t a  i n d i c a t e  t h a t  t h e  peak l o n g i t u d i n a l  

f o r c e  i s  much h i g h e r  t h a n  t h e  locked-whee l  ( s l i p  = 1 . 0 )  

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

" p e a k - t o - s l i d e "  r a t i o  e x h i b i t e d  by t h e  t r u c k  t i r e  d a t a ,  

i t  i s  n e c e s s a r y  t o  make F a  l a r g e .  However, a s  shown 
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i n  F i g u r e  5 ,  t h e  l o n g i t u d i n a l  f o r c e s  p r e d i c t e d  by t h e  

t i r e  model ,  u s i n g  p a r a m e t e r s  e v a l u a t e d  a t  4 0  mph, do 

n o t  match t h e  t e s t  d a t a  a t  30 and 5 5  mph. These  

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

model development  t o  p r e d i c t  l o n g i t u d i n a l  f o r c e  a t  h i g h  

l e v e l s  o f  l o n g i t u d i n a l  s l i p ,  and subsequen t  m o d i f i c a t i o n s  

t o  t h e  s i m u l a t i o n  p rog rams .  

D e s c r i p t i o n s  of  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  

a n t i l o c k  b r a k i n g  sys t ems  a r e  n o t  r e a d i l y  a v a i l a b l e ,  

e s p e c i a l l y  i n  t h e  form needed  f o r  computer s i m u l a t i o n . "  

The a l g o r i t h m s  w r i t t e n  d u r i n g  Phase  I11 had  a  g e n e r a l  

s t r u c t u r e  which a l l o w e d  t h e  u s e r  t o  c o n s t r u c t  a  model 

o f  an a n t i l o c k  sys t em u s i n g  l o g i c a l  e x p r e s s i o n s  and a 

v a r i e t y  o f  i n e q u a l i t i e s  f o r  d e t e r m i n i n g  how t o  app ly  o r  

remove a i r  p r e s su r - e  t o  t h e  b r a k e  chamber.  The u s e r s  

( t h e  v e h i c l e  m a n u f a c t u r e r s )  have r e c e i v e d  h e l p  from 

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

a l g o r i t h m  i n  t h e  s i m u l a t i o n  model t o  r e p r e s e n t  t h e  p e r -  

formance o f  t h e i r  a n t i l o c k  s y s t e m .  i lowever,  t h i s  

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

domain.  

To a i d  i n  t h e  p rocurement  o f  d e s c r i p t o r s  t o  

r e p r e s e n t  a n t i l o c k  s y s t e m s ,  an a n a l o g  computer  c i r c u i t  

was deve loped  t o  e x e r c i s e  a n t i l o c k  sys t ems  i n  t h e  

l a b o r a t o r y .  The a n t i l o c k  sys t em t e s t s  were  made w i t h  

t h e  a n t i l o c k  hardware  mounted on a  v e h i c l e  and con.- 

n e c t e d  t o  t h e  I ~ r a k e  s y s t e m .  The b r a k e  p r e s s u r e  o u t p u t  

was t h e  i n p u t  t o  t h e  a n a l o g  computer  c i r c u i t ,  which 

computed t h e  whee l - speed  i n p u t  s i g n a l  t o  t h e  a n t i l o c k  

sys t em ha rdware .  From t h e  t ime  h i s t o r i e s  o f  s i m u l a t e d  

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



w h e e l - s p e e d  i n p u t  and b r a k e  p r e s s u r e  o u t p u t  a  r e a s o n a b l e  

app rox ima t ion  t o  a n t  i l o c k  sys t em p c r  fo rn~ancc  n ~ a y  1)c 

tlcduccd ( g i  veil sorrlc 1 i r r r i  tct l  u n c l e r s t a ~ l t l i ~ l ~  0 1 '  t l lc  

~ ) r i n c i p l e s  o f  o p e r a t i o n  of' t h e  systenl)  Tor :t s c l c c t c d  

range  o f  o p e r a t i n g  c o n d i t i o n s .  'I'hus t h e  app rox ima te  

i n p u t - o u t p u t  c h a r a c t e r i s t i c s  o f  a  g i v e n  a n t i l o c k  sys t em 

can be r e p r e s e n t e d  i n  t h e  computer program.  (Examples 

o f  a n t i l o c k  model ing and t e s t i n g  r e s u l t s  a r e  g iven  i n  

MacAdam's p a p e r  i n  t h e s e  p r o c e e d i n g s . )  

FUTURE DEVELOPMENTS 

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

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

per formance  o f  commercial  v e h i c l e s .  (This  symposium 

r e p r e s e n t s  t h e  major  p a r t  o f  t h a t  u n d e r t a k i n g . )  S i m p l i -  

f i e d  computer programs f o r  s t r a i g h t  - l i n e  b r a k i n g  and 

b r a k i n g - i n -  a -  t u r n  w i l l  b e  deve loped  t o  complement t h e  

complex computer models and t o  a l l o w  comparison between 

r e s u l t s  from s i m p l e  and complex a n a l y s e s .  A compre- 

h e n s i v e  document s i m i l a r  t o  t h e  Phase  I r e p o r t  [ I ]  w i l l  

be p r e p a r e d  t o  d e s c r i b e  t h e  c u r r e n t  s t a t u s  of  t h e  

computer mode l s ,  i n c l u d i n g  o u r  l a t e s t  work on r e p r e -  

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

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 ,  b r a k e  f a d e ,  and 

a n t i l o c k  sys tem pe r fo rmance .  

A new t r u c k - t i r e  l a t e r a l  f o r c e  measurement d e v i c e  

w i l l  be  o p e r a t i o n a l  i n  t h e  n e a r  f u t u r e  a t  HSRI. An 

i n i t i a l  s e t  o f  o v e r - t h e - r o a d  t i r e  d a t a  w i l l  be  g a t h e r e d  

a s  soon  a s  p o s s i b l e .  T h i s  d a t a  w i l l  complement t h e  

t r u c k - t i r e  l a t e r a l  f o r c e  d a t a  measured i n  t h e  l a b o r a t o r y  

on t h e  f l a t - b e d  machine [ 7 ,  3 1 .  



Because t h e  o r i g i n a l  v a l i d a t i o n  e f f o r t s  conduc t ed  

by IISRI d i d  n o t  i n c l u d e  v e h i c l e s  w i t h  a n t i l o c k  s y s t e m s ,  

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

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

equ ipped  w i t h  a n t i l o c k  s y s t e m s . *  T h i s  a c t i v i t y  i s  

e x t r e m e l y  i m p o r t a n t  b e c a u s e ,  i n  r e s p o n s e  t o  FWSS 1 2 1 ,  

a l l  ( o r  n e a r l y  a l l )  new commercia l  v e h i c l e s  w i l l  b e  

equ ipped  w i t h  a n t i l o c k  s y s t e m s .  Thus ,  a u s e f u l  s imu-  

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

sys t em pe r fo rmance  i n  maneuvers r e q u i r i n g  v e h i c l e  

b r a k i n g .  

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

t r u c k  dynamics r e s e a r c h ,  IISRI does  n o t  p r o c e e d  on a 

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

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

means f o r  e s t i m a t i n g  t h e  c o u r s e  o f  f u t u r e  r e s e a r c h .  

The s p e c i f i c  r ev i ews  c o n s i d e r e d  h e r e  a r e  g i v e n  i n  

T a b l e  1 .  

Au tho r s  

T a b l e  1 .  

Recent  S t a t e - o f  - t h e - A r t  Reviews 

(1 )  Dugoff and Murphy [15]  

( 2 )  Eshleman [16 ]  

(3 )  Smith  and Ba rke r  [17 ]  

( 4 )  Marp les  [18]  

Da t e s  

J a n u a r y  1971  

May 1973  

August  1974 

J a n u a r y  1975 

* V e h i c l e  m a n u f a c t u r e r s  have  a c h i e v e d  good s u c c e s s  i n  
s p e c i f i c  i n s t a n c e s  [14]  . 



Table  2 p r e s e n t s  a  summary o f  t h e  a r e a s  f o r  

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

Table  2 .  

Agreement Wi th in  S t a t e - o f - t h e - A r t  Reviews 
on Areas  Where Research  i s  Needed 

(1)  Expe r imen ta l  V a l i d a t i o n  X X X X 

( 2 )  Truck T i r e  T r a c t i o n  X X X X 

(3 )  L o s s - o f - C o n t r o l  P o t e n t i a l  X X X 

( 4 )  S t a b i l i t y  L i m i t s  X X X 

( 5 )  S e n s i t i v i t y  S t u d i e s  X >C v n 

(6)  Aerodynamic E f f e c t s  X X 

( 7 )  Road Geometr ics  X X 

( 8 )  Normal Manuevering X X 

The r e v i e w e r s  a r e  i n  t o t a l  agreement  i n  two a r e a s :  

( 1 )  t h e  d e a r t h  of  e x p e r i m e n t a l  work per formed t o  v a l i -  

d a t e  p r e d i c t i v e  models ,  and ( 2 )  t h e  need  f o r  a c c u r a t e l y  

c h a r a c t e r i z i n g  t i r e  t r a c t i o n  mechanics .  I t  seems 

c l e a r  t h a t  more v e h i c l e  t e s t  programs a r e  needed t o  

v e r i f y  t h a t  o u r  u n d e r s t a n d i n g  of  t r u c k  mechanics  ( a s  

r e p r e s e n t e d  by o u r  s i m u l a t i o n  models) i s  s u f f i c i e n t  t o  

p r e d i c t  v e h i c l e  pe r fo rmance .  E q u a l l y  c l e a r  i s  t h e  need 

t o  o b t a i n  t r u c k - t i r e  s h e a r  f o r c e  per formance  d a t a .  

*Note t h a t  t h e  p a r t i c u l a r  i n t e r e s t s  o f  t h e s e  r e v i e w e r s  
a r e  d i v e r s e  and each  u s e s  h i s  own t e r m i n o l o g y .  Thus 
t h e  c o n d e n s a t i o n  o f  t h e i r  c o n c l u s i o n s  unde r  a  l i m i t e d  
s e t  o f  head ings  i s  t h e  p r o d u c t  o f  o u r  i n t e r p r e t a t i o n  
o f  t h e i r  r emarks .  



F u r t h e r  s t u d i e s  o f  t r u c k  t i r e  mechanics  w i l l  b e  

s t i m u l a t e d  a s  r e s u l t s  f rom new t i r e  t e s t e r s  become 

;l va i 1 a11 1 e  . 

13es ides  veh i c l e  t e s t i n g  and t i r e  measurement ,  

o t h c r  f r e q u e n t l y  ment ioned  a r e a s  a r e  : 

(1) p o t e n t i a l  f o r  l o s s  o f  c o n t r o l ,  i n c l u d i n g  

( a )  t h e  c o n n e c t i o n  be tween  v e h i c l e  

r e s p o n s e  and t h e  per fo rmance  o f  

t h e  d r i v e r - v e h i c l e  s y s t e m ,  and 

(b )  t h e  demands on d r i v e r  s k i l l  

( 2 )  t h e  s t a b i l i t y  l imi t s  o f  commercia l  v e h i c l e  

r e s p o n s e  i n  yaw o r  r o l l  

( 3 )  a  l a r g e - s c a l e  p a r a m e t e r  s e n s i t i v i t y  s t u d y  

f o  T 

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

( b )  s t u d y i n g  t h e  impor t ance  o f  s i ~ n p l i -  

f i c a t  ions  and model ing  assumpt i o n s .  

O t h e r  i t ems  r e c e i v i n g  more t h a n  a  s i n g l e  ment ion  a r e  

ae rodynamic  e f f e c t s ,  roadway g e o m e t r i c s  and c o n d i t i o n s ,  

and normal  d r i v i n g  m a n e u v e r a b i l i t y  and s t a b i l i t y .  

CONCLUDING REMARKS 

The i t e m s  ment ioned  i n  t h e  s t a t e - o f  - t h e - a r t  s u r v e y s  

c o v e r  a  b r o a d  r ange  o f  p o s s i b i l i t i e s .  A g r e a t  d e a l  o f  

t r u c k  mechanics  r e s e a r c h  i s  y e t  t o  be  done .  

iVe s e e  t h e  need  f o r  f u r t h e r  t i r e  s t u d i e s  and  we 

a r e  p l a n n i n g  and b u i l d i n g  equipment  t o  make t r u c k  t i r e  

measurerncnts . 



The mechan i ca l  f r i c t i o n  b r a k e  does  n o t  a p p e a r  t o  

be w e l l  u n d e r s t o o d .  Our t e s t  e x p e r i e n c e  i n d i c a t e s  t h a t  

t h e  pe r fo rmance  o f  a g i v e n  commercia l  v e h i c l e  b r a k e  

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

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

been e x p l a i n e d  b u t  i t s  p r e s e n c e  can  make i t  d i f f i c u l t  

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

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

w i t h  a  l i m i t e d  number o f  v e h i c l e  t e s t s .  

The u s e  o f  a n t i l o c k  b r a k i n g  sys t ems  on commercia l  

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

prob lem c o n s i d e r a b l y .  E f f i c i e n t ,  s i m p l e  means f o r  

r e p r e s e n t i n g  a n t i l o c k  sys t ems  a r e  needed .  

Thus i n  t h e  f u t u r e  we e x p e c t  t o  b e  i n v o l v e d  i n  

v e h i c l e  t e s t  a c t i v i t i e s ,  t r u c k  t i r e  measurement. p rog rams ,  

b r a k e  s t u d i e s ,  and a n t i l o c k  per formance  s t u d i e s  aimed 

a t  improving  o u r  a b i l i t y  t o  p r e d i c t  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  commercia l  v e h i c l e s .  
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SAFETY PROBLEMS IN COMMERCIAL VEHICLE HANDLING 

L .  S t r a n d b e r g ,  0 .  Nords t rom,  
and 

S .  Nordmark 
The N a t i o n a l  Swedish Road and T r a f f i c  

Resea rch  I n s t i t u t e  

ABSTRACT 

Swedish r e s e a r c h  on t h e  dynamic b e h a v i o u r  o f  

heavy v e h i c l e  combina t i ons  and p roposed  r e g u l a t i o n s  on 

h a n d l i n g  pe r fo rmance  a r e  r ev i ewed .  Revea led  s a f e t y  

problems a r e  l i s t e d  and some s t e p s  towards  b e t t e r  s a f e t y  

a r e  s u g g e s t e d .  

The r e s e a r c h  was c o n c e n t r a t e d  on t h e  h a n d l i n g  

pe r fo rmance  i n  a  doub le  l a n e  change manoeuvre s t u d i e d  

by means o f  d i g i t a l  computer  s i m u l a t i o n .  The 10 d e g r e e s -  

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

s t u d i e s  was v a l i d a t e d  by f u l l  s c a l e  t e s t s .  

S e v e r a l  s t u d i e s  on o v e r t u r n i n g  s t a b i l i t y  were  

p e r f o r m e d ,  s u c h  a s :  f u l l  s c a l e  s t a t i c  t e s t s ;  l a t e r a l  

s l o s h i n g  e f f e c t s  s t u d i e d  by means o f  s e r v o - o p e r a t e d  

s c a l e  models c o n n e c t e d  t o  an ana logue  compu te r ;  s t u d i e s  

o f  r e l a t i o n s  between d r i v e r  e s t i m a t e d  and c a l c u l a t e d  

o v e r t u r n i n g  r i s k  i n  r e a l  t r a f f i c .  

The low speed .  o f f - t r a c k i n g  prob lem was i n v e s t i -  

g a t e d  s e p a r a t e l y  and i t s  i n t e r a c t i o n s  w i t h  h i g h - s p e e d  

b e h a v i o u r  i s  d i s c u s s e d .  

Per formance  c r i t e r i a  were  chosen  i n  c l o s e  

r e l a t i o n  t o  a c c i d e n t  r i s k .  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  r e a r m o s t  u n i t  o f  an a r t i c u l a t e d  v e h i c l e  h a s  

t h e  h i g h e s t  r i s k  f a c t o r s .  Some i m p o r t a n t  d e s i g n  

p a r a m e t e r s  a r e :  number o f  a r t i c u l a t i o n s ,  s t e e r e d  a x l e  



l o c a t i o n ,  t y r e  d a t a ,  g e o m e t r i c  c o n f i g u r a t i o n ,  l o a d  

c o n d i t i o n ,  and r o l l  s t i f f n e s s .  For  road t a n k e r s  w i t h  

l a t e r a l l y  s l o s h i n g  l i q u i d  t h e  o v e r t u r n i n g  r i s k  can b e  

more t h a n  t w i c e  t h e  r i s k  w i t h  c o r r e s p o n d i n g  r i g i d  l o a d .  

R e g u l a t i o n s  were p roposed  on r i s k  v a r i a b l e  l i m i t s  

i n  d i f f e r e n t  s i m u l a t e d  manoeuvres.  The s t e a d y - s t  a t e  
2 o v e r t u r n i n g  l i m i t  was proposed  t o  be a t  l e a s t  4 m/s . 



1. INTRODUCTION 

A t  t h e  moment no  r e g u l a t i o n s  c o n c e r n i n g  t h e  dynamic 

b e h a v i o u r  o f  heavy v e h i c l e  combina t i ons  e x i s t  i n  Sweden. 

With i n c r e a s i n g  t r a f f i c  d e n s i t y  and t h e  development o f  

l o n g e r  and h e a v i e r  v e h i c l e  c o m b i n a t i o n s ,  t h e  need  o f  such  

r e g u l a t i o n s  ha s  become more and  more o b v i o u s .  

I n  1970 t h e  Swedish Depar tment  o f  T r a n s p o r t a t i o n  

c o n t r a c t e d  t h e  N a t i o n a l  Swedish Road and T r a f f i c  

Resea rch  I n s t i t u t e  t o  make i n v e s t i g a t i o n s  t h a t  have been  

r e p o r t e d  e a r l i e r  by Nordst r6m e t  a l .  ( 1 9 7 2 ) ,  Backman e t  

a1 .  (1972) , S t r a n d b e r g  (1974) , and Nordstrb'm and 

S t r a n d b e r g  ( 1 9 7 4 ) .  Th i s  work w i l l  be  summarized i n  

Chap te r s  2 and 3 w i t h  some comments f o r  f u t u r e  d i s c u s s i o n .  

L a t e r  r e s e a r c h  i s  rev iewed  i n  Chap te r  4  and w i l l  b e  

f u l l y  r e p o r t e d  by Nordmark (1975) and S t r a n d b e r g  ( 1 9 7 5 ) .  

Research  w i t h i n  t h i s  problem a r e a  i s  s t i l l  b e i n g  done a t  

t h e  I n s t i t u t e ,  a s  i n d i c a t e d  t o g e t h e r  w i t h  c o n c l u s i o n s  

and s u g g e s t i o n s  f o r  b e t t e r  s a f e t y  i n  Chap te r  5 .  

Today, Swedish r e g u l a t i o n s  i n c l u d e  some i s s u e s  on 

b r a k e  d e s i g n  and t h e  f i r s t  r e s e a r c h  approach  h a s  been  

d i r e c t e d  towards  l a t e r a l  dynamics and o v e r t u r n i n g  

s t a b i l i t y .  T h e r e f o r e ,  no r e s u l t s  from b r a k i n g  t e s t s  o f  

commercia l  v e h i c l e s  a t  t h e  I n s t i t u t e  a r e  a v a i l a b l e  by  

now. 

I t  i s  w e l l  known t h a t  dynamic c o u p l i n g  e x i s t s  

between l a t e r a l  and l o n g i t u d i n a l  v e h i c l e  m o t i o n s ,  

e s p e c i a l l y  v i a  t y r e  c h a r a c t e r i s t i c s .  Consequen t ly ,  t h e  

l a t e r a l  dynamics o f  a  v e h i c l e  seems t o  b e  an i m p o r t a n t  

f a c t o r  f o r  b r a k i n g  per formance  and s h o u l d  b e  c o n s i d e r e d  

a l s o  i n  t h e  d e s i g n  o f  a n t i l o c k  s y s t e m s .  I n  f a c t ,  t h e  

most u r g e n t  r e a s o n  f o r  a n t i l o c k  sys tems  seems t o  be  

p r e v e n t i o n  o f  l a t e r a l  and yaw mot ions  i nduced  by b r a k i n g .  



Anyhow, t h e  behav iou r  o f  a r t i c u l a t e d  v e h i c l e s  

d u r i n g  b r a k i n g  i s  a  compl i ca t ed  and i m p o r t a n t  s a f e t y  

problem and s h o u l d  have h i g h e s t  p r i o r i t y  i n  f u t u r e  

r e s e a r c h .  

2 .  Sl.JhZARY OF PREVIOUS RESEARCH 

2.1 DOUBLE L,hVE CHANGC TESTS 

2 . 1 . 1  SCOPF OF TI-IE FIAIN INVESTIGATION. As men- 

t i o n e d  above ,  t h e  s t u d i e s  t i l l  now have been d i r e c t e d  

towards  manoeuvres w i t h o u t  b r a k i n g .  Three  t y p e s  o f  

v e h i c l e  combina t ions  ( F i g u r e  2 . 1 )  were t a k e n  i n t o  

a c c o u n t ,  namely 

* T r a c t o r - s e m i t r a i l e r .  Onc a r t i c u l a t i o n  

* T r u c k - f u l l  t ~ . a i l e r .  'Two a r t i c u l a t i o n 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  ( doub le  

bo t tom)  . Three  a r t i c u l a t i o n s  

A double  l a n e  change manoeuvre ( F i g u r e  2 .2 )  was 

chosen as  most s u i t a b l e  f o r  i n v e s t i g a t i o n  o f  dynamic 

phenomena. D i g i t a l  computer s i m u l a t i o n  was u sed  a s  t h e  

p r imary  t e s t  method,  and f u l l  s c a l e  f i e l d  t e s t s  were  

per formed  f o r  v a l i d a t i o n  pu rpose .  

2 . 1 . 2 .  SIMULATION TECHNIQUE. The computer program 

s i m u l a t e d  combina t ions  w i t h  each  v e h i c l e  u n i t  r o l l i n g  

and yawing b u t  n o t  p i t c h i n g .  The road  was assumed t o  

be  f l a t  and h o r i z o n t a l .  Thus t h e  d e g r e e s - o f - f r e e d o m  were 

4 f o r  t h e  l e a d i n g  v e h i c l e  sp rung  mass and 2 f o r  e ach  o f  

t h e  r e a r  u n i t s .  See F i g u r e  2 . 3 .  The v e h i c l e  models 

were s i m i l a r  t o  t h e  r e v i s e d  models d e s c r i b e d  i n  S e c t i o n  

4 . 1  below.  
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Figure 2.1. Studied vehicle combinations. 
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Figure 2.2. The double lane change manoeuvre. 
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Figure 2.3. Brief description of vehicle 
models for digital computer 
simulation used in the main 
investigation. 
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An i n v e r s e  s t e e r i n g  procedure  c a l l e d  DAVIS-see 

F igure  2.4--was developed i n  o r d e r  t o  g e t  comparable 

s i m u l a t i o n  r e s u l t s  f o r  t h e  i n v e s t i g a t e d  v e h i c l e  com- 

b i n a t i o n s .  The procedure  made t h e  l e a d i n g  v e h i c l e  i n  

eve ry  v e h i c l e  combinat ion fo l low t h e  same t r a j e c t o r y  

and l a t e r a l  a c c e l e r a t i o n  t ime h i s t o r y ,  independent  o f  

v e h i c l e  p a r a m e t e r s ,  l o a d  o r  l o a d  d i s t r i b u t i o n .  

O the r  methods o f  s t e e r i n g  a long  a  p rede te rmined  

p a t h  have been found i n  t h e  l i t e r a t u r e  before-Chiesa 

and Rinonapol i  (1969)-and after-Eshleman and Desai  

(19 72)-this i n v e s t i g a t i o n .  

The t e s t  cour se  i l l u s t r a t e d  i n  F igure  2.5 was 

s e l e c t e d  as i n p u t  f o r  t h e  i n v e r s e  s t e e r i n g  and has  been 

used i n  a l l  s i m u l a t i o n s  excep t  some v a l i d a t i o n  r u n s .  

The a c c e l e r a t i o n  peak v a l u e s  were 1 . 7 5  m/s2 and i t s  t ime 

h i s t o r y  was composed by harmonic and l i n e a r  f u n c t i o n s  o f  

t i m e .  The l a t e r a l  d e v i a t i o n  peak va lue  was 3.0 m .  The 

t r a c t i v e  f o r c e  was s e l e c t e d  t o  ma in ta in  a c o n s t a n t  speed  

o f  normal ly  70 km/h, i . e . ,  43  mph. 

The v a l i d a t i o n  t e s t s  showed t h a t  DAVIS and t h e  

mathemat ica l  v e h i c l e  model g ive  s i m u l a t i o n  r e s u l t s  w e l l  

c o i n c i d i n g  w i t h  f i e l d  t e s t  r e s u l t s ,  s e e  F igure  2 - 6 .  I n  

o r d e r  t o  g e t  p r o p e r  v e h i c l e  d a t a ,  some methods and 

appara tus  were developed by Nordstrijm e t  a l .  (1972) f o r  

measurement o f  t y r e  c h a r a c t e r i s t i c s ,  c e n t r e  o f  g r a v i t y  

h e i g h t s ,  yaw and r o l l  moment o f  i n e r t i a ,  r o l l  s t i f f n e s s ,  

r o l l  damping, e f f e c t i v e  t r a c k  w i d t h ,  e t c .  

2 . 1 . 3  ACCIDENT RISK CRITERIA, The double l a n e  

change manoeuvre ( F i g u r e  2 - 5 )  was c o n s i d e r e d  t o  be 

s u f f i c i e n t l y  s e v e r e  f o r  t h e  s i m u l a t i o n s  and i t  i s  

c l o s e l y  r e l a t e d  t o  a  r e a l  t r a f f i c  s i t u a t i o n  (F igure  2 . 2 ) .  

This connect ion  t o  r e a l i t y  i s  impor tan t  f o r  v a l i d  r e s u l t s  



D R I V E R  

A P P R O X I M A T I O N  FOR 

V F H l C L E  

I N V E S T l G A T l O N  B Y  

S I M U L A T I O N  

P R E D E T E R M I N E D  

L A T E R A L  A C C E L E R A T I O N  

T I M E  H I S T O R Y  
1 

1 
I 

I N V E R S E  C A L C U L A T I O N  

OF R E Q U I R E D  FRONT 

A X L E  S T A T E  

I I 

FRONT A X L E  I N V E R T E D  

V E L O C I T Y  VECTOR 
T Y R E  T A B L E  

E Q U A T I O N S  OF M O T I O N  L E A D  l NG 
S T A T E  V A R I A B L E S  FOR -> V E H I C L E  
P 

L E A D I N G  V E H I C L E  
T R A J E C T O R Y  

REAR V E H I C L E  U N I T S  

, A 

Figu re  2 - 4 .  The "DAVIS" i n v e r s e  s t e e r i n g  p r o c e d u r e .  
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F igure  2 . 5 .  L a t e r a l  v e h i c l e  p o s i t i o n  ( Y )  and 
i t s  t ime d e r i v a t i v e s  accord ing  t o  
DAVIS '  s p e c i f i c a t i o n  o f  a  double 
l a n e  change manoeuvre. 



b )  L a t e r a l  a c c e l e r a t i o n  o f  r e a r  t r a i l e r  
c e n t r e  of g r a v i t y .  
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Figure 2 - 6 .  Comparison between simulations and full 
scale field test for a fully loaded 
tractor-semitrailer-full trailer 
comb inat ion. 
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a s  t h e  s t a b i l i t y  o f  n o n l i n e a r  sy s t ems  depends on t h e  

i n p u t .  A l s o ,  t h e  f i g u r e s  o f  m e r i t ,  o r  r i s k  c r i t e r i a ,  

were s e l e c t e d  i n  o r d e r  t o  be  c l o s e l y  r e l a t e d  t o  t h e  

r e a l  a c c i d e n t  r i s k .  S o ,  t h e  compar i sons  between s imu-  

l a t i o n s  w i t h  d i f f e r e n t  v e h i c l e  combina t i ons  were b a s e d  

ma in ly  on t h e  s o - c a l l e d  r i s k  f a c t o r s  : 

The l a t e r a l  a c c e l e r a t i o n  i n  t h e  c e n t r e  o f  g r a v i t y  

o f  e ach  u n i t  was a measure  o f  t h e  manoeuvre v i o l e n c e .  

The s i d e s l i p  a n g l e s  a c t e d  a s  measures  o f  f r i c t i o n  

u t i l i z a t i o n  and s k i d d i n g  r i s k .  They a l s o  i n d i c a t e d  t o  

what e x t e n t  s i m u l t a n e o u s  b r a k i n g  would have been 

p o s s i b l e ,  

The o v e r t u r n i n g  r i s k  RV was c a l c u l a t e d  from t h e  

r e l a t i v e  wheel l o a d s .  The fo rmu la  shows t h a t  o v e r -  

t u r n i n g  h a s  s t a r t e d  when t h e  r i s k  f a c t o r  v a l u e  (RV) 

exceeds  u n i t y .  

RV was a lways c a l c u l a t e d  f o r  e ach  a x l e .  When a p p r o p r i a t e ,  

RV was a l s o  c a l c u l a t e d  f o r  a l l  a x l e s  t o g e t h e r  on a  t r u c k ,  

on t r a c t o r + s e m i t r a i l e r ,  and on f u l l  t r a i l e r .  

RV = 

The l a t e r a l  d e v i a t i o n s  o f  e ach  a x l e  i n d i c a t e d  t h e  

n e c e s s a r y  l a t e r a l  s p a c e  and i f  t h e  s i m u l a t e d  manoeuvre 

c a u s e d  a  c o l l i s i o n  o r  d r i v i n g  o f f  t h e  r o a d .  

Dynamic wheel  l o a d  on l e f t  s i d e  - 
S t a t i c  whee l  l o a d  on l e f t  s i d e  

To e s t i m a t e  t h e  r e q u i r e m e n t s  on t h e  d r i v e r ,  t h e  

t ime  h i s t o r y  o f  t h e  s t e e r  a n g l e  was a lways examined and 

a  q u a n t i t y  c a l l e d  t h e  r e a r w a r d  r i s k  f a c t o r  a m p l i f i c a t i o n  

was i n t r o d u c e d .  I t  i s  d e f i n e d  a s  t h e  r a t i o  between 

t h e  r i s k  f a c t o r  maximum o f  a  r e a r  u n i t  and o f  t h e  l e a d i n g  

v e h i c l e .  I f  t h e  r e a r w a r d  a m p l i f i c a t i o n  exceeds  u n i t y ,  



t h e  d r i v e r  may p e r c e i v e  t h e  manoeuvre 2s l e s s  r i s k y  

t h a n  i t  r e a l l y  i s .  His  s e n s o r y  i n p u t  comes main ly  

from t h e  l e a d i n g  v e h i c l e ,  due t o  t h e  p o o r  feedback  

from t h e  r e a r  u n i t s  i n  an a r t i c u l a t e d  combina t i on .  

2 . 1 . 4  COMPLETING INVESTIGATIONS ON VEHICLES 

DESIGNED FOR REDUCED OFF-TRACKING. Outwards o f f  - 
t r a c k i n g  t r a n s i e n t s  o c c u r r e d  i n  t h e  double  l a n e  change 

t e s t s  a t  h i g h  s p e e d .  Cor responding  s t e a d y - s t a t e  pheno-  

menon-see S e c t i o n  5.3-has been  d e s c r i b e d  by S t r a n d b e r g  

(1974) and no a d d i t i o n a l  i n v e s t i g a t i o n  on t h i s  s p e c i f i c  

s u b j e c t  was r e g a r d e d  a s  n e c e s s a r y .  

