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E XE CUT I VE S LTNARY 

"RELATIONSHIP OF TRUCK TIREIWHEEL N O N U N I F O ~ I I T I E S  
TO CYCLIC FORCE GENERATIOK" by T . D .  G i l l e s p i e  

Report No. WTRI-84-18 

The nonuniformit ies  i n  t ruck t i r e  and wheel components ( runou t s ,  

imbalances and s t i f f n e s s  v a r i a t i o n s )  c o n t r i b u t e  t o  r i d e  v i b r a t i o n s  on the  

road.  Yet t h e  e x c i t a t i o n  fo rces  a r i s i n g  from nonuniformit ies  i n  the  

i n d i v i d u a l  components a r e  no t  w e l l  known. 

h experimental  r e sea rch  program was conducted on a  t i r e  uniformity  

t e s t  machine t o  determine r e l a t i o n s h i p s  between nonuniformit ies  and 

e x c i t a t i o n  f o r c e s  f o r  the  r a d i a l ,  l a t e r a l  and t r a c t i v e  f o r c e  d i r e c t i o n s .  

The t e s t s  covered r a d i a l  and bias-ply  t ruck  t i r e s  of the  tube less -  and 

tube-type,  d i s c  and c a s t  spoke wheels,  s i n g l e  and dua l  c o n f i g u r a t i o n s ,  

and v a r i a t i o n s  i n  load ,  p r e s s u r e ,  and speed. Though dynamic problems i n  

the  t e s t  machine l i m i t e d  i t s  v a l i d i t y ,  t e n t a t i v e  conclusions were reached 

i n  t h e  resea rch .  

Radia l  f o r c e  v a r i a t i o n s  (RFP) a r e  the  l a r g e s t ,  and a r e  no t  s t r o n g l y  

inf luenced by speed. Loaded r a d i a l  runout i s  c l o s e l y  r e l a t e d  t o  RFV f o r  

both t i r e s  and t i r e / w h e e l  assembl ies .  Bead s e a t  r a d i a l  runout of a  wheel 

assembly i s  r e spons ib le  f o r  c o n t r i b u t i n g  t o  f i r s t  harmonic RFV.  Free  

r a d i a l  runouts (on the  t i r e  c e n t e r l i n e ,  shoulders  o r  a  combination the reof )  

a r e  lower q u a l i t y  i n d i c a t o r s  of RFV, and even then only apply t o  t h e  f i r s t  

harmonic. L a t e r a l  runout i n  t h e  t i r e  o r  v h e e l  does n o t  c o n t r i b u t e  t o  RFV; 

however, poor mounting p r a c t i c e  wi th  dual  (but  n o t  s i n g l e )  c a s t  spoke wheels 

c o n t r i b u t e s  s i g n i f i c a n t l y  t o  RFV. Imbalance i n  a  t i r e  o r  wheel assembly 

w i l l  c o n t r i b u t e  t o  RFV. 

L a t e r a l  fo rce  v a r i a t i o n s  (LFV) a r e  unre la ted  t o  l a t e r a l  runout i n  

e i t h e r  t h e  t i r e s  o r  t h e  wheel assembl ies .  The LFV does not  show s t r o n g  

speed s e n s i t i v i t y ,  t h e r e f o r e  low-speed measurements a r e  c l o s e l y  r e l a t e d  t o  

high-speed performance. Poor mounting p r a c t i c e  does not  c o n t r i b u t e  t o  LFV 

with  any type of wheel. 

T r a c t i v e  fo rce  v a r i a t i o n s  (TFV) vary d ramat ica l ly  wi th  speed and 

high-speed magnitudes a r e  no t  p r e d i c t a b l e  from low-speed measurements. 

Poor mounting p r a c t i c e  wi th  dua l  (but  no t  s i n g l e )  c a s t  spoke wheels can 

c o n t r i b u t e  s i g n i f i c a n t l y  to  TFV. Imbalance i n  a  t i r e  o r  wheel assembly 

a l s o  c o n t r i b u t e s  t o  the  TFV. 





CHAPTER 1 

INTRODUCTI01S 

1.1 Background 

Heavy t r u c k s  and t r a c t o r - t r a i l e r s  used f o r  t r a n s p o r t i n g  goods must 

be de s igned  f o r  e f f i c i e n c y  and d u r a b i l i t y .  Meeting t h e s e  g o a l s  c o n s t r z i n s  

d e s i g n e r s  i n  t h e i r  e f f o r t s  t o  p rov ide  a  good r i d e  environment  f o r  t h e  

t r u c k  d r i v e r  [12.:k As a  consequence,  t h e  U.S. t r u c k  and t r u c k  component 

manufac tu re r s  a r e  c o n s t a n t l y  s eek ing  means t o  improve t r u c k  r i d e  q u a l i t y  

c o n s i s t e n t  w i t h  t h e  t r u c k ' s  m i s s ion .  Veh ic l e  v i b r a t i o n s ,  t h e  p r i m r y  

i n g r e d i e n t  i n  r i d e  q u a l i t y ,  a r e  caused by t h e  combinat ion of road  rough- 

n e s s  and v i b r a t i o n  s o u r c e s  on-board t h e  v e h i c l e .  Of t h e  on-board s o u r c e s ,  

n o n u n i f o r m i t i e s  (mass imbalances ,  r u n o u t s ,  e t c .  ) i n  t h e  r o t a t i n g  t i r e /  

wheel  a s sembl i e s  a r e  an  impor t an t  s o u r c e ,  c aus ing  e x c i t a t i o n  t o  t h e  v e h i c l e  

a t  t h e i r  r o t a t i o n a l  f r e q u e n c i e s  and m u l t i p l e s  t h e r e o f  (harmonics ) .  

E s p e c i a l l y  on smooth r o a d s ,  t h e  t i r e l w h e e l  e x c i t a t i o n s  may become more 

n o t i c e a b l e  and p e r c e p t i b l e  a s  a  cause  of r i d e  d e g r a d a t i o n .  

I n  1979,  t h e  Motor Veh ic l e  Manufac turers  A s s o c i a t i o n  (MVMA) i n  

c o o p e r a t i o n  w i t h  t h e  Rubber Manufac turers  A s s o c i a t i o n  (RMA) i n i t i a t e d  a  

r e s e a r c h  program a t  t h e  U n i v e r s i t y  of Michigan T r a n s p o r t a t i o n  Research 

I n s t i t u t e  ( fo rmer ly  t h e  Highway S a f e t y  Research I n s t i t u t e )  t o  i n v e s t i g a t e  

t h e  t r u c k  r i d e  e f f e c t s  r e s u l t i n g  from t i r e  and wheel  n o n u n i f o r m i t i e s .  The 

r e s e a r c h  program, e n t i t l e d  "Truck Tire/krheel  Systems Research Program," was 

o rgan i zed  i n t o  two concu r r en t  phase s .  

-Phase I was an  expe r imen ta l  i n v e s t i g a t i o n  of  t h e  c y c l i c  f o r c e  

v a r i a t i o n s  produced by t r u c k  t i r e l w h e e l  a s s e m b l i e s  on t h e  a x l e  of a  t i r e  

u n i f o r m i t y  t e s t  machine t o  r e l a t e  them t o  s p e c i f i c  n o n u n i f o r m i t i e s  i n  each 

of t h e  r o t a t i n g  components. This  i n fo rma t ion  i s  i n t ended  t o  p rov ide  d i r e c -  

t i o n  f o r  manufac tu re r s  t o  make coo rd ina t ed  improvements i n  t h e  i n d i v i d u a l  

components t o  reduce  t h e  f o r c e  v a r i a t i o n s  of t h e  r o l l i n g  whee l ,  t h a t  a f f e c t  

v e h i c l e  r i d e .  

*Numbers i n  b r a c k e t s  i n d i c a t e  References  i n  Chapter  6 .  



-Phase I1 looked a t  how fo rce  v a r i a t i o n s  on the  wheels of a  heavy 

t r u c k  cause degradat ions  i n  t k r i d e  i n  order  t o  i d e n t i f y  which f o r c e  

v a r i a t i o n s  and harmonics a r e  most c r i t i c a l .  

This r e p o r t  documents the  f ind ings  and r e s u l t s  obtained i n  t h e  

Phase I work. The Phase I1 work is  repor ted  i n  a  s e p a r a t e  document [ 2 ] .  

1 . 2  Problem Statement 

The wheel assembly on a  heavy t ruck  may c o n s i s t  of upwards of 30 

i n d i v i d u a l  components--t ires,  tubes ,  wheels ,  hubs,  drums, s p a c e r s ,  n u t s ,  

s t u d s ,  e t c .  Each of these  components incorpora tes  i r r e g u l a r i t i e s  i n  i t s  

manufacture which may p o t e n t i a l l y  c o n t r i b u t e  t o  nonuniformit ies  i n  the  

t o t a l  assembly. Mal-assembly and/or nonuniformit ies  of new o r  worn com- 

ponents i n  the  t i r e l w h e e l  assembly may, i n  t u r n ,  cause c y c l i c  f o r c e  

v a r i a t i o n s  as  t h e  wheel r o l l s ,  e x c i t i n g  t ruck  r i d e  v i b r a t i o n s .  Ride 

e x c i t a t i o n  due t o  t i r e l w h e e l  nonuniformit ies  may be p e r c e p t i b l e  t o  the  

d r i v e r ,  e s p e c i a l l y  on smooth roads .  

The term " n o n u ~ l i f o r m i t ~ "  a s  used 11ere impl ies  those  i r r e g u l a r i t i e s  

i n  a  component t h a t  can be observed by t h e  manufacturer,  a s  f o r  example, 

imbalance of t i r e s  o r  runout of a  wheel. The e x t e n t  t o  which a  given 

nonuniformity c o n t r i b u t e s  t o  r i d e  v i b r a t i o n -  on a  t r u c k ,  however, i s  s e v e r a l  

s t e p s  removed. On t h e  one hand, i t  may be only one of many components 

c o n t r i b u t i n g  t h a t  type  of nonuniformity i n  the  wheel assembly. On t h e  

o t h e r  hand, the  e x t e n t  t o  which one component c o n t r i b u t e s  e x c i t a t i o n  may 

depend on the  o t h e r  components w i t h  which i t  i s  mated i n  the  o v e r a l l  wheel 

assembly. Because of the  complexity of the  i n t e r a c t i o n s ,  r e sea rch  i s  

needed t o  i d e n t i f y  and measure t h e  nonuniformit ies  i n  the  r o t a t i n g  wheel 

components and r e l a t e  these  t o  the  e x c i t a t i o n  fo rces  produced by the  t i r e /  

wheel assembly. Only when t h e  mechanisms and r e l a t i o n s h i p s  a r e  understood,  

i s  i t  p o s s i b l e  t o  judge the  s i g n i f i c a n c e  of a given component nonuni- 

formity  and determine means f o r  coordinated improvements i n  a l l  components. 



1 . 3  Approach and M e t 4  

I n  approaching  t h e  p r o j e c t  i n  a  s y s t e m a t i c  f a s h i o n ,  c e r t a i n  s p e c i f i c  

t a s k s  a r e  i n  o r d e r .  Those t a s k s  a r e  a s  f o l l o w s :  

* L i t e r a t u r e  Review - Some unders ta r id ings  r e l e v a n t  t o  t h i s  problem 

a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  Empi r i ca l  i n f o r m a t i o n  i s  a v a i l a b l e  t o  

c h a r a c t e r i z e  some of t h e  t y p e s  and magnitudes of t i r e / w h e e l  n o n u n i f o r m i t i e s  

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

on t h e  t o p i c  of v e h i c l e  r i d e .  A l l  t h e s e  c o n s t i t u t e  a p p r o p r i a t e  background 

f o r  t h i s  r e s e a r c h ,  b u t  have n o t  been c o l l e c t e d  and a s s e s s e d .  Thus, a  

l i t e r a t u r e  r ev i ew  was i n c l u d e d ,  w i t h  t h e  s p e c i a l  p r o v i s i o n  f o r  i t s  pub l i -  

c a t i o n  a s  a  document of i n t e r e s t  t o  t h e  i n d u s t r y  131. 

* I d e n t i f y i n g  Components - Truck wheels  c o n s i s t  of numerous r o t a t i n g  

components,  used i n  v a r i o u s  combina t i ons ,  A s  a  p r e l i m i n a r y  s t e p  i n  t h e  

r e s e a r c h ,  a  f o r m a l i z e d  i d e n t i f i c a t i o n  of a l l  t h e  components t h a t  a r e  used 

on t r u c k  wheels  was c a l l e d  f o r  a s  a  b a s i s  f o r  d e f i n i n g  t h e  scope  of t h e  

e x p e r i m e n t a l  program. 

*Expe r imen ta l  Measurements - The pr imary  q u e s t i o n  t o  be answered 

i n  t h e  r e s e a r c h  program i s  what r e l a t i o n s t h i p  e x i s t s  between n o n u n i f o r m i t i e s  

i n  i n d i v i d u a l  components and t h e  f o r c e  v z r i a t i o n s  produced by t h e  o v e r a l l  

t i r e l w h e e l  assembly.  The answers  must be based on expe r imen ta l  ev idence .  

Thus expe r imen ta l  measurements of nonun i f ' o rmi t i e s  and f o r c e  v a r i a t i o n s  on 

t y p i c a l  hardware a r e  needed a s  a  b a s i s  f o r  deve lop ing  t h e  q u a n t i t a t i v e  

r e l a t i o n s h i p s  of  i n t e r e s t .  

Exper imenta l  measurements of t h e  above n a t u r e  a r e  most commonly 

o b t a i n e d  on t i r e  u n i f o r m i t y  t e s t  machines.  Such machines c o n s i s t  of a  

r i g i d  drum a g a i n s t  which a  t i r e  i s  loaded and r o l l e d .  While t h e  t i r e  i s  

h e l d  i n  a  f i x e d  p o s i t i o n ,  t h e  f o r c e  and /o r  moment v a r i a t i o n s  produced a s  

t h e  wheel  is  r o l l e d  a r e  measured. A s t a n d a r d  method f o r  measuring uni-  

f o r m i t y  i s  d e f i n e d  by t h e  SAE [ 4 ] .  I n  t h i s  r e s e a r c h  p r o j e c t ,  t h e  i n t e r e s t  

l i e s  i n  measurement of a l l  f o r c e s  t h a t  may c o n t r i b u t e  s i g n i f i c a n t  e x c i t a -  

t i o n  t o  a  t r u c k .  E x a c t l y  which f o r c e s  o r  moments t h e s e  may be a r e  n o t  

known. However, i t  can be hypo thes i zed  t h a t  t h e  r e l e v a n t  f o r c e  d i r e c t i o n s  

a r e :  



-Radial f o r c e  d i r e c t i o n  ( v e r t i c a l  wi th  r e s p e c t  t o  the  wheel) 

-La te ra l  fo rce  d i r e c t i o n  (sideways wi th  r e s p e c t  t o  the  wheel) 

-Tract ive  f o r c e  d i r e c t i o n  ( i n  t h e  d i r e c t i o n  of t r a v e l )  

-Aligning moment d i r e c t i o n  (about the  v e r t i c a l  a x i s  of the  wheel) 

Fur the r ,  w i t h i n  the  o r i g i n a l  scope of the  p r o j e c t ,  each of these  v a r i a t i o n s  

a r e  of i n t e r e s t  over a  range of harmonics a t  l e a s t  t o  50 Hz in - f requency .  

Tes t  equipment of the c a p a b i l i t i e s  l i s t e d  above, e s p e c i a l l y  wi th  

capac i ty  t o  handle t r u c k  t i r e s  and wheels,  i n  s i n g l e  and dua l  configura- 

t i o n s ,  i s  no t  commercially a v a i l a b l e ,  Therefore ,  arrangements were made 

f o r  des ign and cons t ruc t ion  of a s u i t a b l e  t e s t  machine. Respons ib i l i ty  

f o r  ob ta in ing  t h i s  equipment was assumed by the  RW and arranged through 

MTS Systems Corporation of Minneapolis ,  Minnesota. The machine was 

obta ined under a  l e a s e  arrangement and i n s t a l l e d  i n  the  L9iTRI l abora to ry  

f o r  the  exper imenta l  t e s t  program. By s p e c i a l  arrangement, the  machine was 

cons t ruc ted  so as  t o  accept  t ruck  s p i n d l e  adap te r s  a s  the  mounting p o i n t  

f o r  t h e  wheel hardware. The I n s t i t u t e  prepared adap te r s  f o r  t h e  Rockwell 

FF-931 f r o n t  s p i n d l e  and the  Rockwell R-170 r e a r  a x l e .  The f r o n t  s p i n d l e  

i s  a  popular des ign f o r  s i n g l e  wheels ,  whi le  the  r e a r  a x l e  accep t s  dual  

wheel arrangements.  

Hardware f o r  t e s t i n g  was provided by many member companies of t h e  

MlN4 and EN.  The t i r e s  (see  Appendix D f o r  l i s t i n g )  were provided by: 

-Arms t rong Rubber Company 

-B. F .  Goodrict  Company 

-F i res tone  T i r e  and Rubber Company 

-General T i r e  and Rubber Company 

-Goodyear T i r e  and Rubber Company 

-Uniroyal T i r e  Company 

A l a r g e  sample of t ruck  t i r e s  was screened by these  companies f o r  r a d i a l  

fo rce  v a r i a t i o n s  (composite and f i r s t  harmonic), l a t e r a l  fo rce  v a r i a t i o n s  

(composite) ,  and f r e e  r a d i a l  runout on t h e  c e n t e r l i n e  (composite) .  An 

RMA committee then s e l e c t e d  a t o t a l  of 140 t i r e s  which were shipped t o  

UMTRI f o r  use i n  t e s t i n g .  The samples were d ivided among b i a s  and r a d i a l ,  

t u b e l e s s  and tube-type ( s i z e s  10.00 x 20 and 11.00 x 22.5) ;  and were 

s e l e c t e d  by the  RMA cormnittee t o  provide samples t h a t  had high and low 

values  of i n d i v i d u a l  nonun i fo rmi t i e s ,  a s  w e l l  a s ,  combinations of non- 

u n i f o r m i t i e s .  The 40 t i r e s  t h a t  were a c t u a l l y  t e s t e d  were s e l e c t e d  on a  



s i m i l a r  c r i t e r i a ,  but  a l s o  t o  provide even r e p r e s e n t a t i o n  from the  nanu- 

f a c t u r e r s .  Because t h e s e  t i r e s  were espe8:ially s e l e c t e d  t o  cover the  

extremes of nonuniformit ies ,  the  d a t a  p re l~en ted  i n  t h i s  r e p o r t  should not  

be considered r e p r e s e n t a t i v e  of the  genera l  popula t ion of t ruck  t i r e s  pro- 

duced. 

kfneel hardware was obta ined from Motor Wheel Corporat ion,  F i r e s t o n e  

S t e e l  Products Company and Dayton-Idalther al lowing a  v a r i e t y  of combina- 

t i o n s  t o  be t e s t e d .  The hardware included:  

-Single and dual  conf igura t ions  

-Disc and c a s t  spoke wheels 

-Single ,  two, and t h r e e  p iece  wheels and rims 

-Bead s e a t  angles  of 5 and 15 degrees 

-Precis  ion  wheels 

-Aluminum and s t e e l  wheels 

-Aluminum and s t e e l  hubs 

With t h e  except ion of the  p r e c i s i o n  wheels,  a l l  o the r  wheel hardware was 

s tandard production components. Although UMTRI requested samples wi th  high 

and low r a d i a l  and l a t e r a l  runouts  i n  the  wheels provided,  no informat ion 

was supp l i ed  wi th  them to  i n d i c a t e  t h a t  they had been s e l e c t e d  on t h i s  b a s i s .  

The major i ty  of t i r e s  were t e s t e d  a t  two loads  and two p ressure  condi- 

t i o n s ,  and a  minimum of t h r e e  speeds.  I n  a d d i t i o n ,  many of t h e  t i r e s  were 

t e s t e d  a t  m u l t i p l e  p o s i t i o n s  on the  wheels s o  t h a t  the  s e p a r a t e  in f luences  

of t h e  t i r e s  and wheels could be e x t r a c t e d .  Wheels were t e s t e d  s e p a r a t e l y  

t o  determine how t h e i r  runout p r o p e r t i e s  r e l a t e d  t o  the  wheel o r  hub 

components, and the  way i n  which they mated toge the r  (mounting v a r i a t i o n s ) .  

I n  t o t a l ,  more than 5,000 i n d i v i d u a l  t e s t s  were performed. 

Report Organizat ion 

This r e p o r t  p r e s e n t s  t h e  r e s u l t s  and f ind ings  of t h e  resea rch  pro- 

gram o u t l i n e d  above. Chapter 2 documents the  t e s t  methods used by 

desc r ib ing  the  t e s t  machine, the  procedure by which t e s t s  were performed, 

and how the  d a t a  was t r e a t e d .  The r e l a t i o n s h i p s  observed between non- 

u n i f o r m i t i e s  and fo rce  v a r i a t i o n s  i n  t ire!;  a r e  presented i n  Chapter 3;  

while  t h a t  f o r  t h e  wheels and o t h e r  components a r e  presented i n  Chapter 4 .  

The conclus ions  from t h i s  work a r e  presented i n  Chapter 5 .  



CHAPTER 2 

TEST METHODOLOGY 

2.1  The Uniformi ty  Tes t  Machine 

A t  t he  o u t s e t  of t h e  p r o j e c t ,  t h e  RMA assumed r e s p o n s i b i l i t y  f o r  

p rov id ing  a  t i r e  un i fo rmi ty  machine s u i t a b l e  f o r  t h e  planned r e s e a r c h  pro- 

gram. The R U  s e l e c t e d  MTS Systems Corpora t ion  of Minneapol i s  t o  b u i l d  

t h e  machine based on a  r e c o n f i g u r a t i o n  of  t h e i r  Model 860 t e s t  machine. 

The Model 860 is  a  67-inch drum machine t h a t  has  been used i n  t h e  t r u c k i n g  

i n d u s t r y  f o r  t i r e  and wheel  component t e s t i n g .  The c a p a b i l i t i e s  of t h e  

machine were d e f i n e d  i n  hardware s p e c i f i c a t i o n s  publ i shed  by MTS [ 5 ] ,  and 

by a  s e t  of Performance S p e c i f i c a t i o n s  developed by UMTRI [ 6 ] .  

The machine t h a t  was b u i l t  and used i n  t h e  r e s e a r c h  i s  shown i n  t h e  

photograph of F i g u r e  1. The major  f e a t u r e s  a r e  a s  f o l l o w s :  

1)  The machine c o n s i s t s  of a  67.23-inch drum, 30 inches  wide 

t o  accommodate t r u c k  dua l  wheel  a s sembl i e s .  The drum i s  

d r i v e n  by a  40-horsepower motor through a t o o t h - b e l t ,  w i t h  

t h e  speed c o n t r o l l e d  ove r  t h e  r ange  of 0-60 mph by a  

c losed- loop c o n t r o l  system. 

2) The t i r e / w h e e l / h u b / s p i n d l e  assembly mates t o  t h e  machine 

on a  fou r -ax i s  l o a d  t r a n s d u c e r  system. The t r a n s d u c e r  i s  

mounted on a  movable c a r r i a g e  t o  b r i n g  t h e  assembly t o  load  

on t h e  drum. The c a r r i a g e  i s  moved by a h y d r a u l i c  s e rvo  

sys tem,  a l lowing  c o n t r o l  of e i t h e r  t h e  l o a d  o r  r o l l i n g  

r a d i u s .  The t r a n s d u c e r  is  in s t rumen ted  f o r  measurement o f :  

- T r a c t i v e  f o r c e ,  F 
X 

- L a t e r a l  f o r c e ,  F  
Y 

-Radia l  f o r c e ,  FZ 

-Al igning  moment, M 
z 





3) L inea r  Var i ab le  Displacement Transformers (LVDTs) a r e  

provided  w i t h  t h e  necessa ry  f i x t u r e s  t o  a l low measure- 

ment of t h e  r a d i a l  and l a t e r a l  runou t  p r o p e r t i e s  of t i r e s  

and wheels .  A photograph of t h e  system i s  shown a s  s e t  

up f o r  measurement of  r a d i a l  runou t s  on a  t i r e  i n  F igu re  

2 .  

4 )  A Con t ro l  Console ( v i s i b l e  i n  F igu re  1 )  p rov ides  a  

s t a t i o n  from which t h e  machine o p e r a t i o n  can be c o n t r o l l e d .  

5 )  A computer-based i n s t r u m e n t a t i o n  system i s  inco rpora t ed  

w i t h i n  t h e  Con t ro l  Console f o r  d a t a  a c q u i s i t i o n  and pro- 

c e s s i n g .  The i n s t r u m e n t a t i o n  c o n s i s t s  of s i g n a l  cond i t ion -  

i ng  a m p l i f i e r s  f o r  t h e  LVDT and t r a n s d u c e r  f o r c e  s i g n a l s ,  

high- and low-pass f i l t e r s  t o  remove n o i s e  and DC l e v e l s  

from s i g n a l s  where r e q u i r e d ,  a n a l o g - t o - d i g i t a l  c o n v e r t e r s  

(ADC), and a  PDP 11 /03  d i g i t a l  computer w i t h  8-inch f loppy  

d i s k  s t o r a g e  mediums and a  Decwri te r  LA36 t e r m i n a l .  

6 )  An o p t i c a l  wheel p o s i t i o n  s e n s i n g  system i s  provided  f o r  

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

assembly du r ing  o p e r a t i o n .  The system h a s  two d e t e c t o r  

channels .  One channel  p i c k s  up a  once-per - revolu t ion  

r e f e r e n c e  mark ( u s u a l l y  p l aced  on t h e  t i r e )  t o  which t h e  

phase ang le s  of t h e  harmonics a r e  r e f e r e n c e d ,  The second 

p i c k s  up 32 marks pe r  r e v o l u t i o n ,  used t o  t r i g g e r  t h e  d a t a  

sampling.  

7 )  Misce l laneous  s u p p o r t  i t ems  such  a s  a  h y d r a u l i c  power 

supp ly ,  a  d r i v e  motor c o n t r o l  system, and hardware f o r  

c a l i b r a t i o n  of t h e  t r a n s d u c e r  system a r e  provided .  

The t i r e  t e s t  machine i s  des igned f o r  measurement of f o r c e  and 

d imensional  n o n u n i f o r m i t i e s  and t r a n s f o r m a t i o n  i n t o  harmonic v a l u e s .  That 

i s ,  t h e  raw f o r c e  v a r i a t i o n  ( o r  runou t )  s i g n a l s  a r e  measured then  conver ted  

t o  t h e  f requency domain by t h e  o p e r a t i o n  of a  F a s t  F o u r i e r  Transform (FFT). 

The FFT i s  a  mathemat ica l  a l g o r i t h m  t h a t  de termines  t h e  ampl i tude  and 



Figure 2. Photograph of the LVDT System for Measuring ~ire/~heel Assembly 
Runouts (in Tire Radial Runout Mode). 



phase angles  f o r  a s e r i e s  of s i n e  waves, which when summed t o g e t h e r ,  a r e  

equ iva len t  t o  t h e  o r i g i n a l  s i g n a l .  The f i r s t  s i n e  wave has  a s p a c i a l  

frequency equal  t o  the  circumference of t h e  t i r e  and i n  t h i s  r e p o r t  i s  

r e f e r r e d  t o  a s  t h e  " F i r s t f f  harmonic. The second s i n e  wave has a frequency 

t h a t  i s  twice t h e  f i r s t ,  and i s  hence t h e  "Second" harmonic. The t h i r d  

i s  a t  t h r e e  t imes t h e  frequency,  and so  on. 

2.2 C a l i b r a t i o n  and Va l ida t ion  of t h e  Tes t  Machine 

When the  t e s t  machine was received and i n s t a l l e d  a t  UMTRI,  an  exten- 

s i v e  s e r i e s  of t e s t s  was performed t o  f a m i l i a r i z e  the  s t a f f  wi th  i t s  

proper  use and v a l i d a t e  t h e  d a t a  acquired.  I n  t h e  p rocess ,  a  number of 

changes i n  t h e  machine were necessary  t o  make i t  o p e r a t i o n a l  f o r  t h e  

d e s i r e d  resea rch .  The major p i t f a l l s  and f i n d i n g s  discovered i n  t h a t  work 

a r e  r epor ted  he re  f o r  t h e  b e n e f i t  of those  who a t tempt  t o  develop o r  use  

s i m i l a r  equipment i n  t h e  f u t u r e .  

