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a  p a r t i c u l a r  measurement,  based  on a  number o f  t r i a l s  
app roach ing  i n f i n i t y  

t h e  b e s t  e s t i m a t e  o f  a ,  based  on 10 t r i a l s  
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measurements i n t o  groups of  n ,  computing t h e  mean o f  
each  g r o u p ,  and f i n d i n g  t h e  s t a n d a r d  d e v i a t i o n  of  t h e s e  

t h e  b e s t  e s t i m a t e  o f  om,  based  e n  10 t r i a l s .  

a = aim m 



WET TRACTION TEST PROGRAM 

1. INTRODUCTION 

This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  from a  r e s e a r c h  

s t u d y  e n t i t l e d  "Net T r a c t i o n  T e s t  Program." The s t u d y  was com- 

p l e t e d  by t h e  Highway S a f e t y  Research I n s t i t u t e  (HSRI) of  The 

U n i v e r s i t y  o f  FIichigan f o r  t h e  S a f e t y  Systems Labora to ry  (SSL) of  

t h e  X a t i o n a l  Highway T r a f f i c  S a f e t y  A d m i n i s t r a t i o n  (NIITSA). 

The main f e a t u r e  of  t h e  s t u d y  was a  t e s t  program des igned  t o  

p r o v i d e  SSL w i t h  l o n g i t u d i n a l  and l a t e r a l  t r a c t i o n  d a t a  f o r  t h e  

most common t i r e  types  found on automobi les  i n  t h e  Uni ted  S t a t e s  

today .  These d a t a  were r e q u i r e d  by SSL f o r  purposes  of  making 

recommendations r e g a r d i n g  bo th  a  minimum numeric f o r  l o n g i t u d i n a l  

t r a c t i o n  and a  procedure  f o r  g r a d i n g  o v e r a l l  t i r e  t r a c t i o n  q u a l i t ) .  

2 ,  TEST PARAbETERS A N D  blETI-IODS 

The t i r e  t e s t s  were conducted a t  t h e  Texas T r a n s p o r t a t i o n  

I n s t i t u t e  (TTI) w i t h  t h e  IISRI ?.lobile T i r e  T e s t e r .  Three s u r f a c e s  

were used:  (1) e x i s t i n g  p o r t l a n d  cement c o n c r e t e ;  (2) j e n n i t e  

f l u s h  s e a l ;  and ( 3 )  a  crushed  g r a v e l  h o t  mix ( l a b e l e d  " a s p h a l t "  

i n  t h e  d a t a  s e c t i o n ) .  The s k i d  numbers f o r  t h e s e  s u r f a c e s ,  a s  

o b t a i n e d  by t h e  Texas Highway Department us ing  an ASTN t i r e  w i t h  

e x t e r n a l  w a t e r i n g  a t  4 0  mph, a r e :  (1) 5 9 ;  (2)  2 0 ;  ( 3 )  5 2 .  

Two each of  t h e  t i r e s  l i s t e d  i n  Table  1 rscre t e s t c d  i n  t h i s  

program. The t e s t  l o a d s  were a s  c l o s e  t o  85 p e r c e n t  o f  t h e  T i r e  

and R i m  A s s o c i a t i o n  r a t e d  nlaxirnuni a t  2 4  p s i  i n f l a t i o n  p r e s s u r e  a s  

could be achieved  u s i n g  a d i s c r e t e - \ < e i g h t  load ing  sys t em.  These 

loads  a r e  t a b u l a t e d  i n  Table 1 a long w i t h  \ i h c e l - r i m  d iamete r  and 

w i d t h .  :I t i r e  i d c n t i r i c a t i o n  coJc  i s  a l s o  l i s t e d  i n  Table  1. Note 

t l i n t  a11 t i r e s  wcrc t e ~ t ~ r l  ;it 2.1 p s i .  



TABLE 1 

T I R E S  TESTED 

blanufacturers 
D e s c r i p t i o n  Rim - 

14x6" 

T e s t  Load 

1095 

SSL Code n 

BM 9 G 10 

. . 

.. - S i z e  R i m  - - S i z e  - 
F-70-14 

T e s t  Load 

9 9 0 

SSL Code 

m 1 c 2  
F i r c s t o n c  Super 
Spor t l iK i le  Oval 

F i r e s t o n e  Town 
3 Country A l l  
P o s i t i o n  B e l t  

Sears  A l l s t a t e  
lcia-izl 

Scars  A l l s t a t e  
Raaial 

Scars  A l l s t a t e  
Dynnglass 
S i l e n t  Guard 

Scars  
Guardsman 78 

Sears  A l l s t a t e  
Cllnrdsman 78 

Scars  
-wide 70 

S c a r s  S i l e n t  
Srlowguard 

Scars  A l l s t a t e  
m s m a n  78 

I3;;;i;s tone 

1 - .  : c-: ~;;.Crete surface  o n l y .  
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A l l  t e s t s  were conduc ted  a t  40 mph. Water was a p p l i e d  by t h e  

Nobi le  T i r e  T e s t e r ' s  w a t e r i n g  sy s t em a t  a  r a t e  such  a s  t o  y i e l d  

a w a t e r  dep th  o f  0.02 i n c h e s .  

The l o n g i t u d i n a l  ( b r a k i n g )  f o r c e  and l a t e r a l  f o r c e  e x e r t e d  by 

t h e  t e s t  t i r e  on t h e  b a l a n c e  sy s t em were  c o n t i n u o u s l y  measured a s  

t h e  l o n g i t u d i n a l  s l i p  of  t h e  t i r e  was v a r i e d  from 0 t o  1 0 0 % .  These  

d a t a  were o b t a i n e d  a t  s l i p  a n g l e s  o f  O 0  and 8O, w i t h  t e n  t e s t  

r e p l i c a t i o n s  b c i r g  made a t  each  t e s t  c o n d i t i o n .  

3 .  TEST DATA 

The t r a c t i o r ,  f o r c e s  g e n e r a t e d  by t h e  t e s t  t i r e  a r e  measured 

i n  a  p l a n e  b o t h  j ) a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  wheel  

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

components o f  th l?  t o t a l  s h e a r  f o r c e  g e n e r a t e d  a t  t h e  t i r e - r o a d  

i n t e r f a c e ,  can  biz reduced  t o  an e f f e c t i v e  f r i c t i o n  c o e f f i c i e n t ,  " p , "  

by d i v i d i n g  t h e  ; r a c t i o n  f o r c e  component by t h e  t e s t  v a l u e  of  t h e  

v e r t i c a l  l o a d ,  I n  t h i s  r e p o r t ,  t h e  l o n g i t u d i n a l  ( b r a k i n g )  t r a c t i o n  

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

i s  d e s i g n a t e d  a s  u . 
Y 

To s a t i s f y  rhe o b j e c t i v e s  o f  t h i s  s t u d y ,  trio v a l u e s  o f  p x  

and p were determined-peak v a l u e s  and t h e  v a l u e s  e s t a b l i s h e d  when 
Y 

t h e  wheel i s  b r a c e d  t o  a  f u l l y  l ocked  c o n d i t i o n ,  i . e . ,  l o n g i t u d i n a l  

s l i p  i s  100 p e r c m t .  The peak v a l u e s  of  u, and p were  de t e rmined  
Y 

a t  wha tever  p e r c 2 n t  l o n g i t u d i n a l  s l i p  t h e y  happened t o  o c c u r .  Peak 

v a l u e s  of  v t y p i c a l l y  o c c u r r e d  a t  ahou t  10 p e r c e n t  l o n g i t u d i n a l  x 
s l i p  w i t h  peak v a l u e s  of p v  g e n e r a l l y  o c c u r r i n g  a t  z e r o  l o n g i t u d i n a l  

s l i p .  