However, awareness  o f  t h i s  problem gave t h e  impulse  

t o  a  few f u l l  s c a l e  t e s t s  w i t h  t h r e e  v e h i c l e  combina t ions  

equ ipped  w i t h  d i f f e r e n t  a x l e  s t e e r i n g  a r r angemen t s .  

(The a x l e  s t e e r i n g  i s  d e s i g n e d  f o r  r e d u c t i o n  o f  k i n e m a t i c ,  

inwards  o f f - t r a c k i n g  o c c u r r i n g  a t  a  low s p e e d . )  The 

s u b j e c t i v e  i m p r e s s i o n s  from t h e s e  dynamic t e s t s  were  

p a r t l y  a l a rming  and i t  was d e c i d e d  t o  expand t h e  s imu-  

l a t i o n  model and computer program f o r  a  thorough  

i n v e s t i g a t i o n  o f  s i m i l a r  v e h i c l e  c o n f i g u r a t i o n s .  The 

f i r s t  r e s u l t s ,  p r e s e n t e d  i n  S e c t i o n  4 . 2 ,  c o i n c i d e  w i t h  

t h e  i m p r e s s i o n s  ment ioned  above .  

2 . 2  OVERTURNING LIMIT IN STEADY-STATE CORNERING 

E m p i r i c a l  d a t a  on o v e r t u r n i n g  l i m i t s  were 

e v a l u a t e d  from f u l l  s c a l e  s t a t i c  t e s t s .  S t e a d y - s t a t e  

c o r n e r i n g  ( F i g u r e  2 . 7 )  was s i m u l a t e d  by s u b s t i t u t i o n  

o f  t h e  r e s u l t a n t  f o r c e  ( F )  w i t h  t h e  g r a v i t y  f o r c e .  The 

whee ls  o f  t h e  f u l l  s c a l e  l o a d e d  v e h i c l e  were p o s i t i o n e d  

on p l a t f o r m s ,  one f o r  each  a x l e .  The p l a t f o r m s  were  

inclined-by h y d r a u l i c  a c tua to r s - t he  a n g l e  a t o  t h e  



F i g u r e  2 . 7 .  O v e r t u r n i n g  l i m i t  ( S A V )  a t  s t e a d y - s t a t e  

c o r n e r i n g .  The r e s u l t a n t  ( F )  o f  t h e  
c e n t r i f u g a l  f o r c e  (rn*SAl,) and g r a v i  - 

t a t i o n  ( m a g )  i n t e r s e c t  t h e  road  s u r f a c e  
a t  t h e  p o i n t  A .  



h o r i z o n t a l  p l a n e  a round  an a x i s  p e r p e n d i c u l a r  t o  t h e  

v e h i c l e  a x l e s .  See F i g u r e  2 . 8 .  The i n e r t i a  f o r c e ,  

m SA, was t h e n  s i m u l a t e d  by t h e  g r a v i t y  f o r c e  com- 

p o n e n t ,  mg s i n  a .  As t h e  o t h e r  component was mg cos  a ,  

t h e  s i m u l a t e d  mass o f  t h e  v e h i c l e  was m cos  a  and t h e  

s i m u l a t e d  l a t e r a l  a c c e l e r a t i o n :  

m g s i n a  = g t a n a  
= m cos  a 

When t h e  uppe r  whee ls  ( c o r r e s p o n d i n g  t o  t h e  i n s i d e  of  t h e  

bend) l o s t  c o n t a c t ,  t h e  i n c l i n a t i o n ,  aV, was measured 

and t h i s  gave t h e  o v e r t u r n i n g  l i m i t ,  SAW 

2 . 3  LOW SPEED OFF-TRACKING 

The low s p e e d  o f f -  t r a c k i n g  phenomenon was 

i n v e s t i g a t e d  s e p a r a t e l y  by Nordst rom and E l d r o t  (1974) . 
As t h i s  problem i s  o f  k i n e m a t i c  n a t u r e ,  i t  was d e c i d e d  

t o  compare t h e  s p a c e  demand from d i f f e r e n t  v e h i c l e  

combina t i ons  w i t h  t h e  a i d  o f  a  s i m p l e  s c a l e  model.  

3 .  PROPOSED DEMANDS AND TEST METHODS 

The aim f o r  p r o p o s e d  demands and r e g u l a t i o n s  

were : 

- a s  c l o s e  c o n n e c t i o n  t o  t h e  a c t u a l  s a f e t y  

problems a s  p o s s i b l e  

demands on d r i v e r - v e h i c l e  per formance  

i n s t e a d  o f  r e s t r i c t i o n s  on v e h i c l e  d e s i g n  

t h a t  might p r e v e n t  p r o g r e s s  

* e a s y  s u p e r v i s i o n  o f  r e g u l a t i o n s  assuming 

t h a t  t o d a y ' s  t e c h n o l o g y  ( e .  g . ,  computer 

s i m u l a t i o n )  can be  u t i l i z e d .  



Figure  2 . 8 .  Measurement o f  o v e r t u r n i n g  l i m i t  by s t a t i c  s i m u l a t i o n  of 
s t e a d y - s t a t e  c o r n e r i n g .  Maximum l o a d  h e i g h t .  Over tu rn ing  
has  o c c u r r e d  and t h e  p l a t f o r m  i n c l i n a t i o n  a n g l e  co r responds  
t o  t h e  l a t e r a l  a c c e l e r a t i o n  2 . 2  m / s 2 .  



3 . 1  DOUB1,E LANE CH,uiGI; PlhVOEU\iRE BEHAVIOUR 

For  S w e d i s h - t y p e  a p p r o v a l  i t  was p roposed  t h a t  

e ach  v e h i c l e  combGiat ion must b e  a b l e  t o  n~ake t h e  

manoeuvre a c c o r d i n g  T O  F i g u r e  2 . 2  and 2 . 5 .  The s p e e d  

s h o u l d  be a t  l e a s t  70 km/h w i t h  t h e  v e h i c l e  u n i t s  

f u l l y  l o a d e d  according t o  t h e  s t e a d y - s t a t e  o v e r t u r n i n g  

l i m i t  s p e c i  f i c a t i o n s - s e e  n e x t  s e c t i o n .  

The f o l l o w i n g  demands were  s p e c i f i e d  a s  minimum 

pe r fo rmance  d u r i n g  n o n - b r a k i n g  c o n d i t i o n s  : 

*No o v e r t u r n i n g  r i s k  i s  a l l owed  t o  exceed  u n i t y .  

* S i d e s l i p  a n g l e s  must n o t  exceed  150 m i l l i r a d i a n s  

( i . e . ,  8 . 6  d e g r e e s )  a t  any moment. 

*As a  check on t h e  o s c i l l a t o r y  damping,  a l l  s i d e -  

s l i p  a n g l e s  must be  s m a l l e r  t h a n  2 0  m r a d  a f t e r  

p a s s i n g  t h e  p o i n t  where t h e  f r o n t  a x l e  h a s  

m a i n t a i n e d  s t r a i g h t  c o u r s e  f o r  7 5  m e t r e s .  

*The r e a r w a r d s  a m p l i f i c a t i o n  f o r  t h e  s i d e s l i p  

a n g l e s  was s u g g e s t e d  t o  be  maximum 2 . 0 .  A much 

s m a l l e r  v a l u e  i s  d e s i r a b l e  b u t  i t  was r e g a r d e d  

to b e  d i f f i c u l t  t o  a c h i e v e  w i t h o u t  some y e a r s '  

r e s e a r c h  on new v e h i c l e  d e s i g n  p r i n c i p l e s .  

*To a s s u r e  t h a t  d r i v i - n g  o f f  t h e  r o a d  o r  o b s t a c l e  

c o l l i s i o n  ha s  n o t  o c c u r r e d ,  t h e  a x l e  c e n t r e  

t r a j e c t o r i e s  must s t a y  w i t h i n  c e r t a i n  l imits  

demonst r a t e d  by F i g u r e  3 . 1 .  

I n  t h e  d i s c u s s i o n s  s u b s e q u e n t  t o  t h e s e  demand 

p r o p o s a l s ,  i t  was conc luded  t h a t  t h e  o v e r t u r n i n g  r i s k  

l i m i t  s hvu l  d  conce rn  v e h i c l e  u n i t s  i n s t e a d  o f  s e p a r a t e  

a x l e s ,  s e e  S e c t i o n  2 . 1 . 3  ( R V  > 1 f o r  one a x l e  o n l y  does  - 
n o t  n e c e s s a r i l y  mean o v e r t u r n i n g ) .  



F i g u r e  3 . 1 .  Proposed demands on l a t e r a l  d e v i a t i o n  
l imits  f o r  a x l e  c e n t r e s .  



I t  was e v i d e n t  t h a t  t h e  o v e r t u r n i n g  r i s k  r e a r -  

wards a m p l i f i c a t i o n  s h o u l d  have a  l i m i t  i n  con fo rmi ty  

w i t h  t h e  s i d e s l i p  a n g l e s .  

The o v e r t u r n i n g  r i s k  i n  t h i s  manoeuvre i s  n o t  

n e g l e c t a b l e  even i f  t h e  demand i n  t h e  n e x t  s e c t i o n  i s  

f u l f i l l e d .  Th is  ev idence  and t h e  v a r i a b i l i t y  o f  d r i v e r  

and r o a d  a r e  s e r i o u s  drawbacks f o r  f u l l  s c a l e  t e s t s .  

Thus ,  computer  s i m u l a t i o n  was r e g a r d e d  a s  t h e  most 

r e a s o n a b l e  t e s t  method.  I t  w i l l  a l s o  a l l o w  t e s t s  o f  

many v e h i c l e  combina t i ons  and o f  v e h i c l e s  t h a t  a r e  

d e s i g n e d  b u t  n o t  y e t  manufac tu red .  

I t  has  been q u e s t i o n e d  i f  i t  i s  s a t i s f a c t o r y  t o  

u se  a  more s i m p l e  v e h i c l e  model compared t o  what h a s  

been used  t i l l  now-see S e c t i o n s  2 - 1 . 2  and 4 . 1 ,  Ex- 

c l u d i n g  t h e  r o l l  d e g r e e - o f - f r e e d o m  w i l l  e l i m i n a t e  a  

l a r g e  amount o f  d a t a  h a n d l i n g ,  s c h e m a t i c  a s s u m p t i o n s ,  

and program m o d i f i c a t i o n s  f o r  new d e s i g n s ,  w i t h o u t  

n e c e s s a r i l y  a f f e c t i n g  t h e  o v e r a l l  j udgement-approval o r  

no t - -on  t h e  t e s t e d  combina t i on .  (The demands on maximum 

v a l u e s  and r e a r w a r d  a m p l i f i c a t i o n  o f  t h e  o v e r t u r n i n g  

r i s k s  might  be  s u b s t i t u t e d  w i t h  c o r r e s p o n d i n g  demands 

on t h e  l a t e r a l  a c c e l e r a t i o n s . )  Then i t  i s  assumed t h a t  

t h e  r i s k  v a r i a b l e  l i m i t s  a r e  more r e s t r i c t i v e  and t h a t  

t h e  f u l l  s c a l e  s t e a d y - s t a t e  c o r n e r i n g  t e s t s - s ee  S e c t i o n s  

3 . 2  and 3.3-must be  p a s s e d  by each  v e h i c l e  u n i t  and 

c o m b i n a t i o n .  However, i n  o r d e r  t o  p u t  a p p r o p r i a t e  

v e h i c l e  d a t a  i n t o  t h e  computer ,  some s c h e m a t i c  assump- 

t i o n s  and app rox ima t ions  a r e  n e c e s s a r y  even a f t e r  t h i s  

s i m p l i f i c a t i o n - m a i n l y  t y r e  c h a r a c t e r i s t i c s  and l o a d  

c o n f i g u r a t i o n .  



3 . 2  STEADY -STATE OVERTURNING LIMIT 

According t o  t h e  o v e r t u r n i n g  l i m i t  measurements- 
2 s e e  S e c t i o n  2 . 2  and F i g u r e  3.2-the l i m i t  4 m/s was 

r e g a r d e d  a s  a  r e a s o n a b l e  minimum, a c h i e v a b l e  w i t h  

modera te  l i m i t a t i o n s  on d e s i g n  and l o a d .  S o ,  i t  was 

p roposed  as  a  demand f o r  t y p e  a p p r o v a l  o f  l o a d -  

c a r r y i n g  v e h i c l e  u n i t s .  I n  p r a c t i c e ,  t h i s  demand w i l l  

s e t  an uppe r  l i m i t  f o r  t h e  l o a d  ( c e n t e r  o f  g r a v i t y )  

h e i g h t  t o  be  s p e c i f i e d  f o r  each  v e h i c l e  and t o  be  

r e c o r d e d  i n  t h e  i n s p e c t i o n  c e r t i f i c a t e .  

The s e l e c t i o n  o f  t h i s  s p e c i f i c  number a s  t h e  l i m i t  

can b e ,  and has  b e e n ,  c r i t i c i z e d .  I t  may be  t o o  low t o  

cause  a  n o t i c e a b l e  d e c r e a s e  i n  o v e r t u r n i n g  a c c i d e n t s  

and i t  may be  s o  h i g h  t h a t  many e x i s t i n g  v e h i c l e s  w i l l  

have a  l o a d  l i m i t  t o o  u n f a v o u r a b l e  f o r  economica l  u s e .  

On t h e  o t h e r  hand ,  t h e  t e c h n i c a l  c o n d i t i o n s  f o r  a  

r e d u c t i o n  o f  t h e  o v e r t u r n i n g  r i s k  have been f a v o u r a b l e  

f o r  decades  b u t  h a s  s o  f a r  n o t  been u t i l i z e d  t o  any 

f u r t h e r  e x t e n t .  Thus some k i n d  o f  l e g i s l a t i o n  seems 

n e c e s s a r y  t o  make t h e  o u t - o f - d a t e  v e h i c l e  d e s i g n  

p r i n c i p l e s  o u t  - o f - u s e ,  as  w e l l .  

Anyhow, an o v e r t u r n i n g  l i m i t  must be  s e t  a t  some 

v a l u e  t o  p r o t e c t  r oad  u s e r s  from v e h i c l e s  d e s i g n e d  and 

l o a d e d  i n  such  a  way t h a t  t h e y  w i l l  o v e r t u r n  f o r  

manoeuvres r e g a r d e d  a s  comple t e ly  h a r m l e s s  by t h e  

ave rage  r o a d  u s e r .  

The t e s t  method u sed  i n  t h e  i n v e s t i g a t i o n  ( F i g u r e  

2 . 8 )  c o u l d  n o t  be s u b s t i t u t e d  by t h e o r e t i c a l  c a l c u l a t i o n s  

because  o f  p o o r  accu racy  i n  p r e e s t i m a t i o n s  o f  e f f e c t i v e  

t r a c k  w i d t h  ( s e e  c e f f  i n  F i g u r e  2 . 7 )  and s p r i n g  

p a r a m e t e r s .  The method was recommended f o r  f u t u r e  t y p e  

t e s t s .  
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F i g u r e  3 . 2  Full s c a l e  measurements on o v e r t u r n i n g  l i m i t  r e l a t ed  
t o  c e n t r e  o f  g r a v i t y  h e i g h t  



3 . 3  LOW SPEED OFF-TRACKING 

For r easons  of  s i m p l i c i t y  and g e n e r a l  conformi ty  

t o  r e g u l a t i o n s  i n  o t h e r  c o u n t r i e s ,  a  c i r c l e  d r i v i n g  

approval  t e s t  was s u g g e s t e d .  

The proposed  demand r e q u i r e s  t h e  v e h i c l e  t o  be 

d r iven  between two c o n c e n t r i c  c i r c l e s  d e f i n e d  by 1 5  m 

and 7 . 3  m r a d i u s .  No p a r t  o f  t h e  v e h i c l e  i s  a l lowed t o  

exceed t h e  c i r c l e s .  The c i r c l e s  s h a l l  be e n t e r e d  a long  

a  t a n g e n t  and no p a r t  o f  t h e  o u t e r  edge o f  t h e  v e h i c l e  

must o f f s e t  more t h a n  0 . 5  m from t h e  t a n g e n t .  The t e s t  

has  been des igned under c o n s i d e r a t i o n  o f  t h e  Swedish 

2 4  m l e n g t h  l i m i - t  f o r  v e h i c l e  combinat ions and of  t h e  

r e s u l t s  from model s t u d i e s  and mathemat ica l  c a l c u l a t i o n s .  

3 . 4  STEADY-STATE H I G H  SPEED OFF-TRACKING 

The proposed  l i m i t a t i o n  of  space  requi rement  i n  

t h e  double l a n e  change manoeuvre was completed by t h e  

f o l l o w i n g  demand. Of f -  t r a c k i n g  towards t h e  o u t s i d e  

o f  t h e  curve must n o t  exceed 0 . 5  m i n  a  curve  d e f i n e d  by 
2 a  speed  o f  70  km/h and a  l a t e r a l  a c c e l e r a t i o n  2 m/s . 

The l a t e r a l  a c c e l e r a t i o n  shou ld  be ma in ta ined  dur ing  

f i v e  seconds .  The v e h i c l e s  should  c a r r y  maximum load  

w i t h  t h e  c e n t r e  o f  g r a v i t y  a t  maximum h e i g h t  accord ing  

t o  t h e  o v e r t u r n i n g  l i m i t  measurements.  

Even t h e  s p e c i f i c  l i m i t s  i n  t h i s  demand can be 

c r i t i c i z e d  i n  terms s i m i l a r  t o  t h o s e  i n  S e c t i o n  3 . 2 .  

The most s e r i o u s  a r b i t r a r i n e s s  i s  n o t  e l i m i n a t e d  u n t i l  

t h e  t y r e - r o a d  c h a r a c t e r i s t i c s  have been s p e c i f i e d .  

I f  t h e  road  s u r f a c e  v a r i a b i l i t y  can be k e p t  w i t h -  

i n  a  sma l l  r e g i o n ,  f u l l  s c a l e  t e s t i n g  i s  a  r easonab le  

method i n  t h i s  c a s e .  To avo id  expens ive  m u l t i p l e  t e s t s ,  

when t h e  t e s t e d  v e h i c l e  w i l l  be connected  t o  s e v e r a l  



o t h e r s ,  t h e  t e s t  c o u l d  be  per formed  w i t h  t h e  w o r s t  

combinat ion-according t o  p r e c e e d i n g  computer  s i m u l a -  

t i o n s  w i t h  s i m p l i f i e d  v e h i c l e  models and s c h e m a t i c  

t y s e  c h a r a c t e r i s t i c s .  

4 .  LATE RESEARCH AND DEVELOPMENT 

4 . 1  FURTHER DEVELOPMENT OF THE MATHEMATICAL MODEL 
AND COMPUTER PROGRAM 

The ma thema t i ca l  model u sed  i n  t h e  e a r l i e r  s imu-  

l a t i o n  ha s  l a t e l y  been  s l i g h t l y  changed and expanded 

t o  pe rmi t  s t u d i e s  o f  s t e e r a b l e  a x l e s .  I t  i s  now 

p o s s i b l e  t o  s i m u l a t e  heavy v e h i c l e  combina t ions  w i t h  

up t o  t h r e e  a r t i c u l a t i o n  p o i n t s .  Double a x l e s  a r e  

a l l owed  and t h e s e  may be e i t h e r  a x l e -  o r  p a r a l l e l -  

s t e e r e d .  

To o b t a i n  a  r e a s o n a b l y  s m a l l  number o f  e q u a t i o n s  

s e v e r a l  s i m p l i f i c a t i o n s  were i n t r o d u c e d  i n  t h e  mathe-  

m a t i c a l  model and t h e  most i m p o r t a n t  o f  t h e s e  a r e  l i s t e d  

below.  

1. Ro l l  axes  a r e  assumed t o  be f i x e d  and 

h o r i z o n t a l  and run  t h rough  t h e  c e n t r e s  o f  

g r a v i t y  f o r  t h e  unsprung  masses .  Thus t h e  

mass c e n t r e  o f  e ach  v e h i c l e  does  n o t  move 

r e l a t i v e l y  t o  t h e  sp rung  mass.  

2 .  P i t c h  mot ion i s  n e g l e c t e d .  

3 .  R o l l  a n g l e s  a r e  c o n s i d e r e d  t o  b e  s m a l l .  

4 .  Camber a n g l e s  a r e  n e ~ l e c t e d .  

5 .  R o l l  and compliance s t e e r i n g  e f f e c t s  a r e  

n e g l e c t e d .  



6 .  The r o a d  i s  c o n s i d e r e d  t o  be  f l a t  and 

h o r i z o n t a l ,  and no v e r t i c a l  movement i s  

i n c l u d e d .  

7 .  The i n e r t i a  t e n s o r  o f  t h e  sp rung  mass i s  

assumed t o  be  d i a g o n a l  a t  z e ro  r o l l  a n g l e  

when computed i n  a  sy s t em w i t h  o r i g i n  a t  

t h e  s p r u n g  mass c e n t r e  o f  g r a v i t y ,  v e r t i -  

c a l  z - a x i s  and h o r i z o n t a l  x - a x i s  p o i n t i n g  

i n  t h e  fo rward  d i r e c t i o n .  A s i m i l a r  

assumpt ion  i s  made f o r  t h e  unsprung  mass .  

8 .  The t y r e s  a r e  c o n s i d e r e d  t o  b e  r i g i d .  

Consequen t ly ,  t h e  unsprung masses have no 

freedom t o  r o l l .  

9 .  The s i d e s l i p  a n g l e  f o r  a l l  whee ls  on one 

a x l e  a r e  r e g a r d e d  a s  e q u a l  and c a l c u l a t e d  

a t  t h e  a x l e  c e n t r e .  

For t h e  v e h i c l e  combina t ion  w i t h  t h r e e  a r t i c u l a -  

t i o n  p o i n t s  t h e  program i s  b a s e d  upon 1 6  e q u a t i o n s  o f  

mo t ion .  The c o r r e s p o n d i n g  numbers a r e  1 2  and 8 f o r  

combina t i ons  w i t h  two and one a r t i c u l a t i o n  p o i n t s ,  

r e s p e c t i v e l y .  The f o l l o w i n g  v a r i a b l e s  a r e  s o l v e d  from 

t h e s e  e q u a t i o n s  by an e l i m i n a t i o n  method.  

1. L o n g i t u d i n a l  and l a t e r a l  a c c e l e r a t i o n  o f  

t h e  l e a d i n g  v e h i c l e  c , g .  

2 .  Yaw a n g l e  a c c e l e r a t i o n  f o r  e ach  u n i t  i n  

t h e  v e h i c l e  combina t i on .  

3 .  R o l l  a n g l e  a c c e l e r a t i o n  f o r  e ach  u n i t  i n  

t h e  v e h i c l e  combina t i on .  

4 .  H o r i z o n t a l  c o u p l i n g  f o r c e s  i n  each  

a r t i c u l a t i o n  p o i n t .  



I n  o r d e r  t o  a v o i d  numer i ca l  i n s t a b i l i t y  due t o  

h i g h  f r equency  components caused  by s m a l l  i n e r t i a  and 

l a r g e  s p r i n g  c o n s t a n t s  when a  d o l l y  i s  p r e s e n t  i n  t h e  

combina t i on ,  t h e  d o l l y  r o l l  a n g l e  i s  de t e rmined  by t h e  

r e a r  t r a i l e r  r o l l  a n g l e  v i a  a  s imple  g e o m e t r i c  cond i -  

t i o n .  Thus,  t h e  o r i g i n a l  number o f  e q u a t i o n s  might  have 

been reduced  by o n e ,  b u t  t h i s  e l i m i n a t i o n  i s  l e f t  t o  

t h e  computer .  This  approach i s  a  compromise between 

two ex t reme p o s s i b i l i t i e s ,  Mikulc ik  (1968) t h a t  

e l i m i n a t e s  a l l  e x c e s s i v e  v a r i a b l e s  and Shapley  (1972) 

t h a t  l e a v e s  a l l  t h e  work t o  t h e  computer .  

The program s t r u c t u r e  i s  f a i r l y  c o n v e n t i o n a l  u s i n g  

a  f o u r t h - o r d e r  Runge-Kut ta  method. To make i t  e a s i e r  

t o  u se  t h e  program,  i n  most computers t h e  new and 

expanded v e r s i o n  has  been w r i t t e n  i n  FORTRAN IV i n s t e a d  

o f  IBM 360 CSMP t h a t  was used  e a r l i e r .  Computer c o s t  i s  

app rox ima te ly  7 US d o l l a r s  p e r  r e a l  t ime second  when 

about  70  v a r i a b l e s  a r e  p r i n t e d  ( 5  t imes  p e r  r e a l  t ime  

s e c o n d ) .  

Due t o  d i f f i c u l t i e s  t o  measure o r  o b t a i n  d a t a  from 

m a n u f a c t u r e r s  conce rn ing  c e n t  r e  o f  g r a v i t y  p o s i t  i o n s  

and i n e r t i a  moments, a  program has  been deve loped  which 

c a l c u l a t e s  t h e s e  q u a n t i t i e s  app rox ima te ly  from more 

e a s i l y  o b t a i n a b l e  d a t a ,  e  .g .  , dimensions  and w e i g h t s  o f  

d i f f e r e n t  p a r t s  o f  t h e  v e h i c l e .  

The programs have been deve loped  and run  on an 

EAI PACER 100 and t h e  s i m u l a t i o n  r e s u l t s  a r e  s t o r e d  on 

d i s k .  Risk f a c t o r s  and o t h e r  r e l e v a n t  v a r i a b l e s  a r e  

t h e n  computed and p l o t t e d  by an e v a l u a t i o n  program 

u t i l i z i n g  t h e  TEKPLOT s u b r o u t i n e  package a s  s u p p l i e d  w i t h  

t h e  E A I / 1 4 1 5  Graphic  Computer Terminal  ( T e k t r o n i x  4010) .  



4.2 SIMULATIONS OF VEHICLES DESIGNED FOR REDUCED 
OFF- TRACKING 

4 . 2 . 1  VARIATION OF MIDDLE AXLE POSITION OF 

FULL TRAILER, As p o i n t e d  o u t  i n  S e c t i o n  2 . 1 . 4 ,  some 

o f  t h e  f u l l  s c a l e  t e s t s  w i t h  v e h i c l e  combina t ions  

equipped  w i t h  a x l e  s t e e r i n g  d i d  g i v e  some bad r e s u l t s .  

The s i m u l a t i o n  program p e r m i t s  d i f f e r e n t  k i n d s  o f  

s t e e r i n g  ( a x l e -  and p a r a l l e l - )  and v a r i a t i o n  o f  a x l e  

p o s i t i o n s .  I t  was d e c i d e d  t o  s t u d y  a  2 4  m t r u c k - f u l l  

t r a i l e r  combina t ion  w i t h  double  r e a r  a x l e s  a t  b o t h  t r u c k  

and t r a i l e r  ( F i g u r e  4 . 1 ) .  The r ea rmos t  a x l e  78B i s  

s t e e r a b l e  and i t s  s t e e r  a n g l e  i s  de t e rmined  by t h e  

d i f f e r e n c e  between d o l l y  and t r a i l e r  yaw a n g l e s .  The 

t r a i l e r  i s  des igned  f o r  s m a l l  s i d e s l i p  a n g l e s  a t  low 

s p e e d ,  s o  t h e  s t e e r  r a t i o  depends on t h e  p o s i t i o n  o f  

a x l e  78 and can be computed w i t h  e l emen ta ry  geometry 

( F i g u r e  5 . 3 a )  . Three s i m u l a t i o n s  were c a r r i e d  t h r o u g h :  

I Middle a x l e  p o s i t i o n e d  a s  i n  a  c o n v e n t i o n a l  b o g i e .  

L78 = 0.86  LB 78 

I 1  Middle a x l e  moved forward  t o  a  p o s i t i o n  w i t h  

L78 = 0.75  L B  78 

I11  Middle a x l e  f u r t h e r  advanced.  

L78 = 0 . 5  L B  78 

4 . 2 , 2  LIMITATIONS OF SIMULATION M O D E L ,  The o n l y  

v e h i c l e  p a r a m e t e r s  v a r i e d  were middle  a x l e  p o s i t i o n  and 

s t e e r  r a t i o .  N a t u r a l l y ,  o t h e r  p a r a m e t e r s  a s  w e l l  

s h o u l d  have been changed,  l i k e  c e n t r e  o f  g r a v i t y  p o s i -  

t i o n ,  yaw moment o f  i n e r t i a ,  and s o  o n ,  b u t  t h e  

i n f l u e n c e  o f  t h e s e  changes were e s t i m a t e d  a s  n e g l i g i b l e .  



t C e n t r e  of I Weight  
r a v i t y h e i g h t  ( m ) ~  ( k g  ) 

T r u c k  

t Dolly 0 . 6 3  
-..--.---. *- 

Trai l -cr  1 . 6 3  2 4 2 9 0  
--. --. .-. .. 

Figure  4 , , 1  Measures, weights and a x l e  loads  f o r  2 4 - m  combination 

used  i n  s imula t ions  according t o  s e c t i o n  4 . 2 .  The load 

masses a r e  hornogenous. 



More i m p o r t a n t  i s  t h a t  t h e  same a x l e  l o a d s  were 

u s e d  i n  a l l  t h e  t h r e e  r u n s .  That  means t h a t  a  con-  

s t r u c t i o n ,  which d i s t r i b u t e s  t h e  l o a d s  e v e n l y  between 

t h e  a x l e s  78 and 78B i s  u sed  on t h e  t r a i l e r .  For  

s i m p l i c i t y  i t  was a l s o  assumed t h a t  no f o r c e s  and 

t o r q u e s  were  t r a n s m i t t e d  between t h e  d o l l y  and t h e  

s t e e r e d  a x l e  v i a  t h e  s t e e r i n g  a r r angemen t ,  which i m p l i e s  

some k i n d  o f  s e r v o  a s s i s t a n c e .  

4 . 2 . 3  RESlTLTS FROhI SIMULATIONS. The r i s k  f a c t o r s  

ment ioned  i n  S e c t i o n  2 . 1 . 3  have been  p l o t t e d  i n  d i ag rams .  

The double  l a n e  change manoeuvre i s  d i v i d e d  i n  t h r e e  

p a r t s  : 

A .  t h e  e n t r y  s e c t i o n  

B .  t h e  middle  s e c t i o n  

C .  t h e  d e p a r t u r e  s e c t i o n  

and i n  each  o f  t h e s e  t h e  r i s k  f a c t o r  maxima a r e  p l o t t e d .  

The r e s u l t s  con f i rm  q u a l i t a t i v e l y  t h e  e a r l i e r  f u l l  s c a l e  

t e s t s .  The per formance  o f  t h e  f u l l  t r a i l e r  becomes 

g r a d u a l l y  worse  a s  t h e  middle  a x l e  i s  advanced ,  end ing  

w i t h  v e r y  l a r g e  l a t e r a l  d e v i a t i o n s  o f  t r a i l e r  i n  

s i m u l a t i o n  111. 