2 .2 .1  Data Acqu is i t ion  - The f o r c e  and moment s i g n a l s  produced by 

t h e  t e s t  machine a r e  passed through an ana log- to -d ig i t a l  conver ter  (ADC) 

t o  t h e  computer process ing system where t h e  FFT i s  performed. High-pass 

f i l t e r s  a r e  used t o  remove t h e  DC component of t h e  s i g n a l  be fo re  going t o  

t h e  ADC so  t h a t  t h e  conver te r  can be used more e f f e c t i v e l y  over i t s  f u l l  

dynamic range ( i . e . ,  so  t h a t  maximum r e s o l u t i o n  i s  obta ined i n  t h e  con- 

v e r s i o n  p rocess ) .  Though t h e s e  f i l t e r s  were s e t  t o  a very  low r o l l - o f f  

frequency,  they w i l l  cause s i g n i f i c a n t  d a t a  e r r o r s  ( e s p e c i a l l y  i n  t h e  phase 

angles)  un less  compensated. Thus i t  was necessary  t o  measure the  amplitude 

and phase response p r o p e r t i e s  of t h e  f i l t e r s  and develop compensation 

methods t o  c o r r e c t  f o r  t h e i r  in f luence  i n  t h e  d i g i t a l  d a t a .  

The analog s i g n a l s  from t h e  f o r c e  t r ansducer  a r e  sampled 32 t imes 

w i t h  each revo lu t ion  of t h e  wheel. A t  very  low speed ( 1  mph), t h i s  i s  

equ iva len t  t o  l e s s  than 5 samples/second; whereas,  a t  60 mph i t  i s  280 

samples/second. To v a l i d l y  sample analog d a t a  f o r  frequency a n a l y s i s ,  

i t  i s  c r i t i c a l  t h a t  t h e  s i g n a l  n o t  con ta in  informat ion (or  no i se )  a t  any 

frequency above one-half t h e  sampling frequency.  I f  i t  does,  t h e  h igher  

frequency informat ion appears t o  be a t  low frequency i n  t h e  d i g i t a l  d a t a  , 



(a  process  c a l l e d  " a l i a s i n g " ) ,  and t h e  d i g i t i z e d  d a t a  i s  not v a l i d .  I n  

i t s  completed form, the  machine was found t o  have s i g n i f i c a n t  t ransducer  

s i g n a l  content  a t  high frequency due t o  dynamic v i b r a t i o n s  of both t h e  

machine and the  t i r e  assembly. Thus i t  was necessary  t o  r e t r o f i t  the 

machine wi th  a system of s e l e c t a b l e  f i l t e r s  s o  t h a t  the  high-frequency 

informat ion (above one-half t h e  sampling r a t e )  could be e l imina ted .  For 

these  f i l t e r s ,  i t  was again  necessary  t o  determine t h e  amplirude and phase 

response of each of t h e s e  f i l t e r s ,  and develop a lgor i thms whereby t h e  

processed da ta  would be cor rec ted  f o r  the. amplitude and phase d i s t o r t i o n  

in t roduced by the  f i l t e r s .  

2 . 2 . 2  Transducer Compliance - The t e s t  machine ( see  F ig .  1 )  was 

designed wi th  t h e  t e s t  wheel can t i l eve red  off  of the  f o r c e  and moment 

t r ansducer .  While t h i s  i s  an arrangement t h a t  i s  very  convenient  f o r  t i r e  

and wheel changes, e t c . ,  t h e  c a n t i l e v e r  des ign was discovered t o  be sub- 

s t a n t i a l l y  more compliant than expected.  A s  a  r e s u l t ,  t h r e e  types of e r r o r s  

were encountered [ 7 ] :  

- S t a t i c  Force At tenuat ion - The nonuniformity f o r c e s  wi th in  a t i r e /  

wheel assembly a r e  bnly observed a t  t h e i r  t r u e  magnitude on a s p i n d l e  

t h a t  i s  p e r f e c t l y  r i g i d .  I f  t h e  sp ind le  is  a b l e  t o  move f r e e l y  under load ,  

no fo rce  v a r i a t i o n  w i l l  occur ( r a t h e r ,  t h e  r o l l i n g  r a d i u s  w i l l  change a s  

necessary  t o  mainta in  t h e  l o a d ) .  The observed amplitude of a f o r c e  v a r i a -  

t i o n  thus depends on t h e  r a t i o  of t h e  t ransducer  s t i f f n e s s  t o  the  t o t a l  

f o r  t h e  t r ansducer  and the  t i r e / w h e e l  assembly. I n  order  t o  o b t a i n  

a c c u r a t e  measurements ( i . e . ,  e r r o r s  < 1 p e r c e n t ) ,  the  t ransducer  should be 

a t  l e a s t  100 t imes s t i f f e r  than the  t i r e /whee l  assembly. On the  t e s t  

machine, however, i t  i s  only  10  t o  20 t imes s t i f f e r  (depending on whether 

s i n g l e  or  dual  wheels a r e  mounted); hence, even t h e  low-frequency measure- 

ments of f o r c e  v a r i a t i o n  w i l l  be 5 percen t  t o  10 percent  l e s s  than the  

c o r r e c t  va lue .  

-Dynamic Resonance E f f e c t s  - When t h e  t i r e /whee l  assembly i s  mounted 

on a compliant t r ansducer ,  i t  becomes a dynamic system t h a t  w i l l  r e sona te  

i n  d i f f e r e n t  d i r e c t i o n s .  Resonance i n  t h e  r a d i a l  (F  ) d i r e c t i o n  occurred 
z 

a t  a  frequency between 30 and 40 Hz, and i n  the  t r a c t i v e  f o r c e  d i r e c t i o n  (F ) 
X 



a t  a frequency between 20 and 30 Hz. (Note: The exact  frequency v a r i e s  

wi th  the  wheel mass, t i r e  i n f l a t i o n  p r e s s u r e ,  l o a d ,  c a r r i a g e  p o s i t i o n ,  

and o t h e r  v a r i a b l e s . )  An e x c i t a t i o n  f o r c e  a t  a  frequency anywhere near 

t h e  resonant  frequency i s  a r t i f i c i a l l y  ampl i f ied  by the  increased gain  on 

t h e  s k i r t s  of t h e  resonant  peak. Thus t h e  apparent  amplitude of the  f o r c e  

v a r i a t i o n  i s  dependent on i t s  frequency.  Figure  3 i l l u s t r a t e s  t h i s  

phenomenon. The upper p l o t  shows t h e  machine response i n  t h e  r a d i a l  (F ) 
z 

d i r e c t i o n  i n  terms of t h e  f o r c e  measured by the  t ransducer  per  u n i t  of 

f o r c e  inpu t .  Their  r a t i o ,  t h e  "gain ,"  changes wi th  frequency,  reaching 

peak va lues  a t  t h e  machine resonant  p o i n t s .  The lower p l o t  shows t h e  way 

i n  which t h e  r a d i a l  f o r c e  v a r i a t i o n s  i n  a t i r e  a s  measured by the  machine 

change wi th  speed (frequency).  From a comparison of t h e  two p l o t s ,  i t  i s  

obvious t h a t ,  i f  uncorrected,  t h e  r a d i a l  f o r c e  v a r i a t i o n s  i n  a t i r e  w i l l  

e r roneously  appear t o  change wi th  speed due t o  dynamics i n  t h e  machine. 

The process  of compensating f o r  t h e s e  e r r o r s  i s  too complex t o  be r o u t i n e l y  

a p p l i e d ;  t h e r e f o r e ,  only the  measurements up t o  20 Hz a r e  considered t o  be 

reasonably a c c u r a t e ,  and t h e  r e s u l t s  presented i n  t h i s  r e p o r t  a r e  t runca ted  

a t  t h a t  l i m i t .  

-Mechanical Cross-Coupling - The compliance of t h e  t ransducer  i s  not 

very symmetric about t h e  wheel. The d e f l e c t i o n s  a r i s i n g  from f o r c e  va r i a -  

t i o n s  along one a x i s  w i l l  cause bending on o t h e r  axes (mechanically c r o s s  

over  on to  o the r  axes ) .  Def lec t ions  on t h e  o t h e r  axes then genera te  f o r c e s  

on those  axes .  The most important  of t h e s e  i s  the  r a d i a l l l a t e r a l  cross-  

coupl ing;  i . e . ,  r a d i a l  d e f l e c t i o n s  a r e  accompanied by r o t a t i o n  i n  the  

over tu rn ing  moment d i r e c t i o n  producing a l a t e r a l  d e f l e c t i o n  a t  t h e  t i r e  

con tac t  patch.  The l a t e r a l  d e f l e c t i o n  causes t h e  t i r e  t o  genera te  a 

l a t e r a l  f o r c e  t h a t  i s  picked up by the  f o r c e  t r ansducer .  Thus t h e  r a d i a l  

f o r c e  v a r i a t i o n  i s  mechanically cross-coupled t o  t h e  l a t e r a l  a x i s .  The 

mechanism i s  q u a n t i f i e d  i n  t h e  p l o t  shown i n  Figure  4 ,  which shows t h e  out-  

put  on a l l  t ransducer  f o r c e  channels when only a r a d i a l  f o r c e ,  FZ, is 

a p p l i e d .  I d e a l l y ,  only  an F f o r c e  would be observed i n  t h i s  t e s t ,  but 
Z 

because the  t i r e  was i n s t a l l e d  and loaded a g a i n s t  t h e  drum whi le  an e x t e r n a l  

F f o r c e  was a p p l i e d ,  the  cross-coupling phenomenon occurred.  Methods f o r  
Z 

analyzing t h e  t r ansducer  ou tpu t  t o  determine which f o r c e  v a r i a t i o n ( s )  i s  
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the  source of which o u t p u t ( s )  i s  a  very  complicated p rocess .  Though 

methods f o r  c o r r e c t i o n  were examined i n  t h e  r e s e a r c h ,  the  process  was 

found t o  be too complicated t o  be a  p r a c t i c a l  s t e p  i n  the  d a t a  reduct ion 

process .  

Each of t h e  t e c h n i c a l  problems desc r ibe  above l i m i t s  t h e  accuracy of 

the  machine measurements i n  one way o r  ano the r .  Each i s  a  d i r e c t  conse- 

quence of compliance i n  t h e  machine, most of t h i s  de r iv ing  from t h e  f o r c e  

and moment t ransducer .  A t  l e a s t  t h e o r e t i c a l l y ,  t h e r e  a r e  engineer ing 

methods by which t o  measure and c o r r e c t  f o r  each e f f e c t .  I n  e f f o r t s  t o  

apply these  methods, however, i t  was observed t h a t  t h e  machine response i n  

each case  was c r i t i c a l l y  dependent on a  l a r g e  number of v a r i a b l e s .  Dynam- 

i c a l l y ,  the  amplitude and damping of each of t h e  resonant  f requencies  were 

dependent on t h e  c o n f i g u r a t i o n  ( s i n g l e  o r  dua l  wheels) ,  l o a d ,  i n f l a t i o n  

p r e s s u r e ,  load c a r r i a g e  p o s i t i o n ,  and even speed.  Thus, a  s e p a r a t e  dynamic 

c h a r a c t e r i z a t i o n  would be requ i red  a t  each t e s t  cond i t ion ,  i n c r e a s i n g  the  

t e s t  e f f o r t  by o rde rs  of magnitude. I n  l i e u  of d a t a  c o r r e c t i o n ,  the  machine 

dynamic response has  simply been measured a t  t y p i c a l  cond i t ions  t o  show 

t h e  na tu re  of t h e  e r r o r s  a r i s i n g  from these  sources .  Figure  5 shows t h e  

t r a n s f e r  func t ion  c h a r a c t e r i s t i c s  f o r  a  single-wheel conf igura t ion .  The 

measurements i n  t h i s  r e p o r t  a r e  no t  co r rec ted  f o r  t h e s e  e f f e c t s ,  and should 

be t r e a t e d  accordingly  by t h e  reader .  

The nominal magnitude of t h e  e r r o r s  i n  the  measurements a r e  summarized 

i n  Table 1. The va lues  shown here  a r e  e s t i m a t e s  f o r  s i n g l e - t i r e  configura- 

t i o n s ,  inasmuch a s  t h e  major i ty  of t e s t s  a r e  on s i n g l e  wheels,  and would be 

s l i g h t l y  g r e a t e r  f o r  dual-wheel conf igura t ions .  The f i r s t  column r e p r e s e n t s  

t h e  s t a t i c  gain  e r r o r s  a s s o c i a t e d  wi th  t h e  s t a t i c  f o r c e  a t t e n u a t i o n  

mechanism descr ibed e a r l i e r .  Mechanical cross-coupling e r r o r s  a r e  dependent 

on t h e  r e l a t i v e  magnitudes of f o r c e  v a r i a t i o n s  i n  t h e  o t h e r  d i r e c t i o n s  and 

the  degree t o  which they cross-couple.  The t r a n s f e r  func t ions  i n  Figure  5 

g ive  an i n d i c a t i o n  of t h e  e x t e n t  t o  which f o r c e s  cross-couple.  The 

es t imated e r r o r s  l i s t e d  i n  Table 1 a r e  der ived from the  product of those  

t r a n s f e r  f u n c t i o n s  and t h e  nominal l e v e l  of f o r c e  v a r i a t i o n s  p resen t  on 

t h e  o t h e r  axes.  Cross-coupling t o  t h e  F  a x i s  a r i s e s  p r imar i ly  from the  z 
l a t e r a l  and t r a c t i v e  axes .  These f o r c e s ,  however, a r e  not  so  l a r g e  t h a t  
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Table 1. Est imate  of E r r o r  Ranges f o r  t h e  
MTS Transducer. 

S t a t i c  Low Speed High Speed 
Gain (5 MPH) (60 O H )  

Direc t ion  cross-coupling1 cross-couplingz ~ ~ n a m i c s ~  

Radia l ,  F 
2 

L a t e r a l ,  F -10% + 20% - + 20 t o  30% Y - 0% 

T r a c t i v e ,  F 
X 

- 0 + 70% - t 1 5  t o  30% + l o  t o  50% - 
Aligning Torque, -10% + - 35% + 40 t o  65% - t 5  to  25% 
M 

l ~ i r s t  harmonic 

2 ~ a n g e  f o r  1 s t  and 2nd harmonics 



b i g  e r r o r s  w i l l  a cc rue .  The coup l ing  of F t o  F  , however, i s  more s e r i o u s  z Y 
because  t h e  F magnitudes tend  t o  be  much g r e a t e r  t h a n  t h e  F f o r c e  magni- 

z Y 
t u d e s .  T r a c t i v e  f o r c e  and a l i g n i n g  momerlt c ro s s - coup l ing  i s  more s e r i o u s .  

The t r a c t i v e  f o r c e  e s p e c i a l l y  ha s  e r r o r s  a t  low speed because  t h e  t r a c t i v e  

f o r c e s  t end  t o  be q u i t e  s m a l l  such  t h a t  t h e  cross-coupled f o r c e s  appear  

r e l a t i v e l y  l a r g e .  The f o r c e  magnitudes 2nd t h e  t r a n s f e r  f u n c t i o n s  each  

change r e s p e c t i v e l y  w i t h  speed and f r equency ,  hence  t h e  t y p i c a l  c ro s s -  

c o u p l i n g  e r r o r s  w i l l  change w i t h  speed .  Thus an e s t i m a t e  of c ro s s - coup l ing  

e r r o r s  a r e  g iven  f o r  high-speed c o n d i t i o n s .  F i n a l l y ,  because  t h e  g a i n  

of e ach  channe l  changes w i t h  f r equencp ,  a d d i t i o n a l  e r r o r s  w i l l  a c c r u e .  

These e r r o r s  grow w i t h  s p e e d ,  and t y p i c a l  e r r o r  magnitudes a r e  i n d i c a t e d  i n  

t h e  l a s t  column of Tab l e  1. By and l a r g e ,  t h e  v a l u e s  shown i n  t h i s  t a b l e  

a r e  cons ide red  on ly  c rude  e s t i m a t e s  f o r  pu rposes  of i l l u s t r a t i n g  p o t e n t i a l  

magnitudes and should  n o t  be t a k e n  a s  a  s t a t e m e n t  of known e r r o r  magnitudes.  

Aside from t h e s e  t e c h n i c a l  i s s u e s  r e l a t e d  t o  dynamic l i m i t a t i o n s  of 

t h e  machine,  o t h e r  e x e r c i s e s  were p e r f o m e d  t o  v a l i d a t e  t h e  s t a t i c  c a l i b r a -  

t i o n  of  t h e  t r a n s d u c e r .  A t  t h e  s t a g e  where t h e  machine was cons ide red  

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

f o r c e  measurements were i n  agreement w i th  a  p r e c i s i o n  l o a d  c e l l  p rovided  

w i t h  t h e  machine. Hardware f o r  i n s t a l l i n g  and a l i g n i n g  t h e  p r e c i s i o n  l oad  

c e l l  was provided  by t h e  manufac tu re r ,  a long  w i t h  t h e i r  a s s i s t a n c e  i n  pe r -  

forming t h e  c a l i b r a t i o n .  From t h i s  e x e r c i s e  i t  was p o s s i b l e  t o  conf i rm t h a t  

t h e  f o r c e s  measured by t h e  t r a n s d u c e r  were indeed  a c c u r a t e l y  r e l a t e d  t o  t h e  

f o r c e s  b e i n g  imposed on t h e  s p i n d l e  i n  accordance  w i t h  t h e  c o o r d i n a t e  sys tem 

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

2 . 2 . 3  Comparison of Machine Measurements w i t h  RMA Measurements - I n  

t h e  cou r se  of t i r e  t e s t s ,  i t  was no t ed  t h a t  t h e  measured f o r c e  v a r i a t i o n s  

were s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h o s e  r e p o r t e d  by t h e  RMA member companies 

t h a t  s u p p l i e d  t h e  t i r e s .  Comparison of f o u r  measurements was possible- the 

Composite R a d i a l  Fo rce  V a r i a t i o n  (FZ ) ,  t h e  F i r s t  Harmonic Fo rce  V a r i a t i o n  
C 

(FZ ) ,  t h e  F r e e  Rad ia l  Runout on t h e  T i r e  C e n t e r l i n e  (FRROC), and t h e  
1 

Composite L a t e r a l  Fo rce  V a r i a t i o n  (FY ). Comparison of t h e  RMA v a l u e s  w i t h  
C 

t h o s e  o b t a i n e d  by LJMTRI f o r  e ach  of t h e s e  pa rame te r s  i s  shown i n  F i g u r e s  

6 ,  7 ,  8 ,  and 9 .  Though t h e  r a d i a l  f o r c e  v a r i a t i o n s  show poor agreement ,  t h e  
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f a c t  t h a t  t h e  r a d i a l  runout  measurements a r e  comparably bad i s  an i n d i c a t i o n  

t h a t  t h e  t i res  were n o t  be ing  mounted e q u i v a l e n t l y  by both  o r g a n i z a t i o n s ,  

hence t h e  f o r c e  va lues  should  be d i f f e r e n t .  The d i s p a r i t i e s  observed h e r e  

a r e  perhaps  t y p i c a l  of t h e  d i f f e r e n c e s  between t e s t  machines of d i f f e r e n t  

d e s i g n ,  o p e r a t e d  us ing  d i f f e r e n t  p rocedures .  A t  t h e  s t a g e  i n  t h e  r e s e a r c h  

where t h i s  d i s p a r i t y  was no ted ,  a  complete  r e - eva lua t ion  of t h e  t e s t  machine 

was conducted t o  v e r i f y  i t s  accuracy  [ 8 ] .  From t h e  e x e r c i s e  i t  was con- 

c luded  t h a t  t h e  t e s t  machine was p e r f o r n i n g  a s  r e p r e s e n t e d  i n  t h e  above 

d i s c u s s i o n s  about  i t s  accuracy  and e r r o r  s o u r c e s .  Perhaps  one of t h e  more 

i n t e r e s t i n g  o b s e r v a t i o n s  i n  t h a t  r e p o r t  was t h a t  t h e  c o r r e l a t i o n  between 

t h e  machine measures of  r a d i a l  runout  and r a d i a l  f o r c e  v a r i a t i o n  was v e r y  

good. Inasmuch a s  t h e  measurement of r a d i a l  runout  was v a l i d a t e d  by com- 

p a r i s o n  t o  measurements by a  d i a l  i n d i c a t o r ,  t h e  good c o r r e l a t i o n  was an 

i n d i c a t i o n  t h a t  t h e  r a d i a l  f o r c e  measurements be ing  ob ta ined  a r e  c o n s i s t e n t .  

Although e r r o r s  c r e e p  i n t o  t h e  r e s u l t s  v i a  t h e  above-mentioned mechanisms, 

t h e  measures ob t a ined  can n o n e t h e l e s s  r e v e a l  much about  f o r c e  v a r i a t i o n s  

p r e s e n t  i n  t r u c k  t i r e s ,  i f  t h e  r e s u l t s  a r e  used knowledgeably. 

F i n a l l y ,  ou t  of concern t h a t  f o r c e  v a r i a t i o n s  measured on a  drum 

machine might d i f f e r  s y s t e m a t i c a l l y  from t h o s e  produced on a  f l a t  ( road )  

s u r f a c e ,  t i r e  un i fo rmi ty  t e s t s  were conducted on t h e  I n s t i t u t e ' s  f l a t -bed  

t i r e  t e s t e r  f o r  comparison w i t h  t h e  MTS machine ( s e e  App. C ) .  From t h o s e  

t e s t s  i t  was concluded t h a t  measurements on t h e  67-inch drum a r e  e s s e n t i a l l y  

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

2 . 3  T e s t  and Data P r o c e s s i n g  Procedures  

The r e s u l t s  t h a t  a r e  o b t a i n e d  i n  a  r e s e a r c h  endeavor such a s  t h i s  

a r e  t o  some e x t e n t  i n f l u e n c e d  by t h e  procedures  used i n  t e s t i n g  and d a t a  

p r o c e s s i n g .  Hence, t h e  p rocedures  t h a t  were used a r e  d e s c r i b e d  i n  t h i s  

s e c t i o n .  

2 . 3 . 1  Genera l  T e s t  Procedures  - The g e n e r a l  methods c h a r a c t e r i z i n g  

t h e  t e s t  p rocedures  can be s e p a r a t e d  i n t o  t h e  fo l lowing  t o p i c a l  headings .  

- T i r e  Mounting Procedures  - Throughout t h e  expe r imen ta l  program, 

t i r e s  were r e p e a t e d l y  mounted on p r e c i s i o n  wheels  and commercial wheels .  

I n  t h e  mounting p r o c e s s ,  e s p e c i a l l y  w i t h  t u b e l e s s  t i r e s ,  c a r e  was t aken  t o  



a v o i d  bead damage a s  would a f f e c t  bead s e a t i n g  on a  whee l .  I n  e a c h  mount,  

? lu rphy ' s  Soap was used  a s  a  l u b r i c a n t  t o  a i d  s e a t i n g .  The t i r e s  w e r e  n o t  

i n f l a t e d  above T&RA r a t i n g s  t o  h a s t e n  t h e  s e a t i n g .  

- T i r e  Warmup - P r i o r  t o  any t e s t s ,  t h e  t i r e  was r u n  a t  f u l l  l o a d /  

p r e s s u r e  c o n d i t i o n s  on t h e  drum a t  a  s p e e d  of 60 mph f o r  a  p e r i o d  of 20 

m i n u t e s .  T h i s  p r o c e d u r e  was found t o  b e  a d e q u a t e  f o r  b r i n g i n g  t h e  t i r e  up 

t o  warm c o n d i t i o n s ,  s u c h  t h a t  r e p e a t a b l e  d a t a  was o b t a i n e d .  

- L o a d / P r e s s u r e  C o n d i t i o n s  - ?:ans o f  t h e  t i r e s  were t e s t e d  a t  f o u r  

s t a n d a r d  l o a d / p r e s s u r e  c o n d i t i o n s .  These c o n d i t i o n s  were t o  be d e f i n e d  

by T&RA s i n g l e - t i r e  r a t i n g s  e q u i v a l e n t  t o  100% l o a d  v i t h  100% p r e s s u r e ,  

752 l o a d  w i t h  100% p r e s s u r e ,  752 l o a d  v i t h  75% p r e s s u r e ,  and 50% l o a d  w i t h  

75% p r e s s u r e .  However, t h e  t i r e s  r e c e i v e d  i n c l u d e d  a  mix of  F - r a t e d  

b i a s - p l i e s  and G-ra ted  r a d i a l  t i r e s .  Inasmuch a s  t h e  two r a t i n g s  would 

r e s u l t  i n  1 6  l o a d / p r e s s u r e  c o n l i t i o n s ,  making comparisons more d i f f i c u l t ,  

a l l  t i r e s  were t e s t e d  a t  t h e  F - r a t e d  c o n d i t i o n .  Thus,  t h e  l o a d / p r e s s u r e  

c o n d i t i o n s  used  f o r  r a d i a l  and b i a s - p l y  : i r e s  were a s  f o l l o w s :  

R a d i a l  Bias -P ly  

~ o a d / P r e s s u r e  - Load P r e s s u r e  -- Load - P r e s s u r e  

l O O X / l O O %  5430 l b  90 p s i  5430 l b  8 5  p s i  

75%/100% 4073 9 0 4073 8 5  

75%/75% 4073 67 .5  4073 6 4  

50%/75% 2715 67 .5  2715 64 

I n  t h e  t es t s  on t i r e / w h e e l  a s s e m b l i e s ,  a l l  ha rdware  was t e s t e d  a t  t h e  f u l l  

l o a d  p r e s s u r e  c o n d i t i o n ,  which was 5430 l b s  f o r  s i n g l e  w h e e l s  and 9520 l b s  

f o r  d u a l  w h e e l s .  I n  t h e  dual-wheel t e s t s ,  r a d i a l  t i res  were  o p e r a t e d  a t  

80  p s i ,  and b i a s - p l y  t i r e s  were  o p e r a t e d  a t  75 p s i .  I n  s e l e c t e d  c a s e s ,  

tests a t  o t h e r  l o a d l p r e s s u r e  c o n d i t i o n s  were performed a s  c o n s i d e r e d  neces -  

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

above ,  and tests of  s i n g l e  w h e e l s  a t  t h e  d u a l  whee l  l o a d l p r e s s u r e  c o n d i t i o n s ,  

a s  b a s e l i n e  i n f o r m a t i o n  f o r  t h e i r  u s e  on d u a l  w h e e l s  i n  l a t e r  tes ts .  



-Test Order - No s p e c i f i c  t e s t  order  was p resc r ibed ,  nor was the  

operaror  r equ i red  t o  randomize the  o rde r .  I n  t h e  i n i t i a l  exp lo ra to ry  

t e s t s  i n  which t e s t  procedures were e s t a b l i s h e d ,  the  d a t a  appeared t o  be 

repea tab le  enough t h a t  t e s t  o rde r  was of no consequence. 

-Test Length - A " t e s t "  a t  any s p e c i f i c  cond i t ion  i s  considered t o  be 

t h e  average of da ta  obta ined over 8 r e v o l u t i o n s  of a  wheel. That i s ,  the  

harmonic f o r c e  v a r i a t i o n s  a r e  t h e  average f o r  8 r e v o l u t i o n s ,  imbalance i s  

determined from da ta  acquired i n  8 r e v o l u t i o n s ,  and runout measurements 

a r e  the  average from 8 measurements of t h e  t i r e .  The choice  of 8 revolu- 

t i o n s  was determined from exp lo ra to ry  t e s t s  i n  which i t  was e s t a b l i s h e d  t h a t  

8 r e v o l u t i o n s  were s u f f i c i e n t  t o  minimize v a r i a b i l i t y  of t h e  measurements. 

