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1, INTRODUCTION 

This report presents the results obtained and the recommen- 

dations derived from a research and application study entitled, 

"Tire Traction Grading Procedure as Derived from Emergency 
Maneuvering Characteristics of a Tire-Vehicle System." The study 

was completed by the Highway Safety Research Institute (HSRI) of 

The University of Michigan for the Safety Systems Laboratory (SSL) 

of the National Highway Traffic Safety Administration (NHTSA) . 
Originally, the work was funded by the National Bureau of 

Standards (NBS) through the Office of Vehicle Systems Research 

(OVS). During this contract period the Office of Vehicle Systems 

Research was transferred to NHTSA and it was renamed the "Safety 

Sys tems Laboratory." 

The overall purpose of this study is to aid SSL in formu- 

lating recommendations for a tire traction quality grading 
procedure. 

The results re~orted'herein include (1) the measurement of 

tire longitudinal and/or lateral shear-force, (2) the represen- 
tation of tire shear forces in terms of characterizing functions 

and tire parameters, and (3) the simulation and analysis of tire- 
vehicle system performance on wet surfaces in (a) diagonal- 
braking, locked-wheel stopping distance tests and (b) J-turn 
maneuvers at, or near, a limiting velocity. Tire shear force 

measurements were performed both with HSRI1s Mobile Tire Tester 
and Flat Bed Machine [I]*. During the course of this study the 

model that was previously developed to describe the shear force 
mechanics of a pneumatic tire [ 2 ]  was extended and refined. This 

refinement has included significant changes in both the form of 

*Numbers in square brackets are used to indicate references. 



the model (i.e., the characterizing functions) and the traction 

parameters--their definition and measurement. 

In order to establish a means of grading the traction 

characteristics of tires related to extreme vehicle maneuvers, 

OVS-NBS personnel have made many driver-controlled tire-vehicle 

system tests using different sets of tires on specially prepared 

wet surfaces at the Texas Transportation Institute (TTI). These 

driver-vehicle tests were used to rank tires in two ways: 

(1) by comparing the length of skidding distance obtained in 
locked-wheel diagonal-braking tests and (2) by comparing the 

limit velocity at which a 288-foot radius turn can be maintained 

without "breakaway." Consequently, the simulation and analysis 

effort conducted in this study constitutes an attempt to apply 

tire mechanics knowledge, as it exists today, to explain the 

results that were obtained by OVS-NBS in their testing program. 

The body of this report is devoted to summarizing the results 
obtained in this study. The report concludes with a presentation 

of recommendations concerning tire-traction quality grading pro- 

cedures both with respect to the near and the far term. Detailed 

results, derivations and discussions are presented in several 

appendices. A comprehensive set of tire data is given in one 

appendix and the results of processing this data to obtain tire 

parameters are presented in a second appendix. 
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2 .  RESULTS 

Five specific tasks were performed in this study: (1) test 

a group of tires (previously used in the OVS driver-vehicle 

tests) with the aid of HSRI 's tire-test equipment, (2) compare 

traction findings produced by tire testing with the findings 

produced by tire-vehicle system tests, (3) revise and improve 

the tire model developed previously [2] under OVS auspices, 

(4) study tire-vehicle system test procedures and results with 
the aid of vehicle dynamic simulation and analysis, and (5) 

formulate recommendations for an interim tire traction quality 

grading procedure. The results obtained in tasks (1) through (4) 

are summarized below with the recommendations being presented in 

Section 3. 

2.1. TIRE DATA 

Table 1 lists the ten tire configurations that were common 

to this study and the OVS driver-vehicle test program. Note that 

the test sample consists of three carcass constructions, each with 

three levels of tread wear, plus an SAE-type reference tire. 

These tires were tested with the mobile tire tester on the same 

surfaces used by NBS at TTI to perform the tire-vehicle tests. 
Attempts were made to keep the watering conditions in the two 

different test exercises as close as possible. 

For each of these 10 tires, carpet plots of (a) longitudinal 

force versus longitudinal slip and vertical load and (b) lateral 

force versus slip angle and vertical load were produced from data 

gathered on three surfaces: wet concrete, wet asphalt, and wet 

jennite. By superimposing curves of longitudinal force and 

lateral force versus velocity on these plots, comprehensive graphi- 

cal descriptions of (a) lateral force as a funttion of slip angle, 
load, velocity and surface and (b) longitudinal force as a function 
of longitudinal slip, load, velocity--and surface were produced. 
These plots, as produced for all ten tires, are presented in 

Appendix 1. 
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TABLE 1. TIRES TESTED 

TREAD DEPTH IN 
TI  RE TYPE SIZE THOUSANDS OF AN INCH 

A- 1 Bias 8 .25 /14  7 5  t o  1 0 0  

A5 - 1 B i a s  8 . 2 5 / 1 4  1 4 0  t o  1 6 5  

A -  5  B i a s  8 - 2 5 / 1 4  360 

RB-5 R a d i a l  205R-14 1 1 5  

R B - 1  R a d i a l  205R-14 2  0  0  

H - 5  R a d i a l  205R-14 3 20 

D-  2 B e l t e d -  G78-14 
Bias 

WA- 5  B e l t e d -  G78-14 
Bias 

WA- 9 B e l t e d -  G78-14 
Bias 

S - 2 - 4 7  B i a s -  7 . 7 5 / 1 4  
SAE 

20 5  

3 70 

New 



I n  a d d i t i o n  t o  making t h e  above measurements, namely, l a t e r a l  

f o r c e  wi th  ze ro  l o n g i t u d i n a l  s l i p  and b rak ing  f o r c e  w i t h  zero 

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

were a l s o  g a t h e r e d .  S p e c i f i c a l l y ,  l o n g i t u d i n a l  s l i p  was v a r i e d  

from zero t o  u n i t y  w i t h  t h e  s l i p  a n g l e  f i x e d  a t  8 O  f o r  a l l  t i r e s  

o p e r a t e d  on a l l  t h r e e  s u r f a c e s .  (These d a t a  were reduced t o  peak 

r e s u l t a n t  s h e a r  f o r c e  by g r a p h i c a l  means.) F i n a l l y ,  a  complete 

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

f o r c e  measurements a t  3 speeds ,  3 l o a d s ,  7 s l i p  a n g l e s ,  w i t h  

l o n g i t u d i n a l  s l i p ,  s ,  v a r i e d  from zero t o  u n i t y ,  were o b t a i n e d  

w i t h  t h e  new r a d i a l  t i r e  ( H - 5 )  f o r  t h e  purpose of developing  a  

d e t a i l e d  mathematical  r e p r e s e n t a t i o n  of  t i r e  s h e a r  f o r c e  cha rac -  

t e r i s t i c s .  Experimental  f i n d i n g s  r e s u l t i n g  from t e s t i n g  t i r e s  

a t  combined l a t e r a l  and l o n g i t u d i n a l  s l i p  w i l l  a l s o  be  found i n  

Appendix 1. 

For purposes of  e v a l u a t i n g  t r a c t i o n  q u a l i t y ,  t h e  s h e a r  f o r c e  

d a t a  ga the red  f o r  t h e  10 t i r e s  has  been ana lyzed  i n  terms o f  

(1) maximum l a t e r a l  f o r c e ,  (2) locked-wheel b rak ing  f o r c e ,  (3) 

maximum brak ing  f o r c e  and, ( 4 )  maximum r e s u l t a n t  f o r c e  a t  8 O  

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

summarized i n  Tables  2 through 5 .  

For t h e s e  p a r t i c u l a r  t i r e s  t h e  r a d i a l  t i r e s  produced l a r g e r  

s h e a r  f o r c e s  (on t h e  average)  than  t h e  b e l t e d  b i a s  t i r e s  and t h e  

. b e l t e d  b i a s  t i r e s  produced l a r g e r  f o r c e s  than  t h e  cross b i a s  

t i r e s .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  some c a s e s  t h e  f u l l y -  

worn r a d i a l  t i r e ' s  performance exceeded t h e  performance o f  t h e  

ha l f -worn  r a d i a l  t i r e .  S i m i l a r l y ,  t h e  fu l ly -worn  b e l t e d  b i a s  

t i r e ' s  performance exceeded t h e  ha l f -worn  b e l t e d  b i a s  t i r e  p e r -  

formance i n  some c a s e s .  

2 . 2 .  CObiPARISON OF TIRE RANKINGS AS DERIVED FROM TIRE TESTS 
AND TIRE-VEHICLE SYSTEPl TESTS 

The t r a c t i o n  measurements summarized i n  Tables  2 through 5 

have been ana lyzed  t o  rank t h e  1 0  t e s t e d  t i r e s  according  t o  







TABLE 4. MAXIMUM BRAKING FORCE 

Fxmax 
(0° Steer Angle) 

LOAD/SPEED A-1 AS-1 A-5 RB-5 RB-1 H-5 D-2 WA-5 WA-9 S-2-47 SURFACE 

600 lbs/30 mph 280 395 430 46s 450 470 335 445 480 410 Concrete 

1000/30 465 , 655 680 67 5 725 700 '570 6 50 760 690 i Concrete 

1400/30 69 5 875 885 1000 1010 960 880 9 25 950 990 Concrete 

1000/10 6 4 0 680 660 735 735 770 755 705 735 635 Concrete 

lOOO/SO 240 460 590 560 650 330 480 67 5 625 ! Concrete 
# 

600 lbs/30 mph 280 330 350 350 325 415 325 325 4 00 280 Asphalt 

! 000/30 430 490 650 655 560 690 600 5 50 6 4 0 480 . Asphalt 

1400/30; , , .  620 545 825 I 940 . 765, 860 700 7 4 0 800 630 1 Asphalt 

1000/10 .. 450 . 560 , 650 635 - .  600, 700 710 560 600 455 , Asphalt 

lOOO/SO 4 10 500 515 565 735 490 480 560 410 Asphalt 

600 lbs/30 mph 145 200 300 3 10 240 375 210 225 380 2S0f Jennite 

1000/30 215 340 385 460 425 530 370 365 455 365 Jennite 

1400/30 330 400 515 750 5 4 5  700 510 49 5 6 50 495 ' Jennite 

1000/10 550 510 515 54 0 540 670 655 . 530 555 520' Jennite 

lOOO/SO 145 175 325 300 490 210 2 50 375 220 j Jennite 





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

and l o n g i t u d i n a l  f o r c e  o u t p u t .  These r ank ings  were developed f o r  

3 speeds (10,  30, and 50 mph), 3  l o a d s  (600, 1000, and 1400 l b s ) ,  

and 3  s u r f a c e s  ( c o n c r e t e ,  j e n n i t e ,  and a s p h a l t )  excep t  f o r  t h e  

maximum r e s u l t a n t  f o r c e  d a t a  which were ob ta ined  a t  only  one 

combination of speed and load .  The r e s u l t i n g  rankings  a r e  given 

i n  Appendix 2 .  

I t  i s  bo th  t e d i o u s  and d i f f i c u l t  t o  compare rankings  o f  t i r e s  

a s  o b t a i n e d  from d i r e c t  t r a c t i o n  measurements and t i r e - v e h i c l e  

system performance t e s t s .  Accordingly,  r a n k - d i f f e r e n c e  c o r r e l a -  

t i o n s  [3]  have been computed i n  s e l e c t e d  c a s e s  where meaningful 

comparisons a r e  thought  t o  e x i s t .  For example, t h e  v e l o c i t y  a t  

"breakaway1' i n  a  J - t u r n  i s  r e l a t e d  t o  t h e  l a t e r a l  a c c e l e r a t i o n  a t  

breakaway and, s i n c e  t h e  l a t e r a l  a c c e l e r a t i o n  of  t h e  v e h i c l e  i s  

c l e a r l y  r e l a t e d  t o  t h e  l a t e r a l  f o r c e  produced by t h e  t i r e s ,  i t  i s  

meaningful t o  compare rankings  of t i r e s  based on maximum v e l o c i t y  

achieved b e f o r e  breakaway ( i n  v e h i c l e  t e s t s )  w i t h  rankings  based 

on measurements of  peak l a t e r a l  f o r c e .  The i n d i v i d u a l  rankings  

of t i r e s  accord ing  t o  t h e i r  peak l a t e r a l  f o r c e  o u t p u t  were com- 

bined t o  y i e l d  t h e  "average" rankings  t a b u l a t e d  i n  Table 6 .  Rank- 

d i f f e r e n c e  c o r r e l a t i o 2 s  wi th  t h e  o v e r a l l  ranking* o b t a i n e d  i n  t h e  

J - t u r n  maneuver a r e :  

(1) ,948 based on t h e  average  ranking  ob ta ined  i n  t i r e  

t e s t s  conducted a t  1 0 ,  30, and 50 mph a t  1 0 0 0  l b s .  

on a l l  3  t e s t  s u r f a c e s .  

( 2 )  .964 based on t h e  average  ranking  ob ta ined  i n  t i r e  

t e s t s  conducted a t  5 0  mph a t  1000 l b s .  on a l l  3  

t e s t  s u r f a c e s .  

"he XNBS J - t u r n  rankings Icere s u 9 p l i e d  by t h e  Bureau of 
S tandards .  



TABLE 6 .  RANKINGS OF 1 0  TIRES BY LATERAL FORCE 

A B C D E 
Highest H-5 H -  5 H - 5  H-5 H-5 

RB- 5  RB-5 RB-5 RB-1 RB-5 

WA- 9 R B - 1  RB - 1 RB-5 R B - 1  

RB - 1 WA-9 WA- 9  WA- 9 WA- 9 

A- 5  S-2-47 S-2-47 A-5 A-5 j Tie 
S-2-47 A-5 A- 5  D-  2 D - 2  

WA- 5  D -  2 IVA - 5  S-  2 -47  S-2-47 

A S - 1  WA- 5  D-  2 WA- 5  WA- 5 

D - 2  A S - 1  A S - 1  A 5 - 1  A S - 1  

Lowest A - 1  A - 1  A - 1  A- l A - 1  

A) NBS combined J-curve breakaway-speed rankings ,  averaged 

f o r  3  su r f aces .  

B) MTT peak l a t e r a l  f o r c e . d a t a  average ranking f o r  1 0 ,  30, 

and 50 mph a t  1000 l b s  on a l l  t h r e e  su r f aces .  

C) MTT peak l a t e r a l  f o r ce  da ta  average ranking f o r  50 mph 

--at--1.000 l b s  on a l l  t h r e e -  s u r f a c e s .  