N o t i c e  t h e  s t r i k i n g l y  s m a l l  i n f l u e n c e  from t h e  

d i f f e r e n t  t r a i l e r s  on t h e  t r u c k ,  which behaves  a lmos t  

i d e n t i c a l l y  i n  a l l  t h r e e  r u n s .  The d r i v e r  w i l l  n o t i c e  

a lmos t  no  d i f f e r e n c e  between a c c e p t a b l e  per formance  by 

t h e  t r a i l e r  i n  s i m u l a t i o n  I and t h e  r a t h e r  s t a r t l i n g  

o s c i l l a t i o n s  e x h i b i t e d  i n  s i m u l a t i o n  111 .  Th i s  can 

c l e a r l y  be  s e e n  i n  F i g u r e  4 . 5  where t h e  o v e r t u r n i n g  

r i s k s  f o r  t h e  t r u c k  (RV14) and t h e  f u l l  t r a i l e r  (RV58) 

a r e  p l o t t e d  a s  f u n c t i o n s  o f  t i m e .  To demons t r a t e  t h e  

magni tude o f  l a t e r a l  o s c i l l a t i o n s ,  t h e  t r a j e c t o r i e s  o f  

t h e  c e n t r e  o f  t h e  r ea rmos t  a x l e  have been p l o t t e d  i n  

F i g u r e  4 . 7 .  



Course sec t ion  A 

Course sec t ion  B 

Course sec t ion  C 
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Figure  4 . 2  Maximum values of l a t e r a l  acce l e ra t ions  i n  
d i f f e r e n t  p a r t s  of manoeuvre. 2 4  m-combination 
a t  a speed of 7 0  km/h and with d i f f e r e n t  values 
of L78 .  



Course s e c t i o n  A 

Course s e c t i o n  B 

AXLE 12 'AXLE 34 AXLE 34B hXS 56 AKIE 78 AXLE 7 8 1  
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Course s e c t i o n  C 80 
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F i g u r e  4 . 3  Maxima of s i d e  s l i p  a n g l e s  f o r  t h e  d i f f e r e n t  a x l e s ,  
24-m combination at a speed of 70 km/h and v a r i a t i o n  
of L78 .  
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Course s e c t i o n  C 0.4 
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F i g u r e  4 . 4  Maxima of o v e r t u r n i n g  r i s k s  f o r  t h e  d i f f e r e n t  a x l e s  
( R V  1 2 ,  RV 34,  RV 56, RV 7 8 ) ,  t h e  t r u c k  ( R V  1 4 )  and 
t h e  f u l l  t r a i l e r  ( R V  5 8 ) .  2 4 - m  combinat ion  a t  a  speed 
o f  7 0  km/h and v a r i a t i o n  o f  L78. 



F i g u r e  4 . 5  Over tu rn ing  r i s k  f o r  t r u c k  (RV 1 4 )  and for 
f u l l  t r a i l e r  ( ~ V 5 8 )  a s  f u n c t i o n s o f t i m e .  24-m 
combinat ion a t  a speed o f  7 0  km/h and wi th  
d i f f e r e n t  v a l u e s  of L78.  



Figure 4.6 Maximum values of lateral deviation of axle 
centres during.manoeuvre. 24-m combination 
at a speed of 70 km/h. 



Figure 4.7 Trajectories of centre of'axle 78B for 
different values of L78. 24-m combination 
at a speed of 70 km/h. 



I n  te rms o f  t h e  demands d e s c r i b e d  i n  S e c t i o n  3 . 1 ,  

on ly  t h e  combinat ion I  w i l l  p a s s .  Combination I 1  does 

n o t  s a t i s f y  t h e  rearward  a m p l i f i c a t i o n  demand on s i d e -  

s l i p  a n g l e s .  The remaining combinat ion 111 does n o t  

p a s s  i n  any r e s p e c t  excep t  f o r  t h e  f i r s t  demand on o v e r -  

t u r n i n g  r i s k  and t h a t  i s  w i t h  a  very sma l l  margin ( see  

RV56, F igure  4 . 4 ,  Course S e c t i o n  C) . 
The tendency r e v e a l e d  i n  t h e s e  s i m u l a t i o n s  can 

i n t u i t i v e l y  be a t t r i b u t e d  t o  two main r e a s o n s .  F i r s t ,  

s t e e r i n g  o f  t h e  rearmost  a x l e  w i l l  reduce t h e  a v a i l a b l e  

s i d e  f o r c e  from t h a t  a x l e  and second ,  moving t h e  middle 

a x l e  forward  w i l l  c o n s i d e r a b l y  s h o r t e n  t h e  d i s t a n c e  

between t h e  d o l l y  and t h i s  a x l e  and t h u s  reduce  t h e  

s t a b i l i z i n g  t o r q u e  around t h e  t r a i l e r  k i n g  p i n  f o r  g iven  

s i d e  f o r c e s .  Corresponding phenomenon d u r i n g  s t e a d y - s t a t e  

can be  e x p l a i n e d  i n  terms o f  s i d e s l i p  a n g l e s  ( c f  S e c t i o n  

5 . 3 ) .  

4 . 3  DRIVERS' ESTIMATION OF OVERTURNING RISKS RELATED 
TO COMPUTED RISK 

The reason  f o r  p ropos ing  demands on o v e r t u r n i n g  

s t a b i l i t y  i s  t o  i n c r e a s e  s a f e t y .  I f  t h e  d r i v e r s  use  

t h i s  i n c r e a s e d  " t e c h n i c a l "  s a f e t y  f o r  h i g h e r  c o r n e r i n g  

speeds  t h e  a c c i d e n t s  might no t  d e c r e a s e  b u t  j u s t  be 

more s e v e r e .  I n  o r d e r  t o  s t u d y  i f  such a  tendency 

cou ld  be e x p e c t e d ,  an i n v e s t i g a t i o n  on d r i v e r s  o f  road  

t a n k e r s  has  been made. 

The i n v e s t i g a t i o n  was made i n  r e a l  t r a f f i c  d u r i n g  

r e g u l a r  d i s t r i b u t i o n  t r i p s .  The v e h i c l e s  were i n s t r u -  

mented t o  r e c o r d  l a t e r a l  a c c e l e r a t i o n ,  r o l l  ang le  

v e l o c i t y  o f  t h e  d r i v e r ' s  c a b i n ,  and d r i v i n g  speed .  The 

measured d a t a  was s t o r e d  i n  analogue form on magnet ic  

t a p e  f o r  l a t e r  A/D conver s ion  and d a t a  p r o c e s s i n g .  The 



d r i v e r s  were accompanied by a  t e s t  l e a d e r  who o p e r a t e d  

t h e  i n s t r u m e n t a t i o n  and made i n t e r v i e w s  w i t h  t h e  d r i v e r s .  

Each v e h i c l e  was s t u d i e d  d u r i n g  a  complete  d i s t r i b u t i o n  

t r i p .  Data  we>re r eco rded  on ly  i n  t h e  c u r v e s .  A f t e r  

each  curve  t h e  d r i v e r  was asked  t o  e s t i m a t e  how much 

f a s t e r  he cou ld  n e g o t i a t e  t h e  curve  w i t h o u t  o v e r t u r n i n g .  

For each  curve  a  number o f  road  d a t a  were n o t e d  manual ly .  

T o t a l l y  about  2 5 0 0  cu rves  have been examined. 

About 50  d i f f e r e n t  v e h i c l e s  and v e h i c l e  combina- 

t i o n s  such as  s i n g l e  v e h i c l e s ,  s e m i t r a i l e r s  and t r u c k s  

w i t h  f u l l  t r a i l e r s  were s t u d i e d  under  v a r i o u s  c o n d i t i o n s .  

The o v e r t u r n i n g  s t a b i l i t y  o f  each  v e h i c l e  h a s  been 

c a l c u l a t e d  and s e v e r a l  v e h i c l e s  have undergone s t a t i c  

o v e r t u r n i n g  t e s t  i n  f u l l y  l o a d e d  c o n d i t i o n .  

E v a l u a t i o n  o f  t h e  r e s u l t s  i s  n o t  y e t  comple ted ,  b u t  

i t  can a l r e a d y  b e  s a i d  t h a t  t h e  d r i v e r s  t e n d  t o  o v e r -  

e s t i m a t e  t h e  p o s s i b l e  c o r n e r i n g  c a p a c i t y  o f  t h e  v e h i c l e  

a t  low speeds  and u n d e r e s t i m a t e  i t  a t  h i g h  speeds  

i r r e s p e c t i v e l y  o f  l o a d i n g  c o n d i t i o n .  These r e s u l t s  a r e  

i l l u s t r a t e d  i n  F igu re  4 . 8 .  The r e s u l t s  a r e  c o n s i s t e n t  

w i t h  e a r l i e r  i n v e s t i g a t i o n s - - e . g . ,  R i t c h i e  e t  a l .  ( 1968) .  

I n  connec t ion  t o  t h e s e  s t u d i e s  an i n q u i r y  h a s  been 

made on a  l a r g e r  number o f  d r i v e r s  o f  road  t a n k e r s .  The 

r e s u l t s  show t h a t  t h e  d r i v e r s  r e g a r d  b r a k i n g  and o v e r -  

t u r n i n g  a s  s e r i o u s  problems.  A n t i l o c k i n g  d e v i c e s  a r e  

e x p e c t e d  t o  g i v e  c o n s i d e r a b l e  improvement i n  b r a k i n g  

s a f e t y .  The r e s u l t s  have been r e p o r t e d  by Tyden ( 1 9 7 5 ) .  

4 . 4  OVERTURNING RISK DUE TO LATERAL SLOSHING I N  ROAD 
TANKERS 

4 . 4 . 1  REASONS AND NEEDS FOR RESEARCH. R e g u l a t i o n s  

e x i s t  on t h e  d e s i g n  and l o a d i n g  o f  road  t a n k e r s  t o  

d e c r e a s e  l o n g i t u d i n a l  s l o s h i n g  e f f e c t s .  T r a n s v e r s a l  





b a f f e l s  and a d d i t i o n a l  w a l l s  a r e  c o n v e n t i o n a l  d e s i g n s  

t o  keep  t h e  l i q u i d  mot ions  w i t h i n  s p e c i f i e d  l i m i t s  i n  

a  p a r t i a l l y  l o a d e d  t a n k .  However, s l o s h i n g  f o r c e s  a r e  

n o t  c o m p l e t e l y  p r e v e n t e d  and i f  t h e  t a n k  d e s i g n  i s  

c o n v e n t i o n a l - l o n g i t u d i n a l  c y l i n d e r s  w i t h  s h a r p  c o m e r s  

a t  t h e  t r a n s v e r s a l  wa l l s - s l o sh ing  i s  e a s i l y  p e r c e i v a b l e  

f o r  t h e  d r i v e r .  

No r e g u l a t i o n s  e x i s t  i n  Sweden t o  p r e v e n t  o r  

d e c r e a s e  l a t e r a l  s l o s h i n g  and i t s  e f f e c t  on t h e  o v e r -  

t u r n i n g  t e n d e n c y .  Due t o  t h e  c o n v e n t i o n a l  t a n k  design-  

h o r i z o n t a l  c y l i n d e r s  w i t h  smooth ly  rounded l o n g i t u d i n a l  

wa l l s - i t  i s  p o s s i b l e  t h a t  d r i v e r s  a r e  l e s s  aware o f  t h i s  

phenomenon t h a n  o f  l o n g i t u d i n a l  s l o s h i n g .  

F u l l  s c a l e  s t e a d y - s t a t e  c o r n e r i n g  s i m u l a t i o n s -  

method a s  i n  S e c t i o n  2.2-have been  r e p o r t e d  by Isermann 

( 1 9 7 0 ) .  Tab l e s  from Isermann show t h a t  t h e  o v e r t u r n i n g  
2 l i m i t  w i l l  i n c r e a s e  from 3.2  m/s2 t o  3 .6  m/s o n l y ,  when 

t h e  l i q u i d  l o a d  i s  d e c r e a s e d  from 100% t o  50% o f  t h e  

volume. 

Dynamic s l o s h i n g  has  been  i n v e s t i g a t e d  a n a l y t i c a l l y -  

s e e ,  e .  g . ,  Budiansky (1960) , Dodge (1966)  , Rober t s  e t  a l .  

(1966) and Bauer (1972)---where q u a l i t a t i v e  e f f e c t s  a r e  

r e v e a l e d  and e x p l a i n e d .  However, s i m u l a t i o n  w i t h  s c a l e  

models i s  more s t r a i g h t f o r w a r d  and sometimes t h e  o n l y  

p o s s i b l e  method f o r  l e s s  s i m p l e  t a n k  b o u n d a r i e s .  

Many dynam.ic s l o s h i n g  expe r imen t s  w i t h  s c a l e  models 

a r e  r epo r t ed - see ,  e . g . ,  S i l v e i r a  e t  a l .  ( 1 9 6 1 ) ,  S t o f a n  

and Sumner ( 1 9 6 3 ) ,  Sumner ( 1 9 6 4 ) ,  and Abramson (1966)- 

b u t  o n l y  a  few a r e  known where t h e  t a n k s  a r e  h o r i z o n t a l  

c y l i n d e r s ,  s e e ,  e  . g .  , McCarty and S t ephens  (1960)  . Not 

even  t h e s e  r e p o r t s  g i v e  d a t a  s u f f i c i e n t  f o r  c a l c u l a t i o n  

o f  c o r r e s p o n d i n g  o v e r t u r n i n g  r i s k s  w i t h  t h e  t a n k s  mounted 

on c o n v e n t i o n a l  r o a d  v e h i c l e s .  Thus i t  was d e c i d e d  t o  

p e r f o r m  t h e  e x p e r i m e n t s  t h a t  a r e  summarized i n  t h e  

f o l l o w i n g  s e c t i o n s .  



4.4.2 DYNAMIC FULL SCALE EXPERIbIENTS. F u l l  s c a l e  

dynamic e x p e r i m e n t s  were  pe r fo rmed  u s i n g  a  t r u c k  w i t h  

o u t r i g g e r  i n  a  doub le  l a n e  change manoeuvre.  See 

F i g u r e  4 . 9  from J a n s s o n  (1973)  . The p u r p o s e  o f  t h e  

e x p e r i m e n t s  was t o  i n v e s t i g a t e  t h e  o v e r t u r n i n g  

s t a b i l i z i n g  e f f e c t s  from a n t i - r o l l  b a r s  compared t o  

b a f f l e s .  The r e s u l t s  s h o u l d  c o n t r i b u t e  t o  t h e  d e t a i l s  

o f  a  l e g i s l a t i o n  p r o p o s a l  i n  Norway. 

3 The t e s t s  were  pe r fo rmed  w i t h  6 m 3  and 8 m w a t e r  

l o a d  occupy ing  5 0 5  and 7 5 % ,  r e s p e c t i v e l y ,  o f  t h e  t a n k  

volume. The v e r t i c a l l y  mounted l o n g i t u d i n a l  b a f f l e s  

cove red  50% o f  t h e  l o n g i t u d i n a l  s e c t i o n  a r e a  a t  b o t h  

s i d e s  0 . 4  m from t h e  symmetry a x i s  o f  t h e  t a n k .  The 

c r o s s - s e c t i o n  c o n t o u r  was s i m i l a r  t o  t h e  t a n k  model i n  

F i g u r e  4 . 1 1 b .  The r o l l  s t i f f n e s s  w i t h o u t  a n t i - r o l l  . 
5 b a r s  was 1 .1  a 1 0  Nm/rad i n  t h e  f r o n t  and 2 . 9  10 5  

Nm/rad i n  t h e  r e a r .  

The t r a j e c t o r y  was d e f i n e d  a c c o r d i n g  t o  F i g u r e  2 . 5  

w i t h  t h e  l a t e r a l  t r a n s ] - a t i o n  peak 8 . 8  m and w i t h  t h e  

manoeuvre l e n g t h  80 m .  Thus v a r i a t i o n  o f  s p e e d  c a u s e d  

v a r i a t i o n s  o f  l a t e r a l  a c c e l e r a t i o n  peaks  and o s c i l l a -  

t i o n  f r e q u e n c y .  U n f o r t u n a t e l y ,  t h e  r e a l  manoeuvre 

f r e q u e n c i e s  seem t o  have been  t o o  low f o r  l i q u i d  

r e s o n a n c e  and low enough t o  make h i g h  r o l l  r e s i s t a n c e  

and a n t i - r o l l  b a r s  f a v o u r a b l e .  Th i s  e v i d e n c e  i s  

s u p p o r t e d  by  t h e  r e s u l t s  from s c a l e  model s i m u l a t i o n s  

pe r fo rmed  l a t e r  and rev iewed  i n  t h e  f o l l o w i n g  s e c t i o n s .  

These f r e q u e n c y  r e l a t i o n s  and t h e  u n c e r t a i n t y  i n  

o p t i m a l  b a f f l e  d e s i g n  must be  k e p t  i n  mind when i n t e r -  

p r e t i n g  t h e  r e s u l t s  i n  t h e  t a b l e  below from J a n s s o n  

(19 73) . 



F i g u r e  4 . 9 .  F u l l  s c a l e  doub le  l a n e  change e x p e r i m e n t s .  

From J a n s s o n  ( 1 9 7 3 ) .  

F i g u r e  4 . 1 0 .  L a b o r a t o r y  equipment  with c i r c u l a r  t a n k  model. 
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Load A n t i - R o l l  O v e r t u r n i n g  Speed 
Vo 1 ume Bars  km/ h 

?i No B a f f l e s  With B a f f l e s  
- -- 

5 0 No 

5 0  Yes 

N 0 

Yes 

4 . 4 . 3  DYNAMIC SCALE MODEL - COMPUTER SIMULATION 

TECHNIQUE. The l i q u i d  f o r c e s  from l a t e r a l l y  moving 

t a n k  models ,  s c a l e d  1 : 1 0 ,  t o g e t h e r  w i t h  i t s  a c c e l e r a -  

t i o n ,  were  u sed  a s  i n p u t  s i g n a l s  t o  v e h i c l e  models i n  

an ana logue  computer .  See F i g u r e  4 .10 and 4 .12 .  The 

t a n k  mot ion was a p p l i e d  by a h y d r a u l i c  s e r v o  a s  harmonic  

o s c i l l a t i o n s  o r  doub le  l a n e  change manoeuvres .  The 

main pu rpose  was t o  i n v e s t i g a t e  t h e  i n f l u e n c e  from 

s l o s h i n g  on t h e  o v e r t u r n i n g  r i s k  w i t h  a few common t a n k  

t y p e s  and w i t h i n  a r e l e v a n t  o s c i l l a t i o n  f r e q u e n c y  r a n g e .  

The i n f l u e n c e  from b a f f l e s  w i l l  b e  s t u d i e d  l a t e r .  

S c a l i n g  ru l e s - s ee ,  e .  g .  , Dal z e l l  (1966)-required 

t i m e  s c a l i n g  o f  t h e  ana logue  computer  p rogram.  I n  o r d e r  

t o  m a i n t a i n  t h e  p r o p o r t i o n  between i n e r t i a  and v i s c o u s  

i n t e r n a l  f o r c e s  when t h e  model l i q u i d  was w a t e r  

( k i n e m a t i c  v i s c o s i t y  1 cS t  = 1 m2/s )  t h e  f u l l  

s c a l e  l i q u i d  was supposed  t o  be  c o m b u s t i b l e  o i l  

(-32 c S t )  . Cor re spond ing  d e n s i t i e s  were  u s e d  when t h e  

l i q u i d  f o r c e s  were  s c a l e d  and p u t  i n t o  t h e  v e h i c l e  

models .  However, t h e  l a r g e  v a l u e  o f  Reynolds  number 

i n d i c a t e s  t h a t  v i s c o u s  f o r c e s  a r e  s m a l l  compared t o  

i n e r t i a  f o r c e s .  S o ,  l i m i t e d  v a r i a t i o n s  o f  t h e  v i s c o s i t y  

w i l l  n o t  a f f e c t  t h e  r e s u l t s  s e r i o u s l y .  



FORCE TRANSDUCERS 

ACCELEROMETER 
>> - 

LABORATORY b E Q U I P M E N T  
HYDRAULIC 

SERVO 

,' , ., :, ' 

E L I M I N A T I O N  O F  L I Q U I D  FORCES AND MOMENT I N T E R F A C E  

TANK I N E R T I A  FORCES REFERRED TO TANK CENTRE 

S C A L I N G  

ANALOGUE V E H I C L E  MODEL V E H I C L E  MODEL 

COMPUTER * 
INDEX OR .INDEX OS 

OPERATIONS 

V E H I C L E  MODEL 7 EVALUATION 

(-C INDEX .PR u RECORDING 

Figure 4.12. Experimental configuration and computing scheme. 



The v e h i c l e  models were  v e r y  s i m p l e  w i t h  o n l y  one  

o r  two d e g r e e s  - o f -  f reedom,  They were  s i m u l t a n e o u s l y  

s i m u l a t e d  i n  t h e  computer  ( r e f e r  t o  F i g u r e  4 .12 )  and 

d i f f e r e d  i n  t h e  f o l l o w i n g  r e s p e c t s  : 

Index  O R  - Zero r o l l  a n g l e .  R i g i d  l o a d .  A l l  l a t e r a l  

f o r c e s  computed from t h e  a c c e l e r o m e t e r  

v o l t a g e .  Force  t r a n s d u c e r s  n e g l e c t e d .  

I ndex  OS - Zero r o l l  a n g l e .  S l o s h i n g  l o a d .  L i q u i d  

f o r c e s  from t h e  t r a n s d u c e r s '  v o l t a g e s .  

Index  $R - R o l l i n g  v e h i c l e .  R i g i d  l o a d .  R o l l  a x i s  

a c c e l e r a t i o n  from t h e  a c c e l e r o m e t e r  o r  

d i r e c t l y  from t h e  computer .  Load f o r c e s  

computed from t h e  sp rung  mass r o l l  m o t i o n ,  

Force  t r a n s d u c e r s  n e g l e c t e d .  

U n f o r t u n a t e l y ,  i t  was n o t  p o s s i b l e  t o  s i m u l a t e  a  

r o l l i n g  v e h i c l e  w i t h  s l o s h i n g  l o a d .  For  c o m p a r a b i l i t y -  

and somet imes f o r  computing s t a b i l i t y - t h e  p r e d e t e r -  

mined l a t e r a l  a c c e l e r a t i o n  (SAL i n  F i g u r e  4 . 1 3 )  had  t o  

r e f e r  t o  a  p a r t  o f  t h e  v e h i c l e  t h a t  was n o t  r o l l i n g .  

Then 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 a n k  (SB0)--which 

i n c l u d e d  a  r o l l  component-would n o t  be  i n d e p e n d e n t  o f  

t h e  v e h i c l e  model and t h e  s l o s h i n g  f o r c e s .  Th i s  made 

c l o s e d - l o o p  compu ta t i on  n e c e s s a r y .  However, t h e  

a c c e l e r o m e t e r  f eedback  t o  t h e  h y d r a u l i c  s e r v o  was n o t  a  

s u c c e s s f u l  s t r a t e g y  and t h e s e  s i m u l a t i o n s  h a d  t o  be 

c a n c e l l e d .  

I n  s i m u l a t i o n s  w i t h  $R-models ,  t h e  peaks  o f  SAO 

were  somet imes more t h a n  t w i c e  a s  l a r g e  compared t o  

t h e  SAL p e a k s .  T h e r e f o r e ,  o p e n - l o o p  c o m p u t a t i o n ,  

b a s e d  upon t h e  app rox ima t ion  SA - SAL, i s  n o t  an 

a c c e p t a b l e  way t o  s i m u l a t e  r o l l i n g  v e h i c l e s  w i t h  s l o s h i n g  

l o a d .  
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The i n f l u e n c e  from s l o s h i n g  on t h e  o v e r t u r n i n g  

risk-computed l i k e  i n  S e c t i o n  2.1.3---was e v a l u a t e d  

from compar i sons  between t h e  O R  and t h e  OS v e h i c l e  

models .  Model d a t a  and a c c e l e r a t i o n  t ime  h i s t o r i e s  

were  i d e n t i c a l ,  e x c e p t  t h a t  t h e  l o a d  o f  t h e  O R  model 

was assumed t o  b e  r i g i d l y  f i x e d  t o  t h e  t a n k .  The r a t i o  

between t h e  o v e r t u r n i n g  r i s k  peaks  was c a l l e d  t h e  

s l o s h i n g  f a c t o r :  

RVOS peak  
SFAC = 

RVOR peak  

Cor r e spond ing  e v a l u a t i o n  o f  t h e  i n f l u e n c e  from r o l l  

s t i f f n e s s  was pe r fo rmed  by compar i sons  between t h e  O R  

model ( i n f i n i t e  r o l l  s t i f f n e s s )  and each  o f  t h e  L$R 

models ( r o l l  s t i f f n e s s  d a t a  i n  n e x t  s e c t i o n ) .  The 

r o l l i n g  f a c t o r  was d e f i n e d  a n a l o g o u s l y  by : 

peak  
QFAC = 

4 . 4 . 4  SIMULATION DATA. Three  t a n k  c r o s s - s e c t i o n  

c o n f i g u r a t i o n s  were  u s e d ,  s e e  F i g u r e  4 . 1 1 .  I n  t h e  

f o l l o w i n g  t h e y  w i l l  be  c a l l e d  C f o r  " C i r c u l a r , "  E f o r  

" E l l i p t i c , "  and S  f o r  " S u p e r e l l i p t i c "  even  if t h e  E 

and S  b o u n d a r i e s  a r e  n o t  d e f i n e d  by m a t h e m a t i c a l  

e x p r e s s i o n s  c o r r e s p o n d i n g  t o  t h e i r  symbols .  The l i q u i d  

l o a d s  t h a t  were  u s e d  o c c u p i e d  0 % ,  S O % ,  7 5 %  o r  100% o f  

t h e  t a n k  volume. The s i m u l a t i o n  r u n s  w i t h  0% and 100% 

were  made ma in ly  f o r  c h e c k i n g  t h e  e x p e r i m e n t a l  s e t - u p .  

V e h i c l e  d a t a  were  a s s e s s e d  w i t h  t h e  a i d  o f  

d i f f e r e n t  m a n u f a c t u r e s  and a c c o r d i n g  t o  e x p e r i e n c e  

from p r e v i o u s  measurements .  The d a t a  were supposed  t o  

c o r r e s p o n d  t o  a t r a i l e r  w i t h  two a x l e s .  Without  l o a d  

i t s  g r o s s  w e i g h t  was 5000 kg and w i t h  75% l o a d  volume 



t h e  g r o s s  we igh t  was 20000 kg.  For  t h e  $R-model t h e  
6 r o l l  s t i f f n e s s  c o n s t a n t  was 0 . 6  10 Nm/rad 

( s t a n d a r d )  o r  1 . 2  l o 6  Nm/rad ( h i g h ) .  

The s i m u l a t e d  manoeuvre i n  each  run  was e i t h e r  

s t a t i o n a r y  harmonic  o s c i l l a t i o n  ( a b b r e v i a t i o n  H )  o r  

one double  l a n e  change ( a b b r e v i a t i o n  D )  . The a c c e l e r a -  
2 t i o n  peaks  were  k e p t  w i t h i n  t h e  r ange  1 . 5  t o  3 .0  m/s . 

When o s c i l l a t i o n  f r equency  i s  ment ioned  i t  w i l l  a lways 

r e f e r  t o  f u l l  s c a l e  mo t ion .  (Due t o  i n s u f f i c i e n c i e s  

i n  t h e  h y d r a u l i c  s e r v o  t h e  mot ion was n o t  e x a c t l y  

ha rmon ic ,  which e x p l a i n s  some i r r e g u l a r i t i e s  i n  

F i g u r e  4 . 1 1 . )  

The s p e c t r a l  d e n s i t y  o f  t h e  a c c e l e r a t i o n  t ime  

h i s t o r y  i n  t h e  double  l a n e  change manoeuvre ( D  a s  i n  

DAVIS) ha s  n o t  been e v a l u a t e d .  The f o l l o w i n g  exp re s s ion -  

c a l l e d  t h e  DAVIS-frequency i n  t h e  text-has been u s e d  

a s  a  f r equency  l a b e l  f o r  t h e  double  l a n e  change manoeuvre.  

The t ime  when Y < O  i s  r e g a r d e d  a s  h a l f  a  p e r i o d ,  c f  

F i g u r e  2 . 5 .  

4 . 4 . 5  SIMULATION RESULTS. With 50% l o a d  volume 

s l o s h i n g  f a c t o r s  up t o  2 . 3  were  found  f o r  harmonic  

o s c i l l a t i o n  f r e q u e n c i e s  low enough t o  b e  l i k e l y  t o  o c c u r  

i n  normal  d r i v i n g .  See F i g u r e  4 . 1 4 .  A l s o ,  t h e  doub le  

l a n e  change ( D )  manoeuvre caused  s l o s h i n g  f a c t o r s  

s l i g h t l y  above 2 . 0  f o r  t h e  S  and E t a n k s .  The C t a n k  

seems t o  be  t h e  most f a v o u r a b l e  because  o f  i t s  l ower  

s l o s h i n g  f a c t o r s  and h i g h e r  r e sonance  f r e q u e n c y .  How- 

e v e r ,  i f  some l a r g e  l o n g i t u d i n a l  b a f f l e s  a r e  added ,  

t h e  S t a n k  w i l l  p r o b a b l y  r e p r e s e n t  t h e  b e s t  c o n t o u r  
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Figure 4.14. Sloshing factor (SFAC) as a function of 

the harmonic oscillation frequency. 50 % 

load volume in different tank shapes. 



among t h e s e  h o r i z o n t a l  t a n k  c y l i n d e r s .  Th i s  assumpt ion  

i s  due t o  t h e  lower  c e n t r e  o f  g r a v i t y  w i t h  c o n v e n t i o n a l  

v e h i c l e  d e s i g n s .  

The E t a n k  was t e s t e d  i n  0 . 3  H z  and 0 . 4  H z  D 

manoeuvres w i t h  75% l o a d ,  a s  w e l l .  The s l o s h i n g  f a c t o r  

v a r i e d  between 1 . 4  and 1 . 6 .  L a r g e r  s l o s h i n g  f a c t o r s  

w i l l  p r o b a b l y  be e x h i b i t e d  by t h e  75% S  t a n k  c o n s i d e r i n g  

i t s  c r o s s - s e c t i o n a l  shape  and t h e  r e s u l t s  w i t h  50% 

l o a d .  

The s l o s h i n g  f a c t o r s  a r e  supposed  t o  i n d i c a t e  

rough ly  t h e  r a t i o  between r e a l  and d r i v e r - e s t i m a t e d  

o v e r t u r n i n g  r i s k .  Of c o u r s e ,  an e x p e r i e n c e d  d r i v e r  

w i l l  be b e t t e r  aware o f  t h e  problem.  But i f  t h e  s l o s h -  

i n g  o c c u r s  i n  a  f u l l  t r a i l e r ,  much o f  t h e  s l o s h i n g  f o r c e  

feedback-that  i s  i m p o r t a n t  f o r  l e a r n i n g  and a d a p t a t i o n  

o f  s t e e r i n g  behaviour - - -wi l l  n e v e r  be p e r c e i v e d  by t h e  

d r i v e r .  I t  i s  e a s i e r  f o r  t h e  d r i v e r  t o  be  aware o f  

l a t e r a l  s l o s h i n g  e f f e c t s  i f  t h e y  o c c u r  i n  t h e  t r u c k  

i t s e l f .  However, t h e  i r r e g u l a r  c h a r a c t e r i s t i c s  o f  

s l o s h i n g  and t h e  phase  s h i f t s  between a c c e l e r a t i o n  and 

o v e r t u r n i n g  risk-see F i g u r e  4 .11---wil l  make 

a d a p t a t i o n  o f  s t e e r i n g  b e h a v i o u r  a lmost  i m p o s s i b l e .  