2.3.2 Radial  Runout Measurements - T i r e  r a d i a l  runout measurements 

were obta ined by emplacing t h e  LVDT f i x t u r e s  a g a i n s t  t h e  t r e a d  band of 

t h e  t i r e ,  a s  was i l l u s t r a t e d  i n  Figure  2 .  Two LVDTs were run on the  edges 

of t h e  t r ead  band (normally i n  t h e  c e n t e r  of t h e  o u t s i d e  r i b ) ,  whi le  one 

was loca ted  in te rmedia te ly  on t h e  c e n t e r l i n e  of the  t i r e .  Once i n  p lace ,  

t h e  t i r e /whee l  assembly was r o t a t e d  by hand f o r  8 r e v o l u t i o n s  whi le  t h e  

computerized d a t a  a c q u i s i t i o n  system took d i g i t a l  samples of runout a t  t h e  

r a t e  of 32 p o i n t s  per r evo lu t ion .  These d a t a  were processed through the  

FFT t o  o b t a i n  t e n  harmonic va lues  which a r e  then averaged over t h e  e i g h t  

r e v o l u t i o n s .  The d a t a  were s t o r e d  a s  the  harmonic values  f o r  the  t h r e e  

i n d i v i d u a l  measurements. The Free Radia l  Runout on t h e  Cen te r l ine  (FRROC) 

was used d i r e c t l y .  Two-Point Free  Radia l  Runout (FRR02P) was determined 

by vec to r  averaging t h e  harmonic va lues  f o r  t h e  i n s i d e  and o u t s i d e  shoulders .  

Three-Point Free Radia l  Runout (FRR03P) was obta ined by v e c t o r  averaging 

a l l  t h r e e  measurements. Runout measurements on wheels were obtained i n  a  

s i m i l a r  f a s h i o n ,  d i f f e r i n g  only i n  t h e  placement of t h e  LVDTs. For wheel 

runout measurement, two LVDTs a r e  used,  one placed on each bead s e a t .  The 

LVDTs a r e  l o c a t e d  j u s t  i n s i d e  the  r a d i u s  between the  f l a n g e  and t h e  bead 

s e a t ,  t h a t  p o s i t i o n  r e p r e s e n t i n g  t h e  o u t e r  l i m i t  of t h e  s lop ing  bead s e a t .  

The Bead Seat  Radia l  Runout (BSRO) was obtained by v e c t o r  averaging t h e  

harmonic va lues  f o r  t h e  two s i d e s .  



2 .3 .3  L a t e r a l  Runout Measurements - L a t e r a l  r u n o u t  of bo th  t i r e s  

and wheels  was measured w i t h  two LVDTs. L a t e r a l  r unou t  of t h e  t i r e  was 

measured on t h e  s c u f f  band which i s  normal ly  t h e  p o i n t  of maximum o v e r a l l  

w i d t h ,  w i t h  t h e  LVDT p l aced  p a r a l l e l  t o  t h e  wheel  s p i n  a x i s .  L a t e r a l  

r unou t  on a  wheel  was measured by p o s i t i o n i n g  t h e  LVDTs t o  f o l l o w  t h e  

i n s i d e  of t h e  wheel  f l a n g e s .  Because of t h e i r  s i z e ,  t h e  LVDTs were  n o t  

q u i t e  p a r a l l e l  t o  t h e  s p i n  a x i s  b u t  would normal ly  have an  i n c l i n a t i o n  of  

abou t  f i v e  deg ree s .  No c o r r e c t i o n  was made t o  t h e  d a t a  f o r  t h i s  e f f e c t .  

The l a t e r a l  r unou t  on each  s i d e  of t h e  t i r e  o r  wheel  was reduced  t o  harmonic 

v a l u e s .  The magnitude of  one was r e v e r s e d  t o  accoun t  f o r  i t s  o p p o s i t e  

o r i e n t a t i o n ,  and t h e  harmonics  from bo th  s i d e s  were  added v e c t o r a l l y  t o  

o b t a i n  t h e  o v e r a l l  ( ave rage )  l a t e r a l  r unou t  f o r  t h e  t i r e  (FLRO) o r  wheel  

(BSLRO) . 

2 . 3 . 4  Loaded R a d i a l  Runout - The t e s t  machine p rov ided  an  o p e r a t i n g  

mode f o r  measur ing  t h e  Loaded R a d i a l  Runout (LRR) f o r  a  t i r e l w h e e l  assembly.  

The measurement was o b t a i n e d  by l o a d i n g  t h e  assembly a g a i n s t  t h e  drum t o  

t h e  s e l e c t e d  v a l u e  which was t h e n  ma in t a ined  by f o r c e  f eedback  servo-  

c o n t r o l .  The drum was t h e n  r o t a t e d  s l o w l y  ( e q u i v a l e n t  t o  app rox ima te ly  

1 mph) d u r i n g  which t h e  l oaded  r a d i u s  s i g n a l  was sampled.  A f t e r  t h e  e i g h t  

r e v o l u t i o n s ,  t h e  sampled d a t a  was p roces sed  by t h e  FFT r o u t i n e s  t o  o b t a i n  

t h e  harmonic v a l u e s .  

2 .3 .5  Imbalance Measurement - Imbalance was measured w h i l e  t h e  

t i r e l w h e e l  assembly was r o t a t e d  i n  f r e e  s p a c e  a t  h i g h  speed .  The p rocedu re  

was t o  l o a d  t h e  t i r e  l i g h t l y  a g a i n s t  t h e  drum and t a k e  i t  up t o  a  speed of 

60 mph. The t i r e  was t h e n  backed-off from t h e  drum, and once  c o n t a c t  was 

broken ,  t h e  f o r c e s  were measured f o r  t h e  r e q u i r e d  e i g h t  r e v o l u t i o n s .  The 

f i r s t  harmonic v a l u e s  obse rved  i n  t h e  r a d i a l  and t r a c t i v e  f o r c e  d i r e c t i o n s  

r e p r e s e n t  t h e  o v e r a l l  imbalance  f o r c e .  The a v e r a g e  speed of  t h e  t e s t  wheel  

ove r  t h e  e i g h t  r e v o l u t i o n s  was measured c o n c u r r e n t l y  by measur ing  t h e  t ime  

r e q u i r e d  t o  comple te  t h e  e i g h t  r e v o l u t i o n s  ( v i a  computer a l g o r i t h m s  

deve loped  by t h e  r e s e a r c h  s t a f f ) .  The imba lance  magni tude  was t h e n  com- 

pu t ed  from t h e  r a t i o  of t h e  f o r c e  t o  t h e  s q u a r e  of t h e  a v e r a g e  speed  ove r  

t h e  measurement i n t e r v a l .  The measurement of  imbalance  f o r c e  i n  b o t h  t h e  



r a d i a l  and t r a c t i v e  fo rce  d i r e c t i o n s  provided redundant measurement 

c a p a b i l i t y  which on s e v e r a l  occasions was h e l p f u l  i n  d e t e c t i n g  e r r o r s  i n  

ins t rumenta t ion  f o r  t h e  r a d i a l  f o r c e  d i r e c t i o n .  

2 . 4  Data Process ing  

The types  of process ing app l i ed  t o  t h e  d a t a  obta ined on the  )ITS 

t i r e  t e s t  machine a r e  descr ibed i n  t h i s  s e c t i o n .  Two b a s i c  s t a g e s  of pro- 

cess ing  were required--initial process ing t o  c o r r e c t  f o r  machine e f f e c t s ,  

and process ing f o r  purposes of a n a l y s i s .  

2 .4 .1  I n i t i a l  P rocess ing  - When t h e  e l e c t r i c a l  s i g n a l s  r ep resen t -  

ing t h e  runouts  o r  f o r c e  v a r i a t i o n s  were received i n t o  the  s i g n a l  process ing 

system, f i l t e r i n g  and d i g i t i z i n g  were performed. The d a t a  were then 

immediately processed v i a  t h e  FFT t o  o b t a i n  t h e  harmonic magnitudes and 

phase ang les .  A t  t h i s  s t a g e ,  s e v e r a l  e r r o r s  were s t i l l  p resen t  i n  t h e  

d a t a .  The high- and low-pass f i l t e r i n g  processes  necessary  before  d i g i -  

t i z i n g  in f luence  both the  magnitude and phase ang le  v a l u e s ,  n e c e s s i t a t i n g  

c o r r e c t i o n s  f o r  t h e i r  e f f e c t s .  From s e p a r a t e  c h a r a c t e r i z a t i o n s ,  correc-  

t i o n s  f o r  t h e  amplitude and phase d i s t o r t i o n s  through t h e  f i l t e r s  were 

determined a s  a  func t ion  of frequency.  By t iming t h e  pe r iod  requ i red  f o r  

t h e  e i g h t  r evo lu t ions  dur ing which d a t a  were acqu i red ,  the  speed of the  

wheel was known and t h e  temporal frequency of each harmonic could be 

determined. Knowing t h i s  frequency,  a p p r o p r i a t e  c o r r e c t i o n s  f o r  t h e  

f i l t e r i n g  could be appl ied .  

The machine f o r c e  and moment t ransducer  incorpora tes  c r o s s t a l k  between 

channels due t o  t h e  p r a c t i c a l  l i m i t s  on t h e  p r e c i s i o n  wi th  which such 

devices  can be manufactured. The c r o s s t a l k  e f f e c t s  between t h e  d i f f e r e n t  

channels were determined i n  t h e  c a l i b r a t i o n  p r i o r  t o  t e s t i n g .  Cross ta lk  

i s  no t  frequency s e n s i t i v e ,  hence c o r r e c t i o n s  a r e  simply app l i ed  by harmonic 

a c r o s s  a l l  channels.  Once t h e s e  c o r r e c t i o n s  were performed, t h e  d a t a  were 

s t o r e d  on t h e  f loppy d i s k  s t o r a g e  medium along wi th  t e s t , h e a d e r  d a t a  

i d e n t i f y i n g  t h e  components under t e s t ,  speed,  l o a d ,  i n f l a t i o n  p r e s s u r e ,  e t c .  



2 . 4 . 2  P r o c e s s i n g  f o r  A n a l y s i s  - I n  t h e  a n a l y s i s  phase ,  d a t a  were 

r ead  from t h e  f l oppy  d i s k s  and p roces sed  by a  number of methods.  The 

p r c c e s s i n g  and a n a l y s e s  were  performed or t h e  u n i v e r s i t y ' s  main computer 

sv s t em,  an  Amdahl 4iOV/8. P r o c e s s i n g  was l a r g e l y  o r i e n t e d  toward q u a n t i -  

f y i n g  t h e  magnitudes of n o n u n i f o r m i t i e s  2nd f o r c e  v a r i a t i o n s  a t t r i b u t a b l e  

t o  s p e c i f i c  wheel  components s o  t h a t  t h e i r  f u n c t i o n a l  r e l a t i o n s h i p  cou ld  

be de t e rmined .  The s e p a r a t i o n  of t h e  " sou rce s "  i s  c o n c e p t u a l l y  i l l u s t r a t e d  

i n  F i g u r e  10 .  When we c o n s i d e r  on ly  one harmonic a t  a  t ime  f o r  a  t i r e l w h e e l  

assemblu ,  t h e  f o r c e  component a r i s i n g  from t h e  t i r e  can be  c o n s i d e r e d  a s  

a v e c t o r  of a  f i x e d  magnitude and phase  s .ngle .  Because t h e  measurements 

a r e  always made w i t h  r e s p e c t  t o  a  r e f e r e n c e  mark on t h e  t i r e  (which i s  

s ensed  by t h e  p h o t o - o p t i c a l  wheel  r o t a t i o n  p i c k u p s ) ,  t h e  f o r c e  v a r i a t i o n  

o f  t h e  t i r e  a lways appea r s  a t  t h e  same phase  a n g l e  i n  t h e  t e s t s .  The wheel 

nonun i fo rmi ty  i s  a l s o  r e p r e s e n t e d  a s  a  v e c t o r  having  a  magni tude  and phase 

a n g l e ,  t h e  phase  a n g l e  of t h e  whee l ,  however, depending on t h e  o r i e n t a t i o n  

of t h e  wheel  w i t h  r e s p e c t  t o  t h e  t i r e .  I f  t h e  assembly i s  t e s t e d  w i t h  t h e  

wheel  o r i e n t e d  a t  f o u r  d i f f e r e n t  p o s i t i o n s  w i t h  r e s p e c t  t o  t h e  t i r e ,  t h e  

p o s i t i o n s  be ing  90 deg ree s  a p a r t ,  d a t a  p o i n t s  l i k e  t h o s e  s e e n  i n  t h e  f i g u r e  

w i l l  be observed .  Thence t h e  magnitude of t h e  t i r e  f o r c e  v a r i a t i o n  i s  

o b t a i n e d  by f i n d i n g  t h e  d i s t a n c e  from the  o r i g i n  t o  t h e  c e n t e r  of t h e  

c i r c l e ,  and t h e  magnitude of t h e  wheel c o n t r i b u t i o n  i s  de te rmined  by f i n d -  

i n g  t h e  r a d i u s  of t h e  c i r c l e .  

I n  p r a c t i c e ,  t h e  d a t a  may n o t  l o o k  q u i t e  a s  i d e a l  a s  t h a t  shown i n  

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

I n  t h a t  c a s e ,  a  " b e s t  f i t f '  c i r c l e  i s  f0un.d. The e r r o r s  between each  d a t a  

p o i n t  and t h e  c i r cumfe rence  of t h e  c i r c l e  r e p r e s e n t  v a r i a t i o n s  due t o  

t e s t - t o - t e s t  r e p e a t a b i l i t y  and v a r i a t i o n s  i n  t h e  way t h e  t i r e  mounts on 

t h e  wheel .  T h i s  l a t t e r  e f f e c t  on f o r c e  v a r i a t i o n s  i s  cons ide red  "bead 

s e a t i n g  v a r i a t i o n . "  

Th i s  same t y p e  of p rocedu re  can  a l s o  be  used t o  s e p a r a t e  t h e  non- 

u n i f o r m i t y  c o n t r i b u t i o n s  of t h e  hub on which t h e  wheel i s  mounted. I n  

t h a t  c a s e ,  a  t i r e / w h e e l  assembly i s  mounted on a  hub i n  m u l t i p l e  o r i e n t a -  

t i o n s .  The t i r e / w h e e l  assembly t h e n  produces  t h e  v e c t o r  t h a t  l o c a t e s  t h e  

c e n t e r  of t h e  c i r c l e ,  w h i l e  t h e  hub c o n t r i b u t i o n  co r r e sponds  t o  t h e  r a d i u s  



Figure 10. Vector Addition of a Nonuniformity Harmonic of 
a Tire and Wheel. 



of t h e  c i r c l e .  The e r r o r s  i n  t h e  i n d i v i d u a l  d a t a  p o i n t s  ( i . e . ,  t h e  d i s -  

t a n c e  which t h e y  f a l l  from t h e  " b e s t - f i t "  c i r c l e )  r e p r e s e n t  t h e  v a r i a t i o n s  

due p r i m a r i l y  t o  t h e  wheel mounting p r o c e s s .  Thus, by t e s t s  i n  m u l t i p l e  

mounting o r i e n t a t i o n s ,  t h e  f o r c e  o r  run0u.t v a r i a t i o n s  due t o  wheel mounting 

could a l s o  be q u a n t i f i e d .  

The methods f o r  r educ ing  d a t a  i n  accordance  w i t h  t h i s  concept  were 

implemented on t h e  U n i v e r s i t y ' s  computer sys tem v i a  s p e c i a l l y  w r i t t e n  

computer a lgo r i t t !ms .  S e l e c t e d  t e s t  r e s u l t s  r e p r e s e n t i n g  t h e s e  m u l t i p l e  

mounting c a s e s  were t h e n  p roces sed  by t h e s e  programs. 



CHAPTER 3 

RELATIONSHIP OF T I R E  NONUNIFORMITIES TO FORCE VARIATIONS 

3 . 1  I n t r o d u c t i o n  

The l o g i c a l  f i r s t  s t e p  i n  p r e s e n t i n g  t h e  f i n d i n g s  from t h e  Phase I 

r e s e a r c h  program i s  t o  examine t h e  f o r c e  v a r i a t i o n s  a r i s i n g  from t i r e s  

a l o n e ,  i n  an e f f o r t  t o  r e l a t e  them t o  t h e  measured nonun i fo rmi t i e s .  The 

d i s c u s s i o n  p re sen ted  i n  t h i s  chap te r  r e f l e c t s  o b s e r v a t i o n s  about  t i r e s  

ob ta ined  from exper iments  i n  which they  were mounted on p r e c i s i o n  wheels .  

The degree  t o  which t h e s e  o b s e r v a t i o n s  hold  t r u e  when t i r e s  a r e  mounted 

on commercial wheels  i s  cons idered  i n  Chapter  4 .  

The u l t i m a t e  o b j e c t i v e  i n  t h i s  e x e r c i s e  i s  t o  i d e n t i f y  t h e  non- 

un i fo rmi ty  measures most c l o s e l y  r e l a t e d  t o  t h e  f o r c e  v a r i a t i o n s  produced 

under high-speed o p e r a t i n g  c o n d i t i o n s .  Because of t h e  complex l i m i t a t i o n s  

in t roduced  by t h e  machine compliance p r o ? e r t i e s ,  i t  i s  more i n f o r m a t i v e  

t o  examine f i r s t  t h e  r e l a t i o n s h i p  of nonun i fo rmi t i e s  t o  low-speed f o r c e  

v a r i a t i o n s ,  t hen  extend t h e  examinat ion  t o  high-speed c o n d i t i o n s .  

The f i n d i n g s  t o  be p r e s e n t e d  a r e  mul t i -d imensional  i n  n a t u r e ,  

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

and d i f f e r e n t  o p e r a t i n g  speeds .  I n  o r d e r  t o  cover  t h e s e  dimensions i n  a 

s y s t e m a t i c  manner, t h e  p r e s e n t a t i o n  t h a t  fo l lows  i s  d iv ided  up i n t o  

s e p a r a t e  and complete d i s c u s s i o n s  of each  f o r c e  d i r e c t i o n .  

3.2 R a d i a l  Force  V a r i a t i o n s  

I n  i t s  s i m p l e s t  r e p r e s e n t a t i o n ,  t h e  t i r e  may b e  modeled a s  a  

t o ro ida l - shaped  pneumatic membrane. I n  i t s  manufac ture ,  t h e  t o r o i d  may 

i n c o r p o r a t e  d imensional  n o n u n i f o r m i t i e s  r e f l e c t e d  i n  runou t  measurements. 

Being e l a s t i c ,  i t  may a l s o  e x h i b i t  v a r i a t i o n s  i n  i t s  s t i f f n e s s  p r o p e r t i e s  

around i t s  c i rcumference .  Be fo re  a c t u a l l y  examining t h e  r e s u l t s  ob ta ined  

from expe r imen ta l  measurements, i t  i s  h e l p f u l  t o  c o n s i d e r  a  model of  t h e  

phenomenon of  i n t e r e s t  t o  a i d  i n  unde r s t and ing  and r a t i o n a l i z i n g  t h e  r e s u l t s  

observed .  For t h i s  purpose ,  t h e  t i r e  may be assumed t o  be a  l i n e a r  system. 



Though t h i s  i s  n o t  t r u e  when one l o o k s  c l .ose lp  a t  i t s  b e h a v i o r ,  t h e  l i n e a r  

model s e r v e s  t o  i l l u s t r a t e  t h e  sys:em i n  2 way t h a t  h e l p s  t h e  comprehen- 

s i o n  of  t h e  r e s u l t s  t o  be  s e e n .  Such an  e n g i n e e r i n g  model f o r  t h e  t i r e  

i s  shown i n  F i g u r e  11. The e q u a t i o n s  d e s c r i b i n g  i t s  f o r c e  behav io r  a r e  

a s  f o l l o w s :  

where 

FZ(B) = The r a d i a l  f o r c e  a t  any pc ls i t ion  on t h e  circum- 
f e r e n c e  ( 6 )  

K(8) = The e f f e c t i v e  s t i f f n e s s  a t  t h a t  p o s i t i o n  (8)  

Ro(0) = The f r e e  r a d i u s  a t  t h e  p o s i t i o n  (6 )  

R (8) = The a c t u a l  l o a d  r a d i u s  a t  p o s i t i o n  ( e )  

The equa t ion  may be s i m p l i f i e d  by l i n e a r i z i n g  around t h e  nominal 

o p e r a t i n g  p o i n t  of i n t e r e s t .  To l i n e a r i z e  i t  i s  assumed t h a t  t h e  f o r c e  
- 

(F (8)  c o n s i s t s  o f  a  s t e a d y - s t a t e  component, F Z ,  e q u i v a l e n t  t o  t h e  nominal 
z  - 

l o a d ,  p l u s  a  c y c l i c  component, F which v a r i e s  w i t h  t h e  a n g l e  of r o t a -  
z '  

t i o n .  L ikewise ,  t h e  s t i f f n e s s ,  K(8) c o n s i s t s  of a  nominal s t i f f n e s s  
- - 

component, K ,  p l u s  a  v a r y i n g  component, K ;  and l i k e w i s e  f o r  t h e  f r e e  and 

l oaded  r a d i i .  Only t h e  c y c l i c a l l y  v a r y i n g  component of each parameter  i s  

now a  f u n c t i o n  of  t h e  p o s i t i o n ,  8 ,  on t h e  t i r e .  The e q u a t i o n  can  now be  

r e w r i t t e n  i n  t h e  form: 

Now i n  t h e  s t e a d y - s t a t e :  

and can be s u b t r a c t e d  o u t  of t h e  p r eced ing  e q u a t i o n ,  l e a v i n g  t h e  e q u a t i o n  

d e s c r i b i n g  on ly  t h e  f o r c e  v a r i a t i o n s  : 



point 

F i g u r e  11. Model of a T i r e  w i t h  Runout and S t i f f n e s s  V a r i a t i o n s .  



The les :  t e r r .  i n  t h i s  c m ~ t i c n  i s  n v a r i z t i o n  t imes  a  v a r i a t i o n  which i s  

second o r d e r  i n  s i z e  and can b e  neg lec t ed  w i t h  l i t t l e  e r r o r  i n  t h e  equa- 

t i o n .  Thus, Ln irs f i n a l  f o r m ,  t h e  v a r i s t i o n a l  equa t i on  becomes: 

The s t e a d y - s t a t e  v a l u e  of (5 -x) i s  t h e  s t a t i c  d e f l e c t i o n  a t  l oad  
0 

which i s  a c o n s t a n t  e q u i v a l e n t  t o  7 /?. Because i t  i s  a  c o n s t a n t ,  i t  w i l l  
2 

be r e p r e s e n t e d  i n  t h e  e q u a t i o n s  t h a t  f o l l o w  by t h e  symbol D s .  

Equa t ion  ( 3 . 5 )  q u a n t i f i e s  t h e  way i n  which t h e  r a d i a l  f o r c e  v a r i a -  

t i o n s  a r e  dependent  on t h e  s t i f f n e s s  and runout  p r o p e r t i e s  of t h e  t i r e .  

The i n t e r e s t  h e r e  i s  i n  unde r s t and ing  wha.t r a d i a l  f o r c e  v a r i a t i o n s  would 

be expec ted  when t h e  t i r e  i s  t e s t e d  on a  f i x e d  s p i n d l e  machine ( i . e . ,  
.. 

when R=O). Then we have:  

where: ??' = f o r c e  v a r i a t i o n  when t h e  r o l l i n g  r a d i u s  i s  c o n s t a n t .  
z 

That  i s ,  t h e  r a d i a l  f o r c e  v a r i a t i o n  on a  f i x e d  s p i n d l e  machine v i l l  

c o n s i s t  of two c o n t r i b u t i n g  f a c t o r s ,  one a r i s i n g  from t h e  r a d i a l  s t i f f n e s s  

v a r i a t i o n  and one a r i s i n g  from t h e  f r e e  r a d i a l  r unou t  v a r i a t i o n .  The 

c o n t r i b u t i o n  a r i s i n g  from r a d i a l  s t i f f n e s s  v a r i a t i o n  i s  dependent  on t h e  
- - 

s t a t i c  d e f l e c t i o n  a t  l oad  ( D  = F / K ) ;  whereas t h e  r a d i a l  runout  con t r i bu -  
S 

t i o n  i s  dependent  on t h e  nominal s t i f f n e s s  of t h e  t i r e .  The f i r s t  term i s  

t hus  obv ious ly  s e n s i t i v e  t o  b o t h  t h e  l o a d  and p r e s s u r e  c o n d i t i o n s ,  w h i l e  

t h e  second i s  p r i m a r i l y  a  f u n c t i o n  of t h e  p r e s s u r e .  

A t i r e  can  a l s o  be t e s t e d  t o  measure a  loaded  r a d i a l  runout  parameter .  

I n  t h a t  c a s e ,  t h e  r a d i a l  f o r c e  v a r i a t i o n  i s  he ld  t o  z e r o  by va ry ing  t h e  - 
r a d i u s ,  R.  Th i s  mode can  be d e s c r i b e d  by u s i n g  Equat ion  (3.5)  a s  f o l l o w s :  



where: i t= r a d i u s  v a r i a t i o n  when t h e  r a d i a l  f o r c e  i s  held cons tan t .  Com- 

b in ing  Equations (3 .6 )  and ( 3 . 7 )  , then,  

That i s  t o  say,  t h e  loaded r a d i a l  runout measurement i s  d i r e c t l y  r e l a t e d  

t o  t h e  r a d i a l  f o r c e  v a r i a t i o n  by a  constant  which i s  t h e  nominal s t i f f n e s s  

of t h e  t i r e .  Thus i t  i s  a  more d i r e c t  measure of nonuniformity i n d i c a t i v e  

of t h e  r a d i a l  f o r c e  v a r i a t i o n  t o  be expected.  

Summarizing the  r e s u l t s  of t h i s  a n a l y s i s :  

1 )  Radial  f o r c e  v a r i a t i o n  a r i s e s  a s  t h e  sum of two e f f e c t ?  

one which i s  the  product of r a d i a l  s t i f f n e s s  v a r i a t i o n s  

wi th  t h e  s t a t i c  d e f l e c t i o n ,  and one which i s  t h e  product 

of t h e  f r e e  r a d i a l  runout v a r i a t i o n s  wi th  t h e  nominal 

value  of t h e  r a d i a l  s t i f f n e s s .  

2 )  Radial  f o r c e  v a r i a t i o n  i s  d i r e c t l y  p ropor t iona l  t o  loaded 

r a d i a l  runout wi th  a  p r o p o r t i o n a l i t y  f a c t o r  which is  the  

nominal r a d i a l  s t i f f n e s s  of t h e  t i r e .  

The impl ica t ion  of t h e s e  r e s u l t s  i s  t h a t  a  loaded r a d i a l  runout 

measurement, i n  i t s e l f ,  should be s u f f i c i e n t  t o  p r e d i c t  r a d i a l  f o r c e  v a r i a -  

t i o n s ;  whereas, a  measure of f r e e  r a d i a l  runout v a r i a t i o n  must be combined 

wi th  a  measure of r a d i a l  s t i f f n e s s  v a r i a t i o n  t o  completely p r e d i c t  t h e  

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

3 .2 .1  Typical  Magnitudes. Extensive t e s t i n g  was performed on t h e  

MTS T i r e  Uniformity Test  Machine i n  which va r ious  measures of r a d i a l  non- 

uniformity  and r a d i a l  fo rce  v a r i a t i o n s  were obta ined.  For ty  t i r e s  were 

t e s t e d  covering t h e  c a t e g o r i e s  of t u b e l e s s  r a d i a l s ,  t u b e l e s s  b i a s  p l y ,  

tube-type r a d i a l s ,  and tube-type b i a s  p l y ,  and r e p r e s e n t i n g  t h e  products  of 

s i x  d i f f e r e n t  t i r e  manufacturers .  (Note: Although 40 t i r e s  were t e s t e d ,  

i n  t h e  d a t a  p l o t s  t h a t  fo l low a l l  40 t i r e s  a r e  no t  always included due t o  

"bad" o r  l o s t  d a t a  p o i n t s . )  The t i r e s  were a l s o  s e l e c t e d  from an inventory  

of 140 t i r e s  t o  r e p r e s e n t  va r ious  extremes of nonuniformity cond i t ions .  



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

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

o f  0 . 0 0 1  i n c h .  