Appendix I p r e s e n t s  t h e  peak  and lockcd-r(hcc1 v a l u e s  o f  11 x 
and p,, f o r  ench o f  t h e  t i r e s  t c s t c J  i n  t h i s  progritil~. Peak v a l u e s  

o l  l o ; ~ ~ i t u d i n : l l  ( l j r : ~ h i ~ ~ g )  and l t  t r a c t  ion  cocf  f i c i e n t s  a r c  

clcsi.;:1:1:cJ a s  ;: I' ;111t1 i i  I ' ,  r c s ~ > c c t i \ - c l y ,  \(it11 lochetl \iht.cl o r  
S !. 



" s l i d i n g "  t r a c t i o n  c o e f f i c i e n t s  be ing  d e s i g n a t e d  as pxS and p S .  
Y 

The p P ,  S ,  and p v P  d a t a  from Appendix I i s  p r e s e n t e d  i n  t h e  x X I 

form of h i s tog rams  i n  F igures  1, 2 ,  and 3 ,  d i s p l a y i n g  t h e  range 

o f  O . E .  t i r e  t r a c t i o n .  

Each t r a c t i o n  c o e f f i c i e n t  l i s t e d  i n  Appendix I i s  t h e  mean 

o f  t e n  r e p l i c a t i o n s .  Below each v a l u e  of t h e  mean c o e f f i c i e n t  

t a b u l a t e d  i n  Appendix I ,  t h e  e s t i m a t e  of t h e  s t a n d a r d  d e v i a t i o n ,  8 ,  
computed from t h e s e  t e n  r e p l i c a t i o n s  i s  g i v e n ,  where 6 i s  d e f i n e d  

as 

where 
- 
p i s  t h e  mean va lue  of t h e  t r a c t i o n  c o e f f i c i e n t  

n  i s  t h e  number of  r e p l i c a t i o n s  
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4 .  FINDINGS 

The r e s u l t s  o f  t h i s  t e s t  program can  be d i v i d e d  i n t o  t ~ o  

p a r t s :  ( 1 )  a  d i s c u s s i o n  o f  f i n d i n g s  o f  g e n e r a l  i n t e r e s t  and 

(2) a  d i s c u s s i o n  o f  t h e  f e a s i b i l i t y  o f  a  t r a c t i o n  g r a d i n g  p r o c e d u r e .  

B a s i c  t o  b o t h  o f  t h e s e  d i s c u s s i o n s ,  however ,  i s  a  s t a t i s t i c a l  

a n a l y s i s  o f  t h e  d a t a  i n  Appendix  I .  

Each o f  t h e  means i n  Appendix I i s  c o n s i d e r e d  t o  a r i s e  f rom a 

randomly d i s t r i b u t e d  v a r i a b l e ,  namely ,  t h e  t e n  i n d i v i d u a l  t r a c t i o n  

measurements ,  and i s  t h u s  s u b j e c t  t o  t h e  s i m p l e  s t a t i s t i c s  o f  

no rma l  o r  G a u s s i a n  d i s t r i b u t i o n s .  Care  must b e  t a k e n  i n  a p p l y i n g  

t h e s e  s t a t i s t i c s  t o  any c o l l e c t i o n  o f  t h e s e  means ,  however ,  s i n c e  

t h e  means a r e  i n d e p e n d e n t ,  each  k i n g  p roduced  by a  d i f f e r e n t  t i r e  

( a l t h o u g h  we would l i k e  t o  u s e  Gaus s i an  s t a t i s t i c s  t o  d i s c u s s  t h e  . 

c o l l e c t i o n  o f  means b e c a u s e  o f  i t s  r e l a t i v e l y  w ide  u n d e r s t a n d i n g  

and  e a s e  o f  i n t e r p r e t a t i o n ) .  .4 C h i - S q u a r e ,  X 2 ,  d i s t r i b u t i o n  i s  

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

v a r i a b l e s ,  ( k )  , ( k )  , Z3(k) . . , Z n ( k ) ,  !'ut f o r  n  > 40 t h i s  '1 " 2  
d i s t r i b u t i o n  i s  n e a r l y  G a u s s i a n .  For  t h e  d a t a  i n  t h i s  p a p e r  

n  = 85 o r  8 7 ,  and t h u s  we can  s a f e l y  assume t h a t  t h e  i n d i v i d u a l  

means w i l l  b e  n o r m a l l y  d i s t r i b u t e d .  As a c h e c k ,  t h e  d i s t r i b u t i o n s  

i n  F i g u r e s  1,  2 ,  and 3 a p p e a r  t o  be  G a u s s i a n ,  and we s h a l l  p r o c e e d  

t o  a n a l y z e  them a s  s u c h .  

4 . 1  GENERAL FIXDINGS 

T a b l e  2 c o n t a i n s  t h e  means a b o u t  rtfllich t h e  O . E .  t i r e  sample  

( F i g u r e s  1 - 3 )  i s  ccn t c r ec l .  One nota1) lc  f c a t u r c  o f  t l l c s e  means 

i s  t h a t  on a l l  pavcnlcnts ,  t h c  f r c e - r o l l i n :  v a l u e  o f  p a t  a=8O i s  
Y 

h i g h e r  t h a n  t i le  t i r c ' s  rn;isii~iuis l o n g i t u ~ l i n a l  c a p a b i l i t y ,  1 ;  and 

i t  i s  p o s s i h l c  t h a t  u,,I' c o u l d  hc  cr.cll j i rcntc l .  :it i r = l O o  o r  1 2 ' .  T h i s  

p rope l - t ) '  o f  t i le ~ncan..; i s  r c p c ; t t c J  i n  a t i l a c - l ~ y -  t i r c  conipal.ison 

u..;iil;: . l ; : ; ) ~ l : ~ ~ l i x  I .  1 1 1  ~ - i r t [ ~ ; i l l ? ,  C ~ V ~ I - ~ .  u n c b  O S  t l ~ c  2 5 9  i ~ l ~ l i ~ - i ~ l ~ ~ , i l  

C ; l S c 5  1 S , l  t i I % L > S  ~ ' : L ? ' L . ~ I  L!I: ,I:;!>!I;L 1 t ; i i l < I  -i PI!II i t ; I I ~ L ~  $0 t i rc:: 011 

( - ( 7 1 ]  a . . .  ' 1 . s . '  \ \ . : ! ! l l L ,  :,!. : !' ;- ,yo <>xL,:\cs,:s t!,:ly (>( ;; 1 '  ,,::.()c, 
\ 1 



