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1.0 INTRODUCTION 

'This document c o n s t i t u t e s  t he  f i n a l  r e p o r t  on an exper imental  pro-  

j e c t  e i n t i t l e d  "Truck T i r e  T rac t i on "  conducted by t h e  Highway Safety 

Research I n s t i t u t e  o f  The U n i v e r s i t y  o f  Michigan under Subcontract  Number 

S8101 t o  t h e  Calspan Corporat ion.  The p r o j e c t  e n t a i l e d  t h e  conduct o f  

t r u c k  t i  r e  t r a c t i o n  measurements us i ng  an over- the-road dynamometer as 

p a r t  o f  a  round-rob in  t e s t i n g  program being d i r e c t e d  by Calspan under 

t h e i r  pr ime con t rac t ,  Number DTNH-22-80-C-07093, w i t h  t he  Nat iona l  Highway 

T r a f f i c  Sa fe ty  Adm in i s t r a t i on  o f  t he  U.S. Department o f  T ranspor ta t ion .  

Tests were conducted us ing  t he  HSRI Mobi le  Truck T i r e  Dynamometer 

on se lec ted  aspha l t  and concrete  pavement sec t ions  a t  t h e  T ranspor ta t ion  

Research Center o f  Ohio. A sample o f  e i g h t  t e s t  t i r e s  were subjected t o  

a  sequence o f  l o n g i t u d i n a l  and l a t e r a l  s l  i p  cond i t i ons  on each o f  t he  two 

surfaces. I n  a d d i t i o n  t o  t h e  e i g h t - t i r e  sample, f i v e  t e s t  sequences were 

performed on c o n t r o l  t i r e s  a t  p e r i o d i c  p o i n t s  i n  t h e  program. Data were 

c o l l e c t e d  on analog magnetic tape du r i ng  t h e  f i e l d  opera t ions  and l a t e r  

processed, i n  d i g i t a l  form, t o  produce condensed measures o f  t r a c t i o n  

behavior.  

The r e p o r t  con ta ins  a  d e s c r i p t i o n  o f  t he  t e s t  device,. i n  Sec t ion  

2 , l  % and out1 i nes  t h e  da ta  c o l l e c t i o n  and process ing procedures i n  

Sect ions 2.2 and 2.3, r e s p e c t i v e l y .  The processed 1  ongi  t u d i n a l  t r a c t i o n  

da ta  a re  presented i n  Appendix A and t he  l a t e r a l  t r a c t i o n  da ta  a r e  pre-  

sented i n  Appendix B. 



2.0 METHODOLOGY 

Traction t e s t s  were conducted during June and July, 1981, according 
to a se t  of t e s t  procedures which duplicated those performed during a 
previous NHTSA-sponsored study. * The t e s t  program invol ved the exercise 
of longitudinal and lateral  s l ip  sequences on each of eight t i r e  speci- 
mens, with five control t i r e  t e s t s  being run in a pattern which meshed 
with the eight- t i re  sample. The t e s t  machine, the HSRI Mobile Truck 
Tire Dynamometer, was se t  u p  f i r s t  in the configuration for making the 
longitudinal traction tes t s  on the t i r e  sample, and three weeks l a t e r ,  
was operated in the lateral  traction configuration for testing the sample. 
The t e s t  machine i s  described in Section 2 .1  followed, in Section 2 .2 ,  by 
a description of the t e s t  procedure. 

The data were collected in the f ie ld  on FM analog tape and were 
l a t e r  transcribed t o  digital  format for processing. The data processing 
technique i s  described in Section 2 . 3 .  

2.1 Mobi 1 e Traction Measurement Apparatus 

The HSRI mobile dynamometer in i t s  current stage of development 
consists of a tractor-semitrailer vehicle which permits investigation of 
either 1 ongi tudinal or 1 ateral  traction characteristics of heavy truck 
t i r e s .  The system permits measurement of longitudinal properties by way 
of the trailer-configured dynamometer as i t  i s  towed and serviced by the 
instrumented tractor.  Mounted on the same tractor i s  a structure support- 
ing a la teral  traction measurement system, as diagrammed in the plan view 
of Figure 1 .  Each t e s t  system i s  basically designed to expose a truck 
t i r e  specimen to a set  of operating conditions which cover the full  range 
of possible loads, velocities,  longitudinal or angular sl  ip, and pavements 
such as can be encountered under ei ther  normal or emergency situations on 
the highway. 

