
UM-HSRI -78-31 

Final Report 

THE STATE OF KNOWLEDGE RELATING TIRE DESIGN 
TO THOSE TRACTION PROPERTIES WHICH MAY 

INFLUENCE VEHICLE SAFETY 

P .  0. No. 6640 

Robert 0. Ervin 

Highway Safe ty  Research Ins ti tute 
The Universi ty  of Michigan 

Prepared fo r :  

Bol t ,  Beranek and Newman, Inc .  



Tochnical Report Docu.l.ntocik~ Page 

1. RW M c  

UM-HSRI -78-31 

STATE OF KNOWLEDGE RELATING TIRE DESIGN TO 
THOSE TRACTION PROPERTIES WHICH MY INFLUENCE 
VEHICLE SAFETY. 

, 
7. w 3  

R. D. E r v i n  

B o l t ,  Beranek, and Newman, Inc .  
50 Moul t on  S t r e e t  
Cambridge, Massachusetts 

J u l y  1978 
6. P u ' - $ * 0 v 9 - * a * ~ - ~ ~  

8. P n l w r t a g  O t g l l i u # i u  R- No. 

UM-HSRI-78-31 
I 

2. C..mnmaw Accmssiaa 

9. P u b d a q  Oqmirdian MI. ad U b m s a  

Highway Sa fe t y  Research I n s t i t u t e  
The U n i v e r s i t y  o f  Pl ichigan 
Ann Arbor,  Michigan 48109 

12 hndy + m q  M m  a d  M h s s  

17. K v  l a d s  
I 

t i r e  mechanics, v e h i c l e  18. Discribtior, Stat-at 

maneuveri ng, t r a f f i c  sa fe t y ,  b r a k i  ng , 
co rne r i ng  , combi ned s  1 i p , mobi 1  i t y  UNLIMITED 

I 

3. Rmeirmf'r Cda4.e Ho. 

4. Titlm a d  Subntl* 

10. W a d  Unct No. 

11. camwad w (irant nu. 
P.O. 6640-1 

13. of RW ad P w i d  bmd 

F i n a l  

I'd A b a m  

The var ious  mechanical p r o p e r t i e s  o f  pneumatic t i r e s  a re  reviewed i n  l i g h t  
o f  t he  i n f l uence  o f  t i r e s  on v e h i c l e  maneuvering behavior.  

The r e p o r t  serves as a  p r ime r  i n  the  phenomenology o f  t i r e  f o r c e  and 
moment p r o d u c t i o r + p r o v i d i  ng a  broad overview o f  e x i s  ti ng t i r e  measurements 
and i n t e r p r e t i n g  t i r e  behav io r  i n  terms o f  e lementary v e h i c l e  dynamics 
cons idera t ions .  

Example da ta  a re  presented i 1 l u s t r a t i  ng the  bas i c  responses o f  t h e  t i r e  t o  
b rak i ng  and co rne r i ng  s l i p  and t h e  s e n s i t i v i t i e s  of those responses t o  
o p e r a t i n g  and des ign va r i ab l es .  The s t a t e  o f  knowledge i s  summarized 
cover ing  the  condi t i o n s  o f  b r a k i  ng , corner ing ,  combined s  1 i p, and mobi 1  i t y  on 
s o i l  o r  snow. S e n s i t i v i t i e s  of t i r e  performance t o  i n f l a t i o n  pressure,  load,  
v e l o c i t y ,  su r f ace  t e x t u r e ,  water  depth,  carcass design, t r e a d  design, and 
t r e a d  rubber  compounding a re  discussed. 

I 
19. k d + y  Closaif. (of this m) ] f). kari+y C1osmif. (of ?his pqm) I 21. No. of Pages I 22. Pricm 

5. Report Oetm 

I NONE I NONE 



TABLE OF CONTENTS 

. . . . . . . . . . . . . . . . . . . . . . . . . .  INTRODUCTION 1 

1 . BRAKING PROPERTIES . . . . . . . . . . . . . . . . . . . . .  5 

1 . 1 L o n g i t u d i n a l  S t i f f n e s s .  Cs . . . . . . . . . . . . . .  7 
1.1.1 S e n s i t i v i t y  o f  Cs t o  I n f l a t i o n  

Pressure . . . . . . . . . . . . . . . . . . . .  7 

1.1.2 S e n s i t i v i t y  o f  Cs t o  V e r t i c a l  Load . . . . . . .  8 

1 . 1 . 4 Sensi ti v i  t y  o f  Cs t o  Surface 
Tex tu re  . . . . . . . . . . . . . . . . . . . .  8 

. . . . . . . .  1.1.5 S e n s i t i v i t y  o f  C s  t o  Water Depth 8 

1.1.6 S e n s i t i v i t y o f  Cs  t o C a r c a s s D e s i g n  . . . . . .  11 

1.1.7 S e n s i t i v i t y  of Cs t o  Tread Design . . . . . . .  11 

1.1.8 S e n s i t i v i t y  o f  Cs  t o  Tread Compound . . . . . .  11 

1.1.9 Relevance o f  CS t o  Maneuvering Behav ior  
o f  Veh ic les  . . . . . . . . . . . . . . . . . .  14 

1.2 Peak and S l i d e  Brak ing  L i m i t s  a n d u s  . 14 , p~ 
1.2.1 S e n s i t i v i t y  o f  p and ps t o  I n f l a t i o n  

P Pressure . . . . . . . . . . . . . . . . . . . .  14 

. . .  1.2.2 S e n s i t i v i t y  of p andp, t o v e r t i c a l  Load 16 
P . . . . . .  1.2.3 S e n s i t i v i t y  of p, and pS t o  V e l o c i t y  19 

1.2.4 S e n s i t i v i : t y  of p and ps t o  Sur face 
P Tex tu re  . . . . . . . . . . . . . . . . . . . .  21 

1.2.5 S e n s i t i v i t y  o f  pp and p . t o  Water Depth . . . .  24 
5 

1.2.6 S e n s i t i v i t y  of p and ps t o  Carcass 
P Design . . . . . . . . . . . . . . . . . . . . . .  27 

1.2.7 S e n s i t i v i t y  o f  p and ps t o  Tread Design . . . .  30 
P 

1.2.8 Sensi ti v i  t y  o f  p and pS t o  Tread 
P Compound . . . . . . . . . . . . . . . . . . . .  36 

1.2.9 Relevance of p and u t o  Veh ic le  
. . . . . . . . . . . . .  Maneuveri ng p r B p e r t i  e$ 40 

2 . CORNERING PROPERTIES (D iscuss ion  o f  A l i g n i n g .  
Over turn ing.  and R o l l i n g  Resistance Moments) . . . . . . . .  44 



2.1 Corner ing  S t i f f n e s s ,  C . . . . . . . . . . . . . . . .  56 
a 

2.1 .I S e n s i t i v i t y  o f  C t o  I n f l a t i o n  
ci Pressure.  . . . . . . . . . . . . . . . . . , .  56 

2.1.2 S e n s i t i v i t y  of C t o  V e r t i c a l  Load. . . . . . .  58 
a 

2.1.3 S e n s i t i v i t y  o f  C t o  Vel o c i  ty . . . . . . . . .  62 
C1 

. . . . .  2.1.4 Sensi ti v i  t y  o f  c t o  Sur face  Texture.  62 
C1 

2.1.5 S e n s i t i v i t y  o f  C t o  Water Depth. . . . . . . .  62 
a 

2.1.6 S e n s i t i v i t y  of C t o  Carcass 
ci Cons t ruc t ion .  . . . . . . . . . . . . . . . . .  62 

. . . . . . .  2.1.7 S e n s i t i v i t y  o f  C t o T r e a d  Design 64 
a 

2.1.8 S e n s i t i v i t y  of C t o  Tread Compound . . . . . .  69 
a 

2.1.9 The Invo lvement  o f  C i n  Determin ing 
a 

V e h i c l e  Maneuvering P r o p e r t i e s .  . . . . . . . .  71 

. . . . . . . . . . . . . . . . .  Camber S t i f f n e s s ,  C 74 
Y 

2.2.1 S e n s i t i v i t y  of C t o  I n f l a t i o n  
Y Pressure . . . . . . . . . . . . . . . . . . . .  74 

2.2.2 S e n s i t i v i t y  of C t o  V e r t i c a l  Load. . . . . . .  76 
Y 

2.2.3 S e n s i t i v i t y  of  C '  t o  V e l o c i t y .  . . . . . . . .  76 
Y 

2.2.4 S e n s i t i v i t y  o f  C '  t o  S u r f a c e T e x t u r e .  . . . . .  80 
V 

2.2.5 S e n s i t i v i t y  of C '  t o w a t e r  Depth. . . . . . . .  80 
Y 

2.2.6 S e n s i t i v i t y  o f  C '  t o  Carcass 
Cons t ruc t ion .  . . . . . . . . . . . . . . . .  80 

2.2.7 S e n s i t i v i t y  of C t o  Tread Design . . . . . . .  80 
Y 

2.2.8 S e n s i t i v i t y  of C t o T r e a d  Compound. . . . . .  82 
Y 

2.2.9 S i g n i f i c a n c e  o f  c t o  V e h i c l e  Maneuvering 
Y P r o p e r t i e s .  . . , . . . . . . . . . . . . . . .  82 

2.3 Peak and L a t e r a l  T r a c t i o n  C o e f f i c i e n t  . . . . . . .  85 , 
2.3.1 S e n s i t i v i t y  o f  u t o  I n f l a t i o n  Pressure . . . .  85 

Y 
2.3.2 S e n s i t i v i t y  o f  p t o  V e r t i c a l  Load. . . . . . .  85 

Y  
2.3.3 Sensi  ti v i  ty of p t o  V e l o c i t y  . . . . . . . . .  89 

Y  
2.3.4 S e n s i t i v i t y o f  P t o S u r f a c e T e x t u r e .  . . . . .  93 

Y  
2.3.5 S e n s i t i v i t y  of u t o  Water Depth. . . . . . . .  93 

Y  
2.3.6 S e n s i t i v i t y  of u t o  Carcass Design . . . . . .  98 

Y  
2.3.7 S e n s i t i v i t y  of u t o  Tread Design . . . . . . .  98 

Y  
2.3.8 S e n s i t i v i t y  of u, t o  Tread Ccmpound . . . . . .  102 

J 

2.3.9 S i g n i f i c a n c e  o f  P t o  Veh ic le  Maneuvering 
Y  P r o p e r t i e s .  . . . . . . . . . . . . . . . . . .  102 



3. COMBINED BRAKING AND CORNERING P R O P E R T I E S .  . . . . . . . . . 106 

4. T R A C T I O N  OR M O B I L I T Y  ON DEFORMABLE S U R F A C E S .  . . . . . . . . 115 

5. REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . 124 



INTRODUCTION 

Th i s  r e p o r t  i s  i n tended  as a  genera l  d i s cuss ion  of t h e  s t a t e  

o f  knowledge which may connect t i r e  des ign t o  v e h i c l e  sa fe t y .  I t  i s  

p r i m a r i l y  in tended  as a  p r i m e r  i n  ti r e  mechanics, i d e n t i f y i n g  t h e  

va r ious  mechanisms by which ti res  generate  s t e e r i n g  and b rak i ng  fo rces  

and the  s e n s i t i v i t i e s  which those mechanisms have t o  des ign and 

ope ra t i ng  va r i ab l es .  I t  i s  p e r t i n e n t ,  then, be fo re  cons ide r i ng  ti r e  

p r o p e r t i e s  pe r  se t o  r e f l e c t  on t h e  manner i n  which a  connect ion m igh t  

be made between t i r e s  and v e h i c l e  pre-cras h  s a f e t y .  

Motor v e h i c l e  s a f e t y ,  o r  converse ly ,  t he  occurrence of motor  

v e h i c l e  t r a f f i c  acc idents ,  i s  known t o  depend upon the i n t e r a c t i o n  of 

a  broad s e t  o f  f a c t o r s .  These have been broken down i n  va r i ous  

i n v e s t i g a t i o n s  o f  v e h i c l e  s a f e t y  i n t o  t h e  f a c t o r s  c o n s t i t u t i n g  a  com- 

p l e t e  d e s c r i p t i o n  o f  t he  t r a f f i c  system i t s e l f .  Such d i v e r s e  elements 

as roadway geometry, su r f ace  c o n d i t i o n ,  road sys tem s i g n i n g  , c l i m a t i c  

va r i ab l es ,  d r i v e r  phys io logy ,  psychology, and d r i v i n g  h i s t o r y ,  

v e h i c l e  b rak i ng  and hand1 i ng p r o p e r t i e s ,  and var ious  mechanisms by 

which these p r o p e r t i e s  i n t e r a c t  w i t h  one another  a r e  be1 ieved  t o  be 

a l l  r e l e v a n t  t o  acc iden t  p o t e n t i a l .  The l i n k i n g  o f  any s i n g l e  f a c t o r  

t o  t h e  acc i den t  r eco rd  i s ,  o f  course, a  d i f f i c u l t  exe rc i se  s i n c e  t he  

i n t e r a c t i o n  mechanisms a re  so s t r ong  and s i nce  t h e  f a c t o r s  o f  p o t e n t i a l  

importance a re  so numerous. 

Never the less,  many researchers have s t u d i e d  t he  c o r r e l a t i o n s  

between i n d i v i d u a l  f a c t o r s  desc r i b i ng  t h e  highway, d r i  v e r y  v e h i c l e ,  

t r a f f i c  environment and acc i den t  occurrence. Regarding t h e  s p e c i f i c  

area o f  t h e  r e l a t i o n s h i p  between v e h i c l e  dynamic performance and 

acc i den t  involvement,  c e r t a i n  s t ud ies  have been made t o  e s t a b l i s h  t h e  

e x t e n t  o f  c o r r e l a t i o n s  which may be hypothes ized as ev idenc i  ng causal  

r e l a t i o n s h i p s .  To a  much l a r g e r  degree, however, research which i s  

in tended  t o  examine t he  v e h i c l e ' s  r o l e  i n  p re -c rash  s a f e t y  i s  s imp ly  

based upon no t i ons  o f  suspected r e l a t i o n s h i p s ,  such as t h e  f o l  1 owi ng : 



1) H i g h ' l e v e l s  o f  b rak i ng  c a p a b i l i t y  should render  a  

v e h i c l e  more capable o f  avo id i ng  c o l l i s i o n s  o r  o f  

min imi  z i ng  t h e  v e l o c i t y  p r e v a i l i n g  upon impact. 

2)  High l e v e l s  of co rne r i ng  o r  l a t e r a l  acce le ra t i on  

performance should  render  a  v e h i c l e  more capable o f  

obs tac l e  avoidance. 

3) The r e t e n t i o n  o f  yaw s t a b i l i t y  up t o  t h e  co rne r i ng  

l i m i t s  imposed by t h e  s a t u r a t i o n  of t i r ' e  shear f o r ces  

should  render  t h e  v e h i c l e  more l i k e l y  t o  be success- 

f u l l y  c o n t r o l l e d  throughout any obs tac le  avoidance 

maneuver. 

Such hypotheses have underpinned most s t ud ies  which have sought t o  

expand v e h i c l e  dynamics techno1 ogy i n  a  d i r e c t i o n  b e n e f i t i n g  v e h i c l e  

sa fe t y .  Thus i t  i s  l a r g e l y  on t h e  bas is  o f  t h e  l i n k  p rov ided  by 

i n t u i t i v e  hypothes is  t h a t  we can presume t o  examine t he  s t a t e  o f  

knowledge r e l a t i n g  t i r e  design c h a r a c t e r i s t i c s  t o  v e h i c l e  sa fe t y .  That 

i s ,  we have a  s a f e t y  i n t e r e s t  i n  t i r e  d e j i g n  ( p u t t i n g  as ide s t r u c t u r a l  

i n t e g r i t y  issues such as puncture and blowout r es i s t ance )  on ly  i nso fa r  

as t h e  design of a  t i r e  determines i t s  t r a c t i o n  q u a l i t i e s  which, i n  

t u rn ,  i n f l uence  the  b rak ing  and s t e e r i n g  p r o p e r t i e s  o f  t h e  v e h i c l e  which, 

i n  t u rn ,  i n f l u e n c e  the acc iden t  avoidance p o t e n t i a l  o f  t h e  d r i v e r /  

veh i c l e / h i  ghway system. I nso fa r  as improper i n f l a t i o n  pressures,  i m -  

p roper  a p p l i c a t i o n  o f  a  g iven t i r e  s i z e  o r  type, excessive t r e a d  wear, 

o r  excessive ti r e  1  oadi ng may comprani se the  as-designed t r a c t i o n  

q u a l i t y  o f  a  t i r e ,  t h e  r e l a t i o n s h i p  between t i r e  design and v e h i c l e  

s a f e t y  w i  11 be obscured. I nso fa r  as o the r  non - t i r e - r e1  ated p r o p e r t i e s  

i nhe ren t  t o  t he  v e h i c l e  tend t o  reduce acc iden t  avoidance p o t e n t i a l  

(such as t h e  low r o l  l o v e r  immunity o f  c e r t a i n  heavy t r u c k s ) ,  t he  s a f e t y  

importance of the  t i r e ' s  design c h a r a c t e r i s t i c s  i s  reduced. Neverthe- 

less ,  t he re  seems ample reason t o  b e l i e v e  t h a t  t he  r e l a t i o n s h i p  o f  t i r e  

design t o  t r a c t i o n  p rope r t i es  and thence t o  v e h i c l e  dynamic behav ior  

c o n s t i t u t e s  , t o  a  s i g n i f i c a n t  degree, a  connect ion between t i  r e  design 

and v e h i c l e  sa fe t y .  



The discussion in this  report i s  broken down into sections 
addressing different aspects of t i  re performance, as follows: 

1 ) Braking properties 

2 )  Cornering properties 

3) Cmbi ned braki ng and cornering properties 

4)  Mobil i ty (deformable surfaces) properties 

Of these four areas, only the f i r s t  three are seriously suggested t o  
affect the safety quality of vehicles. Mobility properties are 
primarily seen as determining a vehicle's ab i l i ty  t o  "go" in snow or 
mud-the fa i lure  of which i s  not characteristically accident-producing. 

The level of treatment of each subject i s  that  of an over- 
view. Readers interested in particular aspects of t i r e  mechanics are 
advised t o  seek the referenced sources for  detailed treatments of 
the various subjects. The discussion i s  not meant t o  represent a 
comprehensive review of the avail able l i te ra ture  on each subject area, 
b u t  rather provides a condensed view of t i r e  mechanics as i s  necessary 
to understand vehicle maneuvering behavior. The discussion i s  
phenomenological rather than analytical in nature. I t  addresses the 
question "What does the t i r e  do and what i s  i t s  performance sensitive 
to?" A t  the conclusion of each of the f i r s t  three discussion sections 
on t i  re properties, the general influence of the respective t i  re 
characteris t ics  on vehicle maneuvering performance i s  discussed. 

By way of introducing the discussion on t i r e  mechanics, i t  
i s  convenient here t o  reference the SAE t i r e  axis system shown below 
in Figure 1 . I  [ I ] .  This diagram establishes the conventions for 
locating the wheel plane and the ground plane, and for orienting the 
three t i r e  forces and three moments. 
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1.0 BRAKING PROPERTIES 

The t i res  on a motor vehicle are mounted such t h a t  their 

plane of rotation i s  nominally aligned with the direction of motion 

of the vehicle. Thus, when brakes are applied, the wheel i s  caused 

t o  slow down below i t s  free-running speed and a "slip" condition i s  

produced between the t i r e  and road, resulting in a braking force which 

acts t o  decelerate the vehicle. The role played by the  t i r e  in this 

process can be examined by reducing the generation of the braking 

force into two stages. In the f i r s t  stage, the application of brake 

torque causes the t i r e  t o  produce an increasing level of longitudinal 

shear force or "brake" force, Fx ,  as wheel speed, U ,  drops off. The 

rate a t  which this force i s  produced, per unit of wheel s l ip ,  s ,  i s  

defined as the longitudinal s t i ffness,  C s ,  viz., 

where 

Fx = braking force 

s = longitudinal s l ip ,  defined by the relation 

with Re = effective rolling radius 

= wheel angular velocity 

and V = vehicle velocity 

Thus, Cs i s  merely the ini t ial  slope in the brake force response t o  
s l ip .  

Under typical braking condi t i  ons , the t i  re wi 11 become 1 imi ted 

in brake force capability a t  a rather low level of s l ip ,  in the 

vicinity of 20%. Thus, while the t i r e  i s  s t i l l  rolling a t  approximately 



80% of i t s  f r e e - r o l l i  ng speed, brake f o r c e  w i l l  a r r i v e  a t  a peak va lue 

and then c h a r a c t e r i s t i c a l  1y d e c l i n e  as wheel speed reduces toward the 

" lockup"  cond i t i on ,  a t  100% s l i p .  Accord ing ly ,  we s h a l l  a l s o  discuss 

t h i s  second stage i n  which b rak ing  f o r c e  i s  l i m i t e d  by t h e  p r e v a i l i n g  

f r i c t i o n a l  coupl ing,  thereby determin ing t h e  peak l o n g i t u d i n a l  t r a c -  

t i o n  c o e f f i c i e n t ,  up, and the  locked wheel, o r  s l i d e  t r a c t i o n  c o e f f i -  

c i e n t ,  us ,  v iz . ,  

and 

where FZ = v e r t i c a l  load. 

I t i s  convenient  t o  cons ider  these t r a c t i o n  l i m i t s  as a 

f r a c t i o n  o f  t he  v e r t i c a l  l oad  on t h e  t i r e  because l o a d  i s  t he  p r imary  

t i r e  ope ra t i ng  v a r i a b l e  de te rmin ing  t h e  magnitude o f  t h e  F, response. 

