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Dl. INTRODUCTION 

Tire  f o r c e  and moment measurements were ob ta ined  from 

t ~ c  s o u r c e s ,  t h e  HSRI f l a t - b e d  t i r e  t e s t e r  and t h e  HSRI 

~ o b l i ?  r i r c  t e s t e r .  The f l a t - b e d  t e s t e r  i s  a  low speed 

(1 nph) i n d o o r  machine, wh i l e  t h e  mobile t i r e  t e s t e r  i s  a 

h i g h - s p e e d  ( 0  t o  70  mph) o v e r - t h e - r o a d  d e v i c e .  Each i s  f u l l y  

d e s c r i b e d  i n  Reference [ I ] .  



D 2 .  FLAT BED TEST PROGRAM 

D 2 . 1  GENERAL P L A N  

T h e  d a t a  c o l l e c t e d  from t h e  f l a t - b e d  machine c o n s i s t e d  

o f  f r e e - r o l l i n g  l a t e r a l  f o r c e  and a l i g n i n g  moment g e n e r a t e d  

a t  ( a )  s m a l l  ang les  of  s l i p  and i n c l i n a t i o n  t o  a r r i v e  a t  t h e  

t i r e  s t i f f n e s s e s ,  and ,  f o r  some t i r e s  ( b )  a t  l a r g e r  a n g l e s  

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

d a t a  was ob ta ined  a t  zero i n c l i n a t i o n  a n g l e .  L ikewise ,  a l l  

i n c l i n a t i o n  angle  d a t a  was o b t a i n e d  a t  zero  s l i p  a n g l e .  The 

t e s t  parameters  f o r  each t i r e  were v e r t i c a l  l o a d ,  i n f l a t i o n  

p r e s s u r e ,  s l i p  a n g l e ,  and i n c l i n a t i o n  a n g l e ,  and were i n c r e -  

mented i n  t h a t  o r d e r ;  i . e . ,  a t  f i x e d  va lues  of p r e s s u r e  and 

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

inc remen t ing  t o  t h e  nex t  v a l u e  of i n f l a t i o n  p r e s s u r e  and 

r e p e a t i n g  t h e  load  sequence .  

D .  2 . 2  TEST PARAMETER VALUES 

A l l  o f  t h e  "H" l o a d  r a t i n g  t i r e s  were t e s t e d  a t  v e r t i c a l  

loads  o f  800, 1100, 1400,  and 1700 pounds,  and a t  i n f l a t i o n  

p r e s s u r e s  of 1 0 ,  1 8 ,  26, and 34 p s i .  The OE t i r e  i n  t h i s  s i z e ,  

t h e  F i r e s t o n e  Deluxe Champion Sup-R-Be l t ,  was t e s t e d  a t  s l i p  

ang les  of 0 ° ,  ? l o ,  t 2 " ,  4 " ,  8 " ,  1 2 " ,  1 8 " ,  and i n c l i n a t i o n  

ang les  of 0 ° ,  + l o ,  i 2 " ,  4 " ,  6 " ,  8" .  A l l  o t h e r  t i r e s  of  t h i s  

s i z e  were t e s t e d  a t  s l i p  and i n c l i n a t i o n  ang les  o f  0 ° ,  ? lo ,  

2 2 "  only .  

A l l  of t h e  "E" load  r a t e d  t i r e s  were t e s t e d  a t  v e r t i c a l  

loads  of 500, 800, 1100,  and 1 4 0 0  pounds, and a t  i n f l a t i o n  

p r e s s u r e s  of 11, 1 6 ,  2 2  and 28 p s i .  The s l i p  and i n c l i n a t i o n  

ang les  were t h e  same as  t h o s e  used f o r  t h e  "H" s i z e  t i r e s .  

The rim widths  used were 6  inches  f o r  a l l  "H" t i r e s  and 

5 1 / 2  inches  f o r  a l l  "En t i r e s .  P r e - t e s t  t i r e  p r e p a r a t i o n  

c o n s i s t e d  of r o l l i n g  t h e  t i r e  a t  r a t e d  l o a d  f o r  600 f e e t  a t  

bo th  +6" and -6"  s l i p  a n g l e ;  i n f l a t i o n  p r e s s u r e  was 2 4  p s i  f o r  

"E" t i r e s  and 28 p s i  f o r  "H" t i r e s .  



D3. NOBILE TEST FROGKAIZ 

The d a t a  g e n e r a t e d  by t h e  mobi le  t i r e  t e s t e r  c o n s i s t e d  

o f  ( a )  f r e e - r o l l i n g  l a t e r a l  f o r c e ,  ( b )  b r a k i n g  f o r c e  a t  0' 

s l i p  a n g l e ,  and ( c )  b r a k i n g  f o r c e  and l a t e r a l  f o r c e  a t  4' 

s l i p  a n g l e .  The t e s t  pa r ame te r s  were  s p e e d ,  s l i p  a n g l e ,  

v e r t i c a l  l o a d ,  and road  s u r f a c e .  The speeds  u sed  were 20 ,  4 0 ,  

a n d  50 mph; t h e  road  s u r f a c e s  were a  d ry  a s p h a l t  s k i d  pad  

[ a  l i g h t w e i g h t  a g g r e g a t e  h o t  mix) and a  w e t t e d  j e n n i t e  s k i d  

p a d ;  t h e  s l i p  a n g l e s  were 0 ° ,  2 O ,  4O, 8 " ,  16" on t h e  d r y  

s u r f a c e ,  and 0 ° ,  l o ,  3", 7 O ,  15' on t h e  wet s u r f a c e ;  t h e  

v e r t i c a l  l o a d s  were 800,  1100,  and 1400 pounds f o r  t h e  E - s i z e  

t i r e s  and 800,  1100 ,  and 1700 pounds f o r  t h e  H - s i z e  t i r e s .  

The p a r a m e t e r s  were incremented  i n  t h e  o r d e r  g i v e n ,  i . e . ,  a t  

f i x e d  v a l u e s  o f  s l i p  a n g l e  and l o a d ,  on a  g iven  s u r f a c e ,  d a t a  

\(as c o l l e c t e d  a t  a l l  d e s i r e d  speeds  b e f o r e  i n c r e m e n t i n g  t o  t h e  

nex t  v a l u e  o f  s l i p  a n g l e  and r e p e a t i n g  t h e  s p e e d  s equence .  

i t  s h o u l d  b e  n o t e d  t h a t  n o t  a l l  p o s s i b l e  combina t i ons  o f  

speed  and  l o a d  were used .  T a b l e  D3.1, Mobi le  T i r e  T e s t e r  
.-. i e s t s ,  shows t h e  comple te  mobi le  t e s t  program.  The two OE 

t i r e s  were each  t e s t e d  a t  f o u r  i n f l a t i o n  p r e s s u r e s ,  s i m i l a r  t o  

t h o s e  p r e s s u r e s  u sed  f o r  t h e  f l a t - b e d  t e s t s .  I n  a d d i t i o n ,  

some s p e c i a l - p u r p o s e  t e s t s  Nunber 2 ,  3 ,  and 4 i n  Tab l e  D3.1,  

\ ( e re  run a s  p a r t  o f  t h e  mobi le  t e s t  program.  

I n  o r d e r  t o  minimize t h e  e f f e c t s  o f  s h o u l d e r  wear  on t h e  

d a t a ,  a  new specimen o f  each  t i r e  was u s e d  f o r  each  v e r t i c a l  

l o a d  on d r y  a s p h a l t .  No s h o u l d e r  wear  was e v i d e n t  w h i l e  

o p e r a t i n g  en t h e  wet j e n n i t e  s u r f a c e ;  t h e r e f o r e ,  one specimen 

was u sed  on t h i s  s u r f a c e  f o r  a l l  l o a d s .  

A l l  H - s i z e  t i r e s  were t e s t e d  on 6" wide  rims, w h i l e  5 1 / 2 "  

r ims were used f o r  t h e  E - s i z e  t i r e s .  P r e - t e s t  t i r e  p r e p a r a t i o n  

c o n s i s t e d  o f  f i v e  l o c k - u p  c y c l e s  on d r y  pavement a t  +6O s l i p  

a n g l e  and f i v e  more l o c k - u p  c y c l e s  a t  -6 ' .  T i r e  i n f l a t i o n  
p r e s s u r e  was 24 p s i  and t h e  v e r t i c a l  l o a d  was 800 pounds.  The 
speed  was 20 mph. 



\ , lustang 0 . E .  B.T.'. 'i 
( ; o o ~ I r i c h  il:8-14 

F i r e s t o n e  11?78- i4 S 
I'orm 4 Country 

F i r e s t o n e  I!;:- 14 )s 

Torin 6 Count ry  

H r i d g e s t o n e  2ZjR-14 ,. 

F i r e s t o n e 5 0 0 1 1 7 S - i 3  S 

Genercil t138-  1 3  S 
Be1 t e d  Juiiibo 

P i r e l l  i 185C- 14 \, 

i : iyes:one 5011 ::-3-1: 1 

Coodyear  E7P-14 Custom ;< 
Power Cushion Pol!'glas 

6 /32  .'!ustang O.E. S 

4/32 !1us t a n g  0. E. S 

2/32 !!ustang O.E. X 

A: 3 i n f l a t i o n  ?; ' c?.cle:. 
: > I - e s s u r e s  

.At 4  i n f l a t i o n  ,'i j t.:.clc,s 
: : ressi l res  

:. .A c.~. c 1 e  5 

, - 
('!'i l e s  

fin 1ret j e n n i t e  1>1~1. . 5 c-!-iles 
L - s l i p  a t  0" and I "  
on d r y  a s p h a l t  

One s p e e d  40 
One l o a d  800 

One s p e e d  40 
One l o a d  800 

One s p e e d  40 
Two l o a d s  800 ,  1100 

2/32 Buick O . E .  X One s p e e d  40 
Two l o a d s  800,  1 1 O O  

1 .  R e g u l a r  T e s t s :  f r e e - r o l l i n g  l a t e r a l  f o r c e  measurements  (XI a t  s l i p  a n g l e s  o f  A C ,  
2 O ,  4O, 8O, 16 '  on d r y  a s p h a l t  and 0 ° ,  l o ,  j o ,  'O, 115' on x e t  j e n n i t e  an(: I - .  , , 
c u r v e s  ( u )  a t  0' and 4" f o r  t h e  follorv'i.ng l o a d s  and s p e e d s :  

"E-78" T i r e s  "H-:S" Ti!.es 

80 0  1100 1400 8 0 0 1300 1700 

5 0  X (wet  
o n l y )  

:i (r ie t  
o n l y )  

2 .  S h o u l d e r  i sear :  f r e e - r o l l i n g  l a t e r a l  f o r c e  measurements  on d r y  a s p h a l t  o n l y  a t  
40 mph (800 pounds l o a d  on E - 7 8  t i r e s ,  1100 on H-78 t i r e s )  a t  s l i p  a n g l e s  o f  
0 ° ,  Z O ,  4 " ,  g o ,  1 6 " ,  m a i n t a i n i n g  t i r e - p a v e m e n t  c o n t a c t  f o r  500 f e e t  a t  e a c h  
a n g l e .  The 1 " - 1 6 "  c y c l e  i s  r e p e a t e d  u n t l l  l a t e r a l  f o r c e  increases a t  16' o v e r  
t h e  p r e v i o u s  16 '  t e s t  a r e  3 %  o r  l e s s .  

3 .  C, S p e e d / p s i :  one s e r i e s  of  f r e e - r o l l i n g  l a t e r a l  f o r c e  measurements  a t  5t:lndar-d 
l o a d  and i n f l a t i o n  p r e s s u r e ,  0 ° ,  3 2 '  s l i p  a n g l e ,  20 mph,  on d r y  3 s p h a l t  :o  
e s t a b l i s h  b a s e l i n e  C,; t h e  i n f l a t i o n  p r e s s u r e  was t h e n  r e d u c e d  t o  1 2  p s i  a n 3  
t h e  measurements  r e p e a t e d  a t  v e l o c i t i e s  o f  5 ,  1 0 ,  2 0 ,  7 0 ,  and 40 mph. 

4 .  S c r e e n i n g :  f r e e - r o l l i n g  l a t e r a l  f o r c e  measurements  a t  0", z 5 ,  4 " ,  E O ,  1 6 "  :I:!< 

b r a k i n g  f o r c e  measurements  a t  O n ,  a l l  a t  20 mph and s t a n d a r d  l o a d  and i r i i i , ~ t i o n  
p r e s s u r e  on d r y  a s p h a l t .  These t e s t s  were  p e r f o r m e d  on 'our ' l u s t a n 2  0.1:. t i r e s  
and on s i x  Buick O.E. t i r e s  t o  a s c e r t a i n  t h e  t r a c t i o n  u n i f o r m i t y  of  t h e  0 . E .  
t i r e  s a m p l e .  1 



D 4 .  DATA 

1 

To f a c i l i t a t e  i n s p e c t i o n  o f  t h e  d a t a ,  t hey  have been 

r , ~ n e r i c a l l y  indexed acco rd ing  t o  t h e  f o l l o w i n g  convent ion .  

TbLe d a t a  i s  a r ranged  f i r s t  by t i r e :  

I .  B.F. Goodrich S i lve r town  E78-14 (Mustang OE) 

IX. 

P i r e l l i  185R-14 

F i r e s t o n e  SO0 E78-14 

Goodyear Custom Power Cushion P o l y g l a s  E78-14 

blustang OE ground t o  6/32 i n c h  t r e a d  dep th  

Mustang OE ground t o  4/32 i n c h  t r e a d  dep th  

Mustang OE ground t o  2/32 i n c h  t r e a d  dep th  

F i r e s t o n e  Deluxe Champion Sup-R-Bel t  H78-14 (Buick OE) 

F i r e s t o n e  500 H78-14 

X .  Br idges tone  225R-14 

XI. General  B e l t e d  Jumbo H78-14 

XII. F i r e s t o n e  Town 6 Country r a d i a l  snow HR78-14 

X I I I .  F i r e s t o n e  Town & Country snow H78-14 

X I V .  Buick OE ground t o  2/32 i n c h  t r e a d  depth  

Then, under  each t i r e  h e a d i n g ,  t h e  d a t a  i s  a r r anged  i n  

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

l e t t e r s :  A Lowest P r e s s u r e  ( u s u a l l y  10 o r  1 2  p s i )  

I5 L 

C 

D H ighes t  P r e s s u r e  ( u s u a l l y  30 o r  36 p s i )  

F i n a l l y ,  t h e  t ype  o f  d a t a  t o  be  found unde r  each  i n f l a t i o n  

p r e s s u r e  head ing  i s  i d e n t i f i e d  as f o l l o w s :  



1. F r e e - r o l l i n g  f l a t - b e d  d a t a  

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

b .  a l i g n i n g  moment v s .  s l i p  a n g l e  

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

2 .  F r e e - r o l l i n g  l a t e r a l  f o r c e ,  mobi le  t i r e  t e s t e r  

3 .  Brak ing  f o r c e ,  mobi le  t i r e  t e s t e r .  

Thus ,  a  head ing  of  V.B.1.a would i n d i c a t e  l a t e r a l  f o r c e  v s .  

s l i p  a n g l e  d a t a ,  g e n e r a t e d  on t h e  f l a t - b e d  machine ,  a t  t h e  

n e x t  t o  l o w e s t  i n f l a t i o n  p r e s s u r e ,  f o r  t h e  Mustang OE t i r e  

ground t o  6 / 3 2  i n c h  t r e a d  d e p t h .  

Data from t h e  " s p e c i a l  t e s t s , "  u s i n g  t h e  mob i l e  t i r e  

t e s t e r ,  a r e  l a b e l e d  

E .  S h o u l d e r  Wear 

F .  C %  S p e e d / p s i  

G .  S c r e e n i n g  

and w i l l  be  found a long  w i t h  t h e  more u s u a l  d a t a  unde r  t h e  

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

A s p e c i a l  t e s t  s e r i e s  was r u n  on t h e  f l a t - b e d  machine 

o n l y .  Th i s  s e r i e s  c o n s i s t e d  o f  measu r ing  t h e  c o r n e r i n g  and 

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

had been ground t o  t h r e e  s p e c i f i c  t r e a d  d e p t h s .  T h i s  d a t a  

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

u s i n g  t h e  same numera l s  a s  above p l u s  an a s t e r i s k .  



11* P i r e l l i  C i n t u r a t o  185R-14 ground t o  6/32 i n c h  t r e a d  dep th  

P i r e l l i  C i n t u r a t o  185R-14 ground t o  4/32 i n c h  t r e a d  dep th  

P i r e l l i  C i n t u r a t o  185R-14 ground t o  2/32 i n c h  t r e a d  dep th  

I I I V i r e s t o n e  500 E78-14 ground t o  6/32 i n c h  t r e a d  dep th  

F i r e s t o n e  500 E78-14 ground t o  4/32 i n c h  t r e a d  dep th  

F i r e s t o n e  500 E78-14 ground t o  2/32 i n c h  t r e a d  dep th  

IV* Goodyear Custom Power Cushion P o l y g l a s  ground t o  6/32 i nch  

Goodyear Custom Power Cushion P o l y g l a s  ground t o  4/32 i n c h  

Goodyear Custom Power Cushion P o l y g l a s  ground t o  2/32 i nch  

VIII* F i r e s t o n e  Deluxe Champion Sup-R-Belt  H78-14 ground t o  6/32 i n c h  

F i r e s t o n e  Deluxe Champion Sup-R-Bel t  H78-14 ground t o  4 / 3 2  i n c h  

F i r e s t o n e  Deluxe Champion Sup-R-Bel t  H78-14 ground t o  2/32 i n c h  

IX* F i r e s t o n e  500 H78-14 ground t o  6/32 i n c h  t r e a d  dep th  

F i r e s t o n e  500 H78-14 ground t o  4/32 i n c h  t r e a d  dep th  

F i r e s t o n e  500 H78-14 ground t o  2/32 i n c h  t r e a d  dep th  

X* Br idges tone  225R-14 ground t o  6/32 i n c h  t r e a d  d e p t h  

Br idges tone  225R-14 ground t o  4/32 i n c h  t r e a d  dep th  

Br idges tone  225R-14 ground t o  2/32 i n c h  t r e a d  dep th  

XI* General  B e l t e d  Jumbo H78-14 ground t o  6/32 i n c h  t r e a d  d e p t h  

Genera l  B e l t e d  Jumbo H78-14 ground t o  4/32 i n c h  t r e a d  d e p t h  

General  B e l t e d  Jumbo H78-14 ground t o  2/32 i n c h  t r e a d  d e p t h  

XII* F i r e s t o n e  Town 6 Country Rad ia l  Snow ground t o  6/32 i n c h  

F i r e s t o n e  Town 6 Country Rad ia l  Snow ground t o  4/32 i n c h  

F i r e s t o n e  Town Country R a d i a l  Snow ground t o  2/32 i n c h  

X I I I *  F i r e s t o n e  Town 6 Country Snow ground t o  6/32 i n c h  

F i r e s t o n e  Town 6 Country Snow ground t o  4/32 i n c h  

F i r e s t o n e  Town 6 Country Snow ground t o  2/32 i n c h  

7 



Often  in the  t a b l e s  con ta in ing  f r e e - r o l l i n g  l a t e r a l  

f o r c e  measurements from t h e  mobile t i r e  t e s t e r ,  i . e . ,  s e c t i o n s  

\ iherein the  i d e n t i f i c a t i o n  number c o n t a i n s  a 2 ,  an e n t r y  such 

as  bJI/ i :33 ~vil l  be found under 1 5 "  o r  16" .  Such an e n t r y  i n  

a t a 2 l e  means t h a t  t h e  s l i p  ang le  sequence used was 0 ° ,  I S 0 ,  

I " ,  3", 7 ' ,  315' on wet j e n n i t e  o r  0 ° ,  16O, 2 O ,  4 O ,  8 O ,  16" on 

d r y  a s p h a l t .  The f i r s t  v a l u e  o f  l a t e r a l  f o r c e ,  641 pounds 

i n  t h e  e x m p l e ,  i s  t h e  r e s u l t  o f  t h e  f i r s t  t e s t  a t  15 '  o r  1 6 O ,  

and x i 1 1  be f r e e  of  s h o u l d e r  wear i n f l u e n c e s .  The second 

e n t r y ,  7 3 3  pounds i n  t h e  example, i s  t h e  r e s u l t  o f  t h e  second 
t e s t  a t  15' o r  16" and r e f l e c t s  t h e  s h o u l d e r  wear  accrued  dur ing  

t h e  l o ,  s o ,  and 7" o r  2 " ,  4 O ,  and 8' t e s t s .  

I n  s e c t i o n s  l a b e l e d  wi th  a  3 ,  brak ing  d a t a  from t h e  mobile 
t i r e  t e s t e r ,  t h e  n o t a t i o n s  MBF, L W B F ,  MLF, and LWLF a r e  found 

and a r e  i n t e r p r e t e d  a s :  

MBF = maximum b r a k i n g  f o r c e  

EWBF = locked-wheel  b r a k i n g  f o r c e  

bILF = maximum l a t e r a l  f o r c e  

LWLF = locked-wheel  l a t e r a l  f o r c e  

Complete u - s l i p  cu rves  fo l low t h e s e  b r a k i n g  d a t a  s e c t i o n s .  



I .  B.F. Goodrich Silvertown E78-14 (Mustang OE) 
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1.E L a t e r a l  Force Shoulder  Wear Data ,  800 l b s . ,  40 mph, 
2 4  p s i ,  Dry Asphal t  - Mobile T i r e  T e s t e r  

1 0 1 0 2  264 442 592 652 P r o f i l e  1 Taken 

2 - 32 1 0 2  2 31 403 623 702 P r o f i l e  2 Taken . 
3 - 38 7 5 209 408 640 752 P r o f i l e  3  Taken 

- 75 75 203 407 641 7 39 P r o f i l e  4  Taken 

- 75 68 20 4 417 651 7 7 4  

. . .  J-J, . . . . . . . . . . .  
... . . . . . . . .  

.* - - . . . . .  . . . .  . . . . . .  . . . . . . . . . .  , - . - . , . - - - 
. 

P r o f i l e  1 ; 
. . . . . . . . . . . . . .  , * - - __.-_ . _.. . . .  

P r o f i l e  2 
. . 

