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APPENDIX A 

GEOMETRIC ANALYSIS OF RAMP SITES 

I n  t h i s  s e c t i o n ,  t h e  geometric des ign of each of the  f i f t e e n  (15) 

s e l e c t e d  ramp s i t e s  i s  c r i t i q u e d  from the  viewpoint of the  des ign 

p o l i c i e s  recommended by AASHTO. Since a l l  of t h e  ramps i n  ques t ion ,  and 

of course v i r t u a l l y  a l l  of the  U.S. highway system, was designed p r i o r  

t o  1984, we have chosen t o  eva lua te  ramp des igns  according t o  the  "Blue 

Book" des ign  po l i cy  which was s t i p u l a t e d  i n  1965 r a t h e r  than the c u r r e n t  

"Green Book" published i n  1984. The eva lua t ions  inc lude  review of s i d e  

f r i c t i o n  f a c t o r s  which c h a r a c t e r i z e  curves on each ramp, t h e  shoulder ,  

crown, and roadside  f e a t u r e s ,  t h e  development of supere leva t ion ,  

d e c e l e r a t i o n  l a n e  p rov i s ions ,  t r a f f i c  c o n t r o l  dev ices ,  and summary 

comments on the  acc iden t  p i c t u r e  and prospect ive  acc iden t  

countermeasures. The s i t e s  a r e  simply evaluated r e l a t i v e  t o  the  des ign 

p o l i c y ,  i n  t h i s  s e c t i o n ,  and a r e  not  d iscussed from the  viewpoint of the  

adequacy of the  p o l i c y ,  given the  s p e c i a l  maneuvering l i m i t a t i o n s  of 

heavy-duty t rucks .  

Please  note  t h a t  a l l  r e fe rences  t o  geometric des ign po l i cy  r e f e r  

t o  "A Po l i cy  on Geometric Design of Rural Highways," American 

Associa t ion of S t a t e  Highway O f f i c i a l s ,  1965, and t h a t  a l l  r e fe rence  t o  

t r a f f i c  signage r e f e r s  t o  the  "Manual on Uniform T r a f f i c  Control  Devices 

f o r  S t r e e t s  and Highways ," U. S. Government P r i n t i n g  Off i c e ,  Washington, 

D.C. ,  1978. 

SITE ONE 

Desc r ip t ion  

S i t e  One, shown i n  Figure  1 ,  i s  a  r u r a l ,  s ing le - l ane ,  16-foot 

o u t e r  loop ramp i n  a p a r t i a l  clover-leaf in terchange.  The acc iden t  

concen t ra t ion  a t  t h i s  s i t e  t akes  p lace  along the  l a s t  of t h r e e  reverse  

curves. Therefore ,  the  a n a l y s i s  focuses  on curve ( 3 ) .  The ramp s t a r t s  

wi th  a 200-foot (61 m) s p i r a l  curve ,  followed by curve ( 1 )  whose rad ius  
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1570 ' 
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CURVE DATA 

PC = 33+21.73 
PT = 35+43.74' 9 - R o l l o v e r  

R = 342.06 '  J - J a c k k n i f e  
L = 222.01' 
D = 16O 4 5 '  

Figure 1. Layout of s i t e  1 



i s  449 f e e t  (138 m), which i s  equ iva len t  t o  a degree of cu rva tu re  of 

12.8 degrees.  Curve 1 i s  followed by two s p i r a l  curves ,  both  150 f e e t  

(46 m) long. Curve ( 2 )  has a r a d i u s  of 520 f e e t  (159 m), and a degree 

of cu rva tu re  of 11 deg. Curve (3 )  has a r a d i u s  of 342 f e e t  (104 m), and 

a degree of cu rva tu re  of 16.8 degrees.  The curve ( 3 )  p o r t i o n  of the  

roadway s p l i t s  off  curve ( 2 )  and i s  preceded and followed by s p i r a l  

cu rves ,  both  150 f e e t  (46 m) long. The ramp i s  c u r r e n t l y  posted wi th  an 

advisory speed of 35 mi/h (56 km/h) and was o r i g i n a l l y  designed i n  1956. 

Geome t r i c s  

F r i c t i o n a l  Factor.  Using a maximum supere leva t ion  value  of .08 

f e e t  per  f o o t  (.08 d m ) ,  a s  i n d i c a t e d  on the  p lans ,  the  f r i c t i o n a l  f o r c e  

required a t  t h e  35 mi/h (56 km/h) advisory  speed was determined t o  be 

. l o ,  .08, and .16 f o r  curves  ( I ) ,  ( 2 ) ,  and ( 3 ) ,  r e spec t ive ly .  A t  40 

mi/h (64 km/h), the  f r i c t i o n a l  f a c t o r  va lues  a r e  .16, .13, and .23, 

r e spec t ive ly .  The maximum f r i c t i o n a l  f o r c e  values  recommended by AASHTO 

a r e  .I55 and .15 a t  35 and 40 mi/h (56 and 64 km/h), r e spec t ive ly .  The 

d i f f e r e n c e  between the  AASHTO 35 mi/h (56 km/h) maximum "f" value  and 

t h a t  demanded on curve ( 3 )  i s  viewed a s  n e g l i g i b l e ;  t h e r e f o r e ,  wi th  the  

ramp superelevated a t  .08, t h e  35 milh (56 km/h) advisory  speed i s  

appropr ia te .  However, t h e  f r i c t i o n a l  f a c t o r  l e v e l s  f o r  supere leva t ion  

va lues  l e s s  than t h a t  taken a s  the  nominal value along curve ( 3 )  deserve  

more c o n s i d e r a t i o n ,  and w i l l  be d iscussed i n  conjunct ion wi th  the  

supere leva t ion  development below. 

~houlder /Crown and Roadside Development. The ramp has an 8-ft-  

wide (2.44-m) shoulder  a long t h e  i n n e r ,  o r  r i g h t ,  edge. This shoulder  

mainta ins  the  same s lope a s  the  supere levated ramp, and develops an 8-ft  

(2.44 m) v e r t i c a l  curve. Along t h e  l e f t  s i d e  of the  ramp i s  a 3-ft-wide 

(0.9-m) shou lde r ,  wi th  the  f i r s t  1.5 f t  (0.45 m) of shoulder  width held 

a t  the  roadway superelevated value. The remaining 1.5 f t  (0.45 m) a r e  

noted on the  p lans  a s  being "rounded;" t h i s  i s  assumed not t o  exceed the  

.07 f t / f t  (.02 m/m) break i n  grade between the  shoulder  and road 

pavement recommended by AASHTO. Both t h e  shoulder  widths and shoulder  



s lope f a l l  w i t h i n  the  p o l i c i e s  ou t l ined  by AASHTO. D e t a i l s  concerning 

the  crown development and the back s lope  r a t e  were not  ava i l ab le .  

Superelevat ion Development. The plans  i n d i c a t e  t h a t  from s t a t i o n  

32+44 t o  35+00 the  road i s  supere levated from ,002 t o  .08, wi th  -08 

being the  des ignated maximum supere leva t ion  value.  However, t h e  .08 

f t / f t  ( -08  m/m) value i s  not  a t t a i n e d  u n t i l  s t a t i o n  35+00 i s  reached. 

This p laces  e s s e n t i a l l y  a l l  of the  t r a n s i t i o n  along curve ( 3 )  and leaves  

only 43 f  t (13 m) of the  curve a t  the  .08 value. Since the re  a r e  two 

connecting s p i r a l s  p r i o r  t o  the  curve,  i t  i s  not c l e a r  why the  

t r a n s i t i o n  t o  the maximum supere leva t ion  was not  c a r r i e d  out  along t h i s  

length .  These s p i r a l s  a r e  of adequate l eng th  t o  have f u l l y  developed 

the  maximum supere leva t ion  prescr ibed f o r  curve ( 3 ) .  Following the  PT, 

a 200 f t  (61 m) s p i r a l  curve i s  shown. This would be a more than 

s u f f i c i e n t  l eng th  t o  r e t u r n  t o  the normal crown from a supere leva t ion  

value of .08. Thus, by u t i l i z i n g  the  two s p i r a l s  shown on the  p lans ,  

the  whole of the  curve could have been superelevated a t  the  maximum 

value of .08 f t / f t  (.08 m/m). 

The f r i c t i o n a l  f a c t o r  required a t  the  35 mi/h (56 km/h) advisory  

speed,  wi th  a maximum supere leva t ion  of .08 i s  .16. The f r i c t i o n a l  

f a c t o r  c a l c u l a t i o n s  previously  ou t l ined  assume t h a t  e s s e n t i a l l y  the  

e n t i r e  curve was supere levated a t  the  nominal .08 value. Using the  

t r a n s i t i o n  informat ion on the  p lans ,  the  f r i c t i o n a l  f o r c e  values  were 

c a l c u l a t e d  f o r  the  range of supere leva t ion  values  developed over the  

major i ty  of t h e  curve. The f r i c t i o n a l  f a c t o r  required a t  the  cur ren t  35 

mi/h (56 km/h) a r e  thus  excess ive ly  high when compared t o  the  nominal 

recommended maximum of ,155 f o r  t h i s  speed, However, a t  30 mi/h (48 

km/h), a l l  of the  f r i c t i o n a l  f a c t o r  values  f a l l  wi th in  the  AASHTO 

maximum of .16. Therefore ,  recognizing t h a t  69 percent  of the  curve i s  

not  supere levated a t  the  maximum of .08, a 30 mi/h (48 km/h) advisory 

speed i s  appropr ia te .  

Decelera t ion Lane. Referr ing t o  Figure 1 ,  some 1570 f t  (479 m) of 

a connecting ramp i s  covered before  reaching curve (3).  In  a d d i t i o n ,  

t h e r e  i s  a 500 f t  (152 m) long d e c e l e r a t i o n  lane  along the  approach t o  

t h i s  connecting ramp. Therefore ,  adequate d i s t a n c e  i s  a v a i l a b l e  t o  



d e c e l e r a t e  t o  the  posted advisory  speed from 55 mi/h (88 km/h) f o r  the  

connecting ramp a s  we l l  a s  f o r  s i t e  1. 

Non-Geometrics 

T r a f f i c  Control  Devices. There a r e  only two s i g n s  re levan t  t o  

s i t e  1. Near the  PC of curve ( 1 )  a t  the  nose of the  connecting ramp 

(approximately 1570 f t  (479 m) preceding curve ( 3 ) )  i s  a  35 mi/h (56 

km/h) e x i t  speed advisory  s i g n  ( type W 13-2, a s  def ined i n  the  Manual on 

Uniform T r a f f i c  Control  Devices, MUTCD). Following t h i s  s i g n  a t  the  

downstream end of curve ( 3 )  i s  a  YIELD s i g n  (Rl-2). This YIELD s i g n  i s  

appropr ia te ly  p laced,  a s  t h e  a c c e l e r a t i o n  l ane  i s  only some 480 f t  (146 

m) i n  length.  The AASHTO recommended minimum a c c e l e r a t i o n  lane  t o  

a t t a i n  a  55 mi/h (88 km/h) highway speed i s  approximately 600 f t  (188 

m). Using the  o r i g i n a l  t r a f f i c  c o n t r o l  device  p lan,  two 4-in (0.1-m) 

edge l i n e s  along the  ramp a r e  indicated.  It i s  assumed t h a t  t h e  r i g h t ,  

l a n e  edge l i n e  i s  whi te ,  wi th  the  l e f t  edge l i n e  being yellow. This 

development, a s  we l l  a s  the  speed advisory  and YIELD s i g n  placements, 

meet the  recommendations ou t l ined  i n  the  MUTCD. 

Accident Observations and Candidate Design Corrections.  A l l  of 

the  f o u r  t ruck  a c c i d e n t s  included f o r  study repor ted  excess ive  speed. 

A l l  occurred i n  d a y l i g h t  hours ,  wi th  two taking place  on wet pavement. 

It appears t h a t  s e v e r a l  f a c t o r s  may be c o n t r i b u t i n g  t o  these  acc iden t s :  

( 1 )  the  l ack  of a  speed advisory s i g n  s p e c i f i c a l l y  f o r  curve ( 3 ) ;  ( 2 )  

the  l a c k  of prescr ibed supere leva t ion  development, which, i n  t u r n ,  

suggests  an inappropr ia te  advisory  speed; and ( 3 )  i n s u f f i c i e n t  

a c c e l e r a t i o n  l ane  l eng th  a t  the  e x i t  of curve (3).  Referr ing t o  Figure 

1,  s i t e  1  begins a f t e r  t r a v e r s i n g  two r e l a t i v e l y  large-radius  curves on 

t h i s  ramp. That i s ,  e s s e n t i a l l y  a l l  of the  connecting ramp leng th  must 

be nego t i a ted  before  reaching curve (3) .  

Countermeasures include an over lay  t o  inc rease  the  r a t e  of 

supere leva t ion  along the  s p i r a l  i n  o rde r  t o  supere leva te  the  e n t i r e  

curve a t  the  .08 f t / f t  (.08 m/m) value. Assuming t h i s  i s  done, the  

placement of a  curve warning s i g n  wi th  35 mi/h (56 km/h) speed p l a t e  



a t t ached  p r i o r  t o  curve ( 3 )  i s  appropr ia te .  This 35 mi/h (56 km/h) 

speed value  i s  wi th in  the  des ign pol icy  value f o r  the  proper ly  

supere levated curve ,  and i s  i n  keeping wi th  the  o v e r a l l  ramp speed 

advisory.  I f  wedging curve ( 3 )  i s  not  poss ib le ,  the  curve speed 

advisory signage should be lowered t o  30 mi/h (48 km/h). F i n a l l y ,  an 

inc rease  i n  the  a c c e l e r a t i o n  lane  l eng th  would be c a l l e d  f o r  according 

t o  des ign policy.  By inc reas ing  the  l eng th  of the  a c c e l e r a t i o n  l ane  by 

120 f t  (37 m), the  YIELD s i g n  could be removed. This may reduce the  

number of acc iden t s  occurr ing i n  the  ramp nose a r e a ,  where merging 

c o n f l i c t s  a r e  otherwise an t i c ipa ted .  

SITE TWO 

Descr ip t ion 

S i t e  Two i s  concerned wi th  two of four  curves found on one of the  

inner  loops of a two-quadrant, p a r t i a l  clover-leaf-type r u r a l  

interchange.  Referr ing t o  Figure 2,  curve ( 1 )  has a r ad ius  of 

approximately 250 f t  (26 m), wi th  curvature  of 23 deg. Curve ( 2 )  has a 

r ad ius  of 520 f t  (159 m), wi th  curva tu re  of 11 deg. Curves ( 3 )  and ( 4 )  

w i l l  be the  focus  of the  a n a l y s i s  because of the  concentra t ion of 

accidents .  Curve ( 3 )  has a r ad ius  of 521 f t  (159 m ) ,  and curva tu re  of 

11.8 degrees. The rad ius  of curve ( 4 )  i s  252 f t  (77 m), wi th  curvature  

of 22.8 degrees. The e n t i r e  ramp is  posted with an advisory speed of 25 

mi/h (40 km/h), and was o r i g i n a l l y  designed i n  1956. 

F r i c t i o n a l  Factor.  The amount of f r i c t i o n a l  f o r c e  needed a t  25 

mi/h (40 kmlh) was determined f o r  a l l  f o u r  curves on t h i s  ramp. The 

supere leva t ion  value used was the  maximum ind ica ted  on the  p lans ,  .08 

f t / f t  (.08 m/m). The f r i c t i o n a l  f a c t o r s  f o r  curves (1) and ( 2 )  were 

determined t o  be .09 and -00 ,  r e spec t ive ly .  Curves ( 3 )  and ( 4 )  have 

r e s u l t i n g  'If" values  of ,003 and .09, respect ively .  A l l  of these  values 



C U R V E  D A T A  

R - R o l l o v e r  
J - J a c k k n i s e  
0  - Other 

F i g u r e  2.  Layout  of s i t e  2 
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a r e  low r e l a t i v e  t o  des ign policy.  F r i c t i o n a l  f a c t o r s  f o r  30 mi/h (48 

km/h) were a l s o  c a l c u l a t e d ,  r e s u l t i n g  i n  values  of 16, .04, .04, and 

. I 6  f o r  curves (1 )  through ( 4 ) ,  r e spec t ive ly .  The f r i c t i o n a l  f a c t o r  

values  f o r  both 25 and 30 mi/h (40 and 48 km/h) equal o r  f a l l  wi th in  the  

maximum recommended values  of .I65 and .16 es tab l i shed  by AASHTO f o r  

these  respec t ive  speeds. 

Shoulder/Crown Development. The shoulder and crown development 

f o r  S i t e  Two i s  i d e n t i c a l  t o  t h a t  d iscussed f o r  S i t e  One. 

Superelevat ion Development. While t h e  plans a r e  not s p e c i f i c ,  i t  

i s  assumed t h a t  a maximum superelevat ion value  of .08 i s  being 

maintained through curves ( 3 )  and ( 4 )  a f t e r  being developed a t  the  

beginning of the  ramp, Following curve ( 4 ) ,  a  200 f t  (61 m) s p i r a l  

curve i s  shown, presumably being used t o  r e t u r n  t o  a normal road crown. 

This 200 f t  (61 m) l eng th  i s  more than adequate t o  g radua l ly  bank out of 

the  maximum superelevated por t ion,  

Decelera t ion Lane. The d e c e l e r a t i o n  lane  i s  approximately 355 f t  

(108 m) long. This i s  45 f t  (14 m) Less than the  AASHTO recommended 

minimum of 400 f t  (122  m) which a r e  needed t o  d e c e l e r a t e  from 55 t o  25 

mi/h (88 t o  40 km/h). However, some 1,430 f t  (436 m) a r e  t r ave led  along 

t h e  ramp before reaching the  problemmatical curve,  number (4).  

Therefore ,  while the  d e c e l e r a t i o n  l ane  i s  viewed a s  too s h o r t ,  the  

discrepancy i s  moot s i n c e  t h e  acc iden t s  a r e  occurr ing 1,585 f t  (483 m) 

downstream of the  ramp nose. 

Non-Geometrics 

T r a f f i c  Control  Devices. Five warning s i g n s  a r e  placed along the 

e n t i r e  ramp. The f i r s t  i s  a  25 mi/h (40 km/h) ramp speed advisory s i g n  

(W13-3) a t  s t a t i o n  34+70, followed by a r i g h t  curve warning s i g n  (Wl-1R) 

with a 25 mi/h (40 km/h) advisory speed p l a t e  a t t ached  below located a t  

approximately s t a t i o n  32+50. Traveling a t  25 mi/h (40 km/h), 25 seconds 

e lapse  before the  d r i v e r  encounters the  curve. The placement of t h i s  

curve warning s i g n  i s  too f a r  i n  advance of the  curve. Since no 



reduc t ion  i n  speed i s  r equ i red ,  placement of t h e  warning s i g n  

approximately 200 f t  (61 m) i n  advance of curve ( 4 )  would be s u f f i c i e n t .  

A t  s t a t i o n s  19+80 and 20+70, two 8 f t  x  4  f t  t a r g e t  arrow warning s i g n s  

(Wl-6) a r e  i n  p lace ,  followed by a  merging t r a f f i c  warning s i g n  (W4-1) 

wi th  a  merge p l a t e  a t t ached  below. E s s e n t i a l l y  a l l  of t h e  warning 

informat ion i s  focusing on the sharp  path  change when t r a v e l i n g  from 

curve ( 3 )  i n t o  curve (4). The 25 mi/h (40 km/h) curve advisory midway 

through the ramp, a s  wel l  a s  the  t a r g e t  arrow s i g n s ,  a t tempt  t o  warn 

d r i v e r s  of t h i s  f i n a l  curve. The balance of the  signage placement and 

s e l e c t i o n  i s  i n  keeping wi th  the  Manual on Uniform T r a f f i c  Control  

Devices. 

The pavement markings ind ica ted  on the  p lans  inc lude  two 4-in 

(0.1-m) pavement edge l i n e s  along both the  inner  and o u t e r  l ane  edge. 

Assuming t h a t  the  i n n e r ,  o r  r i g h t ,  edge l i n e  i s  yellow and the  o u t e r  one 

whi te ,  the  t rea tment  meets those  ou t l ined  i n  the  MUTCD f o r  in terchange 

ramps of t h i s  type. 

Accident Observations and Candidate Design Corrections.  Six of 

t h e  e i g h t  t ruck  acc iden t s  s t a t e d  t h a t  excess ive  speed was the  causa l  

f a c t o r  of the  accident .  Due t o  the  generous rad ius  of curve ( 2 ) ,  

d r i v e r s  appear t o  be over-driving the  c e n t e r  por t ion  of the  ramp. 

However, upon e n t e r i n g  the  l a s t  curve,  loss-of-control  i s  evident  by t h e  

concen t ra t ion  of a c c i d e n t s  i n  the  a r e a  of curve ( 4 ) .  This i s  due t o  the  

sharp  path  change caused when t r a v e l i n g  from curve ( 3 ) ,  wi th  a  r ad ius  of 

some 500 f t  (152 m), i n t o  curve ( 4 ) ,  wi th  a  r a d i u s  of j u s t  252 f t  (77 

m). Poss ib le  countermeasures inc lude  the  i n s e r t i o n  of a  100-ft (30-m) 

s p i r a l  curve between curves ( 3 )  and (4).  The i n s e r t i o n  of the  s p i r a l  

would he lp  t o  a l l e v i a t e  some of the  d i s c o n t i n u i t y  i n  the  o v e r a l l  ramp 

design.  F u r t h e r ,  the  replacement of the  t a r g e t  arrows with s i x  chevrons 

(Wl-8) o u t l i n i n g  both curves ( 3 )  and ( 4 )  may a l s o  he lp  d r i v e r s  wi th  t h i s  

path  change. F i n a l l y ,  i t  appears adv i sab le  t o  suggest  r e t e n t i o n  of the  

e x i s t i n g  advisory  s ignage,  but  wi th  a  change of speed advisory  t o  30 

mi/h (48 km/h) and r e l o c a t i o n  of the  curve advisory s i g n  t o  a  point  

which i s  200 f t  (61 m) ahead of curve (3).  The 30 mi/h (48 km/h) 

advisory speed i s  seen a s  the  c l o s e s t  t o  an o v e r a l l  ramp speed va lue ,  

consider ing the  var iance  i n  r a d i i  present .  



