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ABSTRACT 

Impact performance assessments of fou r  types of roads ide  

s t r u c t u r e s  a r e  p r e sen t ed .  An ea r then  mound g u a r d r a i l  end t r e a t -  

ment i s  found t o  be u n s a t i s f a c t o r y ,  whi le  an abso rbe r ,  break-away 

t r ea tmen t  i s  found t o  be more promising a l though r e q u i r i n g  des ign  

m o d i f i c a t i o n s .  Five MDSH s t anda rd  curb con f igu ra t i ons  were 

s u b j e c t e d  t o  s imula ted  impacts and a r e  found t o  a f f e c t  v e h i c l e  

motions as  a func t ion  of h e i g h t ,  f a c t  p r o f i l e  and s u r f a c e  t e x t u r e .  

E igh t  common c u r b l g u a r d r a i l  combinations a r e  eva lua t ed  i n  terms 

of v a u l t i n g  p o t e n t i a l ;  a l l  a r e  found t o  be s a f e ,  provided s p e c i f i c  

g u a r d r a i l  h e i g h t  and s e t  back g u i d e l i n e s  a r e  adhered t o .  The 

MDSH s t a n d a r d  median d ike  p r o f i l e  i s  found t o  be unsafe  and i n  

need of f l a t t e r  s i d e  s l o p e s .  Appendices a r e  p r e sen t ed  which c o n t a i n  

d e t a i l e d  d i s cus s ions  of s imu la t i on  modeling methods, t e s t  a c c e l e r a t i o n  

measurements and roads ide  s t r u c t u r e  development p rocedures .  
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1. INTRODUCTION 

The r e s e a r c h  d e s c r i b e d  i n  t h i s  r e p o r t  c o n s t i t u t e s  t h e  f i n d i n g s  

from a  r o a d s i d e  s t r u c t u r e  impact e v a l u a t i o n  program which has 

covered  two and o n e - h a l f  y e a r s ,  The work was i n i t i a t e d  by t h e  

Michigan Department of S t a t e  Highways (MDSH)in t h e  l a t e  1 9 6 0 ' s  when 

i t  became e v i d e n t  t h a t  l i t t l e  was known of t h e  impact c h a r a c t e r -  

i s t i c s  of most s t r u c t u r e s  i n  p l a c e  along Michigan f reeways .  I n  

r e c o g n i t i o n  of t h i s  d e f i c i e n c y ,  t h e  Department c o n t r a c t e d  w i t h  

Wayne S t a t e  U n i v e r s i t y  (WSU) and t h e  Highway S a f e t y  Research I n s  t i -  

t u t e  (HSRI) of t h e  U n i v e r s i t y  of Michigan (under  s u b c o n t r a c t  t o  

WSU) t o  under t ake  an impact  e v a l u a t i o n  program i n v o l v i n g  s e v e r a l  

v a r i e t i e s  of r o a d s i d e  s t r u c t u r e s .  The c o n t e n t  of t h i s  r e p o r t  

cove r s  t h o s e  a c t i v i t i e s  c a r r i e d  on a t  HSRI. 

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

p r a c t i c e  i s  g iven  i n  S e c t i o n  2 .  S e c t i o n s  3 ,  4 ,  5 ,  and 6  c o n t a i n  

d e t a i l e d  e v a l u a t i v e  f i n d i n g s  r e l a t i n g  t o  g u a r d r a i l  end t r e a t m e n t s ,  

c u r b s ,  c u r b / g u a r d r a i l  combina t ions ,  and median d i k e s ,  r e s p e c t i v e l y .  

F ive  appendices  f o l l o w  t h e  main r e p o r t  body. The f i r s t  con- 

t s i n s  a  d e s c r i p t i o n  of t h e  computer s i m u l a t i o n  model used i n  e v a l -  

u a t i n g  t h e  c u r b s ,  c u r b / g u a r d r a i l  combina t ions ,  and d i k e s .  The 

second c o n s i s t s  of  a d e l i n e a t i o n  of t h e  v e h i c l e  pa ramete r s  needed 

as  s i m u l a t i o n  i n p u t s  w h i l e  t h e  t h i r d  i n v o l v e s  a  d e s c r i p t i o n  of 

t h e  mathemat ica l  i d e a l i z a t i o n  f o r  one o f  t h e  g u a r d r a i l  end t r e a t -  

ments .  T e s t  a c c e l e r o m e t e r  measurements and b a r r i e r  development 

p rocedures  c o n s t i t u t e  t h e  f o u r t h  and f i f t h  a p p e n d i c e s ,  r e s p e c t i v e l y .  



2 .  SYNOPSIS OF RESULTS AND APPLICABILITY 
T O  OPERATIONAL PRACTICE 

2 . 1  GUARDRAIL END TREATMENTS 

Two g u a r d r a i l  end t r ea tmen t  con f igu ra t i ons  were analyzed 

through s i m u l a t i o n  a n a l y s i s  : 

1. an  e a r t h e n  mound end t r ea tmen t  des igned by t h e  

Michigan Department of  S t a t e  Highways [ 5 2 ] ;  and 

2 .  a  b a r r e l - a n g l e  breakaway absorber  end t r ea tmen t  

1 . 1  SYNOPSIS OF RESULTS. The e a r t h e n  mound end t r ea tmen t  

was s u b j e c t e d  t o  two t e s t s ,  both of  which were cons ide red  t o  be 

u n s a t i s f a c t o r y  i n  terms of end t r ea tmen t  performance.  The o b j e c t i v e  

i n  t h e  s i m u l a t i o n  e x e r c i s e s  was t o  mathemat ica l ly  d u p l i c a t e  t h e  

v e h i c l e  t r a j e c t o r y  i n  one of t h e  t e s t s  and then  use  t h e  v a l i d a t e d  

s i m u l a t i o n  model a s  a  t o o l  i n  des ign ing  a  more s a t i s f a c t o r y  mounded 

end t r ea tmen t .  The d u p l i c a t i o n  o b j e c t i v e  was accomplished.  Attempts 

t o  develop a  new end t r ea tmen t  met w i th  only  q u a l i f i e d  s u c c e s s ,  how- 

eve r .  The main d i f f i c u l t y  l i e s  w i t h  c r e a t i n g  a  t r a n s i t i o n  from road 

shoulder  l e v e l  t o  g u a r d r a i l  h e i g h t  w i thou t  c r e a t i n g  a  ramp. Two 

a l t e r n a t i v e s  a r e  p r e sen t ed  as a  s t a r t i n g  p o i n t  toward an a c c e p t a b l e  

des ign .  Nei ther  i s  cons idered  a  workable s o l u t i o n ,  however, and 

f o r  t h i s  reason were no t  s u b j e c t e d  t o  s i m u l a t i o n  a n a l y s i s .  

S imula t ion  r e s u l t s  f o r  t h e  b a r r e l  ang l e  end t r e a t m e n t  were found 

t o  match t e s t  r e s u l t s  very  c l o s e l y ,  There was a  one - to -one  c o r r e s -  

pondence between end t r ea tmen t  elements f a i l i n g  i n  t h e  t e s t  and t h o s e  

which f a i l e d  i n  t h e  s i m u l a t i o n .  Photogrammetr ical ly  de te rmined  



v e l o c i t y  and  a c c e l e r a t i o n  h i s t o r i e s  from t h e  t e s t  matched s i m i l a r  

d a t a  o b t a i n e d  from t h e  s i m u l a t i o n  w i t h i n  1 0  p e r c e n t ,  Onboard 

a c c e l e r o m e t e r  d a t a  matched i n  a  g e n e r a l  s e n s e  b u t  l e s s  p r e c i s e l y .  

Th i s  was due t o  t h e  v a s t l y  g r e a t e r  f r equency  c o n t e n t  o f  t h e  a c -  

c e l e r o m e t e r  t r a c e s .  

Extended s i m u l a t i o n  e x e r c i s e s  u s i n g  t h e  v a l i d a t e d  model 

showed t h e  b a r r e l  a n g l e  end t r e a t m e n t  t o  pe r fo rm r e a s o n a b l y  w e l l  

under  most impact  c o n d i t i o n s .  While r e d i r e c t i o n  per formance  i n -  

d i c a t e d  no occupant  i n j u r y  a t  60  mph and l o 0 ,  i n c r e a s i n g  t h e  i m -  

p a c t  a n g l e  t o  25 '  would have r e q u i r e d  t h e  p a s s e n g e r  t o  be  r e -  

s t r a i n e d  by a  l a p  b e l t  t o  a r r i v e  a t  t h e  same no i n j u r y  v e r d i c t .  

The breakaway a b s o r b i n g  a c t i o n  of t h e  b a r r i e r  was conf i rmed i n  

an end on s i m u l a t e d  impact  a l t h o u g h  d e c e l e r a t i o n s  were  h i g h .  

To e s c a p e  w i t h o u t  p r o b a b l e  i ~ j u r y ,  an occupan t  would have  had t o  

be r e s t r a i n e d  by b o t h  a l a p  b e l t  and s h o u l d e r  h a r n e s s ,  

2 . 1 . 1  APPLICABILITY TO OPERATIONAL PRACTICE. Al though r e p -  

r e s e n t i n g  a  marked improvement over  b o t h  t h e  b a r e  g u a r d r a i l  end 

and t h e  ramped and t w i s t e d  end i n  c u r r e n t  u s e ,  t h e  b a r r e l  a n g l e  

end ,  a s  p r e s e n t l y  c o n s t i t u t e d ,  i s  n o t  y e t  r e a d y  fo r  f i e l d  i n s t a l -  

l a t i o n .  M o d i f i c a t i o n s  t o  improve b o t h  t h e  r e d i r e c t i v e  ( s i d e  

impact )  and breakaway (end  on impact )  pe r fo rmance  a r e  n e c e s s a r y  

s o  a s  t o  r educe  expec ted  impact  l o a d s .  S u g g e s t i o n s  a l o n g  t h e s e  

l i n e s  a r e  p r e s e n t e d  i n  S e c t i o n  3 and a r e  recommended f o r  e v a l u a t i o n  

u s i n g  s i m u l a t i o n  a n a l y s i s .  

The e a r t h e n  end c o n f i g u r a t i o n  i s  n o t  recommended f o r  f i e l d  

i n s t a l l a t i o n .  N e i t h e r  a r e  t h e  two m o d i f i e d  e a r t h e n  ends p r e s e n t e d  



i n  t h i s  r e p o r t .  F u r t h e r ,  i t  i s  recommended t h a t  r e s e a r c h  on r e -  

f l e c t i v e  t y p e  end t r e a t m e n t s  be  pos tponed  u n t i l  t h e  more p romis ing  

t y p e s  i n v o l v i n g  breakaway and a b s o r b i n g  f e a t u r e s  a r e  e v a l u a t e d .  

2 . 2  CURBS 

Curb impact  t e s t  r e s u l t s  from t e s t  programs conducted  by 

o t h e r  o r g a n i z a t i o n s  were rev iewed and s y n t h e s i z e d .  F i v e  cu rb  

c o n f i g u r a t i o n s  were  s u b j e c t e d  t o  s i m u l a t e d  impac t s  and t h e  r e s u l t s  

where p o s s i b l e  were  compared w i t h  t e s t  r e s u l t s .  The c u r b s  c o r r e s -  

pond t o  MDSH s t a n d a r d  c u r b s  A ,  B ,  C ,  D ,  and K. Impact  c o n d i t i o n s  

f o r  most c a s e s  were 40 mph, 25'; 60 mph, 10'; 60 mph, 25'; and 

80 mph, 1 0 ' .  For  Curb C ,  impact  c o n d i t i o n s  were  30 mph, 25'; 

50 mph, 10 ' ;  and 50 mph, 25'. 

2 . 2 . 1  SYNOPSIS OF RESULTS. A n a l y s i s  o f  t h e  t e s t  d a t a  i n -  

d i c a t e s  t h a t  a  backward curb  f a c e  s l o p e  of  abou t  2:9 i s  b e s t  

i n  te rms of r e d i r e c t i v e  pe r fo rmance .  S l o p e s  s t e e p e r  t h a n  2 :  9  

a l l o w  t h e  wheel  rim t o  b i t e  i n t o  t h e  cu rb  f a c e ,  w h i l e  f l a t t e r  

s l o p e s  c a u s e  t h e  c u r b  t o  a c t  l i k e  a mountable  ramp, A s h a r p  

upper  c o r n e r  was a l s o  found t o  enhance mounting and t h u s  a  

c o r n e r  of  a t  l e a s t  one  i n c h  r a d i u s  was recommended. 

Undercut  c u r b s  were  found t o  t r a p  t h e  t i r e  b u l g e  and t h e r e b y  

d i s c o u r a g e  mounting.  Smooth, low f r i c t i o n  c u r b  f a c e  m a t e r i a l  was 

a l s o  found t o  r educe  t h e  mounting t endency  t h r o u g h  a r e d u c t i o n  i n  

t h e  induced  t i r e  s i d e  w a l l / c u r b  f a c e  f r i c t i o n  f o r c e .  ( T h i s  l a t t e r  

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



R e d i r e c t i v e  per formance  was found t o  i n c r e a s e  i n  d i r e c t  r e -  

l a t i o n  w i  t l l  c u r l )  h c i ~ h t .  A h c i g l l t  o f  tcrl t o  twc lvc  inciics :~l)pcar.ccl 

t o  be n e a r  optimum i n  terms of t h e  t r a d e - o f f  between r e d i r e c t i o n  

pe r fo rmsnce  2nd v e h i c l e  damage. 

Curb r e d i r e c t i v e  per formance  was found t o  be p r e d i c t a b l e  

a c c o r d i n g  t o  t h e  e q u a t i o n :  

V s i n  a = K 

where 

V i s  v e h i c l e  v e l o c i t y  

a i s  t h e  impact  a n g l e ,  and 

K i s  a  c o n s t a n t  which depends on cu rb  c h a r a c t e r i s t i c s ,  

Using t h i s  e q u a t i o n ,  t e s t  d a t a ,  and a n g l e  and v e l o c i t y  d a t a  c h a r -  

a c t e r i s t i c  of  u rban  t r a f f i c  c o n d i t i o n s ,  i t  was found t h a t  a  German 

d e s i g n e d  c u r b  would r e d i r e c t  7 0 %  o f  t h e  v e h i c l e s  a c c i d e n t a l l y  r u n -  

n i n g  o f f  t h e  r o a d .  

Of t h e  f i v e  MDSH cu rbs  e v a l u a t e d ,  o n l y  t h e  h i g h e r  c u r b s  ( i . e . ,  

A ,  K ,  and t o  a  l e s s e r  e x t e n t  C )  h a d  a  s i g n i f i c a n t  i n f l u e n c e  on 

v e h i c l e  p a t h .  As p r e d i c t e d  by E q u a t i o n  ( 2 - l ) ,  t h e  most  e f f e c t  

was n o t e d  f c r  low s p e e d ,  low a n g l e  c a s e s .  A t  40  mph and 2 5 " ,  b o t h  

c u r b s  A and K caused  t h e  v e h i c l e  t o  be r e d i r e c t e d  a f t e r  mounting 

had o c c u r r e d .  k t  6 0  mph and l o 0 ,  cu rb  K e v e n t u a l l y  r e d i r e c t e d  t h e  

v e h i c l e  whereas a s p i n o u t  o c c u r r e d  w i t h  Curb A .  N e i t h e r  cu rb  i n -  

f l u e n c e  t h e  v e h i c l e  a t  6 0  mph and 2 5 ' .  Curb K c a u s e d  a  s p i n o u t  a t  

8 0  rnph and  10"  w h i l e  l i t t l e  i n f l u e n c e  was n o t e d  from Curb A .  



Comparisons between s i m u l a t i o n  r e s u l t s  and t e s t  r e s u l t s ,  when 

a v a i l a b l e ,  p roved  t o  be good. 

2 . 2 . 2  APPLICABILITY TO OPERATIONAL PRACTICE. C a r e f u l l y  

d e s i g n e d  b a r r i e r  cu rbs  have been  found t o  b e  e f f e c t i v e  r e d i r e c t i o n  

d e v i c e s .  None o f  t h e  c u r r e n t  MDSH s t a n d a r d  c o n f i g u r a t i o n s  f a l l s  

i n t o  t h i s  c a t e g o r y .  A l l  cou ld  b e  improved th rough  t h e  a p p l i c a t i o n  

of  s p e c i f i c  d e s i g n  g u i d e l i n e s  p r e s e n t e d  h e r e .  I n  p a r t i c u l a r ,  c a r e -  

f u l  t hough t  s h o u l d  be g i v e n  t o  t h e  u s e  o f  t h e  E l s h o l z  c u r b  deve loped  

i n  West Germany and m o d i f i e d  from an e a r l i e r  C a l i f o r n i a  D i v i s i o n  

of  Highways d e s i g n .  

2 .3  CURB/GUARDRAIL COMBINATIONS 

C u r b / g u a r d r a i l  t e s t  r e s u l t s  from o t h e r  o r g a n i z a t i o n s  were  

rev iewed.  E i g h t  s t a n d a r d  MDSH c u r b / g u a r d r a i l  c o n f i g u r a t i o n s  were  

e v a l u a t e d .  These i n v o l v e d  combina t ions  o f  Curbs A ,  B ,  C ,  D ,  and 

K w i t h  t y p e  B and C g u a r d r a i l ,  t y p e  B median b a r r i e r ,  and t h e  

c o n c r e t e  s a f e t y  p a r a p e t .  Most combina t ions  were  e v a l u a t e d  w i t h  

a  combined a n a l y s i s  and s i m u l a t i o n  method,  w h i l e  Curb B and t h e  

s a f e t y  p a r a p e t  was e v a l u a t e d  by s i m u l a t i o n  a l o n e .  

2 . 3 . 1  SYNOPSIS OF RESULTS, V a u l t i n g  o f  a  g u a r d r a i l  a s  t h e  

r e s u l t  o f  f i r s t  runn ing  i n t o  a  cu rb  has  - n o t  b e e n  i d e n t i f i e d  a s  a  

s e r i o u s  problem i n  any known t e s t  program,  A f t e r  r e v i e w i n g  n e a r l y  

f i f t y  t e s t s ,  o n l y  one q u e s t i o n a b l e  c a s e  o f  v a u l t i n g  was f o u n d .  

This  c a s e  i n v o l v e d  a  1 7 , 5 0 0  l b ,  bus  r u n n i n g  i n t o  a c o n c r e t e  b r i d g e  

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

through s t r u c t u r a l  f a i l u r e .  



Using v e r y  c o n s e r v a t i v e  a n a l y s i s  methods,  no a s s e s s m e n t s  o f  

v a u l t i n g  p o t e n t i a l  were  found f o r  any o f  t h e  c u r b / g u a r d r a i l  com- 

b i n a t i o n s  which  were s u b j e c t e d  t o  e v a l u a t i o n .  Although i n t u i t i o n  

would s u g g e s t  vauJ . t ing  i s  a  p o t e n t i a l  problem,  t h i s  has  n o t  proven 

t o  b e  t h e  c a s e .  

2 . 3 . 2  APPLICABILITY TO OPERATIONAL PRACTICE. The c u r r e n t  

t r e n d  i s  toward  n o t  u s i n g  c u r b s  i n  f r o n t  o f  g u a r d r a i l .  I t  would 

seem w o r t h w h i l e  t o  examine t h i s  p o l i c y ,  however,  i n  l i g h t  of  t h e  

c u r r e n t  f i n d i n g s .  As i n d i c a t e d  e a r l i e r ,  a  c a r e f u l l y  d e s i g n e d  

b a r r i e r  c u r b  can b e  expec ted  t o  r e d i r e c t  7 0 %  o f  t h o s e  v e h i c l e s  

s t r i k i n g  i t  i n  u rban  t r a f f i c  c o n d i t i o n s .  V e h i c l e  damage i n  t h e s e  

e n c o u n t e r s  can  be e x p e c t e d  t o  be f a r  l e s s  t h a n  i f  t h e  v e h i c l e  

s t r u c k  a  g u a r d r a i l .  For  t h o s e  v e h i c l e s  c l i m b i n g  t h e  c u r b ,  a  

s e c o n d a r y  r e t a i n e r  i s  o b v i o u s l y  r e q u i r e d .  Thus ,  t h e  u t i l i t y  o f  

t h e  c u r b / g u a r d r a i l  combina t ion  i s  e v i d e n t .  

Based on t h e  c u r r e n t  f i n d i n g s ,  a l l  o f  t h e  c u r b / g u a r d r a i l  com- 

b i n a t i o n s  examined a r e  s a f e  f o r  o p e r a t i o n a l  i n s t a l l a t i o n .  T h i s  

f i n d i n g  s p e c i f i c a l l y  a p p l i e s  t o  o n l y  t h o s e  combina t ions  examined,  

however.  Care s h o u l d  b e  t a k e n  t o  i n s u r e  t h a t  t h e  h e i g h t  and s e t -  

back o f  g u a r d r a i l s  i n s t a l l e d  b e h i n d  c u r b s  s a t i s f y  p r e s c r i b e d  min- 

imums. These a r e  d e l i n e a t e d  a s  a  p a r t  of  d e s i g n  g u i d e l i n e s  and 

a r e  recommended f o r  o p e r a t i o n a l  u s e .  

2.4 MEDIAN DIKES 

A p r e l i m i n a r y  p a r a m e t e r  s e n s i t i v i t y  a n a l y s i s  was c a r r i e d  o u t  

on t h e  s t a n d a r d  d r a i n a g e  d i k e  c o n f i g u r a t i o n  u s e d  i n  t h e  median o f  



i n t e r s t a t e  f r e e w a y s .  The a n a l y s i s  c o n s i s t e d  o f  d e t e r m i n i n g  t h e  

e f f e c t  t h a t  impact  v e l o c i t y  approach a n g l e ,  v e h i c l e  t y p e ,  d i k e  

s l o p e ,  impact  p o s i t i o n ,  and s o i l  have on v e h i c l e  impact  dynamics.  

2 . 4 . 1  SYNOPSIS OF RESULTS. Using a  s o p h i s t i c a t e d  v e h i c l e  

s i m u l a t i o n  program, i t  was found t h a t  t h e  c u r r e n t  s t a n d a r d  d i k e  

s h a p e ,  w i t h  1 : 6  s i d e  s l o p e  i s  u n s a f e .  P o s s i b l e  i n j u r y  t o  an 

u n r e s t r a i n e d  p a s s e n g e r  can  b e  expec ted  when a  v e h i c l e  s t r i k e s  

a  s t a n d a r d  d i k e  a t  a l l  speeds  above 40  mph. A t  a  s p e e d  o f  80 mph, 

t h e  p o t e n t i a l  f o r  i n j u r y  i s  a t  l e a s t  t w i c e  a s  h i g h .  

When t h e  d i k e  s l o p e  i s  f l a t t e n e d  t o  1 : 1 0 ,  p a s s e n g e r  l o a d i n g  

i s  reduced  by a  f a c t o r  o f  two. I n j u r y  i s  s t i l l  i n d i c a t e d  f o r  

h i g h  s p e e d  i m p a c t s ,  however.  S o f t ,  m o i s t  s o i l  was found t o  have  

a  s i m i l a r  e f f e c t  i n  r e d u c i n g  e x p e c t e d  occupan t  l o a d s .  

2 .4 .2  APPLICABILITY TO OPERATIONAL PRACTICE. On t h e  b a s i s  

o f  t h e s e  i n c o m p l e t e  f i n d i n g s ,  a  d i k e  s l o p e  o f  1 : 1 2  i s  recommended 

as  an o p e r a t i o n a l  d e s i g n  g u i d e l i n e .  I n  a d d i t i o n ,  i t  i s  recommended 

t h a t  t h e  d i k e  h e i g h t  be  k e p t  a s  low a s  p o s s i b l e  c o ~ i s i s t e n t  w i t h  

l o c a l  d r a i n a g e  c o n d i t i o n s .  F u r t h e r ,  d i k e  m a t e r i a l  s h o u l d  b e  chosen  

t o  promote wheel s i n k a g e .  T h i s  w i l l  enhance t h e  p o s s i b i l i t y  o f  

v e h i c l e  conta inment  w i t h i n  t h e  median and r e d u c e  t h e  p r o b a b i l i t y  

o f  median c r o s s o v e r .  



3. GUARDRAIL END TREATMENT INVESTIGATIONS 

The guardrail end treatment investigations described 

here cover the simulation evaluation activities carried on 

at HSRI. The work complements the testing program activities. 

The section is initiated with an historical review of 

guardrail end development. This review is followed by a dis- 

cussion of the simulation evaluations of the earthen mound 

and barrel angle end treatments. Next a set of end treatment 

design guidelines are presented and these are followed by 

conclusions and recommendations. 

3.1 HISTORICAL REVIEW 

Metal beam guardrail ends represent a formidable hazard 

to highway traffic. The seriousness of spearing in guardrail 

end collisions was first reported by Stonex [I], at General 

Motors in 1960. Following a brief testing series at that 

organization, three modified end treatments were suggested as 

alternatives to the conventional unprotected rail end: 

1. a ramp treatment 

2. a flare treatment 

3 .  an earthen mound treatment 



The ramp and e a r t h e n  mound t r e a t m e n t s  a r e  d e s i g n e d  t o  a l l o w  

a v e h i c l e  t o  r i d e  up t h e  r a i l  end w i t h o u t  s p e a r i n g .  The 

purpose  o f  t h e  f l a r e  i s  t o  p r e v e n t  end-on c o l l i s i o n s  a l t o g e t h e r  

by p r e s e n t i n g  a  s u r f a c e  which i n s u r e s  h i g h e r  a n g l e  i m p a c t s .  

In  t h e  Genera l  Motors t e s t  s e r i e s ,  t h e  ramp t r e a t m e n t  

was found t o  be s a t i s f a c t o r y  i n  p r e v e n t i n g  s p e a r i n g .  As 

p lanned ,  a  v e h i c l e  i n  an end-on c o l l i s i o n  would r i d e  up t h e  

ramp, bump a long  t h e  t o p  o f  t h e  g u a r d r a i l  and g r a d u a l l y  come 

t o  r e s t  11, 2 1 .  

As a  r e s u l t  o f  t h e s e  t e s t s ,  s e v e r a l  s t a t e  highway d e p a r t -  

ments adop ted  t h e  ramp a s  a  way o f  p r e v e n t i n g  s p e a r i n g .  The 

Texas Highway Department developed a  modi f i ed  v e r s i o n  o f  t h e  

ramp where in  t h e  end i s  r o t a t e d  and anchored  f l a t  t o  t h e  

ground [3]. I n  t h i s  form, i t  h a s  come t o  be known a s  t h e  

"Texas T w i s t ; "  a v e r s i o n  o f  i t  b e i n g  c u r r e n t l y  u s e d  by t h e  

Michigan Department o f  S t a t e  Highways 1 4 1 .  

With t h e  widespread  u s e  o f  t h e  ramped end ,  t h e  i n c i d e n c e  

o f  r a i l  end s p e a r i n g  became l e s s  f r e q u e n t ,  and a  major  problem 

appeared  t o  have been s o l v e d .  A d i f f e r e n t  p a t t e r n  began t o  

emerge i n  g u a r d r a i l  end a c c i d e n t s ,  however,  which i n d i c a t e d  

t h a t  a complete  s o l u t i o n  was s t i l l  n o t  a t  hand.  R a t h e r  t h a n  

s p e a r i n g ,  t h e  ramped end c a u s e s  a  v e h i c l e  t o  f l y  i n t o  t h e  a i r  

and r o l l  ove r  under  c e r t a i n  k i n d s  o f  impact  c o n d i t i o n s .  T h i s  

b e h a v i o r  was n o t  d i s c o v e r e d  i n  t h e  G e n e r a l  Motors  t e s t s  b e c a u s e  



t h e  impact  c o n d i t i o n s  were a t  low speed ( 5 0  mph, o r  l e s s )  and 

a t  0 "  (end-on)  i n c i d e n c e  a n g l e .  While t h e  r o l l  over  b e h a v i o r  

i s  n o t  a s  u n d e s i r a b l e  a s  s p e a r i n g ,  p a s s e n g e r  i n j u r y  and 

v e h i c l e  damage a r e  somewhat g r e a t e r  t h a n  t h z t  c c n s i d e r e d  

s a t i s f a c t o r y .  T h e r e f o r e ,  t h r e e  s e p a r a t e  o r g a n i z a t i o n s  

i n d e p e n d e n t l y  dec ided  t o  t e s t  t h e  ramped end under  c o n d i t i o n s  

which would p r o v e ,  or d i s p r o v e ,  i t s  r o l l - o v c r  p roduc ing  

t e n d e n c i e s .  

The C a l i f o r n i a  D i v i s i o n  of  Highways conducted  a  t e s t  on 

t h e  ramped p o r t i o n  of  a  Texas Twist r a i l  i n  1967 [ 5 ] .  T e s t  
- 

c o n d i t i o n s  i n v o l v e d  an impact  speed  o f  63 mph a t  an  a n g l e  of  24". 

The v e h i c l e  v a u l t e d  t h e  r a i l  and r o l l e d  o v e r  a s  had been s u s -  

p e c t e d .  A s i m i l a r  t e s t  on a ramped, b u t  u n t w i s t e d  r a i l  end ,  

was c a r r i e d  o u t  by t h e  O n t a r i o  Department of  Highways a t  a b o u t  

t h e  same t ime [ 6 ] .  I n  t h i s  c a s e ,  t h e  impact  v e l o c i t y  and 

a n g l e  were 50 mph and 28", r e s p e c t i v e l y .  The t e s t  v e h i c l e  d i d  

n o t  r o l l  o v e r ,  b u t  was v a u l t e d  i n t o  t h e  a i r  and remained 

a i r b o r n e  f o r  54  f e e t .  

F i n a l  c o n f i r m a t i o n  of t h e  u n s a f e  c h a r a c t e r  of  t h e  ramped 

end came i n  1969 when t h e  Southwest  Resea rch  I n s t i t u t e  con-  

duc ted  a  s e r i e s  o f  s i x  t e s t s  on s e v e r a l  v a r i e t i e s  o f  end 

t r e a t m e n t s  [ 7 ] .  Five of  t h e  s i x  t e s t s  i n v o l v e d  ramped ends 

and i n  a l l  f i v e  c a s e s  t h e  t e s t  v e h i c l e  v a u l t e d  i n t o  t h e  a i r  



and r o l l e d  over i n  a  combined r o l l i n g  and tumbling mot ion.  

The t e s t  v e h i c l e  i n  each case  was cons idered  t o  be a t o t a l  

l o s s .  Three of t h e  t e s t s  were wi th  ramped W-beam r a i l ,  whi le  

t h e  remaining two involved a  ramped box beam. T e s t  c o n d i t i o n s  

v a r i e d  from speeds of 51 through 61 mph a t  ang l e s  of  0 ° ,  15" 

and 2 5 " .  These t e s t s ,  coupled wi th  t h e  e a r l i e r  t e s t s  i n  

C a l i f o r n i a  and On ta r io ,  p rov ide  convincing ev idence  of t h e  

r o l l - o v e r  producing na tu re  of  t h e  ramped end.  

The remaining t e s t  i n  t h e  Southwest Research s e r i e s  

involved a  box beam f l a r e .  I n  t h i s  c a s e ,  t h e  t e s t  s t r u c t u r e  

broke away wi thout  caus ing  t h e  v e h i c l e  t o  ramp, o r  r o l l  ove r .  

Tes t  c o n d i t i o n s  were a t  a  v e l o c i t y  of  6 5 . 5  mph and an ang le  of 

25" (about  40" wi th  r e s p e c t  t o  t h e  r a i l ) .  O f  t h e  s i x  t e s t s  

i n  t h e  s e r i e s ,  t h i s  was t h e  on ly  one which was cons ide red  

s a t i s f a c t o r y .  

Two o t h e r  box-beam f l a r e  end t e s t s  were conducted by t h e  

New York S t a t e  Department of  P u b l i c  Works [ 8 ] .  The impact  

ang le  i n  each c a s e  was 2 5 "  w i th  r e s p e c t  t o  t h e  roadway and 

about 35"  t o  40" w i th  r e s p e c t  t o  t h e  r a i l .  R e d i r e c t i o n  occu r r ed  

i n  a  4 0  mph impact ,  whi le  a t  53 mph t h e  v e h i c l e  broke th rough .  

Highest  d e c e l e r a t i o n s  i n  t h e  l a t t e r  c a s e  were on t h e  o r d e r  of  

4 g l s ,  however, i n d i c a t i n g  r e l a t i v e l y  mild  pas senge r  l o a d i n g .  

On t h e  b a s i s  of t h e s e  and t h e  Southwest  Research t e s t s ,  

t h e  f l a r e  end was cons idered  t o  be more s a t i s f a c t o r y  t h a n  t h e  

ramp. Use of a  f l a r e  end r e s u l t s  i n  l a r g e r  impact a n g l e s ,  



however,  and r e p a i r  c o s t s  f o r  t h e  break-away s e c t i o n  a r e  

somewhat g r e a t e r .  The r a i l  end must a l s o  be  ex tended f u r t h e r  

ups t r eam s o  t h a t  t h e  v e h i c l e ,  a s  i t  b r e a k s  t h r o u g h ,  does n o t  

p e n e t r a t e  t o  t h e  a r e a  p r o t e c t e d  by t h e  g u a r d r a i l ,  & e i t h e r  

t h e  ramp n o r  t h e  f l a r e  were t h e r e f o r e  c o n s i d e r e d  t o  be f i n a l  

s o l u t i o n s  t o  t h e  end t r e a t m e n t  problem. 

I n  l a t e  1969,  t h e  Southwest  Research  I n s t i t u t e  began a  

second s e r i e s  of  t e s t s  on end t r e a t m e n t s ,  t h i s  t i m e  i n v o l v i n g  

nove l  c o n f i g u r a t i o n s  [ 9 ] .  Two s i m i l a r  d e s i g n s  were examined,  

each  i n v o l v i n g  a  rounded nose w i t h  an approx ima te  11 i n .  r a d i u s .  

I n  one c a s e  t h e  nose  was f i l l e d  w i t h  v e r m i c u l i t e  c o n c r e t e  and 

f l a r e d  back  from t h e  roadway. I n  t h e  o t h e r  des i .gn ,  a  2 2  g a .  

s t e e l  diaphragm was t a c k  welded i n t o  t h e  nose  w i t h  t h e  end 

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

breakaway end anchorage .  

Two t e s t s  were conducted  on t h e  f l a r e  c o n f i g u r a t i o n ;  one 

on t h e  u n f l a r e d  d e s i g n .  A l l  t e s t  s p e e d s  were  i n  t h e  v i c i n i t y  

of 60 mph. I n  two end-on t e s t s ,  v e h i c l e  d e c e l e r a t i o n s  were  

l i s t e d  a s  1 0 . 8  and 8 . 6  g ' s  f o r  t h e  f l a r e d  and u n f l a r e d  d e s i g n s ,  

r e s p e c t i v e l y .  V e h i c l e  damage was e x c e s s i v e  i n  each  c a s e ,  

a l t h o u g h  no r o l l  o v e r ,  s p e a r i n g ,  o r  p a s s e n g e r  compartment 

p e n e t r a t i o n  o c c u r r e d ,  A 15"  impact  on t h e  f l a r e d  t e r m i n a l  

n e a r  t h e  end produced a  r e d i r e c t i o n .  



On t h e  b a s i s  o f  t h e s e  t e s t s ,  i t  was recommended t h a t  t h e  

f l a r e d  t e r m i n a l  be i n s t a l l e d  i n  t h e  f i e l d  f o r  o p e r a t i o n a l  

e v a l u a t i o n .  T e s t  e v a l u a t i o n  o f  t h e  s t r u c t u r e  i s  n o t  c o n s i d e r e d  

t o  be  c o m p l e t e ,  however. I t  seems l i k e l y  t h a t  more s t r i n g e n t  

t e s t  c o n d i t i o n s  would have produced l e s s  s a t i s f a c t o r y  r e s u l t s  

( e . g . ,  a n  impact  a n g l e  of 2 5 "  j u s t  downstream o f  t h e  f l a r e d  

t e r m i n a l  may v e r y  w e l l  have produced p o c k e t i n g ) .  

A p a r a l l e l  e v a l u a t i o n  program was conduc ted  i n  1971 by 

Wayne S t a t e  U n i v e r s i t y  and t h e  Highway S a f e t y  Resea rch  

I n s t i t u t e  o f  The U n i v e r s i t y  of  Michigan.  T h i s  program i n v o l v e d  

t e s t s  and s i m u l a t i o n  e x e r c i s e s  on f i v e  d i f f e r e n t  end t r e a t m e n t s .  

These  i n c l u d e d  an  e a r t h e n  mound end t r e a t m e n t  [ 5 2 ] ,  a  b r e a k -  

away f l a r e  t r e a t m e n t ,  and t h r e e  a b s o r b e r ,  break-away c o n f i g u r a t i o n s  

The p o r t i o n  of t h e  program d e a l i n g  w i t h  t h e  s i m u l a t i o n  a c t i v i t i e s  

c a r r i e d  on a t  HSRI i s  d i s c u s s e d  i n  t h e  n e x t  s u b s e c t i o n ,  

SIMULATION EVALUATION EXERCISES 

G u a r d r a i l  end s i m u l a t i o n  e x e r c i s e s  were d i v i d e d  i n t o  two 

p a r t s .  Those e x e r c i s e s  d e a l i n g  w i t h  t h e  MDSH e a r t h e n  mound 

end t r e a t m e n t  were c a r r i e d  o u t  w i t h  t h e  C o r n e l l  A e r o n a u t i c a l  

L a b o r a t o r i e s  S i n g l e  V e h i c l e  A c c i d e n t  (CALSVA) program [ 3 6 ,  4 5 1 .  

E x e r c i s e s  i n v o l v i n g  t h e  o t h e r  s t r u c t u r e s  were  c o n d u c t e d  w i t h  

t h e  B A R R I E R  Program [ 5 3 ] .  O r i g i n a l l y  i t  had been p l a n n e d  t o  

s i m u l a t e  v e h i c l e  impac t s  i n t o  e a c h  o f  t h e  t e s t e d  end t r e a t m e n t s  

and t o  e v a l u a t e  d e s i g n  m o d i f i c a t i o n s  and new end t r e a t m e n t s  

w i t h  t h e  two programs.  One o f  t h e  end t r e a t m e n t s  was o b v i o u s l y  



n o t  a  s a t i s f a c t o r y  d e s i g n ,  however ( t h e  b a r r e l  sweep d e s i g n  

e v a l u a t e d  i n  t e s t  23) ,  w h i l e  two o t h e r s  were d e s i g n e d  and 

t e s t e d  s o  l a t e  i n  t h e  c o n t r a c t  y e a r  a s  t o  make any p r a c t i c a l  

s i m u l a t i o n  program i m p o s s i b l e .  As a  r e s u l t ,  o n l y  t h e  e a r t h e n  

mound t r e a t m e n t  and one of t h e  a b s o r b e r ,  break-away t r e a t m e n t s  

were e v a l u a t e d .  

3 . 3  EARTHEN MOUND E N D  TREATMENT 

A p l a n  view and c r o s s  s e c t i o n s  of t h e  e a r t h e n  mound g u a r d -  

r a i l  end t r e a t m e n t  a r e  shown on F i g u r e  3 - 1 .  The s t r u c t u r e  was 

t e s t e d  t w i c e  a t  an  impact  speed  of  a p p r o x i m a t e l y  60  mph. I n  

one c a s e  ( t e s t  2 0 )  t h e  impact  a n g l e  was 2 5 '  w i t h  r e s p e c t  t o  

t h e  r o a d  edge ,  w h i l e  i n  t h e  second c a s e ,  t h e  a n g l e  was 10' 

( t e s t  2 1 ) .  

I n  t e s t  2 0 ,  t h e  v e h i c l e  s t r u c k  t h e  end t r e a t m e n t  such  

t h a t  t h e  i n s i d e  wheels  r a n  o v e r  t h e  c o n c r e t e  a n c h o r  w h i l e  t h o s e  

on t h e  o u t s i d e  impacted t h e  g u a r d r a i l  between t h e  f i r s t  and 

second p o s t s  downstream from t h e  a n c h o r .  Forces i m p a r t e d  t o  

t h e  v e h i c l e  by t h e  anchor  and g u a r d r a i l  c a u s e d  i t  t o  v a u l t  

i n t o  t h e  a i r  and r o l l  o v e r .  As t h e  v e h i c l e  l a n d e d ,  i t  s t r u c k  

on i t s  l e f t  s i d e  (hav ing  r o l l e d  t o  t h i s  p o s i t i o n ) ,  e x e c u t e d  

a  ground l o o p  a b o u t  i t s  yaw a x i s  (now e s s e n t i a l l y  h o r i z o n t a l ) ,  

and came t o  r e s t  f a c i n g  a p p r o x i m a t e l y  o p p o s i t e  t o  i t s  o r i g i n a l  

d i r e c t i o n  of  t r a v e l .  
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In test 21, the vehicle struck the end treatment with a 

shallower 10' angle at about the same position from the end 

anchor. Impulses imparted to the vehicle caused it to mount 

the rail and bump along on the rail top. The vehicle rode 

the guardrail in this manner for almost its entire length 

(about 100 ft.) before coming to rest, upright, on the traffic 

side of the rail. 

Both tests were considered to be unsatisfactory in terms 

of end treatment performance. The objectives in the simulation 

exercises were to mathematically duplicate the vehicle impact 

motions for test 20, and then use the validated simulation as 

a tool to develop a modified earthen end treatment. As the 

following discussions will show, the first objective was 

accomplished within the limits of available photogrammetric 

test data. Efforts to develop a modified end treatment have 

met with only qualified success, ,however, While many improve- 

ments can be suggested, the problem of creating a transition 

from road shoulder level to guardrail height without creating 

a ramp has not been completely solved. 

The CALSVA program which was used in simulating impacts 

into the earthen mound end is described in Appendix A .  The 

vehicle modeled in the simulation is a 1966 Ford Custom, six 

cylinder, two-door sedan-the same impact vehicle which was 

used in the two t e s t s .  Vehicle parameters and mechanical 



p r o p e r t i e s  which were measured f o r  use as i n p u t s  t o  t h e  s i m u l a t i o n  

program a r e  d e s c r i b e d  i n  Appendix B .  

Comparisons of  v e h i c l e  r o l l  and p i t c h  angle  h i s t o r i e s  f o r  

both  t e s t  and s imu la t ed  i n p a c t  d a t a  a r e  shown on F igu re  3 - 2 .  

Although t h e  i n t e r v a l  of t e s t  d a t a  i s  r a t h e r  s h o r t  (narrow camera 

f i e l d  of v iew) ,  t h e s e  comparisons a r e  obviously  r a t h e r  good. 

Attempts t o  c o r r e l a t e  o t h e r  impact v a r i a b l e s ,  such as  v e l o c i t y ,  

a c c e l e r a t i o n ,  C . G .  h e i g h t ,  e t c . ,  were no t  p o s s i b l e .  Th is  was due 

t o  t he  f a c t  t h a t  t he  photogrammetr ical ly  reduced t e s t  d a t a  was 

e i t h e r  u n a v a i l a b l e ,  o r  of doub t fu l  accuracy .  Ro l l  and p i t c h  ang le  

c o r r e l a t i o n  i s  i n d i c a t i v e  of  we l l  modeled suspens ion ,  t i r e ,  and 

i n e r t i a  c h a r a c t e r i s t i c s ,  however, and t h e s e  a r e  t h e  pr imary v e h i c l e  

p r o p e r t i e s  which determine ramping dynamics. I t  can be  concluded,  

t h e r e f o r e ,  t h a t  t h e  v e h i c l e  model i s  v a l i d a t e d  w i th  r e s p e c t  t o  s i rnu l a t i n  

v e h i c l e  motions i n  r e f l e c t o r  type end t r e a t m e n t s .  

Although t e s t  and s i m u l a t i o n  r e s u l t s  ag ree  s a t i s f a c t o r i l y ,  

t he  performance of t he  e a r t h e n  mound g u a r d r a i l  end i s  obv ious ly  

u n s a t i s f a c t o r y .  P r o p e r t i e s  which would produce a  b e t t e r  de s ign  

would i nc lude  some o r  a l l  o f  t h e  fo l l owing :  

1. A mounded t r a n s i t i o n  from shou lde r  l e v e l  t o  g u a r d r a i l  

l e v e l  which i s  as  s h o r t  as  p r a c t i c a l  and does n o t  produce 

a  ramp. 

2 .  A mounded shape t h a t  a c t s  as  a  r e f l e c t o r  and p r e v e n t s  

con tac t  w i th  t he  g u a r d r a i l  end. 

3 .  An approach mound t h a t  would a c t  t o  d e c e l e r a t e  t h e  v e h i c l e  

be fo re  i t  reaches  t he  g u a r d r a i l  end,  
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A des ign i nco rpo ra t i ng  some of t he se  ideas  i s  shown on Figure  3 - 3 .  

A main f e a t u r e  of t h i s  des ign i s  a  long low e a r t h  berm t h a t  extends  

f o r  about two hundred f e e t  upstream of t he  g u a r d r a i l  end.  The purpose 

of t he  berm i s  t o  d e c e l e r a t e  p o s s i b l e  impacting v e h i c l e s  be fo re  

s t r i k i n g  t he  r a i l  end. The berm,in c ros s  s e c t i o n ,  i s  f o u r  f e e t  

wide and one f o o t  h igh .  Standard passenger  v e h i c l e s  have a  t r e a d  

dimension of about f i v e  f e e t  and a running ground c l e a r a n c e  ranging 

from fou r  t o  e i g h t  i nches .  Thus, i n  approaching t h e  r a i l  end head 

on,  a  v e h i c l e  w i l l  s c r ape  i t s  unde rca r r i age  on t h e  berm and exper ience  

a  d e c e l e r a t i o n .  Assuming a  c o e f f i c i e n t  of f r i c t i o n  of 0 . 6  as t h e  

r e s u l t  of bu l ldoz ing , a  v e h i c l e  t r a v e l i n g  a t  60  mph w i l l  r e q u i r e  

about 200  f e e t  of s t opp ing  d i s t a n c e .  The berm i s  Sow enough s o  

t h a t  a v e h i c l e  approaching t h e  berm a t  an angle  w i l l  n o t  be v a u l t e d  

i n t o  the  a i r  t o  any app rec i ab l e  e x t e n t .  

The troublesome a r e a  i s ,  as  mentioned e a r l i e r ,  t h e  t r a n s i t i o n  

r eg ion .  The t r a n s i t i o n  shown i n  cons idered  t o  be  a  good one ,  b u t  

d e f i c i e n c i e s  a r e  e v i d e n t  i f  an impact occurs  i n  t h i s  a r e a .  Rol lover  

i s  probable  i f  one wheel s t r i k e s  t h e  1 2  inch berm wh i l e  t h e  o t h e r  

s t r i k e s  t h e  pa rape t  s e c t i o n .  Although the  t r a n s i t i o n  r e g i o n  i s  

s h o r t ,  a p r e c i s e  impact could be dangerous.  (A r o l l o v e r  i s  cons ide red  

t o  be p r e f e r a b l e  t o  s p e a r i n g ,  b u t  n e i t h e r  can be cons ide red  

s a t i s f a c t o r y . )  

A suggested a l t e r n a t i v e  c o n s i s t s  of  e l i m i n a t i n g  t h e  t r a n s i t i o n  

r eg ion ,  l eav ing  t h e  bare  end of t he  g u a r d r a i l  a s  i s ,  and curv ing  

the  berm near  t he  g u a r d r a i l  end such t h a t  a v e h i c l e  i s  d i r e c t e d  

o u t  i n  f r o n t  of t he  r a i l .  Vehic les  approaching t h e  end a t  an a n g l e  





would break through v i a  a  s u i t a b l e  brak-away design and those  

approaching from the  end would hopefu l ly  be r e d i r e c t e d .  Red i r ec t i on  

i s  no t  c l e a r  c u t ,  however, due t o  t he  uncon t ro l l ed  n a t u r e  of  t h e  

t u r f  i n t e r a c t i n g  wi th  the  v e h i c l e  undercar r iage .  

A second a l t e r n a t i v e  i s  shown on Figure  3 - 4 .  In  t h i s  d e s i g n ,  

t he  e a r t h  berm i s  g r adua l ly  merged i n t o  a  conc re t e  s t r u c t u r e .  

The berm end of the  s t r u c t u r e  i s  a curb.  The curb merges i n t o  

a  low undercut  b a r r i e r  and t h i s  i n  t u r n  merges i n t o  t h e  GM s a f e t y  

parape t  c r o s s - s e c t i o n  (Sec t ion  C - C ) .  The g u a r d r a i l  i s  a t t a c h e d  

t o  t he  p a r a p e t .  