The longitudinal traction dynamometer, shown in Figure 2 ,  i s  a welded 
t r a i l e r  structure of pipe and plate sections, designed for economy of 
construction and for s t i f fness .  The t e s t  wheel i s  situated approximately 
a t  the t r a i l e r  center-of-gravity position and i s  supported by a 

*P.L. Boyd, A . H .  Neill,  J r . ,  and J.A. Hinch, "Truck Tire Cornering and 
Braking Traction Study," Final Rept, , Contract No. NHTSA-9-6227, 
Rept. No. DOT HS-804 732, March 1979. 
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pa ra l  1  elogram suspension. Th i s  suspension c o n f i g u r a t i o n ,  shown i n  F igure  

3, de r i ves  f rom at tempts t o  ach ieve t h r e e  fundamental q u a l i t i e s  i n  a  

mob i le  t r a c t i o n  measurement machine; namely, 

1 )  t h e  e l i m i n a t i o n  o f  k inemat ic  i n t e r a c t i o n s  between t h e  

loads a p p l i e d  t o  t he  t e s t  wheel and r e s u l t i n g  shear f o r ces  

and moments, 

2) t h e  employment o f  a  low-spr ing  r a t e  l o a d i n g  mechanism (an 

a i r  sp r ing) ,  t o  assure t he  a t ta inment  o f  t he  des i red  l oad  

l e v e l  s  w h i l e  n e i t h e r  ( a )  s a c r i f i c i n g  frequency response i n  

t h e  v e r t i c a l  degree of freedom o f  t he  t e s t  wheel, nor  ( b )  

imposing a  s i g n i f i c a n t  through-coup1 i ng o f  t h e  v i b r a t i o n s  

of t h e  foundat ion v e h i c l e  t o  t h e  t e s t  wheel, and 

3 )  t he  m in im iza t i on  of t h e  va lue o f  t h e  "unsprung" mass, i . e . ,  

t h e  mass which i s  d isp laced  w i t h  t h e  v e r t i c a l  mot ion o f  

t h e  t e s t  wheel sp in  ax i s .  

The pa ra l  le logram 1  inkage suspension i s  thus prov ided t o  assure k inemat ic  

i s o l a t i o n  o f  f o r ces  w h i l e  assur ing  a zero i n c l i n a t i o n  (camber) o f  the 

t e s t  wheel plane. 

The use o f  an a i r  s p r i n g  l o a d i n g  mechanism permi ts  a  c o n t r o l l a b l e  

v e r t i c a l  l oad  c o n d i t i o n  and, i n  t h e  case of t h e  HSRI  machine, imposes a  

nomina l l y  350 1 b / i n  coup1 i n g  between t h e  t r a i l e r  and t h e  t e s t  wheel--whi le 

ope ra t i ng  a t  a  comnon mid-range l oad  of 5000 1  b, FZ. A t  h i ghe r  loads,  t h e  

sp r i ng  r a t e  r i s e s  t o  a  maximum va lue  of 1000 1  b / i n  a t  a  l oad  o f  20,000 

1  bs, w h i l e  t he  s p r i n g  r a t e ,  of course, d im in ishes  t o  zero a t  zero i n f l a -  

t i o n  o f  t he  a i r  sp r ing .  These sp r i ng  r a t e s  c o n t r a s t  w i t h  corresponding 

l e a f  s ~ ~ s p e n s i o n  r a t e s  o f  t r u c k s  which a r e  f i v e  t o  t h i r t y  t imes s t i f f e r  a t  

compara.bl e  r a t e d  wheel 1  oads . 
The bas ic  des ign p r i n c i p l e  behind a i r  sp r i ng  loading,  then, i s  t h a t  

t h e  machine incorpora tes  a  r e l a t i v e l y  " s o f t "  l o a d i n g  member (which i s  a l s o  

v i r t u a l l y  f r i c t i o n 1  ess) and thereby a t t a i n s  f ea tu res  which serve t o  

enhance t h e  qua1 i t y  o f  t h e  v e r t i c a l  l oad  c o n d i t i o n  which i s  imposed upon 

t he  t e s t  t i r e .  Wi th  such a  mechanism, i t  i s  then s t r a i g h t f o r w a r d  t o  



Air Spring s 

Figure 3. Test wheel suspension layout in the longitudinal traction 
measurement assembly. 



obtain precision selections or vertical load through the use of commer- 
c ia l ly  available precision regulators. 

The unsprung mass which i s  associated with the vertical degree of 
freedom of the t e s t  wheel on the HSRI machine weighs 1850 1 bs, when out- 
f i t t ed  with a 10.00 x 20 load range F t i r e  and the corresponding 20 x 7.50 
disc wheel rim. By such a configuration, the "wheel hop" system indicates 
a natural frequency of approximately 5 Hz (for  an effective radial spring 
rate of the t i r e  of 5000 lb/ in) .  In general, a high-frequency wheel hop 
system permits a minimal vertical load fluctuation as the t i r e  follows 
the varying profile of the t e s t  surface. I n  the design of HSRI's longi- 
tudinal force dynamometer, the "qua1 i ty" deriving from a reduced size of 
the unsprung mass was comprised with the obvious needs of strength, s t i f f -  
ness, and economy of construction of the wheel support assembly. The 
longitudinal force, Fx,  vertical load, F z ,  and brake torque, Tb, are 
transduced by way of a serial-mounted load ce l l .  These signals, together 
with wheel angular velocity and vehicle velocity, constitute the primary 
data channels for the machine. 

