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1.0 INTRODUCTION 

This document c o n s t i t u t e s  the  f i n a l  r e p o r t  of a study undertaken t o  

i d e n t i f y  the na tu re  of t ruck  loss-of-control  acc iden t s  occurr ing on freeway 

in terchange ramps and t o  determine the r o l e  which the  geometric design of 

ramps has  played i n  causing such accidents .  Since a p r i n c i p a l  focus of pas t  

research conducted by The Univers i ty  of Michigan Transpor ta t ion Research 

I n s t i t u t e  (UMTRI) has been i n  the  a rea  of t ruck  dynamic response,  the study 

dwells  upon the  mechanics of veh ic le  behavior and i t s  s e n s i t i v i t y  t o  d e t a i l s  

i n  ramp design. Recognizing t h a t  acc iden t s  genera l ly  occur only when d r i v e r ,  

v e h i c l e ,  and roadway f a c t o r s  combine disadvantageously,  the  study a l s o  

considers  the c o n t r o l  a c t i o n s  of the  t ruck d r i v e r  and the  l i k e l y  in f luence  of 

ramp des ign on d r i v e r  s t r a t egy .  

The p r o j e c t  has inves t iga ted  the  problem of t ruck  acc iden t s  on ramps by 

means of an approach which l i n k s  a c t u a l  ramp s i t e s  wi th  a t ruck  s imulat ion 

methodology. The n a t i o n a l  accident  record was f i r s t  examined t o  i d e n t i f y  

S t a t e s  and, subsequently,  i n d i v i d u a l  ramp s i t e s  which su f fe red  an abnormally 

high incidence of t ruck  loss-of-control  accidents .  Ind iv idua l  s i t e s ,  f o r  

which paper copies  of acc iden t  r e p o r t s  were a v a i l a b l e ,  were se lec ted  f o r  

d e t a i l e d  study. Engineering drawings from these  s i t e s  were converted i n t o  the  

geometric input  format needed t o  c a l c u l a t e  t ruck  maneuvering response i n  a 

r a t h e r  complete s imulat ion model. Simulated veh ic le  responses a r e  then 

i n t e r p r e t e d  i n  a fashion which r e l a t e s  geometric des ign of the ramp t o  the  

s p e c i f i c  s t a b i l i t y  and c o n t r o l  problems which showed up i n  the  accident  

r epor t s .  

The study has found t h a t  c e r t a i n  of the  p e c u l i a r  types  of acc iden t s  

which involve  heavy-duty t rucks1 on interchange ramps a r e  c l e a r l y  r e l a t a b l e  t o  

ramp design f e a t u r e s .  I n  f a c t ,  a  p r i n c i p a l  f ind ing  of the  work i s  t h a t  the 

geometric des ign pol icy  of the  American Associat ion of S t a t e  Highway and 

Transpor ta t ion  O f f i c i a l s  (AASHTO) , by which v i r t u a l l y  a l l  highway design i s  

guided i n  the  United S t a t e s ,  provides f o r  only a very slim margin of s a f e t y  

f o r  the opera t ion of c e r t a i n  t rucks  on Interchange ramps. Addi t iona l ly ,  i t  is  

' ~ m p l i e s  s i n g l e  or  combination t rucks  having power u n i t s  i n  c l a s s  7 o r  8 
( f o r  which the  g ross  veh ic le  weight r a t i n g  of the t ruck  o r  t r a c t o r  i s  
26,000 l b s  and up). 



seen t h a t  s p e c i f i c  ramps f u r t h e r  exacerbate  the  s a f e t y  margin s i t u a t i o n  

through des igns  which do not meet even t h e  minimum requirements ind ica ted  by 

AASHTO pol icy ,  Beyond ques t ions  of geometry, i t  i s  a l s o  apparent  t h a t  t r a f f i c  

c o n t r o l  dev ices  a r e  o f t e n  s e l e c t e d  and placed such t h a t  the warning which 

t ruck  d r i v e r s  may need t o  compensate f o r  marginal geometric des ign i s  not 

provided. 

The repor t  i s  organized through t e x t  and appendixes t o  provide coverage 

of both roadway and vehicle-response aspec t s  of the study. Beginning wi th  

p r e s e n t a t i o n s  of the acc iden t  p i c t u r e ,  i n  s e c t i o n s  1 and 2 ,  t he  methodology 

f o r  s e l e c t i n g  s p e c i f i c  ramps i s  ou t l ined ,  Before present ing a  summary of t h e  

geometric des ign a n a l y s i s  f o r  the  s e l e c t e d  ramps, the  p r i n c i p l e s  of geometric 

des ign  a r e  reviewed, i n  s e c t i o n  4 * 1 ,  s o  t h a t  the  reader  who i s  unfami l i a r  wi th  

ramp des ign p r a c t i c e s  can be in t roduced t o  the  subject .  I n  s e c t i o n  4.2, then ,  

s i x  primary f e a t u r e s  of ramp des ign which were found t o  be marginal r e l a t i v e  

t o  recommended p r a c t i c e  a r e  presented,  with ind iv idua l  ramp s i t e s  used a s  

examples. Appendix A provides a complete s e t  of reviews of the  geometric 

des ign f o r  each of the  s e l e c t e d  ramps. 

Sect ion 5 p resen t s  t h e  r e s u l t s  of t h e  s imulat ion s tudy ,  toge the r  with 

d i scuss ion  of the  apparent  impl ica t ions  of the  veh ic le  response problems f o r  

geometric design.  The same s i x  primary des ign f e a t u r e s  which were found t o  be 

marginal ,  above, a r e  c i t e d  i n  terms of the  mechanisms by which t ruck  loss-of- 

c o n t r o l  i s  threatened.  Parameters used t o  r epresen t  t ruck  combinations i n  the  

s imula t ion  a r e  presented i n  appendix B ,  and t h e  d e t a i l e d  p l o t s  desc r ib ing  

v e h i c l e  response i n  each of the  s imulat ion runs a r e  provided i n  appendix C. 

Countermeasures f o r  expanding the  "margin of safe ty"  a t  s i t e s  e x h i b i t i n g  

any of these  des ign f e a t u r e s  a r e  presented i n  s e c t i o n  6. The o v e r a l l  

conclus ions  and recommendations d e r i v i n g  from t h i s  s tudy a r e  presented i n  

s e c t i o n  7.  



A l i s t  of i n v e s t i g a t o r s  who have examined the in f luence  of some of these  

geometric and des ign v a r i a b l e s  on acc iden t s  and/or opera t iona l  a spec t s  would 

inc lude  C i r i l l o ,  Browner, F i she r ,  Lundy, P i n n e l l  and Buhr, Gray and Kauk, 

Langsner, Mullins and Keese, H i l l ,  Wattleworth, Drew, Buhr, and Yates [I-131. 

A major work concerning the r e l a t i o n s h i p  between accidents  and the  

geometric and t r a f f i c  c h a r a c t e r i s t i c s  a t  in terchanges  i s  the  1969 study 

published by the  Bureau of Pub l i c  Roads [ I ] .  Although t h i s  i s  based on d a t a  

obtained from 1959 t o  1965, the  bulk of the  I n t e r s t a t e  system had been 

const ructed and a l a r g e  number and v a r i e t y  of in terchanges  from 20 S t a t e s  were 

represented.  I n  a d d i t i o n ,  t h i s  r epor t  provides a concise  t a b u l a t i o n  and 

d e s c r i p t i o n  of the  kinds of in terchanges  and t h e i r  elements. 

I n  t h i s  s tudy,  acc iden t  counts and accident  r a t e s  were determined f o r  

in terchanges  of var ious  types  ( f u l l  c l o v e r l e a f ,  diamond, e t c . ) ,  and mul t ip le  

l i n e a r  r eg ress ion  models were developed t o  permit e s t ima t ion  of acc iden t  r a t e s  

a s  a func t ion  of such v a r i a b l e s  a s  ADT, geometric f e a t u r e s  (e.g., cu rva tu re ,  

presence and type of shoulders ,  e t c .  1, and the  propor t ion of commercial 

v e h i c l e s  i n  the  t r a f f i c  stream. I n  the  s p e c i f i c  analyses  of acc iden t s  a t  

"extreme" s i t e s  ( those  wi th  an unusually high number of repor ted  a c c i d e n t s ) ,  

commercial v e h i c l e s  were subdivided i n t o  l a r g e  t rucks  and buses. In  genera l ,  

they were found t o  be underrepresented i n  the  accident  population r e l a t i v e  t o  

t h e i r  presence i n  the t r a f f i c  stream. The congest ive  e f f e c t  of commercial 

v e h i c l e s  i n  t r a f f i c  was judged t o  c o n t r i b u t e  t o  the  accident  p r o b a b i l i t y ,  

however. Re la t ive ly  l i t t l e  d e t a i l  was presented regarding accident  type ,  

al though some was a v a i l a b l e  i n  the  d a t a  s e t .  

In  the  regress ion  models developed by the  Bureau of Publ ic  Roads s tudy,  

the  dominant f a c t o r  p r e d i c t i n g  acc iden t s  was t r a f f i c  volume. Geometric 

v a r i a b l e s  con t r ibu ted  0 t o  9 percent of the  explanat ion of v a r i a b i l i t y  i n  the  

o v e r a l l  acc iden t  and i n j u r y  r a t e s ,  and from 5 t o  20 percent f o r  the  var ious  

subun i t s  of in terchanges  (var ious  types of ramps, e t c . ) .  The authors  

ind ica ted  t h a t  the  geometrics on I n t e r s t a t e  q u a l i t y  roads were genera l ly  

improved t o  the  point  where the  v a r i a t i o n  i n  geometrics had l i t t l e  in f luence  



on accidents .  This conclus ion was confirmed by Browner, who ind ica ted  t h a t  

t h i s  f i n d i n g  d i d  not  imply t h a t  acc iden t  d a t a  were t o t a l l y  u s e l e s s  wi th  

respec t  t o  determining the  e f f e c t s  of the  geometric v a r i a b l e s  on o v e r a l l  

s a f e t y  [ 2 ] .  F i s h e r ,  i n  reviewing f o u r  yea r s  of acc iden t  records  on 

in te rchanges  which included a number of o l d e r  f a c i l i t i e s ,  s t a t e d  t h a t  h igher  

(geometr ic)  des ign  s t andards  simply reduced the  t o t a l  number of acc iden t s  but  

t h a t  the  same types  of a c c i d e n t s  occurred a t  a l l  in te rchanges  [ 3 ] .  He noted 

t h a t  o l d e r  des igns ,  wi th  t h e i r  a t t enden t  h igh acc iden t  r a t e s ,  were a c t u a l l y  

h e l p f u l  a s  s u b j e c t s  f o r  s tudy s i n c e  mechanisms r e l a t i n g  des ign t o  accident  

causa t ion  were more apparent .  As i n  va r ious  s i m i l a r  s t u d i e s ,  the  bulk of 

F i s h e r ' s  cons ide ra t ions  of acc iden t  d a t a  simply r e l a t e s  the  g ross  l ayou t  of 

in te rchanges  t o  d i f f e r i n g  scenar ios  of car-to-car o r  car-to-object impact. 

Loss-of-control a c c i d e n t s  involving s i n g l e  v e h i c l e s  were o f t e n  not  d e a l t  wi th  

a s  a s p e c i f i c  c l a s s .  (An except ion t o  t h i s  i s  found, f o r  example, i n  the  work 

by Lundy which showed s ingle-vehic le  acc iden t s  t o  comprise a much l a r g e r  

percentage of a l l  a c c i d e n t s  a t  off-ramps than a t  on-ramps [ 4 ] . )  

I n  Browner's s tudy ,  which c o r r e l a t e d  mass acc iden t  d a t a  wi th  des ign 

v a r i a b l e s  a t  i n d i v i d u a l  in terchange s i t e s ,  an "extreme ana lys i s "  was conducted 

by which i s o l a t e d  s i t e s  having an unusual ly  l a r g e  number of a c c i d e n t s  pe r  year  

r e l a t i v e  t o  o t h e r  s i t e s  of the  same type were s tud ied  i n  c l o s e r  d e t a i l  [ 2 ] .  

The r e s u l t s  of t h i s  a n a l y s i s  were repor ted  i n  a manner which d i d  d i s t i n g u i s h  

"commercial veh ic les"  a s  a group from o t h e r  motor veh ic les .  While i t  was seen 

t h a t  the  commercial v e h i c l e s  exh ib i t ed  acc iden t  r a t e s  which averaged 

approximately ha l f  t h a t  seen wi th  o t h e r  v e h i c l e s  ( c o r r e c t i n g  for,  nominal 

exposure r a t e s  which a r e  a l s o  r e p o r t e d ) ,  i t  i s  perhaps worthy t o  note  t h a t  the  

commercial v e h i c l e  acc iden t  involvement r a t e  was h ighes t  on loop-type ramp 

legs .  This  observat ion would appear t o  agree  wi th  the  genera l  conclus ion,  

from the  p resen t  s tudy ,  t h a t  t igh t - rad ius  curves and low advisory  speeds such 

a s  a r e  found on loop-type connect ions  seem t o  be problemat ica l  f o r  heavy 

t rucks .  Never theless ,  r e s u l t s  from many i n v e s t i g a t o r s  show t h a t  the  whole 

range of motor v e h i c l e  types  i s  more heav i ly  involved i n  a c c i d e n t s  a t  ramps 

having r e l a t i v e l y  t i g h t  curvature .  

Among var ious  s t u d i e s  repor ted  i n  the  l i t e r a t u r e ,  the  in terchange 

elements t h a t  have been examined f o r  t h e i r  e f f e c t  on acc iden t s  have included 

a c c e l e r a t i o n  and d e c e l e r a t i o n  l a n e s ,  a s  we l l  a s  the  p a r t  of the  mainline 



roadway immediately connected with the ramps. Generally,the elements of ramp 

geornetrics that have been examined by regression techniques and other 

statistical treatments of large-volume data, include: 

1) exit or entrance function 

2) ramp curvature 

3) length of ramp 

4 )  length of the constant-radius section and length of transition 

curves 

5) rampwidth 

6) gradient 

7) superelevation and cross section 

8) sight distance 

9) length of weaving section 

10) shoulder width 

11) delineation 

12) surface type 

13) ramp sequence (i.e., exit ramp followed by entrance ramp, or vice 

versa 

14) distance between successive ramps , 

15) left-hand or right-hand ramp 

16) length of speed-change lane 

17) shape of speed-change lane 

18) taper rate 



19 ) convergence o r  divergence angle 

2 0 )  s ign ing  

21) l i g h t i n g  

2 2 )  smooth curve o r  elongated curve 

2 3 )  r u r a l  o r  urban 

Several  p a s t  s t u d i e s  i n d i c a t e  t h a t  the  e f f e c t  of t r a f f i c  volume 

overshadows t h a t  of ramp geometrics (e.g., C i r i l l o  e t  a l .  and Buhr e t  a l .  

[1,12].  It should be noted,  however, t h a t  these  s t u d i e s  tended t o  focus on 

the  e f f e c t  of a  s i n g l e  geometric f e a t u r e  on o v e r a l l  acc iden t s ,  one a t  a  time. 

No thorough i n v e s t i g a t i o n s  were made of t h e  e f f e c t  of the  f a c t o r s  

in f luenc ing  t ruck  a c c i d e n t s  a l o n e ,  nor the  e f f e c t  on t r u c k  a c c i d e n t s  due t o  

i n t e r a c t i o n s  among these  f a c t o r s .  I n  a d d i t i o n ,  no s t u d i e s  were seen t o  have 

adopted the  type of indepth  methodology app l i ed  he re ,  r e g a r d l e s s  of v e h i c l e  

type. That i s ,  i t  appears t h a t  no p r i o r  i n v e s t i g a t o r s  have sought t o  examine 

the  s i g n i f i c a n c e  of ramp geometry by s imula t ing  the  a c t u a l  motion response of 

v e h i c l e s  f o r  the  s p e c i f i c  geometric s i t e  l ayou t s  of accident-involved road 

sec t ions .  Looking t o  the  v e h i c l e  c o n t r o l  i s s u e s  involved,  however, such an 

e x e r c i s e  would have t r i v i a l  r e s u l t s  f o r  a l l  but  t h e  heavy-duty commercial 

v e h i c l e  whose maneuvering limits a r e  r a t h e r  near  the  roadway des ign limits. 

Thus, the  s tudy documented i n  t h i s  r e p o r t  d i f f e r s  from p r i o r  work t o p i c a l l y  i n  

t h a t  i t  cons ide r s  the  in f luences  of ramp geometry through d i r e c t  s imulat ion of 

v e h i c l e  response on example geometries. 



3.0 ACCIDENT DATA ANALYSIS 

3.1 Object ives  and Methodology 

The acc iden t  d a t a  a n a l y s i s  t a s k  had two ob jec t ives .  The f i r s t  was t o  

i d e n t i f y  a  number of i n d i v i d u a l  ramps t h a t  were a t t r a c t i v e  f o r  the  s imulat ion 

of t ruck  dynamic response. These ramps were chosen on the  b a s i s  of an 

over represen ta t ion  of large- t ruck involvements o r  a  h i s t o r y  of a  s i g n i f i c a n t  

number of t ruck  accidents .  The second o b j e c t i v e  was t o  i d e n t i f y ,  through 

s tudy of the  acc iden t  d a t a ,  the  causes of t ruck  acc iden t s  on ramps, both f o r  

the  sake of guiding the  s imulat ion work and suggest ing avenues f o r  development 

of poss ib le  countermeasures. 

Review of the  l i t e r a t u r e  and computerized acc iden t  f i l e s  ind ica ted  t h a t  

the automated f i l e s  of acc iden t  d a t a  c o l l e c t e d  a t  the  n a t i o n a l  l e v e l  do not 

con ta in  enough d e t a i l  t o  i d e n t i f y  the  s p e c i f i c  in terchange,  i n t e r s e c t i o n ,  o r  

ramp on which an accident  occurred. Examples of f i l e s  i n  t h i s  category a r e  

those of the  Bureau of Motor Cdr r i e r  Safe ty  (BMCS), and the  F a t a l  Accident 

Reporting System (FARS) and National  Accident Sampling System (NASS) of the  

National  Highway T r a f f i c  Sa fe ty  Administrat ion (NHTSA). While a  number of 

S t a t e  f i l e s  provide geographic l o c a t i o n  of each accident  and hence serve  t o  

i d e n t i f y  s p e c i f i c  in terchanges ,  f o r  example, many do not i d e n t i f y  the  s p e c i f i c  

ramp, and none g ive  s u f f i c i e n t  d e t a i l  t o  desc r ibe  the  sequence of the  crash. 

It i s  a l s o  t y p i c a l  t h a t  a  hazardous d r i v e r  a c t i o n  such a s  "speed too f a s t "  i s  

coded, which i s  of l i t t l e  u t i l i t y  i n  syn thes iz ing  countermeasures. 

Accordingly, i t  was necessary t o  o b t a i n  hard copies  of o r i g i n a l  accident  

r e p o r t s  which usua l ly  con ta in  a  schematic sketch o r  diagram prepared by an 

i n v e s t i g a t i n g  po l i ce  o f f i c e r .  Such diagrams, along wi th  no tes  i n  

accompanying n a r r a t i v e s ,  provide a  good d e a l  of information on the s p e c i f i c  

ramp, t h e  l o c a t i o n  on the  ramp, and d e t a i l s  desc r ib ing  the  accident .  

The procedure used t o  s e l e c t  ramps f o r  ind iv idua l  study was a s  follows: 

Copies of example accident  r epor t ing  forms from a l l  S t a t e s ,  toge the r  with 

i n s t r u c t i o n s  and coding p ro toco l s  used t o  prepare these  r e p o r t s  i n  some cases ,  

were reviewed f o r  content  t o  determine which S t a t e s  might have the  c a p a b i l i t y  



f o r  i d e n t i f y i n g  ( a )  a c c i d e n t s  involving l a r g e  t rucks  on ramps and ( b )  the  ramp 

o r  in terchange a t  which they occurred. A number of candidate  S t a t e s  were 

s e l e c t e d  based on the  abso lu te  and r e l a t i v e  number of acc iden t s  i n  the  1980 

BMCS acc iden t  f i l e .  Twelve S t a t e s  were s e l e c t e d  f o r  t e n t a t i v e  i n c l u s i o n  based 

on both the  BMCS d a t a  and the  review of t h e i r  r e s p e c t i v e  acc iden t  r epor t s .  

Michigan was included because of the  convenience t o  both  the  acc iden t  and 

highway d a t a ,  the  c l o s e  cooperat ion between UMTRI and MDOT, and the  ready 

access  t o  s i t e s  s e l e c t e d  i n  the  S t a t e .  

Each s e l e c t e d  S t a t e  was then asked t o  i d e n t i f y  a number of ramps or  

in te rchanges  wi th  a h i s t o r y  of large- t ruck acc iden t  involvements. It would be 

d e s i r a b l e  t o  s e l e c t  ramps wi th  high acc iden t  r a t e s  based on t h e  number o r  

frequency of t ruck  t r a v e r s a l s  a s  a measure of exposure. We learned e a r l y ,  

however, t h a t  c l a s s i f i c a t i o n  counts  a r e  genera l ly  not  a v a i l a b l e  on ramps. 

Counts a r e  a v a i l a b l e  on through l a n e s ,  but these  do not provide r e l i a b l e  

measures of exposure on ramps even when t h e  counts a r e  taken near  o r  a t  the  

in terchange.  I f  t h e  in terchange i s  i n  a r u r a l  a g r i c u l t u r a l  region o r  i n  a 

suburban bedroom community, very l i t t l e  t ruck  t r a f f i c  i s  l i k e l y  t o  use the  

ramps. In  c o n t r a s t ,  an in terchange se rv ing  an a r e a  of heavy i n d u s t r y  o r  a 

l a r g e  t ruck  s t o p  w i l l  exper ience  very heavy t ruck  t r a f f i c .  

The responses of the  S t a t e s  v a r i e d ,  of course ,  depending on t h e i r  d a t a  

process ing c a p a b i l i t i e s  and the  d e t a i l s  of t h e i r  acc iden t  and highway f i l e s .  

The responses which were found t o  con ta in  a l l  of t h e  elements needed t o  

suppor t  the  a n a l y s i s  of t ruck  a c c i d e n t s  a t  s p e c i f i c  ramps were chosen f o r  the  

d e t a i l e d  study. 

A number of candidate  ramps were s e l e c t e d  i n  C a l i f o r n i a ,  I l l i n o i s ,  

Maryland, Michigan, Ohio, and Texas. Copies of the  acc iden t  r e p o r t s  and 

cop ies  of the  p o l i c e  r e p o r t s  on the  t ruck  acc iden t s  a t  these  s i t e s  were 

ob ta ined ,  a s  we l l  a s  c o n s t r u c t i o n  p lans  g iv ing  t h e i r  geometry. The acc iden t  

r e p o r t s  were then examined t o  determine which ramps had a number of acc iden t s  

t h a t  were r e l a t e d  t o  geometries and v e h i c l e  dynamics and t h e r e f o r e  would be 

cand ida tes  f o r  s imulat ion.  

The examination and review of acc iden t  r e p o r t s  cons i s t ed  of eva lua t ing  

each case  and judging i t  e i t h e r  " re levant"  o r  " i r r e levan t . "  Cases c lassed  a s  



i r r e l e v a n t  ( t o  t ruck  dynamics and ramp geometry) included those i n  which 

passenger c a r s  o r  o t h e r  veh ic les  were c l e a r l y  culpable ,  such a s  a c a r  

c o l l i d i n g  i n t o  the  r e a r  of a t ruck ,  or  a c a r  t r a v e l i n g  the  wrong way on a 

ramp. A s u b s t a n t i a l  number coded a s  "ramp" acc iden t s  a c t u a l l y  occurred on 

through l anes ,  e .g . ,  a  veh ic le  improperly merging from a ramp. Merging 

acc iden t s  were c lassed as  i r r e l e v a n t  un less  geometry might have been a 

con t r ibu t ing  f a c t o r .  Cases r e s u l t i n g  from mechanical f a i l u r e ,  such a s  t i r e  

blow-out, were a l s o  considered i r r e l e v a n t .  Relevant cases  were taken t o  

include a l l  those  i n  which, f o r  example, the  t r u c k ' s  speed was noted t o  be 

excess ive  o r  which r e s u l t e d  i n  run-off-road, over turn ,  jackknife ,  o r  c o l l i s i o n  

subsequent t o  l o s s  of con t ro l .  The number of r e l evan t  cases  was t o t a l e d  f o r  

each candidate  ramp, and those with the  g r e a t e r  numbers were se lec ted  f o r  

study. 

The procedures ou t l ined  above a r e  described i n  d e t a i l  i n  the  sec t ions  

t h a t  follow. 

3 . 2  Available Accident Data Systems 

The primary instrument which provides the  b a s i s  of S t a t e  accident  d a t a  

systems i s  the  t r a f f i c -acc iden t  r epor t ing  form used by i n v e s t i g a t i n g  po l i ce  

o f f i c e r s .  The forms used by each of the  S t a t e s  were examined t o  determine i f  

the  information necessary t o  the p r o j e c t  could be a v a i l a b l e  i n  automated 

f i l e s .  For a number of S t a t e s ,  the  i n s t r u c t i o n  manuals were a v a i l a b l e ,  and 

f o r  a few S t a t e s  the  d a t a  f i l e  coding manuals were a l s o  ava i l ab le .  

Two information elements t h a t  a r e  e s s e n t i a l  t o  the  p r o j e c t  a r e  ( a )  the  

i d e n t i f i c a t i o n  o r  coding of l a rge  trucks--excluding pickups and o t h e r  u n i t s  

under 10,000 l b s  (4.54 Mg) GVW--and (b) the  i d e n t i f i c a t i o n  of ramps a s  the  

accident  s i t e .  In  order  t o  a s s o c i a t e  the  accident  with s p e c i f i c  in terchange 

des ign parameters,  o r  t o  s e l e c t  s i t e s  f o r  a n a l y s i s  of accident  experience,  i t  

was a l s o  necessary t h a t  the d a t a  s t r u c t u r e  promote s u f f i c i e n t  geographic 

l o c a t i o n  information such t h a t  e i t h e r  the  s p e c i f i c  ramps could be i d e n t i f i e d  

or  a cross-index was provided f o r  access ing the hard-copy accident  repor ts .  

The l a t t e r  were a l s o  important  i f  hard-copy r e p o r t s  were t o  be used t o  ob ta in  

n a r r a t i v e  o r  diagrammatic information not coded i n  the  S t a t e  d a t a  system. 



The S t a t e  r e p o r t  forms were reviewed f o r  these  four  d a t a  items. The 

r e s u l t s  a r e  shown i n  t a b l e  1, wi th  no tes  t o  exp la in  s p e c i f i c  e n t r i e s .  Three 

S t a t e s  (Montana, South Dakota, and Vermont) a r e  not included because r e p o r t s  

were not a v a i l a b l e ;  Alaska and Hawaii were omitted because of t h e i r  

remoteness. 

Documentation i n  the  form of coding manuals i s  a v a i l a b l e  f o r  the  S t a t e  

d a t a  systems of a few S t a t e s ,  and these  a r e  ind ica ted  by a s e p a r a t e  l i n e  of 

data .  D i g i t a l  f i l e s  of S t a t e  d a t a  a r e  a v a i l a b l e  a t  UMTRI f o r  Michigan, 

Pennsylvania,  Texas, and Washington. Information on these  f i l e s  i s  a l s o  

included.  

A "Y" i n  the  l is t  i n d i c a t e s  t h a t  the  des i red  informat ion i s  e x p l i c i t l y  

included on the  repor t  form. 

The r e p o r t  number which indexes the  hard copy t o  the  d i g i t a l  record i s  

not shown on a number of the  blank r e p o r t s  on f i l e  a t  UMTRI. S t a t e s  having 

such apparent  de f i c iency  a r e  i n d i c a t e d  by a ques t ion  mark. However, nea r ly  

a l l  S t a t e s  a s s i g n  and i n s e r t  such a number a t  the  S t a t e  data-processing 

cen te r .  

Vehicle d e s c r i p t i o n s  i n  the  r e p o r t s  vary widely,  a s  ind ica ted  i n  the  

l is t .  A number of S t a t e s  provide v e h i c l e  i d e n t i f i c a t i o n  numbers (VIN). I n  

p r i n c i p l e ,  the  VIN provides  a r e l i a b l e  i d e n t i f i c a t i o n  of t h e  type of vehic le .  

I n  p r a c t i c e ,  t h e  automated i n t e r p r e t a t i o n  of t ruck  VINs i s  d i f f i c u l t  and would 

become a very expensive method of s e p a r a t i n g  l a r g e  t ruck  involvements from 

those  of a l l  o t h e r  types  of veh ic les .  

3.3 S e l e c t i o n  of Candidate S t a t e s  Using the  BMCS Accident Data F i l e  

The f i l e  of t ruck  acciderit r e p o r t s  submitted t o  t h e  BMCS provides a 

convenient  d a t a  s e t  f o r  comparing S t a t e s .  While not  a l l  a c c i d e n t s  involving 

l a r g e  t rucks  a r e  repor ted  t o  the  BMCS, p r imar i ly  because of the  r e p o r t i n g  

t h r e s h o l d ,  t h e  f i l e  i s ,  n e v e r t h e l e s s ,  t h e  l a r g e s t  n a t i o n a l  f i l e  of heavy-truck 

accidents .  The acc iden t  r e p o r t  form and d a t a  f i l e  i d e n t i f y  acc iden t s  which 



Table 1. Content review of S ta te  accident reporting forms. 

A 1 abama 
A 1 aska 
Ar i tona 
Arkansas 

File 
California 
Co 1 orado 
Connect i cut 
Delaware 
Dist of Columbia 
Florida 
Georg i a 
Hawa i i 
l daho 
1 1  l inois 
l nd i ana 
l owa 
Kansas 
Kentucky 
Lou i s i ana 
Ma i ne 
Mary 1 and 
Massachusetts 
Michigan 

File 
Minnesota3 
Hississippi 
Mi ssour i' 
Montana 
Nebraska a 

Nevada 
New Hampshire 

File 
New Jersey 
New Mexi co 
New York 
North Carol ina 
North Dakota 
Ohio 

File 
Ok l ahoma 
Oregon 
Pennsy l van i a 

File 
Rhode Island 

Report Large Truck 
Statea Number 1 ldentif ication 

Y  - 
VI N'  

Combinations only5 
Y  
Y  
Y  

VI N' 
7 

No 
"Truck" 

Y  - 
Y  

Y 7  
Trac-trails 

Y  
VIN7 

, ?  ' 

No. of Axles 
Y 

Y '  
7 
Y  
Y  

Trac-trail5 
Trac-tra i 1 

7 - 
VIN1 

7 
Y  
Y  

Y  ' 
Y  
7 

V I N '  
7 
Y  
Y 
? 
Y  
Y 
Y  

V I N  

Y ,  (diagram) - 
Y ,  (d i agram) 

. Diagram 
Y 

Diagram 
D i agram 
D i agram 
D i agram 
Diagram 
D i agram 

Y ,  (diagram) - 
Y ,  (diagram) 

D i agram 
Y ,  (diagram) 
Y ,  (diagram) 
D i agraml 
Di agrama 

Y ,  (d i agram) 
D i agram 

Y, (diagram) 
Y ,  (diagram) 

D i agram 
Y 

Y  , (d i agram) 
Diagram 
D i agram - 
D i agram 

Y 
D i agram 

Y  
D i agraml 

Y ,  (d i agram) 
D i agraml 

Y, (diagram) 
Diagram 

Y, (diagram) 
Y ,  (rural only) 

Y ,  (diagram) 
Y, (diagram) 

D i agram 
Y  

D i agram 

Ramp 
Identification2 Location 



Table 1. (Continued) 

The information relates to the police officers report. Information on 
coding of computerized files is given on a second line labeled "File" for each 
state for which we now have data. 

State1 

South Carol ina 
South Dakota- 

File 
Tennessee4 
Texas 

File 
Utah 
Vermont 
Virginia 

File 
Washi ngton" 

File 
West Virginia 
W i scons i n 
Wyom i ng4 

A "Y" indicates the form explicitly provides for indicating a ramp accident. 
Most states provide space for an officers diagram of the accident. If such a 
space is provided, it is indicated parenthetically. 

A separate report form is used for driver-reported information ,providing - 
similar information. 

Report 
Number 

Y - 
Y 
? 
Y 
Y 
? - 
Y 
? 
Y 
Y 
? 
Y  
Y 

+ A separate report form is used for driver-reported information, but 
including less detail. 

Pickups and other light trucks are,or may be, inciuded-with heavier straight 
trucks. 

Large Truck 
Identification 

Y - 
Y 
Y 
Y 
Y 

Y1° - 
? 
? 

No 
Y 
Y 
Y 

Y b  

' Pickups or trucks under 10 kips are differentiated from heavier units, 
without further description. 

The vehicle description is given by the investigating officer's own choice 
of words, and may not differentiate the site of trucks. 

Ramp 
Identification2 

Y, (diagram) - 
Y (prior to 1977) 

Diagram 
Diagram 

Y 
D iagram - 
D i agram 

Y 
Diagram 

N o 
Y 

D i agram 
Y, (diagram) 

A complete drawing may be provided, or a checking of cursory impact 
configurations may be used without indicating a ramp involvement. 