The purpose of t h i s  des ign  as we l l  as  t h e  one shown i n  Figure  3 - 3  

i s  t o  r a i s e  t he  approach berm t o  g u a r d r a i l  h e i g h t  i n  a  minimum 

d i s t a n c e  wi thout  c r e a t i n g  a  ramp. An ex t ens ive  t e s t  and s i m u l a t i o n  

e x e r c i s e  program would be necessary  t o  determine whether t h i s  

has been accomplished. The p r i o r i t i e s  which were e s t a b l i s h e d  i n  t h e  

c u r r e n t  program made the se  e x e r c i s e s  i m p r a c t i c a l ,  

3 . 4  BARREL-ANGLE BREAK-AWAY, ABSORBER END TREATMENT 

A p l an  view drawing of t he  b a r r e l  ang le  g u a r d r a i l  end t r ea tmen t  

i s  shown on Figure  3 - 5 .  In  t he  t e s t  t h a t  was conducted on t h e  

s t r u c t u r e  (Tes t  2 4 )  the  v e h i c l e  impacted midway between t h e  f o u r t h  

and f i f t h  b a r r e l s  from t h e  end. The impact speed and ang le  (wi th  

r e spec t  t o  the  road edge) were approximately 59 mph and l o 0 ,  

r e s p e c t i v e l y .  Damage and d e f l e c t i o n  of  t h e  va r ious  p o s t  and b a r r e l  

elements i n  t he  end t r e a t m e n t ,  fo l lowing  t h e  t e s t ,  i s  summarized 
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i n  Table 3 -1 .  I n  a d d i t i o n  t o  t h i s ,  the  8" X 3/16" s t e e l  s t r a p  

between b a r r e l  6 and p o s t  7 was s eve re ly  buckled.  The s t r a p p i n g  

i s  a t t a c h e d  t o  t he  W-beam a t  t h i s  p o i n t  and was b e n t  inward. This  

a c t i o n  al lowed a  p a r t  of t h e  t e s t  v e h i c l e  t o  snag on the  end of 

t he  W-beam w i t h  t h e  r e s u l t  t h a t  a  smal l  p i e c e  of  v e h i c l e  s h e e t  

metal  was r i pped  away. This d id  no t  seem t o  impair  t h e  performance 

c f  t h e  end t r e a t m e n t ,  however, i n  t h a t  the  v h e i c l e  was e v e n t u a l l y  

r e d i r e c t e d .  

In  s imu la t i ng  impacts i n t o  t h e  s t r u c t u r e ,  t h e  f i r s t  goa l  was 

t o  match t e s t  r e s u l t s  w i th  what could be ob t a ined  from t h e  B A R R I E R  V 

d i g i t a l  computer program [S3]. P r i o r  t o  t he  t e s t ,  a  run was made 

wi th  t h e  program wherein t h e  r e d i r e c t i v e  performance was f u l l y  

p r e d i c t e d .  F a i l u r e  of t he  s t r a p p i n g  between b a r r e l  6  and p o s t  

7 was a l s o  p r e d i c t e d ,  b u t  t h e  c rush ing  of b a r r e l  6 and t h e  f a i l u r e  

of p o s t s  8 and 9 was no t .  

For t he  p r e t e s t  s i m u l a t i o n ,  b a r r e l  s t r e n g t h  i n fo rma t ion  was 

ob ta ined  from the  s t a t i c  t e s t  d a t a  shown on F igure  3-6 .  Pos t  

s t r e n g t h  d a t a  was ob ta ined  from s e v e r a l  sou rces  [55,  56,  5 7 1 .  

U l t ima te ly  t h i s  l a t t e r  d a t a  proved t o  be t h e  most d i f f i c u l t  t o  apply  

i n  t he  s imu la t i on .  

The d i f f i c u l t y  i n  determining a p p r o p r i a t e  s t r e n g t h  d a t a  f o r  

t h e  p o s t s  l i e s  i n  t h e  f a c t  t h a t  t h e  p o s t  and s o i l  a c t  i n  c o n c e r t  

t o  r e s i s t  app l i ed  l a t e r a l  f o r c e s .  While p o s t  s t r e n g t h  c h a r a c t e r i s t i c s  

a r e  p r e d i c t a b l e  w i t h i n  + 2 0 % ,  s o i l  s t r e n g t h  v a l u e s  can vary by an 

o rde r  of magnitude. S ince  no i n fo rma t ion  was known about  s o i l  
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s t r e n g t h  v a l u e s  a t  t h e  t e s t  s i t e ,  a  t r i a l  and e r r o r  p rocedure  

was n e c e s s a r y  s o  a s  t o  a r r i v e  a t  t h e  a c t u a l  p o s t / s o i l  s t r e n g t h  

c h a r a c t e r i s t i c s  which p r e v a i l e d  i n  t h e  t e s t  . The f i n a l  ma themat i ca l  

i d e a l i z a t i o n  of  t h e  b a r r i e r  t h a t  r e s u l t e d  i s  d e s c r i b e d  i n  Appendix C .  

I n  t h e  remain ing  d i s c u s s i o n s  i n  t h i s  s e c t i o n ,  t h i s  i d e a l i z a t i o n  

was used  t o  produce  t h e  s i m u l a t e d  impact  r u n s .  

Three  s i m u l a t e d  runs  were made on t h e  b a r r e l  a n g l e  end t r e a t -  

ment.  These a r e  summarized i n  Tab le  3-2 .  

TABLE 3-2 

BARREL ANGLE END TREATMENT SIMULATION RUNS 

3 . 4 . 1  CASE 1 - 60 mph, 10" .  S e q u e n t i a l  p l a n  view s c h m a t i c s  

f o r  c a s e  #1 a r e  shown on F i g u r e s  3 -7a  th rough  3 -7e .  As  i n d i c a t e d ,  

t h e  v e h i c l e  i s  r e d i r e c t e d ,  p o s t s  8 and 9 f a i l ,  and t h e  f r o n t  end o f  

b a r r e l  6  i s  c rushed  about  o n e - f o u r t h .  Damage t o  t h e s e  e l emen t s  

compares f a v o r a b l y  t o  t h e  damage obse rved  i n  t h e  t e s t  a s  n o t e d  on 

Tab le  3 - 1 .  As mentioned e a r l i e r ,  e l emen t  s t r e n g t h  c h a r a c t e r i s t i c s  

were a d j u s t e d  s l i g h t l y  s o  as  t o  i n s u r e  t h e s e  compar i sons .  

Case 

1 

2 

3  
L 

V e l o c i t y ,  a c c e l e r a t i o n  ( w i t h  r e s p e c t  t o  v e h i c l e  c o o r d i n a t e s ) ,  

and head ing  a n g l e  d a t a  f o r  t h e  r u n  a r e  shown on F i g u r e  3 - 8 .  A 

r e l a t i v e l y  smooth r e d i r e c t i o n  i s  i n d i c a t e d .  Peak a c c e l e r a t i o n  

V e l o c i t y  

60 mph 

60 mph 

60 mph 

Angle 

1 0 "  

2 5 "  

0  O 

+ 

P o s i t i o n  on B a r r i e r  

Between 4 t h  and 5 t h  b a r r e l s  

Between 4 t h  and 5 t h  b a r r e l s  

Head on i n t o  t h e  end 













Time After  Impact, sec .  

FIGURE 3-8 BARREL ANGLE END TREATMENT KINEMATIC DATA 
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i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  i s  about 5 . 9  g f s  w i th  t h e  maximum 

over a  100 msec i n t e r v a l  being about 3 . 9  g ' s .  S i m i l a r  va lues  f o r  

l a t e r a l  a c c e l e r a t i o n  a r e  7 . 5  g ' s  maximum and 5.0 g ' s  ave rage ,  

r e s p e c t i v e l y .  The l o n g i t u d i n a l  average va lue  i s  below t h e  t h r e s h o l d  

l e v e l  l i s t e d  i n  Table E - 4  whi le  corresponding l a t e r a l  v a l u e  i s  n o t .  

I t  i s  l i k e l y ,  t h e r e f o r e ,  t h a t  an u n r e s t r a i n e d  passenger  would 

have s u s t a i n e d  some i n j u r y  i n  t h e  c o l l i s i o n .  A l a p  b e l t  r e s t r a i n e d  - 
occupant would probably  go unharmed, however. 

Add i t i ona l  comparative d a t a  between t e s t  and s i m u l a t i o n  r e s u l t s  

i s  shown on F igu re s  3-9 and 3-10. On Figure  3 - 9 ,  l o n g i t u d i n a l  

v e l o c i t y  and a c c e l e r a t i o n  d a t a  f o r  t h e  s i m u l a t i o n  run  a r e  compared 

wi th  s i m i l a r  d a t a  which were ob t a ined  from photogrammetr ica l ly  

reducing t e s t  d a t a .  (The a c c e l e r a t i o n  d a t a ,  i n  t h i s  c a s e ,  i s  w i t h  

r e s p e c t  t o  an e a r t h  f i x e d  coo rd ina t e  sys tem.)  Comparisons a r e  

remarkably good. Figure  3-10 shows a  comparison of a c c e l e r a t i o n  

d a t a  i n  v e h i c l e  coo rd ina t e s  w i th  s i m i l a r  d a t a  o b t a i n e d  from onboard 

acce le rometers  ( s ee  Appendix D )  . Although t h e  acce l e rome te r  d a t a  

i s  obviously  from a  much h ighe r  bandwidth s i g n a l ,  a  g e n e r a l  comparison 

i n  t h e  two curves  i s  aga in  appa ren t .  Comparisons, t h e r e f o r e ,  range 

from good t o  very  good and i n d i c a t e  t h a t  a  high deg ree  of  con f idence  

can be p laced  i n  t he  b a r r i e r  mathemat ical  i d e a l i z a t i o n .  

3 . 4 . 2  CASE 2  - 60 mph, 25'. Case 2  i s  s i m i l a r  i n  a l l  r e s p e c t s  

t o  case  1, excep t  t h e  impact ang le  was i n c r e a s e d  t o  2 5 ' .  S e q u e n t i a l  

p lan view schemat ics  f o r  the  run a r e  shown on F igu re s  3 - l l a  th rough  

3 - l l f .  Pos t s  i n  t he  end t r ea tmen t  s t r u c t u r e  b e g i n  t o  f a i l  a t  about  

2 0  msec a f t e r  impact .  By 130 msec, a l l  p o s t s  have f a i l e d ,  and t h e  
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s t r u c t u r e  i s  e s s e n t i a l l y  r o t a t i n g  i n t a c t  about t h e  r i g i d  r i g h t  

end anchor p o s t .  

The r i g h t  end anchor pos t  i s  a  s imula t ion  added f e a t u r e  which 

i s  necessary  t o  produce a  s t a b l e  s o l u t i o n  and does n o t  r e p r e s e n t  

a  r e a l  b a r r i e r  element.  There fore ,  a f t e r  130 msec, t he  s imu la t i on  

r e s u l t s  a r e  probably u n r e l i a b l e .  

A t  the  1 2 0  msec p o i n t ,  the  veh i c l e  i s  t r a v e l i n g  a t  4 1  mph 

and has been r e d i r e c t e d  approximately 5' from i t s  i n i t i a l  d i r e c t i o n .  

The lead ing  end of the  b a r r i e r  has d e f l e c t e d  almost  40 i n c h e s ,  and 

the  veh i c l e  i s  s l i d i n g  along the  b a r r i e r  near  p o s t  1 0 .  I t  seems 

probable b u t  n o t  e n t i r e l y  c l e a r  t h a t  t he  v e h i c l e  w i l l  even tua l ly  

be r e d i r e c t e d .  

Acce l e r a t i on  ( v e h i c l e  c o o r d i n a t e s ) , v e l o c i t y ,  and heading angle  

h i s t o r i e s  a r e  shown on Figure  3-12, Maximum a c c e l e r a t i o n s  i n  t h e  

l o n g i t u d i n a l  and l a t e r a l  d i r e c t i o n s  a r e  13.4 g ' s -  and 8 . 8  g l s ,  

r e s p e c t i v e l y .  Average a c c e l e r a t i o n s  over 100 msec were 8 . 9  g l s  

l o n g i t u d i n a l l y  and 4 . 4  g l s  l a t e r a l l y .  Each of t h e s e  r e p r e s e n t s  

probable  i n j u r y  t o  an u n r e s t r a i n e d  passenger ,  b u t  n o t  t o  one us ing  

a  l ap  b e l t .  

3 . 4 . 3  CASE 3  - 60 mph, 0 " .  This case  d i f f e r s  from t h e  o t h e r s  

i n  t h a t  t h e  v e h i c l e  was cen te red  t o  impact d i r e c t l y  on t he  b a r r i e r  

end. A g r e a t  dea l  of d i f f i c u l t y  was exper ienced  on t r y i n g  t o  make 

t h i s  run because of  problems wi th  t h e  s i m u l a t i o n  program. 

One problem involved an excess ive  number of  d i v i s i o n s  of t h e  



Time After  Impact ,  sec .  

FIGURE 3-12 BARREL ANGLE END TREATMENT KINEMATIC DATA - 60 MPH, 25" IMPACT 



i n t e g r a t i o n  i n t e r v a l .  I n  the  program, a  t y p i c a l ~ s t r u c t u r a l  member 

i s  assumed t o  f a i l  according t o  the  l o a d - d e f l e c t i o n  curve shown 

on Figure 3-13.  A t  the  end of one i n t e g r a t i o n  i n t e r v a l  (Po in t  A ) ,  

an element may be below the  f a i l u r e  l oad ,  whereas a t  t h e  end of 

t h e  next  i n t e r v a l ,  the  load  may be s u b s t a n t i a l l y  above f a i l u r e  

( P o i n t  3 ) .  (This i s  t y p i c a l  of d i g i t a l  s imu la t i ons  of dynamic 

e v e n t s ,  s i n c e  i n t e g r a t i o n  must be done i n  d i s c r e t e  s t e p s . )  I f  no th ing  

were done t o  change the  s i t u a t i o n ,  t h e  load would remain c o n s t a n t  

a t  t he  value  B as the  element undergoes p l a s t i c  deformat ion.  

This i s  u n s a t i s f a c t o r y ,  however, as t h e  element would be s t r o n g e r  

than  i s  a c t u a l l y  the  case .  I n  o rde r  t o  r e c t i f y  t he  s i t u a t i o n ,  

t h e  i n t e g r a t i o n  i n t e r v a l  i s  shor tened  s o  t h a t  t h e  element load a t  

t h e  new end p o i n t  j u s t  equa ls  the  f a i l u r e  load .  A c t u a l l y ,  t h i s  

ope ra t i on  i s  done such t h a t  t h e  a c t u a l  load i s  w i t h i n  some s p e c i f i e d  

t o l e r a n c e  of t he  f a i l u r e  load.  

I f  more than  one element f a i l s  w i t h i n  a  g iven  i n t e g r a t i o n  

i n t e r v a l ,  t he  s i t u a t i o n  g e t s  more complicated.  S e v e r a l  succes s ive  

d i v i s i o n s  of t he  i n t e g r a t i o n  i n t e r v a l  may be neces sa ry .  I f  more 

than twenty d i v i s i o n s  a r e  r e q u i r e d ,  however, an exces s ive  amount 

of computer time i s  necessary  and an automat ic  l o g i c  s t a t emen t  

t e rmina tes  t he  run.  

A second problem was a s s o c i a t e d  wi th  t h e  r e p r e s e n t a t i o n  of 

v e h i c l e  crush c h a r a c t e r i s t i c s .  Vehic le  c rush  i s  r ep re sen t ed  by 

non l inea r  sp r ings  which can be a r b i t r a r i l y  a r r ayed  around t h e  

v e h i c l e  boundary. For t he  end on impact case  almost  a l l  of t h e  
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twenty a v a i l a b l e  spr ings  were l oca t ed  on the  v e h i c l e  f r o n t  end. 

As t he  f r o n t  end d e f l e c t s ,  t he  sp r ings  d i r e c t l y  i n  c o n t a c t  wi th  

t he  b a r r i e r  d e f l e c t  f a r  more than  those  j u s t  s l i g h t l y  t o  e i t h e r  

s i d e  ( s ee  Figure  3 -16) .  The r e s u l t  i s  t h a t  a  s ideward gap i s  c r e a t e d  

between the  d e f l e c t e d  and undef lec ted  s p r i n g s .  A f t e r  a  c e r t a i n  

s t a g e ,  t he  b a r r i e r  i s  ab le  t o  s l i p  sideways through t h i s  gap w i th  

the  r e s u l t  t h a t  v e h i c l e / b a r r i e r  fo r ce s  a r e  g r e a t l y  reduced.  

Both problems have r equ i r ed  r ea l i sm  compromises t o  achieve 

a  r e p r e s e n t a t i v e  end on performance assessment.  This has been done 

by (1)  making the  veh i c l e  about t e n  times s t i f f e r  i n  crush than 

i s  a c t u a l l y  t h e  c a s e ,  and ( 2 )  suppress ing  t h e  y i e l d  overshoot  

c o r r e c t i o n  subrou t ine  as descr ibed  e a r l i e r .  This l a t t e r  compromise 

means t h a t  some s t r u c t u r a l  elements w i l l  y i e l d  i n  t h e  p l a s t i c  range 

a t  load va lues  which a r e  h ighe r  than  i s  a c t u a l l y  t h e  c a s e ,  

A s e t  of s e q u e n t i a l  p l a n  view i l l u s t r a t i o n s  showing t h e  end 

on impact behavior  of the  v e h i c l e  and s t r u c t u r e  w i th  t h e s e  two 

modi f ica t ions  a r e  shown i n  Figures  3-14a through 3-14f .  A comparative 

s e t  w i t h  both  the  overshoot c o r r e c t i o n  and proper  v e h i c l e  s t i f f n e s s  

a r e  included on Figures 3-15a through 3-15c. The l a t t e r  f i g u r e s  

r e p r e s e n t  a  good approximation t o  t h e  a c t u a l  c o l l i s i o n  mechanics 

u n t i l  p e n e t r a t i o n  occurs .  A p lan  view i l l u s t r a t i n g  t h e  p e n e t r a t i o n  

problem i s  shown on Figure  3-16,  I t  should  be made c l e a r  t h a t  t h i s  

f i g u r e  i n  no way r ep re sen t s  a  case  of  p r e d i c t e d  s p e a r i n g  a s  might 

be impl ied.  

An examination of Figures  3-14a through 3-14f 6hows t h a t  t h e  























b a r r e l  a r r a y  i s  moved backward a s  t h e  end i s  s u b j e c t e d  t o  l o a d .  

(Compare time 0 . 0 2  w i th  subsequent  t imes ,  i n  terms of  r e l a t i v e  

p o s i t i o n  of b a r r e l  6 and p o s t  7 . )  Pos t s  s u p p o r t i n g  t h e  b a r r e l s  f a i l  

complete ly  a s  w e l l  as  does t h e  8"  X 3/16" s t e e l  p l a t e  sur rounding  

t h e  b a r r e l s .  The upper W-beam (beginning a t  p o s t  7 and con t inu ing  

downstream) does no t  f a i l ,  however, and remains r i g i d  a s  t he  b a r r e l  

a r r a y  i s  pushed p a s t  i t .  A t  t h e  end of t h e  r u n ,  t h e  v e h i c l e  i s  

t r a v e l i n g  a t  40  mph. I t  i s  very  p o s s i b l e ,  t h e r e f o r e ,  t h a t  t h e  v e h i c l e  

could  have con t inued  i n t o  t h e  s t r u c t u r e  and encounte red  t h e  r i g i d  

r a i l  end.  F u r t h e r  r e s e a r c h  w i l l  be r e q u i r e d  t o  i n v e s t i g a t e  t h i s  

p o t e n t i a l  problem. 

Long i tud ina l  a c c e l e r a t i o n  and v e l o c i t y  t r a c e s  f o r  t h e  s t i f f e r  

v e h i c l e  c a s e  a r e  shown on F igure  3-17.  An e a r l y  p a r t  of t h e  

r e a l i s t i c  v e h i c l e  a c c e l e r a t i o n  t r a c e  i s  a l s o  shown. I t  can be no ted  

t h a t  a c c e l e r a t i o n ,  as  expec t ed ,  b u i l d s  up more r a p i d l y  f o r  t h e  s t i f f e r  

v e h i c l e  s i n c e  v e h i c l e  impact  r e s i s t a n c e  i s  g r e a t e r .  A f t e r  about  

30 msec, however, a c c e l e r a t i o n  l e v e l s  a r e  s i m i l a r  f o r  t h e  two 

c a s e s .  A t  about 50 msec, t h e  b a r r i e r  beg ins  t o  p e n e t r a t e  t h e  more 

r e a l i s t i c  v e h i c l e  and t h e  a c c e l e r a t i o n  p r o f i l e  f o r  t h i s  case  i s  

no l onge r  r e p r e s e n t a t i v e .  On the  b a s i s  of t h e s e  comparisons ,  however, 

i t  i s  r ea sonab le  t o  assume t h a t :  

1. The f i r s t  4 0  msec of t h e  r e a l i s t i c  v e h i c l e  impact a r e  very  
I 

c l o s e  t o  what can be expec ted  i n  t h e  a c t u a l  s i t u a t i o n .  

2 .  The remainder of t h e  impact i s  n o t  o v e r l y  d i f f e r e n t  from 

t h e  s t i f f e n e d  v e h i c l e  run.  
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I t  cou ld  be argued t h a t  s t a t emen t  2 .  i s  on l e s s  f i r m  ground 

because  t h e  overshoot  s u b r o u t i n e  has been supp re s sed  - t h e  r a t i o n a l e  

be ing  t h a t  i n  some case s  s t r u c t u r a l  members a r e  u n r e a l i s t i c a l l y  

s t r o n g .  This  argument c a r r i e s  l e s s  we igh t ,  however, w i t h  i n c r e a s i n g  

t ime i n t o  t h e  impact .  By 40 msec, a l l  pinned l i n k  members 

( r e p r e s e n t i n g  column buck l ing  i n  t he  beam e lements )  have f a i l e d ,  

a l l  p o s t s  from t h e  end back t o  t h r e e  p o s t s  upst ream of t h e  b a r r e l s  

have f a i l e d ,  as  w e l l  as  have most of t h e  beam e lements  n o t  a s s o c i a t e d  

w i th  t he  W-beam. In  f a c t ,  t h e  only  remaining s t r u c t u r a l  members 

a r e  t h e  p a r t i a l l y  crushed b a r r e l s  and t h e  W-beams. For t h e  remainder 

of t h e  r u n ,  on ly  two of t he  f i f t e e n  W-beam elements  e n t e r  t h e  p l a s t i c  

y i e l d  r e g i o n  and bo th  o f  t h e s e  y i e l d  w i t h i n  5 %  of t h e  s p e c i f i e d  

y i e l d  v a l u e .  T h e r e f o r e ,  i t  seems s a f e  t o  conclude t h a t  a f t e r  4 0  

msec, t h e  a c t u a l  impact  s i t u a t i o n  i s  c l o s e l y  r e p r e s e n t e d  by t h e  

s t i f f e n e d  v e h i c l e  run .  

Having e s t a b l i s h e d  t h e  v a l i d i t y  of t h e  a c c e l e r a t i o n  d a t a ,  

an examinat ion of t h e  p l o t t e d  va lues  i n d i c a t e s  t h a t  t h e  d e c e l e r a t i o n  

l e v e l s  a r e  reasonably  h i g h ,  b u t  no t  dangerously  s o .  An u n r e s t r a i n e d  

passenger  would undoubtedly be i n j u r e d ,  b u t  one wear ing a l a p  b e l t  

would n o t .  

3 . 4 . 4  END TREATMENT ASSESSMENT. On t h e  b a s i s  of  t h e  w e l l  

v a l i d a t e d  s i m u l a t i o n  e x e r c i s e s  d e s c r i b e d  h e r e ,  i t  can be concluded 

t h a t  t h e  b a r r e l  a n g l e ,  break-away abso rbe r  end t r e a t m e n t  i s  a  good 

beginning toward a  s a t i s f a c t o r y  g u a r d r a i l  end,  b u t  i s  n o t  y e t  ready 

f o r  o p e r a t i o n a l  deployment. R e d i r e c t i v e  c h a r a c t e r i s t i c s  a t  60 mph 



and 10" a r e  e x c e l l e n t  f o r  the  region downstream from t h e  f o u r t h  

b a r r e l .  Vehic le  damage can be expected t o  be moderate. Resu l t s  

a r e  l e s s  s a t i s f a c t o r y  f o r  the same cond i t i ons  bu t  wi th  a  25'  impact 

a n g l e ,  I n j u r y  t o  an un re s t r a ined  passenger  i s  i n d i c a t e d  f o r  t h e s e  

c o n d i t i o n s ,  Vehic le  damages w i l l  undoubtedly be s e v e r e .  End on 

performance i s  s i m i l a r  t o  t he  60 mph, 25 '  case  i n  t h a t  only  a  passenger  

r e s t r a i n e d  w i t h  a l a p  b e l t  could expect  t o  escape i n j u r y .  Vehic le  

damages approaching a  t o t a l  l o s s  can be a n t i c i p a t e d ,  however. I n  

a d d i t i o n ,  t h e  p o t e n t i a l  f o r  spea r ing  may e x i s t  and w i l l  r e q u i r e  

f u r t h e r  i n v e s t i g a t i o n .  

Angle impacts covering t he  reg ion  from t h e  end downstream 

t o  b a r r e l  4 were n o t  s imula ted .  Hence, performance i n  t h i s  r eg ion  

i s  unknown. Impacts a t  speeds o t h e r  than 60 mph were a l s o  n o t  

made. Before embarking on the se  a d d i t i o n a l  e x e r c i s e s ,  however, some 

mod i f i ca t i ons  t o  improve t h e  end t r ea tmen t  performance a r e  i n  o r d e r .  

As a  f i r s t  s t e p ,  t h e  b a r r i e r  l o n g i t u d i n a l  s t i f f n e s s  should  be 

reduced.  This w i l l  improve t he  b a r r i e r ' s  break-away c h a r a c t e r i s t i c s  

i n  an end on impact and reduce r e s u l t i n g  passenger  l oad ings  

( p a r t i c u l a r l y  t h e  high g  d e c e l e r a t i o n  i n  t h e  f i r s t  30 msec) . Second, 

t h e  b a r r i e r ' s  l a t e r a l  r e s i s t a n c e  should  be i n c r e a s e d .  This w i l l  

improve angle  impact r e d i r e c t i v e  performance and reduce bo th  

v e h i c l e  and b a r r i e r  damage. F i n a l l y ,  a means should  be dev ised  t o  

i n s u r e  t h a t  t he  W-beam end does no t  become exposed a s  t h e  b a r r e l  

a r r a y  s l i d e s  by i n  an end on impact .  

Some sugges ted  mod i f i ca t i ons  t o  meet t h e s e  o b j e c t i v e s  i n c l u d e  : 



1. B a r r e l s  w i th  weaker crush c h a r a c t e r i s t i c s ,  

2 .  Fewer b a r r e l  p o s t  s u p p o r t s ,  

3 .  A b locked  ou t  over lapped W-beam t h a t  t e l e s c o p e s  l o n g i t u d i n a l  

a s  a  f r o n t  f o r  t he  b a r r e l s ,  and f o r  a  d i s t a n c e  of  about  

twenty  t o  t h i r t y  f e e t  downstream from t h e  b a r r e l s ,  

4 .  An end anchor a t  t h e  extreme upstream end t h a t  b r eaks  

away under end on impacts b u t  ho lds  f i r m  f o r  ang led  

impacts downstream from t h e  end. 

Whatever t h e  mod i f i ca t i ons  t h a t  a r e  u l t i m a t e l y  made, i t  i s  s t r o n g l y  

recommended t h a t  a  s i m u l a t i o n  e x e r c i s e  be c a r r i e d  o u t  t o  e v a l u a t e  

t h e  p r o s p e c t i v e  des ign  b e f o r e  i t  i s  s u b j e c t e d  t o  t e s t ,  

3 . 5  E N D  TREATMENT DESIGN GUIDELINES 

A s e t  of  de s ign  g u i d e l i n e s  were developed a s  a p a r t  of  t h e  cu r r en  

r e s e a r c h ,  which a r e  sugges ted  f o r  u se  i n  end t r e a t m e n t  development 

work. As d i s c u s s e d  i n  Appendix E ,  t h e  fo rmu la t i on  of such g u i d e l i n e s  

r e p r e s e n t s  t h e  f i n a l  s t e p  i n  a  development program b e f o r e  a r r i v i n g  

a t  a  cand ida t e  des ign .  The g u i d e l i n e s  i n c l u d e  c o n s i d e r a t i o n s  of  

c o s t s ,  c l i m a t i c  f a c t o r s ,  e s t h e t i c s ,  and performance.  Performance 

des ign  g u i d e l i n e s  a r e  n o t  as  s imple  as  would o r d i n a r i l y  be t h e  

c a s e ,  because of t h e  s e v e r a l  modes i n  which an end t r e a t m e n t  can 

f u n c t i o n .  The performance des ign  c o n s i d e r a t i o n s  a r e  t h e r e f o r e  

d iv ided  i n t o  fou r  c a t e g o r i e s :  a  common s e t  f o r  a l l  end t r e a t m e n t s ,  

a  s e t  f o r  r e f l e c t i v e  t r e a t m e n t s ,  and a d d i t i o n a l  s e t s  f o r  b r e a k -  

away and impact absorb ing  ends .  Cons ide ra t i ons  r e l a t i n g  t o  c o s t s ,  

c l i m a t e ,  and e s t h e t i c s  a r e  e s s e n t i a l l y  t h e  same f o r  a l l  c a s e s .  



1 . IJerf ormancc: 

Common 

1. The end t rea tment  l o n g i t u d i n a l  anchorage s t r e n g t h  

s h a l l  be compatible wi th  t h e  t e n s i o n  requirements 

of t h e  warranted s e c t i o n .  

Break-away 

1. The end t rea tment  l eng th  s h a l l  be g r e a t  enough to 

prec lude  a  v e h i c l e  e n t e r i n g  t h e  hazardous a r ea  

fo l lowing  break-  through.  

2 .  End t r ea tmen t  elements s h a l l  be p r o t e c t e d  such t h a t  

elements which might be f r a c t u r e d  o r  exposed as a  

r e s u l t  of break- through do no t  p r e s e n t  a  spea r ing  

haza rd ,  

3 .  S t r u c t u r e  l a t e r a l  s t r e n g t h  s h a l l  be such t h a t  

(a)  i n  t h e  break-away end r e g i o n ,  l a t e r a l  s t r e n g t h  s h a l l  

be minimum and (b) i n  t he  t r a n s i t i o n  r eg ion  a  p o s i t i v e  

mechanism s h a l l  e x i s t  such t h a t  t h e  v e h i c l e  i s  

e i t h e r  d e f l e c t e d  i n  f r o n t  o f ,  o r  beh ind  t h e  r a i l  

s o  as t o  p rec lude  pocke t ing .  

Impact Absorbing 

1. The end t rea tment  l eng th  and l o n g i t u d i n a l  r e s i s t a n c e  

s h a l l  be compatible wi th  s i m i l a r  va lues  f o r  an 

impact absorbing b a r r i e r .  

2 .  The end t r ea tmen t  l a t e r a l  impact r e s i s t a n c e  s h a l l  

be compatible wi th  t he  war ran ted  s e c t i o n  of g u a r d r a i l .  

3.  The end t r ea tmen t  h e i g h t  s h a l l  be c o n s i s t e n t  wi th  



t h e  w a r r a n t e d  s e c t i o n  of g u a r d r a i l  and t h e  s t r u c t u r e  

s h a l l  m a i n t a i n  t h i s  h e i g h t  th roughou t  i t s  d e s i g n  

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

4 .  The end t r e a t m e n t  s u r f a c e  s h a l l  b e  smooth and b l o c k e d  

o u t  s o  a s  t o  p r e v e n t  wheel  s n a g g i n g .  

5 .  The e l e v a t i o n  o f  t h e  l i n e  o f  a c t i o n  o f  t h e  end t r e a t -  

ment ,  end on r e s i s t i n g  f o r c e  s h a l l  be  c o m p a t i b l e  w i t h  

t h e  range  of  C . G .  h e i g h t s  i n  t h e  v e h i c l e  p o p u l a t i o n  

s o  a s  t o  p r e v e n t  t u n n e l i n g ,  o r  ramping.  

R e f l e c t i v e  

1. The end t r e a t m e n t  r e f l e c t i v e  c h a r a c t e r i s t i c s  s h a l l  

b e  such as  t o  p r e v e n t  t h e  v e h i c l e  from s t r i k i n g  t h e  

end s e c t i o n  r e g a r d l e s s  o f  impact  c o n d i t i o n s .  

2 .  The end t r e a t m e n t  d e s i g n  s h a l l  be  such  a s  t o  p r e c l u d e  

t h e  v e h i c l e  from e n t e r i n g  t h e  haza rdous  a r e a  f o l l o w i n g  

r e f l e c t i o n  b e h i n d  t h e  r a i l .  

3 .  The end on approach p r o f i l e  s h a l l  b e  s u c h  a s  t o  p r e v e n t  

t h e  v e h i c l e  from mounting t h e  g u a r d r a i l  and r i d i n g  

a long  i t s  upper  s u r f a c e .  

4 .  The end on p r o f i l e  s h a l l  b e  such  a s  t o  p r e c l u d e  

t h e  v e h i c l e  from b e i n g  l aunched  i n t o  t h e  a i r  and 

p i t c h e d ,  o r  r o l l e d  o v e r .  

11. C l i m a t i c  

1. The end t r e a t m e n t  f u n c t i o n a l  d e s i g n  s h a l l  be such  a s  t o  

minimize v a r i a t i o n s  i n  per formance  r e s u l t i n g  from s e a s o n a l  

wea the r  changes .  



2 .  End t r ea tmen t  m a t e r i a l s  s h a l l  be chosen such t h a t  c o r r o s i o n ,  

r o t ,  s u n l i g h t  d e t e r i o r a t i o n ,  and o t h e r  age and d e t e r i o r a t i o n  

f a c t o r s  a r e  minimized. 

111. Cost 

1. The end t r ea tmen t  s h a l l  be capable of q u i c k ,  s a f e ,  and 

easy  r e p a i r .  

2 .  I n s t a l l a t i o n  and m a t e r i a l s  c o s t s  s h a l l  be k e p t  reasonably  

low. 

3. Maintenance c o s t s  s h a l l  be kep t  t o  a  minimum. 

4 .  Vehic le  damage c o s t  s h a l l  be kep t  t o  a compat ible  minimum. 

I V .  E s t h e t i c s  

1. The end t r e a t m e n t  s h a l l  pe rmi t  adequate  l a t e r a l  v i s i b i l i t y .  

2 .  The end t r ea tmen t  s h a l l  have a  p l e a s i n g  appearance ,  

V. T r a f f i c  Cont ro l  

1. The end t r e a t m e n t  s h a l l  pe rmi t  adequate  s i t e  d i s t a n c e  

v i s i b i l i t y .  

2 .  The end t r ea tmen t  s h a l l  no t  be s o  imposing a s  t o  cause  

t r a f f i c  t o  vee r  from t h e  road edge. 

3 . 6  CONCLUSIONS AND RECOMMENDATIONS 

The h i s t o r i c a l  e v a l u a t i o n  of g u a r d r a i l  ends has  shown t h a t  

b a r e  ends t e rmina ted  a t  s t a n d a r d  g u a r d r a i l  h e i g h t  can cause  s p e a r i n g  

i n  end on impacts.  Ramped r a i l  ends ,  on t h e  o t h e r  hand ,  have been 

found t o  v a u l t  v e h i c l e s  i n t o  t h e  a i r  and cause  r o l l  ove r .  While 

no as bad as  s p e a r i n g ,  v a u l t i n g  and r o l l  over  a l s o  r e p r e s e n t  



u n s a t i s f a c t o r y  end t r ea tmen t  performance.  

In  t h e  r e s e a r c h  a c t i v i t i e s  de sc r ibed  h e r e ,  both  an e a r t h  mound 

and a  break-away absorber  end t r ea tmen t  were e v a l u a t e d .  The f i r s t  

was found t o  a c t  very  much l i k e  a  ramped r a i l  end i n  v a u l t i n g  t h e  

t e s t  v e h i c l e  and causing i t  t o  r o l l  over .  Recommendations f o r  a 

modif ied  d e s i g n  a r e  p r e s e n t e d ,  b u t  even t h e s e  have obvious d e f i c i e n c i e s  

The main problem a r e a  i s  i n  producing a t r a n s i t i o n  between road 

shou lde r  l e v e l  and g u a r d r a i l  h e i g h t  w i thou t  c r e a t i n g  a  ramp. A 

v a l i d a t e d  s i m u l a t i o n  program (CALSVA) w i l l  a l l ow  e v a l u a t i o n  of 

modif ied  e a r t h e n  end t r ea tmen t s  should  a  s a t i s f a c t o r y  des ign  be 

developed.  This  s t e p  i s  no t  recommended f o r  any of t h e  c u r r e n t  

d e s i g n s ,  however. 

The break-away,  absorber  end t r e a t m e n t  was found t o  perform 

s a t i s f a c t o r i l y  f o r  low angle  ( l o 0 ,  o r  l e s s )  s i d e  impac ts .  Performance 

was l e s s  s a t i s f a c t o r y  f o r  h igh  ang le  (25') s i d e  impac t s ,  

and end on impac ts .  Before f u r t h e r  a n a l y s i s  o r  t e s t i n g  of 

t h i s  end t r ea tmen t  i s  under taken ,  i t  i s  recommended t h a t  

s e v e r a l  de s ign  mod i f i ca t i ons  be cons ide red .  These a r e  l i s t e d  

i n  S e c t i o n  3 . 4 .  I n  a d d i t i o n ,  i t  i s  recommended t h a t  t h e  B A R R I E R  

s i m u l a t i o n  program be modif ied  such t h a t  t h e  v e h i c l e  c rush  r e p r e s e n t a t i  

does n o t  a l low p e n e t r a t i o n  between t h e  s p r i n g s  a r r a y e d  around t h e  

v e h i c l e  boundary. This m o d i f i c a t i o n  would g r e a t l y  f a c i l i t a t e  

s t u d i e s  of  g u a r d r a i l  end c o n f i g u r a t i o n s .  

The des ign  g u i d e l i n e s  p rov ide  a  r a t i o n a l  means of deve lop ing  

an e f f e c t i v e  cnd t r ca tmcn t .  It i s  rccommcnded t h a t  t h e y  hc  usctl  

i n  f u t u r e  end t r ea tmen t  development e x e r c i s e s .  



4 .  C U R B  INVESTIGATIONS 

The curb i n v e s t i g a t i o n s  descr ibed  he re  i nc lude  a  s t a t e -  

o f - t h e - a r t  review and a d i s c u s s i o n  of t he  s i m u l a t i o n  e x e r c i s e s  

c a r r i e d  on a t  HSRI. These l a t t e r  e x e r c i s e s  a r e  used t o  e v a l u a t e  

t h e  impact performance of MDSH curbs  A ,  B ,  C ,  D and K. Com- 

p a r i s o n s ,  where p o s s i b l e ,  a r e  made between t h e  s i m u l a t i o n  

r e s u l t s  and t h e  r e s u l t s  from t e s t s  conducted by o t h e r  o r g a n i -  

z a t i o n s .  A s t a t i s t i c a l  a n a l y s i s  i s  used t o  e v a l u a t e  t h e  

r e d i r e c t i o n  e f f e c t i v e n e s s  of two optimized b a r r i e r  curbs  which 

were developed i n  Europe. Design g u i d e l i n e s  a r e  p r e sen t ed  a s  

an a i d  i n  developing more e f f e c t i v e  b a r r i e r  c u r b s .  

4 . 1  DEFINITIONS 

Curbs i n  c u r r e n t  highway des ign  p r a c t i c e  s e r v e  t h e  

fol lowing f u n c t i o n s  [ l l ] :  

1. Control  r a i n f a l l  d ra inage  

2 .  Deter  v e h i c l e s  from l e a v i n g  t h e  pavement 

3 .  De l inea t e  t h e  road edge 

4 .  P resen t  a  f i n i s h e d  appearance 

5 .  A s s i s t  i n  o r d e r l y  development of t h e  r o a d s i d e .  

The d i s c u s s i o n  t h a t  f o l l ows  w i l l  be c e n t e r e d  on t h e  second of 

t h e s e ,  i . e . ,  t h e  e f f e c t  t h a t  curbs  have on r e d i r e c t i n g  v e h i c l e s  

which leave  t h e  roadway. The curbs  under c o n s i d e r a t i o n  a r e  of 

two types :  mountable o r  b a r r i e r .  



Mountable  c u r b s  a r e  d e s i g n e d  s o  t h a t  v e h i c l e s  can  c r o s s  

when r e q u i r e d .  These a r e  low and have f l a t  o r  round s l o p i n g  

f a c e s .  Curb h e i g h t s  a r e  u s u a l l y  on t h e  o r d e r  o f  s i x  i n c h e s ,  

o r  l e s s .  Mountable  c u r b s  a r e  g e n e r a l l y  used  i n  a r e a s  where 

t h e  r o a d  edge  can  be  used  f o r  emergency p u l l - o f f s .  

B a r r i e r  c u r b s  a r e  r e l a t i v e l y  h i g h  and s t e e p - f a c e d  and a r e  

d e s i g n e d  t o  i n h i b i t  v e h i c l e s  f rom l e a v i n g  t h e  pavement .  H e i g h t s  

most f r e q u e n t l y  r a n g e  between s i x  and t w e l v e  i n c h e s .  The 

f a c e ,  i f  i t  s l o p e s ,  does  n o t  exceed  one i n c h  p e r  t h r e e  i n c h e s  

of  h e i g h t .  The upper  c o r n e r  i s  o f t e n  rounded o r  chamfered  t o  

d i s c o u r a g e  t h e  wheel  rim from b i t i n g  i n t o  t h e  c u r b  f a c e .  

4 . 2  HISTORICAL REVIEW 

The f i r s t  p u b l i s h e d  r e s e a r c h  on c u r b  mount ing  and 

r e d i r e c t i o n  was c a r r i e d  o u t  i n  1953 by t h e  C a l i f o r n i a  D i v i s i o n  

o f  Highways [ 1 2 ] .  The r e s e a r c h  c o n s i s t e d  o f  1 4 9  f u l l - s c a l e  

impact  t e s t s  on e l e v e n  d i f f e r e n t  c u r b  c r o s s - s e c t i o n s  ( s e e  

F i g u r e  4 - 1 ) .  Impact  s p e e d s  r a n g e d  from 5  t o  5 0  mph a t  a n g l e s  

between f i v e  and t h i r t y  d e g r e e s .  A l l  c u r b s  e x c e p t  one i n  t h e  

s e r i e s  were c o n s i d e r e d  t o  be  b a r r i e r  c u r b s .  The one  mountable  

c u r b  was Curb X .  Of t h e  e l e v e n  c u r b s ,  e i g h t  were  n i n e  i n c h e s  

h i g h ,  one was s i x  i n c h e s ,  and two were t w e l v e  i n c h e s  h i g h .  The 

two n i n e - i n c h  c u r b s  found t o  most  e f f i c i e n t  i n  r e d i r e c t i o n  were 

Curbs V and V I - M .  Both c u r b s  were  rounded a t  t h e  t o p  and 





u n d e r c u t .  Curb VI-M was f i t t e d  w i t h  a  m e t a l  f a c i n g  t o  r educe  

t i r e / c u r b  f r i c t i o n  f o r c e s ,  and t h u s  r educe  t h e  tendency f o r  

mount ing .  A l l  c u r b s  i n  t h e  t e s t  s e r i e s  were s t a n d a r d  c r o s s -  

s e c t i o n s  t h e n  i n  u s e  on C a l i f o r n i a  highways.  A summary o f  

t h e  t e s t  r e s u l t s  i s  g i v e n  on F i g u r e s  4 - 5  t h rough  4-13  and 4-18  

and 4-19 o f  S e c t i o n  4 . 4 .  

As t h e  r e s u l t  o f  t h e s e  t e s t s ,  a  second s e r i e s  of  b a r r i e r  

c u r b  t e s t s  was u n d e r t a k e n  i n  1955 s o  t h a t  s p e c i f i c  recommenda- 

t i o n s  c o u l d  b e  made f o r  t h e  d e s i g n  of  more e f f i c i e n t  b a r r i e r  

c u r b s  [ 1 3 ] .  Four b a s i c  c r o s s  s e c t i o n s  were t e s t e d ,  w i t h  shims 

b e i n g  u s e d  t o  a c h i e v e  a  d e s i r e d  h e i g h t  a s  i n d i c a t e d  on 

F i g u r e  4 - 2 .  The d e s i g n s  were e s s e n t i a l l y  m o d i f i c a t i o n s  of t h e  

V and V I - M  d e s i g n s  t e s t e d  e a r l i e r .  T e s t  r e s u l t s  a r e  shown 

on F i g u r e s  4-14 th rough  4-16 and 4-20.  

Conc lus ions  from t h e  two t e s t  s e r i e s  i n d i c a t e  t h a t  an 

e f f i c i e n t  b a r r i e r  cu rb  shou ld  b e  a t  l e a s t  t e n  i n c h e s  h i g h  and 

t h a t  i t  s h o u l d  be u n d e r c u t .  The c u r b  s u r f a c e  t e x t u r e  s h o u l d  

be  n e i t h e r  smooth nor  rough.  A smooth s u r f a c e  t e n d s  t o  r e -  

d i r e c t  a  v e h i c l e  back i n t o  t r a f f i c  a t  a  r e l a t i v e l y  h i g h  a n g l e ,  

whereas an o v e r l y  rough s u r f a c e  enhances  mount ing .  F i n a l l y ,  

t h e  upper  c o r n e r  s h o u l d  be  rounded s o  a s  t o  r e d u c e  t h e  tendency 

of t h e  wheel rim t o  g r a b  o n t o  t h e  c u r b  t o p .  The recommended 

cu rb  d e s i g n  which i n c o r p o r a t e s  a l l  t h e s e  f e a t u r e s  i s  shown 

on F i g u r e  4 - 3 a .  U n f o r t u n a t e l y ,  t h e  d e s i g n  was neve r  e v a l u a t e d .  





Curbs somewhat similar to the recommended California 

cross-section have been tested in Canada and West Germany, 

however. The Canadian test [14] was conducted as part of a 

larger study to determine the efficiency of the curb in 

combination with various guardrails as a redirection system. 

Only a single test was made, at a velocity and angle of 64 mph 

and 20°, respectively. As indicated on Figure 4-17 (Curb D), 

redirection did not occur, The cross-section is shown on 

Figure 4-3b. 

The West German cross section [IS] is shown on Figure 4-3c. 

Five tests were made on the curb, with various vehicles, at 

speeds ranging between 29 and 48 mph and at angles of ten and 

fifteen degrees. All cases resulted in a redirection except 

one involving a VW at 48 mph and 15". The vehicle mounted in 

this test, but this was attributed in some degree to the rear 

engine configuration of the vehicle and its low total mass. 

Test results are summarized on Figure 4-16 (Curb F). 

The Trief curb (Figure 4-17) developed in Belgium is 

another example of a barrier curb with specific design features 

to enhance redirection. In an interesting series of tests 

conducted in England [16], the redirective character of the 

Trief curb was found to conform to the equation: 

V sin a = Constant 



S l o p e  1 : 4  -,, 

F I G U R E  4-3n, O P T I M I Z E D  C A L I F O R N I A  CURB [lg 

iL lo , 
I 5 1/2- 1 

t 
4 

F I G U R E  4 - 3 ~ ,  CANADIAN UNDERCUT CURE [14 

F I G U R E  4-3c, WEST GERMAN (ELSHOLZ) UNDERCUT CURB b5] 



where V = v e l o c i t y  

a = impact  i n c i d e n c e  a n g l e  

I n  e f f e c t ,  i t  was found t h a t  whenever t h e  component of  v e h i c l e  

v e l o c i t y  normal t o  t h e  c u r b  was l a r g e r  t h a n  a  f i x e d  v a l u e ,  t h e  

v e h i c l e  would mount. Below t h i s  v a l u e  r e d i r e c t i o n  would o c c u r .  

For t h e  T r i e f  c u r b ,  t h e  c o n s t a n t  was abou t  3 rnph. The r e s u l t s  

i n  g r a p h i c a l  form a r e  r ep roduced  on F i g u r e  4 - 1 7 ,  The 

i n f l u e n c e  o f  t i r e l c u r b  f r i c t i o n  on mounting was conf i rmed  i n  

t h e s e  t e s t s ,  i n  t h a t  t h e  mounting v e l o c i t y  i n c r e a s e d  from 1 2  mph 

t o  2 0  rnph when t h e  t i r e  and c u r b  were w e t .  

An a d d i t i o n a l  c l a s s  of  h i g h e r  c u r b s ,  which c o u l d  more 

p r o p e r l y  be  c a l l e d  c o n c r e t e  g u a r d r a i l s ,  has  a l s o  r e c e i v e d  

r e s e a r c h  a t t e n t i o n  i n  t h e  l a s t  decade .  Among t h e  v a r i o u s  

d e s i g n s  t h a t  have a r i s e n  a r e  t h e  GM and New J e r s e y  r e f l e c t i n g  

b a r r i e r s .  These a r e  two b a r r i e r s  o f  f a i r l y  s i m i l a r  d imens ions  

( s e e  F i g u r e s  4 - 2 4  and 4 - 2 5 )  which r e d i r e c t  a  v e h i c l e  by f i r s t  

c a u s i n g  i t  t o  r i d e  up on t h e  lower f a c e .  T h i s  mot ion  c a u s e s  

t h e  v e h i c l e  t o  bank and f o r c e s  t h e  f r o n t  wheels  t o  t u r n  away 

from t h e  b a r r i e r  [ 1 7 ] ,  I n  g e n e r a l ,  t h e s e  b a r r i e r s  f u n c t i o n  

w e l l  a t  impact  a n g l e s  below t e n  o r  twe lve  d e g r e e s .  A t  h i g h e r  

a n g l e s ,  e x t e n s i v e  v e h i c l e  damage o c c u r s  [ 1 8 ,  1 9 1 ,  b u t  t h e  

n a t u r e  o f  t h e  damage i s  such  t h a t  t h e  v e h i c l e  i s  n o t  u s u a l l y  

r e d i r e c t e d  back i n t o  t h e  t r a f f i c  s t r e a m .  The s t r u c t u r e s  

have t h e r c f o r e  been used e x t e n s i v e l y  i n  s e v e r a l  s t a t e s ,  and 

m o d i f i c a t i o n s  of t h e  r c l ! e c t i n g  s h a p e  h a s  bccn i n c o r p o r a t e d  

i n t o  b r i d g e  r a i l i n g s  [ 1 7 ,  2 0 1 .  



