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INTRODUCTION 

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  from a  l a b o r a t o r y  

t i r e  f o r c e  and moment measurement program. The measurements were 
conducted by t h e  Highway S a f e t y  Research I n s t i t u t e  of The U n i v e r s i t y  

o f  Michigan fo; t h e  U.S . Army Tank Automotive Command (TACOM) . 
The o v e r a l l  y:lrpose of t h i s  s tudy  i s  t o  p rov ide  TACOM w i t h  t i r e  . , 

. . . . . . 
. . . . '  data t o  be 11sed' in .  v e h i c l e  . s i m u l a t i o n s .  , ' . . . . . . .  

. . . ' :. . 
~ r e e - r o l l i n g  l a t e r a l  force. , .and a l i g n i n g  moment pioduced by ' .,. . , '  .. . . . 

t h r e e  d i f f e r e n t  t i r e s  were measured on t h e  HSRI f l a t  bed device  

shown i n  F igurc  I and d e s c r i b e d  i n  Appendix 11. The t i r e s  t e s t e d  

were a  m i l i t a r y  7 . 0 0  x 16 NDCC j m a n u f a c t ~ r e d  by F i r e s t o n e )  and 

two conven t iona l  mud and snow t i r e s - - a  Goodyear Suburbani te  GR78-15 

( r a d i a l )  and F i r e s t o n e  'Town and Country G78-15. The t e s t  c o n d i t i  oris 

a r e  shown i n  TaSle 1. The t e s t  r e s u l t s  a r e  con ta ined  i n  A p p e n d l ~  I ,  

bo th  i n  graphic21 and t a b u l a r  form a s  (a )  l a t e r a l  f o r c e  and al ig! l lng 

moEent ve r sus  s l i p  angle  z t  c s n s t a n t  l oad  and i n f l a t i o n  p r e s s u r e  

f o r  a  f ami ly  of i n c l i n a t i o n  ang les  and a s  (b) l a t e r a l  f o r c e  and 
a l i g n i n g  moment ve r sus  i n c l i n a t i o n  angle  a t  s p e c i f i c  s l i p  ang les  

. of  0 ° ,  4 O ,  and 11' and c o n s t a n t  i n f l a t i o n  p r e s s u r e  f o r  a  fami ly  of  

v e r t i c a l  l o a d s .  

. .The graphs and t a b l e s  c o n t a i n  t h e  words " s t e e r  angle"  and 

"camber ang!e " As d e f i n e d  i n  SAE J670c Vehic le  Dynamics Termin- 

o logy ,  t h e s e  tzrms should  b e ,  r e s p e c t i v e l y ,  " s l i p  ang le f f  and 

" i n c l i n a t i o n  anf , le . "  The l a t t e r  terminology i s  used i n  t h e  body 

of t h e  r e p o r t .  



TABLE 1. TEST CONDITIONS 

Camber A n g l e s  Deg. - 0 ,  2 ,  4 ,  5 ,  6  

Loads  - l b  s . 0  1 2  4  6 9 11 

* S l i p  a q g l e s  o f  1 2 "  f o r  1 1 0 0  a n d  1 4 0 0  l b s .  l o a d s  

I n f l a t i o n  D r e s s u r e s  - P s i  

G-73 x 1 5 . 0 0  c o m m e r c i a l  t i r e s  = 1 6 ,  24 

7.00 x 1 6 . 0 0  m i l i t a r y  t i r e  = 2 0 ,  25 





. I . . .  . . .  
FORCE , ' 

v 
z ' 

NORMAL FORCE 
(FZ) 

Figure  2 .  

LATERAL 
FORCE 
IFy) 

SAE T i r e  Axis System 



TEST PROCEDURES 

Each t i r e  was r e c e i v e d  i n  new c o n d i t i o n  and s u n  on t h e  f l a t  

bed machine a t  t 6' s l i p  angle  a t  1000 l b s  load  for  400 f e e t  

t o  remove mold l u b r i c a n t s  and rubber  p r o t u b e r a n c e s  from t h e  t r e a d .  