The nominal pitch and jounce trim of the HSRI t r a i l e r  are control led 
through the use of self-leveling a i r  suspensions on both the t r a i l e r  rear 
axle and the tractor rear tandem. Thus, as a given vertical -load i s  trans- 
ferred from the two respective axle sets t o  the t e s t  wheel, through infla- 
tion of the t e s t  wheel a i r  spring, the tractor and t r a i l e r  leveling systems 
adjust t o  a running equilibrium a t  which the t r a i l e r  assumes i t s  design 
trim att i tude. The use of a i r  suspensions on both ends of the t r a i l e r  also 
contributes t o  attenuation of ride motions, thus further assuring quality 
in the vertical load condition. 

The t e s t  t r a i l e r  i s  capable of mounting any t i r e  in the 20-inch rim 
size,  and above, which i s :  

a!) less than 46 inches in free diameter, and 

b )  18 inches or less in maximum section w i d t h .  

Tires can be loaded t o  a maximum level of  20,000 I bs, a1 though, t o  date, 
brake torque 1 imitations have prevented the lockup of t i r e s  on high 
fr ic t ion surfaces a t  loads exceeding about 15,500 lbs. 



The lateral  traction dynamometer shown schematically in Figure 4 

mounts two t i r e  samples on opposing steerable spindles outboard of the 
t rac tor ' s  wheel tracks. The two t i r e s  are "toed-in" together by an 
electrohydraul ic  servo system covering a sl  ip angle range from - l o  to 
+30°. The t e s t  wheel spindles are mounted upon a solid cross-axle which 
i s  constrained by a single longitudinal pivot pin. 

The pin i t s e l f  i s  fastened within a cage which can move only verti-  
cal ly ,  as constrained by a se t  of four ball-spline bearings. The ver- 
t ically-"floating cage" i s  then loaded through inflation of a se t  of a i r  
springs. This machine thus incorporates a suspension designed t o  maximize 
the three "fundamental virtues" of mobile measurement described earl ier- 
b u t  for the more compl icated case i n  which two t i r e s  are needed t o  achieve 
a side force equilibrium on the foundation vehicle. Clearly, the "pivot 
axle" arrangement provides for  a load equalization between both t i r e s  
while also providing a higher frequency response t o  road profile irregu- 
la r i  t i e s  which are  uncorrelated, side-to-side. The "f1 oating cage" pro- 
vides the needed kinematic isolation of the vertical load from forces in 
the ground plane by virtue of i t s  rec t i l  inear anti f r ic t ion constraints. 
The a i r  spring loading configuration again provides for precision load 
selection while incorporating a low spring rate coupling between the 
unsprung mass(es) and the foundation vehicle. 

The two wheel spindles are "steered" t o  equal b u t  opposing sl  ip 
angles by an electrohydraulic servo system which incorporates two sets  of 

actuating cylinders as shown in Figure 5. The 1 inkage arrangement which 
mechanically couples b o t h  spindles together permits the use of a single 
control loop, operating on the feedback signal from the one instrumented 
wheel while assuring comon sl ip angles, side-to-side, even in the event 
of a servo power fai lure .  

The system permits mounting of any t i r e  within the 30 t o  48 inch 
range of free diameters and which i s  less than 18 inches in cross-section 
w i d t h .  The measurement of t i  re force and moment conditions i s  achieved 
by way of a serial  multicomponent load cell  which transduces lateral  and 
vertical force components as well as aligning moment. 







Data s i gna l s  f rom e i t h e r  t he  l o n g i t u d i n a l  o r  l a t e r a l  t e s t  apparatuses 

a r e  cond i t ioned  and recorded w i t h i n  a  t ractor-mounted module. The module 

serves as a  se l f -con ta ined  data a c q u i s i t i o n  l abo ra to r y  as w e l l  as the  

ope ra to r ' s  s t a t i o n  f o r  s e l e c t i n g  and i n i t i a t i n g  t e s t  c o n t r o l  f unc t i ons .  

As shown i n  F igure  6, t h e  ope ra to r ' s  module prov ides an a r ray  o f  hard- 

w i red  e l e c t r i c a l  c o n t r o l s  i n  a d d i t i o n  t o  c e r t a i n  pneumatic and hyd rau l i c  

c o n t r o l  elements. 

2.2 Test  Procedure 

The mobi le  dynamometer exerc ised each t i r e  i n  t he  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  t e s t  s e r i e s  accord ing t o  one bas ic  m a t r i x  o f  cond i t ions .  