Other higher curbs include the Sabla curb of France [21] 

(Figure 4-25)? the reinforced 36-inch vertical wall of 

California [22] (Figure 4-26), and the various DAV (Dansk 

Auto Vaern) configurations (Figure 4-21) used in Europe and 

Japan [23, 24, 25, 26, 271. In general, most of these curbs 

(concrete guardrails) are not highly regarded and hence arc 

being used less because of: 

1. Most are too low in relation to the vehicle's c.g. 

2. Some have structural integrity problems. 

3. Those that are rigid impart higher decelerations 

to a vehicle than semi-rigid metal guardrails 

which tend to deflect under impact. 

4.3 EVALUATION EXERCISES 

Curb evaluation was carried out in two ways. First, curb 

test data from all available test programs conducted by other 

organizations was assembled. This was synthesized and grouped 

according to curb height. 

Second, simulation exercises were carried out on specific 

curb configurations. These were curbs which were either 

recommended for evaluation by the Michigan Department of State 

Highways [46], or which had been tested by other organizations. 

The latter curbs were similar to MDSH designs, but in no case 

exactly the same. Simulations were made on these designs so 

as to acheive a point of reference for the test exercises. 



4 . 4  C U R B  TEST DATA 

A v a i l a b l e  t e s t  d a t a  f o r  c u r b s  r a n g i n g  i n  h e i g h t  from 

two t o  t h i r t y - s i x  i n c h e s  a r e  shown on F i g u r e s  4 - 4  t h r o u g h  4 - 2 6 .  

The d a t a  a r e  f o r  a  v a r i e t y  o f  t e s t  c o n d i t i o n s ,  and f o r  a l l  

manner o f  c u r b  s h a p e s .  I t  i s  t h e r e f o r e  d i f f i c u l t  t o  s y n t h e s i z e  

s p e c i f i c  c o n c l u s i o n s .  The d i s c u s s i o n s  which f o l l o w  c o v e r  t h e  

few a r e a s  where d e t a i l e d  comments a r e  p o s s i b l e .  These  comments 

p e r t a i n  t o  t h e  e f f e c t s  t h a t  c u r b  h e i g h t  and f a c e  s l o p e  have  

on mount ing  p e r f o r m a n c e .  

I n  t h e  f i r s t  s e r i e s  o f  c u r b  t e s t s  made by t h e  C a l i f o r n i a  

D i v i s i o n  o f  Highways [ 1 2 ] ,  t h e  s l o p e  of  t h e  c u r b  f a c e  was made 

a  p a r a m e t e r .  Befo re  t h e  t e s t  s e r i e s ,  i t  was t h o u g h t  t h a t  

making t h e  c u r b  f a c e  more v e r t i c a l  would d i s c o u r a g e  mounting 

and enhance  r e d i r e c t i o n .  (Tha t  i s ,  making t h e  c u r b  f a c e  

f l a t t e r  would make t h e  c u r b  more e a s i l y  moun tab le , and  v i c e  

v e r s a . )  As i t  t u r n e d  o u t ,  however ,  t h i s  was o n l y  t r u e  f o r  

impact  a n g l e s  above 1 5  t o  2 0 ' .  A t  lower  a n g l e s  a  v e r t i c a l  

c u r b  f a c e  a c t u a l l y  enhanced mount ing  by p r o v i d i n g  a  s u r f a c e  

f o r  t h e  wheel rim t o  c a t c h  and b i t e  i n t o .  I t  was f o u n d ,  

t h e r e f o r e ,  t h a t  f l a t t e n i n g  t h e  c u r b  f a c e  ( w i t h i n  l i m i t s ,  t h a t  

i s )  a c t u a l l y  r educed  t h e  t e n d e n c y  t o  mount .  

As i l l u s t r a t e d  on F i g u r e  4 - 2 7 ,  t h e  t r a d e - o f f  o c c u r s  a t  

a  s l o p e  of a b o u t  2 : 9  ( i . e . ,  two i n c h e s  of  s l o p e  s e t  back  i n  

n i n e  i n c h e s  of h e i g h t ) .  The boundary  be tween  mount ing  and 
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r e d i r e c t i o n  i s  t h e  f a r t h e s t  t o  t h e  r i g h t  f o r  t h i s  s l o p e ,  

i n d i c a t i n g  t h e  h i g h e s t  r e d i r e c t i o n  e f f i c i e n c y .  S lopes  more 

s t e e p  t h a n  2 : 9  t end  t o  enhance mounting through rim c o n t a c t  

w h i l e  t h o s e  w i t h  f l a t t e r  s l o p e s  do s o  by p r o v i d i n g  a  ramp f o r  

t h e  t i r e .  

I n  t h e  second C a l i f o r n i a  t e s t  s e r i e s ,  cu rb  h e i g h t  was 

made a t e s t  pa ramete r  [ 1 3 ] .  Four c u r b  c o n f i g u r a t i o n s  w i t h  

a d j u s t a b l e  shims f o r  h e i g h t  c o n t r o l  were t e s t e d  a s  i n d i c a t e d  

e a r l i e r  on F i g u r e s  4-14 th rough  4-16 and 4 - 2 0 .  Enough d a t a  

a r e  a v a i l a b l e  f o r  t h e  c u r b s  A ,  B ,  and C shown on t h e s e  f i g u r e s  

t o  c o n c l u s i v e l y  show t h a t  i n c r e a s i n g  c u r b  h e i g h t ,  a s  would 

i n t u i t i v e l y  be e x p e c t e d ,  does  indeed  enhance r e d i r e c t i o n .  Data  

f o r  c u r b s  A and C ,  i l l u s t r a t i n g  t h i s  c o n c l u s i o n ,  a r e  shown on 

F i g u r e s  4 - 2 8  and 4 - 2 9 ,  r e s p e c t i v e l y .  The l i n e s  l a b e l e d  w i t h  

c o n s t a n t  c u r b  h e i g h t  i n d i c a t e  t h e  r e d i r e c t i o n  boundary f o r  

t h e  i n d i c a t e d  h e i g h t .  Above t h e  l i n e  mounting i s  l i k e l y  t o  

occur  and below i t  r e d i r e c t i o n .  (Note t h e  d i f f e r e n c e s  i n  

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

v a r i e t i e s  of c u r b  f a c e s . )  

While i t  i s  c l e a r ,  t h e n ,  t h a t  i n c r e a s i n g  b a r r i e r  c u r b  

h e i g h t  enhances  r e d i r e c t i o n ,  i t  i s  a l s o  t r u e  t h a t  i n c r e a s e d  

h e i g h t  i n c r e a s e s  v e h i c l e  body damage. T h e r e f o r e ,  improved 

r e d i r e c t i o n  i s  n o t  g a i n e d  w i t h o u t  a  p r i c e .  
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4 . 5  CURB IMPACT SIMULATION 

The s i m u l a t i o n  e x e r c i s e s  were c a r r i e d  o u t  t o  e v a l u a t e  

t h e  curb  c o n f i g u r a t i o n s  recommended by t h e  Michigan Department 

of S t a t e  Highways [46]. Computer impact runs  were t h e r e f o r e  

made on t h e s e  des igns  a s  we l l  a s  on des igns  which were s i m i l a r  

and f o r  which t e s t  d a t a  i s  a v a i l a b l e .  The l a t t e r  runs  were 

made a s  a  s i m u l a t i o n / t e s t  c o r r e l a t i o n  e x e r c i s e .  The paramete rs  

used i n  t h e  e x e r c i s e s  were approach v e l o c i t y  and a n g l e ,  and 

median s u r f a c e  s l o p e .  

4 . 5 . 1  SIMULATION PROGRAM. The d i g i t a l  computer simu- 

l a t i o n  program used i n  t h e  e x e r c i s e s  was t h e  Corne l l  

Ae ronau t i ca l  Laboratory  S i n g l e  Vehicle Accident  (CALSVA) 

program which i s  de sc r ibed  i n  Appendix A .  In  terms of 

curb impac ts ,  t h e  program i s  b e s t  s u i t e d  t o  de te rmin ing  t h e  

v e h i c l e  dynamic r e a c t i o n  a s  i t  mounts t h e  c u r b .  The s p r i n g -  

mass r e p r e s e n t a t i o n s  of  t h e  t i r e ,  suspens ion  and v e h i c l e  

body, f a i t h f u l l y  s imu la t e  t he  motions of an a c t u a l  v e h i c l e  i n  

t h i s  kind of s i t u a t i o n .  

The a c t u a l  mechanics of  curb  mounting, e.g. ,  t h e  t i r e  

s i d e w a l l / c u r b  f a c e  f r i c t i o n  i n t e r a c t i o n ,  a r e  n o t  w e l l  r e p r e -  

s e n t e d ,  The t i r e  i s  r e p r e s e n t e d  a s  a  t h i n  d i s c  w i th  s p r i n g s  

emanating r a d i a l l y  outward from i t s  c e n t e r .  F r i c t i o n  f o r c e s  

on t h e  s i d e w a l l  a r e  no t  c a l c u l a t e d ,  s i n c e  t h e  program was 

no t  developed f o r  t h a t  purpose .  S i t u a t i o n s  where t h e  t i r e  



s t r i k e s  t h e  c u r b  a t  a  h i g h  enough a n g l e  and where s c r u b b i n g  

i s  n o t  a f a c t o r  a r e  w c l l  simulated, however ,  T h i s  k ind  o f  

s i t u a t i o n  ( i . e . ,  whcre t h c  impact  a n g l e  i s  1 0 "  o r  more) i s  

t h e  t y p e  which was examined i n  t h e s e  e x e r c i s e s .  

4 . 5 . 2  SIMU1,Al ' ION IiXIJKCISCS. I'he s i m u l a t i o n  c x c r c i s c  

r u n s  f o r  t h e  v a r i o u s  c u r b  c o n f i g u r a t i o n s  which were e v a l u a t e d  

a r e  d e s c r i b e d  i n  t h i s  s u b s e c t i o n .  Pa ramete r s  and v a r i a b l e s  

which were  h e l d  c o n s t a n t  f o r  t h e s e  r u n s  a r e :  

1. An unpowered, unbraked v e h i c l e  

2 .  A f i x e d  s t e e r i n g  wheel p o s i t i o n  

3 .  Up t o  7 5  p a r a m e t e r s  d e f i n i n g  t h e  vehicle's 

dynamic p r o p e r t i e s .  

Thc s t a n d a r d  Michigan Department  o f  S t a t e  Highways c u r b s  

which were  e v a l u a t e d  a r e  shown on F i g u r e  4 - 3 0 .  R e s u l t s  a r e  

p r e s e n t e d  i n  t h e  form o f  k i n e m a t i c  d a t a  f o r  e a c h  c o n f i g u r a t i o n .  

4 . 5 . 2 . 1  Curb A .  The s i m u l a t i o n  r u n s  made on t h e  MDSH 

c o n c r e t e  c u r b  and g u t t e r  d e s i g n  A a r e  shown i n  T a b l e  4 - 1 .  

A s  i n d i c a t e d  on F i g u r e  4-30 [ 4 7 ] ,  c u r b  A i s  a  b a r r i e r  c u r b  

s i n c e  t h e  c u r b  f a c e  s l o p e  i s  1 . 5 : 9 .  





I'ABL17 4 - 1  

C U R B  A SIMULATION R U N S  

1 

I 
' CG-  20 1 4 0  mph 

I 
i 
I 

i 

i I 
I 

2 5 '  1 1 / 2 "  p e r  f t .  1 1966 Ford 

I 
1 

Custom 
I 

I 
I 

(Run 

P l a n  view r e s u l t s  o f  t h e  f o u r  s i m u l a t i o n  r u n s  a r e  shown 

on F i g u r e s  4 - 3 1 ,  4 - 3 2 ,  4 - 3 4 ,  and 4-35 .  I n  a l l  c a s e s  t h e  v e h i c l e  

mounted t h e  c u r b ,  b u t  t h e  t endency  toward r e d i r e c t i o n  was 

more pronounced f o r  t h e  lower  v e l o c i t i e s  and a n g l e s .  I n  t h e  

40 mph, 2 5 "  c a s e  shown on F i g u r e  4 -31 ,  f o r  example ,  i t  i s  

a p p a r e n t  t h a t  t h e  v e h i c l e  w i l l  e v e n t u a l l y  r e t u r n  t o  t h e  r o a d -  

way even though a l l  f o u r  whee l s  i n i t i a l l y  mounted t h e  c u r h .  

V e l o c i t y  

C G - 1  1 60  mph 1 / 2 "  p c r  i t .  I 1966 Tbrd 
I 1 (:us ton) 

A d i f f c r c n t  c f f c c t  i s  i n d i c a t e d  on F i g u r e  4 -32  f o r  t h e  

6 0  mph, 10"  c a s e .  As t h e  l e f t  f r o n t  wheel  i n i t i a l l y  s t r i k e s  

t h c  cu rb  a yawing moment i s  a p p l i e d  t o  t h e  v e h i c l e  which 

causcs  i t  t o  t u r n  toward t h e  r o a d .  The f r o n t  whee l s  a r e  a l s o  

t lc i - lcc tcd  toward t h c  r o a d  a t  t h i s  t i m e ,  f u r t h e r  t e n d i n g  t o  

product :i r e d i r e c t i n g  a c t i o n .  The wheel  mounts t h e  c u r b ,  

I j C C - 1 6  , 
8 0  rnph 

Angle Median S l o p e  ( V e h i c l e  

10"  1 / 2 "  p e r  i t .  I 1 9 6 6  1;ord ; i Custom 
I 







however ,  and t h c  n c t  r c s u l t  o f  t h e  t u r n i n g  n c t i o n  i s  t o  

c a u s e  t h e  l e f t  r e a r  wheel t o  s t r i k e  t h c  c u r b  a t  3 ~ h : l l l o w ~ r  

a n g l e .  T h i s  l a t t e r  n c t i o n  p roduces  a yawillg ~nomcnt i l l  t h c  

o p p o s i t e  d i r e c t i o n  which c a u s e s  t h e  v e h i c l e  t o  go i l l t o  :l 

m i l d  s p i n .  The a n g l e  o f  t h e  v e h i c l e  r c l r i t i v c  t o  t h c  curl, 

becomes l a r g e r  and t h e  r e a r  wheels  s c r u b  a l o n g  t l lc  pavcmcnt 

a s  t h e  v e h i c l e  moves s ideways .  E v e n t u a l l y ,  t h e  s t e e r  a n g l e  

o f  t h e  f r o n t  wheels  n u l l s  t h e  s k i d ,  however ,  b r i n g i n g  t h e  yaw 

r a t e  t o  z e r o  and  s t a b i l i z i n g  t h e  yaw a n g l e .  Time h i s t o r i e s  

of  b o t h  yaw r a t e  and a n g l e  a r e  shown on F i g u r e  4 - 3 3 .  

The c o n d i t i o n s  of t h i s  s i m u l a t e d  r u n  ( i . e . ,  6 0  rnph and 

1 0 ' )  : L T C  f a i r l y  c l o s e  t o  two t c s t s  made i n  ( : a l i f o r n i ; i  i n  

1957 [l.?], whicli : l rc  surnrn:lrized on 17igurc  4 - 1 5 .  Impact  t c s t s  

on two s i m i l a r  n i n e - i n c h  c u r b s ,  b o t h  a t  60  mph and 7 . S 0 ,  

showed mount ing  by b o t h  t h e  f r o n t  and r e a r  w h e e l s .  E v i d e n t l y  

mounting o c c u r r e d  i n  t h e s e  t e s t s  w i t h o u t  t h e  s k i d d i n g  a c t i o n  

which o c c u r r e d  i n  t h e  s i m u l a t i o n  r u n s .  T h i s  c a n  b e  e x p l a i n e d  

by t h e  f a c t  t h a t  t i r e  s i d e w a l l / c u r b  f a c e  f r i c t i o n  i s  p r e s e n t  

i n  t h e  t e s t  and  n o t  i n  t h e  s i m u l a t i o n .  A l s o ,  t h e  t e s t  v e h i c l e  

was somewhat d i f f c r c n t  thiin t h e  one used  i n  t h c  s i m u l a t i o n .  

'I'lic rcrnlt i n i  n g  two rrlris : ~ t  11 i g h c r  :ing i cxs ; ~ n t l  v c l  oc. i t i c.s 

( I :  i grrrcs 1 - 3 4  a n d  4 -  5 5 )  v x l l  i I )  i t r l lou~~t  i nj: pllcr~orncrla w l l  icll ; i t . c 1  

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









In order to insure additional compatability between 

test and simulation results, a simulation run at 60 mph and 

25" was made on the California nine-inch curb listed as 

curb A on Figure 4-15. The results in plan view are shown 

on Figure 4-36 and can be compared with similar results for 

the MDSH curb A on Figure 4-34. 

Acceleration data is not given for any of the runs since 

calculated values are always well below the tolerance levels 

described in Appendix E. 

4.5.2.2 Curb B. The MDSH concrete curb and gutter 

design B shown on Figure 4-30 indicates that curb B is a 

mountable curb. The simulation runs made on the curb are 

given in Table 4-2. 

TABLE 4- 2 

ClJRB B SIMIJLATION RUNS 

CG-21 / 40 mph 

I 

LI n 
I 

I c G - ~ ~  I 60 mph 

I 

Velocity 

2 5 "  1 1/2" per ft. 

I 

Angle  

1966 Fordl 
Custom i 

1 / 2 "  per ft. 1966 ~ordi 
Custom 

I 

/CG- 2 ' 60 mph 
1 I 2 5 o I l / ~ p e r  ft. 1 I I 1966  ord dl 
I 
1 

I I Custom I 

Median Slope Vehiclc 

1 9 6 6  Ford 
Custom 

1 / 2 "  per f t .  CG-17 80 mph 
i 
I 

10" 





P l a n  view r e s u l t s  f o r  t h e  runs  a r e  shown on F igu re s  

4 - 3 7  through 4 - 4 0 .  In  a l l  c a se s  t h e  v e h i c l e  mounted t h e  curb 

w i thou t  any e s s e n t i a l  tendency toward r e d i r e c t i o n .  The 

l a r g e s t  change i n  v e h i c l e  heading ang le  occu r r ed  i n  t h e  40 mph, 

25'  c a s e  where t h e  ang le  changed from 25" t o  j u s t  ove r  20' 

a t  t h e  end of t h e  run .  I n  a l l  o t h e r  ca se s  t h e  heading a n g l e  

changed no more t han  one deg ree .  

I n  comparing t h e  curb  B s i m u l a t i o n  r e s u l t s  w i t h  t e s t  

r e s u l t s ,  t h e  des ign  n e a r e s t  t o  curb  B t h a t  ha s  been t e s t e d  

i s  t h e  C a l i f o r n i a  s i x - i n c h  mountable curb shown on F igure  4 - 5 .  

As i n d i c a t e d  on t h a t  f i g u r e ,  a l l  t e s t s  show t h e  C a l i f o r n i a  

curb t o  be e a s i l y  mountable.  S ince  t h e  MDSH cu rb  B i s  on ly  

5 1 / 2  i nch  h igh  and somewhat f l a t t e r  i n  c r o s s - s e c t i o n ,  t h e  

t e s t s  would s u g g e s t  t h a t  it a l s o  can be expec t ed  t o  be  e a s i l y  

mountable.  A s i m u l a t i o n  run f o r  t h e  C a l i f o r n i a  s i x - i n c h  curb  

was made t o  conf i rm t h i s  e x p e c t a t i o n  and t h i s  i s  shown on 

Figure  4 - 4 1 .  Run c o n d i t i o n s  a r e  t h e  same a s  f o r  t h e  MDSH 

curb B shown on F igu re  4 - 3 9 .  

A c c e l e r a t i o n s  impar ted t o  t h e  v e h i c l e  were neve r  l a r g e r  

than  one g  i n  any d i r e c t i o n .  I t  can be conc luded ,  t h e r e f o r e ,  

t h a t  curb  B w i l l  have l i t t l e  i n f l u e n c e  on v e h i c l e  motions 

du r ing  a  v e h i c l e / c u r b  impact .  
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4 . 5 . 2 . 5  Curb C .  The curb  C c o n f i g u r a t i o n  sllown on 

F i g u r e  4 - 3 0  i s ,  by t h e  C a l i f o r n i a  d e f i n i t i o n  [ 4 7 ] ,  a b a r r i e r  

c u r b .  The d e s i g n  i s  on t h e  b o r d e r l i n e  o f  h e i n g  c l a s s i f i e d  

a s  mountable ,  however,  s i n c e  t h e  f a c e  s l o p e  i s  2 : 7 .  ( A  

mountable  f a c e  s l o p e  would be 1 : 3 ,  o r  f l a t t e r . )  

The s i m u l a t i o n  r u n s  made on cu rb  C a r e  g i v e n  i n  T a b l e  

4 - 3 .  Note t h a t  t h e  impact  v e l o c i t i e s  f o r  t h i s  c u r b  a r e  some- 

what lower t h a n  f o r  c u r b s  A and B .  These lower  v a l u e s  were  

chosen  because  s p e e d s  on r o a d s  where c u r b  C i s  u s e d  a r e  

u s u a l l y  50 mph, o r  l e s s  [ 4 6 ] .  

TABLE 4 - 3  

CURB C SIMULATION RUNS 

bun / V e l o c i t y  I Angle I Median S l o p e  1 V e h i c l e  I 

P l a n  view r e s u l t s  o f  t h e  t h r e e  s i m u l a t i o n  r u n s  a r e  shown 

on F igures  4 - 4 2  t h rough  4 - 4 4 .  I n  a l l  t h r e e  c a s e s ,  t h e  v e h i c l e  

e a s i l y  mounted t h e  c u r b  w i t h  a m i l d  t endency  toward  r e d i r e c t i o n  

r e s u l t i n g  from t h e  s t e e r i n g  a c t i o n  o f  t h e  f r o n t  w h e e l s ;  t h e  

FG- 2 2  

LG-13 
I 
1 

CG-7 

30 mph 

50mph  

50 mph 

2 5" 

1 0 "  

2 5 "  

F l a t  

F l a t  

F l a t  

i 
I 

1966 Ford  / 
Custom 

1966 Ford 
Cus tom 

1966 Ford 
Custom 









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

c o n t a c t .  The 30 mph r u n  t ended  t o  show more r e d i r e c t i o n  t h a n  

t h e  two 50 mph r u n s ,  w i t h  t h e  h e a d i n g  a n g l e  chang ing  from 25" 

t o  1 3 " .  Heading changes o f  no more t h a n  t h r e e  o r  f o u r  d e g r e e s  

were  r e c o r d e d  f o r  t h e  50  mph r u n s .  This  e f f e c t  i s  t o  b e  

e x p e c t e d  s i n c e ,  a t  t h e  h i g h e r  v e l o c i t y ,  more s i d e  f o r c e  t h a t  

i s  r e q u i r e d  t o  d e f l e c t  t h e  v e h i c l e  v e l o c i t y  v e c t o r .  

I n  no c a s e  were a c c e l e r a t i o n s  i m p a r t e d  t o  t h e  v e h i c l e  

s u f f i c i e n t  t o  endanger  v e h i c l e  o c c u p a n t s .  

The o n l y  c u r b  d e s i g n  t h a t  has  been  t e s t e d  which i s  even 

r e m o t e l y  comparable  t o  c u r b  C i s  t h e  C a l i f o r n i a  s i x - i n c h  c u r b  

d e s c r i b e d  i n  t h e  d i s c u s s i o n  o f  c u r b  B .  The f a c e  o f  t h e  MDSH 

c u r b  C i s  more s t e e p  t h a n  t h e  C a l i f o r n i a  c u r b ,  however ,  and 

t h e  c u r b  C d e s i g n  i s  one i n c h  h i g h e r .  Comparisons,  t h e r e f o r e ,  

c a n  o n l y  be  g e n e r a l .  

4 . 5 . 2 . 4  Curb D .  The c u r b  D c o n c r e t e  c u r b  and g u t t e r  

d e s i g n  shown on F i g u r e  4-30 i s  c l e a r l y  a  mountable  c u r b .  

S i m u l a t i o n  r u n s  f o r  t h e  c u r b  a r e  g i v e n  i n  T a b l e  4 - 4 .  

P lan  view s i m u l a t i o n  r e s u l t s  a r e  shown on F i g u r e s  4 - 4 5  

t h rough  4 - 4 8 .  I n  no c a s e  was t h e  v e h i c l e  d e f l e c t e d  more t h a n  

2 .5"  by t h e  c u r b ,  no r  d i d  a c c e l e r a t i o n s  i m p a r t e d  t o  t h e  

v e h i c l e  e v e r  exceed  one g ,  i n  any d i r e c t i o n .  











No t e s t  d a t a  e x i s t s  f o r  a  c u r b  comparable  t o  cu rb  D .  

I t  can  be conc luded ,  however ,  t h a t  cu rb  D w i l l  have  l i t t l e  

i n f l u e n c e  on  v e h i c l e  dynamics.  T h i s  c o n c l u s i o n  i s  s u p p o r t e d  

b o t h  by t h e s e  s i m u l a t i o n  e x e r c i s e s  and by t e s t s  on c u r b s  o f  

more f o r m i d a b l e  c r o s s - s e c t i o n .  

TABLE 4 -4  

CURB D SIMULATION RUNS 

l ~ u n  V e l o c i t y  / Angle 

CG-23 40 mph 

; 
I CG-14 , 60 mph 
i 
I 

C G - 3  / 60 mph 1G-18 8 0  mph 1 10"  

Median S l o p e  

1 / 2 "  p e r  f t .  

1 / 2 "  p e r  f t .  

1 / 2 "  p e r  f t .  

1 / 2 "  p e r  f t .  

V e h i c l e  4 
1966 Ford  

Custom 

1966 Ford / 
Custom 

1966 Ford 
Cus tom 

1966 Ford 
Custom 

4 . 5 . 2 . 5  Curb K .  The c u r b  K c o n c r e t e  b r i d g e  approach  

c u r b  and g u t t e r ,  shown on Figure  4 -30 ,  i s  a  b a r r i e r  c u r b .  

S i m u l a t e d  impact  r u n s  made on t h e  c u r b  a r e  g i v e n  i n  T a b l e  4 - 5 .  

P l a n  view impact  r e s u l t s  a r e  shown on F i g u r e s  4-49  

t h r o u g h  4 - 5 2 .  Mounting i n  t h e  o r d i n a r y  s e n s e  o c c u r r e d  i n  

b o t h  t h e  25" impact  c a s e s ,  A p a r t i a l  mount ing  o c c u r r e d  i n  

t h e  60 mph, 1 0 "  c a s e  w i t h  t h e  l e f t  s i d e  o f  t h e  v e h i c l e  g o i n g  

up on t h e  c u r b  b e f o r e  t h e  v e h i c l e  i s  r e d i r e c t e d .  I n  t h e  

8 0  mph, 10" c a s e ,  t h e  v e h i c l e  went  i n t o  a  l a t e r a l  s k i d  











fo l l owing  mounting. This l a t t e r  c a s e  and t h e  two 60 mph 

case s  w i l l  be d i s cus sed  more thoroughly .  

TABLE 4 - 5  

CURB K SIMULATION RUNS 

For t h e  60 mph, 1 0 "  c a s e ,  t h e  r e d i r e c t i v e  a c t i o n  i s  due 

t o  t h e  l a r g e  s t e e r  ang le s  t h a t  a r e  produced i n  t h e  f r o n t  

wheels a s  a r e s u l t  of  t h e  i n i t i a l  impact o f  t h e  l e f t  f r o n t  

wheel w i t h  t h e  curb .  When t h e  l e f t  r e a r  wheel mounts t h e  

cu rb ,  t h e  r e s u l t i n g  yaw motion i s  s u r p r i s i n g l y  s m a l l .  This 

sma l l  e f f e c t  i s  due t o  t h e  f a c t  t h a t  a t  t h i s  p o i n t  t h e  a n g l e  

between t h e  v e h i c l e  and curb i s  l e s s  t han  f i v e  d e g r e e s .  His- 

t o r i e s  of yaw angle  and a n g u l a r  r a t e  f o r  t h i s  c a s e  a r e  shown 

on F igure  4-53,  wi th  p e r t i n e n t  e v e n t s  n o t e d .  

Run 
b 

CG-19 

CG-10 

CG-6 

C G - 1 5  

Angle 

2 5 "  

10" 

2 5" 

10" 

V e l o c i t y  

40 mph 

60 mph 

60 mph 

80 mph 

Median S lope  

F l a t  

F l a t  

F l a t  

F l a t  

Veh ic l e  

1966 Ford 
Custom 

1966 Ford 
Custom 

1966 Ford 
Custom 

1966 Ford 
Cus tom 





The i n i t i a l  impact of t h e  l e f t  f r o n t  wheel a l s o  produces 

a  v i o l e n t  r o l l i n g  a c t i o n  away from t h e  cu rb .  The r e s u l t i n g  

r o l l  a n g l e  reaches  about  48" be fo re  t h e  v e h i c l e  beg ins  t o  

r i g h t  i t s e l f .  Rol l  ang l e  and angu la r  r a t e  h i s t o r i e s  a r e  

shown on F igu re  4 - 5 4 .  

The h i s t o r y  of  t h e  v e h i c l e  c e n t e r  of g r a v i t y  h e i g h t  

du r ing  t h e  impact i s  shown on F igure  4-55.  The i n t e r v a l  where 

t h e  v e h i c l e  i s  complete ly  a i r b o r n e  i s  no ted .  I n  no ca se  a r e  

v e h i c l e  a c c e l e r a t i o n s ,  exper ienced  i n  t h e  impac t ,  l i k e l y  t o  

cause  passenger  i n j u r y .  

For t h e  60 mph, 25" c a s e  v e h i c l e  motions a r e  much l e s s  

v i o l e n t .  A s  each of t h e  f o u r  wheels mounts t h e  c u r b ,  l a t e r a l  

a c c e l e r a t i o n s  a r e  imparted t o  t h e  v e h i c l e  which a r e  of  a  

s i m i l a r  o r d e r  of magnitude.  Because of  t h e  p o s i t i o n s  of  t h e  

wheels w i t h  r e s p e c t  t o  t h e  v e h i c l e  C . G .  ( t h e  r e s u l t  of t h e  

25" impact a n g l e ) ,  t h e  r e s u l t i n g  yaw motions t e n d  t o  cance l  

each o t h e r .  By v i r t u e  of  t h i s  cance l ing  e f f e c t ,  v e h i c l e  yaw 

a n g l e  v a r i e s  l e s s  than t h r e e  degrees  th roughout  t h e  run .  This  

i s  i n d i c a t e d  on t h e  yaw ang le  and a n g u l a r  r a t e  h i s t o r i e s  shown 

on F igure  4-56.  (The d e s i g n a t i o n s  of R F ,  R R ,  LF ,  and L R  r e f e r  

t o  t h e  wheel impact e v e n t s . )  These h i s t o r i e s  can be compared 

w i t h  s i m i l a r  h i s t o r i e s  f o r  t h e  60 rnph, 10" c a s e  on F i g u r e  4 -53 .  









The cance l ing  e f f e c t  of t h e  wheel impacts a l s o  t ends  t o  

keep t h e  r o l l  ang l e  r e l a t i v e l y  sma l l -  - r e a c h i n g  a maxinlun~ 

v a l u e  o f  about  2 2 '  away from t h e  curb  (F igu re  4 - 5 7 ) .  Vcll iclc  

C . G .  h e i g h t  r i s e s  over 28 i nches ,  however, s i n c e  a l l  f o u r  

wheels a c t  i n  c o n c e r t  i n  impar t ing  v e r t i c a l  f o r c e s  t o  t h c  

v e h i c l e .  The C . G .  h e i g h t  h i s t o r y  i s  shown on F igu re  4 - 5 8  

w i th  impact  p o i n t s  and t h e  a i r b o r n e  i n t e r v a l  no t ed .  

The 80 mph, 10" c a s e  produced t h e  most unusua l  v c h i c l e  

motion of  t h c  f o u r  c a s e s .  Three o f  t hc  f o u r  whccls mountcd 

thc cu rb ,  b u t  t h e  r i g h t  r c a r  whcel d i d  n o t .  A t  t h e  t imc ttlc 

run  was t e rmina t ed ,  t h e  r i g h t  r e a r  wheel was s l i d i n g  a long  

t h e  curb  f a c e  wh i l e  t h e  v e h i c l e  was i n  a  l a t e r a l  s p i n .  Veh ic l e  

heading a n g l e  w i t h  r e s p e c t  t o  t h e  curb  had i n c r e a s e d  from 10" 

t o  over  45' by t h i s  t ime.  Forward v e l o c i t y  had decreased  

from 80 t o  54 mph, l a t e r a l  v e l o c i t y  had i n c r e a s e d  from 0 t o  

40 mph, and v e r t i c a l  v e l o c i t y  from 0  t o  36 mph. Time h i s t o r i e s  

of the v a r i o u s  q u a n t i t i e s  a r c  shown on F i g u r c s  4 - 5 9  (yaw 

ang le  and a n g u l a r  r a t e )  and 4-60 ( r o l l  a n g l c  :ind a n g y l a r  r l l t c ) .  

'I'hc (:.C;. h e i g h t  h i s t o r y  i s  shown on F igu re  4 - 6 1  . 1)cspj t c  thc  

r e l a t i v e l y  w i ld  mot ions ,  v e h i c l e  a c c e l e r a t i o n s  a r e  w c l l  w i t h i n  

passenger  t o l e r a n c e  l e v e l s .  

T e s t  d a t a  f o r  t e n - i n c h  curbs  i s  summarized on F i g u r e  4 - 1 5 .  

No curb which has  been t e s t e d  i s  e x a c t l y  l i k e  t h e  MDSH curb  K .  

The n e a r e s t  i n  de s ign  a r e  curbs  A ,  B ,  and E on F igu re  4-15,  













although each differs from MDSH curb K in the way that thc 

curb face is undercut. Four tests were made on thcsc thrcc 

curbs in the range of the simulated impact conditions. Mounti~lg 

occurred in all cases except the one involving thc mctal curb 

face (California curb 3) at 60 mph and 7.5". (As noted cnrlicr, 

this is a special design which was developed to promote 

redirection and discourage mounting.) Comparative results 

for the test and simulation exercises are shown on Tahlc 4-6. 

Kesults are obviously in general agreement despite the 

differences in designs and the absence of tire sidewall/curb 

face friction forces in the simulation. 

As an additional correlation, a simulated run at 60 mph 

and 2 5 "  was made against the California curb A design shown 

on Figure 4-15. The plan view trajectory is shown on Figure 

4-62, Plots of yaw angle and angular rate (Figure 4-63), roll 

angle and angular rate (Figure 4 - 6 4 )  and C.G. height (Figurc 

4-65) versus time can bc comparcd with respcctivc counterparts 

for the 60 mph, 2 6 "  run on curb K. General agrccment can bc 

noted, although differences resulting from the different curb 

designs are apparent. 



TABLE 4-6 

T E N - I N C H  CURB TEST AND SIMULATION COMPARISON 
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4 . 6  B A R R I E R  CURB REDIRECTION EFFECTIVENESS 

Using a  curb a s  an e r r a n t  v e h i c l e  r e d i r e c t i o n  dev i ce  h ; l s  

probably  been cons ide red  by highway des igne r s  a s  f a r  b a c k  ;IS 

when curbs  were f i r s t  p l aced  a long  paved motor highways. 

Using cu rbs  f o r  r e d i r e c t i o n  purposes has never  been u n i v e r s a l ,  

however, and i n  r e c e n t  y e a r s  has grown i n t o  d i s f a v o r  ( p a r t i -  

c u l a r l y  i n  f r o n t  of  g u a r d r a i l s  1 4 8 1 ) .  I n  c u r r e n t  p r a c t i c e ,  

t h e r e f o r e ,  low b a r r i e r  curbs  ( twelve  inches  i n  h e i g h t  o r  l e s s )  

a r e  u s u a l l y  n o t  used f o r  r e d i r e c t i o n .  Ra the r ,  c u r b s ,  when 

used ,  a r e  p r i m a r i l y  des igned f o r  d r a inage  c o n t r o l  and d e l i n e -  

a t i o n ,  and a r e  of  t h e  mountable t y p e .  This i s  p a r t i c u l a r l y  

t r u e  a long  h igh-speed  urban highways where n ~ o u n t a h l e  curbs  a r e  

used t o  a l low d i s a b l e d  v e h i c l e s  easy  acces s  t o  t h e  shou lde r  

[ I l l  

One of t h e  main o b j e c t i o n s  t o  u s i n g  b a r r i e r  cu rbs  a long  

roadways i s  t h a t  such curbs  tend t o  e f f e c t  t h e  l a t e r a l  p l a c e -  

ment o f  t r a f f i c  and reduce t h e  e f f e c t i v e  road  w i d t h .  Evi-  

d e n t l y ,  d r i v e r s  t end  t o  vee r  away from s t r u c t u r e s  having a  

formidable  appearance .  C o n f l i c t i n g  ev idence  s u g g e s t s  t h a t  

d r i v e r s  soon become used t o  such s t r u c t u r e s ,  however, and 

a f t e r  a  r ea sonab le  p e r i o d  use  t h e  road width  i n  t h e  same manner 

t h a t  i t  was used p r e v i o u s l y ,  w i thou t  t h e  s t r u c t u r e  [ 5 9 ] .  In 

any c a s e ,  exper ience  has g e n e r a l l y  shown t h a t  cu rbs  p l aced  

fou r  t o  s i x  f e e t  beyond t h e  t r a f f i c  pavement edge cause  l i t t l e  



r e d u c t i o n  i n  e f f e c t i v e  l a n e  wid th  [ I l l .  Having d i s c u s s e d  

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

t h e  r ema in ing  p a r t  of  t h e  s e c t i o n  w i l l  be  c e n t e r e d  upon t h e  

b e n e f i t s  which can  be  expec ted  from t h e i r  u s e .  

F i rs t  o f  a l l ,  i t  i s  obvious  t h a t  a  curb  whose h e i g h t  i s  

below t h e  c e n t e r  of  mass of a v e h i c l e  w i l l  c a u s e  an  o v e r -  

t u r n i n g  moment upon impac t .  T h e r e f o r e ,  a h a r r i e r  curb  o f  

l i m i t e d  h e i g h t  can neve r  be  expec ted  t o  r e d i r e c t  v e h i c l e s  

o v e r  t h c  f u l l  range  of  o p c r a t i o n a l  impact  c o n d i t i o n s .  On t h e  

o t h e r  hand,  f o r  t h e  r ange  of impact  c o n d i t i o n s  where a c u r b  

can  be  e f f e c t i v e  i n  r e d i r e c t i o n ,  v e h i c l e  damage r e s u l t i n g  from 

s t r i k i n g  t h e  cu rb  w i l l  be  f a r  l e s s  t h a n  t h a t  which would 

r e s u l t  f rom s t r i k i n g  g u a r d r a i l .  

I n  o r d e r  t o  de te rmine  t h e  e f f i c i e n c y  o f  a  b a r r i e r  c u r b  

a s  a  r e d i r e c t i v e  d e v i c e ,  a  measure of  e f f e c t i v e n e s s  i s  

r e q u i r e d .  I n  t h i s  e x e r c i s e ,  t h e  measure was chosen  t o  be  

t h e  p e r c e n t a g e  of t h e  t o t a l  e r r a n t  v e h i c l e  p o p u l a t i o n  which 

cou ld  be expec ted  t o  b e  r e d i r e c t e d  by a  g i v e n  b a r r i e r  c u r b .  

To a r r i v e  a t  t h i s  p e r c e n t a g e ,  f o u r  k i n d s  o f  d a t a  a r e  r e q u i r e d :  

1. The r e d i r e c t i v e  per formance  o f  p a r t i c u l a r  

b a r r i e r  c u r b s  i n  t e rms  o f  speed  and a n g l e .  

2 .  The d i s t r i b u t i o n  o f  v e h i c l e  s p e e d s  i n  t h e  

o p e r a t i o n a l  t r a f f i c  e n v i r o n m e n t .  



3. The distribution of ran-off-the-road nnglcs 

in the operational traffic environment. 

4 .  T h c  statistical correlation between the data 

i n  2 and  3 .  

I : o r t u r l a t c l y ,  a11 four kinds of data are available. 

In generalized mathematical terms, the desired percentage 

measure can be written in the following form: 

P [ V  < Vp(a ) j  = / / f ( V ,  3 ) d V  da 

where: 

V = velocity 

a = angle 

Vp(a) = A specific curb redirective performance 

limit cxpressed in t e r m s  of a. 

f (V,a )  = 'I'hc joint frequency functiorl 0.f vclocity 

and anglc for ran-off-the-road vchiclcs. 

This equation expresses the probability that a vehicle leaving 

the roadway will be within the redirective performance limits 

of a specific barrier curb. 



I n  p r a c t i c a l  t e rms ,  r e s e a r c h  w i t h  t h e  T r i e f  c u r b ,  

mentioned i n  S e c t i o n  4 . 1 ,  i n d i c a t e s  t h a t  t h e  r e d i r e c t i v e  

per formance  o f  a  curb  can  be  e x p r e s s e d  i n  t h e  form: 

V s i n  a = c o n s t a n t  = K 

For t h e  T r i e f  c u r b ,  t h e  c o n s t a n t  i s  abou t  3 . 1  mph. Impact 

d a t a  f o r  t h e  s p e c i a l  r e d i r e c t i v e  c u r b  t e s t e d  by E l s h o l z  [15]  

( F i g u r c  4-16)  i n d i c a t e s  a  c o n s t a n t  o f  abou t  9 . 1  mph. Thc two 

per formance  b o u n d a r i e s  a r e  shown on Figure  4 - 6 6 .  

A l so  shown on F i g u r e  4-66 i s  a  c u r v e  which i n d i c a t e s  

t h e  boundary below which v e h i c l e  speed  and impact  a n g l e  can  

be  e x p e c t e d  t o  be  u n c o r r e l a t e d .  The e q u a t i o n  f o r  t h e  c u r v e  

i s  g i v e n  a s  f o l l o w s  [ 4 9 ] :  

where:  

g  = g r a v i t a t i o n a l  c o n s t a n t  

y = d i s t a n c e  from i n i t i a l  v e h i c l e  C . G .  

s t r a i g h t  ahead  p a t h  t o  c u r b  

p = t i r e l r o a d  f r i c t i o n  c o e f f i c i e n t .  



\ 

\ 
\ 
\ 

\ 

' 1  - - C o r r e l a t i o n  Boundary 
Y 

C1 = cos  -1 1-u 
\ 

\ 
v 2  

U n c o r r e l a t e d  

Mounting 



' I ' l l  i s oc41l;l t -i or) y i c l ( l s  t h c  maximum vchi cl c path n n g l  c ( i m p a c t  

;111glc in this c a s e )  t l l : ~ t  can be achicvcd for g j v c n  rolid 

width and friction characteristics as a function of velocity. 

The curve on Figure 4-66 is for values of y and IJ of 19 feet 

and 0.6, respectively. All combinations of velocity and 

angle under this curve are achievable and hence can be 

expected to be uncorrelated. This being the case, the joint 

velocity, angle frequency function can now be written as: 

Thus, distributions of angle and velocity can be  considered 

separately. 

Velocity distribution data was chosen to represent urban 

traffic conditions. It was felt that urban data would be 

the most meaningful in evaluating barrier curbs since curb 

use is primarily in urban areas. The specific data was taken 

from Michigan Department of State Highways Survey Station 010. 

The station is located along M-43 in Ingham County and has a 

posted speed limit of 40 mph [50]. Ran-off-the-road anglc data 

was taken from the liutchinson study [ 4 4 ] .  

With the changes discussed above, Equation (4-2) can 

now be rewritten as follows: 



where G (V) is the distribution function corresponding to 

Equation (4-5) in its present form requires that 

K ( )  and h(a) be described analytically. Since both the 
sln a 

speed and angle data are in tabular form, it was found that 

a discrete summation process worked more readily than the 

indicated integration. In mathematical terms, the discrete 

process can be written as follows: 

P ( V  < - K " 1 = 1 G(-)h(ai)dai sin a i=l slnai 



where 

h ( a )  da 

The q u a n t i t y  l l ( a i ,  Aai) t u r n s  o u t  t o  be t h e  p e r c e n t a g e  o f  

t h e  t o t a l  sample space  of  r a n - o f f - t h e - r o a d  a n g l e s  t h a t  occur  

w i t h i n  t h e  i n t e r v a l  Aai. 

Using a  v a l u e  o f  K f o r  t h e  E l s h o l z  cu rb  of  9 . 1  mph, t h e  

summation p r o c e s s  d e f i n e d  by Equa t ion  ( 4 - 7 )  y i e l d s  a  v a l u e  

,of .704 f o r  P ( V  < - ) (The s p e c i f i c  c a l c u l a t i o n s  a r e  s l n  a  

g i v e n  i n  Tab le  4 - 7 . )  I n  o t h e r  words,  70 .4% o f  a l l  v e h i c l e s  

s t r i k i n g  t h e  E l s h o l z  curb  would be r e d i r e c t e d  under  u rban  

t r a f f i c  c o n d i t i o n s .  The c o r r e s p o n d i n g  v a l u e  f o r  t h e  T r i e f  

c u r b  under  t h e  same c i r c u m s t a n c e s  i s  2 7 . 4 % .  

I t  i s  e v i d e n t ,  t h e n ,  t h a t  a  b a r r i e r  c u r b  i n  c e r t a i n  

s i t u a t i o n s  can be an e f f e c t i v e  r e d i r e c t i o n  d e v i c e .  The 

c r i t i c a l  f a c t o r s  a r e  cu rb  h e i g h t ,  s h a p e ,  and f a c i n g  m a t e r i a l .  

'I'hcsc w i l l  b c  d i s c u s s e d  more t h o r o u g h l y  i n  t h e  n e x t  s e c t i o n .  
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4 . 7  BARRIER C U R B  DESIGN CONSIDERATIONS 

The p r imary  o b j e c t i v e  i n  b a r r i e r  curb  d e s i g n  i s  t o  

r e d i r e c t  e r r a n t  v e h i c l e s ,  Other  curb  f u n c t i o n s  such  a s  d r a i n a g e  

c o n t r o l ,  d e l i n e a t i o n ,  e t c . ,  do n o t  appea r  t o  c o n s t r a i n  t h i s  

o b j e c t i v e  t o  any a p p r e c i a b l e  e x t e n t .  The imposing appea rance  

of  t h e  b a r r i e r  cu rb  may be a  f a c t o r  i n  r e d u c i n g  t h e  e f f e c t i v e  

l a n e  wid th  of t h e  curb  s i d e  l a n e ,  however.  

4 . 7 . 1  C U R B  11ETGHT. S i n c e  t h e  pr imary  advan tage  of  a 

b a r r i c r  c u r b  ovc r  a g u a r d r a i l  i s  i n  lowcr c x p c c t c d  v c h i c l c  

damage, cu rb  h e i g h t  shou ld  be chosen t o  o p t i m i z e  t h e  r a t i o  of  

r e d i r e c t i v e  e f f e c t i v e n e s s  t o  damage c o s t .  A comple te  a n a l y s i s  

of  t h e  f a c t o r s  i n v o l v e d  i n  t h e  r a t i o  would be  r a t h e r  compl i -  

c a t e d  and p r o b a b l y  cou ld  n o t  be done w i t h  p r e s e n t l y  a v a i l a b l e  

i n f o r m a t i o n .  Some i n s i g h t  can  be  g a i n e d  by examining c e r t a i n  

of t h e  f a c t o r s ,  however.  

T h c  r ange  a n d  mean v a l u e  of  v a r i o u s  v e h i c l e  d imens ions  

which a r e  p e r t i n e n t  t o  b a r r i e r  cu rb  damage a r e  shown on 

F i g u r e  4 - 6 7  [ 5 1 ] .  The v a l u e s  g i v e n  a r e  f o r  1971 p a s s e n g e r  

v e h i c l e s .  I t  i s  e v i d e n t  from t h e  r u n n i n g  ground c l e a r a n c e  

d imens ion  t h a t  some body c o n t a c t  i s  p o s s i b l e  f o r  b a r r i e r  

cu rbs  a s  low a s  f o u r  i n c h e s .  F u r t h e r ,  c o n t a c t  i s  v i r t u a l l y  

c e r t a i n  f o r  c u r b s  e i g h t  i n c h e s  and u p .  Body damage, i n  t u r n ,  

can  hc  expec ted  t o  become more s e v e r e  w i t h  i n c r e a s i n g  c u r b  

h e i g h t .  