We see, however, t h a t  t h e  s imple "coulomb" r e l a t i o n s h i p  o f  elementary 

phys ics,  by which " f r i c t i o n  c o e f f i c i e n t , "  p, has one va lue f o r  a l l  

l oad  l e v e l s ,  does n o t  apply  t o  t he  pneumatic t i r e .  Indeed, t he  t i r e  

i s  comprised of both viscous and e l l a s t i c  t ype  ma te r i a l s  which toge ther  

produce a complex n o n l i  near r e l a t i o n s h i p  between 1 i m i  t shear forces 

and v e r t i c a l  load. 

F 
X - 

Fz 

I n  t h e  two s t r u c t u r e d  d iscuss ions which f o l  low, concerning 

l o n g i t u d i n a l  s t i f f n e s s ,  C,, and l o n g i t u d i n a l  t r a c t i o n  l i m i t s ,  u and 
P 

us,  a s e t  o f  e i g h t  performance s e n s i t i v i t i e s  w i l l  be c i t e d ,  as 

f o l  1 ows : 

s l i d e  



Sensitivity to:  

inflation pressure 
vertical load 
vel oci ty  

surface texture 
water depth 
carcass design 
tread design 
tread rubber compounding 

The section on each t i r e  property i s  concluded with a s ta te-  
ment on the relevance of each property t o  vehicle maneuvering behavior. 

1.1 Longitudinal Stiffness,  C,. 

The t i r e  can be considered as a type of spring element in 
i t s  i n i t i a l  development of braking, or longitudinal , force. This 
"spring rate" function of a t i r e  depends primarily upon the length of 
the footprint of the t i r e ' s  contact with the road. As contact length 
increases, each tread element must spend a longer time interval in 
contact w i t h  the pavement during each revolution, thereby accumulating 
a larger net rearward deflection due to the s l i p  condition, and 
generating an accordingly greater braking force. 

1 . 1 . 1  Sensitivity to  Inflation Pressure. Two opposing 
mechanisms accompany inflation pressure changes--one tending to in- 
crease CS, the other tending to decrease Cs.  As inflation pressure 
increases, the contact length reduces, thus tending to  reduce the 
longitudinal s t i f fness .  Also, however, as inflation pressure increases, 
t i r e  cords become more heavily preloaded and the overall carcass 
s t i f fens,  thus tending t o  increase Cs .  Thus, the net sensit ivity of 
Cs t o  inflation pressure for any specific t i r e  will be determined by 
the design characteristics influencing the relative strength of these 
two mechanisms . 



1.1.2 S e n s i t i v i t y  t o  V e r t i c a l  Load. Long i t ud ina l  s t i f f n e s s  

c a t e g o r i c a l l y  increases w i t h  i nc reas ing  l o a d  over  t h e  normal range o f  

loading.  Th i s  r e s u l t ,  o f  course, der i ves  from t h e  s imple f a c t  t h a t  

adding l o a d  always increases con tac t  leng th .  The f u n c t i o n  i s  c l e a r l y  

a  non l i nea r  one, however, s i nce  t he  r a t e  o f  change i n  con tac t  l e n g t h  

w i t h  i nc reas ing  l o a d  d imin ishes a t  h i ghe r  l e v e l s  o f  load. Thus, f o r  

example, we see a  cu rva tu re  i n  t h e  Cs versus l oad  f unc t i on ,  as i n  

F igu re  1.2 [Z]. 

Another way t o  view the  in f luence  o f  l oad  on C s  i s  i n  t he  

data o f  F i gu re  1.3 [3]. Here we see t h a t  t he  i n i t i a l  s lope  ( i . e . ,  Cs) 

o f  the Fx versus s l i p  curve r i s e s  w i t h  increased load, bu t ,  on t he  

o t h e r  hand, t h e  peak f o r c e  l i m i t s  r i s e  a lso .  Since t h e  peak f o r c e  

values a l l  occur a t  approx imate ly  t h e  same va lue  o f  s l i p ,  we see t h a t  

l o n g i t u d i n a l  s t i f f n e s s  b a s i c a l l y  changes t o  es tab l  i s h  cons i s  t e n t  

curve shape. 

1.1.3 S e n s i t i v i t y  t o  V e l o c i t y .  S i n c e C S  i s  a  p rope r t y  o f  

the e l a s t i c  makeup o f  the  t i r e ,  it i s  known t o  be v i r t u a l l y  i nsens i -  

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

1.1.4 S e n s i t i v i t y  t o  Sur face Texture.  Again, as an e l a s t i c  

c h a r a c t e r i s t i c ,  CS i s  b a s i c a l l y  i n s e n s i t i v e  t o  e i t h e r  t h e  t e x t u r a l  o r  

adhesive p r o p e r t i e s  o f  t h e  sur face.  Since t h e  " sp r i ng  constant"  

charac te r  o f  t h e  Cs numeric app l i es  t o  t h e  opera t ing  regime i n  which 

no t r e a d  elements a r e  s l i p p i n g  i n  t he  con tac t  patch, t he  f r i c t i o n  

coup l ing  l e v e l  which p r e v a i l s  i s  immater ia l .  

1.1.5 S e n s i t i v i t y  t o  Water Depth. As wate r  depth becomes 

large,  say above .050 inches, and when v e h i c l e  v e l o c i t y  i s  h igh,  

above 50 mph, a  c e r t a i n  degree of  hydroplan ing w i  11 p r e v a i l ,  tend ing  

t o  shor ten t h e  e f f e c t i v e  l e n g t h  o f  t h e  con tac t  patch. Since t he  

hydroplan ing phenomenon can be looked upon as a  "pene t ra t i on "  f rom 

the  l ead ing  edge o f  the  con tac t  patch by a  water  "wedge ," the  observed 

Value o f  Cs w i l l  reduce under t h i s  cond i t i on .  A t  smal l  l e v e l s  of water 

depth i n  which hydroplan ing i s  n e g l i g i b l e ,  Cs  w i l l  be un in f luenced  

by t h e  presence of water.  
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Figure 1.2 CS v s  F,, for Truck Tires 
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F i g u r e  1.3 I n f l u e n c e  o f  v e r t i c a l  l o a d  on t h e  non-  
no rmal i zed  ( F  ) v e r s u s  s l i p  b e h a v i o r  o f  
a F i r e s t o n e  l 8 . 0 0 x 2 0 / ~  on an aspha l t  surface." 



1 . l .  6 Sensit ivity t o  Carcass Desiqn. Longitudinal s t i f f -  
ness i s  influenced by carcass design in two ways: Firs t ly ,  by the 

manner in which the carcass determines contact patch length, for a 
given load, and secondly, by the resulting circumferential s t i f fness  
of the carcass structure,  i t s e l f .  Shown in Figure 1.4 i s  a plot,  not 

of Cs, b u t  of the longitudinal force produced on a laboratory t e s t  
machine as a function of longitudinal displacement of the tread, using 
a locked wheel [4]. I t  i s  seen that  the bias-ply t i r e  yields a higher 
level of circumferential s t i f fness  than does a radial-ply t i r e .  This 
result  i s  simply explained by the influence of cord orientation on  this  
structural deflection mode. Figure 1.4 also directly i 1 lustrates  the 
advantage which the radial construction offers in isolating the 
vehicle from longitudinal disturbances arising from road irregulari-  
t i e s .  Combining the effects of circumferential s t i f fness  and contact 
length in roll ing experiments using heavy truck t i r e s ,  Figure 1.5 
shows a numeric closely proportional t o  Cs for  a sample of bus and 
truck t i r e s  which d i f fe r  in both tread and carcass type [5]. I t  i s  

seen that  radial constructions regis ter  substantially higher than the 
bias samples in th i s  measure. Further, r i  b-type tread designs indicate 
higher values of longitudinal s t i f fness  than do lug-type treads. 

1 . I  . 7  Sensitivity to  Tread Design. Since the tread of a 
t i r e  can be looked u p o n  as an array of cantilever springs connecting 
the carcass and be1 t structures t o  the roadway, tread desi gn i nf 1 uences 
the value of Cs in a fashion directly related t o  the effective "canti- 
lever s t i  ffness" of the tread elements. Thus, circumferential rib- 
type patterns are known to produce higher levels of Cs ( fo r  the same 
carcass construction), while discrete block patterns, such as with 
snow t i r e s ,  are known t o  indicate lower levels of Cs.  Further, as a 
t i r e  tread wears, reducing the effective length of the tread element 
"cantilevers," CS will r i s e  markedly. 

1.1.8 Tread Compound Variations. Tread compound i s  pre- 
sumed to affect longitudinal s t i f fness  simply as a reflection of the 
nominal durometer, or e las t ic  modulus of the tread rubber. Shown in 
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Longitudinal displacement o f  wheel 
a t  rood level  RLX (mm) 

Figure 1 .4 The tangential stiffness of /he radial ply tire is much lower than the b i a  
- ply tire. 
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F igu re  1.5 D i s t r i b u t i o n  o f  Fx/FZ values measured a t  4% s l i p ,  i n d i c a t i n g  
r e l a t i v e  l o n g i t u d i n a l  s t i f f n e s s e s  o f  var ious gene r i c  types 
o f  heavy t i  res , each t e s t e d  a t  r a t e d  1  oad. 



F igure  1.6 i s  t h e  r e l a t i o n s h i p  between p and the  va lue o f  s l i p  a t  
P  

which t h e  peak occurs,  f o r  each o f  t h e  two t r e a d  compound formulas 

[6]. Tak ing  t h e  " s l i p  a t  u 'I numeric as r ough l y  p r o p o r t i o n a l  t o  C s ,  P  
we see an approximate 2 t o  1  d i f f e r e n c e  between t h e  l e v e l s  a t t a i n e d  

w i t h  a  h i g h  s tyrene,  s t y rene  butad iene copolymer (SBR) and t h e  blended 

SBR copolymer w i t h  po lybu tad iene  (BR) . 

1.1.9 Relevance of C, t o  Maneuvering Behavior o f  Veh ic les .  

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

v e h i c l e  maneuvering behav ior ,  except,  perhaps, i n s o f a r  as i t  i n t e r -  

ac t s  w i t h  t h e  c y c l i n g  e f f i c i e n c y  o f  a n t i l o c k  c o n t r o l  systems. One 

o t h e r  c i rcumstance i n d i r e c t l y  r e l a t i n g  t o  t h e  l e v e l  o f  Cs regards 

b rak i ng  i n  a  t u r n .  I n  t h i s  case, s i nce  l o n g i t u d i n a l  s l i p  r a p i d l y  

reduces t i r e  s i d e  f o r c e  c a p a b i l i t y  (as  w i l l  be d iscussed i n  Sec t ion  3 ) ,  

t h e  t i r e  w i t h  a  h i ghe r  va lue o f  Cs w i l l  be b e n e f i c i a l .  The b e n e f i t  

de r i ves  f rom t h e  f a c t  t h a t  h i ghe r  l e v e l s  o f  b rak ing  f o r c e  can be 

a t t a i n e d  w i t h  t h e  high-Cs t i r e  a t  l ower  l e v e l s  o f  l o n g i t u d i n a l  s l i p .  

Thus, a  g iven  b rak i ng  a p p l i c a t i o n  i n  a  t u r n  w i l l  produce l ess  of a  

l a t e r a l  d i s tu rbance  t o  t h e  v e h i c l e  o u t f i t t e d  w i t h  t h e  h i ghe r  Cs t i r e ,  

a l l  o t h e r  t h i ngs  be ing equa l .  Th is  i n t e r a c t i v e  aspect  o f  t h e  C s  p ro -  

p e r t y  i s  presumed t o  be o f  low o v e r a l l  s i g n i f i c a n c e  t o  t r a f f i c  sa fe ty ,  

however. 

Peak and S l i d e  Brak ing  T r a c t i o n  L i m i t s  

Perhaps t he  most s a f e t y - r e l e v a n t  c h a r a c t e r i s t i c  o f  a  pneumatic 

t i r e  i s  i t s  ab i  1  i t y  t o  maximize l o n g i t u d i n a l  t r a c t i o n  l i m i t s  over  t h e  

range o f  su r f ace  c o n d i t i o n s  which a re  encountered. Bo th  peak and 

s l i d e  l i m i t s  of b rak i ng  t r a c t i o n  w i l l  be d iscussed here, s i n c e  bo th  

have s i m i l a r  s e n s i t i v i t i e s  t o  ope ra t i ona l  and design va r i ab l es .  

1.2.1 S e n s i t i v i t y  t o  I n f l a t i o n  Pressure.  Long i t ud ina l  

t r a c t i o n  l i m i t s  a r e  i n f l u e n c e d  by i n f l a t i o n  p ressure  i n  d i f f e r e n t  

degrees on d r y  and wet sur faces.  Three changes i n  t he  ope ra t i ng  s t a t e  

o f  t h e  t i r e  serve t o  e x p l a i n  s e n s i t i v i t i e s  t o  i n f l a t i o n  pressure.  
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F i  r s  t l y  , t h e  i ncreased i n f l a t i o n  pressure w i l l  cause an inc rease  i n  

t he  t read / road  con tac t  p r e s s u r w r e d o m i  n a n t l y  i nc reas ing  t he  con tac t  

s t r e s s  a t  t h e  i n n e r  r i b  p o s i t i o n s  across t h e  t r e a d  face.  Secondly, 

the  con tac t  l e n g t h  of t he  t i r e  decreases w i t h  i nc reas ing  i n f l a t i o n  

pressure. T h i r d l y ,  the  l a t e r a l  "shr inkage"  o f  t h e  t r e a d  face, pro-  

duc ing c l osu re  o f  t he  t r e a d  grooves on low f r i c t i o n ,  wet ted sur faces,  

w i  11 decrease as i n f l a t i o n  pressure increases.. Th i s  decreased s h r i n k -  

age i s  a  r e s u l t  of  changes i n  t h e  s t r u c t u r a l  p r o p e r t i e s  o f  t h e  t i r e  as 

they determine t r e a d  s t resses du r i ng  the r o l l i n g  process.. 

For  t he  case o f  b rak ing  on d r y  pavements, i n f l a t i o n  pressure 

increases a r e  seen t o  r e s u l t  i n  m i l d  improvements i n  bo th  p and pS 
P 

t r a c t i o n  l e v e l s .  For  example, Table 1.1 il l u s t r a t e s  t r a c t i o n  l e v e l  

changes which r e s u l t  f rom a  t h r e e f o l d  inc rease  i n  i n f l a t i o n  pressure 

For  wet surfaces, i n f l a t i o n  pressure increases are known t o  

s i g n i f i c a n t l y  improve p and us l i m i t s .  Expressed i n  terms of hydro- 
P 

p l a n i n g  speeds ( t h a t  i s ,  the  v e h i c l e  v e l o c i t y  a t  which t i r e s  w i l l  

become dynamica l ly  separated from road con tac t  by a  water  f i l m ) ,  i t  i s  

r epo r ted  t h a t  a  t h ree  p s i  increase i n  i n f l a t i o n  w i l l  add on t h e  o rder  

of  one mph t o  t h e  hydroplan ing speed o f  b i a s - p l y  t i r e s  [9].  T i r e  t r a c t i o n  

under t h e  complex phenomenon of hydroplan ing i s  seen t o  b e n e f i t  f rom 

increased i n f l  a t i  on pressure because o f  t h e  reduced 1  a t e r a l  shr inkage 

of t h e  t read ,  thereby lessen ing  t h e  c l osu re  of t he  t r e a d  grooves which 

a re  t he  p r imary  wate r  drainage paths. 

1.2.2 S e n s i t i v i t y  t o  V e r t i c a l  Load. I nc reas ing  v e r t i c a l  

l oad  i s  known t o  c a t e g o r i c a l  l y  reduce normal i zed t r a c t i o n  l e v e l s  

under a l l  types o f  d r y  and wet ted pavement cond i t i ons .  As examples 

o f  t h i s  i n t e r a c t i o n  on d r y  sur faces,  i t  i s  t y p i c a l  w i t h  bo th  passenger 

car  and t r u c k  t i r e s  t o  see on t h e  o r d e r  o f  -01 r e d u c t i o n  i n  u o r  us 
P 

w i t h  each 10% inc rease  i n  load, i n  the  v i c i n i t y  o f  t h e  t i r e ' s  r a t e d  

load.  Representat ive o f  these s e n s i t i v i t i e s  a re  t h e  data shown i n  

F igure  1.7 [8]. 



Tab le  1.1 Peak and S l i d e  F r i c t i o n  C o e f f i c i e n t  
(up and us) f o r  t h e  F i r e s t o n e  Deluxe 

~ h a r n ~ i o r l  Sup-R-Belt  H78-14, Dry A s p h a l t .  

I n f l a t i o n  Load ( l b s )  

P r e s s u r e  Speed 80 0 1100 

( p s i )  (mph) 1-1 p~ p s  
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Truck t i r e s  a t  20 rnph. 
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On wet ted  sur faces  l o a d  i s  known t o  g e n e r a l l y  reduce l i m i  t 

t r a c t i o n  c a p a b i l i t y ,  a l though  w i t h  a  l e s s  s t r o n g  i n f l u e n c e  than i s  

seen on d r y  su r faces .  I n  the  ope ra t i ng  c o n d i t i o n s  i n  which hydrop lan ing  

i s  a  problem, t h e  i n f l u e n c e  o f  l oad  on t r a c t i o n  l i m i t s  i s  r epo r t ed  t o  

be a  n e g l i g i b l e  improvement [9]. 

1.2.3 S e n s i t i v i t y  t o  V e l o c i t y .  Beyond some very  low 

c reep ing  speed, i t  i s  g e n e r a l l y  es tab l  i s  hed t h a t  i nc reas ing  speed 

r e s u l t s  i n  reduced l e v e l s  o f  p and p,. On d r y  sur faces,  peak t r a c t i o n  
P  

c o e f f i c i e n t  o f  c a r  t i r e s  i s  somewhat s e n s i t i v e  t o  speed, as shown i n  

t h e  example da ta  o f  F i gu re  1.8 [ l o ] .  S i m i l a r l y ,  t r u c k  t i r e s  have 

been seen t o  e x h i b i t  o n l y  a  smal l  s e n s i t i v i t y  o f  p l e v e l  t o  v e l o c i t y ,  
P  

t y p i c a l l y  i 1  l u s t r a t i n g  a  - .  002/mph g r a d i e n t  i n  p [3]. P  
F i gu re  1.8 a l s o  shows the  i n f l uence  o f  v e l o c i t y  on us  f o r  

heavy t r u c k  t i r e s .  I n  t h i s  case, i t  i s  t y p i c a l  t o  observe steep g rad ien t s  

(on t h e  o rde r  o f  -.01 ps/mph) i n  t h e  lower  speed range and v i r t u a l l y  

no g r a d i e n t  i n  ps i n  t h e  v i c i n i t y  o f  highway speeds. 

On wet ted  sur faces ,  o f  course, we know t h a t  hydrodynamic 

phenomena a c t  t o  render  v e l o c i t y  t h e  c r u c i a l  v a r i a b l e  i n  de te rmin ing  

t r a c t i o n  l i m i t s .  By one e m p i r i c a l  formula, t h e  minimum hydrop lan ing  

speed, g i ven  s u f f i c i e n t  wa te r  depth, i s  r e l a t e d  d i r e c t l y  t o  t h e  i n f l a -  

t i o n  p ressure  by t l i e  r e l a t i o n s h i p ,  V = 1 0 6 ,  where V i s  speed o f  t o t a l  

hydrop lan ing  (mph), and p  i s  i n f l a t i o n  pressure.  O f  course, t h e  ac tua l  

speed of hydrop lan ing  i s  m o d i f i e d  very  s t r o n g l y  by t i r e  t r e a d  design. 

For  t i  res  r unn i  ng a t  highway speeds and commonly-encountered 

wate r  depths ( i n  t h e  v i c i n i t y  o f  .020 inches) ,  speed s e n s i t i v i t i e s  i n  

t h e  peak and s l i d e  t r a c t i o n  l e v e l s  would t y p i c a l l y  f a l l  i n  t h e  ranges 

c i t e d  i n  Table  1.2 [Ill. 

A range o f  v e l o c i t y  s e n s i t i v i t y  data f o r  t r u c k  t i r e s  on wet 

su r faces  i s  shown i n  F i gu re  1.9, p resen t i ng  bo th  peak and s l i d e  sens i -  

t i v i  t i e s  as con t ras ted  aga ins t  t y p i c a l  European passenger c a r  t i r e s  

[12]. I t  i s  seen t h a t  t h e  s teeper  v e l o c i t y  s e n s i t i v i t i e s  o f  t h e  p and 
P 

us values o f  t r u c k  t i r e s  i s  con f i ned  t o  lower  speeds, below 40 mph. 





Table 1.2. Typ i ca l  V e l o c i t y  S e n s i t i v i t y  of Car T i r e s  
on Common Wet, F ine Tex tu re  Sur face.  

B ias  P l y  .04 ,02 

Bias Be1 t e d  ,008 .012 

S tee l  B e l t e d  Radia l  l e s s  than .010 
.005 

1  -2 .4  S e n s i t i v i t y  t o  Sur face Texture o r  F r i c t i o n  P o t e n t i a l  . 
For  t i r e  p r o p e r t i e s  which a re  fundamental ly f r i c t i o n a l  i n  nature,  t h e  

makeup o f  the  pavement i s ,  of course, an elementary de te rminan t  of t he  

performance l e v e l .  Accord ing ly ,  a  broad area of t he  technology o f  

pavement c o n s t r u c t i o n  and maintenance has been b u i l t  up around t h e  

i n t e r e s t  i n  t h e  f r i c t i o n a l  p o t e n t i a l  o f  road sur faces .  Paved road  

sur faces  commonly found around t h e  U.S. cou ld  be expected t o  y i e l d  p 
P 

values f o r  passenger c a r  t i r e s  rang ing  from, perhaps, as low as 0.3 

f o r  wet, "b leed ing"  aspha l t ,  t o  as h i gh  as 1.1 f o r  d r y  a s p h a l t  hav ing 

an aggress ive t e x t u r e .  The low-end est imate,  of course, i s  i n  t h e  

absence o f  hydrop lan ing.  