SITE THREE 

Descr ip t ion 

S i t e  Three i s  one por t ion  of an i n n e r  loop,  two-quadrant, p a r t i a l  

clover-leaf-type r u r a l  interchange.  It has one curve wi th  a  r ad ius  of 

249 f t  (76 m) and a  degree curvature  of 23 deg. The ramp has a  s i n g l e  

r igh t - tu rn ing  16-ft-wide (4.9-m) l a n e ,  c u r r e n t l y  posted wi th  an advisory 

speed of 25 mi/h (40 km/h). The ramp i s  p ic tu red  i n  Figure  3 and was 

designed i n  1956. 

Geome t r i c s  

F r i c t i o n a l  Factor.  F r i c t i o n a l  f a c t o r  values  of .09 and .16 a r e  

required t o  n e g o t i a t e  the  curve a t  advisory speeds of 25 and 30 mi/h (40 

and 48 km/h), g iven a  maximum supere leva t ion  value  of .08 f t / f t  ( -08  

d m ) .  These values  a r e  wi th in  the  AASHTO recommended maximum f r i c t i o n a l  

f a c t o r  values  of -165 and -16 f o r  these  speeds ,  r e spec t ive ly .  Thus, 

v e h i c l e s  can d r i v e  the  ramp a t  30 mi/h (48  km/h) and s t i l l  remain wi thin  

recommended f r i c t i o n a l  f a c t o r  values.  However, the supere levat ion 

development along the  ramp i s  i n  question.  F r i c t i o n a l  f a c t o r  values  f o r  

l e s s  than t h e  ind ica ted  .08 supere leva t ion  value  were ca lcu la ted .  These 

values  a r e  d iscussed i n  conjunct ion wi th  the  supere leva t ion  development 

i n  t h a t  sec t ion .  

Shoulder/Crown Development. The shoulder and crown development 

f o r  S i t e  Three i s  i d e n t i c a l  t o  t h a t  ou t l ined  f o r  S i t e  One. 

Superelevat ion Development. The plans  f o r  S i t e  Three i n d i c a t e  

t h a t  the  supere leva t ion  i s  developed from .04 t o  .08 f t / f t  (.04 t o  -08 

m/m) through 183.50 f t  (56 m). One Hundred and Seventy-One f e e t  (52 m) 

of t h i s  t o t a l  i s  beyond the  PC of the ramp. This l eaves  only 40 percent 

or  some 264 f  t (80 m) of the  curve held a t  the  maximum superelevat ion 

value of .08 f t / f t  (.08 m/m), Using the t r a n s i t i o n  information on the  

p lan,  the  f r i c t i o n a l  f o r c e  va lues  were c a l c u l a t e d  f o r  the  range of 
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supere leva t ion  values  developed over the  major i ty  of the  curve. The 

f r i c t i o n a l  f o r c e  required a t  the  c u r r e n t  25 mi/h (40 km/h) advisory 

speed f o r  these  "e" values  range from .ll t o  .13. A t  30 mi/h (48 km/h), 

these  values  range from .18 t o  .20. The values a t  the  30 mi/h (48 km/h) 

speed exceed the  AASHTO recommended maximum of .16. Also ind ica ted  i s  a 

s p i r a l  curve preceding the  curve PC which i s  150 f t  (46 m) long. It i s  

not  c l e a r  why the  e n t i r e  supere leva t ion  t r a n s i t i o n  was not c a r r i e d  out  

using the s p i r a l  l eng th  exclus ively .  A s p i r a l  curve l eng th  of 150 f t  

(46 m) i s  more than adequate f o r  achieving the  maximum supere leva t ion  

value  without us ing any of the  curve i t s e l f  f o r  the  t r a n s i t i o n  t o  the  

maximum supere leva t ion  value. Following t h e  PT of the  ramp curve,  the  

.08 value  i s  held through the  connecting 992 f t  (302 m) curve. 

Decelera t ion Lane. A d e c e l e r a t i o n  l ane  approximately 375 f t  (114 

m) i n  l e n g t h  i s  provided on the  approach t o  the  ramp. This l ane  l eng th  

i s  marginally l e s s  than the  400 f t  minimum value  recommended by AASHTO 

i n  o rde r  t o  reduce t o  25 milh (40 km/h) from a highway speed of 55 mi/h 

(88 km/h). 

T r a f f i c  Control  Devices. Only one t r a f f i c  c o n t r o l  device  i s  i n  

p lace  along the  ramp. A 25 mi/h (40 km/h) ramp advisory  speed s i g n  

(W13-3) i s  loca ted  approximately 36 f t  (11 m) beyond the  curve PC. 

Remebering t h a t  l e s s  than hal f  of the  curve l eng th  i s  superelevated a t  

t h e  maximum va lue ,  the advisory  speed c u r r e n t l y  posted was re-evaluated. 

The f r i c t i o n a l  fo rce  values  a t  25 mi/h (40 km/h) ou t l ined  i n  the  

supere leva t ion  development s e c t i o n  d id  not  exceed the  AASHTO maximum 

value  of ,165 f o r  25 mi/h (40 km/h). Therefore,  even f o r  por t ions  of 

t h e  curve i n  which the supere leva t ion  i s  not  f u l l y  developed, the 

c u r r e n t l y  posted advisory speed i s  s t i l l  appropr ia te .  

Del ineator  placement d e t a i l s  were not a v a i l a b l e .  Four-inch (0.1- 

m) edge l i n e s  along both the  i n n e r  and ou te r  l a n e  edges a r e  ind ica ted  on 

the  plans.  



Accident Observations and Candidate Design Correct ions .  A l l  t h r e e  

of the  a c c i d e n t s  on the  S i t e  Three ramp occurred a t  n igh t  and each no tes  

excess ive  speed i n  the  repor t .  The l a c k  of d e c e l e r a t i o n  l a n e  l e n g t h ,  

inadequate supere leva t ion  development on the  curve ,  and l ack  of advance 

speed advisory  signage a r e  a l l  p o s s i b l e  causes f o r  the  concen t ra t ion  of 

these  t ruck  acc iden t s .  Countermeasures inc lude  expanding the  

d e c e l e r a t i o n  l a n e  l e n g t h  t o  400 f t  (122 m), wedging i n  more 

supere leva t ion  t o  b r ing  the  curve up t o  .08 f t / f t  (.08 m/m) of 

supere leva t ion ,  and p lac ing  a ramp advisory  speed s i g n  ( type W13-3) 

along the  d e c e l e r a t i o n  l a n e  some 400 f t  (122 m) i n  advance of the  ramp 

nose. 

SITES FOUR AND FIVE 

Descr ip t ion  

S i t e s  Four and Five cover t h r e e  curves which a r e  p a r t  of a r i g h t -  

t u r n i n g ,  four-curve, 16-ft-wide (4.9 m) ramp. This ramp i s  p a r t  of a 

t rumpet-s ty le ,  three- leg ,  r u r a l  in terchange.  The r a d i i  and degree of 

cu rva tu re  f o r  curves  ( 1 )  and ( 2 )  a r e  460 f t  (140 m), 300 f t  (91 m ) ,  12.5 

degrees ,  and 19.1 degrees ,  r e spec t ive ly .  Curves ( 3 )  and ( 4 )  have r a d i i  

of 200 f t  (61 m) and 600 f t  (183 m), degrees  of curvature  of 28.6 

degreesand 9.5 degrees ,  r e spec t ive ly .  The ramp i s  c u r r e n t l y  posted wi th  

an  advisory  speed of 20 mi/h (32 km/h), and was o r i g i n a l l y  designed i n  

1965. Figure 4 i l l u s t r a t e s  the  ramp and inc ludes  t h e  approximate 

l o c a t i o n  of the  t ruck  a c c i d e n t s  s tudied.  

Geornetrics 

F r i c t i o n a l  Factor.  The f r i c t i o n a l  f a c t o r  values  demanded along 

the  ramp, consider ing an i n d i c a t e d  maximum supere leva t ion  of .08, and 

t h e  advisory  speed of 20 mi/h (32 km/h), were determined. The 

f r i c t i o n a l  f a c t o r  f o r  the  four  curves were found t o  be -.02, .01, .05, 

and -.04, r e s p e c t i v e l y .  The f i r s t  and f o u r t h  values  desc r ibe  a minor 
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"f a l l - i n "  cond i t ion ;  t h a t  i s ,  a cond i t ion  i n  which the  supere leva t ion  

value  exceeds the  c e n t r i p e t a l  a c c e l e r a t i o n  developed due t o  the  

c u r v i l i n e a r  motion. The f r i c t i o n a l  f a c t o r  values  f o r  25 mi/h (40 km/h) 

a r e  .01, .06, -13 ,  and -.01, r e spec t ive ly .  A t  30 mi/h (48 km/h), the  

f r i c t i o n a l  f a c t o r  va lues  f o r  curves ( 1 )  through ( 4 )  a r e ,  r e s p e c t i v e l y ,  

.05, -12 ,  .22, and .02. A l l  of these  va lues  except the  .22 value f o r  

curve ( 3 )  a t  30 mi/h (48 km/h) f a l l  we l l  below the  AASHTO suggested 

maximum f r i c t i o n a l  f a c t o r  of .18, ,165, and .16 f o r  speeds of 20, 25, 

and 30 mi/h (32,  40, and 48 km/h), r e spec t ive ly .  

Shoulder/Crown and Roadside Development. Cross-sectional  

informat ion d e t a i l i n g  the  shoulder s l o p e ,  s i d e s l o p e ,  and road crown 

va lues  were not a v a i l a b l e .  An 8 f t  (2.4 m) shoulder along the  r i g h t  

edge of the  ramp l a n e ,  wi th  a 4 f t  (1.2 m) paved shoulder  along t h e  l e f t  

a r e  i n d i c a t e d  on the  plans.  These shoulder  widths fo l low the  t rea tment  

suggested by AASHTO f o r  a ramp of t h i s  type. The ramp was bordered by a 

curb on both s ides .  While the  curb  p r o f i l e  was not  def ined on the  

p l a n s ,  i t  appeared t o  be impl ica ted i n  the  r o l l o v e r  i n c i d e n t s  occurr ing 

a t  curve (3). 

Superelevat ion Development. A connecting s p i r a l  curve 400 f t  (122 

m) long a c t s  a s  the  t r a n s i t i o n  l e n g t h  along the  d e c e l e r a t i o n  lane.  This 

s p i r a l  develops a maximum supere leva t ion  value  of .08 f t / f t  (.08 m/m) 2 

f t  (.6 m) beyond the  PC of curve (1).  The .08 supere leva t ion  value  i s  

maintained through a l l  f o u r  curves. The connecting s p i r a l  f a l l s  we l l  

above the  minimum 100 f t  (30 m) l eng th  e s t a b l i s h e d  by AASHTO, and thus 

produces a gradual  t r a n s i t i o n  i n t o  a supere levated ramp curvature .  

Decelera t ion Lane. The d e c e l e r a t i o n  l a n e  i n  p lace  i s  

approximately 395 f t  (120 m) long,  inc lud ing  the  taper .  Since AASHTO 

recommends a t o t a l  l eng th  of 425 f t  (130 m ) ,  i nc lud ing  t a p e r ,  a s  being 

necessary  t o  d e c e l e r a t e  from a 55 mi/h (88 km/h) highway speed t o  the  20 

mi/h (32 km/h) advisory  speed,  t h i s  d e c e l e r a t i o n  l a n e  (which was 

probably designed wi th  a h igher  ramp speed i n  mind) i s  marginal  f o r  t h e  

posted speed condi t ion.  



Non-Geometrics 

T r a f f i c  Control  Devices. Only one warning s i g n  i s  i n  p lace  on the  

ramp. This s i g n  i s  an e x i t  20 mi/h (32 km/h) speed advisory s i g n  ( type 

W13-2). The placement of t h i s  s i g n  i s  approximately 2 f t  (.6 m) p r i o r  

t o  the  PC of curve (1).  D e t a i l s  concerning pavement l i n e  markings and 

d e l i n e a t o r  placement were not ava i l ab le .  The placement of t h i s  warning 

speed i s  i n  accordance with the  MUTCD, given t h a t  curve ( 3 )  a c t u a l l y  

posed the  c r i t i c a l  requirement f o r  the  advisory speed. 

Accident Observations and Candidate Design Corrections.  Most of 

t h e  t ruck  acc iden t s  a r e  occurr ing near the  beginning of t h e  ramp, 

a l though two r o l l o v e r  acc iden t s  were noted near the  c e n t e r  of curve ( 3 ) .  

The acc iden t s  appear a s  two types ,  namely, jackknife  events  which 

i n d i c a t e  heavy braking,  and l o s s  of c o n t r o l  i n  curves ( I )  and (2) .  The 

braking d e r i v e s  e i t h e r  from a r e a l  concern assoc ia ted  wi th  the  c r i t i c a l  

demands of curve (3 )  o r  from a perceived problem, given the  20 mi/h (32 

km/h) posted speed. Since the  20 mi/h (32 km/h) speed i s  unnecessar i ly  

low, given the s i d e  f r i c t i o n  f a c t o r s ,  some of the  jackknife  acc iden t s  

may be preventable  by inc reas ing  the  advisory speed. Since the  r o l l o v e r  

acc iden t s  tend t o  i n d i c a t e  simple over-speeding i n  curve ( 3 ) ,  however, 

i t  may be t h a t  an increased advisory  speed would lead t o  increased 

ro l lovers .  The con t r ibu t ing  f a c t o r  of these  acc iden t s  appears t o  be the  

combination of a s h o r t  d e c e l e r a t i o n  lane  and the  d ive r se  r a d i i  of curves 

(11,  ( 2 ) ,  and (3 ) .  Countermeasures include r a i s i n g  the e x i s t i n g  ramp 

advisory speed s i g n  t o  30 mi/h (48 km/h), and adding a ramp speed 

advisory approximately 350 f t  (102 m) i n  advance of the ramp, along the  

d e c e l e r a t i o n  lane.  Recognizing t h a t  curve (3 )  i s  the  sha rpes t  and most 

r e s t r i c t i n g  ramp geometry, i t  may be adv i sab le  t o  add a curve warning 

s ign  with a 25 mi/h (40 km/h) speed p l a t e  a t t ached ,  approximately 100 f t  

(30 m) i n  advance of the  curve. I n  a d d i t i o n ,  chevrons o u t l i n i n g  curve 

( 3 )  may help  emphasize the  sharpness of the  curve. Fur ther  

countermeasures include inc reas ing  the  d e c e l e r a t i o n  l ane  t o  a t  l e a s t  an 

o v e r a l l  l eng th  of 425 f t  (130 m) and the  i n s e r t i o n  of a 100 f t  (30 m) 

s p i r a l  curve between curves (1 )  and ( 2 ) ,  and between curves (2 )  and (3).  

I t  i s  recognized t h a t  the  o r i g i n a l  des igners  were dea l ing  with d i f f i c u l t  

space r e s t r i c t i o n s .  The s p i r a l  curve i n s e r t i o n s  a r e  i n  keeping wi th  the  



AASHTO recommendation t h a t  compound curve des igns  avoid the  jo in ing  of a 

f l a t t e r  curve t o  a sharper  curve whose r a d i i  vary by a f a c t o r  of 1.5 o r  

l a r g e r .  

SITE SIX 

Desc r ip t ion  

S i t e  Six  i s  a broken-back curve ,  r igh t - tu rn ing ,  d i r e c t  connection,  

r u r a l  ramp. Curves ( 1 )  and ( 2 )  (Figure  5 )  a r e  connected by a 291-ft 

(89-m) tangent  sec t ion .  Both have a r a d i u s  of 1400 f t  (427 m) and 

curva tu re  of 4 deg,  wi th  l e n g t h s  of 972 f t  (296 m) and 1645 f t  (502 m), 

r e spec t ive ly .  The roadway was o r i g i n a l l y  designed i n  1971, and i s  

c u r r e n t l y  posted wi th  an advisory  speed of 45 mi/h (72 km/h) f o r  t r u c k s ,  

and 55 mi/h (88 km/h) f o r  o t h e r  t r a f f i c .  Since the  t ruck  acc iden t s  

r e l e v a n t  t o  the  s tudy occur p r imar i ly  on curve ( I ) ,  t he  a n a l y s i s  w i l l  

focus  on the  i n i t i a l  p o r t i o n  of t h e  ramp. 

Geometrics 

F r i c t i o n  Factor.  The f r i c t i o n  f a c t o r  demanded on curve ( 1 )  was 

determined us ing the  minimum r a d i u s  equation.  The value  of maximum 

supere leva t ion  used was .05 f t / f  t (.05 m/m), a s  i n d i c a t e d  on the  plans.  

Both the  c u r r e n t  highway speed of 55 mi/h (88 km/h) and the  posted 

advisory  speed of 45 mph (72 kph) were used. The f r i c t i o n a l  f a c t o r  was 

determined t o  be .09 and .05 f o r  55 and 45 mi/h (88 and 72 km/h), 

r e spec t ive ly .  Both of these  values  a r e  we l l  below the  AASHTO 

recommended maximums of ,135 and .143 f o r  these  speeds. 

Shoulder/Crown and Roadside Development. Shoulder,  crown, and 

roadside  development d e t a i l s  covering t h e  recen t  period s i n c e  the  

roadway was resurfaced and expanded t o  two l a n e s  were not  a v a i l a b l e .  

However, us ing t h e  d e t a i l s  of these  elements applying t o  the o r i g i n a l  

des ign shows a 4 f t  (1.2 m) paved shoulder  along t h e  l e f t  l a n e ,  a 10 f t  

( 3  m) shoulder along the  r i g h t  l ane  f o r  the  f i r s t  1,036 f t  (316 m) of 

the  ramp, and a 17 f t  (5.2 m) shoulder  t h e r e a f t e r .  The 4 f t  (1.2 m) 
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shoulder  s l o p e s  a t  a  r a t e  of 2 percen t ,  wi th  both the  10 f t  ( 3  m) and 17 

f t  (5.2 m) shoulders  s lop ing  a t  6 percent.  The road crown value  i s  1.6 

percent  and both s i d e s l o p e s  a r e  6 t o  1. Recent p i c t u r e s  suggest  t h a t  

these  elements were not  s i g n i f i c a n t l y  modified when resur fac ing  and 

expanding the  14 f t  (4.3 m) s i n g l e  l ane  s e c t i o n  t o  212 f t  (3.7 m) lanes .  

These elements were found t o  f a l l  wi th in  those recommended by AASHTO. 

Superelevat ion Development. The d e t a i l s  of supere leva t ion  

development were a v a i l a b l e  f o r  only p a r t  of curve (1).  The plans  

i n d i c a t e  a 170 f t  (52  m) t r a n s i t i o n  beginning a t  the  curve PC. Th i s  i s  

followed by 346 f t  (104 m) of the  curve being held a t  the  maximum 

supere leva t ion  r a t e  of .05 f  t / f t  (.05 m/m). Following t h i s  

supere levated p o r t i o n ,  another  t r a n s i t i o n  i s  i n d i c a t e d ,  however, i t s  

l e n g t h  and terminat ion po in t  were not  e s t ab l i shed .  Using the  a v a i l a b l e  

in fo rmat ion ,  e s s e n t i a l l y  35 percent  of the  curve i s  superelevated a t  the  

maximum va lue ,  wi th  a l l  of t h e  t r a n s i t i o n  occurr ing af t e r  the  curve PC. 

The 170 f t  (52 m) t r a n s i t i o n  l eng th  i s  considered adequate when 

comparing i t  t o  the  minimum leng th  of 133 f t  (40  m) recommended by 

AASHTO. 

Decelera t ion Lane. Two of the  freeway 12 f t  (3.7 m) l a n e s  t a p e r  

away from the  through l a n e s  and become t h e  2 l a n e s  of t h i s  e x i t  ramp. 

Therefore ,  a  d e c e l e r a t i o n  l a n e  i s  n e i t h e r  p resen t  nor warranted. 

D i r e c t i o n a l  signage and lane-use signage s t a r t s  some 1,000 f t  (300 m) i n  

advance of the  f i n a l  roadway s p l i t .  This f a r  exceeds t h e  minimum 300 f t  

(91 m) d e c e l e r a t i o n  l ane  l eng th  recommended by AASHTO. 

Non-Geometrics 

T r a f f i c  Control  Devices. A t o t a l  of e i g h t  warning s i g n s  a r e  i n  

p lace  along o r  preceding the  ramp. The f i r s t  of these  i s  a 45 mi/h (72 

km/h) ramp speed advisory  wi th  a "trucks" p l a t e  a t t ached  above (W13-3). 

This  s i g n  i s  i n  p lace  on the  r i g h t  s i d e  of the  roadway some 914 f t  (279 

m) p r i o r  t o  the  ramp nose. A second s i g n  of t h i s  same type i s  i n  p lace  

approximately 100 f t  (30 m) preceding the  ramp nose,  a l s o  on the  r i g h t  

s ide .  J u s t  i n s i d e  the  ramp on e i t h e r  s i d e  of t h e  roadway a r e  two 



graph ic  s t y l e  " s l ippery  when wet" s i g n s ,  type W8-5. Curve (1 )  i s  a l s o  

ou t l ined  wi th  four  chevrons (Wl-8). F i n a l l y ,  a  dashed white c e n t e r l i n e ,  

white edge l i n e  on the  r i g h t ,  and a  yellow edge l i n e  along the l e f t  

pavement edge a r e  i n  place. A l l  pa in t  markings a r e  standard 4  i n  (.2 m) 

edge and c e n t e r l i n e  pavement markings. De l inea to r s  a r e  i n  p lace  and 

o u t l i n e  the  ramp curva tu re ;  however, s p e c i f i c s  on t h e i r  l o c a t i o n  were 

not  a v a i l a b l e .  The above t r a f f i c  c o n t r o l  devices  fo l low the  recommended 

p r a c t i c e s  ou t l ined  i n  the  MUTCD. 