The b a s i c  t e s t  sequence c o n s i s t e d  of  lock ing  t h e  t i r e  i n t o  a  

. p a r t i c u l a r  o r i e n t a t i o n  (combination of s l i p  a n g l e  and camber angle)  , 
. _... .. . a 

and g a t h e r i n g  f o r c e ,  . a i d  :rnbment data  a t  ea.ch load .  and i n f l a t i o n  , . . . .  . . . . .  .. 

. . ' . . . , . ptbkiure ,  . . . .  . . b e f o r e  t h e  t i r e '  o r i e n t a t i o n  . . was. chariged' . to t h e  next. : . . . . 
. . increment ;  . . . . 

A l l  s l i p  ang les  and i n c l i n a t i o n  ang les  were SAE p o s i t i v e .  

6. 
The SAF, t i r e  a x i s  system i s  shown i n  F igure  2 .  This combination 

of  p o s i t i v e  s l i p  ang le  and p o s i t i v e  i n c l i n a t i o n  m g l e  r e s u l t s  

g e n e r a l l y  (but  n o t  always) i n  a  l a t e r a l  f o r c e  t h a t  i s  reduced from 

t h e  l a t e r a l  f o r c e  produced by s l i p  angle  a l o n e .  The combinat izn 

o f  p o s i t i v e  s l i p  ang le  and n e g a t i v e  inc1: inat ion a n g l e ,  which gen- 

e r z l l y  p r o d u c e s , l a t e r a l  f o r c e s  Z r e a t e r  t h a n  t h o s e  produced by s l i p  

ang le  a l o n e ,  1 s  n o t  r e a l i s t i c  f o r  conven,:ional f au r -whee led  v e h i c l e s ,  

b u t  r a t h e r  i s  t y p i c a l  of motorcycle  o p e r a t i o n  i n  which t h e  v e h i c l e ' s  

v e r t i c a l  a x i s  t i l t s  toward t h e  c e n t e r  of p a t h  cu rwa tu re .  

Each va lbe  of  l a t e r a l  f o r c e  and a l i z n i n g  moment t a b u l a t e d  
i n  Appendix I i s  t h e  average of  two i n d i v i d u a l  v a l u e s - - o n e  p r o -  

duced by a  c'ockwise r o t a t i o n  of  t h e  t i r e  and one  produced by a  
c o u n t e r c l o c k ~ ~ i s e  r o t a t i o n .  For p a t  p o s i t i v e  s l i p  and i n c l i n a t i o n  
a n g l e ,  t h e  v e h i c u l a r  o p e r a t i n g  c o n d i t i o n  be ing  siimulated i s  a  l e f t  

t u r n  wi th  t h e  t i r e  mounted e i t h e r  s e r i a l - s i d e - i n  (CW, r o t a t i o n )  o r  

s e r i a l - s i d e - o u t  (CCW r o t a t i o n ) .  



DISCUSSION OF DATA 

I t  i s  a n t i c i p a t e d  t h a t  t h e  d a t a  p r e s x t e d  i n  App'endix I w i l l  

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

comparisons a t  s p e c i f i c  ope ra t ing  cond i t ions  w i l l  n o t  be of  

primary i n t e r e s t .  Never the less ,  such comparisons a r e  u s e f u l  f o r  

demonstrat ing major f e a t u r e s  of  . the d a t a  and s e r v e  t o  g ive  i n t e r -  
. . 

. . : . .  . . e s t e d  reader.5. a measure of  how t h e  m i l i t a r y  t i r e  compares t o  
, . 