Location 

Y - 
Y 
Y 
Y 
Y 
Y - 
Y 
Y 
Y 

N o 
Y 
Y 
Y 

The form also specifies 2-axle, 3-axle, and tractor-trailer trucks. 

l o  Vehicle weight and Vinls are also provided for by the form. 

l L  Driver report. 



occurred on expressway entrance  and e x i t  ramps, but these  acc iden t s  probably 

do not include those occurr ing on speed-change lanes .  

The number of ramp acc iden t s  by S t a t e  i s  shown i n  t a b l e  2 ,  along with 

the t o t a l  number of t ruck  acc iden t s  i n  the f i l e .  It should be recognized t h a t  

the  numbers shown i n  t a b l e  2 do not represent  the  t o t a l  large- t ruck accident 

experience e i t h e r  i n  ind iv idua l  S t a t e s  o r  i n  the e n t i r e  country. The BMCS 

regu la t ions  requ i re  t h a t  the  c a r r i e r  r epor t  the  accident  when i t  i s  a f a t a l  o r  

injury-producing acc iden t ,  o r  i f  proper ty  damage i s  g r e a t e r  than $2,000. Many 

of the proper ty  damage cases  reported by po l i ce  never appear i n  BMCS f i l e s .  

Comparison of the  numbers of large- t ruck acc iden t s  on ramps i n  the BMCS f i l e  

f o r  1980 and s e v e r a l  S t a t e  f i l e s  i n d i c a t e s  t h a t  the  l a t t e r  include many more 

than the  BMCS f i l e .  The r a t i o s  a r e  about four  f o r  Texas and Pennsylvania 

(1979)  and over t e n  f o r  Michigan. 

I d e a l l y ,  we would l i k e  t o  have compared the  accident  experience among 

the  S t a t e s  on the  b a s i s  of exposure, mileage on ramps, ramp t r a v e r s a l s ,  o r  

even t o t a l  t ruck  veh ic le  miles i n  the  S ta te .  Unfortunately,  s ince  no such 

exposure measures were r e a d i l y  a v a i l a b l e ,  i t  was necessary t o  seek s u i t a b l e  

su r roga te  measures. A simple measure of ramp over represen ta t ion  i s  the  

propor t ion of acc iden t s  which occur on ramps (given i n  the f o u r t h  column). 

However, t h i s  does not account f o r  the  propor t ion of t r a v e l  which i s  on ramps 

o r  the r e l a t i v e  number of in terchanges  per  mile of highway. 

I n  the  absence of r e l i a b l e  exposure measures, two a l t e r n a t i v e s  have been 

used. One i s  the  miles of f u l l y  con t ro l l ed  access  highways. This was f u r t h e r  

divided i n t o  urban and r u r a l  mileage on the  hypothesis  t h a t  the  r e l a t i v e  urban 

mileage might c o r r e l a t e  wi th  the  number of in terchanges  per Sta te .  The source 

of highway mileage d a t a  i s  "Highway S t a t i s t i c s :  1979" published by the  Federal  

Highway Administrat ion (FHWA). The mileage f i g u r e s  f o r  four  S t a t e s  

(Connecticut ,  Miss i s s ipp i ,  Rhode I s l a n d ,  and Washington) appeared t o  be 

unreasonably low. For these  S t a t e s ,  the t o t a l  i n t e r s t a t e  mileage a s  given i n  

the  " I n t e r s t a t e  System Route Log and Finder L i s t "  published by FHWA was used, 

lThe d a t a  i n  the  1980 s t a t i s t i c s  a r e  the  f i r s t  t o  be based on the  merged 
Highway Performance Monitoring System (HPMS). Twenty-six S t a t e s  were 
not ye t  ab le  t o  r epor t  d a t a  i n  the  HPMS format;  thus ,  da ta  a r e  missing 
f o r  these  S ta tes .  The 1979 da ta  were used because of t h i s  high missing 
d a t a  r a t e  i n  t h e  1980 publ ica t ions .  



Table 2 .  L i s t  of  1980 BMCS trrlck accid.ents by State, mi les  of fu l l - access -  
c o n t r o l  highways, and popula t ion i n  millions. 

Accidents Mi les of Ful 1 
State Ramp Total percent Access-Control Hwy. Population 

N N O n R a m p  Rural Urban Total 

A 1 abama 
A l aska 

A r  i zona 
Arkansas 

California 
Colorado 

Connecticut 
Delaware 

D. C. 
Florida 
Georg i a 
Hawa i i 

l daho 
Illinois 

l nd i ana 
l owa 

Kansas 
Kentucky 

Lou i s i ana 
Ma i ne 

Mary 1 and 
Massachusetts 

Michigan 
Mi nnesota 

Mississippi 
Mi ssour i 
Montana 

Nebraska 
Nevada 

New Hampshire 
New Jersey 
New nex i co 

New York 
North taro l i na 

North Dakota 
Ohio 

Ok 1 ahoma 
Oregon 

Pennsy 1 van i a 
Rhode Island 

South Carol i na 
South Dakota 

Tennessee 
1 exas 
Utah 

Vermont 
Virginia 

Washington 
West Virginia 

Wisconsin 
Wyom i ng 

Missing Data 
Tota 1 



but without the  ru ra l /u rban  s p l i t .  S t a t e  popula t ion,  i n  m i l l i o n s ,  from the  

1980 census i s  a l s o  included a s  an a l t e r n a t e  exposure normalizer f o r  t ruck 

t r a v e l .  

A number of r eg ress ions  were used t o  examine measures of 

over represen ta t ion  of ramp acc iden t s  among the  S t a t e s  using the highway 

mileage and population.  S p e c i f i c a l l y ,  both forward and backward stepwise 

regress ions  of both the number of acc iden t s  on ramps (column 2 )  and the 

percentage of acc iden t s  which were on ramps (column 4) were run using the  

following independent v a r i a b l e s :  

1 )  t o t a l  mileage of f u l l y  con t ro l l ed  access  highway 

2 )  propor t ion of the  highway mileage which i s  urban 

3 )  population 

4 )  product of mileage and population ( a s  an i n t e r a c t i o n  term) 

The models which r e s u l t e d  from the  s tepwise regress ions  were the 

following: f o r  the  number of ramp accidents--mileage,  popula t ion,  and the  

product of mileage and popula t ion;  and f o r  percent of acc iden t s  on ramps-- 

population alone. Regressions using only these  v a r i a b l e s  were then run so 

t h a t  cases  ( S t a t e s )  with missing d a t a  on the nonselected v a r i a b l e s  (namely, 

propor t ion of urban mileage) would be included. The r e s i d u a l s  (excess of the  

a c t u a l  number over the  number predic ted  by the regress ion)  may be i n t e r p r e t e d  

a s  measures of overrepresenta t ion.  

Four v a r i a b l e s  have thus  been developed which r e l a t e  t o  t o t a l  number and 

over represen ta t ion  of ramp acc iden t s  i n  poss ib le  candidate  S ta tes .  These a r e  

(1 )  the  t o t a l  number of ramp acc iden t s ,  ( 2 )  t h e  percentage of acc iden t s  which 

occurred on ramps, ( 3 )  the  r e s i d u a l  of the  number of ramp acc iden t s  i n  a  

r eg ress ion  model, and ( 4 )  the  r e s i d u a l  of the  percentage on ramps i n  a  

r egress ion  model. Tables 3 through 6 give  the  S t a t e s  i n  decreas ing order  of 

each of these  f o u r  va r i ab les .  

It should be emphasized t h a t  the  regress ions  a r e  not intended t o  

represen t  r e l i a b l e  p r e d i c t i v e  models, nor was an exhaustive search f o r  

r e l i a b l e  p r e d i c t o r s  undertaken. The o b j e c t i v e  was t o  develop a  l i s t  of S t a t e s  



Table 3 .  L i s t  of 1980 BMCS t ruck accidents which a r e  on ramps by S t a t e ,  
i n  decreas ing o rde r  of number on ram?s. 

State 

1 Ohio 
2 Texas 
3 I 1  1 inois 
4 Penns y 1 van i a 
5 California 
6 New Jersey 
7 . l ndiana 
8 New York 
9 Tennessee 
10 Georg i a 
1 1  Michigan 
12 Missouri 
13 Virginia 
14 Kentucky 
15 Mary 1 and 
16 Florida 
17 Oregon 
18 Washington 
19 I owa 
20 Louisiana 
21 North Carolina 
2 2 W i scons i n 
2 3 Colorado 
2 4 Ok 1 ahoma 
25 Connecticut 
2 6 Kansas 
27 Massachusetts 
2 8 A l abama 
29 South Carolina 
3 0 Utah 
3 1 Arkansas 
32 A r  i zona 
33 West Virginia 
3 4 ~ y o m  i ng 
3 5 Mississippi 
3 6 Mi nnesota 
3 7 New Mexico 
38 Nevada 
3 9 l daho 
40 Hon tana 
4 1 Nebraska 
42 Rhode Island 
4 3 A 1 aska 
44 North Dakota 
4 5 Delaware 
46 Ma i ne 
47 South Dakota 
48 New Hampsh i re 
4 9 D.C. 
50 Hawa i i 
5 1 Vermont 

Accidents 
Ramp Total percent 

N N On Ramp 



Table 4 .  List of 1980 BMCS truck accidents which are on racps by S ta te ,  
i n  decreasing order of percent on ramps. 

State 

1 Rhode l sland 
2 New Jersey 
3 Ohio 
4 C a l i f o r n i a  
5 Nevada 
6 Kentucky 
7 Connecticut 
8 Hassachuset t s  
9 Mary 1 and 

10 Tennessee 
1 1  Utah 
12 Michigan 
13 I 1 )  i no i s  
14 Pennsy 1 van i a 
15 Oregon 
16 l owa 
17 Washington 
18 Colorado 
19 Georgia 
20 l nd i ana 
2 1 V i r g i n i a  
22 M i  ssour i 
2 3 Wisconsin 
24 New York 
25 Texas 
26 Lou i s i ana 
2 7 North Dakota 
28 South Carol i na 
29 A 1 aska 

' 30 Nor th  Carol i na 
3 1 Kansas 
3 2 Ok 1 ahoma 
3 3 Arkansas 
34 M i ss i ss i pp i  
3 5 F l o r i d a  
3 6 !I i nneso t a  
37 W e s t V i r g i n i a  
38 Ar i zona 
39 New Mexico 
4 0 Wyom i ng 
4 1 l daho 
42 Montana 
4 3 A l abama 
44 Ma i ne 
4 5 Del aware 
46 Nebraska 
47 New Hampshire 
48 D i s t  o f  Columbia 
49 South Dakota 
5 0 Hawa i i 
5 1 Vermont 

Accidents 
Ramp To ta l  

N N 
percent 
On Ramp 



Table  5 .  S t a t e s  o r d e r e d  on r e s i d u a l  of number of ramp a c c i d e n t s  
r e p o r t e d  t o  the  BMCS i n  1980. 

State 

1 Ohio 
2 New Jersey 
3 ! 1 1  inois 
4 Pennsylvania 
5 l nd i ana 
6 Tennessee 
7 Mary 1 and 
8 Texas 
9 Oregon 
10 De 1 aware 
1 1  Rhode l sland 
12 l owa 
13 Connecticut 
14 Ha i ne 
15 Hawai i 
16 Georg i a 
17 Nevada 
18 west Virginia 
19 Washington 
20 l daho 
2 1 Lou i s i ana 
2 2 New Hampshire 
2 3 Kansas 
2 4 Utah 
25 Vermont 
26 Colorado 
2 7 Hi ssour i 
2 8 Wyom i ng 
2 9 North Dakota 
30 Ok 1 ahoma 
3 1 Kentucky 
32 Arkansas 
33 Nebraska 
3 4 W i  scons i n 
35 Virginia 
3 6 A 1 abama 
37 South Carol i na 
3 8 South Dakota 
39 Mississippi 
4 0 Montana 
4 1 New hexi co 
42 California 
43 North Carolina 
4 4 Massachusetts 
45 Ar i zona 
46 Michigan 
47 Hi nnesota 
48 Florida 
49 New York 
5 0 A 1  aska 
51 Dist of Columbia 

Ac tua 1 Predicted 
Number Number Res i dua 1 



Table 6.  S t a t e s  ordered on r e s i d u a l  of percent  of acc iden t s  repor ted  
t o  t h e  BMCS i n  1980 which were ramp acc iden t s .  

Ac t u ~  1 Pred i cted 
State Percent Percent Res i dua 1 

Rhode Is land 
New Jersey 

Nevada 
Kentucky 

Connect i cu t  
Utah 

nary 1 and 
Tennessee 

Massachusetts 
Ohio 

Oregon 
l owa 

Colorado 
Washington 

Hi chigan 
Georgia 

Wisconsin 
V i r g i n i a  
Hi  ssour i 

l nd i ana 
North Dakota 

i 1 1  i no i s  
A 1 aska 

Pennsy 1 van i a 
Lou i s i ana 

South Carol ina 
Kansas 

Ok 1 ahoma 
Arkansas 

C a l i f o r n i a  
New Mexi co 

M iss iss ipp i  
Wyom i ng 

West V i r g i n i a  
Nor th  Carol ina 

Montana 
l daho 

Arizona 
M i  nnesota 

Ma i ne 
Texas 

De 1 aware 
A 1 abama 
F lo r i da  

New York 
Nebraska 

s t  o f  Columbia 
New Hampsh i r e  
South Dakota 

Vermont 
Hawa i i 



which should be included f o r  cons ide ra t ion ,  and which should be f u r t h e r  

evaluated on the  b a s i s  of a v a i l a b i l i t y  of appropr ia te  d a t a  and cooperat ion i n  

providing acc iden t  and geometric d a t a ,  

Those S t a t e s  which appear among the  top t e n  on two o r  more of t h e  l i s ts  

were s e l e c t e d  a s  a s e t  appropr ia te  f o r  cons ide ra t ion  a s  candidate  S ta tes .  

Michigan was added because of the  convenience of proximity,  and because of 

pas t  cooperat ion between Michigan agencies  and UMTRI. 

While Connect icut ,  Massachusetts ,  Nevada, and Rhode I s l and  a l l  appeared 

on the  l i s t ,  they were e l iminated because of t h e i r  smal l  number of ramp 

accidents .  The candidate  S t a t e s  were: 

1) Ohio 

2 )  New J e r s e y  

3 )  Tennessee 

4 )  Maryland 

5 )  I l l i n o i s  

6 )  C a l i f o r n i a  

7 )  Pennsylvania 

8 )  Texas 

9 )  Indiana 

10) Kentucky 

11) Michigan 

Table 2 i n d i c a t e s  t h a t  the  above S t a t e s  a l l  c o l l e c t  appropr ia te  and 

necessary  d a t a ,  a l though the  v e h i c l e  i d e n t i f i c a t i o n  i n  New J e r s e y ,  Maryland, 

and I l l i n o i s  i s  marginal. 

With the  a s s i s t a n c e  of t h e  sponsor,  each of t h e s e  S t a t e s  was contacted 

and asked f o r  a s s i s t a n c e .  Each was asked t o  i d e n t i f y  approximately s i x  ramps 

( o r  in te rchanges )  which have had a s u b s t a n t i a l  involvement of l a r g e  t rucks  i n  

accidents .  The s e l e c t i o n  was t o  be based on overinvolvement r e l a t i v e  t o  

average d a i l y  t ruck  t r a f f i c  on t h e  ramp i f  t h i s  were a v a i l a b l e ,  o r  on l a r g e  

number of a c c i d e n t s  i f  the  t r u c k  ADT were not a v a i l a b l e .  Geometric r e p o r t s  

were a l s o  requested.  Since Indiana,  Kentucky, Pennsylvania,  and Tennessee 

were unable t o  provide hard cop ies  of p o l i c e  r e p o r t s ,  they were not  included 

i n  the  cons ide ra t ion  of i n d i v i d u a l  ramp s i t e s ,  The responses of the  o t h e r  



S t a t e s  were a l l  p o s i t i v e  but va r i ed  i n  d e t a i l s ,  which w i l l  be discussed 

separa te ly .  

Michigan -- The Michigan Department of Transpor ta t ion (MDOT) provided 

information on the  frequency of large- t ruck involvements on ramps using t h e i r  

acc iden t  f i l e s  and the  Michigan Accident Location Index (MALI). The MALI 

system provides automation of the  geographic l o c a t i o n  of acc iden t s  wi th  some 

informat ion on l o c a t i o n  wi th  respec t  t o  the  elements of interchanges.  The 

informat ion provided was based on accident  d a t a  on S t a t e  t r u n k l i n e s  from 1979 

through 1981, and provides l i s t i n g s  of ind iv idua l  in terchanges  which had e i g h t  

o r  more large- t ruck involvements on ramps i n  the  3-year period. 

Michigan has approximately 650 interchanges.  Over the  3-year per iod,  

1,543 l a r g e  t rucks  were involved i n  acc iden t s  on ramps o r  connectors of 385 of 

these  in terchanges .  Thus, 265 of the  650 in terchanges  had no large-truck 

acc iden t  experience. An a d d i t i o n a l  338 s i t e s  had fewer than 8 involvements i n  

the  3 years.  Nearly hal f  of the  t ruck  involvements, 696, occurred a t  only 47 

s i t e s .  The major i ty  of these  acc iden t s  (514) occurred i n  sou theas te rn  

Michigan, wi th  305 i n  Wayne County--which inc ludes  Detroi t .  Those s i t e s  i n  

sou theas te rn  Michigan which had over 10 involvements i n  3 years  number only 

14, but accounted f o r  331 involvements o r  over 20 percent of those  i n  the 

e n t i r e  S ta te .  This nonuniform d i s t r i b u t i o n  i s  l a r g e l y  the  r e s u l t  of the high 

t r a f f i c  d e n s i t y  i n  the  sou theas te rn  corner  of the  S ta te .  To provide study 

s i t e s  from l e s s  urbanized a r e a s ,  c o n t a c t s  were made with the  d i s t r i c t  

engineers  of each of t h e  southern highway d i s t r i c t s  which include in terchanges  

on l imited-access highways. 

Accident r e p o r t s  were obtained f o r  seven in terchanges  with the  g r e a t e s t  

t ruck  involvement--five from the  De t ro i t  a r e a  and two i n  r u r a l  areas .  A t o t a l  

of 238 acc iden t  r e p o r t s  were examined, and based on the  review, 5 ramps were 

s e l e c t e d  f o r  continued study. 

The predominant acc iden t s  a t  each of the  s i t e s  were r o l l o v e r s  and 

jackknifes .  As-constructed plans were obtained f o r  the  s e l e c t e d  ramps, g iving 

hor izon ta l  and v e r t i c a l  al ignment,  a s  well  a s  the  supere leva t ion  f o r  each. 

Maryland -- The Maryland Department of Transpor ta t ion s e l e c t e d  four  

s i t e s  f o r  considera t ion.  They provided 70 r e p o r t s  of large- t ruck involvements 



on ramps a t  the  s i t e s .  Drawings g iv ing  the  geometries of the  ramps were a l s o  

provided. Af te r  review of the  acc iden t  r e p o r t s ,  one ramp was s e l e c t e d  f o r  

s imulat ion involving a l a r g e  number of acc iden t s  which had occurred on wet 

pavement--both ran-off -road and jackknifes .  

Ohio -- The Ohio Department of Transpor ta t ion  s e l e c t e d  6 in terchanges  - 
and provided drawings and geometric d a t a  on the  s i t e s ,  along wi th  copies  of 80 

acc iden t  r epor t s .  On the  b a s i s  of t h e  frequency and d e t a i l s  of the  80 

a c c i d e n t s ,  5 ramps were s e l e c t e d  f o r  study. 

C a l i f o r n i a  -- The C a l i f o r n i a  Department of Transpor ta t ion  suggested 9 

poss ib le  ramps and provided geometric p lans  and 130 acc iden t  r epor t s .  Two 

ramps were s e l e c t e d  f o r  s tudy ,  both of which had a h i s t o r y  of t ruck  r o l l o v e r s  

but now incorpora te  advisory  s i g n s  wi th  a symbol d e p i c t i n g  a t ruck  which i s  

r o l l i n g  over ,  a s  emphasis f o r  a speed advisory.  

I l l i n o i s  -- The I l l i n o i s  Department of Transpor ta t ion  provided l i s t i n g s  

g iv ing  number of ramp and gore  a r e a  t r u c k  acc iden t s  a t  a l l  l o c a t i o n s ,  wi th  

such involvements by county,  r o u t e ,  i n t e r s e c t i n g  r o u t e ,  and milepost .  The 

l o c a t i o n s  of 2,747 a c c i d e n t s  were l i s t e d  f o r  1980 t o  1982. The number of 

a c c i d e n t s  by in terchange were determined and the  acc iden t  r e p o r t s  obtained f o r  

t h e  f i v e  s i t e s  having the  g r e a t e s t  number of acc iden t s .  The s i n g l e  ramp 

having the  g r e a t e s t  inc idence of t r u c k  involvements i n  which geometry was 

apparen t ly  a f a c t o r  was s e l e c t e d  f o r  study. 

Texas -- The Department of Highways and Pub l i c  Transpor ta t ion  of Texas - 
generated a t a b u l a t i o n  of acc iden t  summaries ( a  number of key v a r i a b l e s  on 

each a c c i d e n t )  f o r  476 large- t ruck a c c i d e n t s  on ramps i n  1981 t o  1983. The 

a c c i d e n t s  were t abu la ted  by county and c o n t r o l  sec t ion .  Enough d e t a i l  was 

t abu la ted  t o  provide the  mi lepoint  of the  c r a s h ,  but  f a i l u r e  t o  determine the  

involved ramp a t  each in terchange l e d  t o  the  exclus ion of Texas s i t e s  from t h e  

studye 

New Je r sey  -- The New J e r s e y  Department of Transpor ta t ion  provided 58 

r e p o r t s  of t ruck  a c c i d e n t s  a t  6 in terchanges .  Unfor tunate ly ,  the  r e p o r t  

format d i d  not provide s u f f i c i e n t  g raph ic  informat ion t o  eva lua te  t h e  r o l e  of 

e i t h e r  geometry o r  v e h i c l e  dynamics i n  t h e  crashes.  Because of t h i s  



l i m i t a t i o n ,  none of the  New Je r sey  s i t e s  were se lec ted  f o r  s imulat ion and 

geometric s p e c i f i c a t i o n s  were not  requested. 

3.4 Summary of S i t e  Se lec t ion  

A t o t a l  of 15 ramps a t  11 in terchanges  i n  5 S t a t e s  were se lec ted  f o r  

study by simulation.  Each of the  in terchange ramps f o r  which hard copies  of 

accident  r e p o r t s  were reviewed i s  described i n  appendix A,  along with an 

a n a l y s i s  of the  geometric des ign of the  ramp. A t o t a l  of over 800 accident  

r e p o r t s  were i n d i v i d u a l l y  reviewed and evaluated.  While s c r u t i n y  of these  

r e p o r t s  revealed t h a t  a number of the  t ruck  acc iden t s  were unrela ted  t o  the 

i n t e r e s t s  of t h i s  s tudy,  those  seen a s  "re levant"  were of g r e a t  value i n  

i n d i c a t i n g  the type of c o n t r o l  l o s s  problem which should be simulated. 

3.5 Review of Indepth Accident Inves t iga t ions  

A s  a supplement t o  accident  analyses  descr ibed above, ind iv idua l  cases  

of large- t ruck acc iden t s  a t  in terchanges  which had been reported by indepth  

i n v e s t i g a t i o n  teams were i d e n t i f i e d  by computer, and the  case  mate r i a l  

r e t r i e v e d  and reviewed. The purpose of t h i s  review was t o  provide some 

i n s i g h t  i n t o  the  causes and circumstances of such involvements, using the  

r e s u l t s  of i n v e s t i g a t i o n s  t h a t  provide much more d e t a i l  than po l i ce  repor ts .  

I n s i g h t  gained from inspec t ing  indepth  r e p o r t s  a s s i s t e d  i n  formulating and 

i n t e r p r e t i n g  computer s imulat ions  of gener ic  veh ic le  behavior on the se lec ted  

ramps. 

Because of the  coding conventions used,  not  a l l  ramp acc iden t s  i n  the  

computerized f i l e  of indepth  repor ted  cases  a r e  r e l a t e d  t o  t ruck  performance 

c h a r a c t e r i s t i c s  o r  in terchange design. Of the  52 ramp-related cases  i n  the  

f i l e ,  29 were found t o  be i r r e l e v a n t  t o  the  p ro jec t .  These included,  f o r  

example, cases  of acc iden t s  on through l anes  t h a t  happened t o  occur near  o r  

bes ide  e n t r a n c e / e x i t  ramps, acc iden t s  t h a t  r e s u l t e d  from t r a f f i c  weaving a s  a 

consequence of a c a r  improperly merging on en t rance ,  and four  cases  of crashes  

induced by mechanical f a i l u r e .  



Three acc iden t s  involved the  rear-end impact of o t h e r  v e h i c l e s  i n t o  

t rucks  which had en te red  a  freeway. One case  involved the  r e a r  impact of a  

passenger c a r  i n t o  a  t ruck  which was t r a v e l i n g  much slower than the  o t h e r  

t r a f f i c  ( f o r  l ack  of an a c c e l e r a t i o n  l ane ) .  Another case  of r e a r  impact 

r e s u l t e d  from evasive  maneuvers of a  t ruck  a t tempt ing t o  avoid a  braking car .  

The remaining 23 cases  were a l l  s ing le -veh ic le  a c c i d e n t s  on ramps. 

S ix teen  (70 pe rcen t )  of these  involved t rucks  which had l o s t  c o n t r o l  on a  

curved ramp and e i t h e r  r an  off  the  road o r  overturned on the  road. I ce  o r  

snow was undoubtedly a  f a c t o r  i n  t h r e e  of these  cases .  

The f i l e  of indep th  i n v e s t i g a t i o n s  i s  not a  r e p r e s e n t a t i v e  sample of any 

popula t ion of accidents .  The truck-interchange acc iden t s ,  f o r  example, have a  

geographic bas i s .  Over 80 percent  of t h e  a v a i l a b l e  cases  a r e  from southern  

C a l i f o r n i a  (urban)  o r  sou theas te rn  Michigan. This  b i a s  r e s u l t s  both f  tom t h e  

l o c a l i z e d  assignment of the  teams c o l l e c t i n g  d a t a  and from the  r e l a t i v e  l eng th  

of time t h a t  t h e  va r ious  teams were i n  opera t ion.  Because of such b i a s e s  and 

the  smal l  number of c a s e s ,  meaningful s t a t i s t i c s  cannot be der ived from these  

da ta .  However, some i n s i g h t  i n t o  t y p i c a l  truck-interchange acc iden t s  i s  

provided. 

For example, curbs  were involved a s  " t r i p p i n g  agents" i n  f o u r  cases--an 

obse rva t ion  which tends  t o  confirm one of the  p r i n c i p a l  f i n d i n g s  of t h i s  

study.  I n  t h r e e  c a s e s ,  t h e  d r i v e r s  impl ica ted load s h i f t s .  Other f a c t o r s  

t h a t  appeared i n  the  case  reviews a r e  l i m i t e d  s i g h t  d i s t a n c e  and unan t i c ipa ted  

reduc t ion  of r a d i u s  of cu rva tu re  e i t h e r  because of'compound curves  o r  because 

of l a n e  changes being conducted while t r a v e l i n g  on two-lane ramps. I n  a  

number of the  c a s e s ,  r o l l o v e r  occurred near the  end of t h e  ramp a f t e r  l eav ing  

skid  marks f o r  a s u b s t a n t i a l  d i s t ance .  

Excessive speed ( f o r  the  p a r t i c u l a r  des ign)  was the  s i n g l e  most 

f r e q u e n t l y  impl ica ted f a c t o r  i d e n t i f i e d  by t h e  i n v e s t i g a t o r s .  



4.0 CONSIDERATIONS OF GEOMETRIC DESIGN OF RAMPS 

The geometric design of freeway ramps, a s  wel l  a s  a l l  o t h e r  elements of 

the  highway system, a r e  guided by the  AASHTO design policy.  I n  order  t o  

provide an o rde r ly  b a s i s  f o r  the  d i scuss ion  of se lec ted  ramp s i t e s  which have 

been represented i n  dynamic s imulat ion of t ruck  response,  t h i s  s e c t i o n  f i r s t  

p resen t s  a s impl i f i ed  overview of ramp des ign p rac t i ce .  This overview i s  

b a s i c a l l y  a condensation of the  AASHTO pol icy  a s  i t  p e r t a i n s  t o  the primary 

geometric elements of ramp des ign,  p a r t i c u l a r l y  t r e a t i n g  those f e a t u r e s  which 

a r e  h ighl ighted l a t e r  a s  having importance f o r  the  s t a b i l i t y  and c o n t r o l  of 

heavy-duty vehic les .  

Next, the  geometric f e a t u r e s  of the  15 se lec ted  ramps a r e  summarized. 

The reader i s  r e f e r r e d  t o  appendix A f o r  a complete review of each s i t e ,  from 

the  viewpoint of i t s  nominal adherence t o  the  recommended des ign policy.  

4.1 Overview of Ramp Design P r a c t i c e  

The des ign p r a c t i c e s  pe r t a in ing  t o  highway ramps w i l l  be reviewed with 

reference  t o  both the  p r i o r  des ign pol icy  a s  presented i n  the  "Blue Book" [ 1 4 ]  

and the  c u r r e n t  pol icy  a s  presented i n  the  "Green Book" [IS]. Persons wishing 

t o  s tudy the  r a t i o n a l e  behind AASHTO design po l i cy ,  a s  we l l  a s  the  numerical 

and g raph ica l  form of the  des ign g u i d e l i n e s ,  should consul t  the  p o l i c i e s  

d i r e c t l y .  The geometric des ign of ramps i s  discussed i n  separa te  subheadings 

below. The genera l  elements of a hor izon ta l  c i r c u l a r  highway curve a r e  

def ined f i r s t ,  and then each of the i n d i v i d u a l  des ign f e a t u r e s  a r e  discussed 

i n  turn.  

General Elements. Deta i led  i n  f i g u r e  l a  i s  a simple hor izon ta l  c i r c u l a r  

highway curve without t r a n s i t i o n s .  The f i g u r e  i l l u s t r a t e s  the complete s e t  of 

terms r e f e r r i n g  t o  geometry i n  the  hor izon ta l  plane. Obviously, many of these  

terms a r e  redundant i n  terms of a c t u a l l y  de f in ing  the  curve,  but they have 

value t o  surveyors and those who l ay  out  highways f o r  const ruct ion.  The four  

elements of chief  importance i n  a ssess ing  hor izon ta l  highway curves a r e  the 

point  of cu rva tu re ,  PC, the  point  of tangency, PT, the  rad ius ,  R ( o r  degree of 

cu rva tu re ,  D), and the  curve l eng th ,  L. These terms w i l l  be used throughout 



A 
PC = Point of curvature T = R tangent T 
PI  = Point of intersection A 
PT = Point of tangency E = R exsecant 7 

E = External distance 
A 

L = 1 0 0 ~  
M = Middle ordinate distance A 
R = Length of radius of curve iY = R versine 
T = Length of tangent (PC t o  PI and PI to PT) 
D = Degree of curve (angle subtended a t  the 

center of curve by an arc of 100 feet)  
L = Length of curve, ft. 

LC = Long chord 
A 

LC = 2R sin 7 
A = External angle, deg. 

~ ~ R I P B L E  

c- -- 
. ... 

ROUNDING 

W = road width 
S = shoulcier 
e = superelevation 

r e  1. Terminology emploved in the design of horizontal ctirves. 



t h i s  r epor t  t o  desc r ibe  and analyze the  curve geometry a t  ind iv idua l  s i t e s .  

These elements desc r ib ing  the  hor izon ta l  layout  of curves a r e  supplemented 

with the  supere levat ion s l o p e ,  e ,  r e s u l t i n g  i n  a s i d e  f r i c t i o n  f a c t o r ,  f ,  

given the  speed of v e h i c l e s  t r a v e r s i n g  the  curve. 

Superelevation.  Since curved s e c t i o n s  of highway impose a c e n t r i p e t a l  

a c c e l e r a t i o n  upon veh ic les ,  supere leva t ion  i s  employed i n  order  t o  l i m i t  the 

l a t e r a l  f o r c e s  which the  t i r e s  must genera te  and t o  assure  comfort and ease- 

of-control  f o r  the  d r ive r .  The term superelevat ion r e f e r s  t o  the  banking, o r  

e l e v a t i o n  of one edge of the  pavement l ane  r e l a t i v e  t o  the o t h e r ,  i n  curved 

highway sec t ions .  Superelevat ion i s  t y p i c a l l y  expressed i n  u n i t s  of f e e t / f o o t  

desc r ib ing  the  r a t e  of supere levat ion developed ac ross  the  road width. For 

example, a  s ingle- lane  18-foot-wide ( 5 . 5 % )  roadway, whose d i f f e r e n c e  i n  

pavement edge e l e v a t i o n s  i s  1.44 f e e t  ( -44  m), i s  superelevated a t  a  r a t e  of 

.08 f e e t / f o o t  (1.44/18 = .O8). Figure l b  d e t a i l s  the  c ross  s e c t i o n  of a 

supere levated roadway. Maximum superelevat ion r a t e s  range from .07 or  l e s s  i n  

a r e a s  where i c e  and snow a r e  common t o  .12 f e e t l f o o t  i n  warm c l ima tes  where 

very low pavement f r i c t i o n  l e v e l s  r a r e l y ,  i f  eve r ,  p reva i l .  The b a s i s  f o r  

s e l e c t i n g  the maximum value of supere levat ion t o  be achieved i n  a given curve 

will be presented l a t e r  i n  conjunction with the  determinat ion of s i d e  f r i c t i o n  

fac to r .  