Accident Observation and Candidate Design Corrections.  Forty-four 

acc iden t s  occurred along the  l eng th  of curve ( l ) ,  with the  g r e a t e s t  

concen t ra t ion  on the  ins ide .  The g r e a t  ma jor i ty  of these  acc iden t s  

r e s u l t e d  i n  t r a c t o r  jackknife .  A l l  of the  recorded t ruck  acc iden t s  

occurred on wet pavement. Following the  placement of an open-graded 

a s p h a l t  over lap  on t h i s  s i t e ,  the  p e c u l i a r  t ruck  loss-of-control  

i n c i d e n t s  ceased--suggesting t h a t  pavement f r i c t i o n  was a dominant 

f a c t o r .  Af te r  reviewing the  geometric and t r a f f i c  engineer ing d a t a  

a v a i l a b l e  f o r  t h i s  ramp, no o t h e r  c l e a r  d e f i c i e n c i e s  i n  ramp des ign were 

noted. The speed advisory signage was placed we l l  enough i n  advance of 

the  curve s e c t i o n ,  the re  was more than adequate l eng th  of d e c e l e r a t i o n  

l a n e ,  the  curvature  was we l l  ou t l ined  by chevron use ,  the  ramp curva tu re  

was q u i t e  f l a t ,  y i e l d i n g  low f r i c t i o n  f a c t o r s ,  and 2  12-f t (4-m) l a n e s  

were ava i l ab le .  The o v e r a l l  acc iden t  experience a t  t h i s  s i t e  seemed t o  

i n d i c a t e  t h a t  t rucks  p lace  s u b s t a n t i a l  demands f o r  dra inage and/or 

pavement t e x t u r e  when running a t  high speed on ramps having even a  

moderate s i d e  f r i c t i o n  f a c t o r .  Accordingly, r e su r fac ing  t h e  l anes  wi th  

a  h igh- f r i c t ion  over lay  c o n s t i t u t e s  a  d i r e c t l y  e f f e c t i v e  countermeasure. 

SITE SEVEN 

Descr ip t ion 

S i t e  Seven i s  a two-curve, l e f  t -bear ing,  urban,  tu rn ing  roadway. 

Curve ( 1 )  has a  r a d i u s  of 475 f t  (145 m), a  degree of cu rva tu re  of 12.1, 

and on a 3.8 percent  downhil l  grade. The rad ius  of curve ( 2 )  i s  900 f t  

(274 m), with the  degree of cu rva tu re  being 6.4. The roadway has 2 12- 



f t -  (3.7-m) wide l a n e s ,  was designed i n  1965, and i s  p ic tu red  i n  Figure  

6. The roadway i s  c u r r e n t l y  posted wi th  an adivsory  speed of 35 mi/h 

(56 km/h). The a c c i d e n t s  r e l evan t  t o  t h i s  study occurred exc lus ive ly  

along curve ( I ) ,  t h e r e f o r e  the  a n a l y s i s  i s  focused on curve (1) only. 

Geometrics 

F r i c t i o n a l  Factor.  The needed f r i c t i o n a l  f a c t o r  ( f )  was 

c a l c u l a t e d  us ing the  minimum r a d i u s  equation.  The 35 mi/h (56 km/h) 

posted advisory  speed,  and the  0.12 percent  maximum supere leva t ion  value 

ind ica ted  on t h e  p lans  a s  we l l  a s  i n  t h e  S t a t e  s tandard p lans ,  were 

used. The f r i c t i o n a l  f a c t o r  value a t  35 mi/h (56 km/h) was determined 

t o  be .05. F r i c t i o n a l  f a c t o r s  were a l s o  evaluated f o r  40 and 45 mi/h 

(64 and 72 km/h), y i e l d i n g  va lues  of .10 and .23, r e s p e c t i v e l y ,  

C l e a r l y ,  the f r i c t i o n  f a c t o r s  p e r t a i n i n g  t o  35 and 40 mi/h (56 and 64 

km/h) l i e  wel l  w i t h i n  corresponding va lues  of 0.155 and 0.150 

recommended a s  maximums by AASHTO* Accordingly, the  35 mi/h (56 km/h) 

post ing i s  r a t i o n a l i z e d  a s  an apparent ly  conse rva t ive  approach 

r e f l e c t i n g  concern wi th  t r u c k  c o n t r o l  problems on t h i s  ramp. 

Shoulder/Crown and Roadside Development. Along the  roadway r i g h t  

l a n e  i s  an 8-ft- (2.4-m) wide bituminous shoulder.  The l e f t  l ane  has a 

4-ft- (1.2-m) wide shoulder.  A barr ier - type curb i s  p resen t  along the  4 

f  t (1.2 m) shou lde r ,  beginning approximately upon reaching the  overpass 

s t r u c t u r e  and extending through the  remaining l eng th  of the  curve. Both 

shoulders  mainta in  the  supere leva t ion  which i s  developed along the  

roadway, proper. Using the  method o u t l i n e d  i n  t h e  AASHTO Blue Book, the  

ramp was c l a s s i f i e d  a s  Case 111, Type C. Referr ing t o  the  suggested 

shoulder  widths f o r  t h i s  c l a s s i f i c a t i o n ,  t h e  e x i s t i n g  t rea tment  f a l l s  

w i t h i n  the  recommended 10 t o  12 f t  ( 3  t o  3 . 7  m) sum f o r  both shoulder  

widths. Crown r a t e  and roadside  development d e t a i l s  were not a v a i l a b l e .  

Superelevat ion Development. A 300 f t  (91 m) t r a n s i t i o n  l eng th  t o  

achieve a maximum supere leva t ion  of 1 2  percent  i s  p resc r ibed  i n  t h e  

s t a t e  s tandard plans.  A 325 f t  (99 m) t r a n s i t i o n  i s  a c t u a l l y  used on 

curve ( 1 )  t o  reach the  maximum supere leva t ion  vbalue,  with 145 f t  (44 m) 
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of t h i s  t r a n s i t i o n  occurr ing beyond the  PC of curve (1). Some 875 f t  

(267 m) of the  curve i s  then held a t  the maximum supere leva t ion  value of 

0.12. This  constant-curve p o r t i o n  i s  followed by a  450 f t  (137 m) 

t r a n s i t i o n  over which the  supere leva t ion  i s  removed. One hundred and 

twenty-five f t  (38 m) of t h i s  t r a n s i t i o n  l eng th  i s  i n s i d e  the  PT of the  

curve. Both t r a n s i t i o n  l e n g t h s  fo l low the  State-imposed c r i t e r i a  and 

a l s o  f a l l  wi th in  the  minimum t r a n s i t i o n  l e n g t h s  recommended by AASHTO. 

The placement of a  smal le r  p o r t i o n  of the  t r a n s i t i o n  l eng th  wi th in  the  

curve PC and PT p o i n t s  a l s o  fo l lows the  AASHTO gu ide l ines .  Thus, the  

t r a n s i t i o n  l eng ths  and placement both fo l low accepted geometric des ign  

c r i t e r i a .  

Decelera t ion Lane. The roadway does not  have a  d e c e l e r a t i o n  l a n e ,  

being preceded by 1,500 f t  (457 m) of 2-lane roadway. This  preceding 

s e c t i o n  provides more than an adequate l eng th  f o r  d e c e l e r a t i o n ,  

consider ing the  AASHTO-recommended d e c e l e r a t i o n  l ane  l e n g t h  of 340 f t  

(104 m). 

Non-Geomet r i c s  

T r a f f i c  Control  Devices. A t o t a l  of f i v e  warning s i g n s  a r e  

p resen t  along the  ramp. The f i r s t  i s  a  l e f t - t u r n i n g  arrow with  a  35 

mi/h (56 km/h) speed advisory  and i s  p a r t  of t h e  e x i t  d i r e c t i o n a l  s i g n  

loca ted  i n  the  b i f o r a c t i o n  where the roadway d i v i d e s  i n t o  2  ramps. This  

s i g n  i s  located approximately 150 f t  (46 m) ahead of the  curve ( 1 )  PC, 

and i s  not  a s tandard warning s i g n  discussed i n  the  MUTCD (Fig. 6 ) .  Two 

le f t - curve  warning s i g n s  ( type  W1-2L) wi th  f l a s h i n g  yellow beacons on 

top and a  35 mi/h (56 km/h) speed advisory  below a r e  placed on e i t h e r  

s i d e  of the  ramp j u s t  beyond the  ramp gore. Located j u s t  p r i o r  t o  the  

overpass s t r u c t u r e  i s  another  warning s i g n  which i s  a l s o  not  a  s tandard 

MUTCD s ign.  Th i s  s i g n  has the  s tandard yellow background, and d e p i c t s  a  

t r u c k  t i p p i n g  t o  one s i d e ,  wi th  the  warning "SLOW TO 35." This s i g n  i s  

i l l u s t r a t e d  i n  Figure 6 .  F i n a l l y ,  a  merge s i g n  ( type W4-1) i s  i n  p lace  

i n  the  gore a r e a  a t  the  ramp terminal .  Standard 4  i n  ( . lo  m) wide 

yellow and white edge l i n e s  border  t h e  l e f t  and r i g h t  pavement edges,  



respec t ive ly .  Ref lec t ive  markers make up the  c e n t e r l i n e  development f o r  

the two-lane turning roadway. A 1 1  but  th ree  of t h e s e  s igns  a r e  placed 

i n  compliance wi th  the MUTCD. However, the  curve warning and speed 

advisory signage a r e  not  placed f a r  enough i n  advance of the curve PC. 

The c o n t r o l  devices  manual s t a t e s  t h a t  t h i s  signage should be placed 

some 350 f t  (107 m) i n  advance of the  point  of curvature.  This d i s t a n c e  

assures  t h a t  enough dece le ra t ion  d i s t a n c e  is  a v a i l a b l e  f o r  motor i s t s  to  

comply with the warning. 

Accident Observation and Candidate Design Corrections.  The t ruck  

a c c i d e n t s  occur r ing  along the  roadway a r e  concentrated i n  two a r e a s ,  the  

f i r s t  j u s t  beyond the  gore a r e a  and the  second on the  downhill grade 

por t ion  of the  curve. Considering t h a t  approximately 1,500 f t  (457 m) 

are t r ave led  before  reaching the  e x i t ,  an e x i t  speed advisory  with a 

t ruck no ta t ion  p l a t e  a t tached may a s s i s t  the  t ruck  d r ive r .  Current ly ,  

the  f i r s t  warning s i g n  i s  loca ted  j u s t  before the  gore area.  This 

leaves  only 150 f t  ( 46  m) o r  so  of roadway wi thin  which t o  d e c e l e r a t e  t o  

the advisory speed. The second a r e a  of acc iden t s  involves  the  grade and 

curve. Approximately 950 f t  (290 m) of curve ( 1 )  is on a 3.8 percent 

downhill grade. A t r u c k e r  choosing t o  c o a s t  down t h i s  grade from an 

i n i t i a l  speed of 35 mi/h (56 km/h) could exceed 45 mi/h (72 km/h) a t  the  

end of the  grade--at which point  a s i d e  f r i c t i o n  f a c t o r  of .23 would be 

demanded. Thus, the t ruck  d r i v e r  may permit the  speed condi t ion t o  

simply r i s e  t o  a l e v e l  which the  curve des ign cannot s a f e l y  accommodate. 

Only b r i e f l y  does AASHTO d i s c u s s  the  combination of a downhill 

grade and supere leva t ion ,  suggesting t h a t  a h igher  des ign speed should 

be used on roadways of t h i s  type,  The use of the  t ipp ing  t ruck  

i l l u s t r a t i o n  a s  a warning s ign  has been repor ted  by the  cognizant 

highway department t o  have been very e f f e c t i v e  i n  reducing the incidence 

of t ruck  acc iden t s  a t  t h i s  and s i m i l a r  s i t e s .  



SITE EIGHT 

S i t e  Eight i s  a two-curve, l e f  t -bear ing , semi-di rect ,  urban,  

tu rn ing  roadway. The t ruck  a c c i d e n t s  r e l evan t  t o  t h i s  study occur 

p r imar i ly  on curve ( 2 )  which w i l l  be the  focus  of t h e  roadway ana lys i s .  

Curve (1) has a r ad ius  of 1,200 f t  (366 m), and a curva tu re  of 4.8 

degrees.  Figure  7 i l l u s t r a t e s  curve ( 2 )  which has a r a d i u s  of 350 f t  

(107 m) and a curva tu re  of 16.4 degrees.  Curve ( 2 )  i s  a l s o  placed on a 

5.4 percent  downhil l  grade. The e n t i r e  tu rn ing  roadway has 2 12-ft- 

(3.7-m) wide l a n e s ,  was designed i n  1965, and c u r r e n t l y  has a posted 

advisory speed of 30 mi/h (48 km/h) which was a l s o  the  o r i g i n a l  des ign 

speed. 

Geometrics 

F r i c t i o n a l  Factor.  The f r i c t i o n  f a c t o r  demanded on curve ( 2 )  was 

determined us ing the  minimum r a d i u s  equation.  Using the c u r r e n t l y  

posted advisory  speed of 30 mi/h (48 km/h), and the  maximum 

supere leva t ion  value of .08 i n d i c a t e d  on the  p l a n s ,  the  f r i c t i o n  f a c t o r  

was determined t o  be .09. A t  35 mi/h (56 km/h), t h e  f r i c t i o n a l  f a c t o r  

value i s  -15. These a r e  both below the maximum accepted values  

e s t a b l i s h e d  by AASHTO of .16 and ,155 f o r  30 and 35 mi/h (48 and 56 

km/h) , respec t ive ly .  

Shoulder/Crown and Roadside Development. The supere leva t ion  r a t e  

developed a c r o s s  the roadway i s  maintained ac ross  both the  r i g h t  and 

l e f t  shoulders.  Both shoulders  a r e  2 f t  (,6 m) wide through almost the 

f u l l  l e n g t h  of the ramp. The l e f t  shoulder  i s  bounded by a ba r r i e r - type  

curb  along the  e n t i r e  l eng th  of the  roadway, wi th  a l o n g i t u d i n a l  b a r r i e r  

i n  place along the  l e f t  and r i g h t  shoulder  ad jacen t  t o  an overpass 

br idge s t r u c t u r e .  Again using the  method ou t l ined  i n  the  AASHTO Blue 

Book, the ramp was c l a s s i f i e d  a s  Case 111, Type C. Referr ing t o  t h e  

suggested shoulder  widths f o r  t h i s  c l a s s i f i c a t i o n ,  the  e x i s t i n g  

t rea tment  f a l l s  wi th in  the  recommended 10 t o  12 f t  ( 3  t o  3*7  m) sum f o r  
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both shoulder  widths.  D e t a i l s  concerning road crown and roadside  

development were not  ava i l ab le .  

Superelevat ion Development. The plans  f o r  curve ( 2 )  d e t a i l  the  

supere leva t ion  f o r  e s s e n t i a l l y  the  middle p o r t i o n  of the  curve. This 

supere leva t ion  value i s  .08, which i s  held f o r  some 282 f t  (86 m) of the  

curve. The manner of development of t h i s  supere leva t ion  r a t e  was not  

included i n  the  plans.  However, more than adequate d i s t a n c e  along the  

curve i s  a v a i l a b l e  f o r  proper development of the  .08 value s i n c e  the  

supere levated por t ion  i s  bordered by l eng ths  of 272 f t  (83 m) and 412 f t  

(126 m). Both of these  l eng ths  exceed the  recommended minimum 

t r a n s i t i o n  l eng th  of 205 f t  (62 m) f o r  t h i s  supere leva t ion  va lue ,  speed,  

and road type. 

Decelera t ion Lane. Although t h i s  ramp does not  have a  

d e c e l e r a t i o n  l a n e ,  some 451 f t  (138 m )  of 3-lane roadway precede curve 

( 2 ) .  The AASHTO roecommended minimum f o r  the  speeds and highway type 

involved i s  400 f t  (122 m). Therefore ,  more than adequate l eng th  i s  

a v a i l a b l e  f o r  any necessary speed changes t o  be made wel l  i n  advance of 

curve (2).  

Non-Geome t r i c s  

T r a f f i c  Control  Devices. Cur ren t ly ,  11 warning s i g n s  a r e  i n  p lace  

along the  roadway. Three of these  s igns  a r e  unique des igns ,  and 

t h e r e f o r e  not  o u t l i n e d  i n  the  MUTCD. The f i r s t  s i g n  on the  ramp i s  a  

curve warning s i g n  ( type  WL-2L) with a  30 mi/h (48 km/h) speed advisory 

placed d i r e c t l y  below t h e  tu rn ing  arrow. The next s i g n  i s  another  curve 

warning s ign  which a l s o  emulates the  WL-2L tu rn ing  arrow, however, i t  i s  

a t t ached  d i r e c t l y  t o  the  overhead d i r e c t i o n a l  s ignage,  i s  rec tangu la r  i n  

shape,  and inc ludes  the  same 30 mi/h (48 km/h) speed advisory no ta t ion .  

Located j u s t  i n s i d e  t h e  gore a rea  of t h e  roadway i s  a t h i r d  warning 

s i g n ,  unique i n  design.  This s i g n  i s  r ec tangu la r  i n  shape and d e p i c t s  a  

g raph ic  symbol of a  t i p p i n g  t r u c k ,  t h e  WL-2L-type curve arrow, and 

f i n a l l y  a 30 mi/h (48 km/h) speed advisory  nota t ion.  The curve i s  then 

o u t l i n e d  by 8 chevrons (Wl-8), wi th  a  merging t r a f f i c  warning s i g n  (W4- 



1 )  a t  the  terminal  end of the  tu rn ing  roadway. Ref lec t ive  markings 

d e l i n e a t e  the  c e n t e r l i n e ,  while s tandard 4 i n  (.1 m) yellow and white 

edge l i n e s  a r e  i n  p lace  along the  l e f t  and r i g h t  pavement edges, 

r e spec t ive ly .  Placement of the  warning s i g n s  and pavement markings 

fo l low t h e  suggested p r a c t i c e s  o u t l i n e d  i n  the  MUTCD f o r  both standard 

des igns  a s  we l l  a s  f o r  othe signage des igns  unique t o  t h i s  roadway. 

Accident Observation and Candidate Design Corrections.  A l l  n ine  

t ruck  acc iden t s  deemed re levan t  t o  t h i s  s tudy noted excess ive  speed i n  

the  r e p o r t ,  r e s u l t i n g  i n  speeding c i t a t i o n s  being issued.  S u f f i c i e n t  

advisory  speed warning, pavement width, shoulder a r e a ,  and d e c e l e r a t i o n  

l e n g t h  a r e  a v a i l a b l e .  By s tandard des ign p r i n c i p l e s ,  these  f e a t u r e s  

should ensure  t h a t  the  ramp can be nego t i a ted  sa fe ly .  However, whi le  

a l l  the  d e t a i l s  concerning the  supere leva t ion  on the  ramp were not 

a v a i l a b l e ,  it seems p e r t i n e n t  t h a t  the  acc iden t s  a r e  p r imar i ly  c l u s t e r e d  

along the  downhil l  grade p o r t i o n  of the  roadway. The downgrade begins 

ahead of t h e  curve and a t t a i n s  a peak of 5.4 percent approximately 470 

f t  (143 m) before  reaching t h e  PT of the  curve. Therefore ,  t ruck  

d r i v e r s  a r e  not only d r i v i n g  through a supere levated curve,  but a t  the  

same t ime, having t o  a d j u s t  t o  a s u b s t a n t i a l  downhill g rade ,  wi th  the  

prospect  f o r  a consequent inc rease  i n  speed. As noted wi th  S i t e  Seven, 

the  combination of grade and supere leva t ion  i s  b r i e f l y  addressed by 

AASHTO, who suggest  t h a t  a h igher  des ign  speed be appl ied  t o  downhil l  

s e c t i o n s  when determining supere leva t ion  and runoff lengths .  Whether 

t h i s  adjustment was appl ied  t o  t h i s  des ign i s  not known. Having 

reviewed and e l iminated o t h e r  poss ib le  causes ,  the  combination of grade 

and a supere levated curve may be c o n t r i b u t i n g  t o  the t ruck  acc iden t  r a t e  

along t h i s  ramp. 

F i n a l l y ,  whi le  the  f r i c t i o n a l  f a c t o r  a t  35 mi/h (56 km/h) doesn ' t  

exceed the  AASHTO maximum va lue ,  r e t e n t i o n  of the  30 mi/h (48 km/h) 

speed adv i so ry ,  and the  e x i s t i n g  signage i s  recommended. Such a view i s  

supported upon not ing t h a t  an approximate 10 mi/h (16  km/h) inc rease  i n  

speed w i l l  be achieved by t rucks  which t r a v e l  without braking on the  

downhil l  grade along curve ( 2 ) .  With a t ruck  d r i v e r  obeying the  cur ren t  

advisory f o r  a 30 milh (48 km/h) en t rance  speed a t  the  curve ,  i n c r e a s e s  



of t h i s  magnitude w i l l  p l ace  the  t ruck  above maximum f r i c t i o n a l  f a c t o r  

l i m i t s .  

SITE NINE 

Descr ip t ion 

This r u r a l ,  r igh t - tu rn ing  ramp i s  one continuous curve,  wi th  a 

r a d i u s  of 230 f t  (70 m) and a l eng th  of 1,031 f t  (314 m). It i s  one of 

the  four  inner-loop ramps of a c lover lea f  in terchange designed i n  1959. 

The ramp has a s i n g l e  16-ft- (4.9%) wide concrete  l a n e  wi th  bituminous 

shoulders .  It i s  c u r r e n t l y  posted with an advisory  speed of 25 mi/h (40 

km/h) and had an o r i g i n a l  des ign speed of 35 mi/h (56 km/h). Figure  8 

i l l u s t r a t e s  the  ramp and inc ludes  the  approximate l o c a t i o n  of the  t ruck  

acc iden t s .  