D) MTT peak l a t e r a l  f o r ce  data  average ranking f o r  30 mph 

a t  600, 1 0 0 0 ,  and 1400 l b s  on a l l  t h r e e  s u r f a c e s .  

E) MTT peak l a t e r a l  fo rce  da t a  average ranking f o r  1 0 ,  3 Q ,  

and 50  mph; 6 0 0 ,  1 0 0 0 ,  and 1 4 0 0  l b s  on a l l  t h r ee  s u r f a c e s .  



( 3 )  ,891  based on t h e  average  r ank ing  o b t a i n e d  i n  

t i r e  t e s t s  conducted a t  30 rnph a t  600, 1000, 

and 1400 l b s .  on a l l  t h r e e  t e s t  s u r f a c e s .  

( 4 )  ,915 based on t h e  o v e r a l l  speed- load  r ank ing  f o r  

peak l a t e r a l  f o r c e  (Column E of Table 6 ) .  

The above c i t e d  c o r r e l a t i o n s  i n d i c a t e  t h a t  good correspondence 

e x i s t s  between v e h i c l e  t e s t s  and measurements made w i t h  t h e  mobile 

t i r e  t e s t e r .  During a  J - t u r n  t e s t ,  each t i r e  o p e r a t e s  a t  a  

d i f f e r e n t  l o a d  (due t o  load  t r a n s f e r )  and thus  i t  appea r s  

r easonab le  t o  average a c r o s s  l o a d s .  S i n c e ,  f o r  t h e  most p a r t ,  

t h e  J - t u r n  t e s t s  were conducted a t  v e l o c i t i e s  between 4 0  and 50 

mph, i t  i s  reasonab le  t o  a n t i c i p a t e  t h a t  a  comparison based on 

t i r e  d a t a  c o l l e c t e d  a t  50 mph should  y i e l d  a  h i g h e r  r ank-  

d i f f e r e n c e  c o r r e l a t i o n  a s  was a c t u a l l y  o b t a i n e d .  I n  g e n e r a l ,  

t h e  r e s u l t s  seem t o  i n d i c a t e  t h a t  a  J - t u r n  t e s t  and measurements 

of  peak l a t e r a l  f o r c e  w i l l  g ive  n e a r l y  t h e  same t r a c t i o n  ranking  

f o r  a  s e t  of  t ires wi th  some s l i g h t  r e o r d e r i n g  due t o  d i f f e r e n t  

l o a d  and speed c o n d i t i o n s .  

I n  t h e  locked-wheel s topp ing  d i s t a n c e  t e s t s ,  l o a d  i s  t r a n s -  

f e r r e d  from t h e  r e a r  t o  t h e  f r o n t  t i r e s  and t h e  speed of t h e  

v e h i c l e  d e c r e a s e s  from t h e  i n i t i a l  v e l o c i t y  t o  ze ro .  Accordingly ,  

i t  seems a p p r o p r i a t e  t o  compare t h e  ranking  of t h e  t e n  t e s t  t i r e s  

ob ta ined  a t  a  100 p e r c e n t  s l i p  c o n d i t i o n  averaged over  a l l  speeds 

and l o a d s  w i t h  rankings  based on t h e  NBS s k i d d i n g  d i s t a n c e  ove r -  

a l l  average  ( s e e  Table 7 ) .  On s o  doing ,  a  r a n k - d i f f e r e n c e  

c o r r e l a t i o n  of ,879 was ob ta ined .  C l e a r l y ,  b e t t e r  c o r r e l a t i o n  

i s  o b t a i n e d  i n  t h e  J - t u r n  than  i n  t h e  locked-wheel  s topp ing  d i s -  

t ance  t e s t .  S ince  peak l o n g i t u d i n a l  f o r c e  measurements a r e  

ob ta ined  w i t h  t h e  MTT, i t  i s  of  i n t e r e s t  t o  compare rankings  

based on peak l o n g i t u d i n a l  f o r c e  wi th  rankings  based on sk idd ing  

d i s t a n c e  and a l s o  wi th  rankings  based on 1 0 0 %  s l i p  measurements. 



TABLE 7, SKIDDING DISTANCE VERSUS PEAK LONGITUDINAL 
FORCE AND LOCKED-WHEEL BRAKING FORCE 

Highest 

Lowest 

WA- 9 H-5 WA-9 

H-5 WA-9 H - 5  

RB-5 

RB - 1 

A- 5 

D- 2 

WA- 5 

S-2-47 

AS-1 

A-1 

RB - 5 

RB-1 

WA- 5 

A-5 

S-2-47 

D- 2 

AS-1 

A-1 

A) NBS skidding distance average ranking for 3 surfaces. 

B) MTT data average ranking of peak longitudinal force 

for 10, 30, and 50 mph, at 600, 1000, and 1400 lbs, 

on all 3 surfaces. 

C) MTT data average ranking of longitudinal force for 

100% slip for 10, 30, and 50 mph, at 600, 1000, and 

1400 l b s ,  on all 3 surfaces. 



A c o r r e l a t i o n  o f  ,818 i s  o b t a i n e d  on comparing peak l o n g i t u d i n a l  

f o r c e  v e r s u s  s k i d d i n g  d i s t a n c e ;  a  c o r r e l a t i o n  o f  ,927 e x i s t s  

between peak l o n g i t u d i n a l  f o r c e  measurements and t h e  100% s l i p  

measurements ( s e e  Table 7 ) .  I n  g e n e r a l ,  t h e  r ank ings  based  on 

sk idd ing  d i s t a n c e  measurement compare r easonab ly  w e l l  w i t h  t h e  

rankings  based on t i r e  t e s t  d a t a .  Note t h a t  t h e  v e h i c l e  t e s t  

does no t  e x e r c i s e  t h e  t i r e  over  i t s  f u l l  range  of  b r a k i n g  p e r -  

formance, namely, from peak b r a k i n g  t o  t h e  locked-wheel  c o n d i t i o n .  

Comparisons o f  peak r e s u l t a n t  f o r c e  r ank ing  w i t h  t h e  t i r e  

r ank ings  based on f r e e - r o l l i n g  s i d e  f o r c e ,  100% s l i p  b r a k i n g  f o r c e ,  

and peak b rak ing  f o r c e  y i e l d  c o r r e l a t i o n s  o f  ,864 ,  ,802 ,  and .923, 

r e s p e c t i v e l y  ( s e e  Table 8 ) .  Thus i t  appears  t h a t  peak r e s u l t a n t  

f o r c e  cannot  be used  i n t e r c h a n g e a b l y  wi th  f r e e - r o l l i n g  s i d e  f o r c e  

o r  100% s l i p  l o n g i t u d i n a l  f o r c e  r ank ings  ( o r  v i c e  v e r s a ) .  

The c o r r e l a t i o n s  which have been o b t a i n e d  i n  t h i s  s t u d y  

a r e  h igh .  This  i s  n o t  s u r p r i s i n g  from t h e  v iewpoint  of  v e h i c l e  

mechanics,  t h a t  i s ,  t i r e  f o r c e s  de termine  v e h i c l e  motion and t h u s  

t h e  t i r e  f o r c e s  which a r e  most impor tan t  i n  a  p a r t i c u l a r  v e h i c l e  

maneuver c o r r e l a t e  c l o s e l y  w i t h  t h e  v e h i c l e  motion.  However, one 

might expec t  lower c o r r e l a t i o n s  due t o  t h e  expe r imen ta l  d i f f i -  

c u l t y  i n  conduct ing  s k i d d i n g  d i s t a n c e  t e s t s .  I t  i s  b e l i e v e d  

t h a t  t h e  number of  t i r e  t e s t  c o n d i t i o n s  which were combined i n t o  

t h e  t i r e  r ank ings  was s u f f i c i e n t l y  l a r g e  t o  e s t a b l i s h  uniform 

r e s u l t s .  Thus, h igh  c o r r e l a t i o n s  were o b t a i n e d .  

2.3.  TIRE REPRESENTATION AND TIRE PARAMETERS 

2 .3 .1 .  TIRE REPRESENTATION, I n  a  p rev ious  s t u d y  [ 2 3  a  

t i r e  s h e a r  f o r c e  model which was des igned  t o  be v a l i d  f o r  r e p r e -  

s e n t i n g  bo th  l a t e r a l  and l o n g i t u d i n a l  f o r c e  components when t h e  

t i r e  i s  o p e r a t e d  a t  v a r i o u s  combinat ions o f  l o a d ,  speed ,  s l i p  

a n g l e ,  and l o n g i t u d i n a l  s l i p  was developed.  This  model i s  

d e s c r i b e d  by t h e  fo l lowing  e q u a t i o n s :  



Highest 

TABLE 8 .  PEAK RESULTANT FORCE VERSUS PEAK LATERAL 
AND LONGITUDINAL FORCE COMPONENTS 

WA-9 R B - 1  H-5 WA- 9 

A -  5 RB-51Tie R B - 1  }Tie RB - 5 

RB-l)Tie WA- 9 RB - 5 RB-1 

RB-5 S-2-47 WA-5 A - 5  

} Tie 
A- 5 S-2-47 D- 2 

S-2-47 
D-2)Tie D-  2 

S-2-47 

D -  2 WA- 5 A-  5  WA- 5  

Lowest A -  1 A-1 A - 1  A - 1  

A) MTT da ta  peak r e s u l t a n t  f o r c e  a t  8 O  s l i p  -angle,  30 mph, 

1000 l b s  load ,  averaged f o r  3 su r f ace s .  

B) MTT da ta  peak l a t e r a l  f o r c e  a t  30 mph, 1000 'Ibs load ,  

averaged f o r  3 su r f ace s .  

C )  MTT da t a  1 0 0 %  s l i p  braking f o r c e  a t  30 mph, 1000 l b s  load ,  

averaged f o r  3 su r f ace s .  

D) MTT da ta  peak braking f o r c e  a t  30 mph, 1000 l b s  load ,  

averaged f o r  3 su r f ace s .  



Ca t a n  a  

(2 - A) A, f o r  A c 1 
with  

1 , f o r  A 2 1 - 

where 

2 2 -1/2 
[ (Css) + (Ca t a n  a) I 

, 1 / 2  
Vs = UW(sZ + t a n  a ) 

and where . 
F, i s  t h e  l o n g i t u d i n a l  f o r c e  

F is  t h e  l a t e r a l  f o r c e  
Y 

V, i s  t h e  s l i d i n g  v e l o c i t y  

F z  i s  t h e  v e r t i c a l  load  

Uw i s  t h e  v e l o c i t y  of t r a v e l  of t h e  wheel 

a i s  t h e  s l i p  angle  

s  i s  t h e  l o n g i t u d i n a l  s l i p  

C, i s  t he  l o n g i t u d i n a l  s t i f f n e s s  of t h e  t i r e  

Ca i s  t h e  co rne r ing  s t i f f n e s s  of t h e  t i r e  

"0 i s  t h e  zero speed va lue  of f r i c t i o n  c o e f f i c i e n t ,  p 

AS i s  t h e  decrease  i n  f r i c t i o n  c o e f f i c i e n t  wi th  

s l i d i n g  v e l o c i t y ,  V S .  



I n  S e c t i o n  1 of  volume I1 t h e  assumptions which l e d  t o  t h i s  

compact s imple  t i r e  model a r e  re-examined and t h e  model i s  

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

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

s l i d i n g .  A " t r a n s i t i o n t '  r e g i o n  between t h e  adhes ion  r e g i o n  and 

t h e  s l i d i n g  r e g i o n  of t h e  c o n t a c t  p a t c h  i s  d e f i n e d .  These changes 

i n  t h e  model have l a r g e  i n f l u e n c e s  i n  c a s e s  where t h e  t i r e  is 

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

s imul t aneous ly .  I n  cases  where t h e  t i r e  i s  r e q u i r e d  t o  produce 

p r i m a r i l y  l o n g i t u d i n a l  o r  l a t e r a l  f o r c e ,  b u t  n o t  bo th ,  such a s  

d i agona l  braking  o r  J - t u r n  maneuvers,  t h e  extended model has  

l i t t l e  advantage over  t h e  o r i g i n a l  model. 

D i f f i c u l t i e s  i n  j u s t i f y i n g  t h e  assumptions r e q u i r e d  t o  

develop a  s imple  t i r e  s h e a r  f o r c e  model have caused many r e s e a r c h e r s  

t o  look  f o r  mathematical  methods f o r  r e p r e s e n t i n g  t i r e s  i n  v e h i c l e  

dynamics s t u d i e s .  One such method, c a l l e d  t h e  " s i m i l a r i t y  method," 

has  been found t o  have c o n s i d e r a b l e  u t i l i t y  f o r  d e s c r i b i n g  t i r e  

l a t e r a l  f o r c e  c h a r a c t e r i s t i c s  141. I n  S e c t i o n  2 o f  Volume I 1  

t h i s  mathematical  procedure f o r  f i t t i n g  t i r e  d a t a  i s  extended t o  

t h e  complete t i r e  t r a c t i o n  f i e l d .  Also ,  an example i n  which t h i s  

method i s  a p p l i e d  t o  t h e  H - 5  t i r e  i s  g iven  i n  S e c t i o n  2 o f  

Volume 11. 

Because o f  t h e i r  s i z e  and complexi ty ,  n e i t h e r  t h e  extended 

model nor  t h e  s i m i l a r i t y - m e t h o d  r e p r e s e n t a t i o n  were used i n  t h i s  

s tudy  t o  ana lyze  t h e  locked-wheel  d i agona l -b rak ing  and J - t u r n  

maneuvers. I n s t e a d ,  t h e  f r i c t i o n  e x p r e s s i o n  ( 5 )  i n  t h e  o r i g i n a l  

model was made a  l i n e a r  f u n c t i o n  of  bo th  s l i d i n g  speed and l o a d .  

F u r t h e r ,  t h e  v a l u e s  of t h e  parameters  used  i n  t h e  model were 

s e l e c t e d  t o  p rov ide  a  l e a s t  mean squa re  e r r o r  f i t  t o  t h e  t i r e  

t e s t  d a t a  over  t h e  range of  t i r e  o p e r a t i n g  c o n d i t i o n s  of  most 

importance i n  t h e  v e h i c l e  maneuvers invo lved .  Thus, s e p a r a t e  

f r i c t i o n  parameters  were o b t a i n e d  f o r  t h e  J - t u r n  and t h e  

d iagona l -b rak ing  s t o p .  