Superelevat ion Development. While supere levated curves a r e  b e n e f i c i a l ,  

the manner of a t t a i n i n g  the  prescr ibed supere leva t ion  i s  important. The 

t r a n s i t i o n  from a normal crowned c ross  s e c t i o n  t o  a superelevated one must be 

g radua l ,  and i d e a l l y  not r equ i re  the  d r i v e r  t o  reduce speed o r  make sudden 

s t e e r i n g  maneuvers., For developing the  f u l l  l e v e l  of supere levat ion on 

curves ,  two types of t r a n s i t i o n  s e c t i o n s  a r e  widely used,  namely, a s t r a i g h t  

connecting t r a n s i t i o n  l eng th ,  o r  a connecting s p i r a l  curve. 

A s t r a i g h t  connecting t r a n s i t i o n  l eng th  c o n s t i t u t e s  a por t ion  of the 

tangent preceding the  curve over which some f r a c t i o n  of the  maximum 

supere leva t ion  value  i s  a t t a ined .  This type of t r a n s i t i o n  des ign i s  the most 

commonly used. The highway l ane  i s  t y p i c a l l y  revolved about e i t h e r  the  

c e n t e r l i n e ,  i n s i d e ,  o r  ou t s ide  pavement edge over a s u b s t a n t i a l  l eng th  u n t i l  

the  f u l l  l e v e l  of supere leva t ion  i s  achieved. The t o t a l  t r a n s i t i o n  length  i s  

composed of two l eng th  elements,  the  tangent runout,  and the  runoff length.  



The tangent  runout r e f e r s  t o  the  l eng th  necessary  t o  remove t h e  normal road 

crown. Some S t a t e s ,  however, simply supere leva te  the  roadway without removing 

t h e  crown. I n  t h i s  i n s t a n c e ,  a tangent  runout l eng th  i s  not  employed. 

Tangent runouts range from 25 f t  t o  60 f t  (7.6 m t o  18.3 m), depending upon 

t h e  road crown value  being removed. The runoff l e n g t h  d i r e c t l y  fo l lows the  

tangent runout and i s  the  l e n g t h  along which the  maximum supere leva t ion  value 

i s  developed. Minimum runoff l e n g t h s  range from 100 f t  t o  250 f t  (30.5 m t o  

76.2 m). Lengths s h o r t e r  than 100 f t  (30.5 m) a r e  t o  be avoided a s  they 

r e s u l t  i n  too abrupt  a change i n  the  highway p r o f i l e .  

Runoff l e n g t h s  a r e  determined recogniz ing t h a t  f o r  appearance and 

comfort the  runoff should not  exceed a l o n g i t u d i n a l  s lope  of 1:200 wi th  

r e s p e c t  t o  the  c e n t e r l i n e .  Noting t h a t  the  d e s i r e d  l eng th  of the  t r a n s i t i o n  

i s  speed dependent, maximum r e l a t i v e  p r o f i l e  g r a d i e n t s  f o r  varying speeds have 

been o u t l i n e d  by AASHTO. 

Placement of the  runoff l eng th  wi th  r e s p e c t  t o  the  po in t  of cu rva tu re  

(PC) and po in t  of tangency (PT) v a r i e s  from S t a t e  t o  S ta te .  However, AASHTO 

recommends t h a t  a t  l e a s t  50 percent  of t h e  runoff l eng th  be loca ted  on t h e  

tangent  p o r t i o n  preceding the  PC and l ikewise  beyond the  PT of the  curve when 

r e t u r n i n g  again  t o  a normal road crown. AASHTO has  concluded t h a t  the  

achievement of 60 percent  of the  supere leva t ion  on the  tangent  should be taken 

a s  t h e  normal range f o r  des ign con t ro l .  When s p i r a l  t r a n s i t i o n s  a r e  employed, 

i t  i s  s t andard  p r a c t i c e  t h a t  the  f u l l  l e v e l  of supere leva t ion  be achieved on 

t h e  s p i r a l .  F igure  2 i s  a p lan view of a h o r i z o n t a l  highway curve. Included 

i n  t h e  f i g u r e  a r e  t h e  t r a n s i t i o n  elements d iscussed above, i l l u s t r a t i n g  t h e  

t y p i c a l  sequence wi th  which t h e  maximum supere leva t ion  i s  developed i n  the  

h o r i z o n t a l  curve. 

Connecting a s p i r a l  curve t o  t h e  curve PC and PT i n  o rde r  t o  a t t a i n  and 

r e t u r n  from a maximum superelevated curve i s  a l s o  a widely accepted method. 

This method i s  encouraged when supere leva t ing  a sharp  curve o r  connecting two 

curves wi th  s u b s t a n t i a l l y  varying r a d i i .  The l e n g t h  of the  s p i r a l  can be 

determined by s e v e r a l  means, namely, E u l e r ' s  s p i r a l  equat ion o r  a c l o t h o i d ,  

the  Short  equat ion o r i g i n a l l y  developed f o r  r a i l r o a d  t r a c k  curves and included 

i n  the  AASHTO p o l i c y ,  o r  B a r n e t t ' s  T r a n s i t i o n  Curve Tables. While us ing any of 

these  methodds i s  accep tab le  p r a c t i c e ,  the  s e l e c t i o n  of s p i r a l  l eng th  equal  t o  



-TANGENT RUNOUT 

F i g u r e  2 .  Terminology used i n  d e s c r i b i n g  a  s t r a i g h t  s e c t i o n  connec t i nq  
t r a n s i t i o n .  



the  required t r a n s i t i o n  runoff l eng th  discussed previously  c o n s t i t u t e s  a 

p r a c t i c a l  and s u f f i c i e n t l y  accura te  g u i d e l i n e  f o r  highway design.  

Figure  3 i l l u s t r a t e s  t h e  l ayou t  f o r  connecting s p i r a l s  a s  t h e  means t o  

develop supere levat ion.  The use of t h i s  method assumes t h a t  the  tangent 

runout has a l ready  been achieved such t h a t  the  s p i r a l  takes  the  p lace  of the  

runoff l e n g t h  discussed i n  t h e  previous  method. The TS n o t a t i o n  r e f e r s  t o  the  

po in t  tangent  t o  the  s p i r a l  o r  the  beginning of the  s p i r a l  curve. Conversely, 

the  SC r e f e r s  t o  the  po in t  a t  which the  s p i r a l  meets the  constant  r a d i u s  

curve. 

C l e a r l y ,  a  s p i r a l  developing t h e  maximum supere leva t ion  p r i o r  t o  the  

po in t  of cu rva tu re  provides a uniform means of applying supere leva t ion  t o  

match the  development of c e n t r i p e t a l  a c c e l e r a t i o n  i n  veh ic les .  Such des igns  

c o n t r a s t  wi th  the  s i t u a t i o n  of the  " supere leva t ion  de f i c iency t1  p r e v a i l i n g  i n  

curves  which have supere leva t ion  incompletely developed a t  the  po in t  of 

curvature .  Never theless ,  s p i r a l  curves a r e  not  t y p i c a l l y  employed i n  U.S.  

highways. 

Minimum Radius Equation. Superelevat ing curved highway s e c t i o n s  

coun te rac t s  the  c e n t r i p e t a l  a c c e l e r a t i o n  a c t i n g  on the  v e h i c l e ,  and thus  

reduces the  l a t e r a l  f o r c e  o r  "s ide  f r i c t i o n "  between the  t i r e s  and pavement. 

The "minimum r a d i u s  equation" simply expresses  the  s t eady-s ta te  r e l a t i o n s h i p  

between curve r a d i u s ,  v e h i c l e  speed, supere leva t ion ,  and s i d e  f r i c t i o n  f a c t o r ,  

a s  o u t l i n e d  i n  f i g u r e  4. Given c o n s t r a i n t s  upon the  t o l e r a b l e  l e v e l s  of s i d e  

f r i c t i o n  f a c t o r  and supere leva t ion ,  a minimum value  of r a d i u s  i s  determined 

f o r  a t a r g e t  des ign value  of v e h i c l e  speed. 

Side F r i c t i o n  Factor. The t o l e r a b l e  l e v e l s  of s i d e  f r i c t i o n  f a c t o r  have 

been determined p r imar i ly  through experiments address ing the  th resho ld  of 

discomfort  of passenger-car d r i v e r s .  These s t u d i e s  have i l l u s t r a t e d  t h a t  

d r i v e r  to le rance  of the  n e t  a c c e l e r a t i o n  l e v e l  experienced along the  l a t e r a l  

a x i s  of the  v e h i c l e ,  equal  i n  g ' s  t o  the  s i d e  f r i c t i o n  f a c t o r ,  d e c l i n e s  wi th  

v e h i c l e  speed. In  o rde r  t o  a s s u r e  comfortable d r i v i n g  through curves ,  AASHTO 

has def ined maximum design va lues  of s i d e  f r i c t i o n  l e v e l  a s  a func t ion  of 

speed. Based upon comfort c o n s i d e r a t i o n s ,  these  limits have been seen a s  

a f f o r d i n g  ample l e v e l s  of s a f e t y  margin a g a i n s t  t h e  p o t e n t i a l  f o r  "s ide  
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Figu re  3. Terminology used i n  d e s c r i b i n g  s p i r a l  cu rve  t r a n s i t i o n s .  



mg mg cos 

= mg s ine  + ffmg cos8 R 

dividing through by g(cos 8 )  yields 
v * - 
~g ( cos e) = t an8  + ff : 8, small angle assumption 

v 2  - = e + f :  converting for mixed u n i t  use yields 
Rg 
v * - = e + f :  where e ,  superelevation feet/foot  15R f ,  f r i c t ion  factor 

V ,  velocity milhour 
R ,  curve radius in fee t  

F i g u r e  4 .  D e r i v a t i o n  of t h e  miniurnurn r a d i u s  e q u a t i o n .  



skidding" i n  which the  l a t e r a l  f o r c e s  developed by c a r  t i r e s  might reach a  

f r i c t i o n  s a t u r a t i o n  condi t ion.  The c o n t r a s t  i n  the  s a f e t y  margin p e r t a i n i n g  

t o  passenger c a r s  and heavy t r u c k s ,  r e s p e c t i v e l y ,  i s  a  s u b j e c t  which i s  

discussed i n  s e c t i o n  5.0 by way of commentary on the  f ind ings  of t h i s  study. 

As seen i n  t a b l e  7 ,  from the  c u r r e n t  e d i t i o n  of the  AASHTO Pol icy  on 

Geometric Design, s i d e  f r i c t i o n  f a c t o r  i s  permitted t o  go a s  h igh a s  0.17 a t  a  

speed of 20 mi/h ( 3 2  km/h). Since the  sum of t h e  supere leva t ion  va lue ,  e ,  

p lus  the  s i d e  f r i c t i o n  f a c t o r ,  f ,  can be a s  high as 0.27 (maximum 

supere leva t ion  = 0.10), i t  i s  c l e a r  t h a t  the  p o t e n t i a l  e x i s t s  f o r  

ins tan taneous  values  of ( f )  t o  reach 0.20 and above when supere leva t ion  i s  

being run off  wi th in  the  constant - radius  curve. 

Shoulder/Crown and Roadside Development. The shoulder/crown and 

roadside  development i s  of p a r t i c u l a r  importance on supere levated roadways. 

An excess ive  change i n  s lope  between the  pavement edge and the  shoulder can be 

hazardous i f  the  d r i v e r  t akes  t h e  curve wide. Also, excess ive  dra inage from 

the  shoulder  onto the  roadway can c r e a t e  s l i p p e r y  d r i v i n g  condi t ions .  

I n s u f f i c i e n t  shoulder  width can a l s o  be hazardous f o r  d i sab led  v e h i c l e s  t h a t  

cannot g e t  c l e a r  of the  through lane .  Such elements were examined when 

reviewing t h e  geometrics of each of the  s e l e c t e d  s i t e s  i n  t h i s  study. For 

ramps ad jo in ing  divided highways, the  shoulder  widths range from 4 f t  t o  10 f t  

(1.2 m t o  3 m) f o r  t h e  l e f t  shoulder and 6  f t  t o  12  f t  (1.8 m t o  3.6 m) f o r  

the  r i g h t  shoulder.  Indeed, f u l l  shoulders  on both s i d e s  of one-way ramps a r e  

r a r e l y  provided; wi th  one-way t r a f f i c ,  i t  i s  common t o  employ a  wider shoulder 

on the  r i g h t  s i d e  a s  an adequate p rov i s ion  f o r  d i s a b l e d  veh ic les .  

With paved shoulders  on supere levated s e c t i o n s ,  i t  i s  recommended 

p r a c t i c e  t h a t  the  i n n e r  2 f t  ( - 6  m) of the  shoulder  width i s  t o  be maintained 

a t  the  supere leva t ion  r a t e  matChing t h a t  of the  t r a v e l  lane.  This  provis ion 

avoids a  gradebreak ( o r  change i n  s l o p e )  of t h e  pavement edge. For shoulder 

s e c t i o n s  not mainta ining the  supere leva t ion  r a t e ,  a  maximum recommended value  

of the gradebreak between the  pavement and shoulder  edges i s  .07 (.08 i n  the  

Green Book). For  such paved shou lders ,  dra inage cons ide ra t ions  support  the  

recommendation t h a t  they s lope away from the  roadway a t  a  r a t e  of 3/8  t o  5 /8  

i n / f t  (.009 t o  ,016 m/m) wi thout  cu rbs ,  and 114 i n / f t  (.006 m/m) wi th  curbs. 



Table 7 .  Maximum degree of  curve and minimum radius determined f o r  
l imit ing values of e and f ,  r u r a l  highways and high-speed 
urban s t r e e t s .  

Rounded 
De~lgn Mulmum Maximum Mlnlmum 
Speed Maxlmum Mulmum T owl D e e m  of Degrnof Radiu8 
(mphl e f 10 +f1 Curve Curve lttl 

NOTE: In recognition of nfay coruid~mions, use of e ,, = 0.04 should k limhd to 
urban tonditiona. 



The use  of curbs  on ramps was permitted i n  the  p r i o r  AASHTO design 

po l i cy  ( t h e  Blue Book), but  i s  no longer  recommended a s  a  c u r r e n t  policy.  I n  

p r i o r  p r a c t i c e ,  curbs  on t h e  o u t e r  s i d e  of a curved ramp were seen a s  an 

e f f e c t i v e  d e l i n e a t o r ,  but now a r e  discouraged un less  needed i n  p a r t i c u l a r l y  

d i f f i c u l t  dra inage s i t u a t i o n s .  Cur ren t ly ,  when placing a  curb on a  high-speed 

ramp, i t  i s  recommended t h a t  only a mountable curb be used and t h a t  i t  be 

placed on the  ou t s ide  edge of the  shoulder,  The curb placement i s s u e  i s  given 

p a r t i c u l a r  a t t e n t i o n  i n  the  f i n d i n g s  of t h i s  s tudy because of a p e c u l i a r  

tendency of t ruck  t r a i l e r s  t o  d r i f t  toward t h e  o u t s i d e  dur ing high-speed 

cornering.  

Sides lopes  on highways ca r ry ing  high volumes of t r a f f i c  and high speeds 

a r e  d e s i r a b l y  f l a t  so  t h a t  v e h i c l e s  running o f f  the  roadway have an improved 

prospect  f o r  recovery. Rather s u b s t a n t i a l  s ides lope  i n c l i n a t i o n s  a r e  designed 

i n t o  highways f o r  which excess ive  c o s t  burdens a r e  posed by the  c u t t i n g  and 

f i l l i n g  of t e r r a i n  i n  o rde r  t o  provide a  more moderate s ides lope .  According 

t o  the  he igh t  of the  cu t  or  f i l l ,  then,  t h e  AASHTO po l i cy  provides a  des ign 

guide f o r  s i d e s l o p e s  ranging from 6: l  t o  1.75:l s lope a s  the  cu t  depth goes 

from the range of 0  f t  t o  4 f t  (0 m t o  1.2 m) t o  g r e a t e r  than 20 f t  (6.1 m). 

A s ides lope  of 6:  1  i s  seen a s  o f f e r i n g  a  "good chance" f o r  recovery by an 

automobile which runs o f f  of the  road. Findings of t h i s  s tudy,  however, w i l l  

r e f l e c t  upon the  p o t e n t i a l  f o r  l o s s  of c o n t r o l  of heavy t rucks  which t r a v e l  on 

the  s ides lope  area.  

I n  a d d i t i o n  t o  the  i n c l i n a t i o n  of t h e  s lope ,  i t s e l f ,  t h e r e  i s  a l s o  

des ign guidance on the  mat ter  of "rounding" the  "hinge point" between the  

shoulder  edge and the  s o i l  forming t h e  s ides lope.  A continuous change i n  

s lope i s  d e s i r a b l e  so  t h a t  v e h i c l e s  do not become a i rborne  i n  c ross ing  beyond 

the  edge of t h e  shoulder  i n  an emergency. 

Decelera t ion and Accelera t ion Lanes, Since v e h i c l e s  e n t e r i n g  and 

e x i t i n g  the  through l a n e s  of high-speed expressways encounter a s u b s t a n t i a l  

change i n  v e l o c i t y ,  p rov i s ions  a r e  made f o r  a d d i t i o n a l  t r a v e l  l a n e s  upon which 

the speed change i s  t o  occur. S p e c i f i c  des ign recommendations e x i s t  f o r  the  

l eng th  of both d e c e l e r a t i o n  and a c c e l e r a t i o n  l a n e s ,  depending upon the  

combination of i n i t i a l  and f i n a l  speeds which a r e  expected. These l eng ths  a r e  

based upon comfortable l e v e l s  of braking and a c c e l e r a t i o n  which a r e  thought t o  



apply t o  passenger-car opera t ion.  The recommendation f o r  l eng th  of 

a c c e l e r a t i o n  l anes  r e f l e c t s  an assumed a c c e l e r a t i o n  r a t e  which v a r i e s  

non l inea r ly  from approximately 3 mi/h per  second ( . I4  g ' s )  a t  zero  speed t o  1 

mi/h pe r  second (.05 g ' s )  a t  50 mi/h (80 km/h). These l eng th  g u i d e l i n e s  y i e l d  

a c c e l e r a t i o n  l a n e s  which a r e  intended t o  permit merging w i t h i n  5 mi/h ( 8  km/h) 

of the  average running speed on the  through lanes.  As w i l l  be seen,  however, 

loaded t ruck  combinations r e q u i r e  considerably  longer  d i s t a n c e s  t o  a c c e l e r a t e  

such t h a t  t r u c k  d r i v e r s  appear t o  adopt compensating p r a c t i c e s  which a r e  l e s s  

than d e s i r a b l e .  

The recommended l e n g t h s  of d e c e l e r a t i o n  l anes  a r e  based upon an assumed 

d e c e l e r a t i o n  r a t e  of 6.2 mi/h pe r  second (.28 g ' s )  from an i n i t i a l  speed of 70 

m i /  (113 km/h) t o  4 mi/h ( per second (.18 g ' s )  from a speed of 30 mi/h (48 

km/h). These va lues ,  found t o  be comfortable a s  braking r a t e s  i n  passenger 

c a r s ,  a r e  assumed t o  apply fo l lowing a 3-second i n t e r v a l  dur ing which the  

veh ic le  i s  coas t ing  i n  gear. The coas t ing  d e c e l e r a t i o n  i s  on the  order  of 1.5 

mi/h pe r  second (0.08 g ' s ) .  Decelera t ion l a n e s  a r e  t o  be const ructed such 

t h a t  the  t a r g e t  l eng th  computed per the  AASHTO g u i d e l i n e  begins a t  the  po in t  

a t  which t h e  right-hand edge of t h e  tapered l a n e  i s  12 f t ( 3 . 7  m) from the  

right-hand edge of the  through lane.  The i n t e n t i o n  of t h i s  requirement i s  t o  

assure  t h a t  the  d e c e l e r a t i n g  v e h i c l e s  have l a r g e l y  e x i t e d  t h e  through l a n e s  a t  

the  time d e c e l e r a t i o n  i s  i n i t i a t e d .  A s  w i l l  be d iscussed l a t e r ,  the  

d e c e l e r a t i o n  c a p a b i l i t y  of heavy-duty t r u c k s  is  s u f f i c i e n t l y  l i m i t e d  t h a t  the  

achievement of the  assumed l e v e l  of 0.28 g ' s  i s  o f t e n  impossible ,  such t h a t  

the  d r i v e r  must begin braking before  the  beginning of the  d e c e l e r a t i o n  lane.  

4.2 Summary of Ramp Geometric Features  

The 15 s e l e c t e d  ramps were each examined and analyzed r e l a t i v e  t o  t h e i r  

conformance with the  des ign p o l i c i e s  of AASHTO. The d e t a i l e d  r e s u l t s  of these  

a n a l y s i s  a r e  presented i n  appendix A. The appended s e c t i o n  cons ide r s  each ramp, i n  

t u r n ,  and makes observat ions  regarding the  shortcomings of each des ign r e l a t i v e  t o  

accepted des ign s tandards .  The e f f o r t  expended on geometric analyses  does n o t ,  

however, a t tempt  t o  second-guess s tandard des ign p r a c t i c e s .  I n  s e c t i o n  5.3,  



however, r e s u l t s  of dynamic s imulat ions  of t rucks  on each ramp s i t e  a r e  d iscussed i n  

terms of the  apparent  shortcomings of the AASHTO design p o l i c y ,  i t s e l f ,  a s  a  means 

of providing s u i t a b l e  geometric des igns  f o r  highways used heav i ly  by t rucks .  

I n  t h i s  s e c t i o n ,  a  summary of the  observat ions  a r i s i n g  from the  geometric 

des ign a n a l y s i s  a r e  presented.  To the  e x t e n t  t h a t  the  s e l e c t e d  ramp s i t e s  a r e  

r e p r e s e n t a t i v e  of ramp des igns  which r e s u l t  i n  an  e x t r a o r d i n a r i l y  high incidence of 

t ruck  a c c i d e n t s ,  the  summary presented here  se rves  t o  overview "problem designs ,"  

r e l a t i v e  t o  t ruck  s a f e t y  hazards. 

The complete s e t  of s i t e s  can be grouped i n t o  s i x  s e t s ,  each i n d i c a t i n g  a  

p a r t i c u l a r  c h a r a c t e r i s t i c  which appears t o  have been t h e  primary f e a t u r e  l ead ing  t o  

t ruck  acc iden t s .  For each f e a t u r e ,  t h e  group of s p e c i f i c  s i t e s  e x h i b i t i n g  the  

problem a r e  i d e n t i f i e d .  While, of course ,  each s i t e  i s  t r u l y  unique when a l l  

f e a t u r e s  of the  des ign a r e  considered,  i t  does appear u s e f u l  t o  propose such 

grouping i n s o f a r  a s  i t  se rves  to  h i g h l i g h t  l i k e l y  problem a reas .  

4.2.1 Poor T r a n s i t i o n  of Superelevation.  S i t e s  no. 1 and 10 were seen t o  be 

p a r t i c u l a r l y  poor i n  the t r a n s i t i o n  of supere leva t ion  from e i t h e r  a  tangent o r  a  

preceding curve s e c t i o n ,  i n t o  the  c r i t i c a l  curve on the  ramp. The AASHTO Blue and 

Green Books provide a  g r e a t  d e a l  of f l e x i b i l i t y  i n  the  des ign of t r a n s i t i o n s .  

Never theless ,  i t  i s  recommended p r a c t i c e  t h a t  112 t o  213 of the  supere leva t ion  be 

developed p r i o r  t o  the  po in t  a t  which curva tu re  begins. Fur the r ,  i f  a s p i r a l  

t r a n s i t i o n  is  t o  be provided,  i t  i s  g e n e r a l l y  expected t h a t  the  f u l l  supere leva t ion  

l e v e l  would be implemented over the  l eng th  of the  spiral--such t h a t  the f ixed-radius  

curve begins wi th  supere leva t ion  f u l l y  developed. 

The s i t e  which conveniently i l l u s t r a t e s  the  t r a n s i t i o n  problem i s  s i t e  no. 1 ,  

a s  diagrammed i n  f i g u r e  5. The des ign incorpora tes  a  s p i r a l  t r a n s i t i o n  t o  curve 

(3)-the curve i n  which t ruck  r o l l o v e r  and jackknife  a c c i d e n t s  have been reported.  

The posted speed f o r  t h i s  ramp i s  35 mi/h (56 kmlh), y i e l d i n g  a  nominal s i d e  

f r i c t i o n  f a c t o r  of 0.16. This nominal value i s  v i r t u a l l y  i n  compliance wi th  the  

AASHTO-recommended value  of 0.155 f o r  t h i s  speed l e v e l .  

Figure 6 i s  a  p l o t  which shows t h a t  the  " e f f e c t i v e  s i d e  f r i c t i o n  f a c t o r , "  a s  

i t  i s  developed cont inuously  through curve ( 3 )  of ramp s i t e  no. 1,  r i s e s  

s u b s t a n t i a l l y  above the  0.16 nominal value over most of the  l eng th  of the ramp. 

That i s ,  s i n c e  t h e  f u l l  supere leva t ion  l e v e l  of 0.08 i s  developed over a  d i s t a n c e  
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Figure  5 .  Layout o f  s i t e  no. 1. 
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F i g u r e  6. Cont inuous  s i d e  f r i c t i o n  f a c t o r  deve loped  a t  s i t e  no. 1. 
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which begins only 77 f t  (23 m) ahead of the  point  of curvature  and cont inues  f o r  

another 179 f t  (55 m) along the 222-ft (68-m) curve,  the s i d e  f r i c t i o n  f a c t o r  peaks 

a t  a value of 0.21. Accordingly, v e h i c l e s  t r a v e l i n g  over t h i s  ramp experience 

c e n t r i p e t a l  a c c e l e r a t i o n  l e v e l s  a s  l a r g e  a s  0.21 g ' s  a s  a consequence of the  

anamolous development of supere levat ion.  Exposure of heavy-duty t rucks  t o  such 

cond i t ions  i s  shown i n  s e c t i o n  5.3 t o  pose an increased t h r e a t  of veh ic le  r o l l o v e r  

when a payload having a high c e n t e r  of g r a v i t y  l o c a t i o n  i s  being hauled. 

4.2.2 Abrupt Changes i n  Compound Curves. Three ramp s i t e s  (nos. 2 ,  11, and 

15) appeared i n  the  t ruck  acc iden t  sample a s  having q u i t e  abrupt  changes i n  the  

r a d i i  of success ive  por t ions  of a compound curve. Two of these  s i t e s  involved a 

c l a s s i c  arrangement i n  which a r e l a t i v e l y  f l a t - r a d i u s  curve appears between two 

curves which a r e  considerably  t i g h t e r  i n  radius .  The AASHTO Green Book e x p l i c i t l y  

i n d i c a t e s  t h a t  such a des ign i s  "not good practice."  

An i l l u s t r a t i v e  case  of t h i s  problem appears i n  s i t e  no. 2 which i s  diagrammed 

i n  f i g u r e  7. This  ramp, posted wi th  an advisory speed of 25 mi/h (40 km/h), 

c o n s t i t u t e s  an i n n e r  loop of a two-quadrant, p a r t i a l  c lover lea f  interchange.  We see  

t h a t  curves  ( 1 )  and (4 )  a r e  configured with approximately 250 f t  (76 m). r a d i i  while 

the  c e n t r a l l y  loca ted  curves,  ( 2 )  and ( 3 ) ,  both have 520 it (158 m) r a d i i .  The 

r a t i o  of t h e  rad ius  change from curves ( 3 )  t o  ( 4 )  i s  2.08 which a l s o  exceeds the  

AASHTO g u i d e l i n e  of a l i m i t i n g  r a t i o  value of 2.0. Nevertheless,  the more c r i t i c a l  

a spec t  of the  des ign f law appears t o  be the  misleading na tu re  of the  o v e r a l l  ramp 

l a y o u t ,  i n  which the  d r i v e r  appears t o  have gained the  impression t h a t  the  low 

advisory speed was warranted simply by curve ( I ) ,  such t h a t  the  veh ic le  may be 

acce le ra ted  somewhat i n  p repara t ion  f o r  merging a t  the  end of the  ramp. The 

inc rease  i n  speed t h a t  has accumulated by t h e  time of a r r i v a l  i n  curve ( 4 )  seems t o  

have been respons ib le  f o r  the  numerous loss-of-control  even t s  i n  t h a t  por t ion  of t h e  

ramp. 

4 . 2 . 3  Short  Decelera t ion Lane Preceding a Tight-Radius Exit .  Four of the  15 

s i t e s  (nos. 3 ,  4 ,  9 ,  and 10) were noted t o  involve  a t igh t - rad ius  curve which was 

s i t u a t e d  r i g h t  a t  the  end of the  d e c e l e r a t i o n  lane.  Three of t h e  s i t e s  were posted 

f o r  a speed of 25 mi/h (40 km/h) and one was posted a t  20 mi/h (32 km/h). I n  one of 

these  cases ,  the  l eng th  of the  d e c e l e r a t i o n  l ane  was decidedly s h o r t e r  than AASHTO 

recommendations. As w i l l  be shown i n  s e c t i o n  5.3, however, even the  recommended 

l eng ths  of d e c e l e r a t i o n  l anes  tend t o  place r e l a t i v e l y  high burdens upon the  braking 
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capac i ty  of heavy-duty t ruck  combinations. The prospect  of t rucks  fac ing  a  high 

d e c e l e r a t i o n  chal lenge,  together  wi th  a  very shor t - radius  curve cond i t ion ,  was seen 

t o  lead t o  f requent  i n c i d e n t s  of both jackknife  (due t o  overbraking) and r o l l o v e r  

(due t o  excess ive  speed i n  the curve). 

Shown i n  f i g u r e  8 i s  a  diagram of the  layout  of s i t e  3 ,  i n  which a  tapered 

d e c e l e r a t i o n  l a n e ,  375 f t  (114 m) i n  l eng th ,  l eads  d i r e c t l y  t o  a  250-ft (76-m) 

rad ius  curve. The ramp i s  posted a t  an advisory speed of 25 mi/h (40 km/h). The 

AASHTO approach toward measurement of the  l eng th  of d e c e l e r a t i o n  l a n e s  p laces  the  

e f f e c t i v e  d e c e l e r a t i o n  l eng th  of t h i s  l a n e  a t  approximately 100 f t  (30 m) ( s i n c e  the  

t a p e r  i s  not "counted" u n t i l  i t  has progressed t o  a  point  12 f t  (4 m) t o  the r i g h t  

of the  r i g h t  edge of the  through lane) .  Ramps of t h i s  type show t ruck  acc iden t s  

occurr ing under both wet and dry  cond i t ions  a s  e i t h e r  excess ive  braking o r  excess ive  

speed t akes  i t s  t o l l .  

4.2.4 Curbs Placed on the  Outside of a  Ramp Curve. The AASHTO Blue Book 

d i scusses  the  placement of a  curb on the o u t e r  s i d e  of curvature  on loops and d i r e c t  

connection segments a s  an e f f e c t i v e  way t o  d e l i n e a t e  the  h igh s i d e  of the  pavement. 

In the  Green Book, however, the use of curbs on intermediate-  and high-speed ramp 

f a c i l i t i e s  i s  not recommended. Three s i t e s  (nos. 5 ,  13, and 14) appeared i n  the  

s tudy wi th  curbs  placed along the  o u t e r  s i d e  of curvature.  In each case ,  t ruck  

r o l l o v e r  a c c i d e n t s  were repor ted  i n  which the  curb could be impl ica ted a s  a  t r i p p i n g  

mechanism c o n t r i b u t i n g  t o  the r o l l o v e r  outcome. While i t  may be t h a t  some of these  

Inc iden t s  would have r e s u l t e d  i n  a  r o l l o v e r  even without curbs  p resen t ,  i t  i s  c l e a r  

t h a t  c e r t a i n  p e c u l i a r  f e a t u r e s  of the  t r a i l e r  motions which occur i n  high-speed 

curves  render an o u t e r  curb a  s p e c i a l  hazard. The mechanics of such motions a r e  

d iscussed i n  s e c t i o n  5.3. 