Geometrics 

F r i c t i o n a l  Factor.  The needed f r i c t i o n a l  f a c t o r  ( f )  was 

determined us ing both the advisory  speed and the  des ign speed i n  

conjunct ion wi th  the  recommended supere leva t ion  ( e )  value  of .07 from 

t h e  S t a t e ' s  s tandard plan. The f r i c t i o n a l  f a c t o r  va lues  were determined 

to  be .11, .19 ,  and .29 f o r  speeds of 25, 30, and 35 mi/h (40,  48, and 

56 km/h), r e spec t ive ly .  The AASHTO maximum f r i c t i o n a l  f a c t o r  values  f o r  

these  speeds a r e  .165, .16, and ,155,  r e spec t ive ly .  Comparing t h e  

va lues ,  we see  t h a t  the  25 mi/h (40 km/h) advisory speed i s  appropr ia te  

f o r  t h i s  s i t e .  

Shoulder/Crown and Roadside Development. On t h e  non-superelevated 

s e c t i o n s  of the  ramp, both shoulders a r e  paved and a r e  6 f t  (1.8 m) 

wide. The f i r s t  2 f t  (0.6 m) of shoulder  width,  on both s i d e s  of t h e  

non-superelevated s e c t i o n s  a r e  held a t  the  road crown va lue ,  wi th  t h e  

inner  ( r i g h t )  p o r t i o n  of the  ramp lane  having a crown development of 114 

i n  (21 mm/m) and the  o u t e r  ( l e f t )  por t ion  1-318 i n  (115 mm/m) of crown. 

The roadside  has a s i d e s l o p e  of 1 on 4. The supere levated s e c t i o n  has a 
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r i g h t  shoulder  8 f t  (2.4 m) wide. The f i r s t  2 f t  (1.2 m) of the  i n n e r ,  

r i g h t  shoulder is  maintained a t  the  supere leva t ion  r a t e  of the  roadway 

l a n e ,  and i t  has a crown value of 318 i n  (31 mm/m). The o u t e r  or  l e f t  

shoulder  i s  6 f t  (1.8 m) wide and holds the  i n n e r  2 f t  (.€I m) a t  the  

crown r a t e  of 1/4 i n  (21 mm/m). Both shoulders  s lope a t  a  r a t e  of 314 

i n  (62 rnm/m) per f o o t ,  and have 1 on 4 s ides lopes .  A l l  of t h e  elements 

ou t l ined  f o r  the  shoulder and crown development fo l low the  t rea tment  

suggested by AASHTO. 

Superelevat ion Development. While d e t a i l s  concerning the  

supere leva t ion  development along the  ramp were not  a v a i l a b l e ,  i t  was 

i n d i c a t e d  on t h e  p lans  t h a t  the  ramp was t o  conform with  t h e  S t a t e  

Standard Plan f o r  Superelevat ion and Pavement Crown. Comparison of the  

ramp geometry and l eng th  wi th  the  c r i t e r i a  ou t l ined  i n  t h e  s t andard ,  

revealed t h a t  the ramp i s  of adequate l eng th  t o  fo l low the  standard.  

The s tandard p r e s c r i b e s  a maximum supere leva t ion  value  of .07 

f t / f t  ( ,02 mlm), Three-hundred f e e t  (91  m) of the  d e c e l e r a t i o n  l a n e  

could have been used a s  the  t r a n s i t i o n  length ,  Thus, t h e  maximum 

supere leva t ion  value  would have been reached 200 f t  (61 m) i n s i d e  the  PC 

of t h e  curve. With a curve l eng th  of 1,031 f t  (314 m), some 620 f t  (189 

m) could have t h e r e f o r e  been maintained a t  the  prescr ibed .07 maximum 

supere leva t ion  value. The plans  i n d i c a t e  adherence t o  the  s t andard ,  and 

s i n c e  t h e  s tandard fol lows the recommended minimums ou t l ined  by AASHTO, 

i t  i s  concluded t h a t  the  ramp was cons t ruc ted  wi th in  accepted 

supere leva t ion  development c r i t e r i a .  

Decelera t ion Lane. I n  p lace  along the  highway i s  what i s  def ined 

a s  a combined 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  lane. This 12 f t  (3.7 m) 

concrete  lane  se rves  a s  both  an a c c e l e r a t i o n  l ane  and d e c e l e r a t i o n  lane  

f o r  the  two inner-loop ramps. The combination l ane  l e n g t h  from ramp 

nose t o  ramp nose i s  approximately 800 f t  (244 m), This  f a l l s  we l l  

wi th in  the minimum d e c e l e r a t i o n  lane  l eng th  of 375 f t  (114 m) 

e s t a b l i s h e d  by AASHTO f o r  a highway of t h i s  type,  



Non-Geometrics 

T r a f f i c  Control  Devices. A t o t a l  of four  warning s i g n s  a r e  i n  

place along the  ramp. The f i r s t  of these  is  a 25 mi/h (40 km/h) ramp 

speed advisory s i g n  (W13-3) loca ted  approximately 435 f t  (133 m) 

preceding the  curve PC. P a r a l l e l  t o  the  ramp gore on the  approach i s  a 

25 mi/h (40 km/h) e x i t  speed advisory s i g n  (W13-2). A "s l ippery  when 

wet" (W8-5) cond i t ion  warning s i g n  i s  placed a t  the  terminal  end of the  

ramp* F i n a l l y ,  a  merge arrow with "merge" p l a t e  a t t ached  below (W4-1) 

is  loca ted  i n  the  gore a rea  a t  the  end of the  ramp. The ramp pavement 

markings include standard white edge l i n e s  along the  d e c e l e r a t i o n  l a n e ,  

with white pavement l i n e  gore  a r e a  development. J u s t  i n s i d e  the ramp, 

the  o u t e r ,  o r  l e f t ,  pavement edge l i n e  i s  yellow, with the  r i g h t  

pavement edge l i n e  being white. These a r e  s tandard 4 i n  (, 10 m) 

pavement edge l i n e  widths. Del ineators  a l s o  o u t l i n e  the  ramp curva tu re ,  

a l though placement d e t a i l s  were not ava i l ab le .  The use and p o s i t i o n  

o f t h e  t r a f f i c  c o n t r o l  devices  and t rea tments  ou t l ined  above fol low the  

recommendations e s t a b l i s h e d  i n  the  Manual on Uniform T r a f f i c  Control  

Devices. 

Accident Observation and Candidate Design Corrections.  Four of 

the  f i v e  acc iden t s  occurr ing on the  ramp involved a wet surface .  Two of 

the  f i v e  made mention of another  veh ic le  e i t h e r  c u t t i n g  off  the  path  of 

the t ruck ,  o r  f o r c i n g  the  t ruck  d r i v e r  t o  brake suddenly. The c o n t r o l  

devices  which a r e  i n  p lace  appear t o  provide adequate advice t o  d r i v e r s  

concerning a s a f e  ramp speed. Thus, the  primary cause of acc iden t s  i n  

these  cases  appears t o  be d r i v e r s  neg lec t ing  t o  adhere t o  the  warnings 

i n  place. Therefore ,  major t r a f f i c  c o n t r o l  modif ica t ions  would probably 

not  reduce the  ramp acc iden t  r a t e .  I n t e r e s t i n g l y ,  the  ramp i n  ques t ion  

c o n s t i t u t e s  a high-volume e x i t  l ead ing  from one freeway t o  another.  The 

s e t t i n g  i s  a f a i r l y  remote r u r a l  a r e a  i n  which much of the  t ruck  t r a f f i c  

has t r ave led  f o r  a t  l e a s t  100 miles (161 km) on a f l a t  and r a t h e r  

s t r a i g h t  mainline freeway p r i o r  t o  a r r i v a l  a t  the  s i t e .  Thus, one can 

specu la te  t h a t  the  low-speed, t i g h t - t u r n  requirement f o r  the ramp simply 

ca tches  the t ruck  d r i v e r  unprepared f o r  t h e  s u b s t a n t i a l  braking a c t i o n  

required.  



SITES TEN AND ELEVEN 

Descr ip t ion 

This o u t e r  connection-type ramp i s  comprised of t h r e e  reverse  

h o r i z o n t a l  curves and i s  p a r t  of a f u l l  c lover lea f  interchange.  The 

i n d i v i d u a l  curve r a d i i  a r e  295, 2291, and 260 f t  (90,  698, and 79 m ) ,  

w i th  the  degree of cu rva tu re  being approximately 16 deg,  2.5 deg, and 

18.5 deg,  r e spec t ive ly .  The ramp has 2 12-ft- (3.7-m) wide concrete  

l a n e s ,  wi th  bituminous shoulders.  The e n t i r e  ramp i s  posted with an 

advisory  speed of 25 mi/h (40 km/h) and had an o r i g i n a l  des ign speed of 

35 mi/h (56 km/h) when designed i n  1959. Figure  9 i l l u s t r a t e s  the ramp 

and d e t a i l s  which a r e  p e r t i n e n t  t o  the  geometric design. 

Geome t r i c s  

F r i c t i o n a l  Factor.  For each of the  th ree  curves ,  the  minimum 

rad ius  equat ion was appl ied .  F r i c t i o n  f a c t o r s  were computed f o r  25, 30, 

and 35 mi/h (40,  48, and 56 km/h), us ing a supere leva t ion  r a t e  of .07 

f t / f t  (.07 m/m). The supere lva t ion  value  used i s  the prescr ibed value  

a s  ou t l ined  by t h e  S t a t e  Standard Plan f o r  Superelevat ion and Pavement 

Crowns. Curve (1)  r e q u i r e s  f r i c t i o n a l  f a c t o r  va lues  of .05, . l o ,  and 

-16 a t  25, 30, and 35 mi/h (40,  48, and 56 km/h), r e spec t ive ly .  Curve 

( 2 )  has "f" va lues  of -.05, -004,  and -.03 a t  t h e  th ree  r e s p e c t i v e  

speeds. These va lues  desc r ibe  a " fa l l - in"  condi t ion.  Ca lcu la t ing  the  

f r i c t i o n a l  f o r c e  va lue  a t  55 mi/h (88 km/h) f o r  curve (2)  r e s u l t e d  i n  an 

f  value  of only .02. The AASHTO fmax va lue  a t  55 mi/h (88 km/h) i s  

.135. Indeed,  curve ( 2 )  can be d r i v e n  a t  the c u r r e n t  highway speed of 

55 milh  (88 km/h) under e s s e n t i a l l y  "hands-of f "  condi t ions .  Curve ( 3 )  

has the sha rpes t  r a d i u s  of a l l ,  and r e q u i r e s  f va lues  of .06, .12, and 

.19 a t  25, 30, and 35 mi/h (40,  48, and 56 km/h), r e spec t ive ly .  A l l  but 

t h e  h ighes t  of these  f r i c t i o n a l  f a c t o r  values  f a l l  we l l  wi th in  the  

maximum va lues  e s t a b l i s h e d  by AASHTO f o r  these  speeds. 
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Shoulder/Crown and Roadside Development. Along the  e n t i r e  length  

of the  ramp, t h e r e  i s  a  10 f t  (3  m) wide shoulder developed on the 

o u t s i d e  l a n e ,  wi th  the  i n n e r  l ane  having a  paved shoulder  width of 6 f t  

(1.8 m). Both shoulders  mainta in  the  i n n e r  2 f t  (. 6 m) a t  the  normal 

crown or  supere levated ra te .  Both shoulders  s lope  a t  a  r a t e  of 112 

i n / f t  (42 mm/m), develop a  4 f t  (1.2 m) v e r t i c a l  curve and lead t o  a  1  

on 4 s ides lope.  The crown developed over the  12 f t  (3.7 m) wide l anes  

i s  1-3/8 i n  (115 mm/m). The above d e t a i l s  concerning the shoulder ,  

crown, and roadside  development meet t h e  AASHTO minimums. 

Superelevat ion Development. S p e c i f i c  development of the  

supere leva t ion  along the  ramp was not ava i l ab le .  However, the  p lans  do 

i n d i c a t e  t h a t  the  development was t o  comply with the  S t a t e  Standard Plan 

f o r  Superelevat ion and Pavement Crowns. With t h e  maximum 

supere leva t ion  value of .07 p resc r ibed ,  a  500 f t  (152 m) t r a n s i t i o n  i s  

recommended. 

Considering the  ramp geometry and l e n g t h ,  t h e r e  i s  a  c o n f l i c t  i n  

being ab le  t o  meet the  required t r a n s i t i o n  lengths .  The two p o i n t s  of 

c o n f l i c t  occur a f t e r  t h e  supere leva t ion  i s  developed w i t h i n  curves ( 1 )  

and (2) .  Curve (1 )  has a  l eng th  of 295 f t  (90 m). There i s  191 f t  (58 

m) between the  PT of curve ( 1 )  and t h e  PC of curve ( 2 ) .  I f  one fol lows 

the  S t a t e  s t andard ,  and a t t a i n s  supere leva t ion  w i t h i n  200 f t  (61 m) 

beyond the  PC of curve ( I ) ,  t h i s  l eaves  only 95 + 191 f t ,  o r  286 f t  (87 

m) of l eng th  t o  r e s t o r e  the  roadway t o  a  non-superelevated c r o s s  

sec t ion .  This value  i s  214 f t  (65 m) s h o r t  of the  recommended 500 f t  

(152 m). This same c o n f l i c t  i s  present  between curves (2 )  and (3).  

Assuming t h a t  s u f f i c i e n t  d i s t a n c e  was a v a i l a b l e  t o  fo l low the  s t andard ,  

and thus achieve f u l l  supere leva t ion  200 f t  (61 m) beyond the  PC of 

curve ( 2 ) ,  only 132 f t  (40 m) of the  curve l eng th  remains. This amount 

p l u s  the  d i s t a n c e  between curves ( 2 )  and ( 3 )  t o t a l s  only 413 f t  (126 m)-  

-short  of the  recommended 500 f t  (152 m) f o r  g radua l ly  re tu rn ing  t o  a  

non-superelevated c r o s s  sec t ion .  

Next, t h e  AASHTO minimum supere leva t ion  and tangent runoff l eng ths  

were app l i ed  t o  t h e  ramp. Table 111-11 i n  the  "Blue Book" was 

i n t e r p o l a t e d  f o r  the  des ign speed of 35 mi/h (56 km/h) and a  



supere leva t ion  r a t e  of -07 t o  determine the  recommended minimum 

t r a n s i t i o n  runoff l eng th  of 130 f t  (40 m). (A tangent runout l e n g t h  i s  

not p a r t  of the  t o t a l  t r a n s i t i o n  l eng th  i n  t h i s  case ,  s i n c e  t h e  S t a t e  

s tandard supere leva tes  the roadway without removing the  crown.) 

The AASHTO suggested p r a c t i c e  of p lac ing 213 of the  130 f t  (40 m) 

on t h e  tangent  por t ion  and the  remaining 113 on the  curve was appl ied  t o  

the  ramp i n  question.  I n  o rde r  t o  meet t h i s  minimum, 200 f t  (61 m) i s  

needed t o  e f f e c t  a t r a n s i t i o n  out of the  supere leva t ion  developed on 

curve ( 1 )  and i n t o  the  required value  f o r  curve (2).  Between the  PT of 

curve ( 1 )  and the  PC of curve ( 2 ) ,  approximately 191 f t  (58 m) a r e  

a v a i l a b l e .  Some 281 f t  (89 m) a r e  a v a i l a b l e  between the  PT of curve ( 2 )  

and the  PC of curve (3).  Therefore ,  when reviewing the  supere leva t ion  

development, t h e  ramp does not  meet i t s  own S t a t e  s t andards ,  but  does 

f a l l  w i t h i n  t h e  minimums recommended by AASHTO. 

Decelera t ion Lane. Approximately 500 f t  (152 m) of roadway l i e  

beyond the  f i r s t  ramp speed advisory  s i g n  along the ramp approach. This 

i s  we l l  wi th in  the  AASHTO suggested d e c e l e r a t i o n  lane  l eng th  of 375 f t  

(114 m) f o r  t h i s  highway speed and type. 

Non-Geome t r i c s  

T r a f f i c  Control  Devices. A t o t a l  of seven d i r e c t i o n a l  and warning 

s igns  a r e  i n  p lace  along the ramp. Five of the  seven devices  a r e  

warning s igns .  The f i r s t  of these  warning s i g n s  i s  of a des ign which i s  

s p e c i f i c  t o  t h i s  ramp. This s i g n  warns approaching ramp u s e r s  t h a t  the  

ramp advisory  speed i s  25 mi/h (40 km/h) and couples t h i s  informat ion 

with a W1-1R r igh t - tu rn ing  arrow and a f l a s h i n g  yellow beacon mounted on 

the  top of t h e  s i g n  i t s e l f .  The s i g n  precedes t h e  PC of curve (1 )  by 

approximately 500 f t  (152 m). Following t h i s  s i g n  i s  a s t andard ,  25 

mi/h (40 km/h), ramp speed warning s i g n  (W13-3). J u s t  before  e n t e r i n g  

curve ( 3 ) ,  the re  i s  a r igh t - tu rn ing  arrow s i g n  with a 25 mi/h (40 km/h) 

advisory  speed p l a t e  below (Wl-2R and W13-1). The remaining two s i g n s  

a r e  a s tandard t a r g e t  arrow type W1-6 and merge s i g n  type W4-1 wi th  a 

merge panel a t t ached  below. The pavement markings i n  p lace  on t h e  ramp 



c o n s i s t  of a white dashed c e n t e r l i n e ,  wi th  white pavement edge l i n e s  

developed along curves  (1 )  and ( 2 ) .  On the  i n s i d e ,  or  l e f t ,  pavement 

edge of curve ( 3 )  i s  a yellow pavement edge l i n e ,  wi th  a white edge l i n e  

along the  o u t e r ,  or  r i g h t ,  l a n e  pavement edge. Figure  9 i l l u s t r a t e s  the  

l o c a t i o n s  of t h e  above c o n t r o l  devices* Although photos i n d i c a t e  t h a t  

d e l i n e a t o r s  a r e  i n  p lace  along the  ramp, exact  placement d e t a i l s  were 

not ava i l ab le .  The placement of the  t o t a l  s e t  of c o n t r o l  devices  

fo l lows the  recommended minimum d i s t a n c e  and roadside  l o c a t i o n s  o u t l i n e d  

i n  the  Manual on Uniform T r a f f i c  Control Devices. 

Accident Observation and Candidate Design Correct ions .  While the  

c o n t r o l  dev ices  fo l low the  suggested placement ou t l ined  i n  the  Manual on 

Uniform T r a f f i c  Control  Devices, the  o v e r a l l  ramp s ignage i s  

i n c o n s i s t e n t .  E s s e n t i a l l y  a l l  warning informat ion i s  i n  advance of 

curve (1) .  The r e s t r i c t i n g  geometry i s ,  however, presented by curve 

(3) .  It appears t h a t  d r i v e r s  tend t o  take  curve ( 2 )  too f a s t .  This i s  

probably r e l a t e d  t o  the ease  of being ab le  t o  d r i v e  curve (1) a t  35 mi/h 

(56 km/h), and curve (2 )  a t  even higher  speeds. These two curves a r e  

followed by curve (3 )  whose r a d i u s  i s  some seven t imes sharper  than t h a t  

of the  in te rmedia te  curve ( 2 ) .  It i s  t h i s  d i s c o n t i n u i t y  i n  des ign which 

makes the  ramp use ,  a s  a whole, d i f f i c u l t  t o  c o n t r o l  by means of 

signage. Countermeasures inc lude  removing the t a r g e t  arrow s i g n  and 

rep lac ing  i t  wi th  f o u r  chevrons t o  o u t l i n e  curve ( 3 )  and,  perhaps,  

removing the  f l a s h i n g  beacon from the  f i r s t  ramp advisory  s i g n  and 

p lac ing  i t  on the  warning s i g n  f o r  curve ( 3 ) .  I f  p o s s i b l e ,  a  100-ft 

(30-m) s p i r a l  curve should be i n s e r t e d  between curves ( 2 )  and (3).  The 

fundamental problem faced by t r u c k s ,  however, appears t o  be simply t h a t  

very t i g h t  r a d i i  placed towrd the  end of a connecting ramp tend t o  

impede the  a t t a inment  of merging speeds and a r e  l i k e l y  t o  be d r iven  a t  

excess ive  speed. Espec ia l ly  i n  cases  f o r  which in te rmedia te  p o r t i o n s  of 

the ramp al low considerably  f a s t e r  t r a v e l ,  the  impedance posed by a 

f i n a l  t i g h t  curve p r i o r  t o  a merging en t rance  seems p a r t i c u l a r l y  

inadvisable .  



SITE TWELVE 

Descr ip t ion 

This 24 f t  (7 m) wide r u r a l  2-lane turning roadway i s  comprised of 

2 curves ,  i s  p a r t  of a trumpet 3-leg in te rchange ,  and p ic tu red  i n  Figure 

10. The f i r s t  l e f t - t u r n i n g  curve has a r ad ius  of 450 f t  (137 m), wi th  a 

degree of curvature  of about 12 deg 30 f t .  The second, o r  r igh t -  

tu rn ing ,  curve has a r ad ius  of 1,056 f t  (322 m), with a degree of 

cu rva tu re  of 5 deg 25 f t .  The e n t i r e  roadway is  c u r r e n t l y  posted wi th  

an advisory  speed of 40 mi/h (64 km/h) and had an o r i g i n a l  des ign speed 

of 35 mi/h (56 km/h) when designed i n  1959. 