M a x .  M i n .  Av !b  

B o t t o m  o f  F r o n t  
B u m p e r  t o  G r o u n d  ( H 1 0 2 )  2 0 . 7  1 0 . 6  1 3 . 0  

O v e r h a n g ,  F r o n t  ( 1 1 0 4 )  4 5 . 0  2 3 . 0  41 . O  

A n g l e  o f  A p p r o a c h  ( H 1 0 6 )  
( d e g r e e s )  1 0 . 3  4 6 . 8  21 . O  

M i n i m u m  R u n n i n g  G r o u n d  
C l e a r a n c e  ( H 1 5 6 )  7 . 8  4 . 2  5 . 5  

O v e r a l l  W i d t h  ( W 1 0 3 )  7 9 . 9  6 5 . 2  7 9 . 0  

I n s e t  o f  F r o n t  T i r e  ( W 2 0 0 )  5 . 0  1  . O  3 . 0  

A l l  f i g u r e s  i n  i n c h e s ,  
e x c e p t  w h e r e  n o t e d  
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A l ) :~rr icbr  c u r b  docs not rcally bccomc cffcctivc as a 

r e d i  r c c t - i  vc tlcv iccb, l lowcvcr,  unti 1 t l lc  curb hcight i s  c i g l l t  

or nine inches. As notcd earlier in Section 4.2, a tcn-inch 

harrier curb height was recommended on the basis of the 1957 

California test series. In addition, the Trief curb and the 

very effective Elsholz curbs are 12.2 inches and 10.6 inches 

high, respectively. The final curb height choice should 

therefore be made on the basis of the variation in the ratio 

of redirective effectiveness to damage cost for each additional 

inch of curb height. 

A samplc of what such curves might look likc and how ;I 

curb height might hc determined from their usc is shown on 

Figure 4-68. Using the rationale that the design point should 

be in the region where the effectiveness/cost curves begin to 

level off, the optimum height for curb # 1  is about twelve 

inches and curb #2 about eighteen inches. In choosing between 

curbs, however, one would obviously choose curb #I. 

4 . 7 . 2  CURB PROFILE SHAPE. As discussed in Section 4.2, 

an optimum barrier curb profile was recommended after the 

1957 California test series. This is shown on Figure 4 - 3 a .  

Although this curb was never tested, curbs similar to it h :~vc  

been evaluated in both Canada and Germany. The German tests 

in particular were very impressive and, as indicated in 

Section 4.6, suggest that the Elsholz curb would redirect over 

70% of ran-off-the-road vehicles in urban traffic conditions. 





It is evident, then, that an optimum barrier curb profile 

is very probably quite similar to the California and Elsholz 

configurations. 

4.7.3 CURB FACE. The barrier curb face should dis- 

courage wheel mounting through the mechanism of induced tire 

sidewall/curb face friction. For best performance, the curb 

face should have a smooth texture and should be made of a 

hard material with low friction properties. In the 1953 

California tests, for example, the metal facing on curb VI-M 

was found to produce a substantial improvement in redirective 

performance over curb VI with a concrete facing. 

A possible curb face material is the epoxy sand mix which 

has been experimentally tested as a wear resistant paving 

material [ 5 4 ] .  The material is hard, fine textured, and low 

in friction coefficient. The latter property, unfortunately, 

makes it unsuitable for a pavement surface. 

4 . 7 . 4  B A R R I E R  CURB DESIGN GUIDELINES. As discussed in 

Appendix A under barrier development procedures, the final 

step before arriving at a candidate design is to produce a 

set of design guidelines. The specific guidelines for a barrier 

curb, which havc hccn arrived at as a result of the current 

research, arc listed as follows: 



I. Performance 

1. The barrier curb height shall be high enough 

for maximum redirection properties, a n d  low 

enough to minimize vehicle damage (at this 

writing about ten inches). 

2. The barrier curb face shall bc undercut so 

that the cut-out portion will trap the tire 

bulge in a hold down manner while at the same 

time minimizing curb face/tire sidewall friction 

forces. 

3 .  The upper corner of the barrier curb shall be 

rounded with a radius of at least one inch so 

as to minimize the possibility of the corner 

acting as  a mounting fulcum for t h e  whccl rim. 

4. 'The l~arricr curb facing mntcrial s h a l l  he chosen 

to produce a low coefficient of friction when in 

contact with the tire sidewall. 

5 .  The barrier curb face shall slope back no more 

than one inch for each three inches of height. 

11. Climatic 

1. The barrier curb face design shall be such t h a t  

it does not act as a snow, ice, or dirt 

accumulation repository. 



2 .  (:urh ~ ; I C . ( >  ~n;~t.crial shnl 1 h o  choscn such t h a t  

corros  i o r l ,  r s o t  , sun l i g h t  dctcrior;~t i o r ) ,  i i r ~ t l  

other agc ; ind deterioration factors arc 

minimized. 

111. Cost 

1. Installation and materials cost shall be 

kept to a reasonable minimum. 

2. Maintenance costs, including curb face cleaning, 

shall be minimized. 

3. Vehiclc damagc shall bc limitcd to minor body 

scraping. 

IV. Esthetics 

1. The barrier curb shall present a pleasing 

finished appearance. 

2. The barrier curb shall assist in the orderly 

development of the roadside. 

V. Traffic Control 

1. Thc barrier curb shall delineate the road 

edge. 

2. The barrier curb shall not be so imposing as 

to cause traffic to veer from the road edge 

and reduce the effective right-of-way. 



7 .  Drainage Cont ro l  

1. The b a r r i e r  curb s h a l l  a c t  a s  one bank of  

a  channel  f o r  s u r f a c e  wate r  r u n - o f f .  

4 . 8  CONCLUSIONS AND RECOMMENDATIONS 

The r e d i r e c t i v e  p r o p e r t i e s  of b a r r i e r  curbs  a r e  d i r e c t l y  

r e l a t e d  t o  h e i g h t ,  f a c e  p r o f i l e ,  f a c e  m a t e r i a l ,  and f a c e  

s u r f a c e  t e x t u r e .  The b e s t  shapes  y e t  produced a r e  between 

n i n e  and twelve inches  h igh ,  have an undercu t  f a c e ,  s l o p e  

backward a t  a  r a t e  o f  2 :9  from t h e  road edge,  and have a  smooth, 

low f r i c t i o n  s u r f a c e .  R e d i r e c t i v e  performance of curbs  has  

been found t o  be determined by t h e  v e h i c l e  v e l o c i t y  component 

normal t o  t h e  curb  f a c e  when shape paramete rs  a r e  f i x e d .  

Of t h e  f i v e  MDSH b a r r i e r  curbs  e v a l u a t e d ,  o n l y  t h e  h i g h e r  

curbs  ( A ,  K ,  and t o  a l e s s e r  e x t e n t  C] had a  s i g n i f i c a n t  

i n f l u e n c e  on t h e  v e h i c l e  p a t h .  Curb A had t h e  most e f f e c t  f o r  

low speed,  low a n g l e  impacts .  For 40 rnph, 25" c a s e  t h e  

v e h i c l e  was r e d i r e c t e d  a f t e r  i t  had mounted t h e  c u r b .  A t  

60 mph and 10"  t h e  v e h i c l e  spun o u t  i n  a  d i r e c t i o n  t o  i n c r e a s e  

t h e  i nc idence  a n g l e ,  For t h e  60 mph, 2 S 0 ,  and 80 rnph, 10" 

ca se s  t h e  v e h i c l e  was l a r g e l y  u n a f f e c t e d  by t h e  c u r b .  

The r e s u l t s  f o r  curb K a r e  s i m i l a r  t o  t h o s e  found f o r  

curb A ,  excep t  t h a t  a s p i n  o u t  occu r r ed  f o r  t h e  80 mph and 1 0 "  

c a se .  Eventual  r e d i r e c t i o n  a g a i n  occu r s  a t  60 mph and l o 0 ,  

and a t  40-mph and 2 S 0 ,  whi le  curb  i n f l u e n c e  i s  sma l l  f o r  t h e  

60 mph 25" c a s e .  



As p r c d i c t c d  from t e s t  r e s u l t s ,  combina t ions  o f  lower  

spccds  a n d  smal 1 anp, lcs  t e n d  t o  produce  t h c  g r e a t e s t  e f f e c t  

on t h e  v e h i c l e  p a t h .  The f a c t  t h a t  c u r b  f a c e / s i d e w a l l  f o r c e s  

were  n o t  p r e s e n t  i n  t h e  s i m u l a t i o n  undoub ted ly  i n f l u e n c e d  

t h e  r e s u l t s  t o  some e x t e n t .  Comparisons between t e s t  and 

s i m u l a t i o n  r e s u l t s  proved t o  b e  good, however .  

Us ing  u r b a n  speed  and r a n - o f f - t h e - r o a d  e x i t  a n g l e  d i s -  

t r i b u t i o n s ,  i t  was found t h a t  t h e  T r i e f  c u r b  would r e d i r e c t  

a b o u t  2 7 %  of  t h e  v e h i c l e s  a c c i d e n t l y  l e a v i n g  t h e  roadway.  

S i m i l a r  c a l c u l a t i o n s  f o r  a  cu rb  t e s t e d  by E l s h o l z  i n  Germany 

produced a  f i g u r c  of  7 0 % .  I t  i s  a p p a r e n t ,  t h e n ,  t h a t  i n  

c e r t a i n  circumstances a b a r r i e r  c u r b  can be  an e f f e c t i v e  

r e d i r e c t i o n  d e v i c e .  I t  i s  recommended, t h e r e f o r e ,  t h a t  t h o s e  

MDSH c u r b  d e s i g n s  which a r e  c o n s i d e r e d  t o  b e  b a r r i e r  c u r b s  b e  

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

S e c t i o n  4 . 7 .  P a r t i c u l a r  a t t e n t i o n  s h o u l d  b e  g i v e n  t o  c u r b  

h e i g h t ,  p r o f i l e ,  f a c i n g  m a t e r i a l  and t e x t u r e .  



5 .  CURB/GUARDRAIL INVESTIGATIONS 

The c u r b l g u a r d r a i l  i n v e s t i g a t i o n s  i nc lude  a s t a t e - o f - t h e - a r t  

review and a  d e s c r i p t i o n  of the  a n a l y s i s  and s i m u l a t i o n  a c t i v i t i e s  

c a r r i e d  on a t  HSRI. These l a t t e r  a c t i v i t i e s  involved  t h e  e v a l u a t i o n  

of s e v e r a l  i n  s e r v i c e  c u r b - g u a r d r a i l  c o n f i g u r a t i o n s ,  which were 

cons idered  by t h e  Michigan Department of  S t a t e  Highways t o  have 

q u e s t i o n a b l e  impact  performance behavior .  Comparisons between 

the  r e s u l t s  ach ieved  by s imu la t ion  and a n a l y s i s  a r e  made wherever 

p o s s i b l e  wi th  t e s t  r e s u l t s .  Design g u i d e l i n e s ,  based  on t h e  

r e sea rch  f i n d i n g s  p re sen ted  h e r e ,  a r e  i nc luded  as  an a i d  i n  

developing sound c u r b / g u a r d r a i l  i n s t a l l a t i o n  p r a c t i c e s .  

5 . 1  HISTORICAL REVIEW 

The f i r s t  pub l i shed  r e s e a r c h  on c u r b l g u a r d r a i l  impact 

i n v e s t i g a t i o n s  was c a r r i e d  ou t  by t h e  C a l i f o r n i a  D i v i s i o n  of 

Highways i n  1955 [13 ] .  The s t u d i e s  were concerned w i t h  e v a l u a t i n g  

a  conc re t e  g u a r d r a i l  ( i n  t h i s  case  a  b r i d g e  r a i l )  f r o n t e d  by 

a  n i n e - i n c h  undercu t  curb .  I n  a l l ,  t h r e e  c o n f i g u r a t i o n s  were 

t e s t e d ,  wi th  t h e  r a i l  s e tback  ranging from 1 5/8 inches  t o  

e igh teen  inches .  Impact cond i t i ons  were r e l a t i v e l y  s e v e r e  i n  

a l l  c a s e s ,  wi th  v e l o c i t i e s  varying between 48 and 5 7  mph, and 

angles  between 20' and 30'. I n  a l l  c a s e s ,  t h e  v e h i c l e  mounted 

the  curb and caused a  f r a c t u r e  i n  t h e  backup c o n c r e t e  r a i l .  

I n  only one c a s e ,  however, where t h e  r a i l  was b u t  2 1  inches  h i g h ,  

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

summarized on F igure  5-7 i n  Sec t ion  5 . 3 .  



A most i m p o r t a n t  p a r t  of  t h i s  e a r l y  p u b l i c a t i o n  was t h e  i n c l u s i o n  

of t h e  f i r s t  r e f e r e n c e  t o  t h e  "dynamic jump" phenomenon. T h i s  

phenomenon i s  a s s o c i a t e d  w i t h  t h e  jumping motion of  t h e  v e h i c l e  

as  i t  mounts t h e  curb  and i s  bounced i n t o  t h e  a i r .  The dynamic 

jump curves  p u b l i s h e d  a t  t h a t  t ime a r e  shown on F i g u r e s  5 - 1 ,  

5 - 2 ,  and 5 - 3 .  The cu rbs  r e f e r r e d  t o  a r e  shown on F i g u r e  4 - 2  of 

S e c t i o n  4 . 2 .  

Using t h e s e  jump c u r v e s ,  i t  was concluded t h a t  g u a r d r a i l s  

( i n  t h i s  c a s e  b r i d g e  r a i l s )  u sed  i n  combinat ion  w i t h  a  curb  and 

s e t  back f u r t h e r  t h a n  f i v e  i n c h e s  from t h e  curb  f a c e ,  must b e  

h i g h e r  t h a n  g u a r d r a i l s  used  w i t h o u t  a  c u r b .  The fo rmula  a r r i v e d  

a t  f o r  b a r r i e r  curbs  between n i n e  and twelve  i n c h e s  h i g h ,  

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

each one f o o t  of s e t b a c k  up t o  a  maximum h e i g h t  of  48  i n c h e s .  

The f i r s t  t e s t s  o f  m e t a l  beam g u a r d r a i l  c o n d i g u r a t i o n s  

f r o n t e d  by c u r b s  were a l s o  conducted  by t h e  C a l i f o r n i a  D i v i s i o n  

of Highways [ 2 8 ] .  The two d e s i g n s  shown on F i g u r e  5 - 4  were 

t e s t e d ,  once each .  Although t h e  s i x - i n c h  curb  was o f f s e t  4 8  

i n c h e s  from t h e  g u a r d r a i l ,  no a p p a r e n t  a d v e r s e  e f f e c t  on t he  

c o l l i s i o n  mechanics was no ted .  I n  one o f  t h e  t e s t s  t h e  impact  

v e h i c l e  a c t u a l l y  went under  t h e  r a i l  f o l l o w i n g  c o n t a c t  w i t h  t h e  

c u r b .  The s i x  inch  c u r b ,  which i s  shown i n  c r o s s - s e c t i o n  on 

F i g u r e  4 - 1  (Curb X)  and which would bc  c l a s s e d  a s  moun tab le ,  

e v i d e n t l y  had v e r y  l i t t l e  e f f e c t  on e i t h e r  t h e  r i s e ,  o r  r e d i r e c t i o n  

of t h e  v e h i c l e  p r i o r  t o  c o n t a c t  w i t h  t h e  b a r r i e r .  
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An a d d i t i o n a l  s e t  of t e s t s  on conc re t e  g u a r d r a i l s  ( a g a i n  

b r i d g e  r a i l s )  f r o n t e d  by curbs  was conducted i n  C a l i f o r n i a  i n  

1959 [29] .  The f i r s t  c o n f i g u r a t i o n ,  shown on F igu re  5 - 7  ( I  tern E )  , 

was f r o n t e d  by a  s l o p i n g  n ine - inch  b a r r i e r  curb o f f s e t  1 9  inches  

from t h e  r a i l  f a c i n g .  A second d e s i g n ,  shown on F igu re  5 -9  

( I tem J) was f r o n t e d  by a  t e n - i n c h  undercu t  b a r r i e r  curb which 

was o f f s e t  f o u r  i nches .  

I n  a  s i n g l e  t e s t  of t h e  f i r s t  c o n f i g u r a t i o n ,  t h e  backup r a i l  

f a i l e d  s t r u c t u r a l l y  and the  v e h i c l e  broke through.  The curb  

caused t h e  v e h i c l e  t o  r i s e  about  n i n e  inches  b e f o r e  impact ing 

t h e  r a i l .  No ev idence  i n d i c a t e s  t h e  curb was a  f a c t o r  i n  t h e  

b reak through ,  however. 

I n  t h r e e  t e s t s  of t h e  second d e s i g n ,  two invo lved  automobi les  

whi le  t h e  t h i r d  i nvo lved  a  17,500-pound c i t y  b u s .  The automobi les  

were r e f l e c t e d ,  a l b e i t  w i t h  a good d e a l  of  damage, w h i l e  t h e  bus 

broke through.  I n  no ca se  was t h e  t e n - i n c h  curb a  l a r g e  f a c t o r  

i n  t h e  r e s u l t s .  

The l a s t  s e t  of c u r b - g u a r d r a i l  t e s t s  ocnducted i n  C a l i f o r n i a  

were c a r r i e d  o u t  i n  1963 [ 3 0 ] .  The o b j e c t i v e  o f  t h e  t e s t s  was 

t o  determine t h e  i n s t a l l a t i o n  h e i g h t  f o r  a  r e t a i n i n g  c a b l e  i n  

a  c a b l e  c h a i n - l i n k  median b a r r i e r .  The median b a r r i e r  i s  o f t e n  

i n s t a l l e d  on t op  of a  r a i s e d  median, f r o n t e d  by a  s i x - i n c h  

mountable c u r b ,  and o f f s e t  36 inches  from t h e  road  edge.  I n  

con junc t ion  w i t h  t h e  median b a r r i e r  t e s t s ,  a  s e r i e s  of  dynamic 

jump t e s t s  were conducted on t h e  s i x - i n c h  curb s o  as  t o  f o r m u l a t e  



pre l imina ry  recommendations on an e f f e c t i v e  h e i g h t .  Most t e s t s  

were wi th  s p o r t s  c a r s ,  s i n c e  acc iden t  d a t a  had sugges t ed  t h e s e  

were t h e  k inds  of v e h i c l e s  t h a t  were wedging under b a r r i e r s  

w i th  cab le  h e i g h t s  of 30 i nches .  I n  some c a s e s ,  l a r g e r  v e h i c l e s  

were v a u l t i n g  o v e r ,  however. 

l<esu l t s  of t h e  jump t e s t s  i n d i c a t e d  t h e r e  was a wide v a r i a t i o n  

anlong v e h i c l e s  i n  tcrms o f  t h e i r  response t o  c r o s s i n g  t h c  s i x - i n c h  

curb .  For 25 '  approach a n g l e s ,  t h e  t h r e e  d i f f e r e n t  s p o r t s  

c a r s  i n  t h e  t e s t s  had r i s e n  about f i v e  inches  by t h e  t ime t h e i r  

c . g . ' s  had c ros sed  t he  middle of  t he  s i x - f o o t  median. A t  a  7' 

a n g l e ,  t h e s e  v e h i c l e s  had r i s e n  between seven and n i n e  inches  

a t  t h e  middle p o i n t .  A s t a n d a r d  sedan ( a  1960 Ford) behaved 

somewhat d i f f e r e n t l y ,  i n  t h a t  i t  rose  only  two inches  f o r  t h e  2 5 "  

approach,  and n ine  inches  f o r  t h e  7' approach.  The t o t a l  range 

i n  jump e l e v a t i o n s  was seven inches  wi th  t h e  v a r i a t i o n  be ing  a  

f u n c t i o n  of v e h i c l e  type and approach ang le .  S ince  a l l  v e l o c i t i e s  

were w i t h i n  t e n  mph, however, t h e  e f f e c t  of  v e l o c i t y  was 

n o t  determined.  

The most e x t e n s i v e  s e r i e s  of  c u r b / g u a r d r a i l  t e s t s  t o  d a t e  

has  been conducted by New York S t a t e  181 .  The t e s t  e x e r c i s e s  

extended over a  p e r i o d  of s i x  y e a r s ,  and involved  over  2 1  t e s t s  

of va r ious  c u r b / g u a r d r a i l  combinat ions .  Of t h e s e  t e s t s ,  1 7  

involved a  t e n - i n c h  b a r r i e r  curb whi le  f o u r  were w i t h  a  s i m i l a r  

s i x - i n c h  cu rb .  Ra i l  o f f s e t  from t h e  t e n - i n c h  curb f a c e  v a r i e d  

bctwcen 1 8  and 60  i nches .  O f f s e t  i n  a l l  c a se s  i n v o l v i n g  t h e  

s i x - i n c h  curb was s i x  i nches .  



I n  t h e  f i r s t  t e s t  wi th  t h e  t en - inch  c u r b ,  t h c  backup r a i l  

was p l a c e d  f i v e  f e e t  behind t h e  curb f a c e .  This  was done f o r  t h e  

exp re s s  purpose  of  de te rmin ing  t h e  jump producing p r o p e r t i e s  

of t h e  curb .  The t e s t  was conducted w i th  a s t a n d a r d  automobi le  

a t  60 mph and 2 S 0 ,  and t h e  v e h i c l e  r e p o r t e d l y  d i d  n o t  jump. 

The c a r  body was e v i d e n t l y  r a i s e d  about t e n  i nches  above t h e  c u r b ,  

however, and t h e  curb damaged t h e  s t e e r i n g  sys tem.  This  l a t t e r  

e f f e c t  was a l s o  n o t i c e d  i n  subsequent  t e s t s  where t h e  r a i l  

o f f s e t  had been reduced t o  20 i nches .  

T e s t s  w i t h  t h e  s i x - i n c h  curb were f i r s t  performed wi thou t  

any r a i l i n g .  These t e s t s  were r e p o r t e d  t o  show t h a t  t h i s  curb 

had almost  no e f f e c t  on t h e  v e h i c l e  s t e e r i n g  system. L i t t l e  

e f f e c t  on v e h i c l e  motion was a l s o  r e p o r t e d  f o r  s e v e r a l  sha l l ow  

a n g l e ,  low speed  impac ts .  I n  subsequent  t e s t s  o f  t h e  s i x - i n c h  

curb w i th  v a r i o u s  backup r a i l i n g s ,  i t  was found t h a t  t h e  curb 

had no n o t i c e a b l e  e f f e c t  on v e h i c l e  r e a c t i o n s .  

A s e r i e s  of t e s t s  were conducted i n  Montreal  on s e v e r a l  

c u r b / g u a r d r a i l  combinations du r ing  1965 [14] .  The v a r i o u s  

c o n f i g u r a t i o n s  a r e  shown on F igu re  5-9 ( I tems A th rough  H ) .  

These des igns  r e s i s t  v e h i c l e  impacts  i n  t h r e e  s t a g e s .  Low ang le  

impacts r e s u l t  i n  t h e  v e h i c l e  be ing  r e f l e c t e d  by t h e  t e n - i n c h ,  

undercut  b a r r i e r  curb w i thou t  v e h i c l e  damage; h i g h e r  a n g l e ,  

medium energy impacts a r e  r e d i r e c t e d  by t h e  p r o t r u d i n g  g u a r d r a i l ;  

and h igh  energy ,  h igh  ang le  impacts a r e  c o n t a i n e d  by t h e  backup 

r a i l ,  a l b e i t  wi th  s u b s t a n t i a l  v e h i c l e  damage. The des igns  were 



e v a l u a t e d  a s  a  guide  r a i l  sys tem f o r  an e l e v a t e d  expressway and 

were judged p r i m a r i l y  on t h e  b a s i s  of  t h e  magnitude of  t h e  

r e f l e c t i o n  a n g l e  f o l l o w i n g  i n i t i a l  impact .  Using t h i s  c r i t e r i a ,  

t h e  most e f f i c i e n t  c o n f i g u r a t i o n  was found t o  be Model H .  T h i s  

d e s i g n  i n c o r p o r a t e d  a  t r a p e z o i d a l  w a l l  i n  p l a c e  of  t h e  p r o t r u d i n g  

g u a r d r a i l .  I f  t h e  e v a l u a t i o n  c r i t e r i a  had  i n c l u d e d  v e h i c l e  

damage and impact  a c c e l e r a t i o n  h i s t o r i e s ,  t h e  recommended d e s i g n  

might  v e r y  p r o b a b l y  have been somewhat d i f f e r e n t .  

As mentioned i n  S e c t i o n  4 . 0 ,  a  s i n g l e  t e s t  was conducted  

on t h e  t e n - i n c h ,  undercu t  b a r r i e r  curb  w i t h o u t  e i t h e r  g u a r d r a i l  

b e i n g  i n  p l a c e .  With t e s t  c o n d i t i o n s  of 6 4  mph and 2 0 ° ,  t h e  r e s u l t  

was,  a s  had been  p r e d i c t e d ,  t h a t  t h e  v e h i c l e  mounted t h e  c u r b .  

O the r  r e s e a r c h  i n d i c a t e s  l e s s  s t r i n g e n t  impact  c o n d i t i o n s  would 

have produced a  r e d i r e c t i o n ,  however.  A s econd  t e s t  w i t h  t h e  

t e n - i n c h  curb backed up by a  t w o - f o o t  c o n c r e t e  w a l l  d i d  r e s u l t  

i n  a  r e d i r e c t i o n .  

I n  Germany t e s t s  have been conducted  on c u r b / g u a r d r a i l  

combinat ions  where t h e  curb  h e i g h t  i s  l e s s  t h a n  two i n c h e s  above 

t h e  pavement [ 2 5 ] .  The v e h i c l e  e a s i l y  mounted t h i s  cu rb  i n  a l l  

t e s t  c a s e s  and was r e d i r e c t e d  by t h e  g u a r d r a i l .  With t h e  r a i l  

s e t  back a d i s t a n c e  o f  abou t  20  i n c h e s ,  t h e  i n f l u e n c e  o f  t h e  curb  

on r e d i r e c t i o n  was n o t  measurab le .  

5 . 2  EVALUATION EXERCISES 

C u r b / g u a r d r a i l  e v a l u a t i o n s  c o n s i s t e d  o f  two s e p a r a t e  

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



from t e s t  programs of o t h e r  o r g a n i z a t i o n s  was assembled and 

s y n t h e s i z e d .  Second, t h e  r e s u l t s  of t he  curb impact  s i m u l a t i o n  

e x e r c i s e s  were extended s o  as  t o  p r e d i c t  t h e  consequences of a 

v e h i c l e  s t r i k i n g  a  g u a r d r a i l  fo l lowing  i t s  i n i t i a l  impact  w i th  

t h e  curb .  ( I n  t h e  p r e s e n t  c o n t e x t ,  a  g u a r d r a i l  w i l l  be cons ide red  

t o  be a  meta l  or c o n c r e t e  b a r r i e r . )  The c u r b / g u a r d r a i l  combinations 

e v a l u a t e d  were t h o s e  sugges ted  f o r  e v a l u a t i o n  by t h e  Michigan 

Department of  S t a t e  Highways [ 4 6 ] .  

5 . 3  CURBIGUARDRAIL TEST DATA 

A summary of a l l  t e s t s  made on g u a r d r a i l s  f r o n t e d  by curbs  

a r e  shown on F igu re s  5 - 5  through 5 - 9 .  The d a t a  a r e  f o r  a  l a r g e  

v a r i e t y  of c u r b l g u a r d r a i l  combinat ions ,  none of which a r e  e x a c t l y  

l i k e  any of MDSH d e s i g n s .  I n  a d d i t i o n ,  most c o n f i g u r a t i o n s  

have only  been t e s t e d  once ,  whi le  a wide v a r i e t y  o f  t e s t  c o n d i t i o n s  

have been used.  These f a c t s  make g e n e r a l i z i n g  on t h e  accumulated 

d a t a  r a t h e r  d i f f i c u l t .  The fo l lowing  d i s c u s s i o n s  d e t a i l  a r e a s  

where, d e s p i t e  t h e  d i f f i c u l t i e s ,  s p e c i f i c  g e n e r a l i z a t i o n s  

could  be made. 

The primary q u e s t i o n  r e l a t i v e  t o  u s ing  g u a r d r a i l  i n  combination 

wi th  a curb i s  whether t h e  curb c o n t r i b u t e s  a d v e r s e l y  t o  t h e  

r e d i r e c t i v e  performance of t h e  g u a r d r a i l .  I n  o r d e r  t o  answer 

t h i s  q u e s t i o n ,  an a t t empt  was made t o  c a t e g o r i z e  e x i s t i n g  t e s t  

r e s u l t s  i n  terms of t h e  t h r e e  paramete rs  of curb  h e i g h t ,  r a i l  

h e i g h t ,  and r a i l  s e t b a c k .  I t  was hoped t h a t  t h i s  s t r u c t u r i n g  

would shed some l i g h t  on t h e  l i k e l i h o o d  of v a u l t i n g  o v e r ,  o r  
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tunnel ing under,  a  guard ra i l  f ronted  by a  curb.  The exe rc i se  

proved f r u i t l e s s ,  however, i n  t h a t  of a l l  t e s t s  examined, no cases 

of tunnel ing were discovered and only one ques t ionable  case of 

vau l t ing .  Severa l  cases of s t r u c t u r a l  f a i l u r e  on the  p a r t  of 

t h e  g u a r d r a i l  were noted, but  these  were considered t o  be 

independent of curb/guardra i l  dynamics. In the  s i n g l e  case of 

poss ib le  v a u l t i n g ,  a  17,500-pound c i t y  bus s t r u c k  a  concre te  

br idge r a i l  (Figure 5 - 9 ,  Item J ) ,  broke through t h e  r a i l  and came 

t o  r e s t  s t r a d d l i n g  the r a i l  [ 2 9 ] .  I t  i s  uncer t a in ,  t h e r e f o r e ,  

as  t o  whether t h e  s t r u c t u r a l  f a i l u r e  of the  r a i l  con t r ibu ted  

t o  the f i n a l  p o s i t i o n  of the  bus,  o r  whether no " ~ a u l t i n g ' ~  would 

have occurred i f  the  r a i l  had remained i n t a c t .  With the  ques t ionable  

r e s u l t  of t h i s  t e s t ,  and the  unusually l a rge  t e s t  v e h i c l e  which 

was employed, i t  i s  s a f e  t o  say t h a t  v a u l t i n g ,  as  a  r e s u l t  of 

curb /guardra i l  dynamic i n t e r a c t i o n ,  has - not  been i d e n t i f i e d  

as  a  se r ious  problem i n  any known t e s t  program. 

Engineering i n t u i t i o n  would suggest  t h a t  v a u l t i n g  i s  a  

problem, however, and attempts have been made t o  use vehic le /curb  

dynamic jump d a t a  as a  means of spec i fy ing  g u a r d r a i l  he igh t  and 

setback as a  funct ion  of curb he igh t .  This technique i s  used 

i n  the next  s e c t i o n  t o  spec i fy  s i m i l a r  r e l a t i o n s h i p s  f o r  the  

var ious s p e c i f i e d  MDSH curb/guardra i l  combinations. The technique 

used i s  a n a l y t i c a l  due t o  the  f a c t  t h a t  s imula t ion  c a p a b i l i t y  

f o r  impacting a  curb and guard ra i l  during the  same run was not  

ava i l ab le  i n  any e x i s t i n g  program. 



5.4 CURB/GUARDRAIL SIMULATION ANALYSIS 

The cond i t i ons  which w i l l  r e s u l t  i n  a v e h i c l e  v a u l t i n g  

a  g u a r d r a i l  through dynamic i n t e r a c t i o n  with  a  curb can come 

about i n  two d i f f e r e n t  ways. I n  one ca se ,  the  v e h i c l e  can 

r ece ive  enough impulse from t h e  curb t o  v a u l t  completely over 

t he  g u a r d r a i l  wi thout  making c o n t a c t .  In  t h e  second c a s e ,  

t he  v e h i c l e  does not  c l e a r  the  g u a r d r a i l ,  b u t  makes con tac t .  

With t h e  r a i l  top  a c t i n g  as a  fulcrum, t h e  v e h i c l e  then  proceeds 

t o  r o l l  over t h e  r a i l .  Knowing v e h i c l e  geometry and us ing  the  

dynamic jump d a t a  from the  curb s imu la t ion  e x e r c i s e s  (Sec t ion  4 . 5 ) ,  

cases  of complete v a u l t i n g  can be r e a d i l y  determined. Rol l -  

over v a u l t i n g ,  however, r e q u i r e s  some a d d i t i o n a l  a n a l y s i s .  

The l i m i t i n g  condi t ions  which w i l l  r e s u l t  i n  r o l l  over 

v a u l t i n g  can be determined by energy and momentum cons ide ra t ions .  

Suppose, as  shown on Figure  5-10,  t h a t  t h e  v e h i c l e  has been 

r e d i r e c t e d  p a r a l l e l  t o  t he  g u a r d r a i l  and has j u s t  made i n i t i a l  - 
c o n t a c t .  As i n d i c a t e d ,  t h e  v e h i c l e  has a  r o l l  r a t e  of J O  and 

a  v e l o c i t y  VG i n  a  p lane  normal t o  t h e  r a i l  l i n e .  I t  w i l l  be 

assumed t h a t  the  l i n e  of  c o n t a c t  i s  t h e  a x i s  0 ,  t h e  a x i s  about 

which the  v e h i c l e  would r o l l  i f  r o l l - o v e r  v a u l t i n g  occu r s ,  and 

t h a t  t h i s  a x i s  remains f i x e d .  VG can then  be broken up i n t o  

v e l o c i t y  components along and normal t o  t h e  l i n e  between t h e  

v e h i c l e  C. G .  and the  a x i s  of r o t a t i o n ,  Va and Vn, r e s p e c t i v e l y .  

I t  w i l l  be assumed, now, t h a t  t h e  v e l o c i t y  component Va 

i s  l o s t  through energy d i s s i p a t e d  i n  t he  c o l l i s i o n  process  
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( i . e . ,  t he  impulsive fo rce s  ac t i ng  along t h e  l i n e  between the  

C . G .  and a x i s  of r o t a t i o n  a r e  d i s s i p a t e d  i n  a  p e r f e c t l y  i n e l a s t i c  

c o l l i s i o n  p roces s .  This v e l o c i t y  component c o n t r i b u t e s  nothing 

t o  the  r e s u l t i n g  r o l l - o v e r  phenomenon, and merely al lows the  

v e h i c l e  t o  remain i n  con tac t  wi th  t he  r a i l  wi thout  rebound). 

The r e s u l t i n g  v e h i c l e  motion then w i l l  be a  pure r o t a t i o n  

about t h e  p o i n t  0. 

The only  torque app l ied  t o  t he  v e h i c l e  dur ing  t h e  c o l l i s i o n  

process  i s  t h e  r e s u l t  of fo rces  app l i ed  a t  t h e  p o i n t  0 .  Therefore ,  

i f  moments a r e  summed about t h i s  p o i n t ,  t h e  sum of moments w i l l  

be zero.  S i m i l a r l y ,  the  moment of momentum about t h e  p o i n t  

w i l l  be cons t an t  dur ing t h e  c o l l i s i o n  s i n c e  no moments a c t  t o  

change i t .  Thus, t h e  moment of momentum about 0 i s  conserved 

and the  fo l lowing  equa t ion  can be w r i t t e n .  

- - I n i t l a l  Moment of F i n a l  Moment of  
Momentum About 0 Momentum About 0 

Therefore ,  j u s t  a f t e r  impact ,  the  v e h i c l e  angu la r  r a t e  about 0 ,  

as the  r e s u l t  of t he  c o l l i s i o n ,  w i l l  be :  

where 

'c.G. = Vehicle  r o l l  moment of i n e r t i a  about  a  

l o n g i t u d i n a l  axis through t h e  c .  g .  



Wv = Tota l  veh ic le  weight.  

The remaining terms a re  def ined on Figure 5-10. 

The l i m i t i n g  condi t ions  which w i l l  r e s u l t  i n  r o l l - o v e r  

v a u l t i n g  can now be determined by energy cons ide ra t ions .  Suppose 

t h a t  a t  the  time of i n i t i a l  g u a r d r a i l  c o n t a c t ,  t he  v e h i c l e  i s  

i n  such a  p o s i t i o n  and has j u s t  t h e  necessary angular  and l i n e a r  

v e l o c i t i e s  t o  r o l l  over the  g u a r d r a i l ,  and no more. A s  the  

veh ic le  r o l l s  under these  cond i t ions ,  it w i l l  come t o  r e s t  with 

i t s  C.G. d i r e c t l y  over the  r a i l  top as  i l l u s t r a t e d  on Figure 5-10 

when #+8=90°. The v e h i c l e ' s  p o t e n t i a l  energy a t  t h i s  r o l l  

p o s i t i o n  w i l l  j u s t  equal  the  k i n e t i c  energy a s s o c i a t e d  with t h e  

angular  v e l o c i t y  a t  the  time of i n i t i a l  impact. 

The k i n e t i c  energy j u s t  a f t e r  impact i s  given by t h e  

expression : 

The p o t e n t i a l  energy r e l a t i v e  t o  a  h o r i z o n t a l  r e f e r e n c e  l i n e  

through the p i v o t  po in t  i s :  

P . E .  = Wv D s in($+$)  

A t  i n i t i a l  impact, the p o t e n t i a l  energy i s :  

P.E. = WV D sin($,+$) , 
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and a t  the  n e u t r a l  p o i n t ,  where I$+@= 90°, 

P.E. = WV D 

The d i f f e r e n c e  i n  t h e  two q u a n t i t i e s  i s  the  k i n e t i c  energy t h a t  

i s  converted t o  p o t e n t i a l  energy as the  veh ic l e  r o l l s  over+. 

Thus, i f  t he  r o l l  motion r e s u l t s  i n  the  v e h i c l e  coming t o  

r e s t  a t  $ + B E  90°, then :  

I f  the  v e h i c l e  does no t  come t o  r e s t  and the  q u a n t i t y  on t h e  

l e f t  s i d e  exceeds the  r i g h t  s i d e ,  r o l l - o v e r  v a u l t i n g  w i l l  

occur ,  and v i ce  v e r s a .  

In  us ing  Equation ( 5 . 7 ) ,  s e v e r a l  assumptions were necessary  

regarding the  choice  of the  time po in t  f o r  va lues  of 00, $0, and 

'n , As the  v e h i c l e  c rosses  t he  curb ,  i t  does n o t  s t r i k e  t he  

g u a r d r a i l  such t h a t  t he  v e h i c l e  i s  p a r a l l e l  t o  t h e  r a i l  as  

dep ic ted  i n  Figure 5 - 1 0 .  Rather ,  as  shown on F igure  5-11,  t he  

l e f t  f r o n t  of the  veh ic l e  f i r s t  s t r i k e s  t h e  r a i l ,  wi th  t h e  

veh ic l e  r o t a t i n g  p a r a l l e l  t o  t he  r a i l  as  i t  i s  r e d i r e c t e d .  
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During t h e  p r o c e s s ,  t h e  d i s t a n c e ,  P ,  v a r i e s  from H s i n ( a + ~ )  t o  d. 

The re fo re ,  i n  o rde r  t o  determine whether r o l l - o v e r  v a u l t i n g  w i l l  

o ccu r ,  Equat ion (5.7) was eva lua ted  f o r  t he  most adverse  va lues  

of 0 0 ,  60 ,  and Vn occur r ing  dur ing the  i n t e r v a l  of r e d i r e c t i o n .  

I n  a d d i t i o n ,  va lues  of Fo r ep re sen t ing  bo th  the  t o p  and bottom 

of t h e  W-beam g u a r d r a i l  were chosen as p i v o t  p o i n t s  s o  as  t o  

bound t h e  e f f e c t s  of b a r r i e r  t o r s i o n a l  d e f l e c t i o n .  P r e d i c t i o n s  

of s a t i s f a c t o r y  c u r b / g u a r d r a i l  performance r e l a t i v e  t o  r o l l - o v e r  

v a u l t i n g  a r e ,  t h e r e f o r e ,  expected t o  be conse rva t ive .  

5 .5  ANALYS I S RESULTS 

In  t h i s  s u b s e c t i o n ,  each of the  c u r b l g u a r d r a i l  combinations 

recommended by t h e  MDSH [46] i s  eva lua t ed  through t h e  use  of 

Equation (5 .7 ) .  I n i t i a l  va lues  f o r  $0, +0,  Z t  , and Vn were 

ob ta ined  from t h e  s imu la t ed  curb impact runs  d i s c u s s e d  i n  

Sec t ion  4 . 5  . The s o l e  except ion  involves  t h e  combination of 

curb B and the  Concrete S a f e t y  Parape t .  I n  t h i s  c a s e ,  d i r e c t  

computer s imu la t ion  runs were made t o  o b t a i n  t h e  d e s i r e d  r e s u l t s .  

5 .5 .1  CURBS, A ,  B ,  AND D AND DUAL BLOCKED-OUT MEDIAN 

BARRIER. A t y p i c a l  c r o s s - s e c t i o n  f o r  e i t h e r  a  curb A ,  B ,  o r  D 

and the  dua l  b locked-out  median b a r r i e r  i s  shown on F igure  5 - 1 2 .  

The dimension C as  de f ined  on F igure  5-10 has  a  maximum va lue  

of 167 inches ,  o r  1 3  f e e t ,  11 i n c h e s ,  The minimum va lue  was 

taken t o  be t h r e e  f e e t  o r  35 inches  ( i , e . ,  t h i s  means t h e  

minimum d i s t a n c e  between t h e  b a r r i e r  f a c e  and t h e  back of t h e  

curb and g u t t e r  s e c t i o n  i s  f o u r  i n c h e s ) .  



ment 

8" per ft. 

FIGURE 5-12 T Y P I C A L  MEDIAN CROSS SECTION WITH CURBS A, B, OR D, 
AND THE DOUBLE BLOCKED OUT MEDIAN BARRIER 



Resu l t s  from the  a p p l i c a t i o n  of Equation ( 5 . 7 )  and the  

assumptions desc r ibed  t h e r e a f t e r  a r e  given on Table 5-1  f o r  curb  A.  

The r a t i o  of Max $ f / ~  i s  never  g r e a t e r  than one f o r  any of t h e  

impact c o n d i t i o n s .  Therefore ,  n e i t h e r  v a u l t i n g  (jumping t h e  r a i l  

completely w i thou t  c o n t a c t ) ,  nor  r o l l - o v e r  v a u l t i n g  occu r s .  The 

c l o s e s t  approach t o  i n c i p i e n t  r o l l - o v e r  v a u l t i n g  occurs  f o r  t h e  

6 0  mph, 25'  c a s e  wi th  t h e  r a i l  s e t  back 1 2  f t .  and w i t h  t h e  p i v o t  

p o i n t  assumed t o  be a t  t h e  r a i l  bottom. As can be no ted ,  t h e  

r a t i o  f o r  t h e s e  cond i t i ons  i s  0 . 7 9 .  

Some of t h e  d a t a  f o r  t h e  60  mph, 1 0 '  case  i s  miss ing  f o r  v a l u e s  

of s e tback  between t e n  and f o u r t e e n  f e e t .  This i s  due t o  t h e  f a c t  

t h a t  t h e  v e h i c l e  was entrapped by t h e  curb be fo re  reach ing  t h e s e  

s e t  back d i s t a n c e s .  The s i t u a t i o n  i s  shown on F igure  4-32. 

Resu l t s  f o r  curb B a r e  t a b u l a t e d  i n  Table 5-2.  The dimension 

C (Figure  5-10) has t h e  same range of va lues  a s  f o r  curb A .  Again, 

no v a u l t i n g  o r  r o l l - o v e r  v a u l t i n g  i s  p r e d i c t e d  w i t h  t h e  l a r g e s t  

va lue  of jf/li being 0 . 4 7 .  As wi th  curb A t h i s  occurs  a t  60  mph 

and 25' f o r  a 1 2  f t .  s e tback .  S ince  curb B i s  lower t han  curb 

A ,  assessment of no v a u l t i n g  i n  l i g h t  of t h e  curb A r e s u l t s  i s  t o  

be expected.  

Curb D ( 4  i n .  h e i g h t )  i s  y e t  lower t h a n  bo th  curb B ( 5  1 / 2  

i n .  he igh t )  and curb A ( 9  i n .  h e i g h t ) .  The re fo re ,  r o l l - o v e r  

v a u l t i n g  should be even l e s s  a  f a c t o r  w i t h  t h i s  curb and t h e  d a t a  

t a b u l a t e d  on Table 5-3 confirms t h i s  t o  be t r u e .  The l a r g e s t  

va lue  of $* /A  i s  bu t  0 .31 and t h i s  aga in  occurs  i n  t h e  60  mph, 

25'  case  nea r  maximum s e t  back. 



TABLE 5 - 1  

CURB A  AND DOUBLE BLOCK OUT MEDIAN BARRIER 

I n i t i a l  

f t .  

1 4  

1 2  
1 0  

8 
6  
4  
3 

1 4  
1 2  
1 0  

8  
6  
4  
3 

1 4  
1 2  
1 0  

8 
6  
4  
3 

1 4  
1 2  
1 0  

8 
6 
4 
3 

C o n d i t i o n s  

V 

mph 

40 

60 

60 

80 

a 

deg 

25 

1 0  

25 

1 0  

V a u l t i n g  A s s e s s m e n t  

No V a u l t i n g ,  o r  R o l l -  
Over V a u l t i n g  

11 

11 

1 I 

1) 

~t 

I I 

11 

11 

11 

t t  

II 

II 

11 

1 I 

1 I 

11 

11 

11 

11 

11 

11 

11 

I I 

II 

11 

11 

Max & / A  
, 

Rail  Top 

32.125" 

- - 0 3  

- . 0 5  
0 . 0 6  
2 . 0 3  
- . 0 3  
- 0 1 5  -. 20 

- - - -  
- - - -  
- - - - 

. 2 4  

. 2 5  

. 2 5  
- . 0 5  

. 1 5  

.19  
- 0 9  

- . 0 1  
-, 28 -. 37 
- . 4 2  

. 1 8  

. 1 8  

. 1 8  

.13 

. I 4  

.I6 - . l o  

Rail Bot tom 

20.125" 

- 1 6  

* 2 5  
. 2 8  
a32 
- 2 7  
. 1 4  
.16  

- - - - - -  - - - 
32 

. 3 3  

.34  
- 1 4  

. 7 4  

.79  

.67  

. 5 7  
- 2 9  
. 1 7  
. 1 4  

. 2 2  

. 2 3  

. 2 4  

.36 

. 3 8  

.39 

. 1 7  



TABLE 5- 2 

CURB B AND DOUBLE BLOCKED OUT MEDIAN BARRIER 

11nit ial  
C o n d i t i o n s  

Max  if/^ 
C 

1 4  

1 2  
1 0  

8  
6  
4  
3  

1 4  
1 2  
1 0  

8 
6  
4  
3  

1 4  
1 2  
1 0  

8  
6  
4  
3  

1 4  
1 2  
1 0  

8 
6  
4  
3 

V a u l t i n g  A s s e s s m e n t  
R a i l  Top 

- .  1 2  

- . l o  
- . I 5  - .  1 6  
- . 2 4  - .  27 - .  26 

- . 0 6  
- . 0 5  
- . 0 5  
- ,11 
- - 1 3  
- . 1 4  
- . I 5  

- , I 8  - .  1 8  
- . 2 7  
- . 3 0  - .  4 1  
- . 3 8  
- . 4 5  

- . 0 6  
- . 0 5  - .  07  
- . 1 5  
- . I 7  - .  20 
- . 2 1  

4 
f t .  

R a i l  B o t t o m  

.30 

. 3 0  

. 2 4  
- 2 5  
. 1 2  
. 1 3  
. 1 3  

. 1 7  

. 2 0  
- 1 9  
. 1 2  
. 0 8  
. 0 7  
. O  8  

- - 
. 4 6  
. 4 7  
. 3 5  
. 3 1  
11 *. 

. 1 6  

. 1 3  

. 2 5  

. 2 5  

. 2 8  

. I 9  

. 1 3  

.11 

.11 

3 2 . 1 2 5 "  
No V a u l t i n g ,  o r  R o l l -  

Over V a u l t i n g  
11 

11 

1 t 

11 

11 

I1 

11 

1 1 

11 

11 

11 

11 

11  

1 t 

I1  

11 

1 1 

I t  

11 

11 

1 t 

11 

11  

11 

11 

1 1 

11 

20 .125 ' '  



TABLE 5-3 

CURB D AND DOUBLE BLOCKED OUT MEDIAN BARRIER 

Initial 

ft. 