I n  F i g u r e  4 . 1 5 a  t h e  o v e r t u r n i n g  r i s k  peak v a l u e s  

w i t h  0 % ,  S O % ,  75% and 100% l o a d  volume a r e  r e l a t e d  t o  

each  o t h e r .  I t  i s  e v i d e n t  t h a t  un load ing  t h e  v e h i c l e  

may i n c r e a s e  t h e  dynamic o v e r t u r n i n g  r i s k .  T h i s  i s  

even more a l a rming  t h a n  I s e r m a n n ' s  r e s u l t s  f o r  s t e a d y -  

s t a t e - see  S e c t i o n  4.4.1-although no r o l l i n g  e f f e c t s  

have been c o n s i d e r e d  h e r e .  

Regarding r o l l i n g  v e h i c l e s  w i t h  r i g i d  load- 

s e e  F i g u r e  4.15b-it i s  a p p a r e n t  t h a t  p u r e  r o l l i n g  may 

i n c r e a s e  t h e  o v e r t u r n i n g  r i s k  w i t h  t h e  same r a t i o  a s  

pu re  s l o s h i n g .  However, t h e  r o l l i n g  phenomenon i n  
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risk in double lane change manoeuvres. 
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and 0.3 Hz DAVIS frequency - see section 4.4.4. 
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stiffness at different manoeuvre frequencies. 

Rolling vehicles with rigid load corresponding 

to 75 % volume. 



i t s e l f  i s  wel l -known t o  t h e  d r i v e r ,  w i t h o u t  i r r e g u l a r  

e f f e c t s  and hence e a s y  t o  adap t  t h e  s t e e r i n g  t o .  

Even i f  no s i m u l a t i o n s  have been  per formed  w i t h  

s i m u l t a n e o u s  r o l l i n g  and s l o s h i n g ,  i t  i s  e v i d e n t  t h a t  

t h e  r i s k  f a c t o r s  due t o  s l o s h i n g  e f f e c t s  w i l l  be  

f u r t h e r  i n c r e a s e d  by t h e  r o l l  mot ions  o f  t h e  t a n k  

( s e e  comments on t h e  SAO/SAL r a t i o  i n  S e c t i o n  4 . 4 . 3 ) .  

5 .  SAFETY PROBLEMS AND SUGGESTIONS 

5 . 1  ARTICULATION AND DRIVER-VEHICLE DYNAMICS 

The p o s s i b i l i t y  f o r  v e h i c l e  movements t h a t  a r e  

u n c o n t r o l l a b l e  f o r  t h e  d r i v e r ,  w i l l  i n c r e a s e  w i t h  t h e  

number o f  a r t i c u l a t i o n s  and d e g r e e s  o f  f reedom. I n  

a d d i t i o n ,  t h e  d r i v e r  i n  an a r t i c u l a t e d  v e h i c l e  com- 

b i n a t i o n  h a s  v e r y  s m a l l  p o s s i b i l i t i e s  t o  judge  and 

o b s e r v e  t h e  dynamic s t a t e  o f  t h e  r e a r  v e h i c l e s .  I n e r t i a  

and s t e e r i n g  wheel  f o r c e s  ( v e s t i b u l a r ,  k i n e s t h e t i c ,  

and t a c t i l e  cues  a r e  o f t e n  u n a f f e c t e d  by t h e  mot ions  o f  

t h e  r e a r  v e h i c l e s  and t h e  v i s u a l  i n f o r m a t i o n  v i a  m i r r o r s  

i s  u n s a t i s f a c t o r y )  . 
The dynamic c o n t r o l l a b i l i t y ,  o b s e r v a b i l i t y ,  and 

t h e  s t e a d y - s t a t e  ( s e e  S e c t i o n  5 . 3 )  e v i d e n c e  a g a i n s t  

a r t i c u l a t i o n  f o r  h i g h  s p e e d  manoeuvres was r e i n f o r c e d  

by t h e  dynamic b e h a v i o u r  i n  t h e  doub le  l a n e  change 

s i m u l a t i o n s .  A l l  s i m u l a t i o n s  a t  h i g h  s p e e d  showed t h e  

l a r g e s t  r i s k  f a c t o r  v a l u e s  f o r  t h e  r ea rmos t  v e h i c l e  

u n i t  and f o r  t h e  h i g h e s t  a r t i c u l a t i o n  number among com- 

p a r a b l e  v e h i c l e  c o m b i n a t i o n s .  One example i s  found  i n  

F i g u r e  5 . 1  where a  t r u c k - f u l l  t r a i l e r  (two a r t i c u l a t i o n s )  

i s  compared w i t h  a 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  

( t h r e e  a r t i c u l a t i o n s )  i n  d i f f e r e n t  s p e e d s .  





5 . 2  OVERTURNING - A PRIMARY RISK FOR COMMERCIAL VEHICLES 

I n  many a c c i d e n t s  commercial v e h i c l e s  w i l l  o v e r -  

t u r n ,  w i thou t  t h e  pr imary  cause  be ing  s k i d d i n g  and 

d r i v i n g  o f f  t h e  road .  This  i s  no t  s u r p r i s i n g  because 

commercial v e h i c l e s  o f t e n  have compara t ive ly  poor  o v e r -  

t u r n i n g  s t a b i l i t y .  The a c c i d e n t  accounts  may be i n -  

c o r r e c t  i n  many of t h e s e  c a s e s .  When a  v e h i c l e  i s  

o v e r t u r n i n g  t h e  l o a d  i s  t r a n s f e r r e d  t o  t h e  o u t e r  wheels  

i n  t h e  bend caus ing  s k i d d i n g  t r a c k s .  Thus t h e  s k i d d i n g  

might be accounted  f o r  be ing  t h e  pr imary  cause  o f  t h e  

a c c i d e n t ,  

Because o f  t h e  well-known n o n l i n e a r i t i e s  o f  t y r e  

c h a r a c t e r i s t i c s ,  t h e  s k i d  tendency w i l l  d e c r e a s e  a s  

a  secondary  e f f e c t ,  when t h e  o v e r t u r n i n g  s t a b i l i t y  i s  

improved-see S t r a n d b e r g  (19 7 4 )  . 
Due t o  t h e  problems w i t h  d r i v e r  p e r c e p t i o n ,  r e a r -  

ward r i s k  f a c t o r  a m p l i f i c a t i o n  and d r i v e r  t r a i n i n g  

i n  c o n t r o l  of  i r r e g u l a r  phenomena h i g h e s t  p r i o r i t y  

shou ld  be g iven  t o  d e s i g n ,  l e g i s l a t i v e  and e d u c a t i o n a l  

improvements f o r  

* t r a i l e r s  and r e a r  v e h i c l e  u n i t s  more t h a n  f o r  

t h e  l e a d i n g  v e h i c l e  i n  a r t i c u l a t e d  combinat ions 

# v e h i c l e s  w i t h  l i q u i d  l o a d  

5 . 3  THE OFF-TRACKING DESIGN CONFLICT 

Low speed  o f f - t r a c k i n g  i s  a well-known problem 

f o r  long  v e h i c l e  combinat ions i n  s h a r p  cu rves .  A t  

h i g h  speed  and l a r g e  s i d e s l i p  ang les  o f f - t r a c k i n g  

towards t h e  o u t s i d e  o f  t h e  cu rve  w i l l  o c c u r .  This  

phenomenon i s  p robab ly  l e s s  known t o  t h e  d r i v e r s  than  

t h e  " c l a s s i c , "  low speed  o f f  - t r a c k i n g .  Fur thermore ,  



it  i s  o f t e n  imposs ib le  f o r  t h e  d r i v e r  t o  obse rve  t h e  

o u t e r  t r a c k  of  t h e  r e a r  v e h i c l e .  

The o u t s i d e  o f f - t r a c k i n g  can be reduced by 

s h o r t e n i n g  t h e  combinat ion ,  reducing  t h e  number o f  

f r e e  a r t i c u l a t i o n s ,  u s ing  t y r e s  wi th  h i g h  c o r n e r i n g  

s t i f f n e s s ,  e t c .  U n f o r t u n a t e l y ,  one common method t o  

reduce low speed  o f f - t r a c k i n g  ( i .  e .  , a r t i c u l a t i o n )  

w i l l  a l s o  i n c r e a s e  t h e  h igh  speed  o f f - t r a c k i n g .  See 

F igure  5 . 2 ,  

Another low-speed o r i e n t e d  des ign  ( s p r e a d  and 

s t e e r e d  r e a r  a x l e s )  i s  based  mainly upon k i n e m a t i c s ,  

as  w e l l .  When c o r n e r i n g  a t  a  low speed  t h e  s i d e s l i p  

ang les  a r e  s m a l l  compared t o  r e l a t i v e  yaw ang les  between 

v e h i c l e  u n i t s  ( F i g u r e  5 . 3 a ) .  Then t h e  conven t iona l  a x l e  

s t e e r i n g  w i l l  work i n  t h e  d e s i r e d  way. When c o r n e r i n g  

a t  a  h i g h e r  speed  (F igure  5.3b) t h e  r e a r  a x l e s  o f  t h e  

t r a i l e r  w i l l  d e v i a t e  outwards i n s t e a d  o f  inwards com- 

p a r e d  t o  t h e  t r u c k .  As t h e  a x l e  9-10 i s  s o  s t e e r e d  

t h a t  i t s  e x t e n s i o n  w i l l  p a s s  through A ,  i t s  s i d e s l i p  

ang le  w i l l  be c o n s i d e r a b l y  s m a l l e r  t han  f o r  t h e  o t h e r  

a x l e s  of  t h e  t r a i l e r .  T h e r e f o r e ,  t h e  a x l e s  5 - 6  and 

7 - 8  w i l l  be s u b j e c t e d  t o  an unreasonably  l a r g e  p ropor -  

t i o n  of  t h e  i n e r t i a  f o r c e s .  So t h e  outwards o f f -  

t r a c k i n g  w i l l  be l a r g e r  than  w i t h  a  f i x e d  bogie  a r r a n g e -  

ment s i m i l a r  t o  t h a t  i n  F igure  5 . 2 a .  This  tendency 

appears  i n  dynamic manoeuvres a s  well-see S e c t i o n  4 . 2 .  

The s p r e a d i n g  o f  a x l e s  may cause o t h e r  problems,  

t o o .  I f  t h e  v e h i c l e  frame i s  r i g i d  and no p i t c h  a r t i -  

c u l a t i o n  i s  i n t r o d u c e d  between t h e  s p r e a d  a x l e s ,  f o r c e  

d i s t r i b u t i o n s  induced by road  unevenness w i l l  s t r e s s  

t h e  road  and t h e  v e h i c l e  abnormal ly .  





5 . 4  BRAKING PERFORMANCE 

The b r a k i n g  per formance  o f  heavy commercial  

v e h i c l e s  has  t i l l  now n o t  been s t u d i e d  e x p e r i m e n t a l l y  

o r  t h e o r e t i c a l l y  t o  any g r e a t e r  e x t e n t  a t  t h e  I n s t i t u t e .  

The b r a k i n g  o f  heavy v e h i c l e s  and heavy v e h i c l e  combina- 

t i o n s  i n  p a r t i c u l a r  i s  r e g a r d e d  a s  an impor t an t  problem 

though.  Research i n  t h i s  f i e l d  i s  p l anned  t o  t a k e  

p l a c e  a t  t h e  I n s t i t u t e  i n  t h e  n e a r  f u t u r e .  The p e r f o r -  

mance o f  a n t i l o c k  b rake  sys tems  seems t o  be t h e  c e n t r a l  

problem.  

The Swedish ESV-research  program S t e e r a b i l i t y  

During Emergency B r a k i n g ,  which concerned  p a s s e n g e r  

c a r s  w i t h  a n t i l o c k  b r a k e s ,  has  p o i n t e d  o u t  t h r e e  

e s s e n t i a l  c r i t e r i a  which must be  c o n s i d e r e d :  

S t a b i l i t y  

S t e e r a b i l i t y  

B r a k e a b i l i t y  

S t a b i l i t y  was d e f i n e d  a s  t h e  a b i l i t y  t o  r e s i s t  

e x t e r n a l  d i s t u r b a n c e s  and keep t h e  d e v i a t i o n  from t h e  

i n t e n d e d  cour se  a t  a minimum. I t  was s t u d i e d  by 

measurements o f  t h e  v e h i c l e  s i d e s l i p  a n g l e .  

S t e e r a b i l i t y  was d e f i n e d  a s  t h e  r a t i o  between t h e  

l a t e r a l  d e v i a t i o n  from b r a k e  a p p l i c a t i o n  t o  s t a n d - s t i l l  

and t h e  b r a k i n g  d i s t a n c e ,  s e e  F i g u r e  5 . 4 .  

B r a k e a b i l i t y  was b a s e d  on t h e  mean d e c e l e r a t i o n  

d u r i n g  b r a k i n g  i n  a  curve  

- - 
v2 

a  0 - - 
cu rve  2s 

V = v e l o c i t y  a t  b rake  a p p l i c a t i o n  
0 

S  = b r a k i n g  d i s t a n c e  



1 Lateral 
Braking d e v i a t i d n  
distance v 

S t e e r a b i l i t y  = ; 

F i g u r e  5 . 4  D e f i n i t i o n  of  s t e e r a b i l i t y  



a  
B r a k e a b i l i t y  was d e f i n e d  as  

cu rve  
- where 

a locked  wheels  
- 
a l o c k e d  wheels  = mean d e c e l e r a t i o n  d u r i n g  b r a k i n g  

s t r a i g h t  ahead w i t h  l ocked  w h e e l s .  

Brak ing  i n  a  cu rve  w i t h  s imu l t aneous  b r a k e  

a p p l i c a t i o n  and s t e p  s t e e r i n g  was recommended a s  t e s t  

p r o c e d u r e .  The s t e e r i n g  i n p u t  was d e f i n e d  t o  g i v e  

minimum curve  r a d i u s  f o r  t h e  a c t u a l  v e h i c l e  w i t h o u t  

b r a k e  a p p l i c a t i o n .  The f o l l o w i n g  t e s t  c o n d i t i o n s  were 

p roposed :  

Minimum and maximum v e h i c l e  l oad  

Low f r i c t i o n  s u r f a c e  a t  50 km/h ( s t u d d e d  
w i n t e r  t y r e s  on i c e )  

High f r i c t i o n  s u r f a c e  a t  9 0  km/h (d ry  a s p h a l t )  

S t a b i l i t y  performance on i c e  t u rned  o u t  t o  be  

c r i t i c a l  even w i t h  s tudded  t y r e s .  So ,  it was conc luded  

t h a t  t e s t s  on a  low f r i c t i o n  s u r f a c e  w i t h  p r o p e r t i e s  

s i m i l a r  t o  i c e  a r e  i m p o r t a n t  f o r  t h e  e v a l u a t i o n  o f  

a n t i l o c k i n g  b r a k e  sys t ems .  

Ba lanc ing  o f  t h e  r o t a t i o n a l  wheel s l i p  p e r c e n t a g e  

between t h e  a x l e s  was shown t o  be  of  major  impor tance  

f o r  t h e  s t a b i l i t y  d u r i n g  b r a k i n g .  

S i m i l a r  per formance  c r i t e r i a  and recommendat i o n s  

might  be  used f o r  commercial  v e h i c l e s .  However, t h e  

s t  a b i l i t y  problems f o r  v e h i c l e  combina t ions  a r e  more 

c o m p l i c a t e d  t h a n  f o r  s i n g l e  c a r s  ( t h e  r o t a t i o n a l  wheel 

s l i p  must be b a l a n c e d  between many a x l e s  mounted on 

d i f f e r e n t  v e h i c l e  u n i t s ) .  

Brak ing  on i c e  i s  r e g a r d e d  a s  an e s s e n t i a l  p r o -  

blem i n  Sweden. L i t t l e  seems t o  have been done t o  

v e h i c l e  combina t ions  i n  t h i s  problem a r e a .  S o ,  t h e  

r e s e a r c h  a t  t h e  I n s t i t u t e  i s  i n t e n d e d  t o  c o n c e n t r a t e  

on low f r i c t i o n  b r a k i n g  problems.  
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Figure 5.5 Steerability and brakeability performance 

recommended for cars with antilock brake systems. 

(Swedish ESV programme) 



5 . 5  INTERDISCIPLINARY STEPS TOWARDS BETTER SAFETY 

The n a t u r e  o f  t h e  r e v e a l e d  s a f e t y  p rob lems  imply 

i n t e r d i s c i p l i n a r y  s o l u t i o n s .  L e g i s l a t i v e  measures  

seem t o  b e  n e c e s s a r y  t o  a c h i e v e  obv ious  s a f e t y  improve-  

ments i n  commercial  v e h i c l e  d e s i g n .  T o t a l  sy s t em 

improvements by v e h i c l e  d e s i g n  r e q u i r e  knowledge on 

t h e  s e n s o r y - m o t o r  c h a r a c t e r i s t i c s  o f  t h e  d r i v e r ,  a p a r t  

from knowledge on v e h i c l e  dynamics .  Some problems 

canno t  be  s o l v e d  q u i c k l y  enough by t e c h n o l o g i c a l  

measures  and s h o u l d  be  emphas ized  i n  r o a d  u s e r  e d u c a t i o n .  

5 . 5 . 1  LEGISLATION AND TEST JETHODS , A s u c c e s s f u l  

a p p l i c a t i o n  o f  t h e  ma jo r  aims f o r  r e g u l a t i o n s - l i s t e d  

below t h e  h e a d l i n e  o f  Chap te r  3-will u s e  p r o p e r  p e r -  

formance ( i n s t e a d  o f  d e s i g n )  demands t o  p roduce  a  

spon t aneous  development  towards  v e h i c l e s  w i t h  b e t t e r  

s a f e ty / economy  r a t i o .  C e r t a i n  improvements i n  v e h i c l e  

d e s i g n  w i l l  a l l o w  more l o a d  t o  b e  c a r r i e d ,  which seems 

t o  be t h e  most i m p o r t a n t  c o m p e t i t i o n  f a c t o r  among 

commercia l  v e h i c l e  m a n u f a c t u r e r s  and u s e r s .  

Many t i m e s ,  f i n d i n g  r e l e v a n t  pe r fo rmance  c r i t e r i a  

i s  a  r e s e a r c h  prob lem i n  i t s e l f ,  a s  f o r  a n t i l o c k  sys t ems  

i n  a r t i c u l a t e d  v e h i c l e  c o m b i n a t i o n s .  F i n d i n g  a r e l i a b l e  

t e s t  method might  be  a  p rob l em,  a s  w e l l - - e . g . ,  how t o  

make a  s u i t a b l e  check on t h e  o v e r t u r n i n g  l i m i t  o f  c e r t a i n  

r o a d  t a n k e r s .  

E v i d e n t l y  t h e  many p o s s i b i l i t i e s  t o  combine o r  

c o n n e c t  commercial  v e h i c l e s  by a r t i c u l a t i o n s  may cause  

p a r a d o x i c a l  e f f e c t s .  Improvements i n  t h e  l e a d i n g  

v e h i c l e  h a n d l i n g  pe r fo rmance  may d e t e r i o r a t e  t h e  o v e r -  

a l l  d r i v e r - v e h i c l e  s a f e t y  due t o  t h e  r e a r w a r d s  r i s k  

f a c t o r  a m p l i f i c a t i o n ,  e t c .  



I n  check ing  t h e  e l e m e n t a r y  dynamics o f  d i f f e r e n t  

v e h i c l e  c o m b i n a t i o n s ,  computer s i m u l a t i o n  seems t o  b e  

a  r e a s o n a b l e  method.  'Tables w i t h  p e r m i t t e d - o r - n o t  

combina t i ons  w i l l  be more cumbcrsome t o  h a n d l e ,  and 

( a g a i n )  i t  r e p r e s e n t s  a demand on design-not on 

pe r fo rmance .  

F u l l . s c a l e  t e s t s  a r e  s u g g e s t e d  f o r  c e r t a i n  d e t a i l s  

o f  t h e  demands where ma thema t i ca l  mode l ing  i s  dub ious  

o r  d a t a  c o l l e c t i o n  i s  d i f f i c u l t .  Th i s  i s  a l s o  p r e -  

f e r a b l e  f o r  t y p e  t e s t s  when c o r r e s p o n d i n g  checks  w i l l  

have t o  b e  r e p e a t e d  r e g u l a r l y  because  o f  f a t i g u e  and 

w e a r ,  e . g , ,  i n  f u t u r e  a n t i l o c k  b r a k i n g  s y s t e m s .  

I n  o r d e r  t o  r e d u c e  t h e  number o f  o v e r t u r n i n g  

a c c i d e n t s  i t  h a s  been s u g g e s t e d  t o  i n t r o d u c e  d i f f e r e n t  

speed  l imits  f o r  d i f f e r e n t  c e n t r e  o f  g r a v i t y  h e i g h t s .  

S e v e r a l  i n v e s t i g a t i o n s  though-see T a r a g i n  ( 1 9 5 4 ) ,  

R i t c h i e  e t  a l .  ( 1 9 6 8 ) ,  and H e r r i n  and Neuhardt  (1974)- 

have shown t h a t  most d r i v e r s  u t i l i z e  l a r g e r  l a t e r a l  

a c c e l e r a t i o n s  a t  low speeds  t h a n  a t  h i g h  s p e e d s .  As 

many o v e r t u r n i n g s  o c c u r  a t  a  low s p e e d ,  s u c h  l i m i t s  

would n o t  be  v e r y  e f f e c t i v e .  I n  a d d i t i o n ,  d i f f e r e n t  

speed  l i m i t s  f o r  d i f f e r e n t  t y p e s  o f  v e h i c l e s  w i l l  

i n t r o d u c e  new h a z a r d s  due t o  d i s t u r b a n c e s  i n  t h e  t r a f f i c  

f l ow .  

Independen t  o f  r e g u l a t i o n s  and t e s t  methods ,  

r e s e a r c h  must c o n t i n u e  t o  r e v e a l  p r e s e n t l y  unknown 

problems and t o  c o n t i n u o u s l y  a d a p t  l e g i s l a t i o n  t o  t h e  

needs  o f  community. 

5 . 5 . 2  VEHICLE DESIGN. Even i f  i t  h a s  n o t  been  i n  

t h e  l i n e  o f  t h e  i n v e s t i g a t i o n s  t o  s u g g e s t  s u i t a b l e  

d e s i g n s ,  t h i s  s u b j e c t  i s  o f t e n  d i s c u s s e d .  The r e g u l a -  

t i o n  p i -oposa l s  must be r e a l i s t i c  and t h e  unspoken aim 



i s  an i n c r e a s e  i n  r o a d  s a f e t y  w i t h  no  e v i d e n t  

d e t e r i o r a t i o n  o f  t r a n s p o r t  economics .  Some s u g g e s t i o n s  

a r e  ment ioned  below w i t h o u t  r a n k  o r d e r i n g .  The e f f o r t  

s h o u l d  b e  c o n c e n t r a t e d  on t r a i l e r s  and whole  combina- 

t i o n s ,  n o t  p r i m a r i l y  on t r u c k s  and t r a c t o r s .  

a )  Use t h e  s p a c e  between a x l e s  and whee l s  t o  

lower  t h e  c e n t e r  o f  g r a v i t y .  S e l f -  

s u p p o r t i n g  c o n t a i n e r s ,  i n d e p e n d e n t  wheel  

s u s p e n s i o n  and modular  t a n k s  a s  v e r t i c a l  

c y l i n d e r s  l owered  between whee l s  and a x l e s  

may h e l p .  

b )  With t h e  s u g g e s t e d  road  t a n k e r  d e s i g n  

( v e r t i c a l  c y l i n d e r s )  s l o s h i n g  c o u l d  be  

c o m p l e t e l y  e l i m i n a t e d  by a  p i s t o n  

a r r angemen t  i n  each  t a n k  t h a t  w i l l  be  

p a r t i a l l y  l o a d e d .  

c )  U t i l i z e  a s  l a r g e  a  nominal  and e f f e c t i v e  

t r a c k  a s  p o s s i b l e  ( s u p e r - s i n g l e  t y r e s  

may be f a v o u r a b l e )  . 
d) U t i l i z e  maximum l a t e r a l  d i s t a n c e  between 

a d j a c e n t  s p r i n g s  and p e r h a p s  a n t i - r o l l  

b a r s  t o  o b t a i n  b e t t e r  r o l l  s t i f f n e s s .  

e )  Avoid l a r g e  overhangs  and combina t i ons  

w i t h  u n s u i t a b l e  l e n g t h  d i s t r i b u t i o n .  

f )  P l a c e  t h e  tow p i n  a s  f a r  ahead  a s  p o s s i b l e  

and  be c a r e f u l  w i t h  l o n g  d rawba r s .  

g) Minimize t h e  r i s k  f o r  l a t e r a l  o s c i l l a t i o n s  

a t  h i g h  s p e e d  h a v i n g  few a r t i c u l a t i o n s  

and d y n a m i c a l l y  a c c e p t a b l e  c o n t r o l  

s t r a t e g y  f o r  a r t i c u l a t i o n  yaw and s t e e r e d  

a x l e s .  Maybe s i d e  f o r c e  o r  s p e e d  c o u l d  

b e  u s e d  a s  i n p u t  i n  such  s t r a t e g i e s .  



Research w i l l  be performed on t h e s e  

q u e s t i o n s  a t  t h e  I n s t i t u t e .  A s  y e t  n o t  

t e s t e d ,  b u t  perhaps  a  f a v o u r a b l e  s o l u -  

t i o n  i s  a  d o u b l e - a r t i c u l a t e d  combinat ion 

c o n s i s t i n g  o f  a  t r a c t o r  w i t h  two semi-  

t r a i l e r s  and a p p r o p r i a t e  c o n t r o l  o f  

a r t i c u l a t i o n  yaw movements, e t c .  An 

a l t e r n a t i v e  might be a  s i n g l e - a r t i c u l a t e d  

combinat ion c o n s i s t i n g  of  a  t r u c k  and 

s e m i t r a i l e r  s i m i l a r l y  c o n t r o l l e d .  

h) Develop w e l l  f u n c t i o n i n g  b rake  c o n t r o l  

systems ( l o a d  s e n s i t i v e  and a n t i - l o c k i n g )  . 
Why no t  develop dynamic f o r c e  t r a n s d u c e r s  

t h a t  can be used f o r  b rake  systems as  w e l l  

a s  l o a d  i n d i c a t i o n  and perhaps  a l s o  f o r  

i n s t r u m e n t s  o r  warning signa1.s i n d i c a t i n g  

t h e  o v e r t u r n i n g  r i s k ?  

i )  I n c r e a s e  t h e  cont inuous  feedback o f  t h e  

v e h i c l e ' s  dynamic s t a t e  t o  t h e  d r i v e r .  

Modif ied s e r v o  a s s i s t a n c e ,  s e a t  movements, 

t a c t i l e  d i s p l a y s ,  a c o u s t i c  warnings and 

head up c o l l i m a t e d  v i s u a l  d i s p l a y s  may be 

used .  

5 . 5 . 3  ROAD USER EDUCATION. I n  o r d e r  t o  maximize 

t h e  o v e r a l l  e f f i c i e n c y  and s a f e t y ,  e d u c a t i o n  and t r a i n -  

i n g  a r e  n e c e s s a r y  complements t o  l e g i s l a t i o n  and v e h i c l e  

d e s i g n .  However, t h e s e  s t e p s  shou ld  n o t  be c o n s i d e r e d  

t o  be s u b s t i t u t e s  f o r  immediate t e c h n o l o g i c a l  measures 

when t h e y  a r e  p o s s i b l e .  

Some v e h i c l e  dynamics phenomena a r e  vaguely known 

and shou ld  be e x p l a i n e d  i n  d r i v e r  e d u c a t i o n  t o  make 

t h e  r equ i remen t s  on t h e  d r i v e r s  more r e a s o n a b l e .  R e s u l t s  



from r e s e a r c h  must be s p r e a d  and u sed  i n  e d u c a t i o n  

o f  o t h e r  r o a d  u s e r s  a s  w e l l .  Th i s  w i l l  c o n t r i b u t e  

t o  a  s m a l l e r  number o f  a c c i d e n t s  caused  by-now 

u n d e r s t a n d a b l e - - o v e r e s t i m a t i o n  o f  commercial  v e h i c l e  

h a n d l i n g  and b r a k i n g  pe r fo rmance .  
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ARTICULATED VEHICLE RESEARCH IN ONTARIO 
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ABSTRACT 

An overv iew o f  t h e  commercial  v e h i c l e  r e s e a r c h  

program u n d e r t a k e n  by t h e  P rov ince  o f  O n t a r i o  t o  

improve t h e  highway s a f e t y  o f  a r t i c u l a t e d  v e h i c l e s  

i s  p r e s e n t e d .  Acc iden t  s t a t i s t i c s  a r e  examined t o  

d e t e r m i n e  t h e  e x t e n t  o f  v a r i o u s  c a u s e s  o f  a c c i d e n t s -  

v e h i c l e  i n s t a b i l i t y  , mechan ica l  d e f i c i e n c i e s ,  o r  

o t h e r s .  The r e s e a r c h  program i s  b e i n g  deve loped  

a round  t h e  need  f o r  s a f e t y  r e g u l a t i o n s  i d e n t i f i e d  by 

a c c i d e n t  d a t a  and v e h i c l e  i n s p e c t i o n s .  The p r o c e s s  

o f  d e f i n i n g  a c c e p t a b l e  v e h i c l e  per formance  i n  t e rms  

which can be  t r a n s l a t e d  i n t o  r e a l i s t i c  ( e n f o r c e a b l e )  

l i c e n s i n g  r e g u l a t i o n s  and i n s p e c t i o n  p r o c e d u r e s  i s  

emphas ized .  A p r a g m a t i c  approach  i s  d e s c r i b e d ,  i n  which 

e x p e r i m e n t a l  r e s u l t s  from v e h i c l e  t e s t s  and t h e o r e t i c a l  

r e s u l t s  from computer s i m u l a t i o n s  w i l l  b e  u sed  t o  

p r e d i c t  a c c e p t a b l e  per formance  c r i t e r i a  f o r  a  wide 

v a r i e t y  o f  c o n d i t i o n s  . 



BACKGROUND 

The O n t a r i o  M i n i s t r y  o f  T r a n s p o r t a t i o n  and 

Communications i s  r e s p o n s i b l e  f o r  t h e  p r o v i s i o n ,  

main tenance ,  and s a f e  keeping  o f  t h e  p r o v i n c i a l  h i g h -  

ways. This  r e s p o n s i b i l i t y  i n c l u d e s  t h e  l i c e n s i n g  o f  

v e h i c l e s  and d r i v e r s  hs w e l l  as  t h e  r e g u l a t o r y  con- 

t r o l  of  t h e  type  o f  v e h i c l e s ,  l o a d s ,  and mechanical  

c o n d i t i o n  a s  they  might a f f e c t  s a f e t y  on t h e  highways. 