Geometrics 

F r i c t i o n a l  Factor.  The f r i c t i o n a l  f a c t o r  was determined f o r  both 

curves. The supere leva t ion  value  used was .07 f o r  both curves ,  a s  

ind ica ted  on the  s tandard plan,  The s tandard plan o u t l i n e s  the  

supere leva t ion  and pavement crown development, and i t s  c r i t e r i a  f a l l  

wi th in  the  AASHTO g u i d e l i n e s  f o r  these  elements, The "f" value  f o r  

curve (1)  a t  t h e  35 mi/h (56 km/h) des ign speed was determined t o  be 

,11. The AASHTO-recommended value  f o r  t h i s  speed i s  ,155.  The "f" 

value  a t  40 mi/h (64 km/h) i s  . 16 ,  i n  c o n t r a s t  t o  a value of .15 which 

i s  recommended by AASHTO f o r  t h i s  speed. 

Curve ( 2 )  has very low f r i c t i o n a l  f a c t o r  values  of .O1 and .03 

corresponding t o  the  speeds of 35 and 40 milh (56 and 64 km/h), 

r e spec t ive ly .  

~houlder/Crown and Roadside Development. Beginning 160 f t  (49 m) 

beyond the  PC of curve ( I ) ,  t h e  inner  l a n e  has been expanded t o  13 f t  ( 4  

m), wi th  the  o u t e r  l ane  remaining a t  a  width of 12 f t  (3.7 m). On the  

f i r s t  supere levated por t ion  of the  tu rn ing  roadway, a 10-ft- (3-m) wide 

shoulder  i s  i n  p lace  along the  o u t e r  lane.  The i n n e r  lane  has an 8 f t  

(2.4 m) shoulder developed along curve (1).  Two f e e t  of the o u t e r  10 f t  

( 3  m) shoulder  a r e  maintained a t  the  supere leva t ion  r a t e  of the  roadway 
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l ane .  The i n n e r  shoulder  s lopes  away from the  roadway pavement a t  a  

r a t e  of 112 i n  per f t  (42 mmlm). Both roadway dra inage channels have a 

s ides lope  of 1 on 4. The o u t e r ,  o r  12 f t  (3.7 m) l ane  has a crown 

development of 1-3/8 i n  (115 mmlm), and the  inner  13 f t  (4 m) l ane  has a 

1-518 i n  (135 mm/m) crown. The second superelevated por t ion  of the  

roadway through curve ( 2 )  has a s i m i l a r  shoulder development except t h a t  

the  o u t e r  l a n e  shoulder i s  8 f t  (2.4 m) wide, and t h e  i n n e r  shoulder 

l a n e  10 f t  ( 3  m) wide. Also, the  inner  t r a v e l  l ane  v a r i e s  from 13 f t  (4  

m) back down t o  12 f t  (3.7 m) i n  width. Hence, the  crown r a t e  i s  

blended from 1-518 i n  t o  1-318 i n l f t  (135 t o  115 mmlm). The above 

shoulder  and road crown c h a r a c t e r i s t i c s  fo l low t h e  AASHTO Blue Book 

recommended c r i t e r i a .  

Superelevat ion Development. The supere leva t ion  development along 

the  roadway f o r  the most p a r t  f a l l s  wi th in  the  S t a t e  s tandard plan 

mentioned e a r l i e r .  A t  t he  beginning of the  ramp, 500 f t  (152 m) a r e  

used t o  achieve the  maximum supere leva t ion  r a t e  of .07 f t / f t  (.07 m/m). 

This maximum supere leva t ion  r a t e  is  held f o r  680 f t  (207 m). Following 

t h i s  s e c t i o n ,  some 913 f t  (278 m) a r e  a v a i l a b l e  between the  PT of curve 

( 1 )  and the  PC of curve (2). This l eng th  i s  used t o  r e t u r n  t o  a non- 

supere levated c ross  s e c t i o n  and a s  a t r a n s i t i o n  l eng th  f o r  t h e  

supere leva t ion  of curve (2) .  According t o  the  S t a t e  s t andard ,  the  

minimum leng th  over which t o  achieve t h i s  t r a n s i t i o n  i s  800 f t  (244 m). 

An a d d i t i o n a l  476 f t  (145 m) i s  used t o  achieve the  maximum 

supere leva t ion  va lue  beyond the  PC of curve ( 2 ) ,  exceeding the  

recommended amount of 300 f t  (91 m). F i n a l l y ,  180 f t  (55 m) a r e  used t o  

r e t u r n  t o  a non-superelevated s e c t i o n  fol lowing the  PT of curve ( 2 ) ,  

whereas the  recommended l eng th  i s  500 f t  (152 m). Per d i scuss ions  wi th  

the  agency by te lephone,  t h i s  s h o r t e r  l eng th  was necessary  due t o  poor 

s o i l  q u a l i t y  which r e s t r i c t e d  f u r t h e r  development of t h e  area .  

Decelera t ion Lane. Since t h i s  i s  a tu rn ing  roadway, the re  i s  no 

formal development f o r  a d e c e l e r a t i o n  lane  wi th  t ape r ing  q u a l i t i e s .  

However, s u f f i c i e n t  d i s t a n c e  along the  connecting roadway i s  necessary  

t o  a ssure  t h a t  any s i g n i f i c a n t  reduct ions  i n  speed can be a t t a i n e d .  

Noting t h a t  the  only speed r e s t r i c t i o n  t o  d r i v e r s  using the roadway i s  

the  f i r s t  curve,  approximately 1,200 f t  (366 m) of roadway a r e  a v a i l a b l e  



t o  d e c e l e r a t e  t o  the  curve advisory  speed of 40 mi/h (64 km/h). This 

provis ion i s  more than adequate cons ide r ing  the  AASHTO-recommended value 

of approximately 325 f t  (99 m) f o r  a s tandard d e c e l e r a t i o n  lane.  

Non-Geometrics 

T r a f f i c  Control  Devices. A t o t a l  of 16 warning s igns  a r e  i n  p lace  

along the roadway. The f i r s t  warning s i g n  i s  a combination tu rn ing  

arrow and speed advisory  s i g n  a t t ached  d i r e c t l y  t o  the  bottom of the  

roadway d i r e c t i o n a l  sign. The t o t a l  s i g n  s i z e  i s  17 f t  x 12 f t  ( 5  x 3 . 7  

m), and i s  i n  p lace  a t  S t a t i o n  915+00. This s i g n  is  not  a s tandard 

c o n t r o l  dev ice ,  but  employs the  tu rn ing  arrow p o r t i o n  of a standard W1- 

2L warning sign.  I n  a d d i t i o n  t o  t h i s  speed adv i so ry ,  t h e r e  a r e  two more 

roadway speed advisory  s i g n s  located approximately 575 f t  (175 m) ahead 

of curve (1).  Both s igns  a r e  4 f t  x 6 f t  (1.2 x 1.8 m) i n  s i z e  and 

d i s p l a y  a l e f t - t u r n i n g  arrow with  speed advisory of 40 mi/h (64 km/h), 

coupled wi th  a f l a s h i n g  yellow l i g h t  mounted t o  the  top of each s i g n  

( s e e  Fig. 10). These s i g n s  a r e  a l s o  of s p e c i a l  des ign ,  and t h e r e f o r e  

a r e  not d i scussed  i n  the  MUTCD. Six  chevrons and a t a r g e t  arrow warning 

s i g n  (Wl-6 and W1-8) a r e  placed along the  o u t e r  edge of curve (1) .  

F i n a l l y ,  t h r e e  more chevrons (Wl-8) fo l low the  o u t e r  edge of curve (2).  

The complete s ign ing  of t h e  roadway i s  d e t a i l e d  i n  Figure 10. The 

pavement markings along t h e  roadway c o n s i s t  of dashed white c e n t e r l i n e s ,  

coupled wi th  whi te  edge l i n e s  a long both  the  inner  and o u t e r  pavement 

edges. F i n a l l y ,  d e l i n e a t o r s  o u t l i n e  the  ramp curva tu re ,  a l though 

d e t a i l s  concerning t h e i r  exac t  l o c a t i o n s  were not  ava i l ab le .  The 

placement of t h e  t r a f f i c  c o n t r o l  dev ices  a long the  ramp fo l low t h e  

recommended t r ea tments  o u t l i n e d  i n  the  Manual on Uniform T r a f f i c  Control  

Devices. 

Accident Observation and Candidate Design Correct ions .  A l l  of the  

a c c i d e n t s  deemed re levan t  t o  t h i s  s tudy  occurred a t  the  beginning o r  

approximate c e n t e r  of curve (11,  i n  d a y l i g h t  hours ,  on wet pavement. 

Only one acc iden t  r e p o r t  suggests  t h a t  the motions of o t h e r  v e h i c l e s  may 

have caused t h e  inc iden t .  The balance of the  acc iden t  r e p o r t s  s t a t e  



t h a t  the d r i v e r s  f a i l e d  t o  n e g o t i a t e  the  curve,  o r  l o s t  c o n t r o l  when 

they at tempted to  brake t h e i r  v e h i c l e  i n  response t o  the  roadway 

curvature .  This suggests  t h a t  the  d r i v e r s  a r e  (1 )  not  reducing t h e i r  

speeds i n  response t o  weather cond i t ions  and ( 2 )  not reducing speed 

s u f f i c i e n t l y  i n  advance of the  curve t o  avoid the  hard braking t h a t  may 

be needed i n s i d e  of the  curve. Since speed advisory and curve warning 

s igns  a r e  placed a t  s u i t a b l e  d i s t a n c e s  from the  ramp, the  t ruck  c o n t r o l  

problems a r e  not  r e a d i l y  exp la inab le ,  al though the  s i d e  f r i c t i o n  f a c t o r  

imposed a t  curve ( 1 )  i s  s l i g h t l y  above AASHTO recommendations. Also, 

the  road s e c t i o n  leading t o  t h i s  ramp i s  a  10-mile (16-km) segment of 

freeway-quality road,  preceded by a  2-lane, r u r a l  t runk l ine .  Drivers  

appear t o  be unprepared f o r  the  in terchange speed reduct ions  a f t e r  only 

a  s h o r t  time t r a v e l i n g  wi th  the  e x t r a  ease  t h a t  a  l imi ted-access  des ign 

a f  fords .  

SITE THIRTEEN 

Descr ip t ion 

This urban, tu rn ing  roadway has 2 12 f t  ( 3 . 7  m) l a n e s ,  con ta ins  

one long curve wi th  a  r ad ius  of 374 f t  (114 m), and is  p ic tu red  i n  

Figure 11. The degree of cu rva tu re  i s  approximately 15.3 degrees. The 

roadway was o r i g i n a l l y  designed i n  1961 wi th  a  speed of 35 mi/h (56 

km/h). The advisory  speed c u r r e n t l y  posted f o r  t h e  roadway i s  30 mi/h 

(48  km/h). 

Geometrics 

F r i c t i o n a l  Factor.  The f r i c t i o n a l  f a c t o r  f o r  both the  des ign and 

posted speed was determined. The maximum supere leva t ion  value used was 

.05. This i s  the  value  des ignated on t h e  p lans ,  and i s  i n  keeping wi th  

the  AASHTO recommended range of .05-.09 f o r  an urban roadway of t h i s  

type. The f r i c t i o n a l  f a c t o r  was determined t o  be .17 and .11 a t  35 and 

30 mi/h (56 and 48 km/h), r e spec t ive ly .  Since the  AASHTO recommended 
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f va lues  a t  t h e s e  r e s p e c t i v e  speeds a r e  ,155 and .16, we see  t h a t  the  max 
f r i c t i o n  f a c t o r  being demanded a t  30 mi/h (48 km/h) i s  reasonable ,  whi le  

the  value  a t  the  35 mi/h (56 km/h) des ign speed exceeds the  AASHTO 

maximum. For purposes of i l l u s t r a t i o n ,  i t  i s  u s e f u l  t o  note t h a t  the  

f r i c t i o n a l  f o r c e  f o r  t h i s  curve a t  the  c u r r e n t  highway speed of 55 mi/h 

(89 km/h) i s  ,453. 

Shoulder/Crown and Roadside Development. The curb and g u t t e r  

which had o r i g i n a l l y  been placed 2 f t  (.6 m) from the  right-hand edge of 

t h e  t r a v e l  l a n e  was replaced more r e c e n t l y  w i t h  a l a t e x  concre te  over lay  

spanning the  g u t t e r  out  t o  the  edge of the  shoulder ,  a s  shown i n  Figure  

12 The replacement d e t a i l s  provided by t h e  t r a n s p o r t a t i o n  agency 

i n d i c a t e  an o r i g i n a l  shoulder  width of 6 f t  (1.8 m) f o r  the r i g h t  

shoulder  and 3.5 f t  (1.1 m) f o r  the  l e f t .  Since the  renovat ion 

incorpora ted  b a r r i e r s  o u t s i d e  of both shoulder  edges,  the  t o t a l  shoulder  

widths ,  summed from both s i d e s ,  reduced from 9.5 f t  t o  7.5 f t  (2.9 m t o  

2 .3  m). Although the  sum of the  c u r r e n t  shoulder  widths i s  below t h e  

recommended va lue  of 10 f t  (3  m) , the  e l i m i n a t i o n  of t h e  curb  on the  

o u t s i d e  of the  curve i s  seen a s  a d i s t i n c t  b e n e f i t  f o r  reducing t ruck  

acc iden t s .  

Supere leva t ion  Development. The tu rn ing  roadway supere leva tes  

some 598 f t  ( 182 m) of i t s  curva tu re  a t  a  maximum supere leva t ion  value  

of .05 f t / f t  ( - 0 5  m/m). The t r a n s i t i o n  i n t o  and ou t  of the  f u l l y  

supere leva ted  s e c t i o n  t akes  p lace  i n  150 f t  (46 m). One-third, o r  50 f t  

(15 m) of t h e  t r a n s i t i o n  i s  placed i n s i d e  the  PC and PT p o i n t s  of the  

curve. Both the  150 f t  (46  m) t r a n s i t i o n  l e n g t h  and the  placement wi th  

r e s p e c t  t o  the  curve a r e  w i t h i n  AASHTO recommendations f o r  urban,  lower- 

speed,  freeway ramps. 

Dece le ra t ion  Lane. Turning roadways u s u a l l y  have 1 o r  2 

des igna ted  12 f t  (3.7 m) d e c e l e r a t i o n  l a n e s  with no taper ing.  That i s  

t h e  case  h e r e ,  a s  the  roadway approach has 2 12 f t  ( 3 . 7  m) l a n e s  

supplying approximately 425 f t  (130 m) preceding the  nose of the  roadway 

a t  which the  ramp i n i t i a t e s .  I n  a d d i t i o n  t o  t h i s ,  t h e r e  i s  some 580 f t  

(177 m) fol lowing the  f i r s t  advisory  speed s i g n  before  reaching the PC 





of the curve. Both provide ample al lowances,  s i n c e  the  minimum leng th  

f o r  an  urban d e c e l e r a t i o n  l a n e  recommended a t  these' speeds i s  

approximately 375 f t (114 m). 

Non-Geome t r i c s  

T r a f f i c  Control  Devices. Four warning s i g n s  a r e  c u r r e n t l y  i n  

p lace  along the  roadway. The f i r s t  i s  a s p e c i a l  des ign which 

incorpora tes  a l e f t - t u r n i n g  arrow and a 30 mi/h (48 km/h) ramp advisory  

speed warning. This s i g n  i s  a t t a c h e d  d i r e c t l y  t o  an overpass s t r u c t u r e  

which t r a v e r s e s  t h e  roadway, and i s  approximately 190 f t  (60 m) ahead of 

the  curve ' s  PC. I n  p lace  approximately 165 f t  (50 m) ahead of the  curve 

PC a r e  2  W1-2L type curve s i g n s  wi th  a 30 mi/h (48 km/h) speed advisory  

p l a t e  ( type  W13-1) a t t ached  above. These two s i g n s  a r e  opposi te  from 

each o t h e r ,  on e i t h e r  s i d e  of t h e  roadway. F i n a l l y ,  a W4-1 merge s i g n  

i s  i n  p lace  a t  t h e  terminal  end of the  roadway. 

Three of the  four  warning s i g n s  a r e  unconventional i n  some way. 

The f i r s t  ramp advisory  s i g n  is  not of a standard des ign ,  and t h e r e f o r e  

i s  not descr ibed i n  t h e  Manual on Uniform T r a f f i c  Control  Devices. The 

curve warning s i g n s  have the  advisory  speed p l a t e  a t t ached  t o  the  s i g n  

top;  c u r r e n t  recommended procedure i s  t h a t  t h e  p l a t e  be a t t ached  below 

i t s  warning s ign .  Also, the  MUTCD recommends placement of these  warning 

s i g n s  300 f t  ( 9 1  m) i n  advance of t h e  curve. The f i r s t  warning s i g n  i s  

only  190 f t  (60 m) p r i o r  to  the  PC of the  curve. The pavement markings 

along the  roadway inc lude  a dashed white c e n t e r l i n e ,  wi th  a white r i g h t  

l ane  edge l i n e .  The i n s i d e ,  o r  l e f t ,  pavement edge is  marked wi th  

yellow edge l i n e s .  The balance of t h e  c o n t r o l  dev ices  a r e  i n  accordance 

wi th  t h e  p o l i c i e s  o u t l i n e d  i n  the  MUTCD. 

Accident Observation and Candidate Design Correct ions .  A l l  t h r e e  

of the a c c i d e n t s  deemed r e l e v a n t  t o  t h i s  s tudy repor ted  speeds i n  excess  

of the  advisory  speed which i s  posted. One acc iden t  s t a t e d  t h a t  the  

d r i v e r  was a t tempt ing t o  n e g o t i a t e  the  curve a t  45 mi/h ( 7 2  km/h). A l l  

of the  a c c i d e n t s  occurred on dry  pavement, dur ing  d a y l i g h t  hours and a r e  

c l u s t e r e d  a t  the  beginning of curve (1).  These a c c i d e n t s  may be r e l a t e d  



i n  p a r t  t o  the f a c t  t h a t  v e h i c l e s  a r e  ab le  t o  nego t i a te  the  s t r a i g h t  

approach t o  the curve e a s i l y  a t  highway speed. Thus, the placement of 

warning s i g n s  a t  a  reduced d i s t a n c e  ahead of o the  curve 's  PC f u r t h e r  

j eopard izes  the a b i l i t y  of heavy t rucks  to  make the  curve s a f e l y .  A 

p o s s i b l e  countermeasure i s  t o  move the  e x i s t i n g  speed advisory signage 

approximately 85 f t  ( 26  m) f u r t h e r  back from the  PC of the  curve. 

The renovat ion which e l iminated the  curb arrangement and provided 

a smooth obs tac le - f ree  roadway i s  seen a s  a d i s t i n c t  b e n e f i t  f o r  t rucks  

which might exper ience  a s u b s t a n t i a l  degree of high-speed o f f t r a c k i n g ,  

a s  descr ibed i n  the  t e x t  of the  repor t .  Indeed,  p r i o r  t o  the  

renovat ion,  t h e  ramp was the  s i t e  of va r ious  r o l l o v e r  acc iden t s  wi th  

a r t i c u l a t e d  t ruck  combinations--any one of which may have been 

p r e c i p i t a t e d  by the  c o n t a c t ,  and " t r i p p i n g  , ' I  of outboard t r a i l e r  t i r e s  

a g a i n s t  the  o u t s i d e  curb. 

SITE FOURTEEN 

Descr ip t ion  

S i t e  Fourteen i s  one of n ine  tu rn ing  roadways a t  an urban 

interchange.  This l e f t -bea r ing  roadway i s  a "broken-back" curve 

conf igura t ion  and i s  p ic tu red  i n  Figure 13. The f i r s t  curve i s  the  

connecting approach t o  the  ramp, f o r  which s p e c i f i c  geometric d e t a i l s  

were unavai lable .  However, us ing the  e x i s t i n g  p lans ,  t h i s  curve was 

determined t o  have a r a d i u s  of a t  l e a s t  1,600 f t  (488 m). Curve ( 2 )  has  

a r ad ius  of 324 f t  ( 9 9  m) and a curva tu re  of approximately 17.7 degrees.  

Curve ( 3 )  has a r ad ius  of 1,653 f t  (504 m) and a curvature  of 3.5 

degrees. Curves ( 2 )  and (3 )  a r e  both on a 5 percent downhil l  g rade ,  

which i s  preceded by a 4 percent  u p h i l l  grade along curve (1).  The 

e n t i r e  2-lane, 24 f t  (7.3 m) wide tu rn ing  roadway i s  posted wi th  an 

advisory  speed of 25 mi/h (40 km/h), and had an o r i g i n a l  des ign speed of 

35 mi/h (56 km/h) when designed i n  1961. 
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C U R V E  D A T A  

R - R o l l o v e r  . 
J - J a c k k n i f e  , 

0 - O t h e r  

Figure  13. Layout of s i t e  14 



Geometrics 

F r i c t i o n a l  Factor.  The f r i c t i o n a l  f a c t o r  was determined using the 

minimum rad ius  equat ion,  and a supere leva t ion  value of .05, as  s t a t e d  on 

the  plans. This value i s  a l s o  prescr ibed by the  S t a t e  Standard Plan f o r  

Superelevat ion and Pavement Crowns i n  fo rce  a t  the  time. The th ree  

speeds a t  which f r i c t i o n  f a c t o r s  were determined were the posted 

advisory speed, des ign speed, and an in termedia te  speed value of 30 mi/h 

(48 km/h). 

Curve ( 2 )  has a f r i c t i o n a l  f a c t o r  of .08, .14, and .18 a t  25, 30, 

and 35 mi/h (40,  48, and 56 km/h), r e spec t ive ly ,  The AASHTO recommended 

maximum f r i c t i o n a l  f a c t o r  va lues  a t  these  speeds a r e  .165, .16, and 

,155, r e spec t ive ly .  Referr ing t o  these  va lues ,  curve ( 2 )  i s  wi th in  

AASHTO recommendations i n  being signed a t  30 mi/h (48 km/h). The 'If" 

values  f o r  curve ( 3 )  were determined t o  be -.02, -.01, and -.001 f o r  25, 

30,  and 35 mi/h (40,  48, and 56 km/h), r e spec t ive ly .  Recognizing t h a t  

even the  f r i c t i o n a l  f a c t o r  demanded a t  55 mi/h (88 km/h) i s  only ,07,  i t  

was observed t h a t  curve ( 3 ) ,  a s  wel l  a s  curve ( 1 )  which has s i m i l a r  

geometry, can e a s i l y  be d r iven  a t  c u r r e n t  highway speeds. 