The ma t r i x  inc luded  a  s i n g l e  va lue o f  load, and t he  a p p l i c a t i o n  o f  s i x  

sweeps o f  e i t h e r  l o n g i t u d i n a l  o r  l a t e r a l  s l i p  f o r  each o f  two speeds and 

two surfaces. The o v e r a l l  t e s t  sequence requ i red  approx imate ly  1-1 12 
hours w i t h  each t i r e .  I n  a d d i t i o n  t o  t r a c t i o n  measurements, c e r t a i n  t e s t  

c o n d i t i o n  measurements were a l s o  made concu r ren t l y  w i t h  t he  t e s t i n g  o f  

each t i r e .  The recorded data s i g n a l s  inc luded  t he  f o l l o w i n g :  

I: 
X 

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

I: 
Y 

1  a t e r a l  f o r c e  

fyz v e r t i c a l  l oad  

\I t e s t  v e h i c l e  v e l o c i t y  

w wheel angular  v e l o c i t y  

u s l i p  angle 

Data being recorded on FM magnetic tape were played back s imul -  

taneously  and d isp layed  t o  t h e  t e s t  v e h i c l e  opera to r  on a  pen-chart  

recorder  t o  p rov ide  f o r  cont inuous assurance o f  nominal data qua1 i t y .  The 

t r a c t i o n  measurements were made a t  the  Transpor ta t ion  Research Center o f  

Ohio. Shown i n  F igures 7a and 7b a re  diagrams o f  the  Veh ic le  Dynamics 

Area a t  TRC, which prov ided an aspha l t  t e s t  surface, and t h e  Sk id  Pad 

f a c i  1  i ty, which prov ided a  po l  ished concrete t e s t  surface. Tests were 

conducted on both surfaces us ing  an on-board wate r ing  system f o r  l a y i n g  

down an 18-inch-wide swath o f  water ahead o f  the  t e s t  t i r e .  The water ing 
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system f l o w  r a t e  was ad jus ted  i n  p ropo r t i on  t o  v e h i c l e  speed i n  o rder  t o  

e s t a b l i s h  a  cons tan t  0.020-inch nominal depth o f  t he  d e l i v e r e d  water f o r  

t h e  two t e s t  speeds, 40 and 50 mph. The f o l l o w i n g  l i s t s  s t a t e  t he  pro-  

cedura l  steps by which were obta ined t he  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  

measurements, r espec t i ve l y .  

Long i t ud ina l  T r a c t i o n  Test  Sequence 

1. I n i t i a l  measurement o f  t h e  hardness o f  t h e  t i r e ' s  t r e a d  
i s  made. 

2. The t i r e  i s  mounted on the  t e s t  machine, loaded t o  4,620 
1  bs, and i s  i n f l a t e d  ( c o l d )  t o  a  pressure o f  85 p s i  f o r  
b i a s  t i r e s  and 90 p s i  f o r  r a d i a l  t i r e s .  

3. The machine i s  moved t o  t he  aspha l t  t e s t  t r a c k  (VDA) w i t h  
t he  t i r e  r a i s e d  and p r e t e s t  c a l  i b r a t i o n  o f  ins t rumenta t ion  
i s  performed. Measurements a r e  made o f  t he  temperatures 
o f  t he  d r y  aspha l t  pavement sur face and t he  temperature o f  
t h e  water i n  t he  on-board wate r ing  system tank. Weather 
c o n d i t i o n s  a r e  logged, i n c l u d i n g  ambient temperature, wind 
v e l o c i t y  and d i r e c t i o n ,  and t h e  general  sky c o n d i t i o n  
(sunny, overcast ,  e t c . ) .  The t i r e  i s  lowered and loaded 
t o  4,620 l b s .  

4. Three warm-up laps*  ( ~ 5 . 7  m i l e s )  a re  performed on t he  
a s p h a l t  t r a c k  a t  a  speed o f  50-55 mph. 

5 .  A pre-wet l a p  i s  made, d e l i v e r i n g  0.020-inch depth o f  
water a t  40 mph and per forming s i x  brake a p p l i c a t i o n s  
{ t ime t o  peak t r a c t i o n  0.3 sec + 0.1 sec) w i t h  t he  locked- 
wheel c o n d i t i o n  be ing  sustained-for 1  second and w i t h  a  
1  -second pause between t he  re1  ease o f  t h e  brake a t  t he  end 
o f  one c y c l e  and t he  r e a p p l i c a t i o n  o f  t he  brake a t  t he  
i n i t i a t i o n  o f  t h e  next.  