TABLE 2 

TI-IE )!EX3 VALUE .\BOUT ICflIC11 TIIE O . E .  TIRE 
SAblPLE, FIGURES 1 - 3 ,  IS CENTERED 

Concre te  

Aspha l t  

J e n n i t e  

This  r e s u l t  v e r i f i e s  many s i m i l a r  observ: t i o n s  made o v e r  a  long  

p e r i o d  o f  t ime a t  1-ISRI when examining t h t ,  t r a c t i o n  p r o p e r t i e s  of 

many i n d i v i d u a l  t i r e s  under  a  wide v a r i e t y  of  l o a d s ,  s p e e d s ,  and 

s u r f a c e s ,  

Another  f e a t u r e  of  t h e  O . E .  popu1at :on means i n  Table  2 i s  

t h a t  p P on a s p k a l t  exceeds t h a t  on c o n c r e t e  w h i l e  bo th  l o n g i t u d i i i a l  
Y 

measurements,  P ,  and t h e  v e n e r a b l e  s k i c  number, u,S, show t h e  

a s p h a l t  t o  be a  lower c o e f f i c i e n t  pavcmer.t. This  "paradoxt1 s u g g e s t s  

t h a t  t i r e  t r a c t i o n  cannot  be characterized by a  l o n g i t u d i n a l  

measurement a l o n e .  I n  f a c t ,  i f  we aga in  look a t  t h e  i n d i v i d u a l  

c a s e s  i n  Appendix I ,  we f i n d  t h a t  t h e  rar  k c o r r e l a t i o n s  between 

p P and p S and p P and p x P  a r c  very pool on a l l  pavements.  
Y X Y 

S e v e r a l  i n t e r e s t i n g  compar i sons~be twecn  t i r e s  can be  made 

u s i n g  t h e  d a t a  t a b u l a t e d  i n  Appcndis I w i t h  t h e  a i d  of  t h e  t i r e  

d e s c r i p t i o n s  g iven  i n  Table  1. For i n s t a n c e ,  Table  3 i n d i c a t e s  

t h a t  1 5 "  d i amete r  t i r c s  d i s p l a y  a c l e a r - c u t  t r e n d  of t r a c t i o n  

i m p r o v c ~ ~ c n t  over  t h c i s  l-t", but  o t h e r w i s e  i d e n t i c a l ,  c o u n t c r p n r t s .  

I n  l';tl?le 3 ,  :I comp:i1.ison i s  matlc hctwccn p 3 i r s  of  t i r c s  t h a t  a r e  

identical save f o r  load  rat in^ ( i . c . ,  l e t t e r  s i z c )  ancl rihich a r c  

1oaiIc.J t o  S 5  ~ ' c r c c i ~ t  01'  t1;c I . : I ~ ~ \ J  i ; l : i s i r nu~~ ;  ;lt 2.4 p s i .  I t  i s  s ccn  

t1l ; i t  the t i  1 . c ~  L i t ! ~  I I ~ ) : : I C I -  1 ~ : i J  r;itii?;;s ~ : ~ ~ i t ~ r a l l ) ~  c - x h i l ~ i  t l l i  ; ! :~i>r 



T A B L E  3 

P E P C E N T  I N C R E A S E  IN T R 4 C T I O N  BETWEEN TIRES 
I DEXTI C:\L BUT FOR DI.4J IETER 

Concrete A s p h a l t  Jennite 

TI RE AND S I Z E  p X p  lJxs lJvp u,P uXs u Y p  lJxp u,S p Y p  

Ebl 3 ,  4 14" 2 % 

Ebl 1, 2 15"  1 2 %  6 %  5 %  1 8 %  1 6 %  13% 8 %  27% 

TABLE 4 

P E R C E N T  INCREASE IN T R A C T I O N  BETISET-N T I R E S  I D E N T I C A L  
B U T  FOR LO.-!D Pd'I'IXG ( L E T T F R  S I Z E )  

Concrete Asp l :~ . l t  Jenni te 

T I R E  AND SIZE P,P u x S  p y P  u x P  us: IJ I' lJxP !JxS u,P 

Abl 3 ,4 G 1 % 65 1 2 %  225 5 %  4 %  

CFI 9 , l O  D 8 %  

EFI 11,12 F 

131 9 , l O  I I 



t r a c t i o n  l e v e l s  than  t h e i r  mates w i t h  a  lower l o a d  r a t i n g .  The 

r e s u l t s  i n  Tab les  3 and 4 were o b t a i n e d  by ave rag ing  t h e  trio means 

o f  a  t r a c t i o n  c o e f f i c i e n t  from a  p a i r  of i d e n t i c a l  t i r e s  ( e . g . ,  

E b i - 3  and E N - 4 )  and comparing t h i s  average  t o  t h a t  y i e l d e d  by a  

second p a i r  o f  t i r e s  t h a t  a r e  a l i k e  w i t h  r e s p e c t  t o  t h e  manufac tu re r  

and model, b u t  of a  d i f f e r e n t  d i amete r  ( e . g . ,  E l l - 1  and E M - 2 )  o r  

l o a d  r a t i n g .  

Table  5  was g e n e r a t e d  i n  a  comparable manner. Note t h a t  a  

s tudded  snow t i r e  i s  compared t o  an i d e n t i c a l ,  b u t  non-s tudded ,  

snow t i r e .  The l imits  o f  c o n f i d e n c e ,  k two s t a n d a r d  d e v i a t i o n s  of 

t h e  mean, a r e  i n c l u d e d .  The p r e s e n c e  of t h e  s t u d s  r e s u l t s  i n  

s l i g h t l y  lower v a l u e s  of  pxP and p P  and does no t  a f f e c t  uxS.  
Y 

TABLE 5 

COFIPARISON OF A STUDDED A N D  Y O N -  STUDDED 
SNOW TIRE ON CONCRETZ 

Studded .60 + . 0 1  , S O  + . 0 1  . 6 2  + . 01  

Non-Studded .61  + . 0 2  .SO + .01  . 6 5  + . 0 2  

No one t y p e  of t i r e  c o n s t r u c t i o n  s t a n d s  o u t  as  producing  

t r a c t i o n  l e v e l s  c o n s i s t e n t l y  above o r  below t h e  o v e r a l l  O . E .  means. 

I n  f a c t ,  as  Tab les  6 ( a ) ,  ( b ) ,  and (c)  show, t h e  mean t r a c t i o n  

l e v e l s  of t h e  b i a s - p l y  , b i a s - b c l t c c l ,  and r a d i a l - p l y  subgroups were 

a l l  very c l o s e  t o  one ano the r  arlrl t hus  c l o s e  t o  t h e  mean l e v e l s  of  

t h e  r<llole O.E. sample.  