Over t h e  p a s t  few y e a r s ,  t h e r e  has  been a  s i g n i -  

f i c a n t  i n c r e a s e  i n  t h e  number and s e v e r i t y  o f  a c c i d e n t s  

i n v o l v i n g  commercial a r t i c u l a t e d  v e h i c l e s  (CAV's) i n  

O n t a r i o .  The e s p e c i a l l y  s e v e r e  a c c i d e n t s  have n o t a b l y  

invo lved  t h e  double a r t i c u l a t e d  combinat ions  (doubles)  

u s i n g  c o n v e r t o r  d o l l y s  and "pup" t r a i l e r s .  The i n i t i a l  

p u b l i c  r e a c t i o n  t o  t h e s e  l a r g e  combinat ions and ensu ing  

a c c i d e n t s  demanded t h e i r  be ing  banned from t h e  r o a d s .  

As an a l t e r n a t i v e  t o  t h i s  d r a s t i c  s o l u t i o n ,  t h e  

A r t i c u l a t e d  Veh ic l e  Research Program was i n i t i a t e d  t o  

examine t h e  o v e r a l l  r e l a t i v e  s a f e t y  o f  t h e s e  combina- 

t i o n s ,  what s a f e t y  measures shou ld  be i n s t i t u t e d ,  and 

whether  they  a r e  j u s t i f i e d  on a  c o s t l b e n e f i t  b a s i s .  

ACCIDENTS 

Accident  s e v e r i t y  f o r  "doubles" has  i n i t i a l l y  been 

measured by t h e  l o s s  of l i f e  and h igh  p r o p e r t y  damage 

i n v o l v e d .  For t h e  d o u b l e s ,  f a t a l i t i e s  o c c u r r e d  2 . 6  

t imes  more o f t e n ,  w i t h  1 . 5  t imes  more f a t a l i t i e s  p e r  

f a t a l  a c c i d e n t  than  f o r  s e m i - t r a i l e r  combina t ions .  

P r o p e r t y  damage, as  e s t i m a t e d  from t h e  a c c i d e n t  

r e p o r t s ,  appears  t o  s u b s t a n t i a t e  t h i s  r e l a t i v e  

s e v e r i t y ,  w i t h  t h e  doubles  d o l l a r  l o s s  2 . 4  t imes  

g r e a t e r  than  f o r  semis .  The average  p r o p e r t y  damage 

i n  1 9 7 4  f o r  doubles  was about  $ 7 , 0 0 0 .  



Many of  t h e  doub les1  a c c i d e n t s  have occur red  

under c i rcumstances  n o t  p a r t i c u l a r l y  hazardous t o  

o t h e r  c l a s s e s  of commercial v e h i c l e s  and have r e s u l t e d  

i n  a  s e r i o u s  q u e s t i o n i n g  of  t h e  r e l a t i v e  s t a b i l i t y  and 

hand l ing  c h a r a c t e r i s t i c s  of  such combinat ions .  The 

s t r u c t u r a l  and mechanical  i n t e g r i t y  of  t h e s e  v e h i c l e s  

has  a l s o  been q u e s t i o n e d  s i n c e  mechanical  f a i l u r e s ,  

p a r t i c u l a r l y  wi th  h i t c h e s  common only  t o  t h e  doub les ,  

have accounted f o r  a  number of a c c i d e n t s .  

ONTARIO BRIDGE FORMULA 

The v a r i e t y  of  combinations c u r r e n t l y  seen  on t h e  

highways of On ta r io  i s  g e n e r a l l y  a t t r i b u t e d  t o  t h e  

March, 1971,  amendment t o  t h e  Highway T r a f f i c  Act- 

commonly r e f e r r e d  t o  as  t h e  Onta r io  Bridge Formula (OBF). 

P r i o r  t o  1971,  on ly  s p e c i f i c ,  p rede termined c o n f i g u r a t i o n s  

were p e r m i t t e d .  The 1971 l e g i s l a t i o n ,  developed t o  t ake  

b e t t e r  advantage of  t h e  des ign  c a p a b i l i t i e s  of t h e  

highways and b r i d g e s  of O n t a r i o ,  d e f i n e s  t h e  p e r m i s s i b l e  

weight  of  a  given v e h i c l e  as a  f u n c t i o n  of  i t s  i n d i -  

v i d u a l  a x l e  weights  and i n t e r a x l e  s p a c i n g s .  This 

p r o g r e s s i v e  s t e p  towards t h e  optimum usage o f  O n t a r i o  

highways f o r  s h i p p i n g  pe rmi t s  t h e  h i g h e s t  v e h i c l e  l o a d s  

i n  North America whi l e  a t  t h e  same t ime ma in ta in ing  

damage t o  pavements and b r i d g e s  w i t h i n  a c c e p t a b l e  l e v e l s .  

The OBF a l s o  p rov ides  t h e  b a s i s  f o r  op t imiz ing  

heavy v e h i c l e  d e s i g n .  To maximize t h e  l o a d - c a r r y i n g  

c a p a c i t y  o f  a  v e h i c l e ,  t h e  number of  a x l e s  and a x l e  

spac ings  must conform t o  t h e  Formula. A h i g h l y - a u t o -  

mated system i s  be ing  implemented a t  t h e  weigh s t a t i o n s  

t o  check v e h i c l e  conformance. Some p o s s i b l e  c o n f i g u r a -  

t i o n s  w i t h  v a r i o u s  numbers of  a x l e s  f o r  t h e  maximum 



p e r m i s s i b l e  v e h i c l e  we igh t s  and t h e  s h o r t e s t  p o s s i b l e  

base  l e n g t h  a r e  shown i n  F igure  1. F igure  1 i s  taken  

from Research Report  186 ,  "Proposed O n t a r i o  Br idge  

Design Load," by P . F .  Csagoly and R . A .  Dor ton ,  

p u b l i s h e d  by t h e  M i n i s t r y  of  T r a n s p o r t a t i o n  and 

Communications, O n t a r i o ,  November, 1973.  

FUTURE CONSIDERATIONS 

Many new, u n t r i e d  v e h i c l e  d e s i g n s ,  based  s o l e l y  

on t h e  O n t a r i o  Br idge  Formula,  can be expected  i n  t h e  

f u t u r e .  Some new combinat ions a r e  a l r e a d y  i n  o p e r a t i o n  

and more a r e  i n  t h e  p l a n n i n g  s t a g e .  A thorough under-  

s t a n d i n g  o f  what d e s i g n s  t o  expec t  and t h e i r  p o t e n t i a l  

impact  on s a f e t y  i s  r e q u i r e d  i f  p r o v i n c i a l  r e g u l a t i o n s  

a r e  t o  be i n t e l l i g e n t l y  a p p l i e d .  

Many commercial v e h i c l e s  a r e  s t i l l  o p e r a t i n g  w e l l  

below t h e  weight  l i m i t a t i o n s  imposed by t h e  OBF s o  t h a t  

f u t u r e  c a r r i e r  s h i p p i n g  c o s t  improvements a r e  l i k e l y  

through g r e a t e r  volume a l lowances .  Although t h i s  i s  

n o t  l i k e l y  i n  t h e  n e a r  f u t u r e ,  it would c e r t a i n l y  mean 

l o n g e r  v e h i c l e s  w i t h  more a r t i c u l a t i o n s .  In fo rma t ion  

on t h e  s t a b i l i t y ,  b r a k i n g  and hand l ing  of  t h e s e  v e h i c l e s  

w i l l  be  r e q u i r e d  b e f o r e  t h e i r  c o s t / b e n e f i t  t o  o u r  

s o c i e t y  can be e f f e c t i v e l y  e v a l u a t e d .  

The c o s t  of  f u e l  has  c e r t a i n l y  had an impact on 

t h e  t r u c k i n g  i n d u s t r y ,  w i t h  many aerodynamic m o d i f i -  

c a t i o n s  and f u e l  s a v i n g  d e v i c e s  b e i n g  r a p i d l y  

c o n s i d e r e d .  One such d e v i c e  i s  s e l f - s t e e r i n g  t r a i l e r  

a x l e s  which a r e  be ing  p r e p a r e d  f o r  f u e l  r e d u c t i o n s  a s  

w e l l  as  improved s t a b i l i t y .  While p o s s i b l y  improving 

v e h i c l e  s t a b i l i t y  under most c o n d i t i o n s ,  t hey  do n o t  

appea r  t o  have been proven f o r  emergency maneuvers,  

adverse  wea the r  and road  c o n d i t i o n s ,  o r  even f o r  a l l  
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v e h i c l e  c o n f i g u r a t i . o n s  o r  l o a d  d i s t r i b u t i o n s  unde r  

normal  o p e r a t i n g  c o n d i t i o n s .  

The A r t i c u l a t e d  Veh ic l e  Research  Program,  

t h e r e f o r e ,  i n t e n d s  n o t  on ly  t c )  e v a l u a t e  t h e  v e h i c l e  

c o n f i g u r a t i o n s  c u v r e n t l y  o p e r a t i n g  on t h e  highways o f  

O n t a r i o ,  b u t  c o  p r o v i d e  a  b a s i s  t o  b e t t e r  e v a l u a t e  

f u t u r e  c o n f i g u r a t i o n s  wiiicll rnight be  p roposed  t o  f i t  

w i t h i n  o u r  p r e s e n t  r e g u l a t i o n \ .  

P R O J E C T  D E S C K I  PTTONS 

While t h e r e  a r e  many good r e a s o n s  f o r  t h e  

P r o v i n c e  of  O n t a r i o  t o  u n d e r t a k e  t h e  s t u d y  o f  a r t i c u l a t e d  

v e h i c l e s ,  t h e  major  concern  i s  t h e  b a s i c  s t a b i l i t y  and 

mechanica l  s a f e t y  o f  t h e s e  combina t i ons  a l r e a d y  i n  u s e .  

The A r t i c u l a t e d  V e h i c l e  Resenrch p r o j e c t  was i n i t i a t e d  

t o  s t u d y  t h e  p r e s e n t  s i t u a t i o n  and t o  deve lop  p r o c e d u r e s  

o r  c o n t r o l s  a s  r eq*u i r ed  t o  e n s u r e  t h e i r  o p e r a t i o n a l  

s a f e t y .  

S e v e r a l  i n t e r m e d i a t e  nlcasures have a l r e a d y  been  

i n s t i t u t e d  by t h e  Minis  t r y  t o  IIcprove t h e  o v e r a l l  s a f e t y  

o f  commercial  ~ r o ~ i c l e s .  A d r i v e r  l i c e n s i n g  sys t em 

r e q u i r i n g  commercial  v e h i c l e  o p e r a t o r s  t o  be l i c e n s e d  

f o r  e ach  o f  s e v e r a l  c l a s s e s  o f  v e h i c l e s  h a s  been  i n t r o -  

duced .  A l s o ,  t h e r e  has  been an i n t e n s i f i c a t i o n  o f  t h e  

r o a d s i d e  i n s p e c t i o n  program c o v e r i n g  t h e  mechan i ca l  

c o n d i t i o n  o f  co~nmerc i a l  v e h i c l e s .  

The o b j e c t i v e  o f  t h e  A r t i c u l a t e d  V e h i c l e  Research  

Program i s  t a  prolb7ide t h e  d a t a  and b a s i c  u n d e r s t a n d i n g  

o f  v e h i c l e s  needed  t o  s u p p o r t  e f f e c t i v e  r e g u l a t i o n s  

and c o n t r o l s  mee t ing  t h e  s a f e t y  and c o s t / b e n e f i t  

r e q u i r e m e n t s  of  o u r  h ighway s y s t e m .  



Resea rch  a c t i v i t y  ( a s  shown i n  F i g u r e  2 )  h a s  . 

f o l l o w e d  t h r e e  m a i n l i n e s  o f  r e s e a r c h :  

1. A c c i d e n t  Data  and S t a t i s t i c s  - a  s t u d y  

t o  i d e n t i f y  t h e  main c a u s e s  o f  CAV 

a c c i d e n t s  and ,  t h e r e b y ,  g u i d e  v e h i c l e  

r e s e a r c h  a c t i v i t y  and t o  conduc t  a c o s t /  

b e n e f i t  a n a l y s i s  o f  t h e  need  f o r  a d d i -  

t i o n a l  r e g u l a t i o n s  o r  c o n t r o l s .  

2 .  CAV Research  i n t o  

a )  V e h i c l e  Dynamics - c o v e r i n g  s t a b i l i t y ,  

pe r formance  b r a k i n g  and h a n d l i n g  

c h a r a c t e r i s t i c s  a s  t h e y  r e l a t e  t o  

s a f e  highway o p e r a t i o n ,  and 

b) V e h i c l e  S t r u c t u r a l  and Mechanica l  

C o n d i t i o n  - c o v e r i n g  t h e  s t r u c t u r a l  

and  mechan i ca l  i n t e g r i t y  o f  such  

components a s  b r a k e s ,  h i t c h e s ,  and 

l o a d - r e t e n t i o n  d e v i c e s .  

3 .  R e g u l a t i o n s  - E n s u r i n g  t h a t  t h e  o i r tpu t  o f  

t h e  r e s e a r c h  (whether  i n s p e c t i o n  o r  t e s t  

p r o c e d u r e s ,  v e h i c l e  l i c e n s i n g  o r  o p e r a -  

t i o n a l  r e g u l a t i o n s ) ,  f i t s  w i t h i n  t h e  f rame-  

work o f  t h e  O n t a r i o  Highway T r a f f i c  A c t .  

ACCIDENT DATA AND STATISTICS 

The main q u e s t i o n  i n  a  r e s e a r c h  p r o j e c t  such  a s  

t h i s  i s ,  "Where do you b e g i n ,  and which o f  t h e  many 

f a c t o r s  a f f e c t i n g  v e h i c l e  s a f e t y  s h o u l d  r e c e i v e  

p r i o r i t y ? "  The answer  can b e  found  i n  a c c i d e n t  

s t a t i s t i c s ,  a c c i d e n t  i n v e s t i g a t i o n s ,  and v e h i c l e  i n s p e c -  

t i o n  s t a t i s t i c s - t h r e e  a r e a s  now unde r  a c t i v e  
c o n s i d e r a t i o n  by t h e  M i n i s t r y .  
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Accident  d a t a  f o r  t h e  y e a r s  1972,  7 3 ,  and 74 have 

been compiled f o r  a l l  o f  t h e  CAV a c c i d e n t s  r eco rded  

i n  O n t a r i o .  This  has  been an e x t e n s i v e  compi l a t ion  

cover ing  some 14,000 a c c i d e n t s .  The d a t a  has  been 

t a b u l a t e d  t a k i n g  i n t o  account  most o f  t h e  a v a i l a b l e  

i n f o r m a t i o n  r ecorded  on t h e  a c c i d e n t  f i l e .  The d a t a  

range from t h e  t ime o f  day o f  o c c u r r e n c e ,  road  c o n d i t i o n  

and d o l l a r - l o s s  t o  t h e  n a t u r e  and c i r cums tances  o f  t h e  

c o l l i s i o n .  Although on ly  a  s m a l l  p o r t i o n  o f  t h i s  d a t a  

has  been u t i l i z e d  t o  d a t e ,  i t  has  been f u l l y  t a b u l a t e d  

t o  p r o v i d e  s p e c i f i c  s t a t i s t i c s  when r e q u i r e d .  

The main emphasis o f  t h e  s t a t i s t i c a l  a n a l y s i s  

t h u s  f a r  has  been t o  p r o v i d e  d i r e c t i o n  f o r  a r t i c u l a t e d  

v e h i c l e  research-to de termine  what emphasis shou ld  be 

p l a c e d  on doubles  r e s e a r c h  as compared t o  semis .  I n  

p a r t i c u l a r ,  a n a l y s i s  shou ld  i n d i c a t e  which a c c i d e n t  

causes  would be t h e  most c o s t / s a f e t y  e f f e c t i v e  t o  

r e s e a r c h .  

Accident  S e v e r i t y  

S e v e r i t y  has  been measured by f requency and number 

of  f a t a l i t i e s ,  a l though  p r o p e r t y  damage has  a l s o  been 

used  and g e n e r a l l y  s u p p o r t e d  t h e  r e l a t i v e  s e v e r i t y  as 

i n d i c a t e d  b y  f a t a l i t i e s .  A summary of  f a t a l  a c c i d e n t  

d a t a  i s  shown i n  Table 1. These s t a t i s t i c s  c l e a r l y  

i n d i c a t e  t h a t  i f  a  double i s  i nvo lved  i n  an a c c i d e n t ,  

t h e  p r o b a b i l i t y  of  a  f a t a l i t y  i s  2 . 6  t imes  more than  

f o r  a  s i n g l e .  A l s o ,  t h e  number of f a t a l i t i e s ,  once 

invo lved  i n  a  f a t a l  a c c i d e n t ,  i s  g r e a t e r  by 58  p e r c e n t .  

I t  i s  a l s o  c l e a r  t h a t  t h e  a c c i d e n t  f requency o f  doubles  

i s  i n c r e a s i n g  much more r a p i d l y  than  t h a t  f o r  s i n g l e s .  

Although t h e s e  s t a t i s t i c s  a r e  i n d i c a t i v e  of  t h e  r e l a -  

t i v e  s e v e r i t y  of  CAV a c c i d e n t s ,  t hey  do n o t  g i v e  a  



Table 1 

CAV FATAL ACCIDENT SUMMARY, ONTARIO, 1972-74 

SEMl DOUBLE 

PERCENTAGE OF ACCIDENTS WITH FATALITIES : I 1 5.3 

AVERAGE No. OF FATALITIES PER FATAL ACCIDENT : 1.2 1 1.9 

ACCIDENTS FATALITIES 

SEM t 

FATAL ACCIDENTS 

SEM l DOUBLE SEMI DOUBLE 

1972 3840 6 1 

1973 3806 125 

1974 527 1 228 

TOTAL: 13,335 

%of  TOT.: 96.9 3.1 

DOUBLE 

100 12 

127 17 

115 12 

383 

89.3 10.7 

84 7 

103 5 

87 10 

296 

92.6 7.4 



good i n d i c a t i o n  o f  t h e i r  r e l a t i v e  s i g n i f i c a n c e  i n  terms 

o f  c o s t / b e n e f i t  f a c t o r s  such  a s  t h e  number o f  a c c i d e n t s  

o r  fatalities/pound/payload m i l e .  This  t y p e  o f  d a t a  

i s  d i f f i c u l t  t o  come by and i t  i s  g e n e r a l l y  b i a s e d  

s i n c e  i t  u s u a l l y  r e p r e s e n t s  o n l y  a  few major  companies 

and ,  i n  many c a s e s ,  o n l y  s p e c i f i c  r o u t e s  o r  o p e r a t i n g  

c o n d i t i o n s .  I t  i s  a n t i c i p a t e d ,  however ,  t h a t  th rough 

t h e  c o o p e r a t i o n  o f  t h e  t r u c k i n g  i n d u s t r y  a n d ,  i n  

p a r t i c u l a r ,  t h e  O n t a r i o  Trucking  A s s o c i a t i o n ,  t h a t  

a p p r o p r i a t e  d a t a  may b e  made a v a i l a b l e  i n  t h e  f u t u r e  

i n  a  form t h a t  can b e  c o r r e l a t e d  w i t h  o u r  a c c i d e n t  d a t a .  

The O n t a r i o  Pe t ro l eum A s s o c i a t i o n  h a s  been  

p a r t i c u l a r l y  c o o p e r a t i v e  i n  t h i s  r e g a r d ,  g a t h e r i n g  

a c c i d e n t  d a t a  r e l a t e d  t o  t h e i r  t r u c k  f l e e t s  b a s e d  on 

t h e  p a y l o a d - m i l e .  

Acc iden t  Causes 

Acc iden t  c i r c u m s t a n c e s  have been  d i v i d e d  i n t o  f o u r  

major  c a t e g o r i e s - i n s t a b i l i t y ,  mechanica l  d e f i c i e n c i e s ,  

d r i v e r  o r i e n t e d  and o t h e r ,  a  c a t c h - a l l  c l a s s i f i c a t i o n  

f o r  t h o s e  n o t  r e a d i l y  i d e n t i f i e d  w i t h  one o f  t h e  o t h e r  

t h r e e .  These c a t e g o r i e s  were f u r t h e r  s u b d i v i d e d  t o  

i d e n t i f y  s p e c i f i c  causes  w i t h i n  t h e  c a t e g o r y  a s  shown 

i n  Table  2 .  The d i s t r i b u t i o n  o f  a c c i d e n t s  f o r  b o t h  

s i n g l e s  and doub le s  f o r  t h e  major  c l a s s i f i c a t i o n s  i s  

shown i n  F i g u r e  3 .  These d i s t r i b u t i o n s  show t h a t  t h e  

m a j o r i t y  o f  a c c i d e n t s  ( 7 5 % )  f a l l  i n t o  t h e  c a t e g o r i e s  

of  " D r i v e r  O r i e n t e d "  o r  "Othe r , "  a l t h o u g h  2 5  p e r c e n t  o f  

a l l  a c c i d e n t s  (more t h a n  4 , 0 0 0  a c c i d e n t s )  cou ld  have 

been a v e r t e d ,  i n  O n t a r i o ,  o v e r  t h e  p a s t  t h r e e  y e a r s  had 

v e h i c l e  i n s t a b i l i t y  and mechanica l  d e f i c i e n c i e s  been 

e l i m i n a t e d .  



Table 2 

COMMERCIAL ARTICULATED VEHICLE ACCIDENTS 

ACCIDENT Cl RCUMSTANCE CLASS1 FlCATlON 

INSTABILITY PHYSICAL DEFICIENCY DRIVER ORIENTED 

I. Loss of Control 

in an Emergency 

2. Jack Knife due to 

Ice, Snow, etc. 

3. Fish Tail due to 

Ice, Snow, etc. 

4. Loss of Control 

due to Crosswing 

5. Jack Knife during 
Normal Manoeuver 

6. Fish Tail during 

Normal Manoeuver 

I. Brake Failure 

2. Hitch Failure 

3. Tire Failure 

4. Steering Failure 

5. Other Mechanical 

Failures 

6. Structural Failure 

I. Turning too sharply 

2. Hitting Low Bridge 

3. Cutting-off a Passed 

Vehicle 

4. Driving into Another 

Vehicle 

5. Hit While Turning 

6. Stopped or Parked 

7. Runaway Trailer 

8. Runaway Truck 

9. Fire 

7. Travelling in Reverse 

10. Load Shifting 

II. Loss of Load 
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I n s t a b i l i t y  

The d i s t r i b u t i o n  o f  c a u s e s  o f  i n s t a b i l i t y  i s  

shown i n  F i g u r e  4 .  Very l i t t l e  s t a t i s t i c a l  s i g n i f i -  

cance i s  a t t a c h e d  t o  t h c  d i f f e r e n c e s  betwccn s i n g l c s  

and d o u b l e s .  Most o f  t h e s e  a c c i d e n t s  were a p p a r e n t l y  

caused  by emergency c o n d i t i o n s  w i t h  v e r y  few l o s s - o f -  

c o n t r o l  c a s e s  under  normal c o n d i t i o n s  (normal  o p e r a t i o n s  

on a  good s u r f a c e )  . 
Thi s  d a t a  g e n e r a l l y  s u b s t a n t i a t e s  t h e  r e q u i r e -  

ments f o r  dynamic and s t a b i l i t y  r e s e a r c h  o r i e n t e d  

towards  emergency maneuvers and poo r  w e a t h e r  and s u r f a c e  

c o n d i t i o n s .  

Mechanica l  D e f i c i e n c i e s  

The a c c i d e n t  d i s t r i b u t i o n  f o r  doubles  a c c o r d i n g  

t o  mechanica l  d e f i c i e n c i e s  i s  shown i n  F i g u r e  5 .  The 

most s i g n i f i c a n t  f a c t o r  i s  t h a t  a lmos t  h a l f  o f  t h e  

a c c i d e n t s  i n  t h i s  c a t e g o r y  c o u l d  be  a t t r i b u t e d  t o  

h i t c h  f a i l u r e s .  Al though t h e  h i t c h  c l a s s i f i c a t i o n  

i n c l u d e d  f i f t h  whee ls  f o r  t h e  d o u b l e s ,  none o f  t h e s e  

a c c i d e n t s  were i d e n t i f i e d  a s  a  f i f t h  wheel f a i l u r e .  

The remainder  o f  t h i s  a c c i d e n t  c a t e g o r y  was d i s t r i b u t e d  

p r o p o r t i o n a t e l y  w i t h  t h e  mechanica l  f a i l u r e s  f o r  t h e  

t r a c t o r / s e m i - t r a i l e r .  Coupl ing  sys tems  f o r  doubles  

combina t i ons  h a v e ,  t h e r e f o r e ,  been i s o l a t e d  a s  t h e  

major  component f o r  s t r u c t u r a l  and mechanica l  r e s e a r c h  

a c t i v i t y .  

D r i v e r  O r i e n t e d  

While t h i s  c a t e g o r y  c o n s t i t u t e s  a  major  p o r t i o n  

o f  t h e  a c c i d e n t  c a u s e s ,  t h e r e  a r e  no immediate  p l a n s  

t o  i n c l u d e  i t  i n  t h i s  phase  o f  t h e  r e s e a r c h .  I t  i s ,  

however ,  a n t i c i p a t e d  t h a t  c e r t a i n  r e s u l t s  o r  o b s e r v a -  

t i o n s  d e r i v e d  from t h e  v e h i c l e  t e s t  p r o j e c t  w i l l  be  
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u s e f u l  towards e s t a b l i s h i n g  a  d r i v e r - o r i e n t e d  r e s e a r c h  

a c t i v i t y  p o s s i b l y  l e a d i n g  t o  recommendations f o r  a  

d r i v e r  t r a i n i n g  program. 

F l e e t  S i z e  S t a t i s t i c s  

One a d d i t i o n a l  c l a s s i f i c a t i o n  was added t o  t h e  

1974 s t a t i s t i c a l  d a t a .  The a c c i d e n t s  were i d e n t i f i e d  

according  t o  whether  t h e  t r a c t o r  invo lved  belonged t o  

a  f l e e t  o f  more t h a n ,  o r  l e s s  than  100 t r a c t o r s .  

Although g r e a t e r  r e s o l u t i o n ,  such as  i d e n t i f y i n g  

between f l e e t s  of  1, t o  5 ,  6 t o  2 5 ,  2 6  t o  100 and more 

than  1 0 0 ,  would have been p r e f e r r e d ,  i t  proved t o  be 

a  much t o o  l a b o r i o u s  u n d e r t a k i n g .  

This one breakdown, however, proved t o  be q u i t e  

i n f o r m a t i v e ,  as seen  from Figure  6 ,  i n  which f l e e t s  

o f  more than  1 0 0  t r a c t o r s  accounted f o r  approximately 

6 6  p e r c e n t  of  t h e  commercial t r a c t o r s  r e g i s t e r e d  i n  

On ta r io  b u t  on ly  1 4  p e r c e n t  of  t h e  a c c i d e n t s .  F l e e t s  

of  l e s s  than  1 0 0  accounted f o r  only 34 p e r c e n t  of  t h e  

v e h i c l e s  bu t  were involved  i n  7 7  p e r c e n t  of  t h e  

a c c i d e n t s .  Nine p e r c e n t  of t h e  a c c i d e n t s  involved  

v e h i c l e s  r e g i s t e r e d  o u t  of t h e  p r o v i n c e .  

The t r a c t o r  p o p u l a t i o n  g iven  h e r e  exc ludes  t h e  

p r i v a t e  f l e e t s  n o t  l i s t e d  as commercial v e h i c l e s  f o r  

h i r e  whereas t h e  a c c i d e n t  d a t a  i n c l u d e s  a l l  t r a c t o r  

a c c i d e n t s  i n  O n t a r i o .  These p r i v a t e  f l e e t s  a r e  e s t i -  

mated t o  account  f o r  no more than  2 5  p e r c e n t  of t h e  

t r a c t o r  p o p u l a t i o n .  The a c c i d e n t  d a t a  i n d i c a t e s  t h a t  

t r a c t o r s  be longing  t o  f l e e t s  of more than  1 0 0  t r a c t o r s  

a r e  1 0  t imes  l e s s  l i k e l y  t o  have an a c c i d e n t  than  

t r a c t o r s  be longing  t o  f l e e t s  of  l e s s  than  1 0 0  t r a c t o r s .  
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S p e c u l a t i o n  a s  t o  w h e t h e r  t h e  l a r g e r  f l e e t s  have  

b e t t e r  d r i v e r  t r a i n i n g ,  o r  newer and b e t t e r  m a i n t a i n e d  

v e h i c l e s  c a n n o t  b e  s u p p o r t e d  from t h i s  p r e l i m i n a r y  

a n a l y s i s .  

V e h i c l e  I n s ~ e c t i o n  Program 

A p i l o t  i n s p e c t i o n  program c a r r i e d  o u t  by t h e  

M i n i s t r y  i n  1973 ,  i n d i c a t e d  t h a t  mechan i ca l  d e f e c t s  

i n  l a r g e  commercia l  v e h i c l e s  had  r e a c h e d  an u n a c c e p t a b l e  

l e v e l  f o r  s a f e t y .  I t  was ,  t h e r e f o r e ,  d e c i d e d  t,o 

i n t e n s i f y  t h e  i n s p e c t i o n  program w i t h  p a r t i c u l a r  emphas i s  

on t h e  doub le s  c o m b i n a t i o n s .  Th i s  expanded i n s p e c t i o n  

program i s  now b e i n g  c a r r i e d  o u t  w i t h  t h e  c a p a b i l i t y  o f  

i n s p e c t i n g  up t o  60 ,000  v e h i c l e s  p e r  y e a r .  There  a r e  

75 v e h i c l e  i n s p e c t o r s  ( a l l  c e r t i f i e d  mechanics )  work ing  

o u t  o f  47 t r u c k  i n s p e c t i o n  s t a t i o n s  a c r o s s  t h e  p r o v i n c e .  

A s  o f  mid-December,  1974 ( 9  months a f t e r  t h e  s t a r t  o f  

t h e  p r o g r a m ) ,  a lmos t  35 ,000  v e h i c l e s  had  been  i n s p e c t e d .  

The 5 9 - p o i n t  i n s p e c t i o n  c o v e r s  most mechan i ca l  

components a f f e c t i n g  o p e r a t i o n a l  s a f e t y :  a i r  b r a k e s ,  

s t e e r i n g ,  f i f t h - w h e e l  a s s e m b l i e s ,  p i n t l e  hooks ,  t o w b a r s ,  

s e c o n d a r y  s a f e t y  a t t a c h m e n t s ,  s u s p e n s i o n s ,  t i r e s ,  and 

m u f f l e r s .  Some o f  t h e  more s i g n i f i c a n t  d e f i c i e n c i e s  a r e  

shown i n  Tab l e  3 .  

Al though  t h e  m a j o r i t y  o f  v e h i c l e s  i n s p e c t e d  were  

s e l e c t e d  a t  random, t h i s  d a t a  i s  somewhat b i a s e d  s i n c e  

v e h i c l e s  a p p e a r i n g  t o  b e  d e f e c t i v e  r e c e i v e d  p a r t i c u l a r  

a t t e n t i o n .  