P r o f i l e  3  



1 . F  C o r n e r i n g  S t i f f n e s s  Data from t h e  Mobi le  Tire Tester  
Dry A s p h a l t ,  800 Pounds Load 

I n f l a t i o n  Speed - 2 O  0 O + Z O  

2 4  p s i  20 mph 275 8 -295 

1 2  p s i  3 mph 208 - 2 -185  

10 mph 205 - 2 -189 

20 mph 200 2 -199 

30 mph 2 2 2 2 -179 

40 mph 212 2 2 -189 

1 , G  S c r e e n i n g  Data, 800 Pounds Load, Dry A s p h a l t ,  20 rnph 
24 p s i ,  Mobi le  T i r e  T e s t e r  

F r e e - R o l l i n g  Lateral  F o r c e  0°  B r a k i n g  F o r c e  

Specimen 0°  2 O 4 O 8" 16' MBF LWBF 

1 30 3 7 4  554 682 738 785 675 



11. P i r e l l i  18SR-14 
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1 I . E  L a t e r a l  Force Shoulder Wear Data, Dry Aspha l t ,  
800 Pounds Load, 40 mph, 2 4  psi  - Mobile T i r e  Tes t e r  

Tj'e a:. 
C y c l e  0 O 2 O 4 O  8 O 16" 

i - 5 3 29 542 614 608  P r o f i l e  2 Taken 
7 

L -10  304 516 6  31 645  P r o f i l e  3 Taken 
3 - 50 299 50 4 6 50 6 4 7  

4 -18 2 73 526 6 4 2  658 P r o f i l e  4 Taken 

. . . . .  - - - Virgin  T i re  ''1 . . 
. . . .  -.- - ..-. -~ - .. .... ..... C.  -.-- -. * .-..---- - . .  --. - . .  

.... .... ..-- - ..-- - .--. -, . . . . .  . . . . . . . . . . . . . .  r"'--'- - . .- . - .  
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.... . .  I 
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. . I . .  - .  -. 1- .-..-.. .-.-.-.-.-- I. -.._-* __.-- -.* .--.--.._. 

P r o f i l e  2 
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111. Firestone 500 E78-14 
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IV. Goodyear r i v P : ,  <,hion Polyg las  E 7 8 - 1 4  
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65Ct l b s ,  2 4  p s i ,  30  nph, Dry Asphalt 

-18 2 4 7  4  37 5 5 5  600  P r o f i l e  6 2  Taken - - - 4 2  247  405  5  6 1 6 7 3  P r o f i l e  # 3  Taken 

4 - 5 8  2 1 4  39 0 621 723  P r o f i l e  # 4  Taken 
5 - 4 8  1 8 4  39 2 628 736 P r o f i l e  # 5  Taken 

Virgin Tire '. 

. . .  .-. 

. . .  Profile 2 . . \. ... 
/ . . . . . . . . . . . . . . . . . . .  . . . . . . .  . -  .- - . .  .- 

. . . . . . . . . . . .  . . . . . . . . . . . . . . .  
. .  _ .  . . _ . .  - .  

P r o f i l e  3 
. . .  

Profile 4 

Profile 5 



1 Y . F .  C o r n e r i n g  S t i f f n e s s  Da ta  f rom Mobi le  T i r e  T e s t e r ,  8 0 0  l h s ,  
Dry A s p h a l t  

I n f l a t i o n  Speed  - 2O 0  O + Z O  

7 4 
,it p s i  2 0  mph 3 1 5  25  - 2 7 7  

1 5  p s i  5 mph 2 0 2  2 - 2 0 6  

1 0  mph 2 1 5  8 - 2 0 5  

2 0  mph 2 2 5  0  - 1 8 8  

3 0  mph 2 3 5  1 5  - 209  

40  mph 2 5 0  22 - 2 1 1  
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VII .  Mustang " 
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l e  Champion Sup-R-Belt H78-14 (Buick OE) 





V I I I - * - ~  F r e e - R o l l i n g  L a t e r a l  Force ?.leasuremen- ; from M o b i l e  T i r e  T e s t e r  - 
1 2  psi I n f l a t i o n  

Dry Aspha l t  
I 

Load Speed ! O 0  2" 4O 8" 

1700  40 mph 1 1 5  209 318 53 1012 /1038  

800 40 mph 

1 1 0 0  20 rnph 

40 mph 

50 rnph 

Wet Jennite 

o0 1" 3 O  7 O  1 5 "  

0 1 3 8  292 399 39 2 - 5 2 6 2  488 670 684/710 

8 260 469 7 821 /859  

C1 
C1 
Cn 

VIII.A.3 B r a k i n g  Data from the M o b i l e  T i r e  T e s t e r  - 1 2  p s i  

D r y  Asphalt 1 Wet Jennite 

MBF 

LWBF 

MLF 

LWLF . . 

800 l b s .  1 1 0 0  l b s .  1 1 0 0  l b s .  
20  rnph 40 rnph 20 rnph 40 rnph 40 rnph 

730 9 59 974  9 9 2  

708 878  850 951 

5 0 3  

0" 3O 

800  l b s .  1 1 0 0  l b s .  1 1 0 0  l b s .  
20 rnph 40 rnph 20  rnph 40 rnph 40 rnph 

40 3 554 517 444 
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V1II.E. L a t e r a l  F o r c e  S h o u l d e r  Wear D a t a ,  1100  l b s ,  L o a d ,  40  mph, 
Dry A s p h a l t ,  28 p s i ,  b l o b i l e  T i r e  T e s t e r  

Wear 
C y c l e  0" 1 O 2" 4  O 8" 1 6 "  

1 1 0  1 8 5  39 3  627 80 7  926 P r o f i l e  # 2  Taken 

2 - 32 1 5 4  31 4 586 865 9 76 

3 - 35 1 3 8  2 9  9 5  7  7  8  71 1 0 0 3  P r o f i l e  # 3  Taken  

4 - 75 100 295 552 870 1 0 4 1  P r o f i l e  # 4  Taken  

5 - 88 95  2  72 552 877 1030  P r o f i l e  # 5  Taken  

6  - 1 1 8  5 0  258 5 60 89 2 1 0 4 9  P r o f i l e  # 6  Taken  

7  - 100 6  2 2 7 3  519 880 1066  P r o f i l e  # 7  Taken  

. . . . . . . - . . . . . .. . . . - . - 

- -. V i r g i n  T i r e  
. . 

, . . . . - -. .. .. 

. - . .  , -- -. . . . . .. 

- 

. . P r o f i l e  2 

P r o f i l e  3 'l 
P r o f i l e  7 1 



v 1 I I . F .  C o r n e r i n g  S t i f f n e s s  D a t a  f r o m  M o b i l e  T i r e  T e s t e r ,  Dry 
A s p h a l t ,  1100  l b .  Load 

I n f  l a i i o n  S p e e d  - 2 "  0  O 2  O 

r)e ~ 5 ;  20 mph 375 5  - 369 

12 p s i  3 mph 275 - 2 - 241 

1 0  mph 255 0  -270  

20 mph 270 - 1 2  - 260 

30 mph 265 0  - 2 7 2  

40 mph 275 - 1 5  - 2 5 8  

vI1I.G. S c r e e n i n g  D a t a ,  1 1 0 0  l b s .  Load ,  Dry A s p h a l t ,  20 mph, 
28 p s i ,  M o b i l e  T i r e  T e s t e r  

F r e e - R o l l i n g  L a t e r a l  F o r c e  0"  B r a k i n g  F o r c e  

S p e c i m e n  0"  2" 4  O 8 O 1 6 "  MBF - LWBF - 
1 2 0 419 6  32 826 89 0  1 0 1 7  869 

2 0 432 648 82 8  9 1 1  1 0 6 2  870 

3 0 39 8  646 864 89 9  1 0 1 9  854 

4  1 2  404 6 2 1  801 937 1 0 4 5  866 

5 1 0  4 1 1  631  849 882 1 0 0 6  834  

6  5  406  622 809 914  1 0 0 2  8 4 6  



IX. Firestone 500 H 7 8 - 1 4  
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IX.B.l Free-Rolling Measurements from the Flat Bed Tire Tester - 1 8  psi Inflation 

a. Lateral Force vs. Slip Angle and Load 

Load - 2" -1" 0" -- 1 O 2" 4 "  8" 12" 18" 

800 30 5 155 - 26 -203 - 330 
1100 31 7 154 -23 -199 - 340 
1400 30 6 145 - 20 -189 - 329 
1700 292 139 - 20 -177 -304 

b.  Aligning Moment vs. Slip Angle and Load 

Load - 2 "  -lo 0" 1" 2" 4" 8" 12" 18" 

800 rn -27 -17 12 24 31 
m 

1100 - 48 -28 19 3 7 54 

1400 -68 - 36 2 7 48 75 

1700 - 85 -45 35 58 9 4 

c. Lateral Force v s .  Inclination Angle and Load 

Load - 2 "  -lo 0"  1" - 2" ----- 4" 6 O 8" 

800 80 - 59 - 26 1 24 

1100 - 85 -57 -23 4 2 7 

1400 - 82 - 58 -20 7 26 

1700 -68 - 60 - 20 6 2 7 
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Ix.E.3 L a t e r a l  Force Shoulder  Wear Data ,  1100 l b s . ,  4 0  mph, 
28 p s i ,  Dry Asphal t  

'r;e a r  
Cyc le  0 O 2 O 4" 8" 16' 

- - F 

Virg in  T i r e  i 

P r o f i l e  2 ? 

. . 
P r o f i l e  3 



X. Bridgestone 2 2 5 R - 1 4  
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.. 7- , , L a t e r a l  Force S h o u l d e r  Near D a t a ,  1 1 0 0  l b s  . , 4 0  mpll. 
28  p s i ,  Dry Asphal t  

- 1 0 0  417  759 9 0 2  843  P r o f i l e  # 2  Taken 

3 - 9 5  3 2 1  79 3 9 1 7  8 3 0  P r o f i l e  # 3  Taken 

V i r g i n  T i r e  

- - 

P r o f i l e  2 



l t e d  Jumbo H 7 8 - 1 4  
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FILE 2643. . G E N E 9 b L  EELTED J U M B O  . H78-14 . W E T  JENNITE . . , , . . . 
0.6 -----------o---~-----------------------------------------------------------------------o--------~~--- 

I 1 SLIP. 
I 
I ; '9*L?n 
I 
I f B.02 
I 

I- 1 + 0 . 3 5  
u> I  + 
- I  a.ue 

I + 
I + 0 . 0 5  
I 
I a,se 
I + 
1 0 .55  
I  + - 

I 3 - 6 0  
I t 
I + e .  b5 
I + * 
I + + 0.70 
I + + 
I + + 0 . 7 5  
I + + + + + 
I I m.ae 
I I 

-.- 0.0 I  . . . - -  . - - . .  1 0 . 8 5  
.rro-r-rrrro-rr-rrr--o-o------o--o-----------------------------------o-ao--o------a-o-o--oo--ooo----- 

a.90 
e.ex LONGITUDINAL SLIPr x i eo;x 

0 .95  

TP- 2. RUN# 86.  LOAD= 1100. LSS. VEL.a 0 0 .  M P w  ALPHAS 3 ,  DEG I. ma 

PY-L' 

029 

089 

390 

369 

3 4 6  

3 2 2  

299 

2 7 8  

259 

24 1 

220 

1 8 8  

1 5 7  

1 3 3  

1 1 6  

1 0 4  

9 U 

8 6 

7 7 

7 3 

6 7 

6 1 

56 

52 

5 e 

11 4 

5C 





XII. F i r e s t o n e  Town 8 Country  Rad ia l  Snow H R 7 8 - 1 4  
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XIII .  F i r e s t o n e  Town 6 Country Snow H 7 8 - 1 4  
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C o r n e r i n g  S t i f f n e s s ,  C,, and I n c l i n a t i o n  S t i f f n e s s ,  CY 

i n  Pounds p e r  Degree a s  a  F u n c t i o n  of  Tread  Depth and 
and V e r t i c a l  Load 

Tread Depth 

6 /  32 4 1  32 2 /  32 

C C C 
a 

C 
Load. i Y a Y Y 

18  2 8  

196 14 11* P i r e l l i  C i n t u r a t o  

175  11 185R-14 24 p s i  

152 1 5  

218 38 

232 47 111* F i r e s t o n e  500 

210 45 E78-14 24 p s i  

192 43 

SO0 192 26 189 29 181  27 

80 0  1 9 3  26 192 30 200 33 IV* Goodyear P o l y g l a s  

1100 1 6 3  27 1 6 1  32 174 32 E78-14 24 p s i  

1400 1 3 5  27 139 31 150 32 

1100 247 263 55 293 59 V I I I *  F i r e s t o n e  Deluxe 

245 52 278 56 Champion ~ u ~ - ~ - ~ e l t  
H78-14 28 ~ s i  

800 232 38 230 40 257 42 

1100 253 45 253 50 272 54 IX* F i r e s t o n e  SO0 

1 4 0 0  258 46 258 48 268 55 H78-14 2 8 p s i  

1700 252 47 251 48 254 56 

800 266 1 8  292 1 0  317 1 2  

1100 296 1 7  314 14  316 1 6  X* B r i d g e s t o n e  

1400 300 1 7  307 1 6  297 16  225R-14 28 p s i  

1700 287 2 1  292 20 285 24 

1100 235 46 240 51 238 46 XI* G e n e r a l  B e l t e d  Jumbo 

H78-14 28 p s i  



Tread Depth 

Load Ca 
C C C C 

ci c i  
C 

800 217 10 2 0 9 9 224 8 

1100 247 10 237 9 236 12 XI1"irestone Radial 

1400 245 13 237 12 220 18 Snow HR78-14 28 psi  

1700 230 17 222 15 196 25 

80 0 216 35 264 47 249 47 

1100 243 43 274 52 255 54 XIII* Firestone Snow 

1 4 0 0  243 45 266 53 243 48 H78-14 28 psi 

1700 234 44 250 52 227 45 
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APPENDIX E 

THE VEHICLE TEST PROGRAM 

DR. RONALD D. YOUNG 

TEXAS TRANSPORTATION INSTITUTE 



E l .  GENERAL 

-4 major  o b j e c t i v e  of  t h i s  s t udy  was t o  q u a n t i f y  t h e  e f f e c t s  

of t i r e - i n - u s e  f a c t o r s  on v e h i c l e  h a n d l i n g  per formance .  The 

f a c t o r s  c o n s i d e r e d  were i n  t h e  realm o f  t i r e  o p e r a t i o n a l  c o n d i t i o n s  
* 

found on o u r  n a t i o n ' s  c i t y  s t r e e t s  and highways and i n c l u d e d  

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

and m i x t u r e s  of  t i r e  wear and c o n s t r u c t i o n .  The b a s e l i n e  c o n d i -  

t i o n  c o n s i s t e d  o f  o r i g i n a l  equipment (O.E.) t i r e s  a t  O . E .  p r e s s u r e  

and l o a d i n g  f o r  each  v e h i c l e .  V e h i c l e s  t e s t e d  were a  1971 Ford 

Mustang and a  1973 Buick Century  s t a t i o n  wagon. 

The t e s t s  were conduc ted  on two d i f f e r e n t  s u r f a c e s ;  d r y  

a s p h a l t  and wet j e n n i t e .  The a s p h a l t i c  c o n c r e t e  i s  o f  t h e  h o t  

mix t y p e  w i t h  s i l i c e o u s  rock  a g g r e g a t e  and has  a l ocked  wheel 

s k i d  number a t  40 mph (SN40) of  7 5 ,  d r y .  J e n n i t e  i s  a c t u a l l y  

a c l a y  f i l l e d  c o a l  t a r  emuls ion  w i t h  l a t e x  r u b b e r  s p r a y e d  ove r  

an e x i s t i n g  pavement a s  a  s e a l  c o a t .  TTI ' s  j e n n i t e  pad was 

sp rayed  ~ i t h  enough sand c o n t e n t  t o  produce a  SK o f  2 9  when 

~ q e t t e d  by t h e  s k i d  t r a i l e r ' s  onboard w a t e r i n g  s y s t e m ,  commonly 

r e f e r r e d  t o  a s  " i n t e r n a l  w a t e r . "  

A l l  s i x  o f  t h e  b a s i c  Veh ic l e  Handl ing T e s t  P r o c e d u r e s  

(VHTP's) a s  d e f i n e d  by t h e  Highway S a f e t y  Research  I n s t i t u t e  

[ l ] * w e r e  performed on d r y  pavement and t h r e e  o f  t h e  s i x  were 

performed on wet j e n n i t e .  Tab l e s  E l  and E3 c o n s t i t u t e  t h e  f u l l  

t e s t  m a t r i c e s  f o r  t h e  Mustang and Buick ,  r e s p e c t i v e l y ,  and T a b l e s  

E 2  and E4 d e s c r i b e  t h e  v a r i o u s  t i r e  c o n f i g u r a t i o n s  i n  more d e t a i l .  

The VHTP's were mod i f i ed  o r  " t a i l o r e d "  t o  t h i s  s t u d y  a s  e x p l a i n e d  

i n  t h e  s e c t i o n  on T e s t  P rocedu re s .  

* [  ] r e f e r s  t o  t h e  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  Appendix,  



E 2 ,  TEST GUIDELINES 

Ti ha ;  b e e n  shown i n  p r ev ious  s t u d i e s  [ 2 1 ,  [ 3 1  t h a t  t i r e  

s i c ?  f01c.e increases wi th  t i r e  shou lde r  wear and seldom s t a b i l i z e s  

b e f o r e  t h e  shou lde r  i s  w e l l  rounded.  Th i s  c r e a t e s  a  d a t a  g a t h e r i n g  

dilemna i c  t k a t  expe r imen t a l  r e s u l t s  a r e  w i thou t  a  f i x e d  frame 
I 

o f  r e f e r e n c e  u n t i l  s t a b i l i z a t i o n  of t h e  s i d e  f o r c e  i s  ach ieved  

b u t ,  s t  the sane  t i m e ,  t h e  s t a b i l i z e d  t i r e  geometry i s  an extreme 

c a s e  o f  r a r e  occu r r ence  i n  a  random c r o s s  s e c t i o n  o f  t h e  motor ing  

p u b l i c .  T h e r e f o r e ,  i n  t h i s  s t u d y ,  i t  was dec ided  t h a t  t i r e s  
would  n o t  be  shou lde r  worn (excep t  a s  a  s e p a r a t e  t e s t  c o n f i g u r a t i o n ) ,  

b u t  that t i r e s  would be changed f r e q u e n t l y  ( e s p e c i a l l y  on d r y  

aspl-.art) t o  minimize t h e  i n f l u e n c e  of wear on t h e  t e s t  d a t a .  

A l so  i n  x h i s  r ega rd  t h e  fo l l owing  r u l e s  were obse rved :  

i .  The v e h i c l e  d r i v e r  and r a d i o  l i n k  o p e r a t o r  ( au toma t i c  

system) were c a r e f u l  t o  avoid  f a s t  s t a r t i n g ,  qu i ck  

s t opp ing  and hard  c o r n e r i n g  o f  t h e  t e s t  v e h i c l e s  a t  

any t ime excep t  a s  r e q u i r e d  f o r  p r o p e r  e x e c u t i o n  o f  

t h e  a c t u a l  d a t a  g a t h e r i n g  phase  o f  any maneuver. The 

d r i v e r s  and o p e r a t o r s  adv i s ed  t e s t  o b s e r v e r s  and s u p p o r t  

pe r sonne l  o f  minimum d i s t a n c e s  n e c e s s a r y  f o r  r e c o v e r i n g  

from a maneuver w i thou t  s q u e a l i n g  t i r e s .  

2 .  Whenever a  p a r t i c u l a r  t i r e  c o n f i g u r a t i o n  f o r  e i t h e r  
v e h i c l e  was t o  be used i n  s e v e r a l  maneuvers,  t h e  o r d e r  

o f  e x e c u t i o n  p rog re s sed  from t h e  maneuver which i n f l i c t e d  

t h e  l e a s t  t i r e  shou lde r  wear f i r s t ,  t o  t h a t  which caused  

t h e  most l a s t .  The maneuvers a r e  l i s t e d  i n  t h e i r  p r o p e r  

o r d e r  o f  e x e c u t i o n  a s  t h e y  appear  i n  t h e  T a b l e s  E l  and 
E3 from t o p  t o  bottom. - Note: They a r e  n o t  - numbered 

acco rd ing  t o  i n t e n d e d  o r d e r  o f  e x e c u t i o n .  

5 .  I f  t r i a l  r u n s  had t o  be  performed f o r  any purpose ,  e . g . ,  
i n s t r umen t  checkout  e t c . ,  t h e s e  were made w i t h  t h e  

shou lde r  worn t i r e s ,  i . e . ,  t i r e  c o n f i g u r a t i o n  2 8  f o r  
t h e  Mustang and 34  f o r  t h e  Buick.  



4 .  A f t e r  e ach  t i r e  change ,  t h e  d r i v e r  o r  o p e r a t o r  d i d  

n o t  p roceed  from t h e  shop a r e a  b e f o r e  r e q u e s t i n g  t h a t  

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

5 .  V e h i c l e  i n s p e c t i o n  was done r e g u l a r l y  t o  m a i n t a i n  t h e  

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

mended s p e c i f i c a t i o n s .  S i n c e  t h e  t e s t  v e h i c l e s  undergo  

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

s y s t e m ,  s t e e r i n g  sy s t em and t h e  b r ake  sy s t em were p e r -  

formed.  Wheel b e a r i n g s  and b r a k e  l i n i n g s  o r  d i s c s  were 

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

j o i n t  p l a y ,  s t e e r i n g  box p l a y  and t h e  f r o n t - e n d  a l i g n m e n t  

were  checked r e g u l a r l y  d u r i n g  t h e  t e s t  program.  For t h e  

d r i v e r  sy s t em b r a k e  maneuvers  (VHTP 1 , 2 , 7 , 8 )  b r a k e s  were 

checked  and b l e d  eve ryday  p r i o r  t o  t e s t i n g .  Brake b a l -  

a n c i n g  was done p r i o r  t o  any new t i r e  c o n f i g u r a t i o n  

t e s t i n g .  F i f t h  wheel a c c u r a c y  o f  1% was checked  p e r i o d i -  

c a l l y  on t h e  s t a n d a r d  m i l e  and was found  t o  b e  f a i r l y  

c o n s i s t e n t .  O t h e r  v e h i c l e  c o n d i t i o n s  were  c o n t r o l l e d  

by mount ing s t a t i c a l l y  b a l a n c e d  whee ls  on t h e  v e h i c l e  

and by pe r fo rming  t e s t s  w i t h  a t  l e a s t  a  3 1 4  t a n k  f u l l  

o f  g a s o l i n e .  

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

were m a i n t a i n e d  w i t h i n  - + 1 p s i  d u r i n g  t e s t i n g .  T h i s  was accom- 

p l i s h e d  a s  f o l l o w s :  

1. P r e s s u r e  was s e t  a t  d e s i r e d  l e v e l ,  c o l d .  

2 .  V e h i c l e  was d r i v e n  u n t i l  t i r e s  were warmed up ( j u s t  

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

3 .  P r e s s u r e s  were  r e - s e t ,  t e s t i n g  was begun .  