6. Step 4 i s  repeated bu t  t e s t  data a r e  recorded throughout 
t he  b rak ing  sequences. 

7. Step 6 i s  repeated, except a t  a  speed o f  50 mph. 

8. Themachine i s  stopped, t h e  t i r e  ra ised ,  and c a l i b r a t i o n  
o f  t h e  i ns t rumen ta t i on  performed. The t i r e  i s  inspected 
f o r  damage. 

9. The machine i s  moved t o  t he  po l i shed  concrete t e s t  t r a c k  
( s k i d  pad), stopped, and t h e  t i r e  loaded t o  4,620 1  bs. 

* A l l  t e s t s  on t h e  aspha l t  t r a c k  a re  made w i t h  t he  t e s t  machine 
moving i n  one d i r e c t i o n  (sou th ) .  



10. The t e s t  lane o f  t h e  concrete sur face  i s  pre-wetted, 
heading south, a t  40 mph. 

11. Three brake app l i ca t i ons *  a re  made, heading nor th ,  a t  
40 mph d e l i v e r i n g  water and record ing  t e s t  data. 

12. Step 11 i s  repeated (heading south).  

13. Two brake appl i c a t i o n s  a re  made, heading nor th ,  a t  50 
mph d e l i v e r i n g  water and record ing  data.  

14. Step 13 i s  repeated (heading south) .  , 

15. Step 13 i s  repeated (heading no r th ) .  

16. Themachine i s  stopped, t h e  t i r e  ra ised ,  and a c a l i b r a -  
t i o n  o f  t he  ins t rumenta t ion  performed. The t i r e  i s  
inspected f o r  damage. The temperature o f  t he  d r y  concrete 
sur face i s  then measured. 

7 7 .  A f i n a l  measurement o f  t he  t r ead  rubber hardness i s  per-  
formed a f t e r  t he  t i r e  has been dismounted and cooled t o  
room temperature. 

La te ra l  T rac t i on  Tes t  Sequence 

1 I n i t i a l  measurement o f  t h e  hardness o f  the t i r e ' s  
t r ead  rubber  i s  made. 

2. The t i r e * *  i s  mounted on t h e  t e s t  machine, loaded t o  
4,620 I b s  and i t s  c o l d  i n f l a t i o n  pressure s e t  t o  85 p s i  
f o r  b i as  t i r e s  and 90 p s i  f o r  r a d i a l  t i r e s .  

The machine i s  moved t o  t he  aspha l t  t e s t  t r a c k  (VDA) w i t h  
t he  t i r e  r a i s e d  and a p r e t e s t  c a l i b r a t i o n  o f  ins t rumenta t ion  
i s  performed. Measurements a re  made o f  t h e  temperatures o f  
t he  d r y  aspha l t  pavement sur face  and t he  temperature o f  t he  
water i n  t he  on-board wate r ing  system tank. Meather condi -  
t ions a re  1 ogged, i n c l u d i n g  ambient temperature, wind 
v e l o c i t y  and d i r e c t i o n ,  and t h e  general sky c o n d i t i o n  
(sunny, overcast,  e t c .  ) .  The t i r e  i s  lowered and loaded t o  
4,620 l b s .  

4. Three warm-up l aps  a re  performed ( 2 5 . 7  m i l e s )  on t he  
aspha l t  t r a c k  a t  a speed o f  50-55 mph. 

*More than one pass over  t he  concrete sur face i s  needed i n  o rder  
t o  f i t  the t r a c t i o n  t e s t  cyc les  onto the  a v a i l a b l e  l e n g t h  o f  t h i s  low- 
f r i c t i o n  surface. A t  40 rnph, t h ree  lockup cyc les  a re  conducted w i t h  each 
pass. A t  50 mph, two lockup cyc les  a re  conducted per  pass. 

**A "dummy" t i r e  must be i n s t a l l e d  i n  a complementary p o s i t i o n  t o  
balance s i de  fo rces  on t he  t e s t  machine. 



A pre-wet lap* i s  made, delivering 0.020-inch depth of 
water a t  40 mph and performing the following linear s l ip-  
angle sweeps a t  a rate  of 8 deg/sec: 0' to 20' to 0' to 
20" t o  0" (new t i r e  only). 

A data-recording run i s  made on the next lap while execut- 
ing the s l i p  angle sequence** shown in Figure 8a. 

Step 6 i s  repeated, except a t  a speed of 50 mph. 

The machine i s  stopped, the t i r e  raised, and a calibration 
of the instrumentation performed. The t i r e  i s  inspected 
for damage. 

The machine i s  moved to  the polished concrete t e s t  track 
(skid pad), stopped, and the t i r e  lowered and loaded t o  
4,620 lbs. 

The t e s t  lane of the concrete surface i s  pre-wetted, 
heading south, a t  40 rnph. 

A data-recording run i s  made on the next lap, heading north, 
while executing the s l i p  angle sequence shown in Figure 8b 
a t  40 rnph. 

Step 11 i s  repeated (heading south). 