A case  i n  point  i s  provided by s i t e  no. 13, shown i n  f i g u r e  9 ,  i n  which the  

o r i g i n a l  des ign of t h i s  urban connecting ramp included a  nominally "mountable" curb  

placed a t  2 f t  (. 6 m) t o  the  r i g h t  of the  right-hand l ane  edge. The low advisory 

speed of 30 mi/h (48 km/h), moderately t i g h t  r a d i u s  (374 f t  (114 m)),  and poor 

placement of warning s i g n s  seemed t o  c o n t r i b u t e  t o  a  f requent  incidence of t ruck  

r o l l o v e r s  a t  t h i s  s i t e .  More r e c e n t l y ,  a  wedged over lay  of pavement was i n s t a l l e d ,  

e l imina t ing  the  o u t e r  curb and providing one continuous s u r f a c e ,  with 3 percent 

a d d i t i o n a l  supere leva t ion ,  from the  l e f t  t o  r i g h t  shoulder ex t remi t i e s .  This 

modif ica t ion was seen t o  s t r o n g l y  reduce the  incidence of t ruck  r o l l o v e r s ,  a l though 
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an occas ional  r o l l o v e r  accident  was s t i l l  being reported.  The "wedging"-type 

countermeasure f o r  e l imina t ion  of o u t e r  curbs i s  d iscussed i n  more d e t a i l  i n  s e c t i o n  

6*1*  

4.2.5 S u b s t a n t i a l  Downgrade Leading t o  a  Tight Ramp Curve. Two ramp s i t e s  

(nos. 7 and 8 )  were i d e n t i f i e d  a s  s u f f e r i n g ,  a t  l e a s t  i n  p a r t ,  by the  f a c t  t h a t  a  

s u b s t a n t i a l  downgrade preceded the point  of curvature  of a  segment which placed the  

c r i t i c a l  demand f o r  the  advisory speed, The accident  problem i n  both of these  cases  

involved excess ive  speed. While many o the r  ramp s i t e s  showed problems t h a t  point  a t  

the  speed cond i t ion ,  i t  was deemed p e r t i n e n t  t h a t  the  downgrades involved here could 

we l l  account f o r  the  speed d i f f e r e n c e s  needed f o r  some t rucks  t o  approach the  

r o l l o v e r  condit ion.  Grades on the  order  of 5  pe rcen t ,  with 500 f t  (152 m) of grade 

l eng th ,  can y i e l d  a  speed i n c r e a s e  of 10 mi/h (16 km/h) i n  t rucks  t h a t  a r e  coasting.  

Shown i n  f i g u r e  10 i s  the  layout  of s i t e  no. 8. This semid i rec t ,  urban ramp 

employs a  5.4 percent downgrade f o r  a  d i s t a n c e  of 470 f t  (143 m) leading up t o  the  

point  of tangency of the  350-ft (107-m) curve. The r o l l o v e r  acc iden t s  a r e  a l l  

c l u s t e r e d  near the very end of t h i s  curve. C lea r ly ,  i f  the  v e h i c l e s  were simply 

t r a v e l i n g  a t  excess ive  speed upon en te r ing  the  curve ,  the  r o l l o v e r s  would a l l  have 

occurred much e a r l i e r  i n  the  ramp. The placement of a l l  of the r o l l o v e r s  near the  

end of the  curve suggests  t h a t  a  s u b s t a n t i a l  speed inc rease  was being achieved along 

the  downgrade. 

Both the  AASKTO Blue and Green Books suggest  t h a t  ramp downgrades as  high a s  

8 percent  do not cause hazard due t o  excess ive  acce le ra t ion .  On the  o t h e r  hand, the 

Blue Book adv i ses  t h a t  s i t e s  having a  h igher  propor t ion of t ruck  and bus t r a f f i c  

should have grades  l imi ted  t o  3 o r  4  percent.  Although the  c u l p a b i l i t y  of the  grade 

condi t ion has only been i n f e r r e d  from the  d a t a  desc r ib ing  the  two s i t e s  s tud ied  

he re ,  i t  i s  c l e a r  t h a t  the  a c c e l e r a t i o n  p o t e n t i a l  which does e x i s t  f o r  heavy t rucks  

i s  s u f f i c i e n t  t o  e x p l a i n  the  r o l l o v e r  outcomes which were observed. 

4.2.6 Reduced F r i c t i o n  Level on a  High-Speed Ramp. Two s i t e s  (nos. 6  and 15) 

were i d e n t i f i e d  a s  having experienced a  f requent  incidence of t ruck  loss-of-control  

events  i n  wet weather. A t  s i t e  no. 6 ,  the  incidence of jackknife  with t r a c t o r -  

s e m i t r a i l e r s  was phenomenal f o r  a  2-year per iod,  following which the  ramp was 

resurfaced such t h a t  the  jackknife  problem simply disappeared. The ramp geometric 

f e a t u r e  a t  i s s u e  seems t o  involve  a  s u f f i c i e n t l y  l a r g e  rad ius  t h a t  the  veh ic le  can 
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t r a v e l  a t  near  the  55 mi/h (88 km/h) l i m i t .  With a poor pavement t e x t u r e  cond i t ion ,  

then,  the  p o t e n t i a l  f o r  a hydroplaning-l ike l o s s  i n  t ire/pavement f r i c t i o n  r e s u l t s  

i n  l o s s  of control .  

Shown i n  f i g u r e  11 is a diagram of the  ramp a t  s i t e  no. 6. The curve rad ius  

of 1,400 f t  ( 4 2 7  m) i s  such t h a t  the  ramp was o r i g i n a l l y  posted with an advisory 

speed of 55 mi/h (88 km/h) f o r  a l l  t r a f f i c .  An i n o r d i n a t e  number of t ruck  acc iden t s  

i n  wet weather l e d  t o  a s p e c i a l  pos t ing  of 45  mi/h ( 7 2  km/h) f o r  t ruck  t r a f f i c .  The 

s i d e  f r i c t i o n  f a c t o r  f o r  the  45 mi/h (72  km/h) speed is  only 0.05,  suggest ing t h a t  

t r a v e l  through t h i s  ramp should be very s t r a igh t fo rward .  Never theless ,  u n t i l  the  

s u r f a c e  was repaved, the  r a t e  of jackknife  events  i n  wet weather was s o  high t h a t  a 

number of a c c i d e n t s  were a c t u a l l y  observed by po l i ce  o f f i c e r s  who had come t o  the 

s i t e  t o  r epor t  a  p r i o r  j ackkn i fe  which had j u s t  occurred. A t  t h i s  s i t e ,  a s  we l l  a s  

o t h e r s  i n  which both jackknife  and r o l l o v e r  a c c i d e n t s  were repor ted ,  i t  i s  

i n t e r e s t i n g  t o  no te  t h a t  t h e  v e h i c l e s  s u f f e r i n g  jackknife  most o f t e n  come t o  r e s t  on 

the  i n s i d e  of the  curve while veh ic les  r o l l i n g  over t y p i c a l l y  land on the  ou t s ide  of 

the  curve. While the  d i s p o s i t i o n  of r o l l o v e r s  toward the  o u t s i d e  of the  curve 

involves  s t r a igh t fo rward  mechanics, the  tendency of jackknifed v e h i c l e s  t o  land 

i n s i d e  i s  l e s s  simply explained.  I n  s e c t i o n  5.3, observat ions  a r e  made exp la in ing  

t h i s  phenomenon and the  b a s i c  tendency toward hydroplaning-type c o n t r o l  problems i s  

r e l a t e d  t o  r ecen t  f i n d i n g s  published i n  the  l i t e r a t u r e .  
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5.0 EXAMINATION OF VEHICLE DYNAMIC RESPONSE ON THE SELECTED RAMPS 

I n  t h i s  s e c t i o n ,  t h e  response p r o p e r t i e s  of v e h i c l e  combinations 

on the  s e l e c t e d  ramps w i l l  be examined. While the  p r i n c i p a l  e f f o r t  i n  

t h i s  regard has involved the  s imulat ion of s p e c i f i c  t ruck  conf igura t ions  

on each of the  15 s e l e c t e d  ramps, the  d i s c u s s i o n  below w i l l  a l s o  

g e n e r a l i z e  upon the  apparent  impact of ramp des ign on the  t ruck  

c o n t r o l l a b i l i t y  problems which a r e  observed. The r e p r e s e n t a t i o n  of both 

the  road s e c t i o n s  and the  veh ic le  i n  the  s imulat ion model w i l l  be 

desc r ibed ,  wi th  re fe rence  t o  appendixes f o r  more d e t a i l .  A genera l  

d i scuss ion  of t h e  b a s i c  loss-of-control  modes wi th  heavy-duty v e h i c l e s  

then precedes the  p r e s e n t a t i o n  of r e s u l t s  from the s imulat ion a c t i v i t y .  

5.1 Representa t ion of Ramp Geometry i n  the  Simulation Model 

The UMTRI "Phase 4" s imulat ion model was used t o  r epresen t  the  

dynamic response of the  b a s e l i n e  t r a c t o r - s e m i t r a i l e r  a long each of the  

highway ramps [16].  The Phase 4 model i s  a n o n l i n e a r ,  time-domain 

s imulat ion capable of r ep resen t ing  commercial v e h i c l e s  ranging from 

s t r a i g h t  t r u c k s  t o  t r i p l e s  combinations. Each sprung mass ( o r  body 

u n i t )  has  s i x  degrees  of freedom; each unsprung mass ( o r  ax le  assembly) 

has a v e r t i c a l  bounce and r o l l  degree of freedom. Spin degrees  of 

freedom a r e  a l s o  included a t  each wheel l o c a t i o n  f o r  c a l c u l a t i n g  t i r e  

t r a c t i o n  f o r c e s  dur ing braking o r  combined brakinglcorner ing maneuvers. 

For the  parameter s e t s  used i n  t h i s  s tudy ,  the  t i r e  and suspension 

c h a r a c t e r i s t i c s  were descr ibed by r e a l i s t i c  s e t s  of non l inea r  d a t a  

der ived from previous experimental  measurements. Consequently, the  

b a s i c  computer r e p r e s e n t a t i o n  of the  base l ine  t r a c t o r - s e m i t r a i l e r  used 

here  can be considered t o  be f a i r l y  comprehensive and complete. 

To s imulate  t h e  n e g o t i a t i o n  of an a c t u a l  highway ramp, t h e  Phase 4 

model was opera ted i n  a closed-loop o r  path-following mode through t h e  

use of a d r i v e r  s t e e r i n g  model. The d r i v e r  model opera tes  by "looking 

ahead" and s t e e r i n g  t h e  v e h i c l e  along the  s p e c i f i e d  curve much l i k e  an 

a c t u a l  d r i v e r  does. By spec i fy ing  the  d e t a i l s  of t h e  highway geometry 

and path  t o  be followed, the  program u s e r  s u p p l i e s  the  necessary  

informat ion t o  the  model t o  permit i t  t o  opera te  i n  t h i s  manner. The 



fo l lowing paragraphs desc r ibe  how the  highway ramp geometry and path  

curva tu re  informat ion i s  processed by the  v e h i c l e  and d r i v e r  models. 

I n  order  t o  s p e c i f y  a  road su r face  t o  the  Phase 4 program, t h e  

e l e v a t i o n  of the  road su r face  a s  a  func t ion  of the  forward and l a t e r a l  

t r a v e l  d i s t a n c e  must be defined.  For most highway ramp geometr ies ,  such 

a s  those  examined wi th in  t h i s  s tudy ,  such informat ion would be obtained 

from highway drawings and then t r a n s l a t e d  ( o r  programmed) a s  a  "road 

subrout ine"  which the  v e h i c l e  model would access  dur ing a  s imulat ion 

run. Highway e l e v a t i o n ,  supere leva t ion ,  and grade informat ion i s  then 

obtained from the  road subrou t ine  f o r  each wheel l o c a t i o n  on the  v e h i c l e  

a s  a  func t ion  of time. Thus, the  road s u r f a c e  and i t s  r e s p e c t i v e  

s u r f a c e  g r a d i e n t s  a c t  a s  a  s e t  of time varying displacement i n p u t s  t o  

each wheel assembly a s  the  v e h i c l e  moves along the  s p e c i f i e d  highway 

ramp geometry. Forces a s s o c i a t e d  wi th  wheel displacements a r e  then 

t r ansmi t t ed  t o  the  veh ic le  masses through t i r e  and suspension 

compliances. Longi tudinal  and l a t e r a l  components of the  g r a v i t a t i o n  

f o r c e  a c t i n g  on the  veh ic le  a r e  a l s o  in t roduced by changes i n  road 

su r f  ace  i n c l i n a t i o n .  

For a c t u a l  highway ramps comprised of approach t angen t s ,  s p i r a l  

t r a n s i t i o n s ,  and c i r c u l a r  s e c t i o n s ,  t h e  d e s c r i p t i o n  of the  highway road 

subrou t ine  was coded a s  a  sequence of corresponding mathematical 

formulae o r  t a b u l a r  data .  The required geometry cons i s t ed  of a  s e t  of 

x-y path  coord ina tes  d e f i n i n g  the  road c e n t e r l i n e ,  t h e  corresponding 

e l e v a t i o n ,  supere leva t ion ,  and grade a t  each coordinate  pa i r .  From t h i s  

informat ion and the  known p o s i t i o n  of t h e  v e h i c l e  r e l a t i v e  t o  t h e  road 

c e n t e r l i n e ,  road s u r f a c e  e l e v a t i o n  and i n c l i n a t i o n  under each wheel 

l o c a t i o n  were c a l c u l a t e d  a t  each time s t e p  of t h e  s imulat ion.  

The d r i v e r  s t e e r i n g  c o n t r o l  model opera tes  by s e l e c t i n g  a  

s t ee r ing-whee l  angle  t o  cause t h e  v e h i c l e  t o  t r a c k  a  previewed s e c t i o n  

of the  highway curve. A t  each i n s t a n t  of time, the  d r i v e r  model 

p r e d i c t s  f u t u r e  p o s i t i o n  of t h e  veh ic le  based upon the  c u r r e n t  veh ic le  

response and steering-wheel angle. This p red ic ted  p o s i t i o n  i s  then 

compared wi th  t h e  d i r e c t l y  observed ( o r  previewed) pa th  p o s i t i o n  

corresponding t o  the  same f u t u r e  time. The e r r o r  between the  p red ic ted  



v e h i c l e  p o s i t i o n  and previewed path  i s  used t o  s t e e r  the  vehic le .  A 

time delay i s  a l s o  included t o  represen t  b a s i c  d r i v e r  r e a c t i o n  time 

l i m i t a t i o n s  normally p resen t  i n  the  s t e e r i n g  c o n t r o l  process.  The 

d r i v e r  model parameters s e l e c t e d  t o  r epresen t  d r i v e r  s t e e r i n g  

c h a r a c t e r i s t i c s  w i t h i n  t h i s  study were s i m i l a r  t o  values  used i n  

previous s t u d i e s  f o r  desc r ib ing  r e p r e s e n t a t i v e  d r i v e r  s t e e r i n g  c o n t r o l  

behavior. The preview ( o r  "look ahead") time used i n  the  d r i v e r  model 

was 2.0 seconds,  while the  time de lay  value  was 0.25 seconds. Fur ther  

d e t a i l s  on the  d r i v e r  s t e e r i n g  model and comparisons wi th  experimental  

measurements f o r  automobile and t ruck-dr iver  systems can be found i n  

re fe rences  1 7  t o  20. 

5.2 Charac te r i za t ion  of Trucks Used i n  t h e  Simulation 

Trac to r - semi t ra i l e r s  having d i f f e r i n g  des ign and loading 

parameters were represented i n  the  s imulat ion f o r  examining the c o n t r o l  

problems posed by the  var ious  ramps. Since t h e  Phase 4  s imulat ion 

provides f o r  a  r e l a t i v e l y  complex t rea tment  of the  v e h i c l e ,  the  

parameters desc r ib ing  each t ruck  combination cover a  l a r g e  number of 

q u a n t i t i e s .  A complete l i s t i n g  of the  q u a n t i t i e s  employed t o  desc r ibe  

t h e  simulated v e h i c l e s  i s  presented i n  appendix B. The appendix a l s o  

l i s t s  an example output  d a t a  s e t ,  showing the  ins tantaneous  values  f o r  a  

number of t h e  key response v a r i a b l e s  a s  the  v e h i c l e  proceeds along an 

example ramp. 

The b a s i c  v e h i c l e  type which was descr ibed i n  each simulated case 

i s  i l l u s t r a t e d  i n  f i g u r e  12. The v e h i c l e  c o n s t i t u t e s  a  t y p i c a l  cab- 

over-engine (COE) t r a c t o r ,  having a  wheelbase of 144 inches  (3.65 m), 

coupled t o  a  45-foot (13.7-m) van-type s e m i t r a i l e r .  The t r a c t o r  and 

s e m i t r a i l e r  both incorpora te  tandem a x l e  s e t s .  The t i r e s  i n  every case  

represen t  a  popular r ad ia l -p ly ,  r ib - t r ead  s e l e c t i o n ,  s i z e  11 R 22.5,  

load range G. Other c h a r a c t e r i s t i c s  of the  v e h i c l e ,  encompassing 

s t e e r i n g  system c h a r a c t e r i s t i c s ,  i n e r t i a l  p r o p e r t i e s ,  frame s t i f f n e s s ,  

f i f t h  wheel height  and s t i f f n e s s ,  and o t h e r  geometric d e t a i l s  were a l l  
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s e l e c t e d  t o  r epresen t  common hardware used i n  normal long-haul types  of 

veh ic les .  

A l l  of the  ramp s i t e s  were examined i n i t i a l l y  wi th  the  veh ic le  

combination s e t  up i n  a "baseline" conf igurat ion.  For these  cases ,  the  

suspensions employed on both the  t r a c t o r  and s e m i t r a i l e r  tandem ax le  

l o c a t i o n s  were represented a s  the  common "f our-spring ," mul t i l ea f  type 

of design. The t r a c t o r  s t e e r i n g  ax le  was o u t f i t t e d  with a common 

mul t i l ea f  suspension,  r a t ed  a t  12,000 l b s  (5.5 Mg), f o r  a l l  

conf igurat ions .  The base l ine  veh ic le  was a l s o  d i s t ingu i shed  by 

placement of the  payload mass c e n t e r  a t  an e l e v a t i o n  of 83.5 i n  (2.12 

m), This f i g u r e  i s  taken t o  represen t  a common loading which de r ives  

from a medium-density f r e i g h t .  The v e h i c l e  was loaded t o  the  f u l l  g ross  

weight allowance of the  Federal  Aid Highway System, 80,000 l b s  (39.6 

Mg), wi th  the  d i s t r i b u t i o n  of ax le  loads  a s  shown i n  f i g u r e  12. 

I n  o rde r  t o  a l s o  study the  response of veh ic les  which l i e  a t  the  

extreme end of the  spectrum of r o l l  s t a b i l i t y  c h a r a c t e r i s t i c s ,  another 

conf igura t ion  c a l l e d  the  "high-c.g.I1 case  was simulated. This veh ic le  

was i d e n t i c a l  t o  the  base l ine  conf igura t ion  except t h a t :  

* t h e  tandem suspensions a t  the  t r a c t o r  and s e m i t r a i l e r  were made 

" sof te r "  so  a s  t o  r epresen t  a c t u a l  suspensions which a r e  known t o  

e x h i b i t  lower l e v e l s  of r e s i s t a n c e  t o  r o l l i n g  motions. The 

t r a c t o r  tandem suspension was configured t o  r epresen t  a popular 

torsion-bar suspension which i s  known t o  e x h i b i t  a  low l e v e l  of 

r o l l  s t i f f n e s s  [21]. Likewise, the t r a i l e r  tandem was represented 

a s  a low-s t i f fness  four-spring v a r i e t y  such a s  had been measured 

previously  [21]. 

* t h e  payload mass c e n t e r  was placed a t  a  height  of 105 i n  (2.7 m) 

above the  ground. This payload placement r epresen t s  a case  i n  

commercial p r a c t i c e  i n  which a homogenous f r e i g h t  i s  loaded t o  

both f i l l  the  cubic  capac i ty  of the  t r a i l e r  while a l s o  reaching 

the  f u l l  gross  weight allowance. With such a loading,  the  payload 

mass c e n t e r  height  i s  e s s e n t i a l l y  placed midway between the  f l o o r  

and the  roof of a t y p i c a l  13.5-ft- (4.1-m) high t r a i l e r  (al lowing 



a l s o  f o r  an approximate 7-inch (.18-m) c lea rance  between the  

f r e i g h t  and the  top of the t r a i l e r ) .  This loading r e p r e s e n t s  the  

h ighes t  mass c e n t e r  l o c a t i o n  which occurs i n  common t rucking 

p rac t i ce .  

I n  a d d i t i o n  t o  the  "baseline" and "high-c.g.I1 c a s e s ,  the  base l ine  

v e h i c l e  was a l s o  represented i n  an empty cond i t ion  f o r  examining 

j ackkn i fe  responses. One of the  jackknife  s imula t ions ,  a t  s i t e  no. 13, 

was assoc ia ted  with s tudying a  near-hydroplaning cond i t ion  on wetted 

pavement. I n  t h i s  case ,  t h e  t i te lpavement  f r i c t i o n  l i m i t  was 

s e q u e n t i a l l y  reduced i n  o rde r  t o  i n c i t e  a  jackknife  response simply a s  a  

r e s u l t  of corner ing i n  a  s l i p p e r y  curve. Since the  t i r e l r o a d  f r i c t i o n  

l e v e l  d e r i v i n g  from hydrodynamic e f f e c t s  i s  known t o  be very s e n s i t i v e  

t o  t i r e  load ,  and s i n c e  the  "unloaded" v e h i c l e  cond i t ion  d ramat ica l ly  

unloads the  t i r e s  on the  t r a c t o r  d r i v e  a x l e  r e l a t i v e  t o  those  on the  

s t e e r i n g  a x l e ,  d i f f e r i n g  f r i c t i o n a l  cond i t ions  were represented on the  

s t e e r i n g  and d r i v e  a x l e s  of the  t r a c t o r .  Aside from the  f r i c t i o n a l  

limits, however, t h e  o t h e r  f o r c e  and moment p r o p e r t i e s  of the  t i r e  were 

represented i n  the  same manner a s  was used on the  dry  surface .  

The key response c h a r a c t e r i s t i c  which i s  probed i n  t h e  s imulat ion 

of most of the  ramps i s  the  r o l l  s t a b i l i t y  of the  vehic le .  As w i l l  be 

d i scussed ,  the  r e s u l t s  show t h a t  a  smal l  degree of speeding beyond the  

posted advisory  value  can y i e l d  r o l l o v e r  on some of the  s i t e s .  To p lace  

the  r o l l  s t a b i l i t y  l e v e l s  of t h e  represented conf igura t ion  i n  the  

context  of wider t ruck  p r a c t i c e ,  f i g u r e  13 shows f i v e  d i f f e r e n t  t r a c t o r -  

s e m i t r a i l e r  combinations,  and the  corresponding l e v e l s  of " r o l l o v e r  

threshold"  which apply t o  each. The r o l l o v e r  th resho ld  c h a r a c t e r i z a t i o n  

d e s c r i b e s  the  peak value  of l a t e r a l  a c c e l e r a t i o n ,  i n  u n i t s  of g ' s ,  

beyond which the  v e h i c l e  would r o l l  over i n  a  s teady turn.  We see  t h a t  

cases  A and C ,  which represen t  the  r e s p e c t i v e  "basel ine"  and "high-c.g." 

conf igura t ions  mentioned above, y i e l d  r o l l o v e r  th resho ld  values  which 

a r e  not d i s s i m i l a r  from those  of o t h e r  common veh ic les .  Of course ,  

the re  a r e  many t r a c t o r - t r a i l e r  loading p a t t e r n s  which would y i e l d  h igher  

values  of r o l l o v e r  threshold  than those  shown i n  the  f i g u r e .  

Never theless ,  the  cases  shown a r e  by no means r a r e  and they a r e  

introduced f o r  cons ide ra t ion  here  i n  r ecogn i t ion  of the  r o l l o v e r  
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chal lenges  which the  lower s t a b i l i t y  v e h i c l e  f a c e s  when opera t ing  on 

ramps such a s  many of those  s e l e c t e d  f o r  t h i s  study,  

Vehicle Response on Interchange Ramps 

I n  t h i s  s e c t i o n ,  the  r e s u l t s  of the  s imulat ion e x e r c i s e  w i l l  be 

d iscussed,  Simulations were performed covering the  matr ix  of s i t e s ,  

speeds ,  and v e h i c l e  conf igura t ions  l i s t e d  i n  t a b l e  8. The b a s i c  scheme 

of s e l e c t e d  cond i t ions  involved a  run a t  t h e  posted speed p l u s  

a d d i t i o n a l  runs i n  the  base l ine  cond i t ion  a t  h igher  speeds,  where the  

response was seen a s  i n s t r u c t i v e .  For s e l e c t e d  cases  i n  which r o l l o v e r  

of the  veh ic le  seemed a  probable outcome, runs were conducted with the  

"high-c.g." conf igura t ion  i n  o rde r  t o  e s t a b l i s h  whether r o l l o v e r  would 

occur a t  o r  near the  posted advisory speed, 

Addi t ional  runs were made a t  s i t e  nos. 4  and 6 t o  i l l u s t r a t e  the  

mechanics of j ackkn i fe  responses under cond i t ions  of reduced 

t ire/pavement f r i c t i o n .  On s i t e  no. 4 ,  involving a  moderate i n i t i a l  

curve a t  which a  number of j ackkn i fe  a c c i d e n t s  were repor ted ,  the  

b a s e l i n e  v e h i c l e  i n  an empty conf igura t ion  was braked t o  the  po in t  of 

j ackkn i fe ,  wi th  the  peak s i d e  f r i c t i o n  c o e f f i c i e n t  placed a t  0.5. On 

s i t e  no. 6 ,  involving a  large-radius  ramp which apparent ly  imposed very 

low f r i c t i o n  cond i t ions  f o r  t r u c k s  running a t  h igh speed, reduced 

f r i c t i o n  l e v e l s  were represented a t  the  unloaded t r a c t o r  d r i v e  wheels 

and t r a i l e r  wheels while t h e  v e h i c l e  t r a v e l e d  through t h e  ramp a t  

cons tan t  speed. Jackknife  was induced i n  these  cases  by the  s a t u r a t i o n  

of l a t e r a l  f o r c e s  a t  the  r e a r  of the  t r a c t o r ,  without braking. Since 

the s tudy had no access  t o  d a t a  d e s c r i b i n g  t i re lpavement  f r i c t i o n  

l e v e l s ,  va lues  f o r  f r i c t i o n  l i m i t s  were simply hypothesized so  t h a t  the  

c h a r a c t e r i s t i c  responses could be demonstrated. (Regarding o t h e r  cases  

i n  which r o l l o v e r  was s imulated,  of course ,  t h e  f r i c t i o n  l e v e l  

c o n s t i t u t e d  a  moot i s s u e  s i n c e  the  l a t e r a l  a c c e l e r a t i o n  l e v e l s  needed t o  

o b t a i n  r o l l o v e r  were we l l  below the  va lues  needed t o  approach f r i c t i o n  

limits on any dry  pavement. ) 

The s imula t ion  r e s u l t s  a r e  presented comprehensively i n  appendix 

C ,  i nc lud ing  p l o t s  of the  motion v a r i a b l e s  of the  v e h i c l e ,  with respec t  



Table 8. Simulation run condi t ions .  

/ Advisory 1 
S i t e  1 Speed P e c u l i a r  S i t e  Simulation Speeds 

* S i t e  No. 4 - Braking from 55 mi/h towards 20 mi/h on y = .50 s u r f a c e  

** S i t e  No. 6  - Addi t iona l  r u n s  t o  s i m u l a t e  hydroplaning,  Base l ine  Vehicle.  

No. 

1 

2 

3 

*4 

5 

~ ; * 6  

7 

8 

9 

10 

11 

12 

13 

1 4  

1 5  

(Note: Posted a d v i s o r i e s :  45 mi/h - t r u c k s ,  55 mi/h - o t h e r s . )  

U t r a c t o r  f r o n t  = 0.50 
(empty> LI t r a c t o r  r e a r  = 0.15 
55 mi/h p t r a i l e r  = 0.15 

mi/h 

3 5 

2 5 

2 5 

2 0 

20 

45/55 

3 5 

30 

2 5 

2 5 

2 5 

4 0 

30 

25 

3 0 

l.I t r a c t o r  f r o n t  = 0.50 
(empty) Fc t r a c t o r  r e a r  = 0.12 
55 mi/h Fc t r a i l e r  = 0.12 

C h a r a c t e r i s  t i c  

t i g h t  curve,  end of ramp, 
poor t r a n s i t i o n  

compound curves ,  t i g h t - f l a t -  
t i g h t  

s h o r t  d e c e l  l a n e ,  then  t i g h t  
curve 

low advisory spd,  s p i r a l  t o  
compound curve 

t i g h t  curve,  curb on o u t s i d e  

l a r g e  r a d i u s ,  highspeed, 
s l i p p e r y  wet 

downgrade l e a d s  t o  sharp  curve 

downgrade l e a d s  t o  sharp  curve 

sharp curve a t  end of moderate 
d e c e l .  l a n e  

poor t r a n s i t i o n ,  sharp curve 
r i g h t  away 

compound curve,  t igh t - f  l a t -  
t i g h t  

t i g h t  curve on c e n t r a l  l a n e s  
of trumpet 

t i g h t  curve,  curb on o u t s i d e  

t i g h t  curve,  curb on o u t s i d e  

compound curve,  l a r g e  r a t i o  
of r a d i i  

"Baseline" 

34,44,40 mi/h 

25,35,42 

35,25 

55 (braking) 

35,25,20 

55,70 

35,45 

30 

25 

25 

25 

40 

35 

40 

35 

"High C-G" 

35,40 mi/h  

25 

25,35 

----- 

35,30,20 

----- 

35,45 

. .  30935 

----- 
----- 

----- 

45,50 

----- 
----_ 
----- 

! 



t o  time. These r e s u l t s  c o n s t i t u t e  a  p r e c i s e  d e f i n i t i o n  of the  mechanics 

of r o l l o v e r ,  j ackkn i fe ,  yaw response dynamics, and the  l i k e .  In  o rde r  

t o  i n t e r p r e t  the  r e s u l t s  i n  a manner which p laces  a  focus upon t h e  

i n t e r a c t i o n  between the  v e h i c l e  and the  ramp geometrics,  the  d i scuss ion  

below w i l l  g e n e r a l i z e  upon the  responses which were observed. F i r s t l y ,  

i n  s e c t i o n  5.3.1, t h e  d i s c u s s i o n  p r e s e n t s  c e r t a i n  genera l  concepts 

concerning the  types  of loss-of-control  problems which a r e  manifes t  a t  

in terchange ramps by heavy-duty veh ic les .  I n  s e c t i o n  5.3.2, s e l e c t e d  

s imulat ion runs a r e  employed t o  i l l u s t r a t e  t h e  range of s p e c i f i c  c o n t r o l  

problems which a r e  seen t o  occur on the  var ious  types  of ramps i n  t h e  

sample. 

5.3.1 Mechanisms Leading t o  LOSS of Control  wi th  Trucks. Heavy- 

duty  v e h i c l e  combinations e x h i b i t  c o n t r o l  limits i n  maneuvering 

cond i t ions  which can t y p i c a l l y  be handled wi th  r e l a t i v e  ease  i n  

passenger cars .  Such limits a r e  encountered under both  braking and 

corner ing condi t ions .  The fol lowing d i scuss ion  i d e n t i f i e s  the  

mechanisms which determine the  types  of t ruck  c o n t r o l  l i m i t s  which 

appear t o  have been exceeded i n  t h e  ramp acc iden t s  s tud ied  i n  t h i s  

p ro jec t .  This genera l i zed  p r e s e n t a t i o n  w i l l  provide the  b a s i s  f o r  

s p e c i f i c  i l l u s t r a t i o n s  of loss-of-control  i n  s imulat ion r e s u l t s  i n  the  

next sec t ion .  

Rollover i n  a  Steady Turn 

The des ign of highway curves r e f l e c t s  an accounting of t h e  

l a t e r a l ,  o r  c e n t r i p e t a l  a c c e l e r a t i o n  which i s  assoc ia ted  wi th  t r a v e l  

around a  f ixed-radius  a rc .  For example, t h e  l e v e l  of l a t e r a l  

a c c e l e r a t i o n  experienced i n  a  s teady t u r n  was expressed i n  s e c t i o n  4.1 

by means of the  AASHTO g u i d e l i n e s  on t h e  use of the  "minimum rad ius  

equation.  " Since the  n e t  l a t e r a l  a c c e l e r a t i o n ,  a f t e r  accounting f o r  

supere leva t ion  a s  wel l  a s  speed and path  r a d i u s ,  a c t s  on the  veh ic le  a t  

the  h e i g h t ,  H ,  of i t s  c e n t e r  of g r a v i t y ,  c.g., i t  i s  p e r t i n e n t  t o  

consider  t h e  impl ica t ion  of the  steady-turn cond i t ion  on v e h i c l e s  having 

r e l a t i v e l y  high placement of the  c.g.. 



Because the  heavy v e h i c l e  c a r r i e s  f r e i g h t  i n  commercial 

q u a n t i t i e s ,  i t s  c e n t e r  of g r a v i t y  i s  h igh,  i n  abso lu te  terms,  and i s  

c e r t a i n l y  high r e l a t i v e  t o  the  width of the  t i r e  t rack.  The height  of 

the  c.g. i s  d i r e c t l y  involved a s  a  determinant of r o l l  s t a b i l i t y  s ince  

the  s i z e  of t h e  moment which tends  t o  r o l l  the  v e h i c l e  over i s  

p ropor t iona l  t o  the  c.g. height.  Correspondingly, the  s t r e n g t h  of the 

maximum moment which can be exer ted  i n  keeping the  v e h i c l e  upr igh t  i s  

p ropor t iona l  t o  the  t r a c k  width. 