4 .  P r e s s u r e s  were checked a f t e r  e v e r y  f o u r  r u n s  and a d j u s t e d  

a s  n e c e s s a r y .  

P r e s s u r e s  were checked  a f t e r  e v e r y  r u n  d u r i n g  t h e  i n i t i a l  p h a s e s  

o f  wet t e s t i n g  u n t i l  t h e  p a t t e r n  o f  t i r e  p r e s s u r e  v a r i a t i o n s  
emerged and t h e  d e s i r e d  f r e q u e n c y  of c h e c k i n g  was e s t a b l i s h e d .  

I t  was de t e rmined  t h a t  a f o u r  r u n  f r e q u e n c y  was  found  t o  be  



a c c e p t a b l e  f c r  bo th  wet and d r y  c o n d i t i o n s .  

0 The loaded  c o n d i t i o n  corresponded t o  m a n u f a c t u r e r ' s  recom- 

r!er-<ed naximum l o a d i n g .  Th i s  was i n c l u s i v e  of i n s t rumen t  a t  i o n ,  

i r i v e r  and f u e l .  Dr ive r  and au tomat ic  sys tems r e q u i r e d  d i f f e r e n t  

amounts and arrangement of  added weight  t o  meet t h e  maximum load  

c c r d i t i o n .  However, i n  bo th  c a s e s  t h e  Buick was l oaded  t o  2480 

I b s ,  f r o n t ,  and 3090  l b s ,  r e a r ,  

To minimize t h e  p o s s i b i l i t y  of  m i s t a k e s ,  t h e  t e s t  m a t r i c e s  

were a r r anged  i n  t e rms  o f  T i r e  C o n f i g u r a t i o n  numbers wi th  an 

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

Tab l e s  E l  t h rough  E4).  Th i s  same system enab led  a  convenien t  

method of  i d e n t i f y i n g  each i n d i v i d u a l  t e s t  by way o f  a  t e s t  

number hav ing  f o u r  p a r t s  a s  VN-MN-CN-RN where ,  

VN = Veh ic l e  number; 

>IN = Maneuver number; 

CN = C o n f i g u r a t i o n  number; and 

R N  = Run number, s t a r t s  ove r  w i t h  
01 when any o f  above change.  

A l l  numbers a r e  d e f i n e d  on t h e  t e s t  m a t r i x  (Tables  1 and 3) 

for  each  v e h i c l e ,  w i t h  t h e  e x c e p t i o n  o f  run  number which s t a r t s  

over  w i t h  01 whenever V N ,  MN o r  C N  changes .  As an example,  t h e  

t e s t  number f o r  t h e  f i f t h  run on t h e  Buick i n  b r a k i n g - i n - a - t u r n  

wet  f o r  t h e  "Wear 1" c o n f i g u r a t i o n  would be 2 -8-21-05 .  

The - f u l l  t e s t  number was w r i t t e n  on t h e  v i s i c o r d e r  r e c o r d  

and was p a r t  o f  t h e  a n n o t a t i o n  on magne t ic  t a p e  f o r  each  run .  

A l s o ,  anno t a t ed  on t a p e  were b r ake  p r e s s u r e  f o r  Maneuvers 1, 2 ,  
7 t, 8 ;  s t e e r  i n p u t  f o r  Maneuvers 4 ,  5 6 9 ;  f r equency  o f  road  

d i s t u r b a n c e  g r i d s  f o r  Maneuver 3 ;  and v e l o c i t y ,  s t e e r  i n p u t ,  

b rake  a p p l i c a t i o n  t i m e ,  and brake  r e l e a s e  t ime  f o r  Maneuver 6 .  

A l l  runs  f o r  bo th  au toma t i c  and d r i v e r  sys tems  were d i s p l a y e d  

on v i s i c o r d e r  p a p e r  and c a r e f u l l y  reviewed b e f o r e  s h i p p i n g  mag- 
1 n e t i c  t a p e s  t o  HSRI. Acceptance c r i t e r i a  on i n i t i a l  c o n d i t i o n s  

were - + 1 mph on i n i t i a l  v e l o c i t y  and + 0 .01  g l s  on l a t e r a l  - 
a c c e l e r a t i o n .  Automat ic  c o n t r o l l e r  i n p u t s  were  h e l d  w i t h i n  + 5 %  - 
of  v a l u e s  s p e c i f i e d  i n  Tes t  P rocedu re s .  



E3.  TEST PROCEDURES 

.As ment ioned above,  t h e  s i x  b a s i c  VHTP's were u sed  i n  t h i s  

s t u d y .  These  were m o d i f i e d ,  a s  d e s c r i b e d  below,  t o  accommodate 

s e v e r a l  f a c t o r s  p e c u l i a r  t o  t h i s  stu-dy.  F i r s t ,  t h e  u n n e c e s s a r y  

t i r e  wear was p r e v e n t e d  by d i s c o n t i n u i n g  r e p e a t  r u n s  wherever  

p o s s i b l e .  Secondly ,  low f r i c t i o n  t e s t i n g  (wet j e n n i t e )  r e q u i r e d  

t h a t  i n i t i a l  c o n d i t i o n s  ( e s p e c i a l l y  v e l o c i t y )  be a l t e r e d  b e f o r e  

meaningfu l  o r  r e p e a t a b l e  t e s t  r e s u l t s  cou ld  be o b t a i n e d .  

I t  was found f o r  Maneuver 8 (b r ak ing  i n  a  t u r n ,  w e t ) ,  t h a t  

a  s t e a d y  s t a t e  t u r n  cou ld  n o t  be  m a i n t a i n e d  p r i o r  t o  a p p l i c a t i o n  

o f  t h e  b r a k e s  f o r  Vo = 4 0  mph and A = 0 . 3  g ' s .  T h i s  wzs n o t  
Y 

s u r p r i s i n g  s i n c e  t h e  locked  wheel s k i d  number of  t h e  wet j e n n i t e  

a t  4 0  rnph i s  29 which can l o o s e l y  be i n t e r p r e t e d  a s  a  nominal  

s u r f a c e  f r i c t i o n  c o e f f i c i e n t  of 0 .29 ,  s l i g h t l y  lower  t h a n  t h e  

d e s i r e d  A of  0 .30 .  Only a  l o o s e  comparison i s  j u s t i f i e d  h e r e  
Y 

s i n c e  peak l e v e l s  o f  l a t e r a l  a c c e l e r a t i o n  a s  h i g h  a s  0 . 6  g f s  

were r e c o r d e d  d u r i n g  t r a n s i e n t  p o r t i o n s  o f  Maneuver 9 ( s i n u s o i d )  

on t h e  same wet s u r f a c e .  However, a  s t e a d y  s t a t e  t u r n  a t  0 . 3  • 
l a t e r a l  g ' s  cou ld  d e f i n i t e l y  n o t  be  ach i eved  r e p e a t e d l y ,  t h e r e f o r e ,  

t h e  d e s i r e d  g  l e v e l  was reduced  t o  0 . 2 .  For  t h i s  v a i u e  o f  A 
Y' 

i t  was found t h a t  Vo = 30 mph produced  a  r a d i u s  o f  t u r n  which 

was c o m p a t i b l e  w i t h  T T I ' s  j e n n i t e  pad measur ing  2 0 0  x 360 f e e t ,  

F i n a l l y ,  t o  be a b l e  t o  compare r e s u l t s  o f  Maneuver 8 w i t h  t h o s e  

o f  Maneuver 7 ( s t r a i g h t  l i n e  b r a k i n g )  i t  was d e c i d e d  t h a t  t h e  

l a t t e r  s h o u l d  a l s o  be  run  a t  30 mph. Hence, t h e  b r a k i n g  maneuvers 

d e s c r i b e d  below i n  d e t a i l  r e f l e c t  t h e s e  changes  f o r  low f r i c t i o n  

o r  wet t e s t i n g  ( s e e  s e c t i o n  on methodology) .  

I n  e x e c u t i n g  Maneuver 9  ( s i n u s o i d ,  w e t ) ,  i t  was found t h a t  

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

o f  t h e  l a t e r a l  a c c e l e r a t i o n  ( l i m i t  of  c o r n e r i n g )  a t  a b o u t  t h e  I 

second o r  t h i r d  v a l u e  o f  s t e e r  a m p l i t u d e .  A f t e r  e x p e r i m e n t i n g  
w i t h  t h e  maneuver a t  d i f f e r e n t  s p e e d s ,  i t  was found  t h a t  Vo = 30 mph * 

w i t h  t h e  same s t e e r  a m p l i t u d e s  a s  used f o r  4 5  mph produced  s a t u r -  

a t i o n  of  A a t  abou t  t h e  f o u r t h  o r  f i f t h  v a l u e  o f  s t e e r  a m p l i t u d e  
Y a 



which i s  c o n s i s t e n t  w i t h  r e s u l t s  ob ta ined  f o r  t h e  s i n u s o i d  

s t e e r  on d r y  pavement. Hence Vo = 30 mph was adopted a t  t h e  

c n s e t  o f  t h e  t e s t i n g  program, Unfor tuna te ly ,  i t  was l a t e r  

Zeternined t h a t  a t  t h i s  speed,  t i r e s  worn t o  2 / 3 2  i n c h  t r e a d  

d e p t h  responded no d i f f e r e n t l y  than  t h e  O . E .  t i r e s .  This  

prompted a  comparison of  t h e  two t i r e s  a t  h i g h e r  speeds  and 

u l t i m a t e l y  l e d  t o  t h e  methodology d e s c r i b e d  below, f o r  Maneuver 

9 .  



E 4 .  TEST FINDINGS 

Although  d e t a i l e d  r e s u l t s  o f  comparing t h e  numerous c o n d i -  

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

s c r u t i n y  o f  t h e  d a t a ,  t h e r e  were a  few obv ious  r e s u l t s  which 

a r e  no t ewor thy .  

I t  was demons t r a t ed  r e p e a t e d l y  i n  t h i s  s t u d y  t h a t  two new 

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

markedly unsymmetr ica l  v e h i c l e  r e s p o n s e .  T h i s  was d i s c o v e r e d  

when, a s  a  l a s t  r e s o r t ,  t i r e s  were  sw i t ched  from l e f t  t o  r i g h t  

on t h e  v e h i c l e  i n  an e f f o r t  t o  e x p l a i n  b r a k i n g  anoma l i e s  w i t h  

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

v e h i c l e  i n  b o t h  Maneuvers 7 and 8 ,  two s u c c e s s i v e  t i r e  c o n f i g u r -  

a t i o n s  sudden ly  became p l agued  w i t h  an o u t s i d e  f r o n t  wheel l o c k i n g  

i n  Maneuver 8 .  No v e h i c l e  a d j u s t m e n t  whe ther  h y d r a u l i c  o r  mech- 

a n i c a l  was s u c c e s s f u l  i n  c o r r e c t i n g  o r  e x p l a i n i n g  t h e  p rob lem,  

t h e r e f o r e ,  t h e  r e s e a r c h e r s  sw i t ched  t h e  f r o n t  t i r e s  l e f t  f o r  

r i g h t  and t h e  problem d i s a p p e a r e d .  Th i s  o c c u r r e d  f o r  b o t h  

c o n f i g u r a t i o n s  16 ( P i r e l l i  r a d i a l  f r o n t s  w i t h  O.E. r e a r s )  and 

1 7  (Goodyear Custom Power Cushion P o l y g l a s  f r o n t s  w i t h  O . E .  r e a r s ) .  

Note t h a t  s w i t c h i n g  t h e  f r o n t  t i r e s  d i d  n o t  c a u s e  a comple te  

r e v e r s a l  of  r e s u l t s  b u t  mere ly  a l l e v i a t e d  t h e  p rob lem.  T h i s  

cou ld  be  due t o  i n h e r e n t  v e h i c l e  asymmetr ies  o r  p e r h a p s  t o  t h e  

f a c t  t h a t  t h e  r e a r  t i r e s  were n o t  s w i t c h e d .  Tha t  s i m p l e  e x e r c i s e  

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

f o r c e  c a p a b i l i t y  o f  two new t i r e s  from t h e  same m a n u f a c t u r e r ' s  

l o t .  

Another  example o f  t h e  above o c c u r r e d  i n  Maneuver 5 when 

t h e  Buick was equ ipped  w i t h  B r i d g e s t o n e  r a d i a l s  on t h e  f r o n t  

and w i t h  O . E .  r e a r s  ( t i r e  c o n f i g u r a t i o n  4 2 ) .  T h i s  c o n f i g u r a t i o n  

caused  such an unsymmetr ica l  v e h i c l e  r e s p o n s e  i n i t i a l l y  t h a t  

t e s t i n g  was s t o p p e d  and t h e  f u n c t i o n  g e n e r a t o r  commands were  

doub le  checked ,  b u t  were  found t o  be c o r r e c t .  The v e h i c l e ' s  



response was such t h a t  f o r  t h e  same s t e e r  ampl i tude ,  one p o l a r i t y  

was caus ing  a  d r a s t i c  ove rco r rec t ion  on t h e  second h a l f  of t h e  

s i n e  wave whi le  i n  t h e  o t h e r  p o l a r i t y  the  f i r s t  h a l f  o f ' t h e  s i n u s o i d  

\<as so dominant t h a t  t h e  second h a l f  was v i r t u a l l y  i n e f f e c t i v e .  

The r e a r  t i r e s  were f i r s t  suspec ted  t o  be t h e  c u l p r i t s ,  hence 

they  were switched f i r s t ,  bu t  t o  no a v a i l .  The f r o n t  t i r e s  were 

then  swi tched ,  caus ing  the  asymmetry t o  be markedly reduced.  

Another obvious f i n d i n g  was t h a t  t h e  Buick i n  i t s  f u l l y  

loaded c o n d i t i o n  wi th  low r e a r  t i r e  p res su re  ( 2 0  p s i  a s  opposed 

t o  the  manufac tu re r ' s  recommended 32  p s i )  has  t h e  problem of 

i t s  o u t s i d e  r e a r  t i r e  coming o f f  t h e  rim i n  a l l  o f  t h e  t u r n i n g  
maneuvers inc lud ing  braking  i n  a  t u r n .  



TABLE E l .  TEST MATRIX FOR VEHICLE #1 - MUSTANG 

Approx. T o t a l  Runs 590 

- 

Maneuver Numbers 
And Names 

I- 
w 
3 

> 
~t 
13 

I - 

TIRE CONFIGURATION HEADINGS AND NUMBERS 

. -. . . - .- .- . . . . . - - 

S t .  L i n e  
B rak ing  

Brak ing  I n  
A  Turn 

S inuso ida l  
S tee r  

S t .  L i n e  
B rak ing  

Brak ing  I n  
A  Turn 

S i  nuso ida l  
s t e e r  

Trapezoidal  
S tee r  

Tu rn ing  on a  
Rough Road 

D r a s t i c  S t e e r  
and Brake 

w 

o 

NOTE: See Tab le  2  
f o r  d e s c r i p t i o n  o f  
t i  r e  c o n f i g u r a t i o n  

11 

11 

2  1  

11 

11 

29,30 

35,36 
- 

X 

41 
- 

Approx. No. 
o f  Runs 

H 

rn 

a 

12 

12 

2  2  

12 

12 

31 

37 

X 

42 

Sub- 
T o t a l  

7 

x .- 
ZE 

? 

X 

16 

23 

X 

16 

3  2  

38 

X 

X 
-- 

CU 

X 
-? 

E 

X 

17 

24 

X 

17 

3 3 

39 
. 

X 

X 

L .  
w 
-0 - 
I 
rn 

13 

18 

25 

13 

18 

3  4 

40 
-- -- - 

X 

X 

- 
L 
a 
w 
3 

14 

19 

26 

X 

X 

X 

X 
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X 

X 
- 

r 

C\J 

L 
m 
w 
~r 

t 

M 

L 
m 
w 
3 -- 

15 
2 8  

40 
6  0  

128 

15 
14 

20 
40 

32 
80 

28 

- 
70 

15 

2 0  

2 7  

X 

X 

X 

X 

X 

X 

X 

28 

X 

28 

28 

. . 

15 f o r  O.E. 
7  f o r  o t h e r s  

40 f o r  O.E. 
10 f o r  o t h e r s  

16 f o r  each 

15 f o r  O.E. 
7 f o r  o t h e r s  

20 f o r  O.E. 
10 f o r  o t h e r s  

32 f o r  O.E. 
16 f o r  o t h e r s  

28 f o r  O.E. 
14 f o r  o t h e r s  

X 

X 10 f o r  each 2  0  



TABLE E 2  

MUSTANG T I  RE CONFIGURATIONS 

Tf r e  
3 n i i  guraeion T i  r e  Type T i r e  I. D. No. Pressure Comment 

17 MOE Series a re  F - MOE 6, 8 
Mustang O.E. R - MOE 9, 10 
T i r es *  

24 F - Fron t  
24 R - Rear 

F - MOE 6, 8 
R - MOE 9, 10 

13 M200 Ser ies a re  F - M201, 202 
MOE'S c u t  t o  R - M205, 206 
2/32 i n .  t r e a d  
depth 

14 M400 Ser ies  are F - M401, 402 
MOE'S c u t  t o  R - M403, 404 
4/32 i n  t r e a d  
depth 

15 M600 Ser ies  a re  F - M601, 602 
MOE's c u t  t o  R - M603, 604 
6132 i n .  t r e a d  
depth 

16 PR se r i es  a re  F - PR101, 102 
P i r e l l i  r a d i a l s  R - MOE 9, 10 

17 CPCP Ser ies a re  F - CPCP1, 2 
Custom Power R - MOE 9, 10 
Cushion Polyg las 
(Goodyear) 

F - MOE 6, 8 
R - M205, 206 

F - MOE 6, 8 
R - M403, 404 

F - MOE 23, 24 
R - MOE 25, 26 

F - MOE 23, 24 
R - MOE 25, 26 

F - PR101, 102 
R - MOE 25, 26 

"Gaodri ch S i  lver town,  E78-14 
241 



TABLE E2 (Cant ) 

T i  r e  
C o n f i g u r a t i o n  T i  r e  Type T i r e  1.D. Flo. Pressure  Comment 

F - CPCP1, 2 2 4 
R - MOE 25, 26 2 4 

F - MOE 23, 24 24 
R - M205, 206 24 

F - MOE 23, 24 24 
R - r4403, 404 24 

F - MOE 23, 24 24 
R - M603, 604 24 

F - MOE 17, 18 2 4 Shoul cier 
R - MOE 19, 20 2 4 Worn T i r e s  

F - HOE 27, 28 24 
R - MOE 29, 30 2 4 

F - MOE 31, 32 24 
R - MOE 33, 34 24 

F - MOE 35, 36 24 
R - MOE 37, 38 18 

F - PR106, 107 24 F r o n t  T i r e s  
R - MOE 39, 40 24 have been used 

i n  l i n e a r  s tudy  

F - CPCP1, 2 2 4 
R - MOE 41 42 2 4 

F - M203, 204 24 
R - MOE 43, 44 24 

F - MOE 102. 103 2 4 MOE 101 - 112 
R - MOE 104; 105 24 d i f f e r e n t  1 o t  

t han  01 - 53 

F - MOE 106, 107 24 
R - MOE 108, 109 24 

F - MOE 110, 111 2 4 
R - MOE 47, 48 18  



TABLE E2 (Cont.) 

T i  re 
Csnf i auration T i  re Type Tire I .D. No. Pressure Comment 

F - PR103, 104 24 
R - MOE 49, 50 24 

F - CPCP3, 4 2 4 
R - MOE 51, 52 24 

F - M207, 208 2 4 
R - MOE 45, 46 2 4 

F - MOE 01, 02 24 
R - MOE 06, 07 2 4 

F - MOE 01, 02 24 
R - MOE 06, 07 18 



TABLE E 3 -  T E S T  MATRIX  FOR V E H I C L E  #2 - B U I C K  

I T I R E  CONFIGURATION HEADINGS AND NUMBERS I NOTE: See T a b l e  4 



TABLE E4 

BUICK TIRE CONFIGURATIONS 

C o n f i g u r a t i o n  T i  r e  Yype T i r e  I .D.  No. 

11 BQE Ser ies  a r e  F - BOE 7, 8 
Bu ick  O.E. t i r e s *  R - BOE 9, 10 

F - BOE 7, 8 
R - BOE 9, 10 

F - BOE 7 ,  8 
R - BOE 9, 10 

14 BSN Ser ies  a r e  F - BOE 7, 8 
snow t i r e s  R - BSN1, 2 

15 8200 s e r i e s  a r e  F - 8201, 202 
BOE's c u t  t o  R - 8203, 204 
2/32 Tread Depth 

16 0400 Ser ies  a r e  F - 8401, 402 
BBE's c u t  t o  R - 8403, 404 
4/32 Tread Depth 

7 = 9600 Ser ies  a r e  F - 8601, 602 
. -  t s c ~ r  - R - 8603, 604 

6/32 Tread Depth 

F - BOE 7, 8 
R - BOE 9, 10 

9 3 F - BOE 7, 8 
R - BOE 9, 10 

20 B R  S e r i e s  a r e  F - BR 1, 2 
Bri dgestone R - BOE 9, 10 
RadJ a l  s 

F - BOE 9, 10 
R - B201, 202 

Pressure Comment 

Maxi mum 
Load 

2 6 Maximum 
2 0 Load 



TABLE E4 (Cont. ) 

T i  r e  
C o n f i g u r a t i o n  T i r e  Type T i r e  1.D. No. P ressu re  Comment 

F - BOE 9, 10 2 4 
R - B401, 402 2 8 

F - BOE 9, 10 24 
R - 8601, 602 2 8 

F - BOE 29, 30 24 
R - BOE 31, 32 2 8 

F - BOE 29, 30 20 
R - BOE 31, 32 20 

F - BOE 29, 30 24 
R - BOE 31, 32 16 

F - BOE 29, 30 26 Maximum 
R - BOE 31, 32 32 Load 

F - BOE 29, 30 2 6 Maximum 
R - BOE 31, 32 20 Load 

F - BOE 29, 30 2 4 
R - BSN 3, 4 28 

F - BR1, 2 24 
R - BOE 31, 32 28 

F - BOE 29, 30 24 
R - B 205, 206 28 

F - BOE 29, 30 24 
R - 8403, 404 28 

F - BOE 29, 30 2 4 
R - B 603, 604 28 

F - BOE 1, 2 24 Shoulder  
R - BOE 3, 5 28 Worn T i r e s  

F - BOE 33, 34 24 
R - BOE 35, 36 28 

F - BOE 37, 38 2 4 
R - BOE 39, 40 28 



TABLE E4 (Cant*) 

T i  r e  
Conf igurat ion T i r e  Type T i r e  I.D. No. Pressure Comment 

F - BOE 24, 25 2 0 
R - BOE 26, 27 2 0 

F - BOE 45, 46 2 4 
R - BOE 47, 48 16 

F - BOE 111, 112 2 6 Maxi mum 
R - BOE 113, 114 3 2 Load 

F - BOE 53, 54 2 6 Maximum 
R - BOE 55, 56 2 0 Load 

F - BOE 57, 58 2 4 BOE 56-76 a re  
R - BSFI 1, 2 2 8 d i f f e r e n t  1 o t  

than 01-55. 
Also BOE 111-118 
are separate l o t  

F - BR1, 2 
R - BOE 59, 60 

F - 8205, 206 
R - BOE 61, 62 

F - BOE 41, 42 
R - BOE 43, 44 

F - BOE 49, 50 
R - BOE 51 , 52 

F - BOE 101, 102 
R - BOE 103, 104 

F - BOE 107, 108 
R - BOE 109, 110 

F - BOE 115, 116 
R - BOE 117, 118 

Maxi mum 
Load 

F - BOE 71, 72 
R - BOE 74, 75 

Maxi mum 
Load 

F - BOE 105, 106 
R - BSN 3 ,  4 



TABLE E4 (Cant- ) 

Ti re 
Configuration Tire Type Tire I .D. No. Pressure Commen t 

F - BR 3, 4 24 
R - BOE 11, 12 28 

F - BOE 7, 8 
R - BOE 9, 10 

Intended for 
Maneuver #3 but 
was replaced 

Maximum 
Load 



Methodol ogy f o r  L i m i t  Maneuvers 

. ' , .4ne~~qer 8 2  - STR4IGHT LINE BRAKING - DRY (high friction) 

i n i t i a l  Condit ions: Y o  = 40 mph 

6 s w  = o0 

Incremental Controls:  PB -- Brake L ine  Pressure 

General Constraints:  

1. A1 1 brake 1 ines are t o  be cont ro l  l e d  by one pressure 1 i m i  t e r  assembly. 

2 ,  Brake l i n i n g  temperatures are no t  t o  exceed 250°F p r i o r  t o  any run, 

Minimum Signals Required: A,, V 5 ,  wl, u2, US, w,, Pb, MC 

Procedure : 

1,  Set i n i t i a l  brake l i n e  pressure l e v e l  t o  400 psi  o r  lower i f  t h i s  

l eve l  produces lockup o f  any wheel. 