Step 11 i s  repeated (heading north). 

A data-recording run i s  made on the next lap, heading 
south, while executing the sl  ip  angle sequence shown in 
Figure 8c a t  50 rnph. 

Step 14 i s  repeated (heading north). 

Step 14 i s  repeated (heading south). 

The vehicle i s  stopped, the t i r e  l i f t e d ,  and a calibration 
of the instrumentation performed. The t i r e  i s  inspected for 
damage. The temperature of the dry concrete surface i s  
measured. 

A final measurement of the tread rubber hardness i s  per- 
formed a f t e r  the t i r e  has been dismounted and cooled to 
room temperature. 

*All t e s t s  on the asphalt track are made with the t e s t  machine 
moving in one direction (south). 

**The sl ip angle sequence i s  selected to  provide six "1 egs" of 
swept s l i p  angle-three upgoing and three downgoing. On the aspal t 
surface, the six "legs" are achieved i n  a continuous, three-cycle, t r i -  
angular waveform. On the concrete surface, the six "legs" are  achieved 
by means of individual (two-1 eg) triangles.  



TIME 

Figure 8. SLIP ANGLE TEST SEQUENCE FOR TESTS ON: 
( a )  Asphalt Surface @ 40 & 50 MPH 
(6) Concrete Surface @ 40 MPH 
(c )  'Concrete Surface @ 50 MPH 



I n  a d d i t i o n  t o  t r a c t i o n  measurements on t r u c k  t i r e s ,  measure- 

ments o f  t h e  ASTM s k i d  number were a l s o  made by TRC on t h e  aspha l t  and 

concre te  sur faces be fo re  and a f t e r  t h e  t e s t  program. 

The l o n g i t u d i n a l  and l a t e r a l  t e s t  procedures were conducted over  

a  1 3 - t i r e  sequence. L i s t e d  i n  Table 1 a r e  t h e  sequences i n  which each o f  

t he  coded t i r e s  was tes ted .  The code l e t t e r s  i n d i c a t e  t he  f o l l o w i n g :  

"C"  represents  a  c o n t r o l  t i  r e  

"RR and RL" represent  Radial  - p l y  carcass cons t ruc t i ons  
w i t h  - R i  b- type and - Lug-Type t r e a d  pa t t e rns ,  r e s p e c t i v e l y  

"BR and BL" represen t  B ias -p ly  carcass cons t ruc t i ons  
w i t h  - R i  b- type and - Lug-Type t r e a d  pa t te rns ,  r e s p e c t i v e l y  

Table 1. Sequence i n  Which T i r e  Samples Were Tested. 

Long i t ud ina l  Ser ies L a t e r a l  Ser ies 

T i  r e  Code Nos. : Contro l  Tes t  Contro l  Test  
Order T i r e s  T i r e s  T i r e s  T i r e s  

C 1  C 9 

BR-1 BR-1 

RR-1 RR- 1  

9 RR- 2 BR-6 



2.3 Data Processing 

The b lock  diagram shown i n  F igure  9 descr ibes t he  d i f f e r e n t  stages 

o f  da ta  process ing f o r  bo th  t he  1 ongi  t u d i n a l  and 1 a t e r a l  t r a c t i o n  measure- 

ments. The i n i t i a l  steps i n  bo th  process ing sequences a r e  n e a r l y  i d e n t i -  

c a l ,  d i f f e r i n g  o n l y  i n  t h e  amount o f  analog f i l t e r i n g  used and t h e  r a t e  

a t  which da ta  was d i g i t i z e d .  The p r i n c i p a l  d i f f e r e n c e s  between l a t e r a l  

and 1 ongi  t u d i n a l  da ta  process ing occur f o l  1  owing t h e  ana log-d ig i  t a l  con- 

vers ion,  d u r i n g  t h e  d i g i t a l  , "post-processing" c a l c u l a t i o n s .  

2.3.1 Long i t ud ina l  T i r e  Force Data Processing. The l o n g i t u d i n a l  

t i r e  f o r c e  da ta  were f i l t e r e d  a t  10 Hz through s i ng le -po le  f i l t e r s  and 

d i g i t i z e d  a t  approx imate ly  150 Hz. The va r i ab l es  d i g i t i z e d  inc luded  

l o n g i t u d i n a l  f o r c e  F X  v e r t i c a l  l oad  ( F ) ,  brake to rque  (Tb) ,  r o t a t i o n a l  

v e l o c i t y  (u), and wheel t r a n s l a t i o n a l  v e l o c i t y  ( V ) .  

