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INTRODUCTION 

This document i s  the Final  Executive Summary Report f o r  the  Federal 

Highway Administrat ion p ro jec t  e n t i t l e d ,  "Side F r i c t i o n  f o r  Superelevation on 

Horizontal  Curves , I 1  performed under Contract Number DTFH6 1-82-C-000 19. The 

bas ic  ob jec t ive  of the  p ro jec t  has been t o  address the i s s u e  of how adequate 

point-mass represen ta t ions  a r e  i n  p red ic t ing  f r i c t i o n  requirements f o r  ac tua l  

veh ic les  opera t ing along superelevated curves. Since cur ren t  des ign p rac t i ce  

charac te r i zes  the  veh ic le  under condi t ions  of steady turning motion a s  a  

simple point-mass, l e g i t i m a t e  quest ions  concerning the  f r i c t i o n  requirements 

a t  ind iv idua l  wheel l o c a t i o n s  and how they r e l a t e  t o  the  point-mass 

represen ta t ion  a r e  examined. 

The p r o j e c t  focused on t h i s  and r e l a t e d  quest ions  by combining computer 

a n a l y s i s  and f u l l  s c a l e  veh ic le  t e s t i n g .  Simple-to-use models f o r  p red ic t ing  

the  f r i c t i o n  f a c t o r  requirements a t  ind iv idua l  wheel loca t ions  were f i r s t  

developed and applied t o  the s teady turning condit ion.  An e x i s t i n g  

comprehensive computer model used f o r  p red ic t ing  t r a n s i e n t  o r  non-steady 

maneuvering s i t u a t i o n s  was a l s o  employed t o  analyze f r i c t i o n  demand while 

maneuvering along superelevated curves. Highway t e s t s  were then performed f o r  

two passenger c a r s  and a  f ive-axle t r a c t o r - s e m i t r a i l e r  t o  c o l l e c t  

r ep resen ta t ive  t e s t  da ta  and a s s i s t  i n  v a l i d a t i n g  the  p red ic t ions  of the  

computer models. F i n a l l y ,  a  s e n s i t i v i t y  ana lys i s  was performed t o  i l l u s t r a t e  

the  r e l a t i v e  importance and i n t e r a c t i o n s  of var ious  veh ic le  parameters and 

highway geometries i n  inf luencing s i d e  f r i c t i o n  requirements. 

In  add i t ion  t o  the  Executive Summary Volume, the  f i n a l  r epor t  i s  

comprised of two add i t iona l  volumes. Voume I1 conta ins  the main body of the 

t echn ica l  repor t .  Volume 111 conta ins  Appendices A-G which provide d e t a i l e d  

information r e l a t i n g  t o  the  computer models / pred ic t ions  and experimental 

measurements. 



CONCLUSIONS 

The research conducted within this study has led to a number of 

conclusions which are based largely upon findings of computer model 

predictions and full scale vehicle test results gathered during the course of 

the project. 

* Steady turning models and vehicle tests have shown that 

significant differences do exist in wheel-to-wheel friction 

factor values on most vehicles during steady turning maneuvers 

along superelevated curves. Passenger cars and other two-axle 

vehicles exhibit the least wheel to wheel variation; commercial 

vehicles having multiple axle suspensions and elevated mass 

centers exhibit the greatest dispersion. 

* The level of variation in individual wheel friction factors 

considered and observed in this work indicated there was no 

significant evidence or finding that vehicles, or driverlvehicle 

systems, are less stable or otherwise adversly affected by this 

particular phenomena during steady turning maneuvers along 

typical superelevated highway curves. 

* No substantive evidence rsgarding friction factor dispersion was 
identified to conclude that current highway curve design 

practice, based upon a point-mass formulation, should be modified 

to accomodate the observed wheel-to-wheel variations. For 

example, alteration of the standard design equation to account 

for larger friction factor values derived from an individual 

wheel analysis, is not seen as necessary. These conclusions 

apply to horizontal curve negotiation after completion of the 

curve transition. Temporary disturbances to driver-vehicle 

systems during entry in to horizontal curves and due to different 

curve transition designs were not included in this study. 