Where p o s s i b l e ,  a l l  measurements  w e r e  compi led  i n  t e r m s  of  c o m p o s i t e  

v a l u e s  and harmonic  components .  The c o m p o s i t e  v a l u e  o f  a  n o n u n i f o r m i t y  i s  

i n t e n d e d  t o  r e p r e s e n t  t h e  peak-to-peak ma.gnitude o f  t h e  v a r i a t i o n  r e p r e -  

s e n t e d .  Composi tes  a r e  a c c u r a t e  and m e a n i n g f u l  when t h e  v a r i a t i o n  of 

i n t e r e s t  i s  f r e e  o f  e l e c t r i c a l  n o i s e  and dynamic v i b r a t i o n s  i n  t h e  equipment .  

T h i s  i s  g e n e r a l l y  t r u e  o f  low-speed meascrements ,  b u t  n o t  s o  w i t h  h igh-  

s p e e d  measurements  (above  1 0  mph e q u i v a l e n t  road  s p e e d ) .  Harmonic magni- 

t u d i e s  a r e  e x p r e s s e d  i n  t e r m s  of  t h e  a m p l i t u d e  o f  t h e i r  s i n e  wave r e p r e -  

s e n t a t i o n .  I n  some q u a r t e r s ,  where  peak-to-peak v a l u e s  a r e  used e x c l u s i v e l y ,  

t h i s  i s  t h o u g h t  o f  a s  a  h a l f - a m p l i t u d e  va. lue .  The r a d i a l  f o r c e  v a r i a t i o n s  

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

e x p e c t e d .  That  i s ,  t h e  harmonic  magni tudes  were  o n l y  a  f r a c t i o n a l  com- 

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

harmonic  number. The o b s e r v a t i o n s  a r e  su.mrnaried i n  T a b l e  2 below which 

l i s t s  t h e  h a l f - a m p l i t u d e s  ( h a l f  o f  t h e  peak-to-peak)  f o r  a l l  t h e  t i r e s ,  

t e s t e d  a t  t h e  f u l l  l o a d / p r e s s u r e  c o n d i t i o n  and a  s p e e d  of  -5 mph. 

- -  -- 

T a b l e  2. Magni tudes  of R a d i a l  F o r c e  V a r i a t i o n s .  

Harmonic 
No. 

Maximum 
( l b )  

1 3 5 . 0  

41.4 

2 7 . 0  

29.7 

1 9 . 0  

1 5 . 2  

1 0 . 5  

6 . 3  

3 .9  

4 . 5  



In genera l ,  the  r a d i a l  f o r c e  v a r i a t i o n s  decrease  about 30% i n  

magnitude wi th  each s t e p  i n  harmonic, which Is i n  agreement wi th  o the r s  

[ g l .  

3.2.2 Cor re la t ion  wi th  Runouts. As was descr ibed i n  Sect ion 2 .3 ,  

f r e e  r a d i a l  runout measurements were made on t h e  t i r e  t r ead  band, t h e  da ta  

being processed i n t o  harmonic informat ion d i r e c t l y  comparable t o  the  fo rce  

v a r i a t i o n s .  The loaded r a d i a l  runout was measured and processed i n  the  same 

way. I n  t h i s  s e c t i o n ,  the  r e l a t i o n s h i p s  between these  measures of runout 

and t h e  r a d i a l  fo rce  v a r i a t i o n s  a r e  d iscussed.  

a)  Loaded Radia l  Runout - The r e l a t i o n s h i p s  of the  r a d i a l  f o r c e  

v a r i a t i o n s  t o  loaded r a d i a l  runout f o r  tube less  and tube-type t i r e s  a r e  

shown i n  Appendix A ,  Figure A . 1 .  The mul t ip le  p l o t s  cover the  r e l a t i o n s h i p s  

f o r  the  composite and the  i n d i v i d u a l  harmonics. I n  every case ,  a  nominally 

l i n e a r  r e l a t i o n s h i p  i s  i n d i c a t e d  a s  would be expected from Equation (3 .8 ) .  

Good c o r r e l a t i o n  e x i s t s  out  through the  f i f t h  harmonic. For the s i x t h  and 

higher  harmonics, the  fo rce  l e v e l s  a r e  g e t t i n g  so  smal l  t h a t  t h e  c o r r e l a t i o n  

i s  being s e r i o u s l y  a f f e c t e d  by t h e  s c a t t e r  a r i s i n g  from quan t i za t ion  i n  the  

d i g i t a l  sampling process.  By the  seventh  harmonic, only d i s c r e t e  l e v e l s  of 

runout a r e  being seen due t o  t h i s  e f f e c t .  

Radial  and b i a s  t i r e s  use a  d i f f e r e n t  p ressure  a t  t h e i r  r a t e d  load 

cond i t ion ,  hence t h e i r  e f f e c t i v e  s t i f f n e s s e s  may d i f f e r .  A comparison of 

these  two groups i s  provided i n  Table 3 showing the  l i n e a r  r eg ress ion  

equa t ions ,  c o r r e l a t i o n  c o e f f i c i e n t s ,  and s tandard e r r o r s .  The s lope  of the 

l i n e a r  r eg ress ion  r e l a t i o n s h i p s  d e f i n e  the  e f f e c t i v e  s t i f f n e s s  of the  t i r e  

by which dimensional n o n u n i f o m i t i e s  equate  wi th  fo rce  v a r i a t i o n s .  The 

s t i f f n e s s  i s  dependent on the  harmonic and genera l ly  i n c r e a s e s  wi th  harmonic. 

I n  t h e  f i r s t  harmonic, the  e f f e c t i v e  s t i f f n e s s  i s  5,600 l b / i n  f o r  tube less  

t i r e s  and 4,800 l b / i n  f o r  tube-type t i r e s ;  values  which a r e  nominally 

equ iva len t  t o  the  s p r i n g  r a t e  t h a t  would be measured i n  a  s t a t i c  t e s t .  

The s p r i n g  r a t e s  i n c r e a s e  wi th  harmonic, reaching va lues  between 8,700 l b / i n  

( f o r  b i a s  type) and 12,000 l b / i n  ( f o r  r a d i a l )  by t h e  f i f t h  harmonic. 

b) Free Radia l  Runout on the  Cen te r l ine  - A simple and popular measure 

of nonuniformity i n  a  t ruck  t i r e  i s  t h e  runout on the  c e n t e r l i n e  



Ra.di a l  T i r e c  

a . t  5'8 p s i  

Bias T i  re=,  

a t  85 psi 

2n J. Harmon i c LRRS =- .58+ . 1685 FZ; LRF:,=-.24+. 1834 FZc . , - 
F; ". = ,  ,763 SE= , 37 R -. =. 747 SE=. 42 

4 t h Harmon i c LRR,=-, 3 6 + ,  1438 FZ, LRP,=.22+. 1814 FZd 
F' ' = ,888 !:iE=. 38 R L =, 885 SE=, 22 

4 t h  Harmonic LF:E;=,14+.8743 FZr LRRb=-. 83+.  85'8 FZ, 
R -  =, 476 :sE=, 26 F r -  = . 7 3 7  SE=.23 

9 t h  Harmonic LRR:!=.OE:+.8364 FZ, . ,  LRRs=. 87+ ,038 FZ? 
R -  =. 162 SE=.OEc - F : ~  =. 104 SE=.88 

18 t h Harmonic LHR:,-=. 86+.  8 147 FZL5 LRF:rc=. 6?+.  8 10 FZL, 
F:.. = .a56 SE=.@7 H' =.010 SE=.07 



of the  t r e a d  (FRROC). This simple dimensional measurement, however i s  n o t  

a  h igh ly  accura te  p r e d i c t o r  of the  r a d i a l  fo rce  v a r i a t i o n .  Figure  A . 2 ,  

Appendix A,  shows the  p l o t s  f o r  t h e  t u b e l e s s  t i r e s  t e s t e d ,  whi le  the  com- 

par ison of r a d i a l  and b i a s  t i r e s  i s  provided by the  r e g r e s s i o n  equat ions  

l i s t e d  i n  Table 4 .  

The f a i r l y  high degree of s c a t t e r  i n  these  r e l a t i o n s h i p s  i s  due t o  

two f a c t o r s .  F i r s t ,  t he  runout on the  c e n t e r l i n e  i s  no t  a s  c l o s e l y  l inked  

t o  t i r e  fo rce  behavior a s  those  on the  shoulders  where the  g r e a t e r  load i s  

c a r r i e d .  Second, the  f o r c e  v a r i a t i o n  i s  a  r e s u l t  not  only of the  runout ,  

bu t  a l s o  s t i f f n e s s  v a r i a t i o n s ,  and the  s t i f f n e s s  v a r i a t i o n  i s  not  r e f l e c t e d  

i n  t h e  runout measurement. Thus i t  i s  concluded t h a t  the  measurement o f  

Free Radia l  Runout on t h e  Cen te r l ine  i s  not  an e f f e c t i v e  p r e d i c t o r  of r a d i a l  

fo rce  v a r i a t i o n s  i n  a  t i r e .  

c) Two-Point (Shoulder) Radia l  Runout - The r e l a t i o n s h i p s  of r a d i a l  

f o r c e  v a r i a t i o n  t o  t h e  two-point r a d i a l  runout on t h e  shoulder  of tube less  

t i r e s  a r e  shown i n  Figure A.3, Appendix A. Note t h a t  t h e  runouts  on t h e  

two shoulders  a r e  v e c t o r  q u a n t i t i e s  when reduced t o  harmonics. That i s ,  

f o r  each shoulder  t h e r e  i s  a  f i r s t  harmonic having an amplitude and phase 

angle  t o  be combined wi th  t h a t  of the  oppos i t e  shou lde r .  The average 

f o r  the  two shoulders  i s  obta ined by adding the  two v e c t o r s  and halving the  

amplitude of t h e  r e s u l t a n t .  This process  i s  equ iva len t  t o  averaging runout 

va lues  around t h e  t i r e  p r i o r  t o  t ransformat ion i n t o  harmonic v a l u e s .  That 

the  shoulder  runout measurement i s  more r e l e v a n t  t o  f o r c e  genera t ion  i s  

i n d i c a t e d  by t h e  reduced s c a t t e r ,  a t  l e a s t  a t  the  f i r s t  harmonic l e v e l .  

The r e g r e s s i o n  equat ions  f o r  the  two-point runouts  f o r  r a d i a l  and b i a s  

t i r e s  a r e  given i n  Table 5 .  S i g n i f i c a n t  c o r r e l a t i o n  i s  only observed a t  

t h e  f i r s t  harmonic l e v e l ,  and even then ,  t h e  R-square of 0.6 - 0 . 7  would 

suggest  t h a t  two-point r a d i a l  runout i s  n o t  a  very accura te  p r e d i c t o r  of 

r a d i a l  fo rce  v a r i a t i o n .  

d) Three-Point Radia l  Runout - The three-point  r a d i a l  runout i s  

another p o s s i b l e  combination of the  f r e e  r a d i a l  runouts  t h a t  can be 

measured. The three-point  runout i s  obta ined by averaging the  two shoulder  

measurements wi th  the  c e n t e r l i n e  measurement. (Note: The vec to r  averaging 



T a b l e  4  Regress ion  Eqluaticlns R e l a t i n g  
F r e e  Radial Runout on t h e  Cen te r1  i n e  t o  

R a d i a l  F o r c e  V a r i a t i o n s  a t  5438 Lb .  Load 

F:a.dial T i r e s  

a.t  78 p s i  

B i a s  

a t  85 p s i  

1s. t Harmon i c 

2r1 d Harmon i c 

3 r d  Harrncln i c 

4 t h  Harmon i c 

5 t  h  Harmon i c  

6 t h  Harmon i c 

7 t h  Harmon i c 

8 t h Harrnc~n i c 

? t h  harm or^ i c 

18 th  Harmonic 



Tatl l  E. 5 Regrec.r.ion Equat i one. Re1 s t i n g  
2 - P c ~ i n t  Rad ia l  Runout t o  R a d i a l  Fo rce  O a r i a t i o n s  

a t  5438 Lb. Lo3.d 

R a d i a l  T i r e s  

t l es~ ,ure  a t  90 p s i  

B i  3.5. T i  rec. 

a t  85 p s i  

3 r d  Harmon i c FRR02y3 = 1 . 3+ .  195 FZ 3 FRR02P~=1.5+. 113 FZ; 
H *  =.553 SE=1.4 R' =.457 SE=.78 

4 t h Harmon i c FRR02P;=. 68+ ,  198 FZ4 FRR02F'?=. 54+ ,  168 FZ; 
R =  =.534 SE=1.3 R "  =.448 SE=l. 1 

5 t h Harmon i c FRRU2P;= 1,5+, 874 FZL- FRR02P5=. 78+ . 126 FZ j- 
R"=. 140 SE=.82 R -  =.3Y6 SE=.79 

6 t h Harmon i c FRR02Pb=, 37+ ,  252 FZb FRRD2P6=. 47+.  168 FZb 
H" ,588 SE= .6Y R' =.466 SE=.67 

7 t h Harmonic FHR02P7= 1 . 8 + ,  685 FZ 7 FRR02P7- 1.1+ . 8 6 1  FZ7 
R' = ,  137 SE=. 64 Rc"  =.@I3 SE=1.8 

8 t h  Harmonic FRRC12Pg=,71+.255 FZg FER02Pg= 1 .2- .  6 18 FZs 
H" =. 279 SE=. 74 RZw=.8@8 SE=1.6 

18 t h  Harmonic FF:R02P L p = .  46+. 468 FZlo FRR02FSL7=. 75-. 862 F P w  
RL =.414 SE=.68 R' =.a86 SE=.37 



process  is  equ iva len t  t o  t h a t  descr ibed i n  the  preceding paragraph.)  The 

r e l a t i o n s h i p s  t o  r a d i a l  fo rce  v a r i a t i o n  f '3r  tube less  t i r e s  a r e  shown i n  

Figure A . 4 ,  Appendix A .  The comparison of r a d i a l  and b i a s  t i r e s  i s  provided 

i n  the  l i n e a r  r e g r e s s i o n  equat ions  of Table 6 .  The three-point  runout i s  a  

s l i g h t l y  b e t t e r  p r e d i c t o r  of fo rce  v a r i a t i o n  (R-square va lues  near  0 . 7  or  

g r e a t e r )  than t h e  two-point . 
e)  Free L a t e r a l  Runout - Although l a t e r a l  runout measurements a r e  

perpendicular  t o  the  r a d i a l  fo rce  d i r e c t i o n ,  t h e r e  a r e  conceptual  models 

of the  t i r e l w h e e l  assembly t h a t  suggest  t h e r e  might be some r e l a t i o n s h i p  

between these  v a r i a b l e s .  A r e g r e s s i o n  t e s t  between the  r a d i a l  fo rce  

v a r i a t i o n  and l a t e r a l  runout was t r i e d ,  but  no s i g n i f i c a n t  c o r r e l a t i o n  

was observed.  

I n  a l l  t h e  c o r r e l a t i o n s  descr ibed above, no s i g n i f i c a n t  d i f f e r e n c e s  

between t u b e l e s s  and tube-type,  o r  r a d i a l  and b i a s  p ly  were observed. I n  

i n d i v i d u a l  r e g r e s s i o n s ,  the  s lopes  and c o r r e l a t i o n  c o e f f i c i e n t s  d i f f e r e d  

s l i g h t l y ,  but those  d i f f e r e n c e s  a r e  genera l ly  i n  the  range of s t a t i s t i c a l  

s c a t t e r  i n  t h e  t e s t i n g .  A t  b e s t ,  perhaps ,  the  only s i g n i f i c a n t  d i f f e r e n c e  

i s  the  s l i g h t l y  h igher  e f f e c t i v e  s t i f f n e s s  of r a d i a l  t i r e s  i n  the  r e l a -  

t i o n s h i p  between r a d i a l  fo rce  v a r i a t i o n  and loaded r a d i a l  runout .  The 

higher  s t i f f n e s s  i s  t h e  l o g i c a l  r e s u l t  of the r a d i a l  t i r e s  having a  h igher  

i n f l a t  ion  p ressure .  

3 . 2 . 3  E f f e c t  of Load/Pressure Condit ions.  The e f f e c t s  of load and - 
p r e s s u r e  can be examined along two dimensions-1) how does r a d i a l  fo rce  

v a r i a t i o n  change wi th  load and p r e s s u r e  and 2 )  how does i t s  r e l a t i o n s h i p s  

t o  runout nonuniformit ies  change wi th  load and p ressure?  

The r a d i a l  f o r c e  v a r i a t i o n s  a t  100% i n f l a t i o n  p r e s s u r e ,  and two 

d i f f e r e n t  load cond i t ions  a r e  p l o t t e d  f o r  the  t u b e l e s s  t i r e s  i n  Figure  A . 5 .  

(Note: Due t o  the  need t o  abbrev ia te  the  experimental  program, the  matr ix  

of load /p ressure  cond i t ions  were no t  t e s t e d  on t h e  tube-type t i r e s  .) The 

f o r c e s  a r e  h igh ly  c o r r e l a t e d  (R-square va:Lues above 0 . 9 )  out  through t h e  

s i x t h  harmonic. F u r t h e r ,  except f o r  a  c e r t a i n  amount of s t a t i s t i c a l  s c a t t e r ,  

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

the fo rce  v a r i a t i o n s  a r e  e f f e c t i v e l y  constant  wi th  load .  



T a t l l o  4 R e g r e s s i o n  E q u a t i o n s  R e l a t i n g  
3 - P o i n t  R a d i a l  Hunout t o  R a d i a l  F o r c e  V a r i a t i o n s  

a t  5438 Lb. Load 

R a d i a l  T i r e :  B i a s  T i r e :  

a t ' 8 5  p s i  a t  90 p s i  

1 s t  Harmonic 

2nd Harmon i c  

3 r d  Harmonic 

4 t h Harmon i c 

5 t h  Harmon i c 

6 t h  Harmonic 

7 t h Har.mon i c  

9 t h Harmon i c 

FRR03Plo=. 58+.  494 FZ,, 
R 2  =.624 SE=.42 



Comparable p l o t s  f o r  measurements a t  75% l o a d  and two d i f f e r e n t  

p r e s s u r e  c o n d i t i o n s  a r e  shown i n  F i g u r e  A..6. Again, good c o r r e l a t i o n s  

a r e  g e n e r a l l y  observed  i n  t h e  lower harmonic r a n g e ,  a l t h o u g h  t h e  s l o p e s  

of  t h e  r e l a t i o n s h i p s  a r e  n o t  u n i t y .  R a t h e r ,  t h e  s l o p e s  i n d i c a t e  t h a t  t h e  

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

p l y  t i r e s .  Not s u r p r i s i n g l y ,  a t  75% p r e s s u r e ,  t h e  r a d i a l  f o r c e  v a r i a t i o n s  

a r e  on lv  abou t  75% of t h e  magnitude observed  a t  100% p r e s s u r e .  

3 . 2 . 4  E f f e c t  of Speed. The u l t i m a t e  i n t e r e s t  i n  measuring t h e  

r a d i a l  f o r c e  v a r i a t i o n s  produced by a  t i r e  o r  a  t i r e / w h e e l  assembly i s  

t o  o b t a i n  an  i n d i c a t i o n  of t h e  e x c i t a t i o n  f o r c e s  t h a t  w i l l  be imposed on 

a  t r u c k  a t  high-speed o p e r a t i o n  on t h e  road .  The s u r r o g a t e  measure f o r  

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

on a  f i x e d  s p i n d l e  a t  h i g h  speed .  Though t h e  t e s t  machine was s u b j e c t  t o  

e r r o r s  when used a t  h i g h  speed  because  of t h e  r e sonances ,  s t i l l  some 

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

p o s s i b l e .  The machine r e sonances  e f f e c t i v e l y  r e s u l t  i n  f requency  s e n s i t i v i t y  

i n  t h e  g a i n  of t h e  measurement p r o c e s s .  P r e c i s e  measurement and c o r r e c t i o n  

f o r  t h a t  g a i n  e r r o r  proved t ime consuming and s u b j e c t  t o  e r r o r  because  of 

t h e  o v e r a l l  complexi ty  of t h e  phenomenon. T h e r e f o r e ,  t h e  d a t a  a t  d i f f e r -  

e n t  speeds  was n o t  c o r r e c t e d ,  b u t  shou ld  be e v a l u a t e d  w i t h  t h e  knowledge 

t h a t  t h e  r e s o n a n t  g a i n  changes a r e  an  i n t e g r a l  p a r t  of t h e  r e p o r t e d  

o b s e r v a t i o n s .  F i g u r e  A. 7 shows t h e  r e l a t i o n s h i p s  between r a d i a l  f o r c e  

v a r i a t i o n s  a t  5  and 60 mph f o r  t h e  e n t i r e  c o l l e c t i o n  of t i r e s  t e s t e d .  Only 

t h e  f i r s t  and second harmonic a r e  shown because  t h e  measurements a t  60 mph 

were always t r u n c a t e d  above t h e  second harmonic due  t o  machine dynamic 

l i m i t a t i o n s .  Simple l i n e a r  r e l a t i o n s h i p s  a r e  e v i d e n t ,  i n d i c a t i v e  of t h e  

f a c t  t h a t  r a d i a l  f o r c e  v a r i a t i o n s  have  c o n s i s t e n t  behav io r  w i t h  changes i n  

speed .  The f i r s t  harmonic v a r i a t i o n s  i n c r e a s e  by abou t  25% i n  go ing  from 

5  t o  60 mph, w h i l e  t h e  second harmonic i n c r e a s e s  rough ly  by 40%. A f a c t o r  

which undoubted ly  c o n t r i b u t e s  t o  t h i s  phenomenon i s  t h e  f r e q u e n c y - s e n s i t i v e  

g a i n  of t h e  t e s t  machine. U n f o r t u n a t e l y ,  t h e  g a i n  e r r o r s  under  a c t u a l  

o p e r a t i n g  c o n d i t i o n s  could  n o t  be  measured t o  a s c e r t a i n  whether  t hey  were 

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

The dynamic c h a r a c t e r i z a t i o n  w i t h  t h e  n o n r o l l i n g  t i r e ,  a s  was t y p i f i e d  



i n  Figure 5 , c ,  does not  f u l l y  account f o r  the  25% and 40% f a c t o r s .  However, 

i t  i s  not  known how much t h e  dynamic gain w i l l  change wi th  a  r o l l i n g  wheel. 

.Also, the  accuracy w i t h  which the  gain  changes can be determined i s  l imi ted  

by the  f a c t  t h a t  t h e  5 mph measurements correspond t o  temporal f r equenc ies  

of 0 . 6  and 1 . 2  Hz f o r  t h e  f i r s t  and second harmonic, r e s p e c t i v e l y ,  which 

a r e  i n  t h e  range t h a t  i s  heav i ly  f i l t e r e d ,  and hence involves  t h e  a d d i t i o n a l  

e r r o r s  a s soc ia ted  wi th  f i l t e r  compensation. 

3 .3  L a t e r a l  Force Var ia t ions  

The l a t e r a l  f o r c e  v a r i a t i o n s  p resen t  i n  a  t i r e  a r e  not  r e a d i l y  

explained by simple engineer ing models. The f a c t  t h a t  a  wheel has l a t e r a l  

runout i s  n o t ,  i n  i t s e l f ,  a  b a s i s  f o r  expect ing l a t e r a l  f o r c e  v a r i a t i o n s .  

The b e s t  i l l u s t r a t i o n  of t h i s  comes from t h e  simple model of a  r i g i d  d i s c  

wheel mounted on an a x l e  such t h a t  i t  wobbles a s  i t  r o l l s .  The wobble 

c o n s t i t u t e s  l a t e r a l  runout.  When i t  r o l l s ,  t h e  wheel produces r a d i a l  inpu t s  

due t o  i t s  varying r a d i u s ,  along w i t h  i n p u t s  i n  the  a l i g n i n g  moment and 

over tu rn ing  moment d i r e c t i o n s .  Yet ,  even though t h e  rim r o l l s  along a  

very  c i r c u i t o u s  pa th ,  t h e  c e n t e r  of the  wheel fo l lows a  s t r a i g h t  pa th ,  and 

hence t h e r e  i s  no l a t e r a l  f o r c e  v a r i a t i o n .  

The l a t e r a l  f o r c e  produced by a  t i r e  i s  t r ansmi t t ed  t o  t h e  wheel 

through t h e  s idewal l s .  Thus any nonuniformity must be i n t i m a t e l y  r e l a t e d  

t o  t h i s  f o r c e  path .  To t h e  e x t e n t  t h a t  t h e  s idewal l s  a c t  l i k e  a  membrane, 

the  t e n s i l e  f o r c e s  d i s t r i b u t e d  throughout t h e  s idewal l  account f o r  a  por- 

t i o n  of t h e  l a t e r a l  f o r c e .  Because of t h e i r  th ickness ,  however, a d d i t i o n a l  

components of l a t e r a l  f o r c e  w i l l  a r i s e  from t h e  bending i n  t h e  s idewal l s  

and shoulder  a r e a s .  I n  s t r a i g h t  running wi th  a  p e r f e c t l y  symmetric t i r e ,  

the  l a t e r a l  f o r c e s  i n  the  oppos i t e  s i d e w a l l s  balance  o u t .  Yet f o r  r e a l  

t i r e s ,  t h e  i d e a l i z e d  symmetry can never be achieved.  Thus l a t e r a l  f o r c e  

v a r i a t i o n s  w i l l  occur.  Inasmuch a s  they a r i s e  from more than one mechanism, 

and those  mechanisms a r e  not  d i r e c t l y  r e f l e c t e d  i n  t h e  runout p r o p e r t i e s ,  

t h e  development of simple models a g a i n s t  which t o  compare exper imenta l  

measurements i s  not  p o s s i b l e .  



Unlike the  r a d i a l  d i r e c t i o n ,  t h e r e  i s  no l a t e r a l  equivalent  of 

a  loaded runout measurement used i n  p r a c t i c e .  I f  t h e r e  were, i t  might be 

expected t h a t  a  good c o r r e l a t i o n  t o  t h a t  measure would be obta ined.  Yet,  

a  loaded l a t e r a l  runout measurement r e q u i r e s  more complex hardware than f o r  

measurement of l a t e r a l  fo rce  v a r i a t i o n ,  t .ence,  t h e r e  i s  no motive f o r  

developing a  loaded l a t e r a l  runout t e s t .  

I n  a  f u n c t i o n a l  sense ,  t h e r e  i s  l i t t l e  guidance t o  suggest  t o  what 

opera t ing  v a r i a b l e s  the  l a t e r a l  f o r c e  v a r i a t i o n  w i l l  be s e n s i t i v e .  Because 

the  f o r c e  path  goes through t h e  t i r e  s i d e w a l l ,  i t  i s  perhaps reasonable  

t o  expect s e n s i t i v i t y  t o  the  nominal d e f l e c t i o n  of t h e  t i r e  (hence load 

and p r e s s u r e ) ,  but  no reason t o  expect  s e n s i t i v i t y  t o  speed. 

3 .3 .1  Typical  Magnitudes. The l a t e r a l  f o r c e  v a r i a t i o n s  measured 

on t h e  40 t e s t  t i r e s  follow p a t t e r n s  s i m i l a r  t o  the  r a d i a l  f o r c e  v a r i a t i o n s .  

S p e c i f i c a l l y ,  t h e  l a r g e s t  magnitudes a r e  normally observed i n  the  f i r s t  

harmonic, wi th  each higher  harmonic p ropor t iona te ly  lower than the  previous .  

C h a r a c t e r i s t i c a l l y ,  the  magnitudes of the  l a t e r a l  f o r c e  v a r i a t i o n s  a r e  l e s s  

than hal f  t h a t  of t h e  r a d i a l  f o r c e  v a r i a t i o n s .  The half-amplitude values  

from 5-mph t e s t s  on t h e  p r e c i s i o n  wheel a r e  shown i n  Table 7 ,  below. 

Table 7.  Magnitudes of L a t e r a l  Force V a r i a t i o n s .  

Harmonic 
No. 