Regarding t ex tu re ,  p e r  se, i t  i s  g e n e r a l l y  accepted t h a t  coarse 

t e x t u r e  surfaces a re  p re fe rab le  f o r  enhanci ng the  drainage of wa te r  

f rom under t h e  t i r e  t r e a d  a t  h i g h  speed. Such coarseness, p e r t a i n i n g  

t o  t h e  s i z e  of t he  aggregate used i n  t he  pav ing  m a t e r i a l ,  r e f e r s  t o  t h e  

so-ca l  l e d  "macrotexture" p rope r t y .  Th i s  c h a r a c t e r i s t i c  i s  d i s t i n -  

guished from a  f i n e r  t e x t u r e  cha rac te r i za t i on ,  m i c ro tex tu re ,  which 

r e f e r s  t o  t h e  i r r e g u l a r i t y  and sharpness o f  t h e  surface on i n d i v i d u a l  

p a r t i c l e s  o f  aggregate. Shown i n  F i gu re  1 . l o ,  these f ea tu res  a re  

c rude l y  de f i ned  and t h e i r  r espec t i ve  wet  t r a c t i o n  p o t e n t i a l s  a re  gen- 

e r a l i z e d  by t h e  ps versus speed r e l a t i o n s h i p  o f  a  s tandard ca r  t i r e  [13]. 

As examples of bo th  p and us performance on surfaces o f  g ross l y  
P  

d i f f e r i n g  t e x t u r e ,  F igures 1.11 and 1.1 2 show rep resen ta t i ve  t r a c t i o n  

l i m i t s  versus v e l o c i t y  f o r  r a d i a l -  and b i as -p l y  t i r e s  on two sur faces 

[14]. I n  F i gu re  1.11, t h e  su r f ace  i s  o f  t h e  " f i n e ,  g r i t t y "  v a r i e t y  



F i g u r e  1 .9 Comparison of wet skid resistance o f  truck and car tires. 
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Figure 1 . I 1  RESULTS OBTAINED ON SURFACE 3. ( F I N E  COLD A S P H A L T )  
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( as  No. 3  i n  F ig .  1.10), w h i l e  i n  F i gu re  1.12, t h e  su r f ace  i s  o f  t h e  

"coarse t ex tu red ,  rounded" v a r i e t y  (as No. 4 i n  F ig .  1  . l o ) .  The 

reader  shou ld  no te  t h a t  w h i l e  these examples serve t o  d i s p l a y  t h e  

general  s i g n i f i c a n c e  o f  t e x t u r e  d i f ferences,  a  ve ry  l a r g e  body o f  

research l i t e r a t u r e  has accumulated t o  deal  w i t h  t e x t u r e  cha rac te r i za -  

t i o n  and sur face  f r i c t i o n  enhancement. 

A p r i n c i p a l  q u a l i t y  o f  a  pav ing  aggregate i s  i t s  a b i l i t y  t o  

r e t a i n  t e x t u r a l  aggressiveness over  extended use, and t o  r e s i s t  p o l i s h i n g .  

Expressed i n  terms o f  minimum s topp ing  d is tances,  F i gu re  1.13 shows 

t h e  e f f e c t s  o f  p o l i s h i n g  o f  t h ree  aggregates i n  a  P o r t l a n d  cement base 1151. 

I n  t h i s  d r y  s topp ing  cond i t i on ,  we i n f e r  t h a t  peak t r a c t i o n  l e v e l s  can 

reduce by 40% as a  r e s u l t  o f  p o l i s h i n g .  I t  i s  a l s o  known t h a t  t h e  

f r i c t i o n  l o s s  r e s u l t i n g  from p o l i s h i n g  i s  somewhat dependent upon t h e  

base m a t e r i a l ,  e i t h e r  a s p h a l t i c  o r  Po r t l and  cement. 

1.2.5 S e n s i t i v i t y  t o  Water Depth. The i n f l u e n c e  o f  water  

depth on p and ps appears t o  i n v o l v e  a t  1 east  two d i s t i n c t  modes o f  
P  

i n f l u e n c e .  A t  low l e v e l s  o f  water  depth, between 0  and 0.010 inches, 

t h e  depth i s  bo th  d i f f i c u l t  t o  a s c e r t a i n  and s t r o n g l y  i n f l u e n t i a l  as 

a  determinant  o f  f r i c t i o n  l e v e l .  I n  t h i s  .range of low depth values, 

t h e  depth appears t o  be ins t rumenta l  i n  determin ing t he  l o s s  i n  

"adhesive bonding" of t r e a d  rubber  t o  aggregate. The steep sens i -  

t i v i t y  o f  t r a c t i o n  l e v e l  i n  t h i s  regime, as shown i n  F igure  1.14, i s  

seen as r e s u l t i n g  f rom a  wetnessldryness p rope r t y  r a t h e r  than t o  

hydrodynamic phenomena re1  a t i n g  t o  t h e  dynamic f l u i d  pressures [I 61. 

We see t h a t  a  zone o f  water  f i l m  th i ckness  e x i s t s ,  between 

.010 and ,040 inches, i n  which l i t t l e  f u r t h e r  in f luence  on t r a c t i o n  

l e v e l  i s  a f f e c t e d  a t  t h e  lower  highway speeds. A broader view o f  t h e  

in f luence  o f  water  depth over  t he  whole usable  speed range i s  shown 

i n  F i gu re  1.15 [17]. We see, w h i l e  water  depth o n l y  l i g h t l y  a f f e c t s  

t he  "b rak i ng  fo rce  c o e f f i c i e n t "  ( p s )  a t  lower  speeds, t h e  g rea te r  water 

depths produce dramat ic  reduc t ions  i n  t r a c t i o n  l e v e l  a t  e leva ted  

h i  ghway speeds. 



Fi gUre - 1 . I 3  Effect of polished surface 
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Re la t i ng  wate r  depth t o  t h e  occurrence o f  f u l l  hydroplaning, 

we see i n  F igure  1.16 t h a t  a  cont inuous "hydroplan ing speed" r e l a t i o n -  

s h i p  t o  wate r  depth i s  es tab l i shed  f o r  t i r e s  o f  d i f f e r i n g  t r e a d  

e f f e c t i  venesses [9]. The UGC cha rac te r i  za t i on ,  " un i  t groove capac i t y  ," 
i d e n t i f i e s  t i r e s  by the  openness of t h e i r  t r e a d  and o the r  geometr ic 

cha rac te r i s  t i c s .  A modern, open-treaded r a d i a l  t i r e  would r e g i s t e r  a  

UGC o f  .08 on F igure  1.16. 

A l though no research i s  known t o  have been done r e l a t i n g  

t r u c k  t i r e  t r a c t i o n  l i m i t s  t o  water  depth, hydroplan ing o f  such t i r e s  

i n  normal s e r v i c e  i s  accepted t o  be r a r e  due t o  h i gh  con tac t  pressures 

and c h a r a c t e r i s t i c a l l y  open-type t r e a d  p a t t e r n s  [9].  

1.2.6 S e n s i t i v i t y  t o  Carcass Desiqn. The importance o f  

carcass design, p e r  se, i n  de te rmin ing  l o n g i t u d i n a l  t r a c t i o n  1  im i  t s  i s  

n o t  g rea t ,  b u t  can e a s i l y  be confused by t h e  h i ghe r  importance o f  . 

t r e a d  p a t t e r n s  which a re  p e c u l i a r l y  employed w i t h  each o f  t h e  gener ic  

carcass types. For example, i t  i s  known t h a t  t h e  b i as -p l y  t i r e  su f f e r s  

f rom h igh  l a t e r a l  s t resses  i n  t h e  con tac t  pa tch  du r i ng  t he  r o l l i n g  

process, g i v i n g  r i s e  t o  t r e a d  "squirm" which, i n  t u rn ,  encourages t h e  

use o f  cont inuous r i b - t y p e  t r e a d  pa t t e rns .  I f  open b lock - type  t r e a d  

pa t t e rns  were t o  be used on b ias -p l y  carcasses, ve ry  poor t i r e  mi leage 

would r e s u l t .  Also, i t  i s  known t h a t  r a d i a l - p l y  t i r e s  can be con- 

f i d e n t l y  cons t ruc ted  w i t h  r a t h e r  r i g i d  be1 t p l i e s ,  reduc ing t r e a d  squirm 

by about two- th i rds  and p e r m i t t i n g  use o f  ve ry  open t r e a d  pa t t e rns .  

As a  r e s u l t  o f  comnon design p r a c t i c e s  which have 1  inked c e r t a i n  t r e a d  

p a t t e r n s  w i t h  c e r t a i n  carcass types, we f i n d  t h a t  t he  t y p i c a l  passenger 

c a r  r a d i a l  t i r e  i s  supe r i o r  i n  wet t r a c t i o n  performance t o  t h e  t y p i c a l  

b i a s - p l y  t i r e .  Shown i n  F igure  1.17 a re  t h ree  t r e a d  designs t y p i c a l  

o f  d iagonal  ( o r  b i as -p l y  ) cons t ruc t ions ,  be1 ted-b ias -p ly  cons t ruc t i ons  , 
and r a d i a l - p l y  cons t ruc t i ons  [ll]. Tables 1.3 and 1.4 p resen t  r a t i n g s  

of r e l a t i v e  ps and p performances (ass ign ing  t o  a  s tandard t i r e ' s  
P  

performance, t he  va lue 100) f o r  t i r e s  o f  each carcass cons t ruc t i on ,  

each o f  which has been t readed ( f o r  purposes o f  demonstrat ion) w i t h  each 

of t h e  t h r e e  i n d i c a t e d  t r ead  designs [Ill. The "normal" carcass and 



Figure 1 .17 Typical tread designs. 
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Table 1 . 3  Straight ahead slide traction ratings. 

p = 0.3 Pad p = 0.5 Pad 
64 km/h 97 h / h  64 km/h 97 h / h  

Dlaaonal D e s i a  

( Diagonal Construction] 96 82 103 104 
Belted Construction 85 85 106 100 
Radial Construction 85 73 103 91 

Belted Desiaq 

Diaqonal Construction 98 < Belted Construction > 98 
Radial Construction 95 

Radial Desian 

Diagonal Construction 112 113 112 112 
Belted Construction 101 102 106 108 

( Radial Construction ) 109 102 106 109 

Difference for 9% 
Confidence Level 

- Tab1 e 1 .4 Straight ahead peak traction ratings* 

)I= 0.3Pad p = 0.5 Pad 
64 km/h 97 km/h 6 4  km/h 97 km/h 

Diaaonal Desian 

( Diagonal Construction ) 105 87 102 100 
Belted Construction 106 9 1 103 98 
Radial Construction 104 94 106 99 

Belted Desiqn 

Diagonal Construction 108 102 104 105 
( Belted Construct ion -) 106 103 109 104 

Radial Construction 109 106 106 104 

Radial Desian 

Diagonal Construction 110 115 105 108 
Belted Construction 107 105 109 105 

( Radial Construction ) 119 122 , 109 114 

Difference for 90% 
Confidence level 



t r e a d  combinat ions,  such as d iagonal  t r e a d  des ign /d i  agonal carcass type, 

have been c i r c l e d  t o  i d e n t i f y  t h e  r ep resen ta t i ve  con f i gu ra t i ons  which 

a re  a c t u a l l y  produced f o r  consumer use. We see t h a t  among, t h e  repre -  

s e n t a t i v e  con f i gu ra t i ons ,  t he  r a d i a l  ti r e  i s  o v e r a l l  supe r i o r .  Never- 

the1 ess, f o r  t h e  s l i d e  t r a c t i o n  r a t i n g s ,  t h e  r a d i a l  t r ead  des ign 

i n s t a l l e d  on a d iagonal  carcass c o n s t r u c t i o n  p rov ides  t h e  h i ghes t  pe r -  

formance of a l l .  Thus, i t  i s  c l e a r  t h a t  carcass t ype  a lone  does no t  

serve as a  p r e d i c t o r  o f  wet t r a c t i o n  l i m i t s .  

Shown i n  F i gu re  1.18 a re  p data  f o r  a  sample of e leven 
P 

passenger c a r  t i r e s ,  cover ing  a broad range o f  wet and d r y  surface and 

speed cond i t i ons  [ l o ] .  We see t h a t  w h i l e  t h e  two t i r e s  w i t h  r a d i a l  

carcasses (da rk  symbols) r e g i s t e r  higher- than-average l e v e l s  o f  u on 
P 

wet  sur faces,  they compare somewhat below average on t h e  d r y  surfaces. 

Presumably, t h e  reduced t r a c t i o n  1 eve1 o f  open-treaded r a d i a l s  on d r y  

sur faces r e l a t e s  s imply  t o  t h e  increased percentage v o i d  i n  such 

t r ead  patterns-a c h a r a c t e r i s t i c  which has been gene ra l l y  recognized 

as e f f e c t i n g  a  reduced d r y  t r a c t i o n  l e v e l .  

For t h e  case o f  t r u c k  t i r e s ,  no c o r r e l a t i o n  has been seen 

between gener ic  carcass type and l o n g i t u d i n a l  t r a c t i o n  performance on 

e i t h e r  t h e  wet o r  d r y  su r faces .  Al though o n l y  l i m i t e d  research work 

has been done i n  t h i s  area o f  t r u c k  t i r e  mechanics, i t  appears t h a t  

t r u c k  r a d i a l s  produce a narrower band of p and us performance l e v e l s  
P 

than b i as  t r u c k  t i r e s ,  b u t  o therwise y i e l d  approx imate ly  t h e  same 

average l e v e l s  over  t h e  va r ious  designs a v a i l a b l e  [8]. 

1.2.7 S e n s i t i v i t y  t o  Tread Design. As s t a t e d  i n  t h e  pre-  

ced ing sec t ion ,  i t  i s  known t h a t  increased v o i d  area i n  t h e  t r e a d  

p a t t e r n  enhances wet t r a c t i o n  performance of c a r  t i r e s  and reduced 

t r e a d  vo id  area enhances d r y  t r a c t i o n  performance l eve l s .  As seen i n  

Table 1.5, a  t i r e  w i t h  a  "ba ld "  t r e a d  produces an 8-10% h igher  va lue o f  

than a r i bbed  t i r e  on two d i f f e r e n t  d r y  surfaces [18]. S i m i l a r l y ,  
s i nce  l ug -  o r  snow-type t r e a d  p a t t e r n s  have g r e a t e r  v o i d  area than t i r e s  

of r i  b - t read  design, l u g  t i r e s  a re  seen t o  r e g i s t e r  c h a r a c t e r i s t i c a l l y  

lower  d ry  t r a c t i o n  l e v e l s ,  as shown f o r  passenger c a r  t i r e s  i n  Table 

1.6 [18]. L ikewise,  f o r  t r u c k  t i r e s ,  l ug - type  t r e a d  designs a re  seen 
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Figure 1.18 Peak Longitudinal Friction Coefficient   ire Data. 



Table 1.5. Dry Coe f f i c i en t  of F r i c t i o n  E f f e c t  
o f  Tread Design 

Surface T i  r e  
T i  r e  Coe f f i  c i  ent  C o e f f i c i e n t  

Bald 

5  S t r a i g h t  Grooves 0.87 

Table 1.6. Dry Coe f f i c i en t  of F r i c t i o n  E f fec t  of Groove Area (0.69 
C o e f f i c i e n t  Surface). 

C o e f f i c i e n t  o f  

% Road Area F r i  c  ti on 

T i  re Mp h I n  Contact Patch Peak S l i d e  

Standard 7 R i  b 2 0 0.83 0.76 0.66 

M&S Lug 



t o  produce substantially lower values of p and us on dry surfaces 
P 

than do typical r ib  tread patterns; see Figure 1.19 [8]. 

On wetted surfaces, as was shown ea r l i e r ,  the p and ps l imits 
P 

of passenger car t i r e s  show substantial sensi t ivi ty  t o  tread pattern. 
I t  i s  known that n o t  only tread "openness" b u t  also the presence of 
sipes and diagonal cross grooves contribute to enhancing wet traction 
performance under certain road conditions. Further, the traction 

improvements deriving from detai 1s of tread pattern geometry are most 
significant on surfaces with very l i t t l e  macrotexture. I t  has been 

hypothesized that  sipes in the tread can a s s i s t  wet traction in three 
ways: as wipers, water reservoirs, and pressure points. Data which 
determine the general i ty of the traction improvements accompanying 
siping appear t o  conflict  with one another. I t  suffices t o  say that ,  
in certain circumstances, wet traction improvements may be large due 
to siping [la]. 

The advent of radial-ply t i r e s  has led t o  the common use of 
tread designs with cross grooves. Such grooves are seen to  ass i s t  wet 
traction by equalizing the distribution of water between the circum- 
ferential  grooves of the tread. The effectiveness of cross grooves i s  
particularly noticeable in reducing loss of traction a t  high speeds. 
Measurements have revealed on the order of 20% improvement i n  p, level 
over that  of a reference r ib  t i r e  w i t h  no cross grooving--although th i s  
improvement i s  comparable t o  that  expected simply from the additional 
void area represented by the grooves. I t  i s  also known that the angle 
a t  which cross grooves are applied has a substantial influence on p 

P 
values for wet, smooth surfaces. As shown in Figure 1.20, groove angle 
measured with respect t o  the circumferential l ine produces marked 
influence on p , with an optimum value occurring near 50". 

P 
Another tread design feature known t o  influence wet traction 

performance i s  the "zig-zag" circumferential groove whose pattern 
geometry i s  quantified by the "pitch" and "throw" dimensions. As 
shown in Figure 1.21, pitch refers t o  the circumferential distance 
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between peaks of t h e  z ig-zag, and throw r e f e r s  t o  t h e  z ig-zag ampl i -  

tude [19]. I t  has been found t h a t  decreas ing t h e  p i t c h  o f  t h e  z i g -  

zag, making f o r  a  denser p a t t e r n  and a  l onge r  e f f e c t i v e  channel l e n g t h  

r e s i s t i n g  f r on t - t o -back  d ra inage  i n  t h e  c o n t a c t  area, reduces us.  I t  

has been suggested t h a t  dense z ig-zag p a t t e r n s  a l s o  s u f f e r  because t h e  

l o n g i t u d i n a l  b rak i ng  f o r ce  i n  t h e  c o n t a c t  patch has a  s u b s t a n t i a l  

shear component tend ing  t o  f o l d  down t h e  angled w a l l s  o f  t h e  z ig-zag 

i n t o  t h e  groove. Th i s  d e f l e c t i o n  o f  t h e  r i b  m a t e r i a l  causes p a r t i a l  

c l o s u r e  o f  the z ig-zag groove and tends t o  f u r t h e r  hhoke o f f  wa te r  

f low, f r o n t  t o  r e a r  [19]. 

Whi le  ve ry  l i t t l e  work on t r u c k  t i r e  wet t r a c t i o n  has been 

done, i t  i s  known t h a t  the  h i ghe r  t r e a d  con tac t  pressures tend  t o  

heavi  l y  o v e r r i d e  t h e  i n f l u e n c e s  o f  t r e a d  p a t t e r n  on wet t r a c t i o n  l e v e l  . 
As shown i n  F i gu re  1.22, we see t h a t  t r u c k  l u g  t i r e s ,  desp i t e  t h e i r  

open t r e a d  p a t t e r n s ,  y i e l d  lower  values o f  p on wet ted  concre te  than  
P  

do comparable t i r e s  o f  r i b - t y p e  t r e a d  p a t t e r n s  [8]. I t  has been 

observed t h a t ,  w i t h  con tac t  pressures a t  l e v e l s  which a re  t h r e e  t o  

f i v e  t imes t h a t  o f  passenger c a r  t i r e s ,  heavy t r u c k  t i r e s  tend t o  expel  

wa te r  so tho rough ly  as t o  render  d r y - l i  ke performance s e n s i t i v i t i e s  

even under 1  arge wate r  depths . 

1.2.8 S e n s i t i v i t y  t o  Tread Compound. The r e c i p e  used i n  

f o r m u l a t i o n  o f  t h e  rubber  used i n  t i r e  t reads can p l a y  a  s i g n i f i c a n t  

r o l e  i n  de te rmin ing  l o n g i t u d i n a l  t r a c t i o n  l i m i t s .  As shown i n  Table 

1.7, s i x  d i f f e r e n t  t r e a d  rubber  compounds a re  compared on t h e  bas is  o f  

locked-wheel s t opp ing  d is tances f o r  a  wet a s p h a l t  road [20]. We see 

t y p i c a l l y  t h a t  compounds produc i  ng h i g h  h y s t e r e s i s  ( i n d i c a t e d  by low 

values o f  Bashore r e s i l i e n c e ,  "Rebound, 32°F") and low hardness (on  

t h e  Shore A d u r m e t e r  sca le )  y i e l d  s h o r t e r  s topp ing  d is tances .  I t  can 

be gene ra l i zed  t h a t  any compound change which w i l l  r a i s e  h y s t e r e s i s  o r  

lower  hardness w i  11 decrease s topp ing  d is tance .  

The exp lana t i on  f o r  these  s e n s i t i v i t i e s  i s  t h a t  t he  ma jo r  

mechanism o f  wet  t r a c t i o n  f o r ce  genera t ion  i s  t h a t  o f  deformat ion,  i .e., 

t h e  de fo rmat ion  o f  rubber  by l a r g e - s c a l e  a s p e r i t i e s .  A s o f t e r  rubber  
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Figure 1.22 Envelopes of peak longitudinal traction values 
obtained on wet concrete. 



will be deformed more by a given asperity, and a high-hysteresis 
rubber will be capable of absorbing a greater percentage of the energy 
produced in such deformations. 