2. Approach t e s t  pad above i n i t i a l  ve loc i t y .  

3. Manually i n i t i a t e  t e s t  mode. 

4 .  Coast down t o  i n i t i a l  ve loc i t y .  

5, Rapidly depress brake pedal t o  the  physical l i m i t  of i t s  stroke, 

ko l  d i  ng s teer ing  wheel f i xed .  

6. Allow veh ic le  t o  decelerate t o  a complete stop and ho ld  f o r  2 

seconds minimum a f te r  any p i t c h  motion has s e t t l e d  out. 

7 .  Terminate t e s t  mode, 

8, increase brake l i n e  pressure by 100 p s i  increments and repeat steps 

2 through 7 u n t i l  a p o s i t i v e  wheel lockup i s  detected, above 10 mph. 

9. Decrease brake l i n e  pressure by 100 ps i  and execute steps 2 through 7. 



10. I nc rease  b rake  l i n e  p ressu re  by 25 p s i  increments and r e p e a t  s teps  

2 th rough 7 t w i c e  a t  each p ressu re  s e t t i n g  u n t i l  two wheels i n d i c a t e  

p o s i t i v e  wheel l ockup  above 10 mph on a  s i n g l e  a x l e .  

. . . . ' to te l i n e  p ressu re  Pmin, t h e  minimum p ressu re  l e a d i n g  t o  p o s i t i v e  

l,siheel l ockup  i n  #10 f o r  O . E .  t i r e s .  

1 2 .  Change t i r e s  t o  n e x t  c o n f i g u r a t i o n  and r u n  l i n e  p ressu re  Pmin t w i c e .  

I f  lockup  of b o t h  wheels does n o t  occu r  proceed t o  s t e p  14  below. 

13. I f  lockup  of two t i r e s  on an a x l e  i s  no ted i n  s t e p  12 above, decrease 

l i n e  p ressu re  i n  25 p s i  increment's and r u n  s teps  2  th rough  7 u n t i l  

t h e  p ressu re  i s  low enough so t h a t  two wheels on same a x l e  u n l o c k  

and repea t ,  above 10 mph. Proceed t o  s t e p  15. 

1 4 ,  I f  lockup  does n o t  occur  on two wheels as e x p l a i n e d  i n  s t e p  12, 

i n c r e a s e  l i n e  p ressu re  i n  25 p s i  inc rements  and r u n  s t e p s  2 t h rough  

7 u n t i l  l ockup  on two wheels above 10 mph i s  no ted  and repea ted .  

1 5  Repeat s teps  12 th rough  14 u n t i l  a1 1 t i r e  c o n f i g u r a t i o n s  have been 

t e s t e d .  



!Ylcneutrer # 7 - STRAIGHT LINE BRAUNG - VET ( low friction) 

I ~ i t i a l  Condi t ions:  V o  30 nph 

5 ,, = oO 

General Const ra in ts :  Same as Maneuver #I  (S t ra i gh t -L i  ne-Braki ng-Dry) 

Vinimum S i g n a l s  Required: Same as Maneuver #1 

Procedure: 

1. Se t  i n i t i a l  brake 1 i n e  pressure l e v e l  t o  200 p s i  o r  lower i f  t h i s  

1 eve1 produces lockup o f  any wheel , 

2 .  Execute steps 2 through 15 o f  Maneuver # I .  



Maneuver #2 - BRP-ELTliG-IIV-A-TURlii - DRY (high fr ict ion) 

I n i t i a l  C o n d i t i o n :  V o  = 40 mph 

6 = ang le  r e q u i r e d  f o r  i n i t i a l  l a t e r a l  a c c e l e r a t i o n  
SW 

t o  be 0.3 g 

Incrementa l  Con t ro l s :  PB -- Brake L i n e  Pressure 

General C o n s t r a i n t s  : 

1 .  A 1  1 b rake l i n e s  are  t o  be c o n t r o l l e d  by one pressure  l i m i t e r  assembly. 

2.  Brake l i n i n g  temperatures a r e  n o t  t o  exceed 250°F p r i o r  t o  any t e s t  

run .  

3. Perform t r i a l  t e s t s  t o  determine s t e e r i n g  wheel ang le  r e q u i r e d  t o  

o b t a i n  i n i t i a l  l a t e r a l  a c c e l e r a t i o n  o f  0.3 g  a t  40 mph f o r  b o t h  l e f t  

and r i g h t  t u r n s .  

Minimum S igna ls  Required: Ax, A , r, V,, u,, u,, us,  uq, PB, MC 
Y 

Procedure : 

1. Set  i n i t i a l  brake l i n e  pressure  t o  400 p s i  o r  l ower  i f  t h i s  l e v e l  

produces lockup o f  any wheel. 

2. Approach t e s t  pad above i n i t i a l  v e l o c i t y ,  

3. Manual ly  i n i t i a t e  t e s t  mode. 

4. Rap id l y  app ly  s t e e r i n g  i n p u t  t o  l i m i t  s top .  

5. Coast down t o  i n i t i a l  v e l o c i t y .  

6.  Rap id l y  depress brake pedal t o  t h e  p h y s i c a l  l i m i t  o f  i t s  s t r o k e ,  

h o l d i n g  s t e e r i n g  wheel f i x e d .  

7. A l l ow  v e h i c l e  t o  d e c e l e r a t e  t o  a  complete s top  and h o l d  f o r  2 

seconds minimum a f t e r  any p i t c h  mo t ion  has s e t t l e d  o u t ,  



Temi na te  t e s t  mode. 

Repeiit steps 2 through 8 f o r  oppos i te  p o l a r i t y  s t e e r i n g  i n p u t ,  

:ncreasicq brake l i n e  pressure i n  100 p s i  increments, repeat steps 

2 through 9 u n t i l  a p o s i t i v e  wheel lockup i s  detected above 10 rnph. 

Dessease brake l i n e  pressure 100 p s i  and repeat steps 2 through 8. 

Increase brake l i n e  pressure by 25 p s i  increments and repeat steps 

2 through 8 tw ice  a t  each pressure u n t i l  two wheels i n d i c a t e  lockup 

above 10 mph. 

:rote I I n e  pressure Pmin, the minimum pressure lead ing  t o  p o s i t i v e  

wheel lockup i n  s tep 12 f o r  O.E. t i r e s .  

Change t i r e s  t o  nex t  con f igu ra t ion  and r u n  l i n e  pressure Pmin tw ice.  

I f  lockup o f  two wheels on same a x l e  (above 10 mph) does n o t  occur, 

proceed t o  s tep 16 below. 

i f  lockup of two t i r e s  on an a x l e  i s  noted i n  s tep  14, decrease l i n e  

pressure i n  25 p s i  increments and run  steps 2 through 8 u n t i l  t h e  

pressure i s  low enough so t h a t  two wheels on same a x l e  unlock and 

repeat,  above 10 mph. Proceed t o  s tep 17. 

.If lockup does no t  occur on two wheels i n  s tep  14, increase l i n e  

pressure  i n  25 p s i  increments and run  steps 2 through 8 u n t i l  lockup 

cn tvqo wheels (same ax le )  above 10 rnph i s  noted and repeated. 

Change t o  nex t  t i r e  con f igu ra t ion  and repeat  steps 14 through 16 u n t i l  

a1 I conf igura t ions a r e  tes ted.  



Maneuver ff8 - BRAKING-iN-A-TURU - VET (low frictionl 

In i t ia l  Conditions: V o  = 30 mph 

& S W  
= angle required for in i t i a l  lateral  

acceleration t o  be 0.2 g 

Incremental Controls: PB -- Brake Line Pressure 

General Constraints: 

1 .  All brake lines are t o  be controlled by one pressure l imiter  assembly. 

2 .  Brake lining temperatures are n o t  to exceed 250°F prior to  any t e s t  

run. 

3. Perform t r i a l  tes ts  t o  determine steering wheel angle required 

t o  obtain in i t i a l  lateral  acceleration of 0.2 g a t  30 mph for  

b o t h  l e f t  and right turns. 

Minin~um Signals Required: Same as Maneuver #2 

Procedure: 

1 .  Set in i t i a l  brake l ine pressure to  200 psi or lower i f  th i s  level 

produces lockup of any wheel. 

2 .  Execute steps 2 through 17 of Maneuver # 2 .  



. ' ~ w ~ G u V G - "  IZ.. - _ JA7{~::fC- :),'J-A-.3,7UGH-ROAD - DRY (high friction) 

I n f r i a '  Cjnb i ' i o cs :  ;i = 30 mph 
S 

sw = angle required for init ial  lateral 

acceleration t o  be 0.4 g 

incremental Controls : Three road disturbance grids fundamental 

frequencies o f  9 ,  1 1 ,  and 14 Hz. 

General Ccnstraints : 

1. Fersorm tr ia l  tes ts  t o  determine steering wheel angle required 

t o  ab ta f  n i n i t i ~ l  lateral acceleration of 0.4 g a t  30 mph. 

2, Ve1oc'e.v and  late;*al acceleration ini t ia l  conditions are t o  be 

achieved u?on ini t ia l  contact with the disturbance grid. 

3. Road disturbance grids are t o  be laid o u t  as in Figure 11-1. 

Minimutt Signals Required: Ax, A,,, r ,  V 5 ,  MC 

Procedure : 

1, App'oa:?, the t e s t  area above the ini t ia l  velocity. 

2 ,  M a ~ u a l  i; ini t ia te  tes t  mode. 

3. kpply  s t e e r i n g  input t o  limit stop, timed t o  aim the vehicle 

a% tne  center o f  the f i r s t  grid. 

4, Mandzl12! l i f t  f i f t h  wheel prior t o  traversing grids. 

5. T ~ ~ a i c a t e  tes t  ~ o b e  after exiting from the grid and prior t o  

enx7sirl& kne s t e e r i n g  angle. 

6, Esch t: c h ~  three  grids (of 9 ,  11,  and 14 Hz construction) i s  t o  

be sureesctiii i:. traversed five times. A successful traversal 

res,r5r(-; 'Axb'; * four  wheels remain on the grid until vehicle exits. 



I I 20  F t .  - 
G r i d  i s  

/ t a n s e n t i a l  
t o  t h i s  C o u r s e  ( Leng th  

1 2  in. 
) t 1 . 5  in. 'd 

o s s  s e c t i o n  o f  e l e m e n t s  
made f rom c u r e d  t r u c k  t i r e  /,a"' 

Fundamen ta l  F requency  9 Hz 

C e n t e r  S p a c i n g  - F e e t  4 . 8  

Cour se  Leng th  - F e e t  3 8 . 4  

Figure El. Road disturbance course layout. 



. ,  - I ~ L J ~ - L I J A L  ;'TEE? - DRY ( h i g h  f r ic t ion)  

I n i  t i z l  Cofidi t i o n s :  V o  = 40 mph 

= o'= 
' S W  

Incremental  C o ~ t r o l s :  
e 

SW = Ng m o t  

for a '  = 4, 6, 8, 12, 16, 20, 24 

where L = wheel base i n  f e e t  

N = o v e r a l l  s t ee r i ng  r a t i o ,  
9 

Genera? C o n s t r a i n t s :  

4 .  e l :  Cl~cr+ :nr l  generat..- ':!- -nC t i ngs  a re  f i x e d  f o r  a l l  veh ic les .  

7 . j~ S ~ L  (100) , NOTE : Cont ro l  1  e r  - 
s e t t i n g s  r e f e r  t o  

kamp Tine = -40 sec (40) t he  H S R I  Automatic 
'7 Veh ic le  C o n t r o l l e r  

Steer Trapezoid Stop = 4.50 sec (450) 1 
Total  Time = 5.50 sec (550) 1 

2 .  A 1 1  unused func t ion  generator  c o n t r o l s  a re  t o  be s e t  a t  zero 

magnitude, w i t h  s t a r t  t imes s e t  a t  values g rea te r  than  9.00 sec (900).  

Minirnuc Signals  Required: Ax, A , r, V 5 ,  MC 
Y  

Prxedure: 

I ,  Knowing the o v e r a l l  s t e e r i n g  r a t i o ,  compute 6 corresponding t o  
SW 

r '  = 2 4 ,  and s e t  t r apezo id  l e v e l  accord ing ly .  

2. Let sreermg t rapezo id  c o n t r o l s  f o r  0.4 second ramp t ime, w i t h  6 ,, 
y17dr- i  t y  t o  "1  e f t  t u rn " ,  

3 Yaneuver veh i c l e  w i t h  drone c o n t r o l s  i n t o  approach pa th  above i n i t i a l  

v e l o c i t y  cr i ter ion.  



I n i t i a t e  f u n c t i o n  genera to r  c y c l e  ( t a p e  r e c o r d e r ,  t e s t  mode and 

maneuver e x e c u t i o n  c y c l  e  au tomat i ca l  l y )  . 
Execute maneuver once ( s teps  3 and 4 )  f o r  a  l e f t  t u r n  and once 

f o r  a  r i g h t  t u r n .  

Compute 5 SW va lue  f o r  t h e  n e x t  1  ower va lue  o f  a '  . 
Repeat s teps  2 t h rough  6 u n t i l  a l l  a '  va lues  have been exhausted. 

Change t o  a  new s e t  o f  O.E. t i r e s .  

Set  t r a p e z o i d  l e v e l  t o  Bw cor respond ing t o  U '  = 4. 

Execute s teps  2 t h rough  5. 

Set  t r a p e z o i d  l e v e l  t o  a sw co r respond ing  t o  n e x t  h i g h e r  v a l u e  o f  

0'. Execute  s teps  2 th rough 5. 

Repeat s t e p  11 u n t i l  a1 1  a '  va lues  have been exhausted.  

Change t i r e s  t o  n e x t  c o n f i g u r a t i o n  o f  t e s t  p l a n .  

Repeat s teps  9 th rough 13 u n t i l  a l l  d e s i r e d  t i r e  c o n f i g u r a t i o n s  

have been t e s t e d .  



c, ..ti.= I .'-+CJP 32 - Si?ILfSO/DAL STEER - DRY (high f r i c t i ~ n )  

I n i t i a l  Condi t ions:  Yo = 45 mph 

5 = O0 
s  w 

I ncremeatal Controls : 

e 
E S W  = m u  Ng 

f o r  u = 4 ,  6, 8, 10, 12, 14, 16, 18 

where 1 = wheel base i n  ft 

Ng 
= o v e r a l l  s t ee r i ng  r a t i o  

General Const ra in ts  : 

1, A11  func t ion  generator t ime s e t t i n g s  are f i xed  f o r  a l l  veh ic les :  

Steer S t a r t  = 1 .OO sec (100) 

Sine Per iod = 2.00 sec (200) 

To ta l  Time = 5.00 sec (500) 

2. A l l  unused f u n c t i o n  generator c o n t r o l s  a re  t o  be s e t  a t  zero 

magai tude w i t h  s t a r t  t imes s e t  a t  values g rea te r  than 9.00 sec (900).  

2 .  T h i s  t e s t  i s  not t o  be executed when wind v e l o c i t y  normal t o  t he  

i n i t i a l  path exceeds 15 mph. 

H l n i m u ~  Signals  Required: A x ,  A  , r, V 5 ,  MC 
Y 

Procedure : 

I .  Kvswing the s tee r i ng  gear r a t i o  and v e h i c l e  wheel base, compute 

corresponding t o  a 18. 
5 'h" 

2. Set steering sinusoid amp1 i t udes  t o  ca l cu l a ted  & ,,. 
2 Set i ~ i t i a l  v e l o c i t y  th resho ld  on f u n c t i o n  generator .  



Set  s t e e r i n g  s i n u s o i d  c o n t r o l s  f o r  2.0 sec p e r i o d  and " l e f t  t u r n "  

p o l  a r i  ty . 
Maneuver v e h i c l e  w i t h  drone c o n t r o l s  i n t o  approach pa th ,  above 

i n i t i a l  v e l o c i t y .  

I n i t i a t e  f u n c t i o n  genera to r  c y c l e  ( t a p e  reco rde r ,  t e s t  mode, and 

maneuver execu t i on  c y c l e  au tomat i ca l  l y )  . 
Execute maneuver once ( s teps  5 and 6)  f o r  each p o l a r i t y  o f  

s i n u s o i d  c o n t r o l .  

Compute S SW f o r  n e x t  lower  va lue  o f  o .  

Repeat s teps  2 th rough 8 u n t i l  a1 1  va lues  o f  u have been exhausted.  

Change t o  a new s e t  o f  O.E. t i r e s .  

Set  s t e e r i n g  s i n u s o i d  ampl i t u d e s  t o  a SW correspondincj  t o  u = 4. 

Execute s teps  3  th rough 7 .  

Set  s t e e r i n g  s i  nuso id  ampl i tudes t o  a sw cor respond ing t o  n e x t  h i g h e r  

o f  0. Execute s teps  3  th rough 7 .  

Repeat s t e p  13 u n t i l  a l l  va lues  o f  a have been exhausted. 

Change t i r e s  t o  n e x t  c o n f i g u r a t i o n  o f  t e s t  p l a n .  

Repeat s teps  11 th rough 15 u n t i l  a1 1  d e s i r e d  t i r e  c o n f i g u r a t i o n s  

have been t e s t e d .  

NOTE: The above maneuver n o r m a l l y  has i nc remen ta l  c o n t r o l s  o f  Vo  = 45 

and 60 mph, w i t h  6 sw = - 66 - ' 0 N , where V i s  V o  i n  f t / s e c .  v 10  9  



,llliA-nemer #3 - SINUSOICAL STEER - WET (Low friction) 

I n i t i a l  Condit ions: V o  = value obtained as explained i n  

procedure be1 ow 

Incremental Controls : 

f o r  o = 4, 6, 8, 10, 12, 14, 16, 18 

where L = wheel base i n  ft 

9 
= ove ra l l  s teer ing  r a t i o  

General Constraints : 

1. A l l  funct ion generator t ime se t t i ngs  are  f i x e d  f o r  a l l  vehicles: 

Steer S t a r t  = 1.00 sec (100) 

Sine Period = 2.00 sec (200) 

e Tota l  Time = 5.00 sec (500) 

2. A l l  unused funct ion generator con t ro l s  are t o  be s e t  a t  zero magnitude 

w i t h  s t a r t  t ime se t  a t  values greater  than 9.00 see (900). 

3. Th is  t e s t  i s  not  t o  be executed when wind v e l o c i t y  normal t o  the 

i n i t i a l  path exceeds 15 mph. 

Minimum Signals Required: Ax, A , r, V 5 ,  MC 
Y 

Procedure: 

1. Knowing the s teer ing  gear r a t i o  and the  veh ic le  wheel base, compute 

6 corresponding t o  a = 12 (midrange value) .  s W 

2. Put basel ine t i r e s  (probably O.E.) on veh i c le  and execute steps 2 

through 7 s f  Maneuver #5, (SINUSOIDAL STEER, DRY) f o r  i n i t i a l  

v e l o c i t i e s  of 30, 35, 40 and 45 mph. 



P u t  " e s t i m a t e d  worse case" t i r e  c o n f i g u r a t i o n  on v e h i c l e  and 

execute steps 2 th rough 7 of Maneuver #5 f o r  i n i t i a l  v e l o c i t i e s  

o f  30, 35 ,  40 and 45 mph, 

Compare r e s u l t s  of s teps 2 and 3 (above) and choose l o w e s t  

v e l o c i t y  f o r  which d i f f e r e n c e s  i n  v e h i c l e  response a r e  obv ious 

and proceed t o  s t e p  8 below. I f  no such d i f f e r e n c e  i s  apparent ,  

proceed t o  s t e p  5.  

I f  s t e p  4 i s  i n c o n c l u s i v e ,  compute 6 SW cor respond ing t o  u = 18 

and r e p e a t  s teps 2 and 3 above. 

Compare t h e  r e s u l t s  o f  s t e p  5 f o r  b o t h  t i r e  c o n f i g u r a t i o n s  and 

choose 1  owest v e l o c i t y  f o r  wh ich  d i f f e r e n c e s  i n  v e h i c l e  response 

a r e  obvious and proceed t o  s t e p  8 below. I f  no such d i f f e r e n c e s  

a re  apparent ,  proceed t o  s t e p  7. 