The d i g i t a l  process ing i nvo l ved  ( a )  c a l  i b r a t i o n  o f  each channel 

based on t h e  zero, f u l l - s c a l e ,  and zero da ta  s i gna l  l e v e l s  which a re  

recorded be fo re  and a f t e r  each t i r e  t e s t  sequence and based on t he  known 

load  ce11 c ross - t a l  k s e n s i t i v i t i e s ;  ( b )  d i g i t a l  smoothing o f  each channel 

by a  s imple seven-point  moving average c a l c u l a t i o n ;  ( c )  l o c a l  1  east -  

squares curve f i t t i n g  o f  each normal i z e d  t r a c t i o n  (Fx/Fz) versus 1-ongi- 

t u d i n a l  s l i p  da ta  s e t  i n  o rde r  t o  o b t a i n  normal ized t r a c t i o n  da ta  a t  

s p e c i f i c  values o f  l o n g i t u d i n a l  s l  i p  f o r  subsequent averaging; and ( d )  

f i n a l  averaging o f  a l l  v a l i d  t e s t  repeats,  a t  each s l i p  l e v e l  a long t he  

way toward lockup, f o r  each l o a d i n g / v e l o c i t y  c o n d i t i o n  i n  t he  t e s t  se r ies .  

The least -squares c u r v e - f i t t i n g  procedure r e f e r r e d  t o  above i nvo l ves  

per forming a 1  i n e a r  least -squares regress ion  f o r  f o u r  d i g i t i z e d  p a i r s  o f  

) and c a l c u l a t i n g  new data p a i r s  o f  (Fx/F,/ vs s l  i p /  ) 
k 

a t  s p e c i f i e d  va lues o f  s l i p  from t h e  regress ion.  Th i s  regress ion  pro-  I k 
cedure i s  repeated f o r  t h e  e n t i r e  range o f  da ta  f rom 0 s l i p  t o  1.0, s h i f t -  

i n g  by olne p o i n t  each t ime  i t  i s  performed. The s p e c i f i c  values o f  s l i p  I k 
were i n  increments o f  0.02 f rom 0 t o  0.20 and i n  0.05 increments from 0.20 

t o  1.0. 





A f i n a l  average t a b l e  was produced f rom a  simple average o f  a l l  t he  

tab les .  Each f i n a l  average t a b l e  appears 

i n  a  p r i n t o u t  o f  t h e  form shown i n  F i gu re  10, w i t h  a  t a b u l a t i o n  o f  SLIP 

) Brake to rque  (TORQUE) and l o n g i t u d i n a l  t i r e  force 

(FX) a l s o  a r e  shown i n  F i gu re  10. The summary numerics appear ing on t he  

r igh t -hand  s i d e  o f  F i gu re  10 a re  de f i ned  as f o l l o w s :  

TQAV i s  t h e  average brake to rque  a t  wheel l o c k  ( =  Loaded 

Radius) i n  I bs. 

LOAD i s  t h e  average v e r t i c a l  l oad  p r e v a i l i n g  j u s t  p r i o r  t o  a  

brake a p p l i c a t i o n ,  l b s .  

VEL i s  t h e  nominal v e l o c i t y  a t  which t h e  t e s t  sequence was 

conducted, rnph. 

MIJPEAK i s  t h e  peak va lue  o f  F /F from t h e  f i n a l  average t ab le .  
~ / k  

MULOCK i s  t h e  locked-wheel va lue o f  F  /F f rom t h e  f i n a l  
' l k  

average tab1 e. 

RATIO i s  t he  r a t i o  o f  MUPEAK t o  MULOCK. 

F i gu re  11 shows t h e  n e x t  page inc luded  i n  t he  p r i n t o u t  which con ta ins  a  

p l o t  o f  MUX VS S L I P .  The above numerics a re  dup l i ca ted  a t  t he  bottom o f  

t h i s  page f o r  convenience. 

F i gu re  12 i s  an a d d i t i o n a l  page from t h e  p r i n t o u t  showing va lues o f  

F / F  f r o m e a c h o f  t h e i n d i v i d u a l  l o c k u p c y c l e s  a t  t h e c i t e d  t e s t c o n d i -  
~ l k  

t i o n s ,  a long w i t h  t he  va lue o f  s l i p  a t  which each peak occurred. These 

va lues a re  shown i n  t h e  F i gu re  12 p r i n t o u t  as MU-PEAK, SLIPQPEAK, and 

MU-LOCK. Average v a l  ues and standard dev ia t i ons  f o r  t h e  i n d i v i d u a l  MU-PEAK 

and MU-L.OCK va lues a r e  shown as t he  l a s t  two i tems on t h e  F igu re  12 

1  i s t i n g .  