The p r i n c i p a l  aim o f  t h e  v e h i c l e  i n s p e c t i o n  program 

i s  n o t  j u s t  t o  compi le  s t a t i s t i c s ,  b u t  r a t h e r  t o  

p e r s u a d e  e v e r y  f l e e t  o p e r a t o r ,  t r u c k  owner and d r i v e r  

t o  a c c e p t  t h e  r e s p o n s i b i l i t y  o f  hav ing  t h e i r  v e h i c l e s  



Table 3 

COMMERCIAL VEHICLE INSPECTION PROGRAM, 
MECHANICAL DEFECTS 

COMPONENT or SYSTEM %DEFECTIVE 

SECONDARY SAFETY ATTACHMENTS 50.8 
FIFTH WHEEL 24.9 

BRAKES 24.8 

SUSPENSION & FRAME 18.6 

STEERING 17.2 
PINTLE 6.2 

TOW BAR 2.8 

" TOTAL SAMPLE: 34,618 vehicles 



meet t h e  s a f e t y  s t a n d a r d s  of t h e  p r o v i n c e .  Although 

t h e  d a t a  o b t a i n e d  thus  f a r  i s  i n s u f f i c i e n t  t o  p r o v i d e  

a  q u a n t i t a t i v e  e v a l u a t i o n  o f  t h e  e f f e c t  of  t h e  program, 

t h e r e  a r e  s t r o n g  i n d i c a t i o n s  t h a t  t h e  number o f  major  

mechanical  d e f e c t s  a r e  on t h e  d e c l i n e .  

Accident  I n v e s t i g a t i o n  

To f u r t h e r  augment t h e  a c c i d e n t  d a t a  f i l e ,  a  more 

d e t a i l e d  a c c i d e n t  i n v e s t i g a t i o n  p r o c e s s  a t  t h e  second 

l e v e l  i s  b e i n g  c o n s i d e r e d .  This i s  more d e t a i l e d  than  

t h e  f i r s t  l e v e l  a c c i d e n t  r e p o r t ,  p i c k i n g  up many o f  

t h e  d e t a i l s  of  t h e  c i r c u m s t a n c e s ,  c a u s e s ,  and p r o p e r t y  

damage n o t  s u f f i c i e n t l y  covered by t h e  p o l i c e  r e p o r t .  

This  would be c a r r i e d  ou t  i n  coopera t ion  w i t h  t h e  

f e d e r a l  M i n i s t r y  o f  Transpor t  i n  Ottawa,  who have 

a l r e a d y  i n i t i a t e d  such a  program. 

A R T 1  CULATED VEHICLE RESEARCH 

The v e h i c l e  r e s e a r c h  has  been d i v i d e d  i n t o  two 

s e p a r a t e  a r e a s :  f i r s t ,  r e s e a r c h  i n t o  t h e  v e h i c l e  

dynamics and s t a b i l i t y  and second ,  t h e  v e h i c l e  s t r u c -  

t u r a l  and mechanical  i n t e g r i t y .  The dynamics ca t egory  

w i l l  cover  s t a b i l i t y ,  h a n d l i n g ,  and performance 

c h a r a c t e r i s t i c s  o f  CAVs under  normal and emergency 

o p e r a t i n g  c o n d i t i o n s .  This  w i l l  l a t e r  be expanded t o  

i n c l u d e  t h e  e f f e c t s  o f  such mechanical  d e f i c i e n c i e s  

as  uneven b r a k i n g  c h a r a c t e r i s t i c s .  Research i n t o  

s t r u c t u r a l  and mechanical  i n t e g r i t y  w i l l  cover  a  range 

o f  mechanical  systems a f f e c t i n g  v e h i c l e  s a f e t y ,  i n c l u d -  

i n g  h i t c h e s ,  s a f e t y  a t t a c h m e n t s ,  s t r e n g t h  and des ign  

l o a d  r e t e n t i o n  methods,  and t h e  e f f e c t s  of  degraded 

b r a k e s ,  s t e e r i n g  and suspens ion  sys t ems .  



Vehic le  Dvnamics 

This r e s e a r c h  c o n s i s t s  of both  computer model 

s i m u l a t i o n  and f u l l - s c a l e  f i e l d  t e s t i n g  and w i l l  be 

used t o  determine a n a l y t i c a l  o r  t e s t  procedures  t o  

e v a l u a t e  t h e  r e l a t i v e  o p e r a t i o n a l  s a f e t y  o f  a r t i c u l a t e d  

v e h i c l e  c o n f i g u r a t i o n s .  Vehic le  c o n f i g u r a t i o n  

v a r i a b l e s  of  i n t e r e s t  i n c l u d e  t r a i l e r  l e n g t h ,  h i t c h  

l e n g t h ,  l o a d  d i s t r i b u t i o n ,  number o f  a x l e s ,  and a x l e  

l o c a t i o n .  

Computer S imula t ion  

The computer s i m u l a t i o n  i s  p r i m a r i l y  i n t e n d e d  t o  

be  an a n a l y t i c a l  t o o l  w i t h  which a wide range o f  v e h i c l e  

c o n f i g u r a t i o n s  and parameters  can be modif ied  and 

analysed-once i t  has  been s a t i s f a c t o r i l y  v a l i d a t e d .  

A number o f  s i m u l a t i o n  models a r e  a v a i l a b l e ,  w i t h  

p a r t i c u l a r  advantages f o r  t h e i r  s p e c i f i c  a p p l i c a t i o n s .  

The i r  u s e f u l n e s s  t o  t h e  development of s a f e t y  r e g u l a t i o n s  

w i l l  be  f u l l y  e v a l u a t e d .  A t  p r e s e n t ,  we a r e  adap t ing  

t h e  HSRI Phase I1 computer s i m u l a t i o n  t o  meet t h e s e  

requi rements  by i n c l u d i n g  a  second t r a i l e r  and s u p e r -  

e l e v a t e d  curves  i n  t h e  model. The second t r a i l e r  has  

been modelled and i s  p r e s e n t l y  be ing  i n t e g r a t e d  i n t o  

t h e  program, i n c r e a s i n g  t h e  number of degrees  of  freedom 

from 32 t o  6 0 .  The s u p e r e l e v a t e d  curves  a r e  be ing  

ana lysed  t o  cover  t h e  range o f  t u r n s  i n  O n t a r i o  and 

w i l l  be i n c l u d e d  by e i t h e r  t a b u l a t e d  d a t a  o r  a n a l y t i c  

f u n c t i o n s .  

As an a n a l y t i c a l  t o o l ,  t h e  s i m u l a t i o n  w i l l  be 

used t o :  



a )  Examine p a r a m e t e r  s e n s i t i v i t y ,  

b )  S e l e c t  s i g n i f i c a n t  t e s t  c o n d i t i o n s ,  

c)  E x t r a p o l a t e  t e s t  d a t a  beyond t h e  s a f e t y  

l i m i t s ,  and 

d) I n v e s t i g a t e  s t a b i l i t y  a.nd h a n d l i n g  

c h a r a c t e r i s t i c s  o v e r  a  range  o f  v e h i c l e  

c o n f i g u r a t i o n s .  

V e h i c l e  Dynamics T e s t i n g  

The main o b j e c t i v e  o f  t h e  v e h i c l e  t e s t i n g  i s  t o  

examine t h e  s t a b i l i t y  o f  t h e  v a r i o u s  combina t ions  

p r e s e n t l y  i n  u se  i n  O n t a r i o  and t o  o b t a i n  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  f a c t o r s  a f f e c t i n g  t h e i r  s t a b i l i t y  

and c o n t r o l .  A d d i t i o n a l  t e s t i n g  i s  p l a n n e d  t o  i n c l u d e  

t h e  e f f e c t s  o f  s a f e t y  d e v i c e s  and mechanisms,  such  a s  

t h e  s e l f - s t e e r i n g  a x l e s ,  n o t  i n c l u d e d  i n  t h e  s i m u l a -  

t i o n .  The l o n g - r a n g e  t e s t  program w i l l  be u sed  as t h e  

b a s i s  f o r  t h e  development of v e h i c l e  a c c e p t a b i l i t y  

c r i t e r i a ,  methods f o r  v e h i c l e  per formance  t e s t i n g ,  and 

l i c e n s i n g  c o n t r o l .  

The f i r s t  phase  o f  t e s t i n g  w i l l  b e  i n t r o d u c t o r y  

i n  n a t u r e  t o  g a i n  t h e  o p e r a t i o n a l  e x p e r i e n c e  o f  r unn ing  

l a r g e  v e h i c l e  f i e l d  t e s t s .  During t h i s  phase  we e x p e c t  

t o  : 

1. Check o u t  t h e  t e s t  i n s t r u m e n t a t i o n  and 

t e s t  o p e r a t i o n s  p r o c e d u r e s ,  

2 .  V a l i d a t e  t h e  computer s i m u l a t i o n ,  and 

3 .  Der ive  s t a b i l i t y  d a t a  f o r  some b a s e l i n e  

r e f e r e n c e  c o n f i g u r a t i o n s .  



These t e s t s  w i l l  a t t e m p t  t o  cove r  t h e  b a s i c  

maneuvers and some o f  t h e  t e s t  c o n d i t i o n s  i n d i c a t e d  

i n  Table  4 .  The t e s t  runs  w i l l  b e  s e l e c t e d  on t h e  

b a s i s  o f  s t a b i l i t y  l i m i t s  d e r i v e d  from p r e - t e s t  

s i m u l a t i o n s .  The f o l l o w - o n  t e s t s  w i l l  be  based  on t h e  

s u c c e s s  and e x t e n t  of  t h e  t e s t  c o n d i t i o n s  covered  

d u r i n g  t h i s  f i r s t  p h a s e ,  and w i l l  i n c l u d e  such  

v a r i a b l e s  a s  f i f t h - w h e e l  l o c a t i o n ,  towbar l e n g t h ,  and 

h i t c h  p o s i t i o n .  

T e s t  V e h i c l e s  

We have a  White F r e i g h t l i n e r  t r a c t o r  on o r d e r  and 

a r e  p r e p a r i n g  t o  pu rchase  two t r a i l e r s  and a  t r a i n  

d o l l y .  One t r a i l e r  w i l l  be  e x t e n d a b l e  and t h e  towbar 

w i l l  e i t h e r  be e x t e n d a b l e  o r  i n t e r c h a n g e a b l e .  The 

b o g i e  o f  t h e  e x t e n d a b l e  v e h i c l e  w i l l  be moveable and 

i t  w i l l  have one a x l e  a i r - l i f t e d .  

The r ange  of  v e h i c l e  c o n f i g u r a t i o n s  a v a i l a b l e  

w i t h  t h i s  combina t ion  i s  shown i n  F i g u r e  7 .  The t e s t  

v e h i c l e  can c a r r y  t h e  maximum we igh t  a l l owance  i n  

O n t a r i o  f o r  a  s i n g l e  s t e e r i n g  a x l e  c o n f i g u r a t i o n .  

Tes t  I n s t r u m e n t a t i o n  

The t r a c t o r  and t r a i l e r s  w i l l  be f u l l y  i n s t r u m e n t e d  

t o  measure t h e  v e h i c l e  p a r a m e t e r s  and dynamic v a r i a b l e s  

needed  t o  d e f i n e  t h e  v e h i c l 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  

and dynamics d u r i n g  t h e  t e s t .  

A p r e l i m i n a r y  l i s t  o f  31 p a r a m e t e r s  r e q u i r e d  f o r  

t h e  a n a l y s i s  and s i m u l a t i o n  i s  g iven  i n  Table  5 .  

Senso r s  o r  t r a n s d u c e r s  f o r  measurement o f  t h e s e  

p a r a m e t e r s  have n o t  been  s e l e c t e d  a t  t h i s  t i m e .  



Table 4 

I . .  

VEHICLE TESTS, PHASE 1 

"NOMINAL CONFIGURATION FIXED -Fifth Wheel Position 
-Tow Bar Length 
-Hitch Position 
-Axle Location 
-Trailer Lengths 

TEST VARIABLES 

VEHICLES 

VEHICLE CONFIG. 

TEST CONDITIONS: 

1. Load 

2. Pavement 

3. Speed 

4. Lateral Acceleration 

5. Braking 

C 

MANOEUVER 

STRAIGHT 
LINE 
BRAKING 

SEMIS & DOUBLES 

NOMINAL* & TOW BAR LENGTH 

EMPTY to  FULL 

DRY & WET ASPHALT 

50 to 100 kmlhr 

0 to 0.59 

*ZERO to FULL 

LANE 
CHANGE 

EVASIVE CORNERING 



TEST VEHICLE CONFIGURATIONS 

SEMI 

0-0 0-0 LEAD TRAILER LENGTH 

5' - 12'  
t+----4 

0-0 TOW BAR LENGTH 

LEAD TRAl LER AXLE, 
0-0 SINGLE or DOUBLE 

TRACTOR 5th WHEEL, 
POSITION 

ADDITIONAL CONFIGURATION VARIABLES 

1. Lead Trailer Bogie Configuration. 
2. Pintle Hook Vertical Position. 
3. Converter Dolly to replace Train Dolly. 
4. Self-steering Axles to replace Conventional Axles. 

Figure 7 



Table 5 

TRACTOR 

Articulated Vehicle Parameters 

Roll Angle 
Yaw Angle 
Roll Rate 
Yaw Rate 
Longitudinal Acceleration 
Lateral Acceleration 
Velocity 
Steering Wheel Position 
L .  F. Wheel Position 
R. F.  Wheel Position 
Brake Pedal 
Brake Pressure (each axle -3) 
Wheel Speeds (6) 

SEM l 

Roll Rate 
Yaw Rate 
Longitudinal Acceleration 
Lateral Acceleration 
Brake Pressure (2) 
Wheel Speeds (4) 
Articulation Angle 

PUP 

Roll Rate 
Yaw Rate 
Longitudinal Acceleration 
Lateral Acceleration 
Brake Pressures ( 2 )  
Wheel Speeds (4) 
Hitch Angle 
Articulation Angle 
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Table 6 

DATA ACQUISITION SYSTEM REQUIREMENTS 

RECORDING CAPACITY, 31 CHANNELS 

BANDWIDTH, DC to 50Hz 

@ACCURACY, f 1% 

WEIGHT ( In  Tractor) 5 200 Ib. 

POWER (I  n Tractor) 5 500 watts 

ON-BOARD TAPE RECORDING or TELEMETRY 

ON-BOARD QUICK LOOK CAPABl L lTY 

ENVl RONMENTAL CONDITIONS: 

a. Temperature, - 1 0 ' ~  to 5 0 ' ~  

b. Shock & Vibration 





ARTICULATED VEHICLE DATA RECORDING 81 PROCESSING 

CHECK OUT and 
CALIBRATION 

Spectrum Analyser 

-0scil loscope 

-DVM 

-Frequency Counter 

A 

v 
RF 
INPUT 

Figure 9 

TAPE 
RECEIVER - 1  RECORDER 

0 0 0  

14 FM DISCRIMINATORS 
(CONSTANT BANDWIDTH) 

or 

PDM SYNCHRONIZER 81 

DEMULTIPLEXER 

FROM 
SIGNAL 
PATCH I-------- I 
PANEL I I *--1 7 * I 

I 
I 

DATA GENERAL 
NOVA 1200 COMPUTER 

OSCl LLOGRAPH 
RECORDER 
(QUICK LOOK) 

NEFF 620 
AID  CONVERTER 

1 



Many of t h e s e  c o n d i t i o n s  a r e  i n a d e q u a t e l y  covered 

t o  meet t h e  s a f e t y  r equ i remen t s  of t h e  l a r g e  a r t i -  

c u l a t e d  v e h i c l e s .  Revis ions  o r  a d d i t i o n s  t o  t h e  

Highway T r a f f i c  Act of  O n t a r i o  a r e  be ing  examined t o  

b r i n g  t h e s e  requi rements  u p - t o - d a t e .  Load r e t e n t i o n  

methods and secondary  s a f e t y  a t t achment s  a r e  be ing  

g iven  major c o n s i d e r a t i o n  i n  view o f  t h e  impending 

FMVSS 121 b r a k i n g  s p e c i f i c a t i o n .  

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  a s  d e f i n e d  by dynamic 

s t a b i l i t y ,  m a n e u v e r a b i l i t y  o r  h a n d l e a b i l i t y  have 

g e n e r a l l y  n o t  been c o n t r o l l e d  by r e g u l a t i o n .  These 

c h a r a c t e r i s t i c s  de termine  t h e  e x t e n t  t o  which s a f e  

o p e r a t i o n  can be expec ted  w i t h i n  t h e  boundar i e s  of  

normal o p e r a t i n g  cond i t ions -va r i ab le  wea the r  and road  

c o n d i t i o n s ,  v a r i a b l e  l o a d s  and d i s t r i b u t i o n s  and a  

v a r i e t y  o f  normal and emergency maneuvers.  

Within t h i s  phase of  t h e  r e s e a r c h  we i n t e n d  t o  

examine how t h e s e  o p e r a t i o n a l / p e r f o r m a n c e  f a c t o r s  can 

be c o n t r o l l e d  through r e g u l a t i o n s .  The s i m u l a t i o n  model,  

when v a l i d a t e d ,  w i l l  be used e x c l u s i v e l y  t o  de termine  

t h e  s e n s i t i v i t y  of  t h e  C A V s '  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  

t o  v a r i a t i o n s  i n  conf igura t ion- load  d i s t r i b u t i o ~ ,  a x l e  

l o c a t i o n  and l o a d i n g ,  f i f t h  wheel and h i t c h  l o c a t i o n s ,  

and geometry.  I t  i s  expec ted  t h a t  performance w i l l  

p rove  t o  be  a  more r e a l i s t i c  c r i t e r i a  on which t o  

develop  s a f e t y  s t a n d a r d s .  



CONCLUDING REMARKS 

A r t i c u l a t e d  v e h i c l e  r e s e a r c h  a t  t h e  M i n i s t r y  

i s  b e i n g  p u r s u e d  a long  two main l i n e s :  

a )  mechanica l  and s t r u c t u r a l  i n t e g r i t y  of 

l o a d  a t t a chmen t  and a r t i c u l a t i o n  

components , 

b )  v e h i c l e  dynamics and m a n e u v e r a b i l i t y  

a s  dependent  on v e h i c l e  c o n f i g u r a t i o n .  

Both o f  t h e s e  w i l l  l e a d  t o  t h e  a d d i t i o n  o r  r e v i s i o n  

o f  r e g u l a t i o n s  upg rad ing  t h e  o p e r a t i o n a l  s a f e t y  o f  

CAVs . 
The main emphasis  o f  t h e  r e s e a r c h ,  however ,  i s  

on t h e  v e h i c l e  dynamics which s h o u l d  p r o v i d e  a  more 

thorough  u n d e r s t a n d i n g  o f  t h e  a r t i c u l a t e d  v e h i c l e  a s  

a  comple te  o p e r a t i n g  sy s t em.  

S a f e t y  s t a n d a r d s  ba sed  on per formance  a r e  e x p e c t e d  

t o  s i g n i f i c a n t l y  r educe  t h e  f r equency  and s e v e r i t y  o f  

a c c i d e n t s  due t o  i n s t a b i l i t y ,  l o s s  o f  c o n t r o l  and i n  

some i n s t a n c e s  d r i v e r  e r r o r .  

The v e h i c l e  dynamics w i l l  p r o v i d e  f o r  ongoing 

research-such a s  d r i v e r  t r a i n i n g  requirements- to  

f u r t h e r  improve t h e  s a f e t y  o f  t h e  CAV a s  an o p e r a t i n g  

sy s t em.  
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F e d e r a l  F o l l y - - P u b l i c  P o l i c y  Wi thout  Research  

I was go ing  t o  a p o l o g i z e  f o r  keep ing  you h e r e  

w i t h  t h i s  l o v e l y  s u n  o u t s i d e ,  b u t  I was a s s u r e d  by t h e  

p r e s i d e n t  o f  t h e  U n i v e r s i t y  t h a t  t h i s  i s  a  normal  

d a y ,  and t h a t  I  d i d n ' t  have  t o  do t h a t .  I commend you 

f o r  s t a y i n g  i n s i d e  t o  l i s t e n  t o  me. 

The t i t l e  I p i c k e d  t o d a y - - F e d e r a l  F o l l y :  P u b l i c  

P o l i c y  Wi thout  R e s e a r c h - - I ' m  s u r e  h a s  s t i r r e d  some 

t h o u g h t  i n  a l l  o f  y o u ,  b u t  I ' m  go ing  t o  abandon t h a t  

t i t l e .  I p i c k e d  up a  D e t r o i t  p a p e r  t h i s  morr'ing w i t h  

a  h e a d l i n e  r e a d i n g  "Blame Y o u r s e l f  f o r  F e d e r a l  R u l e s ,  

Automakers Are To ld . "  I  migh t  s u g g e s t  t h a t  t h a t  t i t l e  

might  j u s t  a s  w e l l  have  been  t h e  t i t l e  of my s p e e c h .  

S e c r e t a r y  of  T r a n s p o r t a t i o n  B i l l  Coleman r e c e n t l y  

made a  v e r y  i n t e r e s t i n g  comment i n  t h i s  r e g a r d .  He 

s a i d  "We're i n  bad s h a p e  i f  a  p o l i t i c a l  o f f i c i a l  l i k e  

me h a s  t o  t e l l  b u s i n e s s  what t o  do ."  I a g r e e .  

But I t h i n k  t h i s  p o i n t s  up t h e  p rob lem t h a t  I ' d  

l i k e  t o  t a l k  t o  you a b o u t  t o d a y ,  b e c a u s e  I can  t h i n k  

of  no s u b j e c t  t h a t  w i l l  b e  more i m p o r t a n t  t o  t h e  p u b l i c ,  

t h e  p r i v a t e  e n t e r p r i s e  s y s t e m ,  and t o  t h e  f reedom of  

a l l  of  u s  a s  i n d i v i d u a l s ,  t h a n  t h e  i n t e r f a c e  o f  a  p a r -  

t i c u l a r  s e c t o r  o f  i n d u s t r y  w i t h  government ,  and t h e  

whole o f  p r i v a t e  e n t e r p r i s e  w i t h  a l l  o f  government .  

I f  we a r e  u n a b l e  t o  f i n d  t h e  k i n d  o f  i n t e r f a c e  t h a t  

w i l l  work ,  w e ' r e  go ing  t o  c o n t i n u e  t o  have  t h e  k i n d  o f  

c o n f r o n t a t  i o n ,  t h e  k i n d  of  m i s u n d e r s t a n d i n g ,  and t h e  

k i n d  o f  " F e d e r a l  F o l l y "  of  p u b l i c  p o l i c y  w i t h o u t  r e s e a r c h  

t h a t  I t h i n k  i s  l e a d i n g  t h i s  c o u n t r y  i n t o  some v e r y  

s e r i o u s  problems which w i l l  t a k e  a g r e a t  d e a l  o f  t ime  

t o  s o l v e .  

I  c o u l d  s a y ,  f a c e t i o u s l y ,  t h a t  from t h e  p o i n t  o f  

view o f  "pure"  p r i v a t e  e n t e r p r i s e ,  no r e g u l a t i o n s  a r e  

any good .  I can  a s s u r e  you ,  however ,  t h a t  I d o n ' t  come 



f rom t h a t  s c h o o l .  Having s p e n t  3 1 / 2  y e a r s  on t h e  

o t h e r  s i d e  o f  t h e  f e n c e ,  I know t h e r e  i s  a  ve ry  

i m p o r t a n t  p l a c e  f o r  government r e g u l a t i o n .  There  i s  

go ing  t o  b e  b i g g e r  b u s i n e s s  and t h e r e ' s  go ing  t o  b e  

b i g g e r  government .  But i n  s a y i n g  t h a t  t o  you,  I would 

a l s o  have t o  admit  t h a t  t h e  k i n d  of  government and t h e  

k i n d  o f  b u s i n e s s  w e ' r e  go ing  t o  have w i l l  depend on 

t h e  i n t e r f a c e .  

I might  a l s o  comment t o d a y ,  a g a i n  f a c e t i o u s l y ,  

t h a t  a n y t h i n g  I s a y  about  government p r o b a b l y  won ' t  

be  t r u e  by t h e  tiine I g e t  t h rough  because  somebody w i l l  

have changed t h e  r u l e s .  I d i d n ' t  check t o  s e e  what 

t h e  Ways and Means Committee d i d  b e f o r e  t h i s  m e e t i n g ,  

b u t  t h i n g s  a r e  moving s o  f a s t  t h a t  I 'm c e r t a i n  some- 

t h i n g  happened.  We c a n ' t  u n d e r e s t i m a t e  t h e  speed  of  

change i n  e n g i n e e r i n g - - i n  t e c h n o l o g y - - a n d ,  of e q u a l  

i m p o r t a n c e ,  t h e  speed  w i t h  which government can move 

i n  and make r e g u l a t i o n s .  Th i s  means we must l e a r n  t o  

f u n c t i o n  i n  a  wor ld  i n  which r e g u l a t i o n s  a r e  made w i t h  

t h e  k i n d  of s t u d y ,  a n a l y s i s ,  and r e s e a r c h  t h a t  w i l l  b e  

sound ,  n o t  on ly  t o  s o l v e  t h e  problem immedia te ly  a t  

h a n d ,  b u t  t o  a n t i c i p a t e  t h e  " r i p p l e  e f f e c t s "  r e s u l t i n g  

from a  p a r t i c u l a r  c o u r s e  o f  a c t i o n .  

L e t ' s  look  a t  a  few examples .  And t h i s  i s  some- 

what dange rous ,  because  t h e r e  a r e  two s i d e s  t o  a l l  

t h e s e  examples ,  a l t h o u g h  one u s u a l l y  s t a n d s  o u t .  Le t  

me t a l k  abou t  t h e s e  w i t h  you f o r  j u s t  a  few m i n u t e s ,  

and focus  on some o f  t h e  t h i n g s ,  some o f  t h e  r e a l  

p rob l ems ,  I t h i n k  we f a c e .  Then I s h a l l  a t t e m p t  t o  

g i v e  you some s u g g e s t i o n s  a s  t o  where I t h i n k  we must 

go from h e r e  i f  w e ' r e  t o  have t h e  k i n d  of c o u n t r y  

t h a t  I t h i n k  we a l l  wan t .  

I n  t h e  mid-1950s one of  t h e  m a n u f a c t u r e r s  of  a u t o -  

mobi les  p u t  s e a t  b e l t s  i n t o  a  c a r .  They found t h a t  

t h e  p u b l i c  (a )  d i d n ' t  want i t  (b) i t  was n o n c o m p e t i t i v e .  



The s e a t  b e l t s  were  t a k e n  o u t .  I t ' s  v e r y  e a s y  f o r  

p e o p l e  who a r e  c r i t i c a l  o f  t h e  i n d u s t r y  t o  s u g g e s t  

t h a t  t h e  i n d u s t r y  d i d n ' t  t r y ;  t h a t  i t  was opposed t o  

s a f e t y  f e a t u r e s .  O b v i o u s l y ,  i f  s a f e t y  i s  a  s t r o n g  

p u b l i c  p o l i c y ,  i t  t a k e s  t h e  k i n d  of  c o o p e r a t i o n  and 

i n p u t ,  f i r s t  f rom i n d u s t r y ,  and t h e n  a  way t o  s e e  

t h a t  such  a  p u b l i c  p o l i c y  i s  c a r r i e d  o u t .  

Here was a  chance  of  i n p u t  t h a t  j u s t  d i d n ' t  work.  

Then t h e  o t h e r  s i d e - - g o v e r n m e n t - - b e g a n  t o  mandate 

c e r t a i n  s a f e t y  f e a t u r e s .  Many were  r e a s o n a b l y  sound ,  

and I  t h i n k  t h e  g i v e  and t a k e  i n  t h a t  a r e a  was r e a s o n -  

a b l y  good.  

A t  t h e  t ime  o f  t h e  C l e a n . A i r  Ac t ,  t h e r e  were  some 

v e r y  i n t e r e s t i n g  p r e l i m i n a r y -  - and  I u s e  t h a t  word 

somewhat w i t h  f e a r ,  b e i n g  i n  academic c i r c l e s - - p r e -  

l i m i n a r y  r e s e a r c h  f i n d i n g s  which i n d i c a t e d  a i r  p o l l u t i o n  

problems n a t i o n a l l y  and some v e r y  s e r i o u s  problems i n  

p l a c e s  l i k e  Los Ange l e s .  But t h e r e  was no s e r i o u s  

c o n s i d e r a t i o n  g i v e n  a t  t h a t  t ime  t o  c a n d u c t i n g  c o s t -  

b e n e f i t  a n a l y s e s  o f  t h e  p roposed  r e g u l a t i o n s .  There  

was a l s o  no r e a l  c o n s i d e r a t i o n  g i v e n  i n  t h e  manda t ing  

of s p e c i f i c  s t a n d a r d s  i n  t h e  l e g i s l a t i o n  i t s e l f  a s  t o  

t h e  o v e r a l l  impac t  and w h e t h e r  t h e  t e c h n o l o g y  was 

a v a i l a b l e  t o  c a r r y  i t  o u t .  

I n  no way d i d  t h i s  mean t h a t  t h e r e  w a s n ' t  a  n e e d  

f o r  c l e a n e r  a i r ,  n o r  am I  s u g g e s t i n g  t h a t  t h e r e  w a s n ' t  

some t e c h n o l o g y  and some e v i d e n c e  o f  how we might  

approach  t h e  p rob lem.  But I t h i n k  t h e  i m p o r t a n t  t h i n g  

t h a t  happened  h e r e  was t h a t  Congress  had  many r e a s o n s  

f o r  p r o c e e d i n g  on t h e  c l e a n  a i r  i s s u e  and i t  went  ahead  

b e c a u s e  i t  was t o l d  t h a t  t h a t  was t h e  i m p o r t a n t  t h i n g  

and n o t  t o  wor ry  a b o u t  t h e  r i p p l e  e f f e c t s .  

What h a s  happened ,  o f  c o u r s e ,  i s  we 've  b u i l t  up 

i n  t h i s  c o u n t r y - - w i t h i n  b o t h  i n d u s t r y  and gove rnmen t - -  



a  g r o u p  o f  p e o p l e  who, f rom t h e  government  s i d e  i n  many 

c a s e s ,  s i m p l y  do n o t  b e l i e v e  t h e  i n d u s t r y  anymore.  

And we 've  b u i l t  up an  a n t a g o n i s m  w i t h i n  t h e  i n d u s t r y  

t h a t  s a y s  a l l  government  i s  b a d ,  and t h e r e f o r e  we d o n ' t  

want  any p a r t  o f  i t .  

T h e r e  a r e  two t h i n g s ,  I t h i n k ,  t h a t  happened  h e r e .  

F i r s t ,  we g o t  some s t a n d a r d s  t o o  f a s t ,  and s e c o n d ,  we 

c r e a t e d  an  a t m o s p h e r e  t h a t  c o n t r i b u t e s  t o  a  bad  r e l a t i o n -  

s h i p  be tween  i n d u s t r y  and government .  T h i s  i n t e r f a c e  

must b e  improved i f  we a r e  t o  do a  b e t t e r  j o b .  O f  

c o u r s e ,  a l l  t h i s  came a b o u t  a t  a t i m e  when e n e r g y  was 

n o t  c o n s i d e r e d  s u c h  a h i g h  p r i o r i t y  i n  p u b l i c  p o l i c y ,  

a l t h o u g h  t h e  S i e r r a  Club and o t h e r  c o n c e r n e d  p a r t i e s  

were  t a l k i n g  a b o u t  r e d u c i n g  t h e  amount of  e n e r g y  consumec1 

by t h i s  c o u n t r y  a t  t h a t  t i m e .  