14 

12 
10 
8 
6 
4 
3 

14 
12 
10 
8 
6 
4 

Zonditions 

V 

mph 

40 

60 

a 

deg 

25 

10 

60 

80 

Vaulting Assessment 

No Vaulting, or Roll- 
Over Vaulting 

11 

11 

11 

11 

1 1  

11 

11 

11 

1 I 

t t 

I 1 

11 

Max jf/l\ 

1 1  

11 

11 

11 

1 1  

11 

11 

1 1  

11 

1 1  

11 

11 

11 

11 

I 

Rail Top 

32.12511 

-.I4 

-.I8 
-.21 
-,21 -. 26 
-.25 -. 26 
-.06 
-.04 -. 08 -. 13 
-.I4 -. 16 
-.17 

- . 2 6  
-.28 
-.32 -. 35 
-.40 -. 36 
-,39 

- a 10 
-.lo 
-.I1 -. 17 

+ -.I7 
-021 
-a22 

1 3  

Rail Bottom 

20.12S1' 

.27 

.24 
* 21 
.I6 . 11 
-13 
.14 

.17 . 20 
*16 
.09 
.07 
* O  8 
.08 

.31 
,30 
.22 
.23 
.14 
21 
21 

.25 
,25 
.18 
a12 . 10 . 12 
el1 

25 

10 

14 
12 
10 
8 
6 
4 
3 

14 
12 
10 
8 
6 
4 
3 



On the  b a s i s  of t h e  a n a l y s i s  p resen ted  he re ,  it can be 

concluded t h a t  each of curbs  A ,  B ,  and D w i l l  perform s a t i s f a c t o r i l y  

i n  combination wi th  a l l  s t anda rd  s e t  back con f igu ra t i ons  of t h e  

double blocked-out  median b a r r i e r .  

5.5.2 CURBS B A N D  D AND THE TYPE B GUARDRAIL. A t y p i c a l  

i n s t a l l a t i o n  f o r  a  t ype  B g u a r d r a i l  i n  combination w i th  e i t h e r  a  

B o r  D curb i s  shown on Figure 5-13. The s e t  back dimension C i s  

25 i n .  f o r  curb B and 23 i n .  f o r  curb D.  Data f o r  curb B i s  g iven  

i n  Table 5 - 4  and t h a t  f o r  curb D i n  Table 5-5.  Maximum va lues  f o r  

both  cases  occur  f o r  60 mph, 25'  impact c o n d i t i o n s .  I n  n e i t h e r  

s i t u a t i o n  i s  t h e r e  a  l i k e l i h o o d  of v a u l t i n g ,  however. I t  can be 

concluded,  t h e r e f o r e ,  t h a t  curbs B and D can be expected t o  perform 

s a t i s f a c t o r i l y  i n  combination w i th  t h e  t ype  B g u a r d r a i l .  

5 .5 .3  CURB C AND TYPE B GUARDRAIL. A t y p i c a l  i n s t a l l a t i o n  

combination f o r  curb C and type B g u a r d r a i l  i s  shown on Figure  5-14. 

Tabula ted va lues  of Max 4 f / ~  a r e  g iven i n  Table 5 - 6  f o r  t h e  v a r i o u s  

impact c o n d i t i o n s .  For t h e  worst s e t  of impact c o n d i t i o n s  

(V = 50 mph, cx = 25') t h e  r a t i o  of 4 f / ~  i s ,  a t  most ,  0.40. There fore  

r o l l - o v e r  v a u l t i n g  i s  n o t  expected t o  occur  and t h i s  c u r b / g u a r d r a i l  

combination can be expected t o  perform s a t i s f a c t o r i l y .  

5 .5 .4  CURB K AND TYPES B AND C GUARDRAIL. Typica l  c r o s s -  

s e c t i o n s  showing curb K i n  combination w i t h  type  B and type  C 

g u a r d r a i l s  a r e  shown on F igure  5-15,  Tabula ted  d a t a  f o r  p r e d i c t i n g  

v a u l t i n g  i s  g iven on Tables  5-7 and 5-8 f o r  g u a r d r a i l  types  B and 

C ,  r e spec t ive ly .  S ince  t h e r e  is  on ly  1 1 / 2 "  d i f f e r e n c e  i n  e l e v a t i o n  

i n  t h e  two r a i l s ,  t h e  d a t a  a r e  somewhat s i m i l a r .  The type 3 r a i l  

i s  t he  lower of t h e  two, however, t h e  va lues  f o r  i t  a r e  s l i g h t l y  

h ighe r .  



FIGURE 4-13 TYPE B GUARDRAIL WITH CURBS B, OR D 

FIGURE 4-14 TYPE B GUARDRAIL WITH CURB C 



TABLE 5-4 

CURB B AND TYPE B GUARDMIL 

Initial Max i f / h  
Conditions Vaulting Assessment 
V cc Rail Top Rail Bottom 

mp h de g in 2 7" 1 

40 No Vaulting, or Roll- 
Over Vault ing 

60 10 1  t 

60 25 .44 I 1  

8 0 10 25 .27 I I 

TABLE 5-5 

CURB D AND TYPE B GUARDRAIL 

- .  . . . - .-- 

TABLE 5-6 

CURB C AND TYPE B GUARDRAIL 

I 

'~nitial 
Conditions 

in 
23 

23 
23 
23 

V 

mph 
40 

60 
60 
80 

ci 

de g 
25 

10 
25 
10 

Initial 
Conditions 

in 
30.5 

30.5 
30.5 

V 

mph 
30 

5 0 
5 0 

L 

Vaulting Assessment 

No Vaulting, or Roll- 
Over Vaulting 

11 

I I 

I 1  

Max j f / h  

cc 

deg 
25 

10 
25 

Rail Top 

27" 

-.I1 

-,07 
- . I 5  
- .09 

Rail Bottom 

15" 
.35 

.23 

.52 

.32 

Vaulting Assessment 

No Vaulting, or Roll- 
Over Vaulting 

1 1  

I I 

Max i f / l i  

Rail Top 
2 7" 

-,07 

- .  03 
- ,  14 

Rail Bottom 

15" 

. 2 5  

, 1 7  
.40 



Type B Guardrail Type C Guardrail 

FIGURE 5-15 TYPES BAND C GUARDRAIL WITH CURB K 



TABLE 5- 7 

CURB K AND TYPE B GUARDRAIL 

Initial 
Conditions 

in 
42 

3 6 
3 0 

42 
3 6 
3 0 

42 
3 6 
30 

42 
3 6 
3 0 

a 

deg 
25 

10 

25 

10 

< 

L V 
mph 
40 

60 

60 

80 

Vaulting Assessment 

No Vaulting, or Roll- 
Over Vaulting 

I I 

11 

----- 
I 1 

1 1  

I I 

----... 
11 

1 1  

1 I 

11 

1 1 

1 1  

Max + f / ~  

Rail Top 

25.5" 

.01 

- .  03 
-,03 

.32 

.12 

.06 

- .  11 
-.I3 
-.I7 

.43 

.08 

.01 

Rail Bottom 

13.5" 

.40 

.35 
-35 

.46 

.30 

.26 

.53 

.48 

.42 

.70 

.37 

.29 



TABLE 5-8 

CURB K AND TYPE C RAIL 

mph 1 dep( in I 2 7" I 15" 

Vaulting Assessment 
Max  if/^ 

Rail  TO^ I Rail Bottom 
I 

Initial 
Conditions 

No Vaulting, or Roll- 
Over Vaulting 

I I 

V a 



The maximum value  of $ f / ~  i s  0.70,  and t h i s  occurs  f o r  a  

maximum s e t  back of 4 2  i n ,  w i t h  t h e  impact speed and angle  of 

80 mph and l o 0 ,  r e s p e c t i v e l y ,  This va lue  i n d i c a t e s  no v a u l t i n g  

w i l l  occur .  There i s  an i n d i c a t e d  t r e n d ,  however, t h a t  sugges t s  

v a u l t i n g  might occur i f  t h e  s e t  back were on t h e  o r d e r  of  f i v e  

f e e t .  There fore ,  i t  should be emphasized t h a t  a  p r e d i c t i o n  of no 

v a u l t i n g  i s  s o l e l y  based on an assessment of t h e  i n d i c a t e d  des ign  

(Figure  5-15) wi th  the  s p e c i f i e d  s e t  back l imits .  Within t h e s e  

ground r u l e s ,  curb K i n  combination wi th  g u a r d r a i l  types  B and C 

can be expected t o  perform s a t i s f a c t o r i l y .  

5 .5 .5  CURB B AND THE CONCRETE SAFETY PARAPET. A median 

c ros s  s e c t i o n  showing curb B and t h e  concre te  s a f e t y  pa rape t  i s  

i l l u s t r a t e d  on Figure  5-16. As mentioned e a r l i e r ,  curb  B i n  

combination w i th  t h e  conc re t e  s a f e t y  pa rape t  was n o t  eva lua t ed  by 

us ing  Equation (5 .7 ) .  Rather ,  s imula ted  runs were made w i t h  

r e p r e s e n t a t i o n s  of both  t h e  curb and t h e  s a f e t y  p a r a p e t .  (This  

was no t  p o s s i b l e  i n  t h e  case  of curb and g u a r d r a i l  combinat ions . )  

Only two runs were made, however, s i n c e  t h e  i n t e r a c t i o n  of t h e  

v e h i c l e  body wi th  t he  pa rape t  could  n o t  be s imula ted .  

I n  t h e  many t e s t s  t h a t  have been made on t h e  New J e r s e y  and 

General Motors ve r s ions  of t h e  s a f e t y  p a r a p e t ,  i t  has  been found 

t h a t  ex t ens ive  v e h i c l e  damage occurs  a t  impact ang les  l a r g e r  t han  

about l S O ,  or 20' ( see  F igures  4 - 2 4 ) .  The re fo re ,  s imu la t ed  impact 

cond i t i ons  were l i m i t e d  t o  ca se s  where only  t i r e - p a r a p e t  i n t e r a c t i o n s  

could be expected.  I n  t e s t  c a se s  where v e h i c l e  damage i s  exces s ive  

(or  i n  any o the r  t e s t  c a se ,  f o r  t h a t  m a t t e r )  no v a u l t i n g  has  eve r  

been recorded.  I t  can be expec ted ,  t h e n ,  t h a t  v e h i c l e  body/parapet  

i n t e r a c t i o n  does no t  c o n t r i b u t e  t o  v a u l t i n g .  



Pavemen)+ 30' , or Less avement 

1/8" per f 1/8" per ft. 

FIGURE 5-16 TYPICAL MEDIAN CROSS SECTION WITH CURB B AND 
THE CONCRETE SAFETY PARAPET 



F i n a l l y ,  s i n c c  thc  p a r i ~ p c t  has been t e s t e d  c x t c n s i v e l y ,  i t  

was f u r t h e r  decided t o  l i m i t  t h e  s imu la t i on  e x e r c i s e s  t o  c o n d i t i o n s  

where t e s t i n g  had no t  been done. I t  was found,  t h e r e f o r e ,  t h a t  

only two s e t s  of impact cond i t i ons  need by examined-one a t  60 mph 

and 20°,  and a  second a t  80 mph and l o 0 .  Because of program 

p r i o r i t i e s ,  on ly  one pa rape t  s e t  back d i s t a n c e  was cons ide red ,  

however. Th is  may d i c t a t e  a  need f o r  f u r t h e r  eva lua t ions  a t  a  

l a t e r  t ime.  

A p lan  view of t h e  60 mph, 20' case  i s  shown on Figure 5-17. 

The t o t a l  median width (pavement edge t o  pavement edge) i s  -19 f t .  

8 i n .  ( s i x  f e e t  from t h e  back of t h e  curb and g u t t e r  s e c t i o n  t o  

t h e  f r o n t  of t h e  parape t  f a c e ) ,  As i n d i c a t e d ,  t h e  v e h i c l e  i s  

e a s i l y  r e d i r e c t e d .  H i s t o r i e s  of yaw and r o l l  angle  f o r  t h e  run 

a r e  shown on Figure  5-18, whi le  s i m i l a r  d a t a  f o r  a c c e l e r a t i o n  i s  

shown on F igure  5-19. The yaw d a t a  confirms t h a t  t h e  r e d i r e c t i o n  

i s  r e l a t i v e l y  smooth ( v e h i c l e  body c rush ing  f o r c e s  be ing  a b s e n t ,  

however).  Rol l  angle i s  s t i l l  i n c r e a s i n g  a t  t h e  end of t h e  run 

w i th  t h e  r o l l  angle  a t  t h e  f i n a l  time p o i n t  be ing  about 2 5 ' .  The 

r o l l  angula r  r a t e  i s  becoming s m a l l e r ,  however, which i n d i c a t e s  

r o l l  over w i l l  n o t  be a  problem. Acce l e r a t i on  h i s t o r i e s ,  on t h e  

o t h e r  hand, show modest l e v e l s  which a r e  w e l l  w i t h i n  accep tab l e  

t o l e r a n c e  l e v e l s .  

A s i m i l a r  p l an  view f o r  t h e  8 0  mph, 1 0 '  c a se  i s  shown on 

Figure 5 - 2 0 .  Again r e d i r e c t i o n  i s  e v i d e n t .  Yaw and r o l l  d a t a  

on Figure  5 - 2 1  show a  smooth r e d i r e c t i o n  and very modest r o l l  

angles  ( < l o 0 ) ,  Acce le r a t i on  d a t a  on F igu re  5 - 2 2  shows a few 

peaks of  s i g n i f i c a n t  ampl i tude,  b u t  n o t h i n g  of a  l e v e l  which i s  

s u s t a i n e d  long enough t o  cause i n j u r y .  C . G .  h e i g h t  d a t a  on t h e  
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Time A f t e r  Impact ,  s e c .  

FIGURE 5-18 RUN I 11-1 - CURB B jWD THE CONCRETE SAFETY PARAPfT 
60 MPH, 20 DEG.  - YAW AND ROLL ANGLE HISTORIES 



T i m e  A f t e r  I m p a c t ,  sec.  

FIGURE 5-19 RUN 1 1  1-2 - CURB BAAND THE CONCRETE SAFETY PARAPET. 60 MF'H, 20 EG. 
- ACCELERATION AND C, G I  HEIGHT HISTORIES 





Time A f t e r  Impact, sec .  

FIGURE 5-21 RUN I I 1-2 - CURB B AND THE CONCRETE SAFETY PARAPET 
80 MPH, 10 DEG . - YAW AND ROLL ANGLE HIS'TORI ES 



Time A f t e r  Impact, s e c .  

F I G U R E  5-22 RUN I I 1 - 2  - CURB B 4 ND THE CONCRETE SAFETY PERAPET, 80 MPH, 10 DEG , 
- ACCELERATION AND C.G. HEIGHT H I S T O R I E S  



same f i g u r e  i s  n o t  a s  a s s u r i n g ,  however, i n  t h a t  t h e  v e h i c l e  i s  

p a s t  i t s  e l e v a t i o n  peak and f a l l i n g ,  b u t  i s  s t i l l  o v e r  two f e e t  

about  t h e  median deck.  Experience w i t h  t h e  median d i k e  s t u d i e s  

d e s c r i b e d  i n  S e c t i o n  6  i n d i c a t e  t h a t  t h e  g r e a t e s t  passenger  

l oad ings  occu r  when t h e  v e h i c l e  s t r i k e s  t h e  ground a f t e r  an 

a i r b o r n e  p e r i o d .  E l eva t ions  on t h e  o r d e r  of two f e e t  do n o t  

produce o v e r l y  adverse  passenger  l o a d s ,  however, and t h e r e f o r e  

i n d i c a t e  s a t i s f a c t o r y  b a r r i e r  performance.  

5 .6  VALIDATION OF RESULTS 

The r e s u l t s  p r e s e n t e d  i n  t h i s  s e c t i o n  h inge  upon t h e  v a l i d i t y  

of t h e  CALSVA model i n  s i m u l a t i n g  v e h i c l e l c u r b  impac ts .  I n  o r d e r  

t o  check s i m u l a t i o n  v a l i d i t y ,  a  comparison was made between t h e  

s i m u l a t i o n  r e s u l t s  and t h e  dynamic jump d a t a  o b t a i n e d  from t h e  

C a l i f o r n i a  curb impact s t u d i e s  made i n  1963 [30] .  U n f o r t u n a t e l y ,  

t h e  only  v e h i c l e s  used  i n  t h o s e  t e s t s  were sma l l  s p o r t s  c a r s  and 

a  1960 Ford fou r -doo r  sedan.  This  l a t t e r  v e h i c l e  weighed 4,318 l b .  

whereas t h e  1966 Ford Custom used  i n  t h e  s i m u l a t i o n  weighs 3,510 l b .  

The comparison i s ,  t h e r e f o r e ,  n o t  an e x a c t  one,  b u t  one which 

should be r e p r e s e n t a t i v e .  

The t e s t  and s i m u l a t i o n  dynamic jump comparison j s  shown 

on F igure  5-23.  These curves  r e p r e s e n t  t h e  t r a j e c t o r y  of a  p o i n t  

on t h e  v e h i c l e  f e n d e r  c l o s e s t  t o  t h e  curb a s  it c r o s s e s  a  s i x - i n c h  

mountable curb ( s ee  F igure  4 - 5 )  a t  64 mph and 2 5 ' .  The maximum 

d i f f e r e n c e  between t h e  two t r a j e c t o r i e s  i s  about  f o u r  i n c h e s ,  

w i t h  t h e  l i g h t e r  '66 v e h i c l e  jumping h i g h e r  t h a n  t h e  ' h n  model. 

I t  i s  e v i d e n t ,  t h e r e f o r e ,  t h a t  t h e  s i m u l a t i o n  r e s u l t s  a r e  w i t h i n  

a reasonable  t o l e r a n c e  o f  a c t u a l  t e s t  d a t a .  F u r t h e r ,  s i nce  t h e  

s imu la t ed  v e h i c l e  jumps h i g h e r ,  i t  seems p robab le  t h a t  i f  an 
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e r r o r  e x i s t s  i n  p r e d i c t i n g  curb /guardra i l  v a u l t i n g  performance, t h e  e r ;  

l i e s  i n  p r e d i c t i n g  v a u l t i n g  when none occurs  r a t h e r  than  v i c e  v e r s a .  

Thus, a d d i t i o n a l  evidence i s  a v a i l a b l e  which sugges t s  t h e  v a u l t i n g  

performance e v a l u a t i o n s  a r e  conse rva t ive .  

5 . 7  CURB/GUARDRAIL COMBINATION DESIGN CONSIDERATIONS 

The pr imary o b j e c t i v e  i n  c u r b l g u a r d r a i l  des ign  i s  t o  r e d i r e c t  

e r r a n t  v e h i c l e s  a t  l e a s t  as e f f e c t i v e l y  a s  t h e  g u a r d r a i l  by i t s e l f ,  

bu t  wi th  l e s s  v e h i c l e  damage. With proper  curb des ign  and c a r e f u l  

a t t e n t i o n  t o  r a i l  s e t  back d i s t a n c e ,  t h e  t e s t  evidence p re sen ted  

i n  t h i s  s e c t i o n  and i n  Sec t ion  4 . 0  sugges t s  t h a t  a  c u r b l g u a r d r a i l  

combination can a c t  e f f e c t i v e l y  as  a  two-s tage r e d i r e c t  i o n  b a r r i e r .  

I t  would be more e f f i c i e n t  than  e i t h e r  a  curb,  o r  g u a r d r a i l  

i n s t a l l e d  s e p a r a t e l y .  

Design g u i d e l i n e s  f o r  a  cu rb /gua rd ra i l  i nc lude  c o n s i d e r a t i o n s  

of bo th  t he  curb and g u a r d r a i l  s e p a r a t e l y  as  well  as  t h e i r  i n t e r -  

a c t i o n .  A s  b e f o r e ,  t h e s e  a r e  broken down i n t o  c a t e g o r i e s  of 

performance, c l i m a t e ,  c o s t ,  e s t h e t i c s ,  t r a f f i c  c o n t r o l ,  and 

dra inage  c o n t r o l .  

I .  Performance 

1 . - 5  Items 1 - 5  f o r  b a r r i e r  curbs 

6 .  Guardra i l  s e r v i c e  h e i g h t  s h a l l  be compat ible  

w i t h  t he  s e l e c t e d  range of t h e  v e h i c l e  popu la t ion  

which t h e  g u a r d r a i l  i s  designed t o  r e t a i n .  The 

g u a r d r a i l  s h a l l  main ta in  t h i s  h e i g h t  throughout  

i t s  design d e f l e c t i o n  range.  

7 .  Guardra i l  i n s t a l l a t i o n  he igh t  s h a l l  be chosen as 

a func t ion  o f  s e r v i c c  h e i g h t ,  c u r b  height, and 



s e t  back d i s t ance  according t o  t he  fol lowing 

r e l a t i o n s h i p s  : 

a .  For each one f o o t  of s e t  back, g u a r d r a i l  

he igh t  s h a l l  be increased  f i v e  inches t o  

a  maximum he igh t  of fou r  f e e t  above t h e  

pavement s u r f  ace .  

b .  For each one inch of curb he igh t  over s i x  

inches ,  add one inch of g u a r d r a i l  he igh t  

f o r  each one f o o t  of s e t  back t o  t h e  number 

determined i n  a , ,  except  t h a t  t h e  maximum 

s e t  back considered s h a l l  be s i x  f e e t .  

c .  For g u a r d r a i l s  s e t  back beyond s i x  f e e t ,  

g u a r d r a i l  he igh t  may be reduced one inch 

f o r  each one f o o t  of s e t  back,  t o  a 

minimum he igh t  of t h e  s t anda rd  s e r v i c e  

he igh t  above t h e  shou lde r  s u r f  ace .  

8 .  Guardrai l  l o n g i t u d i n a l  i n t e g r i t y  ( i .  e  . , 
r e s i s t a n c e  t o  l a t e r a l  break- through)  s h a l l  be 

compatible wi th  t he  range of impact cond i t i ons  

( i . e . ,  weight ,  speed,  and ang le )  which e x i s t s  i n  t h e  

o p e r a t i o n a l  environment. 

9 .  Guardra i l  r e s i s t a n c e  t o  d e f l e c t i o n  s h a l l  be 

compatible wi th  t h e  phys i ca l  limits d i c t a t e d  by 

t h e , s i t e  and by the  r e s u l t i n g  loads  impar ted t o  

t h e  v e h i c l e  a s  manifes ted i n  (a )  occupant 

i n j u r y ,  ( b )  v e h i c l e  damage, (c)  v e h i c l e  r e d i r e c t i o n  

i n t o  t he  t r a f f i c  s t ream,  and (d) d r i v e r  o r i e n t a t i o n .  



10 .  The g u a r d r a i l  s u r f a c e  s h a l l  be smooth and blocked 

o u t  s o  as  t o  p r even t  wheel snagging.  A lower 

rub r a i l  may, o r  may n o t ,  be r equ i r ed  depending 

on t h e  r a i l  o f f - s e t  d i s t a n c e .  

11. Climate 

1. The b a r r i e r  curb f a c e  des ign  s h a l l  be chosen such 

t h a t  i t  does no t  a c t  as  a snow, i c e ,  o r  d i r t  

accumulat ion r e p o s i t o r y .  

2 .  The g u a r d r a i l  s h a l l  no t  a c t  a s  a  snow accumulat ion 

f e n c e ,  no r  s h a l l  i t  be e a s i l y  damaged i n  snow 

removal o p e r a t i o n s .  

3 .  The g u a r d r a i l  f u n c t i o n a l  des ign  s h a l l  be such a s  

t o  minimize v a r i a t i o n s  i n  performance r e s u l t i n g  from 

s e a s o n a l  and geographic  v a r i a t i o n s  i n  founda t ion  

p r o p e r t i e s .  

4 .  Curb and g u a r d r a i l  m a t e r i a l s  s h a l l  be chosen such 

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

o t h e r  age and d e t e r i o r a t i o n  f a c t o r s  a r e  minimized.  

111. Cost 

1. I n s t a l l a t i o n  and m a t e r i a l s  c o s t s  f o r  b o t h  t h e  curb 

and g u a r d r a i l  s h a l l  be kep t  t o  a  r e a s o n a b l e  minimum. 

2 .  The g u a r d r a i l  s h a l l  be capab le  of  q u i c k ,  s a f e ,  and 

easy r e p a i r s .  

3 .  Maintenance c o s t s  s h a l l  be kep t  t o  a  minimum. 

4. Vehicle  damage c o s t s  s h a l l  be kep t  t o  a  compat ible  

minimum i n  encounte rs  w i th  t h e  g u a r d r a i l ,  and 

s h a l l  be l i m i t e d  t o  minor body s c r a p e s  where t h e  
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b a r r i e r  curb a c t s  as  a  r e d i r e c t o r ,  

IV. E s t h e t i c  

1. The c u r b / g u a r d r a i l  system s h a l l  pe rmi t  adequate  

l a t e r a l  v i s i b i l i t y .  

2 .  The c u r b / g u a r d r a i l  s h a l l  have a  p l e a s i n g  appearance .  

V. T r a f f i c  Control  

1. The curb /gua . rd ra i l  s h a l l  pe rmi t  adequate  s i t e  

d i s t a n c e  v i s i b i l i t y .  

2 .  The b a r r i e r  curb s h a l l  d e l i n e a t e  t h e  road  edge. 

3 .  The c u r b l g u a r d r a i l  system s h a l l  not  be s o  imposing 

a s  t o  cause t h e  t r a f f i c  t o  v e e r  from t h e  road edge 

and reduce t h e  e f f e c t i v e  r i g h t  of way. 

V I .  Drainage Cont ro l  

1. The b a r r i e r  curb s h a l l  a c t  a s  one bank of a  channel  

f o r  s u r f a c e  wa t e r  r u n - o f f .  

5 . 8  CONCLUSIONS AND RECOMMENDATIONS 

Curb /gua rd ra i l  combinations of v a r i o u s  v a r i e t i e s  have been 

t e s t e d  by severa.1 o r g a n i z a t i o n s .  Dynamic jump d a t a  has  shown t h e  

tendency f o r  v e h i c l e s  t o  bound i n t o  t h e  a i r  f o l l owing  a  curb 

impact .  The p o s s i b i l i t y  t h e r e f o r e  e x i s t s  f o r  a  v e h i c l e  t o  r e c e i v e  

a jump impulse from t h e  curb and v a u l t  ove r  t h e  a d j a c e n t  g u a r d r a i l .  

No conc lus ive  evidence  of a  v a u l t i n g  problem has  been i d e n t i f i e d  

a s  t h e  r e s u l t  of any known t e s t  program, however. F u r t h e r ,  t h e  

conse rva t i ve  a n a l y s i s  o f  v a u l t i n g  p o t e n t i a l  c a r r i e d  o u t  f o r  each  

o f  t h e  hIDSH c u r b l g u a r d r a i l  combinations produced no p r e d i c t i o n s  



of v a u l t i n g .  The re fo re ,  a l t hough  i n t u i t i o n  would sugges t  t h a t  

v a u l t i n g  i s  a  p o t e n t i a l  problem, t h i s  has no t  proven t o  be t h e  

c a s e .  Care shou ld  be t aken ,  however, t o  -.. i n s u r e  t h a t  - - t h e  h e i g h t  

and s e t  back of g u a r d r a i l s  i n s t a l l e d  behind -- curbs  s a t i s f y  --.. . - -. pr ,escr ibed - 
. 

minimums. These a r e  d e l i n e a t e d  as  a p a r t  of d e s i g n  g u i d e l i n e s  and 

a r e  recommended f o r  o p e r a t i o n a l  u s e .  

Current  p r a c t i c e  i s  o r i e n t e d  toward no t  u s i n g  cu rbs  f r o n t  

of  g u a r d r a i l s  I l l ] .  I t  would seem worthwhile t o  examine t h i s  

p o l i c y ,  however, i n  l i g h t  of  t h e  c u r r e n t  f i n d i n g s .  The E l s h o l z  curb  

d i s c u s s e d  i n  S e c t i o n  4 . 0  appears  t o  be an e f f i c i e n t  r e d i r e c t i v e  

d e v i c e .  Seventy  p e r c e n t  of t h e  v e h i c l e s  s t r i k i n g  t h e  curb  i n  

urban t r a f f i c  c o n d i t i o n s  can be expec ted  t o  be r e d i r e c t e d .  Vehic le  

damage i n  t h e s e  encounte rs  can be expected t o  be m o d e s t - - f a r  l e s s  

t h a n  can be expec ted  i f  t h e  v e h i c l e  were t o  s t r i k e  a  g u a r d r a i l .  

For t hose  v e h i c l e s  c l imbing  t h e  cu rb ,  a  secondary r e t a i n e r  i s  

obvious ly  r e q u i r e d ,  however. Thus, t h e  u t i l i t y  of  t h e  cu rb /  

g u a r d r a i l  combinat ion i s  e v i d e n t .  I t  i s  recommended t h e r e f o r e  t h a t  

f u r t h e r  r e s e a r c h  be i n i t i a t e d  t o  c l e a r l y  d e f i n e  t h e  performace 

of t h e  E l sho lz  c.urb and t o  op t imize  t h e  t o t a l  r e d . i r e c t i v e  performance 

of t h i s  curb i n  combination w i t h  s t a n d a r d  g u a r d r a i l  c o n f i g u r a t i o n s .  



6 .  MEDIAN DIKE INVESTIGATIONS 

The median d ike  i n v e s t i g a t i o n s  desc r ibed  he re  cover t h e  

s imu la t i on  a c t i v i t i e s  c a r r i e d  on a t  HSRI dur ing 1970. The 

work i s  a  p r e l i m i n a r y  eva lua t ion  of the  s t anda rd  d ike  c ros s  

s e c t i o n  which i s  c u r r e n t l y  i n s t a l l e d  i n  t h e  median of many of 

Michigan's  i n t e r s t a t e  freeways [31] .  The e v a l u a t i o n  c o n s i s t s  

of a s e n s i t i v i t y  a n a l y s i s  t o  determine t he  e f f e c t  of s i x  parameters  

on v e h i c l e  impact  dynamics. The s e n s i t i v i t y  a n a l y s i s  was performed 

as a  fo r e runne r  t o  a  t e s t  program. Design g u i d e l i n e s  P re l imina ry  

a t  t h i s  s t a g e  pending the  r e s u l t  of f u r t h e r  r e s e a r c h )  a r e  

p r e sen t ed  as  an a i d  i n  developing a  more e f f e c t i v e  d ike  c ros s  

s e c t i o n .  

HISTORICAL REVIEW 

Impact e v a l u a t i o n  of ear th-works  has  g e n e r a l l y  been involved  

wi th  s l o p e s  [ I ,  321 and berms [33, 3 4 1 ,  These a r e  s t r u c t u r e s  

which have been and a r e  being cons idered  a s  t r a f f i c  c o n t r o l  

dev i ce s .  Such devices  a r e  i n  l i m i t e d  use  i n  p l a c e  of g u a r d r a i l s  

i n  the  s t a t e s  of Oregon, Ohio, Kentucky, West V i r g i n i a ,  Maryland 

and I l l i n o i s .  The i r  f unc t ion  has been bo th  i n  d e c e l e r a t i n g  and 

d e f l e c t i n g  v e h i c l e s  which run o f f  the  road .  

Dikes a r e  somewhat d i f f e r e n t  from s l o p e s  and berms i n  t h a t  

t h e i r  primary f u n c t i o n  i s  dra inage  c o n t r o l  r a t h e r  than  v e h i c l e  

c o n t r o l .  As f a r  a s  can be determined,  no t e s t s  of  s p e c i f i c  

s t r u c t u r e s  of t h i s  type have eve r  been made. Re la ted  t e s t s  on 

var ious  d i t c h  c r o s s - s e c t i o n s  have been c a r r i e d  ou t  a t  t he  General  



Motors Proving Ground [ I ] ,  b u t  t he se  a r e  only  a p p l i c a b l e  i n  

a  g e n e r a l  s e n s e .  

S imu la t i ons  of v e h i c l e / d i k e  impacts have r e c e n t l y  been r e p o r t e d  

by t h e  Texas T r a n s p o r t a t i o n  I n s t i t u t e  [ 3 5 ] .  These were e x e r c i s e s  

which were conducted subsequent  t o  t h e  HSRI program and which 

produced v e r y  s i m i l a r  r e s u l t s .  For a  s i n g l e  impact  speed  of 

60 mph, and f o r  s e v e r a l  impact ang les  and p o s i t i o n s  on a  s l o p e d  

c o n c r e t e  c u l v e r t  g r a t e ,  i t  was concluded t h a t  a  maximum s a f e  

s l o p e  was 1 : l O .  This  s l o p e  was j u s t  a t  t h e  l i m i t  of t o l e r a n c e  

f o r  an u n r e s t r a i n e d  passenger  a s  determined by a " S e v e r i t y  Indext t  

d e f i n e d  by t h e  a u t h o r s .  A s  w i l l  be p o i n t e d  o u t  i n  t h e  f o l l o w i n g ,  

however, 60 mph i s  more of  a  median v a l u e  f o r  impact  speed  r a t h e r  

t han  an upper va lue  which should  be used f o r  d e s i g n  purposes  

( s ee  Appendix E) . T h e r e f o r e ,  i t  w i l l  be  concluded h e r e  t h a t  

d i k e  s l o p e s  shou ld  be even f l a t t e r  t h a n  1 : l O .  

6 .2 DIKE EVALUATION EXERCISES 

The d i k e  e v a l u a t i o n  e x e r c i s e s  c o n s i s t e d  of per forming  a  

s i m u l a t i o n  s e n s i t i v i t y  a n a l y s i s .  The purpose  of  t h e  a n a l y s i s  

was t o  determine v e h i c l e  dynamic response  t o  s e v e r a l  s e l e c t e d  

v e h i c l e / d i k e  pa rame te r s .  U l t i m a t e l y ,  t h e  o b j e c t i v e  of t h e  

work i s  t o  (1) e v a l u a t e  t he  e x i s t i n g  d i k e  c r o s s  s e c t i o n  s t a n d a r d  

[31] ,  and ( 2 )  s u g g e s t  a  new s t a n d a r d  i f  t h e  e x i s t i n g  one i s  found 

t o  be unsa fe .  The s h o r t  term goa l s  of  t h e  s e n s i t i v i t y  a n a l y s i s  

were t o  (1) determine t h e  paramete r  s e n s i t i v i t i e s ,  ( 2 )  e s t a b l i s h  

a  base  f o r  t he  e v e n t u a l  c o r r e l a t i o n  of  t e s t  and s i m u l a t i o n  

r e s u l t s ,  and ( 3 )  d e f i n e  f u t u r e  t e s t  and s i m u l a t i o n  a c t i v i t i e s .  



The s e n s i t i v i t y  a n a l y s i s  cons i s t ed  of a  s e r i e s  of s imu la t i on  

runs c a r r i e d  out  wi th  the  FHWA-CAL S ing le  Vehic1,e Accident 

(CALSVA) s imu la t i on  program (see  Appendix A) . The s e n s i t i v i t y  

a n a l y s i s  runs were in tended t o  i d e n t i f y  those  v e h i c l e  and d ike  

parameters which have t he  g r e a t e s t  i n f luence  on v e h i c l e  k inemat ic  

v a r i a b l e s  which a r e  r e l a t e d  t o  occupant i n j u r y .  

I n  g e n e r a l ,  t h e  procedure f o r  a  s e n s i t i v i t y  a n a l y s i s  c o n s i s t s  

of making v a r i a t i o n s  on a  s i n g l e  s t anda rd  case .  The s e n s i t i v i t y  

of t h e  system t o  a  p a r t i c u l a r  parameter i s  then  determined by 

varying only t h a t  parameter  from the  s t anda rd .  This  r e s u l t s  

i n  a  s e r i e s  of s t r a i g h t  l i n e  (two po in t )  e s t i m a t e s  of  the  t r u e  

v a r i a t i o n  f o r  each parameter .  Such an a n a l y s i s  can be c a r r i e d  

ou t  wi th  a  minimum number of s imula t ion  runs and can be used 

f o r  p lanning a  t e s t  program and more i n -dep th  s i m u l a t i o n  

a c t i v i t i e s .  

The parameters  and t h e i r  r e s p e c t i v e  va lues  which were used 

i n  the  s e n s i t i v i t y  a n a l y s i s  a r e  l i s t e d  as fo l lows  : 

1. Approach v e l o c i t y :  40 mph*, 80 mph 

2 .  Approach ang le :  0°*,  25'  

3. Vehicle type :  ' 63  Ford Galaxie fou r -doo r  e i g h t * ,  

' 6 3  Falcon two-door s i x  

4 .  Dike approach s l o p e :  1 :6* ,  1:10 

5.  Impact p o s i t i o n  along d i k e :  c e n t e r * ,  one wheel on 

f l a t  - one wheel on d i k e  

"Standard case va lue .  



6 .  Approach p r o f i l e :  f l a t  t o  dike*,  f u l l  median p r o f i l e  

7 .  S o i l  type:  hard-frozen*,  so f t -mois t  

Approach v e l o c i t y  and angle values were chosen as t h e  maximum 

and minimum values  from the re spec t ive  opera t iona l  d i s t r i b u t i o n s  

of these  parameters as ind ica ted  i n  Appendix E .  The veh ic le  

types r e p r e s e n t  s tandard  t e s t  veh ic les  f o r  weight ca tegor ies  of 

3 ,500  pounds and 2 , 5 0 0  pounds. A dike  approach s lope  of 1:6 

r ep resen t s  the  p resen t  s t andard ,  while 1:10 i s  i n  l i n e  with recommend; 

t i o n s  t h a t  have been made i n  the  p a s t  by personnel  a t  t h e  General 

Motors Proving Ground [ 3 7 ] .  Impact p o s i t i o n s  along the  d ike  were 

chosen t o  cover both the  c e n t e r  and the  one-wheel-on-one-end 

encounters .  The f l a t  dike approach was chosen so  as  t o  compare 

i t  with r e s u l t s  from a  f u l l  median approach p r o f i l e .  I t  was 

hoped t h a t  d i f f e r e n c e s  would be small  enough s o  t h a t  the  s impler  

f l a t  approach could be used t o  reduce the  complexity of the  

extended s imula t ion  exe rc i ses .  The hard- f rozen  s o i l  was chosen 

as r ep resen t ing  the  worst  case i n  terms of v e h i c l e  loading 

whereas the  s o l f - m o i s t  s o i l  i s  t y p i c a l  of condi t ions  i n  t h e  

sp r ing  and i n  low-lying a r e a s .  

The s imula t ion  exe rc i se  program f o r  the  s p e c i f i c  cases  

which were examined a re  shown on Table 6 - 1 .  Parameters and 

v a r i a b l e s  which were he ld  cons tant  f o r  t h e s e  runs a r e :  

1. A dike h e i g h t  equal  t o  1 8  inches .  

2 .  A h o r i z o n t a l  median f l o o r  p a r a l l e l  t o  the  roadway. 

*Standard case va lue .  





3. A f i x e d  s t e e r i n g  wheel p o s i t i o n .  

4 .  An unpowered vehic le  

5 .  Up t o  7 5  parameters def in ing  the v e h i c l e ' s  dynamic 

p r o p e r t i e s .  

A s e t  of drawings def in ing  the  f u l l  median p r o f i l e  a r e  shown on 

Figure 6 - 1  [31, 381. 

C r i t e r i a  f o r  eva lua t ing  the dike cross  s e c t i o n  were based 

on occupant s a f e t y ,  s ince  as  ind ica ted  e a r l i e r ,  the  primary 

c r i t e r i a  f o r  drainage con t ro l  e f f i c i e n c y  t r a n s l a t e s  t o  a  minimum 

dike  he igh t  dimension. This was accomplished by c o r r e l a t i n g  

occupant s a f e t y  with the time h i s t o r i e s  of i n j u r y - r e l a t e d  kinematic 

va r i ab les  as the vehic le  con t rac t s  the dike.  The s p e c i f i c  

c r i t e r i a  used a r e  discussed i n  Appendix E .  

Vehicle cen te r  of g rav i ty  (C.G.) he igh t  was a l s o  used as  

an evalua t ion  c r i t e r i o n  inasmuch as t h i s  i s  an i n d i c a t o r  of the  

veh ic le  path.  

6 .3  RESULTS 

The r e s u l t s  of the study a re  presented  i n  two ways. Kinematic 

d a t a  f o r  s e v e r a l  s e l e c t e d  runs a re  shown i n  Figures  6-2 through 

6-6.  Comparative d a t a  f o r  a l l  cases i s  given i n  Tables 6-2 

through 6-7.  

6 .3.1 KINEMATIC DATA. Kinematic d a t a  f o r  f i v e  of t h e  n ine  

cases i s  shown on Figures 6 - 2  through 6-6. These were cases  

1, 3 ,  6 ,  8 and 9 .  These cases were considered t o  be t h e  most 
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FIGURE 6-1, BASIC NEDIAFI PROFILE WITH 1:6 DIKE 



i n t e r e s t i n g  and informative and i n  the  i n t e r e s t  of b r e v i t y  were 

s e l e c t e d  as  r e p r e s e n t a t i v e  of the e n t i r e  group. 

6 .3 .1 .1  Case 1. Kinematic da ta  f o r  case 1, t h e  b a s e l i n e ,  

i s  shown on Figure 6-2. The condit ions f o r  the run a r e  l i s t e d  

i n  Table 6 - 1  and a r e  shown on the f i g u r e .  The v a r i a b l e  h i s t o r i e s  

shown a re  f o r  v e r t i c a l  a c c e l e r a t i o n ,  v e r t i c a l  v e l o c i t y ,  and 

C . G .  he igh t .  C . G .  he igh t  i s  measured with r e spec t  t o  the  e a r t h ,  

with zero corresponding t o  the  a t  r e s t  C . G .  p o s i t i o n .  The acce le ra -  

t i o n  and v e l o c i t y  v a r i a b l e s  a re  measured with r e s p e c t  t o  a  body 

f ixed  coordina te  system. Therefore,  the  term " v e r t i c a l "  i s  n o t  

s t r i c t l y  c o r r e c t  b u t  r e f e r s  t o  a  nominally v e r t i c a l  d i r e c t i o n .  

The arrows a t t ached  t o  the  veh ic le  C . G .  h e i g h t  time po in t s  

r ep resen t  the  veh ic le  p i t c h  a t t i t u d e .  For convenience,  t h e  dike 

p r o f i l e  was a l s o  shown on t h i s  t r a c e .  I t  i s  a c t u a l l y  about 

2 2  inches below the  ind ica ted  he ight  s i n c e  the  a t  r e s t  C . G .  

p o s i t i o n  i s  taken as  zero.  Also,  the  d ike  p r o f i l e  i s  d i s t o r t e d  

s ince  the  v e r t i c a l  s c a l e  i s  i n  inches while  the  h o r i z o n t a l  s c a l e  

i s  i n  f e e t .  

In  examining the  d a t a ,  i t  can be noted t h a t  t h e  veh ic le  

f l i e s  i n t o  the  a i r  a  maximum he igh t  of about f i v e  f e e t  fol lowing 

i n i t i a l  contac t  with the dike.  The v e h i c l e  p i t c h  angle reaches 

an upper value of about 16' during t h i s  t ime. 

The peak a c c e l e r a t i o n  of about 1 7  g ' s  occurs a t  the landing 

poin t  following the  i n i t i a l  a i rborne  phase.  This  a c c e l e r a t i o n  

i s  the peak of a  f a i r l y  narrow s p i k e ,  however. Average a c c e l e r a t i o n  

during the  1 0 0  msec, i n t e r v a l  between t h e  time marks wi th in  





120 msec i n t e r v a l .  This change occurs a t  the i n i t i a l  landing 

when the  veh ic le  s t r i k e s  the  ground and rebounds i n t o  the  a i r .  

The v e o l c i t y  i s  not  e n t i r e l y  v e r t i c a l  during t h i s  t ime,  s i n c e  

i t  i s  measured with r e spec t  t o  a  coordinate  system f i x e d  i n  the 

c a r .  Large p i t c h  angles of the  vehic le  tend t o  complicate the  

s i t u a t i o n ,  with the r e s u l t  t h a t  some of the  v e l o c i t y  change i s  

a  component of forward v e l o c i t y .  The v e h i c l e  a t t ached  coordinate  

system is  r e a l i s t i c  r e l a t i v e  t o  passenger a t t i t u d e ,  however. 

Therefore,  the  passenger f e e l s  these  v e l o c i t y  changes through 

a  r e o r i e n t a t i o n  of h i s  motion with r e spec t  t o  the  v e h i c l e  i n t e r i o r .  

Needless t o  s a y ,  t h i s  magnitude of v e l o c i t y  change would very 

probably cause i n j u r y .  

6.3.1.3 Case 6 .  Case 6  kinematic d a t a  i s  shown on Figure 

6 -4 .  Case 6  d i f f e r s  from case 1 i n  t h a t  the  d ike  slope i s  

1:10,  r a t h e r  than 1:6.  

In  t h i s  case ,  the  veh ic le  t r a v e l s  less than t h r e e  f e e t  

i n t o  the  a i r  fol lowing i n i t i a l  dike con tac t .  The maximum p i t c h  

angle i s  aboutlO0 downward a t  the  f i r s t  landing p o i n t .  

Maximum a c c e l e r a t i o n  occurs a t  t h e  i n i t i a l  landing  p o i n t ,  

and t h i s  i s  about 9 g ' s .  Average a c c e l e r a t i o n  i s  about 6  g ' s  

f o r  an i n t e r v a l  of 70 msec surrounding t h e  maximum peak. This 

should have l i t t l e  e f f e c t  on veh ic le  occupants.  

Maximum AV i s  about 1 0  f t / s e c  and t h i s  occurs a t  the  i n i t i a l  

landing. This a l s o  i s  not  considered hazardous. 

6 .3 .1 .4  Case 8 .  Case 8 d i f f e r s  from the  b a s e l i n e  i n  t h a t  
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'. Angle: 0° 

Velocity: 80 mph. 
Dike Slope: 1:6 
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Vehicle: 1963 Ford Galaxie 
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120 msec i n t e r v a l .  This change occurs a t  the i n i t i a l  landing 

when the  v e h i c l e  s t r i k e s  the ground and rebounds i n t o  the  a i r .  

The v e o l c i t y  i s  not e n t i r e l y  v e r t i c a l  during t h i s  t ime,  s i n c e  

i t  i s  measured with r e spec t  t o  a  coordinate  system f i x e d  i n  the 

c a r .  Large p i t c h  angles of the veh ic le  tend t o  complicate the  

s i t u a t i o n ,  wi th  the r e s u l t  t h a t  some of the  v e l o c i t y  change i s  

a  component of forward v e l o c i t y .  The veh ic le  a t t ached  coordina te  

system i s  r e a l i s  t i c  r e l a t i v e  t o  passenger a t t i t u d e ,  however. 

Therefore,  the  passenger f e e l s  these  v e l o c i t y  changes through 

a  r e o r i e n t a t i o n  of h i s  motion with r e spec t  t o  the  v e h i c l e  i n t e r i o r .  

Needless t o  s a y ,  t h i s  magnitude of v e l o c i t y  change would very 

probably cause i n j u r y .  

6 .3.1.3 Case 6.  Case 6  kinematic  da ta  i s  shown on Figure 

6 - 4 .  Case 6  d i f f e r s  from case 1 i n  t h a t  the  d ike  slope i s  

1 :10 ,  r a t h e r  than 1 : 6 .  

In t h i s  case ,  the veh ic le  t r a v e l s  l e s s  than t h r e e  f e e t  

i n t o  the  a i r  following i n i t i a l  dike contac t .  The maximum p i t c h  

angle is  aboutlO0 downward a t  t h e  f i r s t  landing p o i n t .  

Maximum a c c e l e r a t i o n  occurs a t  t h e  i n i t i a l  landing  p o i n t ,  

and t h i s  i s  about 9 g ' s .  Average a c c e l e r a t i o n  is  about 6 g ' s  

f o r  an i n t e r v a l  of 70 msec surrounding the  maximum peak. This 

should have l i t t l e  e f f e c t  on veh ic le  occupants.  

Maximum AV i s  about 1 0  f t / s e c  and t h i s  occurs  a t  t h e  i n i t i a l  

landing. This a l s o  i s  not  considered hazardous. 

6.3.1.4 Case 8 .  Case 8 d i f f e r s  from t h e  b a s e l i n e  i n  t h a t  
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the  s o i l  was made s u b s t a n t i a l l y  s o f t e r .  Under q u a s i - s t a t i c  

cond i t ions ,  t h e  vehic le  s inks  i n  about e i g h t  inches.  Kinematic 

d a t a  f o r  case  8 i s  shown on Figure 6 - 5 .  

Following i n i t i a l  con tac t  with the d i k e ,  t h e  v e h i c l e  r i s e s  

about t h r e e  f e e t  i n t o  the  a i r .  The vehic le  never leaves  the  

s u r f a c e  a f t e r  t h i s ,  however. Maximum p i t c h  a t t i t u d e  i s  about 

14'  upward. 

Maximum dece le ra t ion  again occurs a t  t h e  i n i t i a l  landing ,  

but  t h i s  i s  under 5 g ' s .  The average d e c e l e r a t i o n  during t h e  

50 msec i n t e r v a l  surrounding the  peak i s  about 3  g t s .  These 

a r e  modest values r e l a t i v e  t o  passenger i n j u r y .  

Maximum AV i s  13 f t / s e c  over an i n t e r v a l  of 360 msec. This  

a l s o  i s  q u i t e  modest and should produce no passenger  i n j u r y .  

6 .3 .1 .5  Case 9 .  Case 9 d i f f e r s  from case 1 i n  t h a t  t h e  

veh ic le  approaches the dike a t  an angle  of 25' over a  f u l l  

median p r o f i l e  ( i . e . ,  s t a r t i n g  from the  roads ide ,  on over t h e  

median bank, and onto the d ike ) .  I n  a d d i t i o n ,  t h e  v e h i c l e  i s  

t r a v e l i n g  a t  80 mph. The r e s u l t s  a re  shown on Figure 6-6. 