A typical tread recipe i s  given below: 

Polymer 
Extender Oi 1 

Carbon Black 
Zinc Oxide 
Stearic Acid 
Anti -0xi dants 

Accelerators 
Sulfur 

Reviewing the major ingredients . for influence on longitudinal traction 
potential ,  i t  i s  known that  enhancement of skid resistance i s  in 
conflict  with enhancement of wear resistance. Many polymers have been 
examined for  su i tab i l i ty  as tread stock material. For the most part, 
the so-called "glass transit ion temperature," Tg, of the polymer 
determines the modulus and hysteresis of a rubber a t  a given service 
temperature. The glass transit ion temperature merely orders polymers 
according t o  the temperature a t  which the polymer i s  changing most 
rapidly from a glassy t o  an elastomeric s t a t e .  In the compound, 
however, improvements in wet skid resistance can be seen as directly 
following glass transit ion temperature while abrasion or wear resis- 
tance decline (see F i g .  1.23) [20]. As shown in Table 1.8, glass 
transition temperature i s  raised by increasing the styrene content of 
a butadiene-s tyrene copolymer [20]. We see that  the relative "wet skid" 

rating (where higher number means higher p s )  r ises with T g ,  while 
abrasion resistance declines. I n  general, the selection of the basic 
polymer determines hysteresis level,  and thus wet skid resistance 
according to  the glass transit ion temperature which results.  A number L 

of practical considerations affect the acceptabi 1 i t y  of a polymer, 
however, not the leas t  of which i s  the need t o  provide good traction 
performance over a very wide range of i n-servi ce operating temperatures. 



Figure 1 . 2 3  Dependence of skid resistance (solid line) and wear resistance (hroken line) on polymer 

T,. 



When extender  o i  1  s  a re  used i n  a  t r e a d  compound, more carbon 

b lack  i s  u s u a l l y  a l s o  added t o  keep t e n s i l e  s t r e n g t h  and hardness a t  

acceptable l e v e l s .  Table 1.9 shows t he  e f f e c t  o f  o i l  l e v e l  on phys i -  

c a l  p r o p e r t i e s  o f  a  CIS-BR polymer as carbon b lack  l e v e l  i s  increased 

a long w i t h  o i l  con ten t  [20]. We see hardness reduc ing and hys te res i s  

i nc reas ing  ( i  .e. , lower ing  t he  rebound measure) as o i l  l e v e l  i s  ra ised ,  

thus produc ing h i ghe r  wet s k i d  r a t i n g s .  I t  i s  known, however, t h a t  

p a r t  of t he  hys te res i s  inc rease  i n  Table 1.9 i s  due t o  t h e  g rea te r  carbon 

b lack  load ing .  

Carbon b lack  i s ,  i n  general ,  a  r e i n f o r c i n g  f i l l e r  which 

g r e a t l y  increases wear r es i s tance  and a l s o  ra i ses  hys te res is .  Thus, 

carbon b lack  i s  be ing  s tud ied  as a  component capable, by i t s e l f ,  of 

e f f e c t i n g  improved wear r es i s tance  and l o n g i t u d i n a l  t r a c t i o n  l e v e l .  

The o t h e r  i ng red ien t s  i n  a  t i r e  t r e a d  compound a re  e i t h e r  

an t i - ox i dan t s ,  which do n o t  a f f e c t  t r a c t i o n  1  i m i  t s ,  o r  a re  substances 

connected i n  some way w i t h  t h e  vu l can i za t i on  reac t i on .  

Regarding d r y  t r a c t i o n ,  l i t t l e  i s  a v a i l a b l e  by way o f  t r e a d  

rubber  f o r m u l a t i o n  t o  enhance shear f o r c e  l e v e l  under these cond i t i ons .  

Even d r a s t i c  changes i n  t r ead  r e c i p e  have been seen t o  e f f e c t  no 

g r e a t e r  than a  15% change i n  d r y  t r a c t i o n  1  i m i t s .  Ce r ta i n  changes i n  

carbon b lack  con ten t  o r  t ype  o f  carbon b lack  produc ing h i ghe r  t e n s i l e  

s t r e n g t h  o r  hys t e r e s i  s  have been seen t o  produce s l  i gh t  improvements 

i n  d r y  t r a c t i o n  l i m i t s .  General ly,  however, t r e a d  rubber compounds 

cannot be c l e a r l y  d i f f e r e n t i a t e d  from one another  a t  t h e  very h i gh  

temperatures which p r e v a i l  under t he  cond i t i ons  o f  l i m i t  shear f o r c e  

genera t ion  on d r y  roads. 

1.2.9 The Relevance o f  Longi t u d i n a l  T r a c t i o n  L i m i t s  t o  Vehic le  
Maneuvering P rope r t i es  

Long i t ud ina l  t r a c t i o n  peak, p , i s  g e n e r a l l y  seen as t he  
P  

u l t i m a t e  p r o p e r t y  o f  t he  t i r e / v e h i c l e  system 1  i m i  t i  ng minimum wheels- 

unlocked s topp ing  d is tance .  Th is  l i m i t a t i o n  does n o t  t y p i c a l l y  con- 

s t r a i n  b rak ing  l i m i t s  a t  each wheel of t he  v e h i c l e  s imul taneously ,  



Tab1 e 1 .8 Effect of Styrene Content on Tg, Abrasion Resistance and Skid Resistance 

I I 

Tabl f2 1.. 7 Obaerved and Calculated Stopping Distance 
Wet ksphalt Road 

Tabl e 1 .9 Effect of Simultaneous Changes in Oil and Black Level on Physical Properties 

Stopping Distance, 
(ft.) Observed 

180 
163 
160 
158 
151 
130 

Polymer 

BR 
6:4 SBR:BR 
SB R. 1500 
Solution SBR 
SBR 1516 

Stopping Distance, 
(ft.) Calculated 

177 
162 
160 
155 
152 
132 

Hardness 

62 
57 
63 
55 
52 
40 

Rubber 

BR 
NRlBR 
EPDM 

, SBRIBR 
SB R 
Butyl 

% Styrene 

0 
14 
23.5 
25 
40 

Rebound, 
32T 

62 
46 
3 2 
33 
34 

9 

100 
90 
80 

23 
49 

2040 
127 

*, 
-105 
- 76 
- 56 
- 50 

, - 30 

100 
70 
40 

36 
67 

2630 
110 

Recipe: 
Polymer 
Black 
Oil 

Properties: 
Rebound 
Hardness 
Tensile Strength 
Wet Skid 

100 
50 
0 

60 
71 

2160 
1 00 

Rebound, 
0°C 

42 ' 
26 
12 
10 
6 

Wet Skid, 
Concrete 

76 
94 

100 
102 
111 

Abrasion 
Resistance 

240 
122 
100 
97 
76 



however, since a t  any braking 1 eve1 , certain wheels are bearing a 

disproportionate share of retardation torque for  the vertical load 
which they are carrying. Because of th is  general problem of brake 
torque "proportioning," the p limitation a t  the t i r e  i s  only part of 

P 
the effective limitation in a vehicle's minimum stopping distance 
without wheel locking. 

Certain measures of vehicle minimum stopping capabi 1 i ty have 
been employed using the t i r e s '  p value as a normal izer .  Termed 

P 
"classical braki ng efficiency ," such measures reveal that  passenger 
cars may be only 60 to  65% ef f ic ien t  in ut i l iz ing the p value that 

P 
prevai 1 s on the instal  1 ed ti res [52]. 

On dry surfaces, deceleration levels can be high such that  
rear t i r e s  become very l ight ly loaded. Accordingly, the proportioning 
of the vehicle's brake system must avoid over-application a t  the 
rear for  such h i g h  levels of brake actuation. On low fr ic t ion surfaces, 
the converse constraint prevails, and over-actuation a t  the front 
must be avoided. Thus, while maximization of p i s  certainly a high 

P 
pr ior i ty  in assuring good 1 imi t braking performance, one should not 

assume that a given improvement in p will be realized, one-for-one, 
P 

in minimum wheels-unlocked stopping distance. 

Regardi ng locked-wheel braki ng , i t  i  s general ly found that 
the ps performance of the instal  1 ed t i r e s  directly determines minimum 
stopping distance. Since rear-to-front 1 oad transfer pl aces different 
loads on the rear- and front-mounted t i r e s ,  however, I oad sens i t iv i t ies  
in p, must be accounted in relating t i r e  traction limits t o  vehicle 
braking performance. On wetted surfaces, also, certain compl icat i  ons 
a r i se  due to  front ' t i r e s  wiping water from the path to  be traveled by 
rear t i r e s .  Thus, on wetted surfaces, fo r  which front t i r e s  may be 
overbraked anyway, vehicle braking efficiency may be low because of the low 
front t i r e  f r ic t ion level compared t o  that  available for  rear t i res .  

For the case of heavy trucks, two peculiar sens i t iv i t ies  t o  
longitudinal traction peaks should be noted. Since promul gation of 
Federal Motor Vehicle Safety Standard 121 for  air-braked trucks, the 



use o f  a n t i l o c k  b rak i ng  systems has become common on heavy veh i c l es  

i n  the  U.S. Examining t h e  i m p l i c a t i o n s  o f  IJ l e v e l  on one such a n t i -  
P  

lock-equipped t r uck ,  i t  was found t h a t  a  10% r e d u c t i o n  i n  p produced 
P  

8% i nc rease  i n  s t opp ing  d i s t ance  f o r  t h e  unloaded veh i c l e ,  and a  3% 

i nc rease  f o r  t h e  loaded v e h i c l e  [ Z l ] .  

Fo r  t r ucks  produced w i t h o u t  a n t i  1  ock sys tems , be fo re  FMVSS 

121, t h e  i m p l i c a t i o n  o f  us appears more d i r e c t l y .  O f  s p e c i a l  s i g n i -  

f i c a n c e  i n  t h i s  regard  i s  t h e  f a c t  t h a t  such e a r l i e r - p r o d u c t i o n  t r ucks  

p l a c e  t h e i r  heavy b rak i ng  e f f o r t  on r ea r ,  d r i v e  ax les  which have been 

a1 so c h a r a c t e r i s t i c a l l y  o u t f i t t e d  w i t h  l u g -  t ype  t i r e s .  Accord ing ly ,  

t h e  wheels- locked s topp ing  d is tances  of these veh i c l es  have been some- 

what degraded by t h e  common use of a  t i r e  t r e a d  t ype  which has been 

seen t o  be g e n e r a l l y  reduced i n  t r a c t i o n  l e v e l .  Also,  w i t h  heav ie r  

b rak i ng  torques be ing a p p l i e d  t o  t h e  ax l es  which a re  d e f i c i e n t  i n  

t r a c t i o n  p o t e n t i a l ,  t h e  l i k e l i h o o d  o f  r e a r  t i r e  lockup and t h e  a t t e n -  

dan t  l o s s  i n  d i r e c t i o n a l  s t a b i l i t y  i s  seen t o  be g r e a t e r .  



2.0 CORNERING PROPERTIES 

When t h e  t i r e  i s  r o l l i n g ,  i t  can generate  a  f o r c e  normal t o  

i t s  wheel p l a n e  by one o f  two mechanisms. R e f e r r i n g  aga in  t o  t h e  SAE 

t i r e  a x i s  system, shown e a r l i e r  i n  F igure  1.1, t h e  r o l l i n g  t i r e  w i l l  

produce a  l a t e r a l  f o r ce ,  , when a  non-zero angle,  a ,  i s  subtended 
F~ 

between t h e  d i r e c t i o n  of t r a v e l  o f  t h e  cen te r  o f  t i r e  c o n t a c t  and t h e  

X '  a x i s .  Th i s  mechanism, termed l a t e r a l  f o r c e  due t o  s l i p  angle, i s  

t he  p r ima ry  means by which ca rs  and t r ucks  o b t a i n  mot ion  i n  a  curved 

path.  The l i n e a r  p o r t i o n  o f  t h i s  l a t e r a l  f o r c e  response i s  descr ibed 

by t h e  c o r n e r i n g  s t i f f n e s s ,  C , p e r  t h e  r e l a t i o n :  
cr 

Th i s  t i r e  parameter i s  recognized as t h e  s i n g l e  most impo r tan t  

determinant  o f  the t i r e ' s  i n f l u e n c e  on c a r  and t r u c k  hand l i ng  behav io r .  

A  second means o f  s i d e  f o r c e  genera t ion  de r i ves  f rom r o l l i n g  

a t  a  non-zero i n c l i n a t i o n ,  o r  camber angle, y. When t he  t i r e  i s  

o r i e n t e d  t o  a p o s i t i v e  camber angle ,  a  p o s i t i v e  l a t e r a l  fo rce ,  o r  

"camber t h r u s t  ," i s  produced. Whi le  1  a t e r a l  f o r c e  due t o  i n c l i n a t i o n  

ang le  p l ays  a  secondary, o r  " t r i m , "  f u n c t i o n  i n  t h e  dynamic response 

o f  passenger cars,  t h i s  mechanism i s  t h e  p r ima ry  means by which two- 

wheeled motorcyc les achieve mot ion  i n  a  curved path. The l i n e a r  por-  

t i o n  o f  t h e  camber t h r u s t  f u n c t i o n  i s  descr ibed  by t h e  camber s t i f f -  

ness, C , p e r  t h e  r e l a t i o n :  
Y 

By whichever mechanism s i d e  f o r c e  i s  produced, t h e  l i n e a r  

range of behav ior  i s  f o l  lowed by a  f r i c t i o n - d e t e r m i n e d  s a t u r a t i o n  



l e v e l ,  p = F /F , which i s  d i r e c t l y  analogous t o  t h e  l o n g i t u d i n a l  
Y Y Z  

s a t u r a t i o n  l e v e l  . Shown i n  F i gu re  2.1 i s  a  t y p i c a l  p r o f i l e  o f  , p~ 
t h e  F versus a r e l a t i o n s h i p ,  i l l u s t r a t i n g  bo th  C and t he  s a t u r a t i o n  

Y a 
l e v e l  which es tab l i shes  p 

- . .  -. - - 
Y *  

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

P * 
C( 
V 

t - Shy 4&fk, 4 
- 

F igu re  2.1 

These t h ree  p r imary  responses assoc ia ted  w i t h  l a t e r a l  shear 

fo rces  w i l l  be discussed i n  some d e t a i l  i n  t h i s  sec t i on .  C e r t a i n  t i r e  

moment responses which a r e  o n l y  obscure ly  r e l a t e d  t o  v e h i c l e  c o n t r o l -  

l a b i l i t y  and thus t o  s a f e t y  w i l l  be discussed f i r s t ,  however, i n  an 

i n t r o d u c t o r y  way. A l though of m inor  s i g n i f i c a n c e  t o  gross v e h i c l e  

response, c e r t a i n  of these moment p r o p e r t i e s  a re  known t o  be r e l e v a n t  

t o  t h e  s u b j e c t i v e  fee l  o f  a  v e h i c l e ' s  hand l i ng  behav io r  i n  t h e  normal 

d r i  v i  ng regime. 



Because t h e  t i r e  i s  comp l ian t  i n  a l l  t h ree  d i r e c t i o n s ,  t he  

genera t ion  o f  l a t e r a l  fo rces  r e s u l t s  i n  s t r u c t u r a l  d e f l e c t i o n s  of t he  

t i r e  which induce moments about each o f  t h e  t h r e e  p r i n c i p a l  axes. When 

t h e  t i r e  i s  operated a t  a  s l i p  angle, l a t e r a l  shear  s t resses  i n  t h e  

con tac t  patch a re  i n i t i a l l y  developed w i t h  t h e i r  c e n t r o i d  a f t  o f  t he  

t i r e  c e n t e r l i n e .  The r e s u l t i n g  moment about t h e  v e r t i c a l  ax i s ,  termed 

"a1 i g n i n g  moment," c o n t r i b u t e s  a  , r e a c t i o n  i n  t h e  s t e e r i n g  system 

a s s i s t i n g  t h e  d r i v e r ' s  f e e l  o f  t h e  road. T,his moment c o n t r i b u t e s  t o  

t he  t o rque  about t h e  s t e e r i n g  p i v o t  which de r i ves  f rom t i r e  l a t e r a l  

f o r c e  and t h e  e f f e c t i v e  l e v e r  a m  due t o  c a s t e r  geometry i n  t h e  sus- 

pension. Together these " s t e e r i n g  moments" a c t  t o  d e f l e c t  t h e  s t e e r i n g  

l i nkage ,  thus e f f e c t i n g  an inc rementa l  change i n  t h e  s t e e r  angle  o f  

t h e  f r o n t  wheels. By t h i s  mechanism, a l i g n i n g  moment c o n t r i b u t e s  t o  

t h e  t o t a l  t u r n i n g  behav io r  o f  t h e  veh i c l e .  A l i g n i n g  moment i s  a l s o  

exper ienced as a  smal l  a d d i t i o n  i n  t h e  t o t a l  summation o f  yaw moments 

on t he  veh i c l e .  

A  t y p i c a l  " c a r p e t  p l o t "  of t h e  i n f l u e n c e  o f  bo th  s l i p  ang le  

and v e r t i c a l  l o a d  on a l i g n i n g  moment i s  shown i n  F igure  2.2 [22]. 

The p l o t  shows a l i g n i n g  moment i n  I b - f t  on t h e  v e r t i c a l  a x i s  f o r  l i n e s  

o f  cons tan t  l o a d  and s l i p  angle.  

Fo l l ow ing  t he  uppermost curve a t  2400 I b s  load, f o r  example, 

we see t h a t  a l i g n i n g  moment r i s e s  s t e e p l y  i n  t h e  f i r s t  few degrees o f  

s l i p  angle, peaking a t  8' and 216 l b - f t  a l i g n i n g  moment, and then 

d e c l i n i n g  f o r  i n c r e a s i n g  s l i p  angle .  For  low l e v e l s  o f  load, a l i g n i n g  

moment dec l i nes  t o  t h e  p o i n t  o f  becoming s l i g h t l y  nega t i ve  a t  h i g h  

s l i p  angles.  

Rad ia l -  and b i a s - p l y  t i r e s  possess r a t h e r  s i m i l a r  a1 i g n i n g  

moment response t o  s l i p  angle.  

Shown i n  F i g u r e  2.3 [23] a re  d i s t r i b u t i o n s  o f  " co rne r i ng  

a l i g n i n g  c o e f f i c i e n t , "  N /p, f o r  passenger c a r  t i r e s  o f  d i f f e r i n g  
a 

carcass cons t ruc t i on ,  where: 





CORNERING ALIGNING COEFFICIENT, N, /(P400), ( f t  Ib)/(lb deg) 

Figure 2 . 3  Distribution of cornering aligning coefficients of 
passenger car tires (aspect ratio 78: 24 and 28 psi) 



and p = (Design load - 400 1 b)  

As seen in the figure,  a l l  t i r e  constructions group closely together, 
with radials caning o u t  the highest on the average. Road "feel" i s  

generally reduced with radial t i r e s  , however, because the front t i r e s  
operate a t  lower s l i p  angles for  a given maneuver (due t o  higher values 
of to, as wi 11 be discussed i n Section 2. I ) ,  and thus generate pro- 
portionately less aligning moment. In some vehicles f i t t ed  with radial 
t i r e s ,  front-wheel caster has been increased so as t o  provide a com- 
pensating increase in the total road feel moments [27]. 

An aligning moment i s  also produced when a t i r e  rol ls  a t  a 
non-zero camber angle. As shown in Figure 2.4, a bias-ply car t i r e  
produces aligning moments due t o  camber which are on the order of 10% 
of the magnitude of aligning moments produced i n  response t o  s l i p  
angle [22]. For radial t i r e s ,  aligning moments due to camber angle 
are substantially lower than those measured for  bias t i res .  Shown in 
Figure 2 . 5  are distributions of "camber a1 igning coefficient," 
N /p, for passenger car t i res  of differing carcass construction, where: 
Y 

We see that radials produce aligning moment due t o  camber thrust a t  
about 40% of the rate typical of bias-ply t i r e s  [23]. 

With regard to  the various sens i t iv i t ies  of aligning moment 
t o  operating variables, i t  can be said that ,  in most cases, influences 
which increase side force level will also, in the small s l i p  angle 

regime, tend to increase aligning moment o u t p u t  [28]. An exception 
t o  this  rule i s  the case of inflation pressure increases which produce 
increased cornering s t i f fness  in car t i r e s ,  b u t  reduced levels of 

aligning moment [29]. 





CAMBER ALIGNING COEFFICIENT, N /P, 
3 

( f t  Ib)/(lb deg) 

F i  gure 2.5 Distribution of camber aligning coefficients of passenger 
' car tires (aspect ratio 78; 24  and 28  psi) 



Two o t h e r  moment responses o f  t h e  t i r e  which a re  o f  l i t t l e  

o r  no consequence t o  v e h i c l e  c o n t r o l  1  ab i  1  i t y  a re  t he  o v e r t u r n i n g  moment, 

Mx, and t h e  r o l l i n g  r e s i s t a n c e  moment, M The ove r t u rn i ng  moment 
Y *  

de r i ves  f rom t h e  l a t e r a l  s h i f t  o f  t h e  r e s u l t a n t  v e r t i c a l  l o a d  which 

accrues f rom t h e  t i  r e  d i s t o r t i o n  accompanying 1  a t e r a l  f o r ce .  Th is  

moment, i n v o l v i n g  as much as a  two- t o  t h ree - i nch  l a t e r a l  s h i f t  o f  t h e  

l o a d  cen te r ,  tends t o  reduce t h e  o v e r t u r n i n g  s  t a b i l  i t y  o f  t h e  ' v e h i c l e  

by reduc ing  e f f e c t i v e  t r a c k  wid th .  Typ i ca l  c a r p e t  p l o t s  o f  over-  

t u r n i n g  moment response t o  s l i p  ang le  and camber angle  a re  shown f o r  

a  b i a s - p l y  passenger c a r  t i r e  i n  F igures 2.6 and 2.7, r e s p e c t i v e l y  [ 2 2 ] .  
Again, as w i t h  a l i g n i n g  moments, t h i s  p r o p e r t y  e x h i b i t s  s e n s i t i v i t i e s  

t o  des ign and ope ra t i ng  v a r i a b l e s  t h a t  c l o s e l y  p a r a l l e l  t h e  s e n s i t i v i t i e s  

i n  s i d e  f o r c e  response, i .e. ,  i n f l uences  which tend  t o  i nc rease  s i d e  

fo rce  produced a t  a  g i ven  c o n d i t i o n  w i l l  be expected t o  e f f e c t  a  

p r o p o r t i o n a t e  change i n  o v e r t u r n i n g  moment. 