. The shoulder along the  

roadway was upgraded r e c e n t l y ,  r ep lac ing  the  curb and g u t t e r  s e c t i o n s  i n  

a manner s i m i l a r  t o  t h a t  shown with S i t e  Thir teen.  In  a l l  r e s p e c t s ,  t h e  

shoulder t rea tment  i s  s i m i l a r  t o  S i t e  Th i r t een ,  with somewhat narrow 

t o t a l  shoulder  width having been t raded f o r  the  e l imina t ion  of the  curb 

and the  placement of a concrete  bridge b a r r i e r  along the  ou t s ide  

shoulder edge. 

Superelevat ion Development. D e t a i l  concerning t h e  supere levat ion 

development along the  e n t i r e  roadway was not ava i l ab le .  However, the  

p lans  i n d i c a t e  t h a t  a supere leva t ion  maximum of -05 i s  reached i n  curve 

( 2 )  a t  s t a t i o n  17t14.09, followed by a t r a n s i t i o n  of 150 f t  (46 m). 

One-third, o r  50 f t  (15 m) of t h i s  t r a n s i t i o n  l i e s  wi th in  curve ( 2 ) ,  

wi th  the remaining 100 f t  (31 m) on the  tangent sec t ion .  Assuming a 

s i m i l a r  supere leva t ion  developaent was c a r r i e d  out  along the  t r a n s i t i o n  

preceding curve (2), then some 450 f t  (137 m) of f u l l y  supere levated 



roadway e x i s t s  i n  curve (2) .  The 150 f t  (46 m) t r a n s i t i o n  l e n g t h  and 

t h e  d i s t r i b u t i o n  of t h i s  t r a n s i t i o n  a r e  i n  keeping wi th  the  AASHTO 

minimums o u t l i n e d  f o r  a roadway of t h i s  type. 

Dece le ra t ion  Lane. Approximately 675 f t  (206 m) of roadway e x i s t s  

p r i o r  t o  t h e  nose of the  ramp. This i s  ample d i s t a n c e  t o  d e c e l e r a t e  and 

e n t e r  the  roadway a t  the  posted advisory  speed. The AASHTO recommended 

minimum leng th  i s  approximately 400 f t  (122 m). 

Non-Geometrics 

T r a f f i c  Control  Devices. A t o t a l  of f o u r  warning s i g n s  a r e  i n  

p lace  a long t h e  tu rn ing  roadway. The f i r s t  of these  i s  loca ted  

approximately 25 f t  ( 8  m) beyond the  ramp nose. This s i g n  combines a 25 

mi/h (40 km/h) ramp speed adv i so ry ,  wi th  a Wl-2L type tu rn ing  arrow, and 

a f l a s h i n g  yellow beacon mounted on top of the  12 i t  x 7.5 ft ( 3 . 7  m x 

2.3 m) s ign.  This  i s  not  a s tandard warning s i g n ,  and i s  not  covered i n  
I 

t h e  Manual on Uniform T r a f f i c  Control  Devices. A t a r g e t  arrow (Wl-6) i s  

placed on a concre te  embankment wa l l  w i t h i n  approximately 50 f t  (15 m) 

of t h e  f i r s t  s ign .  The remaining two s i g n s  a r e  merging t r a f f i c  

warnings,  one wi th  a merge p l a t e  mounted below ( type W4-1). Both of 

these  a r e  loca ted  a t  t h e  downstream end of t h e  curve. 

The pavement markings a long t h e  ramp c o n s i s t  of a dashed white 

c e n t e r l i n e ,  wi th  a whi te  edge l i n e  along the  o u t e r  o r  r i g h t  l a n e ,  and a 

yellow edge l i n e  on the  i n n e r  l a n e  pavement edge. These a r e  s tandard 4 

i n  ( . I  m) width pavement markings. The placement of t h e  above t r a f f i c  

c o n t r o l  dev ices  i s  i n  accordance wi th  the  MUTCD, wi th  one exception.  

The 25 mi/h (40 km/h) ramp speed advisory  s i g n  i s  not  placed such t h a t  

d r i v e r s  a r e  g iven s u f f i c i e n t  warning. The MUTCD s t a t e s  t h a t  warning 

s i g n s  recommending t h i s  amount of d e c e l e r a t i o n  be placed some 440 f t  

(134 m) i n  advance of the  curve. 

Accident Observation and Candidate Design Correct ions .  The two 

major causes s t a t e d  i n  the  acc iden t  r e p o r t s  were ( 1 )  load-sh i f t ing  



problems which l ed  t o  r o l l o v e r  and ( 2 )  braking suddenly, a f t e r  having 

entered the  curve too f a s t .  These acc iden t s  may be explained by the  

d iscont inuous  des ign of the  ramp and the  l ack  of s u f f i c i e n t  advance 

warning f o r  the necessary decreases  i n  speed. The connecting approach 

t o  the  ramp has a generous rad ius  and can be e a s i l y  d r iven  a t  55 mi/h 

(88 km/h), a s  can curve (3) .  However, placed between these  generous 

r a d i i  por t ions  i s  a t i g h t  324 f t  ( 9 9  m) rad ius  curve. While the re  i s  a 

5 percent downhill grade,  the  acc iden t s  a r e  c l u s t e r e d  a t  the top of the  

4 percent u p h i l l  grade. It may be t h a t  t ruck  d r i v e r s  a r e  a c c e l e r a t i n g  

along the  approach t o  counteract  the  u p h i l l  grade such t h a t ,  upon 

reaching the  r e s t r i c t i v e  geometry of curve ( 2 ) ,  they a r e  en te r ing  too 

f a s t .  Countermeasures a t  t h i s  s i t e  may include rep lac ing  the speed 

advisory signage with a curve warning s i g n ,  including a 25 mi/h (40 

km/h) speed p l a t e  ( type  Wl-2L) some 440 f t  (134 m) i n  advance of curve 

(2) .  Next, the  t a r g e t  arrow s i g n  could be replaced wi th  s i x  chevrons 

h i g h l i g h t i n g  the  sharp  curvature .  Also, the i n s e r t i o n  of a 110 f t  (34 

m) s p i r a l  between curve ( 1 )  and ( 2 )  would be very advisable .  These 

changes may reduce the  concen t ra t ion  of acc iden t s  and r e s u l t  i n  a more 

continuous o v e r a l l  ramp des ign,  

SITE FIFTEEN 

Descr ip t ion 

S i t e  F i f t e e n  (Figure  14) i s  a s i n g l e  l a n e ,  18-ft- (5-m) wide, 

urban e x i t  ramp. The ramp i s  comprised of t h r e e  continuous curves. The 

f i r s t  curve i s  p a r t  of a tol lway and the  geometric d e t a i l s  were not 

a v a i l a b l e ;  however, i t  appears from the  plan t h a t  i t  has r e l a t i v e l y  f l a t  

curve geometry. The second curve has a r a d i u s  of 350 f t  (107 m ) ,  with a 

degree of curvature  of 16 deg 22 f t .  The t h i r d  curve has a r ad ius  of 

690 f t  (210 m), and a degree of curvature  of 8 deg 18 f t .  The ramp i s  

c u r r e n t l y  posted wi th  an advisory speed of 30 mi/h (48 km/h); the  des ign 

speed and year  of des ign were not ava i l ab le .  
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F i g u r e  14. Layout of site 15. 



Geometrics 

F r i c t i o n  Factor ,  The f r i c t i o n  f a c t o r s  demanded f o r  curves ( 2 )  and 

( 3 )  were ca lcu la ted  us ing the  c u r r e n t  advisory speed of 30 milh (48 

km/h) and the  maximum supere leva t ion  value of -08 f t / f t  (.08 m/m) a s  

ind ica ted  on the  plans. The f r i c t i o n  f a c t o r  value demanded on curve ( 2 )  

i s  .09, wi th  curve (3 )  demanding -01. A t  35 mi/h (56 km/h), the  

f r i c t i o n a l  f a c t o r  values  f o r  curves ( 2 )  and ( 3 )  a r e  -15 and .04, 

r e spec t ive ly .  A l l  of these  values a r e  below the  AASHTO maximum 

f r i c t i o n a l  f a c t o r  value of -16 and ,155 f o r  30 and 35 mi/h (48 and 56 

km/h), r e spec t ive ly .  

Shoulder/Crown and Roadside Development. A maximum superelevat ion 

value of .08 f t / f t  (.08 m/m) i s  developed ac ross  the  18 f t  ( 5  m) 

roadway. This value appears t o  be maintained ac ross  both the  paved 

shoulders  a s  well.  The l e f t  shoulder  i s  approximately 6 f t  (1.8 m) i n  

width, Beginning approximately hal f  way through the  ramp, t h e  r i g h t  

shoulder i s  bordered by a barr ier - type curb and g u t t e r .  Spec i f i c  

informat ion d e t a i l i n g  shoulder  s lope  r a t e ,  crown development, and 

roadside  s lope  d e t a i l s  f o r  the  ramp were not  ava i l ab le .  The est imated 

shoulder widths do,  however, f a l l  wi th in  t h e  AASHTO recommendations. 

Superelevat ion Development. The supere leva t ion  development 

achieving the  .08 value  along curve (1) was not  ava i l ab le .  However, i t  

i s  apparent  t h a t  the  e n t i r e  l eng th  of curves ( 2 )  and ( 3 )  a r e  maintained 

a t  a  supere leva t ion  value of .08. While t h e  e n t i r e  runoff l eng th  

development beyond curve ( 3 )  was not a v a i l a b l e ,  500 f  t (152 m) of 

p r o f i l e  d e t a i l  was included.  Using t h i s  information i t  was determined 

t h a t  the  supere leva t ion  was runoff from a maximum superelevat ion value 

of .08 t o  .02 over a d i s t a n c e  of 500 f t  (152 m), This l eng th  f a r  

exceeds the  110 f t  (34 m) minimum runoff l eng th  suggested by AASHTO and 

i t  i s  assumed t h a t  the  normal road crown was res to red  c o r r e c t l y .  

Decelera t ion Lane. The d e c e l e r a t i o n  lane  preceding the  ramp 

entrance  i s  approximately 600 f t  (183 m) long. While d e t a i l s  concerning 

the  d e c e l e r a t i o n  lane  t a p e r  were not  a v a i l a b l e ,  comparing the  600 f t  

(183 m) o v e r a l l  l eng th  wi th  the  AASHTO recommendation t h a t  the  f u l l  lane  



width be maintained f o r  375 f t  (114 m), i t  appears  t h a t  adequate 

d e c e l e r a t i o n  l e n g t h  i s  p resen t .  

Non-Geometrics 

T r a f f i c  Control  Devices. A t o t a l  of e i g h t  warning s i g n s  a r e  i n  

p lace  along t h e  ramp. The f i r s t  of these  i s  a 30 mi/h (48 km/h) ramp 

speed advisory  warning s i g n  ( type  W13-3) l o c a t e d  j u s t  p r i o r  t o  the  ramp 

nose. S ix  chevrons o u t l i n e  the  curva tu re  of t h e  e n t i r e  ramp (Wl-8). 

F i n a l l y ,  a  merging t r a f f i c  warning i s  placed i n  t h e  gore  a r e a  a t  the  

t e rmina l  end of the  ramp (W4-1). Overhead l i g h t i n g  i s  a l s o  i n  p lace  

along t h e  e n t i r e  l e n g t h  of t h e  ramp. Standard 4 i n  ( .1  m) yellow and 

whi te  pavement edge l i n e s ,  wi th  whi te  l i n e  gore  development, a r e  

p resen t .  Placement of a l l  of t h e  warning s i g n s  f a l l  w i t h i n  t h e  

suggested p r a c t i c e s  o u t l i n e d  i n  t h e  MUTCD. 

Accident Observation and Candidate Design Correct ions .  The 

a c c i d e n t s  r epor ted  a t  t h i s  s i t e  included f i v e  j a c k k n i f e s ,  two r o l l o v e r s ,  

and one acc iden t  i n  which t h e  t ruck  ran  o f f  t h e  pavement a r e a  s t r i k i n g  a 

f i x e d  ob jec t .  Five of these  a c c i d e n t s  occurred on wet pavement and the  

remainder occurred under dry  cond i t ions .  Seven of t h e  e i g h t  a c c i d e n t s  

a r e  c l u s t e r e d  a long the  middle p o r t i o n  of curve ( 2 ) .  This  c l u s t e r i n g  

may be r e l a t e d  t o  the  s h o r t  r a d i u s  i n  curve ( 2 )  and i t s  placement 

fo l lowing t h e  i n i t i a l l y  f l a t  curve. Recognizing the  compound c h a r a c t e r  

of t h i s  geometry might e x p l a i n  t h e  concen t ra t ion  of a c c i d e n t s  i n  t h i s  

region of curve ( 2 ) .  The v e h i c l e s  a r e  apparen t ly  e n t e r i n g  curve  ( 1 )  a t  

a  h igher  r a t e  of speed wi thout  d i f f i c u l t y ,  but  then s u f f e r  l o s s  of 

c o n t r o l  due t o  excess ive  speed i n  curve ( 2 ) .  Countermeasures inc lude  

the  i n s e r t i o n  of a t  l e a s t  a  100 f t  (30 m) s p i r a l  curve between curves 

( 1 )  and ( 2 ) .  Also,  t h e  f requen t  inc idence  of loss-of-control  even t s  on 

wet pavement seems t o  suggest  a p o s s i b l e  f r i c t i o n  d e f i c i e n c y  of t h e  ramp 

pavement. 



APPENDIX B 

VEHICLE PARAMETERS AND E&"IPLE RUN 

Two t r a c t o r  s e m i t r a i l e r  v e h i c l e s  were represented  i n  t h e  computerized 

s imula t ions .  I n  those  cond i t ions  c i t i n g  a "base l ine  vehic le"  t h e  parameters  

represented  a convent ional  5-axle t r a c t o r  s e m i t r a i l e r  which was loaded t o  t h e  

l e g a l  maximum of 80,000 l b s ,  g ros s  combination weight ,  wi th  a payload 

c.g.  he igh t  r ep resen t ing  a median-density f r e i g h t .  The nominal he igh t  of t h e  

payload c e n t e r  of g r a v i t y  i n  t h i s  case  i s  83 inches above t h e  ground, The 

v e h i c l e  was a l s o  def ined  wi th  a ve ry  common s e t  of suspension p r o p e r t i e s  

r ep resen t ing  popular  l e v e l s  of s p r i n g  s t i f f n e s s .  A l i s t i n g  of t h e  parameter 

s e t  f o r  t h i s  v e h i c l e  is presented  f i r s t  i n  t h i s  appendix, under t h e  pages 

l abe led  Figure  15. 

For those  s imu la t ions  involv ing  t h e  "high-CG" v e h i c l e ,  t h e  same t r a c t o r  

s e m i t r a i l e r  v e h i c l e  was represented  except  t h a t  a )  t h e  payload CG he igh t  was 

r a i s e d  t o  105 inches  above t h e  ground t o  r e p r e s e n t  a worst-case loading  which 

is  known t o  occur i n  everyday t rucking  p r a c t i c e  and b )  t h e  s p r i n g  s t i f f n e s s e s  

a t  t h e  tandem suspensions of both t h e  t r a c t o r  and t h e  s e m i t r a i l e r  were reduced 

wi th  r e s p e c t  t o  t he  b a s e l i n e  case  t o  r e p r e s e n t  t h e  more compliant suspension 

types which a r e  known t o  be i n  common s e r v i c e .  The parameters  c o n s t i t u t i n g  

t h e  "high-c.g." v e h i c l e  a r e  l i s t e d  under t h e  pages l abe led  Figure  16. 

The p r in t ed  response  d a t a  from an example run  of t h e  "high-CG" v e h i c l e  

i s  presented  under t h e  pages des ignated  a s  F igure  17 ,  as an i l l u s t r a t i o n  of 

t h e  s imu la t ion  r e s u l t s .  The s e l e c t e d  t u n  r e p r e s e n t s  t he  c a s e  of t h e  r i g h t -  

hand t u r n  through t h e  ramp curve  a t  s i t e  go. 1 ,  ar  a v e l o c i t y  o f  40 mi/h 

( 5  mi/h above t h e  posted advisory  speed) .  



TRACTOR PARAMETERS 
- - - - - - - - - - - - - - - - - -  

WHEEIBASE - DISTANCE FROM FRONT AXLE TO CENTER OF REAR SUSPENSION ( I N )  
BASE V E H I C I E  CURB WEIGHT ON FRONT SUSPENSJON (LB) 
BASE VEI I ICLE CIJRB WEIGHT ON REAR SUSPENSION ( L B )  
SPRUNG MASS CG t tEEGI t r  ( IN. ABOVE GROUND) 
SPRUNG MASS ROLL MOMENT OF I N E R T I A  ( I N - L B - S E C f * 2 )  
SPRIJNG MASS P I T C H  MOMENT OF I N E R T I A  ( I N - L B - S E C * + 2 )  
SPRUNG MASS YAW MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
PAYLOAD WE I G t r r  ( LB) 

* * *  ZERO ENTRY I N D I C A T E S  NO PAVLOAD * * *  
* * *  F I V E  PAYLOAD D E S C R I P T I O N  PARAMETERS ARE NOT ENTERED f + *  

F I F T l l  WHEEL I -OCATION ( I N  AHEAD OF REAR SUSP. CENTER) 
F I F T l i  WtIEEL H E I G l l T  ABOVE GROUND ( IN)  
TRACTOR FRAME STIFFIJESS ( I N - L B / D E G )  
TRACTOR FRAME TORSIONAI AX I S  ME I G t i T  ABOVE GROUND ( IN) 

TRACTOR FRONT SUSPENSION AND AXLE PARAMETERS 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SIJSPENSION SPRING RATE ( L B / I N / S I D E / A X L  E )  
+ f *  NEGATIVE ENTRV I N D I C A T E S  TABLE ENTERED * * *  
* a *  ECtiO W I L L  APPEAR ON TABLE INDEX PAGE * * *  

SUSPENSION VlSCOUS DAMPING ( L B - S E C / I N / S I O E / A X I E )  
COULOMB F R I C T I O N  ( L B / S I O E / A X L E )  

AXLE R O I L  MOMENT OF I N E R T I A  ( I N - L O - S E C * * 2 )  
ROLL CENTER IIEIGI~T ( IN. ABOVE GROUND) 
R O I L  STEER C O E F F I C I E N l  (DEG. STEER/DEG. R O L L )  
A U X I L I A R Y  ROLL S T I F F N E S S  ( I N - L B / D E G / A X L E )  
LATERAL DISTANCE BETWEEN SUSPENStON SPRINGS ( I N )  
l R A C K  WIDTH ( IN )  
UNSPRUNG WE I G I i T  ( L B  ) 
STEERING GEAR R A T I O  (DEG STEERING WiEEL/DEG ROAD WIIEEL) 
S r E E R l N G  STIFFNESS ( I N - L B / D E G )  
T I E  ROO S r I F F N E S S  ( I N - L B / D E G )  
MECtIANIC&L T R A I L  ( I N )  
TORSIONAL WRAP-UP S T I F F N E S S  ( I N - L B / I N )  

I LATERAL OFFSET OF STEERING A X I S  ( I N )  

TRACTOR FRONT T I R E S  AND WIiEELS 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CORNERING STIFFNESS ( L B / D E G / T I R E )  
" *  NEGATIVE ENTRV I N D I C A T E S  T A B I E  ENTERED * * *  
"* ECHO W I L L  APPEAR ON TABLE INDEX PAGE * * *  

LONGITUDINAL STIFFNESS (LB/SLIP/TIRE) 
* * *  NEGATIVE ENrRV I N O I C A T E S  TABLE ENTERED * * *  
* * *  ECHO W I L L  APPEAR ON TABLE INOEX PAGE "* 

CAMBER STIFFNESS ( L B / O E G / T I R E )  
A L I G N I N G  MOMENT ( I N - L B / O E G / T I R E )  

+ * *  NEGATIVE A L I G N I N G  MOMENT ENTRV f * * 

L E F T  S I D E  - - - - - - - - - R I G H T  S I D E  ---------- 

L E F T  S I D E  
- - - - - - - - - R I G I i T  S I D E  ---------- 

Figure 15. Parameters of the baseline tractor-semitrailer. 





TRACTOR REAR SIJSPENSION AND AXLE PARAMETERS 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

LEADING TANDEM AXLE 
. . . . . . . . . . . . . . . . . . . . . . . .  

LEFT  S I D E  R I G l i T  S I D E  
--------- ---------- 

SUSPENSION KEY - 0 IND ICATES SINGLE AXLE. 1  I N D I C A T E S  FOUR SPRING. 2  WALKING BEAM 1 
TANDEM AXLE SEPARATION ( I N  BETWEEN LEADING AND T R A I L I N G  AXLES) 4 8 . 0 0  
STAT IC  LOAD TRANSFER (PERCENT LOAD ON LEAD AXLE) 5 0 . 0 0  
DYNAMIC LOAD TRANSFER (95 BRAKE TORQUE REACTED AS TANDEM AXLE LOAD TRANSFER) 0.0 

SIISPENSION SPRING RATE t L B / I N / S t D E / A X L E )  - 1 2 1 . 0 0  - 1 2 1 . 0 0  
+ * *  NEGATIVE ENTRY IND ICATES TABLE ENTERED * * *  
* * *  ECHO WILL  APPEAR ON TABLE INDEX PAGE * + *  

SUSPENSION VISCOUS DAMPING (LB -SEC/ IN /S IOE /AXLE)  0 . 0  0 . 0  
COULOMf3 F R I C T I O N  (LB /S IDE /AXLE)  0.0  0 .0  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
AXLE ROLL MOMENT OF I N E R T I A  ( I N - L B - S E C * + 2 )  4 4 5 8  -00 
ROLL CENlER HEIGHT ( I N .  ABOVE GROUNO) 29.00 
ROLL STEER COEFFICIENT (DEG. STEER/OEG. ROLL)  0 . 0  
AUXILIARY ROLL STIFFNESS (IN-LB/OEG/AXIE) 6 0 0 0 . 0 0  
L A l E R A L  D I S l A N C E  BETWEEN SlJSPENSION SPRINGS ( I N )  3 8 . 0 0  
TRACK WID111 ( I N )  72 .OO 

In 
UNSPRlJNG WE I GI-IT ( l I3 ) 2 3 0 0 . 0 0  

a, 
TRACrOR REAR T I R E S  AND WtlEEI,S LEADING TANDEM AXLE .................... 