But i f  you l o o k  b a c k  a t  t h e  impac t  t h a t  t h i s  h a s  

c a u s e d  on i n c r e a s e d  u s e  o f  e n e r g y ,  w i t h  20-20 h i n d s i g h t ,  

you w i l l  s e e  t h a t  t h e  f u e l  economy r e d u c t i o n  c a u s e d  

by t h e s e  s t a n d a r d s  i s  s o m e t h i n g  a r o u n d  1 5 - 2 0 % .  I n  

o t h e r  w o r d s ,  f e d e r a l  p o l i c y  h a s  e n c o u r a g e d  g r e a t e r  

e n e r g y  u s a g e  a t  a  t i m e  when v e r y  c l e a r l y  t h e  p r o d u c t i o n  

o f  o i l  i s  d e c l i n i n g  i n  t h e  U n i t e d  S t a t e s  and e n e r g y  

f o r  o t h e r  p u r p o s e s  and t h e  u s e  o f  o i l  i s  r a p i d l y  i n -  

c r e a s i n g .  A l l  t h i s  c o n t r i b u t e d  t o  a  p rob lem t h a t  was 

t o  a p p e a r  i n  a  v e r y  few y e a r s .  

T h i s  was n o t  a  p rob lem t h a t  any o f  u s  c o u l d  s a y  

we d i d n ' t  s e e  coming,  b e c a u s e  i t  was c l e a r l y  i n d i c a t e d  

t h a t  t h e r e  was g o i n g  t o  b e  an  e n e r g y  s h o r t a g e .  I t  

j u s t  happened  t o  come a b o u t  i n  a  d i f f e r e n t  way t h a n  

any o f  u s  a n t i c i p a t e d .  

lie s e t  o u r  s i g h t s  on one a r e a  w i t h o u t  l o o k i n g  a t  

t h e  t o t a l  i m p a c t .  P r o p e r  r e s e a r c h  and  a n a l y s i s  c o u l d  

w e l l  h a v e  a l l o i ~ e d  us  t o  u n d e r s t a n d ,  o r  i f  we h a d  n o t  

u n d e r s t o o d ,  a t  l e a s t  we c o u l d  have  b e e n  a l e r t  t o  c e r t a i n  

p rob lems  and made them p a r t  o f  t h e  a n a l y s i s  t o  be done 



a s  we moved down t h e  r o a d .  Today we have an o p p o r t u n i t y  

t o  rccxamine t h c  p r~ol~ lcn i s  of e m i s s i o n s ,  l t t l d ,  w i t h  :i 

5 - y c t ~ r  s t t ~ r i c l s t i l l  s t i l l  rn;lhing goocl 1 ) r o g r . c ~ ~  towarti 

c l e a n  a i r .  And y e t ,  we s t i l l  f a c e  such  problems a s  

s u l f a t e  e m i s s i o n s  f rom c a t a l y t i c  c o n v e r t e r s ,  f o r  which 

a t  t h i s  t i m e ,  t o  t h e  b e s t  of  my knowledge,  and t h e  

b e s t ,  I  t h i n k ,  o f  t h e  EPA's knowledge,  t h e r e ' s  no s c i e n -  

t i f i c  b a s i s  t o  make a  c o n c l u s i o n .  

Tha t  does  n o t  mean t h a t  t h e r e  i s n ' t  a > w o r r y  o r  more 

r e s e a r c h  s h o u l d n ' t  be  done.  T h a t ' t  t h e  v e r y  t h i n g  

t h a t  s h o u l d  be  done ,  w i t h o u t  moving on new r e g u l a t i o n s .  

T h e r e ' s  t h e  whole  q u e s t i o n  of  n o i s e  f o r  example .  

I t ' s  i n t e r e s t i n g  t o  me t h a t  l a s t  w i n t e r - - R u s s  T r a i n  and 

I t a l k e d  abou t  t h i s  t h e  o t h e r  day--CP.4 p roposed  r e g u l a t i o n s  

on t r u c k  n o i s e .  A t  t h a t  same t i m e ,  i n  J a n u a r y ,  EPA 

p u t  o u t  a p r o p o s a l  t o  e v a l u a t e  t h e  impac t  of community 

n o i s e  p rob l ems .  

Does i t  make s e n s e  t o  s t a r t  down t h e  road  of  

r e g u l a t i o n s  a g a i n  b e f o r e  we have  comple ted  t h e  a n a l y s i s  

and r e s e a r c h  t h a t  w i l l  g i v e  t h e  backup f o r  t h i s ?  The 

r e a s o n  I s a y  t h i s  i s  t h a t  t h e r e  i s  a  r e a l  need  h e r e  t o  

g e t  a t  t h e  r o o t  c a u s e s  o f  n o i s e  p rob l ems .  And t h e r e  

i s  a  n e e d ,  p r o b a b l y ,  t o  have  t h e  k i n d  o f  r e g u l a t i o n  

t h a t  w i l l  move an i n d u s t r y  toward a  g o a l ,  b e c a u s e  t h a t ' s  

t h e  way i t  s h o u l d  have  t o  b e  done .  

But t o  s t a r t  down a  r o a d  b e f o r e  we know p r e c i s e l y ,  

o r  even  g e n e r a l l y ,  t h e  d i r e c t i o n  i n  which we want t o  

move, seems t o  me t o  c r e a t e  t h e  k i n d  o f  a tnlosphere  t h a t  

w i l l  n o t  o n l y  make i t  worse  f o r  r e g u l a t i o n s  f u r t h e r  

down t h e  r o a d ,  b u t  w i l l  c r e a t e  p r o b l e m s ,  whe the r  t h e y  

be  economic o r  noneconomic,  i n  some r i p p l e  e f f e c t s  t h a t  

we have  n o t  y e t  i d e n t i f i e d .  

I a l s o  n o t e d  t h a t  a  member o f  t h e  T r a n s p o r t a t i o n  

Depar tment  r e c e n t l y  s a i d  t h a t  heavy  t r u c k  f u e l  economy 



can  d e f i n i t e l y  b e  improved by 1 2 - 1 8 % .  I  would c h a l l e n g e  

anyone i n  t h i s  room t o  t e l l  me where  t h e r e  i s  e v i d e n c e  

t o  i n d i c a t e  t h a t - - k n o w i n g ,  a s  we d o ,  t h a t  even  e m i s s i o n  

t e s t i n g  on t r u c k  e n g i n e s  must  b e  done i n  a way t h a t  

r e c o g n i z e s  t h e  i n d i v i d u a l  c h a r a c t e r i s t i c s  o f  most t r u c k s .  

I t ' s  v e r y  d i f f i c u l t  t o  i d e n t i f y  a  b r o a d  r a n g e  of  

c h a r a c t e r i s t i c s  when y o u ' r e  t a l k i n g  a b o u t  heavy t r u c k s .  

D e s p i t e  t h c  [ a c t  t h a t ,  ve ry  o f t e n ,  t r u c k s  a r c  o n c  

o f  a  k i n d ,  we now a r e  i n  t h e  p o s i t i o n  where  many C o n g r e s s -  

men h a v e  p i c k e d  t h i s  up and s a y  we a r e  now g o i n g  t o  

move on heavy  t r u c k s ,  b e c a u s e  a  t r a n s p o r t a t i o n  o f f i c i a l  

s a y s  t h a t  i t ' s  c l e a r  t h i s  can  b e  done .  

Even r e s e a r c h  t o d a y - - a n d  I ' m  happy t o  s a y  t h a t  I 

d o n ' t  have  any examples  f rom t h i s  good i n s t i t u t i o n - - b u t  

r e s e a r c h  from v a r i o u s  i n s t i t u t i o n s  h a s ,  i t s e l f ,  r a i s e d  

p r o b l e m s .  But t h e  k i n d  o f  r e s e a r c h  t h a t  c o n c l u d e s  

t h a t  s u c h - a n d - s u c h  i s  a  p rob lem when i t  may o r  may 

n o t  b e  a  f i n a l  r ecommenda t ion ,  b u t  s i m p l y  p r e l i m i n a r y  

r e s e a r c h  f i n d i n g s ,  h e l p s  c r e a t e  t h e  p u b l i c i t y  ~ ~ h i c h  

moves p u b l i c  p o l i c y  f o r w a r d  and docs  n o t  c r e a t e  proper 

academic  d i s c u s s i o n .  

T h c r e  was a  marve lous  a r t i c l e  i n  t h e  New York Tirnes 

r e c e n t l y  a b o u t  we l l -known p r o f e s s o r  v s .  unwell-known 

p r o f e s s o r s ,  and how, i f  you p i c k  t h e  r i g h t  s u b j e c t ,  

and w r i t e  a  c o n t r o v e r s i a l  a r t i c l e ,  you g e t  t o  b e  a  

b e t t e r - k n o w n  p r o f e s s o r  t h a n  i f  you d o n ' t .  The p o i n t  

h e r e  i s  t h a t  w e ' r e  l i v i n g  i n  a  w o r l d  where  t h e  mass 

media h e l p s  d e t e r m i n e  p u b l i c  p o l i c y .  What I ' m  s u g -  

g e s t i n g  h e r e  i s  t h a t  t h i s  i s  a  w o r l d  i n  which we h a v e  

t o  f i n d  an  i n t e r f a c e ;  t h a t  t h e r e  i s  a  heavy  r e s p o n s i b i l i t y  

on i n d i v i d u a l s - - w h e t h e r  t h e y  b e  i n  b u s i n e s s ,  i n  

government ,  o r  t h e  academic  w o r l d - - a n d  r e c o g n i z i n g ,  

a t  t h e  same t i m e , t h e  academic  r i g h t  o f  f r eedom t o  s a y  

what  you w a n t .  When you s a y  t h i s ,  however ,  you must 

a l s o  r e c o g n i z e  t h a t  you a r e  p a r t i c i p a t i n g  i n  a  v e r y  

i m p o r t a n t  p rogram t h a t  moves t h i s  w o r l d  one way o r  t h e  
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o t h e r ,  and t h a t  we have t o  bc  a l o t  c l o s e r  t o  b e i n g  

r i g h t .  'I'he t in l ing  has go t  t o  I)c goot l ,  a n d  w e ' r e  

p l a y i n g  l o r  very  b i g  s t a h c s .  

We're  p l a y i n g  f o r  b i g  s t a k c s  i n  t h c  s e n s e  t h a t  

t h e  a u t o m o b i l e  i n d u s t r y  i s ,  a s  an example ,  of  c r i t i c a l  

economic i m p o r t a n c e .  We're  t a l k i n g  t o d a y  a b o u t  a  more 

e f f i c i e n t  c a r .  Now, more e f f i c i e n t  c a r s  mean d i f f e r e n t  

t h i n g s  t o  d i f f e r e n t  p e o p l e .  To some Congressmen, t h i s  

means e l i m i n a t i o n  o f  gas  g u z z l e r s .  O the r  p e o p l e  a r e  

t a l k i n g  abou t  heavy c a r s .  O t h e r s  s imp ly  would l i k e  

t o  e l i m i n a t e  a l l  t h e  l i m o u s i n e s  t h a t  d r i v e  government 

o f f i c i a l s  a r o u n d .  T t  a l l  depends on whose ox i s  b e i n g  

g o r e d .  

The i m p o r t a n t  t h i n g  h e r e  i s  t h a t  i t  i s n ' t  j u s t  

a gas  g u z z l i n g  c a r  o r  a  l i m o u s i n e .  What w e ' r e  t a l k i n g  

about  h e r e  i s  an  i n d u s t r y  t h a t  r e p r e s e n t s  1 6 %  o f  t h e  

G N P  o f  t h i s  economy. Tha t  d o e s n ' t  mean t h a t  you s h o u l d n ' t  

s e e  i t  moving i n  t h e  r i g h t  d i r e c t i o n ,  no m a t t e r  where 

you a r e - - g o v e r n m e n t ,  academe, o r  i n d u s t r y .  What i s  

i m p o r t a n t  i s  t h a t  you u n d e r s t a n d  t h a t  t h e r e  i s  much more 

t o  any g i v e n  prob lem t h a n  j u s t  t h e  s p e c i f i c  d r e a  any 

one o f  us i s  c h a r g e d  w i t h .  P u b l i c  p o l i c y  must l o o k  n o t  

o n l y  a t  t h a t  a r e a ,  b u t  a t  t h e  b r o a d  r ange  o f  i s s u e s .  

The p roposed  Ways and bleans Committee b i l l  t h a t  

came o u t  e a r l y  t h i s  week and would p u t  a  heavy t a x  

on s o - c a l l e d  i n e f f i c i e n t  c a r s  i s  a  c a s e  i n  p o i n t .  

T h i s  b i l l  c a l l s  f o r  a  v e r y  h i g h  s t a k e s  game i n d e e d .  

One o f  t h e  au tomakers  h a s  e s t i m a t e d  t h a t  i f  you mi s s  

t h e  fue l -economy s t a n d a r d  by o n e - t e n t h  of  one m i l e  p e r  

g a l l o n  i n  one y e a r ,  i t  c o u l d  c o s t  someth ing  i n  t h e  

ne ighborhood  of 3 -4  m i l l i o n  d o l l a r s  i n  p e n a l t i e s .  

The r e a s o n  y o u ' r e  p l a y i n g  f o r  b i g  s t a k e s  h e r e  i s  

t h a t  i f  you assume t h a t  t h i s  i s  t h e  p e n a l t y ,  t h e n  

b u s i n e s s  must manage i t s  a f f a i r s  a g a i n s t  t h i s  a n t i c i -  



p a t i o n .  I f  a  m a n u f a c t u r e r  s e e s  i t ' s  n o t  g o i n g  t o  

make t h a t  a v e r a g e ,  i t ' s  v c r y  s i m p l e :  They s t o p  t h e  

p r o d u c t i o n  o f  t h e  c a r s  t h a t  w i l l  n o t  meet t h e  r e q u i r e -  

men t s .  Or i f  you have  a  s t r i k e  a t  your  s n l a l l  c a r  p l a n t ,  

you s i m p l y  s h u t  down t h e  o t h e r  one  b e c a u s e  you c a n ' t  

a f f o r d  t o  do o t h e r w i s e .  What happens  i s  t h a t  i n s t e a d  

o f  h a v i n g  unemployment o f  a r o u n d  1 1 0 , 0 0 0 - - a s  GM does  

t o d a y - - t h e r e ' s  a n o t h e r  100,000 p e o p l e  and $ 3  b i l l i o n  

i n  i n v e s t m e n t  i d l e d .  

How l o n g  does  i t  t a k e  t o  t u r n  t h a t  a round?  Can 

you r e i n v e s t  i n  b u i l d i n g  a  new p l a n t ,  change t h i s  i n  

two y e a r s  w i t h  t h a t  much nloney and t h a t  many j o b s  a t  

s t a k e ?  

These a r e  t h e  k i n d s  o f  q u e s t i o n s  t h a t ,  when you 

s t a r t  t o  r e g u l a t e ,  I s a y  we have  t o  t a k e  a  h a r d  look  

a t .  I t  i s  f e d e r a l  f o l l y  t o  f o o l  a r o u n d  w i t h  p u b l i c  

p o l i c y  u n l e s s  you n o t  o n l y  examine  t h e  p a r t i c u l a r  

p rob lem t h a t  y o u ' r e  r e s p o n s i b l e  f o r ,  b u t  t h e  r i p p l e  

e f f e c t  a l s o ,  and be  s u r e  t h a t  w e ' r e  moving down t h e  

r i g h t  r o a d  a t  t h e  r i g h t  t i m e .  

I t ' s  e a s y  f o r  me t o  s a y  t h a t  no r e g u l a t i o n  i s  

b e t t e r ,  and I ' v e  o f t e n  j e s t e d ,  e v e n  i n  government ,  

t h a t  I ' m  a lways  h a p p i e r  t h e  s o o n e r  Congress  c a n  go 

home b e c a u s e  t h e  l e s s  t r o u b l e  t h e  government and 

t h e  c o u n t r y  a r e  i n ,  But I d o n ' t  mean i t  t h a t  way,  and 

I d o n ' t  want  t o  l e a v e  t h a t  i m p r e s s i o n .  What I  do 

want  t o  s u g g e s t  t o  you i s  t h a t  t h e r e  a r e  some t h i n g s  

t h a t  can be  done ,  and I t h i n k  t h e  f i r s t  t h i n g  t h a t  

can  b e  done i s  t o  s e e  when we a r e  making t h e  r i g h t  

k i n d  o f  s t a t e m e n t s ,  and d o i n g  t h e  p r o p e r  k i n d  o f  a n a l y s i s  

and i n  making recommendat ions  we r e c o g n i z e  n o t  o n l y  

t h e  p a r t i c u l a r  o b j e c t i v e ,  b u t  t h a t  we make r e s p o n s i b l e  

s t a t e m e n t s .  T h a t  r e s p o n s i b i l i t y  l i e s  w i t h  e a c h  one 

o f  us  a s  i n d i v i d u a l s .  



I t ' s  n i c e  t o  p l a y  t h e  game of  a d v o c a t e .  You have 

t o  be  t h e  a d v o c a t e  when you want t o  accompl i sh  some- 

t h i n g ,  b u t  you must be  a  r e s p o n s i b l e  one .  I t  would 

a l s o  be  e a s y  f o r  me t o  s u g g e s t  p u t t i n g  a l l  of  t h e  

r e g u l a t i o n s  c o n c e r n i n g  motor v e h i c l e s  i n t o  one gove rn -  

ment d e p a r t m e n t .  I ' d  be  t h e  l a s t  one t o  s u g g e s t  t h a t  

because  I  t h i n k  t h a t  what we need  h e r e  i s  r e s p o n s i b l e  

depa r tmen t s  w i t h  t h e i r  own e x p e r t i s e .  But t h e y ' v e  g o t  

t o  work t o g e t h e r .  I  t h i n k  t h a t  t h e  s u g g e s t i o n  o f  o u r  

fo rmer  P r e s i d e n t  o f  hav ing  v a r i o u s  Cab ine t  p e o p l e  

f u n c t i o n a l l y  r e s p o n s i b l e  t o  c o o r d i n a t e  g e n e r a l  a r e a s  

ha s  a  g r e a t  d e a l  o f  m e r i t .  

I  v e r y  much l i k e d  t h e  job of  b e i n g  f u n c t i o n a l l y  

r e s p o n s i b l e  f o r  p u l l i n g  t o g e t h e r  t h e  C a b i n e t  o f f i c e r s  

on i n t e r n a t i o n a l  econolnic p o l i c y .  I  might  j u s t  g i v e  

you an i n t e r e s t i n g  example .  I  was thrown t h e  problem 

of  what t o  do abou t  Pan Am's f l y i n g  r i g h t s  and i t s  

b a n k r u p t c y  p o t e n t i a l  l a s t  f a l l .  Each depa r tmen t  had  

a  supremely  s i m p l e  s o l u t i o n .  One depar tment  s a i d ,  

"we ' r e  f o r  f r e e  e n t e r p r i s e ,  l e t  them go b r o k e . "  So 

I  d e c i d e d  t h a t  what we r e a l l y  ought  t o  do i s  c a l l  i n  

a  few p e o p l e  f rom t h e  F e d e r a l  Reserve  and T r e a s u r y .  

They s a i d ,  "My God, do you r e a l i z e  t h a t  we 've  g o t  

$1 ,400 ,000 ,000  of d e b t  o u t  t o  t h e  banks?"  What ' s  t h e  

r i p p l e  e f f e c t  t h e r e ?  

Then,  we have 35,000 p e o p l e  employed,  and w e ' r e  

g e t t i n g  an u n a c c e p t a b l e  unemployment r a t e .  Then you 

a s k ,  " I f  we l e t  t h i s  g o ,  what e f f e c t  w i l l  i t  have  on 

t h e  Defense  Depar tment?"  I t  was f a s c i n a t i n g .  By t h e  

t ime  we g o t  t h r o u g h ,  we came up w i t h  a  s o l u t i o n  which 

was a g a i n  a  p r i v a t e  e n t e r p r i s e  s o l u t i o n :  a  government 

p o l i c y  t h a t  would f o r c e  Pan Am, working w i t h  them, t o  

t i g h t e n  up t h e i r  r o u t e  s t r u c t u r e , g i v i n g  them f a s t  

w i t h d r a w a l  a c t i o n ,  and t a k i n g  a  much t oughe r  s t a n c e  i n  



t h e  r e g u l a t o r y  l a n d i n g  r i g h t s  o f  o t h e r  a i r l i n e s  a r o u n d  

t h e  w o r l d .  We, i n  t u r n ,  toughened  up o u r  n e g o t i a t i o n s  

on l a n d i n g  r i g h t s  and nur11l)crs o f  f l i g h t s  a c r o s s  t h e  

P a c i f i c  and A t l a n t i c .  And t h e n  we s a i d ,  "Given t h a t  

commitment, what  a r e  t h e  p r i v a t e  b a n k e r s  g o i n g  t o  do 

f o r  you?"  They worked o u t  t h e  p rob lem.  

Which t h e n  l e a d s  me a round  t o  S e c r e t a r y  Coleman 

a g a i n .  Having c r i t i c i z e d  him t o  s t a r t  w i t h ,  l e t  me 

commend h im,  b e c a u s e  h e  c o n c l u d e s  h i s  a r t i c l e  by s a y i n g :  

- - a n d  h e r e  h e  was n o t  t a l k i n g  a b o u t  a u t o m o b i l e s - - " i t  

d i s t u r b s  me t h a t  t h e  r a i l r o a d  l e a d e r s h i p  knows a l l  t h i s  

( t h e  n e e d  f o r  i n d u s t r y - g o v e r n m e n t  i n t e r f a c e ) ,  b u t  

s t i l l  d o e s n ' t  come f o r w a r d  w i t h  an i n i t i a l  p l a n . "  I  

t h i n k  h e r e  i s  a  c a s e  where  I ' d  l i k e  t o  make t h e  p l e a  

f o r  a l l  o f  u s - - t h a t  i t  i s  up t o  a l l  o f  u s  t o  s h a r e  i n  

t h e  i n i t i a l  p l a n .  

I n d u s t r y  must  come f o r w a r d ,  a l o n g  w i t h  government  

and academe. I t ' s  n o t  c o m f o r t a b l e  t o  come f o r w a r d ,  

b e c a u s e  when you come f o r w a r d  someone ' s  g o i n g  t o  

c r i t i c i z e  you b e c a u s e  y o u ' r e  now i n  t h e  p u b l i c  p o l i c y  

a r e n a .  One t h i n g  you l e a r n  a b o u t  p u b l i c  p o l i c y  i s  t h a t  

no  m a t t e r  what  you p r o p o s e ,  a t  l e a s t  4 0  p e r c e n t  o f  

t h e  p e o p l e  a r e  g o i n g  t o  be  a g a i n s t  you when you s t a r t .  

Because  y o u ' r e  g o i n g  t o  b e  i n  one  p a r t y ,  and t h e r e  

happens  t o  b e  a t  l e a s t  one  o t h e r  p a r t y  t h a t  d o e s n ' t  

b e l i e v e  i n  w h a t e v e r  you advanced .  You must l e a r n  t o  

d e a l  w i t h  t h i s  c r i t i c i s m ,  b u t  t h a t  s h o u l d  b e  no e x c u s e  

f o r  n o t  s h a r i n g  i d e a s ,  o r  t r y i n g  t o  g e t  t o g e t h e r  and 

u n d e r s t a n d  p rob lems  b e f o r e  r e g u l a t i o n s  a r e  p r o p o s e d .  

I  t h i n k  h e r e  i s  where  we have  a  m a j o r  d e f e c t  i n  

o u r  g o v e r n m e n t a l  s y s t e m ,  which f o r c e s  p e o p l e  t o  f e e l  

t h a t  t h e y  h a v e  d i s h o n o r e d  t h e m s e l v e s  i f  t h e y  c o n s u l t  

w i t h  i n d u s t r y  b e f o r e  t h e y  p u t  o u t  a  r e g u l a t i o n .  I  t h i n k  

we have  t o  have  a  g r e a t  d e a l  more d i s c u s s i o n  w e l l  ahead  

o f  t i m e ,  b e c a u s e  i f  we c a n  have  t h e  r i g h t  k i n d  o f  i m p e t u s - -  



b o t h  w a y s ,  government  t o  i n d u s t r y ;  i n d u s t r y  t o  

government -  - t o  f i n d  o u t  where t h e  problcnl.; a r e ,  t h e n  

I t h i n k  w e ' l l  11:1ve a much b e t t e r  chance  of' co l i~ ing  up 

w i t h  t h e  k i n ~ l  o f  i n t e r f a c e  we w a n t .  

I g u e s s  I ' d  h a v e  t o  c o n c l u d e  t h a t  t h e  U n i t e d  S t a t e s  

c a n  no  l o n g e r  a f f o r d ,  and we a s  i n d i v i d u a l  members o f  

t h i s  g r e a t  c o u n t r y  can  no l o n g e r  a f f o r d ,  t h e  k i n d  

o f  a p p r o a c h  and t h e  k i n d  o f  government  t h a t  we h a v e  t o -  

d a y - - a n d  t h e  k i n d  o f  a t t i t u d e s  t h a t  we h a v e  i n  

i n d u s t r y - - b e c a u s e  we must f i n d  a  way t o  b u i l d  up an 

i n t e r f a c e  t h a t  w i l l  a l l o w  t h e  exchange  and t h e  movement 

t o w a r d  t h e  p u b l i c  p o l i c y  d e c i s i o n s  t h a t  must b e  made, 

w h e t h e r  t h e y  b e  on c l e a n  a i r ,  o r  s a f e t y ,  o r  w h a t e v e r  

t h e  o b j e c t i v e  i s ,  s o  t h a t  we know what  t h e  r i p p l e  

e f f e c t s  a r e .  We can  t a k e  t h e  t i m e  t o  move f o r w a r d ,  and 

i f  we can  h a v e  t h i s  k i n d  o f  e x c h a n g e ,  I t h i n k  we w i l l  

no l o n g e r  have  F e d e r a l  f o l l y .  And I hope t h a t ' s  t h e  

r o a d  w e ' r e  o n .  I t h i n k  t h i s  i s  t h e  k i n d  o f  c o n f e r e n c e  

t h a t  w i l l  h e l p  a c h i e v e  t h a t .  

Thank Y O U  f o r  s p e n d i n g  y o u r  t i rne w i t h  me. 
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I n t e r n a t i o n a l  H a r v e s t e r  

I a p p r e c i a t e  t h e  o p p o r t u n i t y  t o  be  a mcmber o f  t h i s  

p a n e l  and p a r t i c i p a t e  i n  t h i s  wor thwh i l e  symposium. I ' m  

f i r m l y  conv inced  t h e  t r u c k i n g  i n d u s t r y  and DOT needs  t o  

promote  and s u p p o r t  s i m i l a r  programs i f  we a r e  t o  minimize 

o u r  e f f o r t  i n  u p g r a d i n g  t r u c k s  and t r a i l e r s  t o  r e a l i s t i c  

pe r fo rmance  l e v e l s .  

I t ' s  u n f o r t u n a t e  t h a t  due t o  such  t h i n g s  a s  conscl l t  

d e c r e e s  and t h e i r  i m p l i c a t i o n  o f  c o l l u s i o n ,  c r i t i c i s m  from 

consumer g roups  and i n d u s t r y  work load  g e n e r a l l y ,  component 

s u p p l i e r s ,  we t r u c k  and t r a i l e r  m a n u f a c t u r e r s  and DOT have  

a t t e m p t e d  t o  r e s o l v e  o u r  problems s e p a r a t e l y .  The t i m e ,  

money and manpower e x p e n d i t u r e s  i n v o l v e d  i n  i n d i v i d u a l i s t i c  

s o l u t i o n s  t o  problems o f  t h e  a i r  b r a k e  s t a n d a r d s  ' magni tude  

i s  some th ing  o u r  i n d u s t r y  canno t  a f f o r d .  These  r e s o u r c e s  

a r e  f u r t h e r  d i l u t e d  and i n e f f i c i e n t l y  expended by t h e  i s s u a n c e  

o f  u n r e a l i s t i c  per formance  r e q u i r e m e n t s  and t i m e  f rames  which 

u l t i m a t e l y  r e s u l t s  i n  a  c o n t i n u a l l y  chang ing  s t a n d a r d .  The 

D O T  must become f a m i l i a r  w i t h  o u r  i n d u s t r y  and t h e  many 

v e h i c l e  m a n u f a c t u r e r s  i n v o l v e d .  The v a s t  m a j o r i t y  o f  t h e s e  

companies a r e  s m a l l ,  w i t h  l i m i t e d  d o l l a r s  and manpower t o  

u n d e r t a k e  development  programs such  a s  FMVSS 1 2 1 .  I t  must 

r e a l i z e  t h e  g r e a t  v a r i e t y  o f  o p t i o n s  r e q u i r e d  i n  o u r  b u s i n e s s  

t o  p r o v i d e  cus tomer s  w i t h  t h e  s p e c i a l i z e d  v e h i c l e s  and 

components n e c e s s a r y  t o  e f f i c i e n t l y  do t h e i r  work.  The 

r e g u l a t i o n s  i s s u e d  must f u l f i l l  a  s a f e t y  n e e d  and c o s t  b e n e f i t  

j u s t i f i e d  by f a c t u a l  s t a t i s t i c s .  

We, on t h e  o t h e r  h a n d ,  must r e a l i z e  t h a t  government 

c o n t r o l  o f  t h e  t r u c k  i n d u s t r y  i s  h e r e  t o  s t a y .  We must r e a c t  

i n  a  p o s i t i v e  way t o  newly p r o p o s e d  r u l e s ,  o r g a n i z e  p rog rams ,  

s e t  up and meet s c h e d u l e s  t o  g e t  t h e  job done .  Our r e s p o n s e s  

t o  p e t i t i o n s  must b e  s p e c i f i c  and n o t  g e n e r a l  i n  n a t u r e ,  



p r o v i d i n g  d a t a  and o t h e r  meaningfu l  i n f o r m a t i o n  which ,  

h o p e f u l l y ,  cou ld  be  i n c l u d e d  i n  f u t u r e  u p g r a d i n g s .  I t  t a k e s  

t ime  - a  l o t  o f  t i m e  - t o  submit  t h i s  t y p e  o f  r e s p o n s e ,  b u t  

t h e  consequence i s  one we a l l  cannot  t o l e r a t e .  I n  my 

o p i n i o n ,  one company and man have r e a l l y  done an o u t s t a n d i n g  

job  - Wagner E l e c t r i c  and my f e l l o w  p a n e l i s t ,  J a c k  Kour ik .  

As a d d i t i o n a l  r e g u l a t i o n s  a r e  conce ived  o r  e x i s t i n g  ones  

upg raded ,  I  recommend forums o r  h e a r i n g s  be h e l d  w i t h  

knowledgeable  i n d u s t r y  p e r s o n n e l  b e f o r e  t h e y ' r e  i s s u e d .  Where 

n e c e s s a r y ,  I s u g g e s t  government - sponso red  t e s t  programs t o  

a n a l y z e  t h e  p r a c t i c a l i t y ,  n e c e s s i t y ,  e f f o r t ,  and p o t e n t i a l  

c o n f l i c t i n g  o v e r l a p  w i t h  o t h e r  r e g u l a t i o n s .  I q u e s t i o n  t h e  

v a l i d i t y  o f  some government - sponso red  t e s t  programs conduc ted  

by f a c i l i t i e s  w i t h  l i t t l e  o r  no knowledge o f  t h e  v e h i c l e s  

and sys tems  b e i n g  e v a l u a t e d .  The r e s u l t s  can be  m i s l e a d i n g .  