1 

Mean 
( l b )  - 
18.8  

Maximum 
( l b )  

67.0 



3 . 3 . 2  C o r r e l a t i o n  w i t h  L a t e r a l  Runout. Only one r u n o u t  measure 

a p p r o p r i a t e  t o  t h e  l a t e r a l  d i r e c t i o n  is  i n  common us-the f r e e  l a t e r a l  

r unou t .  F r e e  l a t e r a l  runout  i s  g e n e r a l l y  measured on t h e  s c u f f  r i b  on t h e  

s i d e w a l l s ,  which p r e s e n t s  a  f l a t  s u r f a c e  f o r  measurement.  The r u n o u t  is  

c h a r a c t e r i z e d  by t h e  sum of t h e  r e a d i n g s  on b o t h  s i d e s  of t h e  t i r e .  

The r e l a t i o n s h i p s  between l a t e r a l  f o r c e  v a r i a t i o n s  and l a t e r a l  run-  

o u t s  a r e  g iven  i n  F i g u r e  A.8. A s  r a t i o n a l i z e d  i n  t h e  p r eced ing  d i s c u s s i o n ,  

no s i g n i f i c a n t  c o r r e l a t i o n  e x i s t s  f o r  any of t h e  harmonics .  Thus, w i t h  

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

of l i t t l e  u t i l i t y .  

3 . 3 . 3  E f f e c t s  of Load /P re s su re  Cond i t i ons .  The l a t e r a l  f o r c e  

v a r i a t i o n s  were measured on t i r e s  a t  t h e  f o u r  l o a d / p r e s s u r e  c o n d i t i o n s  

d e s c r i b e d  i n  S e c t i o n  3 . 2 . 3 .  The e f f e c t s  of l o a d  and p r e s s u r e  can be 

i l l u s t r a t e d  by comparing t h e  f o r c e  v a r i a t i o n s  gene ra t ed  under  t h e  d i f f e r -  

e n t  c o n d i t i o n s .  F i g u r e s  A.9  and A.10 show t h o s e  r e l a t i o n s h i p s  a s  a  f u n c t i o n  

of l oad  d i f f e r e n c e s  and p r e s s u r e  d i f f e r e n c e s ,  r e s p e c t i v e l y .  A t  d i f f e r e n t  

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

th rough t h e  s e v e n t h  harmonic f o r  t h e  r a d i a l  t i r e s .  The s l o p e s  of  t h e  l i n e s  

t h rough  t h e  d a t a ,  however, a r e  n o t  u n i t y ;  b u t  r a t h e r ,  i n d i c a t e  t h a t  t h e  

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

w i t h  b i a s - p l y  t i r e s  i s  n o t  a s  good. With t h e  p o o r e r  c o r r e l a t i o n  i t  i s  

more d i f f i c u l t  t o  s t a t e  w i t h  c o n f i d e n c e  t h e  e x a c t  e f f e c t  of l o a d .  

I n  F i g u r e  A. 1 0 ,  good c o r r e l a t i o n  of  t h e  l a t e r a l  f o r c e  v a r i a t i o n s  a t  

d i f f e r e n t  p r e s s u r e s  i s  s e e n  f o r  t h e  r a d i a l  t i r e s ;  and t h e  magnitude i s  

u n a f f e c t e d  by p r e s s u r e  v a r i a t i o n s .  The d a t a  f o r  t h e  b i a s - p l y  t i r e s  i s  n o t  

a s  c o n s i s t e n t .  Although most of t h e  t i r e s  a r e  u n a f f e c t e d  by t h e  p r e s s u r e  

change ,  s e v e r a l  of t h e  t i r e s  changed e r r a t i c a l l y .  

3 . 3 . 4  E f f e c t s  o f  Speed.  The i n f l u e n c e  of speed  on t h e  l a t e r a l  

f o r c e  v a r i a t i o n s  can be  s e e n  by comparing t h e  f o r c e  magni tudes  observed  

a t  t h e  5 and 60 mph t e s t  s p e e d s .  Only t h e  f i r s t  two harmonics  can  be com- 

pa red  because  on ly  two harmonics  a r e  a v a i l a b l e  a t  t h e  60 mph t e s t  speed .  

F i g u r e  A . 1 1  shows t h e s e  r e s u l t s  f o r  b o t h  t h e  t u b e l e s s  and tube- type  t i r e s .  



No s i g n i f i c a n t  d i f f e r e n c e  between t h e  two types of t i r e s  i s  i n d i c a t e d .  

Though the  p l o t s  would suggest  t h a t  the  f ~ s r c e  v a r i a t i o n  Lnc:-easzz r;i t? ,  

speed,  the  p l o t s  include e f f e c t s  from dynamic gain changes w i t h  s?e rd ,  and 

cross-coupled r a d i a l  f o r c e  v a r i a t i o n s .  The f i r s t  harmonic i r c r e a s e s  by 

about 15 percent  between 5  and 60 nph, while the  second harxcnic i n c r e a s e s  

about 35 pe rcen t .  The dynamic p r o p e r t i e s  of t h e  machine i n  the  l a t e r a l  

d i r e c t i o n  do not inc lude  resonant e f f e c t s  of a  magnitude necessary  t o  

account f o r  t h e  15 and 35 percent  gain  fa-ors .  However, the  cross-  

coupl ing from o t h e r  channels ,  e s p e c i a l l y  the r a d i a l  d i r e c t i o n ,  could be 

sources  account ing f o r  the  speed e f f e c t s .  Thus, a t  t h i s  p o i n t ,  i t  i s  not 

p o s s i b l e  t o  make concrete  s ta tements  a s  t o  how the  l a t e r a l  f o r c e  v a r i a t i o n  

changes wi th  speed. 

3.4 Trac t ive  Force Var ia t ions  

T r a c t i v e  f o r c e  v a r i a t i o n s  i n  t i r e s  a r i s e  from v a r i a t i o n s  i n  both 

t h e  s t i f f n e s s  and runout p r o p e r t i e s .  These e f f e c t s  combined a s  v a r i a t i o n s  

i n  t h e  rad ius  of t h e  t i r e  under load ( t h e  loaded r a d i a l  runout)  can be 

sources  of t r a c t i v e  f o r c e  v a r i a t i o n s .  Consider the  nonuniform t i r e  a s  

was shown i n  Figure  11 having a  v a r i a t i o n  i n  i t s  loaded r a d i u s .  A s  the  

t i r e  r o l l s ,  the  high p o i n t s  i n  t h e  rad ius  r e s i s t  r o l l i n g ,  c r e a t i n g  a  

t r a c t i v e  f o r c e  a s  they a r e  forced t o  pass through t h e  con tac t  a r e a .  Whether 

a  d i s c r e t e  f e a t u r e  on t h e  t r e a d  o r  a genera l  e c c e n t r i c i t y  i n  the  wheel ,  

t h i s  e f f e c t  w i l l  be p resen t .  The magnitude of the  t r a c t i v e  f o r c e  thus  

c rea ted  would not  be expected t o  vary  d i r e c t l y  wi th  t h e  speed a t  which the  

wheel i s  r o t a t i n g .  

On t h e  o t h e r  hand, i t  i s  hypothesized t h a t  t h e  v a r i a t i o n  i n  r a d i u s  

may a l s o  cause t h e  r o t a t i o n a l  speed of t h e  t i r e  t o  vary  a s  i t  r o l l s ,  given 

t h a t  t h e  ground speed i s  held  cons tan t .  I f  t h a t  i s  t r u e ,  t h e  t i r e l w h e e l  

assembly w i l l  exper ience  a c c e l e r a t i o n s  and d e c e l e r a t i o n s  i n  t h e  course of 

a  r evo lu t ion .  The a c t u a l  a c c e l e r a t i o n  magnitude, however, w i l l  be speed 

s e n s i t i v e - t h e  higher  t h e  speed,  t h e  h igher  t h e  a c c e l e r a t i o n .  Because of 

i t s  r o t a t i o n a l  i n e r t i a ,  t r a c t i v e  f o r c e s  must be generated a t  t h e  t i r e  

c o n t a c t  pa tch  t o  produce the  acceleration/deceleration phenomena.' 



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

uni formity  parameters of t h e  t i r e .  Inasmuch a s  the  s e v e r a l  mechanisms of 

t r a c t i v e  fo rce  genera t ion  have d i f f e r e n t  r e l a t i o n s h i p s  t o  speed,  t h e  

in f luence  of  speed on t r a c t i v e  f o r c e  v a r i a t i o n s  may be complex t o  

c h a r a c t e r i z e .  

3 .4 .1  Typical  Magnitudes. T r a c t i v e  f o r c e  v a r i a t i o n s  a r e  s t r o n g l y  

dependent on speed,  hence, r epor ted  magnitudes should be q u a l i f i e d  by speed. 

The complete 10 harmonics were a v a i l a b l e  a t  5 mph, hence d a t a  w i l l  be given 

f o r  t h a t  cond i t ion .  The hal f -ampl i tudes  f o r  t h e  t i r e s  t e s t e d  a r e  summar- 

i zed  i n  Table 8, below. 

Table 8. Magnitudes of T r a c t i v e  Force Var ia t ions .  

Harmonic Mean Maxiunum 
No. ( l b )  ( l b  1 

Note i n  t h e  t a b l e  above t h a t  t h e  t r a c t i v e  f o r c e  magnitudes a t  5 mph 

a r e  q u i t e  low, and nea r  t h e  th resho ld  of measurement e r r o r .  Though i t  i s  

d i f f i c u l t  t o  make p r e c i s e  comparisons, i t  can be s t a t e d  w i t h  some confidence 

t h a t  the  t r a c t i v e  f o r c e  v a r i a t i o n s  a t  low speed do no t  s t r o n g l y  decrease  

w i t h  harmonic number. 



3 . 4 . 2  Cor re la t ion  wi th  Runouts. The only runout parameters which 

have any p o t e n t i a l  t o  c o r r e l a t e  wi th  t r a c t i v e  f o r c e  v a r i a t i o n s  a r e  t h e  

r a d i a l  runouts .  Figure  A . 1 2  shows the  r e l a t i o n s h i p  of t r a c t i v e  f o r c e  

v a r i a t i o n  a t  5 mph t o  the  loaded r a d i a l  runout.  A s l i g h t  c o r r e l a t i o n  i s  

evident  a t  t h e  f i r s t  harmonic l e v e l ,  but  the  two a r e  v i r t u a l l y  uncorre la ted  

a t  h igher  harmonics. 

3 . 4 . 3  E f f e c t s  of LoadlPressure Ccndi t ions .  Because of t h e  low 

magnitudes of t h e  t r a c t i v e  f o r c e  v a r i a t i o n s  a t  5 nph, measurement e r r o r s  

make i t  d i f f i c u l t  t o  e x t r a c t  t h e  e f f e c t s  of load and p ressure  on each of 

t h e  t en  harmonics. A s  an a l t e r n a t i v e ,  t h e  d a t a  f o r  two harmonics a t  60 

mph a r e  examined. Figure  A.13 shows t h e  t r a c t i v e  f o r c e  v a r i a t i o n s  a t  two 

loads  and one p r e s s u r e ,  and Figure  A.14 shows the  e f f e c t s  of two p ressures  

a t  one load.  I n  e i t h e r  case ,  t h e  c o r r e l a t i o n s  a r e  not  good. Looking 

through the  s c a t t e r ,  p ressure  does not  appear t o  have much in f luence  on 

t r a c t i v e  f o r c e  v a r i a t i o n s .  However, a t  two l o a d s ,  a s  seen i n  Figure  A.13, 

a  l a r g e  i n e x p l i c a b l e  d i f f e r e n c e  appears .  I n  both  the  f i r s t  and second 

harmonics, t h e  f o r c e  v a r i a t i o n  inc reased  markedly when the  load i s  de- 

creased.  Whether t h i s  i s  a  r e s u l t  of dynamic e f f e c t s  w i t h i n  the  machine, 

o r  i s  an i n d i c a t i o n  of a c t u a l  t i r e  behavior i s  not  known. 

3 . 4 . 4  E f f e c t s  of Speed. The r e l a t i o n s h i p  between t r a c t i v e  f o r c e  

v a r i a t i o n s  a t  5 and 60 mph a r e  shown i n  Figure  A.15. A s  ev iden t  i n  t h e  

p l o t s ,  t h e  t r a c t i v e  fo rces  grow dramat ica l ly  wi th  speed,  inc reas ing  i n  

some cases  by f a c t o r s  of 5 t o  10 t imes .  Perhaps the  important  observat ion 

i s  t h a t ,  d e s p i t e  such speed s e n s i t i v i t y ,  t h e  t r a c t i v e  f o r c e  v a r i a t i o n s  a t  

even t h e  high speed a r e  much lower than t h e  r a d i a l  f o r c e  v a r i a t i o n s ,  only 

i n f r e q u e n t l y  exceeding 30 pounds mignitude i n  the  f i r s t  harmonic. Even 

then,  because i t  i s  a  high-speed cond i t ion ,  some of t h e  f o r c e  must be 

discounted due t o  t h e  exaggerated gain  a r i s i n g  from dynamics. 



3 . 5  Imbalance 

Mass imbalance i n  a  t i r e  ( o r  any o t h e r  component of a  t i r e l w h e e l  

assembly) produces a  f o r c e  a s  t h e  wheel r o t a t e s .  The magnitude of the  

fo rce  i s  e a s i l y  p red ic ted  from phys ica l  laws and i s  q u a n t i f i e d  by the  

equa t ion :  

where 

W R = the  imbalance (weight x r a d i u s )  i n  in-oz 

2 = r o t a t i o n a l  speed of the  wheel ( r ad l sec )  

The f o r c e  r o t a t e s  wi th  t h e  wheel thus producing a  f o r c e  e x c i t a t i o n  

i n  both the  r a d i a l  and t r a c t i v e  d i r e c t i o n s .  The fo rce  i s  observed and 

measured on the  t i r e  t e s t  machine i n  a  "balance t e s t "  when t h e  wheel i s  

spinning f r e e l y  i n  space. Knowing t h e  speed and f o r c e ,  t h e  imbalance 

magnitude and i t s  d i r e c t i o n  i s  computed. (Tests  were performed t o  v a l i d a t e  

the  computer a lgor i thm;  i . e . ,  weight was i n s t a l l e d  a t  the  s p e c i f i e d  loca- 

t i o n  t o  demonstrate t h a t  t h e  measured imbalance was e l imina ted . )  The 

imbalance magnitude and d i r e c t i o n  was recorded and used f o r  d a t a  co r rec t ion  

i n  o t h e r  t e s t  cond i t ions .  

When the  mass imbalance i s  not  loca ted  i n  the  wheel p lane ,  a l i g n i n g  

and over turning moments a r e  a l s o  produced, y i e l d i n g  what i s  known a s  

"dynamic imbalance." The a l ign ing  moment e f f e c t s  a r e  observed on t h e  t e s t  

machine, however, due t o  t h e  poor q u a l i t y  of t h i s  d a t a  ( a r i s i n g  from cross-  

coupling and dynamic e r r o r s )  no e f f o r t  was made t o  u t i l i z e  i t .  

The magnitude of the c y c l i c  f o r c e  produced by imbalance i s  dependent 

on t h e  amount of imbalance "W R , "  and the  speed of r o t a t i o n .  Rota t ional  

speed and t r a n s l a t i o n a l  speed a r e  r e l a t e d  through the  r o l l i n g  circumference 

of  t h e  t i r e ,  which f o r  t h e  1 0 . 0 0 ~ 2 0  and 1 1 ~ 2 2 . 5  s i z e s  i s  10.58 f e e t .  Thus 

t h e  c y c l i c  fo rce  a r i s i n g  from a  100 in-oz imbalance on these  t i r e l w h e e l  

assemblies i s  37.12 l b  a t  55 mph a c t i n g  equal ly  i n  the  r a d i a l  and t r a c t i v e  

f o r c e  d i r e c t i o n s .  



INFLUEKCE OF NONLTIFORNITIES IS: RIPS, WHEELS, AND HUBS 

4 . 1  I n t r o d u c t i o n  

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

of  nonun i fo rmi ty  t h a t  may be r e s p o n s i b l e  f o r  f o r c e  v a r i a t i o n s  i n  a  t r u c k  

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

t hey  can  i n f l u e n c e  t h e  b a l a n c e  o r  runou t  p r o p e r t i e s  of t h e  wheel  assembly.  

The hubs and wheels  themselves  a r e  t h e  n a j o r  i t e m s  i n  t h i s  c a t e g o r y  of 

o t h e r  r o t a t i n g  components. Truck wheels  a r e  of two g e n e r i c  types--1) 

d i s c  whee ls  t h a t  mount t o  s t u d s  on a  hub ,  comparable  t o  most pa s senge r  c a r  

w h e e l s ;  and 2 )  rims t h a t  mount t o  a  c a s t  spoke wheel .  For  t h i s  l a t t e r  

c o n f i g u r a t i o n ,  t h e  t i r e  mounts t o  a  r i m  which f i t s  t o  machined s u r f a c e s  

on t h e  c a s t  spoke wheel  and i s  r e t a i n e d  by clamps s ecu red  t o  t h e  wheel 

s t u d s  . 
The o v e r a l l  whee l  a s s e m b l i e s  may a l s o  be of e i t h e r  t h e  s i n g l e -  o r  

dual-wheel  t y p e s .  The d i s c  whee ls  o r  rims a r e  common f o r  b o t h  t h e  s i n g l e  and 

d u a l  a r r angemen t s ;  however, t h e  hub o r  c a s t  spoke  wheels  d i f f e r  i n  each  

c a s e .  The hubs used w i t h  d i s c  whee ls  may have  d i f f e r e n t  whee l - cen t e r ing  

f e a t u r e s  (Budd o r  C e n t e r - P i l o t ) .  Cas t  spoke wheels  may v a r y  i n  t h e  number 

of spokes ,  o r  have d i f f e r e n t  r i m - l o c a t i n g  geometry.  

Thus, when a l l  t h e  v a r i a b l e s  of t r u c k  wheel  d e s i g n  a r e  t a k e n  i n t o  

a c c o u n t ,  t h e r e  a r e  many p o t e n t i a l  s o u r c e s  of  n o n u n i f o r m i t i e s  i n  t h e  hardware.  

Those t h a t  c o n t r i b u t e  t o  t h e  f o r c e  v a r i a t i o n s  i n  t h e  r o l l i n g  wheel  a r e  of  

g r e a t e s t  i n t e r e s t .  The expe r imen t s  w i t h  t i r e  and wheel  combina t ions  i n  

t h i s  r e s e a r c h  have p rov ided  unique  d a t a  from which t o  examine t h e s e  phenomena. 

The f o l l o w i n g  d i s c u s s i o n  r e p o r t s  t h e  f i n d i n g s  from t h a t  work. The emphasis  

h e r e  i s  i n  u n d e r s t a n d i n g  t h e  mechanisms by which n o n u n i f o r m i t i e s  i n  t h e  

whee l  components cause  f o r c e  v a r i a t i o n s  s o  t h a t  t i r e  and wheel  c o n t r i b u t i o n s  

can  be compared on t h e  same s c a l e .  Only a  few s e l e c t e d  samples  of each  

t y p e  of hardware were t e s t e d .  Thus, t h e  r e l a t i v e  magni tudes  of  nonun i fo rmi ty  

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

of  a c t u a l  hardware.  



4 . 2  Radial  Force V a r i a t i o n  

The r a d i a l  f o r c e  v a r i a t i o n s  produced by t i r e l w h e e l  assemblies might 

l o g i c a l l y  be expected t o  e x h i b i t  t h e  same behavior a s  observed with t h e  

t i r e s  on t h e  p r e c i s i o n  wheels. By and l a r g e ,  t h i s  i s  the  case .  The loaded 

r a d i a l  runout measure proves t o  be t h e  c l o s e s t  c o r r e l a t e  of r a d i a l  f o r c e  

v a r i a t i o n  f o r  t h e  o v e r a l l  assembly. Figure  B . l  shows the r e l a t i o n s h i p  of 

r a d i a l  f o r c e  v a r i a t i o n  t o  loaded r a d i a l  runout i n  the  f i r s t  few harmonics 

f o r  a  v a r i e t y  of t i r e l w h e e l  combinations. The d a t a  p o i n t s  cover s i n g l e -  

and dual-wheel arrangements f o r  both  d i s c  and c a s t  spoke wheels.  Because 

the  r e l a t i o n s h i p  depends on t h e  r a d i a l  s t i f f n e s s  of t h e  t i r e l w h e e l  

assembly, t h e  s i n g l e  and dual  wheels e x h i b i t  d i f f e r e n t  r e l a t i o n s h i p s .  

Beyond t h i s ,  however, t h e  r e l a t i o n s h i p  i s  unaffected by t h e  o t h e r  v a r i a b l e s  

of t i r e -  type  and wheel- type.  

The r e l a t i o n s h i p  between t h e  r a d i a l  f o r c e  v a r i a t i o n s  of t h e  t i r e /  

wheel assembly and the  va r ious  measures of f r e e  r a d i a l  runout ( r a d i a l  

runout on t h e  c e n t e r l i n e ,  and two- and three-point  runouts)  i s  s i m i l a r  t o  

t h a t  observed wi th  t h e  t i r e  a lone ,  as  d iscussed i n  t h e  previous  chapter .  

Based on t h e  obse rva t ion  t h a t  r a d i a l  f o r c e  v a r i a t i o n  and r a d i a l  

runout a r e  c l o s e l y  r e l a t e d ,  i t  may be expected t h a t  any nonuniformity i n  

a  r o t a t i n g  wheel component t h a t  c o n t r i b u t e s  t o  r a d i a l  runout of t h e  

assembly is  a  source  of r a d i a l  f o r c e  v a r i a t i o n .  That in f luence  can be 

seen more e x p l i c i t l y  by comparing t h e  r a d i a l  f o r c e  v a r i a t i o n s  a t t r i b u t a b l e  

t o  t h e  wheel wi th  t h e  runout p r o p e r t i e s  of t h e  wheel. The r a d i a l  f o r c e  

v a r i a t i o n s  a t t r i b u t a b l e  t o  t h e  wheel can be determined by use  of t h e  vector-  

averaging process  descr ibed p rev ious ly .  The method i s  implemented by 

i n s t a l l i n g  t h e  wheel on t h e  hub and measuring t h e  bead s e a t  runout (BSFS) 

a s  i n s t a l l e d .  Then a  t i r e  i s  i n s t a l l e d  on t h e  assembly wi thout  d i s t u r b i n g  

t h e  wheellhub r e l a t i o n s h i p .  The assembly i s  t e s t e d ,  then t h e  t i r e  i s  

d e f l a t e d  and r o t a t e d  t o  a  new p o s i t i o n  (normally 90 degrees  from the  

o r i g i n a l  o r i e n t a t i o n ) .  The assembly i s  again  t e s t e d ,  and t h i s  procedure i s  

repeated twice again .  The r e s u l t s  of t h e  f o u r  t e s t s  a r e  then averaged t o  

remove the  t i r e  c o n t r i b u t i o n ,  l eav ing  a  r a d i a l  f o r c e  v a r i a t i o n  t h a t  can be 

a t t r i b u t e d  t o  t h e  wheellhub assembly. 



That  p rocedu re  was fo l lowed on a  number of s i n g l e  t i r e / w h e e l  

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

compared t o  t h e  r a d i a i  r unou t s  on ::?e besd s e a t  i n  F i g u r e  5 .2 .  Good 

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

d e t e r i o r a t e s  i n  t h e  h i g h e r  harmonics  a s  would be expec t ed .  I n  t he  f i r s t  

harmonic,  t h e  s l o p e  of t h e  r e l a t i o n s h i p  cor responds  t o  3 .3  pounds of r a d i a l  

f o r c e  v a r i a t i o n  pe r  O.OOi i n c h  of bead s e a t  r a d i a l  r unou t .  The mechanisms 

by which t h e  wheel runout  l e a d s  t o  r a d i a l  f o r c e  v a r i a t i o n  i s  somewhat 

ove re s t ima ted  by t h e  assumption t h a t  t h e  wheel r unou t  o p e r a t e s  d i r e c t l y  

a g a i n s t  t h e  t i r e  s ~ i f f n e s s ,  i n  rc1:ich case  f o r c e  v a l u e s  more on t h e  o r d e r  

of 5 pounds p e r  0 . 0 0 1  i n c h  would be expec t ed .  The reduced l e v e l  of t h e  

e f f e c t i v e  s t i f f n e s s  observed  i s  probably  due i n  p a r t  t o  t h e  a d d i t i o n a l  

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

s u p p r e s s  o r  abso rb  t h e  runou t  p r e s e n t  i n  t h e  wheel .  To some e x t e n t ,  t h e  

abso rb ing  p r o c e s s  i s  r e f l e c t e d  i n  t h e  r e l a t i o n s h i p  between t h e  bead s e a t  

r a d i a l  r unou t  and t h e  loaded  r a d i a l  r unou t  a t t r i b u t a b l e  t o  t h e  whee l .  These 

two a r e  c o r r e l a t e d  i n  t h e  f i r s t  harmonic ( though n o t  a s  well-R-squared 

v a l u e  of 0.85) w i t h  a  s l o p e  t h a t  i n d i c a t e s  t h e  loaded  r a d i a l  r unou t  w i l l  

on ly  be  about  9 2  p e r c e n t  of t h e  runout  observed  a t  t h e  bead s e a t .  

For purposes  of completeness  h e r e ,  i t  shou ld  be no ted  t h a t  no 

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

wheel  and t h e  l a t e r a l  runout  measured a t  t h e  bead s e a t .  L ikewise ,  t h e r e  

i s  no s i g n i f i c a n t  c o r r e l a t i o n  between t h e  bead s e a t  l a t e r a l  r unou t  and 

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

Dual Wheel Combinations - Also of p o s s i b l e  i n t e r e s t  i s  t h e  way i n  

which t h e  r a d i a l  f o r c e  v a r i a t i o n s  i n  a  dual-wheel assembly a r i s e  from t h e  

v a r i a t i o n s  i n  t h e  i n d i v i d u a l  whee ls .  From t h e  unde r s t and ing  developed t h u s  

f a r ,  one would expec t  t h a t  t h e  r a d i a l  f o r c e  v a r i a t i o n  of  t h e  assembly is  

t h e  s imp le  v e c t o r  a d d i t i o n  of t h e  c o n t r i b u t i o n s  from each  wheel.  F i g u r e  

1 3  i l l u s t r a t e s  from a c t u a l  measurements t h a t  v e c t o r  a d d i t i o n  o c c u r s .  The 

a r row on t h e  p l o t  r e p r e s e n t s  t h e  f o r c e  v a r i a t i o n  f o r  t h e  i n s i d e  wheel when 

i t  i s  measured a l o n e .  When t h e  o u t s i d e  wheel i s  mounted i n  d i f f e r e n t  
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p o s i t i o n s ,  the  d a t a  p o i n t s  show the  composite va lue  measured. (Note t h a t  

t h e  o u t s i d e  wheel p o s i t i o n s  were 1 / 5  of a  r e v o l u t i o n  a p a r t ,  even though 

only four  d a t a  p o i n t s  a r e  shown.) The f i g u r e  c l e a r l y  shows the  vec to r  

a d d i t i o n  process  i n  t h i s  s e r i e s  of t e s t s ,  even though some e r r o r  i s  ev iden t .  

I n  t h i s  case ,  t h e  i n s i d e  wheel has a  f i r s t  harmonic r a d i a l  f o r c e  v a r i a t i o n  

of 75 l b ,  whi le  t h e  o u t s i d e  wheel i s  115 l b .  Depending on the  o r i e n t a t i o n  

wi th  which they a r e  mounted, t h e  f i r s t  harmonic f o r  t h e  t o t a l  assembly may 

be anywhere from 40 l b  (115-75) t o  190 l b  (115+75). 

I n  genera l ,  t h e  da ta  seen i n  Figure 1 3  demonstrate t h a t  t h e  v e c t o r  

a d d i t i c n  process  p r e v a i l s  when two wheels a r e  mounted i n  a  dual-wheel s e t .  