2.3.2. TIRE PARAMETERS. 

2.3.2.1. Longitudinal Force Friction Parameters. Obviously, 

locked-wheel skidding distance results depend only on the 100% 

slip value of longitudinal force. The elastic, properties of the 

tire which are represented by the longitudinal stiffness parameter 

Cs are unimportant in determining the longitudinal force at 100% 

slip. 

The tire-road interface characteristics are functions of 

speed and load. For the purposes of this study the form of 

friction law used was: 

where Vs is the sliding velocity of the tire and Fz is the verti- 
cal load on the tire. The parameters pox, Ax, and B,, which 

minimize the squared error between the friction law (6) and 

locked-wheel tire data at the following 5 combinations of load 

and speed: 1000 lbs/lO mph, 1000 lbs/30 mph, 1000 lbs/50 mph, 

600 lbs/30 mph, and 1400 lbs/30 mph, have been determined for each 

of the 10 tires on threa different surfaces in wet condition and 

they are given in Appendix 3. Also, a comparison between the 

friction law (6) and tire data at each of the 5 combinations of 

speed and load is given in Appendix 3. (Each data point is the 

average of at least 6 repetitions with the mobile tire tester.) 

The average RMS error between px and the test data is approxi- 

mately 0.02 to 0.03 for this range of operating conditions on 

these surfaces. In general, the magnitude of the error is fairly 

uniformly spread over all 5 operating conditions and it is not 

concentrated at any one condition. (Partially, this is a result 

of the process of minimizing the squared error.) 



The following properties of the tire longitudinal friction 

law parameters have been obtained by examination of Table 15 

in Appendix 3: 

(1) pox is much greater on concrete than on asphalt 

or jennite for all 10 tires. 

(2) Usually, Ax is greater on concrete than on asphalt 

(or jennite) . Thus, the values of px for asphalt 

are only about 25% less than the values for con- 

c r e t e  ,even though p is much greater for concrete ox 
than for asphalt. The values for px on jennite 

are approximately 50% of those for asphalt. 

(3) Ax is always positive. 

(4) The median value of Ax for wet concrete is approxi- 

mately ,0055. At 44 ft/sec (30 mph), this produces 

a reduction in px from the zero speed value of 

about 0.24. On both asphalt and jennite the median 

value of Ax is approximately 0.002. 

(5) The magnitude of Bx seldom exceeds Thus, for 

1000 pounds load, the change in px from zero load is 

usually less than 0.1 due to load. 

(6) In a few cases, Bx is negative, indicating an increase 

in p with an increase in load. 
X 

2.3.2.2. Lateral Force Parameters. The maximum side force 

generated by a pneumatic tire operating at any slip angle less 

than cr equal to 16' is dependent upon the elastic properties of 

the tire and the tire-road interface friction law. 

For the case of a purely sideslipping tire, the general tire 

model (Eqns. (I) - (5)) can be reduced to the following form: 



a t  " l a rge"  s l i p  a n g l e s ,  t h a t  i s ,  f o r  / t a n  a / > y Fz/2Ca  

where i s  t h e  t i r e - r o a d  i n t e r f a c e  l a t e r a l  f r i c t i o n  law,  

F Z  i s  t h e  v e r t i c a l  l o a d  on t h e  t i r e ,  

Ca i s  t h e  t i r e  c o r n e r i n g  s t i f f n e s s ,  

and a i s  t h e  t i r e  s l i p  a n g l e .  

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

f o l l o w i n g  f u n c t i o n :  

where VS i s  t h e  s l i d i n g  v e l o c i t y  o f  t h e  t i r e .  (For  a  p u r e l y  

s i d e s l i p p i n g  t i r e ,  Vs = UW t a n  a . )  

The v a l u e  o f  c o r n e r i n g  s t i f f n e s s  pa ramete r ,  C a ,  depends upon 

t h e  e l a s t i c  p r o p e r t i e s  of  t h e  t i r e  and i t  can be de termined from 

t h e  s l o p e  o f  t h e  l a t e r a l  f o r c e  v e r s u s  s l i p  a n g l e  cu rve  a t  low 

s l i p  a n g l e s .  Previous  e x p e r i e n c e  measuring l a t e r a l  t i r e  f o r c e  on 

d r y  and modera te ly  wet ted* s u r f a c e s  i n d i c a t e d  t h a t  C a  could  be 

b e s t  de termined from f l a t  bed t e s t  r e s u l t s .  Consequently,  Ca was 

de termined from f l a t  bed t e s t s  o f  each o f  t h e  10 t e s t  t i r e s  a t  

t h e  3 l o a d s  used  i n  t h e  mobile  t i r e  t e s t e r  work. However, an 

examinat ion of  t h e  mobile  t i r e  t e s t e r  d a t a ,  g iven  i n  Appendix 1, 

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

( a t  low s l i p  a n g l e s )  v a r i e s  w i t h  b o t h  speed and load  f o r  some 

*The i n t e r n a l  w a t e r i n g  system on t h e  mobile  t i r e  t e s t e r  produces 
a nominal wa te r  depth  of 0 . 0 2  i n c h e s .  



t i r e s  when t e s t e d  on t h e  wet s u r f a c e s  used i n  t h i s  s t u d y .  The 

va lues  of  C a ,  a s  determined from t h e  mobile  t i r e  t e s t e r  d a t a ,  

a r e  given i n  Table 1 7  of  Appendix 3 f o r  3 v e r t i c a l  l oads  a t  

30 mph and i n  Table 18 of  Appendix 3 f o r  3 speeds a t  1000 pounds 

v e r t i c a l  l o a d .  I n  g e n e r a l ,  t h e  v a l u e s  o f  C a ,  determined from 

t h e  mobile t i r e  t e s t e r  d a t a ,  a r e  l e s s  t h a n  t h e  cor responding  

va lues  o f  Ca determined from t h e  f l a t  bed machine d a t a .  A s i g n i -  

f i c a n t  r e d u c t i o n  of  Ca w i t h  i n c r e a s i n g  speed was measured f o r  t h e  

fo l lowing  t i r e - s u r f a c e  combinat ions:  

T i r e  - D e s c r i p t i o n  Sur face  

A - 1  f u l l y  worn c r o s s  b i a s  j e n n i t e  

A - 1  f u l l y  worn c r o s s  b i a s  c o n c r e t e  

A - 5 - 1  hal f -worn  c r o s s  b i a s  j e n n i t e  

A-5-1 ha l f -worn  c r o s s  b i a s  c o n c r e t e  

D - 2  f u l l y  worn b e l t e d  b i a s  j e n n i t e  

D -  2 f u l l y  worn b e l t e d  b i a s  c o n c r e t e  

The A-5 t i r e  had e x c e p t i o n a l l y  low v a l u e s  o f  C a  f o r  a l l  combin- 

a t i o n s  of  l o a d  and speed exce?t  600 pounds a t  30 mph, These 

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

t h e  s l o p e  o f  t h e  l a t e r a l  f o r c e  v e r s u s  s l i p  ang le  curve  a t  low 

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

t h a t  i t  r e p r e s e n t s  t i r e - r o a d  i n t e r f a c e  p r o p e r t i e s  a s  w e l l  a s  t i r e  

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

The p rocess  of  o b t a i n i n g  t h e  l a t e r a l  f o r c e  parameters  f o r  

a t i r e  c o n s i s t e d  o f :  f i r s t ,  o b t a i n i n g  Ca from t h e  mobile t i r e  

t e s t e r  d a t a ,  second, co~nputing p from ( 7 )  u s ing  t e s t  d a t a  ob ta ined  

a t  a  s l i p  a n g l e  of 16 degrees ,  and t h i r d ,  computing M A and 
O Y '  Y '  

B t o  minimize t h e  e r r o r  between p and v a s  d e f i n e d  by ( 8 ) .  The 
Y Y 

va lues  c a l c u l a t e d  f o r  p A and B a r e  l i s t e d  i n  Table 19 ,  
O Y '  Y '  Y i 

Appendix 3 f o r  each o f  t h e  1 0  t i r e s  t e s t e d  on t h e  t h r e e  wet s u r f a c e s .  



The v a l u e s  f o r  u a s  p r e s e n t e d  i n  Table  1 9 ,  Appendix 3 a r e  
Y 

much h i g h e r  t h a n  t h e  v a l u e s  o f  u,, p r e s e n t e d  i n  Table  1 5 ,  

Appendix 3 .  Th i s  same f i n d i n g  was o b t a i n e d  i n  a  p r e v i o u s  s t u d y  

[5] where i t  was observed t h a t  t h e r e  i s  a  need t o  d i f f e r e n t i a t e  

between a  l a t e r a l  and a  l o n g i t u d i n a l  f r i c t i o n  f a c t o r .  

The r e s u l t s  g iven  i n  Table 1 9 ,  Appendix 3,  shows t h a t  t h e  

ze ro - speed /ze ro - load  v a l u e  o f  f r i c t i o n ,  r anges  from 0.628 

t o  1 .09  on wet c o n c r e t e ,  from 0.444 t o  1 .04  on wet a s p h a l t ,  and 

from 0.479 t o  1 . 0 5  on wet j e n n i t e .  These v a l u e s  o f  l..~ can be 
O Y  

ve ry  d e c e i v i n g  s i n c e  B can be p o s i t i v e  o r  n e g a t i v e  which means 
Y 

t h a t  p can d e c r e a s e  o r  i n c r e a s e  w i t h  i n c r e a s i n g  v e r t i c a l  l o a d .  
Y 

I n  one c a s e ,  namely, t h e  S-2-47 t i r e  t e s t e d  on a s p h a l t ,  t h e  d a t a  

show a  s l i g h t  i n c r e a s e  i n  p w i t h  speed  (A n e g a t i v e ) .  I n  
Y Y 

g e n e r a l ,  p i s  much l e s s  s e n s i t i v e  t o  speed  (A s m a l l e r )  on t h e  
Y Y 

a s p h a l t  s u r f a c e  than  on t h e  c o n c r e t e  o r  j e n n i t e  s u r f a c e s .  (The 

a s p h a l t  s u r f a c e  has  a much g r e a t e r  macro tex tu re  t h a n  t h e  c o n c r e t e  

o r  j e n n i t e  s u r f a c e s . )  

For purposes  of s i m u l a t i n g  performance i n  a  J - t u r n  maneuver, 

i t  appeared  a d v i s a b l e  t o  s e l e c t  combinat ions  o f  l o a d ,  speed ,  and 

s l i p  a n g l e  ( f o r  e x t r a c t i n g  p A and B ) t h a t  l i e  w i t h i n  t h e  
OY' Y '  Y 

range  of c o n d i t i o n s  a t  which a  t i r e  o p e r a t e s  i n  a  J - t u r n  maneuver. 

Accordingly ,  a  l e a s t  squa res  f i t  o f  p, t o  t h e  l a t e r a l  f r i c t i o n  
1 

was g e n e r a t e d  f o r  t h e  fo l lowing  f i v e  t e s t  c o n d i t i o n s :  

LOAD, -POUNDS 
S L I P  ANGLE 

-SPEED, MPH . - DEGREES 



The r e s u l t s  a r e  g iven  i n  Table 20, Appendix 3.  On u s i n g  t h e s e  

va lues  o f  p oy' Ay' and B 80% o f  t h e  s i d e  f o r c e s  computed w i t h  
Y '  

Equat ion (7) were w i t h i n  30 pounds o f  t h e  measured s i d e  f o r c e s  

over  a  range  of  c o n d i t i o n s  o f  importance t o  t h e  J - t u r n  maneuver, 

2 .3 .2 .3 .  Summary of  T i r e  Parameter  R e s u l t s .  Tables  1 5 ,  

20, 17 and 18 i n  Appendix 3  g i v e  t h e  t i r e  pa ramete r s  (pox,  AX, 

BX, P Y ,  A ~ 9  , and Ca) needed f o r  s i m u l a t i n g  t i r e  s h e a r  f o r c e  
c h a r a c t e r i s t i c s  i n  locked-wheel b r a k i n g  and J-  t u r n  maneuvers. The 

assumed l i n e a r  f r i c t i o n  laws g i v e  an ave rage  RMS e r r o r  of about  

0.02 t o  0.03 i n  e i t h e r  p o r  px over  t h e  range  of  s p e e d s ,  l o a d s ,  
Y 

and s u r f a c e s  used i n  the .  t i r e  t e s t  program. I t  i s  l i k e l y  t h a t  a  

n o n l i n e a r  f r i c t i o n  law would be more r e p r e s e n t a t i v e  of  t h e  

observed phenomena. However, g r e a t e r  knowledge concern ing  t h e  

even t s  t a k i n g  p l a c e  a t  t h e  t i r e - r o a d  i n t e r f a c e  i s  needed i n  o r d e r  

t o  develop t h e  a p p r o p r i a t e  form f o r  a  f r i c t i o n  law.  

2.4. ANALYSIS AND SIMULATION OF TIRE-VEHICLE SYSTEM PERFORMANCE 

2 . 4 . 1 .  ANALYSIS AND 'SIMULATION OF LOCKED-WHEEL DIAGONAL- 

BRAKING. C o n s i d e r a t i o n  of t h e  locked-wheel  d i a g o n a l - b r a k i n g  

maneuver l e a d s  t o  t h e  conc lus ion  t h a t  a  ve ry  s imple  model can  be 

used t o  compute sk idd ing  d i s t a n c e .  The f o l l o w i n g  d i f f e r e n t i a l  

equa t ion  a p p l i e s :  

where 

m i s  t h e  mass of t h e  v e h i c l e  

x is  t h e  s k i d d i n g  d i s t a n c e  

pxF i s  t h e  f r i c t i o n  e x p r e s s i o n  f o r  t h e  braked  f r o n t  t i r e  

pxR i s  t h e  f r i c t i o n  e x p r e s s i o n  f o r  t h e  braked  r e a r  t i r e  

F Z F  i s  t h e  l o a d  on t h e  braked  f r o n t  t i r e  

F i s  t h e  l o a d  on t h e  braked r e a r  t i r e .  ZR 

2 3 



In Appendix 4 it is shown that (9) can be reduced to the 

following form: 

where 

where 

Vs = "or a locked wheel and W = mg. 

The solution to (lo), yielding the stopping distance, x, is 

where 

and 

tf is the stopping time, 

i(o) is the initial velocity with 

For example: 

For the SAE reference tire, S-2-47, on wet concrete, Table 
15, Appendix 3 gives pox = , 6 5 6 ,  Ax = 0.00255, and Bx = 0,0000446. 
For i ( o )  = 4 4  ft/sec (30 n p h ) ,  Equations (11) and (12) predict a 

skidding distance, i(tf) of 114 feet. 