, . ':. ' .i 
. . ' convent ional  .. t y p e s  wi thout  re i lu i r ing  . . ' h  search  thrbugh t h e  mass . . . . . . .  , 

. . 
. 'of '&a ta  ii ~ ~ ~ e n d i x  I :. kccordingly , .  t h e  f o l l o w . i n g  three:- ': . . ., " 

sub- sec t ions  con ta in  t i r e - t o - t i r e  comparisons f o r  t h e  t h r e e  b a s i c  

o p e r a t i n g  c o n d i t i o n s - - s l i p  angle  a l o n e ,  i n c l i n a t i o n  angle a lone ,  

and. combined s l i p  and i n c l i n a t i o n .  

TIRE RESPONSE TO SLIP ANGLE IN THE ABSENCE OF INCLINATION ANGLE 

A t i r e  parameter  of s i g n i f i c a n c e  t~ small  d i s tu rbance  d i r e c -  
t 

t i o n a l  behavior  i s  t h e  co rne r ing  s t i f f n e s s ,  C a ,  d e f i n e d  as  t h e  

i n i t i a l  s lope  of t h e  l a t e r a l .  fo rce  versus  s l i p  ang le  curve:  

U t i l i z i n g  the  l a t e r a l  f o r c e  d a t a  a t  0' and lo  s l i p  ang le ,  t he  

fo l lowing va lues  of C a ,  i n  pounds p e r  degree ,  were computed f o r  

t h e  24 o r  25 p s i  casc .  

TABLE 2 .  COMPARISON Q F  C VALUES 
a 

GR78-15 2 4 94 .8  142.8 169.5 176.1 

NDCC 25 105.8 136.7 146.4 151.9 

G78-15 2 4 105.0 134.0 134.4 130.0 

Except a t  t h e  l i g h t e s t  l o a d ,  t he  r a d i a l  p l y  t i r e  e x h i b i t s  s i g n i -  

f i c a n t l y  h igher  corner ing  s t i f f n e s s  than do the  o t h e r  two t i r e s ;  



t h e  NDCC t i r e  shows g r e a t e r  Ca  a t  1100 and 1400 than does t h e  

G78-15. The lower i n f l a t i o n  p r e s su re s  of 16 and 20  p s i  a r e  t oo  
widely separa ted  t o  al low meaningful corn-?arisen of  t he  da t a  

taken a t  these  p r e s su re s .  

While t he  d a t a  a t  smal l  s l i p  angles  i s  u se fu l  f o r  e s t a b l i s h i n g  

t he  corner ing s t i f f n e s s  of t he  t i r e ,  6 s t a  a t  l a rge  s l i p  angles  p ro-  

. vides, a  measure 02  t he  u l t ima t e  corner ing c a p a b i l i t y  of a  t i r e .  
. . '  :. At, . the h igher  s l , i p  angles,  o f  g o ,  I!.", and 1 2 "  the NDCC t i r e  p ro -  . . .  . . . . 

' . .vides.. s i g n i f i c a n t l y  g r e a t e r .  l a t e r a l  f o r c e ,  than .  e i t h e r  convent ional  . . . 
. _, 

tire a s  i s  sh6w.a i n   able 3 .  These s l i p  ang les ,  however; a rk  much , 

g r e a t e r  than thgse  imposed on t he  t i r e  i n  rou t ine  d r i v i n g ,  and 

a r e  u s u a l l y  c a l l e d  f o r  only i n  a c c i d e ~ ~ t  aroidance maneuvers. 

TABLE 3 .  COMPARISON OF LATERAL FORCE AT HIGHER 
SLIP ANGLES; 1 1 0 0  and 1 4 0 0  LBS LOAD 

S l i p  Angle 
g o  1 2 O  ' 

Load 

psi 1 1 0 0  1400 1100 1400 

NDCC 2 5  862 942  1028 1 1 1 7  

. T h e  NDCC and GR78-15 t i r e s  exhibit, nea r ly  i d e n t i c a l  a l i g n i n g  

moment c h a r a c t e r i s t i c s .  The values  21 a l i gn ing  noment produced by 

t he se  t i r e s  a r e  s i g n i f i c a n t l y  g r e a t e r  than those produced by t he  

G78-15. 