TABLE 6 

biEAN TRACTIOS LE/TLS OF TI RE COSSTRUCTION 
SUBGROUPS OF TIIE 0. E .  S:I>!PLE 

humber 
Construction of Samples uxP uxS uyP 

Bias 2 8 , 6 0  . 4 7  ,63 

Bias-Belted 38 .63 .50 , 6 5  

Radial 2 0 ,62 . 4 7  $ 6 7  

a. Concrete 

Number 
Construction of Samules 

Bias 

Bias-Belted 

Radial 

b. Asphalt 

Number 
Construction of Sa~nples lixP uxS r! P 

Bias 2 8 $ 2 9  ,I5 .38 

Bias Belted 36 . 3 3  ,15 .43 

Radial 20 . 33  .15 .41 

c. Jennitc 



The uppe r  and lower  bounds on t h e  r a n g e  o f  t i r e  t r a c t i o n  

c o e f f i c i e n t s  . e s h i b i t e d  by t h i s  O . E .  sample  a r e  shown i n  T a b l e  7 .  

The t r a c t i o n  l e v e l s  a c h i e v e d  by  t h e  F b I - 1  and F\I-2 t i r e s  on c o n c r e t e  

and j e n n i t e  a r e  shown i n  p a r e n t h e s e s  s i n c e  t h e s e  t i r e s  a r e  n o t  

t y p i c a l  o f  O . E .  equ ipmen t ,  hav ing  a c o m p l e t e l y  smooth t r e a d .  (On 
a s p h a l t ,  i n  which  t h e  a g g r e g a t e  p a r t i c l e s  we re  l a r g e  and p r o t r u d e d  

above  t h e  w a t e r  l a y e r ,  F ? l - 1  and FX-2 a c q u i t t e d  t hemse lves  e x t r e m e l y  

w e l l ,  r a n k i n g  v e r y  n e a r  t h e  t o p . )  T a b l e  7 shows t h a t  t h e  h i g h e s t  

t r a c t i o n  l e v e l s  i n  t h e  0 .E .  t i r e  f i e l d  a r e  s e p a r a t e d  from t h e  

l o w e s t  l e v e l s  by amounts c o r r e s p o n d i n g  t o  20 o r  30 " s k i d  numbers."  

TABLE 7 

RANGE OF O . E .  TIRE TRACTION 
(TIRES FJI- 1 OR F1d- 2 IN PARENTIIESES) 

C o n c r e t e  

A s p h a l t  

J e n n i  t e 

Maximum 

Minimum 



4 .2  FEASIBILITY OF TRACTION GRADING 

I t  appea r s  t h a t  a v i a b l e  t i r e  t r a c t i o n  g rad ing  p rocedure  can  

b e  e s t a b l i s h e d  i f  t h e  l imits  of  r e s o l u t i o n  possessed  by t h e  measure- 

ment p rocedure  do n o t  encompass s o  l a r g e  a p a r t  of t h e  t o t a l  range 

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

i n d i s t i n g u i s h a b l e  from one a n o t h e r .  

The l imits  of  r e s o l u t i o n  a r e  t h e  bounds w i t h i n  which one t i r e  

canno t  be  d i s t i n g u i s h e d  from a n o t h e r  on t h e  b a s i s  of t r a c t i o n .  These 

l imits ,  once found,  w i l l  p r e c l u d e  any chsnges i n  r ank ing  should  t h e  

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

a  combinat ion  o f  t h e  p r e c i s i o n  o f  t h e  mez.surement and t h e  r e p e a t -  

a b i l i t y  of  t h e  measurement. For  t h e  p u r r o s e  of t h i s  p a p e r ,  t h e  

p r e c i s i o n  o f  a  measurement of  p on t h e  Mcbile T i r e  T e s t e r  is between 

2.003 and + . 0 0 5 , *  depending on v e r t i c a l  l o a d .  This  u n c e r t a i n t y  i s  

a t  l e a s t  a  f a c t o r  o f  10 s m a l l e r  t han  t h e  u n c e r t a i n t y  due t o  s t a t i s t i c a l  

f l u c t u a t i o n s  such  as  random environmental  d i s t u r b a n c e s ,  and w i l l  

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

*These v a l u e s  r e s u l t  d i r e c t l y  from t h e  resolution l i m i t s  of  t r a c e  
ampl i tude  on t h e  d a t a  r e c o r d e r ,  a  IIoneyr.el1 V i s i c o r d e r .  They do n o t  

i n c l u d e  t h e  u n c e r t a i n t y  i n  t h e  c a l i b r a t i c n  f a c t o r s ,  Cx and C y ,  by 

which t h e s e  ampl i tudes  were m u l t i p l i e d  t c  o b t a i n  u. I n  t h i s  s t u d y ,  
however, Cx and Cy were h e l d  c o n s t a n t  (370 and 390 pounds p e r  i n c h ,  

r e s p e c t i v e l y )  and t h e r e f o r e  a l l  d e t e r m i n : t i o n s  of  y x  o r  y y  were 

e q u a l l y  i n f l u e n c e d ,  and t i r e -  t o -  t i r e  comy a r i s o n s  r e s t r i c t e d  t o  t h i s  
measuring sys tem ( t h e  3lobile T i r e  T e s t e r )  a r e  u n a f f e c t e d  by any e r r o r  
i n  C, o r  C,. Indeed ,  t h e  g o a l s  o f  t h i s  r e s e a r c h  program could  have 

. . , 
been ach ieved  wi thou t  i n t r o d u c i n g  any c a l i b r a t i o n  f a c t o r s ,  b u t  t h e  
r e a d e r  w i l l  c e r t a i n l y  f e e l  more a t  e a s e  c:ornparing t i r e s  on t h e  b a s i s  
of  t r a c ' t i o n  c o e f f i c i e n t  r a t h e r  than  on t h e  b a s i s  o f  i nchcs  of l i g h t  
beam d e f l e c t i o n .  I f  t h e  d a t a  i n  Appcndix I ,  I i ~ \ \ ~ c v e r ,  i s  t o  be 
compared t o  d a t a  o b t a i n e d  on a n o t h e r  measuring system, u n c e r t a i n t i e s  
i n  t h e  c a l i b r a t i o n  f a c t o r s  become q u i t e  impor tan t .  For t h i s  r cnson ,  
a complete  a n a l y s i s  of measurement p r e c i s i o n  i s  c a r r i e d  o u t  i n  
Appendix 11. 