A s  i nd ica ted ,  the  veh ic le  i s  i n i t i a l l y  on t h e  shoulder  of  

the  road, four  f e e t  about the  c e n t r a l  median s u r f a c e .  Since 

the veh ic le  is approaching the  d ike  from an a n g l e ,  t h e  r i g h t  f r o n t  

wheel h i t s  f i r s t .  This induces a  r o l l i n g  motion. As t he  v e h i c l e  

mounts the  dike and f l i e s  i n t o  t h e  a i r ,  t h e  r o l l i n g  motion 

causes the veh ic le  t o  completely t u r n  over .  A l o g i c  dec i s ion  i n  

the  s imula t ion  then terminates  the  run ,  A t  t h i s  t ime,  the  
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v e h i c l e  i s  about f i v e  f e e t  above t h e  median s u r f a c e  and s t i l l  

r i s i n g .  The maximum p i t c h  angle  i s  about 19" .  

Since  t h e  s imu la t i on  was stopped whi le  the  v e h i c l e  was 

a i r b o r n e ,  maximum c a l c u l a t e d  a c c e l e r a t i o n s  occur a t  t h e  t a k e - o f f  

p o i n t .  The peak i s  about 13 g l s  whi le  t h e  average dur ing  t h e  

40 msec i n t e r v a l  surrounding t h e  peak i s  about 9  g ' s .  These 

loads  would probably no t  i n j u r e  a  v e h i c l e  occupant ,  b u t  subsequent  

loads  dur ing  land ing  undoubtedly would. 

Maximum changes i n  v e l o c i t y  were c a l c u l a t e d  t o  be 59 f t / s e c  

v e r t i c a l l y  over 330 msec, and 34 f t / s e c  l a t e r a l l y  over  230 msec. 

Both of t h e s e  a r e  i n  the  range of p o s s i b l e  passenger  i n j u r y  i n  

a  secondary c o l l i s i o n  wi th  t he  v e h i c l e  i n t e r i o r .  

6 .3 .2  COMPARATIVE DATA, The s e n s i t i v i t y  of t h e  v e h i c l e / d i k e  

system t o  a  p a r t i c u l a r  parameter  was e s t ima ted  by comparing t h e  

v a r i a t i o n  of s e l e c t e d  eva lua t ion  measures a s  t h e  parameter  was 

v a r i e d .  The measures were maximum v e r t i c a l  a c c e l e r a t i o n ,  maximum 

v e r t i c a l  v e l o c i t y  change and maxinum C . G .  h e i g h t .  The f i r s t  

two were compared wi th  the  t h r e s h o l d  l e v e l s  g iven i n  Table E - 4  

a s  a  means of e s t i m a t i n g  occupant i n j u r y .  

6 . 3 . 2 . 1  Angle E f f e c t .  The e f f e c t  of vary ing  t h e  approach 

angle  t o  t he  d ike  i s  given i n  Table 6 - 2 .  Cases 1 and 2 a r e  compared, 

wi th  approach angles  of 0" and 25", r e s p e c t i v e l y .  I n t e r e s t i n g l y ,  

case  1 shows l a r g e r  a c c e l e r a t i o n  and g r e a t e r  C . G .  movement whereas 

case  2 shows g r e a t e r  v e l o c i t y  change, The e f f e c t s  a r e  due t o  t h e  

r o l l  motion i nhe ren t  i n  ca se  2 ,  and tend  t o  s u g g e s t  t h a t  impact 



angle has a s i z e a b l e  e f f e c t  on veh ic le  kinematics.  Resul ts  i n  

both cases  a r e  i n  the range of poss ib le  passenger i n j u r y .  

TABLE 6-2 

APPROACH ANGLE EFFECT ON VEHICLE DYNAMICS 

6 .3 .2-2  Approach Veloci ty  E f f e c t .  The e f f e c t  of approach 

v e l o c i t y  on t h e  vehic le /d ike  system i s  shown on Table 6-3. Two 

s e t s  of runs a r e  compared with v e l o c i t i e s  of 40 mph and 80 mph. 

One s e t  i s  f o r  a O 0  impact angle (cases  1 and 3) , while  the  o t h e r  

is  f o r  a 25' angle  with a f u l l  median approach p r o f i l e  (cases  6 

and 8) .  

Examining the  O 0  approach angle f i r s t ,  one can observe t h a t  

I 
Case 

1 

2 

t h e r e  a re  marked inc reases  i n  a l l  t h r e e  measurements when t h e  

speed i s  increased  from 40 mph t o  80 mph. Passenger i n j u r y  i s  

v i r t u a l l y  c e r t a i n  f o r  the  80 mph case*  

a 

0° 

25' 

V 

40 mph 

40 mph 

One could g e t  a d i f f e r e n t  impression from t h e  25' approach 

angle d a t a ,  however, s i n c e  the  inc reases  h e r e  a r e  n o t  nea r ly  

as  g r e a t .  Except f o r  the C . G .  h e i g h t ,  t h i s  can be explained by 

the  f a c t  t h a t  the  case 8 (V=80 mph, a=2S0) run was terminated 

j u s t  a f t e r  impact with the  dike,when t h e  v e h i c l e  had r o l l e d  

over on i t s  s i d e .  'Therefore,  the  a c c e l e r a t i o n  and AVZ values a r e  

a 
'max 

16.9 g ' s  

9.9 g ' s  

AV 
'max 

2 1 . 2  f t / s e c  

34.8 f t / s e c  

'max 

60.9 i n  

50-5 i n  



not  s t r i c t l y  comparable. Each of these  would undoubtedly have 

been h ighe r  had the  run cont inued.  C . G .  h e igh t  i s  f a i r l y  represen-  

t a t i v e ,  however, s i n c e  t h e  v e h i c l e  appeared t o  be nea r  maximum 

he igh t  a t  t h e  t e rmina t ion  p o i n t .  

Approach v e l o c i t y  has a  l a r g e  e f f e c t  on a l l  measures,  t hen ,  

except  perhaps f o r  C . G .  h e i g h t  a t  high approach ang le s .  I n  t he  

l a t t e r  c a se ,  much of t h e  energy which would normally cause  t h e  

c a r  t o  f l y  i n t o  t h e  a i r  i s  conver ted t o  r o l l  motion. 

TABLE 6-3  

APPROACH VELOCITY EFFECT ON VEHICLE DYNAMICS 

6 .3 .2 .3  L a t e r a l  P o s i t i o n  E f f e c t .  The e f f e c t  of impact p o s i t i o n  

along the  d ike  i s  shown i n  Table 6 - 4 .  Cases 1 and 4 a r e  compared. 

For case  1, the  v e h i c l e  was d i r e c t e d  toward t h e  c e n t e r  of t h e  d i k e ,  

whi le  i n  case  4 the  v e h i c l e  was p o s i t i o n e d  a long t h e  median s i d e  

case I V 

s l o p e  such t h a t  one wheel went over  t h e  d i k e  whi le  t h e  o t h e r  j u s t  

missed. The he igh t  of the  d ike  under t h e  t r a v e r s i n g  wheel was 

a 

0 

0' 

25' 

25'  

1 

3  

6 

8  

about 

40 mph 

80 mph 

40mph 

80mph 

t en  inches .  

Approach 
P r o f i l e  

F l a t  

F l a t  

F u l l  
Median 

F u l l  
Median 

AV 
'max 

2 1 . 2  f t / s e c  

72.6 f t / s e c  

17.8 f t / s e c  

59.3 f t / s e c  

a  
'max 

16.9 g ' s  

30.3 g ' s  

8.2 g ' s  

1 2 . 7  g ' s  

'max 

60.9 i n  

1 6 8 . 1  i n  

50.4 i n  

59.1 i n  



From Table 6 - 4 ,  i t  i s  q u i t e  c l e a r  t h a t  t h e r e  is a  dramatic 

decrease i n  v e h i c l e  loading f o r  the o f f - c e n t e r  impact. Kinematic 

values a r e  n e g l i g i b l e  by comparison. This i n d i c a t e s  t h a t  

p o s i t i o n  along the  dike has a  considerable  e f f e c t  on veh ic le  

kinematics.  

TABLE 6 - 4  

LATERAL IMPACT POSITION EFFECT 
ON VEHICLE DYNAMICS 

6.3.2.4 Dike Approach Slope. The system s e n s i t i v i t y  t o  

dike approach s l o p e  is  given i n  Table 6-5. Data f o r  cases  1 

and 5 a re  shown, while s lopes  of 1:6 and 1 : 1 0 ,  r e s p e c t i v e l y ,  a r e  

t 

Case 

1 

4 

compared. In  each case ,  values of a c c e l e r a t i o n ,  AVZ, and C.G. 

he igh t  f o r  the  1 : 1 0  case a re  roughly h a l f  those f o r  the  1 :6 

V 

40 mph 

40 mph 

a 

O 0  

0 O 

case.  Whereas the  1:6 s lope  might cause i n j u r y ,  t h e  1:10 s lope  

would probably not .  Dike s lope  i s  an important f a c t o r ,  t hen ,  i n  

L a t e r a l  
P o s i t i o n  

Center 

One Wheel 
F l a t ,  One 
On Dike 

vehic le /d ike  i n t e r a c t i o n .  

a  
'max 

16.9 g ' s  

1 .6 g ' s  

AV 
'max 

2 1 . 2  f t / s e c  

2.8 f t / s e c  
- 

'max 

60.9 i n  

4.8 i n  

'L 



TABLE 6 - 5  

D I K E  APPROACH SLOPE EFFECT 
ON VEHICLE DYNAMICS 

6 . 3 . 2 . 5  S o i l  E f f e c t .  The e f f e c t  of s o i l  v a r i a t i o n  on t he  

system i n  i n d i c a t e d  i n  Table 6-6. Cases 1 and 7 a r e  compared. 

Ev iden t ly ,  s o f t  s o i l  causes a  s u b s t a n t i a l  r educ t ion  i n  v e h i c l e  

a c c e l e r a t i o n  and v e l o c i t y  change - i n  e f f e c t ,  a l t e r i n g  t he  i n j u r y  

p r o b a b i l i t y  from l i k e l y  t o  u n l i k e l y .  The s o i l  i s  q u i t e  s o f t ,  

however, wi th  t he  v e h i c l e  s i nk ing  i n  up t o  e i g h t  inches  a t  highway 

speeds .  

'max 

60.9 i n  

3 3 . 4  i n  

A s  i n d i c a t e d  e a r l i e r ,  t h e  s o f t  s o i l  model used i n  t h e  s imula-  

t i o n  i s  s t r i c t l y  an i n t u i t i v e  one. Both t h e o r e t i c a l  and exper imental  

work a r e  r equ i r ed  t o  develop a  t r u l y  v a l i d  h igh  speed s o i l  model, 

and t h i s  has no t  been done. The model appears  t o  be r e p r e s e n t a t i v e ,  

however, and as a  minimum, g ives  an i n d i c a t i o n  of t h e  a t t e n u a t i n g  

b e n e f i t s  of s o f t e r  s o i l .  

AV 
'max 

2 1 . 2  f t / s e c  

10.4 f t / s e c  

:as e  

1 

5 

S o i l  i s  t h e r e f o r e  an important  f a c t o r  r e l a t i v e  t o  v e h i c l e  

k inemat ics .  

V 

40 mph 

40mph 

ci 

0 "  

0 "  

Approach 
Slope 

1:6 

1 : l O  

a  
'max 

16.9 g l s  

9.0 g l s  



TABLE 6-6 

SOIL EFFECT ON VEHICLE DYNAMICS 

6.3.2.6 Median P r o f i l e  Ef fec t .  Cases 2 and 6  a r e  f o r  t h e  

same cond i t ions ,  except t h a t  case 2 involves a  f l a t  approach 

Zase 

1 

7 

t o  the  d ike  while i n  case 6  the veh ic le  approaches over the  

f u l l  median p r o f i l e .  The approach angle i n  each case  is  2 5 " .  

Comparative d a t a  a re  given i n  Table 6-7.  

Peak a c c e l e r a t i o n s  a r e  s l i g h t l y  l e s s  f o r  t h e  f u l l  median 

case ,  while  t h e  maximum change i n  v e l o c i t y  i s  s u b s t a n t i a l l y  

V 

40 mph 

40 mph 

l e s s .  Lower values f o r  the  f u l l  median case a r e  due t o  the  r o l l  

a t t i t u d e  of the  veh ic le  as  i t  t r a v e l s  down the  median s lope .  

Since the veh ic le  i s  approaching the- d ike  a t  an ang le ,  one f r o n t  

wheel s t r i k e s  the  d ike  before  the o t h e r  and t h i s  causes an 

i n i t i a l  r o l l i n g  motion. The veh ic le  i s  a l ready r o l l e d  by v i r t u e  

of i t s  t r a v e l i n g  down the median s l o p e ,  however, and t h e  induced 

r o l l  i s  l e s s .  Resul t ing impact loads on the  f r o n t  t i r e  a r e  

a l s o  l e s s .  Although the  d i f f e r e n c e  i n  AV, va lues  i s  s u b s t a n t i a l ,  

a 

0" 

0' 

the genera l  agreement i s  c l o s e r  than  any of t h e  o t h e r  cases .  

S o i l  
Type 

Rigid 

S o f t ,  
Moist 

a  
'max 

16.9 g ' s  

4.9 g ' s  

AV 
'max 

2 1 . 2  f t / s e c 6 0 . 9  

13.0 f t / s e c  

'max 

i n  

47.6 i n  



TABLE 6 - 7  

MEDIAN PROFILE EFFECT ON VEHICLE DYNAMICS 

6 . 4  DIKE DESIGN GUIDELINES 

Case 

2 

6 

The two main cons ide ra t i ons  i n  median d ike  des ign  a r e  

s a f e t y  and dra inage  c o n t r o l .  Unlike many o t h e r  s i t u a t i o n s ,  

op t imiz ing  a  d ike  des ign f o r  s a f e t y  need no t  compromise i t s  

dra inage  c o n t r o l  e f f i c i e n c y .  This i s  because t h e  primary dra inage  

c o n t r o l  requirement  t r a n s l a t e s  t o  a  minimum d i k e  h e i g h t  dimension. 

There fore ,  g iven a  minimum h e i g h t  c o n s t r a i n t ,  t h e  c o n t r o l l i n g  

f a c t o r s  i n  d ike  des ign  a r e  occupant s a f e t y  o r i e n t e d .  The 

performance des ign g u i d e l i n e s  which fo l low a r e  t h e r e f o r e  cen t e r ed  

on s a f e t y ,  Considerat ions  r e l a t i n g  t o  c l i m a t e ,  c o s t s ,  e s t h e t i c s ,  

t r a f f i c  c o n t r o l ,  and dra inage  c o n t r o l  a r e  a l s o  inc luded .  

I .  Performance 

1. Dike c ros s  s e c t i o n  s l o p e s  and t h o s e  of t h e  a d j a c e n t  

median banks s h a l l  be chosen such t h a t  v e r t i c a l  motions 

imparted t o  t h e  v e h i c l e  a r e  minimized. A t  t h i s  w r i t i n g ,  

s l opes  of about 1 : 1 2  a r e  t h e  s t e e p e s t  a c c e p t a b l e .  

2 .  Slope changes i n  t he  d ike  c r o s s  s e c t i o n  and a d j a c e n t  

median s h a l l  be g radua l  and s h a l l  n o t  induce c o n t a c t  

V 

40 mph 

40mph 

'max 

50.5 i n  

50.4 i n  

a 

25" 

25" 

Approach 
P r o f i l e  

F l a t  

F u l l  
Median 

a  
'max 

9 . 9  g l s  

8 . 2  g l s  

AV 
'max 

34 .8  f t / s e c  

17.8 f t / s e c  



with  the  veh ic le  undercarr iage.  

3 .  Dike mate r i a l  s h a l l  be chosen t o  promote wheel s inkage ,  

b u t  no t  t o  the po in t  where the veh ic le  i s  immobilized 

o r  s t e e r i n g  i s  obviated.  This w i l l  enhance veh ic le  

containment wi th in  t h e  median and genera l ly  reduce 

passenger impact loads .' 
11. Cl imat ic  

1. Dike placement s h a l l  be chosen t o  enhance t h e  p o s s i b i l i t y  

of moist s o i  1 occurr ing r e g u l a r l y .  

111. Cost 

1. Vehicle damage s h a l l  be l i m i t e d  t o  minor body scraping .  

I V .  E s t h e t i c s  

1. The dike s h a l l  p r e s e n t  a  p leas ing  f i n i s h e d  appearance. 

2 ,  The d ike  s h a l l  a s s i s t  i n  t h e  o rde r ly  development 

of the  roadside.  

V.  T r a f f i c  Control  

1. The d ike  s h a l l  not  give the  appearance of being a  median 

cross-over  s o  as t o  encourage veh ic le  use f o r  t h i s  purpose. 

VI. Drainage Control  

1. Dike h e i g h t  s h a l l  be chosen c o n s i s t e n t  with s i t e  

drainage c o n t r o l  requirements.  

6 . 5  CONCLUSIONS AND RECOMMENDATIONS 

The s e n s i t i v i t y  ana lys i s  has  shown t h a t  most of the  veh ic le /d ike  

parameters i n v e s t i g a t e d  have a  marked in f luence  on veh ic le  dynamics. 



I t  a l s o  seems c l e a r  t h a t ,  due t o  the genera l  non-use of s e a t  

b e l t s ,  t h e  s tandard dike p r o f i l e ,  with 1 : 6  approach s l o p e ,  i s  

unsafe .  Indeed,  a  casual  examination of s e v e r a l  d ike  i n s t a l l a t i o n s  

i n d i c a t e s  t h a t  d ikes  i n  general  a r e  r a t h e r  non-standard and t h a t  

many have s t e e p e r  s lopes  than 1:6 .  Thus, t h e  problem i s  an 

acu te  one. S p e c i f i c  conclusions a r e  l i s t e d  as  fo l l ows :  

Pos s ib l e  i n j u r y  t o  un re s t r a ined  passengers  i s  i n d i c a t e d  

a t  a l l  speeds a3ove 40 mph when a  v e h i c l e  s t r i k e s  t h e  

middle of a  dike s i m i l a r  t o  the  c u r r e n t  Michigan 

s t anda rd .  

Approach v e l o c i t y ,  ang l e ,  impact p o s i t i o n ,  d ike  s l o p e ,  

and s o i l  type have s i z a b l e  e f f e c t s  on v e h i c l e  k inemat ics .  

Dike approach p r o f i l e  has a  l e s s e r  e f f e c t .  

An impact v e l o c i t y  o f  80 mph produces about twice t h e  

passenger  loading t h a t  i s  exper ienced a t  40 mph. 

S t r i k i n g  the  dike  i n  t h e  middle i s  f a r  more t raumat ic  

than h i t t i n g  o f f  t o  one s i d e .  This sugges t s  t h a t  t h e  

hazardous po r t i on  of t he  d ike  may be l i m i t e d  t o  a  r e l a t i v e l y  

narrow region.  

S t r i k i n g  a 1 : 1 0  s l ope  reduces passenger  loadings  by a  

f a c t o r  of about one-half  when compared t o  a  1 :6  s lope .  

S o f t  moist s o i l  a t t e n u a t e s  passenger  load ing  on t h e  o rde r  

of S O % ,  when compared wi th  r i g i d  t e r r a i n .  

Approaching the  dike from the  road shoulder  appears t o  

be l e s s  t raumat ic  than approaching from a  f l a t  s u r f a c e .  

These conclus ions  a r e ,  of cou r se ,  s u b j e c t  t o  v e r i f i c a t i o n  by 



f u l l - s c a l e  t e s t  and by f u r t h e r  s imula t ion  a c t i v i t i e s .  

A recommended t e s t  program i s  given i n  Table 6 - 8 .  The 

purpose of the  t e s t s  w i l l  be t o  insure  t h a t  the  s imula t ion  model - 

adequately r ep resen t s  the a c t u a l  dynamic i n t e r a c t i o n  of a  veh ic le  

wi th  a  d ike .  An a n c i l l a r y  t a sk  i n  connection with the  recommended 

t e s t  s e r i e s  inc ludes  the  cons t ruc t ion  of a  dike t e s t  s i t e .  

Following completion of the  c o r r e l a t i o n  t e s t  s e r i e s ,  an expanded 

s imula t ion  e x e r c i s e  program i s  recommended. A t  t h i s  p o i n t ,  i t  

i s  expected t h a t  the s imula t ions  w i l l  c o r r e l a t e  adequately with 

the  t e s t  r e s u l t s  and t h a t  these  s imula t ion  e x e r c i s e s  w i l l  be the  

primary eva lua t ion  t o o l ,  t h e r e a f t e r .  The o b j e c t i v e  of t h e s e  

exe rc i ses  w i l l  be t o  de f ine  a  d ike  c r o s s - s e c t i o n  which is  optimum 

both from the  s tandpoint  of highway s a f e t y  and f o r  dra inage  c o n t r o l .  

Any t e s t i n g  t h a t  takes p lace  during these  e x e r c i s e s  w i l l  be t o  

insu re  continued v a l i d i t y  of the s imula t ion  program. This promises 

t o  be a  most economical and f r u i t f u l  approach. 

An output  of the recommended s tudy w i l l  i n c l u d e ,  b u t  no t  

be l i m i t e d  t o ,  a  s e t  of curves giving t h e  r e l a t i o n s h i p  between 

dike he igh t  and approach s l o p e ,  f o r  var ious l e v e l s  of passenger 

loading ( i n  t h i s  case ,  AV ) An example i s  shown on Figure 6 - 8 .  
'max 

The curves on the  f i g u r e  show cons tant  l e v e l s  of AV which 
'max 

occur as a  func t ion  of dike he igh t  and approach s l o p e  parameters .  

These rep resen t  s e l e c t a b l e  boundaries of s a f e  des ign .  The 

a r b i t r a r y  boundary ind ica ted  s i g n i f i e s  t h a t  d ike  parameter 

combinations t o  the  l e f t  a r e  unsafe whereas those  t o  the  r i g h t  



TABLE 6-8  

PROPOSED DIKE CORRELATION VALIDATION TEST SERIES 

* S o f t ,  m o i s t  s o i l  

The l e t t e r s  a ,  b ,  ,c, d ,  and e a r e  i d e n t i f i e d  on F i g u r e  6 - 7  below. 

FIGUXE 6-7, DIKE GEOMETRY PARAMETERS 
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FIGURE 6-8, EXAMPLE DIKE DESIGN DATA 



a r e  a c c e p t a b l e .  A s e r i e s  of  p l o t s  of  t h i s  t y p e ,  f o r  v a r i o u s  

approach s p e e d s ,  w i l l  a l l ow t h e  d e s i g n e r  t o  s e l e c t  a d i k e  

c o n f i g u r a t i o n  f o r  t h e  e x i s t i n g  t r a f f i c  and d r a i n a g e  c o n d i t i o n s  

and f o r  wha teve r  s a f e t y  c r i t e r i a  he may choose .  
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APPENDIX A 

CALSVA SIMULATION MODEL 

The b a s i c  s imu la t i on  model used i n  t h e  p r o j e c t  was t h e  

Corne l l  Aeronaut ica l  Laboratory S i n g l e  Vehicle  Accident  Program 

(CALSVA) developed and v a l i d a t e d  f o r  t h e  Federa l  Highway Admin- 

i s t r a t i o n  by McHenry, Sege l ,  and DeLeys. The e s s e n t i a l  f e a t u r e s  

of t h i s  model a r e  as fo l lows ( f u r t h e r  d e t a i l s  may be found i n  

t he  s e v e r a l  r e p o r t s  pub l i shed  by Cornel l  [36,  6 0 ,  611):  

A - 1  BASIC MODEL 

In  t h e  model, t h e  v e h i c l e  i s  represen ted  a s  an assemblage of 

four  r i g i d  masses,  corresponding t o  a  body ("sprung massw) ,  a  s o l i d  

r e a r  a x l e ,  p lu s  r e a r  wheels ( " rea r  unsprung mass") ,  and two independent 
-. - --- - -- 
f r o n t  wheels w i th  a t t e n d a n t  s u s p e n s i o n  systems ( " f r o n t  unsprung 

massesM)as dep i c t ed  i n  Figure  A - 1 .  The sprung mass has  s i x  degrees  

of freedom ( r o l l ,  p i t c h ,  and yaw r o t a t i o n s ,  and l o n g i t u d i n a l ,  

l a t e r a l ,  and v e r t i c a l  d i sp lacements ) ,  t h e  r e a r  unsprung mass has 

two ( r o l l  r o t a t i o n  and v e r t i c a l  displacement)  , and t h e  f r o n t  un- 

sprung masses have one each ( v e r t i c a l  d i sp l acemen t ) ,  I n  a d d i t i o n ,  

a  s t e e r  mode degree  o f  freedom i s  a v a i l a b l e  a s  a  u s e r  o p t i o n  ( i t  

i s  a l s o  a c t i v a t e d  au toma t i ca l l y  whenever r i g i d  o b s t a c l e s ,  e .g . ,  

curbs ,  a r e  encountered by t h e  wheels) . 
Camber angles  of t h e  i n d i v i d u a l  f r o n t  wheels r e l a t i v e  t o  t h e  

sprung mass a r e  determined by i n t e r p o l a t i o n  from a  t a b u l a r  i npu t  

of camber ang le  versus  suspension d e f l e c t i o n  (6,. and 6 2  i n  F igure  

A -  The s t e e r  angles  of  t h e  two f r o n t  wheels a r e  assumed t o  

be equal and f r o n t  wheel r o l l  s t e e r  i s  n e g l e c t e d .  Rear a x l e  r o l l  

s t e e r  i s  t r e a t e d  as a  l i n e a r  func t ion  of  t h e  r e a r  a x l e  angu la r  

coo rd ina t e ,  OR. 
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A n t i - p i t c h  e f f e c t s  i n  t h e  suspens ion  a r e  approximated by means 

of c o e f f i c i e n t s  t h a t  a r e  e n t e r e d  s e p a r a t e l y  f o r  t h e  f r o n t  and f o r  

t h e  r e a r  a s  t a b u l a r  f u n c t i o n s  of suspens ion  d e f l e c t i o n s .  

E x t e r n a l  f o r c e s  a r e  a p p l i e d  only  a t  t h e  t i r e / t e r r a i n  c o n t a c t  

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

Radia l  l oad ing  of t h e  t i r e s  i s  c a l c u l a t e d  i n  one o f  two modes, 

depending on t h e  n a t u r e  of  t h e  t i r e l t e r r a i n  c o n t a c t  p a t c h .  When 

t h e  c o n t a c t  p a t c h  may be cons ide red  e s s e n t i a l l y  p l a n a r  ( e . g . ,  r i d i n g  

over  g e n t l y  u n d u l a t i n g  t e r r a i n ) ,  a p o i n t - c o n t a c t  r e p r e s e n t a t i o n  i s  

used.  However, when t h e  c o n t a c t  pa t ch  i s  c l e a r l y  non -p l ana r  ( e . g . ,  

impact ing w i th  c u r b s ) ,  a  more s o p h i s t i c a t e d  r a d i a l  s p r i n g  model 

i s  adopted.  Forces "wi thin"  t h e  t i r e l t e r r a i n  c o n t a c t  s u r f a c e  ( l a t -  

e r a l  f o r c e ,  t r a c t i o n ,  b rak ing)  a r e  computed by means o f  a " f r i c t i o n  

c i r c l e "  concep t .  Whenever t h e  s t e e r  mode degree  o f  freedom i s  

a c t i v a t e d ,  a  c o n s t a n t  "pneumatic t r a i l "  dimension i s  employed t o  

g e n e r a t e  f r o n t  wheel a l i g n i n g  t o r q u e s .  

The t e r r a i n  over  which t h e  v e h i c l e  t r a v e l s  i s  e n t e r e d  i n t o  t h e  

program i n  t a b u l a r  form. An x l - y '  g r i d  i s  e s t a b l i s h e d ,  and a b s o l u t e  

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

e l e v a t i o n s  and t e r r a i n  s l o p e s  a r e  t hen  c a l c u l a t e d  a t  i n t e r m e d i a t e  

p o i n t s ,  as  needed,  through i n t e r p o l a t i o n  and numer ica l  d i f f e r e n t i a t i o n ,  

Curb p r o f i l e s  a r e  r e p r e s e n t e d  a n a l y t i c a l l y  i n  terms of  t h e  l a t e r a l  

p o s i t i o n s  and s l o p e s  o f  a  number o f  curb f a c e s .  

The s imu la t ed  l o a d - d e f l e c t i o n  c h a r a c t e r i s t i c s  of  t h e  v e h i c l e  

suspension i n c l u d e  l i n e a r  e l a s t i c  s p r i n g  r a t e s ;  n o n l i n e a r  e n e r g y -  

d i s s i p a t i n g  "bump" s t o p s  ; e l a s t i c  a u x i l i a r y  r o l l  s t i f f n e s s  ; Coulomb 

f r i c t i o n ;  and v i s cous  damping (shock a b s o r b e r s )  . 



A - 2  HSRI MODIFICATIONS 

The o r i g i n a l  CALSVA program, as supp l i ed  by Corne l l ,  has been 

modified i n  s e v e r a l  important  ways i n  o rder  t o  make i t  more r e p -  

r e s e n t a t i v e  o f  t h e  var ious  cond i t i ons  of i n t e r e s t  i n  t h e  roads ide  

s t r u c t u r e  impact program. 

For t h e  e v a l u a t i o n  of ea r then  d i k e s ,  t h e  primary program 

changes were t h e  i n c l u s i o n  of a  s o f t  s o i l  model and t h e  a d d i t i o n  

of r o t a t i n g  wheel dynamics. S o f t  s o i l  modeling was cons idered  

d e s i r a b l e  s i n c e  t h e  primary f u n c t i o n  of d ikes  i s  runoff  c o n t r o l  

and s o f t ,  mois t  s o i l  i s  t h e r e f o r e  l i k e l y  t o  be encountered.  Un- 

f o r t u n a t e l y ,  most of t h e  a v a i l a b l e  l i t e r a t u r e  on t i r e / s o i l  i n t e r -  

a c t i o n  i s  o r i e n t e d  toward m i l i t a r y  v e h i c l e s  ope ra t i ng  i n  swamp 

o r  sand environments.  This emphasis u s u a l l y  impl ies  t r a c k  l a y i n g  

v e h i c l e s  t r a v e l i n g  a t  low v e l o c i t i e s ,  under 5 mph. Wheeled o f f -  

road v e h i c l e s ,  on t h e  o t h e r  hand, a r e  c h a r a c t e r i z e d  by l a r g e  d iamete r  

t i r e s  and low t i r e / s o i l  con t ac t  p r e s s u r e s ,  Seve ra l  i n v e s t i g a t o r s  

have claimed varying degrees of  succes s  i n  mathemat ical ly  modeling 

t h e s e  r e s t r i c t e d  s i t u a t i o n s ,  b u t  few b a s i c  g u i d e l i n e s  a r e  g e n e r a l l y  

agreed upon. The most widely accep ted  t heo ry  i s  based on t h e  low 

speed ,  q u a s i - s t a t i c  a n a l y s i s  of  Bekker [ 6 2 ,  631. 

For s t i f f -  t i r e d  passenger  v e h i c l e s  t r a v e l i n g  over g r a s sy  

medians a t  highway speeds ,  cond i t i ons  a r e  obviously  d i f f e r e n t .  

S ince  t h e  low speed q u a s i - s t a t i c  t heo ry  i s  a l l  t h a t  i s  a v a i l a b l e ,  

however, an a t tempt  was made t o  apply i t  t o  t h e  above c o n d i t i o n s .  

The r e s u l t s ,  a l though s t r i c t l y  c o n j e c t u r a l ,  a r e  i n t u i t i v e l y  r ea son -  

a b l e  f o r  r e p r e s e n t a t i v e  s o i l  c h a r a c t e r i z i n g  paramete rs .  



The two b a s i c  phenomena t o  be modeled a r e  t i r e  s i nkage  and 

forward motion r e s i s t a n c e .  According t o  Bekker, t h e  b a s i c  p r e s  - 

s u r e - s i n k a g e  r e l a t i o n s h i p  f o r  a con t inuous ,  homogeneous, i s o t r o p i c  

s o i l  can be s t a t e d  a s :  

where 

p = p r e s s u r e  

z = s inkage  

The cons t an t s  kc, k4  
, and n a r e  determined by d r i v i n g  a f l a t  p l a t e  

of dimension b i n t o  t h e  s o i l  and measuring t h e  neces sa ry  p r e s s u r e  

t o  ach ieve  a c e r t a i n  p e n e t r a t i o n .  A g r a p h i c a l  i n t e r p r e t a t i o n  of 

t e s t  d a t a  f o r  two s i z e s  of  p l a t e s  y i e l d s  t h e  n e c e s s a r y  c o n s t a n t s .  

If  i t  i s  assumed t h a t  t h e  wheel i s  r i g i d  r e l a t i v e  t o  t h e  s o i l ,  

t h e  b a s i c  f l a t  p l a t e  equa t ion  can be extended t o  a wheel o f  d iamete r  

D c a r r y i n g  a l oad  W such t h a t  i t  w i l l  s i n k :  

Add i t i ona l  assumptions i m p l i c i t  i n  (A- 1)  and (A- 2 )  imply t h a t  p r e d i c t e d  

va lues  become more v a l i d  as  t h e  s o i l  s i nkage  approaches ze ro  and 

t h e  wheel d iameter  approaches i n f i n i t y .  P r a c t i c a l  limits i n d i c a t e  

adequate  agreement w i t h  t e s t  d a t a  a t  low speeds  f o r  a minimum diamete r  

of 2 0  inches and a maximum s inkage  of o n e - s i x t h  o f  t h e  d i ame te r .  



As t h e  t i r e  s i nks  whi le  moving forward,  i t  must d i s p l a c e  t h e  

s o i l  i n  i t s  p a t h .  The s o i l  i s  p a r t l y  compacted beneath  t he  r o l l i n g  

t i r e  s u r f a c e  and p a r t l y  bul ldozed t o  t h e  s i d e .  These two e f f e c t s  

a r e  g e n e r a l l y  lumped i n t o  one r e s i s t a n c e  f o r c e :  

where 

This r e l a t i o n s h i p  i s  der ived  by cons ider ing  t h e  ground r e a c t i o n  

over t he  s u r f a c e  of t he  t i r e / s o i l  i n t e r f a c e  and i n t e g r a t i n g  over 

t h a t  a r e a  t o  o b t a i n  t he  equ iva l en t  r e s i s t a n c e  f o r c e .  

The mathematical r e l a t i o n s  embodied i n  Equations (A- 1) , (A-  23 , and 

( A - 3 )  were programmed i n t o  t h e  CALSVA s i m ~ l a t i o n  by means of a  new sub-  

r o u t i n e  c a l l e d  SOFSOL. The l o g i c  of  t h i s  r o u t i n e  i s  dep i c t ed  i n  t h e  

s i m p l i f i e d  flow diagram of Figure  A - 2 .  The b a s i c  procedure  i s  t o  

move t h e  t i r e - s o i l  i n t e r f a c e  up and down u n t i l  t h e  i n t e r n a l  t i r e  

f o r c e s  balance t h e  ground r e a c t i o n  f o r c e .  A t  subsequent  t ime i n t e r -  

v a l s ,  t h e  imbalance of v e r t i c a l  f o r c e s  on t h e  wheel c e n t e r  (suspen- 

s i o n  fo rce s  r e a c t i n g  a g a i n s t  t h e  sprung mass, wheel i n e r t i a l  r e a c t i o n ,  

and r a d i a l  t i r e  fo r ce )  w i l l  cause more o r  l e s s  r u t  p e n e t r a t i o n  u n t i l  

an equ i l ib r ium cond i t i on  i s  reached.  The forward motion r e s i s t a n c e  

i s  computed by s u b s t i t u t i n g  t h e  n e t  downward f o r c e  f o r  W i n  Equat ion 

( A - 3 ) .  
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R o t a t i o n a l  wheel dynamics were in t roduced  i n  o rde r  t o  more 

a c c u r a t e l y  r e p r e s e n t  v e h i c l e  slowdown through i n t e r a c t i o n  w i th  

s o f t  s o i l .  The computational  method adopted fo l lows  t h e  recom- 

mendations of  McHenry [36 ] ,  wh i l e  t h e  t h e o r e t i c a l  t i r e  f o r c e  

equa t ions  a r e  based on work done a t  HSRI [64,  651. 

S ince  wheel r o t a t i o n a l  dynamics g e n e r a l l y  extend t o  a  h ighe r  

f requency band than do o t h e r  v e h i c l e  mot ions ,  i t  was neces sa ry  

t o  i n c l u d e  an adap t ive  i n t e g r a t i o n  increment i n t o  t h e  new r o u t i n e .  

The increment i s  determined through a  c r i t e r i a  based on t h e  r a t i o  

610 and i s  p a t t e r n e d  a f t e r  McHenry sugges t i ons .  The s o l u t i o n  

flow i s  g iven i n  F igure  A-3. Fu r the r  in format ion  on bo th  t h e  

s o f t  s o i l  modeling and t h e  s i m u l a t i o n  of wheel r o t a t i o n  i s  a v a i l -  

a b l e  i f  needed [67] .  

For t h e  e v a l u a t i o n  of t h e  e a r t h e n  mound g u a r d r a i l  end,  t h e  main 

mod i f i ca t i on  was t h e  i n c o r p o r a t i o n  of a  new s u b r o u t i n e  capab le  o f  hand- 
. . - - - - -- .- - . . - . - . . - - . . - -. - - - -. . . . - - - - . 

l i n g  impacts o f  t h e  wheels wi th  a  r i g i d  r a i l  emerging from t h e  e a r t h e n  

mound. A l i s t i n g  of t h i s  new r o u t i n e  i s  g iven  i n  F ig .  A - 4 .  B a s i c a l l y ,  

t h e  procedure  i s  t o  send  out  r a d i a l  s p r i n g s  from t h e  c e n t e r  of 

t h e  wheel and t o  i n t e r s e c t  them, one by one,  w i t h  t h e  under ly ing  

s u r f a c e ,  which may c o n s i s t  e i t h e r  of r a i l  o r  of ground.  No - a  p r i o r i  

assumptions a r e  made concerning t h e  r e l a t i v e  h e i g h t  of t h e  r a i l  and 

t h e  surrounding t e r r a i n .  Ra the r ,  f o r  each r a d i a l  s p r i n g ,  an i n t e r n a l  

l o g i c a l  t e s t  i s  employed t o  dec ide  whether  r a i l  o r  ground i s  h i g h e r ,  

and then  t h e  s p r i n g  i s  al lowed t o  i n t e r a c t  a cco rd ing ly .  
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FIGURE A-4 

BURIED GUARDRAIL END IMPACT SUBROUTINE 

SUBROUTINE B C I M P ( 1 )  

S I N G L E  V E H I C L k  ACCIOENT S I M U L A T I O N  WITH CURB IMPACT - B C I M P  
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C O M M O N / I N P T 4 / X B ( S ) r X E ( 5 ) * X I N C R ( 5 ) ~ Y B ( 5 ) ~ Y E ( 5 ) * Y I N C R ( S ) ~ A M U G ( 5 ) *  

1  U V W M I N r P Q R M I N * X X Z G P 5 ( 2 1  ) r Y Y Z G P 5 ( 2 1 )  

C O M M O N / I N P T 1 / Y C R ~ P ( l O ~ ~ Z C R B P ( l O ) ~ P H C R B ( l O ) ~ Y P H I A V ~ l O ~ ~ P H I A V ~ I O ~ ~  
1  D E L T C r A M U C , F J P ( 3 5 )  * X I P S r C P S P * O M G P S , A K P S * E P S P S * X P S *  
2  R W H J B r R W H J E t D R W H J ~ P S I F I O ~ P S I F D O ~ Y C l P t Y C 2 P  

COIYMON / D I M V / X ~ P ~ X ~ P ~ X ~ P ~ X ~ P ~ Y ~ P * Y ~ P ~ Y ~ P ~ Y ~ P ~ Z ~ P ~ Z ~ P ~ Z ~ P ~ Z ~ P V P H I ~ ~  
1  P H I 2 ~ P H I 3 r P H I 4 r P S I l  ~ P S I 2 r P S I 3 * P S I 4 ~ C A Y W ( 4 )  * C B Y W ( 4 )  9 

2 C G Y W ( 4 ) r Z P G I ( 4 ) r T H G I  ( 4 ) r P H G I  ( 4 ) r S P G ( 4 l * C T G ( 4 ) *  
3 S T G ( ~ ) T C A G Z ( ~ ) ~ C B C Z ( ~ ) * C G G Z ( ~ ) ~ D ~ ( ~ ) * D ~ ( ~ ) *  

4  X L M 1 ( 4 ) t X L M 2 ( 4 ) * X L M 3 ( 4 ) * A M T X ( 3 r 3 ) r C M T X ( 3 g 4 ) e X G P P ( 4 ) *  
5 Y G P P ( 4 ) t Z G P P ( 4 )  * D M A T X ( l O * l l  ) * D E L T A ( 4  ) T C A R ( ~ ) * C ~ R ( ~ )  9 

6 C G R ( 4 ) r F R ( 4 )  * H I ( ~ ) ~ F c ( ~ - ) ~ T I ( ~ ) ~ A x ( ~ ) ~ B x ( ~ ! ~ c x ( ~ ) *  
7 CTXG(4)rUG(4)rSTXG(4)rAY(4)rCY(4),CPYG(4)* 
8 S P Y G ( 4 ) , V G ( 4 )  , P S I I P ( 4 ) 9 P H I C I  ( ~ ) * C A C ( ~ ) * C B C ( ~ ) * C G C ( ~ ) V  
9 F C X U ( 4 ) * F C Y U ( 4 )  9 F C Z U ( 4 ) v F S ( 4 ) r C B X W  ( 4 ) r C G X W ( 4 )  

COMMON / D I M V / A S ( 4 ) r B S ( 4 )  r C S ( 4 ) , C A S ( 4 ) r t G S ( 4 )  9 u E T P ( 4 )  r  
1 B f l B R ( 4 ) g F S X U ( 4 ) r F S Y U ( 4 ) r F S Z U ( 4 ) * F R X U ( 4 ) * F R Y U ( 4 ) *  

2 F X Z U ( 4 ) s F X U ( 4 )  * F Y U ( 4 ) * F Z U ( 4 )  * S I  ( 4 ) v F l F I  ( 2 1 9 F I R 1 ( 2 )  
3 F ~ F I ( ~ ) P F ~ R I ( Z ) ~ C A H ( ~ ) ~ C B H ( ~ ) ~ C G H ( ~ )  

COMMON /COMPN/ O M T 2 M l * F R S P ( 4 )  g F R C P ( 4 )  *DPS I N T *  

1 T N P C R B ( 1 0 ) ~ T N P A V ( 1 0 ) ~ P H C R B F ! ~ 1 O ~ ~ P H I A V R ( 1 0 ~ ~  
2  A M U C M P * P H I l D , P H I 2 D * A J M T X ( 3 * 3 )  q B M T X ( 3 9 3  ) r  

3 SFRX(4),SFRY(4)*SFRZ(4)*TlPSI r T 2 P S I t X F l U G I  ( 4  1 
COMMON /COMP/SUMM*THETN,PHINrPSIN~PIrRAD,GAMl,GAM2*GAM3rGAM4,GAM5~ 

1 GAM6, C A M 7 * G A M B * G A M 9 r T H E T T r P H I T  * P S I T *  A l 2 r A 2 3 r Z R U  9TR029  
2  T F 0 2 , T I Z * R H 0 2 , R H O M U R , A M U F * B M U R ~ Z P R * T M 4 r R H M R 2 r A O 2 A P B *  
3 8 0 2 A P B r R F T F ~ T S O 2 ~ R R T S ~ B R O M U R r X M U F O 2 ~ A X M F O 2 ~ X M T F O 4 ~  
4 X I Z k ~ R T R r R H M R 2 I r X I X P ~ X I Z P r X I X Z P ~ X I Y Z P ~ D l P D 2 ~ D l M D 2 ~  
5 Z R D ~ ~ Z R D ~ R ~ Z F D ~ R ~ Z F D ~ ~ , T I Z ~ ~ T G ~ ~ ~ D D ~ P ~ ~ D D ~ M ~ ~ R P R V P H R ~  
h r TANTPr SPHTP,CPHTF'rSECTP VSFXS p S F Y S r S F Z S * S I \ I P S r S N T S  r  
7 S N P S S ~ T P H ~ C A Y ~ C B Y ~ C G Y ~ C A X , C H X ~ C G X ~ S F Y U ~ S F X U P S F Y ~ J F B  
8 S F Y U R I S F Z U I C U S T H ~ S I N T H * C O S P S  *S INPS*COSPI - I *  S I N P H *  A N b l *  
9 A N G 2 , C P H I * S P H I * C P S I  * S P S I  B P I  r P ' / r P 3 r P 4  * P 5 * C 8 b * 1 ' X v 1 ' Y r T %  

COMMON / C O M P / T H H r O I S T X * O I S T Y r D  I S T U * D I S T S * D 2 1  r  ZETA4  r Z E ' f A L I D r Z k T A 3 r  
1 Z E T A ~ D I S F Z I  * S N P U * S N T U v H C G H 1  *HCGH2*HCGH3,HCGH4 *TERM1 
2 T E H M 2 r S N P S U r S N P R * H C 8 H l  rHCBH2 r H C B H 3 r H C B H 4 r H C A H l  *HCAH2r  

3 H C A H 3 r H C A H 4 * U Q * W P , U R * Q R r V P r P R g P 2 r Q 2 r R 2 , V R * W Q * P Q * P H I R 2  
4  PHIRD2,RPHRDv t C T H * G S T H * G C T S P  gCCTCP, XXX*YYY 9 X X l  * 
5 XXZ ' rYY l  r Y Y 2 r T H G l  rTHG2,PHGl  * P H C 2 q I Z l r  Z Z 2  

COMMDN/ADTNL/Ul r U 2 t  U 3 9 U 4 * V 1  v V 2  * V 3 * V 4  1W1 w W 2  * W 3  rW4 e X T R A ( 3 0 0 )  
C O M M U N / I N T G R S / N D E L ~ I W H L S W r I N D C R 8 r I N D B ~ I O U T C ~ I P R N T ( l b ) ~ N Z T A B ~ N Z 5 r  



Fig, A- 4 (corit .) 

D I M E N S I O N  X P ( ~ ) * Y P ( ~ ) * Z P ( ~ ) ~ P H I I ( ~ ) * P S I I ( ~ ) ~ V ~ ( ~ ) * W I ( ~ )  

E Q U I V A L E N C E  ( X P r X 1 P ) r ( Y P ~ Y 1 P ) ~ ( Z P ~ Z l P ) ~ ( P H I I ~ V H I l ) r ( P S I I ~ P S I l ) ~  
1 ( U I * U 1 ) * ( V I * V l ) * ( W I , W 1 )  

E Q U , I V A L E N C E  (XIYPpXTRA(l))r(SPHIC+XTRA(2))r(CPHICrXTRA(3)) 

I N I T I A L I Z E  
x L M 2 (  I) = X P (  I ) * C A G Z (  I ) + Y P (  I ) * C B G Z (  I ) + Z P G I  ( I  ) * C G G Z  (I 1 
S N P S I  = S I N ( P S I I ( 1 ) )  

C S P S I  = C O S ( P S I I ( I ) )  
S N P H I  = S I N ( P H I I ( 1 ) )  
C S P H I  = C O S ( P H I I ( 1 ) )  

S F R X I I )  = 0.0 
S F R Y  ( I ) = 0 e 0  
S F R Z ( 1 )  = 0.0 
X J  = - 2 6 e O * R A O  

C Y C L E  F O R  ALL ' 5 3  R A D r A L  S P R I N G S  
DO 99 J = l r 5 3  
T H T J  = 4 o O * X J  
S T J  = S I N (  T H T J )  
C T J  = C O S ( T H T J )  

D E F I N E  A  T R A N S F O R M A T I O N  M A T R I X  FOR E A C H  R A D I A L  S P R I N G  
A J M T X (  i t  I = CTJICSPSI 
A J M T X (  29 1 )  = C T J * S N P S I  
A J M T X ( 3 r l )  = - S T J  
A J M T X (  L 9 2 )  = -CSPHI*SNPSI+SNPHISSTJ*CsPsI  
A J M T X ( 2 r 2 )  = CSPHI*CSPSI+SNPHI*STJ*SNPSI 
A J M T X ( 3 9 2 )  = C T J t S N P H I  
A J M T X ( 1 9 3 )  = SNPHI*SNPSI+CSPHI*STJ*CSPSI 
A J M T X ( 2 9 3 )  = -CSPS I * S N P H I + C S P H I * S T  J * S N P S I  

A J M T X (  393) = C T J * C S P H I  
D E F I N E  B M T X  AS A  M A T H I X  P H U O U C T  OF T R A N S F O R M A T I O N S  

0 0 8  K = 1 * 3  

DO 7 L = l r 3  
B M T X ( K 9 L )  = 0.0 
DO 6 M=1 ,3  

6 B M T X ( K r L 1  = B M T X (  K * L ) + A M T X (  K t M  ) * A J M T X ( M * L  ) 

7 C O N T I N U E  
8 C O N T I N U E  

D E T E R M I N E  L E N G T H  O F  E A C H  R A D I A L  S P R I N G  
I N T E R S E C T  S U C C E S S I V E L Y  W I T H  E A C H  C U R B  F A C E  A N D  W I T H  GROUND P L A N E  

H J  = RW 
D O  10 K = l r N C R B M l  
1 F ( Y C R B P ( K l e N E o Y C R B P ( K + l ) )  GO T O  2 0  
H J T  = ( Y C R B P (  K ) - Y P (  I )  ) / B M T X ( 2 , 3 )  

Z J P T  = Z P (  I ) + B M T X (  3 9  3 ) * H J T  
I F (  ( ( Z J P T o G E o Z C R B P (  K).ANDoZJPToLEoZCRBP(K+l)) * O R *  

1 ( Z J P T o L E o Z C R B P ( K )  * A N D o Z J P T o G E o Z C R B P ( K + l ) )  I o A N D e  
2 ( H J T a L T o H J )  ) H J = H J T  
GO TO 10 

20 H J T  = ( Z C R B P (  K ) - Z P (  I I + (  Y P (  1 ) - Y C R B P ( K  1 ) * T N P C R B ( K  1 )  
1 / ( H M T X (  3 * 3 ) - H M T X ( 2 r 3 ) * T I \ 1 P C R B ( r ( ) )  



F i g .  A - 4  (cont .) 