As i l l u s t r a t e d  i n  f i g u r e  1 4 ,  t h e  r o l l  s t a b i l i t y  of heavy t r a c t o r -  

s e m i t r a i l e r s  i s  i n h e r e n t l y  d i s t ingu i shed  from t h a t  o f ,  say ,  passenger 

c a r s  i n s o f a r  a s  the  r a t i o s  of the  ha l f - t r ack  widths,  T/2, t o  the  

r e s p e c t i v e  h e i g h t s ,  H ,  of the  c e n t e r  of g r a v i t y  of c a r s  and t rucks  a r e  

s o  d i f f e r e n t .  Recognizing t h a t  the  r a t i o ,  T/2H, d e s c r i b e s  a  b a s i c  

s c a l i n g  of the  r o l l  s t a b i l i t y  l e v e l  of any v e h i c l e ,  i t  i s  i n s t r u c t i v e  t o  

note t h a t  loaded,  heavy-duty, t rucks  e x h i b i t  a  value  of t h i s  r a t i o  near 

0.5 whi le  c a r s  y i e l d  a  value  nea r  1.3. The T / ~ H  term provides a  crude 

f i r s t  e s t ima te  of the  l e v e l  of l a t e r a l  a c c e l e r a t i o n ,  i n  g ' s ,  which a  

v e h i c l e  w i l l  t o l e r a t e  before  r o l l i n g  over i n  a  s teady turn .  

When the  s t i f f n e s s  of t i r e s  and suspension sp r ings  a r e  taken i n t o  

account ,  we f i n d  t h a t  the  T/2H es t ima te  f o r  common heavy t r u c k s  degrades 

t o  an a c t u a l  r o l l o v e r  l i m i t  i n  the  v i c i n i t y  of 0.3 g ' s  while c a r s  w i l l  

a c t u a l l y  r o l l  over near  1.2 g ' s .  F u r t h e r ,  i t  was shown i n  s e c t i o n  5.2 

t h a t  a  number of s p e c i f i c  t ruck  loadings  cause such high c.g. placement 

t h a t  r o l l o v e r  w i l l  occur a s  low a s  0.24 g ' s .  The b a s i c  obse rva t ion ,  

then ,  i s  t h a t  loaded commercial v e h i c l e s  e x h i b i t  very low " ro l lover  

threshold"  l i m i t s  r e l a t i v e  t o  passenger c a r s  and t h a t  the  s p e c i f i c  l i m i t  

va lue  f o r  a  g iven veh ic le  w i l l  depend very s t r o n g l y  upon the  

d i s t r i b u t i o n  of payload which i s  being c a r r i e d .  (More comprehensive 

t rea tments  of the  mechanics of r o l l o v e r  a r e  presented i n  r e fe rences  22 

and 23.) 

Since the  r o l l o v e r  threshold  of heavy t rucks  i s  so  low, one can 

a p p r e c i a t e  t h a t  r o l l o v e r  i s  a  common outcome i n  response t o  severe  

s t e e r i n g  maneuvers, o r  a s  a  r e s u l t  of overspeeding on a highway curve. 

I n  p a r t i c u l a r ,  the  l i m i t  cond i t ion  which c o n s t r a i n s  t ruck  movement on 
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highway curves i s  l i k e l y  t o  be the  r o l l o v e r  l i m i t  r a t h e r  than the  

"skidding" cond i t ion  which i s  the  primary s a f e t y  concern upon which 

AASHTO design g u i d e l i n e s  a r e  r a t i o n a l i z e d .  I f  highways were t o  be 

designed wi th  t r u c k s  s p e c i f i c a l l y  i n  mind, the  c o n s t r a i n t s  on curve 

geometrics would have t o  be expressed i n  terms which afforded a  s u i t a b l e  

margin of s a f e t y  f o r  the  avoidance of t ruck  ro l lover .  

High-speed Off t racking 

While t h e  mechanics of r o l l o v e r  i n  s teady t u r n s  i s  exp la inab le  

through s t a t i c  phenomena, an a d d i t i o n a l  mechanism involving a  dynamic 

process  can a l s o  come i n t o  play. This mechanism begins wi th  a  proper ty  

which i s  exh ib i t ed  t o  some e x t e n t  by a l l  v e h i c l e s ,  but  e s p e c i a l l y  by 

a r t i c u l a t e d  v e h i c l e s  having one o r  more t r a i l e r s .  The mechanism i s  

termed "high-speed off  tracking." With a r t i c u l a t e d  t ruck  combinations, 

the  phenomenon involves  the  outboard d r i f t  of t h e  r e a r  of the  t r a i l e r  

under the  in f luence  of l a t e r a l  acce le ra t ion .  That i s ,  while t r a i l i n g  

elements tend t o  t r a c k  inboard of the  t r a c t o r  i n  t i g h t  t u r n s  a t  low 

speed,  t r a v e l  through curves a t  high speed tends t o  cause the  t r a i l e r  

t i r e s  t o  t r a c k  outboard of the  t r a c t o r .  The outboard o r i e n t a t i o n  of the  

t r a i l e r  i s  e s t a b l i s h e d  by t h e  need f o r  the  t r a i l e r  t i r e s  t o  opera te  a t  a  

s l i p  angle  i n  o rde r  t o  develop the  l a t e r a l  f o r c e s  needed f o r  equi l ibr ium 

i n  the  turn.  The e x t e n t  of the  outboard o f f s e t  i n  wheel paths  i s  a  

func t ion  of the  t r a i l e r  wheelbase(s1,  t h e  t i r e  corner ing s t i f f n e s s  

l e v e l s ,  and the  l a t e r a l  a c c e l e r a t i o n  l e v e l  which is  achieved ( s e e  20 and 

24) .  

As shown i n  f i g u r e  15 ,  one primary r i s k  assoc ia ted  wi th  the  

outboard t r ack ing  of t r a i l e r  wheels a r i s e s  when a  curb i s  placed on the  

o u t s i d e  of the  curve. Since t h e  s i d e s l i p p i n g  t i r e  i s  pointed inwards 

r e l a t i v e  t o  the  curve ,  (and,  thus ,  i s  pointed away from an o u t s i d e  curb)  

the  t i r e  does not tend t o  mount even a  "mountable" type curb such t h a t  

l a r g e  l e v e l s  of s i d e  f o r c e  a r e  l i k e l y  t o  accompany curb con tac t .  The 

abrupt  inpu t  of l a r g e  s i d e  f o r c e s  a t  the  t i r e ,  i n  t u r n ,  produce l a r g e  

t r a n s i e n t  moments tending t o  over turn  the  veh ic le .  Thus, one can 

hypothesize t h a t  r o l l o v e r  de r iv ing  from high speed o f f t r a c k i n g ,  followed 
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Figure 15. T r a i l e r  t i r e s  t r a c k i n g  outboard of the  t r a c t o r  risk 
s t r i k i n g  an o u t s i d e  curb on a  curve.  



by curb c o n t a c t ,  might occur a t  an opera t ing  speed which is  wel l  below 

the  value  needed t o  produce a simple s t a t i c  r o l l o v e r  i n  the  same curve. 

L imi ta t ions  i n  Braking Control  

Because t rucks  a r e  designed t o  maximize cargo capac i ty ,  t h e r e  i s  

g e n e r a l l y  a l a r g e  d i f f e r e n c e  i n  the  ax le  loading which i s  encountered i n  

going from an empty t o  f u l l y  loaded s t a t e .  Figure 16 i l l u s t r a t e s  the  

c o n t r a s t  between, f o r  example, a  t y p i c a l  midsized American c a r  which 

exper iences  a 30 percent  i n c r e a s e  i n  t o t a l  load ,  from empty t o  loaded,  

and a t y p i c a l  two-axle u n i t  t ruck  which exper iences  a 250 percent  

i n c r e a s e  i n  l o a d ,  from empty t o  loaded. F u r t h e r ,  we note  t h a t  the  

d i s t r i b u t i o n  of the  r e l a t i v e  i n c r e a s e s  i n  loading between the  f r o n t  and 

r e a r  a x l e s  of the  c a r  i s  f a r  more balanced than f o r  t h e  case  of the  

t ruck.  Because of the  need t o  p lace  the  cab and engine of the  t ruck  i n  

the  v i c i n i t y  of the  f r o n t  a x l e ,  t h e  g r e a t  bulk of the  payload weight i s  

borne on the  t r u c k ' s  r e a r  axle.  Thus, we see  the  t ruck  f r o n t  ax le  

exper iencing only a 30 percent  load change compared t o  a 500 percent  

change a t  t h e  r e a r  i n  covering the range of opera t ing loads.  The 

consequence of t h i s  s i t u a t i o n  f o r  t rucks  and t ruck- t rac to r s  i s  t h a t  such 

v e h i c l e s  a r e  very overbraked i n  the  r e a r  when opera t ing  i n  t h e  unloaded 

s t a t e .  

S i m i l a r l y ,  when a por t ion  of the  f r e i g h t  i s  removed from, say ,  

the  r e a r  of a van t r a i l e r  a t  an in te rmedia te  d e s t i n a t i o n ,  the  r e a r  

t r a i l e r  a x l e  becomes l i g h t l y  loaded,  and thus  overbraked r e l a t i v e  t o  the 

loaded a x l e s ,  so  t h a t  the  t r a i l e r  wheels tend t o  lock up prematurely. 

Because of these  and o t h e r  p r a c t i c a l  i s s u e s  involving t ruck  brake 

systems,  themselves,  the  braking performance of t rucks  i s  c a t e g o r i c a l l y  

reduced below t h a t  of passenger cars .  

Aside from the  r i s k  of c o l l i s i o n s ,  l i m i t a t i o n s  i n  s topping 

c a p a b i l i t y  lead t o  one of two s i t u a t i o n s ,  namely, a )  i n s u f f i c i e n t  

d e c e l e r a t i o n  such t h a t  t ruck  speed i s  kept  up a t  a  hazardous l e v e l  o r  b) 

l o s s  of c o n t r o l  due t o  lockup of one o r  more a x l e  s e t s .  I n  t h e  p r i o r  

case ,  the  r i s k  due t o  e leva ted  speed invo lves ,  say ,  the  prospect  of 

r o l l o v e r  on a curve. The occurrence of wheel lockup, on the  o t h e r  hand, 

comes about when an excess ive  l e v e l  of braking i s  app l i ed  and may 
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culminate i n  a rapid  r o t a t i o n  of the  t r a c t o r  o r  t r a i l e r  u n i t s  of the  

v e h i c l e  combination r e l a t i v e  t o  one another.  The s i g n i f i c a n c e  of the  

lockup event i s  t h a t  the  pneumatic t i r e  f a i l s  t o  s u s t a i n  l a t e r a l  f o r c e s  

when the  wheel i s  locked. As shown i n  f i g u r e  17,  lockup of t r a c t o r  

d r i v e  wheels,  wi th  the s t e e r i n g  wheels s t i l l  r o l l i n g ,  produces the  

powerful " jackknife"  i n s t a b i l i t y  which r o t a t e s  the  t r a c t o r  r a p i d l y  

r e l a t i v e  t o  the  s e m i t r a i l e r .  For a v e h i c l e  i n  a left-hand curve ,  the  

jackknife  a r t i c u l a t i o n  motion shown i n  the  f i g u r e  would p r e v a i l  upon 

lockup of t r a c t o r  d r i v e  wheels, A s  suggested above, lockup of the  d r i v e  

wheels i s  a r a t h e r  common occurrence when the v e h i c l e  i s  nea r ly  empty 

s i n c e  i t  i s  i n  t h a t  s t a t e  t h a t  the  d r i v e  wheels a r e  very overbraked. 

When t r a i l e r  wheels a r e  locked,  a more slowly developing 

i n s t a b i l i t y  c a l l e d  " t r a i l e r  swing" develops,  a s  shown i n  f i g u r e  17. 

Although the  i n c r e a s e  i n  a r t i c u l a t i o n  angle  due t o  the  t r a i l e r  swing 

motion develops moderately,  t h e  t o t a l  l a t e r a l  motion achieved a t  the  

r e a r  of the  t r a i l e r  can become very l a r g e  r e l a t i v e  t o ,  say ,  a l a n e  

width. 

Although the  lockup-induced i n s t a b i l i t i e s  a r e  most commonly 

produced on s l i p p e r y  s u r f a c e s ,  they a r e  c e r t a i n l y  a l s o  poss ib le  on dry  

pavement, I n  f a c t ,  a s t o p ,  without wheel lockup, a t  a d e c e l e r a t i o n  

l e v e l  of approximately 0.4 g ' s  i s  considered a severe  braking cond i t ion ,  

even on dry  pavement, wi th  a heavy truck.  As an h i s t o r i c a l  no te ,  t h e  

Federal  Motor Vehicle Sa fe ty  Standard,  No, 121, r equ i r ing  a d e c e l e r a t i o n  

c a p a b i l i t y  of 0.41 g ' s  f o r  air-braked t rucks  s topping from 60 mi/h (96 

km/h) was seen a s  imposing a s e r i o u s  chal lenge t o  the  s t a t e  of t ruck  

braking technology i n  the  mid-1970's [25,26]. This s t andard ,  applying 

t o  s topping on dry  pavement, implied a braking e f f i c i e n c y  l e v e l  of only 

50 percent  and was d i f f i c u l t  t o  meet wi thout  wheel lockup, over the  

empty-to-full loading range,  wi th  many vehic les .  

When the  pavement i s  wet, i t  i s  not  unreasonable t o  expect  peak 

f r i c t i o n  l e v e l s  around 0.5 wi th  c a r  t i r e s ,  and t h e r e  i s  a s u b s t a n t i a l  

body of evidence t h a t  t ruck  t i r e s  produce even lower t r a c t i o n  l e v e l s  

under the  same pavement cond i t ions  ( s e e ,  e.g. , [27,281). Accordingly, 

an e f f i c i e n c y  l e v e l  of 50 percent suggests  a maximum braking c a p a b i l i t y  



Figure 17. Tractor-semitrailer articulation instabilities during 
braking. 



around 0.25 g t s .  Roadway l ayou t s  c a l l i n g  f o r  braking l e v e l s  approaching 

such values  of d e c e l e r a t i o n  tend t o  d ramat ica l ly  i n c r e a s e  the  

p r o b a b i l i t y  t h a t  t rucks  w i l l  encounter the  loss-of-control  modes 

r e s u l t i n g  from wheel lockup. 

Speed Control  on Short  Downgrades 

I n  o rde r  f o r  loaded t ruck  combinations t o  keep speed i n  check 

while opera t ing  on downgrades, the  v e h i c l e  must develop r e t a r d a t i o n  

f o r c e s  e i t h e r  through engine braking,  the  use of s e r v i c e  brakes ,  o r  by 

means of a supplemental r e t a r d e r  dev ice ,  i f  ava i l ab le .  Fur the r ,  each of 

these  mechanisms i s  under the  c o n t r o l  of t h e  d r i v e r ,  such t h a t  conscious 

d e c i s i o n s  regarding downhil l  speed c o n t r o l  a r e  required.  Even f o r  s h o r t  

downgrades such a s  may be encountered on a ramp, the  maintenance of 

speed r e q u i r e s  a r e t a r d a t i o n  s t r a t e g y .  

Although i t  can g e n e r a l l y  be s a i d  t h a t  t r u c k s  should have no 

d i f f i c u l t y  i n  achieving the  r e t a r d a t i o n  l e v e l s  needed t o  c o n t r o l  speed 

on s h o r t  g rades ,  i t  i s  i n s t r u c t i v e  t o  note t h a t  heavy-duty t rucks  

e x h i b i t  considerably  lower l e v e l s  of "na tu ra l  dece le ra t ion"  response 

dur ing coas t ing  than do ca r s .  The dominant " p a r a s i t i c  drag" mechanisms 

determining the  coas t ing  d e c e l e r a t i o n s  of c a r s  and t rucks  a r e  t i r e  

r o l l i n g  r e s i s t a n c e  and aerodynamic drag. By both mechanisms, loaded 

t rucks  e x h i b i t  approximately hal f  of the  l e v e l s  of drag f o r c e s ,  per  u n i t  

v e h i c l e  weight,  produced by c a r s  such t h a t  the  coas t ing  d e c e l e r a t i o n s  

a r e  h a l f ,  o r  l e s s  than those  of c a r s  ( s e e ,  e.g. [29,30]). Accordingly, 

one could surmise t h a t  i t  i s  necessary  t h a t  t ruck  d r i v e r s  be e s p e c i a l l y  

a t t e n t i v e  t o  applying the  needed supplementary r e t a r d a t i o n  on ramp 

downgrades i f  excess ive  speed i s  t o  be avoided. As  w i l l  be seen i n  the  

next  s e c t i o n ,  such a t t e n t i o n  i s  p a r t i c u l a r l y  warranted on curved ramps 

because the  impl ica t ions  of overspeeding on the  r i s k  of r o l l o v e r  a r e  

dramatic.  

The A b i l i t y  t o  Accelera te  During Merging 

Heavy-duty t rucks  c l e a r l y  have a very reduced a b i l i t y  t o  

a c c e l e r a t e  up t o  highway speeds,  r e l a t i v e  t o  o t h e r  veh ic les .  The 

a c c e l e r a t i o n  c a p a b i l i t y  i s  very simply l imi ted  by engine power l e v e l ,  



given the  l a r g e  mass of a f u l l y  loaded un i t .  While no d i r e c t  loss-of- 

c o n t r o l  mode i s  seen t o  be assoc ia ted  wi th  the  t a s k  of a c c e l e r a t i n g  a 

heavy v e h i c l e ,  i t  is u s e f u l  t o  note t h a t  the  severe  l i m i t a t i o n  i n  t h i s  

performance a r e a  very l i k e l y  in f luences  the  d r i v i n g  s t r a t e g y  of t ruck  

d r i v e r s  i n  c e r t a i n  respec t s .  For example, s i n c e  some 5,000 f e e t  (1,524 

m) a r e  required t o  a c c e l e r a t e  a t y p i c a l  80,000-lb (36.4-Mg) r i g  from 25 

mi/h t o  50 mi/h (40 t o  80 km/h), i t  seems reasonable t o  expect  t h a t  the  

d r i v e r  w i l l  t r y  t o  avoid s l i p p i n g  down t o  a reduced speed l e v e l  whenever 

poss ib le  [31]. If "keeping speed up" impl ies  a tendency t o  overdr ive  

connecting ramps between freeways, f o r  example, the  poor a c c e l e r a t i o n  

c a p a b i l i t y  of t rucks  becomes an i n d i r e c t  mechanism f o r  promoting a r i s k y  

d r i v i n g  behavior. Such behavior might lead t o  inc reas ing  t h r o t t l e  

partway through a ramp, o r  minimizing r e t a r d a t i o n  braking on a ramp 

downgrade i n  order  t o  f a c i l i t a t e  the  subsequent merging process. 

5.3.2 Summary of Simulation Resu l t s  and Discussion of Design 

Impl ica t ions .  I n  t h i s  s e c t i o n  samples of the s imulat ion r e s u l t s  w i l l  be 

presented a s  they i l l u s t r a t e  the  s p e c i f i c  maneuvering problems which 

heavy t rucks  encounter on c e r t a i n  in terchange ramps. The "problems" a r e  

organized i n  a manner which is  s i m i l a r  t o  t h a t  used i n  s e c t i o n  4.2 t o  

d i s c u s s  the  geometric des igns  of d i f f e r i n g  types  of ramps se lec ted  f o r  

study. That i s ,  the  loss-of-control  modes which have been l inked  t o  

ramp des igns  a r e  d iscussed i n  terms of the  mode, i t s e l f ,  and the ramp 

f e a t u r e s  which p r e c i p i t a t e  i t .  Ramp des ign is  examined i n  each case  

r e l a t i v e  t o  the  des ign pol icy  of AASHTO, thus  extending the  

cons ide ra t ions  of s e c t i o n  4.2. I n  the  following d i scuss ion ,  each of s i x  

problematic des ign f e a t u r e s  w i l l  be presented.  The f u l l  p resen ta t ion  of 

s imulat ion r e s u l t s  covering t h e  matr ix  of runs ou t l ined  e a r l i e r  i n  t a b l e  

8 appears i n  appendix C. 

Case 1 Excessive Levels of Side F r i c t i o n  Demand 

While a number of the  o t h e r  cases  t o  be discussed w i l l  involve 

r o l l o v e r  under nominally s t a t i c  cond i t ions ,  the  f i r s t  case i s  presented 

a s  evidence of the  s p e c i f i c  conclusion t h a t  USHTO's allowance f o r  s i d e  



f r i c t i o n  f a c t o r  leaves  a very slim margin of s a f e t y  f o r  many heavy t ruck  

combinations. This margin i s  f u r t h e r  narrowed when superelevat ion i s  

developed poorly. Nevertheless,  r ega rd less  of the  t r a n s i t i o n  d e t a i l s  

and o t h e r  f e a t u r e s  of ramp des ign,  the  mere presence of curves imposing 

s i d e  f r i c t i o n  demands which approximate the  value ,  i n  g ' s ,  of t ruck  

r o l l o v e r  th resho lds ,  poses a s p e c i a l  hazard t o  trucks.  

The ramp case  chosen f o r  i l l u s t r a t i n g  t h i s  problem i s  the  e x i t  

ramp from s i t e  no. 1 which i s  shown again  i n  f i g u r e  18. A s  discussed i n  

s e c t i o n  4.2.1, t h i s  s i t e  incorpora tes  a curve t h a t  i s  preceded and 

followed by s p i r a l  t r a n s i t i o n s  i n  which the  f u l l  supere leva t ion  i s  not 

achieved. Thus, t h e  s i d e  f r i c t i o n  l e v e l  computed continuously along the  

curve peaks a t  0.21 f o r  the  posted advisory speed of 35 mi/h (56 km/h). 

Shown i n  f i g u r e s  19 and 20 a r e  s imulat ion r e s u l t s  i l l u s t r a t i n g  

the  dynamic response a t  35 mi/h and 40 mi/h (56 km/h and 64 km/h), 

r e s p e c t i v e l y ,  of a t r a c t o r - s e m i t r a i l e r  which is  loaded with f r e i g h t  i n  

the "high-c.g." conf igura t ion  (payload mass c e n t e r  a t  105 i n  (2.67 m)) 

and which i s  operated over the  c i t e d  curve. The r e s u l t s  show t h a t  the  

veh ic le  a t  35 mi/h (56 km/h) experiences a near r o l l o v e r ,  wi th  a l a r g e  

amount of load being t r a n s f e r r e d  from r i g h t -  t o  l e f t - s i d e  t i r e s .  The 

t r a n s i e n t  c h a r a c t e r  of the  maneuver i s  such,  however, t h a t  the r o l l  

response has not  f u l l y  developed a t  the  occasion of the  peak l a t e r a l  

a c c e l e r a t i o n  l eve l .  Thus, the  v e h i c l e  " j u s t  squeaks by'' a t  the  posted 

speed by v i r t u e  of the  r e l a t i v e l y  shor t - l ived peak demand condit ion.  

I n  the  40 mi/h (64 km/h) case ,  f i g u r e  20, we s e e  t h a t  the  t i r e  

loads  on the  r i g h t  s i d e  have reached zero  a t  approximately 5.5 seconds 

i n t o  the  run-at which time the  veh ic le  i s  approximately 50 f t  (15.2 m) 

beyond t h e  point  of curvature.  Although t h e  zero-load condi t ion on the 

t r a c t o r ' s  i n s i d e  wheels s i g n a l s  an imminent r o l l o v e r ,  the  body of the  

veh ic le  i s  seen t o  be r o l l i n g  over r a t h e r  slowly such t h a t  i t  w i l l  not 

s t r i k e  the  ground f o r  another  few seconds. (The s imulat ion model i s  not  

conf igured,  however, t o  provide an accura te  p o r t r a y a l  of r o l l  motions 

wel l  beyond the  wheel-lif t o f f  condit ion.  ) 
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Figure  18. Layout of  s i t e  no. 1. 
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Figure 19. Vehicle response  at s i t e  no .  1 - 35 mi/h. 
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Figure 20. Vehicle response a t  s i t e  no. 1 - 40 mi/h. 



Although, a t  f i r s t  no te ,  i t  seems very s u r p r i s i n g  t h a t  a  common 

commercial veh ic le  w i l l  near ly  r o l l o v e r  a t  the  posted ramp speed on a  

primary U.S. highway, i t  i s  i n s t r u c t i v e  t o  examine the  margin of s a f e t y  

which i s  r e f l e c t e d  i n  the  s i d e  f r i c t i o n  f a c t o r  pe r t a in ing  t o  the  c i t e d  

curve. Shown i n  f i g u r e  21 i s  a  diagram providing f u r t h e r  e l a b o r a t i o n  on 

the "continuous f r i c t i o n  f a c t o r "  condi t ion a t  t h i s  s i t e ,  p l o t t e d  a s  a  

func t ion  of the  l o n g i t u d i n a l  p o s i t i o n  along the ramp sec t ion .  The 

f i g u r e  p resen t s  the  c e n t r i p e t a l  a c c e l e r a t i o n ,  ( e + f ) ,  and the s i d e  

f r i c t i o n  f a c t o r ,  ( f ) ,  p e r t a i n i n g  t o  the  35 mi/h (56 km/h) advisory 

speed,  p lus  a  suggested " l ike ly"  s i d e  f r i c t i o n  demand curve which i s  15 

percent above the  ( f )  curve--providing a  to le rance  corresponding t o  the  

l e v e l  of s t e e r i n g  f l u c t u a t i o n s  which have been measured i n  t e s t s  of the  

normal d r i v i n g  of a  t r a c t o r  s e m i t r a i l e r  through expressway ramps [32]. 

Because supere leva t ion  i s  not  f u l l y  developed along the  s p i r a l  

t r a n s i t i o n ,  we see t h a t  the  peak s i d e  f r i c t i o n  f a c t o r  reaches a  value  of 

0.21 a t  the  point  of cu rva tu re ,  SC, and corresponds t o  a  t o t a l  peak 

demand l e v e l  of 0.24, al lowing f o r  s t e e r i n g  f l u c t u a t i o n s .  This  demand 

l e v e l  i s  e s s e n t i a l l y  equal  t o  the  s teady-s ta te  r o l l o v e r  threshold  l i m i t  

of f u l l y  loaded t r a c t o r  s e m i t r a i l e r s  which l i e  a t  the  low end of the  

s t a b i l i t y  range of v e h i c l e s  i n  common s e r v i c e ,  a s  d iscussed e a r l i e r .  

I n  order  t o  r econc i l e  the c l e a r  hazard t h a t  such a  curve w i l l  

pose f o r  many heavy-duty v e h i c l e s ,  i t  i s  use fu l  t o  no te ,  f i r s t ,  t h a t  a t  

the  f i n a l  supere leva t ion  value of 0.08 f t / f  t ,  the  curve would be 

charac te r i zed  by a  nominal f r i c t i o n  f a c t o r  of 0.16. This value i s  i n  

v i r t u a l  compliance with the  AASHTO recommendation of a  maximum of 0.155 

f o r  the  s i d e  f r i c t i o n  value i n  curves posted a t  35 mi/h (56 km/h). The 

f i r s t  " i s sue , "  then ,  concerns the  very b a s i c  mat ter  of the  s u i t a b i l i t y  

of a  des ign po l i cy  al lowing f r i c t i o n  f a c t o r  l e v e l s  of ,155 ( o r  .16) ,  

recognizing l e v e l s  a s  low a s  0.24. A f u l l  d i scuss ion  of t h i s  mat ter  

would requ i re  review of a )  the  e s s e n t i a l  b a s i s  f o r  the  AASHTO pol icy  on 

s i d e  f r i c t i o n  f a c t o r s  and b) the  mechanics and opera t iona l  r e a l i t i e s  

determining the  r o l l  s t a b i l i t y  l e v e l s  of heavy commercial vehic les .  

While no comprehensive t r e a t i s e  can be attempted he re ,  a  minor 

e l a b o r a t i o n  on each point  i s  warranted. 
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The AASHTO po l i cy  [15] on s i d e  f r i c t i o n  f a c t o r  allowance i s  

c l e a r l y  based upon cons ide ra t ion  of (1 )  the  proximity of the  f r i c t i o n  

demand l e v e l  t o  the  l a t e r a l  t r a c t i o n  l i m i t s  of passenger c a r s ,  beyond 

which "s ide  skidding" may occur and ( 2 )  the  point  of discomfort  a s  noted 

by passenger c a r  d r ive r s .  I n  t h i s  regard ,  i t  i s  c l e a r  t h a t  maximum 

recommended values  f o r  s i d e  f r i c t i o n  f a c t o r  have been s e t  by AASHTO 

pr imar i ly  i n  order  t o  avoid d r i v e r  discomfort .  With regard t o  the 

margin of s a f e t y ,  i t  i s  apparent  t h a t  t h i s  pol icy  in tends  a  

s u b s t a n t i a l l y  l a r g e r  margin than i s ,  i n  f a c t ,  achieved with heavy t rucks  

which a r e  a t  the  lower (but  by no means r a r e )  end of the  s t a b i l i t y  

spectrum. For example, the  d i scuss ion  of t h e  AASHTO pol icy  i n  the  Green 

Book i d e n t i f i e s  t h a t  the  e f f e c t i v e  l i m i t  cond i t ion  i s  e s t a b l i s h e d  by the 

maximum s i d e  f r i c t i o n  capac i ty  of c a r  t i r e s  ( a s  low a s  0.35 a t  45 mi/h 

( 7 2  km/h)) which can be sus ta ined  without skidding on wet pavements with 

tread-worn t i r e s .  Accordingly, the  g u i d e l i n e s  which l i m i t  t he  des ign 

value of s i d e  f r i c t i o n  f a c t o r  ( t o  a  maximum of 0.17 a t  20 mi/h (32 

km/h)) appear t o  r e f l e c t  a  s u b s t a n t i a l  degree of conservatism i n  behalf 

of passenger cars .  Indeed, the  des ign pol icy  f o r  s i d e  f r i c t i o n  f a c t o r s  

has been derived t o  accommodate the l i m i t s  of d r i v e r  discomfort--at 

which l e v e l s  the  conservatism r e l a t i v e  t o  s i d e  skidding i s  q u i t e  

generous. 

Considering the  margin of s a f e t y  f o r  t rucks ,  however, i t  i s  

apparent  t h a t  t h e r e  a l s o  e x i s t s  a  fundamental d i f f e r e n c e  between the  

r e s p e c t i v e  p r o b a b i l i t i e s  t h a t  t rucks  and passenger c a r s  w i l l  "bump 

aga ins t "  t h e i r  r e spec t ive  maneuvering l i m i t s  a t  the  time of t r a v e r s i n g  a  

demanding ramp, While, on the  one hand, a  c a r  may be const ra ined by a  

0.35 t r a c t i o n  c o e f f i c i e n t  only when a )  smooth t i r e s  and b) a  poor 

pavement t e x t u r e  cond i t ion  a r e  combined with c )  wet weather,  an 

adverse ly  loaded t ruck  w i l l  be const ra ined by i t s  low r o l l o v e r  threshold  

c h a r a c t e r i s t i c  c o n t i n u a l l y  a s  i t  goes down the  road. Accordingly, we 

see  not only t h a t  the  t ruck  margin of s a f e t y  on AASHTO-recommended ramps 

can be exceedingly narrow, i n  abso lu te  terms,  compared t o  the  margins 

provided f o r  c a r s  but a l s o  t h a t  the r i s k  of con t ro l  l o s s  f o r  c e r t a i n  

t rucks  i s  con t inua l  r a t h e r  than temporally dependent upon veh ic le  and 

pavement maintenance f a c t o r s  and weather. 



Although t h e  t r a n s i t i o n  of supere leva t ion  i n  t h i s  example i s  non- 

i d e a l ,  and c e r t a i n l y  disapproved of by AASHTO a s  a des ign p r a c t i c e ,  the  

f a c t  t h a t  a zero  margin of s a f e t y  e x i s t s  with some t rucks  should not be 

dismissed a s  a t t r i b u t a b l e  simply t o  the  t r a n s i t i o n  anomaly. For the  

more common cases  i n  which supere leva t ion  i s  t r a n s i t i o n e d  without 

s p i r a l s ,  the  AASHTO-preferred method would have two-thirds of the  

supere leva t ion  achieved a t  t h e  po in t  of curvature.  Even t h i s  pol icy  

would s t i l l  a l low a s i d e  f r i c t i o n  f a c t o r  a s  high a s  0.20 i n  the  

t r a n s i t i o n  p o r t i o n  of t h e  curve ,  thus  y i e l d i n g  0.23 a s  t h e  e f f e c t i v e  

s i d e  f r i c t i o n  demand l e v e l ,  a l lowing f o r  s t e e r i n g  f l u c t u a t i o n s .  Thus, 

i t  appears t h a t  the  problem which l ed  t o  the  i d e n t i f i c a t i o n  of the  ramp 

a t  s i t e  no. 1 a s  heav i ly  involved i n  t ruck  loss-of-control  a c c i d e n t s  i s  

a )  unders tandable  i n  terms of ramp geometry and b) r a t h e r  genera l ly  

a n t i c i p a t e d  f o r  ramp curves which a r e  b u i l t  t o  the  limits of t h e  

recommended AASHTO p r a c t i c e .  While, i n  p r a c t i c e ,  i t  may take  a 

combinat ion  of poor s ignage,  an awkward compound curve arrangement and 

o t h e r  f a c t o r s  t o  render  a p a r t i c u l a r  s i t e  overinvolved i n  t r u c k  

a c c i d e n t s  such a s  s i t e  no. 1,  s i d e  f r i c t i o n  f a c t o r s  which peak around 

0.20 c l e a r l y  provide a very slim margin of s a f e t y  a g a i n s t  t ruck  

ro l lover .  