S i n c e  we a r e  d e a l i n g  w i t h  a Gaussian d i s t r i b u t i o n  of  means 

( c . f .  Appendix I and F i g u r e s  1 - 3 ) ,  we cannot  d i r e c t l y  use  t h e  v a l u e s  

of  s t a n d a r d  d e v i a t i o n ,  8 ,  g iven  i n  Appendix I  t o  a r r i v e  a t  t h e  

l i m i t s  of  r e s o l u t i o n .  The B v a l u e s  t a b u l a t e d  i n  Appendix I  apply  

t o  t h e  10 i n d i v i d u a l  measurements t aken  i n  each c a s e  and a r e  

i n d i c a t i v e  o f  t h e  range w i t h i n  which a  subsequen t  s i n g l e  measure- 

ment w i l l  f a l l ,  namely, 9 5  ou t  o f  every  100 s u c c e s s i v e  s i n g l e  

measurements o f  a  p a r t i c u l a r  t r a c t i o n  c o e f f i c i e n t  w i l l  be w i t h i n  

2 26 of  each o t h e r .  Any f u t u r e  measuremc,nt, however, w i l l  most 

c e r t a i n l y  be  quo ted  a s  t h e  mean o f  a  s e t  o f  measurements and w i l l  - 
b e  r e l a t e d  t o  t h e  v a l u e s  p r e s e n t e d  h e r e  1,y Om, t h e  s t a n d a r d  

d e v i a t i o n  o f  t h e  mean, where 

For a l l  o f  t h e  means quo ted  i n  t h i s  s t u d )  , n=10. T h e r e f o r e ,  i f  

t h e  v a l u e s  of 8  i n  t h e  Appendix a r e  d iv i i ied  by m, am r e s u l t s ,  

and we can e x p e c t  t h a t  9 5  o u t  o f  every  1 0 0  f u t u r e  d c t c r n i n a t i o n s  

o f  t h e  means i n  Appendix I w i l l  be  wit hi^: i 28, o f  each o t h e r .  

Thus t h e  l i m i t s  of r e s o l u t i o n  a r e  i 2 8 ,  

S i n c e  we a r e  d i s c u s s i n g  t h e  f e a s i b i l i t y  of e s t a b l i s h i n g  a 

t r a c t i o n  s t a n d a r d ,  i t  seems a p p r o p r i a t e  t o  go one s t e p  beyond merely 

d e f i n i n g  i 28m t o  be  t h e  l i m i t s  o f  r e s o l i t i o n .  Any va lue  of  8, 

computed from .Appendix I must be regarded  as  an e s t i m a t e  of  t h e  

u n i v e r s e  a be ing  based  on a  v a l u e  o f  6 taken  from on ly  one s e t  m '  4 o i  measurements r a t h e r  t h a n ,  s a y ,  10 s e t s .  I n  o r d e r  t o  a s s e s s  

t h e  accuracy  of  s u r  e s t i m a t e  of  om, we m K s t  f i n d  us, t h e  s t a n d a r d  

d e v i a t i o n  of  t h e  s t a n d a r d  d e v i a t i o n .  This  procedure  i s  con ta ined  i n  

Appendix 111,  and t h e  r e s u l t s  a s s u r e  us t h a t  a  v a l u e  of  am computed 

from a  v a l u e  o f  8 i n  Appendix I ,  u s ing  Equat ion  ( 2 ) ,  w i l l  be 

a c c u r a t e ,  



This b e i n g  t h e  c a s e ,  771 v a l u e s  o f  B m  were computed f rom 

Appendix  I ,  one f rom each  v a l u e  o f  6' f o r  u P ,  pYP, and  p S  f o r  a l l  
X ,Y 

t i r e s  on a l l  s u r f a c e s .  These  v a l u e s  o f  Bm were'  c o l l e c t e d  i n t o  

n i n e  g r o u p s  ( t h r e e  t r a c t i o n  c o e f f i c i e n t s  x  t h r e e  pavements )  and  

e a c h  g roup  was a n a l y z e d  f o r  mean v a l u e ,  8 and  s t a n d a r d  d e v i a t i o n ,  m ' 
6 . The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  8. 

TABLE 8  

MEAN VALUES OF COLLECTIONS OF B,, PLUS STANDARD 
DEVIATIONS OF THE COLLE~~TIONS 

, 0 1 0 3  .0064 ,0086  Zf 
C o n c r e t e  m 

, 0 0 4 1  ,0026  ,0029  6 ms 

,0114  .0105 ,0108  
A s p h a l t  

, 0 0 3 8  , 0036  ,0042  

,0139  ,0066  .0130 
J e n n i  t e  

, 0 0 4 1  , 0037  ,0038  

Fo r  t h e  p x P - c o n c r e t e  c o m b i n a t i o n  i n  T a b l e  8 ,  97 .5% o f  t h e  

v a l u e s  o f  O m  o b t a i n e d  we re  below .O?,  i . e . ,  Fm + 28 = , 0185  = . 02 .  rn s 
Ho;tlever, 8 4 %  of  t h e  v a l u e s ,  Tn, + 8  were  below . 0 1 .  These  v a l u e s  ms 
r e s u l t  i n  l imi t s  o f  r e s o l u t i o n ,  + 28m, o f  t . 0 4  and  2 . 0 2 ,  

r e s p e c t i v e l y .  These  c a l c u l a t i o n s  represent t h e  "wors t  case" l imits  

o f  r e s o l u t i o n  f o r  pxP on c o n c r e t e  and i n d i c o t e  t h e  maximum e f f e c t  

t h a t  t h e  s p r e a d  i n  t h e  1 0  i n d i v i d u a l  meas t~ remen t s  w i l l  hove on t h e  

r e p e a t a b i l i t y  o f  t h e  mean v a l u e  o b t a i n e d  f rom them. ) los t  t i r e s  

w i l l  have  l imits  o f  r e s o l u t i o n  below t h e s e  v a l u e s  and  w i l l  t h e r e f o r e  

b e t t e r  l e n d  t h e m s e l v e s  t o  a t r a c t i o n  g r a d i n g  p r o c e d u r e .  The "wors t  
c a s e "  l imi ts  o f  r e s o l u t i o n  f o r  9 7 . 5 S  and f o r  84: o f  t h e  O . E .  snclple 

a r e  g i v e n  f o r  a 1 1  n i n e  c a s e s  i n  T a b l e  9 .  



T A B L E  9 

LI -BI ITS  O F  R E S O L U T I O N  FOR T R A C T I O N  GRADING 

2 . 0 4  
C o n c r e t e  

k . 0 2  

A s p h a l t  

J e n n i  t e  

Having e s t a b l i s h e d  t h e  l imits o f  r e z o l u t i o n ,  we t u r n  now t o  

t h e  q u e s t i o n  o f  ;?ow much o f  t h e  O . E .  p o p ~ . l a t i o n  will b e  c o v e r e d  

by t h e s e  l im i t s .  U t i l i z i n g  t h e  i n f o r m a t i o n  i n  T a b l e  7 o r  t h e  

h i s t o g r a m s  i n  F i g u r e s  1 - 3 ,  i t  i s  apparep' i  t h a t  t h e  l imi ts  o f  

r e s o l u t i o n  a r e  s m a l l  enough t o  r e n d e r  thc  b u l k  o f  t h e  t o t a l  p o p u l a -  

t i o n  d i s t i n g u i s h a b l e  f rom one  a n o t h e r ,  I hus  t h e  O.E. t i r e  p o p u l a t i o n  

can b e  g r a d e d  a c c o r d i n g  t o  t r a c t i o n .  Thr e x a c t  p e r c e n t a g e s  o f  t h e  

O.E. p o p u l a t i o n  c o v e r e d  b y  t h e  9 7 . 5 %  l i m i t s  o f  r e s o l u t i o n  from 

T a b l e  9 a r e  g i v e n  i n  T a b l e  10 .  The p e r c c n t  c o v e r e d  by t h e  8 4 %  

l i m i t s ,  i f  d i f f e r e n t  from t h e  9 7 . 5 2  l i m i t s ,  i s  g i v e n  i n  p a r e n t h e s e s .  