Values of  s k i d d i n g  d i s t a n c e  computed from (11) f o r  a l l  10 

t i r e s  on a l l  t h r e e  s u r f a c e s  a r e  p r e s e n t e d  i n  Table 9 f o r  i n i t i a l  

v e l o c i t i e s  of 30 and 5 0  mph. Also ,  t h e  r e s u l t s  of t h e  v e h i c l e  

t e s t s  [ 6 ]  a r e  g iven  i n  Table 9 .  For 30 mph on wet c o n c r e t e ,  a  

s imple model of  t h e  t i r e - v e h i c l e  system does e x t r a o r d i n a r i l y  

w e l l  a t  p r e d i c t i n g  sk idd ing  d i s t a n c e .  F a i r l y  good r e s u l t s  a r e  

ob ta ined  on t h e  o t h e r  two s u r f a c e s  a t  30 mph. A t  50 mph t h e r e  

a r e  numerous cases  where t h e  computed s k i d d i n g  d i s t a n c e s  a r e  

s l i g h t l y  longer  than  t h e  measured d i s t a n c e s .  The r easons  f o r  

t h e s e  d i f f e r e n c e s  w i l l  be exp la ined  i n  a  fo l lowing  d i s c u s s i o n  on 

t h e  s e n s i t i v i t y  o f  sk idding  d i s t a n c e  t o  t e s t  c o n d i t i o n s  

( e s p e c i a l l y  t o  t i r e / r o a d  i n t e r f a c e  p a r a m e t e r s ) .  

The v a l u e s  of t h e  p a r t i a l  d e r i v a t i v e s  of  s k i d d i n g  d i s t a n c e ,  

x ,  wi th  r e s p e c t  t o  t h e  t i r e  parameters  (pox, A,, and Bx), t h e  

v e h i c l e  weight ,  W, and t h e  i n i t i a l  v e l o c i t y ,  Vo ,  a r e  g iven  i n  

Table 2 1 ,  Appendix 4 .  These v a l u e s  can be used t o  e v a l u a t e  t h e  

i n f l u e n c e  o f  t i r e  parameters ,  l o a d ,  and i n i t i a l  v e l o c i t y  changes 

on sk idd ing  d i s t a n c e .  I n  g e n e r a l ,  t h e  va lues  of t h e s e  p a r t i a l  

d e r i v a t i v e s  (sometimes c a l l e d  s e n s i t i v i t y  c o e f f i c i e n t s )  i n d i c a t e  

t h a t  sk idd ing  d i s t a n c e  i s  a  very  s e n s i t i v e  f u n c t i o n  o f  i n i t i a l  

v e l o c i t y  and t h e  f r i c t i o n  pa ramete r s ,  uox  and A x .  Accordingly ,  

very p r e c i s e  c o n t r o l  of  i n i t i a l  v e l o c i t y ,  water  dep th ,  and s u r f a c e  

f r i c t i o n  p r o p e r t i e s  a r e  needed t o  minimize t h e  amount of s c a t t e r  

ob ta ined  i n  s k i d d i n g  d i s t a n c e  t e s t s  and l i k e w i s e  very  p r e c i s e  

c o n t r o l  o f  v e l o c i t y ,  water  dep th ,  and s u r f a c e  f r i c t i o n  p r o p e r t i e s  

a r e  needed t o  o b t a i n  r e p e a t a b l e  r e s u l t s  u s i n g  t i r e  t e s t  dev ices .  

Also, t i r e  t e s t  r e s u l t s  a t  a  number of v e l o c i t i e s  a r e  needed t o  

p r e d i c t  sk idd ing  d i s t a n c e  s i n c e  s k i d d i n g  d i s t a n c e  i s  h i g h l y  

dependent upon t h e  r a t e  of change of  f r i c t i o n  wi th  v e l o c i t y ,  i . e . ,  

Ax.  S p e c i f i c  examples u i l ?  be g i ~ c n  l a t e r .  

The hybr id  computer was used t o  examine t h e  wheel lockup 

process  i n  more d e t a i l  because i n  t h e  v e h i c l e  t e s t s  t h e  i n i t i a l  

velocit>y was recorded  a t  brake a p p l i c a t i o n  b u t  s k i d d i n g  d i s t a n c e  



TABLE 9. SKIDDING DISTANCE COMPARISON 

En t r i e s  a r e  Skidding Distance i n  Feet  

TIRE 

A -  1 

A5 - 1 

A- 5 

RB-5 

RB - 1 

H-5 

D-2 

WA- 5 

WA-9 

S-2-47 

ASPHALT JENNITE 

30 mph 

a 
Q) a, 
rl C, 
U 3 

.f4 c, 
,m B 
a ,  0 
>e CJ 

287 321 

291 354 

269 372 

270 236 

270 279 

265 263 

300 258 

266 295 

233 253 

276 326 

30 mph 

a 
Q) al 
4 4J 
U 3 
*d c, c, 
m E 
a a ,  0 
>b  u 

150 197 

147 176 

129 144 

144 136 

143 152 

135 127 

154 145 

150 159 

120 142 

150 179 

50 mph 

a 
al a, 
4 C, 
U 3 
.d c, 
c a  2' 
a a ,  0 > u 

459 570 

420 549 

370 447 

406 420 

405 522 

373 395 

439 459 

396 478 

360 411 

413 509 

CONCRETE 

30 mph 

a 
a, a, 

+' 
U 3 
14 C, 
c. 2' 
Q ) a ,  0 

>E-c U 

128 138 

115 123 

115 119 

111 111 

106 105 

109 105 

126 119 

126 118 

114 107 

120 114 

50 mph 

a 
a, al 
rl +' 
u 3 

.A C1 2' 
a ,a ,  0 > U 

439 694 

378 447 

356 449 

346 398 

340 341 

326 372 

394 558 

382 457 

362 340 

355 354 



was measured from t h e  p o i n t  where the  wheels locked up.  The t ime 

from brake  a p p l i c a t i o n  t o  wheel lockup was r e p o r t e d  t o  be approx i -  

mately 0.25 seconds [ 6 ] .  I n  t h e  s i m u l a t i o n ,  t h e  r a t e  o f  brake  

p r e s s u r e  i n c r e a s e  was c o n t r o l l e d  t o  produce lockup of  both  t h e  

f r o n t  and r e a r  wheel i n  0.25 seconds .  The v e l o c i t y  of t h e  v e h i c l e  

a t  wheel lockup was determined,  assuming s t o p s  w i t h  two d i f f e r e n t  

t i r e s  (a h igh-  and l o w - f r i c t i o n  t i r e ) .  Assuming an i n i t i a l  

v e l o c i t y  of  4 4  f t / s e c  (30 mph), t h e  fo l lowing  r e s u l t s  were ob ta ined :  

V e l o c i t y  a t  Lock 
T i r e  - f  t / s  ec AV, f t / s e c  

Wet Concrete  Sur face  

R B - 1  

Wet Aspha l t  Sur face  

H- 5 
Wet J e n n i t e  Sur face  

Assuming an i n i t i a l  v e l o c i t y  of 73.3 f t l s e c  ( 5 0  mph), t h e  

fo l lowing  r e s u l t s  were ob ta ined :  

T i r e  

Wet Concrete  Sur face  

V e l o c i t y  a t  Lock 
f t / s e c  AV, f t / s e c  



At 4 4  ft/sec, the sensitivity (partial derivative) of x 

with respect to initial velocity is 8.17 ftIftlsec for the A-1 

tire on wet concrete, and 5.28 ftIftlsec for the RB-1 tire 

(see Table 21). The net change in skidding distance for the A-1 

tire is (g) (AV) or (8.17) (1.45) = 12 feet. For the RB-1 tire 

the net change in skidding distance is about 9.3 feet. For the 

asphalt and jennite surfaces, AV is smaller but the sensitivity 
is larger than for concrete so that the change in skidding (77) 

distance due to 0 . 2 5  second lockup time is about 7 feet. Thus, 

if lockup time is 0 . 2 5  seconds (which seems short), a 10-foot 

change in skidding distance is a reasonable estimate of the 

influence of lockup time on measured skidding distance at 30 mph. 

This effect is magnified for longer lockup times. 

At 50 mph (73.3 ftlsec), the skidding distance sensitivities 

to initial velocity are greatly increased. For the A-1 tire on 
ax wet concrete, (%) = 41.7 ft/ft/sec and for the RB-1 tire, 

ax 
( )  = 11.3 f t t l S e c  These values mean skidding distance changes 

of 83 feet and 29 feet, respectively, due to 0.25 seconds of lock- 

up time. 

Figure 1 shows a typical set of time histories produced in 

a simulation of a diagonal-braking, locked-wheel-stop from 50 mph 

on wet concrete. The longitudinal deceleration trace shows a 

high peak value at the beginning of the stop due to the high ratio 

of peak to slide longitudinal force near 50 rnph. As the car slows 

down, the longitudinal deceleration gradually increases because 

the friction increases with decreasing velocity. Thus, in the 

first part of the stop before wheel lockup, there is a relatively 

large loss in velocity due to the high peak braking force and at 

the end of the stop the vehicle slows down more rapidly due to 

the change of friction with velocity. 

It is of interest to compare test findings with results . 

predicted by the hybrid simulation. The simulation of the complete 
tire-vehicle system as mechanized on a hybrid computer cannot 



Acceleration 
Ax 

in g's 

Skidding Distance 
x,  ft. 

Front Left Wheel 
Rotation 
w, radlsec 

i - i I&.&-& j (Afrer ,time of Lockup) - 
o l i l : !  ) i  : I I , , , .  
Y '  , .u 1 . , ! I  

L 
1 ! 1  

Rear Right Wheel , I I q 

Rotation 
uj u, rad/sec 

: I i ! i - - !  i i 

/ 

, , I , ,  , , / I , , ,  

Forward Velocity 
I , , , :  

1 :  11 , , . . 
u, ft/sec 100- I : t . i  ; i i _ i  4 j 3 j - f .  

. r--7- , - - ! / l l / l i ! l  -- 

-.FIGURE 1 .- .'TYPICAL SIJFJLATI O N  RESULT, -DIAGONAL B W K m  I;OCKED 
W E E L  STOP, RB-1 TIRE 0% KET CONCRETE. 



operate at zero or low velocities. Thus, to compute skidding 

distance the computation was stopped at 10 ftlsec and total 

skidding distance was obtained by estimating the additional 

skidding distance required to bring the vehicle to zero velocity 

(about 5 or 6 feet on wet concrete). The results obtained for 

a high-friction tire and a low-friction tire on wet concrete are: 

Distance From 
Lockup To 

10 ft/sec Velocity 
Speed Tire (ft) 

Computed Measured 
Total Skidding 

Skidding Distance 
Distance Ift) fft) 

These differences betxeen computed and measured skidding 

distances are not surprising in light of the sensitivity of 
t 

skidding distance to friction parameters and test conditions. Note 

that the total differential for Ax is expressed by: 

For example, on substituting the sensitivity values for the A-1 

tire at 50 mph on wet concrete (see Table 21), we obtain 

Ax = -3520 Apex + 217,000 AA + 4,410,000 AB, - 0.0288 AW x 



Ten pe rcen t  v a r i a t i o n s  i n  pox ,  Ax: and Bx ( i . e . ,  

Allox I .06,  AAx : ,0008, and ABx = .000004) w i l l  l e a d  t o  changes 

of  approximately 200 f e e t ,  170 f e e t ,  and 1 7  f e e t  i n  x ,  r e spec -  

t i v e l y .  A 1000 pound change i n  load  y i e l d s  a  28 .8- foot  change 

i n  sk idding  d i s t a n c e  and a  2 f t / s e c  change i n  i n i t i a l  v e l o c i t y  

y i e l d s  an 83 .4 - foo t  change i n  sk idd ing  d i s t a n c e .  S ince  t h e  

v e h i c l e  t e s t s  and t i r e  t e s t s  were done a t  d i f f e r e n t  t imes ,  t h e  

depth of  water  on t h e  s u r f a c e  could have changed by a  s i g n i f i -  

c a n t  amount from one day t o  another  day s e v e r a l  months l a t e r .  

The s e n s i t i v i t i e s  f o r  sk idd ing  d i s t a n c e  a r e  reduced a t  30 mph. 

The t o t a l  d i f f e r e n t i a l  f o r  t h e  A - 1  t i r e  on wet c o n c r e t e  a t  30 mph 

i s :  

For the  same v a r i a t i o n s  a s  before  ( i . e . ,  Apex = .06,  AAx = ,0008, 

ABx = ,000004, A = 1 0 0 0  l b s . ,  and AVO = 2 f t / s e c ) ,  t h e  c o r r e s -  

ponding changes i n  Ax a r e  approximately 20 f e e t ,  8 f e e t ,  2 f e e t ,  

2 . 7  f e e t ,  and 1 6 . 3  f e e t ,  r e s p e c t i v e l y .  

In summary, sk idding  d i s t a n c e  i s  a d i f f i c u l t  q u a n t i t y  t o  

measure r e l i a b l y  and c o n s i s t e n t l y  because ve ry  c a r e f u l  c o n t r o l s  on 

i n i t i a l  v e l o c i t y  and road s u r f a c e  c o n d i t i o n s  a r e  r e q u i r e d .  The 

s e n s i t i v i t y  of  sk idding  d i s t a n c e  t o  t h e s e  t e s t  c o n d i t i o n s  i n c r e a s e s  

a s  speed i n c r e a s e s .  Since t h e  locked wheel t i r e  l o n g i t u d i n a l  

shea r  f o r c e  i n c r e a s e s  s i g n i f i c a n t l y  a s  v e l o c i t y  d e c r e a s e s ,  i t  i s  

necessary  t o  t e s t  a  t i r e  a t  s e v e r a l  speeds t o  p r e d i c t  sk idd ing  

d i s t a n c e  wi th  reasonable  accuracy .  One might be b e t t e r  advised  t o  

work ~ i t h  d e c e l e r a t i o n  r a t h e r  than sk idd ing  d i s t a n c e .  

2 .4.2.  ANALYSIS AND SIMULATION OF J - T U R N  MANEUVERS. An 

a n a l y s i s  of  t h e  J - t u r n  i s  complicated s i n c e  i t  involves  s o l v i n g  

h igh ly  n o n - l i n e a r  d i f f e r e n t i a l  e q u a t i o n s .  An exac t  s o l u t i o n  i s  



best obtained by computer simulation. However, a simple closed 

form analysis is valuable for understanding the maneuver, for 

predicting approximate results, and for evaluating the influence 

of variations in the test conditions. 