R o l l i n g  r e s i s t a n c e  moment, w h i l e  of n e g l i g i b l e  s i g n i f i c a n c e  

t o  v e h i c l e  c o n t r o l ,  i s  o f  h i gh  i n t e r e s t ,  g e n e r a l l y  because of i t s  

connec t ion  t o  f ue l  consumption. R o l l  i n g  r es i s t ance  moment develops 

because o f  a  l o n g i t u d i n a l  s h i f t  of the  cen te r  o f  v e r t i c a l  l o a d  i n  t h e  

c o n t a c t  pa tch  o f  t h e  t i r e .  The moment which r e s u l t s  i s  non-zero even 

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

d e f l e c t i o n  shape o f  t h e  r o l l i n g  t i r e .  R o l l i n g  r e s i s t a n c e  moment i s  

lower  f o r  t i r e s  w i t h  r a d i a l - p l y  cons t ruc t i ons ,  and a l s o  f o r  t r e a d  

s tocks  i n c o r p o r a t i n g  low h y s t e r e s i s  rubber  compounds. R o l l  i n g  r e s i s -  

tance moment i s  known t o  be in f luenced  by v e r t i c a l  l o a d  and s l i p  angle,  

as shown f o r  a  t y p i c a l  b i a s - p l y  t i r e  i n  F i gu re  2.8 [22]. The i n f l u e n c e  

of i n c l i n a t i o n  ang le  on r o l l i n g  r e s i s t a n c e  moment i s  known t o  be very  

sma l l .  Dur ing  heavy b rak ing ,  t h e  t i r e  d e f l e c t s  l o n g i t u d i n a l l y  so t h a t  

t he  v e r t i c a l  l oad  s h i f t s  a f t  of the cen te r1  ine ,  produc ing a  moment 

which i s  o f  t h e  r o l l  i n g  "ass is tance"  p o l a r i t y  r a t h e r  than being 

r o l l i n g  " r e s i s t a n t . "  I n  t h e  case o f  passenger c a r  t i r e s ,  t h i s  moment 

can be o f  t he  o rde r  o f  10% o f  the  b rak i ng  torque. 
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2.1 Cornerinq Stiffness,  C, 

T i  re cornering s t i f fness  i s  the primary "spring rate" type 
property which determines the yaw or turning response dynamics of cars 

and trucks. Since i t  i s  an e las t ic  characteristic of the t i r e ,  i t s  
significance to vehicle control i s  1 imi ted t o  the non-emergency regime 
of maneuvers, below 0.3 g level of la teral  acceleration. I n  the 
following review of sens i t iv i t ies  to operating and design variables, 
we see that C i s  influenced by anything which affects structural s t i f f -  

C1 

ness or contact length, b u t  uninfluenced by i tems affecting only the 
prevailing f r ic t ion  limits. 

2.1  . I  Sensitivity of Cn t o  Inflation Pressure. Since infla- 
tion pressure changes increase carcass s t i f fness  b u t  reduce contact 
length, the net influence on cornering s t i f fness  cannot be generalized 
across a l l  types of t i r e s .  I t  i s  generally accepted that  increasing 
inflation pressure categorically results in increasing cornering 
s t i f fness  for  passenger car t i r e s .  

Typical data showing the sensi t ivi ty  of cornering s t i f fness  
t o  inflation pressure for car t i r e s  i s  shown in Figure 2.9 [24]. An 

example of the change in this  inflation sensit ivity of cornering s t i f f -  
ness with increasing load i s  shown in Figure 2.10 [7 ] .  We see that  
increasing load results in a steeper and more uniform sensi t ivi ty  of 
C t o  inflation pressure. 

C1 

Because of the monotonic and rather strong re1 a t i  onship 
between cornering s t i f fness  and inflation pressure, the low-g steering 
behavior of passenger cars has long been controlled, a t  leas t  in part ,  
through the vehicle manufacturer's specification of dis t inct  inflation 
pressures for  front- and rear-mounted t i res .  

I n  the case of truck t i r e s ,  i t  i s  known that the influence 
of inflation pressure on C a  i s  varied and dependent upon obscure 
sensi t ivi t ies  t o  details of the t i r e  carcass design. Measurements have 
shown both steeply positive and steeply negative sens i t iv i t ies  with 
large dependence upon vertical load. I t  does appear, however, that  
similar t o  passenger car t i r e s ,  increased load on a truck t i r e  always 
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produces a more positive slope in the C sensi t ivi ty  to  inflation a 
pressure. Examples of truck t i r e  C sensi t ivi ty  to  inflation are shown 

a 
in Figure 2 . 1 1 ,  [5], 

2.1.2 Sensit ivity of C, to Vertical Load. The sensi t ivi ty  
of cornering s t i f fness  t o  vertical load i s  perhaps the single most 
important t i r e  sensi t ivi ty  function to the vehicle dynamicist. This 
sensi t ivi ty  i s  important because i t  determines, in par t ,  the influence 
on vehicle yaw behavior of adding payload. In addition, since t i r e  
load changes occur, side-to-side, on a vehicle during cornering, the 
nonlinearity of the C -FZ sensi t ivi ty  will also influence yaw behavior. 

a 
This l a t t e r  characteristic of the t i r e  i s  often termed the t i r e ' s  
"load transfer sensi t ivi ty .  " 

Shown in Figure 2.12 are typical cornering s t i f fness  versus 

load plots for two different passenger car t i r e s .  [25]. The typical 
nonlinearity shown in Figure 2 . 1 2 ,  with cornering s t i f fness  peaking in 
the vicinity of the t i r e ' s  rated load, i s  significant in the determina- 

tion of vehicle handling sens i t iv i t ies  to payload. For passenger car 
t i r e s  which are s ta t ica l ly  loaded a t  the peak of the C versus F, 

a 
curve, load changes can only result  in a reduced level of C -thus 

a 
introducing the potential for  degrading the vehicle 's  response t o  

steering when payload or  passengers are added. 

By way of contrast, truck t i r e s  show a rather steep slope in 
their  C versus F, relationship a t  rated load, as shown in Figure 2.13 

C1 

[8]. T h u s ,  with the large payload changes which commercial vehicles 
must bear, the typical C versus F, behavior of commercial vehicle t i r e s  

a 
i s  a d i  s t i  nct advantage. This "advantage" can be understood by con- 
sidering that  much of a vehicle 's  yaw behavior i s  ultimately determined 
by the front and rear ratios of vertical load to  cornering s t i f fness .  
Indeed, the most broadly applicable measure of vehicle yaw behavior in 
low level maneuvers i s  the understeer coefficient,  u ,  which i s  based 
simply on the FZ/Ca ratios per the relation: 
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VERTICAL LOAD, FZ ( l b s )  

Figure 2.12 Vertical Load Influence on Cornering Stiffness of 
Radial Ply Tires. 



VERTICAL LOAD, Ib 

Figure 2.13 Envelopes of the cornering stiffness parameter 
measured over a range of vertical loads. 



where load and cornering s t i f fness  values apply t o  single front ( f )  
and rear ( r )  t i r e s  on the vehicle. 

By this  measure, t i r e s  whose Ca parameter rather 1 inearly 
follows F, (such as over most of the load range for many truck t i r e s )  
provide l i t t l e  change in the vehicle's understeer level with addition 
in payload. 

2.1.3 Sensi t iv i  ty of Cq t o  Vel oci ty. I t  i  s  general ly known 
that velocity does not significantly affect  cornering s t i f fness  of 
t i r e s  i n  the normal range of highway speeds. This basic insensit ivity 
i s  due t o  the kinematic ( rather  than dynamic or ine r t i a l )  nature of 
the mechanisms determining cornering s t i f fness .  There may be rather 
academic exception t o  this  rule for  the case o f  partial  hydroplaning 
during which the effective contact length i s  shortened and cornering 
s t i f fness  i s  thereby decreased. 

2 .1 .4  Sensit ivity of C, to Surface Texture or Friction. 
Cornering s t i f fness  i s  bas ical ly unaffected by surface properties, as 
l o n g  as the surface i t s e l f  i s  sufficiently rigid t o  react the developed 
shear forces without appreciable shear deflection of i t s  own. 

2.1.5 Sensitivity of C, to Water Depth. Aside from the 
mentioned case of par t ia l  hydroplaning, cornering s t i f fness  i s  
insensitive t o  water depth. 

2.1.6 Sensi t i  vi t y  of C, to Carcass Construction. Corneri ng 

s t i f fness  varies widely as a function of carcass construction variables. 
Looking a t  the three construction varieties of passenger car t i r e s ,  
Figure 2 .14  i l lus t ra tes  the distributions of cornering coefficient,  
C /P where ( P )  i s  the design load for  each t i r e  [23]. We see that ,  

C1 





a1 though r a d i  a1 t i r e s  i n d i c a t e  a  mean 1  eve1 of c o r n e r i  ng s  t i  f f ness  

which i s  approximately 20% above t h a t  of b i as -be l t ed  t i r e s  and 30% 

above t h a t  of b i as -p l y  cons t ruc t ions ,  a  l a r g e  amount o f  over lap e x i s t s .  

Data shown e a r l i e r  f o r  t r u c k  t i r e s  ( F i g .  2.13) showed t ha t ,  f o r  a  more 

l i m i t e d  sample, heavy t r u c k  r a d i a l s  e x h i b i t  a  mean l e v e l  o f  C a t  
a 

r a t e d  l oad  which i s  42% h igher  than t h a t  o f  b i as -p l y  t i r e s .  Regarding 

carcass d e t a i  1s , in fo rma t i on  has been obta ined which r e l a t e s  aspect 

r a t i o ,  b e l t i n g  ma te r i a l ,  and rim diameter t o  C . As seen i n  F igure  
a 

2.15, s i n c e  aspect r a t i o  number i s  connected t o  s e c t i o n  wid th ,  a  very 

l a r g e  i ncrease i n  co rne r i ng  s t i f f n e s s  accompanies aspect r a t i o  f o r  

t i r e s  o f  the same s i z e  des igna t ion  [25]. Whi le  t h i s  f i g u r e  a l s o  reveals  

a r e l a t i o n s h i p  between C and t i r e  s i z e  des igna t ion ,  i t  should  be noted 
a 

t h a t  no rma l i za t i on  o f  C by t h e  design l o a d  accounts f o r  t h e  Ca versus 
a 

t i r e  s i z e  r e l a t i o n s h i p .  Accord ing ly ,  t h e  data o f  F igure  2.15, a l l  

measured a t  one load, i n d i c a t e  t h a t  t i r e s  a re  commonly cons t ruc ted  t o  

p rov ide  co rne r i ng  s t i f f n e s s  l e v e l s  p r o p o r t i o n a l  t o  t h e i r  s i z e  designa- 

t i o n  and, thus, design loads. 

Carcass p l y  m a t e r i a l s  and be1 t i n g  m a t e r i a l s  a re  known t o  

markedly a f f e c t  co rne r i ng  s t i f f n e s s .  Examples o f  these e f f e c t s  a re  

shown i n  F igures 2.16 and 2.17 [25]. Fur ther ,  i t  i s  seen t h a t  be1 t 

p l i e s ,  pe r  se, g e n e r a l l y  c o n t r i b u t e  a d d i t i o n a l  co rner ing  s t i f f n e s s  

over  t h a t  prov ided w i t h o u t  be1 t i  ng. Tempering these observat ions,  

however, i s  t he  f a c t  t h a t  s u b s t a n t i a l  d i f fe rences  i n  co rner ing  s t i f f -  

ness can be seen between t i r e s  o f  s i m i l a r  gener i c  cons t ruc t i on  b u t  

d i f f e r e n t  manufacturer. Thus, a  number o f  o t h e r  p e r t i n e n t  c o n s t r u c t i o n  

parameters i n f l u e n c e  corner ing  s t i f f ness ,  b u t  have n o t  been c l e a r l y  

q u a n t i f i e d  i n  t h e  e x i s t i n g  open l i t e r a t u r e .  Shown i n  F igure  2.18, 

l i m i t e d  da ta  a l so  show a  r e l a t i o n s h i p  between co rne r i ng  s t i f f n e s s  and 

r i m  d iameter  [25]. 

2.1.7 S e n s i t i v i t y  of Cn t o  Tread Design. I n s o f a r  as the  

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

t h e  genera t ion  of a  l a t e r a l  f o r c e  response t o  s l i p  angle, t r ead  design 
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i s  b road ly  recognized as a  p o t e n t i a l  i n f l uence  on co rne r i ng  s t i f f n e s s .  

I t  i s  gene ra l l y  known, f o r  example, t h a t  b i a s - p l y  passenger c a r  t i r e s  

w i t h  snow-type t r e a d  p a t t e r n s  ppoduce lower  co rne r i ng  s t i f f n e s s  l e v e l s  

than t h e i r  r espec t i ve  r i b  t r e a d  coun te rpar ts .  As shown i n  F i gu re  2.19 

f o r  a  l a r g e  sample o f  r i b - t r e a d  and snow-tread t i r e s  o f  bo th  b i as  and 

r a d i a l  cons t ruc t i on ,  however, t h e  t y p i c a l  b i as -p l y  snow-tread t i r e  i s  

approx imate ly  5% lower, w h i l e  t he  r a d i a l - t y p e  snow t r e a d  i s  approx i -  

mate ly  10% h ighe r  i n  C than t h e  corresponding r i b - t r e a d  t i r e s .  Th i s  
a 

f i n d i n g ,  w h i l e  conf i rmed by o t h e r  da ta  se t s  which i n c l u d e  a  more con- 

fus ing  a r r a y  o f  s i z e  va r i ab l es  [ 7 ,  251, i s  somewhat i n  c o n f l i c t  w i t h  

t h e  t r a d i t i o n a l  n o t i o n  t h a t  snow t i r e s  a re  c a t e g o r i c a l l y  lower  i n  

co rner ing  s t i f f n e s s  than  r i b - t r e a d  t i r e s .  I t  would appear t h a t  t h e  

t r a d i t i o n a l  v iew was fo rmu la ted  i n  the e ra  o f  b i as  t i r e  dominance, f o r  

which t h e  g e n e r a l i z a t i o n  was v a l i d .  

One shou ld  be cau t ious ,  however, t o  no te  t h a t  "survey data," 

such as t h a t  of F i gu re  2.19 which was taken on d i f f e r i n g  t i r e  brands i n  

the market,  do n o t  c o n s t i t u t e  a  c l e a r  means o f  i l l u s t r a t i n g  t h e  r e l a t i o n -  

sh i p  o f  two va r i ab l es ,  exc l us i ve  of o thers .  Thus, w h i l e  gene ra l l y  

lower  values o f  Ca a r e  n o t  un i fo rm ly  seen t o  accompany snow-type t reads 

i n  these data, we must n o t  conclude t h a t  comp l ian t  t r e a d  designs do 

n o t  a c t  t o  reduce co rne r i ng  s t i f f n e s s .  Rather, we can be con f i den t  t h a t ,  

a l l  o t h e r  t h i ngs  being h e l d  f i x e d ,  changes i n  t r e a d  des ign produc ing 

more open p a t t e r n s  w i t h  deeper grooves and l ess  suppor t  f rom one t r e a d  

b l ock  o r  r i b  element t o  another  w i l l  e f f e c t  g r e a t e r  l a t e r a l  compliance 

i n  t he  t read ,  and thus a  r educ t i on  i n  co rner ing  s t i f f n e s s .  

I t  i s  a l s o  we1 1  known t h a t  i nc reas ing  t r e a d  wear produces an 

inc rease  i n  co rne r i ng  s t i f f n e s s .  Typ i ca l  changes i n  C occu r r i ng  due 
a 

t o  a  t o t a l  wear ing o f  t h e  t r e a d  rubber  down t o  a  2/32" depth c o n d i t i o n  

a re  f r o m 2 0 %  t o  40% [e.g., see 2, 7 1 .  

2.1.8 S e n s i t i v i t y  of C, t o  Tread Compound. It i s  n o t  known 

t h a t  s e n s i t i v i t i e s  o f  Ca t o  t r e a d  compound have been demonstrated. Pre- 

sumably, increases i n durometer (such as t y p i c a l l y  accompany increases 





in carbon black, for example) produce higher effective tread s t i f f -  
nesses in a l l  directions of loading. Accordingly, we could expect C a 
to increase with increases in tread rubber durometer, or hardness. Such 
sensi t ivi t ies  would be expected to  be rather small, however, especial ly 
in reflection on the small level of Ca 'sensi t ivi t ies  to tread pattern. 

2.1.9 The Involvement of Cornering Stiffness in Determining 
the Maneuveri ng Properties of Vehicles. Cornering s t i  ffness i s  a 
primary variable influencing the s teady-state and transient cornering 
properties of vehicles in the normal driving regime. The most commonly 
cited maneuvering characteristic,  unders teerlovers teer 1 eve1 , i s  
especially useful for  quantifying the influence of Ca on steady turning 
behavior. As defined ear l ie r ,  the understeer gradient, u, i s  deter- 
mined by the balance of C values a t  front and rear t i r e s ,  as ratioed 

a 
to the respective front and rear loads. This measure relates t o  issues 
of steady-state "trim" by which, for example, increasing speed on a 
fixed radius turn will require e i ther  more or less s teer  input. If 
more s t ee r  input i s  required as speed i s  increased on a fixed radius 
turn, the vehicle i s  said to  be understeer, Further, the value of the 
u parameter characterizes the number of additional degrees of front- 
wheel s t ee r  angle which will be needed t o  negotiate a turn a t  1 g 

lateral  acceleration, compared t o  the s teer  level needed in the l imit  
0 g condition. Thus the units of u are degrees/g. 

For vehicles with oversteer (negative) values of u, the system 
becomes di rectionally or yaw unstable a t  some cr i t ica l  velocity. Thus 
i t  is  generally desirable for  u values to be positive, with most 
passenger cars designed t o  f a l l  in the range of +3 t o  +7 deg/g. Shown 
in Figure 2.20 are the ranges in understeer coefficient, u ,  which 
might be expected with a typical compact sedan i f  outfi t ted w i t h  d i ffer-  
ing t i r e  constructions [23]. The dark band adjacent to  each vehicle 
sketch i 1 lustrates the range of understeer values which are possible, 
given ranges in Ca which are known t o  exis t  in the 1975-period t i r e  
market. Only small differences in u are observed when a single type 
of t i r e  i s  distributed uniformly around the vehicle-whether the t i r e  
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i s  bias-, bias-be1 ted-, or radi a1 -ply construction. Large changes occur, 
however, when radial-ply t i r e s  are mixed with bias-ply t i res .  

Approximately the same level of sensi t ivi ty  in u could be 
expected for  heavy trucks i f  the t i r e  "mixes" included bias-ply lug 
t i res  which exhibit especially low levels of C . Since many trucks and 

a 
tractors employ lug t i r e s  on their  drive axles, u factors of the over- 
s t ee r  polarity appear l ikely for  certain vehicles [8]. 

Cornering s t i f fness  i s  also a major determinant of vehicle 
transient yaw response in the low level maneuvering regime. Reducing 
the yaw response t o  a second-order motion, with damping ra t io ,  c ,  and 
natural frequency, w n ,  [30] we find that C i s  involved through the 

a 
understeer coefficient,  u ,  and cornering compliances, Df  and Or, per 
the re1 a t i  ons : 

and 

where 
V = forward velocity, f t / sec  

R = vehicle wheelbase, f t  

g = gravitational constant, 3 2 . 2  ft /sec2 

Df = front cornering compliance, deg/g (a  summation of 
compliances including C ) 

Clf 
D r  = rear cornering compliance, deg/g 

u = understeer coefficient,  deg/g 



Accord ing ly ,  we f i n d  t h a t  h i g h  values o f  unders teer  l e v e l  p ro -  

duce smal l  l e v e l s  o f  yaw damping and h i g h  n a t u r a l  f requenc ies.  F r o n t  

and r e a r  c o r n e r i n g  compliance l e v e l s  appear as a p roduc t  i n  t h e  

denomi n a t o r  of t h e  on express ion ,  reduc ing  n a t u r a l  f requency as co rner -  

i n g  compliance r i s e s .  Thus, w h i l e  o n l y  t he  r e l a t i v e  l e v e l s  of f r o n t /  

r e a r  co rne r i ng  s t i f f n e s s  in f luence  yaw damping, abso lu te  1 eve ls  o f  

co rne r i ng  s t i f f n e s s  i n f l u e n c e  yaw n a t u r a l  f requency. 