I f  s t e p  6 i s  i n c o n c l u s i v e  s e t  V o  = 45 mph and execute  s t e p s  11 

through 14 of Maneuver #5 f o r  b o t h  t i r e  c o n f i g u r a t i o n s  under con- 

s i d e r a t i o n  o n l y .  Terminate  t e s t i n g  f o r  t h i s  maneuver. 

Set  V o  equal t o  t h e  v e l o c i t y  chosen f rom e i t h e r  s t e p  4 o r  s t e p  6. 

Repeat s teps 11 through 15 of Maneuver #5 u n t i l  a1 1  d e s i r e d  t i r e  

c o n f i g u r a t i o n s  have been t e s t e d .  

NOTE: Incrementa l  v e l o c i t i e s  o f  s teps  2 and 3 above were b e s t  - 
s u i t e d  f o r  t h i s  s tudy  wh ich  had a  t o p  t e s t  speed o f  45 

mph. These shou ld  be a d j u s t e d  t o  b e s t  s a t i s f y  t h e  needs 

o f  whatever s tudy i s  i n  ques t i on .  



'!!neuj'er Pi€ - DRASTIC STEER AND BRAKE - DRY 

I n i t i a l  Condi t ions:  V o  = 50 mph (1 complete s e t )  

0 
= 60 rnph (1  complete s e t )  

S sw = 0" 

incrementa l  Cont ro ls :  1 )  Vo  = 50, 60 mph 

- 2)  6 SW - 6 SW* Y 

f o r  y = 0.75, 1.00 

N 
and 6 SW* = 360 (&I 

3) Brake re lease t imes, se lected a f t e r  

v iewing response data i n  procedure 

steps #9 and #16 

General Cons t ra in ts  : 

I ,  These f u n c t i o n  generator t ime s e t t i n g s  a re  f i x e d  f o r  a l l  veh ic les :  

S teer  S t a r t  = 1.00 sec (100) 

Sine Per iod = 2.00 sec (200) 

T o t a l  Time = 5.00 sec (500) 

Brake Ramp = 0.05 sec (005) 

2 .  Brake a p p l i c a t i o n  and re lease t imes a re  " tuned" t o  t he  v e h i c l e  

response. 

3. A l l  unused f u n c t i o n  generator  c o n t r o l s  a re  t o  be s e t  a t  zero 

magnitude w i t h  s t a r t  t imes s e t  a t  values g rea te r  than  9.00 sec (900). 

4. The brake force should be l a r g e  enough t o  l o c k  a l l  f o u r  wheels b u t  

s h a l l  n o t  exceed 250 1 bs. 



Minimum S i g n a l s  Required: Ax, A , r, V 5 ,  6, MC 
Y  

Procedure: 

i ,  Set f i r s t  i n i t i a l  v e l o c i t y  t h r e s h o l d .  

Knowing the  o v e r a l l  s t e e r i n g  r a t i o  and v e h i c l e  wheel base 

(see Tab1 e  I - )  , compute 6 SW*. 

Set  s t e e r i n g  s i n u s o i d a l  c o n t r o l s  f o r  a  2.0 second p e r i o d  w i t h  

f i r s t  h a l f  ampl i tude s e t  t o  (6s,* t imes f i r s t  y va lue )  and second 

h a l f  amp1 i tude s e t  t o  zero.  

Set  a br c o n t r o l s  t o  zero.  

Maneuver v e h i c l e  w i t h  drone c o n t r o l s  i n t o  approach p a t h  above 

i n i t i a l  v e l o c i t y  c r i t e r i o n .  

I n i t i a t e  f u n c t i o n  genera tor  c y c l e .  

Repeat steps 5 and 6. 

Examine the response data  f rom t h e  p rev ious  two runs,  d e t e r m i n i n g  

t h e  t i m e  a t  which t h e  yaw r a t e  t i m e  h i s t o r y  was seen t o  have 

reached 95% o f  i t s  peak value.  

S e l e c t  brake a p p l i c a t i o n  t ime,  t5, t o  c o i n c i d e  w i t h  t i m i n g  o f  

95% peak yaw r a t e  value,  and b rake  r e l e a s e  t ime,  t6, equa l  t o  

( t 5 + 2 .  0). 

Set  brake ramp t i m e  t o  0.050 sec. 

Set  brake l e v e l  f o r  ampl i tude o f  f u l l  b rake pedal s t r o k e ,  w i t h  

f o r c e  n o t  t o  exceed 250 1  bs. 

Maneuver v e h i c l e  w i t h  drone c o n t r o l s  i n t o  approach p a t h  above 

i n i t i a l  v e l o c i t y  c r i t e r i o n .  

I n i t i a t e  f u n c t i o n  genera to r  c y c l e .  



14, Repeat steps 12 and 13. 

@ 1 5 .  Play back tape recorder signal of roll ra te ,  4 ,  o n t o  the pen 

recorder, along with function generator time base, tac. 

76, Examine the response data from the previous two runs, determining 

b the values for brake release time, t,, from the roll rate response. 

Two release timings are t o  be selected, t and t,, coinciding with 
P 

2nd sympathetic polarity peak and 3rd zero crossing , respectively. 

1 7 .  Set brake release time, t6 to t repeat steps 5 and 6 twice for 
P ' 

each value of  y.  

18, Set brake release time, t6 t o  t,; repeat steps 5 and 6 twice for 
L 

each value of y. 

13. Repeat steps 17 and 18 for second velocity threshold. ' 

20. A rollover i s  counted and logged i f  an outrigger wheel touches the 

t e s t  surface. A rollover occurrence terminates the t e s t  sequence. 
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F l .  VEHICLE RESPONSE NUMERICS 

The t a b l e s  p r e s e n t e d  i n  t h i s  appendix r e p r e s e n t  t h e  
-..- . ,~, . . :~: . ics  c a l c u l a t e d  from t h e  d i g i t i z e d  v e h i c l e  response  d a t a .  

Each numeric was chosen t o  r e f l e c t  some v e h i c l e  response  c h a r -  

a c t e r i s t i c  cons ide red  impor tant  o r  noteworthy f o r  t h a t  p a r t i -  

c u l a r  t e s t  maneuver. 

The fo l lowing  s e c t i o n s  e x p l a i n  the  numeric t a b l e s  and 

the  symbols used t h e r e i n .  The d r i v e r  s e r i e s  numerics  a r e  c r o s s -  

t a b u l a t i o n s  of t i r e  c o n f i g u r a t i o n  wi th  b rake  l i n e  p r e s s u r e ,  

whi le  t h e  au tomat ic  s e r i e s  numerics a r e  c r o s s - t a b u l a t i o n s  of 

t i r e  c o n f i g u r a t i o n  w i t h  normalized s t e e l  a n g l e  ( a t ) .  

F1.1 DRIVER SERIES (BRAKING) NUMERICS 

The d r i v e r  s e r i e s  o r  b rak ing  maneuver (VHTP # ' s  1, 2 ,  7 ,  

and 8 )  numerics a r e  con ta ined  i n  Tables  F1-1 through F1-6 f o r  

t h e  Nustang, and i n  Tables  F 1 - 1 0  through F1-15 f o r  t h e  Buick. 

Each of t h e s e  t a b l e s  i s  a  c r o s s - t a b u l a t i o n  between t i r e  c o n f i g u -  

r a t i o n  and brake  l i n e  p r e s s u r e  f o r  a  given numeric .  The name 

of t h e  v e h i c l e ,  t e s t  maneuver, and numeric a r e  g iven  f o r  each 

t a b l e .  For t h e  b r a k i n g - i n - a  t u r n  maneuver, a  l e f t  o r  r i g h t  

d i r e c t i o n  i s  a l s o  s p e c i f i e d .  More than  one e n t r y  f o r  a  g iven  

conf igura t . ion  and b rake  p r e s s u r e  i n d i c a t e s  t e s t  r e p e a t s .  

The fo l lowing  l i s t i n g  i s  a  b r i e f  e x p l a n a t i o n  f o r  each of 

t h e  numerics appea r ing  i n  t h e  d r i v e r  s e r i e s  t a b l e s .  For a  more 

e x p l i c i t  d e f i n i t i o n  of each numeric s e e  S e c t i o n  F2.6.  

 AX^^ - - t h e  ave rage  v e h i c l e  d e c e l e r a t i o n  i n  g ' s  from 

35 mph t o  10 mph ( 2 5  mph t o  10 mph f o r  wet 

t e s t s ) .  

Wheel Lock - Numerals 1, 2 ,  3 ,  and 4 c o r r e s p o n d i n g  t o  t h e  

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

r e a r  wheels  r e s p e c t i v e l y ,  i n d i c a t e  which 



wheel ( s )  locked dur ing  t h e  braking  m n n e ~ i \ - ~ \ r .  

fl 

3~ 
- t h e  lnaximunl s i d e -  s  l i p  angle  inc~il-1.ed ~ ~ C ~ \ ~ C C I I  

- 
35 rnph t o  1 0  rnph (25 rnph t o  10 rnph f o r  i i e t ) .  

- t h e  maximum time r a t e  o f  change of s i d e - s l i p  

angle  i n c u r r e d  between 35 rnph t o  10 rnph (25- 

1 0  f o r  w e t ) .  

F/S - - t h e  occurrence  of any f i f t h - w h e e l  l i f t s  ( F )  o r  

v e h i c l e  s p i n - o u t s  (S) . 
The a s t e r i s k s  ( * )  appear ing  nex t  t o  t h e  t i r e  c o n f i g u r a t i o n  

codes f o r  t h e  Buick i n  Tables  F1-13 through F1-15 i n d i c a t e  t h a t  

those  t i r e  c o n f i g u r a t i o n s  were performed p r i o r  t o  a  b r a k e  a d j u s t -  

ment. I t  was found necessa ry  t o  r e p e a t  t h e  s t r i g h t - l i n e  b rake  

c o n f i g u r a t i o n s  a l r e a d y  completed. These r e p e a t s  a r e  shown as  

I ( r e - r u n s )  a t  t h e  bottom of t h e  t a b l e s .  The r e p e a t  of t h e  

b r a k i n g - i n - a - t u r n  O . E .  and snow t i r e  c o n f i g u r a t i o n s  a r e  inc luded  

and l a b e l e d  as  I (0 .  E .  Repeat) and ' (Snow R Repeat)  ' . 
F 1 . 2  AUTObIATIC SERIES NUMERICS 

The au tomat i c  s e r i e s  (VHTP # I s  4 ,  5 ,  and 9)  numerics  a r e  

shown i n  Tables  F1-7 through F1-9 f o r  t h e  Mustang and Tables  

F1-16 through F1-18 f o r  t h e  Buick. Each of t h e s e  t a b l e s  i s  a  

c r o s s  t a b u l a t i o n  between t i r e  c o n f i g u r a t i o n  and normal ized  s t e e r  

angle  ( a 1 )  f o r  a  g iven  numeric.  The v e h i c l e ' s  name, t e s t  maneu- 

v e r ,  and numeric a r e  shown a t  t h e  bottom o f  each t a b l e .  Two 

e n t r i e s  s e p a r a t e d  by a  s l a s h  (1) a r e  shown f o r  each normal ized  

s t e e r  l e v e l .  For t h e  t r a p e z o i d a l  s t e e r  maneuver, t h e  f i r s t  

e n t r y  r e p r e s e n t s  t h e  l e f t - t u r n  v a l u e ;  t h e  second e n t r y ,  t h e  

r i g h t - t u r n  v a l u e .  For t h e  s i n u s o i d a l  s t e e r  maneuver, t h e  f i r s t  

e n t r y  i s  f o r  a  l e f t - r i g h t  s t e e r  sequence;  t h e  second e n t r y  f o r  

a  r i g h t - l e f t  s t e e r  sequence.  More than  one p a i r  of  v a l u e s  

r e p r e s e n t s  r e p e a t s .  

The symbols a.ppearing as  numerics f o r  t h e  au tomat i c  s e r i e s  

t e s t s  a r e  b r i e f l y  exp la ined  below. For a  more complete  d e f i n i -  
t i o n  of each numeric s e e  S e c t i o n  F 2 . 6 .  



- t h e  maximum l a t e r a l  a c c e l e r a t i o n  i n  g ' s .  

- ( t h e  average pa th  c u r v a t u r e  from t h e  t ime of 

t h e  s t e e r i n g  inpu t  t o  2 seconds fo l lowing  t h e  

s t e e r i n g  i n p u t )  x 100 i n  f e e t - ' .  

2~ 
- t h e  maximum s i d e - s l i p  ang le .  

- 
T I N F  - - t h e  t ime from t h e  beginning  of  t h e  s t e e r i n g  i n -  

p u t  t o  t h e  occurrence  of an i n f l e c t i o n  p o i n t  i n  

t h e  v e h i c l e ' s  x-y t r a j e c t o r y .  

YINF - - t h e  l a t e r a l  (y) v e h i c l e  d isp lacement  o c c u r r i n g  
a t  t ime TINF. 

MEASUItE - a  numeric r e f l e c t i n g  t h e  degree  t o  which t h e  

v e h i c l e  performed a  1 2 - f o o t  l a n e  change. A 

v a l u e  of 0 ,  would i n d i c a t e  a  1 2 - f o o t  s t e p  l a n e  

change. See S e c t i o n  F2.6 f o r  t h e  e x p l i c i t  

d e f i n i t i o n ,  

- t h e  f i n a l  heading ang le  of t h e  v e h i c l e  w i t h  

r e s p e c t  t o  i t s  i n i t i a l  heading  a t  t h e  t ime of 

t h e  s t e e r  i n p u t .  

( 1 s t )  - t h e  maximum l a t e r a l  a c c e l e r a t i o n  of t h e  1st  peak - 
f o r  t h e  s i n u s o i d a l  s t e e r  maneuver. 

A (2nd) - t h e  maximum l a t e r a l  a c c e l e r a t i o n  of t h e  2nd peak 

f o r  t h e  s i n u s o i d a l  s t e e r  maneuver. 

r p  ( 1 s t )  - t h e  maximum yaw r a t e  of t h e  1 s t  peak f o r  t h e  

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

(2nd) - t h e  maximum yaw r a t e  of t h e  2nd peak f o r  t h e  

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

A l l  c o n f i g u r a t i o n s  shown i n  Table  F1-18 f o r  t h e  Buick ,  

s i n u s o i d a l  s t e e r  - w e t ,  were run a t  30 mph, excep t  where i n d i -  

c a t e d  i n  p a r e n t h e s e s  as  35  mph o r  40  mph, The l a t t e r  a r e  r e p e a t s  

of previous  c o n f i g u r a t i o n s  run  a t  30 mph. 

Any ' X t  symbols appea r ing  i n  t h e  au tomat i c  s e r i e s  t a b l e s  

r e p r e s e n t  a l o s s  of  d a t a  due t o  some t e s t i n g  m a l f u n c t i o n  o r  



s i g n a l  d ropou t s  on t h e  t a p e  recorder  d u r i n g  p l a y b a c k .  The 
l e t t e r  ' S '  deno t e s  v e h i c l e  s p i n - o u t s ,  

.A r e p e a t  of t h e  c o n f i g u r a t i o n  4 2  for t h e  Buick ( s i n u s o i d a l  
s t 2 e s  - d r y )  i n  Table F 1 - 1 7  i s  shown as  ' ( L / R  S w i t c h ) ' ,  The 

n o t a t i o n  i n d i c a t e s  a  r e p e a t  wi th  both  l e f t  and r i g h t  t i r e s  
P 

s i i i t c h e d .  Only runs  f o r  t h e  upper f o u r  s t e e r  l e v e l s  were 

r e p e a t e d .  
C 

F l .  3 I r E H I C L E  RESPONSE NUMERIC TABLES 
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T a b l e  F1 -6 .  Mustang - -  B r a k i n g  i n  a T u r n  - -  W e t  

11 ( O . E . )  

T i r e  
C o n f i g u r .  

pb (psi) 

275 300 3 2 5  350 3 7 5  400 4 2 5  450 4 7 5  500 

1 2  (psi 
a l l  1 8 )  

1 6  ( b l i x  
PR F )  

.49  .SO - 4 4  

.47  . 4 3  
.so 

. 3 8  . 4 2  - 4 4  . 4 1  . 4 5  
.40  . 4 3  . 4 3  
.40  3 

N 
10 1 7  (Mix 
w CPCP F )  

1 8  (Wear 
2 /32  R) 

20 (Wear 
6 / 3 2  R) I 

4 1  

. 4 3  .40  - 4 2  
. 4 3  . 4 1  . 4 0  

.46  . 4 9  . 3 7  
- 4 7  . 4 6  . 4 4  

1 9  (Wear 

VEHICLE - MUSTANG 

. 47  . 4 1  . 4 4  

.40  . 5 0  . 4 3  

DIRECTION - RIGHT 

VHTP - # 8 ,  B r a k i n g  i n  a T u r n  (Wet) NUMERIC - AxAV 



T a b l e  ] : ~ - h .  M u s t a n g  - -  B r a k i n g  i n  a T u r n  - -  W e t .  

11 ( O . E . )  1 
Ti.  r e 
Conf i g u r .  

1 2  ( p s i  
a l l  1 8 )  

( p s i )  
2 7 5  3 0 0  3 2 5  3 - 50 3 7 5  4 0 0  4 2  5  4 5 0  4 7 5  5 0 0  

1 6  (blix 
PR F )  

19 (Wear 
4 / 3 2  R )  

N 
w 1 7  (Nix 
N C p C ?  F )  

18  (Near  
2 / 3 2  R)  

2 1 1 3  6 8 :U (wear  
2 1  19 19 
1 5  2  1 

9 

9  8 5  
7 7  5 

2  1 0  5 
1 0  1 1 0  

- 
4 4 9 

VEl1 ICLE - MUSTANG DIRECTION - R I G H T  

VHTP - # 8 ,  B r a k i n g  i n  a Turn  (Wet) --- NIJMERIC - 1 ~ ~ 1  



Table F1-6. f~ ing - -  Braking i n  a T u r n  - -  W e t  

Tire 
Conf i g u r  . 

a 1  (o .E. )  

V E H I C L E  - MUSTANG 

VHTP - # 8 ,  B r a k i n g  i n  a T u r n  ( W e t )  --- 

Pb ( p s i )  
275 300 325 3 50 375 400 425 450 475 500 

2 None 2 
None 2 

1,2,4 

None 

1 2  ( p s i  
a l l  18) 

16 (Mix 
PR F )  

17 (Mix 
CPCP F) 

18 (Wear 
2/32 R) 

19 ( N e a r  
4/32 R) 

20 (Wear 
6/32 R) 

D I R E C T I O N  - R I G H T  

NUMERIC - WHEEL LOCK 

2 2 192 1,2,4 
2 1,2 

1 
2 

192 192 1,2,4 1,2 
192 192 192 All 

1,294 

192 
1 

192 

1 .  
1 

1,2 1,2,4 
192 1,2,4 

2,4 294 All 
2,4 294 1,2,4 

294 1,2,4 1,2,4 
1,294 294 1,2,4 
294 
2 

1,2,4 

2 
294 

1,2 192 172 2 
2 

2 2 1,2,4 192 2,4 1,2,4 

1 
2,4 234 

192 
1 

1,294 

1.2 
192 
1.2 



T a b l e  1 : l - b .  Must : i~ lg  - - R r a k i n g  i n  a T u r n  - -  W e t  

11 ( O . E . )  

PK F )  

P3 
1 7  (3lix 

P C P C P  F )  

V E H I C L E  - MIJSTANG 

7 6 
8 

8 8 4 
6 7 6 

20  (Wear 
6 / 3 2  R )  

D I  I ' \ E C T I O N  - RIGI-IT 

-- --- 9 1 5  
1 7  9  1 0  1 3  2 8 2 1 0  
i 7  1 4  7 9 
1.7 1 7  1 7  
1 3  1 9  

9 1 4  

VHTP - #8, B r a k i n g  i n  a T u r n  (Wet) NIJMERIC - 1 e r  1 









T a b l e  F 1 - 7 .  Mus tang  - -  T r a p e z o i d a l  S t e e r  - -  Dry 

T i r e  

3 5 
( O . E . )  

36 
( O . E . )  

37  
(ps  i 
1 8  r e a r )  

m 38 
W (blix 
00 

PR f r o n t )  

39 
(Mix 
CPCP f r o n t )  

40 
(Wear 
2/32 f r o n t )  

(Shou lde r  
wear) 

V E H I C L E  - MUSTANG NUMERIC - lrpl 

VHTP - # 4 ,  T r a p e z o i d a l  S t e e r  



d 
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d 
\ 
d 
M . 
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Table  ~ 1 - 8 .  Mustang - -  Sinus Steer - -  Dry 

Tire 
6 O  8 O lo0 14O 16O 18O 9 

t 
2 9  
( O . E . )  

30 
( O . E . )  

31 
C P S  i 
18 r e a r )  

(Mix 
PR f r o n t )  

CPCP f r o n t )  I 
34 
(Wear 
2 / 3 2  

VEHICLE - MUSTANG 

28 
(Shoulder)  

NUMERIC - I A ~ ~ I  (2nd) 

. 3 4 / .  41 . 4 8 / .  5 5  . 5 9 / .  6 5  . 6 9 / .  64 . 8 0 / . 8 0  . 8 9 /  . 9 0  . 9 0 / S  s/s 

VHTP - # 5 ,  S i n e  S t e e r  S - Denotes  S p i n - o u t  
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T a b l e  F 1 - 1 1 .  B u i c k  - -  B r a k i n g  i n  a T u r n  - -  D r y  

T i r e  
C o n f i g .  

Pb (psi) 
4 0 0  5 0 0  6 0 0  6 5 0  6 7 5  7 0 0  7 2 5  7 5 0  7 7 5  8 0 0  8 2 5  8 5 0  8 7 5  9 0 0  9 2 5  9 5 0  9 7 5  1 0 0 0  1 0 2 5  

1 2  
(PS i 
a l l  2 0 )  

1 8  

2 . 5 3  2 . 3 7  
2 . 3 6  
2 . 3 8  

1 . 8 8  

2 1  
(Wear 

W 
2 / 3 2  R) 

C-L 

00 2 0  

2 . 4 0  
2 . 3 1  
2 . 3 5  

2 . 6 8  

(Mix 
B r  F) 

1 4 '  
(Snow 
R 1 

1 9  
( L o a d e d  
2 0  R) 

2 . 6 4  
2 . 3 9  
2 . 4 3  

2 . 7 3  
2 . 6 7  

13 
( L o a d e d  
O . E . )  

V E H I C L E  - B U I C K  -- 
VHTP - # 2 ,  B r a k i n g  i n  a T u r n  

2 . 7 8  2 . 5 8  2 . 4 5  2 . 4 3  2 . 7 3  . 