TABLE 10 

PERCENT OF TOT:"\ 0.E. TLICTION RANGE INCLUDED IVITIIIN 
TfIE LIFIITS OF RESOLUTION SIIOI\'IV IN TABLE 9 

C o n c r e t e  

Aspha1 t 

J e n n i  t c  



Rathe r  t h a n  g r a d i n g  t h e  O.E .  p o p u l a t i o n  a s  a  whole,  however,  

a p rocedure  t h a t  would be  more u s e f u l  t o  t h e  consumer would be t o  

g rade  t i r e s  o f  t h e  same s i z e ,  s i n c e  any one t i r e  buyer  would be 

u n l i k e l y  t o  choose among t i r e s  o f  more than  one s i z e .  I n s p e c t i o n  

o f  t h e  d a t a  i n  Appendix I shows t h a t  s t a t i s t i c a l l y  v a l i d  g r a d a t i o n s  

a r e  p o s s i b l e  i n  n e a r l y  a l l  t i r e  s i z e s  t e s t e d  i f  t h e  pavement i s  

l i m i t e d  t o  c o n c r e t e .  [The l a r g e r  t 2arn l imits  on a s p h a l t  and j e n n i t e  

n u l l i f y  a l l  b u t  a  few d i f f e r e n c e s  i n  t r a c t i o n  on t h e s e  pavements 

w i t h i n  any one t i r e  s i z e . ]  Table  11 d i s p l a y s  t h e  maximum and 

minimum t r a c t i o n s  o b t a i n e d  w i t h i n  each t i r e  s i z e  on c o n c r e t e .  I n  on ly  

t h r e e  c e l l s  i n  t h e  t a b l e  d i d  a l l  o f  t h e  t i r e s  of  one s i z e  produce 

t r a c t i o n s  t h a t  were w i t h i n  t h e  2 28, l imi t s ,  t h e r e b y  r e n d e r i n g  t h e  

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

i n  a l l  o t h e r  c e l l s .  

TABLE 11 

biAXI?~IUT\l AND bIINIb1UFI T R A C T I O N  LEVELS ON CONCRETE 
FOR VARIOUS T I R E  S I Z E S  

Ti  r e  
S i z e  Tes ted  "xP pxS p 

. 5 7  blaximum (Best  T i r e )  

.52 . 4 2  .52 blinimum (Worst T i r e )  

E-14 No . 4 8  No 

D i f f e r e n c e s  . 4 4  D i f f e r e n c e s  

F-14 .67  . 5 1  .67 

- 5 8  .45 . 6 0  

H-15 ,70  .52 .69  

.57 . 4 3  . 6 0  

G -  1 5  .68 .54 No 
Snow Tires  . 6 0  . 4 8  D i  f f c r c n c e s  



The f a c t  t h a t  two t i r e s  of  each t y p e  were t e s t e d  enab les  us  

t o  make a  beg inn ing  assessment  of  t h e  i n f l u e n c e  t h a t  t i r e  non- 

u n i f o r m i t y  w i t h  r e s p e c t  t o  t r a c t i o n  w i l l  have on t h e  f e a s i b l i t y  

o f  a  t r a c t i o n  g rad ing  p rocedure .  On t h e  4 3  p a i r s  t e s t e d  on con-  

c r e t e ,  t h e  two " i d e n t i c a l "  t i r e s  i n  37 o f  t h e s e  p a i r s ,  o r  8 6 % ,  

were w i t h i n  t h e  1.02 l imits  of r e s o l u t j o n  f o r  pxP and were t h u s  

t r u l y  i d e n t i c a l  i n  peak b rak ing  f o r c e  p r o d u c t i o n .  The occur rence  

of  i d e n t i c a l  p a i r s  f o r  p,S and p P on c o n c r e t e  was 86% and 9 1 % ,  
Y 

r e s p e c t i v e l y .  I n  t h e  l i g h t  of t h i s  ve ry  h igh  i n c i d e n c e  of i d e n t i c a l -  

n e s s  we can  su rmise  t h a t  t h e  t e s t i n g  o f  more t h a n  two specimens 

each would have f u r t h e r  reduced t h e  number of p a i r s  whose members 

e x h i b i t e d  t r a c t i o n s  d i f f e r i n g  by more t h a n  t h e  l imits  o f  r e s o l u t i c n .  

Thus, i t  appea r s  t h a t  t i r e  q u a l i t y  c o n t r o l  w i th  r e s p e c t  t o  t r a c t i c n  

i s  q u i t e  good, and t i r e - t o - t i r e  v a r i a t i o n s  i n  t r a c t i o n  between 

supposedly  i d e n t i c a l  t i r e s  a r e  s o  s m a l l  t h a t  t hey  would no t  seem ' 

t o  be  a  f a c t o r  i n  t h e  e s t a b l i s h m e n t  of a  t i r e  t r a c t i o n  g rad ing  p r c -  

cedure .  Nore r e s e a r c h  i n  t h i s  a r e a  i s  w a r r a n t e d ,  however, t o  

conf i rm t h i s  i n d i c a t i o n .  

4.3 CONCLUSIONS 

The d a t a  sholvs t h a t  t i r e  t r a c t i o n  g r a d i n g  i s  p o s s i b l e  on con- 

c r e t e .  The t r a c t i o n  d i f f e r e n c e s  between t i r e s  a r e  l a r g e  enough 

and t h e  v a r i a b i l i t y  of  t h e  measurement i s  s m a l l  enough s o  t h a t  

c l a s s i f i c a t i o n s  can  be e s t a b l i s h e d .  These c l a s s i f i c a t i o n s  must 

t a k e  i n t o  account  t h a t  t h e  l o n g i t u d i n a l  performance o f  a  t i r e  c o r -  

r e l a t e s  ve ry  poor ly  w i t h  t h e  l a t e r a l  per formance ,  and t h u s  l a t e r a l  

a s  w e l l  a s  l o n g i t u d i n a l  measurements of t i r e  s h e a r  f o r c e  must be 

made, 

I n  a d d i t i o n ,  t h i s  s t u d y  shows t h a t ,  on wet s u r f a c e s ,  t h e  maximum 

l a t e r a l  f o r c e  c a p a b i l i t y  of  most t i r e s  exceeds t h e  maximum brak ing  

f o r c e  c a p a b i l i t y .  A l so ,  t h e  " s k i d  number" i s  shown t o  c l a s s i f y  t h e  

a s p h a l t  pavement a s  s i g n i f i c a n t l y  "slipperier" than  t h e  c o n c r e t e  

s u r f a c e ,  w h i l e  l a t e r a l  f o r c e  mcnsuremcnts show t h e  a s p h a l t  t o  be 

equal  o r  s u p e r i o r  t o  t h e  c o n c r e t e  on t h e  b a s i s  o f  t r a c t i o n .  