2.2 Camber S t i f f n e s s ,  C, 

The l a t e r a l  f o r c e  o u t p u t  p e r  u n i t  camber angle,  termed camber 

s t i f f n e s s ,  i s  a f i r s  t - o r d e r  mechanism i n f l u e n c i n g  t h e  co rne r i ng  of 

motorcyc les,  a second-order mechanism f o r  cars  and o t h e r  types of 

four-wheeled veh i c l es  which have independent suspensions, and a 

g e n e r a l l y  i n s i g n i f i c a n t  mechanism i n  t h e  case o f  heavy t r ucks .  I n  

abso lu te  value, t he  CV value of a t i r e  i s  t y p i c a l l y  i n  t h e  range of 

10% t o  20% o f  i t s  C value. I n  t h e  case o f  t h e  motorcyc le ,  t h i s  low- 
CI 

s t i f f n e s s  f u n c t i o n  becomes the  p r imary  one because o f  t h e  need t o  

i n c l i n e  t h e  moto rcyc le  t o  ach ieve r o l l  e q u i l i b r i u m  i n  a t u rn .  The 

i n c l i n a t i o n  needed f o r  r o l l  s t a b i l i t y  r e s u l t s  i n  l a t e r a l  f o r c e  due t o  

camber-- typical ly w i t h  such a c l ose  match t o  t h e  s i d e  f o r c e  needed f o r  

yaw e q u i l i b r i u m  t h a t  n e g l i g i b l e  t i r e  s l i p  ang le  r e s u l t s .  

Cars and o t h e r  veh i c l es  w i t h  independent suspensions produce 

wheel camber i n one o f  t h ree  ways. A t  t h e  independently-suspended 

wheels, camber i s  equal t o  t h e  body r o l l  ang le  p l u s  t h e  angle  de te r -  

mined by t he  k inemat ic  a r t i c u l a t i o n  o f  t h e  suspension 1 inkage. 

For t h e  s o l  i d  ax1 es on cars  and f o r  t h e  a l l - s o l  i d  a x l e  con- 

f i g u r a t i o n s  on heavy t r ucks ,  camber i s  produced o n l y  as a r e s u l t  o f  

the  d i f f e rence  i n  v e r t i c a l  d e f l e c t i o n  between 1 e f t -  and r i g h t - s i d e  

ti res . 

S e n s i t i v i t y  of C, t o  I n f l a t i o n  Pressure.  There i s  

no genera l  r u l e  concerning t h e  s e n s i t i v i t y  o f  camber s t i f f ness  t o  

i n f l a t i o n  pressure.  As shown i n  F i gu re  2.21, passenger c a r  t i r e s  o f  



Figure 2.21 Camber Stiffness-Inflation Pressure 
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bias and r a d i a l  c o n s t r u c t i o n  show, r e s p e c t i v e l y ,  i n c reas ing  and decreas- 

i n g  s e n s i t i v i t i e s  t o  i n f l a t i o n  pressure [24]. L i m i t e d  da ta  a v a i l a b l e  

f o r  moto rcyc le  t i r e s  i n d i c a t e  no s i g n i f i c a n t  s e n s i t i v i t y  o f  C t o  
Y 

i n f l a t i o n  p ressure  [31]. 

2.2.2 S e n s i t i v i t y  o f  Cv t o  V e r t i c a l  Load. As i n d i c a t e d  by 

a  t y p i c a l  b i a s - p l y  c a r  t i r e  i n  F i gu re  2.22, camber s t i f f n e s s  i s  a  m i l d  

f u n c t i o n  o f  v e r t i c a l  load, i n  t h e  v i c i n i t y  o f  the  des ign l oad  [25]. 

Looking a t  t h e  s lopes o f  t h e  f o u r  (F  ) curves a t  t h e i r  absc issa i n t e r -  
Y  

cepts ,  we see t h a t  C increases by 20% over  t h e  l o a d  i n t e r v a l  600 t o  
Y 

1800 l b .  As seen i n  F i gu re  2.23, b i a s - p l y  heavy t r u c k  t i r e s  a re  known 

t o  e x h i b i t  a t  l e a s t  a t  200% i nc rease  i n  C over  the l o a d  range 2000 t o  
Y 

8000 I b s  [Z]. Camber t h r u s t  da ta  f rom a  t y p i c a l  moto rcyc le  t i r e  a re  

shown i n  F i gu re  2.24, i n d i c a t i n g  t h a t  t h e  i n i t i a l  s lope,  C , i s  almost 
Y 

d i r e c t l y  p r o p o r t i o n a l  t o  v e r t i c a l  load, i n c r e a s i n g  by a  f a c t o r  o f  7 

over  t h e  l o a d  range 100 t o  700 l b s  [31]. I t  should  be noted, however, 

t h a t  s i nce  motorcyc les exper ience v i r t u a l l y  no dynamic l oad  changes 

du r i ng  pu re  co rne r i ng  maneuvers, the l o a d  sens i  ti v i  t y  behav ior  shown 

i n  F i gu re  2.24 i s  s i g n i f i c a n t  on l y  t o  changes i n  t h e  s t a t i c  l oad ing  

condi t i o n s .  

2.2.3 S e n s i t i v i t y  of C, t o v e l o c i t y .  Al though themech-  

anisms o f  i n t e r a c t i o n  a re  n o t  known t o  have been explored, da ta  taken 

on moto rcyc le  t i r e s  do show a  s u b s t a n t i a l  i n t e r a c t i o n  between camber 

c o e f f i c i e n t ,  C /F and v e l o c i t y ,  e s p e c i a l l y  a t  speeds above l e g a l  
Y z '  

highway l e v e l s .  Shown i n  F i gu re  2.25 a re  C /F  da ta  f o r  e i g h t  motor- 
Y 

c y c l e  t i r e s  a t  speeds of 30, 60, and 90 mph [32]. Perhaps i t  i s  most 

g e n e r a l l y  usefu l  t o  note t h a t  o n l y  smal l  s e n s i t i v i t i e s  a re  seen w i t h i n  

t he  l e g a l  speed range on e i t h e r  wet o r  d r y  sur faces.  

Genera l l y  speaking, s i  nce camber s t i f f n e s s  i s a  p r o p e r t y  

p r i m a r i l y  d e r i v i n g  f rom s t r u c t u r a l  d e f l e c t i o n  p r o p e r t i e s  of the  t i r e ,  

v e l o c i t y  should  n o t  i n f l uence  behav ior  u n t i l  speed l e v e l s  a r e  reached 

a t  which c e n t r i f u g a l  l oad ing  ac t s  t o  s t i f f e n  t h e  t i r e .  



I m -  - -  ZCRO SLIP AWU - 
760-15 T l R t  

2% - - - - -+  - -+- 

J 

- --a - 

Figure 2.22 C a r ~ e t  p l o t  - o f  Camber Thrust  vs Camber 
- - - Angle-_and Load._ _ _ - 

15-22.5/H 
(90 p s i )  

12.00-ZO/G 
(80 p s i )  

11.00-22/G 

Tire Load (lb) 
20 1 I I I 1 

2000 4000 6000 8000 10000 

Figure 2.23 C vs F, Relat ionship f o r  Truck T i res .  
Y 







2.2.4 S e n s i t i v i t y  of Cy t o  Su r f aceTex tu re .  I n s o f a r  as t h e  

t e x t u r a l  p r o p e r t i e s  o f  paved surfaces on l y  determine t he  l i m i t i n g  

l e v e l s  o f  f r i c t i o n a l  coup l ing ,  surface t e x t u r e  i s  u n r e l a t e d  t o  t he  

de te rm ina t i on  o f  C . 
Y 

2.2.5 S e n s i t i v i t y  of C, t o  Water Depth. Except f o r  cases 

o f  wa te r  f i l m  th icknesses which beg in  t o  reduce con tac t  l e n g t h  due t o  

p a r t i a l  hydrop lan ing,  Cy w i l l  be una f fec ted  by water  depth. 

2.2.6 S e n s i t i v i t y  of Cv t o  Carcass Cons t ruc t ion .  Large 

changes i n  C a re  known t o  accompany d i f fe rences  i n  t i r e  carcass con- 
Y 

s t r u c t i o n .  Shown i n  F i gu re  2.26 a re  d i s t r i b u t i o n s  o f  C f o r  passenger 
Y 

c a r  t i r e s  o f  r a d i a l ,  b ias ,  and bias-be1 t e d  c o n s t r u c t i o n  [23]. As seen, 

r a d i a l  passenger c a r  t i r e s  a re  g e n e r a l l y  known t o  p r o v i d e  C va lues 
Y 

which a re  i n  t h e  range of 40-50% o f  t he  l e v e l  e x h i b i t e d  by b i a s - p l y  

and bias-be1 t e d  t i r e s .  Look ing a t  a  l a r g e  number o f  t i r e s  o f  i d e n t i c a l  

s i ze ,  the  reader  i s  r e f e r r e d  back t o  F igure  2.19 t o  no te  C values f o r  - Y 
b ias -  and r a d i  a l - c o n s t r u c t i o n  passenger c a r  t i r e s .  These da ta  c o n f i r m  

t h a t  t h e  r a d i a l - p l y  t i  r e  p rov ides  C values which a re  about 40% o f  t h e  
Y 

l e v e l  seen i n  b i a s - p l y  t i r e s .  

Regarding t r u c k  t i r e s ,  ve ry  1  i m i  t e d  da ta  i s  a v a i l a b l e  desc r i  b- 

i ng t h e  camber s t i f f n e s s  changes which accompany carcass design. I t  

has been genera l i zed ,  however, t h a t  r a d i a l  t r u c k  t i r e s  a re  l ess  sens i -  

t i v e  t o  i n c l i n a t i o n  angle  ( t han  b i a s  t i r e s )  by a  " f a c t o r  o f  two o r  

th ree"  [33]. 

Radia l  t i r e s  are n o t  made f o r  motorcyc les because o f  t h e  

c o n f l i c t  between t h e  low C l e v e l  o f  r a d i a l s  and t h e  f a c t  t h a t  motor-  
Y 

cyc les  a re  p r i m a r i l y  dependent upon t h e  camber t h r u s t  mechanism f o r  

co rne r i ng  force.  

2.2.7 S e n s i t i v i t y  of Cy t o  Tread Design. Camber s t i f f n e s s  

i s  known t o  be s e n s i t i v e  t o  t h e  gross compliance o f  t h e  ti r e  t read ,  

i nc reas ing  by a  l a r g e  f r a c t i o n  as a  h i ghe r  s t i f f n e s s  t r e a d  m a t r i x  i s  

employed. R e f e r r i n g  back aga in  t o  t he  f o r t y - t i r e  sample o f  passenger 
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Figure 2.26 Distribution of camber coefficients of passenger car 
tires (aspect ratio 78: 24 and 28 p i )  



car t i r e s  in Figure 2 .19 ,  i t  was seen that "winter-type" treads of 
bias- and radial-carcass construction yielded from 20 to 40% lower C 

Y 
values than the denser "summer-type" tread patterns. 

With truck t i r e s ,  limited data show lug-type patterns pro- 
ducing a 30 t o  40% lower C value than that found with r i  b-type tread 

Y 
patterns. Also, when r i  b-type car and truck t i r e s  become worn, the 
resulting increase in tread s t i f fness  i s  known t o  increase C by 15% 

Y 
t o  100% [7,  21. 

Data available for motorcycle t i r e s  a t  l ight  loads show that 
a fully-treaded r ib  t i r e  can yield a C level which i s  50% below that 

Y 
provided by a "s l ick,"  or untreaded t i r e .  A t  maximum load, however, 
no difference in C i s  seen between the r i  b-treaded and smooth-type 

Y 
tread [31]. 

2.2.8 Sensitivity of Cv t o  Tread Compound. I t  i s  not known 

that sens i t iv i t ies  of C to tread rubber compound have been demon- 
Y 

strated.  As stated ear l ie r  in regard t o  Ca sensi t ivi t ies  t o  compound, 
i t  i s  suspected that  influences on C are small w i t h i n  the range of 

Y 
commercially practicable tread rubber materials. Whatever C sensi- 

Y 
t iv i  t ies  as do exis t  most probably relate t o  differences in the 
durometer reading which characterizes the tread. 

2.2.9 Significance of C, t o  the Maneuvering Properties of 
Vehicles. As s tated,  the motorcycle and, indeed, any two-wheeled 
vehicle, employs camber thrust as i t s  primary cornering force. For a 
given motorcycle, the vehicle i s  capable of "a perfect turn" when 
camber thrust i s  generated a t  each t i r e  precisely a t  the level needed 
for side force equilibrium, without s l ip  angle. The lateral  force 
coefficient, F /F needed for this  "perfect turn" condition i s  equal 

Y z '  
to  the tangent of the motorcycle roll angle, 4 .  Shown in Figure 2 .27  

are F versus y data for differing values of s l i p  angle, a ,  as measured 
Y 

on a typical motorcycle t i r e  [31]. Overlaid on this  plot i s  a dashed 
curve, F = 291 tan 4, showing the side force needed for equilibrium 

Y 
a t  each roll (or  camber) angle for a vertical load of 291 Ibs. 





Comparison o f  t he  291 t a n  4  curve w i t h  t h e  ze ro  s l i p  angle  

curve i n d i c a t e s  t h a t  t he  t i r e l l o a d  combinat ion permi ts  a  v i r t u a l l y  

p e r f e c t  t u r n  up t o  the 20' camber angle condi t i o n  ( .36 g  ' s  l a t e r a l  

acce le ra t i on ) .  Beyond t h a t  c o n d i t i o n ,  i n c reas ing  s l i p  angle  i s  needed 

t o  o b t a i n  s i d e  f o r c e  e q u i l i  brium. I t  can be seen t h a t  t h e  p e r f e c t  t u r n  

f e a t u r e  p laces the  s imp le  requirement t h a t  C be equal t o  t h e  s lope o f  
Y 

t h e  FZ t an  4  f unc t i on ,  o r ,  s e t t i n g  y = 4, 

o r ,  camber c o e f f i c i e n t ,  C /Fz = 0.0175. Looking a t  t h e  sample o f  da ta  
Y 

f o r  e i g h t  motorcyc le  t i r e s  which was shown i n  F igure  2.25, we see t h a t  

when runn ing  i n  -02  inches o f  water,  most of the  t i r e s  a re  capable o f  

produc ing a  n e a r l y  p e r f e c t  t u r n  w h i l e  much o f  t he  dry  da ta  shows 

C /F values which are somewhat h i ghe r  than t h e  " p e r f e c t "  value, i n d i -  
Y Z  

c a t i n g  t h a t  opposing s i d e  f o r ce  due t o  s l i p  angle  w i l l  be needed t o  

m a i n t a i n  t u r n  e q u i l i b r i u m .  These da ta  r evea l  , however, t h a t  motorcyc le  

t i r e s  a re  comnonly cons t ruc ted  t o  c l o s e l y  approximate t he  p e r f e c t  t u r n  

c a p a b i l i t y .  Nevertheless,  t he  p r e c i s i o n  w i t h  which t he  p e r f e c t  t u r n  

c o n d i t i o n  i s  achieved i s  o f  unknown s i g n i f i c a n c e  t o  t he  ac tua l  con- 

t r o l l  a b i l i  ty o f  motorcycles.  A t  t h e  p resen t  t ime, t h e  p e r f e c t  t u r n  

i s  a t  l e a s t  o f  academic i n t e r e s t  w h i l e  se r v i ng  as a  use fu l  re fe rence  i n  

e x p l a i n i n g  the  involvement o f  C i n  t h e  maneuvering behav ior  o f  two- 
Y 

wheeled vehic les .  

d(F, t a n  Y) 
C = 

Y d  Y 

Regarding t he  involvement of C on passenger ca r  handl ing,  
Y 

the most impor tan t  i n f l u e n c e  concerns the a d d i t i o n a l  unders teer  con- 

t r i b u t i o n  which der i ves  f rom r o l l  camber o f  an independent f r o n t  sus- 

pension. Th is  e f f e c t ,  which most c l e a r l y  d i s t i ngu i shes  between r a d i a l  - 
and b i as -p l y  t i r e s ,  accounts f o r  approx imate ly  25% of t he  unders teer  

i n  a  t y p i c a l  compact sedan [34]. 

= .0175FZ 1  b/deg 

y =O 

F i n a l l y ,  as s t a t e d  e a r l i e r ,  camber t h r u s t  p l ays  a  n e g l i g i b l e  

r o l e  i n  t h e  hand1 i n g  behav ior  o f  veh ic les  w i t h  so l  i d - a x l e  suspensions, 

such as heavy t rucks .  



2.3 Peak L a t e r a l  T r a c t i o n  Coe f f i c i en t ,  U, .I 

The peak s i d e  fo rce ,  normal ized t o  v e r t i c a l  load, i s  a  t i r e  

p rope r t y  re1 evant t o  t h e  co rner ing  1 i m i  t s  a t t a i n a b l e  i n  emergency 

cond i t i ons .  Being o f  much lower  o v e r a l l  s i g n i f i c a n c e  t o  v e h i c l e  s a f e t y  

than l o n g i t u d i n a l  t r a c t i o n  l i m i t s ,  i t  has been g iven  l e s s  t reatment  by 

t he  t e c h n i c a l  community . 
2.3.1 S e n s i t i v i t y  of p, t o  I n f l a t i o n  Pressure. I n f l a t i o n  

" 

pressure i s  known t o  have i n f l uences  on p which a re  s i m i l a r  t o  those 
Y 

discussed e a r l i e r  f o r  t h e  l o n g i t u d i n a l  l i m i t s  , p~ 
and pS. AS shown i n  

F i gu re  2.28, data taken a t  t h ree  d i f f e r e n t  pressures show a dramat ic  

r educ t i on  i n  F a t  1 5 O s l i p  angle and w i t h  i nc reas ing  loads [35]. Whi le 
Y 

one cou ld  assume t h a t  da ta  shown i n  t h i s  f i g u r e  f o r  t he  1000-1 b  and 

1500- lb l e v e l s  o f  F, i l l u s t r a t e  the  t r u e  p s a t u r a t i o n  l e v e l s ,  da ta  
Y 

taken a t  h i ghe r  loads probably  do n o t  represen t  s i d e  f o r c e  s a t u r a t i o n  

because 15" i s  somewhat lower  than the  needed l e v e l  of s l i p  angle. 

S i m i l a r  da ta  shown i n  F igure  2.29 c l e a r l y  show t h a t  i n f l a t i o n  pressure 

most in f luences s i d e  f o r c e  p roduc t i on  a t  h i g h  loads, and t h a t  t i r e s  a t  

lower  i n f l a t i o n  pressures a r r i v e  a t  s i de  force s a t u r a t i o n  a t  substan- 

t i a l l y  h i ghe r  values o f  s l i p  ang le  [7].  Shown i n  F igure  2.30 i s  t h e  

e f f e c t  of i n f l a t i o n  pressure on t he  speed s e n s i t i v i t y  o f  p f o r  a  
Y 

c ross -p ly  c a r  t i r e  running i n  ,040 inches o f  water  [36]. We see t h a t  

i n f l a t i o n  pressure has on ly  a  d l i g h t  i n f l u e n c e  on p i n  the  range o f  
Y 

normal highway speed. Shown i n  F i gu re  2.31, a  t r u c k  t i r e  a t  low speed 

produces a mixed p i c t u r e  o f  p s e n s i t i v i t y  t o  i n f l a t i o n  pressure [2]. 
Y 

Whi le  i t  i s  c l e a r  t h a t  t he  s l i p  angle va lue needed f o r  s i de  f o r c e  

s a t u r a t i o n  i s  i nc reas ing  as pressure reduces, i t  would appear t h a t  t he  

p~ 
l i m i t s  a re  a lso  increasing-in c o n t r a s t  t o  data shown f o r  passenger 

ca r  t i r e s .  I t  i s  be l i eved  t h a t  t he  i n f l u e n c e  o f  i n f l a t i o n  pressure on 

P has no t  been repo r t ed  f o r  e i t h e r  t r u c k  o r  motorcyc le  t i r e s  running Y 
a t  highway speeds. 

2.3.2 S e n s i t i v i t y  of p, t o  load. There i s  known t o  be a 
4 

r a t h e r  s t r ong  dependence of p on l o a d  f o r  a l l  types o f  t i r e s .  Data Y 
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taken on 1  aboratory  machines documenting t h i s  i n t e r a c t i o n  are commonly 

presented i n  t h e i r  non-normalized ca rpe t  p l o t  fash ion,  such as i n  

F i gu re  2.32 [28]. Ana lys is  o f  t he  p measures o f  these da ta  show 
Y 

t h a t  p decreases r a t h e r  s t eep l y  i n  t he  range o f  25% t o  100% o f  des ign 
Y  

load, and then decreases w i t h  a  reduc ing s l ope  as l o a d  cont inues t o  

inc rease .  Typ i ca l  reduc t ions  i n  p f o r  passenger c a r  t i r e s  would 
Y  

appear t o  be as f o l l o w s  i n  Table 2.1 f o r  t he  case o f  a  d r y ,  h i g h  f r i c -  

t i o n  su r f ace  [28]. 

Table  2.1. Typ i ca l  py Dependence on Load, as a 
Funct ion o f  t he  T i  r e ' s  Design Load. 

Fz 'Fz (~es  i g n  Load) 3.- 

Shown i n  F i gu re  2.33 a re  t y p i c a l  F I F  data, up t o  t h e  u s a t u r a t i o n  
Y Z  Y  

l e v e l ,  f o r  a  heavy t r u c k  t i r e  a t  t h ree  d i f f e r e n t  loads [8]. We see 

t h a t  p decreases by 25% over  t he  l o a d  range from 50% t o  150% o f  r a t e d  
Y  

load .  These reduc t ions  o f  p w i t h  l o a d  a r e  t y p i c a l  f o r  both d ry  and 
Y  

wet sur face cond i t i ons .  