In the development presented in Appendix 5, it is assumed 

that the lateral acceleration for a limit velocity steady turn 

can be equated to the maximum lateral acceleration the tire forces 

can produce. The resulting equation is: 

16 Ca tan a P 

where 

VL is the limit velocity 

R is the path radius of curvature 

liy 
is the lateral friction expression 

W is the weight of the vehicle 

and 

Ca is the cornering stiffness of the tires 

a is the slip angle for maximum tire force. 
P 

Examination of the tire data indicates that 8 "  is a rough 

approximation to a for these tires on these surfaces. The lateral 
P 

friction coefficient is expressed as 

- B W 

IlY 
- - A V  tana -1 

0 y L P 4 

Equation (lj), in combination with Equation (14), has been solved 
for all 10 tires on each of the 3 surfaces to obtain V L .  These I 

results are given in Table 22, Appendix 5 .  Further, Equations (13) 

and (14) have been differentiated to obtain the rate of change of 



VL with y A B Ca and W. The values of these sensitivity 
OY' Y' Y' 

coefficients are presented in Table 22, Appendix 5. 

The limit velocity predicted by the simple analysis with the 

aid of tire test data is compared in Table 10 with the test 

results obtained by NBS. It is seen that the calculated limit 

velocity is about 10% higher than the measured limit velocity. 

There is some reordering in the relative ranking of the tires, 

but the rank correlations between measured and computed results 

(0.824 for wet concrete, 0.852 for wet asphalt, and 0.782 for 

wet jennite) are fairly high. 

The values of the sensitivity coefficients indicate that the 

J-turn limit velocity, VL, is fairly insensitive to A B and 
Y' Y' 

Ca and that it is sensitive to p and W .  Typically, a 5% change 
OY 

in p produces close to a 2 ft/sec change in VL. This maneuver 
0 Y 

does not appear to be as sensitive to test conditions as the 

skidding distance test. 

It is interesting to note that VL varies approximately as 

the square root of the tire lateral force, F 
Y' 

Thus, for the 
same percentage resolution in F as in VL a better ranking of Y 
tires can be obtained by using F rather than by using VL. 

Y 
A more exact analysis of the J-turn was made with the aid of 

a hybrid computer simulation [6] of the SSL '68 Belair Chevrolet, 

The simulation, developed in an earlier study performed for NBS 
[2], was revised to compute tire force characteristics on the 

digital computer. This change permitted a more complex represen- 

tation of the side force characteristics of the tires. The values 

of Ca given in Tables 17 and 18 were used in these calculations. 

The friction uy was treated as a function of speed and load as 
given by ( 8 1 ,  ~ i t h  A and B as tabulated in Table 19, 'oy' y' Y 
Appendix 3. 



TABLE 10. J-TURN LIMIT VELOCITY COMPARISON 

Idealized 
Measured Measured , Calculation 

Surface Tire Velocity (MPH) Velocity (ft /sec) Rank (f t/sec) Rank 

Concrete A-1 
11 

38.7 56.8 10 71.1 10 

11 
AS-1 41.0 60.1 9 73.8 8.5 
A- 5 

11 
45.0 66.0 6 73.8 8.5 

RB-5 
1 I 

48.3 70; 9 1 75.6 3 
RB-1 

11 
47.0 69.0 4 79.5 1 

I I -  5 48 .O 70.4 2 79.2 2 
11 D- 2 
11 

41.3 60.5 8 74.9 5.5 
WA- 5 

11 
43.0 63.0 7 74.4 7 

11 
WA- 9 47.5 69.6 3 75.1 4 
S-2-47 46.0 67.5 5 74.9 5.5 

Asphalt 
11 

A- 1 
AS-1 
A- 5 
RB- 5 
RB-1 
f1- 5 
D- 2 
WA- 5 
WA-9 
S-2-47 

Jennite 
l *  

11 

11 

11 

11 

A-1 
AS-1 
A- 5 
RB- 5 
RB- 1 
H-5 
D- 2 
WA-5 
WA- 9 
S-2-47 



In s i m u l a t i n g  t h e  J - t u r n  manevuer a s  conducted by NBS, two 1 
! 

q u e s t i o n s  a r i s e :  (1) What i s  t h e  p rope r  s t e e r i n g  wheel i n p u t ?  
l 

and ( 2 )  How i s  "breakaway" de te rmined  a n a l y t i c a l l y ?  I n  t h e  
i 

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

execu t e  t h e  288 - foo t  r a d i u s  t u r n  marked on t h e  s k i d  pad.  Appa ren t l y ,  

he  i s  a b l e  t o  do t h i s  a f t e r  c o n s i d e r a b l e  p r a c t i c e .  C l e a r l y ,  t o  

s i m u l a t e  t h i s  maneuver, a  s t e e r i n g  t ime h i s t o r y  has  t o  b e  s p e c i -  

f i e d .  An examina t ion  of u n c a l i b r a t e d  r e c o r d i n g s  o f  s t e e r i n g  wheel 

a n g l e  showed t h a t  t h e  form and d u r a t i o n  o f  t h e  d r i v e r ' s  s t e e r i n g  

i n p u t  i s  a  waveform t h a t  can be approximated by a  f i l t e r e d  ramp- 

f r o n t e d  s t e p  f u n c t i o n .  By i n c r e a s i n g  t h e  f i n a l  amp l i t ude  o f  t h i s  

waveform, v e h i c l e  t u r n s  of  d e c r e a s i n g  r a d i u s  o f  c u r v a t u r e  can be 

g e n e r a t e d  and an  i n p u t  s i g n a l  p roduc ing  roughly  a  288 - foo t  r a d i u s  

t u r n  can  be  found .  However, a  d i f f e r e n t  i n p u t  i s  r e q u i r e d  f o r  

d i f f e r e n t  v e h i c l e  speeds  and d i f f e r e n t  t i r e - s u r f a c e  combina t ions .  

See  Appendix 6 f o r  a  d e t a i l e d  p r e s e n t a t i o n  and d i s c u s s i o n  o f  t h e  

J - t u r n  s i m u l a t i o n .  

Two t y p e s  o f  "breakaway" r e sponse  were found.  An example 

o f  a  breakaway which i s  c h a r a c t e r i z e d  by a  d i v e r g e n t  yaw r a t e  

response  i s  shown i n  F igu re  2 f o r  t h e  A - 1  t i r e  on wet c o n c r e t e .  

Th i s  t i r e  had t h e  l owes t  J - t u r n  l i m i t  v e l o c i t y  i n  t h e  i d e a l i z e d  

c a l c u l a t i o n  (Table  1 0 ) .  I n  c o n t r a s t  f o r  t h e  R B - 1  t i r e ,  which had 

t h e  h i g h e s t  c a l c u l a t e d  l i m i t  v e l o c i t y  on wet c o n c r e t e  (Table  lo), 

$he yaw r a t e  s i g n a l  developed an o s c i l l a t o r y  behav io r  a s  shown 

--in- F i g u r e  3.  Note t h a t  t h e  l a t e r a l  a c c e l e r a t i o n  s i g n a l  shows 

a  "dip" and t h e n  i n c r e a s e s  a g a i n .  (This  i s  t h e  c r i t e r i a  used  by 

NBS t o  i d e n t i f y  breakaway.)  The v e h i c l e  deve lops  a  v e r y  l a r g e  

s i d e s l i p  a n g l e  ( l a t e r a l  v e l o c i t y ,  v ,  l a r g e )  d u r i n g  t h e  f i r s t  p a r t  

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

Presumably t h i s  r e s u l t  would be u p s e t t i n g  t o  t h e  d r i v e r  and he 

would t r y  t o  s t e e r  t o  e l i m i n a t e  t h e  r e s u l t i n g  o s c i l l a t i o n s  i n  

l a t e r a l  v e l o c i t y  and yaw r a t e .  This  type  of  r e sponse  was n o t  
a n t i c i p a t e d  and i t s  occu r r ence  makes "breakaway" more d i f f i c u l t  
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F I G U R E  3 .  J - T U R N  R E S P O X S E  FOR R B - 1  T I R E  ON 
WET CONCRETE. 



to determine than in cases in which the yaw rate simply diverges. 

Even though the response of the vehicle is very oscillatory, 
the trajectory is reasonably smooth and the vehicle, in all 

likelihood, would not go out of control if the driver did not try 

to steer after the steady steering angle was established. 

In the J-turn maneuver, the steering input required and the 

criterion for observing breakaway are not clearly understood. 

An open-loop steering command or sequence of commands adjusted to 
speed, and possibly to radius of curvature, would serve to make 

the test more objective. A criterion based on quantitative 

measures of yaw rate and/or lateral acceleration (or some other 

measurable quantity) is needed to establish breakaway in an 
objective manner. 

Given the lack of one-to-one correspondence between simulation 

runs and tire-vehicle system tests, the simulation was not used 

to see if changes in the vehicle parameters (i.e,, a different 
vehicle) would produce a different rank ordering of the tires. 

However, computer runs were made to illustrate how differences in 
certain vehicle parameters and test conditions influence the results 

for the A-1 and RB-1 tires, (See Appendix 6.) The results 
obtained are as follows: , 

When the vehicle center of gravity is moved rearward 

by 5% of the wheel base, the yaw rate response for 
the A-1 tire on wet concrete changes from a diver- 

gent character to an oscillatory response. This result 
is interesting in that it appears that the oscillatory 

yaw rate response is a bounded non-linear oscillation. 
The linearized version of the vehicle is unstable 

for small perturbations about the steady turn operating 

conditions but due to the non-linear tire characteristics 

a bounded yaw rate oscillation is maintained. 



( 2 )  When t h e  v e h i c l e  c e n t e r  o f  g r a v i t y  i s  moved forward 

by 5 %  of t h e  wheelbase,  t h e  yaw r a t e  response  f o r  

e i t h e r  t h e  A - 1  o r  t h e  R B - 1  t i r e  does n o t  change 

a p p r e c i a b l y .  

(3 )  When t h e  t o t a l  r o l l  s t i f f n e s s  of  t h e  v e h i c l e  i s  h e l d  

c o n s t a n t  but  t h e  f r o n t  and r e a r  r o l l  s t i f f n e s s e s  a r e  

made e q u a l ,  t h e  v e h i c l e  develops a  much l a r g e r  s i d e -  

s l i p  a n g l e  than b e f o r e ,  b u t  t h e  n a t u r e  of  t h e  yaw 

r a t e  response  i s  unchanged. 

( 4 )  When t h e  t o t a l  r o l l  damping o f  t h e  v e h i c l e  i s  doubled,  

t h e  change i n  v e h i c l e  r e sponse  i s  n e g l i g i b l e  f o r  

e i t h e r  t h e  A - 1  o r  t h e  R B - 1  t i r e .  

( 5 )  When t h e  J - t u r n  i s  done a t  c o n s t a n t  t h r o t t l e  r a t h e r  

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

i n c r e a s e  a s  r a p i d l y  a t  t h e  end of  t h e  t u r n  a s  i t  does 

f o r  t h e  c l o s e d  t h r o t t l e  c o n d i t i o n ,  Thus, by main- 

t a i n i n g  t h e  t h r o t t l e  i t  i s  e a s i e r  t o  s t a y  nea r  a  

c o n s t a n t  r a d i u s  ' p a t h .  Clos ing  t h e  t h r o t t l e  has  t h e  

advantages  t h a t  t h r o t t l e  p o s i t i o n  need n o t  be con- 

t r o l l e d  by t h e  d r i v e r  and t h a t  t h e  i n t e r a c t i o n  between 

t i r e  l o n g i t u d i n a l  and l a t e r a l  f o r c e  cannot  i n f l u e n c e  

t h e  t e s t  r e s u l t .  

( 6 )  The n a t u r e  of t h e  yaw r a t e  response  f o r  t h e  A - 1  t i r e  

changes from s u r f a c e  t o  s u r f a c e .  The yaw r a t e  response  

i s  o s c i l l a t o r y  on t h e  a s p h a l t  s u r f a c e  and i t  i s  d i v e r -  

gen t  on t h e  c o n c r e t e  and j e n n i t e  s u r f a c e s .  

The n a t u r e  of t h e  yaw response  f o r  t h e  R B - 1  t i r e  i s  

o s c i l l a t o r y  on t h e  c o n c r e t e  and j e n n i t e  s u r f a c e s  and 

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

Apparen t ly ,  f o r  a g iven  t i r e ,  t h e  type  of yaw r a t e  

response  depends upon t h e  s u r f a c e .  On one s u r f a c e  

an o s c i l l a t o r y  response  may be ob ta ined  whi le  on 



a n o t h e r  a d i v e r g e n t  r e sponse  may occur .  An 

examinat ion o f  t h e  f r i c t i o n  parameters  f o r  t h e  

A - 1  t i r e  and f o r  t h e  R B - 1  t i r e  on t h r e e  s u r f a c e s  

i n d i c a t e s  t h a t  t h e  d i f f e r e n t  types  o f  yaw r a t e  

r e sponse  a r e  due t o  t h e  parameter  B . For a  l a r g e  
Y 

v a l u e  of B a  d i v e r g e n t  yaw r a t e  r e sponse  was 
Y 

o b t a i n e d  whi le  f o r  a  sma l l  v a l u e  of B an o s c i l l a -  
Y 

t o r y  yaw r a t e  response  was o b t a i n e d .  Thus on each 

t e s t  s u r f a c e  t i r e  l a t e r a l  s h e a r  f o r c e  measurements 

a t  s e v e r a l  v e r t i c a l  l o a d s  a r e  r e q u i r e d  t o  o b t a i n  

t h e  d a t a  necessa ry  t o  p r e d i c t  v e h i c l e  response  

d u r i n g  a  J - t u r n  maneuver. 

I n  c o n c l u s i o n ,  t h e r e  a r e  many combinat ions of t i r e  pa ramete r s ,  

i n p u t  waveforms, v e h i c l e  pa ramete r s ,  and s u r f a c e  c o n d i t i o n s  which 

have n o t  been s t u d i e d .  C l e a r l y ,  t h e  number of  p o s s i b i l i t i e s  which 

can be cons ide red  i s  enormous. Hopefu l ly ,  t h e  c a s e s  t r e a t e d  

h e r e i n  w i l l  h e l p  e x p l a i n  t h e  r e s u l t s  t h a t  have been ob ta ined  i n  

both  J - t u r n  and s k i d d i n g  d i s t a n c e  t e s t s .  