APPENDIX I 

"x*  py 
AND STANDARD DEVIATIONS 

CONCRETE 

'xS VALUE -- TIRE 
7 

AM-1 

Ah!- 2  

MI- 3 

MI- 4  

MI- 5 

AM- 6 

MI- 7 

h l -  8 

Mi- 9 

MI-10 

h i - 1 1  

Ml-12 

. 5 9  . 4 4  . 6 2  . 0 9  . 5 1  . 4 3  MEAN 
. 0 2 4  , 0 1 9  , 0 4 5  . 017  . 0 2 9  . 0 2 6  8 



CONCRETE 

VX' VALUE --  
. 4 8  MEAN 

.019 8 

TIRE - 
AM-13 

BM- 1 

BM- 2 

BM- 3 

BbI-4 

Bbl- 5 

BFI- 6 



CONCRETE 

'xS VALUE 

CM - 1 

CM- 2 

CM- 3 

CM- 4 

CM- 5 

Cbl- 6 

Ckl- 7 

Cb! - 8 



CONCRETE 

l'xS VALUE - - TIRE - 
CFI - 9 $44 MEAN 

, 0 2 8  3 

Cbi- 1 0  

CFI - 1 3 

CM- 14 

CM- 15 

DM- 1 





CONCRETE 

uxP - - 'xS VALUE - 
Ell- 5 .49 .45 MEAN 

. 0 6 1  ,024  8 

EM- 7 

GM- 1 



CONCRETE 

pxS VALUE --  
,40 N E A N  

.020  a 

. 4 5  

. 0 2 1  

. 4 6  

. 026  

. 4 2  

, 018  

TI RE - 
Gbl- 2 

ZM- 2 

ZM- 3 

ZM- 4 

JM- 2 

Jbi- 4 



8 O  

"xP - --  'XS VALUE 

.43 33 FIEAN 

,048 ,043 a 

TIRE 

Abi- 1 

AM-2 

AM- 3 

Mi- 4 

AM- 5 

Ah!- 6 

Mi- 7 

AM- 8 

AM- 9 

AM-10 



ASPI-IALT 

'XS VALUE - TIRE - 
Abi- 1 3 .59 . S o  MEAN 

,019 ,045  a 

Bbi- 1 

BM- 2 

Bbi- 3 

Bbi- 4 



ASPHALT 

8 O y 9 'xS VALUE --  
.40 MEAN 

, 0 2 5  6 

TI RE - 
BF1- 9 

BM- 1 0  

BM-11 

Bh1- 1 2  

CBI - 1 

CbI- 2 

CFI- 3 

CM- 4 

c r1 -  5 

CF1- 6 

Chi- 7 

Cbl - 8 



ASPHALT 

'xS VALUE - TIRE - 
CFI- 9 . 4 7  . 3 4  MEAN 

.018  , 025  6 

Cbl- 1 0  

DM- 2 



ASPHALT 

8 O 

'xP - - -  'xS VALUE 

.47  . 3 8  MEAN 

. 0 2 5  , 0 2 4  8 

TI RE - 
DM- 5 

DM- S 

DM- 9 

DM- 1 2  

EFI - 1 

EBI - 2  

EFI - 3 



'xS VALUE - -  
. 3 4  blEAN 

, 0 2 5  a 

TI RE - 
EbI- 5 

EM- 6 

EM- 7 

Ebi- 8 

Ebl- 9 

EM-10 

EM-11 

EM-12 

EM-13 

Ebi-14 

FM-1 

Fbf- 2 

Gb l -  1 



pxS VALUE -- 
.37 blE.4N 

. 030  8 '  

TI RE - 
GFI- 2 

!IN- 1 

HM- 2 

HN- 3 

IiM - 4 

Z M -  1 

ZM- 2 

ZFI- 3 

Zbt - 4 

JbI- 1 

Jbi- 2 

J b I -  3 

Jbl-4 



ZSO' 
OE' 

ZTO' 
90' 

GPO' OSO* 
St' Z S *  

LZO' 
EZ ' 

OPO' 
8 s '  

Z10' 
LO' 

8PO' 
EP' . 

ZZO' 
OP* 

ZSO' PTO' 
LO* 

ESO' 
8P' 

EEO' 
It'* OZ' 

OZO' LOO' 
LO' 

TEO' 
I t *  

ZZO' ZEO' 
82' S T *  

ETO* 
LO' 

OZO' 
OP* 

SZO' 

020' 

SZ' 
ZPO' 
EP' 

OTO' 
LO' 

620 ' 

PP' 

PPO' 
62'' 

OPO' 
S P ' 

110' 
EP' 

OPO' EPO * 

ZP' 

LEO* 
2 % '  

OZO' 
PI' 

OPO' 
OZ' 

PTO' 920' ESO' 
90' 9E * L'l 

8 ZZO' 
h'V3lI EI' 

S10' 9PO' PEO' 
PO' SE 91' 



JENNITE 

"xp "xS VALUE TI R E  - 
AM-13 

MI-14 

Ah!-15 

MI-16 

BbI- 1 

BM- 2  

BM- 3 

BM- 4  

BM- 5 

BM-6 

BFi- 7 

BFI- 8 

. 2 0  , 1 3  MEAN 

. 0 3 6  , 0 2 4  8 



JENNI TE 

sS VALUE --  
.I3 MEAN 

.015 3 

BM-11 

Bbl- 12 

CM- 1 

Cbl- 2 

CM- 3 

CM- 4 

CM- 5 

CFI - 6 

CbI- 7 

CM- 8 



JENNITE 

'xS VALUE --  
.13 MEAN 

, 0 2 1  8 

CM- 10  

DFI - 2 

Dkl- 4 



JENNITE 

uxP "xS VALUE T I R E  

DM- 5 . 2 1  , 1 5  MEAN 

. 0 4 2  . 0 3 1  8 

Dbi- 6 

DM- 7 

DM- 9 

DM-10 

DM- 11 

DM- 1 2  

EM- 1 

EM- 2 

EM- 3 

Ebl- 4 





JENNI TE 

lrxS VALUE -- 
GM- 2 

!I)!- 1 

HM- 2 

Hb! - 3 

HhI - 4 

Z b l - 1  

Zbi- 2 

ZFI- 3 

Z b i - 4  

J F I -  1 

Jbl- 4 



APPENDIX I 1  

MEASUREbIENT PRECIS I O N  ON TIiE NOBILE TIRE TESTER 

A p h y s i c a l  q u a n t i t y  f ( x , y , z )  c a l c u l a t e d  f rom t h e  measurements  

o f  s e v e r a l  v a r i a b l e s  w i l l  be  i n  e r r o r  due t o  u n c e r t a i n t i e s ,  dx ,  

dy ,  and d z ,  i n  t h e  measurements  o f  x ,  y ,  and z .  T h i s  e r r o r  i n  

f ( x , y , z )  i s  

d f  = f ( x  + dx ,  y  + dy) - f ( x , y )  (11-1) 

( T a y l o r ' s  s e r i e s )  

Keeping o n l y  t h e  f i r s t  o r d e r  t e rms  i11 t k z  e x p a n s i o n ,  s u b s t i t u t i o n  

o f  E q u a t i o n  (11 -2 )  i n t o  E q u a t i o n  (11 -1 )  ~ e s u l t s  i n  