Xowever, t h e  process  i s  not e a s i l y  demonstrated f o r  any a r b i t r a r y  wheel 

s e t  because wheel mounting v a r i a t i o n s  may be l a r g e  enough t o  obscure t h e  

" c i r c l e "  r epresen t ing  t h e  o u t s i d e  wheel. The d a t a  i n  Figure  1 3  were 

obta ined using a  d i s c  wheel s e t  f o r  which t h e  i n s i d e  wheel could be locked 

i n  p lace  whi le  t h e  o u t e r  wheel was moved t o  d i f f e r e n t  o r i e n t a t i o n s .  I n  

s i m i l a r  t e s t s  w i t h  c a s t  spoke wheels,  mov'ement of the  inner  wheel wi th  each 

r e p o s i t i o n i n g  of t h e  o u t s i d e  wheel caused so  much d a t a  s c a t t e r  t h a t  the  

v e c t o r  a d d i t i o n  process  could not  be demonstrated. Never theless ,  i t  can be 

argued t h a t  v e c t o r  a d d i t i o n  i s  s t i l l  t ak ing  p l a c e ,  al though t h e  mounting - 
v a r i a t i o n s  a r e  a  s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  fo rce  v a r i a t i o n  p resen t  i n  

each wheel. 

4 . 3  L a t e r a l  Force Var ia t ions  

In  the  previous  examination of t i r e s ,  no dimensional uniformity  

measure was an  e f f e c t i v e  p r e d i c t o r  of  l a t l e r a l  f o r c e  v a r i a t i o n s .  The same 

remains t r u e  f o r  t h e  t i r e l w h e e l  assembly. Figure  B.3 shows the  r e l a t i o n -  

sh ip  of l a t e r a l  fo rce  v a r i a t i o n s  t o  l a t e r a l  runouts  i n  s i n g l e  t i r e /whee l  

assembl ies .  (No equ iva len t  d a t a  a r e  show11 f o r  dual-wheel assemblies because 

of t h e  d i f f i c u l t y  of ob ta in ing  l a t e r a l  ruisout measurements on both wheels.)  

Included i n  t h e s e  d a t a  a r e  examples of good and bad mounting p r a c t i c e .  

I n  g e n e r a l ,  t h e  bad mounting examples y i e l d  t h e  cases  of high f i r s t  harmonic 

runou t ,  but  have no d i r e c t  i n f l u e n c e  on t h e  second and higher  harmonics. 

The absence of a  c l e a r  r e l a t i o n s h i p  between the  l a t e r a l  f o r c e  and l a t e r a l  

runout when the  wheels a r e  c a r e l e s s l y  mou~lted i s  proof of t h e  statement i n  



t h e  previous  chapter  t h a t  a  wobbly wheel i s  no t  a  d i r e c t  source  of l a t e r a l  

f o r c e  v a r i a t i o n .  

The d a t a  were a l s o  checked t o  s e e  i f  t h e r e  was any r e l a t i o n s h i p  

between l a t e r a l  runout of t h e  wheel and t h e  r a d i a l  f o r c e  v a r i a t i o n .  No 

c o r r e l a t i o n  was observed. 

4 . 4  T r a c t i v e  Force Var ia t ions  

T r a c t i v e  f o r c e  v a r i a t i o n s  i n  t i r e l w h e e l  assembl ies  a r i s e  from r a d i a l  

s t i f f n e s s  and runout nonuniformit ies  i n  t h e  o v e r a l l  assembly. The 

r e l a t i o n s h i p s  t o  loaded r a d i a l  runout a r e  shown i n  Figure  B.4. Although 

a rough c o r r e l a t i o n  appears inexp l i cab ly  i n  the  second harmonic f o r  s i n g l e  

wheels,  i n  g e n e r a l ,  no c o r r e l a t i o n s  occur i n  a l l  o t h e r  cases .  

4 . 5  Sources of Nonuniformities 

The r a d i a l  and t r a c t i v e  f o r c e  v a r i a t i o n s  show such s t r o n g  l i n k s  t o  

dimensional  v a r i a t i o n s  t h a t  t h e  n a t u r a l  ques t ion  i e h a t  a r e  t h e  sources  

of those  v a r i a t i o n s ?  ~ b v i o u s l y ,  they a r e  products  of t h e  way i n  which 

t h e  components mechanically i n t e r f a c e ;  bu t  one must a sk  which a r e  t h e  

c r L t i c a l  f a c t o r s .  The o v e r a l l  v a r i a t i o n s  i n  a  t i r e l w h e e l  assembly can be 

broken down i n t o  the  fo l lowing sources  : 

-T i re  v a r i a t i o n s  

-Bead-seating e f f e c t s  

-Wheel (or  rim) v a r i a t i o n s  

-Wheel-mounting e f f e c t s  

-Hub ( o r  c a s t  spoke ~ ~ r h e e l )  v a r i a t i o n s  

The t i r e ,  wheel ,  and hub v a r i a t i o n s  a r e  t h e  products  of t h e  dimen- 

s i o n a l  dev ia t ions  i n  the  manufacture of each component. The bead-seating 

and wheel-mounting e f f e c t s  a r e  t h e  r e s u l t  of t h e  way i n  which one component 

i n t e r f a c e s  wi th  another .  The t i r e ,  wheel, and hub nonuniformit ies  a r e  

independent f a c t o r s  t h a t ,  wi th  proper  methods, can be measured s e p a r a t e l y .  

The bead-seating and wheel-mounting e f f e c t s  a r e  i n t e r a c t i v e  and dependent 

on t h e  combination of two components. Thus they can only be measured i n  

those  pa i red  combinations. 



The t i r e  v a r i a t i o n s  have been f a i r l y  w e l l  documented a s  t o  t h e i r  

magnitudes and q u a l i t i e s  i n  t h e  previous chap te r .  The remaining four  

e f f e c t s  a r e  i n t e g r a l  t o  t h e  data  on t i r e j w h e e l  combinations t h a t  have been 

presented i n  t h i s  chapter ,  but  have not been separa ted out y e t .  Thus 

t h e s e  s e p a r a t e  sources  of v a r i a t i o n s  w i l l  now be addressed.  

a )  Bead Seat ing - When a  t i r e  i s  mounted on a  wheel, a  c e r t a i n  

amount of fo rce  v a r i a t i o n  may a r i s e  due t o  the  f a c t  t h a t   he t i r e  must be 

seated onto the  bead under high load.  The magnitude of t h i s  v a r i a t i o n  

might be expected t o  be s p e c i f i c  t o  the  t i r e  bead contour (hence the t i r e  

manufacturer) ,  a s  we l l  a s  the  wheel bead s e a t  contour. When the  t i r e  i s  

mounted on the  wheel ,  t h e  assembly has fo rce  v a r i a t i o n s  which a r e  the  

v e c t o r  r e s u l t a n t  from both the  t i r e  and the  wheel (as  mounted on a  hub). 

I n  genera l ,  when t h s  t i r e  i s  mounted on the  wheel, t h e  f o r c e  v a r i a t i o n s  

w i l l  not  q u i t e  match t h a t  vec to r  r e s u l t a n t  because of the  bead-seating 

in f luences .  Should the  t i r e  be d e f l a t e d ,  unseated,  then r e i n f l a t e d ,  the  

o v e r a l l  fo rce  v a r i a t i o n s  might be expected t o  vary s l i g h t l y  due t o  the  

change i n  the  bead-seating e f f e c t .  A l t e r n a t e l y ,  i f  the  t i r e  i s  d e f l a t e d ,  

r o t a t e d  t o  a  new p o s i t i o n  on the  wheel, and r e i n f l a t e d ,  the  same e f f e c t  

w i l l  occur. Though the  t i r e  and wheel vec to r  components a r e  known, the  

v a r i a t i o n  f o r  the  assembly w i l l  d i f f e r  from the  vec to r  r e s u l t a n t  f o r  the  

t i r e  and wheel due t o  bead-seating v a r i a t i o n s .  T h e o r e t i c a l l y ,  t h e  bead- 

s e a t i n g  in f luence  can be determined by t e s t i n g  a  t i r e  a t  mul t ip le  p o s i t i o n s  

on a  wheel/hub assembly. Because the  measurements a r e  made r e l a t i v e  t o  the  

t i r e ,  t h e  simple vec to r  average of a l l  t e s t s  i s  the  t i r e  f o r c e  v a r i a t i o n .  

The rad ius  of the  "bes t  f i t "  c i r c l e  through the  data  po in t s  i s  the  magni- 

tude of the  wheel fo rce  v a r i a t i o n .  The da ta  po in t s  w i l l  not  f a l l  exac t ly  

on the  c i r c l e ,  but  w i l l  evidence some random e r r o r ,  t h a t  e r r o r  being the  

"bead-seating' '  e f f e c t .  I t  was poss ib le  t o  e x t r a c t  a  "bead-seating" e r r o r  

f o r  some of t h e  t e s t s  on commercial wheels by t h i s  p rocess ,  al though i n  

many cases  i t  was not  poss ib le  due t o  the  f a c t  t h a t  t h e  p a t t e r n  f o r  t h e  

wheel d a t a  d id  not  appear l i k e  a  c i r c l e .  The process i s  q u i t e  tenuous,  

never the less ,  t h e  d a t a  obtained a r e  l i s t e d  i n  Table 9 .  The reader  i s  



Table 9.  Magnitudes of 5 mph Force Variations At t r ibu tab le  t o  
Bead-Seating Effects  fo r  Tires  on Commercial Wheels. 

Radial Force 
Variation ( l b )  

La te ra l  Force 
Variation ( l b )  

Tract ive Force 
Variation ( l b )  Harmonic 

No. Mean - Max. Mean Max. - Mean - Max. - 

"4th l~armonic data  not va l i d .  



cautioned i n  using t h i s  d a t a  t o  recognize t h a t  the  r e s u l t s  obta ined a r e  

l i k e l y  t o  be conservat ive  es t ima tes  of fo rce  v a r i a t i o n s  a t t r i b u t a b l e  t o  

bead-seating e f f e c t s .  Those cases where bead-seating v a r i a t i o n s  a r e  l a r g e  

w i l l  n a t u r a l l y  confound t h e  e f f o r t s  to  f i t  a  c i r c l e  t o  the  da ta  and a r e  

thus not  included he re .  Therefore,  the  a n a l y s i s  process has a  b i a s  t o  

underest imate bead-seating e r r o r s .  Even though the  t r u e  magnitude of bead- 

s e a t i n g  e r r o r s  cannot be s t a t e d  wi th  confidence from t h i s  d a t a ,  i t  would 

appear t h a t  they a r e  q u i t e  smal l .  

b )  FJheellHub Var ia t ions  - The v a r i a t i o n s  assoc ia ted  wi th  the  mount- 

ing of a  wheel on a  hub (or  a l t e r n a t i v e l y  a  r i m  on a  c a s t  spoke wheel) 

i n d i v i d u a l l y  a r e  much more d i f f i c u l t  t o  de f ine  and quan t i fy .  T h e o r e t i c a l l y ,  

the  v a r i a t i o n s  can be determined by t e s t i n g  a  wheel a t  mul t ip le  o r i e n t a t i o n s  

on a  hub and s e p a r a t i n g  t h e  wheel, hub, and mounting in f luences  i n  a  f a sh ion  

analogous t o  t h a t  descr ibed above f o r  the  t i r e l w h e e l  combination. Although 

a  number of commercial wheellhub assemblies were included i n  the  t e s t s ,  

because of t h e i r  v a r i e t y  no s t a t i s t i c a l l y  s i g n i f i c a n t  sample of any one type 

was obta ined.  (For example, of the  four  hubs used i n  the  t e s t s ,  no two 

were a l i k e ;  r a t h e r ,  the  four  were s i n g l e  and dual  conf igura t ions  of d i s c  

and c a s t  spoke hubs. S i m i l a r l y ,  only two undocumented samples of the  four  

wheel types--tubeless d i s c s ,  tube less  r ims,  tube-type d i s c s ,  and tube-type 

rims---were t e s t e d . )  Inasmuch a s  the  samp:Le s i z e s  do no t  warrant  a  s t a t i s -  

t i c a l  a n a l y s i s  of each group, only the  s t a t i s t i c s  f o r  t h e  o v e r a l l  sample 

a r e  p resen ted .  Even then ,  the  d a t a  a r e  Limited t o  t h e  single-wheel con- 

f i g u r a t i o n  because of t h e  complexity of separa t ing  e f f e c t s  on dual-wheel 

assembl ies ;  and of a l l  t e s t s ,  only those  i n  which a  c i r c l e  could be f i t t e d  

were usable .  The fo rce  v a r i a t i o n  magnitudes observed f o r  t h e  wheellhub 

assemblies a r e  l i s t e d  i n  Table 10.  

c) Wheel-Mounting E f f e c t s  - The p o t e n t i a l  in f luences  of wheel 

mounting a r e  undoubtedly one of the  effect-s  most i n t e r e s t i n g  t o  the  indus t ry .  

The s e p a r a t e  c h a r a c t e r i z a t i o n  of fo rce  v a r i a t i o n s  a t t r i b u t a b l e  t o  wheel- 

mounting v a r i a t i o n s  i s  a  t a s k  analogous t o  t h a t  of the  bead-seating e f f e c t s  

between the  t i r e  and the  wheel. I n  order  t o  s e p a r a t e  out  a  fo rce  t h a t  can 

be a t t r i b u t e d  t o  mounting v a r i a t i o n ,  the  d a t a  obta ined must f i t  t he  vec to r  



Table 10. Magnitudes of Force Var ia t ion  A t t r i b u t a b l e  
t o  WheelIHub Assemblies. 

Radial  Force 
Var ia t ion  ( l b )  

L a t e r a l  Force 
V a r i a t i o n  ( l b )  

T r a c t i v e  Force 
V a r i a t i o n  ( l b )  Harmonic 

No. hlean - Max. Mean - Max. - Mean Max. - 

yk4th harmonic d a t a  not  v a l i d .  



a d d i t i o n  model. When t h e  mounting v a r i a t i o n s  (which a r e  random) a r e  l a r g e ,  

however, t h e  " c i r c l e "  r e p r e s e n t i n g  t h e  wheel cannot  b e  found ,  and t h e  

a n a l y s i s  i s  confounded. Those d a t a  being excluded from t h e  a n a l y s i s  l e a d  

t o  a  b i a s e d  p i c t u r e  of t h e  magnitude of mounting e f f e c t s .  Tha t  b e i n g  t h e  

c a s e ,  pe rhaps  t h e  b e s t  p i c t u r e  of mounticg v a r i a t i o n s  i s  o b t a i n e d  by s imply 

l ook ing  a t  t h e  raw d a t a  f o r  f o r c e  v a r i a t i o n s  when b o t h  "good" and "bad" 

mounting p r a c t i c e s  a r e  used .  Mounting p r a c t i c e  i s  o n l y  a  s i g n i f i c a n t  f a c t o r  

w i t h  c a s t  spoke wheels .  "Good" p r a c t i c e  w i t h  c a s t  spoke wheels  i s  a  pro- 

g r e s s i v e  t i g h t e n i n g  of t h e  l u g  n u t s  i n  a  s t a r  p a t t e r n  w i t h  c a r e  t aken  t o  

minimize l a t e r a l  r u n o u t ;  whereas ,  "bad" p r a c t i c e  i s  e q u i v a l e n t  t o  assembl ing  

t h e  wheel  t o  t h e  p o i n t  t h a t  a l l  clamps ar.d l u g  n u t s  a r e  i n  p l a c e ,  t hen  

t i g h t e n i n g  one n u t  p r i o r  t o  a l l  o t h e r s .  T a b l e 1 1  shows t h o s e  v a r i a t i o n s  

f o r  s i n g l e -  and dual-wheel c o n f i g u r a t i o n s .  For  s i n g l e  whee ls  t h e r e  i s  

v i r t u a l l y  no i n f l u e n c e  from mounting p rocedu re ,  and even t h e n ,  on ly  t h e  

l a t e r a l  f o r c e  v a r i a t i o n  shows any i n c r e a s e  w i t h  bad mounting. The r e a l l y  

s i g n i f i c a n t  e f f e c t s  show up on t h e  dual-wheel c o n f i g u r a t i o n s  w i t h  a sub- 

s t a n t i a l  i n c r e a s e  i n  t h e  r a d i a l  f o r c e  v a r i a t i o n  when bad mounting p r a c t i c e  

i s  used .  I n  t h e s e  t e s t s ,  t h e  "bad" p r a c t i c e  was t r u l y  bad ( p u l l i n g  t h e  

r i m  up on one clamp b e f o r e  t i g h t e n i n g  t h e  o t h e r s ) ,  s o  t h e  magnitudes shown 

i n  Tab l e  11 a r e  t h e  upper l imi ts  of t h e  mounting e f f e c t s .  



Ta t l l e  11 Average Magnitude.. o f  Fo rce  [ S a r i a t i o r ~ c .  on 
Cast Spoke Wheels w i t h  Good and Bad M o ~ r ~ t i r t g  P r a c t i c e s  

SINGLE WHEELS 

D i r e c t i o n  P r a c t i c e  1s t  Har .  2nd Har ,  3 r d  Ha r .  4 t h  Har .  --------- -------- -------- -------- -------- -------- 

F Z Good 95.13 lb 35.88 lb 18.18 lb 5'. 17 lb 
Bad 91.51 35.94 17.88 8.99 

FY Gclod 29.7'1 6,73 5.73 1.61 
Bad 37.64 7.13 . ,' &I 1.56 5 7" 

FX Goad 4.5'6 3.45 2.7'7 1.57 
Bad 4.85 3.46 2.85 1.66 

DUAL WHEELS 

D i r e c t i o n  P r a c t i c e  1s t  Har .  2nd Har .  3 r d  Har .  4th Har .  --------- -------- -------- -------- -------- ------- 

F 2 Good 124,"Jb 31.16 1b 28.56 lb 23, 18 lb 
Bad 289.4 34.11 19.75 23.13 

F:>< Gocld 4.45 3.45 3.18 2: .33  
Bad 11.28 4.85 3. 18 3.24 



CHAPTER 5 

CONCLUSIOWS 

The f ind ings  obta ined from conduct of the  Phase I resea rch  program 

f a l l  i n  two categories---those r e f l e c t i n g  advancements i n  the  t e c h n i c a l  

understanding of how t i r e l w h e e l  nonunifor:mities in f luence  t ruck  r i d e  

v i b r a t i o n s ,  and f ind ings  s p e c i f i c  t o  how t i r e l w h e e l  nonuniformit ies  con- 

t r i b u t e  t o  f o r c e  v a r i a t i o n s .  Though the  ambitious o b j e c t i v e s  s e t  a t  the  

beginning of t h e  p r o j e c t  have no t  a l l  been achieved,  n e v e r t h e l e s s ,  sub- 

s t a n t i a l  progress  has  been made i n  t h e  d i r e c t i o n  of understanding t ruck  

t i r e l w h e e l  nonuniformit ies  and t h e i r  i n f h e n c e  on t ruck  r i d e .  Drawing on 

both  t h e  Phase I and Phase I1 [ 2 ]  f i n d i n g s ,  the  s t a t u s  of t e c h n i c a l  

development can be summarized a s  fo l lows:  

1)  A proper methodology f o r  measuring nonuniformit ies  i n  t ruck  

t i r e  and wheel components has been estab1,ished.  S p e c i f i c a l l y ,  des ign and 

performance requirements f o r  t e s t  machinery capable of making v a l i d  measure- 

ments (f r e e  from dynamic and cross-coup1i:ng e r r o r s )  a r e  known, t e s t  

procedures have been e s t a b l i s h e d ,  and d a t a  r educ t ion  methods have been 

demonstrated. However, no t e s t  machine has y e t  been b u i l t  t o  f u l l y  

u t i l i z e  t h a t  methodology. 

2 )  The mechanisms by which f o r c e  v a r i a t i o n s  i n  t h e  i n d i v i d u a l  t i r e  

and wheel components combine t o  y i e l d  a  fo rce  v a r i a t i o n  f o r  the  o v e r a l l  

assembly i s  understood i n  many a r e a s .  For t h e  r a d i a l  fo rce  d i r e c t i o n ,  

which i s  the  source  of the  l a r g e s t  v a r i a t i o n s ,  the  "vector add i t ion"  model 

c h a r a c t e r i z e s  t h e  combination e f f e c t .  

3) The mechanisms by which f o r c e  v a r i a t i o n s  i n  t i r e l w h e e l  assemblies 

dynamically couple t o  a  t ruck  a r e  charac te r i zed  by the  "impedance coupling" 

concept [ 7 ] .  The i n f l u e n c e  of t h i s  mechanism was seen i n  the  dynamic 

problems wi th  t h e  t e s t  machine and t h e  concept was employed i n  development 

of road s imula to r  t e s t  methodology i n  the  Phase I1 resea rch  p r o j e c t .  

4 )  The r e l a t i v e  importance of va r ious  harmonic f o r c e  v a r i a t i o n s  

a s  r i d e  e x c i t a t i o n  sources  has been q u a n t i f i e d  f o r  one t y p i c a l  t ruck  i n  a 



p i l o t  t e s t  program [ 2 ] ,  thus o f f e r i n g  means t o  a ssess  t h e  r e l a t i v e  s i g n i -  

f i cance  of s p e c i f i c  t i r e  and wheel nonuniformit ies .  

From the  t i r e  and wheei t e s t s  i n  the  Phase I program, s p e c i f i c  

f ind ings  r e l a t i n g  t i r e  o r  wheel nonuniformit ies  t o  f o r c e  v a r i a t i o n s  have 

been made. I t  should be noted t h a t  the  t e s t i n g  and ana lys i s  could not  nea r ly  

cover t h e  e n t i r e  sample of t i r e s ,  and the  t i r e l w h e e l  samples used were not  

randomly s e l e c t e d  t o  r epresen t  the  genera l  popula t ion.  From these  f i n d i n g s ,  

the  following primary conclusions a r e  o f f e r e d .  It should ,  however, be noted 

t h a t  due t o  machine shortcomings,  conclusions applying t o  o t h e r  then the  

r a d i a l  d i r e c t i o n ,  and a t  high speed o t h e r  t h a t  the  f i r s t  harmonic, a r e  

t e n t a t i v e .  

T i re  Radial  Force Var ia t ions  

-Radial  fo rce  v a r i a t i o n s  a r e  genera l ly  the l a r g e s t .  

-Low-speed measurements a r e  good p r e d i c t o r s  of high-speed (60 mph) 

fo rce  v a r i a t i o n s .  

-Radial  fo rce  v a r i a t i o n s  i n  a  t i r e  a r e  c l o s e l y  r e l a t e d  t o  t h e  loaded 

r a d i a l  runout i n  t h e  range of f i r s t  through f i f t h  harmonic. 

-The two- and three-point  r a d i a l  runouts w i l l  only p r e d i c t  fo rce  

v a r i a t i o n s  i n  the  f i r s t  harmonic, and then wi th  much lower q u a l i t y  of 

r e l a t i o n s h i p .  

-The r a d i a l  fo rce  v a r i a t i o n s  produced by t i r e s  showed no r e l a t i o n s h i p  

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

-Radial fo rce  v a r i a t i o n s  i n  t i r e s  a r e  independent of l o a d ,  b u t  a r e  

dependent on (roughly p r o p o r t i o n a l  t o )  p ressure .  

T i r e  L a t e r a l  Force Var ia t ions  

-Low-speed measurements a r e  good p r e d i c t o r s  of high-speed (60 mph) 

fo rce  v a r i a t i o n s .  

-La te ra l  f o r c e  v a r i a t i o n s  show no r e l a t i o n s h i p  t o  l a t e r a l  runout 

p r o p e r t i e s ,  

-La te ra l  fo rce  v a r i a t i o n  tends t o  be independent of p r e s s u r e ,  whi le  

a  load s e n s i t i v i t y  ( f o r c e  v a r i a t i o n  diminishing wi th  load) i s  observed wi th  

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



T i r e  Trac t ive  Force Var ia t ions  

-Tract ive  f o r c e  v a r i a t i o n s  vary s i g n i f i c a n t l y  wi th  speed,  and were 

not  p r e d i c t a b l e  from low-speed measurements, due t o  the  l i m i t e d  capabi l -  

i t i e s  of t h e  p resen t  t e s t  machine. 

- F i r s t  harmonic t r a c t i v e  f o r c e  v a r i a t i o n s  (measured a t  5 mph) a r e  

loose ly  c o r r e l a t e d  wi th  loaded r a d i a l  runout .  

-The high-speed f o r c e  v a r i a t i o n s  appear t o  be r e l a t i v e l y  independent 

of p r e s s u r e ,  bu t  dependent on load (decreas ing wi th  i n c r e a s i n g  l o a d ) .  

-Due t o  the  genera l ly  lower magnitude of t r a c t i v e  f o r c e  v a r i a t i o n s ,  

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

fo rce  d i r e c t i o n .  

TireIWheel Assembly Radial  Force Var ia t ions  - 
-Loaded r a d i a l  runout i s  a  good pred:ictor of r a d i a l  f o r c e  v a r i a t i o n  

f o r  a  t i r e l w h e e l  assembly; and, the  runou,t of a dual-wheel assembly produces 

a  much g r e a t e r  f o r c e  v a r i a t i o n  than f o r  a  s i n g l e  wheel due t o  g r e a t e r  

s t i f f n e s s  of a  dual-wheel s e t .  

-The two- and three-point  f r e e  r a d i a ' l  runouts  on a  s i n g l e  t i r e l w h e e l  

assembly a r e  only loose ly  c o r r e l a t e d  to  the  f i r s t  harmonic r a d i a l  f o r c e  

v a r i a t i o n .  

-Bead-seat r a d i a l  runout i s  a  good p r e d i c t o r  of f i r s t  harmonic r a d i a l  

fo rce  v a r i a t i o n s  a r i s i n g  from the  wheel. Runout on the  bead s e a t  appears 

t o  be a t t e n u a t e d  by the  t i r e ,  c o n t r i b u t i n g  about 3 .3  pounds of f o r c e  

v a r i a t i o n  per  0.001 inch of runout ,  f o r  tlae t i r e s  included i n  t h i s  s tudy .  

-Contr ibut ions  o f  the  wheellhub a s s e ~ n b l i e s  t o  f i r s t  harmonic r a d i a l  

fo rce  v a r i a t i o n s  a r e  nominally of the  same magnitude a s  f o r  t i r e s  ( f o r  

the  l i m i t e d  samples t e s t e d ) .  The wheel/hub c o n t r i b u t i o n s  diminish i n  impor- 

tance  f o r  the  second through f i f t h  harmon:ic, and a r e  n e g l i g i b l e  t h e r e a f t e r .  

-La te ra l  runout i n  a  wheel does no t  c o n t r i b u t e  t o  r a d i a l  f o r c e  

v a r i a t i o n  of the  assembly. 



-Radia l  f o r c e  v a r i a t i o n s  of a  dual-wheel s e t  a r e  t h e  v e c t o r  a d d i t i o n  

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

-Pocr xounting p r a c t i c e  wi th  dual  c a s t  spoke wheels can s i g n i f i c a n t l y  

i n c r e a s e  r a d i a l  force  v a r i a t i o n s .  No d i f f e r e n c e  was observed wi th  s i n g l e  

wheels,  

Tire/Wheel Assembly L a t e r a l  Force Var ia t ions  

-La te ra l  fo rce  v a r i a t i o n s  a r e  unre la ted  t o  l a t e r a l  runout p r o p e r t i e s .  

->lounting p r a c t i c e  wi th  c a s t  spoke wheels d i d  not a f f e c t  l a t e r a l  

fo rce  rriagnitudes. 

Tire/Wheel Assembly T r a c t i v e  Force Var ia t ions  

-Trac t ive  f o r c e  v a r i a t i o n s  appear unre la ted  t o  loaded r a d i a l  runout 

of t h e  t i r e / w h e e l  assembly. 

-Poor mounting p r a c t i c e  wi th  dua l  c a s t  spoke wheels can s i g n i f i c a n t l y  

inc rease  t h e  f i r s t  harmonic t r a c t i v e  f o r c e  v a r i a t i o n  (as  measured a t  low 

speed) .  No e f f e c t  was observed wi th  s i n g l e  wheels. 

Aligning Moment 

Data were not  evaluated due t o  t h e  poor q u a l i t y  a r i s i n g  from e r r o r s  

a s s o c i a t e d  wi th  cross-coupling and dynamic e f f e c t s .  
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APPENDIX A 

PLOTS OF TIRE UNIFORMITY TEST RESULTS 
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F i g u r e  A . l a .  R e l a t i o n s h i p  of r a d i a l  f o r c e  v a r i a t i o n s  t o  loaded r a d i a l  
runout  f o r  tube-type t i r e s , ,  
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Figure A.lb. Relationship of r ad i a l  force variat ions t o  loaded r a d i a l  
runout fo r  tubeless t i r e s .  
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Figure A , 2 .  Rela t ionsh ip  of r a d i a l  fo rce  v a r i a t i o n s  t o  f r e e  r a d i a l  
runout on the  c e n t e r l i n e  f o r  tube less  t i r e s ,  



TUBELESS 

FZ5 (LB) AT 5 MPH 

I . 2. 4 . 6 .  8 . 1 0 . 1 2 .  