3. RECOMMENDATIONS 

3.1. ELEMENTS OF AN INTERIM TIRE TRACTION GRADING PROCEDURE 

Even though further work is recommended in Section 3.2, it 

is of considerable interest to address the question: what would 

constitute a reasonable interim method of rating tire traction 

quality? A complete specification of an interim method of rating 

tire traction quality will not be attempted here, but, based on 

the results of this study, a partial list of the elements of a 

preliminary method for rating tire traction quality will be 

presented. 

First, tire tests should be made on at least 2 surfaces 
corresponding to the asphalt and concrete skid pads used in this 

program, because the rate of change of longitudinal friction with 

speed, that is, Ax, is smaller on the asphalt pad (with course 

macro-texture) than on the concrete or jennite pads and because 

it is difficult to obtain results without a relatively large 

amount of scatter on the jennite surface. 

Second, tires should be tested for rating both longitudinal 

and lateral friction characteristics in order to demonstrate how 

they will perform in rapid stopping and turning maneuvers. 

The results of this study show that peak lateral tire shear 

force correlates well with limit velocity in a J-turn maneuver. 

The results show that changes in the vertical load on the tires 

can change the nature of the limit J-turn response. Thus, a 
measure of the peak lateral force at all slip angles at rated load 

and the change of peak lateral force with vertical load, that is, 

, could serve to rate the lateral friction capability of a 
tire. !,lso, since the lizit yelocity chxigcs with the radius of 

the curve attempted, it is worthwhile to measure the rate of 

change of lateral friction riith velocity, that is, Ar * 



I n  t h i s  s t u d y ,  v e h i c l e  s k i d d i n g  d i s t a n c e  was shown t o  be 

h igh ly  dependent upon t h e  r a t e  o f  change of locked-wheel l o n g i -  

t u d i n a l  f r i c t i o n  wi th  s l i d i n g  v e l o c i t y .  Thus, l o n g i t u d i n a l  

f r i c t i o n  should  be measured a t  3 o r  more speeds  i n  o r d e r  t o  

o b t a i n  v a l u e s  o f  uox  and Ax which can be used t o  p r e d i c t  s k i d d i n g  

d i s t a n c e .  I t  has  been p o i n t e d  o u t  t h a t  s k i d d i n g  d i s t a n c e  does 

no t  t e s t  t h e  peak l o n g i t u d i n a l  f o r c e  c a p a b i l i t y  of  a  t i r e  on a  

wet s u r f a c e  and t h a t  s k i d d i n g  d i s t a n c e  i s  a  d i f f i c u l t  q u a n t i t y  

t o  measure. The peak l o n g i t u d i n a l  f r i c t i o n  of  a  t i r e  and i t s  
r a t e  of  change w i t h  v e l o c i t y  a r e  impor tan t  measures o f  t i r e  

performance which a r e  d i r e c t l y  r e l a t e d  t o  t h e  maximum s t o p p i n g  

c a p a b i l i t y  of a  v e h i c l e .  Thus a  curve  of  l o n g i t u d i n a l  f o r c e  ve r sus  

l o n g i t u d i n a l  s l i p  a t  r a t e d  load  should  be measured t o  a l low t h e  

r a t i o  of  peak t o  s l i d e  l o n g i t u d i n a l  f o r c e  t o  be used i n  d e t e r -  

mining p and Ax f o r  a  g iven  t i r e .  
OX 

C l e a r l y ,  t h e s e  s p e c i f i c  recommendations a r e  based on t h e  

premise t h a t  t i r e s  should  be t e s t e d  and r a t e d  t o  ensu re  t h a t  

v e h i c l e  performance w i t h  t h e s e  t i r e s  can  be a s s e s s e d .  I n  con- 

c l u s i o n ,  a  method of  r a t i n g  t i r e  t r a c t i o n  which i s  r e l a t e d  t o  

r a p i d  s t r a i g h t - l i n e  s topp ing  a n d - t o  making a  l i m i t - v e l o c i t y  t u r n  

could  be developed in L s h o r t  t ime and i t  could  be r e a d i l y  

performed w i t h  modern t i r e  t e s t i n g  equipment ( e . g . ,  t h e  mobile 

t i r e  t e s t e r ) .  

3 . 2 .  FUTURE WORK 

The s p e c i f i c  recommendations p r e s e n t e d  h e r e  were d e r i v e d  

t o  a  l a r g e  e x t e n t  from t h e  fo l lowing  g e n e r a l  recommendations: 

(1) T i r e  t e s t s  should  be used t o  r a t e  t i r e s ,  t he reby  

removing t h e  p o s s i b i l i t y  t h a t  t h e  r e s u l t s  a r e  

i n f l u e n c e d  by t h e  p a r t i c u l a r  d r i v e r - t i r e - v e h i c l e  

system used .  



( 2 )  Those tire characteristics which can be shown to 

correlate with vehicle performance in limit 

maneuvers that are related to accident avoidance 
situations should be used to rate tire traction 

quality. 

(3) The tire test results should be reduced to numeri- 

cal descriptors which can be used not only to rank 

tires but predict differences in tire-vehicle 

system performance in limit maneuvers. 

(4) The number of descriptors and the tire tests needed 

to obtain these descriptors should be minimized in 

order to obtain an economically practical method 

of rating tire traction quality. 

(5) The tire descriptors should reflect different 

surface characteristics and they should apply to as 

many road surfaces as possible. 

At this time, given the current state of tire shear force 

measurement technology, modeling of tire shear force generation, 

and vehicle dynamics knowledge concerning limit maneuvers, it is 

not possible to define a rational method for identifying, quanti- 
fying and rating the limit-traction performance of tires in a 

manner which completely satisfies these general recommendations. 

In order to fill in some of the gaps in the understanding of tire 
traction quality that currently exist it is recommended that: 

(I) A survey should be made to provide a quantified data 
base of the range of tire shear force performance 

existing in the current tire population. 

(2) A study o f  the influence of different road surfaces 

on the wet shear force performance of pneumatic tires 

should be made to develop a numeric or a set of numerics 
for quantifying road surface characteristics. 



(3) A research program should be conducted to extend the 
existing state of knowledge of the influence of 

tire characteristics on the limit performance response 

of a motor vehicle in the following open-loop 

maneuvers: 

(a) straight-line braking 

(b) step steer 

(c) braking in a turn 

(d) lane change 

(e) drastic brake-steer 

Once the tire characteristics which are most important in 

steering, braking, and combined steering and braking maneuvers 

have been identified, then they can be quantified, average, and/or 

combined to produce a set of tire traction quality descriptors. 

Clearly, this process is of prime interest in selecting an effi- 

cient tire traction quality grading system which relates to the 

limit maneuvering performance of motor vehicles. 

Data on the characteristics of the current tire population 

and an enhanced understanding of the mechanisms of tire-shear force 

generation may lead to ways of relating longitudinal and lateral 

friction and thereby reducing the number of tire tests required. 
I 

Research on the influence of tire characteristics in other accident 

avoidance maneuvers may lead to indications of the need to measure 

other tire characteristics, particularly combined longitudinal 

and lateral shear force. Further study of the influence of sur- 

face characteristics could lead to another approach to the problem 

of specifying the surface or surfaces for rating tire traction I 

quality. i 
Admittedly, the recommended interim method will be of I 

limited scope until further knowledge of tire shear force genera- 
tion and of the influence of tires on accident avoidance maneuvers 



can be o b t a i n e d .  Then, h o p e f u l l y ,  t h e  number o f  t i r e  t e s t s  can  

be reduced whi l e  t h e  scope o f  a p p l i c a b i l i t y  o f  t h e  r e s u l t s  i s  
i n c r e a s e d .  



APPENDIX 1 

T I R E  DATA PLOTS 

This  appendix c o n t a i n s  t h e  t i r e  f o r c e  d a t a  o b t a i n e d  on t h e  

1 0  t i r e s  l i s t e d  i n  Table 1. Each graph i s  l a b e l l e d  i n  a  s e l f -  

e x p l a n a t o r y  manner. Due t o  t h e  wide v a r i e t y  o f  p o s s i b l e  i n t e r e s t s ,  

t h e  d a t a  a r e  p r e s e n t e d  f o r  t h e  r e a d e r ' s  p e r u s a l  w i t h o u t  

i n t e r p r e t a t i o n .  
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APPENDIX 2 

T I R E  RANKINGS 

The relative ranking according to the magnitude of longi- 

tudinal and/or lateral shear force of the 10 tires listed in 
Table 1 are presented in this appendix for 5 combinations of 

speed and load on 3 test surfaces. Also, the average ranking 

and the overall ranking are given for each tire. 



TABLE 11 

RANKING OF 10 TIRES BY LATERAL FORCES* 
TIRE: 

LOAD/SPIiED A-1 AS-1 A-5 RB-5 RB-1 'H-5 D-2 WA-5 WA-9 S-2-47 SURFACE 

600 lbs/30 mph 10 8 4 3 5 2 7 6 1 9 Concrete 

1000/30 10 7 8 3 2 1 9 5 4 6 Concrete 
1400/30 10 . 9 8 4 1 2 3 7 6 5 Concrete 

1000/10 9 8 5 3 2 1 4 7 6 10 Concrete 

lOOO/SO 10 ' 8 4.5 2 .  3 1 9 7 6 4.5 Concrete 

Avg . 9.80 8.0 5.9 3.0 2.6 1.4 6.4 6.4 4.6 6.9 

Rank : 10 9 5 3 2 1 6.5 6.5 4 8 Concrete 

600 lbs/30 mph 9 8 3 2 5.5 1 5.5 7 4 10 Asphalt 

1000/30 9 . 10 3 4 - 5 1 6 7 2 8 Asphalt 

1400/30 10 8 2 5 3 1 , 6 7 4 ! 9 Asphalt 

1000/10 9 10 2 7 4 1 5.5 5.5 3 8 Asphalt 

lOOO/SO 9 10 6 3 4 1 7 5 2 8 Asphalt 

Avg . 9.2 9.2 3.2 4.2 4.3 1 6.0 6.3 3.0 8.6 

Rank : 9.5 9.5 3 4 5 1 6 7 2 8 Asphalt 

600 lbs/30 mph 10 9 2.5 4 5 1 6 8 2.5 7 Jennite 

.1000/30 10 8 7 4 3 1 6 9 5 2 Jennite 

2' 
I 

1400/30 10 7.5 9 3 1 4.5 7.5 6 4.5 Jennite 

1000/10 8 9 10 4 5.5 1 3 7 5.5 2 Jennite 
lOOO/SO 10 9 6 2 4 1 7 8 5 3 Jennite 

Avg . 9.6 8.5 6.9 3.40 3.9 1.00 5.3 7.9 4.8 3.70 

Rank : 10 9 7 2 4 1 6 8 5 3 Jenni te 

Sum of 3 
Averages : 28.6 25.7 16.0 10.6 10.8 3.4 17.7 20.6 12.4 19.2 

Overall Rank: 10 9 5 2 3 1 6 8 4 7 
A-1 AS-1 A-5 RB-5 RB-1 H-5 D-2 WA-5 WA-9 S-2-47 

*Tires were ranked from 1 to 10 for every condition with 1 being the highest/best, and 
10 being the lowest. In the case of a tie, the average of the two ranks was given. 







Highes t  

Lowest 

TABLE 14 

RANKING OF 10 TIRES BY MAXIMUM TOTAL FORCE 

Load = 1000# 
Speed = 30 mph 
S t e e r  Angle = 8' 

CONCRETE ASPHALT JENNI TE OVERALL 

WA-9 A- 5 WA- 9 WA- 9 

RB-1 RB-5 S-2-47 
: Tie 

S-2-47 WA- 5 D-2 RB- 5 RB - 
RB- 5 D-2 RB-1 

1 

WA- 5 AS-1 WA- 5 
1 Tie 

S-2-47 

AS-1 RB-1 RB- 5 D-2 



APPENDIX 3 

T I R E  PAMIETERS 

I n  Tab le  1 5 ,  t h e  i n f l u e n c e  o f  t h e  l o n g i t u d i n a l  f r i c t i o n  

pa ramete r s  pox, 
*X'  

and Bx can be  s e e n  by l o o k i n g  a t  t h e  e n t r i e s  

under  t h e  head ings  U 1  through US.  The l a b e l s  U 1  t h rough  US 

s t a n d  f o r  t h e  v a l u e  of  t h e  f r i c t i o n  law px (Equat ion  (6) o f  t h e  

t e x t )  a t  t h e  5  t i r e  o p e r a t i n g  c o n d i t i o n s ,  1000 l b s / l O  mph, 

1000 l b s / 3 0  mph, 1000 l b s / 5 0  mph, 600 l b s / 3 0  mph, and 1400 l b s /  

30 mph, r e s p e c t i v e l y .  For example, f o r  t h e  WA-5 t i r e  on wet 

c o n c r e t e  t h e  v a l u e  of pox i s  0 . 8 6 2  b u t  U Z ,  t h e  v a l u e  o f  px a t  

30 mph and 1000 pounds v e r t i c a l  l o a d ,  i s  o n l y  0.456 due t o  t h e  

v a l u e s  o f  Ax and Bx. 

A comparison o f  t h e  t i r e  d a t a  w i t h  t h e  l i n e a r  f r i c t i o n  law 

(Equat ion  ( 6 ) )  i s  g iven  f o r  each  t i r e  e n t r y  i n  t h e  t a b l e .  The 

q u a n t i t y  l a b e l e d  "MfS" i s  t h e  r o o t  mean s q u a r e  e r r o r  between t h e  

f r i c t i o n  law (6) and t h e  5  d a t a  p o i n t s .  (Each d a t a  p o i n t  i s  t h e  

a v e r a g e  o f  a t  l e a s t  6  r e p e t i t i o n s  w i t h  t h e  mobi le  t i r e  t e s t e r . )  

The 5  d a t a  p o i n t s  f o r  each t i r e  a r e  e n t e r e d  i n  Table  A f o l l o w i n g  

t h e  l a b e l  " U ( I ) = " .  

The same fo rma t  a s  used f o r  Table 15  i s  used  f o r  Table  19 

which c o n t a i n s  l a t e r a l  f r i c t i o n  p a r a m e t e r s .  Reading o f  t h e  o t h e r  

t a b l e s  i s  s e l f - e x p l a n a t o r y .  The meaning o f  t h e s e  t a b l e s  i s  

d i s c u s s e d  i n  t h e  body of  t h e  r e p o r t .  





. . 

TABLE 15. LONGITUDINAL FRICTION PARAMETERS FOR WET ASPHALT. 