TIRE RESPONSE TO INCLINATION ANGLE I N  TRE ABSENCE OF SLIP ANGLE 

Analogous t o  corner ing s t i f f n e s s ,  I n c l i n a t i o n  s t i f f n e s s ,  

i s  de f ined  a s  
C Y  ' 



U t i l i z i n g  l a t e r a l  f o r c e  d a t a  a t  O 0  and 2' i n c l i n a t i o n  a n g l e ,  t h e  

fo l lowing va lues  of C i n  pounds p e r  degree ,  were computed a t  
Y' 

24 o r  25 p s i .  

TABLE 4 .  COMPARISON OF C VALUES 
Y 

p s i  ' 500 800 1100 1400 
. . 

1.' . ,GR78-15 ,24 . . .  7..5 10.. 0 13.0 16.0 . . I  . . . . 
NDCC . : 2 5 .  , 7,.Qe , .12.4 ,:17.0 ' . 19.5 . . 

The i n c l i n a t i o n  s t i f f n e s s  o f  t h e  r a d i a l  t i r e  i s  lower than  t h a t  

o f  t h e  o t h e r  two t i r e s  t e s t e d  by about 3 0 % .  

A t  h ighe r  i n c l i n a t i o n  ang les ,  t h e  r a d i a l  p l y  t i r e  cont inues  

t o  be t h e  1ea.i i n f luenced ,  d i sp lay ing  s i g n i f i c a n t l y  l e s s  l a t e r a l  

f o r c e  due t o  i n c l i n a t i o n  angle than  the  o t h e r  two t , ires,  as  shown 

i n  Table 5 .  

TABLE 5. COMPARISON OF LATERAL FORCE AT HIGHER 
INCLINATION ANGLES; 1100 1400 LB LOAD 

I n c l i n a t i o r *  Angle 

5  O 6 O 

psi 11 0  0  1400 - 1100 1400 

GR78-15 2 4  7 r? 8 4  81 9  9  

NDCC 25 95 1 1 2  124 139 

G78-15 2 4  104 114 . 105 138 

The a1ignir.g moment response of t h e  NDCC and GR78-15 t i r e s  

a s  i n c l i n a t i o n  angle i n c r e a s e s  i s  n e g l i g i b l e .  The a l i g n i n g  moment 

versus  i n c l i n a t i o n  angle  c h a r a c t e r i s t i c s  f o r  t h e s e  two t i r e s  a r e  

n e a r l y  h o r i z o n t a l ,  having a  s lope  of much l e s s  than  1 f t  l b  p e r  

degree .  The same i s  t r u e  of t h e  G78-15 a t  1 6  p s i ,  bu t  a t  2 4  p s i  

i n f l a t i o n  the  . c h a r a c t e r i s t i c s  t ake  on s lopes  of  up t o  4 f t  l b s  

p e r  degree .  



TIRE RESPONSE TO COMBINED SLIP ANGLE AND INCLINATION ANGLE 

A t  s l i p  ang les  l e s s  than  6' ( p o s i t i v e )  a l l  t h r e e  t i r e s  

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

t i o n  angle  i s  inc reased  from zero .  This  ? e s u l t  i s  t o  be  expected  

s i n c e  t h e  d i r e c t i o n  of  l a t e r a l  f o r c e  due t o  a  p o s i t i v e  i n c l i n a t i o n  
ang le  i s  o p p o s i t e l y  d i r e c t e d  t o  t h e  l a t c r a l  f o r c e  produced by a  

: p o s i t i v e  s l i p  ang le .  However, a t  6' s l i ?  ang le ,  the l a t e r a l  f o r c e  
8 .  . . ., versus  s l i p  tingle curves f o r  th,e rac!iai and t h e  N X C  t i r e  show t h a t  . . 

t h e  a p p l i c a t i o n .  o f  p o s i t i v e  i n c l i n a t i o , ~  angle  ac t ,ua l iy  causes2'  the .  
. . .  . . 