2.3.3 S e n s i t i v i t y  of pv - t o  Ve1oci:ty. As w i t h  peak l o n g i -  

t u d i n a l  t r a c t i o n ,  p , i t  i s  known t h a t  t h e  l a t e r a l  l i m i t ,  p , i s  
P .Y 

s t r o n g l y  s e n s i t i v e  t o  v e l o c i t y  on wet ted  sur faces b u t  on ly  ; l i g h t l y  

in f luenced  by v e l o c i t y  on d r y  surfaces. For  wet ted sur faces,  i t  i s  

known t h a t  v e l o c i t y  s e n s i t i v i t y  i s  h i g h l y  dependent upon sur face  

t e x t u r e  and t i r e  t r e a d  p a t t e r n .  As shown i n  F i gu re  2.34, f o u r  we t ted  

surfaces and f o u r  d i f f e r e n t  c a r  t i r e s  produce a  ve ry  broad a r ray  o f  

v e l o c i t y  s e n s i t i v i t i e s  i n  p [37]. For  t he  key t o  sur faces and t i r e s  
Y  



'1: F Y '(US) RUN: 483- 1- 6 

Figure 2 . 3 2  Carpe t  P l o t  Showing F vs a and Load. 
Y 
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Figure 2.33 Normalized lateral force versus s l ip  angle for nominal 
t i r e  loads of 0.5, 1.0, and 1.5 times T&RA rated load. 
The radial , 10 :00R20, load range G ,  Firestone Transteel 
Traction t i res  were tested on a wet Portland cement 
concrete surface. Nominal vehicle speed was 20 mph. 
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i n  t h i s  f i g u r e ,  see Table 2.2. I t  can be seen t h a t  v e l o c i t y  sens i -  

t i v i  t i e s  ( t h a t  i s ,  t h e  s lope, dp /dV) vary by a  f a c t o r  o f  25 t o  1  among 
Y  

t he  d i f f e r i n g  ti r e  and pavement combi nat ions.  

Whi le  l e s s  data a re  a v a i l a b l e  f o r  t r u c k  t i r e s ,  d i s t i n c t i v e  

v e l o c i t y  s e n s i t i v i t i e s  i n  p are  known t o  e x i s t .  I n  F igures 2.35 and 
Y  

2.36, t y p i c a l  d ry  and wet su r f ace  da ta  a re  shown f o r  a  rough macro- 

t e x t u r e  su r f ace  and a  f u l l y - p a t t e r n e d  t i r e  [8]. A 20% change i n  p 
Y  

on t h e  wet sur face i s  con t ras ted  w i t h  a  4% change on d ry  over  the  20- 

t o  55-mph v e l o c i t y  range. 

2.3.4 S e n s i t i v i t y  o f  p,, t o  Surface Texture.  As shown i n  
r )  

the  preceding sec t ion ,  p i s  espec ia l l ly  s e n s i t i v e  t o  t he  t e x t u r e  o f  
Y 

the suppo r t i ng  pavement when t h e  surface i s  wetted. As seen i n  F i gu re  

2.37, sur faces w i t h  harsh ( g r i t t y )  m i c r o t e x t u r e  (such as No. ' s  1  and 

2, see Table 2.2) p rov i de  much h i ghe r  values o f  p f o r  t h e  wet condi-  
Y  

t i o n  than do t he  more p o l i s h e d  surfaces (No. 's 3  and 4 ) ,  [37]. More- 

over, s i nce  p i s  a  measure o f  t h e  f r i c t i o n a l  coup l ing  l i m i t ,  t h e  f r i c -  
Y  

t i o n  imp1 i c a t i o n s  o f  su r f ace  t e x t u r e  a re  o f  comparable s i g n i f i c a n c e  t o  

those c i t e d  e a r l i e r  i n  r e l a t i o n  t o  t h e  l o n g i t u d i n a l  t r a c t i o n  peak, p 
P ' 

It shou ld  be no ted  t h a t  p t y p i c a l l y  occurs a t  a  s l i p  angle  
Y  

o f  about 20'. A t  t h i s  cond i t i on ,  most o f  t h e  t r e a d  i n  t he  con tac t  

pa tch  i s  exper ienc ing  a  s l i d i n g  v e l o c i t y  equal t o  t a n  20°, o r  -36  t imes 

t h e  r e s u l t a n t  v e 1 o c i . t ~ .  Thus, t h e  oV  t r a c t i o n  peak i s  achieved a t  
J 

t r ead  s l i p  v e l o c i t i e s  which, w h i l e  tw i ce  as h i gh  as those assoc ia ted  

w i t h  the  l o n g i t u d i n a l  peak, p , a re  s t i l l  f a r  removed from t h e  100% 
P  

s l i p  c o n d i t i o n  o f  us. Accord ing ly  ' p~ 
s e n s i t i v i t i e s  t o  f r i c t i o n  coup1 i n g  

mechanisms a re  more s  i m i  1  a r  t o  p s e n s i t i v i t i e s  than t o  ps s e n s i t i v i t i e s .  
P  

2.3.5 S e n s i t i v i t y  of pv t o  Water Depth. A t  i n c reas ing  
" 

speeds, t h e  l a t e r a l  t r a c t i o n  l i m i t  becomes i n c r e a s i n g l y  s e n s i t i v e  t o  

water depth. A t  a  s u f f i c i e n t  depth, o f  course, t he  f u l l  hydrop lan ing 

c o n d i t i o n  v i r t u a l l y  e l im ina tes  a  s i d e  force response. Shown i n  F i gu re  

2.38 a re  da ta  taken on a  b i a s - p l y  passenger c a r  t i r e  cover ing  deep 

wate r  cond i t i ons  up t o  - 4 0  inches (10  mm) o f  water .  We see t h a t  a t  



TABLE 2 . 2  
Details of Tes t  Sur,faces 

* Aggregate i s  a mixture of those in 1 and 4 

TABLE 2 . 3  
Details of Test  Tyres 

Texture 

rough, harsh 

smooth, harsh 

rough 

rough, polished 

smooth, polished 

No. 

I 

2 

3 

4 

5 

Description 

9.5 mm quartzite macadam carpet 

Fine cold asphalt 

9.5 m m  mixed aggregate macadam 
carpet* 

9.5 mm Rridport macadam carpet 

hlastic asphalt 

I 

nunlop 
Dunlop Gold Seal 
Dunlop 
Dunlop Gold Seal 
Dunlop C41 
Pirelli Cinturato 

Dunlop SP41 

Zlichelin ' X  Stop' 

llichelin ' X  Rib' 

llichelin ' X  nib' 

No. 1 Make 

Smooth 
Patterned 
Smooth 
Patterned 
Patterned 
Patterned 

Patterned 

Patterned 

Patterned 

Rorn 

Crossed ply 
Crossed ply 
Crossed ply 
Crossed ply 
Crossed ply 
Textile banded 
radial ply 
Textile banded 
radial ply 
Metal banded 
radial ply 
Metal banded 
radial ply 
lletal banded 
radial ply 

Tread pattern 

* Percentage rebound measured on a modified B.S. Lupke pendulum at  20°C 

f Weasured at 20°C on Dunlop Scale - -  - ---- - -- - - -- - . - - - 

Construction / Sire / nesilience* Hardness- 



F igu re  2.35 Normalized l a t e r a l  f o r c e  versus s l i p  angle data a t  
nominal v e h i c l e  speeds o f  20, 40 and 55 mph. The 
r a d i a l  , 10:00R20, l oad  range G, F i res tone  Transtee l  
t i r e s  were t e s t e d  on a d r y  Po r t l and  cement concrete 
sur face.  T i r e  l o a d  was 6019 pounds. 



Figure 2.36 Normalized lateral fo rce  versus sl ip angle d a t a  a t  
nominal vehicle speeds of 20, 40 and 55 mph.  The 
radial , 10:00R20, load range G ,  Firestone Transteel 
Traction t i res  were tested on a wet Portland cement 
concrete surface. Tire load was 6171 pounds. 
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intermediate velocities (20 t o  60 k m / h )  water depth i s  not a s ignif i -  
cant determinant of p A t  higher speeds, the data so r t  o u t  clearly 

Y '  
according t o  depth for  the non-hydroplaning cases, while the p values 

Y 
a t  depths which cause hydroplaning tend t o  run together. 

Figure 2.39 shows the interaction between inflation pressure 

and the sensi t ivi ty  of p to  water depth a t  two speeds [38]. While 
Y 

the influence of inflation pressure on p i s  consistently positive a t  
Y 

a l l  water depths for  the intermediate speed, 65 k m / h ,  the relationship 
i s  more complex a t  the elevated speed. 

2.3.6 Sensitivity of p, to Carcass Design. I t  i s  generally 
.I 

known that carcass construction details impose only minor influences 

on py. As shown in Figure 2.40, passenger car t i r e s  show a narrow 
spread in the mean values (dark l ines)  of for bias-ply, bias-be1 ted, 

F I ~  
and radial-ply carcass constructions on a dry surface [39]. Simi 1 arly , 
for  heavy truck t i r e s ,  Figure 2.41 shows a summary of F / F  versus a 

Y Z  
envelopes for  bias- and radial-ply t i r e s  indicating only small distinc- 
tions in the p level between carcass types [8]. Available data also 

Y 
show very small distinctions in p deriving from t i r e  aspect ra t io ,  

Y 
cord materi a1 , or be1 t materi a1 [25]. 

On wetted surfaces, differences in P which are uniquely 
Y 

attributable to  carcass construction are small. For passenger car t i  res, 
a s l ight  advantage has been seen for the radial construction [40], 
while truck t i res  show increased p levels for  the bias-ply varieties 

Y 
[a]. 

2.3.7 Sensitivity of pv to  Tread Design. As with longitudinal 
traction 1 imi ts  ' p~ 

i s  definitely dependent upon tread pattern and depth, 
especially on wetted surfaces. Gross changes in tread pattern, such 
as shown in Figure 2.42, are seen to  have a substantial interaction 
with water depth in determining p changes with speed [38]. I n  each Y 
of the patterned t i r e s  of Figure 2.42 identical ratios of groove area 
t o  total  contact area are provided, b u t  large differences in p are 

Y 
observed a t  the greater water depths. 
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Figure 2.40 
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Figure 2.41 Envelopes of F / F  vs a behavior for heavy truck t i r e s  on wet 
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Concrete. 
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Figure 2.42 The influence of gross 
tread pattern 1 ayout 
on u , a t  differing 
wate7 depths and speeds. 
(For a 5.60-15 bias p ly  
car t i r e ) .  



It i s  known, as s t a t e d  i n  t h e  d iscuss ion  on l o n g i t u d i n a l  

t r a c t i o n ,  t h a t  t r e a d  p a t t e r n  becomes s i g n i f i c a n t  t o  t he  wet co rne r i ng  

l i m i t  o n l y  when smooth-textured sur faces a re  p resen t .  For very coarse 

sur faces,  t he  su r face  i t s e l f  p rov ides  the  means f o r  water  dra inage and 

t he  m in im i za t i on  o f  hydrodynamic water  p ressure .  

On d r y  surfaces i t  i s  known t h a t  the  e l i m i n a t i o n  o f  groove area 

improves IJ , w i t h  complete ly  smooth t i r e s  t y p i c a l l y  showing h i g h e s t  
Y  

performance. An anomaly o f  t h e  r e1  a t i o n s h i p  between t r e a d  p r o f i l e  and 

IJ i s  known t o  d e r i v e  f rom the  p e c u l i a r  wear ing o f  t i r e s  d u r i n g  repeated 
Y  

ope ra t i on  a t  e91evated s l i p ,  as shown i n  F igure  2.43 [7]. These da ta  

a re  t y p i c a l  of t h e  u s e n s i t i v i t y  t o  "shou lder  wear" which, a l though 
Y 

i n v o l v i n g  on l y  s l i g h t  changes i n  t r e a d  p r o f i l e  a t  t he  o u t e r  r i b s ,  

r e s u l t s  i n  a  25% i nc rease  i n  p on a  d ry  su r face .  By con t ras t ,  F igure  
Y 

2.44 shows a  much sma l l e r  i n t e r a c t i o n  between t r e a d  depth, p e r  se, as 

accrued from normal d r i v i n g ,  and t he  p l e v e l  e x h i b i t e d  on a  d ry  
Y  

pavement [7]. 

2.3.8 S e n s i t i v i t y  o f  p, - t o  Tread Compound Va r i a t i ons .  Tread 

compound i s  known t o  a f f e c t  p by t h e  same mechanisms and e x t e n t  as 
Y 

were discussed f o r  t h e  1  ongi t u d i n a l  1  i m i  t s ,  p and us. The dominant 
P  

p r o p e r t y  o f  t h e  t r ead  rubber  appear ing t o  i n f l u e n c e  p i s  t h e  hys te res i s  
Y 

o r ,  converse ly ,  " r e s i l i e n c e , "  feature.  A l a r g e  inc rease  i n  t h e  r e -  

bound measure of t h e  r e s i l i e n c e  of t r e a d  rubber  can r e s u l t  i n  as much 

as a  25% reduc t i on  i n  p on a  low f r i c t i o n  wet ted surface [37]. 
Y  

2.3.9 S i g n i f i c a n c e  of p,, t o  Veh ic le  Maneuvering Pe r f o r -  
J 

mance. C l e a r l y  , p~ 
i s  a  t i r e  p rope r t y  which i s  r e l e v a n t  o n l y  t o  t he  

de te rmina t ion  of t h e  l i m i t s  of steady co rne r i ng  o r  lane  change o r  

o t h e r  abrup t  s t e e r i n g - i n p u t  maneuvers. For passenger ca rs ,  t he  

exceedance o f  t he  ti r e ' s  p c a p a b i l i t y  leads t o  e i t h e r  a  "plowout"  o r  
Y  

"sp inou t "  type o f  response. The p lowout  response, d e r i v i n g  from pre- 

mature exceedance of p a t  t he  f r o n t  t i r e s ,  y i e l d s  a  t r a j e c t o r y  whose 
Y 

cu rva tu re  i s  l ess  than t h a t  des i red,  a l though v e h i c l e  s i d e s l i p  angle  
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i s  kept small. In an actual driving s i tuat ion,  a plowout incident on 
a curved section of roadway will result  in a more or less tangential 
departure from the road. 

A spinout response derives from premature saturation of rear 
t i r e s  and i s  characterized by a divergent vehicle sideslip angle 
response-i .e.  , the vehicle attempts to rotate towards a rear-end-firs t 
orientation. When such incidents occur on the roadway, the vehicle may 

- move in a s t raight  l ine trajectory, b u t  the loss of control over yaw 
orientation provides numerous possi bil i t i  es for  an accident-i ncludi ng 

impacts deriving from the wide swept path and from off-road impacts 
and rollover made possible by departure from the roadway. While the 
determination of the plow, or spin, character of the cornering limit 

on a given vehicle derives from many factors,  the p level a t  the t i r e s  
Y 

determines the level of maneuvering severity a t  which the cornering 
limit  will occur. Thus, maximization of p ensures the largest possible 

Y 
range of cornering maneuvers just  as maximization of the 1 ongi tudinal 
1 imi t ,  p , ensures the 1 argest range of braki ng maneuvers. 

P 
For heavy trucks, p i s  perhaps an i rrelevan t measure, except 

Y 
for cases of low f r ic t ion  surfaces. On dry surfaces, however, the 
typical heavy truck or t rac tor - t ra i le r  will roll  over before i t s  p 

Y 
traction limi t s  are reached. Thus, i t  i s  generally held that only the 
low fr ic t ion p properties of truck t i r e s  are likely t o  be relevant 

Y 
t o  vehicle safety. 

In the case of motorcycles, the p l imit  of t i r e  traction 
Y 

clearly cons ti tutes the 1 imi tation on corneri ng severity. When front 
t i r e  p i s  exceeded f i r s t ,  the vehicle f a l l s  down or "capsizes" very 

Y 
rapidly. When rear t i r e  p i s  exceeded f i r s t ,  the motorcycle typically 

Y 
spins around t o  an at t i tude a t  which i t  capsizes. Since, again, 
motorcycles produce most of their  side force as camber thrust,  the p 

Y 
limi t on ordinary (dry) road surfaces wi 11 be reached when motorcycle 
ro l l ,  and thus camber, angle i s  in the range of 30' t o  45'. 



3.0 COMBINED BRAKING AND CORNERING PROPERTIES 

When a t i r e  i s  operated under conditions of simultaneous 
longitudinal and lateral  s l i p ,  the respective longitudinal and lateral  
forces are seen to markedly depart from those values deriving under 
the independent conditions of s l ip .  That i s ,  i f  a given t i r e  produced 
a 500-1 b side force, F a t  a given condition of 1 ateral s l i p ,  a 

Y'  
reduction in 'F value to only 200 Ibs might resul t  from the simultaneous 

Y 
application of braking up  t o  a level of 20% longitudinal s l ip .  Like- 

wise, the application of simultaneous la teral  s l  i p  generally tends t o  
reduce the longitudinal force level being produced by the braking t i r e .  

Whi l e  these combined s l  i p phenomena have been demonstrated 
by numerous researchers, there have not been broad studies of the 
sens i t iv i t ies  of the combined force and s l i p  interactions t o  changes 
i n  operating conditions , surface characteris t i c s  and t i  re design 
variables. Thus i t  suffices here to c i t e  the basic character by which 
the simultaneous s l  ip conditions influence the generation of combined 
shear forces. 

As shown in Figure 3.1, increasing levels of braking s l i p  
produce an in i t i a l ly  sharp reduction in side force [37]. A t  high 
levels of braking s l i p ,  approaching wheel lock, F approaches the value 

Y 
Fx tan a ,  since side force prevails then only as the lateral  component 

of a resultant shear force which opposes velocity. We see in Figure 
3.1, for  the case o f  a wet, rough macrotexture surface, that load plays 
no distinctive role in the combined s l i p  interaction, per se. Also, 
there are only subtle differences apparent between the s teel-be1 ted 

radial ,  t i r e  No. 8, and the cross-ply t i r e ,  No. 5. Looking a t  the 
converse interaction, Figure 3.2 shows the effect of s l i p  angle on the 

longitudinal force versus 1 ongi  tudinal sl  i p re1 ations hip [37]. We see 
that ,  while the locked-wheel values of F,/F, are not significantly 
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changed by t h e  presence o f  a  s  imul taneous s  1  i p angl e, t h e  curve becomes 

cons iderab ly  depressed w i t h  i nc reas ing  a i n  t h e  regime o f  low values 

o f  S. When wheel lockup does occur,  c l e a r l y  the Fx f o r c e  component 

i s  r e l a t e d  t o  the  r e s u l t a n t  shear f o r c e  by t he  r e l a t i o n ,  
- 

Fx ' (Fresu l  t a n t  x cos ine a ) .  

Looking a t  both o f  these i n t e r a c t i o n s  t oge the r  f o r  b ias and 

r a d i a l  t i r e  samples, F i gu re  3.3 shows t he  F, and F responses a t  s l i p  
Y  

angles o f  2" and 10" over  the  f u l l  range of S [36]. These data a l s o  

i nco rpo ra te  a  broad range of speeds, r e v e a l i n g  t h a t  speed does n o t  

have a  s i g n i f i c a n t  i n f l u e n c e  on the  combined s l i p  i n t e r a c t i o n s ,  pe r  se, 

a l though speed c l e a r l y  determines the  abso lu te  l e v e l  o f  t he  F  o r  Fx 
Y  

shear forces. I f  the  shear f o r c e  da ta  i n  F i gu re  3.3 a re  cross p l o t t e d ,  

as i n  the  example curves o f  F i gu re  3.4, we o b t a i n  t he  so - ca l l ed  

" t r a c t i o n  f i e l d s "  p l o t  ( w i t h  S be ing  the l a t e r a l  s l i p  va r i ab l e ,  equal 
Y  

t o  tan  a )  [41]. Such a d i s p l a y  o f  t he  combined s l i p  i n t e r a c t i o n  has 

l e d  some v e h i c l e  mechanicians t o  p o s t u l a t e  a  " f r i c t i o n  c i r c l e "  ( o r  

e l  li pse) desc r i  p t i o n  o f  t h e  1  i m i  ti ng r e s u l t a n t  shear f o r c e  behav ior  

of t h e  t i r e .  The t r a c t i o n  f i e l d  p l o t  d i r e c t l y  d i sp l ays  t h e  " t r ade -  

of f"  which e x i s t s  between 1  a t e r a l  and l o n g i t u d i n a l  f o r c e  p roduc t ion .  

The on l y  known da ta  desc r i b i ng  t r u c k  t i r e  response t o  combined 

s l i p  i s  shown i n  F igure 3.5 [42]. These data revea l  t he  same bas i c  

charac te r  o f  i n t e r a c t i o n  as shown f o r  ca r  t i r e s ,  a1 though d i s t i n c t i o n s  

which may be of s i g n i f i c a n c e  t o  t r u c k  dynamics remain t o  be exp lo red  

i n  any depth. 

For  the  case o f  motorcyc les,  t h e  r e l e v a n t  i n t e r a c t i v e  condi -  

t i o n  i nvo l ves  combined l o n g i t u d i n a l  s l i p  and i n c l i n a t i o n  angle  ( r a t h e r  

than s l i p  ang le ) .  A ve ry  l i m i t e d  amount of work i s  known t o  have been 

done, produc ing da ta  as shown i n  F igure  3.6 [43]. Here we see a  

normal ized s i d e  f o r c e  l e v e l ,  F  IF , which r a t i o s  t h e  ac tua l  s i d e  
Yo 

f o r c e  t o  t h a t  va l ue  which p reva i  1s a t  S=O. The da ta  d i s p l a y  the F,, 
J 

f a l l  o f f  w i t h  S f o r  d i f f e r i n g  moto rcyc le  t i r e s  opera t ing  a t  an i n c l i n a -  

t i o n  angle  o f  20°, as ove r l a i d ,  f o r  con t ras t ,  on t he  range o f  F  da ta  
Y 



250. 
- :up  PNGLE 2' 

300- -----SUP ffiLE1V TIE :6,45:13 I+P, R, 
LOAD :K)Okq 

I I , P ,  :1.7ks/cm2 

SLIP RATIO 

Figure 3.3a R e l a t i o n  between c o r n e r i n g  f o r c e ,  
b r a k i n g  f o r c e  and s l i p  r a t i o  a t  s l i p  a n g l e  2' 
and lo0, c r o s s - p l y  t i r e  

:SUP ANGLE 2' 
------; 3001 - SUP A W 1 V  T l  ftE :165HR13 

LOAD :3OOkg 

SLIP RATIO 

Figure 3 .3b  , R e l a t i o n  between c o r n e r i n g  f o r c e ,  
b r a k i n g  f o r c e  and s l i p  r a t i o  a t  s l i p  a n g l e  2' & 
l o 0 ,  r a d i a l - p l y  t i r e  



800 8 170 A Tire 
Surface: Dry Asphalt 

F,. 800 Ibs 

F i  gurt? 3.4 Lateral force versus longitudinal force at constant values of l a t o d  slip. 