UOX A X  €4 X U1 . U2 
1000 lb/ 1000 lb/ 
10 mvh 30 mph - 

0-355E 00 0-596E-03 0.2676-04 0-320E 00 0-302E 00 
R M S  0-205E-01 U ( 1 )  n 0-345E 00 0-280E 00 

u3 . 
1000 lb/ 
50 mph 

$0 lb/ 
30 mph 

0-313E 00 
0-300E 00 

14% lb/ 
30 mph 

TIRE 

0-496E 00 0-178E-02 0-818E-04 0-388E 00 0-336E 00 
R M S  = 0-348E-01 U ( 1 )  a . 0-430E 00 0-325E 00 

01480E 00 0-204E-02 0-297E-05 0-447E 00 0-387E 00 

R M S  = 0-229E-01 U ( I )  ;r 0-475E 00 0-375E 00 

0-487E 00 0-213E-02 -0-133E-04 00469E 00 0-407E 00 
R M S  = 0-477E-02 U ( I  1 r 0-475E 00 0-4OOE 00 

0-507E 00 0-340E-02 0-892E-05 0-448E 00 00348E 00 0.248E 00 
R M S  = 0.1726-02 U ( 1 )  = 0-450E 00 0-350E 00 0-250E 00 

0-624E 00 0-238E-02 0.6546-04 0-524E 00 0-454E 00 0.384E 00 

R M S  = 0-213E-01 U ( I  1 = 0-550E 00 00430E 00 0-410E 00 

0-475E 00 0-238E-02 -0.744E-05 0-447E 00 0-377E 00 0.307E 00 

R M S  = 0-374E-01 U ( I )  = 0-490E 00 0-375E 00 0.350E 00 

0-489E 00 0-136E-02 0.5806-04 0-411E 00 0-371E 00 0-331E 00 
RMS = 0-839E-02 U ( 1 )  = 0.415E 00 0-355E 00 0-335E 00 

0-557E 00 0-767E-03 0-907E-04 0-455E 00 0-432E 00 0-410E 00 

R M S  = 0-162E-01 U ( I  1 = 0-475E 00 0-415E 00 00430E 00 

0-385E 00 0.340E-03 0-327E-04 0-34BE 00 0+338E 00 0-328E 00 
R M S  = 0-219E-01 U ( 1 )  = 00375E 00 0-320E 00 0.355E 00 

0 





TABLE 1 6 .  CORNERING S T I F F N E S S  FROM FLAT BED MACHINE 
C LBS/RAD, F L A T  BED 

a 

T i r e  Load /100  Ca 

1 4  1 1 , 1 8 2  

A- 5 6  8 , 4 2 2  

1 0  1 0 , 2 8 5  

1 4  1 0 , 0 2 7  

RB- 5 6  1 1 , 4 3 1  

1 0  1 1 , 6 0 2  

1 4  1 1 , 1 6 8  

WA- 5 6 . 1 1 , 0 5 8  

1 0  1 2 , 5 4 8  

1 4  1 1 , 2 8 7  

WA- 9 6  8 , 9 9 5  

1 0  1 1 , 0 0 1  

1 4  1 0 , 3 5 6  

S - 2 - 4 7  6  1 1 , 5 8 8  

1 0  1 3 , 0 3 4  



TABLE 17. V A R I A T I O N  OF C WITH LOAD AND SURFACE a 

Tire Surface 600/30 1000/30 1400/30 

A-1 Jenni te 6,100 6,000 5,200 

Asphalt 6,500 8,300 8,000 

Concrete 6,600 7,500 7,500 

A-5-1 Jenni te 6,600 7,700 7,700 

Asphalt 8,200 9,200 8,900 

Concrete 8,200 9,700 9,500 

A- 5 Jenni te 6,900 5,400 5,200 

Asphalt 7,200 6,600 6,300 

Concrete 7,500 6,600 6,300 
-- - - -- - - 

RB-5 Jennite 9,000 9,200 7,600 

Asphalt 10,300 9,700 7,600 

Concrete 10,000 9,200 7,300 

RB-1 Jennite 5,700 8,900 7,200 

Asphalt 8,700 9,500 7,900 

Concrete 9,200 9,500 7,900 
-- 

If-5 Jennite 6,300 9,200 6,300 

Asphalt 6,300 9,200 7,200 

Concrete 6,300 9,700 7,200 

D- 2 Jennite 8,300 10,000 9,600 

Asphalt 10,300 10,900 9,500 

Concrete 9,600 12,000 10,000 

WA- 5 Jennite 7,000 7,200 7,500 

Asphalt 8,600 8,600 8,000 

Concrete 9,700 9,700 9,200 

WA-9 Jennite 8,300 7,500 7,500 

Asphalt 8,900 8,000 8,300 

Concrete 9,300 8,000 8,300 

S-2-47 Jennite 6,300 8,600 8,200 

Asphalt 6,600 8,000 8,000 

Concrete 8,000 9,700 8,600 



TABLE 18. VARIATION OF C, WITH SPEED AND SURFACE 

Tire Surface 1000/10 1000/30 lOOO/SO 

A-1 Jenni t e 9,500 6,000 3,200 

Asphalt 8,300 8,300 6,600 

Concrete 9,700 7,500 4,000 

A-5-1 Jennite 9,200 7,700 5,700 

Asphalt 9,200 9,200 8,000 

Concrete 9,700 9,700 6,900 

A- 5 Jennite 5,700 5,400 4,900 

Asphalt 6,600 6,600 6,600 

Concrete 6,600 6,600 5,200 

RB-5 Jennite 9,500 9,200 8,600 

Asphalt 9,200 9,700 9,700 

Concrete 9,700 9,200 9,200 

RB-1 Jennite 8,900 8,900 8,900 

Asphalt 9,500 9,500 9,500 

Concrete 8,900 9,500 9,500 

H- 5 Jennite 9,200 9,200 8,600 

Asphalt 9,200 9,200 9,200 

Concrete 9,800 9,700 9,700 

D-2 Jennite 10,900 10,000 6,900 

Asphalt 10,900 10,900 10,900 

Concrete 12,000 12,000 7,200 

WA- 5 Jennite 7,200 7; 200 7,200 

Asphalt 6,900 8,600 8,600 

Concrete 7,500 9,700 8,600 
- --- - --- -- - - - 

WA-9 Jennite 7,500 7,500 7,500 

,2sphalt 3,000 5,000 5,000 

Concrete 8,000 8,000 8,000 

S-2-47 Jenni te 9,200 8,600 8,000 

Asphalt 8,300 8,000 7,500 

Concrete 9,700 9,700 9,700 









TABLE 2 0 .  J-TURN LATERAL TIRE PARAMETERS 

(WET CONCRETE) 

T i r e  Uoy 
A  B RMS E r r o r  

A- 1 0 . 3 2 8  , 1 0 8  x 10-I - .  280 x . I 2 9  x 10-I 

A S - 1  

A- 5  

RB-5 

RB-1 

H-5 

D- 2 

WA- 5  

WA-9 

S - 2 - 4 7  0 . 7 1 2  , 9 0 7  x - . l o 5  x l o - 3  , 2 9 4  x l o - 2  
0 

(WET ASPHALT) 

WA- 5  0 . 6 2 3  , 1 2 1  x l o - '  

WA- 9  0 . 8 4 0  , 5 9 1  x l o - '  

S - 2 - 4 7  0 . 5 9 8  . 2 8 1  x l o - '  

A- 1 0 . 1 1 4  

AS-1  0 . 4 0 4  

A- 5  0 . 6 5 8  

RB-5 0 . 3 6 1  

RB-1 0 . 5 7 5  

H-5 1 . 1 4 3  

D- 2  0 . 2 9 3  

WA- 5 0 . 3 0 2  

WA- 9  0 . 5 9 3  

S - 2 - 4 7  0 . 7 9 4  

(WET JENNITE) 



APPENDIX 4 

SIMPLIFIED ANALYSIS OF SKIDDING DISTANCE 

I n  t h e  t e s t s  conducted by NBS, t h e  v e h i c l e  was loaded w i t h  

l e a d  s o  t h a t  FZF : FZR i n  t h e  s t a t i c  c o n d i t i o n .  Due t o  l o a d  

t r a n s f e r  d u r i n g  d e c e l e r a t i o n ,  FZF # FZR w h i l e  t h e  v e h i c l e  i s  

coming t o  a  s t o p .  However, F Z F  + F Z R  . S i n c e  t h e  same 

t i r e s  a r e  mounted f r o n t  and r e a r ,  t h e  c o e f f i c i e n t s  i n  t h e  f r i c t i o n  

e x p r e s s i o n s  f o r  t h e  f r o n t  and r e a r  t i r e s  a r e  e q u a l .  Thus 

and 

o r  combining t h e  a p p r o p r i a t e  terms 

The amount of load  t r a n s f e r ,  AFZ, from f r o n t  t o  r e a r  on one 

f r o n t  t i r e  i s  

where 

h  i s  t h e  c.g.  h e i g h t  

R i s  t h e  rcheelbase 



For  t h e  1968 C h e v r o l e t  making a 0.5g s t o p  

AFz 250 l b s .  

For  t h e  f r o n t  t i r e ,  where Fs = i s  t h e  s t a t i c  l o a d ,  

For  t h e  r e a r  t i r e  

and 

On combining Equa t ions  ( 9 )  , (4 -1)  , and ( 4 -  2) , we o b t a i n  

2 S i n c e  Bx i s  u s u a l l y  l e s s  t h a n  l o m 4 ,  t h e  q u a n t i t y  2Bx(AFZ) is  
l e s s  t h a n  13  pounds and t h e r e f o r e  can  be  n e g l e c t e d  i n  making 

s k i d d i n g  d i s t a n c e  c a l c u l a t i o n s .  Equa t ion  (4 -3)  r e d u c e s  t o  

Equa t ion  (10) o f  t h e  body of t h e  r e p o r t .  

The s o l u t i o n  f o r  s k i d d i n g  d i s t a n c e ,  i . e . ,  (11) and (123,  

was d i f f e r e n t i a t e d  t o  o b t a i n  t h e  r a t e  o f  change o f  s k i d d i n g  d i s t a n c e  

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

v e l o c i t y .  The v a l u e s  o f  s k i d d i n g  distance and t h e  d e r i v a t i v e s  

o f  s k i d d i n g  d i s t a n c e  a r e  g i v e n  i n  Table  2 1  f o r  each  t i r e  on each  

s u r f a c e  a t  30 and 50 mph i n i t i a l  v e l o c i t i e s .  
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For a  s t e a d y  t u r n  of  r a d i u s  R ,  t h e  l a t e r a l  a c c e l e r a t i o n  i s  

where V i s  t h e  v e l o c i t y .  I n  t h i s  s i m p l i f i e d  view o f  t h e  J - t u r n  

maneuver, i t  i s  assumed t h a t  t h e  d r i v e r  f i n d s  t h e  maximum s t e a d y  

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

i s  equa l  t o  t h e  maximum s i d e  f o r c e  from t h e  r e a r  t i r e s .  S i n c e  

t h e  c e n t e r  of  g r a v i t y  i s  e q u a l l y  d i s t a n t  from t h e  f r o n t  and r e a r  

wheels  f o r  t h e  loaded  SSL '68 C h e v r o l e t ,  t h e  yaw moment on t h e  

v e h i c l e  i s  n e a r l y  ze ro  when t h e  t i r e  s i d e  f o r c e s  a r e  maximum. 

( I t  i s  assumed t h a t  a t  speeds  above t h e  l i m i t  v e l o c i t y ,  V L ,  t h e  

v e h i c l e  w i l l  deve lop  a  d i v e r g i n g  o r  o s c i l l a t o r y  yarr r a t e . )  By 
e q u a t i n g  t h e  l a t e r a l  a c c e l e r a t i o n  f o r  a  l i n i t  v e l o c i t y  s t e a d y  

t u r n  w i t h  ( 5 - 3 ) ,  one o b t a i n s  

16C, t a n  a 
P  

where a i s  t h e  s l i p  a n g l e  f o r  maximum t i r e  f o r c e .  
P 

For  example, on assuming t h a t  t h e  t e s t  v e h i c l e  i s  e x e c u t i n g  

a  J - t u r n  on wet c o n c r e t e  u s i n g  t h e  S-2-47 t i r e ,  t h e  s o l u t i o n  t o  

(5-4) f o r  VL i s  74.9 f t / s e c  (51.0 mph) . This  computa t ion  shows 

t h a t  t h e  approximate  nodel  p r e d i c t s  l i n i t  v e l o c i t i e s  t h a t  a r e  

h i g h e r  than  t h e  d r i v e r  was a b l e  t o  a c h i e v e  ( i . e . ,  4 6 . 0  mph). 

This  r e s u l t  i s  t o  be expected  s i n c e  t h e  i d e a l i z e d  model assumed 

t h a t  t h e  d r i v e r - v e h i c l e  combinat ion w i l l  o p e r a t e  i n  a  manner t h a t  

a c h i e v e s  maximum l a t e r a l  t i r e  f o r c e  o u t p u t  from a l l  4 t i r e s  and 

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



Table  2 2  g i v e s  t h e  J - t u r n  l i m i t  v e l o c i t y  o b t a i n e d  from 

( 5 - 4 )  f o r  each t i r e  on each s u r f a c e .  I n  a d d i t i o n ,  Table  2 2  

g i v e s  t h e  r a t e  o f  change of  l i m i t  v e l o c i t y  w i t h  r e s p e c t  t o  p 
O Y '  

Ay, B y ,  C a ,  and W ( v e h i c l e  w e i g h t ) .  









APPENDIX 6 

J-TURN SIMULATION 

Since the tire-vehicle system testing was done using a 
i 

specially equipped 1968 Chevrolet Belair sedan, it was decided 

early in this program to simulate this vehicle and to compare 
t 

the vehicle test results with the simulation results as a means 

of obtaining a better understanding of the internal details of 

the J-turn and locked-wheel diagonal-braking maneuvers. The 
I 

decision to simulate the '68 Chevrolet meant that vehicle parameters 

had to be obtained. Accordingly, various test devices were set I 

up to measure an extensive set of parameters for the '68 Chevrolet 
1 

as it was delivered to HSRI by the sponsor. These measurements, 

the parameter data furnished by the sponsor, and published 

specifications were used to deduce a set of vehicle parameters 

suitable for the simulation. (See References [7] or [8] for a 

description of the simulation.) The necessary parameter data 
are tabulated in Table 23. 

