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entrapping out-of-control  automobiles w i t h i n  a hundred feet, w i th  minimized 
r e s u l t a n t  i n j u r y  t o  the occupants and minimal damage t o  the vehicle. 

E igh t  gravel  a r res tor  bed conf igurat ions were tested using a loca l  3/8" 
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distances a t  the same speed. 

Also presented i n  t h i s  repor t  are d e t a i l s  on the design o f  the t e s t  t rack,  
veh ic le  cont ro l  and guidance system, and the construction, maintenance and 
res to ra t i on  of the various gravel bed conf igurat ions a f t e r  impact. 
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ABSTRACT 

This r e p o r t  d e t a i l s  t h e  r e s u l t s  of a s tudy t o  develop a 

conf igura t ion  o f  gravel  t h a t  would act a s  a vehic le  a r r e s t o r ,  s topping 

and entrapping out -of -cont ro l  automobiles within a hundred feet ,  

with minimized r e s u l t a n t  i n j u r y  t o  t h e  occupants and minimal damage 

t o  t h e  vehic le .  

t r a c k ,  vehic le  c o n t r o l  and guidance systems, and t h e  cons t ruc t ion ,  

maintenance and r e s t o r a t i o n  of  the  var ious gravel bed configurat ions 

a f t e r  impact. 

Details are presented on t h e  design of t h e  t e s t  

Eight gravel  a r r e s t o r  bed configurat ions were t e s t e d  using 

a l o c a l  3/8" (1 cm) washed pea gravel  : 

1. Level Beds 

a. Tapered T r a n s i t i o n  - gradual ly  increas ing  depth s t a r t i n g  

out a t  zero depth a t  t h e  beginning of  t h e  bed, increas ing  t o  one 

f o o t  ( . 3  m) i n  depth a t  45 feet  (13.7 m) i n t o  t h e  bed and remaining 

uniform a t  t h i s  depth f o r  t h e  remainder of the  bed. 

b. Uniform Depth - a one foot  ( . 3  m) uniform depth of  gravel  

with t h e  top of t h e  bed being a t  ground l e v e l .  

c. Tapered Red - constructcd on top  of the  uniform depth bed 

with t h e  height  of t h e  grave l  above ground leve l  being zero a t  t h e  

beginning of  t h e  bed and increased a t  a r a t e  of 1 f o o t  ( . 3  m) p e r  

100 feet (30.5 m) i n  bed length.  

2 .  P i l e  Beds 

a .  Uniform Height - a series of t ransverse  p i l e s  of uniform 

V 



height ,  each p i l e  i n  t h e  form of a windrow perpendicular  t o  t h e  

d i r e c t i o n  of  t r a v e l ;  beds of t h r e e  d i f f e r e n t  p i l e  h e i g h t s  ( 1  f o o t  

( . 3  m ) ,  1 1/2 f o o t  (.46 m), 2 foot  (.6 m) were t e s t e d .  

b .  Tapered P i l e  - t h e  first 25 feet (7 .6  m) o f  t h e  bed with 

1 f o o t  ( . 3  m) high p i l e s ,  t h e  middle 24 feet ( 7 . 3  m) with 1 1 /2  

f o o t  (.46 m) high p i l e s  and t h e  last 100 feet  (30.5 m) with 2 f o o t  

( . 6  m) high p i l e s .  

c. 1 1/2 Foot (.46 m) Uniform Ileight P i l e  - a t  25' angle  - 

1 1/2 f o o t  (.46 m) high p i l e  bed o r i e n t e d  a t  an angle  of 25' as 

measured from t h e  head-on d i r e c t i o n .  

Of a l l  t h e  bed configurat ions tes ted ,  .the p i l e  bed of uniform 

height  of 1 1 / 2  foot  ( - 4 6  m)  high p i l e s  r c s u l t e d  i n  t h e  b e s t  design 

t o  accommodate a 55 mph (88 .5  km/h) impact. This was determined 

a f t e r  analyzing t h e  r e s u l t a n t  s topping d is tance ,  average vehic le  

d e c e l e r a t i o n  and vehic le  damage d a t a  f o r  a l l  t h e  beds t e s t e d .  

Although t h e  2 f o o t  (.6 m)  high p i l e  bed stopped t h e  t e s t  

vehic le  i n  a s h o r t e r  d i s tance  than t h e  bed with 1 1 / 2  f o o t  (.46 m) 

high p i l e s ,  damage t o  t h e  vehic le  was somewhat severe  and t h e  peak 

d e c e l e r a t i o n  forces  were except iona l ly  higher .  

The l e v e l  bed conf igura t ions  ( tapered t r a n s i t i o n ,  uniform 

depth and tapered)  required approximately 50% t o  20006 more s topping 

d is tance  a t  t h e  same speed than t h e  1 1 / 2  foot  ( . 4 6  m) high p i l e  

bed. 

v i  



COSCLUS I oss - 

O f  t hc  e iEht  gravel  bed configurat ions t c s t e d ,  the ] - I / ?  foot 

( . 4 6  m) p i l e  bed was iiiost e f f e c t i v e .  Study r c s u l t s  i n d i c a t e  t h a t  th is  

dcsiqn i s  capzble o f  s topping a standard s i z e  automobile impacting 

t h e  bed a t  55 m p h  ( S Y . 5  kni/h) w i t h i n  a d i s t ance  of 100 f e e t  (30.5 m ) .  

Thc  occupants o f  tlic vci i ic le  should  undergo a peak dece le ra t ion  of 

approximately .1 g ' s  and an average J c c e l c r a t i o n  o f  approximatcly 1 y 

during impact. 'fhcsc fo rces  a r e  well \ * . i t h i n  an acceptable  rangc and 

would not  i n  t he r se lvcs  i n f l i c t  i n ju ry  t o  r c s t r a i n c d  occupants ( l a p  

h c l t ) .  .4lthoug:7 New J e r s e y ' s  program was l imitcd t o  one typc and s i z c  

o f  vc l i i c l c ,  a comparison r i i t h  the  c a r l i e r  i nves t iga t ions  of gravel 

a r r e s t o r s  by Creat  E r i t a i n ' s  Road Research L a b ~ r a t o r y ( ~ , ~ )  seem t o  

imply t h a t  t h i s  s t u d y ' s  dece le ra t ion  and vch ic l c  pene t r a t ion  values cay 

be v a l i d  f o r  n widc rangc o f  veh ic l c  s i z e s .  I!owevcr, i t  must hc recoqnizcd 

t h a t  the a p p l i c a b i l i t y  of these vnlucs t o  o t h e r  s i z c  veh ic l e s  Iins riot becn 

cst:i!)lis!icd i n  the p rcscn t  s t u d y .  

An i n s t a i l a t i w i  o f  any gravcl  typc a r r e s t o r  would be 3 r c l n t i v c l y  

simple opcratioi: r equ i r ing  thc  use of only 3 motor grader  t o  level  the 

i n s t n l l n t i o n  s i t e ,  dump trucks t o  Iiaul t!ic gravel t o  tlic s i t e ,  and n 

f r o n t  end loader t o  p l acc  t h e  ma te r i a l .  After  an impact, a f r o n t  end  

l oade r  would be requircd t o  r e s t o r e  and shape the gravel  bed .  

if  any, replaccrncnt g rave l  should be needed. 

L i t t l e ,  

Under moderate impact (veh ic l e  speeds l e s s  than 40 mph ( 6 4 . 4  Lm/h) 

Jnnnge should he m i n i m a l ,  i n  most ca ses ,  allowing thc veh ic l c s  t o  I J C  

J r i ven  ahay under i ts  own power a f t e r  being tohfeJ out of tlic bed area.  

It must he notcct t h a t  any of t h c  gravel a r r e s t o r s  t e s t e d  would 

rcqriirc a r e l a t i v e l y  l a rge  i n s t a l l a t i o n  space as  compared w i t t i  impact 

* * e ~ r i ~ t ~ ~ r S  S C * - . ~  - :I? r i i  ' In:. t i n 1  n3rric.r. 

v i i  



RECOWESDATI ONS ---- 

I t  i s  recnmmendcd t h a t  t h e  use of t h e  1 - 1 / 2  f o o t  ( . 46  m) 

f o o t  t r n n s v e r s c  p i  l c  g rave l  c o n f i g u r a t i o n  I x  cons idered  for  l o c a t i o n s  

where space  is a v a i l a b l e  and p o t e n t i a l l y  hazardous c o n d i t i o n s  could  

be a l l e v i a t e d .  I t  should  he no ted  t h a t  a l l  s topp ing  d i s t a n c e  v a l u e s  

r e p o r t e d  i n  t h i s  s tudy  a r e  a b s o l u t e  va lues .  For des ign  purposes  an 

a p p r o p r i a t e  s a f e t y  f a c t o r  should  be  inc luded  when de termining  t h e  

l e n g t h  o f  bed r e q u i r e d  f o r  a p a r t i c u l a r  l o c a t i o n .  I t  is b e l i e v e d  

t h a t ,  a t  a minimum, t!:e bed l eng th  should  be 2 5  fee t  (-'.6 m) c r e n t e r  

t han  t h c  s p e c i f i c  s topp ing  d i s t a n c e  e s t ab l i s l i cd  i n  this r e s e a r c h .  

T h i s  will p rov idc  f o r  ,it l e a s t  a t h r c c  s t anda rd  e r r o r  of  t h e  

e s t i m a t e  t o l e r n n c c  on t h c  p r e d i c t e d  s topp ing  d i s t a n c e .  

Several a d d i t i o n a l  f a c t o r s  must be cons idered  when a t t c m p t i n c  

t o  apply  t h e  f i n d i n q s  of t h i s  r e s e a r c 4 :  

Firs t ,  on ly  one v e h i c l e  weight c l a s s  was t e s t e d  i n  the  s t u d y .  

The impl ied  pe r fo rnancc  o f  t h e  proposed c o n f i g u r a t i o n  a s  an entrapment  

sys t e m  f o r  h e a v i e r  v e h i c l e s  r e q u i r e s  l r e r i f  i c a t i  on throiigh f u l l  - s c a l e  

t e s t i n g  of r e p r e s e n t a t i v e  v e h i c l e  t y p e s .  

t h e  au tho r s  c a u t i o n  a g a i n s t  u se  of  t h e  recommended c o n f i g u r a t i o n  as an 

entrnpmcnt rncch.~iii sni wlicre the  h c a v i c r  v e h i c l c s  nre  t o  be CncouiitCrCJ. 

Ki thout  t h a t  v e r i f i c a t i o n  

Sccond,  s i n c e  tlic tcstiiifi program was cciiiduc'tcd on n l cve l  

roadway, c a r e  must I)c taken  i n  us ing  s tudy  r e s u l t s  f o r  des ign  o f  

v e h i c l e  " run-of f"  a r e a s  a t  t h e  bottom of  s t e e p  g rades .  

r i n a l l y ,  d r y ,  r e l a t i v e l y  warm u i n t e r s  throuqh t h c  f i e l d  t e s t  

i>haSe o f  thc s tudy  p rec luded  t h e  i n v e s t i g a t i o n  o f  a f r o z e n  bed c o n d i t i o n .  

v i i i  



Care s l iould he tnkcn t o  i n s u r e  t h a t  ample d ra inage  i s  provided  

i n  any i n s t a l l a t i o n  i n  o r d e r  t o  minimi-c t h e  p o s s i b i l i t y  o f  " t rapped"  

water freeziil!? i n  the bed a r e a .  