FZ6 (LB) K 5 MPH 

F i g u r e  A . 2  (Cont.) 



FFIRZP, (.001 INCI-IES) 

FRRZP, (.001 INCHES) U) ii7 



TUBELESS 

0. d I 
0. 2. 4. 6. 8 . 1 0 . 1 2 .  

FZ7 (LB) AT 5 MPH FZ6 (LB) AT 5 MPH 

Figure  A . 3  (Cont.) 



Figure A . 4 .  Relat ionship  of r a d i a l  fo rce  v a r i a t i o n s  to  3-point f r e e  
r a d i a l  runout f o r  tube less  t i . r e s .  

TUBELESS 

a 

a 
a 

I 

6. 

5. -. 
h m 
W 5 4:. 

z 
3:- 

V 

2.q. 
OT 

LL I.., 

0. 
0. 5. 10. 15. 20. 25. 30. 0 . 2 .  4 . 6 . 8 . 1 0 . 1 2 . 1 4 .  

FZ4 (LB) AT 5 MPH FZ5 (LB)  AT^ MPH 

- 5.0. 

a - 4.0.. 
V, ri z 3. L). 

5 
9 - 2.0. 
rr" 
rr) 
CK 

a ET 1.0. 
a 

+ I 0,0( 



TUBELESS 

0. 
0. 5. 10. 15. 20. a. 30. 

FZL (LB) AT 5 MPH FZ5 (LB) AT 5 MPH 

FZs (LB) AT 5 MP:-I 

F i g u r e  A.4 (Cont.) 



LI 

m loo. 

C) 

+ BIAS PLY 
X RADIAL PLY 

I 

0. 50. 100. 150. 200. Z50. 300. 

FZc (LB) AT Pi AND LI [ P-? I 

+ 
+ BIAS PLY 

X X RADIAL PLY 

+ BIAS PLY 
X RADIAL PLY 

+ ft 
+ BIAS PLY 
X RADIAL PLY + 

FZ (LB) AT Pl AND L, FZ3 (LB) AT Pi AND Ll 

Figure  A.5 .  E f f e c t  of l o a d  on r a d i a l  f o r c e  v a r i a t i o n s  f o r  t u b e l e s s  t i r e s :  
L1 = 5430 l b s ,  L2 = 4073 l b s .  



x 4 . 1  + 

X +  
+ BIAS PLY 

LL X RADIAL PLY 
+ B I A S  PLY 
X RADIAL PLY 

0.4 I 
0. 5. 10. 15. 20. 25. 30. 

FZ. (LB) AT Pi AND L, Fz5 (LB) AT pi AND Ll 

+ x 
+ BIAS PLY 
X RADIAL PLY 

+ BIAS PLY 
X RADIAL PLY 

F i g u r e  A . 5  (Cont.) 



++ 

+ 'k x 
+ BIAS PLY 
X RADIAL PLY 

+ + 
+ B I A S  PLY 
X RADIAL PLY 

X 

0. b. so. ls~. 200. ao. 360. 

FZc (LB) AT Pi AND L2 C P-P I FZ (LB) AT Pi AND L2 

+ BIAS PLY 
X RADIAL PLY 

+ BIAS PLY 
X RADIAL PLY 

0 . 0  
0. 10. 20. 30. 40. 50. 

fZ2 (LB) AT Pi AND L2 

F i g u r e  A . 6 .  E f f e c t  o f  p r e s s u r e  on r a d i a l  f o r c e  v a r i a t i o n s  f o r  t u b e l e s s  t i r e s ;  
PI = l o o % ,  P2 = 75% of  r a t e d  p r e s s u r e .  



+ BIAS PLY 
X RADIAL PLY 

+ 
+ BIAS PLY 
X RAD!AL PLY 

X 
X 

G. + I 

0. 2. 4. 6. 8. 1 0 . ! 2 . 1 4 .  

FZ6 (LB) AT Pi AND L2 

t BIAS PLY 
X RADIAL PLY 

X " t '  x X 

+ a IAs  PLY 
X RADIAL PLY 

F i g u r e  A .  6 (Cont.) 



TUBELESS TUBE TYPE 

5 so. I 

140. - g 120:. 
$ 100.- 
2 

80:- 

* 
d - 60.- - 
N 

40.- 

20.- 

0.4 

FZ2 (LB) AT 5 MPH 

-. 

. . . 
. . . 

I 

0, 
I 

10. 20. 30. 40. 

FZ2 (LB) AT 5 MPH 

0. 20. 40. 60. 80. 100. 120. 140. 

FZ1 (LB) AT 5 MPH 

Figure  A. 7. Effect of speed on radial force variations. 



TUBELESS 

1 

a 

0. I 
0. 10. 20. 30. 40. 50. 60. 

FY, (LB) AT 5 MPH FYc (LB) AT 5 MPH 

2. / 0. 
0. 5. 10. 15. 20. a. 30. 

FY2 (LB) AT 5 MPH 

Figure  A . 8 .  Re la t ionsh ip  of l a t e r a l  f o r c e  v a r i a t i o n  t o  f r e e  l a t e r a l  
runout .  



TUBE TYPE 

7 

FY, (LB) AT 5 MPH FYc (LB) AT 5 MPH 

b 

6 

0. 2. 4. 6. 8 . 1 0 . 1 2 .  

FY3 (LB) AT 5 MPH 

Figure A. 8 (Cont .) 



+ BIAS PLY 
X RADIAL PLY >-- 10. 

FYc (LB) AT PI AND L1 CP-PI 

+ + BIAS PLY 
X RADIAL PLY 

pxx: + BIAS PLY 

$* + 
X RADIAL PLY 

I 

10. 20. 30. 40. 

FY1 (LB) AT PI AND L1 

+ 
X :+ + + BIAS FLY 

i X RADIAL PLY 

Figure  A.9.  E f f e c t  of l oad  on l a t e r a l  f o r c e  v a r i a t i o n s  f o r  t u b e l e s s  t i r e s ;  
L1 = 5430 l b s ,  L2 = 4073 l b s .  



+ B I A S  PLY 
X RADIAL PLY 

++ 
0. 

x ,  I 13. I 

0. 1. 2. 3. 4. 5. 6. 7. 0.0 0.5 1.0 1.5 2.0 

FY4 (LB) AT Pi AND L1 (LB) AT Pi AND Li 

+ BIAS PLY 
X RADIAL PLY 

0. d I 
0.0 0.5 1.0 1.5 2 0  2.5 3.0 3.5 

FY6 (LB) AT Pi AND Li 

+ BIAS PLY 
X RADIAL PLY 

I 

0 0.2 0.4 0.6 0.8 1.0 1.2 

FY7 (LB) AT Pi AND Li 

Figu re  A .  9 (Cont.) 



+ BIAS PLY 
X RADIAL PLY 

i2.- 

+ 10. .- 
N 
1 

0 8.- z < 

L," 6:. 
I- 
< 

C3 4:- 
i 
Y - 
>- 2:. 

0.4 

Figure  A.10. E f f e c t  of p ressure  on l a t e r a l  fo rce  v a r i a t i o n s  f o r  tube less  
t i r e s ;  P1 = loo%, P2 = 75% of r a t e d  p ressure .  

+ + 
9 

+ 
X 

+ 

x 
+ 

$ + BIAS PLY 
X RADIAL PLY 

X 

4 

4. -. 
+ 

Y*x 

3. .- 
+ 

2. -. x + BIAS PLY 
X RADIAL PLY 

# '  

0. 10. 20. 30. 40. SO. 

FY, (LB) AT P, AND L2 

I.-- X + 

h 

L 

u. * I 

0. 2. 4. 6. 8. 10. 

FY3 (LB) A T  PI AND L2 



+ BIAS PLY 
X RADIAL PLY 

+ BIAS PLY 
X RADIAL PLY 

0. 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

FY, (LB) AT ?, AND L2 

+ BIAS PLY 
X RADIAL PLY 

Figure A.10 (Cont.) 



TUBELESS TUBE TYPE 

I 

0. 10. 20. 30. 40. 50. 60. 70. 

FY, (LB) AT 5 MPH FY, (LBI AT 5 MPH 

s 
0. 1 
0. 5. 10. 15. 20. 25. 30. 

FY, (LB) AT 5 MPH FY, (LB) AT 5 MPH 

Figure A . l l .  Effect  of speed on l a t e r a l  force var ia t ions .  



TUBELESS 
40. 

FX, (LB) AT 5 MPH 

1:. 

0. I 

0 . 1 . 2 . 3 . 4 . 5 . 6 . 7 .  

FX3 (LB) AT 5 MPH 

Figure  A . 1 2 .  Rela t ionship  of t r a c t i v e  fo rce  v a r i a t i o n s  a t  5 mph 
t o  loaded r a d i a l  runout.  



TUBE TYPE 

51L--- 0. 0. 2. 4. 6. 8. 

FXI (LB) AT 5 MPH FXc (LB) AT 5 MPH 

FX2 (LB) AT 5 MPH 

s - 2.0. 

2 
5 

1.5. 

0. b 

F i g u r e  A.12 (Cont.)  

I 

0.0 1.0 2.0 3.0 4.0 

FX3 (LB) AT 5 MPH . 



Figure A.13. Effec t  of load on t r a c t i v e  fo rce  v a r i a t i o n s  f o r  tube less  
t i r e s ;  L1 = 5430 l b s ,  L2 = 11073 l b s .  
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APPENDIX C 

FLAT-BED TIRE TJKIFORMITY TEST RESULTS 
Michael Sayers 

In t roduc t ion  

This appendix documents t e s t s  of t r u c k  t i r e  f o r c e  v a r i a t i o n s  on a  

f l a t - s u r f a c e  machine conducted under the  Truck Tire/Wheel Systems Research 

Program sponsored j o i n t l y  by t h e  Motor Vehicle Manufacturers Associa t ion 

(MVMA) and t h e  Rubber Manufacturers Assocation (RMA). An o b j e c t i v e  i n  

the  resea rch  i s  t o  quan t i fy  the  fo rce  and moment v a r i a t i o n s  of f r e e - r o l l i n g  

t ruck  t i r e /whee l  assemblies t h a t  r e s u l t  from nonuniformit ies  i n  the  ind i -  

v i d u a l  components of t h e  assembly. The program i s  designed around component 

t e s t i n g  on an MTS Systems Corporation Model 860 (67.23-inch diameter drum 

type)  t i r e  t e s t  machine, covering va r ious  types of t i r e s  and wheel com- 

ponents wi th  d i f f e r e n t  l e v e l s  of nonuniformit ies .  The p e r i o d i c  f o r c e  and 

moment s i g n a l s  a r e  processed by computer t o  y i e l d  amplitudes and phase 

angles  of up t o  10  harmonics of t h e  t i r e l w h e e l  assembly. The measurements 

a r e  i d e a l l y  made wi th  t h e  s p i n d l e  p o s i t i o n  r i g i d l y  f i x e d  so t h a t  t h e  f o r c e s  

a r e  not  inf luenced by s p i n d l e  motion. 

The con tac t  patch between the  t i r e  and drum i s  about one-tenth of 

t h e  t i r e  circumference,  hence t h e r e  is  reason t o  suspect  t h a t  f o r c e s  

measured on t h e  curved s u r f a c e  of t h e  MTS machine drum w i l l  d i f f e r  from 

those  produced on t h e  f l a t  s u r f a c e  of a  road.  It is expected t h a t  t h e  

d i f f e r e n c e s  a r e  more s i g n i f i c a n t  f o r  t h e  h igher  harmonics than the  lower 

ones because they correspond t o  phys ica l ly  s h o r t e r  wavelengths nea re r  t h e  

s i z e  of the  contact  patch.  I n  o r d e r  t o  quan t i fy  these  d i f f e r e n c e s ,  10  t ruck  

t i r e s  were t e s t e d  on the  LTMTRI f l a t -bed  t i r e  t e s t  machine. 

The t i r e s  were t u b e l e s s  s i z e  11-22.5, and were provided by f i v e  

manufacturers,  each of whom i s  represented by one r a d i a l  and one bias-bel ted  

type. The t i r e s  were s e l e c t e d  from a  group of 90 t i r e s  r ep resen t ing  d i f f e r -  

en t  uniformity  q u a l i t y  l e v e l s ,  a s  measured by t h e  manufacturers p r i o r  t o  

shipping.  A l l  were t e s t e d  a t  t h e i r  r a t e d  p ressure  (85 p s i  f o r  b i a s ,  105 

p s i  f o r  the r a d i a l s )  and a t  85 percent  of t h e i r  r a t e d  loads  (85 percent  

l e v e l s  were 4612 l b s  f o r  b i a s  and 5134 l b s  f o r  r a d i a l ) .  



The remainder of t h i s  appendix d e t a i l s  t h e  t e s t  equipment, the  

i n t e r a c t i o n  of va r ious  e r r o r  e f f e c t s  i n  the  measured f o r c e  s i g n a l s ,  and 

the t e s t  method t h a t  was developed t o  corr..pensate f o r  those  e f f e c t s  and 

a l low e x t r a c t i o n  of t h e  t i r e  fo rce  v a r i a t i o n  informat ion.  It concludes by 

p resen t ing  t h e  s i g n i f i c a n t  f i n a l  r e s u l t s .  

Test  Apparatus 

The f la t -bed t e s t e r  ( see  Fig .  C. l )  is  r o u t i n e l y  used t o  o b t a i n  pre- 

c i s e  measurements of t h e  mechanical c h a r a c t e r i s t i c s  of r o l l i n g  and s tanding 

t i r e s .  It accommodates passenger-car and t ruck  t i r e s  ranging from 24 t o  

44 inches i n  diameter and can apply v e r t i c a l  loads  of up t o  10,000 l b s .  

The device  i s  designed f o r  low-speed t e s t s  a t  s t e e r  angles  between 290 

degrees  and camber angles  between - + 20 degrees ,  and i s  instrumented t o  

measure the  t h r e e  fo rces  and t h r e e  moments developed by the  t i r e ,  For 

these  t e s t s ,  the f la t -bed s u r f a c e  was c a r e f u l l y  s e t  up wi th  shims t o  reduce 

i t s  unevenness t o  t h e  minimum p r a c t i c a l  l e v e l  (-  .01  inch)  a s  measured 

s t a t i c a l l y .  Because t h e  moving t a b l e  i s  supported by r o l l e r s ,  spaced one 

foo t  a p a r t ,  i t  i s  not  p o s s i b l e  t o  remove a l l  v a r i a t i o n s  i n  the  e l e v a t i o n  of 

t h e  t a b l e  under load.  Hence, t h e  f o r c e  v a r i a t i o n s  measured r e f l e c t  move- 

ment of t h e  bed, a s  w e l l  a s  the  fo rces  generated by t i r e l w h e e l  nonuniformity. 

The t a b l e  a l s o  al lows a  smal l  amount of 1 , a t e r a l  f r e e  p lay which can a c t  t o  

lower the  l a t e r a l  fo rce  generated by t h e  t i r e .  

The t i r e s  were mounted on an 8.25 x 22.5-inch p r e c i s i o n  wheel designed 

f o r  use on the  f l a t -bed  machine. Though :precise  i n  i t s  r i m  contours ,  t h i s  

wheel i s  a  mul t i -p iece  assembly designed to  al low t i r e  mounting whi le  in-  

s t a l l e d  on the  machine. The assembly to l~erances  a r e  normally of no s ign i -  

f  icance i n  low-speed measurement of stead:y-state t i r e  p r o p e r t i e s .  However, 

f o r  these  t e s t s  i t  was necessary  t o  assemble and c a r e f u l l y  shim t h e  

c learance  spaces wi th  each t i r e  mount. 

Test data  were acquired by us ing t h e  analog cond i t ioners  f o r  t h e  

s i x  load c e l l s  on t h e  machine, toge the r  wi th  a  p o r t a b l e  d i g i t a l  da ta  

a c q u i s i t i o n  system. Designed and b u i l t  in-house, t h i s  system c o n s i s t s  of 



Figu re  C.1. UMTRI Flat-Bed Tire Test Machine. 



a  mic rop roces so r  (Texas In s t rumen t s  TM 990) ,  a  c o n d i t i o n i n g  u n i t  w i t h  

a d j u s t a b l e  a m p l i f i e r s  , b i a s  c o n t r o l s ,  v o l t a g e  s u p p l i e s  ( f o r  t r a n s d u c e r s  

r e q u i r i n g  a  c a l i b r a t e d  v o l t a g e  such  a s  p c t e n t i o m e r e r  and l oad  c e l l s ) ,  pro- 

grammable f i l t e r s ,  a n a l o g - t o - d i g i t a l  c o n v e r t e r s ,  and d i g i t a l - t o - a n a l o g  

c o n v e r t e r s .  The sys tem h a s  i t s  own CRT d i s p l a y  and keyboard c o n t r o l  u n i t ,  

b u t  c an  be  coupled  t o  any computer t e r i m i n a l .  Bes ides  be ing  a b l e  t o  

e f f e c t i v e l y  c a l i b r a t e  i t s e l f ,  t h e  system i s  s e t  by keyboard commands t o  

v a r y  sample f r equency ,  number of c h a n n e l s ,  and t e s t  d u r a t i o n .  Data a r e  

s t o r e d  on s t a n d a r d  d i g i t a l  t a p e  c a r t r i d g e s  ( v i a  a  Columbia Data P roduc t s  

300B r e c o r d e r )  f o r  subsequent  p r o c e s s i ~ g  o n  e l z r g e r  computer ,  a l t hough  t h e  

mic rop roces so r  i s  programmed t o  c a l c u l a t e  s imple  s t a t i s t i c s  from t h e  d a r a ,  

i f  asked .  

The d a t a  a c q u i s i t i o n  sys tem was s e t  t o  sample 100  s ample s / s ec ,  which,  

a t  t h e  f l a t - b e d  speed  of  2.4 f t l s e c ,  u s u a l l y  g i v e s  500 o r  s o  samples/  

r e v o l u t i o n .  A s w i t c h  on t h e  frame of t h e  t i r e  t e s t  machine i s  t r i g g e r e d  

by a  p o i n t  on t h e  f l a t - b e d  a s  i t  moves by t o  s t a r :  t h e  d a t a  sampl ing .  Hence, 

a l l  d a t a  r e c o r d s  b e g i n  a t  t h e  same l o c a t i o n  on t h e  f l a t - b e d ,  r e g a r d l e s s  of 

t h e  wheel p o s i t i o n .  The f l a t - b e d  i s  long  enough t o  o b t a i n  abou t  1-112 

wheel  r e v o l u t i o n s ,  s o  t h e  d a t a  sampling beg ins  a f t e r  t h e  wheel  has  r o t a t e d  

abou t  1 1 5  r e v o l u t i o n  t o  e l i m i n a t e  speed-up e f f e c t s .  A r o t a r y  p o t e n t i o m e t e r  

i s  used t o  s e n s e  t h e  a n g u l a r  p o s i t i o n  of t h e  whee l ;  hence ,  f o r c e  measure- 

ments  can a l s o  be r e l a t e d  p r e c i s e l y  t o  t h e  wheel  a n g u l a r  p o s i t i o n .  

S i g n a l s  from s i x  independent  l o a d  c e l l s  a r e  each  passed  through a  

low-pass f i l t e r  t o  e l i m i n a t e  a  r a t h e r  l a r g e  amount of h i g h e r  f requency  n o i s e  

caused by machine v i b r a t i o n s  and e l e c t r o n i c  s o u r c e s ,  and a l s o  t o  p r even t  

a l i a s i n g .  The f i l t e r  p r o p e r t i e s  have been measured and found t o  be  n e a r l y  

i d e n t i c a l  f o r  a l l  c h a n n e l s ,  hav ing  cu t -o f f  f r e q u e n c i e s  a t  about  2  Hz. 

T h e i r  t r a n s f e r  f u n c t i o n s  ( g a i n  and phase)  from 0-2.4 Hz were  r eco rded  and 

a r e  l a t e r  used t o  c o r r e c t  d i s t o r t i o n  of t h e  amp l i t udes  and phases  of t h e  

f o r c e  and moment harmonics .  



Data Analysis  

The t e s t  da ta  on t h e  d i g i t a l  c a r t r i d g e  tapes  a r e  t r a n s f e r r e d  to  

s tandard 9-track d i g i t a l  t ape  and analyzed on The Univers i ty  of Michigan 

computer system. The c a l c u l a t i o n  of harmonics from each s e t  of records  

i s  s t r a igh t fo rward .  F i r s t ,  t h e  wheel r o t a t i o n  s i g n a l  i s  scanned t o  de te r -  

mine the  number of d a t a  samples i n  one wheel r evo lu t ion .  Data taken a t  

the  end of a  r evo lu t ion  a r e  d iscarded.  A t  each of the  remaining sample 

t imes ,  the  s i x  load c e l l  measurements a r e  mul t ip l i ed  by a c ross - t a lk  mat r ix ,  

t o  remove in ter -channel  in f luences  and provide records  of the  a c t u a l  u e r t i -  

c a l  f o r c e ,  l a t e r a l  f o r c e ,  l o n g i t u d i n a l  f o r c e ,  and a l i g n i n g  moment. X 

general-purpose Fas t  Four ier  Transform (FFT) program i s  employed to  t r ans -  

form each of the  four  r ecords ,  y i e l d i n g  a  s e r i e s  of v e c t o r s  def ined by 

s i n u s o i d a l  amplitudes and phases a t  each r o t a t i o n a l  harmonic up t o  50 Hz, 

al though a l l  but the  f i r s t  10 a r e  d iscarded.  These 10 harmonics a r e  then 

cor rec ted  f o r  amplitude a t t e n u a t i o n  and phase l a g  caused by the  low-pass 

f i l t e r s  used i n  t h e  da ta  a c q u i s i t i o n  system. The wheel r o t a t i o n a l  s i g n a l  

i s  then used t o  a d j u s t  t h e  phase angles  such t h a t  the  harmonics a r e  r e f e r -  

ences t o  the  t i r e ,  r a t h e r  than t o  the  swi tch  which t r i g g e r e d  the  d a t a  

a c q u i s i t i o n  process  during t h e  t e s t .  These amplitudes and phases a r e  

s t o r e d  i n  d i s k  f i l e s  so  t h a t  they can be r e t r i e v e d  l a t e r .  

Sources of Force Var ia t ion  During T e s t i n g  

The t h r e e  fo rces  and a l i g n i n g  moment measured during a  t e s t  on t h e  

f l a t -bed  machine de r ive  from var ious  sources ,  y e t  only one--the steady- 

s t a t e  t i r e  r o l l i n g  nonuniformity-is  of i n t e r e s t .  When p o s s i b l e ,  t h e  

r e s u l t s  of o t h e r  sources  a r e  reduced by the  des ign of t h e  t e s t  methodology. 

Many sources  of f o r c e  v a r i a t i o n  can p o t e n t i a l l y  e x i s t ,  y e t  a t  the  same t ime, 

they can be re lega ted  i n t o  j u s t  a  few c a t e g o r i e s ,  descr ibed below. 

Tire/Wheel Assemblies. The purpose of t h i s  r e sea rch  i s  t o  under- 

s t and  and c h a r a c t e r i z e  t h e  f o r c e  v a r i a t i o n s  generated by a  t ruck  t i r e l w h e e l  

assembly when i n s t a l l e d  and r o l l i n g  f r e e  on a  moving v e h i c l e .  The f o r c e  

v a r i a t i o n s  measured on t h e  v e h i c l e  a r e  products  of not  only the  t i r e  pro- 

p e r t i e s ,  but a l s o  of the  pavement p r o p e r t i e s  and v e h i c l e  dynamics. I n  o rde r  



t o  r e l a t e  measurements from a  t e s t  machine t o  any a r b i t r a r y  veh ic le / road /  

speed cond i t ion ,  i t  i s  b e s t  t o  conduct t e s t s  wi th  a  r i g i d  f l a t b e d  

s u r f a c e  and r i g i d l y  f ixed  sp ind le  t o  ensure t h a t  the measured fo rces  

a r e  generated only by the  f r e e - r o l l i n g  t i r e /whee l  assembly and a r e  not  

f o r c e s  de r iv ing  from movements of the  t e s t  machine. Even when these  

i d e a l  t e s t  condi t ions  cannot be achieved,  a s  i s  the  case  with the  f la t -bed 

machine, t h e  f o r c e  v a r i a t i o n s  de r iv ing  from t i r e l w h e e l  nonuniformit ies  can 

be separa ted from o t h e r  fo rces  i f  they a r e  independent ( t h a t  i s ,  i f  t h e  

o t h e r  f o r c e s  a r e  not  induced by t h e  t i r e l w h e e l  nonun i fo rmi t i e s ) .  The fo rce  

v a r i a t i o n s  caused by the  t i r e l w h e e l  assembly a r e  recognizable  a s  t h a t  

p o r t i o n  of a  f o r c e  v a r i a t i o n  t h a t  i s  a  d e t e r m i n i s t i c  ( r epea tab le )  func t ion  

of t h e  r o t a t i o n  angle  of t h e  assembly. 

Flat-Bed-Related Forces. A second type of f o r c e  v a r i a t i o n  t h a t  

shows up i n  the  t e s t  da ta  i s  the  f o r c e  v a r i a t i o n  t h a t  i s  c o n s i s t e n t l y  a  

func t ion  of the  f l a t -bed  p o s i t i o n .  Since  the  f l a t -bed  moves a t  the  same 

speed t e s t  a f t e r  t e s t ,  t h i s  category a l s o  includes  f o r c e  v a r i a t i o n s  t h a t  

a r e  c o n s i s t e n t l y  func t ions  of time. By f a r ,  the  most s i g n i f i c a n t  source  

of t h i s  type of f o r c e  i s  t h e  unevenness of t h e  f l a t -bed .  As t h e  t i r e  r o l l s  

over t h e  f l a t -bed ,  a  v a r i a t i o n  i n  t h e  v e r t i c a l  fo rce  i s  produced t h a t  i s  

p ropor t iona l  t o  the  p r o f i l e  of the  f la t -bed.  Although the  f la t -bed was 

shimmed t o  improve i t s  " f l a t n e s s , "  a  c e r t a i n  amount of unevenness remains 

i n  t h e  v e r t i c a l  d i r e c t i o n  which causes a  f o r c e  v a r i a t i o n .  Also, any 

dynamic d e f l e c t i o n s  which repea t  from t e s t  t o  t e s t  w i l l  appear a s  a  f o r c e  

t h a t  i s  a  func t ion  of f la t -bed p o s i t i o n .  

A f u r t h e r  c o n t r i b u t i o n  t o  t h i s  type  of fo rce  v a r i a t i o n  is  due t o  t h e  

f a c t  t h a t  the  t i r e  has v i s c o - e l a s t i c  p r o p e r t i e s .  When t h e  t i r e  i s  lowered 

t o  t h e  f l a t - b e d ,  such t h a t  t h e  sp ind le  reaches a  c e r t a i n  he igh t  and remains 

t h e r e ,  t h e  v e r t i c a l  load w i l l  r i s e  q u i c k l : ~ ,  then more slowly reach a  peak 

va lue ,  and then asymptot ica l ly  decrease  t o  a  lower value .  I n  e f f e c t ,  t h i s  

i s  equivalent  t o  t h e  common observat ion tlaat a  non-rol l ing t i r e ,  when loaded,  

develops a  " f l a t  spot ."  As the  f l a t  spo t  forms, the  load g radua l ly  decreases .  