It i s  a l s o  worthy t o  no te  t h a t  AASHTO design po l i cy  f o r  low speed 

urban s t r e e t s  a l lows s i d e  f r i c t i o n  f a c t o r s  up t o  0.301 Such a l e v e l  

w i l l  s u r e l y  y i e l d  r o l l o v e r  i n  a l a r g e  f r a c t i o n  of t h e  popula t ion of 

loaded commercial veh ic les .  

Case 2 Awkward Compound Curves 

Three of the  s e l e c t e d  ramps incorpora ted  mul t ip le  curved segments, each 

having a d i f f e r e n t  s i d e  f r i c t i o n  f a c t o r  demand, a l though only one ramp speed 

was posted. A t  such s i t e s ,  i t  appeared t h a t  t r u c k e r s  occas iona l ly  assumed, a t  

some po in t  along the  ramp, t h a t  they had a l r e a d y  passed the  curve(s )  which 

warranted the  low value  f o r  the  posted speed. Subsequently,  they apparen t ly  

sped up i n  p repara t ion  f o r  t h e  merging t a s k ,  only t o  f i n d  t h a t  the  remaining 

curve was a t  l e a s t  a s  demanding of the  low advisory  speed cond i t ion  a s  was the  

preceding p o r t i o n  of the  ramp. 



A case i n  point  i s  ramp s i t e  no. 2 ,  shown i n  f i g u r e  22--comprising a 

loop which has four  curves wi thin  a p a r t i a l  c l o v e r l e a f ,  r u r a l  interchange.  

The ramp i s  posted a t  25 mi/h (40 km/h), and involves  two r a t h e r  sharp curves 

a t  e i t h e r  end wi th  two in termedia te  curves having more moderate r a d i i .  Lis ted  

below a r e  the  e s s e n t i a l  d a t a  f o r  each of the  four  curves. 

Curve No. Radius ( f t )  Length ( f t )  Side F r i c t i o n  Factor 

S p i r a l  t r a n s i t i o n s  t o  the tangent l e g s  a t  both ends of t h i s  ramp provide 

t h a t  both curves (1 )  and (4 )  a r e  supere levated a t  0.08 f t / f t  throughout t h e i r  

lengths .  Thus, the  nominal va lues  l i s t e d  above f o r  s i d e  f r i c t i o n  f a c t o r  a r e  

a l s o  the  maximum values.  The AASHTO Green Book cau t ions  a g a i n s t  the  use of 

compound curves of t h i s  type and p a r t i c u l a r l y  recommends aga ins t  the des ign of 

a f l a t t e r  curve s e c t i o n  between two sharper  curves. 

Shown i n  f i g u r e  23  a r e  s imulat ion r e s u l t s  f o r  the  base l ine  

v e h i c l e  t r a v e l i n g  through curves (3 )  and ( 4 )  a t  the posted advisory 

speed of 25 mi/h (40 km/h). Although t h e  ind ica ted  responses do not 

r ep resen t  any l i m i t  type of veh ic le  behavior ,  the  abrupt jumps i n  

l a t e r a l  a c c e l e r a t i o n  upon e n t r y  t o  curve ( 4 )  i l l u s t r a t e  the  nature  of 

the apparent  problem. I f  the  d r i v e r  i n c r e a s e s  h i s  speed through curves 

( 2 )  and ( 3 ) ,  he may a r r i v e  i n  curve (4 )  a t  a  speed which exceeds the  

v e h i c l e ' s  c o n t r o l l a b i l i t y  limits. Indeed, a s  was i l l u s t r a t e d  i n  f i g u r e  - 
2 2 ,  t h e  t ruck acc iden t s  occurr ing on t h i s  ramp were a l l  c l u s t e r e d  a t  the  

approximate midlength l o c a t i o n  of curve (4). Since curves (1)  and (4 )  

a r e  both charac te r i zed  by i d e n t i c a l  values of s i d e  f r i c t i o n  f a c t o r ,  i t  

can only be surmised t h a t  t ruck  d r i v e r s  a )  reasonably s a t i s f y  the speed 

requirements of curve ( I ) ,  but then b) misjudge the cont inuing need f o r  

r e t a i n i n g  the low advisory speed while t r a v e l i n g  the  1,100 f t  ( 3 3 5  m) 

through the  mild curves ,  ( 2 )  and (3 ) .  Resul ts  i n  appendix C show t h a t  
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the  base l ine  veh ic le  r o l l s  over i n  curve ( 4 )  a t  a  speed of 42 mi/h (68 

km/h). By way of e x t r a p o l a t i o n ,  one can show t h a t  the  "high-c.g." 

t r a c t o r - s e m i t r a i l e r  would r o l l  over  i n  curve ( 4 )  i f  the  d r i v e r  permits 

h i s  speed t o  exceed 34 mi/h (55 km/h). 

I n  a d d i t i o n  t o  a number of r o l l o v e r  i n c i d e n t s  repor ted  a t  t h i s  

s i t e ,  an equal  occurrence of j ackkn i fe  a c c i d e n t s  i s  a l s o  repor ted ,  

suggest ing t h a t  heavy braking i s  probably being app l i ed  when the  d r i v e r  

approaches curve (4 )  and perceives  t h a t  genera l  loss-of-control  i s  being 

threatened.  Jackknife  due t o  overbraking w i l l  be i l l u s t r a t e d  i n  a 

subsequent case. 

Curve ( 4 )  ends with a s p i r a l  t r a n s i t i o n  and then a tangent  

a c c e l e r a t i o n  l a n e  which i s  1,200 f t  (367 m) long t o  the  very  end of the 

t ape r .  The l eng th  of t h i s  l a n e ,  t o  the  po in t  a t  which the  t a p e r  i s  

wi th in  12 f t  (3.7 m) of the  edge of t h e  through l a n e ,  i s  approximately 

1,000 f t  (305 m). Although the  a c c e l e r a t i o n  l ane  i s  v i r t u a l l y  equal  i n  

l eng th  t o  the  minimum value  recommended by AASHTO, the  a v a i l a b l e  

d i s t a n c e  f o r  a c c e l e r a t i n g  a loaded t ruck  from the  25 mi/h (40 km/h) ramp 

speed up t o ,  say ,  a 50 mi/h (80 km/h) free-merging speed i s  almost  

inconsequen t i a l ,  consider ing t h a t  such v e h i c l e s  may r e q u i r e  

approximately 5,000 f t  (1,524 m) a s  an a c c e l e r a t i o n  d i s t ance .  Thus, one 

could hypothesize t h a t  the  very s h o r t  l e n g t h s  of a c c e l e r a t i o n  l a n e  

a v a i l a b l e  f o r  br inging a f u l l y  loaded r i g  up t o  speed (both  a t  t h i s  s i t e  

and i n  t h e  highway system, g e n e r a l l y )  se rve  t o  encourage the  d r i v e r  t o  

achieve a s  much speed wi th in  the  ramp a s  p o s s i b l e  before  merging. While 

we can r e a d i l y  c r i t i c i z e  t h e  t ruck  d r i v e r  who exceeds t h e  posted ramp 

speed,  i t  seems more r e a l i s t i c  t o  observe t h a t  the  sum of the  highway 

geometric c o n s t r a i n t s  imposed i n  t h i s  case  have "boxed in"  t h e  d r i v e r  

and, perhaps,  promoted the  p o s s i b i l i t y  of misjudgments. 

Case 3 Short  Decelera t ion Lane Leading t o  Tight-Radius Curve 

The 1965 AASHTO Blue Book g i v e s  a d e f i n i t i v e  background r a t i o n a l e  

behind the  recommended l eng ths  of d e c e l e r a t i o n  lanes.  Notwithstanding 

the c a r e f u l  b a s i s  which i s  developed f o r  des igning such l a n e s  t o  meet 



the  needs and comfort threshold  of ca r  d r i v e r s ,  both the Blue and Green 

book s p e c i f i c a t i o n s  f o r  d e c e l e r a t i o n  l a n e s  p lace  a s u b s t a n t i a l  burden 

upon the  stopping c a p a b i l i t y  of many heavy-duty t ruck  combinations. The 

background f i g u r e s  i n  the  Blue Book reveal  t h a t  the  "comfortable" l e v e l  

of d e c e l e r a t i o n  f o r  passenger ca r  d r i v e r s  slowing from 55 mi/h (88 km/h) 

i s  0.24 g ' s .  The recommended l eng ths  f o r  d e c e l e r a t i o n  lanes  a r e  

ca lcu la ted  t o  al low approximately 3 seconds of dece le ra t ion  of the  

veh ic le  i n  gea r ,  followed by braking a t  the  "comfortable" passenger c a r  

r a t e ,  The Blue Book does note t h a t  t rucks  requ i re  longer stopping 

d i s t a n c e s  than c a r s  t o  d e c e l e r a t e  f o r  the same d i f f e r e n c e  i n  speed,  but 

f i n d s  longer  allowances f o r  dece le ra t ion  l anes  unwarranted because 

"average speeds of t rucks  a r e  genera l ly  lower than those of passenger 

cars."  Although the  Green Book does not r e s t a t e  the  observat ion 

concerning t ruck  speeds,  the newer recommendations f o r  length  of 

d e c e l e r a t i o n  lane  a r e  v i r t u a l l y  i d e n t i c a l  t o  those i n  the  1965 pol icy ,  

Fur the r ,  i t  seems reasonable t o  observe t h a t  average t ruck  speeds on 

U-S. highways today a r e  a t  l e a s t  equal  t o ,  and perhaps exceed, those of 

passenger cars .  

The cases  i n  which the  l eng th  of d e c e l e r a t i o n  l anes  becomes a 

s p e c i a l  problem f o r  t rucks  a r e  those i n  which the  ramp incorpora tes  a 

r a t h e r  sharp curve r i g h t  a t  the  end of the  d e c e l e r a t i o n  lane  such t h a t  

the  low value of advisory ramp speed must be achieved very quickly  upon 

depar tu re  from t h e  through roadway. Shown i n  f i g u r e  24 i s  an example of 

such an e x i t  ramp, having a 249 f t  ( 7 6  m) curve rad ius  and a maximum 

superelevat ion value of 0.08 f t / f t .  The s i d e  f r i c t i o n  f a c t o r  has a peak 

value of 0.13 a t  the  advisory speed, given a t r a n s i t i o n  which achieves 

approximately 50 percent of the  f u l l  development of supere levat ion a t  

the  po in t  of curvature.  

The tapered e x i t  begins 375 f t  (114 m) ahead of the  point  of 

cu rva tu re ,  thus requ i r ing  a nominal d e c e l e r a t i o n  of 0-21 g ' s  even i f  

braking begins immediately a t  the  f r o n t  edge of the  t a p e r ,  i n  order  t o  

achieve the  25 ml/h (40 km/h) ramp speed upon e n t r y  t o  the curve. The 

0.21 g requirement al lows no d i s t a n c e  f o r  delay i n  brake a p p l i c a t i o n  

beyond the  leading edge of the t ape r  and assumes t h a t  the  veh ic le  w i l l  

begin d e c e l e r a t i n g  while s t i l l  placed f u l l y  i n  the through lane. Even 
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per the  AASHTO recommendations, t h i s  d e c e l e r a t i o n  lane i s  very s h o r t ,  

providing only approximately 100 f t  (31 rn) of roadway t h a t  should be 

"counted" f o r  d e c e l e r a t i o n ,  recognizing t h a t  the  acknowledged 

d e c e l e r a t i o n  l ane  begins only a t  the  point  a t  which the t ape r  has 

progressed 12 f t  ( 3 . 7  m) from the  r i g h t  edge of the  through lane. 

The penal ty  paid by t rucks  which f a i l  t o  achieve the required 

speed upon e n t r y  t o  t h i s  curve i s ,  of course,  most l i k e l y  to  be 

ro l lover .  The accident  da ta  show both r o l l o v e r  and jackknife  acc iden t s  

occurring r i g h t  a t  the  beginning of the example curve. Of course ,  the  

jackknife  acc iden t s  a r e  seen a s  simply r e s u l t i n g  from the  overbraking 

behavior of t ruck  d r i v e r s  who a r e  endeavoring t o  achieve a speed which 

is  low enough t o  avoid ro l lover .  

Simulation r e s u l t s  shown i n  f i g u r e  25 i l l u s t r a t e  the  base l ine  

t r a c t o r - s e m i t r a i l e r  passing e a s i l y  through the curve a t  s i t e  no. 3 a t  25 

mi/h (40 km/h), but ba re ly  escaping r o l l o v e r  a t  35 mi/h (56 km/h). 

Other c a l c u l a t i o n s  f o r  the  "high-c.g. " v e h i c l e ,  presented i n  appendix C ,  

show t h a t  the  r i g  r o l l s  over quickly  upon en te r ing  the ramp a t  35 mi/h 

(56 km/h). Thus, the re  i s  no quest ion t h a t  the  dece le ra t ion  t a sk  must 

be accomplished by most loaded t ruck  combinations i f  they a r e  t o  s a f e l y  

nego t i a te  curves having t h i s  degree of "demand." 

Although the  jackknife  response was not simulated a t  s i t e  no. 3 ,  

an i l l u s t r a t i o n  of the  bas ic  jackknife  phenomenon is  shown i n  f i g u r e  26, 

i n  which overbraking during en t ry  i n t o  a s p i r a l  t r a n s i t i o n  ( a t  s i t e  no. 

4 )  causes the  t r a c t o r  d r i v e  ax les  t o  lock up such , t h a t  t r a c t o r  yaw r a t e  

d iverges  rap id ly  i n t o  the jackknife  c o l l i s i o n  between t r a c t o r  and 

s e m i t r a i l e r .  The jackknife  motion i s  very rap id ,  with the  t r a c t o r  

reaching the  point  of c o l l i s i o n  with the  t r a i l e r  i n  approximately 2.5 

seconds. ( I n  many of the  accident  r e p o r t s  examined i n  t h i s  s tudy,  

jackknif ing on a curve resu l t ed  i n  the veh ic le  depar t ing off  of the  

i n s i d e  of the  curve. Apparently, t h i s  r e s t i n g  point  i s  a t t a i n e d  because 

the d r i v e r  r e l e a s e s  the brakes a f t e r  the  t r a c t o r  has ro ta ted  through a 

modest a r t i c u l a t i o n  angle ,  whereupon a l l  of the t r a c t o r  t i r e s  recover 

t h e i r  r o l l i n g  condi t ion such t h a t  l a rge  corner ing fo rces  a r e  developed 

f o r  p rope l l ing  the r i g  o f f  the road toward the  ins ide .  For veh ic les  



1 Ib. = 4.45 N i ft = ,305 m 
4 ft/sec = .03i g's 4 mi/h = 1.609 km/h 

TRACTOR REAR 

20~0000 r (LEADING TANDEM) 

TIME (sec) TIME (sec) 

F i g u r e  25. Vehicle response a t  s i t e  no. 3 - base l ine  v e h i c l e ,  
25 and 35 mi/h. 



I Ib. = 4.45 N 1 ft = , 3 0 5  m 
4 fi/sec = ,031 g's 4 mi/h = 1.609 km/h 

2 
a TlME (sec) 
Gj -100 
$' 
2 Driver ' attempts 
0 futile steering 
Z correction 
P: 
W 
w -300 
F 
V) 

-400 Tractor collides 
with side of 

19n- 1 semitrailer 
I LV I Jackknife [- I 

Brakes applied 

2o r 

TlME (sec) 

TlME (sec) 

80 

60 

40 

20 

0 

TlME (sec) 

- 
Brakes - applied - - 

I I I L 

- .  r l g u r e  26.  V e h i c l e  r e s p o c s e  a t  s i t e  n o .  4 - empty t r a i l e r ,  50 m i / h  
b r a k e  p r e s s u r e ,  30 p s i ,  pavement friction, 0.50.  

0 1 2 3 4 5 6  



which exper ience  a  complete j ackkn i fe  r o t a t i o n ,  wi th  the  t r a c t o r  cab 

s t r i k i n g  the s e m i t r a i l e r ,  the  v e h i c l e  proceeds e s s e n t i a l l y  along a  

tangent t o  i t s  o r i g i n a l  pa th . )  

The genera l  i s s u e  posed by the  case  of s i t e  no. 3  i s  the  e x t e n t  , 

t o  which d e c e l e r a t i o n  requirements of the  l e v e l  represented i n  t h i s  

c a s e ,  and more g e n e r a l l y  of the  l e v e l  i m p l i c i t  i n  AASHTO p o l i c y ,  can be 

reasonably accomplished by heavy duty t ruck  combinations. The 

d i s c u s s i o n  i n  s e c t i o n  5.3.1 suggested t h a t  t h e  c h a r a c t e r i s t i c  limits i n  

d e c e l e r a t i o n  c a p a b i l i t y  f o r  such v e h i c l e s  a r e  very low, wi th  

e f f i c i e n c i e s  f a l l i n g  a t  50 p e r c e n t ,  and below. I n  the  p a r t i c u l a r  case  

of s h o r t  d e c e l e r a t i o n  l anes  l ead ing  t o  t igh t - rad ius  curves ,  the  v e h i c l e s  

which a r e  e s p e c i a l l y  vu lne rab le  a r e  those  which tend t o  have both a  poor 

s topping c a p a b i l i t y  and a  low r o l l o v e r  th resho ld ,  a s  well .  (Note t h a t  

an empty v e h i c l e  may have a  q u i t e  low braking c a p a b i l i t y  but i s  

compensated, t o  a  s u b s t a n t i a l  degree ,  by a  r a t h e r  high r o l l o v e r  l i m i t  

such t h a t  i t  can pass  through the  i n i t i a l  t i g h t  curve a t  we l l  above the  

advisory  speed without s u f f e r i n g  r o l l o v e r . )  Under c e r t a i n  p a r t i a l  

loading cond i t ions ,  however, a  v e h i c l e  can e x h i b i t  both a  low l e v e l  of 

r o l l  s t a b i l i t y  and a  very poor l e v e l  of braking c a p a b i l i t y .  I n  such 

c a s e s ,  the  unfavorable d i s t r i b u t i o n  of a x l e  loads  makes i t  very 

d i f f i c u l t  f o r  the  t ruck  t o  d e c e l e r a t e ,  even though the  r e l a t i v e l y  h igh 

cog.  l o c a t i o n  demands t h a t  speed be reduced a s  required by t h e  curve i n  

order  t o  avoid ro l lover .  

The AASHTO po l i cy  f o r  l eng th  of d e c e l e r a t i o n  l a n e s  c l e a r l y  

provides f o r  more re laxed braking cond i t ions  than those needed on t h e  

example ramp, a l though t r u c k s  must " take  l i b e r t i e s "  wi th  the  des ign 

r e l a t i v e  t o  the  expected usage by passenger cars .  I n  p a r t i c u l a r ,  t h e  

Green Book r e q u i r e s  t h a t  d e c e l e r a t i o n  l eng th  be measured on tapered 

e x i t s  beginning wi th  the  po in t  a t  which 1 2  f t  (3.65 m) of t a p e r  i s  

achieved. By t h i s  s t andard ,  t h e  example ramp would have been 

cons t ruc ted  with the  t a p e r  beginning approximately 390 f t  (119 m) sooner 

than i t  was. Trucks which begin braking r i g h t  a t  the  t a p e r  of such a  

d e c e l e r a t i o n  l a n e ,  then,  would exper ience  only a  moderate braking 

demand. Taking the  recommended l e n g t h s  of d e c e l e r a t i o n  l a n e s ,  

g e n e r a l l y ,  t rucks  could make a compromise usage of the  suggested des ign 



by simply applying brakes throughout the  a v a i l a b l e  l eng th  of the  l a n e ,  

thus forsaking the "luxury" of a 3-second period f o r  coas t ing i n  gear. 

By t h i s  approach, f o r  example, the  490 f t  (149 m) value which the Green 

Book recommends f o r  reducing speed from 55  mi/h t o  2 5  mi/h (88 km/h t o  

40 km/h) would requ i re  a s teady d e c e l e r a t i o n  of 0.16 g's--a l e v e l  which 

should be reasonably achievable by almost a l l  t rucks  under most wet and 

dry  condi t ions .  

Moreover, the  problem posed by s h o r t  dece le ra t ion  l anes  i s  

analagous t o  t h a t  encountered with allowances f o r  s i d e  f r i c t i o n  f a c t o r .  

Namely, des ign s p e c i f i c a t i o n s  which a r e  se lec ted  t o  a ssure  "comfortable" 

opera t ion  of passenger c a r s  tend t o  pose demands which challenge the 

c o n t r o l l a b i l i t y  l i m i t s  of heavy-duty trucks.  

Case 4 Curb Placed Along the  Outside of Curve 

As suggested e a r l i e r ,  every t ruck  d r i v e r  knows t h a t  the  r e a r  

ax les  on the t r a i l i n g  elements of an a r t i c u l a t e d  t ruck  combination w i l l  

t r a c k  inboard of the  path of the  t r a c t o r  during low-speed, t igh t - rad ius ,  

turning maneuvers. This phenomenon has been c a l l e d  low-speed 

o f f t r a c k i n g  and has been recognized a s  a cons ide ra t ion  i n  highway design 

f o r  many years.  It has been observed, however, t h a t  the  t r a i l e r s  i n  

t r a c t o r - s e m i t r a i l e r  and doubles combinations tend t o  " f l i n g  out" i n  a 

tu rn  a s  much a s  2  f t  t o  3 f t  (.6 m t o  . 9  m) from the  path  of the 

t r a c t o r .  The p a r t i c u l a r  s a f e t y  concern which a r i s e s  from t h i s  

behaviora l  c h a r a c t e r i s t i c  i s  t h a t  the rearmost ax les  may s t r i k e  a curb 

which i s  s i t u a t e d ,  on c e r t a i n  ramps, along the  ou te r  s i d e  of the  curve. 

Since i t  i s  thought t h a t  t ruck  d r i v e r s  a r e  genera l ly  unaware of t h i s  so- 

c a l l e d  "high-speed of £ t rack ingw phenomenon, the  s a f e t y  problem may be 

exacerbated by the  harmful n a t u r a l  i n s t i n c t  of d r i v e r s  who s t e e r  c l o s e  

t o  the o u t e r  curb ,  maximizing the  t u r n  rad ius  while be l i ev ing  t h a t  the  

t r a i l e r  ax les  always tend t o  go inboard. 

Shown i n  f i g u r e  27 i s  the layout  of an e levated ramp, s i t e  no. 

13, a t  which t ruck r o l l o v e r  acc iden t s  appeared t o  have involved t r i p p i n g  

a t  an ou t s ide  curb. The ramp involves  2  12-ft ( 7  m) l a n e s  c o n s t i t u t i n g  
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an interchange l e g  between two urban expressways. The curve radius  of 

374 f t  (114 m), toge the r  with a supere levat ion of 0.05 and an o r i g i n a l  

ramp advisory speed of 35 mi/h (56 km/h) y ie lded a s i d e  f r i c t i o n  f a c t o r  

of 0.17. The ramp incorporated a cross-sect ion des ign,  a s  shown i n  

f i g u r e  28, with curbs provided t o  a s s i s t  i n  channeling water drainage. 

The right-hand curb i s  a mountable type permit t ing access  by disabled 

veh ic les  t o  a paved r i g h t  shoulder. 

This ramp provides,  f i r s t l y ,  a  r e l a t i v e l y  severe s i d e  f r i c t i o n  

demand, toge the r  with the curb which i s  wi th in  approximately 20 i n  (.51 

m) of the  lane  edge along the ou t s ide  of the curve. It would appear 

t h a t  t ruck  combinations may have experienced s u f f i c i e n t  outboard 

o f f t r ack ing  of the  t r a i l e r  a x l e s ,  due t o  the s u b s t a n t i a l  s i d e  f r i c t i o n  

f a c t o r ,  t h a t  the  rearmost ou te r  t i r e  s t ruck  the  "mountable" curb. Since 

the  s i d e s l i p p i n g  t i r e ,  with i t s  inward o r i e n t a t i o n ,  was unable t o  mount 

the curb,  a l a t e r a l  fo rce  response developed due t o  the curb con tac t ,  

thus producing the  a d d i t i o n a l  r o l l  moment needed t o  over turn  the  t ruck  

combination. More r e c e n t l y ,  the  s i t e  has been modified with an over lay  

pavement which br idges  the  curb and provides a smooth, supere levated,  

su r face  from one shoulder edge t o  the  o ther .  The reduct ion i n  t ruck 

r o l l o v e r  acc iden t s  a t  the  s i t e  have been a t t r i b u t e d  t o  the  modification.  

A 1  though the response of basel ine  and "high-c.g . I' conf igurat ion 

veh ic les  were simulated a t  t h i s  s i t e ,  with the r e s u l t s  appearing i n  

appendix C ,  the in f luence  of curb contact  was not addressed due t o  the 

absence of such a f e a t u r e  i n  the  s imulat ion model. Fur the r ,  i t  i s  

believed t h a t  no experimental d a t a  have ever  been reported on the nature  

of the  l a t e r a l  f o r c e s  which t ruck t i r e s  might develop a s  a r e s u l t  of 

such curb contact .  Nevertheless,  the prospect  f o r  curb contact  a t  

curbed ramps seems s u f f i c i e n t l y  l i k e l y  t h a t  the  mat ter  deserves 

cons ide ra t ion  a s  a des ign issue .  

The p r a c t i c e  of employing curbs on the  ou t s ide  of a curved ramp 

was among the  approved des ign approaches c i t e d  i n  the  1965 AASHTO Blue 

Book. Even on loops o r  d i r e c t  connection roadways having continuous- 

curve alignment i n  one d i r e c t i o n ,  curbs along the  ou t s ide  edge were 

j u s t i f i e d  a s  providing "an e f f e c t i v e  d e l i n e a t o r  on the  high s i d e  of the 





pavement." In  the  more recent  Green Book, AASHTO pol icy  has apparent ly  

changed such t h a t  t h e  use of curbs on in termedia te  and higher  speed 

ramps i s  not recommended. In  f a c t ,  the  Green Book suggests t h a t  curbs  

be considered only t o  f a c i l i t a t e  p a r t i c u l a r l y  d i f f i c u l t  drainage 

s i t u a t i o n s .  Indeed, it i s  c l e a r  t h a t  the use of a  curb on the  "high 

s ide"  of a  supere levated curve cannot be r a t i o n a l i z e d  a s  an a i d  t o  

drainage.  

Case 5  Downgrade Leading t o  a  Tight Curve 

Because of the  p o t e n t i a l  t h a t  t ruck  d r i v e r s  may neglect  t o  provide 

the needed braking t o  r e s t r a i n  a c c e l e r a t i o n  on ramp downgrades, 

excess ive  speed may develop,  jeopardiz ing the  a b i l i t y  of the  t ruck  t o  

n e g o t i a t e  a  t i g h t  curve l a t e r  i n  the ramp. A case  i n  point  i s  

represented by the  ramp a t  s i t e  no. 8 ,  shown i n  f i g u r e  29 ,  a t  which a  

s u b s t a n t i a l  number of r o l l o v e r s  were repor ted  t o  have occurred near the  

end of t h e  ind ica ted  350-ft ( 1 0 7 9 )  rad ius  curve. A t  t he  posted 

advisory  speed of 30 mi/h (48 km/h) and supere leva t ion  l e v e l  of 0.08, 

the  s i d e  f r i c t i o n  f a c t o r  i s  0.09. A downgrade begins ahead of the  curve 

and reaches a  peak of 5.4 percent  approximately 470 f t  (176  m) before 

the  end of t h e  curve. As shown i n  the  f i g u r e ,  the  s t a t e  t r a n s p o r t a t i o n  

agency has reacted t o  the  r o l l o v e r  experience by placing a  s p e c i a l  

warning s i g n  showing a  t ruck  r o l l i n g  over on the  curve. 

Shown i n  f i g u r e  30 a r e  the s imulat ion r e s u l t s  f o r  a  "high-c.g. 

conf igura t ion  t r a c t o r - s e m i t r a i l e r  which coas t s  down the  ramp a f t e r  

e n t e r i n g  the  curve a t  a  speed of 35 mi/h (56 krn/h). The grade causes 

the v e h i c l e ' s  speed t o  r i s e  t o  a  maximum of 42 mi/h (68 km/h), a t  which 

po in t  the l a t e r a l  a c c e l e r a t i o n  l e v e l  has climbed to  a  l e v e l  producing 

ro l lover .  The wheel l i f t o f f  cond i t ion  i s  observed approximately 180 f  t 

(55 m) ahead of the  end of the  curve. Given t h a t  complete r o l l o v e r  

t akes  on the  order  of th ree  seconds t o  develop, t h e  simulated case would 

have deposi ted  the  t ruck  a t  the same approximate l o c a t i o n  on the  

roadside  a t  which the  repor ted  r o l l o v e r s  occurred. 
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The case  i l l u s t r a t e s  t h a t  a r e l a t i v e l y  long downgrade ramp, 

coupled wi th  a t i g h t  curve ,  can produce r o l l o v e r s  simply due t o  the  

coas t ing  d e c e l e r a t i o n s  of i n a t t e n t i v e  o r  misca lcu la t ing  d r i v e r s .  Again, 

s i n c e  t h i s  s i t e  (and the  o t h e r  downgrade s i t e ,  no. 7 , )  provides 

connection from one freeway t o  ano the r ,  t h e  tendency of t r u c k e r s  t o  

speed somewhat i n  a n t i c i p a t i o n  of the  merging t a s k  may a c t  

s y n e r g i s t i c a l l y  wi th  the  downgrade (which provides ,  a f t e r  a l l ,  a  quick 

means of a c c e l e r a t i n g  the  veh ic le ) .  

The impl ica t ions  of these  observat ions  f o r  geometric des ign may 

be t h a t  t h e r e  e x i s t s  a c r i t i c a l  sum of grade,  grade l e n g t h ,  s i d e  

f r i c t i o n  f a c t o r ,  and the  d i f f e r e n t i a l  between ramp speed and the  speed 

of the  through l anes  wi th  which merging i s  expected. That i s ,  f i r s t l y ,  

the  i n t e g r a l  of grade wi th  r e s p e c t  t o  grade l eng th  w i l l  determine a 

p o t e n t i a l  inc rease  i n  t ruck  speed which could be a t t a i n e d  through 

coas t ing.  Secondly, t h e  s i d e  f r i c t i o n  f a c t o r  of the  curve remaining a t  

the  bottom of t h e  grade w i l l ,  t oge the r  wi th  the  minimum t ruck  r o l l o v e r  

th resho lds ,  determine the  t o l e r a n c e  of the  ramp f o r  overspeeding. 

Th i rd ly ,  the  d i f f e r e n t i a l  i n  speeds may i n d i c a t e  the  poss ib le  mot ivat ion 

l e v e l  on the  p a r t  of t ruck  d r i v e r s  t o  speed i n  a n t i c i p a t i o n  of merging; 

the  c l o s e r  t h e  ramp speed is  t o  the  speed of the  through t r a f f i c ,  the  

l e s s  burdensome the  merging process  and t h e  l e s s  inc l ined  the  t r u c k e r  

may be t o  speed. 

Case 6 Poor Pavement F r i c t i o n  Level on High-speed Curve 

Recent f i n d i n g s  [33,34] i n d i c a t i n g  t h e  p o t e n t i a l  f o r  hydroplaning 

wi th  l i g h t l y  loaded t ruck  t i r e s  o f f e r  a l i k e l y  explanat ion f o r  loss-of-  

c o n t r o l  problems which a r e  seen a t  c e r t a i n  ramp s i t e s  i n  wet weather. 

These f i n d i n g s  a r e  based upon the  observat ion t h a t  a t  the  very  l i g h t  

t i r e  loads  assoc ia ted  wi th  empty t r u c k  combinations the  f o o t p r i n t  wi th  

which a t ruck  t i r e  c o n t a c t s  the  pavement i s  unusually incapable  of 

e x p e l l i n g  water. Accordingly, very  l i g h t l y  loaded t ruck  t i r e s  a r e  

vu lne rab le  t o  a pronounced t r a c t i o n  de f i c iency  on smooth, wet pavements. 

Since the  l o s s  of t i r e  t r a c t i o n  on wetted s u r f a c e s  i s  c l e a r l y  most 



pronounced when speed i s  high,  p o t e n t i a l l y  troublesome ramps a r e  those 

having l a r g e  rad ius  curves such a s  a t  many "high-design" in terchanges  

between two modern freeways. The app l i cab le  scenar io  leading t o  l o s s  of 

c o n t r o l  involves  an unloaded t ruck combination, a high-speed tu rn  which 

a l s o  poses a s u b s t a n t i a l  s i d e  f r i c t i o n  demand, and a poor pavement 

t e x t u r e  and/or water dra inage c h a r a c t e r i s t i c .  