Gravel f o r  u s e  i n  the bed should  meet NJDOT grad ing  r e q u i r e -  

ments  f o r  Number 8 s i x  c o a r s e  aggrega te .  I t  must f u r t h e r  meet t h c  

q u a l i t y  r cqu i r emen t s  f o r  riashed g r a v e l  c o a r s e  a q g r e c n t e  as s n c c i f i e d  

i n  A r t i c l e  S . 5 . b  of  t l ic lei% Je r sey  LkFartment o f  T r a n s p o r t a t i o n  

s t a n d a r d  s p e c i f i c a t i o n s .  

I f  and when i n s t a l l a t i o n s  a r e  made, t h e  p i l c  c o n f i g u r a t i o n s  

s h o u l d  be  observed  and r e s t o r e d  as Recessary .  Aiy h i t s  s h o c l d  be 

r eco rded  3t t h e  t ime n x d  c o s t s  involved  i n  ma in ta in ing  the  beds 

I)c iloteii f o r  conijinrisc~ii w i t 1 1  the ~ m p n c t  a t t e n w i i c i n  J c v i c c s  c u r r c n t  l y  

i n  U S C .  

S ince  t h e  performance of  t h e  o t h e r  c o n f i g u r 3 t i o n s  t e s t e d  i n  

t h i s  s t u d y  were less a c c e p t a b l e ,  t h e i r  use  3 s  a r r e s t o r  beds I s  n o t  

rccs*mr,cnclec!. 



I .  INTRODUCTION 

A .  S p e c i f i c  A i m :  

The o b j e c t i v e  of t h i s  p r o j e c t  was t o  develop a conf igu ra t ion  

o f  g rave l  t h a t  would a c t  as an a r r e s t o r ,  s topping veh ic l e s  within 

one hundred feet  (30.5 m) and entrapping o u t s i d e  o f  t h e  d r i v i n g  lanes 

a n . o u t - o f - c o n t r o l  v e h i c l e  with minimized r e s u l t a n t  i n j u r y  t o  the  

occupants and damage t o  t h e  veh ic l e .  

The following design c r i t e r i a  were used as t h e  b a s i s  f o r  

developing t h e  gravel  bed design:  

1) Stopping Distance 

Vehicle should be stopped within a 100 foo t  (30 .5  m) d i s t a n c e ,  

which a t  t h e  incept ion of  t h e  p r o j e c t  was though t o  be the  maximum 

a r e a  a v a i l a b l e  for i n s t a l l a t i o n  of  an a r r e s t o r  without ex tens ive  s i t e  

a l t e r a t i o n s ,  a t  55 mph, which was designated a s  t he  design speed. 

7 )  Average Vehicle Deceleration 

An upper l i m i t  f o r  average veh ic l e  dece le ra t ion  of 1 2  g ' s  

"while prevent ing a c t u a l  impacting o r  p e n e t r a t i o n  o f  t he  roadside 

hazard" was e s t a b l i s h e d  based on a r e p o r t  from t h e  FI1WA on highway 

b a r r i e r s  (Reference 1 ) .  This l i m i t a t i o n  is  a l s o  suggested by 

Calspan. Table 1 i s  a l i s t i n g  of t h e i r  recommended limits under 

varying occupant r e s t r a i n t s .  

3) Vehicle Damage 

The r e s u l t a n t  damage t o  an impacting v e h i c l e  should be 

minimal and t h e r e  should be no p e n e t r a t i o n  i n t o  t h e  v e h i c l e ' s  

occupant compartment. The system i d e a l l y  should allow the  veh ic l e  

t o  be dr iven away under i t s  own power a f t e r  k i n g  towed ou t  of t h e  

1 bed area. 



TABLE 1 

TENTATIVE TOLERABLE DECELERATIOX L l  MI TS 

SUGGESTED BY CORNELL AERONAUTICAL LABOMTORY 

(CALSPA" 1969) 

Occupant Res t r a in t  

I h r e s  i r a ined  

Lap Uelt 

Lap Belt G Shoulder Iiarncss 

t-laximun! Decelerat ion ( g ' s )  
L a t e r i a l  Longitudinal T o t a l  

3 3 6 

> 10 12 

15 7 3  7 5  
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R. S i g n i f i c a n c e  of Work 

The s e v e r i t y  of  "out-of-control" vehic le  acc idents  could be 

reduced through t h e  use o f  a properly designed g r a v e l ,  energy- 

absorbing a r r e s t o r .  

f o r  low i n s t a l l a t i o n  and maintenance c o s t s ,  with high stopping 

a 6 i l i t y  should permit wide usage. 

Low r e s u l t a n t  occupant i n j u r y  and t h e  p o t e n t i a l  

C. Immediate Applicat ions 

The gravel  bed type of a r r e s t o r  would have immediate a p p l i c a t i o n s  

a t  N e w  J e r s e y ' s  numerous c i r c l e s ,  divided roadways and gore a r e a s ,  

i l l u s t r a t i o n s  o f  which a r e  given i n  Appendix A-1.  

Gravel beds could be i n s t a l l e d  i n  t h e  c e n t e r  of  t h e  numerous 

circles throughout t h e  s t a t e  with minor s i t e  a l t e r a t i o n s  such as  

r e p l a c i n g  t h e  e x i s t i n g  8" v e r t i c a l  curb with a mountable type curb. 

I f  a d r i v e r ,  upon e n t e r i n g  the  c i r c l e ' s  roadway, l o s t  cont ro l  of  

h i s  v e h i c l e  and went s t r a i g h t  i n t o  t h e  c e n t e r  i s l a n d ,  t h e  gravel  

bed would s t o p  him, prevent ing him f r o m  e x i t i n g  t h e  i s l a n d  i n t o  t h e  

p a t h  o f  oncoming t r a f f i c .  

Cer ta in  s e c t i o n s  o f  s t a t e  divided roadways without a c e n t e r  

b a r r i e r  have g r a s s  median zones which a r e  not  wide enough f o r  d r i v e r s  

t o  rega in  c o n t r o l .  Therefore,  it is poss ib le  t h a t  a speeding out-of-  

c o n t r o l  v e h i c l e  could cross t h i s  grass-median and c o l l i d e  with on- 

coming t r a f f i c  before  t h e  d r i v e r  r e a l i z e d  t h a t  t h e  vehic le  is  out-of-  

c o n t r o l  and t r y  t o  c o r r e c t  the  v e h i c l e ' s  motion and s top  it .  In 

3 



o t h e r  a reas  a drainage d i t c h  is i n  t h e  center  o f  t h e  s loped g r a s s  

median. 

demolished upon impacting t h e  d i tch .  A gravel bed, 25 (7.6 m) - 
50' (15.2 m) wide located i n  the center  of t h e  g r a s s  median, could 

be used i n  both cases t o  s t o p  an out-of-control  vehic le .  Since t h e  

gravel bed would be very porous, t h e  bed might a d d i t i o n a l l y  be ab le  

t o  a c t  as a drainage d i t c h .  

A speeding vehic le ,  not reac t ing  i n  time, could poss ib ly  be 
I 

Two o t h e r  a reas  f o r  p o t e n t i a l  appl ica t ion  of t h e  gravel  bed 

a r r e s t o r  a r e  "turnoffs" and "forks". 

tu rnof f  ramp the  vehic le  may not go i n  e i t h e r  d i r e c t i o n ,  but  continue 

s t r a i g h t  i n t o  t h e  gore.  

t h e  t u r n o f f  o r  fork at  too  high a r a t e  of speed and leave t h e  road- 

way. 

runaway vehic le  before  it t r a v e l s  too f a r .  

Another poss ib le  appl ica t ion  f o r  t h i s  type of a r r e s t o r  would 

A t ruck  which 

When approaching a fork o r  a 

In another s i t u a t i o n ,  t h e  vehic le  may e n t e r  

A gravel  bed i n  the  gore and t h e  curve a reas  would en t rap  a 

be a t  a "runoff" a r e a  a t  t h e  bottom of a s t e e p  grade. 

has experienced brake f a i l u r e  on a down grade would be d i r e c t e d  by 

proper s ign ing  t o  a "runoff" a rea  constructed of grave l ,  where t h e  

vehic le  would be gradual ly  slowed t o  a s top .  

The exact loca t ions  for  i n s t a l l a t i o n  and t h e  d e t a i l s  of 

design of gravel  bed a r r e s t o r s  would have t o  be determined a f t e r  

reviewing t h e  accident  r e p o r t s  ( loca te  areas  of high accident  r a t e s )  

and space a v a i l a b l e  f o r  i n s t a l l a t i o n  (modification of  b a s i c  layout ) .  

D. Advantages and Disadvantages of  Various ?)rpes o f  Arres tors  

The following i s  a review of t h e  advantages and disadvantages 

o f  a!te,nate means o f  s tspping an e r r a n t  vehic le :  f ixed  s t e e l  beam 
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g u i d e r a i l ,  wide median s t r i p ,  concrete  b a r r i e r ,  and gravel bed. 

Fixed steel-beam g u i d e r a i l  : 

Advantages : 

(1) Minimal mounting space is  r equ i r ed ,  u sua l ly  only th ree  f e e t  

or less. 

( 2 )  W i l l  reduce t h e  chance of  a head-on c o l l i s i o n .  

Disadvantages : 

(1) Depending upon speed and angle of impact, poss ib l e  severe 

i n j u r y  t o  occupants and damage t o  veh ic l e  upon impact. 

Vehicle could plow through or vau l t  t h e  g u i d e r a i l  i n t o  the  

path of oncoming t r a f f i c  o r  i n t o  the obs t ruc t ion .  

Vehicle could be r e d i r e c t e d  upon impact back i n t o  the 

s t r eam-of - t r a f f i c  it j u s t  l e f t ,  s t i l l  i n  an out-of-control  

( 2 )  

(3)  

condi t ion.  

( 4 )  Vehicle impacting t h e  g u i d e r a i l  risks being h i t  by another 

veh ic l e  i f  i t  blocks a t r a f f i c  lane. 

\Vide median strim : 

Advantages : 

(1) Appearance is p leas ing .  

( 2 )  Usually no maintenance required a f t e r  use by an out-of- 

con t ro l  veh ic l e .  

( 3 )  Located o f f  -roadway. 

( 4 )  I n d e s t r u c t i b l e .  

( 5 )  Minimal r e s t o r a t i o n  c o s t s  af ter  an impact. 