0 
0 

r r r l r r u r ~ ~ , r r ~ r r ~ w r * l ( I ( u u ~ " - L . ~ " - - ~ - - - - ~ - ~ - - w -  ' 
1 
I 

I I  1 
I 0  
I 0  
I - 

I  
I I  
I  
I 

I 

I  

I 

I  

I 
I 

I 
I  

I  

I 

I 
I 

I  1 
I  
I  

I  

I  

I 

I 

I 

I 

I 
I  

I  
I  

I 

I  

I  
I  

I  
I 

I 

I  

I 
I 

I 

- 
I 
I  

I 

I 

I 
I  

I  
I  

I 

I 

I 
I 
I 

I  I - '  
I  1 - 1  
1 I * 
I 



- 
I . . . . . .  4 d 
~ O C 0 0 0 0  > > 



2.3.2 L a t e r a l  T i r e  Force Data Processing. L a t e r a l  t i r e  f o r c e  

da ta  were f i l t e r e d  a t  10 Hz through th ree-po le  f i l t e r s  and d i g i t i z e d  a t  

50 Hz. Four va r i ab les  were d i g i t i z e d ;  namely, l a t e r a l  f o r c e  (F  ) ,  
Y  

v e r t i c a l  l oad  (FZ) ,  s l i p  angle ( a ) ,  and forward v e l o c i t y  (1 ) .  

As i n  t h e  case of t h e  l o n g i t u d i n a l  f o r c e  data,  t he  d i g i t a l  pro-  

cess ing  scheme i nvo l ved  (a )  c a l i b r a t i o n  o f  each channel based on t h e  zero, 

f u l l - s c a l e ,  and zero da ta  s i gna l  l e v e l s  which were recorded be fo re  and 

a f t e r  each t i r e  t e s t  sequence and on t h e  1  i n e a r  l oad  c e l l  c r o s s - t a l  k 

s e n s i t i v i t i e s ;  ( b )  d i g i t a l  smoothing of each channel by a s imple n ine-  

p o i n t  moving average; ( c )  c o n s t r u c t i o n  o f  i n d i v i d u a l  normal i z e d  t r a c t i o n  

(F  /F ) versus s l i p  angle (a )  t a b l e s  f o r  each pos i t i ve -go ing  and negat ive-  
Y Z  

go ing  " l eg "  o f  t he  t r i a n g u l a r  s l i p  angle waveform; and ( d )  averaging o f  

t he  i n d i v i d u a l  (F /F ) versus a t a b l e s  i n t o  one f i n a l  average t ab le .  The 
Y Z  

i n d i v i d u a l  and average t a b l e s  used a  one-degree increment i n  s l i p  angle 

t o  descr ibe  t h e  (F  / F  ) versus a c h a r a c t e r i s t i c .  
Y Z  

The p r i n t e d  ou tpu t  f rom t h e  l a t e r a l  f o r c e  process ing inc ludes  

(a )  i n d i v i d u a l  t a b l e s  o f  F /F versus a (one f o r  each " l eg "  o f  t h e  tri- 
Y Z  

angu la r  waveform o f  a ) ,  ( b )  t h e  corresponding average t a b l e ,  and ( c )  a  

p r i n t - p l o t  of the  average F  /F versus a data. 
Y Z  

F igu re  13 shows a  sample p r i n t o u t  o f  an i n d i v i d u a l  t ab le .    he 
l a b e l s  ALPHA, FY, FZ, and MUY correspond t o  s l i p  angle (a ) ,  l a t e r a l  t i r e  

force (F ) v e r t i c a l  l oad  ( F )  , and t h e  normal ized t r a c t i o n  c o e f f i c i e n t  
Y  

(F  /F ) ,  r e s p e c t i v e l y .  F i g u r e  14 shows a  sample p r i n t o u t  o f  an average 
Y  z  

t a b l e .  The same column heading d e f i n i t i o n s  app ly  t o  t h i s  t ab le ,  w i t h  t he  

a d d i t i o n a l  numerics de f i ned  as f o l l o w s :  

AVE. LOAD i s  t h e  average v e r t i c a l  l oad  p r e v a i l i n g  j u s t  p r i o r  

t o  t h e  i n i t i a l  s l i p  angle a p p l i c a t i o n .  

PEAK MUY i s  t he  peak va lue  o f  (F  /F ) MUY o c c u r r i n g  i n  t he  
Y Z  

average t a  b l  e. 

@ALPHA i s  t he  s l  i p  angle va lue  corresponding t o  t h e  PEAK MUY 

value. 



MUY 

0.0 

BLOCK 53 

Figure 13. Sample printer output--lateral force individual table. 





AVE. PEAK MUY i s  t he  average o f  t h e  peak values o f  ( F  / F  ) 
Y z 

shown on t he  i n d i v i d u a l  ( F  / F  ) versus a tab les .  
Y Z  

STD. DEV. i s  the  standard d e v i a t i o n  o f  t h e  AVE. PEAK MUY value. 

F i n a l l y ,  F igure  15 shows the  corresponding p r i n t - p l o t  f o r  F / F  
Y z 

versus a f rom t h e  average t ab le .  