I t  i s  my p e r s o n a l  o p i n i o n  t h a t  ou r  i n d u s t r y  would s u p p o r t  

w i t h  manpower and equipment  such  c o o p e r a t i v e ,  DOT-cont ro l led  

programs.  The c o s t  o f  such  i n v e s t i g a t i o n s  c o u l d  be min imized ,  

and t h e  v a l i d i t y  o f  r e s u l t s  p rove  more r e a l i s t i c  and r e a d i l y  

a v a i l a b l e  t o  a l l  i n t e r e s t e d  m a n u f a c t u r e r s .  The DOT has  

p r e v i o u s l y  i n d i c a t e d  a  w i l l i n g n e s s  t o  become c o o p e r a t i v e l y  

i n v o l v e d  i n  such  m u t u a l l y  b e n e f i c i a l  work.  Do t h e y  r e a l l y  

mean i t ?  

I f  pe r formance  l e v e l s  and t ime  f rames a r e  n o t  made more 

r e a l i s t i c ,  i n  t h e  f u t u r e ,  i t  w i l l  be  e x t r e m e l y  d i f f i c u l t  t o  

o b t a i n  t h e  c o o p e r a t i o n  and s u p p o r t  from o u r  b r a k e  vendors  

r e g a r d i n g  any upg rad ing  o f  components because  o f  t h e  

monetary  l o s s e s  e x p e r i e n c e d  on FMVSS 121 and 105a  t o  d a t e .  

I n  answer t o  t h e  q u e s t i o n ,  "What a r e  t h e  e f f e c t s  of  

government s t a n d a r d s  on commercial  v e h i c l e  b r a k i n g  and 

h a n d l i n g ? "  I  have t h e  f o l l o w i n g  comments: 



FhW-SS 1 2 1  h a s  upgraded  t h e  pe r fo rmance  o f  a i r  b r a k e  

sys tems  on t r u c k s  and t r a c t o r s  5 0 % ,  and i n  some c a s e s  even  

more.  What s i m i l a r  s t e p s  have been t a k e n  t o  i n s u r e  t h a t  

t h e  l o a d s  t h e s e  v e h i c l e s  h a u l  a r e  adequately s e c u r e d  t o  absor l )  

t h e  r e s u l t i n g  i n c r e a s e d  f o r c e s ?  I f o r e s e e  f u t u r e  p rob lems  

i f  improvements a r e  n o t  made i n  t h i s  a r e a .  As a  c a t t l e  

h a u l e r  t o l d  me r e c e n t l y ,  "Now t h a t  y o u ' v e  made t h e s e  t r u c k s  

s t o p  much q u i c k e r ,  what have you done t o  keep  t h e  cow manure 

o u t  o f  my neck?"  

Everyone h a s  been  s o  busy  q u a l i f y i n g  v e h i c l e s  t o  t h e  

a i r  b r a k e  s t a n d a r d ,  and I d o n ' t  t h i n k  we 've  had  s u f f i c i e n t  

t ime  t o  t a k e  i n t o  c o n s i d e r a t i o n  c o n s u m e r - o r i e n t e d  

r e q u i r e m e n t s  s u c h  a s :  

A .  T r a c t o r - t r a i l e r  c o m p a t i b i l i t y  

B .  Adequate  l i - n i n g  l i f e  

C .  Brake n o i s e  

D .  Water r e c o v e r y  

E .  Fade r e s i s t a n c e  

Drum c a p a b i l i t y ,  e t c .  

These  a r e n '  t DOT r e q u i r e m e n t s ,  b u t  t h e y '  r e  e x t r e m e l y  impor t  a n t  

t o  o u r  c u s t o m e r s .  I n  a  number o f  c a s e s  t o d a y ,  we have  no 

c h o i c e  b u t  t o  i g n o r e  t h e s e  a r e a s  due t o  t h e  d i f f i c u l t y  i n  

j u s t  m e e t i n g  t h e  r e g u l a t i o n ' s  pe r fo rmance  r e q u i r e m e n t s .  T h i s  

f a c t  w i l l  be  o f  l i t t l e  c o n s o l a t i o n  t o  o u r  cus tomer s  o r  

o u r s e l v e s  i f  p rob lems  do a r i s e .  

Some o f  t h e  e f f e c t s  o f  FMVSS 1 2 1  have been  b e n e f i c i a l .  

For  example :  

A .  Both t h e  v e h i c l e  m a n u f a c t u r e r s  and t h e i r  

s u p p l i e r s  a r e  b e g i n n i n g  t o  r e a l i z e  improved 

Q u a l i t y  C o n t r o l  programs must be s e t  up t o  

i n s u r e  u n i f o r m  compl i an t  components and 



v e h i c l e s .  The r e s u l t s  o f  t h i s  e f f o r t  w i l l  

b e  an improved p r o d u c t  f o r  o u r  c u s t o m e r s .  

B .  Improved t r a c e a b i l i t y  has  been  a c h i e v e d  i n  t h e  

upgraded  components u sed  i n  D01' t r u c k s .  Th i s  

w i l l  be e x t r e m e l y  b e n e f i c i a l  from a t i m e  and 

c o s t  s t a n d p o i n t  i f  a  r e c a l l  program i s  e v e r  

n e c e s s a r y .  

To d a t e ,  t h e r e  has  been o n l y  l i m i t e d  c o n t r o l  

o f  Body B u i l d e r s  and o t h e r  i n s t a l l e r s  o f  e q u i p -  

ment b e f o r e  t h e  cus tomer  r e c e i v e s  h i s  t r u c k s .  

I n  many c a s e s ,  t h e  m o d i f i c a t i o n s  made a f f e c t  

o u r  a b i l i t y  t o  meet t h e  a i r  b r a k e  r e g u l a t i o n .  

Now t h e s e  i n s t a l l a t i o n s  must be t e s t e d  and i n  

a d d i t i o n  t o  d e t e r m i n i n g  compl i ance ,  we w i l l  

have t h e  o p p o r t u n i t y  t o  rev iew and approve such  

i n s t a l l a t i o n s .  

D .  The v e h i c l e  m a n u f a c t u r e r s  w i l l  a l s o  b e  expending  

a d d i t i o n a l  e f f o r t  i n  a n a l y z i n g  cus tomer  r e q u e s t s  

f o r  o p t i o n a l  equ ipment .  S i n c e  many o f  t h e s e  

r e q u e s t s  a f f e c t  a  v e h i c l e ' s  b r a k i n g  pe r fo rmance ,  

t h e y  must be  rev iewed  and i n  some c a s e s  t e s t e d  

t o  a s s u r e  compl iance .  Customers t oday  a p p e a r  

more r e c e p t i v e  t o  a c c e p t a n c e  o f  s t a n d a r d  

components due t o  t h e  c o s t  and d e l a y  which can 

r e s u l t  from compl iance  t e s t i n g .  

Thank you a g a i n  f o r  i n v i t i n g  me. I hope t h e  r e s u l t s  o f  

t h i s  symposium a r e  s u f f i c i e n t l y  f r u i t f u l  t o  j u s t i f y  

c o n s i d e r a t i o n  o f  a d d i t i o n a l  v e n t u r e s .  





Eugene Chosy 
D i r e c t o r  

R e l i a b i l i t y  and Q u a l i t y  Assurance  
Fruehauf  C o r p o r a t i o n  

These remarks w i l l  be  c o n f i n e d  t o  t h e  g e n e r a l  b e h a v i o r  

o f  a r t i c u l a t e d  v e h i c l e s  more commonly known a s  T r a c t o r -  

T r a i l e r  combina t i ons .  Whenever t h e  s a f e t y  a s p e c t  o f  t h e s e  

v e h i c l e s  i s  d i s c u s s e d ,  t h e  problem o f  j a c k k n i f i n g  comes up .  

Th i s  i s  most o f t e n  a  r e s u l t  o f  t h e  l o s s  o f  l a t e r a l  s t a b i l i t y  

o f  t h e  t r u c k  t r a c t o r  r e a r  whee ls  a l l owing  t h e  t r a c t o r  and 

t r a i l e r  t o  assume an a n g u l a r  p o s i t i o n  r e l a t i v e  t o  one a n o t h e r .  

However, t h i s  c o n d i t i o n  can a l s o  o c c u r  i f  t h e  t r a i l e r  i s  

i n i t i a l l y  a t  an a n g l e  w i t h  t h e  t r a c t o r ,  and t r a i l e r  wheels  

l o s e  l a t e r a l  s t a b i l i t y ;  i . e . ,  go ing  around a  s h a r p  cu rve  t o o  

f a s t  on a  s l i p p e r y  s u r f a c e .  The l o s s  of  l a t e r a l  s t a b i l i t y  

most g e n e r a l l y  o c c u r s  d u r i n g  b r a k i n g  w i t h  a  lockup  o f  w h e e l s .  

When an a c c i d e n t  i n v o l v i n g  a  t r a c t o r - t r a i l e r  o c c u r s ,  a  

j a c k k n i f e  i s  many t i m e s  i n v o l v e d .  I t  i s  p r e t t y  h a r d  t o  

d e t e r m i n e  a f t e r  t h e  a c c i d e n t ,  whe the r  t h e  j a c k k n i f e  i s  t h e  

r e s u l t  o f  o r  t h e  cause  o f  t h e  a c c i d e n t .  I n  my judgement i t  

i s  u s u a l l y  t h e  r e s u l t  o f  t h e  a c c i d e n t .  

Anything t h a t  can be done t o  improve l a t e r a l  s t a b i l i t y  

a t  t h e  t i r e - t o - r o a d  s u r f a c e  w i l l  r educe  t h e  p o s s i b i l i t y  o f  

j a c k k n i f i n g .  I n  my o p i n i o n ,  t h e  most common problem i s  o v e r -  

b r a k i n g  f o r  r oad  and l o a d  c o n d i t i o n s  c a u s i n g  whee ls  t o  l o c k .  

Locked whee ls  w i l l  a l l o w  t h e  v e h i c l e  t o  go i n  wha t eve r  

d i r e c t i o n  e x t e r n a l  f o r c e s  d i c t a t e ;  i . e . ,  r o a d  s l o p e - s i d e  w ind ,  

and imbalance  i n  b r a k i n g .  I t  i s  d i f f i c u l t  f o r  a  d r i v e r  t o  

c o n t r o l  wheel l ockup  d u r i n g  b r a k i n g ;  p a r t i c u l a r l y ,  i f  he  h a s  

unba l anced  l o a d i n g ,  a s  a l l  he can f e e l  i s  d e c e l e r a t i o n .  Speed 

and d i r e c t i o n  he  can c o n t r o l ,  a l t h o u g h  e r r o r  i n  t h e s e  a r e a s  

can a l s o  c o n t r i b u t e  t o  v e h i c l e  i n s t a b i l i t y .  I t  i s  my 

judgement t h a t  t h e  b e s t  c u r e  f o r  v e h i c l e  i n s t a b i l i t y  i s  t o  

overcome t h e  r o o t  c ause s  o f  t h i s  i n s t a b i l i t y .  A n t i - w h e e l -  

lockup  f o r  example t o  e l i m i n a t e  i n s t a b i l i t y  due t o  l ocked  



w h e e l s .  Devices  t o  compensate f o r  t h i s ,  such  a s  s o  c a l l e d  

a n t i - j a c k k n i f e  d e v i c e s ,  i n  many c a s e s  can c r e a t e  worse  

problems t h a n  t h e y  c u r e .  My l i m i t e d  e x p e r i e n c e  i n d i c a t e s  

t h i s  t o  be  t r u e  a t  l e a s t  on some of  t h e s e  d e v i c e s .  

From a  per formance  s t a n d p o i n t ,  we were happy t o  s e e  an 

a n t i - w h e e l - l o c k u p  r equ i r emen t  i n  MVSS 1 2 1  a s  t h i s  would 

e l i m i n a t e  one o f  t h e  r o o t  c ause s  o f  v e h i c l e  i n s t a b i l i t y ,  

l o c k e d  wheels  due t o  b r a k i n g .  The d r i v e r  no l o n g e r  h a s  t o  

worry about  b r a k e  b a l a n c e ,  p r o p e r  l o a d i n g ,  and r o a d  s u r f a c e  

c o n d i t i o n s .  He can now c o n c e n t r a t e  on t h e  b e s t  d e c e l e r a t i o n  

r a t e  and t h e  c o n t r o l  o f  t h e  combina t i on .  I t  a l s o  r e l i e v e s  

t h e  d e s i g n e r  and o p e r a t o r  o f  t h e s e  h a r d  t o  c o n t r o l  i t e m s .  

Our main o b j e c t i o n  t o  MVSS 121 was t h e  r e l a t i v e l y  r a d i c a l  

change i n  b r a k e  sy s t em and b r a k e  pe r fo rmance .  The a d d i t i o n  

o f  a n t i - w h e e l - l o c k u p  t o  e x i s t i n g  b r a k e s  and b r a k i n g  sys tems  

would have been  a  boon t o  s a f e t y  on t h e  highways and t h e  

debugging o f  a  r e l a t i v e l y  new and s o p h i s t i c a t e d  sys tem cou ld  

have been o r d e r l y  accompl i shed  under  normal s e r v i c e  o p e r a t i o n s .  

By t h e  i n t r o d u c t i o n  o f  new b r a k i n g  sys tems  i n c l u d i n g  more 

power fu l  b r a k e s ,  we have now i n t r o d u c e d  unknown f a c t o r s  

which cou ld  a d v e r s e l y  a f f e c t  highway s a f e t y  d u r i n g  t h e  

debugging o f  t h e  a n t i - w h e e l - l o c k u p  s y s t e m s .  

P u t t i n g  t h e  i n d u s t r i e s  " f e e t  t o  t h e  f i r e "  may sound l i k e  

an admi rab l e  way t o  a c h i e v e  a  r a d i c a l  g o a l ,  b u t  from a  

p r a c t i c a l  s t a n d p o i n t  does n o t  r e a l l y  accompl i sh  t h i s  o b j e c t i v e  

i n  t h e  b e s t  i n t e r e s t  o f  t h e  u l t i m a t e  consumer.  Forced  

development i s  n o t  o n l y  ex t r eme ly  e x p e n s i v e ,  b u t  a r b i t r a r y  

d e a d l i n e s  many t imes  f o r c e  d e c i s i o n s  t h a t  a r e  n o t  t h e  most 

c o s t  e f f e c t i v e .  I n  a d d i t i o n ,  t h e  i n i t i a l  main tenance  c o s t s  

many t i m e s  a r e  e x c e s s i v e .  A l l  t h e s e  f a c t o r s  i n c r e a s e  c o s t s  

t o  t h e  u l t i m a t e  consumer.  Government r e g u l a t o r s  j u s t  do n o t  

r e c o g n i z e  t h e  s o  c a l l e d  debugging r e q u i r e m e n t s  o f  new 

deve lopments .  I t  i s  hoped t h a t  t h i s  e x p e r i e n c e  w i l l  be o f  

b e n e f i t  i n  f u t u r e  r e g u l a t i o n s .  



To c l o s e ,  I b e l i e v e  we have t o  d i s c a r d  t h e  a d v e r s a r y  

a t t i t u d e  t h a t  ha s  been  p r e s e n t  i n  t h e  p a s t  between 

Government r e g u l a t o r s  and t h e  i n d u s t r y .  We have much t o  

o f f e r  i n  t h e  cause  o f  highway s a f e t y  t h r o u g h  genu ine  

c o o p e r a t i v e  e f f o r t .  We must a l s o  r e c o g n i z e  t h a t  we a l l  have  

a  r e s p o n s i b i l i t y  t o  t h e  u l t i m a t e  consumer ,  t o  g i v e  him t h e  

most c o s t  e f f e c t i v e  package we p o s s i b l e  c a n ,  a s  he  u l t i m a t e l y  

ends  up p a y i n g  f o r  a l l  t h i s .  





John  W .  Kour ik  
Ch ie f  E n g i n e e r  

Automot ive  1 ) roduc t s  
Wagner E l e c t r i c  C o r p o r a t i o n  

These  o p e n i n g  remarks  a r e  i n t e n d e d  t o  c o n c e n t r a t e  o u r  

a t t e n t i o n  on t h e  NHTSA S a f e t y  S t a n d a r d s  i n  t h i s  P a n e l  

d i s c u s s i o n .  The p a n e l  membership i s  o r i e n t e d  t o  t h a t  a s p e c t  

o f  r e g u l a t i o n s .  The re  i s  no new a c t i v i t y  from t h e  BMCS, 

t h e  s t a t e s  a r e  s i l e n t  and t h e  VESC h a s  r e c e n t l y  c o n c e n t r a t e d  

o n l y  on s c h o o l  bus  s y s t e m  s t a n d a r d s .  

The r e v o l u t i o n a r y  m o d i f i c a t i o n s  i n  f r o n t  a x l e  and 

s u s p e n s i o n  d e s i g n  n e c e s s i t a t e d  by FMVSS 121 s u g g e s t s  t h a t  

t h e r e  was l i t t l e  awa renes s  o f  t h e  consequences  o f  r e q u i r i n g  

s h o r t  s t o p p i n g  d i s t a n c e s  f o r  t r u c k s  and  t r a c t o r s .  These  

new d i s t a n c e s  made i t  e s s e n t i a l  t o  a p p l y  h i g h  l e v e l s  o f  f r o n t  

a x l e  b r a k e  t o r q u e  t o  commercia l  v e h i c l e s  i n  development  

programs i n i t i a t e d  immed ia t e ly  a f t e r  t h e  f i r s t  n o t i c e s  o f  t h e  

s t a n d a r d  we re  i s s u e d .  The s t a t u s  o f  FMVSS 105 -75  was 

i n d e t e r m i n a t e  a t  t h e  t i m e  t h i s  m a n u s c r i p t  was p r e p a r e d .  

However,  i n  i t s  N o t i c e  11 form i t  was even  more i n t o l e r a n t  

o f  h a n d l i n g  n e c e s s i t i e s ;  p a r t i c u l a r l y  on low f r i c t i o n  r o a d  

s u r f a c e s .  We hope t h a t  t h e  105 i n t e r i m  n o n - p a s s e n g e r  c a r  

s t a n d a r d s  w i l l  b e t t e r  a d d r e s s  t h e  i s s u e s  o f  b o t h  b r a k i n g  and 

h a n d l i n g .  

Commercial v e h i c l e  s t a n d a r d s  [FMVSS 1 2 1 1  were  i s s u e d  

w i t h  p r o c l a m a t i o n s  o f  f o r t h c o m i n g  s a f e t y  b e n e f i t s .  However, 

t h e  v e r y  a c t  o f  manda t i ng  d i s t a n c e s  t h a t  n e c e s s i t a t e d  f r o n t  

a x l e  b r a k e s  on t r a c t o r s  t h a t  p r e v i o u s l y  had  none was f o r e -  

b o d i n g .  The companion a c t i o n  t h a t  n e c e s s i t a t e d  100% t o  150% 

a d d i t i o n a l  t o r q u e  on t h e  f r o n t  a x l e  o f  some t r u c k s  was 

ominous .  



In  t h e  p a s t ,  methods used i n  t h e  s i z i n g  and s e l e c t i o n  

o f  b rakes  f o r  commercial v e h i c l e s  were i n h e r e n t l y  entwined 

w i t h  a l l  o f  t h e  c o n s i d e r a t i o n s  r e q u i r e d  t o  ach ieve  a s a f e ,  

d u r a b l e ,  economic s t o p p i n g  system w i t h i n  t h e  framework o f  

a v a i l a b l e ,  proven technology.  I tems such as s t e e r i n g  c o n t r o l ,  

v e h i c l e  s t a b i l i t y ,  cargo r e t e n t i o n ,  l o a d  v a r i a t i o n ,  v e h i c l e  

i n t e r c h a n g e a b i l i t y ,  and r e l i a b i l i t y ,  were e i t h e r  knowingly 

o r  i n t u i t i v e l y  f a c t o r e d  i n t o  t h e  d e c i s i o n s  r e l a t i n g  t o  b rakes  

and b rake  systems s e l e c t i o n  and d e s i g n . '  

The s e r i o u s n e s s  o f  brake  system m o d i f i c a t i o n s  can be 

s i m p l i f i e d  by a c h a r t  showing t h e  e f f e c t  on to rque  ba lance  

and magnitude f o r  a  t y p i c a l  4x2  t r u c k .  

Note t h a t  t h e  f r o n t  a x l e  r e t a r d a t i o n  r e q u i r e d  i s  now 

2 - 1 / 3  t imes  t h e  p r e - 1 2 1  l e v e l  o f  e f f e c t i v e n e s s .  This  i s  a  

v a l u e  w e l l  i n  excess  of  any r e a s o n a b l e  "overdesign" o r  

" s a f e t y  f a c t o r "  p r o v i s i o n  i n  p r e - 1 2 1  s p r i n g s ,  s u s p e n s i o n s ,  

s t e e r i n g  and s t r u c t u r a l  c o n s i d e r a t i o n s .  The r e a r  a x l e  b rake  

to rque  l e v e l s  f o r  p r e - 1 2 1  v e h i c l e s  a l r e a d y  had t h e  c a p a b i l i t y  

o f  deve lop ing  wheel lockup s o  no a d d i t i o n a l  t o r q u e  cou ld  be 

u t i l i z e d  on t h a t  a x l e .  

' R . c .  Bue le r  and E . J .  F a l k ,  A P r a c t i c a l  Approach t o  t h e  
S e l e c t i o n  and S i z i n g  o f  Brakes t o  Meet FMVSS 1 2 1 ,  SAE Paper  
No. 73019 8 ,  S o c i e t y  of Automotive E n g i n e e r s ,  J a n u a r y ,  1973. 
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A s i m i l a r  c h a r t  f o r  a  t y p i c a l  6x4 t r a c t o r  r e v e a l s  

d i f f e r e n t  m o d i f i c a t i o n s  i n  t o r q u e  b a l a n c e  t h a t  a l s o  a f f e c t  

t h e  h a n d l i n g  c h a r a c t e r i s t i c s .  

A t  t h e  t ime  FMVSS 1 2 1  i s s u e d  i n  i t s  b a s i c  fo rm,  t r a c t o r s  

were known t o  have s u f f i c i e n t  r e a r  a x l e  t o r q u e  c a p a b i l i t y .  
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The NHTSA d i d  n o t  p u r s u e  t h e  March,  1971  HSRI c o n t r a c t  

[DOT-HS-800-4931 recommendations f o r  a  d i s c r e t e  3 - s t e p  

s equence  o f  improvements i n  b u s ,  t r u c k ,  t r a c t o r - t r a i l e r  

b r a k i n g  pe r fo rmance .  The i s s u a n c e  o f  t h e  p r o p o s e d  FMVSS 1 2 1  

r e g u l a t i o n  i n  e a r l y  1972 f o r c e d  t h e  heavy v e h i c l e  m a n u f a c t u r e r  

and equipment  s u p p l i e s  i n t o  e x t e n s i v e  d e s i g n  and development  

p rograms .  The s t a n d a r d  c a u s e d  t h e  i n d u s t r y  t o  d e v e l o p ,  

i n v e n t  and r e f i n e  a  m u l t i t u d e  o f  p r o d u c t s  t o  a c h i e v e  s t r a i g h t -  

l i n e  s t o p s  i n  r emarkab ly  s h o r t  d i s t a n c e s  on wet  and d r y ,  f l a t  

and u n i f o r m  s u r f a c e s .  Th i s  g o a l  a p p a r e n t l y  h a d  t o  b e  

a c h i e v e d  b e f o r e  t h e  NHTSA would acknowledge t h e  consequences  

o f  t h e  s t a n d a r d  on v e h i c l e  h a n d l i n g .  

The p r a c t i c a l  e v a l u a t i o n  o f  t h e  v a r i o u s  f a c t o r s  t h a t  

i n f l u e n c e  h a n d l i n g  c o u l d  n o t  b e  p h y s i c a l l y  d e t e r m i n e d  w i t h  

1972 c h a s s i s .  The v e h i c l e  dynamics a s s o c i a t e d  w i t h  b r a k e  

t o r q u e ,  c a s t e r ,  s t e e r i n g  l i n k a g e  movement, s u s p e n s i o n ,  

s t r u c t u r e ,  t i r e  d e f l e c t i o n ,  and d r i v e a b i l i t y  had  t o  awa i t  

new ha rdware  development  and p r o c u r e m e n t .  To o u r  knowledge 

none o f  t h e  NHTSA r e s p o n s e s  have a d d r e s s e d  t h e  i s s u e  o f  

p r a c t i c a l  h a n d l i n g  f o r  t h e  d r i v e r Y s  b e n e f i t  o f  c o n t r o l l i n g  

t h e  v e h i c l e  i n  normal  d r i v i n g  a c t i v i t y .  

The DOT h a s  n o t  r e sponded  t o  many open p e t i t i o n s  a s k i n g  

f o r  r e l i e f  i n  s t o p p i n g  d i s t a n c e s  on S k i d  Number 7 5  s u r f a c e s .  

The v e h i c l e  m a n u f a c t u r e r s  and t h e  NHTSA have y e t  t o  f u l l y  

a d d r e s s  t h e  i s s u e  o f  b r a k i n g  and h a n d l i n g  unde r  r e a l - l i f e  

c o n d i t i o n s .  The u s e r s  a r e  ou t spoken  c r i t i c s  o f  t h i s  dilemma. 

We hope t h a t  p a n e l  d i s c u s s i o n s  such  a s  t h i s  w i l l  r e s u l t  i n  

l e s s  a g g r e s s i v e  pe r fo rmance  s t a n d a r d s  f o r  h y d r a u l i c  b r a k e  

sy s t ems  and encou rage  f u r t h e r  amendment t o  FEflSS 1 2 1  by  t h e  

NHTSA i n  r e s p o n s e  t o  unanswered p e t i t i o n s .  

The v e h i c l e  m a n u f a c t u r e r s  and t h e i r  s u p p l i e r s  have  made 

t h e s e  c o n t r i b u t i o n s  a v a i l a b l e  f o r  u l t i m a t e  r e s o l u t i o n  o f  a  

p r a c t i c a l  combina t i on  o f  r e g u l a t i o n s  and good v e h i c l e  

h a n d l i n g  : 



1. More Brake Torque 

2 .  More Rugged Suspens ions  

3 .  Modi f ied  S t e e r i n g  

4 .  S k i d  C o n t r o l  Systems [ A n t i l o c k ]  

5 .  Respons ive  A i r  Systems 

6 .  Massive  Amounts o f  T e s t  Da t a .  

The t r a d i t i o n a l ,  o r  p r e - 1 2 1 ,  v a l u e s  f o r  t o r q u e  b a l a n c e  

on commercial  v e h i c l e s  h a s  p roven  s a t i s f a c t o r y  i n  b o t h  s i n g l e -  

u n i t  o p e r a t i o n  and a  v a r i e t y  o f  v e h i c l e  c o m b i n a t i o n s .  The 

more s o p h i s t i c a t e d  equipment [ s k i d  c o n t r o l ,  new v a l v e s ,  

agxnessive l i n i n g ]  i s  now a v a i l a b l e  from p r o d u c t i o n  t o o l s .  

The e v o l u t i o n  o f  1 2 1  sys tems  t o  p r o v i d e  b r a k i n g  "improvements" 

and "optimum" h a n d l i n g  may p r o g r e s s  a t  a l e s s  h e c t i c  p a c e ,  

b u t  i t  must evo lve  i n  an o r d e r l y  manner.  
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GENERAL INFORMATION 

LOCATION-All sessions will be held at the Chrysler Center for 
Continuing Engineering Education, Bonisteel Boulevard near Murfin. 
on the North Campus of The University of Michigan, Ann Arbor. 
Michigan. 

REGISTRATION-To ensure enrollment, your registration card 
should be received no later than Monday, April 28, 1975. Please 
complete and mail the enclosed card, accompanied by payment. 
to the U-M Extension Service. Conferences B Institutes, 412 
Maynard St., Ann Arbor, MI 48104. Name badges and meal tickets 
should be called for on arrival at the Symposium registration desk. 
which will be located in the Lobby of the Chrysler Center. Hours: 
May 5-12:30-3:30 p.m.: May 6-8:15 a.m.-3:30 p.m.; and May 
7-8:15-11:30 a.m. Only one person may register per card; dupli- 
cate i f  necessary or request additional cards. 

FEE-The registration fee for the entire Symposium or any part 
of it is $5.00 per person and includes the cost of a parking permit 
for North Campus University Staff parking lots. The fee, payable 
in advance, should be mailed with the enclosed registration card. 
Please indicate on the registration card if you desire a parking 
permit. 

MEALS-A luncheon is planned for 12:OO noon May 7 at the North 
Campus Commons at a cost of $5.00 per person. Meal tickets 
should be ordered in advance on the enclosed registration card. 
Other meals are on your own at area restaurants. 

HOUSING-To arrange for your housing requirements, please com- 
plete and mail the enclosed Housing Request Form to the Con- 
ference Housing Information Office, 350 South Thayer, Ann Arbor, 
Michigan 481 04; Telephone (31 3) 764-2584 no later than Monday, 
April 21, 1975. Please indicate your preference from the follow- 
ing facilities: 

Ann Arbor Inn, corner S. Fourth Ave. and Huron in downtown 
Ann Arbor and about a 10-minute drive to North Campus. Rates: 
Single $18-22, Double and Twin $24-29. 

Campus Inn, near the corner of State St. and Huron in downtown 
Ann Arbor and about a 10-minute drive to North Campus. Rates: 
Single $19-22, Double and Twin $25-28. 

Marriotl Inn, located near the intersection of US-23 and Plym- 
outh Road, about a 5-minute drive to North Campus. Rates: 
Single $22, Double and Twin $27. 

Michigan Union, located on the U-M central campus on State 
St. and about a 10-minute drive to North Campus. Rates: Single 
$1 3.50-1 5. Double $1 8, Twin $20.50-27.50. 

PARKING-Limited public parking and University Staff parking 
are available in a lot north of the North Campus Commons at the 
corner of Herbert and Murfin. University Staff parking is also 
available in a lot east of the Chrysler Center. Guest permits for 
University Staff parking should be ordered in advance on the 
enclosed registration card and will be mailed with acknowledge- 
ment of registration. 

TRANSPORTATION-Ann Arbor may be reached by auto via US-23 
from the north and south and via 1-94 from the east and west. 
Air transportation is available at Detroit Metropolitan Airport. 
about a 30-minute drive east of Ann Arbor on 1-94. Limousine 
service at $5.50 per person, one way and bus transportation at 
$2.50 per person, one way are available to and from the airport 
at regularly scheduled intervals. The limousine makes stops in 
major area hotels and motels and the bus stops at the downtown 
depot and the Michigan Union. Ann Arbor is also served by Grey- 
hound Bus Lines and Amtrak train service. Please check with 
local offices for current bus and train schedules. 

FOR FURTHER INFORMATION-The University of Michigan Ex- 
tension Service, Department of Conferences and Institutes, 412 
Maynard Street, Ann Arbor, Michigan 48104; Telephone (313) 
764-5304. 

N O . l H  CbM?US AREA 

COVER PHOTOGRAPH-The H.S.R.I. Mobile Dynamometer outfitted 
for measuring the longitudinal traction properties of a truck tire. 
The Dvnamometer .incorporates a strain gaged transducer for 
measu;ing the traction performance of heavy tiuck tires on actual 
test pavements at speeds up to 70 mph. 