Disadvantages : 

(1) Width is usua l ly  i n s u f f i c i e n t  f o r  d r i v e r  t o  recover c o n t r o l  of  

car and s t o p  before  h i t t i n g  c e n t e r  drainage d i t c h  or oncoming 

t r a f f i c .  Therefore ,  o f f e r s  no p r o t e c t i o n  i f  d r i v e r  does not  

regain con t ro l  of veh ic l e .  

( 2 )  Additional r ight-of-way may have t o  be purchased due t o  t h e  

r e l a t i v e l y  l a rge  i n s t a l l a t i o n  space r equ i r ed .  

Concrete Barrier : 

Advantages : 

(1) Minimal mounting space is  r equ i r ed ,  u sua l ly  only t h r e e  f e e t  o r  

l e s s .  

( 2 )  

( 5 )  

\ S i l l  reduce considerably t h e  chance of a head-or! c o l l i s i o n .  

I f  s t ruck  a t  a s l i g h t  angle  ( l e s s  t h a n  10') t h e r e  will be 

minimal r e s u l t a n t  v e h i c l e  damage and the veh ic l e  w i l l  be 

de f l ec t ed  hack t o  i t s  o r i g i n a l  l i n e  of t r a v e l ,  t h e  d r i v e r  being 

a b l e  t o  regain con t ro l  of  t he  v e h i c l e ,  

Disadvantages : 

1'1) Depending upon speed and angle o f  impact, p o s s i b l e  severe i n j u r y  

t o  occupants and dsmage t o  veh ic l e  upon impact. 

Ve!iicle could be r e d i r e c t e d  upon impact, back i n t o  the  stream- (1) 

o f - t r a f f i c  it j u s t  l e f t ,  s t i l l  i n  an ou t -o f -con t ro l  cond i t ion .  

( 3 )  Vehicle impacting t h e  concrete  b a r r i e r  r i sks  being h i t  by 

another veh ic l e  i f  i t  b l ccks  a t r a f f i c  l ane .  
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without severe r e s u l t a n t  v e h i c l e  damage, as  e s t a b l i s h e d  by 

Great B r i t a i n ' s  tests and la te r  confirmed by N e w  J e r s e y ' s  

t e s t i n g .  

( 2 )  Vehicle would be entrapped o f f  roadway, reducing p o s s i b l e  

r e s u l t a n t  t r a f f i c  congestion and t h e  chance of  "entrapped" 

veh ic l e  being h i t  by another  veh ic l e .  

(3)  Minimal chance o f  veh ic l e  leaving t h e  roadKay and being 

r e d i r e c t e d  back i n t o  t h e  path of oncoming t r a f f i c  

(4 )  Stopping a b i l i t y  independent of  d r i v e r  c o n t r o l .  

(5) 

(6)  

Minimal r e s t o r a t i o n  c o s t s  a f t e r  impact. 

P r a c t i c a l  1 y inde s t r u c t  i b  l e  . 
Disadvantages : 

(1) Due t o  t h e  r e l a t i v e l y  l a r g e  i n s t a l l a t i o n  space required 

(probably 35 '  ( 7 . 6  m) - 50 '  (15.2 m) wide) a d d i t i o n a l  r i g h t - o f -  

way may have t o  be purchased. 

( 2 )  Can be appl ied only t o  few e x i s t i n g  highways, but any f u t u r e  

ones,  i f  designed f o r  them. 

F.. Sackground 

The decis ion was made t o  t es t  and develop a usable  design 

o f  t h e  gravel  type a r r e s t o r  a f t c r  reviewing t h e  promising r e s u l t s  

o f  t h e  Road Research Laboratory i n  Great B r i t a i n .  

In 1966 and 1969 t h e  Road Research Laboratory conducted f u l l  

s c a l e  t e s t s  on gravel a r r e s t o r  b a r r i e r s  (2 ,3) .  The t e s t  veh ic l e s  

v a r i e d  from a sinall passenger car t o  a 20 ton f i r e  t ruck  and t h e  

a r r e s t o r  bed macerial  var ied from 1 :/? ( 3 . F  cm) inches crushed 
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s t o n e  t o  3/8 ( 1  cm) i n c h e s  l i gh twe igh t  aggrega te .  A t o t a l  o f  n i n e  

d i f f e r e n t  combiAations of material type bed dep ths  and aggrega te  

g r a d a t  i o n  was t e s t e d  . 
These t e s t s  brought  o u t  t h e  impor tan t  f ac t  t h a t  t h e  s topp ing  

d i s t a n c e s  were r e l a t e d  t o  t h e  bed c h a r a c t e r i s t i c s  and i n i t i a l  

v e h i c l e  impac t ing  v e l o c i t y  and seemed t o  h e  independent  of t h e  

s i z e  o r  weight  o f  t h e  impact ing  v e h i c l e s .  I t  i s  assumed t h a t  t h i s  

would ho ld  t rue  f o r  tes t  beds e v a l u a t e d  i n  New J e r s e y ' s  s t u d y .  
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11. S T U D Y  D E S I G N  

A .  General: 

The development and subsequent evaluation of gravel bed 

arrestors, in this research effort, required four years to complete. 

The project was divided into two phases, theoretical analysis and 

field testing. The theoretical phase involved a literature search, 

analysis of results of dynamic field tests, and development of a 

mathematical model of the vehicle's motion. 

The field testing phase involved impacting full-size 

"obsolete" vehicles at various speeds into different gravel bed 

configurations, documenting the impact forces with an accelerometer- 

recorder system and recording the vehicle behavior with both a high 

speed 16 mm camera and a video tape system. 

the tests were 1966 Plymouth Fury, 4 door Sedans, with a weight of 

ap2roximately 3800 pounds (1700 kg mass) including instrumentation. 

Pertinent dinensions of the vehicles are given in Appendix A-2 .  

The vehicles used in 

Various gravel configurations were tested on both level bed 

and transverse pile types. Figures la - If are sketches of each of 
the beds tested. All configurations were constructed with a 3/8" (1 cm) 

washed pea gravel. This material was chosen f o r  it was felt from 

the inception of the study to be the most widely available material 

that would perform adequately. Specifications for and a sample 

gradation of the gravel are given in Appendix A-3. Initial tests 

were conducted in the "head on" condition with oblique entry tests at 

:So performed on t h e  most promising configuration (1 1/2 foot ( .46  m) 

high pile configuration). Tile oblique e n t r y  tests werc achieved by 
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Figure I 
BED CON FIGURATION 

GROUND 

DIREC 

GROUND 

TAPERED TRA 

GROUND LEVEL 

DEPTH BED TlON OF VEHICLE 

N SlTlON 

c )  TAPERED BED 

DIRECTION OF VEHICLE 

DIRECT!ON OF VEHICLE 
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Figure I (cont.) 
BED CONFIGURATION 

d) BED OF 
TRANSVERSE 
PILES 

A 8 
(Height) (Center  t o  Center) 

Feet D i s t a n c e  

I ( 3 1 7 7 )  3 112 (I.lrn) 
I 1/2(.46m) 5 1/2 (1.7m) 
2 (.6d 7(2.lrn) 

. 
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r o t a t i n g  the  axes o f  the p i l e s  s i n c e  t h e  approach road and guidance 

systems were i n  f ixed  p o s i t i o n s  r e l a t i v e  t o  t h e  bed. 

discussion o f  t h e  test  l o c a t i o n ,  veh ic l e  con t ro l  sys tem,  tes t  

documentation, cons t ruc t ion  and r e s t o r a t i o n  o f  t h e  gravel  beds , and 

t e s t i n g  procedure i s  given i n  Appendix A - 7 .  

A d e t a i l e d  

B.  Data Co l l ec t ion :  

Before the  t es t  v e h i c l e  was removed from t h e  bed, t h e  v e h i c l e ' s  

pa th  on t h e  gravel  bed was measured and t h i s  information along with 

o t h e r  items such as veh ic l e  speed (which was obtained from t h e  s e t t i n g  

o f  t h e  veh ic l e  mounted speed con t ro l  dev ice ) ,  bed conf igu ra t ion ,  e t c . ,  

was recorded on a d a t a  shee t  (Appendix A - 4 ) .  

Also, t he  s t r i p  c h a r t  giving accelerometer  output  f o r  each 

t e s t  was removed from t h e  veh ic l e  mounted r eco rde r  t o  be s t o r e d  f o r  

d a t a  reduct ion a t  a l a te r  d a t e .  Then a f t e r  a s e r i e s  of  tes ts  were 

conducted, t h e  raw d a t a  was t r a n s f e r r e d  from t h e  s t r i p  cha r t  ( d e c e l e r a t i o n  

vs. time) t o  computer code shee t s  f o r  use i n  t h e  computer a n a l y s i s  

programs. 

C .  Data Analvsis:  

To preclude t h e  necess i ty  o f  conducting hundreds of t e s t s ,  a 

mathematical performance model f o r  each g rave l  bed conf igu ra t ion  

t e s t e d  was developed. A computer program performed a first o rde r  

:-egression a n a l y s i s  on tne sample d a t a ,  r e s u l t i n g  i n  equat ions t o  

p r e d i c t  t he  veh ic l e  sto2,:lng d i s t ance  and t h e  average d e c e l e r a t i o n  

vzlues for a range o f  ve'.i.cle speeds f o r  each bed configurat ion.  
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The r eg res s ion  ana lys i s  was l imi t ed  t o  f i r s t  o rde r  because with the  

high r e s u l t a n t  c o r r e l a t i o n  c o e f f i c i e n t s ,  a h ighe r  o r d e r  a n a l y s i s  was 

not  f e l t  t o  be needed. 

Table 2 i s  a l ist  of t h e  stopping d i s t ance  equat ions obtained 

for each o f  t h e  bed types (s lope and i n t e r c e p t )  with t h e  c o r r e l a t i o n  

c o e f f i c i e n t  (how good t h e  equation f i t  was t o  t h e  experimental d a t a ) .  

Also included i n  t h i s  t a b l e  is the  s tandard e r r o r  of t h e  estimate 

which i s  an i n d i c a t o r  of t h e  to l e rance  band of t he  est imated s topping 

d i s t a n c e  values.  

The mathematical model of t h e  vehicle  behavior proved t o  be 

extremely use fu l .  

obtained af ter  conducting only a few tests and not a whole ser ies ,  

t h u s  e l imina t ing  a considerable  amount o f  t e s t i n g  t h a t  would have been 

necessary otherwise.  

A set  of  performance c h a r a c t e r i s t i c s  could be 

Once t h e  stopping d i s t ance  equation was obtained,  a t a b l e  

l i s t i n g  t h e  est imated s topping d i s t ances  a t  var ious veh ic l e  speeds 

was generated making it poss ib l e  t o  p r e d i c t  t h e  required s topping 

d i s t a n c e  and r e s u l t a n t  average dece le ra t ion  value a t  a p a r t i c u l a r  

speed without a c t u a l l y  having t o  conduct a t e s t  

i s  a l i s t i n g  of the  est imated stopping d i s t ances  for each bed t e s t e d .  