; l a t e r a l  f o r c e  to increase '  r e l a t i v e  t o  t h e  z e r o - i n c l i n a t i o n  a n g l e .  . . . . .  . 

c o n d i t i o n .  This  r e s u l t  i s  q u i t e  unexpected and impl ies  t h a t  t h e  

a p p l i c a t i o n  of  i r l c l i n a t i o n  angle  t o  t h f s e  -two t i r e s  o p e r a t i n g  a t  

h igh  s l i p  angles  i n c r e a s e s  t h e  amount of  rubber  i n  c o n t a c t  w i th  

t h e  road and a v a i l a b l e  f o r  l a t e r a l  deformation.  

Visua l  i : lspection o f  t h e  shoulder  r eg ions  of  t h e  t i r e s  adds 

suppor t  t o  t h i s  hypo thes i s .  The GR78-15 and NDCC t i r e s  have round 

shou lde r s  vhich  would f a c i l i t a t e  t h e  c o n t a c t  of  shoulder  and s i d e -  

wall rubber  w i t h  t h e  road under c o n d i t i ~ n s  of  t i r e  i n c l i n a t i o n ,  

thereby adding t o  t h e  a r e a  of  t i r e - r o a d  c o n t a c t .  The G78-15, 

however, has  a  square  shoulder  t h a t  would n o t  allow shou lde r  and 

s i d e w a l l  rubber  t o  meet t h e  road when i n c l i n a t i o n  angle  i s  appliec:; 

and, indeed ,  t h e  d a t a  shows t h a t  t h e  G78-15 produces t h e  more 

expected p a t t e r n  of l a t e r a l  f o r c e  r educ t ion  as  i n c l i n a t i o n  ang le  

i n c r e a s e s .  

The a l i g n i n g  moment va lues  produced by combined s l i p  and 

i n c l i n a t i o n  angles  a r e  much g r e a t e r  i n  a l l  ca ses  than those  p r o -  

duced by s l i p  angle  a lone .  The i n c r e a s e  i n  peak a l i g n i n g  moment 

due t o  2' i n c l i n a t i o n  range from 2 0 %  Lo 7 0 % .  



APPENDIX I .  

Pa r t  A :  Fi r . e s t one  N n C C  T i r e  7.06-16  
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APPENDIX I1 

TEST EQUIPMENT 

The HSRI f l a t  bed t i r e  t e s t e r  p r o v i d e s  p r e c i s e  l a b o r a t o r y  

measurements o f  t h e  mechanical  p r o p e r t i e s  o f  s t a n d i n g ,  r o l l i n g ,  

and s l i p p i n g  t i r e s .  I t  can accommodate  ires up t o  4 4  inches  

o u t s i d e  d iamete r  w i t h  v e r t i c a l  loads  t o  10,000 l b s .  The s l i p  
- a n g l e  i s  a d j u s t a b l e  i n  lo increments  fro:.n O 0  t o  .+30°, and. i n  15' 

;, ,.' . . . 
I . .  . . . .  . .  . . 

' . i hc rement s  on o u t  t o  + g o 0 .  ,. Camber a n g l e s  = & ' b e  v a r i e d '  fr6m - 1 0 0 . '  
. . .. . . . . . 

. . . . t o  . . + 2 0 Q  i n  lo inc rement s ;  The t e s t  wheel i s  'powered by a  13,000 . 

f t - l b  h y d r a u l i c  system which i s  d r i v e n  independent ly  of  t h e  f l a t  

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

The machir,e i s  ins t rumented  t o  measure t h e  t h r e e  f o r c e  and 

t h r e e  moment conponents developed by t h e  t i r e ,  i n  a d d i t i o n  t o  

t e s t  wheel d r i v e  t o r q u e  (T) ,  r o l l i n g  h e i g h t  (Rh), and wheel an::ular 

v e l o c i t y  (u) .  The p o s i t i o n s  o f  t h e  s i x  i o a d  c e l l s  used t o  measure 

t h e  f o r c e s  siid moments a r e  shown i n  F igure  3.  