* Computer analysis of low friction conditions for steady turning 

maneuvers on superelevated curves suggests that a tirelroad 



f r i c t i o n  l e v e l  approximately equal  t o  the  point-mass value i s  

s u f f i c i e n t  t o  permit s t a b l e  d r i v e r / v e h i c l e  curve nego t i a t ion  f o r  

passsenger ca r s .  However, f o r  the  5-axle t r a c t o r - s e m i t r a i l e r  

used i n  t h i s  study (and presumably s i m i l a r  commercial v e h i c l e s ) ,  

a  minimum f r i c t i o n  l e v e l  approximatelv 10% higher  than the 

point-mass value was genera l ly  necessary t o  guarantee s t a b i l i t y  

f o r  the same maneuver and low f r i c t i o n  opera t ing condi t ions .  

* Obstacle avoidance maneuvers simulated along an AASHTO design 

curve under low f r i c t i o n  condi t ions  showed t h a t  the  minimum 

t i r e / r o a d  f r i c t i o n  l e v e l  necessary f o r  s t a b l e  execution of the  

maneuver i s  approximately equal  t o  the  peak f r i c t i o n  value 

required of a  point-mass ob jec t  undergoing the  same maneuver 

under adequate f r i c t i o n  condi t ions .  Therefore,  even though 

c e r t a i n  t i r e s  on a  veh ic le  may s a t u r a t e  f o r  s h o r t  per iods  of time 

during a  low f r i c t i o n  obs tac le  avoidance maneuver, the d r ive r -  

veh ic le  system i s  ab le  t o  maintain s t a b i l i t y  i f  the  minimum 

t i r e l r o a d  f r i c t i o n  l e v e l  i s  a t  l e a s t  a s  g r e a t  a s  described above. 

This " ru le  of thumb" f o r  e s t ima t ing  the  minimum f r i c t i o n  l e v e l  

needed f o r  such maneuvers appl ied  more o r  l e s s  equal ly  t o  the 

passenger c a r  and t r a c t o r - s e m i t r a i l e r  veh ic les  used i n  the study. 

* Steady turning computer models developed during the  p ro jec t  a r e  

viewed a s  r e l i a b l e  p r e d i c t o r s  of s teady turning veh ic le  

performance along superelevated curves. The models were employed 

t o  c a l c u l a t e  ind iv idua l  wheel f r i c t i o n  f a c t o r  requirements f o r  

steady turning motion of passenger c a r s  and commercial vehic les .  

The p red ic t ions  from the  steady turning models were shown t o  

compare favorably  with veh ic le  t e s t  d a t a  c o l l e c t e d  during the 

p r o j e c t  and c a l c u l a t i o n s  from o the r  comprehensive computer 

models. Use of these  models i s  recommended f o r  more in-depth 

analyses  of veh ic le  / highway i n t e r a c t i o n s  a s  p a r t  of the  highway 

curve des ign process. 

* Experimental i d e n t i f i c a t i o n  and es t imat ion of ind iv idua l  wheel 

f r i c t i o n  f a c t o r  values was shown t o  be poss ib le  but not  highly 



accura te  and repeatable.  The methodology employed i n  t h i s  

p ro jec t  r e l i e d  on d i r e c t  measurement of veh ic le  responses and 

d e r i v a t i o n  of the  f r i c t i o n  f a c t o r  values from t h i s  information. 

(Direct  measurement of t i r e  fo rces  o r  wheel loads a r e  not  

cu r ren t ly  poss ib le  due t o  the  l imi ted  accuracy and s igna l  

v a r i a b i l i t y  of such t ransducers  t h a t  a r e  ava i l ab le . )  

* Estimation of ind iv idua l  wheel f r i c t i o n  f a c t o r s  through the use 

of s teady turning models and represen ta t ive  veh ic le  parameters i s  

viewed a s  s u f f i c i e n t l y  accurate  and r e l i a b l e  f o r  most vehic les .  

Fur ther  experimental v a l i d a t i o n  e f f o r t s  a r e  not  seen a s  necessary 

s ince  the  s e n s i t i v i t y  analyses  conducted here f a i l e d  t o  i d e n t i f y  

s i g n i f i c a n t  adverse e f f e c t s  a t t r i b u t a b l e  t o  modest v a r i a t i o n s  i n  

wheel-to-wheel f r i c t i o n  f a c t o r  values. 