I t  must be emphasized t h a t  t hese  values were obtained f r o m  a reg res s ion  

a n a l y s i s  performed on a l imi t ed  number o f  tests. 

t h e s e  est imated d i s t ances  i n  designing i n s t a l l a t i o n s ,  t h r e e  s tandard 

e r r o r s  of t he  estimate must be added t o  t h e  length t o  be 99.9 percent  

confident  that the v e h i c l e  w i l l  h a l t  within the  bed confines .  

a t  t h a t  speed. Table 3 

In o rde r  t o  use 
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TABLE 2 

STOPPING DISTANCE EQUATIOK 

BASED ON REGRESSION AVALYSIS 

OF THE DATA 

Stopping Distance = In t e rcep t  

Test  Bed 

T q e r e d  T r a n s i t  ion 

U n i f o n  Depth* 

Tapered 

1 F t .  P i l e  

1 1 / 2  F t .  P i l e  

2 F t .  P i l e  

. - - - - e d  --.a- P i l e  

1,’2 F t .  P i l e  
- >  angle 1- 0 

I n t e r c e p t  

-90.0 

9.0 

-39.9 

-41.0 

-18.1 

-39.6 

-29.0 

- 1 3 . 2  

Slope 

7.0 

2 . 6  

5.18 

3.70 

2 .13  

2 . 4 4  

2 . 7 7  

1.85 

+ (Slope x M.P.H.) 

Correlat ion Standard E r r o r  
Coeff ic ient  of Estimate 

.988  8.7 

.737  29.0 

.813 10.6 

* *  **  

.972 7 .7  

.976 5.0 

.916 12.6 

1 .000 . 3  

* Based on a l l  i n i t i a l  d a t a  bu t  excludes da t a  from rerun tes t s .  I f  rerun 
t e s t s  a r e  included t h e  values  would change t o :  

In t e rcep t  : 68.5 

Slope : 1.08 

Cor re l a t ion  . 3 1 3  
Coeff ic ient  : 

* -  :- .sufficient da t a  t o  c a l c u l a t e .  
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TABLE 3 

ESTIMATED STOPPING DISTANCE ( f t  . ) 
WITt1 VARY IN(; ENTRY SPEEDS 

BASED ON REGRESSION ANALYSIS 

Tapered 
T r a n s i t  ion _I_..- 

50.0 

Uniform 
Depth 

Tapered 
P i l e  

26.4 

40.3 

54.1 

68.0 

81.8 

1 1 / 2  F t .  P i l e  
a t  25O Angle MPI I 

20 

- Tape red 

63.7 

1 F t .  P i l e  

33.0 

- 1 1 / 2  F t .  P i l e  

24.3 

2 F t .  P i l e  

9 .2  61.9 23.8 

75 

30 

85.0 75.1 89.7 51.5 34.9 2 1 . 4  33.1 

120.0 88.3 115.6 70.0 

88.5 
-- 45.5 

56.1 

66.7 

33.6 42.3 

35 

40 
L- 

VI 

155.0+ 

190.0 

101.5 141.5 45.8 51.6 

114.8 167.4 107.0 58.0 

70.2 
-- 6 0 . 8  

70.0 95.7 

109.5 

123.4 

137.2 

4 5  2 2 5  .o 128.0 

1 4 1 . 2  

193.3 125.5 77.3 

219.2 87.9 - 79.3 50 360.0 1 4 4 . 0  82.4 

162.5 98.5 55 795. 0 154.4 245.2 94.6 88.6 

330.0 167.6 271.1 181 .I) 109.1 106.8 97.8 6 0 

*Data helow t h i s  po in t  was est imated by e x t r a p o l a t i o n ,  no tests conducted a t  these  speeds 



The vehicle's behavior was microscopically analyzed as it 

impacted the gravel (as opposed to the macroscopic analysis of 

stopping distance data). A computer program was written, for use 

with the Department's main computer, that would accept the deceleration 

vs. time data points obtained from the strip chart recorder €or 

integration (to obtain velocity and distance travelled) plotting and 

curve generation. 

determine if any possible situations occurred as the vehicle was 

travelling through the bed that could be hazardous to the occupants of 

t h e  vehicle, such as an exceptionally high peak deceleration value or 

a long time duration at a certain deceleration level, which would 

have been masked when considering only the overall o r  average values. 

In this way, each test run could be studied to 
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I1  I .  TEST RESlJLTS AND DISCUSSION 
~- 

A. Genera l  D i scuss ion :  

The fo l lowing  d i s c u s s i o n  o f  t!ie performance of t h e  e i g h t  bed 

c o n f i g u r a t i o n s  t e s t e d  w i l l  be based on a des ign  speed o f  55 mph 

(88.5 km/h) and each  w i l l  be  compared wi th  t h e  1 1 /2  f o o t  1.46 m) h igh  

p i l e  bed c o n f i g u r a t i o n .  

t e s t e d  i s  p r e s e n t e d  i n  Appendicies  A-5 and .A-6, 

The raw d a t a  f o r  each  bed c o n f i g u r a t i o n  

The 1 l /?  f o o t  ( . 46  m) bed was chosen as t?ie b e s t  des ign  

a f t e r  ana lyz ing  t h e  r e s u l t a n t  s topp ing  d i s t a n c e  and average v e h i c l e  

d e c e l e r a t i o n  (both  o b t a i n e d  from t h e  r e g r e s s i o n  a n a l y s i s )  for a l l  t h e  

beds t e s t e d .  

B .  D i scuss ion  o f  Each Bed Type: 

1 .  Tapercd T r a n s i t i o n  (F igu re  l a )  : 

The f i r s t  h e d  typc  t e s t e d  was :?ie t ape red  t r a n s i t i o n  bed. 

Before t!ie t e s t i n g  $ase began,  i t  was t h e o r i z e d  t h a t  a bed of  t h i s  

dcs ign  would be nccdcd.  I t  was not  known n t  t h a t  time what would 

happen when t h e  f r o n t  wheels  o f  the speccling t e s t  v e h i c l e  came i n  

c o n t a c t  wi th  t h e  g r a v e l  bed .  

t h a t  t h e  v e h i c l e  might a b r u p t l y  change d i r e c t i o n  and v e e r  o f f  o u t  of 

c o n t r o l ,  e s p e c i a l l y  i f  t h e  t e s t  v e h i c l e  d i d  n o t  impact t h e  bed s q u a r e l y  

b u t  at a s l i g h t  a n g l e .  I t  was f e l t  t h a t  a bed o f  t h i s  des ign  would 

enab le  t h e  t e s t  v e h i c l e  t o  g r a d u a l l y  come i n t o  con tac t  wi th  t h e  f u l l  

depth  o f  t h e  bed r a t h e r  t han  have an a b r u p t  change i n  support c o n d i t i o n .  

Cons ide ra t ion  was c ivcn  t o  t h e  p o s s i b i l i t y  

As p r e l i m i n a r y  t e s t i n g  got  underway, t h e  cause  for  concern d i d  

no: m a t e r i a l r - e .  As t h e  t e s t  v e h i c l e  impacted t h e  t e s t  bed,  tkae 
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a n t i c i p a t e d  r e a c t i o n s  d i d  n o t  o c c u r .  

g rave l  bed wi th  l i t t l e  change i n  d i r e c t i o n  o r  loss o f  v e l o c i t y  and 

d i d  n o t  s i n k  a p p r e c i a b l y .  There were f o u r  t e s t s  conducted on t h i s  

c o n f i g u r a t i o n  a t  speeds r ang ing  from 20  t o  35 mph ( 3 2 . 2  t o  5 6 . 3  km/h).  

The t a r g e t  va lue  f o r  s topp ing  d i s t a n c e  a t  55 mph (88.5 km/h), which was 

100 feet (30.5 m),was exceeded d u r i n g  t h e  30 mph ( 4 8 . 3  km/h) t e s t .  

The v e h i c l e  rode t h e  t o p  of t h e  

The average  d e c e l e r a t i o n  va lue  p r e d i c t e d  f o r  t h i s  bed a t  t h c  

55 mph (88 .5  km/h) des ign  speed was t h e  lowest  o f  a l l  bed c o n f i g u r a t i o n s ,  

0 . 3 4  g .  tiowever, these low g f o r c e s  were e s t i m a t e d  wi th  a co r re spon-  

d i n g l y  l a r g e  s topp ing  d i s t a n c e  of ,395 f t .  ( 8 9 . 9  m )  . T h i s  i s  approx ima te ly  

3 times t h e  d i s t a n c e  p r e d i c t e d  f o r  t h e  1 1 /2  foo t  ( . 4 6  m )  p i l e  bcd with 

t!ic same v e h i c l e  e n t r a n c e  spccd .  

Based on t h e  r c s u l t s  of t h e s e  t e s t s ,  i t  was dec ided  t h a t  the 

nex t  bed f o r  t e s t i n g  would be below ground l e v e l  and 3t  a uniform dep th  

of ant' f o o t  ( . Z  m ) .  

2 .  Uniform Depth (F igu re  l b ) :  

The reasoning  behind  t h e  s e l e c t i o n  o f  t h i s  c o n f i g u r a t i o n  was 

t h a t  f o r  a v e h i c l e  t o  s top  w i t h i n  a s h c r t e r  d i s t a n c e ,  t h e  v e h i c l c  had 

t o  s i n k  i n t o  t h e  g rave l  bed sooncr and t h i s  may be ach ieved  by 

e l i m i n a t i n g  t h e  t r a n s i t i o n  zone. 

'The r c s u l t s  o f  tile f i r s t  t e s t  conducted on this bed was a s  

a n t i c i p a t e d .  

a few feet on t h e  bed. 

than  had been expec ted  ai.ihough a n  improvement ove r  t h e  t a p e r e d  

t r a n s i t i o r l  c o n f i g u r a t i o n  '.n t h e  30 - 40 ( 4 8 . 3  - 6 4 . 4  km/h)  rnph range 

The v e h i c l e  sank i n t o  t h e  gravc l  a f t e r  t r a v e l l i n g  only  

iawever, t h e  s ropp inp  d i s t a n c e s  werc longe r  

n':!: T.Ci:lcvcc!.  Ile:>c;itc:i . ' 3 :  ,r;;; .. . c '  : . < ~ ? + c r c ~ !  r e s u l t ?  ~ i i t l l  low 
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l i n e a r  c o r r e l a t i o n .  

The r e s u l t s  o f  t h e  11 t e s t s  performed a t  speeds ranging  from 

20 t o  45 mph ( 3 2 . 2  t o  7 2 . 4  Lm/h) showed no r e p e a t a b i l i t y .  This  was 

probably  caused by a number of  f a c t o r s .  In o r d e r  f o r  t h i s  bed t o  

per form e f f e c t i v e l y ,  t h e  v e h i c l e  has  t o  s ink  i n t o  t h e  g r a v e l .  I f  

any th ing  p r e v e n t s  t h e  v e h i c l e  from si!iking i n t o  t h e  bed,  i t  r i d e s  on 

t o p  wi th  l i t t l e  loss of  v e l o c i t y .  In s e v e r a l  o f  t h e  r e p e a t  runs  t h i s  

type o f  performance occur red  a t  v a r i o u s  p o i n t s  w i t h i n  t h e  bed. 

main cause  was f e l t  t o  be a gradual  compaction o f  t h e  g r a v e l .  The 

g r a v e l  may have s e t t l e d  under  i t s  own weight ove r  the time span of 

t h e  tests which covered s e v e r a l  weeks. F i n e s  i n  t h e  form o f  sand 

cou ld  have g o t t e n  i n t o  t h e  voids  of t h e  washed 3/8" (1 cm) pea g r a v e l .  