The p h y s i c a l  q u a n t i t y  under  c o n s i d e r a t i o n  i s  

where  

a = a m p l i t u d e  o f  t r a c e  on c h a r t  recorc lc r  

C = c a l i b r a t i o n  f a c t o r  ( pounds / i nch )  

F = normal  l o a d  ( l c a d  weig l l t s )  z  



From Equat ion  (I1 - 3) 

(The s i g n  o f  t h e  dFZ term i s  n o t  ma themat i ca l ly  c o r r e c t ,  b u t  w i l l  

r e s u l t  i n  a  maximum e r r o r ,  du . )  

T y p i c a l  maximum v a l u e s  o f  t h e  c o e f f i c i e n t s  i n  Equat ion  (11-4)  

a r e  : 

C = 370 l b s / i n  ( c a l i b r a t i o n  f a c t o r  f o r  l o n g i t u d i n a l  f o r c e )  
X 

C = 390 l b s / i n  ( c a l i b r a t i o n  f a c t o r  f o r  l a t e r a l  f o r c e )  
Y 

Fz = 1200 I b s  

a  = 3  i n c h e s  

dF = 1 l b  ( l e a d  weight  weighed u s i n g  Lebow l o a d  c e l l  z 

da = .02 i n c h e s  (Lufkin s t e e l  r u l e  g radua ted  i n  . 0 l W )  

dC must be c a l c u l a t e d  s e p a r a t e l y ,  be ing  t h e  s l o p e  of a  l e a s t  

s q u a r e s  s t r a i g h t  l i n e  through a  s e r i e s  of  p o i n t s .  dC w i l l  be a  

f u n c t i o n  o f  c a l i b r a t i o n  f o r c e  u n c e r t a i n t y ,  1 l b . ,  c h a r t  r e c o r d e r  

r e s o l u t i o n ,  . 0 2 " ,  and t r a n s d u c e r  n o n l i n e a r i t y .  A p rocedure  f o r  

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

s t r a i g h t  l i n e  i s  given i n  Appendix 2 o f  Reference 1. The e q u a t i o n  

i s  

where 

n  = number o f  c a l i b r a t i o n  p o i n t s  



The s u b s t i t u t i o n  o f  mobi le  t i r e  t e s t e r  c a l i b r a t i o n  d a t a  i n t o  

Equa t ion  (11-5) r e s u l t s  i n  

dCx = 2 . 4 6  and 
C~ 

= 2 . 8 9  

The u n c e r t a i n t y  i n  p and p can now b e  c a l c u l a t e d  from 
X Y 

Equa t ion  ( 1 1 - 4 ) ,  and t h e  r e s u l t s  a r e :  



APPENDIX I 1 1  

DETERMINATION O F  THE ACCURACY OF THE ESTIhLITE O F  am 

Any q u a n t i t y  computed from a  randomly d i s t r i b u t e d  v a r i a b l e  

w i l l  i t s e l f  b e  randomly d i s t r i b u t e d ,  and t h u s  each  o f  t h e  v a l u e s  

of  8 i n  Appendix I i s  a  member o f  a Gauss ian  d i s t r i b u t i o n  which 

h a s  a  mean, o ,  and a  s t a n d a r d  d e v i a t i o n ,  us. [This  mean, o ,  i s  

t h e  " t r u e  v a l u e "  which w i l l  y i e l d  t h e  c o r r e s p o n d i n g  " t r u e  va lue"  

o f  om which we d e s i r e . ]  Although o  i s  u n a t t a i n a b l e ,  r e q u i r i n g  a  

number of  t r i a l s  approaching  m, os can b e  found ,  and w i t h  a  v a l u e  

f o r  a , ,  we can  o b t a i n  a  measure  o f  how c l o s e  o u r  v a l u e  o f  B based  

on one s e t  o f  10 t r i a l s  i s  t o  t h e  u n i v e r s e  s t a n d a r d  d e v i a t i o n ,  a .  

The v a l u e  o f  os  is  g iven  by [ l ]  

8 6 - - - - - 
42 (n -  1 )  J18 

and t h e  v a l u e s  o f  8 i n  Appendix I a r e  9 5  p e r c e n t  c e r t a i n  o f  b e i n g  

w i t h i n  + 20 of a .  
S 

The s t a n d a r d  d e v i a t i o n s ,  8 ,  o f  yxP, y x S ,  and p P  produced  by 
Y 

measurements on 311 t h r e e  pavements were ana lyzed  t o  y i e l d  t h e  

mean v a l u e ,  8, aod t h e  s t a n d a r d  d e v i a t i o n ,  B s ,  f o r  each  o f  t h e  

n i n e  g roup ings  shown i n  Table  A.  

TABLE A 

MEAN VALUES O F  C O L L E C T I O N S  OF 8 P L U S  
STANDARD D E V I A T I O N S  O F  T H E S E  C O L L E C T I O N S  

Conc re t e  

A s p h a l t  

J e n n i  t e  



Cons ide r ,  f o r  example,  t h e  r e s u l t s  i n  t h e  upper  l e f t  c e l l  o f  

Tab le  A .  We s e e  t h a t  9 7 . 5 %  o f  t h e  v a l u e s  o f  8 f o r  p,P were below 

,0583, which i s  8 + 2BS . This  "worst  case"  8 of .0583 y i e l d s  a  

w o r s t  c a s e  v a l u e  of os ,  u s ing  Equat ion  ( 3 ) ,  o f  .0183. Now t h e  

f u r t h e s t  t h a t  9 5 %  o f  t h e  v a l u e s  of  am c o u l d  be  from t h e  d e s i r e d  

b u t  u n a t t a i n a b l e  om i s  20 /Jia."or ~2 c o n c r e t e ,  t h e  h i g h e s t  
S 

v a l u e  of  2 o s / m  i s  ,0087,  The lowes t  v a l u e  i s  ,00100.  Thus t h e  

v a l u e s  of  8, computed from t h e  v a l u e s  of  8 i n  Appendix I f o r  pxP 

on c o n c r e t e  w i l l  be  d i f f e r e n t  from t h e  " t r u e  v a l u e s , "  o m ,  by between 

. O O  and .01 ,  rounding  t o  trio s i g n i f i c a n t  f i g u r e s  i n  accordance  w i t h  

t h e  measurement p r e c i s i o n .  The same limits o f  conf idence  on 8, 
r e s u l t  f o r  t h e  o t h e r  e i g h t  combinat ions o f  pavement and t r a c t i o n  

v a r i a b l e s  and t h e r e f o r e  a  v a l u e  o f  Bm computed from a  6 v a l u e  i n  

Appendix I ,  u s ing  Equat ion ( 2 ) ,  w i l l  d i f f e r  from t h e  p a r t i c u l a r  

u n i v e r s e  om by a  maximum of .01 .  We can t h u s  have conf idence  

t h a t  t h e  v a l u e s  of  8, s o  o b t a i n e d  a r e  a c c u r a t e .  

*This s t a t e m e n t  r e s u l t s  from t h e  f o l l o r i i n g  computa t ion:  
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