The opera to r  a t tempts  t o  minimize t h i s  e f f e c t  by lowering t h e  t i r e  t o  the  

proper (predetermined) s p i n d l e  he igh t  and s t a r t i n g  t h e  t e s t  a s  soon a s  t h e  



v e r t i c a l  load i s  wi th in  100 l b s  of t h e  des i red  load.  Once the  t e s t  i s  

complete, t h e  t i r e  i s  r a i s e d  t o  reduce t h e  p o s s i b i l i t y  of forming a  f l a t  

spo t  a t  the  end of t h e  t e s t .  It i s  conceivable t h a t  during the  t e s t  some 

type of r epea tab le  r e l a x a t i o n  of the  t i r e  occurs ,  which manifes ts  a s  a  

t r end  i n  t h e  v e r t i c a l  fo rce  h i s t o r y  t h a t  r e p e a t s  from t e s t  t o  t e s t  and i s  

t h e r e f o r e  i n d i s t i n g u i s h a b l e  from t h e  e f f e c t s  of f l a t -bed  unevenness. 

Another p o s s i b l e  source  of c o n s i s t e n t l y  repea t ing  f o r c e  v a r i a t i o n s  

i s  i n  the  response of t h e  servo-control led  hydrau l i c  loading system, which 

may tend t o  cont inue loading t h e  t i r e  dur ing t h e  t e s t  dura t ion .  

Regardless of the  phys ica l  mechanisms involved,  t h e r e  i s  a  f o r c e  

v a r i a t i o n  underlying a l l  of the  t e s t s  of a  t i r e l w h e e l  assembly t h a t  i s  

synchronized wi th  the  f l a t -bed  p o s i t i o n  and adds t o  the  f o r c e  v a r i a t i o n  

t h a t  i s  a  func t ion  of wheel angle.  Since t h e  f o r c e  and moment measurements 

a r e  u l t i m a t e l y  reduced t o  a  s e r i e s  of harmonics, each being a  vec to r  def ined 

by an amplitude and phase,  i t  i s  u s e f u l  now t o  consider  the  two sources  of 

f o r c e  v a r i a t i o n  f o r  one harmonic. Figure  C . 2  i l l u s t r a t e s  how the  two com- 

ponents add a s  v e c t o r s  t o  y i e l d  t h e  a c t u a l  measured harmonic v e c t o r ,  

C lea r ly ,  t h e  measured amplitude depends on t h e  phase angle  between the  t i r e /  

wheel r o t a t i o n  vec to r  and the  f l a t -bed  displacement v e c t o r .  This phase 

angle  i s  def ined by the  r o t a t i o n  angle  of t h e  t i r e /whee l  assembly when i t  

i s  lowered t o  t h e  f l a t -bed  p r i o r  t o  each t e s t .  

Figure C.3 i l l u s t r a t e s  a  way by which t h e  in f luence  of the  f la t -bed-  

dependent f o r c e s  can be e l iminated from t h e  r e s u l t s .  By r e p e a t i n g  the  t e s t  

over and over whi le  incrementing the  i n i t i a l  r o t a t i o n  angle  of the  t i r e /  

wheel assembly, harmonic values  referenced t o  the  t i r e l w h e e l  assembly w i l l  

be obta ined a s  shown. When a  vec to r  average of t h e  measured harmonics i s  

taken f o r  a l l  of the  t e s t s ,  t h e  f l a t -bed  in f luence  averages away. Figure  

C . 4  a l s o  i l l u s t r a t e s  t h i s  averaging process  by showing neasured v e r t i c a l  

fo rce  v a r i a t i o n s  f o r  four  i n i t i a l  wheel angles  when synchronized t o  the  

wheel r o t a t i o n .  Each of t h e  records  was "wrapped around" on t h e  computer 

t o  begin a t  t h e  same wheel ang le ,  even though the  new measurements a c t u a l l y  

began a t  the  f la t -bed p o s i t i o n  and thus  d i f f e r e n t  wheel angles .  The raw 

measurement usua l ly  f i n i s h e d  a t  a  d i f f e r e n t  f o r c e  l e v e l  than when i t  began, 

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



REAL PART (G5) 

Figure  C.2 .  Vector  Addi t ion  f o r  One Harmonic of t h e  ~ i r e / W h e e l  Nonuni- 
fo rmi ty  and Flat-Bed-Related Nonuniformity.  

REAL PART (1.05) 

Figure  C . 3 .  C a n c e l l a t i o n  of  Flat-Bed I n f l u e n c e  f o r  One Harmonic by 
Repeat ing  T e s t s  w i t h  Incremented I n i t i a l  Angular P o s i t i o n  
of  Wheel. 



Since t h e  f i r s t  10 t i r e l w h e e l  harmonics a r e  of i n t e r e s t ,  each of t h e  

f i r s t  10 f  lat-bed-dependent harmonics must be cance l l ed .  This r e q u i r e s  a  

minimum of 20 t e s t s ,  wi th  the  ang le  between wheel and f l a t -bed  changed by 

1 / 2 0 t h  of a  r e v o l u t i o n  between each t e s t .  To be s a f e ,  2 4  t e s t s  were run 

a t  15-degree increments.  For t h e  second harmonic, t h e s e  would be increments 

of 3 0  degrees ,  f o r  t h e  t h i r d  harmonic, increments of 45 degrees ,  and so on 

up t o  the  t w e l f t h  harmonic, when t h e r e  would be 12 runs  a t  0  degree and 

12 a t  180 degrees .  

I f  t h e  24 vec to r  measurements a r e  no t  r o t a t e d  t o  mainta in  a  cons tan t  

phase wi th  t h e  wheel r o t a t i o n  ( i . e . ,  "wrapped around"),  but  ins tead  a r e  

l e f t  r e l a t i v e  t o  f l a t -bed  pos i ton ,  the  v e c t o r  average w i l l  y i e l d  the  under- 

l y i n g  f l a t -bed  e f f e c t .  F igure  C . 5  shows t h e  v e r t i c a l  f o r c e  v a r i a t i o n s  

obta ined by t h i s  process  f o r  f i v e  t i r e s .  The v a r i a t i o n  i s  seen t o  be f a i r l y  

c o n s i s t e n t  from t i r e  t o  t i r e ,  a l though d i f f e r e n c e s  do and should e x i s t  

because t h e  s p i n d l e  f o r c e  depends on both  f la t -bed p r o f i l e  and t i r e  s p r i n g  

r a t e ,  as  we l l  a s  t h e  t i r e  circumference.  

Random Noise. Not a l l  of t h e  measurement s i g n a l s  can be descr ibed 

by c o n s i s t e n t  func t ions  of wheel angle  o r  f la t -bed p o s i t i o n .  Other components 

of the  fo rce  s i g n a l s  a r e  produced by machine v i b r a t i o n s ,  " g l i t c h e s "  i n  t h e  

servo-response,  o r  p l a i n  e l e c t r o n i c  no i se .  I n  terms of t h e  measured har- 

monics, a  vec to r  i s  added wi th  an amplitude roughly dependent on the  

magnitudes of a l l  t h e  i n d i v i d u a l  sources  and a  phase ang le  t h a t  i s  completely 

random r e l a t i v e  t o  wheel angle  and f l a t -bed  p o s i t i o n .  Because the  phase 

ang le  i s  random, t h e  c o n t r i b u t i o n  of t h e  random sources  can be e l iminated 

by ensemble averaging.  Since  each t i r e l w h e e l  combination i s  a l ready  t e s t e d  

24  t imes i n  order  t o  d i s t i n g u i s h  t h e  wheel e f f e c t s  from t h e  f l a t -bed  e f f e c t s ,  

t h e  random no i se  c o n t r i b u t i o n  i s  consequently reduced by the  averaging 

process .  

Figure  C. 6 shows a c t u a l  t e s t  measurements (open symbols) f o r  the 

f i r s t  harmonic vec to r .  (Only e i g h t  of t h e  24 t e s t s  a r e  shown t o  s i m p l i f y  

the  i l l u s t r a t i o n .  ) Note the  under ly ing c i r c u l a r  shape,  a s  expected from 

t h e  a d d i t i v e  e f f e c t s  of t i r e l w h e e l  nonuniformity and f la t -bed nonuniformity 

( a s  i n  Figure  C . 3 ) .  The f i g u r e  a l s o  shows c a l c u l a t e d  p o i n t s  (closed symbols) 
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Figure C . 5 .  Flat-Bed E f f e c t s  t h a t  a re  Rernoved from Measured Force 
Var ia t ions .  



Figure C.6 .  E i g h t  Individual  Measures of the First Radial Force 
Harmonic. I n i t i a l  Wheel Angle was Incremented 45' 
between Tests . 



t h a t  r ep resen t  t h e  sums of t h e  average t i , re /wheel  vec to r  and the  average 

f l a t -bed  v e c t o r ,  using t h e  appropr ia te  phase r e l a t i o n s h i p  f o r  each t e s r .  

The d i f f e r e n c e s  between t h e s e  p o i n t s  and the  i n d i v i d u a l  measures a r e  the 

random no i se  v e c t o r s  p resen t  during each t e s t .  

Figure C . 7  shows da ta  from t h e  same t e s t s  f o r  t h e  second harmonic. 

Because two per iods  a r e  p resen t  i n  one r e v o l u t i o n ,  we s e e  two s e t s  of four 

p o i n t s  spaced about the  c i r c l e ,  r a t h e r  than one s e t  of e igh t  as  wi th  the  

f i r s t  harmonic. 

Wheel and R i m  Nonuniformity. Because the  t i r e  and wheel r o t a t e  

t o g e t h e r ,  t h e  f o r c e  v a r i a t i o n  t h a t  i s  dependent on t h e  r o t a t i o n  angle  i s  

due t o  both components a c t i n g  toge the r .  But by re-mounting the  t i r e  a t  a  

d i f f e r e n t  angle r e l a t i v e  t o  the  wheel, i t  becomes p o s s i b l e  t o  separa te  the  

e f f e c t s  of each source  i f  they simply add. I f  the  t i r e  i s  r o t a t e d  180 

degrees on t h e  rim and t h e  measured harmo.nic v e c t o r s  a r e  averaged,  e i t h e r  

the  t i r e  o r  wheel component w i l l  cance l ,  depending on whether the  harmonic 

phase i s  referenced t o  t h e  wheel o r  t h e  t i r e .  The second harmonic, however, 

would be s h i f t e d  360 degrees and thus  no c a n c e l l a t i o n  would occur.  I n  

o rde r  t o  e f f e c t i v e l y  s e p a r a t e  the  t i r e  no,nuniformity from t h e  wheel non- 

uniformity  f o r  t h e  f i r s t  10 harmonics, a t  l e a s t  20 se tups  a r e  r equ i red .  

Unfor tunate ly ,  t h i s  involves  an unreasona'ble l e v e l  of e f f o r t  i n  terms of 

numbers of t e s t s  when each se tup  i s  t e s t e d  20 o r  more t imes t o  e l imina te  

f l a t -bed  e f f e c t s .  

I n  t h i s  p r o j e c t ,  each t i r e  was mounted t h r e e  t imes ,  varying the  mount 

angle r e l a t i v e  t o  t h e  wheel by increments of 120 degrees .  For the  second 

harmonic, these  increments a r e  240 degrees (-120 degrees ) .  F igure  C.8 shows 

the  r e s u l t s  t h a t  should be expected f o r  the  f i r s t  two harmonics when they 

a r e  p l o t t e d  a s  v e c t o r p a n  e q u i l a t e r a l  t r i a n g l e  (or  t h r e e  p o i n t s  equal ly  

spaced on a  c i r c l e ) .  When t h e  t h r e e  measurements have phase angles  r e l a t i v e  

t o  t h e  t i r e ,  t h e  a c t u a l  t i r e - o n l y  harmonic i s  t h e  cen te r  of t h i s  locus .  

A l t e r n a t i v e l y ,  i f  t h e  phase angles  a r e  adjus ted  such t h a t  they re fe rence  

t h e  wheel ang le ,  t h e  t i r e  e f f e c t s  would average away and t h e  cen te r  of the  

locus  would be a  wheel-only harmonic. 
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Mounting E f f e c t s .  One f u r t h e r  mechanism e x i s t s  which confounds t h e  

harmonic measurements--the v a l i d i t y  i n  mounting t h e  t i r e  on rhe  rz rec i s ion  

r i m .  I d e a l l y ,  t h e  t i r e  bead would s e a t  p e r f e c t l y  and uni formly  evert t i m e ,  

b u t  i n  a c t u a l i t y ,  some v a r i a t i o n  o c c u r s .  The i r r e g u l a r  s e a t i n g  a i s o  adds  

a  component t o  t h e  f o r c e  v a r i a t i o n s  which i s  random i n  t h a t  t h e  phase a n g l e s  

of t h e  harmonics  a r e  n o t  r e l a t e d  t o  a n y t h i n g .  Once t h e  t i r e  i s  mcunted, 

t h i s  component becomes a  c o n s i s t e n t  c o n t r i b u t o r  t o  t h e  o v e r a l l  t i r e j w h e e l  

nonun i fo rmi ty .  

F i g u r e  C . 9  shows t h e  t i r e  mounting e f f e c t s  i n  t h e  f i r s t  ha rnon ic  f o r  

one s e r i e s  of t i r e  t e s t s .  The f i g u r e  r e p r e s e n t s  t h e  r e s u l t s  f o r  2 4  t e s t s  

a t  each  of t h r e e  t i r e  p o s i t i o n s  on t h e  p r e c i s i o n  wheel .  By ave rag ing  a l l  

of t h e  24  t e s t s ,  f i r s t  r e f e r e n c e d  t o  t h e  t i r e  and t h e n  t o  t h e  whee l ,  t h e  

f i r s t  harmonic f o r  each  i s  de te rmined .  By t h i s  p r o c e s s ,  t h e  f l a t - b e d  con- 

t r i b u t i o n s  and t h e  t e s t - t o - t e s t  random e r r o r s  have been averaged  o u t  of t h e  

d a t a  shown. For  t h e  t i r e  and wheel harmonics  t h u s  de t e rmined ,  a  c a l c u l a t e d  

v a l u e  f o r  t h e  2 4 - t e s t  ave rage  i s  o b t a i n e d  ( c l o s e d  symbol) .  Y e t ,  t h e  

ave rage  f o r  t h e  measured v a l u e s  (open symbols) do n o t  c o i n c i d e  bu t  r e f l e c t  

an  e f f e c t  on t h e  f i r s t  harmonic a t t r i b u t a b l e  t o  mounting v a r i a t i o n s .  

I d e a l l y ,  t h e  t i r e - o n l y  c o n t r i b u t i o n s  would be  much l a r g e r  t han  t h e  

wheel-only and mounting c o n t r i b u t i o n s ,  b u t  t h e  f i g u r e  shows t h a t  t h i s  i s  

n o t  s o .  A s  a  r e s u l t ,  t h e  r e l i a b i l i t y  of t h e  t i r e - o n l y  harmonic i s  on ly  on 

t h e  o r d e r  of 20 l b s .  T h i s  can  be  improved by re-mounting t h e  t i r e  a  g r e a t e r  

number of t imes  s o  t h a t  t h e  mounting i r r e g u l a r i t i e s  a r e  averaged away. 

F i g u r e  C.10 shows t h e  same t y p e  of d a t a  a s  F i g u r e  C . 9 ,  bu t  f o r  t h e  

second harmonic. I n  t h i s  c a s e ,  t h e  t i r e - o n l y  harmonic i s  much l a r g e r  t han  

t h e  o t h e r  f a c t o r s  and t h u s  a  good measure i s  o b t a i n e d  w i t h  j u s t  t h e s e  t h r e e  

s e t u p s .  



REAL PART (105) 

F i g l r e  C.8.  Vector Addit ion of  T i r e  and Wheel Nonuniformity a t  
One Harmonic, f o r  n i f q e r e n t  Angles between T i r e  
and Wheel. 

REAL PART (LBl 

Figure  C . 9 .  Measures of t h e  F i r s t  Radial  Force Harmonic f o r  
Three S e t s  of  Tes t s  wi th  t h e  Angle between T i r e  
and Wheel Incremented between S e t s .  



I 
X 

d In -- 
1 

MEASURED 

%' I I 1 t I I I I r 
1 
-10. 0. 10. 20. 

REAL PART (LBl .  

F i g u r e  C . l O .  Measures of  t h e  Second Radial  Force Harmonic f o r  
t h e  Same Three S e t s  of  T e s t s  Used i n  F i g u r e  C . 9 .  



Test  Method 

Given t h a t  a  s i n g l e  run on t h e  f l a t -bed  machine y i e l d s  a  measure of 

f o r c e  v a r i a t i o n  caused by t h e  t i r e ,  wheel, mounting v a r i a t i o n s ,  f la t -bed 

p r o f i l e ,  and non-repeatable causes ,  the  t i r e -on ly  ~ o n u n i f  ormity can be 

gleaned only by c o r r e c t i n g  f o r  a l l  of t h e  o t h e r  sources .  A f t e r  taking a l l  

measurable s t e p s  t o  minimize these  s o u r c e s ,  t h e  v a r i a t i o n s  remain l a r g e  

enough t h a t  a  s i n g l e  t e s t  i s  inadequate  t o  provide  an accep tab le  e s t ima te  

of t h e  t i r e -on ly  nonuniformity.  The e f f e c t s  a r e  t h e r e f o r e  taken out  by 

conducting a number of t e s t s  and averaging t h e  measurements. 

The non-repeatable random v a r i a t i o n  i s  taken ou t  by averaging a  

number of t e s t s .  The f l a t -bed  in f luence  i s  taken o u t  by r e p e a t i n g  t h e  t e s t  

whi le  varying the  r e l a t i o n s h i p  between t h e  t i r e l w h e e l  assembly and t h e  f l a t -  

bed s u r f a c e .  Mounting e f f e c t s  a r e  e l iminated by re-mounting t h e  t i r e  a  

number of times during t h e  t e s t i n g  of a  t i r e ,  and wheel e f f e c t s  a r e  elim- 

i n a t e d  by changing t h e  angular r e l a t i o n s h i p  between t i r e  and wheel when 

re-mounting the  t i r e .  

A s i n g l e  t e s t  sequence goes a s  fo l lows:  

1. Rotate  wheel t o  have proper i n i t i a l  ang le ,  

2 .  lower t h e  wheel onto f l a t -bed  s u r f a c e ,  

3. when load i s  w i t h i n  100  l b s  of t e s t  load s t a r t  f l a t -bed  
motion, 

4 .  when f l a t -bed  s t o p s  l i f t  wheel ,  

5 r e t u r n  f l a t -bed ,  and 

6 .  type  informat ion i n t o  t h e  d a t a  a c q u i s i t i o n  computer. 

This sequence t y p i c a l l y  t akes  l e s s  than one minute t o  execute .  Twenty-four 

t e s t s  were conducted f o r  each t i re /wheel /mount ing s e t u p ,  a l lowing t h e  con- 

f i d e n t  removal of f o r c e  v a r i a t i o n s  due t o  t h e  f la t -bed unevenpess and t o  

random n o i s e .  Re-mounting t h e  t i r e ,  on t h e  o t h e r  hand, was a  more t ed ious  

e x e r c i s e ,  usua l ly  t ak ing  one o r  two hours .  The f i r s t  t e s t  d a t a  ind ica ted  

t h a t  the  wheel and mounting e f f e c t s  con t r ibu ted  l i t t l e  above t h e  f i r s t  



harmonic, and s i n c e  t h e  purpose of t h e  resea rch  was to  v a l i d a t e  drum 

measurements of the h igher  harmonics, a  l a r g e  number of mounting condi t ions  

d id  not  seem j u s t i f i e d .  Al l - in -a l l ,  each t i r e  was t e s t e d  7 2  times a t  

t h r e e  angular p o s i t i o n s  r e l a t i v e  t o  t h e  wheel (120 degrees a p a r t ) ,  and a t  

24 i n i t i a l  angles  r e l a t i v e  t o  t h e  f la t -bed (15 degrees a p a r t ) .  

Test  Resu l t s  

Ten 11-22.5 tube less  t ruck  t i r e s  were t e s t e d ,  provided by f i v e  

manufacturers.  Each manufacturer vas  represented by one r a d i a l  and one 

bias-ply  t i r e .  The bias-ply t i r e  t e s t  cond i t ions  were 4615 l b s  a t  85 p s i ,  

whi le  t h e  r a d i a l s  were 5134 l b s  and 105 p s i .  F igure  C . l l  summarizes the  

range of r a d i a l  f o r c e  amplitudes found f o r  the  f i r s t  10 harmonics of a l l  

of t h e  t i r e s .  (Note t h a t  a l l  amplitude va lues  a r e  s ing le - s ided ,  f u l l - s c a l e  

values .  RMS values  can be ca lcu la ted  by mul t ip lying these  f i g u r e s  by 

0.707.) Figures C . 1 2  and C.13 a l s o  show t h e  r a d i a l  f o r c e  amplitudes as  2 

s i g n a t u r e  f o r  each t i r e .  These f i g u r e s  show the  f i rs t -harmonic  amplitudes 

varying from about 15-150 l b s ,  wi th  amplitude u n i v e r s a l l y  decreas ing wi th  

the  order  of the  harmonic t o  about .05-0.5 l b  a t  the  t e n t h  harmonic. The 

f i g u r e s  a l s o  show l i t t l e ,  i f  any, c o r r e l a t i o n  between amplitudes a t  d i f f e r -  

e n t  harmonics f o r  any s i n g l e  t i r e .  That i s ,  the  magnitude of the  f i r s t  

harmonic does not  a i d  i n  p r e d i c t i n g  the  magnitudes of any of t h e  h igher  

harmonics. As a  group, t h e  rad ia l -be l t ed  t i r e s  seem t o  have more of t h e i r  

nonuniformit ies  concentra ted  i n  the  lower harmonics, wi th  smal ler  amplitudes 

a t  t h e  h igher  harmonics, a s  compared t o  t h e  b ias-ply  t i r e s .  

Besides measuring the  r a d i a l  fo rce  v a r i a t i o n s ,  the  l a t e r a l  f o r c e ,  

l o n g i t u d i n a l  fo rce ,  and a l i g n i n g  moment were a l s o  measured. The harmonics 

f o r  these  f o r c e s  and moment were typica1l:y very smal l  r e l a t i v e  t o  the  

r a d i a l  f o r c e  harmonics. I n  the  case  of t i e  l a t e r a l  f o r c e ,  t h i s  may be due 

t o  t h e  machine and not  a  c h a r a c t e r i s t i c  o:E the  t i r e s .  The f la t -bed i s  

moved over r o l l e r s ,  which al low a  c e r t a i n  amount of f ree-play i n  t h e  l a t e r a l  

d i r e c t i o n .  Hence, the  low l a t e r a l  f o r c e  i3mplitudes may be due t o  induced 

motion of the  bed, even though l a t e r a l  nonuniformit ies  might be p resen t  i n  

t h e  t i r e s .  
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HRRMONIC ORDER 

F i g u r e  C.ll. Summary of t h e  R a d i a l  F o r c e  Harmonic Ampli tudes 
Measured f o r  Ten T i r e s .  
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Figure C.12. Summary of the Radial Force Harmonics for Five 
Bias Tires. 
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Radial Tires. 



The comparison of t h e  r a d i a l  f o r c e  measurements on t h e  f l a t - b e d  

and t h e  drum machines a r e  shown f o r  each  harmonic i n  F i g u r e  C.14. Ra the r  

good agreement  between t h e  measurements i.s s e e n .  The e r r o r  magnitudes a r e  

g e n e r a l l y  t h e  l a r g e s t  i n  t h e  f i r s t  harmonic.  I n  p a r t ,  t h i s  i s  due t o  t h e  

f a c t  t h a t  t h e  f o r c e  v a r i a t i o n s  a r e  l a r g e s t  i n  t h e  f i r s t  harmonic. Con t r i -  

b u t i n g  t o  t h i s ,  however, i s  t h e  f a c t  t h a t  t h e  f l a t - b e d ,  which i s  des igned  

f o r  c o n s t a n t  l o a d  t e s t i n g ,  does  n o t  p r e c i s e l y  ho ld  a  c o n s t a n t  r a d i u s  and 

t h u s  measures  a  f i r s t  harmonic f o r c e  magnitude l e s s  t han  t h a t  s e e n  by t h e  

" s t i f f e r "  drum machine. For  t h e  second and h i g h e r  harmonics ,  good agreement 

i s  o b t a i n e d .  I t  shou ld  be no t ed  t h a t  because  t h e  t i r e  was mounted i n  on ly  

t h r e e  p o s i t i o n s ,  t h e  wheel  e f f e c t s  a r e  n o t  c o r r e c t l y  e l i m i n a t e d  from t h e s e  

d a t a ;  consequen t ly ,  t h e  t h i r d ,  s i x t h ,  and n i n t h  harmonics  on t h e  f l a t - b e d  

a r e  a  combined t i r e  and wheel  f o r c e  v a r i a t i o n  which should  g e n e r a l l y  b e  

l a r g e r  t h a n  t h a t  o f  t h e  t i r e  a l o n e  measured on t h e  drum machine. I ndeed ,  

t h e  f l a t - b e d  measures  t end  t o  be h i g h e r  i n  t h e  t h i r d  harmonic a s  would be  

expec t ed .  Th i s  i s  no l o n g e r  t r u e  i n  t h e  s i x t h  and n i n t h  harmonics  because  

wheel  n o n u n i f o r m i t i e s  above t h e  f o u r t h  harmonic do n o t  show th rough  t h e  

t i r e .  For  t h e  second  th rough  t e n t h  harmonics ,  a  l i n e  of e q u a l i t y  would 

r e a s o n a b l y  f i t  t h e  t e s t  d a t a  w i t h i n  t h e  r ange  of e x p e r i m e n t a l  a ccu racy .  

T h e r e f o r e ,  i t  i s  conc luded  t h a t  t h e  measurement on a  67-inch drum i s  a n  

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

The comparison of r e s u l t s  i n  o t h e r  f o r c e  d i r e c t i o n s  a r e  n o t  mean- 

i n g f u l ,  and t h u s  a r e  n o t  g iven  h e r e .  The t r a c t i v e  f o r c e  v a r i a t i o n s  a r e  v e r y  

s m a l l  i n  magni tude ,  and a r e  v e r y  dependent  on speed ( t h e  same speeds  were 

n o t  used on t h e  f l a t - b e d  and t h e  drum machine) .  S i m i l a r l y ,  t h e  l a t e r a l  

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

t h e  t r a n s p o r t  mechanism of  t h e  t a b l e .  
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Figure C . 1 4 .  Comparison of flat-bed and drum measurements of r a d i a l  
fo rce  va r i a t i ons .  



i 
L 

b 
5. 10. IS. 

DRUM MEASURES (LB) 
SEVENTH HARMONIC OF FZ 

a+ b 
2 4. e. 

DRUM MEASURES (L9) 
NINTH HARMONIC OF FZ 

5. 2 4. 6. 

DRUM MEASURES (LB) 
EIGHTH HRRMONIC OF FZ 

5. 1. 2 3. 

DRUM MEASURES (LB) 
TENTH HARMONIC OF FZ 

F i g u r e  C . 1 4  (Cont . )  



APPENDIX D - LIST OF 40 TIRES TESTED 

RMA 
No. - 

40 
5 6 
3 2 
58 
15 
6 2 
1 1  
68  
3 9 
7 5 

5 
8 3 
2 3 
95 
2 4 
92 
91 
2 7 
28 
8 5 

1 
4 

5 2 
56 

6 
60 
15 
17 
6 5 
6 7 
18 
20 
7 1 
72  
2 3 
24 
7 4 
7 5 
1 1  
5 1 

Manufacturer  

BF Goodr ich 
Un i roya 1 
Goodyear 
Good year 
Genera 1 
BF Goodr ich 
Good year 
Good year 
BF Goodr ich 
Un i roya 1 
Uni r o y a l  
F i res  tone 
F i res  tone 
Genera 1 
F i  res tone  
BF Goodr ich 
F i r e s  tone 
Genera 1 
Un i roya 1 
Genera 1 
Arms t rong 
BF Good r i ch 
Goodyear 
BF Goodr ich 
Genera 1 
Goodyear 
Arms t rong 
Goodyear 
Genera 1 
Good year 
Genera 1 
Goodyear 
BF Goodr ich 
Arms t rong 
Genera 1 
Arms t rong 
Genera 1 
Arms t rong 
BF Goodrich 
BF Goodrich 

Tube Type Bias - 
X 

RMA Nonun i fo rmi ty  
Category 

Radia l  FFROC RFV LFV -- -1 ---C 