The t e s t  s i t e  was loca ted  i n  a sandy a r e a  with l i t t l e  v e g e t a t i o n  t o  

s t o p  t h e  wind from blowing t h e  f i n e  sand ove r  and i n t o  t h e  g rave l  bed .  

A l s o ,  s u r f a c e  runof f  from r a i n  could  have c a r r i e d  t h e  f i n e  p a r t i c l e s  

i n t o  t h e  bed.  

t h e  n e c e s s i t y  f o r  a f r o n t  end l o a d e r  t o  t r a v e l  on t h e  bed i n  both 

p u l l i n g  ou t  t h e  en t rapped  v e h i c l e  and then  r e s t o r i n g  t h e  bed could  have 

caused  f u r t h e r  compact ion .  

The 

I n  a d d i t i o n ,  r epea ted  impact wi th  t h e  t e s t  v e h i c l e  and 

Cons ider ing  t h e  r e s u l t s  o f  a l l  t h e  tests performed,  t h i s  bed 

would r e q u i r e ,  even i n  i t s  l e a s t  compact s t a t e ,  approximately 60"" 

g r e a t e r  s topp ing  d i s t a n c e  than  t h e  1 1 / 2  foo t  ( .46 m) p i l e  bed. As 

can be seen  i n  Table  A - 5 ,  t h e  upper  s topp ing  d i s t a n c e  l i m i t  was 

c ' x c c c ~ k ~ I  du r ing  t h e  rerun o f  t h e  10 mph ( 3 2 . 2  km/h) t e s t .  

Hascd on tliesc r e a s o n s ,  i t  was dec ided  t h a t  ano the r  bed des ign  

was necessa ry .  R e p e a t a b i l i t y  was cons idered  e s s e n t i a l  t o  performance 
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re 1 i a b i  li t y  . 
3 .  Tapered Bed (F igure  l c )  : 

The n e x t  bed des ign  t e s t e d  was t h e  t a p e r e d  bed. T h i s  bed was 

c o n s t r u c t e d  on t o p  of t h e  e x i s t i n g  uniform depth  bed. The i d e a  behind 

t h i s  c o n f i g u r a t i o n  was t h a t  t h e  v e h i c l e  would have an i n c r e a s i n g  depth 

of g r a v e l  i n t o  which it could  p e n e t r a t e  a s  i t  p rogres sed  through t h e  

bed.  

As was t h e  case wi th  t h e  tests on t h e  uniform depth  c o n f i g u r a t i o n ,  

t h e  test  v e h i c l e  d i d  no t  s i n k  i n t o  t h e  g r a v e l  as was a n t i c i p a t e d  b u t  

rode  on t o p  of t h e  hcd most of t h e  way. 

snmc reasons  s t a t e t l  f o r  t h e  uniform depth hed. 

This  probahly occurred  f o r  t h e  

The r e s u l t  o f  t h e  7 t e s t s  conducted on t h i s  bed a t  20 - 2 5  mph 

( 3 2 . 2  - 4 0 . 2  km/h) was t h a t  t h e  s topp ing  d i s t a n c e  f o r  two of t h e  tes ts  

mi a t  25 mph (40 .2  km/h) came very  c l o s e  t o  exceeding t h e  100 f o o t  

(30.5 m) l i m i t .  

4 .  Pi le  Beds: 

S ince  t h e  v e h i c l e  d i d n ' t  c o n s i s t e n t l y  s i n k  i n t o  t h e  g rave l  bcd 

wi th  t h e  i n i t i a l  p a t t e r n s ,  a new above-ground des ign  was determined t o  

be necessa ry .  

s t r u c t e d  above ground would have b e t t e r  stoppinR p o t e n t i a l .  

t h e  v e h i c l e  wi th  t h i s  new des ign  would not  be dependent upon t h e  v e h i c l e  

s i n k i n g  i n t o  t h e  g r a v e l ,  b u t  could be  accomplished by t h e  v e h i c l e  

impact ing  success ive  e l e v a t e d  p i l e s  a s  it p rogres sed  i n t o  t h e  bed. 

I t  was decided t h a t  a series of windrows o r  p i l e s  con- 

S topping  

The des ign  t h a t  was f i n a l l y  chosen c o n s i s t e d  of a series of 

t r a n s v e r s e  p i l e s  i n  t h c  form of a windrow p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  

of  t r a v e l  of  t h e  t es t  v e h i c l c .  For t h c  t e s t i n g ,  t h e  layout  was about 
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45 feet  ( 1 3 . 7  m) wide and 120 f e e t  ( 3 6 . 6  m) long (Figure Id - I f ) .  

Four d i f f e r e n t  configurat ions of t h i s  design were t e s t e d .  

Three configurat ions of uniform he igh t  p i l e s  were t e s t e d  (1 foo t  

( . 3  m ) ,  1 1 / 2  foo t  ( .46 m) and 2 foo t  ( . 6  m) p l u s  a tapered p i l e  bed 

where t h e  bed cons i s t ed  of  groups o f  p i l e s  o f  uniformly i n c r e a s i n g  

h e i g h t s  (from 1 foo t  t o  2 foo t  1 . 3  m t o  . 6  m ) .  In a l l ,  20 t e s t s  were 

run on t h e  var ious p i l e  beds a t  speeds ranging from 20 t o  50 mph 

( 3 2 . 2  t o  80.5 km/h). 

a. 1 f o o t  p i l e s  (Figure I d ) :  

The f i r s t  p i l e  conf igu ra t ion  t e s t e d  was t h e  1 foo t  p i l e s .  

Although t h e  t e s t  veh ic l e  was stopped i n  a s h o r t e r  d i s t a n c e  than  the  

beds previously t e s t e d  ( tapered t r a n s i t i o n ,  uniform depth and tapered)  

and with minimal damage,the p ro jec t ed  s topping d i s t a n c e  a t  t he  higher  

design speed (55 mph (88.5 km/h) would be g r e a t e r  than t h e  maximum 

d e s i r a b l e  stopping d i s t ance  (100 f e e t  ( 3 0 . 5  m). 

A d i s t ance  o f  163 f e e t  ( 4 9 . 7  m) would be r equ i r ed  t o  s t o p  a 

v e h i c l e  at  55 mph (88.5 km/h) e n t r y  speed with a r e s u l t a n t  average 

d e c l e r a t i o n  of  .62 g .  

r equ i r ed  by t h e  1 1 / 2  foo t  (.46 m) p i l e  conf igu ra t ion .  

This stopping d i s t ance  i s  65% f u r t h e r  t han  t h a t  

b. 2 foo t  ( . 6  m) p i l e s  (Figure Id) : 

Tlie height  of  the p i l e s  was increased t o  2 f e e t  ( . 6  m ) .  This 

bcd stopped t h e  t es t  veh ic l e  i n  t h e  s h o r t e s t  d i s t a n c e  of  a l l  t h e  beds 

t e s t e d  ( a  pred ic t ed  05 f e e t  (29 m) f o r  a 55 mph (88.5 km/h) entrance 

speed which w a s  96% of t h e  1 1 / 2  foot  (.4h m )  p i l e ' s  s topping d i s t a n c e ) .  

Ilcwevcr, damage t o  thc  t c s t  veh ic l e  was severe.  The r a d i a t o r  was 
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punctured and t h e r e  w a s  f r o n t  bumper and sheet  metal damage. 

higher  t h e  impact speed t h e  g r e a t e r  t h e  damage t o  t h e  t e s t  v e h i c l e .  

A t  t he  higher  speeds,the vehicle  was l i f t e d  upward upon impacting t h e  

The 

first 2 foo t  ( .6 m) high p i l e  and then a c t u a l l y  vaul ted over a 

number of p i l e s  before crashing back down. 
1 

The average dece le ra t ion  

predicted f o r  t h i s  bed a t  t h e  55 mph (88.5 km/h) design speed i s  

1 . 0 7  g ' s .  This i s  s l i g h t l y  h ighe r  than t h e  value f o r  t he  1 1 / 2  f o o t  

( . 4 6  m) p i l e s .  

c .  Tapered P i l e  (Figure l e ) :  

The tapered p i l e  was t r i e d  next .  With t h i s  set  up, t h e  f i r s t  

25  f e e t  ( 7 . 6  m) of  t h e  bed was constructed o f  1 foo t  ( . 3  m) high p i l e s ,  

the middle 24 feet ( 7 . 3  m) of 1 1 / 2  foot  1 .46  m) high p i l e s  and t h e  

las t  100 f e e t  ( 3 0 . 5  m)of 2 foot  (.G m) high p i l e s .  The idea  behind 

t h i s  configurat ion was t h a t  the v e h i c l e ' s  speed would g radua l ly  reduce 

as i t  impacted h ighe r  p i l e s .  Thus, vehicle  damage and dece le ra t ion  

forces  should be kept a t  a minimum. 

dis tznces  about halfway between t h e  1 foot  ( . 3  m) and t h e  2 foo t  ( . 6  m) 

p i l e  beds. 

s top a veh ic l e  a t  t h e  design speed which is  2 5 %  g r e a t e r  than r equ i r ed  

f o r  t he  1 1 / 2  foot  (.46 m) p i l e  bed. The average p red ic t ed  d e c e l e r a t i o n  

value i s  . 8 2  g ' s .  

This bed produced s topping 

Results i nd ica t ed  t h a t  123 f e e t  ( 3 7 . 5  m) was needed t o  

While t h i s  configurat ion seemed t o  be b e t t e r  than t h e  1 ( . 3  m) 

and 2 foo t  (.6 m) p i l e  beds, it was f e l t  t h a t  it would be d i f f i c u l t  t o  

cans t ruc t  and maintain due t o  t h e  changing he igh t .  

d.  1 1/2 foot  r.46 m) p i l e s  (Figure I d ) :  

3 . e  fina: confi:.lrration t e s t e d  was t h e  1 1 /2  f o o t  ( . 4 6  m) high 

2 2  



p i l e s  as a compromise between t h e  1 foo t  ( . 3  m) and 2 foot  ( . 6  m) 

p i l e s .  

With t h i s  a r r e s t o r ,  t h e  r e s u l t a n t  veh ic l e  damage was minimal 

with only a small inc rease  i n  t h e  s topping d i s t ance  required f o r  t he  

2 f o o t  ( . 6  m) p i l e s .  The performance r e s u l t s  i nd ica t ed  t h a t  a 

v e h i c l e  a t  55 mph (88.5 km/h) would s t o p  within the  o r i g i n a l  design 

s topping d i s t a n c e  l i m i t  of  100 f e e t  (30.5 m). Ninety-nine (30.2 m) 

f e e t  was p r e d i c t e d  as  being required t o  s top  t h e  t es t  v e h i c l e ,  t h e  

second lowest of a l l  t h e  bed conf igu ra t ions  t e s t e d .  

d e c e l e r a t i o n  value o f  1 . 0 3  g ' s  i s  wel l  within t h e  allowable limits. 