LEFT  S I D E  R IGHT  S I D E  --------- ---------- 

DUAL T I R E  SEPARATION ( I N )  
CORNERING STIFFNESS (LB/OEG/TIRE)  

* * *  NEGATIVE ENTRY IND ICATES TABLE ENTERED * * *  
* * *  ECHO WILL APPEAR ON TABLE INDEX PAGE * * *  

LONGITUDINAL STIFFNESS ( L B / S L I P / T I R E )  
* * '  NEGATIVE FN IRY  INOICATES TABLE ENTERED * * *  
+ * *  ECHO W I L L  APPEAR ON TABLE INDEX PAGE * * *  

CAMBER STIFFNESS ( L B / D E G / l I R E )  
AL IGNING MOMENT ( I N - L B / D E G / T I R E )  
TIRE SPRING RATE (LB/I~J/IIRE) 
T I R E  LOADED RADIUS ( IN )  
POLAR MOMENT OF I N E R T I A  ( IN-LO-SEC+*2/WtIEEL) 

T R A I L I N G  TANDEM AXLE 
. . . . . . . . . . . . . . . . . . . . . . . .  
I-EFT S I D E  R IG I iT  S I D E  
--------- ---------- 

l R A I L I N G  TANOEM AXLE 
------------------- 
LEFT  S I D E  R IGHT  S I D E  
--------- ---------- 
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T R A I L E R  NO. 1  PARAMETERS 
- - - - - - - - - - - - - - - - - - - - - - - -  

WHEELnASE - I l ISTANCE FROM K I N G P I N  TO CENTER OF REAR SUSPENSION ( I N )  
BASE VEHICLE K I N G P I N  S T A T I C  LOAD ( L B )  
BASE VEt I ICLE CURB WEIGHT ON REAR SUSPENSION f L 8 )  
SPRUNG MASS CG I~EIG~IT ( IN. ABOVE GROUND) 
SPRIJNG MASS ROLL MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
SPRUNG MASS P I T C H  MOMENr OF INERTXA ( I N - L B - S E C f * 2 )  
SPRIJNG MASS YAW MOMENT OF I N E R T I A  ( I N - L B - S E C * + 2 )  
P A V l  OAD WEIGliT ( L B )  

PAYLOAD DISTANCE AtlEAD OF REAR SUSPENSION C E N I E R ( 1 N )  
PAYLOAD CG t4EIGtIT ( IN .  ABOVE GROUND) 
PAYLOAD ROLL MOMENT OF I N E R T I I ( 1 N - L B - S E C t * 2 )  
PAYLOAD P I T C I i  MOMENT OF I N E R T I A ( 1 N - L O - S E C * * 2 )  
PAYLOAD YAW MOMENT OF I N E R T I A ( 1 N - L B - S E C * * 2 )  

T R A I L E R  NO. 1 REAR SUSPENSION AND AXLE PARAMETERS L E A O I N G  TANDEM AXLE 
. . . . . . . . . . . . . . . . . . . . . . . .  

L E F T  S I D E  R I G H T  S I D E  
--------- ---------- 

SUSPENSION KEY - 0 I N D I C A T E S  S I N G L E  AXLE, 1 I N D I C A I E S  FOUR SPRING. 2  WALKING BEAM 1 
TANDEM AXLE SEPARATION ( I N  BETWEEN L E A D I N G  AND T R A I L I N G  AXLES)  4 8 . 0 0  
S T A T I C  LOAD TRANSFER (PERCENT LOAD O N  L E A D  AXLE)  50.00 
DYNAMIC LOAO TRANSFER ( X  BRAKE TORQUE REACTED AS TANDEM AXLE LOAD TRANSFER) 0.0 

StJSPENSION SPRING RATE ( L B / t N / S I D E / A X L E )  - 1 2 2 . 0 0  - 1 2 2 . 0 0  
* * *  NEGATIVE ENTRY I N D I C A T E S  TABLE ENTERED * * *  
f * +  ECIfO W l L L  APPEAR O N  TABLE INDEX PAGE * + *  

SUSPENSION VISCOUS DAMPING ( L B - S E C / I N / S I D E / A X L E )  0.0 0.0 
COLJLOMB f R I C T I O N  ( L B / S I O E / A X L E )  0.0 0.0 

- - - - - - - - - - - - - - - - - - - - - - - - - + - - - - -  

A X I E  ROLL MOMENT OF I N E R t I A  ( I N - L B - S E C * * 2 )  4 1 0 0 . 0 0  
ROLL CENTER I i E I G t I T  ( I N .  ABOVE GROUND) 2 9 . 0 0  
ROLL STEER COEFFICIENT (DEG. STEER/DEG. ROLI) 0.0 
A U X I L I A R Y  ROLL S T I F F N E S S  ( I N - L B / D E G / A X L E )  10000.00 
LATERAL DISTANCE BETWEEN SUSPENSION SPRINGS ( I N )  38 .OO 
TRACK WIDr l4  ( I N )  72  .OO 
UNSPRUNG WEIGHT ( L B )  t 5 0 0 . 0 0  

T R A I L E R  ~ d .  f REAR T I R E S  AND WIIEELS 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

nUAL T I R E  SEPARATION ( I N )  
CORNERING STIFFNESS (LB/DEG/TIRE) 

+" NEGATIVE ENTRY I N D I C A T E S  TABLE ENTERED * * *  
* * *  ECHO W I L L  APPEAR ON TABLE INOEX PAGE ' * *  

LONGITUDINAL S T I F F N E S S  (I B / S L I P / T  I R E )  
*'* NEGATIVE EEJTRY I N D I C A T E S  TABLE ENTEREl) * ' *  
+ * *  ECtIO W l L L  APPEAR ON TABLE INDEX PAGE & * *  

L E A D I N G  TANDEM AXLE 
. . . . . . . . . . . . . . . . . . . .  

f EFT S I D E  R I G H T  S I D E  
--------- ---------- 

T R A I L I N G  TANDEM AXLE 
. . . . . . . . . . . . . . . . . . . . . . . .  
L E F T  S I D E  R I G I f T  S I D E  
--------- ---------- 

T R A I L I N G  TANDEM AXLE 
------------------- 
L E F T  S I D E  RIGI-fT S I D E  
--------- ---------- 

l;j gure 15. (continued) 





T R A I L E R  NO. I PAYLOAD = 5 2 5 0 0 . 0 0 d  L B S .  

D I S T A N C E  FROM T R A I L E R  SPRUNG MASS CENTER T O  REAR SlJSPENSION ( IN )  
DISTAPJCE FROM T R A I L E R  SPRUNG MASS CENTER TO GROUND ( I N )  
ROLL MOMENT OF I N E R T I A  OF T R A I L E R  SPRUNG MASS ( I N - L B - S E C * * 2 )  
PITCH MOMENI OF INERTIA OF TRAILER SPRUNG MASS ( IN-LB-SEC* *I) 
YAW MOMENT OF I N E R T I A  OF T R A I L E R  SPRUNG MASS ( I N - L B - S E C * * 2 )  

TRACTOR PAYLOAD = 0.0 L B S  

D I S T A N C E  FROM TRACTOR SPRUNG MASS CENTER TO REAR SUSPENSION ( IN )  
D I S T A N C E  FROM TRACTOR SPRUNG MASS CENTER TO GROUND ( IN )  
R O L L  MOMENT OF I N E R T I A  OF TRACTOR SPRUNG MASS ( I N - L B - S E C * * Z )  
P I T C I I  MOMENT OF I N E R T I A  OF TRACTOR SPRUNG MASS ( I N - L B - S E C * * 2 )  
VAW MOMENT OF I N E R T I A  OF TRACTOR SPRUNG MASS ( I N - 1 - 8 - S E C e * 2 )  

THE S T A T I C  LOADS ON THE AXLES ARE:  
h~ AXLE NUMBER LOAD 

N S ( I . l . 1 )  1 1 9 9 0 . 3 7  I 
N S ( 1 . 2 . 1 )  1 7 0 0 0 . 1 1 7  
N S (  1 . 2 . 2 )  1 7 0 0 0 .  1 1 7  
N S ( 2 . 2 . 0  17OOO.191  
N S ( 2 . 2 . 2 )  1 7 0 0 0 .  191 --------------- 

TOTAL 7 9 9 9 9 . 9 3 8  

Tl4E TRACTOR TOT AL  MASS CENTER I S  6 0 . 7 5 9  I N C t i E S  B E t I I N D  THE FRONT AXLE 
T t IE  TOTAL YAW MOMENT OF I N E R T I A  I S  2 1 4 2 1 6 . 8 7 5  I N - L B - S E C * * 2  

THE F I R S T  t R l t l L E R  TOTAL MASS CENTER I S  2 2 7 . 7 2 3  I N C I f E S  B E H I N D  T t iE  K I N G P I N  ' 
THE TOTAL YAW MOMENT OF I N E R T I A  I S  4 2 0 2 8 9 7 . 0 0 0  I N - L B - S E C * * 2  

EMPTV LOADED 

EMPTY LOADED 

Figure 15. ( c o ~ ~ t i n u e d )  
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TRACTOR PARAMETERS 
- - - - - - - - - - - - - - - - - -  

WtIEELBASE - DISTANCE FROM FRONT AXLE TO CENTER OF REAR SUSPENSION ( IN )  
RASE VEHICLE CURB WEIGliT ON FRONT SUSPENSION ( L B )  
BASE VEHICLE CURB WEIGIIT ON REAR SUSPENSION ( L B )  
SPRUNG MASS CG HEIGHT ( IN .  ABOVE GROUND) 
SPRUNG MASS ROLL MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
SPRUNG MASS P I T C H  MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
SPRUNG MASS Y A W  MOMENI OF INERTIA (IN-LB-SEC**P) 
PAYLOAD WEIGtIT ( L B )  

* * *  ZERO ENTRY IND ICATES NO PAYLOAD * * *  
* * *  F I V E  PAYLOAD DESCRIPT ION PARAMETERS ARE NOT ENTERED * * *  

F I F T t I  WtlEEL LOCATION ( I N .  AHEAD OF REAR SUSP. CENTER) 
F I F T t I  WllEEL HE lG l lT  ABOVE GROUND ( I N )  
TRACTOR FRAME STIFFNESS ( IN -LB /DEG)  
TRACTOR FRAME TORSIONAL A X I S  t f I G C l T  ABOVE GROUND ( IN)  

TRACTOR FRONT SUSPENSION AND AXLE PARAMETERS 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SUSPENSION SPRING RATE ( L B / I N / S I O E / A X L E )  
* + *  NEGATIVE ENTRY IND ICATES TABLE ENTEREO * * *  
* * *  ECI40 W I L L  APPEAR ON TABLE INDEX PAGE * * *  

SUSPENSION VISCOUS DAMPING (LB -SEC/ IN /S IDE /AXLE)  
COlJLOMB F R I C T I O N  (LB /S IOE /AXLE)  

AXLE ROLL MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
ROLL CENTER I IE IG t iT  ( IN .  ABOVE GROUND) 
ROLL STEER COEFFICIENT (OEG. STEER/DEG. ROLL )  
AUXIL IARY ROLL ST IFFNESS ( fN-LB/DEG/AXLE)  
LATERAL DISTANCE BETWEEN SUSPENSION SPRINGS (IN) 
TRACK WIDTI i  ( I N )  
UNSPRUNG WE I GI11 ( L B  ) 
STEERING GEAR RATIO (DEG STEERING WHEEL/OEG ROAD WHEEL) 
STEERING STIFFNESS ( IN -LB /DEG)  
T I E  ROO STIFFNESS ( IN -LB /DEG)  
MECHANICAL T R A I L  ( IN )  
TORSIONAL WRAP-UP STIFFNESS ( I N - L B / I N )  
LATERAL OFFSET OF STEERING A X I S  ( IN)  

TRACTOR FRONT T I R E S  AND WIIEELS 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CORNERING STIFFNESS (LB/OEG/TIRE)  
* * *  NEGATIVE ENTRY INOICATES TABLE ENTEREO * * *  
* * *  ECHO WILL  APPEAR ON TABLE INDEX PAGE * * *  

LONGI IUU INAL  STIFFNESS ( L B / S L I P / T I R E )  
* * *  NEGATIVE ENTRY IND ICATES TABLE ENTERED * * *  
* * *  ECtlO W I L L  APPEAR ON TABLE INDEX PAGE * * *  

CAMBER STIFFNESS (LB /DEG/T IRE)  
AL IGNING MfJMENT ( I N - L B / D E G / T I R E )  

* * *  NEGATIVE A L I G N I N G  MOMENT ENTRY * * *  

LEFT  S I D E  R IGHT  S I D E  - - - - - - - - - ---------- 

RIGHT S I D E  
---------- 

Figure  16.  Parameters of lrlre Irigll-cg t r a c  t o r - s e m i t r a i l e r  . 
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T I M E  
(SEC 

TRACTOR SPRUNG 

FORWARD LATERAL VERTICAL 
( F T / S E C * * 2 )  ( F T / S E C * * 2 )  ( F T / S E C Z * 2 )  

MASS ACCELERATION (BODY AXES) 

ROLL P I T C H  HE AD I NG 
( D E G / S E C f * 2 )  (DEG/SEC*+2)  ( D E G / S E C * * 2 )  

I N E R T I A L  ACCEL. ALONG BODY A X E S  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
LONG I TUD I NAL L A 1  ERAl. 
( F T / S E C * * 2 )  ( F T / S E C * * 2 )  

Figure 17. (continued) 
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TRACTOR REAR SUSPENSION T I R E  FORCES 

T R A I L I N G  TANDEM AXLE 

T I M E  
(SEC)  

- - - - - - - - - -  
VERTICAL 

1 LB 

LEFT S I D E  

LONG. 
( L B )  

- - - - - - - - - - - - -  
LATERAL 

( L B )  

- - - -  
MU-Y 

- - - - - - - - - - -  
VERTICAL 

( L B )  

---------- 
LONG. 
( L B  

RIGHT S I D E  
. . . . . . . . . . . . . . . . . . . . . . .  

LATERAL MtJ-X 
( L B )  





TRACTOR REAR SUSPENSION - LATERAL T I R E  FORCE AN0 MOMENT SlJMMARY 

LEADING TANDEM AXLE 

T IME 
( S E C )  

0.0 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1 .oo 
1 . 1 0  
1.20 
1.30 
1 . 4 0  
1.50 
1.60 
1.70 
1.80 
1.90 
2 . 0 0  
2.10 
2.20 
2.30 
2.40 
2.50 
2.60 
2.70 
2.80 
2.90 
3.00 
3.10 
3.20 
3.30 
3.40 
3.50 
3.60 
3.70 
3.80 
3.90 
4 .oo 

------------ 
T I R E  
S I D E S L I P  
ANGLE 
(DEG)  

L E F r  S I D E  

T I R E  
LArERAL MU-Y 
FORCE 
( L B  1 

- - - - - - - - - - - - - 
ALIGNING 
TORQUE 
( IN-LB) 

-------------- 
T I R E  
S I D E S L I P  
ANGLE 
(DEG) 

RIGHT S I D E  

T I R E  
LATERAI. MU-Y 
FORCE 
( L E I  

- - - - - - - - 
A L I G N I N G  
TORQUE 
( I N - L B  1 

ITigure 17. (continued) 



TRACTOR REAR SUSPENSION - LATERAL T I R E  FORCE AM)  MOMENT SUMMARY 

T R A I L I N G  TANDEM AXLE 

i IME 
( SEC 

0 . 0  
0 . 1 0  
0 . 2 0  
0 . 3 0  
0 . 4 0  
0 . 5 0  
0 . 6 0  
0 . 7 0  
0 . 8 0  
0 . 9 0  
1  .oo  
1 . 1 0  
1  . 2 0  
1 . 3 0  
1 . 4 0  
1 . 5 0  
1 . 6 0  
1 . 7 0  
1 . 8 0  
1 . 9 0  
2 .oo 
2 . 1 0  
2 . 2 0  
2 . 3 0  
2 . 4 0  
2 . 5 0  
2 . 6 0  
2 . 7 0  
2 . 8 0  
2 . 9 0  
3  .OO 
3 . 1 0  
3 . 2 0  
3 . 3 0  
3 . 4 0  
3 . 5 0  
3 . 6 0  
3 . 7 0  
3  8 0  
3 . 9 0  
4  .oo 

------------ 
T I R E  
S I D E S L I P  
ANGLE 
(DEG) 

LEFT S I D E  
. - - . . - - - - - - - - - - - - - - - - - - - - - - 

T I R E  
LATERAI. MU-Y 
FORCE 
( L a )  

. - - - - - - - - - - - - - 
A L I G N I N G  
TOROUE 
( I N - L B  k 

- - - - - - - - - - - - -  
T I R E  
S I D E S L I P  
ANGLE 
(DEG) 

---------- 
T I R E  
LATERAL 
FORCE 
(LB 1 

R I G H T  S I D E  
. . . . . . . . . . . . . . . . . . . . . .  

MU-Y 

F i g u r e  17. (cont inued)  





TRACTOR REAR SUSPENSION - UFISPRUEJG MASS SUMMARY 

LEADING TANDEM AXLE 

AXLE MOTION DYNAMIC SUSPENSION MOTIONS AND FORCES 
- - - - - - - - - - -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P O S I T I O N  VELOCITY LEFT  S I D E  R IGHT  S I D E  
- - - - - - - - - - - - - - - - -  ----------------- . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  

T IME VERTICAL ROLL VERTICAL ROLL A U X I L I A R Y  SUSP. SUSP . SUSP . SUSP . SUSP . SUSP . 
(SEC)  ( F T )  (DEG) (FT/SEC)(DEG/SEC) ROLL TOROUE DEFLECT. VELOCITY FORCE DEFLECT. VELOCITY FORCE 

( I N - L B  1 ( IN) ( IN /SEC)  ( L B )  ( IN)  ( IN/SEC) ( L O )  

Figure 17. (continued) 



TRACTOR REAR SUSPENSION - UNSPRUNG MASS SUMMARY 

T R A I L I N G  TANDEM AXLE 

AXLE MOTION DYNAMIC SUSPENSION MOTIONS AND FORCES 
- - - - - - - - - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P O S I T I O N  V E L O C I  TV L E F T  S I D E  R I G I I T  S I U E  
- - - - - - - - - - - - - - - - -  - - - - - - - - - - - . - - - - - . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  

T I M E  V E R T I C A L  ROLL V E R T I C A L  ROLL A U X I L I A R Y  SUSP. SUSP . SUSP . SUSP . SUSP . SUSP . 
( S E C )  ( F T )  (DEG)  (FT/SEC)(OEG/SEC) ROLL TDRQIJE DEFLECT. VELOCITY FORCE D E F L E C T .  V E L O C I T Y  FORCE 

( IN-LB) ( I N )  ( I N / S E C )  (LB) ( IN )  ( IN/SEC ) ( LB 
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TRAILER NO.  1 REAR SUSPENSION - LATERAL T I R E  FORCE AND MOMENT SUMMARY 

LEADING TANDEM AXLE 

I-' 
0 
I-' 

T I M E  
( SEC) 

0 . 0  
0 . 1 0  
0 . 2 0  
0 . 3 0  
0 . 4 0  
0 . 5 0  
0 . 6 0  
0 . 7 0  
0 . 8 0  
0 . 9 0  
1  .oo 
1 . 1 0  
1 . 2 0  
1 . 3 0  
1 . 4 0  
1 . 5 0  
1 .60  
1 . 7 0  
1 .80  
1 . 9 0  
2 . 0 0  
2 . 1 0  
2 . 2 0  
2 . 3 0  
2 . 4 0  
2 . 5 0  
2 . 6 0  
2 . 7 0  
2 . 8 0  
2 . 9 0  
3 . 0 0  
3 . 1 0  
3 . 2 0  
3 . 3 0  
3 . 4 0  
3 . 5 0  
3 . 6 0  
3 . 7 0  
3 . 8 0  
3 . 9 0  
4 . 0 0  

------------ 
T I R E  
S I D E S L I P  
ANGLE 
(DEG) 

LEFT S I D E  

T I R E  
LATERAL MU-Y 
FORCE 
( L B )  

------------ 
A t  1  GNlNG T I  RE 
TORQUE S I D E S L I P  
( I N - L B )  ANGLE 

( DEG) 

R I G H T  S I D E  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T I R E  
LATERAL MU-Y 
FORCE 
( L E I  

. - - - - - - - - 
A L I G N I N G  
1 ORQUE 
( I N - L B )  

Figure 1 7 .  (continued) 



TRAILER NO. 1 REAR SUSPENSION - LATERAL T I R E  FORCE A N 0  MOMENT SUMMARV 

T I M E  
( S E C )  

-----------  
T I R E  
S I D E S L I P  
ANGLE 
(DEG) 

LEFT S I D E  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T I R E  
LATERAL MU-Y 
FORCE 
( L B )  

T R A I L I N G  TANDEM AXLE 

------------- 
A L l G N f N G  
TOROIJE 
( I N - L B  

-------------  
T I R E  
SIOESLEP 
ANGLE 
(DEG) 

R I G l l T  S I D E  

T I R E  
LATERAL MU-Y 
FORCE 
i L B  

A L I G N I N G  
TORQUE 
( I N - L B )  



T R A I L E R  NO.  1 REAR SUSPENSION - UNSPRUNG MASS SUMMARY 

L E A D I N G  TANDEM AXLE 

AXLE M O T I O N  
- - - - - - - - - - -  

P O S I T I O N  V E L O C I T V  
----------------- ----------------- 

T I M E  V E R T I C A L  R O L L  V E R r l C A L  R O L L  
( S E C )  ( F T )  (DEG)  (FT /SEC) (DEG/SEC)  

DYNAMIC SUSPENSION MOTIONS AND FORCES 

L E F T  S I D E  IZIGHT S I D E  
. . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  

A U X I L I A R Y  SUSP . SUSP . SUSP . SUSP . SUSP . SUSP . 
R O L L  TORQUE D E F L E C T .  V E L O C I T Y  FORCE D E F L E C T .  V E L O C I T Y  FDRCE 
( IN-LB ) (IN) ( i N / S E C )  (LB) ( I N )  ( IN/SEC ( LB) 



TRAILER NO. 1 REAR SUSPENSION - UNSPRUNG MASS SUMMARY 

T R A I L I N G  TANDEM AXLE 

AXLE MOTION DYNAMIC SUSPENSION MOTIONS AND FORCES 
----------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A  

POS I T I O N  VELOCITY LEFT S IDE  R IG l lT  S I D E  
----------------- ----------------- .......................... . . . . . . . . . . . . . . . . . . . . . . . . . .  