An example ramp s i t e  which was found t o  provide a dramatic 

i l l u s t r a t i o n  of t h i s  phenomenon i s  i l l u s t r a t e d  i n  f i g u r e  31. The ramp 

c o n s t i t u t e s  a "broken-back" curve ,  2,600 f t  (793 m) i n  l eng th ,  which i s  

comprised of two curve segments of 1,400 f t  (427 m) rad ius ,  with a 290- 

f t  ( 8 8 9 )  tangent s e c t i o n  connecting the  two. The e n t i r e  curved por t ion  

of the  ramp plus  the included tangent s e c t i o n  was superelevated a t  0.05 

f t / f t  (0.05 m/m), y i e l d i n g  a s i d e  f r i c t i o n  f a c t o r  of 0.05 a t  the  s p e c i a l  

t ruck  advisory  speed of 45 mi/h ( 7 2  km/h). The accident  evidence 

sugges t s ,  however, t h a t  many t rucks  simply s u s t a i n  the  55 mi/h (88 km/h) 

speed which i s  posted f o r  o t h e r  v e h i c l e s ,  thus exper iencing a s i d e  

f r i c t i o n  f a c t o r  of 0.09. 

Forty-four loss-of-control  acc iden t s  occurred a t  t h i s  s i t e  with 

t r a c t o r - s e m i t r a i l e r s  over a 2-year period following opening of the new 

roadway. A l l  44 acc iden t s  occurred when the  pavement was wet. Thir ty-  

two of the  acc iden t s  a t  t h i s  s i t e  involved t r a c t o r  j ackkn i fe ,  f i v e  

culminated i n  r o l l o v e r ,  and seven involved o t h e r  events  such a s  simply 

running o f f  the  road o r  s t r i k i n g  a guardra i l .  The ramp was resurfaced 

a t  the  end of t h i s  2-year period with a h igh- f r i c t ion  bituminous 

concrete  over lay ,  a f  t e r  which the  wet weather accident  problem 

e s s e n t i a l l y  disappeared. Although the  police-reported accident  forms 

provided no note of v e h i c l e  loading,  the l a r g e  number of loss-of-control  

i n c i d e n t s  which involved running off  of t h e  road without r o l l o v e r  

suggests  t h a t  many of the  s e m i t r a i l e r s  were l i g h t l y  loaded o r  empty. 

The f a c t  t h a t  so  many jackknifed r i g s  ran off  the  i n s i d e  of the 

roadway suggests  t h a t  overbraking,  and then r e l e a s e ,  c o n s t i t u t e d  a 

f requent  mode of l o s s  of con t ro l  ( a s  was descr ibed e a r l i e r ) .  For such a 

c o n t r o l  sequence, the jackknife  divergency i s  b a s i c a l l y  uninfluenced by 

any d e t a i l s  concerning ramp geometrics. Braking-induced c o n t r o l  l o s s  
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simply requ i res  a condi t ion i n  which a )  the  d r i v e r  i s  prompted t o  apply 

brakes more vigorously  and b) a reduced t irelpavement f r i c t i o n  l e v e l  

p r e v a i l s  a t  s i t e  no. 6. Because of the  minimal i n s t r u c t i v e  value i n  

s imulat ions  of braking-induced jackknife ,  computations focused upon 

another form of jackknife  which may a l s o  have caused a number of the  

i n c i d e n t s  a t  t h i s  s i t e .  Recognizing the recent  f ind ings  concerning the  

hydroplaning p o t e n t i a l  of l i g h t l y  loaded t ruck  t i r e s ,  s imulat ions  were 

run looking f o r  the  cond i t ions  i n  which t h e  l i g h t  t r a c t o r  r e a r  t i r e s  

would reach a s i d e  f o r c e  s a t u r a t i o n  while an empty t r a c t o r  s e m i t r a i l e r  

simply drove through the  ramp a t  a steady speed of 55 mi/h (88 km/h). 

Shown i n  f i g u r e  32 a r e  s imulat ion r e s u l t s  represent ing such a 

case ,  with jackknife  occurr ing r i g h t  a s  the  v e h i c l e  passes  the  s h o r t  

tangent s e c t i o n  of the  broken-back curve. The cond i t ions  producing l o s s  

of c o n t r o l  i n  t h i s  example involve the  assumption of a near-hydroplaning 

l e v e l  (mu = 0.12) a t  t h e  t r a c t o r  r e a r  and t r a i l e r  t i r e s ,  compared t o  a 

f r i c t i o n  l e v e l  a t  the f r o n t  t i r e s  of 0.50. Again, t h i s  pecu l i a r  

d i s t r i b u t i o n  of tire/pavement f r i c t i o n  l e v e l s  was r a t i o n a l i z e d  on the  

b a s i s  of l a r g e  d i f f e r e n c e s  i n  t i r e  load among the  respec t ive  ax les  and 

the  corresponding impl ica t ions  f o r  f r i c t i o n ,  consider ing the  p o t e n t i a l  

f o r  s t rong  hydrodynamic i n f l u e n c e s  [ 3 3 ] .  S t a t i c  loads  on f r o n t  and r e a r  

t i r e s  were 4,700 l b s  (2.1 mg) and 1,300 l b s  (0.6 mg), respec t ive ly .  The 

s imulat ion r e s u l t s  i n d i c a t e  t h a t  i f  the  f r i c t i o n  l e v e l s  a t t a i n  the 

i d e n t i f i e d  va lues ,  t h e  veh ic le  becomes s u f f i c i e n t l y  d i s tu rbed  i n  

t r a v e l i n g  over the  supere levated tangent por t ion  of the curve t h a t  a 

rapid  jackknife  divergency i s  p r e c i p i t a t e d  (upon s a t u r a t i n g  the  l a t e r a l  

f o r c e  output of the t r a c t o r  r ed r  t i r e s ) .  

The i tem of genera l  importance i l l u s t r a t e d  i n  t h i s  case  i s  t h a t  

heavy-duty veh ic les  a r e  now known t o  be unusual i n  t h e i r  p o t e n t i a l  f o r  

l o s s  of c o n t r o l  on wetted pavements. It would appear t h a t  ramps which 

impose moderate t o  l a r g e  demands f o r  s i d e  f r i c t i o n  f a c t o r  while a l s o  

permit t ing high-speed t r a v e l  should be maintained with p a r t i c u l a r  

a t t e n t i o n  t o  pavement f r i c t i o n  l e v e l  and water drainage i n  o rde r  t o  

s a f e l y  accommodate l i g h t l y  loaded t ruck  combinations. 
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6.0 CONSIDERATIONS OF COUNTERMEASURES 

The foregoing d i scuss ions  and p resen ta t ion  of s imulat ion r e s u l t s  have 

served t o  suggest  t h a t  t h e r e  is  a  r e l a t i o n s h i p  between the  geometric des ign of 

in terchange ramps and the  s a f e t y  of t ruck  opera t ions .  I n  some of the  

i l l u s t r a t e d  cases ,  i t  has been apparent  t h a t  t rucks  have su f fe red  f requent  

loss-of-control  a c c i d e n t s  even though the  ramp s i t e  was nominally i n  

compliance wi th  AASHTO design guidel ines .  I n  o t h e r  c a s e s ,  the  ramp geometric 

des ign was c l e a r l y  i n  v i o l a t i o n  of good des ign p rac t i ce .  I n  t h i s  s e c t i o n  of 

the  r e p o r t ,  the  quest ion of countermeasures w i l l  be addressed,  consider ing the  

approach which might be taken t o  a d j u s t  the  recommended p r a c t i c e s  of highway 

des ign t o  b e t t e r  r e f l e c t  the  needs of t rucks  and a l s o  the  p a r t i c u l a r  a spec t s  

of des ign which may be p rac t i cab ly  modified a t  e x i s t i n g  s i t e s  t o  solve  cur ren t  

problems with t ruck  sa fe ty .  Again, the  d i scuss ion  w i l l  be organized around 

the  s i x  types  of problems which were i d e n t i f i e d  i n  the  study. 

Although t h i s  d i scuss ion  addresses  only those  countermeasures p e r t a i n i n g  

t o  the  highway, i t  i s  c l e a r  t h a t  improvements i n  t ruck  s t a b i l i t y  and c o n t r o l  

p r o p e r t i e s  c o n s t i t u t e  another  realm of p o t e n t i a l  countermeasures. Indeed, 

most of the  re fe rences  on t ruck  dynamics research c i t e d  i n  t h i s  r epor t  conta in  

recommendations f o r  the  improvement of t ruck  c o n t r o l  q u a l i t i e s .  Although 

enhancement of t ruck  des ign and opera t ing p r a c t i c e s  i s  expected t o  progress  i n  

the yea r s  ahead,  i t  is  l i k e l y  t h a t  t echn ica l  progress  w i l l  proceed r a t h e r  

slowly and t h a t  the  n a t i o n a l  t rucking f l e e t  rill incorpora te  innovat ions  very 

caut iously .  Thus, i t  seems s a f e  t o  suggest  t h a t  highway-level countermeasures 

of the type discussed below a r e  l i k e l y  t o  be needed f o r  many years  t o  come. 

6.1 The Maximum Value of Side F r i c t i o n  Factors  

The d i scuss ion  of the  f r i c t i o n  f a c t o r  aspect  of ramp des ign revealed 

t h a t  t rucks  having lower l e v e l s  of r o l l o v e r  threshold  could experience a  

v i r t u a l l y  zero  margin of s a f e t y  on curves which were const ructed according t o  

AASHTO policy.  The l ack  of s a f e t y  margin was seen t o  be most pronounced on 

curves f o r  which supere leva t ion  was not  f u l l y  developed a t  the  point  of 

curvature--the predominant s i t u a t i o n  p r e v a i l i n g  i n  most curve des ign i n  the  



U.S.  The countermeasure t o  t h i s  problem i s ,  of course ,  simply t o  take  s t e p s  

t o  a s s u r e  t h a t  f r i c t i o n  f a c t o r s  a r e  maintained a t  lower v a l u e s ,  both through 

b e t t e r  t r a n s i t i o n i n g  and the  reduct ion of maximum f r i c t i o n  f a c t o r  values  

sus ta ined  along s teady curves. I n  p a r t i c u l a r ,  i t  seems reasonable t o  t r e a t  

t h e  f r i c t i o n  f a c t o r  a s  a continuous f u n c t i o n  along the  roadway such t h a t  both 

t r a n s i t i o n  and curve s e c t i o n s  a r e  d i r e c t l y  con t ro l l ed  i n  the  des ign policy.  

Using such an approach, one would spec i fy  the  maximum value  of peak f r i c t i o n  

f a c t o r  which i s  allowed a t  any point  on the  road. 

For example, i f  we cons ide r  t h a t  the  low-s tab i l i ty  t r a c t o r - s e m i t r a i l e r  

w i l l  r o l l  over a t  a  l a t e r a l  a c c e l e r a t i o n  l e v e l  of 0.24 g ' s ,  we could formulate  

a c o n s t r a i n t  on peak s i d e  f r i c t i o n  f a c t o r ,  
peak ' which a l s o  incorpora tes  a 

s a f e t y  margin va lue ,  SM, of l a t e r a l  a c c e l e r a t i o n  a s  fo l lows:  

This  express ion  inc ludes  t h e  f a c t o r ,  (1. I S ) ,  which accounts f o r  s t e e r i n g  

f l u c t u a t i o n s ,  a s  d iscussed e a r l i e r .  The s a f e t y  margin, SM, i s  def ined s o  t h a t  

the  t o l e r a n c e  remaining f o r  t ruck  opera t ion  wi th in  a 0.24 g r o l l o v e r  threshold  

i s  expressed d i r e c t l y .  A r b i t r a r i l y  s e t t i n g  the  s a f e t y  margin a t  SM = 0.10 g ' s  

would cover t h e  contingency of a t ruck  running a t  40 mi/h ( 6 4  km/h), f o r  

example, on a ramp which i s  designed f o r  30 mi/h (48 km/h). Shown i n  t a b l e  9 

a r e  va lues  f o r  

*supere leva t ion ,  ( e )  

* t h e  maximum ( f )  va lues  which AASHTO recommends f o r  30 mi/h (48 km/h) 

' t he  (fpeak ) value  which d e r i v e s  i f  supere leva t ion  was developed t o  50 

percent of i t s  f u l l  va lue  a t  the  po in t  of cu rva tu re  

* l . l 5  x ( fpeak)  a l lowing f o r  s t e e r i n g  f l u c t u a t i o n s  

* the  s a f e t y  margin remaining between t h e  (fpeak) value  and a 0.24 g 

r o l l o v e r  th resho ld  

* t h e  maximum ( f )  value  which might be adopted i n  o rde r  t o  achieve a 

s a f e t y  margin of 0.10 g ' s  



Table 9. C h a r a c t e r i s t i c s  of s i d e  f r i c t i o n  demand on curves having 50 
percent supere lev la t ion  developed a t  the  point  of curvature  

1.15xPeak Safe ty  Margin Max f  
AASHTO Max f Peak f with (Allowing f o r  f o r  .24 g Truck Assuring 

e a t  30 mi/h 50% ( e )  a t  PC F luc tua t ion)  ( g ' s )  SM = 0.1 g 

The t a b l e  i l l u s t r a t e s  t h a t  s a f e t y  margin values  a r e  zero o r  near-zero when 

AASHTO gu ide l ines  a r e  followed and the  peak values  of s i d e  f r i c t i o n  f a c t o r  a r e  

considered. The " c o ~ n t e r m e a s u r e , ~  then,  f o r  the  c l e a r  s a f e t y  hazard 

assoc ia ted  with near-zero s a f e t y  margins is t o  adopt maximum ( f )  va lues ,  a s  

shown i n  the  column a t  the  f a r  r i g h t .  Although, i n  many cases ,  i t  i s  q u i t e  

l i k e l y  t h a t  the  allowance of only a 0.07 f r i c t i o n  f a c t o r  with a supere levat ion 

l e v e l  of 0.08, f o r  example, would requ i re  p r o h i b i t i v e l y  low ramp speeds and/or 

l a r g e  curve r a d i i ,  i t  would seem t h a t  roadways ca r ry ing  very heavy volumes of 

t ruck t r a f f i c  might warrant  such treatment.  

I f  roadways were t o  be const ructed with s p i r a l  t r a n s i t i o n s ,  such t h a t  

the  50 percent development assumption d id  not  apply,  the  maximum ( f )  value 

could be boosted considerably ,  with f u l l  supere leva t ion  being achieved a t  the  

po in t  of curvature.  Again, providing f o r  a s a f e t y  margin of 0.10 g ' s ,  a  

maximum ( f )  value of 0.12 could be allowed on proper ly  s p i r a l e d  t r a n s i t i o n s .  

Fur the r ,  s ince  the  l i m i t  condi t ion of i n t e r e s t ,  namely, r o l l o v e r ,  i s  not a 

func t ion  of speed, per s e ,  the  suggested l i m i t s  on maximutn ( f )  would apply f o r  

any des ign speed. 

Beyond the  prospect  of des igns  which simply reduce the  s i d e  

f r i c t i o n  demand i n  recogn i t ion  of t ruck  s t a b i l i t y  l e v e l s ,  the  study a l s o  

i d e n t i f i e d  s igning countermeasures which can be taken t o  reduce the 

acc iden t  p r o b a b i l i t y  a t  e x i s t i n g  curves having f requent  t ruck  ro l lovers .  



The f i r s t  s igning i s s u e ,  of course ,  simply p e r t a i n s  t o  the  

advisory speed. A t  the  most b a s i c  l e v e l ,  the  quest ion of the  advisory 

va lue ,  per s e ,  must be viewed a s  t h e  f i r s t - l i n e  countermeasure, not ing 

t h a t  the  s i d e  f r i c t i o n  f a c t o r  i s  r e l a t e d  t o  the  square of the  t r a v e l  

speed through the  curve. Indeed, t o  say t h a t  s i d e  f r i c t i o n  f a c t o r s  a r e  

too high i s  simply t o  say t h a t  the  advisory speeds a r e  too  high. A t  the 

next l e v e l ,  one can consider  s p e c i a l  speed advisory s i g n s  f o r  t r u c k s ,  

al though we recognize t h a t  a  g r e a t e r  p o t e n t i a l  e x i s t s  f o r  confusion when 

two values  of speed advisory  a r e  present .  

Together wi th  the  a t t e n t i o n  t o  speed advisory s i g n s ,  the re  a r e  

a ssoc ia ted  conventions p e r t a i n i n g  t o  the  s e l e c t i o n  of curve warning 

s igns .  In p a r t i c u l a r ,  f o r  ramps which a r e  posted with a d v i s o r i e s  of 30 

mi/h (56 km/h) and below, t h e  proper warning s i g n  i d e n t i f i e d  i n  the  

Manual on Uniform T r a f f i c  Control  Devices (MUTCD) i s  t h e  "Turn" s i g n ,  

no. (Wl-1R o r  l L ) ,  a s  shown i n  Figure 33. As pointed out  i n  the  

d e t a i l e d  review of each s i t e  i n  appendix A,  a  number of problem s i t e s  

d id  not  incorpora te  curve warning s i g n s  of t h i s  type. Since the  Turn 

s i g n  tends t o  imply a  sharper  t u r n  l a y o u t ,  t h i s  type of warning s i g n  may 

wel l  serve  t o  emphasize the  speed advisory  signage. 

The MUTCD a l s o  i n d i c a t e s  t h a t  t h e  Turn s i g n  may be supplemented by 

t h e  "Large Arrow" s i g n  (Wl-6), a s  we l l  a s  an "Advisory Speed" p l a t e  

(W13-1) a f f i x e d  t o  the  Turn sign.  (Both of these  l a t t e r  s i g n s  were seen 

employed along the  compound curve a t  s i t e  no. 2;  see  f i g u r e  22). A t  

another  l e v e l  of t rea tment ,  the  "Chevron Alignment" s i g n  (Wl-8) (such a s  

seen o u t l i n i n g  t h e  curve s i g n  a t  s i t e  no. 12, appendix A )  may be used a s  

a  f u r t h e r  supplement, o r  a l t e r n a t i v e ,  t o  the  Large Arrow sign.  

An add ' i t ional  a spec t  of t h e  warning s i g n  i s s u e  i s  the  placement of 

the  s i g n  r e l a t i v e  t o  the  po in t  of curvature .  As pointed out i n  appendix 

A,  a  number of warning s i g n s  were seen t o  be placed c l o s e r  t o  the  po in t  

of cu rva tu re  than i s  recommended i n  the  MUTCD. C l e a r l y ,  the  placement 

of warning s i g n s  a t  a  proper d i s t a n c e  i n  advance of a  chal lenging curve 

w i l l  provide more t imely advice t o  the  d r i v e r  on the  need t o  regu la te  

speed. 



F i g u r e  33. "Turn" s i g n  recommended i n  t h e  IUTCD f o r  c u r v e s  w i z h  
a d v i s o r y  speeds  of 30 mi/h (48 kmlh) o r  l e s s .  



Beyond the  realm of s tandard s ign ing ,  the  resea rch  team became 

aware t h a t  va r ious  S t a t e s  have designed s p e c i a l  warning s i g n s  f o r  use a t  

ramp s i t e s  having a high incidence of t ruck  accidents .  While none of 

these  s i g n s  a r e  recognized i n  the  MUTCD, some were claimed t o  be very 

e f f e c t i v e  a s  acc iden t  countermeasures. One s i g n  which the  S t a t e  of 

C a l i f o r n i a  has used wi th  success  on problem ramps having sharp  curves 

fo l lowing a downgrade i s  shown i n  f i g u r e  34. The s i g n  shows a t ruck  

which i s  i n  the  process  of r o l l i n g  over ,  and p o s t s  an Advisory Speed 

p l a t e .  The s i g n  i s  configured i n  a l a r g e  square shape ( i n  c o n t r a s t  t o  

t h e  diamond shape of a l l  s tandard warning s i g n s )  and i s  posted partway 

along t h e  downgrade s e c t i o n  t o  warn a g a i n s t  a hazardous speed inc rease .  

C a l i f o r n i a ' s  exper ience  is  t h a t  the  s i g n  has  con t r ibu ted  t o  a wholesale 

r educ t ion  i n  the  t ruck  r o l l o v e r  r a t e  a t  c e r t a i n  s i t e s .  

6.2 Compound Curves on Interchange Ramps 

The problem which compound curves p lace  upon the  s a f e t y  of t r u c k  

opera t ions  i s  not  unique t o  t rucks .  F u r t h e r ,  s i n c e  the  highway des ign 

community has  long recognized the  problem posed by d ramat ica l ly  d iscont inuous  

curve des igns ,  t h e r e  i s  l i t t l e  t h a t  can be s a i d  p e c u l i a r l y  i n  behalf of 

t rucks .  The only a d d i t i o n a l  i n s i g h t  which e n t e r s  t h e  p i c t u r e  with regard t o  

t r u c k s  p e r t a i n s  t o  the  s t rong  mot ivat ion which t r u c k e r s  may have toward 

speeding on a c e n t r a l ,  f l a t  por t ion  of t h e  ramp i n  order  t o  f a c i l i t a t e  merging 

wi th  high-speed t r a f f i c .  E x i s t i n g  curves having t i g h t - f l a t - t i g h t  curve ' 

sequences seem t o  c a l l  f o r  s p e c i a l  s ign ing  t rea tment  i n  o rde r  t o  a l e r t  t rucks  

of t h e  impending curve demands toward the  end of the  ramp. I n  t h i s  regard ,  

t h e  Turn s i g n  with Advisory Speed p l a t e  can be i n s t a l l e d  i n  the  f l a t  s e c t i o n  

of t h e  ramp t o  provide the  d r i v e r  wi th  an "updated" warning t h a t  a sharp  curve 

s t i l l  remains ahead on the  ramp. As mentioned above, the  f i n a l  sharp  curve 

can a l s o  be h igh l igh ted  wi th  Large Arrow and Chevron Alignment s igns  a s  

supplements. 
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F i g u r e  34. Warning s i g n  used  i n  C a l i f o r n i a  a t  ramps having  h i s t o r y  
of t r u c k  r o l l o v e r s .  



6.3 Length of Decelera t ion Lanes 

It was e s t a b l i s h e d  t h a t  because of poor s topping c a p a b i l i t y ,  t rucks  a r e  

s o r e l y  pressed t o  a t t a i n  the  needed reduc t ions  i n  speed on the  provided 

d e c e l e r a t i o n  l anes  which lead t o  t igh t - rad ius  curves. A t  t he  root  of t h e  

c o n f l i c t  i s  the  AASHTO design assumption t h a t  a d e c e l e r a t i o n  l e v e l  of 0.28 g ' s  

can be accommodated comfortably a t  70 mi/h (113 km/h), t ape r ing  down t o  0.18 

g ' s  a t  30 mi/h (48 km/h). Accordingly, the  AASHTO g u i d e l i n e  f o r  l eng th  of 

d e c e l e r a t i o n  l a n e s  assumes t h a t  passenger c a r s  a r e ,  f i r s t ,  coas t ing  i n  gear  

f o r  3 seconds a t  a  nominal d e c e l e r a t i o n  r a t e  of approximately 0.11 g ' s ,  

fo l lowing which the  veh ic le  brakes  a t  0.28 g ' s  t o  0.18 g ' s  a s  speed reduces. 

With t r u c k s ,  however, we saw t h a t  braking e f f i c i e n c i e s  a s  low a s  50 percent  

would render the  maximum braking c a p a b i l i t y  of only 0.25 g ' s  f o r  a veh ic le  

d e c e l e r a t i n g  on a su r face  having a peak f r i c t i o n  p o t e n t i a l  of 0.5. Fur the r ,  

the  d e c e l e r a t i o n  l e v e l  experienced by heavy t rucks  which a r e  coas t ing  i n  gear  

i s  considerably  lower than the  va lue  used i n  t h e  AASHTO ca lcu la t ion .  

Published d a t a  show t h a t  loaded t ruck  combinations e x h i b i t  a  coas t ing 

d e c e l e r a t i o n  l e v e l  ( i n  g e a r )  which is  more on the order  of 0.03 g ' s  over t h e  

speed range from 30 mi/h t o  60 mi/h (48 km/h t o  97 km/h) [30].  

Considering,  aga in ,  t h a t  some s a f e t y  margin should be provided t o  assure  

t h a t  t rucks  can,  indeed,  meet the  d e c e l e r a t i o n  requirements without wheel 

lock ing ,  i t  seems reasonable  t o  assume a braking l e v e l  of 0.15 g ' s  ( t h u s  

providing a 0.10 g s a f e t y  margin below the  nominal l i m i t  va lue  of 0.25 g ' s ) .  

For a corresponding des ign formula,  then ,  i n  which the  t ruck  c o a s t s  i n  gear  

f o r  3 seconds a t  0.03 g ' s  and then brakes a t  0.15 g ' s ,  example r e s u l t s  a r e  

shown i n  t a b l e  10 i n  terms of the  l e n g t h  components of a d e c e l e r a t i o n  lane .  



Table 10. Elements determining l eng th  of dece le ra t ion  lane  f o r  trucks.  

Through Lane Decelera t ion Lane 

Braking Dist. ( f t )  Tota l  Decel, Length ( f t )  
Hwy. Ave . 3-Sec. t o  Achieve Average t o  Achieve Average Running 
Design Running Coasting Running Speed on Speed on Ex i t  Curve 
Speed, V Speed, Va Distance Exi t  Curve 
(mi/h) (mi/h) ( f t )  30 mi/h 40 mi/h 30 mi/h 40 mi/h 

The t a b l e  shows d a t a  using reference  i n i t i a l  speed values a s  i n  the  

AASHTO Geen Book, but  only f o r  average running speeds on the  e x i t  curve of 30 

mi/h and 40 mi/hh (48 km/h and 64 km/h). Column 3 l i s ts  the por t ion  of the  

d e c e l e r a t i o n  lane  l eng th  which must be provided f o r  coas t ing  i n  gear.  Columns 

4 and 5 l i s t  the  l eng ths  needed f o r  braking. The t o t a l  needed l eng th  of 

d e c e l e r a t i o n  l a n e ,  then,  i s  the  sum of the  respec t ive  value i n  column 3 plus  

e i t h e r  column 4 o r  5. For example, the  t o t a l  l eng th  of d e c e l e r a t i o n  lane  

p e r t a i n i n g  t o  a "Hwy. Design Speed" of 50 mi/h (80 km/h) and an "Ave. Running 

Speedt' of 30 mi/h (48 km/h) on the  e x i t  curve i s  381 f t  (116 m), The 381 f t  

(116 m) value  d e r i v e s  from the  sum of 189 f t  (58 m) as a coas t ing d i s t ance  

plus  192 f t  (59 m) a s  a braking dis tance .  

We see  t h a t  the  d e c e l e r a t i o n  lane  l eng ths  required f o r  t rucks  a r e  30 

percent  t o  50 percent longer  than those which appear i n  the  AASHTO Green Book. 

Moreover, one can conclude t h a t  the  r e a l i s t i c  demands which t rucks  p lace  upon 

l eng th  of d e c e l e r a t i o n  lane  a r e  s u b s t a n t i a l l y  longer  than those imposed by 

passenger ca r s .  It would seem r a t i o n a l  t h a t  the  s i t e s  which most warrant such 

l eng ths  f o r  d e c e l e r a t i o n  lane  a r e  those i n  which ( a )  t ruck  t r a f f i c  volume i s  

heavy, and (b )  a t i g h t  curve i s  encountered e a r l y  i n  the  ramp, such t h a t  s i d e  

f r i c t i o n  f a c t o r s  a r e  a l s o  demanding. 



The problem of s h o r t  d e c e l e r a t i o n  l a n e s  l ead ing  t o  t igh t - rad ius  curves 

should a l s o  b e n e f i t  from advance placement of warning s igns .  Both Advisory 

Speed and Curve Warning s i g n s  can be used a t  the  beginning of t h e  d e c e l e r a t i o n  

l a n e ,  o r  i n  advance of the  l ane  when proper ly  des ignated a s  e x i t  adv i so r ies .  

6 . 4  Curbs Placed Upon the  Outside of Ramp Curves 

The occurrence of t ruck  r o l l o v e r  fo l lowing the  s t r i k i n g  of a  curb on the 

ou t s ide  of a  curve may not n e c e s s a r i l y  i m p l i c a t e  the curb a s  a  culpable  

element. Never theless ,  because curbs  which a r e  placed wi th in  a  f o o t  o r  two 

( . 3  t o  - 6  m) of the  t r a v e l e d  way do p resen t  a  t r i p p i n g  mechanism, they a r e  

seen a s  c a t e g o r i c a l l y  undes i rab le  a t  curved s i t e s  where the  p r o b a b i l i t y  of 

t ruck  r o l l o v e r  i s  r e l a t i v e l y  high simply because of the s i d e  f r i c t i o n  value. 

Indeed, i t  would be s t r a igh t fo rward  t o  i l l u s t r a t e  a  range of veh ic le  paths  

which would be "survivable" without a curb a t  a  g iven s i t e ,  but  which would 

induce r o l l o v e r  i f  a  curb were placed c l o s e  t o  the  l a n e  edge. Beyond t h i s  

genera l  r a t i o n a l e  f o r  e l imina t ing  curbs  on curved ramps, however, the  outboard 

o f f t r a c k i n g  of a r t i c u l a t e d  veh ic le  combinations i s  seen a s  a  s p e c i a l  problem 

because i t  i s  apparent  t h a t  t r u c k  d r i v e r s  a r e  broadly ignoran t  of t h i s  

phenomenon and ye t  i t  has  the  p o t e n t i a l  f o r  producing a s  much a s  2.5 f t  t o  3 

f t  (-8 m t o  .9 m) of outboard o f f s e t  i n  wheel paths.  Accordingly, one 

approach toward a  countermeasure s t r a t e g y  i s  t o  remove the  curb from the  

ou t s ide  of those  l a n e s  i n  which a  s u b s t a n t i a l  p o t e n t i a l  f o r  outboard 

o f f t r a c k i n g  may occur. 

Recognizing t h a t  the  p o t e n t i a l  f o r  outboard o f f t r a c k i n g  i s  determined 

p e c u l i a r l y  by the  curve r a d i u s ,  i t  i s  s t r a igh t fo rward  t o  so lve  f o r  the  value  

of curve rad ius  above which high-speed o f f t r a c k i n g  may pose a  t h r e a t .  The 

o f f t r a c k i n g  process  i s  such t h a t  the  t r a i l e r s  t r a c k  inboard a t  low speeds,  

wi th  g r e a t e r  va lues  of inboard o f f s e t  of wheel path f o r  smal le r  r a d i i .  As  

l a t e r a l  a c c e l e r a t i o n  b u i l d s  up, the  t i r e s  then t r a c k  i n c r e a s i n g l y  more 

outboard u n t i l  they "c ross  over" the  ze ro  o f f t r a c k i n g  cond i t ion  and subtend 

paths  which a r e  n e t  outboard. 

The t o t a l  o f f t r a c k i n g ,  OT, exh ib i t ed  f o r  a  given l a t e r a l  a c c e l e r a t i o n  

value ,  A /g, i s  
Y 



OT = 
OT ze ro  speed - K (Ay/g) 

where: the  zero speed value ,  OTzero speed, de r ives  from the  path  

rad ius ,  R, and var ious  l eng th  parameters desc r ib ing  the 

veh ic le  ( s e e ,  e.g.,  [351). 

K c o n s t i t u t e s  a high-speed o f f t r a c k i n g  g rad ien t  determined 

by the  l eng th  parameters and the  cornering compliance of the  

t i r e s  a t  each axle.  (Cornering compliance expresses  the  

r a t e  of t i r e  s l i p  angle developed per u n i t  of l a t e r a l  

a c c e l e r a t i o n ,  r ad ians  per g ( s e e ,  e.g. , reference  24). ) 

Since the  ex ten t  of the  zero speed, inboard,  o f f t r a c k i n g  i s  inverse ly  

r e l a t e d  t o  the  rad ius  of the  t u r n ,  the  ramp curves which a r e  most prone t o  

problems with curb con tac t  through outboard o f f t r a c k i n g  a r e  those which have 

curve r a d i i  above a c e r t a i n  value. Fur the r ,  the  magnitude of t h i s  "minimum 

radius"  value i s  dependent upon the  conf igura t ion  of the  veh ic le  which i s  

involved. Shown i n  f i g u r e  3 5 , f o r  example, i s  an i l l u s t r a t i v e  p l o t  of the  

o f f t r a c k i n g  responses of a t y p i c a l  t r a c t o r - s e m i t r a i l e r  and a doubles 

combination on a 500-ft (152-111) rad ius  curve. We see  t h a t ,  a t  zero speed, 

both veh ic les  t r a c k  inboard,  but the  double which tracked l e s s  inboard a t  zero  

speed i s  the  f i r s t  t o  c ross  over toward the  outs ide .  I f  one were t o  consider  

a c o n s t r a i n t  on the  use of curbs on e x i t  ramp curves ,  i t  i s  c l e a r  t h a t  the  

double shown here would c o n s t i t u t e  a more s e r i o u s  cons ide ra t ion  than would the 

t r a c t o r - s e m i t r a i l e r .  