The average 

e. 1 1 / 2  foo t  ( . 4 6  m) p i l e  a t  25' angle  (Figure I f )  : 

The favorable  r e s u l t s  obtained when impacting t h e  1 1 / 2  foo t  

( . 46  m) p i l e  beds i n d i c a t e d  t h a t  t h i s  bed should receive f u r t h e r  

cons ide ra t ion .  

if i t  en te red  the  bed a t  o t h e r  than head on. 

The quest ion a rose  as t o  how the  veh ic l e  would behave 

I t  was a n t i c i p a t e d  before  t h e  tests were conducted t h a t  t h e  

t e s t  v e h i c l e ,  upon impacting t h i s  bed, might veer  o f f  p a r a l l e l  t o  

t h e  windrows and e x i t  o f f  t o  t h e  s i d e  i n  the  middle of t h e  bed. 

As t h e  t e s t s  got  under way, t he  cause €or concern d id  not  

m a t e r i a l i z e .  When the  veh ic l e  impacted t h e  windrows, i t  continued 

t o  procced i n  a s t r a i g h t  l i n e ,  as was the case with the  r e g u l a r  1 1/2 

foo t  ( .46  m) high p i l e  bed. In f a c t ,  t h i s  configurat ion stopped t h e  

v e h i c l e  i n  a d i s t a n c e  10 percent  s h o r t e r  than the r egu la r  1 1 / 2  foo t  

( . 4 6  m) p i l e s .  

r equ i r ed  f o r  a 55 mph (88.5 km/h) impact speed w i t h  an average 

Eighty-nine f e e t  ( 2 7 . 1  m) was predicted as being 
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dece le ra t ion  of 1 .14  g ' s ,  a l i t t l e  h i g h e r  than was p red ic t ed  f o r  t h e  

1 1 / 2  foo t  (.46 m) p i l e s .  

C.  Test  Conditions:  

1 .  Activation of Brakes 

In add i t ion  t o  the  tests discussed i n  t h i s  r e p o r t  which were 

conducted i n  t he  unbraked mode, a number o f  tests were run on the  

l e v e l ,  tapered and 2 foo t  ( . 6  m) p i l e  conf igu ra t ions  with t h e  brakes 

appl ied p r i o r  t o  the veh ic l e  en te r ing  the  bed. 

time of the  braking system was such t h a t  it precluded the  brakes 

being appl ied a t  the same point  f o r  each t e s t .  

flowever, t h e  response 

The po in t  of app l i ca t ion  of t he  v e h i c l e ' s  hrakes va r i ed  from 

test t o  t e s t ,  maskinil t he  ac tua l  r e s u l t s  of  t he  combined s topping 

e f f e c t  of the app l i ca t ion  of  t h e  v e h i c l e ' s  brakes and impacting t h e  

gravel .  Therefore,  i t  was decided t o  exclude t h e s e  t e s t s  from the  

r e p o r t .  

was observed when braked t e s t s  were compared w i t h  unbraked t e s t s  a t  

In gene ra l ,  however, a marked decrease i n  s topping d i s t a n c e  

t h e  same speed. 

2 .  Weather Conditions: 

For the  most p a r t ,  t he  t e s t s  were conducted during t h e  sp r ing -  

f a l l  months on c l e a r  days with t h e  temperature above f r e e z i n g .  

i f  any, t e s t s  were conducted i n  t h e  r a i n  due t o  ope ra t ion  of the r a d i o  

F e w ,  

con t ro l  u n i t .  

Ilowever, i t  i s  assurred t h a t  t h e  r e s u l t s  obtained during impact 

i n  a r a i n  storm would not d i f f e r  g r e a t l y  from those obtained i n  t h i s  

s t i i t ly ,  p m v i d c J  the 1)cJ was l oca t rd  i n  a well draincd n r c n  and was not 
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under  water . 
I t  was p lanned  t o  conduct a few t e s t s  du r ing  midwinter  on a 

f r o z e n  bed t o  i n v e s t i g a t e  any p o s s i b l e  adve r se  e f f e c t s .  However, t?ie 

t e s t  bed l o c a t i o n  d i d  n o t  remain below f r e e z i n g  long enough t o  o b t a i n  

t h i s  c o n d i t i o n .  I t  i s  e s t i m a t e d  t h a t  t h i s  c o n d i t i o n  should  a l s o  have 

minor  effects on a bed s t o p p i n g  q u a l i t y  i f  t h e  bed was s i t u a t e d  i n  a 

we 11 -d ra ined  a r e a .  

D .  Comparison w i t h  T e s t s  o f  Road Research Labora tory  i n  Great 

B r i t a i n :  

I n  an e f f o r t  t o  e v a l u a t e  t h e  r e l a t i v e  performance of Sew 

J e r s c y ' s  tests, J comparison was made wi th  the r e s u l t s  o f  t t ic !loaJ 

Research Labora tory  o f  Grea t  B r i t a i n ,  ( 2 > 3 1  whlch has t h e  on ly  o t h e r  

agency t o  conduct  f u l l  scale  impact  t es t s  on t h i s  t ype  o f  a r r e s t o r .  

O f  a l l  t 5 e i r  combina t ions ,  t h e  bed o f  3 / S "  (1 cmj l i g h t w e i g h t  

aggrega te  2 foot  ( , 6  m) uniform dep th  s topped  t h e  test  ve! i ic les  w i t h i n  

t h e  s h o r t e s t  d i s t a n c e .  Table  4 l i s t s  t h e  e s t i m a t e d  s t o p p i n g  d i s t a n c e s  

based  on a r e g r e s s i o n  a n a l y s i s  performed en t h e  raw d a t a  p r e s e n t e d  f o r  

t h i s  bed .  The s t o p p i n g  d i s t a n c e  o f  t h e  2 f o o t  ( . 5  m) uniform depth  

bed a t  55 mph (33.5 km/h) was approximate ly  150a g r e a t e r  t h a n  t h a t  f o r  

Yew .!erscy's 1 1 / 7  f o o t  (.Jb m) p i l e  c o n f i g u r a t i o n  and 30"" s h o r t e r  

t h a n  t h a t  f o r  5cw Jerse)"s uniform depth  configur.:t ion .  

The 3 /8 "  (1 cm) l i g h t w e i g h t  aggrega te  seems t o  be a more 

e f f i c i e n t  a r r e s t o r  material  than  N e w  J e r s e y  l o c a l  3 / S  inch  (1 cm) pea  

g r a v e l .  A p r o b a b l e  r eason  f o r  t h e  30'" s h o r t e r  s topp ing  d i s t a n c e  on a 

s i n i l i r  hed c o n f i z u r a t i o n  i s  t h a t  t h e  I i ~ h t w c i r h t  a g g r e g a t e  a l lowed t h e  



i m p a c t i n g  v e h i c l e  t o  s i n k  i n t o  t h e  bed s o o n e r  a n d / o r  d e e p e r  t h a n  on 

t h c  3/8” (1 cm) g r a v e l .  

However, t h e  l i g h t w e i g h t  material i s  not a v a i l a b l e  i n  New 

J e r s e y  a t  t h i s  time. 
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T A B L E  4 

E S T I b L I T E D  S T O P P I N G  D I S T A N C E  FOR 

315" I , I C ; t ? l 7 ~ E I G H T  AGGREGATE 2 F O O T  IP!IFOR~l DEPTII BED 

ROAD RESEARCl i  L.UOlb!TOHY 

Veh i c 1 e 
Speed 
( m p h )  

75 

30 

35 

40 

45 

50 

55 

60 

S t o p p i n g  
P i  5 t 317 cc 

( f t . )  

52 

61 

76 

1 OO 

1 1 2  

12.1 

Eq. f o r  L i g h t w e i g h t  Aggregate 

DS = -20.0 + 2 . 4  v+ip,i 



IV. COST AKALYSIS 

Another a rea  t h a t  should be included i n  t h e  f i n a l  a n a l y s i s  

of  t he  merits of each of the  bed configurat ions tes ted.  is  t h e  cos t  

fo r  the  ma te r i a l  t h a t  would be required t o  construct  a bed capable 

of s topping a veh ic l e  a t  55 mph (88.5 km/h). 

Table 5 l i s t s  t h e  quan t i ty  o f  gravel  required and t h e  

r e l a t e d  material c o s t s  f o r  each of t h e  bed types t o  s top  an out-of-  

con t ro l  veh ic l e  a t  55 mph (88.5 km/h) . These f i g u r e s  a re  based on 

the  stopping d i s t ances  obtained from the  regression a n a l y s i s  and do 

not  include any labor , ’  equipment, o r  r i g h t  o f  way c o s t s  involved 

with t h e  i n s t a l l a t i o n  o f  the gravel bed. 

As can be seen i n  Table 5 ,  t he  1 1/2 foot ( . 4 6  m) bcd had 

t h e  lowest ma te r i a l  cos t  of a l l  t he  o t h e r  types.  

The t h r e c  l e v e l  bed types (tapered t r a n s i t i o n ,  uniform dep th ,  

and tapered)  had higher  ma te r i a l  c o s t s  than a l l  t he  o t h e r  types 

tested.  