* Concerns occas ional ly  expressed i n  the  t echn ica l  l i t e r a t u r e  about 

s t e e r i n g  reversa l  requirements by d r i v e r s  along superelevated 

curves during condi t ions  of reduced speed a r e  not  supported by 

the  analyses  and observat ions  conducted wi th in  t h i s  p ro jec t .  

Rather,  s t e e r i n g  r e v e r s a l s  (up the  s lope)  away from the d i r e c t i o n  

of t u r n ,  even a t  very low speeds,  a r e  not viewed a s  genera l ly  

poss ib le  f o r  the  g r e a t  major i ty  of passenger c a r s  and commercial 

vehic les .  Consequently, highway curve des igners  can use higher 

r a t e s  of supere levat ion on AASHTO curves without being concerned 

t h a t  lower speed veh ic les  may requ i re  s t e e r i n g  motion "up the 

slope" and away from the d i r e c t i o n  of turn.  

* Mild o s c i l l a t o r y  s t e e r i n g  behavior and accompanying path  

curvature  v a r i a t i o n s  during steady turning maneuvers were 

observed i n  the  t e s t  d a t a  c o l l e c t e d  i n  t h i s  study, The magnitude 

of s t e e r i n g  o s c i l l a t i o n s  observed during each curve nego t i a t ion ,  

wel l  a f t e r  completion of the  t r a n s i t i o n ,  was genera l ly  small ( see  

Sections 6.6 and 7 ,  1). Consequently these  measurements do not 

suggest a need t o  modify e x i s t i n g  AASHTO hor izon ta l  curve design 

p r a c t i c e  based upon observat ions  of dr iver-vehic le  behavior on 

curves of f ixed radius.  Other s t u d i e s ,  c i t e d  and discussed i n  



Chapter 7 ,  have observed much g r e a t e r  l e v e l s  of o s c i l l a t o r y  

dr iver-vehic le  behavior but almost exclus ively  during e n t r y  

t r a n s i t i o n s  t o  hor izon ta l  curves. 

* The i s s u e  of s p i r a l  t r a n s i t i o n s  and assoc ia ted  b e n e f i t s ,  while 

not s p e c i f i c a l l y  s tudied or  addressed wi thin  t h i s  p r o j e c t ,  was 

f requen t ly  encountered during t h i s  study. The t r a n s i t i o n s  t o  

each of the  curve s i t e s  i n  the  t e s t  program were not s p i r a l s  but 

superelevated tangents ,  and a s  such, genera l ly  required mild 

counter-steering and subsequent overshooting of s t e e r i n g  

responses upon e n t r y  i n t o  each curve,  e s p e c i a l l y  with the 

t r ac to r - semi t ra i l e r .  This type of t r a n s i t i o n  design n e c e s s i t a t e s  

the  above described behavior which runs counter t o  the more 

n a t u r a l  d r iv ing  process of r equ i r ing  s t e e r i n g  displacements i n  

the d i r e c t i o n  of the a n t i c i p a t e d  turn.  Use of s p i r a l  t r a n s i t i o n s  

t o  1 )  in t roduce curvature and superelevat ion i n  a  manner 

c o n s i s t e n t  with d r i v e r  expec ta t ions ,  and t o  2 )  r e t a i n  the simple 

physics of the  standard des ign equat ion,  i s  supported. 

RECOMMENDATIONS 

"ecommendations f o r  improving the  accuracy and r e p e a t a b i l i t y  of 

the  experimental approach used i n  t h i s  work include:  

- use of a d d i t i o n a l  s i d e s l i p  t r o l l e y  devices  per veh ic le  

- improved f o r e / a f t  pos i t ion ing  of these  devices a t  o r  near  

s p e c i f i c  wheel l o c a t i o n s  

- use of ground-based r o l l  motion t ransducers  t o  b e t t e r  

e s t ima te  side-to-side v e r t i c a l  load t r a n s f e r  



- use of optimal (Kalman) filtering techniques during data 

processing to improve estimates of the measured vehicle 

responses 

* Future vehicle or highway studies considering the use of a 

sideslip trolley are encouraged to do so based upon the 

experiences of this project. However, design modifications have 

been recommended to improve its ruggedness for normal highway 

travel and to lessen its noise level due to normal road 

disturbances. 

* Preservation of the driverlvehicle test data collected during 
this project in a standardized format for future reference is 

recommended. This data could be used as a useful source of 

representative driver/vehicle responses for further studies of 

highway curve design. 