Y J P T  = Y P  ( 1  ) + B M T X (  2 9  3 ) * H J T  

I F ( (  ( Y J P T . G E . Y C R B P ( K ) . A N D ~ Y J P T ~ L E . Y C R B P ( K + ~ ) ) O O R O  
1 ( Y J P T . L E . Y C H ~ I P ( K ) ~ A N D . Y J P T ~ G E ~ Y C R B P ( K + ~ ) ) ) O A N D ~  

2 ( H J T o L T q H J )  ) H J = H J T  
10 C O N T  1 tdUk 

H J T  = ( X L M 2 ( I ) - C A G Z ( I ) ~ ~ X P ( I ) - C B G Z ( I ) ~ z ( I ) * z ~ ( I ) )  
1 / ( B M T X (  l r  3 ) * C A G Z ( I  ) + B I ~ T X ( ~ * ~ ) * C % G Z (  I ) + B M T X ( 3 * 3 ) * C G G Z ( I )  

I F ( H J T . L T . H J )  H J Z H J T  
I F ( H J . L T * O . O * O R . H J . G E O R W )  GO T O  70 
X J P  = X P ( I ) + B M T X (  1 , 3 ) * H J  

Y J P  = Y P (  I ) + B M T X ( 2 * 3 ) * H J  
Z J P  = Z P ( I ) + B M T X ( 3 * 3 ) + H J  
C A J  = ( X P ( 1 ) - X J P ) / H J  
C B J  = ( Y P (  I ) - Y J P ) / t i J  

C G J  = ( Z P ( 1  1 - Z J P ) / H J  
C A L L  INTRPL(FJPvRWHJB*RWHJEIDRWHJ q R W w H J r F J )  

SUM C O N T R I B U T I O N  I N  T R A N S F O R M E D  A X I S  
S F R X ( 1 )  = S F R X ( I ) + F J * C A J  
S F H Y ( 1  = S F R Y ( I ) + F J * C B J  

S F R Z (  I )  = S F R Z  ( I S + F J * C G J  
70 X J  = X J + R A D  
99 C O N T I N U E  

C H E C K  F U R  S P R I N G  T O T A L  E F F E C T  I N  A C T I O N  
Z E R O  R E S U L T S  A N D  R E T U R N  I F  N O  A C T I O N  

F R ( I )  = SORT(SFRX(I)**2+SFRY(I)t*2+SFRZ(I ) * * 2 )  
I F ( F F d ( 1  ) .NE.OmO)GO T O  1 1 0  
C A F I ( 1 )  = 0.0 

C B R ( 1 )  = 0.0 
C G R ( 1 )  = Om0  
H I  ( I )  = RW 

R E T U R N  

D E T E R M I N E  E Q U I  V A L E N T  GROUND C O N T A C T  P O I N T  
1 1 0  C A R ( 1 )  = - S F R X ( I ) / F R ( I )  

C P R ( 1 )  = - S F R Y ( I ) / F R ( I )  
C G R ( 1 )  = - S F R Z ( I ) / F R ( I )  
H I ( 1 )  = R W - f R ( I ) / A K T  
I F ( H 1  ( I  ) o G T . R W - S I G T )  GO T O  115 
H I ( 1 )  = R W - ( F R ( I ) / A K T + S I G T * ( X L A M T - l . O ) ) / X L A M T  

l l i )  X G P P ( 1 )  X P ( I ) + H I ( I ) * C A H ( I )  

y G P P ( 1 )  = Y P ( I ) + H I (  I ) * C B R ( I )  
Z G P P ( 1 )  = Z P ( I ) + H I ( I ) * C G H ( I )  

E V A L I J A T F  T E R R A I N  E L E V A T I O N  A T  E Q U  I V A L E N T  G C P  
Z T E K R  = (XLM2(1)-XGPP(I)*CAGZ(I)-YGPP(I)*CBGZ(I))/CGGZ(I) 

T F S T  T U  SEE WHETHER C U R B  I S  B U R I E D  A T  E Q U I V A L E N T  CCP 
DO 1;.'0 K = l  g N C R B M 1  
I F (  ( Y G P P ( 1  ) . G T o Y C H R P ( K ) . A N D . Y G P P (  I ) . G T o Y C R B P ( K + l  ) ) o O R o  

1  ( Y G P P ( I ) . L T o Y C R H P ( K ) . A N D ~ Y G P P ( I ) ~ L T m Y C R B P K + l  GO T O  1 2 0  
I F ( Y C I ~ H P ( K ) O E Q . Y C H B P ( K + ~ ) )  Z C U R B = A M I N ~ ( Z C R ~ P ( K ) ~ Z C R B P ( K + ~ ) )  

IF ( Y C R ~ ~ P (  K )  .NE.YCRHP( K+I )  Z C U R B = Z C R B P ( K  ) + ( Y G P P (  I 1 - Y C R B P ( K  1 )  * 
1 T N P C R B ( K  1 

I F  ( Z C U I ? P . L T . Z T E H H )  GO T O  130  

1 20 C O N T  I NCJE 

GO T O  2 0 0  



F i g .  A - 4  ( con t  .) 

C C U R B  E X P O S E D - - R E S E T  F R I C T I O N  C O E F F I C I E N T  A N D  S L O P E S  

C 130 X M U G I ( 1 )  = AMUC 

C DO 1 5 0  K = l , N S C H M l  
C  K S A V E  = K  

C  I F ( Y G P P ( 1  ) . G E . Y P H I A V (  K ) * A N D o Y G P P (  I ) o L T o Y P H I A V K t l  1 )  GO TO 1 6 0  
C  1 5 0  C O N T I N U E  
C GO T O  2 0 0  
C  1 6 0  T H G I ( 1 )  = 0.0 
C  P H G I ( 1 )  = P H I A V R ( K S A V E )  
C 
C  
C D E T E R M I N E  S L O P E S  O F  E Q U I V A L E N T  GROUND P L A N E  ( N E W  A P P R O A C H )  
C 

K S A V E = O  
H A U X = l e E 2 5  
D O  310 K = l , N C R B M l  

I F ( Y C R B P ( K ) . N E . Y C R B P (  K t 1 1  GO T O  320 
H A U X T  = ( Y C R B P ( K ) - Y P ( I ) ) / C B R ( I )  
Z A U X T  = Z P ( 1  ) + C G R (  I ) * H A U X T  
I F (  ( Z A U X T . G T . Z C R B P ( K ) O A N D O Z A U X T O G T O Z C R B P ( K + ~ ) )  .OR. 

1 (ZAUXT.LT.ZCRBP(K).ANDoZAUXToLToZCRBP(K+l .OR. 
2 ( H A U X T . G T . H A U X )  ) GO T O  310 

H A U X = H A U X T  

K S A V E Z K  
GO T O  310 

320 H A U X T  = ( Z C R B P ( K ) - Z P ( I ) + ( Y P ( I ) - Y C R B P ( K ) ) t T N P c R B ( K ) )  
1 / ( C G R ( I  1 - C B R (  I ) * T N P C H B ( K ) )  

Y A U X T  = Y P ( I ) t C B R ( I ) t H A U X T  
I F (  ( Y A U X T . G T . Y C R B P ( K ) . A N D o Y A U X T o G T o Y C R B P ( K + l  .OR. 

1 ( Y A U X T . L T ~ Y C R R P ( K ) . A N D ~ Y A U X T ~ L T ~ Y C R H P ( K + ~  1 )  .OR0 
2 ( H A U X T o G T o H A U X )  GO T O  3 1 0  

H A U X = H A U X T  
K S A V E = K  

310 C O N T I N U E  
H A U X T  = (XLM2(1)-CAGZ(I)*XP(I)-CBGZ(I)-CCCZ(I)*ZP(I)) 

1 / ( C A R ( f ) * C A G Z (  I)+CBR(I)*CBGZ(I)+CGR(I)*CGGZ(I 1 )  
I F  (HAUXT .GT .HAUX)  GO T O  350 
H A U X = H A U X T  
K S A V E = O  

350 I F ( K S A V E e L E . 0 )  GO T O  200 
X M U G I ( I ) = A M U C  

T H G I  ( I )=O 00 
P H G I  ( I  ) = P H C R B R ( K S A V E )  

200 T C I  = C A R ( I ) * C B Y W ( I ) - C B R (  I ) * C A Y W ( I )  
T A I  = CHR(I)*CGYW(I)-CGR(I)*CBYW(I) 
T R I  = C G W ( I ) * C A Y W ( I ) - C A R ( I ) * c G Y W ( I )  
C P G ( 1 )  = CUS(PHGI( I ) )  
S P G ( 1 )  S I N ( P H G I ( 1 ) )  
C T G ( 1 )  = C O S ( T H G I (  I ) )  
S T G ( 1  1 = S I N ( T H G I (  I )  
T E R M 1  = ( T A I * # 2 + T C  1 * 4 2 ) * S P G (  I 
T E R M 2  = (TRI**2+TCI**2)*CPG(I)*STC(I) 
T E R M 3  = (TAI**2+TBI**2)*CPt(I)tCTG(I) 
T E R M 4  = T B I * C P G (  I ) * ( T A I * S T G ( I  ) + T C I * C T G ( I ) )  
TERMS = TAI*(TBf*SPG(I)-TCI*CPG(I)*CTG(Il) 
T E R M 6  = TCI*(TBI*SPG(I)-TAI*CPG(I )*STG(I)I 
ON1 = TERMS+TERMZ 



I j I ~ t ?  - -  1.1 I ' M  1 - 1 I 1,144 

J : 7 1 - I J M t ~ t ' l t  l l M 3  

11 l 4 1 / , ' (  - ' , O k ' T  ( 1 J l . J j  *: ;; ; J t \ ) l d / < c * ~ t ~ ) l ' d ~ ~ * ( f + ? )  

PHC I ( 1 ) ' A t i S i  [# I ( -UPJ;r i /TERM7) 
T h c ,  I ( I ) = ATAN( UN1 / b N 3 )  

C P G ( I )  = C O S ( P H G I ( 1 ) )  
S P G ( 1 )  = S I N ( P H G I ( 1 ) )  

C T G ( 1 )  = C O S ( T H G I ( 1 ) )  

S T G ( 1 )  = S I N ( T H G I ( 1 ) )  
RETURN 

END 



Finally, for the analysis of curb/guardrail combinations, 

several improvements and refinements were made to the curb-impact 

routine (CRBIMP) supplied with the original version of CALSVA. 

These improvements included: 

1. increasing the number of possible curb faces from 

two to ten; 

2. removing the zero elevation restriction on terrain 

level near the curb; and 

3. providing for modeling undercut curbs 

A program listing of the revised version of CRBIMP is given in 

Figure A - 5 .  



FIGURE A-5 
MODIFIED CURB IMPACT SUBROUTINE 

SUBROUTINE C R B I M P ( 1 )  

S I N G L E  V E H I C L E  - ACCIDENT S I M U L A T I O N  W I T H  CURB IMPACT - CRBIMP 

C O M M O N / I N P T / P H I O ~ T H E T A O  ~ P S I O ~ P O ~ Q O ~ R O ~ X C O P ~ Y C O P ~ Z C O P ~ U O  9VO * w o * A v 6 ,  
1 D E L I 0  ~ D E L ~ O ~ D E L ~ O ~ P H I R O ~ O E L ~  O D * O E L 2 0 D * D E L 3 O D * P H I R O D *  
2 T F ~ T R , Z F * Z R * R H O ~ R W * A K T * S I C ; T * X L A M T * A ~ ~ A ~ ~ A ~ * A K R S * A M U ~  
3 X M U H * X M S * X M U F * X I X * X I Y  ~ X I i l ~ X l X Z r C F * A K F ~ X L A W I F q ~ l M E b F ~  
4 CFPqEPSF, RF ,CK ,AKH,XLAMH*OIvlEGR *CRP*EPSR*RR $ T S *  

5 THMAX,I)TCDMPqTO,Tl * D T P R N T * G q H E D ( 3 6 ) * D A D E ( 3 ) * X I R r  
6 X 1 , Y 1 , Z 1 , X 2 , Y 2 , Z 2 * P k I I C ( S O ) , D E L E , D D E L E * D D E L *  
7 P S I F ( s O ) , T Q F ( 5 0 )  q T Q R ( 5 0 )  * T H , T E * T I N C R * A 4 * O M E G T *  

8 X B D R Y ( 4 , 5 ) , P S B D R Y ( 4 ~ 5 ) * Y B D R Y ( 2 ~ 5 ) * Z G P ( 2 1 * 2 l ~ S )  
C O M M O N / I N P T & / X R ( S ) ,  X E ( 5 )  , x I N C R ( S )  * Y B ( 5 I , Y E ( 5 ) * Y I N C R ( 5 ) , A M U G ( S ) r  

1  UVWMIN,PQRMIN,XXZGP5(21 ) * Y Y Z G P 5 ( 2 1  
COMMON/ INPT l /YCRBP(  1 O ) ~ Z C R B P ( l O ) ~ P H C R B ( 1 O ) ~ Y P H I A V ~ l O ~ ~ P H I A V ~ l O ~ ~  

1 D E L T C * A M U C ~ F J P ( ~ ~ ) * X I P S ~ C P S P * O M G P S ~ A K P S * E P S P S ~ X P S *  
2 RWHJB, RWHJE IDRWHJ * P S  I F I O * P S I F D O q Y C l P ~  YC2P 

COMMON /DIMV/X1P,X2P,X3P*X4P9Y1P*Y2P*Y3P,Y4PrZ1P*Z2P*Z3P*Z4P*PHIlr 
1  P H 1 2 * P H 1 3 , P H 1 4 9 P S 1 1  , P S I 2 ~ P S I 3 ~ P S I 4 ~ C A Y W ( 4 ) ~ C B Y W ( 4 ) *  
2  C G Y W ( 4 ) , Z P G I ( 4 )  * T H G I ( 4 ) r P H G I ( 4 ) r S P G ( 4 ) * C T G ( 4 ) *  
3 S T G ( 4 ) * C A G Z ( 4 ) * C B G Z ( 4 ) * C G G Z ( 4 ) r D 2 ( 4 ) * D 3 ( 4 ) *  

4  X L M 1 ( 4 ) r X L M 2 ( 4 )  9 X L M 3 ( 4 ) * A M T X ( 3 * 3 ) * C M T ~ ( 3 v 4 ) * X G P P ( 4 )  
5 YGPP(4)rZGPP(4)*DMATX(lO*ll)rDELTA(4)rCAR(4)*CBR(4)* 
6 C G K ( 4 ) * F R ( 4 )  * H I  ( 4 ) * F C ( 4 ) , T I  ( 4 ) * A X ( 4 ) * B X ( 4 ) * C X ( 4 ) *  
7 C T X G ( 4 ) , U G ( 4 )  r S T X G ( 4 ) , A Y ( 4 ) 9 R Y ( 4 ) r C P Y G ( 4 ) ~  
8 SPYG(4)*VG(4),PSIIP(4)*PHICI(4)*CAC(4),CBC(4)9CGC(4)* 
9 F C X U ( 4 )  r F C Y U ( 4 )  * F C Z U ( 4 ) g F S ( 4 )  , C A X W ( 4 )  * C B X W ( 4 ) * C G X W ( 4 )  

CnMMTIN / D I M V / A S ( 4 )  q R S ( 4 )  ( C S ( 4 ) r C A S ( 4 ) r C B S ( 4 )  * C G S ( 4 ) s B E T P ( 4 ) r  
1  HETHR(4)rFSXU(4),FSYU(4)*FSZU(4)rFRXU(4) * F R Y U ( 4 )  9 

2 F R Z U ( 4 ) , F X U ( 4 )  * F Y U ( 4 )  , F Z U ( 4 ) * S I  ( 4 ) v F l F I  ( 2 ) e F l R I  ( 2 1 9  
3 F 2 F 1 ( 2 )  * F 2 R 1 ( 2 ) * C A H ( 4 ) * C B H ( 4 ) r C G H ( 4 )  

COMMON /COMPN/ O M T 2 M l * F R S P ( 4 ) * F R C P ( 4 ) * D P S I N T *  
1 TNPCRB( 1 0 )  ~ T N P A V ( l O ) ~ P H C R B H ( 1 0 ) ~ P H I A V H ( l O  1,  
2  A M U C I ~ I P * P H I ~ D * P H I ~ D ~ A J M T X ( ~ * ~ ) * B M T X ( ~ * ~ ) ,  
3 S F R X ( 4 ) ~ S F R Y ( 4 ) ~ S F R Z ( 4 ) , T l P S I * T 2 P S I ~ X M U C I ( 4 )  

COMMON /COMP/SUMM* T H E T N * P H I N r P S I N * P I  * R A D  ,CAM1 * G A M ~ v G A M ~ * G A M ~ ~ G A M ~ *  

1  G A M b , G A M ? * G A M B , G A M 9 * T H E T T  , P H I T * P S I T * A 1 2 ~ A 2 3 r Z R O ~  TR029 
2  T F 0 2 * T I Z * R H 0 2 , R H O M U R * A M U F * B M U R * Z P R r T M 4  r R H M R 2 * A O 2 A P B *  
3 bU2APHp RFTF ? T S U 2  , RRTS rBRDL1UR qXMUFO2 gAXMF023 XMTF049 

4  X I Z R ~ H T R ~ R H M K 2 I ~ X I X P ~ X I Z P ~ X I X Z P ~ X I Y Z P ~ D 1 P D 2 ~ D l M D 2 ~  
5 Z H D 3 t Z R D 3 R ~ Z F D 3 R ~ Z F D 1 2 ~ T I Z 2 ~ T G 6 1 ~ D D 1 P 2 ~ D D l M 2 r R P R ~ P H R P  
(7 r ~ r ~ ~ ~ ~ t  S P H T P * C P H T P ~ S E C T P ~ S F X S ~ S F Y S ~ S F Z S * S N P S ~ S N T S ~  
7 S N P S S I T P R ~ C A Y  PCFjY ~ C G Y 9 C A X * C B X * C G X r S F Y U * S F X U  r S F Y U F *  
t3 S F Y U H ~ S F Z U ~ C O S T H ~ S I N T H ~ C O S P S ~ S I N P S ~ C O S P H ~ S I N P H r A N G l ~  
4 ANG2*CPHI9SPHIICPSI*SPSI*P1*P7*P3*P4*PS*P6*TXrTY*TZ 

COMMON /COMP/TRH,D I S T X *  D I S T Y  * D I S T D * D I S T S  eO21 , Z E T A 4 * Z E T A 4 D *  Z E T A 3 *  
1 Z E T A 3 D v S F Z l  * S N P U * S N T U * H C G H l  9HCGH2 gHCGH3 9HCGH49 TERM1 r 
2 TERM2*SNPSU*SNPR * H C B H l  qHCBH2 * H C B H 3 * H C B H 4 r H C A H l  pHCAH2 
-, .-I HCAH3r HCAH4 r U Q v W P * U R * Q R ~ V P * P R ~ P 2 ~ Q 2 * R 2 * V R * W Q * P Q v P H I R 2  
4  r p H I  RD29 RPHF?D * G C T H * G S T H * G C T S P * G C T C P * X X X  rYYY r X X l  r 
S XX2,YY 1 9 Y Y 2  *THC1  ,THG2vPHG1 * P H G 2 * Z Z l , Z Z 2  
CflMMON/ADTNL/UlrU2rU3*U4,Vl*V2*V3tV4*Wl * W 2 * W 3 r W 4 * X T R A ( 3 0 0 )  
COMMON/INTGRS/NDELt IWHLSW* I N D C R B *  I N D B *  I O U T C *  I P R N T (  1 6  1 , N Z T A B * N Z 5 *  
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D I M E N S I O N  X P ( 4 ) * Y P ( 4 ) r Z P ( 4 )  ~ P H I I ( ~ ) , P S I I ( ~ ) V U I ( ~ ) ~ V I  4 1 4  

E Q U I V A L E N C E  ( X P * X l P ) r ( Y P r Y l P ) *  ( Z P r Z l P ) s ( P H I 1  ),(PSI1 9 P ~ I l ) g  

1 ( U I * U 1 ) ~ ( V I , V l ) 9 ( W I * W l )  
E Q U I V A L E N C E  ( X L Y P r X T R A (  1 ) )  9 ( S P H I C 9 X T R A I 2 ) ) p  ( C P H I C 9 X T R A ( 3 ) )  

I N I T I A L I Z E  
X L M ~ ( I )  = XP(I)*CAGZ(I)+YP(I)~:CBGZ(~)+ZPGI(I)*CGG~(I) 
S N P S I  = S I N ( P S I I (  1 ) )  
C S P S I  = C O S ( P S I I ( I ) )  
S N P H I  = S I N ( P H I I ( 1 ) )  
C S P H I  = C O S ( P H I I ( 1 ) )  
S F R X ( 1 )  = 0.0 

S F R Y ( 1 )  = 0.0 
S F R Z  ( I ) = 0 * 0  
XJ = - 2 6 * 0 * R A D  

C Y C L E  F O R  A L L  53 R A D I A L  S P R I N G S  
00 99 J= l  r 5 3  
T H T J  = 4 o O * X J  
S T J  = S I N ( T H T J 1  

C T J  = C O S (  T H T J )  

D E F I N E  A  T R A N S F O R M A T I O N  M A T R I X  F O R  E A C H  R A O I A L  S P R I N G  
A J M T X ( l v 1 )  = C T J * C S P S I  
A J M T X ( 2 . 1 )  = C T J s S N P S I  
A ~ M T x ( 3 9 1 )  = - S T J  
A J M T X (  1 r 2) = - C S P H I * S N P S  I + S N P H I  t S T J * C S P S I  

A J M T X ( 2 9 2 )  = CSPHIfCSPSI+SNPHI*STJ8SNPSI 
A ~ M T x ( 3 r 2 )  = C T J * S N P H I  
A J M T X ( 1 9 3 )  = SNPHI*SNPSI+CSPHI*SfJ*cSPsI 
A J M T X ( 2 9 3 )  = -CSPSI*SNPHI+CSPHI*STJ*SNPSI 
A J M T X ( 3 r 3 )  = C T J * C S P H I  

D E F I N E  R M T X  A S  A  M A T R I X  P R O D U C T  O F  T R A N S F O R M A T I O N S  

DO El K = 1 , 3  
DO 7 L=1*3  
R M T X ( K t L 1  = 0.0 
DO 6 M = 1 9 3  

6 H M T X ( K t L )  = U M T X ( K I L ) ~ A N T X ( K ~ M ) * A J M T X ( M * L )  
7 C D N T I N U F  

8 C l l N T I N U E  
D E T E R M I N E  L E N G T H  OF E A C H  R A D I A L  S P R I N G  
I N T E R S E C T  S U C C E S S I V k L Y  W I T H  E A C H  C U R B  F A C E  A N D  W I T H  GROUND P L A N E  

H J  = RW 
DO 10 K = l , N C R B M l  
I F ( Y C R B P ( K ) o N E * Y C R R P ( K + l )  GO T O  20  
H J T  = ( Y C R B P ( K ) - Y P ( I ) ) / B M T X ( 2 d )  

Z J P T  = Z P ( I ) + B M T X ( 3 r 3 ) + H J T  
I F (  ( ( Z J P T o G E o Z C R B P (  K )  o A N D e Z J P T o L E e Z C R B P ( K + l  1 )  * O R *  

1 ( Z J P T o L E o Z C R H P (  K )  o A N D o Z J P T o G E o Z C R R P ( K + l  ) o A N D o  

2 ( H J T o L T a H J  ) ) H J = H J T  
GO TO 10 

20 H J T  = ( Z C R B P ( K ) - Z P ( I ) + ( Y P (  1 ) - Y C R B P ( K )  ) * T N P C R R ( K ) )  
1 / ( R M T X ( 3 , 3 ) - R M T X ( 2 r 3 ) * T N P C R B ( K )  
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Y  J P T  = Y P (  I ) + B M T X ( 2 ,  3); : :YJT 
! F ( ( ( Y J P T ~ G E ~ Y C H ~ P ( K ) ~ A N D ~ Y J P T ~ L E . Y C R B P ( K + ~ ) ) ~ O R ~  

1  ( Y J P T - L E a  Y C R H P (  K ) . A N D . Y J P T o G E o Y C R B P ( K + ~  ) 1 )  * A N D *  

2 ( H J T o L T o H J  ) ) H J = H J T  
1 0  C O N T I N U E  

: I N T E R S E C T  W I T H  L A S T  F A C E  
H J T  = ( Z C R B P (  N C R 6 ) - Z P (  I ) + ( Y P ( I  ) - y C R B P ( N C R B )  ) * T N P C R B ( N C R B )  ) 

1  / ( R M T X ( S , J ) - B M T X ( 2 , 3 ) * T N P C R B ( N C R B ) )  
Y J P T  = Y P (  I ) + B M T X ( 2 t 3 ) * H J T  
I F  ( ( Y J P T a G E o Y C R B P (  N C R R )  ) aAi \JDa ( H J T a L T a H J )  1 H J Z H J T  

INTFHSIFCT r d I  TH C,F?~IOND 

Y J P  M U S T  BF L E S S  T H A N  OR E Q U A L  T O  Y C R B P ( 1 )  
H J T  = ( X L M ~ ( I ) - C A G Z ( I ) * X P ( I ) - C ~ ~ G Z ( I ) ~ Z ( I ) * ~ P ( ~ ) )  

1 / ( b M T X (  1, .3); ; ( ( :AG1( I ) + H M T X ( 2 , 3 ) ; t C H G Z (  I ) + f - I M T X ( 3 * 3 ) * C G G Z (  I )  1 
YJ I I 'T  = Y P (  I ) + d M T X (  2 ,  3) : Ic t IJT 
I F (  ( Y J P T a L E o Y C R R P (  1 )  ) . A N D #  ( H J T o L T ~ H J )  H J Z H J T  

I F ( H J o L T o O o 0 o O R a I I J a G E o R W )  GO T O  7 0  
X J P  = X P ( 1  ) + R M T X (  1 9 3 ) J k H J  
Y  JP  = Y P  ( I  ) + H M T X (  2 , 3 ) < c H J  

Z J P  = Z P (  I ) + B M T X ( 3 , 3 ) * H J  
C A J  = ( X P (  I 1 - X J P ) / H J  
C B J  = ( Y P ( 1  1 - Y J P ) / H J  
C G J  = ( Z P ( 1 ) - Z J P ) / H J  

C A L L  INTRPL(FJP,RWHJB~RWHJE*DRWHJ,RW-HJ t F J )  
SUM C O N T R  I R U T I O N  I N  T R A N S F O R M E D  A X  I S  

S F R X (  I ) = S F R X (  I ) + F J I C A J  
S F R Y ( 1 )  = S F R Y ( I ) + F J * C B J  
S F R Z ( 1 )  = S F R Z ( I ) + F J * C G J  

70 X J  = X J C R A D  

99 C O N T I N U E  

C H E C K  IFUK S P R I N G  T O T A L  E F F E C T  I N  A C T I O N  

Z t H l j  I-!i-.SIJLTS A N D  R E T U R N  I F  NO A C T I O N  
F H  ( I ) = S O R T (  S F H X (  I ) $ ? 4 2 + S F R Y  ( I ) * * 2 + S F R Z  ( I )Ic):c2 

I F ( F R ( 1 ) o N E a O e O ) G O  T O  1 1 0  

C A R  ( I  ) = 0 a 0  
C B R ( 1 )  = 0 0 0  

C G R ( 1 )  = 0 . 0  
H I ( I )  = RW 
R E T U R N  

D E T E R M I N E  E Q U I V A L E N T  G C P  A N D  S L O P E S  
1 1 0  C A R ( 1 )  = - S F R X ( I ) / F R ( I )  

C R R ( 1 )  = - S F W Y ( I ) / F H ( I )  
C G H ( 1 )  = - S F R Z ( I ) / F R ( I )  
t i 1  ( I  ) = R W - F R (  I ) / A K T  
I F ( H I ( 1  1 - G T a R W - S I G T )  GU T O  1 1 5  

H I  ( I ) = R W - (  I F N (  I ) / A K T + S I G T f  ( X L A M T - 1 . 0  1 ) / X L A M T  
115 X ( ; I J P ( l )  = X P ( I ) + H I ( I ) l r C A R ( I )  

Y G P P ( I )  = Y P ( I ) + H I ( I ) t C B R ( I )  
Z G P P (  I )  = Z P (  I ) + H I (  I ) * : C G R (  I) 
DO 1  t10 K= 1, N.CjCki~\l 1 
K S A V t r  - K 

I F  ( Y G P P ( 1  ) m G E m Y P H I A V ( K ) o A N D o Y G P P ( I  ) . L T o Y P H I A V ( K + l  1 )  GO T O  1 6 0  
5 0  C U N T l  N U E  

IF(YGPP(I)aLT-YPHIAV(NSCH1) G O  T O  2 0 0  

K S A V k , = N S C H  
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C 1 6 0  T H G I ( 1 )  = 0.0 

C P H G I ( 1 )  = P H I A V R ( K S A V E )  
K S A V E = O  
H A U X = l  aE25  
D O  3 1 0  K = l r N C R B M l  
I F ( Y C R B P ( K ) . N E . Y C R B P ( K + l )  GO T O  3 2 0  
H A U X T  = ( Y C R B P ( K ) - Y P ( I ) ) / C B R ( I )  

Z A U X T  = Z P ( I ) + C G R (  I ) * H A U X T  
I F (  ( Z A U X T . G T . P C R B P (  K ) . A N D o Z A U X T a G T o Z C R t 3 P ( K + l  ) .OR. 

1 ( Z A U X T . L T . Z C R B P ( K ) . A N D o Z A U X T e L T e Z C R B P ( K + l  .OR. 
2 ( H A U X T a G T a H A U X l  GO T O  3 1 0  

H A U X = H A U X T  
K S A V E = K  
GO T O  310 

320 H A U X T  = ( Z C R B P ( K 1 - Z P (  I ) + ( Y P ( I  1 - Y C R B P ( K )  ) f T N P C R B ( K )  
1 / ( C G R ( I  1 - C B R (  I ) * T N P C R B ( K )  

Y A U X T  = Y P ( I ) + C B R ( I ) * H A U X T  
I F (  ( Y A U X T . G T . Y C R B P (  K ) . A N D e Y A U X T o G T e Y C R B P ( K +  ) .OR. 

1  ( Y A U X T o L T *  Y C R B P (  K ) . A N D o Y A U X T o L T o Y C R 8 P  ( K +  1 ) .OR. 
2 ( H A U X T . G T e H A U X 1  1 GO T O  310 

H A U X = H A U X T  
K S A V E = K  

310 C O N T I N U E  
H A U X T  = (ZCRBP(NCRB)-ZP(I)+(YP(I)-YCRBP(NcRB))*TNPCRB(NCRB)) 

1 /(CGR(I)-CBR(I)*TNPCRB(NCRB) 
Y A U X T  = Y P ( I ) + C B R (  I ) * H A U X T  
I F (  ( Y A u X T O L T . Y C R B P (  N C R B )  ) * O R *  ( H A U X T m G T o H A U X  1 GO T O  350 
H A U X = H A U X T  
K S A V E = N C R B  

350 H A U X T  = (XL#2(I)-CAGZ(I)*XP(I)-CBGZ(I)*YP(I)-CGGZ(I)*ZP(I)) 
1 / ( C A R ( I ) * C A G Z (  I ) + C B R (  I ) * C B G Z ( I  ) + C G R (  I ) * C G G Z ( I  1 )  

Y A U X T  = Y P (  I ) + C B R (  I ) * H A U X T  
I F ( ( Y A U X T . G T . Y C R B P (  l ) I ~ O R ~ ( H A U X T G T H A U X )  GO T O  360 
H A U X = H A U X T  
K S A V E = O  

360 I F ( K S A V E . L E . 0  GO T O  200 
T H G I  (I )=O.O 
P H G I ( 1  ) = P H C R B R ( K S A V E )  

200 T C I  = C A R ( 1  ) * C B Y W (  I ) - C B R (  I ) * C A Y W ( I  
T A I  = CRR(I)*CGYW(I)-CGR(I)*CBYW(I) 
T R I  = CGR(I)*CAYW(I)-CAR(I)*CGYW(I) 

C P G ( 1 )  = C O S ( P H G I (  1 ) )  
S P G ( I )  = S I N ( P H G I ( 1 ) )  
C T G ( 1 )  = C O S ( T H G I (  I ) )  
S T G ( I )  = S I N ( T H G I ( 1 ) )  
T E R M 1  = ( T A I * * 2 + T C I * * 2 ) * S P G ( I )  
T E R M 2  = ( T B I * * 2 + T C I * * 2 ) * C P G ( I  ) * S T G ( I  
T E R M 3  = (TAI**2+TBI**2)*CPG(I)tCTG(I) 
T E R M 4  = TBI*CPG(I)*(TAI*STG(I)+TCI*CTG(I 1 )  
T E R M S  = TAI*(TBI*SPG(I)-TCI*CPG(I)*CTG(I)) 
T E R M 6  = T C I * ( T B I * S P G (  I ) - T A I * C P G ( I  ) * I  1 )  
D N ~  = T E R M S + T E R M 2  
D N 2  = - T E R M I - T E R M 4  
D N 3  = T E R M 6 + T E R M 3  
T E R M 7  = S Q R T (  D N 1 * * 2 + D N 2 * * 2 + O N 3 * * 2  
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APPENDIX B 

VEHICLE PARAMETER MEASUREMENTS 

I n  using t h e  CALSVA program t o  s imula te  a  curb,  d ike ,  o r  

ear then  end t rea tment ,  a  r a t h e r  comprehensive s e t  of d a t a  i s  

requi red  t o  desc r ibe  the  impact veh ic le .  The most important 

parameters a r e  those  r e l a t i n g  t o  the  v e h i c l e ' s  suspension and 

i n e r t i a  p r o p e r t i e s .  

Making t h e  necessary measurements r equ i res  a  good dea l  of 

time and e f f o r t .  Because of t h i s  time requirement,  it was de- 

cided e a r l y  i n  t h e  program year  t h a t  t e s t  v e h i c l e s  ought t o  be 

s t andard ized ,  With s tandardized  t e s t  v e h i c l e s ,  measurements on 

a  s i n g l e  v e h i c l e  were used t o  represent  a l l  v e h i c l e s .  

The s t andard  v e h i c l e  d a t a ,  a v a i l a b l e  as p a r t  of t h e  CALSVA 

package, a r e  f o r  a  1963 F o r d G a l a x i e ,  V-8 four-door  sedan (Po l i ce  -- 
S p e c i a l ) .  A t  t he  time of t h e  cu r ren t  t e s t  s e r i e s ,  veh ic les  of 

t h i s  type were no longer  common and were d i f f i c u l t  t o  f i n d ,  I t  

was a l s o  determined t h a t  the  model r e p r e s e n t a t i o n  was more ap- 

p l i c a b l e  t o  v e h i c l e  handling types of i n v e s t i g a t i o n s  r a t h e r  than 

the  severe  suspension bottoming, a i rborne  maneuvers which could 

be expected i n  impact t e s t i n g .  Parameter va lues  f o r  t h e  l a t t e r  

kinds of t e s t s  i n  many cases had e i t h e r  not  been made o r  were 

very roughly approximated. I t  was t h e r e f o r e  concluded t h a t  a  

new s tandardized  t e s t  veh ic le  was requ i red ,  A f t e r  considering 

c o s t  and a v a i l a b i l i t y ,  t h e  veh ic le  chosen was a  1966 Ford Custom, 

s i x  cy l inder ,  two-door sedan,  S ix  of t h e s e  v e h i c l e s  were purchased 

f o r  use i n  t h e  t e s t  program. 



Vehicle  parameter  d a t a  i n  t h e  CALSVA n o t a t i o n  as  used i n  t h e  

s imu la t i on  e x e r c i s e s  a r e  given i n  Tables B - 1  and B - 2 .  S p e c i f i c  

measured va lues  which were obta ined f o r  i n d i v i d u a l  automobiles i s  

shown on Table  B - 3 ,  



1966 FORD C U S T O M ,  SIX CYLTNDER, TWO-DOOR S E D A N  CALSVA I N P U T  DATA 
- .=-. : - r  .... 

Parameter Def in i t ion  Value 

Constant term i n  t i r e  cornering 
s t i f f n e s s  parabola f i t t e d  p roper t i e s  

Linear term i n  t i r e  cornering 11.8 lb / rad .  
s t i f f n e s s  parabola f i t t e d  p roper t i e s  

Second-order term i n  t i r e  cornering 2,960 l b .  
s t i f f n e s s  parabola f i t t e d  p r o p e r t i e s  

Linear term i n  t i r e  camber s t i f f n e s s  1.78 rad .  -1 
parabola f i t t e d  p roper t i e s  

Second-order term i n  t i r e  camber 3 ,600  l b .  
s t i f f n e s s  parabola f i t t e d  p r o p e r t i e s  

Distance from t h e  sprung mass c e n t e r  53.9 i n .  
of g rav i ty  t o  t h e  center  l i n e  of t h e  
f r o n t  wheels 

Distance from t h e  sprung mass c e n t e r  65.1 i n .  
of g r a v i t y  t o  t h e  cen te r  l i n e  of t h e  
r e a r  wheels 

97.6 l b .  Coulomb damping f o r  a s i n g l e  f r o n t  
wheel, e f f e c t i v e  a t  t h e  wheel. 

Coulomb damping f o r  a s i n g l e  r e a r  
wheel e f f e c t i v e  a t  t h e  sp r ing  

38.0 l b .  

1.27 l b .  s ec .  Viscous damping c o e f f i c i e n t  f o r  a  
s i n g l e  f r o n t  wheel i n  compression, 
e f f e c t i v e  a t  the  wheel 

Viscous damping c o e f f i c i e n t  f o r  
a  s i n g l e  f r o n t  wheel i n  ex tens ion ,  
e f f e c t i v e  a t  the  wheel 

Viscous damping c o e f f i c i e n t  f o r  
a s i n g l e  r e a r  wheel i n  compression, 
e f f e c t i v e  a t  the  wheel 

Viscous damping c o e f f i c i e n t  f o r  
a s i n g l e  r e a r  wheel i n  extension,  
e f f e c t i v e  a t  t h e  wheel 

1 0 . 2 0  l b  s e c . i  

1 , 3 6 0  i n .  l b .  Coulomb r e s i s t a n c e  i n  s t e e r i n g  
system, e f f e c t i v e  a t  t h e  wheels 
(both s i d e s  included)  

Rear unsprung mass moment of 
i n e r t i a  about a  l i n e  through i t s  
cen te r  of g rav i ty  and p a r a l l e l  t o  
t h e  - .  vehic le  x axis. - . - -. . - . - 

426 i n .  lb. s e  



Value Parameter D e f i n i t i o n  

Moment of i n e r t i a  about t h e  
v e h i c l e  X a x i s  

Moment of i n e r t i a  about t h e  
v e h i c l e  Y a x i s  

27,480 i n  l b  s ec  2 Moment of i n e r t i a  about t h e  
v e h i c l e  Z a x i s  

-192 i n  l b  s e c  2 
Product of i n e r t i a  about t h e  
v e h i c l e  X and Z a x i s  

Moment of i n e r t i a  of s t e e r i n g  
system, e f f e c t i v e  a t  f r o n t  wheels 
(bo th  s i d e s  i nc luded )  

C o e f f i c i e n t  of complete suspension 
bumper term f o r  compression a t  t h e  
f r o n t  wheel, e f f e c t i v e  a t  t h e  wheel 

C o e f f i c i e n t  of t h e  cub ic  term w i t h i n  
t h e  suspension bumper f o r c e  exp re s s ion  
f o r  t h e  f r o n t  wheel i n  compression, 
e f f e c t i v e  a t  t h e  wheel 

C o e f f i c i e n t  of complete suspens ion  
bumper t e rm f o r  ex t ens ion  a t  t h e  
f r o n t  wheel, e f f e c t i v e  a t  t h e  wheel 

C o e f f i c i e n t  of cub ic  t e rm  w i t h i n  t h e  
suspension bumper f o r c e  exp re s s ion  f o r  
t h e  f r o n t  wheel i n  ex t ens ion ,  e f f e c t i v e  
a t  t h e  wheel 

Coe f f i c i en t  of complete suspens ion  
bumper term f o r  compression a t  t h e  
a x l e ,  e f f e c t i v e  a t  t h e  s p r i n g  

Coe f f i c i en t  of cub ic  t e rm  w i t h i n  1,470 l b / i n  
t h e  suspens ion  bumper f o r c e  exp re s s ion  
f o r  t h e  r e a r  a x l e ,  e f f e c t i v e  a t  t h e  
s p r i n g  

C o e f f i c i e n t  of cub ic  term w i t h i n  t h e  
suspension bumper f o r c e  e x p r e s s i o n  f o r  
t h e  r e a r  a x l e  i n  e x t e n s i o n ,  e f f e c t i v e  
a t  t h e  s p r i n g  

Rear a x l e  r o l l - s t e e r  c o e f f i c i e n t  
( p o s i t i v e  f o r  r o l l  u n d e r s t e e r )  



Parameter Def in i t ion  Value 

Radial  t i r e  spr ing  r a t e  i n  
l i n e a r  range f o r  a s i n g l e  t i r e  

Load d e f l e c t i o n  spr ing  r a t e  of 
e l a s t i c  s tops  i n  the  s t e e r i n g  
system, e f f e c t i v e  a t  the  wheels 
(both s i d e s  included)  

Sprung mass 

2 ,551 l b  sec  / i r  

,750 l b  s e c 2 / i r  

Front unsprung mass (both s i d e s )  

Rear unsprung mass 

Auxiliary r o l l  s t i f f n e s s  i n  
excess of the  f r o n t  wheel spr ing  
r a t e s  i n  r i d e  a t  the  f r o n t  suspension 

Auxiliary r o l l  s t i f f n e s s  i n  excess 
of t h e  r e a r  sp r ing  r a t e s  and spacing 
a t  t h e  r e a r  suspension 

Undeflected wheel r ad ius  13.94 i n .  

Tread a t  t h e  f r o n t  suspension 61.75 i n .  

61.875 i n .  

37.5 i n .  

Tread a t  t h e  r e a r  suspension 

Distance between sp r ing  connections 
f o r  s o l i d  r e a r  ax le  

Distance from cen te r  of g r a v i t y  t o  
f r o n t  of vehic le  

Distance from cen te r  of g r a v i t y  t o  
r e a r  of vehic le  

120.9 i n .  

Distance o f  cen te r  of g rav i ty  t o  s ide  
of veh ic le  

39.0 i n .  

13 .1  i n .  S t a t i c  d i s t ance  along t h e  Z a x i s -  
between t h e  cen te r  of g rav i ty  of t h e  
sprung mass and t h e  cen te r  of g r a v i t y  
of t h e  f r o n t  unsprung masses. (The 
centers  of g rav i ty  of t h e  i n d i v i d u a l  
f r o n t  masses a r e  assumed t o  coinc ide  
w i t h  t h e  wheel cen te r s )  



Parameter  D e f i n i t i o n  Value 

S t a t i c  d i s t a n c e  a long t h e  Z a x i s  
between t h e  c e n t e r  of g r a v i t y  of 
t h e  sprung mass and t h e  r o l l  c e n t e r  
of t h e  r e a r  a x l e .  

15.0  i n .  

V e r t i c a l  c l ea rance  from ground t o  
v e h i c l e  body 

1 1 . 0  i n .  

1 2 . 0  i n .  

0 .5  

V e r t i c a l  he igh t  of v e h i c l e  c e n t e r  of 
g r a v i t y  above ZVB dimension 

Mul t ip le  of K f o r  computing f r o n t  
suspension s tgp s p r i n g  r a t e  

Mul t ip le  of K f o r  computing r e a r  
suspension stEP s p r i n g  r a t e  

Mul t i p l e  of K f o r  computing i n  
non l inea r  range of t i r e  d e f l e c t i o n  

T i r e  t o  ground f r i c t i o n  c o e f f i c i e n t  0.8 

- 2 . 0  i n .  Dis tance between c e n t e r  of g r a v i t y  
of r e a r  a x l e  and r e a r  r o l l  c e n t e r ,  
p o s i t i v e  f o r  r o l l  c e n t e r  above c e n t e r  
of g r a v i t y  

Maximum r a d i a l  t i r e  d e f l e c t i o n  f o r  
l i n e a r  d e f l e c t i o n  range 

5.0 i n .  

-3 .25 i n .  Maximum suspension d e f l e c t i o n  from 
s t a t i c  equ i l i b r ium f o r  l i n e a r  f r o n t  
s p r i n g  d e f l e c t i o n  range i n  compression 

2.7 i n .  Maximum suspension d e f l e c t i o n  from 
s t a t i c  equ i l i b r ium f o r  l i n e a r  f r o n t  
s p r i n g  d e f l e c t i o n  range i n  e x t e n s i o n  

Maximum suspension d e f l e c t i o n  from -5.0 i n .  
s t a t i c  equ i l i b r ium f o r  l i n e a r  r e a r  
s p r i n g  d e f l e c t i o n  range i n  compression 

Maximum suspension d e f l e c t i o n  from 
s t a t i c  equ i l i b r ium f o r  l i n e a r  r e a r  
s p r i n g  d e f l e c t i o n  range i n  e x t e n s i o n  

1.875 i n .  

Mul t i p l e  of A a t  which t h e  assumed 
p a r a b o l i c  v a r s a t  i ons  of smal l -angle  
co rne r ing  and camber s t i f f n e s s  w i t h  
t i r e  l oad ing  a r e  abandoned t o  p rec lude  
r e v e r s a l  i n  t h e  s i g n  of t h e  s i d e  f o r c e  
under cond i t i ons  of  e x c e s s i v e  t i r e  
load ing  



Parameter D e f i n i t i o n  

52 Angular d e f l e c t i o n  of s t e e r i n g  
'4 system at  which e l a s t i c  s t o p s  

are encountered 

Value 

0.54 rad.  



TABLE B-2 

FRONT WHEEL CAMBER ANGLE, O c  VS. SUSPENSION 

DEFLECTION, d F  



TABLE B-3 

MEASURED PARAMETERS FOR INDIVIDUAL VEHICLES 

Vehicle 

Parameter #1 



APPENDIX C 

BARREL ANGLE E N D  TREATMENT MATHEMATICAL IDEALIZATION 

I n  u s ing  t he  BARRIER V computer program [ 5 3 ] ,  i t  i s  r e q u i r e d  

t h a t  a  mathemat ica l  i d e a l i z a t i o n  of t he  s imu la t ed  s t r u c t u r e  be 

developed.  The i d e a l i z a t i o n  c o n s i s t s  of a two-dimensional  assemblage 

of beams, c a b l e s ,  p o s t s ,  s p r i n g s ,  pinned l i n k s ,  and damping d e v i c e s .  

The automobile i s  modeled a s  a body of shape p r e s c r i b e d  by t h e  u s e r  

which i s  surrounded by i n e l a s t i c  s p r i n g s .  During impac t ,  t h e  

dynamic i n t e r a c t i o n  between the  v e h i c l e  and b a r r i e r  i s  so lved  by 

us ing  s t e p - b y - s t e p ,  i n e l a s t i c ,  l a r g e  d i sp lacement ,  s t r u c t u r a l  

a n a l y s i s  methods. 
. . - - - . . - - -. . 

The b a r r e l  ang le  end t r e a tmen t  mathemat ica l  i d e a l i z a t i o n  i s  

shown on F igure  C - 1 .  The numbered noda l  p o i n t s  r e p r e s e n t  j o i n t s  

between s t r u c t u r a l  e lements .  Coordinates  of t h e  p o i n t s  and 

p r o p e r t i e s  of t h e  member elements  f o r  a  t y p i c a l  run a r e  l i s t e d  

on Table C - 1 .  Also l i s t e d  a r e  t he  p o s i t i o n  of each member between 

nodes,  t h e  d e s i g n a t i o n  of  member type  ( i . e . ,  a  t ype  d e s i g n a t i o n  of  

1 1 2  s i g n i f i e s  a  type  1 2  beam element s i n c e  beams a r e  coded a s  t h e  

100 s e r i e s ) ,  and i t s  p r e s t r e s s .  I n  g e n e r a l ,  t h e  i n fo rma t ion  i s  

s e l f  exp l ana to ry .  