*While exact  labor  and equipment c o s t s  were not obtained f o r  t he  p i l c  
o r  t h e  l eve l  bed typc o f  a r r c s t o r ,  i t  is  f e l t  t h a t  t h e  c o s t s  for  each 
would balance o u t .  Although t h e  labor  c o s t s  f o r  t he  i n s t a l l a t i o n  
procedure f o r  the p i l e  beds would be higher  than f o r  t he  l eve l  bcd 
rype, i t  would be o f f s e t  by reduced s i t e  preparat ion requirement. 
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TABLE 5 

QUANTITY AND COST OF GRAVEL REQUIRED 

TO STOP A VEHICLE AT 55 MPH 

Bed Configuration 

Tape red Trans it ion 

Uniform Depth 

Tapered 

1 ft. Pile 

1 1/2 ft. Pile 

2 ft. Pile 

Tapered 

Quantity (tons) 

756.9 

427.8 

340.3 

226.4 

206.2 

263.9 

290.3 

Material Cost ($) 
($8.75/ton) 

6,622.88 

3,743.25 

2,977.63 

1,981 .oo 

1 , 804.25 

2,309.13 

2,540.13 
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Appendix A - i  

I 

I i t  
I ' 
I 
I 
I 
I 

APPLICATION OF GRAVEL BED ARRESTORS 

NORMAL 
F L O W  

C I R C L E  

, Cut of control Out of control vehicles 
into on coming t raf f ic .  
(Without gravel bed) 

- -  - - 

I 
I 

Out o f  control 
vehic les  into 

t r a f f  ic 

dra in age 
d i tch 

WIDE MEDIAN 
I 
I 

J h  I 

I 
I 
I 
I 
I 

o u t  of 

G r a v e l  b e d  

Gravel bed 

Out  o f  c o n t r o l  
veh ic le  s topped by 

I g r a v e l  bed 

I Out of control vehicle I 
I 
I I 

wi thout  grave l  b e d  

N O R M A L  F L O W  
T U R N  OFF RAMP 

O f  
i c le  

F O R K  gravel bed 
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APPENDIX A-2 

TEST VEIIICLE CHARACTERISTICS 

Weight 3500 l b s .  (1724 kg mass) 

Overa l l  l e n g t h  2 10" (5.33 m )  

O v e r a l l  wid th  79" ( 2  m l  

Wheel Base 119" ( 3  m) 

Ground c l e a r a n c e  4 1/2" ( 1 1 . 4  cm) 

T i r e  S i z e  7 . 7 5  X 14 

Turning  C i r c l e  47 f t .  ( 1 4 . 5  m) 
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APPENDIX A-3 

SAMPLE GRAVEL GRADATION 6 SPECIFICATIONS 

Sieve S ize  Percent Passing 

1/2 100 

3/ 8 98 

No. 4 31 

No. 8 3 

No. 16 2 

Bulk Density: 96 l b s / f t 3  

Spec i f ica t ions  

100 

85 - 100 

10 - 30 

0 - 10 

0 - 5  
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APPENDIX A-4 

SAMPLE DATA SHEET 

IMPACT TESTS 

VEHICLE ENTRAPMENT PROJECT 

67701 

Tes t  No. 92 Braking Action None 

Date 12-10-73 Measured Distance t r a v e l e d  on Bed 

Shape o f  Bed 1-1/2 f t .  (46m) P i l e s  84 f t .  (25.6m) 

Vehicle Entry Speed 50 MPH(80.5 km/h) Average G ' s  1.00 

S t e e r i n g  Cont ro  1 Cable Peak G's 3 .46  

Comments : 

I 
i 
I 

Vehicle Motion 
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APPENDIX A-5  

TEST DATA 

Tapered llniform 
blI’l1 T r a n s i t i o n  Dcptl1 ..- ----.__. 

20 45 

25 95 

35 155 

40 

45 

50 

41 
106* 
121* 

9 3  
96* 

133* 

6 8  
110* 

75 

113 

137 

STOPPING DISTANCE (ft .)  

Tapered 1 1 / 2  F t .  P i l e  
Tapered -I.-- 1 Ft. P i l e  1 1 / ?  F t .  Pi le  - ---- 2 F t .  P i l e  Pi le  a t  25’ Angle 

58 
56* 
68* 
73* 

74 
98* 
97 * 

33 

70 

15 
33 

45 

70 

86 

1 1  26 24 
26 

21 

34 

39 

6 3  

47 

86 

72 

42 

61 

‘Retests made approx imate ly  four weeks after i n i t i a l  t e s t .  



Tapered Uniform 
bIPH Transi t ion Depth 

20 .30 .33 
.13 
. l l  

- 

25 

35 

40 

45 

50 

. 2 2  

.26 

.27 

.23 
, 2 2  
.16 

.44 

. 2 8  

.55 

* 47 

Al’l’1iNl)IX A - 6  

TEST DATA 

AVERAGE DECELERATION ( G I s )  

Tapered 1 1 / 2  F t .  P i l e  
Tapered 1 Ft. P i l e  1 1 / 2  Ft. Pi le  2 Ft. P i l e  Pile at 25’ Angle 

.23 . 4 1  

.24  

.20 

.18 

.28 

. 2 1  

. 2 2  

. 4 3  

.89 1.22 .51 .56 

.41 .51 

.67 

.76 

1 .oo 

.89 

1.05 

.85 

.64 

.48 

.74 

.72 

.88 

.so 

, 9 7  



APPENDIX A - 7  

F I E L D  T E S T  METtIOD OF PROCEDURE 

A. Test  Location: 

A l l  t he  t e s t s  were conducted i n  an i s o l a t e d  p a r t  o f  Bennett 

Sand and Gravel Company Quarry, B r i e l l e ,  New J e r s e y .  Location o f  

t h e  t es t  f a c i l i t y  is  shown i n  Figure A - 1 .  

The Department's Bureau of Maintenance suppl ied t h e  necessary 

manpower and equipment t o  complete t h e  construct ion o f  t h e  tes t  bed 

a r e a  and approach roads a t  the tes t  s i t e .  Except f o r  the gravel  used 

a s  t h e  crash b a r r i e r ,  t h e  ma te r i a l  used t o  bu i ld  t h e  approach road 

and b r ing  the  s lopes up t o  grade came from areas adjacent  t o  the tes t  

s i t e .  

B. Vehicle Control:  

Only a few preliminary low speed t e s t s  i n  the gravel beds 

were conducted with an a c t u a l  d r i v e r .  To m i n i m i z e  t he  p o t e n t i a l  f o r  

i n j u r y ,  a l l  t he  o t h e r  t e s t s  used remote (radio)  con t ro l  and a 

c a b l e  guidance system t o  ope ra t e  the  t e s t  veh ic l e .  

1. Remote Control U n i t  

A s i x  channel r ad io  con t ro l  u n i t  manufactured by Kraft  Systems, 

I n c .  of Ca l i fo rn ia  was used. Figures A - 2  and A - 3  a r e  sketches of  t h e  

t r a n s m i t t e r  and r ece ive r  components r e spec t ive ly .  The r e c e i v e r ' s  

servo-mechanisms were l inked t o  various types of toggle  switches.  

Tl?ese switche: e l e c t r i c a l l y  con t ro l l ed  t h e  veh ic l e  mounted speed 

c o n t r o l  devzce, the  braAing u n i t ,  t he  brake hold device,  the i g n i t i o n ,  

t h e  recorder  anc! the recorder's event marker. 
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NEW 

JERSEY 

NEWARK i 

Figure A-I  
LOCATION OF T E S T  F A C I L I T Y  



I/ 
RADIO CONTROL TRANSMITTER 

Figure A - 2  



RECORDER < 

EVENT MARKER * 

I G N I T I O N  < 

SPEED CONTROL 

BRAKE L O C K "  

B R A K E S  < 

'Figure A - 3  

R A D I O  CONTROL RECEIVER 

4n 



Once a c t i v a t e d ,  t h e  speed con t ro l  device would a d j u s t  t he  

t h r o t t l e  t o  a c c e l e r a t e  t h e  t e s t  veh ic l e  up t o  t h e  desired speed and 

then hold it s t eady  a f te r  t h a t  speed was obtained.  

The braking u n i t  used was a 12  v o l t  screw jack t h a t  bo l t ed  

t o  t h e  v e h i c l e ' s  brake peda l .  

t r o l l e d  by means of  micro switches so t h a t  t h e  jack would uniformly 

apply t h e  brakes t o  a predetermined s e t t i n g  and then hold t h e  brakes 

there.  This u n i t  was used t o  no t  only conduct t e s t s  w i t h  t h e  v e h i c l e ' s  

brakes app l i ed  i n  t h e  t e s t  bed a rea ,bu t  a l s o  t o  s top  the veh ic l e  

be fo re  t h e  bed area i n  case of  any system malfunction. 

The motion of  t h i s  brake u n i t  was con- 

The brake lock device was a solenoid placed i n  t h e  v e h i c l e ' s  

brake l i n e .  Once t h e  brakes were app l i ed ,  t h i s  u n i t  would lock t h e  

brakes p reven t ing  t h e  veh ic l e  from moving, thus enabling t h e  v e h i c l e ' s  

t ransmission t o  be placed i n  d r i v e  and t h e  speed con t ro l  u n i t  engaged. 

A switch was placed i n  t he  i g n i t i o n  system so t h a t  t he  i g n i t i o n  

could be cu t  o f f  j u s t  before  t h e  veh ic l e  impacted the  t e s t  bed. 

reduced t h e  t h r e a t  of  f i r e  i n  case of gas tank rup tu re  o r  gas l i n e  

leakage. To conserve recorder  c h a r t  paper ,  t he  recorder  c h a r t  d r ive  

mechanism was not  a c t i v a t e d  u n t i l  t he  v e h i c l e  was c lose  t o  t h e  bed 

area (usua l ly  a t  t h e  breakaway p o s t s ) .  

This 

The r eco rde r  event marker could introduce a b l i p  on the  c h a r t  

This was intended t o  i d e n t i f y  an unusual occurrence f o r  l a t e r  paper .  

r e f e rence .  

2. Cable Guidance System 

Tc c o n t r o l  t h e  d i r e c t i o n  o f  t h e  t e s t  veh ic l e ,  a cable  guidance 

system c o n s i s t i n g  of 1,000 (305 m) f e e t  of a i r c r a f t  type c a b l e ,  



anchorage p o i n t s ,  cable  supports  and connectors was used. 

two anchorage po in t s ,  one a t  each end of the  approach road about 

1,000 (305 m) f e e t  apart, cons i s t ing  of a t h r e e  foo t  (-9 m) cube o f  

concrete  sunk about a h a l f  of  a foo t  (.15 m) below ground l e v e l .  The 

cable  supports  consis ted of a two piece I-beam u n i t .  

was encased i n  each concrete anchor po in t  f l u s h  with the ground. 

second I-beam,bolted t o  t h e  f i r s t ,  had t h e  cable  a t tached t o  i t .  

allowed t h e  above surface I-beam t o  be replaced when damaged. A 

number of  b racke t s  connected t h e  v e h i c l e ' s  l e f t  f r o n t  wheel t o  t h e  

cab le  . 

There were 

One I-beam 

The 

This  

A break-away pos t  was located a few f e e t  before  t h e  anchor p o s t  

n e a r e s t  t he  t es t  bed. As the veh ic l e  impacted t h e  breakaway p o s t ,  

t he  two brackets  (one connected t o  the  c a r ,  t he  o t h e r  t o  t h e  cable)  

would s e p a r a t e ,  thus allowing the  veh ic l e  t o  freewheel i n t o  the t e s t  

bed. 

Figure A-4 i s  an assembly sketch of t h e  cable-vehicle  b racke t s  

( p a r t  of cable  guidance system) and Figure 11-5 i s  an overhead sketch 

of  t h e  o v e r a l l  layout of the t e s t  s i t e  w i t h  a veh ic l e  connected to t h e  

guidance system. 

C. Documentation: 

1. Recorder-Accelerometer System 

A two channel analog r eco rde r  manufactured by T e c h n i r i t e -  

Gulton of Rhode Is land produced a s t r i p  c h a r t  o f  t h e  output  of two 

accelerometers.  

second as a reference po in t  and the chz r t  speed was kept constant  a t  

125 mm/sec. Thus, t he  cha r t  t r a c e  ind ica t ed  dece le ra t ion  vs .  time. 