To address the question of what constitutes breakaway, a 

preliminary simulation of a series of J-turns was conducted on an 

analog computer. Figure 16 shows a typical result. In this 

example, the steering wheel is displaced by 7 0 "  and the vehicle 

attains a steady turn in a relatively short period of time. When 

the steering input is increased to 80°, a leveling off of the 

lateral acceleration, A is observed and then a further increase 
Y' 

in A takes place. In the field tests made by NBS the recorded 
Y 

lateral acceleration signal was used to identify breakawcy. (The 

driver's "feel" of the situation was also used to help interpret 

whether or not breakaway took place.) However, by examination 

of Figure 16, it can be seen that the yaw rate, r, becomes diver- 

gent for the SO0 steer angle case. Thus, it appears that for some 

driver-vei~icle-tire-surface combinations a divergent yaw r a t e  



TABLE 23. PARAMETERS FOR SIbfULATION OF TIRE TEST CAR 
(1968 BELAIR CHEVROLET) 

--- - - - 

Symbol Name Value 

rn Mass 158.5 slugs 

Front wheel half tread 

Rear wheel half tread 

Distance, C.G. to front axle 

b Distance, C.G. to rear axle 4.96 ft 

C.G. height 1.767 ft 

Cross-sectional (frontal) area 25 ft2 

Yaw moment of inertia 

Roll moment inertia 

Pitch moment of inertia 

4025 slug ft2 

325 slug ftZ 

3210 slug ft2 

W n4 
Roll natural frequency 12.2 rad/sec 

Roll damping , 0.18 

W n0 Pitch natural frequency 7.14 rad/sec 

5 9  Pitch damping 0.152 

C~ Aerodynamic drag coefficient 0.45 

Kfm Front roll stiffness 36,200 ft lb/rad 

K 
r+ 

Rear roll stiffness 12,250 ft lb/rad 

Pitch stiffness 165,300 ft lb/rad 

Ks s Steering system stiffness 9,600 ft lb/rad 

5 s  Steering system lag variable 

Kingpin offset 

Wheel inertia about axle 

0.2 ft 

1.417 slug ft 2 

Rear Roll steer coefficient -0.047 



TABLE 23. (Continued) 

- 

Symbol Name Value 

Front spring rate 

Tire lateral stiffness 

Tire longitudinal stiffness 

Tire camber stiffness 

Nominal (zero speed) friction 
coefficient 

Friction reduction factor 

Pneumatic trail 

Nominal tire radius 

Tire vertical deflection rate 

Tire vertical force offset rate 

Tire rolling resistance factor 

1280 lbs/ft 

variable 

variable 

Ca/6 lb/rad 

variable 

variable (Ax or A ) 
Y 

0.1 ft 

1.167 ft 

15,000 lbs/ft 

24,000 lbs/ft 

.02 





s i g n a l  i s  a  much c l e a r e r  way t o  de te rmine  breakaway t h a n  a  s m a l l  

f l u c t u a t i o n  i n  l a t e r a l  a c c e l e r a t i o n .  

S i n c e  t h e  A - 1  and R B - 1  t i r e s  d i f f e r  wide ly  i n  t h e i r  f r i c t i o n  

p r o p e r t i e s ,  a d d i t i o n a l  s t u d i e s  u s i n g  t h e  h y b r i d  computer have 

been based  on t h e s e  two t i r e s .  F igure  1 7  shows t h e  t ime h i s t o r i e s  

and t r a j e c t o r i e s  computed f o r  a  c l o s e d - t h r o t t l e  J - t u r n  performed 

w i t h  A - 1  t i r e s  a t  an i n i t i a l  v e l o c i t y  o f  70 f t / s e c ,  w i t h  a  

s t e e r i n g  wheel i n p u t  of  100" and a  r a d i u s  of approximate ly  2 8 8 ' .  

These r e s u l t s  were o b t a i n e d  by an i n t e r a c t i v e  i t e r a t i v e  p r o c e s s  

i n  which t h e  t r a j e c t o r y  was observed  and s t e e r  a n g l e  and speed 

were a d j u s t e d  i n  a  s e r i e s  of computer r u n s  t o  o b t a i n  a  curved 

t r a j e c t o r y  o f  t h e  d e s i r e d  r a d i u s .  A t  an i n i t i a l  v e l o c i t y  of  70 

f t / s e c  t h e  yaw r a t e  s i g n a l  remains f a i r l y  c o n s t a n t  a s  t h e  v e h i c l e  

slows down. A t  an i n i t i a l  v e l o c i t y  of  72 f t / s e c  t h e  yaw r a t e  

s i g n a l  d i v e r g e s  ( s e e  F igure  2 ) .  F u r t h e r ,  t h e  speed o f  t h e  

v e h i c l e  a t  t h e  p o i n t  where t h e  yaw r a t e  has  d ive rged  by 0.05 

r a d / s e c  from t h e  s t e a d y  v a l u e  i s  abou t  55 f t / s e c .  

F i g u r e  18 shows t h e  r e sponse  of t h e  v e h i c l e  equipped w i t h  

R B - 1  t i r e s  and o p e r a t e d  a t  t h e  same c o n d i t i o n s  which caused a  

d i v e r g e n t  yaw r a t e  s i g n a l  when t h e  v e h i c l e  had A - 1  t i r e s .  With 

t h e  R B - 1  t i r e  t h e  l a t e r a l  a c c e l e r a t i o n  achieved  i s  h i g h e r  than  

w i t h  t h e  A - 1  t i r e  and t h e  yaw r a t e  does n o t  d i v e r g e  a s  i t  d i d  

f o r  t h e  A - 1  t i r e .  The t r a j e c t o r y  produced by t h e  same s t e e r  d i s -  

placement  has  a  r a d i u s  o f  c u r v a t u r e  l e s s  t h a n  288 ' .  C l e a r l y ,  a  

288' r a d i u s  J - t u r n  can  be n e g o t i a t e d  a t  a  h i g h e r  v e l o c i t y  w i t h  

t h e  R B - 1  t i r e  t h a n  w i t h  t h e  A - 1  t i r e .  

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

s t e e r  a n g l e  were i n c r e a s e d  through a  r ange  of v a l u e s  up t o  90 

f t / s e c  a t  1 5 0 °  s t e e r  a n g l e .  The yare r a t e  s i g n a l  d i d  no t  d i v e r g e  

f o r  any of  t h e s e  c a s e s ;  r a t h e r  i t  developed an o s c i l l a t o r y  b e h a v i o r .  

The l a t e r a l  a c c e l e r a t i o n  s i g n a l  dec reased  i n  magnitude and th.en 

i n c r e a s e d  a g a i n .  (This  i s  t h e  c r i t e r i a  used  by NBS t o  h e l p  





8sw 
rad 

u(0) = 7 2  f t / s e c  b S w  = 100° Wet Concrete 

FIGURE 18. J-TURN RESPONSE FOR RB-1 TIRE A T  LIMIT 
RESPONSE CONDITION FOR A - 1  TIRE. 



i d e n t i f y  breakaway.) The "dip" i n  l a t e r a l  a c c e l e r a t i o n  became 

n o t i c e a b l e  a t  an  i n i t i a l  v e l o c i t y  o f  abou t  85 f t / s e c  and 120" 

of s t e e r  a n g l e .  Motion time h i s t o r i e s  a r e  shown i n  F igure  3 

( i n  t h e  body of t h i s  r e p o r t )  f o r  an i n i t i a l  v e l o c i t y  of  90  f t / s e c  

and a  s t e e r  a n g l e  of  150". The v e l o c i t y  o f  t h e  v e h i c l e ,  e x i s t i n g  

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

from 70 t o  6 5  f t / s e c .  

I n  F i g u r e  1 9  t h e  i n f l u e n c e s  o f  4 d i f f e r e n t  v e h i c l e  parameter  

changes on t h e  Tesponse of t h e  v e h i c l e  equipped wi th  A - 1  t i r e s  

a r e  i l l u s t r a t e d .  I n  t h e  f i r s t  c a s e ,  F igure  1 9 a ,  t h e  c e n t e r  of  

g r a v i t y  of  t h e  v e h i c l e  i s  d i s p l a c e d  r ea rward  from mid-wheelbase 

by 5 %  o f  t h e  wheelbase.  The c h a r a c t e r  o f  t h e  v e h i c l e  r e sponse  

i s  changed from a  d i v e r g e n t  yaw r a t e  r e sponse  t o  an o s c i l l a t o r y  

type  o f  r e s p o n s e .  

I n  t h e  second c a s e  t h e  c e n t e r  o f  g r a v i t y  was moved forward 

by 5 %  of  t h e  wheelbase .  The same d i v e r g e n t  yaw r a t e  r e s p o n s e ,  

which was observed  f o r  t h e  c . g .  a t  mid-wheelbase,  appea r s  a g a i n .  

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

was h e l d  c o n s t a n t  b u t  t h e  r e a r  r o l l  s t i f f n e s s  was made equal  t o  

t h e  f r o n t  r o l l  s t i f f n e s s .  ( O r i g i n i a l l y  t h e  f r o n t  r o l l  s t i f f n e s s  

was 3 t imes  t h e  r e a r  r o l l  s t i f f n e s s .  To a c h i e v e  t h e  assumed change 

i n  r o l l  s t i f f n e s s  d i s t r i b u t i o n ,  t h e  f r o n t  a n t i - r o l l  b a r  cou ld  p r e -  

sumably be removed and s t i f f e r  r e a r  s p r i n g s  cou ld  be i n s t a l l e d . )  

This  d e s i g n  c o n d i t i o n  makes t h e  l o a d  t r a n s f e r  due t o  1 - a t e r a l  

a c c e l e r a t i o n  ( s i d e  f o r c e )  equa l  on t h e  f r o n t  and r e a r  t i r e s .  The 

r e s u l t i n g  i n f l u e n c e  on t h e  r e sponse  of  t h e  v e h i c l e  i s  shown i n  

F igure  19c .  Note t h a t  l a t e r a l  v e l o c i t y ,  v ,  (and consequen t ly  t h e  

v e h i c l e  s i d e s l i p  a n g l e  8 )  becomes ve ry  l a r g e .  The yaw r a t e  
r e sponse  i s  s t i l l  d i v e r g e n t .  

I n  t h e  f o u r t h  c a s e  t h e  t o t a l  r o l l  damping was doubled c o r -  

responding  t o  i n s t a l l i n g  more e f f e c t i v e  shock a b s o r b e r s .  The ' 

i n f l u e n c e  o f  t h i s  change was n e g l i g i b l e  a s  i s  shown i n  F i g u r e  19d.  







In  F i g u r e  2 0 ,  t ime h i s t o r i e s  of v e h i c l e  r e sponse  f o r  

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

damping a r e  p r e s e n t e d  f o r  t h e  t e s t  c a r  equipped w i t h  R B - 1  t i r e s .  

These r u n s  were made a t  t h e  l e v e l  o f  s t e e r i n g  a n g l e  and v e l o c i t y  

which produced a  s m a l l  b u t  n o t i c e a b l e  d i p  i n  l a t e r a l  a c c e l e r a t i o n  

f o r  t h e  b a s i c  v e h i c l e .  While t h e  l a t e r a l  v e l o c i t y  and yaw r a t e  

t r a c e s  change somewhat i n  c h a r a c t e r  from one c o n d i t i o n  t o  a n o t h e r ,  

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

t h e s e  c a s e s .  I 
I n  t h e  v e h i c l e  t e s t s ,  t h e  t e s t  d r i v e r  h e l d  t h e  t h r o t t l e  

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

p a t h .  For  t h e  t e s t  v e h i c l e  runn ing  i n  a  s t r a i g h t  l i n e ,  about  80  

l b s  o f  d r i v e  t h r u s t  i s  r e q u i r e d  from each  r e a r  wheel a t  4 5  mph. 

A very  s m a l l  amount of  l o n g i t u d i n a l  s l i p  i s  r e q u i r e d  t o  g e n e r a t e  

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

p robab ly  n e g l i g i b l e .  The main i n f l u e n c e  of  d r i v e r  t h r u s t  i s  t o  

i n c r e a s e  t h e  r a d i u s  of  t h e  t u r n  and t o  reduce  t h e  tendency o f  t h e  

p a t h  of  t h e  v e h i c l e  t o  s p i r a l  i n  more a s  t ime goes on. These 

e f f e c t s  a r e  shown i n  F igure  2 1  f o r  t h e  R B - 1  t i r e .  To m a i n t a i n  

t h e  same r a d i u s  p a t h ,  a  l a r g e r  s t e e r  a n g l e  i s  r e q u i r e d  w i t h  d r i v i n g  

t o r q u e  t h a n  w i t h o u t  d r i v i n g  t o r q u e .  S i n c e  t h i s  amount of d r i v i n g  

t o r q u e  appea r s  t o  make l i t t l e  d i f f e r e n c e ,  t h e  v e h i c l e  t e s t s  cou ld  

be r u n  e i t h e r  w i t h  o r  wi thou t  d r i v i n g  t o r q u e .  Main ta in ing  t h r o t t l e  

has  an advantage  i n  t h a t  t h e  p a t h  c u r v a t u r e  i n c r e a s e s  l e s s  

r a p i d l y  a s  t ime p r o c e e d s .  

S i m u l a t i o n  r e s u l t s  f o r  t h e  A - 1  t i r e  and t h e  R B - 1  t i r e  on 

t h e  a s p h a l t  s u r f a c e  a r e  shown i n  F i g u r e s  22a and 22b, r e s p e c t i v e l y .  

On t h i s  s u r f a c e  t h e  v e h i c l e  equipped w i t h  t h e  A - 1  t i r e  has  an 

o s c i l l a t o r y  yaw r a t e  r e sponse  when i n i t i a t i n g  a  J - t u r n  a t  70 f t / s e c .  

The v e h i c l e  equipped w i t h  t h e  R B - 1  t i r e  has  a  d i v e r g e n t  yaw r a t e  

r e sponse  when i n i t i a t i n g  a J - t u r n  a t  80 f t / s e c .  R e s u l t s  f o r  t h e  
j e n n i t e  s u r f a c e  a r e  shown i n F i g u r e  2 3 .  I n  t h i s  c a s e ,  t h e  A - 1  

--tire' has  a  d i v e r g e n t  yaw r a t e  r e sponse  a t  50 f t / s e c  and t h e  R B - 1  

t i r e  has  an  o s c i l l a t o r y  yaw r a t e  r e s p o n s e  a t  70 f t / s e c .  
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FIGURE 2 1 .  INFLUENCE OF D R I V E  THRUST. 
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