The high-speed g rad ien t  shown i n  the  f i g u r e  can be determined from 

elemental  wheelbase dimensions and t i r e  s t i f f n e s s e s  i n  each veh ic le  

conf igurat ion.  For example, the  conventional  t r a c t o r  with 48 f t  (14.6 m) 

s e m i t r a i l e r  equipped wi th  bias-ply t i r e s ,  w i l l  o f f t r a c k  inc reas ing ly  outboard 

a t  a  r a t e  of approximately 11.2 f t / g  (3.4 m/g) while the  corresponding double 

wi th  28 f t  (8.5 m) t r a i l e r s  and bias-ply t i r e s  would e x h i b i t  a g rad ien t  of 

12.5 f t / g  (3.8 m/g). Knowing the  veh ic le  p r o p e r t i e s  determining the  zero- 

speed o f f t r a c k i n g  as  a func t ion  of curve rad ius  (e.g.,  see  reference  35) and 
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Figure 35. Example offtracking behavior of tractor-semitrailer and 
doubles combination on 500-ft (152-m) radius curve. 



the  values  of high-speed g rad ien t  f o r  each v e h i c l e ,  i t  i s  poss ib le  t o  solve  

f o r  the  value of path  rad ius  above which outboard o f f t r a c k i n g  w i l l  exceed a  

se lec ted  value. I f  we s t i p u l a t e ,  f o r  example, t h a t  we wish t o  e l imina te  curbs 

from any curve on which a  t r a c t o r - s e m i t r a i l e r  o r  doubles combination might 

achieve a  n e t  outboard o f f t r a c k i n g  of 1  f t  (0.3 m), while t r a v e l i n g  a t  a  l i m i t  

l a t e r a l  a c c e l e r a t i o n  l e v e l  of 0.3 g ' s ,  we f i n d  t h a t  

Maximum Radius Permit t ing Curbs = 370 f t  (113 m) f o r  tractor-semi 

= 220 f t  (67  m) f o r  doubles combination 

While the  1  f t  (0.3 m) and 0.3 g  s t i p u l a t i o n s  a r e  nominal s e l e c t i o n s  

which i l l u s t r a t e  a  countermeasure g u i d e l i n e ,  they a l s o  appear reasonable a s  

values e s t a b l i s h i n g  some r e a l  p o t e n t i a l  f o r  curb contact  and trip-induced 

ro l lovers .  Thus, i t  i s  suggested t h a t  f o r  r a d i i  exceeding 370 f t  (113 m) f o r  

t r a c t o r - s e m i t r a i l e r s  and 220 f t  (67 m) f o r  doubles,  the  ex ten t  of outboard 

o f f t r a c k i n g  a r i s i n g  a t  the  0.3 g  cond i t ion  w i l l  exceed 1  f t  (0.3 m) such t h a t  

a  s u b s t a n t i a l  t h r e a t  from curb s t r i k e  may p reva i l .  For smal ler  r a d i i ,  the  

inboard o f f t r a c k i n g  excurs ion is  l e s s  than 1  f t  (0.3 m) except a t  l a t e r a l  

a c c e l e r a t i o n  l e v e l s  exceeding 0.3 g. Since most loaded t rucks  e x h i b i t  

r o l l o v e r  threshold  va lues  ranging from .24 g  t o ,  say,  .42 g ' s ,  the example 

value of 0.3 g  i s  r a t i o n a l i z e d  a s  a gu ide l ine  f o r  the  sake of p r o t e c t i n g  

a g a i n s t  t h e  trip-induced r o l l o v e r  of the  l a r g e r  por t ion  of the  t ruck spectrum 

which would otherwise "survive" a  smooth steady tu rn  of t h a t  sever i ty .  For 

t rucks  having r o l l o v e r  th resho lds  below 0.3 g ,  of course,  the  example 

gu ide l ine  i s  moot s i n c e  those v e h i c l e s  w i l l  r o l l  over due t o  s t a t i c  phenomena 

before they e x h i b i t  the e x t e n t  of outboard o f f t r a c k i n g  meeting t h i s  c r i t e r i o n .  

Considering t h a t  the  removal of c e r t a i n  e x i s t i n g  curbs may be warranted,  

one such modif ica t ion which was e f f e c t i v e l y  implemented a t  c e r t a i n  ramps i n  

the  S t a t e  of Michigan i s  sketched i n  f i g u r e  36. The e x i s t i n g  ramp pavement 

was overlayed with a  l a t e x  concrete  such t h a t  the  o u t e r  curb was e l iminated 

and a  smooth road plane provided,  from shoulder  edge t o  shoulder edge. The 

over lay  a l s o  provided a  means f o r  wedging i n  a d d i t i o n a l  supere leva t ion ,  

thereby reducing the s i d e  f r i c t i o n  f a c t o r ,  a s  well.  Such an over lay ,  without 

the  need f o r  compensating drainage t rea tments ,  emphasizes the l i k e l y  genera l  
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Figure  36.  Overlay treatment employed by Tfichigan DOT spanning curb on or l t s ide  
of crirve. 
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case--namely , t h a t  curbs  e x i s t i n g  on the  "high s ide"  of supere levated curves 

do not t y p i c a l l y  p lay a u s e f u l  r o l e  wi th  regard t o  drainage.  

6 . 5  Downgrade Leading t o  Sharp Curve 

Because the  combination of p a r a s i t i c  drag and engine braking i s  q u i t e  

low on loaded heavy t r u c k s ,  a d i s t i n c t  p o t e n t i a l  f o r  speed inc rease  e x i s t s  on 

even the  r e l a t i v e l y  s h o r t  l e n g t h s  of downgrade which may e x i s t  on an 

in terchange ramp. I f  the  t ruck  d r i v e r  i s  i n a t t e n t i v e ,  o r  otherwise i n c l i n e d  

t o  accept  a speed i n c r e a s e  a s  an a i d  toward accomplishing the  upcoming merging 

t a s k ,  the  grade can promote a hazardous cond i t ion  i n  a subsequent curved 

por t ion  of the  ramp which may impose an excess ive  s i d e  f r i c t i o n  demand a t  the  

e leva ted  speed. The AASHTO Green Book suggests  t h a t  downgrades having 

g r a d i e n t s  a s  high a s  8 percent  do not cause hazard due t o  excess ive  

a c c e l e r a t i o n .  With t rucks  capable of only some 0.03 g ' s  of coas t ing  

d e c e l e r a t i o n ,  however, an 8 percent  grade which i s ,  say ,  500 f t  (152 m) i n  

l eng th  produces a speed inc rease  from 30 mi/h t o  40 mi/h (48 km/h t o  64 km/h)- 

-an i n c r e a s e  which was seen i n  example cases  t o  e a s i l y  put many t rucks  i n  r i s k  

of ro l lover .  Evaluat ion of the  p o t e n t i a l  f o r  speed inc reases  on an ind iv idua l  

s i t e  can be done using va lues  f o r  t h e  average grade,  G ,  and the  l e n g t h  of 

grade,  L. The a c c e l e r a t i o n  from an i n i t i a l  speed, Vo, t o  a f i n a l  speed,  Vf , 
due t o  coas t ing  down the  grade wi th  an inheren t  drag equal  t o  0.03 g ' s  of 

d e c e l e r a t i o n  i s  g iven by: 



where 

G i s  nondimensional, f t l f t  

Vo and Vf a r e  i n  milh ((km/h)( .62))  

Although the  d r i v e r  can avoid t h i s  speed inc rease  simply by applying 

s u f f i c i e n t  braking t o  hold speed i n  check, t h e  c l a s s i f i c a t i o n  of s i t e s  us ing 

t h i s  formula can serve  t o  d i s t i n g u i s h  p o t e n t i a l  problem ramps from those which 

have no such adverse p o t e n t i a l .  Re la t ive  t o  the  "no adverse p o t e n t i a l "  c a s e ,  

the  AASHTO Blue Book included a recommendation t h a t  g r a d i e n t s  on ramp 

downgrades be l i m i t e d  t o  3 percent o r  4 percent  where "an e f f e c t i v e  propor t ion 

of the  ramp t r a f f i c  c o n s i s t s  of heavy t r u c k s  o r  buses." C l e a r l y ,  the  above 

formula i n d i c a t e s  t h a t  a grade of 3 percent  (.03 f t / f t )  y i e l d s  a zero  speed 

inc rease  f o r  t h e  nominal loaded truck.  Thus, the  Blue Book recommendation 

would appear t o  be much more s u i t a b l e  than the  8 percent  allowance of the  

Green Book f o r  c o n t r o l l i n g  t h e  kind of speed-increase problem which appeared 

t o  have caused numerous r o l l o v e r s  i n  t h e  cases  s tudied.  

With regard t o  s ign ing ,  MUTCD recommendations would nominally r u l e  out  

usage of " H i l l "  (W7-1) o r  "Grade" (W7-3) warning s i g n s  on t h e  s h o r t  l e n g t h s  of 

downgrade t y p i c a l l y  occurr ing on ramps. While curve warning and speed 

advisory  s i g n s  c e r t a i n l y  have a proper r o l e ,  a s  d iscussed i n  t h e  context  of 

ramp curves ,  g e n e r a l l y ,  t h e  p e c u l i a r  na tu re  of the  downgrade-and-curve ramp 



problem may well  c a l l  f o r  s p e c i a l  s igning d i r e c t e d  a t  t rucks  such a s  noted 

e a r l i e r .  

6.6 Reduced Pavement F r i c t i o n  on Curves 

The se lec ted  case  which was seen t o  involve numerous t ruck  loss-of- 

c o n t r o l  i n c i d e n t s  i n  wet weather does n o t ,  by i t s e l f ,  impl ica te  geometric 

design nor does i t  in t roduce a  concern which i s  new t o  the highway engineering 

community. C lea r ly ,  the  i s s u e  of pavement f r i c t i o n  l e v e l  has been a  c e n t r a l  

concern i n  highway maintenance f o r  many years.  Perhaps the only 

countermeasure kind of r a t i o n a l e  t h a t  can be appl ied  t o  t h i s  sub jec t  i s  one of 

a  more focused s u r v e i l l a n c e ,  recognizing t h a t  empty t ruck  combinations 

experience a  s p e c i a l  hazard when running a t  high speed. The evidence suggests  

t h a t  the  ex ten t  of t h i s  hazard exceeds t h a t  experienced with passenger cars .  

Nevertheless,  the  a b i l i t y  of conventional  ASTM Skid Number measurements t o  

adequately c h a r a c t e r i z e  the  f r i c t i o n a l  cond i t ion  which w i l l  be c r i t i c a l  f o r  

t rucks  has not yet  been demonstrated. 

The cur ren t  s i t u a t i o n  i s  t h a t  empty t rucks  can be expected t o  have 

c o n t r o l  problems on high-speed f a c i l i t i e s  having d e f i c i e n t  pavement f r i c t i o n  

q u a l i t y ,  e s p e c i a l l y  when s u b s t a n t i a l  l e v e l s  of s i d e  f r i c t i o n  demand a r e  

imposed by the  geometry--but, no c l e a r  gu ide l ine  can be proposed f o r  t h a t  

c r i t i c a l  value of ASTM Skid Number which r e f l e c t s  the  t r u c k ' s  s p e c i a l  

s e n s i t i v i t i e s .  

An a d d i t i o n a l  complicating f a c t o r  r e l a t i n g  t o  concern over f r i c t i o n  

l e v e l  on curved ramps, of course ,  r e l a t e s  t o  the f a c t  t h a t  conventional  ASTM 

E-274 Skid Number measurements a r e  not made on the  curved roadway, i t s e l f ,  due 

t o  the  unstable  a r t i c u l a t i o n  of the  skid t r a i l e r  during wheel lockup. To the 

ex ten t  t h a t  the  pavement on a  curved ramp may be of d i f f e r e n t  ma te r i a l s  o r  

maintenance cond i t ion  than the  through l a n e s ,  skid number measurements made on 

the through l anes  may not represent  the  f r i c t i o n  condi t ions  p reva i l ing  on the  

ramp. I f  i t  was suspected t h a t  a  ramp having wet skidding acc iden t s  with 

t rucks  d i f f e r e d  i n  f r i c t i o n  q u a l i t y  from t h a t  of the  through l a n e s ,  i t  might 

be advisable  t o  employ an independent measurement of t e x t u r e  depth or  some 

o the r  su r roga te  means of e s t ima t ing  f r i c t i o n  l e v e l  on the  ramp. 



A l t e r n a t i v e l y ,  a  r ecen t  FHWA resea rch  study has examined the  f e a s i b i l i t y  of 

us ing a  conventional  ASTM Skid T r a i l e r ,  wi th  only one wheel braking,  f o r  

conducting measurements on curved roadways [37]. Since t h e  s tudy f i n d s  t h a t  

use fu l  r e s u l t s  can be ob ta ined ,  given c e r t a i n  v a r i a t i o n s  i n  technique,  S t a t e s  

might f i n d  i t  a t t r a c t i v e  t o  adopt t h i s  method f o r  t h e  c h a r a c t e r i z a t i o n  of ramp 

skid  number where t rucks  have had f requen t  loss-of-control  a c c i d e n t s  on wet 

pavement. 



7.0 CONCLUSIONS AND RECOMMENDATIONS 

Most o t h e r  s t u d i e s  which have examined the  r e l a t i o n s h i p  between 

geometric des ign f e a t u r e s  and veh ic le  s a f e t y  have proceeded from a  s t a t i s t i c a l  

base of data.  The s a f e t y  s i g n i f i c a n c e  of a  g iven l e v e l  o r  type of geometric 

f e a t u r e  was then determined through s t a t i s t i c a l  in fe rence ,  given the  

confidence limits of the  ana lys i s .  Such approaches provide the  bas i s  f o r  

conclusions which a r e  a s  genera l  a s  the d a t a  base i s  r ep resen ta t ive .  In  the  

cur ren t  s tudy,  a  broad base of accident  d a t a  was used only a s  a  guide t o  the 

s e l e c t i o n  of a  few ind iv idua l  s i t e s .  Thus, conclusions de r iv ing  from the 

anecdota l  l e v e l  of study of these  s i t e s  cannot claim g e n e r a l i t y  i n  any 

s t a t i s t i c a l l y  suppor table  sense. Rather,  the  conclusions of t h i s  study have 

genera l  s i g n i f i c a n c e  only t o  the  ex ten t  t h a t  ( a )  ramp design i s  re la ted  t o  the 

AASHTO design g u i d e l i n e s ,  which a r e  intended t o  guide the limits of genera l  

design p r a c t i c e ,  and (b) s a f e  t ruck  opera t ion was judged upon the  b a s i s  of 

example veh ic les  whose r e l a t i o n s h i p  t o  the broad spectrum of commercial 

veh ic les  i n  the  U.S. i s  (arguably)  known. 

In  t h i s  sense ,  f ind ings  can be made which speak t o  the s u i t a b i l i t y  of 

the  AASHTO design pol icy  given the physics of t ruck  response and the  

a u t h e n t i c i t y  of the example veh ic les  which were modeled i n  the  s imulat ion 

study. Such f ind ings  a r e  " theore t i ca l "  except i n s o f a r  a s  a  l imi ted  number of 

accident  cases  have been employed i n  d iscover ing and demonstrating the 

f indings .  Moreover, the  conclusions of t h i s  study r e f l e c t  the outcome of an 

a n a l y t i c a l  process i n  which computed veh ic le  behavior seems t o  confirm l imi ted  

samples of accident  experience.  Given t h a t  r a t h e r  l i t t l e  pas t  research has 

addressed the quest ion of t ruck  s a f e t y  versus highway des ign,  the  r e s u l t s  may 

serve  t o  a l e r t  the  highway engineering community t o  the prospect  t h a t  c e r t a i n  

des ign p r a c t i c e s  may dramat ica l ly  compromise the  s a f e t y  of t ruck opera t ion on 

ramps. 

The r e s u l t s  of the  study a r e  expressed below, i n  the  form of conclusions 

which a r e  seen a s  having genera l  importance and recommendations f o r  f u t u r e  

improvement of t ruck  s a f e t y  on in terchange ramps. 



7.1  Conclusions 

Based upon the  acc iden t  d a t a  s tudy ,  eva lua t ion  of the  geometric des ign 

of ramps which were found t o  be heav i ly  involved i n  t ruck  a c c i d e n t s ,  the 

s imula t ion  of t ruck  performance on such ramps, and the  cons ide ra t ion  of 

acc iden t  countermeasures,  the  fo l lowing can be concluded. 

1) Truck loss-of-control  acc iden t s  on in terchange ramps a r e  

predominantly by r o l l o v e r  and jackknife  events.  The r e l a t i v e l y  "clean" 

c h a r a c t e r  of the  roadside  on high-design highways r e s u l t s  i n  r a t h e r  few 

c o l l i s i o n s  wi th  f i x e d  o b j e c t s  off-road. On the  o t h e r  hand, because loaded 

t r u c k s  cannot genera l ly  p e n e t r a t e  f a r  onto s i d e  s lopes  which a r e  inc l ined  a t  

6:l o r  s t e e p e r  without r o l l i n g  over ,  many run-off-road i n c i d e n t s  r e s u l t  i n  

ro l lover .  

2 )  Jackknife  acc iden t s  predominate a t  s i t e s  where inadequate pavement 

f r i c t i o n  l e v e l s  p r e v a i l  dur ing wet weather. The loss-of-control  mechanism can 

e n t a i l  e i t h e r  a simple d e f i c i e n c y  of l a t e r a l  t r a c t i o n  on curves  due t o  near 

hydroplaning a t  the  t r a c t o r  d r i v e  wheels of empty v e h i c l e s  o r  due t o  l i g h t  

braking which causes lockup of t r a c t o r  d r i v e  wheels. Jackknife  acc iden t s  a r e  

a l s o  found ahead of curves which appear t o  pose a t h r e a t  of r o l l o v e r  t o  

v e h i c l e s  t r a v e l i n g  near  or  above t h e  advisory  speed. Apparently, t ruck  

d r i v e r s  apply excess ive  braking i n  an a t tempt  t o  reduce speed before  e n t e r i n g  

the  curve ,  s u f f e r i n g  the  wheel lockup cond i t ions  causing jackknife  before  t h e  

curve i s  reached. 

3 )  Rollover acc iden t s  a r e  p r e c i p i t a t e d  a t  s i t e s  having high l e v e l s  of 

s i d e  f r i c t i o n  demand, p a r t i c u l a r l y  i f  ( a )  supere leva t ion  i s  l a r g e l y  

undeveloped a t  the  po in t  of cu rva tu re ,  ( b )  a curb is  i n s t a l l e d  on the  ou t s ide  

of the  curve ,  c l o s e  t o  the  edge of the  t r a v e l e d  way, ( c )  a r e l a t i v e l y  

demanding curve i s  placed a t  the  bottom of a s u b s t a n t i a l  downgrade, ( d )  the  

curve appears e a r l y  i n  a ramp which i s  preceded by a s h o r t  d e c e l e r a t i o n  l a n e ,  

or ( e )  t h e  curve i s  placed l a t e  i n  a compound curve which e n t a i l s  a sharp- 

f l a t - s h a r p  sequence of curve r a d i i .  

4 )  The AASHTO p o l i c y  f o r  t h e  geometric des ign of curves provides f o r  

v i r t u a l l y  no margin of s a f e t y  a g a i n s t  r o l l o v e r  f o r  c e r t a i n  t rucks .  This 

d e f i c i e n c y  i n  the  des ign  po l i cy  i s  so s t a r t l i n g  t h a t  one can only assume t h a t  



the  highway engineer ing community has simply not had da ta  a v a i l a b l e  showing 

the  very low s t a b i l i t y  l i m i t s  of commercial vehic les .  The t rucks  of c r i t i c a l  

i n t e r e s t  l i e  a t  the  low end of the  r o l l  s t a b i l i t y  spectrum, p r imar i ly  a s  a  

r e s u l t  of h igh payload c e n t e r s  of g r a v i t y ,  but e x i s t  i n  s u b s t a n t i a l  numbers. 

Curves designed t o  s u i t a b l y  accommodate such t rucks  would have s i d e  f r i c t i o n  

f a c t o r  va lues  l imi ted  t o  approximately 50 percent  of the c u r r e n t  AASHTO- 

p resc r ibed  l i m i t s .  

5 )  The AASHTO po l i cy  f o r  the  l eng th  of d e c e l e r a t i o n  l anes  does not  

provide f o r  the  d e c e l e r a t i o n  of t ruck  combinations i n  a  manner analogous t o  

the  t rea tment  f o r  passenger cars .  For t rucks  t o  d e c e l e r a t e  s a f e l y  wi th in  the  

AASHTO-prescribed l e n g t h s ,  the  veh ic le  must apply s e r v i c e  brakes over the  f u l l  

l e n g t h  of the  d e c e l e r a t i o n  lane--rather than being allowed an i n i t i a l  3-second 

period f o r  coas t ing  i n  gear  upon e n t e r i n g  the  l a n e ,  a s  i s  assumed i n  t h e  

AASHTO c a l c u l a t i o n s .  Decelera t ion l anes  which would r e a l i s t i c a l l y  r e f l e c t  the  

braking c o n s t r a i n t s  of t r u c k s  would be 30 percent  t o  50 percent longer  than 

AASHTO g u i d e l i n e s  suggest .  

6 )  The tremendous mismatch between the  provided l eng ths  of a c c e l e r a t i o n  

l anes  and the  a c c e l e r a t i o n  l eng th  demands of loaded t rucks  may be prompting 

the  t r u c k  d r i v e r  t o  speed i n  the  l a t e r  p o r t i o n s  of many in terchange ramps i n  

o rde r  t o  m i t i g a t e  the  i n e v i t a b l e  c o n f l i c t s  a s soc ia ted  with merging. For ramps 

which e n t a i l  a  f i n a l  sharp  curve before  the  e x i t  t e rmina l ,  the  increased-speed 

s t r a t e g y  t h r e a t e n s  loss-of-control  i n  t h i s  curve. 

7 )  The AASHTO p o l i c y  of accept ing ramp downgrades a s  h igh as  8 percent 

may be i l l - adv i sed  a t  s i t e s  on which a  r e l a t i v e l y  sharp  curve remains t o  be 

nego t i a ted  toward t h e  bottom of the  grade. The low va lues  of p a r a s i t i c  and 

engine drag which e x i s t  r e l a t i v e  t o  the  t o t a l  weight of the  loaded t ruck  

combinations render  a  s u b s t a n t i a l  a c c e l e r a t i o n  c a p a b i l i t y  while coas t ing  i n  

gear  on downgrades. Thus, t rucks  a r e  p e c u l i a r l y  capable of s u b s t a n t i a l  speed 

i n c r e a s e s ,  even on r e l a t i v e l y  s h o r t  downgrade s e c t i o n s ,  un less  the  t ruck  

d r i v e r  a p p l i e s  braking t o  keep speed i n  check. 

8 )  Curve warning s i g n s  were observed t o  be improperly s e l e c t e d  o r ,  i n  

c e r t a i n  c a s e s ,  placed an i n s u f f i c i e n t  d i s t a n c e  ahead of the  curve,  consider ing 

the  g u i d e l i n e s  of t h e  Manual on Uniform T r a f f i c  Control  Devices [361. Given 



the  l i m i t e d  c a p a b i l i t i e s  of t rucks  t o  e i t h e r  withstand an excess ive  speed 

cond i t ion  without r o l l o v e r ,  o r  t o  s a f e l y  achieve the  braking l e v e l s  needed t o  

reduce speed i n  advance of a curve ,  the  inadequate use of warning s i g n s  w i l l  

c o n s t i t u t e  a more c r i t i c a l  de f i c iency  f o r  t ruck  opera t ions  than f o r  ca r s .  

7 . 2  Recommendations 

Steps  a r e  recommended f o r  implementation of the  s tudy f i n d i n g s  i n  behalf  

of improved t ruck  s a f e t y ,  i n  the  s h o r t  term, and more truck-cognizant highway 

des ign p o l i c i e s  i n  the  longer  term. 

1) P r o f e s s i o n a l  bodies concerned wi th  geometric des ign should review 

the  r e s u l t s  of t h i s  s tudy t o  determine the  e x t e n t  t o  which e i t h e r  d i r e c t  

adjustment of des ign l i m i t s ,  o r  a t  l e a s t  d i scuss ion  of t h e  s p e c i a l  concerns 

regarding t r u c k s ,  a r e  warranted i n  f u t u r e  r e v i s i o n s  of AASHTO design pol icy .  

It seems reasonable t o  suggest  t h a t  new highways intended t o  c a r r y  l a r g e  

volumes of t ruck  t r a f f i c  should be des igned,  i f  p r a c t i c a b l e ,  according t o  

c o n s t r a i n t s  such a s  ou t l ined  i n  Sec t ion  6 ,  on countermeasures,  r a t h e r  than a s  

permitted w i t h i n  cur ren t  AASHTO policy.  More g e n e r a l l y ,  those involved i n  

geometric des ign may a l s o  b e n e l i t  simply from gaining a b e t t e r  view of the  

performance limits which can be expected of heavy-duty t rucks .  

2 )  A broad sampling of in terchange ramps should be examined t o  

determine the  a c t u a l  prevalence of des ign f e a t u r e s  such a s  those  which were 

impl ica ted he re  a s  being p o t e n t i a l l y  troublesome f o r  heavy t rucks .  The 

"examination" should inc lude  e v a l u a t i o n  of :  

continuous s i d e  f r i c t i o n  f a c t o r s  through a l l  curves  on each sampled 

ramp, 

the  sequence and magnitude of r a d i u s  changes along compound curves ,  

l eng th  of d e c e l e r a t i o n  l a n e s  and r e l a t i o n s h i p  t o  sharp  curves ,  

downgrade s lope and l eng th  p r i o r  t o  sharp  curves ,  

curbs  placed c l o s e  t o  the o u t s i d e  edge of curved l a n e s ,  



* information impl ica t ing  low f r i c t i o n  l e v e l s  on high-speed ramp curves,  

and 

s igning p r a c t i c e s ,  given the  recommendations of the  MUTCD and the 

s p e c i a l  cons ide ra t ions  which t rucks  may need t o  achieve adequate 

warning. 

This recommendation sp r ings  from a  concern on the  p a r t  of the  research 

team t h a t  the des igns  found a t  the se lec ted  s i t e s  may be highly unusual. If 

such i s  the case ,  the  t echn ica l  community may s t i l l  p ress  t o  have the  des ign 

pol icy  revised i n  behalf of new highway cons t ruc t ion ,  but no major 

countermeasure program may be needed f o r  dea l ing  with e x i s t i n g  s i t e s .  On the  

o t h e r  hand, i f  the  des ign f e a t u r e s  implicated i n  t h i s  study a r e  found t o  

represen t  a  s u b s t a n t i a l  f r a c t i o n  of e x i s t i n g  ramps, then a  vigorous 

countermeasure a c t i v i t y  may be warranted. 

3 )  Should such a  survey study determine t h a t  the occurrence of slim 

s a f e t y  margins f o r  t rucks  c o n s t i t u t e s  a  broad n a t i o n a l  problem, e f f o r t s  should 

be mounted a t  the  n a t i o n a l  l e v e l  t o  ( a )  eva lua te  and recommend countermeasures 

which may bbe implemented a t  e x i s t i n g  s i t e s  and (b)  develop a  major program 

f o r  guiding the  a p p l i c a t i o n  of such countemeasures  and f o r  encouraging t h e i r  

implementat ion  around the  country. The p r a c t i c a l  focus of the countermeasure 

eva lua t ion  program w i l l  l i k e l y  be on signage. The e f f e c t i v e n e s s  of both 

s tandard and s p e c i a l  s igning should be examined, p a r t i c u l a r l y  with the  b e n e f i t  

of experience gained a t  the  S t a t e  l e v e l  on the  use of s p e c i a l  warning s igns  

f o r  trucks.  

4) To whatever e x t e n t  the survey determines t h a t  ramps having "problem" 

des ign f e a t u r e s  e x i s t ,  elements wi thin  the t rucking i n d u s t r y ,  a s  well  a s  

Federal  agencies  concerned with t rucking sa.fety,  should take s t e p s  t o  inform 

t ruck  d r i v e r s  on the  s a f e t y  precaut ions  which a r e  warranted. I f ,  f o r  example, 

many in terchange ramps provide a  near-zero margin of s a f e t y  f o r  t rucks  l y i n g  

i n  the region of 0.24 g r o l l o v e r  th resho ld ,  a  vigorous program of pub l i c  

information may be needed t o  advise t ruck  d r i v e r s  t h a t  the  posted advisory 



1 speeds can be p a t e n t l y  misleading . Since r o l l o v e r  i s  o f t e n  f a t a l  t o  the  

t ruck  d r i v e r ,  the se r iousness  of the  advisory speed mat ter  reaches  the  l e v e l  

of a moral imperative.  

I n  consider ing methods f o r  communicating such s a f e t y  messages t o  the  

t ruck  d r i v e r ,  i t  i s  recommended t h a t  the  c u r r e n t  s a f e t y  f i l m  i n i t i a t i v e  being 

mounted by a j o i n t  e f f o r t  of the  Motor Vehicle Manufacturers Associa t ion p lus  

the  t ruck ing  i n d u s t r y ,  d r i v e r s '  union,  and Federal  s a f e t y  agencies  be 

monitored. I f  t h i s  d i s t r i b u t i o n  mechanism proves e f f e c t i v e ,  a d d i t i o n a l  s a f e t y  

f i l m s  such a s  "What Truck Drivers  Need t o  Know about Freeway Ramps" should be 

produced. It may a l s o  be use fu l  t o  consider  an accompanying f i l m  on "What 

Truck Drivers  Need t o  Know about Highway Signs." P a r t i c u l a r l y  i f  s p e c i a l  

t ruck  warning s i g n s  a r e  developed f o r  broad n a t i o n a l  usage,  i t  might be h ighly  

d e s i r a b l e  t o  r e i n f o r c e  the  s i g n s '  e f f e c t i v e n e s s  with an explanatory  message t o  

d r i v e r s .  

4 )  S t a t e  departments of t r a n s p o r t a t i o n  would be we l l  advised t o  

i n i t i a t e  p r o j e c t s  reviewing ramp s i t e s  having a h i s t o r y  of acc iden t s  wi th  

heavy-duty t r u c k s ,  i n  l i g h t  of the  f i n d i n g s  of t h i s  study. Since many S t a t e s  

contacted dur ing the  accident-data phase of t h i s  s tudy showed the  c l e a r  

c a p a b i l i t y  f o r  i d e n t i f y i n g  such i n d i v i d u a l  ramp s i t e s ,  t h e r e  seems t o  be a 

ready mechanism f o r  focusing the  new knowledge d i r e c t l y  on the  b igges t  problem 

cases.  While it may develop t h a t  geometric modif ica t ions  t o  many of these  

s i t e s  i s  not  c u r r e n t l y  p r a c t i c a b l e ,  the  use of improved warning and advisory 

speed s ign ing ,  o r  perhaps the  removal of cu rbs ,  may s t i l l  o f f e r  e f f e c t i v e  

short- term countermeasures. C l e a r l y ,  the  magnitude of the  s a f e t y  problem a t  

c e r t a i n  s i t e s  may warrant  immediate c o r r e c t i v e  a c t i o n ,  a s  b e s t  the  highway 

engineer  can formulate such a c t i o n ,  without wai t ing f o r  the  formal eva lua t ion  

. of countermeasures a s  ou t l ined  above. 

5 )  The assurance of adequate pavement f r i c t i o n  l e v e l  f o r  s a f e  opera t ion  

of t r u c k s  c a l l s  f o r  new resea rch  i n  the  a r e a  of t r u c k  t i r e  t r a c t i o n ,  wi th  

re fe rence  t o  the  ASTM Skid Number c h a r a c t e r i z a t i o n .  The goa l  of t h i s  research 

'one l a r g e  n a t i o n a l  f l e e t ,  operated by the  Linde Divis ion of the  Union 
Carbide Corporation has  a l ready  mandated t h a t  i t s  d r i v e r s  of cryogenic 
t ankers  t r a v e l  a t  10 mi/h (16 km/h) below t h e  advisory speed on a l l  
freeway ramps. 



would be a gu ide l ine  by which S t a t e s  may modify t h e i r  c r i t e r i a  f o r  su r face  

f r i c t i o n  maintenance a t  c e r t a i n  s i t e s  having a l a r g e  volume of high-speed 

t ruck  t r a f f i c .  The assumption, of course ,  i s  t h a t  the ASTM SN 

c h a r a c t e r i z a t i o n  i s ,  indeed,  s e n s i t i v e  t o  pavement t e x t u r e  and composition i n  

a manner which i s  s u f f i c i e n t l y  s i m i l a r  t o  the  t r a c t i o n  s e n s i t i v i t i e s  of t ruck 

t i r e s  t h a t  i t  w i l l  s e rve  t o  u s e f u l l y  determine the pavement p r o p e r t i e s  

a s sur ing  minimum t ruck  t i r e  t r a c t i o n  performance. To d e a l  d i r e c t l y  with the  

methodological problem of a ssess ing  skid numbers on ramp curves ,  i t  i s  

recommended t h a t  FHWA's recent  developments on t h i s  sub jec t  be presented t o  

S t a t e  highway departments i n  the  context  of measuring ramp skid numbers where 

t rucks  have experienced f requent  wet-weather accidents .  
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