A timer put b l i p s  on the  edge of t h e  paper every 
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Figure A - 4  

CABLE GUIDANCE ASSEMBLY 



, 

TEST BED TEST VEHICLE 

VIDEO TAPE 
CAMERA 
LOC AT I ON 

P 
P 

'ANCHOR POST' 

100' (30.5 m )  

MOTION PICTURE 
CAMERA 
LOC AT I0 N 

OVERALL LAYOUT OF TEST SITE 
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The two accelerometers were a + 2  1 / 2  and a +10 g u n i t .  For - - 
t h e  lower dece le ra t ion  t e s t s ,  t h e  2 1 / 2  g u n i t  was mounted i n  the 

d i r e c t i o n  of  motion. 

was mounted i n  t h e  d i r e c t i o n  of  motion. In e i t h e r  case ,  t h e  o t h e r  

accelerometer would be o r i en ted  along t h e  second most c r i t i c a l  a x i s ,  

which was the  d i r e c t i o n  perpendicular  t o  t r a v e l  (Y o r  Z a x i s ) .  

t h e  s i d e  dece le ra t ion  fo rces  i n  t h e  ho r i zon ta l  p l ane  (Y d i r e c t i o n )  

For the  higher  dece le ra t ion  tes t s ,  t h e  10 g u n i t  

E i t h e r  

f o r  t h e  l e v e l  bed t e s t s  o r  t he  v e r t i c a l  d e c e l e r a t i o n  f o r  t h e  p i l e  beds 

(2  d i r e c t i o n )  was measured. 

However, due t o  ope ra t iona l  d i f f i c u l t i e s ,  no usable  d a t a  

could be ex t r ac t ed  from t h i s  system. The cha r t  t r a c e s  were not accu ra t e  

t r a c e s  o f  the inpu t  from t h e  accelerometers .  

2 .  Fhotography 

The b a s i c  piece of  equipment used for photographic documentation 

of t h e  tests was a 16 mm Bolex motion p i c t u r e  camera. The u n i t  was 

t r i p o d  mounted, pos i t i oned  approximately 100 feet (30 .5  m) away from t h e  

middle of t he  bed, and operated a t  64 frames p e r  second. 

Filming t h e  motion of t h e  t es t  v e h i c l e  was started when t h e  

v e h i c l e  was a t  t h e  breakaway post and continued u n t i l  t h e  veh ic l e  

e i t h e r  came t o  a r e s t  o r  e x i t e d  t h e  bed area. 

d e t a i l  of t he  test  v e h i c l e ,  t h e  l ens  was adjusted so t h a t  t h e  veh ic l e  

took up most o f  t he  frame. Also, a t echn ic i an  moved t h e  camera 

( t racked)  t o  keep the  veh ic l e  i n  view. 

The l ens  used was a zoom lens ,  capable o f  going from 18 mm 

In o rde r  t o  ob ta in  enough 

t o  86 mm. Also, an automatic e l e c t r i c  eye was used t o  a d j u s t  t h e  lens  

openizgs f o r  t h e  changing l i g h t  a v a i l a b l e .  



The Model F Nikon, a 35 mm s t i l l  frame camera was used t o  

record t h e  before  and a f t e r  cond i t ions  of  t h e  tests and t h e  i n s t a l l a t i o n  

of t he  instrumentat ion.  

A video t ape  system was used from time t o  time f o r  documentation 

a back up f o r  t h e  Bolex system. 

s h o t s  of  the  same event from d i f f e r e n t  l oca t ions  was d e s i r e d .  

I t  was a l s o  used when two o r  t h r e e  

When conducting t h e  obl ique tests,  t h e  Bolex and two video 

t ape  cameras were employed. 

One of  t h e  video t a p e  cameras was pe rpend icu la r  t o  t h e  p i l e  con- 

The Bolex was mounted p a r a l l e l  t o  t he  p i l e s  

f i g u r a t i o n  whereas t h e  o t h e r  was p a r a l l e l  t o  t h e  d i r e c t i o n  o f  t r a v e l  on 

t h e  far s i d e  ( o r  back end) o f  t h e  bed. Location of  cameras f o r  t h e  

var ious tests are shown i n  Figure A - 5 .  

D. Construction of t h e  beds: 

A diagram which i l l u s t r a t e s  t h e  va r ious  g rave l  bed c o n f i g u r a t i o n s ,  

whose cons t ruc t ion  is descr ibed below, i s  Shohm i n  Figure 1. 

With t h e  below ground l e v e l  beds ( tapered t r a n s i t i o n  and uniform 

depth) only a few stakes were needed t o  o u t l i n e  t h e  pe r ime te r  of  t h e  

bed. A bu l ldoze r  was used t o  excavate the  bed area. Af t e r  t h e  b u l l -  

dozer brought t h e  bed t o  rough f i n i s h  a motor g rade r  was used t o  b r i n g  

t h e  bed to f i n a l  grade. 

t h e  bed a rea .  

gravel and l eve l  it o f f .  

The gravel  was then trucked i n  and dumped on 

A grader  o r  a f r o n t  end loade r  would then spread out  t h e  

To cons t ruc t  the tapered bed, s t a k e s  were needed along both 

s i d e s  o f  t he  bed s o  that  t he  proper  grade was maintained. 

case with the o t h e r  beds,  the gravel  was dumped on t h c  bed a r e a  and 

leveled ou t  with a grader .  

As was t h e  
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Construct ion o f  t h e  p i l e  conf igu ra t ion  was very s 

compared t o  the  below ground level beds.  A bu l ldoze r  and 

g r a d e r  were not r equ i r ed  t o  excavate t h e  bed a r e a  as  t h i s  

mple as  

heavy duty 

type of  

bed i s  b u i l t  on ground l e v e l .  Only a l i g h t  duty grader  i s  needed t o  

l e v e l  t h e  a r e a  where t h i s  type of conf igu ra t ion  would be i n s t a l l e d .  

Stakes were placed marking o f f  the c e n t e r  o f  each row of 

g r a v e l ,  one on each s i d e  of the  bed. The gravel  was trucked t o  the 

s i t e  and dumped i n  a p i l e  nea r  t he  bed. The f r o n t  end loader  would 

o b t a i n  a bucket f u l l  o f  gravel  and move t o  t5.e f i r s t  s t a k e .  A 

t echn ic i an  would guide t h e  loader  t o  t h c  f i r s t  s t a k e ,  pos i t i on ing  

i t  s o  t h a t  t h e  g rave l  would f a l l  on t h e  c e n t e r  l i n e  of  t h e  s t a k e s .  

To ob ta in  t h e  proper  h e i g h t ,  t h e  t echn ic i an  would check t h e  he igh t  

with a long s t a k e  with t h e  height  marked on i;. 

a t  t h e  p rope r  h e i g h t ,  he would s i g n a l  t h e  ope ra to r  t o  s top  dumping 

m a t e r i a l  and move t o  t h e  next  p i l e .  The spacing o f  p i l e s  was such 

When t!ie gravel  was 

t h a t  t h e  p i l e s  j u s t  made contact  a t  t h e i r  hases 

E. Kestorat ion of Bed: 

To remove a v e h i c l e  from t h e  gravel  bed a tow t ruck  was 

needed as  an entrapped v e h i c l e  would n o t  leave the  bed under i t s  own 

power. 

s i n k i n g  deeper  i n t o  t h e  g rave l .  A f r o n t  end loader  was a l s o  needed 

t o  r e s t o r e  t h e  bed t o  i t s  o r i g i n a l  cond i t ion .  Unless t h e  g rave l  was 

s c a t t e r e d  f a r  by t h e  impacting v e h i c l e ,  no replacement gravel  was 

normally r equ i r ed .  

Attempts t o  d r i v e  ou t  of t h e  bed r e sL l t ed  i n  t he  v e h i c l e  
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F. Test ing Procedure : 

P r i o r  t o  t e s t i n g ,  t h e  veh ic l e  guidance system had t o  be set 

up. 

would a t t a c h  a tension gauge t o  one end o f  t h e  cab le ,  have a dump 

t r u c k  p u l l  t h e  cable  u n t i l  t h e  proper  tension was reached (approximately 

4000 l b s  (1800 kg), then s e t  t h e  tensioning chucks which had p rev ious ly  

been s l i d  on t h e  cable  and have the t ruck  back up, r e l e a s i n g  t ens ion  o f  

t h e  free end o f  t h e  cab le .  

The f i r s t  s t e p  was t o  apply t ens ion  t o  t h e  cable .  A t echn ic i an  

The cable  now had t h e  proper t ens ion  

between supports .  

Next, t he  v e h i c l e  was connected t o  t h e  cable .  After t h e  

b racke t s  were connected, t he  t echn ic i an  would d r ive  t h e  veh ic l e  down 

t h e  approach road t o  see  how t h e  veh ic l e  would t r a c k .  

necessary f o r  t he  t echn ic i an  t o  ad jus t  the brackets  about two times 

before  t h e  veh ic l e  would t r a c k  properly.  

I t  was usua l ly  

The t echn ic i an  would then t u r n  t h e  recorder  power on, check 

i t s  c a l i b r a t i o n  and make s u r e  the  system was balanced, apply the  

b rakes ,  s e t  t h e  brake lock, r e l ease  r egu la r  brakes,  s t a r t  up t h e  

v e h i c l e ,  put t he  t ransmission i n  d r i v e ,  set t h e  speed c o n t r o l ,  s e t  

a l l  switches on the R / C  r e c e i v e r  board t o  ope ra t e  p o s i t i o n  and g e t  out  

of t e s t  v e h i c l e .  He would then board a chase veh ic l e  on t h e  

passenger s i d e ,  with the  antenna of t he  r ad io  con t ro l  u n i t  s t i c k i n g  

ou t  o f  t he  door window. 

He would r e l e a s e  t h e  brake lock s w i t c h  by means o f  t h e  r a d i o  

con t ro l  u n i t  and follow the  t e s t  veh ic l e  down t h e  approach road i n  

t h e  chase veh ic l e .  

t he  breakaway coupling and was f reevhcel ing i n t o  the t e s t  bed a r c a ,  

As t he  t es t  veh ic l e  h i t  t he  breakaway post s epa ra t ing  
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t h e  i g n i t i o n  switch was turned o f f  and t h e  recorder  cha r t  d r ive  motor 

t u rned  on. Af t e r  t h e  veh ic l e  came t o  a r e s t ,  t h e  cha r t  d r i v e  was 

turned o f f .  

A cameraman t o  t h e  l e f t  of t h c  t e s t  bed would s t a r t  t o  t r ack  

(pan) t h e  tes t  veh ic l e  j u s t  as it impacted t h e  breakaway pos t s  and 

cont inue t o  f i l m  u n t i l  t h e  veh ic l e  came t o  a res t .  

A tow truck would then a t t a c h  a chain t o  the veh ic l e  t o  tow 

it out  o f  t h e  bed. 

When t e s t s  were concluded on one bed conf igu ra t ion ,  t he  loader 

o r  grader  would be used t o  p i l e  t he  gravel up and then t o  construct  

t h e  next  configurat ion t o  be t e s t e d  a f t e r  t he  bed area was surveyed and 

grade s t akes  marked. 
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