The bed s u r f a c e  i s  100 g r i t *  t u n g s t s n  ca rb ide  bonded d i r e c t l y  

t o  t h e  aluminllm t a b l e  w i t h  no i n t e r v e n i n z  paper  o r  g l u e .  The bed 

'- I? 5. 

v e l o c i t y  i s  2 . 1 1  f e e t  p e r  second o r  1 .44  mph. Thus t h e  f l d t  bed 

machine i s  u s e f u l  f o r  e x p l o r i n g  t h e  smal l  s l i p  o r  t ' e l a s t i c "  mechazr- 

i c a l  p r o p e r t i e s  of  t i r e s ,  which a r e  e s s e n t i a l l y  speed i n d e p e n d e n t ,  

and f o r  m e a s x ~ i n g  t h e  u l t i m a t e  f o r c e  and moment c a p a b i l i t i e s  of  

t i r e s  a t  hig!-!er s l i p  c o n d i t i o n s .  The magnitude of t h e s e  l a r g e  

s l i p  f o r c e s  a c i  moments may be lower a t  highway v e l o c i t i e s .  

DATA ACQUISLTTON 

During a  t e s t ,  t h e  analog  o u t p u t  o f  t h e  t r a n s d u c e r s  i s  

r ecorded  c o n t i ~ ~ ~ ~ o u s l y  on a  c h a r t  r e c o r d e r  and a t  d i s c r e t e  i n t e r -  

v a l s  i s  d ig i t i z , , . d  on to  magnet ic  t a p e .  T h i s  p e r i o d i c  sampling o f  

analog  d a t a ,  which i s  t h e  main s o u r c e  o f  d a t a  a c q u i s i t i o n ,  i s  

* lo0  g r i t  = 100 p a r t i c l e s  p e r  square  i n c h .  



r1= 5 in. 

r2=75 in. 

r3= 30in. 

F i g u r e  3 .  



done ten times dur ing t h e  cons tan t  v e l o c i t y  po r t i on  of a  pass  of  

the f l a t  bed t a b l e .  The samples a r e  spaced i n  time t o  cover 

approximately one r evo lu t ion  of t he  t e s t  t i r e .  

The samples of  analog d a t a  a r e  rou ted  t o  a  t ape  recorder  i n t e r -  

f ace  u n i t  which d i g i t i z e s  and formats t he  d a t a  f o r  p r i n t i n g  onto  

magnetic t ape  along wi th  such informat ion as  s l i p  ang le ,  s p e c i f i e d  

load ,  and t e s t  number. The d i g i t a l  t ape  ( t h e  end product  of a  

t e s t  s e r i e s )  i s  processed on the  HSRI PDP 11/45. d i g i t a l  comput.er. 
, . . . . . . .. . Her$ t h e  ' d a t k f r b m  the  s i x ' : l o a d ' c e l l s  i s  m u l t i p i i e d , b j  a  6 i 6 ':.. 

. : ' c a l i b r a t i o n  mati-ix which provides  t he  p ropar  s c a i e  f a c t o r s  and ' 

, 

removes i n t e r a c t i o n  caused by t e s t  frame d i s t o r t i o n .  The t e n  

samples obta ined dur ing a pass  of t h e  bed a r e  now averaged. The 

res .u l t  i s  a  t a b l e  of t h e  fo rce s  and moments produced by the  t i r z  

a t  each of the  var ious  t e s t  parameter combinations. The d a t a  p ro -  

cess ing  t o  thi.s p o i n t  i s  i l l u s t r a t e d  i n  Figure 4 .  

The d a t a  l i s t e d  i n  t he  t a b l e  descr ibed above i s  pu t  through 

a  f i n a l  process ing t o  combine and average t he  two values  of each 

fo rce  and moment which r e s u l t  from making both  l e f t  and r i g h t  

pa.sses of  t he  roadbed. 
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