2 . 6 3  2 . 5 0  2 . 4 5  
2 . 4 3  

D I R E C T I O N  - L E F T  

NUMERIC - R A T I O  - 





81: 
o z  

ST: P I  

S Z O I  0001 SL6 OS6 SZ6 006 SL8 0S8 SZ8 008 SLL OSL SZL OOL SL9 O S 9  009 O O S  OOP ' 8 ~ 3 ~ 0 3  

(?sd) qd 
a J r l  



Table FI-12. 5 ~ i c k  - -  S r 2 ; - i n g  i n  a Turn - -  Dry 

V E H I C L E  - B U I C K  

T i r e  
Config. - 
11 
(O.E.) 

12 
(PS i 
all 20) 

18 
(PS i 
16 R )  

21 
(Wear 
2/32 R) 

20 
(Mix 
Br F) 

14 
( S n o w  
R)  

13 
( L o a c l c d  
O.E.) 

19 
( L o a d e d  
20 R) 

VHTP - # 2 ,  Brak ing  i n  a Turn 

Pb (psi) 

400 500 600 650 675 700 725 750 775 9 0 0  825 850 875 900 925 950 975 1000 1025 
None 4 4 2,4 2,4 All 2,4 23,4 

2,4 &3P 2 9  
234 
2,4 

294 2, 2 94 234 
2,4 2,3#: I .  2,3,4 ;;ti 
2 ,4 2,3,4 
2 , 4 2,3,4 

All 2,3,4 2,3,4 534 2,3,4 2,3,4 
2,4 2,4 All 2,3,4 

2,3,4 283,4 

2,4 All 
2,4 All 

2,4 2,4 All 
2,4 2,4 All 

All All 

2 , 4 A3,4 
2 7 4 2,3,4 

274 274 2,4 274 2,4 2,4 554 
2,4 274 h54 

1,2,4 

2 2,4 2,4 2,4 2,4 2,4 

- 

D I R E C T I O N  - R I G H T  

MUI\IERIC - WHEEL LOCK - 



T a b l e  F 1 - 1 2 .  Bu ick  - -  Braking  i n  a Turn - -  D r y  

11 
(O.E.) 

. I 
T i r e  
C o n f i g .  

Pb (ps i )  
400 500 600  650  6 7 5  700  725  750  775  800  8 2 5  8 5 0  8 7 5  9 0 0  9 2 5  9 5 0  9 7 5  1000  1 0 2 5  

(Mix S S 

1 2  
( p s i  
a l l  20) 

(Snow 
R) 

I 

13 
(Loaded 
O.E . )  

VEHICLE - R U I C K  -- 

19  
(Loaded 
20 R )  

VHTP - # 2 ,  Braking  i n  a Turn 

- 

DIRECTION - R I G H T  
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T a b l e  F l - 1 2 .  B u i c k  - -  B r a k i n g  i n  a  T u r n  - -  Dry 

(O.E.) l1 I 

T i r e  Pb (Psi)  
C o n f i g .  

2 1  
(Wear 

w 2/32  R )  

400 500  6 0 0  6 5 0  6 7 5  7 0 0  7 2 5  7 5 0  7 7 5  8 0 0  8 2 5  8 5 0  8 7 5  9 0 0  9 2 5  9 5 0  9 7 5  1 0 0 0  1 0 2 5  
1 2  8  8  2 1  20 47  1 3  3 4  

1 2  
(PS i 
a l l  20) 

1 8  
(PS i 
16 R)  

22 
6  6 7  8 6  2 7  
7 4 5  3 7  40  3 5  

11 50 
2 4  5 2  

1 9  1 8  30 29 3 1  3 4  
1 2  1 8  1 8  3 6  

2 6 40  

1 4  
(Snow 
R 

N 

20 
(Mix 
B r  F) 

----- 
4  8 4  4  1 5  5 1 4  

(Loaded  6  9 4 
O.E.) 1 2  

-- 

1 2  1 2  4 6  
1 5  1 4  4 4  

6 1  49  

VEHICLE - BUICK 

VHTP - # 2 ,  B r a k i n g  i n  a Turn 
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T 8 h l p  F 1- 1 4 .  ih~ jc l :  - - B r a k i n g  i n  a T L P T ~  - -  Wet 

Repeat) I 3 
'21 (Wear I 1 

T i r e  
Conf igur .  --- 

"11 ( O . E . )  

" n s  i 
all 20) 

*18 ( p s i  
16 R) 

*14 (Snow R) 

*20 (Mix 
BR F) 

2/32 R) I 1 
2 f W  e a r  1 20 20 

pb be) 
200 3 0 0  358 375  400  4 2 5  4 5 0  4 7 5  500  525  558 5 7 5  600 6 2 5  6 5 0  675 700 7 2 5  

*-----"--"----- --- ----- "- --. ---- 
3 4 4 

4 4 
L 3 -  ----- ----- ...- ----"---">- 

-v 
1 8 

-- 4 -- -- 6 -- ."- 
8 5 
6 - - 

3 6 1 2  9 
4 4 6 7 

7 9 
11 7 4 . . 

3 7 
6 9 

19 (Loaded 
20 R1 I 

1 3  (Loaded 
O.E.) 

VEHICLE - BUICK 

3 6 7 4 
3 5 
6 3 

VHTP - # 8 ,  Braking i n  a Turn (Wet) 

DIRECTION - LEFT 
0 

NUMERIC - l B p l  







T a b l e  F 1 - 1 5 .  B u i c k  - -  B r a k i n g  i n  a Turn - -  W e t  

T i r e  % ( p s i )  
Conf igur .  200  3 0 0  3 5 0  3 7 5  4 0 0  4 2 5  4 5 0  4 7 5  5 0 0  5 2 5  5 5 0  5 7 5  6 0 0  6 2 5  6 5 0  6 7 5  7 0 0  7 2 5  

"11 (O.E.) I 

" 1 4 -  (Snow R )  

* 
2 0  (Mix 

BR F )  

2 / 3 2  R )  1 - 4 0  
2 2  (Wear - 3 8  

VEHICLE - B U I C K  

4 / 3 2  R )  
EFQiEar  

6 / 3 2  R)  

1 3  (Loaded 
O.E.) 

1 9  (Loaded 
20 R )  

VHTP - # 8 ,  Braking i n  a Turn (Wet) -- 

. 4 6  

. 4 3  

- 3 7  - 4 0  . 4 3  - 4 2  . 4 5  . 4 4  - 4 7  - 3 6  
. 4 0  . 4 5  - 5 2  - 3 5  

- 3 6  
_ _ I _ _ _ _ _  __-_____- . - - -- 

. 4 1  . 4 4  . 4 3  . 4 9  . 4 1  . 4 9  . 3 6  - 4 4  . 3 6  . 3 6  

. 4 2  - 4 9  - 4 4  . 4 4  . 4 3  . 4 3  - 4 s  . 3 5  
-- 4 1 -  

DIRECTION - RIGTIT 

NUMERIC - AXRV 



c ", c r f ?  * rld 





Tire 
ConZigur . - -- 
"11 (O.E.) 

*-ST 
all 20) 

*18 ( p s i  

* 1 4  (Snow R] 

* 
20 (Mix 

RR F) 

w 11 (O.E. -* 

13 (Loaded 
O . E . )  

'Table ~ 1 - 1 5 .  R u i c k  - -  B r a k i n g  i n  a Turn - - Wet 

Pb (psi)  
2 0 0  300 350 375  400  4 2 5  4 5 0  4 7 5  5 0 0  525 550  575  600  6 2 5  6 5 0  675  700 7 2 5  
-_II-I_ "- _ _ I - _ I _ - . _ . - - -  _ _I_II-----------.----- ----up*-- - 

4 4 5 3 4 
4 9 2  11 

DIRECTION - RIGHT 

19 (Loaded 
20 R) 

VEHICLE - BUICK 

VHTP - # 8 ,  Braking i n  a Turn (Wet) 
0 

NUMERIC - 1 



Table  F1-16. Buick - -  Trapezo ida l  S t e e r  - -  Dry 

4" 6" 8" 1 2 "  16" 20°  24' 

44A (O.E.) 

45A (O.E.) 

.48/.41 .57/. 56 .62/. 64 .68/. 75 .76/. 80 .76/. 80 .78/. 80 

X/X .59/X .64/X .76/. 71 .78/. 75 .77/. 77 .70/. 73 

46  ( p s i  
a l l  20)  

47 ( p s i  
16 R) 

.44/X .56/. 53 .62/. 68 .73/. 78 .81/. 79 X/.85 .84/.83 

.53/. 47 .69/. 71 .75/. 79 .79/. 86 .91/.85 .81/.87 .82/.86 

48 (Loaded 
O . E . )  

.52/.47 .68/.64 .77/. 76 . 8 4 / .  80 .85/.83 .84/. 79 .84/. 81) 

49 (Loaded 
w 20 R)  
P 
N 

50 (Snow 
R )  

.65/.67 .74/. 80 .78/ -83 .78/ - 8 1  X/.82 .81/.92 .88/. 8 5  

.44/. 42 .61/. 55 .68/. 63 .76/X X/.81 .80/. 80 X /  -81 

51 (Mix 
RPL F )  

44 (O.E.) .53/. 58 . 6 2 / X  .71!.76 . 7 4 / X  - 5  2:. 8 8  . 7 7 / . 8 5  

. 7 1 / .  66 .76/. 74 .77/. 79 .s0,!. 81) . 8 0 / .  81 .78/. 78 X /  .7iJ 

34 (Shoul- 
d e r )  

.45/.46 . 6 0 / .  64 . 6 S / .  66 . ' 7 5 / X  . 8 4 / .  86 .92/.86 . 7 9 / .  13 1 

VEHICLE - RUTCK --- 

4 5  (O .E . )  

NUMERIC - 1 ~ ~ ~ 1  

. 5 2 , .  46/.42 -52,. 6 1 / .  54 .70, .83/.65 . 9  2/. 76 . 8 6 / .  7 0  .79/. 80 .76/. 47, 
-- --- - --- -- --- - -- ------ ., . - 

VHTP - # 4 ,  Trapezo ida l  S t e e r  -. 
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\ I Table  F1-1.7- Buick - -  S i n u s o i d a l  S t e e r  - -  Dry 

37  ( p s i  12 /13  
20 I?) 

38 ( p s i  14/15 
16 K) I 

39 (Loaded 
O.E.) 

40 (Loaded 

W 
PS i) 

'dl 
w 4 1  (Snow 

R) 

34 (Shoul-  
d e r )  

42 (Flix 
BR FT) 

VEHICLE - BUICK 

2 2 / 2 0  2 7 / 2 7  3 3 / 3 2  3 4 / 3 3  3 5 / 3 5  3 5 / 3 7  3 7 / S  37 /S  

VHTP - # 5 ,  S i n e  S t e e r  

NUMERIC 

S - Denotes Spin-Out 





T i r e  
Conf i g u r  . 
2 4  ( O . E . )  

25 ( p s i  
a l l  20) 

26 ( p s i  
26-16)  

2 7  (Loaded 
O.E.) 

2 8  (Loaded 
26- 20) 

29 (Snow R; 

30 (blix 
BR F) 

3 1  (Wear 
2/32 R) 

3 2  (Wear 
4 /32  R)  

33  (Wear 
6 /32  R - 
40 mph) 

34 (Shou l -  
d e r  
40 mph) 

24 (35 mph) 

3 1  (35 mph) 

3 1  (40 mph) 

32 (40 mph) 

24 (40 mph) 

T a b l e  F 1 - 1 8 -  B u i c k  - -  S i n u s o i d a l  S t e e r  - -  W e t  

1 . 0 5 / 1 . 2 0  1 .20 /1 .26  X/1.24 1 . 2 0 / 1 . 3 0  1 . 1 8 / 1 . 2 5  X/1.35 1 . 2 7 / 1 . 3 0  1 . 2 6 / 1 . 1 3  
-.- 

VEHICLE - RUICK N U h E R l C  - T I N F  

VHTY - # 9 ,  S i n e  S t e e r  - W e t  S - D e n o t e s  S p i n - O u t  
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\ Table F1-18. R ~ l i c L  - -  S j n u s o i d n l  S t e e r  - -  Wet 

I 24 (O.E.) 8.6/7.2 6.5;~ 5.2/4.2 5.1/5.2 4.5/6.2 5.8/5.7 

25 (psi 
all 20) 

29 (Snow R ) I  10.5/X 8.9/7.2 X/5.6 X/4.5 6.2/X 5.1/4.5 5.4/5.3 

10.5/9.2 9.1/X 7.2/5.1 6.5/X 

26 ( p s i  
2 6 -  16) 

30 (Mix I 7-0/X 
5.0/5.1 5.5/5.6 9.8/6.0 8.8/5.8 5.3/9.3 5.7/5.1 

w BR F )  

X/9 . O  8.8/6.2 7.0/4.7 6.0/4.7 4.9/5.0 5.3/5.4 5.1/6.6 

33 (Wear 
6/32 R 
40 mph) 

34 (S:loul- 
d e r  
40 mph) 

24 (35 mph) 

31 (35 mph) I 
32 (40 mph) I - 

VEII ICLE - B U l C K  

24 (40 mph) 

VHTP - # 9 .  S i n e  S t e e r  - Wet S - Deqctes Spin-Out 

7 . 1 / 6 . 8  5 . 2 / 6 . 7  5.4/4.5 h . 6 / 5 . 7  7.1/4.7 X/4.7 h . 6 / 4 . 5  5 . 5 / 6 . 8  
- -- --- - 





K . 1  HYBRID SYSTEhl 

The F Y  magne t i c  d a t a  t a p e s  w e r e  processe? '  o ; ~  t h e  RSF; 

Hybrid  Computer f a c i l i t y .  Th i s  f a c i l i t y  c o n s i s t s  o f  an App l i ea  

Dynamics .AD-4 a n a l o g  computer and a  D i g i t a l  Equipment C o r p o r a t i o n  

( D E C )  PDP 1 1 / 4 5  d i g i t a l  computer .  Var ious  p e r i p h e r a l  d e v i c e s  a r e  

a s s o c i a t e d  w i t h  each  b a s i c  computer a s  shown i n  F i g u r e  F 2 - i .  

1. Ampex F R  1900 FM 1 4 - c h a n n e l  t a p e  machine f c r  r e p r o -  

d u c i n g  d a t a  t a p e s .  

2 .  Hew1,et t -Packard l O l A  Dual Beam O s c i l l o s c o p e  f o r  n o n i -  

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

3 .  Brush Nark 2 0 0  Recorder  ( 2 1 ,  t o t a l  of  16 c h a n n e l s  f o r  

p l o t t i n g  t ime  h i s t o r y  d a t a .  

4 .  H e ~ l e t t - P a c k a r d  2FA Dual Pen X-Y p i o t t e r  f o r  p l o t t i n g  

t r a j e c t o r y  d a t a .  

5 .  HSRI h y b r i d  i n t e r f a c e  u n i t  f o r  h y b r i d  communicatior,  

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

6. D E C  C R l l  c a r d  r e a d e r - p u n c h  f o r  i n p u t  d a t a .  

7 .  Data  P roduc t s  2410 l i n e  p r i n t e r  f o r  l i s t l n g  e d i t e d  

t a p e  f i l e s .  

8 .  D E C  T U l O  t a p e  d r i v e ,  9 t r a c k ,  800 BPI ,  f o r  d i g i t i z e d  

d a t a  s t o r a g e .  

9 .  D E C  RK05 d i s c  d r i v e s  f o r  program s t o r a g e .  

1 0 .  LA 30 D E C  w r i t e r  keyboard  f o r  o p e r a t o r  i n t e r a c t i o n  and 

c o n t r o l  of t h e  program sequence .  

11. Calcomp 565  d i g i t a l  p l .o t . t e r  f o r  f i n a l  a n a l y s i s  and 

v a l i d i t y  checks .  

The b a s i c  program i s  d e s i g n e d  t o  b e  h i g h l y  i n t e r a c t i v e .  Each 

of t h e s e  hardware  d e v i c e s  i s  u t i l i z e d  at .  t h e  a p p r o p r i a t e  t i m e s  

i n  t h e  program s e q u e n c e .  The program s e q u e n c e  i s  d i r e c t e d  b y  

t h e  o p e r a t o r  and can  b e  i n t e r r u p t e d  a t  any t i m e .  





F C , 3  TEST SEQUENCE SiCDE CONTROL 

. T  .A t e s t  s equence  i s  d e f i n e d  t c  i ~ e  a  : ~ n g - c -  ; Z I  i>.fc-::;zg a 

s i n z l e  zianeuver i n  a  s i n g l e  c o n d i t l c n .  71:ret c a l i b r a t i o n  r7io?ies 

[ I e r o  C a l i b r a t i o n  (ZC) , F u l l  S c a l e  C a l i b r a t i o r .  (FSCj, and 2e rc  

3 a t a  (ID)] were  r e c o r d e d  immedia te ly  p r e c e d i n g  and f o l l o t c i n g  a  

t e s t  s e q u e n c e .  A l l  v e h i c l e  t e s t  runs  were r e c c r d e d  i n  "da t a "  

mode. These  f o u r  modes a r e  s w i t c h - s e l e c t e d  on t h e  i n t e r f a c e  

module.  A f i f t h  mode, t e s t  mode, i s  g e n e r a t e d  u n i q u e i y  i n  each  

v e h i c l e  s e r i e s  a t  a  t ime  immedia te ly  p r e c e d i n g  t h e  c o n t r o l  i n -  

p u t  a p p l i c a t i o n .  A t y p i c a l  t e s t  sequence  would b e  r e c c r d e d  

a s  f o l l o w s :  

1. Zero C a l i b r a t i o n  I seconds  

2 .  F u l l  S c a l e  C a l i b r a t i o n  1 5  s e c ~ n d s  

3 .  Zero Data  C a l i b r a t i o n  15  second: 

4 .  Data  - T e s t  Mode a s  r e q u i r e d  

SOTES: (1 )  Zero d a t a  i s  r e c o r d e d  w h i l e  t h e  v e h i c l e  i s  s t a n d i n g  

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

a c t i v a t e d .  

(2 )  T e s t  mode was i n i t i a t e d  when t h e  v e h i c l e  was 

t r a v e l i n g  i n  a  s t r a i g h t  l i n e  above t h e  i n i t i a l  

v e l o c i t y  r e q u i r e m e n t s ,  2 seconds  p r i o r  t o  c o n t r o l  

i n p u t  e x e c u t i o n .  

( 3 )  Every d a t a  sample  r e c o r d e d  on t h e  t a p e ,  i n c l u d i n g  

a l l  s equenc ing  and c a l i b r a t i o n  modes,  was a s s i g n e d  

a  u n i q u e  sample  number on t h e  l o g  s h e e t s .  

( 4 )  A l l  t r a n s d u c e r  c a l i b r a t i o n s  a r e  r e f e r e n c e d  a s  

FSC e q u i v a l e n t s .  

A t y p i c a l  d a t a  s equence  would b e  a n a l y z e d  a s  shown i n  

F i g u r e  F Z - 2  During t h e  i n i t i a l  p h a s e s  o f  t h e  p rogram execu -  

t i o n ,  t h e  d i g i t a l  computer  h a s  main c o n t r o l  o v e r  t h e  a n a l o g ;  

d u r i n g  t h e  a c t u a l  d a t a  a n a l y s i s ,  t h e  a n a l o g  computer  h a s  main 

c o n t r o l .  Modi f ied  s e q u e n c i n g  o r  c o n t r o l  mode s e l e c t i o n  c a n  b e  





selected at the operatc>rls discretien b y  rnanua;,:~ ~ - : - e ~ - ~ ' r  , - A J -; ,*: 

the automated logic sequencing during the data zna!;-s is  ?h;se. 

Se~eral error recovery options are also inciaded tc a:? 1:. : a r l c .  

trouble-shooting of any unanticipated problems. Frogsam- 

generated comments and operator control options are liztc? o;, 
3 

the typewriter-keyboard to document the processing and c a t 2 1 0 g  

the digitized tapes. 

F2.3 ANALOG ANALYSIS 

The data signals recorded on the magnetic tape fall into 

three basic categories : 

1. Primary vehicle response data tc be ana1;:zzd wit11 

basic kinematics equations. 

2. Vehicle control inputs and informationa.1 data. 

3. Control channel logic to be decoded for mode contrc~;. 

A basic functional block diagram for the analog computer 1s 

shown in Figure F2-3. All data signals are initially processtc 

through data calibration circuits, which provide necessary zeTi; 

and gain corrections and filtering. 

The primary vehicle response data are processed with the 

following equations : 

q~ = Srdt 



-* Modc 
S w i  t c l l i n g  

pep- ---- 

Srzrl tches 

F i g u r e  F 2 -  3 .  

Basic Analog Block Diaqram 



D e f i n i t i o n  of  t h e s e  te rms can  b e  found i n  T a b l e  FL-'; , .-+'-' ! 

t h e s e  c o m p u t a t i o n s  s r e  i n i t i a t e d  a t  t h e  beej.n::i?:c o f  test i i l c~~ ' : t  

. . . - .  
bi- l o g i c a l  i i i t c h i n g ;  a l i  i n t e g r a l  c o , , , ~  3zt '~ r - + i  L.:-,,> a ? > * . -  i2,:-e L;-: : :7. i l:~,.: 

zt z e r o  e x c e p t  f o r  u ,  \<llicil i s  i n i t i a l i z e d  h;,' t he  i x t ; i ! i t . ~ : i ~ ~ > - ~ i s  

f i f t h   heel v e l o c i t y ,  V5. 

The whee l  r o t a t i o n  d e t e c t o r s  a r e  t r i g g e ~ e z  l i g h t - :  e n r i  - 
- t i v e  ~ h o t o - c e l l s  t o  c r e a t e  d i s c r e t e  l 7 o l t a g e  l e v e l s .  zach ;.i;eei 

g e n e r a t e s  a  s q u a r e  wave w i t h  a  p e r i o d  e q u a l  t c  t h e  w h e e l f >  :o- 

t a t i o n a l  p e r i o d ;  t h e  s q u a r e  waves from an a x l e  ol ;t1heels a r t  

a s s i g n e d  d i f f e r e n t  magn i tudes  and t h e n  addeci t o g e t h e r  l a n a l r : ~  

m u l t i p l e x e d )  t o  form one s i g n a l  and c o n s e r v e  t a p e  c!,znnel.s,  

The c o n t r o l  c h a n n e l  i n f o r m a t i o n  i s  decoZeii " > -  z z e t  c f  

a n a l o g  c o m p a r a t o r s .  The c o n t r o l  s i g n a l  i s  a DC 1 - 2 l t a g c  ri; t:- : 

u n i q u e  v a l u e  f o r  each mode. T h i s  s i g n a l  d r i i ~ e c  a sc't o f  ; i n ~ 1 3 ~  

l o g i c  e l e m e n t s  t o  s w i t c h  s t a t e s  i n  t h e  v e h i c l e  m s r h a n i c s  clr- 

c u i t s  , c o n t r o l  t h e  p e r i p h e r a l  e q u i p m e n t ,  ar,? s i g n a I L  t ? ~ e  6 ; g : t b ;  

compute r .  