Fea tu res  of t h e  i d e a l i z a t i o n  i n c l u d e :  

1. Ba r r e l  c rush  c h a r a c t e r i s t i c s  which a r e  r e p r e s e n t e d  by 

e i g h t  connected  beams. Crushing occurs  through bending 



3 

3' Hole 4' x 6- 
P o s t s  

3'Hole 



a t  t h e  nodal p o i n t s .  

2 .  Beam and pinned l i n k  r ep re sen ta t ions  of c e r t i a n  beam 

members so as  t o  account f o r  both bending and column 

mode f a i l u r e .  

The i d e a l i z a t i o n  has been found t o  dup l i ca t e  t e s t  r e s u l t s  very 

c l o s e l y  ( see  Sec t ion  3 . 4 ) .  Fu r the r ,  it has provided needed 

i n s i g h t  i n t o  t h e  end t rea tment  performance f o r  impact cond i t i ons  

s u b s t a n t i a l l y  d i f f e r e n t  than those  p r e v a i l i n g  i n  t h e  t e s t .  The 

r e s u l t  has been a  s u b s t a n t i a l  i nc rease  i n  unders tanding ,  bu t  a t  

f a r  l e s s  c o s t  than  would have been requi red  f o r  corresponding 

t e s t  s e r i e s .  

The v e r s a t i l i t y  of t h e  i d e a l i z a t i o n  a l s o  promises t o  be  an 

a i d  i n  eva lua t ing  end t rea tment  modoficat ions .  
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APPENDIX D 

IMPACT ACCELERATION MEASUREMENTS 

Impact a c c e l e r a t i o n s  were recorded by means of acce l e rome te r s  

f o r  t e s t s  2 2  through 26 .  T e s t  2 2  involved an angle  impact on a  

sodium s i l i c a t e  foam impact a t t e n u a t o r  whi le  t e s t s  2 3  through 26 

were of v a r i o u s  v a r i e t i e s  of g u a r d r a i l  end t r e a t m e n t s .  

A c c e l e r a t i o n s  were recorded a long  each of t h r e e  o r thogona l  

d i r e c t i o n s  f i x e d  t o  t he  v e h i c l e  body. The acce le rometers  were 

mounted on a  r i g i d  p l a t e .  The p l a t e  i n  t u r n ,  was r i g i d l y  a t t a c h e d  

t o  t he  v e h i c l e  body a t  t h e  l o n g i t u d i n a l  C . G .  p o s i t i o n ,  roughly  

i n  t h e  p o s i t i o n  of t h e  l e f t  f r o n t  s e a t .  The two cross-members 

used t o  suppor t  the  s e a t  were used a s  p l a t e  a t tachment  p o i n t s ,  

Accelerometers  used i n  t h e  measurements were of t h e  q u a r t z  

c r y s t a l  type  manufactured by t he  K i s t l e r  Ins t rument  Corpo ra t i on .  

These a r e  dev ices  which a r e  s o l d  under t h e  t r a d e  name of "P iezo t ron"  

- the  s p e c i f i c  u n i t s  be ing  c l a s s i f i e d  a s  Model 8 1 8 .  S e l e c t e d  

s p e c i f i c a t i o n s  a r e  l i s t e d  i n  Table D - 1 .  A t y p i c a l  low frequency 

response  c h a r a c t e r i s t i c  i s  shown on F igure  D - 1 ,  Response i s  f l a t  

ou t  t o  about  4,000 H z .  

S ince  t h e  dev ices  do n o t  respond t o  a  DC s i g n a l ,  t h e r e  i s  a  

"drooping" of t he  ou tpu t  s i g n a l  i f  i t  remains of  one s i g n  f o r  an 

extended p e r i o d  of t ime.  The drooping e f f e c t  occurs  accord ing  t o  

an e q u i v a l e n t  " s to r age  time cons t an t "  o f  0 .25 s e c .  Th is  means 

t h a t  i f  a s t e p  a c c e l e r a t i o n  were impressed upon a  P i e z o t r o n ,  t h e  

i n p u t / o u t p u t  r e l a t i o n s h i p  would be a s  i n d i c a t e d  on F igu re  D- 2 .  



TABLE D - 1  

PIEZOTRON MODEL 818 SPECIFICATIONS 

Range +250g 

Electronic Noise - (0.01g rms 

Sensitivity 10 mv/g 

Resonant Frequency 30kHz 

Amplitude Linearity 21% 

Temperature Sensitivity 0 .03%/oF 

Output Voltage 22.5V 



Frequency, Hz 

FINRE D-l T Y P I C A L  P I  EZOTRON LOW FREQUENCY C I i A R A C T E R I S T I C  

/- 
Input Step Function 

Piezotron Output 

0 0 . 1  0 .2  0 . 3  

Time, s e c .  

FIGURE D-2 P I  EZOTRON STORAGE T I  FIE CO/ISTAHT CHARACTERJSTI  C 



The output  would follow the  input  very c lose ly  as the s t e p  i s  app l i ed ,  

b u t  would t r a i l  off  from the  DC input l e v e l  as shown. In most 

of the t e s t s ,  the  acce le ra t ion  changes s ign  rap id ly  enough s o  t h a t  

t h e  drooping e f f e c t  i s  of l i t t l e  consequence. On some occas ions ,  

however, drooping undoubtedly colors  the r e s u l t s  . These cases  a r e  

discussed appropr ia te ly .  

Data f o r  each of the t e s t s  i s  shown on the  remaining f i g u r e s  

and i s  discussed as fol lows:  

D . I  TEST 22  SODIUM SILICATE IMPACT ABSORBING BARRIER 

This t e s t  involved a  veh ic le  s t r i k i n g  a  sodium s i l i c a t e  

impact absorbing b a r r i e r  conf igura t ion  1581. The t e s t  speed was 

about 6 1  mph and the impact angle r e l a t i v e  t o  t r a f f i c  flow was 

about 19". 

A s  i nd ica ted  on Figure D-3, acce le ra t ion  va lues  appear t o  be 

r e l a t i v e l y  modest u n t i l  about 340 msec i n t o  the  impact. A t  t h i s  

p o i n t ,  t he  long i tud ina l  acce le ra t ion  begins t o  i n c r e a s e  markedly. 

This inc rease  corresponds t o  the  po in t  where the  v e h i c l e  begins 

t o  pocket i n  the b a r r i e r .  Decelerat ions exceeding 5 g t s  ( see  

Table E - 4 )  l a s t  f o r  about 96 msec as shown by t h e  i n d i c a t e d  

i n t e r v a l .  The average a c c e l e r a t i o n  during t h i s  pe r iod  is about 

1 2  g l s ,  however, with a peak of about 2 8  g ' s .  Although t h e  e n t i r e  

i n t e r v a l  i s  l e s s  than 1 0 0  msec, the  drooping e f f e c t  mentioned 

e a r l i e r  probably causes as much as  a 30% drop i n  amplitude near 

the  end of the i n t e r v a l .  Thus, the  a c t u a l  d e c e l e r a t i o n s  were 

undoubtedly somewhat h igher  than shown. 





V e r t i c a l  and l a t e r a l  a c c e l e r a t i o n s  d i d  no t  appear  t o  he 

e x c e s s i v e ,  o r  t o  be a f f e c t e d  by drooping.  

D . 2  TEST 2 3  BARREL SWEEP GUARDRAIL END 

This t e s t  invo lved  a  v e h i c l e  s t r i k i n g  a  g u a r d r a i l  end c t ~ n f i g -  

u r a t i o n .  The t e s t  speed and ang le  were about 5 6  mph and 2 4 " ,  

r c s p e c t i v c l y .  

As sllown on F igure  D - 4 ,  l o n g i t u d i n a l  a c c c l c r a t i o n  rcmains 

below 5 g f s  u n t i l  about 7 5  msec fo l lowing  i n i t i a l  impact .  A t  t h i s  

p o i n t ,  i t  beg ins  t o  i n c r e a s e ,  e v e n t u a l l y  r each ing  a  peak of about  

20 g l s .  The i n t e r v a l  of  a c c e l e r a t i o n  over  5 g ' s  l a s t s  f o r  about  

1 6 0  msec and corresponds  t o  t h e  v e h i c l e  pocke t ing  i n  t h e  end 

s e c t i o n .  The average l o n g i t u d i n a l  a c c e l e r a t i o n  ove r  t h i s  p e r i o d  

i s  about  9 g l s .  Drooping of t h e  s i g n a l  i s  again a  f a c t o r ,  and 

e r r o r s  n e a r  t h e  end of t he  i n t e r v a l  on t h e  o r d e r  of  30 t o  4 0 %  

a r e  p robable .  

A second major impact even t  occurs  a t  about  500 mscc. Although 

peaks i n  l o n g i t u d i n a l  a c c e l e r a t i o n  up t o  1 4  g ' s  o c c u r ,  t h e  average  

a c c e l e r a t i o n  over  t h e  nex t  100 msec i s  modest.  Th is  even t  p robably  

corresponds  t o  a  secondary c o l l i s i o n  of t h e  v e h i c l e  w i t h  t h e  guard-  

r a i l  end anchor.  

V e r t i c a l  and l a t e r a l  a c c e l e r a t i o n  measurements were neve r  

e x c e s s i v e ,  a l though each peaked a t  about  13  g t s  du r ing  t h e  second 

impact even t .  Drooping was no t  a  f a c t o r  i n  e i t h e r  of  t h e s e  a c c e l e r -  

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





D .  3  TEST 2 4  BARREL ANGLED GUARDRAIL E N D  

The g u a r d r a i l  end which was eva lua t ed  i n  t h i s  t e s t  i s  shown 

on F igure  3-5 .  The v e h i c l e  was d i r e c t e d  i n t o  t h e  s t r u c t u r e  a t  

a  p o i n t  n e a r  t he  f i f t h  b a r r e l  from t h e  end. Speed and ang le  were 

5 6  mph and 2 S 0 ,  r e s p e c t i v e l y .  

The a c c e l e r a t i o n  t r a c e s  shown on F igure  D - 5  were r a t h e r  

o s c i l l a t o r y  i n  a l l  t h r e e  d i r e c t i o n s .  S h o r t  i n t e r v a l  peaks of  

up t o  1 7  g ' s  were recorded b u t  t h e s e  were n o t  s u s t a i n e d  long enough 

t o  be of s e r i o u s  consequence. No i n t e r v a l  of  s u s t a i n e d  a c c e l e r a t i o n  

over 5  g 1  s l a s t e d  more than  about 20 msec. Drooping was never  

a  f a c t o r .  

D .  4 TEST 2 5  CURVED RADIUS GUARDRAIL END 

I n  t h i s  t e s t ,  t h e  impact speed was about 6 2  mph and t h e  

ang le  was 2 5 ' .  

The a c c e l e r a t i o n  t r a c e s  (F igure  D-6) ss f o r  t e s t  2 4 ,  aga in  

appear t o  be  l a r g e l y  o s c i l l a t o r y .  A p e r i o d  of about  195 msec. 

occurs  i n  t h e  l o n g i t u d i n a l  a c c e l e r a t i o n  h i s t o r y ,  however, wherein  

t h e  average a c c e l e r a t i o n  i s  aobut  6  g l s ,  The i n t e r v a l  beg ins  

a t  about 3 6 0  msec. i n t o  t he  t e s t .  Although t h e  i n t e r v a l  i s  l ong ,  

t h e  average a c c e l e r a t i o n  of 6 g ' s  i s  n o t  much over  t h e  i n j u r y  

t h r e s h o l d  a s  i n d i c a t e d  i n  Table  E - 4 .  

I t  i s  i n t e r e s t i n g  t o  no t e  t h a t  i n  bo th  t e s t s  2 4  and 2 5 ,  

a  p a t t e r n  of p o s i t i v e  a c c e l e r a t i o n  s p i k e s  was recorded i n  t h e  

l o n g i t u d i n a l  a c c e l e r a t i o n  t r a c e .  The i n t e r v a l  between s p i k e  v a r i e s  
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between 30 and 60 msec, which corresponds t o  a  c a r  movement of about 

two t o  s i x  f e e t  pe r  i n t e r v a l .  Two p o s s i b l e  explana t ions  a r e  

g iven  f o r  t h e  presence of t he  s p i k e s ,  

F i r s t  of a l l ,  i t  must be concluded t h a t  t h e  v e h i c l e  i s  

s t o r i n g  energy i n  some way as  i t  s t r i k e s  t he  b a r r i e r ,  s o  t h a t  i t  

s p r i n g s  back t o  produce the  p o s i t i v e  a c c e l e r a t i o n s .  Next,  i t  seems 

l i k e l y  t h a t  t h e  sp ikes  a r e  i n  some way connected wi th  t he  r ed i r ec t ion  

process  s i n c e  both  v e h i c l e s  were r e d i r e c t e d .  One exp lana t ion  

would then  seem t o  involve t h e  g u a r d r a i l  a l t e r n a t e l y  be ing  compressed 

and then  s p r i n g i n g  back as  t he  c a r  i s  tu rned .  The a c t i o n s  i n  t h e  

g u a r d r a i l  would then  show up as  o s c i l l a t i n g  a c c e l e r a t i o n s  of t h e  

v e h i c l e .  

A second exp lana t ion  involves  a  p o s s i b l e  i n t e r a c t i o n  of t h e  

v e h i c l e  and t h e  g u a r d r a i l  p o s t s .  Pos t s  were spaced a t  two and 

t h r e e  f e e t  f o r  the  s t r u c t u r e  t e s t e d  i n  t e s t  2 4 ,  and t h i s  corresponds 

t o  an i n t e r v a l  of 30 t o  4 0  msec (roughly t h e  same as  t h a t  no ted  

f o r  the  s p i k e s ) ,  a t  t h e  probable  v e h i c l e  speed du r ing  impact .  

Pos t s  were spaced a t  about s i x  f e e t  a p a r t  f o r  t e s t  2 5  and t h e  

a c c e l e r a t i o n  sp ike  i n t e r v a l  ( a t  l e a s t  f o r  t h e  f i r s t  f o u r  s p i k e s )  

was about 6 0  msec. A s i x - f o o t  spac ing  would correspond t o  about 

an 80 msec i n t e r v a l ,  however. The re fo re ,  t h e  c o r r e l a t i o n  i s  n o t  , 

c l e a r  c u t .  

A t  any r a t e ,  t he  s p i k e  phenomena seems t o  be c h a r a c t e r i s t i c  

of r e d i r e c t i o n  and i s  probably r e l a t e d  t o  t h e  v e h i c l e l g u a r d r a i l  

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



D . 5  TEST 26 CORRUGATED CONDUIT GUARDRAIL E N D  

Speed and angle f o r  t h i s  t e s t  were 26  mph and 2 S 0 ,  r e s p e c t i v e l y .  

The a c c e l e r a t i o n  t r aces  f o r  the t e s t  a re  shown on Figure D - 7 .  

Due t o  the low impact v e l o c i t y ,  acce le ra t ion  l e v e l s  along a l l  t h r e e  

axes were r e l a t i v e l y  modest. A 1 7  g peak a c c e l e r a t i o n  of very 

s h o r t  dura t ion  was recorded i n  the long i tud ina l  d i r e c t i o n ,  with 

s i m i l a r  values of 11 g f s  and 1 0  g f s  i n  the  v e r t i c a l  and l a t e r a l  

d i r e c t i o n s ,  r e s p e c t i v e l y .  Average acce le ra t ion  values a re  below 

3 g ' s  f o r  a l l  i n t e r v a l s  exceeding 1 0 0  msec, however, 

Pos i t ive  sp ikes  were again present  i n  the  l o n g i t u d i n a l  

acce le ra t ion  t r a c e .  Only two were found, however, and these  were 

spaced 164 msec a p a r t .  The wider spacing sugges ts  again t h a t  

veh ic le  speed i s  a  f a c t o r  i n  t h e  phenomena. 

D.6 IMPACT ACCELERATION FREQUENCY CONTENT 

In  order  t o  ga in  a  p a r t i a l  understanding of the  frequency 

spectrum assoc ia ted  with the measured a c c e l e r a t i o n  d a t a ,  t h e  

da ta  f o r  one of the t e s t s  was run through a  s e r i e s  of low-pass 

f i l t e r s .  The f i l t e r s  ranged i n  c u t - o f f  frequency from 1 Hz t o  

200 H z .  The r e s u l t i n g  acce le ra t ion  t r a c e s  a r e  shown on Figure D - 8 .  

The f i l t e r  type used in  the exe rc i ses  was a  t h i r d  o rde r  

maximally f l a t ,  o r  Butterworth type which can be represented  by 

the  equat ion:  







where w c  i s  t h e  c u t - o f f  frequency equal  t o  Znf,, where f i s  i n  H z .  
C 

Refe r r ing  back t o  Figure D-8 now, t h e  s i g n a l  t r a c e  shown i s  

the  l o n g i t u d i n a l  acce l e r a t i on  h i s t o r y  f o r  t e s t  2 2 .  The curve 

a t  t h e  top i s  t he  raw da t a  s i g n a l  as it i s  f i l t e r e d  by the  s t r i p  

c h a r t  r eco rde r  (see  Figure D - 9 ) .  On the  l e f t  and downward i n  

sequence a r e  s i g n a l s  wi th  cu t -o f f  f requenc ies  s t a r t i n g  a t  2 0 0  H z  

and going down t o  1 H z  on the lower r i g h t .  
- - .-. . . -. . - . - .- 
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FIGURE D-9 STRIP CHART RECORDER FREQUENCY RESPONSE 

I t  i s  obvious t h a t  as the  c u t - o f f  frequency i s  reduced,  t he  

peak a c c e l e r a t i o n  becomes lower and i s  moved t o  t he  r i g h t  i n  t ime.  

This po in t s  up the  f a c t  t h a t  one should  be c a r e f u l  i n  s p e c i f y i n g  

peak a c c e l e r a t i o n  wi thout  r e f e r r i n g  t o  t h e  l e v e l  of s i g n a l  

f i l t e r i n g .  

For a 1 H z  c u t - o f f  f requency,  t h e  s i g n a l  has become almost 

f l a t .  There i s  a  d i s ce rnab le  s i g n a l  movement, however, which 

confirms the  f a c t  t h a t  t he  acce le rometer  i s  func t ion ing  even 

a t  t h i s  low frequency l e v e l  (The acce le rometer  frequency response 

c h a r a c t e r i s t i c  shown on Figure  D-1 would, of  cou r se ,  sugges t  t h i s . )  

71 0 



APPENDIX E 

-. . .- BARRIER DEVELOPMENT PROCEDURES 

Sys temat ic  b a r r i e r  development procedures a r e  d e s c r i b e d  i n  d e t a i l  

i n  t h i s  appendix,  The development process  i s  o u t l i n e d  i n  F igure  E - 1 .  

A d i s c u s s i o n  of  the  e n t i r e  p rocess  would be l eng thy ,  t h e r e f o r e ,  

on ly  t h e  fo l lowing  t o p i c s  i n d i c a t e d  on t h e  f i g u r e  a r e  cons ide red :  

1. The Opera t iona l  Environment 

2 .  Opera t iona l  Requirements 

3 .  Funct iona l  Requirements 

4 .  Performance Measures 

These a r e  a r e a s  which a r e  of s p e c i f i c  importance i n  t h e  c u r r e n t  

program and each w i l l  be d i s cus sed  where a p p r o p r i a t e  i n  terms of 

t h e  s p e c i f i c  b a r r i e r  systems which a r e  t r e a t e d  i n  t h i s  r e p o r t .  

Design g u i d e l i n e s ,  an a d d i t i o n a l  t o p i c ,  have been inc luded  

i n  t h e  main d i s c u s s i o n  s e c t i o n s  s i n c e  t h e s e  a r e  more p e r t i n e n t  

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

E . l  THE OPERATIONAL ENVIRONMENT 

The o p e r a t i o n a l  environment,  . i n  t h e  ca se  of  b a r r i e r  development, 

c o n s i s t s  of the  fo l lowing  f a c t o r s  : 

1. The f u l l  range of impact cond i t i ons  t o  which t h e  b a r r i e r  

may be expected t o  be exposed;  

2 .  The l i m i t s  of load  t o l e r a n c e  of a  v e h i c l e  occupant r e a c t i n g  

t o  the  impact f o r c e s ;  

3 .  The e n t i r e  range of a d d i t i o n a l  f a c t o r s  ( i . e . ,  s o i l  
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p r o p e r t i e s ,  f r e e z i n g  c o n d i t i o n s ,  snow accumulat ion,  

e t c . )  which tend  t o  produce geographica l  and s e a s o n a l  

v a r i a t i o n s  i n  b a r r i e r  performance. 

S i g n i f i c a n t  impact c o n d i t i o n s  i n c l u d e  v e h i c l e  we igh t ,  v e l o c i t y ,  

and c o l l i s i o n  ang le .  D i s t r i b u t i o n s  o f  t h e s e ,  from o p e r a t i o n a l  

survey  d a t a ,  a r e  g iven  i n  t a b u l a r  form, i n  Tables  E - 1  through 

E-3. 

TABLE E - 1  VEHICLE WEIGHT DISTRIBUTION 

TABLE E - 2  SPEED DISTRIBUTIONS 

TABLE E-3 ANGLE DISTRIBUTION 

i 

3.0-3.5  

19 .4  

Weight ,  
(1000 l b ) :  

% 

4.6 5.7 8.9 22.0 34.3 20.9 2.6 

2 .0-2 .5  

1 . 2  

1 - 2  

2 . 2  

Commercial: 
Survey % 

Commercial: 
E s t i m a t e %  

The weight  d a t a  [41] ,  c l e a r l y  i n d i c a t e s  t h a t  a, preponderance 

of v e h i c l e s  weigh between 1,500 and 4,500 pounds (more t han  8 5 % ) .  

2 .5-3 .0  

5.9 

3 .5-4 .0  

33.8 

4ngle (deg) : 
% 

- - -  

16.8 

4.0-4.5 

23.3  

0 -5  
37 

i 

>4.5 

1 4 . 2  

0 . 7  

1 2 . 4  

5-10 

2 4  

1 2 . 0  

20.5 

10-15 

1 9  

57.4 

38.1 

15-20 
8 

29.6 

9.9 

20-25 

2 

0 .3  

2 . 2  

> 2 5  

10 

- - -  

0.2 



There i s  a  s i g n i f i c a n t  percentage i n  c a t e g o r i e s  l a r g e r  than 4,500 

pounds, however, wi th  t h e  maximum weight  measured being 190,000 

pounds. 

Impact v e l o c i t y  d a t a  i s  d i f f i c u l t  t o  a r r i v e  a t  because of 

probable  d i f f e r e n c e s  between highway speeds and a c t u a l  impact 

speeds a f t e r  some brak ing  has occurred.  Ve loc i ty  d a t a  was t h e r e f o r e  

t aken  from two s o u r c e s :  a c t u a l  highway speed survey  d a t a  [42] ,  

and impact speed d a t a  as es t imated  by i n v e s t i g a t i n g  p o l i c e  o f f i c e r s  

[43] .  From t h e s e  d a t a ,  i t  i s  ev iden t  t h a t  t h e  range of a p p l i c a b l e  

impact speeds  f o r  passenger  v e h i c l e s  i s  between 40 and 80 mph 

and f o r  commercial v e h i c l e s  between 30 and 70 mph. This  covers  

between 88 and 98% of t h e  speeds l i s t e d  f o r  passenger  v e h i c l e s  

and between 83 and 9 9 %  of those  l i s t e d  f o r  t r u c k s  and buses .  

The approach ang le  d a t a  [ 4 4 ]  i n d i c a t e s  t h a t  t h e  o p e r a t i o n a l  

range h e r e ,  v a r i e s  between 0" and 2 5 ' .  Approach ang le  cannot 

be cons idered  a  s e p a r a t e  paramete r ,  independent  of  v e l o c i t y ,  

however. The maximum impact ang le  cannot  exceed an ang le  

which i s  determined by t h e  minimum t u r n i n g  r a d i u s  of  t h e  v e h i c l e  

and the  l a t e r a l  d i s t a n c e  of i t s  pa th  from t h e  b a r r i e r .  The 

f a c t o r s  c o n t r o l l i n g  t h e  r e l a t i o n s h i p  [45] i n c l u d e  v e l o c i t y ,  r o a d l t i r e  

f r i c t i o n  c o e f f i c i e n t ,  road s u r f a c e  camber ( s u p e r - e l e v a t i o n ) ,  and 

road c u r v a t u r e .  Care should  be t a k e n ,  t h e r e f o r e ,  i n  s e l e c t i n g  

angle  and v e l o c i t y  cond i t i ons  which a r e  compat ible .  

Human t o l e r a n c e  t o  i n j u r y  can be c o r r e l a t e d  w i th  t h e  time 

h i s t o r i e s  of i n j u r y  r e l a t e d  k inemat ic  v a r i a b l e s  a s  a  v e h i c l e  



s t r i k e s  a  b a r r i e r .  A s  p resen t ly  understood [39], t he  v a r i a b l e s  

t h a t  in f luence  occupant i n j u r y  a r e :  incremental  change i n  v e l o c i t y ,  

a c c e l e r a t i o n ,  and a c c e l e r a t i o n  onset .  Veloc i ty  change manifests  

i t s e l f  i n  t h e  r e l a t i v e  v e l o c i t y  achieved by a  passenger i n  a  

secondary c o l l i s i o n  with the vehic le  i n t e r i o r ;  a c c e l e r a t i o n  and 

a c c e l e r a t i o n  onse t  through the i n t e r n a l  loading and deformation 

of body p a r t s .  Of the t h r e e ,  l e a s t  i s  known about t h e  e f f e c t s  

of a c c e l e r a t i o n  onse t .  

The l e v e l ,  d i r e c t i o n ,  and dura t ion  of a c t i o n  of these  v a r i a b l e s  

a re  g e n e r a l l y  considered i n  ass igning  t o l e r a n c e  l e v e l s .  The 

s i t u a t i o n  i s  inf luenced by s e v e r a l  f a c t o r s ,  however, some of which 

inc lude  passenger  r e s t r a i n t ,  age,  v i t a l  c o n d i t i o n ,  and body o r i e n t a -  

t i o n .  Therefore ,  a sharp c u t - o f f  between i n j u r y  and no i n j u r y  

i n  terms of kinematic  v a r i a b l e s  does n o t  e x i s t  and i n j u r y  assessment 

on t h i s  b a s i s  can only be made i n  a  genera l  sense .  Working range 

thresholds  i n  terms of the  cu r ren t  s t a t e  of t h e  a r t  a r e  l i s t e d  

i n  Table E - 4  [39, 4 0 ,  451 : 



TABLE E-4 

KINEMATIC I N J U R Y  THRESHOLD LEVELS 

V a r i a b l e  

a  ( l o n g i t u d i n a l )  
X 

a  ( l a t e r a l  
Y 

a z ( v e r t i c a l )  

Avx 

AV 
Y 

AV z 

R e s t r a i n t  
U n r e s t r a i n e d  

Leve l  

5  g ' s  

3 g ' s  

10 g ' s  

1 2 f t / s e c  

1 2 f t / s e c  

1 2  f t / s e c  

D u r a t i o n  

100-200 msec 

100-200 msec 

106-200 m s e c  

N/A 

N/A 

N/A 

Lap B e l t  R e s t r a i n e d  

Leve l  

10 g ' s  

5 g ' s  

20 g ' s  

1 5  f t / s e c  

1 5  f t / s ec  

25 f t / s ec  

Lap B e l t  and  S h o u l d e r  
Harness  R e s t r a i n e d  

D u r a t i o n  

100-200 msec 

100-200 msec 

100-200 msec 

N/A 

N/A 

N/A 

Leve l  

25 g ' s  

1 5  g ' s  

20 g ' s  

30 f t / s e c  

25 f t / s ec  

40 f t / s e c  

D u r a t i o n  

100-200 msec 

100-200 m s e c  

100-200 m s e c  

N/A 

N/A 

N/A 



No th reshb ld  i s  ind ica ted  f o r  da ( a c c e l e r a t i o n  onset)  because of the  

genera l  lack o f  r e l i a b l e  experimental d a t a .  

The remaining f a c t o r s  which go t o  make up the  o p e r a t i o n a l  

environment a r e  ind ica ted  i n  the d e t a i l e d  design cons ide ra t ions  

shown on Figure  E - 2 .  

E . 2  OPERATIONAL REQUIREMENTS 

A sys temat ic  b a r r i e r  development procedure r e q u i r e s  t h a t  

b a r r i e r  o p e r a t i o n a l  requirements be e s t a b l i s h e d  i n  the  i n i t i a l  

s t a g e s .  These can then be used as a base f o r  measuring the  

system e f f e c t i v e n e s s  f o r  the remainder of the  program. 

The foremost ob jec t ive  i n  t r a f f i c  b a r r i e r  design i s  t o  

minimize pe r sona l  i n j u r y  i n  ran-off  - the- road  a c c i d e n t s .  The 

second o b j e c t i v e ,  must be concerned with minimizing the  t o t a l  

sum of economic c o s t s ,  with the  t h t r d  and l e a s t  important  cons idera t ion  

being the  e s t h e t i c  appearances of the  design.  

In  cons ider ing  personal  i n j u r y ,  the  f i r s t  p r i o r i t y  must 

be t o  p o t e n t i a l  vict ims who a re  not  d i r e c t l y  involved i n  the  

i n i t i a l  acc ident .  This suggests  t h a t  the  f i r s t  o p e r a t i o n a l  requirement 

should be concerned with containing t h e  acc iden t  so  as  not  t o  

involve innocent  v e h i c l e s .  The next  c o n s i d e r a t i o n  i s  then t o  

occupants i n  the e r r a n t  veh ic le ,  i t s e l f .  

I d e a l l y ,  ope ra t iona l  requirements ,  s o  d e r i v e d ,  would be 

based on coverage of t he  e n t i r e  range o f  o p e r a t i o n a l  impact cond i t ions  

as descr ibed  previous ly .  More p r a c t i c a l l y ,  however, economic 
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cons ide ra t ions  d i c t a t e  requirements t h a t  s a t i s f y  a  more l i m i t e d  

s e t  of cond i t ions .  For example, as shown i n  Appendix A ,  8 5 1  of 

the  veh ic le  popula t ion  weighs l e s s  than 4,500 pounds, but  the  

h e a v i e s t  v e h i c l e s  weigh upwards of 190,000 pounds. A b a r r i e r  

designed t o  cover  100% of the  range of veh ic le  weights  would be 

a t  l e a s t  an o r d e r  of magnitude more expensive than  one which 

covered 8 5 % .  A compromise on complete e f f e c t i v e n e s s  i s  t h e r e f o r e  

necessary.  

Before going t o  t h e  next  s e c t i o n ,  i t  should be remarked 

t h a t  a s e t  of o p e r a t i o n a l  requirements should be e s t a b l i s h e d  as 

a goal which d e a l s  with so lv ing  a  p a r t i c u l a r  problem i n  the  most 

comprehensive and i d e a l  way. A second s e t  of requirements should 

a l s o  be e s t a b l i s h e d ,  however, which a r e  w i t h i n  t h e  p r a c t i c a l  limits 

of c u r r e n t  technology and economics [66]. One purpose of opera t iona l  

requirements i s  t o  s t i m u l a t e  innovat ion.  There fo re ,  the  performance 

expected by eventua l  use r s  must be s t r e s s e d .  Too much r e l i a n c e  

on a  slowly changing s e t  of " p r a c t i c a l  requirements" o f t e n  i n h i b i t s  

technologica l  growth and serves  t o  c l o s e  the  way t o  the  development 

and i n t r o d u c t i o n  of new ideas .  Therefore,  a  s e t  of i d e a l  r e q u i r e -  

ments must be a v a i l a b l e  as  a  c a r r o t  f o r  s t i m u l a t i n g  improvement. 

E . 3  FUNCTIONAL REQUIREMENTS AND PERFORMANCE MEASURES 

Functional requirements take the  form of s p e c i f i c  s ta tements  

about what a  b a r r i e r  should or  should not  do i n  ca r ry ing  out  the  

general  funct ions  o u t l i n e d  under o p e r a t i o n a l  requirements .  

Performance measures c o n s i s t  of those q u a n t i t i e s ,  v a r i a b l e s ,  



o r  phenomenological events  which can be used i n  determining t h e  

b a r r i e r  e f f e c t i v e n e s s .  

E . 4  SPECIFIC REQUIREMENTS AND MEASURES 

I n  t h e  remaining p a r t  of t h i s  appendix,  s p e c i f i c  o p e r a t i o n a l  

requi rements ,  f u n c t i o n a l  requi rements ,  and performance measures 

a r e  l i s t e d  f o r  each of the  f o u r  roads ide  t r a f f i c  s t r u c t u r e s  d i scus sed  

i n  t h i s  r e p o r t .  

E .  4 . 1  GUARDRAIL END TREATMENTS 

E . 4 . 1 . 1  Opera t iona l  Requirements. 

1. An e r r a n t  v e h i c l e  must e i t h e r  be brought  t o  r e s t  

by t h e  end t r e a t m e n t ,  o r  be r e d i r e c t e d  i n  f r o n t  

o f ,  o r  behind the  p a r e n t  g u a r d r a i l .  

2 .  I n  p r o t e c t i n g  the  occupants of t h e  e r r a n t  v e h i c l e ,  

t h e  end t r ea tmen t  must n o t  a l low p e n e t r a t i o n  t o  t h e  

hazardous a r e a  which the  g u a r d r a i l  s e p a r a t e s  from 

t h e  roadway. I n  s o  do ing ,  t he  end t r e a t m e n t  must 

be capable  of f u n c t i o n i n g  over as  b road  a  range of 

impact cond i t i ons  as  i s  economically p r a c t i c a l .  

3 .  I n  i n t e r a c t i n g  wi th  t h e  v e h i c l e ,  t h e  end t r e a t m e n t  

s h a l l  no t  impar t  f o r c e s  which w i l l  r e s u l t  i n  i n j u r y  

t o  u n r e s t r a i n e d  occupants over  t he  range of impact  

cond i t i ons  s t i p u l a t e d  i n  2 .  

E . 4 . 1 . 2  Func t iona l  Requirements,  

1. The end t r ea tmen t  s t r u c t u r e  s h a l l  n o t  p e n e t r a t e  t h e  

v e h i c l e  passenger  compartment. 



2 .  The end treatment s t r u c t u r e  s h a l l  no t  en t rap  the vehic le  

e i t h e r  through pocketing or  wheel snagging such t h a t  

high dece lera t ions  r e s u l t .  

3. The end treatment s t r u c t u r e  s h a l l  not  induce the  

veh ic le  t o  overturn about e i t h e r  i t s  p i t c h  o r  

r o l l  ax is .  

4 .  The end t reatment  s t r u c t u r e  s h a l l  n o t  cause the  

veh ic le  t o  be vaul ted i n t o  the a i r  as  the  r e s u l t  

of the s t r u c t u r e  ac t ing  as a  ramp. 

5, I f  the  vehic le  i s  r ed i rec ted  back i n t o  the  t r a f f i c  

s t ream,  the  end treatment s t r u c t u r e  s h a l l  n o t :  

a .  cause the vehic le  t o  be r e d i r e c t e d  a t  an angle 

which w i l l  c r e a t e  a  t r a f f i c  hazard ,  

b ,  cause t h e  s t e e r i n g  system t o  be damaged, 

c .  cause the  d r i v e r  t o  be j o s t l e d  t o  the  e x t e n t  

he i s  unable t o  ca r ry  out t h e  s t e e r i n g  funct ion .  

E.4.1.3 Performance Measures. Guardrai l  end t reatment  

performance measures a re  l i s t e d  i n  Table E - 5 .  

E . 4 , 2  BARRIER CURBS. 

E .  4 . 2 . 1  Operat ional  Requirements. The o r d e r  of ob jec t ives  

i n  b a r r i e r  curb design i s  very s i m i l a r  t o  t h a t  f o r  a  g u a r d r a i l  

end, i . e . :  

1. Personal i n j u r y  

2 .  Costs 

3 .  Es the t i c s  



TABLE E - 5  

GUARDRAIL E N D  TREATMENT PERFORMANCE MEASURES 

Guard ra i l  

1. L a t e r a l  Res i s tance  1. 
Hi s to ry  

2 .  Longi tud ina l  R e s i s t -  2 .  
ance H i s t o r y  

3 .  V e r t i c a l  Resis tance 3 .  
His to ry  

4 .  Warranted Sec t ion  4 .  
I n t e g r i t y  

5 .  End Anchorage 5 ,  
I n t e g r i t y  

6 .  Repair  Cost 6 .  

Vehicle Veh ic l e IGuard ra i l  

I n j u r y  Related Kine- 1. Spear ing  
mat ic  Var iab les  

P i t c h  Over 2 .  Ramping 

R o l l  Over 3 .  Red i rec t ion  
Cha rac t e r  

Stopping Dis tance 4 .  Contact  I n t e r v a l  

Airborne Dis tance 5 .  Undercar r iage  
Snagging 

E x i t  T r a j e c t o r y  

E x i t  A t t i t u d e  
His t o r y  

Deformation 

S t e e r i n g  Damage 

Damage Cost 



A s  be fo re ,  t h e  f i r s t  p r i o r i t y  i s  t o  p o t e n t i a l  vict ims not  d i r e c t l y  

involved i n  the  i n i t i a l  vehic le lcurb  encounter. Next i n  order  

would follow the  passengers of the  e r r a n t  vehic le  i t s e l f .  Loads 

imparted t o  veh ic le  occupants i n  &curb  impact a r e  genera l ly  

somewhat below those which would cause i n j u r y ,  however, and 

occupant i n j u r y  i s  the re fo re  of l e s s  concern. In  a d d i t i o n ,  i t  would 

appear t h a t  one primary purpose i n  i n s t a l l i n g  a  b a r r i e r  curb 

r a t h e r  than a  g u a r d r a i l  i s  t o  reduce vehic le  damage. I f  t h i s  

purpose i s  t o  be accomplished, t h e  curb must be r e l a t i v e l y  

low,or have a  s p e c i a l l y  designed r e f l e c t i v e  cross  s e c t i o n ,  A low 

curb w i l l  almost always be below the vehic le  c .  g. , however, and 

w i l l  t he re fo re  r e f l e c t  a  smal ler  percentage of the  e r r a n t  veh ic le  

population than  would a  g u a r d r a i l .  Therefore,  i n  achieving lower 

vehic le  damage c o s t s ,  a  lower r e d i r e c t i v e  e f f i c i e n c y  must be 

accepted. (As was pointed out i n  Sect ion  5 ,  however, a  b a r r i e r  

curb backed up by a  guard ra i l  can be used t o  r e a l i z e  t h e  b e s t  

advantages of both the curb and the guard ra i l . )  With these  

ideas e s t a b l i s h e d ,  b a r r i e r  curb opera t ional  requirements a re  

l i s t e d  as fol lows:  

1. An e r r a n t  vehic le  must e i t h e r  be brought t o  r e s t  by t h e  

b a r r i e r  curb o r  be s a f e t y  r ed i rec ted  back i n t o  the  t r a f f i c  s t  

2 .  In p ro tec t ing  the occupants of the e r r a n t  v e h i c l e ,  

the b a r r i e r  curb s h a l l  r e s i s t  veh ic le  p e n e t r a t i o n  t o  the  

hazardous a rea  which the curb s e p a r a t e s  from t h e  roadway. 

In so doing, the b a r r i e r  curb must be capable of r e d i r e c t i n g  

vehic les  over as broad a  range of impact condi t ions  as  i s  

p rac t i ca  c o n s i s t e n t  w i t h  minimum v e h i c l e  damage. 



E . 4 . 2 . 2  Funct ional  Requirements. 

1. The b a r r i e r  curb s h a l l  no t  induce t he  v e h i c l e  t o  

over tu rn  about i t s  p i t c h  o r  r o l l  a x i s .  

2 .  The b a r r i e r  curb s h a l l  no t  en t r ap  a  v e h i c l e  t i r e  

i n  the  curb f ace  so as  t o  cause t h e  v e h i c l e  t o  

s p i n - o u t .  

3. I n  r e d i r e c t i n g  a  v e h i c l e ,  t h e  b a r r i e r  curb s h a l l  n o t :  

a .  cause the  v e h i c l e  t o  be r e d i r e c t e d  a t  an ang le  

which w i l l  c r e a t e  a  t r a f f i c  hazard  

b .  cause t he  s t e e r i n g  system t o  be damaged 

c .  cause t he  d r i v e r  t o  be j o s t l e d  t o  t he  e x t e n t  

t h a t  he i s  unable t o  c a r r y  out  t h e  s t e e r i n g  

func t ion  

d .  cause anything o t h e r  than minor v e h i c l e  body 

damage. 

E .4 .2 .3  Performance Measures. B a r r i e r  curb performance 

measures a r e  l i s t e d  i n  Table E - 6 ,  

E .4 .3  CURB/GUARDRAIL COMBINATIONS 

E.4 .3 .1  Opera t iona l  Requirements. Opera t iona l  requirements  

f o r  a  cu rb /gua rd ra i l  combination fol low along l i n e s  very  s i m i l a r  

t o  those  f o r  a  g u a r d r a i l  end. The main d i f f e r e n c e  i s  t h a t  r e d i r e c t i o n  

behind the  g u a r d r a i l  i s  no t  an accep tab l e  performance mode. P r i o r i t i e s  

p e r t a i n i n g  t o  i n j u r y ,  c o s t ,  and e s t h e t i c s  remain t h e  same, however. 

Curbbguardrai l  o p e r a t i o n a l  requirements  a r e  t h e r e f o r e  l i s t e d  a s  

fo l lows : 



TABLE E-6 

Curb - 
1. C r i t i c a l  Speed 1. 

CURB PERFORMANCE MEASURES 

2 .  L a t e r a l  R e s i s t -  2 .  
ance H i s t o r y  

Vehicle  Vehicle/Curb 
Loss of  Control  Re la ted  1. Red i r ec t i on  
Kinematic Va r i ab l e s  Cha rac t e r  
E x i t  T r a j e c t o r y  2 .  Dynamic Jump 

Phenomenon 
E x i t  A t t i t u d e  H i s to ry  3.  Contact  I n t e r v a l  
P i t c h  Over 

Rol l  Over 
S t e e r i n g  Damage 



1, An e r r a n t  v e h i c l e  must e i t h e r  be brought t o  r e s t  by 

t h e  c u r b l g u a r d r a i l ,  o r  be s a f e l y  r e d i r e c t e d  back i n t o  

t h e  t r a f f i c  s t ream.  

2 .  I n  p r o t e c t i n g  t h e  occupants of t he  e r r a n t  v e h i c l e ,  t h e  

c u r b l g u a r d r a i l  must n o t  al low p e n e t r a t i o n  t o  t h e  hazardous 

a r e a  which the  c u r b l g u a r d r a i l  s e p a r a t e s  from t h e  roadway. 

I n  s o  doing,  t he  c u r b l g u a r d r a i l  must be capable  of 

func t ion ing  over as  broad a  range of impact c o n d i t i o n s  

as  i s  economically p r a c t i ' c a l .  

3 ,  The c u r b l g u a r d r a i l  s h a l l  no t  impar t  f o r c e s  t o  t h e  

impact ing v e h i c l e  which w i l l  r e s u l t  i n  i n j u r y  t o  

u n r e s t r a i n e d  occupants over t h e  range of impact c o n d i t i o n s  

s t i p u l a t e d  i n  2 .  

E . 4 . 3 . 2  Funct iona l  Requirements. 

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

e i t h e r  through pocke t ing  o r  wheel snagging such 

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

2 .  The c u r b l g u a r d r a i l  s h a l l  n o t  induce t h e  v e h i c l e  

t o  o v e r - t u r n  about e i t h e r  i t s  p i t c h  o r  r o l l  a x i s .  

3 .  I n  r e d i r e c t i n g  the  v e h i c l e  back i n  t o  t h e  t r a f f i c  

s t r eam,  t h e  c u r b / g u a r d r a i l  s h a l l  n o t :  

a .  cause t h e  v e h i c l e  t o  be r e d i r e c t e d  a t  an ang le  

which w i l l  c r e a t e  a  t r a f f i c  haza rd ,  

b .  cause t h e  s t e e r i n g  system t o  be  damaged, 

c .  cause t h e  d r i v e r  t o  be  j o s t l e d  t o  t h e  e x t e n t  

he i s  unable  t o  c a r r y  ou t  t h e  s t e e r i n g  f u n c t i o n .  

- 



4 .  An impacting veh ic le  s h a l l  n e i t h e r  break through, 

v a u l t  over ,  nor wedge under the g u a r d r a i l .  

5. Dynamic i n t e r a c t i o n  between the  curb and g u a r d r a i l  

during an impact s h a l l  be n e g l i g i b l e .  

E . 4 . 3 . 3  Performance Measures. Performance measures used i n  

determining c u r b / g u a r d r a i l  e f f e c t i v e n e s s  a re  given i n  Table E -  7 .  

E. 4 . 4  MEDIAN DIKES. 

E . 4 . 4 . 1  Opera t ional  Requirements. The order  of o b j e c t i v e s  

i n  dike design a r e :  

1. Personal  i n j u r y  

2 .  Costs 

Unlike the  previous s t r u c t u r e s ,  e s t h e t i c s  plays a  small r o l e  

s i n c e  dikes very o f t e n  go unnoticed by the  genera l  t r a v e l i n g  

pub l i c .  A s  i n  the  o t h e r  cases ,  however, the f i r s t  p r i o r i t y  i s  

t o  p o t e n t i a l  v ic t ims  not  d i r e c t l y  involved i n  t h e  veh ic le /d ike  

encounter ,  The second p r i o r i t y  would go t o  0ccupant.s of t h e  e r r a n t  
. . 

v e h i c l e ,  with veh ic le  damage being the  t h i r d  o r d e r  of p r i o r i t y .  

Operat ional  requirements a r e  l i s t e d  as fol lows : 

1. The e r r a n t  veh ic le  must be d e f l e c t e d  and/or  brought 

t o  r e s t  by the  dike p r i o r  t o  i t s  e n t e r i n g  the  opposing 

t r a f f i c  lane .  

2 .  In  i n t e r a c t i n g  with the v e h i c l e ,  t h e  d i k e  s h a l l  n o t  

impart fo rces  which w i l l  r e s u l t  i n  i n j u r y  t o  an u n r e s t r a i n e d  

passenger.  The dike s h a l l  be designed t o  func t ion  i n  

t h i s  manner over as broad a range of impact condi t ions  

as i s  p r a c t i c a l .  



TABLE E -  7 

CURB/ GUARDRAI L COMBINATION PERFORMANCE MEASURES 

CurbIGuardrai l  

I. C r i t i c a l  Speed 1. 

2 .  L a t e r a l  R e s i s t -  2 .  
ance H i s t o r y  

3. R a i l  I n t e g r i t y  3 .  

Vehic le  

Loss o f  Control  Re la ted  
Kinematic Va r i ab l e s  

E x i t  T r a j e c t o r y  

E x i t  A t t i t u d e  H i s to ry  

P i t c h  Over 

'Ro l l  Over 

S t e e r i n g  Damage 

Deformation 

Damage Cost 

Vehicle/CurbGGuardrai l  

1. R e d i r e c t i o n  
Charac te r  

2 .  R a i l  Contac t  
Height  

3.  Dynamic Jump 
Phenomenon 

4 .  Contact  I n t e r v a l  



E . 4 . 4 . 2  Funct iona l  Requirements. 

1. The d ike  s h a l l  no t  induce the  v e h i c l e  t o  o v e r - t u r n  

about i t s  p i t c h  o r  r o l l  a x i s .  

2 .  The v e h i c l e  s h a l l  no t  become mired i n  t h e  d ike  t o  

t h e  e x t e n t  t h a t  removal by a  s e r v i c e  v e h i c l e  i s  

necessary .  

3 .  The d ike  s h a l l  no t  cause t he  v e h i c l e  t o  be v a u l t e d  

i n t o  t h e  a i r  a s  the  r e s u l t  of t h e  d i k e  a c t i n g  a s  

a  ramp. 

4 .  I n  i n t e r a c t i n g  wi th  t he  v e h i c l e ,  t h e  d ike  s h a l l  

n o t :  

a. cause t h e  s t e e r i n g  system t o  be damaged, 

b .  cause t h e  d r i v e r  t o  be j o s t l e d  t o  t h e  e x t e n t  

he i s  unable t o  c a r r y  ou t  t h e  s t e e r i n g  f u n c t i o n ,  

c ,  cause anything o t h e r  than minor v e h i c l e  body 

damage. 

E .  4 . 4 . 3  Performance Measures. The performance measures 

recommended f o r  use  i n  d ike  e v a l u a t i o n  a r e  l i s t e d  i n  Table E - 8 .  



TABLE E-8 

MEDIAN DIKE PERFORMANCE MEASURES 

Dike - 
1. S o i l  Sinkage 1, 

Res i s t ance  

Vehicle  Vehic le lDike  

Injury Rela ted  Kine- 1. Undercar r iage  
mat ic  Va r i ab l e s  Contact  

Median Cross Over 

A t t i t u d e  H i s to ry  

C . G .  Height  H i s to ry  

Airborne Dis tance 

P i t c h  Over 

Rol l  Over 