Figure 3 . 5  TRACTION FIELD (FYIFZ VS FXIFZ) OF 10.00-20 (F) TRUCK TIRE 



Figure 3.6 Fall-off  in F / F  with s l i p  f o r  f o u r  d i f f e r en t  
yo 

motorcycle t i r e s  a t  y = 20" compared to  envelope o f  
car t i r e  responses measured a t  ct = 4".  Motorcycle 
t i r e s  a l l  operated a t  a nominal s t a t i c  (motorcycle 
plus r i d e r )  load. 



exhibited by various car t i r e s  operating a t  a s l i p  angle of 4'. These 

data show tha t ,  for the conditions examined, the motorcycle t i r e  
loses side force as a resul t  of increasing braking s l i p  a t  a rate cm- 
parable to that  exhibi ted by the typical car t i r e ,  even though one 
involves a camber thrust mechanism and the other involves side force 
due t o  s l i p  angle. 

One can meaningfully interpret the combined s l i p  interactions 
of the t i r e  in the context of vehicle braking-in-a-turn behavior. When 
brakes are applied t o  a vehicle in an i n i t i a l l y  steady turn, the in- 
creasing level of t i r e  longitudinal s l i p  produces a loss in t i r e  side 
force which characteristically serves to  perturb the path and/or yaw 
orientation of the vehicle. By another view, i f  a large steering input 
i s  applied while the vehicle i s  braking, both the braking performance 
and the cornering performance stand to be degraded in comparison to 
the performances expected wi t h  independent inputs of steering or 
braki ng . 

Research [44] has shown that minimal degradation in the 
stop'pi ng capabi 1 i t y  of passenger cars accrues from s imul taneous corner- 
ing in the vicinity of 0.3 g la teral  acceleration. On the other hand, 
as the l imit  stopping level i s  approached, the directional or yaw 

response can become degraded t o  the point of total  loss of control. 
The nature of the control loss will depend upon the order in which 
front and rear t i r e s  approach the wheel -lock condition. For vehicles 
which produce a sufficiently high level of front braking that  f ront  
wheels lockup f i r s t ,  the attending loss in front t i r e  side force will 
render the vehicle unsteerable, resulting in an essentially s t raight-  
l ine vehicle path. When rear wheel lockup i s  approached f i r s t ,  the 
imminent loss of control incident will be a spinout. On tractor- 
semitrai lers  , the overbraki ng of the t rac tor ' s  rear wheels wi 11 resul t  
in the jackknife response of the combination. I n  such cases, the 
spinout of the t ractor  takes place very quickly, causing i t  t o  rotate 
about the fifth-wheel coupling until the cab f inal ly  collides with the 
side structure of the t r a i l e r .  In the case of motorcycles, the lockup 



of t he  f r o n t  ti r e  e l im ina tes  t h e  s i d e  f o r c e  mechanism which begets 

r o l l  s t a b i l i t y .  The r e s u l t  i s  an ext remely  r a p i d  capsize,  o r  r o l l o v e r .  

Lockup o f  t h e  moto rcyc le  r e a r  t i r e ,  o f  course, renders t h e  v e h i c l e  

yaw unstab le .  

The s i g n i f i c a n c e  o f  yaw d is turbances o c c u r r i n g  when 1 ess 

than l i m i t  l e v e l  b rak ing  i s  a p p l i e d  i s  n o t  w e l l  es tab l i shed .  A l though 

numerous research s t u d i e s  [e.g. , 44, 451 have endeavored t o  q u a n t i f y  and 

eva lua te  t h e  s u b l i m i  t yaw responses t o  b rak i ng  i n  a  t u rn ,  t he  c u r r e n t  

s t a t e  i s  one of debate and specu la t ion .  Al though o b j e c t i v e  measures 

of these response c h a r a c t e r i s  t i c s  have been developed, t h e i r  s  i g n i  - 
f i cance  as regards t h e  d r i v e r ' s  cha l lenge  i n  ma in ta i n i ng  c o n t r o l  i s  

unknown. 



4.0 TRACTION OR MOBILITY ON DEFORMABLE SURFACES 

When t he  pneumatic t i r e  i s  operated over  snow o r  s o i l ,  i n t e r -  

a c t i o n  mechanisms p r e v a i l  which t y p i c a l l y  degrade t he  t i r e ' s  t r a c t i o n  

f o r c e  p o t e n t i a l  re1  a t i v e  t o  t h a t  p reva i  1  i n g  on uncontaminated paved 

surfaces. Whi le  va r ious  f i e l d s  o f  research r e l a t e d  t o  t h i s  area have 

progressed f o r  some t ime, t h e  s t a t e  o f  knowledge p e r t a i n i n g  t o  highway 

veh ic les  and t y p i c a l  an-road cond i t i ons  i s  r a t h e r  sparse. For bo th  

a g r i c u l t u r a l  and mi 1  i t a r y  t i r e  a p p l i c a t i o n s  , research has centered 

upon the  cases o f  deep snow and s o i l  o f  i n f i n i t e  depth. Highway 

veh ic les ,  on t h e  o t h e r  hand, t y p i c a l l y  encounter sha l low snow as an 

over lay  on pavement o r  a  sha l low l a y e r  o f  uns tab le  s o i l  e x i s t i n g  over  

a  "hard pan" o r  r e l a t i v e l y  r i g i d  s t r a t m u c h  as i n  unpaved driveways 

o r  t r u c k  marshal ing yards.  

For  t he  m i l i t a r y  and a g r i c u l t u r a l  cases ( o r  f o r  highway t i r e s  

which happen t o  be i n  deep snow o r  uncompacted s o i l ) ,  " f l o t a t i o n "  i s  a  

r e l e v a n t  i s sue  p e r t a i n i n g  t o  t i r e  design. I n  these a p p l i c a t i o n s ,  i t  

has been seen t h a t  t i r e  diameter and t r ead  w i d t h  a re  p r i n c i p a l  de te r -  

m i  nan t s  o f  the r o l l  i ng res i s t ance  t rends i n  s o i  1, as shown i n  F i  gu r e  

4.1 [47]. These r e l a t i o n s h i p s  a r e  p e r t i n e n t  s i nce  the  n e t  t r a c t i v e  

f o r c e  o f  any t i r e  on a  deformable su r f ace  i s  determined h e a v i l y  by the  

r o l l i n g  r es i s t ance  d e r i v i n g  p r i n c i  pa l  l y  f rom "sinkage" of; the  t i r e  

i n t o  t h e  surface m a t e r i a l .  Thus, f l o t a t i o n  i s  a  q u a l i t y  which 

minimizes r o l l  i ng res is tance .  

The sinkage o f  a  t i r e  i n t o  an uncompacted s o i l  i s  determined, 

of course, by t h e  magnitude o f  t h e  v e r t i c a l  s t resses  which a r e  p ro -  

duced i n  t he  s o i l .  S ince pressure e x i s t i n g  a t  t he  t i r e  con tac t  d i r e c t l y  

determines s t resses  w i t h i n  t h e  s o i l ,  i t  i s  c l e a r  t h a t  s inkage i s  

reduced when the  i n f l a t i o n  pressure of a  t i r e  i s  reduced so as t o  y i e l d  

a  l a r g e r  l oad ing  sur face  area. Th is  favorab le  a c t i o n  exp la i ns  t he  

advantages o f  so - ca l l ed  " low pressure t i r e s "  on s o f t  ground. Add i t i on -  

a l l y ,  t he  d e f l a t i o n  o f  even the  more convent iona l  p r o f i l e  t i r e  has 



proved so advantageous t o  mobi 1  i ty t h a t  c e r t a i n  m i  1  i t a r y  veh i c l es  have 

been designed w i t h  c e n t r a l  ti r e  i n f l a t i o n  systems. Such arrangements 

p e r m i t  d e f l a t i o n  and r e f i l l i n g  of t i r e s  "on t h e  run"  so as t o  maximize 

mobi 1  i ty on degraded s o i l  condi t i o n s  and s t i l l  recover  s t a b i l i t y  p ro -  

p e r t i e s  f o r  high-speed movement. As shown i n  the  da ta  o f  F i gu re  4.2, 

one such v e h i c l e  e x h i b i t s  a  50% inc rease  i n  i t s  maximum "drawbar p u l l "  

measure as a  r e s u l t  o f  t i r e  d e f l a t i o n  f rom 35 p s i  t o  7 p s i  [48]. 

As m igh t  be imagined, t he re  a re  a  broad range o f  s o i l  and 

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

a  g iven t i r e .  As shown i n  F i gu re  4.3, a  t i r e  o f  t y p i c a l  c o n s t r u c t i o n  

f o r  use on farm t r a c t o r s  produces t r a c t i o n  and r o l l  i n g  res i s  tance 

c o e f f i c i e n t s  which vary  w ide l y  ove r  a  s e t  o f  s o i l  cond i t i ons  [49]. 

I n  these data,  t h e  " r o l l i n g  r es i s t ance "  va lue p e r t a i n s  t o  t h e  r e s i s -  

tance o f  a  non-dr iven wheel which i s  towed through t h e  s o i l  w h i l e  t he  

" t r a c t i o n "  va lue i n d i c a t e s  t h e  n e t  va lue o f  F, a v a i l a b l e  f o r  drawing a  

load .  I t  can be seen t h a t ,  f o r  s i l t  and s o i l  s l u r r y  cond i t i ons ,  a  

four-wheeled v e h i c l e  w i t h  on l y  two wheels d r i v i n g  would become immobi le 

i f  o u t f i t t e d  w i t h  t h i s  same t y p i c a l  t r a c t o r  t i r e  a t  a l l  wheel p o s i t i o n s .  

An assoc ia ted  f i e l d  o f  i n t e r e s t  focus ing  upon s inkage has 

de r i ved  from the  use of m i l i t a r y  a i r c r a f t  on unpaved fo rward  f i e l d  

areas. I n  such cases, t he  drag o r  r o l l i n g  r es i s t ance  p r o p e r t i e s  o f  

a i  r c r a f t  t i  res have been s t u d i e d  t o  es tab1 i s  h  c o n s t r a i n t s  on a i r c r a f t  

t ake -o f f  l i m i t a t i o n s  due t o  s o f t  s o i l  [50]. 

Regarding t he  importance o f  t r e a d  p a t t e r n  t o  m o b i l i t y  i n  deep 

snow o r  s o f t  ground, i t  i s  w ide l y  accepted t h a t  t r e a d  design i s  a  

secondary e f f e c t  and, i n  any case, does n o t  s i g n i f i c a n t l y  i n f l u e n c e  

t r a c t i o n  due t o  an improved i n t e r a c t i o n  between t r e a d  and s o i l  (snow) 

[47]. Rather, i n  deep snow and s o i l  s i t u a t i o n s  t h e  i n t e r a c t i o n  between 

t i r e  and su r f ace  m a t e r i a l  p r i m a r i l y  invo lves  f r i c t i o n  coup l i ng  between 

e i t h e r  the  t r e a d  rubber  and t he  medium m a t e r i a l ,  o r  w i t h i n  the  l aye rs  

o f  s o i l  o r  snow i t s e l f .  
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Considering now the more comon deformable surface situations 

encountered by highway vehicles, we find that tread pattern and other 
characteristics of the ti re play significant roles in determining 
mobi 1 i ty characteristics. Looking f i r s t  a t  carcass construction 
influences, we can isolate  a t  least  four features affecting mobility 
properties: the differences in contact pressure in the footprint 
such as i t  produces varied sinkage, the overall dimensions of the con- 
tac t  patch, the self-cleaning characteris t ics  of ,  the tread, and the 
squirm motions which take place in the tread due to carcass deflections. 
Footprint pressure i s  known t o  be significantly nonuniform in the 
contact patch of a pneumatic t i r e .  With bias-ply t i r e s ,  zones of 
higher pressure ex is t ,  especially along the outer circumferential r ib  
positions. With be1 ted bias-ply t i r e s ,  more uniform distributions are 
obtained; and wi t h  radial t i  res , the least  variati'on in contact pressure 
i s  seen. Because of nonuniform compaction of snow or soi 1 beneath the 
t i r e ,  the resulting shear strength of the surface material will vary 
much more over the contact area of a bias-ply t i r e  than with a radial 
t i r e .  The net effect  of these differences in compaction could favor 
ei ther  t i r e ,  depending upon  detai ls  of the surface conditions. Pre- 
sumably, si tuations exist  in which the elevated pressures a t  the 
shoulder area of a bias-ply t i r e ,  for  example, could cause i t  t o  
penetrate and interlock with densely packed snow, while a radial t i r e  
migh t  be incapable of such penetration. 

The larger footprint area of the radial t i r e  i s ,  by i t s e l f ,  
an advantage because more tread i s  contacting the surface material 
whose shear strength ultimately determines the maximum traction force. 

Concerning the cleaning properties of the ti re,  radials 
typically offer an advantage. Less snow or soil  i s  retained in t i r e s  
whose tread grooves are larger--as are radials,  since the i r  more stable 
belting system i s  capable of supporting a more open tread without 
excessive wear rates. The less surface material that i s  retained, of 
course, the higher the fr ic t ion potential since more tread blocks will 
be capable of penetrating and "connecting with" the soil  or snow mass. 



Another advantage of the  more s t a b l e  t r e a d  suppor t  f ea tu res  o f  r a d i a l s  

i s  t h e  low l e v e l  o f  squirm such as causes snow and s o i l  r i d g e s  t o  

shear l a t e r a l  l y ,  tend ing  t o  reduce t r a c t i o n  p o t e n t i a l .  Thus, a1 though 

some su r f ace  cond i t i ons  may be an excep t ion ,  r a d i a l  cons t ruc t i ons  

tend t o  o f f e r  g e n e r a l l y  improved l e v e l s  o f  m o b i l i t y  [51]. 

Concerning t r e a d  p a t t e r n ,  i t  i s  accepted t h a t  a  pa t t e rned  

t i r e  w i l l  o f f e r  advantages o n l y  when t h e  snow o r  s o i l  i s  s u f f i c i e n t l y  

uncompacted t h a t  p e n e t r a t i o n  by t he  t r e a d  edges can take  p lace .  ( F o r  

u n l u b r i c a t i n g ,  h ighly-compacted sur faces,  a  b a l d  t i r e  w i l l  produce 

h i ghe r  t r a c t i o n  l e v e l s  than a  p a t t e r n e d  t i r e .  ) When l i g h t  t o  moderate 

compaction e x i s t s ,  i t  appears t h a t  bo th  l o n g i t u d i n a l  and l a t e r a l  

grooves a s s i s t  i n  en hanci  ng t r a c t i o n .  The 1  ongi  t u d i n a l  groove must, 

o f  course, possess some " throw" o r  r i g - zag  geometry so t h a t  snow o r  

s o i l  shear s t r e s s  i s  generated. Shear ing then takes p l a c e  e i t h e r  

a long v e r t i c a l  p lanes, across t h e  f r e e  exposed edges o f  t h e  z ig-zag 

(see F ig .  4.4) ,  o r  a t  t h e  base o f  t he  r i d g e  o f  su r f ace  m a t e r i a l  

p e n e t r a t i n g  i n t o  t h e  groove [51]. 

Cross grooves p rov i de  f o r  shear ing of su r f ace  m a t e r i a l  on l y  

a t  t he  base of t h e  p e n e t r a t i n g  r i d g e .  S ince t he  shear s t r e n g t h  o f  

e i t h e r  snow o r  s o i l  w i l l  depend upon t h e  degree of ccmpaction, t h e  

r e l a t i v e  degree of i n i t i a l  compaction before t i  r e  con tac t  i s  r e l e v a n t ,  

as i s  t he  depth o f  t h e  t r e a d  grooves. Thus t i r e  s inkage beyond t he  

dimension o f  one t r e a d  depth r e s u l t s  i n  enhanced t r a c t i o n ,  a t  l e a s t  

from t h e  mechanism of f u r t h e r  snow compaction w i t h i n  t h e  groove. When 

t r e a d  s inkage i s  l e s s  than groove depth, t h e  degree o f  compaction 

e x i s t i n g  p r i o r  t o  t i r e  con tac t  determines t h e  shear s t r e n g t h  which 

w i  11 p r e v a i  1. 

Tread sinkage i n t o  a  r e l a t i v e l y  compacted medium i s  de te r -  

mined by t h e  r a t i o  o f  groove w i d t h  t o  groove spacing. The g r e a t e r  

t he  groove w i d t h  t o  spacing r a t i o ,  t h e  g r e a t e r  w i l l  be con tac t  

pressures on t h e  r i b  elements and thus t he  g r e a t e r  w i l l  be t h e  pene- 

t r a t i o n ,  as w e l l  as t h e  e f f e c t i v e  area of snow o r  s o i l  i n  shear. 



Accord ing ly ,  a  c e r t a i n  openness of snow-type t reads  i s  e s s e n t i a l  bo th  

t o  t h e  se l f - c l ean ing  and t o  t h e  snow mass p e n e t r a t i o n  mechanisms. 

There a r e  a l s o  cons idera t ions  r e l a t e d  t o  t h e  c h a r a c t e r i s t i c  shear 

f a i l u r e  p a t t e r n s  o f  snow t h a t  l ead  t o  observa t ions  about optimum groove 

widths.  As diagrammed i n  F i gu re  4.5, a  c e r t a i n  i n e f f i c i e n c y  i n  t r a c -  

t i o n  f o r c e  p roduc t i on  i s  accrued when e i t h e r  a  narrower- o r  w ider- than-  

optimum groove w i d t h  p r e v a i l s .  When the t i r e  operates w i t h  s l i p ,  

however, another  optimum would be def ined than t h a t  suggested i n  

F i gu re  4.5 [51]. I t  i s  n o t  known whether snow- t i re  t reads  have been 

designed t o  a f f o r d  an o v e r a l l  optimum performance g iven  t h e  d e t a i l e d  

mechanics of snow shear f a i l u r e .  

A t  t h e  o u t e r  s i d e w a l l  area of t h e  t read ,  t r a c t i o n  fo rce  ga ins 

can a l s o  be made due t o  t h e  shear s t r e n g t h  o f  snow o r  s o i l  r i dges  

p e n e t r a t i n g  s i d e w a l l  grooves and by f r i c t i o n  mechanisms a t  the  o u t e r  

surfaces. Reduced normal f o r ces  i n  t h i s  reg ion ,  however, reduce t h e  

t r a c t i o n  e f f e c t i v e n e s s  o f  s i d e w a l l  grooves, a1 though s u b s t a n t i a l  ga ins  

can be made r e l a t i v e  t o  t h e  smal l  degree o f  t r e a d  v o i d  which i s  added 

by s i  dewal l  grooves. 

As a  genera l  comment on t h e  m a t t e r  o f  t r a c t i o n  on deformable 

surfaces, i t  must be noted t h a t  t h e  very  complex mechanisms o f  shear 

f o r c e  p roduc t i on  render  t h e  performance o f  a  g iven t i r e  h i g h l y  depen- 

den t  upon the  p r e v a i l i n g  p r o p e r t i e s  o f  t h e  snow o r  s o i l .  Regarding 

snow, i t  i s  known t h a t  among i t s  r e l e v a n t  mechanical p r o p e r t i e s  a re  

the  shear s t r eng th ,  t h e  compressive and shear force-d isp lacement  

c h a r a c t e r i s t i c s ,  and t he  c o e f f i c i e n t s  o f  f r i c t i o n  f o r  ( 1 )  t he  m ic ro -  

i n t e r f e r e n c e  mechanism a t  t h e  snowlrubber i n t e r f a c e ,  ( 2 )  t h e  s l i d i n g  

snow/snow i n t e r f a c e ,  and ( 3 )  f o r  t h e  s l i d i n g  snowlrubber i n t e r f a c e .  

A1 1  these p r o p e r t i e s ,  i n c l u d i n g  snow depth ( p l u s  d e n s i t y  , temperature,  

mo i s tu re  content ,  and g r a i n  s t r u c t u r e )  combine t o  determine t h e  e x t e n t  

o f  t i r e  p e n e t r a t i o n  as we11 as t h e  magnitude and r e l a t i v e  importance o f  

t h e  va r ious  t r a c t i o n  mechanisms [51], Fu r t he r ,  these p r o p e r t i e s  a re  

h i g h l y  va r i ab l e ,  even i n  t h e  course o f  a  s i n g l e  day, such t h a t  expe r i -  

mental  e f f o r t s  i n  t h i s  area have been t y p i c a l l y  hampered by non- 

r e p e a t a b i l i t y  and by l a c k  o f  g e n e r a l i t y .  S i m i l a r  statements can be 
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Figure 4.5 Optimizing the width of effective cross grooves for a pure rolling tire. 



made for the case of soft soils and  for the peculiar problems which 

resist  major advances i n  t i r e  design so as t o  enhance mobility i n  

general. 
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