T IME VERTICAL ROLL VERTICAL ROLL AUXIL IARV SUSP. SUSP . SUSP . SUSP . SUSP . SUSP . 
(SEC)  ( F T )  (DEG) (FT/SEC)(DEG/SEC) ROLL TORQUE M F L E C T .  VELOCITY FORCE DEFLECT. VELOCITY fORCE 

( I N - L B  1 ( IN )  ( f N / S E C )  (LB) ( IN) ( I N / S E C )  (LB) 

Figure 17. (continued) 



TRACTOR SPRUNG MASS P O S I T I O N  
------------------------------------------  

TIME 
(SEC 

4 . 1 0  
4 . 2 0  
4 . 3 0  
4 . 4 0  
4 . 5 0  
4 . 6 0  
4 . 7 0  
4 . 8 0  
4 . 9 0  
5 . 0 0  
5 . 1 0  
5 . 2 0  
5 . 3 0  
5 . 4 0  
5 . 5 0  
5 . 6 0  
5 . 7 0  
5 . 8 0  
5 . 9 0  
6 . 0 0  
6 .  1 0  
6 . 2 0  
6 . 3 0  
6 . 4 0  
6 . 5 0  
6 . 6 0  
6 . 7 0  
6 . 8 0  
6 . 9 0  
7  .OO 
7 . 1 0  
7 . 2 0  
7 . 3 0  
7 . 4 0  
7 . 5 0  
7 . 6 0  
7 . 7 0  
7 . 8 0  
7 . 9 0  
8 . 0 0  
8 .  10 

FORWARD 
( r T  

LATERAL 
( F T )  

VERTICAL ROLL 
( F T )  (DCG) 

P I T C H  
(DEG) 

------------------ 
HEADING 

(OEG) 
TURN 
RADIUS 

( F T )  

S I D E  
S L I P  
(DEG) 

ITigure 17. (continued) 



T I M E  
(SEC)  

SPRUNG MASS VELOCITY ( B o w  A X E S )  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

VERTICAL ROLL P I T C H  
(FT/SEC) (OEG/SEC ) (OEG/SEC 

STEERING 
WtIEEL 
ANGLE 
(DEG)  

Figure 1 4 .  





TRACTOR FRONT AXLE T I R E  FORCES 
L E F T  S I D E  R I G I I T  S I D E  STEER ANGLE 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - - - - - - - - - - - - - - - - - -  
T I M E  VERTICAL LONG. LATERAL MU-X MU-Y VERTICAL LONG. LATERAL MU-X MU-Y LEFT RIGt1T 
( S E C )  ( L E I  (I-8) (LB ( L B )  (LB ( L B )  (OEG) (DEG)  

Figure 17. (continued) 







TRACTOR FRONT SUSPENSION - LATERAL T I R E  FORCE AND MOMENT SUMMARY 

LEFT S I D E  R I G H T  S I D E  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T 1 ME T I R E  T I R E  A L I G N I N G  T I R E  T I R E  A L I G N I N G  
( S E C  S I D E S L I P  LATERAL MU-Y TORQUE S I D E S L I P  LATERAL MU-Y TORQUE 

ANGLE FORCE ( I N - L B )  ANGLE FORCE ( I N - L B )  
(DEG) 4 L B )  (DEG) ( L B )  

Figure 17. ( cont inued)  



TRACTOR REAR SUSPENSION - LATERAL T I R E  FORCE AND MOMENT SUMMARY 

1 IME 
( SEC 

T I  RE 
S I D E S L I P  
ANGLE 
(DEG) 

LEADING TANDEM AXLE 

L E F T  SIDE RIGt lT  SIDE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T I R E  A L I G N I N G  T I R E  T I R E  
LATERAL M U - Y  TDROUE S I D E S L I P  LATERAL MU-Y 
FORCE ( I N - L B )  ANGLE FORCE 
(LB (DEG) I L B )  

i r e  1 (cont inued)  



TRACTOR REAR SUSPENSION - LATERAL T I R E  FORCE AND MOMENT SUMMARY 

T R A I L I N G  TANDEM AXLE 

T I M E  
(SEC 

4 . 1 0  
4 . 2 0  
4 . 3 0  
4 . 4 0  
4 . 5 0  
4 . 6 0  
4 . 7 0  
4 . 8 0  
4 . 9 0  
5 . 0 0  
5 . 1 0  
5 . 2 0  
5 . 3 0  
5 . 4 0  
5 . 5 0  
5 . 6 0  
5 . 7 0  
5 . 8 0  
5 . 9 0  
6  -00 
6 .  10 
6 . 2 0  
6 . 3 0  
6 . 4 0  
6 . 5 0  
6 . 6 0  
6 . 7 0  
6 . 8 0  
6 . 9 0  
7  .OO 
7 . 1 0  
7 . 2 0  
7 . 3 0  
7 . 4 0  
7 . 5 0  
7 . 6 0  
7 . 7 0  
7 . 8 0  
7 . 9 0  
8 . 0 0  
8 .  I0 

- - - - - - - - - 
T I R E  
S I D E S L I P  
ANGLE 
(DEG)  

LEFT S I D E  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T I  RE 
LATERAL MU-Y 
FORCE 
(La 

A L I G N I N G  
TORQUE 
( I N - L B  

------------ 
T I R E  
S I D E S L I P  
ANGLE 
(DEG) 

- - - - - - - - - - -  
T I R E  
LATERAL 
FORCE 
( L B )  

R I G H T  S I D E  

MU-Y 

. - - - - - - - - 
A L I G N I N G  
TORQUE 
( I N - L R )  

1 3  gurc 1 7 .  (continued) 



TRACTOR FRONT SUSPENSION - UNSPRlJNG MASS SUMMARY 

t-' 
t-' 
C- 

AXLE M l I T I O N  DYNAMIC SUSPENSION MOTIONS AND FORCES 
- - - - - - - . - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P O S I T I O N  VELOCITY LEFT S I D E  R I G H T  S I D E  
- - - - - .. - - - - - - - - - - - ----------------- . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  

T I M E  V E H r I C A L  ROLL VERTICAL ROLL A U X I L I A R Y  SUSP. SUSP . SUSP . SUSP . SUSP . SUSP . 
( S E C )  ( F T )  (DEG) (FT /SEC) (OEG/SEC)  ROLL TORQUE DEFLECT. VELOCSTY FORCE DEFLECT.  VELOCITV FORCE 

( I N - L B )  f IN)  ( I N / S E C )  ( L B )  f IN)  ( I N / S E C )  ( L E I  



TRACTOR REAR SUSPENSION - UNSPRUNG MASS SUMMARY 

L E A D I N G  TANDEM AXLE 

AXLE Mcl 
- - - - - - - 

P O S I T  I O N  ----------------- 
T I M E  V E R T I C A L  ROLL 
( S E C )  ( F T )  (DEG)  
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APPENDIX C 

SIMULATION RESULTS 

This appendix con ta ins  p l o t t e d  response v a r i a b l e s  desc r ib ing  t h e  dynamic 

behavior of t r a c t o r  s e m i t r a i l e r s  opera t ing  on each of t h e  s e l e c t e d  ramps, 

The s imula t ion  runs  a v a i l a b l e  f o r  each ramp s i t e  a r e  l i s t e d  i n  Table 1. Each 

run involves  two pages of p l o t t e d  responses ,  covering t h e  following v a r i a b l e s :  

S tee r ing  Wheel Angle ( i n  degrees)  -- express ing t h e  ins tantaneous  

s t e e r i n g  inpu t  appl ied by a "dr ive r  model" p o r t i o n  of t h e  s imulat ion program. 

The d r i v e r  model a p p l i e s  s t e e r i n g  i n  a manner which r e p r e s e n t s  t h e  dynamic 

response of human opera to rs ,  following t h e  c e n t e r l i n e  of t h e  descr ibed ramp 

l a n e  up t o  t h e  po in t  of l o s s  of con t ro l .  Large f l u c t u a t i o n s  i n  s t e e r i n g  

dur ing a run i n d i c a t e  t h a t  t h e  "dr iver"  i s  responding t o  abrupt  changes i n  

t h e  v e h i c l e ' s  opera t ing  t r i m ,  such a s  when r o l l o v e r  o r  jackknife  i n s t a b i l i -  

t i e s  a r e  pending. 

Trac to r  Yaw Rate ( i n  degrees  / second) -- express ing t h e  angular r a t e  of 

r o t a t i o n  of t h e  t r a c t o r  about a v e r t i c a l  a x i s .  Tractor  yaw r a t e  d iverges  

when a j ackkni fe  response is produced, such a s  a t  S i t e s  4 and 6 .  

Trac to r  Rol l  Angle ( i n  degrees) -- express ing t h e  r o l l  angle  of t h e  

t r a c t o r  about a l o n g i t u d i n a l  a x i s ,  Tractor  r o l l  ang le  d iverges  when a r o l l -  

over response is  produced, such a s  wi th  t h e  "~igh-cG" v e h i c l e  i n  S i t e  1 a t  a 

speed of 40 mi/h (64 km/h) , f o r  example. 

Trac to r  L a t e r a l  Accelera t ion ( i n  f e e t  / second ** 2) -- express ing t h e  

a c c e l e r a t i o n  component which i s  p a r a l l e l  t o  ea r th -hor izon ta l .  I n  a super- 

e leva ted  curve,  t h i s  component c o n s t i t u t e s  t h e  c e n t r i p e t a l  a c c e l e r a t i o n  

assoc ia ted  wi th  t h e  curve r a d i u s  and v e h i c l e  speed. The n e t  a c c e l e r a t i o n  

component which i s  tending t o  over tu rn  t h e  v e h i c l e  i s  equal t o  t h e  ind ica ted  

l a t e r a l  a c c e l e r a t i o n  va lue ,  minus t h e  ins tantaneous  va lue  of superelevat ion.  

Veloci ty  ( i n  f e e t  / second) -- express ing t h e  r e s u l t a n t  v e l o c i t y  of t h e  

c e n t e r  of mass of t h e  t r a c t o r .  Veloci ty  changes dur ing d i f f e r i n g  runs due 

t o  coas t ing  on a grade,  a p p l i c a t i o n  of brakes ,  o r  an induced d e c e l e r a t i o n  due 

t o  corner ing fo rces .  

Trac to r  Lef t  and Right V e r t i c a l  T i r e  Loads ( i n  pounds) -- express ing t h e  

ins tantaneous  v e r t i c a l  loads  borne by t h e  dua l  t i r e  p a i r  ( t o t a l  on 2 t i r e s )  



on t h e  r e s p e c t i v e  l e f t  and wheel p o s i t i o n s  of t h e  l e a d i n g  tandem a x l e  on t h e  

r e a r  of t h e  t r a c t o r .  The t i r e  l o a d s  i n d i c a t e  t h e  load  t r a n s f e r  c o n d i t i o n  

which i s  roughly  p r o p o r t i o n a l  t o  t h e  n e 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 .  That  

is, t h e  l o a d s  on t h e  o u t s i d e  t i r e s  i n  t h e  cu rve  a r e  s een  t o  i n c r e a s e  w h i l e  

t h e  i n s i d e  t i r e s  i n  t h e  curve  show d e c r e a s i n g  l o a d s .  A pending r o l l o v e r  

c o n d i t i o n  i s  f i r s t  i n d i c a t e d  when t h e  l o a d  on t h e  i n s i d e  t i r e s  goes t o  ze ro .  

The r o l l  mechanics of  t r a c t o r  s e m i t r a i l e r s  i s  such t h a t  r o l l o v e r  i s  v i r t u a l l y  

a s s u r e d  when t h e  i n s i d e  t i r e s  on t h e  t r a c t o r  tandem reach  a v a l u e  of ze ro .  

S u p e r e l e v a t i o n  ( a s  a  nondimensional  q u a n t i t y )  -- expres s ing  t h e  t angen t  

of t h e  l a t e r a l  i n c l i n a t i o n  a n g l e  of t h e  roadway r e l a t i v e  t o  t h e  h o r i z o n t a l .  

Ramp s u p e r e l e v a t i o n  i s  expressed  as a f u n c t i o n  of t ime i n  t h e  p l o t ,  t h u s  

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

l o n g i t u d i n a l  l o c a t i o n  of t h e  mass c e n t e r  of t h e  t r a c t o r  as it t r a v e l s  a long 

t h e  ramp. 

Radius of t h e  Curve ( i n  f e e t )  -- expres s ing  t h e  i n s t a n t a n e o u s  r a d i u s  of t h e  

roadway a long  t h e  ramp. A v e r y  h i g h  v a l u e  f o r  r a d i u s ,  of cou r se ,  s u g g e s t s  a  

t a n g e n t  s e c t i o n .  S i n c e  i n f i n i t e  v a l u e s  a r e  n o t  p l o t t e d  due t o  space  l i m i t a -  

t i o n s ,  t a n g e n t s  appear  on some of  t h e  p l o t s  w i t h  v a l u e s  of r a d i u s  e q u a l  t o  

10,000.  S p i r a l  s e c t i o n s  of road appear  as curved p o r t i o n s  of t h e  r a d i u s  

p l o t ,  w h i l e  s t e a d y  t u r n s ,  of cou r se ,  appear  as c o n s t a n t  r a d i u s  v a l u e s .  As 

w i t h  t h e  s u p e r e l e v a t i o n  convent ion ,  t h e  v a l u e  of r a d i u s  shown a t  a  g iven  t ime 

corresponds  t o  t h e  i n s t a n t a n e o u s  l o n g i t u d i n a l  l o c a t i o n  of  t h e  t r a c t o r  mass 

c e n t e r  on t h e  roadway. 

Grade ( a s  a  nondimensional  q u a n t i t y )  -- expres s ing  t h e  t a n g e n t  of t h e  

l o n g i t u d i n a l  i n c l i n a t i o n  of t h e  roadway r e l a t i v e  t o  t h e  h o r i z o n t a l .  P o s i t i v e  

v a l u e s  of  g rade  a r e  downhi l l .  A s  above, t h e  v a l u e  of  g rade  p l o t t e d  a t  a  

g iven  t ime corresponds  t o  t h e  i n s t a n t a n e o u s  l o n g i t u d i n a l  l o c a t i o n  of  t h e  

t r a c t o r  mass c e n t e r  a l o n g  t h e  roadway. 

D e l t a  Y ( i n  f e e t )  -- e x p r e s s i n g  t h e  e x t e n t  t o  which t h e  mass c e n t e r  of 

t h e  t r a c t o r  h a s  d e p a r t e d  from t h e  l a n e  c e n t e r l i n e .  Th i s  measure i n d i c a t e s  

t h e  f i d e l i t y  of t h e  " d r i v e r  model" i n  s t e e r i n g  t h e  v e h i c l e  t o  a c t u a l l y  t r a c k  

t h e  l a n e  c e n t e r l i n e .  V a r i a t i o n s  i n  De l t a  Y from z e r o  occu r  due t o  d i s t u r -  

bances which a r i s e  from d i s c o n t i n u i t i e s  i n  r a d i u s  o r  s u p e r e l e v a t i o n  and a l s o  

from d i s t u r b a n c e s  i n  v e h i c l e  t r i m  due t o  an  impending i n s t a b i l i t y .  



1 Advisory / 
S i t e  Speed 1 P e c u l i a r  S i t e  Simulation Speeds 

No. 

1 

2 

3 

* 4 

5 

* *6  

7 

8 

9 

10 

11 

12 

13 

14 

d i / h  1 C h a r a c t e r i s t i c  I ''Bas e l  ine" "High C-G" 

compound curves ,  t i g h t - £  l a t -  
t i g h t  

s h o r t  dece 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 

I 

l5 i t i g h t  curve,  end of ramp, 
poor t r a n s i t i o n  

t i g h t  curve,  curb on o u t s i d e  

i 

l a r g e  r a d i u s ,  highspeed, 
s l i p p e r y  wet 

34,44,40 mi/h 

25,35,42 

35,25 

55 (braking) 

35,40 mi/h 

35 1 downgrade l e a d s  t o  sharp curve / 35,45 
I 1 35,45 
I 

30 1 downgrade l e a d s  t o  sharp curve I 1 30 1 30,35 

25 1 sharp curve a t  end of moderate 1 dece l .  l a n e  

2 5 compound curve,  t i g h t - f l a t -  I t i g h t  I 

25 I _____  
i 

f 
poor t r a n s i t i o n ,  sharp curve 

r i g h t  away 
25 

30 / t i g h t  curve,  curb on o u t s i d e  1 35 1 --_-- 
1 

40 1 t i g h t  curve on c e n t r a l  l a n e s  
of trumpet 

25 1 t i g h t  curve,  curb on o u t s i d e  / 40 / _ ____  
E 

40 

* S i t e  No. 4 - Braking from 55 mi/h towards 20 mi/h on = .50 s u r f a c e  

** S i t e  No. 6 - Addit ional  runs t o  s imula te  hydroplaning,  Basel ine  Vehicle.  

(Eote:  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 . )  

compound curve,  l a r g e  r a t i o  
of r a d i i  

U t r a c t o r  f r o n t  = 0.50 
( emp t ~ )  U t r a c t o r  r e a r  = 0.15 
55 mi/h i-1 t r a i l e r  = 0.15 

3 5 I ----- 

U t r a c t o r  f r o n t  = 0.50 
(empty) p t r a c t o r  r e a r  = 0.12 
55 mi /h  i-I t r a i l e r  = 0.12 

Table 1. Simulation run cond i t ions .  



F i g u r e  18. S i t e  1 base-  
l i n e ,  35 and 
40 mi/h.  
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F i g u r e  18. (cont inued)  
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Figue  19. (cont inued)  
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Figure 20. Site 1, 
hi-c.g., 
35 mi/h ,  
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Figure 20. (continued) 
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Figure  22 .  Site 2 ,  base- 
l i n e ,  25 mi/h.  
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Figure  22 .  (continued) 
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F i g u r e  2 3 .  Site 2 basel ine,  
35 and 40 mi/h .  
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Figure  23 ,  (continued) 
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Figure  2 4 .  Site 2 ,  hi-c:.g., 
2 5  mi/h. 
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F igure  24.  (continued) 
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Figure 2 5 .  Site 3 baseline, 
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F i g u r e  2 5 .  (continued) 
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F i g u r e  26. Si te  3, hi-c.g., 
25  mi/h. 
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Figure  2 6 .  (continued) 
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F i g u r e  2 7 .  Site 3 ,  hi-c.g., 
35 mi/h.  
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F i g u r e  28. Site 4 base- 
l i n e ,  55  mill^. 
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F i g u r e  31. (cont inued)  
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Figure 32.  Site 5 base- 
l i n e ,  2 5  and 
35 mi/h. 
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Figure 33. (continued) 
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Figure  34.  (continued) 
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Figure 35. (continued) 
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Figure  36. (continued) 
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F i g u r e  37. S i t e  
l i n e ,  

6 base- 
70 mi/h.  
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Figure 37. (continued) 
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Figure 38. Site 6 ,  
empty vehicle, 
55 mi/h. 
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F i g u r e  38. ( con t inued)  



Figure  39. S i t e  6 ,  empty 
v e h i c l e ,  55 mi/h. 
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S I T E  7 

Figure  4 0 .  Si te  7 base l ine ,  
35 mi /h .  
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Figure  40 .  (continued) 
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Figure 41. Site 7 basel ine,  
45 mi/h. 
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Figure 4 1 .  (continued) 
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Figure 42. Site 7, hi-c.g., 
35 mi/h. 
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Figure  4 2 .  (continued) 
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Figure 43.  Site 7 ,  hi-c.g., 
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F i g u r e  43. (cont inued)  
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Figure 44. (continued) 



Figure 45. Site 8, hi-c.g., 
30 mi/h. 
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Figure  4 5 .  (continued) 
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Figure 4 7 .  Si te  9 base- 
l i n e ,  25 mi/h. 



Figure  4 7 .  (continued) 
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Figure  48. S i t e  10  b,ase- 
l i n e ,  25 mi/h. 
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Figure  4 8 .  (continued) 



F i g u r e  4 9 ,  S i t e  11 b a s e l i n e , ,  
2 5  mi/h. 
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F i g u r e  4 9 .  (continued) 
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Figure  50. S i t e  12 b a s c l i i ~ e ,  
40 mi/h. 
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F i g u r e  51. S i t e  12, hi -c .g . ,  
45 mi/h.  
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Figure 51, (continued) 
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Figure 53. Site 13 base- 
line, 35 mi/h. 
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Figure  53. (continued) 
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F i g u r e  5 4 .  (continued) 
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