TYPICAL SEQUENCE 

I t  w i l l  b e  i l l u s t r a t i v e  t o  c o n s i d e r  t h e  compute r  a c t l v i -  
. ' t i e s  f o r  a  t y p i c a l  s e q u e n c e .  As shown i n  F i g u r e  F ? - 2 ,  t h e  G I G , -  

t a l  computer  h a s  a  p r i m a r y  c o n t r o l  i n  t h e  i n i t i b l  p h a s e 5 .  

P a r a m e t e r  d a t a  a r e  r e a d  from punched c a r d s  t o  i d e n t i f y  t h e  

tna log e l e m e n t s  i n  u s e  and t o  s p e c i f y  v a r i o u s  d a t 3  v a l u e s  fo ;  

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

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

magni tudes  and p e r f o r m s  a  s t a t i c  check o f  a l l  a n a l o g  v o l t z g s  

e l e m e n t s  t o  t e s t  t h e  a n a l o g  c i r c u i t .  h l e n  t h e s e  s t e p s  a r e  corm- 

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

t h e  Brush r e c o r d e r s ,  and X - I '  p l o t t e r  a r e  r e a d i e d .  b la in  c o n t r o l .  

i s  t h e n  p a s s e d  t o  t h e  a n a l o g  compute r  and decoded Log ic  s i g n a l s ,  

b a s e d  on t h e  c o n t r o l  c h a n n e l ,  c o n t r o l  t h e  s e q u e n c e .  

During Zero C a l i b r a t i o n  ( Z C )  mode, t h e  d i g i t a l  compute r  

r e a d s  t h e  i n i t i a l  a n a l o g  s t a g e  t e n  t i m e s  and computes  t h e  



T A B L E  F2-1. Identification of Variables 

Identification 
Xumb e r Symb o 1 Description 

Ax Longitudinal acceleration 
A 
Y 

Lateral acceleration 

r Yaw rate 

3 V~ Fifth wheel velocity 

6sW'W12 For automatic series tests 
steering angle (ESu) and roll 

rate (4). For driver series tests 
multiplexed front wheel rotations 
(al2) and multiplexed rear wheel 

rotations (w,,). 

4'a34 For automatic series tests ~teering 
angle (Esu) and roll rate (mj. For 
driver series tests multiplexed 
front wheel rotations (al2) and 

multiplexed rear wheel rotations 
( ~ ~ ~ 1 .  

Con t Control channel 

b Brake line pressure 

@ Roll angle 

t~~ Time base on AD-4 

J, Vehicle heading angle, computed 
u Longitudinal vehicle velocity, 

body axis 

v Lateral vehicle velocity, body axis 

tanB Tangent of sideslip angle ( 6 )  

1 / R  Path curvature 
x x-displacement, fixed axis 

Y y-displacement, fixed axis 
i x-direction velocity, fixed axis 

; y-direction velocity, fixed axis 
i rate of change of sideslip angle ($1  



n e c e s s a r y  v o l t a g e  o f f s e t  t o  c o r r e c t  for  + - -  

1 .  

L ~ ; : E  i i l ~ ~ c I ; < . ~ e  a:;c : ; ; . : n a ! ; ~ ;  

D r o c e s s i n g  e r r o r s .  The o f f s e t  v a i u e s  a r e  s e ;  i r i t o  t h e  ; ~ . , z l o g  2nd 
. . . - 

t:-,e v o l t a g e s  a r e  r e a d  a g a i n  as  a c h e c k .  . J ~ L ~  o f  T ; ~ I S  ~ : ~ ! ~ a r ~ ~ ; : r i ~ : ; ~  

is s t o r e d  on t h e  d i g i t a l  o u t p u t  t a ~ e ,  

Dur ing  F u l l  S c z l e  C a l i b r a t i o c  (FSC) mode, ir,e d i g i t s 3  c o ~ -  

p u t e r  a g a i n  r e a d s  t h e  i n i t i a l  a n a l o g  s t a g e s  t e i ,  t i m e s  and ccmputci-- 

t h e  g a i n s  t h rough  t h e s e  a r  l i f i e r s .  The d e s i r e d  g a i n  i s  li~iob\n 

from t h e  i n p u t  d e c k ;  t h e  a c t u a l  g a i n  ~ i 1 . l  b e  s l i g h t l ; ~  w r o n g  due 

t o  v a r i a t i o n s  i n  t h e  comple t e  sy s t em h a r d ~ a r c .  Gail: c o n t y o l  

d i g i t a l - a n a l o g  c o n v e r t e r :  a r e  r e s e t  t o  c o r r e c t  Scr t h e s e  e r r c r s ,  
. . and t h e  v o l t a g e 5  a r e  r e a d  a g a i n  a s  a  chccl.:. P I 1  o f  t h l z  i z f o r -  

ma t i on  i s  a l s o  s t o r e d  on t h e  d i g i t a l  c u t p u t  t s p e  

Dur ing  Zero Data  (ZD) mode, t h e  d i g i t s :  con,puter  l*epe;it;  

t h e  p r o c e d u r e  and e q u a t i o n s  o f  t h e  L C  m o ~ e .  ?koltage o f f s ~ t  e r -  

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

The h y b r i d  sy s t em i s  now r e a d y  f o r  v e h i c l e  t e s t  sample .<.  

The n e x t  mode i s  d a t a ,  and t h e  d i g i t a l  compute: z w i t c h e s  tc 

r e a d  t h e  f i r s t  2 0  ADC c h a n n e l s .  A t  t h e  s t a r t  o f  t e s t  mode,  

t h e s e  c h a n n e l s  a r e  d i g i t i z e d  and s t o r e d  o~ t h e  m a g n e t i c  t a p e  a t  

a  r a t e  o f  50 samples  p e r  s econd  p e r  c h a n n e l  1 1 n t j 1  t h e  end c f  t h e  

t e s t  mode. Tab l e  F2 -1  i d e n t i f i e s  t h e  samples  s t o r e d .  I l : i c  

d i g i t i z i n g  p r o c e s s  c r e a t e s  an  o u t p u t  t a p e  f l l e  f o r  e ach  te.1 

s amp le .  

F 2 . 5  DIGITAL ANALYSIS 

The o u t p u t  o f  t h e  a n a l o g - t o - d i g i t a l  convers :on  p r o c e s s  

c o n s i s t s  o f  d i g i t a l  magne t i c  t a p e s  c o n t a i n i n g  t h e  20 d i g i t i z e d  

v a r i a b l e s  s t o r e d  i n  s e q u e n t i a l  f i l e s .  Each d a t a  f i l e  r e p r e s e n t s  

one t e s t  sample  and c o n t a i n s  a  d i s c r e t i z e d  t i n e  h i s t o r y  o f  each  

of t h e  2 0  v a r i a b l e s .  A t  t h e  b e g i n n i n g  of e ach  f i l e  i s  a h e a d e r  

r e c o r d  c o n t a i n i n g  i n f o r m a t i o n  on t h a t  f i l e ' s  c o n t e n t s .  The i n -  

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

b e i n g  p e r f o r m e d ,  t h e  v e h i c l e  i d e n t i f i c a t i o n ,  t h e  s amp le  number ,  

t h e  f i l e  number,  and t h e  f i l e  t y p e .  C a l i b r a t i o n  d a t a  a s s o c i a t e d  



.&. + - l i  '.. e a c h  d a t a  sequence  a r e  s t o r e d  i n  c a l i b r a t i o n  f i l e s  b c i o r c  

. ~ n , i  a f t e r  eve ry  sequence  of d a t a  f i l e s .  

T3c s t r u c t u r e  of t h e  d i g i t a l  p r o c e s s i n g  programs i s  shown 
- % 

11: rlgure F L - 4 .  The o v e r a l l  o p e r a t i o n  i s  c o n t r o l l e d  by a  main- 
r ~ r ,  , - , l c ~  c o n t r o l  program which r e a d s  t h e  heade r  r e c o r d  of  a  f i l e  

a n J  d e t e r m i n e s  what b r anch ing  o r  t a p e  c o n t r o l  i s  r e q u i r e d .  At 

the n e x t  lcwest  l eve l .  a r e  s i x  s u b ~ r o g r a m s  which a r e  a c c e s s e ?  

i r c ~ l  t h e  ma in -op t ion  c o n t r o l  program. Each subprogram per forms  

t h e  r e q u i r e d  numeric c a l c u l a t i o n s  a s s o c i a t e d  w i t h  a  p a r t i c u l a r  

','3TP naneuve r .  These subprograms,  i n  t u r n ,  i n t e r a c t  w i t h  v a r i o u s  

s u h r o ~ t i n e s  which a r e  used f o r  smoothing,  f i n d i n g  maximum v a l u e s ,  

an2 p r l n t i n g  o u t  t h e  r e s u l t s .  

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

no  need  f o r  any o p e r a t o r  i n t e r a c t i o n .  The numer ics  computed 

for  each  \-HTP t e s t  sample a r e  p r i n t e d  o u t  i n  t a b u l a r  form on 

t h e  l i n e  p r i n t e r  d u r i n g  t h i s  mode. However, t h e  p r o c e s s i n g  may 

be  i n t e r r u p t e d  a t  any t ime  and c o n t r o l l e d  c o m p l e t e l y  from t h e  

k e y b o a r d / r y p e w r i t e r ,  w i t h  a d d i t i o n a l  o p t i o n s  a v a i l a b l e  such a s  

Cnlconp p l o t t i n g  of  any two v a r i a b l e s ,  comple te  c o n t r o l  of t h e  

t a p e  u n i t ,  and a r b i t r a r y  subprogram b r a n c h i n g .  

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

? $ c  d i g ;  t a l  p r o c e s s i n g  program per forms .  The m a i n - o p t i o n  

c o n t r o l  program f i r s t  r e a d s  t h e  heade r  r e c o r d  of  t h e  p r e s e n t  

f i i e  and de t e rmines  whether  o r  n o t  i t  i s  a  d a t a  f i l e .  I f  i t  

i s  n o t  ( hence ,  a  c a l i b r a t i o n  f i l e ) ,  i t  s k i p s  ove r  t h e  p r e s e n t  

f i l e  t s  t h e  n e x t  f i l e .  Once a  d a t a  f i l e  i s  e n c o u n t e r e d ,  t h e  

program de t e rmines  what t y p e  o f  maneuver i s  b e i n g  performed and 

t i l e2  b r anches  t o  t h e  subprogram a s s o c i a t e d  w i t h  t h a t  p a r t i c u l a r  

i'iil'P rnaileuver. The VHTP subprogram i d e n t i f i e s  t h e  v a r i a b l e s  

neezed f o r  i t s  p a r t i c u l a r  numeric  c a l c u l a t i o n s  and p a s s e s  t h i s  

~ ~ ~ i ~ r r n ~ t i o n  t o  t h e  v a r i a b l e  s e l e c t i o n  and smooth ing  s u b r o u t i n e ,  

:+-hlch reads t h e s e  r e q u i r e d  v a r i a b l e s  from t h e  t a p e  t o  c o r e  

s t o r a g e ,  smooths ,  and r e t u r n s  them t o  t h e  VHTP subprogram.  The 

W T P  subprogram t h e n  per forms  t h e  n e c e s s a r y  numer ic  c a l c u l a t i o n s ,  

x i f i g  t h e s e  smoothed v a r i a b l e s ,  and o u t p u t s  t h e  r e s u l t s  t o  t h e  
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i r i c e  f:cgsam control is then returned t o  the m a i n -  

o n t i c r i  c ~ n t r ~ l  program which reads the n e x t  file header record, 

2 ~ 2  the above cycle is repeated. If t h e  processing is intes- 
..,,,, - .,- .. L ,  P 2 f 3 r  keyt)oard/type\~~riter control, thc variables used in 

n:;;;,erii calculations for the last data file remain in core 

stcrage and are not lost until the next file is processed. This 

elininates any requirement to re-position the tape and read d a t a  

tb,3t normally would have been lost upon completion of the cal- 

culations of the last file. Hence, many operations may be 

performed on this same data from the keyboard/typewriter such 

as Calcomp plotting, printing, searching for maximum values, 

or even further smoothing. 

F 2 . 6  NUMERIC DEFINITIONS 

The fallowing defines and explains the individual numerics 

that were calculated for each VHTP maneuver: 

= average longitudinal 
deceleration 

\$.here 

A is the longitudinal deceleration 
X 

4 is the discretized representation of 
'i longitudinal deceleration 

t is the initial time at V = 35 mph 
0 

1 is the final time at V = 10 mph 

N is the integer count ~f data points over 
the summation interval 

V is the velocity 

t istime 



= average longi~udinal 
deceleration 

d4x, .Ax , tl' to ,N, V, t are defined the same as 
i 

under VHTP 1 a). 

\'HTP 2: b) RATIO = --- "la' - - average path curvature ratio 1 
(IT) 0 

and 

1 
(') is the discretized representation of path 

i curvature 

( )  is path curvature 

( )  
is the path curvature at the time the brakes 

0 are applied 

1 
(K) is the average path curvature from 35 mph to 10 mph 

av 

t2 is the time at V = 35 mph 

t3 is the time at V = 10 mph 

S f  is the digitizing rate in samples/second 



. - F 2 :  c j p ( t )  = Maximum a b s o l u t e  v a l u e  o f  s i d e s l i p  a n g l e  

. . ,. *\..?I-? 

t i s  d e f i n e d  ove r  t h e  i n t e r v a l  [ t Z , t 3 ]  

t Z , t 3  a r e  d e f i n e d  a s  under b )  

IiHTP 2 :  d )  i p ( t )  = Maximum a b s o l u t e  v a l u e  of r a t e  of  change 

of s i d e s l i p  ang l e  

rihere 

t i s  d e f i n e d  ove r  t h e  i n t e r v a l  [ t 2 , t 3 ]  

t 2 , t 3  a r e  d e f i n e d  under  b )  

7 7  7 -  , h l P  4 :  a j  A = Naximum l a t e r a l  a c c e l e r a t i o n  ove r  t h e  e n t i r e  
YF 

maneuver t ime  i n t e r v a l  

\'HTP 4 :  b )  r p  = Maximum yaw r a t e  ove r  t h e  e n t i r e  maneuver 

t ime i n t e r v a l  

1 !-HTP 4 :  c )  = Average p a t h  c u r v a t u r e  r a t i o  

and 

t4  i s  t h e  t ime of  t h e  s t e e r i n g  i n p u t  

t 4 + Z  i s  t h e  t ime  2 seconds  a f t e r  t h e  s t e e r i n g  i n p u t  

~ , ? f i ' ~ ?  4 :  d-I , e p ( t )  = Maximum a b s o l u t e  v a l u e  of  s i d e s l i p  a n g l e  

ove r  t 

where 

t i s  d e f i n e d  ove r  t h e  i n t e r v a l  [ t 4 , t 4 + 2 ]  

t 4 , t 4 + 2  i s  d e f i n e d  a s  i n  c)  



' 5 i 

for right-left steer 

t5 
j=1 

for left-right steer 

where 

t5 is the time of the steering input 

T is the length of time of the maneuver, usually 

3.4 seconds 

y is the time history of the lateral displacement 

of the vehicle after t5 

y i  is the discretized representation of y 

Sf is the digitizing rate 

\.HTP 5:b) B (t) = JIaximum absolute value of sideslip angle P 

t is defined over the interval [t5,t5+T] 

t5,t5+T is defined as in a) 

VHTP 5: c) qF = Heading angle at the time (t5+T) 

where 

t5,T are defined as in a) 

VHTP 5: d) A (1st) = Maximum lateral acceleration achieved 
YP 

for the 1st half of the sine wave 

steer input 



, - 7 , - p n  - -r r 

$ :< ; 2 : 3 ; 2. y p ( i f i d )  = FIaximum l a t e r a l  a c c e l e r a t i o n  ach ieved  

, f o r  t h e  2nd h a l f  of  t h e  s i n e  wave 

s t e e r  i n p u t  

: ' t T F  5 :  f )  r ,  ( 1 s t )  = Maximum yaw r a t e  ach i eved  f o r  t h e  1 s t  

h a l f  of  t h e  s i n e  wave s t e e r  i n p u t  

- .,.- - 
,, !<IT. 2 : g)  r (2nd)  = Maximum yaw r a t e  ach i eved  f o r  t h e  2nd P 

h a l f  of t h e  s i n e  wave s t e e r  i n p u t  

\:%T? 5 :  h j  TINF = The t ime i n t e r v a l  from t h e  s t a r t  of  t h e  
. s t e e r  i n p u t  t o  t h e  occu r r ence  of an 

i n f l e c t i o n  p o i n t  i n  t h e  v e h i c l e  x - y  

p a t h  t r a j e c t o r y  

VHTP 5 :  i )  YINF = The l a t e r a l  v e h i c l e  d i sp l acemen t  (y )  a t  

t h e  t ime  TINF 

\:i{TF 15 : CP = Maximum a b s o l u t e  v a l u e  o f  r o l l  a n g l e  

over  t h e  e n t i r e  maneuver t ime  i n t e r v a l  

FZ. 7 DRASTIC BRAKE-STEER (VHTP # 6 )  - MUSTANG 

Table  F2-2 i s  a  l i s t i n g  of t h e  peak r o l l  a n g l e  ach i eved  

d u r i n g  t h e  d r a s t i c  b r a k e - s t e e r  maneuver (VHTP # 6 )  f o r  t h e  

Yustang i n  t i r e  c o n f i g u r a t i o n  41 (O.E.) .  Tab le  F2-3  i s  a s i m i -  

l a r  l i s t i n g  b u t  f o r  t i r e  c o n f i g u r a t i o n  42 (24-18 p s i ) .  

I ' " ' P  

:..)ELL F 2 - 2 .  b lus tang/Tire  C o n f i g u r a t i o n  4 1  ( O . E . ) / D r a s t i c  Brake-Sxee 



T. IBLE F 2 - 3 .  \Iustanp/Tire Configuration 42 (PSI]/Drastic 31-ake Steer 

F2.8 ROAD HOLDING (VHTP # 3 )  - BUICK 

Table F 2 - 4  is a listing of two numerics (2atio and 1 
Ratio ) for the Buick in tire configuration 11 (O.E.), The grid 2 
frequent! is also listed for each run. Ratiol is the ratio of 

minimum lateral acceleration achieved while traversing the grid 

to the steady state lateral acceleration, in the turn, prior 

to encountering the grid. RatioZ is the ratio of the maximum 

lateral acceleration (over-shoot) achieved in coming c!ff the 

grid, to initial steady state lateral acceleration, in the turn, 

prior to encountering the grid. If RatioZ was less than 1.0, 

an X is listed, indicating no over-shoot characteristic in 

coming off the grid. 

Table F2-5 is similar but applies to tire configuration 

18 (PSI). 



? r l - T E  :-'.-;, 
..-43L. .. c Buick/Tire Configuration 11 (O.E.)/Road Holding 

G r i d  

Frequency (HZ) 



?-ABLE F 2 - 5 .  Buick/Tire Configuration 18 (PSI);'i?czd Holding 

R a t i o  1 Frequency (HZ: 



F 2 , 9  O . E .  SAMPLE PLOTS 

F i g u r e s  F 2 - 5  through F 2 - 2 7  a r e  sample p l o t s  of t h e  O . E .  

d a t a  f o r  b o t h  t h e  Mustang and Buick. F igures  F 2 - 5  through 
r -  
r d - 1 7  p e r t a i n  t o  t h e  Mustang; F igures  F2-18 through F 2 - 2 7  

p e r t a i n  t o  t h e  Buick. For t u r n i n g  maneuvers, c i r c l e s  i n d i c a t e  

r i g h t - t u r n  v a l u e s ;  squa res  i n d i c a t e  l e f t - t u r n  va lues .  For t h e  

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

sequence;  squa res  i n d i c a t e  a  l e f t - r i g h t  s t e e r  sequence.  

Wheel locks  a r e  i n d i c a t e d  by shading one o r  more o f  f o u r  

s e c t i o n s  o f  each symbol. (See below.) Sec t ions  1, 2 ,  3 ,  4 

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

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

Any symbol which over lapped ano the r  i s  denoted by t h e  

l e t t e r s  "A" o r  "B" and d e f i n e d  on t h e  r i g h t  s i d e  of t h e  p l o t .  
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APPENDIX G 

VEHICLE PARAMETER MEASUREMENTS 

RAJIV GUPTA 





GI. INTRODUCTION 

Paracleters  r e q u i r e d  f o r  t h e  purpose o f  v c h i c l e  s i m u l a t i o n  

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

1. Vehic le  geometry 

2 .  S t e e r i n g  r a t i o  and system compliance 

3 .  Suspension s t i f f n e s s e s  and geometry 

4 .  I n e r t i a l  p r o p e r t i e s  

5 .  T i r e s  

T h i s  Appendix d e s c r i b e s  t h e  t e s t  procedure  used t o  o b t a i n  

t h e  v e h i c l e  parameters  f o r  t h e  1371 Ford Mustang and t h e  1973 

Buick Century s ta t ionwagon.  The r e s u l t s  o b t a i n e d  a r e  a l s o  

p r e s e n t e d .  

G 2 .  VEHICLE GEOMETRY 

This  i n c l u d e s  a l l  parameters  t h a t  a r e  s t r i c t l y  d imens ional  

such  ss t h e  wheelbase ,  t r ack ,  s e p a r a t i o n  between suspens ion  s p r i n g s ,  

s t a t i c  k ingp in  o f f s e t ,  mechanical t r a i l ,  suspens ion  h e i g h t  above 

g r o u n d ,  e t c .  The p r o j e c t e d  c r o s s - s e c t i o n a l  a r e a  measurements 

a r e  a l s o  inc luded  f o r  computing t h e  aerodynamic d r a g  c o e f f i c i e n t .  

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

Parameter  d e s c r i p t i o n  Mustang Buick 

Kheelbase ( i n )  109.0 116.0 

Front  Track ( i n )  61 .5  61.0 

Rear Track ( i n )  61 .0  61.0 

S e p a r a t i o n  between r e a r  s p r i n g s  ( i n )  43.0 41.0 

Rear a x l e  h e i g h t  above ground ( i n )  1 2 . 7  13 .0  

Drag C o e f f i c i e n t  (CD) 0.0224 0.024 



The Erag C o e f f i c i e n t  i s  o b t z i n e d  from t h e  fo rmu la  

Cg = 112 p CliA 

rih?se 
9 

4 = p r o j e c t e d  c r o s s  s e c t i o n a l  a r e a  ( f t " )  

C = wind d r a g  c o n s t a n t  = 0.45 
K 

5 p = a i r  d e n s i t y  = 0 . 0 0 2 4  s l u g s / f t  

G3. STEELING PATIO AND SYSTElI CO!IFLTANCE 

G3.1 STEERING GEAR RATIG TEST 

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

r e l a t i o n  between t h e  s t e e r i n g  wheel  a n g l e  and t h e  whee l  a n g l e s  

f o r  t h e  l e f t  and r i g h t  f r o n t  w h e e l s .  

The t e s t  i s  conduc t ed  by  r e s t i n g  t h e  front whee l s  on a 

c a l i b r a t e d  s l i d e  and t u r n - t a b l e  w i t h  t h e  c a r  h o r i z o n t a l l y  l e v e l e d .  

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

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

\<hee l  a n g l e  i s  r e a d  on a  p r o t r a c t o r  on t h e  s t e e r i n g  w h e e l ,  and 

t h e  c o r r e s p o n d i n g  wheel  a n g l e s  a r e  r e a d  on t h e  t u r n - t a b l e  

c a l i b r a t i o n s .  

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

g e a r  r a t i o ,  s t e e r i n g  l i n k a g e  r a t i o ,  Ackerrnan geome t ry ,  and t h e  

s t e e r i n g  sy s t em p l a y .  T y p i c a l  s e t s  of d a t z  o b t a i n e d  f o r  t h e  t e s t  

v e h i c l e s  a r e  shown i n  F i g u r e s  G 1  and G2. 

G3.2 STEERING SYSTEbl COMPLIANCE ME.4SUREFIENT 

The o b j e c t i v e  of t h i s  t e s t  i s  t o  o b t a i n  t h e  s t e e r i n g  column 

and t h e  s t e e r i n g  l i n k a g e  s t i f f n e s s e s .  

The t e s t  i s  conduc ted  u s i n g  a l a b o r a t o r y  s e t - u p  d e s i g n e d  

a t  HSRI. The d e s i g n  p e r m i t s  a  p u r e  t o r q u e  t o  b e  a p p l i e d  t o  one 

f r o n t  wheel on t h e  v e h i c l e ,  w i t h  t h e  s t e e r i n g  whee l  h e l d  f i x e d ,  







@ 
and t h z  o t h e r  wheel f r e e  t o  r o t a t e  about i t s  k i n g p i n  a s i s .  

The f r o n t  wheels r e s t  or, a  t u r n - t a b l e  e x e r t i n g  norinal s t a t i c  

* c e r t i c a l  l o a d .  .4 tu rnbuckle  i s  used t o  i n c r e a s e  o r  d e c r e a s e  t h e  
?- 

t e n s i o n  i n  t h e  c a b l e  thereby i n c r e a s i n g  o r  d e c r e a s i n g  t h e  to rque  

a p p l i e d  t o  t h e  wheel.  (The i n t e r n a l  f r i c t i o n  of t h e  t u r n - t a b l e  

r e q u i r e s  about  8 f t - l b s  to rque  t o  r o t a t e  under a  load  of  800 

l b s . )  Cable t e n s i o n  i s  measured w i t h  t h e  load  c e l l  and t h e  wheel 

ang les  by us ing  s l i p  gages.  B y  measuring t h e  wheel ang les  a s  a  

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

l i n k a g e  compliances can be c a l c u l a t e d ,  provided  t h e  s t e e r i n g  

gea r  r a t i o  and t h e  l inkage  r a t i o  a r e  known. 

The r e s u l t s  f o r  t h e  t e s t  v e h i c l e s  a r e  shown i n  F igure  G3. 

The exper imen ta l  s e t - u p  i s  shown i n  F i g u r e  G4.  The va lues  c a l -  

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

Mustang Buick 

S t e e r i n g  column compliance ( i n  l b / r a d )  549.0 300.0 

S t e e r i n g  l i n k a g e  compliance ( i n  l b / r a d )  267000.0 150000.0 

G 4 .  SUSPENSION STIFFNESS TESTS 

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

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

a u x i l i a r y  r o l l  s t i f f n e s s  of t h e  s t a b i l i z e r  b a r ,  and t h e  suspens ion  

d isp lacement  changes as  r e l a t e d  t o  v e r t i c a l  s p r i n g  d e f l e c t i o n .  

To o b t a i n  t h e  suspens ion  c h a r a c t e r i s t i c s ,  t h e  sprung mass 

i s  h e l d  i n  p l a c e ,  w h i l e  t h e  a x l e  i s  f r e e  t o  move between t h e  r e -  

bcund and bump s t o p s .  

For t h e  f r o n t  suspens ion ,  w i t h  a  s t a b i l i z e r  b a r ,  t h e  r i g h t  

wheel i s  h e l d  a t  t h e  rebound s t o p ,  w h i l e  t h e  l e f t  wheel i s  f r e e  

t o  move. The h y d r a u l i c  jack  and t h e  l o a d  c e l l  a d a p t e r  assembly 

r e s t  on a  s l i d e  and t u r n - t a b l e  s o  a s  t o  i n s u r e  v e r t i c a l  o r i e n t a -  

t i o n  f o r  t h e  j a c k .  V e r t i c a l  l o a d  i s  r e a d  on t h e  d i g i t a l  r e a d o u t  

f o r  t h e  load  c e l l ,  and v e r t i c a l  d i s p l a c e m e n t  i s  r e a d  from t h e  

@ 







c a l i b r a t i o n s  on  t h e  j a c k .  Exper imenta l  s e t - u p  f o r  t h i s  t e s t  

i s  shorsn i n  F i g u r e  G5. The t e s t  i s  r e p e a t e d  r\.itli t h e  s t a b i l i z e r  

j a r  d i s c o n n e c t e d  and t h e  l o a d - d i s p l a c e m e n t  c u r v e s  ~ i t h  and w i t h -  

o u t  :lie s t a b i l i z e r  b a r  a r e  used f o r  t h e  compu ta t i on  o f  s p r i n g  

s t i f f n e s s  and t h e  a u x i l i a r y  r o l l  s t i f f n e s s .  

I t  s h o u l d  be  no t ed  t h a t  t h e s e  a r e  wheel  l o a d  v s .  wheel  

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

e q u i v a l e n t  s p r i n g  t r a n s l a t e d  t o  t h e  wheel  p l a n e .  R e s u l t s  of  

t h e  t e s t  f o r  t h e  t e s t  v e h i c l e s  a r e  shown i n  F i g u r e  G6. The com- ' 

p u t e d  s t i f f n e s s e s  a r e :  

Mustang Buick 

F r o n t  s p r i n g  s t i f f n e s s  ( l b / i n )  9 0 . 0  113.0 

A u x i l i a r y  r o l l  s t i f f n e s s  ( i n  l b / d e g )  2630.0 5 7 7 9 . 5  

Angular  changes  i n  t o e - i n ,  camber ,  and c a s t e r  f o r  v e r t i c a l  

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

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

G;, G 8 ,  and G9. Knowing t h e  s t a t i c  wheel  a l i g n m e n t  s p e c i f i c a t i o n s ,  

cu rves  f o r  a b s o l u t e  changes i n  t o e - i n ,  camber a n g l e ,  and c a s t e r  

a n g l e  can  be  computed f o r  each  f r o n t  s u s p e n s i o n .  

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

i s  a t t a c h e d  t o  f a c i l i t a t e  l oad  a p p l i c a t i o n  on t h e  a x l e .  Load de -  

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

be n o t e d  t h a t  t h e  s p r i n g  s t i f f n e s s  i s  f o r  b o t h  t h e  r e q r  s p r i n g s ,  

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

r e c o r d e d  t o  compute t h e  r o l l - s t e e r  c o e f f i c i e n t .  F i g u r e  GI0 shows 

t h e  e x p e r i m e n t a l  s e t - u p  u sed .  F i g u r e s  G i l  and G 1 2  show t h e  r e -  

s u l t s  o b t a i n e d  f o r  t h e  t e s t .  The s p r i n g  s t i f f n e s s  and r o l l  s t e e r  
)I 

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

Mus t a n g  Buick 

Rear s p r i n g  s t i f f n e s s  1 0 5 . 0  144 .0  

Ro l l  s t e e r  c o e f f i c i e n t  0 . 1 4  - 0 . 1 0  
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STATIC EQUILIBRIUM 
POSITION 3.625" 

MUSTANG 

_I-- BUICK WAGON 

-- 

REAR AXLE REARWARD DISPLACEMENT FROM REBOUND (IN) 

Figure G 1 2 .  Results of Rear Axle Roll Steer Measurements. 



Gj, CESTER O F  GRAVITY AND INERTIAL PROPERTIES SIEXSUREII1I:S I' 

F The o b j e c t i v e  of t h e s e  t e s t s  i s  t o  o b t a i n  t h e  e x a c t  l o -  

c a t i o n  o f  t h e  c e n t e r  of g r a v i t y  and t h e  p i t c h ,  r o l l ,  and ya \ i  

noments o f  i n e r t i a  f o r  t h e  sprung mass.  

The computer s i m u l a t i o n  model r e q u i r e s  a s  i q p u t  d a t a :  

a )  F o r e / a f t  l o c a t i o n  of sprung mass c . g .  

b )  V e r t i c a l  l o c a t i o n  of sprupg mass c . g .  

c )  P i t c h  moment of i n e r t i a  of sprung  mass 

d )  Rol l  moment of i n e r t i a  of sprung  mass 

e )  Yaw mDment of i n e r t i a  of sprung  mass 

f )  R o l l  moment of i n e r t i a  of unsprung mags 

The HSRT c . g .  and p i t c h  i n e r t i a  measurement swing was used  

f o r  t h i s  t e s t ,  as  shown i n  F i g u r e  (213, C.g. and t h e  p i t c h  moment 

of i n e r t i a  were measured f o r  t h e  v e h i c l e ,  and t h e  sprung  mass 

p r o p e r t i e s  were computed knowing t h e  p r o p e r t i e s  sf t h e  unsprung 

mass. 

G5.1 C E N T E R  OF GRAVITY TEST 

The f o r e / a f t  l o c a t i o n  of c . g .  i s  o b t a i n e d  by p l a c i n g  k n i f e  

edges ,  l a t e r a l l y  t o  t h e  v e h i c l e ,  a t  t h e  p o i n t  o f  b a l a n c e .  

V e r t i c a l  c , g ,  l o c a t i o n  r e q u i r e d  measurement of t h e  t i l t  

angle  [ l ] .  With t h e  k n i f e  edges s l i g h t l y  s h i f t e d  from t h e  f o r e l a f t  

c . g .  p o s i t i o n ,  t h e  v e h i c l e  t i l t  a n g l e  i s  measured u s i n g  an a c -  

c u r a t e  i n c l i n o m e t e r .  Known t o r q u e s  a r e  a p p l i e d  t o  t h e  swing and 

cor responding  t i l t  a n g l e s  r e c o r d e d .  F i g u r e  G14 shows t h e  t e r m i -  

nology used i n  t h e  expe r imen ta l  s e t - u p .  G+v,ep t h e  w e i g h t ,  f o r e /  

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

c . g .  l o c a t i o n  above ground p l a n e  can be c a l c u l a t e d ,  u s i n g  t h e  

e q u a t i o n  : 





Figure G 1 4 .  Schematic of the Terminology Used for C . G .  and 
Inertia Measurements. 



where 

ho 
= fore/aft location of vehicle c.g. 

h = front axle to pivot point distance 
P 

= vehicle c.g. from pivot points 

s = swing c.g. from pivot point 

W = vehicle total weight (lbs) 

1 1 ~ ~  = weight of swing (lbs) 

OO 
= initial balance angle (deg) for ith sample 

3; = resulting tilt angles (deg) for ith sample 

r ;  = applied torque (in lbs) for ith sample 

From the vehicle c.g. position the c.g. for the sprung 

mass can be computed knowing the unsprung mass, For direct 

measurements of unsprung mass, the suspension components of in- 

terest must be removed and weighed. However, reasonable for- 

mulas for estimating the unsprung weights for standard front 

engine, rear axle drive passenger cars have been documented in the 

literature [ Z ] .  These formulas are 

W = 0.067 Wt + 90 u r 

where 

Wuf = unsprung weight in front (lbs) 

W = unsprung weight in rear (lbs) u r 

Wt = total vehicle weight (lbs) 



R e s u l t s  f o r  t h e  two t e s t  v e h i c l e s  a r e :  

Mustang Buick 

Sprung mass c . g .  behind f r o n t  a x l e  ( i n )  44.68 51.6 

Sprung mass c .  g. above ground ( i n )  2 2 . 0 5  28.5 

T o t a l  v e h i c l e  weight ( l b s )  3328.0 4 4 2 2 . 7  

F r o n t  unsprung mass weight  ( l b s )  187.0 247.4 

Rear unsprung mass weight  ( l b s )  305.0 405.3 

G 5 . 2  )1031ENT OF INERTIA MEASUREMENT 

G5.2.1 PITCH AND R O L L  MOMENT OF INERTIA. The c l a s s i c a l  

s imple  pendulum techn ique  was a p p l i e d  t o  de termine  t h e  p i t c h  and 

r o l l  moments of i n e r t i a .  The HSRI c e n t e r  of  g r a v i t y  and i n e r t i a  

measurement swing,  shown i n  F igure  G13, was used f o r  p i t c h  i n e r t i a  

measurement. In  a d d i t i o n  t o  t h e  measurements f o r  t h e  c , g .  l o c a t i o n ,  

p e r i o d s  f o r  o s c i l l a t i o n s  w i t h  and wi thou t  t h e  v e h i c l e  a r e  r eco rded  

f o r  t h e  swing. Using t h e  te rminology of F i g u r e  G 1 4 ,  t h e  p i t c h  

and r o l l  moments of i n e r t i a  f o r  t h e  v e h i c l e  can  be c a l c u l a t e d  

us ing  t h e  formula :  

where 

i = x ( f o r  r o l l  moment) o r  y ( f o r  p i t c h  moment) 

t = p e r i o d  of o s c i l l a t i o n  f o r  swing w i t h  t h e  v e h i c l e  ( s e c )  

ts  = p e r i o d  of o s c i l l a t i o n  f o r  swing a long  ( s e c )  

W = v e h i c l e  weight  ( I b s )  

WS = swing weight  ( l b s )  

Knowing t h e  v e h i c l e  i n e r t i a s ,  t h e  sp rung  mass i n e r t i a  v a l u e s  

can be o b t a i n e d  us ing  t h e  p a r a l l e l  ax i s  theorem. 
I 



Purely empirical formulae, founded on a large data base, 

exist in the literature [ 2 ] .  

For pitch moment of inertia: 

where 

IYt cgt = total pitch moment of inertia relative to total 
" , 

vehicle centroidal axes (slug ft') 

wt 
= total vehicle weight (lbs) 

I cgs = sprung mass pitch moment of inertia relative to 
Y s 

sprung mass centroidal axes 

Wuf = unsprung front weight (lbs) 

W = unsprung rear weight (lbs) ur 

a = horizontal distance from front wheels to total 

vehicle center of gravity (ft) 

b = horizontal distance from total vehicle center 

of gravity to rear wheel centerline (ft) 

For roll moment of inertia: 

where 

I 'gs = sprung mass roll moment of inertia relative to 
X S 

the sprung mass centroidal axes 

G 5 . 2 . 2 .  YAW MOMENT OF INERTIA MEASUREMENT. Com~ound 

pendulum principles are used to obtain the vehicle yaw moment of 

inertia. The vehicle is suspended by cables arranged symmetri- 

cally about the vehicle c.g. Small yawing oscillations are 



introduced and the period of oscillations determined. Using 

the notation of Figure G15, the yaw moment of inertia for the 

' i e ? . i ~ l e  can be calculated using the formula: 

\<here 

i = length of cables (in) 

t = period of oscillation for swing and vehicle (sec) 

t, = period of oscillation for swing alone (sec) 

Figure G15.  Schematic of Yaw Inertia Measurement Set-Up. 

The above equation is based on small angle approximations; 
and the accuracy of results can be improved by maintaining small 

oscillations and long cables. A sensitivity analysis of the 



e q u a t i o n  shows t h a t  l a r g e  v a l u e s o f  R and s m a l l  v a l u e s  of  r 

and a r e  d e s i r a b l e .  Knowing t h e  t o t a l  v e h i c l e  yaw moment 

of i n e r t i a ,  t h e  sprung  mass yaw i n e r t i a  v a l u e  can  be  computed. 

For yaw moment of i n e r t i a ,  t h e  e m p i r i c a l  formula  g iven  i n  

Reference  [2 ]  i s :  

where 

I Z t  C g t  = t o t a l  v e h i c l e  yaw moment of i n e r t i a  w i t h  r e s p e c t  

t o  t h e  t o t a l  v e h i c l e  c e n t r o i d a l  axes  

I  zs cgs = sp rung  mass moment of i n e r t i a  w i t h  r e s p e c t  t o  

t h e  sprung  mass c e n t r o i d a l  axes  

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

Mustang Buick 

2 Sprung mass p i t c h  moment of i n e r t i a  ( i n - l b - s e c  ) *  11080.0 31781.0 

2 Sprung mass r o l l  moment of  i n e r t i a  ( i n - l b - s e c  ) * *  2940.0 5312.0 

2 Sprung mass yaw moment o f  i n e r t i a  ( i n - l b - s e c  ) * *  22500.0 3 9 9 0 0 . 0  

G6. TIRES 

The measurement of  t i r e  per formance  c h a r a c t e r i s t i c s  a r e  

d i s c u s s e d  i n  d e t a i l  i n  Appendix D e n t i t l e d  " T i r e  T e s t  Data" .  

G 7 .  A SUMMARY OF PARAMETER MEASUREMENTS FOR USE IN SIMULATICN 

A sample s e t  of  i n p u t  p a r a m e t e r s  r e q u i r e d  f o r  t h e  v e h i c l e  

h a n d l i n g  performance model i s  a t t a c h e d  i n  Tab le  G 1  and G 2  f o r  t h e  

Mustang. A s i m i l a r  s e t  of d a t a  f o r  t h e  Buick i s  l i s t e d  i n  

S e c t i o n  5 of Appendix B .  * 

* Values o b t a i n e d  u s i n g  t h e  HSRI i n e r t i a  measurement swing .  

* *  Values o b t a i n e d  u s i n g  e q u a t i o n s  i n  Re fe rence  [ 2 ]  f o r  t h e  Buick 
and e x p e r i m e n t a l l y  measured v a l u e s  f o r  t h e  Mustang. 



\ t;PUT 
CARD tiO. 

1 
2 
3 
4 
5 
6 
7 
8 

1'1 
1 0  

I t !PUT DATA L I S T  
F O R  T l l E  FOl iD t.IIJSTAIIC (CO1lPLI  CRTED C4SE ) 

FORD I i IJSTl\r l r , :  COI,lPLI CCTED CASE, ETC., . . . . . 
44.GSOOC 
6 4 . 3 2 0 0 0  
1 2 . 7 0 0 0 0  
1 2 . 7 0 0 0 0  

0 . 2 5 0 0 0  

C 1 
c 2  
C 3 
C 4  . C4I.F 1 
C F l  

. C F 2  
f'f A f ' P ' &  

C E l T b l  
F "1 
F A 2  
C 1 
r.2 
CR 
J1 
J 2 
J 3 
I Y Z  
J A 2  
lJ51 
JS2 

T I !,IF 
T C A 1  
T R k 2  
T R 4 1 L  
V E L  
1.11 1.10 
il 
\ I S 1  
1/52 
K r Y T ?  ( 1 2 )  F09144T 
TI I 'F :  V S .  RRb.l:E P R E S S l J l l E  
( 2 F 1 0 . 7 )  
RR4KFI  PRESSIJQE V f .  TORrllJE 
( 2 F 1 0 . 2 )  FRONT L E F T  



I NPUT COLIJI\N t : ~ .  I!! ~!ir: c n R n  
C 4 R C  t !0 .  1!3456789012345C7RIr)1?~45678~31234567S901?345,.. CO!!r'CF!TS 

. RRhKF. P R E S S I I R F  Y S .  TOr(ClJT. 
( 2 F l P . 2 )  FRO111 R I C H T  

R H A K E  PRESSURF: V S .  TORQ1JE 
( 2 F l C . 2 )  R E A R  R I S l I T  



-r -F ,? 3 
IC  nz- n >  
- 3  0 

C 3 
0 - c NU) . C ... 



I I !P I IT  
CARD K O .  

COLIJEIN Ni l .  I!: TIIF. C A R D  
1 2 3 4 5 6 7 8 9 1 ~ 1 2 ~ 4 5 l 1 7 8 9 0 1 2 3 4 5 G 7 8 9 0 1 2 3 4 5 C 7 8 9 0 1 2 3 4 5 , . .  

L O t D  VS.  
I z F ~ o . ~ ~  
L O h D  v s .  
( 2 F 1 0 . 2 )  
L O A D  VS.  
( 2 F 1 0 . 2 )  

L O ! j C I  T I J D I  NA l .  S T  
FRONT ONE S l  D E  

L O l i G l T l J D 1  INAL S T  
i tE4R Oi<E S I D E  

I<I!ZFRI), F R O N T  

1 0 4 0  VS.  I,lIJZERr), R E A R  
( 2 F 1 4 . 2 )  

I F F N E S S  

I F F N E S S  

Al . lC f : l  '!G TORr(llE., FROl iT ,  OHE 5 1  
LOAC, !!Q. (r15.5,12) 
4 f l r l . F ,  TORrllJF. ( 2 F 1 0 .  2 )  





T A R L E  C - 2 .  

l NPlJT O A T 4  L l ST 
F O R  TIIF. F O R D  tIUSTA!!C ( 5 l l : P L E  C A S F )  

SY 1 
SY 2 
T I  I'F 
T R t  1 
T P " ?  
TFt. I L 
'jr1. 
t i l t  n 

T l l i F  V S .  Rr(Ar.E PRESSI jRE 
( 2 F 1 0 . 2 )  



T A B L E  C - 2  ( C o ~ i t  inuct l )  . 
COt'ldF NTS 

RRhl;C PRESSIJRE V S .  TORQUE 
( 2 F 1 0 . 2 )  FRO!!T L E F T  

RRAICF. PRESSIIRF. VS.  TORQIJE 
( 2 F 1 0 . 2 )  REAR L E F T  

RRhKE PRCSSIJRE V S .  TORQI!E 
( 2 F 1 0 . 2 )  RE4R R l C H T  

TI I :E  V S .  S T E E R  
( 2 F 1 5 . 5 )  
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